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, ABSTRACT

We demonstrate that the standard factorization theorem for the Drell-
Yan process and other hadron-induced hard-scattering inclusive reactions
is violated order by order in QCD perturbation theory by initial state
interactions. The initial state effects occur in leading order in 1/s and
come from the near-on-shell scattering region, whose contributions cannot
be eliminated by the use of Ward identities. Because of the large longi-
tudinal range of the initial state interactions, the lepton-pair cross
section is not additive in the nucleon number of the ﬁarget. At asymptotic
QZ, the factorization-violating initial state effects are suppressed if one
sums certain hard-scattering radiative corrections to all orders in per-
turbation theory. We also discuss the concept of the formation zone in
QCD, and show that collinear radiation cannot be induced inside a target
whose length is shorter than a scale proportional to 1/s. In general,
initial and final state interactions in QCD lead to a number of new observ-
able phenomena, including induced color correlations, k| fluctuations, and
radiation in the central region. The initial and final state effects
vanish in leading order in 1/s for hard-scattering exclusive processes

and certain semi+inclusive direct processes.



I. INTRODUCTION

Recently we have shown that initial state interactions have a signi-
ficant effect on almost any hard inclusive or semi-inclusive cross section
for hadron-hadron scattering, including the Drell-Yan process (pp - uiX),
hadronic jet production (pp + qgX), and inclusive U production
(pp ~ ncX).1 Not only do these initial state effects invalidate previous
analyses of such processes, but they lead to a host of new phenomena,
many of which are experimentally accessible. Such initial state inter-
actions are intimately related to the final state intéractions that change
quark and gluon jets into hadron jets in processes like ee - hadrons and
ep + e + hadrons., Thus, Drell-Yan and similar reactions provide an
important new tool for studying these little-understood aspects of the
strong interaction. In this paper we examine the qualitative features of
initial and final state interactions in quantum chromodynamics, focusing
on the example of the Drell-Yan process and using perturbation theory as
a guide. The pheﬁomenological implications for Drell-Yan, deep inelastic
scattering, and a variety of other processes will be explored in a sub-
sequent paper.

In order to illustrate the issues, let us consider the Drell-Yan
process TA - {luX where an anti-quark in the pion annihilates on a quark
in nucleus A, In conventional analyses, based upon the parton model? and
QCD factorization 'theorems',3 one ultimately computes only interactions
involving the annihilating (or 'active') quark and anti-quark. Then the
Drell-Yan cross section has the factorized form shown in Fig. 1: a con-
volution of structure functions for the beam and target particles with a
(hard) q3 annihilation cross section. The q§ cross section is calculable in

perturbation theory, and the structure functions can be measured in deep
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inelast%e scattering., Thus both the‘Q_L distribution of the up pairs and
the normalization of the integrated cross section dc/szdxF are completely
determined for large pair mass Qz. Furthermore, if one assumes that the
factorization theorems are valid, then the cross section for nuclear
targets scales simply as Al; the nucleus is effectively transparent to

the active beam quark, allowing the quark to annihilate on any nucleon

in the nucleus.

Here we show this picture is incomplete. In fact, the active quark
and anti—quark suffer any number of glancing collisions with the various
spectator partons before annihilating (Fig. 2). These initial state
interactions can profoundly alter the character of the process. It is
sometimes argued that such interactions are negligible in the high energy
limit because the time available vanishes as s + «» due to Lorentz con-
traction of the beam and target particles (in the center of mass frame).
This argument ignores the fact that the probability amplitude for scat-
tering grows like T ~ s in theories with vector exchange 'particles' —
e.g., gluons, photons, pomerons. As we shall show, initial state inter-—
actions occur at large s for just this reason — although only between beam
and target constituents. The quarks and gluons within the pion, for example,
have no time to interact with each other during their passage through the
nucleus.

Initial state effects are, perhaps, most easily observed in the trans-—

% The initial state collisions transfer

verse momentum of the lepton pair.
only limited momentum in the s = « limit. Thus, they have a negligible
effect upon the longitudinal momenta of the annihilating quarks, but
provide an important new source of transverse momentum for the quarks.

This additional transverse momentum is potentially comparable in magni-

tude to the 'primordial pT' that originates in the hadron wave functions.
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The quarks' transverse momentum is passed on to the Uy pairs and is re-
flected in a broadened QL distribution for the pairs. This broadening is
A dependent for nuclear targets, because the number of initial state col-

lisions grows with target length (i.e., like Al/3

). The transverse momentum
of the active anti-quark in the pion fluctuates randomly as the anti-quark
collides with the various nucleons comprising the nucleus. This increases

the mean Qf of the uil pair by

5<Q>> ~ A3 52 (1.1)

where A is the typical momentum transfer per collision (A ~ 100 to 500 MeV).
There is already some indication in the data for such an A~dependent shift
in <Qf> (see Fig. 3).°

If the initial state interactions are both color and flavor neutral,
their sole effect for large s and Q2 is to broaden the Ql distribution.
The cross section dc/szdxF (integrated over Ql) is unchanged because it
is insensitive to the limited transfers of momentum involved. This is
easily understood from our analysis: in spite of initial state collisionms,
quark flux is conserved in the beam direction since the momenta and
trajectories of the active quarks are essentially unchanged. The net
effect, then, is to change the active quark and anti-quark wave functions
by a unitary eikonal phase® U(bl) that varies with their impact parameters.
Although this phase obviously modifies the transverse momentum dependence,
‘it cancels in the integrated cross section:

do (mA » puX)

> ~ /dzb <na|u" o )t T (@@ ot @@ U |ma>
dqQ dxF

(1.2)
- f a%o <oalow T Q@ QD [T,

where #(qq) is the amplitude for qq annihilation, and vty = 1.
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The situation is radically different when the initial state inter-
actions transfer color, as must be the case in QCD. Although quark flux
along the beam is always conserved, the color wave functions of the active
quarks are changed by the gluon exchanges. 1In the conventional picture,
the active quark and anti-quark do not communicate until they annihilate,
and conseqently their colors are uncorrelated. As a result, the Drell-
Yan cross section is reduced by a factor of 1/3 combared to the colorless
case, since two times out of three the quark and anti-quark colors do not
match., Initial state collisions involving color exchange can introduce
color correlations, dramatically affecting the normalization even of the
integrated.cross section dc/szdxF. This is evident from Fig. 4, which
shows the dominant color flow due to the exchange of a single gluon
before the annihilation. With this color flow, annihilation can always
occur, no matter what the initial colors of the quarks. Thus, the eikonal
operator U can no longer be neglected in Eq. (1.2). Although UTU =1
(flux conservation), the eikonal is a color matrix in QCD and no longer
comnutes with the qq annihilation amplitude .# (q3). This is an
essential difference between deep inelastic scattering and the Drell-Yan
process. In deep inelastic scattering the eikonal appears only in the
final state and always cancels, by unitarity, in the cross section
(cf Eq. (1.2)):

do(eA -+ eX)

5220 L [ % <l en) 10 1T e |a>
dQdx

= [ &% <aleq) o ea)|a>
That is, .# (eq), the amplitude for eq -+ eX, need not commute with Uf(bl),

the eikonal operator, in order for final state interactions (Abelian
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and non-Abelian) to be negligible. (See Appendix A for a more detailéd
illustration.)

