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CENTRALITY AND TRANSVERSE

SPHEROCITY DEPENDENT STUDY

OF CHARGED-PARTICLE PRODUCTION

IN Xe—Xe COLLISIONS AT ,/syn = 5.44 TeV

USING PYTHIA8 ANGANTYR AND AMPT MODELS

Transverse spherocity is an event structure variable which provide an effective way to disen-
tangle the data into hard and soft components of the processes corresponding to events with
small and large numbers of multiparton interactions (MPI), respectively. Recent experimental
results in small systems from the LHC suggest the importance of the transverse spherocity
variable in the classification of the events. In this contribution, we have studied the dynamics
of identified particle production in Xe-Xe collisions at \/sNn = 5.44 TeV using A Multi- Phase
Transport Model (AMPT) and the recently developed Angantyr model, which is incorporated
within PYTHIAS. A study of the transverse momentum spectra of the identified particles is
presented for soft (isotropic) and hard (jet-like) events in different centrality intervals.
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1. Introduction

The study of the behavior of the matter under ex-
treme conditions of temperature and energy density
is important to understand the processes involved
in the phase transition of the matter in Quantum
Chromodynamics (QCD). Experiments at Relativis-
tic Heavy Ion Collider (RHIC) at BNL, USA and
Large Hadron Collider (LHC) at CERN, Geneva,
Switzerland are specially designed to study the mat-
ter under these extreme conditions. In these exper-
iments, the results have suggested that a strongly
interacting de-confined state of quarks and gluons,
also called Quark-Gluon Plasma (QGP), is formed
in ultra-relativistic heavy-ion collisions. This plasma
is a very hot and dense state and exists for a very
short duration of time. The relevant degrees of free-
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dom in the QGP phase are quarks and gluons in-
stead of mesons and baryons (which are color neu-
tral confined state). After the formation, this QGP
cools, expands hydrodynamically, and reaches firstly
the chemical freeze-out (the hadron abundances are
fixed) phase and then reaches the kinetic freeze-out
(the hadron momenta are fixed) phase.

The observable which is important to cahracterize
the properties of the created matter in these colli-
sions is the multiplicity of the charged particles. This
is due to the fact that the particle production is af-
fected by the initial energy density reached in the col-
lision. The colliding nuclei are extended objects. The-
refore, in a collision, the region of overlap between
the two colliding nuclei varies from collision to col-
lision. This degree of overlap is expressed by the
impact parameter (denoted as “b”). The impact pa-
rameter cannot be measured directly. To overcome
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this difficulty, a different parameter called central-
ity is used. The centrality characterizes the initial
overlapping region geometry, which corresponds to
the number of participating nucleons N,,¢ and bi-
nary collisions Neoi. Npart and Neoy will be differ-
ent for similar overlaps in collisions of nuclei of diffe-
rent sizes.

Transverse spherocity is an event shape variable
which has been introduced recently. The recent devel-
opment in event shape variables provides an alternate
way to characterize the high multiplicity events in
small systems considering particle production, event
multiplicity, and event shape variable together. Event
shape observables provide information about the en-
ergy distribution in an event. The event shape observ-
ables calculated event-by-event allows one to isolate
jet-like (high pr jets) and isotropic (partonic scat-
tering with low Q?) events [1]. The ALICE, CMS,
and ATLAS experiments have done the studies based
on transverse spherocity [2,3|. These studies involved
the understanding of event shape as a function of the
charged particle multiplicity of the event. The results
from these studies show that, for a high multiplic-
ity, the events are more isotropic. After studying ex-
tensively small systems [4], the use of the transverse
spherocity parameter in heavy-ion collisions may re-
veal new and unique results from heavy-ion colli-
sions, where the production of a QGP is well estab-
lished fact.

Transverse momentum (pr) spectra of the charged
particles produced in the heavy-ion collisions carry
the essential information about the thermal nature
of the interacting system [5-11]. The Maxwell-Boltz-
mann distribution law tells us that the pr spec-
tra are related to the temperature of the system
formed in these collisions. At low to intermediate
pr (up to 10 GeV/c), the collective expansion of
the system governs the charged particle production,
which is observed in the shapes of single-particle
transverse-momentum spectra [12, 13] and multipar-
ticle correlations [14]. At high pr (typically above
10 GeV/c¢), the parton fragmentation governs the
particle production. This production is affected by
the amount of energy loss that the partons suf-
fer, when propagating in the medium. Moreover, the
numbers of charged particles (N, ) produced in these
ultra-relativistic collisions are also related to the
temperature and energy density of the system cre-
ated. The ratios of the yields of identified hadrons
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are also important to understand the processes in-
volved in the production of hadron. The ratios of pro-
tons to pions (p/7) and kaons to pions (K/m) char-
acterize the relative baryon and meson productions,
respectively.

