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Relativistic heavy-ion collisions o000 oo st f st o e

HADRON QGP for the quark-gluon plasma (QGP)

L o RHIC LHC 2005s — QGP formation wasj opserved at RHIC and it
e ~5 ) GaV et behaves as almost perfect liquid

2005-2010s — LQCD predicts crossover phase transition

at top RHIC and LHC (high T, ug = 0)

Since 2010s — Beam energy scans to study QCD phase
diagram: search for the 1st order phase transition and
Le P o CEP at Intermediate T, high ug

4
RHIC-BES """ Quark-Gluon »,
Critical { ] Plasma Ao e
point? SPS » > X

QGP is produced in high energy collisions
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Temperature T [MeV]

o =¥ 0’ Relativistic heavy-ion collisions allows us to study QCD phase diagram

» High beam energies (/syy>100 GeV):
Nuclotron-M . High T, ug = 0
598{”@“( phase 4 * Evolution of the early Universe
sm\-:::)r i » Low beam energies (2.4<,/syy<11 GeV):
stars  conductor * Intermediate T, high ug

* Inner structure of the compact stars, neutron

paryon density n/ no star mergers

No=0.16 fm—3

Compact Stars
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NICA Project at JINR A
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Nuclotron

BM@N (Detector)
Extracted beam

» Megascience project in Russia, which is approaching its full commissioning:
» Baryonic Matter at Nuclotron (BM@N) - fixed-target experiment, first physics run Xe+Csl 2022-2023
» Multi-Purpose Detector (MPD) — start of operation in 2025-2026

» Spin Physics Detector (SPD) — operating on polarized deuterons later on
22.10.2024 ICPPA-2024



MPD experiment at NICA

Main subsystems at Stage-I:

TPC (|n] < 1.6): charged particle tracking + momentum reconstruction +
dE/dx identification

TOF (|n| < 1.4): charged particle identification

ECal (2.9 < |n| < 1.4): energy and PID for y/e®

FHCal (2 < |n| < 5)and FFD (2.9 < |n| < 3.3): event triggering + event

geometry
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E ] O - . \e/Dl ~
108 ~Franely ;{ ~ 01713’6”8”“ STAR@RHIC — NN
= | g 3
105 / I Beam energy overlap: HADES, STAR BES, NA61/SHINE and future CBM
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Collision energy \sy, [GeV]
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MPD subsystem status (I)

Solenoid Magnet and cryogenics

TPC — Time Projection Chamber

 TPC cylinders, central membrane, service
wheels, rails, readout chambers, gas system —

ready; TPC gas volume assembly and

* Test cooling performed to 70°K in March 2024 HV/leakage tests — ongoing

* Start of cooling to LHe and magnetic field * TPC+ ECAL cooling systems commissioned in
measurements in the second half of the 2024 early 2025

* Magnetic field mapper 1s ready
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MPD subsystem status (Il)

Support structure ECAL — Electromagnetic Calorimeter

Produced in consortium with institutes in China

1200 modules
produced by JINR

Chinese universities involved
400 modules / in the calorimeter project
in production at JINR K
800 modules
produced by China
38,400 channels s

2,400 modules in tofal, about 70,000 kg 4 . N |
50 slots for ECal baskets, pa 8 1200 HV boards

25 on each side produced by China

Carbon fiber support frame delivered * 2000 (83%) of the calorimeter modules will be ready in 2024
and ready to use * The remaining 400 (17%) modules will be produced by the April 2025

22.10.2024 ICPPA-2024 6



MPD subsystem status (I

TOF — Time of Flight FHCal — Forward Hadron Calorimeter FFD — Fast Forward Detector

YiZ?” I§
AL ||y
yagen || \\ ‘I
a i

1

All systems (TOF, FHCal, FFD) are fully produced and ready for installation
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Multi-Purpose Detector (MPD) Collaboration

' >3

12 Countries, >500 patrticipants, 38 Institutes and JINR

Joint Institute for Nuclear Research, Dubna;
A.Alikhanyan National Lab of Armenia, Yerevan, Armenia;

SSI “Joint Institute for Energy and Nuclear Research — Sosny” of the National

Academy of Sciences of Belarus, Minsk, Belarus

University of Plovdiv, Bulgaria;

Tsinghua University, Beijing, China;

University of Science and Technology of China, Hefei, China;
Huzhou University, Huzhou, China;

Institute of Nuclear and Applied Physics, CAS, Shanghai, China;
Central China Normal University, China;

Shandong University, Shandong, China;

University of Chinese Academy of Sciences, Beijing, China;
University of South China, China;

Three Gorges University, China;

Institute of Modern Physics of CAS, Lanzhou, China;

Tbilisi State University, Tbilisi, Georgia;

Institute of Physics and Technology, Almaty, Kazakhstan;
Benemérita Universidad Autonoma de Puebla, Mexico;
Centro de Investigacion y de Estudios Avanzados, Mexico;
Instituto de Ciencias Nucleares, UNAM, Mexico;
Universidad Auténoma de Sinaloa, Mexico;

Universidad de Colima, Mexico;

Universidad de Sonora, Mexico;

Universidad Michoacana de San Nicolds de Hidalgo, Mexico
Institute of Applied Physics, Chisinev, Moldova;

Institute of Physics and Technology, Mongolia;

22.10.2024

Yoke ECal TOF.

