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Abstract 

The application of perturbative quantum chromodynamics to the 
dynamics of hadrons at short distance is reviewed, with particular 
emphasis on the role of the hadronic bound state. A number of new 
applications are discussed, including 

(a) the modification to QCD scaling violations in structure func- 
tions due to hadronic binding; 

6) a discussion of coherence and binding corrections to the gluon 
and sea-quark distributions; 

(c) QCD radiative corrections to dimensional counting rules Eor 
exclusive processes and hadronic form factors at large momentum 
transfer; 

(d) generalized counting rules for inclusive processes; 
(e) the special role of photon-induced reactions in QCD, especially 

applications to jet production in photon-photon collisions, and 
photon production at large transverse momentum. 

We also present a short review of the central problems in iarge pT 
hadronic reactions and the distinguishing characteristics of gluor, 
and quark jets. 

I. INTRODUCTIOt ; 

In quantum chromodynamics the fundamental degrees of freedom 
of hadrons and their interactions are the quanta of quark and gluon 
fields which obey an exact internal X(3) symmetry. It is possible 
(but by no means certain!) that quantum chromodynamics is the theory 
of the strong interactions in the same sense that quantum electro- 
dynmaics accounts for the electromagnetic interactions. In many 
ways the present period in theoretical physics parallels the 1930's. 
Although the structure of quantum electrodynamics was known ai: that 
time, the lack of a consistent: computational scheme aliowed only 
the simplest (Born approximation) aspects of the theory to be under- 
stood. Eventually. with the advent of the covariant renormalization 
program, the full quantum theory could be developed and tested. For 
example, the QED prediction for the elec tron's gyromagnetic ratio 
including sixth order corrections has been confirmed by experiment 
to 10 significant figures! The fact that we can understand a 
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fundamental parameter of nature to such precision of course encourages 
our optimism that there is an analogous local gauge field theoretic 
basis for hadrons. It is well known that the general structure of 
QCD meshes remarkably well with the facts of the hadronic world 
especially quark-based (especially charm) spectroscopy, current 
algebra, the approximate parton-model structure of large momentum 
transfer reactions, logarithmic scale violations, the scaling and 
magnitude of a(e+e-+hadrons), jet-production as well as the narrow- 
ness of the Y as y . However, because of the difficulties of com- 
putation, it is difficult to obtain rigorous, quantitative predictions 
beyond leading order, asymptotic limits. 

It is clearly crucial to find critical, unassailable tests of QCD. 
If there is even one bonafide failure in any area of hadronic phenom- 
ena, the theory is wrong. 

In these lectures, I will concentrate on the application of QCD 
to hadron dynamics at short distances, where asymptotic freedom 
allows a systematic perturbative approach. A main theme of this work 
will be to systematically incorporate the effects of the hadronic 
wavefunction in deep inelastic reactions. Although it is conventional 
to treat the hadron as a classical source of on-shell quarks, there 
are important dynamical effects due to color coherence and constituent 
off-shell behavior which modify the usual predictions, and lead to a 
broader testing ground for QCD. We will also discuss QCD predictions 
for exculsive processes and form factors at large momentum transfer 
in which the short distance behavior and the finite compositeness of 
the hadronic wavefunction play crucial roles. 

There are a number of excellent introductory and review articles 
on quantum chromodynamics that I used in preparing these lectures, 
especially 

"Inelastic Processes in QCD" 
Y. L. Dokshitser, D. D'YakanOv, S. Troyanl 

"Jets and QCD" 
C. H. Llewellyn Smith2 

"Applications of QCD" 
J. Ellis3 

"Parton-Model Ideas and QCD" 
C. T. Sachrajda,4 

and the Physical Reports by H. Politzer5 and W. Marciano and H. 
Pagels. Some of the new topics discussed here are based on work 
done in collaboration with others, particularly G. P. Lepage, R. 
Blankenbecler, C. Carlson, Y. Frishman, T. DeGrand, J. Gunion, H. 
Lipkin, and C. Sachrajda, and I am grateful for their help. 

We begin by reviewing7the fundamental principles and assumptions 
of quantum chromodynamics. 

A. Quarks are the fundamental representations of 

SU(nf) @ SU(3)C , 
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. I.e.: there are nf flavors QD three colors of quarks. 8 Although 
the flavor symmetry is broken by the weak and electromagnetic 
interactions, color symmetry is exact; there is no way to dis- 
tinguish color - all directions in color space are equivalent. 

B. Hadrons are color-less states 

, IB' = CEijk 
lqiqj Qk' (l*l) 

C. SU(3)C is an exact local symmetry: rotations in color space can 
be made independently at any point. The mathematical realization 
of this is the (Yang-Mills) gauge field theory. 

D. The Lagrangian density of QCD is 

9QCD (xl = ii(x) y" i & hij + 5 AZ(x) A;) qj(x> 
u 

- + A;(x) + gfabcA;A; 
2 

V 

i,j = 1,2,3 ; a = 1,2,...,8 (1.2) 

(A quark mass term and sum over flavors is understood.) Here the A" 
are the eight Gell-Mann SU(3) matrices with TrCAa,Xbl = 26ab (con- 
ventional normalization). We can contrast this with 

gQED = t(x) y' i -$- + eAu (x> q (d 
lJ 

- $- A,,(X) 
L 

V 

We can also use the more compact notation 

9QCD = i(x) $ q(x) -tTr F2 
PV 

where 

D!J = ia - gA II P 
F 

I.lV 
= a A - avAV - igCAP, Au1 

u v 

(1.3) 

(1.4) 

j1.5) 
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c 
x 

where A 3 2 Aa 
U a2p 

,DP and F are 3x 3 SU(3) color matrices. 
UV 

Local gauge invariance and color symmetry follows from the invariance 
of A?QCD under the general gauge transformation 

A,, (x) + U(x) A,,(x) U -' + $ U(X) all U-'(X) 

q(x) + u(x) q(x) (1.6) 

where U is any unitary matrix U= exp i c la 
es(x) -y- * Note that F 

a 
is in general not invariant: F,,v(x)+U(x)FUv(x)U -1 (x) since the 
field strength, like the gluon field is in the adjoint representation 
Of SU (3) color- 

The Feynman rules of QCD are similar to QED with the q:g coupling 

Y 
YP xpj g 

2 . 
_' 

a 

;y tri-gluon and quartic gluon coupling color factors are (see Ref. 

- ‘yb g fobc ‘xb g2 faeb fcetj * l ** 

c c d 

where CA~,A~I = 2if 
abc c 

A . 

The dimensionless coupling constant is as=g2/4n. A convenient 
graphical method for evaluating the color algebra has been given by 
Cvitanovic.g The main rules are 

(1) 

(2) 

a closed quark loop gives Tr [II= nc=3. 

A gluon propagator 'Ln/LT is equivalent to __ 
minus l/n, times the identity (to remove the U3 
singlet). Thus 

2 
(times the coupling constant Tr [X8X81 = g*/Z.j 
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Additional rules allow the graphical reduction of the tri-gluon 
vertex. In typical perturbative calculations (e.g., soft 
we have the simple replacement 

radiation) 

4 CF as = 7 as quark current 

'QED + 
'Aas = 3as gluon current 

(1.7) 

Effectively "ei" = g/4 "Ed". 

Despite the parallels with QED perturbation theory, the postu- 
lated absence of asymptotic colored states implies that a perturba- 
tive expansion in terms of free - or even dressed - quark and gluon 
states does not exist in QCD. However, we shall assume that ampli- 
tudes with off-shell quark and gluon external legs - corresponding 
to processes which occur within the hadronic boundaries - do have a 
perturbative expansion. For such amplitudes, our experience with 
QED is directly applicable. It is interesting to note that practi- 
cally all of the predictions recently made for QCD at short distances 
have a direct analogue in QED, with positronium atoms replacing 
mesons, etc. In fact, many QCD results for radiative corrections 
(e.g., structure function moments) and large pT exclusive or inclu- 
sive processes involving bound states actually provide new elegant 
treatments of QED problems. Conversely, almost every phenomena 
known in QED and atomic physics has its parailel in QCD. 

In my own research in QCD, I always use the criteria of whether 
a given prediction or approach to hadron dynamics can be carried 
over to QED. In some cases, one actually finds that a model-depend- 
ent assumption used in QCD leads to incorrect results in electro- 
dynamics. Particularly problematic is the often-used device of 
replacing an incoming hadron by a probabilistic classical distribu- 
tion of on-shell constituents. This leads to incorrect QED predic- 
tions, and, as we shall see, misses interesting hadronic physics. 

We normalize the 3-point vertices at a common off-shell (space- 
like) mass: pi=-u2, i=1,2,3 

P2 = ’ P3 
/ \ 

y 

- - - 

Pi 

= g(p2) - 

Y 
p: z--p2 
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The circles in the figure indicate vertex and self-energy insertions 
to all orders. The dividing dotted lines indicate that a square 
root of propagator renormalization constant is to be associated with 
"wavefunction" renormalization. Notice that we use the same value 
of -u 2 at all legs to keep gauge-invariance for the total Compton 
amplitude. 

Ir+-+x+x 
The renormalized amplitude with all vertex and self-energy insertions 
at pz=-u 2 reduces to the Born amplitude with g2=g2(,). The choice 
of p2 is arbitrary. Once a,(~~) is given at any point u2, the theory 
determines as at all other values through a renormalization group 
equation. ~ In terms of diagrams 

a,(q’) = 
asG2) 

[l- n(q2,u2,0s(u2)l 
(1.8) 

where TT is the irreducible gluon self-energy insertion. The lowest 
order diagrams give (14'1 , 1~~1 >>mi) 

p 
(q2) = 47T 1 (1.9) 

where (in the Coulomb gauge) the three terms correspond to the 
indicated intermediate states. 

T T T 

+ T 

Q 

T + T 

1 

:c 

Although the qi term must be positive (it is related by unitarity to 
e+e-+q{) the crucia i Coulomb plus transverse gluon term does not 
corresponf4to the production of physical quanta and can indeed be 
negative. 

Thus to iowest order, as(q2) decreases logarithmically (if 
nf I 16) 
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as(s2) = 
as (u2) 

ash21 
(1.10) 

I+ 4a log ISi? (ll-2/3 
l.J2 

nf> 
I 

We shall assume that this is the correct asymptotic limit and verify 
that the result is self-consistent to all orders. The next order 
diagrams 

gives, as in QED, A (4) -QCa2(u2)logq2/p21. However, we can include 
the effects of the self-ene;gy insertions associated with the ex- 
changed gluon by utilizing as(k2): we have the effective replacement: 

a2(p2) log 2 => as(u2) 
q2 2 

S 
lJ2 f 

..2 
dk as(k2) 
k2 

- as(u2) log 1% q2 (1.11) 

assuming as(k2)-i/log q2 asymptotically. Thus we have 

4n = 4lT 2 

as (s2) as(v2) 
+ (ll-2/3 nf) log + + O(log iog q2) 

lJ 

(1.12) 

It is easy to see that higher order insertions grow even less 
strongly with q2, and the original ansatz is indeed self-consistent. 
The logarithmic decrease of the "running coupling constant" as(q2> 
indicates that the effective force due to gluon exchange becomes 
weak at short distance when vertex and self-energy insertions of all 
orders are accounted for. The effect of these insertions is also to 
weaken the ultraviolet growth of all loop calculations compared to 
lowest order perturbation theory. 

Unlike QED where a can be fixed directly by Coulomb scattering, 
the empirical determination of as at any renormalization point is 
non-trivial. It is conventional to use the form 

as(q2) = 
4n 

i 
(ll-2/3 nf) log 5- 

A2 

(1.13) 
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and attempt to determine A 2 phenomenologically. However this form 
can only be used for q2>>A2 and log q2/A2>>log log q2* 
lar, the pole at -q2=A2 is incorrect. 

in particu- 
Many analyses u;fortunately 

tend to determine A2 by fitting to the rapid rise of as at q2=-AZ, 

The actual form of as can only have singularities at q2 timelike 
where the cuts corresponding to gluon and quark production begin. 
A convenient simple form which moves the pole to q2= 0 is15 

"(q2) = 
4lT 

(ll-2/3 nf) log 

or perhaps 

4n 

zs (q2) 
=lllog 1-e -$ 

( ) 
,: f 1% l- 

= ( 

(1.14) 

q2 - 4mf" 

A2 ) 
(1.15) 

which also takes into account heavy quark thresholds, 

An amusing but heuristic feature of the form (1.14) is that it 
automatically produces a confining linear potential at large dis- 
tances (Veff+C/d4, Veff(r)+ Er) as well as any asymptotically free 

form (Veff+C1/q210gq2, Veff (r) -E'/rlogr) at short distance. 

Richardson15 has shown that using this result as a Schroidinger 
potential gives an excellent representation of the charm and upsilon 
spectra. The linear potential agrees with the string model Regge 
slope ai =0.90 GeVa2 with A=0.436 GeV and nf=3 in Eq. (1.14). 

