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QCD phase diagram


Low , hight T:

• Cross-over transition from hadronic to quark 

matter - comprehensive studies of QGP 
properties


• No critical point anticipated for  (LQCD)

μB

μB /T < 3

Bazavovet al.[HotQCD], PLB 795 (2019) 15-21 


Borsanyiet al., PRL125(2020)5,052001 

Isserstedt et al. PRD 100 (2019) 074011 

Gao, Pawlowski, PLB 820 (2021) 136584

High , low T:

• Unknown phase structure (first-order phase 

transition,  critical point possible, mixed phases, 
new phases, …)


• Properties of matter to determine

• Characteristics of hadrons

• Equation of State (EoS) to establish

• Neutron Star (NS)

μB
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NS puzzle MNS ≈ 1÷2 MꙨ


R ≈ 10-12 km

ρ ≈ 3÷5 ρ0 

ρ0 ≈ 2.8 × 1014 g/cm3 

Y• Observation of NS indicates their mass   
(Shapiro-delay: Post-Keplerian parameters of orbits)


• Hyperons: Expected in core of NS, the conversion of N into Y is 
energetically favorable


• Appearance of Hyperons: The presence of Y alleviates Fermi 
pressure, resulting in a EoS and a reduction in NS mass (inconsistent 
with observations)  
Can they still be considered as components of NS? 

• Proposed Solution: A mechanism that provides additional pressure to 
ensure a stiffer EoS  
One emergent mechanism involves many-body interactions, such as 
YN, YY, NNY, NYY  
(Other: hypersonic three-body forces, Quark Matter Core - a transition to deconfined phase 
below hyperon threshold in density) 

∼ 2M⊙
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Neutron star (NS) puzzle
H.Tamura, JPS Conf. Proc. , 011003 (2014)

ρ0 ≈ 2.8 × 1014 g/cm3 

„To establish the EoS applicable to the neutron star has been one of the 
most important subjects in nuclear physics for a long time but has not 
been achieved yet.” T. Hamura
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Neutron star (NS) puzzle

Hypernuclei are pivotal for the EoS of the NS


• How do nuclei and hyper-nuclei form?

• What are their characteristics?

• How do nuclei (N) and hyperons (Y) interact?

M. Kaneta, Department of Physics, 

Tohoku University, Japan

H.Tamura, JPS Conf. Proc. , 011003 (2014)

ρ0 ≈ 2.8 × 1014 g/cm3 

„To establish the EoS applicable to the neutron star has been one of the 
most important subjects in nuclear physics for a long time but has not 
been achieved yet.” T. Hamura
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NSM and HIC
Top row: simulation of NS mergers (NSM)

2 NSs of 1.35 M⊙ each, 

merging into a single object (2R ~ 10 km, ,  MeV).

Overlap region:   ms, ,  MeV

          - max. temperature

          - max. density 


Bottom row: non-central Au+Au collision at  = 2.42 GeV

,  MeV

n ∼ 5n0 T ≤ 20
t ∼ 20 n ∼ 2n0 T ∼ 75

sNN

n ≃ 3n0 T ≃ 80

Space and time scales vastly 
contrasting (km-NS / fm-HIC - 
1 8 o r d e r s o f m a g n i t u d e ; 
d u r a t i o n - 2 0 o r d e r s o f 
magnitude)


S i m i l a r d e n s i t i e s a n d 
temperatures achieved


HADES, Nature Phys. 15, 1040–1045 (2019)
Artist's depiction of a neutron star collision after 
inspiral, NASA/Swift/Dana Berry
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1) A systematic measurement of p-p, p-d, and d-d correlations may 
tell us whether deuterons are directly emitted from the fireball or 
formed due to final-state interactions


2) It is important to understand if we can consider two- or more-body 
interactions


3) Learning more about deuteron formation, we can move towards     
    other light nuclei

Light nuclei production mechanisms

S. Mrówczyński and P. Słoń, Acta Physica Polonica B 51, 1739 (2020)

S. Mrówczyński and P. Słoń, Physical Review C 104, 024909 (2021)
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Femtoscopy

p1

p2

2R

q p1

p2

P

 s 10−23

 m 10−15Femtometer   

q

C(Q)

~1/R

QS

FSI

r

… the method to probe geometric and dynamic properties of the source 
(emission region, range of correlations-interactions, phase-space cloud, …)

Femtoscopy does not measure the whole source, but homogeneity length.
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Femtoscopy (originating from HBT): 

the method to probe geometric and dynamic properties of the source


Classic femtoscopy

11

C(k*, r*) = ∫ S(r*) |Ψ(k*, r*) |2 d3r * =
Sgnl(k*)
Bckg(k*)