In order to describe the color correlation effect in Drell-Yan in a
more quantitative way, we decompose the general cross section for qg an-
nihilation (i.e., 0411;47) into two components, corresponding to different
color flows in the hard subprocess (Fig. 5):

sabacd i i
T do, + 2(7T )ba(T ) do (1.3)

40, pa(QA T HEX) = 1 cd 9%

c

where a, ..., d are color indices, n_ = 3, and the Ti are the generators
of color transformations in the fundamental representation (Tr(TiTj) =
Sij/Z). Iﬁ the conventional analysis, the effective qq cross section is
obtained by color averaging,

-1
dceff B ﬁ2 25 doac,ac
c a,c

1

L do (1.4)
nC 1

and d08 does not contribute since Tr(Ti) 0. However, color changing
initial state interactions can result in any (normalized) mixture of color
states for the qq. If 00326 is the probability of finding the qq in a
singlet after initial state collisions, then the effective annihilation
cross section is”

do_..(qq+uuX) = ;L-do + <n cosze—-;;> do , (1.5)

eff n, 1 c n, 8

where now dos(sdcl) contributes. An entirely new (color) channel is
available for the Drell-Yan process. The mixing angle 6 is determined
by low momentum transfer initial state interactions, and as 'such cannot
be computed perturbatively.

In lowest order perturbation theory, d08 equals dol and so we find

that
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2 <d"1>
0 < doeff(qq+uux) < m -I-l-;— (1.6)

i
— i.,e,, due to the color correlation effect, the Drell-Yan cross section
could be enhanced by as much as a factor of 9 relative to the conventional

result! However, as emphasized by Mueller,8 perturbative QCD suggests

that doglis suppressed relative to dol by a quark form factor:

c 2,2 '
A In Q7/A 2,2
dc8 dcl exp — 1In <————————>ln.Q /AA

Bo 1n Ai/!\z
(1.7)
% Q2 = 10 Gev?
~ dol X
1 2 2
75 Q= 100 Gev

where CA = nC = 3, 80 =11-2/3 nflavor’ A ~ 100 MeV is the QCD scale param-

eter, and kz /3 (100-500 MeV)2 is the square of the typical momentum

2
= AT/A
A/
transferred per initial state collision. This form factor is absent in

dcl because of a cancellation between real and virtual gluon emission.

However, gluon radiation is strongly suppressed in do, (i.e., by a factor

8
l/(ni ~ 1) and the cancellation is spoiled. The detailed behavior of Fhe
form factor depends in part upon the low energy structure of QCD and may

not be calculable at present. However, the form factor almost certainly

vanishes as Q2 - «, g0 that d08 can be ignored for very large

Q2(>> 100 GeVz), and the conventional result becomes valid — i.e.,

dceff - l/ncdcl. Based on the estimate given in Eq. (1.7), this is

evidently not the case at current energies., Indeed, the Q2 dependence

of d08 is an important new source of scaling violation, and possibly
even the dominant source given the small values of AﬁS (£200 MeV)

obtained from recent measurements. This Q2 dependence is quite different
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from scaling violation due to conventional structure function evolution,
since the effective anomalous dimension of d08 varies with QZ; €eZes
Yerf = = CA/B0 In Qz/}\2 in perturbation theory.

The appearance of Sudakov double logarithms, which exponentiate to
give the form factor in Eq. (1.7), signals the failure order by order in
perturbation theory of the QCD factorization 'theorems'3 for Drell-Yan;
mass singularities cannot be simply factored. Only when working to all

orders do we recover the familiar results, and then only for Q2 very large.

This infrared sensitivity in leading twist was completely unexpected from

previous analyses. In covariant and noncovariant gauges alike, it results
from the féilure of collinear Ward identities in the eikonal region of
phase space, where gluons transfer infinitesimal fractions (~X2/s) of the
longitudinal momentum carried by the beam and target particles (see
Appendix A).

Flavor changing initial state interactions also affect the Drell-Yan
cross section. As an extreme example, consider a Drell-Yan process for
two mesons whose valence quarks are Sd and cU. If we neglect sea quarks,
the process cannot proceed at all without an initial state interaction;
W-boson exchange between an active quark and a spectator quark (Fig. 6)
leads to a small, but non-zero Drell-Yan cross section even as s - «,

An intriguing and important feature of the initial state (and final
state) interactions is their range. Despite the Lorentz contraction of
the beam and target particles in the center of mass frame, the longitudinal
range of the interactions grows like Vs in this frame (see Appendix B).
Thus, in mA - uiX, for example, the beam antiquark interacts with the
entire nucleus, even if the annihilation is at the front face. The mixing

angle 6 in Eq. (1.5) is then A dependent. However, a large n, analysis
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in QCD stggests that this dependence is suppressed by a factor 1/ni and,
therefore, that nuclear cross sections for Drell-Yan could still scale
roughly as Al.

Central to the entire analysis outlined above is the fact that the
longitudinal momenta of the active quarks are unchanged by initial state
eikonal collisions. However, even the softest of collisions between high
energy quarks can induce gluonic bremsstrahlung carrying off large
fractions of the quarks' longitudinal momenta. Such tadiation, if it
could occur in an initial state collision in Drell-Yan, would greatly
soften the quark x-distributions, thereby substantially reducing the cross
section at a given Q2 and Xps and destroying any semblance of factorization.,
In fact, there is insufficient time for such collinear bremsstrahlung to
develop during the collision of the hadrons, provided that

Q% > xMNLTXZAl/B i (1.8)

where x is the target quark momentum fraction, A the typical momentum

transfer per collision, MN the nucleon mass, and L., the target length.

T
This condition is easily satisfied for a proton target, but somewhat
2 . . 2 2

larger Q° may be required for large nuclei (e.g., Q7 >> x(24 GeV") for
uranium). It is also apparent from this condition that hadromic radiation
is inevitable as the beam passes through any macroscopic target — a fact
well appreciated by experimenters.

Initial state interactions do create central region particles,
carrying limited longitudinal momentum, even when condition (1.8) is
satisfied. These interactions tend to destroy the coherence of the

active quark wave functions, thereby diminishing the Drell-Yan cross

section. However, their effect is negligible provided that
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+ Q2
X X >> (MNLN)
q q

2 >\2 A2/3 . (1.9)

Notice that the central region multiplicity produced by these inter-
actions should grow with increasing nucleon number like 1/3.

The initial (and final) state interactions of interest here involve
small momentum transfer, and therefore depend critically upon the non-
perturbative behavior of QCD. Nevertheless, such effects do appear'in
perturbation theory, and a complete perturbative analysis leads to
important insights into the qualitative features of these phenomena.
Therefore, in the remainder of this paper, we outline the analysis of
initial stéte corrections for qA - uuX, working to all orders in
perturbation theory (A can be a meson, baryoﬁ, nucleus, ...). These
corrections are most easily studied using time ordered perturbation

theory in the center-of-mass frame? — i.e.,

P
q

(¢, 0,, P)

.L,

P

A= (@0

1? -P)

with s = 4P2 -+ « and masses set to zero. The time orderings of the
diagrams are closely related to the path orderings that appear in the
eikonal phases., This feature is particularly useful in separating
initial from final state effects, We work in Coulomb gauge so as to
avoid spurious collinear singularities, which can be confused with
initial state effects when covariant gauges are used.

We proceed in two steps. First we examine the Drell-Yan process in
the absence of gluonic radiation (Section II). Here we demonstrate the
eikonalization of the initial state interactions and discuss their

effects upon the Ql—distribution and the normalization of the hadronic
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process. We then include gluonic radiation (both real and virtual) and
examine scaling violations in the Drell-Yan process, given the presence

of soft interactions between the initial particles (Section III).

