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MPD physics performance studies in Bi+Bi collisions at/syy = 9.2 GeV
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MPD PHYSICS PERFORMANCE STUDIES IN BI+Bl COLLISIONS A/ Sy N = 9.2 GEV 3

The Multi-Purpose Detector (MPD) is one of the three experiments of the Nuclotron lon 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 rangeyy = 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, patrticle 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 /sy = 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 the first stage of operation, the MPD detector has three main
subsystems covering the central rapidity region: the Time
Heavy-ion collisions have been used to study QCD matter unprojection Chamber (TPC), the electromagnetic calorimeter
der extreme conditions of high temperatures and baryon defeCAL), the Time of Flight (TOF) and two forward region
sities for over 30 years. The main goal of this research hagubsystems: the Fast Forward Detector (FFD) and the For-
been to better understand the rich structure of the QCD phasgard Hadron Calorimeter (FHCAL). One of the advantages
diagram and to search for the phase transition into a new stat the MPD over the current NA61/SHINE experiment at the
of matter, the quark-gluon plasma (QGP), and the existencgpPs or the future CBM experiment at FAIR is the capabil-
of a Critical End-Point (CEP) [1-3]. The research programity to operate both in fixed target and colliding modes. The
started in the late 80 s at the AGF{y~ ~ 5 GeV) and the  MPD will complement the STAR beam energy scan program
SPS (/snn ~ 17 GeV). It was followed later by detailed with measurements at mid-rapidity @&~ = 4 — 7.7 GeV.
studies of the hot matter at much higher energies at RHI®ther advantages of the MPD are its ability to perform a
(uptoy/syn =200 GeV)and LHC (upta/syny =5TeV).  system-size scan and direct photon measurements that pro-
All these studies revealed the existence of a transition fronyide unique information on the properties of the hot matter
hadronic matter to a QGP at a temperatilire~ 160 MeV  produced in nuclear collisions in the NICA energy range.
and near-zero net baryon densities, which is consistent with  1ha search for the phase transition and CEP will be done

the lattice QCD prfeQictions ofa cross-oyer transition [4]. by measuring a wide variety of observables, including pro-
Heavy-ion collisions at lower energieg/kvn = 2 —  duyction of light-flavor hadrons and (hyper)nuclei, electro-
10 GeV) provide the means to study a different region of theqagnetic probes such as (direct) photons and dielectrons, by

QCD phase diagram, which is characterized by lower tempersydying the particle flow, correlations and fluctuations. First
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 lon Collider Facility (NICA) [9], the Facil-
ity for Antiproton and lon Research (FAIR) [1] and the High-
Intensity Heavy-lon 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

VsnN = 4 — 11 GeV by providing high-luminosity scans g, re 1. Schematic view of the MPD apparatus in the first stage
both in collision energy and in system size [9]. of operation. The central barrel subsystems from inside to outside:

The MPD is a 4 spectrometer, depicted in Fig. 1, with TPC, TOF and ECAL and the forward subsystems: FFD and FH-
excellent PID for charged hadrons, electrons and photons. IGAL.
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tests with a beam at the NICA collider are expected to startin  The central barrel detectors are mounted inside the mag-
the summer of 2025. Bi+Bi collisions @fsyy = 9.2 GeV  net and cover the full azimuthal angle and a pseudorapidity
are among the first systems to be studied in the NICA colliderrange|n| < 1.5. A detailed description of the MPD is pre-
The choice of nuclei is determined by the ion source capabilsented in Ref. [11].
ities in the initial configuration. The energy was picked to  The trajectories and momenta of charged particles are
be close to one of the energies studied in Au+Au collisionameasured in a large volume TPC. The TPC also provides par-
by the STAR experiment during the BES program to provideticle identification by measuring their energy log&(/ dx)
some basic comparison. in the operational gas (90% Ar and 10% QHwith a typical

In this paper, we present selected results of physics feaesolution of~ 6.5% achieved in heavy-ion collisions. Up to
sibility studies for the MPD experiment in Bi+Bi collisions 53 points are measured along the track trajectory to provide
at/syy = 9.2 GeV with a focus on observables that will reliable momentum reconstruction and particle identification.
become available with 50—100 M collected events. The paThe Fig. 2a) shows the momentum resolution for primary
per is organized as follows: In Sec. 2, we briefly describeparticles with more than 20 measured points in the TPC. In a
the setup of the MPD experiment. In Sec. 3, we describe thevide momentum range, the resolutiomis2 — 3%, deterio-
data analysis framework, which was used to produce the preating at lower momentum due to multiple scattering and at
sented results. In Sec. 4, we discuss the global characterizaigher momentum due to limited spatial resolution. The right
tion of heavy-ion collisions and in Sec. 5, we present physicpanel of the same figure shows the distributiond®f/dx
feasibility and performance studies for selected physics obsignals reconstructed for charged particles as a function of
servables that can be carried out with the MPD in the firsimomentum, where one can identify bands corresponding to

run. A summary is provided in Sec. 6. electrons, pions, kaons and protons. The solid curves show
the+207pc selections for different particle species. The TPC
2. MPD setup providesn/K and K/p separations withio in the momen-

tum range up to 0.7 GeVc and 1.2 GeVc, respectively.
The design of the experimental setup and the preliminary re- A wall of TOF detectors follows the TPC in radius and
sults of the MPD performance with heavy-ion beams haveconsists of 28 modules (14 modules ¢gnand two mod-
been published in Ref. [11]. The MPD is designed as &!les in z-direction), each made of 10 Multi-gap Resistive
magnetic spectrometer capable of measuring and identifyinglate Chambers (MRPC). The TOF detector provides time-
charged hadrons, electrons, and photons over a wide ran@é&flight measurements for charged particles with a typical
of momentum and rapidity. In this section, we give a briefresolution of~ 80 ps. Together with the momentum and
description of the setup in the first stage of the MPD [12]. Atrack length measurements in the TPC, it provides particle
schematic view of the MPD is shown in Fig. 1. The supercon-separation by massr velocity 3, as shown in the Fig. 3a).
ducting magnet generates a magnetic field upte 0.57 T The TOF detector extends the particle identification capabil-
with a nominal field for the regular operation 8f= 0.5 T.  ities of the TPC to higher momenta, providi2g separa-
Reduced and reversed-field runs are also expected to providi@n of /K and K/p up to 1.5 GeVc and 2.5 GeVc, respec-

better coverage for lower-momentum particles and systerrtively. Only pion (proton) tracks with transverse momentum
atic studies, respectively. pr > 150 (350) MeVc can reach the TOF for the nominal

c £ o
% 0.04= MPD simulations g MPD simulations
] F Bi+Bi, sy, = 9.2 GeV % Bi+Bi, {Sy = 9.2 GeV
o 0.035— o4 gt 3
£ E T = — Electrons
E 003 Lt 8 :
c E wet"® | —+ Pions
20025 ."'". S —+ Kaons
g E ) .-"'..” = —+ Protons
S0, e :

0.015— “e°*

0.01;
0.005;
Bl cad v b bea b b bvaa b b by

2 22 24 b) 02 04 06 08 1 12 14 16 18 2 22 24
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of
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Q-
i =
or
of
ofF
oof
[N

=
of
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FIGURE 2. a) Momentum resolution for primary charged particles reconstructed in the TPC at midrapjglitg (1.0) with number of
pointsnite > 20. b) dE/dz signals for primary charged particles reconstructed in the TPC with number of pgfiits> 20. The bands
of different colors correspond toszpc Selections for electrons, pions, kaons and (anti)protons. Simulation results are shown for Bi+Bi

collisions at\/syny = 9.2 GeV.
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c 0.2
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5 018 MPD simulations
o C Bi+Bi, {sy = 9.2 GeV
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> il
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MPD simulations 0.4 ..
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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 corresponddec? selections for electrons, pions, kaons and (anti)protons. b) Energy resolution of
the ECAL for primary photons. Results are shown for Bi+Bi collisiong/alvy = 9.2 GeV.

magnetic field. At lower momenta, charged particle identifi-
cation is only possible with the TPC. tﬁFD _ (tEFD N t?%n) 12— Lje,
The ECAL is the outermost detector, consisting of 38,400 FFD _ . (4E W
. Zyortex = € (tFpD — trEp) /2, (1)
shashlyk-type towers packed into 50 half-sectors (25 half-
sectors inp and 2 half-sectors in the direction). It spans respectively, wherd. is the distance from the nominal IP to
the full azimuthal angle anth| < 1.4 in pseudorapidity. the FFD along the beam axis ands the speed of light. The
It is built with projective geometry; that is, the orientation resolution of the FFD;5P, depends on the number of chan-
of the tower varies in the direction to ensure that the tow- nelsN fired on each side by fast particles and is better than
ers point approximately to the nominal interaction point (IP).50A/N ps. However, the measured time resolution degrades
The projective geometry of the ECAL is important for effi- to ~ 70 ps in peripheral events due to the spread in the arrival
cient registration of low-energy showers, which are the matimes of the incoming particles and becomes comparable to
jority at NICA energies. The energy resolution of the ECAL the TOF time resolution. The vertex resolution varies from
estimated for photons in heavy-ion collisions is shown in the0.5 to 2 cm from central to peripheral collisions, respectively.
Fig. 3b). It is defined by the intrinsic resolution of the de-  The FHCAL is designed to measure the fragments pro-
tector and is degraded by the cluster reconstruction proceduced in the forward direction. They are located at a distance
dure, which takes care of the shower reconstruction and o¢f = 3.5 m from the nominal IP and coverr2n azimuthal
splitting of merged showers in high-multiplicity events. The angle and®2 < |n| < 5 in pseudo-rapidity. Each FHCAL
electromagnetic calorimeter is the primary detector for meacalorimeter consists of 44 towers with a transverse size of
suring photons. It also helps to identify electrons at higherl5 x 15 cm?, covering in total about 1 f Similarly to the
momenta, where TPC and TOF become less effective, requiFFD, the FHCAL can provide the start time and the event
ing the E//p ratio to be close to unity, and whefeandp are  vertex position of each event. The typical time resolution of
the measured electron energy and momentum, respectivelyFHCAL modules is~ 1 ns, making thefH“A" resolution in-
ferior to that of the TOF and ECAL. Due to the hole occupied
The MPD is also equipped with two forward detectorsby the beam pipe, a significant part of the fragments escape
for event triggering, measurement of event starting titge ( detection, resulting in an ambiguity between the measured
and estimation of collision centrality and geometry. The FFDenergy deposition and the centrality of the event. Various
consists of two identical detectors locatedtdt40 cm from  methods are being developed to resolve this ambiguity and to
the nominal interaction point (IP). The detector covers therelate the measured energy deposition to the event centrality.
full azimuthal angle an@.9 < |n| < 3.3 in pseudorapidity. The FHCAL is mainly used for event plane measurements at
Each FFD consists of 80erenkov quartz counters surround- forward rapidity.
ing the beam pipe. Each counter has a 1 cm thick lead radi- Collisions of Bi+Bi at,/syx = 9.2 GeV are proposed as
ator to induce showers from photons producedirdecays. one of the first systems to be studied at NICA. A detailed de-
In addition to the photons, the FFD detects fast charged pascription of the collider’s operation parameters can be found
ticles. The time resolution of each counteris50 ps. By  in Ref. [13]. Each collider ring is about 503 m long and is
measuring the arrival times of the fastest particles (photon§lled with a maximum of 22 bunches, resulting in a time be-
for most of the time) in the two arms, andt'.,), one can  tween bunches of about 75 ns. The collider luminosity at
determine the event starting time and the event vertex start-up is expected to be two orders of magnitude lower than
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the nominal one, corresponding to an event rate &0 Hz.  the detector materials, based on GEANT-4 [22]. In the cal-
With a realistic estimate of the first run duration, we may ex-culations a uniform magnetic field @@ = 0.5 T was used.

pect around 50-100 million minimum bias collected events.The simulations of the detector subsystems and global track-
Due to the incomplete optics of the collider rings, the vertexing were performed using the MpdRoot [23] code, which is
distribution in the MPD interaction region will be quite broad the official software of the MPD Collaboration. For all gener-
along the beam direction withZ ~ 50 cm. This poses chal- ators, the event vertex along the beam axis was smeared by a
lenges for the trigger system and effective track reconstrucGaussian function with, verex= 50 cm. The impact param-
tion, but at the same time provides access to a wider rapiditgter ranged within 0-16 fm, except for productions numbers

coverage of the detector. 3 and 4, where it was set to 0-12 fm to enhance the statistics
for (semi)central events.
3. Data analysis framework The simulations were carried out using computational

resources from the MLIT Multifunctional Information and
Physics feasibility studies were carried out using centralize€omputing Complex (MICS), including the “Govorun” su-
Monte Carlo (MC) productions (listed in Table I) to ensure percomputer and the VBLHEP computing farm “NICA” at
consistency of the results obtained by different groups and tdINR, united by the DIRAC platform [24-26].
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 nuBlp  Analysis Train Framework
ber of observables using realistic data analysis techniques. A
centralized data analysis framework, the so-called Data AnaLI_

. . . he analysis of large volumes of future and simulated real
ysis Train, was developed and implemented to process th . .
) ) . X ata samples~( 10 PB) requires a coordinated effort on the
simulated data samples with minimal load on disks, network

and CPU resources 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-
A list of MC productions for physics feasibility studies sis modules. The analysis codes are checked into the MPD

is presented in Table I. Various event generators, such &2de management system (Git). The required input files are
the cascade version of UrQMD [14,15] the fragmentationread'om once by the Train manager, and _aII analysis modules
model DCM-QGSM-SMM [16], the microscopic transport are sequennal_ly run through the data. _Thls appr(_)ach_ _reduces
model PHQMD [17], hybrid models with QGP formation and the number qf input/output (1/0) operatlons _and S|mpl|f|es th_e
hadronic phase PHSD [18,19] and VHLLE+UrQMD [20,21] storage architecture. The outquflles contain the required his-
were used to generate Bi+Bi collisions@xyy = 9.2 GeV. tqgrams and NTuples qf small size and are stored on the local
These models provide physically well-motivated scenariog!iSks for further analysis.
for heavy-ion collisions at NICA energies. The choice of  The first modules in the Train are used to provide global
the event generator for a particular study was driven by théformation for all other physics analysis modules, such as
physics observable of interest and the range of measuremen@yent centrality and event plane orientation. In addition, spe-
For example, the UrQMD, PHSD and VHLLE+UrQMD cial modules parametrize variables of common interest for
event generators were used to study the production of lighgach reconstructed track in terms of standard deviations, in-
hadrons and (hyper) nuclei at midrapidity, while PHQMD cluding the track matching to the primary vertex and outer
and DCM-QGSM-SMM were also used to study the responséletectors such as TOF and ECAL and the deviation of parti-
of forward detectors, where realistic simulation of fragmentcle identification signals measured in the TPC and TOF from
production is important. those expected for electrons, pions, kaons, protons, and light
The generated events were used as input for the completens. The use of centralized parametrizations minimizes the
chain of realistic simulations of particle propagation throughamount 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