In this work, we have explored all the above-men-
tioned aspects related to the particle production. We
have also used the transverse spherocity for the first
time in Xe-Xe collisions at /syy = 5.44 TeV us-
ing A Multi-Phase Transport Model (AMPT) [15]
and the Angantyr model [16] which is incorporated
in PYTHIAS. The purpose of the present analysis is
to study the dynamics of heavy-ion collisions using
transverse spherocity and collision centrality in Xe—
Xe collisions. Thus, we have used the PYTHIAS8 and
the string melting parametrization available in the
AMPT model. We hope for that this would drive ex-
perimentalists to pursue such study in experiments at
RHIC and LHC. The work is arranged as follows. We
begin with a brief introduction and the motivation
for the study in Section 1. In Section 2, the detailed
analysis methodology along with a brief description
of AMPT and PYTHIA (Angantyr) is given. Sec-
tion 3 discusses the results for the charged-particle
pseudorapidity density, pr spectra of 7+, K+ | and
pt in different centrality and transverse spheroc-
ity ranges. Finally, the results are summarized in
Section 4.

2. Event Generation
and Analysis Methodology

This section is devoted to discussions related to the
event generators, AMPT, and PYTHIA8 (Angan-
tyr). Around 0.5 Million Xe—Xe events have been
generated for both event generators at /syy =
= 5.44 TeV. A discussion will also be presented for
the transverse spherocity.

2.1. PYTHIAS8 (Angantyr)

PYTHIAS is a general-purpose Monte Carlo event
generator that has been quite successful in the study
of elementary particle collisions. It has been exten-
sively used to simulate proton-proton and proton-
lepton collisions to understand the dynamics of strong
and electroweak processes extending from high mo-
mentum transfer regions (perturbative scales) to the
scales around Aqcp (Lattice QCD scales). Recently,
efforts have been made to modify PYTHIAS8 that
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made it possible to simulate ultra-relativistic heavy-
ion collisions like proton-nuclei (pA) and nuclei-nuclei
(AA) ones. PYTHIAS incorporates what is called
“Angantyr” which basically superpose many pp col-
lisions to make a single heavy-ion collision. In this
way, a bridge is formed between heavy ion and high
energy hadron phenomenologies. An important point
is to note that the assumption of the formation of
a hot thermalized medium is not included in the An-
gantyr model, since the production mechanisms is the
same as in small collision systems. Thus, it can be
used to differentiate the effects of collective and non-
collective behaviors in heavy-ion collisions.

The Angantyr model is basically inspired by the
old Fritiof model and the notion of wounded nucle-
ons, but with the inclusion of effects of hard partonic
interactions. To calculate the number of wounded
nucleons, the use of the Glauber model is made,
with the consideration of fluctuations in the nucleon-
nucleon (NN) interactions to differentiate non-dif-
fractively and diffractively wounded nucleons. In the
model, the fluctuations of the nucleonic wavefunc-
tion are accommodated as fluctuations in the nu-
clei radius. Nucleons inside nuclei are distributed ran-
domly according to a Glauber formalism. Every nu-
cleon is then identified as either wounded or a spec-
tator. The interactions between wounded nucleons in
the projectile and target are classified as elastic, non-
diffractive (ND), secondary non-diffractive (SND),
single-diffractive (SD), and double-diffrative (DD)
which basically depends on the interaction probabil-
ity. All the subevents generated at the parton level
are stacked together to represent one pA or AA
collision event.

