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Key gquestions of HICs at NICA energies:

The phase diagram of QCD
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Experimental observables:

What are the experimental observables ?

- ,bulk® observables - multiplicities, .

y-, P1- Spectra, flow coefficients v,

- electromagnetic observables - / 4

dileptons and photons

- clusters and hypernuclei production ’/
- hard probes — open and hidden charm /f

o 3

rompt Y
R thermal y resonance
decays

What are the systems to study ?

'elementary pp and pn reactions:

of fundamental interest + provide a ,reference frame*
(i.e. input information) for the study of heavy-ion collisions

® pA (and ©A) reaction: cold nuclear matter effects

® light AA > heavy AA: many-body effects, isospin phenonena, EoS,
critical point(?), properties of strongly interacting QCD matter

Way to study:
Experimental energy scan of differential observables in comparison with theory



thermal model g
thermal+expansion m———

Basic models for heavy-ion collisions ..

transport

® Statistical models: IR 1k .
basic assumption: system is described by a (grand) canonical
ensemble of non-interacting fermions and bosons in thermal and chemical equilibrium

= thermal hadron gas at freeze-out with common T and pg [ - no dynamical information]

® Hydrodynamical models :
basic assumption: conservation laws + equation of state (EoS);
assumption of local thermal and chemical equilibrium
- Interactions are ,hidden‘ in properties of the fluid described by transport coefficients
(shear and bulk viscosity n, ¢, ..), which is ‘input’ for the hydro models

[ - : simplified dynamics]

® Microscopic transport models:
based on transport theory of relativistic quantum many-body systems
- Explicitly account for the interactions of all degrees of freedom (hadrons and partons)
in terms of cross sections and potentials
- Provide a unique dynamical description of strongly interaction matter in- and out-off
equilibrium:
- In-equilibrium: transport coefficients are calculated in a box — controled by IQCD
- Nonequilibrium dynamics — controled by HICs
Actual solutions: Monte Carlo simulations

[+ : full dynamics | -: very complicated]



Dynamical description of strongly
Interacting matter

Goal: Microscopic modeling of heavy-ion collisions

PHSD & PHQMD

Parton-Hadron-String Dynamics & Parton-Hadron-Quantum-Molecular Dynamics

is a unified non-equilibrium microscopic transport approach for the description
of the dynamics of strongly-interacting hadronic and partonic matter created in
heavy-ion collisions and p+A, p+p, n+A reactions from SIS to LHC energies

Hadronic interactions
=>final hadrons, clusters
+ leptons

N Quark-Gluon Plasma: IQCD EoS Dynamical
Initial state: Au+Au non-perturbative QCD - quasiaprticles Hadronization

time

=>» provides a continuous description of the HIC dynamics:
— no artificial transition from micro- to macro-description as in hydro-type models,
no jump in entropy and energy density

* PHSD,PHQMD are open source codes, available for experimental collaborations



| PHSD-PHQMD approach |

PHSD mode

~~

Initialization A+A
+ propagation of baryons:
Mean Field dynamics
(BUU)

| Realization: parallel ensemble method |

PHOMD mode
~~

Initialization A+A
+ propagation of baryons:
Quantum Molecular dynamics
(QMD) — n-body model

Propagation of partons (quarks, gluons) and mesons:
Mean Field dynamics (Kadanoff-Baym, BUU)

~~

Collision integral = interactions of hadrons and partons (QGP)

=

Cluster recognition: MST (Minimum Spanning Tree)

\)
9&'\o“") or SACA (Simulated Annealing Clusterization Algorithm)
0 : o
or coalescence mechanism + kinetic deuterons
> Final output — “events” : OSCAR, ROOT, Rivet formats

Computer language: Fortran




Microscopic transport theory:
mean-field (MF) vs. QMD dynamics
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Equations-of-Motion .@

Dynamics of heavy-ion collisions is a many-body problem!

Schrodinger eq. for

. a > o
system of N particles 3z P U 72

N-body Hamiltonian:

H ~ Z T(rl)+z Vii(Fy — T )

i<j local two-body potential

Mean field dynamics
Hartree-Fock eq. for a single particle i:
Ja | ~
ih=2 Wi (T, 1) = h (7, £)

h = T+U - single particle Hamiltonian
y, — single particle wave function

Self-generated mean-field potential:
U(#,t) =

3..7 33 = —>/
(Znh)? d3r' d>pV (7 -7, ) f(#,p,t)

local two-body potential

Testparticle or parallel ensembles method:
(75, )= Zily 6 — NG ~ i)

MF- covariant - (
Nt SR

.,FN,t) - H(Fl,Fz,..

LT t) WL T, ..., Ty, t)

N-body wave function:

WFL .. Ty D) ~ Hq;i(ﬁ-,t)
i=1

QMD dynamics

Ritz variational principle:

to d
5/ dt < (t)|i— — H[(t) >=0

! H - N-body Hamiltonian
¥ - N-body wave function

Single-particle Wigner density of
the nucleon wave function y;:

1
T3

Ansatz: Gaussian trial wave function

with width L centered at [, Pjg m
8

= QMD - non-covariant !
fio

L e v (p12
f(xi, pi, i, Pio, 1) = et INmrF o=y PP 0]




. . 0, .
@ Equations-of-Motion O;

[ ]
PHQMD

Mean field dynamics QMD dynamics

1 event: A+A nucleons
- N, ensembles with (A+A)*N, test particles

1 event: A+A nucleons

o ©
Step 1: grid cells ©
] ity ofr e y 0 0%
local density p(r;) ° ° y
— averaged over N, ensemblei Ersén ul@ s ® 10 ]
e ® e Vieg, ,—2
i 570 © o y (0] Vi Vig
Local cell “i”: o 1 o ] cell 7 3. o X
Ax=Ay=1fm, o — _
A)z(=1fym/ym © 2 el / - (@ P © 2 @ V12 - V(rl r2)
)
@ (o) X
° . ° o Expectation value of N-body Hamiltonian:

Step 2: forces

p(ri1) (H) = Z(Hi> = Z ((T,-) + x@
T = JdU i j

p(r;) 1 J#
F :'VU"’VP a_p o P(ris1)
. 9(H) . O(H)

. 7 I'io — —= Pio — — =
s_di _p 1 Ipio 3 Irio
dt m
- dp _ B Vi = V(r-r;) - local two-body potential
p= ﬁ:—VﬁU(rg,t) i = Vi) y P

= QMD: N-body dynamics
U@, t) - mean-field potential via 2-body interaction potential



Where do we see differences in QMD vs MF dynamics?

