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Properties of strongly interacting QCD matter

The phase diagram of QCD =>» thermal properties of QCD in the (T, pg) plane =
probed by heavy-ion collisions (non-equilibrium dynamics)
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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

O applicable for strongly interacting systems,

O which includes a phase transition from
hadronic matter to QGP

The tool:

PHSD/PHQMD approach

.




Yo s Degrees-of-freedom of QGP

o
o o 00‘3‘6360{31
o pQCD: (Yang-Mills) shear viscosity n
IQCD: QGP EoS at finite pg -
J. Ghiglieri, G.D. Moore, D. Teaney, JHEP 1803 (2018) 179
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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



Thermal QCD =

3
&/

Temperature

DQPM (T, ”q)

i Early Universe The Phases of QCD

o
LHC@CERN @ o ®
@) (@)
Quark-Gluon Plasma

o)
NA61/SHINE@CERN
> 0 ‘ q

ol

o ©

f
‘ 9 Critical Point V"

Hau.o.. _ __ U
7 ‘ Nuclear
S_ Matter Neutron Stars
-

900 MeV
Baryon Chemical Potential

finite T,p,



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: =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)

.,
-'”-.9'5 p [GeV]
.,

- spectral functions p, = -2ImS, -> Lorentzian form: "o
820
T
153
Y 1 1 3
pi(w,p) = = = - = 103
J E; (w—Ej)uﬁ (w+Ej)2+7§) =
_ 4wy, Js
(@-p - M) 4w B =ped -y

f1,0

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



%7&?‘ 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 -
-mé(T-, pB) = Cg—g (jé'uB)Tz (1 + 217}3 + %%g;;) : : : : : : or g
‘ us=0 Ccrossover

15.0F

2 2
2 _ 9 (T, uB) o Hq o
my ) (Tspp) = Cy TT (1 T 72,z 10.0f

751

1 g% (s/ssp) =d((s/ssp)° — 1)
s95P —19/9 727
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5.0k b lattice QCD J
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25 11lff.§>.<

0.0Lete2e 1
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—== DQPM, pg=0.2 GeV ¥ lQeo: Ng=2
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T [GeV]

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



% . . . .
$/a  Partonic interactions: matrix elements

DQPM partonic cross sections - leading order diagrams

O Propagators for massive bosons and fermions: e T 9" — qiq” /M2
(1 — _?:60} P N
" — MZ + 2i7v,q0
d (Quasi-) elastic channels: i j

gqq’ = gq’ scattering

= ’&67" -
Tq2 — M'q2 + 2iv4q0

gg - gq scattering

t — channel u — channel s — channel

gg-> gg scattering

s — channel

L Inelastic channels:

£ 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 Moreauetal, PRC100(2019) 014911 :
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S/ Differential cross sections

3 /
3 M. NV S :
[0 On-shell: | 3 d Off-shell: 4 |I?Itla| masses: pole masses
) o’ 5 { .’ > Final masses: integration over
//\9 //\0 .
o e o o \ ______ o spectral functions
0
My 9 My M M,
M Initial masses: pole masses 4 o
4% Final masses: pole masses 48/,
C IR R 2 L A ™
i S=4GeV
1015" —— on-shell qq,_)qq/f L
— F off-shell : 101k
) 0' = = 1 pQCD limit 3
% 105" "true" pQCD 3
% 1071t pQCD, i
S : [
S »
3 1072 1077
=% C
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cos(0) cos(0)
Plot by llia Grishmanovskii

d DQPM: M=0, y2>0 = reproduces pQCD limits
O Differences between DQPM and pQCD : less forward peaked angular distribution
leads to more efficient momentum transfer

P. Moreau et al., PRC100 (2019) 014911
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S/ Total elastic cross sections
@/‘
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O off-shell effects are stronger at low s1/2 O strong channel dependence at low s1/2
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TIT,
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L strong T dependence

d weak pg dependence
U ~ scaling with color ratio

2
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|. Grishmanovskii et al., PRC 110, 014908 (2024), plots from PhD Thesis 9



