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Title:

Study of nulear e�ets in hadron-nuleus interations and in heavy-ion ol-

lisions

Abstrat:

We study various nulear e�ets ourring in proton-nuleus interations and heavy-ion

ollisions. For alulations of the nuleus-to-nuleon ratio, nulear modi�ation fator

(RpA), we employ two di�erent models in order to test theoretial unertainties. Several

di�erent phenomena mainly ontribute to a modi�ation of RpA and should be taken into

aount; the Cronin e�et, the e�ets of quantum oherene (gluon shadowing - GS),

and e�ets based on multiple parton resatterings during propagation through nulear

medium before a hard ollision (initial state interation - ISI e�ets). The model based on

kT -fatorization was devoted mainly for investigation of modi�ation of RpA in prodution

of hadrons and diret photons. Besides, the olor dipole approah was used for study of

nulear e�ets in prodution of Drell-Yan (DY) pairs and diret photons sine allows to

inlude naturally GS and the Cronin e�et. It was found that the Cronin e�et leads to

a nulear enhanement at medium values of transverse momenta pT in the energy range

from the FNAL �x-target up to ollider LHC experiments. Its magnitude dereases with

energy in aordane with data due to a rise of gluon ontribution to prodution ross-

setion with larger mean transverse momenta. At small Björken x in the target the

gluon shadowing leads to a strong nulear suppression espeially in the LHC kinemati

region and at forward rapidities. Whereas in the model based on the kT -fatorization the

magnitude of GS depends on parameterizations of nulear parton distribution funtions

(nulear PDFs), the olor dipole approah allows to independent alulation of this e�et.

This leads to rather large unertainties in preditions of nulear shadowing not only within

models under onsideration, but also within the same model based on the kT -fatorization

using di�erent parameterizations of PDFs. It was investigated that ISI e�ets lead to a

strong suppression at large pT and forward rapidities. The QCD fatorization is broken

due to the orrelation between projetile and the target. The ISI e�ets are universal for

all known reations at di�erent energies and, onsequently, an be mixed with oherene

e�ets. In order to eliminate the mixing between oherene and ISI e�ets one should go to

small energies orresponding to �x-target experiments, to large pT -values at RHIC and/or

to large invariant masses of DY pairs. For investigation of nulear e�ets in dilepton

prodution we used for the �rst time the Green funtion formalism, whih naturally

inludes e�ets of quantum oherene and formation of olorless system in a nulear
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medium. The orresponding preditions for RpA as funtion of pT and Björken x an be

tested in the future by experiments at RHIC, LHC and planned eletron-ion ollider or

AFTER�LHC.
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Název práe:

Studium jadernýh efekt· v hadron-jadernýh interakíh a sráºkáh t¥ºkýh

iont·

Abstrakt:

P°edm¥tem této diserta£ní práe je studium jadernýh efekt· v proton-jadernýh a jádro-

jadernýh sráºkáh, v níº jsme se zam¥°ili hlavn¥ na efekty kvantové koherene (jaderné

stín¥ní), Cronin·v efekt a efekt zaloºený na víenásobnýh rozptyleh partonu p°i pr·-

hodu jaderným médiem p°ed samotnou tvrdou sráºkou, tzv. ISI efekt. Tyto efekty

jsou studované pomoí jaderného modi�ka£ního faktoru (RpA), který po£ítáme ve dvou

r·znýh modeleh. Model zaloºený na QCD kT -faktorizai je pouºíván hlavn¥ pro studium

produke hadron· a p°ímýh foton·. Na druhou stranu, model p°iblíºení barevného

dipólu byl pouºit pro výpo£et Drell-Yanova (DY) proesu a produki p°ímýh foton·.

Výhodou tohoto modelu je, ºe efekty jako je Cronin·v efekt nebo efekty kvantové ko-

herene jsou p°irozenou sou£ástí tohoto formalismu. Cronin·v efekt vede k nadm¥rné

produki £ásti v oblasti st°edníh p°í£nýh hybností (pT ) pro energie sahajíí od exper-

iment· ve FNAL po experimenty na uryhlova£i LHC. Bylo ukázáno, ºe velikost Croni-

nova efektu klesá s rostouí energií v souhlasu s experimentálními daty díky rostouímu

p°ísp¥vku gluon· ke st°ední p°í£né hybnosti partonu. V oblasti malýh Björkenovskýh

x dominují efekty kvantové koherene, které vedou k potla£ení jaderného modi�ka£ního

faktoru zvlá²t¥ p°i energiíh dosahovanýh na LHC nebo p°i dop°ednýh rapiditáh. Ve-

likost jaderného stín¥ní v kT -faktoriza£ním modelu závisí na parametrizai jadernýh

partonovýh distribu£níh funkí (jadernýh PDF), zatímo model p°iblíºení barevného

dipólu umoº¬uje spo£ítat efekty stín¥ní nezávisle. To vede k velkým neur£itostem v p°ed-

pov¥díh jaderného stín¥ní nejenom mezi ob¥ma modely, ale i v rámi kT -faktoriza£ního

modelu p°i pouºití r·znýh jadernýh PDF. Jiº d°íve bylo ukázáno, ºe ISI efekt vede k

silnému potla£ení p°i vysokýh pT a dop°ednýh rapiditáh. Tento efekt vede i k naru²ení

QCD faktorizae kv·li korelai mezi nalétavajíí a ter£ovou £ástií. Tento efekt je uni-

verzální pro v²ehny známé reake p°i r·znýh energiíh a proto m·ºe být zam¥n¥n s

efekty kvantové koherene. Aby se této zám¥n¥ p°ede²lo, je pot°eba studovat tento efekt

p°i nízkýh energiíh odpovídajííh experiment·m s pevným ter£íkem, velkýh hod-

notáh pT nebo velkýh invariantníh hmotáh DY páru. P°i studiu jadernýh efekt·

pro Drell-Yan·v proess byl také po prvé pouºit formalismus Greenovýh funkí, které

p°irozen¥ obsahují efekty kvantové koherene a efekty absorpe v jaderném médiu. Pub-

likované p°edpov¥di pro RpA jako funke pT nebo Björkenovského x mohou být ov¥°eny
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pomoí experiment· na uryhlova£íh RHIC a LHC nebo na plánovaném experimentu

AFTER�LHC nebo uryhlova£i EIC.
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Chapter 1

Introdution

During the last 40 years, the various aspets of the strong interation ourring in pro-

esses on nulear target were studied by physiists. This allowed to obtain supplementary

information about nulear e�ets whih were not observed in hadroni ollisions or deep

inelasti sattering (DIS). Interations on nulear targets at higher energies allow to study

gluons that are generally less understood. Espeially in small-x region, the non-linear

dynamis and saturation phenomena of gluons an be investigated. This an lead to

a deeper understanding of strong interations and its manifestations from the point of

view of on�nement or hadron masses that are muh larger than a sum of their valene

quarks. In the ase of heavy-ion ollisions (HICs), the main attention is dediated to the

disovery and study of phenomena onneted with the reation and subsequent evolution

of the quark-gluon plasma (QGP) state. The QGP represents a state of matter where it

is believed that quarks and gluons exist asymptotially free in the medium.

In order to speify the magnitude of nulear e�ets one should provide measurements

of nuleus-to-nuleon ratio of prodution ross-setions, the so-alled nulear modi�ation

fator, RpA. The nulear e�ets an lead either to a nulear suppression, RpA < 1, or to

an enhanement, RpA > 1.

Basially, nulear e�ets an be divided into initial and �nal state e�ets depending on

whether they our before or after the hard sattering. Multiple interations of projetile

partons in a medium an lead to e�ets of quantum oherene whih are ontrolled by

the time sale, alled the oherene time (length, lc). In the ase of the Drell-Yan proess

the oherene length an be approximately expressed as follows,

lc ≈
1

2mNx2
, (1.1)

where mN is the nuleon mass and x2 is the Björken x of the target. The oherene length

1



2 CHAPTER 1. INTRODUCTION

follows from the quantum mehanial relation of unertainty and an be interpreted as

the lifetime of the oherent state. The e�ets of quantum oherene are usually related

to initial state e�ets. After the hard sattering as a result of the hadronization proess

a olorless state is reated and propagates then through the medium up to formation

of the �nal hadron. This happens during the time sale, whih is alled the formation

time or length. Interations of the olorless system during this stage lead to the nulear

absorption, whih is treated as the �nal state e�et.

We will analyze the initial state e�ets in proton-nuleus and nuleus-nuleus ollisions

taking into aount proesses where the �nal state e�ets are not expeted. We will

onentrate mainly on theoretial desription of suh e�ets as is nulear shadowing, the

Cronin e�et and initial state interation (ISI) e�ets, sine we expet that they give the

main ontribution to observed nulear suppression and/or enhanement. The physial

interpretation of eah e�et under onsideration is provided within two di�erent models,

whih are related to di�erent referene frames, in�nite momentum frame and target rest

frame.

One of the most interesting e�et, but su�ers from high unertainties, is the nulear

shadowing. The onset of nulear shadowing is ontrolled by the oherene length, and

the maximal suppression ours when lc ≫ RA, where RA is the nulear radius. This

ondition orresponds to rather small Björken x2 < 0.01. Treating the in�nite momentum

frame, this e�et an be seen as a modi�ation of parton distribution funtions (nulear

PDFs). Alternatively, the shadowing an be also explained in terms of the olor glass

ondensate (CGC) [1℄ that is based on the idea of gluon fusion in the Lorentz ontrated

nuleus. The interpretation of the same phenomenon in the target rest frame orresponds

to the shadowing by surfae nuleons of the nuleus similar to the Landau-Pomeranhuk-

Migdal (LPM) e�et [2, 3℄ in quantum eletrodynamis (QED).

The Cronin e�et manifests itself at medium large pT and leads to an enhanement,

RpA > 1, whih is observed in nulear ollisions at various energies form the �x-target

FNAL to ollider RHIC and LHC experiments. Generally, this e�et an be understood

as a broadening of the parton mean transverse momentum during its propagation through

the medium treating di�erent mehanisms depending on the referene frame.

The next phenomenon studied in this work is onneted with the initial state inter-

ation (ISI) e�ets [4℄ and an be interpretted as an e�etive energy loss due to multiple

resatterings of initial-state projetile partons in the medium before a hard ollision. This

e�et aspirates to explain the observed suppressions at high transverse momenta and/or

at forward rapidities also in the kinemati regions where another soure of suppression -
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the oherene e�ets (shadowing or CGC) are not e�etive. ISI e�ets are universal for

all known reations at di�erent energies leading to the breakdown of the QCD fatoriza-

tion [4℄.

In this work we investigated �rst all the nulear e�ets mentioned above in prodution

of hadrons and diret photons using the model based on the kT -fatorization. Model

preditions an be thus ompared with experimental data available for a wide range of

energies. We found a good agreement with data and analyzed the onset of eah e�et in

di�erent kinemati regions. As the next step we studied for the �rst time manifestations

of the Cronin e�et, e�ets of quantum oherene and ISI e�ets onsidering the Drell-Yan

proess. Although the DY reation has been already studied in [5,6℄ inluding the Cronin

e�et and shadowing, we present here for the �rst the omprehensive study inluding also

in addition ISI e�ets and treating the onset of oherene e�ets sophistially using the

rigorous Green funtion formalism.

A key feature of the Drell-Yan proess is the absene of �nal state interations and

a orresponding fragmentation, whih is assoiated with an energy loss or absorption

phenomena. For this reason the DY proess an be onsidered as a very e�etive tool for

the study of ISI e�ets [7℄.

The investigation of ISI e�ets, espeially at LHC, an be very di�ult and om-

pliated. For example, the onset of these e�ets in hadron prodution at midrapidity

requires the measurements of very large transverse momenta of the order of several hun-

dreds of GeV or to go to forward rapidities. However, in this ase the ISI e�ets will be

mixed with e�ets of quantum oherene. For this reason, we present for the �rst time

preditions for nulear modi�ation fator in the DY proess where the ontribution of

Z0
boson to the prodution ross setion allows to ahieve large invariant mass of dilep-

tons. In omparison with other proesses, this is the main advantage of the DY reation

leading to an elimination of oherene e�ets going to large invariant dilepton masses.

In this ase one does not need to treat extremely large pT -values what allows to keep a

reasonable high experimental statistis.

At the LHC energies, the long oherene length (LCL) limit, lc ≫ RA, an be safely

used. However, at lower energies orresponds to RHIC one should be areful and hek

the appliability of the LCL limit. Therefore, in this work we treat the rigorous Green

funtion formalism that inludes oherene e�ets naturally. Preditions for nulear mod-

i�ation fator in the DY proess inorporate all e�ets mentioned above. Moreover, the

mastering of the Green funtion framework also allows to independent and more au-

rate alulation of not only the gluon shadowing but also �nal state absorption whih is
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important in other proesses during formation of olorless system in a medium reated

after heavy-ion ollisions.

This work is organized as follows. In Chapter 2, the overview of nulear e�ets

observed in experiments is presented. Moreover, the signi�ane for di�erent �nal states

suh as Drell-Yan proess, prodution of diret photons and hadrons is ommented and

the physial origins of eah e�et are outlined. Chapter 3 is devoted to the basis of the

QCD based kT -fatorization model and to its transition to the nulear target. Chapter 4

deals with the desription of the olor dipole framework, espeially for proton-nuleus

ollisions using the Green funtion tehnique and its limits. Chapter 5 highlights all

individual results in all publiations whih are part of this work in the Appendix C and

summarizes the omparison of both models. Finally, Chapter 6 ontains onlusions of

this work.



Chapter 2

Nulear e�ets

High energy hadroni ollisions or deep inelasti sattering are very well understood

experimentally as well as theoretially through the quantum hromodynamis (QCD).

At the end of seventies, experimental physiists foused on proton-nuleus ollisions and

later on eletron-nuleus (nulear DIS) interations. In interations with so omplex

and so sophistiated objet as is a nuleus, we an expet and study new e�ets that

appear from the number of bounded nuleons that interat strongly with eah other.

All these e�ets that arise in proton-nuleus interation ompared to A-times proton-

proton ollision (orresponding to a nuleus with A non-interating nuleons) may be

alled nulear e�ets. Note that the term nulear e�ets generally represents all e�ets

on nulear target inluding e�ets of hot and dense medium. Nevertheless, within this

work under the term nulear e�ets only the initial state e�ets are onsidered.

Next, nulear e�ets an be divided aording to their oherent or non-oherent origin.

The dynamis of oherene e�ets is ontrolled by the oherene length lc that represents

the lifetime of oherene state. The oherene length an be expresses from the quantum

mehanial priniple of unertainty approximately as (1.1). The longer the oherene

length is the stronger oherene e�ets are. Coherene e�ets are strongest for lc ≫ RA,

where RA is the nulear radius. For more details see Chapter 4.3.1.1. Typial oherene

e�ets are nulear shadowing or saturation and non-oherent e�ets are Fermi motion or

ISI e�ets.

One of the most straightforward way how to quantize these e�ets is the so-alled

nulear modi�ation fator de�ned as nuleus-to-nuleon ratio

RpA =
dσpA

A · dσpp
, (2.1)

where A is the number of nuleons in nuleus, and σpA
and σpp

are ross-setions on

5
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nulear and proton target. In the ase, when measurements on proton target are not

available, nulear e�ets an be measured e.g. through the forward-bakward ratio (ratio

of σpA
at forward and bakward rapidities)

RFB =
dσpA(+|y|)
dσpA(−|y|) . (2.2)

or entral-to-peripheral ratio (ratio of σpA
in entral ollisions and peripheral ollisions)

RCP =
dσpA|central
dσpA|peripheral

(2.3)

or another variables spei� for jets, photons, et. RFB and RCP measure just relative size

of nulear e�ets in ontrast to nulear modi�ation fator where the absolute magnitude

of nulear e�ets is measured.

Based on experimental results, espeially on nulear DIS, there is a general agreement

on the main division of nulear e�ets as a funtion of Björken variable, a parton momen-

tum fration of the nuleus, x2(xBj). In aordane with [8�12℄ and referenes therein

four distint regions an be reognized:

• Suppression from shadowing, saturation and ISI e�ets, x2 < 0.01 ∼ 0.1: a region of

possibly strong suppression. It an be understood through the multiple sattering

in the nulear rest frame, or parton fusion in the in�nite momentum frame.

• Enhanement, 0.1 < x2 < 0.3: a region of the enhanement, sometimes alled as

Cronin peak or Cronin e�et.

• EMC e�et, 0.3 < x2 < 0.8: a region of the suppression, named after the experi-

ment (European Muon Collaboration) where this suppression was measured for the

�rst time [13℄. There is no agreement on the soure of this e�et. Usually, this

suppressions is explained by the nulear binding e�ets, pion exhange, et.

• Fermi motion e�et, x2 > 0.8: a region of possible large enhanement. The idea is

that for the parton with most of the momentum the quasi-free Fermi motion of the

nuleon inside the nuleus beomes important.

All four regions are demonstrated in Fig. 2.1 from [12℄. In this work, the EMC e�et and

Fermi motion are not taken in onsideration.

Experiments measuring the deep inelasti sattering on nulei are the primary soure

of data for nulear e�ets, espeially for nulear PDFs where the kinematis in omparison

with proton-nuleus interations is muh more lear. The main variable that is measured

is a nulear ratio of nulear and proton struture funtions F2 de�ned as

RF2
eA(xBj , Q

2) =
FA
2 (xBj, Q

2)

AFN
2 (xBj, Q2)

, (2.4)
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Figure 2.1: An illustration of the expeted behavior of the nulear modi�-

ation fator where ξ = x2. The �gure is taken from [12℄.

where xBj and Q
2
are standard variables in DIS. If one onsiders a DIS proess, as is in

Fig. 2.2,

l(k) + p(P ) → l(k′) +X(P ′),

where k, k′, P, P ′
are four-momentum then

q = k − k′, xBj =
Q2

2P · q , Q2 = −q2 > 0. (2.5)

l
lk

k′

p P
X

P ′

q

Figure 2.2: An illustration of the deep inelasti sattering.

The main ontributions on nulear DIS are from BCDMS ollaboration (experiment

NA-4) [14, 15℄, EMC (experiment NA-28) [13, 16�18℄ NMC (experiment NA-37) [19�25℄

or experiment E665 [26, 27℄. It does not inlude potential e�ets aused by interation

strongly interating projetile suh as initial state interation e�ets that will be disussed

in more details later. Although, the projets on future nulear DIS are on the rise

espeially the eletron-ion ollider (EIC) [28℄ that will be loated in Thomas Je�erson

National Aelerator Faility (JLab) or Brookheaven National Laboratory (BNL), both
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in the USA. This ollider will fous primary on the spin and three-dimensional struture

of the nuleon and the physis of high gluon densities (sometimes referred to as small-x

physis).

partN
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 >
 6

.0
 G

eV
/c

)
T

(p
A

A
R

0

0.5

1

1.5

2 200 GeV Au+Au Direct Photon
0π200 GeV Au+Au 

Figure 2.3: Nulear modi�ation fator at

√
s = 200 GeV for Au + Au

ollisions for diret photons and π0
as funtion of the number

of partiipants [29℄.

Next to the nulear DIS, nulear e�ets an be studied through various �nal states

in proton-nuleus and nuleus-nuleus ollisions. In this work, we foused on hadrons

(harged hadrons, pions, kaons, protons - no vetor mesons or heavy baryons), diret

photons, Drell-Yan proesses and some omments will be related to jets. Hadrons serve

as main probes for nulear e�ets in p+A and A+A interations and probes for nulear

e�ets and hot and dense nulear matter e�ets together in heavy-ion ollisions. On the

other hand, diret photons and Drell-Yan proess represent eletromagneti probes for

nulear e�ets where no fragmentation, no absorption, no energy loss in nuleus-nuleus

ollisions is expeted. Theoretially, both an be an ideal tool to study nulear e�ets

even in heavy-ion ollisions. For example, in the region of medium pT ≥ 6 GeV/ where

nulear e�ets are not expeted, all suppression/enhanements are e�ets of hot and dense

nulear matter as is demonstrated in Fig. 2.3 as a funtion of entrality in omparison with

suppressed neutral pions [29℄. Similar situation is presented also in Fig. 2.4 [30℄ where all

mesons are suppressed in Au+ Au ollisions due to strong interation in the medium in

ontrast to eletromagnetially interating diret photons whih do not interat with hot

and dense nulear matter. Moreover, the variability of measured mass of DY pair allows
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to reah various kinematial regions where e�ets of quantum oherene or ISI e�ets are

dominant only even at small pT .

Most of e�ets disussed in this hapter our in heavy-ion ollisions as well as in

proton-nuleus interations or nulear DIS. However, mainly experimental results and

theoretial works for proton-nuleus ase are disussed. Moreover, EMC and Fermi mo-

tion e�ets will be omitted due to di�ulty to reah kinematial regions at LHC and

RHIC where these e�ets dominate.
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Figure 2.4: Nulear modi�ation fator at

√
s = 200 GeV for Au+Au ol-

lisions as funtion of pT for diret photons and various hadrons

for entral data 0-10% [30℄.

For more detail on nulear e�ets see reviews [10, 11℄ and referenes therein.

2.1 Cronin e�et

Antishadowing or Cronin e�et is one of the �rst disovered nulear e�ets in exper-

imental data in 1974 [31℄. Cronin at al. in FNAL proton area measured prodution

of hadrons (π±, K±, p, p̄, d, d̄) in proton-nuleus (Beryllium, Platinum and Tungsten tar-

gets) ollisions at inident proton energies of 200, 300, and 400 GeV. It was found that

the ross-setions for hadron prodution saled with a power of the atomi number A,
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E d3σ(pT ,A)
d3p

= E dσ(pT ,1)
d3p

Aα(pT )
, as funtion of transverse momentum and is larger than one

for medium pT = 2÷6 GeV/. This e�et is more lear if the nulear modi�ation fator

is introdued, RW/Be(pT ), as in [32℄. Then, one an see the absolute magnitude of the

Cronin peak that dereases with CMS energy.

Generally, this e�et is understood in the framework of higher twist e�ets or, intu-

itively, it omes from multiple resatterings - gluon exhanges of parton before the hard

sattering that leads to the nulear broadening of the pT -spetra [11℄. Namely within

the in�nite momentum frame based models, the Cronin e�ets an be interpreted as the

modi�ation of parton distribution funtion in the nuleus, see Chapter 3.4.3, and as

soft hadroni resatterings where eah resattering ontribute to the intrinsi momentum

broadening [33℄, see Chapter 3.4.2.

Within the target rest frame, the mehanism leading to the Cronin e�et depends

on the oherene length. In the region of short oherene length that orresponds to the

idea that the �utuation is reated deep inside the nuleus, the inoming projetile parton

partiipates in multiple soft interations that do not lead to the prodution of partiles,

but modify the mean transverse momentum [34℄. On the other side, in the regime of long

oherene length the �utuation is reated long before the nuleus and interats with

the nuleus oherently and, therefore, annot interat with eah nuleons individually.

Nevertheless, the interation of projetile �utuation with the nuleus also depends on

the size of the �utuation or intrinsi transverse momentum of the �utuation, respe-

tively. The harder the �utuation (the larger the relative intrinsi transverse momentum)

between the quark and dilepton is, the stronger is the kik from the target required for

the loss of oherene. Large �utuations have high probability to lose the oherene on

the surfae of the nuleus whih leads to the shadowing at small pT desribed below.

Small �utuations, orresponding to high intrinsi transverse momentum, are subjet to

multiple interations leading to the larger transverse momentum of the nuleus than a

nuleon target, and, hene, is able to disrupt the oherene of the �utuation. This leads

to the enhanement in the ross-setion for medium pT . For high pT just single high-

pT interation dominates and eliminates the enhanement by multiple sattering. This

phenomena is alled the olor �ltering [5, 35℄.

Besides FNAL �x-target experiments, the Cronin e�et was measured also at high

energies at RHIC and LHC olliders. For example, in Fig. 2.5, there is the nulear

modi�ation fator RdAu as funtion of pT for di�erent entralities from PHENIX exper-

iment [36℄. For pions and kaons one an see the Cronin enhanement with approximate

magnitude of 1.2, but for protons an exessive enhanement is observed. This exessive
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enhanement is referred to as baryon anomaly [37℄ �rst observed in Au+Au ollisions in

PHENIX experiment at RHIC [38, 39℄.
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Figure 2.5: Nulear modi�ation fator RdAu as funtion of pT for di�erent

entralities from PHENIX experiment [36℄.

Baryon anomaly poses a hallenge for theoretial physiists beause nulear e�ets

(in the sense of initial state e�ets) are generally onsidered as �nal-state-independent

e�ets. Although, there are some papers that try to explain this anomaly as quark

reombination [40, 41℄ or within the hydrodynamis with CGC and jet quenhing [42℄.

All these works explain this anomaly just in heavy-ion ontext, not for proton-nuleus

interations where the baryon anomaly was also measured later.

At LHC, e.g. in Fig. 2.6 [43℄, one an see that Cronin peak at LHC an be seen in

nulear modi�ation fator for protons within the baryon anomaly. For light mesons and

harged hadrons within the statisti and systemati errors one annot make onlusion

about Cronin peak whih an be very small.

Moreover, at LHC kinematis nulear e�ets do not apply x2 distribution as is men-

tioned above where enhanement is expeted for 0.1 < x2 < 0.3. For example, at CMS

energy

√
s = 5020 GeV the value x2 = 0.2 orresponds to pT ∼ 500 GeV/. If the Cronin

e�et from di�erent CMS energies is ompared, one an onlude that the Cronin peak

is still plaed between 1 and 6 GeV/ of transverse momentum.

Experimentally, it is very di�ult to measure diret photons at low transverse mo-

mentum pT beause of many thermal a fragmentation photons whih are ompliated to
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Figure 2.6: Nulear modi�ation fator RpPb as funtion of pT from ALICE

experiment [43℄.

reognize. Therefore, no data exists on nulear shadowing and Cronin peak for RHIC

energies and higher. Typially at RHIC, experimental physiists take diret photons with

ut pT ≥ 6 GeV/, shortly behind the expeted Cronin peak.

For the Drell-Yan proess data exist just for FNAL �x-target experiments on p + A

interations, e.g. [27, 44℄. At RHIC the Drell-Yan proess is not yet measured. At LHC

the measurement of the Drell-Yan proess is in progress.

2.2 Nulear shadowing

Nulear shadowing represents a suppression emerging in region x2 . 0.1 where sea quarks

and gluons dominate in parton distributions. One an make some onlusions from

experimental data for nulear DIS (experiments NA4, NA28, NA37 and E665 mentioned

above):

1. shadowing inreases with dereasing x2 [26℄,

2. shadowing dereases with inreasing Q2
[24℄,

3. shadowing inreases with the mass number of the nuleus A [23℄.
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Moreover, experimental data from RHIC [36,45�47℄ and LHC [48℄ indiate an inrease of

the shadowing towards most entral ollisions.

In the in�nite momentum frame, nulear shadowing is interpreted [49℄ in terms of

gluon fusion. Considering moving to very small x2 and Lorentz ontration in the longi-

tudinal diretion in high energy ollisions, gluon louds of surrounding nuleons start to

overlap in the transverse plane and the gluon density inreases. At ertain energy, alled

saturation sale, the probability of gluon fusion (qg → q, gg → g) is more probable than

the radiation of other gluons and, e�etively, the number of gluons dereases and thus

the ross-setion is suppressed. This priniple is desribed e.g. in the model of the olor

glass ondensate (CGC) [1℄. The suppression from the gluon fusion is not taken into

the alulation in this work. Nulear shadowing will be implemented in form of nulear

PDFs, Chapter 3.4.3.

Nulear shadowing from the perspetive of the target rest frame has more intuitive

interpretation. In the regime, where the oherene length is greater than nulear radius,

the �utuation is reated long before the nuleus, and the hard interation with surfae

nuleons ours. Then the �utuation is disrupted and the olor �eld has to be rereated.

During the olor �eld rereation, whih �nishes behind the nuleus, the �utuation annot

interat with the inner nuleons - inner nuleons are shadowed by the surfae nuleons.

This phenomenon is the analogy of the Landau-Pomeranhuk-Migdal e�et [2, 3℄ known

from the quantum eletrodynamis (QED). More details an be found in Chapter 4.3.1.1.

In the ase of proton-nuleus ollisions, nulear shadowing is dominantly studied

through hadrons. It was measured at RHIC, Fig. 2.5, as well as at LHC, Fig. 2.6. In

Fig. 2.5 one an see that the suppression at small pT inreases with entrality.

The same lak of data as for the Cronin e�et applies to the diret photons and the

Drell-Yan proess in the region of nulear shadowing.

2.3 Suppressions at high pT and forward rapidities.

One an �nd signals of other soure of suppressions that are observed in experimental

data at high pT and/or at forward rapidities. In the ase of the suppression at high pT

observed mainly at RHIC, oherene e�ets (CGC, nulear shadowing) are not possible,

and therefore another non-oherent soure of suppression has to exist. Moreover, similar

suppression of non-oherent origin is also observed at forward rapidities in �x-target ex-
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periments suh as E772 or NA49 where the ollision energy is too small for any meaningful

oherene e�ets.

Within this work, an interpretation based on the initial state e�ets was adopted, for

more details see Chapter 3.4.5.

Figure 2.7: Nulear modi�ation fator RdAu as funtion of pT for hadrons

at di�erent rapidities [50℄.

These suppressions an be found at RHIC experiments in π0
prodution in d + Au

ollisions at PHENIX [45℄ for entral ollisions. This an imply that this e�et an be a

funtion of entrality (impat parameter). Furthermore, there is onsiderable suppression

of π0
prodution in forward d+Au ollisions [50℄, see Fig. 2.7. Coherent e�ets are possible

for suh forward rapidities at RHIC, but they are not able to reah so high suppression

with suh great magnitude.

At forward rapidities or, equivalently, at large Feynman xF , signals an be found

in �x-target experiments, e.g. NA49 in hadron prodution [51℄, see Fig. 2.8. Coherent

e�ets are not possible in this region due to low ollision energy, 158 GeV per nuleon.

Similar suppression as for hadrons at RHIC an be seen also for diret photons for

high pT in entral Au + Au ollisions [52, 53℄, see Fig. 2.9. For the Drell-Yan proess

similar suppression at forward rapidities an be observed at experiment E772 [44℄.

Moreover, besides suppression of high pT in hadrons, diret photons and the Drell-Yan

proess, there is an indiation of suppression also for jets at PHENIX [54℄ and ATLAS [55℄.
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Figure 2.8: Nulear modi�ation fator RpA as funtion of pT for hadrons

at di�erent xF [51℄.
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16 CHAPTER 2. NUCLEAR EFFECTS



Chapter 3

QCD based kT -fatorization model

3.1 Introdution

During the �rst part of seventies of the last entury, the quantum hromodynamis (QCD)

was aepted as the theory of strong interation [56℄. In this theory, the interation of

hadrons is desribed as an interation of its onstituents - partons - quarks and gluons.

The key feature of the QCD is the property of asymptoti freedom [57, 58℄. This term

desribes the weakening of the oupling of partons at short distanes or, equivalently,

large momentum transfer. Asymptoti freedom allows to use of the well-known pertur-

bative tehniques to solve the QCD Lagrangian for the proesses where short-distane

interations dominate. This is the reason why the large-momentum-transfer proesses

play a key role in partile physis.

