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The ,holy grail‘ of heavy-ion physics:

The phase diagram of QCD

158'6’ Universe The Phases of QCD

| LHC Expenments

¢ Study of the phase
transition from hadronic to

D[I partonic matter —

Quark-Gluon-Plasma

® Search for the critical point

Mchar ® Search for signatures of
e et chiral symmetry restoration
800 MeV

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



Q Theory: Information from lattice QCD

l. deconfinement phase transition + Il. chiral symmetry restoration
with increasing temperature with increasing temperature
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O Crossover: hadron gas > QGP T [MeV]

O Scalar quark condensate (qq) is viewed as an order parameter for the restoration

of chiral symmetry: P T # 0  chiral non-symmetric phase;
9 == = 0  chiral symmetric phase.

=» both transitions occur at about the same temperature T, for low chemical potentials
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Thermal QCD
pQCD: = QCD at high parton densities:

O weakly interacting system  strongly interacting system

O massless quarks and gluons J massive quarks and gluons

=» quasiparticles
= effective degrees-of-freedom

% How to learn about degrees-of-freedom of QGP ? =» HIC experiments
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§$/ Dynamical QuasiParticle Model (DQPM) - Basic ideas:

s

a

DQPM describes QCD properties in terms of ,resummed’ single-particle Green‘s
functions (propagators) — in the sense of a two-particle irreducible (2Pl) approach:

gluon propagator: A/ =P*-II & quark propagator§,~'=pP’ -2

gluon self-energy: II=M,*-i2y,» & quark self-energy: X =M ‘-i2y o

(scalar approximation)

" the resummed properties are specified by complex (retarded) self-energies:
- the real part of self-energies (Z,, 1) describes a dynamically generated mass (Mg,M,);

- the imaginary part describes the interaction width of partons (y,, v,)

ret ret
- Spectral functions : Aq~ImSI ) AgNI’"A

O Entropy density of interacting bosons and fermions in the quasiparticle limit (2PI)
(G. Baym 1998):

dw d*p on
d / B —
sdap =—dg/ 2w (2x) a7 (ImIn(—A7") +ImITRe A) gluons
&S dow dp @
p onp((w—puy)/T) i

(O) —dq/ 2 (Om)’ S (ImIn(—S,') +Im X, Re S;) quarks
c do d°p Inp((@+py)/T) 1 i

- éfzn Ty 5 1 (Imln(—S7") +1m X5 Re 5;) antiquarks

A. Peshier, W. Cassing, PRL 94 (2005) 172301; Cassing, NPA 791 (2007) 365: NPA 793 (2007)
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Sl DQPM(T): properties of quasiparticles
Properties of interacting quasi-particles: ¥ 1 1
massive quarks and gluons (g, q, 9,,,) Al®,p) = ((m E2+R  (0+E)? +Y2)

with Lorentzian spectral functions :
E=p+M -y

" Modeling of the quark/gluon masses and widths - HTL limit at high T

NE — 1
C T2
8N,

. G>T 1 N2 -1 2T (2c
widths: —N ' 1 =_—2 I 1
=3 (g + ) "7 37N, en n(g‘? N )

i . ] : @ 1QCD (N,=0) |
" running coupling (pure glue): : — DOPM (=t |

[\ - = - DQPM (N,=3) !

: 1
masses: m? = % (Nc+ —Nf) . =

() QE{T} i 15| ‘ 1QCD lue |

' == = — 5 : pure glue A

%) =T T @N, —2N;) (T T, — T,/1.)7 5 "+ PR
- fit to lattice (IQCD) results (e.g. entropy density) 1‘05
with 3 parameters: T,/T =0.46; ¢=28.8; 1=2.42 (for pure 0.5}
glue N~=0) [
0.0

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



b
Y DQPM at finite T and 11,=0

> fit to lattice (IQCD) results
“BMW IQCD data S. Borsanyi et al., JHEP 1009 (2010) 073

