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C. Ceballos-Śanchez16, V.V. Chalyshev16, V.F. Chepurnov16, Vl.V. Chepurnov16, G.A. Cheremukhina16, A.S. Chernyshov31,
E. Cuautle14, A. Demanov21, D.V. Dementiev16, D. Derkach8, A.V. Dmitriev16, E.V. Dolbilina16, V.H. Dodokhov16,
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MPD PHYSICS PERFORMANCE STUDIES IN BI+BI COLLISIONS AT
√

SNN = 9.2 GEV 3

The Multi-Purpose Detector (MPD) is one of the three experiments of the Nuclotron Ion Collider-fAcility (NICA) complex,
which is currently under construction at the Joint Institute for Nuclear Research in Dubna. With collisions of heavy ions
in the collider mode, the MPD will cover the energy range

√
sNN = 4 − 11 GeV to scan the high baryon-density region

of the QCD phase diagram. With expected statistics of 50–100 million events collected during the first run, MPD will be
able to study a number of observables, including measurements of light hadrons and (hyper)nuclei production, particle flow,
correlations and fluctuations, have a first look at dielectron production, and modification of vector-meson properties in dense
matter. In this paper, we present selected results of the physics feasibility studies for the MPD experiment in Bi+Bi collisions
at
√

sNN = 9.2 GeV, the system considered as one of the first available at the NICA collider.

Keywords:Heavy-ion collision experiments; quark-gluon matter.

DOI: https://doi.org/10.31349/RevMexFis.71.041201

1. Introduction

Heavy-ion collisions have been used to study QCD matter un-
der extreme conditions of high temperatures and baryon den-
sities for over 30 years. The main goal of this research has
been to better understand the rich structure of the QCD phase
diagram and to search for the phase transition into a new state
of matter, the quark-gluon plasma (QGP), and the existence
of a Critical End-Point (CEP) [1-3]. The research program
started in the late 80 s at the AGS (

√
sNN ∼ 5 GeV) and the

SPS (
√

sNN ∼ 17 GeV). It was followed later by detailed
studies of the hot matter at much higher energies at RHIC
(up to

√
sNN = 200 GeV) and LHC (up to

√
sNN = 5 TeV).

All these studies revealed the existence of a transition from
hadronic matter to a QGP at a temperatureTc ∼ 160 MeV
and near-zero net baryon densities, which is consistent with
the lattice QCD predictions of a cross-over transition [4].

Heavy-ion collisions at lower energies (
√

sNN = 2 −
10 GeV) provide the means to study a different region of the
QCD phase diagram, which is characterized by lower temper-
atures but higher net baryon densities. Models predict that a
first-order phase transition and a CEP may exist under such
conditions, which remain to be proven experimentally [5].
The corresponding region of the QCD phase diagram lies in
the center of the Beam Energy Scan (BES) programs car-
ried out by the STAR experiment at RHIC, the NA61 experi-
ment at SPS, the BM@N experiment at the Nuclotron and the
HADES experiment at SIS18 [6-8] as well as at the upcoming
Nuclotron-based Ion Collider Facility (NICA) [9], the Facil-
ity for Antiproton and Ion Research (FAIR) [1] and the High-
Intensity Heavy-Ion Accelerator Facility (HIAF) [10]. So far,
no evidence of the CEP nor signs of the first-order phase tran-
sition have been observed in these experiments.

The Multi-Purpose Detector (MPD) at NICA, which is in
the final stage of construction at the Joint Institute for Nuclear
Research (JINR) in Dubna, Russia, will provide an excellent
opportunity to extend these studies to the range of energies√

sNN = 4 − 11 GeV by providing high-luminosity scans
both in collision energy and in system size [9].

The MPD is a 4π spectrometer, depicted in Fig. 1, with
excellent PID for charged hadrons, electrons and photons. In

the first stage of operation, the MPD detector has three main
subsystems covering the central rapidity region: the Time
Projection Chamber (TPC), the electromagnetic calorimeter
(ECAL), the Time of Flight (TOF) and two forward region
subsystems: the Fast Forward Detector (FFD) and the For-
ward Hadron Calorimeter (FHCAL). One of the advantages
of the MPD over the current NA61/SHINE experiment at the
SPS or the future CBM experiment at FAIR is the capabil-
ity to operate both in fixed target and colliding modes. The
MPD will complement the STAR beam energy scan program
with measurements at mid-rapidity at

√
sNN = 4− 7.7 GeV.

Other advantages of the MPD are its ability to perform a
system-size scan and direct photon measurements that pro-
vide unique information on the properties of the hot matter
produced in nuclear collisions in the NICA energy range.

The search for the phase transition and CEP will be done
by measuring a wide variety of observables, including pro-
duction of light-flavor hadrons and (hyper)nuclei, electro-
magnetic probes such as (direct) photons and dielectrons, by
studying the particle flow, correlations and fluctuations. First

FIGURE 1. Schematic view of the MPD apparatus in the first stage
of operation. The central barrel subsystems from inside to outside:
TPC, TOF and ECAL and the forward subsystems: FFD and FH-
CAL.
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tests with a beam at the NICA collider are expected to start in
the summer of 2025. Bi+Bi collisions at

√
sNN = 9.2 GeV

are among the first systems to be studied in the NICA collider.
The choice of nuclei is determined by the ion source capabil-
ities in the initial configuration. The energy was picked to
be close to one of the energies studied in Au+Au collisions
by the STAR experiment during the BES program to provide
some basic comparison.

In this paper, we present selected results of physics fea-
sibility studies for the MPD experiment in Bi+Bi collisions
at
√

sNN = 9.2 GeV with a focus on observables that will
become available with 50–100 M collected events. The pa-
per is organized as follows: In Sec. 2, we briefly describe
the setup of the MPD experiment. In Sec. 3, we describe the
data analysis framework, which was used to produce the pre-
sented results. In Sec. 4, we discuss the global characteriza-
tion of heavy-ion collisions and in Sec. 5, we present physics
feasibility and performance studies for selected physics ob-
servables that can be carried out with the MPD in the first
run. A summary is provided in Sec. 6.

2. MPD setup

The design of the experimental setup and the preliminary re-
sults of the MPD performance with heavy-ion beams have
been published in Ref. [11]. The MPD is designed as a
magnetic spectrometer capable of measuring and identifying
charged hadrons, electrons, and photons over a wide range
of momentum and rapidity. In this section, we give a brief
description of the setup in the first stage of the MPD [12]. A
schematic view of the MPD is shown in Fig. 1. The supercon-
ducting magnet generates a magnetic field up toB = 0.57 T
with a nominal field for the regular operation ofB = 0.5 T.
Reduced and reversed-field runs are also expected to provide
better coverage for lower-momentum particles and system-
atic studies, respectively.

The central barrel detectors are mounted inside the mag-
net and cover the full azimuthal angle and a pseudorapidity
range|η| < 1.5. A detailed description of the MPD is pre-
sented in Ref. [11].

The trajectories and momenta of charged particles are
measured in a large volume TPC. The TPC also provides par-
ticle identification by measuring their energy loss (dE/dx)
in the operational gas (90% Ar and 10% CH4), with a typical
resolution of∼ 6.5% achieved in heavy-ion collisions. Up to
53 points are measured along the track trajectory to provide
reliable momentum reconstruction and particle identification.
The Fig. 2a) shows the momentum resolution for primary
particles with more than 20 measured points in the TPC. In a
wide momentum range, the resolution is∼ 2 − 3%, deterio-
rating at lower momentum due to multiple scattering and at
higher momentum due to limited spatial resolution. The right
panel of the same figure shows the distribution ofdE/dx
signals reconstructed for charged particles as a function of
momentum, where one can identify bands corresponding to
electrons, pions, kaons and protons. The solid curves show
the±2σTPC selections for different particle species. The TPC
providesπ/K and K/p separations within2σ in the momen-
tum range up to 0.7 GeVc and 1.2 GeVc, respectively.

A wall of TOF detectors follows the TPC in radius and
consists of 28 modules (14 modules inϕ and two mod-
ules in z-direction), each made of 10 Multi-gap Resistive
Plate Chambers (MRPC). The TOF detector provides time-
of-flight measurements for charged particles with a typical
resolution of∼ 80 ps. Together with the momentum and
track length measurements in the TPC, it provides particle
separation by mass2 or velocityβ, as shown in the Fig. 3a).
The TOF detector extends the particle identification capabil-
ities of the TPC to higher momenta, providing2σ separa-
tion of π/K and K/p up to 1.5 GeVc and 2.5 GeVc, respec-
tively. Only pion (proton) tracks with transverse momentum
pT > 150 (350) MeVc can reach the TOF for the nominal

FIGURE 2. a) Momentum resolution for primary charged particles reconstructed in the TPC at midrapidity (|η| < 1.0) with number of
pointsnTPC

hits > 20. b) dE/dx signals for primary charged particles reconstructed in the TPC with number of pointsnTPC
hits > 20. The bands

of different colors correspond to 2σTPC selections for electrons, pions, kaons and (anti)protons. Simulation results are shown for Bi+Bi
collisions at

√
sNN = 9.2 GeV.
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FIGURE 3. a) Particle velocities evaluated using combined measurements of momentum and track length in the TPC and time-of-flight in
the TOF. The bands of different colors correspond to 2σTOF selections for electrons, pions, kaons and (anti)protons. b) Energy resolution of
the ECAL for primary photons. Results are shown for Bi+Bi collisions at

√
sNN = 9.2 GeV.

magnetic field. At lower momenta, charged particle identifi-
cation is only possible with the TPC.

The ECAL is the outermost detector, consisting of 38,400
shashlyk-type towers packed into 50 half-sectors (25 half-
sectors inϕ and 2 half-sectors in thez direction). It spans
the full azimuthal angle and|η| < 1.4 in pseudorapidity.
It is built with projective geometry; that is, the orientation
of the tower varies in thez direction to ensure that the tow-
ers point approximately to the nominal interaction point (IP).
The projective geometry of the ECAL is important for effi-
cient registration of low-energy showers, which are the ma-
jority at NICA energies. The energy resolution of the ECAL
estimated for photons in heavy-ion collisions is shown in the
Fig. 3b). It is defined by the intrinsic resolution of the de-
tector and is degraded by the cluster reconstruction proce-
dure, which takes care of the shower reconstruction and of
splitting of merged showers in high-multiplicity events. The
electromagnetic calorimeter is the primary detector for mea-
suring photons. It also helps to identify electrons at higher
momenta, where TPC and TOF become less effective, requir-
ing theE/p ratio to be close to unity, and whereE andp are
the measured electron energy and momentum, respectively.

The MPD is also equipped with two forward detectors
for event triggering, measurement of event starting time (t0),
and estimation of collision centrality and geometry. The FFD
consists of two identical detectors located at±140 cm from
the nominal interaction point (IP). The detector covers the
full azimuthal angle and2.9 < |η| < 3.3 in pseudorapidity.
Each FFD consists of 80̌Cerenkov quartz counters surround-
ing the beam pipe. Each counter has a 1 cm thick lead radi-
ator to induce showers from photons produced inπ0-decays.
In addition to the photons, the FFD detects fast charged par-
ticles. The time resolution of each counter is∼ 50 ps. By
measuring the arrival times of the fastest particles (photons
for most of the time) in the two arms (tEFFD andtW

FFD), one can
determine the event starting time and the event vertex

tFFD
0 =

(
tEFFD + tWFFD

)
/2− L/c,

zFFD
vertex = c

(
tEFFD − tWFFD

)
/2, (1)

respectively, whereL is the distance from the nominal IP to
the FFD along the beam axis andc is the speed of light. The
resolution of the FFD,tFFD

0 , depends on the number of chan-
nelsN fired on each side by fast particles and is better than
50/
√

N ps. However, the measured time resolution degrades
to∼ 70 ps in peripheral events due to the spread in the arrival
times of the incoming particles and becomes comparable to
the TOF time resolution. The vertex resolution varies from
0.5 to 2 cm from central to peripheral collisions, respectively.

The FHCAL is designed to measure the fragments pro-
duced in the forward direction. They are located at a distance
of ± 3.5 m from the nominal IP and cover 2π in azimuthal
angle and2 < |η| < 5 in pseudo-rapidity. Each FHCAL
calorimeter consists of 44 towers with a transverse size of
15 × 15 cm2, covering in total about 1 m2. Similarly to the
FFD, the FHCAL can provide the start time and the event
vertex position of each event. The typical time resolution of
FHCAL modules is∼ 1 ns, making thetFHCAL

0 resolution in-
ferior to that of the TOF and ECAL. Due to the hole occupied
by the beam pipe, a significant part of the fragments escape
detection, resulting in an ambiguity between the measured
energy deposition and the centrality of the event. Various
methods are being developed to resolve this ambiguity and to
relate the measured energy deposition to the event centrality.
The FHCAL is mainly used for event plane measurements at
forward rapidity.

Collisions of Bi+Bi at
√

sNN = 9.2 GeV are proposed as
one of the first systems to be studied at NICA. A detailed de-
scription of the collider’s operation parameters can be found
in Ref. [13]. Each collider ring is about 503 m long and is
filled with a maximum of 22 bunches, resulting in a time be-
tween bunches of about 75 ns. The collider luminosity at
start-up is expected to be two orders of magnitude lower than
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the nominal one, corresponding to an event rate of∼ 50 Hz.
With a realistic estimate of the first run duration, we may ex-
pect around 50-100 million minimum bias collected events.
Due to the incomplete optics of the collider rings, the vertex
distribution in the MPD interaction region will be quite broad
along the beam direction withσZ ∼ 50 cm. This poses chal-
lenges for the trigger system and effective track reconstruc-
tion, but at the same time provides access to a wider rapidity
coverage of the detector.

3. Data analysis framework

Physics feasibility studies were carried out using centralized
Monte Carlo (MC) productions (listed in Table I) to ensure
consistency of the results obtained by different groups and to
provide a test of the existing computing and software infras-
tructure in preparation for real data analysis. Despite limited
statistics, these productions are used to address a large num-
ber of observables using realistic data analysis techniques. A
centralized data analysis framework, the so-called Data Anal-
ysis Train, was developed and implemented to process the
simulated data samples with minimal load on disks, network,
and CPU resources.

3.1. Event generators and centralized productions

A list of MC productions for physics feasibility studies
is presented in Table I. Various event generators, such as
the cascade version of UrQMD [14,15] the fragmentation
model DCM-QGSM-SMM [16], the microscopic transport
model PHQMD [17], hybrid models with QGP formation and
hadronic phase PHSD [18,19] and vHLLE+UrQMD [20,21]
were used to generate Bi+Bi collisions at

√
sNN = 9.2 GeV.

These models provide physically well-motivated scenarios
for heavy-ion collisions at NICA energies. The choice of
the event generator for a particular study was driven by the
physics observable of interest and the range of measurements.
For example, the UrQMD, PHSD and vHLLE+UrQMD
event generators were used to study the production of light
hadrons and (hyper) nuclei at midrapidity, while PHQMD
and DCM-QGSM-SMM were also used to study the response
of forward detectors, where realistic simulation of fragment
production is important.

The generated events were used as input for the complete
chain of realistic simulations of particle propagation through

TABLE I. The list of centralized MC productions for physics feasi-
bility studies.

