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Heavy-ion collisions
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QGP is produced in high energy collisions

High beam energies (/Syy > 100 GeV)

High temperature:
Early Universe evolution

% At pg ~ 0, smooth crossover (lattice QCD calculations + data)
% At large pg, 15t order phase transition = QCD critical point
s MPD @NICA - study QCD medium at extreme net baryon densities
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Low beam energies (./syn~ 10 GeV)

high baryon densities
-> inner structure of
compact stars

o lons, clectrons

- glactrons, neutrons, nucled

7 neutron-proton Fermi liquid
few % electron Fermi gas

quark gluon plasma?



QCD critical point: predictions/estimations
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M. Hippert et al., Phys. Rev. D 110, 094006 (2024)
o WO ke ) LD BM@N: Vs\\= 2.3 - 3.3 GeV
olography + Bayesian - 625 - f _
FRG/DSE 495 - 654 108 - 119 MPD: \/SNN_ 2.4 -11 GeV
Lee-Yang edge singularities 500 - 600 100 - 105
Lattice QCD pe/T: >3 F. Karsch et al.
Summary 495 - 654 100 - 119

(Mo, To) = (495 - 654, 100 - 119) MeV mummp 3.5 < \/Syy < 4.9 GeV

“* BM@N and MPD in the collision energy range of the predicted CEP location.
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Dense Nuclear Matter

Baryon densities in central Au+Au collisions
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I. C. Arsene et al., Phys. Rev. C 75, 034902 (2007)

Relativistic heavy-ion collisions provide a unique and controlled experimental way
to study the properties of nuclear matter at high baryon density.
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Hyperon and Hyper-Nuclei Production in
Heavy-Ion Collisions and Neutron Stars

¢ Nature of matter at extreme density (up to 5-10 p,)

PRL114, 092301(2015), HYP2018, 1512.06832, 1711.07521
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Hyperon and hyper-nuclei measurements in HIC = hyperon—nucleon interactions (NY, YNN)
—> key to understanding the EoS at high baryon density and inner structure of neutron stars
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h at 20 Mpc

+

Neutron star mergers and heavy-ion collisions

LIGO and Virgo Collaborations, Phys. Rev. Lett. 119 (2017) 16, 161101; Nature Phys. 15 (2019) 10, 1040-1045

Gravitational wave signal Neutron star mergers HIC: Au+Au 1.25 AGeV
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v' Gravitational wave detection from GW170817, confirmation by astronomical observations
v T<70MeV, p ~3p0 > about the same conditions as achieved in HIC in the laboratory



Nuclear synthesis in NS mergers

Nuclear EoS is important also for the r-process nuclear
synthesis in neutron star merger
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Neutron capture process (r-process) in NS mergers is responsible
for the production of heavy elements such as Au, Pt, U
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Relativistic Heavy Ion Experiments

% SIS100 CBM,, -

D G il R Y Present:

E J-PARC-HI SPS NABO+

c_ HADES BES (SIS): AutAu at /Sy =242 GV,

=5 AgtAgat |syy =242 GeV, 2.55GeV.

; e e STAR BES (RHIC): Au+Au at /Syy = 3-200 GeV
- A—A SPHENIX_ __

= HADES NICA I I:"I'12(321

E THILT]

= """‘*"’“ﬁ?E# e ¥ Future:

S i HIAF/CEE (China) 2.1-4.5 GeV (2026-?)

= d FAIR/CBM (Germany) 2.4-4.9 GeV (2029-7?)
- BESIL . JPARC-HI (Japan) 2-5 GeV (2030-?)

= region of max.

- baryonic density

1 2 3 4567 10 20 30 100 200

Collision Energy \s, (GeV)

NICA collision energy BM@N: 2.3 - 3.3 GeV
MPD: 4 -11 GeV
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Multi-Purpose Detector

Stage-I > start of commissioning in 2025 Stage-rlul - 2030+

CPC
Tracker

Eur.Phys.J.A 58 (2022) 7, 140

L\ \SC col
\FD \TPC \Cryostat

TPC: |[Ap| <2m, n| £ 1.6; TOF, EMC: |[Ag| <2m, n| < 1.4
FFD: |Ap| <2m, 2.9 <|n| <3.3; FHCAL: |[A@| <2m, 2 <[n| <5

+ITS : |Ap| <2m, n| <3

ECal SC Coil ?~

ﬂ \Cryostat

+ Forward Spectrometers: |Ap| < 2w, n| < 2.2

AutAu @ 11 GeV (full event simulation and reconstruction)
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CLD and FXT operation at NICA
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MPD-CLD and MPD-FXT operation options

Collider mode: two beams, Vsyy =4-11 GeV 2 Xe+Xe/Bi+Bi at Vsyy ~ 7 GeV, ~ 50 Hz at start-up

Fixed-target mode: one beam + thin wire (~ 50 um) 2 Xe/Bi+W/Au at \/SNN ~ 3 GeV, ~ kHz at start-up

MPD strategy — high-luminosity scans in energy and system size to measure a wide variety of signals:

v’ order of the phase transition and search for the QCD critical point = structure of the QCD phase diagram
v hypernuclei and equation of state at high baryon densities = inner structure of compact stars, star mergers

Scans to be carried out using the same apparatus with all the advantages of collider experiments:
v/ maximum phase space, minimally biased acceptance, free of target parasitic effects

v’ correlated systematic effects for different systems and energies = simplified extraction of physical signals

B.I'. Ps6oB @ Cemunap OD®BD [MUAD, 27.05.2025

10



Trigger detectors

* FFD (Fast Forward Cherenkov Detector):

v' fast (~ 50 ps) event triggering = photons from n%’s
v' T, for time-of-flight measurements (TOF and ECAL)

