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The transverse momentum spectra of hadrons are calculated from the unintegrated gluon distribution
(UGD) within the kT-factorization framework at small x. Starting from pp collisions, the modification
caused by the nuclear medium is incorporated in the UGD at high energies, which is related to the nuclear
shadowing phenomenon. Moreover, we consider that particle production from minijet decay is not enough
to explain the pT spectra in AA collisions due to collective phenomena that take place after the hard
collision. The Boltzmann-Gibbs blast wave distribution is utilized in order to evaluate the distribution of
particle production in equilibrium. Data from the ALICE Collaboration for PbPb collisions at

ffiffiffi
s

p ¼
2.76 TeV are analyzed, and the nuclear modification factor for pion production is computed.

DOI: 10.1103/PhysRevD.103.034025

I. INTRODUCTION

The modification of nuclear structure functions at small
Bjorken x, compared to those for free nucleon observed in
deep inelastic scattering (DIS) [1] (i.e., European Muon
Collaboration effect, antishadowing, and shadowing), can
be attributed to distinct phenomena [2–4]. In particular, the
shadowing seen in nuclear DIS [5] for x≲ 0.01 is char-
acterized by depletion of FA

2 with respect to FN
2 . This effect

has been explored within the color glass condensate (CGC)
saturation approach [6], which, in turn, predicts a saturation
scale QsðxÞ. Such a quantity establishes the region where
the increasing of the unintegrated gluon distribution (UGD)
on x is tamed. It is expected that for heavy ion collisions the
saturation scale is enhanced compared to the nucleon case
and it is deeply connected to shadowing corrections.
Hence, the nuclear saturation scale characterizes the dense
system. In pA collisions, the depletion of cross section
related to the ppmode is also evident in the region of small
pT and may be well described in the context of saturation
formalism [7–9]. However, in AA collisions the particle
production presents more complex behavior which cannot
be explained solely by nuclear effects in the gluon

distribution at the initial state. While the collinear factori-
zation mechanism is well established at large Q2, the
saturation formalism or CGC makes use of kT factorization
in the small x domain in order to describe minijet
production of gluons where the UGD, ϕðx; kTÞ, depends
on the transverse momentum kT . This distribution is related
to the dipole cross section σdpðx; rÞ, the latter being directly
extracted from DIS at small x. This formalism has been
employed to describe the pT spectra of produced hadrons at
RHIC and LHC [10–17].
In our previous work [18], we have computed the pT

spectra of produced hadrons in pp collisions over a large
interval of the scaling variable τ ¼ p2

T=Q
2
sð

ffiffiffi
s

p Þ. In addi-
tion, a phenomenological parametrization for an UGD was
proposed, which has a powerlike behavior at high kT . As a
result, it was shown that scaling is a good approximation
for describing the spectra at different collision energies

ffiffiffi
s

p
.

Regarding the nuclear case, the gluon distribution should
be properly modified in order to include cold matter effects.
In the collinear factorization framework, the nuclear

parton distribution functions (NPDFs) may be obtained
through the parametrization of the distribution at
Q2 ¼ Q2

0. Then, these functions are evolved toward
higher Q2 by means of Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) evolution equations [19–21].
Alternative approaches concerning collinear NPDFs
include the consideration of impact parameter depend-
ence [22,23], nonlinear effects [24], or dependence of
microscopic effects on nuclear modification as performed
in Ref. [25]. Another successful approach is the leading
twist theory of nuclear shadowing [26–28], which is
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based on generalization of the Gribov-Glauber theory for
nuclear shadowing. Such a formalism is able to predict
next-to-leading-order NPDFs and diffractive NPDFs as a
function of the impact parameter and nuclear generalized
parton distributions as well (see a review in Ref. [29] and
references therein). The determination of unintegrated
distributions can also be carried out from the integrated
distribution through the resummation of soft emissions
by the Sudakov form factor [30,31] that may be applied
in the nuclear case [32,33]. In the approach of Ref. [34],
the UGD can be derived from an unified formalism of
Balitsky-Kovchegov and DGLAP equations taking into
account saturation effects. In Ref. [35], it has been shown
that such nonlinear effects might yield important mod-
ifications on forward jet production. Partonic distribu-
tions depending on transverse momentum were also
obtained from the parton branching approach for the
proton [36,37] and for the nuclear case, as well [38]. In
the context of saturation or CGC framework, distinct
ways of obtaining the nuclear UGD were proposed [39–
45]. Some of the approaches discussed above has been
implemented in Monte Carlo generators. A well-known
example is the HIJING++ heavy-ion Monte Carlo [46–48],
which is an event generator for parton and particle
production in high-energy hadronic and nuclear colli-
sions based on QCD-inspired models for multiple jet
production. It incorporates mechanisms such as multiple
minijet production, soft excitation, nuclear shadowing
of PDFs, and jet interactions in dense hadronic mat-
ter [49,50].
In the present work, the nuclear effects are incorporated