No. Generator Events Purpose

1 UrQMD 50 M General purpose

2 DCM-QGSM-SMM 1 M Trigger

3 PHQMD 20 M (Hyper)nuclei

4 PHSD 15 M Global polarization

5 vHLLE+UrQMD 15 M Flow, correlations

the detector materials, based on GEANT-4 [22]. In the cal-
culations a uniform magnetic field ofB = 0.5 T was used.
The simulations of the detector subsystems and global track-
ing were performed using the MpdRoot [23] code, which is
the official software of the MPD Collaboration. For all gener-
ators, the event vertex along the beam axis was smeared by a
Gaussian function withσz, vertex= 50 cm. The impact param-
eter ranged within 0-16 fm, except for productions numbers
3 and 4, where it was set to 0-12 fm to enhance the statistics
for (semi)central events.

The simulations were carried out using computational
resources from the MLIT Multifunctional Information and
Computing Complex (MICS), including the “Govorun” su-
percomputer and the VBLHEP computing farm “NICA” at
JINR, united by the DIRAC platform [24-26].

3.2. Analysis Train Framework

The analysis of large volumes of future and simulated real
data samples (∼ 10 PB) requires a coordinated effort on the
part of the MPD Collaboration, which led to the implemen-
tation of the Analysis Train Framework (hereafter referred to
as Train). Train users interested in running over a particular
data set sign up for a pass over the data with their analy-
sis modules. The analysis codes are checked into the MPD
code management system (Git). The required input files are
read-out once by the Train manager, and all analysis modules
are sequentially run through the data. This approach reduces
the number of input/output (I/O) operations and simplifies the
storage architecture. The output files contain the required his-
tograms and NTuples of small size and are stored on the local
disks for further analysis.

The first modules in the Train are used to provide global
information for all other physics analysis modules, such as
event centrality and event plane orientation. In addition, spe-
cial modules parametrize variables of common interest for
each reconstructed track in terms of standard deviations, in-
cluding the track matching to the primary vertex and outer
detectors such as TOF and ECAL and the deviation of parti-
cle identification signals measured in the TPC and TOF from
those expected for electrons, pions, kaons, protons, and light
ions. The use of centralized parametrizations minimizes the
amount of work required to start a new analysis and ensures a
consistent approach throughout the MPD Collaboration. The
Train architecture also simplifies the storage and sharing of
analysis codes and methods. Most of the time, we are able
to process the largest simulated datasets (50 M events) in 12
hours by running a Train with∼ 15 modules. A thousand
jobs, each processing 50,000 events, are submitted with a to-
tal equivalent consumption of one year of CPU time. The
number of events per job should not be too small to correctly
fill the mixing pools for invariant-mass analyses. The first
run of the Train took place in September 2023, with regular
on-request runs since then.
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4. Global event categorization

The global event quantities discussed in this section are the
event centrality and the event plane, which characterize the
geometry of heavy-ion collisions. These two observables
provide basic information for more focused physics studies
related to the onset of quark confinement, chiral symmetry
restoration, and for the search of the CEP in the QCD phase
diagram.

4.1. Trigger system and efficiency

The trigger system of the MPD experiment uses signals from
three subsystems: FFD, FHCAL and TOF. The performance
of the trigger system was studied using centralized produc-
tions numbers 2, see Table I.

The main trigger detector is the FFD. The trigger requires
a signal in at least one channel on each side of the detec-
tor. The time difference between the signals generated in
the east and west parts of the FFD are required to be within
|tE

FFD− tW
FFD| < 10 ns. The high precision of the online vertex

measurements with the FFD allows an effective suppression
of background events from beam-gas and beam-pipe colli-
sions and the selection of events close to the center of the
interaction region.

The FHCAL produces fast signals from the energy de-
position in the 44 modules per side, which can also be used
for a trigger decision. Despite its modest time resolution of
∼ 1 ns, which results in a primary vertex resolution of∼ 10
to∼ 30 cm from central to peripheral events, the FHCAL is
still useful for background rejection.

The TOF subsystem generates a fast trigger signal for
each of the 280 MRPCs that is hit by at least one particle.
The TOF detects particles produced at central rapidity and
is sensitive even to events with a small multiplicity. The ac-
tual threshold for the number of MRPCs fired in an event to
make a trigger decision will depend on the noise conditions
of the detector. The TOF will not be able to provide online
information on collision time or vertex position.

Figure 4 shows the trigger efficiencies estimated for FFD,
FHCAL and TOF as functions of the impact parameter and
the event vertex for Bi+Bi collisions at

√
sNN = 9.2 GeV.

Since the background situation is not yet known, the efficien-
cies are shown for a different number of channels fired for
each subsystem. All three subsystems show an efficiency of
∼ 100% in central and semi-central Bi+Bi collisions, which
decreases rapidly in peripheral collisions. The FHCAL and
TOF subsystems show higher trigger efficiencies compared
to those of the FFD. The trigger efficiency is not dependent on
the position of the vertex in a wide range|zvertex| < 140 cm,
making it possible to collect data in a wide range of vertices
with the same efficiency.

The simulated response of the trigger system is not re-
alistic for most of the productions in Table I because event
generators such as UrQMD and PHSD do not simulate frag-
ment production at forward rapidity. Therefore, the trigger

efficiency estimates obtained in this section for FHCAL us-
ing the DCM-QGSM-SMM event generator were used as a
benchmark for the performance of the MPD trigger system
in all productions. The inefficiency of the trigger system was
emulated for all productions by removing peripheral events
according to the estimated dependence of the trigger effi-
ciency on event track multiplicity, providing an overall ef-
ficiency of 91% for inelastic Bi+Bi collisions.

4.2. Event centrality

In heavy-ion collisions, the centrality of a collision is char-
acterized by the impact parameter, which is the distance be-
tween the centers of the nuclei in the plane perpendicular to
the beam axis. The impact parameter determines the overlap
region of the nuclei.

In a nuclear collision event, the value of the impact pa-
rameter is not accessible experimentally. Therefore, events
are usually classified into centrality classes using some mea-
surable quantity like multiplicity, transverse energy measured
in a predefined pseudo-rapidity interval, or the energy of frag-
ments registered in a hadronic calorimeter. Each class corre-
sponds to a percentile of the total inelastic nucleus-nucleus
cross section and an average impact parameter that is ob-
tained from some model, usually a Monte Carlo Glauber
(MCG) model.

In this study, we used the centrality determined from the
multiplicity of charged particles measured in the TPC at mid-
rapidity, although alternative procedures can also be consid-
ered [11]. We consider such a procedure to be sufficient in
the initial stage of MPD at NICA. However, in order to avoid
possible autocorrelation effects, future centrality determina-
tion using the charged particle multiplicity measured in the
TPC will be performed similarly to the procedure developed
by STAR [27,28], i.e. by selecting centralities from a re-
gion different from the one used in the data analysis. The
centrality was evaluated for events with a reconstructed ver-
tex within |zvertex| < 130 cm. As shown in Sec. 4.1, the
trigger efficiency remains constant in this range. A wider
range would include collisions with vertices close to the FFD.
Rather loose selection criteria were used for the reconstructed
tracks: number of TPC hitsNTPC

hits > 10, transverse momen-
tum pT > 0.1 GeVc, track matching to the primary vertex
< 2 cm, and track pseudo-rapidity|η| < 0.5. Each track is
corrected for the TPC reconstruction efficiency estimated as
a function of the eventzvertex pseudo-rapidity of the trackη.
A typical multiplicity distribution is shown in Fig. 5.

The centrality of the event is estimated as a percentile
of the total multiplicity with a maximum value of 91%. By
definition, the reconstructed centrality distribution is flat be-
tween 0 and 91 %. The standard MCG model [29] was used
to parametrize the reconstructed multiplicity distribution and
estimate the geometrical parameters of the collisions. The
impact parameter distribution of the MCG model was re-
weighted to reproduce the distributions modeled in the event
generators listed in Table I.
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FIGURE 4. Trigger efficiency of the FFD (top), FHCAL (middle) and TOF (bottom) detectors estimated as a function of impact parameter
with nozvertex selections (left) and eventzvertex with no centrality selection (right) for Bi+Bi collisions at

√
sNN = 9.2 GeV.

Within the MCG model, the multiplicity distribution of
particles is modeled as the sum of particles produced from a
set of independent emitting sources (Na), each of which pro-
duces particles according to a negative binominal distribution
NBD(µ, k). The number of emitting sources is parametrized
as

Na = fNpart + (1− f)Ncoll, (2)

whereNpart andNcoll are the number of participating nucle-
ons and the number of inelastic binary nucleon-nucleon col-
lisions, respectively. The parametersµ, k andf are varied

to minimize theχ2/NDF of the description of the measured
multiplicity distribution in the rangeNTPC

tracks > 10. This range
can be varied for a systematic study and, by default, was set
to the minimal value corresponding to the saturation of the
trigger efficiency.

The distribution, represented by the red markers in Fig. 5,
shows the result of this procedure. A good agreement be-
tween the multiplicity distribution measured and MCG sim-
ulated in the overlap region can be observed. The ratio of the
multiplicity distributions reconstructed and MCG is shown in
the bottom part of the figure as an estimate of the trigger ef-
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FIGURE 5. The reconstructed TPC (black) and MCG modeled
(red) multiplicity distributions for Bi+Bi collisions at

√
sNN =

9.2 GeV. The bottom part of the figure shows the ratio of the recon-
structed and MCG modeled multiplicity distributions.

ficiency as a function of the event multiplicity. The weighted
average efficiency estimated from the ratio is∼ 90%, which
is very close to the expected value of 91 %.

The MCG model is then used to estimate the initial geom-
etry of the centrality classes. The values of the impact param-
eter,Npart andNcoll for 10% centrality intervals are evaluated
for the UrQMD, DCM-QGSM-SMM, PHSD, and PHQMD
event generators. Figure 6 shows the mean and RMS values
with markers and error bars, respectively, evaluated for the
impact parameter andNpart. The symbols for different event
generators are shifted for visibility. Good agreement is found
for the extracted values of the model parameters.

4.3. Event plane

The event plane method correlates the azimuthal angleφ of
each particle with the azimuthal angleΨn of the event plane
determined from the anisotropic flow itself [30,31]. The
event flow vectorQn = (Qn,x, Qn,y) in the transverse(x, y)

plane and the azimuthal angle of the event planeΨn can be
defined for each harmonic,n, of the Fourier expansion by

Qn,x =
M∑

k=1

wk cos(ϕk),

Qn,y =
M∑

k=1

wk sin(ϕk),

Ψn =
1
n

tan−1

(
Qn,y

Qn,x

)
, (3)

whereM is the multiplicity of the particlesk used in the cal-
culation of the event plane, andϕk andwk are the laboratory
azimuthal angle and the weight for the particlek, which is
used, either to correct for the azimuthal anisotropy of the de-
tector, or to account for the multiplicity of hadrons stopped in
a particular cell of the segmented detector. The details of the
estimation ofwk can be found in Ref. [30-32]. The recon-
structedΨn values can be used to measure the differentialvn

flow coefficients of particles detected in the TPC (|η| < 1.5),

vn(pT, y) =
〈cos(n(φ−Ψn))〉

R(Ψn)
, (4)

whereR(Ψn) represents the event plane resolution factor and
brackets denote the average over the particles and events. The
2-sub-event method with the extrapolation algorithm is used
to estimate theR(Ψn) factors [33].

Figure 7 shows the centrality dependence of the event
plane resolution factorR(Ψ1) for directedv1 flow measure-
ments for Bi+Bi collisions at

√
sNN = 9.2 GeV, simulated in

production number 4 in Table I. Here,Ψ1 = Ψ1,FHCAL is de-
termined from the directed flow (n = 1) of particles detected
in the FHCal (2 < |η| < 5).

The open symbols correspond to theR(Ψ1) values from
the analysis of the fully reconstructed events ‘reco’, and the

FIGURE 6. a) The value of the mean impact parameter for 10% centrality intervals estimated for Bi+Bi collisions at
√

sNN = 9.2 GeV,
modeled with the UrQMD, DCM-QGSM-SMM, PHSD, and PHQMD event generators. b) The same for the mean number of participants
〈Npart〉. The symbols are slightly shifted horizontally for better visibility.
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FIGURE 7. Centrality dependence of the event plane resolution
factorR(Ψ1) for v1 andPΛ measurements in Bi+Bi collisions at√

sNN = 9.2 GeV, production 4 in Table I.

FIGURE 8. Centrality dependence of the event plane resolution
factorR(Ψn) for the secondn = 2 (circles) and thirdn = 3 (tri-
angles) order event planes constructed from the tracks of charged
particles in the TPC. Open markers correspond to the reconstructed
data, closed markers to the generated vHLLE+UrQMD model
events.

closed symbols correspond to the results from the generated
’true’ PHSD events. For midcentral events, the resolution
factorR(Ψ1) is as large as 0.85 forv1 and the global polar-
izationPΛ of Λ hyperon [34] measurements.

Figure 8 shows the centrality dependence of the event
plane resolution factorR(Ψn) for elliptic (v2) and triangu-
lar (v3) flow measurements for Bi+Bi collisions at

√
sNN =

9.2 GeV. Here, the flow vectorsQn = Qn,TPC and the az-
imuthal angle of the event planeΨn = Ψn,TPC are con-
structed from the charged particle tracks reconstructed in the
TPC (|η| < 1.5) [32].

The open markers correspond toR(Ψn) values from the
analysis of fully reconstructed vHLLE+UrQMD events (pro-
duction 5 in Table I) and the closed markers to results from
the generated events. The difference in the resolution factors
for different flow harmonics reflects the observed ordering

at NICA energies:v1 > v2 > v3. The details of the ex-
traction of collective flow parameters of different species are
discussed in Sec. 5.

5. Physics performance studies

In this section, we present selected results of physics feasi-
bility studies for the MPD experiment in Bi+Bi collisions at√

sNN = 9.2 GeV with emphasis on the measurements ex-
pected for the first years of MPD operation.

5.1. Light flavor hadron production

Light-flavored hadrons are plentifully produced and play an
important role in understanding the physics of relativistic
heavy-ion collisions. Experimental studies of charged-pion,
kaon and (anti)proton spectra and yields are used to deter-
mine the properties of the hot and dense baryonic matter at
the moment of its decay into final-state hadrons, allow test-
ing of thermal and chemical equilibrium in the system, and
provide insight into the underlying reaction dynamics by ad-
dressing the collective effects in the longitudinal and trans-
verse expansion of the fireball. The shapes of particlepT

distributions and〈pT〉 probe the reaction dynamics and are
sensitive to particle production mechanisms in different kine-
matic regions, and to the interplay of the radial flow and
parton recombination at intermediate transverse momenta.
Measurements of hadrons containing strange quarks allow
one to study the strangeness enhancement in heavy-ion col-
lisions. Studying the strangeness enhancement of particles
with open and hidden strangeness provides much more de-
tails of the strangeness production mechanisms. The produc-
tion of short-lived resonances with lifetimes comparable to
the fireball lifetime is measured to study the rescattering and
regeneration processes in a dense hadronic medium.

5.1.1. Yields of charged pions, kaons and (anti)protons

The present analysis of charged-hadron yields uses data of
production number 3 from Table I. To select events, we ap-
ply a primary vertex position cut of|zvertex| < 100 cm. To
minimize contamination of secondary tracks, the Distance of
Closest Approach (DCA) from the track to the collision ver-
tex is taken to be less than 3 cm. To select tracks with good
momentum anddE/dx resolution and to reject split tracks,
it is required that the number of TPC points associated with
the track be greater than 20. The center-of-mass rapidity and
transverse momentum windows, to perform the analysis, are
|y| < 1.1 and0.05 < pT < 2.5 GeVc, respectively. Two
different approaches have been used for the identification of
charged hadrons.

