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CompressingCompressing and and heatingheating hadronichadronic matter:matter:

sQGPsQGP

QuestionsQuestions::

••WhatWhat areare thethe transporttransport propertiesproperties of of thethe sQGPsQGP??
••HowHow maymay thethe hadronizationhadronization ((partonspartons hadronshadrons) ) occuroccur??



FromFrom hadronshadrons to to partonspartons

In order to In order to studystudy of of thethe phasephase transitiontransition fromfrom
hadronichadronic to to partonicpartonic matter matter –– QuarkQuark--GluonGluon--PlasmaPlasma ––
wewe needneed a a consistentconsistent dynamicaldynamical descriptiondescription withwith

explicitexplicit partonparton--partonparton interactionsinteractions ((i.ei.e. . betweenbetween quarksquarks and and gluonsgluons) ) 
explicitexplicit phasephase transitiontransition fromfrom hadronichadronic to to partonicpartonic degreesdegrees of of freedomfreedom
QCD QCD equationequation of of statestate ((EoSEoS) ) forfor thethe partonicpartonic phasephase

Transport Transport theorytheory:   :   offoff--shellshell KadanoffKadanoff--BaymBaym equationsequations forfor thethe
GreenGreen--functionsfunctions GG<<

hh(x,p(x,p) in ) in phasephase--spacespace representationrepresentation
forfor thethe partonicpartonic andand hadronichadronic phasephase

PPartonarton--HHadronadron--SStringtring--DDynamicsynamics ((PHSDPHSD))

QGP QGP phasephase describeddescribed byby inputinput fromfrom thethe

DDynamicalynamical QQuasiuasiPParticlearticle MModelodel (DQPMDQPM)



TheThe DynamicalDynamical QuasiParticleQuasiParticle Model (DQPM)Model (DQPM)

SpectralSpectral functionsfunctions forfor partonicpartonic degreesdegrees of of freedomfreedom (g, (g, q, q, qqbarbar):):

gluongluon massmass::

quarkquark massmass:: NNcc = 3= 3

quarkquark widthwidth::

withwith E2(p)= p2 + M2 - γ2
PeshierPeshier, PRD 70 (2004) 034016;, PRD 70 (2004) 034016;
PeshierPeshier, , CassingCassing, PRL 94 (2005) 172301;, PRL 94 (2005) 172301;
CassingCassing,  NPA 791 (2007) 365: NPA 793 (2007)  ,  NPA 791 (2007) 365: NPA 793 (2007)  



TheThe runningrunning couplingcoupling gg22

3 3 parametersparameters:: TTss/T/Tcc=0.46;  c=28.8;  =0.46;  c=28.8;  λλ=2.42=2.42
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quasiparticlequasiparticle propertiesproperties (N(Nff=3; T=3; Tcc = 0.185 = 0.185 GeVGeV))

fit to fit to latticelattice ((lQCDlQCD) ) entropyentropy densitydensity::

large large widthwidth forfor
gluonsgluons

(and (and quarksquarks)!)!

lQCDlQCD: O. : O. KaczmarekKaczmarek et,et,
PRD 72 (2005) 059903PRD 72 (2005) 059903
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DQPM DQPM thermodynamicsthermodynamics (N(Nff=3)=3)

ThermodynamicsThermodynamics:: entropyentropy pressurepressure PP

Nf = 3Nf = 3

energyenergy densitydensity::
interactioninteraction measuremeasure::

DQPM DQPM givesgives a ‚a ‚perfectperfect‘ ‘ descriptiondescription of  of  lQCDlQCD resultsresults !!
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cf. V. D. Toneev, Heavy Ion Phys. 8 (1998) 83



Transport Transport propertiesproperties of hot of hot glueglue

viscosityviscosity ratioratio to to entropyentropy densitydensity::
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WhyWhy do do wewe needneed broadbroad quasiparticlesquasiparticles??

otherwiseotherwise ηη/s will /s will bebe tootoo high!high!



