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ABSTRACT

We study here the transverse momentum spectra of K - mesons, A — hyperons and multi-strange (E-, {0") particles in the most central Pb-Pb collisions at
VSNN = 2.76 TeV for the mid rapidity interval |y| < 0.5 by using two different Monte Carlo simulation models: EPOS-1.99 and EPOS-LHC. The validity
of simulation codes of these models is checked for Pb-Pb collisions at VSNN = 2.76 TeV by comparing the simulation data with ALICE experimental data
for the same collisions at VSNN = 2.76 TeV. Strange particles ratio i.e. /K2 and nuclear modification factors for multi-strange particles have been
constructed as function of p, to study these strange particle production and their energy loss mechanism. The simulation models show suppression for
the multi-strange particles in the transverse momentum range of 3-7 GeV/c. The outcome agrees with a recent finding by ALICE collaboration where it
suggested a possibility that the kinetic freeze-out conditions for strange particles are different from those for non-strange particles.

*Corresponding author

A Arif, Department of Physics, COMSATS University, Park Road, Islamabad 44000, Pakistan, E-Mail: yasir_ali@comsats.edu.pk

Received: January 05, 2021; Accepted: January 11, 2021; Published: January 21, 2021

Keywords: EPOS-LHC; EPOS-1.99; Quark Gluon Plasma;
Heavy Ion Collisions; Strangeness; Nuclear Modification Factor;
Transverse momentum; Rapidity

Introduction

It is observed in heavy ion collisions experiments at RHIC, SPS
and CERN LHC, during the measurements of the transverse
momentum (p.) spectra in p—p and Pb—Pb collisions, that at
high p_ particle production is suppressed in Ph—Pb collisions
as compared to the particle yields measured in p—p collisions
[1-9]. Strangeness production measurements are powerful tools
for the study of the thermal properties of the deconfined state of
Quantum Chromodynamics (QCD) matter during the production
of Quark Gluon Plasma (QGP). By comparing the yields of high
p, particles produced in the Pb—Pb collisions with the predictions
of theoretical models one can obtain some important insight on
the fundamental properties of QGP. Bjorken suggested that the
observed suppression of charged particle production at high p_ in
Pb—Pb collisions is an effect due to the partons energy loss while
they propagate through the hot and dense deconfined strongly
interacting medium [10, 11].

The modification of high p_ particle production in Pb—Pb collisions
is quantified by studying an important observable called nuclear
modification factor (NMF) R , that is defined as

AN /dpy
RAA = pp
< Ngop > dNPP/dpy

Nuclear modification factor (NMF) R, is a ratio of particle
differential yield in Ph—Pb collisions to that of p—p collisions
scaled by the average number of binary nucleon—nucleon collisions
<N~ The study of R,, imparts important information about
the properties of the background medium formed as a result of
p—p and Pb—Pb interactions. If Pb—Pb collisions are a simple
superposition of elementary nucleon-nucleon collisions R, , is
equal to unity it shows absence of nuclear effects. However, if
R,, <1, there is a suppression of particles production compared
to binary—collisions scaling which takes place due to an effect
known as jet quenching of partons [10].

The measurements of R, , for charged particles as a function of p._
at LHC [7-9, 12] have shown that in central Ph—Pb collisions at
\VSNN =2.76 TeV the particle yields are suppressed by a factor of
up to 7 for p_ range of 67 GeV/c but the suppression decreases
for larger p_. In 2015 LHC had its first Pb— Pb collisions at VSNN
=5.02 TeV and observed nearly same amount of suppression for
central Ph—Pb collisions within the same p_range [13]. The results
of CMS Collaboration on charged particles for R, , at VSNN =
5.02 TeV TeV have shown a similar amount of suppression in
charged particle production for p. = 6-9 GeV/c in the central
Pb—Pb collisions [14].

In this work we study the transverse momentum spectra of K.°
— mesons, A—hyperons and multi— strange particles (E-, Q")
production in the most central Pb—Pb collisions at VS = 2.76
TeV at the mid-rapidity interval (Jy| < 0.5) by using Monte Carlo
simulation codes including EPOS-LHC and EPOS-1.99. A
description of these models is given in the next section. Transverse
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momentum distributions of strange and multi—strange particles
along with the particle ratios and nuclear modification factor as
a function of transverse momentum are shown in the results and
discussion section. The distributions obtained from the simulation
data are also compared with the ALICE experimental data [13].
Last section is based on conclusions.