in the nuclear UGD by means of the Glauber multiple
scattering theory as performed in Refs. [13,14]. In pp
collisions, particle production can be obtained within the kT
factorization assuming the local hadron-parton-duality
(LHPD). The final hadron spectra are directly related to
those ones from produced gluons at the initial state in a
good approximation [18,51]. As already pointed out, such a
scenario might not be appropriate for collisions of heavy
ions, where there are collective effects that modify the pT
spectra of produced hadrons with respect to the initial state.
However, it has been argued in Refs. [52–54] that pT
spectra can be well described by making a time separation
in the relaxation time approximation (RTA) formalism of
the Boltzmann transport equation [55] among produced
hadrons at the initial hard collision (which is parametrized
by Tsallis [56] or Hagedorn distributions [57]) and pro-
duced hadrons by the system in thermal equilibrium. The
collective radial flux plays an important role on the
distribution form. Moreover, models with two components
are successful over a wide amount of data concerning
particle production at high collision energies [58–60]. The
hadronic spectra is decomposed into two parts, the first one
being related to Boltzmann statistics and the second one
based on power law behavior that captures the aspects of
perturbative QCD predictions.

In this work, we propose a nuclear unintegrated gluon
distribution that embeds the shadowing verified in DIS. The
cross section for minijet production, which is driven by
gluons within the kT-factorization framework, is obtained.
Additionally, the effects caused by the medium at the final
state are incorporated by the formalism of the Boltzmann
equation in the relaxation time approximation. The pro-
duced particles at the initial hard collision are calculated by
using the kT factorization, whereas the pT spectra due to
hydrodynamics expansion is given by Boltzmann-Gibbs
blast wave (BGBW) distribution. The distribution param-
eters are determined from data of pion production at
different centralities as measured by ALICE for

ffiffiffi
s

p ¼
2.76 TeV [61], and the nuclear modification factor RAA is
predicted. A similar analysis has been performed in
Ref. [54] without taking into account nuclear shadowing.
In that sense, the aim here is to understand the impact
caused by the modification of gluon distribution at small x
on the observed nuclear modification factor.
This paper is organized as follows. In the next section,

we present the details on the determination of the nuclear
UGD ϕAðx; kTÞ from the free nucleon distribution
ϕpðx; kTÞ. This is achieved using the multiple scattering
formalism as well as the predictions of the spectra of
produced hadrons using the kT factorization with these
modifications. We also describe the hadron production at
the final state from the BGBW distribution and constrain
the relevant parameters. In Sec. III, predictions are com-
pared against data for pion production and nuclear modi-
fication factor. An analysis on the interpretation of the
obtained parameters is performed. Finally, in Sec. IV, we
outline the main results and present conclusions.

II. THEORETICAL FRAMEWORK AND
MAIN PREDICTIONS

The nuclear UGD may be obtained from the nucleon
distribution by using the Glauber-Mueller [62,63] approach
for multiple scattering. It has been carried out, for instance,
in Ref. [40]. In this case, the dipole scattering matrix in
configuration space, r, can be determined from the cross
section for dipole scattering off a proton:

SdAðx; r; bÞ ¼ e−ð1=2ÞTAðbÞσdpðx;rÞ; ð1Þ

where TAðbÞ is the thickness function which depends on
the impact parameter b. In the present work, a Woods-
Saxon-like parametrization for the nuclear density [64]
with normalization

R
d2bTAðbÞ ¼ A has been applied for a

lead nucleus. The related nuclear UGD is given by

ϕAðx; k2T; bÞ ¼
3

4π2αs
k2T∇2

kH0

�
1 − SdAðx; r; bÞ

r2

�
; ð2Þ

MORIGGI, PECCINI, and MACHADO PHYS. REV. D 103, 034025 (2021)

034025-2



H0ffðrÞg ¼ R
rdrJ0ðkTrÞfðrÞ being the Hankel transform

of order zero.
For the proton case, a homogeneous target with radiusRp

is considered so that the dependence on impact parameter is
factorized asSdpðx; r; bÞ ¼ Sdpðx; rÞΘðRp − bÞ. In the limit
of large dipoles,Sdpðx; rÞ → 0, and the cross section reaches
a maximum, σ0 ¼ 2πR2

p. Within the parton saturation
formalism, the gluon distribution should have a maximum
around kT ¼ QsðxÞ. One of the features of this formalism is
the presence of geometric scaling in the observables, which
become dependent on the ratio Q2=QsðxÞ rather than of Q2

and x separately.
It has been proposed in Ref. [18] a gluon distribution

based on geometric scaling of high pT spectra of produced
hadrons in pp collisions:

ϕpðτÞ ¼
3σ0ð1þ δnÞ

4π2αs

τ

ð1þ τÞð2þδnÞ ; ð3Þ

where the scaling variable is defined as τ ¼ k2T=Q
2
sðxÞ and

the parameter δn establishes the powerlike behavior of the
spectra of produced gluons at high momentum τ ≫ 1. The
cross section for dipole scattering in coordinate space, r,
may be written as

σdpðτrÞ ¼ σ0

�
1 −

2ðτr
2
ÞξKξðτrÞ
ΓðξÞ

�
; ð4Þ

in which τr ¼ rQsðxÞ is the scaling variable in the position
space and ξ ¼ 1þ δn. Therefore, by placing σdpðx; rÞ in
Eq. (1), the nuclear gluon distribution is obtained directly
from Eq. (2).
The spectra of produced gluons in the initial hard

collision, given an impact parameter b, can be calculated
in the kT-factorization formalism [65]:

E
d3NðbÞ
dp3

AB→gþX

¼ 2αs
CF

1

p2
T

Z
d2sd2kTϕAðxA; k2T; sÞ

× ϕBðxB; ðpT − kTÞ2; b − sÞ: ð5Þ

Above, pT is the transverse momentum of the produced
gluon, and xA and xB are the gluon momentum functions in
the nucleus A and B, respectively. They are expressed in
terms of the rapidity y in the following way:

xA ¼ pTffiffiffi
s

p ey; xB ¼ pTffiffiffi
s

p e−y: ð6Þ

In the LHPD approximation, the spectra of produced
hadrons is directly related to the minijet originated in
gluons. In that case, we consider the hadron being produced
with momentum pTh ¼ hzipT :

d3NAB→h

d2pThdy
¼ K

hzi2
d3NAB→g

d2pThdy

�
pT ¼ pTh

hzi
�
: ð7Þ

The parametersK and hzi are the same as those obtained for
the spectra pp → π0 þ X. Also, it is important to notice
that Eq. (5) diverges for pT → 0, so that one needs to apply
a cut associated with the jet mass p2

T → p2
T þm2

j , where
the value mj ¼ 0.2 GeV is used.
The suppression of hadron production in nuclear colli-

sions due to the nuclear modifications on gluon distribution
may be quantified through the following ratio:

Rshadow
AA ðbÞ ¼

dNAAðbÞ
d2pThdyR

d2sTAðsÞTBðb − sÞ dσpp
d2pThdy

: ð8Þ

It can be seen that for small dipoles, i.e., r → 0 (or,
equivalently, for high kT), it is possible to expand Eq. (1),
which leads to SdA ∼ TAðbÞσ0Sdpðx; rÞ and Rshadow

AA ðbÞ → 1

for any value of b. This scenario is strictly valid for the case
of particle production from minijet yield that is originated
in the initial hard interaction. On the other hand, in heavy
ion collisions the initial hard scattering is followed by the
formation of quark-gluon plasma (QGP), and the evolution
of the system until the freeze-out in the hadronic phase has
an important effect on final spectra. In Ref. [52], it was
proposed that the evolution of particle distribution due to
their interaction with the medium is set up by the
Boltzmann transport equation within the RTA:

ffin ¼ feq þ ðfin − feqÞe−tf=tr ; ð9Þ

tr being the relaxation time and tf the time of freeze-out.
Thereby, the hard initial distribution (t ¼ 0) evolves until
the final distribution ffin at t ¼ tf. The equilibrium dis-
tribution feq is characterized by the equilibrium temper-
ature T and the relaxation time tr, the latter being
responsible for determining the amount of time until the
system reaches equilibrium. Following Ref. [54], we have
considered that particle distribution in equilibrium can be
evaluated by the BGBW model [66]:

feq ∝mT

Z
R

0

rdrK1

�
mT coshðρÞ

T

�
I0

�
pT sinhðρÞ

T

�
;

ð10Þ

I0 and K1 being the Bessel functions of first and second
kinds of order zero and one, respectively. The quantity mT

is the transverse mass, mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
Th þm2

h

p
, and the velocity

profile ρ is given by

ρ ¼ tanh−1
��

r
R

�
m
βs

�
; ð11Þ
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where βs is the maximum velocity expansion of the surface
with average transverse velocity hβi ¼ 2