TimeTime--likelike and and spacespace--likelike quantitiesquantities

somesome shortshort--handhand notationsnotations ((usefuluseful forfor all all singlesingle--particleparticle quantitiesquantities):):

gluonsgluons

quarksquarks

antiquarksantiquarks

SpaceSpace--likelike:: ΘΘ((--PP22):): particlesparticles areare virtuell virtuell 
and and appearappear as as exchangeexchange quantaquanta in in 
interactioninteraction processesprocesses of real of real particlesparticles

TimeTime--likelike:: ΘΘ(+P(+P22):): particlesparticles maymay
decaydecay to to realreal particlesparticles oror interactinteract

q

q

e+

e-

γ* e- e-

q q

*

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



Differential Differential quarkquark ‚‚densitydensity‘‘

ExampleExample::

0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

Quarks: I(ω,p)
T=1.05 T

C

time-like

space-likep=ω

p [GeV/c]

ω
 [G

eV
]

1E-5
2.8E-5
4.6E-5
6.4E-5
8.2E-5
1E-4

0 1 2 3 4 5
0

1

2

3

4

5
p=ω

Quarks: I(ω,p)
T=3 T

C

time-like

space-like

p [GeV/c]

ω
 [G

eV
]

5E-4
1.4E-3
2.3E-3
3.2E-3
4.1E-3
5E-3

Large Large spacespace--likelike contributionscontributions forfor broadbroad quasiparticlesquasiparticles !!
CassingCassing,  NPA 791 (2007) 365: NPA 793 (2007),  NPA 791 (2007) 365: NPA 793 (2007)



TimeTime--likelike and ‚and ‚spacespace--likelike‘ ‘ densitiesdensities

‚‚densitiesdensities‘:‘:

scalarscalar densitiesdensities::

moremore virtuell (virtuell (spacespace--likelike) ) thanthan timetime--likelike gluonsgluons
butbut moremore timetime--likelike thanthan virtuell virtuell quarksquarks !!
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TimeTime--likelike and ‚and ‚spacespace--likelike‘ ‘ energyenergy densitiesdensities

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

x:x: gluonsgluons, , quarksquarks, , antiquarksantiquarks
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Potential Potential energyenergy versusversus scalarscalar partonparton densitydensity

potential potential energyenergy::

PHSDPHSD
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SummarySummary of of partpart II

•• TheThe dynamicaldynamical quasiparticlequasiparticle modelmodel (DQPM)(DQPM) well well matchesmatches lQCDlQCD
((withwith onlyonly 3 3 parametersparameters) !) !

•• DQPM DQPM allowsallows to to extrapolateextrapolate to finite to finite quarkquark chemicalchemical potentialspotentials

•• DQPM DQPM separates separates limelime--likelike quantitiesquantities fromfrom spacespace--likelike ((interactioninteraction) ) 
regionsregions ((neededneeded forfor offoff--shellshell transporttransport))

•• DQPM DQPM providesprovides meanmean--fieldsfields forfor gluonsgluons and and quarksquarks as well as as well as 
effectiveeffective 22--body body interactionsinteractions PHSDPHSD



HadronHadron--stringstring transporttransport modelsmodels versusversus
observablesobservables:  :  thethe actualactual problemproblem
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Exp. Exp. datadata areare notnot reproducedreproduced in in termsterms of of thethe hadronhadron--stringstring picturepicture
=> => evidenceevidence forfor nonhadronicnonhadronic degreesdegrees of of freedomfreedom !?        !?        PPHSD ?HSD ?

•• StrangenessStrangeness signalssignals of of thethe QGPQGP E.B. et al., PRC69 (2004) 054907E.B. et al., PRC69 (2004) 054907



I.I. PHSD: PHSD: basicbasic conceptsconcepts

1.1. Initial A+A Initial A+A collisionscollisions –– offoff--shellshell HSD: HSD: 
stringstring formationformation and and decaydecay to to prepre--hadronshadrons

Strings Strings –– excitedexcited colorcolor singletsinglet statesstates
((qqqq -- q) q) oror (q (q –– qbarqbar))

(in HSD:(in HSD: prepre--hadronshadrons = = hadronshadrons underunder
formationformation time time ττFF ~ 0.8 ~ 0.8 fmfm/c)/c)

