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Seeking	  the	  QCD	  mixed	  phase	  in	  
the	  RHIC	  Beam	  Energy	  Scan	  with	  STAR	  

Mike	  Lisa,	  Ohio	  State	  University	  

for	  the	  STAR	  Collabora,on	  
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The	  RHIC	  Beam	  Energy	  Scan	  

•  Experimental	  explora,on	  of	  the	  QCD	  phase	  diagram	  
–  understanding	  the	  fundamental	  theory	  through	  its	  phase	  structure	  

•  Focus	  on	  the	  transi,ons	  
–  a	  condensed	  maTer	  approach	  to	  the	  partonic	  condensed	  maTer	  system	  

à	  vary	  μB	  and	  T	  by	  varying	  collision	  energy	  
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Condensed	  QCD	  MaTer	  physics	  is	  not	  Energy	  Fron,er	  Science	  
-‐	  Steve	  Vigdor,	  2012	  
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If	  RHIC	  did	  not	  exist,	  we	  would	  have	  to	  build	  it	  
-‐	  Berndt	  Mueller,	  2012	  
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TOF	  and	  TPC	  
•  clean	  separa,on	  of	  pi/K	  to	  pT~1.6	  GeV	  
•  full	  azimuthal	  coverage	  
•  |η|<1	  
•  topological/combinatoric	  reconstruc,on	  of	  weak	  decays	  
•  acceptance	  independent	  of	  collision	  energy	  (important!)	  

G.	  O
dyniec,	  SQ
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RHIC	  BES	  Phase	  I	  
•  2009:	  Detailed	  plan	  proposed	  and	  accepted	  by	  RHIC	  PAC	  

–  arXiv:1007.2613	  	  
–  specific	  energies	  &	  stats	  for	  	  

specific	  ques,ons	  

MA	  Lisa	  -‐	  Rela,vis,c	  Aspects	  of	  Nuclear	  Physics	  /	  RANP	  -‐	  Rio	  di	  Janiero,	  Brasil	  -‐	  Sept	  2013	   9	  

year	   √sNN	  (GeV)	   mb	  events	  
(x106)	  

2010	   7.7	   5	  

2011	   11.5	   12	  

2011	   19.6	   36	  

2010	   27	   70	  

2010	   39	   130	  

0)	  	  	  loca,on	  on	  the	  phase	  diagram?	  
1)  sQGP	  signatures	  turn	  off/on?	  
2)  evidence	  of	  mixed	  phase?	  
3)  cri,cal	  fluctua,ons?	  

theory	  feedback	  &	  ques,ons	  for	  
further	  explora,on	  
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•  Fits	  to	  par,cle	  yields	  reveals	  chemical	  	  
freeze-‐out	  loca,on	  

end	  of	  phase	  transi,on	  point:	  
models:	  ~	  300	  MeV	  
è	  we	  are	  in	  the	  right	  neighborhood!	  

Step	  0:	  loca,on	  on	  the	  phase	  diagram	  

	  	  	  	  0-‐5%	  
	  	  5-‐10%	  

	  	  	  	  0-‐5%	  



•  Fits	  to	  par,cle	  yields	  reveals	  chemical	  	  
freeze-‐out	  loca,on	  
–  experimental	  anchor	  

•  Rely	  on	  dynamic	  models	  for	  trajectory	  
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Trajectories and isentropes at finite µ

B

Isentropes in the PQM model

0

50

100

150

200

50 100 150 200 250 300 350

T
(
M
e
V
)

µ (MeV)

Fluid dynamic trajectories

0

50

100

150

200

50 100 150 200 250 300 350

hT
i
(
M
e
V
)

hµi (MeV)

• Fluid trajectories differ from the (equilibrium) isentropes due to
interaction with the fields.

• No significant features in the trajectories left of the critical point.
• Right to the critical point: system spend significant time in the

spinodal region!

C. Herold, MN, I. Mishustin, M. Bleicher, in preparation

M.	  Nahrgang,	  CPOD	  2013	  

ar
X

iv
:n

uc
l-e

x/
06

09
02

5v
5 

 1
4 

Fe
b 

20
07

Has the QCD Critical Point been Signaled by Observations at RHIC ?

Roy A. Lacey, N. N. Ajitanand, J. M. Alexander, P. Chung, W.G. Holzmann, M. Issah, and A. Taranenko
Department of Chemistry, State University of New York at Stony Brook, Stony Brook, NY 11794-3400, USA

P. Danielewicz1 and Horst Stöcker2
1National Superconducting Cyclotron Laboratory and Department of Physics and Astronomy,

Michigan State University, East Lansing, MI 48824-1321, USA
2Institut für Theoretische Physik, Johann Wolfgang Goethe-Universität D60438 Frankfurt am Main, Germany

(Dated: February 5, 2008)

The shear viscosity to entropy ratio (η/s) is estimated for the hot and dense QCD matter created
in Au+Au collisions at RHIC (

√
sNN = 200 GeV). A very low value is found η/s ∼ 0.1, which

is close to the conjectured lower bound (1/4π). It is argued that such a low value is indicative of
thermodynamic trajectories for the decaying matter which lie close to the QCD critical end point.

PACS numbers: PACS 25.75.Ld

A primary objective for studying ultra-relativistic
heavy ion collisions is to map out the accessible regions
of the Quantum Chromo Dynamics (QCD) phase dia-
gram. The existence of a critical point – an end point of
the first order chiral transition in this diagram – has at-
tracted considerable attention since it was first proposed
[1, 2]. Several theoretical techniques have been exploited
to locate this critical end point (CEP) in the plane of
temperature vs baryon chemical potential (T, µB) i.e. the
QCD phase diagram [3, 4, 5, 6, 7] . The properties of the
CEP have also been sought via model calculations and
the universality hypothesis [8, 9, 10]. Nonetheless, ex-
perimental verification of the CEP constitutes a major
current scientific challenge.

