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In the present work we investigate the source of azimuthal asymmetry for nuclear collision using a model
that contemplates particles produced in the initial hard collisions and the collective effects described by a
blast-wave-like expansion. The latter is described by the relaxation time approximation of the Boltzmann
transport equation. The parameters regarding collective flow and asymmetry are fitted by the experimental
data from the pT spectrum and v2 for PbPb and XeXe collisions at different centrality classes. As a
by-product the ratio of final elliptic flow with the initial anisotropy, v2=ϵ2, and the average transverse
momentum are predicted.
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I. INTRODUCTION

The available relativistic heavy ion collision experiments
allow us to investigate the underlying dynamics of quarks
and gluons at very high energy density [1]. The thermalized
deconfined parton system, i.e. the quark-gluon plasma
(QGP) [2,3], generated in these reactions has important
signatures like the collective flow, parton energy loss,
quarkonium production suppression and many others [4,5].
In particular, the elliptic flow [6–9] (v2, the second
harmonic coefficient of the azimuthal Fourier decomposi-
tion of the momentum distribution) measures the nonun-
iformity of the flow in all directions as viewed along the
beam line [10–13]. Namely, it characterizes the azimuthal
momentum space anisotropy of particle emission from
noncentral heavy-ion collisions in the plane transverse to
the beam direction. As the anisotropy is largest in the first
instance of the system evolution, the v2 coefficient is quite
sensible to the early stages of the collisions. Thus, elliptic
flow encodes the residual asymmetry of the particle density

in momentum space referring to the reaction plane sub-
sequent to the hadronization.
The main motivation of the present work is to address

the simultaneous description of the nuclear modification
factor, RAA, and the elliptic flow in a consistent way. It is
already known that parton energy loss models that have
been tuned to describe RAA in identified hadron produc-
tion underestimate the elliptic flow v2 at intermediate
transverse momentum [14–20]. This has been named in
literature as the RAA ⊗ v2 puzzle. Both observables are
nicely described by the QGP’s hydrodynamic expansion
as a strongly coupled fluid at low transverse momentum
(pT ≲ 2 GeV) [11,21–29]. At high momentum, typically
pT ≳ 10 GeV, they can be correctly described in terms
of jet quenching due to hard parton energy loss in their
propagation across the hot QGP medium [30–46]. On the
other hand, it is a challenge to describe RAA and v2
consistently in the intermediate transverse momentum
region characterized by the soft and hard physics con-
fluence. In our case, the parton/gluon saturation physics
embedded into the theoretical approach allows to use
weak coupling methods in this interface region. Recently,
studies using a combination of the state-of-art on transport
models, hadronization and hydrodynamic evolution have
been carried out. For instance, in Ref. [47] both quark
coalescence and a hadronic afterburner in the COLBT-
hydro model are implemented. That investigation com-
bines event-by-event hydrodynamics, jet quenching as
well as hadron cascade and simultaneously describes RAA
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and v2 in the full range of transverse momentum. Similar
approaches have been proposed, see [48,49], which will
shed light into further investigations of the topic. In the
present study, the question is to what extent the elliptic
flow can be determined by the initial state effects and how
these effects can be detached from the final state ones.
Concerning identified particle spectra in transverse

momenta (pT), the hadron production can be described
within the kT-factorization formalism (including the pri-
mordial parton transverse momenta) and one considers that
the cold matter nuclear effects are generated in the hard
interaction of the nuclei at initial states of the corresponding
collision. On the other hand, afterwards those systems
undergo a hydrodynamics evolution to freeze-out which
alters the corresponding pT spectra. In the context of the
relaxation time approximation (RTA) of the Boltzmann
transport equation (BTE) [50], the pT spectrum can be
described by performing a temporal separation between
hadrons produced in initial state hard collision and those
produced in the equilibrium situation [51–53]. In
Refs. [54,55] we considered this approach to describe
the spectra of light hadrons in lead-lead (PbPb) collisions at
the Large Hadron Collider (LHC) and at the Relativistic
Heavy Ion Collider (RHIC) as well. In particular, the
approach has been used to describe particle production
in small systems at the RHIC [55]. The nuclear modifica-
tion factors for pAl, pAu, dAu and HeAu have been
successfully reproduced as a function of pT for different
centralities. An important result was that the thermal
parametrization can be considerably modified by taking
into consideration the nuclear effects embedded in the
gluon distribution function of the target.
In this work we investigate the possible sources of