Approach 1 Signals in the TPC and TOF are required for
each charged particle track to be accepted, and particle iden-
tification is achieved by a combination of energy lossdE/dx
and time-of-flight measurements. This approach provides the
best purity of the measured signals [see Fig. 9b)], but limits
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FIGURE 9. a) Overall efficiency for positively charged hadrons as a function ofpT in Approach 1. b) Purity for positively charged hadrons
as a function ofpT.

FIGURE 10. InvariantpT-spectra ofπ+ a),K+ b) andp c) in several rapidity intervals for 0-10% central Bi+Bi collisions. The reconstructed
data are shown by filled symbols while the model data are depicted by open symbols. Fits to invariant spectra are shown by lines (see text
for details).

the measurement ranges at lowpT due to limited accep-
tance of the TOF, see Sec 2. The raw yields of the mea-
sured hadrons are corrected for reconstruction efficiency [see
Fig. 9a)], which accounts for hadron misidentification, re-
construction losses, geometrical acceptance, and contamina-
tion from secondary interactions in the detector material and
from weak decays of hyperons (relevant for pions and pro-
tons). The yields of charged hadrons are divided into central-
ity classes (0-10%, 10-20%, 20-30%, 30-40%, 40-80%) and
in several rapidity intervals. As an example, Fig. 10 shows
the comparison of the transverse momentum spectra of pos-
itively charged pions (left panel), kaons (central panel), and
protons (right panel) reconstructed in 0-10% central Bi+Bi
collisions to the generated ones. The comparison of spectra
is shown in rapidity intervals of∆y = 0.2, where spectra are
scaled down relative to the data at midrapidity by successive
orders of ten for clarity. We found good agreement between
the reconstructed and generated spectra in all cases.

In this approach, the MPD has limitedpT coverage at low
transverse momenta, and to calculate the integrated yields
one has to extrapolate the spectra to an unexploredpT-range.
To do this, the spectra are approximated with appropriate
functional forms. The yield of pions is enhanced at lowpT

due to a contribution from resonance decays, thus a sum
of two exponentials inmT (thermal function) is used. The
kaon distributions are well described with a thermal function,
while for protons a Blast-Wave motivated function [35] is
used. The contribution of the extrapolation region varies for
different species of particles but does not exceed 5%, 10%,
and 15% for pions, kaons, and protons, respectively. The ra-
pidity density distributions (dNch/dy) of positively charged
hadrons (π+, K+, p), obtained by integrating the transverse
momentum spectra in Fig. 10, are shown in Fig. 11, where the
reconstructed data are shown with symbols, while the spectra
at generator level are shown by lines. The measurements for
pions and kaons cover approximately 65% of the total phase
space and the rapidity distributions can be approximated by a
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FIGURE 11. Rapidity distributions of a)π+, b) K+ and c)p in Bi+Bi collisions in different centrality classes. The reconstructed data are
shown by symbols while the spectra at generator level are depicted by lines.

Gaussian. Thus, an integrated mean total multiplicity ofπ, K
can be obtained with∼ 10% uncertainty. The situation for
protons is more difficult because the shape of their rapidity
distributions changes with centrality. The MPD phase space
coverage for protons is not sufficient to reconstruct the to-
tal (4π) yield of protons without model assumptions that can
accurately predict the proton yields near the beam rapidity.

Approach 2 In this case, hadron spectra are measured
separately using the particle identification capabilities of the
TPC or TOF, and then combined by switching from one to
another at a givenpT value. Spectra based on the identifi-
cation of the TPC (“TPC spectra”) consist of particles that
are: 1) identified in the TPC within two standard deviations
2σTPC(pT) and not consistent with signals expected for other
species within3σTPC(pT); 2) identified in the TOF within two
standard deviations2σTOF(pT) if the track is matched to TOF.
Similarly, spectra based on identification of the TOF (“TOF
spectra”) consist of particles that are: 1) identified in TOF
within two standard deviations2σTOF(pT) and not consistent
with signals expected for other species within3σTOF(pT); 2)
identified in TPC within two standard deviations2σTPC(pT).
The spectra are reconstructed in the momentum ranges where
the signal purity exceeds 95%. The main advantage of this
approach is that it provides access to measurements of iden-
tified hadrons down to as low a transverse momentum as is
possible with the existing track reconstruction algorithms in
MpdRoot [23]: pT > 100, 150 and 200 MeVc forπ±, K±

andp(p), respectively. The disadvantage is limited coverage
at higher momenta due to the imposed strict requirements of
high signal purity.

For charged pions, the veto requirement for other species
keeps the signal purity close to∼ 100% throughout the mo-
mentum range, but limits the measurement range topT <
1 GeVc in both TPC and TOF. For charged kaons, the re-
quirement for high signal purity limits the measurements to

pT < 0.45(1.5) GeVc with TPC (TOF). At higher momenta,
the purity of kaons decreases rapidly as a result of the admix-
ture of pions. The proton measurements with TPC or TOF
are limited by the veto requirement topT < 1.0 GeVc and
pT < 4.0 GeVc, respectively. The situation is more compli-
cated for antiprotons because of the high baryon asymmetry
at NICA energies. The main contamination of the sample
of identified antiprotons comes from the backscattered pro-
tons, which are misidentified as antiprotons due to an incor-
rectly determined momentum direction. The purity require-
ment limits the TPC measurements for antiprotons to trans-
verse momenta from 0.2 GeVc to 0.9 GeVc. Since the TOF
has no acceptance for low-pT protons, measurements with the
TOF are not affected by proton contamination. However, the
admixture of kaons limits the measurements of the TOF to
pT < 1.2 GeVc.

The raw yields (Na
raw), obtained for particles of type a

(a stands for charged pions, kaons or (anti)protons) in differ-
ent intervals of transverse momentum, are corrected for the
reconstruction efficiencies, estimated as a product of accep-
tance (A) and detector efficiency (ε), A × ε = Na

raw/Na
gen,

whereNa
gen is the number of primary particles of a given type

generated. The evaluated reconstruction efficiencies for the
TPC and TOF depend on the particle transverse momentum
and are on average a few tenths of a percent. The transition
points from TPC-spectra to TOF-spectra are chosen based
on an analysis of statistical uncertainties and are set equal
to pT = 0.95, 0.4 and 0.7 GeVc for charged pions, kaons,
and (anti)protons, respectively.

The feed-down contributions from the decays of heavier
hadrons do not exceed5(10)% for π+(π−) atpT < 0.2 GeVc
and are negligible for charged kaons for all momenta. The
corresponding contributions forp(p) vary from 40% to 10%
with transverse momentum, withΛ-hyperon decays giving
the main contribution. The reconstructed proton yield is also
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FIGURE 12. The reconstructed (markers) and generated (histograms) transverse momentum spectra forπ+, π−, K+, K−, p andp for
midcentral (|y| < 0.5) Bi+Bi collisions at

√
sNN = 9.2 GeV in different centrality intervals.

significantly contaminated by protons produced in collisions
with the beam pipe atpT < 0.2 GeVc. As a result, measure-
ments of thep andp spectra are limited to the momentum
rangepT > 0.2 GeVc.

The fully correctedpT spectra of charged pions, kaons,
and (anti)protons, reconstructed with Approach 2 are shown
in Fig. 12 for different centrality intervals. Within the mea-
surement ranges, MPD samples91% of the production of
charged pions with4% and5% of the total yield in the un-
measured regions at low and highpT, respectively. The sit-
uation is similar for charged kaons, for which MPD samples

> 93% of the total yield with1% and< 7% of the total yield
unmeasured at low and highpT. The best coverage is pro-
vided for protons for which more than98% of the total yield
is sampled in the detector with2% of the remaining yield
in the unmeasured region at lowpT. For antiprotons, MPD
samples> 92% of the total yield with2% and< 6% of the
unmeasured yield at low and highpT, respectively. The un-
measured yields can be recovered by extrapolating the fits to
the measured spectra, similar to that described for Approach
1, with smaller uncertainties due to a wider coverage at low
momentum.
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The two approaches produce fully consistent results. The
first approach providespT measurements in a wider momen-
tum range but relies on purity corrections that are model de-
pendent and can be quite significant at higherpT. When ana-
lyzing real data, the corrections should be carefully evaluated
in an iterative process by reweighting the particle differential
yields in the event generators to the measured ones. However,
this is the only possible approach to study the production of
charged pions, kaons, and (anti)protons at intermediate and
high pT. The second approach limitspT measurements to
ranges where particle purity exceeds 95%, leaving little room
for purity corrections and corresponding uncertainties, mak-
ing the whole analysis more straightforward. Such measure-
ments have better coverage at lowpT and are best suited to
measure particle integrated yields.

5.1.2. Hyperon reconstruction

Since the energy threshold for strangeness production in the
QGP phase is smaller than in the hadron gas phase, an en-
hanced production of strange particles (kaons and hyperons)
was proposed as a signature of the transition to QGP [36].
Relative strangeness production, tested via theK/π ratio,
was observed to be enhanced in central heavy-ion collision
at the CERN SPS energies [37]. For hyperons, an increase
in the production rate was observed with respect to elemen-
taryp+ p reactions in a broad energy range [38-40], stronger
for particles with larger strangeness content. However, there
are other possible explanations for the observed strangeness
enhancement such as multi-meson reactions in dense nuclear
matter [41], partial chiral symmetry restoration [42], vanish-
ing of the canonical suppression with increasing multiplic-
ity [43] or calculations within the core-corona approach [44].
In addition to the yields, thepT distributions of the hyperons
provide important information on the reaction dynamics.

Due to their small hadronic reaction cross sections, multi-
strange hadrons cannot effectively pick up collective flow
during the fireball evolution. Therefore, the transverse-
momentum spectra of cascades reflect the initial conditions
of a collision. The investigation of strange particle produc-
tion as a function of beam energy and system size remains an
essential part of the NICA research program.

Hyperon analysis is performed using the UrQMD event
generator (first production in Table I). All events with the re-
constructed vertex position within|zvertex| < 130 cm are
used. Reconstruction ofΛ(Λ) is carried out using the V0 de-
cay modeΛ → p + π− (Λ → p + π+). For a given event,
all possible pairs of (anti)protons and charged pions, having
NTPC

hits > 20 per track, are identified. For each pair, the point
of closest approach of particle trajectories (i.e. a potential de-
cay vertex) is then determined by extrapolating tracks back to
the beam axis.

In order to reduce the background from random track
crossings (combinatorial background), several cuts are im-
posed as explained in the text below and illustrated in Fig. 13.
These cuts include: a) DCA of decay daughter particles to the

FIGURE 13. Topology of V0 decay shown for the case ofΛ →
p + π−.

primary vertex (DCAPV) - this cut is imposed in theχ2-
space,i.e., after normalization to respective parameter er-
rors; b) quality of the secondary vertex reconstruction
(χ2

vertex/NDF); c) DCA between the daughters in the sec-
ondary vertex (DCAdaught); d) the distance between the pri-
mary and secondary vertices (PV-SV Distance); e) the value
of the pointing angle (PA), defined as the angle between the
reconstructed parent particle momentum vector and the line
connecting the primary and secondary vertices. The selection
criteria have been optimized to achieve the best significance,
defined asS/(S+B), whereS is the hyperon signal andB
is the background under the signal peak. The actual values
of the topological cut parameters forΛ(Λ̄) are given in Ta-
ble II. For each selected pair of daughter particles, the invari-
ant mass of the parent hyperon is calculated. Figure 14 shows
the invariant mass distribution for the pairspπ− (left panel)
and pπ+ (right panel). In order to extract the raw signal,
the background under the peak region has to be estimated.
For this purpose, a combined fit of a Gaussian for the signal
and a second-order polynomial function for the background
is applied. The raw hyperon yields are determined by bin
counting in the±5σ interval around the measured peak posi-
tion with subsequent subtraction of the polynomial function
integral estimated for the same invariant mass range. The re-
sulting hyperon yield is then corrected for the reconstruction
efficiency (A× ε, see Fig. 15), which accounts for signal

TABLE II. Selection criteria forΛ andΛ̄ reconstruction.

Selection Λ Λ

DCAPV (cm) > 4.0(π−) > 4.0(π+)

> 2.5(p) > 1.5(p)

χ2
vertex/NDF < 1.75 < 1.75

DCAdaught (cm) < 3.0 < 2.8

PV-SV Distance (cm) > 2.0 > 2.0

PA (radians) < 0.08 < 0.14
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FIGURE 14. a) Invariant mass spectra of (p, π−) pairs in the transverse momentum interval1.75 < pT < 2 GeVc. Reconstructed data are
plotted by symbols, the result of a fit using a Gaussian plus a polynomial function of second order is shown by the line. b) Invariant mass
spectra of (p, π+) pairs in the transverse momentum interval1.25 < pT <1.5 GeVc. Reconstructed data are plotted by symbols, the result
of a fit using a Gaussian plus a polynomial function is shown by the line.

losses due to finite detector acceptance, track reconstruction
efficiency, and the applied cuts

d2N

dydpT
=

1
Nev

Nraw

∆pT∆y

1
A× ε

1
BR

, (5)

whereNraw is the number of reconstructed particles from the
invariant mass distributions,∆pT and∆y are the intervals in
pT and rapidity,A × ε is the reconstruction efficiency, BR is
the decay branching ratio andNev is the number of analyzed
events in a given centrality interval.

The reconstruction efficiency forΛ as a function ofpT

is shown in Fig. 15. We found small variations inA × ε
with the centrality of the collision. The reconstructed invari-
ant transverse momentum spectra ofΛ andΛ, in centrality
selected Bi+Bi collisions, are shown in Fig. 16. The distribu-
tions, reconstructed within the rapidity range|y| < 0.5, are
shown with solid symbols, while the corresponding distribu-
tions, calculated at the generator level, are shown with empty
symbols.

Both spectra agree within the uncertainties. Due to the
very short time scale of the electromagnetic decayΣ0 →
Λ + γ (∼ 10−19 s), theΛ-hyperons originating in decays
of Σ0 are experimentally indistinguishable from the primary
Λ-hyperons. Therefore, the results for the yield ofΛ and
Λ-hyperon represent the summed contribution fromΛ and
(Σ0 → Λ + γ), Λ and (Σ̄0 → Λ + γ), respectively. Cor-
rections for feed-down from weak decays from multi-strange
hyperons (Ξ andΩ) were estimated to be approximately 7%
for Λ and 24% forΛ̄. The feed-down contribution is slightly
dependent on centrality and was subtracted using the model.
The capability of the MPD detector to reconstructΛ(Λ),
Ξ−(Ξ̄+) andΩ−(Ω̄+) hyperons in central Au + Au collisions
at
√

sNN = 9 GeV was investigated previously in Ref. [45]
showing reasonable yields of these particles in 10 weeks of
data taking with the expected operational luminosity. How-
ever, the yield of multi-strange antihyperons is very low at
NICA energies, decreasing systematically with an increas-
ing number of strange quarks. Therefore, in what follows

for the 1st stage of heavy-ion collisions at NICA, we per-
form only an analysis of multi-strange hyperons. Once the
Λ-hyperons are reconstructed, the cascade hyperons are re-
constructed as well using the decay modeΞ− → Λ + π−.
The candidateΛ for pairing withπ− is determined requiring
the invariant mass to be within± 5σ relative to the nom-
inal value. To improve signal purity, topological selection
criteria similar to (a)-(e) described above are applied (see Ta-
ble III). For example, Fig. 17a) shows an invariant mass dis-
tribution for Λπ− pairs in the transverse momentum interval
1.0 < pT < 1.5 GeVc. The reconstruction efficiency forΞ−

as a function ofpT is shown in Fig. 15. In Fig. 17b) shows
the reconstructed invariantpT spectra ofΞ− -hyperons in cen-
trality selected Bi+Bi collisions. The difference between the
reconstructed and the generator level spectra is small. The
yield of Ω-hyperons in heavy-ion collisions is small, thus, the
analysis was performed in a larger rapidity interval (|y| < 1)
and for a wider centrality selection 0-80%. The selection cri-
teria applied forΩ are given in Table III, the efficiencypT -
dependence is plotted in Fig. 15. In Fig. 18a) shows the

FIGURE 15. The reconstruction efficiency (A× ε) for Λ, Ξ, andΩ
at midrapidity (|η| < 0.5) as functions ofpT in centrality selected
Bi+Bi collisions.
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FIGURE 16. a) Midrapidity transverse momentum spectra ofΛ in centrality selected Bi+Bicollisions. Reconstructed distributions are shown
with solid symbols; empty symbols show the initially generated distributions from the model. b) The same forΛ̄.