ICPPA-2024

MPD International Collaboration was established in 2018
to construct, commission and operate the detector

Acting Spokesperson:

Organization
Victor Riabov

Deputy Spokespersons: Zebo Tang, Arkadiy Taranenko

SC Call
TPC  Cryostat

Institutional Board Chair:  Alejandro Ayala
Project Manager:

Slava Golovatyuk
https://mpd.jinr.ru/

Belgorod National Research University, Russia;

Institute for Nuclear Research of the RAS, Moscow, Russia;
High School of Economics University, Moscow, Russia
National Research Nuclear University MEPhI, Moscow, Russia;
Moscow Institute of Science and Technology, Russia;

North Osetian State University, Russia;

National Research Center "Kurchatov Institute", Russia;
Peter the Great St. Petersburg Polytechnic University Saint
Petersburg, Russia;

Plekhanov Russian University of Economics, Moscow, Russia;
St.Petersburg State University, Russia;

Skobeltsyn Institute of Nuclear Physics, Moscow, Russia;
Petersburg Nuclear Physics Institute, Gatchina, Russia;

Vinca Institute of Nuclear Sciences, Serbia;

Pavol Jozef Safdrik University, Kosice, Slovakia
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MPD publications, conferences and workshops

< International Workshop on physics performance studies at NICA [FULANRSILER SR L IRU O T IR (009 E 011

Qingdao, China 2024.9.9-9.12

v" http://indico.oris.mephi.ru/event/301

v" 5 workshops since 2019

2nd China-Russia Joint Workshop on NICA Facility
indico.jinr.ru/event/4642

B Status and initial physics performance studies

Hadrons and Nuclei

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

22.10.2024 ICPPA-2024


http://indico.oris.mephi.ru/event/301

MPD-related talks and posters at ICPPA-ZOZ/

4

22.10.2024 - posters: )

1.  G.Fomenko, Background rejection in ECal detector MPD experiment cosmic test data Cm

2. P. Gordeev, Particle identification in MPD at NICA using machine learning I

3.  P.Bahtin, Parameterization of SiPM signals of MPD/ECal \
25.10.2024 - Parallel talks:

1.  A.Taranenko, Study of the beam energy dependence of anisotropic flow using the scaling relations
2. 0. Golosov, Performance for anisotropic flow measurement of inclusive photons and neutral pions in Bi+Bi collisions at 9.2
GeV with the MPD experiment

3. M. Mamaeyv, The first results for directed flow of protons in Xe+Cs collisions at Ekin=3.8A GeV in the BM@N experiment

4. V. Kireyeyu, Probing the nuclear matter equation of state with light nuclei

5. V. Troshin, Anisotropic flow measurements of A hyperons: performance study for MPD and BM@N experiments at NICA
energies

6. Y. Wang, Reconstruction of photons and neutral mesons in heavy-ion collisions with MPD at NICA

7.  D. Suvarieva, A Monte Carlo study of the MPD performance for hyperon selection using machine learning techniques

8.  G. Feofilov, Challenges for next generation of vertex detectors for collider experiments

9. M. Martemianov, Simulation of the total MPD/ECAL setup for cosmic ray calibration

10. V. Riabov, Performance of the trigger system of the MPD experiment

11. A. Ayala, Recent progress in heavy-ion physics: A theoretical review

12. V. Kuzmin, Misalignment influence on the track reconstruction in the MPD TPC

13. F.Ghazzawi, Evaluating ML-Accelerated Simulations of the Time Projection Chamber for the MPD Experiment




MPD physics program

V. Kolesnikov, Xianglei Zhu

G. Feofilov, P. Parfenov

Global observables
Total event multiplicity
Total event energy
Centrality determination
Total cross-section
measurement
Event plane measurement at
all rapidities
Spectator measurement

Spectra of light flavor and
hypernuclei

Light flavor spectra

Hyperons and hypernuclei

Total particle yields and yield

ratios

Kinematic and chemical

properties of the event

Mapping QCD Phase Diag.

K. Mikhailov, A. Taranenko

Correlations and
Fluctuations
« Collective flow for hadrons
« Vorticity, A polarization
« E-by-E fluctuation of
multiplicity, momentum and
conserved quantities
« Femtoscopy
. Forward-Backward corr.
« Jet-like correlations

D. Peresunko, Chi Yang

22.10.2024

Electromagnetic probes

. Electromagnetic calorimeter meas.