azimuthal asymmetry for relativistic heavy ion collisions
using a theoretical model that contemplates particles
produced in the initial hard collisions and the collective
effects described by a blast-wave-like expansion. The
interface between the hard process described within the
QCD kT-factorization formalism and the final state col-
lective effects is studied in detail. In the hard part of
spectrum a contribution to the elliptic flow is included
associated to the azimuthal orientation of the momentum
of the produced particles in relation to the reaction plane.
This effect is introduced in the QCD color dipole
amplitude from which the unintegrated gluon distribution
is obtained. The charged hadron production in the proton-
proton cross section has been described successfully
using this approach in Ref. [56]. In addition, azimuthal
anisotropy is also incorporated in the BTE within the RTA
approximation. There, the transverse rapidity variable ρ
has been modified in order to include an anisotropy
dependence in the flow. In this last context we are
following closely Refs. [57–60]. The nuclear modification
factor RAA and v2 are described simultaneously for PbPb
and XeXe collisions at the LHC.

This paper is organized as follows. In Sec. II the
theoretical model for the charged hadron production is
presented in the context of the kT-factorization approach
including azimuthal asymmetry and nuclear shadowing.
This initial distribution is then embedded in the formalism
of the hydrodynamical blast wave model (BTE-RTA
approach). Expressions for both the nuclear modification
factor, RAA, and elliptic flow, v2, are provided. In Sec. III
the comparison of the results to the LHC data are done and
the interplay between initial and collective azimuthal
asymmetries is investigated. Finally, we summarize our
conclusions in Sec. IV.

II. THEORETICAL FRAMEWORK
AND MAIN PREDICTIONS

We shall study the anisotropic flow, which is one of the
key observables to analyze the transport properties of
the QGP. It is determined by the flow harmonic coefficients
vn obtained from the Fourier decomposition of the a
zimuthal distribution of the produced particles in the
following way [6–9]:

E
d3N
d3p⃗

¼ d2N
2πpTdpTdy

�
1þ 2

X∞
n¼1

vn cosðnϕÞ
�
; ð1Þ

where ϕ is the azimuthal angle with respect to the reaction
plane. Accordingly, E is the particle energy with pT and y
being its transverse momentum value and rapidity.
The corresponding anisotropy for an identified hadron h

in an inclusive nucleus-nucleus collision, AA → hX, is
characterized by the set of Fourier flow coefficients vn,
defined as

vnðpTÞ≡
R
2π
0 dϕ cosðnϕÞ d3σðAA→hXÞ

dyd2p⃗TR
2π
0 dϕ d3σðAA→hXÞ

dyd2p⃗T

; ð2Þ

with y and p⃗T being the rapidity and transverse momentum
vector of the produced hadron, respectively. The integration
is done over the azimuthal angle ϕ in coordinate space.
Here, the RTA approximation of the BTE will be

considered which is an effective model where the colli-
sional term has the form C½f� ¼ −ðf − feqÞ=tr. The
Boltzmann local equilibrium distribution, feq, for the
distribution of particles f is typified by a freeze-out
temperature Teq and tr is the relaxation time. The latter
corresponds to the time for a nonequilibrium system to
reach the equilibrium whereas tf is the freeze-out time
parameter. Given C½f�, the BTE is then solved with the
following initial conditions, fðt¼0Þ¼fin and fðt ¼ tfÞ ¼
ffin. Therefore, the final distribution ffin is evaluated as a
function of the ratio tf=tr [52],

ffin ¼ feq þ ðfin − feqÞe−
tf
tr ; ð3Þ
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with ffin → feq if the system is given enough time
or tf > tr.
Let us now focus on the determination of the initial

distribution of particles in the context of the high energy
factorization approach. In this case, the inclusive cross
section for producing identified particles is given in terms
of the convolution of the unintegrated gluon distribution
(UGD) for both target and projectile and the gluon-gluon
subprocess cross section. The distribution fin is propor-
tional to the production multiplicity, d3NðAA → hXÞ=
dyd2p⃗T . The UGDs containing initial state nuclear effects
can be computed within the QCD color dipole framework.
The main advantage is that the input dipole-target scattering
amplitude can be constrained from experimental data in
the small-x regime. The dipole-nuclei Smatrix at transverse
distance r coordinate space for a given impact parameter b
can be computed from the dipole-proton cross section,
σpðx; rÞ, considering the Glauber-Mueller multiple-
scattering formalism [61,62],

SAðx; r; bÞ ¼ e−
1
2
TAðbÞσpðx;rÞ; ð4Þ

where TAðbÞ is the nuclear thickness function and b is the
distance to the nuclei center. The nuclear S matrix is a
function of the gluon longitudinal momentum fraction, x,
the transverse size of the QCD color dipole r and b. We
are considering the proton as a homogeneous target in the
impact parameter, with transverse area πR2

p ¼ σ0=2, so
that σpðx; rÞ ¼ 2

R
d2bð1− Spðx; r; bÞÞ ¼ σ0ð1− Spðx; rÞÞ.