O “Bulk” observables for hadrons are rather similar in QMD and MF!
- tested within PHSD/PHQMD framework

O Cluster formation is sensitive to nucleon dynamics:
- QMD - allows to keep over time NN correlations by potential interaction
- MF — correlations are smeared out
- Cascade — no correlations by potential interactions

Example: Cluster stability over time: Viktar Kireyeu, Phys.Rev.C 103 (2021) 5
PD+PD, b = 6 fm, {5, = 8.8 GeV, 1, _ =40 fm/c Au+Au, b =6 fm, S, = 2.52 GeV, |, = 40 fm/c AurAu, b =6 fm, |5, = 2.52 GeV, [, = 40 fm/c
. - f 10‘5 Scenario 1 A=1 -E-' E Scenario 1 A=2 g 10':* Scenario 1 A=3
U Clusters identified by  # «f A=1 ® ok A=2 SOk A=3

psMST for all models: wE b

. F : 102.,— £
F L 7 N
1; M /'—\\. 15 / \
QMD. g E o ‘\ .n1:_ ,'j \."

% 10 R - E E \
Cluster|disttibutions are similar¥or a|l mgdels #fat t~ t; cere0ut 3
] 10°E il \ U E = '

mmm PHQMD + psMST w-f; t=40 fm/c i W, \ - 4 \

B S B B R e - e e e e e e B
. ¥ y

MF Pb*Pb‘I::Sfm,ﬁ:B‘SGeV,Lﬂ:wmm’c Aumu,b:ﬁn'rl,m:z.ﬁ(}ev,lﬂ_:ﬁbfw: mAu.b:sfrn.ﬁ:z,szGeV.&nﬂsuﬁwc

=== PHSD + pSR{[ST g :;i Scenario 1 A=1 g E Scenario 1 A=2 ‘; 103;- Scenario 1 A=3
wl

Cascade: wf

= = SMASH + psMST F

m1m UrQMD + psMST wifb f =150 fmic

-2 -1 0 1




Modeling of sQGP in
microscopic transport theory:

9t DQPM (T, 1) in PHSD/PHQMD
W
Yo
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Dense and hot matter created in HICs

Time evolution of the partonic energy fraction Time evolution of the baryon
[Au+Au, 0-5 %] density p
10T T——T T T T T 7
osf < V<05 T T T
I 35GeV ] i 00 5AGeV | |
08 @ —52GeV | 2F HSD 00 10 AGeV | -
0.7 —_—T.7 GeV - o 15 AGeV
[ — 14 GeV & 20 AGeV |
506 19Gey é wv 25 AGeV
< 05 —27GeV ] a
B 39 GeV =
W 0.4 —62GeV - z
03 ——200 GeV ] S
0.2
0.1 |
0.0 == P E—— % 5 10 15 20
0 1 2 3 4 5 6 7 8 9 10 11 12

: -1
time [fm/c] time [fm ]

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

Large energy and baryon densities (above critical € > g_,;;, ~ 0.4 GeV/fm?3)
are reachable in central reactions at FAIR/NICA energies*

= phase transition form hadronic matter to QGP

* small volume of QGP (,droplets‘) at low energies (BM@N)

12



Yo s Degrees-of-freedom of QGP

o
o % I,
o pQCD: (Yang-Mills) shear viscosity n
IQCD: QGP EoS at finite pg -
J. Ghiglieri, G.D. Moore, D. Teaney, JHEP 1803 (2018) 179
' [ ' I ' I ! |
L= —== 10—
B ,/ | f\"rf =
0.8 ;f
- I
206 : HB:O
& I w
= - I T — 1
04 - ! === Free quarks and gluons — = .
i | - - Bag model, B=(150MeV)'| - LO pzqep mmm
I [ LO pzr=
0.2+ I ¥ PQCD —
I .I;‘ « Lattice i NLO pipgep mm
- | | | | 1 NLO pars
0 1 . L - 1 1 01 L L il L | L L iy
0 02 AN 08 1 10 100 1000
Non-perturbative QCD €« pQCD T/T.
PQCD: Thermal (non-perturbative) QCD:
O weakly interacting system > 0 strongly interacting system
J massless quarks and gluons d massive quarks and gluons

=» Quasiparticles = effective degrees-of-freedom



2
ci/" Dynamical QuasiParticle Model (DQPM)

DQPM — effective model for the description of non-perturbative (strongly interacting) QCD
based on IQCD EoS

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

Theoretical basis :

O ,resummed‘ single-particle Green‘s functions = quark (gluon) propagator (2PI) :

gluon propagator: A+ =P?-II & quark propagator S;* = P?- X,
gluon self-energy: N1=M*-i2y,w & quarkself-energy: 3 =M ?-i2y w

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

Rez,: thermal masses (Mg, M,); Imz, :interaction widths (y4,vq4)

.05 p[Gev]

- spectral functions p, = -2ImS, -> Lorentzian form: g0
320
T
153
Y 1 1 B
pi(w,p) = = = - = 03
J E; (w—Ej)uﬁ (w+Ej)2+7§) =
_ 4wy, Js
(@-p - M) 4w B =ped -y

HIC Y )

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

14



P . :
e DQPM: parton properties

Realization concept:

U introduce an ansatz (HTL; with few parameters) for the (T, yg) dependence of masses/widths
U evaluate the QGP thermodynamics in equilibrium using the Kadanoff-Baym theory

U fix DQPM parameters by comparison of the DQPM entropy density to IQCD at p; =0

e Masses and widths of quasiparticles depend e Strong coupling (g) is defined from |IQCD
on T and ug entropy density at ug=0, using 9 (SDQPM) 1
9 2 3 -
(T, ) = €, T (1 T/ %%Ti;) e oA T
‘ u=0  crossover

15.0F

1 g% (s/ssp) =d((s/ssp)° — 1)
s95P —19/9 727

2/ 2
L2 o~ 9 (T, 1B) o Hy 125F
My (T 1e) = CqTT (1 T T2 10.0f

—_— PIT"  — IT" ]

QQ(T, #B)T QCTn 7.5F — [T — s5/T3 4
Y (T, ;1.3) = - Cj - In ) +1 s0F | lattice QCD ]
87 92(T', piB) 'ﬂl
25 . E
i
0.0 Bzeee 1 : . \ ) )
: 0.15 0.20 0.25 030 0.35 0.40
T[Gev]
_I T T T 1
4 —— DQPM, pg=0 ¢ lQco: Np=0
—-- DQPM, ig=0.2 GeV ¥ lQeo: Ng=2
F1 DR DQPM, pig=0.4 GeV 1 1ocD:Ng=2+1 ]

o as=03

as = g*(T, pup)/(4r)

———TEEEE

0.2 0.3 0.4 0.5 0.6 T/Te(us)
T [GeV]

- DQPM allows to explore QCD in the non-perturbative regime of the (T, ug) phase diagram
15



-& . . . .
$/a  Partonic interactions: matrix elements

DQPM partonic cross sections - leading order diagrams

I, a v, b

 Propagators for massive bosons and fermions: . 9" — qiq” /M2
q = —i04 L
" — MZ + 2i7v,q0
d (Quasi-) elastic channels: ) j

gqq’ = gq’ scattering

= ’&57" -
Tq2 — M'q2 + 2iv4q0

gg - gq scattering

t — channel u — channel s — channel

gg-> gg scattering

s — channel

L Inelastic channels:

P q+q—8g
t — channel u — channel s — channel 4 — point g — q + (—1

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

Int.J.Mod.Phys. E25 (2016) 1642003, P. Moreau et al., PRC100 (2019) 014911

16



o . .
fgi/f‘ Partonic cross sections

¢ 3 4 / S B e L
O On-shell: 3/ M O off-shell: /<% F — on-shel ]
o i . 5 o === off-shell ]
7 9 B
(1) ______ e \(23 o \\ 0 i .I'I' _________________________ -]
M 1 g\ Mo M 1 9,’/ 1\2[2 — 'I":h_‘
o - p @) £ 10 \N——TT o =
My /4 48/, N
Initial masses: pole masses ::r.\iti:;\I masses:. E:ole r:asses I a’//— T=127 ]
f Inal masses: integration over i L
Final masses: pole masses spectral functionsg v 107 - — :,dl_>lu,l;|l — Eum._}.gu. | ITIQIQI_}EI,E,I_:
2 & & B 10 12 14
T T T T T T T T T T T I‘..?[Ge.l.r]
101k _SZn“.SiZY qqr~qqr Q off-shell effects are stronger at low s1/2
— E off-shell 3 ————
Y - = =1 pQCD limit 10" : off-shell, v's =2 GeV 4
% 10% "true” pQCD 3 N — ud>ud ]
g o — U
—_ L — U
% 1071 pQCD —_ — gu-gu=x(4/9) |
S : E 00k —— gggg=(&/9) -
k) L o : ]
%lj‘* 102} :
103 _ 07
_10 —— s oo o5 '1:.0 10 G520 25 30
cos(0) s
o O strong T dependence
- DQPM: M->0, y>0 =» reproduces pQCD limits O ~ scaling with color ratio
O Differences between DQPM and pQCD : . o2
less forward peaked angular distribution lMgglzﬁglegql% (Fj) [Migql”

] leads to more efficient momentum transfer

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



i
g”}?‘ Transport coefficients: shear viscosity n at finite (T, p,)

Relaxation-Time Approximation (RTA) cjj > ‘leading order’ diagrams
( + cross-check with Kubo formalism):

3 4
PN in) = o Y / e s ) di(1 £ ),

E_Q7 g \ ]
I ] ’
[T 1 T T 1T~ T T T "1 Parton interaction
([ o] | ® 4 ©O = IQCDN-0 rate:
10'k = e DQPM RTA T Bayesian |
‘|| far-from-equilibrium holography: rf 8.8 E d} f j Oij
F %\ | —v—(—*—1PHSD )—#<SMASH) 1 :
T\ ' —o0==URQMD

<y = = N,=3PNJL —-—- N, 2LSM

Shear VISCOSIty n/s (T, u)
./ \ thiw_

0.6 0.8 1.0 1.2 14 1.6 1.8 2.0 2.2 24
T/T,

n/s from DQPM = n/s from PHSD in a box

» Good agreement with IQCD
» Light increase of shear viscosity with g

P. Moreau et al., PRC100 (2019) 014911; O. Soloveva et al., PRC110 (2020) 045203 Lattice QCD: N. Astrakhantsev et al, 18
JHEP 1704 (2017) 101



é"}?/ \ Transport coefficients

n/s versus (T,pg) Bulk viscosity &/s Speed of sound ¢,
// T T T TRTAT—— o S s O
/ I\'*. . W “"n“ .@G_—f\

P. Moreau et al., PRC100 (2019) 014911; Electric conductivity o./T Baryon diffusion
0. Soloveva et al., PRC110 (2020) 045203 coefficient kg/T?
_— ,,,,,,,,,v,

Full diffusion coefficient matrix: [0 102
i 0-03
JB KBB KBQ KBS Viag 1§
jio | =\ rer kKoo kros || Vieo o K
e KSB  KsQ kS Viag B £ R
ob
J. A. Fotakis et al., PRD 104 (2021) , 034014 f/o :
8o >
00.)0 ,«\o\\} -