The above speculations on the form of as(q2) are of course only 
meant to be suggestive. Any non-perturbative effects are expected 
to be important in the long distance domain. The form of the effec- 
tive potential between quarks with a hadron is also affected by 
gluon exchange and retardation effects not included in a naive 
potential. Further, the gluon and quark pair self-energy insertions 
in the gluon propagator are themselves effected by higher order 
corrections, probably giving an effective mass to the gluon inter- 
mediate states and weakening the singularity of as(q2) at q2=0. 

Des 
s 

ite these complexities, there is evidently a unique form 
for as(q ) determined by the theory. 

Another aspect of the non-perturbative nature of QCD is its 
novel, non-trivial structure of the vacuum state - often described 
as a dilute gas of instantons (classical solutions of the gauge 
field sector of the theory). We shall assume that for processes 
which occur at short distances, i.e.: probe 4-momentum squared Q2 
greater than typical hadronic masses, the non-perturbative effects 
can be numerically neglected. Estimates of instanton effects which 
have appeared in the literature support this view.10 In addition, 
one can imagine further non-perturbative effects due to initial or 
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final state interactions; e.g., in the Drell-Yan process pp+RxX the 
nucleons could influence each other even at large Qu= (a+Z)2. On 
the other hand, Witten ll has argued (on the basis of results from 
soluable gauge field theories) that instantons do not play an import- 
ant role in physical processes once quantum corrections are taken 
into account. In any event it is clearly of interest to develop and 
test the predictions based on short-distance perturbation theory as 
far as possible. 

As is well-known, it is the asymptotic freedom, 12,13,14 nature 
of QCD which allows a perturbative approach to short distance hadronic 
physics. It is paradoxical that at this time the most important 
detailed tests of QCD have come from its predictions for scale-breaking 
corrections to Bjorken scaling for deep inelastic lepton scattering. 
This is analogous to trying to first verify QED from the radiative 
correction to a given scattering process, rather than the cross 
sections itself. However, the most direct test of QCD, to check the 
form of quark quark or gluon quark scattering at high momentum trans- 
fer, at present suffers from a number of experimental and theoretical 
complications (see Chapter IV). As we shall argue in Chapter II, the 
most conclusive evidence that the basic Born structure of the theory 
is correct comes at present from high momentum transfer exclusive 
processes,. particular form factors. 

_. A striking feature of the rigorous QCD operator product analysis 
of scale breaking effects in deep inelastic processes is the fact 
that the asymptotic predictions for the q2 variation of moments, etc. 
are independent of the nature of target, whether it is a quark, 
gluon, meson, proton, or nucleus. Although these results are very 
powerful, they are strictly true only for q2+,, and the question of 
non-asymptotic corrections, as well as the nature of the hadronic 
distribution functions themselves is left unanswered. 

In these lectures we shall consider the "synthesis" problem - 
matching on the QCD scale-breaking form to the hadronic wavefunctions. 
The analysis given here is based on a collaboration with G. Peter 
Lepage. Among the questions we shall consider are 

(1) What can be predicted for QCD for the form of the structure 
functions; i.e., what controls the "initial" distributions? 

(2) What is the origin of the sea and gluon distribution in QCD? 
(3) What are the corrections to the naive probabilistic treatment 

of the hadron as a classical distribution of the on-shell 
quarks? 

(4) What is the physics and role of higher "twist" operators? 
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III. TWO-PHOTON COLLISIONS AND SHORT-DISTANCE TESTS 
OF QUANTUM CHROMODYNAMICS 

In this chapter I will review the physics of two-photon colli- 
sions in e' storage rings with emphasis on the predictions of per- 
turbative quantum chromodynamics for high transverse momentum 
reactions. Because of the remarkable scaling properties predicted 
by the theory, two-photon collisions may provide one of the cleanest 
tests of the QCD picture of short distance hadron dynamics. The 
contrasts between photon-induced and hadron-induced reactions at high 
transverse momentum are remarkable and illuminating. Most of the 
work reported here was done in collaboration with T. DeGrand, J. 
Gunion, and J. H. Weis.l After this short survey of two photon 
collisions we will go on to the more complicated physics of hadron- 
hadron collisions. 

The photon plays a unique role in strong interaction dynamics 
because of its elementarity and its direct interactions with the 
hadronic constituents. Although it is well-known that highly virtual 
photons have asymptotically scale-free interactions with the quark 
current in QCD, it is perhaps not sufficiently emphasized that the 
interactions of real on-shell photons also become dominantly point- 
like in large momentum transfer (short-distance) processes. The 
predictions by Bjorken and Paschos2 for deep inelastic Compton scat- 
tering, and dimensional counting predictions 3 for exclusive and 
inclusive processes involving real photons are all based on the 
existence of direct yq? perturbative couplings and imply the break- 
down of the vector meson dominance description 2 of the photon's 
hadronic interactions at short-distances and large momentum transfer. 
As a general ruie, VMD can only be valid in QCD for low momentum 
transfer, nearly on-mass-shell processes where perturbation theory 
in as is invalid. Whenever a photon couples to far-off shell quarks 
(as in yq+yq) the net real and virtual gluon radiative corrections 
are of order a,(p~)~O(log-1(p$/A2)), and the pointlike Born ampli- 
tude are expected to dominate in the asymptotic limit. 

The production of hadrons in the collisions of two photons 
should provide an ideal laboratory for testing many features of the 
photon's hadronic interactions, including its short distance aspects. 
It is well known that photon-photon inelastic collisions in e+e' 
storage rings become an increasingly important source of hadrons as 

the center-of-mass5energy 
v'Z= 2E, is raised. The 
dominant part of the cross 
section for e+e- -+ e+e- + 

e+ : : e- hadrons arises from the 
annihilation of two nearly 
on-shell photons emitted at 

11-70 

small angles to the beam (see 
u(yy--hcrdronsl 3518Al Fig. 1). The resulting cross 

Fig. 1. Two-photon annihilation section increases lo arithiii- 
5 

into hadrons in e'e- collisions. 
tally with energy (me/s+O, 



-12- 

da (s) 
e+e- + e+e-X 2 

z % log 2 s Uy-y 4) 

d6 i 1 m2 4 
1% 

( 
5 (1) 

'II e % 1 

where mH is the invariant mass of the produced hadronic system. In 
contrast, the e+e' annihilation cross section decreases quadratically 
with energy. For example, at the beam energy of E,= 15 GeV, the 
standard vector dominance estimate for u 

x 
,(m$ g ives o(e+e-+e+e' 

hadrons)= 15 nb for mH>l GeV, compared o the annihilation cross -- 
section u 

e+e-+y+hadrons 
3 Ru 

e+e- * Y + u+U- 
g (0.1 nb)R. 

The event rate can be large because of (1) the relatively large 
efficiency for an electron to emit a photon: (x- (ko+k3)/(pO+p3) 2 
w/E) 

xG r,e(x> = x2 g ($ log >)(1+ (l-X)2) 

e 

N .051 (&=30 GeV, x + 0) = 

(2) the factor of log s/m; from the integration over the nearly flat 
rapidity distribution of the produced hadronic system, and (3) the 
fact that the cross section is dominated by low-mass hadronic states. 
For untagged leptons, the cross section for ee+eeX in the equivalent 
photon spectrum takes the general forma 

1 1 

da 
e+e- + e+e-X 

(s,t,u) = dxl 
/ J dx2 Gy/e (xl) Gy,e(~2) 

0 0 

x do 
U-+X (2 =xlx2sy 

; = xlt, ii = x2$ (3) 

where G j,(x) is the equivalent photon energy spectrum and dayy+X 
is the lfferential cross section for the scattering of two 5 
oppositely directed unpolarized photons (of energy x1&/2, x2/Z/2 
in the e+e- c.m. system) into a final state X. If the scattered 
lepton kinematics are measured, then the photon momenta are deter- 
mined and the full range of hadronic yy physics analogous to pp 
colliding ring physics becomes accessible. 

A large-scale experimental investigation of two-photonphysics 
is now planned at PEP and PETRI. Among the areas of interest are' 
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(a) the production of heavy leptons8 (yy+r+r', etc.). 
(b) The production of even charge conjugation states and hadronic 

resonances (yy+nc, etc.). 
(c) The measurement of the total ayy(s) cross section, including 

heavy quark thresholds. 
(d) Measurements of the V- 71 and e-K- phase shifts via yy-t.fi and 

unitarity, as well as checks of dimensional-coupling scaling 
laws for the crossed Compton amplitude at lar e s and t. 

(e) Deep inelastic scattering on a photon target, 5 via electrons or 
positrons tagged at large momentum transfer ey+e'X. 

In each case the spacelike mass of each photon can be individually 
tuned by tagging the scattered et. The photon linear polarization 
is determined by the lepton scattering plane. We also note that 
the e+ circular polarization of an incident lepton is transferred 
to the emitted photon with 100% efficiency as xy+l. 

A. Large pT Two Photon Reactions 

Perhaps the most interesting application of two photon physics 
is the production of hadrons and hadronic jets at large pT' The 
elementary reaction yy-fqi -+hadrons yields an asymptotically scale- 
invariant two-jet cross section at large pT proportional to the 

_. fourth power of the quark charge. The yy+qq subprocess implies 
the production of two non-colinear, roughly coplanar high pT (SPEAR- 
like) jets, with a cross section nearly flat in rapidity. Such 

_, "short jets" will be readily distinguishable from efe--tqG events 
due to missing visible energy, even without tagging the forward 
leptons. It is most useful to determine the ratio, 

= du(e+e- 
+-- 

R -+ e e qq + e+e-+ jets) 
YY - du(e+e- + e+e-p+p-> 

(4) 

since experimental uncertainties due to tagging efficiency and the 
equivalent photon ap 

!l 
roximation tend to cancel. In QCD, with 3- 

colors, one predicts 

R =3 
YY q=u,d,s,c,... 

(5) 

where pT is the total transverse momentum of the jet (or muon) and 
as(Q2> -+4n/(810gQ2/A2), B =ll-2/3 nf for nf flavors. Measurements 
of the two-jet cross section and Rfy 

ropagator -pS-1 
will directly test the scaling 

:iZ'f:::'o:l~ 
at large momentum transfer, check the 

and the quark fractional charge. The QCD radiative 
corrections are expected to depend on the jet production angle and 
acceptance. Such corrections are of order a,(~$) since there are 
neither infrared singularities in the inclusive cross section, nor 
quark mass singularities at large pT to give compensating logarithmic 
factors. The onset of charm and other quark thresholds can be 



-14- 

studied once again from the perspective of yy-induced processes. 
The cross section for the production of jets with total hadronic 
transverse momentum (pT> pTmin ) from the yy+qy subprocess alone 

can be estimated from the convenient formula, 1,12 

u+- 
(s,piet> ptin) 3 Ryyo + 

e e +e+e-Jet+X e 

z 0.5 nb GeV2 at 
2 6 = 30 GeV . (6) 

PTmin 

.- where we have taken R 
YY 

= 3Ce4 
q q 

= 34/27 above the charm threshold. 

For 'Tmin = 4 GeV, & = 30 GeV, this is equivalent to 0.3 of unit of 
R; i.e., 0.3 times the 
e+e- + p+j.i- rate. We note 
that at @ = 200 GeV, the 
cross section from the 
e+e-+e+e-qi subprocess 

1 AR I 

5 IO 15 20 
11-n b pyin (GeV) 

Fig. 2. The contribution to R 
from yy+q{ two jet processes at 
&= 30 and 14@ GeV (from Ref. 12). 

with PTmin =lO GeV is 0.02 

nb, i.e., about 9 units of 
R! At such energies e+e- 
colliding beam machines 
are more nearly labora- 
tories for yy scattering 
then they are for e+e- 
annihilation! A useful 
graphI of the increase in 
R from the yy+qq process 
for various xTmin = 2pTmin/ 

6 is shown in Fig. 2. The 
log sIpkin-1916 in Eq. 

(6) arises from integration 
over the nearly flat rapid- 
ity distribution of the yy 
system. The final state 
in high pT yy+qq events 
in the yy center of mass 
should be very similar in 
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multiplicity and other hadronic properties as e+e'+y *+qy, although 
ui~ and CC events should be enhanced relative to di and SE due to the 

e: dependence. Monte Carlo studies of SPEAR events at s=4p$ dis- 
tributed uniformly in rapidity would be useful in order to learn how 
to identify and trigger yy+qq events. 

Although the above prediction for + is one of the most straight- 
forward consequences of perturbative QCD, it should be noted that 
from the perspective of photon physics of 10 years ago, the occurence 
of events with the structure yy+jet+jet at high pT could only be 
regarded as revolutionary. From the VMD standpoint, a real photon 
acts essentially as a sum of vector mesons; however, it is difficult 
to imagine an inelastic collision of two hadrons producing two large 
pT jets without energy remaining in the beam direction! 

On the other hand, if the yy-ttwo jet events are not seen at 
close to the predicted magnitude with an approximately scale in- 
variant cross section, then it would be hard to understand how the 
perturbative structure of QCD could be applicable to hadronic 
physics. In particular, unless the pointlike couplings of real 
photons to quarks are confirmed, then the analogous predictions for 
perturbative high pT processes, involving gluons such as gg-tqq are 
probably meaningless. 

