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The menueThe menue

Generalized transport theoryGeneralized transport theory

Parton properties at temperatures T > TParton properties at temperatures T > T
cc

The PHSD approachThe PHSD approach

Directed flow of hadrons in the BES programDirected flow of hadrons in the BES program

Directed flow at FAIR energiesDirected flow at FAIR energies

Directed flow in asymmetric reactions at RHICDirected flow in asymmetric reactions at RHIC

SummarySummary
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Semi-classical BUU equationSemi-classical BUU equation

∂
∂ t

f ( r⃗ , p⃗ , t )+
p⃗
m

∇⃗ r⃗ f ( r⃗ , p⃗ , t )−∇⃗ r⃗ U ( r⃗ , t ) ∇⃗ p⃗ f ( r⃗ , p⃗ , t )=( ∂ f
∂ t )

coll

Boltzmann -Uehling-Uhlenbeck equation Boltzmann -Uehling-Uhlenbeck equation (non-relativistic formulation)(non-relativistic formulation)
-  propagation of particles in the propagation of particles in the self-generated Hartree-Fock self-generated Hartree-Fock 
  mean-field potential   mean-field potential U(r,t)U(r,t)  with an on-shellwith an on-shell collision term: collision term:

U ( r⃗ , t )=
1

(2 π ℏ )
3∑

β occ

∫ d3 r ' d3 p V ( r⃗− r⃗ ' , t ) f ( r⃗ ' , p⃗ , t )+( Fock term )

f ( r⃗ , p⃗ , t ) is the is the single-particle phase-space distribution function single-particle phase-space distribution function 
  - probability to find the particle at position - probability to find the particle at position rr with momentum  with momentum pp at time  at time tt

Self-generated Self-generated Hartree-Fock mean-field potential:Hartree-Fock mean-field potential:

Ludwig Boltzmann 

collision term: collision term: 
elastic and inelastic elastic and inelastic 
reactionsreactions

I coll=
4

( 2 π )
3∫ d

3
p2 d

3
p3∫ dΩ|υ12|δ

3
( p⃗1+ p⃗2− p⃗3− p⃗4 )⋅

dσ
d Ω

(1+2→ 3+ 4 )⋅P

Probability includingProbability including Pauli blocking of fermions: Pauli blocking of fermions:

)f1)(f1(ff)f1)(f1(ffP 43212143 
Gain term: 3+4Gain term: 3+41+21+2 Loss term: 1+2Loss term: 1+23+43+4

Collision termCollision term  for 1+2for 1+23+4 (for fermions) :3+4 (for fermions) :

1

2

3

4

t

12

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Dynamical description of strongly interacting systemsDynamical description of strongly interacting systems

Semi-classical BUUSemi-classical BUU  solution for weakly interacting systems of particles solution for weakly interacting systems of particles

How to describeHow to describe strongly interacting systems?! strongly interacting systems?!

Quantum field theory Quantum field theory 
Kadanoff-Baym dynamicsKadanoff-Baym dynamics    for resummed(!) single-particle Green functions Sfor resummed(!) single-particle Green functions S<<

(1962)(1962)

Leo KadanoffLeo Kadanoff Gordon BaymGordon Baym
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From Kadanoff-Baym equationsFrom Kadanoff-Baym equations
to generalized transport equations to generalized transport equations 

After the After the first order gradient expansion of the Wigner transformed first order gradient expansion of the Wigner transformed Kadanoff-Baym equations Kadanoff-Baym equations 
and separation into the real and imaginary parts one gets:and separation into the real and imaginary parts one gets:

drift termdrift term Vlasov Vlasov 
termterm

collision term =collision term =  ‚loss‘ term‚loss‘ term  - ‚gain‘ term  - ‚gain‘ termbackflow termbackflow term

Generalized transport equations (GTE):Generalized transport equations (GTE):

      Backflow termBackflow term  incorporates theincorporates the  off-shelloff-shell  behavior in the particle propagationbehavior in the particle propagation
                      !! vanishes in the quasiparticle limit  vanishes in the quasiparticle limit AAXPXP     (p(p22-M-M22) ) 

Spectral function:Spectral function:

                        –                         – width of spectral functionwidth of spectral function  
= = reaction ratereaction rate of particle (at phase-space position XP) of particle (at phase-space position XP)

4-dimensional generalization of the Poisson-bracket:4-dimensional generalization of the Poisson-bracket:

W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 445W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 445

  GTE: Propagation of the Green‘s functionGTE: Propagation of the Green‘s function      iiSS<<
XPXP=A=AXPXPNNXPXP  , which carries information not , which carries information not 

only on the only on the number of particlesnumber of particles  (N  (NXPXP), but also on their ), but also on their properties,properties, interactions and  interactions and 
correlations (via Acorrelations (via AXPXP))

ret
XPXP Im  
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Extended testparticle off-shell equations of motion Extended testparticle off-shell equations of motion 

Employ Employ testparticle Ansatztestparticle Ansatz for the real valued quantity  for the real valued quantity ii S S<<
XP  XP  --

insert in generalized transport equationsinsert in generalized transport equations   and determine equations of motion ! and determine equations of motion !

General testparticle off-shell equations of motion for the time-like particles:General testparticle off-shell equations of motion for the time-like particles:

with

W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 445W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 445

-> determined by complex retarded selfenergies !
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From hadrons to partonsFrom hadrons to partons

In order to study the In order to study the phase transitionphase transition from  from 
hadronic to partonic matter – hadronic to partonic matter – Quark-Gluon-PlasmaQuark-Gluon-Plasma –  – 
we we need need a a consistent non-equilibrium (transport) model withconsistent non-equilibrium (transport) model with
explicit explicit parton-parton interactionsparton-parton interactions (i.e. between quarks and gluons)  (i.e. between quarks and gluons) 
beyond strings!beyond strings!
explicit explicit phase transitionphase transition from hadronic to partonic degrees of freedom from hadronic to partonic degrees of freedom
lQCD EoS lQCD EoS for partonic phasefor partonic phase

   PParton-arton-HHadron-adron-SString-tring-DDynamics (ynamics (PHSDPHSD))

QGP phase QGP phase described bydescribed by

DDynamical ynamical QQuasiuasiPParticle article MModel odel (DQPMDQPM)

Transport theoryTransport theory:   off-shell Kadanoff-Baym equations for the :   off-shell Kadanoff-Baym equations for the 
Green-functions SGreen-functions S<<

hh(x,p) in phase-space representation for the(x,p) in phase-space representation for the  

partonic partonic andand hadronic phase hadronic phase

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

W. Cassing, E. Bratkovskaya,  PRC 78 (2008) 034919;W. Cassing, E. Bratkovskaya,  PRC 78 (2008) 034919;
NPA831 (2009) 215; NPA831 (2009) 215; 

W. Cassing, EPJ  ST 168 (2009) 3W. Cassing, EPJ  ST 168 (2009) 3

DQPMDQPM
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The Dynamical QuasiParticle ModelThe Dynamical QuasiParticle Model

PropertiesProperties    of  of  interacting quasi-particles:interacting quasi-particles:    massive quarks and gluonsmassive quarks and gluons  (g, q, q(g, q, qbarbar))  

withwith  Lorentzian spectral functions :Lorentzian spectral functions :

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

with 3 parameters: with 3 parameters: TTss/T/Tcc=0.46; =0.46;  c c=28.8; =28.8;   =2.42=2.42  

(for pure glue  N(for pure glue  Nff=0)=0)

  fit to lattice (lQCD) results fit to lattice (lQCD) results (e.g. entropy density)(e.g. entropy density)

  (T)ω4(T)Mpω

(T)ω4
)T,(ρ

2
i

222
i

22

i
i






 )g,q,qi( 

  running couplingrunning coupling  (pure glue):(pure glue):

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

  mass:mass:

width:width:

  gluons:gluons:  quarks:quarks:

lQCD: pure gluelQCD: pure glue

  Modeling of the quark/gluon masses and widths  Modeling of the quark/gluon masses and widths    HTL limit at high T  HTL limit at high T 

DQPMDQPM
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The Dynamical QuasiParticle ModelThe Dynamical QuasiParticle Model

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

   Quasiparticle properties:Quasiparticle properties:
  large width and mass for gluons and quarks   large width and mass for gluons and quarks   

•DQPMDQPM matches well  matches well lattice QCDlattice QCD

•DQPMDQPM provides  provides mean-fields (1PI) for gluons and quarksmean-fields (1PI) for gluons and quarks  
as well as as well as effective 2-body interactions (2PI)effective 2-body interactions (2PI)

