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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 the* q transverse separation and the color dipole size, and of the effective dipole cross
section, is performed and compared with the available sxnddita. Estimates for the Drell-Yan cross section
at BNL RHIC energies are presented and discussed.
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[. INTRODUCTION way to study electron-proton and hadronic reactions is
claimed by the color dipole picture considering the rest

Massive lepton pair production in hadronic collisions frame description based dq factorization[3,10,17. Thus,
(Drell-Yan) and deep inelastic scatterif®IS) at high en-  the basic blocks are the dipole light-cone wave function and
ergy are the most outstanding processes probing the hadrdime dipole-target cross section. Such an approach has pro-
structure. On the deep inelastic side, a large amount of worlluced a unified way to study the mentioned processes, how-
has been done to describe the copious data at a medium aader its complete connection with the standard DGLAP for-
very small Bjorken scaling variabbe based on perturbative malism is not provided yet and deserves further studies.
QCD (PQCD [1]. In the high-energy domain, it has been In the infinite momentum frame, the DY process corre-
found that important unitarity corrections should be takensponds to the annihilation of a quatintiquark from the
into account regarding the standard PQCD approd@ih  projectile with an antiquarkquark of the target into a vir-
These phenomena are currently denominated perturbatiteal photon(vector bosojy which afterwards decays into a
shadowing or saturation effedt3—6]. Concerning the Drell- lepton pair[12]. In the leading-ordefLO) calculation, the
Yan (DY) sector, the PQCD tools have produced a reasonbY process has a simple electromagnetic character and it can
able theoretical understanding of the main observables, dée promptly given by QED theory. However, the perturbative
spite the small data sets available at presgfit The  QCD results at higher orders modify this simple picture. At
forthcoming accelerator experimentEBNL Relativistic ~ present, PQCD calculations have been developed up to the
Heavy lon Collider(RHIC) and CERN Large Hadron Col- second order of the strong-coupling constant[13]. For
lider (LHC)] will scan the high-energy limit of the hadronic practical considerations, in general the involved next-order
reactions and open a new kinematic window, i.e., smadler contributions are taken into account by a phenomenological
values. In particular, the quark-gluon plasti@GP), a new  parameter, namely i factor which is dependent on the DY
state of hadronic matter predicted by QCD, is expected to bkinematic variables.
found there[8]. The theoretical description of QGP produc-  In the rest frame, the DY process looks like a bremsstrah-
tion is directly associated with a complete knowledge oflung of a virtual photon decaying into a lepton pair, rather
saturation effects and the transition region to the high partothan a parton annihilatiopll]. The bremsstrahlung of the
densities. In a specific way, since the production scheme fovirtual photon can occur after or before the interaction with
J/ is similar to the Drell-Yan one and the latter does notthe gluonic field of the target. The advantage of this formal-
contain final-state effects, the DY process can be consideradm is that the corresponding cross section can be considered
as a baseline process to stutlys suppression as a signature in terms of the same dipole cross section extracted from
of QGP formation 9]. smallx DIS in the color dipole picturgl4]. At high energy,

In the fast proton system, the QCD factorization theorenthe unitarity corrections should be included in the dipole
leads to a description of the hadronic processes through theross section. Such effects have been considered, for ex-
convolution of the parton distribution functiofBDF’s) with ample, in the phenomenological model of Golec-Biernat and
the partonic subprocesses. The latter are completely calcWusthoff (GBW) [15], which describes DIS anelp diffrac-
lated in PQCD up to higher orders, whereas only the evolutive process with good agreement. We notice, however, that
tion in the factorization scale of the PDF’s is determined.the unitarity corrections to the inclusive observables, i.e.,
Namely, the parton distributions are solutions of thetotal cross section ofF,, can be hidden in the parametriza-
Dokshitzer-Gribov-Lipatov-Altarelli-ParisiDGLAP) evolu-  tion based on the DGLAP approach, absorbed in the initial
tion equations, whose formalism has been successful in deonditions, thus providing an excellent data description as
scribing both DIS and DY datdl,7]. Recently, an alternative seen in the updated next LONLO) QCD fits [16]. More

exclusive observables should be useful to clarify this impor-
tant aspect. After this short remark, we proceed with our

*Email address: mandrebe@if.ufrgs.br argumentation. The main disadvantage in the model of GBW
"Email address: gay@if.ufrgs.br is that a dynamical explanation of the saturation phenom-
*Email address: magnus@if.ufrgs.br enon is lacking. On the other hand, the Glauber-Mueller ap-
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proach provides a theoretical development concerning parton i-
saturation[4], constraining the PQCD description of the di-
pole cross section. Here, we make use of this formalism to
perform a description of the DY process in the rest frame.

The goal of this work is to perform a study of the DY at
process high energies considering the color dipole picture,
similar to recent work§17]. Our contribution is based on the
use of the dipole cross section calculated in perturbative
QCD, through the Glauber-Mueller formud], which en-
codes the unitarity effec{saturation in the parton densities.
This approach takes into account the multiple Pomeron scat-
tering hypothesis in an eikonal way keeping the unitarity of
the considered process. A comparison between the phenom-
enological GBW dipole cross section and the theoretical rg 1. The Drell-Yan process in the rest frame, depicting one of
Glauber-Mueller one is presented, verifying that the two ap+he possible interactions of the* q target(see text
proaches have different behaviors at higher energies. This is
due to the dynamical dependence on the gluon distribution ilthrget iSXZ. The partonic Subprocess above is well known
the Glauber-Mueller approach, whose Born term recovers thgom QED, and the hadroproduction cross section is obtained
DGLAP kernel in the double log approximatiéDLA). The  folding the partonic cross section with the quasktiquarR
nonperturbative region, i.e., large dipole size contributions, igensities evaluated at the invariavt?, the squared lepton
addressed considering the freezing of the gluon distributiomair mass, chosen here as the factorization sedle Their
under the initial perturbative evolution sca@®j. Then, we  eyolution inM? is given by the standard DGLAP evolution
present DY calculations in the rest frame of the target abquations. Therefore, the DY differential cross section in
leading order in gpp collision and perform a comparison leading order is given by
with the low x DY differential cross section from the E772
Collaboration[18]. We also produce estimates for the cross d2e®  4ma?, 1
section at RHIC energies. > = 25 (X1 Xy)

