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Transport Transport descriptiondescription of of thethe

partonicpartonic and and hadronichadronic phasesphases

Parton-Hadron-String-

Dynamics (PHSD)



PHSD: PHSD: heavyheavy--ionion collisionscollisions
Initial A+A Initial A+A collisionscollisions: HSD: HSD, string formation and decay to pre-hadrons

FragmentationFragmentation of pre-hadrons into quarks using the quark spectral functions

from the Dynamical Quasi-Particle Model (DQPM) – approximation to QCD

PartonicPartonic phasephase:: quarks and gluons with constituent mass and broad spectral

functions. WidthsWidths, , massesmasses defined by DQPM. ElasticElastic and and inelasticinelastic partonparton--partonparton

interactionsinteractions (effective cross sections adjusted to the DQPM in equilibrium):

� q + qbar (flavor neutral) <=> gluon (colored)

� gluon + gluon <=> gluon (possible due to large spectral width)

� q + qbar (color neutral) <=> hadron resonances

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

gluons with broad spectral functions hadronize to to offoff--shellshell hadronshadrons::

� gluons ���� q + qbar;  q + qbar ���� off-shell meson or ‚string‘; 

� q + q +q  ���� baryon or ‚string‘; (‚strings‘ act as doorway states)

HadronicHadronic phasephase:: hadron-string interactions and propagation by off-shell HSD

W. W. CassingCassing, E. , E. BratkovskayaBratkovskaya,  PRC 78 (2008) 034919;,  PRC 78 (2008) 034919;

NPA831 (2009) 215; NPA831 (2009) 215; EEPJ  ST PJ  ST 168168 (2009) (2009) 33; ; NNPPA856A856 (2011) (2011) 162162



PartonParton--HadronHadron--StringString DynamicsDynamics

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 LHCAGS to LHC.

�� NonNon--equilibriumequilibrium approach: applicable to far from equilibrium configurations

as explosion-like heavy-ion collisions as well as to equilibrated matter („in the

box“).

�� DynamicsDynamics: mean fields (hadronic and partonic), scattering (elastic, inelastic, 

2<<<<−−−−>>>>2, 2<<<<−−−−>>>>n), resonance decays, retarded electro-magnetic fields.

�� Phase Phase transitiontransition (cross over) according to the lattice QCD equation of state, 

hadronic and partonic degrees of freedom, spacial co-existance, dynamical

hadronisation.

�� OffOff--shellshell transport: takes into account 2-particle correlations beyond the one-

particle distributions.



(First order (First order gradientgradient expansionexpansion of of thethe WignerWigner--transformedtransformed KadanoffKadanoff--BaymBaym equationsequations))

drift drift termterm VlasovVlasov termterm collisioncollision termterm == ‚‚lossloss‘‘ termterm -- ‚‚gaingain‘‘ termtermbackflowbackflow termterm

BackflowBackflow termterm incorporatesincorporates thethe offoff--shellshell behaviorbehavior in in thethe particleparticle propagationpropagation

! ! vanishesvanishes in in thethe quasiparticlequasiparticle limitlimit AAXPXP = 2 = 2 ππππππππ δδδδδδδδ(p(p22--MM22) ) 

PropagationPropagation of of thethe GreenGreen‘‘ss functionfunction iiSS<<
XPXP=A=AXPXPNNXPXP , , whichwhich carriescarries informationinformation notnot onlyonly on on 

thethe numbernumber of of particlesparticles, , butbut also on also on theirtheir propertiesproperties, , interactionsinteractions and and correlationscorrelations

W. W. CassingCassing , S. , S. JuchemJuchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 4451, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 4451

BoltzmannBoltzmann equationequation −−−−−−−−>>>>>>>> offoff--shellshell transporttransport

GENERALIZATIONGENERALIZATION

ΓΓΓΓΓΓΓΓXPXP –– widthwidth of of spectralspectral functionfunction = = reactionreaction raterate of a of a particleparticle (at (at phasephase--spacespace positionposition XP)XP)



Employ testparticletestparticle AnsatzAnsatz for the real valued quantity i S<
XP  -

insert in generalized transport equations and determine equations of motion !