3.1. Eventgenerators and centralized productions

TaBLE |. The list of centralized MC productions for physics feasi-

bility studies. to process the largest simulated datasets (50 M events) in 12
No. Generator Events Purpose hours by running a Train with- 15 modules. A thousand

1 UrQMD 50 M General purpose jobs, egch processing 50,000 events, are submitte_d with a to-

5 DCM-QGSM-SMM 1M Trigger tal equivalent consumptlon of one year of CPU time. The

) number of events per job should not be too small to correctly

3 PHQMD 20M (Hyper)”“_de'_ fill the mixing pools for invariant-mass analyses. The first

4 PHSD 15M  Global polarization  run of the Train took place in September 2023, with regular

5 VHLLE+UrQMD 15M Flow, correlations on-request runs since then.
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4. Global event categorization efficiency estimates obtained in this section for FHCAL us-
ing the DCM-QGSM-SMM event generator were used as a
The global event quantities discussed in this section are thgenchmark for the performance of the MPD trigger system
event Centrality and the event plane, which characterize thﬁ] all productionsl The inefﬁciency of the trigger System was
geometry of heavy-ion collisions. These two observablesmulated for all productions by removing peripheral events
provide basic information for more focused physics StUdie%ccording to the estimated dependence of the trigger effi-

related to the onset of qual’k Conﬁnement, chiral Symmetrx;iency on event track mu|t|p||c|ty' providing an overall ef-
restoration, and for the search of the CEP in the QCD phasfiency of 91% for inelastic Bi+Bi collisions.

diagram.
4.2. Event centrality
4.1. Trigger system and efficiency
In heavy-ion collisions, the centrality of a collision is char-

The trigger system of the MPD experiment uses signals fronacterized by the impact parameter, which is the distance be-
three subsystems: FFD, FHCAL and TOF. The performanceween the centers of the nuclei in the plane perpendicular to
of the trigger system was studied using centralized producthe beam axis. The impact parameter determines the overlap
tions numbers 2, see Table I. region of the nuclei.

The main trigger detector is the FFD. The trigger requires  In a nuclear collision event, the value of the impact pa-
a signal in at least one channel on each side of the detegameter is not accessible experimentally. Therefore, events
tor. The time difference between the signals generated iare usually classified into centrality classes using some mea-
the east and west parts of the FFD are required to be withigurable quantity like multiplicity, transverse energy measured
|tEep — tPp| < 10 ns. The high precision of the online vertex in a predefined pseudo-rapidity interval, or the energy of frag-
measurements with the FFD allows an effective suppressioments registered in a hadronic calorimeter. Each class corre-
of background events from beam-gas and beam-pipe collisponds to a percentile of the total inelastic nucleus-nucleus
sions and the selection of events close to the center of theross section and an average impact parameter that is ob-
interaction region. tained from some model, usually a Monte Carlo Glauber

The FHCAL produces fast signals from the energy de{MCG) model.
position in the 44 modules per side, which can also be used In this study, we used the centrality determined from the
for a trigger decision. Despite its modest time resolution ofmultiplicity of charged particles measured in the TPC at mid-
~ 1 ns, which results in a primary vertex resolution-ofl0  rapidity, although alternative procedures can also be consid-
to ~ 30 cm from central to peripheral events, the FHCAL isered [11]. We consider such a procedure to be sufficient in
still useful for background rejection. the initial stage of MPD at NICA. However, in order to avoid

The TOF subsystem generates a fast trigger signal fopossible autocorrelation effects, future centrality determina-
each of the 280 MRPCs that is hit by at least one particletion using the charged particle multiplicity measured in the
The TOF detects particles produced at central rapidity andPC will be performed similarly to the procedure developed
is sensitive even to events with a small multiplicity. The ac-by STAR [27,28],i.e. by selecting centralities from a re-
tual threshold for the number of MRPCs fired in an event togion different from the one used in the data analysis. The
make a trigger decision will depend on the noise conditiongentrality was evaluated for events with a reconstructed ver-
of the detector. The TOF will not be able to provide onlinetex within |zyetex| < 130 cm. As shown in Sec. 4.1, the
information on collision time or vertex position. trigger efficiency remains constant in this range. A wider

Figure 4 shows the trigger efficiencies estimated for FFDyange would include collisions with vertices close to the FFD.
FHCAL and TOF as functions of the impact parameter ancdRather loose selection criteria were used for the reconstructed
the event vertex for Bi+Bi collisions af/syy = 9.2 GeV.  tracks: number of TPC hit&/[F¢ > 10, transverse momen-
Since the background situation is not yet known, the efficientum pt > 0.1 GeVc, track matching to the primary vertex
cies are shown for a different number of channels fired for< 2 cm, and track pseudo-rapidity| < 0.5. Each track is
each subsystem. All three subsystems show an efficiency aorrected for the TPC reconstruction efficiency estimated as
~ 100% in central and semi-central Bi+Bi collisions, which a function of the event, ... pseudo-rapidity of the track
decreases rapidly in peripheral collisions. The FHCAL andA typical multiplicity distribution is shown in Fig. 5.
TOF subsystems show higher trigger efficiencies compared The centrality of the event is estimated as a percentile
to those of the FFD. The trigger efficiency is not dependent omf the total multiplicity with a maximum value of 9. By
the position of the vertex in a wide ranfg.iex| < 140 cm,  definition, the reconstructed centrality distribution is flat be-
making it possible to collect data in a wide range of verticesween 0 and 91 %. The standard MCG model [29] was used
with the same efficiency. to parametrize the reconstructed multiplicity distribution and

The simulated response of the trigger system is not reestimate the geometrical parameters of the collisions. The
alistic for most of the productions in Table | because evenimpact parameter distribution of the MCG model was re-
generators such as UrQMD and PHSD do not simulate fragweighted to reproduce the distributions modeled in the event
ment production at forward rapidity. Therefore, the triggergenerators listed in Table |.

Rev. Mex. Fis71041201



8 R. ABDULIN et al,

? 1fr—ser g 1
o c
[0} L " [}
s [ R S gt
10:3 0.8/— = 0.8 J—l'_‘—v—lr—;’_x‘_:—n-v—l—t—o——fll—
L e %%w@,:ww:w;; SR
o) L ™ @ L
8 [ g
= 06— MPD simulations = o6l MPD simulations
& Bi+Bi, \s, = 9.2 GeV, FFD r Bi+Bi, sy, = 9.2 GeV, FFD
0‘4j —>=1 channel per side 0'4__ —>=1 channel per side
L >=2 channels per side L >=2 channels per side
L —>=3 channels per side L —>=3 channels per side
0.2— —>=4 channels per side 0.2— —>=4 channels per side
O,_\\II\\\‘\\lll“‘\“lll““‘d;” o_xxlljjLLI:xJJl[];JlLL!]IJlL
. 2 4 6 8 10 12 14 -100 -50
a) b)
Impact parameter (fm) Event vertex (cm)
> 1 > 1~
15) T %) L1
E) N E‘ K M s e e e T ]
L | Q L
‘s 0.8— ‘D 0.8—
- & “ L
o L [0) L
2 | 8 o
= o6 MPD simulations = o6l MPD simulations
N Bi+Bi, {syy = 9.2 GeV, FHCAL r Bi+Bi, {s, = 9.2 GeV, FHCAL
0‘4j —>=1 module per side s 0'4j —>=1 module per side
L >=2 modules per side L >=2 modules per side
0.2 0.2—
0_11||\\\J111||\\\111|||\|\J|JIII 0_|;||1\LLllJJ\\\liJLL\lJJ\L
2 4 6 8 10 12 14 -100 -50
¢) Impact parameter (fm) d) Event vertex (cm)
g 1 )
= - =
@ - @ L
Qo L Q L
5 08— 5 08—
e * — £
[} L [0 L
S I A s |
= o0~  MPD simulations ‘ ;J'r = o6~ MPD simulations
r Bi+Bi, {s\, = 9.2 GeV, TOF M r Bi+Bi, s\ = 9.2 GeV, TOF
04— —>=1 MRPC 04— —>=1 MRPC
L >=2 MRPCs L >=2 MRPCs
o —>=3 MRPCs L —>=3 MRPCs
0.2— —>=4 MRPCs 0.2— —>=4 MRPCs
0_...2|.|li,,,Gl.ué”.#o..l#zl”ﬁ... | 0_H.71|00,HLELO.‘HM..‘mu.mu
¢) Impact parameter (fm) f) Event vertex (cm)

FIGURE 4. Trigger efficiency of the FFD (top), FHCAL (middle) and TOF (bottom) detectors estimated as a function of impact parameter
With No zvertex Selections (left) and event....x With no centrality selection (right) for Bi+Bi collisions gfsyn = 9.2 GeV.

Within the MCG model, the multiplicity distribution of to minimize they?/NDF of the description of the measured
particles is modeled as the sum of particles produced from eultiplicity distribution in the rangeV,/$. > 10. This range
set of independent emitting sourcés,j, each of which pro- can be varied for a systematic study and, by default, was set
duces particles according to a negative binominal distributiorio the minimal value corresponding to the saturation of the
NBD(u, k). The number of emitting sources is parametrizedtrigger efficiency.
as The distribution, represented by the red markers in Fig. 5,
N, = fNpan+ (1 = f)Nea, (2)  shows the result of this procedure. A good agreement be-
tween the multiplicity distribution measured and MCG sim-
where Nparr and Neg are the number of participating nucle- ulated in the overlap region can be observed. The ratio of the
ons and the number of inelastic binary nucleon-nucleon colmultiplicity distributions reconstructed and MCG is shown in
lisions, respectively. The parametersk and f are varied 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/syn =

9.2 GeV. The bottom part of the figure shows the ratio of the recon-

structed and MCG modeled multiplicity distributions.

9

plane and the azimuthal angle of the event pldnecan be
defined for each harmonig, of the Fourier expansion by

M
Qn,x = Z Wk COS((Pk)y
k=1

M
Qny = Z wy sin(¢k),

k=1

1 n
U, = —tan™! <Q Y
n

Qn,m > ’

whereM is the multiplicity of the particlek used in the cal-
culation of the event plane, angd andwy are the laboratory
azimuthal angle and the weight for the partiglewhich 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

3

ficiency as a function of the event multiplicity. The weighted estimation ofw, can be found in Ref. [30-32]. The recon-

average efficiency estimated from the ratie<i90%, which
is very close to the expected value of 91 %.

structed¥,, values can be used to measure the differentjal
flow coefficients of particles detected in the TR < 1.5),

The MCG model is then used to estimate the initial geom-

etry of the centrality classes. The values of the impact param-

eter, Nparr andNeoi for 10% centrality intervals are evaluated
for the UrQMD, DCM-QGSM-SMM, PHSD, and PHQMD

event generators. Figure 6 shows the mean and RMS valu
with markers and error bars, respectively, evaluated for th

impact parameter anl¥ya. The symbols for different event

generators are shifted for visibility. Good agreement is foun

for the extracted values of the model parameters.

4.3. Eventplane

The event plane method correlates the azimuthal angie

each particle with the azimuthal anglg, of the event plane
determined from the anisotropic flow itself [30,31].
event flow vecto,, = (Qn», Qn,y) iN the transversér, y)

=
——
——
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(cos(n(¢ — ¥n)))
R(Vy) ’

Un (pT7 y) = (4)

rackets denote the average over the particles and events. The
-sub-event method with the extrapolation algorithm is used

%ghereR(\lln) represents the event plane resolution factor and

do estimate the&?(,,) factors [33].

Figure 7 shows the centrality dependence of the event
plane resolution factoR () for directedv, flow measure-
ments for Bi+Bi collisions at/syy = 9.2 GeV, simulated in
production number 4 in Table I. Her&, = ¥; rycac is de-
termined from the directed flowy(= 1) of particles detected
in the FHCal 2 < |n| < 5).

