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Absence of shadowing in Drell-Yan production at finite transverse momentum exchange

Stéphane Peigne´
LAPTH, B.P. 110, F-74941 Annecy-le-Vieux Cedex, France

~Received 22 July 2002; published 27 December 2002!

Within a perturbative scalar QED model recently considered by Brodskyet al., we study how leading-twist
Coulomb rescatterings affect the Drell-Yan cross section at smallx5xtarget, and compare to the case of deep
inelastic scattering at smallxB . We show that in the range where the transverse momentum transferred to the
target is large compared to its minimal value;O(x), Coulomb rescatterings affect the DIS cross section but
not the Drell-Yan production rate. This illustrates that the leading-twist parton distribution functions become
nonuniversal when cross sections which are differential in target-related particles are considered.

DOI: 10.1103/PhysRevD.66.114011 PACS number~s!: 13.60.Hb
o
su
a

f
co
d
on
ic

b
d

Th
th

lit
a,

is
c-

-

rd
-
s
t-

b-
ave
b-
es

hat
ap-

ton

es
n
of

sug-

on
In
in-

the

er-
e
n

pair
d
re
r
g-
a

.
for

n
t.
rs

for
I. INTRODUCTION AND SUMMARY

Within the parton model, deep inelastic lepton-nucle
scattering structure functions have been shown to mea
the probability to find in the target nucleon a parton with
longitudinal momentum fractionxBjorken5xB in the infinite
momentum frame@1#. This result was obtained in a theory o
pions and nucleons for the strong interaction. Since, the
rect theory of the strong interaction has been establishe
be a gauge theory, QCD. According to QCD factorizati
theorems@2#, at leading-twist the inclusive deep inelast
scattering~DIS! and Drell-Yan~DY! cross sections~in par-
ticular! can be factorized and expressed as convolutions
tween quark and gluon distributions in the incoming ha
ron~s! and the partonic subprocess cross sections.
predictive power of factorization theorems arises from
statement that parton distribution functions areuniversal
quantities, i.e., independent of the collision. The universa
of parton distributions appears to be supported by the dat
least up to some accuracy. Also, the quark distribution~in the
nucleonN of momentump! probed in DIS,

f q/N~xB ,Q2!5
1

8p E dy2 exp~2 ixBp1y2!

3^N~p!uq̄~y2!g1

3P expF igE
0

y2

dw2A1~w2!Gq~0!uN~p!&,

~1!

where all fields are evaluated at equal light-cone timey1

50 and transverse positionyW'50W' , seems directly related
to the nucleon light-cone wave function inA150 gauge,
supporting the probabilistic interpretation of the parton d
tribution functions ~and hence of the DIS structure fun
tions!, as in the original parton model.

But the expression~1! is incorrect inA150 gauge, i.e.,
the quark distribution is not given by the~squared! nucleon
light-cone wave function@3#. Roughly speaking, this is be
cause in the Bjorkenn→` limit, the eikonal coupling of the
struck quark of momentump1 to the target color fieldAm

satisfiesp1•A}nA1→` in all gauges,except A150. More
0556-2821/2002/66~11!/114011~10!/$20.00 66 1140
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precisely, although the light-cone timey1 between the ab-
sorption and emission of the virtual photon in the forwa
DIS amplitude vanishes as 1/n, Coulomb interactions occur
ring in this short time interval actually modify the DIS cros
section at leading-twist in all gauges, including the ligh
coneA150 gauge@3#. Thus in agaugetheory, the simple
identification between parton distribution and parton pro
ability ~defined as the square of the nucleon light-cone w
function! does not hold. Although not excluded by this o
servation, the universality of parton distributions becom
much less intuitive. In this respect it was recently shown t
single transverse spin asymmetries in semi-inclusive DIS
pear at leading-twist@4#, correcting previous statements@5#.
This is due to the nonuniversality of spin-dependent par
distributions~in other words of the Sivers asymmetry@6#!,
which originates from the subtle behavior of Wilson lin
under time reversal@7#. A possible correct expression i
light-cone gauge for the gauge link entering the definition
spin-dependent parton distributions has recently been
gested@8#.

In this context, it is important to reconsider the questi
of universality of spin-independent parton distributions.
the present work, I compare in a simple model the sp
independent quark distributions probed in DIS and in
Drell-Yan process at small values ofx. I show that in the
range of the exchanged transverse momentumk' responsible
for leading-twist shadowing in DIS, the Coulomb rescatt
ing correctionsa priori modifying the DY cross section ar
in fact unitary. This is similar to what Bethe and Maximo
found in the case of high energy bremsstrahlung and
production@9#. Before the advent of QCD, it was also foun
that corrections to the parton model Drell-Yan formula a
actually absent@10,11#. In the context of gauge theories, ou
result is an example of the nonuniversality of the leadin
twist parton distributions, which arises when considering
cross section which isdifferential in the target structure
However, according to the QCD factorization theorem
inclusivecross sections, we expect thek'-integratedquark
distributions probed in DIS and DY to be identical, eve
though the typicalk' contributing in both cases is differen
We check in Appendix A that this identity indeed occu
within a model where the scale;O(x) is screened by a
finite photon mass. But the fact that this holds in general,
©2002 The American Physical Society11-1
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any target, is not obvious, and we think further studies
needed to settle~or disprove! the universality of parton dis
tributions.