General testparticle off-shell equations of motion:

with

W. W. CassingCassing , S. , S. JuchemJuchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 445, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 445

OffOff--shellshell equationsequations of of motionmotion



E.L. E.L. BratkovskayaBratkovskaya, W. , W. CassingCassing, V. P. , V. P. KonchakovskiKonchakovski, O. , O. LinnykLinnyk, NPA856(2011) 162; E.L. , NPA856(2011) 162; E.L. BratkovskayaBratkovskaya, W. , W. CassingCassing, , 

NPA 807 (2008) 214; H.W. Barz, B. Kampfer, Gy. Wolf, M. NPA 807 (2008) 214; H.W. Barz, B. Kampfer, Gy. Wolf, M. ZetenyiZetenyi, Open , Open NuclNucl. Part. Phys. J. 3 (2010) 1 . Part. Phys. J. 3 (2010) 1 

ResultsResults of of offoff--shellshell transporttransport simulationssimulations
The off-shell spectral function becomes on-shell in the vacuum dynamically! 



Dynamical QuasiDynamical Quasi--Particle Model Particle Model 

(DQPM)(DQPM)



TheThe DynamicalDynamical QuasiParticleQuasiParticle Model (DQPM)Model (DQPM)

Basic Basic ideaidea:: InteractingInteracting quasiparticlesquasiparticles

-- massive massive quarksquarks and and gluonsgluons (g, q, (g, q, qqbarbar) ) withwith spectralspectral functionsfunctions ::

NNcc = 3, N= 3, Nff=3=3

withwith 3 3 parametersparameters:: TTss/T/Tcc=0.46;  c=28.8;  =0.46;  c=28.8;  λλλλλλλλ=2.42=2.42

�� fit to fit to latticelattice ((lQCDlQCD) ) resultsresults ((e.ge.g. . entropyentropy densitydensity))

�������� quasiparticlequasiparticle propertiesproperties ((massmass, , widthwidth))

9

E2 = p2+M2-γγγγ2

massmass::

widthwidth::

�� gluonsgluons::

runningrunning couplingcoupling:: ααSS(T(T) = g) = g22(T)/(4(T)/(4ππ))

�� quarksquarks
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lQCDlQCD: : O. O. KaczmarekKaczmarek et,et,

PRD 72 (2005) 059903PRD 72 (2005) 059903

A. A. PeshierPeshier, PRD 70 (2004) 034016 , PRD 70 (2004) 034016 

A. A. PeshierPeshier, PRD 70(2004)034016; A. , PRD 70(2004)034016; A. PeshierPeshier, W. , W. CassingCassing, PRL 94(2005)172301; , PRL 94(2005)172301; CassingCassing,  NPA 791(2007)365, NPA(2007)793,  NPA 791(2007)365, NPA(2007)793



DQPM DQPM thermodynamicsthermodynamics (N(Nff=3) and =3) and lQCDlQCD

entropyentropy �������� pressurepressure PP

energyenergy densitydensity::

interactioninteraction measuremeasure::

DQPM DQPM givesgives a good a good descriptiondescription of  of  lQCDlQCD!!

10
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equation of state

NNff=3=3

lQCDlQCD: : FodorFodor & Katz, (2009)& Katz, (2009)

lQCDlQCD: M. : M. ChengCheng et al.,et al.,

PRD 77 (2008) 014511PRD 77 (2008) 014511

lQCDlQCD:: WuppertalWuppertal--Budapest Budapest 

Y. Y. AokiAoki et alet al, JHEP0906 (2009) 088, JHEP0906 (2009) 088

E.L.BratkovskayaE.L.Bratkovskaya, W. , W. CassingCassing, V.P. , V.P. KonchakovskiKonchakovski, O. , O. LinnykLinnyk, NPA856 (2011) 162, NPA856 (2011) 162