2. 2. FragmentationFragmentation of of prepre--hadronshadrons intointo quarksquarks::
dissolve all new produced secondary hadrons to partons (and
attribute a random color c)  using the spectral functions from the
DynamicalDynamical QuasiParticleQuasiParticle ModelModel ((DQPM) approximation to lQCD
-- 4-momentum, flavor and color conservation --

pre-hadronspre-hadrons

τF

  __
qqq

time

color electric
field

z 



II.II. PHSD: PHSD: partonicpartonic phasephase
3. 3. PartonicPartonic phasephase::

DegreesDegrees of of freedomfreedom::
quarksquarks and and gluonsgluons (= (= ‚‚dynamicaldynamical quasiparticlesquasiparticles‘)‘) (+ (+ hadronshadrons))

PropertiesProperties of of partonspartons::
offoff--shellshell spectralspectral functionsfunctions ((widthwidth, , massmass) ) defineddefined byby DQPMDQPM

EoSEoS of of partonicpartonic phasephase:  :  fromfrom latticelattice QCD QCD ((fittedfitted byby DQPM)DQPM)

•• elasticelastic partonparton--partonparton interactionsinteractions::
using the effective cross sections from the DQPM 

•• inelasticinelastic partonparton--partonparton interactionsinteractions::
quark+antiquark (flavor neutral) <=> gluon (colored)
gluon + gluon <=> gluon (possible due to large spectral width)
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) !  
•• partonparton propagationpropagation::

withwith selfself--generatedgenerated potentialspotentials UUqq, , UUgg CassingCassing, E.B., PRC 78 (2008) 034919, E.B., PRC 78 (2008) 034919
CassingCassing,  arXiv:0808.0715 [,  arXiv:0808.0715 [nuclnucl--thth]]



III.III. PHSD: PHSD: hadronizationhadronization

HadronizationHadronization happenshappens::
•• whenwhen thethe effectiveeffective interactionsinteractions becomebecome attractiveattractive <= <= fromfrom DQPMDQPM
•• forfor partonparton densitiesdensities 1 < 1 < ρρPP <  2.2 fm<  2.2 fm--3  3  ::

BasedBased on DQPM: on DQPM: massive, massive, offoff--shellshell quarksquarks and and gluonsgluons
withwith broadbroad spectralspectral functionsfunctions hadronizehadronize toto offoff--shellshell mesonsmesons and and baryonsbaryons::

gluonsgluons q + q + qbarqbar q + q + qbarqbar mesonmeson
q + q +q  q + q +q  baryonbaryon

Note:Note: nucleonnucleon:: partonparton densitydensity ρρPP
ΝΝ = = NNqq / V/ VNN=3 / 2.5 fm=3 / 2.5 fm33=1.2 fm=1.2 fm--33

mesonmeson:: partonparton densitydensity ρρPP
mm = = NNqq / / VVmm = 2 / 1.2 fm= 2 / 1.2 fm33=1.66 fm=1.66 fm--33

<=  <=  fromfrom DQPMDQPM
and and recombrecomb. . modelmodel

PartonParton--partonparton recombinationrecombination rate rate = = probabilityprobability to form to form boundbound statestate
duringduring fixedfixed timetime--intervalinterval ∆∆tt in in volumevolume ∆∆VV::

( )∑
∈

•⇒
∆Vji,

2
Pqq

4

|ρV|flux
∆V
1

∆V∆t
Pd

Matrix Matrix elementelement increasesincreases drasticallydrastically forfor ρρPP-->0  =>                               >0  =>                               
=> => hadronizationhadronization successfulsuccessful !!

( ) 2
Pqq |ρV| ∞→→0ρ

4

P
|

∆V∆t
Pd



IV.IV. PHSD: PHSD: hadronizationhadronization

ConservationConservation lowslows::
44--momentum momentum conservationconservation invariant invariant massmass and and momentummomentum of of mesonmeson
flavorflavor currentcurrent conservationconservation quarkquark--antiquarkantiquark contentcontent of of mesonmeson
colorcolor + + anticoloranticolor colorcolor neutralityneutrality

•• large large partonparton massesmasses dominant dominant productionproduction of of vectorvector mesonsmesons
oror baryonbaryon resonancesresonances (of finite/large (of finite/large widthwidth))

•• resonanceresonance statestate ((oror stringstring)) isis determineddetermined byby thethe weightweight of of itsits
spectralspectral functionfunction at at givengiven invariant invariant massmass M M 

•• hadronichadronic resonancesresonances areare propagatedpropagated in HSD (and in HSD (and finallyfinally decaydecay to to thethe
groundstatesgroundstates byby emissionemission of of pionspions, , kaonskaons, etc.) , etc.) SinceSince thethe partonspartons areare
massive massive thethe formedformed statesstates areare veryvery heavyheavy ((stringsstrings)) entropyentropy productionproduction
in in thethe hadronizationhadronization phasephase !!