=» Weak dependence of transport coefficients on g

19




.Eh
gj/f

& Partonic interaction rates (elastic and inelastic) in equilibrated sQGP

Partonic inelastic 2->3 interactions

quark + quark quark + gluon (t-channel)

PO JS N S

quark + gluon (u-channel) quark + gluon (s-channel)

Interaction rate

'|""|""I""I""l""l""l':
10 —"2 §
=
& T\ ¢ T —
C 107 B =
T\
e
///
10‘3:—/1:’ —— quark — elastic =
4 —— gluon -—- inelastic
L4 o ]
015 020 025 030 035 040 0.45 0.50

T[GeV]

Inelastic interactions are suppressed in a
thermalized QGP medium, but are crucial
in the context of jet attenuation

- Transport coefficients are sensitive
to the choice of the strong coupling

Vertex b
Model ® thermal |® jet ® emitted Pa n
gluon
DQPM a(T)
DQPM, a_=0.3 a=03 ™ D2
2 2 2
DQPM, a,(Q?) oM | 0@ | ak)
Zakharov model
: ; DOPM' '—-- LBT’[N =3] : ! I ; 2
i == DQPM,a;=03  pmm loco[iw,:o] 6F 3 [0 DQPM b
1 <+ DQPM, 0Q) [Ny=2+1] q DQPM, as=0.3
8 i P 1 s n/sm 125 DQPM o
b 8 o q QPM, a5(Q?)
1 X ¥ C Andres etal, Hirano
: l’ X ¥ CAndresetal, KLN P 4 3 1
Ll gty ’ L=l B. Miller, PRD 104, L071501 (2021)
ol M = .8
=1 33N
4 i E
: 2
o} 1
i
E, I AT A L L 2
P B . . . . . . 1.0 1.5 2.0 25 3.0
02 03 04 05 06 07 08
T[GeV] TIT,

% Strong dependence on the choice of a;
% Consistency with the weak-coupling limit at high T
% Strong deviation from the weak-coupling limit at low T

I. Grishmanovskii et al., PRC 109, 024911 (2024) 20



Strongly interacting hadrons
(vector mesons, strange mesons)
in a hot and dense medium:

from BUU to Kadanoff-Baym

A(s) [MeV']

A(s) [MeV"]

ssssssssssssssss

Tolos et al., NPA 690 (2001) 547

21



From weakly to strongly interacting systems

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 — dressing of partons

Many-body theory:
Strong interaction =¥ large widths =» broad spectral functions = quantum objects

Semi-classical on-shell BUU: applies for Kbar* spectral function
weakly interacting systems of particles L A(1783)Nt
» _ and
il >(1830)N-2
7- - exitations
= How to describe the dynamics of broad — 6l /
strongly interacting quantum states in 3 L ] _
transport theory? = G-matrix:
247 . Barcelona/
.,;4?’_ | Valencia
k group
It is doable with quantum 2[ 7
Kadanoff-Baym equations - -

== ‘ ! = =
600 800 1000 1200
q’ [MeV]
22



Dynamical description of strongly interacting systems

O Quantum field theory =
Kadanoff-Baym dynamics for resummed single-particle Green functions S
(1962)

Sot Sy, = Yo S5, 4+ S5 oo sul

Integration over the
intermediate spacetime

Green functions S</ self-energies ¥ : Real-time (Keldysh-) Contour

iS5, = n({@"(y)@(x)}) t N
S5, = (@(y)@" (X)) — —
iS¢, = (T{&(x)®"(y)}) —causal £, L t

iS5, =(T{@(x)®*(y)}) —anticausal

Sy =S;,— Sy, =S, —S;, - retarded b
Sy’ =S5, —S;, =S5, - S5, —advanced
Statistical

I pax 9 Mechanics
SOX =_(axaﬂ+ MO )
n =x1(bosons/ fermions) 1
T2(T°)- (anti- )time - ordering operator ol \\

I 0P Leo Kadanoff Gordon Baym

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

P. Danielewicz, Ann. Phys. 152, 305 (1984); ... H.S. Kdhler, Phys. Rev. 51, 3232 (1995); ...
23



Off-shell propagation: Kadanoff-Baym

After the first order gradient expansion of the Wigner transformed Kadanoff-Baym
equations and separation into the real and imaginary parts one gets:

Generalized transport equations (GTE):

drift term Vlasov term backflow term collision term = - ,lossf term

et - - _ : ret - 7
O{P* — M} — RS} {S5p} — [O4550 MRS = L [3p 555 — Sp Sk

H W. Botermans, R. Malfliet,
off-shell behavior Phys. Rep. 108 (1990) 115

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

L Sc<carries information not only on the occupation number Nyp (as BUU), but also on
the particle properties, interactions and correlations via the spectral function Ayp

Spectral function: Cxp

Avp — Reaction rate of particle:
XP (P2

— M§ — ReX%5p)* + I%p/4 Ie=-ImZ5=2p,T

On-shell limit of KB:

= Ay = 8(p>-M?) or Ayp has aconstant shape in a medium, i.e.VxI' =0, VpI' =0
= backflow term vanishes: KB - BUU

=» Generalized Cassing-Juchem off-shell equations of motion for testparticles = PHSD

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



.N. Generalalized testparticle off-shell equations of motion

W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 445
L Employ testparticle Ansatz for the real valued quantity i S<,;

_'i'\'T
Fxp =AxpNxp=iS5p ~ 3 09X — Xi(t)) 6P — Bi(t)) o(P — (1))
=1

insert in generalized transport equations and determine equations of motion !

