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Abstract. Using the color dipole formalism we study production of Drell-Yan (DY)

pairs in proton-nucleus interactions in the kinematic region corresponding to LHC exper-

iments. Lepton pairs produced in a hard scattering are not accompanied with any final

state interactions leading to either energy loss or absorption. Consequently, dileptons

may serve as more efficient and cleaner probes for the onset of nuclear effects than inclu-

sive hadron production. We perform a systematic analysis of these effects in production

of Drell-Yan pairs in pPb interaction at the LHC. We present predictions for the nuclear

suppression as a function of the dilepton transverse momentum, rapidity and invariant

mass which can be verified by the LHC measurements. We found that a strong nuclear

suppression can be interpreted as an effective energy loss proportional to the initial energy

universally induced by multiple initial state interactions. In addition, we study a contri-

bution of coherent effects associated with the gluon shadowing affecting the observables

predominantly at small and medium-high transverse momenta.

1 Introduction

The Drell-Yan (DY) process provides an important test of the Standard Model as well as a compre-

hensive tool for studies of strong interaction dynamics in an extended kinematical range of energies

and rapidities. In this paper, we focus on dilepton pairs coming from decay of virtual γ∗/Z0 as a probe

of nuclear effects in proton-lead (pPb) collisions at LHC. In this case, the DY process represents a

cleaner probe than typical hadron production since the dilepton pairs have no final state interactions

leading to either energy loss or absorption in the hot medium. For the same reason, no convolu-

tion with the jet fragmentation function is required and no nuclear effects are expected besides the

saturation effects.

First, we give a short introduction into the color dipole picture as a framework in which the DY

looks like a radiation of γ∗/Z0 boson by a quark. We also compare calculations with the existing DY

data in proton-proton (pp) collisions at LHC. A more detailed recent study of DY observables for pp
collisions by some of the authors can be found in Ref. [1]. Then, we demonstrate that the coherence
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length lc is large enough, and the long coherence length (LCL) limit can be safely used in calculations

of the DY cross section in pPb collisions.

Besides the quark shadowing which is naturally incorporated in the LCL formula, we take into

account for following two important effects. The first one is the gluon shadowing which plays a

greater role at LHC energies at very small fractions x and can be estimated as a correction associated

with the higher Fock states |γ∗qG〉, |γ∗q2G〉, etc. The second effect is the so-called effective energy

loss due to the initial state interactions (ISI). The latter describes a suppression of the cross section at

large dilepton pT which was indicated at midrapidity, y = 0, by the PHENIX data [2] on π0 production

in central dAu collisions and on direct photon production in central AuAu collisions [3]. The same

mechanism of nuclear attenuation is important, especially at forward rapidities where we expect a

much stronger onset of nuclear suppression as was demonstrated by the BRAHMS and STAR data

[4].

Finally, we present new results on dilepton-pion azimuthal correlation in proton-lead collisions,

where the characteristic double peak structure particularly sensitive to the saturation scale is predicted.

2 Color dipole picture

The color dipole formalism is treated in the target rest frame where the process of DY pair production

can be viewed as a radiation of gauge bosons G∗ = γ∗,Z0 by a projectile quark [1, 5]. Assuming only

the lowest |qG∗〉 Fock component the quark–nucleon differential cross section reads [1, 5, 6]

dσ f
T,L(qN → qG∗X)

d lnαd2 pT
=

1

(2π)2

∫
d2ρ1d2ρ2ei�pT ·(�ρ1−�ρ2)ΨV−A

T,L (α, �ρ1)ΨV−A,∗
T,L (α, �ρ2)Σ(α, �ρ1, �ρ2), (1)

where

Σ(α, �ρ1, �ρ2) =
1

2

(
σN

qq̄(α�ρ1) + σN
qq̄(α�ρ2) − σN

qq̄(α(�ρ1 − �ρ2))
)