The open symbols correspond to tRé¥, ) values from
the analysis of the fully reconstructed events ‘reco’, and the
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FIGURE 6. a) The value of the mean impact parameter fo¥ol@entrality intervals estimated for Bi+Bi collisions gfsyn = 9.2 GeV,

modeled with the UrQMD, DCM-QGSM-SMM, PHSD, and PHQMD event generators. b) The same for the mean number of participants
(Npary. The symbols are slightly shifted horizontally for better visibility.
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—~ 1 . : _
> | MPD simulations, PHSD at N!CA energiesiv, > vy > vs. The d_eta|ls of the_ex
o o traction of collective flow parameters of different species are
- i+Bi, {s, = 9.2 GeV ; ;
o > VONN T Y discussed in Sec. 5.
L ™ ®
0.8 — . .
N . 5. Physics performance studies
: s In this section, we present selected results of physics feasi-
vEl- " bility studies for the MPD experiment in Bi+Bi collisions at
i ° VSnn = 9.2 GeV with emphasis on the measurements ex-
I— ) pected for the first years of MPD operation.
® o
4 o true 5.1. Light flavor hadron production
“FI= L L | L L | L L L | 1 |
0 20 40 60 80

Light-flavored hadrons are plentifully produced and play an
important role in understanding the physics of relativistic
FIGURE 7. Centrality dependence of the event plane resolution heavy-ion collisions. Experimental studies of charged-pion,
factor R(W4) for vy andPA_ mea_surements in Bi+Bi collisions at | a0n and (anti)proton spectra and yields are used to deter-
VEnN = 9.2 GeV, production 4 in Table |. 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

Centrality (%)

= L MPD simulations, vHLLE+UrQMD S . . . .
i 05 Bi+Bi, |5y, = 9.2 GeV prov@e insight into 'Fhe underlyl_ng reactlon dy.namlcs by ad-
F O R(¥, reco dressing the qollectlve ef_fects in the longitudinal and_trans-
b ® R(¥,) true verse expansion of the fireball. The shapes of partigle
C /A R(¥,) reco distributions and(pr) probe the reaction dynamics and are
o 3:~ o 8 . A R(¥,) true sensitive to particle production mechanisms in different kine-
r - matic regions, and to the interplay of the radial flow and
e 8 parton recombination at intermediate transverse momenta.
0‘2;— ® Measurements of hadrons containing strange quarks allow
C L ° one to study the strangeness enhancement in heavy-ion col-
0":_ A A " lisions. Studying the strangeness enhancement of particles
C A A A with open and hidden strangeness provides much more de-
05302050 80 70 80 tails of the strangeness production mechanisms. The produc-
Centrality (%) tion of short-lived resonances with lifetimes comparable to
FIGURE 8. Centrality dependence of the event plane resolution the fireball lifetime is measured to study the rescattering and
factor R(V,,) for the second: = 2 (circles) and thirch = 3 (tri- regeneration processes in a dense hadronic medium.

angles) order event planes constructed from the tracks of charged _ . _
particles in the TPC. Open markers correspond to the reconstructeB.1.1.  Yields of charged pions, kaons and (anti)protons

data, closed markers to the generated VHLLE+UrQMD model . ]
events. The present analysis of charged-hadron yields uses data of

production number 3 from Table I. To select events, we ap-
closed symbols correspond to the results from the generatqaly a primary vertex position cut dkyertex| < 100 cm. To
‘true’ PHSD events. For midcentral events, the resolutionrminimize contamination of secondary tracks, the Distance of
factor R(,) is as large as 0.85 far, and the global polar- Closest Approach (DCA) from the track to the collision ver-
ization Py of A hyperon [34] measurements. tex is taken to be less than 3 cm. To select tracks with good

Figure 8 shows the centrality dependence of the eventnomentum and/E/dx resolution and to reject split tracks,
plane resolution factoR(¥,) for elliptic (vo) and triangu- it is required that the number of TPC points associated with
lar (v3) flow measurements for Bi+Bi collisions gtsyy =  the track be greater than 20. The center-of-mass rapidity and
9.2 GeV. Here, the flow vector®), = @, tec and the az- transverse momentum windows, to perform the analysis, are
imuthal angle of the event plang,, = ¥, tpc are con- |y| < 1.1 and0.05 < pr < 2.5 GeVc, respectively. Two
structed from the charged particle tracks reconstructed in thdifferent approaches have been used for the identification of
TPC (n| < 1.5) [32]. charged hadrons.

The open markers correspondR§¥,,) values from the Approach 1 Signals in the TPC and TOF are required for
analysis of fully reconstructed VHLLE+UrQMD events (pro- each charged particle track to be accepted, and particle iden-
duction 5 in Table I) and the closed markers to results frontification is achieved by a combination of energy ld#%/dz
the generated events. The difference in the resolution factond time-of-flight measurements. This approach provides the
for different flow harmonics reflects the observed orderingbest purity of the measured signals [see Fig. 9b)], but limits
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FIGURE 10. Invariantpr-spectra ofr ™ 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 tex
for details).

the measurement ranges at lgpa due to limited accep- In this approach, the MPD has limiteg coverage at low
tance of the TOF, see Sec 2. The raw yields of the meatransverse momenta, and to calculate the integrated yields
sured hadrons are corrected for reconstruction efficiency [seene has to extrapolate the spectra to an unexplprednge.
Fig. 9a)], which accounts for hadron misidentification, re-To do this, the spectra are approximated with appropriate
construction losses, geometrical acceptance, and contamintamnctional forms. The yield of pions is enhanced at lpw
tion from secondary interactions in the detector material andlue to a contribution from resonance decays, thus a sum
from weak decays of hyperons (relevant for pions and proof two exponentials innt (thermal function) is used. The
tons). The yields of charged hadrons are divided into centralkaon distributions are well described with a thermal function,
ity classes (0-10%, 10-20%, 20-30%, 30-40%, 40-80%) andavhile for protons a Blast-Wave motivated function [35] is
in several rapidity intervals. As an example, Fig. 10 showsused. The contribution of the extrapolation region varies for
the comparison of the transverse momentum spectra of poslifferent species of particles but does not exceed 5%, 10%,
itively charged pions (left panel), kaons (central panel), andand 15% for pions, kaons, and protons, respectively. The ra-
protons (right panel) reconstructed in 0-10% central Bi+Bipidity density distributionsdNVen/dy) of positively charged
collisions to the generated ones. The comparison of specti@gadrons £+, KT, p), obtained by integrating the transverse
is shown in rapidity intervals oAy = 0.2, where spectra are  momentum spectrain Fig. 10, are shown in Fig. 11, where the
scaled down relative to the data at midrapidity by successiveeconstructed data are shown with symbols, while the spectra
orders of ten for clarity. We found good agreement betweerat generator level are shown by lines. The measurements for
the reconstructed and generated spectra in all cases. 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)*, 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, @  pt < 0.45(1.5) GeVc with TPC (TOF). At higher momenta,
can be obtained with- 10% uncertainty. The situation for the purity of kaons decreases rapidly as a result of the admix-
protons is more difficult because the shape of their rapidityture of pions. The proton measurements with TPC or TOF
distributions changes with centrality. The MPD phase spacare limited by the veto requirement tg < 1.0 GeVc and
coverage for protons is not sufficient to reconstruct the topt < 4.0 GeVc, respectively. The situation is more compli-
tal (4r) yield of protons without model assumptions that cancated for antiprotons because of the high baryon asymmetry
accurately predict the proton yields near the beam rapidity. at NICA energies. The main contamination of the sample
Approach 2 In this case, hadron spectra are measureaf identified antiprotons comes from the backscattered pro-
separately using the particle identification capabilities of theons, which are misidentified as antiprotons due to an incor-
TPC or TOF, and then combined by switching from one torectly determined momentum direction. The purity require-
another at a givepr value. Spectra based on the identifi- ment limits the TPC measurements for antiprotons to trans-
cation of the TPC (“TPC spectra”) consist of particles thatverse momenta from 0.2 GeVc to 0.9 GeVc. Since the TOF
are: 1) identified in the TPC within two standard deviationshas no acceptance for loptprotons, measurements with the
201pc(pt) and not consistent with signals expected for otherTOF are not affected by proton contamination. However, the
species withiBorpc(pr); 2) identified in the TOF withintwo  admixture of kaons limits the measurements of the TOF to
standard deviatior®oror(pr) if the track is matched to TOF. pr < 1.2 GeVec.
Similarly, spectra based on identification of the TOF (“TOF  The raw yields V2,,,), obtained for particles of type a
spectra”) consist of particles that are: 1) identified in TOF(a stands for charged pions, kaons or (anti)protons) in differ-
within two standard deviatior ror(pt) and not consistent ent intervals of transverse momentum, are corrected for the
with signals expected for other species witBirror(pr); 2)  reconstruction efficiencies, estimated as a product of accep-
identified in TPC within two standard deviatioRstec(pr).  tance (A) and detector efficiencye), A x e = Ng/Nien
The spectra are reconstructed in the momentum ranges whenghere NG, is the number of primary particles of a given type
the signal purity exceeds 95%. The main advantage of thigenerated. The evaluated reconstruction efficiencies for the
approach is that it provides access to measurements of idefPC and TOF depend on the particle transverse momentum
tified hadrons down to as low a transverse momentum as iand are on average a few tenths of a percent. The transition
possible with the existing track reconstruction algorithms inpoints from TPC-spectra to TOF-spectra are chosen based
MpdRoot [23]: pt > 100, 150 and 200 MeVc forr®, K+ on an analysis of statistical uncertainties and are set equal
andp(p), respectively. The disadvantage is limited coverageo pt = 0.95, 0.4 and 0.7 GeVc for charged pions, kaons,
at higher momenta due to the imposed strict requirements aind (anti)protons, respectively.
high signal purity. The feed-down contributions from the decays of heavier
For charged pions, the veto requirement for other specielBadrons do not exceéd10)% for 7+ (7 ~) atpr < 0.2 GeVc
keeps the signal purity close to 100% throughout the mo- and are negligible for charged kaons for all momenta. The
mentum range, but limits the measurement ranggrto< corresponding contributions f@(p) vary from 40% to 10%
1 GeVc in both TPC and TOF. For charged kaons, the rewith transverse momentum, with-hyperon decays giving
quirement for high signal purity limits the measurements tothe main contribution. The reconstructed proton yield is also
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FIGURE 12. The reconstructed (markers) and generated (histograms) transverse momentum spectrarfoy K™, K—, p andp for
midcentral (y| < 0.5) Bi+Bi collisions at,/sy~ = 9.2 GeV in different centrality intervals.

significantly contaminated by protons produced in collisions> 93% of the total yield with1% and< 7% of the total yield
with the beam pipe gir < 0.2 GeVc. As a result, measure- unmeasured at low and high. The best coverage is pro-
ments of thep andp spectra are limited to the momentum vided for protons for which more thai8% of the total yield
rangepr > 0.2 GeVc. is sampled in the detector witkl% of the remaining yield
in the unmeasured region at lgw. For antiprotons, MPD

The fully correctedpr spectra of charged pions, kaons, . .
and (anti)protons, reconstructed with Approach 2 are showrs1amples> 92% of the total yield with2% and < 6% of the

in Fig. 12 for different centrality intervals. Within the mea- unmeasureq yield at low and high, respectlvely._ The un
. measured yields can be recovered by extrapolating the fits to
surement ranges, MPD sampl&s’ of the production of e )
. i o the measured spectra, similar to that described for Approach
charged pions witl% and5% of the total yield in the un- , o ,
; . . . 1, with smaller uncertainties due to a wider coverage at low
measured regions at low and high, respectively. The sit-

uation is similar for charged kaons, for which MPD samplesmomemum'
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The two approaches produce fully consistent results. The
first approach providegr measurements in a wider momen-
tum range but relies on purity corrections that are model de-
pendent and can be quite significant at higlverwhen 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 y
high pt. The second approach limifsr measurements to

ranges where particle purity exceeds 95%, leaving little room =’ ',: N
for purity corrections and corresponding uncertainties, mak- -’ ‘&\’
ing the whole analysis more straightforward. Such measure- DCA”, /' - PV-SV distance

ments have better coverage at Ipywand are best suited to DCA™. <
measure particle integrated yields. o
FIGURE 13. Topology of VO decay shown for the case &f —

5.1.2. Hyperon reconstruction -
p+m .

Since the energy threshold for strangeness production in the hi . in tha?
QGP phase is smaller than in the hadron gas phase, an hyimary vertex (DCAv) - this cut is imposed in the"-

hanced production of strange particles (kaons and hyperonSPace.i-€. after normalization to respective parameter er-
was proposed as a signature of the transition to QGP [36{.025; b) quality of the secondary vertex reconstruction
Relative strangeness production, tested via Aer ratio, Xvertex/NDF); €) DCA between the daughters in the Sec-
was observed to be enhanced in central heavy-ion collisiof"dary Vertex (DCAagn); d) the distance between the pri-
at the CERN SPS energies [37]. For hyperons, an increadgary anq sgcondary vertices (PV—SV Distance); e) the value
in the production rate was observed with respect to eIemenQf the pointing angle (PA)Z defined as the angle between t_he
tary p+ p reactions in a broad energy range [38-40], Stronge'reconstr_ucted parent particle momentum yector and the I|_ne
for particles with larger strangeness content. However, thergqnngctmg the primary apd secondgry vertices. The S_‘?'ec“o"‘
are other possible explanations for the observed strangeneS4teria have been optimized to achieve the best significance,
enhancement such as multi-meson reactions in dense nucle fined asS/(5+B), whereS |s'the hyperon signal ang
matter [41], partial chiral symmetry restoration [42], vanish-'S the backgro'und under the signal peak. Th? actgal values
ing of the canonical suppression with increasing multiplic-Of the topological cut parameters fa(A) are given in Ta-
ity [43] or calculations within the core-corona approach [44].ble Il. For each selected pair of _daughter partlc!es, the invari-
In addition to the yields, ther distributions of the hyperons 2ntmass of the parent hyperon is calculated. Figure 14 shows
provide important information on the reaction dynamics. e |£1vir|apt mass distribution for the pajrs™ (left panel)

Due to their small hadronic reaction cross sections, multi-and pr” (right panel). In order to gxtract the raw S|gnal,
strange hadrons cannot effectively pick up collective flowthe ba_tckground under th_e pea_k region has_ to be estlmated.
during the fireball evolution. Therefore, the transverse-For this purpose, a combined fit of a Gaussian for the signal

momentum spectra of cascades reflect the initial conditiongnd a I;egon%;order pho Iynomlal.ftljgctmn fgrtthe pacggbroubr?d
of a collision. The investigation of strange particle produc-IS appiied. € raw hyperon yields are determinéd by bin

tion as a function of beam energy and system size remains acfguntmg in thet-5¢ interval aro_und the measured.peak POsI-
essential part of the NICA research program. tion with subsequent subtraction of the polynomial function

. . integral estimated for the same invariant mass range. The re-
Hyperon analysis is performed using the UrQMD event_ "~ S .
) L . sulting hyperon yield is then corrected for the reconstruction
generator (first production in Table I). All events with the re- efficiency (A x ¢, see Fig. 15), which accounts for signal
constructed vertex position withiftyertex| < 130 cm are y & 9- ’ 9

used. Reconstruction df(A) is carried out using the VO de- =
cay modeA — p + 7~ (X — p+ «1). For a given event, TABLE Il Selection criteria for\ andA reconstruction.
all possible pairs of (anti)protons and charged pions, having

