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Abstract

Analysis of identified particle production can be a useful tool to measure
the bulk properties of the medium produced in heavy ion collisions at high
energies. As a part of preparations for the start of the NICA collider with the
MPD experiment designed for the studies of hot and dense nuclear matter, we
analyze MC model data on identified particle production at a set of different
collision energies. So, we present the measurement of bulk properties of the
matter produced in Bi+Bi collisions at J/syy = 9.2 GeV using the identified
hadrons (m*), K%, proton(p) from the MPD experiment at the Nuclotron-based
lon Collider fAcility (NICA). We are generating the data of Bi+Bi collisions by
the statistical Monte Carlo generator model named Ultrarelativistic Quantum
Molecular Dynamics (UrQMD). We analysis this data using the MpdRoot frame-
work.

Results of Reconstructed tracks, Midrapidity(y), transverse momenta(pr),
Event selection region, distributions of the vertex Z, and distribution of the
distance of closest approach(DCA) of the tracks are presented. These results
constitute the relations of Energy loss(dE/dx) and total momentum(P) curve to
identify the particles, also rapidity and transverse momentum(pr) plot to figure
out the cuts for further analysis.

Joint Institute for Nuclear Research 3 INTEREST Program - Wave 8



Contents

Candidate’s Declaration
Acknowledgements
Abstract

List of Figures

1 Introduction

2 NICA complex and Multi-Purpose detector

2.1 NICAcomplex .. .................
2.2 Multi-Purpose Detector . ... .........

3 Project goals

4 Data Analysis for Experiment

4.1 EventSelection ... ...............
4.2 Track Selection .. ................
4.3 Particle Identification . .............
4.4 TPC Acceptance . ... ... ... ........

5 Discussion and Future scope of work

References

Joint Institute for Nuclear Research 4

INTEREST Program - Wave 8



List of Figures

=

10

11

12

13

14

15

16
17

18

19

The NICA accelerator complex atJINR. ... ... ... .......... 7
QCD Phase diagram with chemical potential(ug) on the horizon-
tal axis and Temperature(T in MeV) on the vertical axis. It shows
the regions, where various experiment facilities are working at the

presenttime. . . . . ... .. e 9
A general view of the MPD detector with end doors retracted for
access to the inner detector components. . . . ... ... .. ...... 10
The event vertex x and y of the reconstructed event in Bi+Bi colli-
sions at /Syy =9.2GeV. . . ... 12
The event vertex x and y of the reconstructed event in Bi+Bi colli-
sions at /Syy =9.2GeV withthe cutsat |y| <0.1. ... ........ 12
The distributions of the primary vertex z in Bi+Bi collisions at
JSNN=9.2GEV. . . e 13
The distributions of the primary vertex z in Bi+Bi collisions at
JSwn =9.2GeV withcutsat |y|<0.1.. . .................. 13

Plot of the Number of hits which is showing the minimum( 10) and
maximum( 53) number of hits for Bi+Bi collisions at /Syy = 9.2GeV. 13
Plot of the Number of hits which is showing the minimum( 10)
and maximum( 53) number of hits for Bi+Bi collisions at /syny =

9.2GeV withcutsat |y|<O0.1.. ... ... ... . . . . ... 13
The distributions of the DCA in Bi+Bi collisions at /syny = 9.2GeV
in 100 bins. . . . . ... 14
The distributions of the DCA in Bi+Bi collisions at /syny = 9.2GeV
with cutsat |[y|<0.1in100bins.. . ... ..... ... .. ... ..... 14

This is the plot of the Number of hits to build the track with the
transverse momentum(pr) for Bi+Bi collisions at /syy =9.2GeV. . 14
This is the plot of the Number of hits to build the track with the
transverse momentum(pr) for Bi+Bi collisions at /Syy = 9.2GeV

withcutsat [y| < O0.1. ... . . . e 14
Plot of the pseudorapidity in Bi+Bi collisions at /syy = 9.2GeV in
200 bins. . . e e 15
Plot of the pseudorapidity in Bi+Bi collisions at /syy = 9.2GeV
withcutsat |[y|<0.1in200bins.. . ... ... ... ... . . ... . ... 15

