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Title:
Study of nuclear effects in hadron-nucleus interactions and in heavy-ion col-

lisions

Abstract:

We study various nuclear effects occurring in proton-nucleus interactions and heavy-ion
collisions. For calculations of the nucleus-to-nucleon ratio, nuclear modification factor
(Rya), we employ two different models in order to test theoretical uncertainties. Several
different phenomena mainly contribute to a modification of R,4 and should be taken into
account; the Cronin effect, the effects of quantum coherence (gluon shadowing - GS),
and effects based on multiple parton rescatterings during propagation through nuclear
medium before a hard collision (initial state interaction - ISI effects). The model based on
kp-factorization was devoted mainly for investigation of modification of R, 4 in production
of hadrons and direct photons. Besides, the color dipole approach was used for study of
nuclear effects in production of Drell-Yan (DY) pairs and direct photons since allows to
include naturally GS and the Cronin effect. It was found that the Cronin effect leads to
a nuclear enhancement at medium values of transverse momenta pr in the energy range
from the FNAL fix-target up to collider LHC experiments. Its magnitude decreases with
energy in accordance with data due to a rise of gluon contribution to production cross-
section with larger mean transverse momenta. At small Bjorken x in the target the
gluon shadowing leads to a strong nuclear suppression especially in the LHC kinematic
region and at forward rapidities. Whereas in the model based on the kp-factorization the
magnitude of GS depends on parameterizations of nuclear parton distribution functions
(nuclear PDFs), the color dipole approach allows to independent calculation of this effect.
This leads to rather large uncertainties in predictions of nuclear shadowing not only within
models under consideration, but also within the same model based on the kp-factorization
using different parameterizations of PDFs. It was investigated that ISI effects lead to a
strong suppression at large pr and forward rapidities. The QCD factorization is broken
due to the correlation between projectile and the target. The ISI effects are universal for
all known reactions at different energies and, consequently, can be mixed with coherence
effects. In order to eliminate the mixing between coherence and ISI effects one should go to
small energies corresponding to fix-target experiments, to large pp-values at RHIC and /or
to large invariant masses of DY pairs. For investigation of nuclear effects in dilepton
production we used for the first time the Green function formalism, which naturally

includes effects of quantum coherence and formation of colorless system in a nuclear

vil



medium. The corresponding predictions for R,4 as function of pr and Bjorken x can be
tested in the future by experiments at RHIC, LHC and planned electron-ion collider or
AFTERQLHC.
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Nazev prdce:
Studium jadernych efektti v hadron-jadernych interakcich a srazkach té&zkych

iontd

Abstrakt:

Predmétem této disertacni prace je studium jadernych efektii v proton-jadernych a jadro-
jadernych srazkach, v niz jsme se zamérili hlavné na efekty kvantové koherence (jaderné
stinéni), Croninuv efekt a efekt zalozeny na vicendsobnych rozptylech partonu pii pri-
chodu jadernym médiem pted samotnou tvrdou srazkou, tzv. ISI efekt. Tyto efekty
jsou studované pomoci jaderného modifika¢niho faktoru (R,4), ktery pocitame ve dvou
riiznych modelech. Model zalozeny na QCD kp-faktorizaci je pouzivan hlavné pro studium
produkce hadroni a pifimych fotoni. Na druhou stranu, model priblizeni barevného
dipolu byl pouzit pro vypocet Drell-Yanova (DY) procesu a produkei p¥imych fotoni.
Vyhodou tohoto modelu je, ze efekty jako je Croninuv efekt nebo efekty kvantové ko-
herence jsou prirozenou soucasti tohoto formalismu. Croniniv efekt vede k nadmérné
produkei ¢astic v oblasti stiednich pFi¢nych hybnosti (pr) pro energie sahajici od exper-
imentu ve FNAL po experimenty na urychlovac¢i LHC. Bylo ukazano, ze velikost Croni-
nova efektu klesa s rostouci energii v souhlasu s experimentalnimi daty diky rostoucimu
prispévku gluont ke stifedni pii¢né hybnosti partonu. V oblasti malych Bjorkenovskych
r dominuji efekty kvantové koherence, které vedou k potlaceni jaderného modifika¢niho
faktoru zvlasté pti energiich dosahovanych na LHC nebo pti dopiednych rapiditach. Ve-
likost jaderného stinéni v kp-faktorizaénim modelu zavisi na parametrizaci jadernych
partonovych distribu¢nich funkei (jadernych PDF), zatimco model pfiblizeni barevného
dip6lu umoznuje spocitat efekty stinéni nezavisle. To vede k velkym neurcitostem v pied-
povédich jaderného stinéni nejenom mezi obéma modely, ale i v raAmci kp-faktorizaéniho
modelu pfi pouziti riznych jadernych PDF. Jiz diive bylo ukizano, ze ISI efekt vede k
silnému potlaceni pii vysokych pr a doprednych rapiditach. Tento efekt vede i k naruseni
QCD faktorizace kvuli korelaci mezi nalétavajici a ter¢ovou c¢astici. Tento efekt je uni-
verzalni pro vSechny zndmé reakce pfi ruznych energiich a proto muze byt zaménén s
efekty kvantové koherence. Aby se této zameéné piedeslo, je potfeba studovat tento efekt
pii nizkych energiich odpovidajicich experimentim s pevnym ter¢ikem, velkych hod-
notach pr nebo velkych invariantnich hmotach DY paru. Pii studiu jadernych efektu
pro Drell-Yaniv process byl také po prvé pouzit formalismus Greenovych funkci, které
prirozené obsahuji efekty kvantové koherence a efekty absorpce v jaderném meédiu. Pub-

likované predpovédi pro R,4 jako funkce pr nebo Bjérkenovského 2 mohou byt ovéreny

X



pomoci experimenti na urychlova¢ich RHIC a LHC nebo na planovaném experimentu
AFTERQ@LHC nebo urychlovaci EIC.
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Chapter 1
Introduction

During the last 40 years, the various aspects of the strong interaction occurring in pro-
cesses on nuclear target were studied by physicists. This allowed to obtain supplementary
information about nuclear effects which were not observed in hadronic collisions or deep
inelastic scattering (DIS). Interactions on nuclear targets at higher energies allow to study
gluons that are generally less understood. Especially in small-z region, the non-linear
dynamics and saturation phenomena of gluons can be investigated. This can lead to
a deeper understanding of strong interactions and its manifestations from the point of
view of confinement or hadron masses that are much larger than a sum of their valence
quarks. In the case of heavy-ion collisions (HICs), the main attention is dedicated to the
discovery and study of phenomena connected with the creation 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 asymptotically free in the medium.

In order to specify the magnitude of nuclear effects one should provide measurements
of nucleus-to-nucleon ratio of production cross-sections, the so-called nuclear modification
factor, R,4. The nuclear effects can lead either to a nuclear suppression, R,4 < 1, or to
an enhancement, R,4 > 1.

Basically, nuclear effects can be divided into initial and final state effects depending on
whether they occur before or after the hard scattering. Multiple interactions of projectile
partons in a medium can lead to effects of quantum coherence which are controlled by
the time scale, called the coherence time (length, [.). In the case of the Drell-Yan process

the coherence length can be approximately expressed as follows,

1
l. ~ , 1.1
2mnyTo (1.1)

where my is the nucleon mass and x5 is the Bjorken x of the target. The coherence length
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follows from the quantum mechanical relation of uncertainty and can be interpreted as
the lifetime of the coherent state. The effects of quantum coherence are usually related
to initial state effects. After the hard scattering as a result of the hadronization process
a colorless state is created and propagates then through the medium up to formation
of the final hadron. This happens during the time scale, which is called the formation
time or length. Interactions of the colorless system during this stage lead to the nuclear
absorption, which is treated as the final state effect.

We will analyze the initial state effects in proton-nucleus and nucleus-nucleus collisions
taking into account processes where the final state effects are not expected. We will
concentrate mainly on theoretical description of such effects as is nuclear shadowing, the
Cronin effect and initial state interaction (ISI) effects, since we expect that they give the
main contribution to observed nuclear suppression and/or enhancement. The physical
interpretation of each effect under consideration is provided within two different models,
which are related to different reference frames, infinite momentum frame and target rest
frame.

One of the most interesting effect, but suffers from high uncertainties, is the nuclear
shadowing. The onset of nuclear shadowing is controlled by the coherence length, and
the maximal suppression occurs when [, > R4, where R, is the nuclear radius. This
condition corresponds to rather small Bjorken x5 < 0.01. Treating the infinite momentum
frame, this effect can be seen as a modification of parton distribution functions (nuclear
PDFs). Alternatively, the shadowing can be also explained in terms of the color glass
condensate (CGC) [I] that is based on the idea of gluon fusion in the Lorentz contracted
nucleus. The interpretation of the same phenomenon in the target rest frame corresponds
to the shadowing by surface nucleons of the nucleus similar to the Landau-Pomeranchuk-
Migdal (LPM) effect [213] in quantum electrodynamics (QED).

The Cronin effect manifests itself at medium large pr and leads to an enhancement,
R,4 > 1, which is observed in nuclear collisions at various energies form the fix-target
FNAL to collider RHIC and LHC experiments. Generally, this effect can be understood
as a broadening of the parton mean transverse momentum during its propagation through
the medium treating different mechanisms depending on the reference frame.

The next phenomenon studied in this work is connected with the initial state inter-
action (ISI) effects [4] and can be interpretted as an effective energy loss due to multiple
rescatterings of initial-state projectile partons in the medium before a hard collision. This
effect aspirates to explain the observed suppressions at high transverse momenta and/or

at forward rapidities also in the kinematic regions where another source of suppression -



the coherence effects (shadowing or CGC) are not effective. ISI effects are universal for
all known reactions at different energies leading to the breakdown of the QCD factoriza-
tion [4].

In this work we investigated first all the nuclear effects mentioned above in production
of hadrons and direct photons using the model based on the kp-factorization. Model
predictions can be thus compared with experimental data available for a wide range of
energies. We found a good agreement with data and analyzed the onset of each effect in
different kinematic regions. As the next step we studied for the first time manifestations
of the Cronin effect, effects of quantum coherence and ISI effects considering the Drell-Yan
process. Although the DY reaction has been already studied in [5/6] including the Cronin
effect and shadowing, we present here for the first the comprehensive study including also
in addition IST effects and treating the onset of coherence effects sophistically using the
rigorous Green function formalism.

A key feature of the Drell-Yan process is the absence of final state interactions and
a corresponding fragmentation, which is associated with an energy loss or absorption
phenomena. For this reason the DY process can be considered as a very effective tool for
the study of IST effects [T].

The investigation of ISI effects, especially at LHC, can be very difficult and com-
plicated. For example, the onset of these effects in hadron production 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 case the ISI effects will be
mixed with effects of quantum coherence. For this reason, we present for the first time
predictions for nuclear modification factor in the DY process where the contribution of
ZY boson to the production cross section allows to achieve large invariant mass of dilep-
tons. In comparison with other processes, this is the main advantage of the DY reaction
leading to an elimination of coherence effects going to large invariant dilepton masses.
In this case one does not need to treat extremely large pr-values what allows to keep a
reasonable high experimental statistics.

At the LHC energies, the long coherence length (LCL) limit, [, > R4, can be safely
used. However, at lower energies corresponds to RHIC one should be careful and check
the applicability of the LCL limit. Therefore, in this work we treat the rigorous Green
function formalism that includes coherence effects naturally. Predictions for nuclear mod-
ification factor in the DY process incorporate all effects mentioned above. Moreover, the
mastering of the Green function framework also allows to independent and more accu-

rate calculation of not only the gluon shadowing but also final state absorption which is
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important in other processes during formation of colorless system in a medium created
after heavy-ion collisions.

This work is organized as follows. In Chapter 2l the overview of nuclear effects
observed in experiments is presented. Moreover, the significance for different final states
such as Drell-Yan process, production of direct photons and hadrons is commented and
the physical origins of each effect are outlined. Chapter [ is devoted to the basics of the
QCD based kp-factorization model and to its transition to the nuclear target. Chapter
deals with the description of the color dipole framework, especially for proton-nucleus
collisions using the Green function technique and its limits. Chapter [l highlights all
individual results in all publications which are part of this work in the Appendix [C| and
summarizes the comparison of both models. Finally, Chapter [l contains conclusions of

this work.



Chapter 2
Nuclear effects

High energy hadronic collisions or deep inelastic scattering are very well understood
experimentally as well as theoretically through the quantum chromodynamics (QCD).
At the end of seventies, experimental physicists focused on proton-nucleus collisions and
later on electron-nucleus (nuclear DIS) interactions. In interactions with so complex
and so sophisticated object as is a nucleus, we can expect and study new effects that
appear from the number of bounded nucleons that interact strongly with each other.
All these effects that arise in proton-nucleus interaction compared to A-times proton-
proton collision (corresponding to a nucleus with A non-interacting nucleons) may be
called nuclear effects. Note that the term nuclear effects generally represents all effects
on nuclear target including effects of hot and dense medium. Nevertheless, within this
work under the term nuclear effects only the initial state effects are considered.

Next, nuclear effects can be divided according to their coherent or non-coherent origin.
The dynamics of coherence effects is controlled by the coherence length [. that represents
the lifetime of coherence state. The coherence length can be expresses from the quantum
mechanical principle of uncertainty approximately as (LIl). The longer the coherence
length is the stronger coherence effects are. Coherence effects are strongest for [. > R4,
where R, is the nuclear radius. For more details see Chapter .3.1.1l Typical coherence
effects are nuclear shadowing or saturation and non-coherent effects are Fermi motion or
IST effects.

One of the most straightforward way how to quantize these effects is the so-called
nuclear modification factor defined as nucleus-to-nucleon ratio

doPA

RpA - A - dopr’

(2.1)

where A is the number of nucleons in nucleus, and P4 and ¢PP are cross-sections on
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nuclear and proton target. In the case, when measurements on proton target are not
available, nuclear effects can be measured e.g. through the forward-backward ratio (ratio
of o4 at forward and backward rapidities)

_ do(+y)
dorA(—y])”

or central-to-peripheral ratio (ratio of 0?4 in central collisions and peripheral collisions)

Rrp (2.2)

A
do® | central

Rep = (2.3)

doPA | peripheral
or another variables specific for jets, photons, etc. Rrpp and Rcp measure just relative size
of nuclear effects in contrast to nuclear modification factor where the absolute magnitude
of nuclear effects is measured.

Based on experimental results, especially on nuclear DIS, there is a general agreement
on the main division of nuclear effects as a function of Bjorken variable, a parton momen-
tum fraction of the nucleus, zs(zp;). In accordance with [8HI2] and references therein

four distinct regions can be recognized:

e Suppression from shadowing, saturation and IST effects, x5 < 0.01 ~ 0.1: a region of
possibly strong suppression. It can be understood through the multiple scattering
in the nuclear rest frame, or parton fusion in the infinite momentum frame.

e Enhancement, 0.1 < x5 < 0.3: a region of the enhancement, sometimes called as
Cronin peak or Cronin effect.

e EMC effect, 0.3 < x5 < 0.8: a region of the suppression, named after the experi-
ment (European Muon Collaboration) where this suppression was measured for the
first time [I3]. There is no agreement on the source of this effect. Usually, this
suppressions is explained by the nuclear binding effects, pion exchange, etc.

e Fermi motion effect, x5 > 0.8: a region of possible large enhancement. The idea is
that for the parton with most of the momentum the quasi-free Fermi motion of the

nucleon inside the nucleus becomes important.

All four regions are demonstrated in Fig. 2] from [12]. In this work, the EMC effect and
Fermi motion are not taken in consideration.

Experiments measuring the deep inelastic scattering on nuclei are the primary source
of data for nuclear effects, especially for nuclear PDFs where the kinematics in comparison
with proton-nucleus interactions is much more clear. The main variable that is measured
is a nuclear ratio of nuclear and proton structure functions F5 defined as
_E 5 (7, Q°)

AFN (vpj, Q%)

R4 (w5, Q%) (2.4)
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Figure 2.1: An illustration of the expected behavior of the nuclear modifi-

cation factor where £ = x9. The figure is taken from [12].

where 2:; and Q? are standard variables in DIS. If one considers a DIS process, as is in
Fig. 22
I(k) + p(P) — U(K) + X(P'),

where k, k', P, P’ are four-momentum then

g=k—k, Tpj = , Q*=—¢*>0. (2.5)

Figure 2.2: An illustration of the deep inelastic scattering.

The main contributions on nuclear DIS are from BCDMS collaboration (experiment
NA-4) [1415], EMC (experiment NA-28) [I3,I6HI8] NMC (experiment NA-37) [19-H25]
or experiment E665 [26,27]. It does not include potential effects caused by interaction
strongly interacting projectile such as initial state interaction effects that will be discussed
in more details later. Although, the projects on future nuclear DIS are on the rise
especially the electron-ion collider (EIC) [28] that will be located in Thomas Jefferson
National Accelerator Facility (JLab) or Brookheaven National Laboratory (BNL), both
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in the USA. This collider will focus primary on the spin and three-dimensional structure

of the nucleon and the physics of high gluon densities (sometimes referred to as small-z

physics).
S ® 200 GeV Au+Au Direct Photon
& O 200 GeV Au+Au 1
o
© 1.5
/\ +
l_
s A+l lop & 4
IR frotod g
o f -
0.5 5
i O O
O:_....I....I....I....I....I....I....I...
0 50 100 150 200 250 300 350
N
part

Figure 2.3: Nuclear modification factor at /s = 200 GeV for Au + Au
collisions for direct photons and 7¥ as function of the number

of participants [29].

Next to the nuclear DIS, nuclear effects can be studied through various final states
in proton-nucleus and nucleus-nucleus collisions. In this work, we focused on hadrons
(charged hadrons, pions, kaons, protons - no vector mesons or heavy baryons), direct
photons, Drell-Yan processes and some comments will be related to jets. Hadrons serve
as main probes for nuclear effects in p+ A and A+ A interactions and probes for nuclear
effects and hot and dense nuclear matter effects together in heavy-ion collisions. On the
other hand, direct photons and Drell-Yan process represent electromagnetic probes for
nuclear effects where no fragmentation, no absorption, no energy loss in nucleus-nucleus
collisions is expected. Theoretically, both can be an ideal tool to study nuclear effects
even in heavy-ion collisions. For example, in the region of medium py > 6 GeV/c where
nuclear effects are not expected, all suppression/enhancements are effects of hot and dense
nuclear matter as is demonstrated in Fig.[2.3]as a function of centrality in comparison with
suppressed neutral pions [29]. Similar situation is presented also in Fig. 2.4 [30] where all
mesons are suppressed in Au + Awu collisions due to strong interaction in the medium in
contrast to electromagnetically interacting direct photons which do not interact with hot

and dense nuclear matter. Moreover, the variability of measured mass of DY pair allows
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to reach various kinematical regions where effects of quantum coherence or ISI effects are
dominant only even at small pp.

Most of effects discussed in this chapter occur in heavy-ion collisions as well as in
proton-nucleus interactions or nuclear DIS. However, mainly experimental results and
theoretical works for proton-nucleus case are discussed. Moreover, EMC and Fermi mo-
tion effects will be omitted due to difficulty to reach kinematical regions at LHC and
RHIC where these effects dominate.

5t2.4 L PHENIX Au+Au, \/s,, =200 GeV, 0-10% most central
o 2.2 bdirecty 0-5% cent (arXivi1205.5759) ¥ JAp 0-20% cent. (PRL98, 232301)

o[ #x° (PRL10T, 232301) # © 0-20% cent. (PRC84, 044902)
L i (PRC82, 011902) & e:,- (PRC84, 044905)
1.8~ #¢ (PRC83, 024090) { K" (PRC83, 064903)
1.66 # p (PRC83, 064903)

1.4
1.2
1
0.8
0.6
0.4
0.2

".I
"
oé l "

« -1

2 4 6 8 10 12 14 16

'. ...,;,.I:J.[:].f}!q”:’.[:, .{].[}1.‘{’....[{, ....... + ....... % .....................

18 20
pT(GeV/c)

Figure 2.4: Nuclear modification factor at v/s = 200 GeV for Au+ Au col-
lisions as function of pp for direct photons and various hadrons
for central data 0-10% [30].

For more detail on nuclear effects see reviews [10,[I1] and references therein.

2.1 Cronin effect

Antishadowing or Cronin effect is one of the first discovered nuclear effects in exper-
imental data in 1974 [31]. Cronin at al. in FNAL proton area measured production
of hadrons (7, K*,p,p,d, d) in proton-nucleus (Beryllium, Platinum and Tungsten tar-
gets) collisions at incident proton energies of 200, 300, and 400 GeV. It was found that

the cross-sections for hadron production scaled with a power of the atomic number A,
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E ds”((ié’;’A) =F dagﬂ;’l)Aa(pT), as function of transverse momentum and is larger than one
for medium pr = 2+6 GeV/c. This effect is more clear if the nuclear modification factor
is introduced, Rw/pe(pr), as in [32]. Then, one can see the absolute magnitude of the
Cronin peak that decreases with CMS energy.

Generally, this effect is understood in the framework of higher twist effects or, intu-
itively, it comes from multiple rescatterings - gluon exchanges of parton before the hard
scattering that leads to the nuclear broadening of the pr-spectra [I1]. Namely within
the infinite momentum frame based models, the Cronin effects can be interpreted as the
modification of parton distribution function in the nucleus, see Chapter B.4.3] and as
soft hadronic rescatterings where each rescattering contribute to the intrinsic momentum
broadening [33], see Chapter B.4.2]

Within the target rest frame, the mechanism leading to the Cronin effect depends
on the coherence length. In the region of short coherence length that corresponds to the
idea that the fluctuation is created deep inside the nucleus, the incoming projectile parton
participates in multiple soft interactions that do not lead to the production of particles,
but modify the mean transverse momentum [34]. On the other side, in the regime of long
coherence length the fluctuation is created long before the nucleus and interacts with
the nucleus coherently and, therefore, cannot interact with each nucleons individually.
Nevertheless, the interaction of projectile fluctuation with the nucleus also depends on
the size of the fluctuation or intrinsic transverse momentum of the fluctuation, respec-
tively. The harder the fluctuation (the larger the relative intrinsic transverse momentum)
between the quark and dilepton is, the stronger is the kick from the target required for
the loss of coherence. Large fluctuations have high probability to lose the coherence on
the surface of the nucleus which leads to the shadowing at small p; described below.
Small fluctuations, corresponding to high intrinsic transverse momentum, are subject to
multiple interactions leading to the larger transverse momentum of the nucleus than a
nucleon target, and, hence, is able to disrupt the coherence of the fluctuation. This leads
to the enhancement in the cross-section for medium pp. For high pr just single high-
pr interaction dominates and eliminates the enhancement by multiple scattering. This
phenomena is called the color filtering [51[35].