5. 5. HadronicHadronic phasephase::
hadronhadron--stringstring interactionsinteractions ––> > offoff--shellshell transporttransport in HSDin HSD



V.V. PHSD: PHSD: HadronizationHadronization detailsdetails

LocalLocal offoff--shellshell transitiontransition rate:rate: ((mesonmeson formationformation))

using

WWmm: : GaussianGaussian in in phasephase spacespace

CassingCassing, E.B., PRC 78 (2008) 034919, E.B., PRC 78 (2008) 034919
CassingCassing,  EPJ  ST (2009),  EPJ  ST (2009)



Expanding Expanding partonicpartonic fireballfireball II
Initial condition:Initial condition: PartonicPartonic fireballfireball at at temperaturetemperature 1.7 T1.7 Tcc withwith

ellipsoidalellipsoidal gaussiangaussian shapeshape in in coordinatecoordinate spacespace

eccentricityeccentricity:: εε = (= (σσyy
22 –– σσxx

22)/()/(σσyy
22 + + σσxx

22))
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CassingCassing, E.B., PRC 78 (2008) 034919, E.B., PRC 78 (2008) 034919



Expanding Expanding fireballfireball IIII
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DynamicalDynamical informationinformation
gluongluon decaydecay raterate to to q+qbarq+qbar
roughlyroughly equalequal to to glueglue
formationformation rate

effectiveeffective cross cross sectionssections fromfrom thethe DQPMDQPM
versusversus partonparton densitydensity

rate

becomebecome lowlow at high at high partonparton densitydensity
butbut interactioninteraction rate rate slightlyslightly increasesincreases
withwith partonparton densitydensity!!

CassingCassing, , BratkovskayaBratkovskaya, PRC 78 (2008) 034919, PRC 78 (2008) 034919
CassingCassing,  arXiv:0808.0715 [,  arXiv:0808.0715 [nuclnucl--thth], EPJ  ST (2009)], EPJ  ST (2009)



Expanding Expanding fireballfireball III III -- hadronizationhadronization
massmass distributionsdistributions forfor colorcolor neutral ‚neutral ‚mesonsmesons‘ and ‚‘ and ‚baryonsbaryons‘ ‘ 
afterafter partonparton fusionfusion: ((rotatingrotating colorcolor dipolesdipoles))

ComparisonComparison of of particleparticle ratiosratios withwith thethe statisticalstatistical modelmodel (SM):(SM):

These ‚These ‚prehadronsprehadrons‘ ‘ decaydecay
accordingaccording to JETSET toto JETSET to
00--, 1, 1--,1+ ,1+ mesonsmesons and and 
thethe baryonbaryon octetoctet//decoupletdecouplet



Expanding Expanding fireballfireball IV IV –– collectivecollective aspectsaspects

EllipticElliptic flowflow vv22 isis defineddefined byby an an anisotropyanisotropy in in momentummomentum spacespace::
vv22 = (p= (pxx

22 –– ppyy
22))//(p(pxx

22 + p+ pyy
22))

InitiallyInitially: v: v22 = 0   = 0   studystudy final vfinal v22 versusversus initialinitial eccentricityeccentricity εε !!

εε = (= (σσyy
22 –– σσxx

22)/()/(σσyy
22 + + σσxx

22))

vv22//εε = = constconst. . 
indicatesindicates ideal ideal hydrodynamichydrodynamic

flowflow !!