Plot of the rapidity in Bi+Bi collisions at /syy = 9.2GeV in 50 bins. 15
Plot of the rapidity in Bi+Bi collisions at /syy = 9.2GeV with cuts

at |y <0.1in50bins. . . ... ... . . 15
The dE/dx of charged tracks with the total momentum(P) for Bi+Bi
collisions at /Syn =9.2GeV. . . . . . ... . . e 16
The dE/dx of charged tracks with the total momentum(P) for Bi+Bi
collisions at /syny =9.2GeV with cutsat |y|<0.1. .. ......... 16

Joint Institute for Nuclear Research 5 INTEREST Program - Wave 8



20 Plot of rapidity(y) vs transverse momentum(pr) for TPC accep-
tance for Bi+Bi collisions at 4/syy=9.2GeV. .. ... .......... 17

21 Plot of rapidity(y) vs transverse momentum(pr) for TPC accep-
tance for Bi+Bi collisions at /Syy = 9.2GeV with cuts at |y| < 0.1.

............................................ 17

22 Plot of transverse momentum(pr) spectra for Bi+Bi collisions at
JSun=9.2GeV in 100 bins. . ... ... ... e 18

23 Plot of transverse momentum(pr) spectra for Bi+Bi collisions at
J/Sny =9.2GeV with cuts at |[y| < 0.1in 100 bins. . ... ....... 18

24 Plot of total momentum(P¢.¢) for Bi+Bi collisions at /Syy = 9.2GeV
in 100 bins. . . . .. e e 18

25 Plot of total momentum(P¢.t) for Bi+Bi collisions at /Syy = 9.2GeV
withcutsat |[y|<0.1in100bins.. . ... .................. 18

Joint Institute for Nuclear Research 6 INTEREST Program - Wave 8



1 Introduction

In modern physics, a very challenging task is to investigate hot and dense
baryonic matter. This investigation can provide us with very useful information
about the in-medium properties of hadrons and nuclear matter equation of
state and also can give us an idea of the evolution of the early universe and for-
mation of the neutron stars and other astrophysical objects as well. So to carry
out this research, a vast research program of basic sciences is going on over
the last two decades. The main centers which are equipped with high energy
ion accelerators are GSI Helmholtz Centre for Heavy lon Research(Germany),
The Super Proton Synchrotron - CERN(Geneva), BNL-Relativistic High lon
Collider(USA), and JINR - SPh - Nuclotron (Russia).

From the recent observations for the creation of a new kind of Quan-
tum Chromodynamic (QCD) matter and the strongly interacting quark-gluon
plasma(SQGP), the theoretical comprehension of these data is far from being
complete, which gives us the drive for different laboratories to undertake new
efforts in the domain of heavy-ion physics. JINR scientific program is dedicated
to the study of hot and dense baryonic matter. To achieve this goal, a new JINR
accelerated complex- named the Nuclotron-based lon Collider fAcility (NICA) [1]
has been constructed to provide the heavy ions collisions over a wide range of
atomic masses. The NICA collider complex is shown below in figure [1].
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Figure 1: The NICA accelerator complex at JINR.

Joint Institute for Nuclear Research 7 INTEREST Program - Wave 8



2 NICA complex and Multi-Purpose detector

This section presents the NICA complex and Multi-Purpose Detector concepts
for the international heavy-ion research facility proposed by the JINR to investi-
gate the basic QCD structure of matter [2]. This facility takes into account the
broadened scope of the physics of strong interaction and problems related to
the fundamental many-body systems and provides particle beams.

2.1 NICA complex

The international mega-science project "NICA complex" is aimed at the study
of the properties of nuclear matter in the region of the maximum baryon den-
sity. Such type of matter can only exist in the early stages of the evolution
of our universe and in the interiors of neutron stars. From the past research
done by many scientists about lattice QCD calculations, we can predict both
the deconfinement phase transition and chiral symmetry restoration to happen
at high energy densities and there is strong experimental evidence that the de-
confined phase of nuclear matter or QGP can be created in ultra high energy
nuclear collisions [3].