The outline of this paper is the following. In the next dM%dx:  9M7s (X1 X2
section we present a brief review of the DY process in the -
dipole color picture, discussing the range of validity for this xz ef[qf(xl,Mz)qf(xz,Mz)
approach and showing the role played by theq wave f
function. In Sec. Ill, we present high parton density effects
calculated from the Glauber-Mueller approach, and confront
them with the phenomenological GBW model. We estimate

_ , . .
the contribution of the saturation effects for the dipole crossvhereafg]s(x,M?) are the corresponding quaténtiquarl

section in high energie€ HC and RHIO. In Sec. IV, a densities with flavof and squared chargg . The center-of-
parameter-free prediction to the differential DY cross sectiod"2SS energy squaredssand the usual notation is

N

+0¢(x1,M2)qs(x2,M?)], 1)

for the available data at smatland estimates to RHIC are = X — X )
performed. Finally, in the last section the results are dis- Pt
cussed and we present our conclusions. 7=XX=M?/s, 3)
Il. DRELL-YAN PROCESS IN THE COLOR DIPOLE The momentum fractions are rewritten as
PICTURE

X1= S(VXE+AT+Xp), (4)
Before the description of the Drell-Yan process in the rest
frame, we would like to review the main kinematical vari- Xo= (X +4r—xp), (5)
ables and the standard calculations in the laboratory system.
This is important to clarify the connection between them andyhere x; is the longitudinal momentum fraction, labeled
to emphasize the asymmetry projectile target in the resteynmanx. Indeed,xz, M, ands are the kinematic vari-

frame picture. _ _ables experimentally measured, whereas the partonic vari-
In the laboratory system, the lepton pairs are produced implesx, andx, are reconstructed from them.
the Drell-Yan reaction where partons from the projedffiéest When we consider the target at rest, the DY process looks

proton interact with the proton targdti2]. Looking at the |ike a bremsstrahlung: the quark from the projectile radiates
parton level, a quark-anﬂquark pail’ annihilates into a Virtuala photon, which carries a fractiom of the |ight-cone mo-
photon in leading ordeqg— y* —1"1~. The symmetry be- mentum of the initial quark, later decaying into the lepton
tween target and projectile is very clear, namely we cannopair (see Fig. 1 The interaction with the target can occur
distinguish a quark coming from the proton target or frombefore or after the photon emission. Thus, although diagram-
the incoming beam. The momentum fraction carried by thematically no dipole is present, the interference among graphs
quark from the projectile is labeler; and that from the results in a product of two quark amplitudes in the DY cross
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section, testing the external gluonic field at two differenttant role in the dilepton massl dependence. We take the
transverse position§l1]. Therefore, a remarkable feature same notation for the LC wave functions frdt7]:
emerging is that the* q— N interaction can be described by

the same dipole cross section as in D14].

. : . 2_ 4402
In the (a,r,) mixed representation, the photoabsorbtion |‘I’y gl rol ﬂ__{mfa Ko(ar )
cross section in deep inelastic scattering is described by the
convolution of the wave functionsy «, from the virtual 1+ (1- )21 9?K3(yr )}, (9

photon and the interaction dipole cross sectiog,. The
wave functions are considered taking into account the first
TM2(1—a)?K3(qr ).

il 2a
photon Fock state configuration, namelygq pair. The di- |\1’;*q(a,rl)|2= >
pole cross section is modeled phenomenologically based on 77
a matching between the hard and soft pieces, constrained by

the DIS available data. The transverse separation ofjthe The functionsk, and K, are the modified Bessel func-

pairisr, , and each quartor antiquark of the dipole carries  tjons, and the auxiliary variable, depending on the quark
a momentum fraction (or 1—«) from the incoming pho-  massm;, is given by

ton. The small dipole size configurations can be described

through PQCD, whereas the large size ones belong to the 772=(1—a)M2+a2m$. (11
nonperturbative domain. Hence, one can write the photoab-

sorption cross section as a function of the scaling variable  The hadronic differential cross section for the Drell-Yan
and photon virtualityQ? in the quantum mechanics form process is expressed in a factorized form, embedding the

(10

[10] partonic cross section, E@7), into the hadronic environ-
. ment, in the following way{ 11]:
— T,L
UT,L(y* p*)qq):‘[\ der_ J;) dalqrqa(arrj_”zo-qa(xarj_)y dO’DY

Aem X1 1daf2
e
©®) dM?dxg 67TM2(X1+X2) xpa? T

whereT,L indicate the transverse and longitudinal contribu- da(gp—qy*p)
tions to the total cross section. In a similar way, the cross EEEErT—
section for radiation of a virtual photon from a quark after
scattering on a proton has the following factorized form in
the color dipole picturg¢l11]:

af2)al?

: (12

dina

wheree; is the quark charge. In this frame we use standard
kinematical variables<;=(2P,-q)/s and x,=(2P;-q)/s,
with x;X,=(M?+ q%)/s, whereP,, P,, andq are the four
:f d2rl|qﬁ;}(a,rl)|20qux2,arl), momenta of the beam, target, and virtual photon, respec-

7 tively. M?=q? and g% are the dilepton invariant mass

@) squared and the squared transverse momentum, respectively.