(2)

and �pT is the transverse momentum of the outgoing gauge boson, and α is a fraction of the quark LC

momentum taken by the gauge boson G∗. The vector and axial-vector wave functions are decorrelated

in the simplest case of an unpolarized incoming quark [5]. In this work, we take into account the pres-

ence of both interfering G∗ = γ∗ and Z0 contributions. The corresponding wave functions ΨV−A
T,L (α, �ρ)

can be found in Ref. [5]. The cross section for inclusive production of a virtual gauge boson in pp
collisions is found as follows [1]

dσL,T (pp → G∗X)

d2 pT dηdM2
= J(η, pT )

x1

x1 + x2

∑
f

∫ 1

x1

dα
α2

(
q f (xq, μ

2) + q̄ f (xq, μ
2)
) dσ f

T,L(qN → qG∗X)

d lnαd2 pT
(3)

where J(η, pT ) = 2√
s

√
M2 + p2

T cosh η is the Jacobian of the transformation between the Feynman

xF = x1 − x2 and the pseudorapidity η variables, with Bjorken fractions x1 and x2. Then, q f , q̄ f

denote quark and antiquark PDFs, respectively, for which the CTEQ parameterisations [7] will be

used, with the hard scale μ2 = p2
T + (1 − x1)M2, where M is a dilepton mass. In practical calculations

we use several parametrisations for dipole cross sections such as GBW [8], BGBK [9] and IP-Sat [10]

models.

In Figs. 1 and 2 we compare our predictions for the dilepton invariant mass distributions with

recent ATLAS data in the high invariant mass range and with recent CMS data covering the Z0 boson

resonance region taking into account its interference with the γ∗ contribution. We can conclude that

the parametrisation of the dipole cross section including the DGLAP evolution via the gluon PDF

(BGBK and IP-Sat) describe the DY data better than naive GBW model as expected.
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Figure 1. Predictions for the DY dilepton invariant

mass distributions in pp vs. data from ATLAS [11].
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Figure 2. Predictions for DY dilepton mass distribu-

tions in pp vs. data from CMS [12].

3 Proton-nucleus interactions

The dynamics of DY production on nuclear targets is controlled by the mean coherence length

lc =
1

x2mN

(M2 + p2
T )(1 − α)

α(1 − α)M2 + α2m2
f + p2

T

, (4)

where M is the dilepton invariant mass, mf is the mass of a projectile quark (we take same values as

in Ref. [1]) and α is the fraction of the light-cone momentum of the projectile quark carried out by

the gauge boson. The condition for the onset of shadowing is that the coherence length exceeds the

nuclear radius RA, lc � RA. In the LHC kinematic region the long coherence length (LCL) limit can

be safely used in practical calculations as is demonstrated in Fig. 3. In particular, this enables us to

incorporate the shadowing effects via eikonalization of σN
qq̄(�ρ, α) [13]

σN
qq̄(�ρ, x) → σA

qq̄(�ρ, x) = 2

∫
d2b
(
1 − e−

1
2
σN

qq̄(�ρ,x)TA(b)
)

(5)

where TA(b) is the nuclear thickness function at given impact parameter b normalized to the mass

number A.

In the LCL limit, besides the lowest |qG∗〉 Fock state one should include also the higher Fock

components containing gluons, e.g. |γ∗qG〉, |γ∗q2G〉, etc. They cause an additional suppression known

as the gluon shadowing (GS). The corresponding suppression factor RG [15] computed as a correction

to the total γ∗A cross section for the longitudinal photon reads RG(x,Q2, b) ≈ 1− Δσ
(γ∗A)
L

σ
(γ∗A)
tot

, was included

in calculations replacing σN
qq̄(�ρ, x) → σN

qq̄(�ρ, x)RG(x,Q2, b).

