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ABSTRACT 

High t~ansverse momentum (p ) particles are 
..L. 

thought to reflect the underlying parton (quark or 

gluon) mechanisms of hadron interactions. A 

particularly simple model by Feynman, Field and Fox 

(or FFF), involves hard scattering of a pair of 

partons via gluon exchange (Quantum Chromodynamics 

or QCD) with subsequent fragmentation of the partons 

into hadrons. 

We present results from an experiment (E260 at 

Fermilab) on the production of Jets (groups of 

particles) and single charged particles, at both low 

and high p.L, in 200 Gev inte·ractions. 

experiment used a calorimeter triggered 

The 

multiparticle spectrometer. Results are presented 

on the comparisons of cross sections and associated 

charged particle distributions f or pion and proton 

beams and aluminium a nd hydrogen targets . 

Our high p proton data agree with the FFF 
.L 
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predictions in most cases . 

of discrepancies. 

However, there are signs 

We de-Fine o<. by the equation : 

where AAL is the atomic weight of 

aluminium and are cross sections for 

the aluminium and hydrogen targets. The proton beam 

data show larger nuclear anomalies (in particular, 

(){ :> 1) than the pion beam data. There is 

.... -
essentially no difference between 1f and Ji beams. 

We compare the associated charged particle 

distributions for the two targets. The observed 

difference between these two targets could be 

related to the propagation and secondary scattering 

of partons in the nuclear matter; interpreting our 

data in this framework, we find that any secondary 

scattering must be coherent with the main 

interaction. 

E260 is the first experiment to study both high 

and low p interactions off nuclear tarqets with ..L -
detailed measurements of the event structure. This 

is essential for understanding both nuclear effects 

and GCD in high energy interactions. 
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1. 1 O\lERVIEW 

1 

CHAPTER I 

INTRODUCTION 

During recent \;)ears , deep inelastic 

lepton-nucleon scattering has been most successfully 

interpreted by parton models [1. 1J (see Fig. 1. laL 

where it is assumed that the underlying process is 

the scattering of the incident leptons on 

constituents of the nucleon. It is supposed, in 

such models , that these elementary point-l ike 

constituents or "pa·rtons" are very strongl1J bound 

inside the nucleon. Nevertheles s , for high 

energy-momentum transfers, larg9- compared with the 

nucleon mass, an individu-.31 parton can be regarded 

as effectively independent of the rest. 

This physical picture ha s led to the prediction 

h a dron-h adron interactions (see F ig. 

particles with high transverse momentum (p.l-) should 

b e produced with much h igher cross section than 
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expected from extrapolation of the low p.L behaviour. 

Further support for this picture has been 

provided by the observation [1.4] of Jet-structur2 

in hadronic events from e+ e - annihi lati on (Fig. 

1. lb), which can be interpreted as the manifestation 

of the production of parton pairs and their 

subsequent decay into hadrons (Fragmentation). A 

similar structure is expected to be present in 

events in which a high p.L particle is producer! in 

hadron-hadron interactions. However, in contrast 

with the lepton initiated reaction s , it is only in 

the latter type of process that the effect of direct 

parton-parton scattering can be observed. 

Ultimately, this opens the possi bility of inferring 

the properties of parton-parton interactions from 

the study of hadron collisions p r oducing high 

p.l. par ticles or Jets. 

Experimentally, Je ts a ppear as cl u sters of 

particles going approximately in the direction of 

the original partons. The mean transverse momentum 

of particles i n th e Jet with r espect to th e parton 

momentum vector is expected to be around 350 Me v/c. 
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Attempts have been made to analyse all the 

experimental results on the production of high 

p particles or Jets in terms of the presently 
.L 

existing Quantum Chromod1Jnamic Field Theo·ry (1. 5J. 

In such a theoretical framework, partons are quarks 

and gluons. Hard scattering among these partons is 

believed to be dominated by gluon exchange 

processes. The gluon, which is the field carrier of 

the strong interaction ( also called the color field), 

is very analogous to the photon in the 

electromagnetic interaction (see Fig. 1. 2b), except 

it can also interact with itself. Of cour!H? the 

gluon quark coupling is much larger than that of the 

photon to quarks . 

In a particular GCD model discussed by Feynman, 

Field and Fox (o·r FFF) [1. 6], it is supposed that 

the high p.L Jet production in hadron-hadron 

collision is due to hard scattering between partons, 

one from the beam and the other from the target, via 

gluon exchanne. The resulting scattered partons and 

the unaffected parts of thR colliding particles a re 

assumed to fragment into Jets of h a drons. This 

give s rise to a four-Jet s tructure in high 

pL hadron-hadron collision (Figure 1. 2c). 
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The purpose of our experiment is to investigate 

these phenomena in hadron-hadron collision at an 

incident momentum of 200 Gev/r.. Hopefully, our 

experimental results may lead to a better 

understanding of quarks, gluons and QCD. 

1. 2 THE EXPERIMENT 

The ex periment des c ribed by this t he sis is the 

Fermilab Multipartic l e Spectrometer experiment E260. 

It is a Caltech-UCLA-FNAL-UICC-Indiana 

collaboration. The experiment was trigy e red by two 

calorimeters which a llowed us to se lect events 

containing either a sing l e particle a t high p.L or a 

group of particles (Jet) which together s um up t o 

give large p.L. In both triggers, w~ were> able to 

study the properties of the a ssociate d c harged 

particles over a wide kin e matic rang e as the 

spectrometer had essentially fu ll azimuthal 

a cceptan ce f or t he range 00 ,,- e _,.- (.) oo 
··- C.H. ·- ' • 

The experiment was p erformed i n the M6W 

beamline at F2rmil ab with a b eam energ y of 200 Gev 

and rliff erent spe ci es <TI , K, p ) of beam parti c l e 
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tagged by four beam Cerenkov counters. 

Some initial data were taken with a beryllium 

target in December 1975 and Jariuary 1976. The main 

run was in June through September 1976. Results of 

the test run and part of the main run have been 

published [1. 7J. This thesis concentrates on the 

discussion of the data from the main run, ske t ching 

some results from the test run whenever it is 

neces s ary. The methods and procedures described 

here are those used on the main run unless s pecified 

otherwise. Some of the results presented here will 

be published (1. BJ. Further discussion of our 

experiment can be found in o t her theses [1 . 9]. 

1. 3 MOTIVATION FOR OUR MEASUREMENTS 

There are two maJor clas s e s of meas ureme nts in 

our experimAnt: 

A. The production cros s sections for 

( 1. 1 ) 

( 1. 2 ) 

wh e re we ob s e rv e e ith er a single charged had ron 
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+ 
h- or a group of particles (Jet) at high p.1.: He1'e 

+ -
the beam b = p,J or ~ has a momentum of 200 or 190 

Gev/c and the targ et A= hydr ogen or aluminium. 

D. Correlations and characteristi c s of the 

associated charged particles i n regions of phase 

space all owed by the experiment. 

Interest in t h e mea s ur e ment of high 

p..L produ ction crc,ss Sftctinn!> stemme d from early ISR 

result s [1 . 10] . Th ese experiments showed a much 

l a rg e r ~Ji eld of had rons at h ig h p.L than expected 

from a naive exp(-6p...1.. ) f;•xt r a poJ. ation of the lo1.t1 

~~ data. This y ield also increased with energ y at 

fixed p.L These sing l e high p.L part~cle cross 

sections can be paramet riz e d by the scali ng law: 

( 1. 3) 

where CE d3 ~ Jd3 p) is the i nvari ant cro ss section and 

For a proton b eam and a pio n -Final state , the 

obss-rved -1 p~ po wer N i s approximately 8. Th is wa s in 

fact predict e d by the CIM model ( Co n stituen t 

Interc hange Model ) where th e typical scat tering is 

)\ q --:> 1i q an ri th e Jr i s a II c on s t i t u en t " o f t h e 

proton . Ho111evt~r th e simp l 2 Cil"I model , without 
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substantial modifications, also predicts Jet 

production at about the same cross section as for 

single particles. Our earlier analysis (mainly by 

Fox) clearly indicates [1. 7] that the Jet cross 

section is at least five hundred times that for a 

single hadron. This suggests that our Jet trigger 

is probably directly obs erving the quarks and gluons 

predicted naturally by GCD. Although the Born 

scattering graphs of GCD give the incorrect 

prf~diction of a p-1t b eh av i or f or t h e c r o s s s e c t i on , 
.L 

there are man y correct ions to this in a realistic 

calculation. An analysis of QCD by Field (1. 5], 

which includes all the effects which are currently 

known, suggests QCD is capable of describing all 

presently existing high p.L sing l e had·ron and . .1et 

measurements. Our new results on the Jet cross 

section can be used for further comp arison with the 

QCD predictions. 

The event structure is an important extra 

constrain t for theoretical models of hi gh 

p.L proce sses. For instance, the origina l 

Constituent Intercha ng e Model [1 .1 11 tuhi c h fitted 

the single particle cross sect i on data well, failed 

complet ely for both the event structure a nd cross 
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section for the Jet events El . 7J. Studies of 

associated multiplicity and correlations are hence 

essential for understanding such rare (the high 

p.L cross section is very small ) processes. Our 

ex periment enables us to study the associated 

charged particles in the following three regions 

which correspond approximately to those populated by 

three out of the four Je ts shown in Fig. 1. 2c : 

A. The Trigger Side 

Thi s mainly includes those particles associated 

directly with the trigger Jet. If GCD is correct, 

the distribution of momenta for charged particles 

making up the Jet cluster in hadron scatt e ring 

sh ould b e similar to the analogou s di s tribution in 

lepton process. This momentum distribution for 

particles in the Jet is usually called the 

fragmentation function. The quantum number 

distributions of particle s on t he trigger side 

s hould also reflect the flavour of th e original 

tr ig gered parton. 

B. The Away Side 

This includes particles oppo s ite to the trigger 

Jet. Theoretic ally we expect a Jet here whic h is 
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directly opposite to the trigger Jet in the center 

of mass frame of the colliding partons after the 

deep elastic scattering. In practice, it is hard 

experimentally to determine this parton center of 

mass frame on the event by event ba s is as it does 

not coincide with the beam target center-of-ma ss 

frame. It is more convenient to und ers tand the away 

side "Jet" in a statistical sense . There is 

evidence for clustering of particles (or a "fan" 

structure) on the away side for the case of single 

high p triggers [1. 10). 
.L 

Our experiment enables us 

to make similar studies for the Jet trigger, and 

compare results with different incoming beam types. 

Our earlier analysis [1.7] has already shown that 

the Jet away s ide is very similar to the single 

particle away side, indicating that comparable 

dynamics were probably behind both trigg~rs. Please 

refer to our previous publications for more details. 

C. The Forward Region 

In this region, we expect to see fragments of 

whatever remain s of the beam after the parton 

collision [1. 12). Particles her e a r e also expected 

to balance some of the transv e rse momen ta of the 

triggered partons. The quantum numb e r correlations 
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between the trigger Jet and the forward region 

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 betwe e n beam types is especially 

interesting . Th e o ·retic a lltJ, the pion is made of a 

valence quark-antiquark pair embedded in a sea of 

soft quarks and and gluon s ; on the other hand the 

proton has 3 valence quarks. Significant 

di f ferences betwe en thes e two beam types are thus 

predicted. Experime ntally, there is little lrnoum 

about the pion beam h:i._gh p..L event s . Most of the 

published results [1. 3, 1. 10 and 1. 12) in this field 

are from proton beam measurem e nts. Our group is one 

of the first to report results on high p~ pion beam 

interactions; some of t he publications b y other 

groups on pion beams ar e l is t ,~•cl in (1. 13]. 

So far, I have been summarizing som e of th e 

general physics involved in J e t produ c tions mainly 

in the fr a me work of a po p u l ar mod e l CGCD mod e l by 

FFF) . Other models do ex is t, th e y ar e ei ther 
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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 J i m Rohlf's 

thesis. 

1. 4 ATOMIC l.JEIGHT DEPENDEl'lCE OF THE HIGH f:L CROSS 

SECTION 

An unexpected piece of physics that was 

discovered when we were analysing our E260 Jet data 

concerns the effect of a nuclear target on J et 

p1·oduction. This was not mentioned in our original 

E260 p·roposal. Our aluminium target is really the 

vacuum Jacket for our main liguid hydrogen target . 

It was only after the discovery that our aluminium 

target Jet cross section is much l a rger t han 

expected that we realized that we had enough 

statistics to study the effect of a nuclear target 

on the Jet pro duction. This in fact is t he main 
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topic in this thesis. 

During the past three years, several groups 

[1. 14, 1. 15] have studied the production of single 

high p.1. charged hadrons in proton-nucleus 

collisions. These experiments cover the 

ran92s 2~,6,~184, lfp.L,f:7 Gev/c, 

28. 5 J.. p 1 400 Gev/c, all six outgoing charged 
.., 'INC.I l),: )lj ~ 

particle types, and different interaction length 

tc1rg ets. Although, of course, not all combi nations 

cf these parameters have been explored, it is found 

in all cases that the A-dependence of the cross 

section with all other parameter s fixed is well 

described by a power law: (5" (target of atomic 

weight A) is proportional to AC!. . o( hotvev2r 

depends on the kinematic variables . At low 

pL, t/. becomes. 7 as expected from Glauber theory 

[1. 16) and found from total cross section 

measurements. As PL increase s , ~ incrt'.'as<~s rapidly 

until at the high est p.L measured so far it i s 

significantly larger than 1. This phenomenon has 

be en called [1. 17] the a nomalou s nucleus enhancement 

< ANE). In this thesis I shall discuss~ (p~) for 

variou s triggers. The ANE is seen in our data for 

bot~ the si n g l e high pL trigger and t h e Jet trigger. 
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1. 5 ATOMIC WEIGHT DEPENDENCE OF PARTICLE 

DISTRIBUTIONS 

The distribution of particles in hadron-nucleus 

collisions can be very interesting. This may give 

us a clue to the underlying dynamics of the ANE 

mentioned above. It is commonly believed that this 

physics is related to t opics su ch as the space-time 

development of particle production, the interaction 

of r esonances with nucleon s , and perhaps ev2n to the 

interaction s of almost free quarks and gluons with 

n uclear matter. A qualitative discussion of hadron 

nucleus scattering in GCD ha s been given i n 

Ref. Cl. !BJ. Although the theoretical pr e dictions 

are no t firm, it seems clear that the hadrons 

nucleus scattering amplitude is fundamental. Namel tJ 

it cannot be predicted, independ ent of the 

particular strong interaction theory, from a 

knowledge of the hadr on hadr o n scattering amplitude 

and the ma~e up of th e nucleu s in terms of hadrons . 

