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Transport description of the
partonic and hadronic phases




@ PHSD: heavy-ion collisions

Initial A+A collisions: HSD, string formation and decay to pre-hadrons

Fragmentation of pre-hadrons into quarks using the quark spectral functions
from the Dynamical Quasi-Particle Model (DQPM) — approximation to QCD

Partonic phase: quarks and gluons with constituent mass and broad spectral

functions. Widths, masses defined by DQPM. Elastic and inelastic parton-parton
interactions (effective cross sections adjusted to the DQPM in equilibrium):

v q + gbar (flavor neutral) <=> gluon (colored)
v" gluon + gluon <=> gluon (possible due to large spectral width)

v" q + gbar (color neutral) <=> hadron resonances

Hadronization: dynamical and off-shell transitions. Massive, off-shell quarks and

gluons with broad spectral functions hadronize to off-shell hadrons:
v gluons 2> q+ gbar; q+ qbar - off-shell meson or ,string*;

v q+q+q > baryon or ,string‘; (,strings* act as doorway states)

Hadronic phase: hadron-string interactions and propagation by off-shell HSD



Parton-Hadron-String Dynamics

Main goal — description of heavy-ion collisions and properties of matter at
high temperature and density as well as p+p and p(d)+A reactions at the same
energy. Major features:

Unified description of collisions at all energies from AGS to LHC.

Non-equilibrium approach: applicable to far from equilibrium configurations
as explosion-like heavy-ion collisions as well as to equilibrated matter (,,in the
box*).

Dynamics: mean fields (hadronic and partonic), scattering (elastic, inelastic,
2<—>2, 2<—>n), resonance decays, retarded electro-magnetic fields.

Phase transition (cross over) according to the lattice QCD equation of state,
hadronic and partonic degrees of freedom, spacial co-existance, dynamical
hadronisation.

Off-shell transport: takes into account 2-particle correlations beyond the one-
particle distributions.



Boltzmann equation —> off-shell transport
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GENERALIZATION

(First order gradient expansion of the Wigner-transformed Kadanoff-Baym equations)

drift term Vlasov term backflow term collision term =

ret ' < ret !
OLP* — My~ RS} {S5p) — OS5} (ReSih) =  [S3e S5 - Sko Sk

Backflow term incorporates the off-shell behavior in the particle propagation
! vanishes in the quasiparticle limit Ayp = 2 T 8(p2-M?)

Propagation of the Green‘s function iS<xp=AxpNxp, which carries information not only on

the number of particles, but also on their properties, interactions and correlations
1 (OH OF,  OF OF )

Lxp CURH B = 5\5x, opr ~ 0P, ox*
1 Iz

Axr = (P2 M — Resih)? + Thp/a :
I'xp — width of spectral tunction = reaction rate of a particle (at phase-space position XP)
W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 4451




Off-shell equations of motion

Employ testparticle Ansatz for the real valued quantity i S<y, -

_'“'-'T
Fxp = AxpNxp = -iS;EP ~ Z 5E‘3)(f - Xi(t)) 5E‘3){P - P;:(t)} O(Fp — Ei{f))
i=1

insert in generalized transport equations and determine equations of motion !

General testparticle off-shell equations of motion:
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W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 445



Results of off-shell transport simulations

The off-shell spectral function becomes on-shell in the vacauum dynamically!

| m-meson -[
‘| off-shell

® mass evol.

t [fm/cl t [fmic]

E.L. Bratkovskaya, W. Cassing, V. P. Konchakovski, O. Linnyk, NPA856(2011) 162; E.L. Bratkovskaya, W. Cassing,
NPA 807 (2008) 214; H.W. Barz, B. Kampfer, Gy. Wolf, M. Zetenyi, Open Nucl. Part. Phys. J. 3 (2010) 1



Dynamical Quasi-Particle Model
(DQPM)



The Dynamical QuasiParticle Model (DQPM)

Basic idea: Interacting quasiparticles
- massive quarks and gluons (g, q, q,,,.) with spectral functions :

@ =L (— L
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® quarks ® oluons: A. Peshier, PRD 70 (2004) 034016
. 2 ) — N62 —1 2 T2 ,ng g2 1 N ‘u2
mass: m (T)= 3N, 7 T M?2(T) = o ((NC + 5N T2 + f > Wg) N.=3,N=3
q
2
o . N2 -1g2T ¢ - N 8T e

running coupling: oy(T) = g2(T)/(4r)

