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Unitarity corrections to the Drell-Yan process in the target rest frame
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The unitarity correction effects encoded in the Glauber-Mueller approach are taken into account to calculate
the differential cross sections in the Drell-Yan process in the rest frame. A detailed study of the Drell-Yan
process in terms of theg* q transverse separation and the color dipole size, and of the effective dipole cross
section, is performed and compared with the available smallx data. Estimates for the Drell-Yan cross section
at BNL RHIC energies are presented and discussed.
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I. INTRODUCTION

Massive lepton pair production in hadronic collisio
~Drell-Yan! and deep inelastic scattering~DIS! at high en-
ergy are the most outstanding processes probing the ha
structure. On the deep inelastic side, a large amount of w
has been done to describe the copious data at a medium
very small Bjorken scaling variablex, based on perturbative
QCD ~PQCD! @1#. In the high-energy domain, it has bee
found that important unitarity corrections should be tak
into account regarding the standard PQCD approach@2#.
These phenomena are currently denominated perturba
shadowing or saturation effects@3–6#. Concerning the Drell-
Yan ~DY! sector, the PQCD tools have produced a reas
able theoretical understanding of the main observables,
spite the small data sets available at present@7#. The
forthcoming accelerator experiments@BNL Relativistic
Heavy Ion Collider~RHIC! and CERN Large Hadron Col
lider ~LHC!# will scan the high-energy limit of the hadroni
reactions and open a new kinematic window, i.e., smallex
values. In particular, the quark-gluon plasma~QGP!, a new
state of hadronic matter predicted by QCD, is expected to
found there@8#. The theoretical description of QGP produ
tion is directly associated with a complete knowledge
saturation effects and the transition region to the high pa
densities. In a specific way, since the production scheme
J/c is similar to the Drell-Yan one and the latter does n
contain final-state effects, the DY process can be consid
as a baseline process to studyJ/c suppression as a signatu
of QGP formation@9#.

In the fast proton system, the QCD factorization theor
leads to a description of the hadronic processes through
convolution of the parton distribution functions~PDF’s! with
the partonic subprocesses. The latter are completely ca
lated in PQCD up to higher orders, whereas only the evo
tion in the factorization scale of the PDF’s is determine
Namely, the parton distributions are solutions of t
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi~DGLAP! evolu-
tion equations, whose formalism has been successful in
scribing both DIS and DY data@1,7#. Recently, an alternative
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way to study electron-proton and hadronic reactions
claimed by the color dipole picture considering the re
frame description based onkT factorization@3,10,11#. Thus,
the basic blocks are the dipole light-cone wave function a
the dipole-target cross section. Such an approach has
duced a unified way to study the mentioned processes, h
ever its complete connection with the standard DGLAP f
malism is not provided yet and deserves further studies.

In the infinite momentum frame, the DY process corr
sponds to the annihilation of a quark~antiquark! from the
projectile with an antiquark~quark! of the target into a vir-
tual photon~vector boson!, which afterwards decays into
lepton pair@12#. In the leading-order~LO! calculation, the
DY process has a simple electromagnetic character and it
be promptly given by QED theory. However, the perturbat
QCD results at higher orders modify this simple picture.
present, PQCD calculations have been developed up to
second order of the strong-coupling constantas @13#. For
practical considerations, in general the involved next-or
contributions are taken into account by a phenomenolog
parameter, namely aK factor which is dependent on the DY
kinematic variables.

In the rest frame, the DY process looks like a bremsstr
lung of a virtual photon decaying into a lepton pair, rath
than a parton annihilation@11#. The bremsstrahlung of the
virtual photon can occur after or before the interaction w
the gluonic field of the target. The advantage of this form
ism is that the corresponding cross section can be consid
in terms of the same dipole cross section extracted fr
small-x DIS in the color dipole picture@14#. At high energy,
the unitarity corrections should be included in the dipo
cross section. Such effects have been considered, for
ample, in the phenomenological model of Golec-Biernat a
Wusthoff ~GBW! @15#, which describes DIS andep diffrac-
tive process with good agreement. We notice, however,
the unitarity corrections to the inclusive observables, i
total cross section orF2, can be hidden in the parametriza
tion based on the DGLAP approach, absorbed in the ini
conditions, thus providing an excellent data description
seen in the updated next LO~NLO! QCD fits @16#. More
exclusive observables should be useful to clarify this imp
tant aspect. After this short remark, we proceed with o
argumentation. The main disadvantage in the model of G
is that a dynamical explanation of the saturation pheno
enon is lacking. On the other hand, the Glauber-Mueller
©2002 The American Physical Society18-1
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proach provides a theoretical development concerning pa
saturation@4#, constraining the PQCD description of the d
pole cross section. Here, we make use of this formalism
perform a description of the DY process in the rest frame

The goal of this work is to perform a study of the DY
process high energies considering the color dipole pict
similar to recent works@17#. Our contribution is based on th
use of the dipole cross section calculated in perturba
QCD, through the Glauber-Mueller formula@4#, which en-
codes the unitarity effects~saturation! in the parton densities
This approach takes into account the multiple Pomeron s
tering hypothesis in an eikonal way keeping the unitarity
the considered process. A comparison between the phen
enological GBW dipole cross section and the theoret
Glauber-Mueller one is presented, verifying that the two
proaches have different behaviors at higher energies. Th
due to the dynamical dependence on the gluon distributio
the Glauber-Mueller approach, whose Born term recovers
DGLAP kernel in the double log approximation~DLA !. The
nonperturbative region, i.e., large dipole size contributions
addressed considering the freezing of the gluon distribu
under the initial perturbative evolution scaleQ0

2. Then, we
present DY calculations in the rest frame of the target
leading order in app collision and perform a compariso
with the low x DY differential cross section from the E77
Collaboration@18#. We also produce estimates for the cro
section at RHIC energies.

