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The ,holy grail‘ of heavy-ion physics:

The phase diagram of QCD -> thermal properties of QCD in the (T, pg) plain
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Dynamical Models = PHSD

The goal:

to describe the dynamics of hadrons and T iy
partons in all phases of HICs
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 approach

Baryons Au + Au ,/syy = 200 GeV

Quarks ' e

Gluons b=22fm - Section view

Antibaryons.

Mesons ' l




e eswse Degrees-of-freedom of QGP
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For the microscopic transport description 15 —
of the system one needs to know all WL '
degrees of freedom as well as their _ rf ]
properties and interactions! Jos =0 -
- - = ' ]
< 1QCD gives QGP EoS at finite pg 04 = Free quarks and gluons - |
- : —— Bag model, B=(150MeV)
o2k 1 pQCD _
I :j « Lattice |
0 Ll l | . | . |
0 0.2 0.4 0.6 0.8
| need to be interpreted in terms ey
Non-perturbative QCD <&« pQCD
of degrees-of-freedom
pPQCD: Thermal QCD

O weakly interacting system = QCD at high parton densities:

O massless quarks and gluons J strongly interacting system

 massive quarks and gluons

How to learn about the degrees-of- 3 guasiparticles
freedom of the QGP from HICs? - q P

. . = effective degrees-of-freedom
=» microscopic transport approaches
=» comparison to HIC experiments



Thermal QCD =
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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



N
S/ Parton properties

Modeling of the quark/gluon masses and widths (ansatz inspired by HTL calculations)

Masses: 5
5 N -1 N
M o(d )(T UR) = g (T,ug) \ T +— = DQPM :
8N, T
: only one parameter (c = 14.4)
; A
: “(T, up) 1 o Nex— 1y + (T, pg)- dependent coupling
M2(T, _ T pp) (N +—N)T~+— = »Kp)- C€P
oI 1B) § ¢t 2 g T constant has to be determined
from lattice results
Widths:
1N2—1J (T, up)T 2c
T, h|{———+1
Tala) (T #8) = 3797 gm (QQ(T, g )
B 1 g~(T HB)T 2c 20 — ARRARAREEEEREEEERERE AR A ——
"}/g(T, I,LB) = gNC 8ﬂ' hl m —+ 1 Fltlat:,'f;

e/T*

Coupling g: input - IQCD entropy density s
function of T at uz=0

P(s/555) = d(Jssp) —1) <

QCD _ 19/97T2T3 ' ' ' T [GeV]

5SB
H. Berrehrah et al, PRC 93 (2016) 044914,
Int.J.Mod.Phys. E25 (2016) 1642003,

EoS py =0 from WB
Phys.Lett. B730 (2014) 99-104




N
eoi/" DQPM at finite (T, p,): scaling hypothesis

O Scaling hypothesis for the effective temperature T*
for N;=N, =3 W. Cassing, NPA 791 (2007) 365 E‘ 150 “,:
> 3 |IQCD: I
— — — = B 10[} _—a— Dyacei-Schwinger [C. Flscher etol 2014 N
ILLH JLLI'.'II JLLS ]!'L(f T*z L T2 ‘LLq % [Ty — [H-:uII[iri ....... Claymoes sl ] uuuuu 5]
— —Ej E 50 [ 1ot oo vt ot 20y
. = - W frespe—cut from fuctuations [Albe etal, 2014)
 Coupling: | |
_. L 200 400
g( T TC (‘,“' f— O)) _ Q‘( T T‘G (JI'_II')) Baryonic chemical potential (MeV)
0.18 T T
. . . 0.16 ]
Q Critical temperature T,(uq) in crossover region: 014
obtained by assuming a constant energy density € o TS
along a critical line T=T,(pq), Where € at T.(u,=0)=156 GeV B oosf - 1aCDu
IS flxed by IQCD at ”q:O sz :l-ls=0 1QCD Taylor-exp.
0.02 [ Endrodi et al. 1102.1356
0.00 L L
0.0 0.2 0.4 0.6