487?
(11Nc - 2Nf) ln()‘Q(T/Tc - TS/TC)2

g*(T/T.) =

» fit to lattice (1QCD) results (e.g. entropy density)

with 3 parameters: T /T =0.46; c=28.8; A=2.42 ool

1 2 3 4 5 6 7 8910

=» quasiparticle properties (mass, width) T/T,

A. Peshier, PRD 70(2004)034016; A. Peshier, W. Cassing, PRL 94(2005)172301; Cassing, NPA 791(2007)365, NPA(2007)798



DQPM thermodynamics (N.=3) and 1QCD

ntr s = a5 > pressure P interaction measure:
e dl pre WI(T) :=¢(T) - 3P(T) =Ts — 4P

energy density: ce—=Ts— P 41 i
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o ' % o 4 _
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DQPM gives a good description of 1QCD! 1 10 100 1000

e [GeV/fm®]

E.L.Bratkovskaya, W. Cassing, V.P. Konchakovski, O. Linnyk, NPA856 (2011) 1621 0



The Dynamical QuasiParticle Model (DQPM)

=» Quasiparticle properties:

" large width and mass for gluons and quarks = Broad spectral function :
Gluon‘s _
14[ T=135T,
_ p(, k):
1.2
1L0[
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2 o6l P 0.1
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B 0
0.2 0
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0

.DQPM matches well lattice QCD
*poPM provides mean-fields (1PI) for gluons and quarks
as well as effective 2-body interactions (2PI)
®DQPM gives transition rates for the formation of hadrons > PHSD

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



Partonic phase summary

Partonic phase:

Degrees of freedom:
quarks and gluons (= ,dynamical quasiparticles®)
Properties of partons:
off-shell spectral functions (width, mass) defined by DQPM
EoS of partonic phase:
from lattice QCD (or DQPM)
Elastic parton-parton interactions:
using the effective cross sections from the DQPM
Inelastic parton-parton interactions:
v" quark+antiquark (flavor neutral) <=> gluon (colored)
v gluon + gluon <=> gluon (possible due to large spectral width)
v" quark + antiquark (color neutral) <=> hadron resonances
Note: inelastic reactions are described by Breit-Wigner cross sections
determined by the spectral properties of constituents (q,q;,,,2)
Parton propagation:
with self-generated potentials U, U,




Hadronization



PHSD: hadronization

Based on DQPM; massive, off-shell quarks and gluons with broad spectral
functions hadronize to off-shell mesons and baryons:

gluons =2 q + gbar q + gbar =2 meson
q+q+q -2 baryon

Parton-parton recombination rate =

ANy (x,p) ., . 4 [ g+ rg
Tiediy = Lralra 0%(p = pg —pq) 0° ( = ut)

Xwq pq(Pq) wg pa(Pq) "Uqﬂ? Wi (xq — g, Pq — Pq)
X Ng(xq,pq) Ng(xg, pg) o(flavor, color). (7)

W_ - Gaussian in phase space with /< +2 > = 0.66 fm

m

Hadronization happens when the effective interactions vl become attractive,
approx. for parton densities 1 < pp< 2.2 fm <= from DQPM

Note: nucleon: parton density ppN =Ng/ Vpy=3/2.5 fm3=1.2 fm
meson: parton density pp™=Ny/V,,=2/1.2 fm3=1.66 fm

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



PHSD: hadronization

Conservation laws:

v" 4-momentum conservation = invariant mass and momentum of hadron

v" flavor current conservation < quark-antiquark content of hadron

v" color + anticolor - color neutrality

v" Since the partons are massive the formed states are very heavy (strings) =2°¢
entropy production in the hadronization!

® large parton masses = dominant production of vector mesons
or baryon resonances (of finite/large width)

® hadronic resonances are propagated in HSD (and finally decay to the
groundstates by emission of pions, kaons, etc.)