N]PC > 20 per track, are identified. For each pair, the point Selection A A

of closest approach of particle trajectories.(a potential de- DCApv (cm) >4.0(r7) > 4.0(7")
cay vertex) is then determined by extrapolating tracks back to > 2.5(p) > 1.5(p)
the beam axis. Xertex/NDF <175 <175

In order to reduce the background from random track

crossings (combinatorial background), several cuts are im- DCAdaugne (M) <30 <28
posed as explained in the text below and illustrated in Fig. 13.  PV-SV Distance (cm) >2.0 >2.0
These cuts include: a) DCA of decay daughter particles to the PA (radians) < 0.08 <0.14
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FIGURE 14. a) Invariant mass spectra qf,¢r ) pairs in the transverse momentum intervals < 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 §, 7™) pairs in the transverse momentum inter¥a@ls < pr <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 reconstructidar the 1st stage of heavy-ion collisions at NICA, we per-
efficiency, and the applied cuts form only an analysis of multi-strange hyperons. Once the
o A-hyperons are reconstructed, the cascade hyperons are re-
d2N 1 Naw 1 1 . >
= — —_—, (5) constructed as well using the decay métle — A + 7.
dydpr  NevAprAy A x e BR The candidaté\ for pairing with7— is determined requiring
whereN,., is the number of reconstructed particles from thethe invariant mass to be withift: 50 relative to the nom-
invariant mass distributiong\pr andAy are the intervals in  inal value. To improve signal purity, topological selection
pr and rapidity,A x ¢ is the reconstruction efficiency, BR is criteria similar to (a)-(e) described above are applied (see Ta-
the decay branching ratio ard,, is the number of analyzed ble Ill). For example, Fig. 17a) shows an invariant mass dis-
events in a given centrality interval. tribution for A7~ pairs in the transverse momentum interval
The reconstruction efficiency fok as a function ofpy 1.0 < pr < 1.5 GeVc. The reconstruction efficiency far-
is shown in Fig. 15. We found small variations i x ¢ as a function opt is shown in Fig. 15. In Fig. 17b) shows
with the centrality of the collision. The reconstructed invari- the reconstructed invariapt spectra oE~ -hyperons in cen-
ant transverse momentum spectratofind A, in centrality  trality selected Bi+Bi collisions. The difference between the
selected Bi+Bi collisions, are shown in Fig. 16. The distribu-reconstructed and the generator level spectra is small. The
tions, reconstructed within the rapidity rangg < 0.5, are  yield of Q-hyperons in heavy-ion collisions is small, thus, the
shown with solid symbols, while the corresponding distribu-analysis was performed in a larger rapidity interval < 1)
tions, calculated at the generator level, are shown with emptgnd for a wider centrality selection 0-80%. The selection cri-
symbols. teria applied forQ2 are given in Table I, the efficiencyr-
Both spectra agree within the uncertainties. Due to thalependence is plotted in Fig. 15. In Fig. 18a) shows the
very short time scale of the electromagnetic de&ly —
A + v (~ 1071 s), the A-hyperons originating in decays

of £0 are experimentally indistinguishable from the primary x C . Pt

A-hyperons. Therefore, the results for the yield/ofand < = el — +

A-hyperon represent the summed contribution franand w0 e ’

(2° - A++), Aand &° — A + 7), respectively. Cor- E

rections for feed-down from weak decays from multi-strange C —— MPD simulations

hyperons £ and{2) were estimated to be approximately 7% Lo e T Bi+Bi, {syy = 9.2 GeV

for A and 24% forA. The feed-down contribution is slightly Jorel i

dependent on centrality and was subtracted using the model o QS A+K

The capability of the MPD detector to reconstructA), - e T AI20-40%

Z-(21) andQ~ (") hyperons in central Au + Au collisions . :;ios‘(‘)o/

at\/syn = 9 GeV was investigated previously in Ref. [45] P I N

showing reasonable yields of these particles in 10 weeks of ¢ ! 2 . 4p (GeV/cf
L

data taking with the expected operational luminosity. How-

ever, the yield of multi-strange antihyperons is very low atFgure 15. The reconstruction efficiencyd(x ¢) for A, =, and(
NICA energies, decreasing systematically with an increasat midrapidity (7| < 0.5) as functions ofr in centrality selected
ing number of strange quarks. Therefore, in what followsBi+Bi collisions.
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RHIC [46-52] and LHC [53-60] have been used to study
TABLE Ill. Selection criteria used f&~ andQ~. enhanced strangeness production, dominant hadronization
mechanisms, and vector meson spin alignment. However,

Selection =" Q- . e
DCAry () >80 ST resonances are most use_ful for studying the I|f_et|me and_prop-
erties of the late hadronic phase [61,62], which may distort
> 2.5(A) > 4.0(A) signals of the crossover or the restoration of chiral symmetry
DCAdaught (M) <038 <05 transition. Measurements of resonance properties in heavy-
PV-SV Distance (cm) > 1.0 > 1.0 ion collisions at\/syy = 7.7 — 5020 GeV revealed that
PA (radians) < 0.06 < 0.06 production of resonances with lifetimes< 20 fm/c is sup-

pressed in central collisions, while production of longer-lived
resonances liké(1020) remains almost unchanged from pe-
ripheral to central collisions. The observed modifications
ARt i - show a smooth evolution with the final-state charge parti-
spectrum of)™ in Bi+Bi interactions with the spectrum ob- o multiplicity in different collision systems. The suppres-
tained at generator level. sion of resonance yields in central heavy-ion collisions is
The hyperon feasibility study shows that measurementg, yjained by the rescattering of daughter particles in the
of A(A) and= are possible with a data set of several mil- 5 qonic phase. The modifications occur at multiplicities
lion eve.nts. Much Iarggr data sets are needed 'to measure tgﬁpected in (semi)central heavy-ion collisions at NICA en-
production and centrality dependence of (multi-)strange Nyggies [63]. The yield modifications are also predicted by
perons at NICA energies. 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

Measurements of short-lived hadronic resonances such & achieving a comprehensive understanding of the hadronic
p(T70)°, K*(892), ¢(1020), X(1385) and A(1520) at Phase.

invariant shows the invariant mass distribution fdr, K—)
pairs in thepr-interval 0.5 < pr < 1.3 GeVc, while the
right panel shows a good agreement of the reconstrygted

5.1.3. Short-lived hadronic resonances
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in 0-80% central Bi+Bi collisions. Reconstructed distributions are shown with solid symbols, empty symbols show the initially generated
distributions of the model.
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FIGURE 19. a) The invariant mass distributions féf* K~ and b)x* A pairs accumulated for the same and the mixed events in Bi+Bi
collision at/syn = 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,/sy~ = 9.2 GeV in the transverse momentum interval 0.2-0.4 (0.4-0.6) GeVEfoK ~ (7= A) pairs.

Production 1 of Table | was used to study MPD capa-the efficiency of the resonance reconstruction and the mass
bilities to reconstruct short-lived resonances in Bi+Bi colli- resolution of the detector. The reconstructed vertex had to
sions at,/syn = 9.2 GeV. The UrQMD based simulation be within |zyerex| < 130 cm, and only events with recon-
was used because this event generator provides reasonabteucted centrality in the range 0-8lwere accepted in the
description of the resonance yields and has the ability to stopnalysis. Charged daughter particles from resonance decays
resonance decay in the final state. This allowed for the decawere treated as primary particles because the vertices of res-
of resonances in GEANT-4, which is necessary to evaluatenance decays are indistinguishable from the primary vertex.

Rev. Mex. Fis71041201



18

R. ABDULIN et al,

Such particles had to have at least 24 hits (out of a maximum

TABLE V. The topological selection used to reconstruct weak de-

cays of K andA.

of 53) reconstructed in the TPC and to match to the primary
vertex within 3. Secondary particles fromXandA decays

were required to have at least 10 hits in the TPC. Only tracks
with pr > 0.1 GeVc were accepted. The charged hadrons

Selection K A
XZertox/NDF 3.0 3.0
DCAdaugns (€M) 1.0 1.0
PV-SV Distance (cm) 0.5 0.5
PA (radians) 0.1 0.1
DCAEy, (cm) 7 7
DCAZ,, (cm) - 3

were identified by a @ 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 byadut on
the measured value of particle velocity

The weakly decaying daughter particles (K> 7+ + 7~
andA — p+ 7~) were reconstructed by using the topo-
logical selections described in Sec. 5.1.2 and summarized in

Axe

a)

Axe

Axe

e)

FIGURE 20. Reconstruction efficiencies evaluated fa(770)°,
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K*(892)°, K*(892)F, $(1020), £(1385)" and A(1520) resonances at

midrapidity (n| < 0.5) as a function of transverse momentum in different centrality Bi+Bicollisiongatn = 9.2 GeV.
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The values were optimized to increase the significancg/syy = 9.2 GeV. The estimated efficiencies are much
of the reconstructed resonance signals. The pairs~ and  smaller for resonance decays with weakly decaying daugh-
p ™~ were selected as candidates fdr&dA if their recon-  ters because more particles need to be reconstructed. The
structed invariant masses were within @f the expected val- efficiencies decrease at low momentum, but most resonances
ues, wherer was parametrized as a function of the transversean be measured from zero transverse momentum. The effi-
momentum of the particle. The PDG [67] masses of daughtetiencies show a modest dependence on event centrality; they
particles and the reconstructed momenta were used to meare smaller in central collisions because of the higher detector
sure the parent resonances. The candidate daughter pamiccupancy.
cles are paired to accumulaie™K—, 7 t7—, 7T K, pK—, The fully corrected transverse momentum spectra of
7EKY andr* A invariant mass distributions for differentcen- p(770)°, K*(892)°, K*(892)*, ¢(1020), ©(1385)* and
trality intervals 0-10%, 10-20%, 20-30%, 30-40%, 40-50%,  A(1520) resonances are calculated according to/&jcarfd
50-60% and 60-90% at midrapidity|y| < 0.5. Examples of  are shown with markers of different colors in Fig. 21 for dif-
K*TK~ and7*A invariant mass distributions, accumulated ferent centrality intervals. The obtained spectra are compared
in 0-20% central Bi+Bi collisions a{/syny = 9.2 GeV, are  to the generated ones, shown by histograms in the same plots.
shown in the upper panels of Fig. 19 by black symbols. The reconstructed spectra are consistent with those generated

The accumulated invariant mass distributions contain sigwithin the statistical uncertainties, which confirms the con-
nals from resonance decays and combinatorial backgroundistency of the analysis chain. To study resonance produc-
The uncorrelated combinatorial background is estimated usion, as a function of centrality, a sample of ab®0t Bi+Bi
ing a mixed-event approach, where one of the daughter pacollisions at,/syy = 9.2 GeV will be required. Most reso-
ticles is taken for the same event and the other from annances, with the exception ¢{1020), can be measured start-
other event with a similar multiplicity,.,+ex and event plane. ing from pr = 0, which is important to minimize systematic
The invariant mass distributions of the mixed events are thenncertainties in the integrated yield measurements needed for
scaled to the invariant mass distributions of the same events physics studies.
higher masses and then subtracted. The invariant mass distri-
butions of the mixed events are shown by the red symbols ig .1 4. Light nuclei production
Fig. 19. The distributions remaining after subtraction contain
peaks from resonance decays and some remaining correlatétie study of the production of light nuclei is of particular
background from jets and misreconstructed decays of heaviénterest in view of the puzzling fact that weakly bound ob-
particles, as shown in the lower panels of Fig. 19. jects are abundantly produced inside hot and dense hadronic

The remaining background was found to be a smoothmatter. Light nuclei at near-midrapidity can be formed by co-
function of the mass in the neighborhood of the resonancealescence of secondary nucleons located close to each other
peaks and can be described with a polynomial. To extradh space and having small relative momentum. Thus, the pro-
the resonance raw yields, the invariant-mass distributions argess of cluster formation is sensitive not only to the nucleon
fitted to a combination of a second-order polynomial to de-density in phase space but also to spatial-momentum corre-
scribe the remaining background and a Voitian function (thdations that appear in the collective velocity field during the
Breit-Wigner function convolved with a Gaussian to accountfireball evolution. In order to obtain detailed information on
for the finite-mass resolution of the detector) for the signalthe structure of the particle source, detailed measurements of
Examples of the fits are shown in the same plots. The made transverse momentum and rapidity distributions for clus-
resolution of the detector was estimated as a function ofers of different masses at several collision energies and cen-
transverse momentum and collision centrality for each decatralities are necessary.
mode studied as the width of a Gaussian fit to the distribution The performance of MPD for the light nuclei measure-
with the difference between the generated and reconstructadents was studied using mass production 3 from Table |I.

resonance masses. The used PHQMD model is a microscopic transport ap-
The efficiency of resonance reconstruction at midrapidproach for the description of heavy-ion collisions including
ity in the MPD setup was estimated dsx € = Nyec/Ngen, light (hyper)nuclei production [17]. Particle identification

where N;.. and Nge,, are the number of reconstructed and was achieved by combining information about particle en-
generated resonances. The number of reconstructed resergy losses measured in the TPC and time-of-flight measured
nances is determined after all event- and track-selection cutg8) the TOF. The overall efficiency correction procedure is
whereas the number of generated resonances accounts for gimilar to that used in the analysis of hadrons (see Sec. 5.1.1
branching ratios of particular decay channels. The evaluatefibr details). The left panel of Fig. 22 shows the invarigpt
reconstruction efficiencies for the resonang€g70)° —  spectra of deuterons in centrality selected Bi+Bi collisions.

