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PREFACE I 

In these three lectures, we consider the phenomenological implications 

fo< hadron dynamics which deriv-e from an underlying quark-gluon theory. In 

the first lecture we discuss the possible quantitative connections between initial 

color separation and the number of particles produced in a high energy colli- 

sion. We also discuss how multiparticle jets which originate from quarks, 

multiquarks, hadrons, or gluons can be discriminated. .4 possible two compo- 

nent quark/exchange, gluon/exchange mechanism for Pomeron physics is also 

discussed. Various mechanisms for gluon jet production are also considered. 

The work in this lecture is based on several collaborations with R. Blankenbecler, 

W. Caswell, J. Gunion, R. Horgan, and N. Weiss. 

In the second section, written in collaboration with R. Blankenbecler and 

J. Gunion, large transverse momentum processes are discussed within the 

frameuork of the constituent interchange model. The predictions of the con- 

stituent interchange model are found to be consistent with the normalization, as 

well as the scaling laws and angular dependence, of measured large pT meson 

and baryon cross sections. The normalization of the hadronic couplings to 

valence quarks is computed. Predictions for quantum number correlations be- 

tween the trigger particles and away side jets are discussed. We also contrast 

the predictions of the CQI and quark-quark scattering models, 

A final version of this w.ork taking into account more realistic parametri- 

zation of the structure ilmctions: etc. will he published elsewhere. 

In the third lecture \ve consider hadron-nucleus and nucleus-nucleus colli- 

sions from the standpoint of a rather standard quark-parton model. We predict 

that shadowing should be absent in the scaling region of deep inelastic scattering 

at large q2 independent of x Bj’ Though estremely simple, the model is 



consistent with Glauber theory, and its predictions for hadron multiparticles 

I and particle distributions in nuclear collision appear to be in excellent agree- 

ment with experiment. This work was done in collaboration with J. F. Gunion, 

and J. H. KUhn. 
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(4 JETPRODUCTIONAND THE DYNAMICALROLEOF COLOR 

I. Introduction 

The production of multiparticle jets appears to be a common feature of all high en- 

1 
. 

argy badron- and lepton-induced reactions. Despite the indications that their average 

muItiplRity2 m and transverse momentum distributions are surprisingly similar, the 

underlying quark and gluon content of these jets can be quite diverse. In particular, we 

expect quark fragmentation jets of various flavors in- e+e--hadrons, as well as in the 

current fragmentation region of lepton-induced reactions. We also expect di-quark (qq) 

and multiquark jets in the target fragmentation region in deep inelastic scatlering aswell 

8s in the beam and target region in Drell-Yan massive pair production. In the case of 

large pT reactions, one expects quark, multiquark, and even jets of hadronic parentage 

depending on the hard scattering subprocess. Even more intriguing, if one takes quantum 

chromodynamics at face value, one must e.xpect at some level, the production of jets 

corresponding to gIuon fragmentation in any of these processes. In the case of ordinary 

forward hadronic reactions, the jet-like forward and backward multiparticle systems are 

usually considered to have a conventional hadronic origin, but as we shall discuss in 

Sections VI and VII, the primary parents of these systems could well be colored, if the 

initial hadronic interaction can be identified as being due to gluon or quark exchange. 

One of the important phenomenological questions in particle physics, then, is how to 

empirically discriminate between jets of different origin, i.e., how to distinguish the 

different flavor, color, number of quarks or gluons of their parent systems. In this 

paper I will discuss a number of discriminants, including dn/dy (the height of the rapidity 

plateau in the central region) (Section VII), the fragmentation properties (the power-law 

falloff and quantum numbers of leading particles at x- 1) (Section IV), and the possible 

retention of charge and other quantum numbers (Section II). The multiquark jet which is 

left behind in the target fragmentation region in deep inelastic scattering and the Drell- 

Yan process is especially interesting because of theoretical uncertainties regarding the 

composition of the ha&on’s parton wavefunction. We discuss special tests for such sys- 

tems in Section II. Finally, in Section VII we speculate on the possibility that the initial 

color separation controls the height of the multiplicity plateau, and that events with large 

multiplicities are send tive to gluon exchange contributions. 
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II. Charge Retention by Quark and Multiauark Systems3 

Fepma.n4 originally proposed the elegant ansatz that the total charge of a jet 
- 

could reflect, in the mean, the charge of its parent. Hawever, as noted by Farrar and 

ROSlM?r, 5 this connection can fail in specific model calculations, and accordingly there 

has been little subsequent interest in using this method as a jet discriminant. 

In order to see why exact charge reten- 
M 

tion fails, consider the simple model for 

ee + --y-q6 - hadrons shown in Fig. 1. The 

rapidity interval lyl < ymax-z ’ log s is filled 

uniformly by the production of neutral gluons, 
-.o ..‘I bl m-Y* 

which subsequently decay to q< pairs. These Fig. 1. Simplified model for the rapiditi 

then recombine with the leading quarks to 
distribution of virtual gluons a&i 
mesons in e+e- -qq - hadrons. 
See also Section LU. 

produce mesms. If we could cut through a 

meson and sum ail the charges to the right of the point ya, then clearly Q,(y > y,) =Q-. 
q 

However, since we must sum over hadron charges an extra quark is always included in 

the sum, and the total charge corresponding to the antiquark jet is 395 

+J =Qq+qQ (2.2) 

where 77 
Q 

=cQ > q sea is the mean charge of quarks in the sea: 17 Q =; (2/3 - l/3) = l/6 for an 

SU(2)- (or W(4)-) symmetric sea, andnQ =L(2/3 - l/3 - f/3) = 0 for an W(3)-symmetric :: 
sea. Actually this result is quite model-independent, and Eq. (2.2) will apply to all jets 

which need a quark for neutralization. More generally, for any conserved charge ‘I= Iz, 

B, S, etc., one predicts3’5 i 

4>J=hJ*qA (2.3) 

where A 
J 

is the quantum number of the parent quark or multiquark system and the sign is 

+ (-) if the parent needs a quark (antiquark) to neutralize it. Sotice that n n is independ- 
. 

ent of the process and of the jet t>ye and i.s a universal number. 3 Th? result (2.3) is un- 

affected by resonance decay or bnryon production. From parlmetrizations6 of the quark 



+, Q=2/3 

Fig. 2. Parton model diagram 
for VP--P-X as vie+:cd 
in the \V+p c. m. sys- 
tem for the valence 
region (xbjz 0.2). 

II-“w I . . ..I. . 

Fig. 3. Idealized distribution for Lv’p - X (VP -p-X) 
as s-w. 

distribution functions, one can already 1 ’ I I I I 1 I 1 

determine empirically that qQno. 07, cor- 

responding to partial suppression of the 

40 

t 

l h++h- I:P,'5 
o h+- h- I 4 > 90' 1 

strange and heavy quarks in the sea. For 

1 the usual quark models, nB=:, nIz = 0. 

Given the fact that the n,l are uni- 

versa1 numbefs n-hich can be established 

empirically, quantum number retention 

can be a viable method for identifying 

specific quark and multiquark systems. 

For example, Fig. 2 shows the expected 

initial quark flow in the W’p c.m. sys- 

tem for VP -p-X, in the valence quark 

&.I-: j/8+%+$: 

O.lL ’ I I I I I I 

r\ . 

region 
%j- 

>O. 2, and Fig. 3 indicates the c 

predicted hadronic charge distribution 

-4-3-2-l 0 I 2 3 4 

Y cm. p*.l) 

dN+/dy - 
Fig. 4. Data from the Ferrnilab 15 ft bubble 

d?J-/dy expected at very large chamber for L*P -,u.%. i The rapid- 

6 = wP)2* 
ifydistrib ution and the charge struc- 

For xbj ~0.2, the presence of ture dA+/Z:i - dS’/dy of tile final 

sea quarks nhich can be hit by the Wi 
state are shown, as weii as the 
transverse momentum distribution 
of the emitted hadrons. The curve 

tends to further increase the asymmetry for cpT(y)> is from pp reactions. 

between the two hemispheres. Taking 

r1~=0.07, this implies that the plateau height ~511 be ~2.3 times larger in the target (UU) 

fragmentation region compared to the current(u) fragmentatiou region. The dstzi7 (Fig. :a) 
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(a) 

I dN+ dN- --- 
dy dy 

Fig. 5. The Drell-Yan mechanism and the 
expected charge distribution for 
#p - f+f-+S in the vaience- 
valence region (.Y~, x > 0.2). P- 

Fig. 6. The Drell-Yan mechanism for 
K-p - f’.C’+X in the valence- 
valence region (xX, xp 2 0.2). 

seem consistent x-ith this prediction. It is also interesting to note that the transverse 

momentum distribution of W’+ ’ -induced events is the same as that measured in pp colli- 

sions, shown by the solid lines in Fig. 4b. 

One of the most interesting areas of application of the charge retention technique is 

to confirm ‘tie underlying quark structure predicted by the Drell-Yan process.8 For 

example consider ;T” p -2+1-X in the valence quark region- (“a, xb 2 0.2; xa-xl, a~ xL, 

xayvK2/s), T he predicted quark-flow diagrams and the charge distribution of the 

final state hadrons are shown in Fig. 5. We estimate that the ividth of the charged frag- 

mentation regions is -2-3 units in rapidity so very large s is needed to make a clear 

separation. Even at moderate s, though, one can study the ratio of the charge-difference 

plateau heights. 

Because of the high energies available, and the possibility of controlling the momen- 

tum fractions xa and xl, systematic measurements of the hadron fra,gmenmtion region in 

the Drell-Yan process can lead to essential information on the complete hadron wave- 

function in both the wee and valence quark domain. For example, the expected charge 

distribution in the valence region for K-p -ff-X is shoivn in Figs. 6 and 7. As in the 

previous examples, we assume that the (uud) Fock space wavefunction is the dominant 
m 

component in the proton at large .ybj’ and that the rapidities of the spectator u and d 

quarks are nearly equal to the initial rapidity. If we now consider events with .xb small 



I dN+ dN- 
5-F 

n 
/‘/-a \ 

K- 
fragmentation 

, . I reqm % 
pmton I 
frogmentotion 
region 

,+-c ------I 

Fig. 7. The expected distribution of charge in 
rapidity for the process of Fig. tj. 

