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The ,holy grail‘ of heavy-ion physics:
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900 MeV temperature

Baryon Chemical Potential

Our goal: to study the properties of strongly interacting matter created in
heavy-ion collisions on a microscopic basis

Theory: QCD + many body theory + microscopic transport theory

Realization: dynamical transport approach - PHSD @



Theory: lattice QCD data for ug = 0 and finite ug>0

 Deconfinement phase transition from hadron gas to QGP

with increasing T and ug
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=» Lattice QCD results: upto up < 400 MeV:
Crossover: hadron gas = QGP




* %o a0 Degrees-of-freedom of QGP
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For the microscopic transport description 1+ —
of the system one needs to know all I
degrees of freedom as well as their ! '.’
properties and interactions! 06 ns=0
- - ~ '
< 1QCD gives QGP EoS at finite pg 04 — Free quarks and gluons |
I —— Bag model, B=(150MeV) i
Y PQCD i
| :.‘;l * Lattice 1
0 i . | . | 1 |
0 0.2 0.4 0.6 0.8
| need to be interpreted in terms ey
Non-perturbative QCD €& pQCD
of degrees-of-freedom
pQCD: Thermal QCD

O weakly interacting system = QCD at high parton densities:

0 massless quarks and gluons d strongly interacting system

d massive quarks and gluons

How to learn about the degrees-of- 3 guasiparticles
freedom of QGP from HIC? - G P

: . = effective degrees-of-freedom
=» microscopic transport approaches
=» comparison to HIC experiments
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N
/& Dynamical QuasiParticle Model (DQPM)

DQPM describes QCD properties in terms of ,resummed® single-particle Green's

functions (propagators GR) —in the sense of atwo-particleirreducible (2PI) approach:

- Degrees-of-freedom: interacting quasiparticles - quarks
and gluons with Lorentzian spectral functions:

0.0

D ( W p) 5 1 1 -
VAN — = = — — A
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71 Resummed properties of the quasiparticles are specified by scalar complex self-energies:

gluon propagator: A*=P2-JI & quark propagator S;*! = P?- X,
gluon self-energy: N=-M*-i2y,w & quark self-energy: 3 =M ?-i2y,w

0 Real part of the self-energy: thermal mass (M4, M)

0 Imaginary part of the self-energy: interaction width of partons (y 4, y4)

Peshier, Cassing, PRL 94 (2005) 172301; Cassing, NPA 791 (2007) 365: NPA 793 (2007)
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Parton properties

Modeling of the quark/gluon masses and widths (inspired by HTL calculations)
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Widths:
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Coupling: input: IQCD entropy density as a

function of temperature for ug
-> Fit to lattice data at pz=0 with

G*(s/ssp) = d((s/ssp)" — 1)
= 19/97°T°

QCD
SSB

H. Berrehrah et al, PRC 93 (2016) 044914,
Int.J.Mod.Phys. E25 (2016) 1642003,
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= DQPM :

only one parameter (c = 14.4)
+ (T, ug)- dependent coupling
constant has to be determined
from lattice results
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| Fit lattice
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/' Q DQPM at finite (T, py): scaling hypothesis
O Scaling hypothesis for the effective temperature T* n
for Ne =N, =3 3
L o - Hq 2
Hy = Hg = Us = Hq T =77 + — E
n
 Coupling: . . .
200 400
g( T TG (;“ — O)) — g( T*" TG (Jif)) Boryonic chemical polential (MeV)
Q Critical temperature T(pq) : o fr T -
obtained by assuming a constant energy density € g;ﬁj \
for the system at T=T.(uq), Where € at T,(uq=0)=156 GeV f;g:;g:_
is fixed by IQCD at pq=0 = ol

T t 0.0 0.1 0.;q [Ge\;]l1 0.4 0.5
> M) gt a2l e

Ty =0) o~ 8.79 GeV 2

I Consistent with lattice QCD:

IQCD: C. Bonati et al., PRC90 (2014) 114025 T — K T —|— a
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,




N
Y DQPM: parton properties

1 Coupling as a function of (T, ug)
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P. Moreau et al., PRC100 (2019) 014911 9