Th ere have be en many attempts to understand the 

variou s qualitative features of hadron-nucleus 

collisi ons, 1 0111 and h ig h p.L, in terms of 

mod e l s of ha dron-h a dr0n in teraction s. Houiev er, as 



14 I 

far as we know there is still no quantitative 

description that can explain all the nuclear effects 

observed in high energy had·ron collisions [1. 19]. 

Experimentally, the data on low p nuclear 

interactions have 3 c haracterist ic features: 

(A) In the central rapidity region <Yc,H.rou g hly 

bett.t.1een O and 1) th e particle production (if~~) is 

independent of nuclear number. 

i s d en o t e d b 'J Y C. y.. i n t h e c . m. 

the eq_uation: 

Here ·r-apidity, which 

where E = 

particle energy an d Pz = z component of the 

particle momentum. 

(B) 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 m~asurernents. The 

data in this region are s till very ambiguous. The 

reduction at the very forwa rd rapidi ty values is 

most plausibly interpre te d as th e the attenuation of 

the "b eam J e t" as it tran sve·r ses the nucl2us. 

(C) In the target fr agm2ntat ion <Yc.}l:~O) r r~ gi on, 

there is a ge neral in cr e ase with A (the nuclear 

n umbe r) of the number o f part icles in col li s i on s o ff 

Th is could be due t o nucleons 
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knocked out from the target nucleus; centr,31 r;;_,gion 

fragments of a second scattering of the beam Jet can 

also populate the region YC-M.< 0. 

The gen·eral experimental observation is that 

the multiplicity of particles produced in low 

p..L collision with a nucleus of nuclear number "A" is 

significantly less than the multiplicity expected 

off a cluster of "A" independent q_ua si free 

nucleons. These observations indicate that there is 

very little (if any) intra-nucl ear cascading by t h e 

"intermediate " state produced in the hadron-nucleus 

collisions. Some people have suggested that the 

large o(. observed in high p.1.. scatteT'ing could be due 

to additional hard scattering of the "inte·rmediate" 

state (quasi free parton state?) be fo re it was 

transform ed into the observed hadronic state. In a 

recent paper [1.20] 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 experiments. 

have also been suggested. 

Other possibilities 

For reviews of ex isting 

data on nuclear effects and further dis c us sions on 

various models please refer to Reference [1. 19] . 
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Above we have described previous data on the 

particle distributions in low P..L interactions off 

nucl2ar targets. We have also discussed some of 

their implications which may be useful in 

interpretating the high P.1.. data. Our experiment 

also has a low pJ.. minimum bias trigger lllhich will be 

defined precisely in Chapter II. Our minimum bias 

data off aluminium show a event structure similar to 

that seen in the earlier experiments. However we 

have been able to observe the two particle 

correlations with a nuclear target for the first 

time. 

In our high p.L ev2nts, we observe not onltJ the 

ANE, or largeo( , in the Jet cross section but also 

some interesting features of the distributions of 

the associated charged particles both inside and 

outside the Jet. 

the two ta·rgets. 

We compare these distributions for 

Observed difference betwe en these 

targets could be related to the behaviour of partons 

as they propagate through the nuclear matter. 
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CHAPTER II 

APPARATUS AND TRIGGERS 

The data described hP.r e come f-rom the main run 

of the Fermilab Multiparticle Spectrometer (E26O) 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. 1] I sh a 1 1 

only give an overview of the apparatus here. 

We define our coordinate system by tak ing the 

z-axis as the incoming beam direction, and the 

y-axis as the direction pointing up. The positive 

x-axis side is called the left side (looking in the 

increasing z direction) . 

The experiment used the M6W secondary beam i n 

the Meson Area which can be run at momenta up to 200 

Gev/c . The intensit1J was a ·round 2x 10{, /sec, dur ing a 

1. 75-second spi ll while the cycle tim tc> w;:1s 

approximately four times per minute. Most of th e 
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analyzed data in this thesis were taken at 200 

Gev/c, with about 20% at 190 Gev/c. A list of beam 

polarities and energies for all the data in the main 

run (including the 130 Ge v data which have not been 

analyzed yet) is presented in [2.2J. The beam 

composition has been determined to be [2. 3a] : 

-200 Gev -190 Gev 

ir- . 949 . 946 

I-<. . 043 ± . 004 . 044 '±: . 004 

p . 008 + . 001 . 010 + . 001 

200 Gev 190 Gev 

ir-t- . 180 + . 020 . 206 + . 020 

µ_t- . 023 + . 002 . 026 + . 003 

p . 797 + . 020 . 768 + . 020 - -

We shall now describe the various parts of the 

apparatus in the order that they are transverse d by 

the beam as it passes through our spectromet er. 

A. Beam Cerenkov Counters 

Th e se counter s whic h are u se d for pion-k a on-proton 

sepa.-ation are not shot.un in Figur e s 2. 1 and 2. 2. 
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Further discussion of the beam particle 

identification is presented in Ref. [2. 3b]. 

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 locat ed 

about 20 meters upstream from the target. Each 

module consists of an x-y pair with each view having 

56 wires which are spaced 13/inch. 

There are 5 BB chambers Just upstream of the target; 

BBV and DBW are similar to BA, with 56 wire s , which 

are spaced 13/inch and they are rotated at angle s of 

30° and 120° relative to the horizontal 

respectively . BBX, BBY and BBU are 64 wire pl anes 

with spacing at 26/inch and they have similar 

construction to the A chambers discussed below. 

C. Target 

This a 12-in long, !-in r adi u s liq_uid htJdrog en 

target enclosed by an aluminium Jacket wh ic h i s 

about . 03-in thick. 
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D. ABC-station 

These are PWC's used to find tracks before the 

magnet. 

The A station consists of two modules: an x-y 

module and a 45° rotated u-v module. The x-y module 

consists of two x-planes staggered for higher 

resolution, while the two y-planes were also 

intended to be staggered but due to assembly errors 

th e1J were not. The u-v module is a separate module, 

assembled like the x-y module but containing only 2 

planes (one x and one u>, CJ 
and rotated 45. Each of' 

the six measuring planes in the A station consists 

of 256 wires spaced at 26/inch. 

The Band C station PWC's are a total of 5 planes of 

similar construction, divided into B' (vertic a l 

wires only), D (x and y in one module) and C (x and 

y, configured so as to fit into the magnet as 

sh own). The apertures of all these modules are 40 

inches horizontally by 26 inches vertically. Each 

vertical (x coordinate) s et has 512 wires at 13 

wires per inch and eac h horizontal (y coordinate) 

set has 320 wires at 13 wires p e r inch . 

E. Magn e t 

This is a superconducting magnet for momentum 

analy sis of our tracks. For the measurements 
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reported here, the field was run at about half the 

maximum value which corresponds to a transverse 

momentum kick of .379 Gev/c imparted by the magnet. 

The field was deliberately set low even though this 

led to poorer momentum resolution. A higher field 

would lead to a greater bias in our calorimeter 

p J.. trigger. 

F. D-stati on 

This station consists of 4 planes: Dx , Dy, Du and 

Dv where Du and Dv are at angles of and 

105b respectively relative to the vertical. Each 

plane has 320 wires at S. 5 wires/inch. These Pt-JC' s 

are used for track finding after the magnet. 

Although their resolution is poor compared to the 

spark chambers they do have much better time 

resolution and are not sensitive to interactions 

other than the trigger one that occur within the 

memory time of the spark chambers. 

G. E-station 

These are magnetostrictive read out spark chamb e r s 

with better spatial accuracy than the PWC's. There 

are 4 modules in th e E stat ion. Each modul e 

consists of a y-y gap and x-u g a p. Th e ch am b e r size 
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is 8' (horizontal) by 4' (vertical>. The chambers 

use . 005" thick aluminium wires spaced at 32/inch. 

The signal is read out with magnetostrictive wands 

which have pickups at both ends. The complete 

system has 6 signals (2 each for x, y, u) per module 

or a tot a 1 of 24. The wires in the u-plane are at a 

angle e given by tan0 =. 1 tuith respect to the x 

wires. The signals are amplified, discriminated and 

fed into MTD's (Multi-Time Digitizer. 

B. Bertolucci, SLAC-PUB-1177). 

Referencl?: 

The spatial ·resolution, which depends on the 

accuracy of determining the centroid of the signal, 

is found to be around. 7 mm. 

The pair resolution which indicates how well we can 

separate two distinct tracks was determin e d to be 

around 5. 5 mm in a detailed analysis which I have 

described in a memo [2. 4J. Obviously t he poor pair 

resolution reflects the intrinsic width of the 

magnetostrictive pulse; the reso lution of .7 mm 

shows that one can find the mean of a pulse to a 

much better accuracy than its width. No correction 

has been made fo r tracks which have b een lost 

becau se they were so close to anoth e r t rack as to be 

within the pair re so lut ion. The probl em i s most 

serious in they view wher e 5% of the t r acks a r e 
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affected. However we do correctly identify 

particles as distinct those which although together 

in they view are separate in the x view. As the 

magnet bends oppositely charged particles apart. We 

see that the pair resolution only affects particles, 

or matched tracks, that have the same charge, 

comparable momenta and are close in both x and y 

vi e1lls. Less than 0. 1% of! particles fal 1 into this 

category. 

H. Cl 

Gas Cerenkov counter CL with 22 cells, can be used 

for final state particle identification. Th t'? data 

reported h ere do not use information from thi s 

counter. Analyse s using Cl and C2 will be reported 

in other theses [1. 9J. 

I. F-station 

Th ese · are spark chambers which are of similar 

constructi on to the E-station spark chambers, but 

larger in size (12'X6') . 

J. F'-statio n 

These are two x-plane PWC's cove ring the f aces of 

the calorimeter s. They are constructed similarly t o 
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the D chambers but with 4 wires/inch and only 130 

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 

90° in the c enter-of-mass frame, are u sed for 

triggerin g on high P..L event s . Each calorimeter is 

divided into 4 modules which are each divided 

longitudinally into two sections. The front section 

is a l ead-sc intillat or sandwi c h s hower counter 

containing 15 radiation lengths of l ead. The b a ck 

section is a iron-scintillator san dwi c h designed to 

measure hadronic energy. Thi s back section contains 

30" or 4 . 5 abs or pt i on 1 en gt h s of s t e e 1 . By using 

the ratio of the top and bottom pho t o tube pulse 

heights, the mean vertical position o f particles 

entering the mod ule can be determined with a 

reso lution of 10cm at E = 25 Gev. This resolution 

scales l ike 11,JE with e n e rgy. It is . 33/.}E for the 

front section, a nd 1. 03/jE for the hadronic section . 

Further d escriptions of the hardwar e a nd the 

r esponse of the calorimete r are di s cu sse d e l se wh erP 

( [ 2 . 5J to [ 2 . BJ). 
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L. F'' 

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 

regions 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 n e ar the beam region. 

11. C2 

This is our second gas Cerenkov counter for 

identification of the final particle. It has 1 6 

cells and it is also not used for the data 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 16 word s /channel. 

Thus the data collection system i s limited to ar ound 

50 events per 1-sec spill with 1200 to 1500 word s 

read in per event. In the actual E260 run, du e t o 

high event multiplicity an~ beam intensity, we r a n 

the s park chamber with 50 ms e c dead tim e a nd 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 t he disk is written onto the tape and 

also made avai la ble to our on-line software program 

(MULTI) for histograming event attributes and ma kin g 

even t displa1Js. 

2. 2 TRI GGERS 

Our experiment has 3 maJor triggers : 

A. Minimum Bias or Interact in g Beam Trigger 

If an incident beam particle is observed before 

the target and no count i s recorded by a 2"x 2" 

scintillat or counter placed along the beam line Just 

down stre am of the F-station ( see Fig. 2.1), then a 

pretrigger was generated. Thi s was the prerequisite 

for firing the spark chambers, manipulating the 

calorimeter pulses , recording all the inf ormat ion 

onto the magnetic tape and so on ; th ere f or e eve·ry 

E260 trigger is associated wi t h a pre trigge r . For 

every 9 calorime ter trigg ers a pretr igger wa s al s o 

recorded as a trigg er. Thi s se l ected pret r i gger, 
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also called the interacting beam trigger, gives an 

essentially unbiased sample of high multiplicity low 

PL 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 P..1· If this PJ_ (as defined b1.~ 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 

p~ single particle trigger is generated. 

C. Jet Trigger 

This trigger requires the summed calorimeter 

p..L of the 4 modules (in either calorimeter) 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 run to run. These settings are listed in 
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Ref. C2. 2J. 

Although we have 3 types of triggers, there are 

really 5 triggers (2 thresholds for both single 

particle and Jet triggers) in our hardware 

triggering system. They have been called in our 

experiment as the INTBM, MEDPT, HIPT, LOJET, and 

HI ,.}ET triggers. All these triggers could be 

generated simultaneously during the data taking . 