In PYTHIAS, the hadronization is done via the
Lund string fragmentation model. In this model, the
Lund area law [17] provides the probability of cre-
ating hadrons from the initial state of partons. The
produced partons are connected to the beam rem-
nants through color fluxtubes or strings which store
the potential energy. As the partons move away from
each other, the string breaks causing the formation
of new quark-antiquark pairs. This process continues
until the string pieces reduce to very small pieces,
which are recognized as shell hadrons. In this scheme,
the reconnection of strings between the partons hap-
pens in such a way that the string length decreases;
resulting in a decrease in the particle production and,
hence, the multiplicity.
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2.2. A multiphase
transport (AMPT) model

The AMPT model has four main components: the ini-
tial conditions, partonic interactions, conversion from
the partonic to the hadronic matter, and hadronic in-
teractions. In the case of default AMPT model, initial
conditions for heavy ion collisions at RHIC are car-
ried from the HIJING model [18-20]. The production
of particles is described either as hard or soft compo-
nents. The hard components are the ones that involve
a momentum transfer larger than a cutoff momentum
po, while the soft components are the ones having a
momentum transfer below the cutoff value. The hard
component is evaluated in the perturbative Quan-
tum Chromodynamics domain (pQCD) using par-
ton distribution functions in a nucleus. These pro-
cesses contribute to the production of the minijets
of partons. The soft component is discussed in non-
perturbative region and is modeled by the forma-
tion of strings. The excited strings then decay in-
dependently following the Lund JETSET fragmenta-
tion model. The energy density in the default AMPT
model can be very high in heavy ion collisions. To in-
corporate this effect, the AMPT model is extended
to include the string melting mechanism. The inter-
actions between partons are described using equa-
tions of motion which can be approximately writ-
ten as the Boltzmann ones. The Boltzmann equa-
tions are then solved by using Zhang’s parton cascade
(ZPC) [21], in which two partons undergo the scat-
tering, whenever they are within the minimum clos-
est distance. In the String Melting version of AMPT
(AMPT-SM), colored strings are melted to form low-
momentum partons, which takes place at the start
of the ZPC. Corresponding to two different initial
conditions, the hadronization is also done via two
different mechanisms. In the case of default AMPT
model, the minijets and their remaining parent nu-
cleons coexist, and, after partonic interactions, they
together form new excited strings. The Lund string
fragmentation model describes the hadronization of
these strings. In the case of the AMPT model with
string melting, the conversion of strings into soft par-
tons takes place. Then the hadronization happens via
the simple quark coalescence model. In the coales-
cence model, the hadronization is done by combining
three closest quarks (antiquarks) into a baryon (an-
tibaryon) and two closest partons into a meson. The
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Fig. 1. Jetty and isotropic events in the transverse plane [25]
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Fig. 2. Charged-particle pseudorapidity density for different
centrality classes over a broad n range in Xe—Xe collisions at
VSNN = 5.44 TeV calculated with AMPT and PYTHIAS. The
results are also compared with those from the ALICE experi-
ment at the LHC at CERN

Table 1. Table showing the values of impact
parameter for AMPT and summed transverse
energy for PYTHIAS for different centrality bins

Centrality, AMPT PYTHIAS

% Néﬁin Ncrillax Ev%nin Eqnﬂ]ax

0-10 1685.3 4998.5 1031.47 2000
10-20 1122.7 1685.3 729.13 1031.47
20-30 729.2 1122.7 502.604 729.13
3040 453.6 729.2 330.139 502.604
40-50 263.7 453.6 202.442 330.139
50-60 140.8 263.7 111.821 202.442
60-70 68.1 140.8 53.8031 111.821
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hadrons thus produced undergo the final evolution via
the meson-meson, meson-baryon, and baryon-baryon
interactions described by the relativistic transport
mechanism. The quark coalescence mechanism for the
hadronization well explains the spectra at the mid-pr
regions and the particle flow [22-24]. Thus, for our
work, we have used the AMPT-SM mode (AMPT
version 2.26t7) with the default settings.

2.3. Transverse spherocity

Transverse spherocity (Sg) is the property of an event
and is defined using a unit vector 7i(nr, 0) which min-
imizes the ratio [26] and chosen from all possible unit
transverse vectors:

7T2 .
—_— min
4 n=(nz,ny,ny)

2
So = M . (1)
Zi pT;

The factor, 72 /4 normalizes the minimized value to
1 for the isotropic case. As a result, the value of trans-
verse spherocity runs from 0 to 1, as the distribution
of particles deviates from the jet-like to an isotropic
structure, respectively, i.e.,

0 pencil-like limit (hard events),

SO = (2)

1 isotropic limit (soft events).