1.9°<16]<7.3°

2 FFDg 2.7<|n| < 4.1
p w

FFDw 4.

il

[T - e e m l_.
.Ilr L =140 cm 1!’
TOF (In] < 1.5):  FHCAL (Forward Hadron Calorimeter):
v/ 280 fast signals for each MRPC chamber v Fast signals for event triggering
v" no online timing information v poor T, (~ I ns) and event z-vertex resolution

two FHCAL detectors
at 2<n| <5,
~ 1x1 m? each

Trigger system of the MPD is effective for different HI collision systems and energies
as well as for different operation modes (MPD-CLD vs. MPD-FXT)

B.I'. Psa6oB @ Cemmuuaap ODBD [MUAD, 27.05.2025 1




MPD magnet

Cryogenic platform

- .

¢ February: solenoid power cable thermal isolation inside of the Chimney

Strings for cryogenic pipes and cables hold

% Now: solenoid cooled down to the working temperature of 4.5 K, test current supply

Magnetic field mapper
Hall probe s Novosibirsk BINP magnetic field mapper
Pl o it 21 Onopa comummn || Alongradius (R) | Along azimuth angle (¢) | Along beam (z)
e [Stcp size, cm | 5 21 10

HE444 series 3D Analog Hall sensors

360°
Total length, cm 220 700
(1380 cm at max. R)

measurements

Single 3D Hall probe moves in 3 directions: z , R, ¢
Accuracy: 0.1 - 0.3 Gs

Number of points: ~ 210 (90 hours)

Fields to measure: 0.3 — 0.57 T (5-6 points)

Number of tunes per field: 5

Total time of measurements: ~ 3-4 months

B.T'. Ps6oB (@ Cemunap O®BD [TUAD, 27.05.2025

April: mapper delivery
to JINR and
installation of
stationary Hall probes
Summer: MF
measurements at 02-
055T
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Central barrel subsystems

ECAL TOF - ready

ECAL ~ 38400 towers (2400 modules)
produced by Tsinghua University, Shandong University, Fudan

University, South China University, Huzhou University and
- .. . o
b e e o e et cid JINR — production in IHEP (Protvino) and Tenzor (Dubna) All 28 El 100 A))dTOE mogulfs are aslslerpbled,
45 half-sectors to be ready by August, the rest depends on ESRLE B ready for 1nst'a gHoR
Spare modules in production

unpacked, sagita ~ 5 mm at full load,

rails for the TPC and TOF are installed WLS fiber supply from Tver

TPC — central tracking detector

24+ ROC ready; 100+ % FE cards manufactured
TPC gas volume assembly and HV/leakage tests — ongoing
TPC + ECAL cooling systems under commissioning

TPC mechanical body assembly June 2025

with ROCs, leak test and HV test

TPC installation to MPD and test Nov —Dec 2025

Starting detector commissioning in late 2025 remains the main priority

B.T'. Ps6oB (@ Cemunap O®BD [TUAD, 27.05.2025
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Test installation of FHCAL = autumn 2024

FHCAL provides triggering information, centrality and event plane

o

1
0.9
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Forward subsystems

- UrQMD, BiBi @ 9.2 GeV
2 s FHCal EP

= TPC EP

0:

L 1 1 1
o] 10 20 30 40 50 60 70 80

Centrality, %

| iﬁlatform,
(modules are equipped with FEE)

FFD - ready
i

Cherenkov modules of FFDE and FFDW, mechanics for

installation in container with beam pipe are available,
Long term tests with cosmic rays & laser ongoing

FFD provides triggering information, even z-vertex and
T, for timing measurements

2

19'<|8<73%
l FFD ¢ 27< || <4.1 FFD w
T I
l_l Au Au
B Be— ——
“. o - Yo
l L=140 cm
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Extension of the MPD project, 2026-2030

Cost estimation

Proposed schedule and resource request for the MPD Project

Cost

Cost/Resources,
5 (thousands distributi . . .
Expenditures, resources, istribution by years
P Sndiag courees ot US dollarsy | o~ Resources distribution by years
requirements | Year | year | year | year | year -
International cooperation 1000 200 | 200 | 200 | 200 | 200 Cost of the
Materials 23350 | 3700 | 5250 | 6500 | 5350 | 2550 main CostResources distributiom by years
- - The main systems, resources, funding | subsystems (kS)
Equipment, Third-party company =
S 6450 1100 | 1150 | 1850 | 1550 | 800 soUCes (k$) J
Commissioning 300 0 50 [ 100 | 100 [ 50 ly. | 2¥. Iy 4y [{2030
: (2026)] (2027) | (2028) | (2029} ] )
R&D contracts with other
research organizations 450 100 | 100 | 100 | 100 | 50 Trme Frﬂj:ctlﬂn. Chamber
: upgrade (TPC) 5250 | 700 | 1200 | 1650 | 1000 | 700
Software purchasing
Design/construction Upgrade of Ecal T00 200 | 200 100 100 | 100
Service costs (planned in case of 1000 200 | 200 | 200 | 200 | 200 Upgrade of FHCal 350 100 | 100 50 50 50
direct project affiliation) f - = = = U de of Fo | FFD 150 50 50 50 50 50
) Resources 3 5 Cryogenic and P
E'E EE - the amount of FTE, 625 125 | 125:] BE 1SS [AZS % | E [Supply systems of Magnet 3500 1100| 900 | 800 | 500 | 200
§5| 52  accelerator/installation. | 13720 | 2200 | 2880 |2880 | 2880 | 2880 g E
gE| @ g g |Upgnde of DAQ £50 150 | 150 | 200 200 | 150
- reactor,... =1
5| E |ifrastracturc of the MPD 900 | 250 | 250 [ 200 | 100 | 100
- B
& 5 = Second stage detectors
g s JINR budget (budget items) 33000 5400 | 7050 | 9050 | 7600 | 3900
5 2 Forward TOF 3770 420 | 750 1100 1100 | 400
- =
M - Forward Ttracker 13140 | 1350 | 2850 | 3650 | 3450 | 1840
b = Contributions by 500 100 | 100 | 100 | 100 | 100
S P wg | partners Inner Tracker (ITS) 4290 1270 | 1050 | 1200 T00 T0
£ g2y :
FSES Funds under contracts with e 33000 | 5590 | 7500 | 9000 | 7250 | 3660
2 | customers International Cooperation 825 165 | 165 165 165 | 165

