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Heavy-ion collisions at ultra-relativistic energies provide extreme conditions of energy density
and temperature to produce a deconfined state of quarks and gluons. Xenon (Xe) being a deformed
nucleus further gives access to the effect of initial geometry on final state particle production.
This study focuses on the effect of nuclear deformation and hadron cascade-time on the particle
production and elliptic flow using A Multi-Phase Transport (AMPT) model in Xe+Xe collisions at
v/SNN = 5.44 TeV. We explore the effect of hadronic cascade-time on identified particle production
through the study of pr-differential particle ratios. The effect of hadronic cascade-time on the
generation of elliptic flow is studied by varying the cascade-time between 5 and 25 fm/c. This
study shows the final state interactions among particles generate additional anisotropic flow with

increasing hadron cascade-time especially at very low and high-pr.

PACS numbers: 12.38.Mh, 25.75.1.d, 25.75.Dw

I. INTRODUCTION

The primary goal of ultra-relativistic heavy-ion col-
lisions is to create a system of deconfined quarks and
gluons known as quark-gluon-plasma (QGP) under ex-
treme conditions of high temperature and/or baryon den-
sity, and characterise its properties. It is very impor-
tant to understand the particle production mechanism
in ultra-relativistic heavy-ion collisions for which several
experimental set-ups are designed at places such as Rel-
ativistic Heavy-ion Collider (RHIC) at BNL, USA and
Large Hadron Collider (LHC) at CERN, Switzerland.
In such collisions, huge initial energy density and pres-
sure are created which drive the expansion of the sys-
tem through various complex processes involving differ-
ent degrees of freedom of the system. During this ex-
pansion, multiple interactions of quarks and gluons may
lead to a thermalized system that further undergoes col-
lective expansion and hadronization to form composite
hadrons from the deconfined partons. The hadronized
final state particles carry information about the initial-
state effects of the system produced during heavy-ion col-
lisions. The initial state geometry of produced system
gives rise to spatial anisotropy which later results in the
momentum anisotropy of the final state particles in non-
central collisions. Anisotropic flow quantifies the momen-
tum anisotropy of the produced system, which is one of
the signatures of QGP. The strength of this anisotropic
flow can be estimated from the flow coefficients (vy,) in
the Fourier expansion of the momentum distribution of
the final state particles given by,
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Where, the second-order Fourier coefficient of the
anisotropic flow is called elliptic flow (vq), which is sen-
sitive to the equation of state (EoS) and transport prop-
erties [1]. Here ¢ is the azimuthal angle of emission of
a final state particle and 1, is the angle with respect to
the reaction plane— the plane created by the impact pa-
rameter and beam axis. The elliptic flow (v2) has been
studied extensively using different colliding systems such
as Au+Au, Cu+Cu, U+U, Xe+Xe and Pb+Pb by RHIC
and the LHC with a wide range of collision energies vary-
ing from 7.7 GeV to 5.44 TeV [2-8]. The shape of the
colliding nuclei may also contribute to the initial state ge-
ometry of the produced system, which may subsequently
affect the elliptic flow. A comparison of v, between spher-
ical nuclei and a deformed one in the central collisions
can establish the origin of elliptic flow due to the initial
state effect. Recently, LHC has collided intrinsically de-
formed nuclei Xenon (Xe) at \/syn = 5.44 TeV, which
also bridges the final state charged particle multiplicity
gap between the smaller systems (p+p and p+Pb) and
larger system (Pb+Pb). For the most central collisions
(0-5%), the vy is found to be ~ 35% higher in Xe+Xe
as compared to Pb+Pb [9]. Further, the violation of
quark participant scaling of identified particle vs is also
observed for the Xe+Xe system like other colliding sys-
tems having spherical nuclei [10, 11].