Finally, we summarize the phenomenological consequences of initial and
final state interactions in Drell-Yan and other processes {(Section 1IV),

The analysis of initial state interactions in covariant gauges is

discussed briefly in Appendix A, where we also address the discrepancy
between our results and those of Collins et al.l® The range of the eikonal

potential and its relation to zitterbewegung is discussed in Appendix B.

I1. INITIAL STATE COLLISIONS WITHOUT RADIATION

If we ignore both initial state collisions and radiation, the amplitude

for qA - uiix is (Fig. 7a)!!

M, (qq + ufi) M ik ez
0 H 2 H L L o~
My = " wA(x,kl) = dz —— e wA(X,zl) s
(2.1)

where for simplicity we take A to be just a qf bound state. The (active)

anti-quark in A has momentum k = (kL’ -xP), with impact parameter z| con-

jugate to k,. Thus the lepton pair has mass Q2 = 4xP2, Ql = ki’ and Xp =

1-x. At this stage the cross section still factors in the usual fashion:

dOgY o ¢s
—y = dx G, (%) —5—— (q@ » ud) , (2.2a3)
dQ dxg dQ” dxp

where GA(x) is a structure function,

i’k
2 1 2~ 2
Cy(x) = %/;ﬁ ARGl m‘/d z) [oyxs2)) |

and dgeff = (l/nc)dcl (Eq. (1.4)).

(2.2b)
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This simple picture is complicated by initial state collisions. For

example, the Abelian Coulombic interaction shown in Fig. 7b gives an ampli-

tude
3

‘//{Il)g = My : 23 2 - 7

(27) k -2) 2 k

Y LA S S % _ L ¥ i€
2(x+y)P 2(1+y)p 21 -x)P
(2.3)
L1 24P (L-x+y/2) (L+y/2) PETYE L) ,
2(1+y)P 32 2P(x+y)(1-x-y)

where % = (Rl, yP) and we have neglected Rl’ki relative to P, Notice that
in this gauge the collinear region y ~ 1 is suppressed by 1/s. The only
important contribution comes from the "Glauber region''!2 EZ ~ Az, where

kz ~ <kf> in wA. Therefore as P + », we can neglect y relative to x and

simplify the energy denominator to obtain an eikonal form for (2.3):

3 2
1lc Ay a’e 1
M £y (x,k -2) (2.4)
DY X /(zﬂ)B 223 +1e 32 A LTy
My [ 2 0 4z a3y —ir(-2Q3+ie) T 0 Z
= Tx 2 1| T 3° ¢
-0 (21'[)
2 ikl -z_L -
X %2_ e wA(X’zJ_)
[4
4 0 ik 2z
H 2 dt > - €T 1 1~
~ — /d le[_m 3 V(zl+TA) e e wA(X’Z_L)

where here V is just the Coulomb potential, ;; = (zl,O) and 4 =
(ﬁA-fq)/P = (01’ -2). Using similar arguments, we find the double

Coulomb interaction (Fig. 7c) gives



LIS M g a3 1 g 1 g2
DY x 3 3 2 3., ., 72
Zﬂ) (27) -287 - 287 + i€ L 287 + i€ 4
X l!J(X,k .L—
M 0
~ H 2 at vz +3% €t
~ ” /d z, l /;w 1 V(z_L + At) e
T d'r' N g ik.l..Z.L -
x T V(z +AtT') e e wA(X,Zl) .

For any number of interactions we obviously obtain

c 0
DY MM +g//{ +,/ﬁl ceve

M DY

it

ik ez
L

2 1 o~
N U(Z_L) e wA(x, zl)

in place of Eq. (2.1), where the (unitary) eikonal phase U is a path

ordered exponential:

0
U(ZL) = WT exp [—i/ dt V(Z_L+KT) } . (2.5b)

Equation (2.5) is easily understood in physical terms. The eikonal
phase U is the probability amplitude for the beam quark to arrive at the
annihilation point after repeated soft collisions with the spectator.

The quark remains near mass—shell between collisions as it passes through
A. (In Eq. (2.4), only the imaginary part of the energy denominator
contributes, implying on-shell propagation. This is the origin of the it
in (2.5b).) The variable T may be thought of as time, and the integral
in (2.5b) as an integral over the classical trajectory of the beam quark
through the target up to the annihilation at 1T = O. 12; + TZ‘ is the

distance between the quark and the spectator in A.
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Although U(zl) modifies the transverse momentum of the quarks, the

integrated cross section

1 N - .
Yopy [ ax [ 2, Ve zpue) 9T gy §Le, ) 2.6)
= - z, A L 1 szdx 1 A 1L

dqQ dxF ) F

is unchanged from (2.2) for Abelian initial state interactions, since then
U+ do U = do U+U = do. This is evident order by order in perturbation
theory, where, for example, the contribution from the‘diagram in Fig. 8a
cancels that from Fig. 8b. The situation is quite different for color

(or flavor) changing initial state collisions (due to gluon exchange for
example). In that case the potential V in (2.5b) is an Hermitian color
matrix, and the eikonal phase a unitary color matrix. While UTU still
equals unity, the U's do not in general commute with do(q3 + ufi) in (2.6).
The annihilating quark and anti-quark colors are not longer uncorrelated.
For example, the diagrams in Fig. 8 would cancel except that they have
different color factors when colored gluons are exchanged (i.e., C;/nC
and CF(CF - CA/Z)/nC. Because of the color factors, the diagrams in

Fig. 8b add to those in Fig. 8a thereby enhancing the cross sectiomn.
Crossed ladder diagrams and tri-gluon couplings do not contribute to the
leading order eikonal potential (in Coulomb gauge).

In a general Drell-Yan process AB - ujX, the eikonal potential in
(2.5b) includes interactions between all pairs of constituents, one taken
from each of A and B — i.e., active-spectator (as above), active—active,13
and spectator—-spectator interactions (Fig. 951):1'+

v > NCIEL Y ORI @

i€A
j€B
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where tHe impact parameters Zli are measured relative to the annihilation
point. Of course, the interaction is not just Coulombic, even in pertur-
bation theory. The complete leading order (in gz) potential is due to
both Coulomb and transverse gluon exchanges — the latter giving a contri-
bution identical to the Coulomb interaction in leading order. Beyond
leading order, the real part of the full constituent-constituent amplitude
(e.g., Fig. 9b) contributes with Vij ~ (1/s)Re Tij' (Note that only
amplitudes that grow like T ~ s contribute as s » «. _Such behavior is
associated with vector exchange; e.g., T is constant for a scalar gluon,
so that V vanishes as 1/s. The eikonal phase in energy dependent when

T/s is not constant.) Also, inelastic amplitudes, such as in Fig. 9c,
must be included in the eikonal potential. Therefore U is not only a unitary
matrix in color space, but in Fock space as well; it can create and des-
troy spectators. Only inelastic interactions that leave the longitudinal
momentum of the active quarks essentially unchanged eikonalize, and only
these are included in U. Thus, the particles created or destroyed by

these interactions are all in the central region — i.e., j '~j+3~|jl| ~ ‘ZLI
for the diagram in Fig. 9c. Hard bremsstrahlung from the annihilating
quark lines must be treated separately, It is discussed in the next
section.