= Generalized testparticle Cassing-Juchem off-shell equations of motion
for the time-like particles:

dxX. 1 . — ReXret
: = — |2P /b ReXS ) U/l ,
dt 1-— C{ji] 26{ * ng ‘ VP t .
P, 11 |- — ReXff
— = _ — |V Rexret QR P
pr =0, o Vx, ReX;™ + ] !
de, 1 1 [0ReXyy (% —P?— M — ReS( ar)
7 [ Cy2 | o ;

— M2 — ReXyet 9

— 1,

Note: the common factor 1/(1-C;)) can be absorbed in an ,eigentime* of particle (i) ! 25



. . . . o
Time evolution in PHSD / PHQMD Q.

° [ ]
PHQMD
Initial A+A O Initial A+A collisions : g
collision N+N - string formation = decay to pre-hadrons + leading hadrons
L Formation of QGP stage if local € > e.itica L.
= pu dissolution of pre-hadrons - partons i /
[ Partonic phase - QGP: 3 ’ ‘ i
Partonic phase QGP is described by the Dynamical QuasiParticle Model (DQPM) L ‘ E
: matched to reproduce lattice QCD EoS for finite T and pg (crossover) Lo

ol TN >
%y N
s s

- Degrees-of-freedom: strongly interacting quasiparticles: "y LK
massive quarks and gluons (g,q,9,,,) With sizeable collisional s HZ
widths in a self-generated mean-field potential o

- Interactions: (quasi-)elastic and inelastic collisions of partons /' A d
- parton propagation within Kadanoff-Baym equations .

off-shell off-shell
q+q L4 meson

AN

Mmeson

[ Hadronization to colorless off-shell mesons and baryons:
Strict 4-momentum and quantum number conservation

 Hadronic phase: hadron-hadron interactions — off-shell HSD

. - . 10 -+ - <
including n €= m selected reactions " PHsD 50 __ﬂ__ﬁ__“_d_f;,":”::wﬂ .
(for strangeness, anti-baryons, deuteron production) B e
°I1n' "':(;? ok "‘ LA T K
§1u ,"u‘ﬂ'_..:‘. :,*3: :i,)_.n
T f _iL L ;E‘
2

= PHSD/PHQMD provides a good description of ‘bulk’ hadronic wl
and electromagnetic observables from SIS to LHC energies S e

Sii [GeV]

PHSD: W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215;  PHQMD: J. Aichelin et al., PRC 101 (2020) 044905 26



PHENIX Au+Au ¥s,,, = 200 GeV | Au+Au, s = 200 GeV, 0-80% |
! ! ! ’ ! ' , y il 0-5% central & [n] < 0.35 1 10' : = ; ;
03 F A+A 0-5% central lyl<(0.5 ] ‘ o o STAR2015 | PHSD: PR
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0 1 1 1 1 1 1 1 1 : —= = ] ] 10@0‘9’ Dlé - “1‘0\ - 1‘5 2‘0 25
5 I . I . I .
2 4 6 8 10 12 14 16 18 20 10 M, [GeV/c?]
- ~
Vs [GeV]
10'F 3 .
o - 10 AutAu, s =200 GeV, MB, [y|<0.35
_ [ . . r 1 s PHSD sum;
'g‘ 10°F — E ) —o=QGP
‘ ‘ "z"' E s p 3 ::' 10 = =mm->mmy E
vy % STAR Au + Au, all charged T . 7[+ < ﬁ = = ~mBomby
0.06F o gata minbias, ) < 1 10"k o o A+ 3 i T *:‘:—*;P‘.‘» p ==y ]
o05L —5PHSD + -0 ] S 2 R decays of A
T —+-usp b e K o A+E ] iy ccays of 6,2,
0.04F 102k ‘ o K s = i E. 10 Rkt pQCD i
= ol ] e - O @ PHENIX
0.03 0 L s AGS s SPS _* BES e RHIC E .
omf —-*-%—%—%-—1 ——J_I——% i 10° L \ . z 3
0 ] 2 3 5 7 10 1'.220 30 50 70 100 200 ©
4
0.00F ‘ ‘ Sun [GeV] 0L
® PHENIX prel. Au+ Au, all charged T — Ny y
0.2 TTPSD 300 <Ly 0751 Gevi 0.12 Pb - Pb, 'i_s,\'\ =2.76 : A\ ] otk AL 3060% LT
oqol THSD * vV, 0 - 5 % centralily,
: 010F « v, 2 3 4 H
o8 - * v, 1 0.05F p, [GeVic]
g 0.06 ] - ’ * Vs _
< = 000F
__I = 0.06 o
004 G S Sy —11]
/{r‘}/}_ b % Pl PHSDISTAR prel. 2T,
0.2 1 0.04 | 005PY W[ e A TGeV ‘
¥ o1 GeV 3
0.00 - - W 39 Ge i
10 _ 10 0.2 anb T —- W 62GeV
15 |GeV] : N L= ® 0GeV X N
0.00 — - 15 -1.0 0.5 0.0 0.5 1.0 1.5
0 2 3 4 5
nh beam

P, [GeV/e]

O PHSD provides a good description of ,bulk‘ and electromagnetic observables
(y-, py-distributions, flow coefficients v,, ...) from SIS to LHC
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Off-shell dynamics for antikaons at SIS energies