The lower threshold triggers (MEDPT and LOJET 

tr i g g ,~ ·r s ) we r e " d i v i d e d II b e f o r e t h e on 1 i n e h a r d w a T' e 

logic decided wheth er to fire the spark chamber s . 

~-)hen I say "d:i.vided", I mean that only one out of a 

certain number of triggers (this number is also 

called the hardware 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 used for computing cross 

section is smaller than the hardware division facto r 

due to a nonzero probabili ty for satisfying both 

triggers simul taneo u sly (see [2. 9] for more detail). 

All these hardware division factors are a gain l i st e d 

in Ref. [2. 2J . 
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CHAPTER III 

PROCEDURE 

3. 1 Track Finding and Clean Up 

Track reconstruction in front of the magnet was 

done entirely with PWC's; behind the magnet it was 

done with a combination of large PWC's and spark 

chambers. There wer~ four stages to the procedure 

(see References [3. 1] and [3. 2]) : 

(1) Tracks were fitted in the x view before the 

magnet and in they 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 

failed (about 5'1/. of the finally analyzed events), a 

second attempt was then made to find the vertex with 

the beam chamber information. An event with a 

successful vertex was then passed through the 

following three stages. These stages only used the 

vertex information from the first stage; this 

vertex point was used for a ll they track s (stag e 2) 
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and the x tracks before the magnet (stage 3). The 

vertex constraint made the track finding much easier 

and allowed us to disentangle tracks that were 

impossible without this constraint. 

(2) We found all they view tracks and the x view 

tracks after the magnet. These x and y tracks were 

then matched together using the stereo-angle spark 

chambers. 

(3) These matched set s of tracks wer e linked to 

tracks in front of the magnet, requiring that tracks 

in front of the magnet must go through the vertex. 

A set of matched track s was called a "p ;:i rticle". 

The difference in the slope of the x view tracks 

before -and after the magnet defined the momentum of 

the "particle". 

(4) We deleted s ome spurious particles that shared 

tr·ack s , in either the x or IJ view, with other good 

particles. This se lection was based on the 

chi-squared probability of matching a nd t h e number 

of sparks used in the matching. Note that each 

stage was run with rather loose constraints so as to 

be very efficient. As described later , we cleaned 
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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 coordinate of 

the vertex, which can be estimated from the wid t h of 

the aluminium peak, is around 2 mm. 

The momentum resolution of a particle is 

related to the spatial resolution of our chambers; 

the quantity A p/p'2- , which is proporti onal to the 

angular resolution in the x view in front of the 

magnet, should be a constant in the laboratory 

frame. By runing beams of known energy through the 

spectrometer, we determined the mome ntum resolu tion 

for the charged particle to be around 

. 0007p (p in Gev/c) [3. 3]. 

11 p /p = 

Due to the high event multiplicity a nd spark s 

that were not associated with the triggered event, 

we we r e concerned about spurious particl es genera te d 

by our tr a ck finding method. The se bad particle s 

contain both incorrect tracks and real tracks th at 
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were incorrectly matched. We removed some particles 

whose track momentum is significantly larger than 

the calorimeter signal. For particles that do not 

hit the calorimeter, we cannot apply such cuts. 

Fake particles in the forward r e gion are therefore 

much harder to handle. In order to handle these and 

other spurious particles, we devise the procedure 

described below. 

We construct a quality factor G for each 

particle 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 candida te particles 

with v e ry low quality 0. However the density of 

fake tracks in the forward region is so high that 

s pecial treatment i s needed here. First we r emove 

all particl e with PL.AB> 200 Gev/c and those that hit 

the 2X2 counter. We also remove some of the poqr 

quality particles , with low values for Q (but above 

the previous cut), that are either v ery close to the 

2X2 counter or have at least one track that hits the 

2X2 counter. We remove about 10% of all partic l es 

with t he s2 cuts. The maJority of the particles 

removed have large momenta and are in the forward 

region where the tra ck finding is most ambig uou s . 
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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. [3.4]. 

Two approaches have been used to estimate our 

overall track finding efficiency. 

described in the following: 

They are 

( 1 ) We histogram the number of PWC hits (Nl) us e d 

by each track. We observe results typified in Fig. 

3. 2a. The sharp edge a t 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 total . 

This fraction usually turns out to be around 95%. 

The problem with this scheme is that we still do no t 

understand the various smearings of the edge due to 

our complicated software cuts used in our track 

reconstruction scheme and we also do not know 

exactly how to extrapolate (we do not know the 
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slope) ; although we do expect that the hit 

distribution should be very similar to a binomial 

distribution. 

(2) D~ and Dy are probably the best two chambers 

after the magnet. The fact that I was involved in 

building these chambers is probably irrelevant. We 

found that there is almost no noise in these 

chambers during most of our data taking. 

the fraction fD by the equation 

I define 

No. of particles that have hits in the D chamher 

Tota l no. of D hits 

A plot off~ (for the average of DX and Dy chambers) 

vs. the the mean event multiplicity <Np> is shown 

in Fig. 3. 2b. If each D hit can be used only once 

in th e tr a c k rec on st r u c t i on, then fp es sent i a 11 y 

gives the fraction of the total D hits that are 

used. Events with large values of fD are event s 

that are very efficient in find i ng all the tracks. 

In real situation, fp can be greater than 1 due to 

sharing of s parks between tracks. The dip at th e 

lower .Pl) end is due to tracks missed becau se of th e 

inefficien c y of other chambers. Th e pl atea u ab o ve f 
D 

=. 75 seems to indicates that our f» > 1 valu e s a r e 
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not due to e xt ra spurious particles that share D 

hits with some real particles, but rather du e to the 

sharing of D hits by real particles. This happens 

quit e often due to the crude spatial r es olution of 

the D chamber s. We propose that the true mean event 

multiplicity is that given by the plateau value <Np) 

>~10 for fD >0.75. Th en the overa ll track f inding 

efficiency can be est imate d by dividing the observed 

mean event mul t ipl icity f or all events by th e true 

mean e stimated as a b ove. Thi s efficiency turns out 

to b e 93% for that part icu l ar r u n shown in Fig. 

3. 2b . 

From t he se studies, we b e lit~ve our track 

finding eff iciency is betwee n 90 TO 95%. Mo st of 

these es tima t es a r e ba se d on results for a group o f 

f e w selected runs. Alth o ugh it would be better to 

use all runs, our currant analysis i s s u ff ici en t for 

the phy sics di sc u ssed in t h is thesis . 

3.2 CALORIMETER ANALYS IS 

A good und e r sta nding o f the cal o rim e ter is 

essent i al f or a ny calorimeter- triggered J et 
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experiment. Since we are measuring a steep 

PJ. spectrum, the Jet p.L will be most li!<ely to be 

overestimated due to bad calorimeter resolutions. 

Some experiments assume that the real Jet r:L is Just 

the calorimeter P,1. (calculats>d -FT·om the pulses) 

minus some constant number that represents 

fluctuations. This , we believe, is not a verlJ 

satisfactory approach. In our experiment, we can 

measure the charged tracks very accurately within a 

large kinematic acceptance (Fig. 3 . 1 b) . Our 

calorimeter is used mainly, in the final analysis, 

for checking the charged energies and estimating 

neutra 1 s. In this thesis, t1H2 avoid the study oP 

mainly neutral Jets for which one has to rely 

heavily on the calorimeter. Our Jet p..L used here is 

almost independent of the calorimeter fluctuations . 

The analysis of our calorimeter consists of 

following steps [a) : 

1. We first calibrate our calorimeter by runing 

the beam directly into th e calorimeter 

energies from 10 to 40 Gev wer e us ed . This process 

dete rmin ed al l the pulse h e ight to energy 

proportionality con stants , the attenuation lengths 
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and any calorimeter constants used 1n our neutral 

analysis (e.g. the average fraction of energy 

deposited by a charged hadron in the electromagnetic 

calorimeter). 

2. We then take the real data, using only tracks 

opposite 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. 8] for a detailed 

description of these neutral cuts). i~e confirm our 

beam calibration in step 1 by compari ng the total 

detected calorimeter energy with the track energy. 

By plotting the calorimeter energy in the hit module 

over p LAB versus distance of the track from the 

center of the hit module (this distance is named as 

"D1-1:rr -D11on" in Figure 3. 3), we generate an energy 

distr ibution shape [2.8b] which tells us the me~ n 

energy deposited by a sing l e charg ed particle in the 

hit module as a function of "l\llT -:OHOD. 11 

3. Now, we shall describr~ ho1.1.1 we analyse the 

calorimet e r sign~ls on our Jet and single particle 

data. The basic idea is to u s e the energy 

distribu tio n s hape d e rived above to predict thr~ 
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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 corr espond to the energy discrepancy. 

To illustrate our neutral extraction scheme, we 

shall gci over the whole procedure in detail for the 

following simplified case. 

Let us assume we have only one module. A 

charged particle of energy Eq entering the 

calorimeter will deposit 

in the hadronic sect ion, 

(:l-fe_)*Eq_e in the electromagnetic section; 

Where: 

fl is the fraction of energy deposited in 

the hadronic section, 

EqLis the amoun t of energy that it will 

deposit in the hadronic sect ion, according to the 

known pulse shape, if it los es all its energy in the 

hadronic section, 

Eqeis the similar response pre diction fo r 

the e l ectromagnetic section. 



39 

We also define the neutral energy 

We fit.with the chi squared sum: 

where Et, Ee are the energies detected in the hadron 

and electron sections of the calorimeter. 

5, we say the event fits l.1Jith the pure charged 

energy only. For 1._2 :> 5, we .Pit again tJ.1ith neut-r,al s 

plus the charged energies; first with additional 

pure hadronic neutrals only (FIT2 in Fig. 

the next pag e) , then with additional pure 

electromagnetic neutrals only (FIT3 in Fig. 

We pick the best fit (among FIT2 and FIT3). 

-fits mentioned fail, we assume tha ·t both 

3.4 on 

3. 4). 

If all 

electromagnetic and hadronic neutrals are present. 

We find their energies by a simple subtraction that 

assumes f-e.._,:;- 8 which is the mean value of f-R, seen in 

our beam calibration. The whole procedure is 

summarized 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 means we have 4 inputs 

for both the hadronic a nd the electromagnetic 

sections, and we hav e 3 free parameters: Eq, Yq 

<Yq_ is they coordina te of the charged particle) and 

f-R, in step FIT1 (see Fig. 3. 4). The real formula of 

the chi squared sum u sed is also more complicated, 

it includes correlation coefficients (between TOP 

and BOTTOM pulses) ob tained in our beam calibration 

studie s,. Also in our fitting, f.K is forced to lie 

between O and 1. Our fitted f-B,_, in FITL which is a 

free parameter, i s found to b e around . 8 and ha s a 

very similar shape to that in our b eam calibration 

run. 

2. 
Cases where X is large and Eh i s large and 

negative crre rare. If this does happen, l arge 

momentum t racks that contribute to Eq( a nd Eq2 are 

removed. This calor imster comparison cut has 

a lT' eady been mentioned ( in sec tion 3. 1) pT' e viou s ly 

in our track qu a lity ~i s cussions. 

For events accepte d b y our FITl, i.e. , ones for 

which n o neutral was generated; we found <En>=O on 
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the away side, and 0:En> grea·ter than O on the 

trigger side. The trigger side <En>> 0 can be 

understood as the high p..L trigger favo urs the 

upward fluctuation of the calorimeter signal . These 

also indicate our chi squared fitting procedure 

takes into account the calorime ter trigger bias 

automatically on the trigger side, and our cut for 

the chi squared sum i s reasonable as indicated by 

the <En>=O on the away sid2. We Justify further our 

neutral scheme by applying the scheme on some Monte 

Carlo data. The derived neutrals a gree very well 

with the theoretical neutrals used in the Monte 

Carlo generation program. 
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FOOTNOTE [a] Steps 1 and 2 are discussed in more 

detail in references [2. 7] and E'.2. BJ (see also [2. 5) 

and [2.6J). 

FOOTNOTE [bJ There are differences in responses 

between hadrons and electrons entering our 

electromagnetic calorimeter section. Such a 

difference is included in our response predictions. 
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CHAPTER IV 

J ETS 

Our calorimeters trigger on the part of a Jet 

contained within a particular solid angle . Study o .P 

both Monte Carlo and real data showed that it was 

possible to improve the J et definition by i n cluding 

particles that missed the calorimeter. 

cribe the technique developed. 

in ,J im Ro hl ·P 's long pape·r [4. 1 J. 

A Jet is defined here 

as a cluster of particles 

going together in a cer­

tain direction. We add up 

all particl e s (charged 

particl e s from tracks and 

neutrals extracted from 

the calorimeter signals) 

within a 45 de gree cone of 

the calorimeter vector 

Details may be found 

STEP 1 

(a) 

7 
Figure L~ .1 
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(vector JO in Figure 4. 1a). 

The latter is defined to 

be the vector that points 

to the center of th e c a lo­

rimeter in the cen t er of 

ma s s .Prame. The vector 

sum ( vector Jl in Figure 

4. lb ) of all the pa rti-

cles in the cone defin e s a 

direction which we u se a s 

the axis of a new con e of 

40 d e gr e es. <~ 11 part i c 1 e s 

within this new cone a re 

considered to be parts of 

the final Jet ( see Figure 

4. 1c The 4-vector of 

the Jet i s the vector s um 

( vector 02 in Figure 4 . ld 

) of all par t icle s in the 

Je t . Th e s econd st e p i n 

our J e t de f inition c a n b e 

c o n s id e r ed as a n i te ration 

of the fir st . It l• "' ·" i n -

t e nd e d ma i nly t o r ed uce 

th e bi as by th e in it i a l 

(b) 

STEP 2 

( c ) 

4/ Accepte d 
/ I J e t 

// 
I 

. /,fi 
I 

/\ i (d ) 
I 

3 '/ J 2 
~ 

Fi gure 4 . 1 
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condition 1n our Jet de·finition. 