HglGevl
T.(u,
> M) gl —a/plee

T.(pg =0) o = 8.79 GeV >
| Consistent with lattice QCD: ,
- N Te(us) _ UB
IQCD: C. Bonati et al., PRC90 (2014) 114025 T = 1—K ? 4 ...
c C

IQCD K = 0.013(2) Kporm ~ 0.0122 H. Berrehrah et al, PRC 93 (2016) 044914,
Int.J.Mod.Phys. E25 (2016) 1642003,



5 . .
/& DQPM thermodynamics at finite (T, Hq)

Entropy and baryon density in the quasiparticle limit (G. Baym 1998):

qup _ ndqp _ / @ df3p3
“dw 3 5 21 (2m)
—/‘;—”% [dg ?—; (Im(In —A~) + ImTTRe A) 27
T (27) ) — —
onp(w — ) 1
d, L (Im(In—S, ") +ITm T, Re S
+ Z d, OnF Mq) (Im(In =S, ") + Im ¥, Re S, |:q ;i . dﬂq ( . = i)
g=u.,d,s - -
onp(w+ it _
+ Z d; d”F @ + Ha) (fin(ln —$:1) + Tm 5, Re Sq)] + ) dg F(au 1) (1m(1n - 7') +1Im g Re Sy)
- - qzﬂ,cf? 4 — -
B. Vanderheyden, G. Baym, J. Stat. Phys. 93 (1998) 843
Blaizot, lancu, Rebhan, Phys. Rev. D 63 (2001) 065003
15 a) uB—O 15'_b) 1, = 0.4 GeV
Input: 10} 10 Output:
lattice E0S | - DQPM EoS
pg =0 of * Lattice QCD S| pg >0 ]
L gg .l...!!‘“m..l. . . M
?Wcic.....-j e e

0 robuliPA W VT WY NN T S ST NN S ST ST T S S SR 1
0.15 0.20 0.25 030 035 040 0.15 020 025 030 035 040
T [GeV] T [GeV]
|IQCD: Sz. Borsanyi et al., JHEP 1208 (2012) 053



4
L DQPM: parton properties

Coupling as a function of (T, ) Pole masses and widths vs (T, ug)

3.0

N;=2+1 DQPM
25 ]

7\ |quark massli -

2.0 = 0.2 GeV E. 0.5
o= 0.4 GeV ‘3 04l
g 1.5} — 1= 0.6 GeV =
>= 03}
1.0} « 1QCD:N;=0,1,=0 - 5’02_
0.5- ]
S . 01}
09 2 34 5 6 78910 :':__
TiTc(pg)
08
=0
, : & osf
=> Lorentzian spectral function: = |
________ 00 EFn 04f
........................ '.““'&"«,2'5 p[GeV] n 2 f_

10 0 :1| .

[,-A29] (d‘m)d

P. Moreau et al., PRC100 (2019) 014911 10



% . . . .
$/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.Moreau etal., PRC100 (2019) 014911 1"



s
S/ Differential cross sections

3 2 Ms 304
[1 On-shell: Q off-shell: /<%
1 /// 2 //
o .___\_—::_\_9__. 3 1 ,’\9 2
M; % M S T .
o M, 0\ My
- o -
My /4 Initial masses: pole masses 1’.‘ Initial masses: pole masses
Final masses: pole masses 4 Final masses: integration over
spectral functions
T i ® 2 UL AL T
- S=4GeV
1015‘ —— on-shell qai=4q! 3 L
= i off-shell ] 101k
) i = = 1 pQCD limit F
% 100? "true" pQCD E
o F [
T 107 pQCD ;
o : _
2 [ o
S 1072 1077
| C
i I DQPM ]
10—3 E 10_25 Q —E
S s o o oaow oo oo o § 5o p g S Bl ¢ 0 p ooy B e O pogomo @ f pog o g
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
cos(8) cos(6)

J DQPM: M->0, y>0 = reproduces pQCD limits

Plot by llia Grishmanovskii

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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Total