4+, K*(892)° — Kt + 7, K*(892)* — 7¥ +  Reconstructed data are shown by symbols; model distribu-
K%, #(1020) — K+ + K, ¥(1385)* — 7t + A and tions are depicted by histograms. Extrapolations to the un-
A(1520) — p + K~ are shown in Fig. 20 as functions of measured regions of transverse momentum are based on the
transverse momentum and centrality in Bi+Bi collisions atBlast-Wave fit function (shown by dashed lines).
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FIGURE 21. The reconstructed (markers) and generated (histograms) transverse momentum spp¢Tedjor K*(892)°, K*(892)*
$(1020),%(1385) andA(1520) resonances for Bi+Bi collisions absvy = 9.2 GeV in different centrality intervals.

Figure 22a) shows the rapidity distributions of recon-ance of hyperon degrees of freedom is expected in the in-
structed protons and light nuclei,fHe). As can be seen, terior of neutron stars [69]. New experimental data on the
the acceptance of the MPD allows measurements of clustgtields, binding energies, and lifetimes of hypernuclei can

yields over the rapidity rangg| < 1. provide important information on the nature of the interac-
tion between nucleons and hyperons in dense baryon matter.
5.1.5. Hypernuclei The NICA energy range is very well suited for such stud-

ies because the maximum in the freezeout baryon density
Hypernuclei are bound nuclear systems consisting of nucleand in the strangeness-to-entropy ratio is achieved within this
ons and hyperons. Therefore, the process of their formatiorange [70].
in heavy-ion collisions is determined by hyperon-nucleon To study the MPD characteristics for hypernuclei recon-
correlations in the phase space of the reaction and the magtruction, data from mass production 3 from Table | were
nitude of the nucleon-hyperon potential [68]. The latter is ofused. Reconstruction of hypertritons was carried out using
fundamental importance for astrophysics, since the appeathe3 H— 3He+7~ decay mode. The daughter particles were
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FIGURE 23. a) Invariant mass distribution féHer ~ pairs at2.0 < pr < 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 (7| < 0.5).

identified using information on the ionization energy loss intion is shown with solid symbols, while the initially generated
the gas of the TPC and the mass squared from the TOF. Thdistribution of the model is shown with empty symbols. As
particle species is considered to be determined if the values @fin be seen in the figure, the agreement between the recon-
dE /dx andM? lie within +-30 of the values expected for true structed spectra is good for al} intervals.

protons and pions. To reduce the combinatorial background, According to the standard method of determining the life-
topological selections were applied to the reconstructed pairsime, the yield of unstable particles in intervals of proper time
similar to those used in the reconstruction of hyperons inr decreases exponentially,

Sec. 5.1.2. The invariant mass spectrum ofitHe =~ pairs

th_at passed throggh eaph of the_selection criteria is shown in () = N (0) exp <_T> = N(0) exp (_ML> ., (6)

Fig. 23a). The distribution was fitted by the sum of a Gaus- €PTo

sian distribution for the signal and a third-order polynomial, ..o he slope parametes is the particle lifetime and

for the background. The signal was determined by histogram _ ¢/ is th fi — 1/ T = (02 with
bin counting within at50 window of the Gaussian peak po- T /7 1S the proper timey / (v/e)?, with v

. . . . the velocity, L the decay lengthp the particle momentum
sition and subtracting the integral of the background funCt'OrhndM — 2.991 GeVi? the hypertriton rest mass [67]. The

in the same mass range. The raw yield of hypertritons is theﬂypertriton yield was analyzed in severaintervals in the
corrected for the reconstruction efficiency, which includes therange [0.1-1.5] ns. Figure 24b) shows the fully corrected hy-
detector acceptance and signal losses due to the selection C;S'értriton.yielt.js as.a function of proper-time A fit of the

teria and par.tigle id(_antification. Tmf dependence of the obtained distribution using Eg6) is shown as a line. The

evaluated efficiency is shown in Fig. 23b). slope parameter (lifetime) @65 + 4 ps agrees well with the
Figure 24a) shows the invariapt-spectrum of hypertri-  expected value of the lifetime used in the event generator,

tions from Bi+Bi collisions as evaluated using E).(Spec- 263 ps.

tra are obtained for the rapidity intervg)| < 0.5 without According to simulation-based estimates of the MPD ef-

selecting the collision centrality. The reconstructed distribuficiency for hypertritons and model predictions on (hyper)-
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FIGURE 25. a) Invariant mass distribution and b) global polarization distribution(¥, — ¢y, )) (M) for A particles ad.5 < pr < 3 GeVc
for 20-50% central Bi+Bi collisions ay/syn = 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, aboutl0® hypertritons can be registered in simulation. The global polarization observalftg is defined
one week of data collection of Bi+Bi collisions gfsyy = as [71-73,80]

9.2 GeV with luminosityL ~ 10%® cm—2s 1, )
po_ 8 (T —0})) -
5.2. Hyperon global polarization A Tap R(¥,) '

Global spin polarization®,) of A andA hyperons was found Herea, = 0.732 4 0.014 [67] is the A decay parameter,
and measured in relativistic heavy-ion collisions over a broadV; the first-order event plane angle from FHCA#;, the az-
collision energy range [71-73]. The data indicate a trend ofmuthal angle of the proton in th& rest frame,R(¥,) the
increasingP, with decreasing collision energy from 1-2% at resolution of the first-order event plane angle and the brack-
V3N~ =200 GeV to 5-7% at/syn = 3 GeV. Different sce-  ets denote the average over all produdeltlyperons.

narios for the global polarization mechanism are predicted by The protons and pions measured in the TPC were used to
phenomenological [74,75] and MC hydrodynamic and transfeconstructA hyperons, which decay through — p + 7~

port models, highlighting the importance of collecting new with a branching ratio of 63.9%. Tht candidates have been
experimental data [76,77]. Here we report on the MPD per+econstructed using the invariant mass technique.

formance analysis of global polarization®fhyperons. Data The combinatorial background from uncorrelated parti-
from mass production number 4 in Table | served as the baecles has been reduced by the selection criteria based on the
sis for this study, since the hyperon global polarization waslecay topology with quality assurance selections, such as the
included in the PHSD model [78,79]. The procedure was deprimary and secondary decay vertex positions, the DCA of
veloped in Ref. [34] to transfer the hyperon spin polarizationthe daughter particles to the primary vertex, the DCA of the
signal from the transport code to the final moment distribu-mother particle to the primary vertex, and the DCA between
tion of particles after weak decays. This allowed us to investhe daughter tracks; see details in Sec. 5.1.2. As an example,
tigate the reconstruction of the spin signal within the detectothe upper panel of Fig. 25 shows the invariant mass distribu-
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mass. The selected sampg!! = (sin(¥; — ¢5))(Mpr)
contains both the signdt{ = (sin(¥; — ¢7))" and the com-

The background region is fitted with a second-order poly-binatorial background contributioR? (Mpr) = (sin(¥ —
nomial while the signal is fitted with a Gaussian distribu- ¢;))" (Mpr). The distributionP, (M, ) is fitted as a func-

tion. From these fits, the backgrourf# (M) and signal

tion of invariant mass\/,,. (invariant mass fit method) [71-

f5(M,,) fractions are extracted as functions of invariant 73,80], according to

< L
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- L
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1.5 m
1= l
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FIGURE 26. a) Global polarization ofA as a function of central-
ity in Bi+Bi collisions at\/syn = 9.2 GeV. b) The same as a
function of pr. ¢) The same as a function of rapidify Open and

PR (Mpr) = f%(Myr) PE (Myr) + £5 (M) PY, (8)
to extract the signal contributioRy to the measured polar-
ization signal, see the bottom panel of Fig. 25. That is, the
backgroundPt (M, ) was parametrized as a linear function
of My andPE is taken as a fit parameter. The choice of a
linear function to describ&2 (M, ) 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 polarizatidh, = P{/R(¥;)

as a function of centrality (upper panel) far particles at

0.5 < pr < 3 GeVc, as a function of transverse momen-
tum pr (central panel) and rapidity (lower panel) for 20-
50% central Bi+Bi collisions at/syny = 9.2 GeV. Good
agreement is observed between fheresults 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\ of
global polarization in mid-central Bi+Bi collisions only. The
more detailegr-differential studies as a function of central-
ity and rapidity, as well as the measurementsXdryperons,

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 coefficients
in the expansion of the particle azimuthal distribution rel-
ative to the collision symmetry plane given by the angle
U, [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 directad)( elliptic (vs)
and triangular 43) flow of identified hadrons in Bi+Bi col-
lisions at\/syny = 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 existing,, measurements in the NICA energy
range,/syy = 4 — 11 GeV [11]. Therefore, we have used

closed markers correspond to generated and reconstructed data, fv0 models (productions number 1 and 5 listed in Table I) to
spectively.

simulate minimum bias Bi+Bi collisions: the viscous hydro
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= spectra, and elliptic flow coefficient for inclusive charged
MPD simulations, UrQMD V:Ep{q"LFHCaI} hadrons [20,21,88]. We refer to the results obtained from
¢ the flow analysis of the generated model events as 'true’,
‘g whereas 'reco’ denotes the results derived from the flow
R 4 analysis of the fully reconstructed events.
g i Figure 27 shows the rapidity dependence of directed
v1(y) flow of charged pions (triangles), kaons (boxes) and
"R protons (circles) for 10-40% central Bi+Bi collisions at
i s . Vinn = 9.2 GeV from the analysis of UrQMD model
3 . events. A momentum-dependeh®s cut around each peak
. in the mass-squared masdistribution was used to identify
§ pions, kaons and protons. The figure shows results obtained
with three different analysis methods with respect to the
e lon e loun i eeal e o bos i flow vector@); = Q1 rHcaL Of spectator fragments detected
in FHCAL, the event plane method™ (U1 rpcar) (Uupper
1ptical panel), the scalar product methm@P(QLFHCAL) (middle
H panel), and the scalar product method using mixed harmon-
e, Ipan =reco . ics v$¥ (Q1 rreaL, Q2. 1rc) (lower panel). For all species of
* filled - true o particles, the directed flow, crosses zero at midrapidity and
. e ¥ f the reconstructed values 'reco’ of (open symbols) are fully
0 — - | - S 2 consistent with the generated 'true’ values (filled symbols).
3 . Figure 28 shows the results of the-differential elliptic-
i . 5 . o, flow, vo, measurements for charged pions (triangles), kaons
s . ‘. (boxes) and protons (circles) in 10-40% central Bi+Bi colli-
sions.
t P 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-particlev,{4}. The other panels show the two-
} particle methods: b) two particle cumulants{2}, c) scalar
* . product method using TPC tracks values for reconstructed
. ¥ and generated signals is observed for all particle species and
. * g flow analysis methods. Different flow measurement methods
0 s " . B 4 * ] have different degrees of sensitivity to flow fluctuations and
. * * a - to so-called non-flow correlations [31,85,89]. They include
i ¥ ‘ 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].
ST P PP TP I PAPTT F The main cause of non-flow effects is few particle cor-
15 -1 05 0 05 p 15 relations, so estimates of thg flow coefficients based on
y four-particle cumulants2{4} have the benefit of great sup-
pression of non-flow effects contribution. To suppress the
FIGURE 27. Directed floww:(y) of identified charged hadrons non-flow effects in two-particle methods, we have applied the

as functions of rapidity in 10-40% central Bi+Bi collisions at PSeudo-rapidity gapan between sub-event§An| > 0.1
VSN~ = 9.2 GeV for different methods of flow analysis of fully between the two TPC sub-events fas{2}, v5" (Q2,1pc),
reconstructed events (filled markers) and generated UrQMD event5™ (2 tec) and|An| > 0.5 between the TPC and the FH-
(open markers). CAL detectors fon5P(U; phcar ).

The residual contribution of non-flow correlations was
+ hadronic cascade VHLLE+UrQMD hybrid model [20,21] found to be 1-7% fopr > 1.5 GeV/c for the two-particle
with QGP formation and the cascade version of UrQMDmethods withjAn| > 0.1 and it was found that it is negli-
[14,15], which is a purely hadronic transport model. Thegible for the two-particle methods witlAn| > 0.5 and the
initial parameters of the vHLLE+UrQMD model were tuned four-particle cumulant method.
for different collision energies in order to reproduce basic Different flow measurement methods have different de-
experimental bulk observables in the RHIC Beam Energygrees of sensitivity to, fluctuationsr,,: o2, = (v3)—(vq)2.

v

Scan: (pseudo)rapidity distributions, transverse momenturfor a Gaussian model of fluctuations, one can expect [85]:
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FIGURE 28. Elliptic flow vz (pr) of identified charged hadrons as
a function ofpr in 10-40% central Bi+Bi collisions a{/syn =
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FIGURE 29. Elliptic flow v2(pr) of identified charged hadrons as
a function ofpr in 10-40% central Bi+Bi collisions a{/snn =

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

’02{2} = <’Ug> +O.50’1212/ <7}2> s ’U2{4} = <’l)2> —0.5032/ <’l)2>.

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 fror, flow fluc-
tuations for colliding heavy-ion systems (Au+Au or Bi+Bi)

9.2 GeV for different methods of flow analysis of fully recon- at ,/syy > 7 GeV [31,89]. Consequently, the values of
structed events (filled markers) and generated UrQMD events (ope%{qfl’FHCAL} measured with respect to the first-order event

markers).

plane¥; rycaL Will consistently be smaller than the values
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0.02 - t FIGURE 31. Triangular flowwvs (pr) of identified hadrons as func-

- tion of transverse momentum in 10-40% central Bi+Bi collisions at
Q frroeeeeeeeeeeaees - - Vsnn = 9.2 GeV for different methods of flow analysis of fully
T e e B o SIS reconstructed events (filled markers) and generated events with the

008 - V& (QZ,TPC) VHLLE+UrQMD model (open markers).
VHLLE+UrQMD model events. Good agreement is observed
between the, results.

