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There is strong experimental and theoretical evidence that in collisions of heavy ions
at relativistic energies the nuclear matter undergoes a phase transition to the deconˇned
state Å QuarkÄGluon Plasma. The caused energy region of such a transition was not
found at high energy at SPS and RHIC, and search for this energy is shifted to lower
energies, which will be covered by the future NICA (Dubna), FAIR (Darmstadt) facilities
and BES II at RHIC. Fixed target and collider experiments at the NICA facility will work
in the energy range from a few AGeV up to

√
sNN = 11 GeV and will study the most

interesting area on the nuclear matter phase diagram.
The most remarkable results were observed in the study of collective phenomena

occurring in the early stage of nuclear collisions. Investigation of the collective �ow will
provide information on Equation of State (EoS) for nuclear matter. Study of the event-by-
event �uctuations and correlations can give us signals of critical behavior of the system.
Femtoscopy analysis provides the space-time history of the collisions. Also, it was found
that baryon stopping power revealing itself as a ©wiggleª in the excitation function of
curvature of the (net) proton rapidity spectrum relates to the order of the phase transition.

The available observations of an enhancement of dilepton rates at low invariant masses
may serve as a signal of the chiral symmetry restoration in hot and dense matter. Due
to this fact, measurements of the dilepton spectra are considered to be an important part
of the NICA physics program. The study of strange particles and hypernuclei production
gives additional information on the EoS and ©strangeª axis of the QCD phase diagram.

In this paper a feasibility of the considered investigations is shown by the detailed
Monte Carlo simulations applied to the planned experiments (BM@N, MPD) at NICA.

‘ÊÐ¥¸É¢ÊÕÉ Ê¡¥¤¨É¥²Ó´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥μ·¥É¨Î¥¸±¨¥ ¸¢¨¤¥É¥²Ó¸É¢ 
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´ Ö ³ É¥·¨Ö ¶·¥É¥·¶¥¢ ¥É Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¨ ¶¥·¥Ìμ¤¨É ¢ ¸μ¸ÉμÖ´¨¥ ±¢ ·±-£²Õμ´´μ°
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¶² §³Ò. �´¥·£¥É¨Î¥¸±¨° ¤¨ ¶ §μ´, ¶·¨ ±μÉμ·μ³ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶μ¤μ¡´Ò° ¶¥·¥Ìμ¤,
´¥ ¡Ò² μ¡´ ·Ê¦¥´ ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ´  SPS ¨ RHIC. �μ ÔÉμ° ¶·¨Î¨´¥ ¶·¥¤¶μ-
² £ ¥É¸Ö ¶·μ¤μ²¦¨ÉÓ ¶μ¨¸± ¢ μ¡² ¸É¨ ¡μ²¥¥ ´¨§±¨Ì Ô´¥·£¨° ¢ · ³± Ì ¶² ´¨·Ê¥³ÒÌ
Ô±¸¶¥·¨³¥´Éμ¢ ´  Ê¸±μ·¨É¥²Ó´μ³ ±μ³¶²¥±¸¥ NICA („Ê¡´ , �μ¸¸¨Ö), FAIR („ ·³ÏÉ ¤É,
ƒ¥·³ ´¨Ö) ¨ BES II ´  RHIC (‘˜�). �±¸¶¥·¨³¥´ÉÒ ´  Ë¨±¸¨·μ¢ ´´μ° ³¨Ï¥´¨,
´ ·Ö¤Ê ¸ Ô±¸¶¥·¨³¥´É ³¨ ´  ¢¸É·¥Î´ÒÌ ¶ÊÎ± Ì ´  Ê¸±μ·¨É¥²Ó´μ³ ±μ³¶²¥±¸¥ NICA,
¡Ê¤ÊÉ ¶·μ¢μ¤¨ÉÓ¸Ö ¤²Ö ÉÖ¦¥²ÒÌ Ö¤¥· ¢ Ô´¥·£¥É¨Î¥¸±μ³ ¤¨ ¶ §μ´¥, ´ Î¨´ Ö μÉ ´¥-
¸±μ²Ó±¨Ì ƒÔ‚ ¢¶²μÉÓ ¤μ 11 ƒÔ‚ ´  ´Ê±²μ´ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ¸É ²±¨¢ ÕÐ¨Ì¸Ö
Ö¤¥·, ¶μ§¢μ²ÖÖ ¨§ÊÎ ÉÓ ´ ¨¡μ²¥¥ ¨´É¥·¥¸´ÊÕ μ¡² ¸ÉÓ ´  Ë §μ¢μ° ¤¨ £· ³³¥ Ö¤¥·´μ°
³ É¥·¨¨.

� ¨¡μ²¥¥ §´ Î¨³Ò¥ ·¥§Ê²ÓÉ ÉÒ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¶·¨ ¨§ÊÎ¥´¨¨ ±μ²²¥±É¨¢´ÒÌ Ö¢²¥-
´¨°, ¶·μ¨¸Ìμ¤ÖÐ¨Ì ´  · ´´¥° ¸É ¤¨¨ Ö¤¥·´ÒÌ ¸Éμ²±´μ¢¥´¨°. ˆ¸¸²¥¤μ¢ ´¨¥ ±μ²²¥±-
É¨¢´ÒÌ ¶μÉμ±μ¢ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¨´Ëμ·³ Í¨Õ μ¡ Ê· ¢´¥´¨¨ ¸μ¸ÉμÖ´¨Ö Ö¤¥·´μ°
³ É¥·¨¨. ˆ§ÊÎ¥´¨¥ ¶μ¸μ¡ÒÉ¨°´ÒÌ Ë²Ê±ÉÊ Í¨° ¨ ±μ··¥²ÖÍ¨° ¤ ¥É ¸¨£´ ²Ò μ ±·¨É¨Î¥-
¸±μ³ ¶μ¢¥¤¥´¨¨ ¸¨¸É¥³Ò. �´ ²¨§, ¢Ò¶μ²´¥´´Ò° ¸·¥¤¸É¢ ³¨ Ë¥³Éμ¸±μ¶¨¨, ¶μ§¢μ²Ö¥É
¶μ²ÊÎ¨ÉÓ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ÊÕ ¨¸Éμ·¨Õ ¸Éμ²±´μ¢¥´¨Ö. ’ ±¦¥ ¡Ò²μ ¢ÒÖ¢²¥´μ,
ÎÉμ Éμ·³μ§ÖÐ Ö ¸¶μ¸μ¡´μ¸ÉÓ ¢¥Ð¥¸É¢  ¤²Ö ¡ ·¨μ´μ¢ (baryon stopping power), μ¡´ -
·Ê¦¨¢ ÕÐ Ö¸Ö ¢ ´¥·¥£Ê²Ö·´μ³ ¶μ¢¥¤¥´¨¨ ±·¨¢¨§´Ò ¢ ¸¶¥±É·¥ · ¸¶·¥¤¥²¥´¨Ö pp̄ ¶μ
¡Ò¸É·μÉ¥, ¸¢Ö§ ´  ¸ ¶μ·Ö¤±μ³ Ë §μ¢μ£μ ¶¥·¥Ìμ¤ .

ˆ³¥ÕÐ¨¥¸Ö ´ ¡²Õ¤¥´¨Ö ¢ ¶μ²Ó§Ê Ê¢¥²¨Î¥´¨Ö ¢ÒÌμ¤  ¤¨²¥¶Éμ´μ¢ ¶·¨ ³ ²ÒÌ ¨´-
¢ ·¨ ´É´ÒÌ ³ ¸¸ Ì ³μ£ÊÉ ¸²Ê¦¨ÉÓ ¢ ± Î¥¸É¢¥ ¸¨£´ ²  ¢μ¸¸É ´μ¢²¥´¨Ö ±¨· ²Ó´μ° ¸¨³-
³¥É·¨¨ ¢ £μ·ÖÎ¥° ¨ ¶²μÉ´μ° Ö¤¥·´μ° ³ É¥·¨¨. �μ ÔÉμ° ¶·¨Î¨´¥ ¨§³¥·¥´¨Ö ¤¨²¥¶Éμ´-
´ÒÌ ¸¶¥±É·μ¢ Ö¢²ÖÕÉ¸Ö ¢ ¦´Ò³¨ ¢ · ³± Ì Ë¨§¨Î¥¸±μ° ¶·μ£· ³³Ò Ô±¸¶¥·¨³¥´Éμ¢ ´ 
Ê¸±μ·¨É¥²Ó´μ³ ±μ³¶²¥±¸¥ NICA. ˆ§ÊÎ¥´¨¥ ¸É· ´´ÒÌ Î ¸É¨Í ¨ μ¡· §μ¢ ´¨Ö £¨¶¥·ÑÖ¤¥·
¤ ¥É ¤μ¶μ²´¨É¥²Ó´ÊÕ ¨´Ëμ·³ Í¨Õ μ¡ Ê· ¢´¥´¨¨ ¸μ¸ÉμÖ´¨Ö Ö¤¥·´μ° ³ É¥·¨¨ ¨ ®¸É· ´-
´μ°¯ μ¸¨ ´  Ë §μ¢μ° ¤¨ £· ³³¥.