Cross section

=Y
P L N
,
- On-shell: M3 . Off-shell: S
1 e 2 1 oy 2
O -——-\—;,’——\———- o O -———\—/—:——\———- @)
My i Mo My 4 Mo
@ p ®;
My /4 &/
—_—T=12T, =—T=2T, —_—uyg=0 =——p;=03GeV \\//__
—T=3T, — 1y = 0.6 GeV off-shell
101' ————————— -:- — = = = -— eas e e e -
V— i - = = _
= S / uu—uu uu—>dd
g 10° ‘/“;— ----- 3 E uu—suu MU TSS
© - - =ud—>ud
- = =us—us
10"} /' 1L 11 ug—>ug |
: ] —ggge
DQPM; p, =0 — = onshell | [ DQPM;T=12T, — —on-shell | [ DQPM
Uu—uu off-shell uu—>uu off-shell T=12T_ ;p;=0
10'2 P P R R B RS S R FE PSR RS SR S PRI SN [T SRS NS S T NS S S U S [T S S S ST Pa— P R R I BTSSR S SR RS R PR B
o 1 2 3 4 5 6 7 80 1 2 3 4 5 6 7 80 1 2 3 4 5 6 7 8
a) S1.’2 [GGV] b) S1.’2 [GBV] c) S11'2 [GeV]
0 strong T dependence O weak pg dependence - strong channel
dependence
13

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



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)
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QGP near equilibrium

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



The properties of QGP in HICs - transport coefficients

Properties of the QGP near equilibrium are characterized by transport coefficients

Shear m, bulk viscosity €, ... are ‘input’ for the viscous hydrodynamic models!

Hydrodynamics input for hydro simulations
T = —Pg" 4+ wu*u” + ATH , —~—
,; ) ) p _ HgV vol 2 A 0P AN 4P
Jy = ngu" + AJy AT (D u’ 4+ D" + 3A Qou) Dpu
b HB
9, = 0 AJ —(T)
auT”V =0 D" = A9, AN = g,up — ufu”
Shear viscosity Bulk viscosity Baryon/electric charge
Resistance to ‘deformation’ Resistance to expansion diffusion coefficients
nv@“ u’> _CVU K VN?B
; ﬁ's \ /ﬁ
' 3 ) &
pé 16



The properties of QGP from HIC - shear viscosity

The shear viscosity of a system measures its resistance to ‘deformation’, i.e. to flow

Compilation of the ratio of shear viscosity to entropy density (n/s) for various substances:

Ae(nls) | Ultra-Cold Quark-Gluon
ol Atoms Helium Water Plasma
c =
o E
© B \/
o &
= £
a
- f
= -
E -
1 String Theory Limit
E 1 | 1 | L/l | | (e | L /11 1 | 1
0 4 8 “ & 8 12 "4 8
x107 x10° x10°

Temperature (K)

Exp. data + IQCD: n/s near T is very small !

= QGP : closeto an ideal liquid, not a gas of weakly interacting quarks and gluons

= QGP: strongly-interacting matter

Plot from R. Tribble et al., http://science.energy.gov/np/nsac/reports
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PQCD: shear viscosity n

QCD: Pure Yang-Mills (only gluons)

LO (Leading order) perturbative QCD calculations:
n/s > 0.5 at T near T ‘AMY’: P.B. Arnold, G.D. Moore and L.G. Yaffe,, JHEP 11 (2000) 001)

NLO (Next-to-leading order): J. Ghiglieri, G.D. Moore, D. Teaney, JHEP 1803 (2018) 179 :
“The next-to-leading order corrections are large and bring n/s down by more than

a factor of 3 at physically relevant couplings.