2þm βs.
The Tsallis distribution has been used in Refs. [52–

54,67,68] in order to constrain the initial distribution
without taking into account nuclear shadowing. That
distribution can be deeply understood in the context of
the fractal structures present in QCD or in general Yang-
Mills theories [69,70]. It implies the need of Tsallis
statistics (TS) to describe the thermodynamics aspects of
the fields, and the entropic index of the TS can be obtained
in terms of the field fundamental parameters (see Ref. [71]
for a recent review). In our approach, we have shown that
one can describe pion and charged hadrons distributions
through the kT-factorization framework. By utilizing the
UGD of Eq. (3), such a formalism produces a distribution
with similar features of Tsallis distribution, which for τ ≥ 1
can be approximated (neglecting the nuclear effects) by

fin ∼
ξ

ξ − 1

�
1 −

1þ ξτ

ð1þ τÞξ
�

1

ð1þ τÞ1þξ : ð12Þ

The nuclear modification is introduced into the nuclear
UGD, and the hard initial distribution fin is taken from
Eqs. (5) and (7). The saturation scale and the power index
δn were parametrized in the following way [18]:

δnðτÞ ¼ aτb; ð13Þ

Q2
sðxÞ ¼

�
x0
x

�
0.33

; ð14Þ

in which the parameters a, b, and x0 were obtained by
fitting the HERA data (see Ref. [18] for details). Given
these considerations, the hadron production in nuclear
collisions is expressed as the following sum:

E
d3NAA

dp3
h

¼ e−tf=trfinðpThÞ þ ð1 − e−tf=trÞfeqðpThÞ: ð15Þ

The distribution of produced particles in thermal equi-
librium is given by Eq. (10), and the nuclear modification
factor for each centrality class reads as

RAA ¼
d3NAA
dp3

hTABi d
3σpp
dp3

; ð16Þ

where hTABi is the mean value of nuclear overlap for a
given centrality.
It is relevant to stress that this definition is the same of

that one utilized experimentally for the determination of
RAA in each centrality class. Furthermore, both the pp and
AA spectra are calculated from the same model described
before [18]. Albeit the parametrization for the pp cross
section has been made for the sum of charged hadrons and

neutral pions, in nuclear collisions we have restricted the
analysis for pion spectra. The reason is that proton
production has strong influence on the region of middle
pT spectra in AA collisions [72,73]. Such a phenomenon is
known as a baryon anomaly, and other mechanisms are
needed in order to explain it.

III. RESULTS AND DISCUSSION

Our analysis on pT spectra is limited by the kinematic
window determined by geometric scaling compatible with
that observed at HERA [74–77]. For

ffiffiffi
s

p ¼ 2.76 TeV, one
should have pTh ≲ 10 GeV. First, the results of the nuclear
modification factor are presented including only shadowing
effect for different values of b in Eq. (8). In Fig. 1, it can be
seen that Rshadow

PbPb considerably enhances until a maximum
point around pTh ∼ 2 GeV, which is the well-known
Cronin peak [78]. This is a result of multiple scattering,
and the ratio further decreases until the limit RAA ¼ 1 at
high pTh. The position of this peak is set by the saturation
scale QsðxÞ and by the mean value of the gluon momentum
fraction carried by the hadron, since the pp cross section
depends only on the scaling variable τh ¼ τhzi2.33. In such
a case, we use hzi ¼ 0.345, which is the fitted value for π0

spectra in pp collisions for distinct values of
ffiffiffi
s

p
. Higher

values of z should lead to the shift of this peak toward
higher pT. In more central collisions, the shape of RAA has
little dependence on the impact parameter, whereas for
more peripheral collisions the nuclear effects are weaker.
Other models based on geometric scaling were proposed in
order to determine the nuclear shadowing within the dipole
approach (as done in Ref. [10], for instance). However, we
did not get good results when utilizing this picture, because
the resulting modification factor grows rapidly with pT .
This issue has already been discussed in Ref. [79].
Furthermore, it is shown in Ref. [7] that the multiple
scattering formalism produces good results for the nuclear
modification factor in pA collisions.
The determination of hadron final distribution [Eq. (15)]

is carried out by fitting the parameters of BGBW

FIG. 1. Nuclear modification factor [defined in Eq. (8)] calcu-
lated for different values of impact parameter b.
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distribution in Eq. (10). It has been considered a linear
expansion profile, that is, m ¼ 1 in Eq. (11), and the
parameters tf=tr, T, and βs are taken from data of πþ−

spectra at
ffiffiffi
s

p ¼ 2.76 TeV for each centrality class. The fit
results are presented in Table I. The values obtained for
tf=tr are very close to those in Ref. [54]. Such a quantity
lowers in terms of the centrality, indicating a higher
relaxation time in peripheral collisions. This fact was
understood as a result of initial distribution closer to
equilibrium in more central collisions.
Figure 2 displays the resulting curve compared with data