Hadronization details

Mass distributions for color neutral ,mesons‘ and ,baryons*
after parton fusion:

250

200 T=17T] These ,prehadrons decay
rUR €=0 .
2 150 according to JETSET to
3 | 1
Ew mesonic states 7 0-, 1-,1+ mesons and
g 100 ====bharyonic states
Z the baryon octet/decouplet

0 i . : . R bt - W. Cassing, E.L. Bratkovskaya, PRC 78 (2008) 034919
0 1 2 3 4 5 6 7 8 W. Cassing, EPJ ST 168 (2009) 3

Comparison of particle ratios with the statistical model (SM):

p/mT A/KT Kt /nt

PHSD 0.086 0.28 0.157

SM T = 160 MeV 0.073 0.22 0.179
SMT =170 MeV 0.086 0.26 0.180

TABLE I: Comparison of particle ratios from PHSD with the
statistical model (SM) [31] for T'= 160 MeV and 170 MeV.



Observables 1:
orona and spectra




Expanding fireball

Time-evolution of parton density

o
] 50 [ ] . - Tuum)

+{time: 1 fm/c - Tltime: 3 fm/c - Titime: 5 fm/c -—
) $ - 5 ] I : D -° -

Expanding grid: Az(t) = Az (1+a t) !
PHSD: spacial phase ,co-existence‘ of partons and hadrons, but NO
interactions between hadrons and partons (since it is a cross-over)

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



Rapldlty distributions of p, K*, K-at SPS
T Pb+Pb |

80 A GeV, 7% central

40 A GeV 7 % central

200 |

dN/dy

= pion and kaon rapidity distributions become slightly narrower
W. Cassing, E.L. Bratkovskaya, NPA 831 (2009) 215



Transverse mass spectra at SPS

Central Pb + Pb at SPS energies

1/m_dN/dm dy [(GeV)]

4 10
4 10

4 10

| 80A GeV,7%

10° |
10° |

10' |

© PHSD gives harder spectra and works better than HSD at SPS (and top FAIR)

energies

® However, at low SPS (and low FAIR) energies the effect of the partonic phase is
NOT seen in rapidity distributions and m spectra

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



Rapidity distributions in central Au+Au at RHIC

1 AutAu @ Vs =200 GeV, 5% central | 1 AutAu @ Vs =200 GeV, 5% central |

400 B 400

9
=3
=
T
)

100 100

’
J @ BRAHMS === HSD x
O PHENIX =——— PHSD

=» reasonable description of the data from BRAHMS, STAR, PHENIX!

E. Bratkovskaya, W. Cassing, V. Konchakovski, O. Linnyk, NPA 856 (2011) 162,



Transverse mass distributions at RHIC

Au+Au at midrapidity lyl < 0.5

[y
=)

—| Au+Au @ Vs =200 GeV, 5% central, |y| < 0.5 I— s —| Au+Au @ Vs =200 GeV, 5% central, ly| < 0.5 r

@ PHENIX

s e @ PHENIX
= - o  BRAHMS

m " dN/(dm dy) [(GeV)’]
m,_" dN/(dm dy) [(GeV)]

0.0 0.5 1.0 1.5 2.0 2.5 0.0 05 1.0 15 20 25
m - m [GeV] m_- m [GeV]

=» PHSD gives harder spectra and works better than HSD at RHIC

Note: In PHSD the protons at midrapidity stem from hadronization of quarks.

E. Bratkovskaya, W. Cassing, V. Konchakovski, O. Linnyk, NPA 856 (2011) 1622 )



Rapidity distributions of (multi-)strange antibaryons

Y P ___| Pb+Pb N
40 A GeV, 7% tral 158 A GeV, 10% central
ol € centra ] 80 A GeV, 7% central 1 ] Strange
> 15] o Na% ] antibaryons
E - B NA49,5%
= Lol | A+X -
A+X0
05|
ﬂ
0.0 - ot . . e

y
os Pb+Pb
40 A GeV, 7% central 80 A GeV, 7% central
03} )
® NA49 multi-strange

> — )
Sl & + antibaryon
=

0.1} :+

=

=2 enhanced production of (multi-) strange anti-baryons in PHSD

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



Observables 2: Dileptons




Dilepton emission probes 2-particle correlations
in contrast to 1-particle dlstrlbutlons

dNee/dydm

L B AL AL L L R AL AL maL el

Example: dilepton measurements
access spectral functions of the particles,
i.e. their interaction rates and decay properties