The perturbative expansion is problematic even at T ~100 GeV”

]-0 L T LI | T T T TrTTTTT T T T """'l( T ".'-1""]|T' rrrTTTT
LA, — pars = (m < 4m)T ==
j\f 0 - L HEQCD = (27 — -lT]T [ | _
= 1
LO Hegop I
LO psr=

NLO ppgep

01 NLO pars T
: 1 10 100 1000 0.2 1 10 r 100 1000
T[GeV]
T/T.

= from pQCD to effective models of QCD! 5



"
L.

Transport coefficients: shear viscosity n

» Relaxation Time Approximation

r ‘glu—onsl \
8 .\_

d3p p*
RTA : N\ £
(T ) Y 7 2 7i(p, T, )| di(1 £ fi) i |
15T E: |
i=q,4,9 09"
'\ Relaxatlontlme oA .
Interaction rate P $ o ,
on p L e G 3 )
o, T ) = 2E Z / o) SQJE dj fi(E; T, pq) Hr Topa) = F(peTeu-B) e <
1 (S\\a
5 3 (T up) = 5, o® @ <T
/ 5 / o (1 fo)(1£ f) e
_(27r)32E3 (2’”)32E4 ’ ! —r 1 r 1t 17T 1
|M(*(pi, pj. p3,pa) (2m)*6™ (pi +pj — ps — pa) e A O o lQCI)Nr=l]‘
10" : | e DQPM RTA I'° Bayesian

RTA

n/s versus (T uB)

Lattice QCD: N. Astrakhantsev et al,

JHEP 1704 (2017) 101 P. Moreau et al.,

'| | far-from-equilibrium holography:
—v—(—e—) PHSD —¢—SMASH
—o— URQMD

w, = = N, =3PNJL —-—- N =2LSM

S o =

0.6 08 1.0 1.2 14 1.6 1.8 2.0 2.2 24
T/Tc

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

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



W
/e Transport coefficients: bulk viscosity ¢

» Relaxation Time Approximation Speed of sound c,?
N = o Y [T .
’MB o 9T (27-(-)37_?“ p’ ’IJJB y V.:f‘i""'.':’nc» Borsanyi et al,
1=q,q,9 PLB 13022014) 99
di(1= fi)fi [ o g s adm2\\ "
e P\ e BN
- B o

Speed of sound
AN TIRTAF T

| v 1 ' I ! I ' 1
/ |

X |

/ 1 L1

| | e lattice QCD N, =0
v + |
. — = RTA2 -
Els'versus (T,ug) | Bl | A

| MB ! —— Bayesian ]
|I f’_p ----- holographic ¢,,=2

| 0.2 b { — — - holographic ¢,=3 -
|

ug =0

5

7

(&) 1.0 1.2 14 16 1.8 20 22 24
0> = T/T
:lm c

» Good agreement with IQCD
E » Weak dependence of bulk viscosity on g
Lattice QCD: Astrakhantsev et al,

Phys.Rev. D98 (2018) 054515 P. Moreau et al., PRC100 (2019) 014911; O. Soloveva et al., PRC110 (2020) 045203 20
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Transport diffusion coefficients

» k. (9; 9’ =B; S; Q) -diffusion coefficient matrix for
the baryon (B), strange (S) and electric (Q) charges
using Chapman-Enskog method (CE) & RTA

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

Baryon diffusion coefficient kg/T?

hadrons QGP
T

0.1

K,/ T

0.01

HRG:p1, [GeV}

T T T T
i DQPM RTAT™: i [GeV]
: —_

_— 0.3

-------

RKBB KBQ KBS
kQB kKQQ k@S
KSB KRs@Q KSS

Electric conductivity o./T

__—1RTA

— T T T 7
/E)QPMRTA--- |

CE(DQPM) =—— |
/ CE(HRG) ----- ]
BAMPS —a— |

SMASH - -=-- ]
EFT —-—] ¢
.- laco:

't’ N=2+1 o * |

NF2
< quenched »
4 [ e, :

HRG: J. A. Fotakis et al, PRD 101 (2020) 7, 076007
AdS/CFT: T. Son and A. O. Starinets, JHEP 0603, 052 (2006)

d Baryon diffusion coefficients decrease with pg

O. Soloveva et al., PRC110 (2020) 045203 21
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Transport coefficients: g