= Quasiparticle properties:
" large width and mass for gluons and quarks

2.0 T
I Jifg .-*"":
1.5} uq: / I M~gT
; - _-ll.l.rqq_} 1
=] L -
Ll T ! T.=158 MeV
_ : A c™
poWdths - CCC 291 £=0.5 GeVifm?
‘, 2 3 4 5 6 s
TIT,
DQPM

® matches well lattice QCD

® provides mean-fields (1PI) for gluons and
quarks - from space-like part of T ,,
as well as effective 2-body interactions (2PI)
®gives transition rates for the formation of hadrons

Peshier, Cassing, PRL 94 (2005) 172301; Cassing, NPA 791 (2007) 365: NPA 793 (2007)
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Traces of the QGP in observables
in high energy heavy-ion collisions

®
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Basic idea: off-shell PHSD approach

: e s W
QGP in equilibrium S/
A IQCD
Dynamical QuasiParticle Model (DQPM): :
fitted to
Quasiparticle properties: controled by IQCD!
,resummed’ self-energies, propagators Calculation of transport coefficients
=» Calculation of cross sections in equilibrium n, {, oy, ..

DQPM: consider the effects of the nonperturbative nature of the strongly
interacting quark-gluon plasma (sQGP) constituents (vs. pQCD models) i

&y QGP out-of equilibrium €= HIC

Parton-Hadron-String- controlled by experimental
Dynamics (PHSD) data + IQCD

Presently -
DQPM (T)

Partonic interactions -> DQPM
hadronic interactions -> hadron physics
* In-medium hadronic interactions - many-body physics: G-matrix




Parton-Hadron-String-Dynamics (PHSD)

A Initial A+A collisions : LLING s g st
N+N - string formation - decay to pre-hadrons \\&/ ;
=
] Formation of QGP stage if € > &itical -
dissolution of pre-hadrons -> (DQPM) > "1 e / |
- massive quarks/gluons + mean-field potential U, sy | | @
4 Partonic stage — QGP : lL 5:“?\1\\
based on the Dynamical Quasi-Particle Model (DQPM) ARt
= (quasi-) elastic collisions: = inelastic collisions: 25-::"\ - =
q+q—>q+q g+q—>8+q Ty =k

T g+4>8 qrqog+tg ieh .
— ® 1} o )

o g§q+q gg8+g b \_g

q+9—>q+q g+g—>g+g .

] Hadronization (based on DQPM):

off-shell
> meson

go>q+q, q+q < meson (or'string’')

q+q+q <> baryon (or'string ')

| O 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
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Partonic energy fraction in central A+A

Time evolution of the partonic energy fraction vs energy

at midrapidity

[ Strong increase of partonic phase with energy from AGS to RHIC

— 1.0 —— T =il "
= 0.4 ™| Pb+Pb, b=1 fm II ' PHSD: Au + Au
'?E) ) 7 . b=1fm,n <1
= 0.8} ,
< S _ ™ _
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O SPS: Pb+Pb, 160 A GeV: only about 40% of the converted energy goes to
partons; the rest is contained in the large hadronic corona and leading partons
O RHIC: Au+Au, 21.3 A TeV: up to 90% - QGP

W. Cassing & E. Bratkovskaya, NPA 831 (2009) 215

V. Konchakovski et al., Phys. Rev. C 85 (2012) 011902
12



Transverse mass spectra from SPS to RHIC

Central Pb + Pb at SPS energies Central Au+Au at RHIC

" o | Pb+Pb, mid-rapidity | . |Au+Au @ s = 200 GeV, 5% central, Iyl < 0.5 |
| 40A GeV,7% | | 80AGeV,7% | | 158 A GeV, 5% | @ PHENIX |
10’ 1wl 10* o BRAHMS—g
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(L PHSD gives harder m; spectra and works better than HSD (wo QGP) at high energies
— RHIC, SPS (and top FAIR, NICA)