The study of heavy ion collisions to search for the
CEP was proposed several years ago [11]. Recently, a
resurgence of experimental interest has centered around
the prospects for successful experimental searches at
Brookhaven’s Relativistic Heavy Ion Collider (RHIC)
[12, 13] and CERN’s Super Proton Synchrotron (SPS)
[14, 15]. Indeed, a recent theoretical investigation in-
volving two flavors of light dynamical quarks [16] gives
Tc/Tco ∼ 0.95 and µc

B/Tco ∼ 1.1, where Tco ∼ 170 MeV
is the temperature for a cross-over to the quark gluon
plasma (QGP) at zero baryon chemical potential and Tc

and µc
B are the temperature and the baryon chemical

potential (respectively) at the critical end point. It is
widely believed that these values for Tc and µc

B place the
CEP in the range of observability for future energy scans
at both RHIC and the SPS [13].

In recent hydrodynamical calculations [17, 18], an in-
teresting aspect of the CEP has been reported which
could have important consequences for its detection.
That is, it acts as an attractor for thermodynamic trajec-
tories of evolving hot and dense QCD matter [11]. This
aspect of the CEP is illustrated in Fig. 1 where isentropic
trajectories in the (T, µB) plane are shown for a broad
range of values for the entropy per baryon s/nB. Trajec-
tories for the range s/nB ∼ 100− 50, are clearly focused
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FIG. 1: (Color online) Results from a hydrodynamical calcu-
lation by Nonaka et al which assumes an EOS with a CEP
[17]. Isentropic trajectories are shown for the case in which
the CEP is located at (T, µB) = (154.7 MeV, 367.8 MeV).
The value of s/nB for each of these trajectories (left to right)
is 100.0, 66.6, 50.0, 40, 33.3, 28.6 and 25.

toward the CEP. Such a focusing is not observed for isen-
tropic trajectories in similar model calculations which do
not take explicit account of the CEP in the equation of
state (EOS). Instead, trajectories are merely shifted on
the phase coexistence line [17]. Given this aspect of the
CEP, it is worthwhile to investigate whether or not the
decay dynamics of the high energy density QCD matter
created in heavy ion RHIC collisions show any signals for
the CEP.

Here, we argue that estimates for the ratio of viscosity
to entropy density (η/s) made from RHIC measurements
[19, 20, 21], indicate decay trajectories which are close to
the CEP. This implies that the prospects for constraining
the location of the CEP in the (T, µB) plane are very
good. Possibly, such constraints can be best achieved via
a study of excitation functions with relatively large steps
in collision energy prior to focusing on a series of fine
steps.

Nonaka	  and	  Asakawa	  PRC	  71,	  044904	  (2005)	  	  

J.	  Randrup	  2011	  

Step	  0:	  loca,on	  on	  the	  phase	  diagram	  



Next	  step:	  Is	  the	  QGP	  “turning	  off?”	  

Evidence	  for	  a	  QGP	  at	  top	  RHIC	  energy	  (and	  above):	  

•  species	  dependence	  of	  ellip,c	  flow	  (and	  spectra)	  
–  scaling	  with	  number	  of	  cons,tuent	  quarks	  (?!)	  

•  high-‐pT	  suppression	  
–  QGP	  opacity	  to	  fast	  partons	  

•  B-‐field-‐induced	  charge-‐dependent	  
correla,ons	  
–  event-‐wise	  local	  parity	  viola,on	  	  (?)	  
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Nu:	  	  Looks	  like...	  
Paul:	  But...	  
	  
Me:	  a	  few	  words	  



NCQ	  scaling	  
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parBcle	  minus	  anBparBcle	  v2	  



NCQ	  scaling	  
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parBcle	  minus	  anBparBcle	  v2	  

200	   2760	  

The	  ac,on	  is	  below	  39	  GeV	  



Suppression	  of	  high-‐pT	  hadrons	  
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a	  measure	  of	  the	  opaqueness	  of	  the	  QGP	  

EPJ.	  C72	  (2012)	  1945	  	  

suppression	  @	  LHC	  ~	  RHIC	  

The	  ac,on	  is	  below	  39	  GeV	  
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a	  measure	  of	  the	  opaqueness	  of	  the	  QGP	  

HIJING	  	  	  	  no	  
jet	  quench	  

suppression	  comes	  on	  strong	  around	  20	  GeV	  



Charge-‐separa,on	  correla,ons	  

MA	  Lisa	  -‐	  American	  Physical	  Society	  -‐	  Denver,	  CO	  -‐	  April	  2013	  	  -‐	  	  RHIC	  Beam	  Energy	  Scan	  Program	   18	  



Charge-‐separa,on	  correla,ons	  

MA	  Lisa	  -‐	  American	  Physical	  Society	  -‐	  Denver,	  CO	  -‐	  April	  2013	  	  -‐	  	  RHIC	  Beam	  Energy	  Scan	  Program	   19	  

LHC	  astonishingly	  similar	  to	  RHIC	  

The	  ac,on	  is	  below	  39	  GeV	  



So...	  the	  ac,on	  is	  at	  √sNN~	  10-‐30	  GeV	  

maTer	  at	  lower	  energy...	  

•  isn’t	  (easily)	  characterized	  by	  flowing	  quarks	  
•  is	  much	  less	  opaque	  to	  fast	  color	  

•  does	  not	  support	  an	  EDM	  

In	  this	  changing	  region:	  

•  evidence	  of	  1st-‐order	  PT?	  
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Sampling	  something	  more	  than	  the	  
simpler	  phase-‐path	  experienced	  in	  
collisions	  from	  60	  GeV	  up	  to	  LHC	  
(and,	  presumably,	  beyond)	  

I’ll	  just	  discuss	  a	  few	  of	  ~20	  
probes	  currently	  being	  studied	  



Is	  there	  a	  “soz	  region”	  in	  the	  QCD	  phase	  
diagram?	  
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diagram?	  
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Snellings,	  New	  J.	  Phys.	  13	  (2011)	  055008	  
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between dots:

Δt = 1 fm/c

Beware:	  in	  mixed	  phase	  for	  short	  ,me.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Will	  it	  “blast	  through”	  soz	  region?	  