I briefly review in Sec. II the model of Brodskyet al.
developed in Ref.@3# for DIS shadowing at smallxB . We
recall that this model concentrates on theleading-twistshad-
owing correction to the DIS cross section~arising from the
aligned-jet kinematic region!, which can be interpreted a
part of the target quark distribution function probed in DI
The typical valuê k'&DIS of the exchanged transverse m
mentum is found to be of the order of a soft b
xB-independent scalêk'&DIS;O(m). The model is simply
extended to DY production in Sec. III. Similarly to DIS, th
leading-twist Coulomb corrections to the DY cross sect
arise from a kinematic region which we call the ‘‘aligne
photon’’ region~in analogy to the aligned-jet region of DIS!
where the longitudinal momentum fraction taken from t
incoming projectile~anti!quark by the radiated virtual photo
approaches unity. Those corrections are interpreted as pa
the quark distribution probed in the DY process. We find t
for Mx!m, whereM is the target mass andx5xtarget!1, the
DY cross section is unaffected by Coulomb rescattering
valuesk';O(m), contrary to the DIS cross section. This
the main result of the present paper.

This result is obtained in a scalar QED model and in
limit x!1, which allows great technical simplications in th
loop calculations. Since we neglect the scaleMx compared to
k' from the beginning, thek'-integrated DY cross section i
out of reach in the present model. Thus we cannot excl
that thetotal DY cross section receives a nonzero leadin
twist shadowing correction. However, if this happens,
typical value ofk' responsible for this effect must be, fo
x!1,

^k'&DY;Mx!^k'&DIS . ~2!

This might have some implications on the properties of m
mentum broadening and energy loss in the Drell-Yan p
cess. We note that the observed difference between
nuclear broadening of the average transverse momentu
DY production and in dijet photoproduction is not unde
stood@12#. The result~2! might give some hint to this prob
lem.

But more importantly, it might question the universali
of parton distributions at smallx, as we will discuss in Sec
IV. In this respect, let us note that our result, namely, the f
that Coulomb rescatterings do not modify the leading-tw
DY Born cross section in the region of transverse momen
exchangek'@Mx, is similar to what was found in Ref.@13#.
There it was shown, for transverse momenta being la

FIG. 1. Forwardg* T→g* T amplitude in the DIS model of
Ref. @3#.
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compared to infrared cutoffs~and much smaller than the co
lision energy!, that long-distance contributions to the D
cross section cancel out at the two-loop order. This was
gued to be a good indication for the validity of factorizatio
I stress that it makes on the contrary factorization much l
evident, since in the same transverse momentum dom
Coulomb rescatteringsmodify the DIS cross section, result
ing in the observed nuclear shadowing of the DIS par
distributions.

II. LEADING-TWIST SHADOWING IN DIS

A. Model for the quark distribution function

A perturbative model for leading-twist DIS shadowin
has recently been studied in Ref.@3#. Before extending this
model to the DY process in the next section, we recall
main features. A specific contribution tosDIS is evaluated,
via the optical theorem, from the forward DIS amplitud
shown in Fig. 1.

The model is perturbative and chosen to be scalar Q
One takes for the target a scalar ‘‘quark’’ of massM and
momentump, and for the light ‘‘quark’’ and ‘‘antiquark’’
scalars of massm and momentap1 andp2 . The couplings of
the ‘‘gluons’’ of momentaki and of the incoming virtual
photon of momentumq to the scalars are denoted byg ande,
respectively. The forward amplitude of Fig. 1 contributes
sDIS through three different cuts between the Coulomb glu
exchanges. CallingA, B, andC the single, double, and three
gluon exchange amplitudes for the processg* (q)T(p)
→q(p1)q̄(p2)T(p8), the rescattering correction of orde
e2g8 to the Born term* uAu2 reads

DsDIS;E d2pW 2'

~2p!2

d2kW'

~2p!2 @ uBu212 Re~A* C!#. ~3!

Feynman diagrams contributing toA are shown in Fig. 2.
The amplitudesB andC are obtained by adding to the Bor
amplitudeA one or two gluon exchanges between the tar
and the light quarks. In the Bjorken limit1 and at smallxB ,
DsDIS receives a leading-twist contribution, arising from th
aligned-jet configuration and presenting the features o
shadowing correction to the DIS Born cross section@3#. It
was shown that the kinematic region where leading-tw
shadowing appears reads

1The Bjorken limit is defined asq252n→`, Q252q2→` with
xB5Q2/2Mn being fixed. We use the light-cone variablesq65q0

6qz.

FIG. 2. Single gluon exchange DIS amplitude in scalar QED.
1-2
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2n;p1
2@p2

2@k' , ki' , p2' , ki
2 ,

m, M@ki
1 , k1, p2

1;O~MxB!, ~4!

where whenn→` the total momentum transferk satisfies

k15MxB1p2
1 . ~5!

The kinematic limit~4! holds in the target rest frame, whe
in the four-momentum notationk5(k1,k2,kW') we have

p5~M ,M ,0W'!,

q5~2MxB,2n,0W'!,

eL5
Q

n
~1,21,0W'!. ~6!