We only study Jets that satisfy the following 

fiducial cuts (on J2) : 

le. M. rapidity I< .2 

ltl < 20° or 11sd' -cpl 0 
<: 20 

where tant= (p'(/p;<) 

The cone angles used in our Jet definition are 

defined essentially by the calorimeter size. 

are picked after a Monte Carlo study using a 

The1,1 

quark-gluon Jet model developed by FFF [1.6J. In 

C. M. frame fragments into a cluster of particles of 

various energies E. Our Monte Carlo st udy with t his 

model shows that high energy Jet fragments CE> 1. 0 

Gev) will almost always be included in our 

empirically defin e d Jet discussed above. For lower 

energy fragments, the numb e r of particle s in th e 

real Jet that are mi sse d by our empirical Jet is 

almost equal to th e number of outside particles 

( i. e. members of b eam, target and away si de J ets ) 

that are included in our empirica l J et. Lriw e nerg y 

particles a r e h ard to handl e both in th eoretical 
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models and experimental analyses. Fortunately, such 

particles can always be shown to be unimportant in 

most Jet physics. Despite this low energy f ragment 

uncertainty, the mean derived p~ of our empirical 

Jet agrees very well with the real Jet pL input 

into our Monte Carlo pr ogram. This study convince s 

us that we have a reasonable Jet def i nition. 

be used to test many t heoreti cal id eas . 

4. 2 JET SELECTION 

It can 

Our Jet consi sts of 3 componen ts: charged, 

electromagne tic neutral, and hadronic neu t r :..'1 1. Th e 

hadronic neutral component includes tra ck finding 

inefficiencies and non-vertex associated charged 

o Ao 
tr a c I< s < e . g . , KS , 1, d e c a y s ) a s we l 1 a s r e a l n e u t r a 1 

D 
hadrons (KL and neutrons). This compon~nt has the 

biggest un cer ta inty and un less handl ed caref ully 

would b e dominat ed by t he back gro und of fake 

had roni c n e utr a ls produc ed b y t h e upward 

fluctuat ions in the calorimeter energies depo sited 

by ch arged pa r t icle s in the hadronic sect i on . Thi s 

is e nh a n ce d by the t rigg e r bias due to the sharpl y 

faJ.ling hi g h P_L spectrum. A stud y o f hadronic 
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neutral fraction ve·rsus Jet p....L indicates that most 

of our Pi ·> 7 Gev/c Jets have large hadronic neutral 

components. This indicates that especially at high 

Pi most of our hadronic neutrals are fake neutrals. 

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 a 

hadronic neutral fraction cu·t of . 5 or less on both 

sides , the away side neutral fraction agre(,?S with 

the trigger side. A cut of. 4 is in fact reasonably 

conservative. We will Justify this cut further in 

_chapter V. 

Another background, that had worri e d us, is 

caused by events with a beam halo particle going 

into the calorimeter simultaneously with an ordinary 

interaction in our target. Such events should be 

rare, because we do have shieldings against halo 

particles (the magnet and some other shielding near 

the beam). Unfortunately the cross section for hi gh 

PL e ven t s is a lso very small. 

could be serious at high p..L. 

Such a background 

Scanning through some 

data, we -Found such a halo background could be as 
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high as 10'1/. for pJ.. > 6 events before any hadronic 

fraction cut. For p..L > 7, it could be occurring 501/. 

of the time in some runs. All 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 a low pL 

interaction in our target. Such a halo track is 

usually miss e d by our track finding as we only look 

for tracks coming from the vertex. Therefore, this 

background will almost always be defined as a pure 

neutral Jet event by our Jet definition. Our 

hadronic neutral fraction cut removed a lmost all oF 

this background. We make a further cut by requiring 

the total neutral fr act ion to be less than . 9 . We 

also ignore Jets with p J_ )- 6. 5 . 

We cut away about 23% oF our Jet triggers 

(becoming as high as 50% at high p..L) with these 

neutral fraction cuts. Most of these events which 

are removed are probably Junk; in any reasonabl e 

mod e l our neutral cuts should r emov e very few real 

high P.1_ Jets. We are studying here a particular 

cl ass of Jets, but we believe our special ly selecte d 

Jets are cl ean an d t heir pL value is very w2ll 

d etermined. Our results pr esented here are 
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therefore quite independent of the poor calorimeter 

resolution. 

4. 3 JET CROSS SECTION 

Although I try to discus s h e re only the results 

of certain selected J ets , one can try to correct for 

the cuts made in getting a clean sample. Th e total 

Jet cross section is computed by usin g a Monte Carlo 

correction for los ses f rom neutral cuts (10% to 15% 

loss in models like FFF) and apparatus acceptances 

(around 50%) . Jim Rohlf has written such a Monte 

Carlo program using the FFF quark-gluon Jet model 

mention ed above. All his work is discussed in his 

thesis (1. 9] but some of his preliminary results are 

presented here (Figure s 4. 2 and 4. 3) without further 

detailed discussion. Most of the other re sults 

presented in this thesis do not involve his Monte 

Carlo corrections. Th erefore my results are not 

sensitive to the theoretical assumption s used in our 

Monte Carlo program which may affect the cross 

section results slightly. 
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CHAPTER V 

COMPARISON OF HYDROGEN AND ALUMINIUM 

CROSS SECTIOMS 

5. 1 DEFINITION OFO( 

In a conventional way, w2 d ef in e o( b1J 

o< A ~ AL 
< 5_ 1) 

where (T" are cross sc~ction s per nucleus and AAL is 

th e atomic weight of aluminium. 

In fact, we use the formula 

ex - Ci. ~n (Ci j~) .... 
( 5. 2) 

wh e re CI == A~L. 6.Ztt-t Dw1 R11\' ( 5. 3) 

AH'i ~ZA\.. DA\.. RAL. 

A = atomic iDeig ht 

A z = targe"I:: length use d 

R - beam attenuation in the target 

D = densittJ of the target 

N -- numb er of even t:s 
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Our hydrogen target is about 30 cm long. In 

order to reduce nuclear contaminations due to caps 

at both tips ( see Figures 2. 2 and 3. 1) , we make a 

fiducial cut by removing 1-cm off each ends in our 

analysis (Fig. 3. la) . This makes A ZH'f= 28 cm. 

Our aluminium target is measured to be: A ZAL= 

. 031 11 !_. 005". The uncertainty in 6. ZAL is the main 

systematic error in our c/.. 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 simu la t i on of 

the data. Another possible systematic s hift is the 

difference in th e trigger efficiency caused by the 

different Pi kicks from the magnet for the different 

target z positions. This effect is only important 

for p..L 's n ear t h e trigger threshold. Thi s and any 

other threshold related bias can be checked by 

computing cJ.. 's for different trigger thresholds. !,J e 

shall always ignore data fa r below the thresholds. 

Our total systematic error in~ is estimated 

to be a round ~ =. 05 . It is included (in ~ddition 

to the statistical erro~) in our~ ver s u s p~ plo ts , 

whil e it is not included in most of the other plot s . 
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RHy/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~. We 

include such corrections Just for completeness. Our 

final values of c 1 used are: 

255. 1 for proton beam 

252.8 for pion beam 

5.2 ACCEPTANCE STUDY 

Th e Aluminum and proton target data come from 

two slightly different target positions. Any 

dependence of the acceptance on t he target position 

will affect our results. We do not ne ed the 

absolute acceptances for both targets in our present 

study. What we want to show here is that there is 

essentially no dif fere nce in the value of the 

a c c eptances between our hydrogen and aluminium 

Our Monte Carlo st udy shows there is no such 

di-f ·Perence . We pursue this problem furth e r using 

our rea J. data . A s s h o 11m i n F i g u re 3. 1 a , uJ e h ave a 
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long hydrogen target and our very thin aluminium 

target is very close to the lower tip of the 

hydrogen target. Any serious acceptance bia s as a 

function of position will appear when we loo k at the 

slope of our hydrogen vertex distribution (Figur es 

5.1ato5.1c). We do not have enough sta tis t ics for 

Jets above threshold to determine the slope very 

accurately. It agrees with t h e zero slope, but it 

agrees even b e tter with the expected beam 

attenuation (Figur e 5. 1d). la.le have more statistics 

f-or lower PJ_ (2 to 3 Gev/c) J et s wh i ch a re howe ver 

Just below th e threshold. Th e vertex distr ibu tion 

for this bia sed sample ha5 about the same slop e a s 

the high p~ unbiased Jet s '. A mor e caref ul fi t 

indicates th ere could be a maximum a c ceptanc e 

difference of about 2%, f or lower pL J e t s , which 

corresponds to 0: =. 006 which is small comp a red t o 

other unc e rta intie s in our computation of ol.. One 

p os s ible source for this tiny di fferenc e is the 

trigg e r bi as caused by the mag n et which we shall 

di s cu ss further in sec t i on 5. 5. 

The vert e x di str ibut ion for minimum bia s data 

is flat for a ll b eam typ e s. Thi s me an s we a l s o h a v e 

a n a cc e p tanc e differenc e of a bout 2 % ( t h e v a lu e of 
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the estimated beam attenuation) 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 

2X2 veto counter which is again sensitive to the 

different eFfective magnet kick . 

discussed in section 5. 5 . 

This 1.oill be 

This study of the hydrogen target vertex 

distribution confirms that we do not have any 

serious acceptance problem within the e~pected 

accuracy of our target comparison results. The 

uncertainty in the slope determination is used to 

estimate the systematic error in~ due to 

acceptance uncertainties. This was added in 

quadrature to the total systemat ic error in~ 

5. 3 RESULTS 

In figures 5. 2a to :5. 2c, we plot ex versus 

p .l. for Jf)ts, single charged particles and 

double-Jets for dif ferent trigger biases . Th e 

definition of a J et has been discus sed 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 fluctuation s 

and multiparticle triggers. However we were able to 

select true single particles very cleanly in th2 

offline software. i~e impose the same -Fiducial 

window cut (described in section 4. 1) as for the 

Jets on these particles. i,Je use both the 

calorimeter energy comparison and track quality 

factor to clean up the tracks entering the 

calorimeter. Particles included in this data set 

a ·re very clean. 

B. Double-Jets 

A double-Jet event is defined as an event in 

which 2 back to back J e t s (one in each calorimeter ) 

are found by our Jet definition (see section 4. 1) 

and the absolute p..L diff erence between t hese 2 J:;d;s 

is less than 1 Gev/c. This happen s about 10% of t he 

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

The minimum bias trigger has already been 

described in section 2.2. We in fact distinguish 

two different selections of this data sample whith 

i:H'e denoted "Jet" and "single particle". In the 

",Jet" minimum bias plots, we include the whole 

minimum bias data sample. The pj_=-:O bin includes 

events in which no Jet is found., i.e. in liJh ic h 

there is no calorimeter signal. On the other hand , 

for the s ingle charged particle plots , lue r eq_ui-r-c> 

at least one charged particle incident on the 

calorimete·r within our x
11

=0 fiducial tJ.iindow de.Pin ed 

above in Chapter IV. 

The data shown in figures 5.2a to 5. 2c show 

that our o( values are quite independent o·F the 

trigger thresholds. This is another ind ication that 

our results are not affected by t h e crude resolution 

of the calorimeter or any other threshold dependent 

trigger biases . We do not have enough stati s tics to 

say anything very conclusive ly about double-Jets . 

Th ere is no strong indication of decreas ing cl,. at 

large p J_ f or th e:•se events. Th is is in contrast with 

the re s ult s for doub le single particle events [5. 1] 
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which show an D( that lies lower than that for 

single particles. This does not contradict our Jet 

data because we show in chapters 6 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 combin e all the interesting 

results for o( . Some general observations a re : 

(1) ~ seems to be larger for the Jet t rigger t han 

the single charged particle trigger. For both 

triggers ex is greater ·than 1 for p.L > 1 Gev/ c. 

(2) For both minimum bi as and single particle data 

sets, (X is independent of the beam types. For the 

Jet trigger, the value of d-. for a proton beam is 

significantly larger than that for a pion beam, 

especially when P.1.. > 3. 5 . There is no differe nce 

seen between. 7r+ and lf- beams. 

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

P.1.. approaches 0. 

The significance of these observat i on s wil l be 

di sc ussed furth er in later sections. 
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We try to compare our data with the published 

single particle results from the Chicago-Princeton 

collaboration [l. 15]. We take their proton and 

Aluminum (interpolated from their Ti and Be data) 

cross sections at 200 Gev, and using eq_uation 5. 1, 

we derived D\ for the pJ... valu es of: . 77, 3. 08 and 

4.61 Gev/c These point s are included in Figure 

5.3a and they agree with our data within the 

estimated errors. A relative shift of. 04 between 

the experiments leads to better ag r eement . This is 

a sma ll shift compared to the large~ values shown 

in these plots. The Chicago-Princeton measurement 

has an overall normalization uncertainty of order 

20'.'I. , which correspond s to a pos s ible ~ of around 

. 07 The small shift of order. 04 between the two 

experiments can be due to systematic uncertainties 

in either experiments. 

5.4 EFFECT OF MULTIPLICITY ON~ 

The observation, that our d_ does not 

appro ac h . 7 at low pJ.., was annoying. This could be 

an indication that our overall normalization is very 

wrong . i,Je believe, as indi cated 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 

our minimum bias sample. The anti-beam 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 conditions mean we 

have very poor efficiency for low multiplicity 

events. This will not affect our high P_L data at 

all since the mean charged multiplicity seen in 0ur 

experiment for such events is around 10, but i t does 

affect our very low p.L interacting beam events. In 

Figure 5. 4, we plot the mean charged multiplicity 

seen after the magnet (denoted by <N>> ver sus ~ 

It clearly indicates that~ depend s strongly on 

multiplicity and ex approaches. 7 for low PJ.. as <N) 

approaches 1. This confirms our idea t hat the 

reason oZ does not apf:P'oa ch . 7 as p_L appr oaches O 

in Fig. 5. 3 is probablu du e to a l oss o.P low 

multiplicity events. 