The potentials in sum (2.7) tend to cancel for large T (i.e., large
longitudinal separation) since hadrons A and B are color singlets.l® Of
course, they do not cancel in general when 1 is of the order or less than
the transverse size <zl> of A or B, and this is where the dominant con-
tribution arises.l® Given the extreme Lorentz contraction of the beam and

target particles, it is surprising that interactions occur at such large

longitudinal distances (~<gl>), even in an Abelian theory. However,
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this is @an essential feature of eikonal interactions, which transfer only
limited longitudinal momentum ([23I < gL<< /53, and consequently have only
limited longitudinal resolution (Az 2 l/,Q_L >> 1/V/s). 1In fact, as we show
in Appendix A, the collinear Ward identities used in conventional analyses
of Drell-Yan are valid for any interaction (in any gauge) with ‘23i >> Rf/P,
so that the only interactions carrying |23i < Qi/P are relevant to the new
physics we are discussing., Thus the eikonal interaction is actually non-
zero (and roughly constant) over a range <zl>2 /s — much longer even than
the range in our Coulomb.gauge analysis above. The Coulomb gauge analysis

can be corrected by using collinear Ward identities to alter the potential:17
o2 g2 9
‘_Z)_—z— - —2—2—8(‘231 < Q'_L/P) s (2.8)
1

but only 23 =~ 0 contributes in Eq. (2.4) anyway, so that the final result
is unchanged as s =+ «», (In the limit s = « the target is Lorentz contracted
to a size LT M/VE; so that the reduction of the range of the eikonal
potential in Coulomb gauge has no physical consequences. For example, the
contribution from lf/P << ‘13‘ < lzl[ in Eq. (2.3) is supressed by a factor
~M LT Zf/s because of the approximate asymmetry of the integrand under
23 -> —£3.) Use of Ward identities can be avoided completely by computing
in axial gauges like A3 = 0 gauge. For these only IEB] < Rf/P contributes
although the calculations are somewhat more involved than in Coulomb gauge
(see Appendix B).

The physical origins of such long range interactions are discussed
in Appendix B. Their consequences are important for nuclear targets.

Because of the long range, constituents throughout the entire nucleus

contribute to the eikonal phase.l® This leads to novel A dependence in
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the normalization, Ql distribution, and associated multiplicity (central
region). In particular we do not expect cross sections that scale exactly
as Al. However, the deviation from A1 behavior may be small, both because
of Sudakov suppression of dcg, and because any diagram involving inter-
actions with a spectator nucleon is suppressed by a color factor ~l/n2 =
1/9 relative to the diagrams that contain only interactions with con-
stituents of the annihilation nucleon., The A dependence could be modified
in a large nucleus, since the net change in the eikonal potential is of

relative order Al/3

2

/nc.
Finally, we note that the approximations leading from Eq. (2.3) to

Eq. (2.4), and ultimately to the full eikonal formalism, are valid only
at high energies., Essentially, we are neglecting the longitudinal momentum
23 transferred to the active quarks in comparison to the 'uncertainty' in
the momentum they already carry., For a nuclear target, 23 of order

1/3 - a1/3, . . .
A <2l> = A7) is lost when central region particles are produced by
multiple interactions of the sort shown in Fig. 9c. This is negligible
provided that |23|LN(MN/PN) << 1, where LN(MN/PN) is the Lorentz con-
tracted length of the hadrons within which each of the active quarks is

confined. Thus we require that

A2/3 52 (MNLN)?' << sy (2.9)

(where sy = s/A is the energy per hadron in the CM frame), if the wave
functions of the active quarks are to remain coherent along the length of
the annihilation region. Otherwise the Drell-Yan cross section is reduced.
Notice that this condition also insures that the active quarks lose only

a small fraction of their energy to spectators and central region particles.

This is an obvious requirement in an eikonal analysis.,
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I1I. BREMSSTRAHLUNG

As we have seen in Section II, multiple elastic collisions leave the
longitudinal momentum distributions of the active quarks essentially
unaffected. Using the notion of longitudinal flux conservation, one can
then understand easily why elastic collisions in an Abelian theory have
no effect on the integrated Drell-Yan cross section., However, one might
expect bremsstrahlung, induced by collisions between active and spectator
quarks, to carry off a finite fraction of active quarks' longitudinal
momentum, therebyqdrastically altering the pair-production cross section —
even in the Abelian case. In fact, as we shall show, the effects of all
hard radiafion (with momentum jf >> Qf) can be completely absorbed into
the q3 cross section in Eq. (2.6) — i.e., we replace do(qq + ui) by
doH(qﬁ + uiX) where all real and virtual radiative corrections are hard.
On the other hand, all soft radiation (j_L N zl) must occur well before
any initial state interactions, and is included with the spectators in
the hadronic wavefunctions; soft radiation occurring between initial
state collisions is suppressed at large Q2 for all but the longest targets.
Bremsstrahlung occuring in the central region of the rapidity distribution

contributes both to the eikonal operator and to doH(qﬁ + uuXx).

A, Real Emission

In order to illustrate the techniques we employ in treating initial
state bremsstrahlung, we consider the lowest order graphs for quark +
meson -+ ufl + transverse gluon + X, shown in Fig. 10. Once again, we use
time-ordered perturbation in the center-of-mass frame. We then obtain

the following expressions for the energy denominators:
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j2
1 1 .
A =~ % |~ 2= + ie€ : (3.1)
.2 2 . 2 2
Bl |- 4 p? o Iy _Q'.L_ZZ.L J_L_(kl_g'.L) _ ky + i
~ 2P y z(l-2z+vy) 1-2z+y 1+y 1-x
2 2 2
C~= |-y p?- W o) o + i€
~ 2P y l1+y X+ vy 1 -x
. - 20 2 L2 2
— valid when masses are negligible, y < x, 1 - z and i zl, kl << P7,

Here y and z are the longitudinal momentum fractions: y = ZB/P, z = j3/Po
To leading order in 1/P, the bremsstrahlung gluon simply couples to the
quark convection current, which is 3 = (-jL’ (2-2) P) + @(zl, yP) for
each diagram in Fig. 10. Since the polarization vector is orthogonal to
the gluon's momentum (jl, zP) in Coulomb gauge, the gluon-quark vertex is
typically

2e ]
eeFd~ - —i—é————l— + 0, yP) . (3.2)

The exchanged gluon, carrying momentum E, gives the same factor tgzlzz)
for each diagram when one includes the energy flux factors 1/(2E) for the
intermediate states,

It is convenient here to consider large jl(>>2l) separately from
small jl(,szl).l9 We treat each region in turn for the graphs in Fig. 10,
We also examine contributions from central-region radiation.

Large jl. As usual, one can make use of the collinear Ward identities
to absorb the contribution from the region Iyl > Zf/Pz into the structure
functions (see Section II and Appendix A). For the remaining region,

]yl < 2f/P2, it is obvious from Eqs. (3.1) and (3.2) that only diagram (b)
of those in Fig. 10 contributes to leading order in 1/s for j27>> lf.zo

In the large j_L region, the denominator B and the gluon-quark vertex
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34

: -
are independent of %. Furthermore, the denominator C is independent

£ 3. Thus the E integration decouples in this region, and the amplitude

[e]

factors into the product of an initial state interaction and a radiative
correction to pair production.