FIGURE 17. a) Invariant mass distribution forΛπ− pairs at1.0 < pT < 1.5 GeVc. b) Midrapidity transverse momentum spectra ofΞ− in
centrality selected Bi+Bi collisions. Reconstructed distributions are shown with solid symbols; empty symbols show the initially generated
distributions of the model.

TABLE III. Selection criteria used forΞ− andΩ−.

Selection Ξ− Ω−

DCAPV (cm) > 8.0(π−) > 7.5(K−)

> 2.5(Λ) > 4.0(Λ)

DCAdaught (cm) < 0.8 < 0.5

PV-SV Distance (cm) > 1.0 > 1.0

PA (radians) < 0.06 < 0.06

invariant shows the invariant mass distribution for (Λ, K−)
pairs in thepT-interval 0.5 < pT < 1.3 GeVc, while the
right panel shows a good agreement of the reconstructedpT-
spectrum ofΩ− in Bi+Bi interactions with the spectrum ob-
tained at generator level.

The hyperon feasibility study shows that measurements
of Λ(Λ̄) andΞ are possible with a data set of several mil-
lion events. Much larger data sets are needed to measure the
production and centrality dependence of (multi-)strange hy-
perons at NICA energies.

5.1.3. Short-lived hadronic resonances

Measurements of short-lived hadronic resonances such as
ρ(770)0, K∗(892), φ(1020), Σ(1385)± and Λ(1520) at

RHIC [46-52] and LHC [53-60] have been used to study
enhanced strangeness production, dominant hadronization
mechanisms, and vector meson spin alignment. However,
resonances are most useful for studying the lifetime and prop-
erties of the late hadronic phase [61,62], which may distort
signals of the crossover or the restoration of chiral symmetry
transition. Measurements of resonance properties in heavy-
ion collisions at

√
sNN = 7.7 − 5020 GeV revealed that

production of resonances with lifetimesτ < 20 fm/c is sup-
pressed in central collisions, while production of longer-lived
resonances likeφ(1020) remains almost unchanged from pe-
ripheral to central collisions. The observed modifications
show a smooth evolution with the final-state charge parti-
cle multiplicity in different collision systems. The suppres-
sion of resonance yields in central heavy-ion collisions is
explained by the rescattering of daughter particles in the
hadronic phase. The modifications occur at multiplicities
expected in (semi)central heavy-ion collisions at NICA en-
ergies [63]. The yield modifications are also predicted by
cascade model calculations at NICA energies [64-66]. This
provides a strong incentive for studying resonances in heavy-
ion collisions at intermediate energies with the ultimate goal
of achieving a comprehensive understanding of the hadronic
phase.
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FIGURE 18. a) Invariant mass distribution for (Λ, K−) pairs at0.5 < pT < 1.3 GeVc. b) Midrapidity transverse momentum spectrum ofΩ−

in 0-80% central Bi+Bi collisions. Reconstructed distributions are shown with solid symbols, empty symbols show the initially generated
distributions of the model.

FIGURE 19. a) The invariant mass distributions forK+K− and b)π±Λ pairs accumulated for the same and the mixed events in Bi+Bi
collision at

√
sNN = 9.2 GeV. The bottom panels show the distributions after subtraction of the mixed-event background. The resulting

distributions are fit to a combination of a second-order polynomial and the Voitian function. Examples are shown for 0-10% central Bi+Bi
collisions at

√
sNN = 9.2 GeV in the transverse momentum interval 0.2-0.4 (0.4-0.6) GeVc forK+K− (π±Λ) pairs.

Production 1 of Table I was used to study MPD capa-
bilities to reconstruct short-lived resonances in Bi+Bi colli-
sions at

√
sNN = 9.2 GeV. The UrQMD based simulation

was used because this event generator provides reasonable
description of the resonance yields and has the ability to stop
resonance decay in the final state. This allowed for the decay
of resonances in GEANT-4, which is necessary to evaluate

the efficiency of the resonance reconstruction and the mass
resolution of the detector. The reconstructed vertex had to
be within |zvertex| < 130 cm, and only events with recon-
structed centrality in the range 0-91% were accepted in the
analysis. Charged daughter particles from resonance decays
were treated as primary particles because the vertices of res-
onance decays are indistinguishable from the primary vertex.
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TABLE IV. The topological selection used to reconstruct weak de-
cays of K0

s andΛ.

Selection K0s Λ

χ2
vertex/NDF 3.0 3.0

DCAdaught (cm) 1.0 1.0

PV-SV Distance (cm) 0.5 0.5

PA (radians) 0.1 0.1

DCAπ
PV (cm) 7 7

DCAp
PV (cm) - 3

Such particles had to have at least 24 hits (out of a maximum
of 53) reconstructed in the TPC and to match to the primary
vertex within 3σ. Secondary particles from K0s andΛ decays
were required to have at least 10 hits in the TPC. Only tracks
with pT > 0.1 GeVc were accepted. The charged hadrons
were identified by a 2σ cut in the value of〈dE/dx〉 mea-
sured in the TPC. If the track was matched with the TOF, the
track was additionally required to be identified by a 2σ cut on
the measured value of particle velocityβ.

The weakly decaying daughter particles (K0
s → π+ +π−

andΛ → p + π−) were reconstructed by using the topo-
logical selections described in Sec. 5.1.2 and summarized in
Table IV.

FIGURE 20. Reconstruction efficiencies evaluated forρ(770)0, K∗(892)0, K∗(892)±, φ(1020), Σ(1385)± andΛ(1520) resonances at
midrapidity (|η| < 0.5) as a function of transverse momentum in different centrality Bi+Bicollisions at

√
sNN = 9.2 GeV.

Rev. Mex. Fis.71041201



MPD PHYSICS PERFORMANCE STUDIES IN BI+BI COLLISIONS AT
√

SNN = 9.2 GEV 19

The values were optimized to increase the significance
of the reconstructed resonance signals. The pairsπ+π− and
p π− were selected as candidates for K0

s andΛ if their recon-
structed invariant masses were within 2σ of the expected val-
ues, whereσ was parametrized as a function of the transverse
momentum of the particle. The PDG [67] masses of daughter
particles and the reconstructed momenta were used to mea-
sure the parent resonances. The candidate daughter parti-
cles are paired to accumulateK+K−, π+π−, π+K−, pK−,
π±K0

s andπ±Λ invariant mass distributions for different cen-
trality intervals 0-10%, 10-20%, 20-30%, 30-40%, 40-50%,
50-60% and 60-90% at midrapidity|y| < 0.5. Examples of
K+K− andπ±Λ invariant mass distributions, accumulated
in 0-20% central Bi+Bi collisions at

√
sNN = 9.2 GeV, are

shown in the upper panels of Fig. 19 by black symbols.
The accumulated invariant mass distributions contain sig-

nals from resonance decays and combinatorial background.
The uncorrelated combinatorial background is estimated us-
ing a mixed-event approach, where one of the daughter par-
ticles is taken for the same event and the other from an-
other event with a similar multiplicityzvertex and event plane.
The invariant mass distributions of the mixed events are then
scaled to the invariant mass distributions of the same events at
higher masses and then subtracted. The invariant mass distri-
butions of the mixed events are shown by the red symbols in
Fig. 19. The distributions remaining after subtraction contain
peaks from resonance decays and some remaining correlated
background from jets and misreconstructed decays of heavier
particles, as shown in the lower panels of Fig. 19.

The remaining background was found to be a smooth
function of the mass in the neighborhood of the resonance
peaks and can be described with a polynomial. To extract
the resonance raw yields, the invariant-mass distributions are
fitted to a combination of a second-order polynomial to de-
scribe the remaining background and a Voitian function (the
Breit-Wigner function convolved with a Gaussian to account
for the finite-mass resolution of the detector) for the signal.
Examples of the fits are shown in the same plots. The mass
resolution of the detector was estimated as a function of
transverse momentum and collision centrality for each decay
mode studied as the width of a Gaussian fit to the distribution
with the difference between the generated and reconstructed
resonance masses.

The efficiency of resonance reconstruction at midrapid-
ity in the MPD setup was estimated asA × ε = Nrec/Ngen,
whereNrec andNgen are the number of reconstructed and
generated resonances. The number of reconstructed reso-
nances is determined after all event- and track-selection cuts,
whereas the number of generated resonances accounts for the
branching ratios of particular decay channels. The evaluated
reconstruction efficiencies for the resonancesρ(770)0 →
π+ + π−, K∗(892)0 → K+ + π−, K∗(892)± → π± +
K0

s , φ(1020) → K+ + K−, Σ(1385)± → π± + Λ and
Λ(1520) → p + K− are shown in Fig. 20 as functions of
transverse momentum and centrality in Bi+Bi collisions at

√
sNN = 9.2 GeV. The estimated efficiencies are much

smaller for resonance decays with weakly decaying daugh-
ters because more particles need to be reconstructed. The
efficiencies decrease at low momentum, but most resonances
can be measured from zero transverse momentum. The effi-
ciencies show a modest dependence on event centrality; they
are smaller in central collisions because of the higher detector
occupancy.

The fully corrected transverse momentum spectra of
ρ(770)0, K∗(892)0, K∗(892)±, φ(1020), Σ(1385)± and
Λ(1520) resonances are calculated according to Eq. (5) and
are shown with markers of different colors in Fig. 21 for dif-
ferent centrality intervals. The obtained spectra are compared
to the generated ones, shown by histograms in the same plots.
The reconstructed spectra are consistent with those generated
within the statistical uncertainties, which confirms the con-
sistency of the analysis chain. To study resonance produc-
tion, as a function of centrality, a sample of about108 Bi+Bi
collisions at

√
sNN = 9.2 GeV will be required. Most reso-

nances, with the exception ofφ(1020), can be measured start-
ing from pT = 0, which is important to minimize systematic
uncertainties in the integrated yield measurements needed for
physics studies.

5.1.4. Light nuclei production

The study of the production of light nuclei is of particular
interest in view of the puzzling fact that weakly bound ob-
jects are abundantly produced inside hot and dense hadronic
matter. Light nuclei at near-midrapidity can be formed by co-
alescence of secondary nucleons located close to each other
in space and having small relative momentum. Thus, the pro-
cess of cluster formation is sensitive not only to the nucleon
density in phase space but also to spatial-momentum corre-
lations that appear in the collective velocity field during the
fireball evolution. In order to obtain detailed information on
the structure of the particle source, detailed measurements of
the transverse momentum and rapidity distributions for clus-
ters of different masses at several collision energies and cen-
tralities are necessary.

The performance of MPD for the light nuclei measure-
ments was studied using mass production 3 from Table I.
The used PHQMD model is a microscopic transport ap-
proach for the description of heavy-ion collisions including
light (hyper)nuclei production [17]. Particle identification
was achieved by combining information about particle en-
ergy losses measured in the TPC and time-of-flight measured
in the TOF. The overall efficiency correction procedure is
similar to that used in the analysis of hadrons (see Sec. 5.1.1
for details). The left panel of Fig. 22 shows the invariantpT

spectra of deuterons in centrality selected Bi+Bi collisions.
Reconstructed data are shown by symbols; model distribu-
tions are depicted by histograms. Extrapolations to the un-
measured regions of transverse momentum are based on the
Blast-Wave fit function (shown by dashed lines).
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FIGURE 21. The reconstructed (markers) and generated (histograms) transverse momentum spectra forρ(770)0, K∗(892)0, K∗(892)±,
φ(1020),Σ(1385)± andΛ(1520) resonances for Bi+Bi collisions at

√
sNN = 9.2 GeV in different centrality intervals.

Figure 22a) shows the rapidity distributions of recon-
structed protons and light nuclei (d,3He). As can be seen,
the acceptance of the MPD allows measurements of cluster
yields over the rapidity range|y| < 1.

5.1.5. Hypernuclei

Hypernuclei are bound nuclear systems consisting of nucle-
ons and hyperons. Therefore, the process of their formation
in heavy-ion collisions is determined by hyperon-nucleon
correlations in the phase space of the reaction and the mag-
nitude of the nucleon-hyperon potential [68]. The latter is of
fundamental importance for astrophysics, since the appear-

ance of hyperon degrees of freedom is expected in the in-
terior of neutron stars [69]. New experimental data on the
yields, binding energies, and lifetimes of hypernuclei can
provide important information on the nature of the interac-
tion between nucleons and hyperons in dense baryon matter.
The NICA energy range is very well suited for such stud-
ies because the maximum in the freezeout baryon density
and in the strangeness-to-entropy ratio is achieved within this
range [70].

To study the MPD characteristics for hypernuclei recon-
struction, data from mass production 3 from Table I were
used. Reconstruction of hypertritons was carried out using
the3

ΛH→ 3He+π− decay mode. The daughter particles were
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FIGURE 22. a) InvariantpT-spectra ofd in centrality selected Bi+Bi collisions. b) Rapidity distributions ofp, d and3He in 0-20% central
Bi+Bi collisions. The reconstructed data are shown by symbols while the model data are drawn by lines.

FIGURE 23. a) Invariant mass distribution for3Heπ− pairs at2.0 < pT < 2.5 GeVc. Reconstructed data are shown by symbols, the solid
line indicates a fit to a Gaussian and a third order polynomial. b) The overall reconstruction efficiency for hypertritons in Bi+Bi collisions at
midrapidity (|η| < 0.5).

identified using information on the ionization energy loss in
the gas of the TPC and the mass squared from the TOF. The
particle species is considered to be determined if the values of
dE/dx andM2 lie within±3σ of the values expected for true
protons and pions. To reduce the combinatorial background,
topological selections were applied to the reconstructed pairs,
similar to those used in the reconstruction of hyperons in
Sec. 5.1.2. The invariant mass spectrum of the3He π− pairs
that passed through each of the selection criteria is shown in
Fig. 23a). The distribution was fitted by the sum of a Gaus-
sian distribution for the signal and a third-order polynomial
for the background. The signal was determined by histogram
bin counting within a±5σ window of the Gaussian peak po-
sition and subtracting the integral of the background function
in the same mass range. The raw yield of hypertritons is then
corrected for the reconstruction efficiency, which includes the
detector acceptance and signal losses due to the selection cri-
teria and particle identification. ThepT dependence of the
evaluated efficiency is shown in Fig. 23b).

Figure 24a) shows the invariantpT-spectrum of hypertri-
tions from Bi+Bi collisions as evaluated using Eq. (5). Spec-
tra are obtained for the rapidity interval|y| < 0.5 without
selecting the collision centrality. The reconstructed distribu-

tion is shown with solid symbols, while the initially generated
distribution of the model is shown with empty symbols. As
can be seen in the figure, the agreement between the recon-
structed spectra is good for allpT intervals.