It has been observed by ath er experimenters 

[1. 18] and by us ( see -Figures in Chapte r VI and VII) 

that in general there are increases in 
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multiplicities in the central CC.M. rapidity around 

0) and target fragmentation (C.M. rapidity< O) 

regions for low pL interactions off a heavy nucleus. 

It is interesting to ask the question whether this 

observed ~ depend en ce on the overall multiplicity 

can be attributed to either the particles in the Jet 

or those outside the Jet. 

We divide the total charg ed multiplicity into 

the charged multi plic ity in the Jet and 

the charged multiplicity outside th e Jet. i~e plot 

separatel1;} of... against both of these multiplicities 

in figures 5. 5 and 5. 6. The trigg er Jet i s defined 

to be the Jet with the l arger calorimeter s igna l in 

case of double-Jet events. These plots show that 

the ANE ( rj.. >1) is enhanced by an increase in e-ithe·r 

multiplicity. The general increase in~ with 

increasing Jet multiplicity , as shown in Figur e 

5. 5, is also consiste·11t with the o( increa s e as we 

switch from the single particle trigger (which has a 

J et multiplicity of 1) to the Jet trigger. 

In Figure 3. 7, we pl ot o( vs. the charge of 

the trigg er J et. We do not see any significant 

differenc e between the po s itive l y charged a nd the 
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negatively charged Jets. The larger o<. value for 

Jets of larger absolute charges is probably Just a 

reflection of the multiplicity effects shown above 

( i. e. large net charge implies large multiplicity). 

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. 

5. 5 TESTS FOR THE RELIABILITY OF OUR DETERMINATION 

OF D( 

A charged particle with laboratory momentum 

(p1', Pz. ), coming from the center of our hydrogen 

target (z=l. 7), will hit the calorim2ter roughly at: 

the x-coordinat~: 

X int = 
10.8 (pJ(± . 28) 

?z 
( 5. 4) 

The apparent Px ch a ng e <bp~) of order .28 comes from 

the momentum k i c k ( . 379 Ge v / c ) i mparted b lJ th e 

magnetic field roughly at z=4. 5. This is 

i l 1 u s tr a t e d i n t h e f- o 1 1 o tu i n g f i g u r e ( s e e t r a J e ct; n r y H 1) 
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HI 

T "') 
.~+ Al )( 

xt-~+ 

Lz. \ I..S+ 

X int ") 
I 

1 . . --41 

Z= 1.7 1.9 4.5 12.5 . 

Fig. 5 . 8a TraJectories of charged particles in MPS 

A charged particle, with the same kinematic 

parameters but coming from the aluminium target, 

takes the traJectory Al which is parallel to H1 (see 

the above figure). When we trigger our experiment, 

we calculate o ur triggering p.L at the calorimeter 

(z=12. 5) using the detected Xint , assuming that 

the particle comes from the middle of the hydrogen 

target (2=1. 7) . This means for interactions off 

aluminium, the value of /),.p"i-- mentioned above will be-

differ e nt by a tiny amount . 02p~ f-rom . 28 

we assume t h e p;i<. spectrum is exp( ·-3p,_), and let us 

takt~ me an p>'::: 50 0 Mev/c , this tiny change in 
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/1 p)(. can easily contribute a 2~~ acceptance 

difference between the 2 targets for Jets 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 correct 

vertex. 

In the real situation, the s ign of this 

apparent change 6.p.,_ can be e ith e r positive or 

Since we are studying here a sh a rply negative. 

falling spectrum, the con f iguration s hown in Fi g ur e 

5. Ba is more dominant. 

In order to show that there ara no s e rious 

magnet bia s es, we plot, in Figure 5. 9, o<. as a 

function of the following variabl e : 

The sign of 

f _ .379 (JET CHARGE) 
-,mk1 - J ET p 

' .1.. 

< 5. 5) 

~~ ' indicates whetiH.1 r the ma gn e t kick 
' mk-

favours or acts ag a inst the Jet t rigger. It s 

magnitude is a measure o f the f rac tional ch a ng e 1 n 

pX due to the magnet kick (Th e actu a l ch a nge in 

p><. is give n in (5. 4} ). We s e e no s ign i fic a nt 

diff e ren ce in c( beti1.1een th e po s i ti v e an d n egat i v e 

valu e s of f 
mk 

Thi s s how s th a t ou r res ult s a r e n ot 
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affected by the magnet kick. 

For the minimum bias data, the magnet kick has 

a slightly differen t effect on the triggering 

e ff i c i ency. 

figure: 

This is illus trat e d in the following 

Figure 5. 8b 

2X2 

Effect o f magne t be nd for 
Interacting Beam triggers 

The amount of bending in t he magnet fo r 200 Gev beam 

particl e i s negligible in comparison with t he bend 

for other lower momentum pa r t i c l es an d so we can 

ass um e , .Por s implicity, that the counter is 

c e n tered on th e beam line. Mo st of the part icl es in 

our in tera c ting beam sample hav2 momenta much l ess 

th,'rn 100 Gev/c. The-ref-ore , t h e only tt1ay, that lower 
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momentum particles can hit the 2X2 counter is by 

bending in the opposite direction to the x-component 

of their momenta (traJectories H2 and A2 in Figure 

5. Sb). 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 Xint mentioned above. A similar 

rough estimate (like the high pL trigger) can. easily 

explain the 2% effect (for the interacting beam 

trigger) observed in section 5.3. We shall talk 

about the 2X2 problem again when we discuss the 

forward region later in Chapter VI. 

As illustrated in Figure 5. 3, o<. increases with 

p..L for our high p.L Jet trigger. Any random 

background, like that due to halo particles, should 

have a smaller value for« This means the 

magnitude of °" within a fixed p.L range can be used 

to indicate the cleanline ss of our data. From a 

study of the trigger side versus the away side, we 

believe our neutral fraction cuts have already 

clean ed up our data sufficiently (sect ion 4.2) We 

Ju s tify this cut Further by plotting the h adronic 

neutral fraction versus~ before any other cut in 
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Figure 5. 10 . These plots clearly show our hadronic 

fraction cut oP . 4 was a sensible choice ·Par 

removing most of the backgrounds. Thu5 o( lS flat 

for neutral fraction less than 0. 5 (indicating no 

significant background) but dips above this. 

Presumably most of the high neutral fraction data, 

really come from lower p , where ~ is smaller and 
...L 

is promoted by either the calorimeter fluctuations 

or halo particles. 

5. 6 INTERPRETATION OF THE ANOMALOUS VALUES Fm~ 0\, 

After al l these checks and Justifications, we 

are convinced that there is indeed a huge ANE for 

high p~ productions off aluminium. This effect is 

also more prominent for the proton beam than for the 

pion beam. We are not aware of any detailed 

theoretical model s with whi c h we can compare our 

results and use to make reliable estimates . 

Instead, we shall discus s some of the qualitative 

feature s of these theoretical attempts: 

A. Scatterings before the Main Interaction 

One possible explanation for this anomalously 



68 

high ol. 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 effective c.m. energy <fs> or give a net 

PL kick to the interacting system. The po s sibility 

that effectives is increased is very unlikely, 

since it has been observed (Figure 5 . 11 taken from 

Ref. [1. 15]) that the ' p/7r production r at io increa5es 

with A but decrea s~s 1.11ith s, at least in the c ase o f 

the single particle trigger. How about the 

possibility that this is due to some additional 

PL added for the nuclear target? As the high 

P.1_ cross section behaves like exp(-3p...l-) , the 

contribution to~ for any nuclear target will be 

-z. 
a r o u n d o.~ k F / .l n < A ) w h ere I: 'f i s th 2 ma xi mum p J... , d u e 

to the Fermi motions, that can be added to the 

nucleon . If we take kF=200 Mev/c, then we shall 

have c{ =1. 01 for the aluminium t a rget which is 

obviously too smal l to agree with our results. Th e 

p/TI production ratio for t he s ingle part icle trigger 

also do es not agree with s uch an ex planat ion (see 

Fig. 5 . 11) . Let us assume that we do not know h ow 

to estimate s uch effect a nd t h is l a rge~ i s still 
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caused by some effective p.L kick . This implies 

that a Jet with transverse momentum p..L produced off 

the aluminium target should behave like a Jet with 

transverse momentum (p.L - . 2) produced off the 

hydrogen taT'get. In Figure 5. 12, we plot the 

charged multiplicity in t h e Jet as a function of 

p.Lfor both targets. We observe a large diff erence 

in <N> (mean charged multiplicity in the Jet) 

between these 2 targets, and such a difference ca n 

not be explained by a general p shift of . 2 Gev/c 
.L 

(at least /J. p =2 is needed). 
.L 

There is essentially 

no observed difference in Jet multiplicity between 

proton and pion interactions, while there is a 

significant di.Pference in 0( bet11Jeen these 2 beams. 

Thus fermi motion can be ruled out as a n important 

contribution to the anomalous value of~. 

B. Nuclear Effects During the Main Interaction 

Sinc e we a re d ea ling with a hi gh density of 

nucl e ons in colli sions off nucl ear targets, some 

people have suggested t hat many nucleons may act 

c oherently in such in teractions (see discussion of 

th e "Coh eren t tube model" i n Ref. [1. 18aJ). Thi s 

means th e interaction time must be o f order of the 

size o f the nucleus, a n d it may contradict the 
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general belief that the high p.L interactions are 

related to the deep underlying-hard (short distance) 

scatterings of the asymptotically free partons. 

C. Additional Interaction s of the Final State 

Some theorists beli eve that this ~ )-1 phenomenon 

is due to additional hard scatterings after the mai n 

one. Th ey suggest formalisms (1. 18bJ like 

( 5 . 6) 

are some free pa rameters and A 

is the atomic weight. Additional soft scatteri ng s , 

or multiple scatterings, of the final s tate after 

th e main interaction can also give rise to s uch 

effects. If such sec ondary scatterings can enhance 

an i ncre ase in p.L without c hanges in Jet 

multipl icit y, then the large~ differences seen 

between Jets an d single charaed particles will be 

v e ry hard to understand . In a recent publication 

[1. 20] , it i s s hown that multipl e scattering may 

enh a nce the high pL g luon produc t ion in n uc lei. 

Suc h mechani s m can be use d to exp l ai n the str on g 

dependence of ~ on t h e multiplicities a nd many 

oth er observat ion s. Unfortunately, some of the 

ass ump tions u sed in Ref . [l. 20] are no t -Fully 
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Justified [1. 18] and therefore their quantitative 

results are probably not credible. No matter how 

the final forms of such models may look, we believe 

it is probably still very hard to explain the large 

difference in C\ between proton and pion beams while 

still predicting that their Jet multiplicities are 

almost the same. 

D. Background Smearing 

It is possible that the difference in 

(j__ between the proton and pion beams is r e lated to 

the sharper slope of the proton beam high 

p.l.. spec tr um. It has been observed ([1.7 dJ, [1.13] 

and Fig. 4. 3a) that the re lat ive Jet production off 

hydrogen by the proton beam compared to the K beam 

dec ·reases from 1. 5 to . 5 (a factor of 3) be-tween 

p = 2 and 6 Gev/c . 
.L 

The di ffe ·r enc e /lfl.. = . 2 between 

proton and pion in Fig. 5. 3 corresponds to the 

proton/pion ratio changing not by 3 but rather by 

1. 5 of-r an aluminium target. I·F one imagines that 

the nuclear Jet cross section is obtained by 

smearing (of whatever kind) of the hydro gen data, 

on e will always smear th e sharper cross section more 

and so find a larger value of o{ for it. 
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One smearing effect 1n any Jet experiment is 

due to additional low P_i_ particles that happen to be 

in the cone defining Jet although, in fact, they may 

come from the beam or target fragmentations. This 

smearing is more 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 6. 14). We investig a ted this 

effect by generating random particles in the C. M. 

·r· i:l p i rl i t q r a n g e - . 5 t o . 5 uJ i t h e q_ u a 1 p r o b a b i l i t tJ t o 

be plu s , minus or ZP.ro charges. Th e pL distribution 

used for the random particles was a Gaussian with a 

mean pl. eq_ual to 330 l'1<:.>Y. these extra 

particles to our hydrogen data and analyze d these 

modified data Just like our original hydrogen data. 

Lfa repeate d this "pa·.-t:icle adding" process until the 

mean charged multiplicity i n the Jet from our 

modified hydrogen data agreed with the aluminium 

data. Th e addition of 2 to 3 particles gave the 

best fit, a nd the away side rapidity distribution 

also seemed to agree For t hi s choice. We found that 

this s mearing contributes abo ut. 1 5 to the 

an D ma l o u i:; cl.. v a l u e r e p or t e d i n F: i g u r e 5. 3, b u t i t 

did not appear that it can exp l a in the diffe r ence of 

obout. 5 b e tween the Jet and single particl e 
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rf... 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 publi s hed by the 

Chicago--Princeton group [1. 15] shows that the 

(j... valL1e fo·f' the proton final state is usually 

larg er than that for pions; our data s eem to 

indicate that the proton beam can enhance nuclear 

anomalies more easily than the pion beam (see a lso 

later ch apt ers on target comparisons of the event 

structure and the Jet composition ) . These 

observation s could be related to the larger total 

cross section for protons, or the s harper proton 

beam high p..l... spectrum, while the single particle 

results 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 quantitatively. We believe that 

the current theor e tic a l models can not predict th e 

large enhancement of Jet production off nuclei seen 

in our data. 
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CHAPTER VI 

CORRELATIONS 

6. 1 GENERAL FEATURES 

It is generally believed that Jet production 

int e ractions are related to the underlying 

scattering of partons in the colliding hadrons. If 

such underlying hard collision is truly elementary 

and the transverse momenta of the Jet fra gments are 

limited, then the event structure of such 

interactions should be very coplanar. It has been 

shown in our previous publications [1. 7 J 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 C. 1"1. J et Frame to be the center-of-mass frame 

with its x-axi s pointing along the transverse 

projection o.P the Je t mome ntum. 
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TRANSVERSE COMPON~NTS 

TRIGGER SIDE 

t>.VVAY SIDE 

.. 

