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Abstract

Analysis of identified particle production can be a useful 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

p
sNN = 9.2 GeV using the identified

hadrons (π±), K± , proton(p) from the MPD experiment at the Nuclotron-based
Ion Collider fAcility (NICA). We are using the data of Bi+Bi collisions which is
generated with the Monte Carlo generator model named Ultrarelativistic Quan-
tum Molecular Dynamics(UrQMD). We analyze this data using the MpdRoot
framework.

Results of Reconstructed tracks, Midrapidity(y), transverse momenta(pT),
distributions of the vertex Z, and distribution of the distance of closest ap-
proach(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(pT) plot to figure out the cuts for fur-
ther analysis.
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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 Ion Research(Germany),
The Super Proton Synchrotron - CERN(Geneva), BNL-Relativistic High Ion
Collider(USA), and JINR - 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 Ion 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].

Figure 1: The NICA accelerator complex at JINR.
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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 ions by scanning in energy range from 3 to 11 Gev;

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

• Femtoscopic correlation.

• Measurements of different flow harmonics for various hadrons.

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

• Photon and electron probes.

• Charge asymmetry.
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Figure 2: QCD Phase diagram with chemical potential(μB) 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 fireball,
and since the energy range of the NICA covers the region of the maximal baryon
density 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].
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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].

Figure 3: The overall schematic diagram of the multipurpose detector, cross-section by the vertical plane.

The MPD detector has been designed as a 4π spectrometer capable of
detecting 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
time of flight(TOF) measurement and calorimetry. The basic design parameters
have been determined taking into account the physics measurements to be
performed and several technical constraints guided by a trade-off of efficient
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tracking and PID against a reasonable material budget.

In the 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 the detection of electromagnetic
showers and will play the main role in photon and electron measurements.
The Fast Forward Detector (FFD) is located in the forward direction within
the TPC barrel. It plays the role of a wake-up trigger. The Forward Hadronic
Calorimeter (FHCal) is located near the Magnet endcaps. It determines 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 is 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 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 (m2) from TOF and energy loss per distance (dE/dx) from TPC
[6].

3 Project goals

The project comes 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

p
sNN = 9.2 GeV. We are going to obtain the results on transverse

momentum(pT) spectra, position of the event vertex, track selection for TPC,
the distance of closest approach (DCA) between each track and the event ver-
tex and then the cuts using the rapidity and total momentum analysis. We also
learn the different techniques for particle identification from the energy loss
and mass distribution.
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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 [7] 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

p
sNN = 9.2GeV. As a

software environment, the MPDROOT framework was used. We have a total of
250 original DSTfiles with a total of 124580 Events.

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. 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] corresponds to collisions
between the beam nuclei and the beam pipe. This type of background is more
significant and useful in low-energy data.
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Figure 4: The event vertex x and y of the reconstructed event in Bi+Bi collisions at
p
sNN = 9.2GeV.

The distributions of the primary vertex position along the longitudinal
(beam) direction (Vz) are shown in figure [5] for 9.2 GeV Bi+Bi collisions. The
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wide z-vertex distribution at lower energies is due to the fact that the beams are
more difficult to focus on. Only those events which have a Vz within 50 cm were
selected for the analysis. These values are chosen to achieve uniform detector
performance and sufficient statistical significance of the measured observable.
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Figure 5: The distributions of the z component of the primary vertex in Bi+Bi collisions at
p
sNN = 9.2GeV.

4.2 Centrality Selection

Centralities in Bi+Bi collisions at
p
sNN = 9.2GeV is defined by using the number

of primary charged-particle tracks reconstructed in the TPC. This is generally
called the reference multiplicity as well. The centrality classes are obtained
as fractions of the reference multiplicity distribution. The events are divided
into the following centrality classes: 0-5%, 5-10%, 10-20%, 20-30%, 30-40%,
40-50%, 50-60%, 60-70%, and 70-80%, in figure [6].

4.3 Track Selection

Track selection criteria are necessary for analysis. The tracks that extrapolate
to TOF active cells have already been selected for the number of hits criteria
[8]. In figure [7], 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 6: The distributions of the tracks in Bi+Bi colli-
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p
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Figure 7: Plot of the Number of hits which is showing
the minimum( 10) and maximum( 53) number of hits
for Bi+Bi collisions at

p
sNN = 9.2GeV.

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 [8].
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Figure 8: The distributions of the DCA in Bi+Bi colli-
sions at

p
sNN = 9.2GeV.
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Figure 9: Plot of the rapidity in Bi+Bi collisions atp
sNN = 9.2GeV.

