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Compressing and heating hadronic matter:Compressing and heating hadronic matter:

sQGPsQGP

Questions:Questions:

••What are the What are the transport propertiestransport properties of the of the sQGPsQGP??
••How may the How may the hadronization hadronization (partons (partons ÆÆ hadrons) occur?hadrons) occur?
••Where do we see traces of parton dynamics in HIC?Where do we see traces of parton dynamics in HIC?



From hadrons to partonsFrom hadrons to partons

In order to study of the In order to study of the phase transitionphase transition from from 
hadronic to partonic matter hadronic to partonic matter –– QuarkQuark--GluonGluon--PlasmaPlasma ––
we we need need a a consistent dynamical description withconsistent dynamical description with
¾¾explicit explicit partonparton--parton interactionsparton interactions (i.e. between quarks and gluons) (i.e. between quarks and gluons) 
¾¾explicit explicit phase transitionphase transition from hadronic to partonic degrees of freedomfrom hadronic to partonic degrees of freedom
¾¾QCD equation of state (EoS) for the partonic phaseQCD equation of state (EoS) for the partonic phase

PPartonarton--HHadronadron--SStringtring--DDynamics (ynamics (PHSDPHSD))

QGP phase described by input from theQGP phase described by input from the

DDynamical ynamical QQuasiuasiPParticle article MModelodel (DQPMDQPM)

Transport theoryTransport theory:   off:   off--shell Kadanoffshell Kadanoff--Baym equations for the Baym equations for the 
GreenGreen--functions Gfunctions G<<

hh(x,p) in phase(x,p) in phase--space representation          space representation          
for thefor the partonic partonic andand hadronic phasehadronic phase



The Dynamical QuasiParticle Model (DQPM)The Dynamical QuasiParticle Model (DQPM)

Spectral functions forSpectral functions for partonic degrees of freedompartonic degrees of freedom (g, (g, q, qq, qbarbar):):

gluon mass:gluon mass:

gluon width:gluon width:

quark width:quark width:

with  with  E2(p)= p2 + M2 - γ2

NNcc = 3= 3

Peshier, PRD 70 (2004) 034016;Peshier, PRD 70 (2004) 034016;
Peshier, Cassing, PRL 94 (2005) 172301;Peshier, Cassing, PRL 94 (2005) 172301;
Cassing,  NPA 791 (2007) 365: NPA 793 (2007)  Cassing,  NPA 791 (2007) 365: NPA 793 (2007)  
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The running coupling gThe running coupling g22

3 parameters:3 parameters: TTss/T/Tcc=0.46;  c=28.8;  =0.46;  c=28.8;  λλ=2.42=2.42
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ÆÆ quasiparticle propertiesquasiparticle properties (N(Nff=3; T=3; Tcc = 0.185 GeV)= 0.185 GeV)

fit to lattice (lQCD) entropy density:fit to lattice (lQCD) entropy density:

large width for large width for 
gluons gluons 

and quarks !and quarks !

lQCD: O. Kaczmarek et,lQCD: O. Kaczmarek et,
PRD 72 (2005) 059903PRD 72 (2005) 059903



DQPM thermodynamics (NDQPM thermodynamics (Nff=3)=3)

Thermodynamics:Thermodynamics: entropy  entropy  ÆÆ pressure Ppressure P

Nf = 3Nf = 3

energy density:energy density:
interaction measure:interaction measure:

DQPM gives a ‚perfect‘ description of  lQCD results !DQPM gives a ‚perfect‘ description of  lQCD results !
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Transport properties of hot glueTransport properties of hot glue

shear viscosity ratio to entropy density:shear viscosity ratio to entropy density:
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Why do we need broad quasiparticles?Why do we need broad quasiparticles?

Æ otherwise otherwise ηη/s will be too high!/s will be too high!



