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ABSTRACT

The phenomenology of hadron and photon reactions at short distances
is diecussed in terms of perturbative yuantum chromodynamica. In addition
to large Pr hadron reactions, we review predictiona for jet produccion inm
two photon eollisions, the relationship of photon and gluon jet production,
hadranic production and color separation, upsilon decay into hadrons and
photons, leading particle distributions in low Pr hadron collisions, dis-
crimicants of quark and gluon jets, and the effects of coheremce an gluon
distributions in hadrone. A number of new experimental tests of QCD are
discussed.
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1. Introduction

The most direct tests of the Interactions of quarks end gluons at

short distances involve the

of single had » hadronic jets,

at large

In this talk we will review
ral areas of hadronic phenomenology which test predictions of quantum

chromedynamice calculated from perturbotion theory, ineluding:

{a) Jet production in two-photon :au:tinna.l

for veactions such as e'e » o*e” + Jet + X ave readily calculated in

The croaé gections

perturbative QCD and turn out tv bo surprisingly large.

(b) The production of dircect photons at large transverse momentum
in hadron~hadron couisiann.z In perturbative QCD, the ratio of gluon jet
and direct photon cross sections is directly calculable, and leads to

important logical nts

(e} The multiplicity and distribution of hadrora in inclusivo reactions
4
may be related to color separation of tha initiating auhprneuna." The
consequences of this ansatz for gluon and quark jets are discussed. We aleo

review other ible d1f

of jet

(d) The hodronic decay of the upailom via thrae gluom jnt"e or a
photon plus twa gluon jel:s6 could provide scus of the most dafinite teste
of QCD.

{e) Gluon jets may be “oblato" with principal akes cir Mated with
the gluon polariutlm\.’

(f) The gluon distribution of a hadvon i connected vith the size
of the source due to cohorent effocts and is not determined aolely by the

quark dlstributlun.s
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At the most al ares of QCD phenomenclogy concerns

the production of single hadrons at large in p:
proton collisions. 910 Ve shall begin our discuseion with a short review

of the current fssues.

II. Production of Large Transverse Momenlum Particles in Hadron-Hadron

Collisions

Thare are currently two maln approaches to large p, phencmena -
doth based on perturbative QCD and a “"hard scattering expansion.”
{A) Quark, gluon scattering models. Ths basic collisioa subprocesses

responsible for the large fer are to he qq *+ qQ,
q8 + q8, and 8§ + g3, a8 calculated in Born QCD-“ Vi

of scale-i iance occurs the coupling nsma).
the quark and gluon and the &)
d of the in the hadrenic wave functd The

calculations automaticsily include those parts of higher particle number
aubprocessen nu:h as qq + qqg which contributa to logarithmic scaling
violations in the structure functions.

(B) The Constituent Interchange Hodel.lz In addition to all of the
Rtrnmtuna listed in (A), QCD also predicts 'higher twist" lubproeema“
where more than the sinimel ausber of quark and gluon fields participate in
the hard scartering resction, such as qd + qM', qB + qB', gq + Mq, qq + M¥,

etc, Here "M" aud “B” Indicate qf and qqg clustars of f£ixed mass relative

o pye The cross for these subp are readily computed from
minimal QCD di.ngrlma.u'u As in (A) logarithmic scaling violations uccur.l's




By definition, higher twist sud ara ble for all large Pr

saxclusive T 1 involving hed:

The basic di these two for an

reaction such as pp < %X is siwply whether (a) tb-huhp.t trigger mason
ig formed after the hard scattering (e.g., 99, * 4, vith g, + qlh) or
M > ),
Obviously both types of subprocesses contribute to tha cross u&ion at

(b) formed before the collision and then scattered (e.

eome level -~ it is a q of vhera aach d for
fixed x, - 2prln ard eu, the Zorn y st
Pp+ since

& (vq + =) 1 car®

A — v B iEE aLy)

qc (a9 + q) Py

On tha other hand, the necessity for final etate fragmentetion in any

quark or gluon impl a supp of the
cross gection by 2 to 3 ordera of magnitude! Thie crucial factor (ealled
“erigger bias” by Ellts, Jecob, and Landshoffl®) results because a quark

typically gives 75% of its momentum to the trigger particle due to ite
rapidly falling fragmentsation function G Iq(') at g 1. The q » qq
subprocess then occurs at an effectively higher Py vhere the cross ssction
1s orders of magnitude amaller, (It is this effact that ylelds lexge jet/
eingle ratioa, since the (quark or gluom) jet trigger is ot suppresssd by
this effect.) On the other hand, if the pion trigger mserges dizectly from
tha subprocess (as in the CIM Mg + %q subprocesses) then there is po trigger
biae suppression. Thus for some range of Py the “higher twist" an-cm
wvill be 1y [¢ ) scale-
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violating effects the cross zections have the representative forms (aee

Fig. 1)

Z
D-Borm:  —h2- (pp » 4E) v —2 % 7 0 -xp® (1.2
d7p/E )
‘versus
2
*n 9
QCp-CM: 3 &t) (11.3)
d'pfe Py
The q 18 o the magnitude of each contribution.
In p le, it ls £ to d the normalization of

the 2 + 2 QCD subprocesses contributing to the inclusive cross section,

aince o, and the structure functions are to a large extent determined

{although there ie some uncertaincy im the gluon - 1

in hadrons). The effect of the ky di of the hadroenic conatituents

is ial. An ial point ignoved in many wodel ealculation is

that the futeracting constituents are slways off the mass shell and -pn:nuhx"
W ?‘?'r:'jz_ (11.4)

where ;2 is a lidear of sq of ap. and ineid hadron

manses, The off-ghell kinematics ensure that the gluon pole in the ¢q + qq
amplitude never occura in the phyaical region, and serves to damp out the
effects of large ky. In practice, one fiods that ky fluctuations do pot
increase the inclusive cross mection by more than & factor of 2 for py > 2 GeV,
even if va assume very large mean k.l.'v 850 MeV Gausaian smem:!.ng.m A

Tepresentative calculation is shown in Fig, 2. (If one uses om=shell

kinematics, the crose ion can be 1 9 by an arb y amount de-

pending on 8 cut~off.) Off-shell kinematies are of course required whether
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one uses covariant Feynman gmplitudes or time-ordered perturbation theory;
The crosa section for subpracesses such as qM -+ g4 hag the fdtl“

2

i}

3

Luegn - (s

corresponding to the QCD amplitude shown in Fig. 1(d). The qM + q¥

anmplitude falls as s L at fixed u of the 1n the
u-channel. The power fall-off at fized center-of-mass angle agress with
the dimensiocnal counting rules do/dt = -"(“'2) whate n (= 6 hore) 1is the
nunber of active fields in the initial and final state.’® The conatant
o 1s proportional to u-(y:) times the meson wavafuncrion at the origin.
It can be fixed phenomenologically (ro within a factor of n2), since the .

qM + qM amplitude entera directly in the mason elastic form factor and

protom elastic at large momsntum transfer (ase Pig. 3).
In a recent paper, Blankenbecler, Gunion and I have found that within
errora of order $30%, o, ¥ 2 cev2,1?

