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Absence of shadowing in Drell-Yan production at finite transverse momentum exchange
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Within a perturbative scalar QED model recently considered by Brodsky., we study how leading-twist
Coulomb rescatterings affect the Drell-Yan cross section at skral, e, and compare to the case of deep
inelastic scattering at smatk . We show that in the range where the transverse momentum transferred to the
target is large compared to its minimal valsg)(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.
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[. INTRODUCTION AND SUMMARY precisely, although the light-cone time" between the ab-
sorption and emission of the virtual photon in the forward
Within the parton model, deep inelastic lepton-nucleonDIS amplitude vanishes as#1/Coulomb interactions occur-
scattering structure functions have been shown to measufing in this short time interval actually modify the DIS cross
the probability to find in the target nucleon a parton with asection at leading-twist in all gauges, including the light-
longitudinal momentum fractiogjoien=Xg in the infinite coneA*=0 gauge[3]. Thus in agaugetheory, the simple
momentum framé1]. This result was obtained in a theory of jgentification between parton distribution and parton prob-
pions and nucleons for the strong interaction. Since, the cofgpijity (defined as the square of the nucleon light-cone wave
rect theory of the strong mteractlo.n has been establ!shgd tRmction) does not hold. Although not excluded by this ob-
be a gauge theory, QCD. According to QCD factorizationgeation, the universality of parton distributions becomes

theorems[2], at leading-twist the inclusive deep inelastic much less intuitive. In this respect it was recently shown that

s_catterlng(DIS) and I_DreII-Yan(DY) cross sectiongin par- single transverse spin asymmetries in semi-inclusive DIS ap-
ticular) can be factorized and expressed as convolutions be- . . . .
tween quark and gluon distributions in the incoming had-2Saf at leading-twisf4], correcting previous statemerits).

ron(s) and the partonic subprocess cross sections. Th .his.is qlue t(.) the nonuniversality of.spin-dependent parton
predictive power of factorization theorems arises from the |sf[r|but|c_>n_s(|n other words of the Slver_s; asymme@])f
statement that parton distribution functions areiversal which o_ngmates from the subt!e behavior of W|Iso_n Im_es
quantities, i.e., independent of the collision. The universalitnder time reversal7]. A possible correct expression in
of parton distributions appears to be supported by the data, 48ht-cone gauge for the gauge link entering the definition of
least up to some accuracy. Also, the quark distributinrihe spin-dependent parton distributions has recently been sug-

nucleonN of momentump) probed in DIS, gested 8].
In this context, it is important to reconsider the question

of universality of spin-independent parton distributions. In

1
fq,N(xB,QZ):§J dy” exp —ixgpy~) the present work, | compare in a simple model the spin-
independent quark distributions probed in DIS and in the
X(N(p)[qly ) y* Drell-Yan process at small values &f | show that in the

range of the exchanged transverse momerkumesponsible
xPex;{igJyde*(w)}q(0)|N(p)), for Ieading_—twist shadowing i_n DIS, the Coulomb rescatter-
0 ing correctionsa priori modifying the DY cross section are
in fact unitary. This is similar to what Bethe and Maximon
found in the case of high energy bremsstrahlung and pair
) ) ) production[9]. Before the advent of QCD, it was also found
where all fields are evaluated at equal light-cone tyie  that corrections to the parton model Drell-Yan formula are
=0 and transverse position =0, , seems directly related actually absenf10,11]. In the context of gauge theories, our
to the nucleon light-cone wave function " =0 gauge, result is an example of the nonuniversality of the leading-
supporting the probabilistic interpretation of the parton dis-twist parton distributions, which arises when considering a
tribution functions(and hence of the DIS structure func- cross section which iglifferential in the target structure.
tions), as in the original parton model. However, according to the QCD factorization theorem for
But the expressiofil) is incorrect inA*=0 gauge, i.e., inclusivecross sections, we expect the-integratedquark
the quark distribution is not given by tiequared nucleon  distributions probed in DIS and DY to be identical, even
light-cone wave functioi3]. Roughly speaking, this is be- though the typicak, contributing in both cases is different.
cause in the Bjorkem— oo limit, the eikonal coupling of the We check in Appendix A that this identity indeed occurs
struck quark of momenturp, to the target color fieldA*  within a model where the scale O(x) is screened by a
satisfiesp, - A« vA* — o in all gaugesexcept A =0. More finite photon mass. But the fact that this holds in general, for
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FIG. 1. Forwardy*T—y*T amplitude in the DIS model of FIG. 2. Single gluon exchange DIS amplitude in scalar QED.

