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ABSTRACT

High transverse momentum (EL) particles are
thouvaht to reflect the underluing parton {gquark orp
gluon) mechanisms of hadron interactions. A
particularliy simple model by Feynman, Field and Fox
tor FFF), invoalves hard scabttering of a pair of
partons via glupn exchange (Quantum Chremodynamics
pr QCD) with subsequent Fragmentation of the partons

into hadrons.

We present fesults from an experiment (E250 at
Fermilab) on the production of jets {(groups of
particles) and single charged particles, at both low
and high Py in 200 Gev interactions. The
experiment used a calorimeter triggered
multiparticle spectrometer. Results are presentad
on the comparisons of cross sectlons and associated
charged particle distributions for pion and proton

beams and aluminium and hydrogen targets.

Our high HL proton deata agree with the FFF
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predictions in most cases. However, there are signs

of discrepancies.

We define K by the equation -
AiL = GRL/ G;* where A, is the atomic weight of

aluminium and G"“_ and G

HY

the aluminium and hydrogen targets. The proton beam

are cross sections for

data show larger nuclear anomalies (in psrticuvlar,
o > 1) than the pion beam data. There is

&+ -
essentially no difference between T and IV heamns

We comparse the associated charged particle
distributions for the two ftargets. The ohserved
difference beatween these two targets could be
related to the propagation and secondary scattering
ocf partons in the nuclear matter; interpreting aﬁr
data in this framework. we find that any secondary
scattering must be coherent with the main

interaction.

E260 is the first experiment to stwudy both high
and low RL interactions off nuclear targets with
detailed measurements of the event structure. This
is essential for understanding both nuclear effects

and GQCD in high enevrgy interactions.
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CHAPTER I

INTRODUCTION

1.1 OVERVIEW

Duriﬁg recent years, deep ineplastic
lepton~nucleon scattering has been most successfully
interpreted by parten models L1.11 (see Fig. 1. 1al)s
where it is assumed that the underlying process is
the scatbering of the incident leptons on
constituents of the nucleon. It is supposed, in
such models, that these slementary point—like
constituents or "partons” ars very strongly bound
inside the nucleon, Mevertheless, for high
energy—momentum transfers, large compared with the
nucleon mass, an individual parton can be regarded

as effectively independent of the rest

This physical picture has led to the prediction

o
fte
3

F1.23, verified by experiment L[1.33, tha
hadron-hadron interactions {(see rig.

particles with high transverse momentum (RL) shoupld

be produced with much higher cross section than



expected from extrapalation of the low RL behaviour.

Further support for this picture has been
provided by the observation [1.41 of jet-structurs
in bhadronic events from ék@" annihilation (Fig.
1.1b), which can be interpreted as the manifestation
of the production of parton pairs and their
subsequeant decay into hadrons {(fragmentation). A
similar structure is expected to be present in
events in which a high RL particle i1s produced in
hadron—hadron interactions. However, in contrast
with the lepton initiated reactions, it is only in
the latter type of process that the effect of direct
parten—parton scattering can be observed.

Ultimately, this opens the possibility of inferring
the properties of parton-parton interactions from
the study of hadron collisions producing high

RL particles or )ets.

Experimentally, jets appear as clusters of
particles going approximately in the direction of
the original partons. The mean transverse momentum
of particles in the Jjet with respect to the parton

momentum vector 1s expected to be arvound 350 Mewv/c.



Attempts have been made to analyse all the

experimental results on the production of high
pL particles ér jets in terms of the presently
existing Quantum Chromodynamic Field Theory L[1. 51
In such a theoretical framework, psrtons are guarks
and gluons. Hard scattering among these partons is
believed to be dominated by glvon exchange
processes, The gluon, which is the field carrier of
the streong interaction ( also called the color Field))

is very analegous te the photon in the
electromagnetic interaction (see Fig. 1.2b), except
it can also interact with itsels. Of course the
glupn quark coupling is much larger than that of the

photon to quarks.

In a particular QLD model discussed by Feynman,
Field and Fox (or FFF) [1.61, it is supposed that

the high p, Jet production in hadron—hadron

L
collision is dug te hard scatitering helween partons;
pne from the beam and the other from the target,.via
gluon exchange. The resulting scattered partons and
the unaftected parts of the colliding particles are
assumed to fragment into Jjets of hadrons. This
gives rise to a four—jet structure in high

p. hadron-hadron collision (Figure 1.2c).

4



The purpose of our experiment is fto investigate
these phenomena in hadron—hadron collision at an
incident momentum of 200 Gev/c. Hopefully, our
experimental results may lead toc a better

understanding of guarks, gluons and QCD.

1.2 THE EXPERIMENT

The experiment described by this thesis i1s the
Fermilab Multiparticle Spectrometer experiment E24&0.
It is a Caltech-UCLA-FNAL-UICC-Indiana
collaboration. The experiment was triggered by two
calorimepters which allowed us te select events
containing either a single particle at high p, or a
group of particles (jet) which together sum up to
give large RL' In both triggers, we wera able Lo
study the properties of the associated charged
particles over a wide kinematic range as the
spectrometer had essentially full azimuthasl

o - o
acceptance for the range O % eC&ti 6.

The experiment was performed in thz MbW
beamline at Fermilab with a begam energy of 200 Gev

and different species (.K,p) of beam particle



tagged by four beam Cerenkov counters.

Some initia; data were taken with a beryllium
target in December 1973 and Januvary 19746, The main
Tun was in June through September 1974, Results of
the test run and part of the main run have been
published L1.71  This thesis concentrates on the
discussidn of the data Ffrom the main run, sketching
same rTesults from the tast run whenever it is
necessary. The meithods and procedures described
here are those used on fthe main run unless specified
otherwise. Some of the resulits presented here will
be published Ci.83. Further discussion of our

experiment can be found in octher theses [1.9]1.

1.3 MOTIVATION FOR DUR MEABUREMENTS

There are two major classes of measuremenis in

our experimant:

&, The production cross sections for
.k
b& -3 B X {13
ba ——% Jat X (i.2)

where we ochserve either a single charged hadron
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h™ or a group of particles (jet) at high HL' Here
+ -

the beam b = p, 0 or ¥ has a momentum of 200 or 190

Gev/c and the target A = hydrogen or aluminium.

B. Correlations and characteristics of thea
associated charged particles in megions of phase

space allowed by the experiment.

Interest in the measuvremsnt of high

HL produection cress sections stemmed from early ISR
results L1, 10]. These experiments showed a much
larger yiald of hadrons at high pL than expected
from a naive exp(*éRL} extrapolation of the low

HL data. This yield alsc increased with energy at
fixed Py - These single high P particle cross
sections can be parametrized by the scaling law:

n

3 - N = :
E d7¢/d7p = F(XL) Py § L. 30

wheare (E dZU/d3p) is the invariant cross section and
kg = ERL/(E

For a proton beam and a pion final state, the
observed plipnmer N is approximately 8. This was in
tact predicted by the CIM model (Constituent
Interchange Model) where the typical scattering 1is
Wa —> % aq and the JT is a "constituent” of the

proton. Howsver the simple CIM model, without



substantial modifications, also predicts jJel
production at about the same cross section as for
single particles. Our earlier analysis {(mainly by
Fox) clearly indicates L[1.71 that the jet cross
section is at least five hundred times that for a
single hadron. This svuggests that our jet trigger
is probably directly observing the gusarks and gluons
predicted naturally by GCD. Although the Born
sctattering graphs of QGUD give the incorrect
prediction of a é:q behavior for the cross section
there are many correcbions to this in & realistic
calculation. An analysis of QCD by Field C1.33,
which includes all the effects which are currently
known, suggests QCD is capable of describing all
presently existing high EL single hadreon and Jet
measurements. Our new results on the jet cross
section can be vsed for further comparison with the

QCD predictions.

The event structure is an imperiant extra
constraint for theroretical miodels of high
HL processes. Feor instance, the original
Constituent Interchange Model [1.111 which fitted

the single particle cross section data well, failed

completely Ffor both the event structure and cross



section for the jet events L[1.71. Studies of
associated multiplicity and correlations are hence
essential for understanding such rTare (the high

p. cross section is wvery small) processes. Dur

L

experiment enables ws to study the associated
charged particles in the following three regions
which correspond approximately to those populated by

three out of the four jets shown in Fig. 1. 2¢

A, The Trigger Side

This mainly includes those particles asspciated
directly with the trigger et I# QCD is correct,
the distribution of momenta for charged particles
making up the jet cluster in hadron scattering
showld be similar %o the analogovus distribution in
lepton process. This momentum distribution for
particles in th2 jet is usually called the
fragmantation function. The quantum number
distributions of particles on the trigger sids
should alsoc reflect the flavour of the original

trigagered parton.
g4 p

B. The Away Side
This includes particles opposite to the trigger

Jet. Theoretically we expect a et heve which is



directly opposite to the trigger jet in the center
of mass frame of the colliding partons after the
deep elastic scatftering. In practice, it is hard
experimentally to determine this parton center of
mass frame on the even% by event basis as it does
nnt coincide with the beam target center—of-mass
frame. It is more convenient to understand the away
side "jet” in & statistical sense. There is
evidence for clustering of particles (or a "fan"
structure) on the away side For the case of single
high ?L triggers [1. 107, Jur experimant enables us
to make similar studies for the jet trigger, and
compare rtesults with different incoming beam Types.
Our earlier analysis L1.71 has already shown that
the et away side is very similar to the single
particle away side, indicating that comparable
dynamics were probably behind both triggers. Please

refer tp our previous publications for more details.

C. The Forward Region

In this region, we expect to see fragments of
whatever remains of the beam after the parton
collision [1. 123, Particles here are also expacted
to balance some of the transverse momenta of the

triggered partons. The guantum number correlations
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hetween the trigger jet and the forward TEgion
should be stronger than those between the away side
and the trigger jet (this is only true in QCD. and

is not predicted in the CIM model).

For both cross section and correlation studies,
the comparison between beam types is especialig
interasting. Theoretically, the pion is made of a
valence quark—antiguark pair embedded in.a ses of
saft guarks and and gluons; on the other hand the
proton has 3 valence qguarks. Significant
differences betwesn these two beain types are thus
predicted. Experimentally, there is little known
about the pior beam high EL events. Mfiost of the
published results £1.3, 1,10 and 1. 121 in this field
are from proton beam measuremsnts. Our grewp is one
of the first to report results on high pl’ pion peam
interactions: some 0f the publications by other

groups on pion heams are listed in L[1.133.

So far, I have been summarizing some of the
general physics involived in jet productions mainly
in the framework of a populsr model (OCD model by

FFF). Other models do exist, they are either
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similar to the FFF implementation of QCD or they are
much less promising. In this thesis, I shall
present some new data in jet physics, emphasizing
the differences between proton and pion beams.
Qualitative comparisons with FFF will be given
throughout this thesis as a motivation for some of
our analyses. The detailed comparison of the FFF
model with our data will be given in Jim Rohlf’s

thesis,

1.4 ATOMIC WEIGHT DEPENDENCE OF THE HIGH P CROSHS

SECTION

An unexpected piece of phuysics that was
discovered when we were analysing ocur E2560 Jet data
concerns the effect of a nuclear target on jet
production. This was not mentioned in our original
ER260 proposal. Our aluminium target is really the
vacuum gacket for our main liguid hydrogen target.
It was enly after the discovery that our aluminium
target jet cross section is much larger than
expected that we realized that we had enough
statistics to study the effect of a nuclear target

on the jet production. This in fact is the main
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topic in this thesis.

During the past fthree years, several groups
£i. 14, 1.19] have studiad the production of single
high RL chaerged hadrons in proton-nucleus
collisions. These experiments cover the
ranges =4A4183 14 pl-.{;-?’ Gev/c,

28. 540D 4400 Gev/c, all six outgoing charged

INCADENT
particle types, and different interaction length
targets. Although, of course, not all combinastions
of these parameters bhave been explored, it is found
in all cases that the A~dependence of the cross
section with all other parémeters fized is well
described by a powesr law: Q {(target of atomic
w2ight A) is proportional to AN . ¢ howsver
depends on the kinematic variables. At low

) ¢ becomes .7 as expected from Glauber theory

£Li. 143 and found from total cross section
measurements. Hs pL.increases, A increases rapidly
until at the highest RL measured so far it is
significantly larger than 1. This phenomenon has
been called L[1.17] the anomalous nucleus enhancement
(ANE ), In this thesis 1 shall discuss of (RL) for
various triggers. The ANE is seen in our data for

botn the single high pl-trigger and the jet trigger.
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1.5 ATOMIC WEIGHT DEPENDENCE OF PARTICLE

DISTRIBUTIONS

The distribution of particles imn hadron—nucleus
collisions can be very interesting. This may giwve
us a clue to the vnderlying dynamics of the ANE
mentioned abova. It is commonly believed that this
physics is related to topics such as the space—time
development of particle produoction, the interaction
of resonances with nucleons, and perhaps even to the
interactions of almoest free gquarks and gluons with
nueclear matter. A& gualitative discussion of hadron
nuocleus scattering in QCD has been given in
Ret. L1. 1817, Although the theoretical predictions
are not firm, it seems clear that the hadrons
nucleuvs scattering amplitude is fundamental. Namely
it cannot be predicted, independent of the
particular strong interaction theory, from a
knowledge of the hadron hadron scattering amplitude

and the make up of the nucleus in terms of hadrons.