Besides FNAL fix-target experiments, the Cronin effect was measured also at high
energies at RHIC and LHC colliders. For example, in Fig. 2.5, there is the nuclear
modification factor Rga, as function of pr for different centralities from PHENIX exper-
iment [36]. For pions and kaons one can see the Cronin enhancement with approximate

magnitude of 1.2, but for protons an excessive enhancement is observed. This excessive
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enhancement is referred to as baryon anomaly [37] first observed in Au + Au collisions in
PHENIX experiment at RHIC [38,39].

ok I
F d+Au |5, =200 GeV | :
15F o mew '
L& KK
= ptp
o 1

RdA
-
T

RdA

Figure 2.5: Nuclear modification factor Rg4, as function of pp for different

centralities from PHENIX experiment [36].

Baryon anomaly poses a challenge for theoretical physicists because nuclear effects
(in the sense of initial state effects) are generally considered as final-state-independent
effects. Although, there are some papers that try to explain this anomaly as quark
recombination [40,4T] or within the hydrodynamics with CGC and jet quenching [42].
All these works explain this anomaly just in heavy-ion context, not for proton-nucleus
interactions where the baryon anomaly was also measured later.

At LHC, e.g. in Fig. [43], one can see that Cronin peak at LHC can be seen in
nuclear modification factor for protons within the baryon anomaly. For light mesons and
charged hadrons within the statistic and systematic errors one cannot make conclusion
about Cronin peak which can be very small.

Moreover, at LHC kinematics nuclear effects do not apply x5 distribution as is men-
tioned above where enhancement is expected for 0.1 < x5 < 0.3. For example, at CMS
energy /s = 5020 GeV the value x5 = 0.2 corresponds to pr ~ 500 GeV /c. If the Cronin
effect from different CMS energies is compared, one can conclude that the Cronin peak
is still placed between 1 and 6 GeV/c of transverse momentum.

Experimentally, it is very difficult to measure direct photons at low transverse mo-

mentum py because of many thermal a fragmentation photons which are complicated to
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ALICE NSD p-Pb |5, = 5.02 TeV
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Figure 2.6: Nuclear modification factor R,p; as function of pr from ALICE
experiment [43].

recognize. Therefore, no data exists on nuclear shadowing and Cronin peak for RHIC
energies and higher. Typically at RHIC, experimental physicists take direct photons with
cut pr > 6 GeV/c, shortly behind the expected Cronin peak.

For the Drell-Yan process data exist just for FNAL fix-target experiments on p + A
interactions, e.g. [27,44]. At RHIC the Drell-Yan process is not yet measured. At LHC

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

2.2 Nuclear shadowing

Nuclear shadowing represents a suppression emerging in region xs < 0.1 where sea quarks
and gluons dominate in parton distributions. One can make some conclusions from
experimental data for nuclear DIS (experiments NA4, NA28, NA37 and E665 mentioned

above):

1. shadowing increases with decreasing x5 [26],
2. shadowing decreases with increasing Q* [24],

3. shadowing increases with the mass number of the nucleus A [23].



2.3. SUPPRESSIONS AT HIGH Pr AND FORWARD RAPIDITIES. 13

Moreover, experimental data from RHIC [36,[45-H47] and LHC [48] indicate an increase of
the shadowing towards most central collisions.

In the infinite momentum frame, nuclear shadowing is interpreted [49] in terms of
gluon fusion. Considering moving to very small x5 and Lorentz contraction in the longi-
tudinal direction in high energy collisions, gluon clouds of surrounding nucleons start to
overlap in the transverse plane and the gluon density increases. At certain energy, called
saturation scale, the probability of gluon fusion (qg — ¢, gg — ¢) is more probable than
the radiation of other gluons and, effectively, the number of gluons decreases and thus
the cross-section is suppressed. This principle is described e.g. in the model of the color
glass condensate (CGC) [I]. The suppression from the gluon fusion is not taken into
the calculation in this work. Nuclear shadowing will be implemented in form of nuclear
PDFs, Chapter

Nuclear shadowing from the perspective of the target rest frame has more intuitive
interpretation. In the regime, where the coherence length is greater than nuclear radius,
the fluctuation is created long before the nucleus, and the hard interaction with surface
nucleons occurs. Then the fluctuation is disrupted and the color field has to be recreated.
During the color field recreation, which finishes behind the nucleus, the fluctuation cannot
interact with the inner nucleons - inner nucleons are shadowed by the surface nucleons.
This phenomenon is the analogy of the Landau-Pomeranchuk-Migdal effect [2l3] known
from the quantum electrodynamics (QED). More details can be found in Chapter 3111

In the case of proton-nucleus collisions, nuclear shadowing is dominantly studied
through hadrons. It was measured at RHIC, Fig. R3] as well as at LHC, Fig. In
Fig. one can see that the suppression at small pr increases with centrality.

The same lack of data as for the Cronin effect applies to the direct photons and the

Drell-Yan process in the region of nuclear shadowing.

2.3 Suppressions at high p; and forward rapidities.

One can find signals of other source of suppressions that are observed in experimental
data at high py and/or at forward rapidities. In the case of the suppression at high pr
observed mainly at RHIC, coherence effects (CGC, nuclear shadowing) are not possible,
and therefore another non-coherent source of suppression has to exist. Moreover, similar

suppression of non-coherent origin is also observed at forward rapidities in fix-target ex-
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periments such as E772 or NA49 where the collision energy is too small for any meaningful
coherence effects.

Within this work, an interpretation based on the initial state effects was adopted, for
more details see Chapter
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Figure 2.7: Nuclear modification factor Rga, as function of pp for hadrons

at different rapidities [50].

These suppressions can be found at RHIC experiments in 7% production in d + Au
collisions at PHENIX [45] for central collisions. This can imply that this effect can be a
function of centrality (impact parameter). Furthermore, there is considerable suppression
of 7 production in forward d+ Au collisions [50], see Fig.2Z77l Coherent effects are possible
for such forward rapidities at RHIC, but they are not able to reach so high suppression
with such great magnitude.

At forward rapidities or, equivalently, at large Feynman xp, signals can be found
in fix-target experiments, e.g. NA49 in hadron production [51], see Fig. Coherent
effects are not possible in this region due to low collision energy, 158 GeV per nucleon.

Similar suppression as for hadrons at RHIC can be seen also for direct photons for
high pr in central Au + Au collisions [52,53], see Fig. 29 For the Drell-Yan process
similar suppression at forward rapidities can be observed at experiment E772 [44].

Moreover, besides suppression of high pr in hadrons, direct photons and the Drell-Yan
process, there is an indication of suppression also for jets at PHENIX [54] and ATLAS [55].
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Figure 2.8: Nuclear modification factor R,4 as function of pr for hadrons

at different zp [51].
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Chapter 3

QCD based kp-factorization model

3.1 Introduction

During the first part of seventies of the last century, the quantum chromodynamics (QCD)
was accepted as the theory of strong interaction [56]. In this theory, the interaction of
hadrons is described as an interaction of its constituents - partons - quarks and gluons.
The key feature of the QCD is the property of asymptotic freedom [57,[58]. This term
describes the weakening of the coupling of partons at short distances or, equivalently,
large momentum transfer. Asymptotic freedom allows to use of the well-known pertur-
bative techniques to solve the QCD Lagrangian for the processes where short-distance
interactions dominate. This is the reason why the large-momentum-transfer processes
play a key role in particle physics.

The size of asymptotic freedom necessary for the perturbative techniques can be
expressed by the QCD scale Agcp for momentum-transfer dependence of strong running
coupling constant «g. Because this scale is of the order of several hundred MeV, there
are kinematical regions, where the ag is sufficiently small, and the perturbative theory

can be used.

Then, the whole picture of hadron hard scattering processes within the QCD based
factorization, sometimes called QCD improved parton model, can be seen as follows,
see Fig. BIl The large-momentum-transfer process can be factorized into two parts by
utilizing the impulse representation. The probability of finding parton a in a hadron A
with a momentum fraction z, is denoted by the parton distribution function f,/a(x,).
The probability of obtaining a hadron C' with a momentum fraction z. from a parton

c is denoted by the fragmentation function D¢/c(2.). These functions represent a non-

17
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perturbative part of QCD and have to be determined experimentally. The interaction
between partons can be calculated by the perturbative QCD. The hadronic cross-section
for the process is then summed over all possible constituent scatterings, each of which is

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

Figure 3.1: Schematic view of the hard scattering process factorized into
parton distribution functions (f), parton fragmentation func-

tion (D), and the partonic cross-section do /dt.

general overview the following references [59-H61] can be studied.

The QCD based factorization model as well as the naive parton model [62,63] are
formulated in the infinite 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 functions, integrated over the transverse distri-
bution. However these models work well for a lot of processes, as will be described
in Chapter B.3.3] they fail for some processes such as Drell-Yan dilepton production or

correlation of heavy quarks.

The idea of the QCD based kp-factorization model coming from the second half of the
seventies of the last century, see [61,64] or for review [32/[65]. In this approach, next to
the PDFs that describe longitudinal momentum distribution the intrinsic transverse mo-
mentum is taken into account. This extension is called transverse momentum dependent
(TMD) parton distribution functions and corresponds to the unintegrated quarks and
gluon distribution functions where, in this work, a naive model based on the Gaussian

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

Note, that for binary processes A+ B — C' + X, A and B denote incoming or initial-
state hadrons and C' denotes outgoing or observed final-state hadron. Upper-case let-
ters (A, B,C,...) describe initial-state and final state hadrons. Their four-momenta p
are labeled with corresponding upper-case subscript (pa,ps, pc, ...). Lower-case letters
(a,b,c,...) denote partons and their four-momenta are labeled accordingly (pa, pp, De, ---)-

The invariant inclusive cross-section for the reaction A+ B — h + X for producing a
hadron h at high pr in the CMS of A and B is given by

B (AB—h X)
ETp = KZ/d$ad$bchfa/A($a,Q2) fora(@p, @) Dpje(ze, 13
abed
H do.(abﬁcd) R
S | (R Yy 1
s ), (3.)

where the sum is over all possible hard subprocesses, K is the normalization factor, Q?
is a square of momentum transfer, yx is a fragmentation scale, do /df is a partonic cross-
section, and the 0 function is necessary for the momentum conservation. FE, resp. p
is energy, resp. momentum of a parton ¢, §,%, 7 are parton Mandelstam variables and
Tq, Ty, Z. are fractions of momentum of parton inside the hadron.

Longitudinal fractions of hadron momenta carried by parton are defined as

xa:&7 xb:&7 zc:ZE. (32)
pa PB Pe
For large transverse momentum processes it is useful to define z-variables
2 2
T = “PT and Tp = n (3.3)

Vs Vs’
where pr is the transverse and p; is the longitudinal component of momentum with respect
to the beam direction. Neglecting the mass of hadrons implies the allowed ranges of zp
and zp to be (0,1) and (—1,1) respectively. Next useful variable is the rapidity y which
is defined as

_ L Etm
vy= 2 E— ]7l.

For massless particles (mass is negligible for high energy processes), pseudorapidity 7 is

(3.4)

equivalent to the rapidity. Pseudorapidity is defined as n = Incot /2, where 6 is the
laboratory system scattering angle.

It is beneficial to use the Mandelstam variables for hadrons

5= (pa +p3)2, t=(pa —pc)2 and  u = (pp —pc)2
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and for partons
8= (pa+pm)? t= (pa —pe)® and 4= (py — pe)*. (3.5)

Mandelstam variables satisfy § 4+ ¢ + @& = 0 for massless partons.

The momentum four-vector of initial-state hadrons is chosen in the simplest form

p= (Eam = (Eﬂoaoapl)a

where FE is the energy of a hadron and p; is the magnitude of the momentum in the
direction of the beam. In the CMS it holds £y = Ep and p;, = —p;,, for two identical

colliding hadrons.

Energy of a colliding hadron can be calculated from the Mandelstam variable

and since for massless particles £ = |p] holds, so £ = p; and the final form of four-
momenta is
1 1
pAzi\/g(la(LOvl) and szi\/g(lv(LOa_l) (36)
The momentum pe can be separated to the longitudinal and the transverse part
pc = pr +p; and so
E b
bc = (EapTaoapl) =DPr (_71a07_) .
pPr Pr

The four-momentum can be written as

(coshy, 1,0, sinhy). (3.7)

E Di
= 71707 =

The proof of last step:

cosh y = coshIn Etp 1 E+p n E-p\_E
E_pl 2 E—pl E—|—pl E2_pl2

sinh y = sinh In L+ :l E+p _ E—p _ D
E-p 2 E—p E+p VE? —p?

Next, the application of Eq. (8:2)) to the Eq. (8.6) and (87) yields to

and

_pr

1 1
Pa =35 1,1/5(1,0,0,1) p, = 3 741/5(1,0,0,—1) and p.= — (coshy,1,0,sinhy).
Zec
(3.8)
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Now, it is appropriate to express the parton Mandelstam variables as

s = (pa +pb)2
2
- (% (l‘a +$b,0,0,xa —l‘b))

S

= 7 (@t @) = (@~ o))

= T,TpS,

L = (pa_pc)2

2
= (xa\/g _br COShya_ZE 0 TaVs _PT )

, — — sinhy
2 2 2 2

i pr(sinhy — coshy)

= —F‘QF (cosh2 — sinh?y — 1) + ’

= - \/nge_y
Zec

(g

and evaluation of the @ is very similar to the £. Finally, the summary of all Mandelstam

variables on the parton level is presented

>
I

ToTps, T = ——pT\/Ee Y and u= —? pry/seé. (3.9)
Next, Eq. (B9) can be used to evaluate the ¢ function in the Eq. (8]

S(s+t+a) = 0 (s — % Vepre ™ — ? \/ngey)
= 3| (et = e — e

(g

= 20|52 — pr e ¥ — pr e
c c \/E.Tb \/g.l’a
Ze rr xTr

= —0|z.———e€e"Y— e’
S ( 2$L’b 237(1 )

and to integrate Eq. ([B) over z. leading to

_rtr oy ATy 3.10
Ze 2%6 —1—2%6. (3.10)

Then, by applying the upper boundary condition z. < 1 to ([BI0) the minimal value

of x; is obtained
T, xre Y

A (3.11)

2x, — xTeY
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and similarly by applying of the upper boundary condition x;, < 1 the minimum of xz, is

obtained

Yy
e (3.12)

Amin

T xre Y’
If the last condition z, < 1 is applied, the general kinematic restriction is obtained

coshy < ﬁ (3.13)

2pr
Finally, by evaluating the § function in ([Bl), integrating over z. (BI0) and by appli-
cation of the minimal value of z, (BI2) and z;, (BII) the following final expression can
be obtained

35 (AB—h X) 1 1
P = KX [ e [ dofugalan @) s Q)
abed ¥ Tamin Tbrpin

1 do.(abﬁcd)

w2, dt

XDh/c(zcaM%’) (314)

where

Tr rr T, e Y xreY
e, xp,, =-———— and =z,

(3.15)

'min

22, — T €Y 2 —xpe Y’

3.3 Proton target

In this section, basics of proton-proton cross-section including perturbative QCD and

non-perturbative effects are described.

3.3.1 Perturbative QCD

The theory of strong interaction is described by the quantum chromodynamics a non-
abelian gauge theory based on the SU(3) symmetry group. The Lagrangian density has
the form [66]

o a a 1 a v
Locp = Q/Jz(Z’Y“au - m)i/fj - gGui/fz"V”ﬂﬂ/Jj T G,WGZ ) (3.16)

where 1) is Dirac (quark) field, indexes 7, j represent the SU(3) gauge group elements, ¢ is

a coupling constant, v are Dirac matrices, T}; are generators of the SU(3) gauge group,
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G, = 0.Gy + 0,G), — gf“chZGﬁ represents the gluonic field strength tensor where fo%
are the structure constants of SU(3) and m is the mass of a quark.

For processes with sufficiently large transverse momentum, the perturbative tech-
niques can be applied on QCD Lagrangian. The leading-order (LO) calculation of per-
turbative QQCD will be considered. For this leading-logarithm approximation, the running

strong coupling constant has the form [66]
127
(33 = 2ns) In (Q*/Af0p)

where ny denotes for the number of flavors, @Q? is the transferred momentum and Agep

as(Q?) = (3.17)

is the fundamental QCD scale constant.

In the leading-logarithm approximation the case of hadron or jet production includes
all relevant subprocesses containing quark-quark, quark-gluon and gluon-gluon scatter-
ing. All two-body scattering differential cross-sections for jet/hadron production are in

Table B.Il and corresponding Feynman diagrams are shown in Fig.

Subprocess | Cross-section
a¢ —q¢ | 2w
9 ¢
4 2+u s24t2 8 s°
qq9 — qq 9< =+ u2>—2—7g]
a7 — q7 % S’
2 u U2 2 u2
99 — qq (* + jﬂ—%ﬂ
99 = 94 —4 (2 us) + S5
_ 24y
ag—g9 | |F(E+ut) - 3R
— I 2 u
99 = qq Lt ut) - 3822 ]
99 = 99 %[3—2—%—%—5—3}

Table 3.1: Table of parton scatterings cross-sections for hadron production

at LO with a factor ma%/3 factored out.

In case of direct photons production, quark-quark and quark-gluon subprocesses in-
volving photon has to be considered. Differential cross-sections for direct photons pro-
duction are in Table and corresponding Feynman diagrams are shown at Fig. 3.3

Because experimental data correspond to the sum of all orders of perturbation series
and include all non-perturbative effects, at least a compensation of LO and higher order
contributions is necessary. One way is to calculate processes within the next-to-leading

order (NLO) or next-to-next-to-leading order (NNLO) including loops and multiparticle
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Figure 3.2: The Feynman diagrams for tree-level partonic subprocesses for

jet/hadron production.
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Figure 3.3: The Feynman diagrams for tree-level partonic subprocesses for

direct photons production.

Subprocess | Cross-section
91— | =5 (5 +3)
=9 | 5o (i +y)
e X i)

Table 3.2: Table of parton scatterings cross-sections for hadron production
at LO with factors ragyras/§ and ma3,,,/3 factored out of the

single and double photon subprocesses, respectively.
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production (2 — 3, 2 — 4). Diagrams containing loops lead to infrared and ultraviolet
singularities that are necessary to eliminate. That can be done by using regularization
and some renormalization scheme leading to complex calculations of higher-order terms.

Another way is using the so-called K-factor. It can be defined in perturbative series

for some processes at parton level as
oo+ vgo1 + ... :KO'(), (318)

where o; are contributions of i-th order, or it can be defined as

o erP

K = (3.19)

)
O—th

where 0P is the measured cross-section and ¢'* is the calculated cross-section at LO.
There are several approaches to choose the K-factor. For example, K-factor as an effective
function of &~ exp (ay) is used in [67]. In [68] the K-factor is extracted from jets as a
function of \/s and pr j.; but in most papers, e.g. [32] or [69], it is taken ad-hoc as a fixed
number.

Obviously, the K-factor depends on the CMS energy and on a process in consideration.

It varies for pure QCD processes, Drell-Yan process and for electroweak sector production.

3.3.2 Parton distribution functions, fragmentation functions

Parton distribution functions are usually interpreted as the probability densities to find
a parton within a hadron with its momentum fraction between z and x + dx at scale Q2.
Similarly, fragmentation functions represent the probability of obtaining a hadron h with
a momentum fraction between z and z + dz at scale fiy.

The factorization theorem implies the independence of parton fragmentation and dis-
tribution functions on the hard scale Q2. This allows to obtain both functions by fitting
experimental data from the deep-inelastic scattering or e~e® annihilation. These fits
were obtained at relevant factorization scales Q2 for parton distribution functions, resp.
fragmentation scale pp, for fragmentation functions and they can be evaluated on scales
Q?, resp. pr by a set of integro-differential evolution equations - DGLAP (Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi) evolution equations [70H72]

dfgya(z, Q%) _ as(Q°)

dt = o /x%[qu(x/y)fqz'/A(yaQQ)+qu(x/y)fqi/A(y,Q2)] (3.20)
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and

Z 2/Y) faya(y, Q%) + Pyy(x/y) foyaly. Q)

(3.21)
where f(z, Q?) is the distribution function of a quark or a gluon, ¢ is defined as In(Q* /A% ¢ p),

dfg)a(z, Q%) _Ozs(Q2 / dy
dt N

and the subscript ¢ denotes quark flavors.

The kernels Pj; have the physics interpretation as the probability densities that a
parton of type i radiates a quark or gluon and becomes a parton of type j carrying
fraction x/y of the momentum of parent’s parton.

The general procedure for obtaining the distribution function is as follows.

1. Make a choice on experimental data

2. Select the factorization scheme, e.g. MS (a renormalization scheme describing how
the divergent parts are absorbed)

Choose the parametric form for the input parton distributions at (3

Evolution to any value of Q?

Calculate 2 between evolved distribution and data

AN

By adjusting the parameterizations of the input distributions minimize the y?
The input parton distributions are usually of form
rfi = a; 2" (1 — )%, (3.22)

where a;, b; and ¢; are free parameters. More details can 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 calculation of proton anti-proton collisions the distribution function for
u and d quarks have to be exchanged with their antiparticles @ and d.

The fragmentation of partons into hadrons can be explained only by using models.
The most used model is the independent fragmentation model (IFM) [79]. For the full
description of the final state the event generators based on string or cluster models are
needed. Data for fragmentation functions were obtained primarily from e~ e™ collisions
at e.g. KEK, DESY, SLAC or CERN.