The space-time evolution of the system produced in
heavy-ion collisions goes through different stages and the
phase between the chemical and kinetic freeze-out bound-
aries is known as the hadronic phase. At the chemical
freeze-out boundary the inelastic processes cease and the
particle abundances are fixed which further experience
elastic collisions with other particles present in the sys-



tem till they arrive at the kinetic freeze-out boundary.
Inside the hadronic phase, the strength of the scatterings
depends on the cross-section of the system constituents
and the lifetime of the hadronic phase. The momentum
distribution of final state hadrons may also vary due to
multiple scatterings in the hadronic phase. This may also
contribute to the momentum anisotropy of the final state
particles which results in the change in vo. This effect can
be better studied by varying the lifetime of the hadronic
phase, which is possible to carry out with theoretical
models like A Multi-Phase Transport model (AMPT).
Earlier, the effect of the hadronic phase on the vy and
resonance production has been observed by considering
spherical nuclei [12, 13]. It would be interesting to look
into the identified and charged particle v with different
hadronic cascade-time (7yc) as a function of transverse
momentum (pr) and centrality using the intrinsically de-
formed nuclei, like Xe. It should be noted here that the
space-time evolution of the produced fireball in heavy-
ion collisions is governed by the initial energy density,
which is controlled by the available centre-of-mass en-
ergy and the number of participating nuclei. Accordingly,
the hadronic phase lifetime and the cascade-time (we use
these terms interchangeably without the violation of the
meaning thereof) becomes a function of collision energy
and collision geometry of the initial state of the collision.

The study of particle ratios with different mass, quark
content and baryons/mesons can be helpful to under-
stand the particle production mechanism in heavy-ion
collisions. The pr-differential particle ratios help to in-
vestigate various reasons for particle production at differ-
ent pr scales [14]. At lower pr region, the spectral shapes
of identified particles strongly depend on the radial flow
that has been observed at the LHC in central heavy-ion
collisions which are well explained by hydrodynamically
motivated models [15, 16]. The collective expansion of
the system pushes the heavier mass particles from low-
pr to intermediate-pt, which subsequently shows an en-
hancement of the ratio of the heavier to lighter parti-
cles. At intermediate pr region, a clear enhancement
of baryon over meson has been observed especially for
p/7 ratios in the most central Pb+Pb collisions as com-
pared to pp-collisions. Baryons to meson ratio are fur-
ther enhanced by the coalescence mechanism which also
requires radial flow where coalescence of three quarks re-
sults in the creation of larger pr baryons compared to
two quark/antiquark mesons. These pr-differential par-
ticle ratios can also be affected due to the interactions of
identified particles in the hadronic phase through subse-
quent elastic scatterings. The intensity of such phenom-
ena mostly depends on the hadronic phase lifetime and
the elastic cross-section of the identified particles. The
high-pr sector is dominated by the jet fragmentation and
pQCD processes.

Here, we present a comprehensive study on the effect of
the hadronic phase lifetime (or hadronic cascade-time, as
is known otherwise) on the pr-differential particle ratios
along with pr-differential and integrated elliptic flow. In

this study, we have used AMPT (string melting version)
to generate events at different hadronic phase times vary-
ing from 5 to 25 fm/c, which will be discussed in detail
in Section II. Further, we have discussed the results in
the Section III, which is followed by the Section IV with
a summary of this study.

II. FORMALISM
A Mutli-Phase Transport (AMPT) model

In this study, we have used A Multiphase Transport
(AMPT) model which is a hybrid transport model [17—
19]. It has four components, namely: Heavy-Ion Jet IN-
teraction Generator (HIJING) that is used for the initial-
ization of collisions [20], Zhang’s Parton Cascade model
(ZPC) that helps in parton transport after initialization,
Lund string fragmentation model or quark coalescence
model to carry-out the hadronization mechanism and fi-
nally A Relativistic Transport (ART) model to complete
the hadron transport. The differential cross-section of
the produced minijet particles in p+p collisions is calcu-
lated in the HIJING model which is given by,
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where o and ¢ are the produced particles cross-section
and the momentum transfer during partonic interactions
in p+p collisions, respectively. x;’s and f(z,p%)’s rep-
resent the momentum fraction of the mother protons
which are carried by interacting partons and the par-
ton density functions (PDF) accordingly. With the help
of parametrized shadowing function and nuclear over-
lap function of the in-built Glauber model, the partons
produced in the p+p collisions are transformed to A+A
and p+A collisions within HIJING. We use Woods-Saxon
(WS) [21] distribution to define the distribution of nucle-
ons inside the spherical nuclei like Au and Pb. Whereas,
for the deformed nuclei like Xenon, we have used a mod-
ified Woods-Saxon (MWS) density distribution in the
HIJING that includes deformation parameter, 3,, along
with spherical harmonics, Y;,;(0), in the WS function [22—-
26]. Nucleon density is usually written as a three param-
eter Fermi distribution [27], which is defined as,