In order to determine the sire of the contridution of the Mg + Mg
subprocess to the pp + ¥X (ses Fig, 4) we also need the normalitation of
Gulp(x). the dfetribution of virtual q7 ctates in the proton. (The
sane normalization enters virtual meson-induced reactions, such as Deck
or Drell in low € and the height of the meson

plateau in forward reactions,) We have gssumed & normalization such that
~1/2 of the q sea can ba idencified as constituents of the virtual qf states.
With these normalizations, we find that contributions (B) are in fact

with the noras of 7aAL?! and 12w datn??

for pp + *X up
to pp v B to 10 GeV. At that point we predict the 2 + 2 QCD - Born sub-

processes contributions (A) will croas over and dominate the ineluaive cross -
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19,

section. 22 (See Pig. 5.) Moreover, we note the following:

(1) The best power-law fit to the m:ngo—!dneetmu FNAL dats is

d . +, 1 9.0:0.5
E -dT" (prax) = 2% Q- 'T) (11.6)
3 Py
is agreement with tha predicted CIM powers.
(2) The bear £1:% to the angular @1 of the subprocess in

pp + 1K 10 do/dr « llsn3 ot l’lt3 in agreenment with the predicted CIM form.
(3) The CIM machsniem predicts that the trigger particle usually

emerges alone without same-side correlsted particles, or from the decay of

resorsnces, especially the p. This is in excellent agreement with the

of the French 25 group’s at the ISR,

who £ind that 1a 85X of the events with a 4 Gev trigger, the trigger
paxticle im unaccoopanied by same-side charged particles (aside from the

usual lov momeptum backgrownd). The amall growth of the same-aide momentum

with the trigger Py observed in the o5 that on
wmore then 90% of the trigger is d by the pion ==

wmuch larger than the 752 expected from q or g jet fxrmz,mentntl-tm-z6 The

BSF data clearly does not pupport the s that the ide jet

1s a quark or gluon jeot,

(4) The g¥ + Qi subprocesses implies thae flavor is generally ex-

changed in the hard ag 2 por le, consider the

quark interchange and q + MM fusion contributions to PP + kX shown 10

Fig. 6. The averags charge of the recoil quark is elightly positive for
the K* trigger and > +1/3 for the case of che K~ trigger. Thus the charge
and flavor of the awsy-side jJet in the CIM can be correlated with the flavor

quantus numbers of the trigger. In gluen di
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predict very mn“ flavor correlations between the away-side and mama-
gide systems. The data from the BSF-ISR group (see Fig, 7) for various
charge triggers at 90° enow \’ flavor 1 1y for

K and P trigaers, in general agreemeut vith the above expectations for
the quark exchange processes of the CIM model. (A possible difficulty,
however, may bc the absencs of a etrong difference in the away side +/=
ratio for »* and ¥ triggers. This may be dus to the fact that resonsnce
decaya, particularily p° + 'y, dflute the ciarge correlations.) It
ahould be eaphasized that the CIM torms sre not waximsl for back to back

b of the diff in q and M diatributions, [This
could explain vhy charge corralations are strongest avay from zero rapidity

on the away eide in the BSP~ISRZS

experinent and why caly minimal flavor
correlations are observed in the FNAL exporiment of R. J. Pisk at _-A..“
who only look st particles directly opposite a 50° triggex. The corre—
1ations vill also be reduced because of the nuclesr target.]
In each case we would expect that these charge corralations will

dissppear at very an'M:MZ*zqm-m subprocesssa bacowe

It 1s ing to mote thar for K and p triggers, the cross-
aver point s predicted by Jonas and Gantn®> to sceur (for ?p collisions)
at a ralativaly small py {*4 to 5 GeV at ISR energies) dus to the vapid

£al1-off of the CIM teras as L 1 for these triggers. Tihus thare is a

rich, dynsaical structure controlled by the Py and 3 kinesatics which can
be unraveled by quantum nusber correlationa.
(3) In tha case of pp + pX, the dominant CIN subprocess is the

qB » qp The cal diction {s E dvld’p (pp +pR) =
21

9;12(1 - ‘1')7' The Chicago-Princaton®’ £it et 90° in fact gives 9;11‘711-1.‘)6'8
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at FHAL energles, Pp < 7 GeV with intics in the of order

* 40,5, We emphasize that a suecessful model for aingle particle production
-must account for doth high Py mezon and baryon data. There does mot seem
any wvay tc account for the pp + pX scaling behavior in terns of 2 + 2 QCD
+sobp scale- in tha q + p distribution

«function; we note that date from DESY for e » PX appeers to be rcasonably
consiscent with scale-invarisnce. Oa the other hand, we find that the
nornalirzarion of the Bg » By aubpracess required here is consistent with
alestic pp ~ pp scatteriog and the proton form factor.'® I additten, at
L 20°, =g > 0.6, we predict that the direct scattering process pq + P

- (where the incident proton itself in the ) should be-

come dominant, leading to p;"z(l-z.t): ‘ 4 The direct

contribution to fuclusiva pp + pX connects smoothly to elastic scattering
Pp + PP, 1n agreement with the Bj Rogut " d principle"
us\mnn.zg

Combiniug the QCD 2-2 Born subprocess contributions with the CIM (higher

twist QCD) leads to a d prediction for pp + »'X~ of the

forn (o, = 209
9 9
-xp) a-xp
2 p o o) = 0 (D) (0.035) i+ (9) —5L
d%p Py Pp

[§19%)}
in Gev units. The 0,035 factor includes the suppression factor due to
n'uuu bius“ from q » Miq fragmentation as discussed above. (The factor
af 9 in the CIM term {s computed uaing L 2 GAVZ ovd an egtimated factor
of 2 {rom resonance decay contributions to inclusive o production.) The
“"‘1')9 power comes from convolutions of valence distributions cq/p(u) with

(!.-:()3 fall-off ard G“Iq n (!.-x)s. Asymptotic Ereedam,s upin correlations,
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etc. can {ncrease the effective power to (1-':,‘)10 or 11. Thus 4t Py ™

10 GeV, the 2 + 2 gyl are o be 4 the power
of py for «**°, §*, and productfon skauld decresse to v.;s and then

asymptotically approach P;A acaling, scduls QCD log'ull:h!c radiative
corrections. At these vajues of Py all the canonical QCD 'prqu;:thni

of the Bora d should hold; din particular the seme-

side system will cesse to be doninated by single particlas, and !:I.lvor
correlations between the trigger and anay-side lylt- will tend to zero.
An important prediction of QCD ie the eventusl do-tune- of gluon jlt

recoil. 11,26

Ve note that recent ISR hnu

for the pp + *°X cross lutﬁn.for

6 < py < 12 GeV are {ndeed consistuut vith a sum of teras of the form of
Eq. (II.7) (eece Pig, B). For Pp < 8 GeV, ths experimantal data are con-

afstant with doninance of the CIM terss. Ve smphasize that the predicted
QCb 2 -+ 2 Born contributions alone are at least a factor of 5 helow the

data for P v 4 GeV, even allowing for a& factor of 2 from t'l‘ snaaring

4 and ien in the affective value of 045 in any event
these are with all of the features of the data,

(1) through (5) discuased above.
An dop heoretical 1x how to aystematically include

the effects of higher particle nunber hard: 2+n

and even @ + n. INn a recent paper by Caswell, Horgen, and myu!.fm ve
showed that for ¢3 field theory, the incluaive cross ssctiom for AtB » CFX
can be cowputed systematically in terms of a sum of incoherent hard scat~
rering contributions, as expected by parton-nodel comsideraticns. In the

3 model all effects associated with large I(,‘, in the incident vavefunction
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are sutomatically included whon the higher oxder subprocesses are taken
into account. Subprocesses with higher number of active Ficlds suffering
the large womentim transter give higher povers of py fall-off.

The situation in QCD 1s best illustrated by an example {ece Flg. 9).