« Photons in ECAL and central barrel

« Low mass dilepton spectra in-medium
modification of resonances and

intermediate mass region

Wangmei Zha, A. Zinchenko

Heavy flavor

« Study of open charm production

« Charmonium with ECAL and central barrel

« Charmed meson through secondary vertices in
ITS and HF electrons

« Explore production at charm threshold

ICPPA-2024
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Charged identified hadron production

Phys.Rev.C 96 (2017) 4, 044904
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* Probe freeze-out conditions, collective expansion, hadronization mechanisms, strangeness
production, parton energy loss, etc. with particles of different masses, quark contents/counts -
requirements on MPD acceptance and PID capabilities

* Charged hadrons: large (~70% of /K/p) and uniform acceptance + excellent PID capabilities of TPC
and TOF from p;~0.1 GeV/c

22.10.2024

ICPPA-2024

pr, GeV/c
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Neutral identified hadron production

O L MPD simulations
> e R
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£ MPD simulations
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0-92%, mn-v+y

generated

B reconstructed

* MPD will be able to measure differential production spectra, integrated yields and {(p;), particle
ratios, multiplicity distributions for a variety of identified hadrons (, K, n, w, p, ...)

* Neutral mesons (7°, K5, n, w,n’') : ECAL reconstruction + photon conversion method (PCM)

* Will be helpful to extend p ranges of charged particle measurements and assess systematics

22.10.2024

ICPPA-2024
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Hyperon productio
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* Strangeness enhancement is considered to be a signature of the QGP formation with no consensus on the
dominant mechanisms of strangeness enhancement — precise measurements are needed in pp, pA, AA

» Strange baryons can be reconstructed with a good level of significance (S/B ratios) with PID using TPC+TOF and
different topology selections

22.10.2024 ICPPA-2024 14
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Global polarization of A hyperons P,

dN
Can be defined as: =(1 + ap|P,| cos .
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P, [%]

Global polarization P, in MPD

Performance study of the hyperon global polarization measurements with MPD at NICA, Eur.Phys.J.A 60 (2024) 4, 85
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Good performance of MPD for P, measurements
More statistics needed for differential (pr,m) measurements and other hyperons

First results are to be expected at ~100M events
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Resonance production in MPD
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Short-lived resonances are sensitive to rescattering
and regeneration in the hadronic phase

Most realistic approach to data analysis, centrality
dependence

MPD is capable of resonance reconstruction using
TPC and TOF for PID and selection based on the
topology of the decay

First measurements are feasable with 10M events

17



_Anisotropic flow of identified charged hadrons
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T P PO TR PO TUUTE [T P P PR P PR | T TS T T P P L Un = <COS[TL(¢ — LPRP)])

rapidity

See A. Taranenko’s talk
Good performance for flow measurements for all methods used (EP, SP, Q-cumulants)
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Anisotropic flow of VO particles

Differential flow can be defined using the following fit:

N B (minv)
NSB (Miny)

+ vrli (minv)

inv)

where:

v5, - signal anisotropic flow (set as a parameter in the fit)

vE(m;,,,,) - background flow (set as polynomial function)

N38(m;,,,) - m;,,, distribution (signal + background)
N3 (my,,,) - My, signal distribution
NB(my,,,) - mi,, background distribution

300
250

x10°

—— Data
— Bckg fit
...... Cut-off (signgy)
S/B = 8.76 — - Cut-off (bckg]

eff. = 54.84 [% A
Good performance for vy, v, using {i
invariant mass fit and event plane  ® bl

P.OTI.08I.091.11.1:1I.1.21.13I.141.151.16I..17
methods
mpn

200

150
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-0.005
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-0.015
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0.35
0.3
0.25
0.2
0.15
0.1
0.05

See V. Troshin’s talk
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VSun=9-2 GeV, 20-50%
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Anisotropic flow in MPD-FXT

+BiBi @ 2.5, 3.0 and 3.5 GeV (UrQMD mean-field, fixed-target mode)
ssRealistic PID (TPC+TOF); efficiency corrections; centrality by TPC multiplicity

- — > r . .
= [ - N F - I MPD-FXT Bi+Bi
[ MPD-FXT Bi+Bi [ MPD-FXT Bi+Bi 0.4 . ..
0.6 p;10-40%; 0.7¢p <1.3 (Gevic) 0'4: 73 10-40%; 0.5¢p _<1.0 (GeV/c) [ ™3 10-40%; 0.5¢p 1.0 (GeVic)
[ ® 1.45AGev 0.3 F @ 1.45AGev 0.3F ® 1.45AGev
0.4 “E "
E ® 292AGeV 0.2 E ® 282aGev ! 02F ® 292AGeV
0.2 <t E
[ ® 465AGev 0 [ ® 465AGev o4k ® 4.65AGeV
o 'E C
C : of
-0.2f O E
r F -0.1F
—0.4 0.1 C
+ —0.2f
06 p 02 T .
1 1 [ _ 1 1 N T -0.30 L e L
— 0 1 R 0 1 -1 0 T
ycm ycm cm
= [ MPD-FXT Bi+Bi = [ MPD-FXT Bi+Bi - [ T *
- %: - y [ 10.40%: - ; [ MPD-FXT Bi+Bi
0.15 :— p; 10-40%; -0.5<y S 0.1 0.05 n 7*; 10-40%; 0.5<yCM< 0.1 0.05F = 10-40%; -0.5<y CM<-0.1 :
[ ® 145AGev L
0.1F r
[ ® 292AGev > (U 0
0.05 :_I ® 4.65A GeV L -
i —0.05¢ o —0.05f
o C : + L °
F —0.1¢ 1.45nGev { + ® - 0.1 e 1458 v ¢
-0.05| n . +
C [ ® 2924 Gev N [ @ 202 Gov
- —015p | —0.15[ NG
-0.1- ® [ ® 4.65AGeV ) F o so5ncev N I
NP B B P 7Y PR I B N L | | |
0 0.5 1 1.5 2 0 0.5 1 1.5 —0.20""05""1""15
Py GeV/c P GeV/c : b, GeV. e
-