3% . .
/a DQPM thermodynamics at finite (T, pg)

o1 Entropy and baryon density in the quasiparticle limit (G. Baym 1998):

s1P = ndap — _/@ dgpg
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Blaizot, lancu, Rebhan, Phys. Rev. D 63 (2001) 065003
DQPM: P/T' e g/T" e §/T° e I/ T*
is} rayp =0 151D) By = 0.4 GeV
Input: 10} 10} Output:
lattice E0S | DOPM EoS
pg =0 [ * Lattice QCD ] L 4 pg >0
5_— g ] S5H
§§ = %8 a4 e teel r e S S S
0 ?.|||||_m.0||||||
015 0.20 0.25 030 035 0.40 015 020 0.25 030 035 0.40
T [GeV] T [GeV]

|QCD: JHEP 1208 (2012) 053 10



DQPM: Mean-field potential for quasiparticles

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

V(T pig) = Tg(;jg (', prg) + T(?E (T, p1g) + T(?E (1, p1gq)

space-likegluons  space-like quarks+antiquarks

=» mean-field scalar potential (1PI) for quarks - —s— DQPM
and gluons (Ug, Ug) vs scalar density pg: 1.0F
AV, (ps __ 08¢
Ps O 0.6f
Ugq=Us, Ug~2Us - 0_4__
d Quasiparticle potentials (Uq, Ug) are repulsive 0_2__ _

=>» the force acting on a quasiparticlej: S
' 3
F~ M;/E;VU.(«) = M;/E; dU./dp. Vp.(x) p[fm’]

J = 9.49:9 =» accelerates particles

Cassing, NPA 791 (2007) 365: NPA 793 (2007) 11



‘w ] ] . .
S/  Partonic interactions: matrix elements

DQPM partonic cross sections = leading order diagrams

 Propagators for massive bosons and fermions: %-’mmm}cy;i g — ghq” /M2
q = —1i04p - - g
q® — J‘ij + 2iv4q0
gq’ =2 qq’ scattering ) j
> , q+ M,
q = ?,(Sij

q* — M2 + 2irygqo

gq - gg scattering

t — channel u — channel s — channel

gg-> gg scattering

s — channel

t — channel w — channel s — channel 4 — point

H. Berrehrah et al, PRC 93 (2016) 044914,
Int.J.Mod.Phys. E25 (2016) 1642003, > P Moreauetal., PRC100 (2019) 014911 5
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L Differential cross sections

D On'She". O 3 uu—uu _s|f2=1GeV ud—oud _3”2=1Gev
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o 5 NN -
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. . 1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Final masses: mtegrated over cos(0) cos(0)

spectral functions

o At lower s: off-shell o < on -shell o
since w3 + wy < Vs P. Moreau et al., PRC100 (2019) 014911
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QGP in-equilibrium

DQPM (T, pg) :
transport properties at finite (T, p,)
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/&  Transport coefficients: shear viscosity

Shear viscosity n/s at finite T, py=0 Shear viscosity n/s at finite (T, pq)

» DQPM: Relaxation Time Approximation (RTA)
and Kubo formalism

Hydro: Bayesian analysis, S. Bass et al. , NPA967 (2017) 67

1t ¢ 1IQCDN=0 .
: e= =RTA2y  ===Kubo ]

" e RT A T
Bayesian

n/s

0.1H

1.0 12 14 1.6 1.8 2.0 22 24
T/T,

» Very weak dependence of shear viscosity on Lig

P. Moreau et al., PRC100 (2019) 014911; O. Soloveva arXiv:1911.08547, PRC, in print 15



& . : :
/& Transport coefficients: bulk viscosity

P~

Bulk viscosity /s at finite T, pg=0

» DQPM: Relaxation Time Approximation (RTA)
and Kubo formalism

Bulk viscosity /s at finite (T, pq)

Hydro: Bayesian analysis, S. Bass et al. , NPA967 (2017) 67

0.4 I IQCD N =
— =RTA 2y

e RTA FON
Bayesian

20 22 24

1.0 12 14 16 1.8
TT,

» Very weak dependence of bulk viscosity on g

P. Moreau et al., PRC100 (2019) 014911; O. Soloveva arXiv:1911.08547, PRC, in print 16



QGP:
in-equilibrium = off-equilibrium

S
w = @



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

Imt""_ﬂ ',MA from Kadanoff-Baym many-body theory
collision
= O Initial A+A collisions : LUND string model
E@ N+N = string formation = decay to pre-hadrons + leading hadrons
 Formation of QGP stage if local & > gitical : L.
Partonic phase dissolution of pre-hadrons -> partons

»1Gev]
light quark
T=2T, !