A Fey d which P to qq + qq scattering with gluon
bremastrahlung yields contributions to both the qq + qq herd scattering
eubprocess (when the ezitted gluon g; 15 parallel to q;) end to the g * q8
wubprocess (vhen the eschanged gluon &, is at lov &y relative to qp)- The
contribution whers the d3s G4 and g all emerge at different © e 18
auppresasd by a power of log y;. Rote that (1) off-shell kinematics are
requized in oxder to obtain the correct contribution to the gq + gq sub-
process; (2) it would be double-counting to include both "‘r fluetuations

te qq +qq scattering plus the gq + gq subprocess; and {3) the leading
logaritimdc corrections to the qq ~ qq seattering are already included

when the measured (Iq Ip atructura function is used. A conelstent treat-

ment in QCD req ] of the had wave-

functions, off-shell effects, and the "'l.‘ fluctuations implicit ir higher
particle number subprocesses.

The theoretical ovigin of the &, distribution of the quark and gluom

in 18 pld d, eince there are clearly sevecal

mechaniems at work:

() The tail of the hadronic vavefunction at large L, due to con—

stituent vecoil gives a comtribution of order

& o 2 o ? <c p
="~ (@ << k‘l‘ << p,r) (12.8)
o g
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(b) Badiative corrections due to stngle gluou Tecoil gives

(m2 <« kg < p:) (11.9)

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

{c) In suy lnclusive process in vhich coldr is virtually sepstated
the radiated soft gluons taken together give an effective kT éistribution.

According to the analysis of Dokehitser, D'Yakanov, and :nmy-nm for the

Drell-Ysn process, the effective 4 ion has 8 3]
like shape.
@) The Ky & of the had tion due

to binding and other non-perturbstive effects. The recent bubble chamber

neasurements of the final state hadron digtribution in doep inelastic

P! d at thia by Vander Vdd-”

shows that the intrinsic ky of the constitusnts are in fact small; the

fast hadrons near x, % -1 {n the H’-prom cn frame (from the apactator
"qq" jet) have < k% > % 0.1 GeV?, The large values of k; observed in

Drell-Yan and large py reactions (from Poue distributions) thus must be

to a of the mech (), (b), cad (e}
As ve discussed, the CIN (higher twist QCD) disgrams can temporarily
dontaate the 2 + 2 Bora gubp b of the

bise in single particle high Pr reactions. In the case of jet triggers,
the trigger bias is absent, and the QCD Born tems sre expected to be:
dominant even at Py 4 GeV. Thus jet experiments can provide a dirsct
tool to check the basic form of QCD dynamica, varify the farm and magnitude
of the tri- and q 1c-gl atc. At thete is &
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great deal of uncertainty how to define a jet trigger, particularly

because of possibly striking J1ff in the of gluc:.. and

quark jet‘;’. ' The study of jet production fa two puoton phyeice (see Sectiocn

IIT) and the racoil gystem in dezp inelastic ehould he helpful
Foxr" st d for jet
“The CIM-QCD ‘approach to large i:l."‘ x bioed with & fonal

yules for deternining the 1dading power behavior, makes & large
i = {gee Refs. 19,23). Thus far, I am

not aware of amy scricus conflicts with dats. In particulsr, the observed
- particle ratios such as pp + K X/pp + x"x and beanm ratios ap + 7K/pp + vk
aTe not”inconsigtent with ehe CIM '(ulthough.:{.n the latter case, the situation
is complicated by the prnmfce of geveral competing subprocesses).

The dimensionsl counting rulen,“"zo

£ )

( N +NB+NC+ND-2

£ s om - (11.10)

for exclugive processes can be used to determine the overall Pr power-law

fall-off of each aubprocess atb + ¢id in inclusive resctions. The tule

from of the Iy d Bowm dL in QCD.
QD 1 modify the yesult via finite powers of log p;.n

Lepage, Frishman, and i"z bave shown that vhen A,B,C, and D sre hadrons,
ths Landehoff “pinch” aingularities due ro succeseive near-on-shell quark-

quark scatterings are in fact P ly eupp in QCD to

the disgramg which give the dimensional counting rules. The crucisl point
1y the of (3udakov) form f which on~ghell elasti

qq + qq amplitudes (this is in agrecment wich an earlier ansatz of

33

Polkinghorae™ and Cornwall and lel:upoulnsjl'). {There are no eikonal-like



suppression £ for the 1y

diagrazs since the scattering constituents are far-off shell). The
1-n,

tesult (11.10) also predicts R@® e A (modulo a finite power of

log t) for the asymp 1 {sp1. ) el form

factor.

I1E. Jets in Photon-Photon Collisions - . .

One of the most direct tests of quantum r.hmdynitcs at .hnit p

digtances is the study of particle d at large

in photon-photon cvuiniu'na. It 1z well known that the two 'phb:w pné ']

an 4 1y iup source of 1n o' cona

]
the center of mass energy rises. The dominant part of the cross ncl:i.én'
for e*¢” » ¢* # &~ + hadrons (Fig. 10(a)) arises from the amathilarion of
two nearly on-shell photons emitted at small angles to the bq-. "Phaton=

photon collieions allow the entire range of hysi as

for example at the ISR for pp collisions, to be studied in ete” rings.?
The crucial question, of course, is the rate. Receutly, T. DeGrand, J.
Cunion, J. Hexe.l and I have shown that jet production at rather large Pp

for PEP and PETRA s 18 d in b QCD to occur at a

Temarkably large rate. For le, the cross for r™e ducti

of jets with totsl had Py > Poggg) from ¥7 0
6

subprocess alone (Fig. 10(b)) 1-1'3

w
6pi®* > Pt = Ry %4 4o 4 oy > 01

o - -
ae»ete” Jotsx ee ree WU
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vhare, in QD perturbation theory, B, = :E ai = 34/27, sbove the cherm

threshold. FPor Prain = 4 GeV, V3 = 30 GeV, this 15 equivalent to 0.3 of

wnie of B; 1.e., 0.3 times the e'e” + u'u” rate. Wa note that at Vs«

200 GeV, the cross ssction from vhe e'e” + e e gy oubpracess with Pruda *

10 GoV 1s 0.02 ub, 1,e,: about 9 units of Rt At such energles efe”

€01l4ding bean jachines are more nearly lab for vy

thao they are for ¢’e” annibilation.
Phoron~photon collisions at large ) provide an ideal laboratory for

testing perturbative QUD. The Yy + qq reaction tests the scale-invariance

of the quark at large higher order QCD corrac—
tions to P\" are of order ac(p:)lll aad should be readily calculable, in
analogy to the QCD corrections to the e'e -+ qd rate. The yy + q§ sub=

1ies the d of two non-colineer, roughly coplenar high
p" (SPEAR-.ike) jets, with o cPOss section neurly £lat in rspidity. Sush
“ahort jete" will be readily dietinguishable frem et . qq events due to
nigsing visible energy, aven without tagging the forward leptona. If one
saspuren the ratic to the ee + 1'uee rate, @®, ), the uncertainties due
o tagping efficlency, the equivalent photon spproximation, etc., cancel out.
In add o 2=jer Q< also ] b w3

and & jet finol stares from subprocesses such as yq + gq (I-Jet production)
(l’fg. 10{c)) where ons photon interacts with the quark conscituent of the

other photon, and qq + qq (4 jet production) (Pig. 10(d)). Unlike hadron-



induced reactions, where ambiguities due to the structure functions are

s the £ dlon of the phaton Gq,T(x,Qz) has a
perturbative component which cen be predieted from first prineiples in
QCD. This componant, 8§ first compured by mtten.” ‘has the asyaptotic

form at large probe momentum qz

\ . .
G, (x99 £ + %o 1112
g 50 =>“e‘°z>w'“ (1n.2)

i,e.; aside from an overall logarithmic factor, the v » q dutri.bu:lon
Bjorken scales; £(x) is a kuown, cslculable function. Unlike thc ptoum

& ion vhich tox =0 at mnu.:- probe somentun
Qz + @, this componant of the photon structure function increass as log Q2
independant of X. This otriking fact is of coursc due to the dftect 'y + qi

perturbative component in the photen wvavefunetion. In additica on- also

s due to 4 diste vector msson untn.