TimeTime--like and spacelike and space--like quantitieslike quantities

some shortsome short--hand notationshand notations (useful for all single(useful for all single--particle quantities):particle quantities):

TimeTime--like:like: ΘΘ(+P(+P22):): particles may particles may 
decay to decay to realreal particles or interactparticles or interact

SpaceSpace--like:like: ΘΘ((--PP22):): particles are virtuell particles are virtuell 
and appear as and appear as exchange quantaexchange quanta in in 
interaction processes of real particlesinteraction processes of real particles

gluonsgluons

quarksquarks

antiquarksantiquarks

q

q

e+

e-

γ* e- e-

q q

*

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



Differential quark ‚density‘Differential quark ‚density‘

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



TimeTime--like and ‚spacelike and ‚space--like‘ densitieslike‘ densities

‚densities‘:‚densities‘:

scalar densities:scalar densities:

ÆÆmore virtuell (spacemore virtuell (space--like) than timelike) than time--like gluonslike gluons
but more timebut more time--like than virtuell quarks !like than virtuell quarks !
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TimeTime--like and ‚spacelike and ‚space--like‘ energy densitieslike‘ energy densities

Æ space-like energy density dominates for gluons;
Æ space-like parts are identified with potential energy densities!

x:x: gluons, quarks, antiquarksgluons, quarks, antiquarks

250 500 750 1000
0

1

2

3

4

5

6

 T 00
g+      T 00

g−

 T 00
q+      T 00

q−en
er

gy
 d

en
sit

y 
/ T

4  

T [MeV] 



Potential energy versus scalar parton densityPotential energy versus scalar parton density

potential energy:potential energy:

ÆÆ PHSDPHSD
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Summary of part ISummary of part I

•• The dynamical quasiparticle model (DQPM)The dynamical quasiparticle model (DQPM) well matches well matches lQCDlQCD
(with only 3 parameters) !(with only 3 parameters) !

•• DQPM allows to extrapolateDQPM allows to extrapolate to finite quark chemical potentials to finite quark chemical potentials 

•• DQPM DQPM separates limeseparates lime--like quantities from spacelike quantities from space--likelike (interaction) (interaction) 
regions regions (needed for off(needed for off--shell transport)shell transport)

•• DQPM provides DQPM provides meanmean--fields for gluons and quarksfields for gluons and quarks as well as as well as 
effective 2effective 2--body interactionsbody interactions ÆÆ PHSDPHSD



I.I. PHSD: PHSD: basic conceptsbasic concepts

1.1. Initial A+A collisions Initial A+A collisions –– offoff--shell HSD: shell HSD: 
string formation and decay to prestring formation and decay to pre--hadronshadrons

Strings Strings –– excited color singlet states excited color singlet states 
(qq (qq -- q) or (q q) or (q –– qbar)qbar)

(in HSD:(in HSD: prepre--hadrons = hadrons = hadrons under                         hadrons under                         
formation time formation time ττF F ~ 0.8 fm/c)~ 0.8 fm/c)

2. Fragmentation of pre2. Fragmentation of pre--hadrons into quarks:hadrons into quarks:
dissolve all new produced secondary hadrons to partons (and
attribute a random color c)  using the spectral functions from the 
Dynamical QuasiParticle ModelDynamical QuasiParticle Model ((DQPM) approximation to lQCD
-- 4-momentum, flavor and color conservation --

hadronshadrons

τF
qqq

 

time

color electric
field

z 



II.II. PHSD: PHSD: partonic phasepartonic phase
3. Partonic phase:3. Partonic phase:
¾¾ Degrees of freedom:Degrees of freedom:

quarks and gluons (= quarks and gluons (= ‚dynamical quasiparticles‘)‚dynamical quasiparticles‘) (+ hadrons)(+ hadrons)
¾¾ Properties of partons:Properties of partons:

offoff--shell spectral functionsshell spectral functions (width, mass) defined by DQPM(width, mass) defined by DQPM
¾¾ EoS of partonic phase:  EoS of partonic phase:  from lattice QCD from lattice QCD (fitted by DQPM)(fitted by DQPM)

•• elastic partonelastic parton--parton interactions:parton interactions:
using the effective cross sections from the DQPM 

•• inelastic partoninelastic parton--parton interactions:parton interactions:
9 quark+antiquark (flavor neutral) <=> gluon (colored)
9 gluon + gluon <=> gluon (possible due to large spectral width)
9 quark + antiquark (color neutral) <=> hadron resonances

Note: inelastic reactions are described by  Breit-Wigner cross sections 
determined  by the spectral properties of constituents (q,qbar,g) !  

