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Motivation

» Explore the QCD phase diagram at finite
temperature and chemical potential through

heavy-ion collisions 1 b
| Quark-
» Available information: Gluon-
RHIC@BNL Plasma
» Experimental data at SPS, BES at
RHIC
g
3
i
» Lattice QCD calculations a
Q 3 NICA@)JINR
-
Probes of the QGP at finite (T, ug) Hadron-Gas
vacuum nuclear matter
neutron stars
- >
0 Density
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Lattice EoS for ug = 0and = 0
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Crossover from hadron gas to the QGP

> Results available at finite ug from analytical 3
continuation or from a series expansion in terms
of the susceptibilities
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> A lot of information to constrain effective ’
models for the QGP:

0

See talk of Dr. Jana N. Guenther

| need to be interpreted in
terms of degrees-of-freedom

% How to learn about degrees-of-freedom of QGP ? =» HIC experiments
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Dynamical QuasiParticle Model (DQPM)

pi(w,p) i ! !
j , = — = — -5 . o | i ™ AN i
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_ 4w% 3
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» Resummed properties of the quasiparticles are specified il
by scalar complex self-energies:

gluon propagator: 41 =P?-1 & quark propagatorS,1=P?-2_
gluon self-energy: 1=-M*-i2g, w & quark self-energy: 3 =M *-i2g w

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

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

DQPM
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Parton properties

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

9
2 g (T HJB) 1 N ,LLq

N2 -1 . 2
MQ( )(T np) = SN, 2(T 0z (TzJF W_g)

1N2—1g (T, up)T 2c
T, I 1
LT A (QQ(T, i) )

g*(T, up)T 2c
gL, N ] 1

» Only one parameter (c = 14.4) + (T, ug)- dependent coupling constant
to determine from lattice results




DQPM coupling constant

» Input: entropy density as a function of
temperature for ug = 0

g*(s/ssp) = d((s/ssp) — 1)

s9CP —19/97°1°

» Scaling hypothesis at finite up ~ 3,

g (T/T..up) = g° (TC(T;B) B = 0)

with the effective temperature
T* = T2 + i3/

and the critical temperature at finite up

Te(pB) = Tc\/l—@MQB-

DQPM
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th to !atticg data:

DQPM results at p; =0 GeV
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DQPM : parton properties

» DQPM masses and widths as a function of (T, ug)
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DQPM : Thermodynamics

» Entropy and baryon density
In the quasiparticle limit (G. Baym 1998, Blaizot et al. 2001 ).

quP — ndqp o / d_w (d3];3
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Partonic interactions: matrix elements

t — channel u — channel s — channel

DQPM




Differential cross section

T T T T T T

3 «ﬁM 2- uu—-uu —l =1 GeV ud—ud s"2=1GeV
> On-shell' / 3 10°F T=12T_ .pz=0 —s!2=2 GeV 7 - T=12T,;pg=0 —s!2 =2 GeV 3
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DQPM
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Collisional widths

; d*p; -
DT ) = i [ Gomis 00 5 fwn T

d4
X Z/ pjewj ) dj pj [

Jj=a.q9.9

d*ps d*py -
x]@ﬂ9(> f@ﬁ&meUiMUim

< |[M2(pi, pjs 23, pa) (2m)46W (9 4+ p; — p3 — pa),

» off-shell density A
d*p; s

nzqﬁ(Ta tuq) = d; / (271') 9(&.}@) 2w; p; f'a(T: MQ)
» renormalized spectral-function for the time-like sector
N B p(wj, pj) 0(p7)

pi\WisPj) = —a, 5

Jo @n) 2Wj p(w;. p;) 0(p3)

normalized to 1 and
lim pj(w,p) =27 6(w” — p* — Mj)

Vi

DQPM



Transport coefficients: shear viscosity

» Kubo formalism 2

upo 8f?)
n <P (T,uq)=—/ ) pavy Y di (w,p)?
1=4q,q,9

B 151T/(;i7r1))4 p' Y di((1£fi(@)fi(w)pi(w,p)?