O however, at low SPS (and low FAIR, NICA) energies the effect of the partonic phase
decreases due to the decrease of the partonic fraction

W. Cassing & E. Bratkovskaya, NPA 831 (2009) 215

E. Bratkovskaya, W. Cassing, V. Konchakovski, O. Linnyk, NPA856 (2011) 162
13



Elliptic flow v, vs. collision energy for Au+Au %ﬁ

J,
)
dN C &7
400 \ ~
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0.08 | 3
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ool 1 to the repulsive scalar mean-field
i potential U,(p) for partons
0.02 B
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0.00—— == : s ' . .
10 s 102 to the increase of the parton fraction
Vs ey

V. Konchakovski, E. Bratkovskaya, W. Cassing, V. Toneev,
V. Voronyuk, Phys. Rev. C 85 (2012) 011902 14



Extended DQPM (T, p,)

E LHC Experiments

15"’}' Unvome The Phases of QCD

Baryon Chemical Potential

15
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DQPM at finite (T, p,): scaling hypothesis

O Scaling hypothesis for the effective temperature T*
for Ne=N.=3 2

My = Uqg = Hs = Ug =
;rr_

7 i

™=

O Coupling constant:
g(T/Te(u=0)) —g(T"/Te(u))

Q Critical temperature T.(pq) :

obtained by requiring a constant energy density ¢ 3
for the system at T=T,(nq) where ¢ at T,(1q=0)=158 GeV =
is fixed by 1QCD at p,=0 ]

T:(1q) » )
—Jl—apxl1—-a/2u?+--
Tiag =0) ~ V' 0K =12k
Te(uB)

=1—-K
o

IQCD Kk =0.013(2) «— KporPm ~(0.0122

>

| Consistent with lattice QCD:
IQCD: C. Bonati et al., PRC90 (2014) 114025

T.

Jana Guenther
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H. Berrehrah et al, PRC 93 (2016) 044914,
Int.J.Mod.Phys. E25 (2016) 1642003,
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From the talk of Christian Schmidt

= Curvature of the crossover line is small ....

Te(pt L : L .

—T—[ZB} =1 = &8 (—“Tg‘—) — Ky (%—f) +O(p$)
. ko = 0.0123 4+ 0.003
- k4 = 0.000131 4+ 0.0041

= No indication for critical point, limit: pg"" > 400MeV

0.040 [ T T T T T ]
0.030 [- | % { =
0.020 [~

:11AEEN

0.000

-0.010



b,
%’/‘ DQPM at finite (T, uy): quasiparticle masses and widths

U Coupling constant:

4872
(1N = 2Np) In (A%(hs — 5)°)

gE(T*/TC(qu —

Te(Hg) i (Ugq

O Quark and gluon masses:

2 T* ?} |
Mg(T*~ut}) = i /6 (‘uqn (Nc+§Nf) T*z'-
* ch — * .
MS(T Mg) = gz(T [Te(ug)) T 2-.

8N,

O Quark and gluon widths:

0.07
0.06

0.05

gz(T*/T1 Juq : . 0.04

0.03!

L N2 — 1 8%(T*/T.(uy))
T, l1y) = =—= 2T 1
T 8 n(g%




DQPM: thermodynamics at finite (T, p,)

O Entropy density, energy density, pressure at finite T

|} [T IO S A Sr e Sy
| —— DQPM 2015 1 =0GeV |
F Hs=Ho =05 /3 =p, = p /T

15 |

10 | EoS p; =0 from WB
[ Phys.Lett. B730 (2014) 99-104
I ¥, from WB

5-_ / JHEP 08, 053 (2012)
v 4 P/T*

0 ] II/‘I-/”-I’,—I' 1 1

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

T [GeV]

d Entropy density, energy density, pressure at finite (T, p,)
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10

LI T LI e ¥ T LI LONEL B N T 1
[ —— DQPM 2015 pg = 0.4 GeV
b Hs = U =03 pg/3=p, = p, s/T?

e/T?