•DQPMDQPM gives  gives transition ratestransition rates for the formation of hadrons  for the formation of hadrons    PHSDPHSD  

  fit to lattice (lQCD) resultsfit to lattice (lQCD) results  (e.g. entropy density)(e.g. entropy density)

* BMW lQCD data S. Borsanyi et al., JHEP 1009 (2010) 073* BMW lQCD data S. Borsanyi et al., JHEP 1009 (2010) 073

Plot from Peshier, Plot from Peshier, 
PRD 70 (2004) PRD 70 (2004) 
034016034016

TTCC=158 MeV=158 MeV

CC=0.5 GeV/fm=0.5 GeV/fm33

DQPMDQPM
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  Formation of QGP stage Formation of QGP stage by dissolution of pre-hadronsby dissolution of pre-hadrons  
          (all new produced secondary hadrons)(all new produced secondary hadrons)    
          intointo massive colored quarks  + mean-field energy massive colored quarks  + mean-field energy 

          based on thebased on the  Dynamical Quasi-Particle Model (DQPM)Dynamical Quasi-Particle Model (DQPM)  which defineswhich defines
            quark spectral functions,quark spectral functions, i.e. masses  i.e. masses MMqq(()) and widths  and widths   qq  (())

  +    +  mean-field potential mean-field potential UUqq  at givenat given      – local energy density  – local energy density 

                                                ((   related by lQCD EoS to   related by lQCD EoS to T T - temperature in the local cell)- temperature in the local cell)

Parton Hadron String Dynamics IParton Hadron String Dynamics I

  Initial A+A collisions Initial A+A collisions – as in HSD:– as in HSD:
    -     - stringstring formation in primary NN collisions formation in primary NN collisions
        -- string decay to  string decay to pre-hadronspre-hadrons ( (BB - baryons,  - baryons, mm - mesons) - mesons)

W. Cassing, E. Bratkovskaya,  PRC 78 (2008) 034919;W. Cassing, E. Bratkovskaya,  PRC 78 (2008) 034919;
NPA831 (2009) 215; NPA831 (2009) 215; EEPJ  ST PJ  ST 168168 (2009)  (2009) 33; ; NNPPA856A856 (2011)  (2011) 162162..

QGP phase:QGP phase:  
> > criticalcritical

I. I. From hadrons to QGP:From hadrons to QGP:
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II. II. Partonic Partonic phasephase - QGP: - QGP:

quarks and gluons (= quarks and gluons (= ‚dynamical quasiparticles‘)‚dynamical quasiparticles‘)  
withwith  off-shell spectral functionsoff-shell spectral functions  (width, mass) defined by the DQPM(width, mass) defined by the DQPM

  in in self-generated mean-field potential self-generated mean-field potential for quarks and gluonsfor quarks and gluons  UUqq, U, Ugg

          from the DQPMfrom the DQPM
  EoS of partonic phase: EoS of partonic phase: ‚crossover‘ from lattice QCD ‚crossover‘ from lattice QCD (fitted by DQPM)(fitted by DQPM)

  (quasi-) elastic and inelastic (quasi-) elastic and inelastic parton-parton interactions:parton-parton interactions:                                                              
using the effective cross sections from the DQPM using the effective cross sections from the DQPM 

  ((quasi-quasi-) ) elasticelastic  collisionscollisions::

  inelastic collisions:inelastic collisions:  
  (Breight-Wigner cross sections)  (Breight-Wigner cross sections)

suppressed (<1%) suppressed (<1%) 
due to the large due to the large 
mass of gluonsmass of gluons

Parton Hadron String Dynamics IIParton Hadron String Dynamics II
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III. III. Hadronization:Hadronization:

  Hadronization: Hadronization: based on DQPM based on DQPM 
--  massive, off-shell (anti-)quarks massive, off-shell (anti-)quarks with broad spectral functions hadronize towith broad spectral functions hadronize to  
off-shell mesons and baryons or color neutral excited states - ‚strings‘ off-shell mesons and baryons or color neutral excited states - ‚strings‘ 
(strings act as ‚doorway states‘ for hadrons) (strings act as ‚doorway states‘ for hadrons) 

IV. IV. Hadronic phase:Hadronic phase:  hadron-string interactions – hadron-string interactions – off-shell HSDoff-shell HSD

•  LocalLocal  covariantcovariant  off-shelloff-shell  transitiontransition rate rate for q+q for q+qbarbar fusion  fusion 
   meson formation: meson formation: 

