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TESTING QUANTUM CHROMDDYNAMICS®

Stunley J. Brodaky
stanford Linser Acoslartor Genter
Stanford ¥aiversity. Stantferd, California 94309

The d1fftcultien in isotating spacitio QC0
mechanians which contrql hadrontic phenonena,
and the complications in ebtaining quantitative
taats of QCO are disoussad. A number of nove!
Qo0 effects are revisued, inoluding heavy gquark
and higher tuist phenomens, initial and final
state interactions, direct processvs, multi=
particle critigions, coler ¥iltering. and
nuclear targe. «ffedts, The {nportancs of
understanding hadron productien at the smplitude

level is stressed.

introduction
From ihe stendpoint o} hadronic physics of & decads sge ¥i seems

extraacdinary that ue now have » tondamental Vooal Lagrangian fisld theory of

the strong intersotions. Thare is ton % huge array of saperinentsl

obhservatians uhich support the premise that the basio deprees of frewdom of
hadrons and their interaotions ars the confinsd gquark and gluon fields of

# Bork aupported by the Pepariment of Energy, oontract SE-ACL3-768r90515,

{tlosing Veoture premanted at the XI1Tth Intsrnationa! Symposium on
uitiparticls Dynemice, Yolandews The detherlends. June §=11, 1982.)
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quantus chromodimenics. ! The empiricst evidince rangss from hwirenio

- ‘:&3 spectrozcopy (including tha hesvy quark bound staty spectrom, and the emerging
evidence for gluchic bound states). the hasio phenomenz of desp inalsstic
lepton scattering and sassive lapton pair production {oconsistent with point-
like spin 172 quarks carrying the slectremagnetio and wedk currents in hadrons
and the QCh-predicted pattern of scale violation), the scaling of sle'e” + X)
(consistent nith SU3) ¢olor, asymptotic freedom), and Y1arge momantve transier
exclusive processes such 24 hadranic lare (sclors (consistent with QCO
dimensions]l counting rules and scale-~invariant quark-quark interactions at
short distances).

The nultiparticla ghvaies reaulis reported st this mesting uppear to
be consistent with the gensral patierns of jet develiopaent snd gquantum number
flow expected in QCD, ingluding evidence far gluen jets in ¢'2” + qqg events.
quark fragnentatien in Lp = L£7RX, wnd the dominance of hard scattering QCO
mechanics in high p, direet photon and single hadron protection in high energy

“hadron-hadron collisiens. The recant resulis from PETRAZ! on 77 + jets and the
phaton structure functions are especially important since they give an
tmmediate and atriking verification of the Q¢D-predicted paintlike coupling of
real photons to the quark current st high momentun transier,

certainiy, at the qualitative Yeve), QS0 does provide o viable
framesork for undesslanging present hadronic phenonena. The paradox is that
despite these succeszes we are not certain that we are sctuslly testing G0B
predictions for hadroa dynamfca in a truly quantitative uay, particularly since
many results folton from simple parton ideas or more general principles,
independent of the theory.

There aré several reasons Jantitative tesis of QCD have been so
difficalt.

i) Even for the sispleat processes., many difisrent QCU wechanisws

vontribute, including initia) staty corepstions {including color correlations)

k'?AS TER’ DISTRIBUTION OF TS BEUuMEsi i3 dalltiiid
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and "higher trisd" tarma (non-teading terms 40 474Y), partioviarly
wultiparticle cohsrent efivots and hetvy quark phenomens. He uill diczuss some
af these cowplications end the testy needed te {zolate specific mschanisms in
thia reviamw.

1) It is ditticult to gauge the relishility of parturbative 408
pradictions in the absence of systematic high order onlculations and the
uncertainties due to the possible influsnce of non-parturbative dynamics.

111} Predictions for inciusive hadron production provesses sre at
prescat based on probalistic modeds for quark and given jet badronfzation,
which by necesaity contain ad hoo assuny tions. It 48 not clesr whether such
predictions test QD or the jet mode! Monte Carlo,

A prime example of the ditfigulty in teating Q80 quantitatively is the
fact that the v.upling strenpth =4(Q%), has not besn reliably detarminsd to
within 50X accurecy at any mcmentum scale) there {g oartainly no direct
wvidence that as(4?) decreases logarithmically with momentum transfer. In
pnrt!culur. the analyais of CELLD group at PETRA indicates that the value of
a.(u‘\J deri..” from e*e~ = 1 jet eventa is strongly sensitive to the partisuler
wnodel dsed to simulate quark and alyon jet fragmentati{on-- {he Lund model gives
values of a, from 26% to more than 60X larger than that determined usiag the
conventional Hover et al,, Feynuan-Field type wodals.?! Similarly, as shoun in
the iapqri to thix meeting by S. Eilis, predictions (ar energy flam
correlations and asymeeiries ut presenrt eocessible anargies, 42 ~ 1000 Gevi are
strongly dependent on the wode) used for the non-periurbative jet
hadropatzation.

__it is elearly importont to test Q0B in a systenatic may and that the
iepartant underlying dynanics not by migidentifisd, One can be optinistic that
-ts-ue"reic:h the higher ensrgies of the new pi: ¢*e~, op oolliders many of the
comp) §cations of higher tuist terms. thrashold effects, and jat frageentation

depéndance urll be alleviated.*? opn the theoretioa) side there i3 now
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concarted efferts to underatand the higher cirder and background effecis at a
basic Jevel, For example, certain higher twist terms oan be related via the
hudromic wavefurction Vo quant(ties messurable in exalusive processes guch am
fore factors, Compton scetiering, ¥y produetion of hadron pairs. and heavy
quarkonia decaps. ¥} ') It hap aleo been recentiy shoun that the scale gt of
the leading order term fn 290427 in the parturbative espansian for sy GCO
high sosentun transfer reactions §i» not sabiguous but is sutomatically {ixed.
In this talk 7 will give a brisf review of soc: of the kngun effects
which negute straiphtfornard tests of ACD at present snargies. 328 can uise W
testad by verifying nove! effects wnigue to the theory such as color filiering
and transparency phenomens, and the "direct” production of qf fetr in wp
collialany in avents unaccompanied by forunrd hadren production (see
Section 8). Uw caphesiae in Seotion 3 the importance of urderstanding the Fock
atate wavetunation of hedrzns st agual time on the light 'zone in order to
relate and caleuiate way diffarant exalusive, sami-inclusive and inclusive
processes,  The most interasting hadronio phenomena are thoss which were not
predicted (see Seotion S)--suoh as the features of high multiplicity high
transverss total energy wvenis end hesvy quark produgtion in hadron ooliisions
and thi- copious barvon production 1n ¢*¢* snnihilation. 1t is of course also
inportant to Keep open the possibliity thal QC0 could either fail or be
wodified at some leval == for excrmple by the bresking of color synmetry or by

merging with & wore comprehensive thesry such as supersymmetry.'®?