Method and Models

To study the pT distributions of strange and multi—strange particles
produced in the most central Pb— Pb collisions at VSNN = 2.76
TeV and in the rapidity intervals of |y| <0.5|, we have used two
different MC event generators: EPOS—1.99, and EPOS-LHC
models [15-17]. EPOS stands for energy conserving quantum
mechanical multiple scattering approach, based on partons
(parton—ladder), oft— shell remnants, and splitting of parton ladders
[16]. It is purely constructed on theoretical basis, critically tested
and verified over existing hadronic data. EPOS is a model based
on parton model including binary parton—parton collisions and
each of these collisions produce a separate parton ladder [17]. For
the cross—section calculations and particle productions there are
energy conservations employed in the EPOS model. However,
energy conservation is not considered for cross section calculations
in other models [18]. EPOS is a quantum mechanical model which
inter—accounts multiple scattering based on partons and strings.
It is not only used for cosmic ray physics, but it is also used to
simulate data for heavy ion physics experiments such as SPS, LHC
and RHIC. EPOS- 1.99 deals mostly with the soft interactions with
its emphasis on the high partons densities which are significant
for nucleus—nucleus (44) collisions. An upgraded version of
EPOS-1.99 is also developed to inter—account LHC energies it
is known as EPOS-LHC [19]. This new version of EPOS model
can reproduce all minimum bias results for all the particles with
transverse momentum up to a few GeV/c. Based on these models
we have generated and then analyzed the simulated data.

Results and Discussion

We study the transverse momentum distribution of strange and
multi-strange particles produced in the most central Pb—Pb
collisions at VSwv =2.76 TeV in the mid rapidity interval (-0.5
<y <0.5). Transverse momentum distribution of K’ — mesons and
A —hyperons produced in the most central Pb— Pb collisions at

V8w =2.76 TeV for the simulation codes EPOS-LHC and EPOS—
1.99 along with ALICE experimental data are plotted in the Fig.1
and Fig.2 respectively. Next, the transverse momentum distribution
of multi-strange particles Q and Q° for MC simulation models
EPOS-LHC and EPOS-1.99 together with the ALICE data are
presented in Fig.3 and Fig.4 respectively. Similarly, Fig.5 and
Fig.6 present a transverse momentum distribution of multi—strange
particles Z ~and = * respectively for central Ph—Pb collisions at
VSw =2.76 TeV using MC simulation models EPOS— 1.99 and
EPOS-LHC. ALICE experimental data for the most central Pb—
Pb collisions at VSw = 2.76 TeV is also plotted for comparison.
Figure 7 and Fig.8 describe a study of transverse momentum
distribution of 2+ = * and Q™+ Q *respectively, for the most
central Pb—Pb collisions at VSxv = 2.76 TeV for MC simulation
models EPOS-1.99 and EPOS-LHC together with ALICE data at
the same energy. Strange particle yield ratio A/ K” as a function of
transverse momentum is plotted in Fig.9 for MC simulation models
EPOS-1.99 and EPOS-LHC along with ALICE experimental data
at the same energy. Nuclear modification factors as a function
of transverse momentum are plotted in Fig.10 and Fig.11 for
multi-strange particles 2+ =" and Q™+ Q *respectively, for the
most central Pb—Pb at VSw = 2.76 TeV for MC simulation
models EPOS-1.99 and EPOS-LHC together with ALICE data.
To compare the predictions of the models with the experimental

results in all these cases the bottom panels show the ratios of
experimental data to MC simulation code.
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Figure 1: Transverse momentum distribution of K ° —mesons
produced in the most central Ph—Pb collisions at VSwv =2.76TeV
coming from the MC simulation models EPOS—1.99 and EPOS—
LHC. ALICE experimental data for central Ph—Pb collisions at
\Sny =2.76TeV are also shown.

From the data in Fig.1 one can see that: EPOS—-LHC has problem
to describe the experimental data only in the interval of p, =4.5-7
GeV/c though EPOS-1.99 predictions are close to experimental
data in the pT interval of 7-12 GeV/c. It is necessary to note
that in the well-known interval of jet suppression EPOS-LHC
underestimates but EPOS—1.99 overestimates it. So, both of models
could not explain jet suppression for K ° —mesons explicitly.
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Figure 2: Transverse momentum distribution of A— hyperons
produced in the most central Ph—Pb collisions at v Sy =2.76TeV
coming from the MC simulation models EPOS-1.99, EPOS-LHC.
ALICE experimental.