There have been many attempts to understand the
various qualitative features of hadron-nucleus
collisigns, at both low and high p » in Tterms of

£

models of hadron—hadron interactions. However, as
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far as we know there is still no quantitative
description that can explain all the nuclear effects

observed in high enerqgy hadron collisions [1.191.

Experimentally, the data on low p nuclear
interactions have 3 characteristic features:
(A  In the central rapidity region (Y . Toughly
between O and 1) the particle production ( J~C%§) is
independent of nuclear number. Here rapidity, which

iz denoted by VY in the c.m. frame, 15 definad by

G,
the eguation: Y o= |5 1n((E—RZ)4E—p£)) whare E =
particle energy and pz = z component of the
particle momentum.

(8 In the forward region, the number of produced
particles decreases with the nuclear number. In
some heavy nuclei, this reduction can be factor of
two compared with the hydrogen measurements. The
data in this region arg still very ambiguous. The
reduction at the very Forward vapidibty values is
mpst plavsibly interpreted as the the attenvation of
the "beam jet” as 1%t transverses the nucleus.

{C) In the target fragmentation (YQH§O) Tegion,
there is a general increase with A (the nuclear
number) of the number of particles in collisions off

nucliear targets. This couwld be due to nucleons
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knocked out from the target nucleus; central region
fragments of a second scattering of the beam jet can

-

also populate the region YC-H.& 0.

The general experimental observation is that
the multiplicity of particles produced in low
pi'collision with a nucleus of nuclear number "A” is
significantly less than the multiplicity expected
off a cluster of "A" independent gquasi free
nucleons. These observations indicate that there is
very little (if any) intra-nuclear cascading by the
"intermediate" state produced in the hadron-nucleus
collisions, Some people have suggested that the
large of observed in high EL scattering could be due
to additional hard scattering of the "intermediate”
state (guasi free parton state?) before it was
transformed into the observed hadvonic state. In a
recent paper [1.201 it has been pointed out that the
larger gluon hadron than quark hadron cross section
expected in QCD could enhance gluon production in
nuclear target =iperiments. Dther possibilities
have also been suggested. For reviews of existing

data on nuclear effects and Ffurther discussions on

various models please refer to Reference [1.1971.
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Above we have described previous data on the
particle distributions in low p; interactions aoff
nuclear targets. We have also discussed some of
their implications which may be useful in
interpretating the high Pl data. Our experiment
also has a low Py minimum bias %trigger which will be
defined precisely in Chapter II. Our minimum biss
data DFF.aluminium show 8 event structure similar to
that seen in the earlier eiperiments. However we
have been able to cgbserve the two particle
correlations with & nuclear target for the first

time.

In our high p

n events. we observe not only the

AME, or largeel » in %he Jjet cross section but also
some interesting featuwres of the disiributions of
the associasted charged particles both inside and
putside the jJjet. We compare these distributions for
the two targets. Observed differance betwsen these
targets could be velated to the behaviour of partons

as they propagate throuvgh the nuclear matter.
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CHAPTER II

APPARATUS AND TRIGGERS

2.1  APPARATUS

The data described here come from the main run

of the Fermilab Multiparticle Spectrometer (EZS50) in

the summer of 1976, The apparatus is shown
schematically in figures 2.1 and 2.2 . Details of
the hardware are discussed in Ref. [2. 13 . I shall

only give an overview of the apparatus here.

We define our coordinate system by taking the
z—axis a5 the incoming beam divection, and the
y—axis as the direction pointing up. The positive
x-axis side is called the left side (looking in the

intcreasing z direction)

The experiment vsed the M&W secondary beam in
the Meson Area which can be run st momenta vp to 200
Gev/c. The intensity was araound Qxioﬁ/sec, during a
1. 75—second spill while the cycle time was

approximately four times per minute. Mast of the
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analyzed data in this thesis were taken at 200
Gev/c, with about 20% at 120 Gev/c. A list of beam
polarities and energies for all the data in the main
vun {(including the 130 Gev data which have not been
analyzed yet) is presented in L[2.23. The beam

composition has been determined to be [2. 3al

-200 Gev —190 Gev
T . 949 944
- . 042 + . 004 L044 & . 004
P . 008 + . 001 .010 *+ . 001

200 Gev 1920 Gav
.l 180 + . 020 206 + . 020
k¥ .023 + . 002 L0246 + . 003
P . 797 + . 020 768 + . 020

We shall now describe the various parts of the
apparatus in the order that they are transversed by

the beam as it passes through our spectrometer.

AL Beam Cerenkov Counters
These counters which are used for pion-kason-proton

separation are not shown in Figures 2.1 and 2. 2.
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Further discussion of the beam particle

identification is presented in Ref. [2.3b1.

B. Beam PWC ‘s (BA and BB)

These are proportional wire chambers (PWC) used to
define the beam direction (only the station BB,
nearer to the target, is shown in Fig. 2.1).

The BA chambers have two x—y modules and are located
about 20 meters upstream from the target. Each
module consists of an x—y peir with each view having
o6 wires which are spaced 137inch.

There are 5 BB chambers just upstream of the target:
BBV and BBW are similar to BA, with 5% wires, which
are spaced 13/inch and they are rotated at angles of
30° and 120° relative to the horizantal
respectively. BBX, BBY and BRU are 64 wire planes
with spacing at 2&6/inch and they have similar

construction to the A chambers discussed helow.

C. Target
This & 12-in long, 1-in radius liquid hydrogen
target enclosed by an aluminium jackel which is

about . 03—in thick.
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D. ABC—-station

These are PWC’s used to +find tracks before the

magnet,
The & station consists of two modules: an x—y
module and a 45° rotated u—v module. The x—y module

eonsists of two x—-planes staggered for higbher
resolution, while the two y-—-planes were also
intended to be staggered but due to assembly errors
they were not. The u—-v module is a separate module,
assembled 1ike the x—y module bult containing only 2
planes {(one x and one y):» and rotated 450. Each of
the six measvring planes in the & station consists
of 256 wires spaced at 2&/inch.

The B and € station PNC;S are a total of 5 planes of
similar construction, divided into B (vertical
wires only), B (x and y in one module) and € {x and
y, configured so as to Ffit into the magnet as
shown). The apertures of all these modules are 40
inches horizontally by 2&6 inches vertically. EFach
vertical {(x coordinate) set has 512 wires at 13
wires per inch and each bhorizontal (y coerdinate)

set has 320 wires at 13 wires par inch.

E. Magnet
This is a superconducting magnet for momentum

analysis of our tracks. For tha measursments
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reported here, the field was run at about half the
maximum value which corresponds to & transverse
momentum kick of .379 Gev/c imparted by the magnet.
The field was deliberately set low even though this
led to poeorer momentum tesolution. A higher field

would lead to & greater bias in our calorimeter

pl_trigger_
E. D-station
This station coensiste of 4 planes: Dz, Dy, Du and

Dv where Du and Dv are at angles of 15°% and

1050 respectively relative to the vertical. Each
plane has 320 wires at 3. 5 wires/inch, These PWC's
are used for track finding after the magnet.
Although their resclution is poor compared to the
spark chambers they do have much better time
resolution and are not sensitive to interactions
pther than the trigger one that occur within the

memoTy time of the spark chambers

. E-statiocn

These are magnetostrictive read out spark chambers
with better spatial accuracy than the PWC’s. There
are 4 modules in the E station. Each module

tonsists of a y—y gap and x—u gap. The chamber size
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is 8’ {(horizontal) by 4’ {vertical). The chambers
use . 003" thick aluminium wires spaced at ﬁzfinch
The signal is read out with magnetostrictive wands
which have pickups at both ends. The complete
system has & signals (2 each for x,y,u) per module
or a total of 24. The wires in the uvu-plane are at a
angle § given by tanB =.1 with Tespect to the
wires. The signals are amplified, discriminated and
fed into MTD’s (Multi-Time Digitizer. Reference:

B. Bertolucci, SLAC-PUB-1177).

The spatial resolution, which depends on the
actcuracy of determining the centroid of the signal,
is found to be sround .7 mm.

The pair resolution which indicates how well we can
separate two distinct tracks was determined to be
around 5.5 mm in a detailed analysis which I have
described in a memo [2. 47. Obviously the poor pair
resolution reflects the intrinsic width of the
magnetostrictive pulse; the resolution of .7 mm
shows that one can find the mean of a pulses to a
much better accuracy than its width. No correction
has been made for ftracks which have been lost
because they were so close to ancther track as to be
within the pair resolution. The problem is most

serious in the y view where 3% of the tracks are
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affected. However we do correctly identify
particles as distinct those which although together
in the y view are separate in the x view. As the
magnet bends oppasitely charged particles apart. We
see that the pair resclution only affects pavrticles,
or matched tracks, that have the same charge,
comparable momenta and are close in both % and y
Views, Less than 0. 1% of particles fall into this

category.

H. €1

Gas Cerenkov counter C1, with 22 cells, can be used
for final state particle identification. The data
reportad here do not use infarmation from this
counter. Analyses using C1 and C2 will be reported

in other theses [1.93.

I. F-station
These are spark chambers which are of similar
construction to the E-statien spark chambers, bhut

laraer in size {(127X&7).

. F'—station
These are two x—plane PWC’s cavering the faces of

the calorimeters. They are constructed similarly to
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the D chambers but with 4 wires/inch and only 1230
vertical wires per module. Their use is as for the
D station to provide good time resolution

information on tracks entering the calorimeters.

K. Calorimeters

Two large calorimeters, placed at approximately

20° in the center—of-mass frame, are vsed for
triggering on high p; events. Each calorimeter is
divided into 4 modules which are each divided
longitudinally into ftwo sections. The Front section
is a lead—scintillator sandwich shower counter
containing 15 radiation lengths of lead. The back
section is @ iron—scintillator sandwich designed to
measure hadronic energy. This back section contains
30" or 4.5 absorption lengths of steel. By wvsing
the ratio of the top and bottom phototube pulse
heights, the mean vertical position of particlés
entering the module can be determined with a
resolution of 10cm at E = 25 Gewv. This resoluvtion
scales like 1/JE with energy. It is .SS/JE.FDT the
front section, and l.OB/JE-FDP the hadronic section.
Further descriptions of the hardware and the
response of the calorimeter are discussed elsewhers

(L2. 91 to [2. 81).
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b Fres

This x—plane PWC is also called the F’'—center. It
is placed in the center of the xy-plane
perpendicular to the beam line, covering the central
Tregions that are missed by the F’—station mentioned
above in section J. Its construction is the.same as
the D chamber. This chamber is particularly
important because of the large density of fake

tracks in the sparks chambers near the beam region.

M. CR

This is our second gas Cerenkov counter for
identification of the final particle, It has 16
cells and it is also not used for the dats reported

in this thesis.

The time required to read in an event is
dominated by the time it takes to read in data from
the spark chamber which is approximately 20 msec for
reading in the 48 channels with 146 words/channel.
Thus the data collection system is limited %to arcund
50 events per l-sec spill with 1200 to 1500 werds
read in per event. In the actual E2460 run, due to
high event multiplicity and beam intensity., we ran

the spark chamber with 50 msec dead timeg and we take
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in around 10 to 15 events per 1.75-sec spill. The
data are read into the computer and buffered to the
disk during the beam spill. After the beam spill,
the data on the disk is written onto the tape and
also made available to our on—line software program
(MULTI) for histograming event attributes and making

event displays.

2.2 TRIGEGERS
Our experiment has 3 major triggers:
A, Minimum Bias or Interacting Beam Trigger

If an incident beam particle is observed hefore
the target and no count is recorded by a 2"x 2"
scintillator counter placed along the beam line just
downstream of the F—station (see Fig. 2.1}, then a
pretrigger was generated. This was the prereguisite
for Ffiring the spark chambers, manipulating the
calorimeter pulses, recording all the information
onto the magnetic tape and so on; therefore every
E2&60 trigger is asspciated with a pretrigger. Foy
gvery 9 calorimeter triggers & pretrigger was alsa

recorded as a trigger. This selected pretrigger,
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also called the interacting beam trigger, gives an
essentially unbiased sample of high multiplicity low
Py events but is inefficient for elastic and

diffractive scatterings.

