FRANKFURT AM MAIN

Deutsche
Forschungsgemeinschaft

9 HIC .
S 5 IZ/ Crmst. Mk -
CRC-TR1 UNIVERSITAT

Dynamical description of partonic phase
at finite chemical potential

Elena Bratkovskaya
(GSI Darmstadt & Uni. Frankfurt)

Pierre Moreau, Olga Soloveva, Lucia Oliva, Taesoo Song, Wolfgang Cassing




The ,holy grail‘ of heavy-ion physics:

The phase diagram of QCD

| LHC Experiments

158"3' Unene The Phases of QCD

’ Study of the phase
transition from hadronic to

DI] partonic matter —

Quark-Gluon-Plasma

Temperature
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® Search for the critical point

® Search for signatures of
chiral symmetry restoration

\ Baryon Chemical Potential
. Study of the in-medium properties of hadrons
at high baryon density and temperature



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

 Deconfinement phase transition from hadron gas to QGP

with increasing T and
9 KB IQCD: J. Guenther et al., Nucl. Phys. A 967 (2017) 720
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5 O —®— Dyson—Schwinger [C. Fischer et.al. 2014]
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3 @ =s fresze—out [Becattini et.al, Cleymans et.al. 2005]
v ()
- E b  freeze—out parametrization [Andrenic et.al. 2008]
[1h] 50 [ modified statistical fit [Becattini et.al. 2012] ]
—
b freeze—out from fluctuations [Alba et.al. 2014]
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=» Lattice QCD results: up to up < 400 MeV:

i Crossover: hadron gas = QGP
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s Degrees-of-freedom of QGP
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Non-perturbative QCD € pQCD

Thermal QCD

pQCD: = QCD at high parton densities:

O weakly interacting system O strongly interacting system

O massless quarks and gluons O massive quarks and gluons

= guasiparticles
= effective degrees-of-freedom

* How to learn about degrees-of-freedom of QGP ? = HIC experiments

000



Early Universe The Phases of QCD

| LHC BExperiments

Quark-Gluon Plasma

ruse.. QA Experiments

Jperconductor
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Neutron Stars

Baryon Chemical Potential
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/s Dynamical QuasiParticle Model (DQPM)

1 The QGP phase is described in terms of interacting

guasiparticles: quarks and gluons with Lorentzian spectral
functions:

pi(w.p) = L ! — !

o By \(w—Ej)? 4+ (w+Ej)*+7;
4wy

(wz —p2— ]\/[3.2)2 + 473%)2

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

o¥
o° @

gluon propagator: 41 =P?-II & quark propagator S;** = P? - X
gluon self-energy: I'I=Mgz-i2ggw & quark self-energy: Zq=Mq2-i2ng

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

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

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

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

Masses: 5
5 N -1 5 D
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 @ constant have 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*

15

Coupling constant: input: IQCD entropy density
as a function of temperature for up b
-> Fit to lattice data at p;=0 with

Pls/ssm) = d((s/ssp) — 1)) &= F

sggD = 19/97%1° S

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

H. Berrehrah et al, PRC 93 (2016) 044914, 7
Int.J.Mod.Phys. E25 (2016) 1642003,
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 Q DQPM at finite (T, py): scaling hypothesis
O Scaling hypothesis for the effective temperature T* a
for Ne= N, =3 ]
L L L Juq =
iy = Hg = Hs = Hg T —T + — E
n
O Coupling constant: . . .
200 400
g( T TC (;“' f— O)) _ g( T* TG (Jill')) Baryonic chemical potential (MeV)
Q Critical temperature Ty(ug) e TR _
obtained by requiring a constant energy density € 3 ;j;\
for the system at T=T;(uq) Where g at T.(nq=0)=156 GeV % -
is fixed by IQCD at pq=0 Eﬂjﬁj:ﬁ

T c 0.0 0.1 0.;'[1 [Ge‘;‘IS 0.4 0.5
"D|:> () =\Jl—aul~l—a/2u;+--

Te(pg =0) o ~ 8.79 GeV—2
I Consistent with lattice QCD: . ‘)
IQCD: C. Bonati et al., PRC90 (2014) 114025 T — K T 4 ...
c C

