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I. Intreduction

Factorization thecrems play a central role in the analysis of
many hadronic processes in that they allow one to write observable
quantities as the convalution of a non-perturbative, process=
independent piece w.th a pertucbative, process-specific piece.1 For
the case of the Drell-Yan process,2 proofs of the factorization con~
jecture remain Incemplete. In this paper, we show that initial atate
interactions in the Drell-Yan process violate factorization order by
order in perturbation theory, and we discuss the effects of such
interactions on the observed cross sections.

Figure 1 shows the basic Drell-Yan proceas for anti-baryon—baryen
colligions: a quark from one baryon annihilates with an anti-quark
from the anti-barvon to produce a time-like virtual photon, which in
turn produces a lepton pair of Invariant mass-squared Qz. QCDh fac-
torization i8 the statement that, at large Qz, the croas section dnlsz
is given, up to terms of 0(1!Q2). by the convolution of the absolute
square of a hard precess (simple Feynman diagram) with evolved (scale-
breaking) structure functions. This statement is depicted in Fig. 2
for the basle process and some O(ns) radiative corrections. The dashed
vertical lines cut through the final state {with conversion of the
missive photon lato a palc understood); the inner Feynman diagram is
the square of the hard process; and the hadronie¢ wave funccion "blohs"
squarad make up the structure functions. For example, the basic pro-

cess gives a contribution
P4
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where q(xl.Qz’ and q(x,.Q") ate the quark and anti-quatk structure

functions respectively.

i-rac:orlzn: {on theorems, as they are ysually stated, also relate
v‘ui‘; hagronic processes Lo one anvther {(universalivy). In parci-
P %F' :hnw state that the structure funcrions q(x,q Yo qx,Q %,
g{x,& {glyon} that appesr in the Dreli-Yan fornula are the same
s:mﬁ.ure funciiony as those measured in decp-inclastic scattering.
For deep-inelastic ecatiering on o neclear terget, the virtual photon
fnteracts with 4 given charged constituent with a strength that is
independent of the locatioa of the constitgyent within che nuclous,

Thus, we arce led immedizrely to the statement of nuclesnh number addi-

tivity for structure functions:
(Q(I-QZJ)A - A(q(x.qz))n. cte. (away (rom x=i) . ()

Here A s the nucleon number and the subscripts A and N denote the
nuileas and nucleon, respectively.

Hucless nowber additivity, tn the context of foctorization, has
impartant consequences for the Drell-Yan process. It implies that
guarks an the back face of a nuclear target ste Just gs tlkely as gquarks
on the frent face tuv avnihilate with a projeccile anti~quark. That is,
fagrarization svems to tmply that nyclear matter, st least for the
Drekl-Yan pracess. i8 infiaitely penctrable.

On the other hand, we Haow that the profectile ingeracts strongly

Wwith the matter (n the target. Total cross sections (oY hadrows on g



nuclear tarpet go like A2/3, which indicates that the projectile doca
not penettate much past the auclear suxface before an interaction accurs.
1n exclusive ¢hannels, multiple scattering (nuclear enhancement) appears
to be impertant. Even in experiments that measure the Drell-Yan vross
section, one must allow fov the production of secondary hadrons aond
depletion of the beam as Lt passes threugh a macroscopic leagth of
target. In short, s projectile's wave functlon must be profoundly dis—

turbed as tiwe projectile passes through Lhe target.

11. Initial State Ianteractlonw

In order to resejve this apparent cenflict between strong=-inLer=-
action phencmenology and QCD factorizacion, we investigate the inver-
action between target and projectile constitueots (initial state lnter-
acclons) In QCD percurbation theory. At firat sight, it might .ppear
that pertyrbation theory is an inappropriate tonl for the study of
strong~intersction phydics. However, it does give us a consisteot field
theorotic framework - incorporatling principles {ike unitarity and causality -
within which to check our ideas. As we shall sec, the principles that
emerge from our amalysis are rather general and prebably transcend the
ilmits of perturbation theory. Furthermore, factorization, Lf it is
cortect, must hold in perturbation theory, sc gny exceptions we find
perturbatively represent valid counter-examples to the "theorems.”