TheThe DynamicalDynamical QuasiParticleQuasiParticle Model (DQPM)Model (DQPM)

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

�������� QuasiparticleQuasiparticle propertiesproperties::

�� large large widthwidth and and massmass forfor gluonsgluons and and quarksquarks

••DQPM DQPM matchesmatches well well latticelattice QCDQCD

••DQPM DQPM providesprovides meanmean--fieldsfields (1PI) (1PI) forfor gluonsgluons and and quarksquarks

as well as as well as effectiveeffective 22--body body interactionsinteractions (2PI)(2PI)

••DQPMDQPM givesgives transitiontransition ratesrates forfor thethe formationformation of of hadronshadrons �������� PHSD PHSD 

�������� BroadBroad spectralspectral functionfunction ::



PartonicPartonic phasephase summarysummary
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:

� 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)

• Parton propagation:

with self-generated potentials Uq, Ug

W. W. CassingCassing, E.L. , E.L. BratkovskayaBratkovskaya,  PRC 78 (2008) 034919; W. ,  PRC 78 (2008) 034919; W. CassingCassing, , EEPJ  ST PJ  ST 168168 (2009) (2009) 33



HadronizationHadronization



HadronizationHadronization happenshappens whenwhen thethe effectiveeffective interactionsinteractions ||vv| | becomebecome attractiveattractive, , 

approxapprox. . forfor partonparton densitiesdensities 1 < 1 < ρρρρρρρρPP <  2.2 fm<  2.2 fm--33 <= <= fromfrom DQPMDQPM

gluonsgluons �� q + q + qbarqbar q + q + qbarqbar �� mesonmeson

q + q +q  q + q +q  �� baryonbaryon

BasedBased on DQPM; massive, on DQPM; massive, offoff--shellshell quarksquarks and and gluonsgluons withwith broadbroad spectralspectral

functionsfunctions hadronizehadronize to to offoff--shellshell mesonsmesons and and baryonsbaryons::

W. W. CassingCassing, E.L. , E.L. BratkovskayaBratkovskaya,  PRC 78 (2008) 034919; W. ,  PRC 78 (2008) 034919; W. CassingCassing, , EEPJ  ST PJ  ST 168168 (2009) (2009) 33

PartonParton--partonparton recombinationrecombination raterate ==

Wm - Gaussian in phase space with

PHSD: PHSD: hadronizationhadronization

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

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



ConservationConservation lawslaws::

�� 44--momentum momentum conservationconservation �������� invariant invariant massmass and and momentummomentum of of hadronhadron

�� flavorflavor currentcurrent conservationconservation �������� quarkquark--antiquarkantiquark contentcontent of of hadronhadron

�� colorcolor + + anticoloranticolor �������� colorcolor neutralityneutrality

�� SinceSince thethe partonspartons areare massive massive thethe formedformed statesstates areare veryvery heavyheavy ((stringsstrings) ) ��������‘‘

entropyentropy productionproduction in in thethe hadronizationhadronization!!

•• large large partonparton massesmasses �������� dominant dominant productionproduction of of vectorvector mesonsmesons

oror baryonbaryon resonancesresonances (of finite/large (of finite/large widthwidth))

•• hadronichadronic resonancesresonances areare propagatedpropagated in HSD (and in HSD (and finallyfinally decaydecay to to thethe

groundstatesgroundstates byby emissionemission of of pionspions, , kaonskaons, etc.) , etc.) 

PHSD: PHSD: hadronizationhadronization



Hadronization details

MassMass distributionsdistributions forfor colorcolor neutral neutral ‚‚mesonsmesons‘‘ and and ‚‚baryonsbaryons‘‘

afterafter partonparton fusionfusion:

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

W. W. CassingCassing, E.L. , E.L. BratkovskayaBratkovskaya,  PRC 78 (2008) 034919,  PRC 78 (2008) 034919

W. W. CassingCassing, , EEPJ  ST PJ  ST 168168 (2009) (2009) 33



Observables 1:Observables 1:

Corona and spectraCorona and spectra
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Expanding Expanding gridgrid: : ∆∆z(tz(t) = ) = ∆∆zz00(1+a t) !(1+a t) !

