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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 Collaboration



Outline

• Context and Motivation

• Beam Energy Scan with STAR/RHIC

• Selected results on bulk dynamics
– momentum space
– coordinate space

• Summary and outlook
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The RHIC Beam Energy Scan

• Experimental exploration of the QCD phase 
diagram
– understanding the fundamental theory through its phase 

structure

• Focus on the transitions
– a condensed matter approach to the partonic condensed 

matter system  vary μB and T by varying collision 
energy
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Condensed QCD Matter physics is not Energy 
Frontier Science

- Steve Vigdor, 2012

Condensed QCD Matter physics is not Energy 
Frontier Science

- Steve Vigdor, 2012



The RHIC Beam Energy Scan

• Experimental exploration of the QCD phase 
diagram
– understanding the fundamental theory through its phase 

structure

• Focus on the transitions
– a condensed matter approach to the partonic condensed 

matter system  vary μB and T by varying collision 
energy

• Focus on the right energy – QCD sets the scale
– theory, models, data systematics: √s=5-50 GeV

• Limited theory guidance: watch for possibly subtle 
systematics
– uniform, unchanging detector acceptance crucial  

collider
– highly variable control of energy & colliding species
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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 separation of pi/K to pT~1.6 

GeV
• full azimuthal coverage
• |η|<1
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TOF and TPC
• clean separation of pi/K to pT~1.6 GeV
• full azimuthal coverage
• |η|<1
• topological/combinatoric reconstruction of 

weak decays

G. Odyniec, SQM 2011
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KS
0 → π + + π − φ → K + + K −

Λ → p+ π − Ξ− → Λ + π − Ω− → Λ + K −
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TOF and TPC
• clean separation of pi/K to pT~1.6 GeV
• full azimuthal coverage
• |η|<1
• topological/combinatoric reconstruction of 

weak decays
• acceptance independent of collision energy 

(important!)
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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 questions
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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)   location on the phase 
diagram?
1) sQGP signatures turn 

off/on?
2) evidence of mixed phase?
3) critical fluctuations?

theory feedback & questions 
for further exploration



Step 0) Particle Yields
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Au+Au @ 27 GeV Xin Dong, Future Trends Workshop, Beijing 2013
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Step 0: location on the PD
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• Fits to particle yields reveals chemical 
freeze-out location



Step 0: location on the PD
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• Fits to particle yields reveals chemical 
freeze-out location

end of phase transition point:
models: ~ 300 MeV
 we are in the right neighborhood!



Step 0: location on the PD

• Fits to particle yields reveals chemical 
freeze-out location
– experimental anchor

• Rely on dynamic models for trajectory
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M. Nahrgang, CPOD 2013
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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, J ohann Wolfgang Goethe-Universität D60438 Frankfurt am Main, Germany
(Dated: February 5, 2008)

Theshear viscosity to entropy ratio (η/ s) is estimated for thehot and denseQCD matter created
in Au+Au collisions at RHIC (

√
sN N = 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 µ c

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 µ c
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 µ c

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).
Thevalueof 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



Next step: Is the QGP “turning off?”

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

• species dependence of elliptic flow (and spectra)
– scaling with number of constituent quarks (?!)

• high-pT suppression
– QGP opacity to fast partons

• B-field-induced charge-dependent
correlations
– event-wise local parity violation  (?)
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Elliptic flow 101
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Elliptic flow 101
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2 fm/c

4 fm/c

8 fm/c

6 fm/c

0 fm/c

Ideal hydro calculations - Kolb & Heinz

with
1st-order PT

without
1st-order PT

4*v2

v2 sensitive to
• EoS
• viscosity
• initial geometry

v2 measured versus
• particle species
• pT (& η...)
• √s



Elliptic flow 102 – NCQ scaling
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200 GeV Au+Au collisions

NCQ scaling

Flowing 
constituent 
quarks! (?)

