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Abstract

The application c¢f 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;

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

(¢) QCD radiative corrections to dimensional counting rules for
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 large pg
hadronic reactions and the distinguishing characteristics of gluon
and quark jets.

I. INTRODUCTION

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 SU(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 at that
time, the lack of a consistent computaticnal scheme allowed only
the simplest (Born approximation) aspects of the theory to be under-
stood. Eventually. with the advent of the covariant rencrmalization
program, the full quantum theory could be developed and tested. For
example, the QED prediction for the electron'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 hadroms. 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 og(ete™ +hadrons), jet-production as well as the narrow-
ness of the ¥ as ¥ . 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
- pff-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

"Tnelastic Processes in QCD"
Y. L. Dokshitser, D. D'yakanov, S, Troyan

"Jets and QCD"
C. H. Llewellyn Smith?

"Applications of QCD"
J. Ellis3

“"Parton-Model Ideas and QCD" ‘
c. T. Sachrajda,4

and the Physical Reports by H. Politzer? and W. Marciano and H.
Pagels.6 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.

1

We begin by reviewing the fundamental principles and assumptions
of quantum chromodynamics.

A. Quarks are the fundamental representations of

SU(nf) ® su(B)C s
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i.e.: there are ny flavors ® 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.

Hadrons are color—-less states

3
|M> ~ Z ic_liqi> , |B> = Zeijk Iqiqj q > (1.1)

i=1

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.

The Lagrangian density of QCD is

_: Wiy 3 G
Fyop) = 33 (s NRTRE NS ) 4y

J
1 3 a 3 a b,c 2
- Z(ax Av(x) Y Au(x) + gfabcAuAv>
H v
1,7 = 1,2,3 a=1,2,...,8 (1.2)
(A quark mass term and sum over flavors is understood.) Here the A8
are the eight Gell-Mann SU(3) matrices with Tr[A2,x = 243b (con~-
ventional normalization). We can contrast this with
&£ = q(x) yu i 2 + eA (x) ] q(x)
QED axu u
2
1 3 )
-4 (ax A, - 2 Au(x)) (1.3)
U v
We can also use the more compact notation
P =3 P q&x) -~ Tr F- (1.4)
QCD 4 TRV

where

o = 3,8, = 34, - iglA, > Al (1.5)



A

Y *a g m A e s -
where A = 2 ,— A ,D and F =~ are 3x3 SU(3) color matrices.
u = 2w uv

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

-1 i -1
Au(x) + U(x) Au(x) U +<§-U(x) au U (%)

q(x) -+ U(x) q(x) (1.6)

A
where U is any unitary matrix U= exp 1223 8 (x) 7;-. Note that F

is in general not invariant: F (x)-*U(x)F (x)U—l(x) since the

field strength, like the gluon fleld is in the adjoint representation
of SU (3) color*

The Feynman rules of QCD are similar to QED with the qqg coupling

w i) %
a

The tri-gluon and quartic gluon coupling color factors are (see Ref,.
9

a b a b
lgr g fabe ;ﬁ' g% foeb fceq + *o°
c c d

where [2%,AP7 = 21727, ¢

The dimensionless coupling constant is ag=§g /4w A convenient
graphical method for evaluating the color algebra has been given by
Cvitanovic.? The main rules are

(1) a closed quark loop O gives Tr [I]=nc= 3.

(2) A gluon propagator AN is equivaleﬁt 0
minus 1/n. times the identity (to remove the Ujg
singlet). Thus

©-00+% QO =i-re

8

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

(@]
Q2
1]

4 a quark current
F s 3 7s (1.7)

a
e
]

A % 3qs gluon current

Effectively "eé" = 9/4 "eg".

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 prg 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 parallel im 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 OED 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: p%=—u2, i=1,2,3
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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 comstant is to be associated with
"wavefunction" renormalization. Notice that we use the same value
of ~p“* at all legs to keep gauge-invariance for the total Compton

amplitude.
ng——Céfi + +

The renormalized amplitude with all vertex and self-energy insertions
at pi==-u2 reduces to the Born amplitude with g2==g2(u). The choice
of U2 is arbitrary. Once as(uz) is given at any point uz, the theory
determines a, at all other values through a renormalization group
equation. In terms of diagrams

as(uz)

a_(q?) = (1.8)
s [1-W(q2,u2,as(u2)]

where T is the irreducible gluon self-energy insertion. The lowest
order diagrams give (|q?|, 2} >> mq)

2
@ as(u ) :ﬂi
™ 2) = T log 5 [

n.+5-16 (1.9)
(q " £ }

wiro

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

T T T

Although the qq term must be positive (it is related by unitarity to
ete™ +qq) the crucial Coulomb plus transverse gluon term does not

correspond to the production of physical quanta and can indeed be
negative.l

Thus to lowest order, as(qz) decreases logarithmically (if
nf < 16)



A ag(uz)
2
as(u )
4

(1.10)

2
log 192—- (11-2/3 np)
u

1+

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, n(4)-0[a§(u2)logq2/u2]. However, we can include
the effects of the self-energy insertions associated with the ex-
changed gluon by utilizing as(kz): we have the effective replacement:

2
2,2 2 2 ? dk2 2
a (1) log % => a (u )f 5 ag (&)
H u2 k
~ as(uz) log log q2 (1.11)

assuming as(k2)~'1/10g q2 asymptotically. Thus we have

b bn Zﬁﬁi 2
—Yo— = ——— + (11-2/3 n;) log —5 + 0(log log q°)
U

a (@ a )
(1.12)

It is easy to see that higher order insertions grow even less
strongly with qz, and the original ansatz is indeed self-consistent.
The logarithmic decrease of the 'running coupling constant” as(qz)
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 o can be fixed directly by Coulomb scattering,
the empirical determination of ag at any renormalization point is
non-trivial. It is conventional to use the form

~ 2 4
o 1 (q ) = —7 R (1.13)
s (11-2/3 nf) log -

A2
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and attempt to determine A2 phenomenologlcally However this form
can only be used for q2>> A2 and log ¢q /A >> log log qz, in particu~
lar, the pole at --q2 A2 is incorrect. Many analyses unfortunately
tend to determine A2 by fitting to the rapid rise of ag at q2==—A .

The actual form of ag 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 isl5

~ 9 _ 4o
as(q ) = 3 (1.14)

(11-2/3 n;) log <1-i—5>

or perhaps

2 q2 4m2 |
_4m a-)_2 S f
5 = 11 log( - 2) -3 Z log <1- 5 > (1.15)

. (q) A £ A

which also takes into account heavy quark thresholds.

An amusing but heuristic feature of the form (l.14) is that it
" automatically produces a confining linear potential at large dis-
tances (Veff-+C/64, Veff(r)->Cr) as well as any asymptotically free

form (Veff-*C'/qzlong, Veff(r)'va'/rlogr) at short distance.

Richardsonld 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 a}(0) =0.90 GeV=2 with A=0.436 GeV and ng=3 in Eq. (1.14).

The above speculations on the form of as(qz) 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 o (q ) at q = Q.