The following fragmentation functions were used: KKP [80] (Kniehl-Kramer-Potter,
2000), DDS [81] (de Florian-Daniel-Sassot, 2007) and Kretzer [82] (2000).
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3.3.3 Intrinsic transverse momentum

The QCD based factorization model, sometimes referred to QCD collinear parton model,
was successful in describing high-py particle production in high energy p + p collisions,
Vs > 50 GeV, [83]. On the other hand, this model fails to account for data for angular
correlation of produced 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
uncertainty principle, one can expect that an average intrinsic transverse momentum has
at least a few hundred MeV, reflecting the hadron size. Besides, next source of initial
kr are higher order perturbative QCD processes, e.g. 2 — 3, with additional radiated
gluons. In fact, it is difficult to recognize true intrinsic and pQCD generated transverse
momentum.

One of the most direct measurement of the kp-smearing provides the Drell-Yan pro-
cess, q@ — [T, where the mean transverse momentum (p2.) corresponds directly to the
mena intrinsic transverse momentum (k2). It was shown that corresponding intrinsic
(k2) = 0.95 GeV? [87] and (k2) = 0.6 GeV? after accounting for NLO subprocesses,
respectively. [88].

One can imagine that this effect is analogous to the Fermi motion of nucleons in
a nucleus and can lead to a smearing of the pr spectra. The kp-smearing distribution
function is a phenomenological parametrization and can be extracted from measurements
of dimuon, diphoton and dijet pairs. This effect was investigated e.g. in [326IL6589-03].

In this work, a more phenomenological approach is adopted where the intrinsic trans-
verse momentum distribution is described by the Gaussian distribution

1 2 /1.2
kp, Q%) = ——— e ki /KN 3.23
gN( TvQ) 7T<]{Z%>N€ ) ( )

which introduces a new non-perturbative parameter, the mean intrinsic transverse mo-
mentum (k). In the first approximation, (k%) is a constant different for each CMS energy

but it can differ a little as function of pr [94]. Next, one can consider that (k%) depends
on the momentum scale Q? of the hard process [32,[61]

<k/’%>N(Q2) = <k5%>0 +0.2 ozs(QQ)QQa (3.24)

where (k%) differs also for each CMS energy of the collisions.
In this work a CMS-energy-independent approach were developed [95,06] based on
Eq. B.24] with the consideration that the mean intrinsic transverse momentum changes

with CMS energy due to different ratio of quarks and gluons involved in the collision.
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Here, (k%) was determined with values 0.2 GeV? for quarks and 0.8 GeV? for gluons.
Therefore, the mean intrinsic transverse momentum increases with CMS energy due to

increasing gluon contribution.

3.3.4 Proton-proton cross-section

The overall expression for the inclusive differential cross-section for hadron production

then reads
A3 g Pp—h X)
T dp KZ/dxadxbdzcd2kTad2kagp(kTavQ2)gp(ka7Q2)fa/A<xa’Q2)
abed
8 do.(ab—>cd)

be/B(fZ‘b, Q2>Dh/0<267 ui')—Q

—— (8 +t+a
2 di (54+t+4u),

(3.25)

where one integral can be carried out as is described in Appendix [AJ] and remaining
integrals have to be computed numerically.

The inclusive differential cross-section for direct photon production has a form

3o (Pp— X)

ETP = KZ/d$ad$bd2kTad2kagp(kTa,QQ)gp(ka,Q2)fa/A($a,Q2)
abed

5d O(abaad)

be/B($b>Q2); pr 0(5+1+a) (3.26)

W>

where, similarly as for hadron production, one integral can be carried out as is described

in section [A.Tl and remaining integrals have to be computed numerically.

3.4 Nuclear target

This section describes basic formula for proton-nucleus and nucleus-nucleus cross-section

and all nuclear effects used in this this model.

3.4.1 Proton-nucleus and nucleus-nucleus cross-section

The formula for the inclusive differential cross-section for proton-nucleus interaction is

based on p + p cross-section ([B.25) where an integral over an impact parameter and a
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function describing the distribution of nucleons in the nucleus have to be added. Then
one can add a nuclear modification e.g. nuclear PDF, nuclear broadening etc.
The formula for inclusive differential cross-section for hadron production reads

dBO.(p A—h X)

B = K / &b T (b) / Ao dzy dze ke dkrs ga(kra, Q2,b)
p abed

X Gy (b1, Q%) fasp(Tas Q%) foya(b, zp, Q)

1 do.(abﬁcd)

D oy 12)— - 3.27
X h/c(z ”uF)ﬂ'Zc di ( )
and for direct photons production
3o A=y X)
B e = KY / d*bTa(b) / dxq dzy d*krq dkry ga(kra, Q7. 0)
p abed
Xgp(kaa QQ) fa/p(xaa QQ) fb/A(ba Ly, QQ)
1 d (ab—rcd)

T dt

The nuclear thickness function or nuclear profile function T4(b) gives the number of
nucleons in the nucleus A per unit area along a direction z separated from the center of

the nucleus by an impact parameter b

T4(b) = /dzp(b, ), (3.29)

where p(b, z) is a parametrization of the distribution normalized to the number of nucleons

A
/ d*bTa(b) = A. (3.30)

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

distribution) for heavy ions was chosen as the parametrization of p in the form

plr) = —2 (3.31)

r—c

_1+ez

where r = /b2 + 22, po is determined by the normalization in (330) and ¢ and z are
model parameters.

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

Due to the fact that this work is focused on initial state effects, in case of heavy-ion

collisions only a direct photon production is studied. The inclusive differential cross-



30 CHAPTER 3. QCD BASED Kp-FACTORIZATION MODEL

section for direct photon production in A + B collisions reads

dSO.(A B—vy X)

ETp = K%/dQSdeTA(s)TBOg—ﬂ)/dﬁadﬁbkoTadszb

XgA(kaa an 5) gB(k:Taa Q2> |g_ §'|) fa/A(xaa Q2> 5)

. 1 do.(ab—>cd)
xfb/B(xb,Q2,|b—§1);T, (3.32)
where partons from both nuclei are affected by the nuclear PDFs of own mother nucleus
and both propagate through the other nucleus.

In the following subsections all nuclear effects that were used in this work are de-

scribed.

3.4.2 Nuclear broadening

Nuclear broadening or kp-broadening is an extension of the intrinsic transverse momen-
tum, described in chapter B.3.3, to the nucleus where the initial transverse momentum
kr of the beam partons is broadened. The kp-broadening stands for high-energy parton
propagating through a nuclear medium that experiences multiple soft scatterings and
so increases its transverse momentum. It can be imagined as parton multiple gluonic
exchanges with nucleons. Assuming that each scattering provides a kr kick that can be
described also by the Gaussian distribution, one can just change the width of the initial
ko distribution

(k7)a(Q%,b) = (k1) n(Q%) + AKL(b), (3.33)

where (k2) ny(Q?) describe distribution of initial transverse momentum within the nucleon
and the nuclear broadening term Ak2(b) describes multiple scattering in nucleus with b-

dependent kr distribution

]. 2 2
ki, Q2 b) = ——— e Fi/(kh)a, 3.34
gA( TuQ ) ) 7T<k%>,4€ ( )
In this work, the nuclear broadening Ak2(b) is expressed within the color dipole

formalism as

AkZ(b) = 2C Ty(b), (3.35)
where the factor C' is calculated as

doN
=% 3.36
—ul (3.36)

r=0
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from the dipole cross-section aé\g at r = 0.

Majority of authors, e.g. [32,094], take the broadening term expressed as
AKL(B) = Chyab) (3.37)

where the term h,4(b) is the effective number of collisions at impact parameter b. The
constant C' is the average transverse momentum squared that can be extracted from
data [94] or can be scale-dependent C'(Q?) [32]. The effective number of collisions usually
has a form h,4(b) = va(b) — 1, where v4(b) = onynT'4(b) that corresponds to all possible
collisions except the hard interaction producing a particle. In [94] the prescription of

va(b) is investigated in more detail.

3.4.3 Nuclear PDF

One of the most straightforward way how to include nuclear effects is using nuclear
modification of parton distribution functions - nuclear PDFs. Basically, all nuclear PDF
parameterizations are based on fitting of accessible data, mainly from nuclear DIS and
nuclear Drell-Yan process, within the QCD collinear factorization theorem at LO or NLO
order. Last decade the data from RHIC and LHC on hadrons, direct photons, di-jet or
W= and Z° boson production are also used for the global fit.

Currently, several nuclear PDF sets are available: EKS98 [98], EPS09 [99], HKNO7
[100], nDS [81], nCTEQ15 [101], DSZS [102].

Most of these parameterizations consider only the spatial averaged nuclear PDFs,
probed in minimum-bias nuclear collisions as functions of momentum fraction x and
scale Q% and flavour. Illustrative comparison of some nuclear PDF sets is in Fig. B4
For EKS98 and EPS09 an update on impact parameter dependent nPDF [I03] based
on RHIC data for different centrality exists. More recent parameterizations provide also
uncertainties and error sets.

Nuclear PDF is then implemented for each flavor 7 as

fiya(xy, Q% 0) = RNy, Q,b) fiyp(z, Q%), (3.38)

where fj 4 is the nuclear parton distribution function and f;/, is standard parton distri-
bution function and Rj} is nuclear modification factor normalized to one nucleon.
One should be also careful about the double counting of the Cronin enhancement from

nuclear PDF and nuclear broadening together.
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Figure 3.4: Comparison of nCTEQ15 [101], EPS09 [99], DSZS [102] and
HKNO7 [100] for lead at scale Q =2 GeV [101].

3.4.4 Isospin effect

Isospin effect comes from the difference between the proton-nucleus and neutron-nucleus
collisions due to the different distribution of valence quarks. Therefore, this effect is
important mainly for nucleus-nucleus collisions and in the large-x region where the valence

quarks dominate.
This effect can be included by an appropriate modification of the structure of PDFs

fi/N($a QQ) = %fz/p(xv Qg) + (1 - %) fi/n($a QQ) ) (339)

where f;/n(z, Q%) represents parton distribution function of nucleon, and Z is the proton
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number of the target.
For example, in the case of deuteron, the isospin effect leads to the suppression R, ~

0.83, or Rauau ~ 0.80 for the heavy-ion collisions.

3.4.5 Initial State Interaction

One of the mechanisms, which has an ambitions to explain the suppression at high-pr and
forward rapidities described in Chapter 2.3 is an initial state interaction (ISI) effects [4]
where the participation of the projectile hadron in the multiple interactions during the
propagation through the nucleus leads to the dissipation of energy. This dissipation of
the energy is proportional to the energy of the projectile hadron and, therefore, is present
at all energies.

This effect can be interpreted in the Fock states representation. The projectile hadron
can be in each time decomposed over different states. Then the interaction of Fock states
with the target leads to the modification of weight of these Fock states depending on the
type of interaction.

In each Fock state, the projectile momentum fraction is distributed among all con-
stituents depending on the multiplicity. For the kinematics, where the leading parton
carries most of the momentum, x — 1, less momentum fraction is left for the rest
constituents. Such configuration have the lower probability is the higher constituent
multiplicity.

Moreover, in the case of the nuclear target, where the initial state multiple interactions
enhance the weight factor of higher Fock states, it can be viewed as an effective energy
loss. It is because higher Fock states with higher multiplicity have less probability for
having the projectile parton x — 1. A detailed description and interpretation of the
corresponding additional suppression was presented also in [T04H106].

The initial state energy loss (ISI effect) is an effect that dominates at forward ra-
pidities, x;, = 2py/+/s and/or high pr, zr = 2pr//s. Correspondingly, the proper
variable which controls this effect is & = /22 + x%. This effect was derived and evalu-
ated in [4,107] within the Glauber approximation where each interaction in the nucleus
lead to a suppression S(£) ~ 1—¢. Summing up over the multiple initial state interactions

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

e—60esfTa(d) _ o—ocpsTa(b)
(A=) e ormm)

fa/A(xa QQ) = f(ﬁA(xa Q27 b) = Cvfa/A(xa Qz) (340)
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where 0.y = 20 mb [4] is the hadronic cross-section which effectively determines the rate
of multiple interactions, and normalization factor C, is fixed by the Gottfried sum rule.

This effect aspirates to describe the suppressions mentioned in Chapter 2.3l Further,
[ST effect predicts a substantial suppressions at high pr at RHIC energy and lower, and at
forward rapidities at all energies that can be verified by the future measurement at RHIC
and LHC. Moreover, the correlation between nuclear target and the projectile, where the
ISI effects, implemented as the modification of PDF of the projectile, is function of target
momentum fraction xs, leads to a breakdown of the QCD factorization theorem [4] that

supposes the independency of projectile and target.



Chapter 4

Color Dipole Approach

4.1 Introduction

Models based on QCD (Chapter B) work well for proton-proton collisions, but its use
for nuclear collisions is much more complicated because of non-intuitive transition to
nuclear collisions and its specifics properties, e.g. non-perturbative effects such as color
confinement or effects of quantum coherence.

An alternative model to QCD based models, much more suitable especially for nuclear
collisions, is the so-called color dipole model originally proposed in [108] for hadronic inter-
actions, and, consequently, it was applied to DIS [I09] and to the Drell-Yan process [110]
that was basically studied also in [G[ITILIT2]. In contrast to QCD based models, the color
dipole approach is formulated in the target rest frame and, therefore, the interpretation
of processes is different because the space-time interpretation is not Lorentz invariant.

This difference can be described e.g. in the Drell-Yan production in Fig. 1l In the
QCD based models, defined in the infinite momentum frame, the Drell-Yan process looks
like an annihilation of quark and anti-quark from each proton at leading order level, see
Fig. a). In the color dipole approach its looks like a bremsstrahlung from an incoming
quark. There are two possibilities of bremsstrahlung, experimentally indistinguishable,
before and after the interaction with the target, Fig. b).

One of the key features used in the color dipole model is an expansion of the projectile,
e.g. quark, into the Fock states [110]

@) = la) +g7") + |y G) + .., (4.1)

where first two states are most probable, and each higher Fock state is heavier and has

shorter lifetime and, therefore, can be neglected for the proton-proton and low energy

35
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(a) )

-

(0) - -

Figure 4.1: Sketch of the Drell-Yan process in a) QCD based model in the
infinite momentum frame and b) color dipole approach in the

target rest frame.

nuclear collisions. For high energy proton-nucleus or nucleus-nucleus collisions the im-
portance of higher Fock states, e.g. |¢7*G), grows, and lead to effects such as gluon
shadowing that will be described later in this chapter.

Overall inclusive cross-section is then calculated as a convolution of parton distribution
function (PDF), |¢v*) Fock state wave function and a dipole cross-section representing
an interaction of the target with the dipole.

Only the Drell-Yan process and direct photon production are considered within the

color dipole approach in this work.

4.2 Proton target

In this section, basics of proton-proton cross-section within the color dipole framework

are described.

4.2.1 Quark-nucleon cross-section

In the lowest approximation, including only |¢y*) Fock state, the interaction of the pro-
jectile quark with the nucleon in the case of proton-proton collision can be seen as a
gamma bremsstrahlung from an incoming quark as in Fig. [£.2]

Differential quark-nucleon cross-section can be expressed by factorization in the light-
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Figure 4.2: Bremsstrahlung of v*¢q fluctuation in the interaction with the

target nucleon.

cone (LC) form [6,1TTL1T2]

d30.(qN%'yX) 1 , ) I ) ) o
d(ma)dpr  (27)? [ Epipn eI (0 B0 ) ), (12

where
— — 1 — —
0P, P2, @) = 3 {oga(apy) + og(aps) — og(alp —p))} (4.3)

where W, (c, p) is the wave function of |¢y*) state, o,v(p) denotes the dipole cross-section
of the interaction of the dipole with the target nucleon, « is the momentum fraction of
incoming quark which is carried by the photon, and p} and p; are the transversal sizes of
|7*q) state.

The wave function of |y*q) state (¢ — ¢ +*) has different form for transversal and
longitudinal polarised photon [112]
W 0) = 2OV O Ko () (1.4

7*q

where Z; denotes the fraction of quark charge, agys is the electromagnetic coupling
constant, xy,; are spinors of incoming and outgoing quarks, K(z) is the modified Bessel

function of second kind, sometimes called as the MacDonald’s function, and
n? = o*ml 4+ (1 —a)M?, (4.5)

where M is an invariant mass of the virtual photon v* (corresponding to the dilepton
mass), m, refers to the effective quark mass. The whole situation is sketched in Fig. 3
In this figure, g is the transverse momentum between a quark and a photon, then their
distance from the center of gravity is (1 — «)pg and ap, respectively.

Operators OTF have following form [112]

~

OF = imga?e* - (A x &) +aé* - (¢ x V) —i(2—a)e* -V, (4.6)
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OF =2M(1 — «), (4.7)

where €* is an unit vector of the photon polarization (perpendicular to i), 7 is an unit
vector in the direction of the incoming quark that is the same as axis z, 7 = €, & is the
vector of the Pauli matrices, and V is a two dimensional gradient acting on the transverse
coordinate p.

For direct photon production one can take M = 0.

7, apy

4, Pq

Figure 4.3: Feynman diagram representation of the ~v*¢ fluctuation.

Wave functions in (£2]) can be modified by (£6) and ([L7) to

OpM
Z\I’v q(P2, @)V q<p1’ @) = Z; 272 [m?a4K0<7lPI)K0<7)P2)
(4.8)
(= a2 K () K ()],
P1P2
5 o QpM
Z V()02 (P, @) = 7} = M(1- a)*Ko(np1)Ko(1p2) (4.9)

that is averaging over the polarization of the incoming quark and summed over polariza-
tions of the outgoing quark and photon.
Integrals in (2] can be partly integrated analytically up to one remaining integral.

After some algebra the gV cross-section reads

d30'(qN_wX) XEM 2 4 1 1
S = M1 —a)) (—— T — —7T
d(In ar)dpr 272 {<mqa + M a>)<p%+772 b 2)
npr 1 n
1+ (1—a)? Li—=-T +-T 4.1
+ (1+( a))(p?er??Qg 511+ 2)], (4.10)
where
L = [ dpphiproKalmp)olar) (411)
0
I, = / d*p p*Jo(prp)Ki(np)og(ap), (4.12)
0
L = [ dpphroKimpoylar) (1.13)
0
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The derivation of ([AI0]) can be found in [I13] or [I14].
For some particular cases, the ¢N cross-section (2] can be also integrated analytically

over pr with result

do' @) d2p |0 26N 4.14
W —/ P [Wog(e, P ogq(ap), (4.14)
and
do‘(qN‘)'YX) OEM
—— = — [ d ot +2M% (1 — a))K]
d(lna) pmeqa + ( Oé)) 0(77/))
+ (L4 (1= a))n*Ki(np)]ogg(ap), (4.15)
respectively.

The only free parameter in the color dipole approach is the effective quark mass m,.
The value of the quark mass m, should correspond to one used in the particular dipole
cross-section. Larger discussion about the effect of the effective quark mass can be found
in [6L114].

Note that the contribution of the Z° boson to the cross-section should be included for
investigating of the Drell-Yan process with higher mass. The including of the Z° boson
into the color dipole framework is described in Appendix [A.2l

4.2.2 Dipole cross-section

Dipole cross-section is an universal quantity in high energy physics that can be used for
description of various processes, e.g. DIS, Drell-Yan process or pion-proton scattering.
The idea of the dipole cross-section comes from the eighties [T08] with application on
deep inelastic scattering where |¢g) Fock state is considered, and, basically, represents
two gluon exchange (in the Regge phenomenology this corresponds to the exchange of
one pomeron) between ¢g dipole and proton target. Hence, this formalism can be used
only for high energy processes, ro < 0.01. In the Born approximation the dipole cross-
section is energy-independent and depends on transverse separation and z,. The energy
dependence is generated by the radiation of soft gluons that can be resumed in the leading
log approximation [115]

(4.16)

N Am o /dsz [1- exp(iET~ﬁ)] O(w2G (22, k7))
3

0,q(T2,p) = = p o )

ultnP) =g 0es | g g Olox(k3)
where kr is the transverse momentum of the dipole exchanged with target, ag is the
strong running coupling constant at the relevant scale, and G(x, k%) is the unintegrated

gluon density.
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Factor [1 — exp(iky - §)] represents the so-called screening factor that leads to the
vanishing of the dipole cross-section for p — 0. This factor is a key feature of color
transparency phenomenon [35/[T08,116]. It was proved that for small dipole separations

the quadratic approximation of the dipole cross-section can be used

ol (p) = Cp*. (4.17)

q9q
There are more ways how to get the factor C'. Two approaches are mainly mentioned in
the literature. The factor C can correspond to the first term in the Taylor expansion of
the dipole cross-section parametrization at p =0
dog(p)

O —
dp?

)

(4.18)

p=0
or can be estimated from the limit condition on long coherence length (LCL) limit (will
be described later) [117]

J o[ dp [WLE(7 0. Q?)

[ d?p )\I’TL p.o, Q?)

fd2bfd2p ‘\If (P, a, Q%) ) {1 —exp [—30l(ap, s)Ta(b)] }
N

[ )‘I’ (7, v, QQ)‘ oag(ap, s)

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

{1 — exp [
" C(s)a2p

éC(s)anzTA(b)} }

(4.19)

cause of a lot of uncertainties in the theoretical description of the dipole cross-section,
e.g. unknown unintegrated gluon distribution, behavior at large separations and other,

phenomenological parametrizations based on fitted experimental data are used.

GBW

One of the oldest and best known parametrization was provided by Golec-Biernat and
Wusthoff (GBW) [I18]. This simple parametrization do not take into account any QCD
evolution and originally is based on the old HERA data from 1997, update of fitting
parameters on newer HERA data were published by Kowalsky, Motyka and Watt [119].

This parametrization has a form
A%

2 )
4 (—l‘ )
o

where Q2 = 1GeV? and fitting parameters are showed in Tab. EIl This model includes

oor(p,x) =09 [ 1—exp |- (4.20)

one pomeron exchange only.
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np | Muas|GeV] | mc[GeV] | a-range | Q* [GeV?] | og [mb] T A ref.
3 0.14 - < 0.01 - 29.12 | 0.41 x 107* | 0.227 | [118]
4 0.14 1.5 < 0.01 - 23.03 | 3.04 x 107* | 0.288 | [118]
3| 014 ; <001 | 02545 | 201 |5.16x 107 |0.289 | [I19]
4 0.14 1.4 < 0.01 0.25-45 23.9 1.11 x 107* | 0.287 | [119]
4 0.14 1.4 < 0.01 | 0.75-650 22.5 1.69 x 1074 | 0.317 | [119]

Table 4.1: Parameters for the GBW model.

