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Abstract

The rapidity and transverse momentum dependence of the nuclear modification ratio for dilepton production at RHIC and LHC is presented,
calculated in the color glass condensate (CGC) framework. The transverse momentum ratio is compared for two distinct dilepton mass values and
a suppression of the Cronin peak is verified even for large mass. The nuclear modification ratio suppression in the dilepton rapidity spectra, as
obtained experimentally for hadrons at RHIC, is verified for LHC energies at large transverse momentum, although not present at RHIC energies.
The ratio between LHC and RHIC nuclear modification ratios is evaluated in the CGC, showing the large saturation effects at LHC compared
with the RHIC results. These results consolidate the dilepton as a most suitable observable to investigate the QCD high density approaches.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In the most recent data on hadrons transverse momentum
spectra in high energy collisions, some interesting results have
been pointed out [1,2]. The comparison between transverse mo-
mentum distribution in d—Au and p—p, and in central and pe-
ripheral collisions has being the main object of investigation.
These comparisons are performed introducing the nuclear mod-
ification ratio,
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where the normalization factor Ny is the number of binary
collisions, y and pr are the rapidity and transverse momentum
of the hadrons, respectively. For the case of d—Au collisions
at mid-rapidity y ~ 0, the ratio Rja, becomes smaller than 1
at small pr, larger than 1 at intermediated values of p7 and
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saturates at 1 for large pr. This implies a peak at interme-
diate pr (2-5 GeV), which is called Cronin effect or Cronin
peak. At large rapidities a suppression of the ratio Rja, was
observed and a flat behavior at large pr is found (disappear-
ance of the Cronin peak). Another ratio should be evaluated,
considering the same process, now taking a ratio between cen-
tral and peripheral process in order to avoid systematic errors.
In this case the ratio Rcp should be taken instead of the ratio
Riau. In both defined ratios, the observations are the same, a
significant reduction of the yield of charged hadrons measured
in d—Au collisions when compared with the p—p collisions at
forward rapidities [2].

The main interest related to the Cronin effect in the litera-
ture is regarding the hadron pr spectra, however, the dilepton
production should also be considered as an observable to study
this effect. The dileptons analyzed in the context of the color
glass condensate (e.g., [8—11]) present the same features of
the Cronin effect in such approach [12] and do not present fi-
nal state interactions, providing more clear information on the
color glass condensate. In this work, the ratio between p—Au
and p—p differential cross section is evaluated, analyzing the
transverse momentum distribution at a fixed rapidity and the
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rapidity distribution of the dileptons for 6 GeV mass. A com-
parison between distinct dilepton mass results in the transverse
momentum distribution at a fixed rapidity is performed.

The origin of the Cronin effect can be explained in differ-
ent ways, depending on the rapidity region. In d—Au collisions
and central rapidities, the Cronin peak is due to the multiple
scattering of the deuterium constituents with the nuclear en-
vironment. At forward rapidities the suppression of the ratio
could be a manifestation of the CGC [6,7] (or effect of xp — 1
[3]). At backward rapidities in d—Au collisions, the nuclear
modification ratio should present different behavior once com-
paring with the hadron and dilepton pr spectra [4]. Concerning
dilepton at backward rapidities, this point is being under inves-
tigation in another work [5].

2. Dilepton production in the CGC approach

The dilepton production at high energies is dominated by the
bremsstrahlung of a virtual photon by a quark from a hadron in-
teracting with a dense background gluonic field of the nucleus,
and afterwards decaying into a lepton pair. In order to do the
required calculation one considers only the diagrams where the
photon emission occurs before or after the interaction with the
nucleus, since the emission considering both before and after
the interaction is suppressed [13].

The dilepton production is investigated in the context of the
color glass condensate, which is a QCD classical effective the-
ory to deal with the high dense partonic system [14]. In this
theory, the small x gluons are radiated from fast moving color
sources, which are partons with larger values of x, being de-
scribed by a color source density p, with internal dynamics
frozen by Lorentz time dilatation, thus forming a color glass.
The observables are obtained by means of an average over all
configurations of the color sources, performed through a weight
functional W4+ [p], which depends upon the dynamics of the
fast modes, and upon the intermediate scale A*, which defines
fast (p™ > A™) and soft (p* < A™) modes. The effective the-
ory is valid for soft momenta of order A™. Indeed, reaching
much softer scale, there are large radiative corrections which
invalidate the classical approximation. The modifications to the
effective classical theory are governed by a functional, non-
linear, evolution equation JIMWLK [15,16] for the statistical
weight functional W 4+[p] associated with the random variable
Pa(X).