	  	  	  	  	  	  mixed	  
phase	  
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the boost-invariant longitudinal expansion rate, τ(∂µuµ).66 The horizontal
dashed lines indicate the expectations for pure 1-dimensional longitudinal
(Bjorken-like) expansion (α = τ(∂µuµ)= 1) and for 3-dimensional isotropic
radial (Hubble-like) expansion (α = τ(∂µuµ)= 3), respectively. One sees

Fig. 5. Left panel: Time evolution of the local expansion coefficient α = −∂(ln s)/∂(ln τ)
at three different fireball locations. The horizontal dashed lines indicate expectations for
pure Bjorken (α = 1) and Hubble-like expansions (α = 3). Right panel: The local
expansion rate ∂µuµ multiplied by time, again compared to Bjorken and Hubble-like
scaling expansions. Note that the expansion coefficient α decreases with radial distance
from the center whereas the expansion rate shows the opposite behavior.

that in the numerical solutions both quantities increase with time from
a Bjorken-like behavior initially to a Hubble-like behavior at later times.
Weak structures in the time evolution at the beginning and end of the
mixed phase are probably due to our artificially sharp phase transition and
should disappear for a realistic equation of state. Note that both the lo-
cal expansion coefficient α and the normalized local expansion rate τ ∂·u
exceed the limiting global value of 3 at large times. This does not violate
causality, but is due to the existence of density gradients and their time
evolution.66

At late times the expansion rate τ ∂·u is larger for points at the edge of
the fireball than in the center, again due to the stronger density and pres-
sure gradients near the edge. In contrast, the local dilution rate α shows
the opposite dependence on the radial distance, being smaller at large ra-
dial distance than in the center. This reflects the transport of matter from
the center to the edge, due to radial flow and density gradients.66 The
relation between α and τ ∂·u can be established by using entropy con-
servation, ∂µ(suµ)= 0, to write ∂·u = − (u·∂s)/s. Assuming longitudinal
boost-invariance and a temporal power law s(r, τ)= s0(r)(

τ0

τ )α for the lo-

azimuthally-‐integrated	  flow	  strength	  
develops	  over	  en,re	  collision	  history	  
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azimuthally-‐integrated	  flow	  strength	  
develops	  over	  en,re	  collision	  history	  
	  
veloci,es	  extracted	  from	  fits	  to	  spectra	  
show	  no	  effect	  of	  “special”	  history.	  
•  (unsurprising)	  
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3D 1-fluid Hydrodynamics 
Rischke & Gyulassy, NPA 608, 479 (1996) 

with 
transition 

Two-‐par,cle	  “HBT”	  
correla,ons	  measure	  
space	  &	  ,me	  scales	  



“radial	  HBT”	  -‐	  Long	  emission	  dura,on	  	  

MA	  Lisa	  -‐	  Rela,vis,c	  Aspects	  of	  Nuclear	  Physics	  /	  RANP	  -‐	  Rio	  di	  Janiero,	  Brasil	  -‐	  Sept	  2013	   29	  29	  

system	  life,me	  

emission	  dura,on	  

Two-‐par,cle	  “HBT”	  
correla,ons	  measure	  
space	  &	  ,me	  scales	  



“radial	  HBT”	  -‐	  Long	  emission	  dura,on	  	  

MA	  Lisa	  -‐	  Rela,vis,c	  Aspects	  of	  Nuclear	  Physics	  /	  RANP	  -‐	  Rio	  di	  Janiero,	  Brasil	  -‐	  Sept	  2013	   30	  30	  

system	  life,me	  

emission	  dura,on	  

Mul,dimensional	  femtoscopy:	  
•  No	  evidence	  for	  jump	  in	  system	  

,mescales	  

late-‐stage	  rescaTering	  clouds	  signal	  

Two-‐par,cle	  “HBT”	  
correla,ons	  measure	  
space	  &	  ,me	  scales	  
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3.2. Anisotropic flow in non-central collisions

In Section 2.4 we have already addressed some of the great opportunities
offered by non-central collisions. The most important ones are related to the
broken azimuthal symmetry, introduced through the spatial deformation of
the nuclear overlap zone at non-zero impact parameter (see Figure 3). If the
system evolves hydrodynamically, driven by its internal pressure gradients,
it will expand more strongly in its short direction (i.e. into the direction
of the impact parameter) than perpendicular to the reaction plane where
the pressure gradient is smaller.70 This is shown in Figure 8 where con-
tours of constant energy density are plotted at times 2, 4, 6 and 8 fm/c
after thermalization. The figure illustrates qualitatively that, as the system
evolves, it becomes less and less deformed. In addition, some interesting
fine structure develops at later times: After about 6 fm/c the energy den-
sity distribution along the x-axis becomes non-monotonous, forming two
fragments of a shell that enclose a little ’nut’ in the center.71 Unfortun-
mately, when plotting a cross section of the profiles shown in Figure 8 one
realizes that this effect is rather subtle, and it was also found to be fragile,
showing a strong sensitivity to details of the initial density profile.4

Fig. 8. Contours of constant energy density in the transverse plane at different times
(2, 4, 6 and 8 fm/c after equilibration) for a Au+Au collision at

√
sNN = 130 GeV

and impact parameter b = 7 fm.4,72 Contours indicate 5, 15, . . . , 95 % of the maximum
energy density. Additionally, the black solid, dashed and dashed-dotted lines indicate the
transition to the mixed-phase, to the resonance gas phase and to the decoupled stage,
where applicable.

A more quantitative characterization of the contour plots in Figure 8
and their evolution with time is provided by defining the spatial eccentricity

εx(τ) =

〈

y2 − x2
〉

〈y2 + x2〉
, (21)

where the brackets indicate an average over the transverse plane with
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the local energy density e(x, y; τ) as weight function, and the momentum

anisotropy

εp(τ) =

∫

dxdy (T xx − T yy)
∫

dxdy (T xx + T yy)
. (22)

Note that with these sign conventions, the spatial eccentricity is positive
for out-of-plane elongation (as is the case initially) whereas the momentum
anisotropy is positive if the preferred flow direction is into the reaction
plane.