Desglte these complexities, there is evidently a unique form
for ag(q4) 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 Q
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 1n 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—* £X the
nucleons could influence each other even at large Q= (14-1)2. On
the other hand, Wittenll 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 reactioms 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 Paschos? for deep inelastic Compton scat-
tering, and dimensional counting predictions3 for exclusive and
inclusive processes involving real photons are all based on the
existence of direct yqq perturbative couplings, and imply the break-
down of the vector meson dominance description& of the photon's
hadronic interactions at short-distances and large momentum transfer.
As a general rule, VMD can only be valid in QCD for low momentum
transfer, nearly on-mass—shell processes where perturbation theory
in % is invalid. Whenever a photon couples to far-off shell quarks
(as in vq=+vq) the net real and v1rtual gluon radiative corrections
are of order a (pT)~v0(log’1(p /A )), and the pointlike Born ampli-

tude are expecred 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 ete~
storage rlngs become an 1ncrea51ngly important source of hadrons as
the center-of-mass_energy
Vs =2E, is raised. 5 The
dominant part of the cross
section for ete”»ete™ +
hadrons arises from the
annihilation of two nearly
on-shell photons emitted at
small angles to the beam (see
Fig. 1). The resulting cross
section increases logarithmi-
cally with energy (me/s-*O,

=78 U(YY—’hC‘drons) 351841

Fig. 1. Two-photon annihilation
into hadrons in e¥e~ collisions.
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do (s)
+

. tn 2 o (m)
teostex g_logZ(_s_)_Yz.lH_log(_Sz_) w0
de m

where my is the invariant mass of the produced hadronic system. In
contrast, the ete™ annihilation cross section decreases quadratically
with energy. For example, at the beam energy of Eg =15 GeV, the
standard vector dominance estimate for o Y(m%) gives o(ete™ +ete
hadrons) ¥ 15 nb for my =1 GeV, compared zo the annihilation cross

section © zZ Ro = (0.1 nb)R.
ete™ -y +hadrons ete= >y +ryutu-

The event rate can be large because of (1) the relatively large
~ efficiency for an electron to emit a photon: (x= (koﬁ-k3)/(p04-p3) =
w/E) ‘

dNY/e a S 2
XGY/e(x) = X = (517 log _2') (1+ (1-x) )
. me
= .051 (/5=30 GeV, x + 0) (2)

(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 formP

ee +ee X

1 1
da + + - (s,t,u) = fdxlf dx2 Gy/e(xl) GY/e(xz)
0 0

x d (§=Xf<s,e=xlm ﬁ=x?ﬂ (3)

Tyy>x 2

where Gy/o(x) 1s the equivalent photon energy spectrum and dOYY'*X
is the differential cross section for the scattering of two
oppositely directed unpolarized photons (of energy x;vs/2, x/8/2
in the ete™ 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-photon physics
is now planned at PEP and PETRA. Among the areas of interest are’
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(a) the production of heavy 1eptons8 (yy»1tHt, ete.).

(b) The production of even charge conjugation states and hadronic
resonances (yy>n., etc.).

(¢) The measurement of the total OYY(S) cross section, including
heavy quark thresholds.

(d) Measurements of the 7 -7 and Kr-x phase shifts via vy *MM and
unitarity, as well as checks of dimensional-coupling scaling
laws for the crossed Compton amplitude at large s and t.

(e) Deep inelastic scattering on a photon target,”’ 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 e*. 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 py Two Photon Reactions

Perhaps the most interesting application of two photon physics
is the production of hadrons and hadronic jets at large Prp- The
elementary reaction yy—+qq +hadrons yields an asymptotically scale-

invariant two-jet cross section at large pg proportional to the
' fourth power of the quark charge. The yy—+q3d subprocesslo implies
the production of two non-colinear, roughly coplanar high pq (SPEAR~
like) jets, with a cross section nearly flat in rapidity. Such
"short jets'" will be readily distinguishable from ete™ + q3 events
due to missing visible energy, even without tagging the forward
leptons. It is most useful to determine the ratio,

+ - + - - + -
. do(ee »eeqq>e e +iets) )
- + - + -+ -
Yy do(ee »eepyu)
since experimental uncertainties due to tagging efficiency and the
equivalent photon apgroximation tend to cancel. In QCD, with 3-
colors, one predicts

S [aswp@ J
RY'Y = 3 eq 1+0—-—1'T~——— (5)

q=u,d,s,C,...

where p.. is the total transverse momentum of the jet (or muom) and
aS(QZ)—*Aw/(B log Q%2/A2), 8 =11-2/3 ne for ng flavors. Measurements
of the two-jet cross section and R,. will directly test the scaling
of the quark gropagator ¢’1 at large momentum transfer, check the
color factorll 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 as(p ) since there are
neither infrared singularities in the inclusive cross section, nor
quark mass singularities at large pp to give compensating logarithmic
factors. The onset of charm and other quark thresholds can be
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studied once again from the perspective of yy-induced processes.
The cross section for the production of jets with total hadronic
transverse momentum (pT> mein) from the yY—+ qq subprocess alone

can be estimated from the convenient formula,

jet min,

1,12

+ min

u
o, _ _ (s,p ER,O , _ _ 4 (8P >P)
e+e +e+e Jet+X T T Yy e+e +e+e U T T
log——-z—s-——- - 19
2 2 D 6
~ 32ma & g0 S Tmin
N 2 98 2 2
e mein
0.5 nb GeV2
x —-—-‘21—-—— at /s = 30 GeV (6)
Prmin

where we have taken R v =I32:eg = 3
q

For Prmin 4 GeV, /s = 30 GeV, this

/s =140 GeV

T 1T

T

AR

0.5

T TTTTT]

1

\
J/5=30 Gev/)\\

T

min_ 2 _min
T T &PT

(GeV)

IR S SN TN S SN T S

ol 0.2 0.3
|

5

0.1

min

Py

]
10
!

2 3

1
4 5

min

Pr

(GeV)

12-78
3518A2

Fig. 2. The contribution to R
from yy+qq two jet processes at
/8 =730 and 140 GeV (from Ref. 12).

4/27 above the charm threshold.

is equivalent to 0.3 of unit of
R; i.e., 0.3 times the
ete™ >yt~ rate. We note
that at /s = 200 GeV, the
cross section from the
ete™ + ete™qq subprocess

with mein==1O GeV is 0.02

nb, i.e., about 9 units of
R! At such energies ete”
colliding beam machines
are more nearly labora-
tories for yy scattering
then they are for ete”
annihilation! A useful
graph12 of the increase in
R from the yy-+qq process

for various x5 . = ZPTmin/

/s is sgown in Fig. 2. The
log s/mein-l9/6 in Eq.

(6) arises from integration
over the nearly flat rapid-
ity distribution of the yy
system. The final state

in high pg YY > qq events

in the vy center of mass
should be very similar in
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multiplicity and other hadronic properties as e+e:-*Y*-*q§, although

uu and c€ events should be enhanced relative to dd and s§ due to the
ek dependence. Monte Carlo studies of SPEAR events at s=4pf dis-
tributed uniformly in rapidity would be useful in order to learn how
to identify and trigger vy -+ qg 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 pqp 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 hadromns producing two large
P jets without energy remaining in the beam direction!

On the other hand, if the Yy~ two 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. 1In particular, unless the pointlike couplings of real
photons to quarks are confirmed, then the analogous predictions for
perturbative high Pp processes, involving gluons such as gg—+ qq 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 Pt QCD subprocesses
qq+qq and qq+gg (which lead
to jets down the beam direction
plus jets at large pm) (see Fig.
3). The structure of these
events are very similar to that
for hadron-~hadron collisions.
The cross section for Edo/d3pJ

(a) (D) wus (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 (§==xaxbs, ete.)13

(b) 3-jet final states.