Also, the Experimental data on hadron production properties at SPS(Cern)
suggest that this transition occurs within the NICA energy range. In addition,
this range is sufficiently large to encompass both, collisions in which the
plasma phase is well developed and collisions in which the matter remains
purely hadronic throughout. After all of this, the phase diagram of strongly
interacting matter contains a critical point and its experimental identification
forms a focal point for this research field. Check below the QCD phase diagram
in Figure [2].

There are some physics tasks of the NICA heavy-ion program to be studied
for different ion by scanning in energy range from 3 to 11 Gev;

e Event-by-event fluctuation in hadron productions (multiplicity, transverse
momentum(pr) etc.

e Femtoscopic correlation.
e Directed and elliptic flows for various hadrons.

e Multi-strange hyperon production (including hypernuclei): yield and spec-
tra (the probes of nuclear media phases).

e Photon and electron probes.

e Charge asymmetry.
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Figure 2: QCD Phase diagram with chemical potential(ug) on the horizontal axis and Temperature(T in MeV)
on the vertical axis. It shows the regions, where various experiment facilities are working at the present
time.

The study of strange particles [4] is of interest because we know from the
theoretical predictions that the strangeness enhancement in heavy-ion-induced
interactions might be a key to the deconfinement phase transitions. Moreover,
nuclear objects with strangeness- hypernuclei can be formed inside the fire-
ball, and since the energy range of the NICA covers the region of the maximal
baryon density of the production rates of nuclear clusters with strangeness are
predicted to be enhanced considerably.

Thus, the outcome of the NICA program, in particular, new experimental data
on (anti)hyperon and hypernuclei production which will be taken with the MPD
detector will provide valuable insight into the reaction dynamics and properties
of the QCD matter [5].

Joint Institute for Nuclear Research 9 INTEREST Program - Wave 8



2.2 Multi-Purpose Detector

The main physics experiment at the NICA complex is the Multi-Purpose De-
tector(MPD) [6] which is operating at the collider. This experimental program
includes simultaneous measurements of observables that are presumably sen-
sitive to high nuclear density effects and phase transitions. The software frame-
work for the MPD experiment is MpdRoot, which is based on FairRoot and pro-
vides a powerful tool for detector performance studies, development of algo-
rithms for reconstruction, and physics analysis of the experimental data.

For this, We use an extended set of event generators for heavy ion collisions
like Ultrarelativistic Quantum Molecular Dynamics (UrQMD), Quark Gluon String
Model (QGSM, LAQGSM) etc. The MPD apparatus is shown schematically in
Figure [3].

™ CD

Figure 3: A general view of the MPD detector with end doors retracted for access to the inner detector
components.

The MPD detector has been designed as a 4m spectrometer capable of de-
tecting particle’s hadrons, electrons, and photons in heavy-ion collisions at high
luminosity. To reach this goal, the detector will comprise a precise 3D tracking
system and a high-performance particle identification (PID) system based on
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time of flight(TOF) measurement and calorimetry. The basic design parameters
have been deteremined taking into account the physics measurements to be
perfromed and several technical constrains guided by a trade-off of efficient
tracking and PID against a reasonable material budget.

In MPD experiment, the beamline is surrounded by the large gaseous Time
Projection Chamber (TPC) which is enclosed by the Time-of-Flight (TOF) barrel.
The Electromagnetic Calorimeter (ECal) is placed between the TOF and the MPD
magnet. It will be used for detection of electromagnetic showers, and will play
the main role in photon and electron measurements. The Fst Forward Detector
(FFD) is located in the forward direction within the TPC barrel. It plays the role
of a wakeup trigger. The Forward Hadronic Calorimeter (FHCal) is located near
the Magnet endcaps. It determinates the collision centrality and the orientation
of the reaction plane for collective flow studies. The silicon-based Inner Tracker
System (ITS) will be installed close to the interaction point in the second stage
of the MPD construction. It will greatly enhance tracking and secondary vertex
reconstruction capabilities. The miniBeBe detector placed between the beam
pipe and the TPC, close to the beam, and designed to aid in triggering and
start time determination for the TOF. The MPD Cosmic Ray Detector (MCORD),
installed on the outside of the MPD Magnet Yoke, will measure muons, also
from the cosmic showers.

