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Outline

• Beam Energy Scan (BES) program at RHIC 
‣ Main goals at STAR 
‣ STAR detectors 

• Results 
  Step 0: Where are we in the phase diagram ? 
  Step 1: Turn-off QGP signals 
  Step 2: 1st order phase transition & critical point search 

• STAR upgrade plans related to BES Phase-II 
‣ iTPC, event plane detector (HALO) 

• Conclusions

!2



/32H. Masui, HIM, Nov/2/2013

RHIC Beam Energy Scan (BES)

• 3 main goals 
‣ turn-off signals of QGP 
‣ Search for phase 

boundary 
‣ Search for QCD critical 

point
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QCD phase diagram from BNL web site 
http://www.bnl.gov/bnlweb/pubaf/pr/photos/2012/07/RHIC_Graphics_Fig1-HR.jpg

√sNN (GeV) events (106) year

62.4 67 2010

39 130 2010

27 70 2011

19.6 36 2011

11.5 12 2010

7.7 5 2010

5 - 2012

http://www.bnl.gov/bnlweb/pubaf/pr/photos/2012/07/RHIC_Graphics_Fig1-HR.jpg
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STAR - Solenoidal Tracker At RHIC

• Large acceptance: |η| < 1, full azimuth 

• Particle identification: TPC(dE/dx) + TOF(mass square)

!4

TPC EEMC

BBC
VPD

TOF
BEMC

H. Masui, HIM, Nov/2/2013



/32H. Masui, HIM, Nov/2/2013

Acceptance

• Acceptance is collision energy independent (thanks to RHIC)
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Particle identification

• TPC+TOF: π, K, p and φ 

• Topological reconstruction of weak decays
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Particle Yields 
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Au+Au @ 27 GeV 

Transverse momentum spectra
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Au+Au at 27 GeV
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Chemical%FreezeDout%%

22ndD27th%July% Sabita&Das&&&&&&&&&&&&&&Strangeness&in&Quark&MaCer&2013,&Brimingham,&UK&&&&&&&&&&&&&

%

# %Par1cles%used%:%%%
&&&&π, K, p, Λ , Ξ , and K0

s %%

# %Ensemble%used:%%
&&&&Grand%canonical%and%%%%%
%%%%Strangeness%canonical%
%

# %Fit%parameters:  
     Τch, µΒ,, µs and γS%

#  BES%energies%used:%
%%%%%39,%27,%11.5,%and%7.7%GeV%
%

  %%%
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STAR Preliminary 

STAR Preliminary 

STAR Preliminary 

STAR Preliminary 

STAR Preliminary 

STAR Preliminary 

STAR Preliminary 

We are at 100-400 MeV in µB

• Map (Tch, µB) 

• Fit particle ratio by statistical model 
‣ Test GCE and SCE ensembles 

• BES covers up to ~ 400 MeV in µB 

• Is QGP gone such high µB ?
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Tch: chemical freeeze-out 
temperature 
µB: baryon chemical potential
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Next step - Turn-off QGP signals

• QGP signals at √sNN = 200 GeV 
‣ Number of Constituent Quark scaling - deconfinement  
‣ Charge separation - chiral magnetic effect ? 
‣ High pT suppression - parton energy loss 

• What happens on these observables if we decrease beam 
energies ?
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J. ADAMS et al. PHYSICAL REVIEW C 72, 014904 (2005)
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FIG. 32. (Color online) (Upper panel) The ratio v2{4}/v2{2} for
charged hadrons as a function of centrality. The lines are a Monte
Carlo Glauber model calculation of ε2{4}/ε2{2}. (Lower panel) The
nonflow parameter, g2, as a function of centrality. The lines are
a Monte Carlo Glauber model calculation of NWN(v2/ε)2(ε2

2{2} −
ε2

2{4}). In both panels the solid lines assume nucleons, whereas the
dotted lines assume quarks.

use a simple blast-wave parametrization, which tries to see
whether a consistent picture of all data can be achieved and to
identify what are the required driving features (like geometric
anisotropy at freeze-out, etc).

A. Coalescence of constituent quarks

Models of hadron formation by coalescence or recom-
bination of constituent quarks successfully describe hadron
production in the intermediate pt region (1.5 < pt < 5 GeV/c)
[20,30,47]. These models predict that at intermediate pt , v2
will approximately scale with the number of constituent
quarks (n) with v2/n vs. pt/n for all hadrons falling on
a universal curve. When hadron formation is dominated by
coalescence, this universal curve represents the momentum-
space anisotropy of constituent quarks prior to hadron forma-
tion. This simple scaling, however, neglects possible higher
harmonics and possible differences between light and heavy
quark flow.