•• parton propagation:parton propagation:
with with selfself--generated potentials Ugenerated potentials Uqq, U, Ugg

Cassing,  Bratkovskaya,  PRC 78 (2008) 034919Cassing,  Bratkovskaya,  PRC 78 (2008) 034919
Cassing, Cassing, EEPJ  ST PJ  ST 168168 (2009) (2009) 33



III.III. PHSD: hadronizationPHSD: hadronization

HadronizationHadronization happens:happens:
•• when the when the effective interactions become attractiveeffective interactions become attractive <= from DQPM<= from DQPM
•• for for parton densitiesparton densities 1 < 1 < ρρP P <  2.2 fm<  2.2 fm--3  3  ::

gluons   gluons   ÆÆ q + qbar       q + qbar       q + qbar  q + qbar  ÆÆ mesonmeson
q + q +q  q + q +q  ÆÆ baryonbaryon

Note:Note: nucleon:nucleon: parton density  parton density  ρρPP
ΝΝ = N= Nq q / V/ VNN=3 / 2.5 fm=3 / 2.5 fm33=1.2 fm=1.2 fm--33

meson:meson: parton density  parton density  ρρPP
mm = N= Nq q / V/ Vmm = 2 / 1.2 fm= 2 / 1.2 fm33=1.66 fm=1.66 fm--33

<=  from DQPM<=  from DQPM
and recomb. modeland recomb. model

PartonParton--parton recombination rate parton recombination rate = probability to form bound state = probability to form bound state 
during fixed timeduring fixed time--interval interval ΔΔt in volume t in volume ΔΔVV::

( )∑
∈

•⇒
ΔVji,

2
Pqq

4

|ρV|flux
ΔV
1

ΔVΔt
Pd

Matrix element                     increases drastically for Matrix element                     increases drastically for ρρPP-->0  =>                               >0  =>                               
=> => hadronization successful !hadronization successful !

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

( ) 2
Pqq |ρV| ∞→→0ρ

4

P
|

ΔVΔt
Pd



IV.IV. PHSD: hadronizationPHSD: hadronization

Conservation lows:Conservation lows:
�� 44--momentum conservationmomentum conservation ÆÆ invariant mass and momentum of meson invariant mass and momentum of meson 
�� flavor current conservationflavor current conservation ÆÆ quarkquark--antiquark content of mesonantiquark content of meson
�� color + anticolor  color + anticolor  ÆÆ color color neutralityneutrality

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

•• resonance state (or string)resonance state (or string) is determined by the weight of its is determined by the weight of its 
spectral functionspectral function at given invariant mass M at given invariant mass M 

•• hadronic resonances are propagated in HSD (and finally decay tohadronic resonances are propagated in HSD (and finally decay to thethe
groundstates by emission of pions, kaons, etc.) groundstates by emission of pions, kaons, etc.) ÆÆ Since the partons are Since the partons are 
massive the formed states are very heavy (strings)massive the formed states are very heavy (strings) ÆÆ entropy productionentropy production
in the hadronization phase !in the hadronization phase !

5. Hadronic phase:5. Hadronic phase:
hadronhadron--string interactions string interactions ––> > offoff--shell transport in HSDshell transport in HSD



V.V. PHSD: Hadronization detailsPHSD: Hadronization details

Local offLocal off--shell transition rate:shell transition rate: (meson formation)(meson formation)

using

WWmm: Gaussian in phase space: Gaussian in phase space

Cassing,  Bratkovskaya,  PRC 78 (2008) 034919Cassing,  Bratkovskaya,  PRC 78 (2008) 034919
Cassing, Cassing, EEPJ  ST PJ  ST 168168 (2009) (2009) 33



Application to nucleusApplication to nucleus--nucleus collisionsnucleus collisions

energy balanceenergy balance particle balanceparticle balance
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only about 40% of the converted energy goes to partons;only about 40% of the converted energy goes to partons;
the rest is contained in the ‚large‘ hadronic corona!the rest is contained in the ‚large‘ hadronic corona!
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Proton stopping at SPSProton stopping at SPS

ÎÎlooks not bad in comparison to NA49,looks not bad in comparison to NA49,
but not sensitive to parton dynamics!but not sensitive to parton dynamics!
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Rapidity distributions of Rapidity distributions of ππ, K, K++, K, K--

ÎÎ pion and kaon rapidity distributions become slightly narrowerpion and kaon rapidity distributions become slightly narrower

Cassing & Bratkovskaya,  NPA 831 (2009) 215Cassing & Bratkovskaya,  NPA 831 (2009) 215



PHSD: Transverse mass spectra at SPSPHSD: Transverse mass spectra at SPS
Central Pb + Pb at  SPS energiesCentral Pb + Pb at  SPS energies

☺☺ PHSD gives harder spectra and works better than HSD at top SPS PHSD gives harder spectra and works better than HSD at top SPS energies energies 