Fig. 9. Time evolution of the spatial eccentricity εx and the momentum anisotropy εp

for Au+Au collisions at RHIC with b =7 fm.73

Figure 9 shows the time evolution of the spatial and momentum
anisotropies for Au+Au collisions at impact parameter b =7 fm, for RHIC
initial conditions with a realistic equation of state (EOS Q, solid lines) and
for a much higher initial energy density (initial temperature at the fire-
ball center =2 GeV) with a massless ideal gas equation of state (EOS I,
dashed lines).73 The initial spatial asymmetry at this impact parameter is
εx(τequ)= 0.27, and obviously εp(τequ)= 0 since the fluid is initially at rest
in the transverse plane. The spatial eccentricity is seen to disappear before
the fireball matter freezes out, in particular for the case with the very high
initial temperature (dashed lines) where the source is seen to switch orien-
tation after about 6 fm/c and becomes in-plane-elongated at late times.74

One also sees that the momentum anisotropy εp saturates at about the
same time when the spatial eccentricity εx vanishes. All of the momentum
anisotropy is built up during the first 6 fm/c.
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A	  LOT	  of	  non-‐phase-‐transiBon	  
physics	  is	  going	  on	  here,	  which	  will	  
NOT	  be	  captured	  by	  2D	  simple	  hydro	  

•  v2	  evolu,on	  ,mescale	  competes	  with	  passing	  dynamics	  at	  lower	  energy	  
•  Even	  at	  high	  energies,	  by	  ~4	  fm/c,	  system	  may	  well	  have	  evolved	  out	  of	  mixed	  phase.	  
•  ellip,c	  flow	  as	  P.T.	  signature	  highly	  non-‐trivial,	  especially	  in	  the	  ~10	  GeV	  region	  

sNN = 2.8 GeV

(very low energy)

Danielewicz,	  Lacey,	  Lynch.	  Science	  298,	  1592	  (2002)	  	  

“Self-‐quenching”	  ellip,c	  flow	  –pressure	  @0~4	  fm/c	  
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Space	  and	  momentum	  anisotropy	  
par,ally	  resolve	  ambiguity	  between	  
ini,al	  state/viscosity	  combos	  
	   MC-KLN η / s = 0.2

MC-Glauber η / s = 0.08



1ST-‐ORDER	  AZIMUTHAL	  DEPENDENCE	  
	  	  -‐	  EVEN	  SHORTER	  TIMESCALES?	  

MA	  Lisa	  -‐	  Rela,vis,c	  Aspects	  of	  Nuclear	  Physics	  /	  RANP	  -‐	  Rio	  di	  Janiero,	  Brasil	  -‐	  Sept	  2013	   39	  



Directed	  flow	  

MA	  Lisa	  -‐	  Rela,vis,c	  Aspects	  of	  Nuclear	  Physics	  /	  RANP	  -‐	  Rio	  di	  Janiero,	  Brasil	  -‐	  Sept	  2013	   40	  

In	  general,	  any	  type	  of	  flow	  is	  a	  system	  response	  to	  ini,al	  density	  non-‐uniformi,es	  
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v2	  
Transverse	  (x-‐y)	  plane	  

v3	  
Transverse	  (x-‐y)	  plane	  

vn	  
Transverse	  (x-‐y)	  plane	  

v1	  
Reac,on	  (x-‐z)	  plane	  

“v0”	  
Transverse	  (x-‐y)	  plane	  

Except	  v1,	  all	  can	  be	  studied	  with	  2D	  models	  
(which	  have	  dominated	  at	  RHIC)	  
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FIG. 2: Model calculations of pion (left panel) and pro-
ton (right panel) v1(y) for 10-70% Au + Au collisions
at

√

sNN = 200 GeV. QGSM* model presents the ba-
sic Quark-Gluon String model with parton recombina-
tion [30]. Hydro* model presents the hydrodynamic ex-
pansion from a tilted source [11].

ons, −0.02± 0.11(stat)± 0.04(sys)(%) for the kaons
and −0.17 ± 0.02(stat) ± 0.04(sys)(%) for the K0

S.
The relative 10% common systematic error for all
particles is not listed here. The v1(y) slope for the
produced particle types (π±, K±, K0

S
and p̄) are

mostly found to be negative at mid-rapidity, which
is consistent with the anti-flow picture. In particu-
lar, kaons are less sensitive to shadowing effects due
to the small kaon-nucleon cross section, yet it shows
a negative slope. This is again consistent with the
anti-flow picture. Interestingly, v1(y) for protons ex-
hibits a clearly flatter shape than that for antipro-
tons. While mass may contribute to the difference
in slope between pions and protons/antiprotons, it
cannot explain the difference in slope observed for
antiprotons and protons. Indeed, the observed v1 for
protons is a convolution of directed flow of produced
protons with that of transported protons (from the
original projectile and target nuclei), so the flatness
of inclusive proton v1(y) around midrapidity could
be explained by the negative flow of produced pro-
tons being compensated by the positive flow of pro-
tons transported from spectator rapidity, as a fea-
ture expected in the anti-flow picture.
In Fig. 2, pion and proton v1(y) are plot-

ted together with five model calculations, namely,
RQMD [12], UrQMD [28], AMPT [29], QGSM with
parton recombination [30], and slopes from an ideal
hydrodynamic calculation with a tilted source [11].
The model calculations are performed in the same pT
acceptance and centrality as the data. The RQMD
and AMPT model calculations predict the wrong
sign and wrong magnitude of pion v1(y), respec-
tively, while the RQMD and the UrQMD predict the

% Most Central
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/d
y 

(%
)

1
dv -1

-0.5

0

p
p ±π

FIG. 3: Charged pions (solid stars), protons (solid cir-
cles) and antiprotons (solid squares) v1(y) slope (dv1/dy)
at midrapidity as a function of centrality for Au + Au
collisions at

√

sNN = 200 GeV.