Ref. [3].
compared to infrared cutoff@nd much smaller than the col-

any target, is not obvious, and we think further studies ardision energy, that long-distance contributions to the DY
needed to settléor disprove the universality of parton dis- cross section cancel out at the two-loop order. This was ar-
tributions. gued to be a good indication for the validity of factorization.

| briefly review in Sec. Il the model of Brodskgt al. | stress that it makes on the contrary factorization much less
developed in Ref[3] for DIS shadowing at smabkg. We  evident, since in the same transverse momentum domain,
recall that this model concentrates on thading-twistshad- ~ Coulomb rescatteringsiodify the DIS cross section, result-
owing correction to the DIS cross sectiarising from the ing in the observed nuclear shadowing of the DIS parton
aligned-jet kinematic region which can be interpreted as distributions.
part of the target quark distribution function probed in DIS.
The typical valug(k, )p s of the exchanged transverse mo-
mentum is found to be of the order of a soft but Il. LEADING-TWIST SHADOWING IN DIS
xg-independent scalék, )pis~O(m). The model is simply
extended to DY production in Sec. lll. Similarly to DIS, the
leading-twist Coulomb corrections to the DY cross section A perturbative model for leading-twist DIS shadowing
arise from a kinematic region which we call the “aligned- has recently been studied in RgB]. Before extending this
photon” region(in analogy to the aligned-jet region of DIS model to the DY process in the next section, we recall its
where the longitudinal momentum fraction taken from themain features. A specific contribution tep,g is evaluated,
incoming projectilgantiquark by the radiated virtual photon via the optical theorem, from the forward DIS amplitude
approaches unity. Those corrections are interpreted as part shown in Fig. 1.
the quark distribution probed in the DY process. We find that The model is perturbative and chosen to be scalar QED.
for Mx<m, whereM is the target mass and= X, 4e<1, the ~ One takes for the target a scalar “quark” of magsand
DY cross section is unaffected by Coulomb rescattering amomentump, and for the light “quark” and “antiquark”
valuesk, ~O(m), contrary to the DIS cross section. This is scalars of massrand momentg; andp,. The couplings of
the main result of the present paper. the “gluons” of momentak; and of the incoming virtual

This result is obtained in a scalar QED model and in thephoton of momentunqg to the scalars are denoted §ynde,
limit x<<1, which allows great technical simplications in the respectively. The forward amplitude of Fig. 1 contributes to
loop calculations. Since we neglect the sddbecompared to o5 through three different cuts between the Coulomb gluon
k, from the beginning, th&, -integrated DY cross section is exchanges. Calling, B, andC the single, double, and three-
out of reach in the present model. Thus we cannot excludgluon exchange amplitudes for the procegs(q)T(p)
that thetotal DY cross section receives a nonzero leading-—q(p;)q(p2) T(p’), the rescattering correction of order
twist shadowing correction. However, if this happens, thee?g® to the Born termf|A|? reads
typical value ofk, responsible for this effect must be, for R

xX<1, dzﬁz d2k
Aovis™ | 32 zm2l BT 2REATO] ()

A. Model for the quark distribution function

(ki )oy~Mx<(k, )pis- i)

This might have some implications on the properties of moFeynman diagrams contributing # are shown in Fig. 2.
mentum broadening and energy loss in the Drell-Yan pro-The amplituded andC are obtained by adding to the Born
cess. We note that the observed difference between themplitudeA one or two gluon exchanges between the target
nuclear broadening of the average transverse momentum and the light quarks. In the Bjorken limiand at smalkg,
DY production and in dijet photoproduction is not under- Aop,g receives a leading-twist contribution, arising from the
stood[12]. The result(2) might give some hint to this prob- aligned-jet configuration and presenting the features of a
lem. shadowing correction to the DIS Born cross sectigh It

But more importantly, it might question the universality was shown that the kinematic region where leading-twist
of parton distributions at smaX, as we will discuss in Sec. shadowing appears reads
IV. In this respect, let us note that our result, namely, the fact
that Coulomb rescatterings do not modify the leading-twist——————
DY Born cross section in the region of transverse momentum The Bjorken limit is defined ag~ =2v— o, Q?= —g?—= with
exchange, >Mx, is similar to what was found in Reff13].  xg=Q%2Mv being fixed. We use the light-cone variablgs=q°
There it was shown, for transverse momenta being large-qg2.
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2v~p;>p, >k, K, pars K . 2egMQp, 1 1
A(p2 vaL vkL)z k2 N
m, M>k", k¥, p; ~O(Mxg), (4) L D(pﬂ) D(P2. —k,)

where whenv— o« the total momentum transférsatisfies 7

k+:MXB+p;. (5)

. S . where
The kinematic limit(4) holds in the target rest frame, where
in the four-momentum notatiok= (k*,k~,k,) we have D(p,)=p?+n?, (8
=(M,M,0,),
q=(—Mxg,2v,0,), m=p; Mxg+m?, ©)
Q = .
€= ;(1,—1,0&- (6) In transverse coordinate space we have