Reconstructed v; & v, are quantitatively consistent with truly generated signals

22.10.2024 ICPPA-2024

MPD vs. BM@N performance

< | Bi+Bi, 1.45A GeV
0.6 P; 0<b'<1;0.7<p <1.3 (GeVic)
0_4:_ ® MPD-FXT
0.2;— 0 BM@N
of
o2
o6k
AP EU TS S T S S ST

ycm
MPD and BM@N complete each other with a
small overlap

Measurement techniques were tested on
experimental data from BM@N - see talks of
M. Kapishin and M. Mamaev
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Ssummary

»MPD collaboration is steadily
coming to final integration of the = & | &
detector and first data takingonthe | [ | ﬁ‘
beams from NICA : | |

»Physics program for the first years o . .
of MPD data taking is formulated :
and the first physics paper was :
published. Second paper under [

B g e ... =

preparation r—

1
|

» First operations of the MPD detector are expected at the end of 2025

» MPD will provide a unique opportunity for investigating properties of strongly-interacting
matter at high baryon densities
v to map the QCD phase diagram
v'to search for phase transition and the Critical End Point

22.10.2024 ICPPA-2024 21



22.10.2024

Backup

ICPPA-2024

22



MPD Strategy

“*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 start, star mergers

“*Scans to be carried out using the same apparatus in the same configuration/geometry 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 —  search for non-monotonic behavior of signals

s Continuously develop physical program based on the recent advancements in the field:

v’ identified particle spectra and ratios, collective flow and femtoscopy, production of strangeness and hypernuclei net-proton
fluctuations, global polarization of hyperond and spin alignment of vector mesons, dilepton continuum and LVMs, etc.

“*Work in close coo%eration with theoreticians to look for new signals/observables including those
unique for the MP

See more in: Status and initial physics performance studies of the MPD experiment at NICA, Eur.Phys.J.A 58 (2022) 7, 140

Physical programs of the MPD 3\1/sN =2.3-11 GeV) and BM@N « sny = 2.3-3.5 GeV) are bound
and should be realized in close cooperation

22.10.2024 ICPPA-2024 23
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MPD schedule

Year 2024
1 October 15™ - November 22®

2 November 25%

3 November 25" - December 15"

4 December 15™ — December 30™
5 November 20" — December 20"
6 December 20™
7 December 30™

8 December 30™

Year 2025
9 January 15" - April 30"
10 May 5™ - May 8™
11 May 12" — August 30™
12 June 16™ — August 30™
13 September 1* — November 23¢
14 June 2¢ — November 23¢
15 November 24" — December 14"
16 December 22d
17 December 30"

Cooling down of the Solenoid to the working temperature 4K

Readiness to switching on Solenoid Power Supplies
Cooling water supplying in the Central distributor system of bld. 17 (MPD) must be ready
Solenoid Safety regimes of emergent energy evacuation working out

Development of algorithms of cooling on base of experience with manual regime

Installation Magnetic Field Mapper. Calibration. preparation for measurements of Field
Installation FHCal into poles

TPC mechanical body 1s assembled. leak test and HV test are finished

TPC/Ecal Cooling system is commissioned

Production of Ecal half sectors (modules) are finished

Magnetic field measurements on nominals: 0.2T. 0.3T, 0.4T. 0.45T. 0.5T. 0.55T
Support Frame installation

Installation ECal sectors

Installation TOF modules (access from both sides )
TPC installation
Cabling

Beam pipe installation
Moving on the beam line
Commissioning

ICPPA-2024
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Selected publications from the MPD Collaboration

§taﬂ‘3 and initial physics performance studies of the MPD experiment at NICA, Eur.Phys.J.A 58 (2022)

Mamaev, M.; Taranenko, A. Toward the System Size Dependence of Anisotropic Flow in Heavy-lon
Collisions at Vsy = 2-5 GeV. Particles 2023, 6, 622-637

Segal, |. Centrality Determination in Heavy-lon Collisions Based on Monte-Carlo Sampling of Spectator
Fragments. Particles 2023, 6, 568-579