: 
B. Multi-Jet Processes and the Photon Structure Function 

In addition to the two-jet processes, QCD also predicts 3- and 
4-jet events from subprocesses such as yq+ gq (3-jet production 
where one photon interacts with the quark constituent of the other 

photon) as well as the conven- 
tional high ET QCD subprocesses 

11-n (a) ( b 1 
The cross section for Edo/d3pJ 

,>,,r> (yy+jet+X or ee+ee jet+X) 
can be computed in the standard 

Fig. 3. Contributions from QCD way from the hard scattering 
subprocesses to (a) 4-jet and expansion (s=xaxbs, etc.)l3 
(b) 3-jet final states. 

1 1 

E da (AB+CX) = 
d3p 

dxb GalA Gb,B(~b) 

g (ab+cd) 
,. 

s, t,u 
; s(&t+G) (7) 
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where the hard scattering occurs in ab+cd and the fragmentation 
function G a/A(Xa) g ives the probability of finding constituent a with 

light-cone fraction xa = (p~+p~)/(p~+p~). In general, Ga,A has a 

scale-breaking dependence on log p$ which arises from the constituent 
transverse momentum integration when gluon bremsstrahlung or pair 
production is involved.14 

However, there is an extraordinary difference between photon and 
hadron induced processes. In the case of proton-induced reactions, 
Gq/,(x,Q2) is determined from experiment, especially deep inelastic 
lepton scattering. In the case of the photon, the Gqjy structure 
function required in Eq. (7) has a perturbative component which can 
be predicted from first principles in QCD. This component, as first 
computed by Witten, has the asymptotic form at large probe momentum 
42 

G ,/,(x,Q2) => a 2 f(x) + Q(a2) 
as(Q ) 

(8) 

i.e.: aside from an overall logarithmic factor, the y+q distribution 
Bjorken scales; f(x) is a known, calculable function. Unlike the 
proton structure function which contracts to x=0 at infinite probe 
momentum Q2+m, this component of the photon structure function 
increases as log Q2 independent of x. This striking fact is of 

course due to the direct y+qqP 
perturbative component in the 
photon wavefunction. (The 
apparent violation of momentum 
conservation when as(Q2) <a 
should be cured when higher order 

9 

11-78 3518A4 

Fig. 4. Representation of the 
QCD photon structure function 
in deep inelastic scattering 
on a photon target. Real and 
virtual gluon corrections to 
all orders are included in 
the analytic results. 

terms in a are taken into 
account.) In addition to the 
perturbative component, one also 
expects a nominal hadronic com- 
ponent due to intermediate 
vector meson states. 

The calculation of the 
photon structure function is 
straightforward if we keep only 
leading logarithms in each order 
of perturbation theory. The 
leading contribution can be 
written as a simple convolution: 
(see Fig. 4)14 

G q,yb>Q2) = $ [z2+ (1-d2] Gq,q(t, Q2,k2) (9) 
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where Gq/,(x/z,Q2,k2) is the standard non-singlet distribution due 
to gluon bremsstrahlung for quarks in a target quark of mass k2 
being probed at four-momentum squared Q2. The factor of three 
includes the sum over quark colors. In addition one can include 
smaller sea quark contributions form g-tqq processes. The region 
k2< p2 can be identified with the VDM contribution to Gqly. 

where 

1 

G(j) 3 dx x j-l G(x) 

0 

f(j) = dz zj-' z2+(1-z) 
2 

L.-L+ 2 = 
j j+l j+2 

and 

'j-l 

G q,q(j ,Q2,k2) = 

(11) 

(12) 

(13) 

The Yj are the standard valence anomalous dimensions, as defined in 
(X.2.18). Performing the k2 integral in (10) yields 

G q,y(j,Q2) = & ei (14) 

This exhibits the remarkable scaling features of the photon structure 
function discussed above. 

It is 
Yndurian.16 

easy to invert the moment equation via the method of 
A graph of xG~/~(x) calculated in valence approximation 

in QCD and in the parton model is given in Fig. 5. Good agreement 
is obtained with the (valence plus singlet) results of Llewellyn 
Smith5 over nearly the entire range of x. 
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1’ ” ” ’ “‘1 

Fig. 5. The valence photon 
structure function Gq/y(x) 
as calculated in (a) Born 
approximation, (b) to all 
orders in QCD, and (c) the 
x+1 limit (Eq. (17)). An 
overall factor proportional 
to log Q2/A2 is factored 
out (from Ref. 1). 

0 0.2 0.4 0.6 0.8 I .O 

The x near 1 behavior of G y(x) can be obtained more directly 
from a direct integration of (1 , using the x+1 form for the quark 
structure function14 

eXP [(3 - bE)~c2](1--X) 
4c25 -1 

G q,qhQ2,k2) = (15) 
r (4c2t) 

where yE = 0.577... is Euler's constant, C2 = (N*-1)/2N = 4/3, and 

(16) 

One then obtains 14 

q,yb,Q2) 
3 2 a 4 

G x:12rreQ 
as(Q2) B - (3-4yE)C2+4C21n& 

(17) 

This result is numerically accurate only for x20.97 but is off by 
no more than a factor of 2 for x> 0.1 (see Fig. 5). 

It is interestino to note that for fixed titd*, Q2+=, this ex- 
?! pression for Gqjy(x,Q ) approaches a constant. This implies, via 

the Drell-Yan relation, perfect power-law scaling for the y + 71' 
transition form factor. [See Eq. (2.26), Chapter 11.1 

Compared to meson distributions which fall as a power at x+1, 
the photon structure function is nearly flat in x, again due to the 
underlying yqa pointlike vertex. In principle the photon structure 
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can be determined experimentally from the two photon ey+e'X process, 
i.e.; deep inelastic scattering from a photon target.9 

Returning to the high pT jet cross sections, we note the fol- 
lowing striking fact: in each contribution to the four-jet cross 
section the two factors of a,(~;) from the subprocess cross section, 
e.g., 

(see Fig. 3a) actually cancel (in the asymptotic limit) the two 
inverse powers of a,(p$) from the two G ,/,(x,p$) structure func- 

tions. 1 Similarly the single power of a,(p$ in da/dt (yq-+gq) 

cancels the single inverse power of a,(pi) structure function in 
the 3-jet cross section. (See Fig. 3b.) Thus miraculously all 
of these jet trigger cross sections obey exact Bjorken scaling 

Eda 
d3p 

(yy-+Jet+X) => % f(xT, ecm) 

p$+= 'T 

(19) 

., when the leading QCD perturbative corrections to all orders are 
taken into account. l7 Furthermore, 
are even independent of a,(p$)! 

the asymptotic cross sections 
The asymptotic prediction thus has 

essentially zero parameters. 

Quite detailed numerical predictions can be made for the 
ee+ee Jet+X cross sections by computing Gq/e (from the convolution 
of the equivalent photon approximation G 

I 
ie and the photon structure 

function Gqlr), and then summing in Eq. 7) over all 2-2 hard scat- 
tering QCD processes, including all quark colors and flavors. In 
our calculations1 we have found it useful to display approximate 
analytic forms which have the correct power-law dependence at large 
pT and at the edge of phase space (xR = 2pJ/fi+l). The analytic 
forms usually agree with the numerically integrated results to within 
20%. For the analytic calculations, we have used the simplified form 

xG ,,,w = ei($ log n) $FQ(l-x) (20) 

for each quark flavor and color, where log n =log s/4mz if the 
scattered electron is not tagged. The factor FQ which is-logs/4mi 
if we use the Born approximation for y+q{, becomes of order i/a, (Q2) 
when the QCD radiative corrections are taken into account. We have 
found empirically that the value as(Q2)Foz0.8 gives a good- charac- 
terization of the QCD normalization. [For x+1 Gqie actually falls 
as (l-x) log 1/(1-x).] Note also that for x-+1, the quark and elec- 
tron tend to have the same helicity. 
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For the 4-jet cross section, the sum over all types of jet 
triggers near 90' gives 

da 
E 3 (e+e-+e+e-Jet+X) E 

d pJ 
($ 1% Qr [f; FQ as@]* 

(1-Q 3 
3 0.8x lo-* nb GeV2 4 c& = 30 GeVI. (21) 

PT 

The sum f is over contributing quark flavors. The subprocesses 
include qq+qq, qq-+ql, and qG+gg. 

For the 3-jet events, the subporcesses yq+gq and yt-+gT yield 
the cross section 

da 
E 3 (fe-+e'e- Jet+X) 2 

d pJ 
a(-& log n)' [g F9 as(k)] 

. 

=" 2.5~ 1O-2 nb GeV* 
(1-q 

2 

P; 
CJE = 30 GeVI. (22) 

The corresponding result for the two jet cross section from yy-fqq is 

do 
E 3 (e+e--+e+e- Jet+X) g 3 x lo-* nb GeV2 

(1-Q 

4 ' (23) 

d 'J PT 

, 1.e.: in general, a(2 jet>>a(3 jet)>a(4 jet). It is clear that 
there is no double counting of cross sections here since each type 
of jet cross section has a distinctive topological structure and 
different pattern of q, q and g jets. A graph of these cross 
sections is shown in Fig. 6. 

To remind ourselves how critical the pointlike photon couplings 
are to these results, let us estimate the contribution to high PT 
jet production when both photons are meson dominated. We have 
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0' 0’ 2 2 4 4 6 6 8 8 

pL pL (GeV/c) (GeV/c) 3.16011 3.16011 

e+e--e+e- Jet X 

: 
Fig. 6. QCD (and VHD) contributions to 
the e+e-+e+e- Jet+X. The 4-jet cross 
section includes the contributions from 
qq-+qq, sn+q,s and qq+gg (from Ref. 1). 

doVDM (yy+Jet+X) 

do (pp+Jet+X) 

g 4na * 2 * 

c-j ( 
f2 -7 

) P 

X 
da(pp +Jet+X) 

4 (24) 
( l-xR) 

since we expect Gqip w 
(l-x)*Gq/o . If we take 
Eda (pp+Jet+X)/d3p w 
300x Edcr/d3p (pp-+"~)X) N 
1.1 nb GeV6 (1-xR)’ pT8, 
then the convolution over 
photon momentum distribu- 
tions yields the rough 
estimate (Bc, p 90°, 
,G = 30 GeV): 

(25) 

7 
E doVDM <e+e-+e+e- Jet+X) E 1.4 nb GeV6 

( l-xR) 

d3PJ 
4 ' 

pT 

which is negligible compared to the pointlike contributions for 
pT> 2 GeV (see Fig. 6). We have also checked explicitly that the 
QCD (qq-tqq hard scattering) contributions from processes such as 
YP-++Ci or Pp-fqGG, where one or both photons are meson dominated, 
are also small. 

The overall scaling properties of QCD cross sections due to 
.18 specific subprocesses can be easily determined from counting rules. 

f cecm> 2nbnd -1 
E -52.. (A+B -f c+x) 1 (l-x,) 

spect +nfm 
(26) 

d3p (p;)nactive- 2 
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where n active 
participating 

is the number of elementary fields (q,e,y,g, etc.) 

in the hard scattering subprocess, 3 ,bnd 
spect is the 

number of bound spectators, i.e.: the number of constituent fields 
which do not interact (and thus "waste" the incident energy),lg and 

"fm are the number of unbound spectator fermions (q,e) from pair 

production or bremsstrahlung scattering processes, as in the equiva- 
lent photon approximation. In Eqs. (21)-(23) the number of active 
fields in each case is 4; nbnd spect = 0, and nfm =4,3, and 2 respectively. 

The counting rules have small corrections due to logarithmic scale- 
breaking effects and the log (l/l-x) behavior of Gqjy. 