In the case of scalar QED, the leading-twist contribution to 5 R d2p,, dsz
opis arises from the light quarks coupling to a photon with A(p, .1, aRL):j 22 (272 A(p; ,P2. k)
longitudinal polarizatione, . (2m)” (2m)
The scalev is the single hard scale in the problem, and the
limit v—oo is taken from the beginning. In the aligned-jet
kinematicsq™ =2v=p; , Coulomb rescattering corrections =2eg®MQp, V(mr )W(fF, fﬁ)-
contribute at leading-twist to the DIS cross sectidd].
Compared to the scalg the antiquark has a soft momentum
p, and must be considered as part of (keft) target dynam-
ics [2]. (At small xg, p, = 1/xg can, however, become large The functionsvV andW stand, respectively, for the incoming
enough, so that the physics of destructive interferences bghoton wave function describing itgq content and for the
tween diffractive amplitudes takes place, resulting in shadeq dipole scattering amplitude:
owing.)
In addition, the hard vertex*q—q (as viewed in the
infinite momentum framkeis taken at zeroth order in the v(mr, )=
strong couplingg. Hence the contribution td op,s arising (277 pt+m?
from the domain(4) is a perturbative model for the scaling
target quark distributiorf,+(xg). The leading-twist contri-

X exp(if, - Po, +iR, -K,)

(10)

|rJ_<ﬁL 1
ZWKO(mrL)r (11)

bution toA o s found in Ref.[3] is thus interpreted as shad- d%k, 1-e" “ iR, -k
owing of the quark distribution function in the target. WL Ry )= J' 2m? K e
We stress that the momentum of the parton probed by the .
incoming virtual photon isk—p, [yielding (k—p,)/p* 1 R +7 |
=Xg]. As a consequence, in our notation the variakle N Elog R, : (12

must be distinguished from the transverse momeriunof
the probed parton. Our final resiitee Eq.(33)] states that

the universality between DIS and DY is broken when con—th Two-glluon gghangﬁhgegauge mvagant tex;;\;/ess”on of
sidering cross sections differential ky , in other words in € one-loop ampiitude corresponding 1o two giuon

target-related particles. We do not discués- dependent exchanges between the target and the light quariS]is

parton distributions. Those could be obtained in the present
context by integrating ovek, , at fixed K=(k—p,), .

In order to compare the quark distributions probed in DIS  B(p, ,f,, ,K,)=— ieg4MQp£f
and DY, we will apply the model described above to the DY
process in the next section. Let us repeat before the results

d%k,, 1
(27)% K2, k3,

obtained in Ref[3] for the DIS amplitude#\, B, Cand for x 1 1
the shadowing correctioA ops. D(p,,) D(p)ZL_IZlL)
B. DIS rescattering amplitudes 1 N 1 ]

Born amplitude At small xg the Born amplitude for the D(Pz —ko1) D(Po—k)) ,
DIS process is obtained in Feynman gauge from the domi- (13)
nant diagrams of Figs.(8 and 2b), and in light-coneA™*
=0 gauge from the diagram of Fig(& only. The gauge R L
invariant result reads in momentum space wherek,, =k, —kq, . In transverse coordinate space
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B(p, .F, R, )=—ieg*MQp, V(mr )W, ,R,)

2!

(14)

Three-gluon exchangéWNVe give the expression of the
three-gluon exchange amplitu@efound in Ref.[3]

d%k,, d%k,, 1 _ .
FIG. 3. Forward amplitude of ordePg® for the Drell-Yan pro-
(2m)% (2m)% k2 K5 k3, cess. Only one diagram is shown.

_ .~ 1 _
C(pzvpzl’kﬂ:_ge(fMszf

1 3 ing the virtual photorg and the quarlp,. We thus describe
X D(B o - DY production in the target rest frame where the incoming
(pZL) D(pZL_kli) . [T ”
antiquark has a large “minus” momentum compongnt
3 1 =2vp. As we will see the basic process for DY production in
+ — —, this frame corresponds to quark-antiquark annihilation in the
D(p,, — ki, —ky ) D(ps —k)) infinite momentum frame.
(15) One diagram contributing to the DY forward amplitude is
represented in Fig. 3. All diagrams are simply obtained by
wherekgL kL gll_gu_ In coordinate space taking into acqount all possible permutations of the lower
and upper vertices.
- . 1 . B 4. = The Born DY cross section will get a rescattering correc-
C(pz ,F1,R)=—3eg’MQp, V(myr )W (r, ,Ry) tion
(—ig?? . d’pp, d?k,
= TWZA. (16) Aopy~ 22 (ﬁ[|BDY|2+2 REALyCoy) 1,
(19
C. Thek, range in DIS where Apy, Bpy, Cpy are the amplitudes for the process