Figure 33 (top panel) shows v2 vs. pt for the identified
particle data of Fig. 10, where v2 and pt have been scaled by the
number of constituent quarks (n). A polynomial function has
been fit to the shown scaled values. To investigate the quality of
agreement between particle species, the data from the top panel
are scaled by the fitted polynomial function and plotted in the
bottom panel. For pt/n > 0.6 GeV/c, the scaled v2 of K0

S , K±,
p + p̄, and " + " lie on a universal curve within statistical
errors. The pion points, however, deviate significantly from this
curve even above 0.6 GeV/c. This deviation may be caused
by the contribution of pions from resonance decays [48].
Alternatively, it may reflect the difficulty of a constituent quark
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FIG. 33. (Color online) (Top panel) Identified particle v2 from
minimum bias collisions. The vertical axis and horizontal axis have
been scaled by the number of constituent quarks (n). Pions are not
plotted. A polynomial curve is fit to the data. The possible systematic
error is indicated by the gray band. (Bottom panel) The ratio of v2/n

to the fitted curve.

coalescence model to describe the production of pions whose
masses are significantly smaller than the assumed constituent
quark masses [30].

At the end of Sec. V B we estimated that the v2 values
from two-particle correlations could be systematically high by
between about 10 to 20%. This was based on the integrated
values for charged particles and we do not know yet how this
varies with pt and particle type. However, to indicate this
estimated systematic error a shaded band of 10% is shown in
Fig. 33 (top panel).

The v2/n of π±, p̄,K0
S , and " + " from three centrality

intervals are shown in the top panels of Fig. 34. The K0
S and

" + " values are from Ref. [20]. In the bottom panels, the
ratios to the fitted curves are shown. The most central data
(0–5%) are thought to be affected by nonflow correlations (see
Sec. V). For the 30–70% and 5–30% centrality intervals, the
v2 of p̄, K0

S and " + " agree with constituent quark number
scaling for the expected pt/n range above 0.6 GeV/c to within
10%.

Figure 10 showed that the data for the heavier baryons
seem to cross over the data for the mesons at sufficiently high
pt . The data in Fig. 8 are consistent with this. In the low pt

region the heavier particles have lower v2 values as expected
for the mass ordering from hydrodynamics. In the intermediate
pt coalescence plateau region the three quark baryons have a
larger v2 than the two quark mesons. Thus the experimentally
observed crossover is thought to be because of a change in the
particle production mechanism.

014904-16

STAR: PRC72, 014904 (2005)OBSERVATION OF CHARGE-DEPENDENT AZIMUTHAL . . . PHYSICAL REVIEW C 81, 054908 (2010)

FIG. 6. (Color online) (a) A comparison of the correlations
obtained by selecting the third particle from the main TPC or from
the forward TPCs. (b) The results after scaling by the flow of the third
particle. The shaded areas represent the uncertainty from v2,c scaling
(see text for details). In both panels, the TPC and FTPC points are
shifted horizontally relative to one another for clarity purposes. The
error bars are statistical.

for all collision systems and energies studied here. Therefore,
in Figs. 7–9, we plot systematic upper limits obtained with
extrapolation of available data assuming that the measurements
with FTPC suppress only 50% of the nonflow contribution.
The magnitude of the elliptic flow in the FTPC region was
estimated from correlations between particles in the east and
west FTPCs. Section V has further details on the systematic
uncertainties associated with different v2 estimates.

Results obtained with the event plane reconstructed with
ZDC-SMD are consistent with those shown in Fig. 6(b),
though the statistical errors on ZDC-SMD results are about
5 times larger because the (second-order) reaction plane
resolution from ZDC-SMD is worse.

Figure 6(b) shows very good agreement between the
same-charge correlations obtained with the third particle in
the TPC and FTPC regions, which supports for such corre-
lations the assumption ⟨cos(φα + φβ − 2$RP)⟩ ≈ ⟨cos(φα +
φβ − 2φc)⟩/v2,c. The opposite-charge correlations are small

FIG. 7. (Color online) ⟨cos(φa + φβ − 2$RP)⟩ in Au + Au and
Cu + Cu collisions at

√
sNN = 200 GeV calculated using Eq. (7).