A vemagkable fact iw that the o (pr) factor in the denominator of r.ho
structure function of the photon cancels the o (p.,) £actora in the ya > lq

oF qq + qq at large "r subproczases for both the 3-jet and l—jo: meumn
Thus the asyzptatic cross esection for yy + Jet + X at fixed o_ and p.l.l/;
actually obeya perfect scale-invariance whean all QCD perturbstive corrections
are taken into accountt’®

Predictions from Ref. 1 for the jet crose wection Bm = 90° and va »
30 GeV are shown in Pig. 1l. The vy +q3 subprocess is doainant abuva
7% = 4 Ge¥. The jet topology allows an experimental separation of the
2,3 jet aud 4, Set events. We have also shown in Refereoce 1

the cross 4 if atrict domd; wera to bold,

and photon=photon collisions were similar to meson-eescn collisions, The
direct parturbative point-1ike coupling of nearly-on-shell photons to the
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‘gu.l:k_ current is the crucial new feature which allows sueh large high 123
Jet reactions. We also note that possible non-perturbative (absorption,
ingtanton, etc.) effects which conceivably could etfect the mormalizatioun
of hadron-hadron reactions in close collisions should be absent for per-
turpu:h;e YY reactions,

’ ,I:n,t.he case of productior of single particles ac large Pr in vv
collisions, the effzct of trigger bime is again critical, and ve expect

Yq +Mq to strongly qorg reactions until

very large Pye A complete discussion is given in Re€. 2.
Thus the study of yy collisions at large Py provides a detailed labora-

tory for the study of QCD dynamics of hud: and pl at short distances.

It will also be interesting to study the charm threslold in the yy + qi

redctiou as well as the interplay of and per
QD d ics as the The photon mase and spin
d d of y induced can be studied by tagging the scattered

& at large angles.

I¥. Fhoton Production at Large P:

In addition to yy collisions, orher photon-induced reactione such as
0 + nX, yp + vK, and yp + jet X arc scmeitlve te "dircet" QCD
Teactions such as yq + ¥q, and yq @ vq, where the incident photon partici-

pates in the hard scattering sub (and no rre

preduced)’g aw well as standard QCD or CIN subprocesses such as qq + gq,
QM + qM, and gM + yM, where the perturbation QCD "anti-scaling” structure

fuaction of the imeident photon is important.
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Photon production at large p, can aleo be used as an inportant probe

of the underlying hard scattering 2,40 )i 1

which ara produced from hadron decay (n° + Yy, n° - YY, etc.), wa can

sh 1 in QCD:

(a) QCD Born contributioms with quark fragmentation, e.g.t qq -+ qq,
gq + 8q with q * vq. The G,'/q(x,qz) frarwentation distribution has the
H!t:e.n” anti-scaling form and is nearly flat in x until x very close

to 1. If a QCD 2-2 mubproceas dominates both » and v productiun; ‘then

o
(pp + ¥R} : R
3 6, (x)
Lpre _tLL(’_'l‘y - w.n
G T= - .
£9— (pp + %) */a T h
47p/E

- 900,
at Bm 90°, independent of Pre .
(b) Direct QCD Born contributions, from subprocesses such as:
89+ ad Qi+ YE .

In these processes the photon is produced im the subprocess itself. Since

there are no

P ng sger jet one can easily distinguish

auch r 1 from £ z These 1 can also be

imporrant for producing msssive lepton pairs at large transverss momentus.
{c) CIM-type subprocesses, such as Mq -+ yq, whate the incident mason

M is a correlated q pair in the incident hadron i, Both pro-

.cecses (b) and (c) can dominate over (s) for mcderale Py becauss of tha

2
absence of trigger bias suppression. The nominal scaling lave are
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2 :8
% % "% (@) a3+ qq, ete.
Py
g e . 8
TP +vR a e & M m;ew
ep pf
‘9
s = (c) Mq + vy (1v.2)
Py

vhere a' ~ u/u.(p;) ~ o log pi,ll\z and ¢ = l=x;. A systematic discussion
of these and thetr 1o & d in Bef, 2.

We found that vwith conw rrions® parmmcterizitions, the CIM contributions

€e) caeqnd the QD (a)4(b) torma vntil pf v 3 GeV at V5 = 33 GeV, and until
y; &~ 9 GeV at /8 = 61 GeV. The ratio of v to plon production (paremetexired
as :9,"p=) 1% »hcwm dn M3, 14, Yor Pr 5 8 CaV where the CIM subprocesses
dominste both pion and photon production, we pred’:t st 90° the eross section

ratinri9n?

2
L 5 00w pZrees?

voughly indapendeat of s, This dependence of Pr ard s should be raadily
dizringuishable from the v/x ~ °v' (1-2;) dependence charact=ristic of
conventional QCD calculations. Vo also note that the precictiene of

41 oot Blaskenbacter st 31.%2 which ar. based ou the Mq + v'q

4ubprocess 4ppear to account for & large share of tha Pr discribution of

nessive lepton p-i.u.u

V. Photon and Gluon Jet Production

It should be emphasized that diract large Pr photon produeticn at the



magnitude discussed hece iz an 1 di of the hard terd

to hadron dyu: In p L since ph od gluons
enter gubprocesans in a sinilar manner, there is a close relstionship
between gluon jet and direct photon d Tor 1 der the
mbploccue-u

N 2
L = '“z—'['%(i"%)"'z;"z] w-n
L 3

and

2
w3 e
2 ag +ra) = —h%-‘- [-(5 + 5.‘-)] w.2)
£ %0°, this iwplies

(op + YO
3‘»

d P - (u)c (,2) .9
u

from thess subprocesses alune. Direct yhotons and gluon jets from thess

conzributions have the same scaling laws, ind d of

ke ousaring, etc, Ve vote that the g3 + 59 wobprocess gives ~1/4 of the
totel jet produciion cross wction from all QCD 2 » 2 nbpn:eun.u

Therefore we have & lower bound

—3‘—"— (p + 1)

see ( ) et .9
d:g F— expt 88 a (p,)

For example 1f the jet/v ratic is of order 300 (ro 600) as in the FMAL
E260 upeuunt“ (pp v 4.5 GV, By, = 200 Ga¥), *hen the y/s lower
bound {e 12.5% (2o 25%). » the exp 1 upper bound for
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¥/% of (.33 % .92)X as Teported by J.H. Cobb et al.’S 0n 2 < 1y < 3 Gav, Va =

$3 %V implies an upper bound for jet/n production of order 30, which ig in

savere di with QCD and the trend of experimental
Thus the of direct photons may pravide one of che
most impo:t- on CD p «wes.

V1., Color and Hndron Mulciplicity

One of tha must intriguing problems in QCD is how to unravel the
which trel the d of hadron multiplicity in large

2. The . 4 1de" op el develoy
of Iudrnn pzodu::ion a8 discussed by Casher, Kogut and Sunkmd“ and
ljnrlun for o” e + 4§ » hadr.n is consistent with causality and con-
finement, This picturr imples that the fascest hadrons (whic%: convain
the valence quarks) are formed lant, and the alow rolarization cloud first,

8 ‘building on earlier uork,l'g have stewn thae in such a

Weise and I,
picture; the charge of a quack fot (on ttc average) 1p egual to the charge

of parent quark plus the averag: charge of anti-quarks in thz ses:
QJ” - qq + Oy, v1.1)

in the jet rtarting

Hele Qj ot i8 ob by the charge
fro- ¥ (anywhere in the central regiom) to Yoax' Gluon jets have
Qj“ = 0. Thest resulte hold for all comserved quantun numbers Q.