The size of asymptoti freedom neessary for the perturbative tehniques an be

expressed by the QCD sale ΛQCD for momentum-transfer dependene of strong running

oupling onstant αs. Beause this sale is of the order of several hundred MeV, there

are kinematial regions, where the αS is su�iently small, and the perturbative theory

an be used.

Then, the whole piture of hadron hard sattering proesses within the QCD based

fatorization, sometimes alled QCD improved parton model, an be seen as follows,

see Fig. 3.1. The large-momentum-transfer proess an be fatorized into two parts by

utilizing the impulse representation. The probability of �nding parton a in a hadron A

with a momentum fration xa is denoted by the parton distribution funtion fa/A(xa).

The probability of obtaining a hadron C with a momentum fration zc from a parton

c is denoted by the fragmentation funtion DC/c(zc). These funtions represent a non-

17
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perturbative part of QCD and have to be determined experimentally. The interation

between partons an be alulated by the perturbative QCD. The hadroni ross-setion

for the proess is then summed over all possible onstituent satterings, eah of whih is

weighted by the appropriate parton distribution and fragmentation funtions. For some

A

B

a

b

c

d
h2

h1fa/A

fb/B

Dh1/c

Dh2/d

dσ
dt

Figure 3.1: Shemati view of the hard sattering proess fatorized into

parton distribution funtions (f ), parton fragmentation fun-

tion (D), and the partoni ross-setion dσ/dt̂.

general overview the following referenes [59�61℄ an be studied.

The QCD based fatorization model as well as the naive parton model [62, 63℄ are

formulated in the in�nite momentum frame where it is assumed that transverse momen-

tum of parton inside hadron is small and therefore negligible. This assumption allowed

the formulation of parton distribution funtions, integrated over the transverse distri-

bution. However these models work well for a lot of proesses, as will be desribed

in Chapter 3.3.3, they fail for some proesses suh as Drell-Yan dilepton prodution or

orrelation of heavy quarks.

The idea of the QCD based kT -fatorization model oming from the seond half of the

seventies of the last entury, see [61, 64℄ or for review [32, 65℄. In this approah, next to

the PDFs that desribe longitudinal momentum distribution the intrinsi transverse mo-

mentum is taken into aount. This extension is alled transverse momentum dependent

(TMD) parton distribution funtions and orresponds to the unintegrated quarks and

gluon distribution funtions where, in this work, a naive model based on the Gaussian

distribution of the transverse momentum was adopted.
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3.2 Kinematis and notation

Note, that for binary proesses A + B → C + X , A and B denote inoming or initial-

state hadrons and C denotes outgoing or observed �nal-state hadron. Upper-ase let-

ters (A,B,C, ...) desribe initial-state and �nal state hadrons. Their four-momenta p

are labeled with orresponding upper-ase subsript (pA, pB, pC , ...). Lower-ase letters

(a, b, c, ...) denote partons and their four-momenta are labeled aordingly (pa, pb, pc, ...).

The invariant inlusive ross-setion for the reation A+B → h+X for produing a

hadron h at high pT in the CMS of A and B is given by

E
d3σ(AB→hX)

d3p
= K

∑

abcd

∫
dxa dxb dzc fa/A(xa, Q

2) fb/B(xb, Q
2)Dh/c(zc, µ

2
F )

× ŝ

πz2c

dσ(ab→cd)

dt̂
δ(ŝ+ t̂+ û), (3.1)

where the sum is over all possible hard subproesses, K is the normalization fator, Q2

is a square of momentum transfer, µF is a fragmentation sale, dσ/dt̂ is a partoni ross-

setion, and the δ funtion is neessary for the momentum onservation. E, resp. p

is energy, resp. momentum of a parton c, ŝ, t̂, û are parton Mandelstam variables and

xa, xb, zc are frations of momentum of parton inside the hadron.

Longitudinal frations of hadron momenta arried by parton are de�ned as

xa =
pa
pA

, xb =
pb
pB

, zc =
pC
pc
. (3.2)

For large transverse momentum proesses it is useful to de�ne x-variables

xT =
2pT√
s

and xF =
2pl√
s
, (3.3)

where pT is the transverse and pl is the longitudinal omponent of momentum with respet

to the beam diretion. Negleting the mass of hadrons implies the allowed ranges of xT

and xF to be (0, 1) and (−1, 1) respetively. Next useful variable is the rapidity y whih

is de�ned as

y =
1

2
ln
E + pl
E − pl

. (3.4)

For massless partiles (mass is negligible for high energy proesses), pseudorapidity η is

equivalent to the rapidity. Pseudorapidity is de�ned as η = ln cot θ/2, where θ is the

laboratory system sattering angle.

It is bene�ial to use the Mandelstam variables for hadrons

s = (pA + pB)
2, t = (pA − pC)

2
and u = (pB − pC)

2
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and for partons

ŝ = (pa + pb)
2, t̂ = (pa − pc)

2
and û = (pb − pc)

2. (3.5)

Mandelstam variables satisfy ŝ + t̂+ û = 0 for massless partons.

The momentum four-vetor of initial-state hadrons is hosen in the simplest form

p = (E, ~p) = (E, 0, 0, pl),

where E is the energy of a hadron and pl is the magnitude of the momentum in the

diretion of the beam. In the CMS it holds EA = EB and plA = −plB for two idential

olliding hadrons.

Energy of a olliding hadron an be alulated from the Mandelstam variable

s = (pA + pB)
2 = 4E2 ⇒ E =

√
s

2
,

and sine for massless partiles E = |~p| holds, so E = pl and the �nal form of four-

momenta is

pA =
1

2

√
s (1, 0, 0, 1) and pB =

1

2

√
s (1, 0, 0,−1). (3.6)

The momentum ~pC an be separated to the longitudinal and the transverse part

~pC = ~pT + ~pl and so

pC = (E, pT , 0, pl) = pT

(
E

pT
, 1, 0,

pl
pT

)
.

The four-momentum an be written as

pC = pT

(
E√

E2 − p2l
, 1, 0,

pl√
E2 − p2l

)
= pT (cosh y, 1, 0, sinh y). (3.7)

The proof of last step:

cosh y = cosh ln

√
E + pl
E − pl

=
1

2

(√
E + pl
E − pl

+

√
E − pl
E + pl

)
=

E√
E2 − p2l

and

sinh y = sinh ln

√
E + pl
E − pl

=
1

2

(√
E + pl
E − pl

−
√
E − pl
E + pl

)
=

pl√
E2 − p2l

.

Next, the appliation of Eq. (3.2) to the Eq. (3.6) and (3.7) yields to

pa =
1

2
xa
√
s(1, 0, 0, 1) pb =

1

2
xa
√
s(1, 0, 0,−1) and pc =

pT
zc

(cosh y, 1, 0, sinh y).

(3.8)
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Now, it is appropriate to express the parton Mandelstam variables as

ŝ = (pa + pb)
2

=

(√
s

2
(xa + xb, 0, 0, xa − xb)

)2

=
s

4

[
(xa + xb)

2 − (xa − xb)
2
]

= xaxbs,

t̂ = (pa − pc)
2

=

(
xa
√
s

2
− pT
zc

cosh y,−pT
zc
, 0,

xa
√
s

2
− pT
zc

sinh y

)2

=
p2T
z2c

(
cosh2 y − sinh2 y − 1

)
+
xa
√
s

zc
pT (sinh y − cosh y)

= −xa
zc

√
spT e

−y

and evaluation of the û is very similar to the t̂. Finally, the summary of all Mandelstam

variables on the parton level is presented

ŝ = xaxbs, t̂ = −xa
zc
pT

√
s e−y

and û = −xb
zc
pT

√
s ey. (3.9)

Next, Eq. (3.9) an be used to evaluate the δ funtion in the Eq. (3.1)

δ(ŝ+ t̂ + û) = δ

(
ŝ− xa

zc

√
spT e

−y − xb
zc

√
spT e

y

)

= δ

[
1

zc

(
zcŝ− xa

√
spT e

−y − xb
√
spT e

y
)]

= zcδ

[
ŝ

(
zc −

pT√
sxb

e−y − pT√
sxa

ey
)]

=
zc
ŝ
δ

(
zc −

xT
2xb

e−y − xT
2xa

ey
)

and to integrate Eq. (3.1) over zc leading to

zc =
xT
2xb

e−y +
xT
2xa

ey. (3.10)

Then, by applying the upper boundary ondition zc ≤ 1 to (3.10) the minimal value

of xb is obtained

xbmin
=

xaxT e
−y

2xa − xT ey
(3.11)
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and similarly by applying of the upper boundary ondition xb ≤ 1 the minimum of xa is

obtained

xamin
=

xT e
y

2− xT e−y
. (3.12)

If the last ondition xa ≤ 1 is applied, the general kinemati restrition is obtained

cosh y ≤
√
s

2pT
. (3.13)

Finally, by evaluating the δ funtion in (3.1), integrating over zc (3.10) and by appli-

ation of the minimal value of xa (3.12) and xb (3.11) the following �nal expression an

be obtained

E
d3σ(AB→h X)

d3p
= K

∑

abcd

∫ 1

xamin

dxa

∫ 1

xbmin

dxb fa/A(xa, Q
2) fb/B(xb, Q

2)

×Dh/c(zc, µ
2
F )

1

πzc

dσ(ab→cd)

dt̂
, (3.14)

where

zc =
xT
2xb

e−y +
xT
2xa

ey, xbmin
=

xa xT e
−y

2xa − xT ey
and xamin

=
xT e

y

2− xT e−y
. (3.15)

3.3 Proton target

In this setion, basis of proton-proton ross-setion inluding perturbative QCD and

non-perturbative e�ets are desribed.

3.3.1 Perturbative QCD

The theory of strong interation is desribed by the quantum hromodynamis a non-

abelian gauge theory based on the SU(3) symmetry group. The Lagrangian density has

the form [66℄

LQCD = ψ̄i(iγ
µ∂µ −m)ψj − gGa

µψ̄iγ
µT a

ijψj −
1

4
Ga

µνG
µν
a , (3.16)

where ψ is Dira (quark) �eld, indexes i, j represent the SU(3) gauge group elements, g is

a oupling onstant, γµ are Dira matries, T a
ij are generators of the SU(3) gauge group,
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Ga
µν = ∂µG

a
ν + ∂νG

a
µ − gfabcGb

µG
c
ν represents the gluoni �eld strength tensor where fabc

are the struture onstants of SU(3) and m is the mass of a quark.

For proesses with su�iently large transverse momentum, the perturbative teh-

niques an be applied on QCD Lagrangian. The leading-order (LO) alulation of per-

turbative QCD will be onsidered. For this leading-logarithm approximation, the running

strong oupling onstant has the form [66℄

αS(Q
2) =

12π

(33− 2nf ) ln (Q2/Λ2
QCD)

, (3.17)

where nf denotes for the number of �avors, Q2
is the transferred momentum and ΛQCD

is the fundamental QCD sale onstant.

In the leading-logarithm approximation the ase of hadron or jet prodution inludes

all relevant subproesses ontaining quark-quark, quark-gluon and gluon-gluon satter-

ing. All two-body sattering di�erential ross-setions for jet/hadron prodution are in

Table 3.1 and orresponding Feynman diagrams are shown in Fig. 3.2.

Subproess Cross-setion

qq′ → qq′ 4
9

s2+u2

t2

qq → qq
[
4
9

(
s2+u2

t2
+ s2+t2

u2

)
− 8

27
s2

tu

]

qq̄ → q′q̄′ 4
9

s2+u2

t2

qq → qq
[
4
9

(
s2+u2

t2
+ u2+t2

s2

)
− 8

27
u2

st

]

gq → gq
[
−4

9

(
s
u
+ us

)
+ s2+u2

t2

]

qq̄ → gg
[
32
27

(
t
u
+ ut

)
− 8

3
t2+u2

s2

]

gg → qq̄
[
1
6

(
t
u
+ ut

)
− 8

3
t2+u2

s2

]

gg → gg 9
2

[
3− tu

s2
− su

t2
− st

u2

]

Table 3.1: Table of parton satterings ross-setions for hadron prodution

at LO with a fator πα2
S/ŝ fatored out.

In ase of diret photons prodution, quark-quark and quark-gluon subproesses in-

volving photon has to be onsidered. Di�erential ross-setions for diret photons pro-

dution are in Table 3.2 and orresponding Feynman diagrams are shown at Fig. 3.3.

Beause experimental data orrespond to the sum of all orders of perturbation series

and inlude all non-perturbative e�ets, at least a ompensation of LO and higher order

ontributions is neessary. One way is to alulate proesses within the next-to-leading

order (NLO) or next-to-next-to-leading order (NNLO) inluding loops and multipartile
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qq′ → qq′

qq → qq

qg → qg

qq → gg

gg → qq

gg → gg

qq → qq

qq → q′q′

Figure 3.2: The Feynman diagrams for tree-level partoni subproesses for

jet/hadron prodution.

qg → γg

qq̄ → γγ

qq̄ → γg

Figure 3.3: The Feynman diagrams for tree-level partoni subproesses for

diret photons prodution.

Subproess Cross-setion

gq → γq −1
3
e2q
(
u
s
+ s

u

)

qq̄ → γg 8
9
e2q
(
u
t
+ t

u

)

qq̄ → γγ 2
3
e4q
(
t
u
+ u

t

)

Table 3.2: Table of parton satterings ross-setions for hadron prodution

at LO with fators παEMαS/ŝ and πα2
EM/ŝ fatored out of the

single and double photon subproesses, respetively.
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prodution (2 → 3, 2 → 4). Diagrams ontaining loops lead to infrared and ultraviolet

singularities that are neessary to eliminate. That an be done by using regularization

and some renormalization sheme leading to omplex alulations of higher-order terms.

Another way is using the so-alled K-fator. It an be de�ned in perturbative series

for some proesses at parton level as

σ0 + αSσ1 + ... = Kσ0, (3.18)

where σi are ontributions of i-th order, or it an be de�ned as

K =
σexp

σth
, (3.19)

where σexp
is the measured ross-setion and σth

is the alulated ross-setion at LO.

There are several approahes to hoose theK-fator. For example,K-fator as an e�etive

funtion of ≈ exp (αs) is used in [67℄. In [68℄ the K-fator is extrated from jets as a

funtion of

√
s and pT,jet but in most papers, e.g. [32℄ or [69℄, it is taken ad-ho as a �xed

number.

Obviously, theK-fator depends on the CMS energy and on a proess in onsideration.

It varies for pure QCD proesses, Drell-Yan proess and for eletroweak setor prodution.

3.3.2 Parton distribution funtions, fragmentation funtions

Parton distribution funtions are usually interpreted as the probability densities to �nd

a parton within a hadron with its momentum fration between x and x+ dx at sale Q2
.

Similarly, fragmentation funtions represent the probability of obtaining a hadron h with

a momentum fration between z and z + dz at sale µf .

The fatorization theorem implies the independene of parton fragmentation and dis-

tribution funtions on the hard sale Q2
. This allows to obtain both funtions by �tting

experimental data from the deep-inelasti sattering or e−e+ annihilation. These �ts

were obtained at relevant fatorization sales Q2
0 for parton distribution funtions, resp.

fragmentation sale µF0 for fragmentation funtions and they an be evaluated on sales

Q2
, resp. µF by a set of integro-di�erential evolution equations - DGLAP (Dokshitzer-

Gribov-Lipatov-Altarelli-Parisi) evolution equations [70�72℄

dfqi/A(x,Q
2)

dt
=
αs(Q

2)

2π

∫ 1

x

dy

y
[Pqq(x/y)fqi/A(y,Q

2) + Pqg(x/y)fqi/A(y,Q
2)] (3.20)
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and

dfg/A(x,Q
2)

dt
=
αs(Q

2)

2π

∫ 1

x

dy

y

[
∑

q

Pgq(x/y)fqi/A(y,Q
2) + Pgg(x/y)fg/A(y,Q

2)

]
,

(3.21)

where f(x,Q2) is the distribution funtion of a quark or a gluon, t is de�ned as ln(Q2/Λ2
QCD),

and the subsript q denotes quark �avors.

The kernels Pij have the physis interpretation as the probability densities that a

parton of type i radiates a quark or gluon and beomes a parton of type j arrying

fration x/y of the momentum of parent's parton.

The general proedure for obtaining the distribution funtion is as follows.

1. Make a hoie on experimental data

2. Selet the fatorization sheme, e.g. MS (a renormalization sheme desribing how

the divergent parts are absorbed)

3. Choose the parametri form for the input parton distributions at Q2
0

4. Evolution to any value of Q2

5. Calulate χ2
between evolved distribution and data

6. By adjusting the parameterizations of the input distributions minimize the χ2

The input parton distributions are usually of form

xfi = ai x
bi(1− x)ci , (3.22)

where ai, bi and ci are free parameters. More details an be found e.g. in [73℄.

Author uses PDFs CTEQ6 [74℄, MSTW2008 [75℄, CT10 [76℄, HERAPDF1.5 [77℄ and

NNPDF2.1 [78℄ parametrizations.

Note that for alulation of proton anti-proton ollisions the distribution funtion for

u and d quarks have to be exhanged with their antipartiles ū and d̄.

The fragmentation of partons into hadrons an be explained only by using models.

The most used model is the independent fragmentation model (IFM) [79℄. For the full

desription of the �nal state the event generators based on string or luster models are

needed. Data for fragmentation funtions were obtained primarily from e−e+ ollisions

at e.g. KEK, DESY, SLAC or CERN.

The following fragmentation funtions were used: KKP [80℄ (Kniehl-Kramer-Pötter,

2000), DDS [81℄ (de Florian-Daniel-Sassot, 2007) and Kretzer [82℄ (2000).
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3.3.3 Intrinsi transverse momentum

The QCD based fatorization model, sometimes referred to QCD ollinear parton model,

was suessful in desribing high-pT partile prodution in high energy p + p ollisions,

√
s > 50 GeV, [83℄. On the other hand, this model fails to aount for data for angular

orrelation of produed heavy quarks, and the total transverse momentum distribution

of the heavy quark pairs [84, 85℄, or the Drell-Yan lepton pairs [86, 87℄. Due to the

unertainty priniple, one an expet that an average intrinsi transverse momentum has

at least a few hundred MeV, re�eting the hadron size. Besides, next soure of initial

kT are higher order perturbative QCD proesses, e.g. 2 → 3, with additional radiated

gluons. In fat, it is di�ult to reognize true intrinsi and pQCD generated transverse

momentum.

One of the most diret measurement of the kT -smearing provides the Drell-Yan pro-

ess, qq̄ → l+l−, where the mean transverse momentum 〈p2T 〉 orresponds diretly to the

mena intrinsi transverse momentum 〈k2T 〉. It was shown that orresponding intrinsi

〈k2T 〉 = 0.95 GeV

2
[87℄ and 〈k2T 〉 = 0.6 GeV

2
after aounting for NLO subproesses,

respetively. [88℄.

One an imagine that this e�et is analogous to the Fermi motion of nuleons in

a nuleus and an lead to a smearing of the pT spetra. The kT -smearing distribution

funtion is a phenomenologial parametrization and an be extrated from measurements

of dimuon, diphoton and dijet pairs. This e�et was investigated e.g. in [32,61,65,89�93℄.

In this work, a more phenomenologial approah is adopted where the intrinsi trans-

verse momentum distribution is desribed by the Gaussian distribution

gN(kT , Q
2) =

1

π〈k2T 〉N
e−k2T /〈k2T 〉N , (3.23)

whih introdues a new non-perturbative parameter, the mean intrinsi transverse mo-

mentum 〈k2T 〉. In the �rst approximation, 〈k2T 〉 is a onstant di�erent for eah CMS energy

but it an di�er a little as funtion of pT [94℄. Next, one an onsider that 〈k2T 〉 depends
on the momentum sale Q2

of the hard proess [32, 61℄

〈k2T 〉N(Q2) = 〈k2T 〉0 + 0.2αS(Q
2)Q2, (3.24)

where 〈k2T 〉0 di�ers also for eah CMS energy of the ollisions.

In this work a CMS-energy-independent approah were developed [95, 96℄ based on

Eq. 3.24 with the onsideration that the mean intrinsi transverse momentum hanges

with CMS energy due to di�erent ratio of quarks and gluons involved in the ollision.
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Here, 〈k2T 〉0 was determined with values 0.2 GeV

2
for quarks and 0.8 GeV

2
for gluons.

Therefore, the mean intrinsi transverse momentum inreases with CMS energy due to

inreasing gluon ontribution.

3.3.4 Proton-proton ross-setion

The overall expression for the inlusive di�erential ross-setion for hadron prodution

then reads

E
d3σ(pp→h X)

d3p
= K

∑

abcd

∫
dxadxbdzcd

2kTad
2kTbgp(kTa, Q

2)gp(kTb, Q
2)fa/A(xa, Q

2)

×fb/B(xb, Q2)Dh/c(zc, µ
2
F )

ŝ

πz2c

dσ(ab→cd)

dt̂
δ(ŝ+ t̂+ û),

(3.25)

where one integral an be arried out as is desribed in Appendix A.1 and remaining

integrals have to be omputed numerially.

The inlusive di�erential ross-setion for diret photon prodution has a form

E
d3σ(pp→γ X)

d3p
= K

∑

abcd

∫
dxadxbd

2kTad
2kTbgp(kTa, Q

2)gp(kTb, Q
2)fa/A(xa, Q

2)

×fb/B(xb, Q2)
ŝ

π

dσ(ab→cd)

dt̂
δ(ŝ+ t̂ + û) (3.26)

where, similarly as for hadron prodution, one integral an be arried out as is desribed

in setion A.1 and remaining integrals have to be omputed numerially.

3.4 Nulear target

This setion desribes basi formula for proton-nuleus and nuleus-nuleus ross-setion

and all nulear e�ets used in this this model.

3.4.1 Proton-nuleus and nuleus-nuleus ross-setion

The formula for the inlusive di�erential ross-setion for proton-nuleus interation is

based on p + p ross-setion (3.25) where an integral over an impat parameter and a
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funtion desribing the distribution of nuleons in the nuleus have to be added. Then

one an add a nulear modi�ation e.g. nulear PDF, nulear broadening et.

The formula for inlusive di�erential ross-setion for hadron prodution reads

E
d3σ(pA→h X)

d3p
= K

∑

abcd

∫
d2b TA(b)

∫
dxa dxb dzc d

2kTa d
2kTb gA(kTa, Q

2, b)

×gp(kTb, Q
2) fa/p(xa, Q

2) fb/A(b, xb, Q
2)

×Dh/c(zc, µ
2
F )

1

πzc

dσ(ab→cd)

dt̂
(3.27)

and for diret photons prodution

E
d3σ(pA→γ X)

d3p
= K

∑

abcd

∫
d2b TA(b)

∫
dxa dxb d

2kTa d
2kTb gA(kTa, Q

2, b)

×gp(kTb, Q
2) fa/p(xa, Q

2) fb/A(b, xb, Q
2)

×1

π

dσ(ab→cd)

dt̂
. (3.28)

The nulear thikness funtion or nulear pro�le funtion TA(b) gives the number of

nuleons in the nuleus A per unit area along a diretion z separated from the enter of

the nuleus by an impat parameter b

TA(b) =

∫
dz ρ(b, z), (3.29)

where ρ(b, z) is a parametrization of the distribution normalized to the number of nuleons

A ∫
d2b TA(b) = A. (3.30)

In this work, the two-parameter Fermi model (2pF) (also known as Wood-Saxon

distribution) for heavy ions was hosen as the parametrization of ρ in the form

ρ(r) =
ρ0

1 + e
r−c
z

(3.31)

where r =
√
b2 + z2, ρ0 is determined by the normalization in (3.30) and c and z are

model parameters.

Values of parameters for two-parameter Fermi model from [97℄ were used.

Due to the fat that this work is foused on initial state e�ets, in ase of heavy-ion

ollisions only a diret photon prodution is studied. The inlusive di�erential ross-
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setion for diret photon prodution in A+B ollisions reads

E
d3σ(AB→γ X)

d3p
= K

∑

abcd

∫
d2s d2b TA(s)TB(|~b− ~s|)

∫
dxa dxb d

2kTa d
2kTb

×gA(kTb, Q
2, s) gB(kTa, Q

2, |~b− ~s|) fa/A(xa, Q2, s)

×fb/B(xb, Q2, |~b− ~s|) 1
π

dσ(ab→cd)

dt̂
, (3.32)

where partons from both nulei are a�eted by the nulear PDFs of own mother nuleus

and both propagate through the other nuleus.

In the following subsetions all nulear e�ets that were used in this work are de-

sribed.

3.4.2 Nulear broadening

Nulear broadening or kT -broadening is an extension of the intrinsi transverse momen-

tum, desribed in hapter 3.3.3, to the nuleus where the initial transverse momentum

kT of the beam partons is broadened. The kT -broadening stands for high-energy parton

propagating through a nulear medium that experienes multiple soft satterings and

so inreases its transverse momentum. It an be imagined as parton multiple gluoni

exhanges with nuleons. Assuming that eah sattering provides a kT kik that an be

desribed also by the Gaussian distribution, one an just hange the width of the initial

kT distribution

〈k2T 〉A(Q2, b) = 〈k2T 〉N(Q2) + ∆k2T (b), (3.33)

where 〈k2T 〉N(Q2) desribe distribution of initial transverse momentum within the nuleon

and the nulear broadening term ∆k2T (b) desribes multiple sattering in nuleus with b-

dependent kT distribution

gA(kT , Q
2, b) =

1

π〈k2T 〉A
e−k2T /〈k2T 〉A. (3.34)

In this work, the nulear broadening ∆k2T (b) is expressed within the olor dipole

formalism as

∆k2T (b) = 2C TA(b), (3.35)

where the fator C is alulated as

C =
dσN

qq̄

dr2

∣∣∣∣∣
r=0

, (3.36)
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from the dipole ross-setion σN
qq̄ at r = 0.

Majority of authors, e.g. [32, 94℄, take the broadening term expressed as

∆k2T (b) = ChpA(b), (3.37)

where the term hpA(b) is the e�etive number of ollisions at impat parameter b. The

onstant C is the average transverse momentum squared that an be extrated from

data [94℄ or an be sale-dependent C(Q2) [32℄. The e�etive number of ollisions usually

has a form hpA(b) = νA(b)− 1, where νA(b) = σNNTA(b) that orresponds to all possible

ollisions exept the hard interation produing a partile. In [94℄ the presription of

νA(b) is investigated in more detail.

3.4.3 Nulear PDF

One of the most straightforward way how to inlude nulear e�ets is using nulear

modi�ation of parton distribution funtions - nulear PDFs. Basially, all nulear PDF

parameterizations are based on �tting of aessible data, mainly from nulear DIS and

nulear Drell-Yan proess, within the QCD ollinear fatorization theorem at LO or NLO

order. Last deade the data from RHIC and LHC on hadrons, diret photons, di-jet or

W±
and Z0

boson prodution are also used for the global �t.

Currently, several nulear PDF sets are available: EKS98 [98℄, EPS09 [99℄, HKN07

[100℄, nDS [81℄, nCTEQ15 [101℄, DSZS [102℄.

Most of these parameterizations onsider only the spatial averaged nulear PDFs,

probed in minimum-bias nulear ollisions as funtions of momentum fration x and

sale Q2
and �avour. Illustrative omparison of some nulear PDF sets is in Fig. 3.4.

For EKS98 and EPS09 an update on impat parameter dependent nPDF [103℄ based

on RHIC data for di�erent entrality exists. More reent parameterizations provide also

unertainties and error sets.

Nulear PDF is then implemented for eah �avor i as

fi/A(xb, Q
2, b) = RA

i (xb, Q, b) fi/p(x,Q
2), (3.38)

where fi/A is the nulear parton distribution funtion and fi/p is standard parton distri-

bution funtion and RA
f is nulear modi�ation fator normalized to one nuleon.

One should be also areful about the double ounting of the Cronin enhanement from

nulear PDF and nulear broadening together.
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Figure 3.4: Comparison of nCTEQ15 [101℄, EPS09 [99℄, DSZS [102℄ and

HKN07 [100℄ for lead at sale Q = 2 GeV [101℄.

3.4.4 Isospin e�et

Isospin e�et omes from the di�erene between the proton-nuleus and neutron-nuleus

ollisions due to the di�erent distribution of valene quarks. Therefore, this e�et is

important mainly for nuleus-nuleus ollisions and in the large-x region where the valene

quarks dominate.

This e�et an be inluded by an appropriate modi�ation of the struture of PDFs

fi/N (x,Q
2) = Z

A
fi/p(x,Q

2) +
(
1− Z

A

)
fi/n(x,Q

2) , (3.39)

where fi/N (x,Q
2) represents parton distribution funtion of nuleon, and Z is the proton
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number of the target.

For example, in the ase of deuteron, the isospin e�et leads to the suppression RdAu ∼
0.83, or RAuAu ∼ 0.80 for the heavy-ion ollisions.

3.4.5 Initial State Interation

One of the mehanisms, whih has an ambitions to explain the suppression at high-pT and

forward rapidities desribed in Chapter 2.3, is an initial state interation (ISI) e�ets [4℄

where the partiipation of the projetile hadron in the multiple interations during the

propagation through the nuleus leads to the dissipation of energy. This dissipation of

the energy is proportional to the energy of the projetile hadron and, therefore, is present

at all energies.

This e�et an be interpreted in the Fok states representation. The projetile hadron

an be in eah time deomposed over di�erent states. Then the interation of Fok states

with the target leads to the modi�ation of weight of these Fok states depending on the

type of interation.

In eah Fok state, the projetile momentum fration is distributed among all on-

stituents depending on the multipliity. For the kinematis, where the leading parton

arries most of the momentum, x → 1, less momentum fration is left for the rest

onstituents. Suh on�guration have the lower probability is the higher onstituent

multipliity.

Moreover, in the ase of the nulear target, where the initial state multiple interations

enhane the weight fator of higher Fok states, it an be viewed as an e�etive energy

loss. It is beause higher Fok states with higher multipliity have less probability for

having the projetile parton x → 1. A detailed desription and interpretation of the

orresponding additional suppression was presented also in [104�106℄.

The initial state energy loss (ISI e�et) is an e�et that dominates at forward ra-

pidities, xL = 2pL/
√
s and/or high pT , xT = 2pT/

√
s. Correspondingly, the proper

variable whih ontrols this e�et is ξ =
√
x2L + x2T . This e�et was derived and evalu-

ated in [4, 107℄ within the Glauber approximation where eah interation in the nuleus

lead to a suppression S(ξ) ≈ 1−ξ. Summing up over the multiple initial state interations

at impat parameter b, one arrives at a nulear ISI-modi�ed PDF

fa/A(x,Q
2) ⇒ fA

a/A(x,Q
2, b) = Cvfa/A(x,Q

2)
e−ξσeffTA(b) − e−σeffTA(b)

(1− ξ)(1− e−σeffTA(b))
, (3.40)
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where σeff = 20 mb [4℄ is the hadroni ross-setion whih e�etively determines the rate

of multiple interations, and normalization fator Cv is �xed by the Gottfried sum rule.

