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Abstract The Nuclotron-based Ion Collider fAcility (NICA)
is under construction at the Joint Institute for Nuclear
Research (JINR), with commissioning of the facility expected
in late 2022. The Multi-Purpose Detector (MPD) has been
designed to operate at NICA and its components are cur-
rently in production. The detector is expected to be ready for
data taking with the first beams from NICA. This document
provides an overview of the landscape of the investigation of
the QCD phase diagram in the region of maximum baryonic
density, where NICA and MPD will be able to provide signif-
icant and unique input. It also provides a detailed description
of the MPD set-up, including its various subsystems as well
as its support and computing infrastructures. Selected perfor-
mance studies for particular physics measurements at MPD
are presented and discussed in the context of existing data
and theoretical expectations.
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1 Introduction

The Multi-Purpose Detector (MPD) is one of the two ded-
icated heavy-ion collision experiments of the Nuclotron-
based Ion Collider fAcility (NICA), one of the flagship
projects, planned to come into operation at the Joint Insti-
tute for Nuclear Research (JINR) in 2022. Its main sci-
entific purpose is to search for novel phenomena in the
baryon-rich region of the QCD phase diagram by means
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of colliding heavy nuclei in the energy range of 4 GeV
< J/SNN < 11 GeV.

A wealth of results, obtained by colliding heavy ions at
different beam energies, has been gathered by experiments
carried out at several facilities such as the Super Ion Syn-
chrotron (SIS), the Alternating Gradient Synchrotron (AGS),
the Super Proton Synchrotron (SPS), the Relativistic Heavy-
Ton Collider (RHIC) and the Large Hadron Collider (LHC).
The new experimental program at the NICA-MPD will fill
a niche in the energy scale, which is not yet fully explored,
and the results will bring about a deeper insight into hadron
dynamics and multiparticle production in the high baryon
density domain.

Recent Lattice Quantum Chromo Dynamics (LQCD)
calculations have shown that for vanishing baryon chem-
ical potential, wp, a crossover transition, from the con-
fined/broken chiral symmetry phase to the deconfined/
partially restored chirally symmetry phase, happens at a pseu-
docritical temperature T.(up = 0) >~ 156.5 = 1.5 MeV [1,
2]. LQCD calculations also show that this crossover transi-
tion happens at energy densities higher than 0.5 GeV/fm?.
Microscopic model calculations indicate that such densities
can be achieved in the center of the fireball created in head-
on collisions of heavy-ions at energies above ,/sxy = 3—
5 GeV [3]. Different effective model calculations [4—6] sug-
gest that for low temperatures and high baryon chemical
potentials, the transition from the ordinary hadron matter
phase to a phase where chiral symmetry is restored is of first
order. If the temperature is increased, the end of this first order
phase transition line in the 7" vs. up plane should happen at
a Critical End Point (CEP). It should be emphasized that the
existence of such a CEP has not been established [7]. Further-
more, its location in models that predict its existence is widely
spread over the phase diagram [8]. LQCD calculations cannot
be used to directly determine the position of the CEP, due to
the severe sign problem [9]. Approximations are used to gain
some insight. For example, recent results employing the Tay-
lor series expansion around g = 0 or the extrapolation from
imaginary to real pp values, suggest that the CEP cannot be
located at up/T < 2and 145 < T < 155 MeV [10]. More
recently, LQCD calculations for two light quarks and a phys-
ical strange quark allowed to extract the chiral phase transi-
tion temperature 7.0 = 13273 MeV [11] (see also Ref. [12]).
Using Tcep < TCO [13] together with the systematic energy
dependence of the chemical freeze out temperature [14,15]
one can deduce that the range ,/snn < 6 GeV is the most
appropriate one to search for the CEP [16].

It is expected that quark matter at relatively low tempera-
tures is in a color superconducting phase with large pairing
gaps [17-19], which corresponds to sufficiently high critical
temperatures. Therefore, this phase can also be discovered in
the NICA energy range [20]. The emergence of color super-
conductivity could change the character of both, the chiral
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and the superconducting phase transition at low temperatures
into a crossover, which would entail the existence of a second
CEP or even the absence of a CEP [21].

The investigation of the properties of nuclear matter inside
neutron stars is one of the goals of modern astrophysics.
The recent observation of a neutron star merger, both by
direct detection of gravitational waves [22] as well as in the
electromagnetic spectrum [23] initiated a new era of multi-
messenger astronomy. Recent model calculations reveal that
in a neutron star merger, nuclear matter reaches densities and
temperatures similar to those occurring in heavy-ion colli-
sions in the NICA energy range [24,25], that are therefore
relevant to investigate the onset of deconfinement, albeit at
higher isospin density. In other words, heavy-ion collisions
at NICA and neutron star mergers probe similar regions of
the QCD phase diagram. Therefore, the MPD offers a unique
opportunity to complement the study of neutron star merg-
ers by obtaining data from a terrestrial laboratory experi-
ment [26]. Furthermore, if the observations of neutron stars
and their mergers could reveal the existence of a first-order
phase transition, such finding would necessarily imply the
existence of a CEP in the QCD phase diagram [27,28].

Collisions of heavy nuclei at moderate energies (in partic-
ular those involving exotic-beams) produce isospin imbal-
anced matter, due to their rich neutron content [29]. This
imbalance can be characterized by a finite isospin chemical
potential ;. Unlike the case of a finite pp, LQCD simula-
tions for finite £; are not affected by the sign problem and
can be computed using Monte Carlo (MC) techniques [30],
thus providing reliable benchmarks. It is found that for a tem-
perature dependent threshold value of y; charged pions can
be created, leading to charged pion condensation [31,32],
which may play an important role in the description of neu-
tron stars and can be searched for by means of a systematic
analysis of heavy-ion collisions in the high baryon density
domain [33].

The conjectured rich structure of the phase diagram is
illustrated in Fig. 1, taken from Ref. [34], which indicates
lines of first-order transitions (solid lines) as well as crossover
transitions (dashed lines) between different phases of low-
energy QCD. The CEPs occur where solid and dashed lines
meet. A tricritical point (TP) occurs where three phases meet
and this may be realised, e.g., when between the hadronic
and the quark-gluon plasma transition lines a third phase
like quarkyonic matter or color-superconductivity can be
realised. As discussed in Ref. [35], it may turn out that the
CEP is a TP because chiral symmetry restoration and decon-
finement may not coincide at high baryon densities.

Calculations within the thermal model indicate that the
highest baryon density is achieved in the NICA energy
range [36] which makes the MPD particularly well suited
to experimentally search for the existence of the CEP.
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Fig. 1 Schematic representation of the hypothetical QCD phase dia-
gram in the T, pup and p; directions. The landmarks of the critical
endpoints (CEP) and the tri-critical points (TP) are indicated together
with the regions to be accessed by the NICA and FAIR experiments
which neighbor the region that can be populated by supernova explo-
sions and neutron star merger events. Figure taken from Ref. [34]

When fluctuations of conserved charges are well described
by hadron degrees of freedom in equilibrium, their cumu-
lants should be consistent with models such as the Hadron
Resonance Gas Model (HRGM) [37,38]. On the other hand,
when fluctuations deviate from those in the HRGM, they can
be used as experimental signals of non-hadron and/or non-
equilibrium physics. Near the CEP, higher order cumulants
of conserved charges behave anomalously. In particular, they
change sign in the vicinity of the critical point [39]. They are
also sensitive to the increase of correlation lengths [40]. The
MPD will search for the location of the CEP by means of
the analysis of fluctuations using ratios of cumulants of con-
served charges, as a function of collision energy and system
size.

Other novel phenomena that the MPD is suited to study
include signatures of vortical motion [41-45] and magnetic
fields [46,47] produced in non-central heavy-ion collisions,
the search for exotic hadrons made of tetra- and penta-quark
configurations [48] and the search for light nuclei formation
to study its influence on the Equation of State (EoS) at high
baryon densities [49,50], among others.

The civil construction of both the NICA complex and the
hall to host the MPD has been completed. Assembly of the
MPD started in the middle of 2020 with the installation of
the iron yoke on its support legs and the delivery at the end of
the same year of the superconducting solenoid to JINR from
Italy. The assembly of the detector in the Stage 1 configu-
ration (see Sect. 3) shall be completed in time for the com-
missioning of the NICA collider ring expected in late 2022.
The initial luminosity is planned to be at least 10?4 cm ™2 s~!
with a relatively quick increase to at least 10> cm™2 s~ !. The

design luminosity goal for NICA with all components, such
as an Electron Cooling System and the full set of RF cavi-
ties, is 10?7 cm™2 s~!. Symmetric collisions of heavy ions
will be performed in the initial stages of the NICA operation.
Several types of ions are under consideration. These include
197 Au ions, which were used in previous and ongoing exper-
iments at RHIC; 298Pb ions, which were used for extensive
data runs at SPS: and 2%°Bi ions, which are very similar to Pb
ions, but provide more reliable operation of the NICA injec-
tion and acceleration complexes during the commissioning
and first running phases. For heavy ions, such as Au and Bi,
the kinetic energy of the beam provided by the Nuclotron will
be in the range from 2.5 to 3.8 GeV per nucleon. In the first
year of operation, additional acceleration of the beams in the
NICA collider is not foreseen. Therefore the initial collision
energy ,/snn may vary from 7 up to 9.46 GeV, with the col-
lision energy of 9.2 GeV being preferred, so that results can
be compared with those of RHIC-STAR that collected data
at the same energy. Delivering Au+Au collisions at ,/sNN
up to 11 GeV remains the key goal of the NICA project that
will be accomplished after the initial commissioning stage
of operation.

The MPD is designed as a 47 spectrometer capable of
detecting charged hadrons, electrons and photons in heavy-
ion collisions at high luminosity. It will provide precise 3-D
tracking and a high-performance particle identification (PID)
system based on a large-volume gaseous Time Projection
Chamber (TPC), Time-of-Flight (TOF) measurements and
calorimetry. It is expected that the MPD will produce event-
by-event information on charged particle tracks coming from
the primary interaction vertices, together with identification
of those particles, and information on the collision centrality.

This paper is organized as follows: In Sect. 2 we describe
in detail the physics motivation and the physics goals of the
MPD experimental program. We emphasize the measure-
ments that can be performed during the first stage of MPD
operation, positioning them within the landscape of existing
results from previous and current heavy-ion experiments. In
Sect. 3 we describe the different components of the MPD
and in Sect. 4 the software developments and the computing
software requirements. In Sect. 5 we present feasibility and
performance studies for selected physics measurements that
can be carried out by the MPD Collaboration. A summary is
provided in Sect. 6.

2 Brief survey of the MPD physics goals

The diversity of the data in the field of relativistic heavy-ion
collisions, obtained by experiments at the SIS, AGS, SPS,
RHIC and LHC, is already quite large and impressive.

In recent years, the STAR-BES program has produced
a wealth of results to describe the bulk properties of the
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medium created in Au+Au reactions for ,/s\y = 7.7, 11.5,
14.6, 19.6, 27, 39, 62.4 and 200 GeV [51] by measuring
several observables at mid rapidity. The new experimental
MPD program planned with the high intensity NICA beams
promises to provide deeper knowledge of the dynamics of
hadronic interactions and multiparticle production mecha-
nisms at high baryon density complementing the energy
range covered by the STAR-BES program.

The properties of the matter created in nucleus-nucleus
(A+A) collisions at NICA energies will be characterized on
an event-by-event basis, using a variety of observables. The
global quantities, such as multiplicity and transverse energy
(ET) are considered as the main tools to reveal the energy
density achieved in the collision. The first-day key global
observables that can be measured with the initial data sam-
ple, are to be selected to check the reliability of the new
experimental MPD setup and to place the results among the
landscape of the available world data. These observables are
expected to provide the basic information for more focused
physics studies relevant to the onset of quark confinement,
chiral symmetry restoration and for the search of the CEP on
the phase-diagram of strongly interacting matter.

2.1 Hadrochemistry

Existing data on hadroproduction from SPS and RHIC,
obtained from single-particle spectra and yields, suggest that
the QCD transitions (deconfinement and chiral symmetry
restoration) occur in the NICA energy range. Moreover, this
energy range is appropriate to study in detail the interplay
between the hadron and parton phases. The structure of the
QCD phase diagram may be tested by measuring abundances
of hadron species, while different regions of the diagram
are accessible by varying the collision energy. Experimental
results on hadron abundances produced in heavy-ion colli-
sions in the range from AGS to LHC energies indicate that the
final state of such collisions is close to chemical equilibrium.
Thus, the yields can be fitted by the thermal statistical model
using two free parameters, namely, 7 and u p. Assuming the
measured multiplicities to be preserved throughout the final
hadron-resonance cascade expansion, the analysis reveals the
hadronization point along the QCD parton-hadron boundary
line in terms of the extracted T and wp values. Within the
thermal statistical model, one can show that the NICA energy
range covers the region where the matter created in nuclear
collisions transitions from net baryon- to meson-dominated
matter.

An example of a relevant observable to study the onset of
deconfinement [55] is the kaon-to-pion ratio. Figure 2 shows
the excitation functions for K*/n*, K=/m~ and A/n ™
ratios, from AGS up to LHC energies, including results from
several experiments (see Refs. [52,53] for a compilation of
the plotted data). The K /7 and A /7 ratios show a peak
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Fig. 2 Dependence of the K+ /7, K= /n~ and A/m ratios on the
collision energy. The data points are from different experiments [52,53]
whereas the lines represent the results of the thermal statistical model
of chemical freezeout. Figure taken from Ref. [15]

10 —r—— T T T | T T T T | T T T 1T ] T T 17

9_ —

Total

ST
i
T
|

I Mesons |

Lo v v v e Ly

0 10 20 30 40 50
Vs (GeV)

Fig. 3 Entropy fraction carried by mesons and baryons as a function
of the collision energy along the chemical freeze-out line in the QCD
phase diagram. Figure taken from Ref. [54]

structure, whereas the K~ /7~ ratio exhibits a monotonic
rise. This feature is very well described by the thermal statis-
tical model of chemical freezeout (represented by the lines
in Fig. 2) where it appears to be due to the drop of the bary-
ochemical potential with increasing collision energy and to
the transition from baryon dominance to meson dominance,
asillustrated in Fig. 3. A similar behaviour is also observed in
other model calculations, some of which even show a sharper
peak, followed by a plateau in the K /7 T ratio as a function
of T/up [53,56]. It should be pointed out that the experi-
mental results at energies below /sy ~ 10 GeV, shown in
Fig. 2, were obtained by different experiments and exhibit rel-
atively large uncertainties. The MPD will offer the capability
to cover this energy range using a single experimental set up
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and to provide results of higher precision. Furthermore, the
analysis of hadron abundances may allow us to address the
much debated onset of deconfinement problem. If nucleus-
nucleus dynamics within the NICA energy range crosses
the phase transition or crossover line starting from a par-
ticular (threshold) energy, then, below this value, the actual
hadron multiplicity would not stem from the QCD hadroniza-
tion phase transition (responsible for chemical equilibration
among the species) and we would expect a sizeable change in
the observed hadron freeze-out pattern, such as a sequential
chemical freeze-out in inverse order of the inelastic cross-
section. Important aspects of the MPD operation, relevant
for these studies, such as tracking, particle identification,
hyperon reconstruction and more, are discussed in detail in
Sects. 3 and 5.

2.2 Anisotropic flow measurements

Anisotropic flow measurements in relativistic-heavy ion col-
lisions at RHIC and the LHC have provided compelling evi-
dence for the formation of a strongly-coupled Quark-Gluon
Plasma (sQGP), a state of matter with partonic degrees of
freedom and low specific shear viscosity n/s [57,58]. The
latter term is the ratio of shear viscosity 7 to entropy den-
sity s of the formed matter. The anisotropic collective flow,
as manifested by the anisotropic emission of particles in the
plane transverse to the beam direction, is one of the promising
observables in this context due to its sensitivity to the trans-
port properties of the strongly interacting matter, namely, the
EoS, the speed of sound (cy) and the specific shear (n/s) and
bulk (¢/s) viscosities [58,59]. The azimuthal anisotropy of
produced particles is quantified by the Fourier coefficients v,
of the expansion of the particle azimuthal distribution as [60]

dN/dp o< 14 2v, cos(n(p — Wy)), (1)

n>1

where n is the order of the harmonic, ¢ is the azimuthal
angle of a given particle, and W, is the azimuthal angle of
the nM-order event plane. The n™M-order flow coefficients v,
can be calculated as v,, = (cos[n(¢ — ¥,,)]), where the angle
brackets denote an average over particles and events.
Relativistic viscous hydrodynamic models have been suc-
cessful in describing the observed anisotropy v,, for the pro-
duced particles in the collisions of heavy ions at RHIC and
the LHC [61-63]. In this framework, the values of the coeffi-
cients v, have been attributed to an eccentricity-driven hydro-
dynamic expansion of the plasma produced in the collision
zone. This means that a finite eccentricity moment &, drives
uneven pressure gradients in and out of the event plane W,,,
and the resulting expansion leads to the anisotropic flow
of particles about this plane. The event-by-event geometric
fluctuations in its initial density distribution are found to be
responsible for a finite elliptic flow signal v; in the collisions

with almost zero impact parameter, and for the presence of
odd harmonic moments in the initial geometry &, and the final
momentum anisotropy v, [58]. The proportionality constant
between v,, and ¢, is found to be sensitive to the transport
properties of the strongly interacting matter. Bayesian param-
eter estimation methods can be used to extract estimates of
the temperature-dependent specific shear /s(T) and bulk
viscosity ¢ /s(T) simultaneously from the experimental data
[63].

