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Relativistic heavy-ion collisions
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1970s-2000s – nuclear equa4on of state (EoS), search 
for the quark-gluon plasma (QGP)
2005s – QGP forma4on was observed at RHIC and it 
behaves as almost perfect liquid
2005-2010s – LQCD predicts crossover phase transi4on 
at top RHIC and LHC (high T, 𝜇! ≈ 0)
Since 2010s – Beam energy scans to study QCD phase 
diagram: search for the 1st order phase transi4on and 
CEP at Intermediate T, high 𝜇!

ØHigh beam energies ( 𝒔𝑵𝑵>100 GeV):
• High T, 𝜇! ≈ 0
• Evolution of the early Universe

ØLow beam energies (2.4< 𝒔𝑵𝑵<11 GeV):
• Intermediate T, high 𝜇!
• Inner structure of the compact stars, neutron 

star mergers

Relativistic heavy-ion collisions allows us to study QCD phase diagram



NICA Project at JINR
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ØMegascience project in Russia, which is approaching its full commissioning:
ØBaryonic Matter at Nuclotron (BM@N) – fixed-target experiment, first physics run Xe+CsI 2022-2023
ØMulti-Purpose Detector (MPD) – start of operation in 2025-2026
ØSpin Physics Detector (SPD) – operating on polarized deuterons later on
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Booster Nuclotron



MPD experiment at NICA
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Expected beams at the first year(s) of operation (Stage-I):

o MPD-CLD: Xe/Bi+Xe/Bi at 𝑠"" ~ 7 GeV

o MPD-FXT: Xe/Bi +W at 𝑠"" ~ 3 GeV

Beam energy overlap: HADES, STAR BES, NA61/SHINE and future CBM
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Main subsystems at Stage-I:
TPC ( 𝜂 ≤ 1.6): charged particle tracking + momentum reconstruction + 
dE/dx identification
TOF ( 𝜂 ≤ 1.4): charged particle identification
ECal (2.9 < 𝜂 < 1.4): energy and PID for 𝛾/𝑒±

FHCal (2 < 𝜂 < 5) and FFD (2.9 < 𝜂 < 3.3): event triggering + event 
geometry



MPD subsystem status (I)
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Solenoid Magnet and cryogenics

• Test cooling performed to 70°K in March 2024
• Start of cooling to LHe and magnetic field 

measurements in the second half of the 2024
• Magnetic field mapper is ready

TPC – Time Projection Chamber

• TPC cylinders, central membrane, service 
wheels, rails, readout chambers, gas system – 
ready; TPC gas volume assembly and 
HV/leakage tests – ongoing

• TPC + ECAL cooling systems commissioned in 
early 2025
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MPD subsystem status (II)
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Support structure

Carbon fiber support frame delivered 
and ready to use

ECAL – Electromagnetic Calorimeter

• 2000 (83%) of the calorimeter modules will be ready in 2024
• The remaining 400 (17%) modules will be produced by the April 2025
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Produced in consorCum with insCtutes in China



MPD subsystem status (III)
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TOF – Time of Flight FFD – Fast Forward DetectorFHCal – Forward Hadron Calorimeter
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All systems (TOF, FHCal, FFD) are fully produced and ready for installaCon



Multi-Purpose Detector (MPD) Collaboration
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MPD publications, conferences and workshops
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v International Workshop on physics performance studies at NICA
ü http://indico.oris.mephi.ru/event/301
ü 5 workshops since 2019

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

Over 50 reports at international conferences and workshops

Status and initial physics performance studies 
of the MPD, Eur.Phys.J.A 58 (2022) 7, 140

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


MPD-related talks and posters at ICPPA-2024
22.10.2024 – posters:
1. G. Fomenko, Background rejection in ECal detector MPD experiment cosmic test data
2. P. Gordeev, Particle identification in MPD at NICA using machine learning
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. O. 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. Mamaev, 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 Λ 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
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MPD physics program
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Charged identified hadron production

