
Ellip%c	
  flow	
  as	
  a	
  probe	
  of	
  the	
  proper%es	
  of	
  baryon-­‐rich	
  QGP	
  

        Che-­‐Ming	
  Ko	
  
Texas	
  A&M	
  University	
  

! 	
  Beam	
  energy	
  scan	
  at	
  RHIC	
  	
  	
  
! 	
  Par>cle	
  and	
  an>par>cle	
  ellip>c	
  flows	
  
! 	
  Hadronic	
  poten>als	
  and	
  their	
  effects	
  on	
  ellip>c	
  flow	
  	
  
! 	
  Partonic	
  poten>als	
  and	
  their	
  effects	
  on	
  ellip>c	
  flow	
  
! 	
  Implica>ons	
  for	
  QCD	
  phase	
  diagram	
  

Supported	
  by	
  Na>onal	
  Science	
  Founda>on	
  and	
  the	
  Welch	
  Founda>on	
  

Based	
  on	
  work	
  with	
  Jun	
  Xu,	
  Lie-­‐Wen	
  Chen	
  &	
  Zi-­‐wei	
  Lin	
  [PRC	
  85,	
  
041901(R)	
  (2012)];	
  Taesoo	
  Song,	
  Vincenzo	
  Greco,	
  Salvatore	
  Plumari	
  
&	
  Feng	
  Li	
  [arXiv:1211:5511	
  [nucl-­‐th]];	
  Xu,	
  Song	
  &	
  Li,	
  [arXiv:
1308.1753	
  [nucl-­‐th],	
  PRL,	
  in	
  press]	
  



Beam energy scan at RHIC 

Nu Xu 14/22 	�������
�
����������������� July 18 -21, 2011 

Beam Energy Scan at RHIC 
Motivations: Study QCD phase  
structure 
  - Signals of phase boundary 
  - Signals for critical point 

Observations:  

(1) v2 - NCQ scaling: 
 partonic vs. hadronic dof 

(2) Dynamical correlations: 
 partonic vs. hadronic dof 

(3)   Azimuthally HBT: 
 1st order phase transition 

(4) Fluctuations: 
 Critical point, correl. length 

(5) Directed flow v1 
 1st order phase transition 

-   http://drupal.star.bnl.gov/STAR/starnotes 
   /public/sn0493 
-   arXiv:1007.2613 

2	
  

" 	
  Mo>va>ons:	
  	
  

	
  	
  	
  	
  To	
  study	
  QCD	
  phase	
  diagram	
  at	
  finite	
  	
  
	
  	
  	
  	
  baryon	
  chemical	
  poten>al:	
  cri>cal	
  point	
  	
  	
  
	
  	
  	
  	
  (CP),	
  onset	
  	
  of	
  de-­‐confinement	
  	
  

" 	
  Experimental	
  observa>ons:	
  

	
  	
  	
  -­‐	
  Par%cle	
  ra%os:	
  increasing	
  baryon	
  chemical	
  
	
  	
  	
  	
  	
  	
  poten>al	
  with	
  decreasing	
  beam	
  energy	
  (DBE),	
  
	
  	
  	
  	
  	
  	
  reaching	
  ~	
  400	
  MeV	
  at	
  s1/2NN	
  =	
  7.7	
  GeV	
  	
  

	
  	
  	
  -­‐	
  Dynamic	
  charge	
  correla%ons:	
  decreasing	
  
	
  	
  	
  	
  	
  	
  difference	
  in	
  same	
  and	
  opposite	
  charges	
  
	
  	
  	
  	
  	
  	
  correla>ons	
  with	
  DBE	
  (hadronic	
  dominance?)	
  

	
  	
  	
  -­‐	
  Freeze-­‐out	
  eccentricity:	
  increasing	
  with	
  
	
  	
  	
  	
  	
  DBE	
  (somening	
  of	
  EOS?)	
  	
  

	
  	
  	
  -­‐	
  Directed	
  flow:	
  dv1/dy	
  changes	
  sign	
  (somening	
  	
  
	
  	
  	
  	
  	
  of	
  EOS?)	
  and	
  increasing	
  difference	
  in	
  proton	
  	
  
	
  	
  	
  	
  	
  and	
  an>proton	
  dv1/dy	
  with	
  DBE	
  (hadronic	
  	
  
	
  	
  	
  	
  	
  dominance?)	
  

	
  	
  	
  -­‐	
  Moments	
  of	
  net-­‐proton	
  distribu%ons:	
  
	
  	
  	
  	
  	
  both	
  skewness	
  and	
  kurtosis	
  deviate	
  from	
  
	
  	
  	
  	
  	
  HRG	
  for	
  s1/2NN	
  <	
  39	
  GeV	
  (presence	
  of	
  CP?)	
  

	
  	
  	
  -­‐	
  Par%cle	
  ra%o	
  fluctua%ons:	
  	
  nonzero	
  νdyn(K/π)	
  

	
  	
  	
  	
  	
  	
  	
  (correlated	
  emission	
  or	
  presence	
  of	
  CP?)	
  	
  

	
  	
  -­‐	
  Ellip%c	
  flow:	
  breakdown	
  of	
  NCQ	
  scaling	
  	
  
	
  	
  	
  	
  and	
  increasing	
  difference	
  between	
  par>cles	
  	
  
	
  	
  	
  	
  and	
  an>-­‐par>cles	
  with	
  DBE	
  (hadronic	
  	
  
	
  	
  	
  	
  dominance?	
  chiral	
  magne>c	
  effect?)	
  	
  	
  	
  

STAR	
  Collabora>on,	
  arXiv:	
  1007.2613;	
  
1106.5902	
  [nucl-­‐ex]	
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v2 Scaling vs. Beam Energy 

39 GeV 

STAR Preliminary STAR Preliminary 

11.5 GeV 

STAR Preliminary STAR Preliminary 

The % v2 falls off trend from other hadrons at 11.5 GeV 
                    A. Schmah, STAR QM2011 

Beam	
  energy	
  dependence	
  of	
  CQN	
  scaled	
  ellip%c	
  flow	
  

" 	
  Phi	
  meson	
  falls	
  off	
  trend	
  at	
  s1/2NN	
  =	
  11.5	
  GeV	
  (hadronic	
  dominance?)	
  