The last quantity is the dipole-proton cross section.
The scattering matrix for the proton case, Sp, can be
obtained from the Fourier transform of the UGD as a
function of transverse momentum. In this work we are
considering the UGD parametrization proposed by
Moriggi, Peccini, and Machado fitted to the pT spectrum
at different energies in proton-proton collisions [56]. The
corresponding analytical dipole-proton cross section is
given by

σpðτrÞ ¼ σ0

�
1 −

2ðτr
2
ÞξKξðτrÞ
ΓðξÞ

�
; ð5Þ

where τr ¼ QsðxÞr is the scaling variable as a function
of r and KξðτrÞ the Bessel function of the second kind.
The saturation scale and the power parameter ξ are fitted
considering the geometric scaling in the momentum
spectrum τQ ¼ Q2=Q2

sðxÞ, so that Q2 ¼ p2
T ,

ξ ¼ 1þ aτbQ; ð6Þ

Q2
sðxÞ ¼

�
x0
x

�
0.33

: ð7Þ

The parameters a, b, and x0 are given by Moriggi et al.
in Ref. [56]. The main nuclear effect in Eq. (4) is to
introduce shadowing and the Cronin peak [54]. For
r → 0 the QCD dipole-nucleus cross section is σAðx; rÞ≈
Aσpðx; rÞ, which implies in a scaling of binary collisions
Ncoll for pT ≫ QsðxÞ and consequently the nuclear
modification factor RAA → 1.
An azimuthal asymmetry can be generated if there is a

dipole orientation described by the transverse size r⃗
regarding the impact parameter b⃗ (the angle between them
is denoted by ϕrb). Namely, the scattering amplitude will
depend upon the angle between r⃗ and b⃗ which should
introduce a dependence on angle ϕp between p⃗T and B⃗ (the
impact parameter of the nucleus-nucleus collision). The
evaluation of the amplitude taking into account the dipole
orientation is not an easy task (see Refs. [63–67] for more
detailed theoretical analyses). The numerical solution of the
Balitsky-Kovchegov (BK) equation including dipole ori-
entation has been studied in Refs. [68,69]. In what follows
we consider a way to introduce such asymmetry in a more
fundamental level as proposed by Iancu and Rezaeian [63].
It was shown that by taking into account a nonhomogene-
ous color charge sources distribution for the target in the
context of the color glass condensate formalism, one
produces SA¼ exp½−N 2g� withN 2gðr;b;ϕrbÞ¼N 0ðr;bÞþ
N θðr;bÞcosð2ϕrbÞ. Expressions are provided in [63] for
the auxiliary functions N 0;θ for the case of a Gaussian
distribution.
In this paper, we chose a simpler way to incorporate this

effect from a phenomenological perspective, by angular
modulation, given by the substitution

r2 → r2½1þ ar cosð2ϕrbÞ�: ð8Þ

The parameter ar will be fitted from the experimental
data of each centrality class, and it measures the amount
of asymmetry needed to describe v2. Such modification
should give a nonzero v2 coefficient in the momentum
spectrum of produced gluons. The cross section for
inclusive gluon production with transverse momentum
pT in the kT-factorization formalism can be described
with the dipole scattering matrix SAðx; r; bÞ in the position
space and the corresponding initial particle distribution is
given by

finðϕpÞ ¼
1

p2
T

2CF

ð2πÞ4αs

Z
d2bd2reip⃗T ·r⃗∇2

rSAðx1; r; bÞ

×∇2
rSAðx2; r; b0Þ; ð9Þ

such that b⃗0 ¼ b⃗ − B⃗ and x1;2 ¼ pTe�y=
ffiffiffi
s

p
are the momen-

tum fractions carried by the gluons for each nuclei and ∇2
r

is the Laplacian with respect to the r coordinate. We can
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decompose the distribution pT into its harmonic compo-
nents using the identity

eipTr cosðϕp−ϕrÞ ¼
Xn¼∞

n¼−∞
inJnðpTrÞeinðϕp−ϕrÞ; ð10Þ

where JnðxÞ is the Bessel function of the first kind of order
n and ϕr is the angle between r⃗ and B⃗. The second
distribution harmonic is given by

Z
2π

0

finðϕpÞ cosð2ϕpÞdϕp ¼ −2π
p2
T

Z
bdbrdrdϕbdϕrI2;