According to the standard method of determining the life-
time, the yield of unstable particles in intervals of proper time
τ decreases exponentially,

N(τ) = N(0) exp
(
− τ

τ0

)
= N(0) exp

(
−ML

cpτ0

)
, (6)

where the slope parameterτ0 is the particle lifetime and
τ = t/γ is the proper time,γ = 1/

√
1− (v/c)2, with v

the velocity,L the decay length,p the particle momentum
andM = 2.991 GeV/c2 the hypertriton rest mass [67]. The
hypertriton yield was analyzed in severalτ intervals in the
range [0.1–1.5] ns. Figure 24b) shows the fully corrected hy-
pertriton yields as a function of proper-timeτ . A fit of the
obtained distribution using Eq. (6) is shown as a line. The
slope parameter (lifetime) of265± 4 ps agrees well with the
expected value of the lifetime used in the event generator,
263 ps.

According to simulation-based estimates of the MPD ef-
ficiency for hypertritons and model predictions on (hyper)-
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FIGURE 24. a) Invariant yield distribution for hypertritons. Reconstructed and generated data are shown with triangles and rectangles,
respectively. b) Distribution of the number of hypertritons in intervals of proper timeτ . The blue and red histograms represent the generated
and reconstructed distributions, respectively, the line shows the fit according to Eq. (6).

FIGURE 25. a) Invariant mass distribution and b) global polarization distribution〈sin(Ψ1−φ∗p)〉(Mpπ) for Λ particles at0.5 < pT < 3 GeVc
for 20-50% central Bi+Bi collisions at

√
sNN = 9.2 GeV. Reconstructed data are plotted by black symbols, the fit results are shown by the

solid black line for the signal and red dotted line for background.

nuclei yields, about103 hypertritons can be registered in
one week of data collection of Bi+Bi collisions at

√
sNN =

9.2 GeV with luminosityL ≈ 1025 cm−2s−1.

5.2. Hyperon global polarization

Global spin polarization (PΛ) of Λ andΛ hyperons was found
and measured in relativistic heavy-ion collisions over a broad
collision energy range [71-73]. The data indicate a trend of
increasingPΛ with decreasing collision energy from 1-2% at√

sNN = 200 GeV to 5-7% at
√

sNN = 3 GeV. Different sce-
narios for the global polarization mechanism are predicted by
phenomenological [74,75] and MC hydrodynamic and trans-
port models, highlighting the importance of collecting new
experimental data [76,77]. Here we report on the MPD per-
formance analysis of global polarization ofΛ-hyperons. Data
from mass production number 4 in Table I served as the ba-
sis for this study, since the hyperon global polarization was
included in the PHSD model [78,79]. The procedure was de-
veloped in Ref. [34] to transfer the hyperon spin polarization
signal from the transport code to the final moment distribu-
tion of particles after weak decays. This allowed us to inves-
tigate the reconstruction of the spin signal within the detector

simulation. The global polarization observablePΛ is defined
as [71-73,80]

PΛ =
8

παΛ

〈sin(Ψ1 − φ∗p)〉
R(Ψ1)

. (7)

HereαΛ = 0.732 ± 0.014 [67] is theΛ decay parameter,
Ψ1 the first-order event plane angle from FHCAL,φ∗p the az-
imuthal angle of the proton in theΛ rest frame,R(Ψ1) the
resolution of the first-order event plane angle and the brack-
ets denote the average over all producedΛ hyperons.

The protons and pions measured in the TPC were used to
reconstructΛ hyperons, which decay throughΛ → p + π−

with a branching ratio of 63.9%. TheΛ candidates have been
reconstructed using the invariant mass technique.

The combinatorial background from uncorrelated parti-
cles has been reduced by the selection criteria based on the
decay topology with quality assurance selections, such as the
primary and secondary decay vertex positions, the DCA of
the daughter particles to the primary vertex, the DCA of the
mother particle to the primary vertex, and the DCA between
the daughter tracks; see details in Sec. 5.1.2. As an example,
the upper panel of Fig. 25 shows the invariant mass distribu-
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tion for Λ-particles with0.5 < pT < 3 GeVc for 20-50%
central Bi+Bi collisions at

√
sNN = 9.2 GeV.

The background region is fitted with a second-order poly-
nomial while the signal is fitted with a Gaussian distribu-
tion. From these fits, the backgroundfB(Mpπ) and signal
fS(Mpπ) fractions are extracted as functions of invariant

FIGURE 26. a) Global polarization ofΛ as a function of central-
ity in Bi+Bi collisions at

√
sNN = 9.2 GeV. b) The same as a

function ofpT. c) The same as a function of rapidityy. Open and
closed markers correspond to generated and reconstructed data, re-
spectively.

mass. The selected sampleP all
Λ = 〈sin(Ψ1 − φ∗p)〉(Mpπ)

contains both the signalP S
Λ = 〈sin(Ψ1−φ∗p)〉S and the com-

binatorial background contributionPB
Λ (Mpπ) = 〈sin(Ψ1 −

φ∗p)〉B(Mpπ). The distributionPΛ(Mpπ) is fitted as a func-
tion of invariant massMpπ (invariant mass fit method) [71-
73,80], according to

P all
Λ (Mpπ) = fB(Mpπ)PB

Λ (Mpπ) + fS(Mpπ)PS
Λ , (8)

to extract the signal contributionP S
Λ to the measured polar-

ization signal, see the bottom panel of Fig. 25. That is, the
backgroundPB

Λ (Mpπ) was parametrized as a linear function
of Mpπ andP S

Λ is taken as a fit parameter. The choice of a
linear function to describePB

Λ (Mpπ) is based on the assump-
tion that the background is a smooth function of the invariant
mass [81], as well as on previous measurements of global
polarization at various collision energies [82-84]. The results
of fitting with different background estimation methods are
consistent with each other within uncertainties, and the differ-
ence is treated as a systematic uncertainty. Figure 26 presents
the resulting values of global polarizationPΛ = P S

Λ/R(Ψ1)
as a function of centrality (upper panel) forΛ particles at
0.5 < pT < 3 GeVc, as a function of transverse momen-
tum pT (central panel) and rapidityy (lower panel) for 20-
50% central Bi+Bi collisions at

√
sNN = 9.2 GeV. Good

agreement is observed between thePΛ results obtained from
the analysis of fully reconstructed data ’Reco’ and generated
’MC’ PHSD model events. The statistics analyzed of 15 M
events allow us to perform differential measurements ofΛ
global polarization in mid-central Bi+Bi collisions only. The
more detailedpT-differential studies as a function of central-
ity and rapidity, as well as the measurements forΛ-hyperons,
will require a larger data sample of up to 200-300 M of min-
imum bias events.

5.3. Anisotropic flow

The sensitivity of the azimuthal anisotropic collective flow
to the equation of state (EoS) and the transport properties of
strongly interacting matter makes it one of the promising ob-
servables in relativistic heavy-ion experiments [33,85-87].

The collective flow (assuming a perfect event plane res-
olution) is usually quantified by the Fourier coefficientsvn

in the expansion of the particle azimuthal distribution rel-
ative to the collision symmetry plane given by the angle
Ψn [33,85], see Sec. 4.3 for details. In this section, we dis-
cuss the anticipated performance of the MPD detector for
differential measurements of the directed (v1), elliptic (v2)
and triangular (v3) flow of identified hadrons in Bi+Bi col-
lisions at

√
sNN = 9.2 GeV [11,30,31]. Although theo-

retical models can successfully describe flow observables at
RHIC and LHC energies, none of them can quantitatively
describe the existingvn measurements in the NICA energy
range

√
sNN = 4 − 11 GeV [11]. Therefore, we have used

two models (productions number 1 and 5 listed in Table I) to
simulate minimum bias Bi+Bi collisions: the viscous hydro
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FIGURE 27. Directed flowv1(y) of identified charged hadrons
as functions of rapidity in 10-40% central Bi+Bi collisions at√

sNN = 9.2 GeV for different methods of flow analysis of fully
reconstructed events (filled markers) and generated UrQMD events
(open markers).

+ hadronic cascade vHLLE+UrQMD hybrid model [20,21]
with QGP formation and the cascade version of UrQMD
[14,15], which is a purely hadronic transport model. The
initial parameters of the vHLLE+UrQMD model were tuned
for different collision energies in order to reproduce basic
experimental bulk observables in the RHIC Beam Energy
Scan: (pseudo)rapidity distributions, transverse momentum

spectra, and elliptic flow coefficient for inclusive charged
hadrons [20,21,88]. We refer to thevn results obtained from
the flow analysis of the generated model events as ’true’,
whereas ’reco’ denotes thevn results derived from the flow
analysis of the fully reconstructed events.

Figure 27 shows the rapidity dependence of directed
v1(y) flow of charged pions (triangles), kaons (boxes) and
protons (circles) for 10-40% central Bi+Bi collisions at√

sNN = 9.2 GeV from the analysis of UrQMD model
events. A momentum-dependent±2σ cut around each peak
in the mass-squared mass2 distribution was used to identify
pions, kaons and protons. The figure shows results obtained
with three different analysis methods with respect to the
flow vectorQ1 = Q1,FHCAL of spectator fragments detected
in FHCAL, the event plane methodvEP

1 (Ψ1,FHCAL) (upper
panel), the scalar product methodvSP

1 (Q1,FHCAL) (middle
panel), and the scalar product method using mixed harmon-
ics vSP

1 (Q1,FHCAL, Q2,TPC) (lower panel). For all species of
particles, the directed flowv1 crosses zero at midrapidity and
the reconstructed values ’reco’ ofv1 (open symbols) are fully
consistent with the generated ’true’ values (filled symbols).
Figure 28 shows the results of thepT-differential elliptic-
flow, v2, measurements for charged pions (triangles), kaons
(boxes) and protons (circles) in 10-40% central Bi+Bi colli-
sions.

The large and uniform acceptance of the TPC allows us
to use multiparticle methods, such as direct cumulants, for
elliptic-flow measurements. The top panel of Fig. 28 shows
the four-particlev2{4}. The other panels show the two-
particle methods: b) two particle cumulantsv2{2}, c) scalar
product method using TPC tracks values for reconstructed
and generated signals is observed for all particle species and
flow analysis methods. Different flow measurement methods
have different degrees of sensitivity to flow fluctuations and
to so-called non-flow correlations [31,85,89]. They include
transverse momentum conservation, small azimuthal angle
correlations due to final-state interactions, resonance decays,
and quantum correlations due to the Hanbury Brown–Twiss
(HBT) effect [85].

The main cause of non-flow effects is few particle cor-
relations, so estimates of thev2 flow coefficients based on
four-particle cumulantsv2{4} have the benefit of great sup-
pression of non-flow effects contribution. To suppress the
non-flow effects in two-particle methods, we have applied the
pseudo-rapidity gaps∆η between sub-events:|∆η| > 0.1
between the two TPC sub-events forv2{2}, vSP

2 (Q2,TPC),
vEP
2 (Ψ2,TPC) and |∆η| > 0.5 between the TPC and the FH-

CAL detectors forvEP
2 (Ψ1,FHCAL).

The residual contribution of non-flow correlations was
found to be 1-7% forpT > 1.5 GeV/c for the two-particle
methods with|∆η| > 0.1 and it was found that it is negli-
gible for the two-particle methods with|∆η| > 0.5 and the
four-particle cumulant method.

Different flow measurement methods have different de-
grees of sensitivity tov2 fluctuationsσv2 : σ2

v2
= 〈v2

2〉−〈v2〉2.
For a Gaussian model of fluctuations, one can expect [85]:
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FIGURE 28. Elliptic flow v2(pT) of identified charged hadrons as
a function ofpT in 10-40% central Bi+Bi collisions at

√
sNN =

9.2 GeV for different methods of flow analysis of fully recon-
structed events (filled markers) and generated UrQMD events (open
markers).

FIGURE 29. Elliptic flow v2(pT) of identified charged hadrons as
a function ofpT in 10-40% central Bi+Bi collisions at

√
sNN =

9.2 GeV for different methods of flow analysis of fully recon-
structed events (filled markers) and generated vHLLE+UrQMD
model events (open markers).

v2{2} = 〈v2〉+0.5σ2
v2

/ 〈v2〉 , v2{4} = 〈v2〉−0.5σ2
v2

/ 〈v2〉.
Our previous work demonstrates that the participant eccen-
tricity fluctuations, in the initial geometry of the overlap re-
gion of two colliding nuclei, come mainly fromv2 flow fluc-
tuations for colliding heavy-ion systems (Au+Au or Bi+Bi)
at
√

sNN > 7 GeV [31,89]. Consequently, the values of
v2{Ψ1,FHCAL} measured with respect to the first-order event
planeΨ1,FHCAL will consistently be smaller than the values
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FIGURE 30. Elliptic flow v2 of identified charged hadrons as a
function of centrality in Bi+Bicollisions at

√
sNN = 9.2 GeV

for different methods of flow analysis of fully reconstructed events
(filled markers) and generated vHLLE+UrQMD model events
(open markers).

of v2{Ψ2,TPC} measured in relation to the participant plane
Ψ2,TPC: v2{Ψ1,FHCAL} ' 〈v2〉 , v2{Ψ2,TPC} ' 〈v2〉 +
0.5σv2

2
/ 〈v2〉.

Figure 29 shows the performance for the measurements
of v2 as a function ofpT of identified charged pions (tri-
angles), kaons (boxes), and protons (circles) from 10-40%
central Bi+Bi collisions for reconstructed and generated

FIGURE 31. Triangular flowv3(pT) of identified hadrons as func-
tion of transverse momentum in 10-40% central Bi+Bi collisions at√

sNN = 9.2 GeV for different methods of flow analysis of fully
reconstructed events (filled markers) and generated events with the
vHLLE+UrQMD model (open markers).

vHLLE+UrQMD model events. Good agreement is observed
between thev2 results.

Due to the lack of spectators in the vHLLE+UrQMD
model, we can not test the event plane method using the first-
order event plane from spectatorsvEP

2 (Ψ1,FHCAL). Figure 30
shows the performance for the measurements of the central-
ity dependence of the elliptic flowv2 of identified hadrons for
different flow analysis methods. The conclusions from the
comparison of the results ofv2 are very similar. The present
statistics of 50 M minimum bias events are not sufficient for
a statistically significant four-particle cumulantv2{4} results
for 0-10% central Bi+Bi collisions. The triangular (v3) flow
of hadrons is predicted to be more sensitive (thanv2) to vis-
cous damping and may be a good observable for investigating
the formation of a QGP and pressure gradients in the early
phase [21,90].

The calculations of the hybrid model show that the hydro-
dynamically generatedv3 signal disappears at low collision
energies of

√
sNN = 5 − 7 GeV and there is nov3 signal

generated in the hadronic phase [21,90]. Figure 31 shows the
performance for the measurements ofpT of v3 of identified
charged hadrons in Bi+Bi collisions at

√
sNN = 9.2 GeV

for different methods of flow analysis of fully reconstructed
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FIGURE 32. a) The demonstration of the invariant-mass fit method to extract thev1 and b)v2 signal forΛ particles produced in 20-50%
central Bi+Bi collisions at

√
sNN = 9.2 GeV. Reconstructed data are plotted by black symbols, fit results are shown by the colored lines.

events (filled markers) and generated vHLLE+UrQMD
events (open markers). The present statistics allows us to
check the event plane method using the event plane from
the TPCvEP

3 (Ψ3,TPC). In general, a good agreement is ob-
served between thev3 results from the analysis of fully re-
constructed and generated model data.