KST

KST model of the dipole cross-section was published by Kopeliovich, Schaefer, Tarasov
[120]. This model works well for Q? ~ 20 GeV? and lower and is based on H1 (1995) and
ZEUS (1992) data. This model has a form

2
oN(p,s,) = oo(s (1—exp[— d ]), 4.21
qq(p q) 0( q) T(%(Sq) ( )

where s, is energy of the incoming quark, next

3ré(s,)
oulon) = (s (14 o). (1.22)
v 8(ren(sq))
o\ 014

ro(sy) = 0.88 (8—‘1) fm, (4.23)

0
so = 1000 GeV?, (r3,(s,)) = 0.44 fm?. (4.24)

Parametrization from [121] with data from [122] was used for pion-proton cross-section

Ug;(‘sq)

5\ 008 o\ 045
O (84) = 23.6 (—q> +1.432 (—q) mb, (4.25)
So So
where the first term corresponds to the pomeron exchange and the second to the reggeon
exchange.
BGBK

This parametrization by Bartels, Golec-Biernat and Kowalski [I123] was created by in-
cluding of the DGLAP evolution into the GBW model

oN(p, ) = o (1 ~exp [— WQPQO‘S(’ng(x’ ) D : (4.26)
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with the scale

C
M:?+%. (4.27)

There, g(z, 4?) contains LO DGLAP evolution of gluons only (quarks are neglected due
to small fractions x,) [T0H72]

Oxg(z, p*) _ as(y?) [ T T
Olnp? 2« / dZng(Z)Zg<Z,/,L> (4.28)

xT

where the gluon density at initial scale Q3 = 1 GeV? is parameterized as
vy, @) = Ay (1 — )5S, (4.29

where C, 3, A, and \, are parameters fitted from the DIS data.

IP-Sat

IP-Sat model is generalization of BGBK model accounting the impact parameter depen-

dence of the dipole cross-section by Rezaeian, Siddikov, de Klundert and Venogopalan

[124]

22
op0) =2 [ @ (1- e | -TE asuegte i Ta)] ) (430

with the Gaussian impact parameter dependence
Ta(b L ooig 4.31
6(b) = 5 (131)

where Bg = 4 GeV? is a free parameter extracted from the t-dependence of the exclusive
e + p data. Fitted parameters are in Tab.

ny | muas|GeV] | m |GeV] | a-range | Q? [GeV?] | 2 [GeV?] | A, Ny | 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 can encounter also other parameterizations with next parameterizations, e.g.
model by lancu, Itakura and Munier (IIM, sometimes denoted as CGC) [119,[125];
Albacete, Armesto, Milhano and Salgado (rcBK) [126]; Albacete, Armesto, Milhano,
Quiroga Arias and Salgado (AAMQS) [127], both including Balitsky-Kovchegov evolu-
tion; Forshaw and Shaw [128] including reggeon exchange only.
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4.2.3 Proton-proton cross-section

Overall inclusive differential cross-section for the Drell-Yan production in proton-proton
collisions consists of the convolution of PDFs, ¢/N cross-section and some appropriate
kinematics [110]

dioer=171X) e (Tt gy L do 7 1 \\ dPolaN=77X)
= [0 (2) 4 (2))

dM2dzrd?pr AM?  z +ay J,, o2 o /) d(lna)d?pr
(4.32)
where the cross-section for dilepton production reads
do =)
? _ GEM (4.33)
dM? 3mM?

Momentum fractions of quarks z; and x5 can be expressed using Feynman zp or equiva-

lently using rapidity y

- % (mH:F) = VT exp(y),
in = 5 (Vb =) = vrew(-) (434)
where
r o= @ = 2129, (4.35)
o — (4.36)

It can be proven, that the upper limit of the integral over « is smaller than one [114]
I

a<l—————. 4.37

- T8 — M? ( )

The scale in quark PDFs is taken in the form [129]
Q*=ph+ (1 — ) M2 (4.38)

For the case of pp-integrated q/N cross-section which can be used for rapidity dis-
tribution or dilepton mass distribution (if experimental data use enough small py cut
otherwise (£32)) have to be integrated from particular pr i t0 D7.maz), inclusive differ-
ential cross-section reads

d20.(pp%l_l+X) B do.('y*%l"‘l_) T /1 dov 5 (f (l‘l ) N f (fL‘l )) do.(qN%fy*X)
dM2dxp dM? x4 f, o2 T\ \q T\ o dna) 7

1 (4.39)
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where momentum fractions z; and xo are same as in ([£34)) but

M2
T =—" = X122. (440)
s
And the scale is taken in the form
Q* = M>. (4.41)
For the direct photons the Eq. (£32) is used with M = 0 and % = 1.

Next useful relations for cross-section are presented in Appendix [A.4]

4.3 Nuclear target

This section describes basic formula for proton-nucleus cross-section and all formulas for

quark-nucleus cross-sections.

4.3.1 Quark-nucleus cross-section

The calculation of proton-nucleus and nucleus-nucleus collisions is the main asset of the
color dipole approach that naturally incorporates some nuclear effects such as nuclear
shadowing or Cronin enhancement.

The dynamics and the magnitude of these effects are controlled by the coherence
length [.. In the term of coherence length, the theory can be simplified for limits, short
coherence length or long coherence length limits otherwise one should use the Green
function formalism or phenomenological formfactor. All these aspects will be described
in the following chapters.

Note that all these methods are applied for the lowest Fock state |g7*) only. So, they
include just quark effects such as quark shadowing or quark broadening. However, the
nuclear target is also sensitive to higher Fock states e.g. |¢7*G),|qv*2G), ... that lead
to the next effects such as gluon shadowing. The influence of higher Fock states will be
commented in the section about the gluon shadowing.

All these methods have a property that is common to all and is typical for the color
dipole approach. This feature is called the color transparency and is connected to the
transverse separation of the fluctuation. If the dipole cross-section a(% is small and goes
to zero then the quark-nucleus cross-section is equal to the A-times quark-nucleon cross-

section and the nucleus seems to be transparent for the projectile. On the other hand, if
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the dipole cross-section aé\g is large then the probability of the interaction with the surface
nucleons is the highest. These surface nucleons shadow the inner nucleons where the color

field regenerate and is ready to the next interaction again far behind the nucleus.

4.3.1.1 Coherence length

For the nuclear target in the color dipole picture, the time that the projectile is creating
e.g. |¢7*) Fock state has to be studied. This time, when the projectile is frozen in |gvy*)
fluctuation, is called coherence time t. controlled by the uncertainty relation, and can
be interpreted as the lifetime of the corresponding Fock state. Assuming that projectile
moves at the speed of light the coherence length can be defined as [. = t.c.

Coherence time or length controls the number of scatterings of the projectile with the
nuclear target and, therefore, the magnitude of various nuclear effects. These nuclear
effects has an origin in the coherent interaction of the nucleons [I30,131]. It is useful to
distinguish two limiting cases in which the theory simplifies:

Short coherence length (SCL). In the SCL limit, the coherence length [, becomes
smaller than inter-particle spacing in the nucleus /. < 1+ 2 fm, where, consequently, the
fluctuation has a time to interact only with one nucleon. Thus, all nucleons contribute
equally to the cross-section. This is the so-called Bethe-Heitler regime [132].

Long coherence length (LCL). The LCL limit corresponds to the case when the
coherence length is greater than nuclear radius, [. > R,4. In this case, the projectile
interacts with the whole nucleus at the surface. This region corresponds to the Landau-
Pomeranchuk-Migdal effect [2,[3]. The shadowing and antishadowing are maximal.

Regions between the SCL. and LCL are generally more difficult to express. The most
strict approach is the Green function method [133,134] that will be described in this
chapter. Another, more simple approach, is based on a simple interpolation between
the SCL and LCL limits using the longitudinal formfactor F4(q.,b) where ¢. = 1/I.
corresponds to the longitudinal momentum transferred in the reaction [114[130}135].

The coherence length in the case of the Drell-Yan process for the |¢gy*) fluctuation is

given by the uncertainty relation
_ 2FE,

o= —2, (4.42)
Mg,

where F, and m, refer to the energy and mass of the projectile quark, and M,, is the

effective mass of the |¢7*) fluctuation

(4.43)
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where M is a virtual photon mass (corresponds to the dilepton pair mass), pr is the
transverse momentum of the photon, and « is the light-cone momentum fraction of the
projectile quark carried by the photon. After some algebra assuming £, = “'E, where
x1 is a light-cone momenta of the projectile proton taken by the photon, F, is the energy
of incoming proton related to the CMS invariant energy s = 2m3% + 2E,my ~ 2E,my,
and by using of the relation x;z5 = @ the final formula for the coherence length can

be obtained

1 M? +p2)(1 —
2myzy (1 — a)M? + a?m? + pz
It can be shown [130] that the mean coherence length has a form
= 5 (4.49
T dmye '

leading to the scaling of coherence effects with x5 used in the QCD based factorization
models.

In contrast, in the target rest frame this scaling is more complicated. Assuming limit
case r1 — 1, where o > 1, leads to I. — 0 as follow from (£Z44]) where the dominator

suppress the mean coherence length, and means that nuclear effects vanish.

4.3.1.2 Long coherence length

The long coherence length limit, as was mentioned above, corresponds to the case when
the coherence length is greater than nuclear radius, [. > R4. This allows to projectile
in the coherent state to experience multiple rescatterings inside the nucleus without

producing any on-shell particles.

Figure 4.4: The sketch of long coherence length limit.

The LCL limit corresponds to the situation when the fluctuation arises long before
the projectile quark enters the nuclear target, and the decoherence occurs far behind

the nucleus. All nucleons in the nucleus having the same impact parameter participate
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coherently in the interaction with the projectile, as shown in Fig. In terms of Fock
components it can be assumed that the transverse separation p of the fluctuation is
fixed, and does not vary during the propagation through the nucleus in the LCL limit
corresponding to high energy interaction.

It was proven in [I08] that if the fluctuation with constant transverse separation in

the impact parameter space is an eigenstate of the interaction, the cross-section can be

N

.7 With the dipole cross-

calculated by replacing the dipole cross-section on nucleon o

A

2~ The crj;‘q can be calculated using the Glauber eikonalization

section on the nucleus o

[55112]
A
aé\g(a,o, X)) = a%(ozp, T9) = 2/d2b (1 - (1 - i aé\g(ap, {L'Q)TA(b)) ) : (4.46)

where T'4(b) is the nuclear thickness function.

4.3.1.3 Short coherence length

The short coherence length limit can be used for the cases where the coherence length is
shorter than the inter-nucleon separation, [, < 1-+2 fm. The lifetime of the fluctuation is
short, and is able to interact with one nucleon inside the nucleus only, so, nucleons cannot
act coherently on it. In comparison with the LCL limit, the transverse separation is not
fixed, but it varies with every new creation of the fluctuation. Therefore, the Glauber
eikonalization that require fixed transverse separation cannot be used. The result is that
there is no shadowing in this limit.

More details of this theory can be found in [34,[I3T] or you can see [114] for the review.
Shortly, the final formula for the SCL limit reads

1 1 1 -
o™ (o, pr) = ) /koT d’rr e_4bgr%e_4a%(rT’$Q)<TA>an(a, |pr — akrl), (4.47)

where 074 and 07V denote for quark-nucleus and quark-nucleon cross-section, respectively.
b= #”fh) stands for the mean value of the primordial transverse momentum squared of
the quark, (r?%) = 0.79 + 0.03 fm represents the mean square charge radius of a proton,
x, is a fraction of the proton momenta carried by the quark and (7)) is the average

thickness function defined as

(Ty) = % / d*bT3(b). (4.48)
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4.3.1.4 Green function technique

The Green function technique [IT2] represents an universal method how to describe in-
teractions with the nuclear target for whole kinematical region in terms of the coherence
length. As can be seen in Figs. and [£.6] this method should be primary applied mainly
for lower energies at RHIC, for forward rapidities at FNAL fix-target experiments or for
planned experiment e.g. AFTERQLHC [I36] which would use the proton and nuclear
beam from LHC for various nuclear fix targets. Otherwise, limiting cases of the LCL
and SCL limits that have simpler form can be used in the case of Drell-Yan process or
production of direct photons. The Green function formalism is also important for the
calculation of the gluon shadowing (see Chapter A3.T.5)) where dominant scales are small
and, hence, the coherence length has to be treated exactly.

Besides treating the coherence length exactly, the Green function framework has next
advantages and benefits. As will be described later, the Green function contains a poten-
tial that describes the absorption in the medium. The absorption is less important in the
case of the Drell-Yan process and direct photons, but it has a much greater importance
for the production of hadrons e.g. vector mesons [I37]. Further, the Green function

formalism is used in DIS where the lowest Fock state contains a pair ¢¢ and, therefore,
the interaction between them is introduced [113}133]134]138§].

103 [ T T T T T 17T I T T T T T T 17T I T T T T T T 17T I ]
= Long coherence length limit xg=0.0 3
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2L SPS et
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Figure 4.5: The mean coherence length for Drell-Yan and direct photon

production at zr = 0.0.

The quark-nucleus cross-section using the Green function technique consists of two
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Figure 4.6: The mean coherence length for Drell-Yan and direct photon
production at zp = 0.6.
parts
do(@A=7X) da(qp—wX ) dAg@A=X)
d(lna) d(ln @) d(Ina)
dg(qp—wX
= - = Re/d2 / le/ dZQ/d pld P2
A e
x Wl (a, 02)/)A(b 22)0, ( 2)G (P2, 22| P, 21)
X pa(b,z1)o qq(apl)‘ll o, 1), (4.49)

where the Green function G(ps, z2|p1, 21) fulfills the two dimensional Schrédinger equation
2

0 Alp)—n
822 2E,a(1 — )

Second term on Lh.s. is analogous to the kinetic term in the Schrodinger equation and

+ + V (b, pa, 22)} G(pa, z2|p1, 21) = i6(20 — 21)52(,52 —p1). (4.50)

cares about the phase shift for the propagating ¢v* fluctuation. The two dimensional
—1?)/2Eq0(1 — o)

takes care of the varying effective mass of the ¢y* pair, and imaginary potential V' (b, pa, z2)

Laplacian acts on the transverse coordinate, the kinetic term (A(ps)

reads

V(b, 7. 2) (4.51)

This imaginary potential, similarly to the Glauber theory, accounts for all higher order

1
= — = palb.2)7l5 ()

scattering terms. One can see a similarity with the optical theorem where the absorption

in the medium is also described by the imaginary potential.
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For convenience, the factor exp(—iq7""(z,—21)) that describes the longitudinal motion
is included into the Green function G(ps, 22|01, 21) [T13].

The second term in (f49) can be interpreted as follow, see Fig. At the point z;
the projectile quark creates a |¢y*) state with an initial separation p;. Then the |gv*)
fluctuation propagates through the nucleus along arbitrary curved trajectories which are
summed over, and arrives at the point z5 with a transverse separation p,. The initial and
the final separations are controlled by the light-cone wave functions of the |¢gy*) Fock state
of the projectile U, (ap). During the propagation through the nucleus the |¢y*) Fock
state interacts with bound nucleons via the dipole cross-section o,y (ap) which depends

on the local transverse separation p.

G(p2, 22|p1, 21)

Figure 4.7: Propagation of the y*¢ fluctuation through the nucleus for the
finite coherence length that is described by the Green function

G(p2, z2|p1,21)

If the high energy limit E, — oo is considered, the kinetic term in (ZL50) can be

neglected resulting in

G(p2, 22|01 21)| g, 00 = 0°(P1 — P2) €xp [Z/ dzV (b, pa, 2)] ; (4.52)

z1

where it follows that the transverse separation is fixed. Putting the (£52) into (£49) the
case of LCL limit can be obtained [112].

The Schrodinger equation (E50) with the potential (LX) can be solved numerically

or analytically for small-p approximation.
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The quark-nucleus cross-section with the pr dependence is much more complex [112]

d30-(qAH“/*X) AEM
_— = d d &b d?kyp d%p; d?
d(Ina) d*pr (2m)H4E2(1 - a) / Zl/ 22/ TapLa P2
X exp [iapg P — Gy - pl—z/ dzV (b, pa, z) — z/ sz(b,ﬁl,z)]
z2 —00
< T()T ()G (P, 221, 21), (4.53)
respectivelly
d30.(qA—>'y*X) 042 00
— = R dz [ d®bd*kr d*py d*po &
d(Ine) d2py (2@4{ ¢ / L / repapar
X exp {myﬁ o= [ @V i [ az v, ﬁl,z')]
X WL (= §,)i 2V (b, §,2) = V (b, pi, 2) = V (b, o, 2)] Wi (71 — )
+ 2Re/ dzl/ sz/d2bd2de2p1 d?py d2ply d?pl
X €exp iaﬁ? . 52 - iaﬁl . ﬁl - Z/ dz V(b7 5272) _Z/ dz V(ba ﬁlaz):|
z2 —00
X \D?‘s* (52 - p_l2’ a) [V(b7 527 22) - V(bap_’% 22)] G(p_év 22|ﬁla Zl)
X V(b5 2) = Vb, 20)] V(A - )} (4.54)
where
q pr
P = —,
a
L > l—a
p2 = kr— DT (4.55)

and kr is the transverse momentum of the quark.
In (@353) operators I read

-

f(p_‘):xjc [2M(1—oz)Jr’imfon(ﬁxc?)-eﬁ*+0z(6’><Vp)-eﬁ*—z'(Q—()z)ﬁp-e_’)k Xi-
(4.56)

Solution for small-p approximation

As was mentioned in Section [.2.2], if the mean transverse separation is small, the dipole
cross-section can be approximated in squared form oy (ap) = Ca’p®. Moreover, ex-
pressions for ¢ N or gA can be considerable simplified if the nuclear density function is

approximated by the step function

pa(b,2) = pod(R4 — V2 — 22), (4.57)
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where the constant density py = 0.16 fm~2 is used. This approximation works remarkable
well, especially for heavy nuclei [139].
Then, the potential in ({5]]) has a form

V(b,p,z) ~ —% Ca?p*pal(RY — b* — 27). (4.58)

and the Schrédinger equation (450) can be solved analytically as two-dimensional har-
monic oscillator (2DHO) [140]

a,eiiqTanAZ a 251 . ﬁg
G(p- 2 = — |(p? + p2) coth(wAz) — ——=—
(P2; 22lp1, 1) 27 sinh (wA2) exp{ 2 [(pl + py) coth(wAz) sinh(wAz) | |’
(4.59)
where Az = z5 — z; and 2DHO variables read
o = (~1+i)y/paBd(l—a)C/2, (4.60)
w = —(1+i)y/paCa/(2E,(1 - a)) (4.61)
Longitudinal momentum ¢7*" has form
2
=\ 4.62
@ 2E,a(1 — «) (4.62)
where E, labels for the energy of the incoming quark
ry s —2M%
E,=———. 4.
q a 2MN ( 63)

With this analytical solution of the Green function the quark-nucleus cross-section
(L54)) can be simplified. One solution was presented by Raufeisen [I13] where the final
solution is divided into six integrals. In Appendix [A.3] we present own solution consists

of two, more complex, terms.

Exact numerical solution

The solution for the arbitrary dipole cross-section parametrization and real nuclear den-
sity cannot be obtain by any nice analytical form for the Green function, but the numerical
solution of the two-dimensional differential Schrodinger equation (£50) have to be ap-
plied. This solution was published for first time in [49] for the DIS. We extended this
solution for the Drell-Yan process and direct photon production.

First, the procedure of the numerical solution will be shown for the pr-integrated
qA cross-section ([£49) and analytical procedure can be applied for the pr-dependent A

cross-section (£54) with more complicated boundary conditions.



4.3. NUCLEAR TARGET 53

For the process of numerical solution it is desirable to rewrite (£49) in order to get

rid of delta functions in (50) that are inconvenient for the numerical solution

91(P2, 22|21) = /d p1 Ko(np1)oge(apn)G(pa, 2|01, 21), (4.64)
P2 [
2 FGo(P2, 22|21) = /d p1Ki(np1)o qq(apl)p G(pa, 221, 21). (4.65)
2 1

These reformulated Green functions fulfil following evolution equations

0 L, 10 .
s 91(p2, 22|1) {Q,qu (71 Py 12 Op ) + V{22, p2, )} 91(p2, 22|21), (4.66)

0 ., 1 0? 1 0 1 . .
za—z gz(,OQ,Zz|2’1) = l (7}2 - — — + —) + V(ZQ,PQ,OZ)} 92(02,2’2|2’1)
2

2145 Pp2 p20p2 PR
(4.67)
with boundary conditions
91(P2, 22|21 |s=2y = Ko(npe)ole(aps), (4.68)
g2<52722‘21)|21=z2 = K1(77/?2)0(%(04/92)- (469)

The second term in (£49) has a form

dAg(@A=7X)
W = OéEMRe/dbb/ d21/ dZQ/dPQprA b Zl)pA<b ,22) qq(apQ)
[(1+ (1 = @)Ky (np2)g2(pa, 22|21)

+ (miat + 2MP (1 — )*)Ko(1p2) g1 (2, 22|21)] - (4.70)

X

The time-dependent two-dimensional Schrédinger equations (A66) and (A67) by a
modification of the method based on the Crank-Nicholson algorithm [141HI43]. Details

of this method for numerical solution are presented in Appendix A in [49).

4.3.1.5 Gluon shadowing

So far, all calculations within the color dipole approach contained the lowest Fock state
lg7*) including a quark only. By introducing of higher Fock states containing gluons,
lgv*G), |qv*2G), ..., new effects in connection with gluons can be included.

The correction on the gluon shadowing within the color dipole approach was calculated
in [5] or see [I14] for detailed review. The main idea and the most important parts of
the gluon shadowing calculation will be summarized. First, it is assumed that the gluon

shadowing should be universal, because this shadowing corresponds to the gluon part of
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the particular Fock state, and can be calculated i.e. from DIS where this calculation can
be made easily. Second, the factor Rg(z, Q?) is calculated in the light-cone Green function
technique [120], described in chapter B3 T4 where the |¢GG) Fock state of a longitudinally
polarized photons is considered. This can be understood in the following way, the light-
cone wave function for the transition 7; — ¢g does not allow for large, aligned jet
configurations. Then, all ¢g dipoles from longitudinal photons have size ~ 1/Q? and the
gluon can propagate relatively far from the qg-pair, therefore this configuration can be
approximated by the |GG) Fock state. Consequently, the distance of the gluon from the ¢g
dipole in the impact parameter space determines the magnitude of the gluon shadowing.
From the experimental data the mean separation size was set to py = 0.3 fm [5] which
is also the limit where this approximation is valid. Finally, it has to be assumed that
Q? > 1/p3, otherwise the ¢q dipole is not point-like in comparison to the size of |¢gG)
Fock state.