The error bars show the statistical errors. The shaded areas reflect
the uncertainty in the elliptic flow values used in calculations, with
lower (in magnitude) limit obtained with elliptic flow from two-
particle correlations and upper limit from four-particle cumulants. For
details, see Sec. IV. Thick solid (Au + Au) and dashed (Cu + Cu)
lines represent possible non-reaction-plane-dependent contribution
from many-particle clusters as estimated by HIJING (see Sec. VII A).

in magnitude and it is difficult to conclude on validity of
the assumption for such correlations based only on results
presented in Fig. 6(b). Similarly, in the most peripheral
collisions, the statistical errors are large, which also prohibits
making a definite conclusion.

V. SYSTEMATIC UNCERTAINTIES

There is one class of uncertainties, related to the question
of factorization of Eq. (7), which would arise if the events
contained a large number of correlated groups of particles
such as minijets. Even if these “clusters” were produced

FIG. 8. (Color online) ⟨cos(φa + φβ − 2$RP)⟩ in Au + Au and
Cu + Cu collisions at

√
sNN = 62 GeV calculated using Eq. (7).

The error bars indicate the statistical errors. The shaded areas reflect
the uncertainty in the elliptic flow values used in calculations. For
details, see Sec. IV. Thick solid (Au + Au) and dashed (Cu + Cu)
lines represent possible non-reaction-plane-dependent contribution
from many-particle clusters as estimated by HIJING (see Sec. VII A).

054908-9

STAR: PRL103, 251601 (2009), 
PRC81, 054908 (2010) PHENIX: PRL91, 072301 (2003)



/32H. Masui, HIM, Nov/2/2013

ELLIPTIC FLOW OF IDENTIFIED HADRONS IN Au + . . . PHYSICAL REVIEW C 88, 014902 (2013)
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FIG. 10. (Color online) The elliptic flow, v2(pT ), in 0%–80%
central Au + Au collisions for selected particles (a) and antiparticles
(b) (see text), plotted only for the transverse momentum range of
0.2 < pT < 1.6 GeV/c to emphasize the mass ordering at low pT .
Only statistical error bars are shown. Systematic errors are much
smaller than the statistical errors. The fit functions to guide the eye
correspond to Eq. (17).

for various particle species are directly compared. For this
selection of particles (p, !, "−, #−, π+, K+, K0

s , and φ), the
mass ordering is valid for all energies, as shown in Fig. 10(a).
Only the φ mesons deviate from this general trend at the lower
energies. Their v2(pT ) values are slightly smaller compared to
all of the other hadrons. Starting at 39 GeV, every φ meson
v2(pT ) value is smaller than the corresponding value for the
heavier !.

The lower the energy, the smaller is the difference between
the various particles in v2(pT ) at pT < 1.5 GeV/c. This could
be related to a reduction of radial flow as the beam energy
decreases. However, no narrowing of the spread of v2(pT )
with beam energy is observed for the antiparticles, as depicted
in Fig. 10(b). At lower beam energies, the v2(pT ) values for
p̄ and ! were significantly smaller than the values for their
partner particles. The possible physics implications owing to
the differences in particle and antiparticle v2(pT ) are discussed
in more detail in the next sections.

3. Particle and antiparticle comparison of v2( pT )

In Figs. 11–13, each particle v2(pT ) is directly compared,
if possible, to that for its antiparticle. For the mesons the
antiparticle convention from Ref. [37] is used. The point-