For V 0 particles, such asK0
s andΛ, the invariant mass

fit method [30] can be applied to separate thevS
n value of

the signal from thevB
n of combinatorial background. As an

example, Fig. 32 demonstrates the invariant mass fit method
to extract the directedvS

1 (left panel) and ellipticvS
2 (right

panel) flow signals forΛ particles produced in 20-50% cen-
tral Bi+Bi collisions at

√
sNN = 9.2 GeV. The method in-

volves calculating thevall
n = 〈cosn(Ψ1 − φΛ)〉(Mpπ) of the

same-event distribution as a function of the invariant mass
Mpπ (denoted by black symbols in Fig. 32) and then fitting
the resultingvall

n (Mpπ) distribution using

vall
n (Mpπ) = fB(Mpπ)vB

n (Mpπ) + fS(Mpπ)vS
n , (9)

wherefB(Mpπ) andfS(Mpπ) are the background and the
signal fractions, respectively. The backgroundvB

n (Mpπ) is
parametrized as a linear function ofMpπ andvS

n is taken as
a fit parameter, see Fig. 32. Figure 39 presents the result-
ing values for directedv1 (left) and ellipticv2 (right) flow
of Λ hyperons as a function of pseudorapidityη and trans-
verse momentumpT in 20-50% central Bi+Bi collisions at√

sNN = 9.2 GeV for the event plane method of analysis
of fully reconstructed events (filled markers) and generated
PHSD model events (open markers).

Current studies show that the MPD is capable of provid-
ing detailed differential measurements of directed (v1), ellip-
tic (v2), and triangular (v3) flows of identified hadrons pro-
duced in Bi+Bi collisions at

√
sNN = 9.2 GeV with high

accuracy.

5.4. Femtoscopy and correlations

Femtoscopy serves as a tool for measuring the spatio-
temporal dimensions of the systems created in particle or nu-
clear collisions.

These measurements are made possible by the effects
of quantum statistics and final-state interactions, which in-
duce momentum correlations between two or more particles
at small relative momenta in their center-of-mass system. By
studying the shape of the fireball formed during heavy-ion
collisions, valuable insights into the nature of the transition
between the hadron phase and the quark-gluon plasma can
be gained [91-93]. Given that pions are among the most co-
piously produced particles in high-energy reactions, femto-
scopic studies concentrate mainly, although not exclusively,
on correlation studies of these particles. In this section, we
present feasibility studies for two-pion correlation functions
performed using UrQMD simulations.

5.4.1. Femtoscopic correlations of charged pions

From a theoretical perspective, the correlation function (CF)
is defined as the ratio of the two-particle production cross-
section to the product of the single-particle cross-sections.
Experimentally the CF can be measured as the ratioC(q) =
A(q)/B(q), whereA(q) is the distribution of pairs from the
same event andB(q) represents the reference distribution
of pairs from mixed events [94,95]. The quantityqinv de-
notes the Lorentz-invariant momentum difference, defined as
qinv =

√
q2
0 − q2.

One-dimensional (1D) analyses of pion femtoscopy are
challenging because of the non-Gaussian nature of the
source, caused by long-lived resonance contributions. There-
fore, an exponential Bowler-Sinyukov function (neglecting
the Coulomb interaction) is commonly employed to fit the
pion CF [96]

C(q) = 1 + λ exp(−Rq), (10)

whereλ indicates the correlation strength andR the one-
dimensional source radius. More general Lévy shapes have
also been recently explored [97-100].

In three-dimensional (3D) analyses performed in the Lon-
gitudinally Co-Moving System (LCMS) [91,92], information
about the size and shape of the particle-emitting source can
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be extracted using the 3D Bowler-Sinyukov formula that, for
a Gaussian-like source and ignoring the Coulomb correction,
takes the form [101,102]

C(qout, qside, qlong) = 1+λe(−q2
outR

2
out−q2

sideR
2
side−q2

longR
2
long). (11)

In the LCMS, the vectorq is decomposed into three com-
ponents:qout (in the direction of the average transverse pair
momentum),qlong (in the direction of the beam) andqside

(perpendicular to both directions). This parameterization al-
lows us to measure all three independent combinations of
four space-time dimensions of the source.

Here we analyze MC data obtained from centralized pro-
duction 1 in Table I, using the UrQMD model. We discuss
the effects that influence the femtoscopic correlations from
the experimental point of view. The most significant factors
in this context are the two-track effects and the resolution of
momentum.

In femtoscopic studies of two identical charged particles,
track pairs with similar momenta and emission angles from
the reaction region are subject to specific reconstruction ef-
fects. Track merging occurs when two spatially close tracks
are incorrectly reconstructed as one, leading to inefficiency
in the reconstruction of close pairs. In contrast, track split-
ting occurs when a single track is erroneously reconstructed
as two tracks that are very close to each other. This results in
a false enhancement of close pairs in the correlation function,
particularly in the region of femtoscopic effects at small mo-
mentum differences. Consequently, the extracted radii and
theλ parameters can be affected.

Since two-track effects occur at small angular distances,
restrictions on the azimuthal angle∆φ∗ and the polar angle
∆η between tracks are generally applied [103]. The angleφ∗

is defined as the azimuthal angleφ of a particle with trans-
verse momentumpT and chargeze at some radiusR within
the TPC in a magnetic fieldB,

φ∗ = φ + arcsin(zeBZR/2pT). (12)

The∆η ∆φ∗ distribution of pion pairs, normalized to a
mixed event sample, is shown in the left panel of Fig. 40. The
∆φ∗ projection is shown in the middle panel and the∆η pro-
jection is shown in the right panel. A region of inefficiency
due to two-track effects is clearly visible at low∆φ∗ and∆η.
The width of this inefficiency region depends on the detector
geometry and the two-track reconstruction efficiency [104].

Finite track momentum resolution causes the recon-
structed relative momentum of a pair to differ from the true
value. This can be taken into account in the theoretical func-
tion using the response matrix [105]. An example of such
a matrix, that correlates the UrQMD generated relative mo-
mentumqmodel with the reconstructed relative momentum
qrec, is shown in the upper panel of Fig. 33. The width of
the smearing effect (σq) is estimated to be about 4.5 MeVc
in the region of the femtoscopic effect, this is shown in lower
panel of Fig. 33.

The 1D CFs were studied in three intervals of pair trans-
verse momentumkT (kT = |pT,1+pT,2|/2): 0.15-0.25, 0.25-
0.35, and 0.35-0.45 GeVc, as well as three centrality classes:
0-10%, 10-30%, and 30-50%.

The fits were performed using Eq. (10). Figure 34 shows
the pion CFs as a function of the invariant pair relative mo-
mentumqinv. The solid blue line represents the CF with par-
ticle momenta from the UrQMD model. The open circles
correspond to the CF with reconstructed pion track momenta
for tracks with a number of hits greater than or equal to 40.

FIGURE 33. Effect of finite momentum resolution for the two particle relative momentumq. The upper panel shows, with different colors,
the number of correlated pair relative momenta, quantified in the vertical scale on the right side of the plot. The lower panel shows the
projection on theqrec axis and corresponds to a distribution with a width of 4.5 MeVc.
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FIGURE 34. Example of simulated pion CFs fitted as function of
the invariant pair relative momentumqinv. The CFs were fitted us-
ing Eq. (10).

Both CFs were obtained with cuts to exclude two-track inef-
ficiency effects:|∆η| < 0.07 and |∆φ∗| < 0.07, as deter-
mined from Fig. 40. Notice that there is some disagreement
between the generated and reconstructed CFs in Fig. 34 in
the regionqinv < 0.01 GeVc, attributed to the two-track cut
effects. The curves in the figure are for fits to the CFs using
Eq. (10). The radius of the reconstructed correlation function
is approximately 6% smaller than that of the initial ideal CF
due to the distortion caused by the resolution of the momen-
tum. While it is possible to correct for momentum smearing
using deconvolution methods for real data, the corrections
are delicate, especially in the low-q region since they often
amplify statistical noise, and require excellent modeling of
detector response and careful control of non-Gaussian tails
in the resolution. This is why in actual data analysis these
corrections are usually not applied directly to the correlation
function. Instead, the effect is quantified using simulations
and included in the systematic uncertainties. This is the pro-
cedure that we will follow when the analysis is performed
with real data.

Figure 35 shows the extracted radii,R, as a function of
kT for the centrality intervals 0-10%, 10-30%, and 30-50%.
The fit used to obtain the values ofR was performed for both
the reconstructed correlation function (solid symbols) and the
true correlation function from the UrQMD model (open sym-
bols). The exponential radius is almost flat as a function of
kT. The variation of the radius with centrality is consistent
with the geometric interpretation of the collisions. The maxi-
mum deviation between the reconstructed radii and the model
radii is observed to be approximately 8%, while the minimum
deviation is around 3%. The reduction in the reconstructed
radii, compared to the model ones, is primarily attributed to
the effects of momentum resolution.

The 3Dππ correlations were fitted for twokT intervals:
0.15-0.25 and 0.25-0.35 GeVc, as well as for three classes
of centrality: 0-10%, 10-30%, and 30-50%. The fits were
performed using Eq. (11). Figure 36 shows the 3D CF pro-
jections for the firstkT interval in the out (left), side (middle),

FIGURE 35. The one-dimensional radii extracted from the CFs for
charged identical pions versuskT. Empty and full symbols show
results for the simulated and reconstructed CFs.

FIGURE 36. Three-dimensional two-pion correlation function pro-
jections onto the out (left), side (middle), and long (right) directions
with 0.25 < kT < 0.35 GeVc for 0–10 % central Bi+Bi collisions
at
√

sNN = 9.2 GeV. Solid lines represent projections of the three-
dimensional fit with Eq. (11) on the corresponding axis.

dle), and long (right) directions. These correlation func-
tions were obtained for 0-10% central Bi+Bi collisions at√

sNN = 9.2 GeV, as simulated in the UrQMD model. The
projections of the fitted function, according to Eq. (11), are
also shown in the figure. Deviations of the CF from the fit
function at small relative momenta are associated with the
application of two-track cuts.

Figure 37 shows the extracted out-side-long radii of pi-
ons for two differentkT intervals: (0.15-0.25) and (0.25-
0.35) GeVc, along with three centrality classes: 0-10%, 10-
30%, and 30-50%. The fit was performed for both the re-
constructed correlation function (solid symbols) and the true
UrQMD model correlation function (empty symbols). The
reconstructed radii are smaller than the model ones, primarily
due to finite momentum resolution. It is evident from Fig. 37
that the radii in all directions decrease with increasing trans-
verse momentum of the pair. This behavior can be attributed
to the presence of radial flow [106,107].

The centrality dependence of the out-side-long radii is re-
lated to a simple geometric picture of ion collisions. The pa-
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FIGURE 37. The termsRout, Rside, and Rlong and λ versus
kT for 0–10 %, 10–30 %, 30–50 % central Bi+Bi collisions at√

sNN = 9.2 GeV. Empty and full symbols show results for the
simulated and reconstructed CFs.

rameterλ equals unity in the ideal case of a Gaussian spher-
ical source consisting only of primary particles emitted ran-
domly from the source. The correlation strengthλ is less
than 0.7 for the model, which could be due to the influence
of long-lived resonances and a non-ideal Gaussian source dis-
tribution. The value of the parameterλ for the reconstructed
CF is lower than that of the model CF, mainly due to finite
momentum resolution and the distortion of the CF resulting
from two-track cuts.

5.4.2. Charged balance function

The charge balance function (CBF) has been proposed as
a convenient measure of the correlation between oppositely
charged particles [108]. It provides valuable insight into the

charged particle production mechanism and can address the
fundamental question concerning the hadronization process
in nuclear collisions at relativistic energies [109]. The final
degree of correlations is reflected in the balance function and
consequently in its width. It is defined as

B(∆y) =
1
2

{ 〈N+−(∆y)〉 − 〈N++(∆y)〉
〈N+〉

+
〈N−+(∆y)〉 − 〈N−−(∆y)〉

〈N−〉
}

, (13)

where〈N+−(∆y)〉 is the average number of opposite-charge
pairs with particles separated by a relative rapidity∆y, and
similarly for 〈N−+(∆y)〉, 〈N++(∆y)〉, and 〈N−−(∆y)〉.
〈N+〉 and〈N−〉 are the numbers of positively and negatively
charged particles in the rapidity interval, over all events. The
charge balance functionB(∆ϕ), as a function of the relative
azimuthal angle∆ϕ, is defined similarly [108].〈N+−〉 and
〈N−+〉 are equal for inclusive CBFs, however, they may dif-
fer for partial CBFs. The analysis of partial CBFs is currently
outside the scope of the present study. The width of the bal-
ance function distribution is defined as

〈∆y〉 =
∑

i Bi∆yi∑
i Bi

, (14)

whereBi = B(∆yi) is the balance function value for each
bin, with the sum running over all bins. The CBF width is
sensitive to the duration of electric charge separation, and
thus provides information on the hadronization time and may
be used to extract information about the space-time charac-
teristics of the particle emitting source. In a hydrodynamic
approach, the width is proportional to the inverse strength of
the collective radial flow in the system, allowing to estimate
collective effects as well.

CBFs for heavy-ion collisions were experimentally stud-
ied at SPS [110], RHIC [111,112], and LHC [113-115]. Two
interesting experimental observations were made: the bal-
ance function width increases with the increase of the cen-
trality, and the width decreases while the energy of the beam
increases.

The CBF modeling for MPD conditions was performed
using UrQMD-based production number 1 from Table I. The
tracks were selected according to cuts similar to those used
in the analysis of the STAR experiment [112]:0.2 < pT <
2 GeVc and|η| < 1. The tracks were required to have at least
15 hits in the TPC and be matched to the primary vertex with
DCA< 3 cm. The primary vertex was restricted to be posi-
tioned within 30 cm along the beam axis and within 2 cm in
the transverse direction. Both, rapidity and azimuthal CBFs
for inclusive and identified charged hadrons, were analyzed
at
√

sNN = 9.2 eV in Bi+Bi collisions in the 0-80% central-
ity class. Figure 38 shows the width of the pseudo-rapidity
and azimuthal charge balance function for inclusive charged
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FIGURE 38. The pseudo-rapidity (left) and azimuthal (right) charge balance function width for inclusive charged hadrons. Black circles
represent the widths obtained from reconstructed events whereas red squares represent the widths obtained at generator level (UrQMD data).

FIGURE 39. a) Directedv1 and b) ellipticv2 flow of Λ hyperons as a function of pseudorapidityη and transverse momentumpT in 20-50%
central Bi+Bi collisions at

√
sNN = 9.2 GeV for the event plane method of the analysis of fully reconstructed events (filled markers) and

generated PHSD model events (open markers).

hadrons, where black circles represent the widths obtained
from reconstructed events, and red squares the generator-
level UrQMD data. Notice that the CBFs shown in Fig. 38
are not significantly affected neither by the finite momentum
resolution nor by particle identification effects. This observ-
able is considered robustly resistant to common detector in-
efficiencies due to the fact that only the correct determination
of the electric charge is essential, which is done with very
good accuracy.

The CBFs were corrected to account for the charge im-
balance that is present (owing to the finite values of baryon,
strangeness, and isospin chemical potentials) at NICA ener-
gies, using the event mixing technique [112]. This technique
requires to calculate an additional set of CBFs composed of
tracks that are selected from different events. These mixed
CBFs can be subtracted from the same-event CBFs, to re-
move distortions due to charge imbalance. To estimate the
reconstruction efficiency, the reconstructed widths were com-
pared to those obtained at the generator level.