Project Leader < / o adlorke N M.Golovatyuk

Laboratory Economisl\ - \\ V.V:Morozov
\\
\\ \
N

B.I'. Psa6oB @ Cemmuuaap ODBD [MUAD, 27.05.2025 15



Inner Tracking System — ITS

The ITS is the key to measuring the production of heavy-flavor hadrons

3 x OB layers
High resistant substrate

3 x IB layers

8 m?2active area
The complete structure of the 6-layer MPD-ITS detector,
from a single pixel to the inner and outer cylindrical layers

- first prototype of ALPIDE-like
MAPS (MICA) sensor developed
at CCNU and produced in China

- FPGA-based Readout System
and the Power Unit developed at
USTC for reading out the
“staves” comprising of MICA sensors of IB and OB - tests
at LHEP in 2025

- first porotypes of the GBT ASICs for the fast aggregation
of data and transfer via optical lines designed and
manufactured = lab tests ongoing in CCNU.

1) The TDR was finalized to build an ITS consisting of six cylindrical
layers of MAPS (Monolithic Active Pixel Sensors) around the

interaction region: 3 layers of inner barrel (IB) surrounded by 3 layers

of outer barrel (OB)

2) An agreement was reached with Chinese partners to jointly research,
develop and manufacture in China the missing components needed to
build the tracker and its readout system.

.= 6 layers in 2 barrels final conceptional design and its optimization- by 2024

D* and D° reconstruction using KF with TPC-TOF PID

D'— K+t +m"

, M(rnK): signal+background(100M)
10

M(D')=1.867+-0.001 GeV.

6(D")+0.015+-0.001 GeV.

TPC + TS-6-40
S/(B+5=95
S/B = 0.11

£=1.0%

14—
Eecileoiel Nl Ceisi 713 %
1.7 175 18 18 19 195 2 205 21
M(rrK), GeV

N, =19 000 mesons/month for D*
Np,= 3 200 mesons/month for D ©

Using the optimal BDT cut allows to reconstruct
D* and D° with an efficiency of 1.0% and 0.4%
respectively.

Courtesy of Prof. VKondratiev (SPbSL)

Do— K +m*

M(niK): signal+background(100M)

2

€ 650 e _______<
3 TPC + ITS-6-40
(8] S/{B+S =23
S/B =0.035

€= 04%

M(D°)=1.864.-0.002 GeV

600

M(rK), GeV

Particle D* DO
Efficiency, % 1.0 0.4
Significance 9.5 2.3
S/B(20) ratio  0.11  0.035

ard T T T U W [
17 175 18 18 19 195 2 205 21

MPD-ITS

D% and D* reconstruction using information from ITS+TPC+TOF subsystems

B.I'. Ps6oB @ Cemmuaap ODPBD [MUAD, 27.05.2025
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Rapidity scan with MPD at NICA

More detailed study of the QCD phase diagram by utilizing a three-dimensional scan

in collision energy, interacting system size, and particle rapidity

Motivation for Forward upgrade:

Full yields of (heavier) identified hadrons and light nuclei
with non-trivial rapidity dependence due to baryon
stopping, more detailed study of the “horn”, the “step”
effects for lighter hadrons

Two-particle correlation and multiparticle cumulant studies
with wider coverage in An

Directed and elliptic flow = tighter constraints on 1)/s

Search for CEP with event-by-event fluctuations of
conserved charges = higher sensitivity with wider rapidity
coverage

Hyperon global polarization vs rapidity = insights on the
origin of the global polarization signal, tighter constraints
for models

Extended forward rapidity coverage may be beneficial for
diffractive studies in proton-proton collisions, such as
instanton searches

Improved trigger efficiency, centrality and event plane
determination

... and more

V. Riabov, XV-th MPD Collaboration Meeting, April - 2025
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Resolution

/
0’0

\/
0.0

Two volumes (green and magenta) available for
the installation of forward tracker stations

Forward spectrometers — tracking

Pseudorapidity coverage of the forward spectrometer

Five tracking layers within z = 210-300 cm, 1% X, ~ 80 um spatial resolution

Tracking — ACTS package — experiment-independent high-level track reconstruction toolkit, including
seeding tools and combinatorial Kalman Filter for track finding and vertex reconstruction

Momentum resolution for pions (left) and protons (right) at different n
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Forward spectrometers — PID

% Last layer is a TOF detector built of MRPC chambers

End-cap TOF detector(s)

Each MRPC chamber contains 64 strips, which both-sides read-out
Each TOF ring contains 24 MRPCs = 6144 read-out channels in total
Same electronics based on NINO and HPTDC chips as in the basic TOF-MPD