Figure 1 shows the distribution of particles in both
the scenarios.

3. Results

In Fig. 2, the charged-particle multiplicity density
dNen /dn as a function of the pseudorapidity for dif-
ferent centrality classes is presented for AMPT and
PYTHIAS8. The centrality intervals for AMPT are de-
fined using the charged-particle multiplicity distribu-
tion as can be seen in Table 1, whereas, for PYTHIAS,
we define the centrality intervals which are based on
the summed transverse energy (X E7) in the pseudo-
rapidity interval [-0.8, 0.8]. The motivation behind
the use of the summed transverse energy distribution
to define the centrality intervals has been studied in
[16]. Figure 3 shows the distribution of events as a
function of the charged-particle multiplicity for the
AMPT generator, while Fig. 4 shows the event distri-
bution for the PYTHIAS event generator as a func-
tion of the summed transverse energy (X E7). The
dN.,/dn values are also compared with the results
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Fig. 3. Event distribution as a function of the charged-particle
multiplicity for the AMPT model

from the experimental study with the ALICE Detec-
tor at the LHC at CERN [27]. In ALICE, the cen-
trality classes are defined by using the sum of the
amplitudes of the signals in the VO-A and V0-C detec-
tors. The VO system provides a charged particle mul-
tiplicity measurement based on the energy deposited
in the scintillators. As mentioned above, Ref. [16]
compares the measured VO amplitude in ALICE with
the )" Ep variable. The shape of the distribution is
described quite well and, hence, ¥ Ep can be used as
a centrality observable.

From Fig. 2, it can be seen that the AMPT de-
scribes the data fairly well at low centralities and
slightly overestimates at high centralities. On the
other hand, PYTHIAS8 produces the shape pretty
well, but slightly overestimates the data in the small
centrality bins. For the Angantyr model, we find that
the fluctuations, as well as the distinction between
primary and secondary absorption-damaged nucle-
ons, have a fairly significant impact on the final-
state multiplicity. It is to be noted that AMPT pre-
sumes that a hot dense thermalized medium is formed
in which a collective expansion occurs, whereas
PYTHIA lacks a mechanism to reproduce the col-
lective effects seen in pp collisions. Therefore, the
Angantyr model lacks the assumption of produc-
tion of a medium as well. Figure 5 shows the trans-
verse spherocity distribution of the events in the 0—
100% centrality interval for AMPT (black markers)
and PYTHIAS8 (red markers). The figure indicates
that the more events produced by the PYTHIAS are
isotropic in nature as compared to AMPT. Figures 6
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Fig. 4. Event distribution as a function of the summed trans-
verse energy (> Er) for the PYTHIA8 Angantyr model
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Fig. 5. Event distribution as a function of transverse spheroc-
ity in different centrality intervals for the PYTHIA8 Angantyr
model

and 7 present the transverse spherocity distribution
of events in different centrality classes for AMPT and
PYTHIAS, respectively. It can be seen from the fig-
ures that small-centrality (high-multiplicity) events
are more toward isotropic in nature, whereas high-
centrality (low-multiplicity) events are toward the
jetty side. This means that the peak of the transverse
spherocity distribution shifts toward jetty events with
the centrality, which shows that more central events
contribute to the softer events and vice versa. The
process of isotropization in a many-particle final state
occurs through multiple interactions between the
quanta of the system. If the final-state multiplicity in
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Fig. 6. Event distribution as a function of transverse sphe-
rocity in different centrality intervals for the AMPT model
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Fig. 7. Event distribution as a function of transverse spheroc-

ity in different centrality intervals for the PYTHIA8 Angantyr
model

Table 2. Table showing the values
of transverse spherocity for jetty and isotropic
ranges for different centrality bins