wrong magnitude of proton v1(y). For models other
than QGSM which has the calculation only for pi-
ons, none of them can describe v1(y) for pions and
protons simultaneously.
In Fig. 3, the slope of v1(y) at midrapidity is pre-

sented as a function of centrality for protons, an-
tiprotons, and charged pions. In general, the magni-
tude of the v1(y) slope converge to zero as expected
for most central collisions. Proton and antiproton
v1(y) slope are more or less consistent in 30-80%
centrality range but, diverge in 5-30% centrality. In
addition, two observations are noteworthy: i) the
hydrodynamic model with tilted source (which is a
characteristic of anti-flow) as currently implemented
does not predict the difference in v1(y) between par-
ticle species [31]. ii) If the difference between v1 of
protons and antiprotons is caused by anti-flow alone,
then such difference is expected to be accompanied
by strongly negative v1 slopes. In data, the large
difference between proton and antiproton v1 slopes
is seen in the 5-30% centrality range, while strongly
negative v1 slopes are found for protons, antipro-
tons and charged pions in a different centrality range
(30-80%). Both observations suggest that additional
mechanisms than that assumed in [11, 31] are needed
to explain the centrality dependence of the difference
between the v1(y) slopes of protons and antiprotons.
The excitation function of proton v1(y′) slope F

(= dv1/dy′ at midrapidity) is presented in Fig 4.
Values for F are extracted via a polynomial fit of the
form Fy′+Cy′3, where y

′

= y/ybeam for which spec-
tators are normalized at ±1. The proton v1(y′) slope
decreases rapidly with increasing energy, reaching
zero around

√
sNN = 9 GeV. Its sign changes to

negative as shown by the data point at
√
sNN = 17

GeV, measured by the NA49 experiment [15]. A sim-
ilar trend has been observed at low energies with a

Phys.Rev.LeT.	  108	  (2012)	  202301	  

Above	  SPS,	  “always”	  an,flow	  (v1<0)	  

Challenging	  for	  all	  transport	  models	  at	  RHIC	  

Perhaps	  the	  best	  probe	  for	  a	  soz	  spot,	  due	  to	  rapid	  dynamics	  
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•  First	  form	  of	  flow	  predicted	  (one-‐fluid	  hydro)	  and	  observed	  (Plas,c	  Ball)	  in	  1980’s	  
•  tradi,onally	  less	  focus	  on	  v1	  at	  higher	  energies,	  where	  

•  signal	  is	  small	  
•  v2	  stole	  the	  limelight	  
•  2D	  models	  cannot	  address	  this	  explicitly	  3-‐D	  phenomenon	  

Geometrical	  seeds	  
of	  directed	  flow	  
imprinted	  during	  
interpenetra,on	  
	  
à	  early	  signal?	  
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Most	  models	  at	  high	  energy	  suggest	  emission	  from	  a	  “,lted	  disc”...	  
...	  that	  must	  certainly	  evolve	  non-‐trivially	  with	  ,me	  

Graef,	  Lisa,	  Bleicher	  sub	  PRC	  arXiv:1302.3408	  
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An,flow	  of	  Nucleons	  at	  the	  Sozest	  
Point	  of	  the	  EoS	  	  
Brachmann	  et	  al,	  Phys.Rev.	  C61	  
(2000)	  024909	  	  
nucl-‐th/9908010	  

Fig. 11. Au+Au collision at ε0 = 65 GeV/nucl, b = 0.25 · 2 RAu, A = 0.08 (the
parameter A was introduced in eq. (32)), E = T 00 is presented in the reaction plane
as a function of x and z for different times in the laboratory frame. The final shape
of the QGP volume is a tilted disk ≈ 450, and the direction of the fastest expansion
will deviate from both the beam axis and the usual transverse flow direction and
will generate the third flow component [78–80]. Note that the initial state for hydro
looks pretty much like the one discussed in the “firestreak” model (see Fig. 4), since
the final streaks are moving with rapidities presented in Fig. 10. These calculations
are done for the symmetrized T̃ µν (see eq. 35), but the results do not differ too
much from what is presented in Ref. [70].

More results for full RHIC energy (ε0 = 100 GeV/nucl) for different string
tensions and impact parameters are presented in Figs. 13–14.

Note that the initial state with non-expanding streaks (Figs. 11) looks pretty
much like the one discussed in “firestreak” model (see Fig. 4), since the final
streaks are moving with rapidities presented in Fig. 10. If we let final streaks
expand, this smooths over picture, but most of the matter, nevertheless, keeps
similar energy density profile and velocity distributions.

From Figs. 11 and 13-14 we may see that for the central collisions at ε0 =
100 GeV/nucl the maximum energy density E = T 00 reaches as high as
Emax ≈ 100 GeV/fm3. It seems to be larger than what one should ex-
pect from the Bjorken estimate (see section 2.3) - e0 = 4.3 GeV/fm3 for

36

Effec,ve	  string-‐rope	  model...	  
Magas,	  Csernai,	  StroTmann	  
Nucl.Phys.	  A712	  (2002)	  167-‐204	  
arXiv:hep-‐ph/0202085	  

A	  twisted	  emission	  geometry	  in	  non-‐central	  Pb
+Pb	  collisions	  measurable	  via	  azimuthally	  
sensiBve	  HBT	  
Graef,	  Lisa,	  Bleicher	  sub	  PRC	  arXiv:1302.3408	  
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FIG. 2: (color online) Pion emission points from UrQMD simula-
tions of Au+Au collisions with collision energy

p
sNN = 3.84 GeV

(corresponding to a 6 AGeV beam incident on a fixed target) and
impact parameter b = 4� 8 fm. Colored contours (identical for the
three panels) show the emission point density of all pions with pT <
0.4 GeV/c. Black contours in the upper, middle and lower panels
indicate the density of emission points for pions with f =

⇥
� p

8 ,
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8
⇤
,h
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and
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i
, respectively.

with large momentum transfer are treated via PYTHIA. For
detailed comparisons of this version to experimental data,
the reader is referred to [30]. Previous HBT studies with
UrQMD have been reported in [31–34].