Kireyeu, V.; Kolesnikov, V.; Zinchenko, A.; Vasendina, V.; Mudrokh, A. Prospects for the (Hyper)Nuclei
Study in the Nica Energy Range. Particles 2023, 6, 399-404

Blau, D.; Peresunko, D. Direct Photon Production in Heavy-lon Collisions: Theory and Experiment.
Particles 2023, 6, 173-187

Luong, V.B.; Idrisov, D.; Parfenov, P.; Taranenko, A. Elliptic Flow and Its Fluctuations from Transport
Models for Au+Au Collisions at SNN = 7.7 and 11.5 GeV. Particles 2023, 6, 17-29

Parfenov, P. Model Study of the Energy Dependence of Anisotropic Flow in Heavy-lon Collisions at Vs
= 2-4.5 GeV. Particles 2022, 5, 561-579

Peresunko, D. Approaches to Measuring Direct Photon Yield in A—A Collisions. Particles 2022, 5, 188-
197

E. Kryshen et. al., Thermal Photon and Neutral Meson Measurements Using the Photon Conversion
Method in the MPD Experiment at the NICA Collider, Phys.Part.Nucl. 52 (2021) 4, 669-674
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* Probe freeze-out conditions, collective expansion, hadronization mechanisms, strangeness
production (“horn” for K/m), parton energy loss, etc. with particles of different masses, quark

contents/counts

* Charged hadrons: large (~70% of /K/p) and uniform acceptance + excellent PID capabilities of TPC

and TOF down to p;~0.1 GeV/c
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K*? meson

Polarization of vector mesons: K*(892) and ¢

% -~ / | : Z(,phmm)
o - .
5 * Fgugcrlxe:r:ts l X (b)
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;A- ¥
o ;, - — TP .

" filled: STAR (Au+Au & 20% - 60% Centrality)
| open: ALICE (Pb+Pb & 10% - 50% Centrality)

1
ALL 4 4 11.11441 L ) - .L;ul 1 | -1

10 10° 10°

< Light quarks can be polarized by |/|and |B]|
¢ If vector mesons are produced via recombination their spin may align

¢ Quantization axis:
v" normal to the production plane (momentum of the vector meson and the beam axis)
v" normal to the event plane (impact parameter and beam axis)

% Measured as anisotropies:
dN
dcosf

= No|1 — poo + c0s26(3pgo — 1)]

Po,o 1s a probability for vector meson to be in spin state = 0 —
Po,o = 1/3 corresponds to no spin alignment

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

MPD: extend measurements in the NICA energy range, \/sNN <11 GeV
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Hadronic resonances

¢ Short-lived resonances are sensitive to rescattering and regeneration in the

hadronic phase

Inelastic Collisions
hadron momenta N
and yields change

X

I..chemical
freeze out

> freeze out

Free

yields of long-lived particles with same/similar quark contents: p/m, K*/K, ¢/K, A*/A,

p(770) | K'(892) | >(1385) | A(1520) | =(1530) | $(1020) Huckons
ct (fm/c) 1.3 4.2 5.5 12.7 21.7 46.2
O rescatt GnOxn GOk OCn0A GkOp Gn0= GkOK
QGP=>Hadron Gas
065‘ ?}u;;\u (f;flvf)i o145 a196 S(l‘:;iu (G:;go
F #27 @39 2624 %200 Yields of long-lived _ :
0.5 Pb+Pb (TeV) hadrons fixed
g Vi e . : : : : : :
o4 31 *» Properties of the hadronic phase are studied by measuring ratios of resonance yields to
X 03k | &

0.2F

I

0.1-

o

05

04—

Particle Ratios
T

01—
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|
Mm
03}
02f~ : "

K AutAu (GeV) K'oh;éAuOAu (GeV,|
=3

e 39

+* 27
A 196
m 145
o 115
o 17

Y*+E/Y and 2*0/=2

¢ Measurements in a wide energy range /Syy= 7-5000 GeV support 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 of short-lived
resonances

¢ All model predictions for early stages must be filtered through the hadronic
phase

Precise measurements at NICA are needed to validate description

of the hadronic phase in models
ICPPA-2024 28



® Au+Au 0-10% (STAR)

. . " 1_E o Au+Au 0-10% ESTAR preliminary)
@ E ¢ Pb+Pb 0-10% (ALICE)
Hypernuclei production O o T ivesaors
A. Andronic et al, PLB 697 (2011) 203 _ _ ol 3
iy = ¢ Hypernuclei measurements may shed light on their 7 © ; | aH
. rle. e production mechanism (statistical hadronisation, AR Mo
1o coalescence) —there are few data on the =04 . e
10y production of hypernuclei in heavy-ion collisions .o E—
102 . . . > E Z ybrid URQMD
i » Statistical models predict enchanced hypernuclei S,  Ghaleso. (JAM)
, production at NICA energies — more hypernuclei are e el
10" available for measurements AN oy
10° . cr i 107" e .
m-a * Yields and lifetimes from the models are well .
w0l reproduce% in MPD performance studies with 40M oA e
1o A L events for yH R R
10 10 10° A 3 10 30 10
\ Sy (GeV) .
\' Sy [GEV]
% 800 = 107°F .
I P He 4 e e 4 reconstructed AN x*ndf = 3.909/3
- oA © Mass = 2.9918 < i —— - generated TN p0 = 2.948e+05 + 1.154e+04
% 600 p=15-2GeV/ Sigma = 0.0020 £ . B pl = 0.2577 + 0.0046
- S/B=23 10
A 400l S/{S+B =443 = ——
- Eff. = 1.7% Z
< .
r 10 F 104_ i
200 SH—d+p+n
L L - structed
‘ —a— gy N
0 s b b b b b Ly \
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The BM@N and MPD-FXT experiments