We stress here that the amplitud@sand C are infrared  d(P1) T(P)— ¥*(a)a(p2) T(p") corresponding to one, two,
finite. This is because the quapk and antiquarkp, form a  and three-gluon exchange. In the following we will evaluate
dipole, whose scattering amplitutiévanishes with the sepa- these amplitudes in the smalllimit.
rationr ;| between the two quarksee Eq(12)]. Thus in Egs. In the present DY case the photon momentyns time-
(13) and (15) the typical values ok;, are ~O(k, ,p,,). like, q2=Q?>0 is the final lepton pair invariant mass
The only other(soft) scale present being, given in Eq.(9), ~ squared, and the momenta are chosengas>0):
the typical value of the total exchanged transverse momen-

tumk, contributing to thek, -integrated correctiot opg is q=(+Mx,q7.4,),
(ki )pis—=m~O(m). (17) p1=(pi.2v,0,),
The rescattering correction can be obtained from Et4). p=(M.M, 5¢), 20
and (16):
where
Ao~ [ i, ¢7R B+ 2AC) o
T 2My (22)

=—= f d’r d2RL A2W2 (18
It is easy to check that the configuratipn =2v=q~ —x,

which we call the “aligned-photon” configuration by anal-
ogy to the DIS aligned-jet region, gives a leading-twist con-
tribution to Aopy . In the DY calculation the same longitu-
dinal photon polarization vector as for DIS can be used.

In the v—oo limit the total momentum transfee still sat-
isfies[see Eq.(5)]

This is the leading-twist shadowing correction to the Born
DIS cross section found in R€f3], interpreted as part of the
(scalay quark distributionf ;/(Xg).

Ill. RESCATTERING EFFECTS IN DRELL-YAN
PRODUCTION

_ +
A. Model for Drell-Yan production k*=Mx+p,. (22)

We now extend the model presented previously for DIS toThe relevant kinematics in the target rest frame is similar to
the Drell-Yan process. This can be done by simply exchangkgq. (4),
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. - . p p—k 4
FIG. 4. Diagrams contributing dominantly to the two-gluon ex-
change DY amplitude in Feynman gauge and in the sméihit. FIG. 5. A diagram(together with the contribution from the
Crossed diagrams, obtained by permuting the lower vertices, argrossed onkefor the two-gluon exchange DY amplitude which van-
included. ishes in the smalk limit.
2v=p;>p, >k, ki, P, K, This is equal to the Born amplitude obtained for Dt&e Eqg.
(7)], up to an irrelevant sign. This sign arises since the cou-
m, M, q,>k', k*=Mx+p;, (23 pling of the photon brings a factmL-(Zpl—q)=_Q for thg
DIS amplitude, and, - (q— 2p,) for the DY amplitude. This
where one just added the saoft scale. is due to the fact we consider for DY an incomiagtiquark

As in DIS, the antiquarkp, is part of the soft target dy- ©of momentump; .
namics. The incoming “hadron” is modeled as a single an-  Two-gluon exchangeln Feynman gauge, the one-loop
tiquark, whose energy is transferred totally to the virtual diagrams which dominate in the smallimit are shown in
photon. Thus in the present model the colliding partons fronf"ig- 4. The “crossed” diagrams, obtained by permuting the
the projectile and target carry, respectively, the momentung@luon coupling vertices to the' target line, are also 'taken into
fractionsx,=1=x¢ andx,=(k* —p3)/p* =x. In the infi- account. We found that the diagrams where the virtual pho-
nite momentum frame, we recover quark-antiquark annihilalOn €mission occurs between the two gluon exchanges are
tion as the basic partonic process for DY production. suppressed in this limisee one example in Fig. 5, where the

The hardgg— y* vertex is still taken at zeroth order gy~ ¢"ossed diagram is also implicitly includedrhis suppres-
thus all the soft dynamics should be interpreted as part of th&ion Of radiation in DY production has been mentioned pre-
target quark distribution, probed at a valef the longitu- viously [15], but we stress here that it occurs only \_Nhe_n the
dinal momentum fraction. Since the shadowing contributionransferred moments, are large compared tdx, which is
found in DIS describes the target quark distribution probed aPrecisely the limit studied hefsee Eq.(23)]. . ,
xg=X, one would naively expect, assuming parton distribu- It is instructive to note the mathematical origin of this
tions to be universal, to find a rescattering correction to the®UPPression, as it occurs in the Feynman gauge calculation.
DY Born cross section originating from the domai@3) The diagram of Fig. 5 is suppressed because the poles in the
equal to that of DIS. (arbitrarily chosehintegration variablek, arising from the

As we will show, in the region23) the rescattering cor- internal propagatorp, +k; andp,—k; lie on the same half
rections toopy are unitary, i.e., do not modify the Born DY Plane” Note that the associated Feynman gauge DIS diagram
cross section, contrary to the DIS case. In this sense th@btained by thej—p; exchanggis not suppressed in the
effect of shifting theoutgoingquark of DIS to anincoming ~ Small X limit because the corresponding propagators read

antiquark in DY is drastic. p;—kq; andp,—Kk,, yielding poles lying on different sides of
the real axis. Shifting the, line from final (DIS) to initial

(DY) state has nontrivial analytical consequencEs.