This e�et aspirates to desribe the suppressions mentioned in Chapter 2.3. Further,

ISI e�et predits a substantial suppressions at high pT at RHIC energy and lower, and at

forward rapidities at all energies that an be veri�ed by the future measurement at RHIC

and LHC. Moreover, the orrelation between nulear target and the projetile, where the

ISI e�ets, implemented as the modi�ation of PDF of the projetile, is funtion of target

momentum fration x2, leads to a breakdown of the QCD fatorization theorem [4℄ that

supposes the independeny of projetile and target.



Chapter 4

Color Dipole Approah

4.1 Introdution

Models based on QCD (Chapter 3) work well for proton-proton ollisions, but its use

for nulear ollisions is muh more ompliated beause of non-intuitive transition to

nulear ollisions and its spei�s properties, e.g. non-perturbative e�ets suh as olor

on�nement or e�ets of quantum oherene.

An alternative model to QCD based models, muh more suitable espeially for nulear

ollisions, is the so-alled olor dipole model originally proposed in [108℄ for hadroni inter-

ations, and, onsequently, it was applied to DIS [109℄ and to the Drell-Yan proess [110℄

that was basially studied also in [6,111,112℄. In ontrast to QCD based models, the olor

dipole approah is formulated in the target rest frame and, therefore, the interpretation

of proesses is di�erent beause the spae-time interpretation is not Lorentz invariant.

This di�erene an be desribed e.g. in the Drell-Yan prodution in Fig. 4.1. In the

QCD based models, de�ned in the in�nite momentum frame, the Drell-Yan proess looks

like an annihilation of quark and anti-quark from eah proton at leading order level, see

Fig. 4.1 a). In the olor dipole approah its looks like a bremsstrahlung from an inoming

quark. There are two possibilities of bremsstrahlung, experimentally indistinguishable,

before and after the interation with the target, Fig. 4.1 b).

One of the key features used in the olor dipole model is an expansion of the projetile,

e.g. quark, into the Fok states [110℄

|q〉 = |q〉+ |qγ∗〉+ |qγ∗G〉+ ..., (4.1)

where �rst two states are most probable, and eah higher Fok state is heavier and has

shorter lifetime and, therefore, an be negleted for the proton-proton and low energy

35
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p
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p p

p p

l+l−

l+l− l+l−

(a)

(b)

Figure 4.1: Sketh of the Drell-Yan proess in a) QCD based model in the

in�nite momentum frame and b) olor dipole approah in the

target rest frame.

nulear ollisions. For high energy proton-nuleus or nuleus-nuleus ollisions the im-

portane of higher Fok states, e.g. |qγ∗G〉, grows, and lead to e�ets suh as gluon

shadowing that will be desribed later in this hapter.

Overall inlusive ross-setion is then alulated as a onvolution of parton distribution

funtion (PDF), |qγ∗〉 Fok state wave funtion and a dipole ross-setion representing

an interation of the target with the dipole.

Only the Drell-Yan proess and diret photon prodution are onsidered within the

olor dipole approah in this work.

4.2 Proton target

In this setion, basis of proton-proton ross-setion within the olor dipole framework

are desribed.

4.2.1 Quark-nuleon ross-setion

In the lowest approximation, inluding only |qγ∗〉 Fok state, the interation of the pro-

jetile quark with the nuleon in the ase of proton-proton ollision an be seen as a

gamma bremsstrahlung from an inoming quark as in Fig. 4.2.

Di�erential quark-nuleon ross-setion an be expressed by fatorization in the light-
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q
q

γ∗

q
q

γ∗

Figure 4.2: Bremsstrahlung of γ∗q �utuation in the interation with the

target nuleon.

one (LC) form [6, 111, 112℄

d3σ(qN→γX)

d(lnα)d2pT
=

1

(2π)2

∫
d2ρ1 d

2ρ2 e
i~pT (~ρ1−~ρ2)Ψ∗

γ∗q(α, ~ρ2)Ψγ∗q(α, ~ρ1)σγ(~ρ1, ~ρ2, α), (4.2)

where

σγ(~ρ1, ~ρ2, α) =
1

2

{
σN
qq̄(αρ1) + σN

qq̄(αρ2)− σN
qq̄(α|~ρ1 − ~ρ2|)

}
, (4.3)

where Ψγ∗q(α, ~ρ) is the wave funtion of |qγ∗〉 state, σN
qq̄(ρ) denotes the dipole ross-setion

of the interation of the dipole with the target nuleon, α is the momentum fration of

inoming quark whih is arried by the photon, and ~ρ1 and ~ρ2 are the transversal sizes of

|γ∗q〉 state.
The wave funtion of |γ∗q〉 state (q → q + γ∗) has di�erent form for transversal and

longitudinal polarised photon [112℄

ΨT,L
γ∗q (~ρ, α) =

Zf
√
αEM

2π
χ†
fÔT,LχiK0(ηρ) (4.4)

where Zf denotes the fration of quark harge, αEM is the eletromagneti oupling

onstant, χf,i are spinors of inoming and outgoing quarks, K0(x) is the modi�ed Bessel

funtion of seond kind, sometimes alled as the MaDonald's funtion, and

η2 = α2m2
q + (1− α)M2, (4.5)

where M is an invariant mass of the virtual photon γ∗ (orresponding to the dilepton

mass), mq refers to the e�etive quark mass. The whole situation is skethed in Fig. 4.3.

In this �gure, ~ρ is the transverse momentum between a quark and a photon, then their

distane from the enter of gravity is (1− α)~ρ and α~ρ, respetively.

Operators ÔT,L
have following form [112℄

ÔT = imqα
2~e ∗ · (~n× ~σ) + α~e ∗ · (~σ × ~∇)− i(2− α)~e ∗ · ~∇, (4.6)
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ÔL = 2M(1− α), (4.7)

where ~e ∗ is an unit vetor of the photon polarization (perpendiular to ~n), ~n is an unit

vetor in the diretion of the inoming quark that is the same as axis z, ~n = ~ez, ~σ is the

vetor of the Pauli matries, and

~∇ is a two dimensional gradient ating on the transverse

oordinate ~ρ.

For diret photon prodution one an take M = 0.

q, pq

q, (1− α)pq

γ∗, αpq

~ez

α~ρ

(1− α)~ρ

Figure 4.3: Feynman diagram representation of the γ∗q �utuation.

Wave funtions in (4.2) an be modi�ed by (4.6) and (4.7) to

∑

i,f

ΨT ∗

γ∗q(~ρ2, α)Ψ
T
γ∗q(~ρ1, α) = Z2

f

αEM

2π2

[
m2

fα
4
K0(ηρ1)K0(ηρ2)

+ (1 + (1− α)2)η2
~ρ1 · ~ρ2
ρ1ρ2

K1(ηρ1)K1(ηρ2)] ,

(4.8)

∑

i,f

ΨL∗

γ∗q(~ρ2, α)Ψ
L
γ∗q(~ρ1, α) = Z2

f

αEM

π2
M2(1− α)2K0(ηρ1)K0(ηρ2), (4.9)

that is averaging over the polarization of the inoming quark and summed over polariza-

tions of the outgoing quark and photon.

Integrals in (4.2) an be partly integrated analytially up to one remaining integral.

After some algebra the qN ross-setion reads

d3σ(qN→γX)

d(lnα)d2pT
=

αEM

2π2

[
(m2

qα
4 + 2M2(1− α)2)

(
1

p2T + η2
I1 −

1

4η
I2

)

+ (1 + (1− α)2)

(
ηpT

p2T + η2
I3 −

1

2
I1 +

η

2
I2

)]
, (4.10)

where

I1 =

∫ ∞

0

d2ρ ρ J0(pTρ)K0(ηρ)σ
N
qq̄(αρ), (4.11)

I2 =

∫ ∞

0

d2ρ ρ2J0(pTρ)K1(ηρ)σ
N
qq̄(αρ), (4.12)

I3 =

∫ ∞

0

d2ρ ρ J1(pTρ)K1(ηρ)σ
N
qq̄(αρ). (4.13)
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The derivation of (4.10) an be found in [113℄ or [114℄.

For some partiular ases, the qN ross-setion (4.2) an be also integrated analytially

over pT with result

dσ(qN→γX)

d(lnα)
=

∫
d2ρ |Ψγ∗q(α, ~ρ)|2σN

qq̄(αρ), (4.14)

and

dσ(qN→γX)

d(lnα)
=

αEM

π

∫
dρ ρ[(m2

qα
4 + 2M2(1− α)2)K2

0(ηρ)

+ (1 + (1− α)2)η2K2
1(ηρ)]σ

N
qq̄(αρ), (4.15)

respetively.

The only free parameter in the olor dipole approah is the e�etive quark mass mq.

The value of the quark mass mq should orrespond to one used in the partiular dipole

ross-setion. Larger disussion about the e�et of the e�etive quark mass an be found

in [6, 114℄.

Note that the ontribution of the Z0
boson to the ross-setion should be inluded for

investigating of the Drell-Yan proess with higher mass. The inluding of the Z0
boson

into the olor dipole framework is desribed in Appendix A.2.

4.2.2 Dipole ross-setion

Dipole ross-setion is an universal quantity in high energy physis that an be used for

desription of various proesses, e.g. DIS, Drell-Yan proess or pion-proton sattering.

The idea of the dipole ross-setion omes from the eighties [108℄ with appliation on

deep inelasti sattering where |qq̄〉 Fok state is onsidered, and, basially, represents

two gluon exhange (in the Regge phenomenology this orresponds to the exhange of

one pomeron) between qq̄ dipole and proton target. Hene, this formalism an be used

only for high energy proesses, x2 . 0.01. In the Born approximation the dipole ross-

setion is energy-independent and depends on transverse separation and x2. The energy

dependene is generated by the radiation of soft gluons that an be resumed in the leading

log approximation [115℄

σN
qq̄(x2, ρ) =

4π

3
ρ2αS

∫
d2kT
k2T

[1− exp(i~kT · ~ρ)]
k2Tρ

2

∂(x2G(x2, k
2
T ))

∂ log(k2T )
, (4.16)

where

~kT is the transverse momentum of the dipole exhanged with target, αS is the

strong running oupling onstant at the relevant sale, and G(x2, k
2
T ) is the unintegrated

gluon density.
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Fator [1 − exp(i~kT · ~ρ)] represents the so-alled sreening fator that leads to the

vanishing of the dipole ross-setion for ρ → 0. This fator is a key feature of olor

transpareny phenomenon [35, 108, 116℄. It was proved that for small dipole separations

the quadrati approximation of the dipole ross-setion an be used

σN
qq̄(ρ) = Cρ2. (4.17)

There are more ways how to get the fator C. Two approahes are mainly mentioned in

the literature. The fator C an orrespond to the �rst term in the Taylor expansion of

the dipole ross-setion parametrization at ρ = 0

C =
dσN

qq̄(ρ)

dρ2

∣∣∣∣∣
ρ=0

, (4.18)

or an be estimated from the limit ondition on long oherene length (LCL) limit (will

be desribed later) [117℄

∫
d2b
∫
d2ρ

∣∣∣ΨT,L
γ∗q(~ρ, α,Q

2)
∣∣∣
2 {

1− exp
[
−1

2
C(s)α2ρ2TA(b)

]}

∫
d2ρ

∣∣∣ΨT,L
γ∗q(~ρ, α,Q

2)
∣∣∣
2

C(s)α2ρ2

=

∫
d2b
∫
d2ρ

∣∣∣ΨT,L
γ∗q(~ρ, α,Q

2)
∣∣∣
2 {

1− exp
[
−1

2
σN
qq̄(αρ, s)TA(b)

]}

∫
d2ρ

∣∣∣ΨT,L
γ∗q(~ρ, α,Q

2)
∣∣∣
2

σN
qq̄(αρ, s)

. (4.19)

On the other hand, at large dipole separations it is assumed to be saturated. Be-

ause of a lot of unertainties in the theoretial desription of the dipole ross-setion,

e.g. unknown unintegrated gluon distribution, behavior at large separations and other,

phenomenologial parametrizations based on �tted experimental data are used.

GBW

One of the oldest and best known parametrization was provided by Gole-Biernat and

Wustho� (GBW) [118℄. This simple parametrization do not take into aount any QCD

evolution and originally is based on the old HERA data from 1997, update of �tting

parameters on newer HERA data were published by Kowalsky, Motyka and Watt [119℄.

This parametrization has a form

σN
qq̄(ρ, x) = σ0


1− exp


−

ρ2Q2
0

4
(

x
x0

)2





 , (4.20)

where Q2
0 = 1GeV2

and �tting parameters are showed in Tab. 4.1. This model inludes

one pomeron exhange only.
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nfl muds[GeV℄ mc[GeV℄ x-range Q2
[GeV

2
℄ σ0 [mb℄ x0 λ ref.

3 0.14 - < 0.01 - 29.12 0.41× 10−4
0.227 [118℄

4 0.14 1.5 < 0.01 - 23.03 3.04× 10−4
0.288 [118℄

3 0.14 - < 0.01 0.25-45 20.1 5.16× 10−4
0.289 [119℄

4 0.14 1.4 < 0.01 0.25-45 23.9 1.11× 10−4
0.287 [119℄

4 0.14 1.4 < 0.01 0.75-650 22.5 1.69× 10−4
0.317 [119℄

Table 4.1: Parameters for the GBW model.

KST

KST model of the dipole ross-setion was published by Kopeliovih, Shaefer, Tarasov

[120℄. This model works well for Q2 ∼ 20GeV2
and lower and is based on H1 (1995) and

ZEUS (1992) data. This model has a form

σN
qq̄(ρ, sq) = σ0(sq)

(
1− exp

[
− ρ2

r20(sq)

])
, (4.21)

where sq is energy of the inoming quark, next

σ0(sq) = σπp
tot(sq)

(
1 +

3r20(sq)

8〈r2ch(sq)〉

)
, (4.22)

r20(sq) = 0.88

(
sq
s0

)−0.14

fm, (4.23)

s0 = 1000 GeV

2, 〈r2ch(sq)〉 = 0.44 fm2. (4.24)

Parametrization from [121℄ with data from [122℄ was used for pion-proton ross-setion

σπp
tot(sq)

σπp
tot(sq) = 23.6

(
sq
s0

)0.08

+ 1.432

(
sq
s0

)−0.45

mb, (4.25)

where the �rst term orresponds to the pomeron exhange and the seond to the reggeon

exhange.

BGBK

This parametrization by Bartels, Gole-Biernat and Kowalski [123℄ was reated by in-

luding of the DGLAP evolution into the GBW model

σN
qq̄(ρ, x) = σ0

(
1− exp

[
−π

2ρ2αs(µ
2)xg(x, µ2)

3σ3

])
, (4.26)
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with the sale

µ2 =
C

ρ2
+ µ2

0. (4.27)

There, g(x, µ2) ontains LO DGLAP evolution of gluons only (quarks are negleted due

to small frations x2) [70�72℄

∂xg(x, µ2)

∂ lnµ2
=
αS(µ

2)

2π

∫ 1

x

dz Pgg(z)
x

z
g
(x
z
, µ2
)

(4.28)

where the gluon density at initial sale Q2
0 = 1 GeV

2
is parameterized as

xg(x,Q2
0) = Agx

−λg(1− x)5.6, (4.29)

where C, µ2
0, Ag and λg are parameters �tted from the DIS data.

IP-Sat

IP-Sat model is generalization of BGBK model aounting the impat parameter depen-

dene of the dipole ross-setion by Rezaeian, Siddikov, de Klundert and Venogopalan

[124℄

σN
qq̄(ρ, x) = 2

∫
d2b

(
1− exp

[
−π

2ρ2

2Nc
αS(µ

2)xg(x, µ2)TG(b)

])
(4.30)

with the Gaussian impat parameter dependene

TG(b) =
1

2πBG
e

− b2

2BG , (4.31)

where BG = 4 GeV

2
is a free parameter extrated from the t-dependene of the exlusive

e+ p data. Fitted parameters are in Tab. 4.2.

nfl muds[GeV℄ mc[GeV℄ x-range Q2
[GeV

2
℄ µ2

0 [GeV
2
℄ Ag λg ref.

4 0.0 1.27 < 0.01 0.75-650 1.51 2.308 0.058 [124℄

4 0.0 1.4 < 0.01 0.75-650 1.428 2.373 0.052 [124℄

Table 4.2: Parameters for the IP-Sat model.

One an enounter also other parameterizations with next parameterizations, e.g.

model by Ianu, Itakura and Munier (IIM, sometimes denoted as CGC) [119, 125℄;

Albaete, Armesto, Milhano and Salgado (rBK) [126℄; Albaete, Armesto, Milhano,

Quiroga Arias and Salgado (AAMQS) [127℄, both inluding Balitsky-Kovhegov evolu-

tion; Forshaw and Shaw [128℄ inluding reggeon exhange only.
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4.2.3 Proton-proton ross-setion

Overall inlusive di�erential ross-setion for the Drell-Yan prodution in proton-proton

ollisions onsists of the onvolution of PDFs, qN ross-setion and some appropriate

kinematis [110℄

d4σ(pp→l−l+X)

dM2dxFd2pT
=
dσ(γ∗→l+l−)

dM2

x1
x1 + x2

∫ 1

x1

dα

α2
Σq

(
fq

(x1
α

)
+ fq̄

(x1
α

)) d3σ(qN→γ∗X)

d(lnα)d2pT
,

(4.32)

where the ross-setion for dilepton prodution reads

dσ(γ∗→l+l−)

dM2
=

αEM

3πM2
. (4.33)

Momentum frations of quarks x1 and x2 an be expressed using Feynman xF or equiva-

lently using rapidity y

x1 =
1

2

(√
x2F + 4τ + xF

)
=

√
τ exp(y),

x2 =
1

2

(√
x2F + 4τ − xF

)
=

√
τ exp(−y), (4.34)

where

τ =
M2 + p2T

s
= x1x2, (4.35)

xF = x1 − x2. (4.36)

It an be proven, that the upper limit of the integral over α is smaller than one [114℄

α ≤ 1− p2T
x1s−M2

. (4.37)

The sale in quark PDFs is taken in the form [129℄

Q2 = p2T + (1− x1)M
2. (4.38)

For the ase of pT -integrated qN ross-setion whih an be used for rapidity dis-

tribution or dilepton mass distribution (if experimental data use enough small pT ut

otherwise (4.32) have to be integrated from partiular pT,min to pT,max), inlusive di�er-

ential ross-setion reads

d2σ(pp→l−l+X)

dM2dxF
=
dσ(γ∗→l+l−)

dM2

x1
x1 + x2

∫ 1

x1

dα

α2
Σq

(
fq

(x1
α

)
+ fq̄

(x1
α

)) dσ(qN→γ∗X)

d(lnα)
,

(4.39)
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where momentum frations x1 and x2 are same as in (4.34) but

τ =
M2

s
= x1x2. (4.40)

And the sale is taken in the form

Q2 =M2. (4.41)

For the diret photons the Eq. (4.32) is used with M = 0 and

dσ(γ∗→l+l−)

dM2 = 1.

Next useful relations for ross-setion are presented in Appendix A.4.

4.3 Nulear target

This setion desribes basi formula for proton-nuleus ross-setion and all formulas for

quark-nuleus ross-setions.

4.3.1 Quark-nuleus ross-setion

The alulation of proton-nuleus and nuleus-nuleus ollisions is the main asset of the

olor dipole approah that naturally inorporates some nulear e�ets suh as nulear

shadowing or Cronin enhanement.

The dynamis and the magnitude of these e�ets are ontrolled by the oherene

length lc. In the term of oherene length, the theory an be simpli�ed for limits, short

oherene length or long oherene length limits otherwise one should use the Green

funtion formalism or phenomenologial formfator. All these aspets will be desribed

in the following hapters.

Note that all these methods are applied for the lowest Fok state |qγ∗〉 only. So, they
inlude just quark e�ets suh as quark shadowing or quark broadening. However, the

nulear target is also sensitive to higher Fok states e.g. |qγ∗G〉, |qγ∗2G〉, ... that lead
to the next e�ets suh as gluon shadowing. The in�uene of higher Fok states will be

ommented in the setion about the gluon shadowing.

All these methods have a property that is ommon to all and is typial for the olor

dipole approah. This feature is alled the olor transpareny and is onneted to the

transverse separation of the �utuation. If the dipole ross-setion σN
qq̄ is small and goes

to zero then the quark-nuleus ross-setion is equal to the A-times quark-nuleon ross-

setion and the nuleus seems to be transparent for the projetile. On the other hand, if
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the dipole ross-setion σN
qq̄ is large then the probability of the interation with the surfae

nuleons is the highest. These surfae nuleons shadow the inner nuleons where the olor

�eld regenerate and is ready to the next interation again far behind the nuleus.

4.3.1.1 Coherene length

For the nulear target in the olor dipole piture, the time that the projetile is reating

e.g. |qγ∗〉 Fok state has to be studied. This time, when the projetile is frozen in |qγ∗〉
�utuation, is alled oherene time tc ontrolled by the unertainty relation, and an

be interpreted as the lifetime of the orresponding Fok state. Assuming that projetile

moves at the speed of light the oherene length an be de�ned as lc = tcc.

Coherene time or length ontrols the number of satterings of the projetile with the

nulear target and, therefore, the magnitude of various nulear e�ets. These nulear

e�ets has an origin in the oherent interation of the nuleons [130, 131℄. It is useful to

distinguish two limiting ases in whih the theory simpli�es:

Short oherene length (SCL). In the SCL limit, the oherene length lc beomes

smaller than inter-partile spaing in the nuleus lc < 1÷ 2 fm, where, onsequently, the

�utuation has a time to interat only with one nuleon. Thus, all nuleons ontribute

equally to the ross-setion. This is the so-alled Bethe-Heitler regime [132℄.

Long oherene length (LCL). The LCL limit orresponds to the ase when the

oherene length is greater than nulear radius, lc > RA. In this ase, the projetile

interats with the whole nuleus at the surfae. This region orresponds to the Landau-

Pomeranhuk-Migdal e�et [2, 3℄. The shadowing and antishadowing are maximal.

Regions between the SCL and LCL are generally more di�ult to express. The most

strit approah is the Green funtion method [133, 134℄ that will be desribed in this

hapter. Another, more simple approah, is based on a simple interpolation between

the SCL and LCL limits using the longitudinal formfator FA(qc, b) where qc = 1/lc

orresponds to the longitudinal momentum transferred in the reation [114, 130, 135℄.

The oherene length in the ase of the Drell-Yan proess for the |qγ∗〉 �utuation is

given by the unertainty relation

lc =
2Eq

M2
qγ

, (4.42)

where Eq and mq refer to the energy and mass of the projetile quark, and Mqγ is the

e�etive mass of the |qγ∗〉 �utuation

M2
qγ =

M2

1− α
+
m2

q

α
+

p2T
α(1− α)

, (4.43)
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where M is a virtual photon mass (orresponds to the dilepton pair mass), pT is the

transverse momentum of the photon, and α is the light-one momentum fration of the

projetile quark arried by the photon. After some algebra assuming Eq = x1

α
Ep where

x1 is a light-one momenta of the projetile proton taken by the photon, Ep is the energy

of inoming proton related to the CMS invariant energy s = 2m2
N + 2EpmN ∼ 2EpmN ,

and by using of the relation x1x2 =
M2+p2T

s
the �nal formula for the oherene length an

be obtained

lc =
1

2mNx2

(M2 + p2T )(1− α)

(1− α)M2 + α2m2
q + p2T

. (4.44)

It an be shown [130℄ that the mean oherene length has a form

〈lc〉 =
1

2mNx2
(4.45)

leading to the saling of oherene e�ets with x2 used in the QCD based fatorization

models.

In ontrast, in the target rest frame this saling is more ompliated. Assuming limit

ase x1 → 1, where α > x1, leads to lc → 0 as follow from (4.44) where the dominator

suppress the mean oherene length, and means that nulear e�ets vanish.

4.3.1.2 Long oherene length

The long oherene length limit, as was mentioned above, orresponds to the ase when

the oherene length is greater than nulear radius, lc > RA. This allows to projetile

in the oherent state to experiene multiple resatterings inside the nuleus without

produing any on-shell partiles.

q q

γ∗
lc

|qγ∗〉

Figure 4.4: The sketh of long oherene length limit.

The LCL limit orresponds to the situation when the �utuation arises long before

the projetile quark enters the nulear target, and the deoherene ours far behind

the nuleus. All nuleons in the nuleus having the same impat parameter partiipate
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oherently in the interation with the projetile, as shown in Fig. 4.4. In terms of Fok

omponents it an be assumed that the transverse separation ρ of the �utuation is

�xed, and does not vary during the propagation through the nuleus in the LCL limit

orresponding to high energy interation.

It was proven in [108℄ that if the �utuation with onstant transverse separation in

the impat parameter spae is an eigenstate of the interation, the ross-setion an be

alulated by replaing the dipole ross-setion on nuleon σN
qq̄ with the dipole ross-

setion on the nuleus σA
qq̄. The σA

qq̄ an be alulated using the Glauber eikonalization

[5, 112℄

σN
qq̄(αρ, x2) ⇒ σA

qq̄(αρ, x2) = 2

∫
d2b

(
1−

(
1− 1

2A
σN
qq̄(αρ, x2)TA(b)

)A
)
, (4.46)

where TA(b) is the nulear thikness funtion.

4.3.1.3 Short oherene length

The short oherene length limit an be used for the ases where the oherene length is

shorter than the inter-nuleon separation, lc < 1÷2 fm. The lifetime of the �utuation is

short, and is able to interat with one nuleon inside the nuleus only, so, nuleons annot

at oherently on it. In omparison with the LCL limit, the transverse separation is not

�xed, but it varies with every new reation of the �utuation. Therefore, the Glauber

eikonalization that require �xed transverse separation annot be used. The result is that

there is no shadowing in this limit.

More details of this theory an be found in [34,131℄ or you an see [114℄ for the review.

Shortly, the �nal formula for the SCL limit reads

σqA(α, ~pT ) =
1

(2π)2

∫
d2kT d

2rT e
−
1
4
b20r

2
T e−

1
4
σN
qq̄(rT ,xq)〈TA〉σqN (α, |~pT − α~kT |), (4.47)

where σqA
and σqN

denote for quark-nuleus and quark-nuleon ross-setion, respetively.

b20 =
2

3π〈r2
ch

〉
stands for the mean value of the primordial transverse momentum squared of

the quark, 〈r2ch〉 = 0.79± 0.03 fm represents the mean square harge radius of a proton,

xq is a fration of the proton momenta arried by the quark and 〈TA〉 is the average

thikness funtion de�ned as

〈TA〉 =
1

A

∫
d2b T 2

A(b). (4.48)
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4.3.1.4 Green funtion tehnique

The Green funtion tehnique [112℄ represents an universal method how to desribe in-

terations with the nulear target for whole kinematial region in terms of the oherene

length. As an be seen in Figs. 4.5 and 4.6, this method should be primary applied mainly

for lower energies at RHIC, for forward rapidities at FNAL �x-target experiments or for

planned experiment e.g. AFTER�LHC [136℄ whih would use the proton and nulear

beam from LHC for various nulear �x targets. Otherwise, limiting ases of the LCL

and SCL limits that have simpler form an be used in the ase of Drell-Yan proess or

prodution of diret photons. The Green funtion formalism is also important for the

alulation of the gluon shadowing (see Chapter 4.3.1.5) where dominant sales are small

and, hene, the oherene length has to be treated exatly.

Besides treating the oherene length exatly, the Green funtion framework has next

advantages and bene�ts. As will be desribed later, the Green funtion ontains a poten-

tial that desribes the absorption in the medium. The absorption is less important in the

ase of the Drell-Yan proess and diret photons, but it has a muh greater importane

for the prodution of hadrons e.g. vetor mesons [137℄. Further, the Green funtion

formalism is used in DIS where the lowest Fok state ontains a pair qq̄ and, therefore,

the interation between them is introdued [113, 133, 134, 138℄.
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Figure 4.5: The mean oherene length for Drell-Yan and diret photon

prodution at xF = 0.0.

The quark-nuleus ross-setion using the Green funtion tehnique onsists of two
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Figure 4.6: The mean oherene length for Drell-Yan and diret photon

prodution at xF = 0.6.

parts

dσ(qA→γX)

d(lnα)
= A

dσ(qp→γX)

d(lnα)
− d∆σ(qA→γX)

d(lnα)

= A
dσ(qp→γX)

d(lnα)
− 1

2
Re

∫
d2b

∫ ∞

−∞

dz1

∫ ∞

z1

dz2

∫
d2ρ1 d

2ρ2

× Ψ∗
γ∗q(α, ~ρ2)ρA(b, z2)σ

N
qq̄(αρ2)G(~ρ2, z2|~ρ1, z1)

× ρA(b, z1)σ
N
qq̄(αρ1)Ψγ∗q(α, ~ρ1), (4.49)

where the Green funtionG(~ρ2, z2|~ρ1, z1) ful�lls the two dimensional Shrödinger equation

[
i
∂

∂z2
+

∆(~ρ2)− η2

2Eqα(1− α)
+ V (b, ~ρ2, z2)

]
G(~ρ2, z2|~ρ1, z1) = iδ(z2 − z1)δ

2(~ρ2 − ~ρ1). (4.50)

Seond term on l.h.s. is analogous to the kineti term in the Shrödinger equation and

ares about the phase shift for the propagating qγ∗ �utuation. The two dimensional

Laplaian ats on the transverse oordinate, the kineti term (∆(~ρ2)− η2)/2Eqα(1− α)

takes are of the varying e�etive mass of the qγ∗ pair, and imaginary potential V (b, ~ρ2, z2)

reads

V (b, ~ρ, z) = − i

2
ρA(b, z)σ

N
qq̄(αρ). (4.51)

This imaginary potential, similarly to the Glauber theory, aounts for all higher order

sattering terms. One an see a similarity with the optial theorem where the absorption

in the medium is also desribed by the imaginary potential.
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For onveniene, the fator exp(−iqmin
L (z2−z1)) that desribes the longitudinal motion

is inluded into the Green funtion G(~ρ2, z2|~ρ1, z1) [113℄.

The seond term in (4.49) an be interpreted as follow, see Fig. 4.7. At the point z1

the projetile quark reates a |qγ∗〉 state with an initial separation ~ρ1. Then the |qγ∗〉
�utuation propagates through the nuleus along arbitrary urved trajetories whih are

summed over, and arrives at the point z2 with a transverse separation ~ρ2. The initial and

the �nal separations are ontrolled by the light-one wave funtions of the |qγ∗〉 Fok state
of the projetile Ψqγ∗(α~ρ). During the propagation through the nuleus the |qγ∗〉 Fok
state interats with bound nuleons via the dipole ross-setion σN

qq̄(α~ρ) whih depends

on the loal transverse separation ~ρ.

q q

γ∗

q

G(~ρ2, z2|~ρ1, z1)

~ρ1
z1

~ρ2
z2

Figure 4.7: Propagation of the γ∗q �utuation through the nuleus for the

�nite oherene length that is desribed by the Green funtion

G(~ρ2, z2|~ρ1, z1)

If the high energy limit Eq → ∞ is onsidered, the kineti term in (4.50) an be

negleted resulting in

G(~ρ2, z2|~ρ1, z1)|Eq→∞ = δ2(~ρ1 − ~ρ2) exp

[
i

∫ z2

z1

dz V (b, ~ρ2, z)

]
, (4.52)

where it follows that the transverse separation is �xed. Putting the (4.52) into (4.49) the

ase of LCL limit an be obtained [112℄.