Fig. 8. The Drell-Yan mechanism for 
K-P - .C+L-X in the “valence-sea” 
region.(>;ti z 0.2, “pi 0.2). 

Fig. 9. The e.xpected distribution of ch!ir:e in 
rapidity for the process of 1-i:. 6 in 
the “hole fragmentation” model. 

or wee, diagrams 8a and 8b be- 

come important (with a dominant 

because Qz = Qi). In models 

where the extra u6 pair is crea- 

ted from a neutral system, e. g., 

from gluon decay as in Ref. 9, 

then the wee quark charge is 

compensated locally in rapidity, 

and one expects the charge dis- 

tribution shown in Fig. 9. This 

is also the prediction of the 

“hole” fragmentation model of 

B jorken 10 and Feynman. 4 On 

the other hand, the charge dis- 

tribution of the proton fra,gments 

may be more homogeneous, 

since it is possible that the inter- 

acting wee quarks are constitu- 

ents of b-irtual charged and neu- 

tral mesons, as suggested in 

Ref. 11. The same result is 

predicted if we assume that the 

bound qluarks of the spectator 
19 

system exchange momentum and tend to equaiize their velocities. LA The resultirg charge 

distribution v.,ould thus resemble Fig. 10. Thus detailed measurements of the charge 

flow in the hadron frn,grnentation regions could Lvell distinguish betnveen these basic theo- 

retical models. Comparison behveen the Drell-Yan process, i;’ production, and ordin3q 

collisions should be illuminating. 

Other tests of charge and quantum number retention, especially in e+e- annihilation, 

are discussed in Ref. 3. 

-8- 



4 dN+ dN- --- 
dy dy 

-Fig. 10. An alternate possibility 
-for the distribution of 
charge in rapidity for 
the process of Fig. 8. 

XII. A Model for Jet Frazmentation3 

0 

’ ‘09 (=bj) 

’ One of the basic uncertainties in the quark model is the nature of the space-time 

evolution of the final state hadrons. III constm-cting a model one must keep in mind that 

(aside from resonance decay) the emission of one hadron cannot cause nor directly influ- 

ence the emission of other hadrons, since they are at a space-like separation. A simple 

model for e+e- --hadrons, which is g realization of Bjorken’s inside-outside cascade 

mechanism, 10 is show in Fig. 11. After the qq begin to separate, (virtual) gluons are 

emitted with fht distribution in rapidity. One 

assumes thti each gluon lives, on the averxge, a 

% - characteristic proper time t= l/d, produciq 

quarks and antiquarks which recombine to form 

color singlet mesons. The hadron production 

then occurs near the hyperboloid, t2-x2= d’, 

which meets the quark wor!d line at t-yd. The 

initial quark and antiquark are thus free for a 

time t a & which justifies them as being treated 

as free particles in the calculation of the annihi- 

lation cross section. In the e+e- center-of-mnss 

frame, the fastest mesons are emitted last. l3 

x=1=0 

Fig. 11. Space-time evolution of the 
hadronic final .s*tate in e”e’ 
annihilation. The initi31 o: 
pair is produced 3t s=t=u 
and the hadrons 3re pro- 
duced near the hy?erboiold, 
t2-x2=d2. The tr3ns;‘~rse 
direction is not si;o$Ln in 
the diagram. 

Although this model is grossly oversimplified, it is causal and covariant and has 

many characteristics e?cpected in gnuge theories and jet prodaction. Resonance and 

baryon production can also be included. The model can serve 3s a simple testing ground 

for the effects of quark mass and v3lence effects, etc. An application is the quamum 
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number retention rule, Eq. (2.3). Further, in this simple model the meson multiplicity 

is roughly equal to the gluon multiplicity and grows logarithmically. We discuss this 
a 

feature further in the color model of Section VI. -. 

Iv. Laadinz Particle Behavior 

In addition to its retained quantum numbers an important discriminant of a jet is the 

x-l behavior of its leading particles. The basic idea is as follows: consider a fast 

moving composite system A wi+h a large momentum 5*//z. See Fig. 12a. The proba- 

bility that one constituent (or subset of constituents) a, in a virtual state, has nearly all 

the momentum of A must vanish rapidly as the remaining constituents, the n(a) specta- 

tors, are forced to low momentum. In fact, assumi,ng an underlying scale-invariant 

model one finds 14 

G .,*(x) = dNy$x) (xzl) C(l-xpl(~) -I (4.1) 

where x is the light cone momentum fraction, ?I= (P;+P,a)/(?;+P;). This result for the 

probability distribution leads to ‘the predictions Y&’ 
2P 

-G q,p(s) -(l-x)3, vW2;;~(l-x), 

G ,/,-(1-x), G9,p-(l-x)7, GJl,B”(1-x)5, etc. Comparisons with- e.xperiment, correc- 

tions and other modifications are discussed in Ref. 1. 
. 

An immediate application of the countir g rule (4.1) is the prediction of the 

XL’Ps 
c. m. ,p;.Eix dependence oi the for,vard inclusive cross section for the dissociation 

of a composite system. For example, one predicts 

for fast nuclear collisions (see Fig. 12b) 

’ * i? 5 
(A+B-p+.X) - (LxL)6(A-1)-1 (4.2) 

and 

$~(A+B--A~+Ic) v ‘(I-x~~ (A-A’)-1 (4.3) 

since there are 3(A-A’) quark spectators forced 

to low momentum. These and other predictions 

have recently been shown in a beautiful anaiysis 

by Schmidt and Blankenbecler 15 to be in striking 

- 13 - 



agreement with measurements of deuteron, alpha, and carbon dissociation at LBL. The 

prediction Gp,d -(l-x)’ is also consistent with the Fermi motion observed in measure- 

ments of ed -epn for x = -q 2 /2p l q - 1. 16 
d 

Gne of_SPe most intriguing applications 17 of the counting rule (4.1) is to forward in- 

clusive hadron reactions pp --;rX, etc. For xL - 1 this is normally considered the 

domain of the triple Regge mechanism, where do/dx (A+ B -C+X) - (l-x) l-20 PI. How- 

ever, in the range 0.2 <x ~0.8 the measured cross sections 18 
E appear to have pT- 

independent powers of (l-x) (especially when parametrized in terms of xR=pC’m’/p~~’ 

and is thus more suggestive of a fra,gmentation mechanism. 

At this point we shall distinguish three pos:ible fra,gmentation models for high energy 

19 ha&on collisions : 

(1) The incoming beam is dissociated by the Pomeron. l7 Then as in Eq. (4.1) 

&~/~~(A+B--C+-X)-(~-XC)~“(~)-~; i.e., the fragmenting jet is the excited hadron A. 

(Although XC is defined as the light-cone variable, xC=.xR should be sufficiently 

accurate. ) 

(2) Inelastic collisions begin with the exchange of a color gluon, as in the Lowpo- 

NussinovB1 model. See Fig. 13e’. The fragmenting jet is then an octet (A)8 with the 

same quark structure as A. Again, one predicts the same distribution as in (l), if C#A. 

(3) Inelastic collisions begin with the exchange (or annihilation) of a wee quark, as 

in the Feynman wee parton model, as in Fig. Ee. The fragmenting jet then has one fewer 

spectator compared to the gluon or dissociation mechanisms. We thus have 19 

clo/dx(A+B -C+X) - (l-xc) 2n(CA)-3 
(4.4) 

For example, for pp - 7+X, the ;;+ can be formed from the five-quark Iduuad> Fock- 

state component of the proton. The Pomeron or gluon excitation models (1) and (2) then 

give dm/dx - (l-x)‘, corresponding to three spectators (dud), whereas wee quark exchange 