In the case of scalar QED, the leading-twist contribution
sDIS arises from the light quarks coupling to a photon w
longitudinal polarizationeL .

The scalen is the single hard scale in the problem, and t
limit n→` is taken from the beginning. In the aligned-j
kinematicsq252n.p1

2 , Coulomb rescattering correction
contribute at leading-twist to the DIS cross section@14#.
Compared to the scalen, the antiquark has a soft momentu
p2 and must be considered as part of the~soft! target dynam-
ics @2#. ~At small xB , p2

2}1/xB can, however, become larg
enough, so that the physics of destructive interferences
tween diffractive amplitudes takes place, resulting in sh
owing.!

In addition, the hard vertexg* q→q ~as viewed in the
infinite momentum frame! is taken at zeroth order in th
strong couplingg. Hence the contribution toDsDIS arising
from the domain~4! is a perturbative model for the scalin
target quark distributionf q/T(xB). The leading-twist contri-
bution toDsDIS found in Ref.@3# is thus interpreted as shad
owing of the quark distribution function in the target.

We stress that the momentum of the parton probed by
incoming virtual photon isk2p2 @yielding (k2p2)1/p1

5xB]. As a consequence, in our notation the variablek'

must be distinguished from the transverse momentumKT of
the probed parton. Our final result@see Eq.~33!# states that
the universality between DIS and DY is broken when co
sidering cross sections differential ink' , in other words in
target-related particles. We do not discussKT2 dependent
parton distributions. Those could be obtained in the pres
context by integrating overk' , at fixed KT5(k2p2)' .

In order to compare the quark distributions probed in D
and DY, we will apply the model described above to the D
process in the next section. Let us repeat before the re
obtained in Ref.@3# for the DIS amplitudesA, B, Cand for
the shadowing correctionDsDIS .

B. DIS rescattering amplitudes

Born amplitude. At small xB the Born amplitude for the
DIS process is obtained in Feynman gauge from the do
nant diagrams of Figs. 2~a! and 2~b!, and in light-coneA1

50 gauge from the diagram of Fig. 2~a! only. The gauge
invariant result reads in momentum space
11401
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A~p2
2 ,pW 2' ,kW'!5

2eg2MQp2
2

k'
2 F 1

D~pW 2'!
2

1

D~pW 2'2kW'!
G ,

~7!

where

D~pW'!5p'
2 1mi

2, ~8!

mi
25p2

2MxB1m2. ~9!

In transverse coordinate space we have

Ã~p2
2 ,rW' ,RW'!5E d2pW 2'

~2p!2

d2kW'

~2p!2 A~p2
2 ,pW 2' ,kW'!

3exp~ irW'•pW 2'1 iRW'•kW'!

52eg2MQp2
2V~mir'!W~rW' ,RW'!.

~10!

The functionsV andW stand, respectively, for the incomin
photon wave function describing itsqq̄ content and for the
qq̄ dipole scattering amplitude:

V~mr'![E d2pW'

~2p!2

eirW'•pW'

p'
2 1m2 5

1

2p
K0~mr'!, ~11!

W~rW' ,RW'![E d2kW'

~2p!2

12eirW'•kW'

k'
2 eiRW'•kW'

5
1

2p
logS uRW'1rW'u

R'
D . ~12!

Two-gluon exchange. The gauge invariant expression o
the one-loop DIS amplitudeB corresponding to two gluon
exchanges between the target and the light quarks is@3#

B~p2
2 ,pW 2' ,kW'!52 ieg4MQp2

2E d2kW1'

~2p!2

1

k1'
2 k2'

2

3F 1

D~pW 2'!
2

1

D~pW 2'2kW1'!

2
1

D~pW 2'2kW2'!
1

1

D~pW 2'2kW'!
G ,

~13!

wherekW2'5kW'2kW1' . In transverse coordinate space
1-3
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B̃~p2
2 ,rW' ,RW'!52 ieg4MQp2

2V~mir'!W2~rW' ,RW'!

5
2 ig2

2!
WÃ. ~14!

Three-gluon exchange. We give the expression of th
three-gluon exchange amplitudeC found in Ref.@3#

C~p2
2,pW 2',kW'!52

1

3
eg6MQp2

2E d2kW1'

~2p!2

d2kW2'

~2p!2

1

k1'
2 k2'

2 k3'
2

3F 1

D~pW 2'!
2

3

D~pW 2'2kW1'!

1
3

D~pW 2'2kW1'2kW2'!
2

1

D~pW 2'2kW'!
G ,

~15!

wherekW3'5kW'2kW1'2kW2' . In coordinate space

C̃~p2
2 ,rW' ,RW'!52

1

3
eg6MQp2

2V~mir'!W3~rW' ,RW'!

5
~2 ig2!2

3!
W2Ã. ~16!

C. The k� range in DIS

We stress here that the amplitudesB and C are infrared
finite. This is because the quarkp1 and antiquarkp2 form a
dipole, whose scattering amplitudeW vanishes with the sepa
rationr' between the two quarks@see Eq.~12!#. Thus in Eqs.
~13! and ~15! the typical values ofki' are ;O(k' ,p2').
The only other~soft! scale present beingmi given in Eq.~9!,
the typical value of the total exchanged transverse mom
tum k' contributing to thek'-integrated correctionDsDIS is

^k'&DIS;mi;O~m!. ~17!