BM@N FHCal — MPD-FXT

TOF-700 P

Silicon + GEM

. L
\Cryostat

Detectors used for anisotropic flow measurements:
e Tracking system: FSD+GEM (BM@N); TPC (MPD-FXT)
* PID: TOF-400, TOF-700 (BM@N); TPC, TOF (MPD-FXT)
 EP measurements: FHCal (BM@N), FHCal (MPD-FXT)

22.00.2024 XKRVAHERRPT 30



First results from the Xe run at BM@N See M. Mamaev’s talk

— 0.6 i - —_
> - BM@N Preliminary ;L 0.9F4 BM@N Preliminary
 10-30%; 1.0<p ;<2.0 (GeV/c) Q_ = A FOPI Au+Au midcentral
0.5F S5 08F i
e o) O C
- @ BMN Xe:Csl - ; ®  STAR-FXT Au+Au 10-40%
L 0.7
SAE FeRS @ - i B BM®@N Xe+Csl 10-30%
; 0.6 - 4
0.3 o A
i 0.5
0.2 =
E 0.4 = ®
0.1F 0.3F °n
E = &
0) :— 0.2 5 ®
T T - 25 T3 35 |
0) 0.5 1 ' '
ycm SNN

 All measurement
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5000 A
- |
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1000}

VO selection: PFS1

i
MPD-FXT -
Bi+Bi, \/Syn=2.5 GeV -

A-p+m

motherld cut applied 1

PR PR R .. h PR T T

9.08 1.1 1.12 1.14 1.16 1.18

m,.,, GeV/c?

T 1 L DL LR BN

X MPD-FXT

1200 . -
B h B|+B|, VSNN=2'5 GeV ]
1000F KY >t 4+
800 [ -
600 [ -
400 ]
200: motherld cut applied_:

82 045 05

0.55 0.6 0.65
m. ., GeV/c?

mple

PFSimple: interface for the KFParticle package

KFParticle: package developed for complete reconstruction of
short-lived particles

e Successfully used in many experiments
e Based on the Kalman filter mathematics

. Indep?ndent in the sense of experimental setup (collider, fixed
target

First tests for A, KSO from the MPD-FXT production are ready:
* Basic topological cuts:

L
Xtopo < 50, xbeo < 50,L >3 cm, > 5 cm

. Signa(ljextraction: sideband fits, rotation background were
teste

PFSimple is already available as a module in the cvmfs



EQOS for high baryon density matter

The binding energy per nucleon: F 4 (p, 5)
Isospin asymmetry:

0 = (pn _pp)/p

100

| ——— DBHF (BonnA)

var AV, ;+3-BF

ot%®

BHF AV, ,+3-BF

P/P,

Ch. Fuchs and H.H. Wolter, EPJA 30 (2006) 5

22.10.2024

pressure [MeV/fm?]

P
o
o

—_
S

T
T

EA(,O, O)
/

Symmetric matter

Le Févre et al. ]
Lynch et al. from Fuchs et al ]
Oliinychenko et al. 1
Danielewicz et al.
Walecka model
Fermi gas

symmetry energy S(ng) [MeV]

L | . . .

2 3 4 5
baryon density ng/n,

(o]
()

N
()

0 0.5
baryon density ng/n,

2 4
Egym(p)0” + O(5°%)
Yy
Symmetry energy
~ ASY-EOS  # HICmp)
~— FOPI-LAND %  mass(Skyrme) :
‘== Tsang et al. $ IAS ‘
Lynch, Tsang O  mass(DFT)
@ HIC(isodiffy ¥ PREXII
K 4 HIC(n) 1

] 1.5 2

A. Sorensen et. al., Prog.Part.Nucl.Phys. 134 (2024) 104080
New data is needed to further constrain transport models with hadronic d.o.f.
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A n i S Ot ro p i C ﬂ OW v 'dif?teCf . Y2 -e||ptIC flow STAR, Phys.Lett.B 827 (2022) 137003