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

JHEP 08, 053 (2012)

P/T?

o

1 1 1 1

0.40 0.45

M PR A W TN [ TR S S PO A R SN (S S S S i
0.15 0.20 0.25 0.30 0.35
T [GeV]

0.50

Mg =400 MeV

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



DQPM: g, gbar, g elastic/inelastic scattering

S
Yo .
(leading order)
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& Leading order cross sections in DQPM(T, p)

10°
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off-shell

== pn-shell
on=shell —

T=12T,

Vs=4. GeV

— T T

—n, =0
=, =02GeV
iy~ 03 G%

DOQPM 2015

L A 1
1.0 -0.5 0.0 0.5 1.0
cus(0)
1w T T
i u u ¥ u u S u" ={), GeV
=== on-shell — on-shell —— =02 GeV ]

20

= m,=0. — off-shell
I—I2I

— =013 GeV ]
(1

Vs [GeV]

7 8

dardeos(9) [mb]

o [mb]

10

ettt
uu — uu
=== on-shell — on-shell
on-shell = off-shell

T=12T,
,=0.GeV

O N ——
Vs =1. GeV
Vs =2, GeV
4. GeV [

— =

DOQPM 2015
' — 4 oy TR—
-1.0 -0.5 0.0 0.5 1.0
cos(0)
100 ¢ e
50 F uw o uu ——T=127T,
i === on-shell — onshell — _y7_s9T
20t —— m=0. — offshell _,_3, I-‘
1011, =0, GeV T

DOQPM 2015 ]

o Off-shell effects of the partons are important!

by Pierre Moreau

H. Berrehrah et al, PRC 93 (2016) 044914,
Int.J.Mod.Phys. E25 (2016) 1642003,
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o,
Eﬁﬁ" Towards a self-consistent DQPM(T, p,)

 Interaction rates of partons, i =q, gbar, g by Pierre Moreau

Ft'- (T* ;’Lq) =

1 41 p? dp; [ dw;
)/ - : o 2wi i gi [i T (W?jpt T a”q)

e (T, 1 (2r)3 Jo 27

d*ps

Li(Ei,pi, T, p1g) = > @n)i ¥ fi 0(w;) pj | == O(ws) p3 | == 6(ws) pa
OF; (27) (2)
| j E}q r ' ' !

(1= f3)(1 £ f1) [M*(Di,pjp3,04) (27)*6W (pi+pj —p3—pa),  (B.34)

d i
JI {J.[T ¢
= > [ Gy 9 5 6) i v fl@tla 1 £ )05 F), (B39
1=4,9.9
Example: gluons
LS S A 00 4 2 dn; 00 (frus
DQPM 2015 | off _ TP api G v T e
o5 OTFhell /1y =0 | n; (T: !Uq) = /D (2?1“)3 [_) D 2w; ,01 q; f;-,
relative accuracy: 0.5 ——DQPM Ye
_ Oy | e— T otal
E 0.3 with Pauli/ Bose factors | — Eq=u,d,s g E —> gE
By = Eq=u.d,s gq—> gq

02/ ﬁ A1 A=z e the initial width is recovered !
M_Mﬁﬁmf I > => DQPM is already self-consistent!

0.2 0.3 0.4 0.5 0.6
T [GeV]



.
Yo DQPM(T, Wo): Ng , Xq

d Baryon number density ng , susceptibilities x, at finite (T, p)

an 1 dng 1 1.8nm{T.p }|
(T :—‘*‘| ; T, uy) = ——. Gy 3
=3, oo Xa(Toka) =55 x2(T) | 0 72

for 3 flavours with L, = U; = Us = Uy

LELELEL A |
Trrrrrrrrrrrrrrrrrr«
e  up=400 MeV, I1QCD (}.30E
——  up=400 MeV, DQPM C
L*%%, e  jz=100 MeV, 1QCD i E
= 0.25F
Vv 0.20F
< E
0.15F
E —— DQPM, N,=3 .
0.10F - ]
ug =100 MeV o -
CLLLT TP : :
3 oo..“““““m“ 0.05F & .
L o
©