End-cap TOF ring design based on a
trapezoidal MRPCs

% Reliable n/K/p separation vs. particle momentum for different rapidity ranges

08§
0.6
oal-L

o2

ol s i s 001 o (I 0 L 1

r = e AU R
0 0.5 1 1.5 2 25 3 3.5 4 0 0.5 1 1.5 2 25 3 35 4

(GeV) (GeV)

Puc Puc

Rather limited momentum resolution is compensated by a large path
length (~3m) - reasonable PID for charged hadrons

B.I'. Ps6oB @ Cemmuaap ODPBD [MUAD, 27.05.2025
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Funding

% Support program from Russian Ministry of Education and Science for NICA:

v Russian groups from subordinated organizations participating in NICA with signed MOUs

v' 200 MRUB (~2.2 M$) in 2024 for all NICA activities: MPD, BM@N, SPD, ARTADNA
collaborations, accelerator

v’ program has been extended to 2025-2026

v’ new participating institution are possible

% ~ 40 MRUB for MPD per year:

v’ supported organizations: MEPhI, St.Petersburg Polytechnic University, INR RAS, Belgorod
National Research University, North Ossetia State University

+* Problems:

v' KI, MSU, SPbSU, HSE University are excluded from the program (not subordinated
organizations)

v no funds for travel (shifts, etc.)

V. Riabov, XV-th MPD Collaboration Meeting, April - 2025 20



MPD physics program

% A comprehensive physics program: ions from p to Au and collision energies /Syy= 2.4-11 GeV

(. Feofilov, P. Parfenov V. Kolesnikov, Xianglei Zhu K. Mikhailov, A. Taranenko
Global observables Spectra of light flavor and CD;{ :i:::t?::snd
. Total event multiplicity hypernuclei .
. . Collective flow for hadrons
. Total event energy . Light flavor spectra - "
: S . « Vorticity, A polarization
» Centrality determination + Hyperons and hvpernuclei )
: T ; « E-by-E fluctuation of
» Total cross-section . Total particle yields and yield -
: multiplicity, momentum and
measurement ratios .
. . . conserved quantities
» Event plane measurement at || + Kinematic and chemical
L ) . Femtoscopy
all rapidities properties of the event F d-Backward
. Spectator measurement . Mapping QCD Phase Diag » rorward-backward cort.
' . Jet-like correlations
D. Peresunko, Chi Yang Wangmei Zha, A. Zinchenko
Electromagnetic probes Heavy flavor
« Electromagnetic calorimeter meas. . Study of open charm production
« Photons in ECAL and central barrel . Charmonium with ECAL and central barrel
. Low mass dilepton spectra in-medium . Charmed meson through secondary vertices in
modification of resonances and ITS and HF electrons

Explore production at charm threshold

intermediate mass region

B.T". Pa60B (@ Cemunap ODBO ITUAD, 27.05.2025



Collaboration papers

¢ Collaboration papers:

I.  Status and initial physics performance studies of the MPD experiment at NICA
Eur.Phys.J.A 58 (2022) 7, 140 (~ 50 pages)

by Europoan Physical Society

Hadrons and Nuclei

.....

formance studies of the MPD

II. MPD physics performance studies in Bi+Bi collisions at \/SNN =9.2 GeV
consolidation and publication of physics feasibility studies for BiBi@?9.2 GeV, 40+ pages

arXiv:2503.21117 [nucl-ex]

paper has been submitted to the journal, Revista Mexicana de Fisica
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Light identified hadrons

probe freeze-out conditions

radial flow and collective expansion

hadronization mechanisms, thermal models vs. coalescence

strangeness production, “horn” for K/mt, hidden strangeness with ¢(1020)
lifetime and properties of the late hadronic phase

fluctuation of net-baryon (proton) and net-strangeness (kaon) numbers

parton energy loss
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Charged hadrons, Bi + Bi @ 9.2 GeV

% Charged hadrons: large and uniform acceptance + excellent PID capabilities of TPC and TOF
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MPD simulations
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Cover (py- rapidity) phase space corresponding to ~ 70% of n/K/p total production

Cover py range that corresponds to > 90% of /K/p total production at midrapidity = small unc. for dN/dy

Wide p coverage for combined Blast-Wave fits = B, T,;,

B.T". Ps6oB @ Cemunap O®PBD [TUAD, 27.05.2025
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Neutral identified hadrons, Bi + Bi @ 9.2 GeV

% Neutral mesons:
v 19/m > vy, 1% > y(ete), n%m — (efe)(ete); K, = 110 ;s 0 - ¥y, o/ - 1t )’ o> et

¢ Photons: ECAL reconstruction + photon conversion method (PCM)
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Extended p, ranges compared to charged particle measurements

Different systematics and species (masses, quark contents)

% ... and event baryons: X — Ay, 20— A(e'e’), T — pn®
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Hadronic resonances

% Resonances probe reaction dynamics and particle production mechanisms vs. system size and V SNN'
v’ strangeness production, lifetime and properties of the hadronic phase, spin alignment of vector mesons, flow etc.

increasing lifetime ——
p(770) | K'(892) | ¥(1385) | A(1520) | E(1530) | ¢(1020)
¢t (fm/c) 1.3 42 5.5 12.7 21.7 46.2

Orescatt GnOn GnOK OnOA GKOp Gn0= GKOK

% Properties of the hadronic phase are studied by measuring ratios of resonance yields to yields of long-
lived particles with same/similar quark contents: p/n, K*/K, ¢/K, A*/A, T**/E and E*/=
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¢ Suppression of the ratios for shorter-lived resonances is explained by the existence of a hadronic
phase that lives long enough (up to T ~ 10 fm/c) to cause a significant reduction of the reconstructed
yields = present at NICA confirmed by measurements and transport model (UrQMD) calculations