2v

0

0.05

0.1

0.15

0.2 Au+Au,  0-80%
-sub EPη

(a)
7.7 GeV

-π
+π

-π-+π
2v ∆

-0.01
0

0.01

2v

0

0.05

0.1

0.15

0.2 27 GeV

0 1 2 3 4

2v∆

-0.01
0

0.01

11.5 GeV

39 GeV

 (GeV/c)
T

p
0 1 2 3 4

19.6 GeV

62.4 GeV

0 1 2 3 4

2v

0

0.05

0.1

0.15

0.2 Au+Au,  0-80%
-sub EPη

(b)
7.7 GeV

+K
s
0K
-K --K+K

2v∆ 0

0.02

2v

0

0.05

0.1

0.15

0.2 27 GeV

0 1 2 3 4

2v∆ -0.02
0

11.5 GeV

39 GeV

 (GeV/c)
T

p
0 1 2 3 4

19.6 GeV

62.4 GeV

0 1 2 3 4

FIG. 11. (Color online) The elliptic flow, v2, of charged pions
(a) and kaons (b) as a function of the transverse momentum,
pT , for 0%–80% central Au + Au collisions. The point-by-point
systematic uncertainties are shown by the shaded areas attached to
the data points; otherwise they are smaller than the symbol size. The
global systematic uncertainties are very small and shown as shaded
horizontal bars. The bottom row of each panel shows the difference
between a particle and corresponding antiparticle v2(pT ) and a fit
with a horizontal line. The red shaded area around each fit depicts the
combined statistical and systematic fit errors. Different &v2 ranges
were used for the top and bottom panels.

by-point systematic uncertainties are displayed as the shaded
bands that connect the data points. The global systematic
uncertainties are shown as the error bands along the horizontal
axis. Shown are the v2(pT ) for π+(ud̄), π−(ūd) and K+(us̄),
K0

s [(ds̄ − s̄d)/
√

2], K−(ūs). At the higher energies of 27,
39, and 62.4 GeV, the charged pion π+ and π− v2(pT ) values
show almost identical shapes and amplitudes, as expected from
particles with the same mass and number of quarks. At lower
energies, an increasing difference between v2(π+) and v2(π−)
is observed, where v2(π−) is larger than v2(π+) for all pT

values. In the lower rows of each panel in Fig. 11, the difference
in v2(pT ) between particles and antiparticles is shown. The red

014902-13

Particle vs anti-particle, mesons

• No difference between charged pions in high energies 

• v2(π+) < v2(π-) for all pT in low energies

!10

STAR: PRC88, 
014902 (2013)
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L. ADAMCZYK et al. PHYSICAL REVIEW C 88, 014902 (2013)
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FIG. 12. (Color online) The elliptic flow, v2, of p, p̄ (a) and !, !
(b) as a function of the transverse momentum, pT , for 0%–80% central
Au + Au collisions. The point-by-point systematic uncertainties are
shown by the shaded areas attached to the data points; otherwise they
are smaller than the symbol size. The global systematic uncertainties
are shown as the shaded horizontal bar. The lower row of each panel
depicts the difference between a particle and corresponding antiparti-
cle v2(pT ) with a fit with a horizontal line. The red shaded area around
each fit shows the combined statistical and systematic fit errors.

line shows a horizontal line fit to the "v2 which is used below
(Sec. VI D) to study the energy dependence of the difference.
The fit range was varied to estimate the systematic uncertainty
for the fit and to test the assumption of a constant difference
as a function of pT .

The fact that v2(π−) is larger than v2(π+) could be
attributable to the Coulomb repulsion of π+ by the midrapidity
protons or to the chiral magnetic effect in finite baryon density
matter produced in the collisions [38]. The charged kaons
show an opposite trend compared to the charged pions. The
v2(pT ) values of K+ are larger compared to K−. The size of
the difference in v2 and the energy dependence is comparable
to that of the pions. The neutral K0

s approximately follow the
trends of the v2(pT ) values of the K−.
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FIG. 13. (Color online) The elliptic flow, v2, of $−, $
+

(a) and
%−, %

+
(b) as a function of the transverse momentum, pT , for

0%–80% central Au + Au collisions. The point-by-point systematic
uncertainties are shown by the shaded areas attached to the data
points, while the global systematic uncertainties are shown as the
shaded horizontal bar. Shown in the bottom row of each panel is the
difference between a particle and corresponding antiparticle v2(pT )
with a fit with a horizontal line. The red shaded area around each fit
shows the combined statistical and systematic fit errors.

In contrast to the charged pions and kaons, a significant
difference in the v2(pT ) values between p(uud) and p̄(ūūd̄) is
observed at all energies, as shown in Fig. 12(a). The difference
in v2 is nearly constant as a function of pT and, as for the pions
and kaons, the difference increases with decreasing energy.
Compared to the kaons and pions, the relative difference is
at least a factor of three larger. The plots in Fig. 12(b) show
the corresponding v2(pT ) for !(uds) and !(ūd̄ s̄). The shapes
and magnitudes of v2(pT ) for all energies are almost identical
between p and ! and the same between p̄ and !. Hence,
the difference in v2(pT ) between the (anti)! particles and the
(anti)protons is observed. It appears that the exchange of a u