 Partonic phase - QGP:; ise / N |
QGP is described by the Dynamical QuasiParticle Model (DQPM) Jl‘ .
matched to reproduce lattice QCD EoS for finite T and pg (crossover) BN >3
- Degrees-of-freedom: strongly interacting quasiparticles: RN
massive quarks and gluons (g,q,9,,,) With sizeable collisional Yo, A%
widths in a self-generated mean-field potential s N

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

off-shell off-shell
q + ﬁ > meson

VAN

Mmeson

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

[ 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 18



Extraction of (T, ug) in PHSD

O For each cell in PHSD
In order to extract (T, ug) use |QCD relations (up to 4" order) - Taylor series :

np B, HBY +
s =X (?)

g—

1) -

| .fm-lwl Cj‘k \ B E_|_
|IQCD Ae/l o T—dT + 3 (T)

=

* Use baryon number susceptibilities x,, from IQCD

=>» obtain (T, ug) by solving the system of coupled equations using €”"P and ngPHsP
* Done by the Newton-Raphson method

Ef(."l‘-,y,,?:: 0) e [GeV.fm™] InpUt: (1) OUtpUt:
5 3 SPHSD and nBPHSD l T, ﬂB
1 IQCD

stml 5y P. Moreau et al., PRC100 (2019) 014911
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lllustration for a HIC (\/syy = 19.6 GeV)

Au + Au v snn = 19.6 GeV - b = 2 fm - Section view

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

Antibaryons
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Gluons

¢
@
@ Mesons
W
4 @
t = 0.005 fm/c t=1fmic t=2fmlc t=4fmlc t=8fmic 0
—— e}
@ L~

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

0.6
A | ‘, I

\/ .‘. -\ 0.5
N J '« MOA
, | f 4‘* .r" | 0.3
: | 0.2

P. Moreau et al., PhD Thesis, Frankfurt, 2019
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lllustration for a HIC (\/syny = 17 GeV)

Pb+Pb 158AGeV - 5% nentrall N ool Totig) NI,
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0.30

e
X
2
1
L

0.25

0.40 e ] 25
0.20 : : ]

0.35

0.5 0.30f . ] 2.0

025 J ne/T=2
0.10 : b 15

0.05:— [
tdeme‘-‘ 0.20 |
poo bl RSN e e 0.05

oot | &, ; PP el T=3
040 F—rrrrrrrrprr— RS AR MARA MARRS R 14 0_15%— _ 10

035 ; . 0.10

_ ) | i S . os
0.30 ; - 085 0.05 | S FHSD&UIEMJ<05

P [ , - t>4fmlc ]
0.25 - 0.65 000 L. K S I IMPEMPE TP TP
3 ’ 0.2 -U'l DD ﬂ'l 0. 2 03 04 05 06

b) ug [GeV]

T [GeV]

0.45

_ . g 025
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0.00 1 i 1 1 1 1 0.050
22 01 00 01 02 03 04 05 06

P. Moreau et al., PRC100 (2019) 014911
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Traces of the QGP at finite . in
observables
in high energy heavy-ion collisions

»
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Results for HICs with PHSD 4.0 and 5.0 @

» Comparison between three different results:

1)

2)

3)

PHSD 4.0 : only a(T) and p(T)
o(T)— parton interaction cross sections %10:- \
p(T) — spectral function of partons st

= (masses and widths)

PHSD 5.0 : with O'(\/E, m,,m,, T, Up = O) and p(T,ﬂB - O)

5 10 15 20
¢ [GeV/im’]

In v.5.0: + angular dependence of diff. partonic cross sections

PHSD 5.0 : with a(\/E,ml, m,,T, uB) and p (T, ug)

P. Moreau et al., PRC100 (2019) 014911
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Results for HICs (/syy = 200 GeV)

Au+Au @ \/Smﬁ. = 200 GeV 5% central AutAu .5, =200 GeV 5% central & b'|{{l.5|
— : . PHSD 4.0
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10; 1t 110
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y y

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



Results for HICs (/syy = 17 GeV)