B. Single Particle Trigger

The pulse heights in the 4 modules of the
calorimeters are attenuated relative to each other
by amounts proportional to the mean laboratory
angles of the modules to give signals proportional
to py. If this p,(as defined by the attenuated
pulse) in any one of the 4 modules (in either
calorimeter) is greater than the trigger bias (set
at nominal values of 2 and 3 Gev/c), then a high

PL single particle trigger is generated.

. Jet Trigger

This trigger requires the summed calorimeier
{L of the 4 modules (in either calarimeter) to
exceed the preset trigger bias (set at nominal

values of 3 and 4 Gev/c)

For both single particle and jet triggers, the
exact hardware trigger bias setting varies slightly

from tun to Tun. These settings are listed in
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Ref. [2. 2]7.

Although we have 3 types of triggers, there are
really 3 triggers (2 thresholds for both single
particle and et triggers) in our hardware
triggering system. They bave been called in our
experiment as the INTBM, MEDPT, HIPT, LOJET, and
HIJET triggers. 41l these triggers could be
generated simultaneously during the data taking.

The lower threshold triggers (MEDPT and LOJET
triggers) were "divided" before the online harduare
logic decided whether to fire the spark chambers.
When I say "divided", I mean that only oneg osut of a
certain number of triggers (this number is also
called the harduware division factor) could be
accepted as a real trigger. In cases when we were
taking in more than one type of divided trigger, the
real division factor vsed for computing cross
section is smaller than the hardware division factor
due to a nonzero probability for satisfuing both
triggers simultansously {(see [2 9] for more detail).
411 these hardwsre division factors are again listed

in Ref. 2. 21.
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CHAPTER III

PROCEDURE

3.1 Track Finding and Clean Up

Track reconstruction in front of the magnét was
done entirely with PWC’s;  behind the magnet it was
done with a combination of large PWC’'s and spark
chambers. There were four stages to the procedure

{see References I[3. 11 and [3. 211

(1) Tracks were fitted in the x view bhefore the
magnet and in the y view all the way through the
spectrometer. The best of these x and y tracks were
selected to determine the vertex position in three
dimensions. In the case that the above algorithm
tfailed {(about 5% of the finally analyzed evenkts):, a
second attempt was then made to find the vertex with
the beam chamber information. an event with &
successful vertex was then passed throuvgh the
following three stages. These stages only wuvsed the
vertex information from the first stage; this

vertex point was used for all the y tracks (stags 2)
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and the x tracks before the magnet (stage 3). The
vertex constraint made the track finding much easier
and allowsd us to disentangle traecks that were

impossible without this constraint.

(2) We found all the y view tracks and the x view
tracks after the magnet. These x and y tracks were
then matched together uwusing the steren—angle spark

chambers.

(3) These matched sets of tracks were linked to
tracks in front of the magnet, reguiring that tracks
in front of the magnet must go through the vertex.

A set of matched tracks was called a "particle”.

The difference in the slope of the % wview tracks
before and after the magnet defined the momentum of

the "particle”.

(4) We deleted some spurious particles that shared
tracks » in pither the 2 or y view., with other gond
particles. This selection was based on the

chi-squared probability of matching and the number
of sparks usad in the matching. Note that each
stage was run with rather loose constraints so0 as to

be very efficient. Hs described later, we clesaned
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up the sample by using cuts based on information

from all the stages of track finding.

Our vertex distribution is shown in Fig. 3. la
and it will be discussed further in Chapter V. The
target is clearly seen with very little background.
The measurement resolution for the z coprdinate of
the vertex, which can be estimated From the width of

the aluminium peak, is around 2 mm.

The momentum resolution of a particle is
related to the spatial resolution of cur chambers:
the gquantity A p/pr » which is proportiocnal to the
angular tesclution in the ¥ view in €front of the
magnet, should be a constant in the laboratory
frame. By runing beams of known energy through the
spectrometer, we dgtermined the momentum resclutian
for the charged particle to be around A p/p =

.0007p (p in Gev/c) L3 31.

Due to the high event multiplicity and sparks
that were not associated with the triggeved event,
we were concerned about spurious particles generated
by our track finding method. These bad particles

contain both incorrect tracks and real tracts that
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were incorrectly matched. We removed some particles
whose track momentum is significantly larger than
the calorimeter éignal. For particles that do not
hit the calorimeter, we cannot a3pply such cuts.

Fake particles in the forward region are therefore
much harder to handlsa. In order to handle these and
other spurious particles, we devise the procedurs

described below.

We construct a quality faector Q for each
particlie from the number of PWC hits on all its
tracks and the chi—squared for its tracks in front
of the magnet. We remove those candidate particles
with very low quality Q. However the density of
fake tracks in the forward rvegion is so high that
special treatment is needed hera. First we remove
all particle with PLAB:} 200 Gev/c and those that hit
the 2X2 counter. We also remove some of the poor
gquality particles ,» with low values for Q {but above
the previous cut), that are either very clpse to the
2X2 tounter or have at least one track that hits the
X2 counter. We remove about 104 of all particles
with theses cuts. The majoerity of the particles
remeved hava large momsnta and are in the forward

region where the track finding is most ambiguous
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After all these cuts, we make further physics plots
with yet more stringent cuts and find no significant
differences. We conclude that our quality cuts have
given us a clean data sample. A detailed
description of the quality factor studies and these

clean particle cuts are presented in Ref. [3. 47.

Two approaches have been used to estimate our
overall track finding efficiency. They are
described in the following:

(1) We histagram the number of PWC hits (NR} used
by each track. We observe results typified in Fig.
3. 2a. The sharp edge at the lower end of the curve
is mainly due to the minimum hit requirement for
accepting a track in our chi squared fit. By
extrapolating (as indicated by the dotted line) from
this edge to the zero point, we can estimate the
track +finding efficiency by calculating the ratio of
the area underneath the dotted curve to the tokal.
This Fraction usually turns out to be around 935%.
The problem with this scheme is that we still do not
understand the various smearings of the edge due to
our complicated software cubts used in our ftrack
reconstruction scheme and we also do not know

exactly how to extraspolate {we do not know the
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slope) ; although we do expect that the hit
distribution should be very similarrto a binomial
distribution.

(2) Dy and DT are probably the best two chambers
after the magnet. The fact that I was involved in
building these chambers is probably irrelevant. e
found that there is almost no noise in these
chambers during most of our data taking. I defins

the fraction FD by the equation

No. of particles that have hits in the D chamber

Total no. of D hits

& plot of FD {for the average of DX and DY chambers)
V5, the the mean event multiplicity (NP) is shown
in Fig. 3. &b If each D hit can be used only once
in the track reconstruction, then FD essentially
gives the fraction of the total D hits that arcre
used. Events with large values of FD are events
that are very efficient in finding all the tracks.
In real situation, FD can be greater than 1 due to
sharing of sparks between tracks. The dip at the

lower FD end is due to tracks missed because of the

inefficiency of other chambers. The plateau above |

=, 79 seems to indicates that our FD > 1 valuss are

D
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not due to extra spurious particles that share D
hits with some real particles, but rather due to the
sharing of D hits by real particles. This happens
quite often due to the crude spatial rescluticn of
the D chambers. We propose that the true mean event
multiplicity is that given by the plateau value {NP>
>™10 for FD 20, 75, Then the overall track finding
efficiency can be estimated by dividing the observed
mean event multiplicity for all events by the true
mzan estimated as above. This efficiency turns out
to be 23% for that particular run shown in Fig.

3. 2h.

From these studies, we believe our track
finding efficiency is betusen F0 TO 5% Most of
these estimates are based on results for a group of
feuw seiected TUNS. Although it would be better to
use all runs, our current analysis is sufficient for

the physics discussed in this thesis.

3.2 CALORIMETER ANALYSIS

& good understanding of the calorimster is

essential for any calorimeier—triggered jet
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experiment. Since we are measuring a steep

Py spectrum, the jet Py will be most likely to bhe
overestimated due to bad calorimeter resolutions.
Some experiments assuvme that the real jet P is Jjust
the calorimeter Py {calculated from the pulses)
minus some constant number that repressents
fluctuations. This ,we believe, is not a very
satisfactory approach. In our experiment, we can
measure the charged trachks very accurately within a
large kinematic acceptance (Fig. 3.1b) . Cur
calorimeter is used mainly, in the final analysis,
for checking the charged energies and estimating
neutrals. In this thesis, we avoid the study of
mainly neutral jets for which one has to rely
heavily on the calorimeter. Our jet p, used here is

almost independent of the calorimeter fluctuations.

The analysis of our calorimeter consists of

following steps L[al

1. We first calibrate our calorimeter by runing
the beam divectly into the calorimeter . Beam
energies from 10 to 40 Gsv were used. This process

determined all the pulse height to energy

proportionality constants, the attenuation lengths



37

and any calorimeter constants used in our neutral
analysis f{e.g. the average fraction of energy
deposited by & charged hadron in the electromagnetic

calorimeter).

2. We then take the real data, using only tracks
cpposite to the trigger side {(called away side in
this thesis). We only select events that we believe
have very little or no neutral energy entering the
calorimeter (see Ref.[2.81 for a detailed
description of these neutral cuts). We confirm our
beam calibration in step 1 by comparing the total
detected calorimeter energy with the track energy.
By plotting the calorimeter energy in the hit module
over pLAB versus distance of the track from the
center of the hit module {this distance is named as
“DHH’HDPWD" in Figure 3.3), we generate an energy
distribution shape [2.881 which tells us the mean
enerqy deposited by a single charged particle in %the

hit module as a function of ”DMT ~Buep -

3. Mow, we shall describe how we analuyse the
calorimeter signals on ocur Jjet and single particle
data. The basic idea is to wvse the enewrqgy

distribution shape derived above to predict the
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energy deposited by all the charged particles
entering the calorimeter. We compare our predicted
energies with the actual calorimeter pulse heights.
If the calorimeter signals do not agree with the
predictions, we shall then try to find neutral
particles that correspond to the energy discrepancy.
To illustrate our neutral extraction scheme, we
shall gd.over the whole procedure in detail for the

following simplified case.

Let us assume we have only one module. A
charged particle of energy Eg entering the
calorimeter will deposit

ﬂL%Eq&, in the hadronic section,

(1—Fﬁ)%qu in the electromagnetic sections;
Where:

Fﬂ’is the fraction of energy deposited in
the hadronic section,

Eqﬁjs the amount of energy that it will
deposit in the hadronic section, according to the
known pulse shape, if i1t loses all its energy in the
hadronic section,

quis the similar response prediction for

the electromagnetic sectiocn.
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We also define the neutral energy

Ep = Ef + Eg ~ fEqp ~ Eqg(1-fp)

We fit with the chi sguared sum:

(Bg— fpEa) (Fe- Bdg(1-5))
. |

2
XA -

where E&, Ee are the energies detected in the hadron
and electron sections of the calerimeter. If ¥* <

9 we say the event fits with the pure charged

energy only. For‘xl}-ﬁ, weg F1% again with neuvtrals
plus the charged energies; first with additional
pure hadronic neutrals only (FIT2 in Fig. 3.4 on

the next page), then with additional pure
electromagnetic neutrals anly (FIT3 in Fig. 3.4,
We pick the best fit {(among FITZ2 and FIT3). If all
fits mentioned fail, we assume %that both
electromagnetic and hadronic neutrals are present.
We find their enerpies by a simple suvbtraction that
assumes £&=_8 which is the mean value bof PR, seen in
our beam calibration. The whole procedure is

summarTized by the following chart (Figure 3. 4);
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In the real analysis, we have more information
than mentioned. Each calorimeter module has 2 TOP
and 2 BOTTOM pulses, which mezans we have 4 inputs
for both the hadronic and the electromagnetic
sections, and we have 3 free parameters: Eq, ¥Yq
(YQ is the y coordinats of the charged particle) and
Fﬂ’in step FIT1 {(see Fig.3.4). The real Fformula of
the chi squared sum used is also more complicated,
it includes correlation co=2fficients (bebtween TOP
and BOTTOM pulses) obtainzd in our beam calibration
studies. Adlso in our Fitting, Fﬂ is forced to lie
between C and 1. Our fitted Fﬁ’in FITL, which is a
free parameter, is found to be arcund .8 and has a
very similar shape to that in ocur beam calibration

™un.