The frame dependence of the space-time interpretation of
e DY process can be illustrated by different meanings, of

dor, (qp—ay*p)
din«

where we have the same dipole cross section as in DIS. Herﬁ

r, is the photon-quark transverse separatien, is theqq in different reference frames: we know that in the Breit

separation, and is the fraction of the light-cone momentum frame, x, is the momentum fraction of the projectile quark
of the initial quark taken away by the photon. We notice the %

antiquark annihilating with the target antiquagkjuark. In
difference with the DIS case, where the dipole separaﬂon Rontrast, evaluating the scalar product referred to above in

justr, . Here,oqq is the cross section for scatteringg@  the target rest frame shows that the projectile quark carries
pair off a proton which depends on theq transverse sepa- momentum fractiox=x, /a (which is larger tharx;) of the
ration, and which should take into account the saturatiorparent hadron, and correspondingky, is the momentum
effects at high energy. fraction of the proton carried by the photon. The variable
The physical interpretation of E¢7) is similar to DIS in  is the momentum fraction of the proton carried by the gluon
the light-cone(LC) approach. The projectile quark state is exchange in thé channel. We have benefited from the fact

expanded in its Fock space in the foft] that the parton densitie andq; of the projectile enter in
TL . the combinationF5, which is the structure function of the
|Q>=Zz|Q>+‘I’y*q|qvf Yt ® proton. Therefore, we can rewrite the equation above in the

following way:
where here one has the expansion in terms of the eigenstates

from the quark projectile. Instead, in deep inelastic scattering do®Y o 1
. . . . em
the expansion is constructed from the eigenstates of the in- = 2 T
cident photor{10]. HereZ, is the renormalization constant. dMZdx:  67M? (X1+X2)
The well-known LC wave functions can be calculated in 1da x| do(gp—qy* p)
perturbation theony{10,11], and depend on the transverse X | —F5 _1)—7, (13
separations and momentum fractian They play an impor- X & « dina
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where the summation of the longitudinal and transverse con.- 2004 ‘ ‘

tribution was considered. The facta,,/(6M?) is due to ,

the photon decay into the lepton pair, coming from electro- " [ o Mesoew

dynamics, the differential cross sectiondo(qp - A

—qy*p)/dInais taken from Eq(7), and our input targq

in this work[4] is given by the standard gluon distribution in 508-05 |

the target corrected by saturation effects in the high-energy

limit. In Eq. (13), the structure of the projectile is described § 008400 _ _ 03 02

by the F§(x,Q?) structure function. "% N ‘ ‘ ‘ ‘
In the rest frame, the process is asymmetric concerningy %% |/, —

the projectile and the target, in contrast with the symmetric ®

picture in the Breit frame. The dipole color picture is valid 4e-08

for small x, and it takes into account only the gluor(gea

quarks sector from the target, disregarding its valence con- 26-06 |

tent. However, both valence and sea quarks in the projectile

are parametrized in the proton structure function in @§) 0e+00 o 00 03 oa 05
(for a complete discussion, see RéL7]). Although at r(fm)

present there are only a few experimental measurements in £, 2. The longitudinal and transverse contributions for
the kinematical limit of validity of the color dipole approach, w(r, ,M2) as a function of they*q transverse size, at fixed

it should provide reasonable results when one considenigpton pair mas#, for x,~xg=0.525.

smallerx, than that currently available. The high-energy ac-
celerators LHC and RHIC will open a wider kinematical
window towards smallek, values, allowing us to test rest

frame calculations properly.

To conclude this section, we analyze the behavior of thémaller. o - .
wave functions in the relevant kinematic variables. As will Regarding the longitudinal contribution, the lower plot in
be shown, they play the role of a weight to the dipole crosd™d. 2, the weight function selects smaller dipole sizasd
section concerning the transverse separations. In(Bgand ~ ¥* transverse sizgsn comparison with the transverse con-
(7), larger, configurations are suppressed in the integratedribution. Moreover, the function is narrower Ekincreases,
cross section, controlling the nonperturbative contributiongneaning that larger invariant mass scans smallerA well-
(large transverse distances domamthe observables. In the known fact is that the longitudinal contribution is a higher
deep inelastic case, the LC wave-function dependence on thwist, i.e., it is suppressed by a power oM7 when com-
radiusr, at fixed photon virtualityQ? is discussed in Ref. pared with the transverse of&0]. This feature actually re-
[19]. For the Drell-Yan case, the weight functions are givenmains in the Drell-Yan case. Moreover, the peaks appearing

Ki(#nr,)~1/(»r,) at this limit. Concerning the dependence
on M, as the invariant mass increases the contribution looks

by in the plot are due to the balancing between the asymptotic
behavior atr | —0 of the functionKy(#»r,)~—In(#r,) and
wrt (r, ,MZ)IHI d—aFg(xlla,Mz) the linearr, factor in Eq.(14).
Vx4 a Having addressed the main features of the color dipole

framework, namely kinematic definitions and the description
of the Drell-Yan process in the rest frame, in the next section
we introduce our model for the dipole cross section satisfy-
ing unitarity requirements.