=
-
-
-
=
-
-
-
-
-
-

Hadronic channels included: - Low | intemediaie- | High-Mass Region 5

® direct and Dalitz decays of 7,, 1,1, p, ®, ¢, J/'¥, Pt 1 ? A,
® semi-leptonic decays of (un-)correlated D+D, . B+B,  pairs

® radiation from secondary mesons: T+ T, T+p, T+ ®, p+p, T+ a,

Partonic channels:
quark gluon

[+
q 'Y* sooooogluon gluon uark
_ \VAVAVAV AN
q [ T* quark v

anti-quark



Massive and broad quarks and gluons

Dilepton rates

Dilepton rates

" on-shell, running o, |73
0 T 100 Massive and broad partons
— - — q+gbar—>g+u'p r, -
Elo's [N . - = qig>qHp \. q+qbal'—>u+u
— N
glo‘ ) 1()'4 \ - (I+qbal'—>g+u+u
z r \ + -
S v - = Qg
107 | _ .
E mq— s
8 m2|= 1 1 1 1 \“ 10-
1 00 05 10 15 20 25 30 3. g
Q [GeV] ~
'''''' Dilepton rates Z
s massive partons = 106
10 .\. q+gbar—>p'p”
»\ \ — - — q+gbar—>g+py
— 10° N e YT
2 \ -7
2 R 10
g 10° \\ \.
2 N
107 | \ N,
mq=0.3 GeV . -8
m,=0.8 GeV 10
B T R T T R TR TR 60 05 10 15 20 25 30 35
Q [GeV] Q [GeV]

Due to broad spectral functions of partons, the threshold of the Born term is smeared,
the contributions of the 2—>2 processes increased.

O. Linnyk, J.Phys.G38 (2011) 025105



Dileptons at SPS: NA60

Acceptance corrected NA60 data

e In+In, 158 A GeV, dN_/dn>30
2 S @ NAGO ; = Mass region above 1 GeV is dominated by

s e | partonic radiation
E 107 | —_=p (bruadened}_:
= _
)
= 10" y|
T
zi latq —y*
< o qtq —>gHy*
= 10 e et
= -k
= -
”Z “]-m _____
=

10"

05 1.0 1.5

i
M [GeV/c] = Contributions of “47’ channels
—- . — _ . _1|"':__ . 1+l_ ----- .. ° . e 3
q q—> 1+ ~+a,—> a, Dalitz (radiation from multi-meson reactions) are
== qq—>ghl o545 SI-

=== g q>qHl 0 nesHH- small




NAG60: m spectra

. . wl_ dilepton spectra vs NA60 data

PHSD NA60

*Inverse slope parameter T for

=i B (.2=M=0.4, 143:‘5
- 0.4<M=0.6, 6x ] | In+In, 158 A GeV, defdn‘}I}[}

L]
*  0.6=M=<0.9 o
= i

250 | *T*%

200 ﬁTT
P

150 [

eff

4 < 2
1m_(dN_/dndm )/ (dN /dn) [GeV’]

1.0=M=<1.4 B, LMR, @® ., C IMR NAG)
] == PHSD

m, -M |GeV] ’ ' 0.0 0.5 1.0 1.5 2 2.0
M |GeV/c

Conjecture:

= spectrum from sQGP is softer than from hadronic phase since quark-antiquark
annihilation occurs dominantly before the collective radial flow has developed (cf. NA60)

25




Dileptons at SPS: NA60

10°
10”7
_I.-"-\
Z
= 10"
]
L |
e a
10
Sy
™
=
-‘-‘--'.—
Z"*‘ 10"
-
S
-
"t
-= L]
= 10
-
N""--.
.l
-
10’
]nl{l

=+ mm e (broadened)

In+In, 158 A GeV |-

"H NAG60 data

[ e = =gt gEpm — PHSD
. ta?f:ﬂ._?-._ gt q->p p+g ! N !-'l_fulpﬁ:t___ ,' L _
. ;1\ ILII i " . - II - - . I - %
- -, . = - E ; F ..‘.., - 5 '_‘- ! .' e - "R
E P -';I-: In " ". ‘ [ . + - J: = h'I||.. ol "ilill 4
- . AL -, [N “n, v LR ] g . | et
- . L L] 12 e , [
. N Tt o 6 v, . Rl 3 . [
’ b (M AE L he 23 E ~ . . sif

i . ‘.‘ ™ L \__' \‘ . I? !. -....“ "\,
[ ) » .% [ . s ] 3 t" -, .
_; p]--ﬂ:l}l-2 ('--“El\I 1 - .|‘ ‘T‘ ] --i‘ 1 ﬂ.iihp'rd:“-:‘ Ge\-l |"“.-‘|R‘ b | "Il “lql'{pT{{;' .ﬁ Gelv 1 .‘-.‘-. "H