3	
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Particle and Anti-Particle v2 vs. !sNN 

STAR Preliminary 

STAR Preliminary 

STAR Preliminary 

Below  !sNN = 11.5 GeV:   
    v2( baryon)  > v2(anti-baryon)  and v2( $+) < v2($-)  

A. Schmah, STAR QM2011 

Par%cle	
  and	
  an%par%cle	
  ellip%c	
  flows	
  

4	
  

" 	
  Par>cle	
  and	
  an>par>cle	
  ellip>c	
  flows	
  become	
  significantly	
  different	
  below	
  	
  
	
  	
  	
  s1/2NN	
  <	
  11.5	
  GeV:	
  v2(baryon)	
  >	
  v2(an>-­‐baryon),	
  v2(K+)	
  >	
  v2(K-­‐),	
  and	
  v2(π+)	
  <	
  v2(π-­‐)	
  	
  
" 	
  PT-­‐integrated	
  rela>ve	
  v2	
  difference	
  between	
  par>cles	
  and	
  an>par>cles:	
  63%,	
  	
  	
  	
  
	
  	
  	
  44%,	
  and	
  12%	
  for	
  (p,	
  pbar),	
  53%,	
  25%,	
  and	
  7%	
  for	
  (Λ,	
  Λbar),	
  13%,	
  3%,	
  and	
  1%	
  for	
  	
  	
  	
  
	
  	
  	
  (K+,K-­‐),	
  	
  -­‐15%,	
  -­‐10%,	
  and	
  -­‐3%	
  for	
  (π+,π-­‐)	
  at	
  7.7,	
  11.5,	
  and	
  39	
  GeV	
  

STAR results from beam energy scan program 3
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Figure 2. (Color online) Top panel: v2 of p, p̄ and π± vs. pT in minimum bias
Au+Au collisions at

√
sNN = 7.7, 11.5, 39 GeV. Bottom left panel: Percentage

difference between v2 of particles and anti-particles. Bottom right panel: v2/ncq vs.
(mT −m0)/ncq for 0-80% Au+Au collisions at 11.5 GeV [12].

for minimum bias (0-80%) Au+Au collisions at
√
sNN = 7.7, 11.5 and 39 GeV [12]. To

avoid autocorrelations we calculated the event plane (EP) in two separated hemispheres

with an η-gap of 0.05 on each side. Differences are observed in the v2 of particles and

anti-particles, which increases as the beam energy decreases. The percentage difference
relative to v2 of the particle is also shown in Fig. 2 as a function of

√
sNN. We find that

v2(anti-baryons) < v2(baryons), which could be due to high net-baryon density matter

at midrapidity. The v2(K−) < v2(K+) for
√
sNN = 7.7 and 11.5 GeV. This could be due

toK− absorption in the medium, K−–nucleon potential is attractive, or could be related

to dominance of associated production of kaons. The v2(π−) > v2(π+), this could be due

the coulomb repulsion of π− by the midrapidity protons or due to contributions from
resonance decays or could be due to chiral magnetic effect [13]. The difference in particle

and anti-particle v2 also suggests that the number of constituent quark (ncq) scaling for

all particle species (including nuclei) as observed at top RHIC energies [14] are no longer

valid at these lower energies. Figure 2 also shows the v2 for identified particles scaled

by ncq as a function of (mT −m0)/ncq. Where mT is the transverse mass of a hadron

with mass m0. We observe that φ-meson v2 drops off the common trend followed by



Possible	
  explana%ons	
  for	
  different	
  par%cle	
  and	
  an%par%cle	
  ellip%c	
  flows	
  

"  Transport	
  versus	
  produced	
  par%cles	
  [Dunlop,	
  Lisa	
  &	
  Sorensen,	
  PRC	
  84,	
  044914	
  (2011)]:	
  
	
  	
  	
  	
  Larger	
  ellip>c	
  flow	
  for	
  transport	
  than	
  for	
  produced	
  (an>)par>cles	
  	
  	
  	
  	
  	
  

"  Chiral	
  magne%c	
  wave	
  [Bumier,	
  Kharzeev,	
  Liao	
  &	
  Yee,	
  PRL	
  107,	
  052303	
  (2011)]	
  	
  	
  	
  

"  Different	
  par%cle	
  and	
  an%par%cle	
  transport	
  coefficients	
  [Greco,	
  Mitrovski	
  &	
  Torrieri,	
  
	
  	
  	
  	
  PRC	
  86,	
  044905	
  (2012)]	
  :	
  Large	
  absorp>on	
  cross	
  sec>ons	
  for	
  an>par>cles	
  

€ 

jV =
Nce
2π 2

µAB, jA =
Nce
2π 2

µVB
•  Stemming	
  from	
  the	
  coupling	
  	
  of	
  the	
  density	
  	
  
	
  	
  	
  waves	
  of	
  electric	
  and	
  chiral	
  charge	
  induced	
  	
  
	
  	
  	
  by	
  the	
  axial	
  anomaly	
  in	
  the	
  presence	
  of	
  an	
  	
  
	
  	
  	
  external	
  magne>c	
  field	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  	
  	
  →	
  Electric	
  quadrupole	
  moment	
  in	
  QGP	
  	
  
	
  	
  	
  →	
  radial	
  flow	
  leads	
  to	
  decreasing	
  posi>ve	
  hadron	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  and	
  increasing	
  nega>ve	
  hadron	
  ellip>c	
  flows	
  	
  
	
  	
  	
  →	
  v2(π+)	
  <	
  v2(π-­‐)	
  

• 	
  Effects	
  on	
  p	
  and	
  	
  	
  	
  	
  as	
  well	
  as	
  K+	
  and	
  K-­‐	
  are	
  masked	
  by	
  different	
  absorp>on	
  cross	
  sec>ons	
  

negative hadrons, and decrease the elliptic flow of positive
hadrons, leading to vþ

2 < v"
2 as demonstrated in Fig. 3.

However, the large differences in the absorption cross
sections of antiprotons and protons, and of negative and
positive kaons in hadronic matter at finite baryon density,
are likely to mask or reverse this difference in the hadron
resonance ‘‘afterburner’’ phase of a heavy ion collision. On
the other hand, the smaller difference in the absorption
cross sections of negative and positive pions potentially
may make it possible to detect the electric quadrupole
moment of the plasma through the difference of elliptic
flows of pions, v2ð!þÞ< v2ð!"Þ.