OQur analysis makes use of the light~cone (infinite-momentua

frame) perturbation theory.3 This {5 merely a convenlence.


http://pertnrb.it

All of our rewults can, of cayrsc, be obtaimed by startiag with the
usyal Feynaan cules, picking an apprapriaze Loventz frame, amd carrying
cut the contour inmtegration over cne of the coaponents (usually Fo or
?_) of cach locp momentun,

Flyure 3 shows some examples of {nicial state interacrions for the
procuss of meson-baryon Drell-Yaa production. Figutes 3(a) and 3(b)
show, respactivaly, examples of activo-spectacor clasti{e and bremsstrah-
lung initial stata precesscs, and Fig., 3(c) shows un example of a
spoctator-spectator initial stote proceas. The spectator-spectator Inter-
actions vore considored previously by Cardy and Winbow and DeTar, Ellis,
and undlhnﬂ". and ware shown to cancal, essentially because of unitarity.
In this snalysis w¢ concentrato on the active-spectator dnteractions. For
wizmplicity, wo dicusma oxplicit calculacions for the case of meson-n. .on
collisions. Tho generalization to tho Drell-Yan process for other types

of hadrenic collimions is straightforward.

II}. Elastic lnteractions

e —————

Lot ua consider first the elastic initial statc interactioms, the
simplost example of which is shown in Fig. 4, 1f this type of inter-
nction is to give a factorizacion-violating (lcading twise) contributian
te the Drell-Yon cross section, it zust not be suppressed by powcrs of
Qz relacive to the bosic process. That is, ot fined g xﬁ it msr
give an s-indupendent contribution relstive to the basic process, The
vorious factors in this Feynman smplitude, In addition to those con-
toined in the busic procoess, are as Iollows (Fov small y):

Energy denominstor = yrf - 2r -2, ¥ ic



indicared by a solid vertical Liee Lo Pig, 4;
gluon propagator dens:inator = l.i 4

glusn spin sun mulciplying quark, 2-—!1
anti-quark convection currents y

We work In the light-cone gauge 0\"' = 0) throughout in order to elimi-
nate large (0(/3)) cancelling contributions. Now, if che amplitude is

te give an s-independent conceibytian ta the cross sestion we must have

2
Jay d ‘zx Tk -
Ly Y Ty - 21:1-2._1_ *+ ie

Visyikg=t) = 0(1) . (2)
Ef = -t(l-y) is limited by the hadvonic wave function ¢ to ba of the
order of a (hadronie mass)z. Then, ona might expscet that Bq, (1) would
be impossible to satisfy since tho energy denominator contains a terz
yr‘} with rf = 5, In fact, wa need cely choose y to lis in a suf-

ficlently small range:

g~ TR )

Thus, we see that the leading-twist contribution comes from tha ragion
near the pole (Glayber singularity) in the energy danominator. Tha
singularity corresponds to classital om-shall scattering, 1.4., pro~
pagation over infinite distance. This is to bes contrasted with ths
mass singularicies discusscd in the usus) treatuents of factorization,
which arise from the "collinesr” reglon of momentun space. Unlike the
mass singularities, the initin] scote corrsctions camnot be eliminated

through the use of Ward identition ot a pariicular chwice of gauge.
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One might worry that the I‘-lntegratiou in Eq. (2) secms to contain
a logarithmic diveryence in the mll-tl region. In general, such diver-
gences are cut-off by terms of O(RJQJ that we have neglected in the gloon
propagator. For the particular example shown in Fig. 4, the infrared
divergence is also regulated becuase cf 3 cancellation that eccurs when
ons sums ovar the interactions of the gluonm with all constituents of the
color-neutral (stnglot) hadronic system, as in Fig. 5.5 This is sicply
the statement that # gluon <cmot couple to a color nevtral system when
iea vavelength is long compared eo the size of the system. WNote that,
were it not for the l‘—dnpundnnce of the hadtonic wave functions, whieh
is due to the finite transverse wize of the hadronic culor charge distri-
butions, this particular initial state interaction would be completely