M

[GeV/c'] M [GeV/e']

M [GeV/c']

” .. 13
, L™ 1 - F o -"-
L I . 1 1 . I L . I il ". ﬂ.!lii:p.‘r{;l .{I.{:?v n 1 "'."'h ;: .-nl-“'I1 -t..{plT{:.l & |GE.\?'-|"I- L
0.2 04 06 08 100 1.2 14 02 04 06 08 1.0 1.2 4 02 04 06 08 10 1.2 14



PHENIX: dileptons from partonic channels

10 min. bias Au+Au, s =200 GeV H

— @ PHENIX PHSD: sum of all channels]
-~ -
= o7 ssse e = e ]
% -.-'--p-.-.m-.’- ¢ 3
9 X D+ D->e+e

:: Y —_——gt+ q-> e++e_

— 10 N q q

=

—_—

% 107

EE

- 10°

0.0 0.2 0

®The excess over the considered mesonic
sources for M=0.15-0.6 GeV is not
explained by the QGP radiation as
incorporated presently in PHSD

min. bias Au+Au, s =200 GeV

107 PHENIX PHSD: @ sum of all channels]
- p E
10° D+ D->e +e
=-+:= charmonia

——q+ q—> e +e

ppidl 1S

Rim,

-_I'H
= _...sl"- -

UN_ dN/AM [1/(GeV/c)]

1.5 - 2.0 2- 2.5 . 3.0 . 3.5 B .'l]
M [GeV/c]

0.5

= i

® The partonic channels fill up the
discrepancy between the hadronic
contributions and the data for M>1 GeV

—> Talk by Jaakko Manninen!



STAR: dilepton mass spectra

P| AutAu, s”=200 GeV, 0-80% centrality

. 10" g @ STAR preliminary -
<o == PHSD sum of all channels3
; ----- nn— -‘T]_‘—‘w-"-‘.ﬂ:
[ -1 : ,
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-
=
=
=
7z
=
112 .
10° AutAu, s =200 GeV, 0-80% centrality
@ STAR preliminary
----- R Ratha - Dt 16 O

- =D, D—e—q+ q-—>ee

dN/dMdy [1/(GeV/ch)]

= STAR data are well described

dN/dMdy [1/(GeV/c)]

dN/dMdy [1/(GeV/c)]

1

10

R | AutAu, s=200 GeV, 0-10% centrality
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e PHSD sum of all channels |
----- T -— .--l-l -‘-‘m-“-‘ﬁ

o
-y s g )l e——

- =D, D—s—q+q—> ee 3

Au+Au, s =200 GeV, 0-10% centrality

STAR preliminary
PHSD 3
""" A e J, ¥

-

- =—-D,D——q+ q—>c¢'e

—> Talk by Jaakko Manninen!



LHC: dilepton mass spectra

10"
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Pb+Pb, s"’=2.76 TeV, b=0.5, lyl<0.88
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&
g
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£
odeos
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'
[]
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]
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—— BB

—— QGP( qq)

Sum

—— @ == I,
DD DD correlated

QGP(gbar-q) dominates at M>1.2 GeV

1o PP, s'"=2.76 TeV, b=0.5, lyl<0.88, p_>1 GeV
! 0 ]
«— A pHSD = 777 L P ]
210 — =@ == ¢ == )P ]
=z L ® 0 DD BB o
= t Sum 3
— [N
= i
2 L
% 10 :
i
10° ]
) |
10* g : .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

M [GeV/c]

pr cut enhances the signal of QGP(gbar-q)

D-, B-mesons energy loss from Pol-Bernard Gossiaux and Jorg Aichelin

JPsi and Psi’ nuclear modification from Che-Ming Ko and Taesoo Song

—> Talk by Jaakko Manninen!
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Observables 3:
armonics (v,, V.,

@ Participants Y| PHSD: Au+Au, b =9 fm
O  Spectators i

V3, Vy)



Expanding fireball v,

Elliptic flow v, is defined by an anisotropy in momentum space:

v, = (P2 - p /(2 +p,2)
Initially: v, =0 -2 study final v, versus initial eccentricity ¢ !