The Shrödinger equation (4.50) with the potential (4.51) an be solved numerially

or analytially for small-ρ approximation.



4.3. NUCLEAR TARGET 51

The quark-nuleus ross-setion with the pT dependene is muh more omplex [112℄

d3σ(qA→γ∗X)

d(lnα) d2pT
=

αEM

(2π)44E2
q (1− α)2

2Re

∫ ∞

−∞

dz1

∫ ∞

z1

dz2

∫
d2b d2kT d

2ρ1 d
2ρ2

× exp

[
iα~p2 · ~ρ2 − iα~p1 · ~ρ1 − i

∫ ∞

z2

dz V (b, ~ρ2, z)− i

∫ z1

−∞

dz V (b, ~ρ1, z)

]

× Γ̂∗(~ρ2)Γ̂(~ρ1)G(~ρ2, z2|~ρ1, z1), (4.53)

respetivelly

d3σ(qA→γ∗X)

d(lnα) d2pT
=

α2

(2π)4

{
Re

∫ ∞

−∞

dz

∫
d2b d2kT d

2ρ1 d
2ρ2 d

2ρ

× exp

[
iα~p2 · ~ρ2 − iα~p1 · ~ρ1 − i

∫ ∞

z

dz′ V (b, ~ρ2, z
′)− i

∫ z

−∞

dz′ V (b, ~ρ1, z
′)

]

× ΨT,L∗

γ∗q (~ρ2 − ~ρ, α)i [2V (b, ~ρ, z)− V (b, ~ρ1, z)− V (b, ~ρ2, z)] Ψ
T,L
γ∗q(~ρ1 − ~ρ, α)

+ 2Re

∫ ∞

−∞

dz1

∫ ∞

z1

dz2

∫
d2b d2kT d

2ρ1 d
2ρ2 d

2ρ′1 d
2ρ′2

× exp

[
iα~p2 · ~ρ2 − iα~p1 · ~ρ1 − i

∫ ∞

z2

dz V (b, ~ρ2, z)− i

∫ z1

−∞

dz V (b, ~ρ1, z)

]

× ΨT,L∗

γ∗q (~ρ2 − ~ρ′2, α) [V (b, ~ρ2, z2)− V (b, ~ρ′2, z2)]G(~ρ
′
2, z2|~ρ′1, z1)

× [V (b, ~ρ1, z1)− V (b, ~ρ′1, z1)]Ψ
T,L
γ∗q (~ρ1 − ~ρ′1, α)

}
, (4.54)

where

~p1 = −~pT
α

,

~p2 = ~kT − 1− α

α
~pT , (4.55)

and

~kT is the transverse momentum of the quark.

In (4.53) operators Γ̂ read

Γ̂(~ρ) = χ†
f

[
2M(1− α) + imf α

2 (~n× ~σ) · ~e∗ + α (~σ × ~∇ρ) · ~e∗ − i (2− α) ~∇ρ · ~e∗
]
χi.

(4.56)

Solution for small-ρ approximation

As was mentioned in Setion 4.2.2, if the mean transverse separation is small, the dipole

ross-setion an be approximated in squared form σN
qq̄(αρ) = Cα2ρ2. Moreover, ex-

pressions for qN or qA an be onsiderable simpli�ed if the nulear density funtion is

approximated by the step funtion

ρA(b, z) = ρ0θ(R
2
A − b2 − z2), (4.57)
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where the onstant density ρ0 = 0.16 fm−3
is used. This approximation works remarkable

well, espeially for heavy nulei [139℄.

Then, the potential in (4.51) has a form

V (b, ~ρ, z) ≈ − i

2
Cα2ρ2ρAθ(R

2
A − b2 − z2). (4.58)

and the Shrödinger equation (4.50) an be solved analytially as two-dimensional har-

moni osillator (2DHO) [140℄

G(~ρ2, z2|~ρ1, z1) =
a e−iqmin

L ∆z

2π sinh (ω∆z)
exp

{
−a
2

[
(ρ21 + ρ22) coth(ω∆z)−

2~ρ1 · ~ρ2
sinh(ω∆z)

]}
,

(4.59)

where ∆z = z2 − z1 and 2DHO variables read

a = (−1 + i)
√
ρAEqα3(1− α)C/2, (4.60)

ω = −(1 + i)
√
ρACα/(2Eq(1− α)). (4.61)

Longitudinal momentum qmin
L has form

qmin
L =

η2

2Eqα(1− α)
. (4.62)

where Eq labels for the energy of the inoming quark

Eq =
x1
α

s− 2M2
N

2MN
. (4.63)

With this analytial solution of the Green funtion the quark-nuleus ross-setion

(4.54) an be simpli�ed. One solution was presented by Raufeisen [113℄ where the �nal

solution is divided into six integrals. In Appendix A.3 we present own solution onsists

of two, more omplex, terms.

Exat numerial solution

The solution for the arbitrary dipole ross-setion parametrization and real nulear den-

sity annot be obtain by any nie analytial form for the Green funtion, but the numerial

solution of the two-dimensional di�erential Shrödinger equation (4.50) have to be ap-

plied. This solution was published for �rst time in [49℄ for the DIS. We extended this

solution for the Drell-Yan proess and diret photon prodution.

First, the proedure of the numerial solution will be shown for the pT -integrated

qA ross-setion (4.49) and analytial proedure an be applied for the pT -dependent qA

ross-setion (4.54) with more ompliated boundary onditions.
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For the proess of numerial solution it is desirable to rewrite (4.49) in order to get

rid of delta funtions in (4.50) that are inonvenient for the numerial solution

g1(~ρ2, z2|z1) =

∫
d2ρ1K0(ηρ1)σ

N
qq̄(αρ1)G(~ρ2, z2|~ρ1, z1), (4.64)

~ρ2
ρ2

· ~g2(~ρ2, z2|z1) =

∫
d2ρ1K1(ηρ1)σ

N
qq̄(αρ1)

~ρ1
ρ1
G(~ρ2, z2|~ρ1, z1). (4.65)

These reformulated Green funtions ful�l following evolution equations

i
∂

∂z2
g1(~ρ2, z2|z1) =

[
1

2µqq̄

(
η2 − ∂2

∂2ρ2
− 1

ρ2

∂

∂ρ2

)
+ V (z2, ~ρ2, α)

]
g1(~ρ2, z2|z1), (4.66)

i
∂

∂z2
g2(~ρ2, z2|z1) =

[
1

2µqq̄

(
η2 − ∂2

∂2ρ2
− 1

ρ2

∂

∂ρ2
+

1

ρ22

)
+ V (z2, ~ρ2, α)

]
g2(~ρ2, z2|z1)

(4.67)

with boundary onditions

g1(~ρ2, z2|z1)|z1=z2 = K0(ηρ2)σ
N
qq̄(αρ2), (4.68)

g2(~ρ2, z2|z1)|z1=z2 = K1(ηρ2)σ
N
qq̄(αρ2). (4.69)

The seond term in (4.49) has a form

d∆σ(qA→γX)

d(lnα)
= αEMRe

∫
db b

∫ ∞

−∞

dz1

∫ ∞

z1

dz2

∫
dρ2 ρ2ρA(b, z1)ρA(b, z2)σ

N
qq̄(αρ2)

×
[
(1 + (1− α)2)η2K1(ηρ2)g2(~ρ2, z2|z1)

+ (m2
fα

4 + 2M2(1− α)2)K0(ηρ2)g1(~ρ2, z2|z1)
]
. (4.70)

The time-dependent two-dimensional Shrödinger equations (4.66) and (4.67) by a

modi�ation of the method based on the Crank-Niholson algorithm [141�143℄. Details

of this method for numerial solution are presented in Appendix A in [49℄.

4.3.1.5 Gluon shadowing

So far, all alulations within the olor dipole approah ontained the lowest Fok state

|qγ∗〉 inluding a quark only. By introduing of higher Fok states ontaining gluons,

|qγ∗G〉, |qγ∗2G〉, ..., new e�ets in onnetion with gluons an be inluded.

The orretion on the gluon shadowing within the olor dipole approah was alulated

in [5℄ or see [114℄ for detailed review. The main idea and the most important parts of

the gluon shadowing alulation will be summarized. First, it is assumed that the gluon

shadowing should be universal, beause this shadowing orresponds to the gluon part of
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the partiular Fok state, and an be alulated i.e. from DIS where this alulation an

be made easily. Seond, the fatorRG(x,Q
2) is alulated in the light-one Green funtion

tehnique [120℄, desribed in hapter 4.3.1.4 where the |qq̄G〉 Fok state of a longitudinally
polarized photons is onsidered. This an be understood in the following way, the light-

one wave funtion for the transition γ∗L → qq̄ does not allow for large, aligned jet

on�gurations. Then, all qq̄ dipoles from longitudinal photons have size ∼ 1/Q2
and the

gluon an propagate relatively far from the qq̄-pair, therefore this on�guration an be

approximated by the |GG〉 Fok state. Consequently, the distane of the gluon from the qq̄

dipole in the impat parameter spae determines the magnitude of the gluon shadowing.

From the experimental data the mean separation size was set to ρ0 = 0.3 fm [5℄ whih

is also the limit where this approximation is valid. Finally, it has to be assumed that

Q2 ≫ 1/ρ20, otherwise the qq̄ dipole is not point-like in omparison to the size of |qq̄G〉
Fok state.

Next, it is assumed that the gluon shadowing is implemented as the modi�ation of

the dipole ross-setion

σN
qq̄(αρ, x) ⇒ σN

qq̄(αρ, x)RG(x,Q
2), (4.71)

where RG(x,Q
2) stands for gluon shadowing fator

RG(x,Q
2) =

GA(x,Q
2)

AGN (x,Q2)
∼ 1− ∆σγA

L (x,Q2)

Aσγp
L (x,Q2)

, (4.72)

where σγp
L is the DIS ross-setion where the longitudinal polarization is onsidered be-

ause of large Q2
where the longitudinal polarization dominates.

The total photoabsorption ross-setion ∆σγA = σγA
tot − Aσγp

an be alulated from

the di�rative dissoiation ross-setion γN → XN [144�146℄ where at the lowest order

the ross-setion reads

∆σγA = 8πRe

∫
d2
∫ ∞

−∞

dz1

∫ ∞

−∞

dz2Θ(z2 − z1)ρA(b, z1)ρA(b, z2)

×
∫
dM2

Xe
−iql(z2−z1)

d2σ(γN → X N)

dM2
Xdq

2
T

∣∣∣∣
qT=0

, (4.73)

where qL = (Q2 + M2
X)/2Eγ is the longitudinal and qT is the transversal momentum

transfer, Eγ is the photon energy in the target rest frame, MX is an invariant mass of

the partiular exited state, ρA(b, z) is the nulear density and z1, z2 are longitudinal
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oordinates. And the di�rative ross-setion after the evaluation reads

8πRe

∫
dM2

X e
−iqLz

d2σ(γN → XN)

dM2
Xdq

2
T

∣∣∣∣
qT=0

= Re

∫ 1

0

dαq

∫ 0.1

x

d lnαG
16αEMC

2
GGαS(Q

2)

3π2Q2b̃2

∑

q

Z2
q

× ((1− 2ξ − ξ2)e−ξ + ξ2(3 + ξ)E1(ξ)

×
(
t

w
+

sinh(Ω∆z)

t
ln

(
1− t2

u2

)
+

2t3

uw2
+
t sinh(Ω∆z)

w2
+

4t3

w3

)
,(4.74)

where

∆z = z2 − z1, (4.75)

Ω =
iB

αG(1− αG)ν
, (4.76)

B2 = b̃4 − iαG(1− αG)νCeffρA, (4.77)

ν =
Q2

2mNx
, (4.78)

ξ = ixmN∆z, (4.79)

t =
B

b̃2
, (4.80)

u = t cosh(Ω∆z) + sinh(Ω∆z), (4.81)

w = (1 + t2) sinh(Ω∆z) + 2t cosh(Ω∆z), (4.82)

b̃ = (0.65GeV)2 + αGQ
2. (4.83)

The gluon-gluon-nuleon ross-setion is parameterized in the form

σN
GG(ρ, x̃) = Ceff(x̃)ρ

2, (4.84)

where x̃ = x/αG. To prevent a situation x̃ > 0.1 for α→ x, where the dipole formulation

is no longer valid, the following presription is employed

x̃ = min(x/α,0.1). (4.85)

The parameter Ceff is then determined from the asymptoti ondition

∫
d2b d2ρ|ΨqG(ρ)|2(1− exp(−1

2
Ceff(x̃)ρ

2TA(b)))∫
d2ρ|ΨqG(ρ)|2Ceff(x̃)ρ2

(4.86)

=

∫
d2b d2ρ|ΨqG(ρ)|2(1− exp(−9

8
σN
qq̄(ρ, x̃)TA(b)))∫

d2ρ|ΨqG(ρ)|2 94σN
qq̄(ρ, x̃)

, (4.87)

where the light-one wave funtion for radiation of a quark from a gluon reads [120℄

|ΨqG(ρ)|2 =
4αS(Q

2)

3π2

exp
(
−b̃2ρ2

)

ρ2
. (4.88)



56 CHAPTER 4. COLOR DIPOLE APPROACH

Finally, the sale was set to

Q2 =
1

ρ2
+ 4 GeV

2. (4.89)

An example of the gluon shadowing on lead as funtion of momentum fration x

integrated over impat parameter b is in Fig. 4.8 for di�erent sales and in Fig. 4.9 for

di�erent entralities.
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Figure 4.8: Gluon shadowing fator integrated over b for di�erent sales

Q2
.

4.3.2 Proton-nuleus ross-setion

The overall proton-nuleus ross-setion for Drell-Yan prodution is similar to proton-

proton ross-setion 4.2.3

d4σ(pA→l−l+X)

dM2dxFd2pT
=
dσ(γ∗→l+l−)

dM2

x1
x1 + x2

∫ 1

x1

dα

α2
Σq

(
fq

(x1
α

)
+ fq̄

(x1
α

)) d3σ(qA→γ∗X)

d(lnα)d2pT
,

(4.90)

and similarly pT -integrated proton-nuleus ross-setion

d2σ(pA→l−l+X)

dM2dxF
=
dσ(γ∗→l+l−)

dM2

x1
x1 + x2

∫ 1

x1

dα

α2
Σq

(
fq

(x1
α

)
+ fq̄

(x1
α

)) dσ(qA→γ∗X)

d(lnα)
,

(4.91)

where variables x1, x2, Q
2
and others kinematial variables have same form as in Chap-

ter 4.2.3.
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Figure 4.9: Gluon shadowing fator as funtion of the impat parameter b

for di�erent entrality and �xed sale.

At the level of proton-nuleus ross-setion one an inlude other e�ets suh as the

isospin e�et, Chapter 3.4.4, or the ISI e�ets, Chapter 3.4.5, or isospin e�et, Chap-

ter 3.4.4, in the same way as in QCD based models in the form of the modi�ation of

parton distribution funtions.
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Chapter 5

Results

This hapter provides highlights of results published in papers and proeedings where all

ahieved results are ommented in detail. All publiation are also part on this work in

Appendix C. In the seond part, basi fats and omments on omparison of both models

used in this work are written.

5.1 QCD based kT -fatorization model

First two papers [96℄, [147℄ fous on hadron prodution at RHIC and LHC energies. In

both, the nulear shadowing, Cronin e�et and ISI e�ets are studied where in seond

paper two di�erent dipole ross-setions (GBW and IP-Sat) were used, and the impat

on the shape and size of the Cronin e�ets was ompared. Both give preditions for

hadron prodution at forward rapidities where signi�ant suppression due to ISI e�ets is

expeted. Third paper [95℄, apart from �rst two papers, investigates also lower energies

orresponding to �x-target experiments in FNAL.

Next paper [148℄ also inludes diret photons. Diret photons are ompared with data

from RHIC and LHC, and heavy-ion ollisions Pb+Pb and Au+Au were studied where

the impat of ISI e�ets is muh greater than in proton-nuleus ollisions.

In paper [149℄ omparison of diret photons prodution within the QCD based kT -

fatorization model and the olor dipole approah (provided by J. Cepila) have been

done. Both models desribe reasonable well data for diret photon prodution in p + p

ollisions. The QCD based kT -fatorization model shows better agreement with data

in the low-pT region. This fat is a onsequene of an absene of the more preise

59
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determination of the dipole ross setion in this kinemati region. A signi�ant di�erene

between preditions of the shape and magnitude of the Cronin enhanement from both

models was found. It is expeted better agreement between both models using more

preise reent parameterizations of the dipole ross-setion. In the large-pT region a good

agreement of both models was found. Finally, the ISI e�ets give same results for both

models as is expeted.

5.2 Color dipole model

The paper [150℄ that emerged from [151℄ deals with the Drell-Yan prodution within the

olor dipole approah at high energies where the LCL limit an be safely used. The

Drell-Yan proess next to the virtual photon inludes also prodution of Drell-Yan via

the Z0
boson that gives signi�ant ontribution at high dilepton masses, mainly at LHC.

In this paper, nulear e�ets are studied in pT , rapidity η and dilepton mass distributions

that allow to study kinematial regions where di�erent nulear e�ets are dominant. The

e�ets of quark and gluon shadowing, Cronin peak and ISI e�ets are disussed. Next,

the impat of four di�erent dipole ross-setions was investigated. Finally, preditions

for Drell-Yan proess at RHIC and at forward rapidities at LHC and for dilepton-hadron

orrelations (provided by V. Gonalves) are provided.

Last proeedings [152℄, aording to whih the next paper is in preparation, involves

the study of olor dipole model using the Green funtion tehnique at low energies, below

the RHIC. Results for dilepton mass distribution using exat numerial solution and for

pT distribution for solution for squared dipole ross-setion and uniform nulear density

are presented. For the �rst time, predition for the experiment AFTER�LHC is provided.

Also, predition for the Drell-Yan prodution at RHIC is also provided where the Green

funtion tehnique predits larger Cronin peak than LCL limit.

5.3 Comparison of both models

The goal of this setion is to summarize the main advantages and disadvantages for both

models. Some omparisons for both models were provided e.g. in [153℄. First, advan-

tages(+) and disadvantages(−) are summarized.
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QCD based kT -fatorization model:

+ Works well for proton-proton ollisions.

+ Based on the �rst priniple, from QCD Lagrangian.

+ Easier alulation of di�erent �nal states (hadrons, diret photons, jets, ...).

+ Studied for longer time, i.e. a lot of higher order alulations and more Monte Carlo

generators.

− For LO the K-fator has to be used as naive ompensation of NLO and higher orders.

− Transverse momentum distribution is added phenomenologially.

− Divergene for pT → 0, out of perturbative region.

− Free hoie of fatorization and renormalization sales.

− Non-intuitive transition to nulear target.

Color dipole approah:

+ Works also in non-perturbative regions.

+ Intuitive transition to nulear target.

+ Naturally inludes some nulear e�ets.

+ No need of K-fator.

− Strong dependeny on dipole ross-setion.

− Limitation of dipole ross-setion for x2 ≤ 0.01.

− More di�ult to alulate higher Fok states.

Parameterizations of dipole ross-setions an be improved by the measurement of

the unintegrated gluon distribution funtion. This an be measured e.g. in the ultra-

peripheral ollisions but muh more data are needed. Better prospets for the uninte-

grated gluon distribution funtions are oming from the upoming eletron-ion ollider

(EIC) program in USA.

Both models interpret nulear shadowing and Cronin e�ets within their referene

frame. Both models predit Cronin e�et at same position in relation to transverse

momentum, but they vary in the shape and magnitude in aording to dipole ross-

setion used in ase of olor dipole approah, or parameters of nulear broadening, or

using of Cronin e�ets from nulear PDFs in the ase of QCD based models. Usually,

preditions of Cronin e�et from both models are in agreement with experimental data

within their statistial and systematial errors.
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More ompliated situation arises for nulear shadowing where one an distinguish

even shadowing from quarks and gluons. There an be found greater di�erenes in the

determining of the magnitude of shadowing but more data for smaller x2 are missing.

Finally, mehanism of ISI e�ets gives same results for both models and an be ver-

i�ed by the future measurements at RHIC, LHC or AFTER�LHC where large forward

rapidities will be measured.



Chapter 6

Summary and onlusions

In this work the nulear e�ets in proton-nuleus and nuleus-nuleus ollisions were

studied using both the QCD based kT -fatorization model and the olor dipole approah.

We analyzed the onset of nulear shadowing, enhanement (the Cronin e�et) and the

e�etive energy loss aused by multiple resatterings of a parton during its propagation

through a medium in prodution of hadrons, diret photons and Drell-Yan pairs.

The main results, whih have been ahieved and published, are the following:

• The e�ets of quantum oherene, the nulear enhanement and ISI e�ets were

studied in prodution of hadrons and diret photons within the model based on

kT -fatorization and we found a good agreement of our preditions for the nulear

attenuation fator with available experimental data. Due to a nulear broadening

desribed in terms of the dipole ross-setion a parameter-free model was developed

that is universal for all energies of ollisions where pQCD an be applied.

• In partiular, it was demonstrated that the shape of the Cronin e�et depends on the

parametrization of the dipole ross-setion used in alulations and the magnitude of

the Cronin peak dereases with the ollision energy due a rise of gluon ontribution

to prodution ross-setion with larger mean transverse momenta.

• We showed that the e�etive energy loss due to ISI e�ets are able to desribe a

strong suppression at large pT indiated by experimental data. We demonstrated

that the Drell-Yan proess an be treated as a very e�etive tool for investigations

of net ISI e�ets at large values of dilepton invariant masses, M , inluding for the

�rst time the ontribution of Z0
boson to DY ross-setion. We performed for the

�rst time orresponding preditions for the nulear modi�ation fator at large M

in various kinematial regions where the oherene e�ets are not expeted and
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found a signi�ant suppression that an be tested in the future by experiments at

the LHC.

• In order to test theoretial unertainties the magnitude of nulear shadowing was

ompared using two di�erent models where we found large variations in preditions

due to di�erent soures (nulear PDFs vs. independent alulation of GS) of this

e�et entering in both models. The large unertainties in preditions of the onset of

shadowing was found also within the same model based on the QCD fatorization

using di�erent parameterizations of nulear PDFs.

• We investigated for the �rst time the nulear e�ets in the Drell-Yan proess using

rigorous the Green funtion formalism whih allows to treat an arbitrary magnitude

of the oherene length and is e�etive also in kinemati regions where LCL limit

annot be used safely. The mastering of the Green funtion tehnique represents a

powerful tool that an be used also for more preise alulation of gluon shadow-

ing or absorption that is important for formation of olorless system in heavy-ion

ollisions.
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Appendix A

A.1 Intrinsi transverse momentum kinematis

In this Appendix, the basi kinematis for the kT -smearing is provided.

Generally, the kT -smearing an be added into the alulation by a reformulation of

the parton distribution funtions as

dxa fa/A(xa, Q) → dxa d
2kaT gN(kTa, Q

2) fa/N (xa, Q
2), (A.1)

where momentum frations an be rede�ned as

xa =
Ea + pLa√

s
, xb =

Eb − pLb√
s

, (A.2)

where pL is a longitudinal momentum in the beam diretion. Then, from the four-

momentum vetors pa = (Ea, ~kTa, pqa) and pb = (Eb, ~kTb, pq b) with

Ea =
k2Ta

2
√
sxa

+
xa
√
s

2
, pq a =

xa
√
s

2
− k2Ta

2
√
sxa

(A.3)

and

Eb =
k2Tb

2
√
sxb

+
xb
√
s

2
, pq b =

k2Tb

2
√
sxb

− xb
√
s

2
(A.4)

the Mandelstam variables an be expressed. By the same de�nition as in (3.5) the Man-

delstam variable ŝ takes the form

ŝ = xaxbs+
k2Tak

2
Tb

xaxbs
− 2~kTa · ~kTb. (A.5)

It is very useful to use polar oordinates

d2kT → dkT dφ J(kT , φ), (A.6)

where J(kT , cosφ) is a Jaobian in the form

J(kT , φ) = kT . (A.7)

I



II APPENDIX A.

After that, the ŝ variable takes the �nal form

ŝ = xaxbs+
k2Tak

2
Tb

xaxbs
− 2kTakTb (cosφa cosφb + sin φa sinφb) . (A.8)

Similarly, t̂ and û Mandelstam variables an be expressed as

t̂ = −pT
zc

(
xa
√
se−y +

k2Ta√
s xa

ey − 2kTa cos φa

)
(A.9)

and

û = −pT
zc

(
xb
√
sey +

k2Tb√
s xb

e−y − 2kTb cos φb

)
. (A.10)

Moreover, similarly as in (3.9) to (3.12), the integration over zc an be performed

using a delta funtion with result

zc =
pT
ŝ

[√
s
(
xae

−y + xbe
y
)
+

1√
s

(
k2Ta

xa
ey +

k2Tb

xb
e−y

)
− 2 (kTa cos φa + kTb cosφb)

]

(A.11)

and applying boundary onditions zc ≤ 1 on (A.11) leads to the quadrati equation for

xbmin. The results for xbmin is

xbmin = e−y(−e2y k2Ta pT
√
s− pT s

3/2 x2a − 2eys xa(v − pT w)

±
√
u) / (2 s3/2 xa (e

y pT −
√
s xa)),

(A.12)

where

u = 4 ey k2Tb s
3/2 xa(e

y pT −
√
s xa)(e

y k2Ta − pT
√
s xa)

+ (e2y k2Ta pT
√
s+ 2 ey v − pT s xaw + pT s

3/2 x2a)
2, (A.13)

v = kTa kTb(cosφa cos φb + sinφa sin φb), (A.14)

w = kTa cosφa + kTb cosφb, (A.15)

and by applying the other ondition xbmin ≤ 1 same roots of quadrati equations are

obtained for both roots of xamin

xamin = (k2Tb pT
√
s+ e2y pT s

3/2 + 2 ey s(v − pT w)

±
√
u) / (2 ey s2 − 2 pT s

3/2),
(A.16)

where

u = 4 ey kTa kTb s
3/2(ey

√
s− pT )(e

y pT
√
s− kTakTb)

+ s (kTa kTb pT + 2ey
√
s(v − pT w) + e2y pT s)

2, (A.17)

v = kTa kTb(cosφa cos φb + sinφa sin φb), (A.18)

w = kTa cosφa + kTb cosφb. (A.19)



A.1. INTRINSIC TRANSVERSE MOMENTUM KINEMATICS III

Next, restritions on the initial transverse momentum kTa < xa
√
s and kTb < xb

√
s an

be obtained. In some ases, some of Mandelstam variables an approah zero, if the

initial kT is too large. That is a problem for the partoni ross-setion whih ould then

diverge. This problem is solved by adding a regularization mass µ2
to denominators of

the partoni ross-setions with the value µ = 0.2GeV for quarks and µ = 0.8GeV for

gluons as in [32℄.

Finally, one should add a radial variable xR [154℄ in (A.1)

dxi ⇒
dxi
xRi

, (A.20)

whih represents a energy fration arried by the quarks

x2Ri = x2i + 4k2T i/s, (A.21)

where xi is a longitudinal momentum fration, kT i is a transverse momentum and s is

the square of CMS energy.

It is expeted that the kT -smearing leads to an inrease of the ross-setion as disussed

in [65℄.

Similar derivation of kT -kinematis for hadrons an be made also for diret photons

(ase for zc = 1) with following results: momentum fration xb an be expressed as

xb = (2 ey s v xa − e2yk2Ta pT
√
s− pT s

3/2x2a

±
√
u) / (2 ey s3/2 xa(e

y pT −
√
s xa)),

(A.22)

where

u = s(4 ey k2Tb

√
s xa(e

y pT −
√
s xa)(e

y k2Ta − pT
√
s xa)

+ (e2y k2Ta pT + pT s x
2
a − 2 ey

√
s xa v)

2), (A.23)

v = kTa pT cosφa + kTb pT cosφb − kTa kTb cos (φa − φb), (A.24)

and then minimal value of the integral variable xa as

xamin = (k2Tb pT
√
s + e2y pT s

3/2 − 2 ey s v

±
√
u) / (2 s3/2(ey

√
s− pT )),

(A.25)

where

u = s(4 ey k2Ta

√
s(ey

√
s− pT )(e

y pT
√
s− k2Tb)

+ (k2Tb pT + e2y pT s− 2 ey v)2), (A.26)

v = kTa pT cosφa + kTb pT cosφb − kTa kTb cos (φa − φb). (A.27)
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A.2 Wave funtion with gauge bosons

The goal of this Appendix is to extent the qγ∗ wave funtion to general qG∗
wave funtion

where G∗
stands for gauge bosons G∗ = γ∗, Z0,W±

[155℄.

The proton-proton ross-setion for gauge boson prodution an be expressed as

d4σ(pp→G∗X)

dxFd2pT
=

x1
x1 + x2

∫ 1

x1

dα

α2
Σf

(
ff

(x1
α

)
+ ff̄

(x1
α

)) d3σ(qp→qG∗X)

d(lnα)d2pT
, (A.28)

where funtions ff denote PDFs. The fatorization sale for PDFs has a form µ2 =

p2T + (1 − x1)M
2
. The Drell-Yan proess ross-setion studied within this work fouses

on the inlusive G = γ∗, Z0
prodution ross-setion as follows

d4σ(pp→l−l+X)

d2pTdM2dη
= FG(M)

d4σ(pp→G∗X)

d2pTdη
, (A.29)

where

Fγ(M) =
αEM

3πM2
, FZ(M) = Br(Z0 → l−l+)ρZ(M), (A.30)

where the branhing ratio Br(Z0 → l−l+) ∼= 0.101, and the invariant mass distribution

of the Z0
boson in the narrow approximation is

ρZ(M) =
1

π

MΓZ(M)

(M2 −m2
Z)

2 +M2Γ2
Z(M)

. (A.31)

The generalized total deay width reads

ΓZ(M) =
αEMM

6 sin2 2θW

(
160

3
sin4 θW − 40 sin2 θW + 21

)
(A.32)

with the Weinberg mixing angle θW , sin2 θW ∼= 0.23.

The quark-nuleon ross-setion has same form as in (4.2)

d3σ(qN→GX)

d(lnα)d2pT
=

1

(2π)2

∫
d2ρ1 d

2ρ2 e
i~pT (~ρ1−~ρ2)ΨV−A,∗

T,L (α, ~ρ2, mf )Ψ
V−A
T,L (α, ~ρ1, mf )

× 1

2

{
σN
qq̄(αρ1) + σN

qq̄(αρ2)− σN
qq̄(α|~ρ1 − ~ρ2|)

}
(A.33)

exept for the sum over quark polarizations and vetor and axial-vetor wave funtions

∑

quarkpol.