Cases where X is large and Ep is large and
negative are rare. if this does happen. large
momentum tracks that contribute to Eqﬁ ang Eq, are
Temoved. This calorime2ter comparison cut has
already been mentioned (in section 3. 1) previously

in our track guality discussions.

For events accepted by our FITL, i.e.., ones For

which no neutral was generated: we found <En>=0 on
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the away side, and <En> greater than O on the
trigger side. The trigger side <En> > O can be
vnderstood as the high Py trigger favours the
upward fluctuation of the calorimeter signal. These
also indicate our chi squared fitting procedure
takes into account the calorimster trigger bias
avtomatically on the trigger side, and our cut for
the chi squared sum is reasonable as indicated by
the <En>=0 on the away sids, We justify further our
neutral scheme by applying the scheme on some Monts
Carlo data. The derived nsubtrals agree very well
with the theoretical neutrals used in the Monte

Carleo generation program.
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FOOTNOTE Lal Steps 1 and 2 are discussed in more
detail in references [2.7] and [2 81 {(see also [2 53]

and L[2.61).

FOOTNOTE LCb1 There are differences in responses
between hadrons and electrons enbtering our
electromagnetic calorimeter section. Such a

difference is included in our response predictions.
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CHAPTER 1V

JETS

4.1 JET DEFINITION

Our calerimeters trigger on the part of a et
contained within a particular solid angle. Study of
both Monte Carlo and real data showad that it was
possible to improve the jet definitien by including
particles that missed the calorimeter. We now des-—
cribe the technique developed. Details may be found

in Jim Rohl+’s long paper (4. 11.

A yet is defined here

SEEF L
as a8 cluster of particles
going together in a cer-— JO
tain direction. We add up
all particles {charaged

particles from tracks and
neutrals extracted From
E

the calorimeter signals)

within a 4% degres cone of

-
the calorimeter wvector Figure 4.1



45

(vector JO in Figure 4. 1a).
The latter is defined to
be the vector that points
to the center of the calo-
rimeter in the center of
mass Frame. The wvector
sum ( vector J1 in Figuré
4.1b )} of all the parti-
cles in the cone defines a
direction which we use as
the axis of 2 new cone of
40 degrees. All particles
within this nsw cone are
considered to be parts of
the final jet ( see Figure
4. 1c 2 . The 4—-vector of
the jet is the vector sum
{ vector J2 in Figure 4. 1d
) of all particles in the
Jet. The second step in
pur jet definition can be
considered as an iteration
of the first. It dis  in-
tended wmainly +to reduce

the bias by the initial

STEP 2

el

y

A ‘:'

I

/ Accepted
Jet

3 f J2

N

(b)

(c)

(d)
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condition in our Jet de finition.

We only shtudy gets that satisfy the following
fiducial cuts (on J2)

lc. M. rapidity|< .2

|l < 20° or [1807 -9 < 20°

where tan?= (pY/%x)

The cone angles used in our jJet definition are
defined essentially by the calorimater size. They
are picked after o Monte Carlo study using a
quasrk-gluon jet model developed by FFF L1, 630 In
this model, a Jjet going at K“mD (xnﬁzpzfjg) in the
C. ¥, frame fragments into & ctluster of particles of
various energies BE. Our Monte Carlo stuvdy with this
model shows that high energy jet fragments ( E > 1.0
Gev ) will almost always be included in our
empiricslly defined jet discusssd abave. For lower
gnergy fragmenks, the number of particles in the
real jet that are missed by our empirical jet is
almost equal to the number of oubtside particles
{(i. e. members of beam target and away side Jets)
that are included in our empirical jet. Low energy

particles are hard to handle bhoth in theoretical
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models and experimental analyses. Fortunately, such
particles can always be shown to be unimportant in
most jet phusics. Despite this low energy fragment
uncertainty, the mzan derived Py of our empirical
Jet agrees very well with the real jed PL input
into our PMante Carlo program. This study convinces
us that we have a reasocnable jet definition. It can

be used to test many theoretical ideas

4.2 JET SELECTION

Our jget consists of 3 compenents: charged,
electromagnetic neutral, and hadronic neutral. The
hadronic neutral component includes track finding
inefficiencies and non-vertex associated charged
tracks (e.g.. Mg, AO decays) as well as raal neutral
hadrons (Ki and nevtrons). This component has the
biggest uncertainty and urnless handled carefully
would be dominated by the background of fake
hadronic neautrals produced by the upward
fluctuations in the calorimeter energies deposited
by charged particles in the hadronic section. This
is enhanced by the trigger bias duwe to the sharply

falling high HL spechtrum, A study of hadronic
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neutral fraction versus jet Py indicates that most
of our pL‘} 7 Gev/c Jets have large hadronic neutral
components,. This indicates that especially at high
Py most of pur hadronic neutrals are fake neuirals.
This is, in fact, the main headache of all presently
existing calorimeter triggered jet experiments. In
this thesis, we avoid this headache by selecting
Jets with a hadronic neutral fraction less than . 4.
This is suggested by our study that if we make o
hadronic neutral fraction cut of .5 or less on both

sides , the away side neutral fraction agrees with

the trigger side. A cut of .4 1s in fact reasonably
conservative. We will justify this cut Further in
chapter V.

Another background, that had worried us, is
caused by events with a beam halo particle going
into the calorimeter simultaneously with an ordinary
interaction in our target. Such evenis should bhe
rave, because we do have shieldings against halo

particles {the magnet and some other shielding near

the beam). Unfortunately the cross section for high
Py avents is alse very small. Such a background
tould be serious at high Py - Scanning thraugh some

data, we found such a halo background could be as
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high as 10% for EL > & events before any hadrenic
fraction cut. For HL > 7, it could be pccurring 50%
of the time in soma Tuns. A1l these halo events
typically consists of one beam halo going parallel
to the z—axis with its track clearly seen in our
spectrometer going together with 3 low Py
interaction in our target. Suvch a halo track is
vsually ﬁissed by our treck finding as we only look
for tracks coming from the vertex. Therefore, this
background will almost always be defined as & pura
nevtral Jet event by our jet definition. Bur
hadronic neutral fraction cut removed almost all of
this background. We make a further cut by requiring
the toetal neutral fraction to be less than .9 . We

also ignore Jets with Pl > 6.3

We cut away about 23% of our jet triggers
(becoming as high as 30% at high QL) with these
neuvtral Ffraction cutbts. Mpst of these events which
are removed are prohably Junk; in any reasonable
model our neuvtral cuts should remove very feuw reél
high Py Jets. We arse studying here a particular
class of Jets, but we believe our specially selected
Jets are clean and their Py value is very well

determined. Our reswlts presented here are
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therefore quite independent of the poor calorimeter

respolution.

4.3 JET CROSS SECTION

Although I %ry to discuss here only the resuvlts
of certain selected jets, one can try to correct For
T

the cuts made in getting a clean sample. ne total

Jet cross section is computed by using a Mente Carlo
correction for losses from neutral cuts (1OY to 135%
loss in models like FFF) and apparatus acceptances
(around 50%) . Jim Rohlf has written swch a Monte
Carlo program using the FFF gquark-gluon et model
mentioned sbhove. All his work is discussed in his
thesis [1.9] but seme of his preliminary results are
presentad here (Figures 4.2 and 4.3) withouvt further
‘detailed discussion. Most of the other results
presented in this thesis do not invalve his Monke
Carlo corrections. Therefore my results are not
sensitive to the theoretical assumptions used in our
Monte Carlo program which may affect the cross

section results slightly.
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CHAPTER V
COMPARISON OF HYDROGEN AND ALUMIMIUM

CROS5 SECTILNS

5.1 DEFINITION OF X

In a conventional way, we define ¢ by

Ad - cnh (5.1
AL G’H‘T

where T are cross sections per nucleus and ﬁAL is

the atomic weight of aluminiom.

In fact, we use the formula

" (5.2)
o = C;;' 9-"\ (Cl -R)i}:'{ |
where ¢,= Ao Dlwy Duy Ruy (s

Awy AZay Dac Ra

A = atomic weight
AZ = target length used
R = beam attenvation in the target
D = density of the target
N = number of events

C, = 1/1n(ﬁM) = 303
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Qur hydrogen target is about 30 cm long. In
order to teduce nuclear contaminations due to caps
at both tips (see Figures 2.2 and 3.1) , we make a
fidvcial cut by removing l—cm off each ends in our
analysis (Fig. 3.1a) . This makes A ZHT: 28 cm.
Our aluminiuvum target is measured to be: A ZAL==
031"+, 005",  The vuncertainty in A Zm_is the main
systematic error in our A computation. Other
uncertainties, such as the acceptance difference
between the two targets, can be estimated by looking
at the slope of vertex distribution (see next
section 5. 2) or using a Monte Carlo simulation of
the data. Another possible systematic shift is the
difference in the trigger efficiency causesd by the
different p, kicks Ffrom the magnet for the different
target z positions. This effect is only important
for gl’s n2ar the trigger threshold. This and aﬁg
other threshold related bias can be checked by
computing ol ‘s for different trigger thresholds. We

shall elways ignore data far bezlow the thresholds.

Cur total systematic error in X is estimated
to be around Ty =.05 . It is included (in addition
to the statistical evrrov) in ocur o6 versus Py plots,

while it is mnot included in most of the other plots.
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RHT/RAL is calculated with the known absorption
cross section. It is around 1.024 for proton beam
and 1.016 for pion beams. This is a very small
effect compared to other uncertainties in ol . We
include such corrections Jjust for completeness. Qur

final values of Ct used are:

iJ

255.1 fFfor proton beam

292.8 for pien beam

3.2 ACCEPTAMCE STUDY

The Aluminum and proton target dats come £rom
two slightly different target positions. Any
dependence of the acceptance on the target position
will affect our results. We do not need the
absolute acceptances for both targets in our present
study. What we want to show here is that there is
essentially no difference in the value of the
acceptances between our hydrogen and aluminium

targets.

Our Monte Carlo study shows there is no such
ditference. We pursue this problem further using

asur rTeal data. As shown in Figure 3. la, we have a



54

long hydrogen target and our very thin aluminium
target is very close to the lowsr tip of the
hydrogen target. Any serious acceptance bias as a
function of position will appear when we lock at the
slope of our hydrogen vertex distribution (Figures
9. 1a to 9. 1c). He do not have enowvgh statistics for
Jets above threshold to determine the slope very
accurately. It agrees with the zero slope, but it
agrees sven better with the expected beam
attenuation {(Figuvre 5. 1d). We have more statistics
for lower P (2 to 3 Gev/c) Jets which are howsver
Just below the threshold. The vertex distribution
for this biased sample has about the samz slope as
the high pi-unbiased Jets’, & more careful £it
indicates there could be a maximum acceptance
difference of about 2%, for louwsr Py Jets, which
corresponds to d;‘ =. 006 which is small compared to
other uncertainties in our computation ofgl .  One
possible source for this tiny difference is the
trigger bias caused by the magnet which we shall

discuss further in section 3. 5.

The wvertex distribution for minimum bias dats
is flat for all beam %ypes. This means we also have

an acceptance difference of about 2% (the value of
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the estimated beam attenuvation) for our interacting
beam triggers. However this difference has the
opposite sign to the corresponding difference for
the jets discussed above. This can be explained by
the difference in the geometric efficiency of the
242 veto counter which is again sensitive to the
different effective magnelt kick. This will be

discussed in section 5.5 .

This study of the hydrogen target vertex
distribution confirms that wz do not have any
serious acceptance problem within the expected
accuracy of ovr target comparison resulis. The
upncertainty in the slope determination iz used %o
estimate the systematic error in o due to
acceptance uvncertainties. This was added in

quadrature to the total systematic error in o

5.3 ESULTS
In figures 5.Za to 5 2¢, we pilot o versus
P, for jets, single charged particles and

double—jets for different trigger biases, The

definition of & jet has been discussed in Chapter
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IV, I shall describe the other trigger %Types in the

following:

A, Single Charged Particle

This sample comes from the calorimeter single
particle trigger. This trigger was in fact not very
clean-being contaminated by calorimeter fluctuations
and multiparticle triggers. However we were able to
select true single particles very cleanly in the
offline software. We impose the same fiducial
windeow cut (described in section 4. 1) as for the
Jets on these particles. We wse both the
calorimeter energy comparison and track guality
factor to clean up the tracks entering the
calorimater. Particles included in this data set

are very clean.