IQCD kK =0.013(2) +«—— Kporm ~0.0122

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




o
S/ DQPM: parton properties

7 Coupling constant as a function of (T, ug) = Masses and widths as a function of (T, ug)

3.0 : : —— 0.7
= DQPM ]
,s N, 2+1_ Q _, 06l
=—pg=0
20 e o= 0.2 GeV ~ 0.5
— 1= 0.4 GeV ‘
3 15} = 0.6 GeV ] Q 041 ]
] T oal =02 GeV
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E 021l [l 1
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° * | 01F
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= Lorentzian spectral function: 08l
z
p[GelVZ] i. 06
10 *I light quark 10 ?"h‘n
T=2T, 0.4
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P. Moreau et al., arXiv:1903.10257, PRC (2019) °



b
S DQPM Thermodynamics

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

gdar — ndar — _ / % (331;3
R, i J 2m (27)
_ / dw dp 1, O”_B (Im(In —A~1) + Tm TTRe A)
o rp | o7 =2 (2 — ) :
d, L (Im(In—S, ") +ITm T, Re S
+ Y 4 O”F “q) (Tm(In —S;') + Im &, Re 5, . Zi ) d“q ( : i)
g=u.d,s o o

— lj_l)—FIqu*ReSg)

. Z s ong( tu‘l'ﬂq) (Im(ln—sqfl) —|—ImEqReSq)1

15 a) uB—O 15'_b) 1, = 0.4 GeV
10} I'10f
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|QCD: JHEP 1208 (2012) 053
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S/ DQPM EoS at finite (T, up)

Taylor series of thermodynamic quantities in terms of (ug/T) b
For the pressure: 810 0.15 79.7'207 ) 0.25 0.30

P(T, /,LB) L Z 1 Xn (MB)TL 0.15

T4 TL' B T S'010f
n=0 -
with the baryon number susceptibilities defined as: 000 J . .
T [GeV]
; o P . .

XB — a n 0.06

T >2+64m (H—B

4 6 . .
/ 1B 8 04t
2) v () +os)

O Recent IQCD results - with the 6! order susceptibility
P

1 = co(T) +ea(T) (“‘B

0.30

WB IQCD: J. Gunther, R. Bellwied, S. Borsanyi, Z. Fodor, S. D. Katz,
A. Pasztor, C. Ratti, EPJ Web Conf. 137, 07008 (2017) 158
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DQPM: Isentropic trajectories for (T, ug)

o Correspondance s/ng <
collisional energy

s/ng =420 < 200 GeV

=144 < 62.4 GeV
94 < 39 GeV

~
~)

« 19.6 GeV

o Safe for (ug/T) < 2
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IQCD: WB, PoS CPOD2017 (2018) 032
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P. Moreau et al., arXiv:1903.10257, PRC (2019)
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s - :
3/'. Partonic interactions

Reminder (2013): DOPM(T) in PHSD 4.0

DQPM provides the total width I' of the dynamical quasiparticles

V. Ozvenchuk et al.,
Lot = Do+ Ty PRC 87 (2013) 024901,
otal elastic inelastic PRC 87 (2013) 064903
(] obtain the partial widths (i.e. cross sections) for different
channels from the PHSD simulations in the box:
transition rates €-=> DQPM width

30

= (gquasi-) elastic collisions:
g+g—>0+(

g+d—>q+q
g+d—>q+q

25

2 \fml

g+0—>g+q
g+7->9+7 P o; (€)
g+g—>g+g |
" inelastic collisions:

4+ g
g—>q+q

15} |

o [mb]

10

10 15 20
& [GeV/im’]

g+q—>9+g

2>
g—>g+g

"

Ogg—2(S, &, M.f,n Mq) = 1
[s -

4nST‘§[8} |

Mﬁ(s)]z +sT3(e) P,

To improve the description of QGP dynamics in PHSD we need:
2016-2019 >

off-shell differential and total cross sections o; (s,m;,m,,T, pg)
for all combinations i =(flavor, spin, color)

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

|:> P. Moreau et al., arXiv:1903.10257, PRC (2019)
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% . . . .
$/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 = —id, —
" — MZ + 2i7v,q0
gq’ = gq’ scattering i ]

= ’&67" -
Tq2 — M'q2 + 2iv4q0

gg - gq scattering

t — channel u — channel s — channel

gg-> gg scattering

s — channel

t — channel u — channel s — channel 4 — point

H. Berrehrah et al, PRC 93 (2016) 044914, _
Int.J.Mod.Phys. E25 (2016) 1642003, |:> P. Moreau et al., arXiv:1903.10257, PRC (2019) .