In summary, femtoscopic and correlation studies are use-
ful tools to reveal the spacetime properties of the particle-
emitting source in relativistic heavy-ion collisions. We have

shown that the MPD momentum resolution allows carrying
out this kind of study, providing an agreement within statis-
tical uncertainties between the reconstructed and model pa-
rameters.

5.5. Electromagnetic signals and neutral mesons

Electromagnetic signals – photons and electrons – provide
the possibility to measure spectra and correlations of neutral
mesons, direct photons and dilepton pairs. Neutral mesons
can be reliably identified in a wide momentum range and
complement measurements of charged identified hadrons.
Direct photons are the photons not originated from decays of
final state hadrons, but produced in electromagnetic interac-
tions in the course of the collision. Direct photons escape the
hot fireball and deliver information about temperature, devel-
opment of the collective flow and space-time dimensions of
the system at all stages of the collision, including the hottest
one. Dileptons similar to (real) direct photons allow us to
probe the hot matter, but in addition, reflect in-medium mod-
ifications of vector meson properties. This makes them sen-
sitive to both the deconfinement and chiral symmetry restora-
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FIGURE 40. a) Two-dimensional∆η ∆φ∗ distributions for reconstructed tracks. b) Projections in∆φ∗ and c)∆η.

FIGURE 41. a) Distance to closest track in units of standard deviations for clusters produced by different particles. b) Shower shape fit
parameter distribution for different kinds of clusters.

tion phase transitions. In this section, we review the MPD
capabilities for the measurements of photons, neutral mesons
and dielectrons in Bi+Bi collisions at

√
sNN = 9.2 GeV.

5.5.1. Photons

Direct photons can be emitted either in hard processes involv-
ing partons of incoming nucleons (promptdirect photons) or
as the thermal emission of hot quark or hadron matter (ther-
mal direct photons). Prompt photon production at NICA en-
ergies probes nucleon structure functions in a highxBj region
where they are relatively poorly constrained [116]. Predic-
tions for the thermal direct photon yields in heavy-ion colli-
sions at NICA energies are very scarce. One of them is based
on hydrodynamic calculations combined with the UrQMD
model [116]. Another one is based on the phenomenologi-
cal extrapolation of available experimental results [117]. The
two approaches provide similar predictions. The expected
contribution of direct photons to the inclusive spectrum is on
the level of 5-10% atpT ∼ 1 GeVc which makes their recon-
struction challenging but yet a realistic experimental task.

Photons in the MPD can be reconstructed in two ways, ei-
ther in the electromagnetic calorimeter (ECAL) or converted
in the material of the beam pipe or inner walls of the TPC and
reconstructed as a pair ofe+e− tracks in the tracking system.

To reconstruct photons in ECAL, a clusterization proce-
dure is used. It selects a seed cell with the energy above
the thresholdEseed = 30 MeV and adds all cells with com-
mon side and energy exceeding a minimal energy threshold
of 5 MeV. If the cluster has more than one local maximum,
an unfolding procedure is applied based on the fitting energy
depositions in all cells with electromagnetic shower shapes
with local positions and energies considered as free param-
eters. The energy of a cluster is calculated as a sum of the
energies of the cells. The coordinates of a cluster both inz
andφ directions are assigned to the “centers of gravity” cal-
culated with logarithmic weights, similar toe.g.calorimeters
in the ALICE experiment [118]

〈x〉 =
∑

wixi∑
wi

, wi = max
(

0, log
(

Ei

E

)
+ 5.5

)
, (15)

where the cut-off parameter 5.5 is chosen as large as possible
with expected electronic noise.

Photon identification in the ECAL is performed based
on three independent criteria: time-of-flight, neutrality and
shower shape. The time-of-flight is based on the good
time resolution of the ECAL which was estimated in beam
tests [119] to reach about 250 ps atEclu > 500 MeV. The
neutrality of a cluster is estimated by calculating the distance
to the closest track reconstructed in the TPC and extrapolated
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FIGURE 42. a) Inclusive photon reconstruction efficiency in the ECAL and PCM method as a function of photonpγ
T . b) Inclusive photon

reconstruction efficiency in the ECAL and PCM method as a function of rapidity.

to the ECAL surface. The width of this distribution is
parametrized and the distance between cluster and extrapo-
lated track RCPV is provided in units ofσ, see Fig. 41a).
Clusters, associated with charged particles, have maxima at
RCPV ∼ 1, while photon and neutron clusters have wider
distributions from random associations between clusters and
tracks.

The third photon identification criterion is based on the
shape of the cluster: hadrons produce either clusters with
very small dispersion in the case of minimum ionizing par-
ticles or clusters with large dispersion in the case of strong
hadronic interaction. Photons and electrons, on the contrary,
produce compact clusters. Quantitatively, the comparison
can be done in two approaches, either by evaluating eigen-
values of the dispersion matrix

Mij =

∑
k

(xi,k − 〈xi〉)(xj,k − 〈xj〉)wk

∑
k

wk
, (16)

wherexi,k is the i-th coordinate in the ECAL surface of the
cell with number k andwk is the logarithmic weight, the same
as in Eq. (15). An alternative approach calculates the result
of the fit of the energy distribution within the clusters with
the expected shape of the electromagnetic shower and returns
theχ2, which can also be used to separate photon and hadron
showers, as shown in Fig. 41b). Nonelectromagnetic clusters
have wider distributions, a feature that is used for photon or
electron selection.

The second method of the photon reconstruction in the
MPD is the Photon Conversion Method (PCM). It is based
on reconstruction ofe+e− pairs created in photon conver-
sion in the material of the beam pipe or of the inner ves-
sels of the TPC. Electron and positron tracks are identified
in the TPC, requiring the measured specific ionization losses
dE/dx to be within3σe

TPC(pT) of the values expected for
electrons. If the tracks match the TOF, their measured ve-
locities are required to be consistent with the electron signals
within 3σe

TOF(pT). Then the two dentified tracks are com-
bined with a Kalman Filter for aV 0 particle. A set of topo-

logical selections are considered and used to select true con-
version pairs:χ2 < 10, the DCA of two tracks (DCA< 2.8
cm), the Cosine of Pointing Angle (CPA) between pair mo-
mentum and direction from conversion vertex to the primary
vertex (CPA> 0.98), the angle between perpendicular to the
pair plane and the magnetic field (|ψ| < 0.275).

A comparison of the efficiency of photon reconstruction
for the two methods, as a function of transverse momentum
and rapidity, is shown in Fig. 42. The photon reconstruc-
tion efficiency in the ECAL is close to unity at sufficiently
large pT and decreases to∼ 70% at pT = 0.1 GeVc. At
pT ∼ 1 GeVc the reconstruction efficiency even exceeds
unity due to the finite energy resolution and the shape of
the inclusive photon spectrum. The efficiency of the PCM
method is approximately 100 times lower (take note of the
scale factor for the PCM case) due to the small conversion
probability up to the middle of TPC and relatively strict
selection criteria. With a primary vertex selection within
|zvertex| < 50 cm used in this analysis, the ECAL allows
re-construct photons within rapidity|y| < 1 with almost con-
stant efficiency and up to|y| < 1.3 with reduced efficiency.
The efficiency of the PCM method shows some rapidity de-
pendence due to the acceptance of the TPC and allows for a
photon reconstruction within|y| < 1.

5.5.2. DifferentialpT spectra forπ0 andη mesons

Spectra of neutralπ0, η and other mesons can be measured
with high precision through their two-photon decay channels.

Neutral meson spectra help test the thermal and chemical
equilibrium in the hot fireball, its collective radial expansion,
and other general properties of the system. In addition, com-
bining neutral mesons with charged tracks provides a way
to reconstruct short-lived hadronic resonances and to study
strangeness production. Furthermore, increased fluctuations
in the relative yield of neutral and charged mesons may indi-
cate the presence of a pion Bose-Einstein condensate [120],
or of the Critical End Point [121].

The production ofπ0 andη mesons was measured in the
π0(η) → γ + γ decay channel at mid-rapidity|y| < 0.5 in
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FIGURE 43. Invariant mass distributions forγγ pairs before a) b) and after c) d) subtraction of the mixed-event background. The plots on
the left and right are for ECAL-ECAL and PCM-PCM combinations, respectively. Examples are shown for minimum bias Bi+Bi collisions
at
√

sNN = 9.2 GeV. Solid and dashed red curves represent fits to the function described in the text.

Bi+Bi collisions at
√

sNN = 9.2 GeV using the data of mass
production 1 from Table I. The main detector subsystems
used in this analysis are the ECAL, the TPC and the TOF de-
tectors. Only events with a reconstructed vertex lying within
|zvertex| < 100 cm and centrality in a range 0-90% were
accepted. The number of analyzed minimum bias events is
equal to about4× 107 collisions. The available statistics are
sufficient only to measure the centrality-dependent produc-
tion of π0 mesons in fine-momentum bins and to estimate the
η meson production in minimum-bias collisions.

The two approaches described above were used for the re-
construction of photons: photon measurements in the ECAL
or photon conversion method. The calorimeter-reconstructed
clusters were selected as photon candidates if they satisfied
minimum selections:Eγ > 0.075 GeV, the number of tow-
ers in the cluster is greater than one, the shower shape is con-
sistent with the shape expected for electromagnetic signal,
χ2/NDF < 4, the time-of-flight is less than 2 ns. Photon
conversion pairs were selected as described in the previous
section.

The yields ofπ0 andη mesons for eachpT and the cen-
trality interval are measured by calculating the invariant mass
distributions of photon pairs at midrapidity|y| < 0.5 in
different combinations: ECAL-ECAL, ECAL-PCM, PCM-
PCM. The combinatorial background is estimated using a
mixed-event method, when one of the photons is taken from
the current event and the second is taken from another event

with similar topology (the difference inzvertex and event cen-
trality does not exceed 20 cm and 10%, respectively). The
mixed-event invariant distributions are scaled to the same
event distributions at high masses where the contribution of
correlated pairs is minimum. Examples of invariant mass dis-
tributions before and after subtracting the mixed-event back-
ground are shown in Fig. 43. After subtraction, the resulting
distributions contain the remaining correlated background
from minijets and pairs from misreconstructed hadronic de-
cays, which have a smooth dependence on the mass. The
remaining background is parametrized with a polynomial,
while contributions from decays of neutral mesons are de-
scribed with a Gaussian function. Parameters of the Gaussian
and polynomial functions are kept free in fits to the invariant
mass distributions. The extracted mass and width values for
theπ0 andη mesons are found to be consistent with the ex-
pected values within uncertainties. Examples of the fits are
presented in the same figure. The meson yields are estimated
either as integrals of Gaussian functions or by bin counting in
the mass range|m−Mrec| < 3σrec followed by the subtrac-
tion of the polynomial integral in the same range. The values
of Mrec andσrec are the mass and width of the neutral meson
extracted from the fit.

The same data sample was used to evaluate the recon-
struction efficiencies for theπ0 andη mesons in theπ0 or
η → γ +γ decay channel, as well as to estimate the expected
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FIGURE 44. Reconstruction efficiencyA × ε evaluated forπ0 andη mesons in theπ0(η) → γ + γ decay channel in Bi+Bi collisions at√
sNN = 9.2 GeV.

FIGURE 45. a) Differential production spectra and b) their ratio to the truly generated one forπ0 mesons in minimum bias Bi+Bi collisions
at
√

sNN = 9.2 GeV. Results are shown for different photon selections: ECAL-ECAL, ECAL-PCM and PCM-PCM, see text for details.

masses and widths of the reconstructed signals. For each an-
alyzedpT and centrality interval, the efficienciesA × ε are
calculated as the ratioNrec/Ngen, whereNrec is the number
of reconstructed particles in theγ + γ channel, after all event
and track selection cuts, andNgen is the number of generated
mesons within|y| < 0.5 decaying in theπ0(η) → γ + γ
channel. Examples of efficiencies evaluated for theπ0 andη
mesons for minimum bias Bi+Bi collisions as a function of
transverse momentum are shown in Fig. 44. The difference
at low pT between the efficiencies forπ0 andη mesons, re-
constructed using the same photon selections, is due to the
different masses of the particles and hence mean energies of
decay photons at the samepT of parent mesons. Quite a large
difference is observed for the reconstruction efficiencies of
π0 with different methods explained by the rather small prob-
ability of photon conversion in the detector materials with a
total radiation length ofX/X0 ∼ 4.5%. The evaluated effi-
ciencies show a rather modest dependence on the centrality
of the event.

The fully corrected yields evaluated according to Eq. (5)
for π0 meson in minimum bias Bi+Bi collisions at

√
sNN =

9.2 GeV with three different reconstruction methods are
shown in Fig. 45. The spectra agree with each other and with

the truly generated one within uncertainties. The momen-
tum coverage for the measured spectra is comparable. Fig-
ures 43 and 44 clearly demonstrate the difference between
the methods. The ECAL-ECAL method has the highest effi-
ciency, but measurements at low momenta are characterized
by a rather poor energy resolution and a significant hadronic
and combinatorial background. In contrast, the PCM-PCM
approach takes advantage of the much better energy resolu-
tion of the tracking system and the superior purity of photon
reconstruction at low momenta, resulting in much narrower
reconstructed peaks and lower background. However, the
method suffers from low efficiency as a result of a small pho-
ton conversion probability. The hybrid ECAL-PCM method
occupies an intermediate position, sharing the advantages
and disadvantages of the above two methods. Measurements
with the ECAL-ECAL and ECAL-PCM methods allow us to
study the dependence ofπ0 production on centrality. The
statistics of the PCM-PCM method do not allow for such
a detailed study with the available data set. Measurements
with the ECAL-ECAL have a smaller statistical uncertainty
and are used hereafter by default. However, measurements
with ECAL-PCM and PCM-PCM are important, especially
at low momentum, to study the performance and systematic
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FIGURE 46. Differential production spectra forπ0 andη mesons in Bi+Bicollisions at
√

sNN = 9.2 GeV. Results forπ0 meson are shown
in different centrality intervals. The measured points are compared to the true ones shown with histograms.

FIGURE 47. a) Inclusive photon directed collective flow vs. rapidity. b) Inclusive photon elliptic collective flow vs.pT.

effects in the calorimeter. The available statistics are suffi-
cient to measure only the production of centrality-integrated
η mesons using the ECAL-ECAL method.

The differential yields measured for theπ0 and η
mesons as a function of transverse momentum in centrality-
differential Bi+Bi collisions at

√
sNN = 9.2 GeV are shown

in Fig. 46. The measurements span a widepT range from
0.1 to 4.5 GeVc with the accumulated statistics. The re-
constructed spectra are compared to the truly generated ones
shown with histograms. The reconstructed spectra match the
ones generated within statistical uncertainties. Additional
photon selections, such as cluster neutrality and/or a higher
minimum energy of clusters withEγ > 0.2 GeV were op-
tionally used to further suppress the hadronic background and
optimize the reconstructed peak shapes.

The fully corrected spectra obtained using different selec-
tions were compared and found to agree within 5-10%, with
a tendency for a larger discrepancy at lower momenta. Since
statistical uncertainties in such comparisons are highly corre-
lated, the observed discrepancies serve as a rough estimate of
the systematic uncertainty for the signal extraction.

