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ABSTRACT 

MONTE CARLO STUDY OF MULTIPLE HARD SCATTERING EFFECTS 
IN PROTON-NUCLEUS INTERACTIONS AT HIGH TRANSVERSE ENERGIES. 

by 

GEORGE HAGE 

All experimental data for proton-nucleus collisions at 

ultrarelativistic energies confirms the "Anomalous nuclear 

enhancement11 phenomena, which gives a cross section dependence 

upon the atomic number A as or _ A* with a greater than 1. pA PP 

This power law dependence cannot be explained by QCD 

parton-models if only a single proton-nucleon hard collision 

is assumed, for then a power of 1 would emerge. The effect 

of multipie-hard scattering of partons inside the nucleus is 

studied in this thesis. E^ cross sections and other vari¬ 

ables , such as planarity and multiplicity, are studied 

within the multiple scattering model using Monte Carlo 

techniques. The results are compared with data for two dif¬ 

ferent un-biased triggers, the global trigger and the 

two-high trigger. Judgments on the importance of multiple 

scattering are made. 
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CHAPTER 1 

INTRODUCTION 

Hadron-hadron interactions at ultrarelativistic ener¬ 

gies are known to produce particles with low transverse 

momentum P^ . Events producing high P^ particles are rare but 

extremely significant. Their cross sections are found to be 

several orders of magnitude larger than what one would expect 

by simply extrapolating the low P^ data. This indicates that 

high P^ events are due to a different mechanism than the low 

P^ ones, and one therefore speaks of high P^ and low P^ 

hadronic reactions as being distinct. 

The QCD inspired parton-model explains the high P^ 

events as being due to a hard collision (large momentum ex¬ 

change ) of two point like hadronic constituents, one from 

each hadron, resulting in two scattered partons and leaving 

two spectators which are the beam and the target remnants. 

Within the framework of this model, hadron-nucleus col¬ 

lisions provide us with a unique opportunity to study the 

space-time evolution of quarks and gluons as they propagate 

through the nucleus. 
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In this work I study theoretically the interaction of 

protons with lab momentum of 400 Gev incident on a stationary 

nuclear target using a multiple-hard-scattering picture. 

Partons are created in a first parton-nucleon collision. 

Before they leave the target nucleus they may or may not 

suffer another deep inelastic scattering off a nucleon creat¬ 

ing a new scattered parton and a new spectator. The effect 

of multiple parton-parton interactions is evaluated by ex¬ 

tending Monte Carlo calculations originally designed to in- 

c 1 ude on ly a single parton-parton interacti on in a 

proton- pr oton collision**. 

I n proton-proton collision the cross secti on for pro- 

ducing a total transverse energy excee ding 10 Gev (fo r ce nter 

of mas s energy of 27. 4 Gev) is less than a mi llib arn , 

Thereto re proton-nucleus collisions co uld at first s ight be 

thought of as an inco herent s urn over all n ucl eons of 

proton¬ nucleon collisions leading to a simple linear de pen- 

de n c e o f the cross section o-p^ upon th e atomic number A. 

As confirmed by experiment however, a po wer law 

o-p^=<TppAa holds approximately with a = 1.2-1,8 for high 

production, depending on the trigger type and on . 

This phenomena, known as the "Anomalous nuclear enhan¬ 

cement" , might be explained by a cascade model where, in 

every proton-nucleon collision, particles are produced 
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instantaneously. If these particles were to have hadronic 

characteristics , they would cause a cascade shower as they 

exit the nucleus. This would lead to a great increase in the 

total multipiicity of low momentum particles, something that 

contradicts the experimental observation. Alternatively, it 

can be argued that during the time it takes to create new 

hadrons, the parton intermediate system travels a distance 

which is several times greater than the dimension of the 

greates t nuclei^,The cascade model can be translated to the 

parton level; colored partons from the incident proton 

propagate independently through the nucleus. Quarks and 

gluons are treated as free particles interacting with nu¬ 

cleons and creating new partons at each interaction. 

However, because the confinement time scale is much greater 

than the parton transit time through the contracted nucleus, 

the partons hadronize only after they leave the nucleus. 

With this point of view, the nucleus is a "thick11 parton 

target. Multiple parton collisions should be considered. 

Subsequent hadronization is external to the nucleus and ac¬ 

counted for in the standard prescriptions in p-p Monte Carlo 

simulation. 

Multiple scattering models best explain the anomalous 

nuclear enhancement phenomena. A model similar to the one 

discussed here is found in the literature 1.2 



A review of the QCD parton model describing p-p inter¬ 

action and how multiple scattering for p-A collisions are to 

be added, are presented in the next chapter. The Monte Carlo 

technique as based on the mathematical expression for the 

cross sections is explained in chapter 3, for both p-p and 

p-A collisions. 

The Monte Carlo results are compared to the E609 

7 8 10 experiment * 1 done at Fermilab. Particles generated by 

the Monte Carlo are subjected to the same triggering condi¬ 

tions as those of the experiment, in particular the global 

and the two-high triggers. In the rest of this chapter, I 

give a brief description of the E609 experiment and the two 

triggers applied. In chapter 4, the probability for 0, 1, 2, 

3, 4 multiple scattering is examined in relation to A, and 

the effect of pure multiple scattering processes is studied 

for both types of triggers. In chapter 5 the Monte Carlo 

results are compared to those of the experiment for the glo¬ 

bal trigger. The same thing is done for the two high trigger 

in chapter 6. 
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The E609 EXPERIMENT 

The E609 experiment used a highly-segmented calorimeter 

(shown in figure 1). A 400 Gev proton beam was incident on a 

target which consists of liquid hydrogen or a thin slab of 

carbon* aluminum* copper, tin or lead* In the proton-proton 

center of mass frame, the angular acceptance of the calorime¬ 

ter was approximately 30 to 130 degrees for polar scattering 

angles and 2n coverage in the azimuthal angle, corresponding 

to 8 steradians (sr) . Between the target and the calorime¬ 

ter was a magnetic spectrometer with planes of proportional 

and drift chambers. The proportional wire chamber was used 

to determine the charged multiplicity of the events. The 

calorimeter triggered only if the trans verse energy in a 

specified region of the calorimeter exceeded an adjustable 

threshold. Only the global and the two high triggers are 

considered and compared to in this thesis although there were 

other types of triggers. The global trigger is a geometri¬ 

cally un-biased trigger, It selected events depositing E^ 

greater than a threshold of typically 10-12 Gev in the entire 

calorimeter. 



6 

Figure 1: An overview of the E609 detector system (top) and 
the front of the 132 segment triggering calorimeter (bottom ) 
are shown. The angles given are the azimuthal angels of the 
nue1eon-nue1eon center of mass. 

TOP VIEW OF E-609 APPARATUS 

FRONT VIEW OF CALORIMETER ARRAY AT 400 GeV/c 
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Another un-biased trigger was the two high trigger. It 

selected events that fired two or more segments anywhere on 

the face of the calorimeter with an E^, exceeding a threshold 

of typically 1-1.2 Gev per segment. 

The effect of the calorimeter on the real momentum of 

the particles was simulated by showering the particles 

generated by the Monte Carlo into the calorimeter using an 

apparatus simulation subroutine. 