2. Complications in Testing Qcd

it ia in the nmeturs of inclusive hadronio proceases that virtually may
qch msechanism ubhich can be drawm as & Feynman graph uill contribute to the
croas seotion at some Yevel. Perturbative QCU, the operstor product expsnaion,
and the factorization snsstiz are important puides to thr dosfnant contributions

for Targe momentum transfer regctions. HNomever, the secondary effects are

——— e — | —
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often not under good thecreticel oontrol beceuse of the sbsence of rigorous
bounds or becnuny of porametrization uncerizinties, On the ether hand, many of
thass complicating processes conatitute sovel QCD effects and oun be important
teats of tha theorv.

There are a nusber of reasons why the grecize determinstion of ogtQ?)
from e*e® * 4fg jet svents i3 intrinsically did4 {oult, The primery probiem s
that the separation between 3-jet qfo and tuo-jet gqq evenis reguires deteiled,
osrtain knowledge of the transverse momentum k; and loagitodioal 1ight=cone
fraction 2 = (k® + k2)/(p® ~ pq?) dependance of the quark fragesniation
distributtons 0{r.k,) = dHsdz/4%k,. The only theorelical input trom
perturbative GCD is at larpe 2 ~ | andsor large k; uhere the hadron
uavetunstions are probed in the for off shell reginme. Gne ¢an show that

{module {ogarithmic factors) (see figure 1)

an Cn
Onsalz) = — (M/g) =~ ACY=2)Y 4 — t
dz z+1 qt

uhere the Cp/Gt term is associated with the Yonpitudinal currant.'?) The high

tuist contribution to jet fragmentation from fig. V(b) isiZs 13

[ dN [ 14
— (Mg} -~ (o/q) Fplk,) & === Pp(x,?) (¢ 3]
ﬁk“ ak ! '.u;.

for meson production ot large k,. The scale constant Cx con be computed in
terms of the a¢don foro factor [aee £q. (31,190 (galculations slso show that
the distribution in k, and z doss not fuctarize.) In contrast to the QCD
toras, stondard Jet hadronizaticn param:trizations ususlly sssume that the
transverse momsntum distribution falls as expi-bk,?), and that Dusq s non-
vanishing a% 2 » 3 &t Yarge Q2. Tha qre form (2) for q = g predicts hadron
eroduction at relatively large trenaverse momantum, reducing the nusber of

events whioh should be sdentified an qdg) .0, the Fylk,?)/k;t terns (auvmned

LT} el
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over al] mesgn staten) can be » significent
background to the agth, ti/k,t gluon jet

sfigoal. They problem is compoundud by haavy

quark fragnentstion uncerientive te.g_

. e'e’ + 5o © BAX » Epi’), and the praduction of
L) q
M gluonius states. Thers are slso questions of a
mors fundamental naturs which reguirs an onder=
.« standing of confinement and non-pertwrbative
amnr T n
effects. The snalpmis of Gupts and Quinnt?)
Fip. 1. GQCD contributions shous thet the standard piocture of ist hadroni-
to the quark fragmentation
functions at large k,. the zation wauld certainly break doun §f ull quark
dirsot meson cuntribution
b} gives 3 1/h," powar=1au massey were lgrge compsred to the QCD scale A,
tail normalized to tha
wenon form fsctor. Thus there must be a hidden analytic dependence

on the quark mass khish controls jet fragmentation, and corrections to the jet
_oroas swetion bevond that ingicated by the perturbative expansion.

tany of the results reported st this maeting hightight the importance
of igolating heavy quark frugusntation effects. The impertant prediction of
Biorken®®! and Suzuki2?? thet charmed hadrons sre produced dominately at Yarge
z in the o=quark fragatniation repion wppears %o be confirmed by e'e- -
snaibilation and deep inelastic lepton stattering dats.22) tharm aad besuty
quark fragmcntation thus could accoumnt for a suhstantis! fraction of meson and
baryon production at large &k, and z, competing with hard gluon breasatrehiung
prooessex in ¢‘e” annihifstion.2¥)

In the case of deep inelastic lepton scattering the central test of Q0B
fs tha evolution of the structure funotfons. The background effects include:

1) Higher tuist contritutions (terss suppreased by powers of 1702 at
fixed x). Such teras arise from mass Insertions, k, effects, and coherant

Inpton-muitiquark ssattering contributions, Ealculations of the latter
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contributions require knowledge of the sultiquark distribution aspitudes of the
target. Houever, absolutely normalized predictions can be obtained for the
meson structurs functiens at x + 1 sinoe the reguired valence wave function
astrix elements are already determined by the mason elactromagnatic form
factor. For example, the Yeading contribution at x + 1 to ths meson

longitudinal struature funotion takes the form (Cp = 470D

L e x? et k2{1-x)
F (x.Q?) & — — dkl g4 (ki) rnuli[v + g|— ] ¢
v Q¥ m? [

Humerically this gives F " » .2xZ7Q! in Ge¥? unite. Notice that for x + 1 and
fixed Q? this contribution will dominate the transverse current aeson structure
function which 4= pregioted to decrease as 19-10% &t x » 3, moduio Jogarithato
factors. The higher tuist F. contribution comes from the direct intaraction of
the pion with the current: its QCD evolution is snalogous te that of the photon
structurs function.