PHSD: PHSD: spacialspacial phasephase ‚‚coco--existenceexistence‘‘ of of partonspartons and and hadronshadrons, , butbut NO NO 

interactionsinteractions betweenbetween hadronshadrons and and partonspartons ((sincesince itit isis a a crosscross--overover))

W. W. CassingCassing, E.L. , E.L. BratkovskayaBratkovskaya,  NPA 831 (2009) 215,  NPA 831 (2009) 215
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RapidityRapidity distributionsdistributions of p, Kof p, K++, K, K-- at SPSat SPS

�������� pionpion and and kaonkaon rapidityrapidity distributionsdistributions becomebecome slightlyslightly narrowernarrower

W. W. CassingCassing, E.L. , E.L. BratkovskayaBratkovskaya,  NPA 831 (2009) 215,  NPA 831 (2009) 215
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TransverseTransverse massmass spectraspectra at SPS at SPS 

Central Pb + Pb at  SPS Central Pb + Pb at  SPS energiesenergies

☺☺ PHSD PHSD givesgives harderharder spectraspectra and and worksworks betterbetter thanthan HSD at SPS (and HSD at SPS (and toptop FAIR) FAIR) 

energiesenergies

�������� HoweverHowever, at , at lowlow SPS (and SPS (and lowlow FAIR) FAIR) energiesenergies thethe effecteffect of of thethe partonicpartonic phasephase isis

NOT NOT seenseen in in rapidityrapidity distributionsdistributions and mand mTT spectraspectra

W. W. CassingCassing, E.L. , E.L. BratkovskayaBratkovskaya,  NPA 831 (2009) 215,  NPA 831 (2009) 215



RapidityRapidity distributionsdistributions in in centralcentral Au+AuAu+Au at RHICat RHIC

�������� reasonablereasonable descriptiondescription of of thethe datadata fromfrom BRAHMS, STAR, PHENIX!BRAHMS, STAR, PHENIX!

21E. E. BratkovskayaBratkovskaya,  W. ,  W. CassingCassing,  V. ,  V. KonchakovskiKonchakovski,  O. ,  O. LinnykLinnyk, NPA 856 (2011) 162, NPA 856 (2011) 162



TransverseTransverse massmass distributionsdistributions at RHICat RHIC

�������� PHSD PHSD givesgives harderharder spectraspectra and and worksworks betterbetter thanthan HSD at RHICHSD at RHIC

Note: In PHSD Note: In PHSD thethe protonsprotons at at midrapiditymidrapidity stemstem fromfrom hadronizationhadronization of of quarksquarks..

22

Au+AuAu+Au at at midrapiditymidrapidity |y| < 0.5|y| < 0.5

E. E. BratkovskayaBratkovskaya,  W. ,  W. CassingCassing,  V. ,  V. KonchakovskiKonchakovski,  O. ,  O. LinnykLinnyk, NPA 856 (2011) 162, NPA 856 (2011) 162



RapidityRapidity distributionsdistributions of (of (multimulti--)strange)strange antibaryonsantibaryons

�������� enhancedenhanced productionproduction of (multiof (multi--) ) strangestrange antianti--baryonsbaryons in PHSDin PHSD
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Observables 2: Observables 2: DileptonsDileptons
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DileptonDilepton emissionemission probesprobes 22--particle particle correlationscorrelations

in in contrastcontrast to 1to 1--particle particle distributionsdistributions

PartonicPartonic channelschannels::

ExampleExample:: dileptondilepton measurementsmeasurements

accessaccess spectralspectral functionsfunctions of of thethe particlesparticles, , 

i.ei.e.  .  theirtheir interactioninteraction ratesrates and and decaydecay propertiesproperties

In-medium workshop, Giessen Joachim Stroth 5

Dilepton sources in HI collisionsDilepton sources in HI collisions

HadronicHadronic channelschannels includedincluded::