Figure 2 demonstrates that in the case of A—hyperons EPOS-LHC
has problem to interpret the experimental data in the interval of
P> 5 GeV/c. However, in the interval of p. <2 GeV/c it gives
over predictions but in the interval of 2 <p <5 GeV/c it under
predicts the data. The EPOS-1.99 predictions are close to
experimental data in the p_ range 7-12 GeV/c only. It is again
necessary to note in the well-known interval of jet suppression
EPOS—-LHC under predicts but EPOS—1.99 does over predictions
as compared to experimental results.
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Figure 3: Transverse momentum distribution of Q~ produced in
the most central Pb—Pb collisions at VSw = 2.76TeV coming
from the MC simulation models EPOS-1.99 and EPOS-LHC
along with ALICE experimental data for Ph—Pb collisions at
VSw =2.76TeV

Flgure 3 presents the p — distribution of Q" particles produced
in central Pb—Pb colllslons at VSwv =2.76TeV The bottom panel
shows the ratios of experimental data to the data obtained from
MC simulation code. One can see that EPOS—-LHC explains the
experimental data at low momenta 1< p_ <2 GeV/c, while it
underestimates the yield for p,. > 2 GeV/c. EPOS-1.99 estimations
for the yield of Q— particles are higher than the experimental data for
the entire p_ range. Both models cannot give quantitative predictions
for the well-known interval of jet suppression. Almost the same
situation is valid in case of the data for Q" plotted in Fig.4.
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Figure 4: Transverse momentum distribution of Q" produced in
the most central Ph—Pb collisions at VSww = 2.76TeV coming
from the MC simulation models EPOS-1.99, EPOS-LHC and
ALICE experimental data.
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Figure 5: Transverse momentum distribution of =~ produced in
the most central Ph—Pb collisions at VSw = 2.76TeV coming
from the MC simulation models EPOS—-1.99, EPOS-LHC and
ALICE experimental data.

One can see from Fig. 5 that the predictions of both the models for
the yield of &~ particles are higher than the ALICE experimental
data at low transverse momentum (in the interval of p_ <'1.6 GeV/c
for the EPOS-LHC model and in the interval of p <2 GeV/c for
the EPOS—1.99). At high p, regimes EPOS-LHC can give only
quantitative predictions though EPOS—1.99 is able to explain
quantitatively the behavior of the yield in the high p_ region. The
same situation for E - hyperons yield comes in Fig.6.
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Figure 6: Transverse momentum distribution of Z* produced in
the most central Ph—Pb collisions at VSw = 2.76TeV coming
from the MC simulation models EPOS—-1.99, EPOS-LHC and
ALICE experimental.
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One can infer from Fig. 7 that EPOS-LHC model predictions are
not consistent for the yield of 2+ Z" at low p, <2 GeV/c, while its
predictions are lower than the ones from the experimental data for
the region: 2<p_ < 8 GeV/c. EPOS-1.99 model calculations
overestimate the values at low transverse momentum p, <2 GeV/c.
However, it somewhat coincides with the experimental data for
the p, range: 2 <p <8 GeV/ec.
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Figure 7: Transverse momentum distribution of 2+ E"produced
in the most central Pb—Pb collisions at vV.Sxv =2.76TeV from the
MC simulation models EPOS-1.99, EPOS-LHC and ALICE
experimental.
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Figure 8: Transverse momentum distribution of Q+ Q" produced
in the most central Ph—Pb collisions at VSwv =2.76TeV coming
from the MC simulation models EPOS—1.99 and EPOS-LHC.
ALICE experimental data at vV Svv = 2.76TeV are also shown.

Figure 8 describes the transverse momentum distribution of Q~ +
Q * produced in Ph—Pb collisions at VSw = 2.76TeV for afore
said simulation models. EPOS-LHC model predictions are in
good agreement for pT <2 GeV/c, while its predictions are lower
than the experimental data values for the region: 2<pT <8 GeV/c.
EPOS-1.99 model calculations are close to the experimental data
at low transverse momentum p, <2 GeV/c, however a deviation
can be seen from the experimental data for the p range: 2 <p,_
<8 GeVle.
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Figure 9: Transverse momentum distribution of A/K” in the
most central Ph—Pb collisions at VSw = 2.76TeV coming from
the MC simulation models EPOS-1.99 and EPOS-LHC. ALICE
experimental data at VSvv = 2.76TeV are also shown.