1 1
£-29 (AB+Cx) = ax fax, ¢, (x) 6, ,.(x)
3 ‘ a b “a/A"a’ Tb/B b
d P abd O 0
do s “ A A
t ™
s, t,u
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where the hard scattering occurs in ab-+cd and the fragmentation
function Ga/A(X ) gives the probablllty of finding constituent a with
light-cone fraction X, (p +p )/(pA-Fp ). In general, Ga/A has a
scale-breaking dependence on log p2 which arises from the constituent
transverse momentum integration when gluon bremsstrahlung or pair
production is involved.lé

However, there is an extraordinary difference between photon and
hadron 1nduced processes. In the case of proton-induced reactioms,
G q/p (x, Q ) is determined from experiment, especially deep inelastic
lepton scattering. In the case of the photon, the Gq/Y 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,l5 has the asymptotic form at large probe momentum

Q2

—E— £ + 0(a?) (8)

¢, (x,0%) =
i a (Q")

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 Q + o, thls component of the photon structure function
increases as log Q independent of x. This striking fact is of
course due to the direct y-+qg
perturbative component in the
photon wavefunction. (The
apparent violation of momentum
conservation when o (Q Y <a
-should be cured when higher order
terms in a are taken into
account.) In addition to the
perturbative component, one also
expects a nominal hadronic com—
ponent due to intermediate

1-78 351844 vector meson states.
‘ The calculation of the
Fig. 4. Representation of the photon structure function is
QCD photon structure function straightforward if we keep only
in deep inelastic scattering leading logarithms in each order
on a photon target. Real and of perturbation theory. The
virtual gluon corrections to leading contribution can be
all orders are included in written as a 51mple convolution:
the analytic results. (see Fig. 4)L%
2
Foal 2 2)
2 3a 2 dk dz r_ 2 2 X 2
= —= — + (1~ =
67y 0% "eq'/; [ LR a0 ey 5 0¢) @
u X
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where Gq/q(x/z,Qz,kz) is the standard non-singlet distribution due
to gluon bremsstrahlung for quarks in a_target quark of mass k
being probed at four-momentum squared Qz. The factor of three
includes the sum over quark colors. In addition one can include
smaller sea quark contributicns form g-+qq processes. The region
k2 < u2 can be identified with the VDM contribution to Gq/y-

Taking moments, we have1

2
B 2 ; k> 2 2
.20 X aK® . ,
Cqry 30 = % eq.é ) 600" (10)
U
where
1
G(j) = fdx =71 G (11)
0
1
£(j) = fdz zJ-l(zz+(l-z)2)
0
X2 .2
T j+1+j+2 (12)
and
.
=1
. a ()
Gy g0k = | - (13)
4 o Q)

The Yy are the standard valence anomalous dimensions, as defined in
(11.2.18). Performing the K2 integral in (10) yields

. 2 _ 3 2 a 4mf(3)
G, (3,Q7) = w-e [ — ] (14)

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

It is easy to invert the moment equation via the method of
Yndurian.l® A graph of XGQ/Y(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
Smith? over nearly the entire range of x.
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xGqphx) tBorn

(a) Fig. 5. The valence photon

10+ _ structure function Gg/y(x)
as calculated in (a) Born
approximation, (b) to all

fosymot P orders in QCD, and (c) the
0.5 T~ . x+1 limit (Eq. (17)). An
(ﬁ[// £x) overall factor proportional
= (&) to log Q2/A2 is factored
o L out (from Ref. 1).
0 c2 0.4 0.6 0.8 {0

l1~73 X 2440418

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 functionl4

4C25—1

exp[(3~4y_)EC, (1-x)
Gy (x,Q%,k%) = [ 2% (15)
74 P (4CHE)

where yg = 0.577... is Euler's constant, Cy = (Nz—l)/ZN = 4/3, and

1 as(kz)
E = —6" In -——'—‘2—— (16)
as(Q )
One then obtains14
Gy = area 5 . — an
x+1 O.S(Q ) B - (3—4YE)C2+4C21n’I‘_—X

This result is numerically accurate only for x> 0.97 but is off by
no more than a factor of 2 for x> 0.1 (see Fig. 5).

It is interesting to note that for fixed 9472, Q2->w, this ex~
pression for Gq/Y(x,Q ) approaches a constant. This implies, via
the Drell-Yan relation, perfect power-law scaling for the y > 7°
transition form factor. [(See Eq. (2.26), Chapter II.]

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 yqq 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.

Returning to the high Pr jet cross sections, we note the fol-
lowing striking fact: in each contribution to the four-jet cross
section the two factors of « (p%) from the subprocess cross section,
e.g.,

. ) 41ra§(t)
it (qq+qq) ~ g-‘—tz—— (18)

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

1

tions. Similarly the single power of as(p%) in do/dt (yq-gq)

cancels the single inverse power of,as(p%) structure function in

the 3-jet cross section. (See Fig. 3b.) Thus miraculously all
of these jet trigger cross sections obey exact Bjorken scaling

do 1
E - (yy+Jet+X) => —- f(xT, ecm) (19)
d7p P2+ p

2
T

when the leading QCD perturbative corrections to all orders are
taken into account. Furthermore, the asymptotic cross sections
are even independent of as(p%)! 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,/o and the photon structure
function G /Y)’ and then summing in Eq. 17) over all 2-2 hard scat-
tering QCD processes, including all quark colors and flavors. 1In
our calculationsl we have found it useful to display approximate
analytic forms which have the correct power-law dependence at large
pp and at the edge of phase space (xg = 2pj//s~+1). The analytic
forms usually agree with the numerically 1ntegrated results to within
20%. TFor the analytic calculations, we have used the simplified form

= o2[ % o
qu/e(x) = eq( e log n) 7 FQ(l—x) (20)

for each quark flavor and color, where logn = log s/4me if the
scattered electron is not tagged The factor Fn which 1s~logs/4mG
if we use the Born approximation for y-—qq, becomes of order 1l/ag (Q )
when the QCD radiative corrections are taken into account. We have
found empirically that the value ag(Q )FO-O 8 gives a good charac-
terization of the QCD normallzatlon [For x> 1 G/ actually falls
as (1-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

E do

(e+e_+e+e_Je‘t+X) = (_a__ lo n)z {—OLF a ( 2)-]2
\ 2T g 2n "Q s Pp J

7 [

[z ]

d Py

T
-2 2 (1‘XR)3
= 0.8x10 " nb GeV — [vYs = 30 Gevl. 2D
P .
T

The sum f is over contributing quark flavors. The subprocesses
include qq~+qq, qq~>qq, and qq~>gg.

For the 3-jet events, the subporcesses yq—+gq and vq~+ggd yield
the cross section

—%E— (e+e_-*e+e_ Jet+X)
d pJ

e

2
a a 2
E 3(5; log n) [E; FQ GS(PT)]

2
(1-x,)
4 R

. [%O %,eq}-———z———

Pr
o -2 2 (1—XR)2
T 2.5x10 “ nb GeV — [/s = 30 Gevl. (22)
Pra
1

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

e

E— (e+e-—+e+e— Jet +X) 3 x 10_2 nb GeV'

d7p; Py

(1-x.)
do 2 ———ifi— (23)

i.e.: in general, o(2 jet) >o(3 jet) >0(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 g, § 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 pg
jet production when both photons are meson dominated. We have
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LA B (fg/ém T 2)
B AN ej/g‘-*e*’e‘ Jet X ;
N s =30 GeV
- = do' ™ (yy > Jet +X)
| e 4
10" ¢ = = (—f——) do (pp =+ Jet+X)
& n : o
S i i z (4ma ’ (_2_>2
2 » (f§ 3
8T | do(pp + Jet +X
w52 L « dolpprlettX) o (yy
i since we expect Gg/p ~
i (l—x)ZGq/p. If %eptake
- Edo (pp—+Jet +X)/dp ~
" 3OOXEd0/d3p (pp+ X)) ~
10 1.1 nb Gevb (l—xR)9 pfg,
O 2 4 6 8 then the convolution over
. P, (Gevre) soaenis photon momentum distribu-

tions yields the rough
estimate (8., ¥ 90°,
Fig. 6. QCD (and VMD) contributions to /& = 30 GeV):

the ete~»ete™ Jet+X. The 4~jet cross

section includes the contributions from

qq~+4qq, 99+qq, and q§+gg (from Ref. 1).