•• directdirect and and DalitzDalitz decaysdecays of  of  ππππππππ00, , ηηηηηηηη, , ηηηηηηηη‘‘, , ρρρρρρρρ, , ωωωωωωωω, , φφφφφφφφ, J/, J/ΨΨΨΨΨΨΨΨ, , ΨΨΨΨΨΨΨΨ‘‘

•• semisemi--leptonicleptonic decaysdecays of (of (unun--)correlated)correlated D+DD+Dbarbar, , B+BB+Bbarbar pairspairs

•• radiationradiation fromfrom secondarysecondary mesonsmesons: : π π π π π π π π + + ππππππππ,  ,  π π π π π π π π + + ρρρρρρρρ,  ,  π π π π π π π π + + ωωωωωωωω,  ,  ρρρρρρρρ + + ρρρρρρρρ,  ,  ππππππππ + a+ a11
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Massive Massive andand broad broad quarks and gluonsquarks and gluons

Due to broad spectral functions of Due to broad spectral functions of partonspartons, the threshold of the Born term is smeared, , the threshold of the Born term is smeared, 

the contributions of the 2the contributions of the 2−−−−−−−−>>>>>>>>2 processes increased. 2 processes increased. 

O. O. LinnykLinnyk, J.Phys.G38 (2011) 025105, J.Phys.G38 (2011) 025105
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Dilepton rates

on-shell, running αααα
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DileptonsDileptons at SPS: NA60at SPS: NA60

�� Mass region above 1 Mass region above 1 GeVGeV is dominated by is dominated by 

partonicpartonic radiationradiation

Acceptance corrected NA60 dataAcceptance corrected NA60 data

O. O. LinnykLinnyk, E. , E. BratkovskayaBratkovskaya, V. , V. OzvenchukOzvenchuk, W. , W. CassingCassing and C.M. and C.M. KoKo, PRC 84 (2011) , PRC 84 (2011) 054917054917

�� Contributions of Contributions of ““44ππππππππ”” channels channels 

((radiationradiation fromfrom multimulti--mesonmeson reactionsreactions) ) are are 

smallsmall



NA60: mNA60: mTT spectraspectra

��InverseInverse slopeslope parameterparameter TTeffeff forfor

dileptondilepton spectraspectra vsvs NA60 NA60 datadata

ConjectureConjecture: : 

�� spectrumspectrum fromfrom sQGPsQGP isis softer softer thanthan fromfrom hadronichadronic phasephase sincesince quarkquark--antiquarkantiquark

annihilationannihilation occursoccurs dominantlydominantly beforebefore thethe collectivecollective radial radial flowflow has has developeddeveloped ((cfcf. NA60). NA60)

O. O. LinnykLinnyk, E. , E. BratkovskayaBratkovskaya, V. , V. OzvenchukOzvenchuk, W. , W. CassingCassing and C.M. and C.M. KoKo, PRC 84 (2011) , PRC 84 (2011) 054917054917



DileptonsDileptons at SPS: NA60at SPS: NA60

O. O. LinnykLinnyk, , E.BratkovskayaE.Bratkovskaya, V. , V. OzvenchukOzvenchuk, W. , W. CassingCassing and C.M. and C.M. KoKo, PRC 84 (2011) , PRC 84 (2011) 054917054917

Acceptance corrected NA60 dataAcceptance corrected NA60 data



PHENIX: PHENIX: dileptonsdileptons fromfrom partonicpartonic channelschannels

•• The The partonicpartonic channels fill up the channels fill up the 

discrepancy between the discrepancy between the hadronichadronic

contributions and the data for M>1 contributions and the data for M>1 GeVGeV

••The excess over the considered The excess over the considered mesonicmesonic

sources for M=0.15sources for M=0.15--0.6 0.6 GeVGeV is not is not 

explained by the QGP radiation as explained by the QGP radiation as 

incorporated presently in PHSDincorporated presently in PHSD

O. O. LinnykLinnyk, W. , W. CassingCassing, J. , J. ManninenManninen, , E.BratkovskayaE.Bratkovskaya and C.M. and C.M. KoKo, PRC  85  (2012)  024910, PRC  85  (2012)  024910

−−−−−−−−>>>>>>>> Talk Talk byby JaakkoJaakko ManninenManninen!!