We are expecting that the MPD will produce event-by-event information on
charged particle tracks coming from the primary interaction vertices, together
with identification of those particles, and information on the collision central-
ity. The MPD identification power obtained for charged hadrons with combined
mass-squared (m?2) from TOF and energy loss per distance (dE/dx) from TPC

[7].

3 Project goals

The project come under the preparations for the NICA MPD experiment, and
has the main goal of using MPD software, simulation, and Monte Carlo data
to recreate experimental conditions for the Bi+Bi collisions of the MPD exper-
iment at /Syv = 9.2 GeV. We are going to obtain the results on transverse
momentum(pr) spectra, raidal position of the event vertex, track selection for
TPC, Particle identification from the experimental data, the distance of closest
approach (DCA) between each track and the event vertex and then the cuts
using the rapidity and total momentum analysis.
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4 Data Analysis for Experiment

For the analysis, we are using the simulated data in this project work which was
obtained by the Monte Carlo method using the generators UrQMD [8] and un-
dergo the entire chain of reconstruction on the condition of real Bi+Bi collisions
of the MPD experiment with the center-of-mass energy of /syy = 9.2GeV.

4.1 Event Selection

The criteria for minimum bias-triggered event selection begin with the identi-
fication of a primary vertex that is the common point of origin of tracks in an
event which is measured by the TPC. Figure [4](without cuts) shows the x and
y positions of the primary vertex in 7.2 GeV Bi+Bi collisions. In order to reject
the background events, which involve interactions with the beam pipe of radius
6 cm, the event vertex radius is required to be within 4 cm of the center of the
MPD detector. The ring of a black dense area of data points in Figure [4](with-
out cuts) and [5](with cuts) corresponds to collisions between the beam nuclei
and the beam pipe. This type of background is more significant and useful in
low-energy data.

2D Plot for reconstructed trackhits and Primary vertex X and Y (Reco) 2D Plot for reconstructed trackhits and Primary vertex X and Y (Reco) with cuts
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Figure 4: The event vertex x and y of the reconstructed Figure 5: The event vertex x and y of the reconstructed
event in Bi+Bi collisions at /Syy = 9.2GeV. event in Bi+Bi collisions at ¢/Syy = 9.2GeV with the
cuts at [y| <0.1.

The distributions of the primary vertex position along the longitudinal
(beam) direction (V) are shown in Figure [6](without cuts) and [7](with cuts)
for 9.2 GeV Bi+Bi collisions. The wide z-vertex distribution at lower energies
is due to the fact that the beams are more difficult to focus at lower energies.
Only those events which have a V., within 50 cm were selected for the analysis.
These values are chosen to achieve uniform detector performance and suffi-
cient statistical significance of the measured observable. In Figure [6](without
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cuts), we can see that the total number of events used for analysis is around
104 to 10° and entries are 4569300 at the energy of 9.2 GeV.

Plot for reconstructed trackhits and Primary vertex Z (Reco)
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Figure 6: The distributions of the primary vertex z in
Bi+Bi collisions at ,/Syy = 9.2GeV.

4.2 Track Selection

Plot for reconstructed trackhits and Primary vertex Z (Reco) with cuts
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Figure 7: The distributions of the primary vertex z in
Bi+Bi collisions at /Syy = 9.2GeV with cuts at |y| <
0.1.

Track selection criteria are necessary for analyses The tracks that extrapolate
to TOF active cells have already been selected for at least two criteria: The

number of hits [9] and momentum.

In Figure [8](without cuts) and [9](with

cuts), we can see that tracks must have at least 10 points used in track fitting
out of the maximum of 53 hits possible in the TPC. To prevent multiple counting
of split tracks, at least 19% of the total possible fit points are required.
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Figure 8: Plot of the Number of hits which is showing
the minimum( 10) and maximum( 53) number of hits
for Bi+Bi collisions at /Syy = 9.2GeV.

Plot for Reconstructed Track_hits with cuts
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Figure 9: Plot of the Number of hits which is showing
the minimum( 10) and maximum( 53) number of hits
for Bi+Bi collisions at /Syny = 9.2GeV with cuts at |y| <
0.1.