1=q,q,9 T T T T T T T

It e 1QCDN=0 I
» Relaxation Time Approximation P's RTA

1 d3p
RTA _
77 (T:/J’Q')_ 15T 3129

(e & (1 AEDAED)

E[Ci(pi Toitg)

Collisional widths

P. Moreau, O.Soloveva, L.Oliva et al., arXiv:1903.10257, PRC (2019) T/Tc
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Transport coefficients: shear viscosity

» Very weak ug dependence




Transport coefficients: bulk viscosity

» Relaxation Time Approximation

1 d>p
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PHSD

» Goal: Study the properties of strongly interacting matter under extreme
conditions from a microscopic point of view

» Realization: dynamical many-body transport approach

Parton-Hadron-String-Dynamics (PHSD)

» Explicit parton-parton interactions, explicit transiton from hadronic to
partonic degrees of freedom

» Transport theory: off-shell transport equations in phase-space

representation based on Kadanoff-Baym equations for the partonic and
hadronic phase

@ Baryons Au + Au ,/syN = 200 GeV

NEN

@ Gluons b=22fm - Section view

@ Antibaryons

© Mesons . '

® Quarks

Implementation in PHSD



Stages of a collision in the PHSD

LUND string mode

Initial A+A » String formation in primary NN collisions

collision - decays to pre-hadrons (baryons and mesons)

» Formation of a QGP state if € > £.,itical :
Dissolution of pre-hadrons & DQPM

-> massive quarks/gluons and mean-field energy

Els
(quasi-)elastic collisions : inelastic collisions: © 10 [
d+9d—>Q9+q g+gq—>g+( q+d - g
A+T—>q+d g+T>09+0 g4 q47
G+3—>0q+7 g+g—> g+

¥ > Hadronization to colorless off-shell mesons and barxons
% off-shell off-shell

g—>q+q, qg+J< meson (‘string') g+ q < meson
q+q+q <> baryon (*string ")

Strict 4-momentum and quantum number
conservation

» Hadron-string interactions — off-shell HSD

Implementation in PHSD



Extraction of (T, ug) in PHSD

» In each space-time cell of the PHSD, the energy- momentum tensor is
calculated by the formula: v _ ZP ;DY

» Diagonalization of the energy-momentum tensor to get the energy density
and pressure components expressed in the local rest frame (LRF)

00 0L 02 03

(Tm Tu T12 T13\ S0

T'u}/ _ T T T T # 0 PQ{’RF 0 0
T20 T21 T22 T23 0 0 PJJRF 0

790 73 732 1) 00 0 P

Xu et al., Phys.Rev. C96 (2017), 024902
For each space-time cell of the PHSD:
» Calculate the local energy density e”"°P and baryon density ngPHsP

B B (’HB) See talk of Dr. Jana N. Guenther
> use DQPMrelation: 73 ~ Xy (1) T ) : . Gu

4 T B\ (1B
Ae/T"~ 2 =7 770 [T-") (T) *
=» obtain (T, ug) by solving the system of coupled equations using &”HsP and ngPH"sP

P. Moreau, O.Soloveva, L.Oliva et al., arXiv:1903.10257, PRC (2019)
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Illustration for HIC (\/syy = 17 GeV)
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Results for HIC @

» Comparison between three different results:

1) PHSD 4.0:only o(T) and M(T)
2) PHSD 5.0 : with a(\/E, T, ug = O) and M(T,ug = 0)
3) PHSD 5.0 : with o(+/s, T, ug) and M(T, up)




Results for HIC (\/syny = 200 GeV)

Au+Au @ /5,y =200 GeV 5% central
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e BRAHMS > 10 D50 0]
300! Tl:+ TC (300 . b
> 10' ST
- 4 PHENIX '3__
T 200 200 5 10/ a);
= * STAR % PHENIX: ® «°
= 100 Fad °
1 é Lol PHSD: n
= it
0 & '
E 10/ b) {
140 g 1
g
> 10 ; ;
{20 < PHENIX: ® K
2 100 ° K_.
& PHSD: K
U E 107 T — —: K } } } )
i, = c
30 & 10 )
=
=
20 é" 10‘1
2 3
o PHENIX: ® p ¥
] 10 I:I'._H]z o p 8 g—
N PHSD: P
0 + } + ' . . ' - et () = ---p R
0 - = PHSD 4.0 — —0 g; d)
JSATED ¢ | memsees) A+Xls g '
F - —— 5. - Ug * %:-_
= 10 PARY 10 210"
= 5 Is < STAR: * (A+Z9)
T’ W (AT
0 0 é PHSD: (A+Z")
6 -4 2 0 2 4 6 6 -4 -2 0 2 4 6 1040 0.5 1.0 1.5 2.0 2.5 3.0
y Yy p, [GeV/e]

HIC



Results for HIC (\/syy = 17 GeV)

[Pb+Pb @ 158 AGeV 5% central & |y| < 0.5|

Pb+Pb @ 158 AGeV 5% central - PHSD 4.0 ]
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Results for HIC (\/syny = 7.6 GeV)

| Pb+Pb @ 30 AGeV 5% central & |y|<0.5]

Pb+Pb @ 30 AGeV 5% central
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Summary / Outlook

» (T, ug)-dependent cross sections and masses have been implemented in
PHSD

» High-ug regions are probed at low /s,y or high rapidity regions
» But, QGP fraction is small at low /sy :

no effects seen in bulk observables

P. Moreau, O.Soloveva, L.Oliva et al., arXiv:1903.10257, PRC (2019)

» Outlook:

» Study more sensitive probes to finite-ug dynamics

> More precise EoS finite/large ug

» Possible 1% order phase transition at large ug?!