S(r*)

Ψ(k*, r*)

Sgnl(k*)
Bckg(k*)

- source function 

- two-particle wave function (includes e.g. FSI interactions) 

- correlation function

p1

p2

R

Space-time properties ( , ) determined 
thanks to two-particle correlations:

Quantum Statistics (Fermi-Dirac, Bose-Einstein);

Final State Interactions (Coulomb, strong)


10−15m 10−23s

    determined   assumed              measured


2R

k* - momentum of the first particle in 

the Pair Rest Frame reference

⃗p1⃗p2
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If we assume we know the source  function, measured correlations 

are used to determine interactions in the final state.
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C(k*, r*) = ∫ S(r*) |Ψ(k*, r*) |2 d3r * =
Sgnl(k*)
Bckg(k*)

S(r*)

Ψ(k*, r*)

Sgnl(k*)
Bckg(k*)

- source function 

- two-particle wave function (includes e.g. FSI interactions) 

- correlation function

p1

p2

2R

Space-time properties ( , ) determined 
thanks to two-particle correlations:

Quantum Statistics (Fermi-Dirac, Bose-Einstein);

Final State Interactions (Coulomb, strong)


10−15m 10−23s

         assumed     determined          measured


Gateway to study interactions

k* - momentum of the first particle in 

the Pair Rest Frame reference

⃗p1⃗p2
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N, Y interactions  
     (incl. 3-body approach)


Production mechanism

3-dim. form
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Different spin states with different FSI 


parameters


p-Λ correlation: currently spin-averaged fit


d-Λ correlation: spin-separated fit


NY ( , ) interactions at STARp − Λ d − Λ
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H. W. Hammer, Nucl. Phys. A 705 (2002) 173

A. Cobis, et al. J. Phys. G 23 (1997) 401

J. Haidenbauer, Phys.Rev.C 102 (2020) 3, 034001

M. Schäfer, et al. Phys.Lett.B 808 (2020) 135614

G. Alexander, et al. Phys. Rev. 173 (1968) 1452

J. Haidenbauer, et al. Nucl. Phys. A 915 (2013) 24

F. Wang, et al. Phys.Rev.Lett. 83 (1999) 3138

Source size extracted from the source assuming 
Gaussian shape;


Separation of emission source from the 
parameters of the final state interaction;


NY ( , ) interactions at STARp − Λ d − Λ
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Extracted parameters :

f0s = 1.89 fm, d0s = 3.76 fm


Extracted parameters :

f0s = 0.78 fm, d0s = 0.01 fm


HADES

work in progress
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NY ( ) interactions at HADESp − Λ

HADES

work in progress


Spin separation 
performed
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HADES

work in progress
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NY ( ) interactions at ALICEp − Λ
ALICE, PLB 833 (2022), 137272

New insights into  interactions 
NLO19 potentials favored  
      (e.g.: weaker ΛN − ΣN coupling, 


significant attraction of Λ at high densities)

Feed-down correlations taken into account

NΛ − ΣN

 for k*<110 MeV/cnσ ∼ 4.5  for k*<110 MeV/cnσ ∼ 3.2
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NN, NY, YY interactions at ALICE

Hanna Zbroszczyk, QCD at FAIR Workshop, November 11-14, 2024, GSI, Darmstadt, Germany
19

Adding more strangeness content to constrain EoS valid at all measured combinations 
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3-body interactions at ALICE
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Q3 = −q2
12 − q2

23 − q2
13

p1

p2

r
p3

ALICE, EPJ A 59, 145 (2023)


C(Q3) =
Sgnl(Q3)
Bckg(Q3)
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3-body interactions at ALICE
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Q3 = −q2
12 − q2

23 − q2
13

p1

p2

r
p3


C(Q3) =
Sgnl(Q3)
Bckg(Q3)

Three-particle emission source implemented 
as three single-particle emitters constrained 
to data

•Feed-down  corrections included

•Gauss NLO19 (600): 40% effect of three-

body interactions 

•Most interesting region  MeV/c 

not yet accessed by data
Q3 < 100

ALICE, EPJ A 59, 145 (2023)
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N, Y interactions  
     (incl. 3-body approach)


Production mechanism

3-dim. form
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Light nuclei production at STAR

First measurement of proton-
deuteron and deuteron-
deuteron correlation functions 
from STAR

23

STAR: arXiv:2410.03436v1

SMASH: J. Weil et al. 
Phys.Rev.C 94 (2016) 5, 
054905

Coalescence: W.Zhao et al. 
Phys. Rev. C.98 (2018) 
5,054905 R. Lednicky, et al, 
Sov.J.Nucl.Phys. 35 (1982) 
770

P r o t o n - d e u t e r o n a n d 
d e u t e r o n - d e u t e r o n 
correlat ions qual i tat ively 
d e s c r i b e d b y L e d n i c k y -
Lyuboshitz model

D e u t e r o n - d e u t e r o n 
correlations described better 
by the model including 
coalescence. Light nuclei are 
l ikely to be formed via 
coalescence
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Light nuclei seen as many-body system at ALICE

Coulomb only: disagree!  
 