‚ ¤ ´´μ° · ¡μÉ¥ ¶μ¸·¥¤¸É¢μ³ ³μ¤¥²¨·μ¢ ´¨Ö ³¥Éμ¤μ³ Œμ´É¥-Š ·²μ μ¡μ¸´μ-
¢Ò¢ ¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ·¥ ²¨§ Í¨¨ · ¸¸³μÉ·¥´´ÒÌ ¢ÒÏ¥ ¨¸¸²¥¤μ¢ ´¨° ¶·¨³¥´¨É¥²Ó-
´μ ± ¶² ´¨·ÊÕÐ¨³¸Ö ´  Ê¸±μ·¨É¥²Ó´μ³ ±μ³¶²¥±¸¥ NICA Ô±¸¶¥·¨³¥´É ³ (BM@N
¨ MPD).

PACS: 25.75.-q; 25.70.Bc; 25.70.Jj

INTRODUCTION

The main goal of the physics program at the Nuclotron-based Ion Collider
fAcility (NICA) accelerator complex is a search for the mixed phase of quark
matter and baryon-rich hadronic matter as a consequence of the ˇrst-order phase
transition. It has to be emphasized that the current view of the QCD phase
diagram (Fig. 1) is mostly an artistic view with only a few quantitative details
from the available experimental data or some QCD simulations on it. In the era
of NICA this situation shall change and experimental data shall draw the QCD
landscape [1]. There is strong experimental evidence that the deconˇned phase
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Fig. 1. The three-dimensional QCD phase diagram. The regions that can be accessed by
heavy-ion collisions at different energies are indicated

of nuclear matter Å QuarkÄGluon Plasma (QGP) Å can be created in ultra-high-
energy nuclear collisions [2Ä5]. As the collision energy is being decreased down
to several GeV per nucleonÄnucleon pair, there is a certain transition region of
the collision energy below which it is no longer possible to access the plasma
phase in the course of the collision. The existing data on single-particle spectra
and mean multiplicities [6] suggest that the transition occurs within the NICA
energy range (4 � √

sNN � 11 GeV). Moreover, the chosen NICA energy range
is sufˇcient to encompass both: collisions in which the plasma phase is well
developed and collisions in which the matter remains in a purely hadronic phase.
Thus, NICA is ideally suited for exploring the transition between the familiar
hadronic phase and the new plasma phase.

Theoretical understanding of the transition between the hadronic phase and the
plasma phase, and how it manifests itself in the nuclear collision observables, is
still rather poor, and quantitative predictions cannot yet be made with conˇdence.
In particular, the lattice gauge calculations cannot presently be employed at the
ˇnite baryon densities which will be studied by NICA. Furthermore, in addition
to determining the existence and location of the transition region, where the new
plasma phase is being created at the beginning, it is of fundamental interest to
establish a character of the associated phase transformation, whether it remains a
smooth crossover, or becomes a ˇrst-order transition, as many models predict. In
the latter case, the phase diagram of the strongly interacting matter must contain
a critical point and its experimental identiˇcation forms a focal point for this
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research ˇeld. Therefore, it has been suggested [1] that the ˇrst round of the
NICA experiments should concentrate on a variety of diagnostic observables that
have already been employed in experimental programs at RHIC and SPS.

The observables include particle yields and spectra, the event-by-event �uc-
tuations of multiplicity and transverse momentum of charged particles and the
identiˇed particles (p, K, π, Λ and their antiparticles) as well as the corresponding
joint distributions. Possible measurements should be carried out as a function of
the collision energy for many systems including the elementary (p + p, d + d and
d + A) reactions and collisions of nuclei of intermediate mass and heavy ions
(up to gold). In consequence of these measurements, freeze-out conditions will
be precisely established for the collisions in the transition domain. In the second
stage one should consider measurements of open-charm hadrons, dileptons and
diphotons.

NICA will be a new accelerator complex being constructed at JINR aimed to
provide collider experiments with heavy ions up to gold at the maximum energy√

sNN = 11 GeV. The proposed facility (Fig. 2) consists of:
1. Electron string ion source that provides Au79+ ions at an intensity of

2 · 109 ions per pulse of about 7 μs duration at a repetition rate of up to 50 Hz.
2. Injector on the basis of a linear accelerator consisting of the Drift Tube

Linac sections. The linac accelerates the ions at A/q � 8 to an energy of 6 MeV
per nucleon at efˇciency not less than 80%.

3. Booster synchrotron, which has a maximum magnetic rigidity of 25 T ·m
and a circumference of about 215 m. The Booster is equipped with an electron
cooling system that allows one to provide cooling of the ion beam in the energy

Fig. 2. The NICA accelerator complex at JINR



1008 BATYUK P. N. ET AL.

range from injection energy of up to 100 MeV per nucleon. The maximum energy
of Au79+ ions accelerated in the Booster is 600 MeV per nucleon. The Booster
magnetic system will be manufactured on the basis of the superferric magnets
technology.

4. Stripping foil placed in the transfer line from the Booster to the Nuclotron
allows one to provide the stripping efˇciency at the maximum Booster energy not
less than 40%.

5. The Nuclotron accelerator having a maximum magnetic rigidity of 45 T ·m
and the circumference of 251.52 m provides the ions with the kinetic energy range
from 1 to 4.5 GeV per nucleon for Au79+.

6. Two collider rings with a maximum magnetic rigidity of 45 T ·m and
the circumference of 503.04 m. The maximum ˇeld of superconducting dipole
magnets is about 4 T. For luminosity preservation an electron or a stochastic
cooling system is planned to be constructed. The maximum magnetic rigidity of
the collider rings is chosen to be equal to the Nuclotron one in order to have
a possibility to increase the center-of-mass energy of heavy-ion collisions up to√

sNN = 11 GeV.
The NICA collider will have zero beam crossing angle at interaction point

and average luminosity of L = 1027 cm−2· s−1 for gold ion collisions at
√

sNN =
9 GeV.

The MultiPurpose Detector (MPD) (Fig. 3) is designed to fully exploit the
NICA physics potential [7]. The MPD will be a spectrometer with a large uniform
acceptance (full azimuth) capable of detecting and identifying hadrons, electrons
and gammas at a very high event rate to be achieved at NICA. All the detec-
tor elements (see Fig. 3) with overall dimensions of 7×6 m are placed inside
a superconducting solenoid generating a homogeneous magnetic ˇeld of up to
0.6 T. Tracking will be performed with a cylindrical Time Projection Chamber
(TPC) with the MWPC-based readout. The MPD TPC has a high efˇciency and
momentum resolution over a pseudorapidity range up to |η| < 2. Having up to 53
measured space points per a track, the TPC will enable particle identiˇcation via
the ionization energy loss (dE/dx) measurement with a precision better than 8%.
At large pseudorapidity the TPC tracking will be supplemented by a multilayer
straw tube tracker (ECT) located just after the TPC end plates. The Inner Tracker
(IT) consists of four layers of double-sided silicon microstrip detector serving
for determination of position of the primary interaction vertex and the secondary
decay vertices. The main detector element for hadron identiˇcation is the Time-
Of-Flight (TOF) system made up of the Resistive Plate Chambers (RPC). The
TOF detector covers a pseudorapidity range up to |η| < 3 and its performance
allows one to make a separation of kaons from protons up to the total momen-
tum of 3 GeV/c. Behind the TOF detector, a highly segmented electromagnetic
calorimeter (ECAL) for electron and gamma identiˇcation will be located. Ar-
rays of quartz counters (FD) are meant for fast timing and triggering, and two
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Fig. 3. The MPD detector at NICA

sets of hadron calorimeters (ZDC) covering the rapidity region (2.5 < |η| < 4)
will measure the forward-going energy distribution that is a subject of the of�ine
centrality and event plane analysis.

The MPD detector at NICA will be optimized for a precise study of �uc-
tuations and correlations of the bulk event properties. The primary goal with
respect to the above-mentioned consists in measuring of excitation functions
and dependence of �uctuations and correlations on centrality and size of colli-
ding nuclei.

Another NICA experiment Å the Baryonic Matter at Nuclotron (BM@N) Å
is a ˇxed-target experiment at the Nuclotron for study of A + A collisions by
measuring a set of observables. The BM@N research program on heavy-ion
collisions includes the following topics: investigation of the reaction dynamics
and the nuclear EoS, study of the in-medium properties of hadrons, production of
(multi)strange hyperons and search for hypernuclei. Particle yields, ratios, trans-
verse momentum spectra, rapidity and angular distributions, as well as �uctuations
and correlations, will be studied as a function of the collision energy and cen-
trality. The detector layout is shown in Fig. 4. It combines high-precision track
measurements in the GEM and DCH detectors with time-of-�ight information for
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Fig. 4. Layout of the BM@N experiment

particle identiˇcation (TOF400 and TOF700) supplemented with the total-energy
measurements for the event characterization (ZDC and recoil detector). In order
to make a correct interpretation of experimental data obtained from heavy-ion col-
lisions and to provide a normalization for the measured A+ A spectra, a detailed
study of the elementary reactions (p + p, p + n(d)) is also planned.

The NICA project realization plan foresees a staged construction and commis-
sioning with the goal to start the BM@N experiment with the Nuclotron extracted
beams in 2017. The ˇrst technical run of the BM@N detectors was performed
with deuteron and carbon beams in spring 2015 aimed to tune the beam line
and to test the trigger and data acquisition systems. After modernization of the
BM@N beam line elements, xenon ion beam is planned to be used at the end
of 2017. At the second stage of the BM@N experiment, at least four planes of
two-coordinate silicon strip detectors will be installed between the GEM tracker
and the target, and the goldÄgold collisions will be studied in 2018. The research
program will be continued at higher energies with the MPD setup after putting the
startup conˇguration of the NICA collider into operation in 2019. The commis-
sioning of the design conˇguration of the NICA accelerator complex is foreseen
in 2023.