¢ = (0’ -0 )(c,>+0?)

10
v,/€ = const. ‘
I . . - o PHSD
indicates ideal hydrodynamic flow ! [ %
010 T i T ' J ' ! R ]
i hadrons i 1 I
sl 7 N
_ - F I g
0.06 | 5! i 53
pﬂ - -
0.04 | #: _ 0.1l
W o z .
0.00 **/ e 100 200 300 400
0.0 0.1 0.2 0.3 0.4 0.5 T [MeV]

€
Expected since /s is very small in the DQPM and PHSD. —> Talk by Vitalii Ozvenchuk!



Flow harmonics at RHIC

0.08

0.06

0.04

0.02

0.00 —

e PHOBOSv,

L +'|-’2

. 1»’3
—V,

PHSD: Au + Au, Vs = 200 GeV

all charged, n| <01

b [fm]

Vz/n

—
-4 7n+n (PHENIX)

>

————
p + p (PHENIX)

0.10

| €« K+K (PHENIX) * K| (STAR)

® O+ Q(STAR) @ =4 E(STAR)
0.08 -  pusD:

| —— 4+

—— K +K +K'+ K°
0.06 —>— p+ p+n+n

| —o— A+ A

—— Y4
0.04 +
0.02 -
0.00 b

0.0 0.2 0.4 0.6 0.8 1.0
KE /n
T q

Increase of v, with impact parameter but flat v;and v,

The scaling of v, with the number of constituent quarks n, in line with data .

—> Talk by Volodya Konchakovski!

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

V. P. Konchakovski et al., PRC 85 (2012) 044922



Equilibration

e=2.18 GeV/fim® |~ [time =40 fm/c

ut utd+d
c st
+  gluons



‘Infinite’ parton matter. Equilibration.

Initialize the system in a finite box with periodic boundary conditions with some
number of partons and 4-momentum distributions in line with the DQPM -
energy density € = E/V and chemical potential p_

Evolve the system in time until equilibrium is achieved

WO r— =472 GeV/im' T 1.0 .
- ) e =4.72 GeV/fm
— = u
600 I - - mmsEmoEmomme __ 08 LI :_:__ : -
s bk 7 o6F % '
-E [ 7 - e - S e e s El.u(:ls - | %\;.}\I ]
= a2 Yo T:‘_"‘:-i-,c__ . o - .
= ’ u 0.4 : i el D et
= 300 u+u ) | i34 i § $ |
- am . d + d “‘1 i
- e = g -+ E l‘l’ — 0 )
q
0 2 1 " 1 N i N 1 N ﬂ‘“ M 1 L 1 L 1 L 1 L 1 M 1
0 30 60 90 120 150 ? 0 25 50 75 100 125 150
time [fm/c¢| time [fm/c]

Fluctuations in parton number
—> Talk by Vitalii Ozvenchuk!

V. Ozvenchuk, O. Linnyk, M. 1. Gorenstein, E. L. Bratkovskaya, W. Cassing., arXiv:1203.4734



Equilibrium properties.

Equilibrium spectral function of u-quark Equation of state
Spectral function of u-quark 15 v . v Y v y v '
10 ]
E ©-p,;, <0 : [ *‘#*o * % = ]
o , 1 10F gg O lattice QCD 4
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Good match between PHSD and the DQPM
Note: PHSD propagates only time-like partons

—> Talk by Vitalii Ozvenchuk!

V. Ozvenchuk, O. Linnyk, M. 1. Gorenstein, E. L. Bratkovskaya, W. Cassing., arXiv:1203.4734



Electro-magnetic fields,
Chiral magnetic effect




PHSD - transport model with electromagnetic fields

Generalized transport equations in the presence of electromagnetic fields :

—

—
a

. = T re — 1 '_;qt’ At —t — |7 — ot i P
PP LS U~Re(™)/2p  AFt)= /j(r- J O = — M= V) ot
Do pY 4 |7 — |
ﬁ — _er +eF +etvi x B (7, t) = _ir f olr'. ) §{t|:t :l 7 — 7| /e) A3 e
A9 77—
Magnetic field evolution in HSD/PHSD :
AuAu, V5, =200 GeV, b=10 fm, 1=0.01 fm/c AuAu, VS, =200 GeV, b=10 fm, t=0.2 fm/c

—> Talk by Volodya Konchakovski!