5.5.3. Collective flow of inclusive photons and neutral
mesons

The measurement of the collective flow of inclusive pho-
tons is a necessary ingredient for the extraction of the direct-
photon flow. The latter is measured as a difference of the in-
clusive photon flowvγ.incl

2 and flow of decay photonsvγ.dec
2 :

vγ.dir
n =

vγ.incl
n Rγ − vγ.dec

n

Rγ − 1
, Rγ =

Nγ,incl

Nγ,dec
. (17)

The decay photon flowvγ.dec
2 is estimated using Monte-Carlo

simulations based on the measuredπ0 flow and on the mea-
sured or estimated flow of other neutral mesons [122,123]
for details. We compare the reconstructed directed and el-
liptic flow of inclusive photons with the truly generated sig-
nals in Fig. 47a). The inclusive photon directed flowv1, in-
tegrated overpT, measured with the ECAL, reproduces the
inclusive photon flow calculated at the generator level in the
range|y| < 1.5. The PCM method also reproduces the gen-
erated flow, though with larger uncertainties within|y| < 1.

The dependence of the collective elliptic flowv2 of in-
clusive photons on the transverse momentum is presented
in Fig. 47b). The simulation was performed using approx-
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FIGURE 48. a) Neutral pion directed collective flow vs. rapidity. b) Neutral pion elliptic collective flow vs.pT.

TABLE V. Selection cuts for electron track reconstruction and eID.
The signals from TPC, TOF and ECAL,i.e. 〈dE/dx〉 in TPC,
time-of-flight in TOF, andE/p and time-of-flight in ECAL, re-
spectively, are expressed in units of standard deviations from the
signals expected for true electrons. Similar expressions are used
for TOF and ECAL matching variables, dφ and dz.

Variable Cut

nhits
TPC 39

DCA < 3σ

TPCdE/dx nσ,e < 2σ, pT < 0.8 GeVc

−1 < nσ,e < 2σ, pT > 0.8 GeVc

TPC-TOF match. ndφ
σ,e and ndz

σ,e < 2σ

TOF eID |nToF
σ,e | < 2σ

TPC-ECAL match. ndφ
σ,e andndz

σ,e < 3σ

ECAL E/p eID n
E/p
σ,e < 2σ

ECAL m2 eID |nToF
σ,e | < 1.5σ

1 million Minimum Bias events after event selection. With
available statistics, one can measure the elliptic flow of inclu-
sive photons with reasonable accuracy up topT ∼ 2.5 GeVc
with the ECAL and up topT ∼ 1 GeVc with the PCM
method.

In Fig. 48, we present a comparison of the neutral pion
directed flow as a function of rapidity and the elliptic flowv2

as a function ofpT. All three methods can potentially be used
to extract the neutral pion flow. However, the PCM method
lacks statistics and does not produce any reasonable result at
this point. We found that both the ECAL and hybrid methods
produce consistent results and reproduce the flow of primary
generated neutral pions shown with the MC curve. Similarly
to inclusive photons, the collective flow can be measured up
to |y| < 1.5 in rapidity, and the statistics analyzed of 1 mil-
lion Minimum Bias events, after event selection, allow the
reconstruction ofv2 up topT ∼ 2.5 GeVc.

5.5.4. Dielectrons

Dielectrons (e+e− pairs) open another set of possibilities
to explore the properties of hot matter. As they add an-

other variable – the mass of the virtual photon – they pro-
vide the possibility to measure the temperature of hot mat-
ter without blue shift, which appears due to the radial ex-
pansion of the fireball in case of real photons. One can ex-
pect that, at NICA energies, the heavy-flavor decay contri-
bution will be negligible and thermal virtual photon emis-
sion will be the dominant source in the intermediate mass
region1 < Mee < 3 GeVcsq. This will provide access to
the temperature of the hot source. Thermal photon emission
will also appear in the low-mass region,Mee < 0.5 GeVcsq,
where one can relate virtual and real photon yields with the
Kroll-Wada formula [124] and calculate the real direct pho-
ton yield. Thermal dilepton emission in the low-mass region,
Mee < 0.7 GeVcsq reflects the temperature of the hadron
gas formed in the late stages of the collision and conveys in-
formation about the in-medium modification of theρ-meson
spectral function.

The MPD performance for electron measurement was
studied and optimized using a sample of 15 million mini-
mum bias Bi+Bi collisions at

√
sNN = 9.2 GeV generated

in mass production 1 from Table I. To improve the statisti-
cal significance of the dielectron yield in this relatively small
sample of events, the branching ratios of dielectron sources,
namelyω → e+e−, ω → π0e+e−, ρ → e+e−, φ → ηe+e−

andφ → e+e−, were increased by a factor of 20 in the de-
cay generator table. The dilepton mass spectra were later
scaled down to retrieve the realistic dielectron yield from
these sources.

Furthermore, the yields and spectral shapes of the vec-
tor mesonsρ0(770), ω(782) and φ(1020) generated with
UrQMD were rescaled to match more realistic predictions of
the PHSD event generator.

The MPD is well suited for such measurements. Accurate
tracking is provided by the TPC and electron identification,
together with hadron rejection, are achieved by the combined
effect of the measurements of the average specific energy loss
dE/dx of the track while traversing the TPC gas, the particle
time-of-flight in the TOF and ECAL detectors, and the parti-
cle energy in the ECAL. The latter contributes to electron
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FIGURE 49. Electron track reconstruction and eID efficiency using different detector subsystems as a function of transverse momentum
(upper panel) and electron purity (lower panel) achieved with and without ECAL for eID as a function of total momentum in Bi+Bi collisions
at
√

sNN = 9.2 GeV.

identification and hadron rejection by requiring the particle
ratioE/p to be unity.

Event tracks that have a primary vertex reconstructed
within —zvertex| < 130 cm are reconstructed in the TPC
within the pseudorapidity interval|η| < 1.0, requiring at
least 39 hits out of a maximum of 53 hits, and are identified
using a momentum-dependent cut on the truncated specific
energy loss〈dE/dx〉 signal. The tracks are then extrapolated
to the vertex region and a 3σ cut is applied on the distance-
of-closest-approach (DCA) to the primary vertex. This cut
removes nearly 98% of the contributions from conversions
occurring in the detector material behind the beam pipe. Fi-
nally, the tracks are extrapolated to the TOF and ECAL detec-
tors and matched to the hits in these detectors within 2 or 3σ
of the extrapolation point in both thez andφ directions. The
time-of-flight measurement of the track is provided primarily
by the TOF detector. The ECAL also provides a measure-
ment of the track time-of-flight. It has a worse time resolution
of 250 ps at high energy, but the measurement is nonetheless
useful as it provides electron identification (eID) for those
tracks that fall within the inactive area between the modules
of the TOF detector. The main benefit of the ECAL is the
measurement of the particle energy which, coupled with its
momentum reconstructed in the TPC, gives theE/p ratio - a
critical discriminant variable for electron-hadron separation.
All selection cuts applied along the track reconstruction and
identification chain are listed in Table V.

The selection cuts result in a very good single electron
reconstruction efficiency and electron purity, as depicted in
Fig. 49. The upper panel of the figure shows the gradual
decrease in the single-electron reconstruction efficiency as
various matching and electron identification cuts are applied.
The final single-electron reconstruction efficiency of fully re-
constructed tracks (identified in TPC, TOF and ECAL) with
pT > 200 MeVc amounts to approximately 45%. The ee-
quirement of a ECAL signal reduces the efficiency to zero
for pT < 150 MeVc as such tracks do not reach ECAL. The
bottom panel shows an almost 100% purity of the final elec-

tron sample over the entire momentum range. The figure also
shows that the purity of the electron sample, without theE/p
cut enabled by the ECAL, is around 80% forpT > 1 GeVc,
highlighting the important role of the ECAL in reducing the
hadronic contamination at high momenta. The reconstruction
efficiency drops rapidly for electrons withpT < 200 MeVc,
reaching 0 at aboutpT = 100 MeVc (for an electron emitted
aty = 0, the minimum momentum to reach the TOF detector
is 110 MeVc).

A novel pair analysis strategy for the measurement of
dileptons at the MPD is being developed aiming at reducing
the combinatorial background while maintainkng a high re-
construction efficiency. To enhance the chances of recogniz-
ing electrons originating fromπ0 Dalitz decays and gamma
conversions, the rapidity phase space of fully reconstructed
electrons is divided into a fiducial (|η| < 0.7) and a veto
(0.7 < |η| < 1.0) region. Fully reconstructed electron
tracks in the fiducial area are paired among themselves or
with tracks in the veto area. Unlike-sign pairs withMee <
120 MeV/c2 are tagged as pairs fromπ0 Dalitz decais or con-
versions and are not used for further pairing. Furthermore, a
proximity cut is applied in the TPC: fully reconstructed elec-
tron tracks in the fiducial area are paired with partially recon-
structed electron tracks,i.e. electrons reconstructed in the
TPC, and not identified at least in one of the outer detectors,
the TOF or ECAL, and both tracks are removed as a poten-
tial Dalitz pair if they haveMee < 80 MeV/c2 and opening
angle,θ < 5◦ or 10◦. The remaining fully reconstructed
electron tracks in the fiducial area, withpT > 200 MeVc, are
paired among themselves to build the unlike sign (U) and like
sign (L) invariant mass spectra.

The combinatorial background B is approximated by the
L sign spectrum and thus the reconstructed signal is obtained
asS = U−B ≈ U−L, as shown in the upper panel of Fig. 50.
The lower panel shows the differential S/B ratio. Currently,
a S/B ratio of about6% is observed over the integrated mass
range of0.2 < Mee < 1.5 GeVcsq. The S/B ratio that is
obtained in the same mass range following a standard analy-
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FIGURE 50. Distributions of Unlike sign (U), Like sign (L), measured signal (U-L) and True signal (S) pairs (upper panel) and measured
((U-L)/B) and true (S/B) signal-to-background ratios (lower panel) in Bi+Bi collisions at

√
sNN = 9.2 GeV.

sis based on mixing of all tracks from the fiducial region, is
about 2.6%. This demonstrates the advantage that is provided
by the adopted analysis strategy.

In summary, the MPD experiment demonstrates a strong
capability for comprehensive dielectron measurements, ben-
efiting from excellent electron identification and high elec-
tron purity, particularly due to the critical role of the ECAL
to reduce hadronic contamination. Tools such as machine
learning, to further improve the S/B ratio and the signal sig-
nificance, are currently under development.

6. Conclusions

In this work, the physics performance of the MPD experiment
was studied in Bi+Bi collisions at

√
sNN = 9.2 GeV us-

ing large samples of events simulated using UrQMD [14,15],
DCM-QGSM-SMM [16], PHQMD [17], PHSD [18,19] and
vHLLE+UrQMD [20,21] event generators. A wide vari-
ety of observables was analyzed, including the measure-
ment of light-flavor hadrons and (hyper)nuclei, photons and
(di)electrons, focusing on those expected to be available for
an experimental study with the first collected data sets of 50–
100 M events.

The measured differential particle yields span the phase
space in transverse momentum and rapidity, corresponding
to ∼ 70% of the total light-flavor hadron production cross
section. This provides a reduction of systematic uncertainties
in the estimation of integrated particle yields, important for
mapping the QCD phase diagram in terms of baryon chemi-
cal potential and temperature and for studying particle ratios
in the strange sector. DifferentialpT measurements cover a
wide range frompT ∼ 100 MeVc to a few GeVc for most
light hadrons, providing an opportunity to study the dynamics
of heavy-ion collisions, and to better understand the kinetic
freezeout conditions. The ability of the MPD to measure the
production of various hadronic resonances over a wide range
of lifetimesτ ∼ 1 − 45 fm/c helps to investigate the proper-
ties of the late hadronic phase, which may significantly affect
the transition and CEP signatures.

The measurements for light nuclei (d, t) cover the midra-
pidity region (|y| < 1) and are more restricted in the lowpT

range due to losses in the detector material. However, accu-
rate reconstruction of the shapes of transverse spectra and ra-
pidity distributions of nuclei is possible, allowing us to study
the freezeout process and the role of momentum-space corre-
lations in the production of nuclear clusters.

The feasibility studies showed that the measurement of
hypertritons is possible with the MPD. The selection criteria
for 3

ΛH reconstruction are optimized for best significance, the
detector efficiency for3ΛH as a function ofpT is found to vary
from 1% to 7% near mid-rapidity. It is shown that the data
set volume that could be collected during the first period of
data taking is sufficient to obtain enough statistics and to get
the yields of hypertritons in several proper time intervals for
the measurement of the3ΛH lifetime.

Performance of the MPD has been verified for anisotropic
flow measurements of identified charged pions, kaons, pro-
tons andΛ particles as a function of rapidity (y) and trans-
verse momentum (pT) in different centrality classes. A de-
tailed comparison of the results obtained from the analysis
of the fully reconstructed data and generator-level data has
allowed us to conclude that the MPD system will provide de-
tailed differential measurements of directedv1, elliptic (v2)
and triangular (v3) flows with high efficiency.

Femtoscopic and correlation measurements are important
tools to determine the space-time sizes and the hadronization
properties of the particle-emitting source. The main limita-
tion for an accurate determination of the parameters describ-
ing the space-time source of particles is the finite track res-
olution, which causes a smearing to distinguish single par-
ticle tracks. The smearing effect is estimated to be about
4.5 MeVc and this affects the determination of the femto-
scopic parameters within less than 10% of the generated val-
ues. CBFs studies, describing the correlations of oppositely
charged particles, were also performed. The rapidity and
azimuthal widths of the reconstructed balance functions are
shown to coincide within the sample statistics with the corre-
sponding generated functions.
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Photons in the MPD can be reconstructed and identified
either in the ECAL or through the photon conversion method.
The first approach provides a reconstruction efficiency close
to unity, whereas the second one ensures purity close to unity.
Photons can be used to reconstruct neutral-meson yields and
correlations. A statistics of 50 M events is sufficient to extract
the centrality-dependent neutral pion spectrum in the range
0.1 < pT < 4 GeVc and anη-meson yield in minimum bias
collisions. The estimated uncertainties of these spectra on
the level of a few percent are sufficient to extract the direct-
photon spectrum. Collective flows of inclusive photons and
neutral pions are also extracted and agree with those at the
generator level within statistical uncertainties, which at mid-
pT are at percent level for the 50 million events.

The ability to extract the dilepton spectrum was tested
on the example of the UrQMD event generator. Although a
sample of 50 million events is not sufficient to extract a high-
statistics dilepton spectrum in Bi+Bi collisions, it provides a
realistic estimate of the background levels and the required
statistics.
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92. M. Csańad and D. Kincses, Femtoscopy with Lévy sources
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148. A. Adare et al., Lévy-stable two-pion Bose-Einstein cor-
relations in

√
sNN = 200 GeV Au+Au collisions,Phys.

Rev. C97 (2018) 064911,https://doi.org/10.1103/
PhysRevC.97.064911

149. M. Csanad, Exploring the QCD phase diagram via the col-
lision energy dependence of multi-particle femtoscopy with
PHENIX, J. Phys. Conf. Ser. 1602 (2020) 012009,https:
//doi.org/10.1088/1742-6596/1602/1/012009

150. A. Bzdak et al., Mapping the Phases of Quantum Chromo-
dynamics with Beam Energy Scan,Phys. Rept. 853 (2020)
1, https://doi.org/10.1016/j.physrep.2020.
01.005

151. M. Nagyet al., A novel method for calculating Bose-Einstein
correlation functions with Coulomb final-state interaction,Eur.
Phys. J. C83 (2023) 1015,https://doi.org/10.1140/
epjc/s10052-023-12161-y

152. T. Csorgo, B. Lorstad, and J. Zimanyi, Bose-Einstein corre-
lations for systems with large halo,Z. Phys. C71 (1996) 491,
https://doi.org/10.1007/s002880050195

153. B. Porfy, Femtoscopic Correlation Measurement with
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