B. Double-jats

A double—jet event is defined as an event in
which 2 back to back jets (one in each calorimeter)
areg found by our Jet definition (see ssction 4. 1)
and the absolute RL difference hetween thesas 2 jots
is less than 1 Gev/c. This happens asbout 10% of the

time for all our single jet events.
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C. Minimum Bias

The minimum bias *rigger has already been
described in section 2. 2. We in fact distinguish
two different selections of this data sample which
are denoted "jet" and "single particle®. In the

"1et” minimum biss plots, we include the whole

minimum bias data sample. The QLRO bin includes
events in which no et is found. i.e. in which
there is no calorim=ter signal. On the obther hand,

for the single charged particle plots ,» we reguire
at least one charged particle incident on the
calorimeter within our x“=0 fiducial window defined

above in Chapter IWV.

The data shown in figures 5.2a to 5 Z2c show
that ourol values are quite independent of the
trigoer thresholds. This is another indication that
our rtesults are not affected by the crude resolution
of the calorimeter or any other threshold dependent
trigpger biases. We do not have enough statistics to
say anything very conclusively about douvble—jets.
Thevre is no strong indication of decreasinagpl at
large Py for these svents, This 1s in contrast with

the tesults for double single particle events 5. 11
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which show an ¢4 that lies lower than that for
single particles. This does not contradict our get
data because we show in chapters & and 7 that the
make up (in terms of charged particles) of both the
trigger and the away side jets are different for

Aluminum and proton targets.

In Figure 5.3, we combing all the interesting

results for{ . OSame general cbservations are:

(1) ¢ seems to be larger for the jet trigger than
the single charged particle trigger. Far both
triggers O is greater than 1 for py > 1 Gev/c.

(2) For both minimum bias and single particle data
sets, Ol is independent of the beam types. For the
Jet trigger, the value of A for a proton beam is
significantly larger than that for a pion baam,
especially when Py > 3.9. There is no difference
seen bhetwezen TT and T beams.

(3) o{ does not approach the expected value of .7 as

p, approaches O.

The significance of these Dbservatiuns will be

discussed further in later sections.
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We try to compare our data with the published
single particle results from the Chicage—Princeton
coallaboration [1i.151. We take their proton and
Aluminum (interpolated from their Ti and Be data}
cross sackions at 200 Gev, and using equation 5. 1,
we derived o for the - values of: .77, 3.08 and
4. 61 Gev/ec . These points are included in Figure
2. 3a and they agres with our data within the
estimated errors. A relative shift of .04 batuwaen
the experiments leads to better agreement. This 1s
a small shift compared to the large o{ wvaluss shown
in these plots. The Chicago-Princeton measurement
has an overall normalization uncertainty of order
20% ,» which corresponds to a possible G; of around
- OF . The small shift of order .04 beitween the two
experiments can be due te systematic uncertainties

in either experiments.

5.4 EFFECT OF MULTIPLICITY OM K

The cbservation, that our dogs not
approach .7 at low P+ was annoying. This could be
an indication that ovr overall normalizetion is very

wrong., We believe, as indicated by our vertex study
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(section 5.2), that this is unlikely. We are now
convinced that this can be due to the way we define
ourT minimum bias sample. The anti—heam counter:
defining this sample, has removed most of the low
multiplicity diffractive type of interactions.
Further, when we analyse our data, we require at
least 2 charged particles detected before the magnet
to form a good vertex. ALl these tonditiunE mean we
have very poor efficiency for low multiplicity
events. This will not affect our high Py data at
all since the mean charged multiplicity seen in our
experiment for such events is around 10, but it doess
affect our very low Py interacting beam events. In
Figure 5.4, we plot the mean charged multiplicitg
seen after the magnet {(denoted by <N>) versus ot

It clearly indicates thato{ depends strongly on
multiplicity and o« approaches .7 for low Pl as 4N>
approaches 1. This confirms our idea that the
reason ¢ does not aporpach .7 as RL approaches 0
in Fig. 5.3 is prohably dus to a loss of low

multiplicity events.

It has been observed by other experimenters
[i. 183 and by vus (see figures in Chapter VI and VII)

that in general there are increases in



multiplicities in the central (C.M. Tapidity around
0) and target fragmentation (C.M. rapidity < 0)
regions for low Py interactions off a heavy nucleus.
It is interesting to ask the question whether this
obsaerved o dependence on the overall multiplicity
can be attributed to either the particles in the et

or those outside the jet.

We divide the total charged multiplicity inte
two parts: the charged muldtiplicity in the jet and
the charged multiplicity outside the jet. ke plot
separately o against both of these multiplicities
in figures 5.5 and 5. 56, The trigger Jet is defined
to be the jet with the larger calorimgter signal in
case of double—jet events. These plots-shnw that
the ANE (K >1) is enhanced by an increase in sither
multiplicity. The general increase in o« with
inereasing jet multiplicity . as shown in Figure
5.9, is also consistent with the ol increase as we
switch from the single particle trigger {which has a

Jet multiplicity of 1) to the jet trigger.

2

In Figure 5.7, we plet o wvs. the charge of
the trigger jet. We do not see any significant

difference between the paesitively charged and %thne
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negatively charged jets. The larger X value for
Jets of larger absoclute charges is probably just a
reflection of the multiplicity effects shown sbove

(i. 2. large net charge implies large multiplicityy.

The multiplicity is a rather crude average
characteristic of the event. We shall discuss in
more detail the event structure of interactions off

the aluminium target in the later chapters.

2.9 TESBTS FOR THE RELIABILITY OF QUR DETERMINATION

oF o

A charged particle with laboratory momentum
(px.pz), coming from the center of our hydrogen
target (z=1.7), will hit the calorimzter roughly at

the x—coordinate:

g, = 10.8 (gt .28)

(5. 4)
int 8

The apparent Px change (Apx) of prder .28 comes from
the momentum kick (. 379 Gev/c) imparted by the
magnatic field roughly at z=4. 5 . This is

illustrated in the following figure (see trajectory M)
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X
A
> L
T o= |- ----45
7= |7 19 45 R
Fig. 5. 8a Tragjectories of charged particles in MPS

A charged particle, with the same kinematic
parameters but coming from the aluminium targeb,
takes the trajectory Al which is parallel to Hl {see
the above figure). When we trigger our experiment,

we calculate our triggering P at the calorimeter

(z=12.5) using the detected X;ny + assuming that
the particle comes from the middle of the hydrogen
target {(z=1.7). This means for interactions off
aluvminium., the value of ZXRK mentioned above will be
different by a tiny amount .Opr from .28 . If

we assume the Px spectrum is exp(*Bpx), and let us

take mzan px = 9500 Mev/c., this tiny change in
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A pX can easily contribute a 2% acceptance
difference between the 2 targets for Jjets triggered
below the threshold. of course this is only a
trigger bias and will not affect data above
threshold which is analyzed offline with the corract

vertex.

In the real situation, the sign of this
apoparent change Ag& can be either positive or
negative. Since we are studying here a2 sharply
falling spectrum: the configuration shown in Figure

5. 8Ba is more dominant.

In order to show that there are no serious
magnet biases, we plot, in Figure 5. 9, K as a

function of the following variable:

_ 379 (JET CHARGE) (3.3)
ik JET p
! L
The sign of = i indicates whetner the magnet kick
m
favours or acts against the jet trigger. Its

magnitude is a measure of the fractional changz in

p, due to the magnet kick (The actual change in

X

px is given in (5.4)). We see no significant
difference in € between the positive and negative

values of § . This shows that our results are not
mk
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affected by the magnet kick.

For the minimum bias data. the magnet kick has
a slightly different effect on the triggering

efficiency. This is illustrated in the following

figurs:

2%2

Figure 5. 8b Effect of magnet bend for
Interacting Beam triggers

The amount of bending in the magnet +or 200 Gesv heam
particle is negligible in comparison with the bend
for other lower momentum particles and so we can
assuma, for simplicity, that the 2YXEZ" counter is
centered on the beam line, Most of the particles in
our intezracting beam sample have momenta much less

than 100 Gewv/c. Therefore, the only way, that lower
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momentum particles can hit the 2X2 counter is by
bending in the Dppusite'direction to the x—component
of their meomenta (trajectories H2 and A2 in Figure
5. 8b). In this bend-in configuration, a charged
particle coming from the hydrogen target can be
vetoed more easily by the 2X2 counter. The order of
magnitude of this effect is related to the
difference in X;p+ mentioned above. A similar
rough estimate (like the high pl'trigger) can. gasily
e#plain the 2% effect (for the interacting beam
trigger) observed in section 5. 3. We shall talk
about the ZXZ2 problem again when we discuss the

forward region later in Chapiter VI.

As illustrated in Figure 5.3, & increases with
P for our high Py Jet trigger. Any random
background, like that due to halo particles, should
have a smaller value for & . This me=ans +%the
magnitude of A within a fixed P, Tange can be used
to indicate the cleanliness of our data. From a
study of the trigger side versus the away side, we
believe our neutral fraction cuts have already
cleaned wp our data sufficiently (section 4.2) . We

Justify this cut further by plotting the hadronic

neutral fraction versus o before any other cut in



67

Figure 5.10 . These plots clearly show our hadronic
fraction cut of .4 was a sensible choice for
removing most of the backgrounds. Thus o is flat
for neutral fraction less than 0.5 (indicating no
significant background) but dips above this.
Presumably most of the high neuvtral fraction data.
really come from lower QL, where &K is smaller and
is prnmufed by either the calorimeter fluctuations

or halo particles.

9.6 INTERPRETATION OF THE ANOMALOUS VALUES FOR K

After all these checks and Justifications, we
are convinced that there is indeed a huge ANE for
high pL‘productions off aluvminium. This effect is
also more prominent for the proton beam than for the
pion beam. We are not aware of any detailed
theoretical models with which we can compare our
Tesults and use to make reliable estimates.

Instead, we shall discuss some of the qualitative

features of these theoretical attempts

6. Scatterings before the Main Interaction

One possible explanation for this anomalously
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high ® is multiple scatterings inside the nucleus.
If it is due to scattering of the beam before the
main interaction, it has the same effect as if the
target nucleon has some kinetic motion (Fermi
motion) during the interaction. This can either
raise the effactive c.m energy ({3) or give a net
pl.kick to the interacting system. The possibility
that effective s is increased is very unlikely,

since it has been observed (Figure 35.11 taken from

U]

Ref. [1.151) that the'pﬁw producticon ratio increass
with A but decreases with s, at least in the case of
the single particle trigper. How about the
possibility that this is due to some additional

pl_ added for the nuclear target? As the high
p, tross section behaves like exp(HBQL) » the
contribution to o fer any nuclear target will be
around oﬁﬁ?/ln(ﬁ) where ke is the maximum Py’ due
to the Fermi motions., that can be added to the
nucleon. If we take kF=200 Mev/c, then we shall
have ©0{=1.01 for the aluminium target which is
obvipusly too small Eo agree with our results. The
p/y production ratin for the single particle trigger
also does not agree with such an explanation {(see

Fig. 5.11). Let vs assume that we do neot kneow how

te estimate such effect and this large o is still
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causad by some effective P kick . This implies
that a jet with transverse momentum RL produced off
the aluminium target should behave like a jet with
transverse momentum (RL — .2) produced off the
hydrogen target. In Figure 5. 12, we plot the
charged multiplicity in the jet as a function of
ELFor both targets. We ebserve a large difference
in <NZ¥ (mean charged mulftiplicity in the jet)
between these 2 targets. and such a difference can
not be explained by a general PL shift of .2 Gev/c
(at least A}lﬁ@ 15 neaded). There is essentially
no observed difference in jJet multiplicity between
proton and pion interactions, while there is a
csignificant difference in R betwzen these 2 beams.
Thus fermi motion can be vuled out as an important

contribution te the anomalous value of 4.

B. Nuclear Effects During the Main Interaction
Since we are dealing with a high density of
nucleons in collisions off nuclear targets, somse
people have suggested bthat many nucleons may act
coherently in such inkeractions {(see discussion of
the "Coherent tube model®” in Ref.[1l.18al). This
means the intersction time must be of order of the

size of the nucleus, and it may contradict the
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general belief that the high RL interactions are
related to the deep underlying-hard (short distance?

scatterings of the asymptotically free partons.