The inside~outside description of jet dynamics leads to the folloving

ansatz for Clt:b:3 Soft hadvon po in a hard ing

depends only on the offective color separation. Acecoriingly, two reactions

vhih inielally separats any two 3 and 3 systems (g, §» 99, 99, ote.) will


http://hadr--.fi
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have the same distribution of hadrons in the central vegicn. (only

the ¢ region diserimi the flavor and composition of
the jet.) Thus we cxpect the same multiplicity distributions {e.g.,

platesu height) fn the central veg“ca for the hedron system X in o'e ~ X,
v¥p + 3% and pp + u*y” 4 X (Drell-Yan mechanien), given tho esse rapidtty
separation of the 3 and 3 systems. For large Pr raactions, the subprncess
qq + qq leads to fowr 3 or 5 jots, The wultiplicity and associatad coharance
effe:te assaciaced vith these jets can bc computed {n analogy vith tha sofe-
photon production formulae of QED for the ding cherge 4

post + post + et ¢ 2 [¢a* + o' mibprocesses].
The net multiplicity corresponds to 4 quark jets, vith coberent enhancement
in the interferenc. Eone,

An important cousequence of the color ssparation ansatz is that gluom
{color 8) jets wmust have a different woft hadron spactrum than quark jets.
In face, for N+ the color separstion fo' a gluon jet is tha same as
190 fncoherent quark jets. Movs gererally, the mumber of soft gluons
Lremnsstrahlunged from a gluom source crmpared to & quark source is given
by the ratio of Casair operators for the : 3Joint and fundsmental repra=

lentlllﬂn:a"

< nanlt >

- -:- for color 5u(3) v1.2)
soft 1-¥%
n ’q

<

Thus we expect that the plateas height for soft gluoua (or ses quarks) in
the gluon fet 1s 9/4 thae of qusrk fete (i.c., & color octet has 3/2 the
“color chargc" of the color triplet). If we assuns that denaity of produced

hadrons is linsarly rolated to the sea-quark demsity, ther gluon jetw will
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have move than twics as many soft hadrons in the central region coapared |
to quark jets. - Mth!,lo"“ the energy of a gluon jot will be contained in
a larger s0lid angle due to ity increased "stragpling” — again due to

the 9/4 color factor, The fcle di 10 a gluom et

vill algo be dspleted more strongly by soft gluon radiation.
Oilihoﬂhrw-m d: of hadron multiplicity on soft gluon

°l M production uy not be as strong as linear. For example, “the lover
dend.ey of g + qq pairs in a color triplet jet implies that the average

 cluster (ginglet qq) mase will be of higher mass than clusters due to the
more copious brempstrahlung from the color octet jet. Since the hesvier
v.anters decay with s higher wultiplicity, the uet difference batween quack
and gluom myltiplicitiss may not be as severe as indicsted by QCD pertur-
bacdon theory.>? Nevertheless, taking into their di!

of the short discance level, it would be very surprising if the hadron distri-
butdon: from quark and gluon jets turned out to be identical.
CD_sn4 “Bole" Partons

Savaral yesrs ago ken??

the pt of a "hole” parton
go describe the davelopment of the final state multiparticla distribution
after'a deep inelastic lepton reaction. It is an interasting question
wviwther this partou model ansatz has sn analogue in QCD.

© A common ph p is that sea quarke in & hedton
aries as 1 pair states d fraa gluon bremsstrshlung, IC thia
P pd is then after a sea quark with rapidity Yo

is struck by a deep icelastic y or W, the spectator system consists of (1)
an antiquark (hoi- parton) at y v y o With quentun numbers opposite to those
_of the struck quark, end (2) a leading particle system with the rapidity of
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the target hadron, but with color 8 (see Fig. 13(a)). Thare are thus tws
rapidity reglons created from the color {a) o ™

plateau region of length 10g G° between the 3 and 3, and (b) an "hadronic”
platess of length log (42/G%) between the 8 and hols parton 3. Tha deutty

of eoft gluens d in the of tha 8-8 system will be 974
that of the 3—5 separated system; thus we expect the height of the hadronic
plateau to be higher than that of the current plateau; i.a., the hadronic

Scity vill ba a 100 of both W and Q. Desplte thess expectations,
dats from deep inel 1 od chat the

and hadron mul 1 have equal heights. WUe note that
dual string oleo da tblt‘thl “ " platesu should be

twice as high as the "current" plateau.

Thete is an al d of the protoo glucn snd
quark i which req: siving up a siople perturbative picturs
of the q¢ 2en. 5% fhe hadrontc state 1s ily s d

color atate: all constituents tend to have the smme vapidity in order that
the system remalns a cohsrvent singlet ovar the semi-fnfinita time before

collieion. The virtual gluon, quatk, and anti-quark states ars thus con~

tinually Whan a 1 sea quark is struck at Yo
ha vemaining state is thet of & coherent 3 at the original repidity Y of

the target. B of the of in the state, thare
18 0o spacisl reavon £or & § with opposite quantum wmbers to be &t the
struck quark rapidity, and there {s no “"hole" parton (ses Fig. 13(d))..

Furtherwore, there 14 no or platesus; the multi-

plicity should only depend on lox Hz. in agressant with data.



The question of the color and q numbher of the

state hefon; and after lu deep inelastic reaction 1e a fascinating subject,
uM.ch Adeserves much more theoratieal and experimental attention. The
lnmé{nl:aﬂ Iiul‘tipliciéyv in massive lepton pair production events could be
an iéell lu‘h.uutnry for stuﬁytng this problem since both valence and sea
distributions of mesons and baryons can be probed, and a comparison can
rudiiy be made with aither normal events or low-mass pair events.

Anather important problem related to the detailed nature of the

hadront

wavi the q g in deep inelastic

events on nucled. It is still not settlad th ically or exper. 1ly

wbether the nucleon number A% dependence 18 controlled by Bjorken x or qz.

Analyses in terms of the parton model are given 1n Refs. 47 and 55.

VII. The Forward Fragmentation Region and Short-Distance Dynamics

Although hadronic scattering in the forward direction is moxphily
not regarded as a probec of quark dynamice, the forward and bachward frag-
mentation regions in A+B + C+X at ;{m +1 deserves epecial attention., In

order for € to have nearly &ll the momeatun of A or B, there must be the

of large ‘s:i-'tqicnts which are far off
shell. The forward systems produced in low p,l’.‘ 're‘acciom: can bo rogarded,
in a general sense, as hadronic jets and many of tkeir properties (multi-
plicity, lv’_. distributions, quantum number correlations) ere not dissimilar

from jeta in ete” annthilation or large pp renctluns.l Blankenbecler and 1.:-'6

have emphasized the unity and ity of physics t the Peyrou
plot: in particular, the dynamjcs at the quark and gluon level for large

Py reactions ar x, = pc/p"':"“ ~ 1 at fixed 8, must comect muoothly with
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forwacd reactions at x "~ 1 as em + 0 or n. In particular, chnﬂ has
unoted the phenomenological similarity between particle ratios ar @ a " 90°
and 0° in PP collisions.