cancelled. 6

Based on our analysism aof tic somentum transferred by the virtual
gluon, wa expect that tho ulastic initial state interactions smear the
LYansverse mOmantuen (Q.l.) distribution of the Drell=Yan pair, but leave
the lopgitudinal momeneur fraction (x) distributions unchanged, The

magnitude of the smearing of the Qf distribution in

¢ l.f >'i ~ hadrenic mass

for a mucleon targer, and

2 143

2
<IJ>A~A

<1y~ A (hadvontc mass)
for a nuclear target, since the distance the projectile quark travels

through the nucleus fx propor:iomal to A" 3, hac ts, U profectile

quark undergoes p randem walk fn cransverse pomentum space, with cach

2 112

sten of magnitude ~ ¢ 6, 5 - Sub Inftial stote interactions give an

]
A-dependont contributiog to -o; Y that mipht be fucorrectlv ateribured
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v the “primordial® k. of the hadronic constituents. !

There 18 evidence for sych tranaverge mementun smearing in the
CIPF data shown in Fig. 6.B In the masas region (M Z 3 Ga¥) for which
we expect the Drell-Yan wechaaism to be dominant, the data show 4 trend
Loward increasing < Qi > with increasing nuclear size. Ficting these
data to Eq. (4), we obrain < tzi » 112 ~ 200 MV, 1n Fig. 7 we show
the NA3 data for the ratioof the Dréll-Yan crosg section om H, to the
o 123, =200 MoV and uatng the
CLP data for the Q, depeadence of the cross section, we estimate that

Drell-Yan cross section on Pt.” Taking ¢
at large Q, the initial state interactions eshance the Ft gross sectiocn
by a factor of about 1,7 velative to Ehe Hz crons gaction. This i
Just within the NA3 error bars.

in the case of an Abelian theory thrra is an important cancsllatien
in do/d02 (but not duldqquf) between the mquara of the loweat order
slastic initial srate amplitude (Fig. 8{a)) and the interfarance of &
two-gluen elastic exchange with the basic process (Fig, s(b)).m Tech~
nically, the cancellation occyrs as follows: once ons has symmetrized
the energy denominators of Fig. B(b) with respect to the integration
variables (gluon mmenta}, the denominators are ldentical to thoss of
Fiz. B8{a), ¢xcept for a minus sign from moving one dencminator across
the final state cuc and a facter of 1/2 from carrying out the sym~
metrization. The factor of [/2 just cancels the factor of 2 coming
from the two equal contribucions of Pig. 8(b). Physically, the can~
cellatian occurs because the inttial state interactions can change Che
trangverse mementum of the fncoming quarks, but not the totsl incidesr



-

flux. Aa long ax ooe does not cbserve the lopton pair transverse momen-
tim, the changas in quark tranaverse somehtum ave of no consequence. This
cancellatian ac large qz persiata ¢o all ovdars. 1In gemeral, in the
Abelian casc, the frell-Yan elastic initial state interaction graphs
factorize into the shrolute wquare of an elastic amplitude times the basic
Ceuli-Yan proceas {Fig, 9). Simce the alastic amplitude is, for an
Abelian theory, the exponontial of an imaginary eikonal phase, its

abgolute square is unt:y."

By axamining the momontum dependence of the hadronic wave functions
in the axpressions for tho elastic contributions, we arrive at a con-

ditlon that must be fulfilled if tho cancellation is to occur:

PR R WECE IR LN (5)

vhere "H and Ly are the nucleon mass and length, respectlively. Con-
dicion (5a) 1s actually tho statement that the beam be cohorent aver

tha ragion in which the target gquark is contined:

(ar"‘)hb Ly < L. (5b)

This condition is sasily sotisfiod in most experiments.