ΨV−A,∗
T,L (α, ~ρ2, mf)Ψ

V−A
T,L (α, ~ρ1, mf)

= ΨV,∗
T,L(α, ~ρ2, mf)Ψ

V
T,L(α, ~ρ1, mf) + ΨA,∗

T,L(α, ~ρ2, mf)Ψ
A
T,L(α, ~ρ1, mf). (A.34)



A.3. SOLUTION OF THE GREEN FUNCTION IN THE FORM OF THE HO V

Eah omponent reads [155℄

ΨT
VΨ

T∗
V =

(CG
f )

2(gGv,f )
2

2π2

[
m2

fα
4
K0(ηρ1)K0(ηρ2)

+ (1 + (1− α)2)η2
~ρ1 · ~ρ2
ρ1ρ2

K1(ηρ1)K1(ηρ2)

]
(A.35)

ΨL
VΨ

L∗
V =

(CG
f )

2(gGv,f )
2

π2
M2(1− α)2K0(ηρ1)K0(ηρ2) (A.36)

ΨT
AΨ

T∗
A =

(CG
f )

2(gGa,f)
2

2π2

[
m2

fα
2(1− α)2K0(ηρ1)K0(ηρ2)

+ (1 + (1− α)2)η2
~ρ1 · ~ρ2
ρ1ρ2

K1(ηρ1)K1(ηρ2)

]
(A.37)

ΨT
AΨ

T∗
A =

(CG
f )

2(gGa,f)
2

π2

η2

M2

[
η2K0(ηρ1)K0(ηρ2)

+ α2m2
f

~ρ1 · ~ρ2
ρ1ρ2

K1(ηρ1)K1(ηρ2)

]
(A.38)

where µ2 = α2m2
f +(1−α)M2

, K0(x) is modi�ed Bessel funtion of the seond kind, and

the oupling fators CG
f are de�ned as

Cγ
f =

√
αEMZf , CZ

f =

√
αEM

sin 2θW
, CW+

f =

√
αEM

2
√
2 sin θW

Vfufd , CW−

f =

√
αEM

2
√
2 sin θW

Vfdfu ,

(A.39)

with the vetorial oupling at the leading order for vetor ase

gγv,f = 1, gZv,fu =
1

2
− 4

3
sin2 θW , gZv,fd = −1

2
− 2

3
sin2 θW , gWv,f = 1, (A.40)

and for the axial-vetor ase

gγa,f = 0, gZa,fu =
1

2
, gZa,fd = −1

2
, gWa,f = 1, (A.41)

Here, fu = u, c, t and fd = d, s, b are �avors, Vfufd refer to the CKM matrix elements.

For quark masses the following masses are used muds = 0.14, mc = 1.4, mb = 4.5 and

mt = 172 GeV.

A.3 Solution of the Green funtion in the form of the

HO

In this appendix, the solution of (4.54) for small-ρ approximation, σN
qq̄ = Cρ2, and for

uniform nulear density approximation, ρA(b, z) = ρ0θ(R
2
A − b2 − z2) will be presented.



VI APPENDIX A.

These approximations allow to solve 2D Shrödinger equation (4.50) analytially with

result in form (4.59) with (4.60) and (4.61).

Basi idea of this solution is to substitute for Bessel funtions K0 and K1 in wave

funtions by their integral representation

K0(ηρ) =
1

2

∫ ∞

0

dt

t
exp

(
−t− η2ρ2

4t

)
, (A.42)

1

ηρ
K1(ηρ) =

1

4

∫ ∞

0

dt

t2
exp

(
−t− η2ρ2

4t

)
, (A.43)

(A.44)

and solve it as multiple Gaussian integrals leading to the analytial solution for integrals

over transverse oordinates.

Then, the result an be expressed as the sum of two terms

d3σ(qA→γ∗X)

d(lnα) d2pT
= IA + IB, (A.45)

where the �rst term, IA, gives dominant ontribution similar to LCL limit

IA = Z2
f

αEM

(2π)3
Re

∫ RA

0

dLL

∫ 2L

0

dz

∫ ∞

0

dt duCα2ρ0 exp[−u − t]

×
[
(m2

fα
4 + 2M2(1− α)2)

1

2u

1

2t
IA,0 − (1 + (1− α)2)η4

1

4u2
1

4t2
IA,1

]
,(A.46)

where subintegrals have forms

IA,0 =
π2

16A3D3
exp

[
−D + AE2

4AD
p2T

]

×
(
−4B2D + (BE − 2D)2p2T + 4A(4D − E2p2T ) + 4A(4(B −D)D + E(2D − BE)p2T )

)

(A.47)

IA,1 =
π2

128A4D5
exp

[
−D + AE2

4AD
p2T

]

×
(
−32D2(−B3 + 4AB(B −D) + 4A2(B +D)) + 16D(−BB(BE − 2D)(BE −D)

+ 2A2E(D(E − 2) + 2BE) + 2A(2B2E2 − BDE(4 + E) +D2(1 + 2E)))p2T

+ E(BE − 2D)(4D2 + (B2 − 4AB − 4A2)E2 +D(8AE − 4BE))p2T
)

(A.48)
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where

A =
η2

4u
+ 1

2
Cα2ρ0z, (A.49)

B = Cα2ρ0z, (A.50)

C =
η2

4t
+ 1

2
Cα2ρ0z, (A.51)

D =
4AC − B2

4A
, (A.52)

E =
2(2A−B)

4A
. (A.53)

The seond term IB gives orretions to the �rst term for small pT . For high pT this

term an be negleted. This term has a form

IB = Z2
f

αEM

(2π)4
Re

∫ RA

0

dLL

∫ 2L

0

dz

∫ 2L−z

0

d∆z

∫ ∞

0

dt duC2α4ρ20
a e−iqmin

L ∆z

sinh (ω∆z)

×
[
(m2

fα
4 + 2M2(1− α)2)

1

2u

1

2t
IB,0 − (1 + (1− α)2)η4

1

4u2
1

4t2
IB,1

]
, (A.54)

where subintegrals have form

IB,0 =
π3

256G3H3J5
exp

[
−J +GK2

4GJ
p2T

]

×
(
32J2 (B(B − 4G)I2 + 2(HB(B − 4G) +GI2)J + 8GHJ2)− 16J(HJ(2J − BK)

× (2J + 4GK − BK) + I2(J2 +B(B − 4G)K2 + JK(G(4 +K)− 2B)))p2T

+ I2K2(BK − 2J)((B − 4G)K − 2J) p4T
)
, (A.55)

IB,1 =
π3I

4096G4H4J7
exp

[
−J +GK2

4GJ
p2T

]

×
(
128J3 (3(4G− B)B2I2 + 8(H(4G−B)B2 +G(G− B)I2)J + 32GH(G− B)J2)

− 32J2(8(G− B)J2(I2 + 4HJ) + 2J(3B(3B − 8G)I2 + 8(HB(3B − 8G) +GI2)J

+ 32GHJ2)K + (9(4G−B)B2I2 + 16(H(4G− B)B2 +G(G−B)I2)J

+ 32GH(G− B)J2)K2)p2T + 4JK(8HJ(2J + 4GK −BK)(BK − 2J)2

+ I2(16J3 + 9(4G−B)B2K3 + 4JK2(9B2 + 2G2K − 2GB(12 +K))

+ 4J2K(2G(7 + 2K)− 11B)))p4T + I2K3(BK − 2J)2((B − 4G)K − 2J) p6T
)
,(A.56)
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where

B = Hα2ρ0z, (A.57)

F =
a

2
coth(ω∆z) + 1

2
Hα2ρ0z, (A.58)

G = 1
2
Hα2ρ0z +

η2

4u
, (A.59)

H =
a

2
coth(ω∆z) +

η2

4t
, (A.60)

I =
a

sinh(ω∆z)
, (A.61)

J =
4FGH −HB2 −GI2

4GH
, (A.62)

K =
4GH − 2HB

4GH
. (A.63)

A.4 Cross-setion kinematis

Here, some useful relations for ross-setion transformations will be presented.

Some Drell-Yan data are presented for several bins in invariant mass together with

the mean value 〈M〉 for eah bin. It is useful, aording to the mean value theorem, to

integrate the ross-setion of gamma deay to dilepton

σ(γ∗→l+l−) =

∫ M2
max

M2
min

dM2dσ
(γ∗→l+l−)

dM2
=
αEM

3π
ln
M2

max

M2
min

(A.64)

and the rest of p+ p ross-setion is alulated as

d3σ(pp→l−l+X)

dxFd2pT
= σ(γ∗→l+l−) x1

x1 + x2

∫ 1

x1

dα

α2
Σq

(
fq

(x1
α

)
+ fq̄

(x1
α

)) d3σ(qp→γ∗X)

d(lnα)d2pT

∣∣∣∣
M2=〈M〉2

.

(A.65)

Next, for diret photon prodution it is onvenient to use the form same as for hadrons

E
d3σ(pp→γX)

d3p
=

√
M2 + p2T +

s

4
x2F

2√
s

d3σ(pp→γX)

dxFd2pT
. (A.66)

For omparison with Drell-Yan data from LHC experiments it is useful to express the

ross-setion in term of pseudorapidity instead of Feynman xF

d3σ(pp→l−l+X)

dηd2pT
=

(
2√
s

√
M2 + p2T cosh η

)
d3σ(pp→l−l+X)

dxFd2pT
, (A.67)



A.4. CROSS-SECTION KINEMATICS IX

where x1,2 = 1
2

√
x2F + 4τ ± xF transform to x1,2 =

√
τe±η

, where τ =
M2+p2T

s
. Other

forms of provided data at LHC are dilepton ross-setion as funtion of dilepton mass

dσ(pp→l−l+X)

dM
, transverse momentum

dσ(pp→l−l+X)

dpT
, rapidity

dσ(pp→l− l+X)

dη
and total ross-

setion, usually used for Z0
boson prodution, σ

(pp→l−l+X)
tot , where typial limits for the

integration over dilepton mass areMmin = 60 GeV andMmax = 120 GeV, an be obtained

by integration of (4.32) over the rest di�erential variables.
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Cronin effect at different energies: from RHIC to LHC

Michal Krelina1,a and Jan Nemchik1,2,b

1Czech Technical University in Prague, FNSPE, Brehova 7, 11519 Prague, Czech Republic
2Institute of Experimental Physics SAS, Watsonova 47, 04001 Kosice, Slovakia

Abstract. Using the QCD improved parton model we study production of hadrons with
large transverse momenta pT in proton-proton and proton-nucleus collisions at different
energies corresponding to experiments at RHIC and LHC. For investigation of large-pT

hadrons produced on nuclear targets we include additionally the nuclear modification
of parton distribution functions and the nuclear broadening calculated within the color
dipole formalism. We demonstrate that complementary effect of initial state interactions
causes a significant suppression at large pT and at forward rapidities. We provide a good
description of the Cronin effect at medium-high pT and the nuclear suppression at large
pT in agreement with available data from experiments at RHIC and LHC. In the LHC
energy range this large-pT suppression expected at forward rapidities can be verified by
the future measurements.

1 Introduction

Experimental and theoretical investigation of inclusive hadron (h) production at different transverse
momenta pT in proton-nucleus (p+A) with respect to proton-proton (p+ p) collisions allows to study
various nuclear phenomena through the nucleus-to-proton ratio, the so called nuclear modification
factor, RA(pT ) = σp+A→h+X(pT )/Aσp+p→h+X(pT ), where A is the mass number.

The Cronin effect, observed already in 1975 [1] as the ratio RA(pT ) > 1 at medium-high pT , was
studied in [2] within the color dipole formalism. Predicted magnitude and the shape of this effect was
verified later by the PHENIX data [3] at RHIC and recently by the ALICE experiment [4] at LHC.
However, other models presented in [5] do not provide a good description of the last ALICE data [4].

Besides Cronin enhancement of particle production at medium-high pT the PHENIX data [3] on π0

production in d + Au collisions at mid rapidity (y = 0) indicate a suppression at large pT , RA(pT ) < 1.
Moreover, the BRAHMS and STAR data [6] at forward rapidities demonstrate even much stronger
suppression. This forward region is expected to be studied also at LHC since the target Bjorken x is
ey times smaller than at y = 0. This allows to investigate a stronger onset of coherent phenomena
(shadowing, Color Glass Condensate (CGC)), which are expected to suppress particle yields.

Interpretations of large-y suppression at RHIC and LHC via CGC should be done with a great care
since the assumption that CGC is the dominant source of suppression leads to severe problems with
understanding of a wider samples of data at smaller energies (see examples in [7]) where no coherence
effects are possible. This supports a manifestation of another mechanism proposed in [7] and applied
for description of various processes in p(d)+A interactions [8] and in heavy ion collisions [9]. Such a
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mechanism is valid at any energy and is responsible for a significant suppression of particle production

at ξ → 1, where ξ =
√

x2
F + x2

T with Feynman xF and variable xT = 2pT/
√

s defined at given c.m.

energy
√

s. Dissipation of energy due to initial state interactions (ISI) [7] leads to breakdown of the
QCD factorization at large ξ and we rely on the factorization formula, Eq. (4), where we replace the
proton parton distribution function (PDF) by the nuclear modified one, fa/p(x,Q2) ⇒ f (A)

a/p(x,Q2, b),
where

f (A)
a/p(x,Q2, b) = Cv fa/p(x,Q2)

e−ξ σe f f TA(b) − e−σe f f TA(b)

(1 − ξ) (1 − e−σe f f TA(b)) (1)

with σe f f = 20 mb and with the normalization factor Cv fixed by the Gottfried sum rule.

2 Cross section calculations

For calculations of the inclusive hadron production in p + p and p(d) + A interactions we adopt the
QCD improved parton model. The corresponding invariant inclusive cross section of the process
p+ p→ h+ X is then given by the standard convolution expression based on QCD factorization [10],

E
d3σpp→hX

d3 p
= K
∑
abcd

∫
d2kTad2kTb

dxa

xRa

dxb

xRb
Fa

p(xa, k2
Ta,Q

2)Fb
p(xb, k2

Tb,Q
2)Dh/c(zc, µ

2
F)

1
πzc

dσ̂ab→cd

dt̂
, (2)

where functions F i
p(xi, k2

Ti,Q
2) = xi fi/p(xi,Q2)gp(k2

Ti,Q
2), K is the normalization factor, K ≈ 1.0−1.5

depending on the energy, xa, xb are fractions of longitudinal momentum of colliding partons, zc is a
fraction of the parton momentum carried by a produced hadron, dσ̂/dt̂ is the hard parton scattering
cross section and radial variable is defined as x2

Ri = x2
i + 4k2

Ti/s.
The distribution of the initial parton transverse momentum is described by the Gaussian form [11]

gp(kT ,Q2) =
1

π⟨k2
T ⟩N(Q2)

e−k2
T /⟨k2

T ⟩N (Q2) with ⟨k2
T ⟩N(Q2) = ⟨k2

T ⟩0 + 0.2αS (Q2)Q2, (3)

where ⟨k2
T ⟩0 = 1.5 GeV2 for RHIC and ⟨k2

T ⟩0 = 0.5 GeV2 for LHC energy in order to obtain the best
description of hadron spectra in p+ p collisions as is depicted in Fig.1. For the hard parton scattering
cross section we use regularization masses µq = 0.2 GeV and µG = 0.8 GeV for quark and gluon
propagators, respectively [2].

For the process p + A→ h + X the corresponding invariant differential cross section reads,

E
d3σpA→hX

d3 p
= K
∑
abcd

∫
d2bTA(b)

∫
d2kTad2kTb

dxa

xRa

dxb

xRb
gA(xa, kTa,Q2, b) gp(kTb,Q2)

× xa fa/p(xa,Q2)xb fb/A(b, xb,Q2)Dh/c(zc, µ
2
F)

1
πzc

dσ̂ab→cd

dt̂
, (4)

where TA(b) is the nuclear thickness function. The nuclear parton distribution functions (NPDFs)
fb/A(xb,Q2) = RA

f (xb,Q2)
[

Z
A fb/p(xb,Q2) +

(
1 − Z

A

)
fb/n(xb,Q2)

]
were obtained using the nuclear mod-

ification factor RA
f (xb,Q2) with EPS09 [12] and nDS [13] parametrizations. The nuclear modified

distribution of the initial parton transverse momentum has the form

gA(x, kT ,Q2, b) =
1

π⟨k2
T ⟩A(x,Q2, b)

e−k2
T /⟨k2

T ⟩A(x,Q2,b) , where ⟨k2
T ⟩A(Q2, b) = ⟨k2

T ⟩N(Q2) + ∆k2
T (x, b).

(5)
Here ∆k2

T (x, b) = 2 C(x) TA(b) [14] represents nuclear broadening (NB) evaluated within the
color dipole formalism. The factor C(x) is related to the dipole cross section σq̄q as C(x) =
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Figure 1. Single inclusive hadron spectra in p + p collisions vs. data at
√

s = 200 and 2760 GeV.

dσq̄q(x, r)/dr2|r=0. NB for gluons is larger due to the Casimir factor 9/4. In all calculations we take
the scale Q2 = µ2

F = p2
T /z

2
c . For PDFs and fragmentation functions we use MSTW2008 [15] and DSS

[16] parametrization, respectively. For the dipole cross section we adopt the GBW parametrization
from [17] and Impact-Parameter dependent Saturation Model (IP-Sat) from [18].
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Figure 2. Prediction for the Cronin effect vs. PHENIX [3] and ALICE [4] data.

In Fig. 2 we present predictions for the Cronin effect at mid rapidity in inclusive hadron production
at RHIC and LHC in a good agreement with PHENIX data [3] for central (0-20%) d+Au collisions and
with data from the ALICE [4] experiment. In all calculations we include ISI effects given by Eq. (1).
NPDFs with EPS09 [12] and nDS [13] parametrization are depicted by the solid and dashed lines,
respectively. Nuclear broadening is calculated using GBW [17] (left boxes) and IP-Sat [18] (right
boxes) parametrization of the dipole cross section, respectively. Note that ISI effects are irrelevant at
LHC but cause a significant large-pT suppression at RHIC.

While we predict in the LHC energy range a weak onset of ISI effects at y = 0 resulting in
Rp+Pb(pT )→ 1 (see Fig. 2), at forward rapidities we expect a significant nuclear large-pT suppression
as is shown in Fig. 3 for several y = 2, 3 and 4. The dotted lines represent calculations without ISI
effects and NPDFs. The dashed lines include additionally ISI effects given by Eq. (1) and solid lines
represent the full calculation including both ISI effects and NPDFs with EPS09 parametrization [12].
Here in all calculations we use IP-Sat parametrization [18] of the dipole cross section.
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Figure 3. Nuclear modification factor Rp+Pb(pT ) for hadron production at
√

s = 5.02 TeV and at y = 2, 3 and 4.

3 Conclusions
We provide a good description of data on the Cronin effect at medium-high pT at RHIC and LHC
energies adopting the QCD improved parton model. Nuclear broadening is calculated within the
color dipole formalism using two different parametrizations of the dipole cross section. At large
pT we demonstrate a strong onset of ISI effects at RHIC even at mid rapidity causing a significant
suppression. In the LHC kinematic region ISI effects are irrelevant at y = 0 but we predict a strong
large-pT suppression at forward rapidities that can be verified by the future measurements.
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VZ MŠMT 6840770039, by the Slovak Research and Development Agency APVV-0050-11 and by the Slovak
Funding Agency 2/0092/10.

References

[1] J.W. Cronin, et al., Phys. Rev. D. 11, 3105 (1975).
[2] B.Z. Kopeliovich, et al., Phys. Rev. Lett. 88, 232303 (2002).
[3] S.S. Adler, et al. (PHENIX Collaboration), Phys. Rev. Lett. 98, 172302 (2007).
[4] B. Abelev, et al. (ALICE Collaboration), Phys. Rev. Lett. 110, 082302 (2013).
[5] J. Albacete, N. Armesto, et al., Int. J. Mod. Phys. E22, 1330007 (2013)
[6] I. Arsene, et al. (BRAHMS Collaboration), Phys. Rev. Lett. 93, 242303 (2004); J. Adams, et al.

(STAR Collaboration), Phys. Rev. Lett. 97, 152302 (2006).
[7] B. Z. Kopeliovich et al., Phys. Rev. C72, 054606 (2005); B. Z. Kopeliovich and J. Nemchik, J.

Phys. G38, 043101 (2011).
[8] J. Nemchik, et al., Phys. Rev. C78, 025213 (2008); Nucl. Phys. A830, 611c (2009).
[9] B.Z. Kopeliovich and J. Nemchik, Phys. Rev. C86, 054904 (2012).

[10] R. P. Feynman, R. D. Field and G. C. Fox, Phys. Rev. D18, 3320 (1978).
[11] X. N. Wang, Phys. Rev. C61, 064910 (2000).
[12] K. J. Eskola, H. Paukkunen and C. .A. Salgado, JHEP 0904, 065 (2009).
[13] D. de Florian and R. Sassot, Phys. Rev. D69, 074028 (2004).
[14] M. B. Johnson, B. Z. Kopeliovich and A. V. Tarasov, Phys. Rev. C63, 035203 (2001).
[15] A. D. Martin, W. J. Stirling, R. S. Thorne and G. Watt, Eur. Phys. J. C63, 189-285 (2009).
[16] D. de Florian, R. Sassot and M. Stratmann, Phys. Rev. D75, 114010 (2007).
[17] K. Golec-Biernat and M. Wüsthoff, Phys. Rev. D59, 014017 (1998).
[18] A. H. Rezaeian, at al., Phys. Rev. D87, 034002 (2013).

EPJ Web of Conferences

04016-p.4



Production of hadrons in proton-nucleus collisions: from RHIC to LHC

Michal Krelina1,a and Jan Nemchik1,2,b

1Czech Technical University in Prague, FNSPE, Brehova 7, 11519 Prague, Czech Republic
2Institute of Experimental Physics SAS, Watsonova 47, 04001 Kosice, Slovakia

Abstract. We study nuclear effects in production of large−pT hadrons on nuclear targets at different energies
corresponding to RHIC and LHC experiments. For calculations we employ the QCD improved parton model
including the intrinsic parton transverse momenta and the nuclear broadening. Besides nuclear modification
of parton distribution functions we include also the complementary effect of initial state interactions causing
a significant nuclear suppression at large−pT and at forward rapidities violating so the QCD factorization.
Numerical results for nucleus-to-nucleon ratios are compared with available data from experiments at RHIC
and LHC. We perform also predictions for nuclear effects at LHC expected at forward rapidities.

1 Introduction

Recent experimental measurements of particle produc-
tion at different transverse momenta pT in proton-nucleus
(p + A) collisions at RHIC and LHC allows to study var-
ious nuclear phenomena. This gives a good baseline for
interpretation of the recent heavy-ion results.

Nuclear effects in inclusive hadron (h) production
are usually studied through the nucleus-to-nucleon ra-
tio, the so called nuclear modification factor, RA(pT ) =
σp+A→h+X (pT )/Aσp+p→h+X(pT ).

The Cronin effect, resulting in RA(pT ) > 1 at medium-
high pT , was studied in [1] within the color dipole for-
malism. Corresponding predictions were confirmed later
by data from the PHENIX Collaboration [2] at RHIC and
recently by the ALICE experiment [3] at LHC. However,
none from other models presented in a review [4] was able
to describe successfully the last ALICE data [3].

Another interesting manifestation of nuclear effects
leads to nuclear suppression at large pT , RA(pT ) < 1. Such
a suppression is indicated by the PHENIX data [2] on π0

production in d+Au collisions at mid rapidity, y = 0. How-
ever, much stronger suppression has been investigated at
forward rapidities by the BRAHMS (y = 1, 2 and 3.2) and
STAR (y = 4) Collaborations [5]. This forward region is
expected to be studied also at LHC since the target Bjorken
x is exp(y) times smaller than at y = 0. This allows to
investigate already in the RHIC kinematic region the co-
herent phenomena (shadowing, Color Glass Condensate
(CGC)), which are expected to suppress particle yields.

The interpretation of large-y suppression at RHIC via
CGC [6] should be done with a great care since the as-
sumption that CGC is the dominant source of suppres-
sion leads to severe problems with understanding of a

ae-mail: michal.krelina@fjfi.cvut.cz
be-mail: nemcik@saske.sk

wider samples of data at smaller energies (see examples
in [7]) where no coherence effects are possible. These
data demonstrate the same pattern of nuclear suppression
increasing with Feynman xF and/or with xT = 2pT/

√
s,

where
√

s is c. m. energy. Threfore it is natural to expect
that the mechanisms, which cause the nuclear suppression
at lower energies, should be also important and cannot be
ignored at the energy of RHIC and LHC. Such a mech-
anism related to initial state interactions (ISI), which is
not related to coherence and is valid at any energy, was
proposed in [7] and applied for description of various pro-
cesses in p(d) + A interactions [8] and in heavy ion colli-
sions [9].

In this paper we perform predictions for RA(pT ) in
hadron production in p(d) + A interactions at RHIC and
LHC within the QCD improved parton model. First we
verify a successful description of particle spectra in p + p

collisions. For evaluation of the Cronin effect we include
nuclear breoadening calculated within the color dipole for-
malism [10]. We demonstrate that nuclear modification of
the parton distribution functions leads to a modification of
RA(pT ) especially at small and medium pT . Effects of ISI
cause a strong nuclear suppression at large pT and/or at
forward rapidities. Model calculations of RA(pT ) are in
a good agreement with PHENIX and STAR data at RHIC
and with the first data from the ALICE experiment at LHC.
We preform also calculations for RA(pT ) at forward rapidi-
ties in the LHC kinematic region. Predicted strong nuclear
suppression can be verified in the future by the CMS and
ALICE experiments.

2 p + p collisions

Within the QCD improved parton model for the invariant
inclusive cross section of the process p+ p→ h+X we use
the standard convolution expression based on QCD factor-
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ization [11]

E
d3σpp→hX

dp3
= K
∑

abcd

∫

d2kTad2kTb

dxa

xRa

dxb

xRb

× gp(kTa,Q
2) gp(kTb,Q

2) fa/p(xa,Q
2) fb/p(xb,Q

2)

×Dh/c(zc, µ
2
F )

1
πzc

dσ̂ab→cd

dt̂
(1)

where K is the normalization factor, K ≈ 1.0 − 1.5 de-
pending on the energy, dσ̂/dt̂ is the hard parton scattering
cross section, xa, xb are fractions of longitudinal momenta
of colliding partons and zc is a fraction of the parton mo-
mentum carried by a produced hadron. The radial variable
is defined as x2

Ri
= x2

i
+ 4k2

Ti
/s.

The intrinsic parton transverse momentum distribution
gN is described by the Gaussian distribution

gN(kT ,Q
2) =

1

π〈k2
T
〉N(Q2)

e−k2
T
/〈k2

T
〉N (Q2) , (2)

with a non-perturbative parameter 〈k2
T
〉N(Q2) representing

the mean intrinsic transverse momentum with the scale de-
pendent parametrization taken from [12]

〈k2
T 〉N(Q2) = 2.0(GeV2) + 0.2αS (Q2)Q2 . (3)

For the hard parton scattering cross section we use regular-
ization masses µq = 0.2 GeV and µG = 0.8 GeV for quark
and gluon propagators, respectively [1].

In all calculations we took the scale Q2 = µ2
F
= p2

T
/z2

c .
The parton distribution and fragmentation functions were
taken with NNPDF2.1 paramatrization [13] and with DSS
parametrization [14], respectively.

3 p + A collisions

The invariant differential cross section for inclusive high-
pT hadron production in p + A collisions reads

E
d3σpA→hX

dp3
= K
∑

abcd

∫

d2bTA(b)
∫

d2kTad2kTb

dxa

xRa

dxb

xRb

× gA(b, kTa,Q
2) gp(kTb,Q

2) fa/p(xa,Q
2) fb/A(b, xb,Q

2)

×Dh/c(zc, µ
2
F )

1
πzc

dσ̂ab→cd

dt̂
, (4)

where TA(b) is the nuclear thickness function normalized
to the mass number A. The nuclear parton distribution
functions (NPDF) fb/A(b, xb,Q

2) were obtained using the
nuclear modification factor RA

f
(xb,Q) from EPS09 [15] or

nDS [16] for each flavour,

fb/A(xb,Q
2) = RA

f (xb,Q
2)
[

Z
A

fb/p(xb,Q
2)

+
(

1 − Z
A

)

fb/n(xb,Q
2)
]

. (5)

The kT -broadening∆k2
T

represents a propagation of the
high-energy parton through a nuclear medium that experi-
ences multiple soft rescatterings. It can be imagined as
parton multiple gluonic exchanges with nucleons. The ini-
tial parton transverse momentum distribution gA(kT ,Q

2, b)
of a projectile nucleon going through the target nucleon at

impact parameter b has the same Gaussian form as in p+ p

collisions,

gA(kT ,Q
2, b) =

1

π〈k2
T
〉A

(Q2, b)e−k2
T
/〈k2

T
〉A(Q2 ,b) , (6)

but with impact parameter dependent variance

〈k2
T 〉A(Q2, b) = 〈k2

T 〉N(Q2) + ∆k2
T (b), (7)

where we take kT -broadening ∆k2
T

(b) = 2 C TA(b) evalu-
ated within the color dipole formalism [10]. The variable
C is related to the dipole cross section σq̄q describing the
interaction of the q̄q pair with a nucleon as

C =
dσN

q̄q(r)

dr2

∣

∣

∣

∣

∣

∣

∣

r=0

. (8)

Note that for gluons the nuclear broadening is larger due
to the Casimir factor 9/4. For the dipole cross section we
adopt the GBW parametrization [17].
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Figure 1. Single inclusive pion spectra in p + p and d + Au

collisons and RdAu(pT ) vs. PHENIX [2] and STAR [18] data.

In Fig. 1 we present inclusive π0-spectra and RdAu at
RHIC c.m. energy 200 GeV in a good agreement with
data from the PHENIX [2] and STAR [18] experiments.
While the dashed line in calculations of RdAu(pT ) corre-
sponds to the pure effect of nuclear broadening the dotted
and solid line additionaly include NPDF with parametriza-
tion EPS09 and nDS, respectively.

The recent data on hadron production in p + Pb col-
lisions from the ALICE experiment [3] at LHC allow to
test our model predictions. The corresponding comparison
is presented in Fig. 2 demonstrating a reasonable agree-
ment. While the dashed line represents predictions with-
out NPDFs, the dashed and solid lines including different
parametrizations of NPDFs bring our calculations to a bet-
ter agreement with data at small and medium-high pT .

4 Initial State Interactions

It was presented in [7–9] that there is a significant suppre-

sion of hadron production at ξ → 1, where ξ =
√

x2
F
+ x2

T
.
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Figure 2. Predictions for the Cronin effect vs. ALICE data [3].

Such a suppression is observed experimentally at large xF

for variety of reactions at small energies (see examples in
[7]) and is indicated also in d + Au collisions at RHIC
[2]. The interpretation of this effect is based on dissipa-
tion of energy due to initial state interactions. As a result
the QCD factorization is expected to be broken at large ξ
and we rely on the factorization formula, Eq. (4), where
we replace the proton PDF by the nuclear modified one,
fa/p(x,Q2)⇒ f

(A)
a/p

(x,Q2, b), where

f
(A)
a/p

(x,Q2, b) = Cv fa/p(x,Q2)
e−ξ σe f f TA(b) − e−σe f f TA(b)

(1 − ξ)
(

1 − e−σe f f TA(b))
(9)

with σe f f = 20 mb and the normalization factor Cv is fixed
by the Gottfried sum rule.