The effect can be estimated by noting that a strong radial
flow aligns the momenta of the emitted hadrons along the
direction of the radial flow (see Fig. 3). The asymmetry of
the electric charge distribution in the expanding plasma is
then translated into the asymmetry in the azimuthal distri-
bution of the positive and negative hadrons:

Nþð"Þ " N"ð"Þ /
Z

j0eðR;"ÞRdR: (8)

This asymmetry has a 0th Fourier harmonic (monopole)
originating from a nonzero net charge density:

!# e ¼
Z

RdRd"j0e;B¼0ðR;"Þ: (9)

In addition there is a 2nd harmonic (quadrupole) of the
form 2qe cosð2"Þ due to the CMW contribution:

qe ¼
Z

RdRd" cosð2"Þ½j0eðR;"Þ " j0e;B¼0ðR;"Þ': (10)

The ratio of the two r ( 2qe
!#e
can be used to parametrize the

asymmetry in the azimuthal distributions of positive and
negative hadrons:

Nþð"Þ " N"ð"Þ ¼ ð !Nþ " !N"Þ½1" r cosð2"Þ'; (11)

where !N) are the multiplicities of positive and negative
hadrons. Therefore the hadron azimuthal distributions in-
cluding the ‘‘usual’’ elliptic flow are

dN)
d"

¼ N)½1þ 2v2 cosð2"Þ'

* !N)½1þ 2v2 cosð2"Þ + A)r cosð2"Þ': (12)

In the second line we assume that both v2 and the charge
asymmetry A) ( ð !Nþ " !N"Þ=ð !Nþ þ !N"Þ are small.
The elliptic flow therefore becomes charge dependent:

v)
2 ¼ v2 +

rA)
2

: (13)

The magnitude of the effect: Numerical simulation.—As
described above, we have computed the evolution of the
right and left chiral components of the u and d quarks
according to Eq. (3) (at zero rapidity) in a static plasma.
For simplicity, we assume the temperature to be uniform
within the almond. At the boundary of the plasma, the
chiral symmetry is broken and therefore we set v$ ¼ 0.
In the transverse (with respect to the magnetic field) direc-
tion, we assume a diffusion with a diffusion constant
DT estimated [25] as DT ¼ ð2!TÞ"1 within the Sakai-
Sugimoto model. The difference in the elliptic flows of
positive and negative pions is given, within our approxi-
mation, by Eq. (13). In Fig. 4 we present the ratio r ¼
2qe= !#e as a function of impact parameter b at different
times. In this computation we took the impact parameter
dependence of the magnetic field from [3], with the maxi-
mal value eBjmax ¼ m2

!. To convert this ratio into the
difference of the elliptic flows of positive and negative
pions according to Eq. (13), we also have to estimate the
electric charge asymmetry A) in the quark-gluon plasma
that varies between 0 and 1. We do this using the baryon
chemical potential and temperature at freeze-out extracted
[30] from the data and evaluating the yields of baryons
and charged mesons; for the energy of

ffiffiffi
s

p ¼ 11 GeV we

FIG. 3 (color online). Schematic demonstration of the CMW-
induced electric quadrupole deformation carried by strong
radial flow.

2 4 6 8
b fm

10 4

0.001

0.01

r

FIG. 4 (color online). The normalized electric quadrupole mo-
ment r, eBjmax ¼ m2

!, T ¼ 165 MeV.
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" 	
  Baryon	
  charge,	
  strangeness	
  and	
  isospin	
  conserva%ons	
  [Steinheimer,	
  Koch	
  &	
  	
  	
  	
  
	
  	
  	
  Bleicher,	
  PRC	
  86,	
  044903	
  (2012)]:	
  Decreasing	
  pbar/p	
  ra>o	
  with	
  radial	
  distance	
  	
  	
  

" 	
  Different	
  par%cle	
  and	
  an%par%cle	
  poten%als	
  [Xu,	
  Chen,	
  Lin	
  &	
  Ko,	
  PRC	
  85,	
  041901(R)	
  	
  
	
  	
  	
  	
  (2012)]:	
  Repulsive	
  poten>al	
  for	
  par>cles	
  and	
  azrac>ve	
  poten>al	
  for	
  an>par>cles	
  

" 	
  Different	
  quark	
  and	
  an%quark	
  poten%als	
  [Song,	
  Plumari,	
  Greco,	
  Ko	
  &Li,	
  arXiv:1211.5511	
  	
  
	
  	
  	
  [nucl-­‐th]]:	
  Repulsive	
  vector	
  poten>al	
  for	
  quarks	
  and	
  azrac>ve	
  one	
  for	
  an>quarks	
  



Hadronic	
  	
  poten%als	
  in	
  nuclear	
  medium	
  (I)	
   Ko	
  &	
  Li,	
  JPG	
  	
  22,	
  1673	
  (1996);	
  Ko,	
  	
  
Koch	
  &	
  Li,	
  ARNPS	
  47,	
  505	
  (1997)	
  

"  Nucleons	
  and	
  an%nucleons:	
  Rela>vis>c	
  mean-­‐field	
  model	
  →	
  azrac>ve	
  scalar	
  	
  
	
  	
  	
  poten>al	
  Σs	
  and	
  repulsive	
  vector	
  poten>al	
  Σv	
  (“+”	
  for	
  nucleons	
  and	
  “-­‐”	
  for	
  	
  
	
  	
  	
  an>nucleons	
  due	
  to	
  G-­‐parity)	
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FIG. l. Soft (solid curve) and stifF (dashed curve) equa-
tions of state of nuclear matter corresponding to the param-
eters listed in Table I.

tion for all test particles:

(9)

(10)

NNmNN, NL-+NB, DLmLL,

where p is nuclear matter density.
The in-medium two-body collisions are treated in the

same way as in cascade model [29] and Vlasov-Uehling-
Uhlenbeck (VUU) model [30]. The following elastic and
inelastic processes are included:

NN + Nb„Nb, —I NN.

For NN ~ NN and NN ~ Nb, , the isospin-averaged
nucleon-nucleon cross sections in free space [29,30) are
used. The cross sections for NL —+ NA and LA -+ LA
are ass»med to be the same as that for NN ~ NN at the
same center-of-mass energy. The cross section for NL...-.+
NN is determined from the detailed balance relation [31].
Deltas are also propagated according to Eqs. (9) and (10)
with their self-energies taken to be similar to the nucleon
self-energies.
Finally, the pion degree of freedom is introduced via

delta decay, i.e., b, -+ n N. The inverse process xN ~ 6
is also included to take into account the pion absorption.
Pious are assumed to propagate as free particles in the
hadronic matter. As we shall show later, antiprotons are
produced mainly from Nh and b,h interactions. To cal-
culate the antiproton yield in nucleus-nucleus collisions
requires thus the proper treatment of both delta forma-
tions and decays.
Due to the strong annihilation effect in antiproton-

nucleus scatterings, the mean-Beld potential of an an-
tiproton inside a nucleus is not well known empirically.
However, in the mean-field approximation the antinu-
cleon self-energies can be obtained from the G-parity
transformation, or charge conjugation, of the nucleon
self-energies [32]. Since the scalar field remains un-
changed under the G-parity transformation, the antipro-
ton mass in the mediu~ is similar to the nucleon mass
and thus decreases with increasing density (see Fig. 2).
This reduces the threshold for antiproton production in
the nuclear medium and leads to an enhanced produc-
tion of the primordial antiprotons in nucleus-nucleus col-
lisions. The vector potential acting on the antiproton
has, however, an opposite sign from that for nucleons and
is thus negative. We show in Fig. 3 the density depen-
dence of the antiproton scalar and vector (the timelike