In order to suppress the admixture of tracks from secondary vertices, a re-
quirement of less than 3 cm is placed on the distance of the closest approach
(DCA) between each track and the event vertex. We can clearly see this in our
DCA plot, in Figure [10](without cuts) and [11](with cuts) as well.
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Plot for reconstructed trackhits and DCA (Reco) Plot for reconstructed trackhits and DCA (Reco) with cuts
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Figure 10: The distributions of the DCA in Bi+Bi colli- Figure 11: The distributions of the DCA in Bi+Bi colli-
sions at /Syny = 9.2GeV in 100 bins. sions at ¢/Syy = 9.2GeV with cuts at |y| < 0.1 in 100
bins.

In Figure [12](without cuts) and [13](with cuts), the total momentum of
charge particles appears at 0.1 GeV/c because particles with lower momenta
would spiral in the magnetic field and will not reach the TOF elements.

Plot for Reconstructed hits and total Momentum(P) Plot for Reconstructed hits and total Momentum(P) with cuts
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Figure 12: This is the plot of the Number of hits to build  Figure 13: This is the plot of the Number of hits to build
the track with the transverse momentum(pr) for Bi+Bi  the track with the transverse momentum(pr) for Bi+Bi
collisions at /Syy =9.2GeV. collisions at /Syy = 9.2GeV with cuts at |y| < 0.1.

Now let’s discuss Rapidity and Pseudorapidity [10]: so basically, Pseudo-

rapidity is a quantity used in high-energy physics to describe the angle of a
particle relative to the beam axis in a particle collision experiment. It is defined

as. 6
n= —log[tan(z)} (4.2.1)

where 0 is the angle between the direction of the particle and the beam axis.

Pseudorapidity is a useful quantity because it is related to the rapidity of a
particle, which is a quantity that is invariant under Lorentz transformations in
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the longitudinal direction. Rapidity is defined as:

1 |:Ptot+pz:|

y = =log (4.2.2)
Ptot — Pz

2

where Pyt is the total momentum of the particle and p; is its momentum
along the beam axis.

As we know already know Pseudorapidity and Rapidity describe the distribu-
tions of particles, which we can see in Figure [14](without cuts), [15](with cuts),
and Figure [16](without cuts), [17](with cuts).

Charged tracks Pseudorapidity(eta) distribution (Reco) Charged tracks Pseudorapidity(eta) distribution (Reco) with cuts
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Figure 14: Plot of the pseudorapidity in Bi+Bi collisions  Figure 15: Plot of the pseudorapidity in Bi+Bi collisions
at /Syv =9.2GeV in 200 bins. at /Syv = 9.2GeV with cuts at |y| < 0.1 in 200 bins.

Charged tracks Rapidity(y) distribution (Reco) Charged tracks Rapidity(y) distribution (Reco) with cuts
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Figure 16: Plot of the rapidity in Bi+Bi collisions at Figure 17: Plot of the rapidity in Bi+Bi collisions at
JSny =9.2GeV in 50 bins. J/Snn = 9.2GeV with cuts at |y| < 0.1 in 50 bins.

So we need to select a constant region to study and for analysis. That's why,
we are doing the cuts for rapidity in the |y| < 0.1 region, see the Figure [17] for
the region of the cuts. And we will be going to keep the same track cuts for all
energies.
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4.3 Particle Identification

Particle identification is accomplished in the TPC by measuring the energy loss
(dE/dx). Figure [18](without cuts) and [19](with cuts) shows the energy loss
dE/dx of measured charged particles plotted with the total momentum(P) of the
particles. At the low momentum, it can be seen that the TPC can identify the
pions (m*) (in -0.2 to -0.1 and 0.1 to 0.2 region), kaons (k*) (in -0.5 to -0.2 and
0.2 to 0.5 region), protons (p) (in 0.5 to 1 region), and antiprotons (p) (in -1 to
-0.5 region). If we try to fit this plot for these regions, we will get similar results
to the Bischel expectation values. At low pr, the peaks of pion, kaon, and proton
distributions are well separated. However, at higher pr these distributions start

to overlap.

Plot for dE/dx and total momentum(P)
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Figure 18: The dE/dx of charged tracks with the total
momentum(P) for Bi+Bi collisions at /Syy = 9.2GeV.