Besides predictions at y = 0 in Fig. 2 where ISI effects
are irrelevant we present also calculations for Rp+Pb(pT ) at
forward rapidities, where we expect a significant nuclear
suppression at large pT due to ISI effects. The results are
shown in Fig. 3 for rapidities y = 0, 2 and 4. The dotted
lines represent calculations without ISI effects and NPDFs.
The dashed lines include additionally ISI effects and solid
lines represent the full calculation including both ISI ef-
fects and NPDFs.
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Figure 3. Nuclear modification factor Rp+Pb(pT ) for hadron pro-
duction at c.m. energy 5.02 TeV and at several rapidities.

5 Conclusions

Using the QCD improved parton model we predict the cor-
rect magnitude and the shape of the Cronin effect in accor-
dance with data from experiments at RHIC and LHC. Ini-
tial state energy loss is expected to suppress significantly
inclusive hadron production at large pT and/or at forward
rapidities. Effects of ISI at LHC are irrelevant at y = 0 but
we predict a strong suppression at forward rapidities that
can be verified by the future measurements.

Acknowledgements

This work has been supported by the grant 13-02841S of the
Czech Science Foundation (GAČR), by the Grant VZ MŠMT
6840770039, by the Slovak Research and Development Agency
APVV-0050-11 and by the Slovak Funding Agency 2/0092/10.

References

[1] B.Z. Kopeliovich, et al., Phys. Rev. Lett. 88, 232303
(2002).

[2] S.S. Adler, et al. (PHENIX Collaboration), Phys.
Rev. Lett. 98, 172302 (2007).

[3] B. Abelev, et al. (ALICE Collaboration), Phys. Rev.
Lett. 110, 082302 (2013).

[4] J. Albacete, N. Armesto, et al., Int. J. Mod. Phys.
E22, 1330007 (2013)

[5] I. Arsene, et al. (BRAHMS Collaboration), Phys.
Rev. Lett. 93, 242303 (2004); J. Adams, et al. (STAR
Collaboration), Phys. Rev. Lett. 97, 152302 (2006).

[6] D. Kharzeev, Y. V. Kovchegov and K. Tuchin, Phys.
Lett. B99, 23 (2004).

[7] B Z. Kopeliovich et al., Phys. Rev. C72, 054606
(2005); B.Z. Kopeliovich and J. Nemchik, J. Phys.
G38, 043101 (2011).

[8] J. Nemchik, et al., Phys. Rev. C78, 025213 (2008);
Nucl. Phys. A830, 611c (2009).

[9] B.Z. Kopeliovich and J. Nemchik, Phys. Rev. C86,
054904 (2012).

[10] M. B. Johnson, B. Z. Kopeliovich and A. V. Tarasov,
Phys. Rev. C63, 035203 (2001).

[11] R. P. Feynman, R. D. Field and G. C. Fox, Phys. Rev.
D18, 3320 (1978).

[12] X. N. Wang, Phys. Rev. C61, 064910 (2000).
[13] R. D. Ball, et al. (NNPDF Collaboration), Nucl.

Phys. B855, 153 (2012).
[14] D. de Florian, R. Sassot and M. Stratmann, Phys.

Rev. D75, 114010 (2007).
[15] K. J. Eskola, H. Paukkunen and C. .A. Salgado,

JHEP 0908, 065 (2009).
[16] D. de Florian and R. Sassot, Phys. Rev. D69, 074028

(2004).
[17] K. Golec-Biernat and M. Wüsthoff, Phys. Rev. D59,

014017 (1998).
[18] B. Abelev, et al. (STAR Collaboration), Phys. Rev.

C81, 064904 (2010).

LHCP 2013 

20023-p.3



Nuclear effects in hadron production in nucleon-nucleus collisions

Michal Krelinaa, Jan Nemchika,b

aCzech Technical University in Prague, FNSPE, Brehova 7, 11519 Prague, Czech Republic
bInstitute of Experimental Physics SAS, Watsonova 47, 04001 Kosice, Slovakia

Abstract

We investigate nuclear effects in production of large-pT hadrons in nucleon-nucleus collisions corresponding to a
broad energy range from the fix-target up to RHIC and LHC experiments. For this purpose we use the QCD improved
parton model including the intrinsic parton transverse momenta. This model is firstly tested reproducing well the
data on pT spectra of hadrons produced in proton-proton collisions at different energies. For investigation of large-pT

hadrons produced on nuclear targets we include additionally the nuclear broadening and the nuclear modification of
parton distribution functions. We also demonstrate that at large-pT and at forward rapidities the complementary effect
of initial state interactions (ISI) causes a significant nuclear suppression. Numerical results for nucleus-to-nucleon
ratios are compared with available data from the fix-target and collider experiments. We perform also predictions at
forward rapidities which are expected to be measured in the future at LHC.

Keywords: proton-nucleus collisions, nuclear modification factor, Cronin effect, effect of initial state interactions

1. Introduction

Existing experimental measurements of particle pro-
duction at different transverse momenta pT in proton-
nucleus (p + A) collisions and at different energies
clearly demonstrate a manifestation of various nuclear
effects, which are usually studied through the nucleus-
to-nucleon ratio, the so called nuclear modification
factor, defined for inclusive hadron (h) production as
RA(pT ) = σp+A→h+X(pT )/Aσp+p→h+X(pT ), where A is
the mass number. This gives a good baseline for inter-
pretation of the recent heavy-ion results.

The enhancement of hadron production in p+ A with
respect to p+ p collisions, RA(pT ) > 1, at medium-high
pT is known as the Cronin effect [1] and was studied
in [2] within the color dipole formalism. Correspond-
ing predictions were confirmed later by data from the
PHENIX Collaboration [3] at RHIC and recently by the
ALICE experiment [4] at LHC. However, none from

Email addresses: michal.krelina@fjfi.cvut.cz (Michal
Krelina), nemcik@saske.sk (Jan Nemchik)

other models presented in a review [5] was able to de-
scribe successfully the last ALICE data [4].

On the other hand, the PHENIX data [3] on π0 pro-
duction in central d+Au collisions at mid rapidity, y = 0,
indicate a suppression at large pT , RA(pT ) < 1. How-
ever, as is demonstrated by the BRAHMS and STAR
data [6], the forward rapidity region is even much more
suitable for investigation of large-pT suppression since
the target Bjorken x is exp(y)-times smaller than at
y = 0. This allows to investigate already in the RHIC
kinematic region the coherent phenomena (shadowing,
Color Glass Condensate), which are expected to sup-
press particle yields.

The interpretation of large-y suppression at RHIC via
only coherent phenomena leads to severe problems with
understanding of a wider samples of data at smaller
energies (see examples in [7]) where no coherence ef-
fects are possible. These data demonstrate the same pat-
tern of nuclear suppression increasing with Feynman xF

and/or with xT = 2pT /
√

s, where
√

s is c. m. energy.
This leads to an expectation that the mechanism, which
causes the nuclear suppression at low energies, should
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be also important and cannot be ignored at the energy
of RHIC and LHC. Such a mechanism related to initial
state interactions (ISI), which is not related to coherence
and is valid at any energy, was proposed in [7] and ap-
plied for description of various processes in p(d) + A
interactions [8] and in heavy ion collisions [9].

In the present paper we will study a manifestation of
nuclear effects included in our predictions for nuclear
modification factor like isospin corrections, nuclear
modification of parton distribution functions (shadow-
ing), nuclear broadening (Cronin effect) and ISI effects.

2. p + p collisions

For evaluation of the invariant cross section of the
process p + p → h + X we use the standard convolu-
tion expression based on QCD factorization [10]

E
d3σpp→hX

dp3 = K
∑
abcd

∫
d2kTad2kTb

dxa

xRa

dxb

xRb

× gp(kTa,Q2) gp(kTb,Q2) Fa/p(xa,Q2) Fb/p(xb,Q2)

×Dh/c(zc, μ
2
F)

1
πzc

dσ̂ab→cd

dt̂
, (1)

where Fi/p(xi,Q2) = xi fi/p(xi,Q2) with parton distribu-
tion functions (PDF) fi/p(xi,Q2), K is the normalization
factor (not important for us), K ≈ 1.0 − 1.5 depending
on the energy, dσ̂/dt̂ is the hard parton scattering cross
section, xa, xb are fractions of longitudinal momenta of
colliding partons and zc is a fraction of the parton mo-
mentum carried by a produced hadron. The radial vari-
able is defined as x2

Ri = x2
i + 4k2

Ti/s.
The distribution of the initial parton transverse mo-

mentum is described by the Gaussian form [11],

gp(kT ,Q2) =
1

π〈k2
T 〉N(Q2)

e−k2
T /〈k2

T 〉N (Q2) (2)

with the scale dependent parametrization of the mean
intrinsic transverse momentum from [11],

〈k2
T 〉N(Q2) = 〈k2

T 〉0 + 0.2αS (Q2) Q2 , (3)

where 〈k2
T 〉0 = 0.2 GeV2 and 2.0 GeV2 for quarks and

gluons, respectively. Such a large value of 〈k2
T 〉0 for

gluons results from a small gluon propagation radius
[12]. We verified that the invariant cross section (1)
with parametrization (2) provides a good description of
hadron spectra at different energies.

For the hard parton scattering cross section we use
regularization masses μq = 0.2 GeV and μG = 0.8 GeV
[2] for quark and gluon propagators, respectively. In all
calculations we take the scale Q2 = μ2

F = p2
T /z

2
c . For

PDFs and fragmentation functions we use MSTW2008
[13] and DSS [14] parametrization, respectively.

3. p + A collisions. Nuclear effects
The invariant differential cross section for inclusive

high-pT hadron production in p + A collisions reads

E
d3σpA→hX

dp3 = K
∑
abcd

∫
d2bTA(b)

∫
d2kTad2kTb

dxa

xRa

dxb

xRb

× gA(b, kTa,Q2) gp(kTb,Q2) Fa/p(xa,Q2) Fb/A(b, xb,Q2)

×Dh/c(zc, μ
2
F)

1
πzc

dσ̂ab→cd

dt̂
, (4)

where TA(b) is the nuclear thickness function at given
impact parameter b normalized to the mass number A
and Fi/A(b, xi,Q2) = xi fi/A(b, xi,Q2).
Eq. (4) includes the following nuclear effects:

Isospin effect. This effect is important in the large-x
region where the valence quarks dominate. It is incorpo-
rated in Eq. (4) as the following modification of PDFs,

fi/N(x,Q2) = Z
A fi/p(x,Q2) +

(
1 − Z

A

)
fi/n(x,Q2) , (5)

where Z is the proton number of the target.
Nuclear modification of PDFs. The nuclear parton

distribution functions (NPDFs) are associated with nu-
clear shadowing at sufficiently small x and are obtained
using the nuclear modification factor RA

i (x,Q2) with
EPS09 [15] or nDS [16] parametrization,

fi/A(x,Q2) = RA
i (x,Q2) fi/N(x,Q2). (6)

Nuclear broadening. In Eq. (4) the nuclear intrinsic
parton transverse momentum distribution gA(kT ,Q2, b)
of a projectile nucleon going through the target nucleon
at impact parameter b has the same Gaussian form as in
p + p collisions,

gA(kT ,Q2, b) =
1

π〈k2
T 〉A(Q2, b)

e−k2
T /〈k2

T 〉A(Q2,b) , (7)

but with impact parameter dependent variance

〈k2
T 〉A(Q2, b) = 〈k2

T 〉N(Q2) + Δk2
T (b) , (8)

where we take the nuclear kT -broadening Δk2
T (x, b) =

2 C(x) TA(b) evaluated within the color dipole formal-
ism [17]. The factor C(x) is related to the dipole cross
section σq̄q, which describes the interaction of the q̄q

pair with a nucleon, as C(x) =
dσN

q̄q(x,r)
dr2

∣∣∣∣∣
r=0
. Note that

for gluons the nuclear broadening is larger due to the
Casimir factor 9/4. For the dipole cross section we
adopt the GBW parametrization from [18] and Impact-
Parameter dependent Saturation Model (IP-Sat) from
[19].

Initial state interactions. It was demonstrated in
[7, 8, 9] that a significant suppression of hadron pro-

duction arises at ξ → 1, where ξ =
√

x2
F + x2

T . Ob-
served suppression at RHIC at forward rapidities (large
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xF) [6] is usually interpreted by the onset of coherence
effects. However, a similar large-xF suppression is ob-
served also for variety of reactions at small energies
(see examples in [7]) where no effects of coherence are
possible. Even indicated large-pT suppression in cen-
tral d + Au collisions by the PHENIX data [3] cannot
be explained by the onset of coherence effects. This
supports an existence of a complementary mechanism
based on a dissipation of energy due to ISIs leading to
breakdown of the QCD factorization at large ξ [7]. Here
we rely on the factorization formula, Eq. (4), where
we replace the proton PDF by the nuclear modified one,
fa/p(x,Q2)⇒ f (A)

a/p(x,Q2, b), where

f (A)
a/p(x,Q2, b) = N fa/p(x,Q2)

e−ξ σe f f TA(b) − e−σe f f TA(b)

(1 − ξ) (1 − e−σe f f TA(b)) (9)

with σe f f = 20 mb and the normalization factor N
is fixed by the Gottfried sum rule. Note that correc-
tions, Eq. (9), correspond to sufficiently long coherence
length, lc =

√
s/mNkT ∼> RA, where RA is the nuclear

radius. In the opposite case, when lc ∼< 1 ÷ 2 fm, cor-
rections for ISI effects are weaker due to substitution
TA(b)⇒ TA(b)/2.

4. Comparison with data

As far as we have a good description of the data for
proton target, we have no further adjustable parameters
and can predict nuclear effects. At a small energy cor-
responding to FNAL fixed target experiments [20] be-
sides Cronin enhancement at medium-high pT and nu-
clear modification of PDFs one should not expect any
nuclear effects. However, we predict a significant onset
of ISI effects causing a supplementary suppression ris-
ing with pT . Such a situation is depicted as a difference
between the solid and dotted lines in Fig. 1 where the
results of parameter-free calculations for the production
of charged pions are compared with fixed target data on
the ratio of the tungsten and beryllium cross sections,
RW/Be(pT ), at

√
s = 27.4 GeV [20] as function of pT .

While the dotted line includes besides NPDFs also nu-
clear broadening calculated with KST dipole cross sec-
tion [12], the solid line includes additionally ISI effects,
Eq. (9).

In the RHIC energy range at y = 0 besides Cronin
enhancement at medium-high pT and small isotopic cor-
rections at large pT one should not expect any nuclear
effects since no coherence effects are possible. How-
ever, the PHENIX data [3] indicate large-pT suppres-
sion, which is more evident for central d + Au colli-
sions, as is demonstrated in Fig. 2 (lower box). Such
a suppression is caused by ISI effects, Eq. (9), and is

 (GeV/c)
T

p
1 2 3 4 5 6 7

p
W

/p
B

e
R

0.6

0.8

1

1.2

1.4

1.6

+πKST+EPS09,
+πKST+EPS09+ISI,

-πKST+EPS09,
-πKST+EPS09+ISI,

+πKST+EPS09,
+πKST+EPS09+ISI,

-πKST+EPS09,
-πKST+EPS09+ISI,

+πKST+EPS09,
+πKST+EPS09+ISI,

-πKST+EPS09,
-πKST+EPS09+ISI,

+πKST+EPS09,
+πKST+EPS09+ISI,

-πKST+EPS09,
-πKST+EPS09+ISI,

+π-π
+π-π

Figure 1: Ratio of the charged pion production cross sections for tung-
sten and beryllium as a function of the transverse momentum of the
produced pions. The dotted lines include only nuclear broadening and
NPDFs, while the solid ones include additionally ISI effects, Eq. (9)
with a modification for short lc. The data are taken from the fixed
target experiments [20].

depicted by the solid lines, while the dotted lines, rep-
resenting calculations without ISI effects, overestimate
the PHENIX data at large pT . In Fig. 2 the red and
blue lines correspond to nuclear broadening calculated
with IP-Sat [19] and GBW [18] parametrizations, re-
spectively.
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Figure 2: Nuclear modification factor Rd+Au(pT ) for π0 production in
d + Au collisions at

√
s = 200 GeV vs. PHENIX data [3], minimum

bias (MB) - upper box and centrality 0 − 20 % - lower box. Nuclear
broadening is calculated for two different parametrizations of the color
dipole cross sections, GBW [18] and IP-Sat [19]

While we predict at y = 0 a significant onset of ISI ef-
fects at RHIC energies and at energies corresponding to
fixed target FNAL experiments, one should not expect
such effects at LHC since the corresponding Bjorken x
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is very small. The recent data on charge hadron produc-
tion in p+Pb collisions from the ALICE experiment [4]
confirm such an expectation as is demonstrated in Fig. 3,
where Rp+Pb(pT ) ≈ 1 at large pT . The ALICE data [4]
presented in Fig. 3 allow so to test only our model pre-
dictions for the Cronin enhancement at medium-high
pT and the corresponding comparison demonstrates a
good agreement. The solid and dotted lines represent
calculations at y = 0 using NPDFs with the EPS09
and nDS parametrization, respectively. However, ISI ef-
fects causing a significant large-pT suppression can be
arisen at forward rapidities as is depicted in Fig. 3 by
the dashed and dot-dashed lines calculated at y = 2 and
y = 4, respectively, using the nDS parametrization of
NPDFs. The upper and lower panel corresponds to cal-
culations of nuclear broadening using GBW [18] and
IP-Sat [19] parametrization of the dipole cross section,
respectively.
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Figure 3: Nuclear modification factor Rp+Pb(pT ) for charge hadron
production at several rapidities, y = 0, 2 and 4. The data at mid rapid-
ity are taken from [4].

5. Conclusions

Using the QCD improved parton model we present
a good description of data on the nuclear modification
factor as function of pT covering a broad energy in-
terval starting from the fix-target experiments at FNAL
through the experiments at RHIC and finishing at the re-
cent experiments at LHC. In predictions we include var-
ious nuclear effects like the Cronin enhancement of par-
ticle production, isotopic corrections, coherent effects
(shadowing) at small Bjorken x and ISI effects, Eq. (9).
The nuclear broadening is calculated within the color
dipole formalism using different parametrizations of the
dipole cross section. In the all energy interval we predict

the correct magnitude and the shape of the Cronin effect
in accordance with available data from the fixed-target
FNAL experiments and collider experiments at RHIC
and LHC. We demonstrate a manifestation of ISI effects
at FNAL energy

√
s = 27.4 GeV causing an additional

suppression in a reasonable agreement with correspond-
ing data. In the RHIC energy range ISI effects cause a
significant large-pT suppression at y = 0 in accordance
with RHIC data on pion production in central d + Au
collisions. Such a large-pT suppression corresponds to
breakdown of the QCD factorization. In the LHC kine-
matic region ISI effects are irrelevant at y = 0, but we
predict a strong suppression at forward rapidities that
can be verified by the future measurements.
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Abstract. Direct photons produced in interactions with nuclear targets represent a cleaner
probe for investigation of nuclear effects than hadrons, since photons have no final state
interaction and no energy loss or absorption is expected in the produced hot medium. Therefore,
besides the Cronin enhancement at medium-high transverse momenta pT and isospin effects at
larger pT , one should not expect any nuclear effects. However, this fact is in contrast to the
PHENIX data providing an evidence for a significant large-pT suppression at mid rapidities
in central d + Au and Au + Au collisions that cannot be induced by coherent phenomena
(gluon shadowing, Color Glass Condensate). We demonstrate that such an unexpected results
is subject to deficit of energy induced universally by multiple initial state interactions (ISI)
towards the kinematic limits (large Feynman xF and/or large xT = 2pT /

√
s). For this

reason, in order to enhance the effects of coherence, one should be cautious going to forward
rapidities and higher energies. In the LHC kinematic region ISI corrections are irrelevant at mid
rapidities but cause rather strong suppression at forward rapidities and large pT . Numerical
calculations of invariant pT spectra and the nuclear modification factor were performed within
two different models, the color dipole formalism and the model based on kT -factorization, which
are successfully confronted with available data from the RHIC and LHC collider experiments.
Finally, we perform also predictions for a strong onset of ISI corrections at forward rapidities
and corresponding expected suppression can be verified by the future measurements at LHC.

1. Introduction
Direct photons provide an unique tool to study nuclear effects in proton-nucleus and heavy-ion
collisions and represent a cleaner probe than hadron production since they have no final state
interactions, either energy loss or absorption in the produced hot medium. For this reason, no
convolution with the jet fragmentation function is required and no nuclear effects are expected
besides the Cronin enhancement and small isotopic corrections. Thus, direct photons can serve
as an additional tool to discriminate between overall nuclear effects and the effects coming
from final state interactions typical for strongly interacting particles in heavy-ion collisions.
Manifestations of nuclear effects are usually studied through the nucleus-to-nucleon ratio, the
so called nuclear modification factor, RA(pT ) = σpA→γ+X(pT )/Aσpp→γ+X(pT ) for pA collisions
and RAB(pT ) = σAB→γ+X(pT )/AB σpp→γ+X(pT ) for minimum bias (MB) AB collisions.



At medium-high transverse momenta pT one should take into account the Cronin effect,
enhancement of particle production in pA collisions, RA(pT ) > 1. This effect was studied
within the color dipole formalism in [1], where the predicted shape and magnitude of the Cronin
enhancement were confirmed later by the PHENIX data [2] at RHIC and recently by the ALICE
measurements [3] at LHC. However, other models presented in the review [4] were not able to
describe successfully the last ALICE data [3].

Since the Cronin enhancement can not be measured precisely by experiments at RHIC and
LHC due to difficult identification of direct photons at small and medium-high pT , in this paper
we focused on study of possible nuclear effects in the large-pT region. In contrast with a naive
expectation about an absence of nuclear effects at large pT the PHENIX data [2] on π0 production
in central dAu collisions provide a clear evidence for a significant suppression at midrapidity,
y = 0. Such an observation is confirmed also by the PHENIX data on direct photon production
in central AuAu collisions [5]. Besides small isotopic corrections, observed attenuation can not
be interpreted by the coherence effects (gluon shadowing, color glass condensate) due to large
values of Bjorken x.

Alternative interpretation is based on multiple interactions of the projectile hadron and its
debris during propagation through the nucleus. The corresponding energy loss is proportional to
the hadron energy and the related effects do not disappear at very high energies as was stressed
in [6]. In each Fock component the hadron momentum is shared between its constituents: the
more constituents are involved, the smaller is the mean energy per parton. This leads to the
softer fractional energy distribution of a leading parton, and the projectile parton distribution
falls at large x→ 1 steeper on a nuclear target than on a proton.

Such softening of the projectile parton fractional energy distribution can be viewed as
an effective energy loss of the leading parton due to initial state multiple interactions (ISI).
Enhancement of the weight factors for higher Fock states in the projectile hadron with a large
number of constituents leads to reduction of the mean fractional energy of the leading parton
compared to lower Fock states which dominate the hard reaction on a proton target. Such
a reduction is apparently independent of the initial hadron energy and can be treated as an
effective loss of energy proportional to the initial hadron energy. A detailed description and
interpretation of the corresponding additional suppression was presented also in Refs. [7, 8, 9].

The effect of initial state energy loss (ISI effect) is not effective at high energies and
midrapidities. However, it may essentially suppress the cross section approaching the kinematic
bound, either in xL = 2pL/

√
s → 1 or xT = 2pT /

√
s → 1 defined at given c.m. energy

√
s.

Correspondingly, the proper variable which controls this effect is ξ =
√
x2
L + x2

T .

The magnitude of suppression was evaluated in Ref. [6, 10]. It was found within the
Glauber approximation that each interaction in the nucleus leads to a suppression factor
S(ξ) ≈ 1 − ξ. Summing up over the multiple initial state interactions in a pA collision with
impact parameter b one arrives at a nuclear ISI-modified parton distribution function (PDF)

Fa/p(x,Q
2)⇒ F

(A)
a/p (x,Q2, b), where

fa/p(x,Q
2)⇒ f

(A)
a/p (x,Q2, b) = Cvfa/p(x,Q

2)
e−ξ σeffTA(b) − e−σeffTA(b)

(1− ξ)
(
1− e−σeffTA(b)

) . (1)

Here σeff = 20 mb [6] is the effective hadronic cross section controlling the multiple interactions.

The normalization factor Cv in Eq. (1) is fixed by the Gottfried sum rule, TA(~b) is the nuclear
thickness function at given impact parameter b normalized to the mass number A. It was
found that such an additional nuclear suppression 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.).



Using PDFs modified by the ISI energy loss, Eq. (1), one can predict much stronger onset of
nuclear suppression in a good agreement with available data from the BRAHMS and STAR [11]
experiments at forward rapidities (large xL) in dA collisions [6, 10]. An alternative interpretation
[12] is based on the coherence effects, which should disappear at lower energies because x ∝ 1/

√
s

increases. However, according to Eq. (1) the suppression caused by the ISI energy loss scales
in Feynman xF = xL and should exist at any energy. Thus, by reducing the collision energy
one should provide a sensitive test for the models. Expectation of no suppression following
from CGC at forward rapidities and small energies is in contradiction with data from the NA49
experiments [13] at SPS obtained at much smaller energy than BRAHMS. This observation
confirms an onset of suppression at forward rapidities with entirely interpretation based on the
ISI energy loss.

The ISI energy loss also affects the pT dependence of the nuclear suppression in heavy ion
collisions. These effects are calculated similarly to p(d)A collisions using the modified PDFs,
Eq. (1), for nucleons in both colliding nuclei.

In order to test theoretical uncertainties, in this paper we calculate pT -spectra and nuclear
suppression of direct photons produced on nuclear targets at RHIC and LHC energy using two
different models. Corresponding results obtained within the model based on kT -factorisation
[14] will be compared with the color dipole approach [15].

2. Model based on kT -factorisation
Here the process of direct photon production to the leading order can be treated as a collision
of two hadrons where a quark from one hadron annihilates with an antiquark from the other
hadron into a real photon. In vacuum (e.g. in pp collisions), in calculations of the invariant
cross section of direct photon production we employ the model proposed in [16]:

E
d3σpp→γX

d3p
= K

∑
abd

∫
d2kTad

2kTb
dxa
xRa

dxb
xRb

gp(kTa, Q
2) gp(kTb, Q

2)

×Fa/p(xa, Q2)Fb/p(xb, Q
2)
ŝ

π

dσ̂ab→γd

dt̂
δ(ŝ+ t̂+ û), (2)

which corresponds to the collinear factorization expression modified by an intrinsic transverse
momentum dependence. In Eq. (2) K ≈ 1.0− 1.5 is the normalization factor depending on the
c.m. energy, Fi/p(xi, Q

2) = xi fi/p(xi, Q
2) with PDF fi/p(xi, Q

2), dσ̂/dt̂ is the cross section of
hard parton scattering, xa, xb are fractions of longitudinal momenta of the incoming hadrons.
The radial variable is defined as x2

Ri = x2
i + 4k2

T i/s, ŝ, t̂, û are the parton Mandesltam variables

and ~kTi is transverse momentum of parton.
The distribution of the initial parton transverse momentum is described by the Gaussian

form [16],

gp(kT , Q
2) =

1

π〈k2
T 〉N (Q2)

e−k
2
T /〈k

2
T 〉N (Q2) (3)

with the scale dependent parametrization of the mean intrinsic transverse momentum from [16],
〈k2
T 〉N (Q2) = 〈k2

T 〉0 + 0.2αS(Q2)Q2 , where 〈k2
T 〉0 = 0.2 GeV2 and 2.0 GeV2 for quarks and

gluons, respectively.
For the hard parton scattering cross section we use regularization masses µq = 0.2 GeV and

µG = 0.8 GeV for quark and gluon propagators, respectively. In all calculations we take the
scale Q2 = p2

T . For PDFs we used MSTW2008 [17] parametrization.
The differential cross section for direct photon production in p+A and A+A collisions then

can be treated as

E
d3σpA→γX

d3p
=

∫
d2b TA(~b)E

d3σ̃pp→γX

d3p
(4)



and

E
d3σAB→γX

d3p
=

∫
d2b d2s TA(~s)TB(~b− ~s)Ed

3σ̃pp→γX

d3p
, (5)

respectively.
In Eqs. (4) and (5) the pp-invariant cross section has the same form as is given

by Eq.(2) except for a modification of PDFs to nuclear ones (nPDF) Fi/A(b, xi, Q
2) =

RAi (x,Q2)
(
Z
Axifi/p(x,Q

2) +
(
1− Z

A

)
xifi/n(x,Q2)

)
, where RAi (x,Q2) is the nuclear modification

factor from EPS09 [18]. Invariant cross section E d3σ̃pp→γX/d3p in Eqs. (4) and (5) contains
also a nuclear modified distribution of the initial parton transverse momentum as reads,

gA(kT , Q
2, b) =

1

π〈k2
T 〉A(Q2, b)

e−k
2
T /〈k

2
T 〉A(Q2,b) , (6)

where impact parameter dependent variance 〈k2
T 〉A(Q2, b) = 〈k2

T 〉N (Q2) + ∆k2
T (b) is larger than

in pp collisions due to the nuclear kT -broadening ∆k2
T (x, b) = 2C(x)TA(b) evaluated within the

color dipole formalism [19]. The factor C(x) is related to the dipole cross section σq̄q, which

describes the interaction of the q̄q pair with a nucleon, as C(x) =
dσN

q̄q(x,r)

dr2

∣∣∣
r=0

. Note that for

gluons the nuclear broadening is larger due to the Casimir factor 9/4. For the dipole cross
section we adopt the GBW parametrization from [20].

3. Color Dipole formalism
The color dipole formalism is treated in the target rest frame, where the process of direct photon
production can be viewed as a radiation of a real photon by a projectile quark [15]. Assuming
only the lowest |qγ〉 Fock component, the pT distribution of the photon bremsstrahlung in quark-
nucleon interaction can be expressed as a convolution of the dipole cross section σNqq̄(αρ, x) and
the light-cone (LC) wave functions of the projectile q + γ fluctuation Ψγq(α, ~ρ) [15]:

dσ(qN → γX)

d lnαd2pT
=

1

(2π)2

∫ ∑
in,f

d2ρ1 d
2ρ2 e

i~pT ·(~ρ1−~ρ2) Ψ∗γq(α, ~ρ1) Ψγq(α, ~ρ2) Σ(α, ρ1, ρ2, x2) , (7)

where Σ(α, ρ1, ρ2, x) =
{
σNq̄q(αρ1, x) + σNq̄q(αρ2, x)− σNq̄q(α(~ρ1 − ~ρ2, x))

}
/2.

The differential hadronic cross section for direct photon production in pp collisions can be
expressed as a convolution of the differential cross section, Eq. (7) with corresponding PDFs

d3σpp→γX

dx1d2pT
=

1

x1 + x2

∫
dα

α

∑
q

e2
q

(
x1
α fq/p

(
x1
α , Q

2
)

+ x1
α fq̄/p

(
x1
α , Q

2
)) dσqp→γp

d lnαd2pT
, (8)

where eq is a quark charge, α = p+
γ /p

+
q is a fraction of quark LC momenta taken by the photon

and Bjorken variables x1 and x2 are connected with the Feynman variable as xF = x1−x2 with
x1 = p+

γ /p
+
p in the target rest frame. In all calculation we use the scale Q2 = p2

T , for PDFs we
take the GRV98 parametrization from [21] and for the color dipole cross section we adopt GBW
parametrization [20].