Charged multiplicities are directly determined in the 

MonLe Carlo by counting the charged particles that were 

within the acceptance of the proportional wire chamber of the 

expe rime n t. In the lab frame the solid a ngle covered a polar 

angl e o f .03 to 18.77 deg rees for the hyd rogen target and 

3.46 to 57. 5 degrees for the higher A nuc leus • 

Th e charged multiplie ities obtai ned in the data for 

high A ( A>1 ) targets were mul tiplied by a f ac tor of 1.25 to 

acco unt f o r the lo st partie les passing thro ugh the PWC beam 

hole whi ch occupies a bigger solid angle for nuc] Lear targets 

than for hydrogen. Regardless of the accuracy of this fac¬ 

tor, the same thing was done to the multiplicities obtained 

by the Monte Carlo, merely to compare to the data in Ref [7], 



CHAPTER 2 

A PHENOMENOLOGICAL DESCRIPTION OF THE P-A COLLISION MODEL 

In the hard scattering parton model, the p-p cross sec¬ 

tion is the incoherent sum over all proton constituents of 

two point-like particles cross sections. Two partons,one 

from each proton, interact via gluon exchange. The probabil- 
P arton 

ity of having a momentum fraction x = — for each 
proton,cm 

parton is determined according to the proton structure func¬ 

tion QPr°ton (x). A transverse momentum determined ac- parton 

cording to an exponential distribution is given to each 

parton. The final type and momentum of the scattered partons 

d°"i * i ID 
are determined from ^~as found in first order QCD calcu- 

A 
lations, t being the square of the four momentum transfer of 

the two scattered partons and o*. . , the cross section for r ij-lm 

two partons of type i and j scattering into two partons of 

type 1 and m. The non-interacting partons of each proton, 

dealt with as a single entity, using therefore a di-parton 

model , have a momentum that adds with the interacting 

parton's momentum to the original proton momentum. Al1 

8 
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partons finally hadronize using the Feynman-Field 

hadronization scheme (see figure2-A). 

A seemingly appropriate technique is used in conserving 

g 
the overall total energy and momenturn . 

In p-A collisions a proton with an impact parameter b, 

with respect to the center of the nucleus, will penetrate 

through to a distance z from the edge of the nucleus with a 

probability of e’^^^pN where L( z ) = Jp ( z ' )dz 1 , p is the 

nuclear density which is taken to be uniform over a spherical 

1/3 
nucleus with radius R = 1.14*A fermi. <r V1 is the 

o pN 

proton-nucleon hard scattering cross section. Therefore , the 

probability of having a first proton-nucleon collision at z, 

and an impact parameter b is (e ^ ^ 2 ^°"pN ) ( cr^pdz ) ( 2 nbdb ) . The 

type of nucleon is taken to be a proton or a neutron with ra- 

Z A - Z 
tios of — and respectively. Then the p-neutron reactions 

are dealt with exactly as for p-p collision except for the 

neutron structure function. Exact isospin symmetry is as¬ 

sumed and therefore the structure function for neutrons and 

protons are related by 

G N(x )=G.p(x ) and 
u ' * d 

°d,,<x>=Gu
p(x>- 

No strange quarks are considered, anti-up and down 

quarks are taken with the same ratios. Gluons carry 

half the momentum in both protons and neutrons .( Fi9 2- B ) 

almost 
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Figure 2*>A: Proton-proton collision as described in the 
parton-model, The two scattered partons in addition to the 
two spectators fragment to give an overall four-jet structure 
to the event* 
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Figure 2-B: Multiple scattering as it appears in the lab 
frame. 
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In doing a p-N (proton-nucleon) collision, we go to the 

p-N center of mass, and apply the previously described model 

for a p-p collision. The two scattered partons and the two 

spectators are then free to travel through the nucleus. To 

determine the path of each parton, we go back to the lab 

frame, where we would have essentially a stationary target 

spectator and an energetic forward beam spectator, in addi¬ 

tion to the two scattered partons. A 90 degrees scattering 

angle in the p-N center of mass corresponds approximately to 

a 4 degrees angel in the lab frame (for P^of 400 Gev). 

This can account for the "beam” not fragmenting inside the 

nucleus, because only a separation distance of £ ^ fermi 

between the scattered parton and the beam spectator is 

achieved before the partons leave the nucleus. 

Except for the target spectator, each of the three par¬ 

tons is followed on its track and its chance of having a 

second hard scattering at z 1 with another nucleon is deter¬ 

mined according to e ^q. N^Z tr Mdz 
1 . <r „ is the total hard 

* q. N q. N 

cross section for a specific parton of type q^ and a nucleon 

(q^ stands for quark or gluon). z1 is the distance from the 

second collision point to the first collision point. When a 

second hard collision is to be made, a transformation to the 

initial p-N center of mass frame is made, and the same 
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di-parton model is used. This time however only a target 

spectator is created but no "beam" spectator. 

A distinction is made when dealing with the beam spec¬ 

tator as opposed to an ordinary parton, the former being an 

energetic cluster of partons. In a case like this, a more 

general structure function (x.,x.) that gives the 
q^qj i 3 * 

momentum probability distribution of two partons in the pro¬ 

ton is needed. A first order approximation was made by as¬ 

suming an uncorrelated distribution as 

GP (x.,x.) = GP (x.)*GP (x . )*0(l-x.-x . )’3 1 - qA i qj 3 1 3 qi’V 1 3 
0(l-x.-x.) is zero for l-x.-x.<0 and 1 for l-x,-x.>0. 

* 3 i 3 * 3 

The cascade scheme is repeated until all partons leave the 

nucleus, A zero-multiple scattering will yield a two jet 

event (not counting the spectators), and a one multiple scat¬ 

tering will yield a 3 jet event and so on. 

In the following chapter a deeper look into the 

mathematical foundation of the model and the Monte Carlo 

method used to perform the calculations is presented. 



CHAPTER 3 

P~P AND P-A REACTIONS AS SIMULATED BY THE MONTE CARLO 

The Feynman-Field four jet parton model described in 

the introduction must be expressed mathematically and well 

understood before a consistent Monte Carlo simulation 

technique can be applied to it. Then going to the p-A case 

might appear to be a trivial task using the p-p Monte Carlo. 

Superficially, one might jump to the conclusion that 

the process of p-p collision only needs to be repeated every 

time a new multiple scattering is desired. However, the 

problem proved to be more subtle than one would have ex¬ 

pected. The subtlety is hidden in the way the Monte Carlo 

program functions. 