Spectral function of K~ within D. Cabreraet al., PRC 90 (2014) 055207 o N
the G-matrix approach: R PR PRI
000 gE—m g _.__.,_r--"'"r C)] -0.02 &)
‘ > I Im X ¢ (ko, k:T) ., — 004
SK(_kOa k: T] = - >, = 7 < e & 0.06-
Tk — k2 —mi — Bg(ko, k: T)| 3 ooz . % ol
a T=100 MeV T~ s w9 o] T=100Mev
& —=—p=0 B E —8—p=0
—a—p=0.15 GeV 0124 —=—p=0.15GeV
. . . S, e o] IS
In-medium cross sections for K m_— — s e

production and absorption are

plp, plp,
strongly modified in the medium:
ey ————— ]! _ _ In-medium effects are
. Kp>m+>] 1 Time evolution of mandatory for the description
30 a m B . -
| Tomevy ] the K- masses of experimental K™ spectra
E T pD - 2p0 1
20 T=100 MeV ] AutAu, 1.5 A GeV, b=0 fm I dN/dm Ni+Ni, 1.93 A GeV (b<4.5 fm)
! (GeV) ooo20{ — 11
10F ‘._?_ 40 | K
SEs= 0.00151 ]
0 ' 30
10’ — , Y E 005 5 0.0010+ , S 1
J e § T | - ” N
Ll wox] 3 0.0005. Kaos (PLB 495, 26)~\ |
= 10 fShift of 1 ' | 74— with medium effects
E o fihreshol B ; 0.0000 1~~~ without medium effects >
. T i ] 10 05 0.0 0.5 1.0
e 10 F e us 175 Y 01 02 03 04 05 06 07
Wk £ eis eee2s Y K’ mass (GeV) Y
10’ i .’.7."., 1 ] ]
2.6 2.8 3.2 34

Taesoo Song et al., PRC 103, 044901 (2021) ,4



Electromagnetic probes
of the strongly interaction matter:
dileptons

29



Physics with dileptons

Low mass dileptons  <paiit decay of mesons  *direct decay of vector mesons
- probe of hadronic  andbaryons (@n, A,...)

in-medium effects —
chiral symmetry
restoration
(late time emission)

Intermediate mass dileptons
— probe of ,thermal QGP*

q >Ax;<l+ \(\l\fﬁf‘fi'f-i-"*- g »‘_J g Y*
\\ + V;*L‘J
71/ Y* '

- % ‘ .
r q v

i =]
T

- correlated D+Dbar pairs [/~
o

— V4

< /

—
K-

.
[vl

— probe of pQGP (DY) and

Low- | Intermediate- hard probes
(early time emission)

0 1 2 3 4 5

mass |GeWcE|

\lass Region
< 0.1 fm
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Dileptons at SIS energies - HADES

L
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

= " AT . 1 PHSD:
1] T A Ar+KCL 1.76 GeV/inucleon HSD: 10 Au+Au, 1.23 A GeV, 0-40% — — £ Dalitz
i collisional broadening = — x Dalitz 107 — - =1 Dalitz
— 1 [ === 1 Dalitz S o HADES —==-ADalitz
N.:';f ' @ HADES —=v= A Dalitz N-E: 10 3 = === u Dalitz
- 4T m==a= gy Dalitz ®
3 R o) o A A .
ot F N mm—p - — — Brems. NN
- 1L i . === Brems. NN = 10° __E,.ems_:?
_"-'% i i Brems. xN = p
> ¢ N T 10
2 L~ B Z
—.-: | =
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w B a . L ; 10° ' . —
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%10
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< Preliminary O Strong in-medium enhancement
3 . . .
%4 Au+ATuHHHHH — T T T 4mnsuhtractcd'— of dllepton yleld In Au+Au vs. NN
3, A"Kcﬂ -+ M “ | ! D ]  Increases with the system size:
g2 '|°*$q£, o e fj*ig;i;; t - B .
ol ! ! C ] 1) multiple A regeneration —
- My [MeVic] |/, co ] dilepton emission from intermediate A’s which
= s ! ¥ Ratio: A+ANN ] are part of the reaction cycles
| 0, LU AGe .
g 4 ' lm = C+C.1.25 AGeYV A A%nN, ﬂ:N 9A and NN%NA, NA%NN
— - ' r . = .« xr -
~ 3 ©oa e s CHC LTS AGeV ] _ _
‘e L | it ‘.,-r-""‘ —-— C+C, 20 AGeV ] 2) pN bremsstrahlung which scales with Ny;,
7z - -7 Ar+KCl 1.75 AGe VT i i i
= e AutAD, 125 AGEV ] and not with Ny, , i.e. pions
T | + 5 AGeV J - .
A ) S R R S S el i aia 3) Collisional broadening of p,»,¢ mesons

0.0 01 02 03 04 05 06 07 08 09 LO LI 1.2

M [GeV/c| 31



Influence of the (T, yg)-dependent EoS
on dilepton production

Baryon chemical potential pg | Authu s, 52 Cev. 0.5% | - AAu s, J200CV OS]

i — ; PHSD: ] PHSD:
In (X_ansz) plane In AU+AU 10°k QGP: T =0  QGP:T,p, J QGP: T, =0 QGP: T’E"
N qrg->e’e gtg>ee 3 L e qrg->e’e qrg-e’e
S agogre’e wpargree] o AN q+g->g+e’e q+g->gre’e
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P N pimary Y < |l sesewe  —op o)
08 10° ; —sum all —— a, ',: mi=1.ly =1 ---= primary DY .. P 111'
S gt b R —_—umal E
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T o E E
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0.2000 fol : :
. visible influance of pg on QGP dilepton spectra at
0.1000 B
0000 low energies, very small — at high energies

H However, small influence of ug on the total dilepton

yield due to a small volume of QGP at low energies
A. R. Jorge et al., 2503.05253, PRC (2025) 32
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Dileptons: excitation function

Au+hu, 77 =200 GeV, 0-80%

PHSD dilepton spectraincluding a collisional broadening
of the vector meson spectral functions + primary DY + QGP

+ correlated charm

AutAu, s =77 GeV, 0-80%

Authu, 57 = 146 GeV, 0-80%]
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Excitation function of dilepton yield

integrated for 1.2<M<3GeV

| Au+Au, 0-5%, 1.2 <M__ < 3 GeV/c’
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(] Dileptons from QGP overshine charm dileptons with decreasing beam energy
O Primary DY could be “subtracted” from AA dilepton spectra using pp data

= Good perspectives for NICA!