300 300 400 500 T T T T T T
T [MeV] T [MeV]
o Comparison to IQCD : ng, X,from DQPM is lower then IQCD data

o Quarks / gluons from DQPM are too heavy? H. Berrehrah et al, PRC 93 (2016) 044914,
Int.J.Mod.Phys. E25 (2016) 1642003,



DQPM* (T, pg,p)

_—1.T=250 MeV, y, =0
A | M=470 MeV, y=61 MeV

| . 20.00
| .

-,

16.00

&

Yap) ey~

12.00

8.000
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DQPM* at finite (T, py p): quasiparticle masses and widths

H. Berrehrah et al, PRC 93 (2016) 044914, arXiv:1512.06909;

J Momentum-dependent Int.J.Mod.Phys. E25 (2016) 1642003, arXiv:1605.02371

Lorentzian spectral function :

1 1
((w —Ei(p))2+2(p) (w+Ei(p)?+ -ﬁr'.f(p))

E2(p) = p? + M2(p) —

., |
H

+2(p) for i € [g,q,4q].

4 p dependence of m, . inspired by Dyson-Schwinger resuilts

- e Ch.S. Fischer J. Phys. G: Nucl.
| 00:'_ ____________________________ | Part. Phys. 32 (2006) R253-R291
=1 1 T Tl 5
)
3
cxf; 10 ¢ —— bottom — 5
= - se=dm Oharm pe
= 10°F “am strz}llge -
- — —- up/down
107 3 —— chuiral .
i Euclidean-4-momentum squared
107 4| 3 e 3 e i u 0 g e P =+ p
107 107 107 100 100 10 107 10" 10 . |

25



DQPM* at finite (T, py p): quasiparticle masses and widths

H. Berrehrah et al, PRC 93 (2016) 044914, arXiv:1512.06909;
H Quark and gluon masses: Int.J.Mod.Phys. E25 (2016) 1642003, arXiv:1605.02371

3
M, (T, pq,p) = (;)

E=l ]

L2 (T AT AT
e (Tl N e . N o No 1
G {("\'”T)T 52,

b

1/2
H X h(Ag,p) +m,q ,

1/2

f\?_l 2k 2 ;.:.3
8N, g (T /TC(’“Q})[T + —}

X h(Ag,p) +myyq, 1 1/2
h-(i\. 1”) — 1 _'_ i\(.TC (lfq)/T* )1)2

JI{_}(}{T ,’-"q-}-)) . l W'z

d Quark and gluon widths:

Ao(Te(ug)/T*) =5 (Te(g)/T*)* GeV~2

3 bk | 3/4 A(To(1t)/T*) = 12 (Tu(1,)/T*)* GeV—2
. v ap I Taltg)) | 2 . aie\ly f

ol L, tta,0) = Na : g1 i § h(Ag.p)

ol e ) 8 "\ (T /T (ny)) N o

N2 1 g2(T*To(11y)) 2c 3/4
Ya.5(T flg, p) = ——— - 1T -+ 1.1 h(Ag. 1
el fa, ) 2N, 8 ! (QQ(T*/T.:UJ-qJ) " ) i e 2
The final quark masses for the limits p — 0 and 7 = 0 or for p — o The gluon condensate: /My, = 0.5 GeV

Myq = 0.003 GeV for u, d quarks and my, = 0.06 GeV for s quarks

] Effective temperature T* for N; = N, = 3 (as in extended DQPM)

O

r2=r24 5
jr_
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DQPM* at finite (T, n4,p): quasiparticle masses and widths

10!