The outline of this paper is the following. In the ne
section we present a brief review of the DY process in
dipole color picture, discussing the range of validity for th
approach and showing the role played by theg* q wave
function. In Sec. III, we present high parton density effe
calculated from the Glauber-Mueller approach, and confr
them with the phenomenological GBW model. We estim
the contribution of the saturation effects for the dipole cro
section in high energies~LHC and RHIC!. In Sec. IV, a
parameter-free prediction to the differential DY cross sect
for the available data at smallx and estimates to RHIC ar
performed. Finally, in the last section the results are d
cussed and we present our conclusions.

II. DRELL-YAN PROCESS IN THE COLOR DIPOLE
PICTURE

Before the description of the Drell-Yan process in the r
frame, we would like to review the main kinematical va
ables and the standard calculations in the laboratory sys
This is important to clarify the connection between them a
to emphasize the asymmetry projectile target in the
frame picture.

In the laboratory system, the lepton pairs are produce
the Drell-Yan reaction where partons from the projectile~fast
proton! interact with the proton target@12#. Looking at the
parton level, a quark-antiquark pair annihilates into a virt
photon in leading orderqq̄→g* → l 1l 2. The symmetry be-
tween target and projectile is very clear, namely we can
distinguish a quark coming from the proton target or fro
the incoming beam. The momentum fraction carried by
quark from the projectile is labeledx1 and that from the
01401
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target isx2. The partonic subprocess above is well know
from QED, and the hadroproduction cross section is obtai
folding the partonic cross section with the quark~antiquark!
densities evaluated at the invariantM2, the squared lepton
pair mass, chosen here as the factorization scalem fac

2 . Their
evolution inM2 is given by the standard DGLAP evolutio
equations. Therefore, the DY differential cross section
leading order is given by

d2sDY

dM2dxF

5
4paem

2

9M2s

1

~x11x2!

3(
f

ef
2@qf~x1 ,M2!q̄f~x2 ,M2!

1q̄f~x1 ,M2!qf~x2 ,M2!#, ~1!

whereq@ q̄# f(x,M2) are the corresponding quark~antiquark!
densities with flavorf and squared chargeef

2 . The center-of-
mass energy squared iss and the usual notation is

xF5x12x2 , ~2!

t5x1x25M2/s. ~3!

The momentum fractions are rewritten as

x15 1
2 ~AxF

214t1xF!, ~4!

x25 1
2 ~AxF

214t2xF!, ~5!

where xF is the longitudinal momentum fraction, labele
Feynmanx. Indeed,xF , M , and s are the kinematic vari-
ables experimentally measured, whereas the partonic v
ablesx1 andx2 are reconstructed from them.

When we consider the target at rest, the DY process lo
like a bremsstrahlung: the quark from the projectile radia
a photon, which carries a fractiona of the light-cone mo-
mentum of the initial quark, later decaying into the lept
pair ~see Fig. 1!. The interaction with the target can occu
before or after the photon emission. Thus, although diagr
matically no dipole is present, the interference among gra
results in a product of two quark amplitudes in the DY cro

FIG. 1. The Drell-Yan process in the rest frame, depicting one
the possible interactions of theg* q target~see text!.
8-2
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section, testing the external gluonic field at two differe
transverse positions@11#. Therefore, a remarkable featu
emerging is that theg* q2N interaction can be described b
the same dipole cross section as in DIS@14#.

In the (a,r') mixed representation, the photoabsorbti
cross section in deep inelastic scattering is described by
convolution of the wave functions,Cg* , from the virtual
photon and the interaction dipole cross section,sqq̄ . The
wave functions are considered taking into account the
photon Fock state configuration, namely aqq̄ pair. The di-
pole cross section is modeled phenomenologically base
a matching between the hard and soft pieces, constraine
the DIS available data. The transverse separation of theqq̄
pair isr' , and each quark~or antiquark! of the dipole carries
a momentum fractiona ~or 12a) from the incoming pho-
ton. The small dipole size configurations can be descri
through PQCD, whereas the large size ones belong to
nonperturbative domain. Hence, one can write the photo
sorption cross section as a function of the scaling variabx
and photon virtualityQ2 in the quantum mechanics form
@10#

sT,L~g* p→qq̄!5E d2r'E
0

1

dauCqq̄
T,L

~a,r'!u2sqq̄~x,r'!,

~6!

whereT,L indicate the transverse and longitudinal contrib
tions to the total cross section. In a similar way, the cr
section for radiation of a virtual photon from a quark aft
scattering on a proton has the following factorized form
the color dipole picture@11#:

dsT,L~qp→qg* p!

d ln a
5E d2r'uCg* q

T,L
~a,r'!u2sqq̄~x2 ,ar'!,

~7!

where we have the same dipole cross section as in DIS. H
r' is the photon-quark transverse separation,ar' is theqq̄
separation, anda is the fraction of the light-cone momentum
of the initial quark taken away by the photon. We notice t
difference with the DIS case, where the dipole separatio
just r' . Here,sqq̄ is the cross section for scattering aqq̄

pair off a proton which depends on theqq̄ transverse sepa
ration, and which should take into account the saturat
effects at high energy.