  NNjj(x,p)(x,p) is the phase-space density of parton j at space-time position  is the phase-space density of parton j at space-time position xx and 4-momentum  and 4-momentum pp
  WWmm  is the phase-space distribution of the formed ‚pre-hadrons‘ (Gaussian in phase space)is the phase-space distribution of the formed ‚pre-hadrons‘ (Gaussian in phase space)
qqqq is the effective quark-antiquark interaction from the DQPM is the effective quark-antiquark interaction from the DQPM

Parton Hadron String Dynamics IIIParton Hadron String Dynamics III
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AnisotropyAnisotropy  coefficicoefficientsents

Non central Non central Au+Au Au+Au collisions :collisions :    
  interaction between constituents leads to a interaction between constituents leads to a pressure pressure 
gradientgradient => spatial asymmetry is converted to an  => spatial asymmetry is converted to an 
asymmetry in momentum space =>  asymmetry in momentum space =>  collective flowcollective flow

Directed flow vDirected flow v
11
 > 0 > 0

“normal flow”“normal flow”

““Antiflow” vAntiflow” v
11
 < 0 < 0

“third flow component”“third flow component”
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Color scaleColor scale: : baryon number densitybaryon number density
Black levelsBlack levels: QGP: QGP- parton density 0.6 and 0.01 fm- parton density 0.6 and 0.01 fm-3-3

Red arrowsRed arrows: : local velocity of baryon matterlocal velocity of baryon matter

BaryonsBaryons  are reachingare reaching  positivepositive  and and mesons – negativemesons – negative  
value of vvalue of v

11

t = 3 fm/ct = 3 fm/c t = 6 fm/ct = 6 fm/c

PHSD: snapshot of the reaction planePHSD: snapshot of the reaction plane

V. Konchakovski, W. Cassing, Yu.  Ivanov, V. Toneev, V. Konchakovski, W. Cassing, Yu.  Ivanov, V. Toneev, 
PRC90 (2014)  014903PRC90 (2014)  014903
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Direct flow and Quark–Gluon PlasmaDirect flow and Quark–Gluon Plasma

D.D.H. H. Rischke, YRischke, Y.. Pursun, J Pursun, J..A. Maruhn, HA. Maruhn, H.. Stoecker,  Stoecker, W.W. Greiner Greiner,,
Heavy Ion Phys. Heavy Ion Phys. 1, 309 1, 309 (1995)(1995)

““Softest point”Softest point”



1616

Direct flow and Quark–Gluon PlasmaDirect flow and Quark–Gluon Plasma

D.D.H. H. Rischke, YRischke, Y.. Pursun, J Pursun, J..A. Maruhn, HA. Maruhn, H.. Stoecker,  Stoecker, W.W. Greiner Greiner,,
Heavy Ion Phys. Heavy Ion Phys. 1, 309 1, 309 (1995)(1995)

““Softest point”Softest point”

J. Brachmann, S. Soff, A. Dumitru, H. Stoecker, J.A. Maruhn,J. Brachmann, S. Soff, A. Dumitru, H. Stoecker, J.A. Maruhn,  
W. Greiner, L.V. Bravina, D.H. Rischke, W. Greiner, L.V. Bravina, D.H. Rischke, 
Phys.Phys.  Rev. C61 (2000) 024909 Rev. C61 (2000) 024909 
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Collective flow signals of the Quark–Gluon PlasmaCollective flow signals of the Quark–Gluon Plasma
H. Stöcker, Nucl. Phys. A 750, 121 (2005)H. Stöcker, Nucl. Phys. A 750, 121 (2005)

● Early hydro calculation predicted the Early hydro calculation predicted the 
“softest point” at E“softest point” at E

lablab
= 8 AGeV= 8 AGeV

● A linear extrapolation of the data (A linear extrapolation of the data (arrowarrow) ) 
suggests a collapse of flow at Esuggests a collapse of flow at E

lablab
= 30 AGeV= 30 AGeV
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Recent measurements of vRecent measurements of v11 of identified hadrons of identified hadrons

STAR Collaboration, PRL 112 (2014) 162301STAR Collaboration, PRL 112 (2014) 162301

 measured distributions are smooth !
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 Models:Models:  
* * HSD (red)HSD (red) – warning: NO hadronic  – warning: NO hadronic 
  potentials, cascade mode!  potentials, cascade mode!
 *  * PHSD (blue)PHSD (blue) – repulsive parton – repulsive parton
   potential   potential