200 GeV Au+Au collisions



Elliptic flow 102 – NCQ scaling
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200 GeV Au+Au collisions

Flowing 
constituent 
quarks! (?)

Not below ~50 GeV

particle minus antiparticle v2



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

S. Horvat EPJ. C72 (2012) 1945 

suppression @ LHC ~ RHIC



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

S. Horvat

HIJING    
no jet 
quench

suppression comes on strong around 20 GeV



So... the action is at √sNN~ 10-30 GeV

matter at lower energy...

• doesn’t flow as well; (inflection?)

• 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?

MA Lisa - International Conference in New Frontiers in Physics (ICNFP) - Crete, Greece 
Sept 2013
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I’ll just discuss three of 
~20 probes currently 
being applied



Is there a “soft region” in the QCD phase diagram?
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Kolb&Heinz 2000



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

... and if so, how could we find it?

low (“zero?”) pressure – look at flow systematics



Is there a “soft region” in the QCD phase diagram?
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... BUT... system evolves quickly  concentrate on signals dominated by short time period

Ansene et al, PRC75 034902 (2007)

      mixed
phase

between dots:

∆t = 1 fm/c
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Signals
Azimuthally Integrated



Radial flow
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the boost-invariant longitudinal expansion rate, τ(∂µu
µ).66 The horizontal

dashed lines indicate the expectations for pure 1-dimensional longitudinal

(Bjorken-like) expansion (α= τ(∂µu
µ)= 1) and for 3-dimensional isotropic

radial (Hubble-like) expansion (α= τ(∂µu
µ)= 3), respectively. One sees

Fig.5. Left panel: T imeevolution of thelocal expansion coefficient α = −∂(lns)/ ∂(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: T he local
expansion rate ∂µ uµ 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 entire 
collision history



Radial flow
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azimuthally-integrated flow 
strength develops over entire 
collision history

velocities extracted from fits 
to spectra show no effect of 
“special” history.
• (unsurprising)



“radial HBT” - Long emission duration 
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“radial HBT” - Long emission duration 
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Two-particle “HBT”
correlations measure
space & time scales



“radial HBT” - Long emission duration 
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3D 1-fluid Hydrodynamics
Rischke & Gyulassy, NPA 608, 479 (1996)

with
transition

Two-particle “HBT”
correlations measure
space & time scales



“radial HBT” - Long emission duration 
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system lifetime

emission duration

Two-particle “HBT”
correlations measure
space & time scales



“radial HBT” - Long emission duration 
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system lifetime

emission duration

Multidimensional femtoscopy:
• No evidence for jump in 

system timescales

late-stage rescattering clouds 
signal

Two-particle “HBT”
correlations measure
space & time scales



2nd-order Azimuthal dependence
  - shorter timescales
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“Self-quenching” elliptic flow –pressure @0~4 fm/c
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3.2. A nisotropic 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 dif ferent 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, theblack 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

x(τ) =
y2 −x2

y2 + x2
, (21)

where the brackets indicate an average over the transverse plane with

February 14, 2006 2:37 WSPC/ Trim Size: 9in x 6in for Review Volume qgp3

26 Hydrodynamic description of ultrarelativistic heavy-ion collisions

the local energy density e(x, y; τ) as weight function, and the momentum
anisotropy

p(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. T ime evolution of the spatial eccentricity x and the momentum anisotropy p

for Au+Au collisions at RHIC with b=7fm.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 = 2GeV) with a massless ideal gas equation of state (EOS I,

dashed lines).73 The initial spatial asymmetry at this impact parameter is

x(τequ)= 0.27, and obviously p(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 p saturates at about the

same time when the spatial eccentricity x vanishes. All of the momentum

anisotropy is built up during the first 6 fm/c.