DOQPM: Mean-field potential for quasiparticles

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

700 00 00
Vi (T, ﬂq) - Tg— (T, )U’q) + Tq— (T, Nq) + Tq— (T, Nq) i /dw dp , ) i/ T) (LB .-
space-like gluons + space-like quarks+antiquarks do & , )
Tx; ~~.:,/,,/ T “~W,,,,(,~)(—)(,),l,.~ (w—pg)/T) O(£P?) -
ll‘i 0t — 4/‘7./.-:7(2/‘—71)3 '_»’/),7(“‘,') O(w) np((w+ /I(I),/'IV) (-)(:tl)z) cee
= Mean-field scalar potential (1PI) for quarks and
gluons (Uq, Ug) vs parton scalar density pq:
4.0 ————rr
— NFtenFenT :
_ dVy(ps) ps = Nj+Ng+Ng 35| DQPMIS

Us(ps) = dp

Ug=Us, Ug~2Us

Quasiparticle potentials (Ug, Ug) are repulsive !

=» the force acting on a quasiparticle j:
F~ M,;/E;VU,(x) = M;/E; dU,/dp, V()

J = 9.9,q

p,[fm]

=» accelerates particles
Cassing, NPA 791 (2007) 365: NPA 793 (2007)

10



QGP near equilibrium

DQPM (Ta l-lq) :
transport properties at finite (T, p,)



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

Relaxation-Time Approximation (RTA) o; > 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)
./ ) Whiw_

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, 12
JHEP 1704 (2017) 101
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Transport coefficients at finite (T, p,)

Baryon diffusion coefficient kg/T?

k,/ T

hadrons QGP
T T T T T
i DQPM RTA T i [GeV]
' —_0
HRG: L [GeV]
0.1 0 ! ]
N DL Chapman-Enskog :p, [GeV]/
;0 .
’ i
! L AdS/CFT: p [GeV]|
ll VA e X
0.0 ! | o g;
] '.i -
[ ! |
1 i
[ i ]
' i 1 R L L
0.5 1.0 1.5 2.0 2.5 3.0
T/T (1)

Full diffusion coefficient matrix has been evaluated:

iB KBB KBQ KBs Vitapg
jo | =1 ke kqa kos Viag
ik KSB KsQ KSs Viag

J. A. Fotakis, O. Soloveva, C. Greiner, O. Kaczmarek and E.B.,
PRD 104 (2021) , 034014

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

Bulk viscosity (/s
PORNRNLT pppmy

Electric conductivity /T

0_03
Q
o® T
o
=
QR o2
- 'O\Q.
(o8 <
oo =5 ’\(\

=» Weak dependence of transport coefficients on upg

13



Probing of the properties of sQGP
with jet partons
7,
“*  Extension of DQPM (T, pg)
elastic (22 2) + inelastic (2-23)

scattering

llia Grishmanovskii (PhD Thesis)

14



é% Partonic inelastic 2->3 interactions

quark + quark

s Pa

Pa jul Pa ”m Pa m
g 2]
Py > > P2 Py > » P2 2 » » p2

Pa > E L n Pa > > ”n
Py ‘D—P—%PQ Py P2
P3 P73
quark + gluon (u-channel)
P3 P3
Pa P2 Pa P2 Pa ———— 0000000000 P2
Y
e - p3
Y
Py mn i3 P Pb 0900009000 ——— 1
Da P2 Pa ———— 0000000000 P2
\i
Po n yu %—b— ”m
P3 3

O No approximations applied
All interference terms included

(]

0 Emitted gluon is massive in DQPM

quark + gluon (t-channel)

3 D3
P P b m P, p1
P3
P P2 Py P2 Dby D2
Pa n Pa > T > 21 Pa > > !
2 P2 P P2 y \mumuimm P2
P3 P3 P3
quark + gluon (s-channel)
Pa P Pa n Pa ”n
\ p3 P3
P3
Py p; Py P Py P
P P1 P P
p3 P3
Po P2 Po P2

I. Grishmanovskii et al., PRC 109, 024911 (2024)
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W . . . . .
&/ Partonic cross sections: elastic vs. inelastic

FT s a2 I i Lard § &7 ¢ 6k 8 & & | &4
F ' ' ' ' ' i —— inelastic — Vs=2GeV ]
10" : 10'h -=-- elastic Vs=5GeV ]
100k [
_ E = 10°F
2 [ [eeemmmmmmmmm—mm————————=a £ F
E 107~ =
S gy S 107 ~==
1072F : — S
; 1072
107F —— inelastic i
i ——- elastic —_ 6T, 1 10_3
107 24éé1'01‘21'4 1.0 1.5 2.0 2.5 3.0 3.5 4.0
V's [GeV] T/Te
—_ 2 3
|M2_>2|2 X Ozg |M2—>3| X g