Cﬁ 0.4 j ® Au+Au Collisions at RHIC |
— 03fF — @ STAR ; i —
& « 2 E @
g o2l 10-40% 2 o ]
~ L & =
gl ® ok - -
n O MPD-EXT  __  ® g o e -
\/ (r" cos n@) + (r"Sinne) w—) " e
€n = L BM@N MPD-CLD ' ]
) v, = (cos[n(¢p — Wrp)]) 0.04 |- A s =& =2 =
N I (b)
.. .. . . . . e <o ey ]
Initial eccentricity (and its attendant fluctuations) €, drive momentum anisotropy v, [ s o b E8eS
with specific viscous modulation 004l 4 L, Cormeeens TR
| — — 5’\ _
2 3 5 1IO 20 30

|off plane squeeze-out|

|off plane squeeze-out|

See A. Taranenko’s talk

22.10.2024

Collision Energy \s\, (GeV)
At Nuclotron-NICA:
Strong energy dependence of dv, /dy and v, at \/syy=2-11 GeV
Anisotropic flow at Nuclotron-NICA energies is a delicate balance between:
I The ability of pressure developed early in the reaction zone
(texp = R/cs)
Il. The passage time for removal of the shadowing by spectators

(tpass = 2R/YemPBem)
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Sensitivity of the collective flow to the EOS

P. Danielewicz, R. Lacey, W.G. Lynch, Science 298 (2002) 1592

Prmard Po ~2 ~3 ~5 ~7 Pmax/Po’ ~2 3 s T
IIII IIII'II T T "‘llll T T IIII 1 1 llll"' L] L I"lIII L 1
i 7 0.05 —
04 [ DATA MPD-FXT MPD - l MPD-FXT _MPD
O Plastic Ball —_ - d
0 EOS BM@N  \ somev 1 ) BM@N ’?‘
03 @ E895 e —.‘"\_ 0.00 CaSCdl:fo",/ 72NN —
§ —"’
" -
oo I < DATA
O 300 o -
I 8 -0.05| ¢ Plastic Ball —
210 b o EOS
01 210
----- 167 S ® E895
i - 3 * E877
- 0.10 |
o o e - 30 Hard EOS
- less DICSSIE K=380 MeV  more pressure
lll 1 llllll 1 1 1 Illlll IIII 1 1 IIIIIII 1 L Illllll
0.1 05 1.0 50 10.0 0.1 05 1.0 50 10.0
Ebeam /A (GeV) Ebeam/A (GeV)
d(p,/A) _
F=——— v, = (cos(2(¢p — ¥gp)))
A/ Yem)
Wyem=1

dN

i [1+2;vn cos[n(gb—\yn)]j

v, = (cos[n(¢p — Wrp)])

Anisotropic flow sensitive to the EoS
EoS extraction: define incompressibility
0%(Ey)

dp*?
Discrepancy in the interpretation:
* v, suggests soft EoS (Ky=210 MeV)
* v, suggests hard EoS (Ky=380 MeV)

Ko = 9p?

New measurements using new data and
modern analysis techniques might
address this discrepancy

Additional measurements are essential to clarify the previous results
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v12(¥) in Au+Au /Syy=3 GeV: model vs. STAR data

|
K

T [ T
p (0.4 <pr<2.0 GeVic)
d (0.8 <pr<2.0 GeVic)

T AutAu collisions
Vsay =3 GeV 10-40%

A. Sorensen et. al., Prog.Part.Nucl.Phys. 134 (2024) 104080

| ] | | Model description of v,:

- Hﬁ?ﬂ‘ﬂﬂ‘ﬂjﬁﬂ- o " Good overall agreement for v,, of
protons
* v, of light nuclei is not described
* v, of Ais not well described
* nucleon-hyperon and
hyperon-hyperon

—0.08

interactions
e Light mesons (m,K) are not
described
* No mean-field for mesons

| |
| |
| |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
1 | |
| | |
-0.5 0 -1 -0.5 0 -1 -0.5 0

pSMASH mm pUrQMD ASMASH m AJAM 7 SMASH m 7 UrQMD K'SMASH m K'UrQMD
dSMASH m pJAM m AU QMD n SMASH 1" JAM K" SMASH K'JAM
| | | 1 | | | I \ | !
-1 -0.5 0 -1
Y-Yem Y-Yem Y-Yem Y-Yem

Models have a huge room for improvement in terms of describing v,,

22.10.2024
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Methods for v, measurements in MPD-CLD

e Sub-event 2-particle Q-cumulants v2{2}:
An=0.1 is applied between 2 sub-events A, B to suppress non-flow

anzem (2)app = AZJb’b v2{2} = 1 /((2) app

e 4-particle Q-cumulants v2{4}
o= @ v {4} = /2((2))° - ((4))

(1) = Qul” + 1Qan|” — 2R[Q2n Q3 Q%] — 4(M — 2) |Qu|” — 2M (M - 3)
- MM — 1)(M — 2)(M — 3)

o Event plane method: An=0.1
Qna = Y; w; cos(ng;)
Qny = >_; wi sin(ng;)

Here: w; - pr;transverse momentum of the i-th track in the TPC
@; - azimuthal angle of the i-th track in the TPC

Qny ) (cos[n(¢—0,")])