X|W (a2 (14)

In Fig. 2, we show separately the longitudinal and trans
verse results fotV"(r, ,M?) as a function of the photon-
quark transverse separation at fixed lepton pair mashl.
The chosen momentum fraction wag~xg=0.525, since it
is a typical experimental valuésee Sec. Y. Considering
this x; value, the proton structure function is insensitive to  The cross section for a color dipole-nucleon scattering is a
the lepton pair mass range because it is in the scaling regiowell-known quantity, which was first proposed in the
Regarding the quark mass, here we take an effective lighBalitskii-Fadin-Kuraev-Lipatov (BFKL) framework [20].
guark massn;=0.2 GeV in the wave functions. The dipole interacts with the target through a perturbative

For the transverse contribution, meaning the upper plot ilrPomeron, described in terms of the ladder diagrams. From
Fig. 2 we verify that the weight function selects from small the k,-factorization frameworK21], the scattering process
up to intermediate photon-quark sizes. This means that it isan be written as the convolution of the projectile impact
selecting small dipole sizesy( ) in a similar way to deep factor and the unintegrated gluon structure function from the
inelastic scattering, since;<a=<1. For our purpose here, target, whose dynamics is determined by the evolution ker-
the x, values reside close tq-, thus the conclusions in the nel. The possible orderings in the transverse momerigm
following should hold when the weight factor is applied to in these graphs produce the DGLAP or the BFKL dynamical
the dipole cross section depending @n, . A steep increase evolutions. In particular, considering small configurations
as r,—0 comes from the behavior of the function from the dipole and thé&; factorization, one obtains

Ill. THE GLAUBER-MUELLER APPROACH
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2

(X )= T asrz XGDGLAP<X 4 description is valid in the leading In(@y approximation,
qq\Mt L) 1 N -y

: (15  however in the double log approximatidBLA) of pertur-

2
8 i bative QCD one obtaing]
DGLAP/,, &2y i 3ma 4
wh.erexGN (x,Q°) is the .standard D'GLA'P gluon cilszm_ O_SG(X,rL): SriXGDGLAP< X’_z)' (17)
bution at momentum fractiorx and virtuality scaleQ re

=4/rf . An extensive phenomenology has been made using

the result above for the inclusive structure function and the The unitarity constraint to the cross section above is ex-
vector meson productiod9]. In particular, we call attention pressed by the eikonal-like Glaub@dueller) formula, hence

to the specific value of the scalg appearing in the virtuality ~the gluon structure function can be written[28]

scaleQ?=r2/r? . We use ther3=4 throughout this paper,

however other values are equivalent at the leading logarith- o 4 ([dX (= drf d’b
mic level[19]. XG(x.Q)= ) X?L,sz T
A well defined feature from the data df, and on the +
gluon distribution at high energies, i.e., smakers that they % 2{1_ef(1/2)oﬁe(><’,rf/4)8(b)}_ (18)

present a steep increasingxadecreases. Indeed, experimen-
tally F,~xG~x"*, where the exponent ranges from 0.08
(Regge phenomenologyip to 0.5(LO BFKL calculations.
Such a behavior extrapolated to asymptotic energies violat
unitarity requirements and a control should be consideredy;
The scale where these effects start to be important is asso
ated to a region between hard and soft dynarf2&$ (PQCD
versus Reggeor belonging to the high-density QCD domain
[4]. Here, we are interested in the last cdé& a recent in the nuclear case.

review, sed23]). In QCD, the taming of the gluon distribu- The Born term, in the expansion of EQ.8) with respect
tion at high energies is taken into account through multipl o aﬁG. provides,the DGLAP evolution in the DLA. The

[Pztzr]neé%rlﬁ C:tterr(')r::gesgr?dergvligézetﬁékounnai‘,lglrli(zea;rgr:n%\;VC:LZ?emaining terms in the series contribute to the saturation ef-
) P P fects of the Born term. For simple calculations, the profile

Born-Pomeron cross section _Ieadlng to a softer growth W'ﬂ}unction S(b) is parametrized as a Gaussian distribution,
energy. Indeed, the asymptotic calculations have produced a o b2/R2 . . o
R9e , WhereR is the target size, which is a

unified In(1k) pattern for the cross section and gluon func-S(P) = (1/m : ,

tion instead of a truly saturated ofs]. free parameter to be determined from the data. Then, putting
In this work we use Eq(15), where the standard DGLAP this all together and performing the integration over the im-

gluon distribution is replaced by the modified one. In thePact parameteb in Eq. (18), one obtains

following, we shortly review how the unitarity corrections

The explicit integration limits for the (rewritten through
the variablex’) and transverse separation come from the
ysical kinematic range allowed in the procéfss detailed
scussions, sefgl]). The impact parametdr dependence is
(ﬂérametrized in the profile functioB(b). It contains infor-
mation about the angular distribution of the scattering in the
nucleon case and the nucleon distribution inside the nucleus

are implemented through the Glauber-Mueller apprdddh ) 2R? r1dx’ 1,Q(2)drf o,
The starting point for the derivation is the interaction of a XG(X,Q%)= 2 l/er_4{7E+|n[KG(X sl
virtual probe particle, in our case a virtual gluon, with the +

nucleon. In the space-time picture of this process, the virtual +El[KG(X',fi)]}, (19

probe decays in a gluon-gludGG) pair having transverse

separatior, . In the high-energy limitr, is considered fro- \yherey. andE,(x) are the Euler constant and the exponen-
zen during the interaction fok<1/(2myRy), where the g integral, respectively. The packing factomg
nucleonN has massny and geometric transverse SiRg . :(37Tasrf/2R2)XGDGLAP sets the scale where saturation ef-

. The_ absg)rption cross section of a_virtugl glugs) with  focts are starting. Namely, the saturation s&feis defined
virtuality Q< and Bjorkenx can be written in the form through the expressiong(x QZ)— 1
G\ M Ns/) ™+

Since the Glauber-MuellefGM) approach is valid in

. 1 d?r, (d?0 DLA, for practical reasons in Ref$4,5] a procedure was
o® (x,Qz)zf dzf - f 7|‘I’G (Q%r, ,x,2)|? introduced to extend the formalism to the full experimental
0 kinematic range available. The final result contains the full
> O'SG(X,I’L), (16) DGLAP kernel corrected by contributions calculated in DLA