In the cass of the nucleon structure functicns, the leading tuist
contribution to F3 at x = 1 is predicted to vanish as (1-x)3 ar (t-x)% far
quarks with helicity pursilsl oe antiparnilel respectively to tha nusieon
helicity.'?> A recent mode! calculntion of the higher tuist [mf/Qi(1-g)E)%.2
contributions to the nucleon functinn yielids even Iarger sffects than in the
meson case. The analyses of Barnett ot al.2%) ghou that present deap ielastic
nucizon target deta cannot uvnambiguously separate scalie-viclating QCD evolution
etfects in leading tuist from the higher tuist contributiona allowed in QGCOD.
The (remote) poasibility that ell the ohserved soale violation is due to highar
tuist effecta or that Aggp is very small is pot ruled out.

i) Hesvy quark thresholds. As KX = (q+p)? §a inoreassd heyond the
production threshold for new quark flavors, the structure functions increase at
fixed x in » direction cpposite to GCD evolution, with en attendant change ia

the cherscteristics of the final state. Strong scale-bresking effecta asao-

clated with the charm threzhold sre seen directly in the EMC date?V) for the
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cin,qt) + B(x,Q%) distribution in the nucleon. As emphusized by D. P. Roy,*!
this effeot can sivulates an wpparent cancellation of QLD evolution effects in
deep inelastic structure functions. It is thus sasentisl to accurataly
perametrize the quark mass sffecta. One can o'stinguish tuo ocomponents to the
heavy guerk distribution Junctions in the nuclecn: [a) the "extrinsic®
interaction dependent component generated by standard QLD evolution in
associstion With the deep inelastic scattering, and (b) tha "intrinsic™ (i.»..
initial gondition) component generated by the QCD binding potential and
equations of state for the praton.??? The intrinsic component is maximal when
all the quarks ¢f the bound state have similar velooities. thus favoring large
momentum fractions for the iptrinsic c and 3 quarks. This 1sads to = valence-
V1ike distribution for the intrinsic charm quark distributicn of{x) = ulx) and a
pussihin explanktion of the charmed hadron distributionn seen st the ISR in pp
colligions. Tha present status cf the intrinsic chara contribution tis
discusswed in Section 5 and in Carsten Peterson’s contribution ta this
conference.

113 Fins) state QLD interactions,??’ These effects do not affect the
structure tunctions measured in deep inelastic scattering, but they do lead to
changes in the particle distribution in the final state, ¢.9., k; smearing of
the current quark distribution.2?? the production of assecimted hadrons in the
centrel region, and the attendent degradation of the tast hadron momentum
distribution. {t is particularly interesting to study these effects in nuclesr
targets. using the nucleus to perturb the evolution of gquark snd gtuon jets in
hadronic matter. A deneral principle, the “formation zone™,39):3V) (yhich cun
be derived in perturbative GCD) Teads to the prediction that radiation
collinear with the current quark cannot be induced during passage through the
nucteus at high energies.?I! On the other hand, induced central region hadron
production propertional to A'/? jg pllowed by qco {see Fig. 2¢al]. (He note

that suth radiation, 3% veritied, viclates Ythe usual assumpiion made in

. he e e e P o e P ———— ., . [T ——
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analyzing hadron-nucleus collisions that the induced central region radiation
i3 aluays correlated with the number of "wounded® nuolecns in the target, and
it predicts cascading effects in the central region). [see fFig. 2(b).]
Fig. 2. (a) Production of central
repidity region multiplicity in
pssociation with final state intersctions
in deep inelagtic lepton Seatlering on u
nuctear target. (b} Productien of
centrsl region multiplicity im hadron-
— nucleon collisions. The cascading
YS——— interactions lead to a ramp shaped
-z (LY (b} arosa multiplicity distribution rather than a
flat piatean in the central rapidity
region tsee Re¥. 33).
tv) Hon~additive contributions to the nuclear structure functions.
Among the most important effects are ghadowing (and possibly antishadowing) at
fow ¥ and binding and kipematical corrections at x ~ 1. An argument that the
shadowing dur %o Yraditional Glauber procecsses in suppressed st Qf large
compared to & scale proportional ta 1/x is given in Ref. 28. This ix in
contrast te standard figed W2 = (g+pll duality srguments?®} which connects
shadowing at low x with shadoding of the real pboton photoabsorption croms
section. In additlion, GCD evelution itself may be non-additive in the auclear
aumber, %! Hon-additivity of the auclear structure functions can alse gccur
because of meson exchange currents lleading to the anomalous A dependence of
the sea quark distributions), because of perturboations of the nucleoh Fock
states due to nuclear binding, or possibly because of "hidden color”™ components
in the nuglear state.%?
tach of the sbove QCD complications can lead to significant effects in
the cross seclieon for virtually any inclusive process. [n the case of Drell-
Yon process. initial state interactions!®’ of the aclive quarks wilh spectators
lead to {a) increased smearing of the Q, distribution of the lepton pair beyond

that contained in QCD radiative corrections or the hadronic wavefunctions, (b)

target-dependent induced radiation in the central region and the associated
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degradation of the quark longitudinal momentum distributions, and (&) a
modification of the averatl normalization of the »air product cross saction
desdQ?dx due to induced ¢olor correlations, (at least st subasymptetic Q).
The color corrsiation can have ancmaleus dependence on the nuclear number A
relative to that repsured at the correspending kinematic range 4in Seep
inelastic scattering.

The dominance af the longitudinal structure functions in the fixed W
1imit for mesons [as §n Eq. (3] is an essontial prediction of perturbative
QCD. Perhaps the most dramatic consequente 45 4n the Drell-=Yan process
®p * A*A°X) one predicts that for fixed pair mess Q. the angular distribution
of the £* (in the pgir rest frame) will change from the conventional
{1 + cos?8,) distribution to sin2(8,) for pairs produced at large %, + 3. The
resulis of the Chicapo-11Yinois-Princeton e.periment??? at FHAL appears to
confirm the QCO higher twist contribution with ahaut the expecied
normaljzation. Striking evidencs for this effect has also been seen ip a
Gargamelle analysis?®) of the quark fragmentation furmctions in vp + p*p"X. The
results vield & guark fragmentatieon distribution into poesitive charged hadrons
which is consiastent uith the predicted form: dH*sdzdy =~ BE1-2)¥1 + to/Qiat1-y)
uhere the (1-y) behavior corresponds to a longitudinal structure function. 1t
is also crucial to check that the e*e” » MX ¢ross section??? becomes purely
longitudinal (sin*@) at targe 2 at rodcrate Q2, and that the observed effects
are not kinematical in origin. or due to backgrounds from baryon production.