I2 ¼ J2ðpTrÞ cosð2ϕrÞ∇2
rSAðr; bÞ∇2

rSAðr; b0Þ; ð11Þ

where ϕb is the angle between b⃗ and B⃗. In addition, the
integral over ϕp is expressed as

Z
2π

0

finðϕpÞdϕp ¼ 2π

p2
T

Z
bdbrdrdϕbdϕrI0;

I0 ¼ J0ðpTrÞ∇2
rSAðx1; r; bÞ∇2

rSAðx2; r; b0Þ: ð12Þ

The gluon jet decay with mass mj models the hadron
production with transverse momentum pTh

, where the
hadron carries the average momentum fraction hzi. The
initial produced hadron spectrum can be written as

finðpTh
;ϕpÞ¼

K
hzi2fin

�
p2
T ¼p2

Th
=hzi2þm2

j ;ϕp

�
: ð13Þ

Here the parameters K, hzi, and mj were determined for
pion production in pp collisions by Moriggi, Peccini, and
Machado for different energy collisions [56].
Using the Boltzmann-Gibbs-blast-wave (BGBW) model

for produced hadrons in thermal equilibrium, we could
model the collective flow and subsequent hydrodynamic
expansion [70]. This phenomenological model takes into
account the main characteristics of hydrodynamic evolu-
tion. Thus, we consider a velocity profile ρ0 ¼ tanh−1ðβrÞ
[with βr ¼ βsðξÞn], determined by the surface expansion
velocity βs. Here, βr is the radial flow with ξ ¼ r=R0 being
the ratio between the radial distance of the transverse
plane and the fireball radius R0. It is assumed a linear
velocity profile, i.e. n ¼ 1. The azimuthal asymmetry can
be parametrized by modulation in the velocity profile
ρ ¼ ρ0 þ ρa cosð2ϕsÞ, where ϕs is the azimuthal angle
in relation to the reaction plane, as proposed by Huovinen
et al. [59]. The quantity ρa is the anisotropy parameter in
the flow. We observe the need to incorporate an extra
parameter s2 to describe the small pTh

region, whose
purpose is to introduce an azimuthal variation of the
source density as described by the STAR collaboration

at RHIC [71]. Hence, the equilibrium distribution will be
given by

feqðϕpÞ ∝ mTh

Z
R0

0

rdr
Z

2π

0

dϕsK1

�
mTh

Teq
coshðρðϕsÞÞ

�

× exp

�
pTh

Teq
sinhðρðϕsÞÞ cosðϕs − ϕpÞ

�

× ½1þ 2s2 cosð2ϕsÞ�; ð14Þ

where mTh
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
Th

þm2
h

q
is the transverse mass of pro-

duced hadron and K1 is the modified Bessel function of the
second kind. The model above assumes that elliptic flow
from the collective origin is generated by a blending of an
azimuthal velocity alteration and a spatially anisotropic
freeze-out hypersurface. In the expression above, Bjorken
correlation in rapidity, η ¼ y, is assumed where η is the
space-time rapidity.
The equilibrium temperature Teq (in units of GeV) and

the dimensionless parameters βs, ρa, s2 are dependent
on the collision impact parameter, B⃗, since the final
momentum asymmetry must be dependent on the initial
geometry of the nuclear overlapping area. Such quantities
are fitted from experimental data for each centrality
class regarding v2 and dNAA

dpTh
dy. As already mentioned, the

final pT spectrum can be obtained from the RTA-BTE
approach [52],

ffinðϕpÞ ¼ feqðϕpÞ þ ½finðϕpÞ − feqðϕpÞ�e−tf=tr ; ð15Þ

where tr and tf are, respectively, the relaxation and freeze-
out time. The initial hard distribution fin, given by Eqs. (9)
and (13), evolves until it reaches the equilibrium distribu-
tion given by Eq. (14), where the ratio tf=tr is fitted for
each centrality class. The second harmonic of ffinðϕpÞ
gives the final elliptic flow coefficient v2, which can be
written as

v2 ¼
R
2π
0 ffinðϕpÞ cosð2ϕpÞdϕpR

2π
0 ffinðϕpÞdϕp

: ð16Þ

It is worth pointing out that not only the azimuthal
asymmetry of the initial distribution has its origin in the
dipole orientation, which depends on the impact parameter,
but also generates a momentum asymmetry of Fourier
transform given by the integration shown in Eq. (9).
Meanwhile, in the equilibrium equation given by Eq. (14),
the asymmetry can arise from the geometry of the initial
collision, even with a vanishing second harmonic of the
initial distribution. An important point is that in our
approach nuclear effects (nuclear shadowing) are already
present in the nuclear UGD. It was shown in Refs. [54,55]
that the nuclear shadowing effect changes significantly
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the spectrum at low pT and consequently alters the fitted
parameters in the equilibrium distribution.
The eccentricity ε2 of the initial collision can be obtained

by the integration of Eq. (13) with respect to transverse
momentum pTh

. We shall write this result as

ε2 ¼
hb2y − b2xi
hb2y þ b2xi

; ð17Þ

where bx is the component of b⃗ in the B⃗ direction.
In the present analysis, we consider only the spectrum of

produced pions due to the fact that its distribution is well
described up to pTh

≲ 10 GeV for LHC energies in pp
collisions [56]. We need a good description of the region
pTh