B 1+w(r/R)?
p(r) = po 1+ exp[(r—R)/a]|" )

Here py is the nuclear matter density in the centre of the
nucleus, w is the deviation from a smooth spherical sur-
face and a is the skin depth or surface thickness. The
parameter, R, is the radius of the nucleus from its centre
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FIG. 1: (Color online) pr-differential particle ratios of K=, p(p), ¢ and A(A) to 7+
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in Xe+Xe collisions at /snn = 5.44 TeV

for 20-30 % centrality class. Different symbols show various hadron cascade-times. The vertical lines on the data points are

the statistical uncertainties.

and r, is a position variable and distance of any point
from the centre of the nucleus. Spherical nuclei are con-
sidered to have a uniform distribution of nucleons within
their spherical volume and a smooth surface for which
the value of w becomes zero. Hence, the reduced nucle-
onic density function [28] for a spherical nucleus can be
written as,

_ Po
) = T el = Byl W

The radius parameter, R, can be modified for an axi-
ally symmetric or prolate deformed nucleus like Xe. The
modified Woods-Saxon nuclear radius [29] is given by,

Rae = R[1 + 2Y20(0) + B1Y10(0)], (5)

where the ;’s are deformation parameters. In case of
Xenon nucleus, the deformation parameters, So= 0.162
and 4= -0.003, which are taken from Ref. [30, 31]. The
spherical harmonics, Y29, and Yy are given by [32],

Yo0(0) = le\/g(?) cos?0 — 1)

Yio(0) = 1GV/,(35 cos*0 — 30 cos*0 +3).  (6)

The positions of nucleons within the distribution, p(r),
are illustrated using the volume element r2sinf dr df d¢
[33, 34]. For random orientation of nuclei, position con-
figurations are measured using both polar angle, (angle
between major axis and beam axis) © in [0, 7] and az-
imuthal angle, (angle between major axis and impact pa-
rameter) ® within limits [0, 27]. Both target and projec-
tile nuclei are rotated event-by-event in © and ® space.
In this paper, calculations have been done only with ran-
dom orientation which means, unpolarized and averaged
value over random © and ® [35].

The produced particles are then passed through the
ZPC [36], that transports the quarks and gluons using
Boltzmann transport equation which is given by,

PrOuf(z,p,t) = C[f] (7)
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FIG. 2: (Color online) pr-differential particle ratios of K*, p(p), ¢ and A(A) to * in Xe+Xe collisions at
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The leading order equation showing interactions among
partons is approximately given by,
- 2
dog, ~ 9ma; ' (8)

di  2(f— p2)?

Where o044 is the gluon scattering cross-section and o
is the strong coupling constant. Here, p? is the cutoff
used to avoid infrared divergences that may occur if the
momentum transfer, f, goes to zero during scattering.

In the AMPT-SM version, colored strings melt into
low momentum partons which take place at the start of
the ZPC and are calculated using the Lund FRITIOF
model of HIJING. These resulting partons undergo mul-
tiple scattering when any two partons are within mini-
mum separation which is given by d < /o /m, where o is
the scattering cross-section of the partons. Further, us-
ing the coalescence mechanism, the transported partons
are hadronized [37-39]. Finally, the produced hadrons
undergo evolution through the ART model, where inter-
actions take place among meson-meson, baryon-baryon
and meson-baryon before we get the final state hadrons
[40, 41]. For our work, we have used the AMPT version