Precise measurements at NICA are needed to validate description of the hadronic phase in models

B.I'. Ps6oB @ Cemunap OO®BD I[MUAD, 27.05.202 26



Hadronic resonances, Bi + Bl @ 9.2 GeV

% PID capabilities of TPC and TOF + topology selections for weak decays of daughters (K, A)
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A wide variety of resonances is constructible, p(770), K*(892), ¢(1020), X(1385), A(1520)
Measurements are possible starting from ~ zero momentum - sample most of the yields

Angular dependent measurements with larger statistics = spin alignment, collective flow

B.I'. Ps6oB @ Cemunrap ODPBD [MUAD, 27.05.2025
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(Multi)strange baryons
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Strangeness production

% Small hadronic cross-sections
—> sensitivity to early stages of medium dynamics

% Yields of strange hadrons (low py)
—> strangeness enhancement, proposed as a signature of QGP since 80’s, now described by statistical/thermal models
—> information about chemical freeze-out parameters
—> near or sub-threshold production

wimary — SMASH
—- UrOMD'
uramp*

e
e
. LN
» Pk AusAu, 0-10% 70
axc GBS 4
g z
L B
2 3 5 10 20

Collision Energy |s,, (GeV)

Yields Ratios

107'¢

- STAR preliminary

Central Collisions

e
g™
F xéE'EL ) I
D erabasmnnenet
i g P e
[yt
L K3/A Alp E7A (Mid-rapidity)
- ® ® = This analysis £iEz
E ¥ © OPublisheddata | & 3¢
- oce j il
CEr=(29,39)0m | ¢ g;
E L L N | i = o
2 3 5 10

30
Collision Energy \f_ (GeV)

Hyperon-to-meson ratios vs. py (intermediate py)

In(B/B) = —2up/Ten + ps/TenAS.

[ STAR Preliminary

sy (GeV) =
030120005 1
2200l 9.6

In(B/B)

©
©
oF
@
®»
-

—> hadronization with parton coalescence, freeze-out conditions

0=
= s

= i ==

E=—C- == —

I Vs =77 GeV

F 9.2 GeV

« Au+Au (40-60%)

(

m Au+Au (20- 30° )
(

v Au+Au (60-80%)

H + * Au+Au (0-10%)

STAR Preliminary

0.5 mremee ey -
® AutAu19.8 GeV (0-10%) Il
& Au+Au 14.6 GaV (0-10%) 1
0450 + Aush HSGEVEG 10%{ n 1 =
» Au+hu 9.2 GeV (0-10%] |
. AT GV B0 |
_ 0.4f ]
M §
0.35] "o U u
S o3 n e
£ i
K_:'.*U.ZS TAR Preliminary =
< | H
Z 02 =
0.15 tl L
| 0.1 i"ii
005 %

2 3 4
P, (GeV/e)

PV YN PPN PPN FYVIY PRV Y PO POV,
0 05 1 15 2 25 3 35 4 45
p, (GeVic)

B.T". Ps6oB @ Cemunap O®PBD [TUAD, 27.05.2025

STAR Collaboration. Phys. Rev. C 96 (2017) 044904, 2017; Phys. Rev. € 102, 034000 (2020);

HADES Collaboration.
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Hyperons, Bi + Bi @ 9.2 GeV

¢ PID capabilities of TPC and TOF + topology selections
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- different background estimates (fit function vs mixed-event), testing alternative Machine Learning techniques
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MPD has capabilities to measure production of strange
charged/neutral kaons, (multi)strange baryons and resonances in pp,
p-A and A-A collisions using h-ID in the TPC&TOF and different
decay topology selections

B.T". Ps6oB @ Cemunap O®PBD [TUAD, 27.05.2025
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Hyperon global polarization

% Global polarization of hyperons experimentally observed, decreases with \/Syy
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s MPD performance: BiBi@?9.2 GeV (PHSD, 15 M events) = full reconstruction = A global polarization

Performance study of the hyperon global polarization measurements with MPD at NICA, Eur.Phys.J.A 60 (2024) 4, 85
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MPD: first global polarization measurements for A/A will be possible with ~20M data sampled events
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Polarization of vector mesons: K*(892) and ¢

Non-central heavy-ion collisions:

<

K*?meson

= Nuclear

— \ % Fragments
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dcosf

= No[1 — pg + cos?6(3po — 1)]

Po,o 18 a probability for vector meson to be in spin
state = 0 — pg o = 1/3 corresponds to no spin alignment
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The large py, puzzle

Physics Mechanisms {Poo)
cx: Quark coalescence <1/3
vorticity & magnetic field | (Negative ~ 10°%)
¢.: E-comp. of Vorticity <1/3
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¢ Electric field! >1/3
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¢ Fragmentationt®! > o5, <1/3

' (~107)
¢,: Local spin

alignments¥ <173
cx: Turbulent color field!s! <1/3

¥ >1/3
€t Vector meson strong (Can accommodate

force field!®

large positive signal)

¢g: Glasma fields + effective

potential

could be significant
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STAR, Nature 614 244 (2023)
rong force

Nature 614 244 (2023)

[ ¢ exhibits surprisingly large global spin alignment while K* displays little. |

Aihong Tang. QuarkMatter 2023, Houston,
Sept 3-9

18

% Measurements at RHIC/LHC challenge theoretical understanding — p,, can depend on multiple physics
mechanisms (vorticity, magnetic field, hadronization scenarios, lifetimes and masses of the particles ...)

