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Properties of strongly interacting QCD matter

The goal:

to describe the dynamics of partonic and 

hadronic degrees-of-fredom and their interactions 

on a microscopic basis

Realization: 

a dynamical non-equilibrium transport approach

Ç applicable for strongly interacting systems,

Ç which includes a phase transition from 

hadronic matter to QGP

The phase diagram of QCD Ą thermal properties of QCD in the (T, mB) plane Č

probed by heavy-ion collisions (non-equilibrium dynamics)

PHSD   & PHQMD 
Parton-Hadron-String Dynamics &

Parton-Hadron-Quantum-Molecular Dynamics



Dense and hot matter created in HICs

Time evolution of the baryon 

density r

Large energy and baryon densities (above critical e > ecrit ~ 0.4 GeV/fm3) are 

reachable in central reactions at FAIR/NICA energies*

*small volume of QGP (ādropletsó) at low energies

Č phase transition form hadronic matter to QGP
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Time evolution of the partonic energy fraction

A. W. R. Jorge et al., 2503.05253 



Degrees-of-freedom of QGP 

lQCD: QGP EoS at finite mB

pQCD:

Ç weakly interacting system

Ç massless quarks and gluons

Thermal (non-perturbative) QCD:

Ç strongly interacting system

Ç massive quarks and gluons   

Non-perturbative QCD     ă pQCD
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mB=0

pQCD:  (Yang-Mills) shear viscosity h

J. Ghiglieri, G.D. Moore, D. Teaney, JHEP 1803 (2018) 179 

Č Quasiparticles   =   effective degrees-of-freedom



Modeling of sQGP in

microscopic transport theory:

DQPM (T,mq) in PHSD
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finite mq



Dynamical QuasiParticle Model (DQPM)

69Exploring the partonic phase at finite chemical potential within HICPierre Moreau
A. Peshier, W. Cassing, PRL 94 (2005) 172301;  W. Cassing,  NPA 791 (2007) 365: NPA 793 (2007), H. Berrehrah et al, Int.J.Mod.Phys. E25 (2016) 1642003; 

P. Moreau et al., PRC100 (2019) 014911; O. Soloveva et al., PRC101 (2020) 045203 

DQPM ïeffective model for the description of non-perturbative (strongly interacting) QCD 

based on lQCD EoS

Degrees-of-freedom: strongly interacting dynamical quasiparticles - quarks and gluons

Properties of the quasiparticles are specified by scalar complex self-energies:

Reʅq : thermal masses (╜▌ȟ╜▲);   Imʅq : interaction widths (♬▌ȟ♬▲)

Ą spectral functions rq = -2ImSq Ą Lorentzian form:

Ç āresummedó single-particle Greenós functions Č quark (gluon) propagator (2PI) :

Theoretical basis :

gluon self-energy:ʃҐag2-i2gg˖ & quark self-energy:ʅq=Mq
2-i2gq˖

gluon propagator: ȹ-1 =P2 - Ʉ & quark propagator Sq
-1 = P2 - Ɇq



ǒ Masses and widths of quasiparticles depend 

on T and ‘B

ǒ Strong coupling (g) is defined from lQCD

entropy density at ‘B=0, using 

Ễ DQPM allows to explore QCD in the non-perturbative regime of the (T,  ‘B) phase diagram

Realization concept:

Ç introduce an ansatz (HTL; with few parameters) for the (T, ɛB) dependence of masses/widths  

Ç evaluate the QGP thermodynamics in equilibrium using the Kadanoff-Baym theory 

Ç fix DQPM parameters by comparison of the DQPM entropy density to lQCD at B˃ =0

DQPM: parton properties
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crossover
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Partonic interactions: matrix elements

8Exploring the partonic phase at finite chemical potential within HICPierre Moreau

H. Berrehrah et al,  PRC 93 (2016) 044914,

Int.J.Mod.Phys. E25 (2016) 1642003, 

DQPM partonic cross sections Ą leading order diagrams

Ç Propagators for massive bosons and fermions:

qqô Ą qqô scattering

gqĄ gq scattering

ggĄ gg scattering

P. Moreau et al.,  PRC100 (2019) 014911

Ç Inelastic channels:

Ç (Quasi-) elastic channels:
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Partonic cross sections