The physical interpretation of Eq.~7! is similar to DIS in
the light-cone~LC! approach. The projectile quark state
expanded in its Fock space in the form@11#

uq&5Z2uq&1Cg* q
T,L uqg* &1•••, ~8!

where here one has the expansion in terms of the eigens
from the quark projectile. Instead, in deep inelastic scatte
the expansion is constructed from the eigenstates of the
cident photon@10#. HereZ2 is the renormalization constan

The well-known LC wave functions can be calculated
perturbation theory@10,11#, and depend on the transver
separations and momentum fractiona. They play an impor-
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tant role in the dilepton massM dependence. We take th
same notation for the LC wave functions from@17#:

uCg* q
T

~a,r'!u25
aem

p2
$mf

2a4K0
2~hr'!

1@11~12a!2#h2K1
2~hr'!%, ~9!

uCg* q
L

~a,r'!u25
2aem

p2
M2~12a!2K0

2~hr'!.

~10!

The functionsK0 and K1 are the modified Bessel func
tions, and the auxiliary variableh, depending on the quark
massmf , is given by

h25~12a!M21a2mf
2 . ~11!

The hadronic differential cross section for the Drell-Ya
process is expressed in a factorized form, embedding
partonic cross section, Eq.~7!, into the hadronic environ-
ment, in the following way@11#:

dsDY

dM2dxF

5
aem

6pM2

x1

~x11x2!
E

x1

1 da

a2 (
i

ei
2Fqi S x1

a D1q̄i S x1

a D G
3

ds~qp→qg* p!

d ln a
, ~12!

whereei is the quark charge. In this frame we use stand
kinematical variablesx15(2P2•q)/s and x25(2P1•q)/s,
with x1x25(M21qT

2)/s, whereP1 , P2, andq are the four
momenta of the beam, target, and virtual photon, resp
tively. M25q2 and qT

2 are the dilepton invariant mas
squared and the squared transverse momentum, respect

The frame dependence of the space-time interpretatio
the DY process can be illustrated by different meanings ofx1
in different reference frames: we know that in the Br
frame,x1 is the momentum fraction of the projectile qua
~antiquark! annihilating with the target antiquark~quark!. In
contrast, evaluating the scalar product referred to abov
the target rest frame shows that the projectile quark car
momentum fractionx5x1 /a ~which is larger thanx1) of the
parent hadron, and correspondingly,x1 is the momentum
fraction of the proton carried by the photon. The variablex2
is the momentum fraction of the proton carried by the glu
exchange in thet channel. We have benefited from the fa
that the parton densitiesqi and q̄i of the projectile enter in
the combinationF2

p , which is the structure function of the
proton. Therefore, we can rewrite the equation above in
following way:

dsDY

dM2dxF

5
aem

6pM2

1

~x11x2!

3E
x1

1 da

a
F2

pS x1

a Dds~qp→qg* p!

d ln a
, ~13!
8-3
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where the summation of the longitudinal and transverse c
tribution was considered. The factoraem/(6pM2) is due to
the photon decay into the lepton pair, coming from elect
dynamics, the differential cross sectionds(qp
→qg* p)/d ln a is taken from Eq.~7!, and our input tosqq̄
in this work @4# is given by the standard gluon distribution
the target corrected by saturation effects in the high-ene
limit. In Eq. ~13!, the structure of the projectile is describe
by theF2

p(x,Q2) structure function.
In the rest frame, the process is asymmetric concern

the projectile and the target, in contrast with the symme
picture in the Breit frame. The dipole color picture is val
for small x2 and it takes into account only the gluonic~sea
quarks! sector from the target, disregarding its valence c
tent. However, both valence and sea quarks in the proje
are parametrized in the proton structure function in Eq.~13!
~for a complete discussion, see Ref.@17#!. Although at
present there are only a few experimental measuremen
the kinematical limit of validity of the color dipole approac
it should provide reasonable results when one consid
smallerx2 than that currently available. The high-energy a
celerators LHC and RHIC will open a wider kinematic
window towards smallerx2 values, allowing us to test res
frame calculations properly.

To conclude this section, we analyze the behavior of
wave functions in the relevant kinematic variables. As w
be shown, they play the role of a weight to the dipole cro
section concerning the transverse separations. In Eqs.~6! and
~7!, large r' configurations are suppressed in the integra
cross section, controlling the nonperturbative contributio
~large transverse distances domain! to the observables. In th
deep inelastic case, the LC wave-function dependence on
radius r' at fixed photon virtualityQ2 is discussed in Ref
@19#. For the Drell-Yan case, the weight functions are giv
by

Wg
*

q
T,L ~r' ,M2!5r'E da

a
F2

p~x1 /a,M2!

3uCg* q
T,L

~a,r'!u2. ~14!

In Fig. 2, we show separately the longitudinal and tra
verse results forWT,L(r' ,M2) as a function of the photon
quark transverse separationr' at fixed lepton pair massM.
The chosen momentum fraction wasx1'xF50.525, since it
is a typical experimental value~see Sec. IV!. Considering
this x1 value, the proton structure function is insensitive
the lepton pair mass range because it is in the scaling reg
Regarding the quark mass, here we take an effective l
quark massmf50.2 GeV in the wave functions.

For the transverse contribution, meaning the upper plo
Fig. 2 we verify that the weight function selects from sm
up to intermediate photon-quark sizes. This means that
selecting small dipole sizes (ar') in a similar way to deep
inelastic scattering, sincex1<a<1. For our purpose here
the x1 values reside close toxF , thus the conclusions in th
following should hold when the weight factor is applied
the dipole cross section depending onar' . A steep increase
as r'→0 comes from the behavior of the functio
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K1(hr');1/(hr') at this limit. Concerning the dependenc
on M, as the invariant mass increases the contribution lo
smaller.