A. W. R. Jorge et al., 2503.05253, PRC (2025)
Cf. T. Song et al., Phys. Rev. C97 (2018), 064907
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QMD dynamics,
cluster production

¢ @
PHQMD

PHQMD:

J. Aichelin et al., PRC 101 (2020) 044905;
S. GlaRel et al., PRC 105 (2022) 1;

V. Kireyeu et al., PRC 105 (2022) 044909;
G. Coci et al., PRC 108 (2023) 1, 014902;

V. Kireyeu et al., arXiv:2411.04969
34



Cluster production in heavy-ion collisions

The phase diagram of QCD

Temperature

~155 Leagds.
MeV

|t The Phases of QCD
© -~

1 LHC@CERN ® o 70 @

A :

@ ® Quark-Gluon Plasma

® O )

@ o] @®
NAG61/SHINE@CERN

il 0@ ®

AL/ W
@
Crossover .Or‘ ~. > I' “I
153 FAIR@GSI
» O T > :Illl

<
v
™
#"Orey,

o Critical Point W

Color/—

¢ y;
Hadron Gas ($) - 2\ Superconductor

Au+Au, central. midrapidity

ALICE

0-10% Pb-PD, |/s,,, = 2.76 TeV
ALICE, NPA 971, 1 (2018)
| | | | |

|
<4 -3 -2 -1 0 1 2 3 4

Clusters and (anti-) hypernuclei
are observed experimentally at all energies

before collision

O Clusters are very 100 - é' FOPI, NPA 848, 366
abundant at low energy = gof ' i
.2 = _
8 60| .
O High energy HIC: = f
Jcein afire‘ puzzle: g o i
how the weakly bound S | clustered fraction
objects can be formed and o | I

survive in a hot enviroment?! 107" 10°
beam energy (A GeV)

= Mechanisms of cluster formation in strongly
interacting matter are not well understood
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Modeling of cluster and hypernuclei formation

Existing models for cluster formation: A. Andronic et al., PLB 697, 203 (2011)

O statistical model:
- assumption of thermal equilibrium

Yield (dN/dy) for 10° events

In order to understand the microscopic origin of cluster
formation one needs a realistic model for the dynamical
time evolution of the HIC

Dynamical Models: o (GEV)

l. cluster formation by coalescence mechanism
at a freeze-out time by coalescence radii in coordinate and momentum space

ll. dynamical modeling of cluster formation based on interactions within microscopic
transport models:

— potential* mechanism - via potential NN (NY) interactions
(applied during the whole reaction time of HIC) .0-

I::} gl
— ‘kinetic* mechanism - by hadronic scattering PHQMD
(hadronic reactions as NNN-> dN ; NN1-> d1r, NN-> d1r)
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Cluster recognition: Minimum Spanning Tree (MST)

R. K. Puri, J. Aichelin, J.Comp. Phys. 162 (2000) 245-266

The Minimum Spanning Tree (MST) is a cluster recognition method applicable for the
(asymptotic) final states where coordinate space correlations may only survive for

bound states.
The MST algorithm searches for accumulations of particles in coordinate space:
1. Two particles are ‘bound’ if their distance in the cluster rest frame fulfills

| Fl) - F]) | <4fm (range of NN potential)

2. Particle is bound to a cluster 10° Ha) AusAus=2.52 GeV , 0-10%

if it binds with at least one o o s ° m; i /
particle of the cluster & "% & 9 10° F
o

dN/dy

L before stabilization - - - - _
Eg<0 before stabilization — - — 3
0 after stabilization
| Eg<0 aflter stablll;atlon —=— 3

» - ; ; ; | o

2 D o ]

° o © 10° Eb) Au+Aus=7.7 GeV , 0-10% - p—
1 :

10' b

S E
% 10° F et ST :

Advanced MST (aMST) _ - T o
O MST + extra condition: Ez<O 107 /ﬂ "‘“u¥%
negative binding energy for identified clusters 10" Fc) AusAuvs=200 GeV, 0-10%

dN/dy

L Stabilization procedure —to correct artifacts of
the semi-classical QMD:
recombine the final “lost” nucleons back into clusters e . .
if they left the cluster without rescattering ]

G. Coci et al., Phys.Rev.C 108 (2023) 014902 37
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PHQMD

Kinetic mechanism for deutron production in HICs

G. Coci et al., PRC 108 (2023) 014902

“Kinetic mechanism”
1) hadronic inelastic reactions NN <= dmr, TNN < dm , NNN < dN
2) hadronic elastic m+d, N+d reactions

Transition rate for 3> 2 reactions:

AN u3+4+5— 1(d) + 2
AN3;AN4AN5

= Py,(v/5)

Pso(\/'s) = E1E2 Ry(v/s,m1,m3) 1
3,2 Forinte ‘/2E3E4E5R3(\/_ , M3, M, Ms5) AVeey

Energy and momentum 2,3-body phase space integrals

Py (\/;) = U?é?(ﬁ)”i‘lem

At of final particles [Byckling, Kajantie] W. Cassing, NPA 700 (2002) 618

= solved by stochastic method

+ inclusion of all possible isospin channels 25l b
which enhance deuteron production
+ accounting of quantum properties of d, modelled by:

' STARd, |y|<0.3 —e— |

PHQMD with isospin + excl. vol. Ry=1.8 fm —— ]
PHQMD with isospin + prolectlon |¢d(p)|

N
T

ber of deuterons
-
(3,

1) the finite-size excluded volume effect in coordinate 5| ly|<0.5 ;
Space |F(?)* o F(d)*| < Rd \5\1
d Au+Au 7.7 GeV , b=3.5 fm, |y|<0.5
A\ 4
2) the momentum correlations of p and n inside d 05 f
by and projection of relative momentum of the p+n pair on . ;J S o
the d wave-function in momentum space © 10 20 3 40 5 6 70 8 9 100

t [fm]

which lead to a strong reduction of d production
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o, -
O, Kinetic vs. potential deuteron production

PHQMD

Excitation function dN/dy of deuterons —

at midrapidity

STARG, |yl < 0.3 —e— ]
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3
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2
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° 10Tt 7§
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1 2 Future option

10 :
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deuterons
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(J PHQMD provides a good description of
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dNi(d%prdy) [GeV?)