In the casc of a non-Abelian theory, such as QCD, the cancellation
of elastic initial atate affocts cuilinud above fal. s because of the
color algebra, Considsr, for exaaple, the color factors of the graphs
of Fig. B(a) and Fig. 8(b), which are shown schematically in Figs. 10(a)
and 10(b), respectively. They differ by torms involving the commutator
of twd d=matricas. In fact, the ratic of the color factor of Fig. B(a)
to that of Fig. B8(b) ia -(ng-l). thot these two graphs do not cancel,

aeps ' v ] - -
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as in the Abelian case, but add, Sinca the caucallation fails becsuso

of rems involving the commutator of l-matrices, one might guess that
graphs ipvolving the triple gluon vartax, as in Fig. 11, could play a Tole
in vestoring the cancellation. Howaver, such a graph contains one less
Glauber singularity than the ladder graphe of the same ovder im o, (Fig. 8).
Thus, it has the wrong phase (pura imaginavy) to contribuce to the
Yrell-¥an cross section.

In general, the olascic interactions £sil to cancel in a nou-
Abelian theory becaust the color trotaticn assoclated with the elastic
cxchanges falls te commute with the color matrix of the basic Drell=
Yan procezs (Fig. 12). Thua, elastic initisl stata intseractions, uo
matter how soft, can dramatically alter the Drall-Yan cress ssstion by
allewing color to "leak" from the active guarks to the spectators. An
analysis of general initisl state color rotstions showa that this

resules in an initial state enhancemant factor I“.

11, end . 6

In {6), one factor of n, iv present becauss color “leakage” remcves the
comstraint that the annibilating quatk and anti-qguark have opposite
colors. The second fagtor of B, accounts for the nunber of possible
spectator colors for a given active-quark color,

An example of elastic imitial atate interactions in a oucleor
target is showun in Fig. 13, In this example, tho spectator quark is a
constitwent of a (color ainglet) nucloon that does not conktain an
active quark. As a consequence, the color factors of the two graphs
shown are identical, and chey cancal ag in the Abelian case. Thus,
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the elastic exchamges modify tha mucleon cross section in o non-Abelian
theory, but result in nuclcar croas section that is still propertional

to A.
IV. ¢ Bresastrahlun

As we have seed, slastic initis] state Intecactions have only a
ninor effect on the x-distridutions of the annihilating comstituents.
However, one might expect inelastic reactions to alrer the x-discri-
butions mignificantly. For axample, s-independent initial state hrems-
atrghlung could, in principle, remove an axbitrarily large fractiom of
the momentym of the incideat particles. We shall see, however, that
such bremsstrahlung is suppressed at large 02_

Let us consider the initial state bromsscrahlung graphs shown in
Fig, 14. In discusging the initisl-state bremsstrahlung we find it
conveniept to isclate the part Of the appiitude thar ie indypced by the
active-spectator iuteraction. To this end. we note that the amplitude
of Fig, 14(a). in vhich the gluon 1§ ebitted before any initial atate
interactions, has a mumerator coupling ¢ 1'-1l' whereas ail other din-
grams lesd to numerators of the form (.'1-(1l +Z,). Thue, we define che
J-parct of each amplitude to be the plece cbtained by keeping valy the
;1-_11 tern in the numerator. In addit{op, we drop all cross Lcrms of
the form "1‘31 in the energy denominators for the j-part. It turas
out that the j-part is the correct loadipg-twist approximativn for the
bremagecahlung amplicude for jj 2 V=t . Ue deiine the L-port to be the
remadnder of the leading twist comtribution to the amplitude. The

t-part 1s proporcionsl to the momentns transfer 1,, and 80 contains the
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pare of the broemystrahlung chat i{a inducad by the active-gpestator
oxchanges, It contributes in leading tviat only for i, § 7ot ec Q.
Lat us temporarily set aside the L-parts and consider first the
effect of the J-parts. The j-parts of tha various graphs combine to
glve a convenient factorized form. For example, for tha j-parts of
Figs. l4(a) and l4(k} the energy denumisators cowbine as follows:

il + ¢ - a7l (0]