:_me TTINN T ORI T 11N |||m.
» i = up/down
B —
: strange
L —
iy i
."u
2 1071
3 F
® |
[ ——— =02 GeV
m.—lE — ;=03 GeV
; (c)

IG—S_I_LLIH'_LLlui_I_LLIu'_I.Luli_I_LLLui_LLui_LLLui_I_LLH-
10°* 107 10°* 107! 10 10* 102 10° 10¢
pl [GE‘VE]

o With increasing p momenta: M, , and y, ,
decrease at T, y,

o Mg =0 2 finite y,: decrease of M, , and j, ,

L L I O
0.6 AR —— =02 GeV 7
= Tg . o
& —_— =3 GV -
ﬂ.—l:: Fq 7
- (a) ]
0.2 =
ﬂ.ﬂ_"l""""""""""""""'_
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1-9||||||||‘|||||||||||||||||||||||
: —_— — i, p=l GV :
i -—- =02 GeV — mpelCeV ]
0.8 — =03 GeV Ty =0 G2V i
& — e Pl IV i
| \ ks 4
quaar
0.6 Y i
L b o
\\
| A =
[ () Masses ]
g T T s .
“.1_ -l-_.:__.\-..u-u- =]
- _-_-_..-"-..- -
-_——-"'-.-_' ]
I T — ey 4
ﬂ_&'l'l_f_l_ll_ll_l._llllllllllIIIIIIIIIIIIII
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H. Berrehrah et al, PRC 93 (2016) 044914, arXiv:1512.06909;
Int.J.Mod.Phys. E25 (2016) 1642003, arXiv:1605.02371



o,
%f‘ QGP Thermodynamics from DQPM* (T, p,,p)

O EoS from DQPM* at finite (T, pg)

Nf=3; IQCD, Sz. Borsanyi et al., JHEP08(2012)053
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o High T (T>1.2 T (u)): very good agreement with the lattice data

o Low T (T<1.2 T.(pn)): some deviations - additional hadronic d.o.f.

in the crossover region ? H. Berrehrah et al, PRC 93 (2016) 044914, arXiv:1512.06909;
Int.J.Mod.Phys. E25 (2016) 1642003, arXiv:1605.02371 28



o,
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(&)

d ng, X4 at finite (T, pg)

dng

1 dng 1 1an,_,(?"p)| 1 %:(T)
S AT ) — L = &
#rjuw:{] 1 1 qa#ﬁ I

for 3 flavours with L, = U; = Us = Uy

“.ﬁ o T 7T T T T 77T 7T7rT 7T 1717 7T rrrrTrrrrTTrd

B DQP M* @ =400 MeV, 1QCD 4
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- DQPM* describes ng, quark susceptibility and entropy/pressure...
 p dependence of partonic masses allows DQPM* to meet IQCD

H. Berrehrah et al, PRC 93 (2016) 044914, arXiv:1512.06909;
Int.J.Mod.Phys. E25 (2016) 1642003, arXiv:1605.02371 29



% Thermodynamical consistency of DQPM* (T, p,,p)

1 DQPM?* at finite temperature and chemical potential (T, yg) determined

by thermodynamic consistency:

Maxwell relation: s _ Inp
T .
v ns| Qy
0.008 . : : , , 0.020 . _ |
Maxwell Maxwell P
0.006 - scaling . 0015+ = = scaling Py~
s = = new scaling _ leading order o
=8 leading order -
: 2
QO 0.004 - 1 & oonf |
3 e
= =
0002 0.005 |- |
T=200 MeV |
T=300 MeV
0.000 . L N 1 i
0 200 400 600  0.000 - 2(')0 - 4{;0 - =
u, [MeV]
p, [MeV]

Leading order in ng = X*ug

Te(wg) _ 75 o -
Scaling relation : 7w o V' @H=1@Rus
New Scaling: o is determined by Maxwell relation

from T. Steinert
PhD Thesis (Giessen, 2018)

30



DQPM *(T, pg,p) :
transport properties at finite (T, p,)

(based on relaxation time approximation - RTA)