. . . . . 

THESE AXES ARE USED TO DEFINE THE C. : !. JET FR.AJ'~E 
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We shall always present our results on the 

associated charged particle distributions in this 

frame unless it is specified otherwise. 

The multiplicity density function DCX) used in 

this thesis is defined by : 

D(X) = (dJ\IQ/dX)/(number of events) (6. 1) 

where X can be any kinematic variable, li ke p.L or Y 

(rap:i.ditLJ) in the C.M. .Jet Frame, and dhl Q is the 

number of charged particles within the kinematic 

region dX. D(X) is also called as f ( X) in some 

re fer enc es. 

The first kinematic variable we would like to 

dj_scuss is Gxz ' L:Jhere tan( e~z )=p)(../Pz, in the "C. M. 

Jet Frame" . Ideally, 8xz is independent of the 

measured energy of the particle. In reality, if we 

assign a wrong mass to a particle (we assume a pion 

mass for all particles) in the laboratory frame, our 

G1'-z. which is calculated in the c e nter o.P ma ss f-ram2 

will be slightly distorted by an incorrect Lorent z 

transforma t ion. We believe that this is a small 

effect, since mo st of the particl es are believed to 
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be pions (see th e Cerenkov counter studies in other 

theses [1.9]). 

One nice thing about the 0x7.. distribution is 

that it gives us a n overview of particle 

distributions in all 3 r eg ions: the away side 

region ( e,(z. <:0°) > the forward region 
0 

( Bxz n eaT' 0), and 

0 
the same side region <0~~ >0 ). The particles in the 

0 o D 
Jet ,3re in the region 50 < 0)(2. <:130 , centered at 90 . 

Thesl":c' {Jxz. Plots are presented in Figures 6. la to 

6 . 1f for aJ.1 charged particles with C. M. 

( E ) greater than . 5 Gev. 

energies 

In Figure 6. 2 , we make a similar plot for 

part:icle5 with E < . 5 Gev. It does not show any 

s i gnificant structure. Most of the interesting 

features of the Jet events are probably due to 

higher momentum associated particles. 

Gev cut seems to be very rea sonab le. 

Our E >. 5 

None of these 0)(.-z. plots ,,ire c:orrt~cted for 

ac c 1::-p t c,n t: e. We shall present our re sults in terms 

of ratio s when we compare our results for different 

beams and targets so that the acceptance will be 

cancelled 01.d:. 
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Our track finding efficiency is around 95%, and 

from our Monte Carlo study, the 2X2 problem (which 

will be discussed more later) only affects particle 

around the region l 0xz.l < 15° for E >. 5 and is about 

a 4% loss in this region. Within the uncertainty of 

these effects, wa can still discuss some of- the 

general features of t hese plots: 

A. There is a peak at 90° It increases with p.l.. . 

This was also indicated by the Jet multiplicity plot 

which tuas presented in Figure 5. 12. The width o-F 

this peed< is about 20° u.1hich is sma ll er than the 

size of our calorimeter 
0 

(about 30) and the con e 

0 a ngle (40 ) used in our J et definition. This is an 

indication that our Jets are not biased strongly on 

the size of our calorimeter. We shall talk more 

about particles in the Jet in Chapter VII. 

B. The peak in the forward region i s not centered 

at 

to 

0 
0 . 

more 

6. 1 e). 

is more 

0 It is roughly at -10 

negative values at higher 

This phenomenon of a bias 

-
pronounced .Por the TI beam 

beam (compare Fig. 6. le tuith Fig . 

It tend s to shift 

Jet p .l.. (see F ig. 

to the awa1J s ide 

th a n t he proton 

6. 1 a). Th e 

height of th e forward peak al so d ec r eases with the 
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increasing Jet pL. 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 Jet" region. For 

, 00 .­-o <._ , the multiplicity is higher than 

the corresponding toward side 0 o < D. < 60 <> 
\:;l)(z. 

Further, the total multiplicity in the region 
0 

-120 

< e )(.2. < - -4 5 ° in C r e a 5 es w i th th e i n C'r ea s in g J e t p J... ; 

thi s can be considered a s an indication that the 

dynam ic s of the "auiay side Jet" dominate with:i.n this 

The gen era l s tructure of 

the away side is dependent on the beam a nd target 

type s as we s hall discuss in the later sections. 

In Figure 6. 3, we also present a 0xz. plot For 

data simu lated by our Monte Carlo program. These 

Mon t e Carlo d a ta are analyzed id e nti cally to the 

real data. Our Monte Carlo progra m u ses the glu on 

and quark scattering mod e l developed by FFF; th e 

qu a r ks a nd gluons are fr agmente d i nto h adrons u s ing 

a model develop e d by Field a nd Feynma n [1.6] . 

Unfortun,"lt el~J , FFF d oes not h a v e a ny di~ tailed 

pre d ict ion abo u t the f orwa rd region. Th e as s ump·tion 
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we made in our Monte Carlo program is that the 

remaining parts of the hadrons fragment like singl e 

quarks (after the main hard collision) . The 

flavours of these quarks are picked, in suc h way , 

that on the average, the total flavour of the final 

4 Jets equals th e flavour sum of the incoming 

hadrons. The program does not requir e the 

conservatio n of quantum numbers on an event by event 

basis. 

A detailed comp arison of the FFF with our data, 

and a more thorough discussion about the Monte Carl o 

prog1·am, wi 11 be presented in another the~,;is [ 1. 9J. 

I shall only discuss some of the general features of 

Fig. 6. 3. The Monte Carlo calculation s hows a very 

similar structure to our real proton data <Figure 

6 . 1a). It also exhibits about the same s hift in the 

peak (to about -10° ) of the forward region shown in 

the real data. Hmllever , the Monte Carlo data have a 

larger e nhancement around -90° (on the away si de ) 

3), and the forward peak a l so 

decrea ses slower with increasing pJ.... ThesE' indicate 

that we are probably observing more smearings 

between the forward region and the away side than 

expected in the FFF model. 
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6. 2 FORWARD REGION 

Before we discuss other correlations, we would 

like to gi ve more detail s on the forwar d region. As 

we have describ e d in Chapte r II, a ll our trigg er s 

have the pretrigger r equireme nt which is defined by 

the absenc e of charged particles in t he 2X2 counter. 

Thi s creates a hole in our a cceptance f unction in 

the f orward region. This hole is also shifted and 

distort ed by t h e magnet bend . The r eal s ituation is 

evr~n mo·re messy. It is kn own that our spark 

ch ambers hav e long memory times s uch that we have 

"gh ost" particles in the beam region left: over from 

th e previous events. Th ere are a lso " ghost " tracks 

from be am particles that did no t int er act (remember 

only 5% of the beam interact) . These " ghos t" t ·racks 

can be matched easily to oth er good tracks around 

the 2X2 region. Thi s is mainly due to the high 

den s ity of tracks <gh ost or real) i n t he forward 

region . As we have di scusse d in section 3 . 1, th e 

algorithm for our track finding is to find all 

tr· a c k s i n t h e x an d IJ v i '?LI.Is s e p a r a t e l y , t h en u s e 

hit s in the s ke w chambe r s (most of the s e are sp ark 

chamb ers afte r the magne t) to match these tracks to 

form particls>s. (,.Jh e never, th i?re is, a high density 
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of track s, i t is very likely to have tracks 

mismatched (good with bad, bad with bad) to form 

"fake" particles. The problem is accentuated by the 

small an9le ste·reo (tan0=O.1> in the spark 

chamber s. Most of these "fake" particles have 

a lread y been removed by our preliminary pattern 

recognition clean ups (see section 3. 1 a nd (3. 2]) . 

Ho1,;ever, in the ver1J forward region, we have so man1.:1 

"ghost" tracks that it is n~cessary to make str i cter 

cuts for particles in the forwar d region. Th e 

number of left over bad tracks c a n be sig ni fi cant ly 

reduced by making c uts on PWC (the PWC's hav e a 

s mall er memory tim e [2. 1] than the s park chamber s) 

qual it y factors that are based on PWC hits only, and 

by removing tracks that go into the 2X2 or close to 

it. In fa ct, we made all these cuts [3. 4J beFore 

our final ana lysi s. Th e problem is that the net . 

tra ck finding efficiency in the forward region i s 

cl early reduced by these cuts. 

In order to show that our forward region cuts 

are efficient in 1-emoving th ese "ghosts '' , we plot 

the particle di stribution in the spatial x-y s pace 

before and after cuts. We saw a cross s hape (Fig . 

6. 4a) centered at the 2X2 b efore a ny cut. The se are 
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a combination of truely "ghost" particles and real 

tracks mismatched to "ghost" tracks. After some PWC 

quality cuts, this cross structure vanishes and the 

2X2 hole starts to appear (Fig. 6. 4b). We then 

Just remove the remaining ghost particles that "hit" 

the 2X2 and some particles very close to it. 

The main problem for the forward region is in 

fact how to estimate the e fficiency after all these 

cuts. We can, of course, avoid the problem btJ Just 

computing ratios. Ho IJJ ever. i t i s s t i 11 v er tJ 

important to know roughly the size of such losses 

and which kinematic r egions are affected by these 

losses. Our Monte Carlo program al l ows all 

particles in the forward region-including particles 

that go into the 2X2 counter. By imposing our cuts 

in the forward region on the Monte Carlo data, we 

can thus estimate the fractional losses due to our 

software cuts and the anti-2X2 triggering system. 

In Figures 6.4c and 6.4d, we plot the fraction of 

particles lost in our Monte Carlo data as a f unction 

0 f 0x 7. f Or a l 1 µ a T' t i C l es w i "Ch E >. 5 Ge V. lt)e find a 

maximum fr a ctional lo ss of around 4% in the forward 

r-egion. Our Monte Carlo program is not 

sophist ic ated enough to be ab le to estimate 
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correctly some of the losses due to all the quality 

cuts, the real los s is -probably slightly higher. 

We can also estimate the 2X2 losses using the 

real data . This is illustrated in the following: 

consider a particle with a definite value for 

p)(. (x-comp onent of its momentum ) in the C.M. Jet 

Frame. Its ac c eptance as a function of pX has .-:i 

h o le roughly in th e region: 

where -· -. 25( 

p)'.. \-\ -- . 25 ( 

2x + Z 1 <1 -Z 2. x> 

2x Z l(l -Z 2 x) 

( 6. 2) 

( 6. 3) 

( 6 . 4) 

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

z1 = (charge of the pa rticle)X(sign of 

the magnet kick in the C.M. Jet 

Frame) 

Z
2 

·•· (charge of the par t icle)X(charge 

of the beam) 

where the qu a ntity Z t indicates wh e ther the c harged 

particle i s bent towards t h e trigger sid e or ~way 
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from it, ti1hile z2 indicates whether the charge of 

the particle is the same as the incoming beam 

particle or not. The values of and Px\-\ also 

depend slightly on the vertex position as ment ioned 

in Chapter V. A vertex z position= 1. 7 is assumed 

in this simple illustration . 

A plot of x (defined above) indicates that we 

have very few particles for x >. 35. This is 

expected from the conservation of the total momentu m 

as the maximum possible ·:::otal energy in the C. M. 

frame , in the fort.t.1ard region, is around 10 - (J et 

p.L) which corresponds to x =. 5 for 1et p =5 Gev/ c • • .L 

The acceptance function (due to 2x2 losses) a s a 

function of p~ in the C.M. Jet Frame is sketched i n 

the following figure for two values of x 
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Acceptance ( 2>-2 loss_/ 

function of pi< • x is 1 

/ 
defined in section 6.2 . I 
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z =-1 I 
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~=-1 
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!·-i 
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I. 

I 

[ 

Acce~tance function 

1 
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Px in Jet Frame (Gev/C) 

z =1 2 

I 
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T h e interesting feature about the 2X2 loss is that 

th ese holes (in the a c ceptance function) do not 

overlap (see Figure s 6. 4c and 6.4d) for different 

magnet kicks (different z1 ) if x is s mall en o ugh and 

if th e charg e is fixed (fixed z2 > . This me a ns we 

can also estimate our efficiency by comp a rin g the 

dis t ribu t i ons f or d ifferent magnet polarit ie s for 

the region x< 0 . 33 which in f act include s most of 

our data. A preliminary estimate using this 

a lgor i thm indi c ates t hat the 2X2 los s is around 5% 

for E > 0. 5 p a rticl es. The final a naly s is of th e 

2 X2 ef fici e n cy is no t completed at the time of this 

report. 

The forwar d region contains a lot of 

interesting phy sics con nected with the b eam Jet. We 

have already s hown that the forward p eak t e nds to 

move a way from the tr ig ger side a s p.L increases. 

Th e oretical l y , such a t ilt is r e l ated to th e 

tran s verse momentum of a qua rk ar gluon inside t he 

h a dron . A more th orough ana lysi s will be attempt e d 

on our data (in the forward reg ion) in the n ear 

So far, mo st of o u r results on t h e forward 

region stud ie s are preliminary . The current data 

ar e however s ufficient for n compar i son of hydrogen 
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and aluminium targets. The main purpose of this 

section is to discuss problems associated with the 

2X2 counter and possible ways of solving it. 