2.26t7 (released: 28/10/2016) where we have fixed the
partonic scattering cross-section (o44) = 10 mb and the
Lund string fragmentation parameters a and b are set to
their default values of 2.2 and 0.5/GeV?, respectively. It
is worthwhile to note that we have kept the hadron level
decay flagged as off for ¢ and K? to study these particles
in the final state. In the AMPT, the hadron cascade-
time is controlled by the parameter named NTMAX and
DT. By varying DT, we have generated the data in the
AMPT-SM for the hadron cascade-times from 5 to 25
fm/c within a time interval of 5 fm/c. Since the hadronic
phase lifetime for the default version of the AMPT is
30 fm and the lower limit obtained from the study of
re-scattering effect using resonances with experimental
data is ~ 2—4 fm [42—44], we have taken such an interval
of hadron cascade-time for our studies.

IIT. RESULTS AND DISCUSSIONS

In this work, we have investigated pp-differential par-
ticle ratios, pr-differential and pr-integrated elliptic flow
for identified and charged particles for different central-



ities, respectively. The results are obtained for Xe+Xe
collision at /sy = 5.44 TeV by analysing the AMPT-
SM generated events in which we have taken care of the
deformation effect of Xe-nuclei. Events are generated for
a wide range of hadronic cascade-time ranging from 5 to
25 fm/c within a time interval of 5 fm/c. Here, we have
studied the pr-differential identified particle ratios with
respect to (7t 4+ 77) and (p+p). Furthermore, we have
tried to see the quark participant scaled elliptic flow for
identified particles such as (7™ +77), (Kt +K ), (p+D),
¢ and (A + A). Hadronic cascade-time can be sensitive
to the pr-differential identified particle ratios depend-
ing upon their scattering cross-section in the hadronic
phase and the lifetime of the hadronic phase. Further,
the multiple scattering of the final state particles may
modify their azimuthal direction and transverse momen-
tum which will be reflected on the pr-differential and
pr-integrated elliptic flow. Hence, our primary goal is to
quantify the effect of hadronic cascade-time (7g¢) on the
observables like pr-differential particle ratios and elliptic
flow in the Xe+Xe collision system. This study will en-
rich our understanding of particle production dynamics
and the effect of final state hadronic cascade-time in view
of the finite hadronic phase lifetime at the LHC energies,
even in small collision systems.

A. Identified pr-differential particle ratios

Figures 1 and 2 show the ratio to pion in 20-30% and
50-60% centrality classes for the particles like K+ + K,
p+p, ¢ and A + A as a function of transverse momen-
tum in different hadronic cascade-time. The production
rate of these identified particles as compared to pion in-
creases with pr which attain a maximum value in the
intermediate pt (2-3 GeV/c). This similar behaviour is
also observed for all the hadronic cascade-time. At lower
transverse momentum region (pr < 1 GeV/c), we see a
significant effect of the hadronic cascade-time on ¢/m and
p/7 which have a maximum deviation of ~ 40% for Tpc
= 5 fm/c with respect to 25 fm/c. However, this trend
reverses for pr > 1 GeV/c. Moreover, the hadronic
cascade-time has less effect on the strange particle ra-
tios like K/ and A/7. For 50-60% centrality class, the
deviation for ¢/m ratio is higher at lower pr region as
compared to 20-30% centrality class.

Furthermore, we have investigated the effect of
hadronic cascade-time on the ¢/p pr-differential ratio,
which has a nearly similar mass. Figure 3 represents ¢/p
ratio as a function of pr in 20-30% and 50-60% cen-
trality classes for different hadron cascade-times. The
ratio increases with pr and starts saturating after ppr =
1 GeV/c for both the centrality classes that further en-
hances at high-pr. A similar trend is followed by all the
hadronic cascade-times. From the lower panel of the fig-
ure, we observe a clear dependence on the 7y ¢ especially
for 50-60% centrality class which gradually increases as
we decrease the value of 7y and shows a maximum de-
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FIG. 3: (Color online) pr-differential particle ratios of ¢ to

p in Xe+Xe collisions at y/snn = 5.44 TeV for 20-30 % (up-
per) and 50-60 % (lower) centrality classes. Different symbols
show various hadron cascade-time. The vertical lines in the
data points are the statistical uncertainties.

viation ~ 30% for Tgc = 5 fm/c as compared to 25 fm/c.