// However, at low SPS (and FAIR) energies the effect of the partonHowever, at low SPS (and FAIR) energies the effect of the partonic phase is ic phase is 
NOT seen in rapidity distributions and mNOT seen in rapidity distributions and mTT spectraspectra
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Rapidity distributions of strange baryonsRapidity distributions of strange baryons

ÎÎ similar to HSD, reasonable agreement with datasimilar to HSD, reasonable agreement with data
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Rapidity distributions of (multiRapidity distributions of (multi--)strange antibaryons)strange antibaryons

ÎÎ enhanced production of (multienhanced production of (multi--) strange anti) strange anti--baryons in PHSDbaryons in PHSD
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Centrality distributions of (multiCentrality distributions of (multi--)strange (anti)strange (anti--)baryons)baryons

ÎÎ enhanced production of (multienhanced production of (multi--) strange antibaryons in PHSD) strange antibaryons in PHSD

Cassing & Bratkovskaya, NPA 831 (2009) 215Cassing & Bratkovskaya, NPA 831 (2009) 215
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Number of sNumber of s--bar quarks in hadronic and partonic matterbar quarks in hadronic and partonic matter

ÎÎ significant effect on the production of (multisignificant effect on the production of (multi--)strange antibaryons due to )strange antibaryons due to 
a slightly enhanced sa slightly enhanced s--sbar pair production in the partonic phase from sbar pair production in the partonic phase from 
massive timemassive time--like gluon decay and a larger formation of antibaryons in the like gluon decay and a larger formation of antibaryons in the 
hadronization process!hadronization process!

Cassing & Bratkovskaya,  NPA 831 (2009) 215Cassing & Bratkovskaya,  NPA 831 (2009) 215
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Perspectives at FAIR energiesPerspectives at FAIR energies
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partonic energy fraction vs centrality and energypartonic energy fraction vs centrality and energy

ÆÆDramatic decrease of partonic phase Dramatic decrease of partonic phase with decreasing with decreasing 
energy and centrality !energy and centrality !

Cassing & Bratkovskaya, NPA 831 (2009) 215Cassing & Bratkovskaya, NPA 831 (2009) 215



Summary of part IISummary of part II

•• PHSDPHSD provides a consistent description of provides a consistent description of offoff--shell parton dynamics shell parton dynamics in in 
line with lQCDline with lQCD; the repulsive mean fields generate transverse flow ; the repulsive mean fields generate transverse flow 

•• The dynamical The dynamical hadronizationhadronization in PHSD yields particle ratios close to in PHSD yields particle ratios close to 
the (GC) statistical model at a temperature of about 170 MeVthe (GC) statistical model at a temperature of about 170 MeV

•• The The elliptic flow velliptic flow v22 scales with the initial eccentricity in space as in scales with the initial eccentricity in space as in 
ideal hydrodynamics ideal hydrodynamics 

•• The Pb + Pb data  at The Pb + Pb data  at top SPS energiestop SPS energies are rather well described within are rather well described within 
PHSD including PHSD including baryon stoppingbaryon stopping, , strange antibaryon enhancementstrange antibaryon enhancement and and 
meson mmeson mTT slopesslopes

•• At At FAIR energiesFAIR energies PHSD gives practically the same results as HSDPHSD gives practically the same results as HSD
(except for strange antibaryons)(except for strange antibaryons) when the lQCD EoS (where the phase when the lQCD EoS (where the phase 
transition is always a crosstransition is always a cross--over) is used over) is used 



Open problemsOpen problems

•• Is the Is the criticalcritical energy/temperatureenergy/temperature provided by the lQCD provided by the lQCD 
calculations calculations sufficiently accurate?sufficiently accurate?

•• How to describe a How to describe a firstfirst--order phase transitionorder phase transition in in 
transport ?transport ?

•• How to describe How to describe partonparton--hadron interactions in a ‚mixed‘ hadron interactions in a ‚mixed‘ 
phasephase??



Thanks Thanks 
in particular to

Elena BratkovskayaElena Bratkovskaya
(dynamical hadronization and (dynamical hadronization and 
application to A+A reactions)application to A+A reactions)

Sascha Juchem Sascha Juchem 
(off(off--shell transport)shell transport)

Andre PeshierAndre Peshier
(DQPM)(DQPM)

and the numerous theoretical and and the numerous theoretical and 
experimental friends and colleagues !experimental friends and colleagues !
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