The predicted first-order phase transition between
hadronic and sQGP phases can also be characterized by a
dramatic drop in the pressure, or a softening of the EoS [64].
Signals such as anisotropic flow are very promising in this
context due to their sensitivity to the EoS. The rapidity-odd
component of the directed flow (vy) can probe the very early
stages of the collision as it is generated during the passage
time of the two colliding nuclei fpass = 2R/ (ysBs), where R
is the radius of the nucleus at rest, SB; is the spectator velocity
in the center-of-mass and y; is the corresponding Lorentz
factor. Both hydrodynamic and transport model calculations
indicate that the directed flow of charged particles, especially
baryons at midrapidity, is very sensitive to the EoS [64,65].
The slope of the rapidity dependence dv;/dy close to mid-
rapidity is a convenient way to characterize the overall mag-
nitude of the rapidity-odd component of the directed flow
signal [66—68]. A minimum in dv;/dy in the midrapidity
region (y ~ 0) could be related to the softening of the EoS
due to a first order phase transition between hadronic matter
and sQGP [64-67,69], see Fig. 4.

The elliptic flow v, is one of the most extensively stud-
ied observables in relativistic nucleus-nucleus collisions and
was measured in different experiments in the last three
decades [59,70]. However, high-statistics differential mea-
surements of vy as a function of centrality, pt and rapidity,
for different particle species, are available only at two beam
energy domains: RHIC/LHC (/snn = 7.7-5200 GeV) and
SIS ({/snN = 1-2 GeV) [70]. The collision energy depen-
dence of the elliptic flow (vy) for inclusive and identified
hadrons at mid-rapidity in Au+Au collisions, has been stud-
ied very extensively by the STAR experiment at ,/snN =
7.7-200 GeV during the RHIC BES-I program [71,72]. The
elliptic flow signal v, (pr) for charged hadrons shows a very
small change over such a wide range of collision energies
[72]. According to the hybrid transport+viscous hydrody-
namics approach, this v (pT) behavior may result from the
interplay between the hydrodynamic and hadronic transport
phases [73,74]. Calculations show that the transport dynam-
ics of hadrons become more important at lower energies and
are able to compensate for the reduction of the hydrody-
namically produced v, flow [73,74]. In order to describe the
existing v (pr) results at NICA energies, calculations with
state-of-the-art models were performed [75,76]. The follow-
ing models were used: hybrid vVHLLE+UrQMD [74], cascade
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Fig. 4 Antiflow of protons in the energy range that includes the NICA-
MPDrange ./sNN = 4-11 GeV. The case of a first order phase transition
is shown in the upper panel whereas its absence, for the crossover sce-
nario, is shown in the lower panel. The results are obtained using calcu-
lations with the Frankfurt-Wroclaw-Dubna three-fluid-hydrodynamics
model (THESEUS) [66]

version of UrQMD [77,78], SMASH [79], JAM [80] and the
string melting version of AMPT [81]. Hybrid models with
QGP formation, e.g. the viscous hydro + hadronic cascade
VHLLE+UrQMD model [74] or the string melting version of
AMPT [81] provide a relatively good description of vy (pr)
of protons in Au+Au collisions at ,/sxy = 7.7 GeV and
above, see Fig. 5a. Pure hadronic transport models (UrQMD,
SMASH, JAM) generally underestimate the measured v;
values. The situation is different for Au+Au collisions at
J/SNN = 4.5 GeV, see Fig. 5b. Here, the pure hadronic trans-
port system (as described by the UrQMD and SMASH mod-
els) seems to explain the new v, (pt) measurements from the
STAR fixed-targed program [82].

The results of model to data comparison for v, at \/sNN =
7.7 GeV and 4.5 GeV may indicate that at NICA energies
a transition occurs from partonic to hadronic matter. The
high-statistics differential measurements of v,,, that are antic-
ipated from the MPD experiment at NICA, are expected to
provide valuable information about this parton-hadron tran-
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sient energy domain. The performance of the MPD detector
for differential anisotropic flow measurements of identified
hadrons at NICA energies will be discussed in Sect. 5.5.

2.3 Intensity interferometry

Intensity interferometry, usually referred to as femtoscopy, is
used extensively in heavy-ion collision studies to determine
the size of the particle-emitting produced system and conse-
quently, details of the space-time dynamics of that system’s
evolution [84—89]. In particular, two-pion measurements are
straightforward to perform due to the high statistics of pion
production and the well understood methodology. The tech-
nique of the correlation function used in the measurements is,
to a good approximation, insensitive to single particle accep-
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tance effects. Thus, there are no strict requirements on the
precision of the calibration process. At the same time it pro-
vides a critical and sensitive probe of the two-particle track-
ing and PID efficiency. As a result, measurements of the two-
pion femtoscopic correlation functions are usually among
the first ones performed at accelerator experiments imme-
diately after their startup [90,91] and as such, are excellent
candidates for first-day physics measurements. Femtoscopy
measurements have been performed for several decades, as a
function of collision energy, colliding system, collision cen-
trality, pair transverse momentum, reaction plane orienta-
tion and more [83,90,92-106]. The dependence on collision
energy of the freeze-out volume (Vy,), obtained from two-
pion interferometry shown in Fig. 6, is of particular inter-
est for the MPD. A rather striking non-monotonic behav-
ior of the volume is observed in the NICA energy range.
However, it is unclear whether this can be explained by the
onset of multiparticle production in elementary reactions or
by systematic uncertainties. The measurements at energies
above ,/sxn = 7.7 GeV were performed with detectors in
a collider geometry, whereas the results obtained at lower
energies suffer from limited statistics and were performed in
fixed-target experiments. Some results are several decades
old, and were not analyzed with modern femtoscopic tech-
niques. More precise data, based on a large-statistics sample
in a collider geometry experiment and analyzed with state-
of-the-art techniques will be provided by the MPD.

It has been argued [107,108] that a first-order phase transi-
tion will extend the lifetime of the system created in a heavy-
ion collision. An expanding system living longer will natu-
rally reach a larger size at freeze-out. The femtoscopic size of
the system can be measured in three directions in the so-called

Bertsch—Pratt decomposition: ““long” along the beam axis, *
out” along the transverse momentum of the pair, and “ side”
perpendicular to the other two. It is argued that the emission
duration strongly affects the size of the system in the direction
of collective flow (associated with the ““ out” direction), while
the ““ side” direction is unaffected [109, 110]. The analysis of
R2, — R2,. is proposed as a sensitive probe of the duration of
the particle emission stage [111]. In particular the existence
of the deconfined phase and the phase transition itself may
strongly affect these radii. Their measurement can potentially
provide critical signatures of such transition. Therefore, mea-
suring the size of the colliding system, in the NICA collision
energy range, is an important ingredient for the search of the
existence and nature of the transition between deconfined and
hadronic matter.

2.4 Fluctuations

As previously emphasized, an important feature of the con-
jectured QCD phase structure is the existence of a CEP, fol-
lowed by a first order phase transition line at higher values
of up. If the phase trajectory of the system passes near this
point, significant variations of the system’s thermodynamical
parameters are expected [112]. Such variations can be found
in the analyses of event-by-event fluctuations of conserved
charges, for example, the baryon number or strangeness.
QCD-based calculations indicate that the moments of event-
by-event multiplicity distributions, as well as their combi-
nations, are sensitive to the correlation length, a character-
istic parameter of a phase transition, and to the suscepti-
bilities of the conserved charges [113]. Moreover, higher
moments of the distributions of conserved quantities have
stronger dependence on the correlation length. The promis-
ing higher moments are the skewness, S = (§N)?/o> and
kurtosis k = [(§N)*/o*] — 3, where SN = N — M, M is
the mean and o is the standard deviation of the distribution.

Measurements of event-by-event fluctuations have been
performed by the NA49, PHENIX, NA61/SHINE and STAR
Collaborations [115-120]. Recent STAR measurements from
the RHIC-BES program [121] indicate a non-monotonic
behaviour of the excitation function for the net-proton
moments in central Au+Au collisions in the region below
/SNN = 20 GeV, which can be a hint for the critical point
in the range of finite baryon number density, see Fig. 7. The
MPD experiment at NICA will be able to scan the region of
the collision energies ./snn = 4—11 GeV with significantly
higher precision.

2.5 Short-lived resonances
The study of short-lived hadronic resonances such as p(770),

K*(892), ¢(1020), X(1385), A(1520) and E(1530) has
played an important role in the physical program of many

@ Springer



140 Page 8 of 50

Eur. Phys. J. A (2022) 58:140

T —T—TT T —
o ', (1) So
,
’0
0.6 '«\" .
UrQMD 0-5% [ E’,'
| 11 HRG GCE 2 i
0.4 —HRGCE o ?
2 == HRG EV >,
c . o,
© 0.2 Au+Au Collisions “», -
e Net-proton s
§ lyl <0.5,0.4 < p_ < 2.0 (GeV/c)
oF--------- L
<
-9) 1 1 L1 1l ll 1 1 1 Ll 1l ll 1 1
I 5 10 20 50 100 200
c qaF 1 o O]
2 i (2) KO STAR i
5_ S @ 0-5%
= ghb - - 0 70 - 80% -
o R .
prd . B Stat. uncertainty
B [ B Syst. uncertainty ]
ola . Projected BES-II
= N B stat. uncertainty
| T ! ' i
. +
1- 'f-‘-ll'll'nll'l HHHH'T' -
i
» > i
0 B = = - - e e R - - e e - - - - - u—

50 100 20
Collision Energy VSNN (GeV)

Fig. 7 Dependence of scaled skewness (1) and kurtosis (2) for 70-80%
peripheral (open squares) and 0-5% central (filled circles) Au+Au col-
lisions on the collision energy. The solid red and the dashed blue line in
(2) are schematic representations of the expectation from a QCD based
model calculation in the presence of a critical end point. Compilation
taken from Ref. [114]

heavy-ion experiments. Resonances probe crucial aspects
of hadronic and heavy-ion collisions. They carry informa-
tion about the hadron chemistry and strangeness production,
about the reaction dynamics and processes that shape the
particle transverse momentum (pr) spectra, and about the
density and lifetime of the hadronic phase.

Since the mid 80s, the enhanced strangeness produc-
tion in heavy-ion collisions is considered as a signature of
the Quark-Gluon Plasma formation. Such an enhancement
has been experimentally observed in heavy-ion collisions
at AGS, SPS, RHIC, and LHC energies [122-126]. The
enhancement was observed for ground-state hadrons (K,
A, B, Q) as well as for resonances (¢ (1020), X (1385),
A(1520), E(1530)). Canonical suppression models [127]
reproduce most of these results except for measurements of
the ¢ (1020) meson, which is predominantly made of ss pairs
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and thus has hidden strangeness. Since this meson is not sen-
sitive to canonical suppression, it represents a key observable
for the study of the mechanisms responsible for strangeness
production. Previous measurements of the ¢ (1020) meson
in heavy-ion collisions at energies /sxnv = 17-5000 GeV
revealed that it behaves like a particle with open strangeness.
Currently, there is no model that reproduces the experimen-
tally measured enhancement of particles containing s-quarks
in high-multiplicity p+p, p+A and A+A collisions.

Another well-known phenomenon is the increase of
baryon-to-meson ratios at intermediate momentum in cen-
tral heavy-ion collisions at RHIC and LHC energies [128—
131]. The driving force for the observed enhancement is not
well defined. It could be a particle mass effect due to col-
lective radial flow or a quark content effect inherent to coa-
lescence models. In this sense, the measurement of baryon-
to-meson ratios for particles of similar mass could help to
disentangle these different production mechanisms. Reso-
nances like ¢ (1020) and K*(892) are mesons with masses
close to that of the proton (which is a baryon). Measurements
of pr-differential p/¢(1020) and p/K *(892) ratios will help
in the study of mechanisms that shape particle spectra at low-
to-intermediate transverse momenta. Measurements at RHIC
and the LHC showed a flattening of the p/¢(1020) ratio in
central heavy-ion collisions at pt < 4 GeV/c, indicating that
particle spectral shapes are driven by particle masses, as pre-
dicted by hydrodynamics. However, the measurements could
not completely rule out the coalescence models.

In the net baryon-rich regime of heavy-ion collisions, the
subthreshold production of kaons and other strange hadrons
is a characteristic feature found, e.g., by the KaoS Collabo-
ration at the SIS. This is important to be confirmed by the
MPD in the energy regime just above SIS since this effect is a
sensitive indicator of modifications of hadron properties and
kinematic conditions due to the presence of a dense nuclear
medium.

Resonances are characterized by short lifetimes. A frac-
tion of these particles decay within the fireball. Decay daugh-
ters can scatter in the hadronic phase, change direction or
magnitude of their momentum vector, thus preventing the
reconstruction of the parent particles. At the same time, copi-
ously produced hadrons in the gas can recombine and form
new resonances. As a result, resonance yields in the final
state are defined by the resonance yield at chemical freeze-
out, the lifetime of the resonances, and the lifetime and den-
sity of the hadronic phase as well as the rescattering cross-
sections. Resonances cover a wide range of lifetimes from
~ 1 fm/c for p(770) up to ~ 45 fm/c for ¢(1020). This
makes these particles well suited to study the hadronic phase
properties. Previous measurements at RHIC and LHC ener-
gies [132-137] showed that the production of resonances
with lifetimes shorter than 20 fm/c is suppressed in central
heavy-ion collisions compared to measurements in p+p and
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Fig. 8 Lower limit on the hadronic phase lifetime between chemical
and kinetic freezeout as a function of the charged particle multiplicity
in p+Pb and Pb+Pb collisions at ,/syy = 5 TeV. Taken from [138]

peripheral heavy-ion collisions. This suppression was inter-
preted as a result of the rescattering of daughter particles
in the hadronic phase. At the same time, the production of
resonances with longer lifetimes is not affected when going
from p+p to central heavy-ion collisions. Figure 8 shows the
obtained lifetime of the hadronic medium in A+A and p+A
collisions at ,/snn = 5 TeV as a function of the multiplicity
of produced charged hadrons. At high multiplicities, which
are characteristic of events with the formation of the QGP,
the lifetime of the hadronic medium reaches values as high
as T ~ 6 fm/c, which is comparable with the QGP life-
time [138].

Heavy ions at NICA will collide at energies of , /sy = 4—
11 GeV corresponding to final state charged-particle multi-
plicities of d N, /dn ~ 100-200 at mid-rapidity [139]. At
such multiplicities, the production of resonances at RHIC
and LHC energies is significantly modified. Study of the res-
onance properties in Au+Au collisions at . /snn = 4-11 GeV
using the UrQMD, PHSD and AMPT event generators con-
firmed the expectations [140, 141]. The event generators con-
firm modifications of the resonance yields similar to those
observed at RHIC and the LHC. It means that the lifetime
and density of the hadronic phase in heavy-ion collisions
at NICA are expected to be large — of the same order as the
total system lifetime. The effect of the hadronic phase should
be taken into account when model predictions for different
observables are compared to experimental measurements.

2.6 Electromagnetic probes
Electromagnetic probes, virtual (ete™ or ™™ pairs) and

real photons are unique probes of the QGP. They are sensi-
tive to its two main characteristic properties, the deconfine-

ment of quarks and gluons and the chiral symmetry restora-
tion. They are penetrating probes in the sense that once pro-
duced, they propagate through the strongly interacting matter
created in ultra-relativistic heavy-ion collisions, experienc-
ing only the electromagnetic force and carrying information
about the medium at the time of production. The main topic of
interest is the identification of the thermal radiation emitted
by the system both, at the early stage of the collision where
QGP formation and deconfinement occur, as well as during
the subsequent hadronization phase, where chiral symmetry
restoration effects take place. For a theoretical review see
Ref. [144] and for an experimental one see Ref. [145].

The MPD is very well suited for the study of electron pairs,
covering the entire invariant mass range of interest from the
low-masses of the 7 Dalitz decay up to the J/i, as well as
real photons. It benefits from a large acceptance, excellent
particle ID and the NICA high integral luminosity. Electrons
will be identified via their (d E /dx) in the TPC, time of flight
in the TOF and E/p = 1 in the ECal, whereas real photons
will be identified in the ECal. The MPD will focus on an
energy range that has not been covered in the study of EM
probes, but is crucial for understanding the thermal radiation.