» . . .
S/ Differential cross section

M. - ‘ ‘ - ‘ .
D On'Sheu. Q 3 uu—-uu s”2=1GeV ud—>ud —s”2=1GeV
. K 5 102 T=12T,;pp=0 —2=2Gev] F T=12T,;pp=0 —_—s!2 =2 GeV -
A7\ ar_
(D — — = — = ot _\_ P— '®) = = on-shell == = on-shell s 4 Gev
Ml 9\/,’ M2 g 10 = off-shell off-shell
ol s
M 4 § 100_
!
Initial masses: pole masses 10"
Final masses: pole masses
a) DQPM
10 : : :
3 / 2
4 10 L
 Off-shell: o s
1 /’\9 2 E 10°
i e = 0 5
M % My  Euwl |
/ O %3 —_—s'2=15 GeVE
T 4 10" L ——s'"=2GevV |
— = on-shell s"2 = 4 GeV = = on-shell s2=4GeV |
.. off-shell off-shell 1
Initial masses: pole masses w2l DOM] 4 | | _ DorM
. . 1.0 -0.5 0.0 0.5 1.0 1.0 -0.5 0.0 0.5 1.0
Final masses: integrated over cos(6) cos(0)

spectral functions

o1 At lower s: off-shell o < on -shell o
since w3 + wy < /s P. Moreau et al., arXiv:1903.10257, PRC (2019) 16



DQPM (T! lvlq) : .
transport properties at finite (T, p,)



" Off-shell collision rate

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

d4
XZ/ pjewj ) dj pj [

J=4q.49.9

d*ps d*py -
x/@ﬂe() fQW&WMmUiMUiM

< (M (pi, pj, p3, pa ) (2m)* 6 (pi + pj — p3 — pa) s

» off-shell density
off d4pt -
n; (Tv Jufq) = d’t (271_)4 9((.01) 2w; Pi f%(T? uq)

» renormalized spectral-function for the time-like sector
5 (i) = p(w;. p;) 0(pj)
i\Wir Pi) = 750 dw,
Jo 2n) 2Wi p(wj, pj) 0(p7)
normalized to 1 and

lim pj(w,p) =27 (5(“)2 —-p’ - sz)
v —0

P. Moreau et al., arXiv:1903.10257, PRC (2019) 18



& .. : :
/& Transport coefficients: shear viscosity

» Kubo formalism

nKubO(ij,q):—/( - pipz Z d; (w,p)?
i=4,q,9
- — /d4p p' Y di((1%fi(w))fi(w)) pi(w,p)?
15T (27T)4 L 7 7 1 ) y
1t e IQCDN=0 -
> Relaxation Time Approximation [ @ RTA Kubo
1 d3
RTA
(T g) = mE > o |
15T ey 3K\
4
p
d; ((1 X fi(E;))fi( B + O(T';
(o S aEDRED) o) | | )
P2 SN o T

Rate I" (all diagrams for M in the pole mass)
For on-shell case (p2>8) I'=2y, y-—collisional
width

P. Moreau et al., arXiv:1903.10257, PRC (2019) "



Y Transport coefficients: shear viscosity

» Very weak ug dependence

P. Moreau et al., arXiv:1903.10257, PRC (2019) 2



S, . L.
/& Transport coefficients: bulk viscosity

» Relaxation Time Approximation

! d3p from DQPM parametrization
RTA
T -
C ( HUJ(]) 97T / (2’71')3 .;q
: o dm?
° - (ENf(E) PP —3A(E2—T?——1))?
(Eq,? Fi(pi;T, Il/q) d?, ((1 + fﬁ(Eﬁ))f%(Eg)))[p E’.‘:{ i dTE )]

rate | i [ © =®m A JQCDN,=07

0.3

Hq =0

1.0 | 15 ' 2.0
TIT,

P. Moreau et al., arXiv:1903.10257, PRC (2019)
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QGP:
in-equilibrium = off-equilibrium

S
= @




Initial A+A
collision

|
@

Partonic phase

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

from Kadanoff-Baym many-body theory

Q Initial A+A collisions :
N+N - string formation = decay to pre-hadrons + leading hadrons

L Formation of QGP stage if local & > eqitical
dissolution of pre-hadrons - partons