. AMPT PYTHIAS
Centrality,
% ) )
Jetty Isotropic Jetty Isotropic
0-10 0-0.87 0.95-1 0-0.93 0.97-1
10-20 0-0.82 0.92-1 0-0.92 0.96-1
20-30 0-0.78 0.90-1 0-0.91 0.96-1
3040 0-0.76 0.89-1 0-0.89 0.95-1
40-50 0-0.75 0.89-1 0-0.87 0.94-1
50-60 0-0.74 0.88-1 0-0.83 0.93-1
60-70 0-0.72 0.87-1 0-0.77 0.93-1
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Fig. 9. pp spectra of 7% in the centrality bin 0-10% bin for
PYTHIA

an event is higher, the probability of that the event
will become isotropic is also higher [7, 28, 29|. The-
refore, the differential study of the particle produc-
tion as a function of the centrality and transverse
spherocity classes has great importance to understand
the particle production mechanism. As the distribu-
tion depends on the centrality and ultimately on the
charged-particle multiplicity. Therefore, to define the
jetty and isotropic limits of the transverse spherocity,
the 20% events of the extremum of the spherocity
distribution are considered. The cuts for jetty and
isotropic events vary for different centrality classes
which are shown in Table. 2.
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Fig. 11. pr spectra of K* in the centrality bin 0-10% bin
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The pr spectra of particles (7%, K* and p* ) have
been studied in jetty and isotropic regions of the
transverse spherocity for different centrality classes
at the mid-rapidity |n| < 0.8. Figures 8 to 13 repre-
sent the transverse spherocity distribution for AMPT
and PYTHIAS8 generators in the centrality class 0—
10%. Similarly, Figs. 14 to 19 represent the pr spec-
tra in the centrality interval 60-70%. The jetty region
of transverse spherocity corresponds to lower 20%
of the events in the spherocity distribution, whereas
the isotropic region corresponds to higher 20% of the
events in the spherocity distribution, and the inte-
grated region is defined over the complete transverse
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Fig. 13. pp spectra of pT in the centrality bin 0-10% bin for
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spherocity (0 < Sy < 1) region. The ratio of the pr
-spectra for isotropic and jetty events with respect
to the spherocity integrated events (0 < Sy < 1) is
shown in the lower panels. From the figures, we find
that the low pr regions are dominated by isotropic
events rather than jetty ones. However, this scenario
is reversed, when moving to higher p;. At certain
points called crossing point, the jetty event dominates
over the isotropic event. Therefore, the study of cross-
ing points is of great interest with respect to feasible
limits of event-type dominance and, hence, related
particle generation mechanisms. As we pass from low
to high multiplicities, it has been observed from prior
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for PYTHIA

investigations of the light-flavor sector that the cross-
ing point relies on the multiplicity greatly and that
the isotropic events are populated over numerous
events [25, 30, 31]. According to the observations, the
QGP-like effects observed in high-multiplicity pp col-
lisions may not be caused by jet-bias effects, but in-
stead may be caused by a potential system develop-
ment, which should be investigated. In the present
work, similar studies of the identified particles (7,
K* | and p* ) in the central pseudorapidity re-
gion |n| < 0.8 in the heavy-ion collision system show
that isotropic events are dominant at low centralities
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(high-multiplicities) and vice versa. Figure 20 shows
the crossing point in different centrality ranges for
PYTHIAS8 and AMPT event generators. The values
are also presented in Table 3. This illustrates how,
for two event generators, the contribution of jets to
the creation of charged particles varies with central-
ity conditions. From the Table 3 and Fig. 20, a com-
parison shows a shift of the crossing point toward
lower-pr in the case of PYTHIA8 Angantyr model
indicating the jet dominant contribution to the parti-
cle production for the AMPT model. This means that
the contribution of jets is higher in AMPT as com-
pared to PYTHIAS. The dominance of isotropy in low
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centrality (high-multiplicity) events and jettiness in
high centrality (low-multiplicity) events in the charge
particle production further suggests a reduction and
the softening of the jet yields at high charged-particle
multiplicities. Therefore, in the PYTHIA8 Angantyr
model, where the high multiplicity events involve the
large momentum transfer, the reduction in the jet
contribution to the particle production may indicate
a reduced production of back-to-back jets. However,
we should keep in mind that the Angantyr does not
include an assumption of a hot thermalized medium.
Therefore, collective effects are absent in PYTHIA
(Angantyr), whereas AMPT considers collective ef-
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Table 3. Table showing the crossing
point (pr in GeV/c) of jetty and isotropic events
at mid-rapidity for Xe-Xe at \/syn = 5.44 TeV
collisions for PYTHIAS8 and AMPT