The rescattering correction can be obtained from Eqs.~14!
and ~16!:

DsDIS;E d2rW'd2RW'@ uB̃u212ÃC̃#

52
1

3 E d2rW'd2RW'

g4

4
Ã2W2. ~18!

This is the leading-twist shadowing correction to the Bo
DIS cross section found in Ref.@3#, interpreted as part of the
~scalar! quark distributionf q/T(xB).

III. RESCATTERING EFFECTS IN DRELL-YAN
PRODUCTION

A. Model for Drell-Yan production

We now extend the model presented previously for DIS
the Drell-Yan process. This can be done by simply excha
11401
n-

o
g-

ing the virtual photonq and the quarkp1 . We thus describe
DY production in the target rest frame where the incomi
antiquark has a large ‘‘minus’’ momentum componentp1

2

.2n. As we will see the basic process for DY production
this frame corresponds to quark-antiquark annihilation in
infinite momentum frame.

One diagram contributing to the DY forward amplitude
represented in Fig. 3. All diagrams are simply obtained
taking into account all possible permutations of the low
and upper vertices.

The Born DY cross section will get a rescattering corre
tion

DsDY;E d2pW 2'

~2p!2

d2kW'

~2p!2 @ uBDYu212 Re~ADY* CDY!#,

~19!

where ADY , BDY , CDY are the amplitudes for the proces
q̄(p1)T(p)→g* (q)q̄(p2)T(p8) corresponding to one, two
and three-gluon exchange. In the following we will evalua
these amplitudes in the smallx limit.

In the present DY case the photon momentumq is time-
like, q25Q2.0 is the final lepton pair invariant mas
squared, and the momenta are chosen as (q1.0):

q5~1Mx,q2,qW'!,

p15~p1
1,2n,0W'!,

p5~M ,M ,0W'!, ~20!

where

x5
Q2

2Mn
. ~21!

It is easy to check that the configurationp1
252n.q2→`,

which we call the ‘‘aligned-photon’’ configuration by ana
ogy to the DIS aligned-jet region, gives a leading-twist co
tribution to DsDY . In the DY calculation the same longitu
dinal photon polarization vector as for DIS can be used.

In then→` limit the total momentum transferk still sat-
isfies @see Eq.~5!#

k15Mx1p2
1. ~22!

The relevant kinematics in the target rest frame is similar
Eq. ~4!,

FIG. 3. Forward amplitude of ordere2g8 for the Drell-Yan pro-
cess. Only one diagram is shown.
1-4
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2n5p1
2@p2

2@k' , ki' , p2' , ki
2 ,

m, M , q'@ki
1 , k15Mx1p2

1 , ~23!

where one just added the softq' scale.
As in DIS, the antiquarkp2 is part of the soft target dy

namics. The incoming ‘‘hadron’’ is modeled as a single a
tiquark, whose energyn is transferred totally to the virtua
photon. Thus in the present model the colliding partons fr
the projectile and target carry, respectively, the momen
fractionsx151.xF and x25(k12p2

1)/p15x. In the infi-
nite momentum frame, we recover quark-antiquark annih
tion as the basic partonic process for DY production.

The hardqq̄→g* vertex is still taken at zeroth order ing,
thus all the soft dynamics should be interpreted as part of
target quark distribution, probed at a valuex of the longitu-
dinal momentum fraction. Since the shadowing contribut
found in DIS describes the target quark distribution probed
xB5x, one would naively expect, assuming parton distrib
tions to be universal, to find a rescattering correction to
DY Born cross section originating from the domain~23!
equal to that of DIS.

As we will show, in the region~23! the rescattering cor
rections tosDY are unitary, i.e., do not modify the Born DY
cross section, contrary to the DIS case. In this sense
effect of shifting theoutgoingquark of DIS to anincoming
antiquark in DY is drastic.

B. DY rescattering amplitudes

I now give the DY amplitudes in the smallx limit. The
calculation has been performed both in Feynman and lig
cone A150 gauge, yielding gauge-invariant results. Sin
different diagrams can contribute in these two gauges,
simplicity the following discussion refers to the Feynm
gauge calculation.

Born amplitude. The Born amplitude for the DY proces
is given in Feynman gauge by the diagrams obtained
exchangingq andp1 in Figs. 2~a! and 2~b!. The result in the
small x limit reads

ADY~p2
2 ,pW 2' ,kW'!52

2eg2MQp2
2

k'
2

3F 1

D~pW 2'!
2

1

D~pW 2'2kW'!
G . ~24!

FIG. 4. Diagrams contributing dominantly to the two-gluon e
change DY amplitude in Feynman gauge and in the smallx limit.
Crossed diagrams, obtained by permuting the lower vertices,
included.
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This is equal to the Born amplitude obtained for DIS@see Eq.
~7!#, up to an irrelevant sign. This sign arises since the c
pling of the photon brings a factoreL•(2p12q)5Q for the
DIS amplitude, andeL•(q22p1) for the DY amplitude. This
is due to the fact we consider for DY an incomingantiquark
of momentump1 .