Al of the above QCD complications are compounded in reactions
invelvipg large iransverse momentum particle or jet production in hadron-hadron
colligiona. Conventionms! calculations based on the leading p,~" (2 = 2}
subprocesses suffer severe model-dependent ambiguities due to uncertainties in
how to include k, smearing effects, the size of scale breaking effects, and the
strong parameter-dependence on the guark and gluen fragmentation processes, Inm

these analyses it is usval to assume on-shell kinematics for the basic parton-
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Parton cross section. Houever. when k, smeering from the hadron wavefunctions

i8 introducod, this Jeads to a divergence at zero momentum transfer in the

gluon propagator and thus an snomalous gensitivity to an arbitrary Tow momentum

cutotf. The srrect use at off-shell kinematics at high k, remaves this diver-

gence'?) and also much of the scale violations associated with %k, smearing. n
eddition, in standard appreaches, the g =+ H+q fragmentation function is fprced
to be non-vanishing at z » 1 (e.g., Onsqlz) = (1-z)¥4C with C ¢ 0); otheruise,
one predicts more hadronic momentum collinear with the high py trigger hadron

than that observed by experiment. In fact, as we have emphasized, QCD predicts

that the anly non-vanishing cantributions to the fragmentation function at

Z =+ 1 are due to higher tuist subprocesses: specifically, direct subprocesses

such ns gq = Mg where the high py hadron is created in the short distance

reaction instead of by fragmentation. In addition, the effects of irirtiel and

fina)l state interactions (k; smearing, multiple scattering., colar correlation

effects, associated central region multipligcites) can severely complicute the

modet calculations. ™'t

There t3 another serious difficu'ty with standard QCO phenaomenology.

1Y leading tuwist 2 » 2 subprocesses dominate direct photon and hadron

preduction at large transverse momentum then ohe predictis & ratio

Rysp = T(%,,8ca), independent of p; at fixed x; = 2p,//5 and 6.4. The ISR data

reported to this meeting, houwever: is consistent with Ry, ,gp = psy? at fined x;

ond @cu at large p,. The simples. interpretation of this result is simply that

higher tuist p, *-scaling "dirccy™ subprocesses such as qg ~ Mq and qf = Mg

dominate meson productron the ISR kinematic regime uhereas direct photons are

produced by standard P;"" 8§ ~ 79 and qg + qg subprocesses. The cross sectien

for the direct meson processes can be precisely normalized??: %21 jn terms of

the meson form factor since the same moments of the hadron wavefunction

(distribution omplitude) appear. The direct processes ean dominate the lcading

tuist qq = g9 and q9 * 99 subprocesses in the 1SR regqime because quark

L
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fragmentation into fast hadrons & not required; the meson M is made directly
in the subprocesses. As in the case of direct photon production, the direct
meson is unaifected by finu) state interactions??¥! since a point-like gomponent
of the weson valence Fock state is involved (see Sectian SJ. The direct
processes atso lead tp significant quantum number correlations with the away-
side jet since fermion exchange (rather than gluon exghangel) plays an important
role in the direct processes. Evidence for such strong correlations has been
reported by the BFS and $Fn collaborations.¥?)

It is clear that a complete formulation of targe transverse momantum
hadron productian wvhich takes into account all Lhe relevant QCD effects,
including initial state interactions, k, smearing with pff-shel} kinematics,
realistic fragmentation functiens, as well as the higher tuwist dicect
subprocesses must be given befere further progress can be mode. In particular
a careful separation of the 1-ading tuist and direct hadron production
processes is required. [t is ¢ertainly incorrect to force parametrizations
such that ail high pr badron production are attributed to tle simplest quark or
gluon scattering process.

An important clue to identifying underlying QUD subprocesses is the
pattern of hadronic radiation produced in association with sach inclusive
reaction, 7The real difficulty in anralysing multiparticlie reactions
guantitatively in Q€D is that se do not understand color confinement or even
how ah individual hadron is formed! It is clear that to understand these
prublems at a basic level We will have to ge beyond a statistical treatment of
quark fragmentation and sctually analyze hadron production at the amplitude
level where coherent effects can be identified. It is clear even from
electrodynamics that cohercence is crucial for soft photen production;: e.g.,
consider the case where tuo charged sources are nearly collincar.'%! It is also
important ta look in detail at exclusive QCD processes such as {orm factors,

high womentum transfer Compton scattering and tua photon reactions yy = uh at
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fired O.q uhich give the simplest and most direct information on the productien
of individual hadrons. ! It ia also concetvahle that the basic hadron
wevefunction knouledge required tor understanding guark and gluon fragmentation
processes can be obtained from non-pertiurbative QC0 cglouiations, such as
tattice gauge theory, of the QCD equation of state on the light-sone, We uiit

discuss thig in mere detad? im Section 3.

3. Hadronic Wave Fungtions in Qcp*)«Mé)-v&y

Even though quark and gluon perturbative subprocess¢s are simple in
aco, the cempliete description of a physical hadronic process requires the
consideration of many difierent ¢oherent and ingoherent amplitudes, 25 well as
the pifects of mon-periurbative phenomena associated with the hadronie
wavefunctions and celar eonfinement. Oespite bhis complexity, it is possible
to obtain predictwens for many exclusive and inclusive reactions at large
momentum transfer provided we make the standard ansatz that the effect of nan-
perturbative dvaamics {5 negligible in the short-distanse and far-oif«shell
domain. (This assumption appears reasonable since a linear cenfining potential
¥ «r is negligible compared to periurbative 1/r contributions.) For many
farge momentum transfer processes. such as dee inelastyc Tepton-hadron
scattering reactions and mesen form faciors. cne can then isplete the long-
distance confinement dynamica from the shoert-distance guark and gluon dynamics
-- 3l least to leading order in 1/Qf. The essential QCl dynamics can thus he
corputed from C(irreducible) quark and glyan subprocesses amplitudes as a
perturbative expansion in an asymptotically small coupling constant ag(Q?),

fFor exampio, ithe picn form factor at large Q2 takes the form Isee

fig. 3py1ee?

| t
Fptoly = j dx j dy $%(%,Q) Tplx.y:0} #(y,.Q) t4)
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whore

Q d7K;

foluin) = Vau a2, K 2 (5]
16n?

is the amplituds for finding the ¢ snd § in the valence state of the pjon

collinear up to scale 0 with light cone longitudina! mementum fractions x and

I-x, and

161 £z axfai(i-x){i-y}] olagelntll
T * [ 1+ ] (6>

t1-x)(1-yiq? ¥

iz the probability amplitude for scettferipg coliinear constituents irem the
inttial to the tingl direclion. (The superscript Q in v4nd indicales that w)i
internal Toop in ¥qy are to be cuteff at X;2 ¢ qZ.) The log 4! dependence of
the distributian amplitude #{x.Q) is determined by the cperalar product
expansion on the light-vone or an evoalution equation; ity specification at
subasymptotic momentum requires the svlutinn to the pion bound state problem,

The general form of Fgp(Qf) is

= -rn 4% |2 v}
Fala) = ¥ ontoy - Cr
n=0 AR q?