) ] . o The result for the full DY one-loop amplitude i[sompare
| now give the DY amplitudes in the smatllimit. The {5 the one-loop DIS amplitudéL3)]

calculation has been performed both in Feynman and light-

cone A" =0 gauge, yielding gauge-invariant results. Since . o, B

different diagrams can contribute in these two gauges, foBoy(P2 .P21 .k )=—ieg"MQp,

simplicity the following discussion refers to the Feynman

gauge calculation. >
Born amplitude The Born amplitude for the DY process Xf d%, 1

is given in Feynman gauge by the diagrams obtained by (27)2 kiki'

exchangingg andp, in Figs. 2a) and 2b). The result in the

small x limit reads

B. DY rescattering amplitudes

1
D(ﬁZL) D(ﬁZL_lzL)

(25

2egzMQp_ 2In A* =0 gauge the diagram of Fig. 5 can contribute, depending

i on the prescription which is used to regularize the spurigus 0

kf pole of the gluon propagator in this gauge. The present discussion
concerning the location gfhysicalpoles holds in any gauge, but in

1 1 A*=0gauge, a finite value for the diagram of Fig. 5 arises when

X N R —. (29 one uses for instance the principal value prescription, because this

D(P2.) D(p2. —ky) prescription involves spurious poles on both sides of the real axis.

ADY(pE 1ﬁ2L 1EL): -

114011-5



STEPHANE PEIGNE

The infrared sensitivity of the amplitudBpy will be dis-
cussed below.

Three-gluon exchang&imilarly to the one-loop case, ra-
diation within the target is suppressed in the regi@s),
wherek;, >Mx. In Feynman gauge only two diagrarfie-
cluding obvious permutationscontribute to the two-loop

PHYSICAL REVIEW D 66, 114011 (2002

Let us stress that in the smalllimit, Eq. (29) is correct for
any finitek, , since in Eq.(29) the moment&;, flowing in

the loops are also larg&;, >Mx. Indeed, although the in-
dividual amplitudes are infrared singular, in dimensional
regularization one obtains the nontrivial res(dee, for in-
stance, Ref[3], where the same expression appeared in an-

amplitude, corresponding to the three exchanges occurringther context
all before or all after the virtual photon emission. The result

reads[compare to the DIS amplitudd5)]

1
D(ﬁZL) D(D)ZL_EL)

T | _
Cov(p2 ,P21 1kJ_):§egGMQp2

f d?k,, d2ky,, 1

. 26
(2m)? (2m)? k3, K3, K3, 29

C. Absence of DY shadowing fork ; >Mx
We now discuss the expressiof@5) and(26) for the DY

4
k. #0=F(k})=[Rp(k )]?~ 3Rig(k)=0. (32

The fact thatF (k?) is infrared finite shows that the typical
values ofk;, in the loop integrals of Eq(31) are of order
k, , the only scale at disposal. This justifies the approxima-
tion k;, >Mx used to evaluate the loop amplitudes. But since
moreoverF(kf)=O for any finitek, , only smallk, ~Mx
—0 may contribute to thé&, -integrated correctioth opy .

We obtain here the main result of this paper. For a fixed
k, satisfyingk, >Mx, the rescattering correctidof relative
orderg?) to the DY Born cross section vanishes:

loop amplitudes. Contrary to the case of DIS, they show an

infrared sensitivity wherk;, — 0. This infrared singularity is

absent in the cross section, the Coulomb phase originating
from scattering between charged particles cancelling be-
tween the production amplitude and its conjugate. However
the total DY cross section is out of reach within the present
approximation(23). Indeed, the amplitudes have been evalu-

ated with the assumptiok;, , k; >Mx, and their precise

infrared behavior can thus not be inferred. However, as w

will see now thepartial contribution to the cross section
originating fromk, >Mx can be obtained. We will show that
this contribution actually vanishdsat ordere®g®).

For a finitek, >Mx the expressioit24) for the Born am-
plitude is valid and Eqs(25) and(26) can be written as

2 20 2
.9 d°ky, kT
Bpy=i =—Apy | —— >, 2
DY 2 DY (271_)2 kiki ( 7)
e 9, d?ky, o%ky, K 08
DY 6 °Y) (2m? (2m)? K2 K3 K2,

One gets for the rescattering correction to the Born term

dAO’DY
—————|Bpy|?+2ApyCpy=|Apy|?F(K?), (29
d?p,, d?k,
g* 4
2\ — 4
F(kj_)zwkj_l[R2(kl)]2_§Rl3(kJ_)1 (30
where
d2k
Rz(k¢)=fﬁ,
kll(kL_le)
1 d%k,, d%k
Rig(k,)=— == (3D)

. e
KD ) K3 K3, (K, — kg, — ko) )2

A(TDY

Kk, >Mx= (33

This is in contrast with the DIS situation, wheke~m;
>Mx contributes to the?(g*) correction toop,s. These
features are similar to what was found by Bethe and Maxi-
mon for high energy pair production and bremsstrahli@ig

%At momentum transfers much larger than their minimal

value, Coulomb rescatterings modify the Born cross section
for pair production, but not for bremsstrahlung. The absence
of corrections to the parton model DY formula was also
found in a pre-QCD context10,11]. As emphasized in the
end of Sec. Il A, our result33) [or Eqg. (2)] does not mean
that Ky-dependent parton distributions are nonuniversal
[since hereK=(k—p,), #k, ], but that universality is bro-
ken when considering cross sections which are differential in
k, , i.e., differential in the target substructure.