Next, it is assumed that the gluon shadowing is implemented as the modification of

the dipole cross-section
agg(ap,x) = og(ap, r)Ra(x, Q°), (4.71)

where Rg(z, Q%) stands for gluon shadowing factor

Rolw, @) = CA@ @)y Aop (. Q)

= Ao " AP on) (4.72)

where ;" is the DIS cross-section where the longitudinal polarization is considered be-
cause of large Q% where the longitudinal polarization dominates.

The total photoabsorption cross-section Ag74 = cr?o’? — Ao can be calculated from
the diffractive dissociation cross-section YN — X N [144HI46] where at the lowest order

the cross-section reads

Ac" = SWRe/dQ/ d21/ dz50(z9 — 21)pa(b, z1)pa(b, z2)

—iq(z2—2z d20’</7N — XN)
x /dM)Z(e qi(z2—21) dM)Q(dq%

, (4.73)

qr=0

where ¢, = (Q* + M%)/2E, is the longitudinal and g¢r is the transversal momentum
transfer, F, is the photon energy in the target rest frame, My is an invariant mass of

the particular excited state, pa(b,z) is the nuclear density and z;, 2 are longitudinal
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coordinates. And the diffractive cross-section after the evaluation reads
d*c(yN — XN)

8w Re/dM)% e~lL?

dM3%dg. =0
0.1 2 2
= Re/ daq/ dln o 16OZEMCGGC~IS(Q ) ZZq2
3720202 -
x ((1-26—€)e™* + B3+ Ei(E)
2 3 : 3
" t N sinh(QAz) w1 I N 2t N t sinh(2Az) N 4’ (4.74)
w t u? uw? w? w3
where
Az = zy— 2z, (4.75)
0 - B (4.76)
ag(l —ag)v
32 = 54 - iag(l - ag)VCefpr, (477)
Q2
p— 4-

v s (4.78)
_ B 4.80
u = tcosh(QAz) 4 sinh(QAz), (4.81)
w = (1+t*)sinh(QAz) + 2t cosh(QAz), (4.82)
b = (0.65GeV)? + agQ?. (4.83)

The gluon-gluon-nucleon cross-section is parameterized in the form

0Ga(p, @) = Cepp(2)p7, (4.84)

where & = x/ag. To prevent a situation > 0.1 for « — x, where the dipole formulation

is no longer valid, the following prescription is employed
T = min(z/a,0.1). (4.85)

The parameter C.ss is then determined from the asymptotic condition

J o p[Woc(p)|*(1 — exp(—5Cer(2)p*Ta(b)))
| #pl¥ac(p)|*Cer ()
J @b dp|Woc(p)* (1 — exp(=Fogg(p, 1) Ta(b)))

- RO ’ (487)

where the light-cone wave function for radiation of a quark from a gluon reads [120]

, das(@?) o (1)
) 02 )

(4.86)

[Wac(p)l (4.88)
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Finally, the scale was set to
1
Q> == +4 GeV2. (4.89)
p
An example of the gluon shadowing on lead as function of momentum fraction x

integrated over impact parameter b is in Fig. for different scales and in Fig. for

different centralities.
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Figure 4.8: Gluon shadowing factor integrated over b for different scales

Q>

4.3.2 Proton-nucleus cross-section

The overall proton-nucleus cross-section for Drell-Yan production is similar to proton-
proton cross-section E.2.3]

TN ) ey () )0
dM2dxpd?pr — dM? x4, f, o2 T\ T\ o d(ln )d?pr ’

1 (4.90)

and similarly pr-integrated proton-nucleus cross-section

PoPATEX) B do" =) gy /1 da by (f (:c1 ) + f (xl )> .
dM2dzp dM? ozt J, a2 T\ \a “\ o dna)

1
(4.91)
where variables x;, x5, Q2 and others kinematical variables have same form as in Chap-
ter [4.2.3
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Figure 4.9: Gluon shadowing factor as function of the impact parameter b

for different centrality and fixed scale.

At the level of proton-nucleus cross-section one can include other effects such as the

isospin effect, Chapter B.4.4l or the ISI effects, Chapter B.4.5, or isospin effect, Chap-
ter B.4.4] in the same way as in QCD based models in the form of the modification of

parton distribution functions.
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Chapter 5

Results

This chapter provides highlights of results published in papers and proceedings where all
achieved results are commented in detail. All publication are also part on this work in
Appendix[Cl In the second part, basic facts and comments on comparison of both models

used in this work are written.

5.1 QCD based kp-factorization model

First two papers [96], [I47] focus on hadron production at RHIC and LHC energies. In
both, the nuclear shadowing, Cronin effect and ISI effects are studied where in second
paper two different dipole cross-sections (GBW and IP-Sat) were used, and the impact
on the shape and size of the Cronin effects was compared. Both give predictions for
hadron production at forward rapidities where significant suppression due to ISI effects is
expected. Third paper [95], apart from first two papers, investigates also lower energies
corresponding to fix-target experiments in FNAL.

Next paper [I48] also includes direct photons. Direct photons are compared with data
from RHIC and LHC, and heavy-ion collisions Pb+ Pb and Au+ Au were studied where
the impact of ISI effects is much greater than in proton-nucleus collisions.

In paper [149] comparison of direct photons production within the QCD based k-
factorization model and the color dipole approach (provided by J. Cepila) have been
done. Both models describe reasonable well data for direct photon production in p 4+ p
collisions. The QCD based kp-factorization model shows better agreement with data

in the low-pr region. This fact is a consequence of an absence of the more precise
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determination of the dipole cross section in this kinematic region. A significant difference
between predictions of the shape and magnitude of the Cronin enhancement from both
models was found. It is expected better agreement between both models using more
precise recent parameterizations of the dipole cross-section. In the large-pr region a good
agreement, of both models was found. Finally, the ISI effects give same results for both

models as is expected.

5.2 Color dipole model

The paper [I50] that emerged from [I5I] deals with the Drell-Yan production within the
color dipole approach at high energies where the LCL limit can be safely used. The
Drell-Yan process next to the virtual photon includes also production of Drell-Yan via
the Z° boson that gives significant contribution at high dilepton masses, mainly at LHC.
In this paper, nuclear effects are studied in pp, rapidity n and dilepton mass distributions
that allow to study kinematical regions where different nuclear effects are dominant. The
effects of quark and gluon shadowing, Cronin peak and ISI effects are discussed. Next,
the impact of four different dipole cross-sections was investigated. Finally, predictions
for Drell-Yan process at RHIC and at forward rapidities at LHC and for dilepton-hadron
correlations (provided by V. Goncalves) are provided.

Last proceedings [152], according to which the next paper is in preparation, involves
the study of color dipole model using the Green function technique at low energies, below
the RHIC. Results for dilepton mass distribution using exact numerical solution and for
pr distribution for solution for squared dipole cross-section and uniform nuclear density
are presented. For the first time, prediction for the experiment AFTERQLHC is provided.
Also, prediction for the Drell-Yan production at RHIC is also provided where the Green

function technique predicts larger Cronin peak than LCL limit.

5.3 Comparison of both models

The goal of this section is to summarize the main advantages and disadvantages for both
models. Some comparisons for both models were provided e.g. in [I53]. First, advan-

tages(+) and disadvantages(—) are summarized.
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QCD based kp-factorization model:

Works well for proton-proton collisions.
Based on the first principle, from QCD Lagrangian.

Easier calculation of different final states (hadrons, direct photons, jets, ...).

+ 4+ + +

Studied for longer time, i.e. a lot of higher order calculations and more Monte Carlo
generators.

— For LO the K-factor has to be used as naive compensation of NLO and higher orders.

— Transverse momentum distribution is added phenomenologically.

— Divergence for pr — 0, out of perturbative region.

— Free choice of factorization and renormalization scales.

— Non-intuitive transition to nuclear target.
Color dipole approach:

Works also in non-perturbative regions.
Intuitive transition to nuclear target.
Naturally includes some nuclear effects.
No need of K-factor.

— Strong dependency on dipole cross-section.

— -+ -

— Limitation of dipole cross-section for x5 < 0.01.

— More difficult to calculate higher Fock states.

Parameterizations of dipole cross-sections can be improved by the measurement of
the unintegrated gluon distribution function. This can be measured e.g. in the ultra-
peripheral collisions but much more data are needed. Better prospects for the uninte-
grated gluon distribution functions are coming from the upcoming electron-ion collider
(EIC) program in USA.

Both models interpret nuclear shadowing and Cronin effects within their reference
frame. Both models predict Cronin effect at same position in relation to transverse
momentum, but they vary in the shape and magnitude in according to dipole cross-
section used in case of color dipole approach, or parameters of nuclear broadening, or
using of Cronin effects from nuclear PDFs in the case of QCD based models. Usually,
predictions of Cronin effect from both models are in agreement with experimental data

within their statistical and systematical errors.
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More complicated situation arises for nuclear shadowing where one can distinguish
even shadowing from quarks and gluons. There can be found greater differences in the
determining of the magnitude of shadowing but more data for smaller x5 are missing.

Finally, mechanism of ISI effects gives same results for both models and can be ver-
ified by the future measurements at RHIC, LHC or AFTER@QLHC where large forward

rapidities will be measured.



Chapter 6
Summary and conclusions

In this work the nuclear effects in proton-nucleus and nucleus-nucleus collisions were
studied using both the QCD based kp-factorization model and the color dipole approach.
We analyzed the onset of nuclear shadowing, enhancement (the Cronin effect) and the
effective energy loss caused by multiple rescatterings of a parton during its propagation
through a medium in production of hadrons, direct photons and Drell-Yan pairs.

The main results, which have been achieved and published, are the following:

e The effects of quantum coherence, the nuclear enhancement and ISI effects were
studied in production of hadrons and direct photons within the model based on
kr-factorization and we found a good agreement of our predictions for the nuclear
attenuation factor with available experimental data. Due to a nuclear broadening
described in terms of the dipole cross-section a parameter-free model was developed
that is universal for all energies of collisions where pQCD can be applied.

e In particular, it was demonstrated that the shape of the Cronin effect depends on the
parametrization of the dipole cross-section used in calculations and the magnitude of
the Cronin peak decreases with the collision energy due a rise of gluon contribution
to production cross-section with larger mean transverse momenta.

e We showed that the effective energy loss due to ISI effects are able to describe a
strong suppression at large pr indicated by experimental data. We demonstrated
that the Drell-Yan process can be treated as a very effective tool for investigations
of net ISI effects at large values of dilepton invariant masses, M, including for the
first time the contribution of Z° boson to DY cross-section. We performed for the
first time corresponding predictions for the nuclear modification factor at large M

in various kinematical regions where the coherence effects are not expected and
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found a significant suppression that can be tested in the future by experiments at
the LHC.

In order to test theoretical uncertainties the magnitude of nuclear shadowing was
compared using two different models where we found large variations in predictions
due to different sources (nuclear PDFs vs. independent calculation of GS) of this
effect entering in both models. The large uncertainties in predictions of the onset of
shadowing was found also within the same model based on the QCD factorization
using different parameterizations of nuclear PDFs.

We investigated for the first time the nuclear effects in the Drell-Yan process using
rigorous the Green function formalism which allows to treat an arbitrary magnitude
of the coherence length and is effective also in kinematic regions where LCL limit
cannot be used safely. The mastering of the Green function technique represents a
powerful tool that can be used also for more precise calculation of gluon shadow-
ing or absorption that is important for formation of colorless system in heavy-ion

collisions.
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Appendix A

A.1 Intrinsic transverse momentum kinematics

In this Appendix, the basic kinematics for the kr-smearing is provided.
Generally, the kp-smearing can be added into the calculation by a reformulation of

the parton distribution functions as

dxa fa/A(xaa Q) — dxa d2kaT gN(kTau Q2) fa/N (.Ta, Q2)7 (Al)

where momentum fractions can be redefined as
Ea + PLa Eb — PrLb
Tg=—F"—, Tp=—ror, A2
e = B (A2
where py is a longitudinal momentum in the beam direction. Then, from the four-
momentum vectors p, = (E,, /;Ta,p”a) and p, = (Fy, /;Tb,p”b) with

k2 Ta\/5 Ta\/5 k2
E,= —1La e o= 2¥Y_ _ _Te A3
* b 2 2\/524 (A.3)

2\/sx, 2

k2 T/ k2 T/

= b + b\/_ y Db = o b\/_ (A4)
2\/5.’13‘(, 2 2\/55(]{, 2

the Mandelstam variables can be expressed. By the same definition as in ([B.5) the Man-

and
Ey

delstam variable s takes the form

A k%ak%b 7 7
5= w18 + —22 — 2kqy - k. (A.5)
TqTpS
It is very useful to use polar coordinates
koT — dk’T dgb J(k’T, gb), (A6)

where J(kr,cos ¢) is a Jacobian in the form

I
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After that, the § variable takes the final form
a k%ak%b : .
§ = xaxps + ——=2 = 2kpakry (COS ¢ COS ¢y, + sin @ Sin @y,) (A.8)
TapS

Similarly, £ and @ Mandelstam variables can be expressed as

— —Z—i (;L‘a\/_e vy Ta \/_ e 2k, cos gba) (A.9)
and
N pr k:QFb -
U =—"— [ ap/s¢¥ + —=—"—¢eY — 2k, cos ¢y | . (A.10)
Ze NEE

Moreover, similarly as in (39) to ([3I2), the integration over z. can be performed
using a delta function with result
pr
s

kTa y_'_kzb -y

1
% (.Ta Ty

2, = Vs (xae_y + xbey) + ) — 2 (kpq cos ¢g + kry cos cbb)}
(A.11)
and applying boundary conditions z. < 1 on ([A.II) leads to the quadratic equation for

Tpmin. Lhe results for zp,,m, 1S

- 2% 1.2 3/2 2
Tymin = € (=€ k7, pr /S — prs / xs —2e’sx,(v— prw)

(A.12)
+Vu) /(252 24 (¢ pr — Vs 1a)),
where
u = 4e'kiy 5" xa(e pr — Vs wa) (€ Ky — pr V5 Ta)
+ (e k2, pr/s+2e'v—prszow+ prs/?a?)?, (A.13)
v = krq kro(cos @, cos ¢y + sin ¢, sin ¢y), (A.14)
w = kp, cO8dg + kry cOS ¢y, (A.15)

and by applying the other condition zy,,;,, < 1 same roots of quadratic equations are

obtained for both roots of 4 min

Tamin = (K7ppr Vs + € pr $3% 4+ 2eY s(v — prw)

(A.16)
£ V)] Qe — 2pp ),
where
u = 4e¥ krqkry s**(e"V/s — pr)(e’ prv/s — krakrs)
+ 5 (kra ko pr + 2€Y /5(v — prw) + €* prs)?, (A.17)
v = kpg krp(cos g cos ¢y + sin ¢, sin @), (A.18)

w = kp, cos @, + kry cos @y, (A.19)



A.1. INTRINSIC TRANSVERSE MOMENTUM KINEMATICS [T

Next, restrictions on the initial transverse momentum kr, < x,+/s and kp, < x5 +/s can
be obtained. In some cases, some of Mandelstam variables can approach zero, if the
initial k7 is too large. That is a problem for the partonic cross-section which could then
diverge. This problem is solved by adding a regularization mass p? to denominators of
the partonic cross-sections with the value y = 0.2 GeV for quarks and p = 0.8 GeV for
gluons as in [32].

Finally, one should add a radial variable xx [154] in (A1)

dx:
doy = -2 (A.20)

TR;

which represents a energy fraction carried by the quarks
T = 17 + 4k7, /s, (A.21)

where z; is a longitudinal momentum fraction, k7; is a transverse momentum and s is
the square of CMS energy.

It is expected that the kp-smearing leads to an increase of the cross-section as discussed
in [65].

Similar derivation of kp-kinematics for hadrons can be made also for direct photons

(case for z, = 1) with following results: momentum fraction x, can be expressed as

1y = (2¢¥svx, — k2, pr/s — pp s/ 222

(A.22)
+Vu) [ (2" s* 2o (e’ pr — Vs wa)),
where
u = s(de ki Vsaa(e! pr — Vs za)(e ki, — prv/s i)
+ (e ki, pr+prsad—2eY\/sx,v)?), (A.23)
v = kpopr cos ¢q + krypr cos ¢y — kg ke cos (0o — @), (A.24)
and then minimal value of the integral variable x, as
Tamin = (k2 Vs +e¥ 32— 2e¥su
(o pr o (A.25)

+/u) [ (2572(e" /s = pr)),
where
u = s(Aer R, VA V5 = pr)(et pr 5 — k)
+ (Kqypr+ € prs—2€e'v)?), (A.26)
v = kpapr €S Qg + kry pr €08 Oy — kg kry €08 (g — dp). (A.27)
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A.2 Wayve function with gauge bosons

The goal of this Appendix is to extent the ¢y* wave function to general ¢G* wave function
where G* stands for gauge bosons G* = v*, Z°, W [155].

The proton-proton cross-section for gauge boson production can be expressed as

d*oPr=GX) x L do x x 3o lar=aGX)
L w0 (@) 6(2) Tama 4

dxpd?pr - T+ 30 J,, o? o d(lna)d?pr

where functions f; denote PDFs. The factorization scale for PDFs has a form p? =
p2 + (1 — x1)M?. The Drell-Yan process cross-section studied within this work focuses

on the inclusive G = ~*, Z° production cross-section as follows

Ao =171 X) dto(Pp—G*X)
T —— M) ————-— A2
d*ppdM*dn FalM) dP*prdn (A.29)
where
Fo (M) = 2EM Fu(M) = Br(Z° — 1717)pz (M) (A.30)
7 3mM2’ ’

where the branching ratio Br(Z° — [7I") = 0.101, and the invariant mass distribution

of the Z° boson in the narrow approximation is

1 MT z(M)
M) =— . A.31
pzM) = = A e 1 AR (A (A.31)
The generalized total decay width reads
M 1
Dy(M) = BN 10 Gt 0y — 40sin2 6y + 21 (A.32)
6 sin” 20y, 3

with the Weinberg mixing angle @y, sin? 6y = 0.23.

The quark-nucleon cross-section has same form as in (£.2)

A3 (aN—GX) 1 ) 2 eV s ) o )
Ty =~ @ ) Endomem U o g m) B 0 my)
1 = —
x5 {oulan) + oglaps) —og(alpy — pl)} (A.33)

except for the sum over quark polarizations and vector and axial-vector wave functions

V—A,* — — —
Z \I/T,L (aap?amf)qj¥,LA(a>p1amf)

quarkpol.

= \I/¥:z(a> P2, mf)lpg,L(aa ﬁla mf) + \I/;‘“:Z(aa P2, mf)\II%L(a’ ﬁla mf)' (A34)



A.3. SOLUTION OF THE GREEN FUNCTION IN THE FORM OF THE HO \Y

Each component reads [155]

. ey
\II‘T/\IJ‘T/ — % mfa4Ko(77,01)K0(7IP2)

£ -l Kl(nm)Kl(an)] (A.35)
1M2
O (C9)(E
iy = Ll M2 (1 - ) Ko(npr)Ko(np2) (A.36)
G G \2
vt — 7’{mia%l—a>2K0<np1>Ko<np2>

b 0P P ) ) (A7)

G
VRV = e {HQKO (np1)Ko(np2)

+ O‘zmipl .p/f K1(77p1)K1(npz)} (A.38)

where pi* = a?*m7 + (1 — a)M?, Ko(z) is modified Bessel function of the second kind, and

the coupling factors Cf are defined as

Vami e \Jama VaEm
f—\/OéE Zf, Cf C}/V :%Vfufd7 Cf :%Vfdfm
sin 20y 2/2 sin Oy 2v/2 sin Oy
(A.39)
with the vectorial coupling at the leading order for vector case
1 4 | 1 2
glf =1, gvzju =353 sin? Oy, ng,fd =-3 3 sin? Oy, ggf/f =1, (A.40)
and for the axial-vector case
1 1
_ z z wo_
gar=0,  gis = 50 Yann= "5 Yas=1 (A.41)

Here, f, = u,c,t and f; = d, s, b are flavors, V}, ¢, refer to the CKM matrix elements.
For quark masses the following masses are used m,q, = 0.14,m,. = 1.4, m;, = 4.5 and
my = 172 GeV

A.3 Solution of the Green function in the form of the
HO

In this appendix, the solution of (£54) for small-p approximation, cr = (Cp?, and for

uniform nuclear density approximation, pa(b, z) = pof(R% — b* — 2?%) W111 be presented.
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These approximations allow to solve 2D Schrodinger equation (A50) analytically with

result in form (£59) with (£60) and (Z6I).

Basic idea of this solution is to substitute for Bessel functions Ky and K; in wave

functions by their integral representation

1 o] dt 2 2
Ko(np) = 5/0 — exp (—t—%), (A.42)

1 1 [>dt n?p?
Kl = g [ G ew (—t—? | (A43)
(A.44)

and solve it as multiple Gaussian integrals leading to the analytical solution for integrals

over transverse coordinates.