The paper is structured as follows. In Sec. 1 we present main results on
physics simulation for the heavy-ion program at the MPD focusing on collec-
tive phenomena, production of hyperons, physics of dileptons and hypernuclei.
The main physics objectives of the BM@N experiment are described in Sec. 2.
Section 3 is brie�y devoted to the NICA White Paper. Section 4 concludes this
review with a summary and outline.
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1. PHYSICS STUDIES FOR THE MPD

1.1. Collective Phenomena. Collective motion of particles produced in
heavy-ion collisions re�ects bulk properties of the created matter. Analysis of
azimuthal anisotropy resulting from noncentral nuclear collisions appears to be
one of the most informative directions in studying the nature and properties of the
matter created in high-energy nuclear collisions. The main interest in anisotropic
�ow is due to its sensitivity to the system properties at the very early stage of
ˇreball evolution. The discovery of large azimuthal anisotropic �ow at RHIC
provided a conclusive evidence for creation of the dense partonic matter in ultra-
relativistic nucleusÄnucleus collisions. The state of the newly produced strongly
interacting matter is characterized by a very low ratio of shear viscosity to the
entropy density η/s, close to a nearly perfect �uid. The origin of anisotropies in
the particle momentum distributions lies in the initial asymmetries in geometry of
the system. In this way the pressure gradients translate an early spatial asymmetry
in density of the initial state to a ˇnal-state momentum-space anisotropy. Due to
the fact that spatial asymmetries rapidly decrease with time, an anisotropic �ow
can develop in the very ˇrst several fm/c only. In this sense, the anisotropic �ow
is a unique hadronic observable providing direct information on a stage where
the QGP may be one of the main players.

The collective �ow is quantiˇed by coefˇcients in the Fourier series of the
particle invariant distribution [8]

E
d3N

d3p
∼ 1 +

∞∑
n=1

2vn cos [n(φ − ΨRP)] ,

where φ is the azimuthal angle of a particle and ΨRP is the azimuthal angle of the
initial-state spatial plane of symmetry (Reaction Plane) deˇned by direction of the
beam and impact parameter vector. By deˇnition, anisotropic �ow coefˇcients
look as follows:

vn = 〈cos [n(φ − ΨRP)]〉,

where angle brackets denote average over particles and events. Since the impact
parameter vector cannot be measured, the anisotropic �ow is calculated relative
to the so-called event plane Å a plane of collective expansion of the produced
particles. The nth harmonic event plane in an event is deˇned as

Ψn =
1
n

arctan
∑

wi sin nφi∑
wi cos nφi

,

where φi is the azimuthal angle of a particle; wi is a weighting factor (often set
to be equal to value of the transverse momentum pT or simply 1.0). Thus, the
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measured azimuthal �ow is deˇned by a ratio of the observable �ow to the event
plane resolution:

vn =
〈cos [n(φ − Ψn)]〉

〈cos [n(Ψn − ΨRP)]〉 ,

where denominator is estimated by means of the angular correlation analysis.
There exist more sophisticated methods (cumulants, LeeÄYang zeroes) to avoid
determination of the reaction plane and to eliminate some nonphysical corre-
lations.

Direct �ow v1 describes sideward motion of nuclear fragments and the newly
produced particles. It probes onset of the bulk collective dynamics during ther-
malization, thus providing valuable information on pre-equilibrium stage. The in-
terest in the direct �ow study has recently enhanced considerably due to the recent
STAR data on the rapidity dependence v1(y) obtained from the beam energy scan
(BES) program [9]. As demonstrated in Fig. 5, the proton and net-proton slope
parameters dv1/dy|y=0 show minimum between

√
sNN =11.5 and 19.6 GeV.

Fig. 5. The direct �ow slope (dv1/dy) near midrapidity versus the center-of-mass energy
for midcentral Au +Au collisions as measured by the STAR collaboration [9]
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In addition, the net proton dv1/dy|y=0 changes sign twice between
√

sNN =
7.7 and 39 GeV. The proton and net-proton results qualitatively resemble predic-
tions of a hydrodynamic model with a ˇrst-order phase transition from hadronic
matter to the deconˇned matter. This behavior differs from the hadronic transport
calculations [9]. The excitation function of the slope for v1 was investigated
in [10] using the Parton-Hadron-String-Dynamics (PHSD) transport model [11]
and the 3-Fluid hydroDynamics (3FD) approach [12]. It was shown that behavior
of the slope is sensitive to the nuclear EoS; the best agreement with data was ob-
served for crossover quarkÄhadron phase transition. The partonic transport model
PHSD reproduces a general trend being in a reasonable agreement with the STAR
results. NICA has a great opportunity to investigate heavy-ion collisions at the
energies where the slope crosses zero line.

The second Fourier coefˇcient v2 re�ects the azimuthal momentum space
anisotropy of particle emission and is known as an elliptic �ow. The ˇrst attempts

Fig. 6. a) The average elliptic �ow v2 of charged particles at mid-pseudorapidity from dif-
ferent models. b) Evolution of the parton fraction of the total energy density at midrapidity
for different collision energies and impact parameters from the PHSD model. Figures are
taken from [13]
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to explain the preliminary STAR data with respect to the observed increasing of
elliptic �ow v2 with the collision energy have failed since traditional available
models did not allow one to clarify role of the partonic phase. In [13] the
rise of v2 was interpreted with the partonic transport model PHSD. In Fig. 6, a
a complication of experimental data on v2 is shown along with the results of
simulations from several models.

The hadron models (HSD and UrQMD) provide information on contribution
from the hadronic phase leading to the fact that �ow varies slightly with energy
and does not reproduce the available experimental data. The rise of v2 in the
PHSD is traced to a repulsive mean-ˇeld potential for partons in the model and
partly to higher interaction rates in the partonic medium. The fusion of partons
to hadrons or, inversely, the melting of hadrons to partonic quasiparticles occurs
when the local energy density is about ε ≈ 0.5 GeV/fm3. The partonic fraction
of the energy density at central rapidity is shown in Fig. 6, b. It is seen that
the partonic phase plays an essential role at high energies. The PHSD model
naturally incorporates hadronic and partonic processes. The relative increase of
higher �ow coefˇcients v3 and v4 in the PHSD is, essentially, due to higher
partonic interaction rate and thus to a lower ratio η/s in the partonic medium.

1.1.1. Anisotropic Flow. For this analysis the PHSD model was used as an
event generator. The model successfully describes many observables in a wide
range of the collision energy [14Ä19]. Figure 7 demonstrates the calculations for
direct v1 and elliptic v2 �ow for all charged particles from the PHSD model along
with the results from the STAR collaboration in the NICA energy range.

The model provides a good description of v1. Also it describes well v2 for
central and midcentral collisions and a little bit worse for peripheral ones.

Simulations of the MPD detector were performed within the MPDRoot us-
ing the ©stage 1ª geometry. The position of primary vertex was simulated by
Monte Carlo according to the expected property of the NICA collider beams
(σx = σy = 0.1 cm, σz = 24 cm). The reaction plane angle was randomly
distributed. The charged particles were reconstructed using the Time Projection
Chamber (TPC). The event and track selection criteria are summarized in the
table. Additionally, we rejected tracks which were identiˇed as electrons with
probability more than 60% by energy losses (dE/dx) in the TPC volume.

Using the cuts we selected the primary tracks having a good transverse
momentum resolution.

Approximately 0.5 ·106 reconstructed Au + Au events and 1.5 ·106 simulated
events were used to perform the analysis.

Event Plane Reconstruction. According to a standard scheme for a track-
based detector, the event plane for the elliptic �ow can be calculated using the
TPC tracks as follows:

Ψ2,TPC =
1
2

arctan
∑

wi sin 2φi∑
wi cos 2φi

.
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Fig. 7. Direct (a) and integrated elliptic (b) �ow from the PHSD model compared with the
STAR results

The cuts used in the analysis

The event selection cuts

Vertex z position |vz|, cm < 72
Vertex radius r cut vr , cm < 0.43

The track selection cuts

Pseudorapidity η < 1.6
Number of hits > 25
Lower transverse momentum pT , GeV/c > 0.15
DCA, cm < 2
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Fig. 8. The event plane resolution for the elliptic
�ow as deˇned with the TPC tracks

Resolution for the determined
event plane can be estimated by di-
viding the whole event set into two
subsets. Then, the resolution for a
subevent is given by

Res (Ψ2,TPC sub) =

=
√
〈cos [2 (Ψ2,a − Ψ2,b)]〉,

where indices a, b denote the cor-
responding subset. Following [8],
the full 2nd event plane resolution
was found; the results obtained are
shown in Fig. 8.

Due to low multiplicity in pe-
ripheral collisions and small value

of elliptic �ow (see Fig. 7, b) the resolution drops very fast. Thus, this method is
applicable to central and semicentral collisions only.