C. High pT Meson Production in yy and pp Collisions 

We have also considered in some detail background contributions 
to the yq+Jet+X cross section from (higher "twist") subprocesses 
that involve more than the minimum number of active fields in the 

hard scattering subprocess. 
The most significant back- 

M 
i-3 

ground comes from subprocesses 

9 7 e- 
a T+ 

U d 

-z 

of the form (see Fig. 7) 

Yq + Mq 

P n 
where a photon from one beam 

12-711 (al (b) 
photoproduces a meson at large 

MM*1 pT on a quark constituent of 
the other beam. The meson 

Fig. 7. Contribution of the trigger, the recoil quark 
yq + Mq subprocesses to (a) jet, 'and the spectator 4 jet 
e+e'+e+eYr‘tX and (b) yp+~~'+n. together provides a back- 

ground to the yy+3-jet events. 
The normalization of the yq+M 

2 
amplitude can be inferred in a 

straightforward way from yp +r n photoproduction at large momentum 
transfer: (see Fig. 7(b)) 

2 (yp + .+n) = F;(t) g (yq + rq) (27) 

The 90' exciusive cross section 21 falls as s -7.3kO.4 in agreement 
with the s-' 
counting. 3 

behavior predicted by Eq. (27), and dimensional 
[See Chapter 11.1 The net result is 

(n active 
= 5) E 9 (e+e--+e+e- Jet+X) = l.lnbGeV4 (l-~k)~/pt where 

d-p 
all pseudo-scalar and vector meson qq bound states in the sum over 

the 35+1 representation of STJ(3) constitutes the "jet" trigger. 
As s=wn-in Fig. 6, this contribution falls faster in pT but at 
G-30 GeV dominates the yq+gq 3-jet cross section until p;fet * 
6 GeV, and (though distinguishable by topology) it even domlnantes 

jet 
the yy+q< contribution until pT 2 4 GeV. 
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It is possible that the normalization of the yq+Mq subprocess 
has been overestimated; nevertheless this amplitude must occur at 
some level, producing a characteristic p$ f(xR, ecrn> cross section. 
The most important check of its contribution will come from single 
pa?XiCh production at large PT, such as e+e-+e+e-rfx. In the case 
of hard scattering processes such as yy-+qq, yq+gq, and qq+qq, the 
final state fragmentation G,iq 
(~10~~) in the n+/Jet ratio, 

-(l-x) leads to a strong suppression 
since the quark jet must be produced at 

higher momentum than the trigger particle (the "trigger bias" 
effect).22 For example, the leading yy+qq subprocess gives 

E da (e+e-+e+e-,+X). = 6 x lom4 nb 
d3p 

On the other hand, the yq-+r'q subprocess 
without suppression from fragmentation: 

E& +- +-+ 

d3P 
tee -+eer 

prompt x) = 3x 10-2 

L ’ I I I I I I I ’ 

I o-3 ’ I I I I I I I I J 
0 2 4 6 8 

Fig. 8. Leading contributions to in- 
clusive pion contributions from e+e- 
annihilation and e+e-+eie-n+X (from 
Ref. 1). 

GXR) 3 

GeV2 
4 - C28) 

'T - 

produces a pion at high pT, 

nb GeV2 6 ' (29) 

pT 

(Inclusion of non-"prompt" 
IT'S from resonance decay 
approximately doubles the 
production rate.) This 
contribution is thus pre- 
dicted to dominate single 
pion production in the yy 
process until very high 
PT' With the above norma- 
lization, and in the ab- 
sence of electron or 
positron tagging, the two- 
photon reaction provides 
a significant background 
to the 90' inclusive IT+ 
spectrum from e+e--+y * + 
r++x for xT500.15 at 
~"5 = 30 GeV. (See Fig. 8.) 

It will be extremely 
interesting to verify the 
normalization and especi- 
ally the power law of the 
yy-+7r++X cross section. 
The pT6 power is derived 
directly from the lowest 
order diagram for. yq* 
(qq)q where the q{ system 
is at fixed mass; higher 
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order QCD corrections can only modify the result by an overall 
logarithmic factor. The fact that the single hadron trigger is pro- 
duced directly in the hard scattering subprocess rather than by quark 
or gluon fragmentation also is an important feature in hadron-hadron 
collision. In this case, as described in the constituent interchange 
model (CIM),2G dominant subprocess contributing to the pp+rr% and 
pp+px cross sections for pT < 8 GeV are expected to be the prompt 
hard-scattering reactions such as qM+qM and qB+qB, respectively. 
These subprocesses immediately explain why the observed power law for 
Eda/d3p at fixed xT and 0c, are close to py8 (meson production) and 
pT12 (proton production) for data below pTG 8 GeV. The CIM approach 
also can account for the observed angular distributions, same side 
momentum correlations, and charge correlations (flavor transfer) 
between opposite sides.23 We will discuss the central issues for 
hadron collisions in the next chapter. 

In summary, it becomes evident that two photon collisions can 
provide a clean and elegant testing ground for perturbative quantum 
chromodynamics. The occurrence of yy reactions at an experimentally 
observable level implies that the entire range of hadronic physics 
which can be studied, for example, at the CERN-ISR can also be 
studied in parallel in efe- machines. Although low pT yy reactions 
should strongly resemble meson-meson collisions, the elementary field 
nature of the photon implies dramatic differences at large pT. We 
have especially noted the sharp contrasts between hadron-and photon- 
induced reactions due to the photon's pointlike coupling to the 
quark current and the ability of a photon to give nearly all of its 
momentum to a quark. The large momentum transfer region can be a 
crucial testing ground for QCD since not only are a number of new 
subprocesses accessible (yy+qq, yq-tgq, yq+Mq, deep inelastic 
scattering on a photon target) with essentially with no free para- 
meters, but most important, one can make predictions for a major 

component of the photon structure function directly from QCD. We 
also note that there are open questions in hadron-hadron collisions, 
e.g., whether non-perturbative effects (instantons, wee parton 
interactions) are important for large pT reactions. 24 Such effects 
are presumably absent for the perturbative, pointlike interactions 
of the photon. We also note that the interplay between vector-meson- 
dominance and pointlike contributions to the hadronic interactions 
of photon is not completely understood in QCD, and yy processes may 
illuminate these questions. 



-25- 

Footnotes and References 

1. S. J. Brodsky, T. A. DeGrand, J. F. Gunion and J. H. Weis, Phys. 
Rev. Lett. 41, 672 (1978); and SIAC-PUB-2199 (submitted to Phys. 
Rev.). 

2. J. D. Bjorken and E. A. Paschos, Phys. Rev. 185, 1975 (1969). 

3. S. J. Brodsky and G. Farrar, Phys. Rev. Lett. 31, 1153 (1973); 
Phys. Rev. z, 1309 (1975); V. A. Matveev, R. M. Muradyan and 
A. N. Tavkheldize, Lett. Nuovo Cimento 1, 719 (1973). 

4. For a comprehensive review of the vector meson dominance model, 
see T. H. Bauer, R. D. Spital, F. M. Pipkin and D. R. Yennie, 
Rev. Mod. Phys. 50, 261 (1978). 

5. S. J. Brodsky, T. Kinoshita and II. Terazawa, Phys. Rev. 3, 
1532 (1971). For reviews see V. M. Budnev et al., Phys. 
Reports 15C (1975); H. Terazawa, Rev. Mod. Phys. 45, 615 (1973); 
and the reports of S. J. Brodsky, H. Terazawa and T. Walsh in 
the Proceedings of the International Colloquium on Photon- 
Photon Collisions, published in Supplement au Journal de 
Physique, Vol. 35 (1974). See also, G. Grammer and T. Kinoshita, 
Nucl. Phys. B80, 461 (1974); R. Bhattacharya, J. Smith and G. 
Grarmner, Phys. Rev. D15, 3267 (1977); J. Smith, J. Vermaseren 
and G. Grammer, Phys. Rev. D15, 3280 (1977). 

6. See S. J. Brodsky et al., Ref. 5, and F. Low, Phys. Rev. 120, 
582 (1960). 
eiax/e2. 

In the case of tagged leptons log s/m: + -log 

mln' 
Derivations and more precise formula are given in 

Ref. 5. An excellent discussion of the experimental considera- 
tions is given by J. Field, LEP Summer Study/l-13, October 1978. 

7. For discussion and references, see S. J. Brodsky, Ref. 5. 

8. For detailed calculations see J. Smith et al., Ref. 5, and J. 
Field, Ref. 6. The e+e- + e+e-t+r- cross section is comparable 
to the e+e- + -f T 7' cross section at 6 = 30 GeV. 

9. S. J. Brodsky, T. Kinoshita and H. Terazawa, Phys. Rev. Lett. 
27, 280 (1971); T. F. Walsh, Phys. Lett. 36B, 121 (1971). 

10. The yy+q; process for single hadron production at large pT in 
e+e- collisions was first considered in the pioneering paper 
by J. D. Bjorken, S. Berman and J. Kogut, Phys. Rev. D& 3388 
(1971). A discussion of this process for virtual Y reactions 
has been given by T. F. Walsh and P. Zerwas, Phys. Lett. s, 
195 (-1973). 



I 

-26- 

11. In the case of integrally-charged Han-Nambu quarks, locality of 
the yy+qq matrix element at high pT implies for the u,d first 
generation quarks 

12. 

&YY 
Q: <OljEm(0) IX> = 

c 
c=R,Y,B t t above 

??R+ uB"B+ dyY +d color 
threshold 

which aside from a sign change for the down quark is identical 
to the <O\jem(0)\X> matrix element. Thus, we have the identity 

RHN = R 
YY 

both below and above the color threshold. In particular, RHN = 
5/3x (number of flavor generations) below color threshold, zid 
Ry = 3x (number of flavor generations) above color threshold, 
compared to 17/27x (number of flavor generations) for the 
standard QCD model. See also M. Chanowitz in "Color Symmetry 
and Quark Confinement," Proceedings of the 12th Rencontre de 
Moriond, 1977, edited by Tran Thanh Van, and P. V. Landshoff, 
LEP Summer Study/l-13, October 1978. 

Equation (6) has also been derived in an equivalent form by K. 
Kajantie, University of Helsinki reprint, September 1978. 

13. For a review see D. Sivers, R. Blankenbecler and S. J. Brodsky, 
Phys. Reports 23C:l (1976). For a discussion of the validity 
of the hard scattering expansion in field theory, see W. E. 
Caswell, R. R. Horgan and S. J. Brodsky, Phys. Rev. D18, 2415 
(1978). Note that processes where one electron balances the 
transverse moment of the high pT jet trigger also occur in (3). 

14. Yu. L. Dokshitser, D. I. D'Yakanov and S. I. Troyan, Stanford 
Linear Accelerator Center translation SLAC-TRANS-183, translated 
for Proceedings of the 13th Leningrad Winter School on Elementary 
Particle Physics, 1978. 

15. E. Witten, Nucl. Phys. B120, 189 (1977). The results of Witten 
have been rederived by summing ladder graphs by W. Frazer and 
J. Gunion, University of California at Davis preprint lOPlO- 
(1978) and by C. H. Llewellyn Smith, Oxford preprint 67/78. 
See also Ref. 14. 

16. F. J. Yndurian, Phys. Lett. x, 68 (1978). 

17. This remarkable scaling property was first pointed out by C. H. 
Llewellyn Smith, Oxford preprint 56/78 (1978). 



-27- 

18. See Refs. 13, R. Blankenbecler, S. 3. Brodsky and J. F. Gunion, 
Phys. Rev. D18, 900 (1978), and Ref. 1. If the spin of a con- 
stituent a does not match that of the projectile A, then one 

expects a suppression factor (l-x) 
21s;~s$ 

in the leading 
scaling term. S. J. Brodsky, J. F. Gunion and M. Scadron (to 
be published). Logarithmic QCD corrections to the power-law 
behavior are discussed in Chapter II. 

19. S. J. Brodsky and R. Blankenbecler, Phys. Rev. DlO, 2973 (1974). 

20. R. Blankenbecler, S. J. Brodsky and J. F. Gunion, Phys. Rev. 
@, 900 (1978); P. V. Landshoff and J. C. Polkinghorne, Phys. 
Rev. E, 927 (1973), Phys. Rev. DlO, 891 (1974). 

21. R. Anderson et al., Phys. Rev. Lett. 30, 627 (1973). For a 
comparison of Compton scattering and photoproduction, see M. A. 
Shupe et al., Cornell preprints (1978). [See Chapter 11.1 

22. S. D. Ellis, M. Jacob and P. V. Landshoff, Nucl. Phys. Bl08, 
93 (1976). See also J. D. Bjorken and G. R. Farrar, Phys. Rev. 
D9-, 1449 (1974). 

23. For recent discussions see S. J. Brodsky, SLAC-PUB-2217, 
October 1978, and D. Jones and J. F. Gunion, Phys. Rev. 2, 
1032 (1979). Also see Chapters II and IV. 

24. I wish to thank J. Ellis for conversations on this point. 



-28- 

Iv. HADRON AND PHOTON PRODUCTION AT LARGE TRANSVERSE 
MOMENTUM AND THE DYNAMICS OF QCD JETS 

1. Introduction 

The most direct tests of the interactions of quarks and gluons 
at short distances involve the production of single hadrons, hadronic 
jets, and photons at large transverse momentum. In this chapter we 
will review several areas of hadronic phenomenology which test pre- 
dictions of quantum chromodynamics calculated from perturbation 
theory, including: 

(4 

(b) 

(cl 

Cd) 

(e) 

The production of direct pho:oys at large transverse momentum 
in hadron-hadron collisions. 3 In perturbative QCD, the ratio 
of gluon jet and direct photon cross sections is directly 
calculable, and leads to important phenomenological constraints. 
The multiplicity and distribution of hadrons in inclusive reac- 
tions may be related to color separation of the initiating 
subprocesses.3~4 The consequences of this ansatz for gluon and 
quark jets are discussed. We also review other possible dis- 
criminants of jet parentage. 
The hadronic decay of the upsilon via three gluon jet5y6 or a 
photon plus two gluon jets6 could provide some of the most 
definite tests of QCD. 
Gluon jets may be "ablate" with principal axes correlated with 
the gluon polarization.7 
The gluon distribution of a hadron is connected with the size 
of the source due to coherent effects and is not determined 
solely by the quark distribution. 8 

At present, the most controversial area of QCD phenomenology 
concerns the production of single hadro at large transverse 
momentum in proton-proton collisions. 9,3 We shall begin our 
discussion with a short review of the current issues. 