Then, the result can be expressed as the sum of two terms

d30.(qA%'y*X)

——— =14 +7 A4
() Ppr A+ I, (A.45)

where the first term, Z,, gives dominant contribution similar to LCL limit

Ra
Iy = Z]%O;JTM / dLL/ dz/ dt du Capy exp|—u — t]

1 1
2 e o o 4 -
X {( ot + 2M3%(1 — )? )2 Qton (1+(1—a))y T3 g2 Lan | (A46)
where subintegrals have forms
7 B 2 D + AE? 9
A0 = Jeasps P |7 4ap T
x (=4B*D + (BE — 2D)’py. + 4A(4D — E°p7) + 4A(A4(B — D)D + E(2D — BE)py))
(A.47)
I B 2 D + AE? 9
AL T qogaips P | TTgap T

x (=32D*(—B®+4AB(B — D) + 4A*(B + D)) + 16D(—BB(BE — 2D)(BE — D)
+ 2A°E(D(E —2)+2BE) +2A(2B’E* — BDE(4+ E) + D*(1 + 2E)))p>
+ E(BE—2D)(4D*+ (B®> — 4AB — 4A*)E® + D(8AE — 4BE))p7) (A.48)
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where

Ui
A = 1u + 1Ca’poz, (A.49)
B = Ca’pyz, (A.50)
2
- % + 1Ca?poz, (A.51)
4AC — B*
D = 27 .
2(2A — B)
FE = ——~. A.
1A (A.53)

The second term Zg gives corrections to the first term for small py. For high pr this

term can be neglected. This term has a form

Ip

R4 —igV " Az
O EM qyae L
= 72 dL L d dt du C*at pP——
T (2r) e/ / Z/ Z/ B apOsmh(wAz)
1 1
2 2\,.4
x {(mfa L oM2(1 - ))2—5130 (14 (1= ' 5 15 Toa | - (A54)

where subintegrals have form

Igyo

+ o+ o+ 4

w3 J+GK? 2}

256G5 I3 ] aGg T
(32J% (B(B — 4G)I? + 2(HB(B — 4G) + GI*)J + 8GH J*) — 16J(H J(2J — BK)

(2J +4GK — BK) + I*(J* + B(B — 4G)K* + JK(G(4 + K) — 2B)))p>

ex |-

I’K*(BK —2J)((B—4G)K —2J) p7) , (A.55)
31 S+ GK? ,
2006GAA T P | T Tagy T

(128J° (3(4G — B)B*I* + 8(H (4G — B)B* + G(G — B)I*)J + 32GH (G — B)J?)
32J%(8(G — B)J*(I* + 4HJ) + 2J(3B(3B — 8G)I* + 8(HB(3B — 8G) + GI?*)J
32GHJ*)K + (9(4G — B)B*I* + 16(H (4G — B)B*> + G(G — B)I*)J

32GH(G — B)J*)K*)p7 +4JK(8HJ(2J + 4GK — BK)(BK — 2J)?

1*(16J° + 9(4G — B)B?K*® + 4JK*(9B* 4+ 2G* K — 2GB(12 + K))
4JPK(2G(7T+ 2K) — 11B)))py + I’K*(BK — 2J)*((B — 4G)K — 2J) p}) (A.56)
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where
B = H(){2p02, (A57)
F o= gcoth(wAZ)Jr%Hozzpoz, (A.58)
o
G = %HOZszZ + 4— s (A59)
o
_ ¢ T A.
H 5 Coth(wAz) + g (A.60)
a
= - A.61
! sinh(wAz)’ (A.61)
AFGH — HB? — GI?
= A.62
/ AGH ’ (A.62)
4GH — 2HB
S ——— A.
K 1GH (4.63)

A.4 Cross-section kinematics

Here, some useful relations for cross-section transformations will be presented.
Some Drell-Yan data are presented for several bins in invariant mass together with
the mean value (M) for each bin. It is useful, according to the mean value theorem, to

integrate the cross-section of gamma decay to dilepton

M2 -

B maz do("=117) o M2

=) - dM? = % In e A.64
7 /M dM? 3 M2, (A.64)

min

and the rest of p + p cross-section is calculated as

P e s i (). (1)) 22
dxpd?pr T+ 1 Jy, a2 T\ N “\ o d(In o) d?pr

M2:(M>2 '

(A.65)

Next, for direct photon production it is convenient to use the form same as for hadrons
o (Pp—=7X) ) , 2 A3 (Pr—=7X) A

E M . .66

\/ +pT + xF\/— dzpd2py ( )

For comparison with Drell-Yan data from LHC experiments it is useful to express the

cross-section in term of pseudorapidity instead of Feynman xp

dBU(pp%l’FLX) 9 d3o.(pp%l’l+X)
W = (%\/M2+p%COShn)W, (A67)



A.4. CROSS-SECTION KINEMATICS IX

M2+ 2
where 15 = %\/x% + 47 & zF transform to z;5 = /Te*", where 7 = TPT. Other

forms of provided data at LHC are dilepton cross-section as function of dilepton mass

da(pp%l_l_’_X) do_(ppﬁl_l-'»X) da(pp%l_l-'»X)

i , transverse momentum y , rapidity 7 and total cross-
pr Sy n
section, usually used for Z° boson production, ol?? 7" ") where typical limits for the

integration over dilepton mass are M,,;, = 60 GeV and M,,,, = 120 GeV, can be obtained
by integration of (£32]) over the rest differential variables.
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Cronin effect at different energies: from RHIC to LHC

Michal Krelina'-2 and Jan Nemchik'2-P
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Abstract. Using the QCD improved parton model we study production of hadrons with
large transverse momenta py in proton-proton and proton-nucleus collisions at different
energies corresponding to experiments at RHIC and LHC. For investigation of large-pr
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 py and at forward rapidities. We provide a good
description of the Cronin effect at medium-high p; and the nuclear suppression at large
pr in agreement with available data from experiments at RHIC and LHC. In the LHC
energy range this large-pr 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 pr 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(pr) = 0p+a—isx(P1)/A O psp—isx(pr), where A is the mass number.

The Cronin effect, observed already in 1975 [1] as the ratio R4(pr) > 1 at medium-high pr, 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 p; the PHENIX data [3] on n°
production in d + Au collisions at mid rapidity (y = 0) indicate a suppression at large pr, Ra(pr) < 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
e¥ 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

4e-mail: michal krelina@fjfi.cvut.cz
be-mail: nemcik @saske.sk

This is an Open Access article distributed under the terms of the Creative Commons Attribution License 2.0, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Article available at pfip://[www.€ep|-conierences.orq or piip://dx.dor.ora/10. 105 I/epjconi/2Z01466024019



http://www.epj-conferences.org
http://dx.doi.org/10.1051/epjconf/20146604016

EPJ Web of Conferences

mechanism is valid at any energy and is responsible for a significant suppression of particle production
até — 1, where & = /x% + x% with Feynman xr and variable x; = 2pr/ +/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 ¢ and we rely on the factorization formula, Eq. (4), where we replace the

proton parton distribution function (PDF) by the nuclear modified one, f,(x, 0Y) = f(A)(x, 0%, b),

alp
where
e ETesTab) _ p=0essTalb)

(1 = &) (1 = e7ersTab)) (D)

ID(x, 02, b) = Cofoypl(x, 0)

/p
with o.ss = 20 mb and with the normalization factor C, 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],

d é\.ab—wd

dxg dxp _, 1
=Ky, f Phradry " s Ko O)F i Ky Q) Dol M) = =+ @)
abed ¢

d30_pp—>hX

where functions F' (x;, k7., 0%) = x;f;/p(xi, 01)gp(k7;, ), K is the normalization factor, K ~ 1.0—1.5
depending on the energy, x,, x; are fractions of longitudinal momentum of colliding partons, z. is a
fraction of the parton momentum carried by a produced hadron, d6-/df is the hard parton scattering
cross section and radial variable is defined as x3, = x7 + 4k2. /5.

The distribution of the initial parton transverse momentum is described by the Gaussian form [11]

1 2 2 2
gp(kr,Q%:me*ﬂ“‘ﬁN@) with  (K2)n(Q%) = (k3 )0 + 0.2 a5 (0P Q% A3)
T7/N

where (k:‘} Yo = 1.5 GeV? for RHIC and (k%)o = 0.5 GeV? 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 y, = 0.2GeV and ug = 0.8 GeV for quark and gluon
propagators, respectively [2].

For the process p + A — h + X the corresponding invariant differential cross section reads,

d%O_pA—ﬂzX dxa dx
—— =K f d*bTA(b) f & lerad’ ey~ —"gA(xa,kTa,Q b) gp(krs, 0°)
abced
1 dé_ab—wd
X Xafalp(as @)% foia(bs Xps OVDiyeGes Hp) - == (&)

where T4(b) is the nuclear thickness function. The nuclear parton distribution functions (NPDFs)
foralxp, Q*) = R}‘.(xb, 0% [%fb/p(xb, 0Y) + (1 - %) Fon(xp, QZ)] were obtained using the nuclear mod-
ification factor R‘;(xb, 0?%) with EPS09 [12] and nDS [13] parametrizations. The nuclear modified
distribution of the initial parton transverse momentum has the form

ga(x, kr, Q*,b) = me—@/(k%ﬂx@z»b% where  (k7)4(Q,b) = (kjIn(Q°) + Ak7(x, b).
7/A\AS >
)

Here Ak%(x, b) = 2C(x)T4(b) [14] represents nuclear broadening (NB) evaluated within the
color dipole formalism. The factor C(x) is related to the dipole cross section oz as C(x) =

04016-p.2



INPC 2013

pp = T+ X, ¥s =200 [GeV], midrapidity 10 pp = 10+ X, {'s = 2760 [GeV], midrapidity
Q=p,/z a0t Q=p,/z

® PHENIX Collab., Phys. Rev. Lett. 98 (2007) 172302
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Figure 1. Single inclusive hadron spectra in p + p collisions vs. data at /s = 200 and 2760 GeV.

doge(x,1) /dr?|,—o. NB for gluons is larger due to the Casimir factor 9/4. In all calculations we take
the scale 9 = ,u% = p% /z2. 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].

1 25_ dAU — dAu: - T + X, Y 200 [Ge'V], midrapidity, cent. 0-20%, Q=p _/z =
116 v E
E " 3
E . 3
z ST 3 E
3 0.9E- ¢ =
0.8E4 j’ =
0.7 GBW+ISI+EPS09 IP-sat+SHEPSO =

E/ = = = - GBW+SI+nDS = = = = |Psat+ISI+nDS E
0.6F= . PHENIX Collab., Phys. Rev. Lett. 98 (2007) 17p302 . PHENIX Collab., Phys. Rev: Lett. 98 (2007) 12302 -3
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0.5EY .. A . ALICE Collab.; Phys. Rev. Lett. 110 (2013) 082302 ; ; .. A ALICE Coliah., Phys. Rev. Lett. 110 (2013) 082302 E
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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-pr suppression at RHIC.

While we predict in the LHC energy range a weak onset of ISI effects at y = 0 resulting in
Ry,+pp(pr) — 1 (see Fig. 2), at forward rapidities we expect a significant nuclear large-pr 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 R,,,p,(pr) 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 py 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
pr 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-pr suppression at forward rapidities that can be verified by the future measurements.
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Production of hadrons in proton-nucleus collisions: from RHIC to LHC
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Abstract. We study nuclear effects in production of large—pr 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—p; 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 py 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, R4(pr) =
O-p+A~>h+X(pT)/A O-p+p~>h+X(pT)~

The Cronin effect, resulting in R4(pr) > 1 at medium-
high pr, 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 pr, R4(pr) < 1. Such
a suppression is indicated by the PHENIX data [2] on 7°
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
(CGCQO)), 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

4e-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 xr and/or with x; = 2pr/ /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 Rs(pr) 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(pr) especially at small and medium pr. Effects of ISI
cause a strong nuclear suppression at large py and/or at
forward rapidities. Model calculations of R4(pr) 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 R4(pr) 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-

This is an Open Access article distributed under the terms of the Creative Commons Attribution License 2.0, which permits unrestricted use, distribution,
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ization [11]

d3 pp—hX d » d
L—Kzfdkmdkn Atk
abcd XRa XRb

X gp(kra, Q%) gpkr, Q) fatp(Xar @) fosp(xp, O7)
5. 1 dgb=ed
X Dpye(ze, pr) e df (€))
where K is the normalization factor, K ~ 1.0 — 1.5 de-
pending on the energy, dé-/di is the hard parton scattering
cross section, x,, x;, are fractions of longitudinal momenta
of colliding partons and z, is a fraction of the parton mo-
mentum carried by a produced hadron. The radial variable
is defined as x3, = x? + 4k2./s.
The intrinsic parton transverse momentum distribution
gy 1is described by the Gaussian distribution

b}

gn(kr, Q) = AN )

(k7N (Q?)

with a non-perturbative parameter (k%)y(Q?) representing
the mean intrinsic transverse momentum with the scale de-
pendent parametrization taken from [12]

k(0P = 2.0(GeV?) + 02 a5(QHQ*.  (3)

For the hard parton scattering cross section we use regular-
ization masses u,; = 0.2GeV and pg = 0.8 GeV for quark
and gluon propagators, respectively [1].

In all calculations we took the scale Q” = ;112; = p% /22
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-
pr hadron production in p + A collisions reads

d3 pA—hX
Xl — =K f PbTAb) | PhpodPlers

dp abed
X ga(b, kras O°) gpkri, Q%) fuyp(Xas ©7) fioja (b, X, O7)
1 dé\_dbﬂcd

XDh/C(ZC,ﬂF)z d[ s (4)

where T4(b) is the nuclear thickness function normalized

to the mass number A. The nuclear parton distribution

functions (NPDF) f},,4(b, xp, Q%) were obtained using the

nuclear modification factor R?(x;,, Q) from EPS09 [15] or
nDS [16] for each flavour,

FojaCGen, 0% = R} (i, Q)| 4 fiyp 0, Q)
+ (1= %) fomCe @1)]. (5)

dx, dx;,

XRa XRb

The kr-broadening Ak% 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 g4 (kr, Q?, b)
of a projectile nucleon going through the target nucleon at

impact parameter b has the same Gaussian form as in p+p
collisions,

galkr, 0%, b) = (Q%, b)e i/ ka@h) ()
(k2
but with impact parameter dependent variance
(k7)4(Q%, b) = (kpIn(Q?) + Aky (D), (7

where we take kr-broadening Ak%(b) = 2 C Tu(b) evalu-
ated within the color dipole formalism [10]. The variable
C is related to the dipole cross section o, describing the
interaction of the gq pair with a nucleon as
do-f?vq(r)
C= 2| )
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 [17].
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Q= P, /z
dAu—1°+ X

pp — %+ X
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Figure 1. Single inclusive pion spectra in p + p and d + Au
collisons and R4, (pr) vs. PHENIX [2] and STAR [18] data.

In Fig. 1 we present inclusive no-spectra and Ry, 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 Rya,(pr) 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 pr.

4 Initial State Interactions
It was presented in [7-9] that there is a significant suppre-

sion of hadron production at é — 1, where & = {/x% + x7..

20023-p.2
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Figure 2. Predictions for the Cronin effect vs. ALICE data [3].

Such a suppression is observed experimentally at large xg
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 &
and we rely on the factorization formula, Eq. (4), where
we replace the proton PDF by the nuclear modified one,

A
Jarp(x, Q%) = f1)(x, 0%, b), where
e*ftrﬂ// Ta(b) _ e~ Tefs T(b)

(1-8) (1 — e Ta®)

D, 0% b) = Cofuyp(x, 0P )

/p
with o sy = 20 mb and the normalization factor C, 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 R, p,(pr) at
forward rapidities, where we expect a significant nuclear
suppression at large pr 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 R,,.p,(pr) 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 py 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 (GACR), by the Grant VZ MSMT
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] 1. 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. Wiisthoff, Phys. Rev. D59,
014017 (1998).

[18] B. Abelev, et al. (STAR Collaboration), Phys. Rev.
C81, 064904 (2010).

20023-p.3



Available online at www.sciencedirect.com

. .
ScienceDirect PROCEEDINGS
SUPPLEMENTS

ELSEVIER Nuclear Physics B (Proc. Suppl.) 245 (2013) 239-242

www.elsevier.com/locate/npbps

Nuclear effects in hadron production in nucleon-nucleus collisions

Michal Krelina?, Jan Nemchik?®P

“Czech Technical University in Prague, FNSPE, Brehova 7, 11519 Prague, Czech Republic
b Institute of Experimental Physics SAS, Watsonova 47, 04001 Kosice, Slovakia

Abstract

We investigate nuclear effects in production of large-p7 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 pr spectra of hadrons produced in proton-proton collisions at different energies. For investigation of large-pr
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-p7 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 other models presented in a review [S] was able to de-
scribe successfully the last ALICE data [4].
Existing experimental measurements of particle pro- On the other hand, the PHENIX data [3] on 7° pro-

duction at different transverse momenta py in proton-

o ) ’ duction in central d+Au collisions at mid rapidity, y = 0,
nucleus (p + A) collisions and at different energies

: . - indicate a suppression at large pr, Ra(pr) < 1. How-
clearly demonstrate a mamfest.atlon of various nuclear ever, as is demonstrated by the BRAHMS and STAR
effects, which are usually studied through the pucleps- data [6], the forward rapidity region is even much more
to-nucleon ratio, tl.le so. called nuclear mOdlﬁ_Catlon suitable for investigation of large-pr suppression since
factor, defined for inclusive hadron (h) production as the target Bjorken x is exp(y)-times smaller than at

Ralpr) = o p+A4>h+X(.pT)./A o p+p4>h+X(pT)j Where. Ais y = 0. This allows to investigate already in the RHIC
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, R4(pr) > 1, at medium-high
pr 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 energies (see examples in [7]) where no coherence ef-
ALICE experiment [4] at LHC. However, none from fects are possible. These data demonstrate the same pat-
’ ’ tern of nuclear suppression increasing with Feynman x

and/or with x; = 2pr/+/s, where /s is c. m. energy.
Email addresses: michal .krelina@f jfi.cvut.cz (Michal This leads to an expectation that the mechanism, which
Krelina), nemcik@saske . sk (Jan Nemchik) causes the nuclear suppression at low energies, should

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
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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]

d% pp—hX d a d
U_ =K f Phrodky, =22
abed XRa XRb
Xgp(kTa’ Q )g]?(ka7 Q )Fa/p(-xa’ Q )Fb/p(-xb’ Q )
dOA.ab—wd

1
X Dyyje(Ze 17 = a (1)
C

where Fjj,(x;, 0% = x; Sirp(xi, Q?) with parton distribu-
tion functions (PDF) fi,(xi, 0?), K is the normalization
factor (not important for us), K ~ 1.0 — 1.5 depending
on the energy, dd-/df is the hard parton scattering cross
section, x,, x; are fractions of longitudinal momenta of
colliding partons and z. is a fraction of the parton mo-
mentum carried by a produced hadron. The radial vari-
able is defined as x5, = x7 + 4k%./s.

The distribution of the initial parton transverse mo-
mentum is described by the Gaussian form [11],

2y — —IE (kRN (QP)
gplkr, Q7)) = —5———e 17" 2
(k)N (Q?)
with the scale dependent parametrization of the mean
intrinsic transverse momentum from [11],

(k7 (Q) = (k7)o + 0.2 5(Q%) 0%, 3)

where (k%)o = 0.2 GeV? and 2.0 GeV? for quarks and
gluons, respectively. Such a large value of (k%)o 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 y, = 0.2GeV and pg = 0.8 GeV
[2] for quark and gluon propagators, respectively. In all
calculations we take the scale Q% = ,u% = p% /z%. 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-pr hadron production in p + A collisions reads

d3 PA—hX d 4 d
a9 —KZ f POTA(b) | Phpadloyy =2 E20
dp’ 4 XRa XRb

XgA(b, kTa’ Q )gp(kas Q )Fa/p(-xa» Q )Fb/A(b» Xb, Q )
1 d"ab*)(‘d

4
e “)

where T4(b) is the nuclear thickness function at given
impact parameter b normalized to the mass number A
and Fia(b, xi, Q) = x; fya(b, xi, Q).
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,

fin 0 = £ £y, 0 + (1= &) fim(x, @D, (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 Rf‘(x, Q%) with
EPSO09 [15] or nDS [16] parametrization,

fia(x, Q%) = R (x, @) fyn(x, @°). 6)

Nuclear broadening. In Eq. (4) the nuclear intrinsic
parton transverse momentum distribution g4(kr, O, b)
of a projectile nucleon going through the target nucleon
at impact parameter b has the same Gaussian form as in
p + p collisions,

galkr, 0*,b) =

X Dh/c (ZuﬂF)

~k3 /(K34 (Q% b)
————e 7T , (D
(k3 )4(Q2, b)

but with impact parameter dependent variance
(k1)a(Q%,b) = kp)n(QP) + MkT(b),  (8)

where we take the nuclear ky-broadening Ak2 7(x,b) =
2 C(x) Ta(b) evaluated within the color dlpole formal-
ism [17]. The factor C(x) is related to the dipole cross

section 04, which describes the interaction of the gq
. d
pair with a nucleon, as C(x) = (T"I"r(f il
=0
for gluons the nuclear broadening is laréer 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-

. Note that

duction arises at & — 1, where ¢ = /x% + x2. Ob-

served suppression at RHIC at forward rapidities (large
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xr) [6] is usually interpreted by the onset of coherence
effects. However, a similar large-xz 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-pr 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 & [7]. Here
we rely on the factorization formula, Eq. (4), where
we replace the proton PDF by the nuclear modified one,
Fap(x, 0% = W (x, 0%, b), where

/p
e ETerTalb) _ e—ﬂ'(//TA(h)

(A) 2 —
FDx, Q2.b) = N fuyp(x, @ ) A
with o,ry = 20mb and the normalization factor N

is fixed by the Gottfried sum rule. Note that correc-
tions, Eq. (9), correspond to sufficiently long coherence
length, . = +/s/mykr > R,, where Ry is the nuclear
radius. In the opposite case, when /. < 1 + 2 fm, cor-
rections for ISI effects are weaker due to substitution
Tx(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 p7y 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 p7. 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,
Rwyse(pr), at \/s = 27.4 GeV [20] as function of pr.
While the dotted line includes besides NPDFs also nu-
clear broadening calculated with KST dipole cross sec-
tion [12], the solid line includes additionally IST effects,
Eq. 9).