STAR: STAR: dileptondilepton massmass spectraspectra

�� STAR data are well described STAR data are well described 

O. O. LinnykLinnyk, W. , W. CassingCassing, J. , J. ManninenManninen, , E.BratkovskayaE.Bratkovskaya and C.M. and C.M. KoKo, PRC  85  (2012) 024910, PRC  85  (2012) 024910

−−−−−−−−>>>>>>>> Talk Talk byby JaakkoJaakko ManninenManninen!!



LHC: LHC: dileptondilepton massmass spectraspectra

DD--, B, B--mesons energy loss  from  mesons energy loss  from  PolPol--Bernard Bernard GossiauxGossiaux and and JJöörgrg AichelinAichelin

JPsiJPsi and and PsiPsi’’ nuclear modification  from nuclear modification  from CheChe--Ming Ming KoKo and and TaesooTaesoo SongSong

O. O. LinnykLinnyk, J. , J. ManninenManninen et al.  (2012)et al.  (2012)

QGP(qbarQGP(qbar--qq) dominates at M>1.2 ) dominates at M>1.2 GeVGeV ppTT cut enhances the signal of cut enhances the signal of QGP(qbarQGP(qbar--qq)  )  

−−−−−−−−>>>>>>>> Talk Talk byby JaakkoJaakko ManninenManninen!!
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Observables 3: Observables 3: 

Flow harmonics (vFlow harmonics (v11, v, v22, v, v33, v, v44) ) 



Expanding Expanding fireballfireball vv22

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 !!

ExpectedExpected sincesince ηη/s /s isis veryvery smallsmall in in thethe DQPM and PHSD. DQPM and PHSD. −−−−−−−−>>>>>>>> Talk Talk byby VitaliiVitalii OzvenchukOzvenchuk!!

εε = (= (σσyy
22 –– σσxx

22)/()/(σσyy
22 + + σσxx

22))

W. W. CassingCassing,  E.L. ,  E.L. BratkovskayaBratkovskaya,  PRC 78 (2008) 034919,  W. ,  PRC 78 (2008) 034919,  W. CassingCassing, , EEPJ  ST PJ  ST 168168 (2009) (2009) 33

vv22//εε = = constconst. . 

indicatesindicates ideal ideal hydrodynamichydrodynamic flowflow !!



Increase of v2 with impact parameter but flat v3 and v4 

The scaling of v2 with the number of constituent quarks nq in line with data .

E. E. BratkovskayaBratkovskaya,  W. ,  W. CassingCassing,  V. ,  V. KonchakovskiKonchakovski,  O. ,  O. LinnykLinnyk, , NPA856 (2011) 162;NPA856 (2011) 162;

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

−−−−>>>> Talk by Volodya Konchakovski!

FlowFlow harmonicsharmonics at RHICat RHIC



Equilibration 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 ε = E/V and chemical potential µq

−−−−−−−−>>>>>>>> Talk Talk byby VitaliiVitalii OzvenchukOzvenchuk!!

Evolve the system in time until equilibrium is achieved

V. V. OzvenchukOzvenchuk, O. , O. LinnykLinnyk, M. I. , M. I. GorensteinGorenstein, E. L. , E. L. BratkovskayaBratkovskaya, W. , W. CassingCassing., arXiv:1203.4734., arXiv:1203.4734

‘‘InfiniteInfinite’’ partonparton matter. Equilibration.matter. Equilibration.

Fluctuations in parton number

µq = 0



Good match between PHSD and the DQPM

Note: PHSD propagates only time-like partons

Equilibrium spectral function of u-quark

−−−−−−−−>>>>>>>> Talk Talk byby VitaliiVitalii OzvenchukOzvenchuk!!