Elliptic flow scan – predictions and reality
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STAR Preliminary

STAR, ALICE: v2{4} results
Centrality: 20-30%

S. Shi QM12
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STAR, ALICE: v2{4} results
Centrality: 20-30%

S. Shi QM12
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A LOT of non-phase-
transition physics is going 
on here, which will NOT be 
captured by 2D simple 
hydro

• v2 evolution timescale competes with passing dynamics at lower 
energy

• Even at high energies, by ~4 fm/c, system may well have evolved out 
of mixed phase.

• elliptic flow as P.T. signature highly non-trivial, especially in the ~10 
GeV region

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

“Self-quenching” elliptic flow –pressure @0~4 fm/c

sNN = 2.8 GeV

(very low energy)



spatial shape evolution
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2 fm/c

4 fm/c

8 fm/c

6 fm/c

0 fm/c

~ 7 fm

~ 10 fm



spatial shape evolution
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2 fm/c
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8 fm/c

6 fm/c

0 fm/c
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STAR preliminary

• No evidence of sudden shape change (despite lone SPS datapoint)
• significant sensitivity to EoS, viscosity, initial-state geometry fluctuations
• striking agreement with purely hadronic+string-based transport calculation



1st-order Azimuthal dependence
  - even shorter timescales?
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Directed flow
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In general, any type of flow is a system response to initial density non-uniformities

v2
Transverse (x-y) 

plane

v3
Transverse (x-y) 

plane

vn
Transverse (x-y) 

plane

v1
Reaction (x-z) 

plane

“v0”
Transverse (x-y) 

plane

Except v1, all can be studied with 2D models
(which have dominated at RHIC)



Directed flow – early pressure probe
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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

√
sN N = 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
0 10 20 30 40 50 60 70 80

/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

√
sN N = 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.Lett. 108 (2012) 202301

Above SPS, “always” antiflow (v1<0)

Challenging for all transport models at RHIC

Perhaps the best probe for a soft spot, due to rapid dynamics



Directed flow
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• First form of flow predicted (one-fluid hydro) and observed (Plastic Ball) in 1980’s
• traditionally 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
interpenetration

 early signal?



Directed flow – early pressure probe
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Snellings, New J. Phys. 13 (2011) 055008

D. Rischke, NPA (1996) 

effect of 
1st-order 
P.T.

First-order anisotropy imprints itself on momentum space in first instants of collision
• A key feature for soft-spot probe, due to rapid dynamics
Long-standing probe for 1st-order transition (neglected in v2 frenzy of early RHIC)
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D. Rischke, NPA (1996) 

effect of 
1st-order 
P.T.

H. Stoecker, NPA 750, 121 
(2005).

More recent calculations:
dip plus double sign-change
due to P.T.

First-order anisotropy imprints itself on momentum space in first instants of collision
• A key feature for soft-spot probe, due to rapid dynamics
Long-standing probe for 1st-order transition (neglected in v2 frenzy of early RHIC)



Directed flow – early pressure probe
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(based on) D. Keane Confinement 2012

STAR BES results

H. Stoecker, NPA 750, 121 
(2005).

More recent calculations:
dip plus double sign-change
due to P.T.

First-order anisotropy imprints itself on momentum space in first instants of collision
• A key feature for soft-spot probe, due to rapid dynamics
Long-standing probe for 1st-order transition (neglected in v2 frenzy of early RHIC)
Qualitative feature confirmed at RHIC BES!



What drives directed flow?
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Most models at high energy suggest emission from a “tilted disc”...
... that must certainly evolve non-trivially with time

Graef, Lisa, Bleicher sub PRC arXiv:1302.3408

http://arXiv.org/abs/arXiv:1302.3408
http://arXiv.org/abs/arXiv:1302.3408


Tilted disc papers
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Antiflow of Nucleons at the 
Softest Point of the EoS 
Brachmann et al, Phys.Rev. 
C61 (2000) 024909 
nucl-th/9908010

Effective string-rope model...
Magas, Csernai, Strottmann
Nucl.Phys. A712 (2002) 167-204
arXiv:hep-ph/0202085