22.10.2024 ICPPA-2024

• 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 𝜋/K/p) and uniform acceptance + excellent PID capabilities of TPC 
and TOF from 𝑝$~0.1 GeV/c
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Particle yields allow to 
extract information about 
(𝜇B,Tch)

Particle spectra allow to 
extract information about 
(<𝛽>,Tkin)

Phys.Rev.C 96 (2017) 4, 044904 Bi+Bi, 𝑠!!=9.2 GeV

pT, GeV/cpT, GeV/cpT, GeV/c



Neutral identified hadron production
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• MPD will be able to measure differential production spectra, integrated yields and 𝑝$ , particle 
ratios, multiplicity distributions for a variety of identified hadrons (𝜋, 𝐾, 𝜂, 𝜔, 𝜌, …)

• Neutral mesons (𝜋%, 𝐾&, 𝜂, 𝜔, 𝜂′) : ECAL reconstruction + photon conversion method (PCM)
• Will be helpful to extend 𝑝$ ranges of charged particle measurements and assess systematics
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BiBi@9.2 GeV (UrQMD), 50 M events à full event/detector reconstruction



Hyperon production
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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



Global polarization of 𝛬 hyperons PΛ

15
22.10.2024 ICPPA-2024

Focus is to see the effect of large angular momentum and magnetic field in heavy-ion 
collisions

• Global polarization of hyperons experimentally observed, decreases with 𝑠""
– reproduced by AMPT, 3FD, UrQMD+vHLLE

PΛ at NICA: extra points in the energy range 2-11 GeV
centrality, pT and rapidity dependence of polarization,

not only for L, but other (anti)hyperons (L, S, X)

Can be defined as: #"
#$%& '#('$∗

= )
*
1 + 𝛼+ 𝑃+ cos 𝜙+ − 𝜙,∗

Invariant mass fit method can be used to measure PΛ:

𝑃./0 𝑚123, 𝑝4 = 𝑃015 𝑝4
𝑁015 𝑚123, 𝑝4
𝑁6.6 𝑚123, 𝑝4

+ 𝑃/5 𝑚123, 𝑝4
𝑁/5 𝑚123, 𝑝4
𝑁6.6 𝑚123, 𝑝4

8
𝜋𝛼+𝑅78

𝑃015 𝑝4 = 𝐏𝚲 + 𝑐 sin 𝜙+ − 𝜙,∗

 𝛼+ - hyperon decay const., 𝑅#$ - EP resoluCon, 𝜙%, 𝜙&∗  - azimuthal angles of Λ, p



Global polarization PΛ in MPD

Good performance of MPD for PΛ measurements
More statistics needed for differential (pT,𝛈) measurements and other hyperons
First results are to be expected at ~100M events
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pT>0.5 GeV/c
|𝛈|<1.5 |𝛈|<1.5 pT>0.5 GeV/c

Performance study of the hyperon global polarization measurements with MPD at NICA, Eur.Phys.J.A 60 (2024) 4, 85



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
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Σ(1385)±Λ(1520)

K*(892)±φ(1020) K*(892)0



Anisotropic flow of identified charged hadrons
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Good performance for flow measurements for all methods used (EP, SP, Q-cumulants)
18
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v1 - directed flow v2 - elliptic flow

See A. Taranenko’s talk



mp𝛑

Anisotropic flow of V0 particles
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Differential flow can be defined using the following fit:

𝒗𝒏𝑺𝑩 𝒎𝒊𝒏𝒗 = 𝒗𝒏𝑺
𝑵𝑺 𝒎𝒊𝒏𝒗
𝑵𝑺𝑩 𝒎𝒊𝒏𝒗

+ 𝒗𝒏𝑩 𝒎𝒊𝒏𝒗
𝑵𝑩 𝒎𝒊𝒏𝒗
𝑵𝑺𝑩 𝒎𝒊𝒏𝒗

where:

• 𝒗𝒏𝑺  - signal anisotropic flow (set as a parameter in the fit)

• 𝒗𝒏𝑩 𝒎𝒊𝒏𝒗  - background flow (set as polynomial function)

• 𝑵𝑺𝑩 𝒎𝒊𝒏𝒗  - 𝒎𝒊𝒏𝒗 distribution (signal + background)
• 𝑵𝑺 𝒎𝒊𝒏𝒗  - 𝒎𝒊𝒏𝒗 signal distribution
• 𝑵𝑩 𝒎𝒊𝒏𝒗  - 𝒎𝒊𝒏𝒗 background distribution

Good performance for v1, v2 using 
invariant mass fit and event plane 

methods

See V. Troshin’s talk

𝛬

𝛬

See V. Troshin’s talk

y



Anisotropic flow in MPD-FXT

Reconstructed v1 & v2 are quantitatively consistent with truly generated signals
20
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p 𝝿+ 𝝿-

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

MPD vs. BM@N performance

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



Summary
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ØFirst operations of the MPD detector are expected at the end of 2025 
ØMPD will provide a unique opportunity for investigating properties of strongly-interacting 

matter at high baryon densities 
ü to map the QCD phase diagram 
ü to search for phase transition and the Critical End Point 

21

ØMPD collaboraAon is steadily
coming to final integraAon of the
detector and first data taking on the
beams from NICA

ØPhysics program for the first years
of MPD data taking is formulated
and the first physics paper was
published. Second paper under
preparaAon



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

ü order of the phase transition and search for the QCD critical point → structure of the QCD phase diagram
ü hypernuclei and equation of state at high baryon densities → inner structure of compact start, star mergers

vScans to be carried out using the same apparatus in the same configuration/geometry with all the 
advantages of collider experiments:

ü maximum phase space, minimally biased acceptance, free of target parasitic effects
ü correlated systematic effects for different systems and energies → search for non-monotonic behavior of signals

vContinuously develop physical program based on the recent advancements in the field:
ü 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.

vWork in close cooperation with theoreticians to look for new signals/observables including those 
unique for the MPD

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 (√sNN = 2.3-11 GeV) and BM@N (√ sNN = 2.3-3.5 GeV) are bound 
and should be realized in close cooperation

22.10.2024 ICPPA-2024 23



MPD schedule
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Selected publicaDons from the MPD CollaboraDon
1. Status and initial physics performance studies of the MPD experiment at NICA, Eur.Phys.J.A 58 (2022) 

7, 140
2. Mamaev, M.; Taranenko, A. Toward the System Size Dependence of Anisotropic Flow in Heavy-Ion 

Collisions at √𝑠𝑁𝑁 = 2–5 GeV. Particles 2023, 6, 622-637
3. Segal, I. Centrality Determination in Heavy-Ion Collisions Based on Monte-Carlo Sampling of Spectator 

Fragments. Particles 2023, 6, 568-579
4. 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
5. Blau, D.; Peresunko, D. Direct Photon Production in Heavy-Ion Collisions: Theory and Experiment. 

Particles 2023, 6, 173-187
6. 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
7. Parfenov, P. Model Study of the Energy Dependence of Anisotropic Flow in Heavy-Ion Collisions at √𝑠𝑁𝑁

= 2–4.5 GeV. Particles 2022, 5, 561-579
8. Peresunko, D. Approaches to Measuring Direct Photon Yield in A–A Collisions. Particles 2022, 5, 188-

197
9. 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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Charged identified hadron production
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• Probe freeze-out condiXons, collecXve expansion, hadronizaXon mechanisms, strangeness 
producXon (“horn” for K/𝜋), parton energy loss, etc. with parXcles of different masses, quark 
contents/counts