Two-gluon exchange. In Feynman gauge, the one-loo
diagrams which dominate in the smallx limit are shown in
Fig. 4. The ‘‘crossed’’ diagrams, obtained by permuting t
gluon coupling vertices to the target line, are also taken i
account. We found that the diagrams where the virtual p
ton emission occurs between the two gluon exchanges
suppressed in this limit~see one example in Fig. 5, where th
crossed diagram is also implicitly included!. This suppres-
sion of radiation in DY production has been mentioned p
viously @15#, but we stress here that it occurs only when t
transferred momentaki' are large compared toMx, which is
precisely the limit studied here@see Eq.~23!#.

It is instructive to note the mathematical origin of th
suppression, as it occurs in the Feynman gauge calcula
The diagram of Fig. 5 is suppressed because the poles in
~arbitrarily chosen! integration variablek2

1 arising from the
internal propagatorsp11k1 andp22k2 lie on the same half
plane.2 Note that the associated Feynman gauge DIS diag
~obtained by theq↔p1 exchange! is not suppressed in th
small xB limit because the corresponding propagators re
p12k1 andp22k2 , yielding poles lying on different sides o
the real axis. Shifting thep1 line from final ~DIS! to initial
~DY! state has nontrivial analytical consequences@13#.

The result for the full DY one-loop amplitude is@compare
to the one-loop DIS amplitude~13!#

BDY~p2
2 ,pW 2' ,kW'!52 ieg4MQp2

2F 1

D~pW 2'!
2

1

D~pW 2'2kW'!
G

3E d2kW1'

~2p!2

1

k1'
2 k2'

2
. ~25!

2In A150 gauge the diagram of Fig. 5 can contribute, depend
on the prescription which is used to regularize the spuriouski

150
pole of the gluon propagator in this gauge. The present discus
concerning the location ofphysicalpoles holds in any gauge, but i
A150 gauge, a finite value for the diagram of Fig. 5 arises wh
one uses for instance the principal value prescription, because
prescription involves spurious poles on both sides of the real a

re
FIG. 5. A diagram~together with the contribution from the

crossed one! for the two-gluon exchange DY amplitude which va
ishes in the smallx limit.
1-5
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The infrared sensitivity of the amplitudeBDY will be dis-
cussed below.

Three-gluon exchange. Similarly to the one-loop case, ra
diation within the target is suppressed in the region~23!,
whereki'@Mx. In Feynman gauge only two diagrams~in-
cluding obvious permutations! contribute to the two-loop
amplitude, corresponding to the three exchanges occur
all before or all after the virtual photon emission. The res
reads@compare to the DIS amplitude~15!#

CDY~p2
2 ,pW 2' ,kW'!5

1

3
eg6MQp2

2F 1

D~pW 2'!
2

1

D~pW 2'2kW'!
G

3E d2kW1'

~2p!2

d2kW2'

~2p!2

1

k1'
2 k2'

2 k3'
2

. ~26!

C. Absence of DY shadowing fork�šMx

We now discuss the expressions~25! and~26! for the DY
loop amplitudes. Contrary to the case of DIS, they show
infrared sensitivity whenki'→0. This infrared singularity is
absent in the cross section, the Coulomb phase origina
from scattering between charged particles cancelling
tween the production amplitude and its conjugate. Howe
the total DY cross section is out of reach within the prese
approximation~23!. Indeed, the amplitudes have been eva
ated with the assumptionki' , k'@Mx, and their precise
infrared behavior can thus not be inferred. However, as
will see now thepartial contribution to the cross sectio
originating fromk'@Mx can be obtained. We will show tha
this contribution actually vanishes~at ordere2g8).

For a finitek'@Mx the expression~24! for the Born am-
plitude is valid and Eqs.~25! and ~26! can be written as

BDY5 i
g2

2
ADYE d2kW1'

~2p!2

k'
2

k1'
2 k2'

2 , ~27!

CDY52
g4

6
ADYE d2kW1'

~2p!2

d2kW2'

~2p!2

k'
2

k1'
2 k2'

2 k3'
2 . ~28!

One gets for the rescattering correction to the Born term

dDsDY

d2pW 2'd2kW'

}uBDYu212ADYCDY5uADYu2F~k'
2 !, ~29!

F~k'
2 ![

g4

4~2p!4 k'
4 H @R2~k'!#22

4

3
R13~k'!J , ~30!

where

R2~k'!5E d2kW1'

k1'
2 ~kW'2kW1'!2

,

R13~k'!5
1

k'
2 E d2kW1'd2kW2'

k1'
2 k2'

2 ~kW'2kW1'2kW2'!2
. ~31!
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Let us stress that in the smallx limit, Eq. ~29! is correct for
any finitek' , since in Eq.~29! the momentaki' flowing in
the loops are also large,ki'@Mx. Indeed, although the in
dividual amplitudes are infrared singular, in dimension
regularization one obtains the nontrivial result~see, for in-
stance, Ref.@3#, where the same expression appeared in
other context!

k'Þ0⇒F~k'
2 !}@R2~k'!#22

4

3
R13~k'!50. ~32!

The fact thatF(k'
2 ) is infrared finite shows that the typica

values ofki' in the loop integrals of Eq.~31! are of order
k' , the only scale at disposal. This justifies the approxim
tion ki'@Mx used to evaluate the loop amplitudes. But sin
moreoverF(k'

2 )50 for any finitek' , only smallk';Mx
→0 may contribute to thek'-integrated correctionDsDY .