In UrQMD, the freeze-out space-time point is naturally de-

FIG. 3: Freezeout distribution of pions from
p

sNN = 3.84 GeV
(6 AGeV beam energy on fixed target) Au+Au collisions with im-
pact parameter b= 4�8 fm in the reaction (x�z) plane, as calculated
from UrQMD.

fined as the last hard interaction of a particle. The freezeout
distribution of pions from

p
sNN = 3.84 GeV Au+Au colli-

sions with impact parameter b= 4�8 fm in the reaction plane
(x� z plane) is shown in figure 3. The source has an obvious
tilt structure relative to the beam axis. We use the parameteri-
zation of equation 2 to fit the three-dimensional freezeout dis-
tribution for all pions with pT < 400 MeV/c and |y|< 0.6– not
only those at a given angle f. From this direct analysis of the
freezeout coordinates– obviously not possible in experiment–
we find the parameters listed in the third column of table I. It
is clear from figure 3 that x�z correlation in the freezeout dis-
tribution has structure that cannot be captured in a single tilt
number; indeed, the tilt is scale-dependent, growing as one
focuses on the peak of the distribution. This “twist” feature,
which has been observed in simulations before [25], might be
physically interesting and experimentally accessible; we leave
exploration of this effect for a future work. For the purpose
of this work, we identify a range of tilts arising from fitting
equation 2 to the distribution and varying the fit range in co-
ordinate space from 10 fm < Dx,Dy,Dz < 40 fm. This leads to
the range shown in the left column of table I.

Dynamics naturally leads to a strong correlation between
a particle’s final momentum and the freezeout position; ho-
mogeneity regions are naturally reflected in the final state.
Figure 2 shows homogeneity regions from UrQMD in the
x � y plane for particles emitted at three azimtuthal angles.
The homogeneity region for particles emitted at a given angle
f1 clearly differs from that for particles emitted at f2 6= f1.
Thus, in addition to the explicit f-dependence of the HBT
radii seen in equations 6, there is an additional implicit de-
pendence [35–38]. HBT radii measured at a given momentum
vector (f, pT ,y) probe only the geometry of the homogeneity
region for that momentum vector. A priori, it is far from clear
that equations 10, 11 and 12, which attempt to relate HBT ra-

Correspondence	  between	  HBT	  radii	  and	  
the	  emission	  zone	  in	  non-‐central	  HIC.	  	  
Mount,	  Graef,	  Mitrovski,	  Bleicher,	  Lisa	  
Phys.Rev.	  C84	  (2011)	  014908	  	  
arXiv:1012.5941	  
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Fig. 3. Space-time evolution picture of the baryon density, ng/ng 
(contour plots), and collective velocity, V (arrows) of the cells of a 
volume of 3 fm3, calculated in QGSM for peripheral (h = 5.33 fm) 
S+S collisions at 11.6 A GeVlc for all baryons which passed their 
formation time. The x-axis coincides with the impact parameter 
vector b = {h,O}, the time is changing between t = O-9 fm/c 
with an increment of At = 1 fm/c. The increment between two 
neighbouring contour lines of nn/nn is 0.25, starting from 0.05. 

For small systems like S+S the early pre- 
equilibrium particle emission starts to develop around 
t = 3-4 fm/c (Fig. 3). This is deflected to the op- 
posite side of the reaction plane than the excited 
spectator matter which develops later around t = 
6-9 fm/c, and which is also faster, being close to 
the target/projectile rapidities. This pre-equilibrium 
component gets relatively weaker in heavy systems. 
The two separated peaks in opposite x-directions 
arise from the fact that the spectators are propagating 
parallel to the beam and absorb particles from the hot 
central emitting source. Without this the two peaks 
would dissolve into one peak. 

In large systems and for not very peripheral reac- 
tions such a pre-equilibrium emission peak, with neg- 
ative flow component will not occur. This is so be- 
cause the pre-equilibrium emission is negligible com- 
pared to final breakup in large systems, and because 
if the reaction is more central and the system is more 
heavy then there is no window opening where pre- 
equilibrium particles could be emitted unshadowed. 

The average transverse momentum over rapidity, 
(pX ( y) /A), can be approximated by the straight line 

I’ ““‘l’l”“““‘,““““‘,““““‘, 

- -Au+Au 

0.25 0.5 0.75 1 
b/b- 

Fig. 4. Proton scale-invariant flow, P, as a function of the impact 
parameter, b/b,,,,, calculated in QGSM for Au+Au (full line) 
and S+S (dotted line) at 11.6 A GeV/c. 

around Y/yproj = 0. The slope of the line determines the 
transverse, non-scaled and scale-invariant flow, F = 
(6'~~ ( j) lag) (p=o and P = F/p,,oj. It increases from 0 
at & = 0 to Fmax = 0.2 (0.1) ( &,,X = 0.095 (0.045) ) 
at 6 = 0.25 (0.65), and then smoothly decreases in 
Au+Au (S+S) collisions at 11.6 A GeV/c (Fig. 4). 
The maximum is shifting to the more central regions 
(smaller impact parameters) with increasing atomic 
number. 

The DIOGENE data [ 191 for asymmetric 40Ar + 
207Pb collisions at 400 A GeV show similar behav- 
ior with a maximum around 6 = b/b,-,,= = 0.4. The 
impact parameter in the experiment was determined 
with multiplicity, M, analysis. It is based on the as- 
sumption that the number of the collisions with im- 
pact parameters between (6,& + &) is proportional 
to 2~6 &, and then bi is found from the expres- 
sion g( M > Mi) = &a,, where us is the geometri- 
cal reaction cross section. However, the calculations 
within the cascade model [20] showed that the re- 
actions with different impact parameters contribute 
to events with the same multiplicity, and the weight 
functions, W,, (6)) obtained in Monte Carlo models, 
should be used. So, the best way to restore the impact 
vector in heavy ion collision could be to use neural 
networks which were trained on the events generated 
with Monte Carlo codes. 