(3) gives do/dx-(1-x)3. The ISR dataI* for pp -r’X is consistent with (1-xJ3* ’ for 

~~~0.85 GeV, 0.4<x<O.9 when fit using the vari.able .xR=pc*m*/p~;~‘, or (1-xL) 3.5 

when fit using x L’PZ “‘“‘/p;‘mmjy. This then gives support to the quark excharge picture. 

We discuss further consequences of this model for hadron m*ultiplicities in Sections VI 

and VII. 
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Predictions for particle ratios are independent of which mechanism (l)-(3) is 

assumed. For example, just by counting the extra quark spectators one predicts 
a 

(pp-K-X)/@p -K+X) -(l-xl+4 and (pp ---a)/@~ -AX)- (l-k)* which appears to be not 
18 inconsistnt with experiment. One also can predict ratios for different beams for mas- 

sive lepton pair and ti production. These and other applications are discussed in Ref. 19. 

If the quark exchange or annihilation mechanism (3) is actually correct then there 

can be a remarkable, long-range correlation set up in double-fragmentation reactions. 

For ewmple in pp - =Tl)z;2) X, with fast pions in the forward and backwaro direction, the 

requirement of quark exchange or q;i annihilation forces an extra pair of spectators. One 

then predicts do/d.xl dx2 (pp - ~7~) rT2)X) -(l-~~)~ (l-~~)~+ (x1-x2). This feature of the 

model and further examples are discussed in detail in a recent paper by Gunion and my- 

self. lg 

V. How to See a Gluon Jet 

Thus far in this talk, the emphasis has been on quark and multiquark jets. It is 

apparent that at some level QCD must imply the e.dstence of gluon jets. Several essen- 

tially scale-i:variant processes have been suggested to find such systems. For example, 

the subprocess e+e- --q;g {see Fig. 15~‘) leads to a coplanar three-jet configuration, 22 

and the reaction y*q -gq leads to a double jet structure in the current fragmentation 

region of deep inelastic electroproduction. 23 However, the background from constituent 

interchange model processes such as e+e- --q$hI and y*q--Xlq is severe until very large 

pT and &; this is discussed in detail by DeGrand, Ng, and Tye. 24 Gluon jets, of 

course, may also be predicted in high pT reactions from gg -gg, RIq -gq, etc. 25,26 

Recently Caswell, Horgan, and X25 have considered several processes which must 

have a lower limit for gluon jet production if os#O. For example, by comparing contri- 

butions the subprocesses q< -y* -p+p- for large pT single muons and q;i-.vg for large 

‘pT (real or virtual) photons,we can derive a lower bound for scale-invariant hard photon 

production (see Fig. 13), 26 

Edo/d3p (pp --“/ X) SY 3 s 4 =-- 
Edo/d3p (pp - /L-+X) o! - <sin2 8> 

(4.1) 
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(0) 

P 

P 

Fig. 13. (a) Contribution of the qq---+p- 
subprocess to /.I+ production at 
large pT. (b) Contribution_of 
qq-z to real or virtual photon 
production at large pT. 
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Fig. 14. 

PL (GeV+) 3 “..I 

Predicted contribution Edg/d3p 
fp -yX) at plnb = -100 GeV/c, 

=90° from the scale- 
ir?&%ant subprocess (~4 --^,z:). 
For reference, the Ci~icngo- 
Princeton data of Crorin et al. -- 
for pp--;r X is sho~vn multi!:lied 
by a vector meson tio:nln;int 
factor of 10B2. From Ref. 26. 

where t? is the c.m. angle of the subproc- 

ess. This result should be applicable for 

pTz 4 GeV, where the qi-p’p- subprocess 

dominates the single muon cross section. 

Notice,that all the uncertainties from the q 

and ;i distebutions cancel in this ratio. The 

predicted cross secticn for cus=O. 25 and an 

estimated background from vector domi- 

nance terms are shown in Fig. 14. When the 

subprocess qq-rg dominates, a gluon jet is 

predicted on the away side of the direct 

photon, although other subprocesses such as 

qg-qy can also contribute here. 

In general, any collision that produces 

direct (real or virtual) hard photons, e.g., 

pp--y+X, e+e- -y+X, ep-ey+X, etc., 

will also produce a gluon jet with a cross 

section from the substitution Q -2 3 %’ 26 A 

useful way to verify the hard photon-quark 

current coupling in e’e- -q$ and eq-eyq 

is to measure the charge asymmetry in 

+ ee --yh?, and e*p -ee’yX as discussed in 

Ref. 27. 

A gluon jet may be identified from the 

global neutral character of its quantum num- 

bersand relative to quarks, the suppression 

of leading fra,gments. For example, one 

&\Tects G T,q(S)/G;r/gW -as(l-x) log s/mq2 

:vhere the nonscaling factor is due to the 

qfK; ialloif of the q& coupling. However, 
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the most important discriminant of a gluon jet may be its hadron multiplicity density 

dn/dy in the central rapidity region. We discuss this possibility in the next sections. 
s 

VI. The Dynamics of Color Separation 

One of the central questions in the quark-gluon description of hadron dynamics is the - 
question of what controls the magnitude and energy dependence of hadron production. In 

a recent paper, Gunion and I 12 considered the possibility that the multiplicity distribution 

at high energies depends in a quantitative way on the color separation initially set up in 

the collision. In quantum electrodynamics, soft photons arise via bremsstrahlung from 

initial or final charged lines, and the average multiplicity is computed from the sum over 

all charged-particle pairs, each contribution depending on the product of their charges 

and a function which increases with the relative rapidity separation of the pair. In the 

analogous case of quantum chromodynamics, charge is replaced by color, and the 

hadrons-which are color singlets-do not radiate. Radiation of colored gluons occurs 

only when Tao colored objects (e.g., virtual quarks) are separated in rapidity. In addi- 

tion there is a natural infrared cutoff determined by the size of the confinement region of 

color. We presume that the radiated color gluons eventually materialize as hadrons in 

such a way that the hadron multiplicity is a direct, monotonic function of the rising gluon 

multiplicity and hence only depends on the separating color currents. (A model where . 

this relationship is linear is discussed in Section III.) Two processes with the same ini- 

tial color-current configuration will thus produce the same multiplicity in the central 

rapidity region. (The principal effect of quark flavor will be to influence the quantum 

numbers of the leading hadrons. ) The separation of color together with the eventual con- 

finement of color thus leads naturally to a rising hadron multiplicity. 

In the canonical case, e+e- -hadrons, the electromagnetic current produces at 

time = 0 a quark-antiquark pair, and there is an initial separation of color 3 and 3. Even- 

tually the systems are neutralized and produce hadron jets, as in the model described in 

Section III. It is evident from the structure of QCD that the gluon radiation depends on 

the magnitude of the color charge and the rapidity separation of the q and 6 systems, and 

that it is flavor-independent; i. e. , for the same rapidity separation the central hadron 

multiplicity is independent of ~‘hich flavor quark pair is produced. In particular, we 
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expect a decrease of <\ad> in e+e- -hadron at the charm (or other heavy quark) thres- 

hold, but otherwise a>e+e.. -had = nz3 (s) Ii-ill have a smooth monotonic increase with 

log 6. 

This simple connection of color separation to hadron production implies that the 
4 

same function “33 -(s) controls the central region multiplicity in every process which be- 

gins with 3-5 separation, e. g., deep inelastic lepton scattering lp --P’X (Lq -1q’), and 

the Drell-Yan process X+B -‘flX (q;i -L?). See Fig. 15a,b, c. However, if a collision 

involves the separation of other color charges, e.g., color octet jets produced from ini- 

tial gluon exchange or production of a gluon jet, then we predict a different, higher, 

rapidity height. There is also the intriguing pzssibi:iQ of color interference when sev- 

eral color systems are separated. 

A crucial question in the above a,nalysis is how to interpret the spectator system 

when a wee quark is removed from the hadron wavefunction. We shall assume that Fock 

space quarks tend to have similar velocities and rapidities in a bound state, and thus at 

the time of the int’eraction the spectator system can be regarded as a coherent 3 state 

with the rap’idity of the initial hadron. 12 On the o+&er hand, if one assumes that the n-ee 

quarks are the children of gluons in lowest order perturbation theory,’ then the specator 

system would consist of a color octet at the rapidity of the hadron, and a 3 at the rapidity 

of the struck quark. This argument seems tenuous, though, since the quark partons can 

exchange gluons over the indefinite time before the interaction. The role of gluon 

exchange in electroproduction is discussed further in the ne.xt section. 

Given the simple 3 structure of the spectator n-avefunction, we then are ied to ti- 

versa1 multiplicity plateaus in the current and hadron fra,gmentation regions of deep 

inelastic scattering, and the prediction that the multiplicity in y’p - X is independent of 

q2 at fixed s = (q+p)2 -even for real photons. These results 12 are in apparent agreement 

with experiment. 1 

It is perhaps useful to briefly review the multiplicity calctiations for QED. 28 The 

analogous problem to the color situation is the calculation to all orders in tr of the num- 

ber of soft photons emitted by the outgoing muons in e+e- -pL’;(-. The multiplicib is 

given by a Poisson distribution where <n,,> is determined simply by lowest order matrix 
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expression 

k 

(6.1) 

Here p= 1-m4/(p+. p-) 
II 1 2 1/a l+B is the relative velocity of the pair and y= i log d 

l-3 
is the 

relative rapidity. .A rapidity plateau arises naturally from the k-p singtllarity of the 

angular integration near the light cone, and the dk/k integration serves to modify the 

height of the plateau. In QED, kmin = 0, and <ny> is logarithmically infinite. In QCD 

where there is eventual confinement, the gluons of very long wavelength (kmin less than 

some hadronic size R-l) decouple since they only see an overall color singlet system and 

the multiplicity can be finite. Since krnaxs &/a?>, we then have 