Cent- nE K* pt
rality,

% |PYTHIA|AMPT|PYTHIA|AMPT [PYTHIA |AMPT
0-10| 2.61 5.83 3.56 5.97 3.63 6.09
10-20| 2.59 5.2 2.82 5.41 2.93 5.53
20-30| 2.32 5.02 2.41 5.18 2.65 5.31
30-40| 2.16 4.79 2.31 4.91 2.63 4.99
40-50| 2.02 4.63 2.04 4.83 2.35 4.90
50-60 1.89 4.21 1.90 4.43 2.24 4.57
60-70 1.73 3.9 1.83 3.99 1.88 4.1

fects. From the Figs. 8 to 19, it is clearly visible that
Pythia is clearly able to differentiate the ratio as com-
pared to AMPT, where the ratio of jetty and isotropic
pr spectra with respect to the integrated Sy move
along the unity in the large pr region. This indicates
that the study of the jet production within PYTHIAS
Angantyr and AMPT will form an interesting subject.

4. Summary

In conclusion, using A Multi-Phase Transport Model
(AMPT) and PYTHIA8 Angantyr one, we present
the first application of the transverse spherocity anal-
ysis for Xe-Xe collisions at \/syny = 5.44 TeV. The
findings demonstrate that the transverse spherocity
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successfully distinguishes between high-Sy and low-
So heavy-ion collision event topologies. From the re-
sults, one can see that crossing points occur at rel-
atively smaller pr, as we go from low centrality to
high centrality events. This means that, for low cen-
trality events, the jettiness has a dominance over the
isotropiness, whereas, for high centrality events, the
isotropiness has dominance. For PYTHIA8 Angan-
tyr, the crossing point occurs at much lower pr as
compared to AMPT indicating that the jet produc-
tion occurs at much lower pr for PYTHIA8 Angan-
tyr as compared to AMPT. As we know, AMPT con-
siders the formation of the medium and the collec-
tive effects, whereas PYTHIAS8 Angantyr does not
account for such happenings. Therefore, the jet pro-
duction studies with both models will be of interest
to do. The results, in our opinion, are extremely pos-
itive, and an experimental investigation in this di-
rection would be very beneficial to comprehend the
event topology dependence of the system dynamics
in heavy-ion collisions.
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AHAJII3 [TIPOCTOPOBOI'O PO3IIOALITY
3APSII?KEHUX YACTUHOK, HAPO/IXKEHUX

V Xe-Xe 3ITKHEHHSAX ITPU /syn = 5,44 TeB

3 BUKOPUCTAHHSM MOJIEJII PYTHIA8 ANGANTYR
I BATATO®A3HOI TPAHCIIOPTHOI MOIEJII

ITontepeuna cpepudHicTb € 3MIHHOIO, KA JO3BOJISIE €(DEKTUBHO
BHOKPEMJTIOBATH KOPCTKI Ta M’sIKi KOMIIOHEHTH IIPOIIECIB, IO
BiIOBIAAIOTH MO/IiSIM i3 MAJIOIO Ta BEJIMKOIO KiJIBKICTIO HAPTOH-
HUX B3a€MO/iil, BianosigHo. ExcniepuMmenTasibHi jaHi, orpuMaHi
HemoAaBHo Ha npuckoprobadi LHC st manux cucrem, cBig-
YaTh PO BaXKJIMUBICTh 3MIHHOI MONEPEYHOl CEPUUHOCTI IJIst
Kitacudikaril mozii. B maniit po6oTi MM BUB4AEMO JUHAMIKY Te-
nepanil vactunok y Xe—Xe 3iTKHeHHAX Ipu /SN N = 5,44 TeB,
BUKODPHCTOBYIOYHN 6araTrodas3Hy TPAHCIOPTHY MOJIENb i MOJIEb
Angantyr, sixa Brirouena 1o PYTHIAS. IlpoanasizoBano crre-
KTPHU TOIEPEYHOTO IMIIYJIbCY iTeHTU(MIKOBAHUX YaCTHHOK JJIst
M’aKuX (I30TPOIHUX) Ta KOPCTKUX (CTPYMHUHOIIOAIGHUX ) MO
B PI3HUX iHTepBaJIaxX LEHTPAJbHOCTI.

Katwwoei cao0e6a: KBAPK-IVIIOOHHA IIJIa3Ma, ICEBIONIBU/I-
KiCTb, 3ITKHEHHSI Ba)KKUX 10HIB, 6ararodasHa TpaHCIOPTHA MO-

nenb, PYTHIAS, monens Angantyr.
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