Following Ref. l,21 it can be shown that this factorization occurs
in Coulomb gauge for s - » even if one does not use the Ward identities to
eliminate contributions from the region 22/P2<< ly! < QL/P. As explained
in Section II, this region does not contribute for targets that are suf-
ficiently Lorentz contracted in the CM frame,

Small jl' For j2 < Zf, graphs in which the gluon emission occurs
before all-initial state interactions (e.g., Figs. 10a and 10c) can be
treated as contributions from the higher Fock state components of the
active quark's wavefunction. The emitted gluon plays the role of a
spectator constituent. Thus, Fig. 10c actually represents a spectator-
spectator interaction in this region. Graphs in which the gluon emission
occurs between an initial state interaction and the annihilation vertex
{(e.g., Fig. 10b) tend to be suppressed because of a cancellation between
contributions from eikonal denominators on either side of the gluon
emission vertex,

Let us demonstrate this cancellation for the graph in Fig. 10b. The
important contributions at large s come from the eikonal region, where
|yl < zf/Pz. In this region, the energy denominators for diagram (b) can

be written as (Eq. (3.1))

B~ (-y-ygp+i€) s/2P 5.2

O
R

(—y—yC+i€) s/2P s
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with Vg - Vo ™ 0412/5, where # 1is the invariant mass of the quark gluon
system (LAZZ ~ jf/(z(l-—z)) < lf). Then the contribution from Fig., 10b

~

is of the form (see Eq. (2.4))

My [ 2, 1 2.3 1 &2
X M 1 —y—-yC+i€ s —y—yB+i€ 32

wA(x+y, k_,_ - SL_L) .
(3.4a)

This amplitude can be written as the difference of two terms, one cor-
responding to gluon emission induced by the initial state interaction, and
the other to gluon emission induced by the annihilation:

‘/”H/ 2 ‘ 1 1 2. 39 g2
= | dy da“2 — - . Sy (x+y, k -2)
X - L y—yB+1€ y—yC+1€ Vﬂz EZ A 1 (gtm)

where we have used Vg = V¢ ~ e/t'z'z/s. These two processes interfere dis-
tructively, and they cancel completely when the wavefunction is insensi-
tive to shifts of order (yB——yC)P ~ lf/P in the longitudinal momentum
carried by the annihilating anti—quark.22 By the uncertainty principle,
we see that this is the case provided that AkB(LTMT/P) << 1, where Ak3 =
(yB-yC)P is the shift in the longitudinal momentum and LTMT/P is the
Lorentz contracted length of the target in the center—of-mass frame.

TMT S .

If condition (3.5) is satisfied, there is insufficient time between the
initial state collision and the annihilation to generate a soft gluon.23
On the other hand, additional radiation can occur if (3.5) is not satis-
fied. Indeed, radiation must occur as a hadron passes through a long
(macroscopic) target, and, as a consequence, the incident beam is depleted

and secondary hadron beams are produced.
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For nuclear targets, condition (3.5) can be rewritten (see also

(1.8)):

2

Q” >> xD%JLA (Zf)A ~ X MN (1.4 Fm) Al/3 kz Al/3

(3.6)

3 (0.6 gev?®)

~ X A2
where A ~ 100~-500 MeV is the momentum exchanged per initial state col-
lision. Thus for uranium one might require Q2 > x 24 GeV2 before radia-
tive losses within the nucleus can be neglected. In general, the commonly
used parameterization doA = Aq doN for the Drell-Yan cross section is
consistent with (3.6) only if o varies both with Q2 and A.

Central-Region Radiation. The diagram in Fig. 10b does contribute

for small jl(5£l) when the radiated gluon is in the central region of the

3

rapidity distribution —i.e., 37 ~ j ~ & . Then lyB - ycl ~ jf/(zs) can

L
become large and the two terms in Eq. (3.4b) need not cancel. However,
we see from Eq. (3.4b) that the radiated gluon is associated partly
with the initial state interaction, in which case it contributes to the
eikonal operator (since z < ll/P), and partly with the annihilation, in
which case it contributes to the radiative corrections to doH(qa - uux).
This analysis is easily generalized in higher orders. Thus all effects

due to central-region radiation can be incorporated into the eikonal

operator and the qQ annihilation cross section.

B. Virtual Corrections to ch(qﬁ » upXx)

The analysis of virtual loop corrections to the qq subprocess fol-
lows closely that of real emission. For the purposes of illustration,
we consider the graph shown in Fig. 1la. Just as for real emission

.2 .
(Fig. 10b), the j and % integrations decouple in the large Jl region
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(ji >> kz), and the amplitude factors into the product of an initial‘state
interaction and a (virtual) radiative correction to pair production. The
contribution from small jf ngz) is already included in the eikonal opera-
tor described in Section II; in this region, Fig. lla corresponds to an
active-spectator eikonal interaction followed by an active—active eikonal
interaction,

Diagrams such as those in Fig. 11b contribute only in the eikonal
region and so are analyzed as in Section II. Diagrams in which quarks or
gluons within the same hadron interact (e.g., Fig. llc) vanish for
large s when one adds the Coulomb and transverse gluon contributions.

The analysis for these diagrams is similar to that leading up to Eq. (3.4b).

The conclusion is that there is insufficient time for the (time-dilated)

internal interactions to occur during the collisiom.

c. Sudakov Logarithms

Thus far we have shown that the amplitude for emission of real and
virtual gluons in the presence of initial state interactions can be
factored into the form of an initial state matrix phase times ordinary
radiative corrections to the Drell-Yan amplitude. This factorization is

valid for emitted gluon momenta Ijl| > A Since, in the factored form,

A
the initial state color matrix appears to the outside of the ordinary
QCD radiative corrections, the color factors associated with real emis-
sion are different from those associated with virtual emission. As a
consequence, the usual infrared cancellation of large double logarithms

(Sudakov logarithms) between real and virtual emission graphs fails in

a non-Abelian theory.
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Let us examine these double logarithms in some detail for the order
ag radiative corrections shown in Fig. 12. 1In general, the double
logarithms arise as follows: one logarithm comes from the "infrared
region" ]3] ™ 0; a second logarithm comes from one of the '"collinear
regions" p+j = P(I?I-—j3) mQorp'ejs= P(l§l44j3) ~ 0 (in the case of
virtual emission one takes the residue at the gluon pole at j0 = ij]).
In the Coulomb gauge, the Coulomb gluons never contribute to the double
logarithms, since they are absent in the case of real emission, and they
contain no pole at j = |§| in the case of wvirtual emiésion. In the CM
frame, the leading part of the coupling of the quark currents to the trans-

verse gluon polarization sum is

i.3 2
ik 4P - . + .
Ik <5ik- 3,2> zi—a;;dal— SIGIEF IR )

where the plus sign applies to the graphs of Fig. 12 (b,c,f,g) and the
minus sign to the graphs of Fig. 12 (a,d,e). Since the numerator factor
(3.7) cancels the quark propagator denominators p e+ j and p'+ j that become
singlular in the "collinear region," the vertex corrections (Fig. 12a)

and the graphs involving real emission from different quark lines (Figs.
12d and 12e) cannot contribute a double logarithm., Real emission graphs
in which the transverse gluon attaches to the same quark at each end
(Figs. 12f and 12g) contain the square of one of the singular quark propa-
gators, and so contribute a collinear as well as an infrared logarithm.
Neglecting color factors, one finds that the double logarithmic contribu-

tion of the graphs of Figs. 12f and 12g is

2a 2
dcf’g = —l—’%—s— !an -Q—z— dco . ) (3.8a)
N
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If we take into account the running of the coupling constant, one of

these logarithms is changed to a fn fn:

o8 = Z 7% do. . (3.8b)
30 0

where

2.2
F(Q%) = in <33—9—2—/-A—2> on (QZ/A2> .
2n XA/A

A self-energy correction (Figs. 12b and 12c¢) can also contribute col-
linear logarithms, since subtracting the sz piece of the amplitude
results in the squaring of the quark propagator. Neglecting color factors
and taking into account the running of the coupling constant, one finds
that the self-energy graphs give a double logarithmic contribution

a0®¢ = - 2 r® a0, . (3.9)
B, 0

In an Abelian theory, the double logarithms in (3.8) and (3.9) would
cancel. However, as was first pointed out by Mueller,8 in the presence of
color-carrying initial state interactions, the color factor associated
with Figs. 12b and 12c¢ is different from the color factor associated with

Figs. 12f and 12g, and the cancellation fails, More precisely, these

graphs give cancelling contributions to dol:
462 = -8 = (cn +2 )\ 2 FH (3.10)
1 1 ¢ n, BO

however, in d08, the radiation part is suppressed relative to the real

emission part:

b _ 2 f,g _ _ 1\ 1 2
d08 = (nc—-l>_d08 = ( nc+-nc) BO F(Q) - (3.11)

Thus there is a residual contribution to d08
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C
dcg’c’f’g = - EA F(Qz) do

0

o * (3.12)

(CA = nc) .