0.0

1.0—
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cD

0.7

-0.2

CD

-0 3

0.6
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I

2
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-0 5—
I

2

Q~Qo

FIG. 2. The density dependence of the nucleon efFective
mass corresponding to the soft (solid curve) and stiff (dashed
curve) equations of state.

FIG. 3. The antiproton scalar (solid curves) and vector
(dashed curves) potentials corresponding to the soft equations
of state.

•  Deep	
  an>proton	
  azrac>ve	
  poten>al	
  reduces	
  its	
  produc>on	
  threshold	
  and	
  	
  
	
  	
  	
  thus	
  enhances	
  its	
  yield	
  in	
  subthreshold	
  heavy	
  ion	
  collisions	
   6	
  

€ 

U
N

= −60 MeV,U
N 

= −260 MeV at ρ
0
= 0.16 fm-3



Hadronic	
  poten%als	
  in	
  nuclear	
  medium	
  (II)	
   Ko	
  &	
  Li,	
  JPG	
  	
  22,	
  1673	
  (1996);	
  Ko,	
  	
  
Koch	
  &	
  Li,	
  ARNPS	
  47,	
  505	
  (1997)	
  

"  Kaons	
  and	
  an%kaons:	
  Chiral	
  effec>ve	
  Lagrangian	
  →	
  repulsive	
  poten>al	
  for	
  kaons	
  	
  
	
  	
  	
  and	
  azrac>ve	
  poten>al	
  for	
  an>kaons	
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•  Experimental	
  data	
  on	
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  and	
  directed	
  flow	
  are	
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  repulsive	
  kaon	
  and	
  azrac>ve	
  an>kaon	
  poten>als.	
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Figure 3: Kaon yield (left panel) and flow (right panel) in heavy ion
collisions. The solid and dotted curves are results from transport model
calculations with and without kaon mean-field potential, respectively.
[The data are from refs. [89, 90].]
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tikaons [96] are shown. It is seen that the data on subthreshold K− pro-
duction [99] support the existence of an attractive antikaon mean-field
potential. For the K− flow, there only exist very preliminary data from
the FOPI collaboration (J. Ritman, personal communication), which
seem to show that the K−’s have a positive flow rather an antiflow,
again consistent with an attractive antikaon mean-field potential.

Figure 4: Antikaon yield (left panel) and flow (right panel) in heavy ion
collisions. The solid and dotted curves are results from transport model
calculations with and without kaon mean-field potential, respectively.
[The data are from ref. [99].]

We conclude this section on kaons by pointing out that the properties
of kaons in matter are qualitatively described in chiral perturbation
theory. Some of the effects comes from the Weinberg-Tomozawa vector
type interaction, which contributes because contrary to the pion the
kaon has only one light quark. To explain the experimental data on
kaon subthreshold production and flow in heavy ion collisions requires
an additional attractive scalar interaction. The latter is related to the

€ 

⇒ U
K

= 20 MeV,U
K 

= −120 MeV at ρ
0
= 0.16 fm-3

stage of the reaction at time t!5 fm/c and the rescattering
of the kaons with the nucleons in the dense matter thus
causes them to flow in the direction of the nucleons.
We shall now demonstrate the effect of inclusion of kaon

potentials on the K0 flow. Using the kaon potential deter-
mined from the impulse approximation, the K0’s are repelled
from the nucleons resulting in antiflow with respect to the
nucleons !see Fig. 2". However, the #px$ for kaons is found
to underestimate the data as in Ref. %28&. In fact, theoretical
calculations %29& have shown that the simple impulse ap-
proximation also underestimates experimental kaon-nucleus
scattering data. The scalar-vector potential clearly has a
stronger density dependence compared to the impulse ap-
proximation !see inset of Fig. 2" since the vector potential
dominates over the scalar potential at densities above the
normal nuclear matter value. The kaon flow predicted from
the scalar-vector potential is found to have strikingly good
agreement with the Ks

0 flow data as seen in Fig. 2. Although
the final kaon flow is opposite to the proton flow, the primor-
dial kaons flow with the nucleons up to the maximum com-
pression stage of the collision, and their #px$ values are
nearly identical irrespective of the kaon potential employed.
This stems from the fact that at the early stage of the colli-
sion the density gradient inside the participant matter is
rather small and as a consequence the force acting on the
kaon during its propagation is negligible. The potential !or
baryonic density" gradient is substantial only during the ex-
pansion of the system so that the kaon potential could then

effectively repel the K0’s away from the nucleons. This sug-
gests that at the AGS energies, kaon flow may provide infor-
mation about the kaon dispersion relation for densities below
'4(0. Since the kaons produced in the ultradense stage
mostly travel with nucleons, the kaon flow is expected to be
sensitive to its formation time. This effect is illustrated in
Fig. 2 for the scalar-vector potential where the kaon forma-
tion time ) fo

K is set to zero. The early production of K0 then
leads to larger rescattering in the initial stage of the reaction.
Consequently, the antiflow of K0’s is slightly suppressed es-
pecially near midrapidity. It is worth mentioning that the
scalar-vector potential has been successful in reproducing
several data at GSI energies of 1 –2 A GeV %9&.
Additional insight into the origin of the transverse flow

may be gained by considering the azimuthal angular distri-
bution dN/d* of the kaons at midrapidity by means of the
Fourier expansion %30,31&

dN
d*

"v0%1#2v1 cos*#2v2 cos!2*"#•••& . !4"

Here v0 is the normalization constant, and the Fourier coef-
ficients v1"#cos*$"#px /pt$ represent the directed flow and
v2"#cos(2*)$"#(px