al >== 
Y n ( 

log21 1) log* (s >, m2) 
min 

(6.2) 

where the hadronic kzin is the size of the color separation region. (In the model we 

discussed in Section III this region grows in proportion to &.) 

The result that the QED multipiicity (for kmin, d 0) behaves as log2 s at high energies 

is somewhat surprising and perhaps deserves further comment. We first emphasize that 

this contribution is not dominated by the photons produced at large kT relative to the 

charged lines. 2g Even if we were to impose a cutoff at kT = k sin @ = km=, the aqqilar 

integral still yields logarithmic form / d03/(tlp+m2/sj - log s. The actual transverse 

momentum distribution ofi the photons is interesting: the infinite sum in cy falls off as a 

Gaussian3’ for moderate k; whereas at high kT, the scale-invariant dk$%$ hard photon 

perturbation theory component takes over. Furthermore, the single photon distribution 

has a hint of the “seagulll’ effect. If we use light cone variables with x= (kO+k3)/(p2p$, 
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y=lag X+ C then the leading p+-*p- term in Eq. (6.1) gives 

-= 
4 % 

(Y/77 
2& .2+x?m2 [1 +qm’/(%p+. p-)2] 

(6.3) 

Thus &$, grows with x *m2 at small -’ l-5. Sotice that in the central region (e.g. , 

x-0 (m/&s)), the rapidity distribution is essentially flat, with dN/dy-cr/x log s/l=$ min. 

Chromodynamics is of course much more subtle and complicated than electrodynam- 

ics, and all we shall do here is argue that QED at least provides a covariant and consist- 
. 

ent model for multiparticle production lvhich may represent a pattern for gzuge theories. 

We also note that the work of Ref. 31 suggests the possibility that the radiation 1 

of gluons in QCD may e&ponentiate into an effective Poisson form when gluons of the 

same order in the quark current are properly grouped together. 

VII. A Two Component Color 1IociFl 

An intri,ouing feature, evident from the perturbation theory structure of QCD, is that 

alI reactions can be classified according to nhether the initinl interaction separates a 3 

and 3 of color or separates octets of color. This is illustrated in Fig. 15 for (a) electro- . 

production, (b) massive muon pair production, (c) e+e- annihilation, (d) high pT proc- 

esses, and even (e) ordinary forxard interactions. In each case only ‘he initial interac- 

tion is shown; there is then subsequentgluon (and hadron) radiation lvhich neutralizes the 

colored systems. 

Using the color model’2 . discussed in Section VI, we e.xpect all of the reactions on 

the left side of Fig. 15 to have the identical plateau height dnjdy for rapidities in the 

central region betxeen the separated 3 and 3 systems. In fact all of the jet parameters 

.ig >, quantum number distributions, etc. should be indisticguishable in this region. In 

contrast to this we shall argue that whenever color octets are separated, the plateau 

height in the central region connectirg their rapidities will be 2t times as high: 

d+#~= g/4 d”39/4. 2 v* the number 9/4 [=2/(1-ne2) in color X(n)] is derived from the 

lowest order perturbation graphs for gluon emission. 
12 Roughly speaking, an octet has 

a color charge equal to 3/2 that of the triplet. 

We can also give an intuitive argument nhich sholvs \vhy octet separation le?ds to a 

rapidity height at least ntice that of separating triplets. 
32 Consider the gluon exchange 
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3-5 SEPARATION 

(a) 

(b) 

c+ 3 

Y 

>----?/’ a- 
5 

(d) 

P’ ’ 1 ,’ 3 
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3 

9 

3{ $.J-+P 

5-77 i (e) 

OCTET SEPARATION 

< P 

(b’l 

3 

(d’) 

P 

+T= 
P 

8 

8{=q-’ 

(e’) 11*1511 

Fig. 15. Contributions to e:ec!roproduction, xassiye pair 
production, c+e- 2:L?ikilntion, lnr:c ??T hadron 
production, 2nd ic r.l’nrti kncirc:!ic coi!i~io!:, ircm 
both 3-z and ot!ct-s>c:ct sepnrntion in cciijr. In 
(e), the qq CZ:I :!n::L!li:!:c to 3 coiur xi::glet or 3 
wee quark cm be eschar~ed. 
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diagram in Fig. 15d+ for a large pT reaction. It is clear that there must be two neutral- 

ization chains connecting the top and bottom 3 and 3ls, and the multiplicity will be double 

that of electroproduction at the corresponding kinematics for 3-3 separation, as in 

Fig. .15a. ,At low pT, the same graph reduces to the Low 20 - -NussinovB1 model for the 

Pomeron, Fig. 15e1, and the Wo neutralization loops will interfere. The interference is 

not destructive since tJ-@ would correspond to color singlet exchange. Thus the resulting 

multiplicity plateau height must be at least double that of electroproduction or e + --q& e 

The QED analogue of this result would be positronium+positronium -e+e-e+e- via photon 

exchange. For a high pT collision the soft photon radiation has the usual plateau height 

along each outgoing lepton. At small pT the intefrference of the radiation from different 

charged lines causes the plateau height to vanish in the case of photon exchange, but 

gives four times the height if the photg,n could transfer tcvo units of charge. Notice +,hat 

in the case of the color, the interference effect vanishes if “color - =. 

. 

It is possible that all hadron processes have both triplet- and octet-separation com- 

ponents, but that the latter is suppressed, at least at low energies, because of the extra 

associated multiplicity. Thus we speculate 12 that quark exchange and annihilation gives 

the dominant mechanism for massive pair production (Fig, 15b) (the Drell-Yan model) 

low multiplicity large pT reactions (Fig. 15d) (the constituent interchange model), and by 

continuity to typical small pT hadron reactions (wee quark exchange 4s 12). (See also the 

analysis of Section IV.) This ansatz, plus the color model, then can account for why the 

multiplicity plateau is observed to be essentially universal, 2 in all of these reactions, 

On the other hand suppose we specifically consider events with high multiplicity, 

e.g. I trigger only on events with at least double the usual hadron multiplicity. In this 

case the color octet diagrams on the right side of Fig. 15 will be favored, exposing the 

Berman, Bjorken, Kogut33 gluon-exchange contribution for high pT jets, and the Low- 

Nussinov gluon exchange mechanism for low pT hadron reactions. Furthermore, a nev 

essentially scale-invariant contribution from glcon exchange to pp --p’p-X shown in 

Fig. 15b’ will be dominant. (Notice that, unlike the Drell-Yan mechanism, this contri- 

bution gives the same production cross section for proton and antiproton beams.) 
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Similarly, the double multiplicity trigger in e*e’-hadrons will enhance the e+e’- qk 

contribution. 

A two component color model for ordinary forward rea%ions automatically leads to 

a eorrel@on bebveen left and right hemisphere multiplicities of the type observed at the 

ISR34: the gluon exchange component will be dominant for events with a large rapidity 

plateau height dn/dy are considered, thus giving a large multiplicity throughout the cen- 

tral region. 

Finally, we emphasize that by studying events with at least double the average multi- 

plicity in pp collisions, one may be able to study qq -qq scalttering as it gradually 

evolves from the low pT region (Fig. 15e’) to high pT scale-invariant jet production 

(Fig. 15d’). This can provide anearly bias-free way of determining the jet-jet cross 

section. 35 Aside from its dependence on the effective coupling constant ‘Y~@T) we 

emphasize that the gluon exchange term is scale-invariant, ad thus unlike quark ex- 

change, does not contain a strong p T cutoff of the forward jets. 

VIII. Conclusions 

In this talk we have emphasized how the discrimination of various jet phenomena can 

determine the basic quark gluon mechanisms which control hadron dynamics. In partic- 

ular, we have shown how quark, gluon, and multiquark jets can be distin,ashed by their 

retained quantum numbers, the leading-particle x dependence, and the multiplicity 

plateau height. A summaT of representative jet parameters is given in Table I. Nas- 

sive pair production reactions A+B -1+1-+X should be particularly interesting to study 

since the nature of the associated jets changes as one probes the wee and valence quark 

region. It is also interesting to study these quark and multiquark jet systems in a 

nuclear environment. 

. - 

We have also emphasized the essential two-component nature of QCD and the rele- 

vant role of quark- and gluon-exchange mechanisms. In particular we have argued that 

wee quark exchange is the domirant hadron interaction at present energies. The ansatz 

that gluon exchange and production contributions can be made dominant by using a double 

multiplicity trigger could be an important phenomenological tool. Its confirmation would 

establish the dynamical role of color separation in multiparticle production. 
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Table I 

Jet Type Multiplicity Example Global Charge LeadiGm Particle Typical Reactions 

gluon n8* 6) Et 

B8 n88 65) (uud) 8 

y38 w 

U 

d 

w 3 

(ua,, 

constant p 

M constant 
+ 

A 

-. 
2 
- - 3 rj Q ?r++, (l-x) current induced, 
1 large p 

--- 3 qQ =, (lox) Drell-‘;TaTn . 

P, (l-x) 

Q 
r+. (1-x)3 

-t 
M, (1-x)’ logs 

0 
B, (l-~)~ logs 

1 
P, (l-x) 

*+, (1-x)5 

1 
*+, (l-x) 

PI (l-xl5 

I quark exchange 
reactions, 
Drell-Yan, 
baryon spectators 

e+e- -42, 
PP -YX , 
large pT , 
current induced 

gluon exchange in 
hadronic reactions, 
B+B-X 

gluon exchange in 
hadronic reactions, 
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c8) LARGE TRANSVERSE MOMENTUM PROCESSES 

AND THE CONSTITUENT INTERCHANGE MODEL 

(in collaboration with R. Blankenbecler and J. F. Gunion) 

I. Introduction 

Hadro@c collisions involvin g the production of particles at large transverse momen- 

tum have the exciting potential of being able to resolve the underlying structure of hadrons 

and the interactions of their constituents at very short distances. The phenomenological 

features which have emerged from the recent ISR and Fcrmilab experiments-particularly 

the jet structure and the scaling laws of the inclusive cross sections-appear to be consist- 