The hadronic cross section of the process is obtained em-
ploying the collinear factorization and considering the forward
rapidity region [8,17],
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with y being the rapidity, s represents the squared center of
mass energy and [r is the total transverse momentum trans-
fer between the nucleus and the quark. R4 is the nuclear ra-
dius, M is the lepton pair mass, x; and x, are the momentum

fractions carried by the quark from the proton and by the glu-
onic field from the nucleus, respectively, defined in the formal
way. The expression (2) is restricted to the forward region only,
which means positive rapidities y. The function W(pr, I, x1)
can be written as [17]
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which selects the values of /7 larger than pr [8]. Here,
Fr(x1/z, M2) is the partonic structure function, which takes
into account the quark distribution of the proton projectile and
z= p~ /k~ (light-cone variables) is the energy fraction of the
proton carried by the virtual photon. In Eq. (2) the function
C(lr, x3, A) is the field correlator function which, disregarding
the energy and nuclear dependence, can be defined by [18],

Clr) = / Pxp e HUOU D)), )

with the averaged factor representing the average over all con-
figurations of the color fields sources in the nucleus, U (x ) is
a matrix in the SU(N) fundamental representation which rep-
resents the interactions of the quark with the classical color
field of the nucleus. All the information about the nature of
the medium crossed by the quark is included in the function
C(r, x3, A). In particular, it determines the dependence on
the saturation scale QO (and on energy), implying that all sat-
uration effects are encoded in this function. In Ref. [8] we
have shown that the saturation effects appear in the function
C(t,x2,A) only at small /7, and as discussed here, the func-
tion W(pr, I, x1) selects values of I7 larger than pr, imply-
ing that only dileptons with pr smaller than Q; should carry
information about the CGC. Regarding the structure function
F(x1/z, M 2, the CTEQ6L parametrization [19] was used and
the lepton pair mass gives the scale for the projectile quark dis-
tribution.

The energy dependence introduced in Eq. (2) in the corre-
lator function C(I1, x2, A) is performed by means of the sat-
uration scale Qg(x2, A) and provides the investigation of the
effect of the quantum evolution in the dilepton production. We
employed the GBW parametrization [20] to obtain the x de-
pendence of the saturation scale (Q? = (x)(x0/x)"), and the
parameters have been taken from the dipole cross section ex-
tracted from the fit procedure by CGC fit [21] parametrization.
The nuclear radius, which appears in Eq. (2), is taken from the
parametrization which has the form, R4 = 1.2A173 fm, while
the proton radius (for pp calculations) is taken from the fit [21]
(R, =0.6055 fm).
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The function C(I7, x, A) should be considered as a funda-
mental quantity in the CGC formalism, since it carries all the in-
formation on high density effects. We have evaluated the cross
sections using the function C(Ir, x, A) from the mean-field as-
ymptotic solution for the JIMWLK evolution equation [22], in-
troducing an x dependence through the nuclear saturation scale,
which is parametrized in the form Q2(x, A) = A3 Q2(x). It
results in a correlator function which is a nonlocal Gaussian
distribution of color sources. These considerations imply for the
correlator the following form [12,23]

C(ZT,X,A)E/dZXJ_eilTvuex(x,xL,A), 5)
with
X(x,x1,A)

= _% d?p(l - JO(XJ_p))hl(l + (%y» ©)

where y is the anomalous dimension (y & 0.64 for BFKL) and
c~4.84[12,23].

One has specified the cross section to evaluate the dilepton
differential cross section, and in the next section, the nuclear
modification ratio for the dilepton production is investigated
and related to the measured Cronin effect.

3. Cronin effect and the dilepton production

As discussed in the introduction of this work, the Cronin
effect is present in the measurement of the hadron transverse
momentum spectra. Here, the onset of the same effects in the
dilepton pr and rapidity spectra is investigated for a lepton pair
mass M = 6 GeV. In a previous work [8], the investigation was
performed for the pr distribution of dileptons with mass M =
3 GeV. Now, one evaluates the pr and rapidity spectra for the
dilepton at RHIC and LHC energies, /s = 200 GeV and /s =
8800 GeV, respectively.

We have defined the nuclear modification ratio for the dilep-
ton production in the following form,

do(pA)
R dM dy dp?

- do(pp)
Al/3
TR2 dM dy dp?

(N

Rpa

Some attention should be given to the uncertainty in the de-
termination of the nuclear radius, then each cross section is
divided by the nuclear or proton radius. The factor A'/3 was
used in the denominator to guarantee a ratio R,4 about 1 at
large pr.