Fortunately, the ˇrst-order event plane can also be determined from the MPD
ZDC detector according to a standard scheme for a hit-based detector:

Ψ1,ZDC = arctan
∑

ΔEi sin φi∑
ΔEi cos φi

,

where the sums run over the energies ΔEi as measured in the ith calorimeter
with angular coordinates

sin φi =
yi√

x2
i + y2

i

, cos φi =
xi√

x2
i + y2

i

,

where (xi, yi) is a position of the corresponding cell.
The reaction plane in heavy-ion collisions is distributed randomly. However,

the rectangular shape of the ZDC leads to a nonuniform distribution of the ˇrst-
order event plane. Such raw event planes cannot be used in the �ow analysis, since
they have some preference in their orientations and introduce non�ow correlations.
The shift correction can be determined as follows:

Ψ′ = Ψ +
4∑
n

2
n

(−〈sin nΨ〉 cos nΨ + 〈cos nΨ〉 sin nΨ) . (1)

The obtained value of the correction for the given analysis, nevertheless,
reduces the overall error for the reconstructed �ow coefˇcients.
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Fig. 9. The event plane resolution for the 1st
and the 2nd harmonics from the ZDC infor-
mation

The event plane resolution cor-
rection factor was obtained using a
subevent technique. Two ©subeventsª
are deˇned in every event Å in the
forward and in the backward η di-
rections. The resolution correction
for the event plane measured by each
subevent is calculated according to the
formula

Res (Ψk,ZDC sub) =

=
√
〈cos [k (Ψ1,+ − Ψ1,−)]〉, (2)

where Ψ1,+ belongs to the calorimeter
with η > 0, and Ψ1,− Å with η < 0.
The full event plane resolution for the 1st and the 2nd harmonics (calculated
according to [8]) is shown in Fig. 9.

Since direct �ow is opposite in the forward and backward pseudorapidities,
the full event plane angle can be calculated as follows:

Ψ1full, ZDC = arctan
(
∑

ΔEi sin φi)+ − (
∑

ΔEi sin φi)−
(
∑

ΔEi cos φi)+ − (
∑

ΔEi cos φi)−
, (3)

where ( )+ belongs to η > 0, while ( )− to η < 0.
Measurements of the event plane angle from the ZDC have some advantages.

First of all, a big pseudorapidity gap between two detectors reduces non�ow
correlations. Also, it should be emphasized that the reaction plane is determined
from the ˇrst harmonic �ow. This is crucial for several observables.

Direct Flow. Figure 10, a shows the reconstructed direct �ow as a function
of pseudorapidity for charged particles by means of a standard scheme

v1{EP} =
〈cos [φ − Ψ1full, ZDC]〉

Res (Ψ1full, ZDC)
,

where the event plane angle Ψ1full, ZDC is estimated from the ZDC (3) with the
resolution Res (Ψ1full, ZDC), which is presented in Fig. 9. The PHSD calculations
were done for the ˇxed reaction plane angle. As can be seen, the reconstructed
angle values are in good agreement with the Monte Carlo ones.

The slope of v1 for the identiˇed (by energy loss in the TPC volume) protons
from midcentral collisions is shown in Fig. 10, b. Also, predictions from the
hadronic (HSD) and partonic (PHSD) models are presented there. The observed
difference between the reconstructed slope and the model one appears to be due
to efˇciency of proton identiˇcation.
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Fig. 10. Direct �ow (a) for charged particles as a function of pseudorapidity and slope (b)
of direct �ow for protons at midrapidity for Au +Au collisions at

√
sNN = 9 GeV

Elliptic Flow. Each ZDC provides us with the ˇrst-order subevent plane, and
the �ow components can be evaluated according to [20]

vn =
〈cos [n(φ − Ψ1,±)]〉

〈cos [n(Ψ1,± − ΨRP)]〉 =
〈cos [n(φ − Ψ1,±)]〉√
〈cos [n(Ψ1,+ − Ψ1,−)]〉

=

=
〈cos [nφ] cos [nΨ1,±)] + sin [nφ] sin [nΨ1,±)]〉√

〈cos [nΨ1,+] cos [nΨ1,−] + sin [nΨ1,+] sin [nΨ1,−]〉
, (4)

where Ψ± stands for other Ψ+ or Ψ−. Since the ZDC has a rectangular shape,
one can treat x and y directions separately. Assuming that (4) involves the sine
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and cosine terms symmetrically, one can expand it into four terms:

vn, +, cos =
2〈cos [nφ] cos [nΨ1,+]〉√
2〈cos [nΨ1,+] cos [nΨ1,−]〉

,

vn, −, cos =
2〈cos [nφ] cos [nΨ1,−]〉√
2〈cos [nΨ1,+] cos [nΨ1,−]〉

,

(5)

vn, +, sin =
2〈sin [nφ] sin [nΨ1,+]〉√
2〈sin [nΨ1,+] sin [nΨ1,−]〉

,

vn, −, sin =
2〈sin [nφ] sin [nΨ1,+]〉√
2〈sin [nΨ1,+] sin [nΨ1,−]〉

.

The average over the four terms gives a ˇnal result for vn. Usage of the
representation (5) with respect to the standard approach (4) with the full event
plane reveals an advantage due to the fact that one can apply corrections to each

Fig. 11. The integrated elliptic �ow v2{ZDC}
as a function of centrality for Au +Au colli-
sions at

√
sNN = 9 GeV

of the four terms separately according
to the detector performance. It gives
an opportunity to decrease systematic
errors. The reconstructed integrated
elliptic �ow for all charged particles
as a function of centrality is shown in
Fig. 11.

It is extended to all centrality
bins and even where the model pre-
dicts a negative value of v2. As was
mentioned, peripheral collisions are
characterized by a low multiplicity.
Along with a small �ow observed,
it concludes that other methods like
v2{EP} and v2{2} seem to be inap-
plicable to the analysis.

The differential distributions of
v2 for all charged particles versus
pseudorapidity and transverse mo-
mentum for several centrality intervals are presented in Figs. 12 and 13, respec-
tively. The reconstructed �ow for central and midcentral events reproduces the
model distributions, slightly overestimating them.

In the case of peripheral collisions the obtained error bars are essentially big
and increasing of the statistics is required. Availability of the end cap detectors
is also desirable to enlarge the event plane resolution for the second harmonic.

1.1.2. Charged Azimuthal Correlations. The charge dependence of azimuthal
correlations between produced hadrons is an important probe of the QGP matter
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Fig. 12. Elliptic �ow v2{ZDC} as a function of pseudorapidity for several centrality
intervals for Au+ Au collisions at

√
sNN = 9 GeV

created in relativistic heavy-ion collisions. Recently, it has been argued that the
charge-dependent azimuthal correlations can also be sensitive to a possible effect
of local parity violation in the QCD [21].

In hot hadronic matter, the topological �uctuations near the critical tempera-
ture can create the space-time domains with locally broken P and CP invariances.
The local violation of parity can manifest itself in heavy-ion collisions through
separation of positive and negative hadrons with respect to the reaction plane;
this charge separation would induce an electric dipole moment of the produced
hot quarkÄgluon matter. The charge separation originates from the interplay of
a strong magnetic ˇeld (and/or the angular momentum) in the early stage of
heavy-ion collisions and the presence of topological conˇgurations in hot matter
(©the chiral magnetic effectª CME). The recent result from RHIC [22] provides
an experimental evidence for this phenomenon in heavy-ion collisions. This ef-
fect should be enhanced in the deconˇned quarkÄgluon plasma phase because it
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Fig. 13. Elliptic �ow v2{ZDC} as a function of transverse momentum for several centrality
intervals for Au+ Au collisions at

√
sNN = 9 GeV

requires separation of quarks over a large (©macroscopicª on the scale of hot mat-
ter size) distance. There are reasons to expect that the asymmetry will have a peak
at some energy, possibly within the energy range of the NICA collider. It should
be emphasized that at high baryon density one can also expect a phenomenon of
spontaneous parity violation with a number of unique signatures.

In the presence of the strong magnetic ˇeld generated in heavy-ion collisions,
the local parity violation may result in a separation of charges along the magnetic
ˇeld which points perpendicular to the reaction plane. Indeed, it was shown
that electromagnetic ˇelds of the required strength can be created in relativistic
heavy-ion collisions [23Ä25].

As a signal of possible CP violations in relativistic heavy-ion collisions,
it was proposed in [26] to measure the two-particle angular correlation
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γab = 〈cos [φa + φb − 2ΨRP]〉, where ΨRP is the azimuthal angle of the re-
action plane, subscripts a, b represent signs of electric charges being positive or
negative and angle brackets denote an average over particles and events. Since
the reaction plane is not observable, one has to measure the correlator with respect
to the third particle which has to be selected from another rapidity range in order
to eliminate a correlation with the primary particle:

γab = 〈cos [φa + φb − 2ΨRP]〉 = 〈cos [φa + φb − 2φc]〉/v2, c. (6)

The ˇrst experimental evidence for the CME, identiˇed via the charge asym-
metry, was obtained by the STAR collaboration at RHIC at

√
sNN = 200

and 62 GeV and conˇrmed qualitatively by the PHENIX collaboration. Recently,
these measurements have been extended below the nominal RHIC energy down
to

√
sNN = 7.7 GeV within the RHIC BES program (see Fig. 14). In addition,

preliminary results for the maximal available energy
√

sNN = 2.76 TeV have
recently been announced from the Large Hadron Collider (LHC).

Fig. 14. Azimuthal charged correlations as a function of the collision centrality measured
by the STAR collaboration within the beam energy scan program at RHIC [27]

Though at ˇrst sight, some features of these data appear to be consistent with
expectations from the local parity violation phenomenon, a complete interpretation
of the observed effect is still under intense discussion (e.g., [28]).