3.1 Effective energy loss

The initial-state energy loss (due to ISI effects) is expected to suppress noticeably the nuclear cross

section when reaching the kinematical limits, xL =
2pL√

s → 1 and xT =
2pT√

s → 1. Correspondingly, a

proper variable which controls this effect is ξ =
√

x2
L + x2

T . The magnitude of suppression was evalu-

ated in Ref. [16]. It was found within the Glauber approximation that each interaction in the nucleus
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Figure 3. The mean coherence length for dilepton rapidities

y = 0, 3 for different dilepton invariant mass intervals.
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Figure 4. The dilepton pT distribution in pPb colli-

sions vs. ATLAS data [14].
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Figure 5. Predictions for the nuclear modification fac-

tor RpPb.

leads to a suppression factor S (ξ) ≈ 1 − ξ. Summing up over the multiple initial state interactions in

a pA collision at impact parameter b, one arrives at a nuclear ISI-modified PDF

q f (x,Q2) ⇒ qA
f (x,Q2, b) = Cvq f (x,Q2)

e−ξσe f f TA(b) − e−σe f f TA(b)

(1 − ξ)(1 − e−σe f f TA(b))
. (6)

Here, σe f f = 20 mb is the effective hadronic cross section controlling the multiple interactions. The

normalisation factor Cv is fixed by the Gottfried sum rule (for more details, see Ref. [16]). It was

found that such an additional nuclear suppression emerging due to the ISI effects represents an energy

independent feature common for all known reactions experimentally studied so far, with any leading

particle (hadrons, Drell-Yan dileptons, charmonium, etc).

Fig. 4 demonstrates a good agreement of our calculations for DY production in pPb collisions

with the data from ATLAS experiment [14]. Fig. 5 shows predictions for the nuclear modification

factor RpPb as a function of pT for production of DY pairs at distinct rapidities y = 0, 3 and dilepton

invariant masses in the interval 66 < M < 122 GeV typical for the ATLAS measurements. The GS
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and ISI effects are irrelevant at y = 0. However, we expect a strong nuclear suppression in the forward

region y = 3 and large pT ’s caused by the ISI effects. Here, the GS effects give a small contribution

to the nuclear suppression at pT < 15 ÷ 20 GeV.

4 Drell-Yan–Hadron correlations

The correlation function C(Δφ) depends on the azimuthal angle difference Δφ between the trigger

and associate particles. The azimuthal correlations are investigated through a coincidence probability

defined in terms of a trigger particle which could be either the gauge boson (dilepton) or the hadron.

If we assume the former as a trigger particle then the correlation function is written as [1]

C(Δφ) =
2π
∫

pG∗
T ,p

h
T>pcut

T
dpG∗

T pG∗
T dph

T ph
T

dσ(pp→hG∗X)

d2 ph
T dηhd2 pG∗

T dηG∗d2b∫
pG∗

T >pcut
T

dpG∗
T pG∗

T
dσ(pp→G∗X)

d2 pG∗
T dηG∗d2b

(7)

where Δφ is the angle between the gauge boson and the hadron. The differential cross sections for

G∗ and G∗h production in momentum representation can be found in Ref. [1]. Fig. 6 demonstrates

that a double peak structure emerges around Δφ = π in pp collisions considering that the photon and

the pion are produced at forward rapidities, close to the limit of the phase space. Taking into account

the nuclear dependence of the saturation scale in the GBW model in the LCL limit we calculated

the correlation functions for proton-lead collisions as is shown in Fig. 7, where we expect again the

characteristic double peak structure at forward rapidity y = 4. These results are in agreement with

Ref. [17].
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Figure 6. The correlation function for the DY–pion

production in pp collisions.
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Figure 7. The correlation function for the DY–pion

production in pPb collisions.

5 Conclusions

Within the color dipole picture we analyzed the DY pair production process accouning for virtual

γ∗ and Z0 contributions. In the case of pp collisions, we found a good agreement of the differential

cross section as a function of the dilepton invariant mass M with the ATLAS and CMS data. We

demonstrate that for production of DY pairs on nuclear targets, the LCL limit can be safely employed

in the LHC kinematic region. Our calculations of differential cross section for DY production in pPb
collisions were compared to the ATLAS data and a good agreement has been found. We showed
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that the main source of a strong nuclear suppression, especially at forward rapidities expected at the

LHC, comes mainly from the ISI corrections. A small onset of the GS is visible only at large y = 3

for pT < 15 ÷ 20 GeV. Investigating the anglular correlation function corresponding to associated

dilepton and pion production we found a characteristic double peak structure around Δφ = π not only

for pp but also for pPb collisions.
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