The dilepton yield in the intermediate mass region (IMR),
my+;- = 1-3GeV/c?, has been singled out as the most appro-
priate region to observe the thermal radiation from the QGP.
However, so far this radiation has been identified only in
In+In collisions at the SPS energy of 160 GeV [146]. At
higher energies, like at RHIC, the measurements are very
challenging due to the contribution of dilepton pairs form the
semi-leptonic decays of charm and bottom mesons. At NICA
energies, this contribution is negligible allowing a relatively
clean measurement of the thermal radiation in the IMR (with
only an additional contribution from Drell-Yan pairs that can
be independently measured in p+p and p+A collisions). The
inverse-slope parameter, 7§, of the invariant mass spectra in
this mass range is closely related to the initial temperature 7;
of the fireball and thus can be regarded as a ““ thermometer”
for the heavy-ion collision, see Fig. 9 and Ref. [143].

A very interesting result of these calculations is the predic-
tion of QGP thermal radiation down to collision energies as
low as ,/snn = 6-8 GeV setting the onset of QGP formation
well within the energy range covered by NICA. It should be
emphasized that the model calculations of Ref. [143] are very
successful in reproducing all dilepton measurements includ-
ing the benchmark results from the SPS [142,147] and the
RHIC dilepton program [148,149], thus lending credibility
to this prediction.

The dilepton yield in the low-mass region (LMR), m;+;- <
1 GeV/c?, has been studied extensively both theoretically
and experimentally. An enhancement has been observed in
all heavy-ion collision systems and at all energies measured
[146,147,149-153]. At the SPS and RHIC energies, the
excess, dominated by the thermal radiation from the hadron
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Fig. 10 Excitation function of low-mass thermal dilepton radiation (*
excess spectra”) in 0—10% central A+A collisions (A =~ 200), integrated
over the mass range M = 0.3 GeV-0.7 GeV, for QGP (dashed line)
and in-medium hadronic (short-dashed line) emission and their sum
(solid line). The underlying fireball lifetime (dot-dashed line) is given
by the right vertical scale which therefore qualifies the corresponding
experimental data as a “ chronometer”. Taken from Ref. [143]

gas, is linked to the restoration of chiral symmetry that man-
ifests itself in a broadening of the p meson spectral func-
tion [144,145]. The same interpretation holds also for the
dilepton excess recently observed by the HADES experi-
ment in Au+Au collisions at \/syn = 2.42 GeV [153]. The
dilepton excess, integrated over an appropriate mass window
below the p mass, m;+;- = 0.3-0.7 GeV/c?, was found to
be proportional to the fireball lifetime. This is illustrated in
Fig. 10, that shows the QGP (dashed line) and the hadronic
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(short-dashed line) contributions and their sum (solid line)
together with the calculated fireball lifetime [146]. The dilep-
ton excess in the LMR can therefore be considered as a “
chronometer” of the fireball [143]. Dilepton results from the
STAR experiment beam energy scan are in good agreement
with this prediction [149]. Deviations from the proportional-
ity of the dilepton excess and the fireball lifetime could then
signal lifetime variations associated with the conjectured crit-
ical phenomena and onset of a first order phase transition.

Real photons are expected to carry the same physics infor-
mation as virtual photons and are thus an important part of
the physics program of relativistic heavy-ion experiments.
The inclusive photon yield includes “ direct” photons on top
of an overwhelming background originating from hadronic
decays, mostly from 7% (~ 90% of all photons). The “ direct”
photons are produced either in hard scattering processes or
emitted as thermal radiation from the produced medium. The
background is orders of magnitude larger compared to the
corresponding one of the dilepton measurement, making the
real photon measurement much less sensitive to any new
source, and in particular to the thermal photons from the
QGP [154]. Indeed, at the high energies of RHIC and LHC,
a signal of direct photons, on top of the hadronic background,
has been identified [155-157]. The signal is well reproduced
by pQCD calculations. On the other hand, at the lower SPS
energy, only an upper limit [158] or a small effect at the 1—
2 o level, could be established [159]. The MPD will make
measurements of real photons by detecting them in the ECal
or using the conversion method, but in both cases the mea-
surements will be quite challenging.

Another important goal of the MPD EM program is the
measurement of flow for virtual as well as real direct photons.
Of particular interest is the flow measurement of dileptons
in the LMR and the IMR. Being produced at different stages
of the collision one should expect large differences in the
flow values of dileptons in the LMR and the IMR. Such a
measurement has not been done so far and could provide a
model independent confirmation of the origin of these two
dilepton groups. The flow measurement of real photons is
also of great interest. Results at RHIC and the LHC revealed
large values of the vy and v3 flow coefficients for direct pho-
tons comparable to those for the light hadrons [160-162].
Theoretical calculations cannot simultaneously describe the
direct photon yield and the flow values, leading to the so-
called “direct photon puzzle”. The MPD has the potential to
provide additional results or constraints to this puzzle.

3 MPD apparatus
Work aimed to complete the various subsystems that make

up the MPD has been systematically carried out for the last
few years. It is foreseen that the MPD will be installed in
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Fig. 11 The overall schematic of the MPD subsystems in the first stage of operation (Stage 1) — cross-section by the vertical plane

Yoke ECal  TOF

SC Coll
FFD " TPC ' Cryostat

Fig. 12 The overall schematic of the MPD subsystems in the first stage
of operation (Stage 1) — three-dimensional view

two stages. The first stage of the detector configuration is
planned to be ready for commissioning with a beam at the
end of 2022. The overall set-up of the MPD and the spa-
tial arrangement of detector subsystems in the first stage are
shown in Figs. 11 and 12. The “ central barrel” components
have an approximate cylindrical symmetry. The beam line
is surrounded by the large gaseous Time Projection Cham-
ber (TPC) which is enclosed by the TOF barrel. The TPC is

the main tracker, and in conjunction with the TOF they will
provide precise momentum measurements and particle iden-
tification. The Electromagnetic Calorimeter (ECal) is placed
in between the TOF and the MPD Magnet. It will be used
for detection of electromagnetic showers, and will play the
central role in photon and electron measurements. In the for-
ward direction, the Fast Forward Detector (FFD) is located
still within the TPC barrel. It will play the role of a wake-
up trigger. The Forward Hadronic Calorimeter (FHCal) is
located near the Magnet end-caps. It will serve for determi-
nation of the collision centrality and the orientation of the
reaction plane for collective flow studies. Technical Design
Reports (TDRs) of all the first stage detectors are available
in [163].

Additional detectors are proposed in the later stages. The
silicon-based Inner Tracking System (ITS) will be installed
close to the interaction point in the second stage of the MPD
construction. It will greatly enhance tracking and secondary
vertex reconstruction capabilities. The miniBeBe detector,
placed between the beam pipe and the TPC, close to the
beam, is designed to aid in triggering and start time determi-
nation for the TOF. The MCORD, installed on the outside of
the MPD Magnet Yoke, will measure muons, also from the
cosmic showers.
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In this section, we describe the characteristics of the com-
ponents that the MPD will consist of at the beginning of its
operation, and briefly show plans for the additional detector
components.

3.1 Magnet

An essential component of the MPD is a solenoid magnet
with a superconducting NbTi coil and a steel flux return
yoke. It is designed to provide a highly homogeneous mag-
netic field of up to 0.57 T (with a default operational setting
of 0.5 T), uniform along the beam direction, in an aperture
of 4596 mm in diameter to ensure appropriate transverse
momentum resolution for reconstructed particles within the
range of momenta of 0.1-3 GeV/c. The MPD magnet con-
sists of (Fig. 13):

A cryostat with a superconducting coil and a control
Dewar;

— A flux return yoke with two support rings, 28 bars, and
two poles with trim coils;

The magnet support cradles;

— The auxiliary platforms for moving the poles;

— The roller skates for the movement of the magnet and its
poles.

In addition, there are power supplies for the superconducting
coil and for the trim coils in the poles, a SC coil quench-
ing protection system, a cryogenic system with a cryogenic
pipeline, a vacuum system, a helium refrigerator and a mag-
net control system.
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Fig. 14 Schematic view of the main components of the MPD TPC

The full magnet yoke has been assembled in its designated
location in the MPD Pit, reaching the design mechanical pre-
cision of 200 pum or better.

3.2 Time projection chamber

The TPC is the main tracking detector of the MPD central
barrel. It is designed to perform three-dimensional precise
tracking of charged particles and momentum measurements
for transverse momentum pt > 50 MeV/c. The track recon-
struction is based on the drift time and R-¢ cylindrical coordi-
nate measurement of the primary ionization clusters created
by a charged particle crossing the TPC. Another important
task for the TPC is to identify the charged particles by mea-
suring their specific ionization energy losses ((dE/dx)) in
the TPC gas.

The main construction and operational parameters of the
TPC design are listed in Table 1. The overall schematic of
the TPC is shown in Fig. 14. TPC is a barrel with inner and
outer radii of 27 cm and 140 cm, respectively and 340 cm
length. The beam pipe traverses the TPC along the barrel axis
and the nominal interaction point is located at a geometrical
center of the TPC. The inner volume is divided in two halves
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Table 1 Key design parameters of the Time Projection Chamber of

MPD

Length 340 cm
Vessel outer radius 140 cm
Vessel inner radius 27 cm
Drift vol. outer radius 133 cm
Drift vol. inner radius 34 cm

Drift vol. length

HV electrode type
Electric field strength
Default magnetic field
Drift gas mixture
Pressure

Gas amplification factor
Drift velocity

Drift time

Temperature stability
Readout chambers
Segmentation in ¢
Inner pad size

Outer pad size

Total number of pads
Pad row count
Maximum event rate
Electronics shaping time
Signal-to-noise ratio
Signal dynamical range
Sampling rate
Sampling depth

Two-track resolution

163 c¢m (of each half)
Central membrane

~ 140 V/cm

05T

90% Ar+10% CHy
Atm. pressure +2mbar
~10*

5.45 cm/ps

< 30 s

<0.5°C

24 (12 per end-plate)
30°

5 x 12 mm?

5 x 18 mm?

95232

53

7kHz (L = 10*” cm~2 s~ 1)
~ 180-190 ns

30:1

10 bits

10 MHz

310 time buckets

~1cm

by the central electrode, generating a uniform electrical field
E of 140 V/cm along the axis. Read-out chambers (ROC)
consisting of MultiWire Proportional Chambers are located
at the end-caps, with 12 ROCs per end-cap. Each ROC has a
trapezoidal pad plane with 53 pad rows (perpendicular to the
radial direction). Pads have a width of 5 mm along the row.
The row height is 12 mm for inner rows and 18 mm for outer
rows. The MPD Magnet is designed to provide a highly uni-
form magnetic field B of up to 0.57 T of either polarity (the
default setting being 0.5 T) along the z-axis inside the TPC
volume. Charged particles traversing this volume ionize the
gas mixture of 90%Ar+10%CH, along helix-shaped trajec-
tories. The ionization charge drifts to the end-caps and is col-
lected by the ROCs, with time sampling (310 time buckets).
This allows for three-dimensional trajectory reconstruction,
as well as measurement of the specific ionization energy loss
(dE/dx) on a track-by-track basis. The maximum design
event rate for the TPC is 7 kHz.

Mirro N ¥& High power
{ 2 laser beam 2

High power
laser beam 1

Block of 7 micro mirrors

Fig. 15 (Left) Scheme of the high power laser beam splitting into four
equal power beams. (Right) TPC quasi plane showing the positions of
four mirror blocks emitting 28 beams within one plane

In order to minimize the uncertainty in the absolute track
point position measurement by the TPC, itis necessary to take
into account both static and time-dependent distortions in the
drift path of the ionization cloud. The static distortions are
the result of non-uniformities in the magnetic B and electric
E fields. The time-dependent distortions can result from the
residual space charge, ion feedback, or from spontaneous
failures.

A calibration system that can reproduce fiducial tracks is
needed to monitor the TPC performance. The system has to
provide on-line monitoring of the value of the drift velocity,
which depends on the drift gas pressure changes (caused by
changes of atmospheric pressure), the temperature, E x B
non-collinearity and space charge effects. A UV laser system
will be used to monitor the TPC working regime parameters.
The laser is part of the test and calibration system designed
to produce a set of laser beam tracks at well-defined angles
and positions.

The system consists of two NL303HT-10-FH lasers with
110 mJ power pulsed with a 10 Hz repetition rate. A beam
expander built inside the laser provides a beam diameter of
the order of 18 mm at the entrance of the system. The 18 mm
wide beams from each laser are split into four beams (see
Fig. 15) and then, through 4 tubes placed inside the drift
volume of the TPC, micro mirrors (with an active reflect-
ing surface of 1.3 mm diameter) are illuminated to form 112
narrow calibration rays at each side of the TPC HV mem-
brane. These 112 rays are distributed into 4 equidistant quasi
planes of 28 rays in each (see Fig. 15), emitted from the 4
tubes within half of the active volume of TPC (224 rays in
the whole TPC). This number of laser beams is sufficient to
calibrate the TPC at different azimuthal and polar angles and
depth.

The TPC vessel construction and the production of ROCs
are well advanced. The auxiliary systems (gas system, laser
calibration system, front-end electronics, HV, LV and cooling
systems) are also at advanced production or commissioning
stages. The whole TPC is expected to be ready for commis-
sioning with cosmic rays planned for 2022 and 2023.
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Fig. 16 Track reconstruction efficiency for particles with the number
of measured points in the TPC (hits) greater than 14: (top) as a function
of pr for pseudorapidity |n| < 1.3; (bottom) as a function of pseudora-
pidity |n| for pt > 0.1 GeV/c. Symbols and lines present primary and
secondary particles, respectively. Secondary particles here were defined
to be those produced within 50 cm from the interaction point

The expected performance of the TPC was estimated by
running full-event simulations of Au-Au colisions generated
by UrQMD. The track and vertex reconstruction methods are
based on the Kalman filtering technique (see, e.g. [164, 165]).
The implementation details can be found in Ref. [166]. The
efficiency of track reconstruction and the relative transverse
momentum resolution are plotted as function of the trans-
verse momentum and pseudorapidity in Figs. 16 and 17,
respectively, for charged particles with at least 15 measured
points in the TPC. The reconstruction quality remains high
up to ~ || = 1.5 (with efficiency near 100% and relative
momentum resolution of ~2% at pt of 1 GeV/c) for both the
primary and secondary particles. The secondary track sample
on the plots corresponds to particles produced within 50 cm
of the interaction point.

An important characteristic of the detector is its ability to
reconstruct vertices. This depends on the achievable accu-
racy of the track direction pointing to the production point.
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Fig. 17 Relative transverse momentum resolution as a function of:
(top) pr; (bottom) pseudorapidity |7|

The top panel of Fig. 18 demonstrates the precision of the
reconstructed interaction point (along the beam direction)
as a function of the charged track multiplicity in the event.
The uncertainty of the reconstruction of the position of the
primary vertex varies from about 150-700 pm in central
and peripheral collisions, respectively. The bottom panel of
Fig. 18 shows the transverse and longitudinal position uncer-
tainty at the Point of the Closest Approach (PCA) to the
interaction vertex as function of the track transverse momen-
tum. Because of the relatively large distance between the
interaction point and the first measured point inside the TPC
(~ 40 cm) the extrapolation of low momenta tracks to the pri-
mary vertex has limited accuracy. To improve this, a silicon
vertex detector is planned to be added to the MPD setup (see
Sect. 3.7.1). The main purpose of this detector is to increase
the accuracy of reconstruction of the primary interaction ver-
tex and secondary decay vertices of unstable particles, as well
as to lower the detection threshold of charged particles with
small transverse momenta [167].

Particle identification (PID) in the TPC will be achieved by
using the information on the specific ionization energy loss
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Fig. 18 (Top) Uncertainty of the longitudinal position of the recon-
structed primary vertex as a function of track multiplicity; (Bottom)
transverse and longitudinal position uncertainties at the point of closest
approach (PCA) to the interaction point for TPC reconstructed primary
tracks with |n| < 1.3 versus particle transverse momentum

((dE/dx)) in the TPC gas, determined using a truncation
value of 30%, i.e. rejecting 30% of the clusters associated to
the track with the largest energy deposit before calculating
the mean value. As demonstrated in Ref. [168], the achieved
accuracy of the energy loss (dE/dx) is 6-7% (presented in
Fig. 19), allowing the discrimination of charged pions from
kaons up to momenta of ~ 0.7 GeV/c and kaons from protons
up to ~ 1.1 GeV/c.