£, Additional Interactions of the Final State
Some theorists believe that this O 21 phenomenon
is due to additional hard scatterings after the main

one. They suggest formalisms L[1.13b1 like

o 3 (3. 6)
L. (R A(Co + clA$+ czA§+ ......
“hy
where cgs €y ... are some free parameters and A
is the atomic weight. Additional soft scatterings.

or multiple scatterings, of the final state after
the main interaction can alss give rise to such
effects. I+ such secondary scatterings can enhance

an increase in without changes in jet

Vi
multiplicity, then the large  differences seean
betw=en Jets and single charged particles will be
very hard to understand. In & Ttecent publication
£i. 201, it is shown that multiple scattering may
enhance tnhe high Py gluon production in nuclei.
Such mechanism can be used to explain the strong
dependence of @ on the mulbiplicities and many

cther ohservations. Unfortunataely, some of the

assumptions uvsed in Ref. [1.201 are not fully
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Justified L[1. 181 and therefore their guantitative
results are probably not credible. Mo matter how
the final forms of such models may look. we believe
it is probably still very hard to explsin the large
ditfference in ¢4 between proton and pion beams while
still predicting that their et multiplicities are

almost the same.

D. Background Smearing

It is possible that the difference in
oK between the proton and pion beams is related to
the sharper slope of the proton beam high

p. spectrum. It has been observed {([L1.7d¢1, [1.133

%
and Fig. 4. 3a) that the relative jet production off
hudregen by the proton beam compared to the JT beam
decreases from 1.9 to .5 (a factor of 3) between

P, = 2 and 6 Gev/c. The difference AR = .2 betuwsen
proton and pion in Fig. 9.3 corresponds to the
proton/pion ratio changing not by 2 but rtather by
1.5 off an aluminium target. I# one imagines that
the nuclear jet cross section is obtained by
smearing {(of whatever kind) of the hydrogen data,

one will always smear the sharper croess section more

and so find a larger value of of for it
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One smearing effect in any Jet experiment is
due to additional low EL particles that happen to be
in the cone defining jet although, in fact, theay may
come from the beam or target fragmentations. This
smearing is morTe pronounced for the aluminium
compared to the hydrogen target as the former has a
substantially higher multiplicity at zero rapidity
{see Figures 6. 12 to & 14, We investigated this
effect by generating random particles in the €. M.
Tapidity range —~. 3 %o .5 with equal probability to
be plus, minus or zero charges. The QL distribution
veed for the random particles was a aussian with a
mean RL equal to 330 Mewv. We added these egitra
particles to our hydrogen date and analyzed these
modified data just like our eriginal hydrogen data.
We repeated this "particle adding” process until the
mean charged muldtiplicity in the jet from our
modified hydrogen data agreed with the aluminium
data. The addition of 2 te 3 particles gave the
bpst fit, and the away side rapidity distribution
also seemed to agree for this choice. We found that

his smearing contributes about .15 to the

&3

anomalous O value reported in Figure 5. 3, hut it
¢id not appear that it can explsin the difference of

about .5 batween the jet and single particle
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o values. There is some difference between proton
and pion beams in our "particle added” results, but

it is much too small.

The single particle result published by the
Chicago-Princeton group E£1. 151 shows that the
A value for the proton final state is usually
larger than that for pions;- our data seem fo
indicate that the proton beam can enhance nuclear
anomalies more gasily than the pion beam (see also
later chapters on target comparisons of the event
structure and the Jjet composition) . These
ohservations could be related to the larger total
cross section for protons. or the sharper proton
beam high RL spectrum, while the single particle
Tresults may be sensitive to protons knocked out of
the nucleus. However the current estimates of the
effects mentioned above are all too small to explain
the observations guantitatively., We believe that
the current theoretical models can net predict the
large enhancement of jet production off nuclei seen

in our data.
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CHAPTER VI

CORRELATIONS

6.1 GENEZRAL FEATURES

It is generally helieved that Jet production
interacticns are related to the underlying
scattering of parbtons in the colliding hadrons. 1f
such underlying hard collision is truly elementary
and the transverse momenta of the jet fragments are
limited, then the event structure of such
interactions should be very coplanar. it has heen
s5hown in our previous publications [1.73 that the
structure of particle distributions in jet events is
much more coplanar than that of some isotropically
produced particle distributions. Without further
discussion of this coplanarity problem we define
the €M Jet Frame to be the rcenter—of-mass frame
with its x—azxis pointing along the transverse

I

projection of the jet momentum.
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TRANSVERSE COMPONENTS

yI§ A TRIGGER SIBE

—p CHARGED (OR CHARGED ARD NEL
TRANSVERSE MOMENTUM VECTOR ﬁ
== FIXED AXIS %,¥

vy

A

D FCR EACH EVENT

oo THE AXES %/, y* FOU

THESE AXE3 ARE USED TO DEFINE THE C.M. JET FRAME
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We shall slways present our results on the
associated charged particle distributions in this

frame unless it is specified otherwise.

The multiplicity density function DI{X) used in

this thesis is defined by

DIX) = (dNQ/dX)/(number cf events) (61D
where X can be any kinematic variable, like p, or Y
{rapidity) in the .M. Jet Frame, and dN6215 the
number of charged particles within the kinematic
region dX. D{X) is also called as §)(X3 in some

references.

The first kinematic variable we would like to
discuss is Bxy » where tan exz>=pﬁ/pz in the "C.M.
Jet Frame", Ideally, exZ is independent of the
measvured enegrgy of the particle. In reality, i1f we
assign a wrong mass to a particle (we assume a pion
mass for all particles) in the laboratsry frams, our
@AZ which is calculated in the center of mass frams
will be slightly distorted by an incovrrect Lorent:
transformation. We believe that this is a small

effect, sinze most of the particles are believed %o



77

be pions (see the Cerenkov counter studies in other

theses [1.921).

One nice thing about the By, distribution is
that it gives us an overview of particle
distributions in all 3 regions: the away side
region (sz{dﬁ, the forward region (B, near &, and
the same side Tegion (GXL}ﬁ). The particles in the
Jet are in the region Sd){ e&z
These zeplnts are presented in Figures & 1la to

6. 1f for all charged particles with C.M.  energies

(E ) greater than .5 Gev.

In Figure 6.2, we make a similar ploet for
particles with E < .5 Gewv. It deoes not show any
significant structure. Most of the interesting
features of the jet events are probably duve to
higher momentum associated particles. Qur E > .9

Gev cut seems to be very reasonable.

Hone of these exz plots are corrected for
acceptance. We shall preszent our tTesults in terms
of ratios when we compare our Tesults for different

beams and targets so that the acceptance will be

1]

cancelled out.

o] 12}
<130 , centered at 20
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Our %track finding efficiency is around 93%, andg
from our Monte Carlo study, the 2X2 problem (which
will be discussed more later) only affects particle
around the rTegion l@&d < 15 for E > 5 and is about
a 4% loss in this region. Within the uncertainty of
these effects, w2 can still discuss some of the

general features of these plots

A. There is a pesak at QOO-It increases with HL ;
This was also indicated by the jet multiplicity plot
which was presented in Figure 5. 12. The width of
this peak is about EOO which is smaller than the
size of our calporimeter (about 300) and the cone
angle (400) used in our jet definition. This is an
indication that our Jets are not biased strongly on
the size of our calorimater. We shall talk more

about particles in the jet in Chapter VII.

B. The peak in the Fforward tegion is not centered

at 0° It is roughly at -10°

It tends te shift
to more negative values at higher jet pl.{see Fig.

6. 1e). This phenomenon of a bias to the away side
is more pronounced for the T( beam than the proton

beam (compare Fig. 6. 1le with Fig. 6. lal. The

neight of the forward peak also decreases with the
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increasing Jet RL' The theoretical interpretation
of these observations will be discussed later in

section 6. 2.

C. There is no clear separation between the
forward peak and the "away side Jjet" region. For

~60°< By, < 0° . the multiplicity is higher thanm

o

-~ -~

the corresponding toward side Do& ekz < 60
Further, the total multiplicity in the vregion -120°
< Byz <« -45°% increases with the increasing jJet gL;
this can be comsidered as an indication that the

dynamics of the "away side jJet" dominate within this
sz (“1Ed)to ~-35°%) Tange. The general structure of

the asway side is dependent on the beam and target

types as we shall discuss in the later sections.

In Figure 6.3, we alsoc present = exz plot for
data simulated by our Monte Carlo program. These
iMonte Carlo data are analyzed identically to the
real deta. Qur Monte Carlo progream uses the gluon
and quark scattering model developed by FFF; the
quarks anﬁ gluons are fragmented inte hadrons wusing
a model developsd by Field and Feynman L[1.61.
Unfortunately, FFF does not have any detailed

prediction about the forward region. The assumption
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we made in our Monte Carlo program is that the
remaining parts of the hadrons fragment like single
quarks (after the main hard collision). The
flavours of these guarks are picked, in such way.
that on the average=, the total flavour of the final
4 jets equals the flavour sum of the incoming
hadrons. The program does not require the
conservation of quantum numbers on an event by event

basis.

A detailed comparison of the FFF with our data.
and a more thorough discussion about the Monte Carlo
program. will be presented in another thesis [1.93.

I shall only discuss som2 of the general features of
Fig. 6. 3. The Monte Carlo calculation shows a very
similar structure to ocur Teal proton dats (Figure
6.13). It also exhibits abouwt the same shift in the
peak {(toc about -10%) of the forward region shown in
the teal data. However, %the Monte Carlo data have a

larger enhancement around -90°

(on the away side)
at lower ?L(E to 3), and the forward peak also

decreases slopwer with increasing These indicate

%;
that we are probably ochserving more smearings

between the forward vegion and the away side than

expected in the FFF model.
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&2 FORWARD REGION

Before we discuss other correlations, we would
like to give more details on the forward region. As
we have described in Chapter II., all owr Triggers
have the pretrigger reguirement which is defined by
the absence of charged particles in the 2X2 counter.

This creates a hole in onur acceptance function in

the forward rTegion. This hole is alsoc shifted and
distorted by the magnet bend. The real situation is
even more mepssy. It is kneown that ouvr spark

chambers have long memory times such that we have
"ghost" particles in the besam rvegion left over from

the previous events. There are also "ghost” track

L3}

from beam particles that did not interact (remember
ponly 9% of the beam interact). These "ghost" tracks
can be matched easily to other good tracks around
the 2X2 region. This is mainly due to the high
density of tracks {(ghost or real) in the forward
region. As we have discussed in sectien 3.1, the
algorithm for ovr track finding is to find all
tracks in the x and y views separately, then use
hits in the skew chambers {(most of these are spark
chambers after the magnet) to match these tracks to

form particles. Whenever, there is & high density
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of tracks, it is wvery likely to have tracks
mismatched (good with bad, bad with bad) to form
"fake" particles. The prohbhlem is accentuated by the
small angle stereo {(tan@ =0.1) in the spark
chambers. Most of these "fake" particles have
already been removed by our preliminary pattern
recognition clean ups (see section 3.1 and [3.21).
However, in the very forward region: we have s0 many
"ghost” tracks that it is necessary to make stricter
cuts for particles in the forward regilon. The
number of left over bad tracks can be significantly
reduced by making cubts on PWC {(the PWC’'s have a
smaller memory time [2. 1] than the spark chambers)
quality factors theat are based on PWC hits only. and
by removing tracks that go into the 2X2 or close to
1L, In fact, wes made all these ﬁuts L3. 43 before
cur final analysis. The problem is that the net
track finding efficiency in the forward region is

clearly reduced by these cuts

In order to show that cur forward region cuts
are efficient in removing these "ghosts"”, we plot
the particle distribution in the spatial x—-y space
before and after cuts. We saw 3 cross shape (Fig.

b, 4a) centered at the 2X2 before any cut. These are
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a combination of ftruely "ghost" particles and real
tracks mismatched to "ghost" tracks. After some PWC
gquality cuts, this crpss structure vanishes and the
2X2 hole starts to appear (Fig. &, 4b). We +then
Just remove the remaining ghost particles that "hit”

the 2X2 and somes particles very close to it

The main proeblem for the forward region is in
fact how to estimate the efficiency after all these
cuts. We can, of course, aveid the problem by Just
computing ratios. Hewever, it is still wvery
important to know rovghly the size of such lposses
and which kinematic regions are afferted by these
losses. Our Monte Carlo proagram allpows all
particles in the forward region—including particles
that go into the 2XZ counter. By imposing our cuts
in the forward regioen on the Monte Csarlo data, we
can thus estimate the fractional losses due to our
software cuts and the anti-2X2 triggering system.

In Figures &.4c and 6. 4d, we plot the fraction of
particles lost in cur Monte Carlo data as a function
of GXZ for all pavrticles with E > 5 Gev. We find a
maximum fractional loess of around 4% in the forward
region. Gur Monte Carlo program is not

sophisticated enough to be able to estimate
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correctly some of the losses due to all the quality

cuts, the real loss is probably slightly higher.