Sudakov form factors have been studied extensively to all orders in
perturbation theory for both Abelian and non-Abelian theories.?® The

leading double-log terms, such as in Eq. (3.12), exponentiate to give

CA 2
do, ~ exp{ - = F(Q7) { do . (3.13)
8 B 0 0 A
The double-log terms cancel in dcl. Assuming that perturbation theory

gives the correct asymptotic behavior as Q2 + o, we conclude that d08

is suppressed at large Q2 relative to dcl by a Sudakov form factor:

C 2,,2 2
dcg ~ exp —-Eé n &E~QELA§ zn-gi dcl . (3.14)
0 Ln XA/A AA

IV. OTHER APPLICATIONS OF INITIAL AND FINAL STATE INTERACTIONS

The canonical factorized form for hard scattering inclusive cross

sections,25

do = /HG(xi,Q) a5 D(xj,Q)_ dx; dx; (4.1)

has played a central role in the analyses of perturbative QCD predictions
for the whole range of deep inelastic and large momentum transfer inclusive
reactions. The analyses of this paper show that Eq. (4.1) is in general
modified by the effects of initial and/or final state interactions of the
hadrons. In QCD perturbation theory these gauge invariant leading order
(in 1/s) contributions are due to soft gluon exchange and emission and

can be organized into unitary eikonal matrix phases



, 0 ,
1y . 1, 7
UISI(ZL) = P_ exp [—1 j:m dt UISI(Z1+-AT)]

(4.2)
UFSI(Zi) = PT exp [—i /; dt UFSI(EE4-KE)} ’

where the Hermitian potentials UI

and UF are constructed (as in

SI SL
Eq. (2.7)) from the sum of interactions of all pairs of quark and gluon
constituents of the interacting hadrons. These generalized potentials
include all irreducible contributions to the scattering amplitude that
scale with s, including (in Coulomb gauge in the CM system) Coulomb and
transverse gluon exchange, crossed graph contributions, and the
inelastic contributions that create (or destroy) quarks or gluons of
finite momentum in the CM., The essential contributions come from the
region of near-on-shell constituent propagation and finite momentum
transfer in the CM-precisely the kinematic regime where the collinear

Ward identities required for proving factorization are innapplicable.

Thus, Eq. (4.1) is replaced by

i 9y 2
IUISI(ZL)°JZ UFSI(ZL)’
convolved with the wavefunctions w(zi,xl) of the initial and final state
hadrons. For cases in which the final state hadrons are unobserved, as

in deep inelastic lepton-hadron scattering, the final state interactions

give no correction to the cross section as s - « because of unitarity:

U;SI(Zi) UFSI(Zi) =1l . (4.3)
However, the initial and final state interactions do, in general, modify
the transverse momentum distributions of the interacting constituents
(giving a contribution in addition to that due to the hadron Fock state

. i,i . . ;
wavefuntions Y (x ’kl))’ and lead to the production of associated particles
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in the central rapidity region. Most important, the initial state inter-—
actions due to colored vector gluon exchange introduce color correlations
which, order by order in perturbation theory, modify the normalization of
virtually every inclusive QCD cross section involving two incident hadrons.
As in the Drell-Yan cross section, the eikonal color matrix U does not,

in general commute with the hard-scattering QCD cross section:

-~ 1- A
UISI do UISI # do . (4.4)

Again, just as in the Drell-Yan analyses, the real and virtual hard gluon
radiative corrections to the subprocess cross section summed to all orders
lead to asymptotic Sudakov damping of the color correlation effects.
However, f&r subasymptotic momentum transfer, one has not only a renormal-
ization of each inclusive cross section involving incident hadrons, but
also a new source of QCD scale breaking beyond that given by standard
evolution of the structure and fragmentation functions.

The color correlation effects may be largest for processes such as
88 > X» 88 * M_» which have strong color suppression in lowest order.
The lowest order color factor for these processes, l/(ni-—l) = 1/8, could
be increased by a factor as large as 64, The normalizations of leading
twist subprocesses for high Pr hadron and photon production are also
modified by the initial state color factors,

Although our analysis is based on QCD perturbation theory (to all
orders) our conclusions can be expressed in terms of rather general
principles:

1. Critical Momentum Scale. The characteristic momentum of each hard

subprocess must be large compared to a scale set by the length of the
target (or beam), as in Eq. (3.5); otherwise the constituents, in passing

through the target can lose a significant fraction of their longitudinal
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momentum to radiation, completely destroying any connection between the
hadronic reaction and the distributions measured in deep inelastic
scattering. This is related to the more general concept of the formation
zone.,

2, Formation Zone. The state of a hadronic system cannot be modified

significantly in a time (in its rest system) less than its intrinsic scale.
Thus, a high energy quark cannot radiate a collinear gluon q -~ q + g
inside of a target of length L if s >> A(biiz)LM where A(viiz) is the
change in the square of the invariant mass, and IM/s is proportional to

the Lorentz contracted length of the target in the quark rest frame,
Similarly,_the fragmentation of a quark into collinear hadrons (or vice
versa) occurs outside of the target volume at high energies. We also

note that interactions between quark or gluon constituents of the same
hadron do not occur (to leading order in 1/s) during the transit through
the target volume. Thus high energy interactions of hadrons within nuclei
are correctly described in terms of constituent quark and gluon propagation.

3. Large Longitudinal Range. As we have discussed in Section II, the

change of longitudinal momentum (in.the CM) due to initial or final state
interactions is so small that longitudinal structure in the target cannot
be resolved in a target of length L < /g7<£f> (as measured in the CM
frame). 1In particular, this implies that the color correlation factors
can have non-trivial nuclear target dependence.

4, Color Singlet Cancellations. Large momentum transfer exclusive

reactions are controlled by the Fock states with the minimum number of
constituents at transverse distances bf ~ (l/Qz).26 The initial and final
state collisions can probe transverse distances no smaller than 1/i. Thus,

they cannot resolve the internal structure of the hadrons in exclusive
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reactioﬂs, and they do not couple to these color neutral objects.

Formally, the initial and final state interactions cancel to leading order in
l/Q2 if one adds the contributions coming from all constituents of a color
neutral hadron. This also implies that large momentum transfer quasi-
elastic reactions such as eA -+ ep(A-1) and A > mp(A-1) can occur deep
inside a nuclear target.without multiple scattering or bremsstrahlung in

the target.27

Color singlet cancellations also eliminate initial and
final state interactions of hadrons interacting directly in hard scattering
inclusive reactions. For example, the '"direct pion" has no initial state
interactions in T * qq (in 7p - qu),28 and no final state interactions
in gq +~ “Dﬁ (in pp -+ 7X).2° Similarly, the higher twist FL ~ l/Q2 con-
tribution to the meson structure function3? is unaffected by initial and
final state interactions. On the other hand, although they are power law
suppressed at large momentum transfer, the initial and final state inter-
actions are expected to play an important role at moderate kinematic
values, possibly leading to non~-trivial helicity and interference effects.
A part of the difference between time-like and space-like form factors,
e.g., e4e_ - ﬂ+ﬁ— and e_n+ - e-ﬁ+ is attributable to final state inter-
actions, alfhough the difference is suppressed by ~l/Q2.