2. Production of Large Transverse Momentum Particles in 
Hadron-Hadron Collisions 

There are currently two main approaches to large pT phenomena 
-- both based on perturbative QCD and a "hard scattering expansion." 

(A) Quark, gluon scattering models. The basic collision sub- 
processes responsible for the large momentum transfer are assumed 
to be qq-+qq, qg-tqg, and a+ gg, as calculated in Born approximation 
QCD.ll Violation of scale-invariance occurs through the running 
coupling constant as(Q2), the quark and gluon structure functions, 
and the transverse momentum (kT) distributions of the constituents 
in the hadronic wavefunctions. The calculations automatically in- 
clude those parts of higher particle number subprocesses such as 
qq+qqg which contribute to logarithmic scaling violations in the 
structure functions. 
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(B) The Constituent Interchange Model.12 In addition to all 
of the contributions listed in (A), QCD also predicts "higher twist" 
subprocesses where more than the minimal number of quark and gluon 
fields participate in the hard scattering reaction, such as qM+qM', 
qB+ qB', gq+Mq, qq+I6, etc. Here "2" and "B" indicate qq and qqq 
clusters of fixed mass relative to PT. The cross sections fy; :ys.e 
subprocesses are readily computed from minimal QCD diagrams. 3 
As in (A) logarithmic scaling violations occur.15 By definition, 
higher twist subprocesses are responsible for all large PT exclusive 
reactions involving hadrons. 

The basic distinction between these two approaches for an in- 
clusive reaction such as pp +?TX is simply whether (a) the high PT 
trigger meson is formed after the hard scattering (e.g., qlq2+q1q2 

. with ql+ql+m) or (b) formed before the collision and then scattered 
(e.g., "q-tq). Obviously both types of subprocesses contribute to 
the cross section at some level -- it is a question of kinematics 
where each dominates: for fixed xT=2pT/s and e,,, the Born contri- 
butions clearly dominate at pT+- since 

-Fz(p;)-0 (2.1) 

.- 

.I On the other hand, the necessity for final state fragmentation in 
any quark or gluon scattering reaction implies a numerical suppres- 
sion of the cross section by 2 to 3 orders of magnitude! This 
crucial factor (called "trigger bias" by Ellis, Jacob, and 
Landshoffle) results because a quark typically gives 75% of its 
momentum to the trigger particle due to its rapidly falling frag- 
mentation function Gn/ (z) at zN 1. 

4 
The qq+qq subprocess then 

occurs at an effective y higher PT where the cross section is orders 
of magnitude smaller. (It is this effect that yields large jet/ 
single ratios, since the (quark or gluon) jet trigger is not sup- 
pressed by this effect.) On the other hand, if the pion trigger 
emerges directly from the subprocess (as in the CIM Mq+rq sub- 
processes) then there is no trigger bias suppression. Thus for 
some range of PT, the "higher twist" QCD-CIM subprocesses will be 
numerically important. Ignoring (logarithmic) scale-violating 
effects (see Chapter II ) the cross sections have the representative 
forms (see Fig. 1) 

2 CL 
QCD-Born: -.Lk- (pp+lTX) N 

S 

d3p/E (1oo)P; 
(1-xT)g (2.2) 

versus 

QCD-CIM: (2.3) 
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(al (b) 

Fig. 1. QCD hard scattering 
subprocesses for pp+rX. In 
(a),(b) and (c) the 51 is 
formed after the hard scat- 
tering via quark or gluon 
fragmentation. In (d) and 
(4, the "higher twist" CIM 
contributions, the meson is 
formed before the hard scat- - .- tering. Diagram (f) repre- 
sents the "fusion" CIM 
qi+n+M contribution. ., 

In principle, it is straight- 
forward to determine the normali- 
zation of the 2+2 QCD subprocess 
contributing to the inclusive 
cross section, since a, and the 
structure functions are to a 
large extent determined (although 
there is some uncertainty in 
determining the gluon distribu- 
tions in hadrons). The effect of 
the kT distributions of the 
hadronic constituents is contro- 
versial. An essential point 
ignored in many model calculation 
is that the interacting constitu- 
ents are always off the mass 
shell and spacelike:17 

'2 -2 
k2 = - '1+ ; (2.4) 

-2 where m is a linear combination 
of squares of spectator and incident hadron masses (see Chapter II). 
The off-shell kinematics ensure that the gluon pole in the qq+qq 
amplitude never occurs in the,physical region, and serve to damp 
out the effects of large kT. In partice, one finds that kT fluctua- 
tions do not increase the inclusive cross section by more than a -- 
factor of 2 for pT 22 GeV, even if we assume very large mean kTw 
850 MeV Gaussian smearing.18 A representative calculation is shown 
in Fig. 2. (.If one uses on-shell kinematics, the cross section can 
be increased by an arbitrary amount depending on a cut-off.) Off- 
shell kinematics are of course required whether one uses covariant 
Feynman amplitudes or time-ordered perutrbation theory. 

The critical question is deter- 
mining the magnitude of each 
contribution. 

The cross section for subprocesses such as qM+qM has the form 19 

a. 5) 

corresponding to the QCD amplitude shown in Fig. l(d). The qM+qM 
amplitude falls as s-1 at fixed u because of the exchanged fermion 
in the u-channel. The power fall-off at fixed center-of-mass angle 
agrees with the dimensional counting rules da/dta s-(n-2) where n 
(= 6 here) is the number of active fields in the initial and final 
state.20 The constant aM is proportional to a,(p$) times the meson 
wavefunction at the origin. It can be fixed phenomenologically (to 
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Fig. 2. (a) Data and QCD contributions for Edo/d3p (pp*~X) at 
8 cm = 900. The dotted line has no scale violations or kT fluctua- 
tions. The lower solid curve indicates scale violations in the 
structure functions and as. The upper solid curve indicates scaie 
violations plus kT fluctuations calculated with off-shell kinematics. 
(b) QCD results for p$ Eda/d3p (pp+?'r"X). The dashed curves indi- 
cate scale violations. The solid curves indicate scale violations 
plus off-shell kT fluctuations. (From Horgan and Scharbach, Ref. 18.) 
The sum of QCD plus CIM diagrams give a good fit to the data. See 
Figs. 5 and 8. 
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within a factor of -2), since the qM+qM amplitude enters directly 
in the meson elastic form factor and meson-proton elastic scattering 

at large momentum transfer 

(a) (b) Cc) 

Fig. 3. Contribution of qM+qM 
amplitude (a) to meson-baryon 
scattering (b) and the meson 
form factor Cc). 

In order to determine 
the size of the contribution 
of the Mq+Mq subprocess to 
the pp+~X (see Fig. 4) we 
also need the normalization 
Of GM/q(X), the distribution 
of virtual 46 states in the 
proton. (The same normali- 
zation enters virtual meson- 
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4 

Fig. 4. The CIM Mq-tnq 
contribution to pp+tX 
at large pT' The virtu- 
al meson M is a qq com- 
ponent of the nucleon. 

(1) The best power- 
data is 

induced reactions, such as Deck or 
Drell diagrams in low t hadronic phy- ' 
sits and the height of the meson 
plateau in forward reactions.) We 
have assumed a normalization such that 
-l/2 of the ;i sea can be identified as 
constituents of the virtual qi states. 

With these normalizations, we 
find that contributions (B) are in 
fact consistent with the normalization 
of FNAL21 and ISR data22 for pp+?rX up 
to P -8 to 10 GeV. 
predxct the 2+2 QCD 

At that point we 
-- Born subpro- 

cesses contributions (A) will cross 
over and dominate the inclusive cross 
section. 19,22 (See Fig. 5.) Moreover, 
we note the following: 

,law fit to the Chicago-Princeton'l FNAL 

E 3. (pp'n+X) = 
d3p 

8,;k .5 (l-xTlg*o+o*5 

PT 

is agreement with the predicted CIM powers. 

Fig. 5. Comparison with data of CIM plus QCD (pi4). 

n Clark et al. 4 

P--X" l Eggert et al. 
x CCOR i 
./?=62.4 GeV 

2 3 4 5 6 7 8 9 IO II I2 13 14 
pT (GeV/c) 

(2.6) 

contributions to the pp+?r"X cross section. Scale- 
breaking is neglected and as= .15 in the QCD term. 
(From Jones and Gunion, Ref. 23.) 

- 
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(.2) The best fit24 t o the angular distribution of the subprocess 
in pp +rX is da/dt a l/su3 or l/St3 in agreement with the predicted 
CIM form. 

(3) The CIM mechansim predicts that the trigger particle 
usually emerges alone without same-side correlated particles, or 
from the decay of resonances, especially the p. This is in excellent 
agreement with the results of the British-French-Scandinavian25 
group's experiment at the ISR, who find that in -85% of the events 
with a 4 GeV trigger, the trigger particle is unaccompanied by same- 
side charged particles (aside from the usual low momentum background). 
The small growth of the same-side momentum with the trigger pT 
observed in the experiment indicates that on average more than 90% 
of the trigger momentum is carried by the trigger pion -- much larger 
than the -75% expected from q or g jet fragmentation.26 The BSF data 
clearly does not support the hypothesis that the same-side jet is a 
quark or gluon jet. 

(4) The qM+qM subprocesses implies that flavor is generally 
exchanged in the hard scattering reaction.27 For example, consider 
the quark interchange and qq +m fusion contributions to pp+K?X 
shown in Fig. 6. The average charge of the recoil quark is slightly 
positive for the K+ trigger and >+1/3-for the case of the K- 
trigger. Thus the charge and flavor of the away-side jet in the 
CIM can be correlated with the flavor quantum numbers of the trigger. .- 
In contrast, gluon exchange diagrams predict very sma1126 flavor 
correlations between the away-side and same-side systems. The data 

_, from the BSF-ISR group (see 
Fig. 7) for various charge 
triggers at 90' show 
striking flavor correla- 
tions, especially for K- 
and 5 trigger's, in general, 
agreement with the above 
expectations for the quark 
exchange processes of the 
CIM model. (A possible 
difficulty, however, may 
be the absence of a strong 
difference in the away-side' 
+/- ratio for IT+ and .TI- 
triggers. This may be due 
to the fact that resonance 
decays, particularily p"+ 
lT+lr- , dilute the charge 
correlations.) It should 
be emphasized that the CIM 
terms are not maximal for 
back to back configurations 
because of the difference 
in.q and M distributions. 
[This could explain why 
charge correlations are 

u 2u,d,s s 

(Qq) 2 l/6 (Q,)=-l/3 

(a) (b) 

MkK- +K- 
ii 5 -5 

(Q-6) = l/3 (QTj) = l/3 

(d) (e) 

IO -78 

s 3u,d 

(Q,)~55/12 

(cl 

u 
K- 
S- 

2u,d 

(0,) = 213 

(f) 

3494A5 

Fig. 6. Analyses of charge flow in 
CIM diagrams for pp+K'X. Quark 
exchange in the subprocess implies 
charge correlations between the 
trigger and away-side jet. 
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Fig. 7. Number of fast positive 
and negative particles on the 
side-away from a 90° trigger for 
various trigger type. (From 
Ref. 25.) The gluon exchange 
QCD diagrams give an away-side 
jet nearly independent of the 
trigger type. See R. Field, 
Ref. 10. 

(5) In the case of pp+pX, 
the dominant CIM subprocess is 
the qB+qp subprocess. The 
theoretical pxediction is Eda/ 

d3p (PP+PX) =pT -12(1 - XT) . 7 The Chicago-PrincetonL1 fit at 90" in 

fact gives pT -11.7(1-xT)6.8 at FNAL energies, PT < 7 GeV with uncer- 
tainties in the exponent of order 20.5. We emphasize that a success- 
ful model for single particle production must account for both high 
PT meson and baryon data. There does not seem any way to account 
for the pp+pX scaling behavior in terms of 2+2 QCD subprocesses 
without enormous scale-breaking in the q-tp distribution function; 
we note that data from DESY for efe-+PX appears to be reasonably 
consistent with scale-invariance. On the other hand, we find that 
the normalization of the Bq+Bq subprocess required here is consist- 
ent with elastic pp-+pp scattering and the proton form factor.19 
In addition, at ?+,=90", xT > 0.6, we predict that the direct scat- 
tering process pq-tpq (where the incident proton itself scatters in 
the subprocess) should become dominant, leading to pT -12(1 - xT)3 
behavior. The direct scattering contribution to inclusive pp-+pX 
connects smoothly to elastic scattering pp+pp, in agreement with 
the Bjorken-Kogut "correspondence principle" arguments.29 
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strongest away from zero rapidit 
on the away-side in the BSF-ISR 2: , 
experiment and why only minimal 
flavor correlations are observed 
in the FNAL experiment of R. J. 
Fisk et al., 28 who only look at 
particles directly opposite a 
90° trigger. The correlations 
will also be reduced because of 
the nuclear target.] 