40
V. Voronyuk et al., Phys.Rev. C83 (2011) 054911



Conclusions

Parton-Hadron-String-Dynamics (PHSD) theory provides a consistent
description of the phase transition to the QGP in heavy-ion collisions.
The dynamical quasiparticle model (DQPM) defines the input for the
partonic phase in the PHSD transport in line with lattice QCD.

Phase transition to the deconfined phase leads to narrower rapidity
distributions of produced mesons, harder p spectra, constituent quark
number scaling of v,, enhancement of antihyperon yield. Partonic
repulsive mean fields generate flow which scales with the initial space
eccentricity as in an ideal hydro.

The dilepton data provide evidence for off-shell dynamics of vector
mesons and partons. QGP radiation seen in the data.

In the ‘box’, the PHSD shows a low viscosity in the partonic phase, slow
equilibration of strangeness; spectral functions in line with DQPM.
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Angular correlation wrt. reaction plane
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Angular correlation is of hadronic origin up to sqrt(s) = 11 GeV !

V. D. Toneev et al., PRC 85 (2012) 034910



.'"'. Off-shell vs. on-shell transport dynamics

Time evolution of the mass distribution of p and ® mesons for central C+C collisions (b=1
fm) at 2 A GeV for dropping mass + collisional broadening scenario

C+C, 2.0 A GeV, b=1fm
dropp. mass + coll. broad.

— 08} | e —0.8]" | p-I;leSOI;

CHE R @ 090 9o hell = 17 off-shell Off

I | Ny - 1 :I - -shell
On-shell =" A ~ 7 MR

> 04} Z 041 |

< ; =
On-shell model: 2
low mass p and ®

mesons live forever
and shine dileptons!

T4 -
< 0.4
R "™ @-meson
ol ‘T--{ on-shell
= ;
< ”
~ 0

dN/dM [a.u.]

The off-shell spectral function becomes on-shell in the vacuum dynamically by
propagation through the medium!




Off-shell LO q+qgbar “>My;~< }
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Note: In the limit of parton masses—->0, the perturbative QCD result is recovered

O. L., S. Leupold, U. Mosel, PRD 75 (2007) 014016



Off-shell NLO g+gbar et

do(I*17) _ o do(y") /1%(1+@o)
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Sub-leading diagrams

Lo

Virtual quark decay

Gluon Compton Scattering w WWVQ

Virtual gluon decay

O. L., J.Phys.G38 (2011) 025105



Rapidity distributions of strange baryons

Pb+Pb
20 40 A GeV, 7% central T 80 A GeV, 7% central T 158 A GeV, 10% central -
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=» PHSD similar to HSD, reasonable agreement with data

Cassing & Bratkovskaya, NPA 831 (2009) 215



Centrality dependent NA60 data

[

In+In, 158 A GeV, central (b<3.5)
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Dominant rho-channel at
low and quark
annihilation at

intermediate masses !



PHENIX: p; spectra
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» Underestimation of pr data for 100<M<750 MeV bins consistent with dN/dM

* The ‘missing source’(?) is located at low p; !



Dileptons from (in-medium) hadrons

Included channels:
® direct meson (Dalitz) decays of Ty, M N> P> O O, J/F, P°
® correlated D+Dbar pairs
® radiation from seconday mesons (T+T, T+p, T+®, p + P , T+a,)

Full off-shell propagation of in-medium spectral functions through the hadronic medium

In-medium scenarios for p, ®, a,:

dropping mass collisional broadening dropping mass + coll. broad.
m*=my(1-ap/p,) ITM, p)=TIvac(M)+1cs(M,p)
lﬁ_@ 10" " collisional broadening - 16| dropping mess + collisionsl broadening |
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(Examples for p spectral functions.)
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E. Bratkovskaya, W. Cassing, O. L., PLB 670 (2009) 428



PHENIX: mass spectra
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= Peripheral collisions (and pp) are well described, however, central fail!