of pT spectra from πþ− in Ref. [61]. The dotted and dashed
lines represent the two contributions in Eq. (15), namely,
the hard initial distribution and the distribution of produced
particles in equilibrium, respectively. It can be realized that
for more central collisions (up to 10%–20%) the region of
small pT is dominated by BGBW-like thermal spectra,
while for pT ≳ 4 the leading mechanism is that of produced
particles in the hard initial collision through minijet yield
initiated by gluons. For larger centralities, the contribution

feq becomes smaller even in the region of small pT , and
then the nuclear effects are basically determined by the
shadowing of gluon distribution in the initial state.
Figure 3 shows the nuclear modification factor. The pp

cross section has been calculated in Ref. [18]. For the sake
of consistency, the values of hTABi that were employed are
the same as in Ref. [80] for the determination of the
experimental nuclear modification. In more central colli-
sions, the modification on spectra is more intense than what
is expected, which is explained by the shadowing seen in
Fig. 1. It indicates that in this case particle production is
caused by a distinct mechanism. In more peripheral
collisions, the decreasing of cross section in PbPb colli-
sions with respect to the pp one at small pTh is smaller and
more compatible with what is expected if one considers
only the shadowing of gluon distribution. The usual treat-
ment for RAA is based on pQCD, in which effects of energy
loss are absorbed in medium-modified parton fragmenta-
tion function in a dynamically expanding medium. There
are several prescriptions on how to include radiative energy

FIG. 2. Comparison between the final spectra defined by Eq. (15) with data from ALICE [61]. The dotted and dashed lines denote the
fin and feq contributions, respectively.

TABLE I. Values of fitted parameters in each centrality class for production of charged pions in PbPb collisions atffiffiffi
s

p ¼ 2.76 TeV.

Centrality (%) tf=tr T (GeV) hβi χ2

d:o:f:

0–5 2.125� 0.119 0.1110� 0.0132 0.5740� 0.0236 0.766
5–10 1.962� 0.035 0.1094� 0.0130 0.5781� 0.0227 0.680
10–20 1.770� 0.029 0.1119� 0.0144 0.5742� 0.0256 0.636
20–40 1.417� 0.028 0.1023� 0.0164 0.5905� 0.0265 0.559
40–60 0.970� 0.036 0.0781� 0.0217 0.6217� 0.0270 0.407
60–80 0.621� 0.029 0.0498� 0.0053 0.6469� 0.0046 0.216
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loss, and some of them also introduce a collisional
contribution [81–84]. Our predictions agree with these
theoretical approaches at large pT and describe correctly
the peak at low pT.
The inclusive multiplicity of charged hadrons dN=dy

was also calculated by integrating the spectra over p2
Th. In

order to compare the pion distribution with data of dN=dy
at y ¼ 0 for charged hadrons, we have taken into account a
correction of 5% relative to the contributions of charged
kaons and protons. Figure 4 presents our results compared
against data from ALICE [85] as a function of the
participant numberNpart. The line is an interpolation among
the results from each centrality class. Interestingly, one may
note that fin has a slower increase in terms ofNpart, whereas
feq grows rapidly in the central region.

Figure 5 displays the relation between the temperature
and the nuclear overlap for each centrality. While the values
obtained for T and hβi are close to those taken from fits
using only the BGBW model as in Ref. [61] for central
collisions (i.e., T ∼ 0.1 GeV and hβi ∼ 0.6 are practically
constants), in peripheral collisions the values of T tend to
be lower. Besides, since T and hβi are anticorrelated, we
have an increasing of hβi in more peripheral collisions.
These differences occur due to the fact that in more central
collisions the second term in Eq. (15) is the leading one at
small pTh, whereas for more peripheral collisions its
contribution is much smaller. This effect can be interpreted
in the following way: The first one is that the nuclear
modification can be explained with good approximation
only by the effect of nuclear shadowing. In this case, the fits

FIG. 3. Comparison between the nuclear modification factor obtained from Eq. (16) with data from ALICE [80] for different centrality
classes.

FIG. 4. Multiplicity of charged hadrons at y ¼ 0 compared with
our predictions as a function of the number of participants, Npart.
The dashed and dotted lines represent the fin and feq contribu-
tions, respectively, in Eq. (15).

FIG. 5. Values of temperature of equilibrium resulting from fits
utilizing the BGBW distribution in Eq. (10) as a function of
hTABi. The line represents an interpolation and is discussed in
the text.
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of BGBW distribution parameters have large uncertainties.
Instead, if one assigns a physical meaning for the temper-
ature decreasing that occurs in more peripheral collisions,
the possible interpretation is that collective expansion that
takes place in there is similar to what happens in more
central collisions for smaller collisions energies in which T
is significantly lower. This fact may occur since the mean
number of collisions, Ncoll ¼ σinð

ffiffiffi
s

p ÞhTABi, grows for
more central collisions and higher energies. In Ref. [58],
it is pointed out that the temperature obtained from fits
utilizing a Boltzmann-like distribution enhances in terms of
the energy initial density (it depends on Npart and

ffiffiffi
s

p
) until

it reaches a bound, and this was understood as a QGP phase
transition temperature for hadrons. In Ref. [86], it is shown
that the dependence of T in terms of

ffiffiffi
s

p
can be para-

metrized as T ¼ T limð1 − 1
AþBexÞ. This form can be applied

for our case. Figure 5 presents the fitted line for this
function with respect to hTABi.