¢ Measurements should be extended to lower collision energies

B.T". Ps6oB @ Cemunap ODPBI [TUAD, 27.05.2025
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(Hyper)nuclei

Production mechanism usually described with two classes of phenomenological models :
v'  statistical hadronization (SHM) > production during phase transition, dN/dy « exp(-m/T,.,, ) [1]
v' coalescence = (anti)nucleons close in phase space (Ap < p,) and matching the spin state form a nucleus [2]

Hyper nuclei measurement studies are crucial:

v microscopic production mechanism, Y-N potential, strange sector of nuclear EoS
v’ strong implications for astronuclear physics = hyperons expected to exist in the inner core of neutron stars

Models predict enhanced hypernuclear production at NICA energies—> offers great opportunity for
hypernuclei measurements in MPD, double hypernuclei may be reachable

Observables of interest: binding energies, lifetimes, branching ratios, <p>, dN/dy
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Light nuclei in the MPD

% MPD has excellent light fragment identification capabilities in a wide rapidity range

dE/dx vs momentum in TPC m? vs. momentum in TOF

60

dE/dx (keV/cm)

04 06 ' E ===
0.5 1 1.5 2 2.5

p/q (GeV/c)

p/q (GeV/c)

¢ Light nuclei reconstruction, Bi + Bi @ 9.2 GeV (PHQMD)

o
< 'YF  MPDsimulations = Reco 3 1°E  PD simulations
> F R _ = r
8 ; Bi+Bi, VS = 9.2GeV, |y|<0.2,d MC o 102 Bi+Bi, {_SNN =9.2GeV, 0 -20%
= g --- Blast-Wave E
=, E - E
';._ E 10E
B_10E F
S E 15_
=z H F
107 10"
S £
= a r 102
107 e 8
F = 0-10% = 10 -20% 20 -30% 100
o4l " 30 -40% = 40 -B0% F
E P S S S E U S BRI N T R
0 0.5 1 15 2 25
= (GeV/c) y

s NICA accelerator can deliver different ion beam species and energies = input to the heavy-ion
data base for applied and space research to simulate damage from cosmic rays to astronauts,

electronics, and spacecraft
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MPD performance for hypenuclei

% Mass production 29 (PHQMD, BiBi@9.2 GeV, 40M events)

=
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2- and 3-prong decay modes were studied
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separately to estimate systematics
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AH? reconstruction with ~ 50M samples events
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Heavier hypernuclei

o

=

=
[

- AHe—’He+p+m ¢ Mass = 3.9257
150} Sigma = 0.0022
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S/YS+B = 14.5
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Eff. =4.1%

100

Entries / (2 MeV!c::)
Entries / (2 MeV/cZ)

500

9

bt sd ot 4
. Mﬁ%

L L 1 L 1L 1 L L 1 { 1 L 1 | 1 L
3.05 4 g5 3.9 3.05 4 3.05
M, ., GeV/c? M, ., GeV/c?
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50

s PHQMD events enhanced with hypernuclei signals with the correct (n-p;) phase space distribution

AH4, \He* reconstruction with ~ 150M samples events
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Anisotropic flow at RHIC/LHC

¢ Initial eccentricity and its fluctuations drive momentum anisotropy v, with specific viscous modulation

Spatial anisotropy of the nuclear overlap region

=

Azimuthal distribution of produced particles wrt to reaction plane (¥,)

Non-central
collision z

€n X Uy

e
1 ‘; i P
£

o \/{r"cosn¢)+(r”sinn¢:)

r)

n=2 n=3
dN

n=4

P (1+2;vn cos[n(¢—‘l’n)]j

Anisotropic flow: v,, = (cos[n(@ — ¥,)])

¢ Evidence for a dense perfect liquid found at RHIC/LHC (M. Roirdan et al., Scientific American, 2006)
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Gale, Jeon et al., Phys. Rev. Lett. 110, 012302

Phys. Rev. Lett. 122 (2019) 172301

System size scan (p-A, A-A) is an important ingredient:
initial geometry = flow harmonics 2> g (T, ﬂ),§ (T,w), cs(T), a,(T), etc.
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0.3 —

Anisotropic flow at RHIC — partonic?

Au+Au \|s, =200 GeV

= PHENIX
®- T+
T m- KK :

( Phys.Rev.Lett.91, Preliminary: QMO05, GRC 06 )
min.bias, 0-10%.,10-20%,20-30%,30-40%.40-50%,20-60%
min.bias, 0-10%.,10-20%,20-30%,30-40%.40-50%,20-60%

min.bias, 0-10%,10-20%,20-30%,30-40%.,40-50%,20-60%
min.bias, 10-50%
20-60%

(Phys. Rev. Lett. 92.Phys. Rev. C 72 (2005), Preliminary QMO05, SQMO06)
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Elliptic flow from STAR BES program - 1

int
2

(v 2/ Ng)/V

STAR , Phys Rev C93, 14907 (2016)
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Elliptic flow from STAR BES program - 11

Li-Ke Liu (CCNU), STAR Collaboration, CPOD 2024
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At \/sNN energies > 5-7 GeV, data follows NCQ scaling, indicating partonic collectivity (?)
NCQ scaling for v, breaks completely at \/sNN <3.5 GeV
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Anisotropic flow in HICs at high baryon density

M. Abdallah et al. STAR, Phys. Lett. B 827, 137003 (2022)
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Phys. Rev. C 97, 064913 (2018)
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Anisotropic flow at NICA energies is a delicate balance between:
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- reaction to pressure gradients developed early in the reaction zone (tx, = R/cs,¢s = ¢y/dp/de)