A covariant transport model, based on nucleon and 
A degrees of freedom and mesonic mean fields, [ 211, 
also shows the strong transverse flow dependence on 

Scaling	  viola,on	  of	  transverse	  flow	  in	  
HIC	  at	  AGS	  
Bravina,	  PLB	  344	  (1995)	  49	  

DIRECTED FLOW IN ULTRARELATIVISTIC HEAVY-ION . . . PHYSICAL REVIEW C 81, 054902 (2010)

distribution depends on the chosen equation of state, initial
time τ0, and shear viscosity [5,17]. In the following we use
ideal fluid hydrodynamics with τ0 = 0.25 fm/c and a realistic,
hard equation of state [18], which requires

f (η‖) = exp

[

− (η‖ − η0)2

2σ 2
η

θ (|η‖| − η0)

]

, (9)

with a plateau of width 2η0 = 2.0 and ση = 1.3.
A different type of initial conditions studied in this work as-

sumes a preferred emission from participating nucleons in the
same hemisphere. Instead of a symmetric distribution of matter
in space-time rapidity given by the function f (η‖) in Eq. (3),
we assume that the deposited energy depends on the rapidity
of the emitting participating nucleon. Such a distribution de-
pending on the rapidity difference between the emitting charge
and the emitted gluon is assumed in some phenomenological
models [19]. However, there is no direct measurement of the
contribution to soft-particle production from a single forward-
or backward-moving charge. A phenomenological analysis
is possible, by comparing multiplicity distributions in pseu-
dorapidity for different asymmetric systems or by studying
multiplicity correlations in different pseudorapidity intervals.
These studies indicate that a preferred emission for rapidities
close to the rapidity of the participating charge occurs [20–23].
In the wounded nucleon model of nuclear collisions, such cor-
relations can be understood as due to a specific distribution of
soft particles produced by each participant nucleon. Nucleons
from the projectile [with positive rapidity yB = ln(

√
s/mN ) >

0] emit more particles in the forward (η > 0) than in the
backward hemisphere. The form of the extracted charged
particle distribution can be approximated by the function

fF (η) = η + ηm

2ηm

(10)

in the interval [−ηm, ηm], where ηm = yb − ηs defines
the range of rapidity correlations; at

√
s = 200 GeV it is

ηm ∼ yb − 2 % 3.36. The origin of the shift in rapidity ηs % 2
is not understood [20,21]. For practical purposes, we can treat
it as a phenomenological parameter. Particle production in the
remaining pseudorapidity intervals close to the fragmentation
regions [ηm, yb] and [−yb,−ηm] cannot be reliably described
in a hydrodynamic model anyway. Within the framework of
relativistic hydrodynamics, we are interested in describing the
main characteristics of the soft part of particle spectra in the
central region −3.5 < η < 3.5 and, in particular, the directed
flow. There is another reason why the phenomenological
estimates of the emission of particles from participant nucleons
[20,21] cannot be directly translated into the initial conditions
for hydrodynamics that we are interested in. References
[20,21] study particle distributions and correlations in the
final state, whereas we know that, in realistic hydrodynamic
simulations, the matter distribution in space-time rapidity
evolves during the expansion of the fireball [5,17]; also
statistical emission broadens the distribution in pseudorapidity.
It means that the initial profile f (η‖) is significantly narrower
than the final charged particle distribution dN/dη. The
correlation functions in pseudorapidity [21] can be modified
due to the longitudinal transport and the generation of
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FIG. 2. (Color online) Initial profile in the longitudinal (space-
time rapidity) direction. The symmetric function f (η‖) is composed
of the two contributions f+ and f− representing the emission from
forward- and backward-going participant nucleons.

transverse flow as well. We propose as a phenomenological
ansatz (Fig. 2), inspired by the observations in Refs. [20–23],
that the initial energy density of matter produced by a single
participant nucleon of rapidity yb is proportional to

f+(η‖) = f (η‖)fF (η‖), (11)

where f (η‖) is the initial longitudinal profile (9) fitted to
reproduce dN/dη, and

fF (η‖) =






0 η‖ < −ηm

η‖+ηm

2ηm
−ηm ! η‖ ! ηm

1 ηm < η‖

. (12)

The initial energy density of the fireball is constructed
as a sum of three terms originating from the forward- or
backward-moving participant nucleons and from the binary
collisions that are assumed to contribute in a symmetric way:

ε(τ0) = ε0{2[N+(x, y)f+(η‖) + N−(x, y)f−(η‖)](1 − α)

+ 2αNbin(x, y)f (η‖)}/N0. (13)

The net result of the difference between forward and backward
emission is a tilt of the source in the x-η‖ plane (Fig. 3).
This breaks the symmetry in the longitudinal direction and
generates nonzero directed flow in the expansion.

Hydrodynamic equations in (3 + 1)D

∂µT µν = 0 (14)
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FIG. 3. (Color online) Same as in Fig. 1, but for tilted initial
conditions [Eq. (13)].

054902-3

Directed	  flow	  in	  
ultrarelaBvisBc	  heavy-‐
ion	  collisions	  	  
Bozek	  and	  Wyskiel	  
PHYSICAL	  REVIEW	  C	  
81,	  054902	  (2010)	  

( )M.A. Lisa et al.rPhysics Letters B 489 2000 287–292 291

Ž .Fig. 2. Azimuthal dependence of the HBT radii from fits to correlation functions generated from the toy source 10 . Solid lines represent a
Ž . Ž .global fit to R F with 3 . The value from Fs08 is replotted with an open symbol at Fs3608.

heavy-ion collisions. Although a detailed discussion

must await a longer paper, we here shortly touch on

the main physics points, using results from a realistic

transport model.

We performed simulations of semiperipheral Au
Ž .qAu collisions at 2 AGeV with the RQMD v2.3

w x ² :model 11 . The top panel of Fig. 3 shows p –x

the average pion momentum in the reaction plane –

as a function of momentum p along the beam axis.z

Qualitatively consistent with experimental observa-
w x Žtions 16 , a very weak negative directed flow ‘anti-
.flow’ signal is observed – the average emission

ellipsoid in momentum space is tilted to a negative
Žangle with respect to the beam the direction of

.directed proton flow defines the positive direction .
ŽThe magnitude of the collective motion ;

.10MeVrc is small compared to the typical pT
Ž .scale ;200MeVrc ; hence thermal smearing dom-

inates. The bottom panel shows that, while the spa-

tial distribution displays a richer structure than our

toy model, it is nevertheless always characterized by

a significant positiÕe tilt – opposite the average tilt

in momentum space. A full correlation function anal-
w xysis of the RQMD events 12 yields qualitatively

similar results as those shown in Fig. 2.