The first that the of the #

region in inclusive reactions can be related to the quatk distributions in

hadrans is due to B, chl«ﬂiers.‘r’ﬂ

However, the simplest ml-unuoq qE
this idea fails: For example, for the reaction pp + 1*!, one can huin-

that either befare or after an initial soft scattering, s u-quark in the

proton, with the d. on G‘l ,p(x) ( ined from desp inelastic lapton
scattering) Eragments to the fast pion with the distribution Gy (obtained

from e'e” smnihilation) (see Fig. 14(s)). Although this susats can account

for the observed particle ratios in the £ d di 1 1t pred a
too-szmall and too-: 1y falling d:
o +, 5 56
-‘l;a—,%: p+rX) = (1-x) (prediction)
(vV11.1)
V8.
1do 4, 3.1:0,5 59
F & (pp+1K) « (L= !L) {experiment)
(v11.2)

This prediction (VII.1) can aleo be devived in QCD if one aseumes that

soft hadronic ions are rep d by gluon .
There is however h ,_,u":w ider tha five quark
uudiulqu. > component of the proton wavefunction. The saa qusrk has a

flat distribution in vepidity and can be axchanged or annihilated in the
target, giving a constant total cross section. (This is the QCD saalogus

of Peynman's "wee parton” mechaniem for high energy interactioms.) The
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of meson sy "‘-‘m in the vemaining 4-qustk state is
148 pas' = oy gt o G-x) oIy
o &y wt/undd *u .
vhere we have used the QCD~based spectator counting l.'ule,“'61

Zn-l
G.M(!) = (1-x) (x+1) (VIL.Z)

wheve By 1s the nimber of bound spactators vhich are required to otop as
x= 05+ /(8 + ) » 1. Hotico that for the gluon exchasge machmnion,
there are 3 spectators for pp + -"x. versus 2 spectators for the wee-quark
exchange case.

A large pusber of forward resctions have been measured; the rssults
are generally ia good agrecment with the powers predicted by the g-exchange
.er.hnnim.w It 15 likely that both soft q and g exchange mechanisme are

P in £ d it 1a just that eez quark exchange is more
sffective in producing fagt particles. Other of this

1

es ot X, = £l are discussed
in Ref. 60. Ve algo-note that two particle correlations at x; (1) + x,(2) +
1 sre also resdily predicced:

d: (pp»nwx)'\r (pp*nnx)» (pp-o-nnx)(vus)
1% l

where we utilize the two valence quarks in the proron. Tests of these
idess can be illuminate the multi-quark correlstiona in hadronic wave-
functions. A receat test of the quark spectator rule for the distributiic
of fast forvard particles in large Pq Feuctions ia correlation with various
triggers has been given by the CCHE arwp.sz Thére are alac 8 number of

succeasful applications of this rule to nuclear-induced teactions. An



alternative parton model for forward-f: has been

given by Das end Bea.53 A 1 these hes and

applications to Drell-Yan processes is given in Ref, 64.

Vill. ©luon Jets

The essentisl property of QCD which distinguishes it from a geneza-
lized quark-parton model, is the predicticn of jets derived from the

initial of a gluon Gluon jets are predicted in e'e”
anndhilation (3-jet decoy from e'c” + q3g) end in deep inslastic scattaring
(eqg + eq8)s The identification of multi-jet events corresponding to such

ia not 1etel b of savete back-
grounds from subprocesses such as e+ 7qq; the relatively large q + Kq
coupling dominates the q + 4§ ﬁouu until quite largs Ppe Selaction of
events with high multiplicity could be used to favor gluon jet production.
By comparing the procesces qi ~ 743 and 47 + 1y~ for high ’1'7 or *
production, we can obtain a prediction for gluon jat production which e

independant of the ini:1al u-te:”

dao "

—Z (AR » ¥X) 4 2

3 5 o (pg)

dp/E -3 AL L] [ jst)
do + a < sin% > =
-J—(A!"UX)

ap/B

Here uinzs 1s the subprocess center of mass production angle. Low mass
¥* » 11~ pairs can be used here to avoid backgrounds.

The decay of heavy quatk ayatems cﬁ such as the y into I l!.ms or
Y2 3luons°eouu provide the (;lunau: teat of QCD gluon jet phenosanology.

The standard perturbation formulse for positrenium decsy, cpdated for colox



gives the y hing ratio
’ 2 (VI11.2)
a (Hz > )

vhf.u Qz 1' H; is the effective off-ahell vnl.ue to be used in the renning

Fav e o3 (13)

T

empu.u eouune. <3 &G " 1/3, the branching ratio 16 3%. Predictions
fut tlu ln;ullt diatrihuuenl of the y decay plana relstive to the beam axis
. A_nd 4:::; dietributions are siven !.n Ref. 6, The y + ygg two-jet channel i
pn;slcu;nrl} interesting since the gg + a mass cin be varied and a direct
cﬂpl!ll;m with SPEAR qq jets at the ssme energy ¢sn be made. The predicted

u based on p thu.u'y as a funceion of H:! - ll_,zL (l-xy).
'x’ - p’/pm, 18 shown in Pig. 15. Resonsnces with the gg quantum nuzbers
(n‘. n'. Nge glue-balls) can be axpected to modulate the perturbativae pre-
diction ovar a local region 1f we assume local dualiey.

It should be noted that all of these predictions for gluon jat pro-
duction treat the gluon as strictly masaless. Although thie is evidently
corrert €or QCD mstrix elements, the fact that the gluon “decays" to a
wagsive jet may indicate that we should mch'lde mass spectrun cffacts and
thresholds in the phase space claculations. Such effecta could distort
simple (FD predictions; e.§., the y + yga/gag ratio will be enhanced.

Ve ales note that higher order (in a ) channels y + 84§ and q coudd be
velatively more important than indicated by perturbation theory 1f the
gluon jet has an effectively heavier mass spectrum than the quark je:.“

To sumparize, 1ot up 1list the discriminants which could distinguish

quark and gluon jets:



(a) Multiplieity. As a4 d in VI, color octat separation
1eads to multiplicity of soft gluons snd eea quatks 9/4 35 large as color

triplet sepan:ion.:"A

If this tranalates into higher hsdron smuleiplicity,
then y + 3g decay events vwith low spharicity will have a higher rapidiry
pletesu in the central region with respect to the g + (gg) jet axis,

(b) Leading psrticles. If we trust 1owest order QCD perturbation

theory, then the dis of cl d P les at x + 1 falle off faster

in gluon jets compared to hadron jets. A simple form which has the predicted
x+0and x+1 u-iu.ubmvurh"”

Betyg® » E[Bsg® #9500 0w VL

Gluon jets, however, may have enhanced mmbar of I o O states at X <+ 1 vhich
have a strong gluon component, @.8., § > N, @y ¥, cu.’o
{¢) Quantum ounbezs, The total charge of the jet in its fragmentetion

region is related to the charge of the parsnt s discussed in Seetion VI, -

(a) a1 Gluon jets should ba more
diffuse (large <I4>) than quark jets because of the increased mmber of
soft pluon 4 1one ¢ " 10559517 qrag effect also

results if the gluon decsya to q4 before color neutralipstion cccurs.

(e) Oluon jets may be “oblate.” It ie possibla that the (1inesr)
polarizacion of s gluom e reflected by the distribution of hadvoms La
the jet. This poseidility is discuseed fa detsil in & recent psper by
DeGrand and Scwdtters and myself.’

Por example, that had ave produced from gluca jety after

the decay g + qq. Then by convolucion,

1
{z 3 11,8
Oy glm®) ¥ f% r.am,) Oyjgxed + @D . (VIL.0)
z
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In lowest order perturbation theory spin 1/2 quarke from g + qq are
.aligned with Tespact to the gluom linear polarization:

Curete® = [1 - & co®y x1-m)
ws¢ =~ q-c¢ (VILL.5)

This then implies a mm rula for the momentum weighted distribution of
hadrous:

. .
m
3 ; f dz 2 Dilx(z.o)
. o
- Atz aie 111.6)
+ . ¥

In this model, hudrons ara 3 times more likely to be produced orthogonal
‘Tather thao parallel to &, thus prod a 1indrical “oblate® jet.

can be 11y by finding the priucipal area
of § pz p? as in sphericity suslyscs.