The comparison between the results for the ratio R4 con-
sidering two distinct lepton pair masses can be verified in Fig. 1
for LHC energies, where the expected result is found; the ef-
fect of the suppression of the ratio is reduced if the dilepton
mass is increased at a fixed rapidity. Such result can be verified
in Ref. [24], where an analysis was performed for the dilepton
production at RHIC and LHC energies in the color-dipole for-
malism, however, there the ratio was defined with a different
normalization.
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Fig. 1. Ratio R4 for LHC energies, for y =5 and y = 6, comparing results
for M =3 GeV and M =6 GeV.
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Fig. 2. Ratio R4 as a function of rapidity and pr for dileptons at RHIC ener-
gies.

This analysis regards forward rapidities, which maximum
value depends on the value of the mass and the transverse mo-
mentum. The region of large mass and large pr implies small-
est values for the rapidity limit. At RHIC energies the maximum
rapidity value reaches 4 and at LHC energies it goes up to 7.

In Fig. 2 the nuclear modification ratio for RHIC energies
is shown for dilepton mass M = 6 GeV. A weak dependence
of the ratio R,4 with the rapidity range is verified, since for
a fixed pr value, the ratio does not vary significantly with ra-
pidity. This occurs due to the fact that one evaluates the ratio
Rp 4 only at forward rapidities, in a short limited range. For the
hadron spectra, the suppression of the ratio with the increase of
the rapidity is verified for a large range of rapidities, from y =0
to forward ones (y = 3.2) [2]. In the case of the dileptons, the
same suppression should be verified, however the calculation is
restricted to the forward rapidities, providing a small suppres-
sion in the rapidity range investigated here. The suppression of
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Fig. 3. Ratio R4 as a function of rapidity and py for dileptons at LHC ener-
gies.

the ratio (absence of a Cronin type peak) in the pr distribution
is verified, although independent of the rapidity.

In Fig. 3 the nuclear modification ratio for LHC energies is
shown for dilepton mass M = 6 GeV. Due to the large range of
forward rapidities at LHC energies, one verifies the large sup-
pression of the nuclear modification ratio with the increase of
the rapidity. This suppression is intensified at large pr. The
suppression of the same ratio with the transverse momentum is
also verified and is intensified at large rapidities.

At LHC, the large range of rapidity provides the x range in
the large pr region (pr ~ 10 GeV) between 10~* and 107,
In this kinematical region, there are significant effects of sat-
uration predicted by the color glass condensate: the large sup-
pression of the nuclear modification ratio comparing with the
expected Cronin peak shows the existence of the saturation ef-
fects, in both, rapidity and transverse momentum distributions.

The predicted ratio for RHIC and LHC energies is evaluated
considering the same description for both, nucleus and nucle-
ons. This implies that the nucleon is not well described, since
at intermediated pr the nucleon is in the linear regime, and we
are using a nonlinear approach to the proton. This simplification
provides some uncertainty in the ratio at large pr, mainly at
RHIC energies, where the proton saturation scale reaches small
values. At LHC energies, the uncertainty in the ratio at large pr
is reduced, since the saturation scale of the proton reaches larger
values. The effect of considering a realistic proton appears as a
small reduction of the ratio R4 at large pr, since there is no
large suppression in proton gluon density in the linear regime.
However, a realistic description of the proton requires the de-
termination of a new parametrization, which is out of the scope
of this work.

The comparison between the LHC and RHIC results can be
done by means of the ratio R, 4 (LHC)/R, 4 (RHIC). This ratio
is presented in Fig. 4 which shows that the effect of the suppres-
sion is enlarged at LHC, since it presents a severe reduction at
small pr. We are restricted to the RHIC rapidity range to pro-
vide this ratio, implying no strong suppression in the rapidity
spectra for the ratio R, 4 (LHC)/R, 4 (RHIC). The advantage in
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Fig. 4. Ratio between LHC and RHIC ratio R, 4.

analyzing such ratio is that it is less sensible to the proton de-
scription at large pr, emphasizing the CGC aspects we meant
to explore in this work.

In this work the ratio R, 4 was investigated in the framework
of the CGC for dilepton mass M = 6 GeV and shown as a func-
tion of rapidity and pr, demonstrating the effect of suppression
in both distributions, rapidity and transverse momentum only at
LHC energies. One expects that such saturation effects are from
a similar mechanism as observed in the hadrons transverse mo-
mentum and rapidity spectra at forward region. This contributes
to clarify the status of the Cronin effect as an initial state effect
at forward rapidities. The ratio between LHC and RHIC results
shows significant saturation effects at LHC compared with the
RHIC ones. These features qualify dileptons as a cleanest probe
to the color glass condensate dynamics at forward rapidities.
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