This bears directly on the physical causes of

directed pion flow at these energies. Detailed trans-
w xport model studies 17 have shown that pion reflec-

Ž .tion from not absorption by the nucleonic matter is

Fig. 3. RQMD simulation of pions from 2 AGeV AuqAu
collisions at bs3–7 fm. The top panel shows a weak p y px z

‘anti-flow’ correlation. In the bottom panel, contours of the spatial

distribution of emission points projected onto the reaction plane

show a strong tilt in the opposite direction from the tilt in

momentum space. Superimposed arrows represent the average

pion momentum at different values of z. Note that the momentum

scale in z-direction is compressed for clarity.

Tilted	  pion	  sources	  from	  azimuthally	  sensiBve	  HBT	  
Lisa,	  Heinz,	  Weidemann	  
Phys.Lea.	  B489	  (2000)	  287-‐29	  nucl-‐th/00030222	  	  FLOW	   HBT	  
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[L.P.	  Csernai,	  S.	  Velle,	  subm.	  to	  PRC]	  
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Laszlo	  -‐-‐	  Focus	  on	  RHIC!	  
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large	  sound	  velocity	  à	  repulsion	  
	  
...	  what	  is	  the	  sound	  velocity	  in	  the	  first	  moment	  of	  a	  collision?	  
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net	  (“valence”)	  proton	  



MA	  Lisa	  -‐	  Rela,vis,c	  Aspects	  of	  Nuclear	  Physics	  /	  RANP	  -‐	  Rio	  di	  Janiero,	  Brasil	  -‐	  Sept	  2013	   55	  

PUSH!	  

net	  (“valence”)	  proton	  



MA	  Lisa	  -‐	  Rela,vis,c	  Aspects	  of	  Nuclear	  Physics	  /	  RANP	  -‐	  Rio	  di	  Janiero,	  Brasil	  -‐	  Sept	  2013	   56	  

PUSH!	  

net	  (“valence”)	  proton	  
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PUSH!	  

SOFT...	  
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PUSH!	  

SOFT...	  
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PUSH!	  

SOFT...	  

PUSH!!	  



Summary	  

•  Very	  successful	  beam	  energy	  scan	  program	  begun	  at	  RHIC	  
–  Only	  a	  sampling	  of	  data	  shown	  
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Also:	  no	  ,me	  to	  men,on	  

•  balance	  func,ons	  
•  proton	  femtoscopy	  
•  first-‐order	  pion	  azimuthal	  femtoscopy	  
•  pion-‐kaon	  correla,ons	  
•  hyper-‐	  and	  an,-‐hypernuclei	  yields	  
•  light	  fragment	  yields	  
•  spectral	  fits	  
•  higher-‐order	  azimuthal	  moments	  (vN)	  
•  yield-‐frac,on	  fluctua,ons	  
•  fluctua,ons	  of	  net-‐X	  (proton,	  charge,	  pion,	  kaon...)	  
•  ...	  
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Summary	  
•  Very	  successful	  beam	  energy	  scan	  program	  begun	  at	  RHIC	  

–  Only	  a	  sampling	  of	  data	  shown	  

•  QGP	  signals	  “turn	  off”	  in	  scanned	  region	  
–  maybe...	  (see	  Paul’s	  talk)	  

•  Collec,ve	  flow	  as	  a	  probe	  of	  reduced	  pressure	  
–  rapid	  system	  evolu,on:	  op,mal	  if	  signal	  is	  determined	  in	  an	  “instant”	  
–  azimuthally	  anisotropic	  flow	  probes	  early	  ,mes	  
–  first-‐order	  flow	  sensi,ve	  to	  ini,al	  interpenetra,on.	  

•  qualita,ve	  signal	  proposed	  and	  observed	  by	  STAR	  

MA	  Lisa	  -‐	  Rela,vis,c	  Aspects	  of	  Nuclear	  Physics	  /	  RANP	  -‐	  Rio	  di	  Janiero,	  Brasil	  -‐	  Sept	  2013	   62	  



Outlook	  

•  Mul,-‐faceted	  approach:	  Special	  focus	  on	  1st-‐order	  
observables	  
–  Lambda	  v1	  
–  first-‐order	  azimuthal	  HBT	  
–  Lambda	  polariza,on	  
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Outlook	  

•  Mul,-‐faceted	  approach:	  Special	  focus	  on	  1st-‐order	  observables	  
–  Lambda	  v1	  
–  first-‐order	  azimuthal	  HBT	  
–  Lambda	  polariza,on	  

•  urge	  theorists	  to	  apply	  realis,c,	  3D	  transport	  with	  phase	  
features	  

•  finer	  energy	  scan	  in	  follow-‐up	  BES	  II	  

•  fixed-‐target	  program	  being	  explored...	  
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Mo,va,on	  for	  Beam	  Energy	  Scan	  (BES)	  program	  
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the	  field	  of	  rela,vis
,c	  heavy	  ion	  physic

s	  (IMHO*)	  

*	  IMHO	  =	  In	  Mike’s	  Humble	  Opinion	  

Can	  this	  go	  into	  a	  textbook?	  
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or	  can	  we	  reach	  something	  like	  this?	  
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Okay,	  then	  how	  about	  something	  like	  this?	  

MA Lisa - Relativistic Aspects of Nuclear Physics / RANP - Rio di Janiero, Brasil - Sept 2013 83	  
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What	  will	  be	  our	  scien,fic	  legacy?	  
	  

What	  will	  future	  genera,ons	  see	  in	  their	  (e)books?	  
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Feliz	  aniversário,	  Prof.	  Kodama	  