T/ DQPM*: transport properties at finite (T, p,) : n/s

Shear viscosity n/s at finite T Shear viscosity n/s at finite (T, p,)
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rossover

nis: pg=0 => finite p,:
smooth increase as a function of (T, p,)

o
fiad
=

H. Berrehrah et al, PRC 93 (2016) 044914, arXiv:1512.06909;
Int.J.Mod.Phys. E25 (2016) 1642003, arXiv:1605.02371

PHSD in a box: V. Ozvenchuk et al., PRC 87 (2013) 064903
Bayesian analysis, S. Bass et al., 1704.07671

0.1p
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DQPM*: transport properties at finite (T, pg): co/T

Electric conductivity c./T at finite T
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— DQPM"
® 1QCD: Ny=2+1 - DOQPM
6§ 1 N=2 - = Qin, MEM (2013) .
4 © @ @ Quenched
1['—3 1 1 L0 b0 o0 bt b s e bl
1.0 1.5 2.0 25 3.0 35 4.0
T/T.

0.01

e ﬁ/"

\ Electric conductivity
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Electric conductivity c./T at finite (T, p,)
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CelT : pg=0 => finite p,:
smooth variation as a function of (T, p,)

H. Berrehrah et al, PRC 93 (2016) 044914, arXiv:1512.06909;
Int.J.Mod.Phys. E25 (2016) 1642003, arXiv:1605.02371

PHSD in a box: V. Ozvenchuk et al., PRC 87 (2013) 064903
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Summary: DQPM, DQPM* at finite (T, p)

- Extension of the DQPM to finite p, using a scaling hypothesis
for the effective temperature T*

[ Check of self-consistency of the DQPM

( DQPM is consistent with Maxwell relations

d py=0 => finite pg:

= variations in the QGP transport coefficients

= smooth dependence on (T, p,)

= nls, {Is, c./T, D¢ show minima around T¢ at =0 and finite p,

 additional p dependence of masses allows DQPM* to meet IQCD:
DQPM* describes ng, quark susceptibility and entropy/pressure...

1 Work in progress:
Implementation into PHSD: from DQPM(T) = DQPM(T, p,)
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Traces of the QGP at finite g in
observables
in high energy heavy-ion collisions
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PHSD with DQPM(T, )

Extraction of T and 1, from PHSD: b Pierre Moreau
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* The scale corresponds to the number of cells (with € >0.1 GeV/fm3) per PHSD event
counted in the considered bin in T - pg



PHSD with DQPM(T, )

by Pierre Moreau, Olga Soloveva PHSD 5.0 - CS -, = 0 - m(T.)

158 AGeV ——PHSD 5.0 - CS - - m(T,p,) 30 AGeV

- - - PHSD 4.0 - 0ld CS - p; = 0 - old masses
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= Very small effect on observables when including p, dependence of
parton masses and partonic cross sections in the PHSD
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Thermodynamics of strangeness in HIC

Which parts of the phase diagram in the (T, yg)-plane are probed by heavy-ion
collisions via the strangeness production?

| PHSD: Au+Au, b=2.2 fm _

200
I PHSD: Au+Au @ 10.7 AGeV, b=2.2 fm I {10fmic <t @ 2 AGeV
200 r——— 150 4 _
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* T here corresponds to the pion, nucleon gas,

i.e. the real T is smaller!

=» the spread in T and pg is very large !

A. Palmese et al., PRC94 (2016) 044912 , arXiv:1607.04073
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Messages from the PHSD with DQPM(T, p,)

0 IQCD (Christian Schmidt):

= No indication for critical point, limit: £S*F > 400MeV

d PHSD with the DQPM (T,p,) [with IQCD EoS = crossover]:

» very small effect on observables when including p, dependence of
parton masses and partonic cross sections in the PHSD

> large p, region (where the critical point is possibly located) is
accessible at low bombarding energies E,;, , however, the fraction
of QGP decreases strongly with decreasing E;,

= Very difficult experimentally to observe
a critical point /1t order phase transition!
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