3.3 Time of flight

The TOF system of the MPD, developed for the identification
of charged hadrons in the intermediate momentum range, is
based on the technology of Multigap Resistive Plate Cham-
bers (MRPC). The detector is designed to provide both time
and coordinate measurements with an accuracy of ~80 ps
and ~0.5 cm, respectively [169]. Triple-stack MRPCs with
5 gaps of 200 pm each are used. A time resolution of 50 ps for
a single module has been achieved. The gas mixture is com-
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Fig. 19 The specific energy loss (dE/dx) as a function of momentum
(top panel); (bottom panel) — the energy loss distribution for pions with
p = 0.28-0.32 GeV/c fitted to a Gaussian

Fig. 20 Schematic view of the spatial arrangement of the TOF sectors
and modules and a cross-section of selected TOF modules. The sep-
aration between two half sectors is visible in the upper inset, and the
location of the MRPC:s is visible in the cross-section

@ Springer



140 Page 16 of 50

Eur. Phys. J. A (2022) 58:140

posed of 90% of Co Hy F4, 5% of S Fg and 5% of i-C4H1p. In
the basic configuration, the TOF is a barrel consisting of 14
plate sectors (Fig. 20). All sectors are formed by two modules
of different types for convenience of installation. Every mod-
ule contains 10 MRPCs with 24 readout strips each. Signals
are read from both sides of the strip. Thus, the total number
of MRPC detectors of the barrel TOF is 280 and the number
of readout electronics channels is 13440.

The commissioning is ongoing for all service subsystems,
such as a gas system, a high-, and low-voltage power supply
system, cooling and a slow control system. The most chal-
lenging task is the organization of gas supply to the TOF
system. It should ensure a high purity and stability of the gas
mixture with minimal leakage. A fully functional prototype
of such a system has been developed for testing TOF modules
with cosmic rays.

An accurate calibration and correction procedure is
required to achieve the expected TOF system performance.
As far as possible, calibrations should be performed before
the start of the physics programme. There is a good oppor-
tunity to use particles from extended air showers initiated
by cosmic rays for calibrations. The calibration strategy is
as follows. First, we need to calibrate the electronics of data
acquisition to assure its maximum time resolution. To deter-
mine the non-linearities of electronics, the main technique
is the so-called statistical code density test based on filling
one time cycle of TDC by random events [170]. After cali-
brating the electronics, the position of all the TOF detectors
will be determined. This is needed to make sure that the
ideal geometry embedded in the software is updated with
realistic detector positions. This will be done by determining
the spatial coordinate of the passage of particles through the
detectors with high accuracy. Tracks of cosmic air shower
particles that have passed through the TPC and the TOF will
be used for this purpose before the start of data collection
from ion collisions.

For the read-out of strip signals, front-end electronics with
a digital LVDS output signal are used. The leading and trail-
ing edges of this digital signal correspond to the moment
of passage of the corresponding edges of the analog pulse
through the discriminator threshold. The slope of the leading
edge of the analog pulse depends on the amplitude of the
signal. Therefore, the position of the leading edge of the dig-
ital rectangular pulse depends on its width. This dependence
needs to be measured as accurately as possible for future
use as a correction. Such a “ time-over-threshold” correction
gives the best time resolution of the TOF system. Finally,
using cosmic radiation, we can test and optimize the algo-
rithm of matching TPC tracks with TOF hits.

The TOF performance for identification of charged par-
ticles was estimated from the matching procedure of tracks
reconstructed in the TPC with hits in the TOF detector. The
matching consists of extrapolating the TPC track to the TOF
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Fig. 21 a TOF matching efficiency. b Particle identification efficiency
for positively charged hadrons (black symbols) and a fraction of wrongly
identified species (red symbols) in Au+Au collisions at \/sny = 9 GeV

surface and finding a TOF hit nearest to the extrapolated point
within a pre-set window (*“ matching window”). The match-
ing window size is taken as a compromise between the TOF
intrinsic performance numbers (time and coordinate resolu-
tions) and the overall TOF occupancy in heavy-ion collisions.
In Fig. 21a the TOF (mis)matching efficiency is plotted as
function of the total momentum. The results are obtained for
central Au+Au collisions at ,/syn = 9 GeV and data points
are averaged over the entire TOF acceptance |n| < 1.4. The
efficiency is defined as the fraction of tracks having produced
a Monte Carlo point in the TOF and matched with any TOF
hit according to the described procedure. If such a match
includes a wrong hit, it is also considered as a mismatch.
The overall efficiency is about 90% and it drops below 80%
for track momenta below 250 MeV/c because of the multiple
scattering which makes the difference between the expected
positions of the extrapolated tracks and the actual ones larger
than the size of the matching window in some cases. The
errors in the extrapolation for low momentum tracks also
cause an increase of the number of wrongly matched TPC
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track extrapolations and TOF hits (see triangles in Fig. 21a for
mismatches). Nevertheless, for momenta above 200 MeV/c
(a typical low-momentum cutoff in the analysis) the fraction
of the TPC-TOF mismatches is below 3%.

The best PID performance for charged particles is achieved
when the capabilities of the TPC and TOF detectors are com-
bined. For optimal performance, the PID procedure should
rely on a good knowledge of the detector characteristics such
as the momentum dependence of the average energy loss
as well as the variation of the (dE/dx) and mass-squared
resolutions for each particle species. Based on this informa-
tion a vector of probabilities to be a particle of a particu-
lar sort is assigned to each track and the highest probability
defines the particle species. The MPD performance for dis-
crimination of hadrons in minimum bias Au+Au collisions at
/SNN = 9 GeV is demonstrated in Fig. 21b, where the frac-
tion of correctly identified particles is shown as a function of
momentum (blue symbols). This fraction is above 90% for
protons and positively charged pions up to p = 2.5 GeV/c,
while the percentage of the cases with a wrong identification
is below 10%. With the chosen set of cuts, charged kaons
can be identified up to p ~ 1.7 GeV/c with an approximately
80% efficiency and 20% contamination at the PID limit. Mak-
ing the selection criteria for kaons tighter, the achieved con-
tamination level can be decreased further resulting in a lower
value for the PID efficiency (Fig. 22).

3.4 Electromagnetic calorimeter

The primary role of the electromagnetic calorimeter is to
measure, with good resolution, the spatial position and total
deposited energy of electromagnetic cascades induced by
electrons and photons produced in heavy ion collisions. The
ECal will operate in the magnetic field of the MPD solenoid
and will detect particles in the energy range from 10 MeV
to a few GeV. The expected high multiplicity environment
implies a high segmentation of the calorimeter.

The MPD ECal is a shashlik type calorimeter made of
Pb-scintillator sandwiches. Geometrically it consists of 50
isolated half-sectors forming a 6-m-long (along the beam
direction) cylindrical shell having inner and outer radii of
about 1.710 m and 2.278 m, respectively. Each half-sector
is a segment of that shell and has a length of about 3 m
(half-length of the calorimeter). In the transverse plane, each
half-sector covers an azimuthal angle range of about 360°/25
=14.4°. The primary support structure of the half-sector is a
basket, which consists of a carbon composite material. A
half-sector contains 48 calorimeter modules (8 modules of
different types in the longitudinal direction) x (6 modules
in the transverse direction) that are locked (glued) into the
basket, so that the modules contribute to the rigidity of the
whole half-sector. A schematic view of an ECal half-sector
is shown in Fig. 23 (top). Half-sectors will be installed in the

Fig. 22 The schematic of a single ECal tower (a) and one of the ECal
modules (b)

Half sector basket

Outer shell
D=4590 mm, L=8260 mm

Power wall

Inner shell
D=3360 mm, L=6244 mm

Fig. 23 The schematic of a single ECal sector (a) and structure of ECal
inside the support frame of MPD (b)
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Fig. 24 Reconstructed peaks from decays of 70 and 5 mesons in
Au+Au collisions at ./sny = 11 GeV after subtraction of the mixed-
event background. The peaks are shown for 7%(s) mesons in 0.3—

MPD by inserting them inside a power frame made of carbon
composite material, shown in Fig. 23 (bottom).

Each ECal module consists of 16 towers that are glued
together. The design of each module depends on the module’s
z-coordinate location with respect to the beams interaction
point to form a projective geometry. There are 8 types of mod-
ules. Schematic views of one shashlik tower and one module
are shown in Fig. 22. Each tower has a 40 x 40 mm? trans-
verse cross-section and is a lead-scintillator sandwich that
contains 210 tiles of Pb (0.3 mm thick each). The lead tiles
are interleaved with 210 tiles of plastic scintillator (1.5 mm
thick each). The total thickness of the tower is approximately
41 cm (about 11 radiation lengths).

The calibration for the ECal usually consists of two steps:
1) equalize the gain of all calorimeter cells using an elec-
tron beam or cosmic ray measurements, and 2) find one
(common for the whole calorimeter) ADC-to-energy coef-
ficient from electron beam tests or reconstruction of narrow
invariant mass distributions. This method does not take into
account the geometrical difference of the calorimeter cells
and dependency of the calorimeter properties on the energy
of the primary particle and the distance from the particle
hit. Attempts to correct for these effects result in additional
labour-consuming measurements and *“ phenomenological”
calibrations on impact particle energy, pr, hit-position, and
other non-linear dependencies. The preliminary calibration
approach consists of two steps. First, a connection will be
established between the amplitude of the observed signals
from ADC and the energy deposition in the active volume of
the calorimeter (scintillators) for each calorimeter cell; this
can be done via comparison of the calorimeter signals from
cosmic air shower muons with predictions from correspond-
ing detailed simulations. The second step contains computer
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simulations of a data base of the physical properties of the
calorimeter (viz., sampling fractions and energy leaks) as
function of primary particle energy, hit position, location of
the cell in the calorimeter etc., to correctly convert the energy
deposition in the calorimeter active volume to the impact par-
ticle energy, and to do it in a phenomenologically-free man-
ner. With a detailed description of the ECal structure in the
simulation (viz., the exact structure, shape and location of the
towers as well as the accurately measured light absorption in
the WLS fibers), the preliminary calibration of the calorime-
ter will be performed with an accuracy of approximately 3%
or better. This is the accuracy expected for the first MPD run.
The main task in this run is the study of calorimeter opera-
tion in real conditions (thresholds, noise, etc.). The next step
will be a check of calorimeter calibration by means of 7°
reconstruction and reconstruction of the energy of electrons.

Feasibility studies for Au+Au collisions at /sx\n =
11 GeV simulated by UrQMD show the possibility to mea-
sure 77°(17) meson differential yields in the momentum range
0.05-0.1 GeV/c < pt < 3 GeV/c using a data sample of
10% minimum bias events. Examples of the reconstructed
invariant mass distributions for y y -pairs after subtraction of
the mixed-event background are shown in Fig. 24. Distinct
peaks from decays of 7° and  mesons appear on top of the
remaining correlated background.

The ECal also plays an important role in the identification
of electrons. The MPD can effectively identify electrons by
(dE /dx) measurements in the TPC, by time-of-flight mea-
surements in the TOF and by time-of-flight and E/p mea-
surements in the ECal. For electrons, the E/ p ratio, where E
is the energy measured in the ECal and p is the total momen-
tum measured in the TPC, is expected to be ~ 1. The time
resolution of the ECal is inferior to that of the TOF, but the



Eur. Phys. J. A (2022) 58:140

Page 19 of 50 140

L N e

- SNV ——
& 09- + E
g 082— 0’.“ " ++ * &
£ o sl
© O 6;_ L l"'* +4
0.5 - 3

E DR “J,, 0*“’ |
o - Wﬁﬁ% it
03;‘ e Without elD i
0.2F m TPC-ToF elD E
01 * * TPC-ToF-ECAL elD =
Ei®g | =

METEEN B ETEE EETErE
12 14 16 1.8
pT(GeV/c)

0020406081

Fig. 25 Reconstruction efficiency of electron tracks. Black markers
correspond to tracks reconstructed in the TPC and matched to the pri-
mary vertex. Blue markers correspond to tracks identified as electrons
in the TPC and TOF. Red markers correspond to tracks identified as
electrons in the TPC, TOF and ECal

2 = RS IR I E
3 UL
g' 1B jonanss ; u,\HHH",‘_H‘,‘ ‘ AL
5 E RS ;;1(* w*m?m" - T3
.‘g 09;_ ++ ++ ||.ll“—£
o 08F s JE
0.75 E
0.6 =
0.5 = TPC-TOF elD E
0.4 + TPC-TOF-ECAL elD 3
0.3 E
Evoa o v b b b w b by b w 1wy 13

0 02040608 1 1.2 14 16 1.8

P, (GeV/c)

Fig. 26 Electron purity as a function of particle transverse momentum
with different electron selection options (see Fig. 25 for details)

time measurements still help to reject kaons and protons in the
range of measurements. The ECal becomes effective for elec-
tron identification at pt > 200 MeV/c since lower momen-
tum tracks just bend in the magnetic field and do not reach the
ECal. Figures 25 and 26 show the reconstruction efficiency
for electron tracks and the electron purity evaluated for min-
imum bias Au+Au collisions at ./sny = 11 GeV simulated
by UrQMD. The electron identification in the TPC and TOF
helps to reject hadron contamination at low-to-intermediate
transverse momentum. The ECal helps to clean up the elec-
tron sample at higher momenta.

3.5 Forward hadron calorimeter
The FHCal is intended for the measurements of global prop-

erties of heavy-ion collisions. It consists of two identical
detectors, each consisting of 44 modules, placed approxi-

Fig. 27 The modular structure of one FHCal, in the plane perpendic-
ular to the beam axis

mately 3.2 m upstream and downstream from the center of
the detector. The modular structure of one FHCal in the plane
perpendicular to the beam axis is presented in Fig. 27.

The module transverse size of 15 x 15 cm? was chosen to
match the size of the hadron showers. Each module includes
42 lead-scintillator sandwiches with a sampling ratio 4:1 (the
thickness of lead plates and scintillator tiles is 16 mm and
4 mm, respectively). According to Geant-4 simulations, the
sampling fluctuations provide the relative calorimeter energy
resolution o /E ~ 55%/~/E (GeV). Beam tests of the
calorimeter with the same sampling confirm the results of
the simulation. The 42 lead/scintillator layers are loaded into
a box made of 0.5 mm stainless steel sheet and tied together
in one block with a length of about 90 cm (4 nuclear interac-
tion lengths) by a 0.5 mm stainless steel tape. After assembly,
the module is covered by another similar stainless steel box.
The two upper and lower boxes are spot-welded providing a
mechanically stable construction. The weight of each module
is about 200 kg.

Light readout is provided by WLS-fibers embedded inside
grooves in the scintillator tiles. This ensures high efficiency
and uniformity of the light collection over the scintillator
tiles. WLS fibers Y-11(200) with double cladding and 1 mm
diameter produced by the Kuraray Co. are used. To reduce
the loss of light, the bending radius of the WLS fiber must be
larger than 5 cm. Spiral grooves in the scintillator tiles pro-
vide slightly better parameters than the circular ones. They
were selected for this reason to design the FHCal modules.
The end of the WLS-fiber inside the scintillator grove is mir-
rored by silver paint, thus improving the light collection by
about 30%.

Each scintillator tile is covered with a white reflector
(TYVEK paper) to improve light collection. WLS-fibers
from 6 consecutive scintillator tiles are collected together
in the optical connector at the end of the module and pol-
ished to improve the optical contact with the photodetector.
The longitudinal segmentation in 7 sections requires the same
number of optical connectors and compensates for the non-
uniformity of the light collection along the module caused
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by the different lengths of the WLS-fibers. In addition, seven
compact photodetectors are coupled to the optical connec-
tors at the rear side of the module. The use of SiPMs is an
optimum choice due to their remarkable properties such as
high internal gain, compactness, low cost and immunity to
magnetic fields. SiPMs have no nuclear counter effect due
to their pixel structure. Hamamatsu MPPC S12572-010C/P
with a pixel size of 10 x 10 m? were selected to ensure a high
dynamic range of detected energies. The FEE used for the
MPPC readout includes an amplifier and a shaper with differ-
ential output signals. Due to the shaper, the signal length is
about 0.2 s which is a few times longer than the original sig-
nal width after the photodetectors. The necessity of a longer
signal is related to the relatively low sampling frequency
of the pipe-line ADC that digitizes the signal waveform. A
64-channel 62.5 MS/s ADC64s2 board manufactured by the
Dubna company AFI Electronics is used. All FHCal modules
are assembled and ready for installation at MPD.

After assembly of the FHCal modules, the light yield of
all longitudinal sections was measured by using cosmic air
shower muons crossing the longitudinal sections in a mod-
ule. On average, cosmic muons deposit about 50 photoelec-
trons/section, which is enough to calibrate the energy scale
of FHCal modules during the calorimeter operation in the
MPD setup.

3.6 Fast forward detector

The FFD fulfills two important tasks for the MPD: it provides
fast triggering of A+A collisions and generates the start-time
(TO) pulse generation for the TOF detector with a time reso-
lution better than 50 ps. Also, the FFD is a useful instrument
for the adjustment of beam-beam collisions in the center of
the MPD setup with operative control of the collision rate
and interaction point position during a run.