• Charged hadrons: large (~70% of 𝜋/K/p) and uniform acceptance + excellent PID capabiliXes of TPC 
and TOF down to 𝑝$~0.1 GeV/c

26

𝜋+ 𝐾+

𝑝 𝑝̅



Polarization of vector mesons: K*(892) and f
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v Light quarks can be polarized by ̅𝐽 and *𝐵
v If vector mesons are produced via recombination their spin may align
v Quantization axis:

ü normal to the production plane (momentum of the vector meson and the beam axis)
ü normal to the event plane (impact parameter and beam axis)

v Measured as anisotropies: 
𝑑𝑁
𝑑𝑐𝑜𝑠𝜃

= 𝑁' 1 − 𝜌',' + 𝑐𝑜𝑠)𝜃 3𝜌',' − 1

𝜌',' is a probability for vector meson to be in spin state = 0 ®
𝜌',' = 1/3 corresponds to no spin alignment

v Measurements at RHIC/LHC challenge theoretical understanding ® r00
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, ÖsNN < 11 GeV



Hadronic resonances
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v Short-lived resonances are sensitive to rescattering and regeneration in the 
hadronic phase

v Properties of the hadronic phase are studied by measuring ratios of resonance yields to 
yields of long-lived particles with same/similar quark contents: r/p, K*/K, f/K, L*/L, 
S*±/S and X*0/X

v Measurements in a wide energy range 𝑠!!= 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

v 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



Hypernuclei producKon
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• Hypernuclei measurements may shed light on their 
producXon mechanism (staXsXcal hadronisaXon, 
coalescence) – there are few data on the 
producXon of hypernuclei in heavy-ion collisions

• StaXsXcal models predict enchanced hypernuclei 
producXon at NICA energies – more hypernuclei are 
available for measurements

• Yields and lifeXmes from the models are well 
reproduced in MPD performance studies with 40M 
events for 7

8𝐻

29

A. Andronic et al, PLB 697 (2011) 203



The BM@N and MPD-FXT experiments
FHCal

Silicon + GEM

TOF-400

TOF-700

BM@N MPD-FXT

Detectors used for anisotropic flow measurements:
• 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)

24.07.2024 XXXVI HEP&FT 3022.10.2024 ICPPA-2024



First results from the Xe run at BM@N

• All measurement

3122.10.2024 ICPPA-2024

See M. Mamaev’s talk



PFSimple: interface for the KFParticle package
KFParticle: package developed for complete reconstruction of 
short-lived particles 
• Successfully used in many experiments
• Based on the Kalman filter mathematics 
• Independent in the sense of experimental setup (collider, fixed 

target)

First tests for Λ, 𝐾&% from the MPD-FXT production are ready:
• Basic topological cuts: 

𝜒"#$#% < 50, 𝜒&'#% < 50, 𝐿 > 3 𝑐𝑚,
𝐿
𝑑𝐿

> 5 𝑐𝑚

• Signal extraction: sideband fits, rotation background were 
tested

PFSimple is already available as a module in the cvmfs

22.10.2024 ICPPA-2024

V0 selection: PFSimple

𝚲 → 𝒑 + 𝝅*

MPD-FXT
Bi+Bi, 𝒔𝑵𝑵=2.5 GeV

motherId cut applied

𝑲𝑺𝟎 → 𝝅- + 𝝅*

MPD-FXT
Bi+Bi, 𝒔𝑵𝑵=2.5 GeV

motherId cut applied

32
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Neutron matter 

Symmetric matterEsym

E/
A

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

Symmetric matter Symmetry energy

EOS for high baryon density matter
The binding energy per nucleon:
Isospin asymmetry:

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.
22.10.2024 ICPPA-2024 33
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Ini[al eccentricity (and its a\endant fluctua[ons) 𝜖n drive momentum anisotropy vn 
with specific viscous modula[on

v1 - directed flow;      v2 - elliptic flow; 