Here A is the denominateor associsted with the emission of a gluon, and
€ is che denominator associated wirh the slastic active-spectator scat-
tering, In the cass of a3 non-Abelian theory, we sust also take iwto
aceount the triple-gluam coupling graph, Fig. lé(e), Aside from the
calor factor, its j-part is identical to that of Fig. lé(a). The
color Eactor is gsuch that, when added to the colar factor of Pig. li(s),
it yields the color faetor of Fig. li(b). A more gemeral sxemple of
thisa gort of combinatorice is showm in Fig. 13. The graphs on a given
row hava identical energy denominators. Thelr color factoro comhina
to give cthe color factor of the last row. Then, the energy denominators
asgoeiated with each row can be added to give a factored result. Thus,
wve sae that, in both the Abelfan and non«Abalian theories, the J~parts
combinag to give a factored result of the form of a3 Drell-Yan ampliitude
with gluon emission (including wave functien avolution) times an
clastic initial state scattering amplicuds (see Pig. l6),

The foctorized structure is such that, for a nop-Abelian theory,

the color factor is alvays computed with the elastic scattering cutside
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of the (real ot virtusl) bremsstrahlung, as in Fig. 14(b). Thus, the
celor traces ave differsnt for the cases of real and virtual emimsien
(Fig. 17). This leads us to expect that do/dQ® is medified by an x-

dependent, factorization-violating factor:
1 € 1(Q%5, .x2) < B2 )
v a e -
In O(a.) the virfual graphs coutribure s Sudakov Jouble logt
2
3
-2 ';E(luz 9;) x (elastic amplitude) .
A

I an Abelisn theory this dooble log wonld be cancelled by a similar

contribution from the real emission graphs. Howcver, as poinced ayt

by ll!uu!.z.l..'hu-12

v In 0(:2) the color factor associated with the virtual
enission 1s c,. vhereas the color factor associated with real emisgion

s Cp - &CA. Thus, there is a residual double log contribution

aC 2
-4 t? %2' % (elagtic amplitede) .

It can be sean (mowt sasily in axisl gauge) that these double lags

exponentiate to all orders &n o  to glve (ignoring the running of tha
coupling constant)

0c b3
m[-' 1’:.‘ tn? %]: {elastic amplitude) . 8

AsBuming that this fermal resummation of the perturbation theory is

justified, ono iw lead to eonclude that cthe initial state factor 1ig aof

the form

2
1@ gk = (1,,=1) | 5@ x| + 1, (9



wlb=

where

a C 2
(82 ~ exp[— __L_A 1n” 2-5] in the limit of large Qt .

That i», the initial state cnhancemeat Ealls Eester than any power of
q2 for qz large. 60 that the initial state effects are not in conflice
with she factorlzation conjesture for du[dqz. Nots, howevar, that the
Initial atats carvectinns may still be phenomenologieally importgut.
Taking the infrared curoff A to be given by the halronic size, we Find
that the initial state enhancement fuctor is

2 -{2 or 3)
1 X (ne-l.)u +1

at pressant values of Qz.

Finally, let us returf to the discussion of ths 2-parte. By
definition, the i-part bremsstrahiung is always internal te at least
one pf cthe slastic exchanges, As a consequence, it tands Eo ba sup-
prepssdd because of cancelling contributions from the Glouber singu-
laricies on either eide of the gluon emission vertex. FoU cxample,
the enargy denomivators € and B in Fig. 15(b) are of the form

BT ly-yp+is)s
{10}
C=(yyp+ic)s ,
with
Jz
2 2. 1
y‘-yc - .” ,s M -w# - .--——-:;(l"xa"- .