The jet transport coefficient g
In non-perturbative strongly interacting QGP
(DQPM):
i(p) = d{(Apr)?)
dx
=
: . : 2 S
Elastic scattering of jet o
parton with off-shell L o e
partons from sQGP: A N A M
p e;
P e )
{O0%)) = — Z /dmp,{m)[dm pi(m")
1=q,4.8
d?'k d}k! d} '
xf—f{k m; ]f f P
(2 )32E (2m)32E" | (2m)32E]
M:.|?
xO0* 2n)* 8P (p+q—p — q")l | ,

o,(m) — parton spectral function

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

9r
[ : Quarkget == DQPM (10 GeV/c)
gb ! M, =001 GeV [== DQPM (10 GeVc), ajer =0.
- DQPM (100 GeV/c)
?'_ : — . LBT [Ny=3]
i |-\ CSPM
C : Lattice [Pure SU(3)]
6:' I Lattice [(2+1)-flavor]
i I\ JETSCAPE
5:- 1\, § JET
|
4F |
|
-
3:- :,.r
[ Q;
2F :
-
o
1F 1
C
L
0 [ A 1 L 1 L 1 L L L 1 L L L
0.2 0.4 0.6 0.8 1.
T [GeV]
Quark jet :
(O> = (O)uu—nm + (O)HE"—)H.E_{ + Z(O)udﬁud
+ 2(0)555—»51!5 + {O>ug—}ug-
Gluon jet :

(O> — 4(O>gu—>gu + 2<O>gs—>gs + {O>gg—>gg-

0

22
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S/
@4/‘

= D, for heavy quarks as afunction of T for p,=0 and finite p,assuming

Charm spatial diffusion coefficient Dy -\

Iy
=

adiabatic trajectories (constant entropy per net baryon s/ng) for the expansion

D, =lim(p — 0)

A — T T T T T T T T
— DpQCD
Moore&Teaney {a,=1.3)
30 Tolos et al.
H G @ IQ(D , Banerjee et al.
qﬁ_\
= 20F
[
(o}
10
- g =0
c-...l....n.. ! !
0 100 200 REL]] 400
T [MeV]

AT <T,: hadronic Dg

L. Tolos , J. M. Torres-Rincon, PRD 88 (2013) 074019
V. Ozvenchuk et al., PRC90 (2014) 054909

where np = A/p ; A(p,T) = drag coefficient

50

—  DpQCD

[ —— s/ng=30
[ ——= s/mp=20 Moore& Teaney (@,=3) |
40r ——  Tolos et al. .
3 ]
= | |
T{ L
200 i
g =0 .
L ; J
[ o :
10f o ]
L ” 1
i == DQPM 1
ﬂ‘....l...-l....l....l....l....l.-
0 50 100 150 200 250 300

T [MeV]

=» Continuous transition at T!

H. Berrehrah et al, PRC 90 (2014) 051901, arXiv:1406.5322



Modeling of the 1st order phase transition:

~
PNJL

e

DQPM-CP(T, ng) -
DQPM with critical end-point at hight p,



QGP in the Polyakov extended NJL model

D. Fuseau, T. Steinert, J. Aichelin PRC 101 (2020) 6 065203

*  PNJL allows for prediction of macroscopic properties of QGP at finite T and large ug

& QGP transport coefficients for 0 £ pg 1.2 GeV

P./T*
l".'B = 3uq 0.3 T T L T 0.16
— T\you Of pions
0.25 — Pressure crossing point _ 0.14
++++ Chiral phase transition | [ | () |>
{[1 %2 CEP-
—_ 0.2 I _/O,l/ % =
> ~ critical end-point
<) -4 0.08
& 1 0.06
0.04

0.02

0.1 0.2 0.3

g [GeV]

> CEP: (T, pg) = (110,960) MeV , pg/T = 8.73

» 1st order phase transition at high ug

» same symmetries for the quarks as QCD
Chiral masses (M;, M)

m; = moi —4G((Wiyi) + 2K (W) (Vi Vi)