In each case we would ex- 
pect that these charge correla- 
tions will disappear at very 
high pT when the 2-+2 QCD -- 
Born subprocesses become domi- 
nant. It is interesting to note 
that for R and i? triggers, the 
~:"~~,~~ef;n;o~~~i~~2~r~~i~~~~r 

(for pp collisions) at a rela- 
tively small PT (-4 to 5 GeV 
at ISR energies) due to the 
rapid fall-off of the CIM terms 
as xT+l for these triggers. 
Thus there is a rich, dynamical 
structure controlled by the PT 
and xT kinematics which can 
be unraveled by quantum number 
correlations. 
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Combining the QCD 2-2 Born subprocess contributions with the 
CIM (higher twist QCD) contributions leads to a combined prediction 
for pp+x+X'. of the form (8,,= 90°)lg 

(l-x*) g 9 
E da (pp+~~+x-) = aS(p;)(0.035) 

d3P 
4 + (9) 

(1-q 
8 3 

pT PT 

(2.7) 

in GeV units. The 0.035 factor includes the suppression factor due 
to trigger bias l6 from q+M+q fragmentation as discussed above. 
(The factor of 9 in the CIM term is computed using aM=2 GeV2 and 
an estimated factor of 2 from resonance decay contributions to in- 
clusive r + production.) The ( ~-XT) ’ power comes from convolutions 
of valence distributions Gqip(x> with (l-~>~ fall-off and Grjq w 
(l-x)? Asymptotic freedom ,5 spin correlations, etc. can increase 
the effective power to (l-xT)lO Or l1, Thus at pT"l0 GeV, the 2+2 
subprocesses are predicted to be dominant, the power of PT for ?r"O, 
e, and production should decrease to pT6 and then asymptotically 
approach pT4 scaling, modulo QCD logarithmic radiative corrections. 
At these values of PT all the canonical QCD predictions characteris- 

: tic of the Born diagrams should hold; in particular the same-side 
system will cease to be dominated by single particles, and flavor 
correlations between the trigger and away-side system will tend to 
zero. An importaf:,T6 rediction of QCD is the eventual dominance of 
gluon jet recoil. 

We note that recent ISR data22 for the pp-f~~'X cross section 
for 6~ pT< 12 GeV are indeed consistent with a sum of terms of the 
form of Eq. (2.7) (see Fig. 8). For pT< 8 GeV, the experimental 
data are consistent with dominance of the CIM terms. We emphasize 
that the predicted QCD 2+2 Born contributions alone are at least 
a factor of 5 below the data for pT"4 GeV, even allowing for a 
factor of 2 from kT smearing corrections and uncertainties in the 
effective value of a,; in any event these contributions are incon- 
sistent with all of the features of the data, (1) through (5) 
discussed above. 

An important theoretical question is how to systematically 
include the effects of higher particle number hard-scattering sub- 
processes 2-+n and even m-tn. In a recent paper by Casewell, Horgan, 
and myself18 we showed that for $3 field theory, the inclusive cross 
section for A+B+C+X can be computed systematically in terms of a 
sum of incoherent hard scattering contributions, as expected by 
parton-model considerations. In the +3 model all effects associated 
with large kT in the incident wavefunction are automatically include 
when the higher order subprocesses are taken into account. Subpro- 
cesses with higher number of active fields suffering the large 
momentum transfer give higher powers of pT fall-off. 
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Fig. 8. Comparison with data of CIM plus QCD (pG4> contributions 
to the PP-+ITOX cross section. Scale-breaking is neglected and as= 
.15 in the QCD term. (From Jones and Gunion, Ref. 23.) The data 
may include contributions from direct photons, pp+yX. 

The situation in QCD is best 
Fig. 9). A Feynman diagram which 

“i 2 --4$+ ----q-g‘ 

(0) 
b0 - II 

q ‘Cl ‘q 
(bl (c) 

Ire.., 

Fig. 9. Illustration of hard 
scattering expansion. The 
Feynman amplitude (a) contains 
contributions from (a) qq+qq, 
and (b) gq-tgq subprocesses. 

fluctuations to qq+qq scattering 

illustrated by an example (see 
corresponds to qq+qq scattering 

with gluon bremsstrahlung yields 
contributions to both the qq+qq 
hard scattering subprocess (when 
the emitted gluon gl is parallel 
to 41) and to the qg+qg subpro- 
cess (when the exchange gluon g2 
is at low kT relative to 92). 
The contribution where the 93, 

44' and g all emerge at differ- 
ent ecm is suppressed by a power 
of log pg. Note that (1) off- 
shell kinematics are required 
in order to obtain the correct 
contribution to the gq-tgq sub- 
process; (2) it wouid be double- 
counting to include both kT 

plus the gq+gq subprocess; and 
(3) the leading logarithmic corrections to the qq+qq scattering 
are already included when the measured Gq/p structure function is 
used. A consistent treatment in QCD requires simultaneous considera- 
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tion of the hadronic wavefunctions, off-shell effects, and the kT 
fluctuations implicit in higher particle number subprocesses. 

The theoretical origin of the kT distribution of the quark and 
gluon distributions in hadrons is complicated, since there are 
clearly several mechanisms at work: 

(a> The tail of the hadronic wavefunction at large kI due to con- 
stituent recoil gives a contribution of order 

Cb) 

(4 

Cd) 

dN % 2 -N 
dk; k4 

Cm << < << p;, 
T 

(2.8) 

Radiative corrections due to single gluon recoil gives 

dN as (kg) 
-N ki Cm2 cc kT cc p$ (2.9) 

and eventually will dominant over (a). This contribution can 
also be identified with 2-+3 QCD subprocesses. 

In any inclusive process in which color is virtually separated 
the radiated soft gluons taken together give an effective kT 
distribution. According to the analysis of Dokshitser, 
D'yakanov, and Troyan for the Drell-Yan process, the effective 
distribution has a computable Gaussian-like shape. 

The intrinsic kT distribution of the hadronic wavefunction due 
to binding and ohter non-perturbative effects. The recent 
bubble chamber measurements of the final state hadron distribu- 
tion in deep inelastic neutrino-proton scattering reported at 
this meeting by Vander Velde31 shows that the intrinsic kT of 
the constituents are in fact small; the fast hadrons near xR~ 
-1 in the W'-proton cm frame (from the spectator "qq" jet) 
have <kg> g 0.1 GeV2. The large values of kT observed in Drell- 
Yan and large pT reactions (from pout distributions) thus must 
be attributed to a combination of the mechanics (a),(b) and (c). 

As we discussed, the CIM (higher twist QCD) diagrams can tem- 
porarily dominate the 2+2 Born subprocess contributions because of 
the trigger bias in single particle high pT reactions. In the case 
of jet triggers, the trigger bias is absent, and the QCD Born terms 
are expected to be dominant even at pTN4 GeV. Thus jet experiments 
can provide a direct tool to check the basic form of QCD dynamics, 
verify the form and magnitude of the tri- and quartic-gluon inter- 
actions, etc. At present, there is a great deal of uncertainty how 
to define a jet trigger, particularly because of possibly striking 
differences in the structure of gluon and quark jets. The study of 
jet production in two photon physics and the recoil system in deep 
inelastic scattering should be helpful for establishing workabie 
definitions for jet triggers. 
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The CIM-QCD approach to large pT dynamics, combined with dimen- 
sional counting rules for determining the leading power behavior, 
makes a large number of phenomenological predictions (see Refs. 19, 
23). Thus far, I am not aware of any serious conflicts with data. 
In particular, the observed particle ratios such as pp-+K-X/pp+K+X 
and beam ratios rp+'rrX/pp +ITX are not inconsistent with the CIM 
(although in the latter case, the situation is complicated by the 
presence of several competing subprocesses). It is very interesting 
that corrections to scaling can now be systematically evaluated in 
perturbative QCD for the higher twist/CIM subprocesses (see Chapter 
II). 

3. Photon Production at Large Pt 

In addition to yy collisions (see Chapter III), other photon- 
induced reactions such as yp+rX, yp+yX, and yp-tjet X are sensitive 
to "direct" QCD reactions such as yq+Mq, and yq+yq, where the in- 
cident photon participates in the hard scattering subprocess (and no 
forward hadrons are produced)32 as well as standard QCD or CIM sub- 
processes such as qq-fqq, qM+qM, and qM+yM, where the perturbation 
QCD "anti-scaling" structure function of the incident photon is 
important. 

.- 
Photon production at large pT can also be used as ?n important 

probe of the underlying hard scattering subprocesses. 3 Discarding 
photons which are produced from hadron decay (rO+yy, n'+yy, etc.), 

., we can distinguish several mechanisms in QCD: 

(a) QCD Born contributions with quark fragmentation, e.g.: 
e+e--+qq, w-tqq, gq-tgq with q-+-w. 
distribution has the Witten 

The Gy/,(x,Q2) fragmentation 
anti-scaling form and is nearly flat 

in x until x very close to 1. If a QCD 2-2 subprocess dominates 
both IT and y production, then 

du 
- (PP++x) 
d3p/E 

G 
y/qcxT) a N- 

-ALL..- (pp-tvx) 
d3p/E 

Gn/q("r) 
1 - XT (3.1) 

at Bcm=900, independent Of pT' 

(b) Direct QCD Born contributions, from subprocesses such as: 

gq + Yq and G + Yg - 

In these processes the photon is produced in the subprocess itself. 
Since there are no accompanying trigger jet hadrons one can easily 
distinguish such reactions from fragmentation processes.2 These 
reactions can also be important for producing massive lepton pairs 
at large transverse momentum. 

(c) CIM-type subprocesses, such as Mq-+yq, where the incident 
meson M is a correlated qq pair in the incident hadron wavefunction. 
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Both processes (b) and (c) can dominate over (a) for moderate pT 
because of the a:sence of trigger bias suppression. The nominal 
scaling laws are 

I 2 E8 a s OLy 4 
pT Edo (PP+YX) N 
E8 

d3p 
as a 4 

pT 

aM CL E9 

p" T 

b) gq -+yq 

(cl Mq+w (3.2) 

where ay - a/a, (p$ -a log $$/A2 and E= l-xT. A systematic discussion 
of these contributions and their relative magnitude is discussed in 
Ref. 2. We found that with conventional parameterizations, the CIM 
contributions (c) exceed the QCD (a)+(b) terms until p&-8 GeV at 

/- ‘“l-+=--7 
1 PP - ,r++x ! 

! / 
! I 1 

,&=33 GeV, and until p%w 
9 GeV at 4X=61 GeV. The 
ratio of y to pion produc- 
tion (parameterized as .eg/ 
pt) is shown in Fig. 10. 
For pTL8 GeV where the CM. 
subprocesses dominate both 
pion and photon production, 
we predict at 90° the cross 
section ratio:19,2 

Js- (GeV) 

. . . . . . . . . . 19.4 
-.-.- 45 
---- 6.2 

- 800 - 

0.011. 
I i0 100 

10 -,I PT (GeV/c) 34*.*,0 

Fig. 10. Predicted ratio from QCD 
plus CIM contributions for -~/IT in 
pp collisions. (From R. R&k1 et - 
al., Ref. 2.) 

Y 2 
IT 0.007 pi/GeV2 

roughly independent of s. 
This dependence of pT and s 
should be readily distin- 
guishable from the y/rr- 
ay/(l-XT) dependence charac- 
teristic of conventional 
QCD calculations. We also 
note that the predictions 
of Fontannaz34 and Blanken- 
becler et a1.35 which are -- 
based on the Mq-+y*q sub- 
process appear to account 
for a large share of the 
pT distributi;; of messive 
lepton pairs. 
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4. Photon and Gluon Jet Production 

It should be emphasized that direct large pT photon production 
at the magnitude discussed here is an essential prediction of the 
hard-scattering approach to hadron dynamics. In particular, since 
photons and gluons enter subprocesses in a similar manner, there is 
a close relationship between gluon jet and direct photon production. 
For example, consider the subprocesses 

da aa 
dt !?x+gq) = f [- $(Z + $) + s2y2] 

S2 
(4.1) 

and 

(4.2) 

At 90°, this implies 

da - (PP-fYX) 
d3p/E = 

do (4.3) 
- (pp+gx) 
d3p/E 

from these subprocesses alone. Direct photons and gluon jets from 
these contributions have the same scaling laws, independent of 
structure functions, kT smearing, etc. We note that the gq-+gq 
subprocess gives -l/4 of thg total jet production cross section from 
all QCD 2+2 subprocesses. Therefore we have a lower bound 

da - (pp -+yx) 
d3p/E 

-AL (pp+llx) 9 
d-%/E 

a 

expt' 88as(p$ 
(4.4) 

For example, if the jet/n ratio is of order 300 (to 600) as in the 
FNAL E260 experiment 37 (pT-4.5 GeV, ELab=200 GeV), then the y/n 
lower bound is 12.5% (to 25%). Conversely, the experimental tgper 
bound for y/r of (.55, +.92)% as reported by J. H. Cobb et a1.30 at -- 
2<pT<3 GeV, ,&=55 GeV implies an upper bound for jet/n production 
of order 30, which is in severe disagreement with QCD expectations 
and the trend of experimental results. Thus the production of direct 
photons may provide one of the most important constraints on QCD 
subprocesses. 
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5. Color and Hadron Multiplicity 