where . # 18 the invariant mass of the anti-quark-gluon systom. If the
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badronic wave function w(xqu.klmll) is a slowly varying function of y.
thea the leading twist contributions from y v ¥y and y » Yo cancel in
the integral pve. ¥. The dependence of §(x) on the lonpgitudinal womentum
fraction of the constituent is contrelled by the lengitudinol size of the
target: ¥ & (ML), where L is the lepgth of the target. TFor example,

in a non-relgeivistic bound state x = (ma)!u. where o is the consti~

i.l:al.
for con-

tuent mass and M 18 the bound state wass, and np(ks) u g
stityents at fixed aeparation L. w(xwy,kl—z v “glowly varying" then

W ixos) << oyay™ an

Sinee, as we noted previously, the leading twist contribution to the
leptott-pair cross section due to the R-part amplitudes comes from the

2 2

xegion. N * ¢ 8% < o, (11) implies that

< 42 2/ << Oy az)

This is a new condition for the validity of the (CD prediction of the x;
dependence of tha cross seccion doquz.

The guppreasion of radiation over a finire length can be understood
in terms of the uncertainey principle. The imduced bremsatrahlwng chianges
the spectator laboratory momentum by an amount Ap:wc z, I(?'H"!(xqs). In

order to detect the radiatlion specifically induced by the active-sgpectator

spec

interactions, one must have dpz

L > 1. This leads fmmediately toe (12)
25 the conditivn for no induced radiation in the I.ar.gc-r..”
Hote that for very long targets Induced radiation does oceur., Thus,

we understand why depletion 9f the fncident beam and the production of
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secondary hadrons oceur im o macroscopic targets. 1o the case of a
nucleus, an eastimate of the condition for no induced radiatien 1B

Q¢ > quNLqu:A = 5 Myl fnuqu:"g‘“ % 0,25 cevaa?’3, (13)

where w2 have used < % >:‘! 2 n 200 MeV for the average moméntum exchange
in a quark-tucleon colliajon. Mote that for a uranium target ons re-

quires Qz 2 10 Gevz before radiation losses can be neglected.
V. Other Proceuses

Finally, we note that initial (end final) state iateractions of the
sort we have investigated in the conrext of the Drell-Yan process are
expected to affect many other hedronic reactions. An example that ia
closely related to the Drell-Yan process is direct photon production at
large Pp: As in the case of lepton peir production, we expect an
enhancement in the cross section due to initial state intevactions.

At very large Py the relative corcrection should he 4 «< gz >“Allalp;.

Jet and aingle particle fnclusive reactiocas (A+E + C+X) should exhibit
similar momentum—smanring effects. For example, in the case of jet
{ragmentation processes in deep-inelastic acartering gA + £'HX, the

final wtate collisions modify the transverse mowentuvm digcributions of the
produced hadrons. In addition, we expect the Lloelastic final etate col-
Lislons of dsofr particies to Increasc hadron mnltiplicity. Generally,

all large pq inclusive hadronie processes shoyld be affected by initial
and {inal state processes. Ex¢luslve processes are expected to be
unaffected, since, for these, the hard process involves all the con=

stituents - thot is, there are no spectatcoyrs.
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Vi. Conclusiona

In sumary, we prediet twty important affects arising from fmitial
state iuterac-ions fn the Drell-Yan process at Lucge st {1) o ncw
constribution to 40/dQ’ compared to standard factorization predictions,
and (2) a smearing of the transverse momsotun distribucion Ju/dq dq .
Alcthough the leadiog twist color enhancement of aqluqz is probably
suppressed by a Sudakov forw factor, it may be numerically importamt at
present energies. In addition, we find a2 new condition (12) for the
validity of factorization predictions for d.dIsz. In wpice of the
initial state collisions, we expoct dcldqz an a nuclear turget to be
proporeional to A. We note that thosa pradictions do not dapend
critically upon the detalled naturo af the color-changing autivew
spectator interaeti.on.m and that they geem to ba basod on rather
general concepts like conservation of filux {unitarity) and the uncer-
tainty principle, which apply outside the domain of perturbation theory.
Thus, we expect the e¢ffects of initial and final state interactiona to

occur quite generally in inclusive hedrenic processes.
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case, However, in 0 mon-Abelian theory, the cancellatiom {s, in
general, spoiled becoune of the difforent color Factors associated

with the potentially cancelling graphs.
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Indeed, for two-dimensional QCD, in which the hadrons have no
transverse size, the initial state interactions do cancel, and

one chtaing the parton model resule [J. Kripfganz and M. G. Schaddt,
Nuc). Phys. B123, 323 (1977)]. For a furcher digcussion of thix
point in the context of tuwv-dimer:sional QCD see J. H. Weis. Acta
Phys. Polon. B, 1051 (1978).