XGy"(x,Q%) =xG(x,Q*)[Eq. (19)]+XxG °*F(x,Q?)
wherez is the fraction of the energy carried by the gludn, ,
is the impact parameter variable, a#¢” is the wave func- asNe 1% QZdEZX,GDGLAP(X, Q?)
tion for the transversally polarized gluon generating the pair. T Jx x' JQ@ A2 e
The cross section of the interaction GG pair with the nucleon Q
cr‘,\,SG depends on energyand transverse separation. This (20
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where this modification is necessary to obtain a realistic ap- €°

proach in the region of not very small The above equation

includes xGP®AP(x,Q?) as the initial condition for the

gluon distribution and givesGP®*P(x,Q?) as the first term

of the expansion with respect te;. One needs to subtract

the Born term of Eq(18) in order to avoid double counting, 40

which is the meaning of the last term in the equation above. s
From the discussions and definitions above, we should%

use as a dipole cross section in our further calculations the <

2

following expression: %
20
2 /o —e-- GM (R'=10Gev™)
GM _ T % 2, ~GM 4 e —— Standard DGLAP
T (X,r)= 3 ' xGy X,E . (21 i oM R =5Ga
r/
The resulting corrected gluon distributi¢kq. (20)] has 0 ‘ ‘

been applied for a comprehensive phenomenology in the DIS 99 02 ) 04 0.6
process, considering the formulas above as the gluon input
for the observables calculated in the Breit frafstructure FIG. 3. The color dipole cross section as a function of the dipole

functions,F, slope, etg. Recently, the GM dipole cross sec- sizer=ar, at fixedx,=10"%. The solid line corresponds to the
tion has been applied in calculations of the DIS structureesult without unitarity corrections, the dotted line is the GM pre-
functions in the dipole color picturésee Ref[26]). For in-  diction using RZ=10 GeV 2, and the dashed one is fdR?
stance, the structure functions description, in particular the=5 GeV 2.

latestF, data, can be seen in Figs. 3 and 5 of R26], using

that formalism. data analysis, its value ranges fraRf=5 to 10 GeV?

Now, one discusses in a detailed way the main characte h I di q the st ¢ "
istics emerging from the Glauber-Mueller dipole cross secY/eré & smaller radius produces the strongest corrections

tion. To do this, in Fig. 3 one shows the GIauber-MueIIer(Sfe Fig. 3. I;or our calculations we qhoo;e the I,OW va_lue
dipole cross section as a function of dipole transverse siz& —° GeV 7, corroborated by studies in the inclusive
r=ar, at fixed momentum fractiow,. For the sake of a Stucture function and its derivatives].
better illustration on the partonic saturation effects, one takes O the sake of comparison, one considers the phenom-
a very small value fox=10"°. Hereafter, one is using the €nological model of Ref.15] (GBW), which has produced a
Gliick-Reya-Vogt(GRV) gluon distribution at leading order 900d description of DES¥p collider HERA data in both
[27]. Here we use the GRV94 parametrization, since it haénc_luswe and diffractive processes.-lt IS coznstructed |nt-erpo-
been considered robust in a comprehensive phenomenolodgfing the color transparency behavieg,~r? for small di-
concerning unitarity correctionf4,5,26,28,30 which in- pple sizes and a fIa(saturateid behavior for .Iarge dipole
cludes a relatedR determination, intrinsic to the Glauber- SiZ€S ogp~0o (confinement The expression has the
Mueller approacti28]. The use of the other PDF46] im-  eikonal-like form
plies a determination of the corresponding value of the
parameterR as well as the enhancement of the already
present uncertainty about the nonperturbative contribution. rZQS
For the sake of illustration, in order to test the sensitivity of oqq(X,F) =00l 1—exp — m
the choice of the PDF’s sgt6], in Ref.[19] such a study has 0
been performed and it has been found that the deviations
among the parametrizations are more important in the high 1o
virtuality region (very smallr). However, in this region the
color transparency behavierr? dominates, absorbing pos-
sible sensibility in the specific selected parametrization. :
The solid line corresponds to the standard DGLAP calcu- 3
lation (without saturatiojy Eq. (15), whereas the remaining
ones result from unitarity corrections for two different target
sizes. The general shape in terms of the dipole size come
from the balancing between the color transparencyr? 0 2 40 60 80 100 0 02 04 06 08
behavior and the gluon distribution shape. These features arc Q=4 GeV) T
depicted in the plots in Fig. 4, where one verifies a visible g1, 4. The plot on the left shows the GM gluon distribution
scaling ofxG(x,Q?) versusQ? (left plot) and its dependence (GRV parametrization inpitas a function of the scal®?=4/r? at
onr=ar, (right plot. fixed x=10"2. On the right, GM gluon distribution versusand the
The difference in the strength of the unitarity correctionscolor transparency behaviar,~Cr? (for illustration we use a
associated with the target size is a well-known fact. From théree normalizatiorC=15).

: (22

8+

4I7F)

X X,
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GBW at x,~10 2 and higher for smallex,. We discuss
60 — g’;’w 1 these features in a theoretical and phenomenological point of
view when performing the comparison with available data in
a0 L | the next section.
x=10"°
= 20| e ——— IV. RESULTS AND DISCUSSIONS
2 -
— s This section is devoted to performing theoretical predic-
X o = * * tions for the available data on the DY process and the forth-
3 coming ones from RHIC or LHC. In the previous section, we
"o 15| x=10" 1 presented a parameter-free Glauber-Mueller dipole cross sec-
- tion which matches leading log gluon evolution and contains
10 + ] corrections from unitarity effectgparton saturation at
///// higher energies. Therefore, this provides a clear dynamical
5| = | description of the observables depending on the gluonic con-
=== tent of the target, also when it is a nuclear one.
0 = ‘ Although perturbative QCD provides reliable results at
0.0 02 r(fm) 04 06 small distancegsmall dipole sizels the nonperturbative sec-

tor is still far from being completely understood. The usual
PDF'’s are evolved from a perturbative initial sc@§=M3