≳ 5 GeV to find appropriate values of the yield,
Eq. (18), from a suitable parameter fitting. In this region
the thermal distribution of equilibrium, given by Eq. (14), is
very small. The opposite scenario results in an unrealistic
increase of Teq and βs values to fit the spectrum in the large
pTh

region. After these considerations, we can write down
the hadron productions in nuclear collision as

dNAA

pTh
dpTh

dydϕp
¼ e−tf=trfinðϕpÞ þ ð1 − e−tf=trÞfeqðϕpÞ;

ð18Þ

and the nuclear modification factor will be given by

RAA ¼
d3NAA
dp⃗3

hTAAi d
3σpp
dp⃗3

; ð19Þ

where hTAAi is the average value of the nuclear overlapping
function.

III. RESULTS AND DISCUSSION

We now proceed to the analysis of the available data at
the LHC for the nuclear modification factor and elliptic
flow by using the theoretical approach presented in the
previous section. The pTh

spectrum and v2 coefficient were
fitted in the interval 0.1 < pTh

< 8 GeV for data of the
ALICE collaboration [72–75], regarding pion production
in PbPb and XeXe collisions at

ffiffiffi
s

p ¼ 5.02 andffiffiffi
s

p ¼ 5.44 TeV, respectively. Since that initial distribution
given by Eq. (9) is not capable of generating enough
asymmetry to describe v2 in these very central collisions,
we excluded the centrality class of 0%–5% in our analysis.
The BGBW distribution parameters and the ratio tf=tr are
shown in Table I. The Woods-Saxon nuclear density was
considered to compute the nuclear thickness function
TAðbÞ, using parameters from De Vries et al. [76]. It is
worth mentioning that in the present analysis we did not
consider the deformation of Xe nuclei.
Thus, this set of parameters is in good agreement

with the expected behavior where Teq decreases with the
centrality, whereas the quantities that define azimuthal
asymmetry ρa and s2 increase with the centrality. In order
to discuss the freeze-out parameters, for PbPb collisions it
is shown that hβri ¼ ð 2

2þnÞβs [hβri ¼ ð2=3Þβs, for n ¼ 1]
decreases with centrality, reaching hβri ¼ 0.336� 0.024 in
5%–10% central collisions, while the equilibrium temper-
ature increases going from Teq ¼ ð0.091� 0.015Þ to
Teq ¼ ð0.229� 0.084Þ GeV. As considered in a previous
analysis [54], the radial velocity βs is anticorrelated with
Teq and therefore diminishes with the centrality. Although
the values of χ2=d:o:f: show sizable deviation from the unit
for the PbPb case, the resulting parameters have values
physically consistent. Namely, the transverse momentum
spectra data cover greater values of pTh

and they help to

TABLE I. Kinetic freeze-out parameters in each centrality class for production of charged pions in PbPb and XeXe
collisions at

ffiffiffi
s

p ¼ 5.02 and
ffiffiffi
s

p ¼ 5.44 TeV at the LHC, respectively. Parameters βs; ρa; s2 and tf=tr are
dimensionless. Only central values are shown and the errors are typically of 20%.

Centrality (%) Teq ðGeVÞ βs ρa s2 tf=tr χ2=d:o:f:

PbPb 05–10 0.229 0.504 0.0386 0.0590 2.05 0.990
10–20 0.148 0.787 0.0678 0.0670 1.86 1.126
20–30 0.122 0.856 0.103 0.0835 1.64 1.389
30–40 0.116 0.867 0.128 0.110 1.38 1.488
40–50 0.100 0.900 0.167 0.132 1.17 1.683
50–60 0.090 0.911 0.202 0.164 0.89 1.122
60–70 0.091 0.910 0.210 0.254 0.36 0.766