X

e

uhere the ¥q are camputable angmalous dimeonsiens. Simivlar caleulations detes-
mine the baryon form facters, decay amplitudes®¥} soch as T+88 and fixed angle
scattering processes (are Figs. 3 and 4) such as Compton scattering. photo-

produstion, and hadren-hadron scattering, although the latter caleulations are
complicated by the presence (and suppression) pi pinch singularities $7-3%8) ¢
is interesiing to note thal #y0x.G7) can br measured direcltiy irom the anpular

Ucm dependence of 4he vy = w'n° and ¥7 = p®p% cross seclions at farge s.%%3

e TR e



- 15 -

{ ] € '
(] q
Lk B4 np 2 . L] y I %
= * F.
= 2 >
; Ne li=xip 1=y o [ T 3 peq
B 2, T B [ win.y Q)
Fry (02} Tw o0 /d “eamlth) A (QZ)B #plr.0l #gir.0
(o) v
(o)
1 ¥
= O S0
e \- =y pra
M M $als0) Ty #,07.Q)
fula?l
{b)
Y M LY %:C)'-%
= 1-*
y
4 M L L‘m‘xns
- =
T¥ —a-pbd T ¢, lr.0t
e ich st .
dg g =Y Gyraln,Ql deity — tgt
Fig. 3. QCB subprocesses and - ™)
factorizatien for high momentum e
transier exclusive processes.
ta) The 7 = ®° transition form Fig, 4, Constraints on the baryon uwave-
{actor, measureable in ee -+ een® function in QCD. (a) Factorization of
reactions. (b)) The meson form the baryon form factor (see Ref, 6).

factor in faclorized form. (b) Contribution to quarkonium decay
(c} Contributions to the vy + MA into baryon pairs (see Red. 48),
amptitude. A complete calculation (c) calculation of the deep inelastic
ot these processes to leading scattering structure funclions from
erder in a.{Q!) is given in Ref.45. light-cone uavefunctions,

In addition, independent of the form of the mesons wavefunction we can obtain

ay from the ratio®)

fniq?) a.tq?)
e¢ufQ?) =z — [ 1+v0 ] (8)
anqt|ro,tata it "

where the transition form factor FpyfQf) can be measured in the tue photen

reaction ¥My + 1% via ee = n%ce. Equation (8) 18 in principle one of the

cleanest Mays to measure a,. The higher order corrections in ag are discussed

in Ref. 49.
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Thus an essential part of the QCOD predictions is the hadronic
Mavefunctions uhich determine the probability amplitudes and distributions of
the quark and gluons which enter the short distance subprogesses. The hadranic
wavefunctions provide the 1ink betueen the lonyg distance non-perturbative and
shert-distance perturbative physics. Eventually, one can hope to compute the
uwavetunctions from the theory, e.g9., from Iattice or bay models, or directiy
from the QtD equations of motion, as we shall outline below. Knouwledge of
hadronic uave{uyngtion will also 4liow the narmalization and specification of
the power law (higher tuist) corrections to the leading impulse approximation
resul ts.

The wavefupction v4a"(x.%,;) uhich appears in €q. (5) iz related to the
Bethe-Salpeter amplitude at equal "tine™ ¢ = ¢t + z on the light-cone in A* = 0
gauge. “he quark has transverse monentum k, relative to the pion direction and
tractional "light-cone™ momentum x = (k® + k?)/(p® + p2) = k*/p'. The state is
oft the light cone k* = k®-k? energy shelk. In general a hadron state can be

expanded in terms of w complete seot of Fock state at equal 1:

fm> = |q8> vqa + |qdad ¥egg + ... (L))

with

I J [d2k,) [ox) |¥alx;. ka2 = 1 .

n
(He suppress helicity labels.) At large 77 only the valence atate contributes
to an exclusive process. since by dimensienal counting an amplitude is
suppressed by & power of 1703 for each constituent required to ohsorb large
momentum transdfer. The amplitudes ¥,, are infrared finite for color-singlet

bound states. The meson decay amplitude (e.g. u* + p*v) implies a sum rule

ag 1 1
— 5 ——fy = I dx Fa0%,Q) . (n
] Wne ]
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This result, combined with the constraint on the wavefupction from 3% « gy
requires that the probadbility that the pion is in its valence state 1s £ 1/4.
titven the {Wn} far a hadron, virtuelly any hedronic properties can be computed.
inctuding anomalous moments, form factars (at goy Q). etc.¥¥!
The {¥a} also determine the mtructure functions appearing in deep

inelastic scattering at large Q% (a=q,§.9)

Gasple.R) = } Iq(dlkl] (dx]) |¢n“(a\.k,1!|‘ six-x{) tin
n

where one must sum over all Feck states containing the constituent & and
integrate over sl transverse momentun d®k, and the Jight-cone momentum
fractiong ki ¢ ¥, of the (n-2) spectators. The valence state dominates
Ggrplx,Q. only at the edge of phase spaca, x = 1, All of the multiparticle x
and k; mamentum distributions needed for multiquark scattiering processes can be
defined in a similar monner. The evolution equatiops for the Ga(x,Q%) can be
easily obiained from the high k; dependence of the perturbative contributions
to ¥.

There gre many advantages obtained by guaontizing a renermalizable
Iocal v = t*z. These include the existence of an orthornormal relativistic
wavetunction expension. a convenirnt s-ordered periurbative theary, and
diagenal (number-conserving) charge and currant operateors. The ceniral reasan
wWhy ene can coanstruct 2 sensible relativistic wavefunction Fock state expansion
on the light cone is the fact that the perturbative vacuum 's also an

eigenstate of the full Hamittonian. The equation of state for the {¥nlxi,k;id}

takes the form

Hie 8 = nt ¥ 1§13
uhere
n k,® ¢
e = % * Vi
= x J,
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is derivedt’:13) §rpom the QCD Hamiltonian in A* = 0 gauge quantized ot mqual ¥,
and ¥ s a coluna matrix of the Fock state wavefunctions. Ultraviolet regular-
tzution and invariance under renormatization 18 discussed in Refs, 5,6,15,

A comparison of the properties of exclusive and inclusive cross
sections in UCD is given 1n Table I.%*) Given the {ﬁn} up can also caleulate
decay amplitudea, ®.g9. T = pp which can be used to normalize the protan
gistribution smplitudes [see Fig. 4(bJ)]. [he constrainis on hadronio
Havefunctions which result from present experiments are given in Refs. 6,15,48,
A appronimete connetiion betusen the valence wavefunctions delfyned mt equel ¥
With tho rest frame wavefuncticn is also given in Ref. 48. so that one can make
predictions from non-perturbalive enalyses such as bag models, latlice gaunse
theory. chromostatic approxwmations, potential modeis, etc. OGther canrlrainls
irom QCD cuw rulz2s are discussed in Ref. 50.