Mechanism of direct photon production in pA and AA collisions is controlled by the mean

coherence length, lc =
〈

2Eqα(α−1)

α2m2
q+p2

T

〉
α
, where Eq = xqs/2mN and mq = 0.2 GeV are the energy

and mass of projectile quark, respectively. The variable xq = x1/α denotes a fraction of the
proton momentum carried by the quark. The onset of nuclear shadowing requires a sufficiently
long coherence length (LCL), lc ∼> RA, where RA is the nuclear radius. This LCL limit can be



safely used for the RHIC and LHC kinematic regions especially at forward rapidities and leads
to a simple incorporation of shadowing effects via eikonalization of σNq̄q(ρ, x) [22], i.e. performing
the following substitutions in Eq. (7):

σNq̄q(αρ, x)⇒ σAq̄q(αρ, x) = 2

∫
d2s σAq̄q(~s, αρ, x) (9)

for proton-nucleus interations and

σNq̄q(αρ, x)⇒ σABq̄q (αρ, x) =

∫
d2b d2s

[
σBq̄q(~s, αρ, x)TB(~b− ~s) + σAq̄q(

~b− ~s, αρ, x)TB(~s)
]

(10)

for heavy-ion collisions where

σAq̄q(~s, αρ, x) = 1−
(
1− 1

2Aσ
N
q̄q(αρ, x)TA(~s)

)A
. (11)

In the LCL limit, besides the lowest |qγ〉 Fock state one should include also higher Fock
components containing gluons. They cause an additional suppression, known as the gluon
shadowing (GS). Gluon shadowing is incorporated via attenuation factor RG [23] as the
modification of the nuclear thickness function TA(~s)⇒ TA(~s)RG(x2, Q

2, A,~s) in Eq. (9) for p+A

interaction and TA(~s) ⇒ TA(~s)RG(x2, Q
2, A,~s) and TB(~b − ~s) ⇒ TB(~b − ~s)RG(x1, Q

2, A,~b − ~s)
in Eq. (10) for heavy-ion collisions.

4. Results
Figs. 1 and 2 show a comparison of both models with PHENIX [24] and CMS [25] data on
direct photon production in pp collisions at midrapidity and c.m. energy

√
s = 200 GeV

and
√
s = 2760 GeV, respectively For both energies the model based on kT -factorisation (blue

solid lines) and calculations within the color dipole formalism (red solid lines) agree with data
reasonably. However, the former describes the data better in the low-pT region especially at
smaller energies due to an absence in this kinematic region of the precise parametrization of the
dipole cross section [20] used in calculations. More precise recent parametrization (see [26], for
example) improve an agreement with data at small pT .

Fig. 3 shows a confrontation of the PHENIX data [5] on direct photon production in AuAu
collisions with both models. Experimental values were measured at

√
s = 200 GeV and at

midrapidity for several centralities 0− 10 %, 40− 50 % and minimum-bias (MB). Blue and red
lines represent calculations within the model based on kT -factorisation and the color dipole
formalism, respectively. The solid and dashed lines represent calculations with and without ISI
effect. As was mentioned above, at small and medium-high pT the different shape and magnitude
of the Cronin enhancement predicted within both models is caused predominantly by an absence
of the precise parametrization of the dipole cross section [20] used in calculations. We expect
that more precise recent parametrization [26] of the dipole cross section used in the color dipole
formalism leads to a better agreement with the model based on kT factorization in the small pT
region. Similarly as was demonstrated above, both models agree well with data in the large-pT
region. Moreover, the data on RAuAu(pT ) at centrality 0−10 % indicate a significant suppression
at large pT ∼> 17 GeV that can not be interpreted by coherence effects. Calculations within both
models including ISI corrections clearly demonstrate the observed large-pT attenuation.

Fig. 4 shows predictions of both models for RAuAu(pT ) at forward rapidity y = 3 and for
the same centralities that are indicated in Fig 3. Here we predict a strong suppression for all
centralities due to ISI effects.

In Fig. 5 we compare predictions of both models with available data from CMS experiment
[25] on direct photon production in PbPb collisions at c.m. energy

√
s = 2760 GeV for three
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Figure 1. Invariant cross section for
direct photon production in pp collisions.
The data from the PHENIX experiment [24]
are compared with the model based on kT
factorization (blue line) and with calculations
based on color dipole formalism (red line).
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Figure 2. The same as Fig. 1 but with data
from CMS experiment [25].
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Figure 3. Comparison of the PHENIX
data on RAuAu [5] at midrapidity and for
several centralities with the model based on kT
factorization (blue line) and with calculations
based on the color dipole formalism (red
lines). The solid and dashed lines represent
calculations with and without ISI effects.
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Figure 4. The same as Fig. 3 but at rapidity
y = 3.

different intervals of centralities. The predictions of both models are qualitatively very close in
good accordance with data. They also demonstrate a very weak onset of ISI corrections at large
pT .

Fig. 6 shows predictions from both models for RPbPb at forward rapidity y = 4 for the same
centrality intervals as are depicted in Fig. 5. We predict a strong suppressions for all centralities
due to ISI effects.
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Figure 5. The same as Fig. 3 but with CMS
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Figure 6. The same as Fig. 4 but at rapidity
y = 4 and at c.m. energy

√
s = 2760 GeV.

Predictions for RdAu(pT ) from both models are compared in Fig. 7 with PHENIX data [27]
on direct photon production in dAu collisions at midrapidity and at

√
s = 200 GeV. Here we

predict a sizeable effect of ISI corrections that can be verified in the future by data obtained at
very large pT ∼> 15− 20 GeV. The same Fig. 7 also clearly manifests a strong rise of ISI effects
with rapidity at fixed pT values as was discussed in Sect. 1.

Similarly as was mentioned above and presented in Fig. 3 one can see a quantitative difference
between both models in predictions of the shape and magnitude of the Cronin enhancement at
different rapidities.

Fig. 8 contains predictions for direct photons produced at LHC c.m. energy
√
s = 5020 GeV

in pPb collisions at different rapidities y = 0, 2 and 4. Here we predict a significant large-pT
suppression due to ISI effects only at rapidities y ∼> 2. The expected rise of nuclear attenuation
with rapidity can be verified in the future by experiments at LHC.

5. Conclusions
We study production of direct photons in pp, p(d)A and AA collisions at RHIC and LHC energies
using two different models: the model based on kT factorization and the model based on the
color dipole formalism. The main motivation for a such investigation was to test the theoretical
uncertainties in predictions of corresponding variables that can be verified by available data.

Both models describe reasonable well the data on direct photon production in pp collisions.
The model based on kT -factorisation shows a better agreement with data in the low-pT region.
This fact is a consequence of an absence of the more precise determination of the dipole cross
section in this kinematic region as that used in calculations within the color dipole formalism.

Investigating direct photon production on nuclear targets, at small and medium-high values
of pT we found a significant difference between predictions of the shape and magnitude of
the Cronin enhancement from both models. However, we expect a better agreement between
the both models using more precise recent parameterizations of the dipole cross section as is
presented in [26], for example. In the large-pT region we found a good agreement of both models
with available data on nuclear modification factors RA and RAA at RHIC and LHC.

Besides the Cronin enhancement, isospin corrections and coherence effects we investigated
also additional suppression due to initial state effective energy loss (ISI effects). We
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Figure 7. Predictions from both models at
different rapidities y = 0, 2 and 3 vs. PHENIX
data [27] on RdAu(pT ) at midrapity and at√
s = 200 GeV
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Figure 8. Predictions for RpPb from both
models at

√
s = 5020 GeV and at different

rapidities y = 0, 2 and 4.

demonstrated that ISI effects cause a strong suppression at forward rapidities and large pT
leading so to breakdown of the QCD factorisation. In the RHIC kinematic region no coherence
effects are possible at large pT . However, the PHENIX data on direct photon production in AuAu
interactions clearly indicate a significant large-pT suppression that can be explained entirely by
ISI effects. The ISI effects are practically irrelevant at LHC but we predict a strong nuclear
suppression at forward rapidities that can be verified by the future measurements at RHIC and
LHC.
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Abstract. We investigate nuclear e�ects in production of large-pT hadrons and direct photons in
pA and AA collisions corresponding to energies at RHIC and LHC. Calculations of nuclear invariant
cross sections include additionally the nuclear broadening and the nuclear modi�cation of parton
distribution functions. We demonstrate that at large pT and forward rapidities the complementary
e�ect of initial state interactions (ISI) causes a signi�cant nuclear suppression. Numerical results
for nuclear modi�cation factors RA and RAA are compared with available data at RHIC and LHC.
We perform also predictions at forward rapidities which are expected to be measured by the future
experiments.

1 Introduction

Recent experimental measurements of hadron and
direct photon production [1�3] allow to investigate
nuclear e�ects at medium and large transverse
momenta pT . This should help us to understand
properties of a dense medium created in heavy ion
collisions (HICs). Manifestations of nuclear e�ects
are usually studied through the nucleus-to-nucleon
ratio, the so called nuclear modi�cation factor,
RA(pT ) = σpA→h(γ)+X(pT )/Aσpp→h(γ)+X(pT )
for pA collisions and RAB(pT ) =
σAB→h(γ)+X(pT )/AB σpp→h(γ)+X(pT ) for minimum
bias (MB) AB collisions.

In this paper we focused on suppression at large
pT , RA(pT ) < 1 (RAA < 1) indicated at midrapid-
ity, y = 0, by the PHENIX data [1] on π0 production
in central dAu collisions and on direct photon pro-
duction in central AuAu collisions [2]. Such a sup-
pression can not be interpreted by the onset of coher-
ence e�ects (gluon shadowing, color glass condensate)
due to large values of Bjorken x. The same mecha-
nism of nuclear attenuation should be arisen especially
at forward rapidities where we expect much stronger
onset of nuclear suppression as is demonstrated by
the BRAHMS and STAR data [3]. Here the target
Bjorken x is exp(y)-times smaller than at y = 0 allow-
ing so a manifestation of coherence e�ects. However,
assuming their dominance at RHIC forward rapidi-
ties then the same e�ects causing a strong suppression
should be expected also at LHC at y = 0, what is in
contradiction with ALICE data [4].

We interpret alternatively the main source of this
suppression as multiple initial state interactions (ISI)
of the projectile hadron and its debris during propaga-
tion through the nucleus. This leads to a dissipation
of energy resulting in a suppressed production rate of
particles as was stressed in [5, 6]. The corresponding
suppression factor reads [5],

S(ξ) ≈ 1− ξ, (1)

where ξ =
√
x2F + x2T , and xF = 2pL/

√
s; xT =

2pT /
√
s. This factor leads to a suppression at large-pT

(xT → 1) and also at forward rapidities (xF → 1).

2 Results

Calculations of pp, pA and AA cross sections were
performed employing the parton model, which corre-
sponds to collinear factorization expression modi�ed
by intrinsic transverse momentum dependence [7].

In the RHIC energy range at y = 0 besides Cronin
enhancement at medium-high pT and small isotopic
corrections at large pT one should not expect any nu-
clear e�ects since no coherence e�ects are possible.
However, the PHENIX data [1, 2] indicate large-pT
suppression, which is more evident for hadron and di-
rect photon production in central dAu and AuAu colli-
sions, respectively, as is demonstrated in Fig. 1 (lower
box) and in Fig. 2 (middle box). Such a suppression
is caused by ISI e�ects, Eq. (1), and is depicted by the
solid lines, while the dotted lines without ISI e�ects
overestimate the PHENIX data at large pT .
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Figure 1. Nuclear modi�cation factor RdAu(pT ) for π
0

production at
√
s = 200 GeV for MB - upper box and for

the centrality interval 0− 20% - lower box.

In the LHC energy range at y = 0, we do not ex-
pect any ISI e�ects, Eq. (1), and the ALICE data [4]
on hadron production in pPb collisions allow so to test
only model predictions for the Cronin enhancement
at medium-high pT . The corresponding comparison
demonstrates a good agreement as is shown in Fig. 3
by the solid and dotted lines manifesting so a weak ef-
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Figure 2. Nuclear modi�cation factor RAuAu(pT ) for
direct photon production at

√
s = 200 GeV for di�erent

centrality intervals at y = 0 and y = 3.

fect of nuclear shadowing. However, ISI e�ects causing
a signi�cant large-pT suppression can be arisen at for-
ward rapidities as is depicted in Fig. 3 by the dashed
and dot-dashed lines calculated at y = 2 and y = 4.

Direct photons produced in a hard reaction are not
accompanied with any �nal state interaction, either
energy loss or absorption and represent so a cleaner
probe for a dense medium created in HICs. The CMS
data [8] on direct photon production in PbPb collisions
at y = 0 presented in Fig. 4 show only a manifestation
of isotopic corrections at large-pT due to a weak onset
of ISI e�ects. Similarly as for hadron production, ISI
e�ects cause a signi�cant large-pT suppression at for-
ward rapidities as is shown in Fig. 4 by the solid lines
calculated at y = 4.
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Figure 3. Nuclear modi�cation factor RpPb(pT ) for
charge hadron production at

√
s = 5020 GeV and at

several rapidities, y = 0, 2 and 4.

3 Conclusions

Employing the parton model, corresponding to
collinear factorization expression modi�ed by intrinsic
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Figure 4. Nuclear modi�cation factor RPbPb(pT ) for
direct photon production at

√
s = 2760 GeV for di�erent

centrality intervals at y = 0 and y = 4.

transverse momentum dependence, we predict large-
pT suppression of hadrons and direct photons pro-
duced on nuclear targets. The main source for sup-
pression comes from ISI e�ects, which are dominant
at large xF and/or xT . ISI e�ects at LHC are irrele-
vant at y = 0 but we predict a strong suppression at
forward rapidities that can be veri�ed by the future
measurements.
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Abstract. We study nuclear effects in production of Drell-Yan pairs and direct photons
in proton-nucleus collisions. For the first time, these effects are studied within the color
dipole approach using the Green function formalism which naturally incorporates the
color transparency and quantum coherence effects. The corresponding numerical results
for the nuclear modification factor are compared with available data. Besides, we present
a variety of predictions for the nuclear suppression as a function of transverse momentum
pT , Feynman variable xF and invariant mass M of the lepton pair which can be verified
by experiments at RHIC and LHC. We found that the nuclear suppression is caused pre-
dominantly by effects of quantum coherence (shadowing corrections) and by the effective
energy loss induced by multiple initial state interactions. Whereas the former dominate
at small Bjorken x2 in the target, the latter turns out to be significant at large x1 in the
projectile beam and is universal at different energies and transverse momenta.

1 Introduction

The color dipole approach [1] represents a phenomenological framework that effectively takes into
account the higher-order and nonlinear QCD effects. There are many studies in the literature demon-
strating a reliable agreement of predictions with experimental data, especially at high energies and/or
small Bjorken variable x2 in proton-proton (pp) collisions and DIS (see e.g. Refs. [2–4] and references
therein).

The color dipole approach which is formulated in the target rest frame provides a consistent way
of studying the nuclear effects, especially the nuclear shadowing, in both proton-nucleus (pA) and
nucleus-nucleus (AA) collisions. The dynamics of pA or AA collisions is controlled by the coherence
length lc. When the coherence length is sufficiently large or small, one talks about the long coher-
ence length (LCL) or short coherence length (SCL) approximations, respectively. In the intermediate
kinematics when both approximations fail, one should employ the Green function technique which

ae-mail: michal.krelina@fjfi.cvut.cz
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accounts for the exact coherence length lc and naturally incorporates the color transparency and quan-
tum coherence effects. Such a kinematic region corresponds e.g. to kinematics at RHIC fixed target
experiments or planned experiments such as AFTER@LHC.

In this paper, we present numerical results on the quark-nucleus cross section within the Green
function formalism for the Drell-Yan (DY) lepton pair production and production of direct photons.
Besides, we include also the gluon shadowing (GS) that dominates at small Bjorken x2 and the effec-
tive energy loss induced by multiple initial state interactions.

2 Coherence length

The rest frame of the nucleus is very convenient for study of coherence effects. The dynamics of Drell-
Yan (DY) process is regulated by the coherence length lc, which controls the interference between
amplitudes of the hard reaction occurring on different nucleons and is given by

lc =
1

x2mN

(M2 + p2
T )(1 − α)

α(1 − α)M2 + α2m2
f + p2

T

, (1)

where α is the fraction of the light-cone momentum of the projectile quark carried out by the photon,
and mq = 0.2 GeV is an effective quark mass. Figs. 1 and 2 show the energy dependence of the
mean coherence length for xF = 0 and xF = 0.6 corresponding to small x2 fractions, explicitly
separating the regimes with the long coherence length (LCL), lc > RA, and short coherence length
(SCL), lc . 1 ÷ 2 fm. For the transition region between both limits we used the Green function
formalism as the general case with no restrictions on lc.
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Figure 1. The mean coherence length for Drell-Yan
and direct photons production for xF = 0.
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Figure 2. The mean coherence length for Drell-Yan
and direct photons production for xF = 0.6.

3 Color dipole approach

The DY process in the target rest frame can be treated as a radiation of a heavy photon or Z0 boson
by a projectile quark. The transverse momentum pT distribution of photon bremsstrahlung in quark-
nucleon interactions reads [5]

d3σ(qN→γ∗X)

d lnαd2 pT
=

1
(2π)2

∫
d2ρ1d2ρ2ei~pT ·(~ρ1−~ρ2)Ψ∗γ∗q(α, ~ρ2)Ψγ∗q(α, ~ρ1)Σ(α, ~ρ1, ~ρ2) , (2)
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where

Σ(α, ~ρ1, ~ρ2) =
1
2

(
σN

qq̄(α~ρ1) + σN
qq̄(α~ρ2) − σN

qq̄(α(~ρ1 − ~ρ2))
)

(3)

and the light-cone (LC) wave functions of the projectile q → q + γ fluctuation ΨT,L(α, ~ρ) can be
found in Ref. [5]. For the dipole cross section σN

qq̄(α~ρ) we used GBW [6], KST [7] and GBWnew [8]
parameterisations. The hadron cross section is given by a convolution of the qN cross section with the
corresponding parton distribution functions (PDFs) fq and f̄q as follows

d4σ(pp→l+l−X)

d2 pT dxFdM2 =
αEM

3π2

x1

x1 + x2

∫ 1

x1

dα
α2

∑
q

Zq

(
q f (x1/α,Q2) + q̄ f (x1/α,Q2)

) d3σ(qN→γ∗X)

d lnαd2 pT
(4)

where Zq is the fractional quark charge, the (anti)quark PDFs fq and f̄q are used with the leading order
(LO) parameterisation from Ref. [9] at the scale Q2 = p2

T + (1 − x1)M2. After integration over the
transverse momentum ~pT we get for hadronic cross section

d2σ(pp→l+l−X)

dxFdM2 =
αEM

3π2

x1

x1 + x2

∫ 1

x1

dα
α2

∑
q

Zq

(
q f (x1/α,Q2) + q̄ f (x1/α,Q2)

) dσ(qN→γ∗X)

d lnα
(5)

and for quark-nucleon cross section

dσ(qN→γ∗X)

d lnα
=

∫
d2ρ |Ψγ∗q(α, ~ρ)|2σN

qq̄(α~ρ) . (6)
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sections in pp collisions vs E886
[14].
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In Figs. 3, 4 and 5 we compare our predictions for various dipole cross section parameterisations
with available DY data from E772 and E886 experiments and for direct photons from the PHENIX
experiment where the dipole model predictions agree with the data reasonably well.
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4 Transition to nuclear target

Within the Green function formalism the quark-nucleus cross section for DY pair production on nu-
clear targets reads [5]

dσ(qA→γ∗X)

d lnα
= A

dσ(qN→γ∗X)

d lnα
−

1
2

Re
∫ ∞

−∞

dz1

∫ z1

−∞

dz2

∫
d2bd2ρ1d2ρ2

× Ψ∗γ∗q(α, ~ρ2)ρA(b, z2)σN
qq̄(α~ρ2)G(~ρ2, z2|~ρ1, z1)ρA(b, z1)σN

qq̄(α~ρ1)Ψγ∗q(α, ~ρ1) , (7)

where the Green function G(~ρ2, z2|~ρ1, z1) describes the propagation of |γ∗q〉 Fock state between lon-
gitudinal positions z1 and z2 through the nucleus with initial and final separations ~ρ1 and ~ρ2, respec-
tively. The Green function above satisfies the two-dimensional time-dependent Schroedinger equation
(z2 plays the role of time)[

i
∂

∂z2
+

∆T (~ρ2) − η2

2Eqα(1 − α)
− V(z2, ~ρ2, α)

]
G(~ρ2, z2|~ρ1, z1) = 0 (8)

with the boundary condition G(~ρ2, z2|~ρ1, z1)|z1=z2 = δ2(~ρ2 − ~ρ1). The imaginary part of the potential
V(z2, ~ρ2, α) describes an absorption of the dipole in a nuclear medium and reads

V(z2, ~ρ, α) = −
i
2
ρA(b, z2)σN

qq̄(α~ρ) . (9)

For the pT -dependent DY production cross section we solved the Schroedinger equation analyti-
cally which is possible for quadratic σN

qq̄(ρ) = Cρ2 and the uniform nuclear density. For pT -integrated
DY production cross section we solved the Schroedinger equation numerically using an algorithm
proposed in Ref. [10].

In the LCL limit the Green function formalism naturally leads to a simple modification of the
dipole cross section:

σN
qq̄(~ρ, x)→ σA

qq̄(~ρ, x) = 2
∫

d2b
(
1 − e−

1
2σ

N
qq̄(~ρ,x)TA(b)

)
. (10)

Besides the lowest |qG∗〉 Fock state one should include also the higher Fock components contain-
ing gluons |γ∗qG〉, |γ∗q2G〉 etc. They cause an additional suppression known as the gluon shadowing
(GS). The corresponding suppression factor RG [11] calculated as a correction to the total γ∗A cross

section for the longitudinal photon, RG(x,Q2, b) ≈ 1 − ∆σ
(γ∗A)
L

σ
(γ∗A)
tot

, was included in calculations replacing

σN
qq̄(~ρ, x)→ σN

qq̄(~ρ, x)RG(x,Q2, b).
The initial state energy loss (due to ISI effects) is expected to suppress the nuclear cross section

significantly towards the kinematical limits, xL =
2pL√

s → 1 and xT =
2pT√

s → 1. Correspondingly, the

proper variable which controls this effect is ξ =

√
x2

L + x2
T . The magnitude of suppression was evalu-

ated in Ref. [12]. It was found within the Glauber approximation that each interaction in the nucleus
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 the nuclear ISI-modified quark 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))
. (11)

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. [12]), TA(b)
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is the nuclear thickness function at given impact parameter b normalized to the mass number A. It
was found that such an additional nuclear suppression 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).
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In Figs. 6 and 7 we compare our predictions for ratios RA/B(x2) and RA/B(xF) with the E772 and
E886 data where the GS is not expected. We obtain a reasonable agreement with the E886 data
including the ISI effects. In Fig. 8 we present our predictions for the nuclear suppression of DY pairs
production at the future AFTER@LHC experiment demonstrating separate contributions from the GS
and ISI effects. Fig. 9 shows the difference between calculations using the Green function formalism
and the LCL limit in the RHIC kinematics region for production of direct photons and DY pairs at
midrapidity. The RHIC data [15] indicate a strong large-pT suppression that can be explained only by
the ISI effects.

5 Conclusions

For the first time, we use the Green function formalism based on the color dipole approach for de-
scription of DY pair and direct photon production on nuclear targets in the kinematic regions where
the SCL and LCL limits should not be used. We demonstrate that the GS and ISI energy loss causes a
significant nuclear suppression. While the GS dominates at large energies and pT , the ISI effects are
important at large pT and/or xF . Our predictions are in a good agreement with FNAL E772 and E886
data as well as with the data from the PHENIX Collaboration. Finally, we predict a strong suppression
due to the ISI effects that can be verified by the AFTER@LHC experiment in the future.
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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

ae-mail: michal.krelina@fjfi.cvut.cz
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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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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, m f 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
2σ

N
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− ∆σ
(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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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(∆φ) depends on the azimuthal angle difference ∆φ 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(∆φ) =

2π
∫

pG∗
T ,ph

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 ∆φ 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 ∆φ = 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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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 ∆φ = π not only
for pp but also for pPb collisions.
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The Drell-Yan (DY) process of dilepton pair production off nuclei is not affected by final state
interactions, energy loss or absorption. A detailed phenomenological study of this process is thus
convenient for investigation of the onset of initial-state effects in proton-nucleus (pA) collisions.
In this paper, we present a comprehensive analysis of the DY process in pA interactions at RHIC
and LHC energies in the color dipole framework. We analyse several effects affecting the nuclear
suppression, RpA < 1, of dilepton pairs, such as the saturation effects, restrictions imposed by
energy conservation (the initial-state effective energy loss) and the gluon shadowing, as a function
of the rapidity, invariant mass of dileptons and their transverse momenta pT . In this analysis, we
take into account besides the γ∗ also the Z0 contribution to the production cross section, thus
extending the predictions to large dilepton invariant masses. Besides the nuclear attenuation of
produced dileptons at large energies and forward rapidities emerging due to the onset of shadowing
effects, we predict a strong suppression at large pT , dilepton invariant masses and Feynman xF

caused by the Initial State Interaction effects in kinematic regions where no shadowing is expected.
The manifestations of nuclear effects are investigated also in terms of the correlation function in
azimuthal angle between the dilepton pair and a forward pion ∆φ for different energies, dilepton
rapidites and invariant dilepton masses. We predict that the characteristic double-peak structure of
the correlation function around ∆φ ≃ π arises for very forward pions and large-mass dilepton pairs.

I. INTRODUCTION

During the last two decades, a series of theoretical and experimental studies of particle production in heavy ion
collisions (HICs) at Relativistic Heavy Ion Collider (RHIC) and Large Hadrons Collider (LHC) energies has been
performed. These results provided us with various sources of information on properties of the hot and dense matter
(Quark Gluon Plasma) formed in these collisions. Although several issues still remain open, those are mainly related
to a description of nuclear effects related to the initial-state formation before it interacts with a nuclear target, as well
as to the parton propagation in a nuclear medium. In this context, the phenomenological studies of hard processes in
proton-nucleus (pA) collisions can provide us with an additional quantitative information about various nuclear effects
expected also in HICs. This can help us to disentangle between the medium effects of different types and constrain
their relative magnitudes and contributions [1].
A key feature of the Drell-Yan (DY) process is the absence of final state interactions and fragmentation associated

with an energy loss or absorption phenomena. For this reason, the DY process can be considered as a very clean
probe for the Initial State Interaction (ISI) effects [2]. In practice, this process can be used as a convenient tool in
studies of the Quantum Chromodynamics (QCD) at high energies, in particular, the saturation effects expected to
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FIG. 1: (Color online) The mean coherence length lc of the DY reaction in pA collisions at RHIC and LHC energies for different
dilepton rapidities and invariant mass ranges.

determine the initial conditions in hadronic collisions as well as the initial-state energy loss due to the projectile quark
propagation in the nuclear medium before it experiences a hard scattering.
In the present paper, we study the DY process on nuclear targets at high energies using the color dipole approach

[3–12], which is known to give as precise prediction for the DY cross section as the Next-to-Leading-Order (NLO)
collinear factorization framework and allows to include naturally the coherence effects in nuclear collisions. Moreover,
the color dipole formalism provides a straightforward generalisation of the DY process description from the proton-
proton to proton-nucleus collisions and is thus suitable for studies of nuclear effects directly accessing the impact
parameter dependence of nuclear shadowing and nuclear broadening – the critical information which is not available
in the parton model.
In contrast to the conventional parton model where the dilepton production process is typically viewed as the

parton annihilation in the center of mass (c.m.) frame, in the color dipole approach operating in the target rest frame
the same process looks as a bremsstrahlung of a γ∗/Z0 boson off a projectile quark. In pA collisions assuming the
high energy limit, the projectile quark probes a dense gluonic field in the target and the nuclear shadowing leads to
a nuclear modification of the transverse momentum distribution of the DY production cross section. The onset of
shadowing effects is controlled by the coherence length, which can be interpreted as the mean lifetime of γ∗/Z0-quark
fluctuations, and is given by

lc =
1

x2mN

(M2
ll̄
+ p2T )(1 − α)

α(1− α)M2
ll̄
+ α2m2

f + p2T
, (1)

where Mll̄ is the dilepton invariant mass and pT its transverse momentum. Moreover, α is the fraction of the light-cone
momentum of the projectile quark carried out by the gauge boson. As demonstrated in Fig. 1, in the RHIC and
LHC kinematic regions, the coherence length exceeds the nuclear radius RA, lc & RA, which implies that the long
coherence length (LCL) limit can be safely used in practical calculations of the DY cross section in pA collisions.
Besides the quark shadowing effects naturally accounted for in the dipole picture, one should also take into account

the nuclear effects due to multiple rescattering of initial-state projectile partons (ISI effects) in a medium before
a hard scattering. The latter are important close to the kinematic limits, e.g. at large Feynman xF → 1 and
xT = 2pT /

√
s → 1 (

√
s is the collision energy in c.m. frame), due to restrictions imposed by energy conservation.

In the present paper, we take into account also non-linear QCD effects, which are amplified in nuclear collisions and
related to multiple scatterings of the higher Fock states containing gluons in the dipole-target interactions. They
generate the gluon shadowing effects effective at small Bjorken x in the target and large rapidity values.
In our study, all the basic ingredients for the DY nuclear production cross section (such as the dipole cross section

parameterisations and Parton Distribution Functions (PDFs)) have been determined from other processes. Conse-
quently, our predictions are parameter-free and should be considered as an important test for the onset of distinct
nuclear effects. Note that the nuclear DY process mediated by a virtual photon has been already studied within the
color dipole framework by several authors (see e.g. Refs. [7–9]). However, the results of this paper represent a further
step updating and improving the previous analyses in the literature providing new predictions for the transverse
momentum, dilepton invariant mass and rapidity distributions of the nuclear DY production cross section at RHIC
and LHC energies as well as in comparison to the most recent data. Besides, the effects of quantum coherence at large
energies including the gluon shadowing as a leading-twist shadowing correction as well as an additional contribution
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of the Z0 boson and γ∗/Z0 interference are incorporated. Moreover, the impact of the effective initial state energy
loss effects on the DY nuclear production cross section is studied for the first time. We also investigate nuclear
effects providing a detailed analysis of the azimuthal correlation between the produced DY pair and a forward pion
taking into account the Z0 boson contribution in addition to virtual photon, generalising thus the results presented
in Ref. [13].
This paper is organized as follows. In the Section II, we present a brief overview of gauge boson production in the

color dipole framework. Moreover, we discuss in detail the saturation effects, gluon shadowing and initial-state energy
loss effects included in the analysis. Section III is devoted to predictions for the dilepton invariant mass, rapidity
and transverse momentum distributions of the DY nuclear production cross sections in comparison with the available
data. The onset of various nuclear effects is estimated in the LCL limit and the predictions for the nucleus-to-nucleon
ratio, RpA = σpA/Aσpp

1, of the DY production cross sections are presented. The latter can be verified in the future by
experiments at RHIC an LHC. Furthermore, the azimuthal correlation function between the produced dilepton and a
pion is evaluated for pA collisions at RHIC and LHC for different dilepton invariant masses including the high-mass
region. Finally, in Section IV we summarise our main conclusions.