See, for example, R. P, Feynwin sod R. O. Field, Phys. Rev. Bl3,
2580 (1977).

G. B. Hogan, Ph.D. Dissertation, Princeton University {1979).

Je Badier et al,, CEMN preprint CESN-EP/81-63 (June 1981).

The lowest arder fuitial stete saplitude is pure imnglnary. so
there is mo 0(&,) eontribution.

See, for example, Hung Cheng and Tal Tsun Wu, Phys. Rev. D1, 2773
(1970} .

& H. Mueller, Colmbia University preprint CU=-TP-213 (October 1581).
This argument is very similar to the discussion of a “formation
zona" for radiation due to a clasmical current given by L. Landau
and I- Pameranchuk, Doklady Academii Rauk USSR 92, 535 {1953).

¥We thenk L. Stodolshy for bringimg this work to ocur attencion,

For oxomple, any elastic or inelastie interoction with an amplicude

T ~ sflt), whero tf{t) - 0 for ¢t large, leads to our results.
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FIGURE CAPTIONS
Thu basic Drell-Yan amplitude for baryon-antibaryon collisions.
Contributions of the basic Drell-Yan process and sone o(u’)
radiative corrections to the lepton-pair croas saction, The
dashed vertical line indicates the final state. Cooversion of
the virtual photan (saw-toothed ling) to a lepton pair is understood.
Som examples of tnitial state interactions in the Drell-Yan
procass for mepon-barvon collisions.
An pctive quark-spectator quark initfal state interaction in the
Droll-Yam peocess for meson-weson scattering.
An exauple of tuo disgrams whos¢ infrared divergencee cancel
becauac of the color pinglet nature of the hadronie wave funcrions.
ClP data fcr the mean equare transverse powentum of a lepton pair
produced in pion-nuclgus collipione. M (s the invariant wass of
the pair.
§A=3 data for the ratio of the Drell-Yan cromss sections for pions
o Hy and Pe an a function of lepton pair transverse momentum.
Leading twint active~spectator ¢lastic interactions in O(u:). The
eentributions cancel in an Abalian theory.
Pactorization of elastic acrive-spectatar interactions lo am
Abglian theory.
Color factors for (a} Fig. 8(a} and (b) Fig. 8(b).
An example of an eclastic initial state intoraceion in O(uz)

invalving the triple gluon vertex.
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Nen-cancellation of the elastic initial store factors in a
non-Abelian theory because of the color conatraint due ko the
Drell~Yan basic process. The color indices are denored by

a, b, c, 4, with sunmatjon Over repeated indices understood.
Examples of elastic active-spectator intersctions in pion nucleus

scattering. In these examples the spectator quark is a constituent

of a nucleon that doeg not contain an active quark (spectator nucleom) .

Exariples of initial state hremsstrahlung amplitudes.

An exanpic of the factorization of the j-parits of initial state
bremsstrahlung amplitudes. Diagrams on a given row have Lhe same
energy denominators. Colov lactors on a row combine to give the
color factor o. the laat row. Energy denominators combine to give
a factored result.

Ceneral factorization of the j~parts of the Drell-Yan bremsstrahlung
amplitudes into an elantic inicial state factor times "ordinary" QCD
radiative corrections. It is understvod that the initial sture
color matrices appear to the left of all other coler matrices.
Exsmples of real and vivtual bremsstrahlung with Initial state

i{nteractions in D(G:) .
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