- Elastic cross sections dominate at low energies and high temperatures
- Inelastic cross sections dominate at high energies and low temperatures

- Temperature dependence is stronger for the inelastic reactions and is mainly
driven by the DQPM strong coupling

* In calculations - emitted gluon

has a thermal pole mass m %(T) I. Grishmanovskii et al., PRC 109, 024911 (2024)

16



b
§/a Inelastic cross sections: emitted gluon m

L L T T T T T
T=0.2 GeV
—_— /5=5GeV
e /5210 GeV ]
_: 'E 10" F
i ®° T=1.2T,
] — M, =0 ]
] M, =0.49 GeV |
] —— Mgy=1.5 GeV
[ ] 1o L) AP Y I N E I I
Ok s 0.0 25 50 75 100 125
025 050 075 100 125 150 175 2.00 —
v'5 [GeV]
M, [GeV]

O Strong dependence of inelastic total cross section on the mass
of emitted gluon m,

4 Shift of the threshold of inelastic o, with increasing m,

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



Jet transport coefficients from elastic scattering

On-shell: Off-shell:
e integration over momenta e integration over momenta
e masses = pole masses e +two additional integrations over
medium parton energies
3 /" M3
3
r e 2 E* =m’+p’ o ) .
My My HE—— X 2E _’f g—wp(w,p)ﬂ(w)
o VN (2m)
My /4 ! PN
- 4
1 dapj
o) = b [ ot . d'p,
2E; j—;,g "I (2m)2E; (O)F =55 2. &ifi o
d’p d’p, ' i=a.d.9 (2m)
) / (2m)32E, f (27)32E, y &’py d ps

(2m)32E, J (27)

X (1£ f1)(1 £ f2)O|M*(27)*6W (p; + pj — p1 — p2) o
x (1£ £1)(1 £ f2)O|M|*(2m)*6 (p; + p; — p1 — p2)

<O>u = Z<O> ugq + Z<O>TH}_ + <O> ug — (O>ma—>uu T (O>ud—>ud + <O}us—ms + <O>uﬁ_;u_ﬁ + <O> ud—sud + (O)ug—mg T <@>ug—>1eg
q q

O Scattering rate I' : O=1

O Transverse momentum transfer O = |pr —p}'|2 —(0) =g
squared per unit length q :

O Energy loss per unit length dE/dx: O = (E — E') — (O) = dE/dx
O Drag coefficient A: O=pr—p]

18
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L.

Partonic interaction rates in equilibrated sQGP

I [GeV]

T [fm/c]

Interaction rate

LA L D L D e L |
0" .
1072 e =

/’,:"—‘—-‘
//”’
’,7 .
1073k R — quark — elastic -
Ert —— gluon ===~ inelastic ]
I B BT B BRI B B B
015 0.2 025 030 035 040 045 0.50
T [GeV]
Relaxation time (1~ 1/T)

A B B N RN L BRI BRI B
2.00F === elastic ]

[ —— elastic + inelastic
175F
150 F
1.25F
1.00F
0.75F .
o.soiw

e o o e by by b by b
015 020 025 030 035 040 045 0.50
T[GeV]

0.100¢

0.010¢

@ 0.001;

dN/dV's

on—shell u — u scattering

~ T=T;

T=0.3GeV
~_ T=0.4GeV|
~_ T=0.5GeV

-4
10 0

In thermalized QGP low energies are favored

4 6
Vs [GeV]

where the elastic scatterings dominate

- The partonic interaction rates and relaxation

<

time are primarily governed by elastic scattering
- Inelastic processes — with massive gluon

emission — are suppressed in the thermalized

QCD medium

I. Grishmanovskii et al., PRC 109, 024911 (2024)
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» . .
S/ q from elastic scattering

9 B 1
F m==_DQPM (10 GeVjc)
8 [ : == DQPM (10 GeV/c), @jer=0.]
[ s DQPM (100 GeV/c)
7k : — - LBT [N;=3]
: Lattice [Pure SU(3)]
6r I Lattice [(2+1)-flavor]
I\ JETSCAPE
m OF 1 '\, JET
= oS
<U‘ 4 -_ I \I
1
1
3p VTN
[ jet = 0.3
2F
oL e —
L
1F 1
C
- ]
0 [ II I 1 L 1 I L L L I L 1 1 I 1 1 1
0.2 0.4 0.6 0.8 1.0