We obtain here the main result of this paper. For a fix
k' satisfyingk'@Mx, the rescattering correction~of relative
orderg4) to the DY Born cross section vanishes:

k'@Mx⇒ dDsDY

dk'
2 50. ~33!

This is in contrast with the DIS situation, wherek';mi

@Mx contributes to theO(g4) correction tosDIS . These
features are similar to what was found by Bethe and Ma
mon for high energy pair production and bremsstrahlung@9#.
At momentum transfers much larger than their minim
value, Coulomb rescatterings modify the Born cross sec
for pair production, but not for bremsstrahlung. The abse
of corrections to the parton model DY formula was al
found in a pre-QCD context@10,11#. As emphasized in the
end of Sec. II A, our result~33! @or Eq. ~2!# does not mean
that KT-dependent parton distributions are nonuniver
@since hereKT5(k2p2)'Þk'], but that universality is bro-
ken when considering cross sections which are differentia
k' , i.e., differential in the target substructure.

IV. DISCUSSION

We showed within a simple abelian model that where
for k';mi the DIS cross section gets a shadowing corr
tion, Coulomb rescatterings do not modify the DY Bo
cross section at similark' . It is still possible that the
k'- integratedDY rescattering correction~29! could equal
the result~18! found in DIS, in agreement with universality
But since the approximation~23! we used breaks down fo
k';Mx, we cannot integrate Eq.~29! down to such small
k' values and thus cannot answer this question. Calcula
the DY amplitudes beyond the smallx limit would be much
more involved. In particular, fork';Mx radiation in be-
tween Coulomb scatterings is not suppressed.

Since k'@Mx induces unitary Coulomb corrections t
the Drell-Yan cross section, any nonvanishing contribut
of order e2g8 to DsDY must arise from the domaink'

;Mx, as stated in Eq.~2!. The fact that differentk' ranges
in DIS and DY could then sum up to identical total cro
sections forany target is not obvious. In the case of a total
1-6
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screened target, with inverse screening lengthL, the values
k';Mx are forbidden ifMx!L. One thus expects, for suc
values ofx, Coulomb rescatterings to affect the DIS cro
section but not the DY one~in the leading-twist regions o
interest!. Relying on Eq. ~2!, we thus suggest that th
nucleon quark distribution functions probed in DIS and D
might become nonuniversal whenMNx!L, with MN the
nucleon mass andL;LQCD. If the above argument base
on the presence of screening in a realistic target is valid,
roughly estimate that the violation of universality could s
in when the Ioffe time of the photonn/Q251/(2MNx) be-
comes larger than 1/LQCD, i.e., whenx,0.1.

We found instructive to supplement our scalar QE
model with a mass term for the exchanged Coulomb p
tons. Callingl the photon mass, and considering the lim
l@Mx, the DY production amplitudes in this modifie
model are simply obtained by the replacementsk'

2 →k'
2

1l2 in Eq. ~24! and ki'
2 →ki'

2 1l2 in Eqs. ~25! and ~26!.
Then Eq.~29! can be integrated over the wholek' range, the
photon massl acting effectively as an infrared cutoff. W
show in Appendix A that in this specific case the integra
DY cross sectionDsDY is identical@see Eq.~A3!# to that of
DIS given in Eq.~18!. We also show that the typical value o
k' is of orderl. This illustrates that whenk' can reach its
minimal value~l in the present case!, the two differentk'

ranges in DIS and DYmight give equal total contributions
Let us mention that a similar result was found by Bethe a
Maximon for pair production and bremsstrahlung, in the c
of an unscreened target@9#.

This somewhat academic calculation may help und
standing why the universality of the quark distribution w
claimed to hold in Refs.@15,16#. In these papers the DIS an
DY cross sections depend on the same nonperturbative
rameter~to be interpreted as the quark distribution, see
particular Ref.@15#!, namely, the quark pair dipole cross se
tion in the target, expressed in impact parameter space.
what we find here@see the comments following Eq.~A3!#,
but in the very particular case of an unscreened point
target and for a finite photon massl@Mx. The fact that only
small k';l contributes@see Eq.~A7!# would appear diffi-
cult to infer in a coordinate space approach. One indeed fi
that the typical value of the impact parameter in Eq.~A3! is
^R'&;1/mi . However the dominance of smallk'!mi for
DY can be seen in our momentum space calculation, as
pressed in Eq.~A7!. We explain in Appendix A why the
relation^k'&DY!1/̂ R'& is possible.~In particular we do not
contradict the uncertainty principle.! This point may have
been overlooked in previous coordinate space approac
We show in Appendix B that the derivation of the col
dipole formulation of the Drell-Yan process@15–17# relies
implicitly on the particular limit studied in Appendix A
namely,l@Mx. Apparently no general proof, valid in th
realistic limit l→0 at fixedMx, is known.