Argonne v18(2N) + Urbana IX (genuine three-body 
force) potentials[1,2] 
  s-wave only: more repulsion 
 all partial waves up to d-waves: excellent 
description   ( ~1 for k* up to 400 MeV/c)  
 
Pionless EFT NLO (s+p+d waves):  
Agree with data within ~2.5 for k* < 120 MeV/c 

nσ

nσ

24

Dynamics of the p–(pn) triplet and higher 
partial waves at short distances! 

ALICE: 
arXiv:2308.16120 

[1] B. R. B. Wiringa et al. 
Phys. Rev. C 51, 38  

[2] B. S. Pudliner et al. 
Phys. Rev. Lett. 74, 4396 
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N, Y interactions  
     (incl. 3-body approach)


Inclusion of K

3-dim. form
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→ Rside spatial source evolution in the transverse direction 

→ Rout related to spatial and time components

→ Rout/Rside signature of phase transition

→ Rout

2- Rside 
2 = ∆τ2 βt

2; ∆τ – emission time

→ Rlong temperature of kinetic freeze-out and source lifetime


long  beam direction


out   pair transverse momentum direction


side  perpendicular to long and side


3D case is considered if statistics is enough and


two-particle correlations are easy to describe 


(Quantum Statistics and Coulomb FSI).


It is challenging for systems interacting strongly.


1D case is considered then (assuming spherical 


source).


→

→

→

Bertsch-Pratt parametrization, 3 and 1 dimensions
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STAR Data

1st order Phase Tr.


Cross-over Tr.

How to measure phase transition?

vHLEE+UrQMD model verify sensitivity  of HBT  measurements to the 
first-order phase transition  

Pre-thermal Hydrodynamical phase Hydronic cascades

UrQMD UrQMDvHLEE

v H L L E ( 3 + 1 ) - D v i s c o u s 
hydrodynamics: Iu. Karpenko, P. 
Huovinen, H. Petersen, M. 
Bleicher; Phys.Rev. C 91, 064901 
(2015) , a rX iv :1502 .01978 , 
1509.3751  
 

HadronGas + Bag Model →  1st 

order PT ; P.F. Kolb, et al, PR C 
62, 054909 (2000) 


Chiral EoS →  crossover PT 
(XPT); J. Steinheimer, et al, J. 
Phys. G 38, 035001 (2011)
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Phys. Rev. C 96 (2017) no.2,  024911
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Current coverage of the QCD phase diagram


CBM / HADES experimental exploration of the region  MeVμB ∼ 520 − 830

HADES; Nature Physics 15 (2019) 10, 1040-1045

HADES@SIS18 2-2.5 830-760

CBM@SIS100 2.3-5.3 785-520

NA61/SHINE@SPS 5.1-17.3 530-220

STAR-COLL@RHIC 7.7-200 400-22

STAR-FXT@RHIC 3-13.7 700-265

 (GeV)sNN  (MeV)μB

A. Andronic, P. Braun- Munzinger, K. Redlich and

B. J . Stachel, Nature 561, no. 7723, 321 (2018)

Bazavovet al.[HotQCD], PLB 795 (2019) 15-21 


Borsanyiet al., PRL125(2020)5,052001 

Isserstedt et al. PRD 100 (2019) 074011 

Gao, Pawlowski, PLB 820 (2021) 136584


Fu et al., PRD 101 (2020), 054032

Gunkel, Fischer, PRD 104 (2021) 5, 054022 29
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High  facilitiesμB

 (GeV)sNN  (MeV)μB

HADES@SIS18

CBM / HADES@ SIS100 (>2028)

NA61/SHINE@SPS

STAR@RHIC

NA60@SPS(>2030)

CEE@HIAF (>2027)

J-PARC-HI

MPD, MB@N@NICA
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FAIR-Phase 0 –

Start in 2018!