The FFD consists of two identical Cherenkov modular
arrays FFDg and FFDw with large active area and picosec-
ond time resolution which is achieved by the registration of
relativistic charged particles and high-energy photons pro-
duced in the collisions. The acceptance in pseudorapidity of
the detector is 2.7 < |n| < 4.1, which corresponds to a the
polar angle range of 1.9° < |0]| < 7.3°.

Each FFD consists of 20 Cherenkov modules shown in
Fig. 28. One module consists of a 10 mm lead converter, a
15 mm quartz radiator, MCP-PMTs XP85012/A1 (Photonis)
and a FEE board. The detector has 80 channel granularity,
400 mm outer diameter and a 96 mm diameter hole for the
beam pipe. The FFDs are located 140 cm away from the
MPD center point. Photons are detected by their conversion
into electrons in a 10 mm lead converter.

The modules are tested with laser and cosmic rays in a
special stand developed for this purpose. The sub-detector
electronics concept includes two VME crates with custom
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made backplane and electronics modules based on FPGA
technology. The LV power supply of FEE boards are also
developed as VME modules. The HV power supply is based
ona WIENER crate with three 16-channel modules. The local
readout electronics used for the control of the FFD opera-
tion consists of 8 modules of 5 GS/s digitizes mod. N6742
(CAEN) with optical readout. The global readout electronics,
as part of the MPD readout system, consists of four modules
of TDC72VHL produced at JINR. The detector control sys-
tem (DCS) allows to perform and to control all functions
required for operation of the FFD using a custom developed
GUL

A laser system is used for FFD calibration, test, and oper-
ation control. It consists of a PiLas laser, a special optical box
with 120-fiber output, a system of optical cables, and a refer-
ence detector with MCP-PMT. The LO trigger efficiency as a
function of the impact parameter for Au+Au at two collision
energies is shown in Fig. 29.
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3.7 Plans for additional detectors

Several additional detector subsystems and upgrades are
being considered for installation in the MPD apparatus. The
Inner Tracking System is already in an advanced develop-
ment stage. Part of it is planned to be installed after the ini-
tial commissioning of Stage I subdetectors, with the complete
setup expected to be ready at a later date. The MPD Cosmic
Ray Detector is in an advanced stage of preparation. A lim-
ited set of modules will be used in pre-installation tests of
other major detector components. They can later be installed
on the outside of the MPD Magnet Yoke. The Mini Beam-
Beam counter is under consideration for the enhancement
of triggering capabilities and determination of the start time.
These systems are described in this section.

3.7.1 The inner tracking system

The Inner Tracking System (ITS) of the MPD will be a vertex
detector meant to complement the TPC for the precise track-
ing, momentum determination and vertex reconstruction for
hyperons (A, E, 2) and D-mesons. It will be placed inside
the bore of the TPC and it will be composed of 5 layers of
silicon Monolithic Active Pixel Sensors (MAPS) grouped in
two barrels, with layers 1-3 on the inner barrel and layers 4—
5 on the outer barrel (see Fig. 30 and Table 2), with a spatial
resolution of less that 5 um in a sensor plane and a material
budget of less than 0.8% X for the entire ITS. The project
foresees the construction of the outer barrel in a first stage
(2022/2023) based on the MAPS technology used for the
outer barrel of the ALICE-ITS2 [171]. These are 15 mm x
30 mm x 100 pm silicon sensors (from TowerJazz 180 nm
CMOS technology) with 1024 x 512 pixels. The addition
of the inner barrel is planned for a later stage (2025/2026)
with the intention of building it, based on 280 mm-long and
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Fig. 30 (Left) Breakdown of one Outer Barrel Stave. (Right) Cut of
the full MPD-ITS geometry

Table 2 Geometrical parameters of the MPD-ITS layers

Layer no. Radius (cm) Length (cm)
1 2.2 75.0

2 4.1 75.0

3 6.0 75.0

4 14.5 152.6

5 19.4 152.6

30 wm-thick bent sensors currently under development by
the ALICE-ITS3 project at CERN [172]. Figure 30 shows a
cut of the MPD-ITS geometry with a breakdown of one of the
42 Stave structures that compose the outer barrel. Each one of
these Staves is segmented into two identical structures (Half
Staves) where 2 rows of 7 MAPS are attached to a Flexible
Printed Circuit to create a structure called Hybrid Integrated
Circuit (HIC). Seven of these HICs are glued to a multi-
layer composite graphite plate with embedded cooling pipes
(Cold Plate). In central Au+Au collisions at ,/sny = 9 GeV
simulated in MpdRoot [173,174] with ITS with 2 outer bar-
rel layers only, the TPC and a beam pipe diameter of 64
mm, the signal extraction of reconstructed hyperons would
be performed with an efficiency of 0.2%. This is enough for
assessing the identification ability of the system at debugging
stage. On the other hand, only with the 5 layer setup of the
ITS, the TPC and a beam pipe diameter of 40 mm, it will
be possible to achieve a reliable detection efficiency of about
1% for both multistrange and charmed particles.

The very small clearance (~ 8 mm) for the integration of
the ITS and other components of the MPD inside the bore of
the TPC, prevents the implementation of the common solu-
tion of placing rails for the sequential insertion of each com-
ponent. Instead, the integration scenario includes the use of a
custom-designed insertion container (Fig. 31) to be slided in
as a whole and which includes the ITS section, the services
section hosting the FFD and the cabling and cooling struc-
tures for both detectors, the technical sections that will be
removed after the insertion into the TPC bore as well as part
of the beam pipe comprising the Beryllium-made portion.
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Technical sections

Beam pipe

Fig. 31 Insertion container for the integration of the ITS, the FFD and
the Beam pipe into the TPC

3.7.2 The miniBeBe detector

The proposal for the construction of the mini Beam-Beam
detector (miniBeBe) [175] is under consideration by the
MPD Collaboration. Its main goal is to contribute with an
additional wake-up trigger signal for the TOF, particularly for
low multiplicity events. Since the shortest track length within
the TPC is 1.5 m then, in order for pions, kaons and protons
to be reliably separated over the entire particle momentum
range, the TOF is expected to have an overall time resolution
better than 100 ps. Thus, the wake-up trigger signal should
be optimized to keep a time resolution below 100 ps. The
expected miniBeBe time resolution is 30 ps at most.

The miniBeBe is a scintillator detector with a cylindrical
structure covering the pseudorapidity range of |n| < 1.44.
The baseline design of the miniBeBe consists of 16 strips,
each one 600 mm long. Each strip consists of an array of
20 square-shaped plastic scintillator cells with dimensions
20 x 20 x 3 mm?. Each scintillator cell has four SiPMs
coupled to the surface. In total, the miniBeBe consists of
320 plastic scintillator cells and 1,280 SiPMs covering an
effective sensitive area of 128,000 mm?2. Current work on
the mechanical support for the detector and its integration
in the MPD, has produced a design consisting of a hollow
cylindrical structure, 260 mm in radius and 714 mm in length.
Figure 32 shows the design plans for both the mechanical
structure and the detector strips. Simulations show that the
requested 30 ps resolution can be attained with an optimal
design without smearing of the interaction point, where the
same material budget is concentrated in a similar cylinder but
with a 150 mm radius. A prototype consisting of a two-cell
detector made out of BC-404 plastic scintillator was tested.
For the light sensors a Hamamatsu PMT R6249 and a SensL
(C-60035-4P1521 EVB) SiPM were chosen. The test was
carried out in the pion beam of the T10 facility at CERN using
the well-tested and calibrated trigger and Data Acquisition
(DAQ) systems of the ALICE experiment [176].

The best achieved time resolution was 68 =+ 5 ps for the
BC-404 hexagon coupled to the Hamamatsu PMT R6249
and 45 + 2 ps for the BC-404 hexagon coupled to the SensL
light sensor. These encouraging first results suggest that the
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desired time resolution for the MPD/NICA experiment are
within reach [177].

A system that can provide a digital signal from each scin-
tillator cell, using an ultra-fast analog comparator HMC674
model from Analog Devices, is being currently designed. The
comparator output is differential, thus it is less susceptible
to noise and interference. With this in mind, a PCB card that
allows for the signal transport from the scintillator cells to
the interconnection zone using a processing card, has been
designed.

3.7.3 The cosmic ray detector

The MPD cosmic ray detector (MCORD) aims at providing
a trigger for cosmic showers (mostly muons). The estimated
flux of cosmic muon events is on the order of 150 s~'m~2.
This detector could also be used for off-beam calibration of
the MPD subsystems and to provide data for measurements
of high-energy muon showers.

The measurement of cosmic muons gives an opportunity
to collect unique astrophysical observations. The ALEPH,
DELPHI, and ALICE cosmic ray data [178-180] contain
information on muon production in extensive air showers
(EAS) only for vertical showers (those with zenith angles not
far from zero degree). The proposed MCORD along with the
MPD TPC have the unique capability of very precise mea-
surement of atmospheric muon multiplicity distributions as a
function of the zenith angle of Primary Cosmic Rays (PCR),
up to nearly horizontal showers [181]. Such measurements
have never been performed. Special attention is paid to muon
groups of large multiplicity from EAS [182, 183]. Those data
will be useful in the analysis of the possible discrepancies
between current hadronic interaction models for extremely
high energy, >10'3 eV, and to recognize the sky position of
extra—galactic PCR sources with energy >10'° eV [184].

MCORD is a cylindrical detector located around the MPD
outer barrel [185,186]. Plastic scintillators with wavelength
shifting (WLS) fibers are proposed to detect muons in MPD.
The detector elements consist of Silicon Photo Multipliers
(SiPMs) which will be placed on both sides of each plastic
scintillator module [187, 188]. The goal is to achieve a spatial
resolution of about 7 cm and timing resolution below 1.5 ns
(at FWHM)), in the direction along the module. The design
takes advantage of the small size, robustness and insensitivity
to magnetic fields of the SiPMs. Detector modules will be
arranged in a cylindrical shape around the central part of the
MPD outer barrel (Fig. 33). The MCORD will consists of 28
modules and it will comprise over 600 double-side readout
detectors (see Fig. 33).

Each SiPM will be directly connected to its own Analog
Front-End module (AFE). The AFE consists of an amplifier,
power supply, temperature compensation circuit and a unique
electronic identification number. The signal will be sent by
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Fig. 32 Illustration of the miniBeBe detector. The structure holds six-
teen 600 mm long strips mounted on a cylinder, with inner and outer
radii of 220 and 260 mm, respectively, placed around the beam pipe.
Each strip consists of 20 squared plastic scintillators with dimensions
20x20x3 mm?, with four SiPMs coupled to each cell. Taken from [175]

Fig. 33 (Top) The MCORD is located on the surface of the MPD bar-
rel. (Bottom) An MCORD module consists of three sections and a sup-
port frame, with the central section slightly elevated above the first one
and third one. Each section consists of eight 1.65 m long scintillators.
Passive hub boxes will be placed on both ends of the modules

the control hub to the FPGA electronic analysis system based
on MicroTCA crate. One MicroTCA crate receives signals
from 384 SiPMs channels [189,190].

MCORD will record signals induced by particles, mainly
muons, crossing the entire MPD body, or coming from the
collision vertex. The threshold for muons that may escape
the MPD is approximately 1 GeV. Studying high energy
muons coming from pion and kaon decays, muon—antimuon
pairs coming from very rare meson decay processes, includ-
ing the dark matter searches [191-193] are potential uses
for the MCORD. The other potential fields of study are
the decays of charmonium-like exotic states into J/W and
then into muon pairs with kinetic energy of relative motion
> 1 GeV [194,195]. For cosmic muon measurement, a two

stage coincidence signal will be used to generate a trigger
signal for other MPD detection systems.

In a first stage, two MCORD sections comprising 8 or 16
scintillators will be produced. These two sections will enable
the testing of other subsystems (ECal, TOF, TPC) before
their installation inside the MPD body. These sections could
subsequently be installed around the MPD outer surface and
be used for off-beam mode calibration of other detectors.
The second stage of construction involves the delivery of 2—6
MCORD modules (each consists of 3 sections — see Fig. 33).
These modules could subsequently be installed around the
MPD outer surface and be used for off-beam mode calibration
of other detectors.

3.8 Infrastructure and support systems

The MPD will be supported by several auxiliary systems,
which are briefly described below.

3.8.1 MPD Hall

The MPD experiment will be housed in the MPD Hall, which
is an integral part of the NICA collider building. In the MPD
Hall two main areas are foreseen: the south and the north
side. The MPD Pit will be located on the south side. It will
house the MPD after assembly. The NICA beam line crosses
the MPD Pit at 1.5 m above ground level. The floor of the
MPD Pit is therefore 3.19 m below ground level. The MPD,
as well as the auxiliary support structure, the MPD Platform,
will be placed on rails in order to allow the movement of
the full structure. The MPD assembly will be performed in
the SERVICE position, away from the beam line. After full
assembly and initial commissioning, as well as after the initial
beam tuning in NICA, the setup will be closed by endcaps and
moved into the operational position around the accelerator
beam line.

The north part of the MPD Hall, which will be separated
by concrete blocks from the MPD Pit during beam opera-
tion, will provide additional assembly space as well as space
for electronics racks, gas supply systems and other support
systems for the MPD. The MPD Hall will be connected to
the electrical grid by a pair of redundant transformers, which
will provide electrical power to the full MPD setup. The MPD
Hall is fully operational and the MPD assembly work is pro-
gressing.

3.8.2 Mechanical integration and support structure

The MPD Magnet provides the outer mechanical structure
for the MPD. A carbon-fiber support structure, shown in
Fig. 34 in yellow, is attached to the magnet yoke (blue) and
provides support points for the major central barrel detector
subsystems. Each Electromagnetic Calorimeter sector will
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Fig. 34 The MPD installation concept

be placed in a dedicated enclosure with carbon fiber walls
between the sectors. On the inner wall of the structure, ded-
icated mounting points are provided for the 14 TOF sectors
(28 modules). Two structural rails, placed at the level of the
beam pipe on the inner wall of the structure, will support
the TPC. The beam pipe will be surrounded by a support
structure, which may be used to attach additional detectors.
The forward hadron calorimeter will have its own dedicated
support structure, integrated with the magnet endcaps. The
beam pipe in the initial operation is expected to have 64 mm
in diameter in the central region of the MPD.

3.8.3 Support sytems

The MPD requires many support systems, such as power
supply (both high and low voltage), gas systems with strict
requirements for purity, cooling liquids and temperature sta-
bilisation. A Fire Protection System and an associated fast
automatic fire extinguishing system are also important ele-
ments of the support systems. The MPD is protected by an
Access Control System (ACS) as well as monitoring and
management of cable connections, the monitoring of ground-
ing, the level of interference with ionizing radiation, includ-
ing neutrons and the intensity of uncontrolled electromag-
netic fields.

The NICA-MPD adopted a service solution for moving the
MPD in the MPD Hall from the RUN (Measuring) position
to the SERVICE position about 11 m away. This solution
required the design of a special mobile platform, the NICA-
MPD-PLATFORM (wagon with a load capacity of about 150
tons), shown in Fig. 13. The NICA-MPD-PLATFORM will
house all the MPD support systems forming a structure called
the Experiment Control System, which can move between
RUN and SERVICE positions.

The NICA-MPD-PLATFORM will have 32 RACK crates
with dimensions of 600 x 1200 x 47 U. To ensure compact-
ness of the structure, it has been designed as a four-level con-
struction. Each level is made of eight RACK units intended
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for MPD electronic support systems and five cooling units
with dimensions of 300 x 1200 x 47 U. The first (lowest)
level is reserved for power distribution, including the main
power line switch, as well as gas distribution and cooling
medium distribution. The other floors are for power supply
electronics control and data concentrators for the DAQ.

The NICA-MPD-PLATFORM is powered by a two-line
three-phase power network with a NEUTRAL and Protec-
tive Earth Cable (PEC). Each RACK can be loaded with
3x 25 A current. The RACK is equipped with an autonomous
fire extinguishing panel, connection management systems in
the InteliPhy technology and its own Intelligent Power Dis-
tributor (IPD). The task of the IPD is to monitor up to 51
harmonics in the network, provide intelligent optimization
of load balance (minimizing the current in the NEUTRAL
cable), autonomous detection and switching off of damaged
circuits within the available power allocation. The NICA-
MPD-PLATFORM is managed under SCADA WinCC.