IV. SUMMARY AND CONCLUSIONS

In this work, we investigated the role of nuclear
shadowing incorporated in the gluon distribution through
the saturation or CGC formalism applied to the spectra of

produced gluons in heavy ion collisions at high energies.
Through the Boltzmann equation formalism within
the relaxation time approximation, the contributions from
the hard initial distribution and from particle production
after QGP formation are separated. The former is
obtained from nuclear modifications at the initial state
taking into consideration the shadowing of gluon distri-
bution proposed previously to describe the pT spectra in
pp collisions. These modifications were incorporated
by the multiple scattering formalism in the color
dipole picture. The second part of the spectra considers
effects of plasma formation until the freeze-out at the final
state and has been parametrized by BGBW distribution
having parameters fitted from ALICE data. We verified
that the inclusion of shadowing introduces modifications
in the fitted parameters, especially in more peripheral
collisions where the nuclear effects can be mostly
explained by the modifications of gluon distribution at
the initial state.

ACKNOWLEDGMENTS

This work was financed by the Brazilian funding
agency CNPq.

[1] J. Aubert et al. (European Muon Collaboration), Phys. Lett.
123B, 275 (1983).

[2] K. Rith, in Proceedings, 51st International School of
Subnuclear Physics (ISSP 2013) (2015), pp. 431–449
[arXiv:1402.5000].

[3] M. Arneodo, Phys. Rep. 240, 301 (1994).
[4] S. Malace, D. Gaskell, D. W. Higinbotham, and I. C. Cloët,

Int. J. Mod. Phys. E 23, 1430013 (2014).
[5] N. Armesto, J. Phys. G 32, R367 (2006).
[6] F. Gelis, E. Iancu, J. Jalilian-Marian, and R. Venugopalan,

Annu. Rev. Nucl. Part. Sci. 60, 463 (2010).
[7] T. Lappi andH.Mäntysaari, Phys. Rev. D 88, 114020 (2013).
[8] A. Dumitru, A. Hayashigaki, and J. Jalilian-Marian, Nucl.

Phys. A770, 57 (2006).
[9] V. P. Goncalves, M. S. Kugeratski, M. V. T. Machado, and

F. S. Navarra, Phys. Lett. B 643, 273 (2006).
[10] N. Armesto, C. A. Salgado, and U. A. Wiedemann, Phys.

Rev. Lett. 94, 022002 (2005).
[11] J. L. Albacete and A. Dumitru, arXiv:1011.5161.
[12] D. Kharzeev and E. Levin, Phys. Lett. B 523, 79 (2001).
[13] P. Tribedy and R. Venugopalan, Phys. Lett. B 710, 125

(2012); 718, 1154(E) (2013).
[14] T. Lappi, Eur. Phys. J. C 71 (2011).
[15] E. Levin and A. H. Rezaeian, Phys. Rev. D 83, 114001

(2011).
[16] J. L. Albacete and C. Marquet, Phys. Lett. B 687, 174 (2010).
[17] F. Durães, A. Giannini, V. Goncalves, and F. Navarra, Phys.

Rev. D 94, 054023 (2016).

[18] L. Moriggi, G. Peccini, and M. Machado, Phys. Rev. D 102
(2020).

[19] K. Kovarik et al., Phys. Rev. D 93, 085037 (2016).
[20] K. J. Eskola, P. Paakkinen, H. Paukkunen, and C. A.

Salgado, Eur. Phys. J. C 77, 163 (2017).
[21] R. Abdul Khalek, J. J. Ethier, and J. Rojo (NNPDF

Collaboration), Eur. Phys. J. C 79, 471 (2019).
[22] I. Helenius, K. J. Eskola, H. Honkanen, and C. A. Salgado,

J. High Energy Phys. 07 (2012) 073.
[23] H.-S. Shao, Phys. Rev. D 101, 054036 (2020).
[24] R. Wang, X. Chen, and Q. Fu, Nucl. Phys. B920, 1 (2017).
[25] S. A. Kulagin and R. Petti, Phys. Rev. C 90, 045204

(2014).
[26] L. Frankfurt and M. Strikman, Eur. Phys. J. A 5, 293

(1999).
[27] L. Frankfurt, V. Guzey, and M. Strikman, Phys. Rev. D 71,

054001 (2005).
[28] V. Guzey and M. Strikman, Phys. Lett. B 687, 167 (2010).
[29] L. Frankfurt, V. Guzey, and M. Strikman, Phys. Rep. 512,

255 (2012).
[30] M. A. Kimber, A. D. Martin, and M. G. Ryskin, Eur. Phys. J.