The result~2! is demonstrated in the present paper
comparing leading-twist Coulomb rescattering corrections
DIS and DY in a model with a pointlike target, but whic
however, contains the relevant features of nuclear shadow
@3#. Our arguments indicate that for a realistic target, leadi
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twist nuclear shadowing in DY might be reduced compa
to shadowing in DIS. The data on DIS@18,14# and DY
@19,20# shadowing seem to be reasonably consistent with
assumption that nuclear leading-twist quark distributions
universal, and any possible violation of universality can th
not be too large. But the difficulty to disentangle valence a
sea quark shadowing, as well as quark energy loss eff
@21# makes phenomenological analyses particularly intrica
We think that a possible violation of universality at smallx is
not ruled out by the existing data.
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APPENDIX A: THE PARTICULAR LIMIT lšMx

Here we show that in the particular case where the C
lomb photons are given a finite massl@Mx, Coulomb res-
catterings affect identically thetotal DIS and DY cross sec-
tions, in agreement with universality.3 In this modified scalar
QED model, the DY production amplitudes~24!, ~25!, and
~26! are regularized in the infrared byki'

2 →ki'
2 1l2 ~and

denoted by the subscriptl!, and become in transverse coo
dinate space

ÃDY
l ~p2

2 ,rW' ,RW'!522eg2MQp2
2V~mir'!

3@G~R'!2G~ uRW'1rW'u!#,

B̃DY
l ~p2

2 ,rW' ,RW'!52 ieg4MQp2
2V~mir'!

3@G~R'!22G~ uRW'1rW'u!2#,

C̃DY
l ~p2

2 ,rW' ,RW'!51
eg6

3
MQp2

2V~mir'!

3@G~R'!32G~ uRW'1rW'u!3#,

G~R'![E d2kW'

~2p!2

eiRW'•kW'

k'
2 1l2 5

1

2p
K0~lR'!.

~A1!

Using the above expressions one obtains

3We stress that the target, being a scalarchargedquark, is still
unscreened. For aneutral target, the screening scaleL ~intrinsic to
the target form factor! and the photon massl would havea priori
no reason to be identical.
1-7
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DsDY5E d2rW'd2RW'@ uB̃DY
l u212ÃDY

l C̃DY
l #

52
~eg4MQp2

2!2

3 E d2rW'd2RW'V~mir'!2

3@G~R'!2G~ uRW'1rW'u!#4. ~A2!

Assumingl!mi the typical value ofR' contributing to Eq.
~A2! is ^R'&;1/mi;^r'&. Using K0(x). log(1/x) for x
!1 we get

DsDY52
1

3 E d2rW'd2RW'

g4

4
Ã2W2 ~A3!

whereÃ andW are given in Eqs.~10! and ~12!. Comparing
Eq. ~A3! to Eq. ~18! one sees that in this particular ca
~finite photon massl@Mx) the leading-twist Coulomb cor
rections to thetotal DIS and DY cross sections are identica
Note also that similarly to Refs.@15,16#, the same quantity
W2 ~the quark pair dipole rescattering cross section! appears
in both DIS and DY results.

We now show that whereas^k'&DIS;mi contributes to the
DIS cross section~18!, ^k'&DY;l!mi contributes to Eq.
~A3!. Equations~29!, ~30!, and~31! are modified according
to

dDsDY

d2pW 2'd2kW'

}uBDY
l u212ADY

l CDY
l 5uADY

l u2Fl~k'
2 !, ~A4!

Fl~k'
2 ![

g4

4~2p!4 ~k'
2 1l2!2H @R2

l~k'!#22
4

3
R13

l ~k'!J ,

~A5!

where

R2
l~k'!5E d2kW1'

~k1'
2 1l2!@~kW'2kW1'!21l2#

,

R13
l ~k'!5

1

~k'
2 1l2!

E
3

d2kW1'd2kW2'

~k1'
2 1l2!~k2'

2 1l2!@~kW'2kW1'2kW2'!21l2#
.

~A6!

For k'@l a difficult calculation yields

k'@l⇒@R2
l~k'!#22

4

3
R13

l ~k'!;OFl2

k'
6 log2S k'

l D G .
~A7!

This latter equation expresses within a mass regulariza
scheme the result~32! obtained in dimensional regulariza
tion. Thus forl!k'!p2' , the integrand~A4! behaves as
;l2/k'

4 ~sinceADY
l }kW' /k'

2 in this range! and the contribu-
11401
n

tion from k'@l is suppressed in thek'-integrated quantity
DsDY . We conclude that̂k'&;l!mi dominates inDsDY .
In the present particular case (lÞ0), this is reminiscent
from the result̂ k'&DY;Mx!mi we derived in Sec. III.

The fact that̂ R'&;1/mi and^k'&;l!mi does not con-
tradict the uncertainty principle. One can easily see that
one-loop amplitudeBDY

l appearing in Eq.~A4! behaves as

(kW' /k'
2 )log(k'

2/l2) for l!k'!mi . Hence*d2kW'uBDY
l (kW')u2

is dominated by thelogarithmic rangel!k'!mi . In im-
pact parameter space the expression*d2RW'uB̃DY

l (RW')u2 is
dominated by the logarithmic interval 1/mi!R'!1/l, as
can be seen from the expression ofB̃DY

l given in Eq.~A1!,
and as expected from the uncertainty principle. A simi
conclusion is obtained for the term;ADY

l CDY
l in Eq. ~A4!.