ent with the properties expected from underlying two-body hard scattering subprocesses. l-4 

The data4 for single particle cross sections, charge, momentum, and angular correlations 

are now so extensive that the constraints on models are overwhelmingly restrictive. 

In this lecture we u-ill present a c?omparison of this data nith t!!e predictions of the 

constituent interchange model2 (CIX). The central postulate of the CI31 is that the dor?zi- 

nant short distance subprocesses are quark-hadron interactions (e.g., q3I -qqBI, 

qB -qB, and the reacticns related by crossirg, q;i - ?*L\I, etc.) v:hich may be computed 

from an underlyin g scale-invariant field theory. \Ve emphasize that such diagrams 

< _ contribute in anv quark model since their amplitude normalization is aiready fixed from 

the hadronic Bethe-Salpeter \vaveiunctions, elastic form factors, momentum sum rules 

for structure functions, etc. In fact, as we show in this paper, the ClX predictions are 

consistent not only with the scaling laws and angular dependence cf the measured esclu- 

sive and inclusive large pT cross sections, but also ltith their normalization. The ne:v 

preliminary data from the British-French -Scandinavian grcup (BFS) presented at 

Flaine by M@llerS on charge and momentum correlarlons also appear to support the 

basic features of the Cl31 suhprocesses, in particular, the prediction of strong quantum 

number correlations between the trigger particles and the aziWay side jet. 

It should aIso be emphasized that dominance of the CD! diagrams at present energies 

is not incompatible with the assumption of a funcllmen+~l quark-gluon field theory such as 

quantum chromodynamics. in particular, the single gluon tcschange term for quark-quark 

Scattering, 

& 2 4ra; ,2+u2 -- 
z=9 p -gz-- ’ 

- 2j - 

(1.1) 



has been shown in Reference G to give a contribution below present data for 

QOP 
d3p/E 

- rX) for all pTz8 CeV, assuming o[s p; ( ) 2 . Q(a conservative value). The 

CIM contributions will then dominate at lower pT simply because of the relatively large - 

effective hadron-quark coupling strengths. We note though that the qq- qq cross section 

could still be an important contribution to jet-trigger experiments in which the effect of 

trigger bias is removed. 

II. CIM Predictions 

In the constituent intercharge model and other hard scattering models, the inciu&ve 

cross section for A + B -C + X at large pT can be written 3s a convolution over structure 

functions G 3~A~“3&3)~ Gb,B(d\sqb)s and 

cc/c(xc ’ 
<) times the square of the matrix 
hr 

element for the subprocesses a+ b -c+ d (see 

Fig. 1). In a scale-invariant theory, dimen- 

sional counting’ predicts at large pT 

g(a+b-ctd) 3 ’ 
2 “3ctive 

-‘> WC m ) v (2.1) 

( ) 
’ ’ 

PT 

where n active =“a+% 
in +n is the number of c d 

Fig. 1. Hard scattering subprocess 
contribution ab - c;d to the 
inclusive cross section 
A+B--C+X. 

elementary fields in the subprocess, and8 G 3,A(x3) - (Ls,)~(~)-~ at x3- 1, where 

n(a) is the number of elementary particles left behind-in the fra,menhtion of A-a. 

These predictions are based on the short distance behavior of lowest order terms in 

renormalizable perturbation theories assumirz c a finite Bethe-Salpeter hadronic leave- 

function. Detailed dfscussions and comparisons with esclusive processes, form factors, 

large angle scattering, and structure functions are given in Refs. 4, 7, and 8. 

The result of the convolution then gives the counting rules 738 

(2.2) 



A 

where c=Yf/‘/s =(1-xT) at Bc m = lr/2 . Here nactive is the number of active fields . . 

in the high pT subprocess (e.g., n3ctive = 4 for qq -qq, 6 for qb1 -q>I) and 

F= 2nspect-1 where nspect =n(&) +n(%B) + n(Cc) is the minimum number of elementary 

ConstituenJs that “waste” the momentum in the fragmentations A-a, B-b, c-C (e.g., 

n aPec=5 and F=9 for qq -qq or qhl -q>I in pp -MX). Ln general, one predicts that 

aside from normalization effects, the subprocesses with the minimum n active (minimum 

pi1 Power) and minimum n spect (minimum F poner) will dominate the cross section at 

large pTV and small E. Thus, given the fact that 

the 44 - qq term has 3 small predicted normali- 

zation, the dominant terms for pp - x*, K+X G-ill 

come from the qhI--31 subprocess (Fig. 2a): 

“(pp.- r*,K+,X)- 
d3p/E 

Here m2 

etc. All 

represents terms of order c-g>, m2, 
Q 

other quark-hadron subprocesses lead 

. - to a higher power of l/pT or E. In the case of 

K- production, the dominant contribution at high 

pT small E will come from the “fusion” sub- 

process 3’ 2 qq-K-11 (Fig. 2b) 

El1 
d3p/E da @P-K-X)- ~p;+m2~~fU$m~) . (2.4) 

,-If (b) 

Fig. 2. Dominant CnI contribution 
to (a) pp-fi, K? and 
@I PP - K-X. 

A comparison of the ClJI predictions with the experimentalists’ fits to the Chicago- 

Princeton-Fermilab’ data for pp - T*, l?‘, p’X is shown in TabIe I. The agreement 

seems remarkble. For eSample, as shown in Fig. 3, the best fit for the Chicago- 

. Princeton 6c m =90° da& for pp--8+X is pi802 (1-+)‘*O (with uncertainties in n and . . 

F order hO.5). The relative suppression of Edo/d3p @p - ak)/Edo/d3p (pp - r+X) w 

(l-x$ evidently reflects the relative suppression of the d/u quark ratio in the proton 

structure function at large x. 
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Table I. Scaling predictions for Edo/d’p = C p;.” (McT)~. 

Large pT Process 

4 
pp-1;cX 

r- 

K+ 

Leading ClJI Subprocess 

qM -qr+ 

qhl-q8 

qM - qK+ 

Predicted 

n//F 

u/9 

a//9 

6//9 

Observed (CP)’ 

n//F 

8.2//9.0 

8.5//9.9 

8.4//8.8 

-. 

K- q: - K+K- 81111 8.9//11.7 

qM - qK- 6//13 

PP-px 12//5 11.7//6.8 

w/7 

PP -a @i-B; 
qhl - qh1 

MRI - q;i 

12//11 (8.8//14.2)a 

8//15 

8//15 

. - 

np-- 6//5 

8//T 

12//S 

8N3 

‘IThe i; fit has large uncertainties and is compatible with n=12, F=ll. 

10-27 

0 0.2 0.4 0.6 

m XT = 2P,/J5 *,.. 

Fig. 3. Sc3ling law fit to the 
cross section pp- 77+X1 
9 c, mm g 90°, ST’2pT/<S 
~0.3. From Ref. 9. 

A crucial check on the identification of the under- * 

lying subprocess is the angular dependence of its 

cross section. The leading CIJ! contributions at high 

pT to pp- IT+X arise from the basic process 

+ c -wr)=- AA3 (2.5) 
su 

and by ; -ci crossing 

CZ -d;r+) = 7 , 
S 

(2.6) 

These predictions can be obtained by explicit calcu- 

lation, or by using quark counting and the fact that the 

+ + 
UT --u7r amplitude corresponds to spin l/2 exchange 
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in the u channel. It is easy to see that d;r+ -d7;+ term gives a small contribution com- 

pared to the l&ding l/^sG3 term. 

The angular dependence of the subprocess can be directly determined from experi- 

ment either from the correlated angular dependence of the away side jet 10 or the angular 

depeadence”of the pp --TX inclusive cross section, 11 In both cases the experimental pT 

data are best fit with the form 

du 1 1 
-Aa7 or - 
dt st3 &i3 

(2.7) 

(equivalent because of the pp symmetry). It should be emphasized that this angular 

dependence implies elementary spin l/2 exchange in the t or u channel and is evidently 

difficult to reconcile with a subprocess based & quark-quark scattering. 

The convolution of the distributions G ,,,pI(l-$/x, Gu,p -(l-x)~/x and the cross I 

section for uA1 -un+ gives the Cl31 pLediction Edg/d3p @p - n”) a p;.” E’, with the angular 

dependence given in Eq. (2.7). An immediate and important question is whether we can 

understand and predict the normalization of the cross sections as well. This will be 

discussed in getail in the next section. The Cl31 subprocesses also make detailed predic- 

tions for the quantum number flow of the valence quarks in large pT reactions. We dis- 

cuss this and the general question of jets and correlations in Section IV. 

III. Normalization of CI31 Sub?rocesses 

A. The Meson-Quark-Antiquark Coupling 

The magnitude of the amplitude ,r/(ut -UT+) required for the CCII predictions (see 

Fig. 2a) is directly related to the normalization of the Bethe-Salpeter vertex function for 

+ z - ua which in turn can be fixed by the normalization of the pion form factor or equiva- 

lently, the momentum sum rule for its structure function. The connection is clear from 

Fig. 4a-c. For simplicity we shall at first ignore the minor effects of spin and param- 

etrize the large angle amplifude in Fig. 4a as .M(uT’ -UT+) =g2/u where g represents 

the n+ --id vertex function (i. e. , coupling constant); g has dimensions of mass. Note that 

g refers to the effective coupling of the pion to its valence q;i component, the wavefunction 

which dominates both the large angle elastic scatterin g amplitude and the meson structure 

function for x near 1. 
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n* n+ lr+ n+ 
i ;i 

4 x”a” 

U 

q 
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(0) r(rr+lJ-rr+u) (b) FI(q2) 

(d) &n+p--T+U) 

,-?, 

( f ) Direct Contribution 

I+ p---+x 31?7., 

Fig. 4. Contribution of the 7%~ -Y? u valence scatterirq amplitude (a), 
to the pion form factor (II), valence structure n.mction (c), 
large angle fp - f p sc3tterihg (d), and inclusive scattering 
(f) (direct contribution). The relationship of ptiotoproduction 
(e) to elastic scattering 3t large angles (c) is also shown. 

The contribution of the valence state to the pion structure function is then . 

(3.1) 

where M2(x)=m$l-x) +mi(x) -x(1-x)m%, which we shall treat as a phenomenological con- 

stant, The fraction of the pion momentum carried by the valence quark in the pion is 

1 2 
dxxG;~;(s) =$-& ; /l dxx2(l-x) (3.2) 

<&I (x)> 0 

A reasonable estimate is <h12(s)>- .23 GeV2 (to set the mass sc3le of the pion form fac- 

tor correctly) and f val 
U/T 

- 0.05 (from the empirical behavior of the fragmentation functions 

D + 
s /u 

(x) at x20.8 where D + 7T ,,(x) - Gv$ju(x). This gives the rough estimate g2/4a- l-2 

GeV2. We note that more accurate information on Gr+,U(x) in the valence region could be , 
obtained from forward pair production in the Drell-Yan process n+p -l’m-X. Note that g2 

includes the sum over color. 

An important cross check to determine the couplin, c of the meson to its valence com- 

,ponent is the magnitude of 13rge angle meson-nucleon scStering and photoproduction. 
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Quark exchange diagrams such as those shown in Fig. 4d for l;‘p scattering give an 