Regarding the longitudinal contribution, the lower plot
Fig. 2, the weight function selects smaller dipole sizes~and
g* q transverse sizes! in comparison with the transverse co
tribution. Moreover, the function is narrower asM increases,
meaning that larger invariant mass scans smallerr' . A well-
known fact is that the longitudinal contribution is a high
twist, i.e., it is suppressed by a power of 1/M2 when com-
pared with the transverse one@10#. This feature actually re-
mains in the Drell-Yan case. Moreover, the peaks appea
in the plot are due to the balancing between the asympt
behavior atr'→0 of the functionK0(hr');2 ln(hr') and
the linearr' factor in Eq.~14!.

Having addressed the main features of the color dip
framework, namely kinematic definitions and the descript
of the Drell-Yan process in the rest frame, in the next sect
we introduce our model for the dipole cross section satis
ing unitarity requirements.

III. THE GLAUBER-MUELLER APPROACH

The cross section for a color dipole-nucleon scattering
well-known quantity, which was first proposed in th
Balitskiı̆-Fadin-Kuraev-Lipatov ~BFKL! framework @20#.
The dipole interacts with the target through a perturbat
Pomeron, described in terms of the ladder diagrams. F
the kT-factorization framework@21#, the scattering proces
can be written as the convolution of the projectile impa
factor and the unintegrated gluon structure function from
target, whose dynamics is determined by the evolution k
nel. The possible orderings in the transverse momentumkT
in these graphs produce the DGLAP or the BFKL dynami
evolutions. In particular, considering smallr' configurations
from the dipole and thekT factorization, one obtains

FIG. 2. The longitudinal and transverse contributions
W(r' ,M2) as a function of theg* q transverse sizer' at fixed
lepton pair massM, for x1'xF50.525.
8-4
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sqq̄~x,r'!5
p2as

3
r'

2 xGN
DGLAPS x,

4

r'
2 D , ~15!

wherexGN
DGLAP(x,Q̃2) is the standard DGLAP gluon distri

bution at momentum fractionx and virtuality scaleQ̃2

54/r'
2 . An extensive phenomenology has been made us

the result above for the inclusive structure function and
vector meson production@19#. In particular, we call attention
to the specific value of the scaler 0

2 appearing in the virtuality

scaleQ̃25r 0
2/r'

2 . We use ther 0
254 throughout this paper

however other values are equivalent at the leading loga
mic level @19#.

A well defined feature from the data onF2 and on the
gluon distribution at high energies, i.e., smallerx, is that they
present a steep increasing asx decreases. Indeed, experime
tally F2;xG;x2l, where the exponent ranges from 0.
~Regge phenomenology! up to 0.5~LO BFKL calculations!.
Such a behavior extrapolated to asymptotic energies viol
unitarity requirements and a control should be conside
The scale where these effects start to be important is as
ated to a region between hard and soft dynamics@22# ~PQCD
versus Regge! or belonging to the high-density QCD doma
@4#. Here, we are interested in the last case~for a recent
review, see@23#!. In QCD, the taming of the gluon distribu
tion at high energies is taken into account through multi
Pomeron scattering encoded in the eikonal-like framewo
@24#. Such a procedure provides the unitarization of
Born-Pomeron cross section leading to a softer growth w
energy. Indeed, the asymptotic calculations have produc
unified ln(1/x) pattern for the cross section and gluon fun
tion instead of a truly saturated one@25#.

In this work we use Eq.~15!, where the standard DGLAP
gluon distribution is replaced by the modified one. In t
following, we shortly review how the unitarity correction
are implemented through the Glauber-Mueller approach@4#.
The starting point for the derivation is the interaction of
virtual probe particle, in our case a virtual gluon, with t
nucleon. In the space-time picture of this process, the vir
probe decays in a gluon-gluon~GG! pair having transverse
separationr' . In the high-energy limit,r' is considered fro-
zen during the interaction forx!1/(2mNRN), where the
nucleonN has massmN and geometric transverse sizeRN .

The absorption cross section of a virtual gluon (G* ) with
virtuality Q2 and Bjorkenx can be written in the form

sG* ~x,Q2!5E
0

1

dzE d2r'

p E d2b

p
uCG* ~Q2,r' ,x,z!u2

3sN
GG~x,r'!, ~16!

wherez is the fraction of the energy carried by the gluon,b

is the impact parameter variable, andCG* is the wave func-
tion for the transversally polarized gluon generating the p
The cross section of the interaction GG pair with the nucle
sN

GG depends on energyx and transverse separationr' . This
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description is valid in the leading ln(1/x) approximation,
however in the double log approximation~DLA ! of pertur-
bative QCD one obtains@4#

sN
GG~x,r'!5

3p2as

4
r'

2 xGDGLAPS x,
4

r'
2 D . ~17!

The unitarity constraint to the cross section above is
pressed by the eikonal-like Glauber~Mueller! formula, hence
the gluon structure function can be written as@23#

xG~x,Q2!5
4

p2Ex

1dx8

x8
E

4/Q2

` dr'
2

pr'
4 E d2b

p

32$12e2(1/2)sN
GG(x8,r'

2 /4)S(b)%. ~18!

The explicit integration limits for thez ~rewritten through
the variablex8) and transverse separation come from t
physical kinematic range allowed in the process~for detailed
discussions, see@4#!. The impact parameterb dependence is
parametrized in the profile functionS(b). It contains infor-
mation about the angular distribution of the scattering in
nucleon case and the nucleon distribution inside the nuc
in the nuclear case.