Due to the lack of spectators in the VHLLE+UrQMD
‘ model, we can not test the event plane method using the first-
e order event plane from spectates$” (V1 gycar ). Figure 30
shows the performance for the measurements of the central-
__________________ . ity dependence of the elliptic flows of identified hadrons for
N I B B R B different flow analysis methods. The conclusions from the
0 10 20 30 40 50 60 comparison of the results of, are very similar. The present

Centrality (%) statistics of 50 M minimum bias events are not sufficient for

FIGURE 30. Elliptic flow v2 of identified charged hadrons as a ?stgtllsct)l(;ally &gr:lg(_:ag[ fOLljlr_-partch(;r(]:um_ulam{lél} refslults
function of centrality in Bi+Bicollisions at/syy = 9.2 GeV or 0-10% central Bi+Bi collisions. The triangu a) ow
for different methods of flow analysis of fully reconstructed events Of hadrons is predicted to be more sensitive (thgrto vis-

(filled markers) and generated VHLLE+UrQMD model events COUS damping and may be a good observable for investigating
(open markers). the formation of a QGP and pressure gradients in the early

phase [21,90].
of vo{ ¥ trc} Measured in relation to the participant plane  The calculations of the hybrid model show that the hydro-
Uotpct v2{ U1 pHcaL) =~ (v2),v2{Wotpct =~ (v2) + dynamically generateds signal disappears at low collision
0.502/ (v2). energies of,/syy = 5 — 7 GeV and there is nes signal
Figure 29 shows the performance for the measurementgenerated in the hadronic phase [21,90]. Figure 31 shows the

of vy as a function ofpy of identified charged pions (tri- performance for the measurementspgfof v3 of identified
angles), kaons (boxes), and protons (circles) from 10-40%harged hadrons in Bi+Bi collisions atsyy = 9.2 GeV
central Bi+Bi collisions for reconstructed and generated 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 extractitt@d b)v, signal for A particles produced in 20-50%

central Bi+Bi collisions at/syny = 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  These measurements are made possible by the effects
events (open markers). The present statistics allows us tof quantum statistics and final-state interactions, which in-
check the event plane method using the event plane frorduce momentum correlations between two or more particles
the TPCvEF (U3 1pc). In general, a good agreement is ob- at small relative momenta in their center-of-mass system. By
served between the; results from the analysis of fully re- studying the shape of the fireball formed during heavy-ion
constructed and generated model data. collisions, valuable insights into the nature of the transition
For V? particles, such a&’{ and A, the invariant mass between the hadron phase and the quark-gluon plasma can
fit method [30] can be applied to separate tffevalue of  be gained [91-93]. Given that pions are among the most co-
the signal from the® of combinatorial background. As an piously produced particles in high-energy reactions, femto-
example, Fig. 32 demonstrates the invariant mass fit methoscopic studies concentrate mainly, although not exclusively,
to extract the directed; (left panel) and ellipticvS (right  on correlation studies of these particles. In this section, we
panel) flow signals folA particles produced in 20-50% cen- present feasibility studies for two-pion correlation functions
tral Bi+Bi collisions at,/syny = 9.2 GeV. The method in- performed using UrQMD simulations.
volves calculating the2!! = (cosn(¥; — ¢,)) (M) of the
same-event distribution as a function of the invariant massg 4.1, Femtoscopic correlations of charged pions
M, (denoted by black symbols in Fig. 32) and then fitting
the resultingy2!!(M,,.) distribution using 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.

where fB(M,) and fS(M,,) are the background and the Experimentally the CF can be _megsured as th.e Gfip =

signal fractions, respectively. The backgroudf{M,,) is  4(9)/B(a), whereA(q) is the distribution of pairs from the

parametrized as a linear function f,, andvS is taken as ~ Same event an(_B(q) represents the reference distribution

a fit parameter, see Fig. 32. Figure 39 presents the resul@f Pairs from mixed events [94,95]. The quantify,, de-

ing values for directed; (left) and ellipticv, (right) flow notes the Lorentz-invariant momentum difference, defined as

of A hyperons as a function of pseudorapidityand trans- ~ inv = V ‘1_8 - q2_- _

verse momentumpr in 20-50% central Bi+Bi collisions at One-dimensional (1D) analyses of pion femtoscopy are
/sNN = 9.2 GeV for the event plane method of analysis challenging because of the non-Gaussian nature of the

of fully reconstructed events (filled markers) and generate§ource, caused by long-lived resonance contributions. There-

PHSD model events (open markers). fore, an exponential Bowler-Sinyukov function (neglecting

Current studies show that the MPD is capable of provid-the Coulomb interaction) is commonly employed to fit the

ing detailed differential measurements of directed,(ellip- ~ Pion CF [96]

tic (v2), and triangular«3) flows of identified hadrons pro-

duced in Bi+Bi collisions at/sxy = 9.2 GeV with high Clg) = 1+ Aexp(—Rq), (10)

accuracy.

Uan(Mpﬂ) = fB(Mpw)UE(Mpw) + fs(Mpﬂ)USa 9)

n

where X\ indicates the correlation strength aftithe one-

5.4. Femtoscopy and correlations dimensional source radius. More generéll shapes have
also been recently explored [97-100].

Femtoscopy serves as a tool for measuring the spatio- Inthree-dimensional (3D) analyses performed inthe Lon-

temporal dimensions of the systems created in particle or nugitudinally Co-Moving System (LCMS) [91,92], information

clear collisions. about the size and shape of the particle-emitting source can
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be extracted using the 3D Bowler-Sinyukov formula that, foris defined as the azimuthal angteof a particle with trans-
a Gaussian-like source and ignoring the Coulomb correctioryerse momenturpr and chargee at some radiu® within

takes the form [101,102] the TPC in a magnetic fiel,
C(out, Gside Qong) = 1+ Ae(~9oulau™Goueltsse—dono ina)  (11) % = ¢ + arcsin(ze B R /2pr). (12)
In the LCMS, the vectoy, is decomposed into three com- The An A¢* distribution of pion pairs, normalized to a

ponents:g,y (in the direction of the average transverse pairmixed event sample, is shown in the left panel of Fig. 40. The
momentum),giong (in the direction of the beam) ang;qe Ag* projection is shown in the middle panel and thg pro-
(perpendicular to both directions). This parameterization aljection is shown in the right panel. A region of inefficiency
lows us to measure all three independent combinations aue to two-track effects is clearly visible at lalwp* andAn.
four space-time dimensions of the source. The width of this inefficiency region depends on the detector
Here we analyze MC data obtained from centralized progeometry and the two-track reconstruction efficiency [104].
duction 1 in Table I, using the UrQMD model. We discuss  Finite track momentum resolution causes the recon-
the effects that influence the femtoscopic correlations fronstructed relative momentum of a pair to differ from the true
the experimental point of view. The most significant factorsvalue. This can be taken into account in the theoretical func-
in this context are the two-track effects and the resolution ofion using the response matrix [105]. An example of such
momentum. a matrix, that correlates the UrQMD generated relative mo-
In femtoscopic studies of two identical charged particlesmentumg,,,q4.1 With the reconstructed relative momentum
track pairs with similar momenta and emission angles fromy,..., is shown in the upper panel of Fig. 33. The width of
the reaction region are subject to specific reconstruction efthe smearing effecto(,) is estimated to be about 4.5 MeVc
fects. Track merging occurs when two spatially close tracksn the region of the femtoscopic effect, this is shown in lower
are incorrectly reconstructed as one, leading to inefficiencpanel of Fig. 33.
in the reconstruction of close pairs. In contrast, track split- The 1D CFs were studied in three intervals of pair trans-
ting occurs when a single track is erroneously reconstructederse momenturky (kt = |pr,1+pr,2|/2): 0.15-0.25, 0.25-
as two tracks that are very close to each other. This results iB.35, and 0.35-0.45 GeVc, as well as three centrality classes:
a false enhancement of close pairs in the correlation functiorQ-10%, 10-30%, and 30-50%.
particularly in the region of femtoscopic effects at small mo-  The fits were performed using EA.Q). Figure 34 shows
mentum differences. Consequently, the extracted radii anthe pion CFs as a function of the invariant pair relative mo-
the A parameters can be affected. mentumg;,,,. The solid blue line represents the CF with par-
Since two-track effects occur at small angular distancesticle momenta from the UrQMD model. The open circles
restrictions on the azimuthal anglep* and the polar angle correspond to the CF with reconstructed pion track momenta
An between tracks are generally applied [103]. The apgle for tracks with a number of hits greater than or equal to 40.

10° Projection onto g, with g =0.1GeV/c

107 x10°

q.. (GeV/c)

- . <q,>=102.6 MeVic|
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10° 201 _

102
10— —
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FIGURE 33. Effect of finite momentum resolution for the two particle relative momengurfihe 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 they... 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 momentug,.. The CFs were fitted us-  FIGURE 35. The one-dimensional radii extracted from the CFs for
ing Eq. [10). charged identical pions versiés. Empty and full symbols show
results for the simulated and reconstructed CFs.
Both CFs were obtained with cuts to exclude two-track inef-
ficiency effects:|An| < 0.07 and|A¢*| < 0.07, as deter-
mined from Fig. 40. Notice that there is some disagreement
between the generated and reconstructed CFs in Fig. 34 ir
the regiong;,y < 0.01 GeVc, attributed to the two-track cut
effects. The curves in the figure are for fits to the CFs using g/
Eq. (10). The radius of the reconstructed correlation function 1.2
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

)

UrQMD Bi+Bi 9.2 GeV | 0.25<k.<0.35 GeV/c o TITT

_‘
B

out,side,long

L | | | 1 1 |
using deconvolution methods for real data, the corrections -01 0 041 01 0O 01 -01 0O 01

are delicate, especially in the loyvregion since they often q
amplify statistical noise, and require excellent modeling of _ _ _ _ _
detector response and careful control of non-Gaussian tailg/GURE 36. Three-dimensional two-pion correlation function pro-

in the resolution. This is why in actual data analysis theséeCtionS onto the out (left), side (middle), and long (right) directions

. . . . i — 0 i i isi

corrections are usually not applied directly to the correlation/th 0-25 <kt < 0.35 Gevc for 0-10 % central Bi+Bi collisions

function. Instead, the effect is quantified using simulationsat VN = 9.2 GeV. Solid lines represent projections of the three-
) ’ dimensional fit with Eq./11) on the corresponding axis.

and included in the systematic uncertainties. This is the pro-
ce_:dure that we will follow when the analysis is performed dle), and long (right) directions. These correlation func-
with real data. tions were obtained for 0-10% central Bi+Bi collisions at
Figure 35 shows the extracted radit, as a function of /57y = 9.2 GeV, as simulated in the UrQMD model. The
k for the centrality intervals 0-10%, 10-30%, and 30-50%.projections of the fitted function, according to Eal), are
The fit used to obtain the values Bfwas performed for both  also shown in the figure. Deviations of the CF from the fit
the reconstructed correlation function (solid symbols) and théunction at small relative momenta are associated with the
true correlation function from the UrQMD model (open sym- application of two-track cuts.
bols). The exponential radius is almost flat as a function of  Figure 37 shows the extracted out-side-long radii of pi-
k. The variation of the radius with centrality is consistentons for two differentkr intervals: (0.15-0.25) and (0.25-
with the geometric interpretation of the collisions. The maxi-0.35) GeVc, along with three centrality classes: 0-10%, 10-
mum deviation between the reconstructed radii and the modeJo%, and 30-50%. The fit was performed for both the re-
radii is observed to be approximately 8%, while the minimumconstructed correlation function (solid symbols) and the true
deviation is around 3%. The reduction in the reconstructedJrQMD model correlation function (empty symbols). The
radii, compared to the model ones, is primarily attributed toreconstructed radii are smaller than the model ones, primarily
the effects of momentum resolution. due to finite momentum resolution. It is evident from Fig. 37
The 3D#r correlations were fitted for twéy intervals:  that the radii in all directions decrease with increasing trans-
0.15-0.25 and 0.25-0.35 GeVc, as well as for three classegerse momentum of the pair. This behavior can be attributed
of centrality: 0-10%, 10-30%, and 30-50%. The fits wereto the presence of radial flow [106,107].
performed using Eqg/1{l). Figure 36 shows the 3D CF pro- The centrality dependence of the out-side-long radii is re-
jections for the firsky interval in the out (left), side (middle), lated to a simple geometric picture of ion collisions. The pa-

(GeV/c) (GeVic) g, (GeVic)

out qside
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’E‘ o charged particle production mechanism and can address the
= o fundamental question concerning the hadronization process
*g 5l 2 a in nuclear collisions at relativistic energies [109]. The final
g 0 degree of correlations is reflected in the balance function and
u O consequently in its width. It is defined as

|
r | L[ (N+=(Ay) = (N*H(Ay))
R , , ) B(Ay) - 2 { <N+>
g AL o | N (N~*"(Ay)) — (N~ (Ay)) } (13)
- o W
[2]
x 3.5 = ] where(N*~(Ay)) is the average number of opposite-charge
= pairs with particles separated by a relative rapidity, and
3 u similarly for (N=*(Ay)), (N*+(Ay)), and (N~ (Ay)).
(N*)and(N~) are the numbers of positively and negatively
2.5~ ‘ . . ] charged particles in the rapidity interval, over all events. The
’E\ 0 charge balance functioB(A¢), as a function of the relative
= . azimuthal angle\, is defined similarly [108].(N*~) and
= (N~1) are equal for inclusive CBFs, however, they may dif-
Q:-Q 4 m o) N 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
3_ —
| | , () = H2, (14)
< gL UrQMD: 12 Bi-Bi {5,,,=9.2 GeV ] o
: O sim -@ rec 0-10% whereB; = B(Ay) is the balance function value for each
] sim - rec 10-20% bin, with the sum running over all bins. The CBF width is
071 sim rec 20-50% | 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-
0.6 n b4 — teristics of the particle emitting source. In a hydrodynamic
0.2 0.05 0.3 approach, the width is proportional to the inverse strength of
k. (GeV) the collective radial flow in the system, allowing to estimate
T collective effects as well.
FIGURE 37. The termsRou, Rside, and Riong @nd A versus CBFs for heavy-ion collisions were experimentally stud-

kr for 0-10 %, 10-30 %, 30-50 % central Bi+Bi collisions at jed at SPS [110], RHIC [111,112], and LHC [113-115]. Two
Vsnn = 9.2 GeV. Empty and full symbols show results for the jnteresting experimental observations were made: the bal-
simulated and reconstructed CFs. ance function width increases with the increase of the cen-