Now let’s discuss Rapidity [9]: 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 the longitudinal direction. Rapidity is defined as:

y =
1

2
og
�
Ptot + pz
Ptot − pz
�

(4.3.1)

where Ptot is the total momentum of the particle and pz is its momentum
along the beam axis. As we know already Pseudorapidity describes the distri-
butions of particles, which we can see in figure [9]. So we need to select a
constant region to study and for analysis. That’s why, we are doing the cuts for
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rapidity in the |y| < 0.1 region. And we will be going to keep the same track
cuts for all energies.

4.4 Particle Identification

4.4.1 Energy loss distribution technique

Particle identification is accomplished in the TPC by measuring the energy loss
(dE/dx). Figure [10] shows the energy loss dE/d of measured charged particles
plotted as a function of rigidity which is the fraction of momentum and charge
of the particles. It can be seen that the TPC can identify pions (π±), kaons
(K±), and protons (p) antiprotons (p̄) at low momentum as illustrated by the
color bands, fig. [11], [12], and [13]. We also use time of flight information
to identify particles with higher momentum. The TOF particle identification for
this analysis used above pT = 0.4GeV/c.
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Figure 10: The dE/dx of charged tracks with the rigid-
ity(P/q) for Bi+Bi collisions at

p
sNN = 9.2GeV at rapid-

ity |y| < 0.1 for all the particles.
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Figure 11: The dE/dx of charged tracks with the rigid-
ity(P/q) for Bi+Bi collisions at

p
sNN = 9.2GeV at rapid-

ity |y| < 0.1 only for pions.
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Figure 12: The dE/dx of charged tracks with the rigid-
ity(P/q) for Bi+Bi collisions at

p
sNN = 9.2GeV at rapid-

ity |y| < 0.1 only for kaons.
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Figure 13: The dE/dx of charged tracks with the rigid-
ity(P/q) for Bi+Bi collisions at

p
sNN = 9.2GeV at rapid-

ity |y| < 0.1 only for protons.

So now to get the information for the interacting particles, we will take
slices of the x-axis or the momentum axis for different ranges. As you can
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see, fig.[14], that the peaks for all three particles(pions, kaons, protons) are
distinguishable or well separated and easy to analyze for low momentum
pT = 0.30 − 0.34GeV/c. But as we go for higher and higher momentum all
three peaks, which correspond to all different particles, are getting overlapped
into one so at higher momentum, it’s difficult to distinguish the particles, fig.
[15], [16], [17], [18], and [19]. See the table [1], for interacting particles for all
the different ranges of momentum.
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Figure 14: The slice of energy loss(dE/dx) in the mo-
mentum range 0.30-0.34 GeV/c for pions(blue line),
kaons(red line), and protons(green line).
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Figure 15: The slice of energy loss(dE/dx) in the mo-
mentum range 0.34-0.38 GeV/c.

hY3Projection

Entries  55399

Mean    1.278±  316.8 

Std Dev    0.9035±  300.3 

0 500 1000 1500 2000 2500 3000
dEdX

1

10

210

310

410

C
o
u
n
ts hY3Projection

Entries  55399

Mean    1.278±  316.8 

Std Dev    0.9035±  300.3 

Projection of dEdX for P(0.38.0.42)

Figure 16: The slice of energy loss(dE/dx) in the mo-
mentum range 0.38-0.42 GeV/c.
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Figure 17: The slice of energy loss(dE/dx) in the mo-
mentum range 0.46-0.50 GeV/c.

Figure [20] shows the inverse of particle velocity in the unit of the speed of
light 1/β as a function of rigidity. The expectation values for pions, kaons, and
protons are shown as the curves. As we can see in this figure, there is a band
representing 1/β < 1 or 1/β > 1 at low momentum. This nonphysical band is
occurring here because of the charged hadron and a photon-converted electron
hitting in the same TOF cluster.

This conversion may happen in the TPC outer field cage or box. Due to high

Joint Institute for Nuclear Research 16 Start Program - Summer session



hY6Projection

Entries  34415

Mean    1.106±    289 

Std Dev    0.7819±    205 

0 500 1000 1500 2000 2500 3000
Energy loss(dEdX)

1

10

210

310

410

C
o
u
n
ts

hY6Projection

Entries  34415

Mean    1.106±    289 

Std Dev    0.7819±    205 

Projection of dEdX for P(0.54,0.58)

Figure 18: The slice of energy loss(dE/dx) in the mo-
mentum range 0.54-0.58 GeV/c.
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Figure 19: The slice of energy loss(dE/dx) in the mo-
mentum range 0.58-0.62 GeV/c.