High-ug regions are probed at

low /sy or high rapidity regions
But, QGP fraction is small at low

SNN

150

>
T 100}

dN/dy dN/dy dN

dN/dy

parton energy fraction

Pb+Pb @ 158 AGeV 5% central

* NA49

|
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| e
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P. Moreau et al.,
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i

—y
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=
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'

107

T
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i e m E‘Ff Yt 1
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Results for HICs (y/syy = 7.6 GeV)

| Ph+Pb @ 30 AGeV 5% central & |y|<n.5|

Pb+Pb @ 30 AGeV 5% central Tw :gzzﬁ"ﬂ} Y
A B ILLELI ILLELIL B DL BLRLLI LIS I I LA I L WL I i s ;_la
100 . PHSD 5.0 -
g 75¢ g a)
E %1"1 NA4Y : :
® g'- PHSD: n
T k.2
[}
g =
2 z
= E
N s
E'-
S %
S —
© x5
E'-
z
1t T
> 20-_ 1 - PHSD 4.0 420 =
9 i 1t = = =PHSD 5.0 - pg=0 —
% 100 1k ] 110 L
C 1 mm—=PHSD 5.0 - pg ] 3 10
U': ] --....|....|....|....|....|....|....|....:uI 'E':_ o
3 3 -2 40 1 2 3 g‘"
y :v-ur‘
= | AT
» very weak dependence of ‘bulk’ observables on pg e — o N

m -m_ [GeV]

P. Moreau et al., PRC100 (2019) 014911 26



» very weak dependence of ‘bulk’ observables on g

Results for HICs ({/syy = 4.86 GeV)

Au+Au @ 10.7 AGeV 5% central

AutAu i 107 AGeV 5% central & |v}=0.5

-
=

=+=+ PHSD 4.0
= = «PHSD 5.0 - pg=0

e PHSD 5.0 - g

FHSD 4.0
—— PHSD 500 - p =0

——PHSD S0 -p |

T

Z
Il-'fw’-

z

RARRRE RS g
] = '

- 480 Zw

T ] =
—_Eﬂ E"wu

Vm, &*N/dm dy [GeV]
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—
=
[

ES66/ES1T: & o
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- -
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.

o 02 04 e OE LD 1.2 1.4
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P. Moreau et al., PRC100 (2019) 014911
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Elliptic flow v, (\/syy = 200 GeV vs 27GeV)

‘ Aut+Au Vs, = 200 GeV Min.Bias

0.05
® 0.04
2
®
£ 0.03
T
]
2
g 0.0z} ~ STAR X
N « PHOBOS
——PHSD 4.0
0.01 = =PHSD5.0 - 1,=0 ]
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0-00 2 0 2 2
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0.00
0.15
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0.00 T
0.0 0.5 1.0 1.5 20 25
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=» Small effect of pgdependence on v,

O. Soloveva et al.,

Au+Au Vs, = 200 GeV Min.Bias
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Results for v, for HICs (\/syy = 27 GeV)

Au+Au Vs, = 27 GeV 10-40% centrality

v;, V, analysis:

0.04 p—PHSD4
~ — PHSD5 - =0 SN
00N PHSDS -, }\:‘.\ (] weak dependence of v,, v,
L]

> 0.00 L 'N‘!\*g' . e i on Up

-0.02 \\'i s '\.{

K 1R
00 =< W smallinfluence on v, v, of
Vo oo - explicit /s -dependence of

0.02 3 A= total partonic cross sections ¢
anyy " P + angular dependence of
-0.02 — i e

_U_m';.-, p <= do/dcos6 due to the

006 < relatively small QGP volume

0.03 /\\:

0.02 i‘!' —k.\

NP Y AL -‘% ] strong flavor dependence of
}-0:01" e\ T / V., V

NSy (A

-0.03 A 4 X \"j’:'/

-1 10 05 00 05 10 15 -15 -10 06 00 085 10 1.5
y[GeV] y[GeV]

O. Soloveva et al., arXiv:2001.07951,
MDPI Particles 2020, 3, 178

29



Summary / Outlook

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

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

U O

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

 Flow harmonics v,, v, show :
visible sensitivity to the explicit /s -dependence of total partonic cross sections ¢

+ angular dependence of do/dcosf, however, weak dependence on up

Outlook:

More precise EoS at large ug

Possible 15t order phase transition at even larger ug?!

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