C 12, 655 (2000).
[31] G. Watt, A. D. Martin, and M. G. Ryskin, Eur. Phys. J. C 31,

73 (2003).
[32] E. G. de Oliveira, A. D. Martin, F. S. Navarra, and

M. G. Ryskin, J. High Energy Phys. 09 (2013) 158.
[33] M. Modarres and A. Hadian, Nucl. Phys. A983, 118 (2019).
[34] K. Kutak and S. Sapeta, Phys. Rev. D 86, 094043 (2012).

ROLE OF NUCLEAR GLUON DISTRIBUTION ON PARTICLE … PHYS. REV. D 103, 034025 (2021)

034025-7

https://doi.org/10.1016/0370-2693(83)90437-9
https://doi.org/10.1016/0370-2693(83)90437-9
https://arXiv.org/abs/1402.5000
https://doi.org/10.1016/0370-1573(94)90048-5
https://doi.org/10.1142/S0218301314300136
https://doi.org/10.1088/0954-3899/32/11/R01
https://doi.org/10.1146/annurev.nucl.010909.083629
https://doi.org/10.1103/PhysRevD.88.114020
https://doi.org/10.1016/j.nuclphysa.2006.02.009
https://doi.org/10.1016/j.nuclphysa.2006.02.009
https://doi.org/10.1016/j.physletb.2006.10.068
https://doi.org/10.1103/PhysRevLett.94.022002
https://doi.org/10.1103/PhysRevLett.94.022002
https://arXiv.org/abs/1011.5161
https://doi.org/10.1016/S0370-2693(01)01309-0
https://doi.org/10.1016/j.physletb.2012.02.047
https://doi.org/10.1016/j.physletb.2012.02.047
https://doi.org/10.1016/j.physletb.2012.12.004
https://doi.org/10.1140/epjc/s10052-011-1699-x
https://doi.org/10.1103/PhysRevD.83.114001
https://doi.org/10.1103/PhysRevD.83.114001
https://doi.org/10.1016/j.physletb.2010.02.073
https://doi.org/10.1103/PhysRevD.94.054023
https://doi.org/10.1103/PhysRevD.94.054023
https://doi.org/10.1103/PhysRevD.102.034016
https://doi.org/10.1103/PhysRevD.102.034016
https://doi.org/10.1103/PhysRevD.93.085037
https://doi.org/10.1140/epjc/s10052-017-4725-9
https://doi.org/10.1140/epjc/s10052-019-6983-1
https://doi.org/10.1007/JHEP07(2012)073
https://doi.org/10.1103/PhysRevD.101.054036
https://doi.org/10.1016/j.nuclphysb.2017.04.008
https://doi.org/10.1103/PhysRevC.90.045204
https://doi.org/10.1103/PhysRevC.90.045204
https://doi.org/10.1007/s100500050288
https://doi.org/10.1007/s100500050288
https://doi.org/10.1103/PhysRevD.71.054001
https://doi.org/10.1103/PhysRevD.71.054001
https://doi.org/10.1016/j.physletb.2010.03.008
https://doi.org/10.1016/j.physrep.2011.12.002
https://doi.org/10.1016/j.physrep.2011.12.002
https://doi.org/10.1007/s100520000326
https://doi.org/10.1007/s100520000326
https://doi.org/10.1140/epjc/s2003-01320-4
https://doi.org/10.1140/epjc/s2003-01320-4
https://doi.org/10.1007/JHEP09(2013)158
https://doi.org/10.1016/j.nuclphysa.2019.01.004
https://doi.org/10.1103/PhysRevD.86.094043


[35] M. Bury, H. Van Haevermaet, A. Van Hameren, P. Van
Mechelen, K. Kutak, and M. Serino, Phys. Lett. B 780, 185
(2018).

[36] F. Hautmann, H. Jung, A. Lelek, V. Radescu, and R.
Zlebcik, Phys. Lett. B 772, 446 (2017).

[37] A. Bermudez Martinez, P. Connor, H. Jung, A. Lelek, R.
Žlebčík, F. Hautmann, and V. Radescu, Phys. Rev. D 99,
074008 (2019).

[38] E. Blanco, A. van Hameren, H. Jung, A. Kusina, and K.
Kutak, Phys. Rev. D 100, 054023 (2019).