XeXe 05–10 0.190 0.671 0.0351 0.057 2.03 0.556
10–20 0.121 0.862 0.0782 0.065 1.65 0.232
20–30 0.131 0.829 0.0941 0.106 1.29 0.167
30–40 0.116 0.868 0.129 0.129 1.02 0.105
40–50 0.125 0.843 0.113 0.187 0.68 0.250
50–60 0.151 0.767 0.0771 0.324 0.31 0.098
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restrict Teq and βs, generating smaller errors in the
evaluation of these parameters. It should be stressed that
the value of the exponent of the expansion velocity profile,
n, is equal unity in the present case. The situation is
different in the fits of spectra with a blast-wave function
done by the ALICE collaboration in Refs. [72,77] where n
is about 0.74 in central collisions and it increases up to 2.52
in more peripheral collisions. Here, a variation of n was not
necessary to reproduce the large-pT tail of the spectra as it
is not thermal over the full range of transverse momentum.
In general, the centrality dependence of the thermal

parameters Teq and βs appearing in Table I has the opposite
behavior compared to the BGBWapproaches [57–59]. The
main reason is that the shadowing/antishadowing effect
in the small-pT region alters the corresponding particle
distribution and modifies the parameter associated to
equilibrium temperature. Let us take for instance a
Boltzmann distribution ∼ expð−pT=TÞ: the temperature
quantifies how disperse the pT spectrum is. On the other
hand, the initial state nuclear effects also produce a broad-
ening of that distribution. In more peripheral collisions the
hard (initial) distribution starts to become more prominent
and its effect is almost sufficient to describe particle
spectrum. In this sense, the temperature can be smaller in
this case compared to more central collisions.
The dimensionless parameter ar associated to azimuthal

modulation in the dipole cross section is more relevant
in the large pT region. In the pTh

∼ 5 GeV region the

distribution feq is very small and the final asymmetry is
basically related to fin and therefore the parameter ar can
be determined separately. Further, we defined v2in asso-
ciated only with fin, which was fitted within the region of
pTh

> 5 GeV. The results are shown in Table II. We can see
that in more central collisions (5%–10%) the asymmetry
generated by the initial distribution is very small and ar
should be large to fit the data. For bigger values of
centrality, ar is almost constant, with ar ≈ 0.18. At this
stage of the phenomenological study it is not clear how to
explain the dependence of ar on the centrality. Based on the
work of Ref. [63], the nuclear color dipole amplitude
with dipole orientation can be written as N2gðr;B;ϕrbÞ¼
N A

0 ðr;BÞ½1þκðBÞcosð2ϕrbÞ�, with κðBÞ∼½T 00
AðBÞ−T 0

AðBÞ=
B�=TAðBÞ. Here, T 00

A and T 0
A are the second and

first derivative of the thickness function, respectively.
Using by simplification of a Gaussian thickness TA ∝
expð−B2=R2

AÞ, with RA being the nuclear radius, one
obtains κðBÞ ∼ ð2B=R2

AÞ2 meaning that the asymmetry is
more intense for peripheral collisions. This feature is also
confirmed by the numerical solution of the BK evolution
equation when dipole orientation is included [68,69].
We present in Fig. 1 the final spectrum, given by

Eq. (18), in comparison with experimental data of the
ALICE collaboration for XeXe and PbPb collisions. The
spectrum of produced pions in pp collisions is also shown.
It is important to note that we need a good agreement with
the pp comparison case to have a suitable description of

TABLE II. Results of fitting the dimensionless parameter ar at different centralities for PbPb and XeXe collisions.

Centrality 5–10 10–20 20–30 30–40 40–50 50–60 60–70

PbPb 0.668� 0.068 0.261� 0.015 0.151� 0.086 0.130� 0.075 0.113� 0.073 0.114� 0.01 0.114� 0.015
XeXe 0.70� 0.42 0.190� 0.054 0.1809� 0.033 0.128� 0.031 0.171� 0.038 0.189� 0.057

FIG. 1. Multiplicity of π� produced in PbPb and XeXe collisions at
ffiffiffi
s

p ¼ 5.02 and
ffiffiffi
s

p ¼ 5.44 TeV, respectively, compared
with experimental data from the ALICE collaboration [72,73] for different centrality classes. Each curve has been multiplied by a factor
of 2i for better display.
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nuclear modification factor RAA. If this is not the case, we
can still have a good fit of multiplicity but not a suitable
description of RAA. In Fig. 2, the resulting nuclear modi-
fication factor from the fitting is compared with data from
the ALICE collaboration [72] of charged pion production.
The dashed lines are the fitting results of the spectrum
for XeXe collision evaluated with Eq. (19). For central
collisions,RAA is basically equal for PbPb and XeXe. In our
model, this is due mainly to the fact that in both cases
the ratio tf=tr is essentially the same, implying that both
systems evolve in a similar time. In more peripheral
collisions, the ratio tf=tr for XeXe is remarkably smaller,
which generates less suppression of initial spectrum.
The differential elliptic flow v2ðpTh