25



PNJL: Shear viscosity at high g

O. Soloveva, D. Fuseau, J. Aichelin and E. B., PRC 103 (2021) no.5, 054901 | —

n=0 ® @ & m IQCDN=0
N = 3: e PNJL( Wij) - = NJL( Eij) -------- DQPM|
d3p p o[N,=2: =-= LSM i
RTA [0 10°p
T; T’L 7T d
NN, pg) 15T@§q / f g2 L) dy f; 5

> CEP: (T, pg) = (110,960) MeV , pg/T = 8.73

Comparison of n/s from PNJL

and DQPM (wo CEP) PNIL

: | | I n, [GeV]|]

| 1st order 1PT ]

phase transition = 0.4
CEP

| / = 0.32

: crossover

| 03 |

| = 0.2 E

: = 0 ]
S ]

w\. :
\"- ...........
1.0 1.5 2.0 25
T/T (1)

In agreement with Nf=2 NJL results C. Sasaki et al., NPA 832 (2010)

Relaxation time:

1) DQPM ~ rate w:

T,iil(Te }u'q) = Z ”j(T~ ;uq)ﬁ)ij
7=4.4

2) NJL- Sasaki ~

NI ) =Y nj(T, g (T, 1g).

J=4.q
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¢
ci/’f‘ Quasiparticle model with CEP at high g

O DQPM-CP for high pg, including the CEP region based
on the scaling properties of the entropy density from
the PNJL model

DQPM-CP interpolates EoS and microscopic
properties between two asymptotics —
high T »Tc, uyg =0 and T>Tc, ug > T

EoS and transport coefficients of the QGP phase for
the wide range of T >Tc, mg

> CEP: (T, pg) = (100,960) MeV , pg/T = 9.6

O. Soloveva, J. Aichelin and E. B., PRD 105 (2022) 054011

0.16k
0.14} _‘\ UN
= 0.12} N, ]
3 --- DQPM N.. CEP
< 0.10[ —- DQPM-CP 1
-------- 1QCD Cea et al
0.08 o HotQCD 18 \\
0.06 W WB :
00 02 04 06 08 1.0
uslGeV]

Critical lines

» EoS: for pg/T <2 agreement with IQCD for pg/T >6 agreement with pQCD

Near CEP: ¢* = f(s"N/I(T/T.)) — ¢*(T/T,)
015: :gz/—/llﬂ

DQPM-CP, ji [GeV] |

— 0

3.0}

— 0.6
--== (.96

2571

2.0r] 1
‘critical’ contribution
to the coupling|/constant

1.5

1.0}!
’ 1QCD, g =0 @
0.5F] 1B
e Ny=0 Y Ny=2
0.07 12 T4 16 18 2029224
T/Tc(ﬂB>

s/T°

20F

15

10

PNJL ji [GeV]
0.96 0.99 4

0.1

0.3 0.4

T [GeV]

0.2
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Speed of sound cg and specific heat C,,

» Eo0S : for pg/T <2 agreement with IQCD for pug/T >6 agreement with pQCD

(a) speed of sound ¢ for g =0

(b) speed of sound ¢ for pg > 0

0.35F SB limit { 035}
0.30F s gt 0.30F
e ng [GeV]
0.25} 0.25 0
0.20F 1 0.20f 0.4
—— DQPM-CP — 0.6
0.15} : — 07
/‘\— 0.8
0.10} 10CD ¥ o010t :. 0.9
0.05} ¢ WB 0056 3 — 096 |
T ¥  HotQCD — 0.99
01 0.2 0.3 0.1 0.5 02 0.3 0.1 0.5
T|GeV] T(GeV]
specific heat Cy /T for pug > 0
IQCD, ip =0 pip [GeV] Near CEP critical scaling
500f ¢ ¥ HotQCD 0 b .
' 04 can be seen.
100f — 06 ]
5 dp dp/dT S - ‘ —_ 07 ln(Cv) = - IH(T i TCEP) + const
Cs = 77 = 77 = i I 0.8 o
) P o~ critical exponent
de de/dT  Cy o P
200} :
0 — 0.96
| 00 | =» At CEP, where the transition
g — of second order, c4? vanishes,
CEP gvv¥ . .
0010 0.15 0.20 725 While C, diverges
T(GeV]