One of the most intriguing problems in QCD is how to unravel 
the mechanisms which control the development of hadron multiplicity 
in large momentum transfer reactions. The "inside-outside" space- 
time development of hadron production as discussed by Casher, Kogut, 
and Susskind39 and Bjorken40 for e+e'-+qe+hadron is consistent with 
causality and confinement. This picture implies that the fastest 
hadrons (which contain the valence quarks) are formed last, and the 
slow 

1 
olarization cloud first. Weiss and I, 41 building on earlier 

work, 2 have shown that in such a picture, the charge of a quark jet 
(on the average) is equal to the charge of parent quark plus the 
average charge of anti-quarks in the sea: 

Q. 3et = Q, + <Qq>sea (5.1) 

Here Qjet is obtained by integrating the charge density in the jet 
starting from y. (anywhere in the central region) to Ymax. Gluon 
~~~e~~~ Qjet=O* These results hold for ail conserved quantum 

. 

The inside-outside description of jet dynamics leads to the 
following ansatz for QCD:3 Soft hadron production in a hard scat- 

.- tering reaction depends only on the effective color separation. 
Accordingly, two reactions which initially separate any two 3 and 3 
systems (4, ;i, 44, w, etc.) will have the same distribution of 
hadrons in the central region. (Only the fragmentation region dis- 
criminates the flavor and composition of the jet.) Thus we expect 
the same multiplicity distributions (e.g., plateau height) in the 
central region for the hadron system X in e+e-+X, y*p-+X, and 
pp+u+u-+X (IJrell-Yan mechanism), given the same rapidity separation 
of the 3 and 3 systems. Fgr large pT reactions, the subprocess 
qq-tqq leads to four 3 or 3 jets. The multiplicity and associated 
coherence effects associated with these jets can be computed in 
analogy with the soft-photon production formulae of QED for the 
corresponding charge separation reaction, positronium + positronium 
+ e++X [e+ef+e+e+ subprocesses]. The net multiplicity corresponds 
to 4 quark jets, with coherent enhancement in the interference zone. 

An important consequence of the color separation ansatz is that 
gluon (color 8) jets must have a different soft hadron spectrum than 
quark jets. In fact, for Nc+m, the color separation for a gluon jet 
is the same as two incoherent quark jets. More generally, the 
number of soft gluons bremsstrahlunged from a gluon source compared 
to a quark source is given by the ratio of Casmir operators for the 
adjoint and fundamental representation: 3,4 

soft 
<n > 

= 2 
soft <n > 

1_2N-*. = 4 for color SU(3) (5.2) 

q C 

Thus we expect that the plateau height for soft gluons (or sea 
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quarks) in the gluon jet is 9/4 that of quark jets (i.e., a color 
octet has 3/2 the "color charge" of the color triplet). If we assume 
the density of produced hadrons is linearly related to the sea-quark 
density, then gluon jets will have more than twice as many soft 
hadrons in the central region compared to quark jets. Further,43*44 
the energy of a gluon jet will be contained in a larger solid angle 
due to its increased "straggling" -- again due to the 9/4 color 
factor. The leading particle distribution in a gluon jet will also 
be depleted more strongly by soft gluon radiation. 

On the other hand the dependence of hadron multiplicity on soft 
gluon or quark production may not be as strong as linear. For 
example, the lower density of g+qq pairs in a color triplet jet 
implies that the average cluster (singlet q{) mass will be of higher 
mass than clusters due to the more copious bremsstrahlung from the 
color octet jet. Since the heavier clusters decay with a higher 
multiplicity, the net difference between quark and gluon multipli- 
cities may not be as severe as indicated by QCD perturbation 
theory.45 Nevertheless, taking into account their different struc- 
ture at the short distance level, it would be very surprising if the 
hadron distribution from quark and gluon jets turned out to be 
identical. 

QCD and "Hole" Partons .- 
Several years ago Bjorken46 postulated the concept of a "hole" 

parton to describe the development of the final state multiparticle 
distribution after a deep inelastic lepton reaction. It is an 
interesting question whether this parton model ansatz has an 
analogue in QCD. 

' A common phenomenolo- 
gical assumption is that 
sea quarks in a hadron 
arise as low-mass pair 
states created from gluon 
bremsstrahlung. If this 
perturbative picture is 
correct, then after a sea 
quark with rapidity y. is 
struck by a deep inelastic 
Y or W, the spectator sys- 
tem consists of (1) an 
antiquark (hole parton) at 
y-y0 with quantum numbers 
opposite to those of the 
struck quark, and (2) a 
leading particle system 
with the rapidity of the 
target hadron, but with 
color 8 (see Fig. 11(a)). 
There are thus two. rapidity 
regions created from the 
color neutralization: 

hadronic current 
plateau plateau 3-3 plateau 

YP Yii Yq 

Ia>& - lag Q2, 

II- II (a) 

YP 

log w 

( b 1 ,,o..,, 

Fig. 11. Illustration of final 
state hadron distribution deep 
inelastic lepton scattering on 
a sea quark arising from (a) 
gluon bremsstrahlung or (b) a 
(qq qqq) Fock state. 
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(al a "current" plateau region of length log Q2 between the 3 and 5, 
and (b) an "hadronic" plateau of length log (W2/Q2) between the 8 and 
hole parton 3. The density of soft gluons created in the neutrali- 
zation of the 8-8 system will be 9/4 that of the 3-3 separated sys- 
tem; thus we expect the height of the hadronic plateau to be higher 
than that of the current plateau; i.e., the hadronic multiplicity 
will be a function of both W2 and Q2. Despite these expectations, 
data from deep inelastic electron and neutrino reactions indicate 
that the current and hadron multiplicity plateaus have equal heights. 
We note that dual string picture also predicts that the "hadronic" 
plateau should be twice as high as the "current" plateau. 

There is however an alternative description of the proton gluon 
and quark distribution, which requires giving up a simple perturba- 
tive picture of the q< sea. 47 The hadronic state is evidentally a 
complicated coherent color state: all constituents tend to have the 
same rapidity in order that the system remains a coherent singlet 
over the semi-infinite time before collision. The virtual gluon, 
quark, and antiquark states are thus continually exchanging momentum. 
When a virtual sea quark is struck at yo, the remaining state is that 
of a coherent ? at the original rapidity Y of the target. Because 
of the exchange of momentum in the initial state, there is no special 
reason for a < with opposite quantum numbers to be at the struck 
quark rapidity, and there is no "hole" parton (see Fig. 11(b)). 
Furthermore, there is no separate current or hadronic plateaus; the 
multiplicity should only depend on log W2, in agreement with data. 

The question of the color and quantum number content of the 
hadronic state before and after a deep inelastic reaction is a 
fascinating subject, which deserves much more theoretical and experi- 
mental attention. The associated multiplicity in massive lepton pair 
production events could be an ideal laboratory for studying this 
problem since both valence and sea distributions of mesons and baryons 
can be probed, and a comparison can readily be made with either 
normal events or low-mass pair events. 

Another important problem related to the detailed nature of the 
hadronic wavefunction concerns the question shadowing in deep inelas- 
tic events on nuclei. It is still not settled theoretically or 
experimentally whether the nucleon number A" dependence is controlled 
by Bjorken x or q2. Analyses in terms of the parton model are given 
in Refs. 40 and 48. 

6.' The Forward Fragmentation Region and Short-Distance Dynamics 

Although hadronic scattering in the forward direction is 
normally not regarded as a probe of quark dynamics, the forward and 
backward fragementation regions in A+B+C+X at x:-k1 deserves 
special attention. In order for C to have nearly all the momentum 
of A or B, there must be the exchange of large momentum transfer 
between constituents which are far off-sheil. The forward systems 
produced in low pT reactions can be regarded, in a general sense, 
as hadronic jets and many of their properties (multiplicity, kT 
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distributions, 
jets in e+e- 

quantum number correlations) are I;ot dissimilar from 
annihilation or large pT reactions. Blankenbecler 

and 149 have emphasized the unity and continuity of physics through- 
out the Peyrou plot; in particular, the dynamics at the quark and 
gluon level for large pT reactions at ~P=p~/p~~~l at fixed 6cm 
must connect smoothly with forward reactions at xLw 1 as ecm+O or 
II. In particular, Ochs50 has noted the phenomenological similarity 
between particle ratios at 8,,=90° and O" in pp collisions. 

The first suggestion that the behavior of the forward fragmenta- 
tion region in inclusive reactions can be related to the quark 
distributions in hadrons is due to H. Goldberg.51 However, the 
simplest implementation of this idea fails: For example, for the 
reaction pp+rr+X, one can imagine that either before or after an 
initial soft scattering, a u-quark in the proton, with the distri- 
bution Gqjp(x) (obtained from deep inelastic lepton scattering) 
fragments to the fast pion with the distribution G,+/, (obtained 

from e+e- annihilation) (see Fig. 12(a)). Although this ansatz can 
account for the observed particle ratios in the forward direction, 
it predicts a too-small and too-steeply falling distribution, 

(prediCtiOn)4g (6.1) 

vs. 

+e (pF+JT+x) Ot (l-x$ 3.1kO.5 (experiment) 52 (6.2) 

10-11 (0) (b) 31P1*ll change. 
.~ 

There is however 

Fig. 12. Production of high energy, 
another possibility:53 

low pT pions in pp+n+X arising from 
consider the five quark 

(a) diffractive or gluon exchange 
uud; seaqsea > component of 

processes or (b) q< annihilation of 
the proton wavefunction. 

sea quarks. 
The sea quark has a flat 
distribution in rapidity 
and can be exchanged or 

annihilated in the target, giving a constant total cross section 
[see Fig. 12(b)]. (This is the QCD analogue of Feynman's "wee 
parton" mechanism for high energy interactions.) The distribution 
of meson systems uzsea in the remaining 4-quark state is 

(6.3) 
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where we have used the QCD-based spectator counting rule, 49,54 

G a/A(X) = (Z-XL) 
2ns-1 

(x * 1) (6.4) 

where ns is the number of bound spectators which are required to 
stop as x = (k;+k?jh’(p$+p$ +I. Notice that for the gluon exchange 
mechanism, there are 3 spectators for pp +rfx, versus 2 spectators 
for the wee-quark exchange case. 

A large number of forward reactions have been measured; the 
results are generally in good agreement with the powers predicted 
by the q-exchange mechanisms. 53 It is likely that both soft q and 
g exchange mechanisms are important in forward reactions; it is just 
that sea quark exchange is more effective in producing fast particles. 
Other consequences of this picture, including induced correlations 
between particles at xL = +l are discussed in Ref. 53. We also note 
that two particle correlations at xL(1)+xL(2) +I are also readily 
predicted: 

dN 
dxldx2 (pp +,+lT+x> N dxld;x2 (PF + n+r-X) 

>> dx;;x2 (Fp + T-T-X) (6.5) 

where we utilize theetwo valence quarks in the proton. Tests of 
these ideas can illuminate the multi-quark correlations in 
hadronic wavefunctions. A recent test of the quark spectator rule 
for the distribution of fast forward particles in large pT reactions 
in correlation with various triggers has been given by the CCHK 
group.55 There are also a number of successful applications of this 
rule to nuclear-induced reactions. An alternative parton model for 
forward-fragmentation processes has been given by Das and Hwa.56 
A comparison between these approaches and applications to Drell-Yan 
processes is given in Ref. 57. 

7. Gluon Jets 

The essential property of QCD which distinguishes it from a 
generalized quark-parton model, is the prediction of jets derived 
from the initial creation of a gluon quantum. Gluon jets are pre- 
dicted in e+e- annihilation (3-jet decay from e+e-+q<g) and in 
deep inelastic scattering (eq+eqg). The identification of multi- 
jet events corresponding to such subprocesses is not completely 
straightforward because of severe backgrounds from subprocesses such 
as e+e-+-irqq; the relatively large q+Mq coupling dominates the 
q*gq process until quite large PT. Selection of events with high 
multiplicity could be used to favor gluon jet production. 



By comparing the processes 
or p+ production, we can obtain -. __ 

qi+y+g at--d qq +u+u’ for high pT y 
a predictiF for gluon jet production 

which is independent of the initial state:=O 
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.da (AB*yX) 

d3p/E 
4 a (P2) 4 

= 3 s T (7.1) 
L&t- (AB4-x) 
d3p/E 

a <sin28> 

Here sin26 is the subprocess center-of-mass production angle. Low 
mass y*+1?~- pairs can be used here to avoid backgrounds. 

The decay 
or y+2 gluonsg 
phenomenology. 
decay, updated 

of heavy quark systems Qo such as the '1 into 3 gluons5 
could provide the cleanest test of QCD gluon jet 

The standard perturbation formulae for pos$tronium 
for color factors gives the branching ratioJ9*60 

Uy-+vgd 
2 

z a 

r (y-t ggg) as $1 
(7.2) 

where Q2 = MT is the effective off-shell value to be used in the 
running coupGng constant. If eQ= l/3, the branching ratio is -3%. 
Predictions for the angular distributions of the 1 decay plane 