1t i intereating to note that the higher twist amplitudes sych as
Y4 + Nq, gq = Mg, g9 = frl, qf » Bg which are important for inclusive hadron
production reactions at high x, ¢an be absolutely normalized in terms of the
distribution amplitudes #nlx.Q). Pglx;.U). by using the same analysis os used
for the unalysis of form factors5.3? In fact "direct™ ampiitudes such gzs
79 + Mg, qf » M3 and ng =+ Mg uwhere the meson acts directly in the subprocess
are rigorously related to the meson form factor since the same mom t of the
distribution amplitude appears 1n each case.

The Tight cane Fock state expansion also gives insight intu the nature
of forward hadran production in soft hadronic collisions. It should be
emphasized that the propetties of the strong interaction itself may distort the
properties of the Fock state uwavefunction 1np such a way that the quark distri-
bution ebserved in soft collisions and fragmentation processes may differ sig-
nificantly {romn that observed in deep wnelastic scatiering. For example, in
the cose ot the DTU mode),®') at least one valence quark musat be at Jow x in

order to initiate the romereon “cylinder™ interactitn. Dne con a'so understand
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this "held back" feaiure if one assumes that only these Fock states which are
very peripheral {possessing a large impact parameter, lou x constituent) can
interact atrongly. The non-inleracting censtituents thus have more ol the beam
momentum oa the averapge than they uwould have in unristorted wavefunctions. For
example, counting rulez for renormalizable thearies predigtsi %23
2ng-1

Garalx) ~ (1-x) where ny 1s the minimuem number of spectators require to

%41
be stopngd. 1f the hadrenic wavefunction is undistarted in hadronic
collisiens, then one predicts. for example, dHipp =+ K*X)/dx ~ (1-x )%
leorresponding to 3 spectators). The pouer-behavior indicated by data however
is ~(1-x,)3. On the other hand of one quark in the incident hadren is required
to be at x ~ 0 in order tu have a large hadrocic ¢ross section, then there is
one less spectator to stop. Here gencrally. the neld back mechanism reduces®??
the pouwer-lau fail off by (1-x)? and systematically gives results in goad
ayreement with data. The above considerations also indicate that the impact
space distribution of %he Fock state wavefunction could be strongly correlated
With the x distribution; for example, low x sea quarks may be predominantiy
perpherial in impact space. Such a corrclation uwould be natural if the sea
quarks are pictured as censtirtuents of virtual mesons in the nugleon cloud,
Other possible QCD mechaniums without the held back mechanism are discussed in

Refs. 52,54,

q. The Ferturbative Expansion 1n QCD

The essential predictive pouer of perturbative QCD is due to the
smallness of the effective coupling ag(Q?) and the existence of perturbative
expansions for svbprocess amplitud:s which control larger momentum transfer
renctions, There has been significant progress in exiending the QCD
predictions bevond leading order for a number of inclusive and excluvsive

resstions,
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Houever, » major gmbiguity in the inlerpretation of these perturbation
ecxpanaion: snd asvessing the convergence of the series is in the choice of
expanaion parameter. Given & specidic ranormalization acheme, one must still
specify the argument QI af ag in order tg make ¢ definite prediction from an
expansian ta finite order. Aa shoun in Ref. 15, the scale of mamentum Q7
transfer which appears in the leading order term in a, (fn a given
renormalization scheme) in the perturbative expansions is not .rbitrary, but is
in fact, sutomatically set by the theory., For example, in QEDR, the running
goupling constant o(Q) is defined to take into wccount the effects of lepton
pair vacuum polarization in each photon propagator at 4% ») 4me?. and the
spproximate scale Q" as the QLD expansion in a(@") is readily identified. In
the case of QLD in the leading non-trivial order, a,(Q) is only a funetien of
Oa = 11-2/1 ht. Thus we can use the snalytic ny¢ dependence af the higher order
corrections coming from light quark loop contributions to the giuon propagator
to identify the correct scnle of the ay erkpandion in Jeadiny order, Jor aimost
every QCD processes. The net result is that for almost every reagtion except
T + 39, the perturbative expansion appears to have good convergence With

reasonably small coetficients of ag/m. An important example is

14—

qﬁgtqil
[ + D.DBR25(ay/mit ] (1})
b
where Q* = 0.71 Q. 4e can then use this result to define or measure
a”(4) = agf3(0.710), and then write the perturbative exponsion for other
observablea in terms of a,®, The QCD predictions for the deep inelastic
moments and decar rates ior the 0" and §° guarkonium decays in terms of the

Fir=t tue nentrivial orders in og® is given in Ref. 15,
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5. Movel Effects and Unexpected Effects in QD

Onm can slse test QLD by verifying novel effects which .re pssentinlly
unigque festures of the theory., In this section we ¢ill liat some examples aof
experimental tests uhich ave specific io yauge theories of the sirong
interactions:

1) Hadron helicity conservation,

To leading order in 1/Q! an exclusive process at large momentum
tronsfer is dominated by amplitudes which canserve totel hadron helicity;
independant of photon (or weak boson) polarization. This is a consequence of
the vecior nature of gluon interactions and the fact that the total quark
helicity equals the hadron helicity in the distribution ampitude (Le=D). PHany
teats and predictions based on this rule are given tn Ref. S5. AR imporiant
prediction is that T « pp should have a (1 + cos?8.a) angular distribution,

ii) Direct processes.¥%}

A surprizing feature of QCD is the existencz of inclusive procesaes
such as mgp - qgX where the pion’s energy and momentum are corpletely consumed
in the large p,; g3 production; i.e., there is po associated hadron production
in the forward fragmertation region [see Fig. 5{c}). The jer cross section
baged on the mg =+ gq land mg + 9g) subprocess is absclutely normalized in terms
of the pion form factor (see Ref. 56); compared to the teading qq + gqg

subprocess onc has
da(r + qf) - Fplp,f) dolaq =+ ag) (14)

independent of a, and the pion wavelunction. This prucess is alse iden.vfiable
by conservation of tha p* = p? * pd componenis between the pion snd j2t
fragments, and the ¢lose iransv.rse momentum balance of the q and § jeta.
There is no bremsstrahtung or injtial state interastions of the incident pion
to leading order in Vsp,? since only the valence qg component of the pion

Wwavefunction at b, - 0{1/p,) contributis to this process -- such a state hys

A S LT -
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negligible ¢olar (hadronic} inleractions. Similarly, in the case of nuclear
tergot® mpA + 9G4, the valence pion state at b, = 1/p, penetrates throughout
the nuelear voiume without any nuclear interactions. The corresponding direct
baryon induced reaction based on Pg + §§ is shoun in Fig. S(d), He zlso note
that the amplitude to tind three quarka in the proton at small seporation with
one accampanying spoctator meson con be measured ¥v gn analegous process
Pop + G4nX. Such smplitudes are of interest for predictions of baryon decay in
grand unified theories,

In the case of hadron production &t Yarge p,. the direct subpracecs
¥9 = woq produces pions unaccompanied by other hadrons on the trigger side [sce
Fig. 5{&l). These p, % QfD processes are absolutely normalized in terms of the
meson iorwm factor and con dominote jet fraogmentation processes at large 3,.