~1 Ge\?, and there is little information about the behavior
at ngQg, where the perturbative description is not even
justifiable. In general one makes use of Regge phenomenol-
ogy to estimate those contributiofsee, for instancg,19]),

and extrapolating to lower virtuality regiongarge dipole
sizeg one needs an ansatz regarding the nonperturbative sec-

FIG. 5. The GM dipole cross section as a function of the dipole
sizer =ar | at two typicalx, values. The GBW result is also shown
for the sake of comparison.

where Q§=1 GeV? and the three fitted parameters arg
=23.03 mb, x,=3.04x10"4, and A=0.288, andRy(x)
=(x/x)M? is the saturation radius. In GBW, saturation is
characterized by the-dependent saturation radiusﬁ(x)

=1RG(x) instead of the scale coming from Glauber- ~ Tpq yse of the GRVO4 parametrizatif27] in our calcu-
Mueller, kg (x,Q3) =1, which can be easily extended for the lations, bearing in mind tha®?= 4/r2, meaning its evolution
nuclear casg4]. o initial scale isQ3=0.4 Ge\?, allows us to scan dipole sizes
Although GBW and GM are distinct approaches, theup t0 Ioy=(2/Qo) GeV ! (=0.62 fm). The cutoffr
smallx DIS data are equally well described by both models.qefines the transverse distance scale matching the perturba-

In particular the structure functions have been systematically, 5nd nonperturbative sector. For the most recent param-
described using the GM formalism; see, for instance, Refs,...~tions wher@2~1 Ge\? (r.,~0.4 fm), the amount
' 0 cut . '

[.5'26’29’3@' The main aQVantageous fegture of .G.M n rela—of nonperturbative contribution in the calculations should in-
tion to the GBW is the dipole cross section providing a deep

: . R . ~'crease. An additional advantage is that GRV94 does not in-
connectlon W.'th the quon' distribution, the_ leading quantltyclude nonlinear effects to the DGLAP evolution since the
at high energies. Conce_rnlng GBW, we point out the fO.HOW' arametrization was obtained from rather laxgalues. This
ng shortcommgs_ "%‘”d o!lsadvantages N comparison with th ature ensures that the parametrization does not include sen-
GM approach(a) itis strictly a parametnzayon avallable_for sible unitarity correctiongperturbative shadowingin the
the smallx HERA data; (b) there is no direct connection initial scale
with the gluon content(c) it does not match DGLAP evolu- '

i i Q) it d ¢ ider the i t i Now, we should introduce an ansatz for the large trans-
ion equations(d) it does no consider the impact parameter, o oo separation region. A more phenomenological way is to
dependence of the process) it leads to a quite strong satu-

' o i . match the PQCD dipole cross section with the typical had-
ration scenario in contrast with the other a_vg;ulable aP~onic One .y at Iy, for instance as performed ifi9].
proaches{f) concerning the hadron-hadron collisions, usmgNevertheless, due to the large growth of the PQCD dipole
GBW 1o calculate the pion-proton total cross sectioanvo- cross section at high energies and to take a more simple

Iutmg the dipole Cross section with the pion wave fundliion technical procedure we choose an alternative way: the gluon
predicts nonrealistic results, i.e., the cross section saturates gt L =~
istribution is frozen at scale,,, namelyxG(x,Qg,)- Then,

~23.03 mb in high energies. . -
In Fig. 5, one shows the Glauber-Mueller dipole crossthe large distance contributiarer, reads

section as a function of the dipole size ar, for two typi- 5

cal x, values. In the lower plot, fox,=10"2, the GM cross M=) = T %s 2 XGEM
section underestimates the GBW one. Howeverxasle- g 27 ey
creases the gluon distribution in the proton rises and the
dipole cross section increases. This feature is depicted in tH& @ more rigorous analysis, one should substitute the freez-
upper plot, for a smalk,=10"°, where GM overestimates ing scaleégut for the saturation scalQi(x) to take into
GBW by a factor 2 at intermediate~0.3. An immediate account a realistic value of the gluon anomalous dimension
consequence of the plots is that our prediction lies lower thain all kinematic regions.
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Concerning our ansatz for the largeegion, one verifies 1e-05 ‘ ‘ ‘ ;
in Ref.[26] that it produces a reasonable data description, g gs |
mainly the normalization of the structure functions. An im- i MGV
provement for the nonperturbative contribution is performed ~ *® [ [/ ™ ST M=rGe
there, where a cutoff in theintegration (G<r=r,) and the 4e-08 ,j/\\ \\
addition of a soft Pomeron term are considered. However, if _, |y S TS
we do not introduce this improvement, the normalization of Bt e
the structure functions remains unaffected. For completeness$ % 02 oa 06 o 1
the consideration of a soft term for the nonperturbative con-ﬂgxt Be-07 ‘
tribution was also taken into account in REf9]. However, T orl
for the same reasons as mentioned above, we choose tt
technically more simple procedure. 4e-07 |- 7\
To illustrate the role played by the small and large trans- 2NN
verse separations in the description of the observables, ir 297 f .
Fig. 6 we show the profile of the integration from Eq(13) ‘\\‘.\:_:_\:_\_:__
as a function of they* g transverse separatian at typical %o 02 KX 08 08 1
massM values. It is labeled here &$r | (r, ,M?). The mo- rim
mentum transfer is fixed at,= 102, since the lowx, data FIG. 6. The profileH+, (r, ,M?) as a function of the/* q trans-

available lie at this magnitude. For the proton structure funcverse separation, at typical mas# values. We us&,=10"* and
tion F5(x,/a,M?), describing the quark content of the pro- GRV parametrization input.
jectile, we use the ALLM updated parametrizati¢8l]