Virtually every large momentum transfer inclusive process in QCD is
affected by initial and/or final state interactions. It is important to
study the phenomenology of these interactions since they bear on the
dynamics of quarks and gluons in hadronic matter and are evidentally
related to the confinement mechanisms and the space-time "inside-outside'
development of QCD jets.31 Analysis of the role played by nuclear targets

is clearly crucial to this study.
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In the remainder of this section we describe briefly some specific
applications of the analysis of initial and final state interactions.

A more detailed discussion will be given in a separate paper.

A, Deep Inelastic Lepton-hadron Scattering

Although the structure function measurements are unaffected by
initial and final state interactions, the development of the final state
jet distribution is modified by multiple scattering in the target. The
transverse momentum of the struck quark relative to the current direction
is broadened and multiplicity in the central region is increased, thus
affecting the fragmentation distribution of quarks into hadrons DH/q<z’kl)'
(The klsmearing that appears here is not identical to that which affects
incident quarks in the Drell-Yan process.) These effects should increase
with the number of collisions in a nuclear target:

1/3

5K = A , &< « al/3

central * (4.5)

In addition, for long targets, energy-momentum conservation implies a
correlated degradation of the leading particle distribution at large z.

For low quark energies, collinear radiation can be induced in the target
and can drastically alter the longitudinal momentum fraction distributions.
The development of hadronic multiplicity in deep inelastic lepton
scattering32 in the nucleus is particuarly interesting, since one is study-

ing the influence of hadronic matter on quark jet propagation. As we
have emphasized, formation of leading particles occurs outside the nuclear
volume at high energies. The inelastic fingl state interactions amount

to cascading in the nucleus and demonstrate that, contrary to the usual

assumptions made for the analysis of hadron-nucleus collisions, particle
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product{on in the target and central rapidity region cannot be correlated

with the number of nucleons 'wounded" by the beam. A model for the shape

of the rapidity distribution based on "color cascading'" is given in Ref. 33.
More generally any hard scattering inclusive process is accompanied

by soft hadrons in the central rapidity region, which are the result of

the initial state or final state interactions of the quark and gluon

constituents, We emphasize that, even though the hard scattering cross

section can be computed as if a single interaction occurs, the associated

multiplicity distribution reflects the full scope of the actual QCD

dynamics.,

B. Hadron Production at Large Transverse Momentum

In addition to the change in normalization of the heading twist sub-
process due to color correlations, hadron production at large transverse
momentum in a nucleon or nuclear target collision is increased by the kl
smearing effects of the initial and final state interactions. The multiple
scattering series in a nucleus3* leads to terms roughly of order Al,

A4/3/ s A5/3/pf, etc. A coefficient of the Aa terms with o > 1 can be

2
p.L
very large, since one is smearing a cross section that falls very rapidly
with P - Thus, strongly suppressed cross sections such as pA » BX and
pA - K X obtain a much larger nuclear enhancement from quark and gluon

. + +
scattering effects than channels such as pA + 1 X or pA » K X. 1In the
case of direct y production pA -+ yX, the photon has no final state inter-
actions, so only initial state interactions of the active q and g con-

stituents are important. Similarly, at large X, where direct subprocesses

T

such as gq Thq or qq T8 are expected to dominate pA - X ﬁroduction,

only initial state interactions are important.
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The nuclear initial and final state effects are, of course, enhanced
in processes such as AlAZ + HX, ©Nuclear targets also enhance the effects
of multiple scattering processes that lead to multiple jets in the final
state.3® On the other hand, if the valence state of a hadron consists of
constituents at small transverse distances, then the hadron can pass
through the target with no color or hadronic interactions. An application
of this idea to diffractive dissociation processes in nuclei is discussed
by G. Bertsch et al. (Ref. 27).

Processes such as pp -+ ppul,-°

which occur via yy - uf subprocesses,
are also sensitive to the nature of initial state interactions. Unlike
the corresbonding lepton-induced reaction ee -+ eeuj, the initial state
interactions of the two nucleons smear the transverse momentum distribu-
tion of the ul pair and can eliminate the strong peaking at Ql =0
associated with the y poles. However, the cross section integrated over
all Q_L is unchanged.

Finally, we note that the techniques we have discussed in this paper

can be used to analyze the shadowing behavior of structure functions in

the low x, low Q2 domain. Details will be presented in a separate paper.
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' APPENDIX A

COLLINEAR WARD IDENTITIES AND THE EIKONAL POTENTIAL

It is instructive to compare the calculation of initial state effects
in Coulomb gauge (Section II) with that in Feynman gauge. Consider, for
example, the diagram in Fig. 13a, where, as in Section II, the momenta are
Pq = (P’Ol’ P) and Py = (P’OL’ -P). In Feynman gauge, unlike Coulomb gauge,
this amplitude has leading contributions from the entire collinear region —
i.e., from 0 lyl = |23/P| < 1, where the gluon carries an appreci-
able fraction of the target's longitudinal momentum. Such terms are
usually simplified by noting that the gluon couples to the fop (beam)

quark line only through the Y+ = yo

+ 73 vertex, since G(fq+5z)y+ u(Pq) ~
2P >> Ty u, ﬁYlU- This gluon coupling can then be replaced by 24/% to

leading order in 1/s, and the ordinary Ward identities can be used to

move the gluon vertex to the annihilation point (Fig. 13b):

1+ 1 2
[ SN S WPVENp— S BV 3
?q + £ q ?q + £ . q
(A.1)
=....f:u(§q) :

In this way, %2 is decoupled from Pq’ and the collinear contribution can
be absorbed into a redefinition of the target's structure function — just
as in deep inelastic scattering. This sort of Ward identity can be used
for any graphs containing initial state exchanges. In particular, it
applies to the initial state interactions with gluon bremsstrahlung dis-
cussed in Section III (Fig. 10). Notice, however, that the substitution
+ - . . . . - 2, + 2 . .

y =+ 24/% in Eq. (A.l) is valid only if & >> ,Q,_L/Pq = QL/ZP —i.e., if

a(§q4-1) Y+ u(fq) R ﬁ(?qi-z) 24/8° u(fq). Similarly, contributions from
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+ -—
L >> Qf/PA = Q%/ZP can always be absorbed into the beam quark's structure

+ A R
function. The region £ ,% < lf/P must be treated separately., Our

central observation is that interactions carrying infinitessimal Z+ and £
still contribute to leading order in 1/s, due to singularities in the
energy denominators. These singularities arise from the possibility of
on-shell propagation between interactions., Thus, the collinear contribu-
tions can be factored in the usual fashion, but the eikonal contributions
lead to a variety of new phenomena,

The differences between Drell-Yan and deep inelastic scattering
become apparent if we restrict our attention to gluon momenta in the
eikonal region, 2+,2_ < Rf/P (in any gauge). In second order, for example,
the eikonal contributions to these processes come only from uncrossed
ladder diagrams as in Fig. l4a,b., Although important in the collinear
region, crossed-ladder and tri-gluon diagrams (Fig. l4c,d) are pure
imaginary (if non-zero) in this order, and so do not contribute in the
eikonal region. The color factors for diagrams a and b are the same for
deep-inelastic scattering, resulting in complete cancellation of eikonai.
corrections to the structure function. However, the color factors differ
in Drell-Yan, leading to an enhancement of the cross section. The dif-
ference here is simply that final state eikonal interactions
always cancel (by unitarity), and initial state eikonal interactions do not
- cancel for processes like Drell-Yan.