rameter\ equals unity in the ideal case of a Gaussian spherEra“ty’ and the width decreases while the energy of the beam

ical source consisting only of primary particles emitted ran—mcr_le_sseéélz deling for MPD giti ; q
domly from the source. The correlation strengthis less e modeling for conditions was performe

than 0.7 for the model, which could be due to the influenceUSing UrQMD-based production number 1 from Table I. The

of long-lived resonances and a hon-ideal Gaussian source digf’mks were selected according to cuts similar to those used

tribution. The value of the parametgrfor the reconstructed ;nGthflanaIySIS of thTehSTARkexperlment '[1{3I2].2h< pr <|
CF is lower than that of the model CF, mainly due to finite eVeandy| < 1. The tracks were required to have at least

momentum resolution and the distortion of the CF resultin E&TS in the T_II_DhC an_d be matched to the pr_lma(;y vet;tex W'.th
from two-track cuts. < 3cm. e primary vertex was restricted to be posi-

tioned within 30 cm along the beam axis and within 2 cm in
5.4.2. Charged balance function the transverse direction. Both, rapidity and azimuthal CBFs
for inclusive and identified charged hadrons, were analyzed
The charge balance function (CBF) has been proposed &g ,/syn = 9.2 eV in Bi+Bi collisions in the 0-80% central-
a convenient measure of the correlation between oppositely class. Figure 38 shows the width of the pseudo-rapidity
charged particles [108]. It provides valuable insight into theand 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 datz
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FIGURE 39. a) Directedv;, and b) ellipticv, flow of A hyperons as a function of pseudorapidjtand transverse momentuss in 20-50%
central Bi+Bi collisions at/sy~x = 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 obtaineshown that the MPD momentum resolution allows carrying
from reconstructed events, and red squares the generatamut this kind of study, providing an agreement within statis-
level UrQMD data. Notice that the CBFs shown in Fig. 38tical uncertainties between the reconstructed and model pa-
are not significantly affected neither by the finite momentumrameters.
resolution nor by particle identification effects. This observ-
able is considered robustly resistant to common detector II'BS E|ectromagnetic Signa|3 and neutral mesons
efficiencies due to the fact that only the correct determination
of the electric charge is essential, which is done with veryElectromagnetic signals — photons and electrons — provide
good accuracy. the possibility to measure spectra and correlations of neutral
The CBFs were corrected to account for the charge immesons, direct photons and dilepton pairs. Neutral mesons
balance that is present (owing to the finite values of baryoncan be reliably identified in a wide momentum range and
strangeness, and isospin chemical potentials) at NICA enecomplement measurements of charged identified hadrons.
gies, using the event mixing technique [112]. This techniqueDirect photons are the photons not originated from decays of
requires to calculate an additional set of CBFs composed dfnal state hadrons, but produced in electromagnetic interac-
tracks that are selected from different events. These mixetions in the course of the collision. Direct photons escape the
CBFs can be subtracted from the same-event CBFs, to rétot fireball and deliver information about temperature, devel-
move distortions due to charge imbalance. To estimate thepment of the collective flow and space-time dimensions of
reconstruction efficiency, the reconstructed widths were comthe system at all stages of the collision, including the hottest
pared to those obtained at the generator level. one. Dileptons similar to (real) direct photons allow us to
In summary, femtoscopic and correlation studies are useprobe the hot matter, but in addition, reflect in-medium mod-
ful tools to reveal the spacetime properties of the particleifications of vector meson properties. This makes them sen-
emitting source in relativistic heavy-ion collisions. We havesitive to both the deconfinement and chiral symmetry restora-
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FIGURE 40. a) Two-dimensional\n A¢™* distributions for reconstructed tracks. b) Projectionaip™ and c)An.
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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  To reconstruct photons in ECAL, a clusterization proce-
capabilities for the measurements of photons, neutral mesomiire is used. It selects a seed cell with the energy above

and dielectrons in Bi+Bi collisions gfsyn = 9.2 GeV. the thresholdF...q = 30 MeV and adds all cells with com-
mon side and energy exceeding a minimal energy threshold
5.5.1. Photons of 5 MeV. If the cluster has more than one local maximum,

an unfolding procedure is applied based on the fitting energy
Direct photons can be emitted either in hard processes invohdepositions in all cells with electromagnetic shower shapes
ing partons of incoming nucleonpromptdirect photons) or ~ with local positions and energies considered as free param-
as the thermal emission of hot quark or hadron mattesr{  eters. The energy of a cluster is calculated as a sum of the
mal direct photons). Prompt photon production at NICA en-energies of the cells. The coordinates of a cluster both in
ergies probes nucleon structure functions in a highregion ~ and¢ directions are assigned to the “centers of gravity” cal-
where they are relatively poorly constrained [116]. Predic-culated with logarithmic weights, similar tag.calorimeters
tions for the thermal direct photon yields in heavy-ion colli- in the ALICE experiment [118]

sions at NICA energies are very scarce. One of them is based T wyzg B
= "t w; = max (O,log <l> + 5.5) , (15)

on hydrodynamic calculations combined with the UrQMD (x) =

model [116]. Another one is based on the phenomenologi- 2w

cal extrapolation of available experimental results [117]. Thewhere the cut-off parameter 5.5 is chosen as large as possible

two approaches provide similar predictions. The expecteavith expected electronic noise.

contribution of direct photons to the inclusive spectrumison  Photon identification in the ECAL is performed based

the level of 5-10% apr ~ 1 GeVc which makes their recon- on three independent criteria: time-of-flight, neutrality and

struction challenging but yet a realistic experimental task. shower shape. The time-of-flight is based on the good
Photons in the MPD can be reconstructed in two ways, eitime resolution of the ECAL which was estimated in beam

ther in the electromagnetic calorimeter (ECAL) or convertedtests [119] to reach about 250 psiat, > 500 MeV. The

in the material of the beam pipe or inner walls of the TPC ancheutrality of a cluster is estimated by calculating the distance

reconstructed as a pair ef e~ tracks in the tracking system. 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 piotdr) 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 logical selections are considered and used to select true con-
parametrized and the distance between cluster and extrapeersion pairs:y? < 10, the DCA of two tracks (DCA< 2.8
lated track RCPV is provided in units of, see Fig. 41a). cm), the Cosine of Pointing Angle (CPA) between pair mo-
Clusters, associated with charged particles, have maxima atentum and direction from conversion vertex to the primary
Rcpv ~ 1, while photon and neutron clusters have widervertex (CPA> 0.98), the angle between perpendicular to the
distributions from random associations between clusters angair plane and the magnetic field/{ < 0.275).
tracks. A comparison of the efficiency of photon reconstruction
The third photon identification criterion is based on thefor the two methods, as a function of transverse momentum
shape of the cluster: hadrons produce either clusters witand rapidity, is shown in Fig. 42. The photon reconstruc-
very small dispersion in the case of minimum ionizing par-tion efficiency in the ECAL is close to unity at sufficiently
ticles or clusters with large dispersion in the case of strondarge pr and decreases t& 70% atpr = 0.1 GeVc. At
hadronic interaction. Photons and electrons, on the contraryy ~ 1 GeVc the reconstruction efficiency even exceeds
produce compact clusters. Quantitatively, the comparisomnity due to the finite energy resolution and the shape of
can be done in two approaches, either by evaluating eigerthe inclusive photon spectrum. The efficiency of the PCM

values of the dispersion matrix method is approximately 100 times lower (take note of the
scale factor for the PCM case) due to the small conversion

Ek:(‘”i’k = (i) (w1 — () Jwi probability up to the middle of TPC and relatively strict

Mi; = S : (16)  selection criteria. With a primary vertex selection within

X |zvertex| < 50 cm used in this analysis, the ECAL allows

) ) ) ] re-construct photons within rapidity| < 1 with almost con-
wherez;  is the i-th coordinate in the ECAL surface of the giany efficiency and up toy| < 1.3 with reduced efficiency.
cell with number k andvy is the logarithmic weight, the same The efficiency of the PCM method shows some rapidity de-

as in Eq.IL9). An alternative approach calculates the resultyengence due to the acceptance of the TPC and allows for a
of the fit of the energy distribution within the clusters with photon reconstruction withify| < 1.

the expected shape of the electromagnetic shower and returns

the x?, which can also be used to separate photon and hadragis > Differentialpr spectra forr® andsn mesons

showers, as shown in Fig. 41b). Nonelectromagnetic clusters

have wider distributions, a feature that is used for photon oSpectra of neutrat?, n and other mesons can be measured

electron selection. with high precision through their two-photon decay channels.
The second method of the photon reconstruction in the Neutral meson spectra help test the thermal and chemical

MPD is the Photon Conversion Method (PCM). It is basedequilibrium in the hot fireball, its collective radial expansion,

on reconstruction ot*e~ pairs created in photon conver- and other general properties of the system. In addition, com-

sion in the material of the beam pipe or of the inner ves-bining neutral mesons with charged tracks provides a way

sels of the TPC. Electron and positron tracks are identifiedo reconstruct short-lived hadronic resonances and to study

in the TPC, requiring the measured specific ionization lossestrangeness production. Furthermore, increased fluctuations

dE/dx to be within3c5p(pr) Of the values expected for in the relative yield of neutral and charged mesons may indi-

electrons. If the tracks match the TOF, their measured veeate the presence of a pion Bose-Einstein condensate [120],

locities are required to be consistent with the electron signaler of the Critical End Point [121].

within 3c%or(pr). Then the two dentified tracks are com- ~ The production ofr® andn mesons was measured in the

bined with a Kalman Filter for &° particle. A set of topo- 7°(n) — v + v decay channel at mid-rapidityy| < 0.5 in
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FIGURE 43. Invariant mass distributions fory 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,/syy = 9.2 GeV using the data of mass with similar topology (the difference if..t.x and event cen-
production 1 from Table |. The main detector subsystemgrality does not exceed 20 cm and 10%, respectively). The
used in this analysis are the ECAL, the TPC and the TOF demixed-event invariant distributions are scaled to the same
tectors. Only events with a reconstructed vertex lying withinevent distributions at high masses where the contribution of
|2vertex| < 100 cm and centrality in a range 0-90% were correlated pairs is minimum. Examples of invariant mass dis-
accepted. The number of analyzed minimum bias events igibutions before and after subtracting the mixed-event back-
equal to about x 107 collisions. The available statistics are ground are shown in Fig. 43. After subtraction, the resulting
sufficient only to measure the centrality-dependent producdistributions contain the remaining correlated background
tion of 7% mesons in fine-momentum bins and to estimate thérom minijets and pairs from misreconstructed hadronic de-
7 meson production in minimum-bias collisions. cays, which have a smooth dependence on the mass. The
The two approaches described above were used for the reemaining background is parametrized with a polynomial,
construction of photons: photon measurements in the ECAlwhile contributions from decays of neutral mesons are de-
or photon conversion method. The calorimeter-reconstructedcribed with a Gaussian function. Parameters of the Gaussian
clusters were selected as photon candidates if they satisfieahd polynomial functions are kept free in fits to the invariant
minimum selectionsZ, > 0.075 GeV, the number of tow- mass distributions. The extracted mass and width values for
ers in the cluster is greater than one, the shower shape is cotiie 7° andn mesons are found to be consistent with the ex-
sistent with the shape expected for electromagnetic signapected values within uncertainties. Examples of the fits are
X2INDF < 4, the time-of-flight is less than 2 ns. Photon presented in the same figure. The meson yields are estimated
conversion pairs were selected as described in the previowsther as integrals of Gaussian functions or by bin counting in
section. the mass rangen — M| < 30 followed by the subtrac-
The yields ofr® andn mesons for eacpr and the cen- tion of the polynomial integral in the same range. The values
trality interval are measured by calculating the invariant mas®f M,.. ando,.. are the mass and width of the neutral meson
distributions of photon pairs at midrapidity| < 0.5 in  extracted from the fit.
different combinations: ECAL-ECAL, ECAL-PCM, PCM-
PCM. The combinatorial background is estimated using a 1he same data sample was used to evaluate the recon-
mixed-event method, when one of the photons is taken fronftruction efficiencies for the” andn mesons in ther” or
the current event and the second is taken from another evefit— 7 +7 decay channel, as well as to estimate the expected
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FIGURE 44. Reconstruction efficiencyl x e evaluated forr® andn mesons in ther®(7) — ~ + ~ decay channel in Bi+Bi collisions at

VSNN = 9.2 GeV.
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FIGURE 45. a) Differential production spectra and b) their ratio to the truly generated one foresons 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 atie truly generated one within uncertainties. The momen-
alyzedpr and centrality interval, the efficiencies x ¢ are  tum coverage for the measured spectra is comparable. Fig-
calculated as the ratit¥,c. /Ngen, WhereN,o. is the number ures 43 and 44 clearly demonstrate the difference between
of reconstructed particles in thet+ v channel, after all event the methods. The ECAL-ECAL method has the highest effi-
and track selection cuts, aid,.,, is the number of generated ciency, but measurements at low momenta are characterized
mesons withiny| < 0.5 decaying in ther®(n) — v + v by a rather poor energy resolution and a significant hadronic
channel. Examples of efficiencies evaluated forth@ndn  and combinatorial background. In contrast, the PCM-PCM
mesons for minimum bias Bi+Bi collisions as a function of approach takes advantage of the much better energy resolu-
transverse momentum are shown in Fig. 44. The differencéon of the tracking system and the superior purity of photon
at low pr between the efficiencies far® andn mesons, re- reconstruction at low momenta, resulting in much narrower
constructed using the same photon selections, is due to theconstructed peaks and lower background. However, the
different masses of the particles and hence mean energies wiethod suffers from low efficiency as a result of a small pho-
decay photons at the samgof parent mesons. Quite a large ton conversion probability. The hybrid ECAL-PCM method
difference is observed for the reconstruction efficiencies obccupies an intermediate position, sharing the advantages
70 with different methods explained by the rather small prob-and disadvantages of the above two methods. Measurements
ability of photon conversion in the detector materials with awith the ECAL-ECAL and ECAL-PCM methods allow us to
total radiation length of{/ X, ~ 4.5%. The evaluated effi- study the dependence af production on centrality. The
ciencies show a rather modest dependence on the centraligyatistics of the PCM-PCM method do not allow for such

of the event. a detailed study with the available data set. Measurements
The fully corrected yields evaluated according to E5). ( with the ECAL-ECAL have a smaller statistical uncertainty
for 79 meson in minimum bias Bi+Bi collisions sy = and are used hereafter by default. However, measurements