- passage time for removal of the shadowing by spectators (t,4ss = 2R/VcmPBem)
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NCQ scaling: hybrid models
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£ 4

» NCQ scaling holds for hybrid models well
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» Hybrid models with QGP phase are used for BES energy range (1/syy = 7.7 — 200
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NCQ scaling: cascade models

STAR Collaboration, arxiv.org/abs/2007.14005
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KEr/ng scaling at 4.5 GeV might be accidental — more detailed studies needed



MPD performance for v,, v, of ©/K/p

% BiBi@9.2 GeV (UrQMD, 50M), full event reconstruction

UrQMD, Bi+Bi, \/Syx=9.2, 10-40%, reconstructed (GEANT4) — production 25
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rapidity
% Reconstructed and generated v, and v, for identified hadrons are in good agreement for all methods

MPD has capabilities to measure different flow harmonics for a wide variety of identified hadrons

System size scan for flow measurements is vital for understanding of the medium transport
properties and onset of the phase transition
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% BiBi@9.2 GeV (PHSD, 15M), full event reconstruction

Differential flow can be defined using the following fit: 350
NB (M) 300F 5/B =8.76
SB ) B inv
v, (m; =P + v, (m; eff. = 54.84 [%
n ( inv ) n NSB (minv) n( mv) NSB (minv) :zz _
« v - signal anisotropic flow (set as a parameter in the fit) 150
100
« vB(m,;,,) - background flow (set as polynomial function) 50

¢ Performance of v, and v, of A hyperons:

—

MPD performance for v, v, of V0 particles
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¢ Good performance for v, v, using invariant mass fit and event plane methods

¢ Similar measurements for Ks, other hyperons and short-lived resonances
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Electromagnetic radiation
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Direct photons and system temperature

All photons not from the hadron decays:

v produced during all stages of the collision — penetrating probe

* Thermal low-E photons = effective temperature of the system:

&N,

3 B v/ Teff
d3p,

. Prompt higher—pT photons:

=D fi(=,Q

ik

)@z, QIODa. @) x /) n

clp

p;(GeV/c)

‘ hard scattering

— Jet fragmentation
- jet-photon conversion

— (thermal?) radiation from HG

(thermal?) radiation from QGP

adron

decay

time

* Relativistic A+A colhs1ons - the hlghest temperature created in laboratory ~ 1012 K

A medium of ~ 200 MeV 1s 100 000 times hotter !!!

T;>> T, ~ 160 MeV predicted by LQCD
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:? | Pb-Pb {5, = 2.76 TeV 3’ :
3 10k ] 0-20% ALICE — PDF: CTEQBMS, FF: GRV = 2 [elA
) o (+20-40% ALICE -~ (n)PDF: CTEQ6.1WEPS0, g % 0-20%Pb-Pb (5., =2.76 TeV 3
. %’ng % '+ 40-80% ALICE  FF:BFG2 > — Aexp(-p/ T i
Sl F B JETPHOX Z»‘ e Ton =304 £ 1159 £ 40" MeV -
% [B 10 K POF: CT10, FF: BFG2 %[O 1k PHENIX
Q RS, nPDF: EPS08, FF: BFG2 Q 0-20% Au-Au s, = 0.2 TeV
zz ,‘,[ i \ (all scaled by N} Z?; — Aexp(-p /Ty 1
- f N i . T, =239+ 25% + 7% MoV
gt 3 8107 =
& 10 t 3 S 10E E
R L
10°% 4,
. 102E
10 JF .
1074 .
!’ 10
10°
L.
i [ 107E 3
10 E
0% DO PO e e
0 2 4 6 8 10 12 _ 14
P, (GeVic) Py (GeV/c)
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Direct photon yields at NICA

Estimation of the direct photon yields @NICA
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EoS, hadronic rescattering and resonances within UrQMD) Ng 10
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- Tis high — QGP phase (Peter Arnold, Guy D. Moore, 1ok
Laurence G. Yaffe, JHEP 0112:009 2001) E‘: 10
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¢ Non-zero direct photon yields are predicted with Ry ~ 1.05 — 1.15 and v2 ~
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URQMD, Au-Au events, fn,|<1
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Prospects for the MPD

¢ Photons can be measured in the ECAL or in the tracking system as e"e” conversion pairs (PCM)
beam pipe (0.3% X,) + inner TPC vessels (2.4% X))

o {gETTTTTTT T T T I I > 102 PRIy
o T
o = m ECAL E =
% 1:: —-— E 09;E e ++iii_
3 R E F — T~ FYRT+
5 100 B S e 4 098 —— -~ f
= F - FE — -
S 8 = 0975 . — -y
§ 8: —e—1| E — JrJF_‘—‘FM{»+
Collision Vertex 6 —e—e— = 0.96
[ oo 7 F .
Beam Pipe 4 — 0.95;- ———  purity in 40-60% centrality
2:_ _: 0.94— ———  purity in 20-40% centrality
Snnllnnnlnnnlinnnlnnn(nonloonfinonlnnnlionlens oS 093k ¥ purity in 0-20% centrality
OO 02040608 112141618 2 2224 F | | | | |
p, (GeV/c) 09 —"02 04 06 08 1 12 14

P, (GeV/c)

% Main sources of systematic uncertainties for direct photons = potential yield measurements:

v" detector material budget - conversion probability; p;-shapes and reconstruction efficiencies of n° and n
v' with Ry ~ 1.1 and 8Ry/Ry ~ 3% -> uncertainty of T,;~ 10%

s Measurement of Bose-Einstein correlations for direct photons:

CF Hydro calculations including QGP phase transition: Hyd lculations includi had g . . .
" \ - ! )" -m| l:la .ﬂ‘j a Ions‘ Inc.u‘ IIBI'IE ats d‘F‘UEE\S:‘f rHa?sll‘ ,ton ] . y! ‘ru cal| cu‘ a‘tfn‘n‘s |nf u ‘ |n§ pl.:re : :'-.‘1 ‘ron‘ ga‘s - \/ Correlatlon fllnctlon are dlfferent
. K zig model EoS: full evolution | £ i Hfdron gzrxns Eos 4 .
o ke~ 038 Gevic s K om0 evie for QGP and HG scenario, the
> [ = & . 9o = .
— T 1 _ e : presence of the mixed phase
1 )\V(‘” ;,:mr«“,} \,xpv;,mn 5 fong — 13— - —: A i . .
e NGl : L g ASRCR) il causes increasing of the lifetime
T . - ", E - v Possibility to extract yields of
q 7 i e Y direct photons at low p:
"d'zS(z, K) €17 : Liln Ll L ok L 1 0j 0.02 0114 D‘UG uc‘]a 0|1 0‘127”(;%4'; ‘
Oy(q. K) ~ 1 | / fll';/‘j-m,,l_ fau 0 T AT o o g, GeVic | A."\-":lil‘ 2 L,-\.-'Hillf' |
Kinematics variables: » Assuming gaussian source with radius R, C, « (,aretaken at a given mean transverse N S R. = ) —
«  Relative momentum of the pair: ¢ = p, — p» might be described as momentum of a pair i 1 9 ;N'rﬂ]““ 7 F\.-',‘l“‘ ay Thes m
« Mean pair momentum: K %w. +pa) CQ (q) = /\ (\Xp(fquQ) [\T‘ = §(p|'|' -+ pz.l) f i §

MPD can potentially provide measurements for direct photon production in the NICA energy range
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Summary

% NICA energy range > QCD phase diagram at modest temperatures and maximum (net)baryon densities

¢ Preparation of the MPD detector and experimental program is ongoing, develop realistic analysis
methods and techniques = MPD commissioning with beams in 2025

% A comprehensive physics program to be studied for different ions (from p to Au) and collision energies
(v/Syy from 2.4 to 11A GeV), MPD@NICA provides capabilities for important/unique contributions in
HIC physics
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Hydrodynamic model

« Calculations were done using UrQMD hydro model

» We consider two scenarios of hydrodynamic evolution:

« Thermalized hot dense nuclear matter with a first-order phase transition from
QGP to hadronic phase Bag model EoS

« Hadron gas including the same degrees of freedom as UrQMD (hadrons with
masses up to 2.2 GeV) HG EoS

* We used out-side-long parametrization of relative momentum (and
corresponding observables):

- out - direction along the transverse momentum
+ long - along the longitudinal momentum
» side - perpendicular to previous directions

0 _ q * K 2. 2
qoz(qJ_fKJ_)/K_L, q = KO Rs_<xs>
2 2 Ri=<(x,—B,t)>

= (q" = K" =0 =% g .=|q, —(q, K )K./K]|. == . el
4" =(q . 9o-4s-q1).  both photons are on 0 2

massF;heII 9= 9z RL_ <(xl_ﬁr_,t) i
« For each cell in hydro calculations emission rates of thermal photons are calculate

according to functions from previous slide:

K*=(K", K,.0,K%),

+ estimation of thermal photon yields for given p; (K7;) and @ in lab system

integration over all cells and evolution time
21 January 2025 Direct Photons | Cross-PWG MPD 18
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Dielectron continuum and LVMs

* The QCD matter produced in A-A interactions is transparent for leptons, once produced they leave the
interaction region largely unaffected + not sensitive to collective expansion

* Dielectron continuum carries a wealth of information about reaction dynamics and medium properties

10

10

10

10

10

Low-mass region:
* CSR

e In-medium modification of LVM

* HG thermal radiation

Intermediate mass region:
, @ * Charm in-medium modification
* QGP thermal radiation

%

* cr suppressi

? * Drell-Yan
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LMR as chronometer
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Integrated thermal excess radiation
tracks the total fireball lifetime within ~ 10% -
non-monotonous lifetime variations trace critical phenomena
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IMR as thermometer

Central AA Collisions
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T, smoothly evolves T = 160 MeV to 260 MeV
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e-1D with MPD

% elD with TPC + TOF

n-o dE/dx distribution for tracks

0.4
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0.

S .
0.5 1 1.5 2 2.5
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n-sigma dE/dx parameterization n-sigma B-TOF parameterization matched to TOF and identified as electrons
_ _ @ 1.1 g
g f |
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2 09 | = - :
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o J =10 E o r
= e = - u
8 08 f -
el 0.5 = r
Im - I z
E 10 ~
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¢ eID with ECAL: steps in at higher energies where TPC/TOF become less effective

E/p for electron tracks

’ ‘ii__ !:m?
: : B e ECAL e-ID for 2c-matched tracks:
ok | sy B v TOF <2 ns (5 ~ 500 ps)
£ Er v Efp~1
N3 : I e Turns on at p; > 200 MeV/c

2
P {Gavie)

B.I'. Ps6oB @ Cemunap OD®BD [MUAD, 27.05.2025 56



% Dielectron spectra are sensitive probes of the deconfinement and the chiral symmetry restoration
* AuAu@l11 GeV (UrQMD for background & PHQMD for signal)
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