T [GeV]

- Agreement with the other models at low jet energy

- Rapid rise with decreasing medium temperature due to strong increase of g(T)

I. Grishmanovskii et al., Phys. Rev. C 106, 014903 (2022)



g and dE/dx from elastic scattering

14 [ T T T
L off-shell

12 F —— DQPM, T=0.3 GeV
[ DQPM, T=0.4 GeV

10F —  DQPM (pQcD limit)

- —— BAMPS

quark jet

N
50

EIT

100

200

(1/T2)dE/dx

4 T T T

[ off-shell

L —— DQPM, T=0.3 GeV
3k DQPM, T=0.4 GeV

[ —  DQPM (pQCD limit)

| —— BAMPS
i
B

quark jet
O L L L 1 f T | |
10 50 100 200
EIT

- Logarithmic growth of g-hat and energy loss dE/dx with jet energy E

- DQPM predicts stronger suppression than pQCD

- Aligning with pQCD-based calculations in the pQCD-limit

I. Grishmanovskii et al., PRC 106, 014903 (2022)
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g from elastic (2-22) vs. inelastic (2->3) scattering

g/T

10°

10

——
p=10GeV/c ]
—— elastic ]
——— inelastic |

102F

g/T

10°

103F"

107

p =100 GeV/c ]
—— elastic ]
——— inelastic |

P IR
0.2 0.3 0.4 0.5 0.6 0.7 0.8
T [GeV]

Scaled cross section [mb]

102

107k

107 b—

1073 |

—— S ———— -]
— -

— T —————
——
-

:_ ineli 6 12T E
q 19 —— 3T, ]
=== Oglg" — 6T,
1 L L 1 L L I L L L I 1 L L I 1 1 L I L 1 L I L
2 4 6 8 10 12 14
V's [GeV]

Strong dependence of elastic (~g*) and
inelastic (~g®) cross sections on strong
coupling constant

Temperature and momentum dependence is stronger for inelastic reactions

Stronger energy loss at large energies and small temperatures
— questionable suppression of jets in heavy-ion collisions

I. Grishmanovskii et al., PRC 110, 014908 (2024)
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Different scanarios for strong couplings

e Jetis not a part of the QGP medium — strong coupling is not thermal P3
— consider different strong couplings » -
in thermal (@), jet (@), and radiative (@) vertices

Vertex Po P2
Model e medium parton e jet parton e emitted gluon
Scenario ( gPM(T) — “default” DQPM (thermal coupling)
Scenario 1 g=4rx03 — constant strong coupling
Zakharov model Scenario 11 gDQPM(T) g(QQ) g(ktZ)
2 4872 1
QLBT model | Scenario 111 DQPM E E q —
cenario g (T) 9(E) 9(E) (11NC—2Nf)1H(%)
DREENA framework Scenario IV gDQPM(T) g(ET) 9(@2)
5—_ 1 1 I_ DQPM 1 ]

[l B. G. Zakharov, JETP Lett. 112, 681 (2020).
[l] F.-L. Liu et al., Eur. Phys. J. C 82, 350 (2022).
[IV] D. Zigic et al, Front. Phys. 10, 957019 (2022).

I. Grishmanovskii et al., PRC 110, 014908 (2024)

—-= DREENA E=10 GeV
=== DREENA E=100 GeV -
=== QLBT E=10 GeV
QLBT E=100 GeV

T [GeV] 23



g from elastic + inelastic scattering

p=10 GeV/c p=100 GeV/c
Sclenarin o DIQPM T elasic ‘ ‘
I' L | I 1 L | | L | i 1 102 [ —_— inzla_?.Li:
[ nqm Lﬂ'l'tiI:E [p." ra 5U|:3:|] ) . . = elastic + inelastic
: - == Scen. | Lattice [{2+1)-flavar] 1
Y — = 5cen. Il JETSCAPE
g 1| j.r W % e Scen. LBT [Ny=3] -
- 1,\ =ssm=: Sgen. IV # JET ]
| / . #  C Andres et al, Hirane |
T | $  C. Andres et al, KLW
]f -' Sy n
6fF Jf s .
rl A
i . *
g
—
w0 L
|
# i : 10r } - 107
o 1 . Scenario Il 1o
]
.: -’:'e 10! 10
Al i — T
| —_
| b 07 } t t } } 107
I Scenario IV
1 0 10
L .IF‘I Ewf _— 3%
e —
u L1 L PP e 1 T T 1 . we— 1 i
02 03 04 05 06 07 08 I U A
T [GE“] 0.2 0.3 F[GSC:-I] 0.5 06 02 03 F[Gl:\li:] 0.5 06