7
VDM (1-x,)
E d°3 (ete~»ete” Jet+X) T 1.4 nb Gev® —_ZR—— , (25)
d7p; Pr

which is negligible compared to the pointlike contributions for

Pt > 2 GeV (see Fig. 6). We have also checked explicitly that the
QCD (qq~+ qq hard scattering) contributions from processes such as
yp +qggq or pp +qdqq, where one or both photons are meson dominated,
are also small. ‘

The overall scaling properties of QCD cross sections due to

specific subprocesses can be easily determined from counting rules:18
do f(ecm) annict+'nfm-1
E-5- (A+B ~ CHX) = (1-x,) °SP (26)
n R R
d’p ( 2) active -2

Pr
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where n is the number of elementary fields (q,e,Yv,g, etc.)
active bnd
participating in the hard scattering subprocess,3 nsgect is the

number of bound spectators, i.e.: the number of constituent fields
which do not interact (and thus "waste" the incident energy),19 and
n. are the number of unbound spectator fermions (q,e) from pair

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

spectc Im
The counting rules have small corrections due to logarithmic scale-
breaking effects and the log (1/1-x) behavior of Gq/Y‘

C. High Pp Meson Production in vy and pp Collisionms

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.20

The most significant back-

ground comes from subprocesses
- of the form (see Fig. 7)

Yqg -+ Mg

where a photon from one beam
photoproduces a meson at large

e . W (B s pp on a quark constituent of
the other beam. The meson
Fig. 7. Contribution of the trigger, the recoil quark
vq + Mq subprocesses to (a) jet, and the spectator g jet
ete~ > ete~ntX and (b) yp~+7Tn. together provides a back-

ground to the vy 3-jet events.
The normalization of the yq-—+Mq amplitude can be inferred in a
straightforward way from yp—+ 7 "n photoproduction at large momentum
transfer: (see Fig. 7(b))

do + 2 do
T (yp>7m1n = Fp(t) at (yq - mq) 27)

The 90° exclusive cross section?! falls as 3—7'31’0'4 in agreement

with the s~/ hehavior predicted by Eq. (27), and dimensional

counting.3  [See Chapter II.] The net result is
do

=5) E -§-(e+e—-*e+e— Jet+X) = l.laneV4 (l-xR)zlpg where
d’p

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

the 35+ 1 representation of SU(3) constitutes the "jet" trigger.

As shown in Fig. 6, this contribution falls faster in pq but at

ys =30 GeV dominates the yq-+gq 3-jet cross section until plet ~

6 GeV, and (though distinguishable by topology) it even dominantes

%5 2 4 Gev.

(nactive

the yy+qq contribution until p
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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 pE £(xg » 8cm) cross sectiom.
The most important check of its contribution w1ll come from single
particle production at large pr, such as ete+ete™ntX. 1In the case
of hard scattering processes such as yy-+qq, Yq—+gq, and qq +qq, the
flnal state fragmentation Gy/ ~ (1-x) leads to a strong suppression
(~107 ) in the nt/Jet ratio, 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

3
- - - (1-x.)
E 5%1-(g+e sete n+X) = 6x10 & nb Gey? — R . (28)
d’p pi .

On the other hand, the Yq—*w q subprocess produces a pion at high Pr
without suppression from fragmentation:

2
2 g (I=xp)

X) = 3x10 ° nb GeV — - (@9
Pp

L R R L (Inclusion of non-'"prompt"
* Inclusive Cross Section . m's from resonance decay
Be.m=90° = approximately doubles the
B VT =30 GeV B production rate,) This
contribution is thus pre-
i ete ™ ——rt+ X dicted to dominate single
pion production in the vy
process until very high
Py 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 wt
spectrum from ete=+vy*+
1+ X for xp <0.15 at
vs = 30 GeV. (See Fig. 8.)

It will be extremely
interesting to verify the
R R B normalization and especi-

0 2 4 6 8 ally the power law of the
o (Gewe) yy+1t+X cross section.
11-78 -L 3445812 —-— - s
. The pT~ power is derived
directly from the lowest

T

T TTTTY

L taaad

L

I

Pob gl

yq—1g

1o

Fig. 8. Leading contributions to in- A
order diagram for ygq-—>
clusive pion contrlbutlons from ete”

annihilation and ete” +ete™n™X (from qu}q w?ere the ?q %yStem
Ref. 1). 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),zO dominant subprocess contributing to the pp > ntX and
pp > pX cross sectioms for pp < 8 GeV are expected to be the prompt
hard-scattering reactions such as gM+gM and qB-+ gB, respectively.
These subprocesses immediately explain why the observed power law for
Edo/d3p at fixed xp and 8.y are close to py- (meson production) and
pilz (proton production) for data below pT:=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. Althcugh low pp YY reactions
should strongly resemble meson-meson collisions, the elementary field
" nature of the photon implies dramatic differences at large pn. 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=*gq, Yq>Mqg, 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 pp 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.
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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. TIn this chapter we
will review several areas of hadronic phenomenology which test pre-
dictions of quantum chromodynamics calculated from perturbation
theory, including:

(a) The production of direct photons at large transverse momentum
in hadron-hadron collisions.}>2 1In perturbative QCD, the ratio
of gluon jet and direct photon cross sections is directly
calculable, and leads to important phenomenological constraints.

(b) 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.

_{c¢) The hadronic decay of the upsilon via three gluon jets’6 or a
photon plus two gluon jets6 could provide some of the most
definite tests of QCD.

(d) Gluon jets may be "oblate" with principal axes correlated with
the gluon polarization.

(e) 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.d

At present, the most controversial area of QCD phenomenoclogy
concerns the production of single hadro?a at large transverse
momentum in proton-proton collisions.”s 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 pg 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+qgq, qg+qg, and gg—+gg, as calculated in Born approximation
QCD. Violation of scale-invariance occurs through the running
coupling constant aS(QZ), the quark and gluon structure functions,
and the transverse momentum (kp) 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.l2 1n addition to all
of the contributions listed in (A), QCD also predicts '"higher twist"
subprocesses13 where more than the minimal number of quark and gluon
fields participate_in the hard scattering reaction, such as qM~+ gM',
qB~+qB', gq+Mq, qq+MM, etc. Here "M" and "B" indicate qq and qqq
clusters of fixed mass relative to pp. The cross sections for these
subprocesses are readily computed from minimal QCD diagrams.13’14
As in (A) logarithmic scaling violations oceur.l5 By definition,
higher twist subprocesses are responsible for all large pp exclusive
reactions invelving hadrons.