3.9 Electronics
3.9.1 Slow control system

All components of the MPD detection system will be under
constant monitoring. Their monitoring includes, but is not
limited to: high voltage levels and status, low voltage level
and status, composition purity and flow of the gas mixtures
for the TPC and TOF, status of the DAQ systems, status of the
connections, operational parameters of the detectors, such
as operational voltage, pressure, temperature, status of the
detector cooling system. All those parameters will be stored
in a dedicated database, in order to monitor the detector per-
formance as well as to provide data for calibration purposes.
Additional parameters, such as status of the superconducting
magnet and the magnetic field, status of the beam conditions
and the connection to the accelerator facility, fire-protection
systems, radiation safety and others will be provided. The
system will also use a sophisticated alarm framework to
ensure safe, stable and reliable operation of the detector.

3.9.2 Data acquisition

The overall architecture of the DAQ, shown in Fig. 35, was
designed as a data driven fully parallel push architecture. At
each stage the content of the data stream drives autonomously
its routing through the processing chain from source to desti-
nation. The throttling is implemented by back pressure from
the destination to the source. For timing synchronization,
White Rabbit is used. It provides sub-nanosecond accuracy
and picosecond precision of synchronization for large dis-
tributed systems.

Elements of DAQ will be installed both in the Barrel zone
and the NICA-MPD-PLATFORM. All FLPs (first level pro-



Eur. Phys. J. A (2022) 58:140

Page 25 of 50 140

Trigger signals _ | Trigger =
Processor G @

FFD VXS 2
FHCAL FFD orRe [T TTVXS

TOF vxs [ 34
DRE T

192

ECAL | EEL >4zecu.’
DRE o e |

<t

| b FE Link F
FHCAL |1

! + | FHCAL
DRE 8 Ry

Trigger Distribution Network
Clock and Timing Network

~t—

Detector Readout Network

1G Ethernet
= >

106 Etherngt

/
24 x 406

FLP

Barrel zone MPD platform

Fig. 35 MPD DAQ trigger, timing and data links

cessors) will be installed in MDC (mini data center). MDC is
planned to be installed in the MPD hall, not far from NICA-
MPD-PLATFORM. All FLPs, network infrastructure cluster
and transient data storage will be located inside the MDC.

The requirements to the DAQ system follow from the
physics tasks. Thus the average sustained event rate handled
by the DAQ system should be 7 kHz. The estimated data rate
is about 6.5 GB/s.

Data from different sub-detectors will be combined
together by the Event Builder system, whose components
receive the data flow from FLPs, create events and store com-
bined events in a transient data storage.

The fast vertex-trigger, provided by FFD, is the level-0,
LO, trigger of the MPD experiment. The fast determination
of the z-position of the collision requires two pulses, Tg and
Tw, produced by FFDg and FFDvw, respectively. A “good
vertex” signal in coincidence with NICA pulse generates the
LO trigger pulse. The LO trigger efficiency for two energies
of Au + Au collisions obtained in MC simulation (DCM-
QGSM-SMM + GEANT4 code) is shown in Fig. 29.

The L1 trigger uses additional information about energy
deposition in FHCalg and FHCaly and it produces the inter-
action trigger for the MPD DAQ and sub-systems. A scheme
of the trigger generation is shown in Fig. 36.

4 Software development and computing resources for
the MPD experiment

4.1 Software

Development of software packages for simulation, recon-
struction and physical analyses is an important part of the

FFDg sub-detector FFDy, sub-detector

4 {

TEI NE

FFDg electronics Tw, Nw|  FFDy, electronics

Vertex & LO trigger
electronics

FHCalg — 1 l e FHCaly
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l

Interaction Trigger
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Fig. 36 A scheme of the interaction trigger production

MPD experiment. The software framework for MPD, named
MpdRoot [196], has been developed and is routinely used
by MPD collaborators. All the performance studies shown in
this paper have been obtained using the MpdRoot framework.
MpdRoot is in constant development by a dedicated software
team as well as by individual collaboration members. This
framework extends the FairRoot [197] classes via the inheri-
tance mechanism and uses external programs from the FAIR-
soft package. The latter includes tools for software develop-
ment like ROOT, BOOST, GEANT4(3), DDS and ZeroMQ.
All these packages are available under the LGPL license and
therefore suitable for fundamental scientific research pur-
poses. They are natively developed and primarily used on
GNU/Linux-based operating systems, which are the de-facto
standard in High Performance Computing for high energy
physics.

The MpdRoot framework provides an interface to most
Monte Carlo event generators, which model heavy ion colli-
sions in the NICA energy range. Another important task is the
transport of the produced particles through detector materials
and the simulation of the resulting response of the detectors in
the reconstruction stage. For these tasks the GEANT4 [198]
package is used.

The MpdRoot framework also provides methods for the
reconstruction and analysis of data from simulated and real
interactions. MpdRoot was used to carry out research and
simulation of the technical design of all sub-detectors in order
to optimize their designs. It was also used to assess the fea-
sibility of specific physics studies.

A very useful and valuable tool to visualize properties of
the detectors and the data is the event display, which shows
the detectors structure with their responses and reconstructed
data. Figure 37 presents a three-dimensional global event
display showing the main detectors of the MPD and simulated
tracks from a high multiplicity ion-ion collision.
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Fig. 37 The event display for the MPD experiment with simulated
tracks
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Fig. 38 NICA computing resources

4.2 Computing

The computing resources for the MPD experiment, shown
in Fig. 38, are an integral part of the “NICA Complex”
project. They are created, maintained and operated using
modern technologies as a geographically distributed infor-
mation and computing cluster, which satisfies the require-
ments for experimental data processing and analysis, as well
as theoretical studies. This computer infrastructure aims at
accumulating, transferring and storing physical data acquired
from the main nodes of the “NICA Complex”, i.e. accelera-
tors, BMN, MPD, and SPD detectors as well as at processing
data and analyzing them. All processes and systems of the
infrastructure are constantly monitored.

The main technological elements of the basic configu-
ration of the distributed information and computing cluster
are located in four places, three of which are situated at the
site of the Veksler and Baldin Laboratory of High Energy
Physics (VBLHEP) and one in the Meshcheryakov Labora-
tory of Information Technology (MLIT). The MLIT NICA
cluster is part of the JINR Multifunctional Information and
Computing Complex (MICC). This structure presupposes its
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Fig. 39 NICA network topology scheme, showing interconnections
between physically separate computing centers in Laboratory of Infor-
mation Technology (MLIT) and LHEP

connection with computing complexes of other organizations
which will be involved in the “NICA Complex” project in the
future.

The most important stage in the development of the VBL-
HEP network infrastructure is the organization of optical
backbones between the MLIT and VBLHEP sites with a
bandwidth of 4 x 100 GB/s. Figure 39 shows the scheme
of the information and computing network implemented
between the two JINR sites.

The mass production of simulated and experimental data
is provided by the DIRAC Interware package. DIRAC aims
at integrating heterogeneous computing and data storage
resources into a unified platform. Resource integration is
based on the use of standard data access protocols (xRootD,
GridFTP, etc.) and pilot jobs. Thanks to this, a unified envi-
ronment is created in which it is possible to run jobs, manage
data, build processes and control their implementation. In the
framework of DIRAC, batch processing systems, grid com-
puting elements, clouds, supercomputers and even separate
computing nodes, can act as computing resources. Storage
resources are limited only to those that support file transfer
protocols used in grid systems.

In addition to the computing resources of the “Govorun”
supercomputer, the computing resources allocated for NICA
on the Tierl and Tier2 components of the MICC, are inte-
grated using the DIRAC Interware. The procedure for record-
ing and reading data using the mass storage facility (tape
robot) was checked and tested.

4.3 Preparation for data taking

A centralized large-scale production of events simulated with
Monte Carlo generators, coupled to detector response simu-
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lations and event reconstructions in the MpdRoot, has been
organized. All available MPD computing resources have
been involved in this test. More than 107 events were pro-
duced with the full simulation and reconstruction chain, and
more than 5 x 10% generator-only events were also pro-
vided. Several physics event generators have been integrated
within MpdRoot. In particular, the UrQMD, PHSD, vHLLE,
LAQGSM, SMASH and PHQMD generators have been suc-
cessfully used for large-scale Monte Carlo productions.

The analysis codes for specific analysis tasks are being
prepared within the MPD Physics Working Groups, and
are developed to work with the official MPD data formats,
such as MPD DST (Data Summary Tape) and mini-DST (a
slimmed-down version of the MPD DST with focus on data
for physics analyses). The codes are available to all collabora-
tors in a shared repository and code integration and software
release rules are applied. The physics analysis code will also
be used for high-level monitoring of the data quality, via the
preparation of general performance plots as well as recon-
struction of specific physics observables, such as hyperon
mass and width, specific ionization energy losses, uniformity
of angular acceptance and others.

5 Examples of physics feasibility studies

An important feature of the NICA complex is the capability
to deliver high luminosity and to vary the collision energy
and the collision system. The maximum luminosity of 10?7
cm2s7lis expected to be reached around /sy y = 9 GeV,
and to decrease by two orders of magnitude for lower colli-
sion energies, resulting in a reaction rate of about 70-80 Hz
at ./syn = 4 GeV. The MPD is capable of detecting a large
variety of probes such as charged hadrons, electrons and pho-
tons. Furthermore, the MPD will be capable of providing
three-dimensional tracking and accurate PID given its large-
volume gaseous tracking chamber, its TOF and calorimetry
components. The MPD will be able to produce event-by-
event information on charged particle tracks for both primary
and secondary vertices as well as on the collision centrality
by measuring the number of participants. This will allow us
to measure the yields of charged particles of different types,
their multiplicity, and their transverse momenta and rapidity
distributions as a function of collision centrality. The mea-
surement of observables related to rare probes at the lowest
part of the energy range becomes more challenging due to the
decrease of the production cross sections and to the drop in
luminosity. Both can be partially compensated by increasing
the data taking time.

In this section, we present several examples of physics
feasibility studies performed by the MPD Collaboration in
2019-2020. The simulation results and the corresponding
statistical uncertainties are shown for different collision ener-

gies when available. However, when results are presented for
a single collision energy, this indicates that energy scan sim-
ulations are still in progress. The examples are not intended
to deliver a single consistent physics message, instead, they
are provided to illustrate the MPD capabilities to fulfill its
physics program.

Several state-of-the-art transport models such as
UrQMD [77,78], AMPT [81], PHSD [199,200], PHQMD
[201], SMASH [79] and DCM-QGSM-SMM [202] have
been selected to be used as event generators for the present
studies. These models provide physically well-motivated
scenarios for A+A collisions in the NICA energy range. The
generated events then serve as the input for the full chain
of realistic simulations of the MPD subsystems, based on
the GEANT3/GEANT4 platforms [198] and reconstruction
algorithms, built in the MpdRoot [196]. Realistic procedures
have been implemented for detector response simulation,
centrality estimates, particle identification and event plane
reconstruction.

5.1 Centrality determination

Centrality is a key parameter for defining the collision system
size in relativistic heavy-ion collisions. Usually, the nucleus-
nucleus collisions are characterized by the particle multiplic-
ity measured in a pre-defined pseudorapidity intervals or by
the energy of spectator fragments detected in the forward
rapidity region. In the MPD experiment, two procedures are
considered for the centrality determination. The first one is
based on the charged particle multiplicity information pro-
vided by the TPC and is planned to be used in the first mea-
surements of heavy-ion collisions at NICA. The second one
uses the energy of spectator fragments provided by the FHCal
information. A combined approach using both procedures is
under study.

A sample of 1 million minimum-bias Au+Au and Bi+Bi
collisions at ./sNn = 7.7 GeV generated with the cascade
model UrQMD (version 3.4) [78] has been used as input for
the analysis of the multiplicity of charged particles in the
TPC. The MPD response was simulated using the GEANT4
transport code built in the MpdRoot framework along with
the reconstruction software.

As an example, Fig. 40 shows the multiplicity distribu-
tions of charged tracks (Nch) in the TPC with || < 0.5 for
Au+Au (a) and Bi+Bi (b) collisions at \/sxy = 7.7 GeV.
Only tracks with at least 16 TPC hits and transverse momen-
tum pt > 0.15 GeV/c have been used in the analysis.
To reproduce the experimental multiplicity distribution, a
Monte Carlo Glauber Model (MC-Glauber or MG here
in the text) [203] was coupled with a model for parti-
cle production, based on a negative binomial distribution
(NBD) [71,204]. In this approach, the multiplicity My of
particles in a heavy-ion collision is modeled as the sum of
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Fig. 40 Track multiplicity distribution from fully reconstructed
UrQMD events for Au+Au (a) and Bi+Bi (b) collisions at /s\n =
7.7 GeV compared to the fitted distributions using MC-Glauber
approach (red line). 10% centrality classes defined with MC-Glauber
normalization are indicated by black vertical lines

particles produced from a set of N, independent emitting
sources (ancestors) [205,206]. Each ancestor produces par-
ticles according to a NBD P,, ; with mean value p and width
k: MpyG(Na, b, k) = Py x X Ng. The number of ancestors
N, can be parameterized by :

N, = [prart +1- f)Ncull]s (2)

where Npye is the number of participants and Ncop is the
number of binary collisions simulated with the MC-Glauber
Model. The track multiplicity distribution My, of charged
particles in the TPC is simulated for an ensemble of events
and for various values of the NBD parameters u, k, and the
N, parameter f. A minimization procedure is applied to find
the optimal set of parameters which result in the smallest
value of X2 /Ngof. The result of the procedure is shown in
Fig. 40 by the red line. There is good agreement between the
initial Ny and the fitted M, distributions. After the fitting
procedure, the MC-Glauber model is used to estimate the
initial geometry of the centrality classes. Mean values and

@ Springer

5 S
E Au+Au, sNN=11 0 GeV
~ 14F WMPD Simulations #
7 12 * #
10 ¥

IR L LU BLELELE I B IR
--—

~ 16 prrrrprrrrree e
E : UrQMD, Au+Au ]
“~ 14 MPD Simulations *‘.
Y b + + 3
10 ; 4 ' 3
8f i .

of | $ —+ [5=5.0 GeV

45_ —e—ﬁ=77GeV_I
;+ —-—\/_115GeV-

2‘.‘ ....... Lisaslasailaasalasvalisialasaaliaaalaais

o

76563640 50 60 70 80 90 100
Centrality (%)

Fig. 41 Averaged impact parameter (b) for all centrality classes. (Top):
Comparison of the results for (b) from MC-Glauber with the one from
the UrQMD model for Au+Au collisions at ./syn = 11 GeV. (Bottom):
Comparison of the results of MC-Glauber for different /snn. RMS of
the corresponding impact parameter distribution are denoted as error
bars

RMS of the MC-generated impact parameter distributions
are shown in Fig. 41 as a function of centrality.

The upper part of Fig. 41 shows the very good agreement
between the average impact parameter (b) directly obtained
from the UrQMD model and the one estimated from the
MC-Glauber model. The lower part of Fig. 41 shows the
MC-Glauber Model (b) for Au+Au collisions at different
energies, which exhibits a very small energy dependence of
(b) as a function of centrality.

The centrality determination procedure was also done with
the PHSD [199,200] and SMASH [79] models. The upper
panel of Fig. 42 shows (b) as a function of centrality for the
UrQMD, PHSD and SMASH models for Au+Au collisions at
A/SNN = 7.7 GeV. The centrality dependence of the average
impact parameter (b) is very similar in all models shown. The
lower panel of Fig. 42 shows the comparison of the results for
Au+Au and Bi+Bi collisions at \/syn = 7.7 GeV obtained
for UrQMD events.
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Fig. 42 (Top): A comparison of the results from UrQMD, PHSD and
SMASH models for the centrality dependence of the averaged impact
parameter for Au+Au collisions at \/sx\ng = 7.7 GeV. (Bottom): The
comparison of results for Au+Au and Bi+Bi collisions at /sy =
7.7 GeV for UrQMD events

FHCal provides a different way to determine the central-
ity classes of ion collisions by measuring the energy deposi-
tion and space distribution of spectators, i.e. non-interacting
nuclear fragments [207]. Unfortunately, most of the bound
fragments escape through the beam hole in the FHCal cen-
ter. Therefore, the impact parameter dependence of energy
deposition in the FHCal has a non-monotonic behavior, and
the detected spectator energy can be the same for central and
peripheral events. This is illustrated in Fig. 43, top for events
simulated with the DCM-QGSM fragmentation model.

To resolve this ambiguity in the energy spectrum, the
three-dimensional energy distribution in the FHCal mod-
ules was fitted by a linear function (by a cone in the two-
dimensional case, Fig. 43, bottom). This fit provides addi-
tional parameters, such as the height of the cone, its radius
and volume. The height estimates the energy of free spec-
tators in the FHCal beam hole. The cone radius reflects the
scattering angle of free spectators and the cone volume pro-
vides an estimate of the total spectator energy. The correla-
tions of these fit parameters with the energy deposition in the
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Fig. 43 (Top) Dependence of the energy deposition in the FHCal on the
MC-generated impact parameter for events, simulated with the DCM-
QGSM fragmentation model. (Bottom) The two-dimensional linear fit
(line mesh) of example single-event energy distribution in the FHCal
modules (histogram)

FHCal provides an opportunity to distinguish the central and
peripheral events in spite of their similar energy depositions
in the calorimeter.