Background for the CME was investigated in the PHSD model in [25,29,30]
with respect to a strong electromagnetic ˇeld created in heavy-ion collisions.
Thus, the maximal strength of the magnetic ˇeld is about 0.13m2

π (∼ 1017 G)
during the time interval ∼ 10 fm/c for Au + Au collisions at

√
sNN = 9 GeV.
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Despite such a strong ˇeld, within the PHSD model, it was shown that observables
are not sensitive to this ˇeld in symmetric collisions.

As can be seen from Fig. 15, the pure hadronic HSD model can reasonably
describe experimental trends at moderate energies

√
sNN = 7.7 and 11.5 GeV

without any CP violation effects.

Fig. 15. Azimuthal charged correlations from the HSD model compared to the results of
the STAR collaboration. Figures are taken from [29]

An alternative analysis to three-particle correlation (see Eq. (6)) was per-
formed with the event plane reconstructed from energy loss in the ZDC. So,
Eq. (6) is transformed to

γab = 〈cos [φa + φb − 2ΨRP]〉 =
〈cos [φa + φb − 2Ψ1]〉
〈cos [2(Ψ1 − ΨRP)]〉 , (7)

where numerator corresponds to the observed value of correlations and denomi-
nator is responsible for the event plane resolution. The observed correlations are
shown in Fig. 16, a. The correlations corrected by the event plane resolution are
shown in Fig. 16, b. The event plane resolution affects substantially peripheral
collisions, where the observed correlations have big error bars and the event plane
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Fig. 16. The observed azimuthal correlations (a) and azimuthal correlations corrected by
the event plane resolution (b) as a function of centrality for the same and opposite charged
particles for Au+Au collisions at

√
sNN = 9 GeV

resolution is low. The magnitude of γab is very small and requires much more
statistics or more precise determination of the event plane.

It is of further interest to consider the average 〈cos [φa−φb]〉 that is supposed
to be independent of the reaction plane and can be used in order to estimate
systematic errors. As can be seen from Fig. 17, peripheral collisions incorporate
some errors.

Following [28], one can expand the correlations (7) into in-plane and out-of-
plane components as follows:

〈cos [φa + φb − 2ΨRP]〉 = 〈cos [φa − ΨRP] cos [φa − ΨRP]〉+
+ 〈sin [φa − ΨRP] sin [φa − ΨRP]〉,

〈cos [φa − φb]〉 = 〈cos [φa − ΨRP] cos [φa − ΨRP]〉−
− 〈sin [φa − ΨRP] sin [φa − ΨRP]〉,
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Fig. 17. Azimuthal correlations as a function of centrality for Au+ Au collisions at√
sNN = 9 GeV

Fig. 18. The observed projections of azimuthal correlations on the in- and out-of -reaction
plane directions for the same (a) and opposite (b) charged particles from Au+ Au collisions
at

√
sNN = 9 GeV
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Fig. 19. The observed projections of azimuthal correlations on the in- and out-of -reaction
plane direction for the same (a) and opposite (b) charged particles from Au+Au collisions
at

√
sNN = 9 GeV corrected by the event plane resolution

where sine term corresponds to out-of-plane correlations, cosine Å to in-plane
ones. The observed projections for the same (plot a) and opposite (plot b) charged
particles are presented in Fig. 18, the corrected ones Å in Fig. 19.

The azimuthal correlations and their projections are well reconstructed for
central and midcentral collisions. In the case of peripheral collisions one has to
increase statistics or determine the event plane more accurately combining the
ZDC with the end-cap detectors.

1.1.3. Baryon Stopping Power. Baryon stopping power is a requisite in
describing the conversion of the initial particle collision energy into the matter
excitation and creation of hot and dense nuclear matter. The issue of the baryon
stopping power in heavy-ion collisions has been studied from SIS to the LHC
energies. A direct measure of the baryon stopping is the net-baryon rapidity
distribution. However, since experimental information on neutrons is usually un-
available, net-proton (i.e., proton-minus-antiproton) data are used in the analysis.



FEASIBILITY STUDY OF HEAVY ION PHYSICS PROGRAM AT NICA 1027

In [31] it was argued that the baryon stopping in nuclear collisions can be a
sensitive probe for the onset of deconˇnement.

The statistical-thermal model is now a well-established one in the analysis
of relativistic heavy-ion collisions, and it allows one to study dependence of the
chemical freeze-out temperature T on the baryonic chemical potential μB . The
freeze-out curve in the T−μB plane can also be drawn in the energy density
vs. the net-baryon density plane as shown in Fig. 20. The ˇgure shows that the
highest net-baryon density will be reached in the beam energy range covered by
the NICA accelerator. So, an in�uence of the baryon density on the particles
properties will be clearly seen at the NICA energies.

Fig. 20. The hadronic freeze-out line in the ρB − ε∗ phase plane as obtained from the
values of μB and T that have been extracted from the experimental data [32]. The beam
energies (in GeV/nucleon) for which the particular freeze-out conditions expected at either
RHIC or FAIR or NICA are also indicated

Available data on the proton (at the AGS energies) and net-proton (at the SPS
energies) rapidity distributions from central heavy-ion collisions in the midrapidity
region are presented in Fig. 21. The data at 10A GeV are repeated in Fig. 21, b in
order to keep the reference spectrum shape for comparison. The data are plotted
as functions of a ©dimensionlessª rapidity (y−ycm)/ycm, where ycm is the center-
of-mass rapidity of colliding nuclei. In particular, this is a reason why the experi-
mental distributions are multiplied by ycm. This representation is chosen in order
to make different distributions of approximately the same width and the same
height. This is convenient for comparison of shapes of these distributions. To
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Fig. 21. Rapidity spectra of protons (for the AGS energies) and net protons (p − p̄) (for
the SPS energies) from central collisions of Au+ Au (AGS) and Pb+Pb (SPS). The plot
is taken from [1, p. 131]. The percentage shows fraction of the total reaction cross section,
corresponding to the experimental selection of central events. The solid lines connecting
points represent the two-source ˇts by (8). The dashed line is the ˇt to old data on
Pb(158A GeV)+Pb [33], these data themselves are not displayed

make this comparison more quantitative, the data are ˇtted by the simple formula

dN

dy
= a (exp {−(1/ws) cosh (y − ys)}+ exp {−(1/ws) cosh (y + ys)}) , (8)

where a, ys and ws are parameters of the ˇt.
As shown in Fig. 21, the experimentally observed baryon stopping indicates

(within the present experimental uncertainties) a nonmonotonous behavior as a
function of incident energy of colliding nuclei. This reveals itself in a ©wiggleª
irregularity in the excitation function of the midrapidity reduced curvature Cy (9)
of the (net-)proton rapidity spectrum (see Fig. 22).
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Fig. 22. Midrapidity reduced curvature of the net-proton rapidity spectrum as a function
of the incident center-of-mass energy of colliding nuclei as deduced from the experimental
data and predicted by the 3FD calculations with different EoSs. Upper borders of the
shaded areas correspond to the ˇts conˇned in the region of |y − ycm|/ycm < 0.7, lower
borders Å in |y − ycm|/ycm < 0.5

Fig. 23. Dependence of the net-proton distribution on rapidity for Au+ Au collisions at
the NICA energy scan
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The ©wiggleª behavior is reproduced qualitatively by the 3-�uid dynamics
model (3FD) [12] calculation with the EoS involving a ˇrst-order phase transition
into the quarkÄgluon phase, while with the hadronic EoS it fails to reproduce this
irregularity [34]:

Cy =
(

y3
beam

d3N

dy3

)
y=0

/(
ybeam

dN

dy

)
y=0

=

=
(

ybeam

ws

)2 (
sinh2 ys − ws cosh ys

)
. (9)

To estimate this effect at the NICA energies, we use the 3FD model with
particlization procedure used for the UrQMD3.4 model [35]. The result of this
simulation shown in Fig. 23 clearly indicates such peak-deep-peak behavior at
midrapidity even with the simulation response for the MPD detector.

1.1.4. Femtoscopic Studies at the NICA Energies. Size and temporal pa-
rameters of the particle-emitting region at freeze-out can be extracted by use of
femtoscopic techniques. Momentum correlations of two particles at small rela-
tive momenta in their center-of-mass system (CMS) are widely used for studying
space-time characteristics of heavy-ion collisions at a level of = 10−15 m, giv-
ing a correlation femtoscopy tool [36Ä42]. The femtoscopic correlations due to
quantum statistics (QS) of the produced identical particles were observed more
than 50 years ago as an enhanced production of pairs of identical pions with
small opening angles (GGLP effect). A general base of the modern correlation
femtoscopy was proposed by G. I. Kopylov and M. I. Podgoretsky (JINR, Dubna)
in the early 70s of the previous century. Moreover, the effect of particle ˇ-
nal state interaction (FSI) allows one to extend correlation femtoscopy also to
nonidentical particles [43]. Along with the space-time characteristics, the FSI ef-
fect provides valuable information also on low-energy strong interaction between
any abundantly produced particles, which can often be hardly achieved by other
techniques.

The performed experiments at RHIC clearly demonstrate that hot and dense
matter with the partonic collectivity is formed in the ultrarelativistic heavy-ion
collisions at large

√
sNN [2, 3, 5, 44]. The observed effects (jet quenching, char-

monium suppression, strangeness enhancement, etc.) are considered to be the
signals of a transition to the deconˇned phase. It should be stressed that in-
formation on the space-time evolution of hot and dense matter under extreme
conditions in heavy-ion collisions can be extracted by study of the femtoscopy
correlations only.