The basic distinction between these two approaches for an in-
clusive reaction such as pp~*7X is simply whether (a) the high pgp
trigger meson is formed after the hard scattering (e.g., Q192> 9197
with q1->ql-+v) or (b) formed before the collision and then scattered
(e.g., mq+7wq). 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 6., the Born contri-
butions clearly dominate at pp~+ = since

do

ac (marma) 2,2 1 Gev”

do ~ Fn(pT) ~ 0 % . (2.1)
-+ (ag+qq) P

dt T

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
Landshoffl6) results because a quark typically gives 75% of its
momentum to the trigger particle due to its rapidly falling frag-
mentation function Gy q(z) at z~1. The qq+qq subprocess then
occurs at an effective%y higher pp 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 + mq sub-
processes) then there is no trigger bias suppression. Thus for

some range of pp, 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)

d ag 9
QCD-Born: 3" (pp>71X) ~ —— (1-x) (2.2)
d p/E (lOO)PT
versus
oy
d
QCD-CIM: ¢ (pp+mX) ~ — (l-x )9 (2.3)
3 8 T
d"p/E P
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Fig. 1. QCD hard scattering
subprocesses for pp>nX. In
(a), (b) and (¢) the 7w is
formed after the hard scat-
tering via quark or gluon
fragmentation. In (d) and
(e), the "higher twist'" CIM
contributions, the meson is
formed before the hard scat-
tering. Diagram (f) repre-
sents the "fusion'" CIM
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The critical question is deter-—
mining the magnitude of each
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 ag 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 kp distributions of the
hadronic constituents is contro~
versial. An essential point
ignored in many model calculation
1s that the interacting constitu-
ents are always off the mass
shell and spacelike:l7

5 '12%+£2
A (2.4

qa-+v-+M contribution.

where 52 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—+qgq
amplitude never occurs in the physical region, and serve to damp
out the effects of large ky. In partice, one finds that ky fluctua-
tions do not increase the inclusive cross section by more than a
factor of 2 for pr 22 GeV, even if we assume very large mean kr ~
850 MeV Gaussian smearlng 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 cross section for subprocesses such as gM—+gM has the form19
. 2
dg _ M
EE-(qM-»qM) = 3 (2.35)

su

corresponding to the QCD" amplitude shown in Fig. 1(d). The qM-+gM
amplitude falls as s~! 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 do/dt = s~ -(n-2) yhere n

(=6 here) is the number of active fields in the 1n1tlal and final

state.20 The constant o is proporticnal to as(p ) times the meson
wavefunction at the origin. It can be fixed phenomenologlcally (to
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Fig. 2. (a) Data and QCD contributions for Edc/dBp (pp~+TX) at

6em = 90°. The dotted line has no scale violations or ky fluctua-
tions. The lower solid curve indicates scale violations in the
structure functions and ag. The upper solid curve indicates scale
violations plus kp fluctuations calculated with off~shell kinematics.
(b) QCD results for p% Edo/d3p (pp~>7°X). The dashed curves indi-
cate scale violations. The solid curves indicate scale violations
plus off-shell ky 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.

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
(see Fig. 3). 1In a recent

M M M M M M .
' paper, Blankenbecler, Gunion
and I have found that within
q q q q errorg of order *50%, oy =
2 Gev?.19
B B s e In order to determine
{a) (b) {¢c) the size of the contribution
o-7 , 349443 of the Mg ~+Mq subprocess to

the pp~+1X (see Fig. 4) we

also need the normalization
of Gy/q(x), the distribution
of virtual qq states in the
proton. (The same normali-
zation enters virtual meson-

Fig. 3. Contribution of gM—+qM
amplitude (a) to meson-baryon
scattering (b) and the meson
form factor (c).
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Fig. 4. The CIM Mg-+rmq
contribution to pp*T7X
The virtu-
al meson M is a qq com-
ponent of the nucleon.

at large pp.
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induced reactions, such as Deck or
Drell diagrams in low t hadronic phy-
sics and the height of the meson
plateau in forward reactions.) We
have assumed a normalization such that
~1/2 of the § sea can be identified as
constituents of the virtual qq states.

With these normalizations, we
find that contributions (B) are in
fact consistent with the normalization
of FNAL2! and ISR data?? for pp > 71X up
to pm~8 to 10 GeV. At that point we
predict the 22 QCD -- Born subpro-
cesses contributions (A) will cross
over and dominate the inclusive cross
section.19,22 (See Fig. 5.) Moreover,
we note the following:

(1) The best power-law fit to the Chicago—Princeton21 FNAL

data is
dog + 1 9.0+£0.5

E d3 (pp> 7 X) 5215 (1 XT) (2.6)

P PT
is agreement with the predicted CIM powers.
10~! N e
|O—2 I
1073 | a Clork et al. -
. _o ©® Eggert etal

o PP™= T« CCOR -

v -

.%> o5 V5 =62.4 GeV

L
1078

b

A lontd
1078
107?
IO—lO

6 7 8 9 10 1l 12 13 14

pr (Gevk)

Fig. 5. Comparison with data of CIM plus QCD (th)
contributions to the pp~+7PX cross section. Scale-
breaking is neglected and ag= .15 in the QCD term.
(From Jones and Gunion, Ref. 23.)
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(2) The best fit24 to the angular distribution of the subprocess

in pp+mX is do/dt = 1/su3 or 1/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-Scandinavian?5
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 prp
observed in the experiment indicates that on average more than 907%
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 gM~+qM subprocesses implies that flavor is generally
exchanged in the hard scattering reaction.27 TFor example, consider
the quark interchange and qq +MM fusion contributions to pp-+KtX
shown in Fig. 6. The average charge of the recoil quark is slightly
positive for the Kt 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 smal126 flavor
correlations between the away-side and same-side systems. The data
from the BSF-ISR group (see
Fig. 7) for various charge

1

’Mi’—_"‘K*‘ Mi’_*—‘K"' MP_._,_K_ triggers at 90° show
:::x::: ;:>.<:: ::><::: striking flavor correla-
tions, especially for K7
u  2ud,s s s 3u,d and D triggers, in general,
(Qg)y=1/6 (Qq)=-1/3 (Qq)=5/12 agreement with the above
expectations for the quark
() (b) () exchange processes of the
. CIM model. (A possible
s . u u difficulty, however, may
MoK M K™ K~ be the absence of a strong
X ::) (:: :j:;i;és‘ difference in the away-side*
T 5 s 2u,d +/- ratio for n* and 7~

triggers. This may be due
(Qg)=1/3 (Qg)=1/3 (Quy=2/3 to the fact that resonance
(d) . (e) . (f) decays, particularily p®~—
n+ﬂ', dilute the charge
10-78 1494AS correlations.) It should
be emphasized that the CIM
: terms are not maximal for
Fig. 6. Analyses of cEarge flow in back to back configurations
CIM diagrams for pp *K"X. Quark because of the difference
exchange in the subprocess implies in.q and M distributionms.
charge correlations between the [This could explain why

trigger and away-side jet. charge correlations are
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: strongest away from zero rapiditg
T T T T T 1 on the away-side in the BSF-ISR2
3 < Prqiq <45 Gev/c experiment and why only minimal
Pr > 1.5 GeV/c flavor correlations are observed
< <30° in the FNAL experiment of R. J.
[yl <1, |} ; 28
N Fisk et al.,~<® who only look at
0o PO&“YG = particles directly opposite a
X Negative 90° trigger. The correlations
will also be reduced because of
0.06 + _ the nuclear target.]