In Fig. 44, top, such correlation is shown for the height of
the cone, E,, ;.. This correlation was fitted by a polynomial
and then the perpendiculars to the envelope were plotted to
select 20 groups of events. Each group includes 5% of all
events and is indicated by a different color. The distribution
of the MC-generated impact parameters for each 5% group of
events was fitted by a Gaussian as shown in Fig. 44, bottom.

The results of the fits are presented in Fig. 45. The top and
bottom plots show the centrality dependence of the mean
value and the width of the Gaussian fit, respectively. The
width values, shown in Fig. 45 (bottom), indicate that the
current value of 5% for the bin width is arbitrary. In order to
minimise the trivial fluctuations due to mixing of events with
abroad impact parameter distribution, the individual width of
each class will be optimized for central and peripheral events
using the approach developed earlier in Ref. [208]. In real
data analysis the reverse procedure to relate the deposited
energy to initial geometry will have to be used. The accu-
racy of the mean impact parameter value and its resolution is
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Fig. 44 Top: correlation of the energy deposition in the FHCal and
the height of the cone, obtained from the linear fit of the two two-
dimensional energy distributions in the FHCal modules. The different
colors indicate groups of events within 5% centrality ranges. Bottom:
distributions of the MC-generated impact parameters for each 5% group
of events fitted to a Gaussian

currently widely discussed (see Refs. [209,210]). The reso-
lution of the centrality determination combining the FHCal
information with the TPC multiplicity measurement is under
study [211].

5.2 Bulk properties: hadron spectra, yields and ratios

The MPD detector has excellent particle identification capa-
bilities with a large and uniform acceptance (see Fig. 46).
This will allow us to perform systematic studies of particle
yields and ratios as a function of collision energy, centrality,
and kinematic variables (rapidity, transverse momentum, and
azimuthal angle). The results of this multi-parametric scan
within the NICA energy range will be compared to model
calculations and to worldwide available data.

One of the first planned measurements is the produc-
tion of charged pions and kaons near the maximum in the
strangeness-to-entropy ratio (,/sx\n = 8-9 GeV). In order
to estimate the sensitivity of the MPD setup to this measure-
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Fig. 45 The mean value (top) and the relative resolution (bottom) of
the impact parameter from the Gaussian fits shown in Fig. 44 for each
5% group of events

ment, a detailed Monte Carlo study has been performed with
the PHSD event generator, implementing both deconfine-
ment and chiral symmetry restoration (CSR) effects [212].
The details of the analysis and the results are briefly outlined
here and described in detail in Ref. [213]. Data sets of 0—
5% central Au+Au events at 5 collision energies (/sNnn =
4,6.2,7.6,8.8,12.3GeV) of 5 x 10* events each were used.
At each energy, the PHSD events were generated with the
CSR effects switched on and off, thus, the yields of K + and
7T were analyzed in a total of 10 data sets. In addition, neg-
atively charged pions and kaons as well as A were studied
at ./snn=7.6 GeV with the CSR effects switched on. As an
example, invariant transverse momentum spectra of identi-
fied K in several rapidity bins at ./sx\w = 8.8 GeV are
shown in Fig. 47. With the MPD setup, in particular using
the combination of PID capabilities of TPC (see Sect. 3.2)
and TOF (see Sect. 3.3) kaon spectra are measured up to
pr=2.5 GeV/c, with part of the low-pt spectra outside of
acceptance. In order to obtain the particle density, dN/dy,
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Fig. 47 Invariant pr spectra of K+ from central Au+Au collisions
at ./snn=8.8 GeV. The midrapidity spectra are drawn to scale. Other
distributions are scaled down by successive powers of 5 for visibility.
The dashed lines indicate the fit function

the reconstructed pr spectra need to be extrapolated into the
unmeasured transverse momentum regions, exploiting infor-
mation on the spectral shape. For this, the spectra were com-
pared against a hydrodynamically inspired blast-wave (BW)
model [214]. The results of a BW-analysis of the kaon spectra
are shown by dotted curves in Fig. 47.

The dN/dy results as a function of rapidity for posi-
tively charged pions and kaons from Au+Au collisions at
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Fig. 48 Rapidity distributions of 7 and KT from central Au+Au
collisions at ./snn = 8.8 GeV. The dashed lines indicate the Gaussian
fits used to extrapolate to 47 yields (see text for details)
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Fig. 49 The midrapidity K /7 t-ratio as a function of collision
energy. PHSD predictions for chiral symmetry restoration switched on
(solid line) and off (dashed line) are compared to the numbers obtained
in the hadron spectra analysis described in this study. The PHSD predic-
tions at different energies are connected with straight lines. Notice that
the compilation of data shown in Fig. 2 (taken from Ref. [15]) seems to
rule out the case without chiral symmetry restoration

/SN = 8.8 GeV are plotted in Fig. 48. The indicated uncer-
tainties are the quadratic sums of the statistical and systematic
uncertainties. The results are well reproduced by a Gaussian
function (see dashed lines) from which we derive that 70% to
90% of the 47 yield for the case of K™ (60% to 80% for the
case of w 1) can be covered by the measurements at differ-
ent collision energies. Moreover, in the extrapolation to the
full yield, an error in the mean multiplicity of less than 4%
for kaons and 3% for pions is achieved. These errors were
estimated as the difference between the value from the full
integral of the rapidity spectra and the true multiplicity from
the event generator.

The excitation function of the mid-rapidity K+ /7™ ratio
is shown in Fig. 49. Predictions of the PHQMD model for
chiral symmetry restoration switched on and off are shown
by the solid and dashed line, respectively. The mid-rapidity
yields are taken from the Gaussian fits shown in Fig. 48. The
corresponding errors for the midrapidity yields are also taken
from the fits. The results of the performance study indicate
that the suggested experimental setup can allow us to measure
the hadron yield ratios with small enough uncertainty: the
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Fig. 50 Invariant mass spectra of charged pions and protons in the vicinity of A mass, in selected pt ranges in Au+Au collisions at \/sNy = 11 GeV

difference between the reconstructed K/ -ratio and the true
one (from Monte Carlo) is below 3% at all energies.

5.3 Hyperon reconstruction

In this section we illustrate the MPD capabilities for the
reconstruction of hyperons.

5.3.1 A, A and 2~ reconstruction

A PHSD data set of 2 x 10® Au+Au minimum bias events at
/SNN = 11 GeV was partitioned into four centrality bins in
terms of impact parameter intervals.

The hyperon reconstruction analysis was performed in
transverse momentum intervals of 0.5 GeV/c width. Fig-
ure 50 shows the invariant mass spectra of charged pion and
proton candidates in several pt bins. Figure 51, shows the
invariant mass spectra of A, A, and 2~ candidates in the
most central (top) and the most peripheral (bottom) bins.

The factors affecting the hyperon reconstruction efficiency
are shown in Table 3. Figure 52 shows the MPD phase-space
coverage for A, A, and E~. The detector setup has a suffi-
cient coverage to study both the rapidity and the transverse
momentum distributions of (anti)hyperons. As an example,
in Fig. 53 the invariant transverse momentum spectra are
shown for A in the most central and the most peripheral
centrality bin. The distributions were obtained after correct-
ing the raw particle yields in pt bins for acceptance and
efficiency effects. The figure shows the reconstructed yields
plotted with symbols and the generated spectra drawn as his-
tograms. The averaged point-by-point difference between the
two does not exceed 2%.

The extrapolation to low and high pt contributes between
10% and 25% to the rapidity density value, depending on the
particle species and centrality.

@ Springer

5.3.2 Bt and QT reconstruction

In order to evaluate the expected statistics and phase space
coverage of the experiment start-up for rare hyperons, we
used a PHSD minimum bias event sample of 8 million
Au+Au collisions at \/syy = 11 GeV.

The same analysis procedure, as for A and E~ hyper-
ons, was used to reach the maximum statistical signifi-
cance of the signal determined as the square root of the
signal to background ratio. The invariant mass spectra are
shown in Figs. 54 and 55, along with the rapidity and trans-
verse momentum phase space acceptance for correctly recon-
structed hyperons, after final selection. The invariant mass
peaks are clearly visible. The detector provides good hyperon
coverage at mid-rapidities. Table 4 shows, similar to Table 3,
features that include quite large signal losses when requir-
ing maximum significance of the invariant mass peak. Effi-
cient background suppression is a high priority task in this
analysis.

Physics analyses will be aimed at multi-differential
hyperon studies, so signal statistics must be high. We can esti-
mate the expected hyperon yields for a reasonable running
scenario using the following considerations. Assuming that
the start-up luminosity will be approximately twenty times
lower than the design value due to the absence of the elec-
tron cooling system, the collision rate will be about 350 Hz.
Using this assumption, the number of minimum bias events
for 2 weeks will be ~ 450 million. For comparison, the pro-
cessed MC event sample (8 million events) corresponds to
about six hours of running time. Table 5 shows the expected
reconstructed hyperon yields in 2 weeks of running time.
The estimation is based on the assumption of 100% beam
time.



Eur. Phys. J. A (2022) 58:140

Page 33 of 50 140

PRI T

A g

p.=0.5-1 GeV/c r p.=0.5-1 GeV/c
T 600+ T

b<3.3 fm L b<3.3 fm

1.4
M, (GeV/c?)

1.16

1.14
M,,, (GeV/c?)

. x10° x10°
2| A i
- L
) p.=0.5-1 GeV/c r
2 301 T 3
= | b<3.3 fm -
L
£ |
E |
& 20

10

0' | PR PR L I P B EY

11 L12  L14  L16 0T
2
M, (GeV/c?)
_ poxl10’
"'§ a ‘H A L
2 p,=05-1Gevic| SO0
= 15¢ b=9-13 fm
2 L
g o 400
b 4 L
200

— 300 p—
A L O
p.=0.5-1 GeV/c pT=0.5-1 GeV/c
T
b=9-13 fm L b=9-13 fm
2001
L
100

1.1

1.12

1.14 1.16
M,,, (GeV/c?)

L4 116
M,,, (GeV/c?)

1.35
M,,, (GeV/c?)

1.4

v
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Table 3 Factors affecting
hyperon reconstruction
efficiency

Factor Efficiency, %
AN—p+n~ ET > A+n"

Branching ratio 63.4 63.3

p.t,Inl <13 304 26.8

p,m,Inl < 1.3, pr > 0.05 GeV/c 28.7 243

p, T, Inl < 1.3 pr > 0.1 GeV/c 22.4 14.6

p.t,Inl <13, pr > 0.2 GeV/c 8.8 29
Reconstructed p, 77, || < 1.3 224 15.5
Reco+PID 21.3 14.5
Reco+PID+selection+significance 7.2 2.0

5.4 Reconstruction of resonances

As pointed out in Sect. 2.6, short-lived resonances are sensi-
tive to the properties of the medium produced in heavy-ion
collisions. The UrQMD event generator was used to simulate
Au+Au collisions at different energies, ./sxn = 4, 7.7 and
11 GeV. All simulated particles have been tracked through
the detector materials using GEANT4. Realistic simulation

of each detector subsystem response, track reconstruction
and signal extraction were performed within the MpdRoot
framework. The following basic track selection cuts were
used: tracks with a rapidity cut of || < 1.0 and at least
24 hits in the TPC out of a maximum of 54 hits, primary
particles matching to the primary vertex within 30, trans-
verse momentum pt > 50 MeV/c, final state charged par-
ticles identification based on (dE/dx) measurements in the
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Fig. 53 The transverse momentum spectra of A within the rapidity
range (]y| < 0.5) for 0-5% and 30-80% central Au+Au collisions at
/SNN = 11 GeV. The reconstructed data are indicated by symbols,
while dashed-line histograms represent the spectra from the model

TPC and the time-of-flight measurements in the TOF. For the
reconstruction of weakly decaying daughter particles such as
K 2 and A, a set of topology cuts for the reconstruction of
secondary vertices was used. In total, 107 events were simu-
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mixed-event background normalized to the foreground at
high masses. The lower panels show what is left after sub-
traction of the mixed-event background. At both collision
energies, clear peaks from ¢ (1020) — K+ K~ decays are
observed on top of a relatively small residual correlated
background. The signal-to-background ratio gets worse with
increasing centrality and collision energy due to larger final
state multiplicities and combinatorial background. To extract
the resonance raw yields, the distributions are fit to a combi-
nation of a Voigtian function for the signal and a polynomial
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Fig. 54 Invariant mass spectra (a) and y — pr phase space coverage
(b) for E* in Au+Au collisions at ./syn = 11 GeV generated using
the PHSD model

function of second degree for the remaining background.
Examples of the fits are also shown in the plots.

Similar invariant mass analyses were also performed for
the following decays: ,0(770)0 - 7tz —, K*(892)° —
TEKF, K*(892)F — #EK?, T(1385)F — nmEA,
A(1520) — pK~ and E(1530)° — 7TE~. In all cases,
clear peaks from the decays of the corresponding resonances
were observed after subtraction of the mixed-event back-
ground. The particle raw yields were extracted by fitting the
spectra to a combination of a Voigtian function and a poly-
nomial function.

Having extracted the evaluated reconstruction efficiencies
and the particle raw yields from the invariant mass distribu-
tions, the fully corrected transverse momentum spectra of
the resonances were obtained. They are shown with markers
in Fig. 58. Markers of different color correspond to Au+Au
collisions at /sy = 4, 7.7 and 11 GeV. The reconstructed
spectra are compared to the generated spectra shown with
solid lines in the same figures. The two match within sta-
tistical uncertainties. This validates the reconstruction chain
for its use in real data analyses. The reconstruction of res-
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Fig. 55 Reconstructed invariant mass of 2~ (a) and y — p phase space
coverage (b), PHSD model, Au+Au collisions at ,/sxy = 11 GeV

onances is possible from very low momenta, for most of
the cases from zero momentum, which is beneficial for the
extraction of the integrated yields with small uncertainties.
The sampled pt ranges on the higher end depend on the accu-
mulated statistics. First measurements of resonances will be
possible with 107 events sampled in Au+Au collisions at
/3NN = 4-11 GeV. The multiplicity dependent study would
need ten times more collected events. A detailed study of
E(1530)° baryon production may need accumulation of up
to one billion events.

5.5 Electromagnetic probes

The measurement of electromagnetic probes such as dielec-
trons and direct photons has always been a challenging task in
heavy-ion collisions due to large combinatorial background.
The main sources of background for dielectron measure-
ments are Dalitz decays of 7” and 7 mesons as well as conver-
sion pairs produced in the beam pipe and detector material.
Predictions of UrQMD, PHSD and AMPT event generators
for ¥ and 1 yields in heavy-ion collisions at top NICA ener-
gies are consistent within ~ 20%, which is acceptable for the
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Table 4 Factors affecting multistrange hyperon reconstruction efficiency

Factor Efficiency, %
Bt > A+t Q" —> A+ K™ Qt - A+KT

Branching ratio 62.4 41.6 42.8

pand 7(K) at|n| < 1.3 27.6 144 18.8

pand 7(K) at |n| < 1.3 and pt > 0.05 GeV/c 24.9 13.3 17.4

pand 7(K) at |n| < 1.3 and pt > 0.1 GeV/c 15.3 9.3 12.6

pand 7(K) at |n| < 1.3 and pt > 0.2 GeV/c 2.8 2.3 34
Reconstructed p and 7 (K) at || < 1.3 14.0 6.7 8.9

Reco + PID 13.2 6.3 8.3

Reco + PID + sel. at maximum significance 3.1 0.6 1.0

Table 5 Expected multistrange hyperon yields in minimum bias
Au+Au collisions for 2 weeks of running time at initial NICA lumi-
nosity. The estimation is based on the assumption of 100% beam time

Ef s> A+t Q@ 5> A+K Qt > A+KT
7.4 x 10* 2.3 x 10*

Particle
Expected yield 7.2 x 10°

purpose of feasibility studies. However, the predicted yields
of p(770)0, w(782) and ¢ (1020) resonances show a signifi-
cant model dependence. In this study, we used a data sample
of 107 events of Au+Au collisions at /SN = 11 GeV sim-
ulated with PHSD.

The particle transport, track reconstruction and pattern
recognition were performed within the MpdRoot framework
using GEANT4. The following basic track selection cuts
were used: tracks with a rapidity cut of || < 1.0 and at least
39 hits in the TPC, primary particles matching to the primary
vertex within 2o, transverse momentum pt > 100 MeV/c.
To extract dielectron signals, a reliable identification of elec-
trons (elD) is required. Electrons are identified by (dE/dx)
measurements in the TPC, time-of-flight measurements in
the TOF, time-of-flight and E/p ratio measurements in the
ECal, where E is the energy measured for a charged track
in the ECal and p is the particle momentum measured in the

tracking system. Only electrons with pt > 150(200) MeV/c
reach the TOF (ECal) thus limiting the dynamic range of the
detectors.