HMore generally, an entire set of hadrons and resonances can be produced by

T B R

o pn. -
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direci subprocesses le.3.. qqg = Ba and qB -+ qB for baryon productien). Suco
contributions provide a meritus barkgrgund to gny mensurement uhere there i3 @
high p,; single particle trigger. Again. the direct process hadrons Fave no
final state interactions or accompanying conllinear radiation to lerding order
in lr/pyt,

i11) Quasi-elastic reactions in nuciei and color transparency.

s we heve noted in Section 3, large womentum transier exclusive
reactions are dominated (to leading order in 1/p,%) by valence Jock states with
small constituent separation., Since such states have negligible hadronic
interactions, a large momentum transfer quasy excliusive reaction can take place
ingide of a nuclear target [e.g. WA + mp{A’=1)] uithout any elastic or
inelastic initial or frnal state hadrunic interaction. 37! The rate for such
"clean™ reactions 18 normalized to A times the nucleon target rate.

i¥) Diti{ractive dissaciation and color firltering.

The existeance aof the light cone Fock state expons.on for a meson implies a
finite probakility for the hadron to exist as a valence state at small relative
impact parameters, This companeat of the state will interact oniy weakly in
puclear matter. uhereas the majority part of the Fock state structure will
interact strongly. The auciews thus acts an a "cotor filter™ absorbing all but
the weakly '1nteracting fock components, The conieguence is a computable cross
section for the diffractive dissociation by o nucleus of pion into relatively
high %, qf jets.*?! The rate is normalized to the pion dicay constant and
opa®™. The B.. dependence of the jet 1n the qf rest {rame is reloted to the
pion distribution amplitude. Prediction. for the k,; dependence of the jets ore
given in Rel. 58. All af the effects (7)-{4) test a basic festure of QCO: the
Fock statc structure af the color singlet hadronic uavefunctions and the

special features of ‘he valence Fock statfe.



- 25 =

v) Initial state interactions and coler correlations.?¥!

A detoiled discussion of the expected effects of initial and Final
state interactions in & non-Abelian theary 45 given in a separate tontribution
te this velume.%?! The main novel e¢ifects are subasymplotic color corrclations
Ein principle A-dependent), and associated production in the central region.

It im alss postible that Lhe soft particies produced in an initial state
interaction could subsequently interact With other valence quark in the bean
hadron to preduce lou mass lepton pairs (Q ¢ m/s), low py jets, etc. {see

fig. 6).

Fig. 6. Intermediate moss lepton pairs
produced by the annihilation of a valence quark
with & central region § produced in association
with an initial state scallision. Such
contributions have anomalous nuclear number and

(o g energy dependence.

vi) Hodron multiplicity in e*e” collisions.

In g remarkable calculation, Dasetto., Ciafaloni, Marchesini, and
Mueller®®) have shown from an all orders perturbative gnalysis that qrp
predicts  dip for dn/dyea -~ 0 for particle production in ete” annihilation.
This result needs careful experimantal confirmation. Although the QLD pre-
diction scems special to gauge theary, it should be nated that the statistical
modu1 of Ochs®') hased on a simple branching processs alsoe has this feature,

vii) The perturbative coupling strength of gluans to & gTuon jet is
974 larger than the coupling to & aquark jet. The deviation trom a facter of 2
is due to color coherence. Perturbative QCO thus evidentally predicts that at
some level gluon jets are broader and have a higher multiplcity plateau than
quark jets., The fact that gluon jets can be screcned by gluonium production
may jesd iv further differences ketueen guark and gluon jets. Polarized gluoh

jets may also have distinctive features such as ahlateness, ¥
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Perhaps the aost inleresting and important experimental cbservations
are the phenomena nst readily expliainable or predicted by conventional §{LD
analyses, He @ill briefly discuss four exsmples here:

i} High transverse energy, high muitiplicity events.

It I5 posgible that this phenomena, first observed by the HAS
¢ollaboration mt the SPS, i3 a coltective or fireball effect, or even a signal
of o muark-gluon phase ot high temperature. Field, Fox and Kelly*?) huve
nttempted to identity these evenis With the conventional processes, ».g.,
quark-gquerk scattering, etc. subprocesses accompanied by muitiple hard gluon
radiation antd subsegquent neutratization. Houever, realistic calculation taking
into account enersy momentum correlations and interference efiects (color
correlations, formation Zoneld belueen Multiple atrings seems very difficult.

An alternative explanation is that multiple quarksgiugon scattering (Glauvber?
processes are invalved at high transverse energies, since at x71 = E1/Eman ~ 1
the scattering of adl the bean mementum tp the transverse direction im
required, Using counting rules, the pp = jet produstion cross section receiven

centributions of nominal order {R is the hadron trensverse sizejéh!

do gl og" a.t
E o w e (-xg)? (1-xp)? , (expy-' (15)
dip  pit Ripyh R*pyt

corresponding to the 2 particle, 4 particle, and 6 particle scattering
processes shown 1n Fig, 7. A realistye calculation requires consideration of
all the g mnd g9 muityparticie subpresesses. aceount of scale breaking, etc.
“he multiscattering terms can clearly domypate at xy Yarge;: they are n?;o
characterized by high myttiglicity., lang-range correlations in rapidity snd
absence of coplanarity.

1i) Heavy flavor productien 'n hadron coilsions.

Standard QCD ¢aleulations based on gg - o eubprocesses do not mceount

for the x, dependence, diffractive character, and magnitude of ioruard charm
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{b)

Fig. 7. GCD contributions to high pr

processes. The multiparticle 2+2 and 3+3

reactions produce high transverse energy events
{c) with a large fraction of the available energy.