The p-p cross section is the sum of cross sections of 

two partons, belonging to the projectile and the target, and 

is expressed as 

14 



IS 

do 
 £J2 
dM 

*imax £jmax Jmax 

l r j j <wv*x-i’i> ijlrti xjmjn Xjmin tmin P, P. 
j.' J.J 

dcr, 
nP . 02 . i i-*1 m, A * ^ v dF 

q. j ‘PA j —dï-<*’*••"> 3S 1- 

dor 

is the proton-proton cross section for the observable M, 

which could be total , planarity, multiplicity or other 

variables that are uniquely defined from the four momentum of 

the produced secondaries. ^q^are the two partons chosen to 

collide, G {x., p^ .) is the proton structure function, 

representing the probability of choosing a parton of type i, 

momentum fraction x. , and a transverse momentum P_. 
x 1 T 

G (x. ,p, ) are taken to be 
q£ 

; (x. >- 
<*L i 

G (x. )are 
qi 1 

from Cutler 

4 
borrowed from Field and Feynman for quarks and 

5 
and Sivers for gluons, e in the exponential is 
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taken to be about 1 Gev which corresponds to an average in- 

trinsic transverse momentum of 1 Gev.  ^— are the first 

order QCD cross sections of the two partons ij going to lm as 

found in Ref [5], s,t and u are the Mandelstam variables de¬ 

fined on the four momentum of the interacting quarks 

s = (P1+P2 )' 

fc= ( Pl~p3 ) 
2 

u={p^-P4 )z with the constraint 

A A A 

s+t+u=0 for massless quarks. The strong interaction 

coupling constant is taken to be 

ct = 
s 

12* 

Q
2 

2 51n() 

with X =.1 Gev and 

Q2=—— w . - 2 ~ 2 - 2 * 
(S +t +U ) 

Choosing , x^,P^and P.. uniquely defines the momentum 

of q. and q, and therefore also determines the momentum of 
3 dtr

i-im * * * 
the two spectators . —(s,t,u)for a given s defines the 

final types and momentum of the colliding partons. The sum 

over spins and colors of partons is made when calculating 

^r(ij-lni). “j£j represents the structural dependence of the 
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obser vable M 

merits „ It inc 

responsible f 

tipie scatteri 

o e r n my self 

original Monte 

number of part 

low x, a cut o 

with the Born 

A 

at t corr es pon 

A 

t are 
max 

there 

In a Mon 

on the four momenta of the four parton frag- 

ludes the fragmentation functions that are 

or hadronizing the partons. However since mul- 

ng is done on the partons only, I need not con- 

wit h the hadronization pattern as done in the 

Carlo, The same scheme is applied on whatever 

ons is generated. Because (x. ) diverges at 
^i 1 

f .1 is made. Moreover, since we are dealing 

approximation of two body collision,diverges 

ding to forward or backward angles , t and 

fore taken to be -s+1 and -1 Gev respectively, 

te Carlo an integral such as 

F = Jf(x)g(x)dx 

with Jg(x)dx = 1 can be evaluated as 

f (x^ ) N-® which is the sum of weights f(x^) over 

many chosen according to their probability g(x^ )dx^, in 

this way the integral converges much faster than ordinary 

finite difference methods. If Jg{x)dx does not equal unity a 

Monte Carlo can still be made by writing F as 
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F = j*£ { x —rfg(x)dxldx which leads to 
J Jg{x}dxU J 

F = j^JE (x){Jg<x)dx) 

An extension to many dimensional integrals is trivial. 

Accordingly, a Monte Carlo simulation of the p-p process may 

be constructed if we know the probability distribution func¬ 

tion that governs each step. Equation (1) must then be ex¬ 

pressed in terms of probabilities of the different steps, 

each probability being normalized to one as follows 

tier 
 22 = 

dM ■z niJ/K.] 
i|lm X, X, « £ P, * 

"dx . ( x . )' 
*1 i 

i q.' i' 2 e" 8 

d P.  
P 

qi J 
l e 

KJ 
dx.G^ {x.) 

j q j j 
P 

qj 

_i± 
2 e 0 

dP .  
Jj e 

rjdcT. . * . ■ 

d t ts ,fc} 

<r. . , ( s ) 
dF 

or. . . (s ) dM 
ij-lm 

The terms in parenthesis as they appear in order represent 

the probabilities for the following processes respectively: 

1} choosing a parton q^ from the first proton, 

2) choosing a fractional momentum within x^dx^ for 

parton 
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3 ) choosing a tr 

4) same three pr 

5 ) 
A 

choosing t wi 

6) 
dF .. 
-r“ is the 
dM 

four mome ntum of the f 

7) the event is 

tal cross section for 

f.q.-q.q for a given s .a-.. , is given by 
^l^m ^ * ij-lm * 2 

-do-. . 

i ( s )= — ( s .1 )dt . 13-lm * J dt ' * ' 

The expression gets more cumbersome on going to the p-A 

case. An integration over all nucleons in the nucleus has to 

be made and multiple scattering terms must be added. The 

cross section can be expressed as 

« do* _ do* , da _ 
do~pfl PA0 PA1 Pft2 
dM dM + dM * dM +'- ■2- 

The first term being the zero multiple scattering terra, 

the second being the one multiple scattering term and so on. 

From now on the integration over the partons 1 transverse 

momentum is dropped, but implicitly assumed. The zero multi¬ 

ple scattering term is the p-p cross section integrated over 

the nucieus ; 
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d «r 
pAo 
dM J*dae~°rpNZ^> pdz^ J J J dx^x. dt 

Nucleus ijlm Xj Xj Î 3 

<x. } 
<iL i 

„N 
(x . } 
V J 

dor. . t  xj.-1 m . ^ * —dr“{s'tJ dF dM 

e-d^(z)or^p g-d^zjcr^p e-d1(z)0r1p e-dmU )crmP 
-3- 

p is the nuclear density 

e °pN2^is the probability of having a first p-N colli¬ 

sion at a distance z from the edge of the nucleus (see figure 

2- B) The exponential 

-d.(z)or.p -d.(z)<r.o -d1(z)o
-
tP - d ( 2 )<r P 

e x ' j' y * 1 ' lr e m ' 'nr 

is the chance for the four partons to penetrate the nucleus 

without scattering. i, j stands for the remains of the nu¬ 

cleon after i or j scatter out. d^(z ) ,d^(2 ) ,d^(z ) ... are 

the distance from point z to the end of the nucleus. ^i ,crj ’ 

cr. , €r are the q.-Nfq.-N,q.-N and the q -N cross sections 
1 * m i 3 1 
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integrated over t for a given s. The same t cuts are made as 

for the single collision term, which reflect hard scattering 

processes. From now on the term scattering will always refer 

to hard scattering. The total cross sections for an averaged 

s for all parton types with the nucleon are listed in table 

(1). The corresponding mean free paths in the lab frame are 

also given in the table. Equation (3) again must be written 

in terms of probabilities of the different steps in order to 

perform a Monte Carlo on it 

dcrpAo _ 
dM " °pA J 

Nucleus 

da( 1-e ^pN ) 

°PA 

^>dz‘rgNe~£r^Z^ 

1 - e~ k°"pN 

i 
ijlm 

dx.dx.G^ (x. JG** (x. ) —Ü———  

Xj X. t 
1 3 q

i 
1 q

j 
3
 °pN 

JJJfr 
dt —( s , t ) 

ar.. i ( S ) 

rdi{T.)oriF e-d.(Z)o-jP e-d1(Z)«r1p jjg -4 

cr ^ is given by 

<r = >dx . dx . G . { x . )G . { x . )<r. . , ( s ) pN x 3 i i 3 J X3-*lnT ' 

The first and second terms in parenthesis in equation 

<4 ) are the probability of having a collision at (x,y) and z 

respectively . 
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Table 1: The proton-nucleon and parton-nucleon cross 

sections and their corresponding mean free paths in the lab 

frame. 