- High sensitivity to the choice of the strong coupling (“scenario”

- The “default” DQPM with the thermal couplings produces the highest values
of the transport coefficients

I. Grishmanovskii et al., PRC 110, 014908 (2024)
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L.

dE/dx from elastic + inelastic scattering

(UTH dEfdx (/7% dE fdx (/7% dE S dx

(1 T%) dE dx

{1/ T%) dE [ dx

p=10 GeV/c p =100 GeV/c
E T T T T T T T T T .
[ Scenario 0: DQPM — elastic.
10 — inelastic 1
F — glastic + inelastic
107k
10°
107 ————+—+— } | | : : : : :
Scenario |
0%

107k

100

410

410°

yg

1071

1
0.2

1 I I
0.4 0.5 0.6

1
0.3

1
0.4
T [Gev]

1
0.5

0.6

102 3

(1/72) dE™e fdx

-—
2
T

— p=10GeV/c

[ L L " 1 " L L 1 L L L 1 L " L 1
0.0 0.2 0.4 0.6 0.8
M, [GeV]

High sensitivity to the choice of
the strong coupling (“scenario”

The “default” DQPM with the
thermal couplings produces the
highest energy loss

Energy loss is decreasing with
increasing m,

I. Grishmanovskii et al., PRC 110, 014908 (2024) 25



b
&%7‘ Relation between n/s and g

R T
In the weak coupling limit: n/s=~1.25—
B. Muller, PRD 104, L071501 (2021) q
L L L L e 1‘0
6 W DQPM ]
P DQPM, a5=0.3 0.8
5 DQPM Zakharov - '
— —== 125 ]
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- Sensitive to the choice of the strong coupling

- Valid in the weak coupling regime (at high temperatures)

- Violated in the strong coupling regime (at low temperatures)

I. Grishmanovskii et al., PRC 110, 014908 (2024)
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QGP:
in-equilibrium = off-equilibrium

Microscopic transport theory!

N
Yo =

* QGP: only elastic partonic interactions
are implemented in the PHSD up to now
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Dynamical modeling of heavy-ion collisions - PHSD

-

Parton-Hadron-String Dynamics (PHSD) is a non-equilibrium microscopic transport
approach for the description of dynamics of strongly-interacting hadronic and

partonic matter created in heavy-ion collisions

Dynamics: based on the solution of generalized off-shell transport equations
derived from Kadanoff-Baym many-body theory (beyond semi-classical BUU)

Dynamical Hadronic interactions

Quark-Gluon Plasma: IQCD EoS
Hadronization =>final hadrons + leptons

Initial state: Au+Au non-perturbative QCD - quasiaprticles

time
=» PHSD provides a good description of ‘bulk’ hadronic and electromagnetic
observables from SIS to LHC energies

= PHSD/PHQMD is atool to study dynamics of HICs; under constant development to
account for the complexity of HICs on a microscopic basis

PHSD/PHQMD are open source codes, available for all experimental collaborations (used by GSI/FAIR collaborations, linked to
e i the exp. software) and upon registration for other users
Bl PHSD: W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215; P. Moreau et al., PRC100 (2019) 014911

[zt E
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Traces of the QGP at finite p, in observables
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" Summary

O DQPM provides a self-consistent approach to study partonic interactions
and transport properties of the sQGP

O Inelastic interactions are suppressed in athermalized QGP medium, but
are crucial in the context of jet attenuation

O Jet energy loss of hard jet partons is larger within the DQPM compared to
the pQCD-based calculations

O Transport coefficients are highly sensitive to the choice of the strong
coupling

Outlook:

= |Implement inelastic 2—3 cross sections into full transport simulation (PHSD)
= Study the full jet evolution within transport simulations
= |mplement the LPM effect
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