The use of Ward identities to restrict the momentum transferred by
eikonal interactions is not arbitrary. The collinear region £+, L >> Qf/P
gives identical contributions to the Drell-Yan and deep-inelastic cross

sections. Thus, one can define the hadronic wave functions so that
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they contain all such collinear contributions. (Indeed, one must absorb
all collinear (mass) singularities into the wave functions in order

to factor the deep~inelastic scattering cross section.) Then, only those
eikonal interactions that come from the region 2+, < Qf/P remain. The
eikonal potential is gauge invariant, since the eikonal region is by
definition the region in which intermediate states are almost exactly
on-shell, and on-shell amplitudes are gauge invariant., This is also true
for more complicated interactions. For example, the eikonal part of the

diagram in Fig. 15 comes from |2:l < 22

+ + 2, - .o
L/Pq’ ‘221 < ll/P and j in the

central region (i.e., j+P; ~ j-PZ ~ jl/g).37

It is-suggested in Ref. 10 that the 23 integration contour for terms
such as those in Eq. (2.4) be deformed so as to avoid completely the
eikonal region. It is then argued that collinear Ward identities apply
to the entire contribution. However, the contour deformation is incon-
sistent with the collinear Ward identities when, for example, radiation
is included in non-Abelian theories. In particular, diagrams like that
in Fig. 1l6a, involving tri-gluon couplings, require a contour deformation
different from the others (Fig. 16b) if the eikonal region is to be
avoided. The contour deformation differs because energy denominators in
the non-Abelian Feynman diagrams contain poles that are on the opposite
side of the real 23 axis from those in the Abelian diagrams., This is
because the non-Abelian diagrams actually include both initial state and
final state interactions (Fig. 16a). Both are needed to make up the com-
plete Feynman amplitude, and, thus, both are needed in order to employ

the collinear Ward identities.
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A éroblem closely related to questions of contour deformation and
use of collinear Ward identities is the treatment of initial state inter-
actions between spectators. Such interactions give important contribu-
tions to the eikonal phase in non-Abelian theories, We note that the
expressions presented in Ref. 10 are incomplete in that they do not take

into account the spectator-spectator interactions.
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APPENDIX B

THE RANGE OF THE EIKONAL POTENTIAL, AND ZITTERBEWEGUNG

The preceding discussion of collinear Ward identities (Appendix A)

demonstrates that elastic eikonal interactions can carry only

+

+ 2

- 2 -
v 58/ 2 5 8 /%P, (B.1)

Nal

in gA -+ ulX. Consequently these initial state interactions can resolve
longitudinal structure at distances of order /§7<Rf> or larger in the
center of mass frame (PZ = P; =vYs). In particular the beam quark is
completely insensitive to the longitudinal structure of any nuclear
target smailer than ~s/(<2f>M) (in the target's rest frame). This seems
paradoxical, even in the Abelian case, since the electric and magnetic
fields of the quarks and gluons in the target are strongly Lorentz con-
tracted in the longitudinal direction. Thus one might expect the
beam quark to interact with only one nucleon at a time, starting at the
front face of the nucleus and finishing at the annihilation point. In
fact, our analysis shows that it interacts simultaneously with the entire
nucleus, including those nucleons located after the annihilation point.
The difference between these pictures is not academic. 1In the
first scenario, only interactions in the annihilation nucleon would con-
tribute to the color correlation, and the cross section would still scale
as Al. In reality, interactions with the entire nucleus contribute, and,
in a non—-Abelian theory, the A dependence could be modified.

This phenomenon is most easily understood in the rest frame of the
beam quark (PZ = m, P; = s/m). There the position of the beam quark can
at best be specified only to within a Compton Wavelength38 due to the

zitterbewegung, resulting in an effective potential with a range of order
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the Compfon wavelength., This is precisely the range implied by the
inequalities (B.l), which, in the projectile rest frame, become

|£3| < <£f>/m, where m ~ VQE:; is the effective quark mass in a hadron.3?
Thus, in this frame, the longitudiﬁal resolution of the eikonal potential
is ~1/m. The target nucleus, being Lorentz contracted by Mm/s, is usually
much shorter than thié range,

It is interesting that the éffective eikonal potential can be obtained
directly in gauge theories by making a suitable choice of gauge. For a
charged particle moving at the speed of light in the z direction, the
electric and magnetic fields are completely Lorentz contracted in that

direction., That is,

6(z—vt) . E“ d 0
(B.2)

as v =+ 1 in an Abelian theory. However, the vector potential in a

physical gauge such as A3 = ( gauge has a long range“o-— i.e.,
1L g N1 o ,3
£ - = B.3
LTS Irlze(z vt) , AT ->A 0o | (B.3)
1

where €(z) = *1 for *z > 0, It is the vector potential, not the E and
B fields, that is relevant to the quantum mechanical behavior of the beam
quark.

This discussion provides a new insight into the nature of collinear
Ward identities. Intuitively, one expects initial and/or final state

interactions in the Drell-Yan process and in deep inelastic scattering.



However, due to zitterbewegung, the only physically relevant interactions
of this type are long range — i.e., those that transfer limited longitudi-
nal momentum (Eq. (B.1)). Thus it must be true that we can absorb any
initial or final state interaction transferring large momentum into a
redefinition of the structure functions. This is what is accomplished
via collinear Ward identities., But the zitterbewegung argument tells us
that such a redefinition of structure functions must also be possible in
non—-gauge theories., That is, the algebraic manipulations used in imple-
menting Ward identies are not unique to gauge theories; they apply to

any initial or final state interaction. This is easily illustrated for
interactions due to a scalar gluon, although the eikonal potential is
suppressed in that case by 1/s. Gauge theories are unique in that the
gauge freedom can be exploited to eliminate the large momentum contribu-

tions to the eikonal potential from the beginning.
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modified by a factor e Therefore, setting § ~ Az//g defines a
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gauge in which the vector potential has the correct range even for s

finite (but large).
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The conventional view of the Drell-Yan process.

Initial state interactions in the Drell-Yan process.

Chicago-Illinois-Princeton data for the mean square transverse
momentum of a lepton pair produced in pion-nucleon collisions.

M is the invariant mass of the pair.

The dominant color flow due to a single non-Abelian active-

spectator interaction,

The general decomposition of the cross section do(qd - piX)

into color singlet and octet exchange pieces.

A Drell-Yan process which has a zero cross section unless there

is an initial state interaction. Here a W-boson is exchanged.

Initial state corrections in qA - puX.

Diagrams which cancel for Abelian interactiomns, but not for

non~-Abelian interactions.

Additional interactions contributing to the eikonal operator of

Eq. (2.5Db).

Examples of lowest-order contributions to the amplitude for real

radiation with initial-state interactions in qA - upX.
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Examples of lowest-order contributions to the amplitude for
virtual radiation with initial state interactions in

qA - upx.
Some O(as) radiative corrections to the Drell-Yan process.
Collinear Ward identities for the Drell-Yan process.

a,b) Diagrams having eikonal region contributions.
¢,d) Diagrams that contribute only in the collinear region,

if at all.

Initial state interaction leading to particle production in

the central region.

a) Diagram including both initial and final state interactions.
b) Diagrams with only initial state interactions,

¢) Diagrams with only final state interactions.
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