4.4 TPC Acceptance

Plot for dE/dx and total momentum(P) with cuts
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Figure 19: The dE/dx of charged tracks with the total
momentum(P) for Bi+Bi collisions at /Syy = 9.2GeV
with cuts at |y| < 0.1.

Finally, for TPC acceptance, the selection criteria and needed cuts for all ener-

gies are:

e Number of hits/points, Npits > 10,

Rapidity, |y| < 0.1,

Primary vertex Z < 50 cm,

Only charged particles taken in account,

Total momenta of the particles(Ptot) > 0.1 GeV/c,
Transverse momenta for the particles(pr) > 0.2 GeV/c,

Distance of closest approach(DCA) < 3 cm,
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e Bi+Bi collisions for the center of mass energy /Syn = 9.2GeV using the
generator UrQMD.

You can see the Figure [20](without cuts) and [21](with cuts) for the trans-
verse momenta(pr) with rapidity(y) and from this, we can figure out the most
collisions of particles in our detector.

Plot of rapidity(y) and transverse momentum(pT) Plot of rapidity(y) and transverse momentum(pT) with cuts

tapt
4

sssss

Transverse momentum(pT)
Transverse momentum(pT)

15 2 25 -0.05 0.05 0.1

0
Rapidity(y)

05 0 05
Rapidity(y)

0.15

Figure 20: Plot of rapidity(y) vs transverse Figure 21: Plot of rapidity(y) vs transverse
momentum(py) for TPC acceptance for Bi+Bi momentum(py) for TPC acceptance for Bi+Bi

collisions at 4/Syny = 9.2GeV. collisions at ¢/Syny = 9.2GeV with cuts at |y| < 0.1.

5 Discussion and Future scope of work

In this project, Monte Carlo data of Bi+Bi heavy ion collisions in the center-of-
mass energy range is analyzed /syy = 9.2GeV. Also, several other studies
have been performed to improve the quality of particle identification and made
some cuts for better results or analysis like DCA cuts, rapidity cuts, the min-
imum number of hits, etc. From these cuts and analysis, we got the spectra
for transverse momenta (pr), in Figure [22] (without cuts), [23] (with cuts), and
total momenta (Ptot) in Figure [24] (without cuts), [25] (with cuts). For further
analysis, it is necessary to analyze more statistical data using different Monte
Carlo models for different values of the collision energy of the center of mass
etc.

For future scope, we are aiming to contribute to the studies of bulk prop-
erties of this system for an incoming run of the MPD/NICA experiment. For
preliminary results of the first runs on the NICA complex facilities with Bi+Bi
heavy ion collisions at low energies, previously done studies of first physics
are necessary. This work can lead us to the chemical and kinetic freeze-out
dynamics at these energies. That’s why, | am looking forward to visiting the
JINR facility for further work. There, we can also work on centrality dependence
for particle production, particle yields, particle ratio, the energy dependence of
particle production, and freeze-out parameters. In the end, we can find out the

Joint Institute for Nuclear Research 17 INTEREST Program - Wave 8



Charged tracks Transverse momentum(pT) Distribution (Reco) Charged tracks Transverse momentum(pT) Distribution (Reco) with cuts
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Figure 22: Plot of transverse momentum(pr) spectra  Figure 23: Plot of transverse momentum(pr) spectra

for Bi+Bi collisions at ,/Syy = 9.2GeV in 100 bins. for Bi+Bi collisions at 4/Syy = 9.2GeV with cuts at |y| <
0.1in 100 bins.
Charged tracks total momentum(P) Distribution (Reco) Charged tracks total momentum(P) Distribution (Reco) with cuts
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Figure 24: Plot of total momentum(P;o¢) for Bi+Bi col-  Figure 25: Plot of total momentum(P¢.¢) for Bi+Bi col-
lisions at ¢/Syy = 9.2GeV in 100 bins. lisions at /sSyny = 9.2GeV with cuts at |y| < 0.1 in 100
bins.

relation of temperature(T) and chemical potential(ug) for the phase diagram to
search for the QCD critical point.

I am attaching my GitHub link [11] for this analysis so you can do it by
yourself. Also, you can give suggestions for improvement in this code if you
think it's necessary.
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