relative to the beam,axis and decay distributions are given in Ref. 

X 

1.0 0.8 0.6 0.4 0.2 0 
I’ 1 ’ 1 ‘I’ 1 ‘I 

6. The y+ygg two-jet 
channel is particularly 
interesting since the gg+X 
mass can be varied and a 
direct comparison with 
SPEAR qq jets at the same 
energy can be made. The 
predicted spectrum based 

- 0 0.2 0.4 0.6 0.8 1.0 
10.11 .A(ys 1111A1 

Fig. 13. Decay distributiqns for 
y+y+X in x= 2w/MI and ,llg/s from 
the simpliest QCD diagrams y+g+g+y, 
and massless gluons. The modulation 
of a singlet resonance at fixed Jls 
is shown schematically. 

nances.with the gg quantum 
numbers (II, n', nc, glue- 
balls) can be expected to 
modulate the perturbative 
prediction over a local 
region if we assume local 
duality. 

It should be noted 
that all of these predic- 
tions for gluon jet pro- 
duction treat the gluon as 
strictly massless. Although 
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this is evidently correct for QCD matrix elements, the fact that the 
gluon "decays" to a massive jet may indicate that we should include 
mass spectrum effects and thresholds in the phase space calculations. 
Such effects could distort simple QCD predictions; e.g., the 1y_+ygg/ 
ggg ratio will be enhanced. We also note that higher order (in as) 
channels y-+gq;i and q4 could be relatively more important than in- 
dicated by perturbation theory if the gluon jet has an effectively 
heavier mass spectrum than the quark jet.61 

To summarize, let us list the discriminants which could distin- 
guish quark and gluon jets: 

(4 

6) 

(4 

Cd) 

Multiplicity. As discussed in Section 6, color octet separation 
leads to multiplicity of soft 

5 
luons and sea quarks 9/4 as large 

as color triplet separation.39 If this translates into higher 
hadron multiplicity, then y+3g decay events with low sphericity 
will have a higher rapidity plateau in the central region with 
respect to the g+ (gg) jet axis. 

Leading particles. If we trust lowest order QCD perturbation 
theory, then the distribution of charged particles as x+1 falls 
off faster in gluon jets compared to hadron jets. A simple 
form which has the predicted x+0 and x+1 limiting behavior 
is39 62 

DHk,g(~) = ; DH,q b) + DH,; cx) ] (l - x) (7.3) 

Gluon jets, however, ,may have enhanced number of I= 0 states at 
x+1 which have,a strong gluon component, e.g., g-+n, w, $, 
etc.63 

Quantum numbers. The total charge of the jet in its fragmenta- 
tion region is related to the charge of the parent as discussed 
in Section 6. 

Transverse momentum distribution. Gluon jets should be more 
diffuse (large <k+>) than quark jets because of the increased 
number of soft gluon interactions (increased "straggling"). 43,44 
This effect also results if the gluon decays to qq before color 
neutralization occurs. 

Gluon jets may be "ablate." It is possible that the (linear) 
polarization of a gluon is reflected by the distribution of 
hadrons in the jet. This possibility is discussed in detail 
in a recent paper. by DeGrand and Schwitters and myself.7 

For example, suppose that hadrons are produced from gluon jets 
after the decay g-tqq. Then by convolution, 

1 GH/g (z,+> 2 s $G (“)G 
H/q x g,qko) + (q-4 . (7.4) 

z 

In lowest order perturbation theory spin l/2 quarks from g-+qq are 
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aligned with respect to the gluon linear polarization: 

G ,/,(X,9) = Cl - 4 cos2$ x(1-x) 1 

co.5~ = i* 2 (7.5) 

This then implies a sum rule for the momentum weighted distribution 
of hadrons: 

1 

= & (1 + 2 sin2$) . 

In this model, hadrons are 3 times more likely to be produced 
orthogonal rather than parallel to E, thus producing a non-cyclindri- 
cal "ablate" jet. Oblateness can be determined experimentally by 

finding the principal axes of c H P;P; as in sphericity analyses. 

Equation (7.6) should be regarded as an upper limit to the 
oblateness effect in QCD, since (1) not all hadrons arise from the 
q and ?l decay products, and (2) the "straggling" from g+gsoft+g 
due to soft gluon emission depolarizes the gluon. The latter effect 
is of order as(s) and can probably be diminished by selecting events 
with fast hadrons. The main problem is that gluons are not produced 
100% linearly polarized in a given direction. 

For example, in n(Q@ +g+g+qq+q< (pseudoscalar decay analogue 
of ITO double Dalitz decay), the correlation between gluon polariza- 
tions is 

dN 
dJ,= & (4 + sin2$) (7.7) 

l 

and 

$ ' HsHb d dza i dzb dzaddNzbdq 'aZb 
0 

= 15 + 2 sin2* 
32~ 

(7.8) 

gives the summed correlation between hadrons of the two jets. The 
maximal effect is only 13%. Similarly in r+3q, the polarization 
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of each gluon is correlated with the normal to the decay plane. 
Summing over hadrons (from g+qq+hadrons+q+q) gives 

de 
dX 

= (x;+x;+x;) +$ (1-2COS2X) x1x2x3 (7.9) 

where cos 823 =1-X1 is the cosine of the angle between the gluon 
jets, and cos X =pB l n is the projection of the hadron direction 

with the decay plane normal. The maximal effect occurs for eij =120° 
("tripod" configuration), where we predict that a hadron is 9/7 more 
likely to be aligned in the plane than normal to the plane. 

Finally, for e+e-+qqg or eq-teq'g events, the distribution of 
gluon polarization is given by 

Z dN = ZG 
dzd$ d2kT 

- $2 cz2+4(1-z)cos2~l 
iI T 

222 
71 z mq> 

(7.10) 

where cos$ =i l n and n is in the plane of q;i or qq'. The average 
over 41 gives the standard l+ (1-z)2 distribution. 

I 
Although these model calculations give only a first estimate, 

it seems likely that the spin-l nature of the gluon in QCD will be 
reflected in the oblateness of the distribution of its decay 
products. 

8. The Gluon Distribution in Hadrons8 

c 

Another important question concerning the hadron wavefunction 
is the nature of its gluon distribution. In QCD, there are three 
essentially different sources of gluons within a meson or baryon, 
as discussed in Chapter II. 

Often only gluons from quark bremsstrahlung (type (a)) have 
been taken into account in the standard QCD phenomenological 
analyses: one assumes that at some Qg the proton only consists of 
valence quarks, and that the gluons and sea quarks can be generated 
by QCD evolution equations for Q2#Q$. In such an approach the 
probability distribution for quarks is sufficient to determine the 
probability distribution for gluons. Only "diagonal" terms are 
computed; off-diagonal diagrams involvin 

5 
two quarks are not con- 

sidered. This analysis reproduces the q -dependent QCD moments 
for structure functions.64 

However, for x and ZT +C (the long wavelength limit) the gluon 
only "sees" a color singlet source; thus there must be coherent 
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cancellations between the different quark currents. The diagonal 
approximation can only be accurate for large transverse momentum 
gluons (see Fig. 14). 

Gunion and I7 have re- 
cently considered a simple 
gauge theory model of the 
meson which preserves gauge 
invariance and allows a de- 
tailed study of the color 
coherence effects. (The same 
physics also occurs in QED 
when one determines the photon 

Fig. 14. Contributions to quark distribution in a neutral atom, 
sea from (a) diagonal, and (b) such as positronium). In the 
off-diagonal gluon contributions. model, the gluon distribution 
Only (a) is considered in usual can be computed in lowest 
analyses. order analytically for all x 

and kT. For small x, we find 

G g,Mk~;) = 
_. 

! > $ $ [1-F&~q)2)] (8.1) 

where FM(Q2) 2 1/(1+Q2/M$) is the meson electromagnetic form factor. 
The first term in the bracket is the usual (diagonal) contribution 
obtained from the convolution of Gq/M or Gq/M with Gg/ . The FM 
term from the (off-diagonal) coherence of the q and 4 3 istributions 
is only unimportant at large k$>> (l-Xq)*M$, where x,%1/2 is the 
average momentum fraction of the quark in the meson, and MV sets the 
scale of the electromagnetic form factor and hadron size. The 
coherence of the color singlet bound state eliminates the usual 
infrared divergences at %:+O. In this simple model, the standard 
denominator for a quark target (g$+x2mz)-1 is replaced by (c2+ 
M$)-'; i.e ., there is no quark mass singularity for m +O. q 

The most important consequence for phenomenology is the fact 
l that the gluon distribution in a hadron reflects its size and con- 

stituency. The gluon momentum and sea quark fractions will be 
bigger the larger the size (XH) of the hadron XGg/H(X)-log[(l+ 

A; gnax)l l 

In addition, the gluon distribution in a hadron clearly 

tends to increase with the number of quark constituents. Eventually, 
at large enough log q2 the QCD radiative corrections will cause the 
structure functions to contract to the x-0 region, and the gluon 
and quark momentum fractions will reach an asymptotic equilibrium 
independent of the nature of the target. However, in the preasympto- 
tic domain, target effects are important for determining the gluon 
and sea-quark distributions. A number of applications are discussed 
in Ref. 7 including the prediction that the gluon momentum fraction 
in mesons at present q2 is appreciably smaller than in nucleons. 
This prediction can be tested in reactions such as $ production or 



-51- 

gluon jet production in hadronic collisions, where a gluon-induced 
subprocess is expected to play a major role.65 

The models used thus far for the gluon distribution in hadrons 
are primitive and can only take into account perturbative effects. 
Non-perturbative claculations which can account for final state 
interaction effects, and higher Fock state components in the bound 
state wavefunction will be required before a definitive prediction 
of the gluon distribution in a hadron can be made. 

9. Conclusions 

Although there are tantalizing hints of success, there is as 
yet no convincing quantitative evidence that inclusive hadronic 
reactions are described by perturbative quantum chromodynamics. A 
great deal of experimental and theoretical work will be required to 
provide bona fide tests of the theory at even the lo-20 percent level. 
Among the outstanding problems: 

(1) The production cross section for jets in hadron-hadron 
collisions is not known to within a factor of 2 or 3, let alone its 
scaling properties at fixed xT and ecm. If the combined QCD plus 
CIM description given here is correct, 
increase as up+ 

the jet/r cross section should 
at fixed xT and ecrn for pTz4 GeV/c. Scale breaking 

due to QCD radiative corrections are discussed in Chapter II. The 
kT smearing effect for p, >4 GeV/c changes the predictions by less 
than a factor of 2 if off-shell kinematics are used.18 

(2) The existence of charge correlations between the trigger 
and away side hadrons, as observed by the BFS collaboration25 
evidentally eliminate 2 to 2 QCD Born subprocesses as the dominant 
hard scattering mechanism for single hadron production in the region 
Up t0 pT'4 GeV. The extension of these measurements to higher pT 
and XT is critical. Nuclear targets tend to obscure flavor corre- 
lations because of charge averaging and final state interactions. 

(3) Cross sections for hadron pairs atlarge0U2 tend to be 
insensitive to the controversial kT smearing effect. It is particu- 
larly interesting to compare hadron pairs and muon pairs at the same 
kinematics. One predicts66 

c 

du 
dX2dy 

(pp-+H+H-X) 

do 

d&L 2 
(PP+!J+~-x) 

lk ( I( 
2 

,K 2 
fy,* 1 (9.1) 

where k=2 for meson pairs and k= 4 for baryon pairs. If 2 to 2 QCD 
diagrams are dominant, then k= 0, and there are only minor scale 
violations from the relevant structure functions and an overall 
factor of Cas(,,{12) /a12. 
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(4) It is very important that QCD predictions for direct high 
pT photon reactions be tested, 
Paschos67 

starting with the original Bjorken- 
inelastic Compton reaction yp+yX and inclusive photopro- 

duction ~P+ITX (reactions without forward hadrons) to direct photon 
production pp+yX, two photon processes yy+X, e+e'-+y+n?+X 
(charge asymmetry), and e'tp+efyX (e' asymmetry).132 The photon is 
the only non-colored elementary field that directly participates in 
QCD dynamics at short distances; unless its pointlike couplings to 
quarks are confirmed, predictions for perturbative processes involving 
gluons are probably meaningless. The close relationship between 
photon production to gluon and quark jet production is discussed in 
Section 5. We also note the remarkable fact that the asymptotic 
photon structure function is scale-invariant up to an overall factor 
of ai1 (~$1, and photon-induced cross sections such as edo/d3p (yy+ 
Jet+X) are asymptotically scale free and independent of a,(p$) when 
perturbative contributions to all orders are included (see Chapter 
III). 

(5) The complete picture of quark and gluon distributions in 
hadrons will require attention to coherent effects and multiparticle 
correlations, as discussed in Section 8. Measurements of the final 
states in deep inelastic processes and massive lepton pair production 
processes, together with comparisons with low q2 and low ,d12 events, 
can give detailed information on the evolution of multiquark and 
gluon jets, including the effect of color separation, "hole" parton 
production, and the influence of nuclear targets. 

(6) Perhaps the most convincing evidence for underlying scale- 
invariant quark interactions comes from large momentum transfer 
exclusive measurements such as the form factors at large t and hadron 
scattering and photoproduction.at large t and u. 

As we have discussed in Chapter II, this is potentially the most 
important testing ground of the dynamics and symmetry properties 
of QCD. 
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