Equilibrium properties.Equilibrium properties.

Equation of state

V. V. OzvenchukOzvenchuk, O. , O. LinnykLinnyk, M. I. , M. I. GorensteinGorenstein, E. L. , E. L. BratkovskayaBratkovskaya, W. , W. CassingCassing., arXiv:1203.4734., arXiv:1203.4734



ElectroElectro--magnetic fields,magnetic fields,

ChiralChiral magnetic effect  magnetic effect  



40

PHSD PHSD -- transport model with electromagnetic fieldstransport model with electromagnetic fields

Generalized transport equations in the presence of electromagnetGeneralized transport equations in the presence of electromagnetic fields : ic fields : 

Magnetic field evolutionMagnetic field evolution in HSD/PHSD :in HSD/PHSD :

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

−−−−>>>> Talk by Volodya Konchakovski!



•• PartonParton--HadronHadron--StringString--DynamicsDynamics (PHSD) theory provides a consistent (PHSD) theory provides a consistent 

description of the phase transition to the QGP in heavydescription of the phase transition to the QGP in heavy--ion collisions. ion collisions. 

The dynamical The dynamical quasiparticlequasiparticle model (DQPM) defines the input for the model (DQPM) defines the input for the 

partonicpartonic phase in the PHSD transport in line with phase in the PHSD transport in line with lattice QCDlattice QCD..

•• Phase transition to the Phase transition to the deconfineddeconfined phase leads to narrower rapidity phase leads to narrower rapidity 

distributions of produced mesons, harder distributions of produced mesons, harder ppTT spectra, constituent quark spectra, constituent quark 

number scaling of vnumber scaling of v22, enhancement of , enhancement of antihyperonantihyperon yield. yield. PartonicPartonic

repulsive repulsive mean fieldsmean fields generate flow which scales with the initial space generate flow which scales with the initial space 

eccentricity as in an ideal hydro. eccentricity as in an ideal hydro. 

•• TheThe dileptondilepton datadata provideprovide evidenceevidence forfor offoff--shellshell dynamicsdynamics of of vectorvector

mesonsmesons and and partonspartons. QGP . QGP radiationradiation seenseen in in thethe datadata..

•• In the In the ‘‘boxbox’’, the PHSD shows a , the PHSD shows a low viscositylow viscosity in the in the partonicpartonic phase, slow phase, slow 

equilibration of strangeness; spectral functions in line with DQequilibration of strangeness; spectral functions in line with DQPM.PM.

ConclusionsConclusions
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Back up slidesBack up slides



Angular correlation wrt. reaction plane

Angular correlation is of hadronic origin up to sqrt(s) = 11 GeV !

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



OffOff--shellshell vs. vs. onon--shellshell transporttransport dynamicsdynamics
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TheThe offoff--shellshell spectralspectral functionfunction becomesbecomes onon--shellshell in in thethe vacuumvacuum dynamicallydynamically byby

propagationpropagation throughthrough thethe mediummedium!!

Time Time evolutionevolution of of thethe massmass distributiondistribution of of ρ ρ ρ ρ ρ ρ ρ ρ andand ω ω ω ω ω ω ω ω mesonsmesons forfor centralcentral C+C C+C collisionscollisions (b=1 (b=1 

fmfm) at 2 A ) at 2 A GeVGeV forfor droppingdropping massmass + + collisionalcollisional broadeningbroadening scenarioscenario

E.L.B. &W. E.L.B. &W. CassingCassing, NPA 807 (2008) 214, NPA 807 (2008) 214

OnOn--shellshell modelmodel::

lowlow massmass ρ ρ ρ ρ ρ ρ ρ ρ andand ω ω ω ω ω ω ω ω 
mesonsmesons live  live  foreverforever

and and shineshine dileptonsdileptons!!