9Exploring the partonic phase at finite chemical potential within HIC

Ç DQPM: MĄ0, gĄ0 Č reproduces pQCD limits

Ç Differences between DQPM and pQCD : 

less forward peaked angular distribution 

Ç leads to more efficient momentum transfer

Initial masses:  pole masses
Final masses: integration over 
spectral functions

Initial masses: pole masses
Final masses: pole masses

P. Moreau et al.,  PRC100 (2019) 014911

Ç off-shell effects are stronger at low s1/2au

Ç strong T dependence

Ç ~ scaling with color ratio 



Transport coefficients: shear viscosityhat finite (T, mq)

h/s from DQPM = h/s from PHSD in a box & 
Carsten Greiner B05

10Online | Mar 2022

Shear viscosity h/s (T, mq) 

P. Moreau et al.,  PRC100 (2019) 014911; O. Soloveva et al., PRC110 (2020) 045203

Relaxation-Time Approximation (RTA)
( + cross-check with Kubo formalism):

Parton interaction 

rate:

ü Good agreement with lQCD
ü Light increase of shearviscosity with Ἄ

sijĄóleading orderô diagrams 

Lattice QCD: N. Astrakhantsev et al, 

JHEP 1704 (2017) 101
10



Transport coefficients
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P. Moreau et al.,  PRC100 (2019) 014911; 

O. Soloveva et al., PRC110 (2020) 045203

Bulk viscosity z/s

Electric conductivity se/T Baryon diffusion 

coefficient kB/T2

Speed of sound cs
2

J. A. Fotakis et al., PRD 104 (2021) , 034014

h/s versus (T,mB)

Full diffusion coefficient matrix:

Č Weak dependence of transport coefficients on Ⱨ║



Partonic interaction rates (elastic and inelastic) in equilibrated sQGP
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Ễ Transport coefficients are sensitive 

to the choice of the strong coupling

I. Grishmanovskii et al., PRC 109, 024911 (2024)

Interaction rate 

Partonic inelastic 2Ą3 interactions

Inelastic interactions are suppressed in a 

thermalized QGP medium, but are crucial 

in the context of jet attenuation

Zakharov model

B. Müller, PRD 104, L071501 (2021)

ᵔStrong dependence on the choice of Ŭs

ᵔConsistency with the weak-coupling limit at high T 

ᵔStrong deviation from the weak-coupling limit at low T
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Dynamical description of strongly 

interacting hot and dense medium: 

from BUU to Kadanoff-Baym
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From weakly to strongly interacting systems

Many-body theory:

Strong interaction Č large widths Č broad spectral functions Č quantum objects

ÁHow to describe the dynamics of broad 

strongly interacting quantum states in 

transport theory?

Barcelona / 

Valencia 

group

L(1783)N-1

and 

S(1830)N-1

exitations

In-medium effects (on hadronic or partonic levels) = changes of particle properties 

in a hot and dense medium 

Examples: hadronic medium - vector mesons, strange mesons, baryons

QGP ïdressing of partons 

Semi-classical on-shell BUU: applies for 

weakly interacting systems of particles

G-matrix:

It is doable with quantum

Kadanoff-Baym equations
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Dynamical description of strongly interacting systems

ÇQuantum field theory Č

Kadanoff-Baym dynamics for resummed single-particle Green functions S<

(1962)

Leo Kadanoff Gordon Baym

)M(SĔ
2

0

x

x

1

x0 +µµ-¹-

m

m

advancedSSSSS

retardedSSSSS

a

xyxyxy

c

xy

adv

xy

a

xyxyxy

c

xy

ret

xy

--=-=

--=-=

<>

><

anticausal})y(ū)x({ūTiS

causal})y(ū)x({ūTiS

})x(ū)y({ūiS

})x(ū)y({ūɖiS

aa

xy

cc

xy

xy

xy

-ðà=

-ðà=

ðà=

ðà=

+

+

+>

+<

Green functions S< / self-energies S :

operatororderingtime)anti()T(T

)fermions/bosons(1

ca ---

°=h

Integration over the 

intermediate spacetime

1st application for a spacially homodeneous system with deformed Fermi sphere:

P. Danielewicz, Ann. Phys. 152, 305 (1984); é H.S. Köhler, Phys. Rev. 51, 3232 (1995); é 

Real-time (Keldysh-) Contour
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Off-shell propagation: Kadanoff-Baym

drift term Vlasov term collision term = āgainó - ālossó termbackflow term

Generalized transport equations (GTE):

Spectral function:

W. Botermans, R. Malfliet, 

Phys. Rep. 198 (1990) 115off-shell behavior 

After the first order gradient expansion of the Wigner transformed Kadanoff-Baym 

equations and separation into the real and imaginary parts one gets:

Ç KB propagates 1-body 2-point Green functions S<(x,p)ĄA(x,p)*N(x,p) in 8 dimensions

Ç S< carries information not only on the occupation number NXP  (as BUU), but also on 

the particle properties, interactions and correlations via the  spectral function AXP

GSG 0

ret

XPXP p2Im =-=

Reaction rate of particle:

W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 445

Č Generalized Cassing-Juchem off-shell equations of motion for testparticles Ą PHSD

On-shell limit of KB: 

Á AXPĄd(p
2-M 2)  or  AXP has a constant shape in a medium, i.e.