The Born term, in the expansion of Eq.~18! with respect
to sN

GG, provides the DGLAP evolution in the DLA. The
remaining terms in the series contribute to the saturation
fects of the Born term. For simple calculations, the profi
function S(b) is parametrized as a Gaussian distributio
S(b)5(1/pR2)e2b2/R2

, whereR is the target size, which is a
free parameter to be determined from the data. Then, put
this all together and performing the integration over the i
pact parameterb in Eq. ~18!, one obtains

xG~x,Q2!5
2R2

p2 Ex

1dx8

x8
E

1/Q2

1/Q0
2dr'

2

r'
4 $gE1 ln@kG~x8,r'

2 !#

1E1@kG~x8,r'
2 !#%, ~19!

wheregE andE1(x) are the Euler constant and the expone
tial integral, respectively. The packing factorkG

5(3pasr'
2 /2R2)xGDGLAP sets the scale where saturation e

fects are starting. Namely, the saturation scaleQs
2 is defined

through the expressionkG(x,Qs
2)51.

Since the Glauber-Mueller~GM! approach is valid in
DLA, for practical reasons in Refs.@4,5# a procedure was
introduced to extend the formalism to the full experimen
kinematic range available. The final result contains the
DGLAP kernel corrected by contributions calculated in DL

xGN
GM~x,Q2!5xG~x,Q2!@Eq. ~19!#1xGDGLAP~x,Q2!

2
asNc

p E
x

1dx8

x8
E

Q0
2

Q2dQ82

Q82
x8GDGLAP~x8,Q2!,

~20!
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where this modification is necessary to obtain a realistic
proach in the region of not very smallx. The above equation
includes xGDGLAP(x,Q2) as the initial condition for the
gluon distribution and givesxGDGLAP(x,Q2) as the first term
of the expansion with respect tokG . One needs to subtrac
the Born term of Eq.~18! in order to avoid double counting
which is the meaning of the last term in the equation abo

From the discussions and definitions above, we sho
use as a dipole cross section in our further calculations
following expression:

sqq̄
GM

~x,r'!5
p2as

3
r 2xGN

GMS x,
4

r'
2 D . ~21!

The resulting corrected gluon distribution@Eq. ~20!# has
been applied for a comprehensive phenomenology in the
process, considering the formulas above as the gluon in
for the observables calculated in the Breit frame~structure
functions,F2 slope, etc.!. Recently, the GM dipole cross se
tion has been applied in calculations of the DIS struct
functions in the dipole color picture~see Ref.@26#!. For in-
stance, the structure functions description, in particular
latestF2 data, can be seen in Figs. 3 and 5 of Ref.@26#, using
that formalism.

Now, one discusses in a detailed way the main charac
istics emerging from the Glauber-Mueller dipole cross s
tion. To do this, in Fig. 3 one shows the Glauber-Muel
dipole cross section as a function of dipole transverse
r 5ar' at fixed momentum fractionx2. For the sake of a
better illustration on the partonic saturation effects, one ta
a very small value forx51026. Hereafter, one is using th
Glück-Reya-Vogt~GRV! gluon distribution at leading orde
@27#. Here we use the GRV94 parametrization, since it
been considered robust in a comprehensive phenomeno
concerning unitarity corrections@4,5,26,28,30#, which in-
cludes a relatedR determination, intrinsic to the Glaube
Mueller approach@28#. The use of the other PDF’s@16# im-
plies a determination of the corresponding value of
parameterR as well as the enhancement of the alrea
present uncertainty about the nonperturbative contribut
For the sake of illustration, in order to test the sensitivity
the choice of the PDF’s set@16#, in Ref.@19# such a study has
been performed and it has been found that the deviat
among the parametrizations are more important in the h
virtuality region ~very smallr ). However, in this region the
color transparency behavior;r 2 dominates, absorbing pos
sible sensibility in the specific selected parametrization.

The solid line corresponds to the standard DGLAP cal
lation ~without saturation!, Eq. ~15!, whereas the remaining
ones result from unitarity corrections for two different targ
sizes. The general shape in terms of the dipole size co
from the balancing between the color transparencys;r'

2

behavior and the gluon distribution shape. These features
depicted in the plots in Fig. 4, where one verifies a visi
scaling ofxG(x,Q̃2) versusQ̃2 ~left plot! and its dependenc
on r 5ar' ~right plot!.

The difference in the strength of the unitarity correctio
associated with the target size is a well-known fact. From
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data analysis, its value ranges fromR255 to 10 GeV22,
where a smaller radius produces the strongest correct
~see Fig. 3!. For our calculations we choose the low valu
R255 GeV22, corroborated by studies in the inclusiv
structure function and its derivative@28#.

For the sake of comparison, one considers the phen
enological model of Ref.@15# ~GBW!, which has produced a
good description of DESYep collider HERA data in both
inclusive and diffractive processes. It is constructed inter
lating the color transparency behaviorsdip;r'

2 for small di-
pole sizes and a flat~saturated! behavior for large dipole
sizes sdip;s0 ~confinement!. The expression has th
eikonal-like form

sqq̄~x,r !5s0F12expS 2
r 2Q0

2

4~x/x0!lD G , ~22!

FIG. 3. The color dipole cross section as a function of the dip
size r 5ar' at fixed x251026. The solid line corresponds to th
result without unitarity corrections, the dotted line is the GM pr
diction using R2510 GeV22, and the dashed one is forR2

55 GeV22.

FIG. 4. The plot on the left shows the GM gluon distributio

~GRV parametrization input! as a function of the scaleQ̃254/r 2 at
fixed x51022. On the right, GM gluon distribution versusr and the
color transparency behaviorsdip;Cr2 ~for illustration we use a
free normalizationC515).
8-6
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whereQ0
251 GeV2 and the three fitted parameters ares0

523.03 mb, x053.0431024, and l50.288, andR0(x)
5(x/x0)l/2 is the saturation radius. In GBW, saturation
characterized by thex-dependent saturation radiusQs

2(x)
51/R0

2(x) instead of the scale coming from Glaube
Mueller, kG(x,Qs

2)51, which can be easily extended for th
nuclear case@4#.