OnOn--shellshell OffOff--shellshell



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

OffOff--shellshell LO LO q+qbarq+qbar

Note: In the limit of Note: In the limit of partonparton massesmasses��������0, the 0, the perturbativeperturbative QCD result is recoveredQCD result is recovered

qq

qq

e+

e-

γγγγγγγγ∗∗∗∗∗∗∗∗



……etc. See details inetc. See details in

OffOff--shell NLO shell NLO q+qbarq+qbar
quarkquark

antianti--quarkquark
gluongluon

γ∗γ∗γ∗γ∗γ∗γ∗γ∗γ∗

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



SubSub--leading diagramsleading diagrams

GluonGluon ComptonCompton ScatteringScattering

VirtualVirtual quarkquark decaydecay

VirtualVirtual gluongluon decaydecay

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



RapidityRapidity distributionsdistributions of of strangestrange baryonsbaryons

�������� PHSDPHSD similarsimilar to HSD, to HSD, reasonablereasonable agreementagreement withwith datadata
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Centrality dependent NA60 dataCentrality dependent NA60 data

Dominant Dominant rhorho--channel at channel at 

low and quark low and quark 

annihilation at annihilation at 

intermediate masses ! intermediate masses ! 
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•• The The lowest and highest masslowest and highest mass bins are described bins are described very wellvery well

•• Underestimation of Underestimation of ppTT data for 100<M<750 data for 100<M<750 MeVMeV bins consistent with bins consistent with dN/dMdN/dM

•• The The ‘‘missing sourcemissing source’’(?) is located at low (?) is located at low ppTT !!

PHENIX: PHENIX: ppTT spectraspectra

O. O. LinnykLinnyk, W. , W. CassingCassing, J. , J. ManninenManninen, E.B. and C., E.B. and C.--M. M. KoKo, PRC  , PRC  

85  (2012) 02491085  (2012) 024910



DileptonsDileptons from (infrom (in--medium) hadronsmedium) hadrons

Full Full offoff--shellshell propagationpropagation of  of  inin--mediummedium spectralspectral functionsfunctions throughthrough thethe hadronichadronic mediummedium

((ExamplesExamples forfor ρρρρρρρρ spectralspectral functionsfunctions.).)
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IncludedIncluded channelschannels::

•• directdirect mesonmeson ((DalitzDalitz) ) decaysdecays of  of  ππππππππ00, , ηηηηηηηη, , ηηηηηηηη‘‘, , ρρρρρρρρ, , ωωωωωωωω, , φφφφφφφφ, J/, J/ΨΨΨΨΨΨΨΨ, , ΨΨΨΨΨΨΨΨ‘‘
•• correlatedcorrelated D+DbarD+Dbar pairspairs

•• radiationradiation fromfrom secondayseconday mesonsmesons ((ππππππππ++ππππππππ, , ππππππππ++ρρρρρρρρ, , ππππππππ++ωωωωωωωω, , ρ ρ ρ ρ ρ ρ ρ ρ ++ ρ ρ ρ ρ ρ ρ ρ ρ , , ππππππππ+a+a
11))

E. E. BratkovskayaBratkovskaya, W. , W. CassingCassing, O. L., PLB 670 (2009) 428, O. L., PLB 670 (2009) 428

InIn--mediummedium scenariosscenarios forfor ρρρρρρρρ, , ω,ω,ω,ω,ω,ω,ω,ω, aa11::

droppingdropping massmass collisionalcollisional broadeningbroadening droppingdropping massmass + + collcoll. . broadbroad..

m*=mm*=m00(1(1--αρ/ραρ/ρ00)              )              ΓΓ(M,(M,ρρ)=)=ΓΓvacvac(M)+(M)+ΓΓCBCB(M,(M,ρρ))



PHENIX: PHENIX: massmass spectraspectra

�� Peripheral collisionsPeripheral collisions (and pp) are well described, however, (and pp) are well described, however, central central fail!fail!

O. O. LinnykLinnyk, W. , W. CassingCassing, J. , J. ManninenManninen, E.B. and C., E.B. and C.--M. M. KoKo, PRC  , PRC  

85  (2012) 02491085  (2012) 024910