u quark-nucleon <ru^ = 1.2 mb X^ = 52 fermi 

d quark-nucleon = 1.2 mb X/4M = 52 fermi 
dN 

u quark-nucleon = 1.0 mb X-„ = 62.5 fermi 
’ uN uN 

d quark-nucleon = 1.0 mb X^M = 62.5 fermi 
dN 

gluon-nucleon 

proton-nucleon 

°"gN 4.0 mb 

2.5 mb 

15.6 fermi 

25 fermi 
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The main difference between the p-p and p-A Monte Carlo 

lies in the third parenthesis. In the p-p case, i, j, and 

are chosen independently and finally weighted by ^3Î 

which is different from one event to another. In the p-A 

case, i , j , x^ and ore all coupled together in a four 

dimensional probability distribution, and must be chosen 

simultaneously. All events are finally weighted by the same 

factor <r which is given by 

"pA * j 
da( l-e ^pN ) 

wi th 

L = Jp(z,b)dz for a given impact parameter b. In the 

limit « 1 which is the case in high P^ production we 

get 

cr _ -o- V,A which is the basic underlying reason for ex- 
pA pN * 3 

pec ting 
do- , dcr .. 
 pA   pN 
dM dM 

in a pure single p-N scattering case 

If a single multiple scattering is to bemadded , the 

same previous term appearing in the bracket < 
pAi 

equation ( 4 ) is used and —would take the form 

in 
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l°"l 
-O’, 2 P 

e 1 
r 

‘j'I^lk-ab .A , * , . 
dt ~j£—(s ,t • ) 

-ab<s‘> lk-ab 

■d^fz ’ )t 

- d 
e m 

{ z )<r P 
«r 

âF 
dM 

■f ( 1 m ) + ( 1 + ( 1- j ) 

( l«*m ) , ( l**i ) , ( 1**j ) stands for the same expression with 1 and m 

or land i or 1 and j exchanged. The first term in 

parenthesis is the probability of parton q^ to scatter at z*. 

( see fig 2-B). 

tion 

The second term is again a two dimensional distribu- 

where q^ and must be chosen simultaneously. 

The third term is the transition probability of state 

* -b 
to q q. with a momentum transfer of S -t 1 
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is the probability 

for the new generated partons ,q^,q^at z to exit the nu¬ 

cleus without further scattering. 

are the same as in 

the 0^ multipie scattering term. 

to the terms ( l**m ),{l*-i ) and (l**j). 

While extending this to higher orders is a relatively 

easy task, little or nothing could be gained from writing 

more expressions. 

There has been no ad hoc ad justment of parameters as to 

fit experimental data, for doing so is a futile game. 

Rather, all parameters are chosen to have a physical meaning 

regardless of their impact on the results. Parameters of the 

fragmentation were originally chosen to agree well with e+ e 

data. These same parameters also agree well with p-p data . 



CHAPTER 4 

PURE MULTIPLE SCATTERING PROCESSES 

In the multiple scattering model, p-A reactions differ 

from one nucleus to another by the number of multiple scat¬ 

tering each process undergoes. Cross sections as written in 

eq ( 2 ) can be factorized with some approximation as 

dor _ - d<rn da*, d<r * 

-dM" = A[PA(0)"dM * * PA(2)"dR 

where P.(v) is the probability of having v multiple scatters 

for a given A, and —is a pure v multiple scatters cross 
dcr 

section. In this factorized form, are independent of A, 

only Ptt{v ) determines the A dependence of the p-A cross sec- 

tions. It is therefore of interest to study P^(v) and —j” 

separately, for this would provide us with a clear insight 

for understanding the Monte Carlo results of the different 

targets as presented in chapter 5 and 6. 

In table (2), P^fv) for the five nuclear targets (C, 

A1 , Cu, Sn, Pb ) are listed. P^(v) are found by dividing the 

number of events generated with v multiple scatters by the 

26 
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total number of events* cr K. and or „ are as listed in table qN pN 

(1), Vavq* the avera9e number of multiple scatters that hap¬ 

pen in the nucleus» is also written in table (2) for each nu¬ 

cleus . 

reactions is then 1+v 

navg1 average number of hard collisions in p-A 

avg n are 1, 1,3, 1.41, 1.56, 1.65 avg » i * » 

and 1.78 for H, C , A1 , Cu, Sn and Pb respectively. If E^a 

is produced at each hard collision» then as a first guess we 

expect to have —= * 
A a avg 

PP * 
cr % and <r are respectively the 
pA pp tr J 

proton-nucleus and proton-proton cross sections integrated 

over some range of energy. A relation such as n=A€ holds to 

a good degree with e = .1 as can be seen from Fig (3) where n 

is plotted versus A. It is important at this point to dif¬ 

ferentiate between the number of hard collisions in an event 

averaged over all generated events, which is independent of 

the trigger, and the number of hard collisions in an event 

averaged over those events that satisfy the triggering condi¬ 

tions. In the latter case n will depend on the cross sec- 

tions of the pure 0, 1, 2,.,. multiple scattering reactions. 

If the cross sections of events with one or more multiple 

scatterings are much greater than the one for zero multi pie 

scattering, then the E,p trigger would preferentially select 
cr 

non-zero multiple scattering reactions. A comparison of — 
PA(v) °0 

to with <rv, P^fv) 
as a^ove • should then tell us the 

importance of the v multiple scattering process. In that 
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Table 2: The means of the number of multiple scatters 

and the probability of having 0,1,2,3 or 4 multiple scatters 

are shown for all nuclear targets. 

Target C A1 Cu Sn Pb 

Atomic number 12.01 26.98 63.55 118.7 207.2 

P(O) .76 .69 .63 .59 .54 

P(1 ) .18 .23 .24 .25 .26 

P(2) .04 .62 .08 .10 .12 

P<3) .009 .014 .035 .038 .05 

P(4) .002 .0037 .014 .021 .35 

Average number .30 .415 .56 .65 .785 

of multiple 

scatters 
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Figure 3: The average number of hard collisions is plotted 
as a function of atomic number. 
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respect it is very important to examine the size of the cross 

sections o* for v =1, 2, 3, 4 relative to ar^ . 
V darv 

In Fig (4) for the global trigger are shown for ET 

T do- 
greater than 12 Gev . An exponential fit of the form 
d<r T 

= ^«“(Û)e T is made on the Monte Carlo results. m for the 

Of impor- different processes is indicated on the figure 

tance to us are the ratios 

given in table (3) for three 

12-18 Gev. 

in a given E_ range. These are 

12-15 , 15-18 and '.P ranges 
PA(V) 

On the same table p~TÂ"T for carbon and lead are 
*V

U,
PA(V) o-v 

listed. In table (4) the product of p“TÂT*— for the same E- 
U * °0 1 

ranges are listed. These represent the ratios of events with 

v multiple scatters to those with zero multiple scatters, as 

selected by the trigger. It is noted that the importance of 

multiple scattering increases very rapidly with increasing 

Another importanfc variable that is used as a means of 

characterizing event structure is the planarity. Planarity 

is defined as P = (*aTb") a {b} being the sum of squares 

of the projected trans verse momenta to the maximum (minimum) 

principal P.^-axis . P is 1 for a pencile-like jet pair while 

it is zero for spherically symmetric events. 