This study signifies the importance of different pro-
cesses in the hadronic phase and their impact on the pp-
differential identified particle ratios. This motivates us
to further investigate the effect of hadronic cascade-time
on one of the important observables known as elliptic

flow and the results will be discussed in the next section,
IIIB.



B. Elliptic flow (v2)

To be inline with the experimental procedure of es-
timating elliptic flow, in this study, we have used the
two-particle correlation method for a direct comparison
of AMPT data. The details of the two-particle correla-
tion method are described elsewhere [45]. For Pb+Pb
collisions at /snn = 2.76 TeV, a two-particle correlation
method was also used to predict vy for identified hadrons
using AMPT [46]. In addition, the same method was also
successfully used for estimating higher-order anisotropic
flows, as well as dihadron correlations in Pb+Pb colli-
sions at \/sxy = 2.76 TeV using the AMPT model [47].
The two-particle correlation method has the added edge
of construction with a proper pseudo-rapidity cut. This
removes substantial residual non-flow effects in the el-
liptic flow. Non-flow effects are azimuthal correlations,
which usually occur from jets and resonance decays, and
are not associated with the symmetry planes. Figure 4
shows the charged particle elliptic flow as a function of
pr for both 20-30% and 50-60% centrality classes. Here,
we have compared the pr-differential elliptic flow gener-
ated for the two extreme cases, Tyc = 5 fm/c and 25
fm/c for both the centrality classes. With different cen-
trality classes and cascade-times, the elliptic flow increase
with pt and obtain a maximum value for pt around 2-2.5
GeV/c. We observe higher vy for the peripheral collisions
(50-60%) as compared the semi-central collisions (20—
30%). The results are compared with the pp-differential
elliptic flow of the charged particles obtained from AL-
ICE for both 20-30% and 50-60% centrality classes. In
both the cases, the trend is qualitatively explaining the
ALICE data and a higher elliptic flow is observed for
50-60 % centrality class, which is in line with the exper-
imental observations.
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FIG. 4: (Color online) pr-differential elliptic flow of charged
particles in Xe+4Xe collisions at /sxny = 5.44 TeV for 20-
30% and 50-60% centrality classes. Different symbols show
various hadron cascade-times. The results are compared with
the ALICE data [9].

This can be understood from the effect of initial mo-
mentum anisotropic due to the geometry of the overlap-
ping region generated after the collisions which are higher
for the peripheral collisions. While considering different
hadronic cascade-times, we observe a similar behavior of
the pr-differential elliptic flow in both 20-30% and 50—
60%. For both the centralities, with higher cascade-time,
the azimuthal distribution of the final state particles is
more anisotropic for high and very low-pt region. How-
ever, in the intermediate-pr region seems to be not af-
fected by the hadronic cascade-time significantly.
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The particle production via quark coalescence can be
verified by studying the elliptic flow of baryons and
mesons at intermediate pr after scaling both pr and vs



by the number of constituent quarks (nq). In AMPT with
the string melting mode, mesons and baryons are formed
when a quark and antiquark pair and three quarks come
close in phase space, respectively. In such conditions, the
elliptic flow for baryons is higher at the intermediate pr
range compared to mesons due to the recombination ef-
fect. Figure 5 represents the constituent quark scaled ve
as a function of pt/nq. For this study, the elliptic flow
and pr are scaled by 2 for mesons like pions, kaons and
¢, while the same are scaled by 3 for baryons such as
protons and A. We can clearly see the violation of the
scaling behavior in both 20-30% and 50-60% centrality
classes at 7gc = 25 fm/c, which are in line with the
deviations that are already reported in ALICE [48] and
several experimental studies performed at LHC energies
[49]. We have explicitly checked that this violation is
also observed for 7y = 5 fm/c, indicating the fact that
hadron cascade-time has no role on the quark-participant
scaling violation in the elliptic flow.
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FIG. 6: (Color online) pr-integrated elliptic flow of the

charged particles in Xe+Xe collisions at \/sxn = 5.44 TeV for
0-10%, 10-20%, 20-30%, 30-40%, 40-50% and 50-60% central-
ity classes. Different symbols show various hadron cascade-
times.