In the RHIC energy range at y = 0 besides Cronin
enhancement at medium-high p; and small isotopic cor-
rections at large pr one should not expect any nuclear
effects since no coherence effects are possible. How-
ever, the PHENIX data [3] indicate large-pr 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

—————
161 =
14 8
[] L
%.12;
=

T

't /’ + ——— KST+EPS09, " ]
0.8 + ------ KST+EPS09+ISI, * R
r —— KST+EPS09, 7 ]
o6 | e KST+EPS09+ISI, ;
Cov v b v b b b e b b v v by 0

1 2 3 4 5 6 7
P, (GeV/c)

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 /.. The data are taken from the fixed
target experiments [20].

depicted by the solid lines, while the dotted lines, rep-
resenting calculations without IST effects, overestimate
the PHENIX data at large pr. 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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1.2
1.1

M\HM\HMH\

5 3
< 1 ‘* ........ =
ER =T A &l it b LD ST T T p——— =
e 0.9
0.8 iaauiiaw GEWsDs
0.7 GBW+nDS+ISI
------ IP-Sat+nDs
0.6 IP-Sat+nDS+ISI
. PHENIX Collab Phys Rev.Lett. 98 (2007} 172302

dAu—m +X, ) ' 200 [GeV], midrapidity, cent. 0-20%, Q = p,rlz

Qo dnbwdno ool

~
~
.....

T[T [T T[T [T T T[T HWHH‘HH‘HH TTTT HH‘HH‘HH

\HmH AHHMH\M

------ |P'§:+ DS 4151
; A‘ PHENIX Collab Phys Rev.| Leﬁ 98 (2007) 172‘ 02 ;
2 4 3 8 14 16 18
P, (GeV/c)

Figure 2: Nuclear modification factor Ry, 4, (pr) for ° 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 R, pp(pr) =~ 1 at large pr. The ALICE data [4]
presented in Fig. 3 allow so to test only our model pre-
dictions for the Cronin enhancement at medium-high
pr 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-p7 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.

= T T |
1.4[— pPb - charged + X, s = 5020 [GeV], midrapidity, MB, Q = plz —]
1.2 —
g 1 =
o C I
0 0.8 . =
E GBW: N ~N. 3
E +I1SI+EPS09, y=0 . J
0.6— = = = = GBW+ISI+nDS, y=0 \ N
r —— — GBW:+ISI+nDS, y=2 3
0. 4; = GBW+ISI+nDS, y=4 5 7
e ® ALICE Collab., Phys. Rev. Len 10 (2019) 06230 ‘ .
1.4 pr - charged + X m . 5020 [GeV], mldrapldlty, MB Q= p Iz ‘ —
1.2 5 + —
C P - 7
o 1 Z gast U7 ]
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Figure 3: Nuclear modification factor R, py(pr) 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 pr 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-pr suppression at y = 0 in accordance
with RHIC data on pion production in central d + Au
collisions. Such a large-py 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 pr and isospin effects at
larger pr, one should not expect any nuclear effects. However, this fact is in contrast to the
PHENIX data providing an evidence for a significant large-pr 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 zp and/or large xr = 2pr/+/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 pr. Numerical
calculations of invariant pr spectra and the nuclear modification factor were performed within
two different models, the color dipole formalism and the model based on kr-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(pr) = opa—sy+x(01)/A 0pp—sy+x (p7) for pA collisions
and Rap(pr) = 04B—+x (017)/AB 0pp—sy+x (pr) for minimum bias (MB) AB collisions.



At medium-high transverse momenta pr one should take into account the Cronin effect,
enhancement of particle production in pA collisions, R4(pr) > 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 pr, in this paper
we focused on study of possible nuclear effects in the large-pr region. In contrast with a naive
expectation about an absence of nuclear effects at large pr the PHENIX data [2] on 7% production
in central dAwu 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 z.

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 x;, = 2pp/v/s = 1 or xp = 2pr/+y/s — 1 defined at given c.m. energy +/s.

. . . . . _ 2 2
Correspondingly, the proper variable which controls this effect is £ = (/27 + 7.

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(€) ~ 1 —¢&. 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)

Foyp(w, Q*) = FCE;Q(HT, Q?,b), where

e—§0effTad) _ g—oersTa(b)

(1= (1 — e_UEffTA(b)) ) (1)

Fapl, Q%) = £ (2, Q% 6) = Cofuyp(, Q%)

Here 0. = 20mb [6] is the effective hadronic cross section controlling the multiple interactions.

-,

The normalization factor C, in Eq. (1) is fixed by the Gottfried sum rule, T4 (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 x ) in dA collisions [6, 10]. An alternative interpretation
[12] is based on the coherence effects, which should disappear at lower energies because z &< 1/4/s
increases. However, according to Eq. (1) the suppression caused by the ISI energy loss scales
in Feynman zp = z; 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
IST energy loss.

The ISI energy loss also affects the ppr 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 ppr-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 kp-factorisation
[14] will be compared with the color dipole approach [15].

2. Model based on kp-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]:

d3orr=X dxg dx
e =K [ hradhen, ™ g, s Q) gy @)
p abd Ra L'Rb
3 dé_abﬁ'yd A . A
XFa/P(meQ) Fb/p(:vbaQQ) ; Té(s_‘_t_‘_u)’ (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(a:i,Q2) =z fi/p(xi,QZ) with PDF fi/p(xi,Q2), dé /dt is the cross section of
hard parton scattering, x,,x; are fractions of longitudinal momenta of the incoming hadrons.
The radial variable is defined as :c%l- = xf + 4]4:%1» /s, 8, t, 0 are the parton Mandesltam variables

and ETi is transverse momentum of parton.
The distribution of the initial parton transverse momentum is described by the Gaussian
form [16],
gp(kr, Q) = L BN (3)
e m(k7) N (Q?)
with the scale dependent parametrization of the mean intrinsic transverse momentum from [16],
(B2)N(Q?) = (k%) + 0.2a5(Q?) Q? , where (k2)g = 0.2 GeV? and 2.0 GeV? for quarks and
gluons, respectively.

For the hard parton scattering cross section we use regularization masses ji; = 0.2 GeV and
pa = 0.8 GeV for quark and gluon propagators, respectively. In all calculations we take the
scale Q% = p2. 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
A3 oPA—TX d35rr—X

- = 2 7 e —
B / POTAOE— (4)



and
d30_AB%'yX d30—pp*>’YX

BT = [ s TTal - 9B )
respectively.

In Egs. (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) Fj/4(b,z;,Q%) =
RA(z,Q?) (%a:ifi/p(w, Q%) + (1 — %) T fin (2, QQ)), where R (x, @?) is the nuclear modification
factor from EPS09 [18]. Invariant cross section E d35PP~7% /d3p in Eqgs. (4) and (5) contains
also a nuclear modified distribution of the initial parton transverse momentum as reads,

1 2 2 2
L 2 ) = —k#/ (k1) a(Q%,))
gA( T7Q7 ) 7T<k%>A(Q2’b)e T T ) (6)

where impact parameter dependent variance (k%) 4(Q?,b) = (k%) n(Q?) + Ak2(b) is larger than
in pp collisions due to the nuclear kp-broadening Ak2(x,b) = 2 C(z) T4(b) evaluated within the
color dipole formalism [19]. The factor C(z) is related to the dipole cross section ogq, which

doN
U‘Ic‘gg ) . 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].

describes the interaction of the gg pair with a nucleon, as C(z) =

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 |¢y) Fock component, the py distribution of the photon bremsstrahlung in quark-
nucleon interaction can be expressed as a convolution of the dipole cross section aé\é(ap, x) and
the light-cone (LC) wave functions of the projectile ¢ + v fluctuation ¥.4(c, p) [15]:

do(gN — vX
dIn ad?pr

@) /Z dp1 dpy PP WE (0, 1) Uag(a, ) Bev, p1, p2, wa) 5 (7)
in,f

where S(a p1. p2.z) = {0 (ap1, ) + 025 (aps, ) — ol (it — 7 1))} /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 PDF's

d3oPr—=7X dodP=P

(8)

dz1d?pr dIn ad?pr’

1 da
= i+ /a Zq:eg (B fapp (2. Q%) + 5 fopp (3.Q%))
where e, is a quark charge, o = p,t / pq+ is a fraction of quark LC momenta taken by the photon
and Bjorken variables x; and x9 are connected with the Feynman variable as xp = x; — o with
1 = p, T/ pJr in the target rest frame. In all calculation we use the scale Q% = pzT, 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
2Eqa(a—1)
a®mi+py
and mass of projectile quark, respectively. The variable x, = z1/a denotes a fraction of the
proton momentum carried by the quark. The onset of nuclear shadowing requires a sufficiently

long coherence length (LCL), [, > R4, where Ry is the nuclear radius. This LCL limit can be

coherence length, [, = < > , where By = z4s/2my and mg = 0.2 GeV are the energy
e



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 ¥ (p, z) [22], i.e. performing

the following substitutions in Eq. (7): "
Ué\é(ap,x) = U%(O[p,x) = 2/d25 U%(E’, ap,x) 9)
for proton-nucleus interations and
U(%(ap,:c) = J%B(ap,x) = /d2b d*s [03(@ ap, ) Ts(b— 3) + U%(g— S,ap,x)Tp(s)| (10)
for heavy-ion collisions where

N A
J%(s,ap, x)=1- (1 — ﬁaq]\g(ap,x)TA(é')) . (11)

In the LCL limit, besides the lowest |¢y) 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 T4(3) = Ta(3)Rg(z2, Q%, A, 5) in Eq. (9) for p+ A
interaction and T (5) = Ta(5)Ra (2, Q% A, 5) and Tp(b — §) = Ts(b — §)Ra(z1,Q2%, A, b — 3)
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 kp-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-py 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 pp.

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 kp-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 pr 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 kr factorization in the small pr
region. Similarly as was demonstrated above, both models agree well with data in the large-pr
region. Moreover, the data on R 4,4, (pr) at centrality 0—10 % indicate a significant suppression
at large pr > 17 GeV that can not be interpreted by coherence effects. Calculations within both
models including ISI corrections clearly demonstrate the observed large-pr attenuation.

Fig. 4 shows predictions of both models for R4,4.(pr) 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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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

pr-

Fig. 6 shows predictions from both models for Rpypp 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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Predictions for Rja,(pr) 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 pr > 15 — 20 GeV. The same Fig. 7 also clearly manifests a strong rise of ISI effects
with rapidity at fixed pr 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-pr
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 kp 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 kp-factorisation shows a better agreement with data in the low-pp 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 pr 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-pr region we found a good agreement of both models
with available data on nuclear modification factors R4 and R44 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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demonstrated that ISI effects cause a strong suppression at forward rapidities and large pr
leading so to breakdown of the QCD factorisation. In the RHIC kinematic region no coherence
effects are possible at large pr. However, the PHENIX data on direct photon production in AuAu
interactions clearly indicate a significant large-pr suppression that can be explained entirely by
IST 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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Production of photons and hadrons on nuclear targets
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Abstract. We investigate nuclear effects in production of large-pr 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 modification of parton
distribution functions. We demonstrate that at large pr and forward rapidities the complementary
effect of initial state interactions (ISI) causes a significant nuclear suppression. Numerical results
for nuclear modification factors R4 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 effects at medium and large transverse
momenta pp. This should help us to understand
properties of a dense medium created in heavy ion
collisions (HICs). Manifestations of nuclear effects
are usually studied through the nucleus-to-nucleon
ratio, the so called nuclear modification factor,
Ralpr) = Opasny+x(01)/A0ppsn(y)+x (P1)
for pA collisions and Rap(pr) =
T AB—h()+x (PT)/AB 0pph(y)4+x (pr) for minimum
bias (MB) AB collisions.

In this paper we focused on suppression at large
pry, Ra(pr) < 1 (Raa < 1) indicated at midrapid-
ity, y = 0, by the PHENIX data [1] on 7° production
in central dAwu 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 effects (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 z is exp(y)-times smaller than at y = 0 allow-
ing so a manifestation of coherence effects. However,
assuming their dominance at RHIC forward rapidi-
ties then the same effects 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 ~1-¢, (1)
where & = /2% 4+ 22, and zp = 2pp/\/s; ap =

2pr/+/s. This factor leads to a suppression at large-pr
(z7 — 1) and also at forward rapidities (zp — 1).

2 Results

Calculations of pp, pA and AA cross sections were
performed employing the parton model, which corre-
sponds to collinear factorization expression modified
by intrinsic transverse momentum dependence [7].

In the RHIC energy range at y = 0 besides Cronin
enhancement at medium-high pr and small isotopic
corrections at large pr one should not expect any nu-
clear effects since no coherence effects are possible.
However, the PHENIX data [1, 2] indicate large-pr
suppression, which is more evident for hadron and di-
rect photon production in central dAu and AuAwu colli-
sions, respectively, as is demonstrated in Fig. 1 (lower
box) and in Fig. 2 (middle box). Such a suppression
is caused by ISI effects, Eq. (1), and is depicted by the
solid lines, while the dotted lines without ISI effects
overestimate the PHENIX data at large pr.
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Figure 1. Nuclear modification factor Rgqa.(pr) for 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 IST effects, 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 pr. The corresponding comparison
demonstrates a good agreement as is shown in Fig. 3
by the solid and dotted lines manifesting so a weak ef-



18" Conference of Czech and Slovak Physicists, Olomouc, Czech Republic, September 16-19, 2014

(a) mlnjgrlum-blas
<

I I I I I I I I
t t t t t t t 1

--------

-=== N=0, GBW E
—— N=0, GBW + nDS + S| 3
: H—s GBW +nDS + IS =

E 1 L L 1 A 1 1
0 2 4 6 8 14 16 18 20
pT (GeVIc)

Figure 2. Nuclear modification factor Ry (pr) for
direct photon production at /s = 200 GeV for different
centrality intervals at y = 0 and y = 3.

fect of nuclear shadowing. However, ISI effects causing
a significant large-py 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 final 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-pr due to a weak onset
of ISI effects. Similarly as for hadron production, ISI
effects cause a significant large-pr 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 modification factor R,py(pr) 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 modified by intrinsic
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Figure 4. Nuclear modification factor Rpyps(pr) for
direct photon production at /s = 2760 GeV for different
centrality intervals at y = 0 and y = 4.

transverse momentum dependence, we predict large-
pr suppression of hadrons and direct photons pro-
duced on nuclear targets. The main source for sup-
pression comes from ISI effects, which are dominant
at large zp and/or xp. ISI effects at LHC are irrele-
vant 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 in part by the grant 13-
208418 of the Czech Science Foundation (GACR), by
the Grant MSMT LG13031, by the Slovak Research
and Development Agency APVV-0050-11 and by the
Slovak Funding Agency, Grant 2/0020/14.

References

[1] S.S. Adler, et al. [PHENIX Collab.], Phys. Rev.
Lett. 98, 172302 (2007); Phys. Rev. Lett. 109,
152302 (2012).

[2] S. Afanasiev et al. [PHENIX Collab.|, Phys. Rev.
Lett. 109, 152302 (2012); T. Sakaguchi Nucl.
Phys. A 805, 355 (2008).

[3] I. Arsene, et al. [BRAHMS Collab.], Phys. Rev.
Lett. 93, 242303 (2004); J. Adams, et al. [STAR
Collab.], Phys. Rev. Lett. 97, 152302 (2006).

[4] B. Abelev et al. [ALICE Collab.], Phys. Rev.
Lett. 110, 082302 (2013).

[5] B.Z. Kopeliovich et al., Nucl. Phys. B 146, 171
(2005).

[6] B.Z. Kopeliovich et al., Phys. Rev. C72, 054606
(2005); B.Z. Kopeliovich and J. Nemchik, J.
Phys. G 38, 043101 (2011).

[7] M. Krelina and J. Nemchik, Nucl. Phys. B (Proc.
Suppl.)245, 239 (2013).

[8] S. Chatrchyan et al. [CMS Collab.], Phys. Lett.
B 710, 256 (2012).



EPJ Web of Conferences will be set by the publisher
DOI: will be set by the publisher
© Owned by the authors, published by EDP Sciences, 2015

Systematic study of real photon and Drell-Yan pair production in
p+A (d+A) interactions

M. Krelina'-2, E. Basso??, V. P. Goncalves®*, J. Nemchik'-®, and R. Pasechnik®

'FNSPE, Czech Technical University in Prague, Brehova 7, 115 19 Prague, Czech Republic

2Instituto de Fisica, Universidade Federal do Rio de Janeiro, Caixa Postal 68528, Rio de Janeiro, RJ 21941-
972, Brazil

3Department of Astronomy and Theoretical Physics, Lund University, SE-223 62 Lund, Sweden

4High and Medium Energy Group, Instituto de Fisica e Matematica, Universidade Federal de Pelotas,
Pelotas, RS, 96010-900, Brazil

SInstitute of Experimental Physics SAS, Watsonova 47, 04001 Kosice, Slovakia

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
pr, Feynman variable xr 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 x, in the target, the latter turns out to be significant at large x; 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 x;, 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 I.. 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
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accounts for the exact coherence length /. 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 x, 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 /., which controls the interference between
amplitudes of the hard reaction occurring on different nucleons and is given by

2 2N
= 1 (M* + pp)(1 —a) )

xomy a(l — a)M? + a2m? +p2’

where « is the fraction of the light-cone momentum of the projectile quark carried out by the photon,
and m; = 0.2 GeV is an effective quark mass. Figs. 1 and 2 show the energy dependence of the
mean coherence length for xr = 0 and xp = 0.6 corresponding to small x, fractions, explicitly
separating the regimes with the long coherence length (LCL), /. > Ry, and short coherence length
(SCL), I, < 1 +2 fm. For the transition region between both limits we used the Green function
formalism as the general case with no restrictions on /..
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Figure 1. The mean coherence length for Drell-Yan Figure 2. The mean coherence length for Drell-Yan
and direct photons production for x5 = 0. and direct photons production for x5 = 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 Z° boson
by a projectile quark. The transverse momentum pyr distribution of photon bremsstrahlung in quark-
nucleon interactions reads [5]
d3 o.(qN —y*X) 1
dinad’pr ~ (2n)?

ffmﬁm%ﬁﬁwh@mwm@mm@m@x )
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where

s 1 =3 = =3 =

(. fr. ) = 5 (Tiq(ep) + oo = ojoa - p2) 3)
and the light-cone (LC) wave functions of the projectile ¢ — ¢ + y fluctuation W7 (a,5) can be
found in Ref. [5]. For the dipole cross section a'%(a[)’) we used GBW [6], KST [7] and GBWnew [8]
parameterisations. The hadron cross section is given by a convolution of the gN cross section with the
corresponding parton distribution functions (PDFs) f; and f, as follows

d3 O.(qN —y*X)

1 da —
| & Ealastnia @ +aman ) G- @

d40_(pp—>l+l’x)

dszddeMz -

QM X
312 X1+ X3

where Z, is the fractional quark charge, the (anti)quark PDFs f; and f; are used with the leading order
(LO) parameterisation from Ref. [9] at the scale Q* = p7 + (1 — x;)M?. After integration over the
transverse momentum gy we get for hadronic cross section

2 (pp—ITTX) 1 (gN—-y*X)
do? o _x XS Zy(arat e @) + i, 0) 2o —  (5)
dxpdM 3nt xi+x2 Jy, @ - dina
and for quark-nucleon cross section
doaN=v"X)
_ 2 2
B Tr o dp |¥y4(a, p)| 0‘2%(0,5)' (6)
T T E RN T R R A S R I B B I I N IS E
- X =0.625 ] BN M= 4.8 GeV, x_ = 0.624 ] 104E direct photons,n=0 ,;
i i 6 10°E — 6; ]
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Figure 3. Differential dilepton cross  Figure 4. Differential dilepton cross Figure 5. Differential direct pho-
sections in pp collisions vs E772 sections in pp collisions vs E886 ton cross sections in pp collisions vs
[13]. [14]. PHENIX [15].

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]

dol4A—=r"X) doavn=r'X) oo 21
1o = A 1o —ERef dzlf dszdzbdzpldzpz

X W (@, 32)pa(b, 2)0hy(aB2)G (B2, 22181, 20)pa(b, 2 ) h (@) Wy g (@, 1), (7)

where the Green function G(7,, 22|01, z1) describes the propagation of |y*¢) Fock state between lon-
gitudinal positions z; and z, through the nucleus with initial and final separations g; and g,, respec-
tively. The Green function above satisfies the two-dimensional time-dependent Schroedinger equation
(z» plays the role of time)

ii N Ar(Bh) — 1
0z 2E (1l — @)

- V(22, 02, @) | G(p2, 22|P1,21) = 0 (®

with the boundary condition G(g, 22161, 21)l;,=z, = 6*(F2 — F1). The imaginary part of the potential
V(z2, P2, @) describes an absorption of the dipole in a nuclear medium and reads

V(z2, 0, @) = _%PA(b’ )0 (ap). ©9)

For the pr-dependent DY production cross section we solved the Schroedinger equation analyti-
cally which is possible for quadratic a'qu(p) = Cp? and the uniform nuclear density. For py-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:

oM (B, x) > o (B, x) =2 f dzb(l - e—%“%@”““’)) ) (10)

Besides the lowest |¢G™) Fock state one should include also the higher Fock components contain-
ing gluons |y*gG), |y*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 y*A cross
(r*A)

section for the longitudinal photon, Rg(x, 0% b))~ 1- %, was included in calculations replacing

(o

o (@, x) = o (B, ORG(x, 0%, b).
The initial state energy loss (due to ISI effects) is expected to suppress the nuclear cross section

significantly towards the kinematical limits, x; = WL Jand xp = 2L — 1. Correspondingly, the

Vs Vs
proper variable which controls this effectis € = /xi + x%. The magnitude of suppression was evalu-

ot

ated in Ref. [12]. It was found within the Glauber approximation that each interaction in the nucleus
leads to a suppression factor S (§) = 1 — £&. 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

e 6T Ta) _ o=0epsTa()

(1 = &)1 = e TersTa)y

qr(x, Q%) = ¢} (x, 0%, b) = Coq(x, Q%) (11)

Here, o.rr = 20 mb is the effective hadronic cross section controlling the multiple interactions. The
normalisation factor C, is fixed by the Gottfried sum rule (for more details, see Ref. [12]), T4(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).

L FelD i 1
o 4 3 : :
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Figure 6. Comparison of the dipole model pre- Figure 7. Comparison of the dipole model pre-
dictions for Rs/p(x;) with the E772 data at Vs = dictions for R4,p(xr) with the E886 data at \s =
38.8 GeV [13]. 38.8 GeV [14].