The planarity distributions for a zero multiple scat¬ 

tering process is compared with that of a 4 multiple scatter¬ 

ing process for the global trigger with a cut of 12 Gev in 
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Figure 4: The E-, cross sections for pure 0,1,2,3 or 4 multi¬ 
ple scattering processes are shown for the global trigger. 
The values of m explained in the text are indicated. All 
cross sections throughout are in millibarn. 
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Table 3: 

p
A(vJ 

p^TôT ratios 

These are trigger independent. ^("o") which 

for two targets are shown, 

are target in¬ 

dependent are shown for the global trigger for three dif¬ 

ferent E,p ranges. E^, is in Gev. 

p
A(v) 

Ratios 

carbon lead 

Pill 
P(0) .24 .49 

Pill 
P(0 ) .05 .22 

Pi31 
P(0) .012 .094 

Piil 
P(0) .0026 .064 

2±V-1 
«•(0) 

Ratios 

<r{0 ) 

°±u 
<*■( 0 ) 

<r(0) 
2111 
er( 0 ) 

12<Et<15 

11.4 

29.13 

48.9 

61.0 

15<E t<18 

20 

74 

206 

354 

12<ET<18 

12.0 

32.0 

60.9 

83.6 
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Table 4: v ) )/(o-^P^( 0 ) ) for carbon and lead are listed 

for three energy intervals. These represent the ratios of 

events with v multiple scatters to those with zero multiple 

scatters, as selected by the global trigger, 

* Eiïl 
«•(0 ) P(0) 

Ratios 

Carbon Target 

ziliEIU 
•*"( 0 )P ( 0 ) 

<LL2.±PL11 
<r{0 )P(0 ) 

zLUZLll 
o-(0)P(0) 

sriilEiil 
cr(0)P(0) 

ziliEIIi 
o-(0)P(0) 

srillEm 
cr<0 )P(0 ) 

ïlliEIU 
or(0)P(0 ) 

eiiilElil 
<r(0 )P(0) 

12<Et<15 15<Et<18 12<ET 

2.76 4.82 2.89 

1.57 4.0 1.73 

.57 2.43 .22 

.16 .92 .22 

Lead Target 

12CEt<15 15<Et<18 12<ET 

5.57 9.74 5.9 

6 .32 16.06 7.07 

4.59 19.36 5.73 

3.9 22.7 5.35 
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Fig (5)- The two distributions are normalized so that the 

area under the 0 multiple scattering curve equals that under 

the 4 multiple scattering curve. It is clear that the two 

distributions are similar (except probably at high P ) . The 

reason for this similarity is that P for the 0 multiple scat¬ 

tering process is already made low by requiring the event to 

satisfy the global trigger. In the 0 multiple scattering 

case the global trigger selects mostly high multiplicity 

events which in turn make the planarity low. The similarity 

in the planarity distribution in these two different pro¬ 

cesses as well as those with 1, 2, or 3 multiple scattering 

processes, is reflected in the planarity distributions of hy¬ 

drogen and lead which are also very similar . 

Fig (6) shows the charged multiplicity distributions 

for the 0 and 4 multiple scattering processes for the same 

trigger and cut as above. The two graphs are normalized 

to the same area. The mean charged multiplicities are 9.9 

and 34.2 respectively. In counting the charged multiplicity 

for both processes, the proportional wire chamber acceptance 

angle of the high A targets (A>1 ) is used. This explains why 

the mean multiplicity for the 0 multiple scattering process 

is smaller than the one found for hydrogen and presented in 

the next chapter. Also, no correction factor of 1.25 that 

was explained earlier is used. 
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Figure 5 : The 
cess(dashed line) 
for the global 
cesses. 

planarity distributions for 0 
and 4 MS process (solid line) are 
trigger. The E.J, cut is 12 Gev on 

MS pro- 
compared 

both pro- 

0 MS 

4 MS 

PLANARITY 
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Figure 6: The charged multiplicity distributions for the 0 
and 4 multiple scattering processes are shown for the global 
trigger. 
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The E^ cross sections of pure multiple scattering pro¬ 

cesses are shown in Fig (7) for the two-high trigger. 

Because the two-high cross sections are roughly one order of 

magnitude smaller than those of the global trigger, two high 

events are much harder to generate than the global ones. 

Time and facilities limitations prevented us from obtaining 

high statistics on the two-high trigger; a big range of to¬ 

tal E^ is therefore covered whenever we talk about two-high 

cross sections. Sometimes, when comparing to data, we had to 

make the E^ cuts on the first and second highest E^ segments 

less than those made in the experiment in order to obtain 

reasonable statistics. 

The cross sections of Fig (7) are for a cut of 1.2 Gev 

on the first and second highest segments. The E^ in the en¬ 

tire calorimeter is in the range of 10-22 Gev. The total 

cross sections are plotted versus the number of collisions = 

number of multiple scattering + 1. 

ofo") f°r V=1> 2> 3‘ 4 and for the five nu~ 

clear targets are given in table (5) for the two-high 

trigger. Comparing the cross section ratios with those of 

fable (3) we see that converges faster for the two-high 

trigger . 
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Figure 7: The E— cross sections for the two-high trigger are 
plotted versus the number of hard collisions. Cuts on the 
1st and 2n highest segments are 1,2 Gev, Total E^, is in the 
range of 10-22 Gev. 

1 2 3 

NUMBER OF COLLISION 
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Table 5: Cross section ratios and («r P, ( V ) )/( <rftP. ( 0 ) ) ra¬ 

tios for the two-high trigger 

total Ey range are as those o 

2111 
cr(Q) 

2±ü 
<r{0) 
2±11 
<r(0 ) 
°± 11 
<r(0) 
2±±± 
«r{0 ) 
«rivJPLïQ 
«•(O)P(O) 

are shown. The cuts and the 

figure 7. 

Ratios 

9.6 

19.2 

32.3 

45.9 

Ratios 

Target C Al Cu Sn Pb 

îiliEill 
«r(0 )P{0 ) 2.3 3.2 3.7 4.09 4.7 

«±2lEm 
<r{0 )P(0 ) 1.04 1.7 2.4 3.25 4.2 

2II31PI31 
<r(0)P(0 ) .39 .66 1.8 2.08 3.04 

ïlilPill 
«■(0 )P(0) 

.12 .25 1.02 1.60 2.94 
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The planarity distributions for 0 and 4 pure multiple 

scattering processes are shown in Fig (8) for the two-high 

trigger. A cut of .9 Gev is applied on the highest two seg¬ 

ments . Both distributions are normalized to the same area. 

The difference between the two distributions is quite ap¬ 

parent , in contrast with the global trigger case. The 0 MS 

events are much more planar than the 4 MS ones . The means 

are .67 and .46 respectively. This difference is again re¬ 

flected in the planarity distributions of hydrogen and lead 

as will be seen in chapter 6. 

Charged multiplicity distributions for the two pro¬ 

cesses are also very different as seen in Fig (9). The 4 MS 

process, on the average, has a much greater multiplicity than 

the 0 MS process does. The means are 31,4 and 6.24 respec¬ 

tively. The distribution for the 4 MS process is spread over 

a larger multiplicity range than the 0 MS one. Again, as be¬ 

fore , the same acceptence angle is used here and no correc¬ 

tion factor of 1,25 is applied. 

A final word has to be said about terms with more than 

four multiple scatterings. The Monte Carlo is made such that 

when a fourth multiple scattering is reached on the parton 

level, the partons leave the nucleus with no further scatter¬ 

ing. This does not effect <r(4), but it does effect PA(4) 

which should in fact be written as P(v>4), For the highest A 
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Figure 8 : The planarity distributions for 0 and 4 multiple 
scattering processes are compared for the two-high trigger. 
Cuts on the 1st and 2n highest segments are .9 Gev. 