We can also estimate the ZX2 losses using the

real data. This is i1llustrated in the following:

consider a particle with & definite value for

Py (x—component of its momentum) in the €. M Jet
Frame. Its acceptance as a function of Py hae a
hole roughly in the region:
< Y L2
pr L px pr {6.2)
where Ppp. & “, @3l 2% + & L1=Lyx) ) (6. 3)
Pug = 220 2x — Z;41~Z4%) ) (6. 4)

x = (laboratory momentum) /{200 Gev/c)

Z] = (charge of the particlel)X(sign of
the magnet kick in the C.1. Jet
Frame)

Z, = {(charge of the particlel)i{charge

of the beam)

where the quantity Z; indicates whether the charged

particle is bent towards the trigger side or sway
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from it, while Zz_indicates whether the charge of
the particle is the same as the incoming beam
particle or not. The values of P L and P xw also
depend slightly on the vertex position as mentioned

in Chapter V. A vertex z position = 1.7 is assumed

in this simple illustration.

A plot of 2 (defined above) indicates that we
have very few particles for x . 35. This is
expected from the conservation of the total momentum
as the maximum possible total energy in the C. M
frameg:, in the forward region, 13 around ( 1Q — (et
?L) } which corresponds to x =D for jet p =% Gev/c
The acceptance functiorn {(dus to 2x2 losses) as a

function of px in the C.M Jet Frame 1s sketchad 1n

the following Ffigure for two values of
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only) as a function of p,.

defined in section 6.2.
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The interesting feature about the 2ZX2 loss is that
these holes (in the acceptance function) do not
overlap (see Figures 6.4c and 6. 4d) for different
magnet kicks (different Z,) if x is small enough and
if the charge is Ffixed (fixed Z,) . This means we
can also estimate our efficiency by comparing the
distributions fopr different magnet polarities for
the region x< 0.33 which in fact includes most of
our data. & preliminary estimate uvsing this
algorithm indicates that the 2X2 loss is around 5%
for E > 0.5 particles. The final analysis of the
2X2 efficiency is not completed at the time of this

report.

The forward region contains a lot of
interesting physics connected with the beam Jjet. We
have already shown thet the forward peak tends to
move awag from the trigger side as RL incresses
Theoretically, such a ¥ilt is related to the
transverse momentum of a8 guark or gluon inside the
hadron. A more thorocuagh analysis will bhe sttempted
on our data (in the forward region) in the n=ar
future. 8o far, most of our results on the forward
region studies are preliminary. The current data

T2 however sufficient for a comparison of hydrogen

i)
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and aluminium targets. The main purposa of this
section is to discuss problems associated with the

2X2 counter and possible ways of solving it.

6.3 CHARGE CORRELATIONMS

As we have shown above:, the loss due to the 2ZX2
veto is probably arcund 4% level in the forward
region, and for lower x  wvalvues such losses are
almost independent of the particle charge {(see
Fig. 6. 98 above and also [ng\}1o° in figures &H. 4c
and &, 447, We can therefore study the ratic of
positive to negative charged particle production
with a maximum uncertainty of ovder 4% This +/-—
ratio is plotted as a function of ., in Figure
6.6 for various values of the jet charge (Qyzy )
where Qggy is the sum of the charges of pavticles
in the jet, vequiring %that these partigles mﬁst have
px’s greater than .1 of the jet Py The mean pL_nF
the jets for all these plots are listed in Table
&1 I have also plotted these vatios for various

RL bands (within 2 to &6.3%) but I do not show them

here as the different RL cuts all locked wvery

similar.
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In Figure 6.7, I make a similar plot using our
Monte Carlo data. Although the guantum number
correlation in the forward rTegion is handled
incorrectly in our Monte Carlo program. the
correlation on the away side still vepresents what
is expected from the FFF model. It is believed that
there should be very little correlation bestween the
+/— ratio on the away side and the various values of
@TET : This comes naturally from the assumption
that the underlying scatitering is elementsry and the
scattered partons fragment independentiy. Such
assumptions also lead to large guantum number
correlations between the forward region (the beam
Jet) and the triggered jet. Of course:, there are
always smearings betwezen these 3 regions due to
vncertainties in the dynamics of the low momentum
particles. QOur E > 9% Gev cut should have remaved

most of this smearing.

When we try to compare our procton heam data
(Figure 6. 62) with what is expected (Figure & 7)) on
the away side., we observed significant difference
(between the two plots). The theory predicts a
smaller correlation then seen in cur data. For the

pion beam data, we expect some correlations on the
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away side due to asymmetry of the beam target
system, while we observe about the same amount of
correlations as in the proton data. It is possible
that all these ohserved discrepancies between the
data and the theory are due to the approximate
handling in the model of the transverse momenta for
quarks in the bhadron or the omission of other
PTOCESSES. Natwrally it is important to study the
origin of this correlation of the {average) quark

charges both theorebtically and experimentally.

Although we believe that our dalts {used for the
final analysis) are very clean, we weuld still like
to make some more checks on our +/~ ratios. As T
have discussed above, mpst of the ghost tracks
should bhave fewzr hits in the FPWC's. This means
their PWC gquslity factors should have lower values
than for the real Tracks, We divided our data into
two samples based on a8 cut of the total PHC gquality
anid we plot the +/— ratios for these twp samples in
Figure 6.8, We see no difference betwsgen the two
even in the forward region (Notice this is not
completely precise as the PHC guality factor can be
slightly momentum dependent and sc a momentum

dependence of the +/— ratin cepuld show up in
p
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Fig. 6. 8). It is important to note that the ghost
particles usually have the same charge sign as the
beam particle (they "were” beam parﬁicles). ANy
excess of ghost tracks should show up as larger +/—
ratio, in the forward region. for the lower guality
particle sample in Fig. 4. 8. (Mote that we only use
the positive beam polarity in this plot). The fact
that there is no difference in the +/— ratio between
these 2 samples (of different qualities) Ffor all
valuss of exz indicates that sur final data (after

all cleanliness cuwits) are probably very clean.

6.4  BEAM COMPARISON

In order to study the effect of incoming heam
types on the structure of a jet event. relative
D( Bxz) plots for different beams are presented in
Figures 4.7 and &. 10 . We opbserve no differnce
between the Tﬁland ﬁrbeams (Figure &.9b bhas very low
statistics). A1l these plots in Figure 6.9 are
consistent with 1 for all values of exz . Figure
6. 10 is much more interesting. These plots indicate
that the away side QXZ distribution for the pion

beam interaction tends to shift more towards the
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forward region than the proton beam interaction.
This is expected in the theory as the pion has one
less valence guark than proton, and therefore the
scattered parton frem the pion is more likely to
have a higher %z in the C.M Frame (see discussion
in Chapter 1). This ferward shift, for particles in
the pion beam interaction., seems to increase with
the jet pL. This ohserved variation with increasing
RL would be obvicusly statistically significant it
we combine some of the bins (like those from ~80° to

g
=20

) ﬁo show more clearly the difference between
the lower Py (2 to ) jgets and the rest. One of the
amazing results from our experiment is that we see
no obvious difference between Figures 6. 10a and

6. 10h. If we believe this forward shift of the pion
beam relative to the proton beam is a manifestation
of the underlying QCD dynamics, then it seems that
the nuclear effects {which couvld a priori easily

smear such dynamics) are all cancelled neatly in

Figure &. 10b.

In Figure &6.11 » we plot the relative D(z)
distribution {(proton over TF beam) for all charged

particles on the away side (px{O). 7z 15 defined as

the abscolute value of pK in the C.M Jet Frame
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divided by the Jjet EL(BT RL of the triggered
particle in single high p_L trigger). We Ffind that
the pion interaction has slightly more higheyr z
particles on the away side for the hydrogen target
anil this effecht seems to be larger for the aluminiuin
target. This large z enhancement for pion beams is
not completely unexpected as the scattered parton on
the away side, in pion interaction, can be detected
more easily by our spectrometer due to the forward

shift effect discussed above,

6.5 COMPARISON OF ALUMINIUM AND HYDROGEN TARGETS

For the comparison of different targets, we
will use the kinematic variable Y {rapidity) instead
of sz. as Y is the variable used more often in
previous publications. Figure 6. 12 shows some
published rtesults taken from Ref. £1.18s81 . lWe
make similar plots of the relative DI{Y) (aluminium
over hydrogen) distributions for all charged
particles (except that in the single high

p, trigger, the trigger particle is excluded) for 2

L
different triggers (Figure &. 13). They all seem to

have wvery similar structures. In Figure 414 , we
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repeat these relative D(Y) distribution plots for
all charged particles on the away side only.

Figures 6.13 and 6. 14 are almost identical to each
other , except maybe, for regions near Y=0. UWe make
no energy cut for particles included in these plots.
The shape of these relative D(Y) distributions in
the lower Y regions could be mainly duve to low
momentum particles (E <. D Gev). The effect of

energy cuts like E > .5 Gev is still to be studied.

We now make some checks on our relative DY)
plots. In Figure &6. 135 we present the DY)
distributions for the aluminium target and 3
different vertex regions of the hydrogen target. We
do not see any vertex (spatial) dependence of DLY)
for interactions off hydrogen. They are all well
separated from the aluminium target DY)
distribution in regions Y<.b6, indicating that we do
not have any serious acceptance difference problem

in this rapidity region,

For the very forward recion, the 2X2 problem
may affect DY) slightly. In order to jJustify our
results for all regions presented, we plot the

relative D(Y) distributions on the away side far the
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following two classes of particles:

{1) not affected by the 2X2

(2) affected by the 2X2

when I say "not affected by the 2%X2" ., I mean s

particle, on the away side, that is bent (by the
magnetic field) away from the 2X2 {(see previous
figures and discussion on the 2X2Z problems). If the
energy of this particle is low enough, then it will
never hit the 2X2 counter and its scceptance will
net be affectad by the 2X2. The other class of
particles are those that are bent towards the 22,
their acceptance will always be affected by the 2X2.
These two classes of particles are labellied as
"outside 2X2" and "affected by K2 in Figura &, 14,
We cannet find any noticeable differegnce for the
relative DY) distributions between these two
samples. Our tesults on the relative DY)
distributions are thus probably quite independent of

any possible acceptance problems.

It is generally believed that the shape of the
relative D(Y) distributions is related to the
propagation of the beam jet through the nuclear
matter {(see discussien in Chapter [) both before and

after the main interaction. Unforitunstely, there
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exists no theory with which we can compare our
results quantitively. I shall point out some of the
general features of our plots without referring to

any model:

(1) The shape of the relative D{Y¥) (alsc called

R{Y)) distributions is almest independent of trigger

RL for events of a given Lrigger
{2 There seems to be differences betwesen the

rTrelative DY) distributions for different triggers.
R{Y) in the Y>>0 region decreases, for different
trigger types., in the following order:

fall I.B.) » {(single particle I.B.) > (single high
HL) > tyet)

where (A) > (B) means trigger & has the higher valusz

of RC{Y) in regions Y20 than trigger 3.

These observations indicate that, maybe, RY)
is sensitive to the overall event multiplicitby. 15
this is true, then we shall be wary of the
multiplicity effects (like whether diffractive

interactions are included) for such R(Y) plots from

any experiment.
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In Figure &.17, we plot the relative D(z) (alcao
called R(z)) on the away side for the 2 targets. We
chserve, 1in general for all QL’S. mare lower
particles on the away side fpor interactions off
aluminium. At higher RL’S (4 to & 9 for jets and 3
to 5 for single high RL particles?), interaction ofé
aluminium seems to have less high z particles an %the
away side. We do not see any significant difference
betwsen the 4 plots in Figure 6. 17, except may he,
that R(z) for the proton beam has a slightly sharper

slope than the pion data at high B{zd, in

By, 8
general, decreases with increasing z. This decrease
at large z is also observed for charged particles in

the trigger jet as we shall discuss in the next

chapter.

The observation that there is no significant
difference in R(z) distributions between the jet and
the single high Py particle triggers is very
interesting. Theoretically, the single high
EL trigger is a subset of the jet trigger. We

expect "similar" away side z distributions feor these
2 triggers. When we say "similar", we mean they

should be almost the same if the z of the single

high PL trigger is multiplied by approximately 0. 8.
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This .8 factor is the mean z of the iriggered single
high Py particle in the jet whose fragmentation led
to the the single high Py trigger particle. The
similarity of R{z) for these two triggers indicates
that this relation between the single high

Py trigger and the jet trigger is not altered by the

nuclear effects.