However, performing the sumuBu212AC suppresses the re
gions k'@l in momentum space@see Eq.~A7!#, and R'

@1/mi in coordinate space@see Eqs.~A2! and ~A3!#. As a
result^k'&;l and^R'&;1/mi . This does not contradict the

uncertainty principle because the functionAuB̃u212ÃC̃ is
obviously not the Fourier transform ofAuBu212AC. We
note that̂ k'&!1/̂ R'& is possible thanks to the presence
two different scalesmi andl and to the logarithmic spread i
the separate contributions fromuBu2 and 2AC to the DY
cross section. This feature is absent in DIS. The DIS am
tudes are not infrared sensitive and thus only the scalemi is
relevant.

APPENDIX B: DIPOLE FORMULATION
OF THE DRELL-YAN PROCESS

In this appendix we discuss more precisely the corresp
dence between our model calculation and the dipole form
lation of the Drell-Yan process@15–17#. We first note that
this formulation was originally proposed in Ref.@16#, on the
basis of aBorn calculation. The Born DY diagrams obtaine
from Figs. 2~a! and 2~b! by theq↔p1 exchange were calcu
lated in impact parameter space in Ref.@16#. In the present
scalar QED model the Fourier transform of Eq.~24! reads

ÃDY~p2
2 ,rW' ,RW'!522eg2MQp2

2V~mir'!W~rW' ,RW'!.
~B1!

The Born DY cross section is thus

sDY
Born;E d2rW'd2RW'uÃDYu2

54~eg2MQp2
2!2E d2rW'd2RW'V2W2. ~B2!

At the Born level, the DIS and DY cross sections are ide
tical because the DIS and DY Born amplitudes given in E
~7! and~24! are the same~up to a sign!. Thus the DIS quark
pair dipole scattering cross sectionW2 appears in Eq.~B2!.
We thus recover in a simple framework the dipole formu
tion ~obtained at the Born level! of the Drell-Yan process
proposed in Ref.@16#.
1-8
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In order to see what happens at higher orders, we s
over any number of Coulomb rescatterings. An obvious g
eralization of Eqs.~25! and ~26! yields

MDY5ADY1BDY1CDY1¯ ~B3!

52ieMQp2
2F 1

D~pW 2'!
2

1

D~pW 2'2kW'!
GD~kW'!, ~B4!

D~kW'!5
ig2

k'
2 2

g4

2! E d2kW1'

~2p!2

1

k1'
2 k2'

2

2
ig6

3! E d2kW1'

~2p!2

d2kW2'

~2p!2

1

k1'
2 k2'

2 k3'
2 1¯ , ~B5!

wherekW1'1¯1kWn'5kW' in the denominatorsk1'
2
¯kn'

2 ap-
pearing in Eq.~B5!. As already discussed in Sec. III C, th
expression~B5! arises from the assumptionk' , ki'@Mx
used to evaluate the Born and loop amplitudes, and cont
infrared singularities whenki'→0. Thus integrating over
kW' , as well as Fourier transforming Eq.~B4! to impact pa-
rameter space cannot be done, since the physical infr
regulators;Mx have been neglected. Regularizing Eq.~B5!
by ki'

2 →ki'
2 1l2 with the sameparameterl in all denomi-

nators amounts to implicitly assumel@Mx, as was done in
Appendix A. After this regularization is done in Eq.~B5!,
Fourier transforming Eq.~B4! gives

M̃DY~p2
2 ,rW' ,RW'!52ieMQp2

2V~mir'!$exp@ ig2G~R'!#

2exp@ ig2G~ uRW'1rW'u!#%, ~B6!

whereG(R') is given in Eq.~A1!. Equation~B6! is similar
to what was obtained in Refs.@15,17#. The first and second
terms arise from photon radiation respectively after and
fore the Coulomb exchanges, and involve quark impact
.

11401
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rameters which are shifted by the amountrW' . We stress here
that these terms are infrared singular whenl→0. Squaring
Eq. ~B6! one gets

E d2rW'd2RW'uM̃DYu25~4eMQp2
2!2E d2rW'd2RW'V~mir'!2

3sin2Fg2

2
@G~R'!2G~ uRW'1rW'u!#G .

~B7!

This is infrared finite whenl→0, and equals the result ob
tained in DIS to all orders ing @3#:

E d2rW'd2RW'uM̃DYu2 →
l→0

E d2rW'd2RW'uÃDYu2

3Fsin~g2W/2!

~g2W/2! G2

. ~B8!

In particular the term of orderg8 in the expansion of Eq.
~B8! reproduces Eq.~18! @and Eq.~A2!#. The identity of the
DY and DIS cross sections found here arises from first
sumingl@Mx, and then taking thel→0 limit. This proce-
dure was implicitly used in Refs.@15,17#. In these works the
replacementG(R')2G(uRW'1rW'u) ——→

l→0
W(rW' ,RW') @see

Eqs.~B7! and~B8!# is made without mentioning thatG(R')
is a well-defined quantity only in the presence oflÞ0. Thus
the dipole formulation of the DY process@15–17# is in fact
established beyond the Born approximation within the lim
l@Mx. Independently of the question whether this form
lation holds also in the limitl→0 at fixedMx, we stress that
the very expression~B6! is obtained from an integration ove
all kW'’s down to very small values;l, as shown in Appen-
dix A. That such an expression can be obtained in gene
for any realistic neutral target, has to our knowledge not b
proven.
ys.
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