Figure 9 shows strange particle ratio A/K” as a function of
transverse momentum for the most central Pb—Pb collisions at
VSw =2.76TeV for simulation models EPOS-LHC and EPOS—
1.99 model. Their distributions show that predictions of both
the models are nearly similar. Both the models overestimate at
low p, <2 GeV/c then slightly underestimate in the interval: 2 <
P, <4 GeVl/c, consistently explain the experimental data in the
region: 4 < p. <12 GeV/c. One can note that in the interval of
p, valid for jet suppression (2 < p_ <4 GeV/c) both models have
problem. The situation is, however, during the 2+ = * production
as shown in Fig.10. Figure 10 gives nuclear modification factor
for multi-strange particles 2+ = * as a function of transverse
momentum for the most central Ph—Pb collisions at V.Sw =
2.76TeV for simulation models EPOS-LHC and EPOS-1.99
model. The distributions show that the predictions of both the
models are nearly similar and close to the experimental data for
the entire p_range: 0 <p_<8 GeV/c.
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Figure 10: Nuclear Modification factor of multi—strange particles
Z+ Z * produced in the most central Ph—Pb collisions at v Sy
=2.76TeV as a function of transverse momentum for simulation
models EPOS and EPOS— LHC. ALICE preliminary data at v.Sxv
=2.76TeV also shown.
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Figure 11 shows the distribution of nuclear modification factor
for multi-strange particles Q™ + Q" as a function of transverse
momentum for the most central Pb—Pb collisions at VSw =
2.76TeV using simulation models EPOS-LHC and EPOS-1.99.
The distributions show that predictions of both the models are
in good agreement with the experimental data at low transverse
momentum: p, < 3 GeV/c. However the simulation models
underestimate whereas the nuclear modification factor has a
decreasing trend i.e., in the interval: 3 < p_ <7 GeV/c — the
region of jet suppression.
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Figure 11: Nuclear Modification factor of multi—strange particles
Q- " Q " produced in the most central Ph—Pb collisions at v Swy
=2.76TeV as a function of transverse momentum for simulation
models EPOS and EPOS— LHC. ALICE preliminary data at vV Swy
=2.76TeV are also shown.

Conclusions

The transverse momentum spectra of K °—mesons, A—hyperons
and multi—strange (E -, Q 7) particles have been plotted in the most
central Pb—Pb collisions at VSvv =2.76TeV for the mid rapidity
interval |y| < 0.5 by using two different Monte Carlo simulation
models: EPOS—1.99 and EPOS-LHC. The validity of simulation
codes of these models is tested by comparing the simulation
data with the already published ALICE experimental data at this
energy. We observe that:

Both models could not explain the behavior of yields in the interval
of jet suppression for K — mesons, A-hyperons, Q—and Q+
hyperons;

EPOS-LHC is not explaining the behavior of yields in the interval
of jet suppression for 2~ and E * particles but EPOS-1.99 does
give satisfactory predictions for these particles yield in the interval
of jet suppression;

Though the EPOS-LHC model cannot describe the behavior
of yield for the 2~ + E * particles in the high p, regime, the
EPOS-1.99 model data almost coincides with the experimental
data in this region of p_;

Both of models could not explain the behavior of yields for the
Q + Q" particles in the high p_ interval;

The behavior of the ratio A/K° as a function of transverse
momentum could not be properly reproduced by both models in
the jet suppression region (2 < p, <4 GeV/c);

Both the models can explain the behavior of the nuclear
modification factor for multi—strange particles 2+ E * but the
models get in problem to describe the behavior of the nuclear
modification factor for the Q™+ Q * particles in the p_ interval
3-7 GeVl/e.

Therefore, the overall observations in this work are that the
particles with strangeness and multi— strangeness composition
are not very well described by both of these models for most of
the range of the p_ values under consideration. The results obtained
here agree with an earlier observation in Ref. that starting from
peripheral collisions when one moves to most central collisions a
depletion of strange particles is observed at low p, < 2 GeV/c, next
is their enhancement in intermediate range of p,. ~ 2 —7 GeV/c and
then no change is observed for p, > 7 GeV/c [20]. The reasons for
the trends in the present study may be similar to those described in
Ref. where the authors attributed the problem in intermediate range
of p, to the possibility that the kinetic freeze—out conditions for
strange particles are different from those for non—strange particles.
Ref. gave a comparison with models at VSw = 2.76 TeV and
reported that the behavior at low transverse momenta is explained
by hydrodynamical models while at intermediate range of the
momenta it is qualitatively explained by recombination models
[20, 21]. However, it was stated in Ref. that EPOS model describes
the dependence over the entire transverse momentum range since
it incorporates not only radial flow but also the interactions of jets
with the medium [20, 22]. Thus we may need to revisit the physics
aspects of the Monte Carlo simulation models: EPOS—1.99 and
EPOS-LHC and do necessary modifications in their codes for a
better coincidence between the experimental and the models data
for the most central Ph-Pb collisions at vV Swv = 2.76 TeV
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