MPD-CLDBM@N

STAR, Phys.Lett.B 827 (2022) 137003

MPD-FXT

At Nuclotron-NICA:
Strong energy dependence of 𝑑𝑣"/𝑑𝑦 and 𝑣# at 𝑠!!=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

(𝑡$%& = ⁄𝑅 𝑐')
II. The passage time for removal of the shadowing by spectators

(𝑡&('' = ⁄2𝑅 𝛾)*𝛽)*)

Anisotropic flow

See A. Taranenko’s talk



Sensitivity of the collective flow to the EOS

Addi>onal measurements are essen>al to clarify the previous results

Anisotropic flow sensitive to the EoS
EoS extraction: define incompressibility

𝑲𝟎 = 𝟗𝝆𝟐
𝝏𝟐 𝑬𝑨
𝝏𝝆𝟐

Discrepancy in the interpretation:
• 𝑣" suggests soft EoS (𝐾.≈210 MeV)
• 𝑣# suggests hard EoS (𝐾.≈380 MeV)

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

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

𝑣, ≡ cos 2 𝜑 − Ψ)$

Soft EOS

Hard EOS

MPD-FXT
BM@N

MPD-FXT
BM@N

MPDMPD
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Models have a huge room for improvement in terms of describing 𝒗𝒏
22.10.2024 ICPPA-2024

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

v!,# 𝑦 in Au+Au 𝑠$$=3 GeV: model vs. STAR data
Model description of 𝑣(:
• Good overall agreement for 𝑣( of 

protons
• 𝑣( of light nuclei is not described
• 𝑣( of 𝛬 is not well described

• nucleon-hyperon and 
hyperon-hyperon 
interactions

• Light mesons (𝜋,K) are not 
described
• No mean-field for mesons
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Methods for vn measurements in MPD-CLD
● Sub-event 2-par`cle Q-cumulants v2{2}: 
Δη=0.1 is applied between 2 sub-events A, B to suppress non-flow

● 4-par`cle Q-cumulants v2{4}

Method’s details described in PRC 83 (2011), 044913 , EP method: Phys.Rev.C 77 (2008) 034904

● Event plane method: Δη=0.1

Here: 𝜔i - pT,i transverse momentum of the i-th track in the TPC
𝜑i - azimuthal angle of the i-th track in the TPC
Ψn- event plane angles
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Flow vectors for MPD-FXT case

where φ is the azimuthal angle
Sum over a group of un-vectors in
one event forms Qn-vector:

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

Ψn
EP is the event plane angle

Additional subevents from tracks not 
pointing at FHCal: 
Tp: p; -1.0<y<-0.6;

F1

F2
F3

Q{F3}

Q{F2}

Q{F1}

Tp

Modules of FHCal 
divided into 3 groups
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Scalar product (SP) method:

Where R1 is the resolution correction factor

Symbol “F2(F1,F3)” means R1

calculated via (3S resoluAon):
Symbol “F2{Tp}(F1,F3)” means R1

calculated via (4S resolution):

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

Flow methods for vn calculation
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New STAR results from BES-II

New preliminary results from STAR BES-II were presented at QM-2023 
for Au+Au at 𝑠NN=3, 3.2, 3.5, 3.9 GeV

22.10.2024 ICPPA-2024

Results from QM 2023
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Feasibility studies: centralized analysis framework

22.10.2024 ICPPA-2024

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

Ø First Analysis Train runs started in September 2023 – regular runs on request
Ø Continuous development:

Ø Improvements to the current analysis wagons (improved PID parameters)
Ø 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

AnalysisManager evCentrality evPlane

MpdAnalysisEvent event event.getCentrTPC()

Wagon #1 Wagon #2

FHCal N FHCal STPC N TPC S

𝜂-gap

𝜂

FHCal F

22.10.2024 ICPPA-2024

evFlowEP

Wagon #3

Get event plane angles from FHCal/TPC

Results

Directed flow: Elliptic flow:
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