 AntiprotonsAntiprotons  in PHSD are produced in PHSD are produced 
dominantlydominantly  from hadronization from hadronization at highest at highest 
energies; multi-meson fusion reactions energies; multi-meson fusion reactions 
are important for the vare important for the v11 at low energies! at low energies!

 higher energies higher energies   influence of QGP influence of QGP  
lower energieslower energies     dominance ofdominance of  hadronic hadronic 
matter matter and hadronic reaction channels and hadronic reaction channels 
(absorption and recreation)(absorption and recreation)

 Discrepancies at Discrepancies at low energylow energy – indication  – indication 
for the for the influence of hadronic potentialsinfluence of hadronic potentials  
(cf. AMPT results)(cf. AMPT results)

Directed flow from PHSD and HSDDirected flow from PHSD and HSD

V. Konchakovski, W. Cassing, Yu. Ivanov, V. Toneev, V. Konchakovski, W. Cassing, Yu. Ivanov, V. Toneev, 
PRC 90 (2014) 014903PRC 90 (2014) 014903

STAR Collaboration, STAR Collaboration, PRL 112 (2014) 162301PRL 112 (2014) 162301

Au+Au,   b=7 fm/cAu+Au,   b=7 fm/c
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PHSD: Characteristic slope of vPHSD: Characteristic slope of v
11
(y)(y)

● The slope of vThe slope of v
11
(y) at midrapidity:(y) at midrapidity:

is used to characterize directed flowis used to characterize directed flow

● Fit Fit vv
11
(y) = Fy (y) = Fy was used in the rapidity was used in the rapidity 

window   -0.5 < y < 0.5window   -0.5 < y < 0.5

● ProtonProton slopes are in qualitative  slopes are in qualitative 
agreement but overestimate STAR data agreement but overestimate STAR data 
at 5 < at 5 < √√ss < 15 GeV;  < 15 GeV; 
HSD is close to UrQMDHSD is close to UrQMD

● Better description of pion and Better description of pion and 
antiproton slopes then UrQMD due to antiproton slopes then UrQMD due to 
including of inverse processes for including of inverse processes for 
antiproton annihilationantiproton annihilation

STAR Collaboration, PRL 112 (2014) 162301STAR Collaboration, PRL 112 (2014) 162301

F=
dv1

dy |
y=0

UrQMD J. Steinheimer, J. Auvinen, H. Petersen, UrQMD J. Steinheimer, J. Auvinen, H. Petersen, 
M. Bleicher and H. Stöcker, PRC89 (2014) 054913 M. Bleicher and H. Stöcker, PRC89 (2014) 054913 
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STAR Collaboration, PRL 112 (2014) 162301STAR Collaboration, PRL 112 (2014) 162301
PHSD/HSD and 3D-fluid hydro: V. Konchakovski, W. Cassing, Yu. Ivanov, V. Toneev, PRC 90 (2014) 014903 PHSD/HSD and 3D-fluid hydro: V. Konchakovski, W. Cassing, Yu. Ivanov, V. Toneev, PRC 90 (2014) 014903 
Hybrid/UrQMD/Hydro: J. Steinheimer, J. Auvinen, H. Petersen, M. Bleicher, H. Stöcker, PRC 89 (2014) 054913Hybrid/UrQMD/Hydro: J. Steinheimer, J. Auvinen, H. Petersen, M. Bleicher, H. Stöcker, PRC 89 (2014) 054913

Excitation function of vExcitation function of v
11 slopes slopes

The slope of vThe slope of v
11(y) at (y) at 

midrapidity:midrapidity:

Models:Models:

  HSD,HSD,  PHSDPHSD

  3D-Fluid Dynamic 3D-Fluid Dynamic 
approach (3FD)approach (3FD)

  UrQMD UrQMD 

  Hybrid-UrQMDHybrid-UrQMD

  1FD-hydro with chiral 1FD-hydro with chiral 
cross-over and Bag Model cross-over and Bag Model 
(BM) EoS(BM) EoS

   smoothsmooth crossover?! crossover?!

F=
dv1

dy |
y=0



2222P.K. Sahu, W. Cassing, NPA 712 (2002) 357P.K. Sahu, W. Cassing, NPA 712 (2002) 357

What is known from the AGS on nucleon potentials?What is known from the AGS on nucleon potentials?