Figure 59 shows the no deviations of (dE/dx) signals
measured in the TPC for charged particle tracks matched to
the TOF detector from the signal expected for an electron
with a given momentum. The plot on the right shows the
same distribution with the additional requirement of eID in
the TOF, | % —1| < 20 (pr). WithelD in the TOF, the electron
band at no, ~ 0 becomes much more prominent, although
some background remains, mostly from wrong association
of tracks and TOF signals in high multiplicity events. The
dashed lines in the plot on the right show the used electron
selection cuts in the TPC.

Figures 25 and 26 demonstrate the expected MPD perfor-
mance for electron selection. The plots show the efficiency
of the electron track reconstruction and the electron purity
versus particle transverse momentum. The used eID selec-
tions reduce the electron reconstruction efficiency by about
a factor of two at pr > 300 MeV/c (and even larger at lower
momenta) but significantly improve the electron purity from
a value of ~ 5 x 1073 obtained without particle identifica-
tion to almost unity. The electron reconstruction efficiency
and purity are similar to those reported by STAR [215] with
similar selections. The eID with the TPC and TOF alone is
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in Au+Au collisions at \/sNn = 4 (left) and 11 GeV (right). Examples
are shown before (top) and after (bottom) the mixed-event background

sufficient for most of the physical analyses. However, addi-
tional eID in the ECal helps to clean up the electron sample
at high momenta and large dielectron masses.

Figure 60 shows examples of the dielectron invariant mass
distributions obtained with the eID in the TPC and TOF on
the left, and with eID in the TPC, TOF and ECal on the right.
The distributions are shown for Au+Au collisions in a p-
integrated bin. These include all the correlated signals and the
combinatorial background. The latter is dominated by pairs
containing at least one electron from Dalitz decays of neu-
tral mesons or photon conversion. In the plot on the left, we
observe a clear difference between the reconstructed and true
et e~ distributions, and this difference is due to hadron con-
tamination. With the additional eID in the ECal, the hadron
contamination is significantly reduced. The role of the ECal
becomes more important with increase of the pair mass and
transverse momentum. In the mass range of 0.4—1 GeV/c?
the signal-to-background ratio is of order 1/100, which is
comparable to the one measured in higher energy experi-
ments. Methods to reduce the combinatorial background by
tagging and rejecting the electrons from Dalitz decays and
conversion are under development.
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subtraction. The distributions after background subtraction are fitted to
a combination of a Voigtian function for the signal and a polynomial
for the remaining background

To summarize, electron identification in the TPC and
TOF is sufficient for low-mass (m,, < 0.8 GeV/c?) ete™
measurements. Additional eID in the ECal is important at
higher masses and transverse momenta. For a meaningful
measurement of low-mass eTe™ and light vector mesons a
sample of ~ 10% events is needed for Au+Au collisions at

/SNN = 11 GeV.

5.6 Anisotropic flow

Directed (v1) and elliptic (v2) flows are the dominant flow
signals and have been studied very extensively both at top
RHIC and LHC energies [58,59,63]. The collision energy
dependence of flow coefficients is of particular importance.
The vy and vy results from the STAR Beam Energy Scan
program at RHIC [67,71,72,216] and NA49/NA61 program
at SPS [217,218] have indicated a strong non-monotonic
behaviour at NICA energies [70]. In this section, we discuss
the anticipated performance of the MPD detector for differ-
ential anisotropic flow measurements of identified hadrons
at NICA energies [76,219,220]. We used the cascade ver-
sion of the UrQMD model (version 3.4) [77,78] to simulate
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charged tracks matched to the TOF from the signal expected for an elec-
tron with a given momentum. The plot on the right was obtained with
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Fig. 60 Dielectron invariant mass distributions measured as a function
of mass for a pr-integrated bin in Au+Au collisions at ,/syy = 11 GeV.
The plot on the left was obtained with eID in the TPC and TOF while the

the heavy-ion collisions at /sN\y = 4.5, 7.7 and 11 GeV.
Samples of 108 minimum bias Au+Au and Bi+Bi events
were produced to analyse the directed and elliptic flow sig-
nals of identified hadrons. We denote as “ true” the v and
vy results, obtained from the direct analysis of the gener-
ated events. In the next step, the sample of UrQMD gen-
erated events was used as input for the full chain of real-
istic simulations of the MPD detector subsystems based on
the GEANT4 platform and reconstruction algorithms built
in the MpdRoot. The v, results obtained from the flow anal-
ysis of these fully reconstructed events are termed as the *
reco” data. The track reconstruction in MPD is based on the
Kalman filter technique [164—166] and the requirement of a
minimum of 16 TPC hits ensures a low momentum error. The
primary tracks were selected by a 20 cut on the 3D distance
of closest approach (DCA) to the primary vertex. The anal-
ysis was restricted to tracks from the kinematic regions of
TPC with high tracking efficiency: 0.2 < pt < 2.5 GeV/c
and |n| < 1.5.

The centrality classes are defined based on the uncor-
rected charged particle multiplicity (Ncp) distribution in the
TPC pseudorapidity range |n| < 0.5 and full azimuth, for
details, see Sect. 5.1. Identification of charged hadrons in
the MPD experiment is based on a combination of momen-
tum information, the specific energy loss ((dE/dx)) in the
TPC and time-of-flight measurements from the TOF detector.
Short-lived weakly-decaying particles, such as K g and A, are
reconstructed using the invariant mass technique. The com-
binatorial background from uncorrelated particles is reduced
by selection criteria based on the topology of the specific
decay. The topological information about the primary and
secondary decay vertex positions are obtained by the Kalman
filtering algorithm based on the MpdParticle tool [164—166].

The directed flow v; is large at NICA energies compared
to other flow harmonics. It is the strongest in the forward
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plot on the right was obtained with an additional eID in the ECal. The
difference between reconstructed and truly reconstructed e™ e~ pairs is
due to hadron contamination

rapidity region (in the FHCal acceptance area: 2< || < 5).
For these reasons, the first harmonic event plane W pHca is
chosen to study the MPD flow performance. The event plane
angle W pHcal 1S calculated from the energy deposition in a
given module of the FHCal by constructing the so-called
flow Q-vector Q1 rHcal (2 two-dimensional vector in the
plane transverse to the beam axis), see Refs. [76,219,220] for
details. The reconstructed W rrcal can be used to measure
the differential directed flow v;II"FHC“I and elliptic v;p L FRCal
flow coefficients of the produced particles detected in the

TPC (Jn] < 1.5),

(cos(n(¢ — W1 FHCa)))
R, (W1, FHCal)

W1 FHCal
v, =

3

where R, (Wi FHcal) represents the event plane resolution
factor. The 2-subevent method with an extrapolation algo-
rithm is applied to estimate the event plane resolution fac-
tors [221]. Figure 61 shows the centrality dependence of the
event plane resolution factors R, (W1 rucal) for directed v,
(top panel) and elliptic v (bottom panel) flow measurements
for Au+Au collisions at /sy =4.5,7.7 and 11 GeV. For the
mid-central Au+Au events at ./syy = 11 GeV the resolution
factor is as high as 0.9 for v; and 0.65 for v;. The event plane
resolution degrades slowly with decreasing collision energy.

For VO particles, like K 2 and A, the v, of the selected
sample contains both a signal component v;f and a combina-
torial background component vf. The invariant mass (M)
fit method [222] is applied to extract the anisotropic flow val-
ues vf for VO particles. The v, results obtained by the event
plane analysis can be affected by non-flow and flow fluc-
tuations [221]. The non-flow effects are mainly due to few
particle correlations not associated with the reaction plane:
Bose-Einstein correlations, resonance decays, momentum
conservation, di-jets. In the present study, the large rapid-
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Fig. 61 Centrality dependence of event plane resolution factors
R, (W1 rHcal) for the directed vy (top) and elliptic vy (bottom) flow
measurements for Au+Au collisions at ./sNn = 4.5, 7.7 and 11 GeV

ity gap An > 0.5 between the particles detected in TPC
and the particles in FHCal reduces the influence of possi-
ble non-flow contributions. The elliptic flow results v%y 1 FHCal
obtained with respect to the spectator first-order event plane
are expected to be less affected by the elliptic flow fluctua-
tions because of the strong correlation between the Wi rrcal
and the true reaction plane Wgp. Figure 62 shows the rapid-
ity dependence of v (y) of charged pions, kaons and protons
from 10-20% central Au+Au collisions at ,/sxy = 5 GeV
(left panel) and 11 GeV (right panel). For all particle species,
the directed flow crosses 0 at midrapidity. The reconstructed
values “ reco” of vy are fully consistent with the generated
true” values in all centrality classes and collision energies.
Figure 63 illustrates the MPD detector performance for
the pr differential directed and elliptic flow measurements
of charged pions, protons, K g and A particles from 10—
40% central Au+Au collisions at ,/sny = 11 GeV. The v,
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results for K g and A particles are obtained from the event
plane analysis of 20 millions minimum bias, fully recon-
structed UrQMD events using the invariant-mass fit method.
The rapidity ranges of 0.2 < |y| < 1.2 and |y| < 1.2 were
used for the measured p dependencies of directed and ellip-
tic flow correspondingly. Figure 64 shows the performance
for the measurements of the pt dependence of directed v
(left) and elliptic v (right) flow of charged pions and pro-
tons from 10-40% midcentral Au+Au (open symbols) and
Bi+Bi (filled symbols) collisions at \/sxny = 7.7 GeV. The
vy, results were obtained by the event plane method, using the
first order event plane (W1 prcal) from FHCal. In both cases
there is a small difference between the v,, results for the two
colliding systems.

The large and uniform acceptance of the TPC allows us
to use multiparticles methods for flow measurements such
as direct cumulants, see [76,220] for details. As an exam-
ple, Fig. 65 shows the v2(pr) of charged pions and pro-
tons from 10—40% central Au+Au collisions at \/sxy = 7.7
(upper panel) and 11 GeV (lower panel). The v, results are
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Fig. 63 pr-dependence of directed (top) and elliptic (bottom) flow
of charged pions, protons, Kg and A particles from 10-40% central
Au+Au collisions at ./s\g = 11 GeV. Directed flow extracted for
02 < |yl <12

based on the analysis of UrQMD events by the event plane
WEP{W) Frcar), vEP{W) tpc}) and Q-cumulant (v2{2}, v2{4})
methods from left to right. Perfect agreement is observed
between the v, results from the analysis of fully reconstructed
(““reco”) and generated (““ true””) UrQMD events for all meth-
ods.

To conclude, the current studies demonstrate that the MPD
detector is able to provide detailed differential measurements
of directed and elliptic flows with high accuracy.

5.7 Event-by-event net-proton and net-kaon studies

As mentioned in Sect. 2, the moments of event-by-event mul-
tiplicity distributions are sensitive to critical phenomena. To
assess the sensitivity of the MPD setup to these signals, a
study of the moments of the event-by-event distributions
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Fig. 64 pr-dependence of directed v (top) and elliptic vy (bottom)
flow signals of pions and protons from 10-40% central Au+Au (open
symbols) and Bi+Bi (filled symbols) collisions at \/sny = 7.7 GeV

of net-protons (protons minus antiprotons) and net-kaons
(positively charged kaons minus negatively charged ones)
was performed. Central Au+Au collisions from the PHSD
event generator at several collision energies were used. Net-
protons and net-kaons are proxies for the baryon number and
strangeness, respectively.

It is important to exclude the variation in the system’s vol-
ume from event to event; for this we study various moment
combinations, namely, the combination of the third and sec-
ond moment (so called effective skewness, So') and the com-
bination of the fourth order moment and second order one
(effective kurtosis, ko2). The results of the higher moment
analysis from the reconstructed data were compared to the
initial data from the model. In addition, a comparison with
available experimental data was performed in order to esti-
mate the baseline of the model. The simulation, reconstruc-
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Fig. 66 a Distributions of net-protons registered in the MPD detector
in central Au+Au collision at several collision energies. b The same for
net-kaons. Results were obtained using the PHSD event generator

tion, and particle identification procedures in this analysis are
the same as described in Sect. 5.2. The distributions of identi-
fied net-protons at several collision energies are shown in the
left panel of Fig. 66. In order to minimize the sensitivity of the
results for the MPD efficiency, the analysis was performed in
limited rapidity and transverse momentum intervals, namely,
|y] < 0.5and 0.4 < pt < 0.8 GeV/c. The average number
of net-protons per central collision varies from 28.7 at 4 GeV
to 12.5 at 9 GeV. The distributions for net-kaons (K t-K )
are shown in Fig. 66 (right panel). The average number of net-
kaons per event increases with collision energy from 1.1 at
4 GeVto2.7at9 GeV. One can note a significant change in the
number of net-protons and net-kaons predicted by the model
at the lower collision energy of ./sxy = 4 GeV. The MPD
reconstruction efficiency for charged hadrons varies from 70
to 80% in the selected phase space region. In order to cor-
rect the moments of the net-proton and net-kaon distributions
for the detector efficiency, the method from Ref. [223] was
used. Figure 67 shows the final results for the effective skew-
ness So of net-protons (upper panel) and net-kaons (lower

@ Springer

1
P, (GeV/c)

by Q-cumulant, event plane and scalar product methods of analysis. The
solid points represent the true results from the UrQMD model and the
open points are the reconstructed values

11-212: net-proton (a
1 ¢ o
@ 0.8
ggi PHQMD Au+Au, 0 - 5%
0:51 ® MPD 0.4<p_<0.8GeVic, |y <0.5
08~ net-kaon (b)
F e
0.6_ °
& 04 . J
0.2; PHQMD Au+Au, 0 - 5%
0— | @ MPD 0.4<p <08GeVic,y| < 0.5
4 5 6 7 8 9 10 i
s (GeV)

Fig. 67 Effective skewness So for net-protons (a) and net-kaons (b)
in Au+Au interactions at several collision energies. The label PHQMD
indicates the results from the model, the MPD label shows the recon-
structed numbers. Squares and circles are shifted relative to each other
along the horizontal axis for clarity. The expected value of the experi-
mental uncertainties for a data set of 10° central events are shown by
shaded areas in the right part of the panels

panel) from Au+Au interactions at several collision ener-
gies. The initial values of the model are shown by squares
(PHQMD label) whereas the reconstructed values (plotted
by circles) are indicated with the label MPD. Recent exper-
imental data from the STAR Collaboration can be found
in Refs. [121,121,224]. The reconstructed numbers for the
moments agree with the initial values of the model within the
errors. Moreover, the estimates for the measurement uncer-
tainty for a data set of 10° events are indicated by shaded
areas in the right part of the figure. Finally, we can conclude
that with the current MPD track reconstruction and particle
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identification accuracy, the study of the energy dependence
of fluctuations of conserved charges at NICA is possible with
good precision and small systematic uncertainty.

6 Conclusions

The MPD experiment will be the primary detector at the
newly constructed NICA Accelerator Complex at the Joint
Institute for Nuclear Research. It will fill an energy gap in
the landscape of heavy-ion collision experiments, devoted to
the investigation of the onset of deconfinement and chiral
symmetry restoration and the exploration of the QCD phase
diagram in the energy range ,/snN = 4—11 GeV. Moreover,
the MPD experiment is unique since it will cover this energy
range in the collider mode with homogeneous coverage of
the kinematic variables rapidity and transverse momentum.

In this review, we have highlighted a few unique physics
goals which characterize the discovery potential of the MPD
experiment:

— The energy scan covers the transition region from baryon
to meson dominance in the chemical freeze-out regime.
At the same time, this is the challenging domain of the
transition from baryon stopping to nuclear transparency,
where new experimental data would be very useful to
progress in the theoretical understanding.

— The search for the critical end point in the QCD phase
diagram is possible via a combination of observables,
such as fluctuations of conserved quantities

— There is a minimum in the freeze-out volume related to
the “ softest point” in the EoS in the NICA energy win-
dow which is accessible to verification by femtoscopy
measurements.

— Simulations predict an antiflow of protons, antiprotons,
A, A, ¢ as well as light clusters in the NICA energy
range.

— Onset of QGP formation and chiral symmetry restoration
effects through measurements of dileptons in the low and
intermediate mass regions, respectively.

— Measurement of the yields and flow coefficients for inclu-
sive and thermal photons.

— Potential for pioneering measurements of charm produc-
tion at (sub-)threshold energies.

The MPD, with all its major components, was presented.
Construction, installation and commissioning plans are on
schedule. Performance studies of the MPD detector compo-
nents were shown and some examples of specific physics
analyses, possible in the initial stages of NICA operation
were given. The MPD experiment is on track to become oper-
ational and take data as soon as first beams and collisions are
available in the NICA complex.
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