Hore complicated reactions with gluons und sea
) quarks are not shoun.

ayraar

hadron production observed at the 1SR. It is aiso difficuit to reconcile the
large cross section (Ochars ~ 1 Mb) observed at the §5R with ihe much smaller
eross sections observed at Fermilab energies.

Dne possible mechanism®%? for fast charm preduction in foruard pp
collisions is that the high manenta of the ud spectators in s nucleon, comhined
with a centrally produced charmed quark will yield a high momentum A = fude).
This is houever confrary to the Bjorken-Suzuki effect, which indicates that the
Ac should have roughly lhe same momentum as the charmed guark. This
explanation also implies a lang-range rapidity separation betueen the ¢ at
Yem ~ 0 and a charmed hadron in the fragmentation region; it alseo does not
eccount for the observed (V-x.)? distribution of the B* = 1cd¥ meson funless
such mesens always arise from charm baryon decay). Heasuremenis of the x
distribution of the Ac would be decisive.

The simplest explanation of the ohserved ISR phenomena is that the
proton contains a Tock state luudeEr with the ¢& bound inside the hadron over a
relatively Jong time scale O(meg~'3.27) Such a stale (analogous to 2 Ach
component of the nucleon Fock state) could be diffractively dissociated into

charmed hadrana in the foruard fragmentation region a5 well os producing

.. . L. 4 [P
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valence=like ¢ and € distributions in deep inelastic lepton scattering (see
Section 2). It the model is correct, b and t quarks can also be produced at
large %, With substantial cross sections: scaling as 1/Mg?. Such states should
contain relatively large transverse momentum--uhich together With the large
quark mass, implies high k, leptons and baryon production: this would alsgo
yleld a clear signal for t-quark productian.

The origin of the intrinsic heavy quark state ‘n the nuglean
wavefunction is the heavy guark loop vacuum prlarization (and Jlight-by-1ight
scattering) insertieons proportional to 1/Mg¥ in the QCD potential. As in the
ense of the potential Wwhich appears in the evolution equation for the
distribution amplitude *! such cantributiens do mot have a dx/x singularity at

small x. The peak vf the light-one distribution is at x; ~ m;/{ m where the
b1

state 18 minwrally off-shell. This corresponds te the iact that in the rest
system of the aroton. the virlual AR pair i% produced dominantly at threshold,
at low velocitiezs. This even to louwest order 1n 1/Mg? the heavy quarks are
produced uith & distribution uwhich peaks at large xq. There is thus ne
question that Fock states containing heavy quarks exist at some level in
ordinary hadrens -- the real question ‘s the absclute normalization. The
vacuum palarization contributions give Pgg = 0ag2{(AZ)A3/Ng! where AT is o
typical hadronic scale. The bag model calculation of Donoghue and Golowich®®!
gives Pee ~ 0 (1%). Opne alse could hope to relate the normalization of Pgg to
the spin-spin splitting in the baryon system.

The origin and normalization of the beavy quark Fock state components
and their systematic dependence or the hadron or nuclear state can yield
important clues te the nature of hadron wavelfunstions in QCO, Similarly, the
production cf heavy quark states by diffractive excitation of the intrinsic
heavy quark states or a similar mechanism, should also give important insight

into the nature of hadronic procrsses in farward high energy collisions,

-
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fif)  the obzarvation of copious buryon production in e'e”
annihilation is somewhat of a surprise from the standpoint of pecturbation QCO
idens. Ffor 2 + 1 baryon produstion should be suppressed by at lesst 3 pouer of
¥~z) relative to mescn produstion whereas the data indicates a flat beryons
meson ratio out to 2 = 0.5. 1n the Lund model*T! ¢opious baryon production is
accounted for by effective diquark produztion in a non-perturbative tunneling
model. Another possibiity., suggested by 1. TeGrand,Z?! iz that the fast
charmed and beauty boryons produced at large = by the Bjorken-Suzuki mechaniam

leads by decay to a significant fraction of the large xp baryens.

B. conclus{ons

Gespite the formel simplicity of ‘13 underiying Lagrangisn. 9TV has
turned out to be an extraordinarly complex theory, tefinitive tests have
turned out to be vary diffiouit, but there iz at present no reagson 10 doubt
thot QCD is at the basis of all hadron and nuclenr dynamics nocessible ut
present enorgies, Tortunately, as experiment has become more definitive,
theoretical onaiyses hay atac made definite progross. The goal 1s ta mAake
precise prediatiens, with systematic control of background affects (such os
high twigt aontribution, threshold eftects, initiat and finnl state
interactions), as well as to attain a deeper understanding of jet hadronization
and the G¢D pertyrbation expansion.

thich of the prevent uncertainty in QLD prediciions in due to the
absence of deluiled information on hadromic matrix elements. It seems lvkely
that direct caleculations of hadronic ampliitudes will be possible using lattice
gauge theory, oF as discussed in Section 3, by solvimg the GCD equation of
state for the fock states of hadrons al equal 7 = t+z, This formalism given m
congistent relativistic wavefunction basis and calculational framewerk for QCo.
One can aiso use this formaltam to obtain many nenw prediotions uhich are in

principle exact, e.g., large momantum transfer exclusive resctions [such as the

e Al

”



-3 -
mesoh Form factora and ¥y + WA), nen QCO conatraists suzh as hadron heligity
conservation. constraiats on wavefunctions from decay amplitudes, new wethods
to determine a5, and methods to calculate the higher twist and direct
subprocesses.

We have also scen that QCD diverge- in many ways from the expsotations
of the parton model. Hany of the novel phenomens diBcusged here such as g9lgr
correlations in initial state intersctions, color filtering and trunsparency,
intrinsic heavy quark Fock states. sssociated production in hard eollisiohy,
color cchersnce, direct processes. the dewiaount lengitudinel component to the
meson  tructurs funstion, end ceny nuclesr effectstts (rqdussd torm Vartors,
anomalous A dependence) uere not anticipated uithin the parton model framevork.
in atdition, the basic hard scattering mechanism for form Ynotors and the QTP
breakdoun of the exolusive-inclysive connection is contrary to the wechanisms
assuned %o ba demainant in the parton modzl ‘rameweri.

We have also samphesized here the importsnse of understanding the

- physica of initial and fine) state inters=tions in QC0, pertioularly the
breakdaun of fagtorization at large target length, the physics of the formation
zone in QCO, and the interesting effects of color correlationn. An important
clue fonard understanding these phenomeny as uelt as the propagstion of querk
and giuon jets through hadronic matter will be the careful study of nuplear

target c*fects.
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