ThisThis isis expectedexpected sincesince ηη/s /s isis
veryvery smallsmall in in thethe DQPMDQPM

CassingCassing, , BratkovskayaBratkovskaya, PRC 78 (2008) 034919, PRC 78 (2008) 034919
CassingCassing,  arXiv:0808.0715 [,  arXiv:0808.0715 [nuclnucl--thth]]



Reminder: Reminder: CollectiveCollective flowflow: v: v22 excitationexcitation functionsfunctions

vv2 2 excitationexcitation functionsfunctions fromfrom stringstring--hadronichadronic transporttransport modelsmodels ::

Proton vProton v22 at at lowlow energyenergy showsshows sensitivitysensitivity to to thethe nucleonnucleon potentialpotential..
CascadeCascade codescodes failfail to to describedescribe thethe expexp. . datadata..

vv22 isis determineddetermined byby attractiveattractive//repulsiverepulsive potentialspotentials !!
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Expanding Expanding fireballfireball V V -- differential differential ellipticelliptic flowflow

Time Time evolutionevolution of vof v22:: Quark Quark numbernumber scalingscaling vv22//nnqq::

partonparton vv22 isis generatedgenerated also also 
byby thethe repulsiverepulsive partonicpartonic
forcesforces !!

mesonmeson to to baryonbaryon vv2 2 suggestssuggests
quarkquark numbernumber scalingscaling !!

CassingCassing, , BratkovskayaBratkovskaya, PRC 78 (2008) 034919, PRC 78 (2008) 034919
CassingCassing,  arXiv:0808.0715 [,  arXiv:0808.0715 [nuclnucl--thth]]



ApplicationApplication to to nucleusnucleus--nucleusnucleus collisionscollisions

energyenergy balancebalance particleparticle balancebalance
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RapidityRapidity distributionsdistributions
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TransverseTransverse massmass spectraspectra
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Strange and Strange and antistrangeantistrange baryonsbaryons at 160 A at 160 A GeVGeV
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Note:
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PerspectivesPerspectives at FAIR at FAIR energiesenergies
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SummarySummary of of partpart IIII

•• PHSDPHSD providesprovides a a consistentconsistent descriptiondescription of of offoff--shellshell partonparton dynamicsdynamics in in 
lineline withwith lQCDlQCD; ; thethe repulsiverepulsive meanmean fieldsfields generategenerate transversetransverse flowflow

•• TheThe dynamicaldynamical hadronizationhadronization in PHSD in PHSD yieldsyields particleparticle ratiosratios closeclose to to 
thethe (GC) (GC) statisticalstatistical modelmodel at a at a temperaturetemperature of of aboutabout 170 MeV170 MeV

•• TheThe ellipticelliptic flowflow vv22 scalesscales withwith thethe initialinitial eccentricityeccentricity in in spacespace as in as in 
ideal ideal hydrodynamicshydrodynamics

•• TheThe Pb + Pb Pb + Pb datadata at at toptop SPS SPS energiesenergies areare ratherrather well well describeddescribed withinwithin
PHSD PHSD includingincluding baryonbaryon stoppingstopping, , strangestrange antibaryonantibaryon enhancementenhancement and and 
mesonmeson mmTT slopesslopes

•• At At FAIR FAIR energiesenergies PHSD PHSD givesgives practicallypractically thethe samesame resultsresults as HSDas HSD
((exceptexcept forfor strangestrange antibaryonsantibaryons)) whenwhen thethe lQCDlQCD EoSEoS ((wherewhere thethe phasephase
transitiontransition isis alwaysalways a a crosscross--overover) ) isis usedused



Open Open problemsproblems

•• IsIs thethe criticalcritical energyenergy//temperaturetemperature providedprovided byby thethe lQCDlQCD
calculationscalculations sufficientlysufficiently accurateaccurate??

•• HowHow to to describedescribe a a firstfirst--orderorder phasephase transitiontransition in in 
transporttransport ??

•• HowHow to to describedescribe partonparton--hadronhadron interactionsinteractions in a ‚in a ‚mixedmixed‘ ‘ 
phasephase??



ThanksThanks
in particular to

Sascha Sascha JuchemJuchem
((offoff--shellshell transporttransport))

Andre Andre PeshierPeshier
(DQPM)(DQPM)

and and thethe numerousnumerous
experimental experimental friendsfriends
and and colleguescollegues !!
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