(good agreement with HERA data at largp. Both trans- the t-channel, corresponding to a reggeon instead of a
verse and longitudinal profiles are presented. Pomeron exchand@®2]. The secondary reggeon contribution

The main contribution for the profiles comes from the corresponds to an amplitude with quark-antiquark pair
asymmetric peaks which are shifted to largerasM dimin- ~ t-channel exchange. The leading double-logarithmic asymp-
ishes. For instance, in the transverse profile, the peak lies #tics of such an amplitude was calculated in perturbative
r, ~0.06 fm for M=10 GeV whereas aM=5 GeV it QCD in Ref.[33]. The quark-antiquark cut occurs in the
takes values, ~0.1 fm. As was verified in Sec. II, the lon- Plane atwo(t)=2Cgas/m, where Cg=(NZ—1)/2N, and
gitudinal sector selects smaller transverse sizeshan the  @sis the strong-coupling constant. That value is very close to
transverse one. Indeed, from the upper plot, nonzero contrthe phenomenological intercepts of thep trajectories, i.e.,
butions are obtained up to large~1 fm. The higher twist ~ar(0)=0.5. Our expression for the dipole cross section, Eq.
character of the longitudinal piece is verified through the(21), considers only sea contribution for the procégision
magnitude scale ofi,(r, ,M?). Due to the fact that the radiation, being equivalent in the Regge terminology to the
nonperturbative sector dominates fowcut:(ari)cm hal’d Pomeron. The Correspondent Valence”ke Contribution,
=0.62 fm using the GRV input, a significant part of the which corresponds to the reggeon contribution, is lacking in
contributions comes from the soft region whereis small ~ Our analysis above. In order to simulate the valence content
(soft quar. This is in agreement with the expectations thatin the calculations, we parametrize that piece in the follow-
important soft contributions take place in the Drell-Yan pro-ing form [34]:
cess(see related discussions [iB5]).

Now, we are able to compare the results with the available air(X,1)=Ngr?x®431-x)3, (24
data. Since the color dipole picture is valid at small momen-
tum fractionx,, one needs to select the experimental datavhere we have used the reggeon intercepi{0)=0.5475
covering this requirement. The lowest data were obtained and the threshold factor for the largeegion[34]. To repro-
in the fixed-target dimuon production by the E772 Collabo-duce similar results as presented in RéfZ], one considers
ration[18], where we select the points wit3<0.1 follow-  the constant valu&l,z=8 (to obtain as|r in GeV ?). The
ing the similar procedure dfL7]. In Fig. 7, one presents the r? factor ensures the correct scaling.
calculation Eq.(13) using the Glauber-Mueller dipole cross  In the plots Fig. 7 one shows also the LO Breit system
section(the solid ling at fixedxg and center-of-mass energy calculation, Eq.(1), which is the dashed line. The color di-
Js=38.8 GeV (0.0%x,<0.09). It should be stressed that pole result considering only the gluon contéséa quarks
this kinematical region scans the validity limit of the color Eq. (21), lies below the LO fast proton frame one ®f
dipole picture. The curves underestimate similar calculations=10~? (where the presented data are availahbt®wever, in
in Ref.[17], which uses the phenomenological GBW dipole this kinematical region the valence quark content competes
cross section. Such a result is actually expected from ouwith the sea one and such a difference should be expected.
conclusions in the previous section where GM underestimatBlow, we introduce the valence content, parametrized in Eq.
GBW atx,=10 2 (see the lower plot in Fig.)5 (24) and added to Eq21): as a result, our data description

The experimental data analyzed above arexforl0 2. has been improved, equivalently to the calculation$lirj
Therefore, Eq(21) is known to have corrections at larger considering the GBW model. A%, decreases, the gluonic
values due to the exchange of quarks rather than gluons, icontent of the target drives the observables and the color
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FIG. 8. The DY differential cross section per nucleon vergus
for the RHIC energies\(s=500 GeV) at fixedkq in the PD reac-

FIG. 7. The DY differential cross section per nucleon versus tion. The solid line corresponds to the Glauber-Mueller dipole cross
for the available smakk, data[18] (Vs=38.8 GeV) at fixekg in section .whereas the dot-dashed one is the noncorrected DGLAP
pD reaction. The solid line corresponds to the Glauber-Muellerc@lculation.
dipole cross section. The dashed one is the LO Breit system calcu-
lation and the dot-dashed line corresponds to the Glauber-Muellethe curves overestimate similar calculations in Haf7),
plus reggeon contribution. which uses the phenomenological GBW dipole cross section.

Such a behavior is expected from our previous conclusions
dipole considering only Eq(21) should produce quite reli- where GM overestimates GBW at smalles due to the
able results. We have verified this feature and have foundrowth of the gluon distribution at higher energiege the
that the reggeon contribution for the RHIC energies is comupper plot in Fig. $. Concerning the rest frame noncorrected
pletely negligible. DGLAP input, the Glauber-Mueller underestimates them due