Equecion (VILI.6) should be regerded as an upper limit to the cblate-
vesy effect in QCD, sinee (1) not all hadrons arise from the q and q decay
products, and (2) the "straggling” from g + Bgore *+ B due to soft gluon
l‘a!.u!.on. depolarizes the gluon., The latter effect is of order us(s) and
can probably be diminished by pelecting events with fast hadrons. m
wain problem is thar gluons are not 1002 1 d in a8

given direction.

For example, in n(Qa) + g + g+ qf + qf (peeudoscalar decay analogue
of v° double Dalitp decay), the lation b gluon pol ions 18

*- = oty oimL.n
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and

1

1

2
- Bty w8

gives the sumed correlation between hadrous of the two jets. The saximal
effect {a anly 132. Similarly in Y + 3q, the polarization of each gluon &s
correlared with the normal to the decay plage. Summing ovear hadrons (from.
8 + a7 * badrons + q + §) gives

- alsigeheia-zuonny vIiLe)
where cos 023 - l—xl 16 the cosine of the angla detwesn the gluon jats, and
cos x W pﬁ * i {v the projection of the hadron direction wich the decay
plane normal. The maximal ettu’ occura for 0y ® 120" ("triyod” configura-
tion), vhere we predict that a hadron is 9/7 mora likoly to be aligted in
che plape then uormal ¢0 the plane.

Finally, for e'a” + qig or eq + eq'g avents, the distribution of
gluon polavization le given by

a sz 6% 2 2 o3
z o 2 Gslq(""k’l‘) v 3 2 [£* + a(1-z)eon’s ] W

(VIII.10)
whare cos ¢ = £ + 0 and 1 in the plans of qff or qq'. The average over
¢ gives the standard 1 + (1-8)? disrributico.
Although these aodel calculstions give only a first estimats, it seems
1ikely that the spin-1 nature of ths glucn ip QCD will be reflected in the
bl of ths di on of 1ts decay products.
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IX. ‘The Gluom Distribution in Hadrone®

_Another isp q ng the hadron wave function is the
nature of 1ts gluon distribution., In QCD, there are three essentially

different sources of gluons within s meson or baryon.

(a) The gluon ind byas As in QED, thesa sra
the queata ed vith the of eolor the
charge in the color field 1ung along the fnitial and

final directions. These gluoms (and their sssociated qf sea quark pairs)
yiald the scale-breaking sud moments of (CD radiative correctivns in deep
inglsstic processes.

.(b) The gluons d vith the 1 4 and the
-binding potentisl. These gluons ave target-dependant and canmot ba
identified vith a single quark line.

(c) The gluons vhich are constituent fields of the hadron. These

gluons are P :} and op-

ge tend to have the same rapidity
as the hadron bound stete. Again, they are target-dependent and cannot
be llloelltld with a sfngle quark line.

For x + 1, the gluon distribution from mources (a) apd (b) £all one

pover faster than the quark if QCD p don theory can

be caken as & guide:

4
Gslp ~ (1=x) qup + (1-x)

(a), (B): x+1 (Ix.1)

5
ci-llv ~ (1=x)

In additiou there are qz d d

radiative 4 £rom soft gluon

eaiseion from the glusn or quark which modify these owers, as in the

a0

analyeis of DDT, The distribution of gluons at x + 1 from gource {(¢),



3

can be ™ from the ng l'u.l.-.s6 For the <qqqg> Fock
state, there are 3 quark spectators, yieiding
6
I'.slp(x) ~ (l-x)

(e):2 X+l (.2)
G » a-n’

The observed distridution can be expacted to be a lingar cowbination of
these sources.

Thuw £s ouly gluons frem quark bremsstrahlung {typa (a)} bave besa
taken into 1n the dard QCD logl ™ o

asgumes that at some q: the proton only consists of valance ;. itke, snd

that the gluons and sea quarks can be d by §Cp

for Qz ¢ Qg In such an app the probability di for quarks
1s sufficient to d the p 1icy distrib for gluna. Only
Ydiagonal” terms ave F£-d 1 diegr A0g t™O quATks
are not sidered. This analy the qz d~pendent QCD

for atructure functions.
However, for x and ;, + 0 (the long wavalength limit) the gluon only

“gees' a color singlet source; thus thers must be cohsrent cancallntions

the d quark The diagonal approximstion can only
be accurate for large transverse momentum gluons (see Fig. 16).

Gunfon and I’ have recently considersd & simple geuge theoty moel
of the weson which preserves gauge invariance and allows a deteiled study
of the color coherence sffects. (The same physics alsc occurs in QFD
when one deceraines the ploton distribution {n & neutral stom, euch as

gositronium). In the model, the gluom distribution ceu be d in

lowest order analytically for all x and kye For ssall x, wve find
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22
22 _ 8%11
Ggmiy = 3333 [1-®
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_ Vhere PH(QZ Y L/Q+ Q!I‘lé) 1s the meson electromugnotic form factor,
The first ters 1n the bracket is the ususl {d 1)

frow the convo! 3 . 3 {
lution of chH or qu with Gsh The P“ terw from the (off:

diaganal) coherence of the q asd § distributions is ocly unimporcant st

2 - -

large Kt » (l-xq)zﬂ‘z,. vhere ® X 1/2 1s the average womentum fraction of

the quark in tlic meson, and M, sets the scale of the electromagnotic form

factor and hadron size, The coberence of the color singlet bound atate

eliminates the uasual infrared divergences at E + 0. In this simple model,

the standard denoniuator for a querk target (ﬁ * :2-:)'1 19 replaced by

(‘:z + HS)'I; 1.8., there 1o no quark wass singularity for LA o.

The moat tor p logy is the fact that
the gluon distridbution in g hadron reflects ite size snd consctituency,
The gluon momentum snd sea quark fraceions will be bigger the larger the
size (: * of the badron (xGp(x) ~ log (1 + 2 p.}‘“)) 1n edditin, the
gluen distribution in a hadron clearly tends to increase with tho number
of quark non-tuu;:u. Eventually, st large enough log q! the QCD
adiative corrections will cause the structure funetions €o contrget to
the x ~ 0 region, apd the gluca and quark awdentun fractions will reach
40 asymptotic equilibrium injependent of the natura of the target. How-
aver, in the pressymptotic domain, tsrgat effects are importmat for
deternining the gluon and sea-quark distributlons, A wumber of applica-
tions are discussed in Ref, 7 including the prediction that the gluon
momentun fraction in mesons at present qz is appreciably smaller than io

nucleons, This prediction can be tested 1n reactions such as ¢ production
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or gluam jet ion 1o had eolld, where a gl 4 d sab-

proceas s expected to play a major :ule.n
The models uged thus far for tbe gluon distribution in hadrons ara
prinitive and can only take into 2L

tive calculations which can account for final state inuruﬁ-m ctfects, snd

higher Fock scate components in the bound mtate 1{ will be

before s definitive predictiom of the gluon 4istribution in a hadron esan
be made.

K. Conclusions

Although there are hinte of there is as yet no

convincing quantitacive evidence that inclusive hadronic resctions are

1bed by d: A great deal of

and 1 work will be required to provids bona £ide

tests of the theory st even the 10-20 perceut leve!. AmODg tbe out=
standing problems: .