1 15

STAR data

2
pr[GeV]

4 Functional forms of y- and p;-spectra are 100 [ Woameree

Future option

slightly different for kinetic and potential '
deuterons 5

O The potential mechanism is dominant for d E
production at all energies!

deuterons
10* F AusAu @ 62.4 GeV, 0-10%

STARG, |yl <03 —e— ]

aMST, Eg<0.0 MeV — —

1 15

pr[GeV]

G. Coci et al., Phys.Rev.C 108 (2023) 014902

p; — spectra (BES RHIC)

£ Ill) both effects.

Future option

deuterons
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aMST, Eg<0.0 MeV — —

FAu+Au @ 115 GeV , 0-10%

1

£ lll) both effects

Future option

deuterons
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£ lll) both effects
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deuterons
P AusAu @ 200.0 GeV , 0-10%

STARd, |yl <03 —e— {

aMST , Eg<0.0 MeV — — ]

1



°. EoS dependence of p-spectra at STAR : s12=3 GeV

[ ]
PHQMD
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'@' Mechanism for deuteron production:
puoMb Coalescence and MST+kinetic ¢<&=) experimental data
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=» The analysis of the presently available data points tentatively to the MST +
kinetic scenario but further experimental data are necessary to establish the

cluster production mechanism.
V. Kireyeu et al., PRC109, 044906 M



@. PHQMD and UrQMD: Where clusters are formed?

PHQMD
Pb+Pb, 7% central, |/s,, = 8.8 GeV
5 AuAu 1.5 AGeV 10% central |y| < 0.5 -,
02 e 30 /e — A=1 E (b) 70 fm/c hfl <1
T e AT 8 T UrQMD, potential
3 - — d (COAL)
% B Free p+n (COAL)
N -
E —
g UrQMD, cascade
2 o g (COAL)
===: F'ree ptn
(COAL)
- —d (COAL)
20 — Free p+n (COAL)
--d (MST)
— Free p+n (MST) ,
09 AuAU4DAGQ\'T]-O“CCOIH'I.ELI|y|{[]'5 10.—2|||||||||||||||||||||||||||||1’I I8 T R BRI
[ e 307m/c — A=l 0O 10 20 30 40 50 60 70 80 90 100
e T0fmyfe e A =2 'y (fm)
0.15 | A
' =» Stable clusters are formed shortly after
e 30 fm/c MST . . . ..
5 o . elastic and inelastic collisions have ended
= and behind the front of the expanding
- energetic hadrons (similar results within
' PHQMD and UrQMD)
0.0 ! . o
0 2 4 16 18 20 =» since the ‘fire’ is not at the same place as the

‘ice’, cluster can survive

V. Kireyeu, J. Steinheimer, M. Bleicher, J. Aichelin, E.B., Phys. Rev. C 105 (2022) 044909 42



Summary

0 NICA & BM@N is an excellent facility to study the properties of the
strongly interacting matter at high density and finite temperature

O Transport theory is the general basis for an understanding of nuclear
dynamics on a microscopic level

Perspectives with NICA & BM@N:

® study of EoS by clusters (cf. talk by Viktar Kireyeu),

® properties of QGP at high pg (in small volume - “droplets”) by dileptons,
® possible 1st order phase transition,

® chiral symmetry restorations by dileptons and strangeness,

® subthreshold charm production,

® elementary reactions p+p, n+p and p+A
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Thanks to the PHSD-PHQMD Team!

Thanks to Organisers!

Thank you for your
attention!



Off-shell vs. on-shell transport dynamics

production of broad state

10' |

10' |

A(M)

10° |

10°

1999: dilepton spectra - if one propagates

10t L

In-medium:;

' ‘ p spectral function |
p=3p,

dropping mass
+ collisional broadening
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M [GeVic)]

in-medium p with on-shell BUU:

do/dM [ub/GeV]

10°

low mass p and @ mesons live forever

(and

T T 1 T T T T T T T T T T T T T T
— hare mass
== C0ll. broadening

p meson

E7=1.5 GeV

I 77%Pb - pX > e'e’ X
1
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On-shell BUU:

shine ,fake’ dileptons)!

(e)GiBUU: M. Effenberger et al, PRC60 (1999) 027601

In-medium

.—/
PB >= Po

A(M)

10°

Vacuum (p =0) state

[ p spectral function I ]

p=0
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Mass distribution of p mesons vs time

C+C, 2.0 A GeV, b=1fm
dropp. mass + coll. broad.

Off-shell

| p-meson J._
“I1 off-shell

EB & Cassing, NPA 807 (200

1.0

8) 214

The off-shell spectral function comes to the vacuum
shape dynamically by propagation through the medium!
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DOQPM: Mean-field potential for quasiparticles

Space-like part of energy-momentum tensor T, defines the potential energy density:

V(T pug) = ng (T, pg) + qug (T, p1q) + ng (T, pg)

=ds /dw de w)np(w/T) O(£P?) -
space-like gluons + space-like quarks+antiquarks dis g , )
g RIS '/'l/ s “ 2 _.,/»,l(,.')(-) w)np((w ~/l'l)““l]‘) (P .-
Try - = dg /: B f 0 2% () O() ne (w4 )/ T) OEP?) -
= Mean-field scalar potential (1PI) for quarks and
gluons (Uq, Ug) vs parton scalar density pq:
4.0 ————rr
dv, — Nt+NT+NT . DQPM15
Us(ps)=M ps = Ng+Ng+Ng o1
dps
Ug=Us, Ug~2Us

Quasiparticle potentials (Ug, Ug) are repulsive !

PHSD: =» the force acting on a quasiparticle j:

p,[fm]

F~ M /E,VU,(x) = M;/E; dU,/dp, Vp.(x)

J=9:4.9 _
=» accelerates particles

Cassing, NPA 791 (2007) 365: NPA 793 (2007)
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