Although GBW and GM are distinct approaches, t
small-x DIS data are equally well described by both mode
In particular the structure functions have been systematic
described using the GM formalism; see, for instance, R
@5,26,29,30#. The main advantageous feature of GM in re
tion to the GBW is the dipole cross section providing a de
connection with the gluon distribution, the leading quant
at high energies. Concerning GBW, we point out the follo
ing shortcomings and disadvantages in comparison with
GM approach:~a! it is strictly a parametrization available fo
the small-x HERA data; ~b! there is no direct connectio
with the gluon content;~c! it does not match DGLAP evolu
tion equations;~d! it does not consider the impact parame
dependence of the process;~e! it leads to a quite strong satu
ration scenario in contrast with the other available a
proaches;~f! concerning the hadron-hadron collisions, usi
GBW to calculate the pion-proton total cross section~convo-
luting the dipole cross section with the pion wave function! it
predicts nonrealistic results, i.e., the cross section saturat
;23.03 mb in high energies.

In Fig. 5, one shows the Glauber-Mueller dipole cro
section as a function of the dipole sizer 5ar' for two typi-
cal x2 values. In the lower plot, forx251022, the GM cross
section underestimates the GBW one. However, asx2 de-
creases the gluon distribution in the proton rises and
dipole cross section increases. This feature is depicted in
upper plot, for a smallx251026, where GM overestimate
GBW by a factor 2 at intermediater;0.3. An immediate
consequence of the plots is that our prediction lies lower t

FIG. 5. The GM dipole cross section as a function of the dip
sizer 5ar' at two typicalx2 values. The GBW result is also show
for the sake of comparison.
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GBW at x2'1022 and higher for smallerx2. We discuss
these features in a theoretical and phenomenological poin
view when performing the comparison with available data
the next section.

IV. RESULTS AND DISCUSSIONS

This section is devoted to performing theoretical pred
tions for the available data on the DY process and the fo
coming ones from RHIC or LHC. In the previous section, w
presented a parameter-free Glauber-Mueller dipole cross
tion which matches leading log gluon evolution and conta
corrections from unitarity effects~parton saturation! at
higher energies. Therefore, this provides a clear dynam
description of the observables depending on the gluonic c
tent of the target, also when it is a nuclear one.

Although perturbative QCD provides reliable results
small distances~small dipole sizes!, the nonperturbative sec
tor is still far from being completely understood. The usu
PDF’s are evolved from a perturbative initial scaleQ0

25M0
2

'1 GeV2, and there is little information about the behavi
at Q2<Q0

2, where the perturbative description is not ev
justifiable. In general one makes use of Regge phenome
ogy to estimate those contributions~see, for instance,@19#!,
and extrapolating to lower virtuality regions~large dipole
sizes! one needs an ansatz regarding the nonperturbative
tor.

The use of the GRV94 parametrization@27# in our calcu-
lations, bearing in mind thatQ254/r 2, meaning its evolution
initial scale isQ0

250.4 GeV2, allows us to scan dipole size
up to r cut5(2/Q0) GeV21 (50.62 fm). The cutoffr (cut)
defines the transverse distance scale matching the pertu
tive and nonperturbative sector. For the most recent par
etrizations, whereQ0

2;1 GeV2 (r cut'0.4 fm), the amount
of nonperturbative contribution in the calculations should
crease. An additional advantage is that GRV94 does not
clude nonlinear effects to the DGLAP evolution since t
parametrization was obtained from rather largex values. This
feature ensures that the parametrization does not include
sible unitarity corrections~perturbative shadowing! in the
initial scale.

Now, we should introduce an ansatz for the large tra
verse separation region. A more phenomenological way i
match the PQCD dipole cross section with the typical h
ronic onespN at r cut, for instance as performed in@19#.
Nevertheless, due to the large growth of the PQCD dip
cross section at high energies and to take a more sim
technical procedure we choose an alternative way: the gl
distribution is frozen at scaler cut, namelyxG(x,Q̃cut

2 ). Then,
the large distance contributionr>r cut reads

sqq̄
GM

~x,r>r cut!5
p2as

3
r cut

2 xGN
GMS x,

4

r cut
2 D . ~23!

In a more rigorous analysis, one should substitute the fre
ing scaleQ̃cut

2 for the saturation scaleQs
2(x) to take into

account a realistic value of the gluon anomalous dimens
in all kinematic regions.

e
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Concerning our ansatz for the larger region, one verifies
in Ref. @26# that it produces a reasonable data descripti
mainly the normalization of the structure functions. An im
provement for the nonperturbative contribution is perform
there, where a cutoff in ther integration (0<r<r cut) and the
addition of a soft Pomeron term are considered. Howeve
we do not introduce this improvement, the normalization
the structure functions remains unaffected. For completen
the consideration of a soft term for the nonperturbative c
tribution was also taken into account in Ref.@19#. However,
for the same reasons as mentioned above, we choose
technically more simple procedure.

To illustrate the role played by the small and large tra
verse separations in the description of the observables
Fig. 6 we show the profile of ther' integration from Eq.~13!
as a function of theg* q transverse separationr' at typical
massM values. It is labeled here asHT,L(r' ,M2). The mo-
mentum transfer is fixed atx251022, since the lowx2 data
available lie at this magnitude. For the proton structure fu
tion F2

p(x1 /a,M2), describing the quark content of the pr
jectile, we use the ALLM updated parametrization@31#
~good agreement with HERA data at largex). Both trans-
verse and longitudinal profiles are presented.