Þ evaluated by
Eq. (16) is shown in Fig. 3. The results are contrasted
with data for XeXe and PbPb collisions in several central-
ities. We can see that our model has better agreement with
v2 for the XeXe case, where χ2 is smaller than the PbPb
one. At a given value of pTh

, the more peripheral collisions
have the largest value of elliptic flow, and v2 decreases for
more central collisions. For all the centralities, in the small
pTh

range, the transverse momentum dependence of the
flow for charged pions is approximately linear.
The interface between the initial and final distribution is

illustrated by Fig. 4, where the nuclear modification factor
RAA (plot on the right) and v2 (plot on the left) as a function
of pTh

are shown. In these results, the dashed lines represent
the fin (curves in color red) and feq (curve in color black)
contributions and the solid lines the summation. To be clear,
Fig. 4 shows the relative contribution to the pT spectrum
coming from initial and equilibrium distributions appearing

in Eq. (18). Namely, it is shown the contributions driven
by finðpTÞ × e−tf=tr and feq × ð1 − etf=trÞ terms. The
nuclear modification factor RAA is given by the sum of
these two contributions. Both RAA and v2 grow up to their
highest values for pTh

∼ 2 GeV, where the feq contribution
is maximum. After this region,RAA and v2 decrease in value,
indicating a predominance of the contribution of produced
particles at initial stages of the collision. In our model, the
growth of v2 and the Cronin peak has a common origin as
the interface between these two distributions. It also indi-
cates a limit to our approach, since that for pTh

≳ 10 GeV v2
decreases, while RAA increases. In this picture, models that
consider energy loss or color transparency can be consid-
ered. Please, see [18,47,64,78] for further discussion on
this topic. We can see that the azimuthal asymmetry of the
momentum generated by initial collision is basically given
by partons with large pT , whereas the asymmetry in the
equilibrium occurs mainly in small pT .
In order to illustrate the contributions arising from fin

and feq as a function of the angle between p⃗T and impact

parameter B⃗, ϕp, in Fig. 5 the corresponding distributions
are shown. Accordingly, as in Fig. 4 the distributions fin
(upper dot-dashed curve), feq (lower dot-dashed curve) and
ffin (solid line curve) are presented as a function of ϕp for
PbPb collisions at 50%–60% centrality class. Transverse
momentum pT ¼ 2 GeV has been considered in which fin
and feq give a similar order of magnitude contributions to
the final distribution. The values of the final distribution,
ffin, are in the middle of the equilibrium feq and initial
fin cases.

FIG. 2. Nuclear modification factors for PbPb collisions compared with data of the ALICE collaboration [72] for different centrality
classes. The results for XeXe collisions are also presented.
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In the remainder we investigated the behavior of v2 as a
function of pTh

for different centralities and its dependence
on the anisotropies generated at initial states and from the
generalization of the blast wave model. Before going into
the conclusions we discuss additional observables sensitive
to the ingredients considered in our approach. As examples,
the ratio v2=ε2 and the average transverse momentum of
particles are discussed.
The work of Voloshin and Poskanze [79] proposes that

the ratio of final elliptic flow with the initial anisotropy,

v2=ε2, can indicate the equilibrium level of the produced
system. In the limit of low density, one expects

v2
ε2

∝
1

AT
fin; ð20Þ

where AT is the transverse area given by the region of
nuclear overlapping area and fin is the integrated initial
distribution in pT . On the other hand, in the hydrodynamic
limit, representing the complete thermalization of the

FIG. 4. Detailed analysis for the fin and feq contributions for the final asymmetry v2 (left plot) and nuclear modification RAA (right
plot) for PbPb collision at centrality (50–60)%.

FIG. 3. Elliptic flow coefficient v2ðpTh
Þ for XeXe and PbPb collisions compared to data from the ALICE collaboration [74,75]. The

results for PbPb have been multiplied by factor 2 for a better visualization.
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final system, we should have v2 ∝ ε2. Therefore, scaling
deviation given by Eq. (20) can indicate different mech-
anisms of particle production. The centrality dependency of
v2 is considered for each centrality by integrating v2 in pTh

,

v2ðBÞ ¼
R
dpTh

pTh
v2ðpTh

ÞffinR
dpTh

pTh
ffin

: ð21Þ

The elliptic flow replicates the space and momentum
correlation developed because of the early stage pressure
gradient. On the other hand, A−1

T fin can be associated to a
measure of the transverse particle density. Therefore, the
plot v2=ε2 × A−1