(1) The procduction cross wection for jets in hadron-hsdron collisteus
18 not koown to within & factor of 2 or 3, 1let alone its scaling pro=
perties at fixed xp and Bc‘. If the eocabined QCD plus CII description
given here is corract the jet/w crosa section ehould incresse as w; at
£ixad Ry ond 8., for Py % & Ge¥/c. Tha iucluaive jet cross section from
perturbative QCD is predicted to acale as
ni (v;)

!_,d—g—(w*-letfl) -

3
Py Pr

£0x0 Pps Ocg) )
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where £ y the 1 scale from the
functions:
2 2
£lxps Py 0y o :900 Qa - x) Salp (e Pp) (%.2)
cu
X1
whers
3+ ed
2,
Ssp G P v (1 -~ x) x.3)
P‘% 2
&
tod- jz' !:Ta,u’) ~ og 10g () .8
N

gives the scale-bresking of the proton structure function dua eo QCD

The k! etfect for py > & GeV/c changes
the predictions by less than a factor of 2 if off-shell kinematics sre uged, 12
{2) Tue exiatence of chargs corrslationa between the trigger and sway
sida hadrons, as obssrvad by the BFS collal 1on?® 1y

2 to 2 QCD Born as the d tard for

single hadron production in the region up to Py > 4 GeV. The extension of
theas msagurements o higher [ and 2, 18 eritical, MNuclear targets rend
to obscure flavor b of charge aver:giug and final state

Intsractions.
{3) Cross se.r.ons for hadron pairs ar large u2 tend to be insensitive

to the controversial k! esearing effect. It is particularly interesting

to comparn hadron pairs and muon pairs rt the sade kinemaries. One preucu”
do & -
——az (pp » B'HX) A 2
ey (L £ _) .5
- ¥ g .

—j:%- ep + ')



vhere k = 2 for moson pairs and k = 4 for baryon pairs. If 2 to 2 QCD
disgrims are dominant, then k = 0, and thers are ouly minor scale

1 from the functions and an overall factor of
[rassza]?. ’

(4) 1t 1s very important that QCD predictions for direct high By
h .

photon reactions ba tested, ting with the 1 B 74

Y+ X and 4 d Y + X

¢ h had ) to direct photon production pp + ¥X,
two photon processes Yy + X, .’._"“'t*i (charge ssymmstry), and
o » vz * uy-etq).m The photon is the only non-colorsd elementary

fleld that directly p 4n QCD 4 ice st shoxt distances; unless
its pointlike couplings to quarks are for pi

bative ing gluons are p: 1y The close

ral t phoron to gluon and quark jet productiom

is discussed in Section V. s olso note the remarkable fact that the

photon [{ loc is 1. up ¢o an overall
factor of c:l(p:). and pho cross such as Ulﬂ/dap oy >
Jet + X) ars ssymptotically scale free and independeat of u.(p:) vhen

perturbative contributions to all ordars are mclud.d-l'“

{5) The complete plcture of quark end gluon distributicos in hadrous

will require to 13 and multipareicle correlationa,
as discusssd in S.ction IX. Msasursments of the final states in deep

and lepton pair p!
? and 1ow 42 events, can give detatled information

with conparisons with low q
on the evolution of multiquark and gluon jets, including the effect of color
separation, “hole" parton production, and the influence of nuclesr targets.
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(8) Surprisingly, the most 4 d for und

scale-

quark 1 comes from large momentunm tranefer exclusive

measurements such ag the form factore at large t and hadren scattering and
poroprodustion at large t and u. For exampls, the fact thet large t dats
for t’l’,,(t) aad ¥ (t) ave consistent with 1021

that
the proton and pion can be described as q¢g and qf bound states with internal

4

to 1 (but not fixed point) field
b 5% The et of asymp fraedom Lorrections on exclusive large
£ le p 1y under smdy.az Much more ex-

perinental and theoretical work o the spin’C apd sugular dependence of thesa
i prmiu. is required before we can obtain a datoiled understanding of the
possible QCP mechaniszms responaible for exclusive hadron interactions at
v short distance,
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FICURE CAPTIONS

. QCD bar geattering subpsoccases for pp + wX. To (a),(b), and (c)
the 7 15 forwed after the bard scattering vi: querk or gluon
fragmentation. Ia (d) and (e), the "higher twist" CIM contributions,
the mesor 1s formed before the hard scattering. Diagram (f) re-
presents. the "fusion” CIM q3 + *M contribution.

Dara and QCD contributions for I’dﬂl‘sp (op > X) &t 6, = 90°. The
dotted line has no aeale violations or Kl. fluctustions. The lower
80114 eurve Indicates scale vialations in the structure functionu
apd L The uppor solid curve indicates scale violatioms plus lt.l.
fluctuations calculated with off-shell kinematics.

QCD resultr for pg Bduld’p (pp + 1°%). The dashed curves indicates
acale vic » ioua. ‘The golld curves indicate acale violations plua
off-shell . “luctuacions. (From Horgan and Schavbach, Ref. 18.)
The oun of OCD plus CIM diagrams give s good fit to the data.

. 8ae Figs. 5 and 8,

Contridution of qM + q¥ amplitude (n) to meson-baryon scattering
(b) aud the neson form £actor (c).

The CIM Mq -+ nq contribution :;: pp + X at large Ppe The virtual
mewon M 48 8 gq component of the nucleen.

Comparison with data of CDY plus QCD (p;“) contributions to the
w > +°% crosa aection. Scale-l vedking is neglected aud a, = .15
fn the QCD term. (Prom Jones and Guaiom, Ref. 23.)

Analyees ot chargn flow in CIM diagraws for pp -‘K"!. Quark =
change in the subprocess implies charge corralations betwuen the
tripger and avay side jat.
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Rumber of fast poaitive and negative particles on the side away from
a 90° trigger for various trigsar type. (From Ref. 25.) The gluon
exchange QCD diagrams give an away oide jet nearly independent of tha
trigger type. See R. Pleld, Ref, 10. i

Comparison with data of CIM i,lus Qcd (p;“) contributions to che

pp » 7°X cross mection., Scale-bresking is neglected and 3y = .15

in the Q€D temn. (From Jones and Gunion, Ref, 23.) The data way
include contributions from d rect photons, pp + yX.

111 of hard pansl The Fey aplitude (s)
contaius centributions from (a) gg + qq, and (b) g9 + gqQ subpracessss,
(=) 7wo photen col 1o el Jat d from

) vy +qd, (c) yg + gq, and (d) qQ + qq subprocasses.

Cross section p: ua/d’p (an + Jat + X) at & = 30 GeV from yy eub~
processes: (4) vy + qf, (M yy + M, (c) vy + qigs () vy + o3 a4,
(e) vo + qf, and (f) vy + Mi q3. Tha dotted 1lina givas the sum.
Pradicted vatio from QD plus CIM contrfbutices Zor *¢fx ia pp
collietons. (Tromw F. Rickl at ol,, Maf, 2.)

Illgstration of £inal atate hadton d desp dnslastic lepton

scattering in a sea quark srising from (s) gluon bremsstrahlung or
(b) & (45 q99) ock state.

Froduetfon of high esergy, low Pr plens 4n pp + x arising frow
(a) d4ffractive or gluon exchange processes or (b) 43 amaihilation
of ssa quatks.

Decay distvibutions for y + X in 2 = ull!l ad I:h from the
simpliest QCD disgrame Y + gisiy, obd mapsless gluons, The modula~
ticn of a singlet resonmice at fixed H: 49 shown schamatieally.
Contributions to quark ses fram (a) diagonal, sud (b) off~disgowsl
gluon contylbutiona, Only (s) is dered in ususl snal
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