In each case we would ex-

? pect that these charge correla-
0.04 |- X + . tions will disappear at very

* high Pt when the 2-+2 QCD --

- . Born subprocesses become domi-

* + nant. It is interesting to note
0.02 - , that for K~ and p triggers, the
cross—-over point is predicted

by Jones and Gunion?3 to occur

AVERAGE NUMBER OF ASSOCIATED P/\RTICLES/EVENT‘

0 | 1 I 1 | | (for pp collisions) at a rela-
™ 75 KT KY F p tively small pp (~4 to 5 GeV
. TRIGGER PARTICLE  suruss at ISR energies) due to the

rapid fall-off of the CIM terms
as xp+1 for these triggers.
Thus there is a rich, dynamical
structure controlled by the pg
and xp kinematics which can

be unraveled by quantum number

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 correlations.

jet nearly independent of the (5) In the case of pp-pX,
trigger type. See R. Field, the dominant CIM subprocess is
Ref. 10. the qB~+>qp subprocess. The

~12 theoretical prediction is Edc/
p (pp > pX) = pp (1- xT)7 The Chicago—Princeton21 fit at 90° i

fact gives P -il. 7(l X )6 -8 at FNAL energies, py< 7 GeV with uncer-
tainties in the exponent of order +0.5. We emphasize that a success-
ful model for single particle production must account for both high
pp 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-p distribution function;
we note that data from DESY for eTe™ +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 comnsist-
ent with elastic pp~ pp scattering and the proton form factor.19

In addition, at 8.p=90°, x7> 0.6, we predict that the direct scat-
tering process pq~+Dpq (where the 1nc1dent proton 1tselF scatters in
the subprocess) should become dominant, leading to pg (l—-xT)3
behavior. The direct scattering contribution to inclu51ve pp + pX
connects smoothly to elastic scattering pp-pp, in agreement with
the Bjorken-Kogut ''correspondence principle” arguments., 29
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Combining the QCD 2~2 Born subprocess contributions with the
CIM (hlgher twist QCD) contrlbutlonb leads to a combined prediction
for pp+ntX~ of the form G "900)

5 (l—xT) (1—xT)9
E ———-(pp—>n %~ ) = as(pT)(O.OSS) A + (9) 3 s
a’ 2 P P
T T
2.7)

in GeV units. The 0.035 factor includes the suppression factor due
to trigger biasl® from q-+M+q fragmentation as discussed above.

(The factor of 9 in the CIM term is computed using ay =2 GeV2 and

an estimated factor of 2 from resonance decay contributions to in-
clusive nt production.) The (1-xp)” power comes from convolutlons
of valence distributions G q/p (x) W1th (1-x)3 fall-off and Gﬂ/

(1-x) > Asymptotic freedom ,5 spln correlations, etc. can 1ncrease
the effectlve power to (l-xp Y10 or 11 Thys at pr~ 10 GeV, the 2*-2
subprocesses are predicted to be domlnant, the power of pp for s
K+, and production should decrease to pT6 and then asymptotically
approach py- scaling, modulo QCD logarithmic radiative corrections.

. At these values of p, 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 1mportant Eredlctlon of QCD is the eventual dominance of
gluon jet recoil.

We note that recent ISR data?? for the pp+ "X cross section
for 6< pp < 12 GeV are indeed consistent with a sum of terms of the
form of Eq. (2.7) (see Fig. 8). For pp<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 pp~4 GeV, even allowing for a
factor of 2 from ky smearing corrections and uncertainties in the
effective value of ag; 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-+1n and even m~+n. 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 ktr 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 P fall-off.
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Fig. 8. Comparison with data of CIM plus QCD (p}a) contributions
to the pp~> 79X cross section. Scale-breaking is neglected and ag =
.15 in the QCD term. (From Jones and Gunion, Ref. 23.) The data
may include contributions from direct photons, pp -~ vX.

The situation in QCD is best illustrated by an example (see
Fig. 9). A Feynman diagram which corresponds to qq=+qq scattering
with gluon bremsstrahlung yields

q contributions to both the qq-+qgq
il w“i:/( rﬂ#°g hard scattering subprocess (when
g = B Pl the emitted gluon g is parallel
SN <= to q1) and to the qg-~qg subpro-
q 9 q cess (when the exchange gluon g

(a) (b) (e) is at low kp relative to qjp).

w78 149447

The contribution where the g1,
qy> and g all emerge at differ-
ent 8.y is suppressed by a power
of log p%. Note that (1) off-
shell kinematics are required

in order to obtain the correct
contribution to the gq-+gq sub-
process; (2) it would be double-
counting to include both krp
fluctuations to qq=+qq scattering plus the gq—+gq subprocess; and
(3) the leading logarithmic corrections to the qq~*dqq scattering
are already included when the measured Gq/p structure function is
used. A consistent treatment in QCD requires simultaneous considera-

Fig. 9. TIllustration of hard
scattering expansion. The
Feynman amplitude (a) contains
contributions from (a) qq-+qq,
and (b) gq-+gq subprocesses.
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tion of the hadronic wavefunctions, off-shell effects, and the ky
fluctuations implicit in higher particle number subprocesses.

The theoretical origin of the kp 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 kT due to con-
stituent recoil gives a contribution of order

M

A
K

E

(n” << K2 << p2) (2.8)

~

dk,

N

(b) Radiative corrections due to single gluon recoil gives

2
a (k)
dv s T (m2 << k. << p2) (2.9)
2 2 T T
dkp Kp

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 kg
distribution. According to the analysis of Dokshitser,
D'yakanov, and Troyan30 for the Drell-Yan process, the effective
distribution has a computable Gaussian-like shape.

(d) The intrinsic ky 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 Velde3! shows that the intrinsic kT of
the constituents are in fact small; the fast hadrons near xF?E
-1 in the WY -~ proton cm frame (from the spectator "qq" jet)
have <k%> ¥ 0.1 GeV2. The large values of kp observed in Drell-
Yan and large py reactioms (from p,,¢ 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 p; reactions. In the case
of jet triggers, the trigger bias is absent, and the QCD Born terms
are expected to be dominant even at pT'~4 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 workable
definitions for jet triggers.
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The CIM-QCD approach to large pq 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-*KfX/pp-*KfX
and beam ratios mp > 7X/pp > 7X 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
1),

3. Photon Production at Large Pt

In addition to YY collisions (see Chapter 1III), other photon-
induced reactions such as yp+1X, yp+vX, and yp+ jet 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-+qq, qM~+~qM, and qM++yM, where the perturbation
QCD "anti~scaling'" structure function of the incident photon is
important.

Photon production at large py can also be used as an important
probe of the underlying hard scattering subprocesses.™? Discarding
photons which are produced from hadron decay (n°-+vyy, n®—+vyy, etc.),
we can distinguish several mechanisms in QCD:

(a) QCD Born contributions with quark fragmentation, e.g.:
ete™+qq, qq+qq, gq—+gq with q+vyq. The Gy/q(x,Qz) fragmentation
distribution has the Witten33 anti-scaling form and is nearly flat
in x until x very close to 1. If a QCD 2-2 subprocess dominates
both 7 and y production, then

do
(pp + vX)
a’p/x 77 L - (3.1)
do ¢, (x.) L-xp
3 (pp *> 7X) m/q T
d”p/E

_an®
at ecm-90 , independent of pr.

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

gq + Yq and qq + Y8

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.

(¢) CIM-type subprocesses, such as Mg~ vyq, where the incident
meson M is a correlated qq pair in the incident hadron wavefunction.



-39-

Both processes (b) and (c) can dominate over (a) for moderate pp
because of the absence of trigger bias suppression. The nominal
scaling laws are2

i 2 8

o oy = (a) qq+qq, etc.
fr
do e8

E—— (pp>yX) ~ J} e o =5 (b) g9>vq
d’p P
Q a €9
M 5 () Mg-vq (3.2)

. pT

where aY'va/as(p%)~wxlogp%/A2 and €=1-xp. 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%fv8 GeV at
V§=133 GeV, and until pf~
N 9 GeV at /5=61 GeV. The

10 T —— 7T ratio of y to pion produc-
tion (parameterized as ed/
pT) is shown in Fig. 10.
For pp <8 GeV where the CIM
subprocesses dominate both
pion and photon production,
we predict at 90° the cross
section ratio:19,2

T TTTT

pp—= YitXx

T
b opLay

!