9.2 GeV with three different reconstruction methods arewith ECAL-PCM and PCM-PCM are important, especially
shown in Fig. 45. The spectra agree with each other and witht low momentum, to study the performance and systematic
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FIGURE 46. Differential production spectra for® andn mesons in Bi+Bicollisions al/snn = 9.2 GeV. Results for® meson are shown
in different centrality intervals. The measured points are compared to the true ones shown with histograms.
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FIGURE 47. a) Inclusive photon directed collective flow vs. rapidity. b) Inclusive photon elliptic collective flowwvs.

effects in the calorimeter. The available statistics are suffi5.5.3. Collective flow of inclusive photons and neutral
cient to measure only the production of centrality-integrated mesons

1 mesons using the ECAL-ECAL method. . ) )

The measurement of the collective flow of inclusive pho-

tons is a necessary ingredient for the extraction of the direct-
hoton flow. The latter is measured as a difference of the in-

~.incl .dec.

clusive photon flow; and flow of decay photons)

The differential yields measured for the® and 7
mesons as a function of transverse momentum in centralit
differential Bi+Bi collisions at,/syy = 9.2 GeV are shown
in Fig. 46. The measurements span a wigerange from , pyinel R y.dec Nsinel
0.1 to 4.5 GeVc with the accumulated statistics. The re- vy " = = 7 — T b= e @D
constructed spectra are compared to the truly generated ones K

shown with histograms. The reconstructed spectra match thene gecay photon flow)"4°° is estimated using Monte-Carlo
ones generated within statistical uncertainties. Additionakjnulations based on the measurédfiow and on the mea-
photon selections, such as cluster neutrality and/or a high&fyred or estimated flow of other neutral mesons [122,123]
minimum energy of clusters with, > 0.2 GeV were op-  for details. We compare the reconstructed directed and el-
tionally used to further suppress the hadronic background a”ﬁ’ptic flow of inclusive photons with the truly generated sig-
optimize the reconstructed peak shapes. nals in Fig. 47a). The inclusive photon directed floy in-
tegrated ovepr, measured with the ECAL, reproduces the
The fully corrected spectra obtained using different selecinclusive photon flow calculated at the generator level in the
tions were compared and found to agree within $61@ith  range|y| < 1.5. The PCM method also reproduces the gen-
a tendency for a larger discrepancy at lower momenta. Sincerated flow, though with larger uncertainties withf < 1.
statistical uncertainties in such comparisons are highly corre- The dependence of the collective elliptic flaw of in-
lated, the observed discrepancies serve as a rough estimateahiisive photons on the transverse momentum is presented
the systematic uncertainty for the signal extraction. 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 flowpys.

other variable — the mass of the virtual photon — they pro-
TABLE V. Selection cuts for electron track reconstruction and elD. vide the possibility to measure the temperature of hot mat-
The signals from TPC, TOF and ECALe. (dE/dz) in TPC, ter without blue shift, which appears due to the radial ex-
time-of-flight in TOF, andE/p and time-of-flight in ECAL, re-  pansion of the fireball in case of real photons. One can ex-
spectively, are expressed in units of standard deviations from theyect that, at NICA energies, the heavy-flavor decay contri-
signals expected for true.electr(.)ns. Similar expressions are useg;tion will be negligible and thermal virtual photon emis-

for TOF and ECAL matching variablesgdind d. sion will be the dominant source in the intermediate mass

Variable Cut regionl < M., < 3 GeVcsq. This will provide access to
nhits, 39 the temperature of the hot source. Thermal photon emission
DCA <30 will also appear in the low-mass regiaki,.. < 0.5 GeVcsq,

TPCdE/dx Ne,e < 20, pr < 0.8 GeVe where one can relate virtual and real photon yields with the

Kroll-Wada formula [124] and calculate the real direct pho-

—1 < nge < 20,pr > 0.8 GeVe . h A .
j pr ton yield. Thermal dilepton emission in the low-mass region,

d dz
TPC-TOF match. ot zaTr:gng,e <2 M, < 0.7 GeVcsq reflects the temperature of the hadron
TOF elD Inge’| <20 gas formed in the late stages of the collision and conveys in-
TPC-ECAL match. ngl andng’. < 30 formation about the in-medium modification of theneson
ECAL E/p elD ny'? < 20 spectral function.
ECAL m? elD [naF| < 1.50

The MPD performance for electron measurement was
1 million Minimum Bias events after event selection. With studied and optimized using a sample of 15 million mini-
available statistics, one can measure the elliptic flow of inclumum bias Bi+Bi collisions at/syn = 9.2 GeV generated
sive photons with reasonable accuracy upio~ 2.5 GeVc  in mass production 1 from Table I. To improve the statisti-
with the ECAL and up topr ~ 1 GeVc with the PCM  cal significance of the dielectron yield in this relatively small
method. sample of events, the branching ratios of dielectron sources,
In Fig. 48, we present a comparison of the neutral piomamelyw — e*e™, w — mlete™, p—efe™, ¢ — nete”
directed flow as a function of rapidity and the elliptic flow ~ and¢ — e*e™, were increased by a factor of 20 in the de-
as a function opr. All three methods can potentially be used cay generator table. The dilepton mass spectra were later
to extract the neutral pion flow. However, the PCM methodscaled down to retrieve the realistic dielectron yield from
lacks statistics and does not produce any reasonable resulttgese sources.
this point. We found that both the ECAL and hybrid methods  Furthermore, the yields and spectral shapes of the vec-
produce consistent results and reproduce the flow of primanr mesonsy®(770), w(782) and $(1020) generated with

generated neutral pions shown with the MC curve. SimilarlyyrQMD were rescaled to match more realistic predictions of
to inclusive photons, the collective flow can be measured ughe PHSD event generator.

to |y| < 1.5 in rapidity, and the statistics analyzed of 1 mil-
lion Minimum Bias events, after event selection, allow the
reconstruction ofi, up topr ~ 2.5 GeVc.

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
554. Dielectrons effect of the measurements of the average specific energy loss

dFE/dzx of the track while traversing the TPC gas, the particle
Dielectrons ¢te~ pairs) open another set of possibilities time-of-flight in the TOF and ECAL detectors, and the parti-
to explore the properties of hot matter. As they add ancle energy in the ECAL. The latter contributes to electron
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FIGURE 49. Electron track reconstruction and elD 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 particletron sample over the entire momentum range. The figure also
ratio E'/p to be unity. shows that the purity of the electron sample, withoutZhe
Event tracks that have a primary vertex reconstructedut enabled by the ECAL, is around 80% for > 1 GeVc,
within —zyertex] < 130 cm are reconstructed in the TPC highlighting the important role of the ECAL in reducing the
within the pseudorapidity intervdl| < 1.0, requiring at  hadronic contamination at high momenta. The reconstruction
least 39 hits out of a maximum of 53 hits, and are identifiedefficiency drops rapidly for electrons witly < 200 MeVc,
using a momentum-dependent cut on the truncated specifieaching 0 at aboyt; = 100 MeVc (for an electron emitted
energy lossdE/dz) signal. The tracks are then extrapolatedaty = 0, the minimum momentum to reach the TOF detector
to the vertex region and as3ut is applied on the distance- is 110 MeVc).
of-closest-approach (DCA) to the primary vertex. This cut A novel pair analysis strategy for the measurement of
removes nearly 98% of the contributions from conversiondileptons at the MPD is being developed aiming at reducing
occurring in the detector material behind the beam pipe. Fithe combinatorial background while maintainkng a high re-
nally, the tracks are extrapolated to the TOF and ECAL deteceonstruction efficiency. To enhance the chances of recogniz-
tors and matched to the hits in these detectors within 2cor 3 ing electrons originating fromr® Dalitz decays and gamma
of the extrapolation point in both theand¢ directions. The conversions, the rapidity phase space of fully reconstructed
time-of-flight measurement of the track is provided primarily electrons is divided into a fiducialr{ < 0.7) and a veto
by the TOF detector. The ECAL also provides a measuref0.7 < |n| < 1.0) region. Fully reconstructed electron
ment of the track time-of-flight. It has a worse time resolutiontracks in the fiducial area are paired among themselves or
of 250 ps at high energy, but the measurement is nonethelegsth tracks in the veto area. Unlike-sign pairs witl,, <
useful as it provides electron identification (elD) for those 120 MeV/c? are tagged as pairs fron? Dalitz decais or con-
tracks that fall within the inactive area between the modulewersions and are not used for further pairing. Furthermore, a
of the TOF detector. The main benefit of the ECAL is the proximity cut is applied in the TPC: fully reconstructed elec-
measurement of the particle energy which, coupled with itdron tracks in the fiducial area are paired with partially recon-
momentum reconstructed in the TPC, gives By ratio - a  structed electron tracks.e. electrons reconstructed in the
critical discriminant variable for electron-hadron separation.TPC, and not identified at least in one of the outer detectors,
All selection cuts applied along the track reconstruction andhe TOF or ECAL, and both tracks are removed as a poten-
identification chain are listed in Table V. tial Dalitz pair if they haveM,, < 80 MeV/c? and opening
The selection cuts result in a very good single electrorangle,d < 5° or 10°. The remaining fully reconstructed
reconstruction efficiency and electron purity, as depicted irelectron tracks in the fiducial area, with > 200 MeVc, are
Fig. 49. The upper panel of the figure shows the graduapaired among themselves to build the unlike sign (U) and like
decrease in the single-electron reconstruction efficiency asign (L) invariant mass spectra.
various matching and electron identification cuts are applied. The combinatorial background B is approximated by the
The final single-electron reconstruction efficiency of fully re- L sign spectrum and thus the reconstructed signal is obtained
constructed tracks (identified in TPC, TOF and ECAL) with asS = U—-B =~ U—L, as shown in the upper panel of Fig. 50.
pr > 200 MeVc amounts to approximately 45%. The ee- The lower panel shows the differential S/B ratio. Currently,
quirement of a ECAL signal reduces the efficiency to zeroa S/B ratio of abou6% is observed over the integrated mass
for pt < 150 MeVc as such tracks do not reach ECAL. The range 0f0.2 < M., < 1.5 GeVcsq. The S/B ratio that is
bottom panel shows an almost 100% purity of the final elec-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 collisiongat v = 9.2 GeV.

sis based on mixing of all tracks from the fiducial region, is  The measurements for light nuclei, ¢) cover the midra-

about 2.6%. This demonstrates the advantage that is providgudity region (y| < 1) and are more restricted in the lgw

by the adopted analysis strategy. range due to losses in the detector material. However, accu-
In summary, the MPD experiment demonstrates a strongate reconstruction of the shapes of transverse spectra and ra-

capability for comprehensive dielectron measurements, berpidity distributions of nuclei is possible, allowing us to study

efiting from excellent electron identification and high elec-the freezeout process and the role of momentum-space corre-

tron purity, particularly due to the critical role of the ECAL lations in the production of nuclear clusters.

to reduce hadronic contamination. Tools such as machine The feasibility studies showed that the measurement of

learning, to further improve the S/B ratio and the signal sig-hypertritons is possible with the MPD. The selection criteria

nificance, are currently under development. for 3 H reconstruction are optimized for best significance, the

detector efficiency fok H as a function opr 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

In this work, the physics performance ofthe MPD experimentdata taking is sufficient to obtain enough statistics and to get
was studied in Bi+Bi collisions af/syy = 9.2 GeV us-  the yields of hypertritons in several proper time intervals for
ing large samples of events simulated using UrQMD [14,15]the measurement of theH lifetime.
DCM-QGSM-SMM [16], PHQMD [17], PHSD [18,19] and Performance of the MPD has been verified for anisotropic
VHLLE+UrQMD [20,21] event generators. A wide vari- flow measurements of identified charged pions, kaons, pro-
ety of observables was analyzed, including the measurgons andA particles as a function of rapidityY and trans-
ment of light-flavor hadrons and (hyper)nuclei, photons and/erse momentumpf) in different centrality classes. A de-
(di)electrons, focusing on those expected to be available foiailed comparison of the results obtained from the analysis
an experimental study with the first collected data sets of 50-0f the fully reconstructed data and generator-level data has
100 M events. allowed us to conclude that the MPD system will provide de-
The measured differential particle yields span the phastgiled differential measurements of directed elliptic (v2)
space in transverse momentum and rapidity, correspondingnd triangulars) flows with high efficiency.
to ~ 70% of the total light-flavor hadron production cross Femtoscopic and correlation measurements are important
section. This provides a reduction of systematic uncertaintie®ols to determine the space-time sizes and the hadronization
in the estimation of integrated particle yields, important forproperties of the particle-emitting source. The main limita-
mapping the QCD phase diagram in terms of baryon chemition for an accurate determination of the parameters describ-
cal potential and temperature and for studying particle ratiogng the space-time source of particles is the finite track res-
in the strange sector. Differentigl measurements cover a olution, which causes a smearing to distinguish single par-
wide range frompt ~ 100 MeVc to a few GeVc for most ticle tracks. The smearing effect is estimated to be about
light hadrons, providing an opportunity to study the dynamics4.5 MeVc and this affects the determination of the femto-
of heavy-ion collisions, and to better understand the kinetiscopic parameters within less than 10% of the generated val-
freezeout conditions. The ability of the MPD to measure theues. CBFs studies, describing the correlations of oppositely
production of various hadronic resonances over a wide rangeharged particles, were also performed. The rapidity and
of lifetimes~ ~ 1 — 45 fm/c helps to investigate the proper- azimuthal widths of the reconstructed balance functions are
ties of the late hadronic phase, which may significantly affecshown to coincide within the sample statistics with the corre-
the transition and CEP signatures. sponding generated functions.

6. Conclusions
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