2$py
2)/pt

2$, referred to as the elliptic flow
%32&, reflects the azimuthal asymmetry of the emitted par-
ticles. While v2%0 indicates in-plane enhancement, v2&0
suggests a squeeze-out orthogonal to the reaction plane.
In Fig. 3 we depict the pt dependence of v1, dubbed as

differential flow, for midrapidity K0 (!y /y c.m.!&0.3) without
any kaon mean field and with the inclusion of scalar-vector
kaon potentials. The results are for semicentral (b"6 fm)
Au#Au collisions at 6A GeV which can describe equally
well the flow data. In the absence of a kaon potential, v1 is
found to be almost zero at low pt but has a large positive
value at high pt . The low-pt kaons are produced mostly in

FIG. 2. The kaon directed transverse flow #px$ as a function of
normalized rapidity y /y c.m. in Au#Au collisions at Ebeam
"6A GeV. The filled circles are the E895 data while the other
curves correspond to ART model calculations (b!7 fm and pt
+700 MeV/c) without kaon mean field potential and with kaon
dispersion relations obtained from impulse approximation and
scalar-vector potential. For the latter kaon potential, results with
zero kaon formation time ) fo

K are also shown. The inset shows the
density dependence of the kaon potential UK at zero momentum
obtained in the impulse approximation and scalar-vector potential.

FIG. 3. The transverse momentum dependence of the directed
flow v1 for midrapidity protons and kaons without and with a kaon
scalar-vector potential. The results are for Au(6A GeV)#Au colli-
sions at an impact parameter of 6 fm.
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Kaiser	
  &	
  Weise,	
  	
  	
  
PLB	
  512,	
  283	
  (2001)	
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Π− (ρn ,ρp ) = ρn[TπN
− −TπN

+ ]− ρp[TπN
− +TπN

+ ]+Π rel
- (ρn ,ρp ) +Πcor

- (ρn ,ρp )

Π+ (ρp ,ρn ) = Π− (ρn ,ρp )

Π0 (ρn ,ρp ) = −(ρp + ρn )TπN
+ +Πcor

0 (ρn ,ρp )

Isospin	
  even	
  and	
  odd	
  πN-­‐scazering	
  matrices	
  extracted	
  from	
  energy	
  shim	
  and	
  width	
  of	
  	
  
1s	
  level	
  in	
  pionic	
  hydrogen	
  atom	
  	
  

€ 

T
πN

+ ≈ 1.847fm and T
πN

− ≈ − 0.045fm

At	
  normal	
  nuclear	
  density	
  ρ=0.165	
  fm-­‐3	
  and	
  isospin	
  asymmetry	
  δ=0.2	
  such	
  as	
  in	
  Pb,	
  

€ 

U
π − = 14 MeV, U

π + = −1MeV, U
π 0

= 6 MeV

" 	
  Pions:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  in	
  terms	
  of	
  pion	
  selfenergies	
  

Hadronic	
  poten%als	
  in	
  nuclear	
  medium	
  (III)	
  	
  

€ 

U
π

= Π /(2m
π
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Hadron	
  density	
  evolu%ons	
  in	
  AMPT	
  	
  
Adjust	
  parton	
  scazering	
  cross	
  sec>on	
  and	
  ending	
  >me	
  of	
  partonic	
  stage	
  to	
  	
  
approximately	
  reproduce	
  measured	
  ellip>c	
  flows	
  and	
  extracted	
  hadronic	
  energy	
  
density	
  (~	
  0.35	
  GeV/fm3):	
  isotropic	
  cross	
  sec>ons	
  of	
  3,	
  6	
  and	
  10	
  mb,	
  and	
  parton	
  
ending	
  >me	
  of	
  3.5,	
  2.6,	
  2.9	
  fm/c	
  for	
  s1/2NN=	
  7.7,	
  11.5,	
  and	
  39	
  GeV,	
  respec>vely	
  

" 	
  Increasing	
  baryon	
  and	
  decreasing	
  an>baryon	
  densi>es	
  with	
  decreasing	
  energy	
  	
  
" 	
  Increasing	
  neutron	
  density	
  with	
  decreasing	
  energy,	
  but	
  isospin	
  asymmetry	
  	
  
	
  	
  	
  δ=0.02	
  is	
  small	
  due	
  to	
  produc>on	
  of	
  Λ	
  hyperon	
  and	
  pions	
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Par%cle	
  and	
  an%par%cle	
  differen%al	
  ellip%c	
  flows	
  	
  

" 	
  Similar	
  par>cle	
  and	
  an>par>cle	
  ellip>c	
  flows	
  without	
  hadronic	
  poten>als	
  
" 	
  Hadronic	
  poten>als	
  increase	
  slightly	
  p	
  and	
  pbar	
  v2	
  at	
  pT<0.5	
  GeV	
  but	
  reduce	
  	
  	
  	
  
	
  	
  	
  slightly	
  (strongly)	
  p	
  (pbar)	
  v2	
  at	
  high	
  pT	
  
" 	
  Hadronic	
  poten>als	
  increase	
  slightly	
  v2	
  of	
  K+	
  and	
  reduce	
  v2	
  of	
  K-­‐	
  	
  
" 	
  Effects	
  of	
  hadronic	
  poten>als	
  on	
  π+	
  and	
  π-­‐	
  v2	
  are	
  small	
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PT-­‐integrated	
  par%cle	
  and	
  an%par%cle	
  ellip%c	
  flow	
  difference	
  	
  	
  

" 	
  Difference	
  very	
  small	
  without	
  	
  
	
  	
  	
  hadronic	
  poten>als	
  →	
  different	
  	
  
	
  	
  	
  par>cle	
  and	
  an>par>cle	
  scazering	
  	
  
	
  	
  	
  and	
  absorp>on	
  cross	
  sec>ons	
  have	
  	
  
	
  	
  	
  small	
  effects	
  
" 	
  Hadronic	
  poten>als	
  lead	
  to	
  	
  
	
  	
  	
  rela>ve	
  v2	
  difference	
  between	
  p	
  	
  
	
  	
  	
  and	
  pbar	
  and	
  between	
  K+	
  and	
  K-­‐	
  	
  
	
  	
  	
  	
  of	
  30%	
  at	
  7.7	
  GeV,	
  20%	
  at	
  11.5	
  GeV,	
  	
  
	
  	
  	
  and	
  negligibly	
  small	
  value	
  at	
  39	
  GeV,	
  	
  
	
  	
  	
  only	
  very	
  small	
  nega>ve	
  value	
  
	
  	
  	
  between	
  π+	
  and	
  π-­‐	
  
" 	
  Compared	
  to	
  experimental	
  values	
  
	
  	
  	
  of	
  63%,	
  44%,	
  and	
  12%	
  for	
  (p,pbar),	
  	
  
	