excellent parametrization of the fixed angle scaling behavior and angular dependence of 

-1 -4 -3 the cross section do/dt a s t u . A simple calculation, apparent from the impulse 

approximation structure of the diagrams, gives 

- 7r+p) z 4 g (r+u - 1;‘~) F;(t) <$ > (3.3) 

(The factor of 4 comes from the two coherent diagrams. The lr+d- n+d term is relatively 

small. The factors of x -1 occur here because the zq - ~;q amplitude is proportional to 

@$-” t-1 compared to the eq - eq coupling in Fp(t) which is proportional to &/t. ) 

Empirically, da/dt-0.4 nb/GeV4 at t=u=-10 GeV2, giving g2/4,w1. 1 GeV2, taking 

ao= l/3 (as expected from the proton valence wavefunction). 

Alternatively we can consider &e ratio of pion photoproduction yp -rp and np -Q 
. . 

scattering at fixed angle. The measured cross sections’;;’ are consistent with the dimen- 

sional counting predictions dc/dt z s -7’(@c m . . ) and dg/dts sm8 f(Bc m ), respectively. . . 
In the CII\I, Lhe amplitudes only differ by the replacement of the direct photon coupling by 

the composite meson coupling, in Fig. 4e. Thus we have 

$YP + --) ;I n) 2 X”n z -- .cx>$j 
3 g947r 

(3.4) 

-2 where A is the average quark charge. Using the measured ratio 13 at s= 10 GeV2, 

x2 =5/9, and cu>=1/3, we find g2/4a -1.2 Ge?. Of all determinations of g2 this 

invokes the least number of assumptions for parameter values, and thus should be the 

most reliable. We also note that the near equality of do/dt (;r+p - ;;‘p) and 

&/dt (K+p - K+p) at Bc m = 90°, s = 10 GeV2 implies that g2/4;7 is to first approximation . . 

SU(3) symmetric. We will discuss the implications of Eq. (3.4) for the inclusive y/n 

ratio at high pT in the next section. We can also predict the ratio of dcr/dt (yp -yp) to 

&r/dt (up-m) from a form similar to (3.4). 

B. Normalization of Inclusive Reactions 

Let us now try to predict the magnitude of inc!usive large pT reactions using the 

above coupling constant. The simplest contribution to ;7p-r;X comes from the “direct” 
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crcattering graph, Fig. 4f. One only expects this “quasi-exclusive” diagram to be impor- 

tant at quite large xR = l-e in analogy to the dominance of triple Regge contribution at 
w 

large XL. A simple estimate gives 

- VW,(X) %q-rrq) , 
dt 

xp %” -t/(mg- t)- , 

where e/d; (nq --;rq) is evaluated at i=xs, z=xu, i=t. The derived cross section 

behaves as ~T(l-x,.$~/p$. Using g2/4,=1. 2 GeV2, this direct contribution is in fact 

smaller than the observed cross section (but it should become dominant in &/d3p (q-7X) 

at xT ~0.6). 

Let us now try to predict the cross section for pp --nX for the various contributing 

CIM subprocesses. For completeness, we give the general formula for the contribution 

of subprocesses each parametrized as 

. 
2 (ab -Cd) = ZD 

sN-T-U (,tf (-u) u 
(3.6) 

to the inclusive cross section for A+ B - C+X: (E= 1-xR, F =a+b+i) 

Q(A+B-C+X) = c 
wJq* 

d3p/E 
I 

ab- Cd (pi)” 
(l+xRz )-F+ (1-xRz)-F- I . (3.7) 

The coefficient is 

“*a/As/B2 
F+ + r I’(a+2) I’(%+21 J 

i? (a+b+2) (3.8) 

where J(z, E) is a slow function of z = cos ec m and E, and J(z=O) = 1. Here xG . . a,A”(1-x)a, 

“Gb/B 
-(l-~)~. F- = T+l+b-N, and F+ = U+l+a-N. Typically, processes involving a frag- 

mentation or decay proFess a+b ---d with c - C+X are relatively suppressed because of 

the higher pT of the subprocess,and these will be neglected for the simple and rough 

estimates given here. 

Thus let us consider the contribution of the subprocesses &fq -KK+q to pp -K+X, 
. 

summing over the possible contributing meson states (see Fig. 2a). Here 

&/dt= (g4/16n) ,-+I-~, so D= (g2/4x)2, N=4, T=O, U=3. We take G bf,pW +-xl5 and 



val 
estimate fnf,pw fqp/fc,= -.03/. lOM.3, f 

s/P 
W 0.3 (only q=u makes a sizable contribu- 

tion). Note that the f’s are the fraction of momentum carried by both valence and non- 

valence states. The sum over mesons includes K+, K ‘*, K”, K”*, etc.; hence 

- ZfB1/*U4 fM,p” 1.2. 

If we take g2/4;7= 1.2 GeV2, as determined from exclusive processes, then 

Eq. (3.7) gives at 90’ 

“(pp-K+X) r 1.9 
@-‘R)’ 

d3p/E p; 
$3.9) 

in GeV units. This is the prediction for the “prompt” K+, those which are created 

directly in the subprocess. We estimate that thi contribution from decays, etc., would 

multiply (3.9) by -2 or 3. The Chicago-Princeton data’ at z = cos ec m = 0 fits . . 
e. 

(l-‘R)’ 

“(pp-K+X)- 5.1 ~ . 
d3p/E pT 

(3.10) 

After accounting for other subprocesses (e.g., qn - r;“n), this seems 

satisfactory agreement. The fact that Edv/d3p (pp - ;r+,u)/Edc/d3p @p -K+X) -2.2 in the 

. - data can be accounted for from extra resonance decay contributions for the pion and 

extra diagrams such as -d;;+ -dl;+. 

In the case of K- production, the counting rules predict that the dominant contribu- 

tion at large xR should be the qq -K-M subprocess (Fig. 2b). By crossing we obtain 

(ignoring spin factors) 

$(q&hfx1) = (g4/163 i/;*G3 

anda=3, b=7, F=l:. Using (3.7) we obtain 

E*@p--K-X) = (0.1 <d>) 
(l-xp,)ll 

d3p ’ pi 

(3.11) 

(3.12) 

where <d> is the number of contributing recoil meson states. The data are consistent 

with 

Edr/d’p (pp -K-)0 

Edo/d3p @p - KiX) 
- 0.9 (LXR)2 (3.13) 
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SO we require <d>-5 to 10 to completely account for +&is ratio (this is not an unreason.. 

able estimate for the total number of contributing meson states). The subprocess 

K-q-K-q gives a (I-xR)13/p$ contribution but its normali>ation is hard to estimate, 

It sjould be emphasized that these calculations are only approximate due to uncer- 

tainties in the effects of spin, color, the small variation of J and the transverse momen- 

tum integrations. The main point here is that to within factors of 2 or 3 we find tit, the 

CIM diagrams immediately and simply account for the normalization of the inclusive 

cross section given the known non-zero coupling of the hadronic state to its valence quark 

components. 

We can also proceed to calculate the normalization of the baryon subprocesses. 

From the magnitude of elastic pp scattering and the proton structure function sum rules, 

we find a coupling strength h2/4- ati -30 GeV4 for the effective proton - q+ (qq) coupling 

(where the (qq) system is at relatively low mass): 

h4 1 $(B+q-B+q)- - 16T2 ;2 t”21;2 

The subprocks B + q -p+ q then gives the contribution (z=O) 

du -(pp -+pX) N 120 
u-%-J 

d3p/E Pk2 
8 

(3.14) 

(3.15) 

where we.have used the estimates C f 
B/P 

-1.2 and Zfdp -0.5. The CP data are consist- 

ent with this scaling behavior; the e,xperimental coefficient is -170. 

We must also consider the direct pq-pq contribution. In fact, using (3.7) we find 

this gives Edc/d3p (pp -pX) -200 (l-~$~ -s/p?, and thus exceeds the contribution of 

(3.15) for xT 2 0.45. It will be interesting to see if a change in the (l-xT) power from 

F=7 to F=3 is observed at the higher .xT values. There is also the possibility of an addi- 

tional pq (I-xI,)~ contribution from the subprocess q+q -B+i but presumably the 

coupling constant for such large pT processes is of order (g2/4zj2 and thus gives negli- 

gible contributions until considerably larger pT values. 
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We have also computc d the contribution of the fusion process q6 -BB for pp -6X 

production, using the crossed (s m t) version of (3.14). This gives 

-h 

where <d> is the number of opposite side baryon states. The value <b-3-5 gives a 

consistent fit to experiment. 

One can also work out in a similar way the various contributions to meson-induced 

processes. The subprocesses based on i\Iq -Nq are again predicted to dominate in the 

present xT range and reasonable agreement is,obtained with experiment. We also find 

that the formulae and normalizations are consistent with the exclusive-inclusive connec- 

tion. 

Finally, we note that we can readily predict the cross section for direct photon pro- 

duction simply by replacing the valence meson contribution in hIq--hlq by a photon to 

obtain hlq -Yq. We.predict 

2 
Edc/d3p(pp--vX) - ‘a$ 2 

Edu/d3p @p - K+x) g’)& PT (3.17) 

at fixed xT and Bc m . 
14’ * 

This gives y/x0 -0.005 pt , or about l/4 the value reported by 

Darriulat et al --- A similar estimate follows directly from the ratio of exclusive cross 

sections and crossing. 

Finally, we note that our normalization estimate for the production of real photons 

oan be extended to virtual photons, and it has been shown to agree with the data for mas- 

sive Iepton pair production in both its predicted magnitude and pT dependence. 15 

IV. Correlations and Hich pT Processes 

One of the most important discriminants between models for high pT. production is the 

nature of the flow of the valence quantum numbers, momentuxr., and multiplicity produced 

in association with the high pT trigger. The new preliminary ISR data from the British- 

French-Scandinavian group5 gives a first look at the detailed effects associated with the 

quantum number of the trigger particle. The experiment utifjzes the split field magnet 

facility combined with a wide angle spectrometer. 
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Figure 5 shows that the total momentum of charged particles on the same side and 

within one unit of rapidity y of the trigger particle (at 6c m =90°) increases very slowly . . 

with pr for f and $ triggers, and not at all for K-. In the CIh2 such behavior is 

expected since the trigger particle can be produced directly and alone in the subprocess 

or by low mass resonance decay. In models based on simple qq -qq scattering, extra 

momentum which scales with the trigger momentum is expected in the same side jet 

(although this effect could be reduced somewhat.by transverse momentum fluctuations”). 

Furthermore, if the meson is produced as a fragment of a scattered valence u or d quark, 

then the greatest amount of same side momentum would have been expected in association 

with K- than with K+, n+, or x- triggers, just the opposite to what is seen! 

A very dramatic feature of the preliminary BFS data is shown in Fig. 6. This 

shows the number of fast (p, > 1.5 GeV/c) positive or negative particles per event in 

the away side jet (lyl< 1) opposite a ?;*, 