Q Partonic phase - QGP:
QGP is described by the Dynamical QuasiParticle Model (DQPM)
matched to reproduce lattice QCD EoS for finite T and pg (crossover)

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

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

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

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

LUND string model

-
— e

0 s 10 15 0
& [GeVifm|

off-shell
qg+q L d

AN

off-shell
meson

Mmeson

W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215; W. Cassing,

EPJ ST 168 (2009) 3 23



Extraction of (T, ug) in PHSD

In each space-time cell of the PHSD, the energy-momentum tensor is calculated by
the formula: . Z pipY

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

TUU Tﬂl TUQ T03 0
TF“/ B TlO Tll TIZ Tl3 5 pLRF 0
720 721 P22 P23 - 0 pLRF LORF
730 31 32 733 L 0 ‘o pLa

For each space-time cell of the PHSD:
O Calculate the local energy density €SP and baryon density ngPHsP

O use IQCD relations ﬁ—‘g Ay f T) (“B) T ...
(up to 4t order): r r

1 A, a1 0T g\ (eB)2
jlf'ff.l ME(T ‘I-x.%'\_;-,f.') (_)+...

JdT T

=>» obtain (T, ug) by solving the system of coupled equations using ¢”HSP and ngPHsP

P. Moreau et al., arXiv:1903.10257, PRC (2019) 2



Extraction of (T, ug) in PHSD

For each space-time cell of the PHSD:

-1 Correction for the medium anisotropy to extract values for (T, ug)

Ea.nis — EEOS T(ﬂf) 4
Py = P [r(x) + 320 (2)] 3
[

(
P| = P®® [r(z) — 621 (2)]

PH/PJ_ — g—3/4

=2
\:
(—1/3 [1 N 2 arctanhy/1 — 2| for o < 1
rz) = | 2 VvV1i—=x | o
I It VL [ xarctan x — 1] 1l
1+ forx > 1
L 2 v —1 | | | | |
0.01 0.10 1 10 100
Ryblewski, Florkowski, Phys.Rev. C85 (2012) 064901 Py/Py
. . EoS PHSD
o We have to solve the following system in PHSD: ¢ (T, up) = ¢ /()
EoS PHSD
Done by Newton-Raphson method nBO (Ta MB) — Np

25



T, Pin HIC (\/SNN = 200 GeV)

°
AutAu 200GeV 0-5% central: x=y=0
0.8
07
t=0.15fmlc % t=0.15fm/c
[ 1 G 06f .
o - ER0-E5 1 %os t= 0.25 fmlc
—~ t=7 fmic ’5
= N4 LS Fo4r 1
T
~ 203l _
N/ =3 L A\
v o 021} M -
N 0.1 Texuactedfrom: - — 0 () =1) —— o=
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
yCeu yceu

P. Moreau et al., arXiv:1903.10257, PRC (2019) =



T, Pin HIC (\/SNN = 200 GeV)

I |
¢

PHSD: Au-Au Vs, = 200 GeV with b =2 fm

0.6 0.8
1=0.2 fm/c x=y=0fm . 0-7
0.5¢ =
U t=0.15fmlc
3 S 0.6 ]
.04 £= 04 fmke = 05 t=0.25 fmlc
s ©
2 £
-E 0.3} / = 1.0 fmfc \\ | & 04} { ]
3 1=2.0 fm/c g- 0.3 i |
202l 2 R N 57 A\
& T = “-2 _M-
13 2 4 0 1 2 3 0t Texactedirom: - - RN et
space-time rapidity n -3 -2 -1 0 1 2 3
ycell

Milne coordinates (t,x,y,n) : temperature profile - almost boost-invariant

P. Moreau et al., arXiv:1903.10257, PRC (2019)



lllustration for 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=2fmic t=4fmic

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

D S | 0
t =0.005 fm/c t=1fmlc t=2fmlc t=4fmlc t=8fmlic

I

Baryons

Antibaryons

Quarks

@

o

@ Mesons
“

@ Gluons
T
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lllustration for HIC (y/syy = 17 GeV)

The temperature profile in (x; y) Baryon chemical potential profile in (X;y)
at midrapidity (Jy.el< 1) at 1 and 4 fm/c