T fin could be viewed as an analogous of
pressure versus energy density plot. The Figure 6 shows
the variation of eccentricity scaled elliptic flow with such
transverse density. It shows the ratio v2=ε2 as a function of
fin=AT , with fin integrated over pTh

for different central-
ities for both PbPb (open circles) and XeXe collisions

(open squares). The expected linear scaling (solid line in
figure) is a good approximation in more peripheral colli-
sions. For large multiplicities, there is a substantial
deviation of the fitted line. In our model, such an effect
results in the increase in the feq contribution for the
spectrum in more central collisions.
Finally, the initial and final mean transverse momentum is

presented in Fig. 7 (left plot) for different centralities. Initial
hpTh

i are represented by dot-dashed lines for PbPb and
dashed lines for XeXe, whereas final hpTh

i are represented
by open circles for PbPb and open squares for XeXe. For
more central collisions, there is a large increase of hpTi due
the temperature increase of the distribution feq. However, for
more peripheral collisions, the final transverse momentum
comes closer to initial transverse momentum. The multi-
plicity by the wounded nucleon is also shown. While the
final distribution scales with Np, fin grows faster than Np in
more central collisions.
We did not discuss universality aspects related to the

elliptic flow in the context of parton saturation physics used
in our theoretical formalism for fin. Interestingly, it was
demonstrated in Refs. [80,81] that the available data on the
v2 of charged particles for collisions at RHIC and LHC for
different centralities present a scaling law. Namely, the
elliptic flow normalized by the product of the inverse of
the Knudsen number, Kn−1 ¼ Qs;AL, and eccentricity ϵ1
satisfy geometrical scaling. Here, Qs;A ¼ Qs;Aðx; B;AÞ is
the nuclear saturation scale and L is the length related to the
size of the collision area. The normalized v2 is a function of
only the τA ¼ p2

Th
=Q2

s;A variable,

v2ðpTh
Þ

ϵ1=Kn
¼ FðτAÞ ¼ aτbA; ð22Þ

with the parameters a and b ∼ 1=3 fitted from data [80,81]
and 0 ≤ τA ≤ 1. It is a relative hard task to derive such a
scaling law from the geometrical scaling phenomenon. It is

FIG. 5. The ϕp dependence of the initial, final and equilibrium
distributions. Contributions for pT ¼ 2 GeV and 50%–60%
centrality class in PbPb collisions are presented. Distributions
fin and feq are respectively labeled by the upper and lower dot-
dashed curves whereas ffin is given by the solid curve.

FIG. 7. Left: initial and final mean transverse momentum hpTh
i

for different centralities. Right: initial and final ratio dNAA=dy
Np

(right) as a function of centrality.

FIG. 6. The ratio v2=ε2 as a function of fin=AT for PbPb and
XeXe at different centralities. The solid line represents the linear
fit following Eq. (20). The plot in the bottom shows the ratio
data/model.

STUDY OF THE AZIMUTHAL ASYMMETRY IN HEAVY ION … PHYS. REV. D 108, 074013 (2023)

074013-9



argued in [82] that the scaling law can be traced back to the
parton energy lost in nucleus-nucleus collisions.

IV. SUMMARY AND CONCLUSIONS

Let us now organize the main results and draw some
conclusions. In this work we presented a phenomenological
model that incorporates the main characteristics of the
produced particle spectrum in heavy ion collisions. To
evaluate the inclusive gluon production, we have consid-
ered hard initial collision, nuclear shadowing of partonic
distribution, and azimuthal asymmetry in this model. Also
the process makes use of a dipole scattering matrix in the
position space, where an initial asymmetry has been added.
However, collective effects are described by BGBW dis-
tribution, leading to an increase of the momentum asym-
metry for small pTh

. One advantage of the present
parametrization is that it allow us to describe an interface
between different mechanisms of hadron production pro-
viding a good description of both soft and hard contribu-
tions. In particular, we argue that the behavior of v2
and RAA has a common origin, i.e., the increase in the

contribution of produced particles in thermal equilibrium
and the subsequent predominance of the distribution of
produced particles at initial hard peripheral collisions. The
nuclear modification factor for pion production in PbPb and
XeXe collisions and respective elliptic flow v2ðpTÞ have
been simultaneously described. The fitted parameters Teq,
βs, ρa and s2 are associated to the modified BGBW
approach whereas the parameter ar is connected to the
azimuthal asymmetry in the early stages of the collision.
The quality of fit is good and the role played by fin and feq
in the description of RAA and v2 has been discussed.
Finally, the ratio v2=ε2 as a function of fin=AT is computed
and analyzed in terms of linear scaling between these two
quantities. The average transverse momentum, hpTi, has
been also investigated.
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