6. 3 CHARGE CORRELATIONS 

As we have shown above, the loss due to the 2X2 

veto is probably around 4% level in the forward 

region, and for lower x values such losses are 

almost i nd ependent of the particle charge (see 

Fig.6.5a above and also 16,',Z\>10° in figures 6.4c 

and 6. 4d). We can therefore study the ratio of 

positive to negative charged particle production 

with a maximum uncertainty of order 4%. This+/-

ratio is plotted as a function of 0,x2 in Figure 

6. 6 for various values of the Jet charge (G Ji;.1" ), 

whe·re Q .rs, is the sum o-F the charges of particles 

in the Jet, requiring that these par ticles must have 

p>' 's greater 'chan . 1 of the _ie t pL. Th e mean pL of 

the Jets for all these plots are listed in Table 

6 . i. I have also plotted these ratio s for various 

p.L bands (within 2 to 6. 5) but I do not shot.LI ·i; h t' m 

her <"' as the different pl.. cuts all lo oked v e rt,J 

similar. 
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In Figure 6. 7, I make a similar plot using our 

Monte Carlo data . Although t he quantum numb e r 

correlation in th e forward region i s handled 

incorrect 1 y in our Monte Car 1 o program, t h e 

correlation on th e a wau si de still represents what 

i s ex pected from the FFF model. It is b e li eved that 

there s h ould be very little correlation between th2 

+/- ratio on the away s id e and the various values o f 

Th is comes na turally from th~ assumption 

that the under lying scattering i s elementary and the 

scattered par t ons fra gment independently. Such 

assump tions also l ea d to large quantum number 

correlations be tween the fo r wa~d region (the b eam 

J et ) and the t rigg ere d Jet. Of co ur ~.;e ., there a re 

always smeari ng s b etween these 3 r egions du e to 

unc ertainti es in t h e dyn ami c s of t h e low momentum 

particles. Our E >. 5 Gev cut should have removed 

most of this smearing. 

When we t ry to compare our proton beam dat a 

(Figur e 6. 6a) with wh at is e xp ected (Figure 6 . 7) on 

th e away side, we observed signif i cant difference 

(b etween the two plot s) . Th e theory predicts a 

s maller correlation t~an seen in our data . For the 

pion bea m data , we expect some corr elations 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 observed discrepancies between the 

data and the theory are due to the approximate 

handling in the model of the transv erse momenta for 

quarks in the hadron or the omission of oth e r 

proce sses . Naturally it is important to study the 

origin of this correlation of t he (average) quark 

charge s both theoretically and experimentall y. 

Although we believ e that our data (used for the 

fin a l analysis) are very c lean, we would stil l like 

to make some more checks on our+/- ra tios . As I 

have di scusse d above, most of the ghost tracks 

should have few er hits in the PWC's. This means 

their PWC quality factors should have lower values 

than for th2 real tracks. We divided our data into 

two samples based on a cut o f the total PWC quality 

and we plot the+/ - ratios for these two samp les in 

Figure 6. 8. We see no difference between the two 

even in the f orward region (Notice th is is not 

completely precise as the PWC quality factor can be 

slightly momentum d e pen dent a n d so a momentum 

depend e nc e of the+/- ratio could show up in 
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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 parti cle (they "were" beam particles). An y 

excess of ghost tracks should show up as larger+/­

ratio, in the forward region, for the lower q_uality 

pa,,tic le sample in Fig. 6. 8. ( Note 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) for all 

values o·P 0)(.Z. indicates t hat our final data (after 

all cleanliness cuts) are probably very clean. 

6 .4 BEAM COMPARISON 

In order to study the effect of incoming beam 

types on the structure of a Jet event, relative 

D < 0)!,.z ) p l o ts f or d i f f er en t b ea ms a r e p re s en t e d i n 

Figures 6. 9 and 6. 10 We observe no differnce 

between :T -the ~ a n d IT beams (Figur~ 6. 9b ha s very low 

statistics). All t h ese plots in Figure 6. 9 are 

consistent with 1 for' all values of Bxz.. Figure 

6. 10 is much more interesting. The se p lot s indicate 

that the away si de t))(_z. distribution for the pion 

beam interac tion tends to s hi ft more toward s 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 quark than proton, and therefore the 

scattered parton from t he pion is more likely to 

hi:3ve a higher P:z in the C. M. Frame (see discus s ion 

in Chapter l)_ This forward s hi ft, for particles in 

the pion beam interaction, seems to increase with 

t he Jet p.1.. This observed variation with increasing 

p.L would be obviously. statistically significant if 

we combine some of the bins (like those from -80° to 

-20° ) to sho w more clearly the difference between 

the lotJJer P.1.. (;;~ to 3) ,1ets and the r E•st. One of the 

amazing results from o ur experiment is that we see 

no obvious difference between Figures 6. 10a and 

6. 10b. If we believe this forward shift of the pion 

beam r elative to the proton beam is a manifestation 

of t h e underlying QCD dynamic s , then it seems that 

the nuclear effects (which could a priori easily 

smear s uch dynamics) are al l cancelled neatly i n 

Figur e 6. 10b . 

In Figure 6. 11 , we plot the relative D(z) 

distribu tion (proton ove-:- Jf beam) fo r al l charged 

particles on the away s id e (p~<O). 

the absolute value of P i nth eC.1'1. 
'r-

z i s defined as 

Jet Frame 
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divided by the Jet p~ (or p~ of the triggered 

particle in single high p~ trigger). t,.Je find that 

the pion interaction has slightly more high er z 

particles on the away side for the hydrogen target 

and this effect seems to be larger for the aluminium 

target. This large z enhancement for pion beams is 

not completely unexpected as the scattered parton on 

the a1J1ay 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, ll!e 

ll!ill use the kinematic variable Y (rapidity) instead 

of 0xz., as Y is the variable used more often in 

previous publications. Figure 6. 12 shows some 

published results taken from Ref. U .. 18aJ . t,J e 

make similar plots of the relative D(Y) (aluminium 

over hydrogen) distributions for all charged 

particles (except that in t he single high 

p.l. trigger, the trigger particle is excl ud c? d) fo r :3 

different triggers (Fi'.1ure 6. 13). T ht-y all seem to 

have very similar structures. In Figur'E-' S. l4- , we 
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repeat these relative D(Y) dis t ribution plot s for 

all charged particles on the away si de only. 

Figures 6. 13 and 6 . 14 are almost identical t o each 

other , except maybe, for regions near Y=O. lrJe make 

no energy cut for particles included in these plots. 

The shape of these relative D(Y) di s tr ib utions in 

the lower Y region s could b e mainly due to low 

momen tum particle s (E <. 5 Gev ). The effect of 

en e rgy cu ts like E > . 5 Ge v is st i ll to be studi ed. 

We no w make some checks on our relative D(Y) 

pl ots. In Figure 6. 15. we present the D ( Y) 

distribution s for the aluminium t arge t a nd 3 

differe n t vertex r eg ions of t h e hy drogen target. We 

do not see any vertex ( s patial) d epend en c e of D(Y) 

for interactions off hydrogen. T h e y ar e all well 

separated from the a lum i nium tdrget D(Y) 

di str ibu t i o n in region s Y<.6, indicating that we do 

no t h ave a ny seriou s acceptance differ ence probl em 

in this r ap idi t y r eg i on. 

F or t h e very f o·rward r e gion, t he 2X2 probl e m 

ma y affect D(Y ) s l ig htly . In order to Ju stify our 

re s ult s for a ll r e g i on s present e d, we pl o t t h e 

r e lative D(Y) di s tribution s on th e a wa y s id e f o r t h e 
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following two classes of particles: 

(1) not affected by the 2X2 

(2) affected by the 2X2 

when I satJ " not affected by thr-:? 2X2" , I mean a 

particle, on the away side, that is bent (by the 

magnetic field) away from the 2X2 (see previous 

figures and discussion on the 2X2 problems). If the 

energy of this particle is low enough, ~hen it will 

never hit the 2X2 counter and its acceptance will 

not be affected by t h e 2X2. The other class of 

particles are those that a re bent towards the 2X2, 

th eir acceptance will always be affected by the 

These two classes of particles are labelled as 

',V', 
C:../\.C:.. . 

"outside 2X2 " and "affected b t.J 2X2" in Figure 6. 16. 

We cannot find any noticeable difference for the 

relative D(Y) distributions between these two 

samp 1 e s. Our results on the relative DCY) 

distribution s are thus probably quite independent of 

any possible acce ptance problems. 

It is generally believed that the shape of the 

relative DIV) distribution s is related to the 

prop a gat .ion o ·P the b eam Jet through th e nuclear 

matter (see dis cussion in Ch apter I> b oth before and 

after the main interaction. Unfortunately, ther e 
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exists no theory with which we can compare our 

results ~uantitively. I shall point out some of t he 

general features of our plots without referring to 

any model : 

(1) The shape of the relative D(Y) (also called 

R(Y)) distributions is a lmost independ ent of trigger 

p.L fo r events of a given trigger . 

(2) There seems to be differences be t ween the 

relative D<Y) distributions for different trigger s . 

R(Y) in t h e Y>O ·re9 ion decreases, foi' different 

trigger types, in the following order: 

(all I. B.) > (single particl e I. B.) > (single high 

P ) > (Jet) 
J. 

wh ere (A)> ( B ) means trigger A has th e higher value 

of R(Y) in regions Y>O than trigger B. 

Th ese ob servat ion s indicate that, ma tjb e , f<(Y) 

is sensitive to th e ove rall event multiplicity. If 

thi s i s true, then we s hall be wary of the 

multipli c ity effects (lik e whether di ffract ive 

inte ra ctions a re includ e d) for s uch R(Y} plo ts from 

arn.:1 experiment. 
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In Figure 6 . 17, we plot the relat ive D(z) (also 

called R(z)) on the away side for the 2 targets. We 

ob serve, in general for all p~ 's, more lower z 

particles on the away side for interactions off 

aluminium. At higher p 's (4 to 6. 5 for Jets and 3 
.1.. 

to 5 for single high p particles), inte·r-action off 
.L 

aluminium seems to have less high z particles on the 

away side. We do not see any significant difference 

between the 4 plots in Figure 6. 17, except may be, 

that R(z) for the proton beam has a slightly sharper 

slope than the pion data at high p.L. 

general, decreases with increasing z. 

R(z ), in 

This d er.1·ease 

at large z is also observed for charged particles in 

the trigger Jet as we shall discuss in t he ne xt 

chapter. 

The observation that there is no significant 

difference in R(z) distributions betwe en the Jet a nd 

th e s i n g 1 e h i g h p ..L p a r t i c l e tr i g g e ·r s i s v er y 

interesting. Thecnet ica lly, the single high 

p trigger is a subset of the Jet trigger. We 
.1. 

e x p e c t " s i m i 1 a r " a uJ a l.:J s i d e z. d i s t r i b u t i on s f c r t h e s e 

2 triggers. When l!Je Sf.HJ "similar", Lile mean they 

should be almost t h e same if the z of the s ingle 

high p~ trigger is multiplied by approximately 0 . 8. 
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This. 8 factor is the mean z of the triggered single 

high P.1.. particle in the Jet whose fragmentation led 

to the the single high pJ.. t·rigger particle. The 

similarity of R(z) for these two triggers indicates 

that this relation between the single high 

p.L trigger and the Jet trigger is not altered by the 

nucl ear effects. 

As indicated by plots pre sen ted in both this 

and the next chapter, interact ions off aluminium 

have in general more low momentum particles than 

tho se off hydrogen. This leads naturally to the 

general expectation that there are probably 

additional nuclear scatterings of the fina l state 

(either hadron or parton) produced in the main high 

p interaction .L • Figures 6. 10 and 6. 17 seem to 

indicate that such additional nucl ear scatterings 

(if they exists) are probably very coherent with the 

main interaction , so the dynamic s of' the mi:3in 

intera ctions can still be seen. In our minimum bias 

interacting beam data, we also observe some 

correla tion s that seem to be una ffe c ted by the 

nuclear scatterings. This is shown i n Figure 6. 18 

which i s a two body correlation plot from work done 

with the help of T. Tse [6.1) u!here t.:h2 correlation 
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function R 1S derined as follows 

do-
CT dY 1 dY2 

for IY1l < .25 (6. 5) '. -- I do-oo-
dY. l d

\/ 
12 

l!Jh,~re \, Y-;.. are rapidities o.P char·ged particles. 

Figure 6. 18b is for all events, while Figure 

6. 18a is only for events with the total charged 

multiplicity greater than 6. In all ci3ses, we 

observe no difference between the hydrogen a nd the 

a luminium targets. This indicate that the coherence 

indicated by the positive correlation (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 always 

produced outside the nucleus . 

Our experiment is the first to study both high 

and low p interactions off a nucl ear target with a 
.L 

large kinematic a cceptance. We havA observed many 

i nteresting nuclear effects that were not predicted 

theoretically. Thi s could be th e starting point of 

a deeper understanding o f nu c l e ar effect s in high 

e nergy colli s ions . 
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CHAPTER VII 

JET COMPOSITION 

7. 1 RELATIVE Z DISTRIBUTIONS 

As we have already shown in Figure 5. 12, Jets 

produced off aluminium are comp o~ed of more charged 

particles than Jets off hydrogen. In this chap ter 

we are going to make a further comparison of the Jet 

structure between hydrogen and aluminium targets, 

and a lso between different beam types. The 

distribution function that we are going to discuss 

here i s : 

D ( z ) == ( dN/ dz ) /N ~T ( 7. 1) 

where z = (p~ of charged particle in the J et in 

the C. M. Jet Frame) / ( Jet P.1,.. ). 

This D(z) function h as already been defined 

previously. z is also called as xe in some 

p u b 1 i ca ·t i on s . 