Taking into account the on-mass-shell constraint, q0 = vq, the correlation
function at a given pair 3-velocity v can be expressed as a function of the so-
called out, side and longitudinal components of the relative 3-momentum q [44];
the out and side denote the transverse components of the vector q, the out
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direction is parallel to the transverse component of the pair 3-velocity. The
correlation function is usually parameterized in terms of the Gaussian correlation
(femtoscopic) radii Ri, e.g., for spin-0 non-interacting bosons:

C(qout, qside, qlong) =

= 1 + λ exp (−R2
outq

2
out − R2

sideq
2
side − R2

longq
2
long − 2R2

out,longqoutqlong), (10)

and the radii dependence on pair rapidity and transverse momentum is studied.
The correlation strength parameter λ can differ from unity due to contribution of
long-lived emitters, particle misidentiˇcation and coherence effects. Equation (10)
assumes azimuthal symmetry of the production process [44]. Generally, e.g., in
case of the correlation analysis with respect to reaction plane, one should account
for all the three cross terms qiqj .

It is well known that particle correlations at high energies usually measure
only a small part of the space-time emission volume, the correlated particles
with nearby velocities being emitted by almost comoving sources and so Å at
nearby space-time points. To eliminate the effect of the longitudinal motion, the
correlations can be analyzed in terms of the invariant variable Q = (−q2)1/2 =
2k∗ and the components of the momentum difference in the PRF, or in the
longitudinally comoving system (LCMS) [45], in which each pair is emitted
transversely to the reaction axis. In the midrapidity region one can exploit
the longitudinal boost invariance, leading to the independence of the correlation
function in the LCMS or PRF from pair rapidity and vanishing cross term in (10).
In the following, we will assume the correlation radii determined in the LCMS
and exploit the reduction of the 6D correlation functions to the 4D ones (in case
of the azimuthally symmetric analysis), depending on the three components of
the relative momentum and the magnitude of the pair transverse momentum only.

Study of femtoscopic correlations allows one to constrain the model pre-
dictions for an early stage of collision and ˇreball evolution. It was expected
that the ˇrst-order phase transition strongly delays the ˇreball evolution [46], but
the pion correlation radii measured in a wide energy range (from the AGS to the
RHIC energies) demonstrated a weak energy dependence (see Fig. 24) and did not
reveal the expected behavior for the phase transition [47Ä56]. The weak energy
dependence of femtoscopic radii in the AGSÄSPSÄRHIC energy region and the
overestimation of these radii by various transport and hydrodynamic models was
considered as a femtoscopy puzzle.

This puzzle motivated a development of more sophisticated hydrodynamic
models allowing for a simultaneous description of single particle and correlation
observables, including the femtoscopic ones. According to them, the femtoscopic
radii, particle spectra and elliptic �ow can be described using the initial Gaussian
density proˇle [57] and by including a combination of several effects: prethermal
acceleration, a stiffer EoS and adding viscous corrections [58].



1032 BATYUK P. N. ET AL.

Fig. 24. Energy dependence of correlation radii for different experiments

The heavy-ion collisions at the highest RHIC energies are described assuming
a crossover transition at high temperature T and vanishing baryonic chemical
potential μB . At the same time, there are models that predict a strong ˇrst-order
phase transition at moderate temperatures and large μB [59], which takes place at
moderate and low energies. Therefore, the NICA complex operating in the energy
region

√
sNN = 4−11 GeV is suitable for the critical-point location search via

experimental detection of its signatures.
According to various theories, the main signatures of the critical point are:

1) nonmonotonic behavior of some observables;
2) increasing of �uctuations occurring near the critical point;

3) nonequilibrating ˇnal state expected after cooling through a ˇrst-order
phase transition, leading to the non-Gaussian �uctuations.

The indications of something unusual at lower energies came from the NA49
at SPS, where a ©hornª at

√
sNN = 7 GeV was observed. Therefore, a question
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on the partonic properties change or their ©turn offª is arising. The low energy
scan planned to be performed at the NICA complex could shed light on evolution
of the unusual medium properties with beam energy.

The predicted increase of emission time due to a phase transition of the ˇrst
order should be re�ected in increasing of Rout/Rside ratio, but it was observed
neither at the high RHIC energies, nor at the low AGSÄSPS energies.

Possible reasons why it was not observed at low energies could be the fol-
lowing [60]:

1) decrease of relative contribution of the QGP phase at low energies;
2) contribution of small-size sources dominates as leading to a wider corre-

lation effect.
These issues indicate that more complicated techniques beyond the usual 3D

Gaussian parameterizations are necessary to extract the relevant information on
space-time characteristics of the produced QGP matter. Also the correlation analy-
sis with respect to the reaction plane [39] and spherical harmonic expansion [61],
which can be used only in case of the huge available statistics, is considered to
be useful in this context.

A large luminosity planned at NICA, together with a set of precise large
acceptance detectors, will give an opportunity for a more sophisticated study of
a great many combinations of identical and nonidentical particles, thus providing
much more detailed space-time information on the emitting system than in the
previous studies.

The ˇnal-state interactions (FSI) between pairs of nonidentical particles pro-
vide information on the average relative space-time shift between emission points
of two particle species in the PRF [62]. Obviously, such information is unavail-
able from correlations of identical particles, which allow one to access only the
even moments of the separation distribution. Note that the spatial shifts in PRF
are particularly sensitive to time delays in particle production and to collective
�ow Å the heavier particles being shifted more to the expanding ˇreball edge
than the lighter ones. This technique thus yields quite valuable information about
the production dynamics of various particle species. For example, it allows one
to check the expected earlier freeze-out of multistrange baryons as compared
with pions.

Experimentally, in case of identical particles at small relative momenta effects
like a hit sharing, track overlapping and track splitting must be considered very
precisely within the femtoscopic analysis. To do it, many detailed simulations
aimed to eliminate in�uence of systematic distortions are obligatory. The track
splitting can lead to an enhancement of pairs at low relative momentum. The
enhancement arises when a single track was reconstructed as two with very similar
momenta. The track merging reveals itself when two particles are reconstructed
as one track. The merged tracks decrease the number of pairs at low relative
momentum due to the fact that particles having a higher probability to be merged
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Fig. 25a. Femtoscopic radii for PbÄPb collisions as a function of event multiplicity, for
different ranges of pair momentum kT . The top, middle, and bottom panels show Rout,
Rside and Rlong, respectively. The error bars correspond to the combined statistical and
systematic uncertainties

are those with similar momenta. To eliminate the effect, it is required that all
pairs entering the numerator and denominator of correlation function should have
a fraction of the merged hits of no more than 10% [58].

It is known from [42] that the three-dimensional femtoscopic radii measured
in many experiments over a wide range of energies scale linearly with cube root
of the measured charged particle multiplicity. An example of such behavior
obtained by the ALICE collaboration [63] is presented in Fig. 25a.

In order to check whether the effect observed in [42] is seen at the NICA
energies, we performed a simulation of 1 million Au+ Au collisions at

√
sNN =

11 GeV using the UrQMD model and taking into account hydro evolution of the
colliding system. At the performed simulation, a transition of crossover type was
chosen as the EoS used. The track cuts used correspond to the ALICE acceptance
(0.15 � pT � 1 GeV/c, |η| � 1).



FEASIBILITY STUDY OF HEAVY ION PHYSICS PROGRAM AT NICA 1035

Fig. 25b. Femtoscopic radii for AuÄAu collisions as a function of event multiplicity, for
different ranges of pair momentum kT . The top, middle, and bottom panels show Rout,
Rside and Rlong, respectively. The transverse momenta of pairs with kT > 0.6 GeV/c are
not presented due to lack of the available statistics

The LCMS Gaussian radii ˇtted according to (10) with the omitted cross
term are presented in Fig. 25b. The observed approximate linear scaling of the
three-dimensional radii looks similar to those seen by the ALICE collaboration
except for different slopes. In fact, the universal slopes settle only at top RHIC
energies in correspondence with the dominantly partonic nature of the produced
ˇreball and its universal freeze-out density at these and higher energies. In such a
case it will be interesting to study the multiplicity dependence of the femtoscopic
radii in the transition region at the NICA energies experimentally.

The next point to be considered is related to the freeze-out time (tfr) of the
interacting system depending on the used EoS. The analysis was performed also
using the UrQMD model (the hydro stage of evolution is included). The obtained
results are presented in Fig. 26.

It is possible to conclude that the hydro stage lasts longer in case of the
ˇrst-order phase transition.
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Fig. 26. Distribution over tfr depending on
√

sNN and the used EoS. 1PT corresponds to
the EoS assuming the ˇrst-order phase transition

To obtain more detailed information on the space-time structure of the system,
as compared with that in Gaussian correlation radii, one can use more complicated
parameterizations accounting for non-Gaussian tails, or exploit the source imaging
technique [64, 65]. The latter is based on Fourier-like extraction of the emission
function from the measured correlation function in the PRF; being formally model-
independent, it is however quite unstable thus requiring still some stabilizing
model assumptions. In principle, these techniques allow one to reveal the effect
of delayed emission due to the onset of the ˇrst-order phase transition, as well as
other effects leading to a complex form of the source function, such as collective
�ows, resonances or rescatterings.