trig K*, or p* trigger at 90’ with 3 <pT c 4.5 GeV/c. 

One sees that there is significantly more fast positives than negatives opposite a K- 

trigger, an effect not seen for r-, t and K+ triggers. This is a direct indication that 
. 

0.7 TRIGGER SIDE 

6 
ptrlp (GeVk) 

3177*1 

Fig. 5. The total momentum of Fig. 6. Number of fast positive and 
particles along the 90’ negative particles on the side 
trigger particle for var- away from a BOO trigger for 
ious charged particles. various trigger types. From 
From Ref. 5. Ref. 5. 

AWAY SIDE 

3 < PIIIQ -C 4.5 GeV/c 

lyl < I, pT > 1.5 GeV/c 

0 Positive Particles 

x Negative Particles 

TT- T+ K- K+ p- p+ 

TRIGGER 3177*3 
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there is a strong quantum number correlation between the trigger and away side jet. 

Such a correlation is not e.xpected in a qq -qq model since the away side quark is not 

correlated in any obvious way to the trigger side quark: the away side jet should have 

_ quantum numbers completely independent of the trigger. 
4 

In the CXhI, this charge correlation for the K- trigger is a natural prediction of the 

model. In the case of x* or K+ triggers the leadin I g subprocess contribution is qhI -qbI 

sa.attering which produces an ax\-ay side jet corresponding to u or d qtiark fragmentation. 

The average alray charge is then 16 . 

$b($-n,)+ (-+-n,)]=$-n, 

where nQ is the average charge of quarks in thl sea (-6.07). ‘I’ l6 The q< - AIR terms 

give additional contributions opposite in sign to the trigger charge. In the case of the K- 

trigger, the dominant ClX subprocess is qs- K-31 Ivhere hI is either a positive or neu- 

tral stra,nge mesonic system. The away side jet is thus predicted to have charge + Z/3 

on the average. (In both cases this average charge estimate would increase slightly if 

we assume tlqt G 
u/P ’ “Gd,‘p at large x.) 

These predictions for the mean charge of the AWAY SIDE ‘JET’ . - 

jet can be compared with the BFS da+4 of 2- 
ptrig > 2.5 GeVk 

Fig. 7 which shows the presence of a strong -+ n= I n=2 I n=3 f n>3 
w 

positively charged system in the jet recoiling --, 
% ’ 

against the K- trigger with ptrig > 2.5 GeV. 

One possible modification of the quark- 

quark scattering description would be to 

introduce a strong qq - SS quark-antiquark 

annihilation contribution specifically for K- 

production. Although this would yield a 

quantum number correlation between the 

away and same side jets, the mean charge 

of the s system would not yield a suffi- 

ciently strong positive charge on the away 

side. In addition, the magnitude of the 

5-77 3177Al 

Fig. 7. Net mean charge of jet recoiling 
on the side away from the 90’ 
trigger for various trigger Q-pes. 
See Ref. 5 for details of the deii- 
nition of jet used here. (The data 
for 5 production is probably not 
statistically sigxiiicnnt.) n is the 
number of charged particies seen 
in the jet. 
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qG - sZ cross section is small if one crosses a form like da/dt = S-l te3 for qq - qq to 

6 -G 

In general the distinctive quantum number flow of the CIM subprocesses can be used 

to-predirt a tvhole range of charge correlations associated with a high pT trigger, corre- 

sponding to quark and multiquark jets in the fragmentation regions of the beam, target, 

or recoil jet. The quantum number retention 16 of these je+ts can also be tested in deep 

inelastic lepton scattering and the jets produced in the Drell-Yan process A+B -1+1-X. 

-. 

V,. Jet Triggers and the CIJI 

Although the CCII appears to predict single particle data at large pT very well, it is 

not clear that it can successfully account for the entire large jet trigger rate seen in the 

FNAL calorimeter experiment reported at this meeting. 17 The dominant jet-triger 

contribution in the CIM comes from RIq -hI’q subprocesses giving do/d3pJ/E J & 

-8 9 
PTJ (I-“TJ) . Since each meson in the pseudoscalar and vector SU(3) nonets contribute, 

and either the q or b1 system can provide the trlDb ‘mer, this gives a contribution at least 20 to 

40 times the single meson rate at the same pT. In addition there are contributions from 
5 

other subprocesses q;i -aIxI, 31X1-qq, qfi-qqB’, q+qq-Si7iB’, etc. xvhich also provide 

jet triggers at high pT. It may thus not be impossible to understand jet trigger cross 

sections which are 100 or more times larger than the single rate. However, one should 

also not rule out the possibility that because of the absence of the single-particle trigger 

bias, some jet trigger events could be due to QCD scale-invariant qq-qq scattering or 

processes involving gluon jets such as gg-ggg, hIq-gq, etc. It will be crucial to haIre 

knowledge of the scaling behavior in pi and 4 in order to begin to unravel these various 

contributions, 

VI. Conclusions 

As a summary it may be useful to contrast the basic assumptions and predictions of 

the CIhI and quark-quark scattering models. The scaling larrs of the CDI assume a basic 

scale-free theory, modulo logarithmic corrections characteristic of renormalizable 

perturbation theories. 18 Given that os is numerically small, the leading subprocess for 

PP--*, K*+X in the FOAL and 15% s, pT range is then qM- qhl. The calculated sub- 

process cross section is do/dt (qJI -qM) = .D/g c3 where tlx constant D= (g2/4r)2 is 
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determined by the valence meson wavefunction normalization (see Section III). This form 

then correctly predicts the pT, Bc m , xT, and yields the normalization of the inclusive 
. . 

cross section. 

In the approach of Feynman and Field, I7 Hwa et al., 19 
-- and others2’ sufficient 

scale-bre;king is assumed so that literal quark-quark scattering can be taken to repre- 

sent the large pT subprocess. The form dp/dt= C/s t3 or C/s u3 is then found to be a 

best simple fit to the data. (It should be- remarked, though, that such a form, which - 

corresponds to elementary spin l/2 exchange in the t or u channel, is not natural for 

elastic qq scattering. ) Both the q?J -qhI and qq -qq subprocesses correctly predict the 

-(~-XT)’ behavior of the inclusive cross section at fixed xT and Bc. m.. Also, each 

model can account for the ;;+ /;i- and K-/K’ xT dependence. Such ratios tend to be model- 

independent because one must pick up the same number of non-valence quarks somewhere 

in the inclusive process independent of the subprocess. 

-12 In the case of pp-pX, the CP data’ show a dramatic change in the pT power to pT 

at fixed xT and Qc .m (see Table I). In the ClJI this is a natural consequence of the . . 

dominance df the Bq -Bq subprocesses, whose normalization is determined from pp -pp 

elastic scattering. (The calculated normalization of qq -B< and q+qq - >I+ B turns out 

to be small in the present kinematic regime. ) The Cl3I also predicts the observed (l-xTy 

behavior. In contrast, the qq -qq models, as interpreted by Fegnman and Field, would 

lead to a p;.” (l-.x.$ l1 behavior. One must then invoke new contributions such as the 
n 

direct pq -pq subprocess (which gives an incorrect (l-xT)’ behavior) or perhaps 

q+ (qq) -q+ (qq) scattering. 11 New assumptions must then be introduced in the quark 

scattering model in order to calculate such additional processes. It then becomes doubly 

mysterious why processes such as qM -q;lI should not be considered for meson produc- 

tion. 

In the case of the ~rp -J TX cross sections, the qq - qq Feynman-Field model gives an 

excellent fit to the cross section provided vW2 a xG q,a(x) goes to a finite constant -0.15 

at x=1. This assumption can be directly tested by checking for a flat non-vanishing 

Drell-Yan massive pair production cross section da/dm2 dxL(q --p’n-X) in the forward 

region, x Lm1. In the CIAI, the iip --7iX cross section is computed from the subprocesses 
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Mq -Mq, q< -M& as well as direct s;q - rq scattering and is consistent with the 

data. . 

The CIM has the advantage of simultaneously predicting large pT exclusive proc- 

‘esses-as well as inclusive cross sections in form as well as normalization. In the CIM 

one makes a natural progression from the proton form factor to the Compton amplitude 

to meson photoproduction to meson-proton scatteri-ng to inclusive cross sections, il. each 

case utilizing the same basic quark-excharge mechanism (see Fig. 4). In the case of the 

qq-qq model, there is no corresponding theory of exclusive reactions. For example, 

if du/dt (qq -qq) -C/St3 as determined by Feynman and Field” with C= 2.3b. GeV6 then 

one might expect a contribution dg/dt @p 0-p) -C/St3 F;(t). However, the predicted 

normalization is then four orders of magnitude smaller than experiment at s = 20 GeV2, 

e c.m. = n/2. The angular dependence is also incompatible with the data, and the ampli- 

tude does not cross properly to p5 - ~5. 

Both the ClN and qq -qq models share the general features of hard scattering 

models for jet production angular correlations, etc. The predictions are in fact often 

fmiistinguish’able since the same subprocess form is used. However, as we have 

emphasized here, the new preliminary charge correlation measurements of the BFS 

group,5 particularly the K- trigger data, implies quantum number correlations behveen 

the trigger and away side systems. Although such correlations are natural features of 

the CIM approach, it is not natural in a-qq -qq model. 

Finally, we again note that the ClX approach is not incompatible with the eventual 

dominance of a aspT 2 -4 (l+‘$ scaling term from QCD in the single particle production 

cross section at very high pT, probably well beyond pT = 8 CeV. This qq - qq scattering 

contribution could, hoLyever, still make a significant pk4 (l-4)’ contribution to the jet 

trigger cross section as presently measured. 

A final version of this work will be published elsewhere. 
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m HADRON PRODUCTION IN 1NUCLEAR COLLISIONS- 

A NEW PARTON MODEL APPROACH 

(in collaboration with J. F. Gunion and J. H. KUhn) 

Although the quark-parton model has been very successful in predicting the 

short distance behavior of hadronic interactions, the underlying mechanisms in- 

volved in the production of hadrons in ordinary high energy collisions have never 