Number of Particles
Momentum range in GeV/c Pions Kaons Protons

0.30-0.34 1658808 65450 168463
0.34-0.38 1622853 74179 179880
0.38-0.42 1584232 81875 185195
0.46-0.50 1296064 87839 197131
0.54-0.58 753475 99919 178714
0.58-0.62 585926 75934 151818

Table 1: Total number of particle interacting in the collisions for different momentum ranges.

occupancy, these TOF hits are accidentally matched to hadrons tracks in the
TPC and resulting in the wrong time of flight. They have a negligible effect on
charged hadron yields.

4.4.2 Mass2 distribution technique

The raw yields from the TOF are obtained by using the variable mass
square(m2), which is given by:

m2 = p2
�
c2T2

L2
− 1
�

where p, T, L, and c are the momentum, time of travel by the particle, path
length, and speed of light, respectively. In figure [21], we can see the m2

distribution and momentum plot, where we can identify the particles as well.
There is pions (π±) for lower mass region(0.0−0.1GeV/c2), kaons (K±) for mass
region(0.2 − 0.3GeV/c2), and protons (p) antiprotons (p̄) for mass region(0.7 −
1.0GeV/c2), fig. [22], [23], and [24].
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Figure 20: The plot of 1/β with the rigidity(P/q) for Bi+Bi collisions at
p
sNN = 9.2GeV at rapidity |y| < 0.1 for

all the particles.
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Figure 21: The plot of m2 with the momentum for
Bi+Bi collisions at

p
sNN = 9.2GeV at rapidity |y| < 0.1

for all the particles.
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Figure 22: The plot of m2 with the momentum for
Bi+Bi collisions at

p
sNN = 9.2GeV at rapidity |y| < 0.1

only for pions.

So now to get the information for the interacting particles, we will take slices
of the x-axis or the momentum axis for different ranges for mass square distri-
butions. As you can see, fig.[25], the peaks for all three particles(pions, kaons,
protons) are distinguishable or well separated and easy to analyze for low mo-
mentum pT : 0.7 − 0.8 GeV/c. But as we go for higher and higher momentum
all three peaks, which correspond to all different particles, are getting merged
into one so at higher momentum.

The m2 distributions are obtained for rapidity |y| < 0.1 for all the particles in
different pT ranges as shown in the fig. [26], [27], and [28].
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Figure 23: The plot of m2 with the momentum for
Bi+Bi collisions at

p
sNN = 9.2GeV at rapidity |y| < 0.1

only for kaons.

0 0.5 1 1.5 2 2.5 3
momentum P(GeV/c)

1−

0.5−

0

0.5

1

1.5

2

]
2 )

2
[(

G
e
V

/c
2

m
a
s
s

hm2predPtot

Entries  2174438

Mean x  0.000401± 0.5018 

Mean y  0.0003804±   0.14 

Std Dev x  0.0002835± 0.3247 

Std Dev y  0.000269± 0.3081 

1

10

210

310

410

hm2predPtot

Entries  2174438

Mean x  0.000401± 0.5018 

Mean y  0.0003804±   0.14 

Std Dev x  0.0002835± 0.3247 

Std Dev y  0.000269± 0.3081 

Protons

Figure 24: The plot of m2 with the momentum for
Bi+Bi collisions at

p
sNN = 9.2GeV at rapidity |y| < 0.1

only for protons.
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Figure 25: The slice of m2 in the momentum range
0.7-0.8 GeV/c for pions(blue line), kaons(red line), and
protons(green line).
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Figure 26: The slice of m2 in the momentum range
1.0-1.1 GeV/c.
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Figure 27: The slice of m2 in the momentum range
1.4-1.5 GeV/c.
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Figure 28: The slice of m2 in the momentum range
1.5-1.6 GeV/c.
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4.5 TPC Acceptance

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

• Number of hits/points, Nhts > 25,

• Only charged particles taken in account,

• Rapidity, |y| < 0.1,

• Primary vertex Z < 50 cm,

• Distance of closest approach(DCA) < 3 cm,

• Bi+Bi collisions for the center of mass energy
p
sNN = 9.2GeV using the

generator UrQMD.

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

p
sNN = 9.2GeV. Also, several other studies

have been performed to improve the quality of particle identification using en-
ergy loss and mass square distribution and made some cuts for better results
or analysis like DCA cuts, rapidity cuts, the minimum number of hits, etc. From
these cuts and analysis, we got the spectra for transverse momenta (pT), in
Figure [29] (without cuts), [30] (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.
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Figure 29: Plot of transverse momentum(pT ) spectra
for Bi+Bi collisions at

p
sNN = 9.2GeV.
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Figure 30: Plot of transverse momentum(pT ) spectra
for Bi+Bi collisions at

p
sNN = 9.2GeV with cuts at |y| <

0.1.
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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 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, I 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 relation
of temperature(T) and chemical potential(μB) for the phase diagram to search
for the QCD critical point.
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