IV. DISCUSSION

We showed within a simple abelian model that whereas
for k, ~m, the DIS cross section gets a shadowing correc-
tion, Coulomb rescatterings do not modify the DY Born
cross section at similak, . It is still possible that the
k, -integratedDY rescattering correctio(29) could equal
the result(18) found in DIS, in agreement with universality.
But since the approximatio23) we used breaks down for
k, ~Mx, we cannot integrate Eq29) down to such small
k, values and thus cannot answer this question. Calculating
the DY amplitudes beyond the smallimit would be much
more involved. In particular, fok, ~Mx radiation in be-
tween Coulomb scatterings is not suppressed.

Since k, >Mx induces unitary Coulomb corrections to
the Drell-Yan cross section, any nonvanishing contribution
of order e2g® to Aopy must arise from the domaik,
~Mx, as stated in Eq2). The fact that differenk, ranges
in DIS and DY could then sum up to identical total cross
sections foranytarget is not obvious. In the case of a totally
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screened target, with inverse screening lengththe values twist nuclear shadowing in DY might be reduced compared
k, ~Mx are forbidden iMx< A . One thus expects, for such to shadowing in DIS. The data on DIf88,14 and DY
values ofx, Coulomb rescatterings to affect the DIS cross[19,20 shadowing seem to be reasonably consistent with the
section but not the DY onén the leading-twist regions of assumption that nuclear leading-twist quark distributions are
interesi. Relying on Eq.(2), we thus suggest that the universal, and any possible violation of universality can thus
nucleon quark distribution functions probed in DIS and DY not be too large. But the difficulty to disentangle valence and
might become nonuniversal whevlx<A, with My the  S€a quark shadowing, as well as quark energy loss effects
nucleon mass and ~ A ocp. If the above argument based [21] makes phenomt_—znologma! anaIyse; partlpularly intricate.
on the presence of screening in a realistic target is valid, wdve think that a possible violation of universality at smeis

roughly estimate that the violation of universality could set"! ruled out by the existing data.
in when the loffe time of the photon/Q?=1/(2M\X) be-
comes larger t_han A/Q_CD, i.e., whenx<0.1. ACKNOWLEDGMENTS

We found instructive to supplement our scalar QED
model with a mass term for the exchanged Coulomb pho- | am most thankful to P. Hoyer for many discussions and
tons. Calling\ the photon mass, and considering the limitadvice during this work. | wish to thank also F. Arleo, S.
A>Mx, the DY production amplitudes in this modified Brodsky, J. Collins, D. S. Hwang and J. Raufeisen for very
model are simply obtained by the replacemekfs—k?  Nelpful and instructive exchanges.
+A2in Eq. (24 andk?, —k? +\? in Egs. (25 and (26).
Then Eq.(29) can be integrated over the whdle range, the
photon mass\ acting effectively as an infrared cutoff. We
show in Appendix A that in this specific case the integrated Here we show that in the particular case where the Cou-
DY cross sectiom\ opy is identical[see Eq(A3)] to that of  lomb photons are given a finite mass Mx, Coulomb res-
DIS given in Eq.(18). We also show that the typical value of catterings affect identically thetal DIS and DY cross sec-
k, is of order\. This illustrates that whek, can reach its tions, in agreement with universalityn this modified scalar
minimal value(\ in the present casethe two differentk, =~ QED model, the DY production amplitudé24), (25), and
ranges in DIS and DYnight give equal total contributions. (26) are regularized in the infrared b, —k? +\? (and
Let us mention that a similar result was found by Bethe andlenoted by the subscrip), and become in transverse coor-
Maximon for pair production and bremsstrahlung, in the caselinate space
of an unscreened targgd].

This somewhat academic calculation may help under- _ .
standing why the universality of the quark distribution was Abv(p, .FL,R)=—2edMQp, V(mr,)
claimed to hold in Refd.15,16. In these papers the DIS and -
DY cross sections depend on the same nonperturbative pa- X[G(R)=G(|R, +F D],
rameter(to be interpreted as the quark distribution, see in
particular Ref[15]), namely, the quark pair dipole cross sec- R
tion in the target, expressed in impact parameter space. Itis Bpy(ps .F. ,R,)=—ieg*MQp, V(mr,)
what we find herdsee the comments following E¢A3)], .
but in the very particular case of an unscreened pointlike X[G(R.)*~G(|R, +7,|)?],
target and for a finite photon mass>Mx. The fact that only
smallk, ~\ contributes[see Eq.(A7)] would appear diffi-
cult to infer in a coordinate space approach. One indeed finds
that the typical value of the impact parameter in E&g3) is
(R, )~1/m,. However the dominance of sma&ll <m, for .
DY can be seen in our momentum space calculation, as ex- X[G(R,)*~G(|R, +7,])?],
pressed in Eq(A7). We explain in Appendix A why the
relation(k, )py<<1KR, ) is possible(In particular we do not