Here, some comments about higher-order corrections ar® the significant corrections coming from unitarity effects
in order. The color dipole approach results for a tdtai- (parton saturation Moreover, we have obtained a result al-
tual) photon cross section are equivalent to those obtained bynost similar to the LO Breit frame calculations at the RHIC
k; factorization[21] in the leading logarithmic approxima- energies, suggesting a good consistency in both frameworks.
tion. However, the inclusion of higher-order effects in the From the plots one verifies that the deviations are more sig-
kr-factorization approach makes the equivalence incompatificant asM diminishes, corresponding to smallervalues.
ible: the conservation of the transverse positions and sizes df absolute values, the corrections at RHIC energies reach up
the colliding objects is violatef6]. Therefore, the introduc- to ~20%.
tion of higher-orders contribution into the dipole cross sec- As final comments, we address additional advantages of
tion must be taken with some care. Moreover, deep inelastithe color dipole picture in the DY case. For example, it al-
scattering and the Drell-Yan process have a quite differenfows us to obtain the transverse momeptadistribution for
scenario concerning NLO and NNLO corrections. In DIS,the process already at the leading-order calculdtiafh. In-
calculations considering up to NNLO resummations havestead, in the parton model the lepton pair has no transverse
been performed and it was found that they are sii&¥l. momentum due to the assumption that in the partonic sub-
Instead, in the Drell-Yan process, even the NLO calculationgrocess the longitudinal momenta are bigger than the trans-
produce corrections up to a factor of 2, diminishing as theverse onegpartons are collinear Therefore, an alternative
energy increase$7,13]. Keeping in mind the discussion way to solve this trouble is to introduce an intring¢ for
above, at the moment we are unable to perform in the dipoléhe initial state interacting partons. However, such an as-
color picture an equivalent NL@Breit frame calculation, sumption is not sufficient to describe the measypedlistri-
since at present the wave functions are not available at NL®utions. Considering the Compton and the annihilation sub-
accuracy. process, the leptons acquire transverse momentum and the

In order to address the color dipole picture at high enerp; dependence can be calculated in PQCD. The resumma-
gies, the DY differential cross section for RHIC energies,tions produceasIn?(m?/p?) terms which are large as the
Js=500 GeV, is shown in Fig. 8 for the same fixagd. transverse momentum goes to soft valpes-0 (the pertur-
There, thex, reaches values of order 1® and unitarity  bative expansion breaks dowriThus, the color dipole de-
effects are important. The solid lines are the Glauber-Muellescription is a nice tool to calculate those distributions since
estimates, Eq(21), and the dot-dashed ones are the resthe above difficulties are avoided. We intend to address this
frame calculations with DGLAP gluon distribution, Ed.5). issue carefully in a future calculation.
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V. CONCLUSIONS amount of nonperturbative contribution is present in the

cross section. Although the LC wave functions suppress

The Drell-Yan process is an important process testing th . .
. arge transverse separations, a large cross section atxsmall
guark(antiquark content of the hadron target. The measure . : L
compensates for the suppression producing a significant soft

observables are Lorentz-invariant, whereas the parton dec-O ntent

scription is frame-dependent. Calculations in the fast proton The current lowx, available data lie in values ranging

system have provided a perturbative understanding of th . R
DY process up to higher orders. On the other hand, the coIoFrrom 0.03<x,=0.09, actually testing the validity limit of the

dipole picture allows a simple description of the DY processcpIor dipole picture. Our resuIFs considering o_nIy the GM
driven by the gluonic conter{sea quarksof the target. The dipole cross section underestlmate the experimental mea-
quark from the projectile radiates a photon decaying into surements since the color dipole includes only the sea quark

a o o
lepton pair. The basic blocks in the color dipole are the Lchniﬁigt(silﬁg:qgggtgﬂ fi:)?]nlﬁze\;ggnegélZ;Zesrgghsjgrﬁisgéth
wave functions and the dipole cross section. The former ii‘uave a significant con?ribution in the cross sectio(?l We have
calculated from perturbation theory and the latter is modele 9 )

taking into account general properties of both hard and soft arametrized the valence content throug_h a reggeon ex-
domains. change and the results turn out to be equivalent to the data

We have found that the LC wave function for théq description _clalmed in Re[l?]._ ItV\_/as fqund also thaF issues
! . . : .. related to higher-orders contributions in the color dipole pic-
configuration plays the role of a weight function for the dif-

. . . ture should be considered carefully.
ferent transverse separatians(as well as dipole sizear | ) : . .
. As the energy reached in the forthcoming experiments
that contribute to the process. Namely, small transverse sepa- .
. - TIncreases, the saturation effects should turn out to be more
rations are selected by both the transverse and longitudinal

i L relevant. We perform estimates for the RHIC energies and
pieces. However, the transverse contribution can select non-

o . o . . have found that the unitarity corrections are important in the
negligible large sizes, . In gddmon, larger mvarlant_ mass description of the cross section. We expect that such a cor-
M scans smalley* q separations. Moreover, the longitudinal '

piece is higher twistsuppressed by a factorMF). These rection should be larger at LHC, since the values probed

features are also present in the deep inelastic case due to t?wheere would be smaller than in RHIC.
similarit betweenpthe LC Wave—func[:)tion EXDIESSIONS The quite simple scenario for the DY process in the rest
y P ' frame allows us to extend the approach to the nuclear case

Concerning the dipole cross section, here we consider th . . AL, . )
Glauber-Mueller approach, which takes into account the cor-gnd also get information opy distribution. The higher en

; . .~ ergies soon available will demand a well established knowl-
e e e et o g2 f e uclar guon irbuton Wi canbe th
ton saturatiohat high energies is performed considering thefor the nu.clear dipole cross section in the color dipole frame-
multiscattering assumption from the Glauber-lil@kona) work. Th|§ appro?chhsh]?uld be a yseful ItOOI to perform
formalism. We have found a distinct behavior at both IowpQCD estimates for the future experimental measurements.
and largex, when performing a comparison with the phe-
nomenological GBW model. The main source of the devia-
tion is that GM depends on the gluon distribution, which M.A.B. and M.V.T.M. acknowledge useful discussions
increases asg, diminishes. These features produce distinctwith Victor Gon@lves. M.V.T.M. also acknowledges Martin
results at current energies and in the forthcoming measuredcDermott(Liverpool University, UK for useful enlighten-
ments. An important verification is that a non-negligible ments. This work was supported by CNPq, Brazil.
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