A twisted emission geometry in 
non-central Pb+Pb collisions 
measurable via azimuthally 
sensitive HBT
Graef, Lisa, Bleicher sub PRC 
arXiv:1302.3408

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

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

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

Tilted pion sources from azimuthally 
sensitive HBT
Lisa, Heinz, Weidemann
Phys.Lett. B489 (2000) 287-29 nucl
-th/00030222 

FLOW HBT

http://arXiv.org/abs/nucl-th/9908010
http://arxiv.org/abs/hep-ph/0202085
http://arXiv.org/abs/arXiv:1302.3408
http://arXiv.org/abs/arXiv:1012.5941
http://arXiv.org/abs/nucl-th/0003022
http://arXiv.org/abs/nucl-th/0003022


Csernai’s talk
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[L.P. Csernai, S. Velle, subm. 
to PRC]

FLOW HBT

Focus on RHIC!



A possible (& way oversimplified) scenario...
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large sound velocity  repulsion

... what is the sound velocity in the first moment of a collision?
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PUSH!
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PUSH!

net (“valence”) proton
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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

MA Lisa - International Conference in New Frontiers in Physics (ICNFP) - Crete, Greece 
Sept 2013
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Also: no time to mention

• balance functions

• proton femtoscopy

• first-order pion azimuthal femtoscopy

• pion-kaon correlations

• hyper- and anti-hypernuclei yields

• light fragment yields

• spectral fits

• higher-order azimuthal moments (vN)

• yield-fraction fluctuations

• fluctuations of net-X (proton, charge, pion, kaon...)

• ...

MA Lisa - International Conference in New Frontiers in Physics (ICNFP) - Crete, Greece 
Sept 2013
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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

• Collective flow as a probe of reduced pressure
– rapid system evolution: optimal if signal is determined in 

an “instant”
– azimuthally anisotropic flow probes early times
– first-order flow sensitive to initial interpenetration.

• qualitative signal proposed and observed by STAR

MA Lisa - International Conference in New Frontiers in Physics (ICNFP) - Crete, Greece 
Sept 2013
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Outlook

• Continue to explore observables sensitive to a 
short snapshot of the evolution
– including Lambda v1
– first-order azimuthal HBT

• work with theorists with realistic, 3D transport with 
phase features

• finer energy scan in follow-up BES II

• fixed-target program being explored...

MA Lisa - International Conference in New Frontiers in Physics (ICNFP) - Crete, Greece 
Sept 2013
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Under consideration...
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Grazyna Odyniec/LBNL   

µB extended range in STAR due to fixed target program  

Fixed-target running allows much 
higher rates without e-cooling at 
lower energies 

Minimal impact on concurrent 
operation 

Kruger 2012, South Africa, December 2012  

Grazyna Odyniec/LBNL   

4.0 cm diameter 
Be Beam Pipe 

Al Beam Pipe Al Beam Pipe 

η=1.0 
η=1.5 

η=2.0 

T
of 

BBC BBC 

Place fixed 
target here 

(-2m) 

Location of Fixed Target  EAST 
 Blue  

West 
Yellow 

Kruger 2012, South Africa, December 2012  



Motivation for Beam Energy Scan (BES) program
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the field of relativistic heavy ion physics (IMHO*)

* IMHO = In Mike’s Humble Opinion

Can this go into a textbook?



Motivation for Beam Energy Scan (BES) program
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the field of relativistic heavy ion physics (IMHO*)

* IMHO = In Mike’s Humble Opinion

Can this go into a textbook?



or can we reach something like this?
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Okay, then how about something like this?
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Motivation for Beam Energy Scan (BES) program
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the field of relativistic heavy ion physics (IMHO*)

* IMHO = In Mike’s Humble Opinion

Can this go into a textbook?

What will be our scientific legacy?

What will future generations see in their (e)books?
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THANK YOU FOR ATTENTION
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