For particles in the Jet, D(z) is usually 

interpreted as the par ·ton (mainltJ q_uarl<s, with some 

gluons) fragmentation fun ction 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 p..L, although QCD 

does predict a s mall p dependence that has not yet 
.L 

been seen ex pe rimental ly. 

In our p·revious analysis [1. 7] , D(z } i s foun d 

to scale as a ·/!unction of p.l. within the experimental 

unc e rta i nty . This scaling , especialltJ at high p.L, 

however, can be s ensitive to t he scheme of neutral 

e xtractions. I f we u se the old neutral a nalysis 

scheme as developed for our ear ly data in [1 . 7], 

such sca lin g is observed [7. 1J. However, with the 

present neutral sch eme and "n e utr a l cuts " described 

in this t hesis, scaling is no longer observed. Th is 

indicate s that detai l s of neutral analysis 

(especially the neutral cuts ) may affect t h is D(z) 

scali ng in a n on- tri v ia l way. Whether this scale 

breaking is really due to GCD corrections (or some 

oth r.:?r the oretical effect) , or is mainl1J a n art ifa ct 

of the neutral cuts , is sti ll t o be studied. 

Our Monte Carlo data, in genera l, have high er 

<z> values than the real data , indicating that the 

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

With all these ambiguities abo u t the absolute 

magnitude of D(z), we can st i ll make a meaningful 

study of the re l at ive D(z) for different beams and 

targets. 

:t 
We s h o w th e ra ti o of D(z) for the Jr beam over 

that f oT' the Ji beam i n Figure 7 . 1 and D(z) ·For the 

proton beam over th2 TI beam in Figu·re 7. 2. The 

ratios pr esen ted in a ll t he se plots are consistent 

llJi th 1. Due to limitations in statisti c s, we cannot 

say any t hing very quant i tat i ve about Figure 7. 1. 

However, Figure 7.2 seems to indicate that the 

proton dat a hav e s l ightly less high z partic l es than 

the Jf data. This can be statistically significant, 

for the aluminium target, if we combine the 

p ranges ( 3 to 4) wi t h (4 to 6. 5). 
~ 

We sha ll 

di scuss one possible explanation for thi s differ ent 

D(z) ph enomenon l ater in the next section. 

In Figure 7. 3, we have the re l ative D(z ) 

(c alle d R(z) from now o n) of the a luminium target 

over the h ydrogen target. W2 observe here a similar 

effect at l arge z Ci. e., aluminium is lower than 
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hydrogen ) as shown in the away side R(z) 

distribution discussed in the last chapter. Such 

effects seem to occur at even lower pL values for 

particles in t he t rigger J et than for the away side. 

7. 2 CONTAMINATIONS FROM LOW P.1.. Pf,R TICL.ES 

One possible explanation for this RCz) ~ 1 

effect (in both target and beam comparisons) is that 

this ir; due to additional low p.L particles that 

happ en to be in the cone defining the Jet, although 

in fact , they come, for instance, f-rom the b2am or 

target fragmentations. 

In order to understand this contamination 

ef·rect, we define for all charged par t icle in the 

Jet: 

( 7. 2) 

where i sums over all the charged particles in the 

J et. We ignore cases where the denominator becomes 

0. This parameter zQ is really defined in such a 
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way that it behaves like the variable z for 

different triggers as we switch smoothly (by 

increasing ZCUT) from the Jet trigger (no ZCUT) to 

the single charged particle trigger (ZCUT greater 

than or around . 8). When we say there is "no ZCUT", 

we mean z Q = z. The case for ZCUT=O correspond s to 

the charged component of the Jet. 

In Figures 7. 4 and 7. 5, ltJe combin e the higher 

p band s and plot D(zQ) distributions for various 
.l.. 

values of ZCUT's . The mean Jet p-L of th ese plots 

are listed in Table 6. 1. 

The proton over if D(z) plot (Figure 7 . 4a) was 

consistent with 1 originally <see Fig. 7. 1a). The 

operation of usin g finite ZCUT has only a small 

e f .Pe c t on th e rat i o, a 1 th o u g h i t d o es tend to ma k e 

the ratio closer to 1. For the aluminium target 

(Fiyur e 7. 4b), the relative D<za.> is de-Finitely 

affect -?d by the ZCIJT. For ZCUT=. 2, our relative D( zQ) 

has already become consistent with 1, t1.1hile our 

o 1 d r e l at i v e D ( z ) i s ab o u t 2 0 '1/. b e l o u1 1 a t h i g h z . 

Both of these plots seem to indicate that any slight 

d i .P f ere n c e i n D ( z ) b et w e 2 n p ·r o t on an cl J( b ea m s c an 

b <~ d u e to 1 o tl/ z part i c l es. 
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On the other hand, this explanation se2ms to 

fail in cases of target comparisons. For both 

proton and 1T beams, ZCUT=. 4 is still insufFicient 

to make R(zQ.) =1 for ,:111 values oP z Q. (Figure 7. 5), 

indicating that things are probably more subtle 

here. However , these plots may st i ll support 

possibilities like multiple scatterings of th e 1et 

fragments in th e nuclear matter for interactions off 

aluminium. Comparisons of th ese plots with 

predi ctions of a reasonable theoretical model ( le t 

us hope t here will be one) will be very intriguing. 
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CHAPTER VI II 

SUMMARY AND CONCLUSION 

T h e Fermila b exper iment E260 has t hre e maJor 

tri ggers: J et , s ingle high pL and in terac ting 

This thesis reports on some o f t h e rec ent beam. 

studies on our data and emp h as iz es comparisons of 

two target s ( hydrog en and aluminium) and three beams 

( ~, , ....,.-\- d t; ) ,, J1 an pro · ·on . Here is a s ummary cf o ur 

·re su 1 ts: 

(1) A J et is defi n ed here as a gro up o f particles 

going into ei ther of the two calorimeters . Both our 

Jet c ro ss section and the associated par tic le 

di stribution s ag·r·e e pretty well wit h the QCD 

predictions (FFF model) . 

(2) We understand the problems a ssociat ed with t he 

2X2 c ount er. Res ult s on the forward region study is 

still very preliminary . 
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(3) We observe a larg er charge correlation than 

predicted by FFF between the+/- r atio on the away 

side and the charge of the Jet. 

(4) Target comparison: 

a) :> 1 at high pl. for both Jet and single 

particle triggers. The value of ~ for our 

proton beam single high p~ data agrees with the 

Chicago-Princeton result. 

on multiplicity. 

o( depends strongly 

b) Interactions off the aluminium target have 

higher associated charged multiplicities in al l 

regions except in the very forward region. This 

could be due to the enhanc e ment of gluon 

production in the hadron nucleus s cattering . 

c) If this higher multiplicity is cau se d by 

additional nuclear scatterings, than such 

additional nucl ear scatterings are probably very 

coherent with the main interaction. The ttuo 

body correlation ¥or all the associated charged 

particles, in our interacting beam trigger, is 

the same for both the hydrog en and aluminium 

targets. This s eems to indi cate that the fina l 

h adro ns are produc ed outside the nucl eus. 
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(5) Beam comparison: 

-t 
a) The resu 1 ts on lf a n d 'IT beams are 

essent ial l y t h e same. 

b) Our proton data look different from the 

pion beam; they have a slightly higher charged 

mu l tiplici ty and the proton almost always 

enh a nces nuclear e·P ·P~cts (like larger()(.) more 

than the pion. 

8. 2 CDNCLUSICll\l 

(1) Qualitatively, our data agree well with the 

GCD predictions by FFF . Hoi.uev;?. r, th ere are 

indications of discrepancies especial ly when we try 

to make some quantitative comparisons. Both 

theoretical QTi d experime ntal studi~s are needed to 

under s tand suc h discrepancies . 

( 2) We are the first experimental group to st udy 

nuclear anomalies with the detailed measu r ement of 

th e event . structur e. Some of the qualitative 

prediction s suggested by the GCD theory for the 

hadron nu r:le us s cattering .. s u r:h as , enhancement: c-F 

the glu on prod uct ion and tha t the final 
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hadroniza t ion process is well separated from the 

main interaction, are all in good agreement with the 

data . 

lik e 

However, it is still not clear that results 

can be explained by the theory. We 

beli eve that the study of the hadron nu cleus 

scattering is important in the investigation of many 

fundamental processes. Hopefully our res ult s will 

stimu late further researches in this fascinating 

field. 
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TABLE 6. 1: Mean Jet P.1. for the Pollowing p l ots. 

' 

Cut used to define the pJ. range is 

BEAM TARGET <:JET P..r.. > 
in Gev/c 

1·--------··:--•· - · ! 
l : i 
! Proton Hydrogen! 2. 94 + 

( Proton :Aluminum! 3. 14 + 

. 006 

. 010 

+-·6-. -6-a--6-. ~1-6-b ___ ....,_ __ H_:C_J_E. __ T--.--, 

; 6 . 6b 6. 16b HI JET I 
j 

'
I -+ I 

l TI Hl.:Jdrogen! 3. 10 + . 020 
! -r(,.. I 

Aluminum 3.24 + .032 
1T 

-lT 

Hydrogen 2.96 +. 005 

Aluminum; 3. 11 +. 009 

1
6 . 6c 

6 . 6d 

6. 6e 

6. 6f 

1 Proton Proton I 2.90 + .004 6.7 
,,I;.. ___ _; ______ , ·-- ·----· ----i--------·--··------
lProton H~drogenl2.64 + .006 l I 

j Proton Aluminum! 2.80 + .013 

6. 16a 

6. 16a 

HIJET 

HIJET 
i 

i 
i 

HIJET 

HIJET J ·--.... - ·, 
Monte Carlo · 

LOJET 

LOJET 

! 
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a) Deep Inelastic Lepton-Nucleon Scattering 

~ 

b) Lepton Pair Annihilation 

1 leptons 
p nucleons 
q quarks 

y photons 

Fi gure 1.1 



120 l • 
(a) Constituent Scattering 

-:-.. ::~ ~ Either detect directly 
·-·-➔ (Jet) or by 

--~ 71 .,,,,,,. fragmentation into 
qa~o.,,,. qc single Hadron 

/ :';\,. q~ - 0:-:::. ·} 
·-·➔ 
- · ➔ 

(b) Typical 
11

QCD
11 

Quark Quark Scattering 

(c) 4-jet Structure of Events 

Away side 

Initial state Hadron 

-·-·➔ Final state Hadron 

g(Q2) = running 
coupling constant 

- ---> Constituent (Quark or Gluon) 

Figure 1 .2 
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Figure 4.3 Ratios of jet cross sections 

(vs . jet P.,1..) for different beam t ypes . 
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Figure 5 . lla Data showin g that the invariant cross section for 

1f- production increases with s at fixed I-?i.. 
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Figure 6.1 Multiplicity density function D(0x~ ) 

of the associated charged par ticles with energy 

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

( defined in section 6.1 ). These plots do not 

have any acceptance correction. 
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Figure 6.3 This D(ex~) plot is similar to 

those in Figure 6.1, only that the data used 

here are Monte Carlo simul ations . Our M. C. 

program uses the FFF model [1.6]. 



MCDATA PROTON 
ALL CHARGES EQ>.5 

0. 0 6 ,--.,-....------r-,.--.--....--r--,--1r __,,__,1,--,-1 'T""f -rr ...... ,--..-,......,...., ..,..,, . ...,..., ....... ,-,-➔ 

J~T p .L : 

• ? TO 3 GEV/C 
0.05 ◊ 3 TO 4 GFV/C 

b 
□ 4 TO 65 GEV/C 

• I 

...... , 
' ,,,-...,. 

'°. (J.04- ~ ~ 
'--..,__ 

' • a . 
t-i,,-..4 

lj 
l • 

n. O?. L rn ,--.... v. ;..> l .,'-l 

<n r ~ mm 
'-" t~ D . rn 

L 

--+-

--+-

<p 

-+-

o.oif- rn --m 

-t-

t 
0.00 l I a L J...._1.... I a • 1 1 a l , ~ , , ! l ~ a t i L.. 

-~ 120 -80 0 80 120 

Bxz IN C.M. JET FRA!V,E 

Figure 6.3 



159 

Particle ciensity in the spatial X-Y space 

(at the B posit ion of 2X2) before and after 
I 

! 
cuts . ':'he square box shown in t he figure 

1 

is where the 2 X 2 is . 

y 

I 

Figure 6.4a 

y 

t 
I 
I 

... . 
X 

Before any cut . 

} 

Figure 6.4b After some P1'1C quality cuts. 
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Figure 6.4c,d The r a tio of the deleted part icle 

over the accepted particle as a function of Gx~ 

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 0xi for three values 

of QJET • 

6.3). 

QJET is defined in the text (section 

Only particles with E>0.5 are included . 
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Figure 6.15 D(Y) for the a luminium target 

and for three different vercex regions of 

the hydrogen 1target. 
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Figure 6.16 Ratio of D(Y) plots (aluminium 

over hydroieri) for particles "outside the 

2x2· 1 and "affected by the 2i<2" on the away 

s ide for two different jet p.L regions. 
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Figure 7 . 3 Ratio of D(g) dist ribut ions for • 

the aluminium · target over the hvdro1:>en ' t aro-et 
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D(l) i s defined in the text. 
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Figure 7. 4 & 7. 5 R;:i.tio of : D(BQ) plots for ' 

particles in the jet. The case "NO ZCUT" 

means ZQ=Z . The definition of ~Q i s defined 

in section 7. 2. The< jet PJ.) for these plots . 

are listed in Table 6 .1 . 
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Figure 7. 4b Proton over 1(, aluminium target '• 
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Figure 7.Sa Alumi nium over hydrogen , 

proton beam . 
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Figure 7. Sb Aluminium over hydrogen, l(bear.1. 