APPENDIX A: THE PARTICULAR LIMIT  A>Mx

= ed’ B
Cov(pz .y !RL):+?MQp2 V(mr,)

contradict the uncertainty princip)eThis point may have dZ|ZL eiﬁi'@
been overlooked in previous coordinate space approaches. GR)=| 52122~ 5-Ko(ARy).
) ) 3 (2mki+N 27
We show in Appendix B that the derivation of the color (A1)

dipole formulation of the Drell-Yan proce$45-17 relies
implicitly on the particular limit studied in Appendix A,
namely, A\>Mx. Apparently no general proof, valid in the Using the above expressions one obtains
realistic limit A —0 at fixedMx, is known.

The result(2) is demonstrated in the present paper by
comparing leading-twist Coulomb rescattering corrections in 3ye stress that the target, being a scalhargedquark, is still
DIS and DY in a model with a pointlike target, but which, unscreened. For meutral target, the screening scake(intrinsic to
however, contains the relevant features of nuclear shadowinge target form factgrand the photon mass would havea priori
[3]. Our arguments indicate that for a realistic target, leadingno reason to be identical.

114011-7



STEPHANE PEIGNE
AUDY:j dZFJ_dZRJ_[lB)ISY|2+2A)I5YC)I5Y]

(eg*MQp;)? N
S e
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X[G(R,)=G(|R, +F 1% (A2)
Assumingh <m; the typical value oR, contributing to Eq.
(A2) is (R, )~1/my~(r ). Using Ky(x)=log(1k) for x
<1 we get

1 . ghe
Aopy=—= J dZFldzRLTAZWZ (A3)

3

whereA andW are given in Eqs(10) and (12). Comparing

PHYSICAL REVIEW D 66, 114011 (2002

tion from k, >\ is suppressed in thie -integrated quantity
Aopy . We conclude thatk, )~ A <m; dominates iM opy .
In the present particular case.£0), this is reminiscent
from the resulk, )py~Mx<m,; we derived in Sec. IIl.

The fact thaf R, )~ 1/m; and(k, )~X\<m, does not con-
tradict the uncertainty principle. One can easily see that the
one-loop amplitudeB}, appearing in Eq(A4) behaves as
(K, /k?)log(K?/\?) for A<k, <m;. Hence[d?k, |BN,(k,)|?
is dominated by thdogarithmic rangex <<k, <m;. In im-
pact parameter space the expressjatfR, |BY,(R,)|? is
dominated by the logarithmic interval /<R, <1/\, as
can be seen from the expressionf?.j;Y given in Eq.(A1),
and as expected from the uncertainty principle. A similar
conclusion is obtained for the termAN,Cpy in Eq. (A4).
However, performing the sufB|?+2AC suppresses the re-

Eg. (A3) to Eq. (18) one sees that in this particular case gions k, >\ in momentum spac¢see Eq.(A7)], and R,
(finite photon masa >Mx) the leading-twist Coulomb cor- >1/m; in coordinate spacfsee Eqs(A2) and (A3)]. As a
rections to theotal DIS and DY cross sections are identical. result(k, )~X and(R, )~ 1/m,. This does not contradict the

Note also that similarly to Ref§15,16], the same quantity
W2 (the quark pair dipole rescattering cross seotppears
in both DIS and DY results.

We now show that wheregk, ) s~ m; contributes to the
DIS cross section(18), (k, )py~A<<m; contributes to Eq.
(A3). Equations(29), (30), and(31) are modified according
to

dA(TDY
————— By |?+ 2A%, Chy = [AWIPFA(KD),  (A4)
d?p,, d%k,
ANL2Y— g4 2 2\2 A 2 4 A
F (kL)zm(kLH\ )51 [Ra(k )] _§R13(kj_) ,
(A5)
where
d%k;,
Ri(k,)= [ — ,
(K3, +NA)[(k, —kq, )2+ N2
Ris(k, )= ! J
13\ L (kf-l—)\z)
y d%k,, d%k,,
(K2, +N2) (K3, +AD)[(K, — Ky, — Koy )2+0?]
(A6)
For k, >\ a difficult calculation yields
4 A2 k
k, >A=[Ry(k, )]~ = Rk, )~ O| =5 log?| — | |.
3 k® A
(A7)

uncertainty principle because the functiaB|2+ 2AC is
obviously not the Fourier transform of|B[?+2AC. We
note that(k, }<1KR, ) is possible thanks to the presence of
two different scalesn; and\ and to the logarithmic spread in
the separate contributions frof8|? and 2AC to the DY
cross section. This feature is absent in DIS. The DIS ampli-
tudes are not infrared sensitive and thus only the strlis
relevant.