Summary
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Summary / Outlook @

Thank you for your attention!

Find out more on the PHSD web-site=)
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DQPM EoS at finite (T, up) @

» Taylor series of thermodynamic quantities in terms of (ug/T)

» With the 6" order susceptibility. Example 2" order:

AP/T4 _ P(Ta .UJB) — P(T, O) ~ le(T) (“_B)Q

) T4 2 T
ng O(P/T7) 0
:ﬁg ~ Aup/T)), 2 (T) (TB)

R

S_S(T"}MB)—S(T_‘O)_ 1 OAP
e 17 TS ar |,
— or | +AAP/TY) m 5 | T— 7=+ 2 (T) (?)
Ae/T* = e(T',up) —€(T,0)
. -
_ 3 1 (BB 1 axég(T) . 2
= As/T” — AP/T" + ( T ) T3 ¥ 35 (T o7 + 3B (?)

A. Bazavov, Phys. Rev. D 96, 054504(2017)
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Isentropic trajectories for (T, ug)

> Correspondance s/ng < 06 Ilselntll'oplc trajlec?to'rlesl- I.Q(.:D E.OS
collisional energy ’ BT =1
s/ng =420 < 200 GeV 0.5 -
Hg/T = 2
= PARN . 2
144 < 62.4 GeV 0.4 - 1
=94 < 39 GeV S’ e ,
G 0.3 fig/T =3 _
= - /,/, IJ'B/:I:.:’d.;
0.2 T T
=51 < 19.6 GeV T mlT=S
""_'19" .’_”
_ 0.1 - T -
° HRG |
0.0 A T B T S
> Safe for (ug/T) < 2 0. 0.2 0.4 0.6 0.8 1.0
ug [GeV]
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Energy-momentum tensor in PHSD @

» Diagonalization of the energy-momentum tensor to get the energy density and
pressure components expressed in the local rest frame (LRF)

L/ L L e L/
T (33';,;)@ = A («’L“ )z =\ ¢ («’L‘y)z
> Landau-matching condition: Xu et al., Phys.Rev. C96 (2017), 024902
T u, = eu" = (eg"" )\u,
» Evaluation of the characteristic polynomial:

TUU —\ T[}l TUQ TDS
Tlﬂ Tll Jr/\ TIQ T13
TQU TQl TQQ 1 A\ TQS
TSU T31 TSQ TSB 4 A\

P(\) =

» The four solutions 4; are identified to (e, —P{, —P,, —P3)

The pressure components P; do not necessarily correspond to (Py, B, F;)

Implementation in PHSD




Extraction of (T, ug) in PHSD

» Correction for the medium anisotropy to extract values for (T, ug)

eanis — EEOS 7“(.’13) ar
Py = P [r(x) + 320 (2)] 3t
P = PES [r(2) — 621’ (2)] 27
(.—1/3 —-
T [1 N r arctanhy/1 — for 2 < 1
r(x) = < : 1-w -
B /3 rarctan v — 1 0.01 0.10 1 10 100
5 1+ — for x > 1 Py/Py
\ V

Ryblewski, Florkowski, Phys.Rev. C85 (2012) 064901

» We have to solve the following system in PHSD:

{ eEoS (T, /'LB) _ GPHSD/T(ZIZ‘)
EoS

Done by Newton-Raphson method

Implementation in PHSD




Models of Heavy-lon Collisions

thermal model g

thermal+expansion EEEE———

initial Y O e ——

transport




DQPM: q, gbar, g elastic/inelastic scattering
(leading order)




Time-like and space-like quantities

Separate time-like and space-like single-particle quantities by @(+P?), ©(-P?):

3
=d ];LT L0 5 2w pg(w) O(w) np(w/T) O(£P?) ---

gluons
.-'l
du..u d3
=d f 3 (s 2 ale) O@) (@ = o) /) O(£p?) ... Quarks
~ =+ dw ({3 _ 9 ti k
Tr; ---=dj 2 (2m)? 2w pz(w) O(w) nrp((w + py)/T) ©(£P%) --- antiquarks
Time-like: ©(+P2): particles may Space-like: ©(-P?): particles are virtuell and
decay to real particles or interact appear as exchange quanta in interaction
processes of real particles
Examples \ ot e e
q .
Y ”
q

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