• 0 MULTIPLE SCATTERING PROCESS 
0 4 MULTIPLE SCATTERING PROCESS 
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Figure 9: The charged multiplicity distributions for 0 and 4 
multiple scattering processes are compared for the two-high 
trigger. Same cuts as in figure 9 are applied. 
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target (Pb), p(ô) should be less than .04 as inferred from 

the decrease of p|*Q i P(^o")f and P{"0 ") ' The justification of 

p{ v ) 
stopping at 4 is the apparent rapid decrease of p^oj as given 

SLULI 
<r{ 0)* 

in table 3 relative to the increase of 



CHAPTER 5 

MONTE CARLO RESULTS FOR THE DIFFERENT TARGETS(GLOBAL TRIGGER) 

The global trigger was originally designed to overcome 

the trigger bias effects that experiments triggering on a 

single particle had. In the hard scattering parton model, 

two partons scatter with high E^ and fragment into hadrons 

forming two jets. A jet is a set of hadrons grouped together 

to form a cone with a small solid angle. It was hoped that 

by detecting all particles, the global trigger would reveal 

the two jets and therefore, the cross sections for the two., 

interacting partons could be measured directly without having 

to use the unknown hadronization functions of the partons. 

This however was not possible for the proton-proton center of 

mass energy of 27,4 Gev that was available at Fermilab. The 

data obtained for the global trigger were not predominantly 

of a di-jet character. The average planarity measured in the 

E609 and other p-p collision experiments run at the same 

energy was .4 . To be able to reproduce the data (planarity 

and E^ cross section) with the four-jet Monte Carlo described 

earlier for p-p reaction, special values must be chosen for 

certain parameters such as the t cut in rj—, the x cut in the 

44 
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proton structure function G(x). A cut in x is equivalent to 

making a cut in t, the relation with is given as 

gies of the two colliding partons. Smaller {larger ) x cor¬ 

responds to a smaller (larger) s and therefore a smaller 

(larger ) . 

Also of special importance are the parton fragmentation 

functions, because the high E^ could be obtained by having 

fragmexjtion modes with high multiplicity. Care must also be 

taken in the procedure used to assure energy and momentum 

conservation in the final state^. With that in mind one 

would ask if studying p-A collision with a Monte Carlo is 

feasible, because more parameters are needed. At best, one 

can hope that by adding a minimal number of parameters and 

keeping the same parameters used for the p-p interaction , 

the relative effects of multiple hard scattering can be ex¬ 

amined. It turns out that only one extra parameter is ac¬ 

tually needed in our model, this parameter is the average 

mean free path of the different partons while tunneling the 

nucleus . It is even more simplified by the fact that most 

reactions are of the type gg^gg. Since the gluons carry half 

the momentum of the proton, picking up a gluon is equally 

probable to picking up a quark or an antiquark; therefore, 

E, 
T 

the sum of transverse ener- 

the ratio of the gg-gg reaction to the qq-qq reaction is 
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_22_£L2^ This is estimated roughly as ^ from color counting. 

°qq-qq 
This , in addition to the fact that the gq-gq reaction is more 

probable than the qq-*qq reaction, makes most of the scatter¬ 

ing partons in the nucleus gluons, and only the mean free 

path of the gluon is of high importance. Although this 

parameter was determined and used according to the QCD cross 

section, its value could be chosen to give whatever degree of 

multiple scattering we would like to have to compare with ex¬ 

periment . 

Throughout this thesis, the same cut of 12 Gev on the 

total Eis made for the global t 

Monte Carlo. 

Starting with energy cross 

Monte Carlo results for the globe 

are the experimental data as fc 

normalization of the cross sectic 

either the theory or the exj 

cross section in Ref (7) are all 

before comparing with the Monte Carlo. This factor might be 

due to over es timating the transverse energy by 2 Gev. The 

do* mE values for m in —“«ce T are given in Fig (10) for all tar- 

gets, The numbers in parenthesis are the ones of the Monte 

gger o n the data and the 

étions , Fig (10 ) s hows the 

trigge r. On the same plot 

d in R ef (7) The over all 

is not well determined i n 

iment. Data for global E
T 

vided by a factor of 10 

Carlo. 
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Figure 10: E-, cross sections in the global trigger for 
different targets are shown for the data (lines) and 

Monte Carlo. Data are from reference 7. 
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The Monte Carlo is also compared for hydrogen, carbon 

and lead with a new run of the E609 experiment^ in Fig (11). 

Although the slopes of the Monte Carlo are in good 

agreement with the data in Fig (10), the comparison looks 

less favorable in Fig (11); however, the relative sizes of 

the cross sections are fit better in Fig (11) within the 

energy interval of 12-16 Gev. At this point, a better com¬ 

parison of the cross sections is obtained by examining the 

°“pA a dependence on E^. In Fig (12) ~— for an E,j, range of 
PP 

12-15 Gev is plotted versus the atomic number for both the 

Monte Carlo and the data. Aa * fit is made and the values 

for ct- 1 are i ndica ted on the figure. a is 1.326 fo r the 

Mon te Carlo and 1.534 for the data. Thi s différé nee is 

clearl y seen in th e spectrum in Fig (11 ) wh ere the cross 

sectio >ns of higher A nucleus are underest imat ed in the Monte 

Carlo for Et« 15 Ge v. a of 1.52 is obtai ned for both the 

Mo nte Carlo and the data at an interval of 17 -20 Gev as 

s hown in Fig (13). Data in figure 12 and 13 are from Ref (10 ). 

In Fig (14) j— of the Monte Carlo are plotted vers us 
ACT 

PP ft 
the at .omic number for different E<p ranges • An A s caling 

fits poorly es pe cially if hydrogen is to be included. This 

mi ght be due to th e limited acceptance angle o f the cal orime- 

ter , where more Ey is deposited outside the calor ime t er for 
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Figure 11: E^, cross sections in the global trigger for hy¬ 
drogen, carbon and lead are shown. Monte Carlo is compared 
with data from reference 10. 
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Figure 12: <r{ pA )/A<r( pp ) for the global trigger is plotted 
versus the atomic number for both the Monte Carlo and the 
data* E— is in the range 12-15 Gev. Data are from reference 
10. T 
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Figure 13; Same as in figure 12 except for the ET range 

which is 17-20 Gev. 
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Fi9ure 14c {<r , ) /(Air ) of the Monte Carlo is plotted for 
the global triggir versEF the atomic number for different ET 

ranges. 
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higher A targets. The values for dt-1 are shown for different 

ranges in Fig (15). The data are from Ref (8). 

The planarity distribution of hydrogen and lead for the 

global trigger are similar, as seen in fig (16-A and 16-B). 

Both distributions are plotted for the data and the Monte 

Carlo. The four distributions are normalized to the same 

area. The planarity averages for H and Pb are respectively 

.4 and .38 in the Monte Carlo ,and .45 and .4 in the data. 

Charged multiplicity distributions are compared for hy¬ 

drogen and lead in Fig (17) as given by the Monte Carlo and 

the data. The multipiicity averages for H and Pb are respec¬ 

tively 21.4 and 29.4 in the Monte Carlo and 16.5 and 32.1 in 

the data. 