  	
  	
  13%,	
  3%,	
  and	
  1%	
  for	
  (K+,K-­‐),	
  	
  -­‐15%,	
  	
  
	
  	
  	
  -­‐10%,	
  and	
  -­‐3%	
  for	
  (π+,π-­‐)	
  at	
  7.7,	
  	
  
	
  	
  	
  11.5,	
  and	
  39	
  GeV,	
  ours	
  are	
  smaller	
  
	
  	
  	
  for	
  (p,pbar)	
  and	
  (π+,π-­‐)	
  and	
  larger	
  
	
  	
  	
  for	
  (K+,K-­‐)	
  	
  	
  	
  	
  

→	
  Hadronic	
  poten>als	
  underes>mate	
  p-­‐pbar	
  
	
  	
  	
  	
  	
  and	
  overes>mate	
  K+-­‐K-­‐	
  	
  v2	
  difference	
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Quark	
  and	
  an%quark	
  poten%als	
  in	
  QGP	
  (I)	
  

" 	
  NJL	
  model	
  [Bratovic,	
  Hatsuda	
  &	
  Weise,	
  PLB	
  719,	
  131	
  (2013)]	
  

L =  ̄(i 6 @ �M) +
G
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2
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�
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
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+ detf

✓
 ̄(1� �5) 
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,

detf ( ̄� ) =
X

i,j,k

"ijk(ū�qi)(d̄�qj)(s̄�qk).where	
  

" 	
  Mean-­‐field	
  approxima>on	
  

L =  ̄

✓
i@µ � 2

3
GV h ̄�µ i

◆
�µ �  ̄M⇤ + ...

where	
  M*	
  =	
  diag(Mu,	
  Md,	
  Ms)	
  with	
  	
  

Mu = mu � 2Ghūui + 2Khd̄dihs̄si
Md = md � 2Ghd̄di + 2Khs̄sihūui
Ms = ms � 2Ghs̄si + 2Khūuihd̄di

hq̄iqii = �2MiNc

Z
d3k

(2⇡)3Ei
[1 � fi(k) � f̄i(k)]

h ̄�µ i = 2Nc

X

i=u,d,s

Z
d3k

(2⇡)3Ei
kµ[fi(k) � f̄i(k)],

Scalar-­‐pseudoscalar	
  

Vector-­‐axial	
  vector	
  

Kobayashi-­‐Maskawa-­‐	
  
t’Hoom	
  (KMT)	
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Quark	
  and	
  an%quark	
  poten%als	
  in	
  QGP	
  (II)	
  

" 	
  Quark	
  mass	
  is	
  modified	
  by	
  the	
  quark	
  condensate	
  	
  

	
  	
  	
  -­‐	
  azrac>ve	
  scalar	
  poten>al	
  on	
  both	
  quark	
  and	
  an>quark	
  

" 	
  Vector	
  poten>al	
  is	
  repulsive	
  for	
  quark	
  and	
  azrac>ve	
  for	
  an>quark	
  
	
  	
  	
  -­‐	
  enhances	
  rela>ve	
  v2	
  difference	
  between	
  quarks	
  and	
  an>quarsk	
  

	
  	
  	
  -­‐	
  enhances	
  rela>ve	
  v2	
  difference	
  between	
  p	
  and	
  pbar,	
  Λ	
  and	
  Λbar,	
  
	
  	
  	
  	
  	
  K+	
  and	
  K-­‐	
  

→	
  Would	
  bring	
  results	
  with	
  only	
  hadronic	
  poten>als	
  closer	
  to	
  experimental	
  data	
  

Net	
  baryon	
  current:	
  	
  	
   ~⇢ = h ̄~� i

⇢0 = h ̄�0 iNet	
  baryon	
  density:	
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2
3
GV

Uq,q̄ =
q

M2
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q
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S. Plumari et al. / Physics Letters B 689 (2010) 18–22 21

Fig. 2. Left: Average elliptic flow as a function of time for Au + Au collisions in the mid-rapidity region |y| < 1 at b = 7 fm. Right: time evolution of the average transverse
momentum for the same case as in the left panel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this Letter.)

chiral phase transition, but they simply acquire the mass of the
quarks not contributing to its determination according to the NJL
model. The justification for this choice relies on the quasi-particle
models that are fitted to lQCD thermodynamics [35,36]. One finds
a similar behavior of M(T ) for both gluons and quarks approxi-
mately. Of course for a more quantitative calculation a more careful
treatment would be needed but it is not relevant to the main
objective of the present seminal work, considering also that any-
way the NJL model cannot be used for an accurate quantitative
study.

In Fig. 2(left) it is shown the time evolution of the average ellip-
tic flow ⟨v2⟩ for a constant transport cross section of σtr = 10 mb
a typical value that is able to reproduce the amount of v2 ob-
served in experiments [20]. Comparing the two solid lines (black
and green) we can see that the NJL mean field cause a decrease of
⟨v2⟩ of about 15%. The reduction of ⟨v2⟩ can be expected con-
sidering that the NJL field produce a scalar attractive field that
at the phase transition results in a gas of massive particles. In
Fig. 3, we show also the elliptic flow at freeze-out as a func-
tion of the transverse momentum pT . One can see that the role
of the mean field even increases with momentum affecting also
particles at a pT quite larger than the energy scale of the scalar
condensate ⟨ψψ̄⟩ ∼ 300 MeV. This is due to the fact that a high-
pT particle collides mainly with the much more abundant parti-
cles in the bulk. These have an average momentum comparable to
the strength of the scalar field: pT ∼ 2T ∼ Mc . Therefore the ef-
fect of the scalar field extends thanks to collisions into a range
quite larger than one would naively think and the interplay be-
tween collisions and mean field is fundamental. We find that the
presence of an NJL-field that drives the chiral phase transition sup-
press the v2(pT ) by about 20% at pT > 1 GeV. This would imply
the need of a parton scattering cross section σtr even larger than
that estimated with the cascade model which was already quite
larger than the pQCD estimates [25,37]. On the other hand the
mean field modifies both the local entropy density reduced by the
mass generation, and the shear viscosity that increases as shown
in Fig. 1(right). Therefore even if the cross section is the same with
and without the NJL field the system evolves with a different η/s.
Considering that one of the main goal is to determine the η/s of
the QGP we have investigated what is the action of the mean field
once the η/s of the system is fixed to be the same by mean of the
cross section renormalization according to Eq. (8). Therefore we
have run simulations with and without the NJL-field but keeping
constant locally the η/s.