2

TTTTIT]
Ll eil

Y =z 2
L 0.007 pp/GeV

Ry/7r"’

roughly independent of s.
This dependence of py and s
should be readily distin-
guishable from the y/w ~
aY/(l—xT) dependence charac-
teristic of conventional
QCD calculations. We also
note that the predictions
of Fontannaz>% and Blanken-
0.0! v gl RS becler_e_i_:_g_l_.BS which are
| i0 100 based on the Mg+ y*q sub-
o e Py (Gev/c) rrenro process appear to account
for a large share of the
P distribution of messive
Fig. 10. Predicted ratio from QCD léepton pairs.3
plus CIM contributions for y/m in
pp collisions. (From R. Ruckl et
al., Ref. 2.)
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4, Photon and Gluon Jet Production

It should be emphasized that direct large py 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 subprocesses11

2., 2
do | _ Msi_4ys L uy, sT+u’
dc 8178 = [ sla*s) T2 ] (4.1)
] t
and
do Taa € s , u '
#ew - S]] s
3s
At 90°, this implies
d
3 — (pp>1X)
d"p/E (L a
ds - 22) 2 (4.3)
3 (pp ~+gX) ag (pT)
d”p/E ‘

from these subprocesses alone. Direct photons and gluon jets from
these contributions have the same scaling laws, independent of
structure functions, ky smearing, etc. We note that the gg+ggq
subprocess gives ~1/4 of the total jet production cross section from
all QCD 22 subprocesses.26 Therefore we have a lower bound

d

3 T— (pp~+¥X)
d"p/E - Jet) . a (4.4)
—ékL— (pp + 1X) expt’ 88as(p%)
d p/E

For example, if the jet/w ratio is of order 300 (to 600) as in the
FNAL E260 experiment37 (pp~4.5 GeV, Epap =200 GeV), then the y/m
lower bound is 12.5% (to 25%). Conversely, the experimental upper
bound for y/m of (.55 +.92)% as reported by J. H. Cobb_gglgl.3 at
2<pp<3 GeV, /5=55 GeV implies an upper bound for jet/w 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 QCch
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 Susskind3? and BJorken40 for ete™+ q3~ 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 polarization cloud first. Weiss and 1,41 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:

Uer = Q7<% gen (5.1)

Here Q et is obtained by integrating the charge density in the jet
startlng from yj (anywhere in the central region) to Y,y . Gluon
jets have QJet—-O. These results hold for all conserved quantum
numbers Q.

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 (q, q, qq, qq, 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 ete™+X, y¥p+X, and
pp-+p+u'-+X (Drell-Yan mechanism), given the same rapidity separation
of the 3 and 3 systems. TFor large P reactions, the subprocess
qq+qq 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
+ et +X [etet»efet subprocesses]. The net multiplicity corresponds
to 4 quark jets, with coherent enhancement in the interference zone.

An important consequence of the color separation amsatz is that
gluon (color 8) jets must have a different soft hadron spectrum than
quark jets. In fact, for N.+<«, the color separation for a gluon jet
is the same as two incoherent quark jets. More generally, the
nunber 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:

<nsoft

<nsoft

2

7 = %- for color SU(3) (5.2)
1-N ,
c

,av Lmv
|

Thus we expect that the plateau height for soft gluomns (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 qq) 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 reactiom. It is an
interesting question whether this parton model ansatz has an

analogue in QCD.

y* q
p
hadronic  Current ~
plotequ  plateau 3-3 plateau
yD ya YQ YD yq
—— — e~ s e T —e
log W¥Q2  log Q2 tog W
0= ( o ) ( b ) 34944010

Fig. 11. TIllustration 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.

" 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 yj is
struck by a deep inelastic
Y or W, the spectator sys-—
tem comnsists of (1) an
antiquark (hole parton) at
y~yg 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. 1ll(a)).
There are thus two rapidity
regions created from the
color neutralization:
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(a) a "current'" plateau region of length log Q2 between the 3 and 3,
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 Q“. 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 qq sea.*’ 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 3 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 q 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 Wz, 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 k0~ +1 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-shell. The forward systems
produced in low pp reactions can be regarded, in a general sense,
as hadronic jets and many of their properties (multiplicity, kg
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distributions, quantum number correlations) are not dissimilar from
jets in ete™ annihilation or large P reactions.3 Blankenbecler

and I#9 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 py reactions at fo=pC/p%ax~'1 at fixed 6cp
must connect smoothly with forward reactions at xy~1 as 6., 0 or
m. In particular, 0chs30 has noted the phenomenological similarity
between particle ratios at 8., =90° and 0° 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.Sl However, the
simplest implementation of this idea fails: For example, for the
reaction pp-+n+X, one can imagine that either before or after an
initial soft scattering, a u-quark in the proton, with the distri-
bution Gq/p(x) (obtained from deep inelastic lepton scattering)
fragments to the fast pion with the distribution Gn+/u (obtained

from ete” 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,

1 do + 5 . . 49
5 de (pp>7 X) =« (l-xL) (prediction) (6.1)
vs.
+
, % —-——;)SL (pp ~+ 1;+x) « (1- xL)3'l £0.5 (e}q:er.'iment)52 (6.2)

The prediction (6.1) can
also be derived in QCD if
one assumes that soft
hadronic interactions are
represented by gluon ex-
- {0) 4 (b) J9amiz change.

There is however
another possibility:53
consider the five quark
uudq g dgea > cOmponent of
the proton wavefunction.
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 uﬁsea in the remaining 4-quark state is

Fig. 12. Production of high energy,
low Dp pions in pp-+v+X arising from
(a) diffractive or gluon exchange
processes or (b) qq annihilation of
sea quarks.

1 do + 3 »
'c;g;;(pp'*ﬂ X = Gﬂ+/uuda(><) ~ (A-x) (6.3)
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where we have used the QCD-based spectator counting rule,l‘g’s4

2n -1

G p® = (-x) ° (x > 1) (6.4)

where ng is the number of bound spectators which are required to

stop as x = (ké*—kg)/(pé*-p%)'*l. Notice that for the gluon exchange
mechanism, there are 3 spectators for pp +7'X, 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 g-exchange mechanisms.33 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 x; = £l are discussed in Ref. 53. We also note
that two particle correlationms at xp(l) +x;(2) »1 are also readily
predicted:

dN + + dN + -
————— (ppF7 1 X) ~——— (pp+7 T X)
dxldx2 dxldx2
dN -
>> dxldxz (pp>7 7™ X) (6.5)

where we utilize the -two 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 p~ 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.20

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 ete™ annihilation (3-jet decay from ete™ +qgg) 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‘-+nq§; the relatively large gq+Mq coupling dominates the
q+gq process until quite large pp. Selection of events with high
multiplicity could be used to favor gluon jet production.
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By comparing the processes qq~> y+g and q§-+u+ﬁ— for high pg v
or pT production, we can obtain a prediction for gluon jet production
which is independent of the initial state:”

do
(AB + yX) 4 2
&’/ _3%PY (7.1)
_ékl_ (AB +uTX) a <sinzé>
d p/E

Here sinze is the subprocess center-of-mass production angle. Low
mass y*+ 22~ pairs can be used here to avoid backgrounds.

The decay of heavy quark systems 0Q such as the y into 3 gluons5
or y+2 gluons6 could provide the cleanest test of QCD gluon jet
phenomenology. The standard perturbation formulae for positronium
decay, updated for color factors gives the branching ratio39,60

r(x~vysg) 36(_e_q>2 a
2 - -

e 2
aS(Mi?