O. Soloveva, J. Aichelin and E. B., PRD 105 (2022) 054011



Shear and bulk viscosities near the CEP

Y @
S/
SN

Bulk
viscosities

Shear
viscosities

.(a) Hs = 0." Hqg = foB/I3 . i . (b) s :Ifu(} = #B/3I .
: 3k DQPM-CP
8“ 1 pp [GeV]
—
6} . ol 0.4
j\ﬁ 4-?: i V ::.I — 0-9
_ e — 0.96 |
2 approaching the CEP ; — 0.99
1.00 1.25 1.50 .75 2.00 1.00 1.25 1.50 1.75 2.00
T/To () T/T(pp)
.(8") Hs = U,I,LL,, = ﬂB/% : (b) pts = Hq = 1p/3 :
Ny = 3 PNJL DQPM-CP
3t : . 125 GVl ]
I pp [GeV] pg [GeV] _
- 0 0
- 06 L \ 04
' - 0.6
- 0.96 \2:0.75¥ —_ 09 E
e —_— .96
- 0.50/— 0.99 3
77/5['35 = 1/41T
____________7’]/_9]115_—1_/@ _____________‘ ________

1.0 15 2.0 25 3.0 1.0 15 2.0 25 3.0
T/T.(un)

- Sudden rise of specific bulk viscosity approaching the CEP

O. Soloveva, J. Aichelin and E. B., PRD 105 (2022) 054011
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v
o7/, Diffusion transport coefficients near the CEP
,, _ (@) ps =0 pg=pn/3 ] . (D) p =g = pp/3
Oq = ’fq/T I ::,**-’-':—--- ]
& = & ( DQPM-CP |
S | S i [GeV]
S N;=3PNJL [ § —_
Gev 102 0.4
1072 L ﬁ'h’[ ] ] — 06
—().9
=== 06 i —_ 0.96
——— 096 [ . —_— 0.99
100 125 150 Lo 200 295 00 125 150 L7 2.00 2.5
T/Tps) T/T.(15)
_ () =0 pg=pn/3 . _ (b) s = prg = pu/3
10—1 1{)_1:'
DQPM-CP
\E—:\ \E_l pp [GeV] |
2 ) — ()
= jaa}
o} &) 0.4
— ().6
—_— 09
- — 096
107 —_ .99
72 L 1 1 1 L L L 1 1
0600 195 150 17 2.00 225 100 125 150 175 200 2.2
T/ ) T/ T )

B,Q,S diffusion coefficients have pronounced pg, ps-dependence

Only small increase approaching the CEP
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QGP:
in-equilibrium = off-equilibrium

Microscopic transport theory!

3
S/
QJ/A
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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

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

Initié' '_MA from Kadanoff-Baym many-body theory
collision
= Q Initial A+A collisions : LUND sring model
p N+N - string formation = decay to pre-hadrons + leading hadrons
(J Formation of QGP stage if local & > &gitica : L.
Partonic phase dissolution of pre-hadrons - partons | /
U Partonic phase - QGP: B ?
QGP is described by the Dynamical QuasiParticle Model (DQPM) {;‘]J‘ :
matched to reproduce lattice QCD EoS for finite T and pg (crossover) S e

Y 3 N\ = 2
%t N el
L }

- Degrees-of-freedom: strongly interacting quasiparticles:
massive quarks and gluons (g,9,q,,,) With sizeable collisional

widths in a self-generated mean-field potential / b O
- Interactions: (quasi-)elastic and inelastic collisions of partons s S
Hadronic phase off-shell off-shell
o e % <> meson