In Fig. 27, projections of the source function in the PRF on out, side and
longitudinal directions are presented. The source function was obtained for pions
at different

√
sNN using the UrQMD model. It was established that the source

function is not very sensitive to kT and, due to this fact, the pion pairs used in
the analysis satisfy the condition 0.2 � kT � 0.4 GeV/c. Also, there was applied
a cut on pseudorapidity (|η| < 0.5). One may see that for calculations with the
ˇrst-order phase transition the visible tails of the source function are longer than
those obtained using crossover. The largest difference is seen in the longitudinal
direction, the effect becoming more visible with the increasing energy.

1.2. Measurements of Dilepton Spectra at NICA/MPD. The correlated e+e−

pairs (dileptons) are particularly useful probes to study dense nuclear matter
formed in heavy-ion interactions. As predicted by the QCD-inspired models, the
key properties of hadrons are modiˇed in the medium of the density and tem-
perature regimes encountered in heavy-ion reactions. In contrast to the vacuum
situation, a hadron cannot only decay in a hot and dense medium but also in-
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Fig. 27. Projections of the source function in the PRF obtained for pions at
√

sNN = 5 GeV
(top row) and

√
sNN = 11 GeV (bottom row) within the UrQMD model. 1PT, represented

by the solid line, corresponds to the EoS with the ˇrst-order phase transition

teract with the constituents in scattering processes and resonance excitation. The
generic outcome of these interactions is an appreciable broadening of the spectral
peaks with a possible mass shift [66Ä68]. Such modiˇcations of hadron proper-
ties may be associated with a decrease in the chiral condensate with increasing
density and temperature, leading to partial restoration of chiral symmetry which is
spontaneously broken in the vacuum due to nonvanishing quark masses. Medium
modiˇcations may be re�ected in the invariant mass distribution of the electronÄ
positron pairs as an enhanced production of dileptons above known sources in
nucleusÄnucleus collisions. The experimental evidence for such an enhancement
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was provided at the SPS energies by the CERES and NA60 collaborations. De-
spite the obvious progress made in this ˇeld and a number of experiments that
measured dilepton continuum, the many questions have not been answered yet and
require new high precision experimental data to clarify the situation. For example,
until now, no dilepton measurements have been performed at the center-of-mass
energies of several GeV and the NICAÄMPD dilepton program is aimed to ˇll
this gap. The range of collision energies 4 <

√
s < 11A GeV is very promising

for such measurement since the effect of modiˇcations is expected to be sensitive
to the baryon density, while the latter happens to reach the maximum in central
Au + Au collisions at NICA [69] (see Fig. 20).

Advantages of studying vector mesons (ρ, ω, φ) via their decays to lepton
pairs are: 1) vector mesons have very short lifetimes as compared to that of
the ˇreball; 2) the decay products of vector mesons (namely, e+, e−, μ+, μ−)
interact only electromagnetically and escape the interaction region unaffected by
subsequent strong interactions, thus carrying to the detectors information about the
conditions and properties of the medium at the time of their creation. However,
experimental study of dileptons in heavy-ion collisions is a challenging task,
because of a huge combinatorial background of uncorrelated lepton pairs from
the Dalitz decays of η and γ conversions. The second difˇculty is the physics
background. Dileptons can be emitted by a variety of sources and, therefore,
before claiming observation of any new effect, it is mandatory to have a thorough
understanding of the expected contribution from all the known sources.

The MPD performance for study of dileptons was investigated with a dedi-
cated Monte Carlo simulation task. The study was aimed at determination of the
hadron suppression factor of the MPD particle ID system, signal-to-background
ratio and invariant mass resolution in the region of masses of vector mesons.
A detailed description of the analysis procedure and results can be found in [70].
Central AuÄAu collisions from the UrQMD generator were combined with the
cocktail of vector mesons from the Pluto event generator. All the particles from
the events were transported through the detector setup (see Fig. 3) which includes
the Time Projection Chamber (TPC), Time-Of-Flight system (TOF) and Electro-
magnetic Calorimeter (EMC) (covering |η| < 1.2) with the Geant code. A realistic
detector response was simulated followed by tracking, TPCÄTOF matching and
particle ID tasks which were performed within the MPDRoot framework. Typi-
cal efˇciency of track matching with the TOF was found to be better than 90%
at transverse momentum greater than 0.4 GeV/c, and the transverse momentum
resolution appeared to be better than 3% for pT < 1 GeV/c. Electron identi-
ˇcation was achieved by using combined information about the speciˇc energy
loss dE/dx from the TPC, time-of-�ight from the TOF and E/p from the EMC.
After applying the PID cuts, the achieved overall hadron rejection factor was
about 3200. The background from conversion pairs was eliminated by a set of
topological and kinematical cuts.
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Fig. 28. a) Background-subtracted invariant mass distributions of electronÄpositron pairs
from central Au+Au collisions at the MPD. b) Signal-to-Background (S/B) ratio from
heavy-ion experiments as a function of total charged multiplicity

In Fig. 28, a, background-subtracted invariant mass distributions of electronÄ
positron pairs in the pseudorapidity window |η| < 1.0 are plotted. A rough
estimate of invariant mass resolution of the MPD setup was made by ˇtting the
dileptons spectra at the poles for vector mesons: the RMS of 14 and 17 MeV was
obtained for the ω- and φ-meson pole, respectively. The overall (integrated over
the invariant mass window of 0.2−01.5 GeV/c2) signal-to-background ratio was
found to be close to 10%. The obtained results for the signal-to-background ratio
are shown in Fig. 28, b, along with the published data from other experiments.
The expected parameters of the MPD setup are among the best over the world.

1.3. Study of Hyperon Production at NICA/MPD. Study of strangeness,
in particular, hyperon production is of interest for several reasons. First, the
theory predicts that the strangeness enhancement in heavy-ion-induced interactions
(relative to elementary p+p collisions) might be a signature for the deconˇnement
phase transition. The increase of the yield of strange particles in the QGP phase
is due to both the lower threshold of the ss-pair production and the addition of
gluon fragmentation channels [71]. It was also observed in experiments that the
enhancement is stronger for particles with higher strangeness content [72,73].

Second, since the hadronic cross sections of multistrange hyperons are small,
additional rescattering effects of hyperons in the dense nuclear matter are not as
strong as for other hadrons. Thus, measured phase-space distributions of strange
hyperons reveal important characteristics of the ˇreball at the early stages of
the system evolution. Moreover, it has recently been observed by the STAR
experiment that the characteristic azimuthal anisotropy pattern (e.g., the elliptic
�ow coefˇcient v2 as a function of transverse momentum pT ) for antibaryons
(including those with strangeness) is different from the one for baryons in mid-
central Au + Au collisions at energies

√
sNN < 11 GeV [74]. Due to an inter-

play between particle production and subsequent absorption in the medium the
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antibaryons are strongly affected by the comoving baryon density in the course
of the reaction. So, the outcome of the NICA program, in particular, new ex-
perimental data on (anti)hyperon production which will be taken with the MPD
detector, will provide a valuable insight into the reaction dynamics and properties
of the QCD matter.

The performance of the MPD detector for hyperon measurements was studied
for a combination of the Time Projection Chamber (TPC) and the Time-Of-Flight
system (TOF) covering the midrapidity region (|η| < 1.3). A small material
budget (not exceeding 10% of the radiation length in the region of interest)
and powerful particle ID based on the ionization loss (dE/dx) measurements in
the TPC and time-of-�ight information from the TOF allow precise trajectory
reconstruction and reliable separation of particle species.

Hyperons and cascades were reconstructed using the secondary vertex ˇnding
technique with an optimized set of topological and track quality cuts as described
in [75]. In Fig. 29 the invariant mass distributions of Λ−π− and Λ−K− pairs
from central Au + Au collisions at the center-of-mass energy

√
s = 9 GeV are

shown. The estimated efˇciencies, Signal-to-Background (S/B) ratio and signiˇ-
cance are also shown. Based on the results of this study, we have estimated the
expected yields of particle species of interest for 10 weeks of the data taking at
nominal NICA collider luminosities of ≈ 107 and ≈ 106 for Ξ− and Ω−, re-
spectively. The accumulated statistics will allow one to get unique experimental
information on the cascade production over a broad region of the QCD phase
diagram and a large phase-space of the reaction.

Fig. 29. The reconstructed invariant mass of Λ and π− candidates (a), as well as of Λ and
K− pairs (b)

1.4. NICA/MPD Prospects in Hypernuclei Production. In relativistic heavy-
ion collisions lots of strange particles (kaons and hyperons) are produced. Under
such conditions, exotic nuclear objects with strangeness Å hypernuclei [76,77] Å
can be formed. The search for hypernuclei offers the fascinating perspective to
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explore the third (i.e., strange) axis of the nuclei chart. Moreover, the investi-
gation of hypernuclei provides information on the hyperonÄnucleon and even the
hyperonÄhyperon interactions, which plays an important role in the neutron star
models. The mechanism and dynamics of hypernuclei formation are not well un-
derstood, and in order to distinguish between different models, new experimental
data on hypernuclei production over large phase-space are required. The energy
range of the NICA research program covers the region of the maximal baryon den-
sity where the production rates of nuclear clusters with strangeness are predicted to
be enhanced considerably: as many as 3 ·102 of 3

ΛH and 1 ·10−5 of 5
ΛΛHe per unit

of rapidity are expected in a central Au + Au collision at
√

sNN = 5 GeV [78].