APPENDIX B: DIPOLE FORMULATION
OF THE DRELL-YAN PROCESS

In this appendix we discuss more precisely the correspon-
dence between our model calculation and the dipole formu-
lation of the Drell-Yan procesgl5-17. We first note that
this formulation was originally proposed in R¢L6], on the
basis of aBorn calculation. The Born DY diagrams obtained
from Figs. Za) and 2b) by theq« p; exchange were calcu-
lated in impact parameter space in Rf6]. In the present
scalar QED model the Fourier transform of EB4) reads

Aoy(py .1 R )=—2e@MQp, V(mr )W(F, ,R,).
(B1)

The Born DY cross section is thus
o~ | & R, Ao
:4(eg2Mng)2f d?r d?R,V2W2.  (B2)

At the Born level, the DIS and DY cross sections are iden-
tical because the DIS and DY Born amplitudes given in Egs.
(7) and(24) are the saméup to a sigin. Thus the DIS quark

This latter equation eXpre-SSGS Wlthln a maSS regulari.zatiOBair d|p0|e Scattering Cross SeCtin appears in Eq(BZ)
scheme the resuli32) obtained in dimensional regulariza- \we thus recover in a simple framework the dipole formula-

tion. Thus forh<k, <p,, , the integrandA4) behaves as
~\2/k? (sinceAl,ock, /k? in this range and the contribu-

tion (obtained at the Born levelof the Drell-Yan process
proposed in Ref[16].
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In order to see what happens at higher orders, we sumameters which are shifted by the amodnt We stress here
over any number of Coulomb rescatterings. An obvious genthat these terms are infrared singular wher-0. Squaring

eralization of Eqs(25) and (26) yields Eq. (B6) one gets
Moy=Aoy*+Boy+ Coyt-- B3 f dZQdZFELIMDY|2=(4eMQp;)2f d?F, d2R, V(myr )2
o 2
=2ieMQp, | ———— —|A(Kk,), (B4 il 9 _G(R. +F
D(py,) D(P,, —K,) - X sirn? 2 [G(R)—G(R, +F ]|

. ig? g* [ d%ky, 1 B7)
Ak )= W2 et ie K This is infrared finite wher, —0, and equals the result ob-
Lo L tained in DIS to all orders i [3]:

|96J dZEu dZRﬂ ! + (B5) 2 28 | v 2 2 2B |A 2

31 ) (2m)?% (2m)? ki, k5, k3, ' f d“r d*R. [ Moyl xjo d*r d*R, [Apy|
wherek,, +---+K,, =K, in the denominatork?  ---k? ap- sin(g?W/2) 2

pearing in Eq.(B5). As already discussed in Sec. Il C, the “(PWi2) (B8)

expression(B5) arises from the assumptidk, , k;, >Mx _ _ _
used to evaluate the Born and loop amplitudes, and contairl§ particular the term of ordeg® in the expansion of Eq.

infrared singularities wherk;, —0. Thus integrating over (B8) reproduces Eq(18) [and Eq.(A2)]. The identity of the
K., as well as Fourier transforming E6B4) to impact pa- DY and DIS cross sections found here arises from first as-

: : . suming\>Mx, and then taking th& — 0 limit. This proce-
rameter space cannot be done, since the physical infrare L .
regulatorsEMx have been neglected. ReguIaF;iz)i/ng ER5) éiljre was implicitly used in Ref$15,17. In these works the

by k% — K2 +\2 with the sameparameten in all denomi-  'ePlacementG(R,)—G(|R, +7.]) N W(r, Ry [see

nators amounts to implicitly assume>Mx, as was done in E . - -
. . TR ; gs.(B7) and(B8)] is made without mentioning th&(R,)
éppgndltx A. fA“eF th'é reB%uIapzatmn is done in E@S), is a well-defined quantity only in the presence\cf 0. Thus
ourier transforming Eq(B4) gives the dipole formulation of the DY proce$&5—17 is in fact
~ R _ s established beyond the Born approximation within the limit
Moy(pz .F1,R,)=2ieMQp, V(myr, ){exdig“G(R,)] A>Mx. Independently of the question whether this formu-
—exd ia2G(IR, +F ’ B6 lation holds also in the I'|m|1x—>.0 at flxede,'We strgss that
Hig"G(IR + 7.1} (B6) the very expressio(B6) is obtained from an integration over
whereG(R,) is given in Eq.(A1). Equation(B6) is similar  all k,'s down to very small values-\, as shown in Appen-
to what was obtained in Reff15,17). The first and second dix A. That such an expression can be obtained in general,
terms arise from photon radiation respectively after and befor any realistic neutral target, has to our knowledge not been
fore the Coulomb exchanges, and involve quark impact paproven.
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