EP _ 1i. -1 Un =
PO = ntan (Qn,m n v {(cos [n(¥po—Tpp)])

n

W,- event plane angles
FHCaIN TPCN TPCS  FHCalS

Method’s details described in PRC 83 (2011), 044913, EP method: Phys.Rev.C 77 (2008) 034904
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Flow vectors for MPD-FXT case S ar2)

F1

Modules of FHCal e
divided into 3 groups Q{F3}

Reconstructed protons Ycm-pT

p. (GeVic)

T
N
3

From momentum of each measured particle
define a u,-vector in transverse plane:

u, = en? 2
where ¢ is the azimuthal angle 18

L1 |II| (Ll IIIIII| |

Sum over a group of u, -vectors in
one event forms Q,-vector:

wk uk EP
Qn Zk L P = |Qn ‘em\Ij Additional subevents from tracks not
Zk 1 W pointing at FHCal:
W EP is the event plane angle Tp: p; -1.0<y<-0.6;



Flow methods for v, calculatiot

. M Mamaev et al 2020 PPNuclei 53, 277-281
Tested in HADES: M Mamaev et al 2020 J. Phys.: Conf. Ser. 1690 012122

Scalar product (SP) method:
(w1 Q1) (@ Q)
R Y2 T TRPRm

V1 =

Where R; is the resolution correction factor
F1 _ F1 RP
R{* = (cos(¥{" — ¥1™))

Symbol “F2(F1,F3)” means R,
calculated via (3S resolution):

F2 AF1\ /~F2 ~F3
RFQ(Fl’Fg) o \/< 17Q1 ) {(Q17°@Q17) X

: - Jerer

F2{Tp}(F1,F3
R {Tp}( ) _ <Q115‘2pr>

O
o

E MPD-FXT Bi+Bi@1.45A GeV
0.45 E_ A T A R @ Fi(Tp.F3)
04F 4 = © 4
E - 11 & [] F2{Tp}F1,F3)
0.35F '
a3 E_ H A A F3(Tp,F1)
3E N
025F ® %o 4
- @ &
0.2F ®e 4
= [}
0.15f® /B = A
0.1F [ © '
. E @
0.05F- °
O . i . | N . N | 1 1 Il | 1 L 1
0 20 40 60 80

Centrality, %

Symbol “F2{Tp}(F1,F3)” means R,
calculated via (4S resolution):

Jerar,)
J@rorm@rer)
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New STAR results from BES-II

Results from QM 2023
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New preliminary results from STAR BES-Il were presented at QM-2023

for Au+Au at \/syy=3, 3.2, 3.5, 3.9 GeV

22.10.2024

ICPPA-2024
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Feasibility studies: centralized analysis framework

Physics feasibility studies are done using centralized large-scale MC productions

Requirements for the analysis framework:

* Consistency of approaches and results across the collaboration — robust crosscheck of the analysis

* Ability to easily implement analysis in the framework — modular structure of the software, code standartization
» Easy data storage and reduced number of I/O operations — execution of the modules in one sequence
Solution: Analysis Train

Analysis manager Centrality || Reaction plane DCA, PID, Analysis Analysis Analysis
wagon wagon Match wagon | | wagon #1 wagon #2 wagon #N

(g

5 C——3 =D

» First Analysis Train runs started in September 2023 — regular runs on request
» Continuous development:
» Improvements to the current analysis wagons (improved PID parameters)
» Implementation of the new wagons

Analysis Train became a new standard for physics (feasibility) studies in MPD
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Flow measurements in MPD-CLD: evFlowEP wagon

Wagon #1 Wagon #2 Wagon #3
AnalysisManager evCentrality evPlane evFlowEP -~ Results
} — > Get event plane angles from FHCal/TPC
MpdAnalysisEvent event —» event.getCentrTPC()
Directed flow: Elliptic flow:
EP Bp FHCal F
<cos(¢p—T7")> <cos[2(¢p—TEP)]> <cos[2(¢—¥1Frca)l>
V] = ’Uz(\Ifz) = () (\Ill) — i i
Res(¥) Res(¥2) Res(¥)
I I ’ ' . FHCaIN TPCN TPCS FHCal S
e e SHAE _
0.15 F UrQMD, Bi+Bi@9.2 GeV, 10-40%, p & E o . ;
E 0'2<p-|-< 2.0 GeV/c (1) 5 0.12 :_ UfQMD, B|+B|@9.2 GeV, 10-40%, P (1) _:
0.1F 0 0.1 F 0.1<|y|<1.4 B
0.05 F v - T e ) 5 1
- 299 E o 008 T Vecostarey - v g 9 T
0 é'"""""S'"é"é"!""s """""""""" 'i = 0.06 |- Open: <cos[2(6 - ¥pll> . . —=+
-0.05 F - E. = -ga
oosé 8 P 0.04 £ o " 1-gap
0.1 © Vecos(ey - w5)> 0.02 . 3
_0.15F Open: <cos(6"® - Wgp)> 3 b Bt ® e nannnnnar e o
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