Fig. 3. As in Fig. 2 for the elliptic flow as a function of pT . (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this Letter.)

The results for 4πη/s = 1 are shown by dashed lines in Figs. 2
and 3, the (black) dashed line is the case with only the collision
term (cascade) while the (green) dashed line is the case with the
field. We can see that once the η/s is fixed there is essentially no
difference in the calculations with and without a field dynamics
included. This is seen for both the average ⟨v2⟩ and the v2(pT )
in Figs. 2(left) and 3 respectively. This is a key result that shows
that even in a microscopic approach that distinguishes between
the mean field and the collisional dynamics the v2(pT ) is mainly
driven by the η/s of the fluid. In other words we have found
that in a microscopic approach the η/s is the pertinent parame-
ter and the language of viscous hydrodynamics is appropriate. Of
course this does not mean that v2(pT ) in the transport theory is
the same of the viscous hydrodynamics one, but that, and even
more importantly, the direct relation between v2(pT ) and η/s is
quite general and their relation is not modified by the NJL field
dynamics. We have checked that this is valid also at other impact
parameter (b = 3,5,9 fm) and for larger η/s up to π−1. This is of
course very important for the determination of η/s by mean of the
data on elliptic flow and confirms the validity of the studies pur-
sued till now even if they miss an explicit mean field dynamics
and/or the chiral phase transition.

However we notice that while the v2(pT ) appears to be to-
tally independent on the presence of the NJL-field once the η/s
is kept fixed, the time evolution of ⟨v2⟩ still shows a slightly re-
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quarks not contributing to its determination according to the NJL
model. The justification for this choice relies on the quasi-particle
models that are fitted to lQCD thermodynamics [35,36]. One finds
a similar behavior of M(T ) for both gluons and quarks approxi-
mately. Of course for a more quantitative calculation a more careful
treatment would be needed but it is not relevant to the main
objective of the present seminal work, considering also that any-
way the NJL model cannot be used for an accurate quantitative
study.

In Fig. 2(left) it is shown the time evolution of the average ellip-
tic flow ⟨v2⟩ for a constant transport cross section of σtr = 10 mb
a typical value that is able to reproduce the amount of v2 ob-
served in experiments [20]. Comparing the two solid lines (black
and green) we can see that the NJL mean field cause a decrease of
⟨v2⟩ of about 15%. The reduction of ⟨v2⟩ can be expected con-
sidering that the NJL field produce a scalar attractive field that
at the phase transition results in a gas of massive particles. In
Fig. 3, we show also the elliptic flow at freeze-out as a func-
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of the mean field even increases with momentum affecting also
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cles in the bulk. These have an average momentum comparable to
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presence of an NJL-field that drives the chiral phase transition sup-
press the v2(pT ) by about 20% at pT > 1 GeV. This would imply
the need of a parton scattering cross section σtr even larger than
that estimated with the cascade model which was already quite
larger than the pQCD estimates [25,37]. On the other hand the
mean field modifies both the local entropy density reduced by the
mass generation, and the shear viscosity that increases as shown
in Fig. 1(right). Therefore even if the cross section is the same with
and without the NJL field the system evolves with a different η/s.
Considering that one of the main goal is to determine the η/s of
the QGP we have investigated what is the action of the mean field
once the η/s of the system is fixed to be the same by mean of the
cross section renormalization according to Eq. (8). Therefore we
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The results for 4πη/s = 1 are shown by dashed lines in Figs. 2
and 3, the (black) dashed line is the case with only the collision
term (cascade) while the (green) dashed line is the case with the
field. We can see that once the η/s is fixed there is essentially no
difference in the calculations with and without a field dynamics
included. This is seen for both the average ⟨v2⟩ and the v2(pT )
in Figs. 2(left) and 3 respectively. This is a key result that shows
that even in a microscopic approach that distinguishes between
the mean field and the collisional dynamics the v2(pT ) is mainly
driven by the η/s of the fluid. In other words we have found
that in a microscopic approach the η/s is the pertinent parame-
ter and the language of viscous hydrodynamics is appropriate. Of
course this does not mean that v2(pT ) in the transport theory is
the same of the viscous hydrodynamics one, but that, and even
more importantly, the direct relation between v2(pT ) and η/s is
quite general and their relation is not modified by the NJL field
dynamics. We have checked that this is valid also at other impact
parameter (b = 3,5,9 fm) and for larger η/s up to π−1. This is of
course very important for the determination of η/s by mean of the
data on elliptic flow and confirms the validity of the studies pur-
sued till now even if they miss an explicit mean field dynamics
and/or the chiral phase transition.

However we notice that while the v2(pT ) appears to be to-
tally independent on the presence of the NJL-field once the η/s
is kept fixed, the time evolution of ⟨v2⟩ still shows a slightly re-

Effects	
  of	
  aSrac%ve	
  scalar	
  poten%al	
  in	
  quark	
  maSer	
  

Plumari,	
  Baran,	
  Di	
  Tori,	
  Ferini,	
  and	
  Greco,	
  PLB	
  689,	
  18	
  (2010)	
  	
  

" 	
  Azrac>ve	
  scalar	
  poten>al	
  reduces	
  v2	
  of	
  both	
  quark	
  and	
  an>quark	
  
" 	
  Effects	
  are	
  reduced	
  when	
  parton	
  scazering	
  cross	
  sec>on	
  is	
  large	
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Effects	
  of	
  vector	
  poten%al	
  in	
  quark	
  maSer	
  	
  

" 	
  Time	
  (electric)	
  component	
  of	
  vector	
  poten>al	
  increases	
  quark	
  but	
  decreases	
  	
  
	
  	
  	
  an>quark	
  ellip>c	
  flows	
  
" 	
  Space	
  (magne>c)	
  component	
  of	
  vector	
  poten>al	
  has	
  a	
  similar	
  effect	
  at	
  low	
  pT	
  	
  
	
  	
  	
  but	
  an	
  opposite	
  effect	
  at	
  high	
  pT	
  
" 	
  Net	
  effect	
  of	
  vector	
  poten>al:	
  larger	
  quark	
  than	
  an>quark	
  ellip>c	
  flows	
  

Using	
  mu	
  =	
  md	
  =	
  3.6	
  MeV,	
  ms	
  =	
  87	
  MeV,	
  GΛ2	
  =	
  3.6,	
  KΛ5	
  =	
  8.9,	
  Λ	
  =	
  750	
  MeV	
  