The main contribution for the profiles comes from t
asymmetric peaks which are shifted to largerr' asM dimin-
ishes. For instance, in the transverse profile, the peak lie
r''0.06 fm for M510 GeV whereas atM55 GeV it
takes valuesr''0.1 fm. As was verified in Sec. II, the lon
gitudinal sector selects smaller transverse sizesr' than the
transverse one. Indeed, from the upper plot, nonzero co
butions are obtained up to larger''1 fm. The higher twist
character of the longitudinal piece is verified through t
magnitude scale ofHL(r' ,M2). Due to the fact that the
nonperturbative sector dominates forr cut5(ar')cut
>0.62 fm using the GRV input, a significant part of th
contributions comes from the soft region wherea is small
~soft quark!. This is in agreement with the expectations th
important soft contributions take place in the Drell-Yan pr
cess~see related discussions in@35#!.

Now, we are able to compare the results with the availa
data. Since the color dipole picture is valid at small mom
tum fraction x2, one needs to select the experimental d
covering this requirement. The lowestx2 data were obtained
in the fixed-target dimuon production by the E772 Collab
ration @18#, where we select the points withx2,0.1 follow-
ing the similar procedure of@17#. In Fig. 7, one presents th
calculation Eq.~13! using the Glauber-Mueller dipole cros
section~the solid line! at fixedxF and center-of-mass energ
As538.8 GeV (0.03<x2<0.09). It should be stressed th
this kinematical region scans the validity limit of the col
dipole picture. The curves underestimate similar calculati
in Ref. @17#, which uses the phenomenological GBW dipo
cross section. Such a result is actually expected from
conclusions in the previous section where GM underestim
GBW at x251022 ~see the lower plot in Fig. 5!.

The experimental data analyzed above are forx.1022.
Therefore, Eq.~21! is known to have corrections at largerx
values due to the exchange of quarks rather than gluon
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the t-channel, corresponding to a reggeon instead o
Pomeron exchange@32#. The secondary reggeon contributio
corresponds to an amplitude with quark-antiquark p
t-channel exchange. The leading double-logarithmic asym
totics of such an amplitude was calculated in perturbat
QCD in Ref. @33#. The quark-antiquark cut occurs in thej
plane atv0(t)5A2CFas /p, whereCF5(Nc

221)/2Nc and
as is the strong-coupling constant. That value is very close
the phenomenological intercepts of thev,r trajectories, i.e.,
aR(0).0.5. Our expression for the dipole cross section, E
~21!, considers only sea contribution for the process~gluon
radiation!, being equivalent in the Regge terminology to t
hard Pomeron. The correspondent valencelike contribut
which corresponds to the reggeon contribution, is lacking
our analysis above. In order to simulate the valence con
in the calculations, we parametrize that piece in the follo
ing form @34#:

s IR~x,r !5NIRr 2x0.4525~12x!3, ~24!

where we have used the reggeon intercepta IR(0)50.5475
and the threshold factor for the largex region@34#. To repro-
duce similar results as presented in Ref.@17#, one considers
the constant valueNIR58 ~to obtain as IR in GeV22). The
r 2 factor ensures the correct scaling.

In the plots Fig. 7 one shows also the LO Breit syste
calculation, Eq.~1!, which is the dashed line. The color d
pole result considering only the gluon content~sea quarks!,
Eq. ~21!, lies below the LO fast proton frame one atx2
'1022 ~where the presented data are available!. However, in
this kinematical region the valence quark content compe
with the sea one and such a difference should be expec
Now, we introduce the valence content, parametrized in
~24! and added to Eq.~21!: as a result, our data descriptio
has been improved, equivalently to the calculations in@17#
considering the GBW model. Asx2 decreases, the gluoni
content of the target drives the observables and the c

FIG. 6. The profileHT,L(r' ,M2) as a function of theg* q trans-
verse separationr' at typical massM values. We usex251022 and
GRV parametrization input.
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dipole considering only Eq.~21! should produce quite reli
able results. We have verified this feature and have fo
that the reggeon contribution for the RHIC energies is co
pletely negligible.

Here, some comments about higher-order corrections
in order. The color dipole approach results for a total~vir-
tual! photon cross section are equivalent to those obtaine
kT factorization@21# in the leading logarithmic approxima
tion. However, the inclusion of higher-order effects in t
kT-factorization approach makes the equivalence incom
ible: the conservation of the transverse positions and size
the colliding objects is violated@36#. Therefore, the introduc
tion of higher-orders contribution into the dipole cross s
tion must be taken with some care. Moreover, deep inela
scattering and the Drell-Yan process have a quite differ
scenario concerning NLO and NNLO corrections. In DI
calculations considering up to NNLO resummations ha
been performed and it was found that they are small@37#.
Instead, in the Drell-Yan process, even the NLO calculati
produce corrections up to a factor of 2, diminishing as
energy increases@7,13#. Keeping in mind the discussio
above, at the moment we are unable to perform in the dip
color picture an equivalent NLO~Breit frame! calculation,
since at present the wave functions are not available at N
accuracy.

In order to address the color dipole picture at high en
gies, the DY differential cross section for RHIC energie
As5500 GeV, is shown in Fig. 8 for the same fixedxF .
There, thex2 reaches values of order 1024 and unitarity
effects are important. The solid lines are the Glauber-Mue
estimates, Eq.~21!, and the dot-dashed ones are the r
frame calculations with DGLAP gluon distribution, Eq.~15!.