Planarity and charged multiplicity averages for all 

targets are given in table 6 . In the Monte Carlo The mean 

multiplicity of charged particles increases as the atomic 

number increases as is the case with the data. On the other 

hand the mean planarity stays roughly the same for all tar¬ 

gets in the Monte Carlo and the data. 

E^ averages and the averages for the total energy 

deposited in the calorimeter (E , ) and the energy deposited 

in the beam hole calorimeter are given in table 7 for 

all targets and compared with the data. E . decreases while c a x 

ET increases with increasing atomic number in agreement with 
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Figure 15 : 
the global 

Values of «t-1 are plotted as a function of for 
trigger. Data are from reference 8. 
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Figure 16: Planarity distributions of hydrogen (A) and lead 
{B) for the global trigger are compared with data from refer¬ 
ence 7. E cut is 12 Gev on both data and Monte carlo. 

 0 MONTE CARLO 
— C609 DATA 
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Figure 17: Charged multiplicity distributions of hydrogen 
(A) and lead (B) for the global trigger are shown for the the 
data and the Monte Carlo. cut is 12 Gev. Data are from 
reference 7, 
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Table 6:Mean planarities and charged multiplicities for the 

global and the two-high triggers. The Monte Carlo results 

are compared with data from reference 7 for all targets. For 

the global trigger, the E^ cut is 12 Gev for both data and 

Monte Carlo.For the two-high trigger the ls^ and 2n<* highest 

segments cuts are 1.2 Gev for the data and .9 Gev for the 

Monte Carlo. 

E609 data Monte Carlo 

Trigger P Nch 

♦Target 

P Nch 

G 

2HI 

H .455 16.5 .40 21.4 

C .423 20.1 .39 22.5 

A1 .405 21.8 .36 23.7 

Cu .396 24.8 .39 28.1 

Sn .393 27.3 .40 28.8 

Pb .395 32.1 .38 29.4 

H .639 10.6 .67 11.0 

C .620 14.6 .59 13.2 
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Al .607 16.1 .58 15.8 

Cu .579 19.6 .56 18 .0 

Sn .569 21 .3 .55 18.2 

Pb .578 26.9 .53 20.6 
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Table 7 : Means 

main calorimeter) 

beam calorimeter) 

of E^,, Eca^ ( the energy deposited into 

and (the energy deposited into 

are listed for both triggers, and all 

the 

the 

tar¬ 

gets . E,j, cuts are as those of table 6. 

E609 data Monte Carlo 

E„, 
T Ecal B , cal E

T 
E i cal Ecal 

Global 

H 13.3 234 146 13.2 249 89 

C 14.1 222 141 13.66 232 102 

A1 15.5 234 118 13.7 224 107 

Cu 15.6 228 122 13.9 223 104 

Sn 15.7 230 115 13.92 221 101 

Pb 15.7 227 93 14.0 221 102 

2HI 

H 7 .92 150 268 7.9 151 214 

C 9.54 168 245 9.2 168 188 

A1 10.4 179 233 9.8 168 183 

Cu 11.4 185 227 10.3 174 173 

Sn 11.5 191 211 10.8 181 163 

Pb 12.1 193 180 11.1 179 162 
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Table 8: Means of VB
cal. Bcl'E . and E . = 

cal miss 

E . -B 
cal i ( the cal 

energy missing both calorimeters. Cuts are 

in table 6. 

E609 l data Monte Carlo 

E
T 

B i 
cal E 

E
T 

i£” E 

Ecal 
E ~i 
cal 

miss Ecal Ecal 
miss 

Global 

H .06 .67 20 .053 .36 61 

C .064 .68 37 .059 .44 67 

Al .0655 .53 48 .061 .475 69 

Cu 50 .062 .47 74 

Sn .068 .54 55 .063 .458 77 

Pb .069 .45 80 .063 .46 78 

2-HI 

H .055 1.85 -18 .052 1.42 35 

C .057 1.52 -13 .055 1.11 44 

Al .058 1.36 -12 .058 1.09 50 

Cu .0615 1.28 -12 .059 .99 53 

Sn .0602 1.16 -2 .060 .90 56 

Pb .0624 .98 27 .062 .91 59 
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the data. In contrast with the data B is roughly the same 

for all targets in the Monte Carlo. The implications of E,p 

and E ^ are that particles are deposited with wider solid 

angles for higher A targets which is the reason for high , 

and more particles miss the calorimeter and therefore the 

smaller E . for higher A. The amount of energy missing the cal 

calorimeter face and the beam hole calorimeter 

(4Q0-E . . ), are given for all targets in table 8. 
cal cal 

The angular spread of particles deposited in the 
E
T calorimeter is reflected by the values of    which are 

b * cal 
given in table 8. Particles produced at high A collisions 

are more spread out than those produced at low A collisions. 
B t cal This feature is clear in both data and Monte Carlo. ~ are 
cal 

also given in table 8. The mismatch between the theoretical 

and the experimental values in the latter is clear. 

However,the experimental values are not well determined; 

little therefore can be deduced from them. 

In tables 6,7 and 8 the same observables discussed 

above are given for the two-high trigger , which are dis¬ 

cussed in the next capter. 



CHAPTER 6 

MONTE CARLO RESULTS FOR THE DIFFERENT TARGETS(TWO-HIGH 

TRIGGER) 

The two-high trigger requires that at least two 

calorimeter segments have E^ exceeding a threshold typically 

of 1-1,2 Gev, Events selected by the two high trigger are of 

a different nature than those selected by the global trigger. 

While most global events have high multiplicities and low 

planarities, two high events have on the average lower multi¬ 

plicities and higher planarities. One or two jets can^be 

11 12 clearly seen in the two high events * . Jets are believed 

to be the fragments of one energetic parton,and they should 

therefore give us a clear insight into the interactions of 

the fundamental constituents of hadrons. 

In the multiple hard scattering model three jets (in 

addition to the beam and the target jets) are produced in a 1 

multiple hard scattering process. The real test of the model 

would be to compare the three jets cross sections and angular 

distributions of the experiments to that of the Monte Carlo. 

Data however on three jet cross sections are not available 
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for high A targets due to the difficulty of characterizing 

three jets events in high A data. In our comparison there¬ 

fore, we use the same observables as those we used in the 

global trigger case, namely, cross sections, planarity and 

multiplicity, 

As mentioned earlier, the generation of two high events 

is very hard in both the data and the Monte Carlo. An cut 

s t 
of .9 Gev was therefore made in the Monte Carlo on the 1 

n d and 2 highest segments, while only data with a cut of 1.2 

Gev on each of the highest two segments were available. All 

Monte carlo results and data shown in this chapter are for 

the above cuts unless stated otherwise. 