Fix Fix momentum dependencemomentum dependence  

of of nucleon potentialnucleon potential by  by 

proton-nucleus scatteringproton-nucleus scattering

for normal nuclear density:for normal nuclear density:

Employ also different EoS:Employ also different EoS:
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Directed proton flow Px from Au+Au collisionsDirected proton flow Px from Au+Au collisions

is sensitive to momentum dependent nucleon potentials is sensitive to momentum dependent nucleon potentials 

but does not constrain the EoSbut does not constrain the EoS
P.K. Sahu, W. Cassing, NPA 712 (2002) 357P.K. Sahu, W. Cassing, NPA 712 (2002) 357
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Elliptic proton flow v2 at the AGSElliptic proton flow v2 at the AGS

vv
22
 is more sensitive to the EoS is more sensitive to the EoS

P.K. Sahu, W. Cassing, NPA 712 (2002) 357P.K. Sahu, W. Cassing, NPA 712 (2002) 357



2525M. Isse, A. Ohnishi, N. Otuka, P.K. Sahu, Y. Nara, PRC 72 (2005) 064908M. Isse, A. Ohnishi, N. Otuka, P.K. Sahu, Y. Nara, PRC 72 (2005) 064908

JAM calculations for directed flowJAM calculations for directed flow

give the same informationgive the same information
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Kaon potentialsKaon potentials

U K ( p⃗ ,ρ)=ωK ( p⃗ ,ρ)−√ p2
+ mK

2

L.Tolos, A.Ramos, A.Polls, PRC65 (2002) 054907;L.Tolos, A.Ramos, A.Polls, PRC65 (2002) 054907;
W.Cassing, L.Tolos, E.L.Bratkovskaya, A.Ramos, NPA727 (2003) 59;W.Cassing, L.Tolos, E.L.Bratkovskaya, A.Ramos, NPA727 (2003) 59;
W.Cassing, VK, A. Palmese, V.D. Toneev, E.L. Bratkovskaya [1408.4313]W.Cassing, VK, A. Palmese, V.D. Toneev, E.L. Bratkovskaya [1408.4313]

ωK
2
( p⃗ ,ρ)=±

3
4

ω
f K

2
ρN + p2

+mK
2
−

Σ KN

f K
2

ρ s

KK++
KK--

Dispersion relationDispersion relation

Kaon potentialKaon potential
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Sensitivity to hadron potentials at 30 A GeVSensitivity to hadron potentials at 30 A GeV

A.Palmese et al., preliminaryA.Palmese et al., preliminary
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Sensitivity to hadron potentials at 6 A GeVSensitivity to hadron potentials at 6 A GeV

A.Palmese et al., preliminaryA.Palmese et al., preliminary
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Sensitivity of vSensitivity of v
11
 to kaon potentials to kaon potentials

W.Cassing, VK, A. Palmese, V.D. Toneev, E.L. Bratkovskaya [1408.4313]W.Cassing, VK, A. Palmese, V.D. Toneev, E.L. Bratkovskaya [1408.4313]

withoutwithout with potwith pot
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Transport model with electromagnetic fieldTransport model with electromagnetic field

The Boltzmann equation is the basis of QMD like models:The Boltzmann equation is the basis of QMD like models:    

Generalized on-shell transport equations Generalized on-shell transport equations 
in the presence of in the presence of electromagnetic fields  electromagnetic fields  
can be obtainedcan be obtained    formally by the substitution:formally by the substitution:

A general solution of the wave equations is as followsA general solution of the wave equations is as follows  

For point-like particlesFor point-like particles
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Time dependence of eBTime dependence of eBy y 

D.E. Kharzeev et al., D.E. Kharzeev et al., 
Nucl. Phys. A803, 227 (2008)Nucl. Phys. A803, 227 (2008)

Collision of two infinitely Collision of two infinitely 
thin layers (pancake-like)thin layers (pancake-like)

● Until t~1 fm/c the induced magnetic field is defined by spectators only.Until t~1 fm/c the induced magnetic field is defined by spectators only.
● Maximal magnetic field is reached during nuclear overlapping time Maximal magnetic field is reached during nuclear overlapping time ΔΔt~0.2 fm/c, t~0.2 fm/c, 

then the field goes down exponentially.then the field goes down exponentially.