Pb+Pb 158AGeV - 5% centraII

PHSD: t =1 f/c PHSD: t =1 fm/c

&0.250
J  [f0.225
0.25
. 0.200
0.15k" i0.175
0.150 0
x [fm] 5 x[fm] 5
PHSD: t =4 ﬁ“/c T [Ge‘!] PI‘{SI): t=4 fn‘/c B [Ge"]
. - | —
r S !0-3
<5 108 |
0.19 : o
0.18 P lloar , AN N
0.17 :
0.16f - 0.1
0.15k:

0
x [fm] 5

P. Moreau et al., arXiv:1903.10257, PRC (2019)
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lllustration for HIC (/syy = 17 GeV)

cells

Pb+Pb 158AGeV - 5% central] N_,,.(T,ug)/N'!
- 035

0.30

0.25

0.40 e 25

0.35F ]

0.30f g 0

0.05 | PHSDE'“ - [Yeerl 0.5 . E 15

t<2 fmic | 0.20 F
0.00 L S R PP IPETE SPI I 0.05

040 e RS AR LA LA R 11 0_15!:— E 10

035} . 0.10
0.85 : S e
0.30F ? 0.05 _ g PHSD&D - I?'EE“I < 0.5 ]
ra [ Epsct t> 4 fmlc
025} S = 065 .u.u.nlillllj
- ’ 02 01 00 01 02 03 04 05 06

b) ng [GeV]

T [GeV]

0.5

045

S 025
0.05 - S PHSD5U - I¥eerl < 0.5 ]
S 2<t<4fmic |
u.uu P ‘g ® . -. PP EPEPEPEP PR 1 | . 'D.DE'D
02 01 00 01 02 03 04 05 06

P. Moreau et al., arXiv:1903.10257, PRC (2019)



Traces of the QGP at finite 1 in
observables
in high energy heavy-ion collisions
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Results for HIC @

» Comparison between three different results:

1) PHSD 4.0 : only a(T) and p(T)
2) PHSD 5.0 : with a(+/s, T, ug = 0) and p(T, ug = 0)
3) PHSD 5.0 : with a(+/s, T, ug) and p (T, ug)

p—spectral function
= (mass and width)



Results for HIC (y/syny = 200 GeV)

AutAu @ \/ Sw = 200 GeV 5% central e t;f:::l ffﬂhfl““-f"
+ ® BRAHMS ' L E 1 — PHSD 5.0
I T |30 % w rmien
- A  PHENIX =
B 200 1200 T w — .
% * STAR 5 PHENIX: #
100 1100 glu‘ PHSD:
o
0 0 2z w b)
4]
Z
g% 0 £,
= £ Wl pHENI: ® K
o L i T a K
20 20 E“‘ PHSD: K
= w' == _:K
0 0 3
3]
30t 130 _g:_
> 3
) =2
" 10 1t 10 &
0 } } } : . ' ' y = ) <
0 == PHSD 4.0 — <0 3
S A+T0 ¢ |- Peososen| A+30 :
5 - wmmmPHSD 5.0 -45 |4 g
2 10 17 LA 10 rﬁ STAR: * (A+E%
o E—Lu* i (AFEY
5 15 & PHSD: —— (A+L%)
= . - - - (AT . . >
0 . . . , , , , , 0 Won™ b5 1o 15 16 25 30
6 4 -2 0 2 4 6 -6 4 -2 0 2 4 6 p, [GeVie]
y y

P. Moreau et al., arXiv:1903.10257, PRC (2019) 3



Results for HIC (\/syy = 17 GeV)

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

Pb+Pb @ 158 AGeV 5% central " PHSD 4.0
T . ——PHSD 5.0 -, =0
150 E o+ ] 10’ ——PHSD 5.0 -p,
10T o Nus T 4150 %y,
g 100 - —— — 100 107lNAde: @ o
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Results for HIC (\/syy = 7.6 GeV)

| Pb+Pb @ 30 AGeV 5% central & [y<0.5]
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Results for HIC (\/syy = 4.86 GeV)

AutAu @ 10,7 AGeV 5% central & |vi=<0.5
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Results for assymetric systems

C+Au @ 158 AGeV 5% central & |y| < 0.5]
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Summary / Outlook

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

J High-ug regions are probed at low /sy or high rapidity regions

J But, QGP fraction is small at low /sy :
=» no effects seen in bulk observables

Outlook:

Study more sensitive probes to finite-ug dynamics
More precise EoS finite/large ug

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