[39] H. Pirner and F. Yuan, Phys. Lett. B 512, 297 (2001).
[40] N. Armesto, Eur. Phys. J. C 26, 35 (2002).
[41] D. Kharzeev, E. Levin, and M. Nardi, Phys. Rev. C 71,

054903 (2005).
[42] D. Kharzeev, E. Levin, and M. Nardi, Nucl. Phys. A747,

609 (2005).
[43] H.-J. Drescher and Y. Nara, Phys. Rev. C 75, 034905

(2007).
[44] J. L. Albacete, A. Dumitru, H. Fujii, and Y. Nara, Nucl.

Phys. A897, 1 (2013).
[45] M. Betemps and M. Machado, Eur. Phys. J. C 65, 427

(2010).
[46] G. Papp et al., First results with HIJING++ on high-

energy heavy ion collisions, in 12th International Workshop
on High-pT Physics in the RHIC/LHC Era (HPT 2017),
October 2017, Bergen, Norway (2018).

[47] G. Bíró et al., MDPI Proc. 10, 4 (2019).
[48] G. Bíró et al., Proc. Sci. HardProbes2018 (2019) 045

[arXiv:1901.04220].
[49] X.-N. Wang and M. Gyulassy, Phys. Rev. D 44, 3501

(1991).
[50] W.-T. Deng, X.-N. Wang, and R. Xu, Phys. Rev. C 83,

014915 (2011).
[51] E. Levin and A. H. Rezaeian, Phys. Rev. D 82, 014022

(2010).
[52] S. Tripathy, T. Bhattacharyya, P. Garg, P. Kumar, R. Sahoo,

and J. Cleymans, Eur. Phys. J. A 52, 289 (2016).
[53] S. Tripathy, A. Khuntia, S. K. Tiwari, and R. Sahoo, Eur.

Phys. J. A 53, 99 (2017).
[54] L. Qiao, G. Che, J. Gu, H. Zheng, and W. Zhang, J. Phys. G

47, 075101 (2020).
[55] W. Florkowski and R. Ryblewski, Phys. Rev. C 93, 064903

(2016).
[56] C. Tsallis, J. Stat. Phys. 52, 479 (1988).
[57] R. Hagedorn, Riv. Nuovo Cimento 6, 1 (1983).
[58] A. A. Bylinkin, A. A. Rostovtsev, and N. S. Chernyavskaya,

arXiv:1305.0387.
[59] A. Bylinkin, N. Chernyavskaya, and A. Rostovtsev, Nucl.

Phys. B903, 204 (2016).

[60] A. Giannini, V. Goncalves, and P. Silva, Eur. Phys. J. A 57,
43 (2021).

[61] B. Abelev et al. (ALICE Collaboration), Phys. Rev. C 88,
044910 (2013).

[62] R. Glauber, Phys. Rev. 100, 242 (1955).
[63] A. H. Mueller, Nucl. Phys. B335, 115 (1990).
[64] H. De Vries, C. De Jager, and C. De Vries, At. Data Nucl.

Data Tables 36, 495 (1987).
[65] L. v. Gribov, E. m. Levin, and M. g. Ryskin, Phys. Lett.

121B, 65 (1983).
[66] E. Schnedermann, J. Sollfrank, and U.W. Heinz, Phys. Rev.

C 48, 2462 (1993).
[67] S. Tripathy, S. K. Tiwari, M. Younus, and R. Sahoo, Eur.

Phys. J. A 54, 38 (2018).
[68] M. Younus, S. Tripathy, S. K. Tiwari, and R. Sahoo, Adv.

High Energy Phys. 2020, 1 (2020).
[69] A. Deppman, E. Megias, D. P. Menezes, and T. Frederico,

Entropy 20, 633 (2018).
[70] A. Deppman, E. Megias, and D. P. Menezes, Phys. Rev. D

101, 034019 (2020).
[71] A. Deppman, E. Megias, and D. P. Menezes, MDPI Phys. 2,

455 (2020).
[72] K. Adcox et al. (PHENIX Collaboration), Phys. Rev. Lett.

88, 242301 (2002).
[73] K. Adcox et al., Nucl. Phys. A757, 184 (2005).
[74] A. M. Stasto, K. J. Golec-Biernat, and J. Kwiecinski, Phys.

Rev. Lett. 86, 596 (2001).
[75] E. Iancu, K. Itakura, and L. McLerran, Nucl. Phys. A708,

327 (2002).
[76] D. Boer, A. Utermann, and E. Wessels, Phys. Rev. D 77,

054014 (2008).
[77] M. Praszalowicz, Proc. Sci. DIS2015 (2015) 084.
[78] J. Cronin, H. J. Frisch, M. J. Shochet, J. P. Boymond, P. A.
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