E^ distributions of the Monte Carlo for hydrogen are 

compared with the data^ in Fig (18 — A ) . Those of lead are 

plotted in Fig (18-B). All distributions are normalized to 

the same area for better comparison. The main features of 

both distributions are the same for both the data and the 

Monte Carlo. The average E^ for hydrogen is 7.9 in the Monte 

Carlo and 7.92 in the data. That of lead is 11.1 in the 

Monte Carlo and 12.1 in the data. In the Monte Carlo as well 

as the data, the hydrogen distributions start decaying ex¬ 

ponentially at E,j, higher than 10 Gev. Those of lead decay 

exponentially at higher than 13 Gev with a less steeper 

decline than that of hydrogen. 
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Figure 18: E distributions for 
for the two-hign trigger are shown. 
7. E,j, cuts are as in table 6. 
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The cross sections for five different targets (H, C, 

Cu, Sn, and Pb ) are shown in Fig (19) for the Monte Carlo and 

the data^. m in the exponential fit 4” oc e~
mET is shown for 

dET 
every target, those in parenthesis correspond to the Monte 

Carlo points. Again, as in the global trigger case, the 

cross sections decrease with increasing E^ faster in the data 

than the Monte Carlo. This might be a sign that multiple 

scattering processes are overestimating the cross sections 

appreciably at high E^. One must be careful, however, before 

drawing such a conclusion because E^ might be overestimated 

in the fragmentation process. Also, one must keep in mind 

that the cross sections of Fig(19) are for two different cuts 

on the Is*" and 2nd highest segments. 

°'pA 
— ratios are plotted versus A in Fig (20). The to- 
PP 

tal E^ deposited in the calorimeter is in the range of 13-17 

Gev for both the data and the Mote Carlo. Data are from Ref 

(8). The Is*" and 2nd highest segment cuts are 1.1 Gev in the 

data and ,9 Gev in the Monte Carlo. A* scaling holds approx¬ 

imately with <1=1.28 for the data and 1.45 for the Monte 

Carlo. The overall relative shift of the two sets of points 

°“pA 
is mainly due to <r in the ratio —— which is not well 

* pp Acr 
** pp 

determined for this energy interval. Of importance to us 

however, is the change of or ^ as a function of A which is 

independent of or . The lack of statistics prevented us from 
* PP 
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Figure 19: Two-high trigger cross sections for hydrogen, 
carbon, copper, tin and lead are shown for data(lines) and 
Monte Carlo ( points ). E^, cuts are as in table 6. 
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Figure 20: («- )/(A«r ) for the two-high trigger is 
plotted versus atomic Rumber RRr data from reference 8 and 
the Monte Carlo. First amd second highest segment cuts are 
1.1 Gev for the data and .9 Gev. for the Monte Carlo. 
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studying the dependence of <* on the total in the two-high 

trigger. 

Planarity distributions for hydrogen , Fig (21,A), and 

for lead Fig (21 ,B) are shown for the Monte Carlo and the 

data^ . The average planarity for hydrogen is .67 in the 

Monte Carlo and .64 in the data. Those of lead are .53 and 

.578 for Monte Carlo and data respectively. On the same fig- 

15 ure,the planarity distribution of newly analized data of 

the 1984 E609 run is shown. The agreement between the data 

and the Monte Carlo is better with the new data. The differ¬ 

ence in the planarity distributions between hydrogen and lead 

is clear for the two-high trigger, in contrast with the glo¬ 

bal trigger. 

The charged particles multiplicity distributions for 

hydrogen and lead are compared with the data^ in Fig (22,A) 

and (22,B). Ail graphs are normalized to the same area. The 

average charged multiplicities in the Monte Carlo are 11.0 

and 20.6 for H and Pb respectively. Those of the data are 

10,6 and 26.9. The lead distribution extends over a much 

larger range than hydrogen and reaches multiplicities of up 

to 50. Although the lack of statistics prevented us from 

s tudying the multiplicity dependence of a in a specific 

range, it is clear from these distributions that a increases 



69 

Figure 21: Planarity distributions of hydrogen (A) and lead 
(B) for the two-high trigger are compared .with data from 
reference 7 and reference 10. 1 and 2 highest segment 
cuts are 1.2 Gev for the data and .9 Gev for the Monte Carlo. 
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Figure 22: Charged multiplicity distributions of hydrogen 
(A) and lead (B) for the two-high trigger are shown for the 
the data .and the Monte Carlo. Data are from reference 7. 
Is and 2n highest segments cuts are 1.2 Gev for the data 
and .9 Gev for the Monte Carlo. 
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very rapidly with increasing multiplicity in both the Monte 

7 
Carlo and the data , 

The mean planarities and charged multiplicities for all 

targets are given in table 6, The main features of the data 

are reproduced by the Monte Carlo for both triggers. 

Two-high events have on the average lower multiplicities and 

higher planarities than the global events, as seen in the 

same table. Planarity decreases while multiplicity increases 

with increasing A. Both of these changes occur more rapidly 

for the two-high trigger than for the global trigger. 

The means of the previously defined variables , E , and c a x 

B . in addition to the means of Em are given in table 7 for cal T ^ 

all targets for the two-high trigger. The Monte Carlo and 

data are in good agreement for these three variables . The 

differences in these three variables between the global and 

the two-high triggers is mainly due to the high total E^, cut 

made for the global trigger, which results in the high E 1 c a i 

and low B . that we see in the global trigger. 
ET Bcal 
Ë”: and I“7 ratios, along with Emiss=Ecal-Bcal are cal cal E,p 

given in table 8. =  increases as a function of in- 
cal 

creasing target atomic number. This means that more wide an¬ 

gle particles are produced as A increases. 
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The complexity of the interactions we are examining, 

and the multitude of particles produced in these interac¬ 

tions , make understanding the real fundamental processes 

between hadrons a very difficult task. Some conclusion on 

this work are given in the next chapter. 



CHAPTER 7 

CONCLUSION 

The model we used was certainly successful in reproduc¬ 

ing the data to some extent. The disagreements between the 

Monte Carlo and the data are within the uncertainties of both 

the data and the Monte Carlo, For every observable and for 

the two triggers that we considered one finds good agreement. 

This is not to say that all observables are independent. The 

three observables that we looked at are strongly correlated. 

The higher the multiplicity is, the higher the and the 

less planar an event is. No clear correlation between the 

global and the two high triggers exists however. 

A definite conclusion on the importance of multiple 

hard scattering is difficult to make, because other processes 

are also involved and they might account for the data as well 

as hard scatterings. Some of these processes could be 

- many soft collisions, 

- gluon bremsstrahlung radiation. 
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any of 

power 

emerge 

some percent of hadronization inside the nucleus. If 

these processes occurs a number of times NocA for some 

€ then an Aa scaling for the cross sections could 

Ref 
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grees of 
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dis tribut 

count to 

in the 

model. 

inements to the model are possible by adding some of 

processes to the Monte Carlo, but the number of de¬ 

freedom would be greater and a conclusion would be 

icult to make. 

some importance to us might be to consider the EMC 

14 
Muon Collaboration) effect , in which the strue- 

tions of nucleons in iron were meas ured , The par- 

e nucleus were found to have a s of ter mome ntum 

on than those in a single proton, This might ac- 

some degree for the fact that the E^ cross sections 

data decrease faster with increasing E^ than in our 

A real test of the model would be possible by going to 

higher energy colliders where jets are very clearly seen. In 

that case, an immediate test of the angular distributions and 

cross sections can be made on the partons directly without 

having to use the fragmentation functions which are no*t very 

well known. Particularly important would be to look at three 

jet distributions and compare to the prediction of the Monte 
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Carlo after correcting for bremsstrahiung radiations that 

also lead to three jets events. 

This work however, can be a proof that multiple hard 

scattering reactions in p-A collisions is not totally un¬ 

reasonable , because we have seen that even if those reactions 

are improbable, their cross sections are an order of magni¬ 

tude or more higher than the single hard scattering term, 

which makes triggering on them possible. 
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