Ini>al	
  parton	
  distribu>ons	
  from	
  AMPT	
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Partonic	
  mean-­‐field	
  effects	
  on	
  hadron	
  and	
  an%hadon	
  v2	
  

" 	
  Using	
  recombina>on	
  (coalescence)	
  model	
  
	
  	
  	
  to	
  produce	
  hadrons	
  (proton,	
  lambda,	
  kaon)	
  
	
  	
  	
  and	
  their	
  anitpar>cles	
  from	
  quarks	
  and	
  	
  
	
  	
  	
  an>quarks	
  at	
  hadroniza>on	
  	
  

" 	
  Smaller	
  an>quark	
  than	
  quark	
  v2	
  leads	
  to	
  	
  
	
  	
  	
  smaller	
  v2	
  for	
  an>proton	
  than	
  proton,	
  	
  
	
  	
  	
  an>lambda	
  than	
  lambda,	
  and	
  K-­‐	
  than	
  K+	
  

" 	
  Rela>ve	
  v2	
  differences	
  between	
  proton	
  	
  
	
  	
  	
  and	
  an>proton,	
  lambda	
  and	
  an>lambda,	
  	
  
	
  	
  	
  increase	
  almost	
  linearly	
  with	
  the	
  	
  	
  
	
  	
  	
  strength	
  of	
  quark	
  vector	
  interac>on	
  	
  

" 	
  Rela>ve	
  v2	
  difference	
  between	
  K+	
  and	
  K-­‐	
  
	
  	
  	
  decreases	
  with	
  the	
  strength	
  of	
  quark	
  	
  
	
  	
  	
  vector	
  interac>on	
  

(g	
  =	
  2/3	
  GV)	
  

gv/G=0.16	
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Effects	
  of	
  hadronic	
  evolu%on	
  (mean	
  fields	
  +	
  scaSering)	
  

" 	
  Before	
  hadronic	
  evolu>on	
  
	
  	
  	
  	
  -­‐	
  nucleons	
  have	
  larger	
  v2	
  than	
  an>nucleons	
  
	
  	
  	
  	
  -­‐	
  K-­‐	
  have	
  larger	
  v2	
  than	
  K+	
  	
  
" 	
  Amer	
  hadronic	
  evolu>on	
  	
  	
  
	
  	
  	
  	
  -­‐	
  v2	
  increases	
  for	
  all	
  hadrons	
  
	
  	
  	
  	
  -­‐	
  v2	
  of	
  nucleons	
  remains	
  larger	
  than	
  that	
  of	
  an>nucleons	
  
	
  	
  	
  	
  -­‐	
  v2	
  of	
  K+	
  becomes	
  larger	
  than	
  that	
  of	
  K-­‐	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Before	
  hadronic	
  evolu>on	
   Amer	
  hadronic	
  evolu>on	
  

Rv=GV/G	
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Charged	
  hadron	
  ellip%c	
  flow	
  	
  

" 	
  Sensi>ve	
  to	
  parton	
  cross	
  sec>on	
  →	
  1	
  mb	
  to	
  reproduce	
  data	
  
" 	
  Insensi>ve	
  to	
  partonic	
  vector	
  mean	
  fields	
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Rela%ve	
  v2	
  difference	
  including	
  both	
  partonic	
  and	
  hadronic	
  poten%als	
  

" 	
  Finite	
  partonic	
  vector	
  mean	
  field	
  with	
  Gv/G=0.5	
  -­‐1.1	
  is	
  needed	
  	
  	
  	
  	
  
	
  	
  	
  to	
  describe	
  STAR	
  data	
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Effects	
  of	
  vector	
  interac%on	
  on	
  QCD	
  phase	
  diagram	
  

" 	
  Loca>on	
  of	
  cri>cal	
  point	
  depends	
  strongly	
  on	
  GV;	
  moving	
  to	
  lower	
  temperature	
  	
  
	
  	
  	
  and	
  larger	
  baryon	
  chemical	
  poten>al	
  as	
  GV	
  increases	
  
" 	
  Cri>cal	
  point	
  disappears	
  for	
  GV	
  >	
  0.6	
  G	
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Summary	
  

" 	
  Different	
  par>cle	
  and	
  an>par>cle	
  v2	
  is	
  observed	
  in	
  BES	
  at	
  RHIC	
  where	
  	
  
	
  	
  	
  produced	
  mazer	
  has	
  a	
  large	
  finite	
  baryon	
  chemical	
  poten>al	
  (≈	
  400	
  MeV)	
  

" 	
  Taking	
  into	
  account	
  different	
  poten>als	
  for	
  hadrons	
  and	
  an>hadrons	
  can	
  	
  
	
  	
  	
  par>ally	
  account	
  for	
  the	
  experimental	
  observa>on	
  

" 	
  Quarks	
  and	
  an>quarks	
  are	
  affected	
  by	
  scalar	
  and	
  vector	
  poten>als	
  in	
  QGP	
  	
  
	
  	
  	
  -­‐	
  reduced	
  v2	
  due	
  to	
  azrac>ve	
  scalar	
  poten>al	
  	
  
	
  	
  	
  -­‐	
  vector	
  poten>al	
  becomes	
  nonzero	
  at	
  finite	
  baryon	
  chemical	
  poten>al;	
  
	
  	
  	
  	
  	
  repulsive	
  for	
  quarks	
  and	
  azrac>ve	
  for	
  anitquarks	
  
	
  	
  	
  -­‐	
  larger	
  quark	
  than	
  an>quark	
  v2	
  in	
  baryon-­‐rich	
  QGP	
  

	
  	
  	
  	
  -­‐	
  larger	
  v2	
  for	
  proton	
  than	
  an>proton,	
  lambda	
  than	
  an>lambda,	
  and	
  
	
  	
  	
  	
  	
  K+	
  than	
  K-­‐	
  (small	
  GV)	
  or	
  K-­‐	
  than	
  K+	
  (large	
  GV)	
  amer	
  hadroniza>on	
  

" 	
  Including	
  both	
  partonic	
  and	
  hadronic	
  poten>als	
  	
  →	
  GV	
  =	
  0.5	
  -­‐1.1	
  G	
  

	
  	
  	
  	
  	
  →	
  absence	
  of	
  cri>cal	
  point	
  in	
  QCD	
  phase	
  diagram?	
  
" 	
  Informa>on	
  on	
  quark	
  and	
  an>quark	
  poten>als	
  at	
  finite	
  baryon	
  chemical	
  	
  
	
  	
  	
  poten>al	
  is	
  useful	
  for	
  understanding	
  the	
  phase	
  structure	
  of	
  QCD	
  