FIG. 7. The DY differential cross section per nucleon versusM
for the available smallx2 data@18# (As538.8 GeV) at fixedxF in
pD reaction. The solid line corresponds to the Glauber-Mue
dipole cross section. The dashed one is the LO Breit system ca
lation and the dot-dashed line corresponds to the Glauber-Mu
plus reggeon contribution.
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The curves overestimate similar calculations in Ref.@17#,
which uses the phenomenological GBW dipole cross sect
Such a behavior is expected from our previous conclusi
where GM overestimates GBW at smallerx2 due to the
growth of the gluon distribution at higher energies~see the
upper plot in Fig. 5!. Concerning the rest frame noncorrect
DGLAP input, the Glauber-Mueller underestimates them d
to the significant corrections coming from unitarity effec
~parton saturation!. Moreover, we have obtained a result a
most similar to the LO Breit frame calculations at the RH
energies, suggesting a good consistency in both framewo
From the plots one verifies that the deviations are more
nificant asM diminishes, corresponding to smallerx2 values.
In absolute values, the corrections at RHIC energies reac
to '20%.

As final comments, we address additional advantage
the color dipole picture in the DY case. For example, it
lows us to obtain the transverse momentapT distribution for
the process already at the leading-order calculation@17#. In-
stead, in the parton model the lepton pair has no transv
momentum due to the assumption that in the partonic s
process the longitudinal momenta are bigger than the tra
verse ones~partons are collinear!. Therefore, an alternative
way to solve this trouble is to introduce an intrinsicpT for
the initial state interacting partons. However, such an
sumption is not sufficient to describe the measuredpT distri-
butions. Considering the Compton and the annihilation s
process, the leptons acquire transverse momentum and
pT dependence can be calculated in PQCD. The resum
tions produceas ln2(m2/pT

2) terms which are large as th
transverse momentum goes to soft valuespT→0 ~the pertur-
bative expansion breaks down!. Thus, the color dipole de
scription is a nice tool to calculate those distributions sin
the above difficulties are avoided. We intend to address
issue carefully in a future calculation.

r
u-
er

FIG. 8. The DY differential cross section per nucleon versusM
for the RHIC energies (As5500 GeV) at fixedxF in the PD reac-
tion. The solid line corresponds to the Glauber-Mueller dipole cr
section whereas the dot-dashed one is the noncorrected DG
calculation.
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V. CONCLUSIONS

The Drell-Yan process is an important process testing
quark~antiquark! content of the hadron target. The measur
observables are Lorentz-invariant, whereas the parton
scription is frame-dependent. Calculations in the fast pro
system have provided a perturbative understanding of
DY process up to higher orders. On the other hand, the c
dipole picture allows a simple description of the DY proce
driven by the gluonic content~sea quarks! of the target. The
quark from the projectile radiates a photon decaying int
lepton pair. The basic blocks in the color dipole are the
wave functions and the dipole cross section. The forme
calculated from perturbation theory and the latter is mode
taking into account general properties of both hard and
domains.

We have found that the LC wave function for theg* q
configuration plays the role of a weight function for the d
ferent transverse separationsr' ~as well as dipole sizesar')
that contribute to the process. Namely, small transverse s
rations are selected by both the transverse and longitud
pieces. However, the transverse contribution can select
negligible large sizesr' . In addition, larger invariant mas
M scans smallerg* q separations. Moreover, the longitudin
piece is higher twist~suppressed by a factor 1/M2). These
features are also present in the deep inelastic case due t
similarity between the LC wave-function expressions.

Concerning the dipole cross section, here we consider
Glauber-Mueller approach, which takes into account the c
rections to the standard DGLAP formalism due to the unit
ity requirements. The taming of the parton distributions~par-
ton saturation! at high energies is performed considering t
multiscattering assumption from the Glauber-like~eikonal!
formalism. We have found a distinct behavior at both lo
and largex2 when performing a comparison with the ph
nomenological GBW model. The main source of the dev
tion is that GM depends on the gluon distribution, whi
increases asx2 diminishes. These features produce distin
results at current energies and in the forthcoming meas
ments. An important verification is that a non-negligib
.

J.

01401
e
d
e-
n
e

or
s

a

is
d
ft

a-
al
n-

the

he
r-
r-

-

t
e-

amount of nonperturbative contribution is present in t
cross section. Although the LC wave functions suppr
large transverse separations, a large cross section at smx2
compensates for the suppression producing a significant
content.

The current lowx2 available data lie in values rangin
from 0.03<x2<0.09, actually testing the validity limit of the
color dipole picture. Our results considering only the G
dipole cross section underestimate the experimental m
surements since the color dipole includes only the sea qu
content~gluon radiation! from the target. In the realistic case
for this kinematical region the valence and sea quarks b
have a significant contribution in the cross section. We h
parametrized the valence content through a reggeon
change and the results turn out to be equivalent to the
description claimed in Ref.@17#. It was found also that issue
related to higher-orders contributions in the color dipole p
ture should be considered carefully.

As the energy reached in the forthcoming experime
increases, the saturation effects should turn out to be m
relevant. We perform estimates for the RHIC energies a
have found that the unitarity corrections are important in
description of the cross section. We expect that such a
rection should be larger at LHC, since thex2 values probed
there would be smaller than in RHIC.

The quite simple scenario for the DY process in the r
frame allows us to extend the approach to the nuclear c
and also get information onpT distribution. The higher en-
ergies soon available will demand a well established kno
edge of the nuclear gluon distribution which can be the in
for the nuclear dipole cross section in the color dipole fram
work. This approach should be a useful tool to perfo
PQCD estimates for the future experimental measureme
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