In Figs. 6 and 7 we compare our predictions for ratios R4,5(x2) and R4/p(xr) 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-py 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 pr, the ISI effects are
important at large py and/or xr. 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 y*/Z° 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 y*/Z° 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

4e-mail: michal krelina@fjfi.cvut.cz
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length /. 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 |y*qG), |y*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 py which was indicated at midrapidity, y = 0, by the PHENIX data [2] on #° 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* = y*, Z° by a projectile quark [1, 5]. Assuming only
the lowest |gG*) Fock component the quark—nucleon differential cross section reads [1, 5, 6]
dO‘;’L(qN — gG*X) 1
dlnad?pr T (2n)?

f d*p1dpre” PP A @, fOVY M (@ B, B Ba), (1)

where
(e, f1.52) = ((rqq(apo + o (aph) - oh((Br - £2))) ©)

and pr is the transverse momentum of the outgoing gauge boson, and « 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* = y* and Z° contributions. The corresponding wave functions ‘{‘¥qu (a,0)
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]

f *
doLr(pp > G'X) _ f i 2 407 GN — gG'X)
9 9 + F) : 3
d? prdndM? 01 pT)x + X Z qf(xq RS )) dInad?pr ©)
where J(n, pr) = ,/Mz + pT coshn is the Jacobian of the transformation between the Feynman

Xp = X| — xp and the pseudorapidity 5 variables, with Bjorken fractions x; and x,. Then, g, gy
denote quark and antiquark PDFs, respectively, for which the CTEQ parameterisations [7] will be
used, with the hard scale ,u2 = p% + (1 - x;)M?, 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 Z° boson
resonance region taking into account its interference with the y* contribution. We can conclude that
the parametrisation of the dipole cross section including the DGLAP evolution via the gluon PDF
(BGBK and IP-Sat) describe the DY data better than naive GBW model as expected.
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Figure 1. Predictions for the DY dilepton invariant Figure 2. Predictions for DY dilepton mass distribu-
mass distributions in pp vs. data from ATLAS [11]. tions in pp vs. data from CMS [12].

3 Proton-nucleus interactions
The dynamics of DY production on nuclear targets is controlled by the mean coherence length

2 231 _
= 1 (M* + pp)(1 - ) @)

xomy a(1 — a)M? + azmi + pzT ’

where M is the dilepton invariant mass, my is the mass of a projectile quark (we take same values as
in Ref. [1]) and « 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 R4, I 2 R4. 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 0'2%(@ a) [13]

N N LN (Bx
o (B, x) - oh(Bx) =2 f db (1 - e 2 Tu IO ©)
where T4(b) is the nuclear thickness function at given impact parameter b normalized to the mass
number A.

In the LCL limit, besides the lowest |¢gG*) Fock state one should include also the higher Fock
components containing gluons, e.g. |y*qG), |y*q2G), etc. They cause an additional suppression known

as the gluon shadowing (GS). The corresponding suppression factor R [15] computed as a correction
o4
to the total y*A cross section for the longitudinal photon reads Rg(x, Q>,b) ~ 1 — %, was included

tot

in calculations replacing o7y, x) = o7y (3, Y)Rg(x, 0%, 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, x; = 2”75 — land xr = 2”7: — 1. Correspondingly, a

proper variable which controls this effect is £ = 4 /xi + x%. The magnitude of suppression was evalu-
ated in Ref. [16]. It was found within the Glauber approximation that each interaction in the nucleus
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Figure 4. The dilepton p; distribution in pPb colli- Figure 5. Predictions for the nuclear modification fac-
sions vs. ATLAS data [14]. tor Rp.

leads to a suppression factor S (§) = 1 — £. Summing up over the multiple initial state interactions in
a pA collision at impact parameter b, one arrives at a nuclear ISI-modified PDF

e 60erfTab) _ o=0esTa(b)

(1= &)1 = T

q5(x, Q%) = q}(x, @*,b) = Cyqy(x, Q%) (6)

Here, 0.y = 20 mb is the effective hadronic cross section controlling the multiple interactions. The
normalisation factor C, 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 R,pp as a function of pr 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 pr’s caused by the ISI effects. Here, the GS effects give a small contribution
to the nuclear suppression at py < 15 + 20 GeV.

4 Drell-Yan—-Hadron correlations

The correlation function C(A¢) depends on the azimuthal angle difference A¢ 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]
do(pp—hG*X)
Zﬂfm o dp§ pg dprprm

C(Ag) =

(N

G* do(pp—>G*X)
jl" >pun de pT a2 G*d,]G d2b

where A¢ 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 A¢ = 7 in pp collisions considering that the photon and
the pion are produced at forward rapidities, close to the limit of the phase space. Taking into account
the nuclear dependence of the saturation scale in the GBW model in the LCL limit we calculated
the correlation functions for proton-lead collisions as is shown in Fig. 7, where we expect again the
characteristic double peak structure at forward rapidity y = 4. These results are in agreement with
Ref. [17].
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Figure 6. The correlation function for the DY—pion Figure 7. The correlation function for the DY—pion
production in pp collisions. production in pPb collisions.

5 Conclusions

Within the color dipole picture we analyzed the DY pair production process accouning for virtual
y* and Z° 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 pr < 15 + 20 GeV. Investigating the anglular correlation function corresponding to associated
dilepton and pion production we found a characteristic double peak structure around A¢ = 7 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 pr. In this analysis, we
take into account besides the v* also the Z° 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 pr, dilepton invariant masses and Feynman xp
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 A¢ for different energies, dilepton
rapidites and invariant dilepton masses. We predict that the characteristic double-peak structure of
the correlation function around A¢ ~ 7 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 I. 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
[3-112], 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 v*/Z° 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 v* /Z°-quark
fluctuations, and is given by

I, = 1 (M[2[+p%)(1 _a) (1)

zompy a(l — a) M2 + QQm? +p2’

where M is the dilepton invariant mass and pr its transverse momentum. Moreover, « is the fraction of the light-cone
momentum of the projectile quark carried out by the gauge boson. As demonstrated in Fig. [l in the RHIC and
LHC kinematic regions, the coherence length exceeds the nuclear radius Ra, . 2 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 zp — 1 and
xr = 2pr/v/s = 1 (y/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. [1H9]). 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



of the Z° boson and v*/Z° 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 Z° boson contribution in addition to virtual photon, generalising thus the results presented
in Ref. [13].

This paper is organized as follows. In the Section [[I, 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 [[IIl 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, Rya = opa/Aocpy", 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 [V] 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* = v*/Z% by a projectile quark (see e.g. Ref. [10,12]). Assuming only the
lowest |¢G*) Fock component, the cross section for the inclusive gauge boson production with invariant mass M,; and
transverse momentum pr can be expressed in terms of the projectile quark (antiquark) densities g5 (Gy) at momentum
fraction x4 and the quark-nucleus cross section as follows (see e.g. Refs. [1, [12]),

1
f *

do(pA — G*X) ) / da oy 5\ doy, (gA = qG*X)
M T e - . G 2
Eprdn (n,pr) P ;A ng v [qr(zq, ui) + Gy (g, 17)] i) Bpr (2)

where
dx 2

Jnpr) = g0 = 5V Mit + v coshin) 0

is the Jacobian of transformation between the Feynman variable zp = x1 — 22 and pseudorapidity 7 of the virtual
gauge boson G*, z, = x1/a, where « is the fraction of the light-cone momentum of the projectile quark carried out
by the gauge boson, and p% = p7 4+ (1 — 1) M} is the factorization scale in quark PDFs. As in Ref. [12] we take
wr =~ Mz, for simplicity.

The transverse momentum distribution in Eq. (@) 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, g].
Then the corresponding differential cross section for a given incoming quark of flavour f reads,

dot, 1 (qA = 4G X) 1 2 0 , V—A VA
d(Ina) &pr = (27)? Z /d p1d”p2 exp[l pr - (p1 — P2)] ‘I’T,L (o, p1,my) ‘I’T,L (o, p2,my)
quark pol.
1
x5 [og(apr.a2) + gy (ape,z2) — oyl pr — polw2)] )

where x5 = 1 —2zF and p; 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 ¥¥ and axial-vector ¥4 wave
functions in Eq. @) are not correlated such that

V-A V—A,x*
E, ‘I’T,L (o, p1,my) ‘I’T,L (o, p2,my) =
quark pol.

o A,k
= W%,L(a7 P1, mf) \IJ?Z}’,L(av P2, mf) + \I]%,L(CL P1, mf) \I]T,L(a7 P2, mf) ’ (5)

1 Here A represents the atomic mass number of the nuclear target



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 my;. The corresponding wave functions \IJ%_LA(Q, p) 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

2 where the variable s denotes c.m. energy squared of the collision. Such saturation effects are expected to be

S

amplified in nuclear collisions since the nuclear saturation scale Qi 4 is expected to be enlarged with respect to the
nucleon one @2, by rougthly a factor of A/3.

In general, the dipole-nucleus cross section aj;‘q(p, x) can be written in terms of the forward dipole-nucleus scattering
amplitude N4 (p, z, b) as follows,

ohe(p,x) =2 /d2bNA(p,:v, b). (6)

At high energies, the evolution of N*4(x,r,b) in rapidity Y = In(1/z) 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 N4(p,z,b) = N4(p,x) S(b) and oiy(p,x,b) = 09N (p,x), where N(p,x) is a partial dipole
amplitude on a nucleon, and g 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 og4(p, )
such that the forward dipole-nucleus amplitude in Eq. (@) is given by

N (pab) =1 = exp (= Ta®) aug(p.2)) @

where T4 (b) is the nuclear profile (thickness) function, which is normalized to the mass number A and reads

Ta(b) = /OO pa(b,z)dz. (8)

— 00

Here pa(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 p(b,z) from Ref. [27]. The eikonal formula () based
upon the Glauber-Gribov formalism [2&] resums the multiple elastic rescattering diagrams of the ¢g dipole in a nucleus
in the high-energy limit. The eikonalisation procedure is justified in the LCL regime where the transverse separation
p 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 o, which take
into account the DGLAP evolution as well as the saturation effects.



The first one is the model proposed in Ref. [38], where the dipole cross section is given by
2

(o1 NC

o) =0 [1= e~ i )yt )| )

where N, = 3 is the number of colors, as(u?) is the strong coupling constant at u scale, which is related to the dipole
size p as p? = C/p? + pé with C, uo and oy parameters fitted to the HERA data. Moreover, in this model the gluon
density evolves according to DGLAP equation [42] accounting for gluon splittings only,

Oxg(x, 1) as(p?) [ T oroy
Olnp2 27 /deng(Z)Zg(Z,u), (10)

where the gluon density at initial scale p3 is parametrized as [3§]
29w, 12) = Age (1= 2)5 (11)

The set of best fit values of the model parameters reads: A, = 1.2, A\, = 0.28, 2 = 0.52 GeV?, C = 0.26 and oo = 23
mb. In what follows we denote by BGBK the predictions for the DY observables obtained using Eq. (@) 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

o) =2 [ @, 1= e (—;ﬁc o ) 29t 12T b, )| (12)

with the DGLAP evolution of the gluon distribution given by Eq. (I0). The Gaussian impact parameter dependence
is given by T (bp) = (1/27Bg) exp(—b3/2Bg), 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: A, = 2.373, A, = 0.052, u? = 1.428 GeV?, Bg = 4.0
GeV? and C = 4.0. Hereafter, we will denote as IP-SAT the resulting predictions obtained using Eq. (IZ) as an input
in calculations of N4, 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

2Q2 ()
lp.) =on (1= (13)
with the saturation scale
Zo\ A
Qo) = Q3 (%) (14)

where the model parameters Q2 = 1 GeV?, 2o = 4.01 x 107>, A = 0.277 and o = 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 GBW model as an initial condition such that oy;(p, z) = 00 N?(p, z) where the normalisation
oy is fitted to the HERA data.

C. Gluon shadowing corrections

In the LHC energy range the eikonal formula for the LCL regime, Eq. (@), is not exact. Besides the lowest |¢G*)
Fock state, where G* = v*/Z°, one should include also the higher Fock components containing gluons, e.g. |¢G* g),
|gG* 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 |¢G*). The corresponding suppression factor R¢, 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 Aoyt(¢gg) to the total cross section a;yo*tA, related to the creation of a |¢q g)
intermediate Fock state

%,b) Adtot(q79)
R z, 2,b = ZCQA(:I:,Q ) ~1_— tot* '
o @) = F e Q) o

GS corrections are included in calculations replacing a(%(p,:zr) — a(%(p, 7) Rg(z, Q% b). They lead to additional
nuclear suppression in production of DY pairs at small Bjorken x = x5 in the target. In Fig. 2 (left panel) we present
our results for the x dependence of the ratio Rg(x, @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(z, Q?) 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 Q? dependence of GS
demonstrates that GS is a leading twist effect, with Rg(x, Q?) approaching unity only very slowly (logarithmically)
as Q% — <.

(15)
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FIG. 2: (Color online) Left panel: The z-dependence of the ratio Ra(x, Q?, b) for different values of the impact parameter.
Right panel: The z-dependence of the b-integrated ratio Rg(x, Q%) 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,

2 2
_ 2 _2r

—1 =
Vs 0 T

Correspondingly, a proper variable which controls this effect is & = y/2% + 2. The magnitude of suppression was
evaluated in Ref. [47]. Tt was found within the Glauber approximation that each interaction in the nucleus leads to a
suppression factor S(§) ~ 1 — ¢. Summing up over the multiple initial state interactions in a pA collision at impact
parameter b, one arrives at a nuclear ISI-modified PDF

rr

e—80ettTa(b) _ p—0oestTa (D)
(1-¢)(1 - e*UeffTA(b)) ’

Here, oo = 20 mb is the effective hadronic cross section controlling the multiple interactions. The normalisation
factor C, 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 pr by the PHENIX data [48] on
79 production in central dAu collisions and on direct photon production in central AuAu collisions [49], where no
shadowing is expected since the corresponding Bjorken & = x5 in the target is large. Besides large pp-values, the
same mechanism of nuclear attenuation is effective also at forward rapidities (large Feynman zr), 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 pp,
dilepton invariant mass and at forward rapidities as one can see in the next Section.

ar (2, Q%) = ¢ (x,Q%b) = Cy gy (z,Q%) (16)



III. RESULTS

In what follows, we present our predictions for the DY pair production cross section in the process pA — v*/Z% — Il
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 m, = mgq = ms; = 0.14 GeV, m. = 1.4 GeV and
my = 4.5 GeV. Moreover, we take the factorisation scale pupr defined above to be equal to the dilepton invariant
mass, M;;, 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. Bl we compare our predictions for the DY nuclear cross section with available LHC data [53, 54] for large
invariant dilepton masses, 60 < M;; < 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. Bl we took
the BGBK model and considered the impact of gluon shadowing corrections as well as the initial-state effective energy
loss (IST effects), Eq. ([IG]). In the range of large dilepton invariant masses concerned, the gluon shadowing corrections
are rather small since the corresponding Bjorken z = x5 in the target becomes large. On the other hand, the ISI
effects significantly modify the behaviour of the rapidity distribution at large n > 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 < n < 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, Rya = 024 /(A - o})Y), of the
DY production cross sections for c.m. energy /s = 0.2 TeV corresponding to RHIC experiments.

modification factor), Rpa = o)t /(A-0))Y"), considering the DY process at RHIC (/s = 0.2 TeV) and LHC (/5 = 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. @ we present our predictions for the dilepton invariant mass dependence of the ratio R,a(M;;) 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 M;; and at larger n one probes smaller values of the Bjorken-zs variable in the target. In
the bottom panels of Fig. @ 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 M;; due to rise of
the Bjorken xo-values. In contrast to that, the ISI effects become effective causing a strong nuclear suppression at
large M;; and/or n. This behaviour is also well understood since large dilepton invariant masses and/or rapidities
correspond to large Feynman zr leading to a stronger onset of IST effects as follows from Eq. ([I0]). A similar behaviour
has been predicted for the LHC energy range as is shown in Fig. Bl 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(n), of the DY
production cross sections at RHIC and LHC energies considering two ranges, (5 < M;; < 25 GeV) and (60 < M;; < 120
GeV), of dilepton invariant mass. We would like to emphasize that the onset of saturation effects reduces Rp4(n) 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 R,p; ratio at LHC energy. At RHIC energy we predict a weak onset of GS effects
even at large n > 3. In contrast to RHIC energy range, at the LHC the GS effects lead to a significant additional
suppression, modifying thus the ratio R,ps, 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



1.0 p+ Pb @ /s =5.02 TeV, CT10nlo
09 —-.:—-—-—E.'-'--._.:.. -—_—-—-—__'-_;-—-:_—
=08
= 07T -0 I35 _4 |
o 0.6 | 1 -
0.5 - GBW - - - T GBW - - - i
04 L BGBK --— | BGBK --— |
. IP-Sat —— IP-Sat
0.3 rCBK(‘GBW)‘T} - ———————+| . rc]?K((%BW)} 1_1 ‘_‘ |
1.0
0.9
= 0.8
Q:a 06 | ,,’/ n=4 \\‘. |
,I / \\
0.5 r BGBK —— 1.7 BGBK — AN i
0.4 - BGBK+GS — — ¥+~ 7 BGBK+GS — — . i
. BGBK+ISI - - — / BGBK+ISI - - — v
0.3 [ BOBR#GS#ISI--- | BGBR4GSHISI- -7 N
10° 10 102 10
Mll (GGV) Mll (GGV)

FIG. 5: (Color online) The dilepton invariant mass dependence of the nucleus-to-nucleon ratio, Rya = 024 /(A - o})Y), of the
DY production cross sections for c.m. enegy /s = 5.02 TeV corresponding to LHC experiments.

rapidity dependence of R4 ideal for constraining such effects.

Fig. [ shows our predictions for the transverse momentum dependence of the nuclear modification factor, R,a(pr),
for the invariant mass range 5 < M;; < 25 GeV at RHIC c.m. energy /s = 0.2 TeV and two distinct pseudorapidity
values n = 0 and n = 1. At large transverse momenta, the role of the saturation effects is negligibly small and can be
important only at small pp < 2 GeV. Similarly, the GS effects are almost irrelevant at RHIC energies. However, Fig. [
clearly demonstrates a strong onset of ISI effects causing a significant suppression at large pr, where no coherence
effects are expected. In accordance with Eq. (If) and in comparison with n = 0, we predict stronger ISI effects at
forward rapidities as is depicted in Fig. [7] for n = 1. Due to a significant elimination of coherence effects the study
of the DY process at large pr 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. B) the manifestation of the saturation and GS effects rises at forward
rapidities and becomes noticeable for pr < 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 R,4(pr) also at the LHC especially at large pr 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. [0l Here we present our predictions for
the ratio R,py(pr) at the LHC c.m. collision energy /s = 5.02 TeV for the range 60 < M;; < 120 GeV and several
values of n = 0,2,4. According to expectations we have found that the saturation and GS effects turn out to be
important only at small pr and large 7. 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. [ in comparison with
Fig.B For this reason, investigation of net ISI effects at large M;; does not require such high pp- and rapidity values,
what allows to obtain the experimental data of higher statistics and consequently with smaller error bars. Fig.
demonstrates again a large nuclear suppression in the forward region (n = 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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taking into account the Z° 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* = v*/Z; boson as a trigger particle, the corresponding correlation function can be
written as

h. h do(pA—hG*X)
2 fZDTﬁD’}>ZD§Pt dprpr dprpr dY dyy d®pr dZplk

f d do(pA—-G*X) !
pr>pyt PTPT 4y azpy

C(A¢) = (17)

where pi* is the experimental low cut-off on transverse momenta of the resolved G* (or dilepton) and a hadron h,

A¢ is the angle between them. The differential cross sections entering the numerator and denominator of C(A¢) have
been derived for pp collisions in Ref. [12] taking into account both the v* and Z° 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(A¢) taking the unintegrated gluon distribution (UGDF) in the following form

1

— —k§.2/Q2 4(xg)
— e T s,A g s (18)
WQ?,A(CUQ)

F(zg, k)

where z, and kY are the momentum fraction and transverse momentum of the target gluon, Qs Al(x) =
A3¢(b) Q% () is the saturation scale and Q2 ,(z) is given by Eq. ([4). In numerical analysis, the CT10 NLO

S,

parametrization [51] for the parton distributions and the Kniehl-Kramer-Potter (KKP) fragmentation function
Dy, /¢ (2, u3) of a quark to a neutral pion [56] have been used. Moreover, we assume that the minimal transverse
momentum (p$**) of the gauge boson G* and the pion h = 7 in Eq. (I7) 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. ur = M.

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-z gluons in the target which generates the



11

1.2 + +p+ Au @ /s =0.2 TeV, CT10unlo -
=
S
= i
~
GBW - - - GBW - - -
BGBK - - — BGBK - - —
04 + IP-Sat + IP-Sat §
L FBR(GBW) = = | ICBK(GBW) = =

—~ ~ Tt~ .
E N ~ ]
\:g -+ n= 1 N O
< + "

05 L BGBK —— 1 BGBK —— i

: BGBK+GS — — BGBK+GS — —
04 - BGBK+ISI - - — 4 BGBK+ISI - - — i
0.3 BGBK+GS+IS[ - -- L BGBK+GS+IST ---
10° 10! 10° 10
pr (GeV) pr (GeV)

FIG. 7: (Color online) The transverse momentum dependence of the nucleus-to-nucleon ratio of the DY production cross
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decorrelation between the back-to-back jets. In the case of pA collisions, the magnitude of the saturation scale is
amplified by the factor A3, Consequently, we should also expect the presence a double-peak structure of C(A¢) in the
away side dilepton-pion angular correlation in pA collisions. This expectation is verified in our predictions presented
in Fig. [[0] where we show our predictions for the correlation function C(A¢) 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 A¢ distribution. Our
predictions for the RHIC and LHC kinematical regions are presented in Fig. [[Il 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. [Tl

IV. SUMMARY

In this paper, we carried out an extensive phenomenological analysis of the inclusive DY ~v*/Z° — Il process in pA
collisions within the color dipole approach. At large dilepton invariant masses the Z° 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, Ry4 =
O’Z?AY (A- ag,y), were estimated taking into account such nuclear effects as the saturation, gluon shadowing GS and
initial state energy loss effects (IS 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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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-z in the target the
IST effects (in accordance with Eq. ([I6])) become effective at large transverse momenta py and invariant masses M;
of dilepton pairs as well as at large Feynman zp (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 pr- 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 pr represents a clear manifestation of net ISI effects even at forward rapidities as is demonstrated
in Fig. [0 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(A¢) in azimuthal angle A¢ 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 A¢ ~ 7 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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