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Relativistic Heavy-Ion Collisions and QCD Phase Diagram

Critical Temperature 

Tc ≈ 156 +/- 9 MeV

Smooth transition from hadronic degrees of freedom to quark-gluon degrees of freedom at zero baryonic density

[PRD 90 094503 (2014)]

1st order phase boundary

Cross over



Relativistic Heavy Ion Collision Experiments

MPD competitors:

region of max.

baryonic density 
BM@N: 𝑠𝑁𝑁 = 2.3 - 3.3 GeV  

MPD: 𝑠𝑁𝑁 = 4 - 11 GeV Collision energy

Present:

Future: 

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

FAIR/CBM (Germany) 2.4-4.9 GeV (2029-?)

JPARC-HI (Japan) 2-5 GeV (2030-?)

RHIC/STAR (USA) 3-200 GeV 

SPS/NA61 (CERN) 5.1-17.3 GeV 

BM@N and MPD are both in the collision 

energy range of the predicted CEP location.

Xiaofeng Luo / talk at 14th MPD Coll



Dense Nuclear Matter
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Relativistic heavy-ion collisions provide a unique and controlled experimental way

to study the properties of nuclear matter at high baryon density.

J.Subatomic Part.Cosmol. 3 (2025) 100015
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Neutron matter 

Symmetric matter
Esym

A. Sorensen et. al.,

B. Prog.Part.Nucl.Phys. 134 (2024) 104080

Equation of state (EoS)  for high baryon density matter

Symmetric matter Symmetry energy
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EOS describes the relation between density (nB), pressure (P), temperature (T), energy 

(E), and isospin asymmetry (np-nn)/nB

isospin

asymmetry
pressure energy per nucleon



Hyperon and Hyper-Nuclei Production in Heavy-Ion Collisions and Neutron Stars

Hyperon and Hyper-Nuclei production provide access to the hyperon–nucleon interactions: NY, YNN,

: key to understand the EoS at high baryon density and inner structure of neutron star.

14



Beam Energy Scan programs
STAR at RHIC: 3 < 𝒔𝑵𝑵 < 200 GeV (750 < B < 25 MeV)
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NA61SINE at SPS: 5.1 < 𝒔𝑵𝑵 < 17 (27) GeV 
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R. Lacey, SUNY  Stony Brook11
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Y. Xu, X. Zhang, QM 2025 posters
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Anisotropic Flow at RHIC-LHC 

Gale, Jeon, et al., Phys. Rev. Lett. 110, 012302
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STAR, Phys. Rev. Lett. 122 (2019) 172301
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Anisotropic flow at FAIR/NICA energies is a delicate balance between:

I. The ability of pressure developed early in the reaction zone (𝑡𝑒𝑥𝑝 = Τ𝑅 𝑐𝑠 , 𝑐𝑠 = 𝑐 Τ𝑑𝑝 𝑑𝜀) and 

II. The passage time for removal of the shadowing by spectators (𝑡𝑝𝑎𝑠𝑠 = Τ2𝑅 𝛾𝐶𝑀𝛽𝐶𝑀)

Anisotropic flow in heavy-ion collisions at high baryon density
M. Abdallah et al. STAR, Phys. Lett. B 827, 137003 (2022)
n] 

MPDBM@N CBM



R. Lacey, SUNY  Stony Brook
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Anisotropic Flow – Expected Shapes

Response
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Directed flow of protons and EOS of symmetric matter 

BM@N agrees with STAR

P. Senger, PoS CPOD2021 (2022) 033

Both STAR and BM@N  results for directed flow prefer  stiff EOS

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

Nuclear incompressibility from collective proton flow 
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Directed and elliptic flows of and EOS of symmetric matter 

BM@N agrees with STAR
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Anisotropic flow at FAIR/NICA energies is a delicate balance between:

I. The ability of pressure developed early in the reaction zone (𝑡𝑒𝑥𝑝 = Τ𝑅 𝑐𝑠 , 𝑐𝑠 = 𝑐 Τ𝑑𝑝 𝑑𝜀) and 

II. The passage time for removal of the shadowing by spectators (𝑡𝑝𝑎𝑠𝑠 = Τ2𝑅 𝛾𝐶𝑀𝛽𝐶𝑀)

Anisotropic flow in Au+Au collisions at Nuclotron-NICA energies
Particles 6 (2023) 2, 622-637
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Elliptic flow: transition from out-of-plane to in-plane: geometry 

Au+Au

Ni+Ni, Ca+Ca

P. Parfenov, Particles 5 (2022) 4, 561-579 A.T Czech.J.Phys. 50S4 (2000) 139-166
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Rapidity dependence of v2 and EOS 

FOPI data : Nucl. Phys. A 876 (2012) 1

IQMD :  Nucl Phys. A 945 (2016)HM – stiff momentum dependent with 

K=376 MeV

SM – soft momentum dependent with 

K=200 MeV

V2n=|V20|+|V22|

Fit: V2(y0)=V20+V22*Y0^2

Large rapidity coverage is important for flow measurements: MPD forward upgrade
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STAR published results for protons : Scaling breaks at √s
NN

=3GeV – but holds at 

forward rapidity? 



Constraining neutron-star matter with microscopic and macroscopic collisions 
Huth, Pang et al. Nature 606(22)276

Bayesian combinations

Astrophysical observations narrow constraints above 2 𝑛𝑠𝑎𝑡

20



27

Rapidity Scan with MPD at NICA

Rapidity dependence of cumulant observables can 

enhance the prospect of discovering a CEP
J.Li, L.Du and S.Shi,

Rapidity scan approach for net-baryon cumulants''

Phys. Rev. C 109, no.3, 034906 (2024)

J. Brewer et al., Phys. Rev. C 98, 061901 (2018)

Rapidity-dependent yields offers an extra method to 

explore the EoS at finite chemical potentials.
L.Du,`Bulk medium properties of heavy-ion collisions from the beam energy 

scan with a multistage hydrodynamic model,''

Phys. Rev. C 110 (2024) no.1, 014904

Thermodynamic properties, especially the baryon

chemical potential (𝝁𝑩) , undergo significant 

variations across rapidity,
L.Du, H.Gao, S.Jeon and C.Gale,

Rapidity scan with multistage hydrodynamic  model,

Phys. Rev. C 109, no.1, 014907 (2024)

Rapidity dependence of anisotropic flow provides

provides sensitivity to (T,𝝁𝑩) dependence of 

specific shear (η/s) and bulk (ζ/s) viscosities
S.A.Jahan, H.Roch and C.Shen,

Bayesian analysis of (3+1)D relativistic nuclear dynamics

with the RHIC  data, Phys.Rev.C 110 (2024) 5, 054905
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