As indicated by plots presented in both this
and the next chapter, intersctions off aluminium
have in general more low momentum particles than
those off hydrogen. This leads naturslly to the
general expectation that there are probably
additional nuclear scetterings of the final state
(either hadron or parton) produced in the main high
Py interaction . Figures & 10 and 6. 17 sesm to
indicate that such additional nuclear scatterings
(if they exists) are probably very coherent with the
main interaction ,» so the dynamics of the main
interactions can still be seen. In our minitmum bias
interacting beam data, we also observe some
correlations that seem to be unatffected by the
nuclear scatterings. This is shown in Figure &. 18
which is a8 two body correlation plet from work done

with the help of T. Tse [&4.11 where the corrvelation
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function R 15 defined as follows
o 9T __
dy, dY,

ng— dO‘_ for inl A (6.5) |

dv; dv,
where Y‘,Yl are rapidities of charged particles.

Figure &.18b is for all events, while Figure
6.18a is only for events with the total charged
multiplicity greater than &. In all cases, we
ebserve no difference hetween the hydrogen and the
aluminium taragets. This indicate that the cohersnce
indicated by the positive corrzlation (R positive)
for Y approximately equals to O is not affected by
the nucleus. It can be understood theoretically if
we believe that the final hadrons are aslways

praoduced ocutside the nucleus.

Our experiment is the Ffirst te study both high
and low DL interactions off a nuclear target with a
large kinematic acceptance. We have observed many
interesting nuclear effects that were not predicted
theeretically. This could be the starting point of
a deeper understanding of nuclear effects in high

energy collistons.
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CHAPTER VII

JET COMPOSITION

7.1 RELATIVE Z DISTRIBUTIONS

As we have already shown in Figure 5. 12, jzts
produced off aluminium are composed of more charged
particles than jets off hydrogen. In this chapter
we are going to make a further comparison of the jet
structure between hydrogen and aluminium targets,
and also between different beam btypes. The
distribution function that we are going to discuss
here is:

Diz) = (dN/dz}/NxaT (7. 1)
where z = (px of charged particle in the jet in
the C. M. Jet Frame) / (jet RL)'

This D{z) Ffunction has already been detfinsd
previously, z is also called as x_, in socme

(=4

publications.

For particles in the jet, D{z) is usually
interpreted as the parton (mainly quarks, with some

gluons) fragmentation function in models (like that
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due to FFF) where jets are produced by constituent
scattering. D(z) is expected to approximately

scale, that is, be independent of EL' although QCD
does predict a small HL dependence that has not yet

been seen experimentally.

In our previous analysis L[1.73, D(z) is found
to scale as & function of RL within the experimental
uncertainty. This scaling., especially at high RL’
however, can be sensitive to the schems of nautral
extractions. If we vse the old neutral analysis
schema as developed for our early data in L[1.71,
such scaling is observed L[7. 11, However, with the
present neuvtral scheme and "neuvtral cuts” described
in this thesis, scaling is no longer observed. This
indicates that details of neuitral analysis
{especially the neutral cuts) may affect this Dz}
scaling in a non—trivial way. Whether this scale
breaking is really due to QCD corrections {or some

other theoretical effect), or is mainly an artifact

of the neuvtral cuts, is still to be studied.

Qur Monte Carlo data. in general. have higher
<z wvalues than the rveal data ., indicating that the

real data have probably more low z particles than
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predicted by the FFF model.

With all these ambiguities about the absolute
magnitude of D{(z), we can still make a mzaningful
study of the relative D(z) for different beams and

targets,

We show the ratioc of D(z) for the jffbeam over
that for the 3f.beam in Figure 7.1 and D{z) for the
proton beam over the T{ beam in Figure 7.2. The
ratios presented in all these plots are consistent
with 1. Due to limitations in stetistics, we cannot
say anything very guantitative about Figure 7. 1.
However, Figure 7.2 seems to indicate that the
proton data have slightly less high 2 particles than
the 31 data. This can be statistically significant,
for the aluminium target, if we combine the
EL ranges (3 to 4) with (4 to &6.5). We shall
discuss one possible explanation for this different

D{z) phencmenon later in the next section.

In Figure 7.3, we have the relative Di{z)
{called R{(z) from now on) of the aluminium target
over the hydrogen target. We observe here a similar

effect at large z (i.e., aluminium is lower than
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huydrogen) as shown in the away side R{z)
distribution discussed in the last chapter. Such
effects seem to occur at even lower p, wvalues for

&
particles in the trigger jet than for the away side.

7.2 CONTAMINATIONS FROM LLOW EL PARTICLES

One possible explanation Ffor this Riz) 3¢ 1
effect {in both target and beam comparisons) is that
this is due to additional low RL particles that
happen to be in the c£one defining the yet, althaugh
in fact . they come, Ffor instance, +From the beam or

target fragmentations.

In order to understand this contamination
effect, we define for all charged particle in the

Jet:

(7. 2)

where 1 sums over all the charged particles in the
Jet. We ignore cases where the denominator becomes

0. This param=2ter Ze is really defined in such a
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way that it behaves like the variable z Ffor
different triggers as we switch smoothly {(by
increasing ZCUT) From the jet trigger (no ZCUT) to
the single charged particles btrigger (ZCUT greater
than or around .87, When we say there is “no ZCUTY,
we mean g = Z. The case for ZCUT=0 corresponds to

the charged component of the jet.

In Figures 7.4 and 7.5, we combine the higher
?L bands and plot D{zg) distributions for various
values of ZCUT’s. The mean jet P of these plotis

are listed in Table &1

The proton over ™ VD(z> plot (Figure 7.4a) was
consistent with 1 originally (ses Fig. 7.1lad. The
operation of using finite ZCUT has only a small
effect on the ratio, although it does tend to make
the ratio closer %o I. For the aluminium target
(Figure 7.4b), the relative Dlzg) is definitely
affectad by the ZCOUT. For ZCUT=.Z, our relative Dlzg)

has already become consistent with 1. while our
old relative D{(z) is about 204 below 1 at high z.
Both of thess plots seem to indicate that any slight
ditference in D{z) between proton and Tf beams can

be dve %o low z particles.
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On the other hand, this explanation seems to
fail in cases of target comparisons. For both
proton and jf beams, ZCUT=.4 is still insufficient
to make R(zg)=1 for all values of 1q (Figure 7.3),
indicating that things are probably more subtle
here. However, %these plots may still support
possibilities like multiple scatterings of the jet
fragments in the nuclear matter for interactions off
aluminium. Comparisons of these plots with
predictions of a8 ressonable theoretical model {(let

vs hope there will be one) will be very intriguing.
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CHAPTER VIII

SUMMARY AND CONCLUSION

8.1 GSUMMARY

The Fermilab experiment EZ&0 has three major
triggers: Jet, single high pL and interacting
beam. This thesis reports on some of the recent
studies on our data and emphasizes comparisons of

two targets (hydrogen and aluminium) and three beams

e N
(W . W and proton). Here is a sumnary of ocur
results:
(1) A yet is defined here as a group of particles
going into either of the two calorimeters, Both our

Jjet cross section and the asscciated particle
distributions agree pretty well with the QCD

predictions {(FFF model).

() We understand the problems asscciated with the
2X2 counter. Results on the forward region study is

still very preliminary.
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We ebserve a larger charge cerrelation than

predicted by FFF between the +/- vratioc on the away

side and the charge of the jet.

£4)

Target comparison:
a) o > 1 at high %—For both jet and single
particle trigagers. The value of K for our
proton beam single high By data agrees with the
Chicago-Princeton resvlt. of depends strongly
on multiplicity.
b) Interactions off the aluminium target have
higher associated charged multiplicities in asll
regions except in the very forward region. This
could be due to the enbhancement nf gluen
production in the hadron nucleus scattering.
c) I# this higher multiplicity is caused by
additional nuclear scatterings, than such
additional nuclear scatterings are probably very
cobherent with the main interaction. The fwo
body correlation fer all the assscciabted charged
particles, in our interacting beam trigger, is
the same Ffor bath the hydrogen and aluminium
targets. This seems to indicate that the £inal

hadrons are produced outside the nucleus.
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(D) Beam comparison:
+ -

a)d The results on W and U beams are
essentially the same.
b) Our proton data look different from the
pion beam; they have a slightly higher charged
multiplicity and the proton almost alwaus
enhances nuclear effects (like larger A ) more

than the pion

ag. 2 CONCLUSION

(1) Qualitatively, our data agree well with the
QCD predictions by FFF, However, there are
indications of discrepancies especially when we try
to make some quantitabive comparisens. Both
theoretical and experimental studies are needed to

vnderstand such discrepancies.

{27 We are the first experimental agreup to study
nuclear anomalies with the detailed measurement of
the event. structure. Some of the gualitative
predictions suggested by the QCD theory for the
hadron nucleus scattering., such as, enhancement of

the gluon production and that the final
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main interaction, are
data. However, it is

like o > 1 can bhe
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is well separated from the
all in good agreement with the
still not clear that results

explained by the thecry. We

believe that the study of the hadron nucleus

scattering is impoaritant in the investigation of many

fundamental processes.

Hopefully our results will

stimulate further researches in this fascinating

field.
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TABLE 6. 1: Mean jet p, for the following plots.

Cut vsed to deftine the Py Tange is E{QL{6-5

BEAM ? TARGET ST By o FIGURE MNUMBER} COMMENTS
: f in Gev/c
Protnn:HgdrogeniE.?4 + . 006 6.ba b, LHb | HIJET
%PrDtDnSAluminum 3,14 + 010 i Ab b 16b HIJET
| T Hydrogen| 3.10 + .02 6. be HIJET
i ‘Wf ‘Aluminumi 3. 24 + 032 6. 64  HrET
i a ngdTDgen 2.96 + . 005 6. be HIJET
C W Atuminum 3.11 + . 009 6,68 D HTgET
iProtaon . Proton 290 + 004 BT R MOHHECarlo-{
TProtDnEHgdrogen 2.64 + . 006 6. 1b6a f LOJET |
gprato§§A1uminum 2.80 + .013 6. 165 I Louet
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a) Deep Inelastic Lepton-Nucleon Scattering

b) Lepton Pair Annihilation

JET

JET

leptons

nucleons
quarks

Bl
i
q
¥

photons

Figure 1.1
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(a) Constituent Scattering
. Either detect directly
—>—G-—-—> (Jet) or by
P S -~ fragmentation into
qo‘Q/ qc single Hadron
’ -"*‘- Simeaoe

(b) Typical "QCD" Quark Quark Scattering

. | g(Q%) = running
e I coupling constant
1gluon
_-"'?'_. -h*""--
qg 9 q

(c) 4-jet Structure of Events

. /1 Ac
Towards side / #=-Trigger particle
i 4 "t
> - ——. she <
l p ’;%%\:. ¢ &
Away side ‘h\
4%

—> |nitial state Hadron
—~-—-> [Final state Hadron
— ——— Constituent (Quark or Gluon)

Figure 1.2
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2 USED FOR TIIIS ANALYSIS
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Figure 4.2a E260 jet cross section and comparison with QCD

predictions (using FFF model).
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Figure 4.3 Ratios of jet cross sections

(vs. jet B ) for different beam types.
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Figure 6.1 Multiplicity density function D(Bxx)
of the associated charged particles with energy

greater than 0.5 Gev in the C. M. Jet TFrame

( defined in section 6.1 ). These plots do not

have any acceptance correction.
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Figure 6.3 This D(G&z) plot is similar to
those in Figure 6.1, only that the data used
here are Monte Carlo simulations. Our M.C.

program uses the FFF model [1.6].
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Particle density in the spatial X-Y space i
|
(at the Z position of 2X2) before and after

cuts. The square box shown in the figure

is where the 2 X 2 is.

Figure 6.4a  Before any cut.

Figure 6.4b  After some PWC quality cuts.
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Figure 6.4c,d The ratio of the deleted particle
over the accepted particle as a function of fhz

from the Monte Carlo data.
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Figure 6.6  The number of positively charged
particles over the number of negatively charged
particles as a function of sz for three wvalues

of QIET . Q]'ET is defined in the text (section

6.3). Only particles with E>0.5 are included.
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Figure 6.15 D(Y) for the gluminium target
and for three different vercex regions of

the hydrogen target.
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Figure 6.15a Proton beam; trigger Jer

between 3 and 4 Gev/c.
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Figure 6.15b Proton beam; trigger jet p_

between 4 and 6.5 Gev/ec.
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Figure 6.16 Ratio of D(Y) plots (aluminium
over hydrogen) for particles "outside the
2X2" and "affected by the 2x2" on the away

side for two different jet RLregions.
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Figure 6.17

R(2) distribution for particles on the away side.
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D(Z) is defined in the text.
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Figure 7.4 & 7.5 Ratio of?D(SQ) plots for:
particles in the jet. The ;ase "NO RCUT"

means ZQ=Z. The definition of EZQ is defined -
in section 7.2. The<{jet P >for these plots .

are listed in Table 6.1.
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