been specified. In the case of particle production on nuclear targets, this funda- 

mental uncertainty of the parton approach becomes amplified, and this has led 

to an extraordinary range of divergent predictions for even the most basic ex- 

perimental parameters. ’ In this talk we present a new approach to this prob- 

lem based on a straightforward application of parton model concepts. The re- 
T’. 

suiting picture for nuclear collisions is very simple and in good agreement with 

experiment. It is based upon (1) the assumption that each inelastically excited 

nucleon in the nuclear target produces hadrons independently of the others, and 

(2) a specific hadrcni ‘c collision model based on wee parton interactions’ analo- 

gous to the Drell-Yan3 pair production process. 

We begin with a simple parton model description of hadron-hadron inter- 

actions. Each hadron has a Fork-space decomposition in terms of multiparton 

states. An interaction occurs via a collision of a parton in the beam (B) with a 

parton in the target (A). The cross section takes the typical Drell-Yan form 394 

(1) 

where 

and 

X a = (k”, - k;)h; - P;) 

are the light-cone fractions (pi > 0, pi < 0) of the beam and target, respec- 

tively, and 
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A m2m2 
s* = x,x$ + xa;sb 

is the collision energy squared of the subprocess. (For simplicity we do net 

display the transverse momentum dependence.). Expression (1) is Lorentz- 

invariant for boosts along the beam (z) direction. We presume that Gti falls 

rapidly with increasing g ab, as would be typical of quark-parton exchange 2y5 or 

q-Q annihilation processes, 6 and that each distribution G(s) has the Feynman’ 

wee parton distribution xG(x) - C # 0 at x - 0. In this model uBA(s) a log s, 

and the location in rapidity of the par-ton-parton collision $ is distributed uni- 

formly throughout the central region, where neither xa nor xb is forced into the 

finite x,power-law damped regions of G(x). In inelastic collisions, the partons 

in the beam materialize as hadrons for $ my <YB, and those in the target ma- 

terialize throughout the interval YA < y 5 i. Note that real hadron production 

from thk beam partons cannot extend much below i since this forces propagators 

off-shell where interactions are suppressed. 

Turning to nuclear collisions, we shall assume that, aside from small bind- 

ing corrections and Fermi motion effects, each nucleon in the nucleus indepen- 

dently develops its own parton distribution. Thus the partons of different nu- 

cleans interact with each other only minimally and do not shadow or coalesce 

with one another. 7 In a high energy collision the various wee partons of the 

projectile can interact with the wee partons of different nucleons. The rapidity 

locations of the parton-parton collisions ii are uncorrelated and uniformly dis- 

tributed in the central region. Each nucleon in the nucleus A participates in 

only one interaction, whereas the mean number of inelastic collisions of the 

inel inel beam hadron H is IJ = AcrHN /aHA . On the average, then, the rapidity separa- 

tion between parton collisions is 3y z Yc/(;+l) where Yc is the total length of 
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the central rapidity region. A typical multiparticle distribution for ‘I = 3 colli- 

aions ka illustrated in Fig. 1. Since the collision rapidities are uncorrelated, 

each inelastically excited nucleon produces hadronic multiplicity on the average 

halfway across the. central region. As the number of collisions increases, the 

range of the projectile hadron distribution extends further and further into the 

central region to the minimum Gi -on the average over a rapidity length 

;Ay = (i?(;+l))Y c. Thus we immediately obtain for the ratio of multiplicities in 
-f 

the central region 

-HA ‘v ; - =--+y 
=HN-. 2 v+l ’ (2) 

where the only dependence on the projectile H is through the definition of i;. 

The distribution of particles averaged over events produced from the ex- 

citation of the nuclear partons is wedge-shaped. The ratio of distributions in 

the central region for hadron-nucleon to hadron-nucleus collisions is simply (yA=O) 

Although Eqs. (2) and (3) are derived assuming a uniform plateau height in the 

central region, corrections to this shape tend to cancel in the ratio. 

Thus far we have ignored the effects of the fragmentation regions. Eq. (1) 

predicts that the fast (e.g., valence) par-tons interact only weakly8 and thus 

RA(y) = 1 in the projectile fragmentation region, and R*(y) = r in the target 

fragmentation region. Let <nfrag>H and <nfrag>X be the average number of 

particles produced in the projectile and nucleon fragmentation regions (i.e., 

within Ay 
frag 

- 2 units of the incident rapidity). Then, instead of Eq. (2), we 

obtain 

. 
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<%$‘HN 

central E ’ + V<nfrae’N + <nfrag H 

cntot’HN 

where <n tot>HN = <ncenbml> + <nfrag>N + <nfrag>H Zs the total produced multi- 

plicity for the H-N collision. In practice the fragmentation correction terms 

are small, of order (Ay)frag/Ytotal - O(l/log s) compared to c/2. 

This result is compared with the data summary of Busza et al.’ in Fig; 2 

for plab = 200 GeV, taking <n > /cn frag H tot’ - <nfrag > N /intot> - .2. It is in 

good agreement with the data for charged pion and proton collisions. Jn addi- 

tion, the shapes of the observed mtiltiplicity distributions are consistent with the 

predicted forms of Eq. (3) and Fig. 1. The slight energy dependence predicted 

in Eq. (4) is aiso consistent with the trend of the data. lo 

We have analyzed the total nuclear cross section in this model and have 

found it to be consistent with the usual Glauber theory. l1 In this picture the in- 

cident hadron, which is represented by its Fock-space parton distribution, can 

interact elastically (diffractively) via elastic parton interactions in the central 

region and can continue to propagate and interact as a coherent hadron through 

the nuclear medium. 12 Thus one obtains the usual multiple-scattering Glauber 

series. Nonetheless, the multiplicity density dN/dy produced from the incident 

projectile parton distribution is not increased by the repeated collisions. Be- 

cause of the Glauber series, the cross section of course does not factorize: 

inel inel 
QtrA - =pA approach the geometric limit. 

The model proposed here is consistent with energy and momentum conser- 

vation. In the equal velocity frame, the cectral particles produced in the pro- 

jectile direction have a typical total eneqy of order ; 9, (g=m2+<q2>), 
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Fig. 2. The variation of 
RA= CII>HA/UI>HN with 
‘; for pion and proton 
beams. The data are 
for charged multiplici- 
ties from Ref. 1. The 
solid curve is the s-a 
prediction RA = P/2 + 
s/p +l) . The dashed 
curve is the line 
RAZE/~ + l/2 corre- 
sponding to no central 
region. The predic- 
tion of the model, 
Eq. (4), for Elab= 200 
Gev (taking 

is t&e dashed-dotted 
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‘;(F +l) - .2(V -l)/‘(‘i+l). 

Y( 

25 

2.0 
a L 

A? .s K c vv 
I, 

rr” 
1.5 

1.0 

Fig.. 1. Idealized multiplicity dis- 
tribution for an H-A colli- 
sion with V=3 inelastic 
excitations. The yi are 
uniformly distributed in 
rapidity and can be pro- 
duced in any sequence. The 
central and fragmentation 
(s-independent) regions are 
indicated. 
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which can be compensated by a small loss of energy Gf the leading particles in 

the projectile region, a correction of relative order &L&s. 
4\ 

One may also use this picture to predict the multiplicity distributions in 

nucleus-nucleus collisions. 12 For the central region one obtains 

(5) 

5 
A1%A2 

Al/A2 = 
=AlA2 

is the average number of inelastically excited nucleons in A1 in collision with a 

projectile A2. Each such excited A1 nucleon interacts inelastically with in .42/N 

nucleons in A2 so that the average rapidity length of excited partons in A1 is 

Corresponding statements apply to i 
“z/A1 md ‘Al/N* The above result pre- 

dicts, for example, cnBcrA 
2 
/<wXA 

2 
m 3.8 for A2 > 100, which is in agreement 

with cosmic ray data for alpha-particle collisions. 13 

Finally, we wish to point out the connection between our hypothesis of inde- 

pendently interacting and materialism, a nuclear parton chains and deep inelastic 

scattering measurements on nuclei. The latter directly probe the parton dis- 

tributions within nuclei, and, according to our hypothesis, one should obtain 

vIV~~(X~~) = AvW2(xBj) ts) 

for all (including arbitrarily small) xBj = -q2/2MNu 2 1 once q2 is in the Bjorken 

scaling region. 14 For xBj > 1, Fermi motion corrections can be included and 

computed using quark counting, I5 but otherwise nuclear binding corrections to 
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(6) are considered negligible. Thus there is neither shadowing nor antishadow- 

ing16- of the partons of one nucleon by the partons of other nucleons. In general, 

we predict the absence of shadowing - independent of beam energy -for any re- 

action where the effective collision energy of the subprocess is large, e.g., for 

the Drell-Yan Process pd e 1+1-X at large&? 
P+P-’ 

as well as for large pT 

hadronic reactions - ignoring multiple scattering effects. 17 The absence of 

shadowing is also apparent in the ratio of distributions RA(x) = (dn/dx)HA/ 

Wdx)HN where x is the Feynman variable kc, ,.‘kFE . At infinite energy . . 

RA(x) reduces in our model to a step function RA(x) = cS(-x) + B(x) since the 

central region is confined to x - 0. If we identify the nuclear parton distribu- 

tion shape with the multiparticle>distribution for x < 0, this again corresponds 

to the absence of shadowing: (dcr/dx)HA = A(do/dx)HN. 18 

In summary, we have found that the parton model can be consistent with 

both the strong absorption of nuclear cross sections and the relatively low mul- 

tiplicity of hadron-nucleus collisions. Another problem which could be ana- 

lyzed in this model is the propagation of virtual quark states and unstable reso- 

nances through the nuclear medium. 19.20 
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