Á backflow term vanishes: KB Ą BUU

♩╧◔ ȟ♩╟◔
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Generalalized testparticle off-shell equations of motion

ÇEmploy testparticle Ansatz for the real valued quantity i S<
XP  

insert in generalized transport equations and determine equations of motion !

Č Generalized testparticle Cassing-Juchem off-shell equations of motion 

for the time-like particles:

with

W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 445

Note: the common factor 1/(1-C(i))can be absorbed in an āeigentimeó of particle (i) !

W. Cassing, `Transport Theories for Strongly-Interacting Systemsô,  Springer Nature: Lecture Notes in Physics 989, 2021

DOI: 10.1007/978-3-030-80295-0
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Parton-Hadron-String-Dynamics (PHSD)

PHSD is a non-equilibrium microscopic transport approach for the description of 

strongly-interacting hadronic and partonic matter created in heavy-ion collisions 

W. Cassing, E. Bratkovskaya,  PRC 78 (2008) 034919; NPA831 (2009) 215; W. Cassing, EPJ  ST 168 (2009) 3

Initial A+A 

collision

Hadronic phase

Hadronization

Ç Initial A+A collisions :

N+N Ą string formation Ą decay to pre-hadrons + leading hadrons 

Partonic phase

ÇFormation of QGP stage if local e> ecritical :

dissolution of pre-hadronsĄ partons

ÇPartonic phase - QGP:

QGP is described by the Dynamical QuasiParticle Model (DQPM) 

matched to reproduce lattice QCD EoS for finite T and mB (crossover)

- Degrees-of-freedom: strongly interacting quasiparticles: 

massive quarks and gluons (g,q,qbar) with sizeable collisional 

widths in a self-generated mean-field potential 

- Interactions: (quasi-)elastic and inelastic collisions of partons

Dynamics: based on the solution of generalized off-shell transport equations derived 

from Kadanoff-Baym many-body theory

ÇHadronic phase: hadron-hadron interactions ïoff-shell HSD
including n ăĄm selected reactions (for strangeness, anti-baryons, deuteron production)

ÇHadronization to colorless off-shell mesons and baryons:

Strict 4-momentum and quantum number conservation
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Stages of a collision in PHSD

Traces of non-equilibrium dynamics in relativistic heavy-ion collisions
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Stages of a collision in PHSD
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Stages of a collision in PHSD
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Stages of a collision in PHSD
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Stages of a collision in PHSD
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Stages of a collision in PHSD



Description of A+A with PHSD (highlights)

ÇPHSD provides a good description of ābulkó and electromagnetic observables

(y-, pT -distributions, flow coefficients vn, é) from SIS to LHC
25
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Electromagnetic probes 

of the strongly interaction matter:

dileptons



Intermediate mass dileptons 

ïprobe of āthermal QGPó

High-mass dileptons

ïprobe of pQGP (DY) and 

hard probes

(early time emission)

+qq

Ådirect decay of vector mesonsÅDalitz decay of mesons 

and baryons (p0,h, D,é)
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n- correlated D+Dbar pairs

Physics with dileptons

Low mass dileptons

- probe of hadronic 

in-medium effects ï

chiral symmetry 

restoration

(late time emission)
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Dileptons at SIS energies - HADES
E. B., J. Aichelin, M. Thomere, S. Vogel,  M. Bleicher, PRC 87 (2013) 064907 I. Schmidt, E.B., M. Gumberidze,R. Holzmann, PRD 104 (2021), 015008

ÇStrong in-medium enhancement 

of dilepton yield in Au+Au vs. NN 

Ç Increases with the system size:

1) multiple Dregeneration ï

dilepton emission from intermediate Dôs which 

are part of the reaction cycles  

DĄpN; pN ĄDand NNĄND; NDĄNN

2) pN bremsstrahlung which scales with Nbin

and not with Npart , i.e. pions

3) Collisional broadening of r,w,fmesons



mid-rapidity

Influence of the (T, ɛB)-dependent EoS

on dilepton production
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A. R. Jorge et al., 2503.05253, PRC (2025) 

Baryon chemical potential mB

in (x=0,y,z) plane in Au+Au

ÇVisible influance of mB on QGP dilepton spectra at 

low energies, very small ïat high energies

ÇHowever, small influence of mB on the total dilepton 

yield due to a small volume of QGP at low energies