SIS !00

Super FRS

SIS18

UNILAC

100 m HESR

CR

ESR

CRYRING

FRS

HITRAP

FAIR,

under 
construction

GSI, existing (upgraded to integrate with FAIR)

ESR, CRYRING, & HITRAP 
are part of FAIR

• Intensity 

• Precision


• Antiproton beams

GSI GmbH – Helmholtzzentrum für Schwerionenforschung 
FAIR GmbH – Facility for Antiproton and Ion Research
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 (GeV)sNN  (MeV)μB

HADES@SIS18

CBM / HADES@ SIS100 (>2028)

NA61/SHINE@SPS

STAR@RHIC

NA60@SPS(>2030)

CEE@HIAF (>2027)

J-PARC-HI

MPD, MB@N@NICA

T. Galatyuk, NPA 982 (2019), update 2024 https://
github.com/tgalatyuk/interaction_rate_facilities

CBM, EPJA 53 3 (2017) 60

C B M / H A D E S : 
o p e r a t i o n s a t

 GeVsNN ∼ 2 − 5

High  facilitiesμB
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To answer fundamental questions 
about the structure of the QCD phase 
diagram at high  and to explore 
neutron stars 

μB

Many world-wide existing and 
planned facilities complement each 
other programs

CBM plans to start these exploration 
in 2028 to answer fundamental 
questions in the  first year of running

.. that sensitive to the interactions in 
the final states and significant for 
determination of the EoS

Already operat ing at h igh  
experiments are complete and 
exploration of new physics needs new 
facilities 

μB
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To answer fundamental questions 
about the structure of the QCD phase 
diagram at high  and to explore 
neutron stars 

μB

Many world-wide existing and 
planned facilities complement each 
other programs

CBM plans to start these exploration 
in 2028 to answer fundamental 
questions in the  first year of running

.. that sensitive to the interactions in 
the final states and significant for 
determination of the EoS

Already operat ing at h igh  
experiments are complete and 
exploration of new physics needs new 
facilities 

μB
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Extra slides 
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Strange hadronic matter in the inner core

37

The inner core of the neutron star is totally unknown. One of the most probable scenarios is that 
hyperons (baryons with strange quarks) appear at a density larger than (2–3) 

Λ hyperons, being free from Pauli exclusion principle by neutrons, are allowed to stay at the bottom of 
the attractive nuclear potential made by neutrons. When the kinetic energy of a neutron on the Fermi 
surface of the degenerate neutron matter exceeds the Λ-n mass difference of 176 MeV, it converts into a Λ 
hyperon via weak interaction.

ρ0
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The normalized pair separation distribution (source function) S(r*) is assumed to be Gaussian,

The correlation function can be calculated analytically by averaging Ψ over the total spin S and the 
distribution of the relative distances S(r*) Ref : Lednicky, Richard & Lyuboshits, V.L.. (1982). Sov. 

J. Nucl. Phys. (Engl. Transl.); (United States). 35:5.

Lednicky-Lyuboshitz model

38

f0 - the scattering length, determines low-energy scattering. 

The elastic cross section, σe , (at low energies) determined by  
the scattering length,

F- confluent hypergeometric function

f0 and d0 -  parameters of strong interaction.

Theoretical correlation function (k*) depends on: R, f0 and d0.

d0 - the effective range, corresponds to the range of the potential  
(simplified scenario - the square well potential.

C(k*) = ∫ S(r*) |Ψ(r * ,k*) |2 d3r

ΨS(r * ,k*) = e−ik*r* + f S(k*)
eik*r*

r *
f S(k*) = (

1
fS
0

+
1
2

dS
0 k *2 −ik*)−1

|ΨC(r * ,k*) | = ACe−ik*r*F(−iη,1,iζ) AC(η) =
2π

k * ac
(exp(±

2π
k * ac

) − 1)−1

Strong

Coulomb

For identical systems one has to 
include QS (Fermi-Dirac / Bose-
Einstein) as well.
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https://inspirehep.net/jobs/2811921
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S. Acharya et al. Phys. Rev. C 99, 024001 – Published 13 Feb 2019

https://doi.org/10.1103/PhysRevC.99.024001

Parame-
ters

p-Nb 
(LO)

p-Nb 
(NLO)

f0s 1.91 fm 2.91 fm

d0s 1.40 fm 2.78 fm

f0t 1.23 fm 1.54fm

d0t 2.13 fm 2.72fm

r0 1.71⼟
0.10

1.62⼟
0.02

parameter scan boundaries : f0 [0.01, 5.0], d0s [0.01, 2.0] and d0t [0.01, 5.0]

Phys. Rev. C 94, 025201 – 
Published 4 August 2016


Lednicky-Lyuboshitz model
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https://doi.org/10.1103/PhysRevC.99.024001
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Light nuclei correlation: p-d, d-d correlations