(7.2)
T(y+ggg)

where Q2 = M% ig the effective off-shell value to be used in the

running coupling constant. If eg= 1/3, the branching ratio is ~3%.

Predictions for the angular distributions of the y decay plane

relative to the beam axis and decay distributions are given in Ref.
6. The y—+ygg two-jet
channel is particularly

X ’ interesting since the gg+X
1.0 0.8 0.6 04 02 0 mass can be varied and a
direct comparison with
SPEAR qq jets at the same

)

X energy can be made. The

! predicted spectrum based

18 on perturbation theory as
~ix a function of Mgg =
Zix (1-%y), Xy =DP~/Dyax> 1S
| 3 y/» *y ” Py/Pmax

shown in Fig. 13. Reso-
nances. with the gg quantum
numbers (n, n', ng, glue-
08 10 balls) can be expected to
ez modulate the perturbative
prediction over a local
region if we assume local
Fig. 13. Decay distributions for duality.
Y+ yHX in x=2w/My and g/l}%/s from
the simpliest QCD diagrams y - gtg+y,
and massless gluons. The modulation
of a singlet resonance at fixed b47§
is shown schematically.

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 calculatioms.
Such effects could distort simple QCD predictions; e.g., the y-vygg/
ggg ratio will be enhanced. We also note that higher order (im ag)
channels y~+gqq and qq 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.

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

(a) Multiplicity. As discussed in Section 6, color octet separation
leads to multiplicity of soft iluons and sea quarks 9/4 as large
as color triplet separation.3: 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.

(b) 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
fogmeghich has the predicted x- 0 and x=+ 1 limiting behavior
is~s

[Ne]

Dyesg@ = F [Payg * D500 | (-0 (7.3)

Gluon jets, however, may have enhanced number of I=0 states at
X > 16v§hich have a strong gluon component, e.g., £+ n, w, Y,
etc.

(¢) 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.

(d) 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”).[*:’%44
This effect also results if the gluon decays to qq before color
neutralization occurs.

(e) Gluon jets may be "oblate." 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.

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

1
or { dx z >q
ARCRONE RN (L WA ENACTIERCER IR

X
Z

In lowest order perturbation theory spin 1/2 quarks from g-+qq are
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aligned with respect to the gluon linear polarization:

R

2
Gq/g(x,¢) [1 - 4 cos™¢ x(1-x)]

cos ¢ q- € (7.5)

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

1
%— = Zfdz zDH/g(z,¢)
H
0
= i%-(l + 2 sin2¢) . (7.6)

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

. finding the principal axes of ‘/}% 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 q decay products, and (2) the "straggling" from g+ g osrt8g
due to soft gluon emission depolarizes the gluon. The latter effect
is of order ag(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 directionm.

For example, in n{(QQ) +g+g+qq+qq (pseudoscalar decay analogue
of 7° double Dalitz decay), the correlation between gluon polariza-
tions is

dN

1 . 2
av 5;—(4 + sin”Y) | (7.7)

énd

1 1

de _

v - fdzafdzb dzdzdw a b
a>b O 0

2
_ 153+ 2 sin"y
- 327 (7.8)

gives the summed correlation between hadrons of the two jets. The
maximal effect is only 13%. Similarly in y~+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

2. .2 2 1 2
(xl+x2+x3) + % (1= 2cos“x) Xl X2X3 (7.9

where cos 893=1~X; is the cosine of the angle between the gluon
jets, and cos X=py'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'-+q§g or eq+eq'g events, the distribution of
gluon polarization is given by

Z—“d—N"T‘ = ZG/ (Z,(b,l:-z%)
dz d¢ 4k, &/4q
(7.10)
EZ
a
~ i [z24-4(1—z)c032¢]-————;2—————
3 TT2 (+2+-22m2)2
kptemy

where cos ¢ =¢+n and n is in the plane of qq or qq'. The average
over ¢ gives the standard 1+ (1-z)2 distribution.

Although these model calculations give only a first estimate,
it seems likely that the spin-l1 nature of the gluon in QCD will be
reflected in the oblateness of the distribution of its decay
products.

8. The Gluon Distribution in Hadron58

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 Q(; the proton only consists of
valence quarks, and that the gluons and sea quarks can be generated
by QCD evolution equations for QZ#(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 involving two quarks are not con-
sidered. This analysis reproduces the q“~dependent QCD moments
for structure functionms.

-
However, for x and kp-+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

- (a) (b)) soans 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 kp. For small x, we find

E%

2 8 %s 1 1

Ggmtokp = 3 3 x 32 |1y ) 8.1
™ kT (1—xq)

where FM(QZ) = 1/(14—Q2/M%) is the meson electromagnetic form factor.
The first term in the bracket is the usual (diagonal) contribution
obtained from the copvolution of Gg/M or Gq/M with Gg/q. The Fy
term from the (off-diagonal) coherence of the q and q distributions
is only unimportant at large k%>> (1-%,) M%, where X_¥1/2 is the
average momentum fraction of the quark in the meson, and My 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 k2+0. 1In this simple model, the standard
denominator for a quark target (ﬁ%%—x2m2)_l is replaced by (k2 +
M%)— ; i.e., there is no quark mass singularity for mq—*O.

The most important consequence for phenomenology is the fact
that the gluon distribution in a hadron reflects its size and con-
stituency. The gluon momentum and sea quark fractioms will be
bigger the larger the size (Ay) of the hadron ng/H(x)~'log[(1+
A% k%max)]' In addition, the gluon distribution in a hadrom 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 g 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 f£inal 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 10-20 percent level.
Among the outstanding problems:

(1) The production cross section for jets in hadrom-hadron
collisions is not known to within a factor of 2 or 3, let alone its
scaling properties at fixed xy and 8.y. If the combined QCD plus
CIM description given here is correct, the jet/m cross section should
- increase as ~p% at fixed xr and 8., for pTLEA-GeV/c. Scale breaking
due to QCD radiative corrections are discussed in Chapter II. The
ky smearing effect for p, >4 GeV/c changes the predictions by less
than a factor of 2 if ofi-shell kinematics are used.

(2) The existence of charge correlations between the trigger
and away side hadrons, as observed by the BFS collaboration?5
evidentally eliminate 2 to 2 QCD Born subprocesses as the dominant
hard scattering mechanism for single hadron production in the region
up to pT:>4 GeV. The extension of these measurements to higher Do
and xp is critical. Nuclear targets tend to obscure flavor corre-
lations because of charge averaging and final state interactions.

(3) Cross sections for hadron pairs at large .#? tend to be
insensitive to the controversial kp smearing effect. It is particu-
larly interesting to compare hadron pairs and muon pairs at the same
kinematics. One predicts6

d_d_;%___ (pp—)~H+H—X) k 2

A" dy - ( /1{2) f(Y , g;L.) (9.1)
-—dc—’—z— (pp > uX) “

d

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 [as(bjzz)/ajz.
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(4) 1t is very important that QCD predictions for direct high
pp photon reactions be tested, starting with the original Bjorken-
Paschosb7 inelastic Compton reaction yp+YX and inclusive photopro-
duction yp+ X (reactions without forward hadrons) to direct photon
production pp~+ vX, two photon processes yy-—+X, etem+y+1i+X
(charge asymmetry), and e*p-+e*yX (e* asymmetry).l,2 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 a—l(pz) and photon-induced cross sections such as edc/d3p (yy~+

S T/
Jet +X) are asymptotically scale free and independent of as(pT) when
perturbative contributions to all orders are included (see Chapter
ITI).

(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 q“ and low A2 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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