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

AN

Mmeson

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

W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215; W. Cassing, EPJ ST 168 (2009) 3 33



E d’Nidp® [GeV]

Non-equilibrium dynamics: description of A+A with PHSD

Q) Important: to be conclusive on charm observables, the light quark dynamics

must be well under control!
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V. Konchakovski et al.,
PRC 85 (2012) 011902; JPG42 (2015) 055106

O PHSD provides a good description of ,bulk‘ observables (y-, pr-distributions, flow
coefficients v,, ...) from SIS to LHC energies
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Traces of the QGP at finite 1 in
observables
in high energy heavy-ion collisions

Au + Au sy = 19.6 GeV - b = 2 fm - Section view

t = 0.005 fm/c t=1fmlc t=2fmlc t=4fml/c t=8fm/c Baryons

Antibaryons

Quarks

@

L

@ Mesons
]

@ Gluons
T

t=0.005 fm/c t=1fmlc t=2fmlc t=4fm/c t=8fmic

]

t = 0.005 fm/c t=1fml/c t=2fmic t=4fmlc t=8fmlc Hg [GeV]
0.6

0.2 35



PHSD: QGP evolution in HICs

Pb+Pb 158AGeV - 5% central] N_, (T,ug)/N%,

Input: Output: 040
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025
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T; Up s
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Results for HICs from PHSD 4.0 and 5.0

Comparison between three different results:

» PHSD 4.0 : only a(T) and p(T)

o(T) — parton interaction cross sections wf
p(T) — spectral function of partons (masses and widths) T

‘--_ b
1 e i

15 20

10
¢ [GeV/m']

new PHSD 5.0 : v/s + up + angular dependence of do/d cos®

» PHSD 5.0 : with a(\/E, my,m,, T, ug = O) and p(T,ug = 0) with do/d cos6

» PHSD 5.0 : with 0(\/5, my,m,,T, MB) and p(T, ug) with da/d cos®
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P. Moreau, O. Soloveva, L. Oliva, T. Song, W. Cassing, E. Bratkovskaya, PRC 100 (2019) , 014911,
O. Soloveva, P. Moreau, L. Oliva, V. Voronyuk, V. Kireyeu, T. Song, E. Bratkovskaya, Particles 3 (2020), 178-192 37



Results for (v/syy =200 GeV -7 GeV)

No visible effects on pr-spectra, dN/dy of ug -dependence
Small effect of the angular dependence of de/dcos®©

at high \VSNN - low Up
I QGP fraction is small at low /sy y
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P. Moreau, O. Soloveva, L. Oliva, T. Song, W. Cassing, E. Bratkovskaya, PRC 100 (2019) , 014911,
O. Soloveva, P. Moreau, L. Oliva, V. Voronyuk, V. Kireyeu, T. Song, E. Bratkovskaya, Particles 3 (2020), 178-192
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Elliptic flow (ysyy = 200 GeV — 27GeV)

200GeV, 10-20% central

* Weak ng—dependence — small fraction of QGP or low pg Lo [ A
- Small effect of the angular dependence of da/dcos@ B Rl 2
5™ 40 |[——PHSD 5.0

- Strong flavor dependence _
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Messages from studies of QGP at T,u;

O (T, ug)-dependent partonic cross sections and masses/widths of quarks and
gluons have been implemented in PHSD

O

High-ug region is probed at low bombarding energies or high rapidity regions

U

But, QGP fraction is small at low bombarding energies:
=» no effects of (T, ug)-dependent partonic cross sections and masses/widths
seen in ‘bulk’ observables — dN/dy, p;-spectra

d Flow harmonics v,, v, show :
visible sensitivity to the explicit \/s -dependence of total partonic cross sections o
+ angular dependence of do/dcosO, however, weak dependence on pip

Outlook:
More precise EoS at large ug

Possible 1t order phase transition at even larger ug?!

High-ug region of QCD phase diagram = challenge for FAIR, NICA, BES RHIC
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