Furthermore, to investigate the effect of hadronic
cascade-time on the bulk part of the system with cen-
trality, we have studied the pr-integrated elliptic flow of
the charged particles. Inspired by the ALICE kinematic
acceptance, we have considered the charged tracks with
pr lying between 0.2 to 3 GeV/c. Figure 6 shows the
pr-integrated elliptic flow as a function of centrality for
different values of Tgc. While going from central to pe-
ripheral collisions, the pr-integrated v, increases for all
the hadronic cascade-times. To quantify the dependence
on hadronic cascade-time, we have shown the ratio with
respect to 25 fm/c in the lower panel of Figure 6. We do

not observe significant dependence of the pr-integrated
v2 on the hadronic cascade-time, though we see a clear
dependence on hadronic cascade-time in case of the pr-
differential vs.

IV. SUMMARY

In this study, we have explored the effect of hadronic
cascade-time (7gc) on the pr-differential identified par-
ticle ratios, pr-differential and pr-integrated elliptic flow
in Xe+Xe collision at /syn = 5.44 TeV using the data
generated from the AMPT-SM version. In the AMPT-
SM, the participation of soft partons originating from the
string melting process in partonic scatterings results in an
increased elliptic flow as compared to the default AMPT.
In addition, it allows modifying the final state hadronic
phase lifetime by varying the number of time steps in a
hadron cascade and/or the length of the time step. The
significance of the hadronic cascade-time on particle pro-
duction depends on the scattering cross-section among
the final state particles and the duration of the hadronic
phase. This study has more significance in looking into
the larger hadronic phase lifetime at the LHC energies.
We see a significant dependence of identified particle ra-
tios and elliptic flow on the T7y¢ when studied as a func-
tion of pr and centrality. The important findings of this
study are summarised below:

e Significant dependence of pr-differential particle
ratios for ¢/m and p/m on Ty is observed at low
pr, which is higher for ¢/ ratio. With higher ¢,
the low pr particles shift towards intermediate and
higher pr region due to more interactions which is
reflected in the particle ratios.

e To cancel out the mass dependence on 7g¢, we have
looked into the ¢/p pr-differential particle ratio.
We see a scaling of this ratio for 50-60% centrality
class with mg¢. However, for mid-central collisions,
we see a significant dependence of T¢ on ¢/p ratio
at intermediate pr region.

e The pr-differential charged particle elliptic flow is
higher for ¢ = 25 fm/c compared to 5 fm/c at
very low and high-pt region. This indicates added
anisotropy in the azimuthal distribution of the
charged particles might be originating from mul-
tiple scattering in the hadronic phase with higher
THC-

e In line with the experimental results obtained at
the LHC energies, we do not observe any scaling be-
havior with the number of constituent quarks (nq)
on elliptic flow. The hadron cascade-time has no
effect on the quark-participant scaling violation in
the elliptic flow, which is supposed to be an initial
state effect in contrast to the hadronic rescattering,
which is a final state effect.



e To see the effect of hadronic cascade-time over the
bulk of the medium, we have estimated the pp-
integrated charged particle elliptic flow in differ-
ent centrality classes. We found the pp-integrated
charged particle elliptic flow is almost independent
of the hadronic cascade-time. This might be due
to the compensation of anisotropy over different pr
regions.

More precisely, we observe the effect of hadron cascade-
time on pr-differential identified particle ratios, pr-
differential and integrated charged particle elliptic flow.
We see an interplay of different hadronic phase effects
such as scattering cross-sections, hadronic phase lifetime
and momentum anisotropy inherited from initial collision
geometry on these observables.
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