V.Voronyuk, et al.,V.Voronyuk, et al.,  
PRC83 (2011) 054911PRC83 (2011) 054911
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Electric and magnetic fields at RHIC Electric and magnetic fields at RHIC 

magnetic fields                      electric fieldsmagnetic fields                      electric fields

E-field in reaction plane EE-field in reaction plane E
xx
 is much larger for Cu+Au! is much larger for Cu+Au!

V. Voronyuk, V.D. Toneev, S.A. Voloshin, W. Cassing [1410.1402]V. Voronyuk, V.D. Toneev, S.A. Voloshin, W. Cassing [1410.1402]



3333

Electric field induced by spectators at RHICElectric field induced by spectators at RHIC

Au + Cu                                   Au+AuAu + Cu                                   Au+Au

V. Voronyuk, V.D. Toneev, S.A. Voloshin, W. Cassing [1410.1402]V. Voronyuk, V.D. Toneev, S.A. Voloshin, W. Cassing [1410.1402]
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Impact on charged pion and kaon directed flow Impact on charged pion and kaon directed flow 

Pions                                   Kaons 

Shift in directed flow between the different charge states!Shift in directed flow between the different charge states!

This scenario assumes presence of charges very early.This scenario assumes presence of charges very early.

V. Voronyuk, V.D. Toneev, S.A. Voloshin, W. Cassing [1410.1402]V. Voronyuk, V.D. Toneev, S.A. Voloshin, W. Cassing [1410.1402]

AuAu CuCu AuAu CuCu
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Impact on charged baryon directed flow Impact on charged baryon directed flow 

ππ±± in  in Au+Au @ STAR                   p, Au+Au @ STAR                   p, pp in Cu+Au  in Cu+Au 

Shift in directed flow between the different charge states!Shift in directed flow between the different charge states!

Asymmetry in the pseudorapidity distribution between p and Asymmetry in the pseudorapidity distribution between p and pp..

V. Voronyuk, V.D. Toneev, S.A. Voloshin, W. Cassing [1410.1402]V. Voronyuk, V.D. Toneev, S.A. Voloshin, W. Cassing [1410.1402]

AuAu CuCu



3636

  Directed flow versus transverse momentumDirected flow versus transverse momentum

Significantly different pSignificantly different p
TT
 dependences ! dependences !

backward      backward      Au+CuAu+Cu       forward       forward

pionspions

protonsprotons

V. Voronyuk, V.D. Toneev, S.A. Voloshin, W. Cassing [1410.1402]V. Voronyuk, V.D. Toneev, S.A. Voloshin, W. Cassing [1410.1402]
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 The The PHSDPHSD reproduces the general trends in the v reproduces the general trends in the v
11(y) excitation functions(y) excitation functions

in the energy range √s =7.7-200 GeV but differs from in the energy range √s =7.7-200 GeV but differs from HSDHSD results where  results where 
no explicit partonic degrees of freedom are incorporated. A comparison no explicit partonic degrees of freedom are incorporated. A comparison 
of both microscopic models has provided detailed information on theof both microscopic models has provided detailed information on the  
effect of parton dynamics on the directed flow effect of parton dynamics on the directed flow (especially for pions).(especially for pions).

 Inclusion ofInclusion of  antiproton annihilationantiproton annihilation  into several mesonsinto several mesons  as well as the as well as the 
inverseinverse multi-meson fusion processes  multi-meson fusion processes in HSD/PHSD help to reproduce in HSD/PHSD help to reproduce 
antiproton directed flow at lower energies.antiproton directed flow at lower energies.

 Crossover transition Crossover transition agreesagrees  betterbetter  with the experimentwith the experiment  thanthan  the purethe pure  
hadronic EoShadronic EoS

 Sizeable effect of Sizeable effect of momentum dependent mean-fieldsmomentum dependent mean-fields  on directed flows at on directed flows at 
FAIR/NICA energiesFAIR/NICA energies

 Directed flow Directed flow of oppositely charged hadrons of oppositely charged hadrons is sensitive to the very early is sensitive to the very early 
charges in mass asymmetric collisions (like Cu+Au), i.e. charges in mass asymmetric collisions (like Cu+Au), i.e. to the early to the early 
presence of quarks and antiquarks presence of quarks and antiquarks (or gluons)(or gluons)

SummarySummary
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