II. DRELL-YAN PROCESS IN HADRON-NUCLEUS COLLISIONS

A. DY nuclear cross section

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 (see e.g. Ref. [10, 12]). Assuming only the
lowest |qG∗〉 Fock component, the cross section for the inclusive gauge boson production with invariant mass Mll̄ and
transverse momentum pT can be expressed in terms of the projectile quark (antiquark) densities qf (q̄f ) at momentum
fraction xq and the quark-nucleus cross section as follows (see e.g. Refs. [7, 12]),

dσ(pA → G∗X)

d2pT dη
= J(η, pT )

x1

x1 + x2

∑

f

∑

λG=L,T

1
∫

x1

dα

α2

[

qf (xq , µ
2
F ) + q̄f (xq, µ

2
F )

] dσf
λG

(qA → qG∗X)

d(lnα) d2pT
, (2)

where

J(η, pT ) ≡
dxF

dη
=

2√
s

√

M2
ll̄
+ p2T cosh(η) (3)

is the Jacobian of transformation between the Feynman variable xF = x1 − x2 and pseudorapidity η of the virtual
gauge boson G∗, xq = x1/α, where α is the fraction of the light-cone momentum of the projectile quark carried out
by the gauge boson, and µ2

F = p2T + (1 − x1)M
2
ll̄
is the factorization scale in quark PDFs. As in Ref. [12] we take

µF ≃ Mll̄, for simplicity.
The transverse momentum distribution in Eq. (2) of the gauge boson G∗ bremsstrahlung in quark-nucleus interac-

tions can be obtained by a generalization of the well-known formulas for the photon bremsstrahlung from Refs. [5, 7, 8].
Then the corresponding differential cross section for a given incoming quark of flavour f reads,

dσf
T,L(qA → qG∗X)

d(lnα) d2pT
=

1

(2π)2

∑

quark pol.

∫

d2ρ1 d
2ρ2 exp

[

ipT · (ρ1 − ρ2)
]

ΨV−A
T,L (α,ρ1,mf)Ψ

V−A,∗
T,L (α,ρ2,mf)

× 1

2

[

σA
qq̄(αρ1, x2) + σA

qq̄(αρ2, x2)− σA
qq̄(α|ρ1 − ρ2|, x2)

]

, (4)

where x2 = x1−xF and ρ1,2 are the quark-G
∗ transverse separations in the total radiation amplitude and its conjugated

counterpart, respectively. Assuming that the projectile quark is unpolarized, the vector ΨV and axial-vector ΨA wave
functions in Eq. (4) are not correlated such that

∑

quark pol.

ΨV−A
T,L (α,ρ1,mf)Ψ

V−A,∗
T,L (α,ρ2,mf) =

= ΨV
T,L(α,ρ1,mf )Ψ

V,∗
T,L(α,ρ2,mf ) + ΨA

T,L(α,ρ1,mf)Ψ
A,∗
T,L(α,ρ2,mf ) , (5)

1 Here A represents the atomic mass number of the nuclear target
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where the averaging over the initial and summation over final quark helicities is performed and the quark flavour
dependence comes only via the projectile quark mass mf . The corresponding wave functions ΨV−A

T,L (α,ρ) can be

found in Ref. [10].
Our goal is to evaluate the DY production cross section in pA collisions at high energies and a large mass number A

of the nuclear target. This regime is characterised by a limitation on the maximum phase-space parton density that
can be reached in the hadron wave function (parton saturation) [14]. The transition between the linear and non-linear
regimes of QCD dynamics is typically specified by a characteristic energy-dependent scale called the saturation scale
Q2

s, where the variable s denotes c.m. energy squared of the collision. Such saturation effects are expected to be
amplified in nuclear collisions since the nuclear saturation scale Q2

s,A is expected to be enlarged with respect to the

nucleon one Q2
s,p by rougthly a factor of A1/3.

In general, the dipole-nucleus cross section σA
qq̄(ρ, x) can be written in terms of the forward dipole-nucleus scattering

amplitude NA(ρ, x, b) as follows,

σA
qq̄(ρ, x) = 2

∫

d2bNA(ρ, x, b) . (6)

At high energies, the evolution of NA(x, r, b) in rapidity Y = ln(1/x) is given, for example, within the Color Glass
Condensate (CGC) formalism [15], in terms of an infinite hierarchy of equations known as so called Balitsky-JIMWLK
equations [15, 16], which reduces in the mean field approximation to the Balitsky-Kovchegov (BK) equation [16, 17].
In recent years, several groups have studied the solution of the BK equation taking into account the running coupling
corrections to the evolution kernel. However, these analyses have assumed the translational invariance approximation,
which implies that NA(ρ, x, b) = NA(ρ, x)S(b) and σA

qq̄(ρ, x, b) = σ0 N (ρ, x), where N (ρ, x) is a partial dipole
amplitude on a nucleon, and σ0 is the normalization of the dipole cross section fitted to the data. Basically, they
disregard the impact parameter dependence. Unfortunately, the impact-parameter dependent numerical solutions of
the BK equation are very difficult to obtain [18]. Moreover, the choice of the impact-parameter profile of the dipole
amplitude entails intrinsically nonperturbative physics, which is beyond the QCD weak coupling approach of the BK
equation. In what follows, we explore an alternative path and employ the available phenomenological models, which
explicitly incorporate an expected b-dependence of the scattering amplitude.

B. Models for the dipole cross section

As in our previous studies [19–24], we work in the LCL limit and employ the model initially proposed in Ref. [25]
which includes the impact parameter dependence in the dipole-nucleus amplitude and describes the experimental
data on the nuclear structure function (for more details, see Ref. [19, 26]). In particular, this model enables us to
incorporate the shadowing effects via a simple eikonalization of the standard dipole-nucleon cross section σqq̄(ρ, x)
such that the forward dipole-nucleus amplitude in Eq. (6) is given by

NA(ρ, x, b) = 1− exp

(

−1

2
TA(b)σqq̄(ρ, x)

)

, (7)

where TA(b) is the nuclear profile (thickness) function, which is normalized to the mass number A and reads

TA(b) =

∫ ∞

−∞

ρA(b, z)dz . (8)

Here ρA(b, z) represents the nuclear density function defined at the impact parameter b and the longitudinal coordinate
z. In our calculations we used realistic parametrizations of ρA(b, z) from Ref. [27]. The eikonal formula (7) based
upon the Glauber-Gribov formalism [28] resums the multiple elastic rescattering diagrams of the qq̄ dipole in a nucleus
in the high-energy limit. The eikonalisation procedure is justified in the LCL regime where the transverse separation
ρ of partons in the multiparton Fock state of the photon is frozen during propagation through the nuclear matter and
becomes an eigenvalue of the scattering matrix.
For the numerical analysis of the nuclear DY observables, we need to specify a reliable parametrisation for the

dipole-proton cross section. In recent years, several groups have constructed a number of viable phenomenological
models based on saturation physics and fits to the HERA and RHIC data (see e.g. Refs. [29–41]).
As in our previous study of the DY process in pp collisions [12], in order to estimate theoretical uncertainty in our

analysis, in what follows, we consider several phenomenological models for the dipole cross section σqq̄ which take
into account the DGLAP evolution as well as the saturation effects.
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The first one is the model proposed in Ref. [38], where the dipole cross section is given by

σqq̄(ρ, x) = σ0

[

1− exp

(

− π2

σ0 Nc
ρ2 αs(µ

2)xg(x, µ2)

)]

, (9)

where Nc = 3 is the number of colors, αs(µ
2) is the strong coupling constant at µ scale, which is related to the dipole

size ρ as µ2 = C/ρ2 + µ2
0 with C, µ0 and σ0 parameters fitted to the HERA data. Moreover, in this model the gluon

density evolves according to DGLAP equation [42] accounting for gluon splittings only,

∂xg(x, µ2)

∂ lnµ2
=

αs(µ
2)

2π

∫ 1

x

dz Pgg(z)
x

z
g
(x

z
, µ2

)

, (10)

where the gluon density at initial scale µ2
0 is parametrized as [38]

xg(x, µ2
0) = Agx

−λg (1− x)5.6 . (11)

The set of best fit values of the model parameters reads: Ag = 1.2, λg = 0.28, µ2
0 = 0.52 GeV2, C = 0.26 and σ0 = 23

mb. In what follows we denote by BGBK the predictions for the DY observables obtained using Eq. (9) as an input
in calculations of the dipole-nucleus scattering amplitude.
The model proposed in Ref. [38] was generalised in Ref. [35] in order to take into account the impact parameter

dependence of the dipole-proton cross section and to describe the exclusive observables at HERA. In this model, the
corresponding dipole-proton cross section is given by

σqq̄(ρ, x) = 2

∫

d2bp

[

1− exp

(

− π2

2Nc
ρ2 αs(µ

2)xg(x, µ2)TG(bp)

)]

(12)

with the DGLAP evolution of the gluon distribution given by Eq. (10). The Gaussian impact parameter dependence
is given by TG(bp) = (1/2πBG) exp(−b2p/2BG), where BG is a free parameter extracted from the t-dependence of the
exclusive electron-proton (ep) data. The parameters of this model were updated in Ref. [40] by fitting to the recent
high precision HERA data [43] providing the following values: Ag = 2.373, λg = 0.052, µ2

0 = 1.428 GeV2, BG = 4.0
GeV2 and C = 4.0. Hereafter, we will denote as IP-SAT the resulting predictions obtained using Eq. (12) as an input
in calculations of NA, Eq. (7).
For comparison with the previous results existing in the literature, we also consider the Golec-Biernat-Wusthoff

(GBW) model [29] based upon a simplified saturated form

σqq̄(ρ, x) = σ0

(

1− e−
ρ2Q2

s(x)

4

)

(13)

with the saturation scale

Q2
s(x) = Q2

0

(x0

x

)λ

, (14)

where the model parameters Q2
0 = 1 GeV2, x0 = 4.01× 10−5, λ = 0.277 and σ0 = 29 mb were obtained from the fit

to the DIS data accounting for a contribution of the charm quark.
Finally, we also consider the running coupling solution of the BK equation for the partial dipole amplitude obtained

in the Ref. [44] using the GBWmodel as an initial condition such that σp
qq̄(ρ, x) = σ0 N p(ρ, x) where the normalisation

σ0 is fitted to the HERA data.

C. Gluon shadowing corrections

In the LHC energy range the eikonal formula for the LCL regime, Eq. (7), is not exact. Besides the lowest |qG∗〉
Fock state, where G∗ = γ∗/Z0, one should include also the higher Fock components containing gluons, e.g. |qG∗ g〉,
|qG∗ gg〉, etc. They cause an additional suppression known as the gluon shadowing (GS). Such high LHC energies
allow so to activate the coherence effects also for these gluon fluctuations, which are heavier and consequently have a
shorter coherence length than lowest Fock component |qG∗〉. The corresponding suppression factor RG, as the ratio
of the gluon densities in nuclei and nucleon, was derived in Ref. [45] using the Green function technique through the
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calculation of the inelastic correction ∆σtot(qq̄g) to the total cross section σγ∗ A
tot , related to the creation of a |qq̄ g〉

intermediate Fock state

RG(x,Q
2, b) ≡ xgA(x,Q

2, b)

A · xgp(x,Q2)
≈ 1− ∆σtot(qq̄g)

σγ∗A
tot

. (15)

GS corrections are included in calculations replacing σN
qq̄(ρ, x) → σN

qq̄(ρ, x)RG(x,Q
2, b). They lead to additional

nuclear suppression in production of DY pairs at small Bjorken x = x2 in the target. In Fig. 2 (left panel) we present
our results for the x dependence of the ratio RG(x,Q

2, b) for different vales of the impact parameter b. As expected,
the magnitude of the shadowing corrections decreases at large values of b. In the right panel we present our predictions
for the b-integrated nuclear ratio RG(x,Q

2) for different values of the hard scale Q2. This figure shows a not very
strong onset of GS, which was confirmed by the NLO global analyses of DIS data [46]. A weak Q2 dependence of GS
demonstrates that GS is a leading twist effect, with RG(x,Q

2) approaching unity only very slowly (logarithmically)
as Q2 → ∞.
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FIG. 2: (Color online) Left panel: The x-dependence of the ratio RG(x,Q
2, b) for different values of the impact parameter.

Right panel: The x-dependence of the b–integrated ratio RG(x,Q
2) for distinct values of the hard scale Q2.

D. Effective energy loss

The effective initial-state energy loss (ISI effects) is expected to suppress noticeably the nuclear cross section when
reaching the kinematical limits,

xL =
2pL√
s

→ 1 , xT =
2pT√
s

→ 1 .

Correspondingly, a proper variable which controls this effect is ξ =
√

x2
L + x2

T . The magnitude of suppression was
evaluated in Ref. [47]. It was found within the Glauber approximation that each interaction in the nucleus 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

qf (x,Q
2) ⇒ qAf (x,Q

2, b) = Cv qf (x,Q
2)

e−ξσeffTA(b) − e−σeffTA(b)

(1− ξ)(1 − e−σeffTA(b))
. (16)

Here, σeff = 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. [47]). 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).
In particular, such a suppression was indicated at midrapidity, y = 0, and at large pT by the PHENIX data [48] on
π0 production in central dAu collisions and on direct photon production in central AuAu collisions [49], where no
shadowing is expected since the corresponding Bjorken x = x2 in the target is large. Besides large pT -values, the
same mechanism of nuclear attenuation is effective also at forward rapidities (large Feynman xF ), where we expect a
much stronger onset of nuclear suppression as was demonstrated by the BRAHMS and STAR data [50]. In our case,
we predict that the ISI effects induce a significant suppression of the DY nuclear cross section at large dilepton pT ,
dilepton invariant mass and at forward rapidities as one can see in the next Section.
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III. RESULTS

In what follows, we present our predictions for the DY pair production cross section in the process pA → γ∗/Z0 → ll̄
obtained within the color dipole formalism and taking into account the medium effects discussed in the previous
Section. Following Ref. [29], we use the quark mass values to be mu = md = ms = 0.14 GeV, mc = 1.4 GeV and
mb = 4.5 GeV. Moreover, we take the factorisation scale µF defined above to be equal to the dilepton invariant
mass, Mll̄, and employ the CT10 NLO parametrisation for the projectile quark PDFs [51] (both sea and valence
quarks are included). As was demonstrated in Refs. [12, 52], there is a little sensitivity of DY predictions on PDF
parameterisation in pp collisions at high energies so we do not vary the projectile quark PDFs.
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FIG. 3: (Color online) The dipole model predictions for the DY nuclear cross sections at large dilepton invariant masses
compared to the recent experimental data from ATLAS and CMS experiments [53, 54] at c.m. collision energy

√
s = 5.02 TeV.

The predictions obtained for several parameterisations of the dipole cross section described in the text are shown in the top
panels while the effects of the gluon shadowing and the initial-state energy loss are demonstrated in the bottom panels.

In Fig. 3 we compare our predictions for the DY nuclear cross section with available LHC data [53, 54] for large
invariant dilepton masses, 60 < Mll̄ < 120 GeV, taking into account the saturation effects. In the top panels, we
test the predictions of various models for the dipole cross section comparing them with the experimental data for the
rapidity and transverse momentum distributions of the DY production cross sections in pA collisions. As was already
verified in Ref. [12] for DY production in pp collisions, the dipole approach works fairly well in description of the
current experimental data at high energies. In particular, the BGBK model provides a consistent prediction describing
the data on the rapidity distribution quite well in the full kinematical range. In the bottom panels of Fig. 3, we took
the BGBK model and considered the impact of gluon shadowing corrections as well as the initial-state effective energy
loss (ISI effects), Eq. (16). In the range of large dilepton invariant masses concerned, the gluon shadowing corrections
are rather small since the corresponding Bjorken x = x2 in the target becomes large. On the other hand, the ISI
effects significantly modify the behaviour of the rapidity distribution at large η > 2. Unfortunately, the current data
are not able at this moment to verify the predicted strong onset of ISI effects due to large error bars. In the case
of the transverse momentum distribution for large invariant masses and 0 ≤ η ≤ 2, the impact of both the gluon
shadowing and the ISI effects is negligible.
In order to quantify the impact of the nuclear effects, in what follows, we estimate the invariant mass, rapidity

and transverse momentum dependence of the nucleus-to-nucleon ratio of the DY production cross sections (nuclear
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FIG. 4: (Color online) The dilepton invariant mass dependence of the nucleus-to-nucleon ratio, RpA = σDY
pA /(A · σDY

pp ), of the
DY production cross sections for c.m. energy

√
s = 0.2 TeV corresponding to RHIC experiments.

modification factor), RpA = σDY
pA /(A·σDY

pp ), considering the DY process at RHIC (
√
s = 0.2 TeV) and LHC (

√
s = 5.02

TeV) energies. The color dipole predictions for the DY production cross section in pp collisions have been discussed in
detail in Ref. [12]. For consistency, the numerator and denominator of the nuclear modification factor are evaluated
within the same model for the dipole cross section as an input.
In Fig. 4 we present our predictions for the dilepton invariant mass dependence of the ratio RpA(Mll̄) at RHIC

considering both central and forward rapidities. In the top panels, we show that the dipole model predictions
are almost insensitive to the parameterisations used to treat the dipole-proton interactions. The magnitude of the
saturation effects decreases at large dilepton invariant masses and increases at forward rapidities. Such a behaviour
is expected, since at smaller Mll̄ and at larger η one probes smaller values of the Bjorken-x2 variable in the target. In
the bottom panels of Fig. 4, we present the predictions taking into account also the GS corrections and ISI effects. As
was mentioned above we predict a weak onset of GS corrections at central rapidities whereas GS leads to a significant
suppression in the forward region. Besides, as expected, the impact of GS effects decreases with Mll̄ due to rise of
the Bjorken x2-values. In contrast to that, the ISI effects become effective causing a strong nuclear suppression at
large Mll̄ and/or η. This behaviour is also well understood since large dilepton invariant masses and/or rapidities
correspond to large Feynman xF leading to a stronger onset of ISI effects as follows from Eq. (16). A similar behaviour
has been predicted for the LHC energy range as is shown in Fig. 5 where the impact of saturation and GS effects is
even more pronounced.
In Fig. 6 we present our predictions for rapidity dependence of the nucleus-to-nucleon ratio, RpA(η), of the DY

production cross sections at RHIC and LHC energies considering two ranges, (5 < Mll̄ < 25 GeV) and (60 < Mll̄ < 120
GeV), of dilepton invariant mass. We would like to emphasize that the onset of saturation effects reduces RpA(η) at
large rapidities and have a larger impact in the small invariant mass range. For large invariant masses, we predict
a reduction of ≈ 10% in the RpPb ratio at LHC energy. At RHIC energy we predict a weak onset of GS effects
even at large η > 3. In contrast to RHIC energy range, at the LHC the GS effects lead to a significant additional
suppression, modifying thus the ratio RpPb especially at small dilepton invariant masses and large rapidity values. On
the other hand, the onset of the ISI effects is rather strong for both RHIC and LHC kinematic regions, and becomes
even stronger at forward rapidities for both invariant mass ranges. This makes the phenomenological studies of the
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s = 5.02 TeV corresponding to LHC experiments.

rapidity dependence of RpA ideal for constraining such effects.
Fig. 7 shows our predictions for the transverse momentum dependence of the nuclear modification factor, RpA(pT ),

for the invariant mass range 5 < Mll̄ < 25 GeV at RHIC c.m. energy
√
s = 0.2 TeV and two distinct pseudorapidity

values η = 0 and η = 1. At large transverse momenta, the role of the saturation effects is negligibly small and can be
important only at small pT ≤ 2 GeV. Similarly, the GS effects are almost irrelevant at RHIC energies. However, Fig. 7
clearly demonstrates a strong onset of ISI effects causing a significant suppression at large pT , where no coherence
effects are expected. In accordance with Eq. (16) and in comparison with η = 0, we predict stronger ISI effects at
forward rapidities as is depicted in Fig. 7 for η = 1. Due to a significant elimination of coherence effects the study
of the DY process at large pT in pA collisions at RHIC is a very convenient tool for investigation of net ISI effects.
On the other hand, at LHC energies (see Fig. 8) the manifestation of the saturation and GS effects rises at forward
rapidities and becomes noticeable for pT ≤ 10 GeV. As was already mentioned for RHIC energies, the ISI effects cause
a significant attenuation at large transverse momenta and forward rapidities, although no substantial suppression is
expected in the DY process due to absence of the final state interaction, energy loss or absorption. For these reasons
a study of the ratio RpA(pT ) also at the LHC especially at large pT and at small invariant mass range is very effective
to constrain the ISI effects.
In order to reduce the contribution of coherence effects (gluon shadowing, CGC) in the LHC kinematic region one

should go to the range of large dilepton invariant masses as is shown in Fig. 9. Here we present our predictions for
the ratio RpPb(pT ) at the LHC c.m. collision energy

√
s = 5.02 TeV for the range 60 < Mll̄ < 120 GeV and several

values of η = 0, 2, 4. According to expectations we have found that the saturation and GS effects turn out to be
important only at small pT and large η. Such an elimination of coherence effects taking into account larger dilepton
invariant masses causes simultaneously a stronger onset of ISI effects as one can seen in Fig. 9 in comparison with
Fig. 8. For this reason, investigation of net ISI effects at large Mll̄ does not require such high pT - and rapidity values,
what allows to obtain the experimental data of higher statistics and consequently with smaller error bars. Fig. 9
demonstrates again a large nuclear suppression in the forward region (η = 4) over an extended range of the dilepton
transverse momenta. Consequently, such an analysis of the DY nuclear cross section at forward rapidities by e.g. the
LHCb Collaboration can be very useful to probe the ISI effects experimentally.
Finally, let us discuss the azimuthal correlation between the DY pair and a forward pion produced in pA collisions
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FIG. 6: (Color online) The pseudorapidity dependence of the nucleus-to-nucleon ratio, RpA(η), of the DY production cross
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taking into account the Z0 boson contribution in addition to the virtual photon as well as the saturation effects. As
was discussed earlier in Refs. [12, 13, 55], the dilepton-hadron correlations can serve as an efficient probe of the initial
state effects. Considering the G∗ = γ∗/Z0 boson as a trigger particle, the corresponding correlation function can be
written as

C(∆φ) =
2π

∫

pT ,ph
T>pcut

T

dpT pT dphT p
h
T

dσ(pA→hG∗X)

dY dyhd2pT d2ph
T

∫

pT>pcut
T

dpT pT
dσ(pA→G∗X)

dY d2pT

, (17)

where pcutT is the experimental low cut-off on transverse momenta of the resolved G∗ (or dilepton) and a hadron h,
∆φ is the angle between them. The differential cross sections entering the numerator and denominator of C(∆φ) have
been derived for pp collisions in Ref. [12] taking into account both the γ∗ and Z0 boson contributions and can now
be directly generalised for pA collisions by accounting the nuclear dependence of the saturation scale. We refer to
Ref. [12] for details of the differential cross sections. As in Ref. [13], in what follows we study the correlation function
C(∆φ) taking the unintegrated gluon distribution (UGDF) in the following form

F (xg, k
g
T ) =

1

πQ2
s,A(xg)

e−kg
T

2/Q2
s,A(xg) , (18)

where xg and kgT are the momentum fraction and transverse momentum of the target gluon, Qs,A
2(x) =

A1/3c(b)Q2
s,p(x) is the saturation scale and Q2

s,p(x) is given by Eq. (14). In numerical analysis, the CT10 NLO
parametrization [51] for the parton distributions and the Kniehl-Kramer-Potter (KKP) fragmentation function
Dh/f (zh, µ

2
F ) of a quark to a neutral pion [56] have been used. Moreover, we assume that the minimal transverse

momentum (pcutT ) of the gauge boson G∗ and the pion h = π in Eq. (17) are the same and equal to 1.5 and 3.0 GeV
for RHIC and LHC energies, respectively. As in our previous study [12], we assume that the factorisation scale is
given by the dilepton invariant mass, i.e. µF = Mll̄.
Considering our results for pp collisions [12], we have that the increasing of the saturation scale at large rapidities

implies a larger value for the transverse momentum carried by the low-x gluons in the target which generates the
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FIG. 7: (Color online) The transverse momentum dependence of the nucleus-to-nucleon ratio of the DY production cross
sections, RpA(pT ), for the dilepton invariant mass range 5 < Mll̄ < 25 GeV at

√
s = 0.2 TeV and η = 0, 1.

decorrelation between the back-to-back jets. In the case of pA collisions, the magnitude of the saturation scale is
amplified by the factor A

1
3 . Consequently, we should also expect the presence a double-peak structure of C(∆φ) in the

away side dilepton-pion angular correlation in pA collisions. This expectation is verified in our predictions presented
in Fig. 10, where we show our predictions for the correlation function C(∆φ) of the associated DY pair and pion in
pA collisions at LHC energies and different values of the atomic mass number. We have that larger values of A implies
the smearing of the the back-to-back scattering pattern and suppress the away-side peak in the ∆φ distribution. Our
predictions for the RHIC and LHC kinematical regions are presented in Fig. 11, which agree with the results for
small invariant masses presented in Refs. [12, 13]. In variance with our results for pp collisions [12], we also predict
a double-peak structure for large invariant masses. This new result is directly associated with the larger value of
the saturation scale present in pA collisions and to the fact that the typical momentum transverse of the produced
particles is smaller in pA collisions at

√
s = 5.02 TeV than for pp collisions at

√
s = 14 TeV. As a consequence, the

effect of the transverse momentum of the exchanged gluon is larger, implying the imbalance of the back-to-back jets
also for large invariant masses in pA collisions, generating thus the double-peak structure observed in Fig. 11.

IV. SUMMARY

In this paper, we carried out an extensive phenomenological analysis of the inclusive DY γ∗/Z0 → ll̄ process in pA
collisions within the color dipole approach. At large dilepton invariant masses the Z0 contribution becomes relevant.
The corresponding predictions for the dilepton invariant mass and transverse momentum differential distributions
have been compared with available data at the LHC and a reasonable agreement was found. The invariant mass,
rapidity and transverse momentum dependencies of the nucleus-to-nucleon ratio of production cross sections, RpA =
σDY
pA /(A · σDY

pp ), were estimated taking into account such nuclear effects as the saturation, gluon shadowing GS and

initial state energy loss effects (ISI effects).
In comparison with other processes with inclusive particle production, the DY reaction is very effective tool for

study of nuclear effects since no final state interaction is expected, either the energy loss or absorption. For this
reason the DY process represents a cleaner probe for the medium created not only in pA interactions but also in
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FIG. 8: (Color online) The transverse momentum dependence of the nucleus-to-nucleon ratio of the DY production cross
sections, RpA(pT ), for the dilepton invariant mass range 5 < Mll̄ < 25 GeV at

√
s = 5.02 TeV and η = 0, 2, 4.

heavy ion collisions. Our results demonstrate that the analysis of the DY process off nuclei in different kinematic
regions allows us to investigate the magnitude of particular nuclear effects. We found that both GS and ISI effects
cause a significant suppression in DY production. Whereas GS effects dominate at small Bjorken-x in the target the
ISI effects (in accordance with Eq. (16)) become effective at large transverse momenta pT and invariant masses Mll̄

of dilepton pairs as well as at large Feynman xF (forward rapidities). Consequently, at forward rapidities in some
kinematic regions at the LHC one can investigate only a mixing of both effects even at large pT - values. However, in
contrast to other inclusive processes, the advantage of the DY reaction arises in elimination of the GS-ISI mixing by
elimination of coherence effects going to larger values of the dilepton invariant mass. Then an investigation of nuclear
suppression at large pT represents a clear manifestation of net ISI effects even at forward rapidities as is demonstrated
in Fig. 9. Such a study of nuclear suppression at large dilepton invariant masses, transverse momenta and rapidities
especially at the LHC energy favours the DY process as an effective tool for investigation of net ISI effects.
Besides, we have analysed the correlation function C(∆φ) in azimuthal angle ∆φ between the produced dilepton

and a forward pion, which results by a fragmentation from a projectile quark radiating the virtual gauge boson. The
corresponding observable has been studied at various energies in pA collisions in both the low and high dilepton
invariant mass ranges as well as at different rapidities of final states. We found a characteristic double-peak structure
of the correlation function around ∆φ ≃ π at various dilepton mass values and for a very forward pion. The considering
observable is more exclusive than the ordinary DY process. Such a measurement at different energies at RHIC and
LHC is therefore capable of setting further even stronger constraints on saturation physics.
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(GAČR) and by the Grant MŠMT LG15001. J.N. is supported by the Slovak Research and Development Agency



13

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2

p + Pb @
√

s = 5.02 TeV 60 GeV < Mll < 120 GeV

η = 0 η = 2 η = 4

p + Pb @
√

s = 5.02 TeV 60 GeV < Mll < 120 GeV

η = 0 η = 2 η = 4

p + Pb @
√

s = 5.02 TeV 60 GeV < Mll < 120 GeV

η = 0 η = 2 η = 4

0.2

0.4

0.6

0.8

1.0

100 101 102

p + Pb @
√

s = 5.02 TeV 60 GeV < Mll < 120 GeV

η = 0 η = 2 η = 4

100 101 102

p + Pb @
√

s = 5.02 TeV 60 GeV < Mll < 120 GeV

η = 0 η = 2 η = 4

100 101

p + Pb @
√

s = 5.02 TeV 60 GeV < Mll < 120 GeV

η = 0 η = 2 η = 4
R

p
A
(p

T
)

GBW
BGBK
IP-Sat

rcBK(GBW)

GBW
BGBK
IP-Sat

rcBK(GBW)

GBW
BGBK
IP-Sat

rcBK(GBW)

R
p
A
(p

T
)

pT (GeV)

BGBK
BGBK+GS
BGBK+ISI

BGBK+GS+ISI

pT (GeV)

BGBK
BGBK+GS
BGBK+ISI

BGBK+GS+ISI

pT (GeV)

BGBK
BGBK+GS
BGBK+ISI

BGBK+GS+ISI

FIG. 9: (Color online) The transverse momentum dependence of the nucleus-to-nucleon ratio of the DY production cross
sections, RpA(pT ), for the dilepton invariant mass range 60 < Mll̄ < 120 GeV at

√
s = 5.02 TeV and η = 0, 2, 4.

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

π

2
π 3π

2

C
(∆

φ
)

∆φ

Y = yπ = 4.0

pT , p
π
T
> 3.0 GeV

M = 4 GeV

µF = M√
s = 5.02 TeV

A = 16
A = 40
A = 100
A = 208

FIG. 10: (Color online) The correlation function C(∆φ) for the associated DY pair and pion production in pA collisions at the
LHC (

√
s = 5.02 TeV) for different mass numbers A.

APVV-0050-11 and by the Slovak Funding Agency, Grant 2/0020/14.

[1] C.A. Salgado et al., J. Phys. G39, 015010 (2012).
[2] J.C. Peng and J.W. Qiu, Prog. Part. Nucl. Phys. 76, 43 (2014).
[3] B.Z. Kopeliovich, in Proceedings of the international workshop XXIII on Gross Properties of Nuclei and Nuclear Excitations,
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