Fig. 30. The reconstructed invariant mass of 3He
and π− from central Au+Au at

√
s = 5A GeV

Here, we present the results of
a study of the MPD capability
for reconstruction of hypertritons.
The analysis has been performed
for 5 · 105 central events from
the DCMÄQGSM generator, corre-
sponding to about 30 minutes of the
data taking time at NICA. The full
event reconstruction, realistic parti-
cle ID and secondary vertex ˇnding
have been performed as described
in [75]. The obtained invariant
mass spectra of helium-3 and π−

candidates are shown in Fig. 30.
These results demonstrate a

good sensitivity of the MPD setup
for hypernuclei: with a typical event rate of 6 kHz for the NICA average lumi-
nosity of 1027 cm−2· s−1 we will be able to register about 105 hypertritons in
a week of the data taking. Thus, a detailed study of the production mechanism
of single hypernuclei, as well as an observation of double hypernuclei at NICA,
looks feasible.

2. PHYSICS STUDIES AT THE NUCLOTORON ENERGIES

NucleusÄnucleus collisions at the Nuclotron energies of up to 6 GeV per
nucleon produce a ˇreball of the baryon densities in the collision zone of two
gold nuclei exceeding the nuclear saturation density by a factor of 3−4. Under
such conditions, the participating nucleons start to overlap and the energy density
is dominated by quarks occupying the Fermi sea and baryons representing the
excited states. Due to the increase of the degrees of freedom with respect to the
hadron gas, a new phase of nuclear matter of co-existing quark and baryonic mat-
ter Å ©quarkyonicª phase [79] Å is predicted to be located in the region of large
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baryochemical potentials and, thus, might be produced in the collisions of heavy
ions at the Nuclotron. Moreover, the lattice QCD calculations suggest a decon-
ˇnement phase transition to occur at a critical energy density of ≈ 0.5 GeV/fm3.
Such energy densities are expected to be reached at the top Nuclotron energy
in the ˇreball center. These conditions are well suited to investigate the EoS of
dense nuclear matter, which plays a central role for the dynamics of core collapse
supernovae and for the stability of neutron stars.

It is well known that the yields and the phase-space distributions of strange
(Λ, Σ) and multistrange (Ξ, Ω) hyperons close to their production thresholds in
the nucleonÄnucleon collisions are sensitive to the properties and the degrees
of freedom of the QCD matter at supernuclear densities. Due to multiple-step
(or three-body) collisions involving Λ hyperons and kaons, the production of
multistrange hyperons is expected to be enhanced at high densities, and their
yield is sensitive to the baryon density reached in the ˇreball. Therefore, some
systematic measurements of Ξ and Ω hyperon production as a function of the
beam energy and size of the colliding nuclei offer a possibility to study the
nuclear matter EoS at the Nuclotron.

While the properties of hadrons in the vacuum are at present well known, their
characteristics (the masses and lifetimes) in a dense baryonic matter are a subject
of current extensive research. In this context the modiˇcation of hadron properties,
in particular, K mesons as well as vector (ρ, ω, φ) mesons in nuclear matter are
of fundamental interest. The in-medium modiˇcation of kaon/antikaon properties
can be explored experimentally in relativistic heavy-ion collisions at moderate
bombarding energies; however, the existing experimental facilities are too limited
in energy (1.25A GeV is the highest energy presently available for Au + Au
collisions at the SIS). One needs excitation functions for different symmetric
systems, in which different densities are achieved. The Nuclotron provides a
rich variety of beam species (up to gold) in a broad range of collision energies;
therefore, it is ideally suited for this task.

At the same time, heavy-ion collisions reveal a rich source of strangeness, and
the coalescence of kaons with Λ or Λ with nucleons will produce a vast variety of
multistrange hyperons or light hypernuclei, respectively. Even the production of
light double-hypernuclei or double-strange dibaryons is expected to be measured
in heavy-ion collisions at the Nuclotron energies. The observation of those
objects would represent a breakthrough in our understanding of strange matter
and would pave a road for the experimental exploration of the third dimension of
the nuclear chart.

The proposed design of the BM@N experiment was described in Introduction.
Its tracker allows for having a precise momentum and vertex reconstruction,
including secondary vertices. In addition, the design parameters of the time-
of-�ight detectors allow us to discriminate among hadrons (π, K, p) as well as
identify light nuclei with the momentum of up to a few GeV/c. Here, we present
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ˇrst results of feasibility study for the BM@N focusing on the efˇciency of
strange hyperons and hypernuclei measurements in central Au + Au collisions.

In Figs. 31 and 32, invariant mass of (Λ, π−) and (3He,π−) candidates, re-
spectively, reconstructed with the GEM tracker from central leadÄlead collisions at
a beam kinetic energy of 4.5A GeV are shown. The obtained results indicate that
the proposed setup has a reasonable reconstruction capability for strange hyperons
produced in high-multiplicity events. The reconstructed signals of Ξ− hyperon
and hypertriton correspond to 9 · 105 and 2 · 106 central collisions, respectively.
Taking into account the signal reconstruction efˇciency, data acquisition capacity
(≈ 20 kHz of triggered events at the ˇrst stage of the BM@N experiment) and
the duty factor of the Nuclotron beam, we expect to have for a month of the
data taking a statistics of 2.7 · 106 and 4 · 106 for Ξ− hyperons and hypertritons.
This statistics is sufˇcient to perform a detailed experimental exploration of the
strangeness production mechanism by measuring plenty of transverse momentum
spectra, rapidity and angular distributions for hyperons and hypernuclei.

Fig. 31. Invariant mass of Λ and π− candidates (BM@N)

Fig. 32. Invariant mass of 3He and π− candidates (BM@N)
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3. THE NICA WHITE PAPER PROPOSALS

We illustrate here the feasibility of the physics analysis which gives informa-
tion on the bulk properties of the strongly interacting matter with the MPD and
BM@N experiments and which is also carried out at the RHIC and SPS experi-
ments. An overview over all the suggestions concerning observables to be
measured with the NICA experiments has been collected in the NICA White
Paper.

One of the phenomena, which was also simulated in the PHSD model, is an
evidence for creation of the strong electromagnetic ˇelds in asymmetric nuclear
collisions. Due to difference in the number of protons of colliding nuclei, an
electric ˇeld is generated and directed from the heavy to the light nucleus. This

Fig. 33. Pseudorapidity dependence of direct �ow of pions and K mesons created in
off-central Cu +Au collisions at

√
sNN = 200 GeV. The ˇgure is taken from [80]

Fig. 34. Transverse momentum dependence of direct �ow of π± produced in periph-
eral Cu+ Au collisions for forward (b) and backward (a) emitted hadrons at

√
sNN =

200 GeV. The ˇgure is taken from [80]
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strong electric ˇeld leads to a splitting of the direct �ow v1 for particles with
the same mass but opposite electric charges [80]. This splitting for Cu+ Au
collisions at

√
sNN = 200 GeV is shown in Figs. 33 and 34.

Here, the solid and dashed lines denote default calculations in the PHSD
model; points correspond to incorporation of the electromagnetic ˇeld created in
the collision. The effect is clearly seen on the transverse momentum distribution
in Fig. 34.

At the NICA energies the magnitude of splitting effect should be the same,
but value of direct �ow is larger than at STAR. Presumably, NICA will be more
preferable for this exploration.

Another very interesting suggestion discusses a possibility of experimental
testing of signatures of P-odd effects related to the vorticity and hydrodynamic
helicity of the medium [81, 82]. The studies of helicity and vorticity were per-
formed within the framework of the kinetic QuarkÄGluon String Model applied

Fig. 35. Time dependence of helicity at different impact parameters
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to the NICA kinematics. Figure 35 represents helicities in goldÄgold collisions at
different impact parameters evaluated in different domains. One can see that the
helicity calculated with inclusion of all cells is equal to zero (middle line). For
the cells with the deˇnite sign of the velocity components, which are orthogonal
to the reaction plane (which may also be selected experimentally), the helicity
is nonzero and changes the sign for different signs of these components (upper
and bottom lines, respectively). The effect is growing up with impact parameter
and represents a sort of saturation in time. This effect of the helicity separa-
tion could be measured experimentally and is related to the global rotation of
hadronic matter.

The NICA White Paper contains many other interesting suggestions for
physics analysis in order to observe some effects which recent Monte Carlo
generators cannot reproduce and then they could be veriˇed with the real experi-
mental data only.

4. SUMMARY

The experimental heavy-ion program at NICA will extend the study of reac-
tion mechanisms and in-medium particle properties into an energy range that was
formerly not accessible or where the experimental information was very poor.
Nuclear collisions at the Nuclotron will create the net-baryon densities several
times above the ground state. Although the ˇrst-principle theoretical calculations
are not available for this energy domain, it has been speculated that the QCD
phase diagram at high densities could have a rich structure. The exploration
of matter under such conditions is thus of high physics interest. This situation
underlines a necessity to perform the experiments at NICA because of the huge
discovery potential in the low-temperature, high baryonic density domain of the
QCD phase diagram.

The considered designs of the NICA experiments are well suited to provide
a variety of experimental data for the critical assessments of the nuclear matter
phase transition in the low-temperature and high baryonic density domain of the
QCD phase diagram. The sophisticated theoretical models accompanied by results
of a realistic Monte Carlo simulation of the proposed experimental setups at NICA
support the ability of ˇnding new phenomena in nuclei collisions.
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