014902-14

Particle vs anti-particle, baryons

• v2(p) > v2(p) at 62.4 GeV, difference increases in low energies 

• Significant difference of v2 (~50%) at 7.7 GeV
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STAR: PRC88, 
014902 (2013)
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While in Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV a
single NCQ scaling can be observed for particles and
antiparticles, the observed difference in v2 at lower beam
energies demonstrates that this common NCQ scaling of
particles and antiparticles splits. Such a breaking of the
NCQ scaling could indicate increased contributions from
hadronic interactions in the system evolution with decreas-
ing beam energy. The energy dependence of v2ðXÞ %
v2ð !XÞ could also be accounted for by considering an
increase in nuclear stopping power with decreasing

ffiffiffiffiffiffiffiffi
sNN

p
if the v2 of transported quarks (quarks coming from the
incident nucleons) is larger than the v2 of produced quarks
[25,26]. Theoretical calculations [27] suggest that the
difference between particles and antiparticles could be
accounted for by mean field potentials where the K% and
!p feel an attractive force while the Kþ and p feel a
repulsive force.

Most of the published theoretical calculations can repro-
duce the basic pattern but fail to quantitatively reproduce
the measured v2 difference [25–28]. So far, none of the
theory calculations describes the observed ordering of
the particles. Therefore, more accurate calculations from
theory are needed to distinguish between the different
possibilities. Other possible reasons for the observation
that the !% v2ðpTÞ is larger than the !þ v2ðpTÞ is the
Coulomb repulsion of !þ by the midrapidity net protons
(only at low pT) and the chiral magnetic effect in finite
baryon-density matter [29]. Simulations have to be carried
out to quantify if those effects can explain our
observations.
In Ref. [21], the study of the centrality dependence of

"v2 for protons and antiprotons is extended to investigate
if different production rates for protons and antiprotons as
a function of centrality could cause the observed differ-
ences. It was observed that the differences, "v2, are
significant at all centralities.
The v2ðmT %m0Þ and possible NCQ scaling was also

investigated for particles and antiparticles separately.
Figure 3 shows v2 as a function of the reduced transverse
mass, (mT %m0), for various particles and antiparticles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. The baryons and mesons are
clearly separated for

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV at ðmT %m0Þ>
1 GeV=c2. While the effect is present for particles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV, no such separation is observed for
the antiparticles at this energy in the measured (mt %m0)
range up to 2 GeV=c2. The lower panels of Fig. 3 depict
the difference of the baryon v2 relative to a fit to the meson
v2 data with the pions excluded from the fit. The antipar-
ticles at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV show a smaller difference
compared to the particles. At

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV the
difference becomes negative for the antiparticles at
(mT %m0)<1 GeV=c2 but the overall trend is still similar
to the one of the particles and to

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV.
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FIG. 3 (color online). The upper panels depict the elliptic flow v2 as a function of reduced transverse mass (mT %m0) for particles,
(a) and (b), and antiparticles, (c) and (d), in 0%–80% central Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. Simultaneous fits to
the mesons except the pions are shown as the dashed lines. The difference of the baryon v2 and the meson fits are shown in the lower
panels.
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While in Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV a
single NCQ scaling can be observed for particles and
antiparticles, the observed difference in v2 at lower beam
energies demonstrates that this common NCQ scaling of
particles and antiparticles splits. Such a breaking of the
NCQ scaling could indicate increased contributions from
hadronic interactions in the system evolution with decreas-
ing beam energy. The energy dependence of v2ðXÞ %
v2ð !XÞ could also be accounted for by considering an
increase in nuclear stopping power with decreasing

ffiffiffiffiffiffiffiffi
sNN

p
if the v2 of transported quarks (quarks coming from the
incident nucleons) is larger than the v2 of produced quarks
[25,26]. Theoretical calculations [27] suggest that the
difference between particles and antiparticles could be
accounted for by mean field potentials where the K% and
!p feel an attractive force while the Kþ and p feel a
repulsive force.

Most of the published theoretical calculations can repro-
duce the basic pattern but fail to quantitatively reproduce
the measured v2 difference [25–28]. So far, none of the
theory calculations describes the observed ordering of
the particles. Therefore, more accurate calculations from
theory are needed to distinguish between the different
possibilities. Other possible reasons for the observation
that the !% v2ðpTÞ is larger than the !þ v2ðpTÞ is the
Coulomb repulsion of !þ by the midrapidity net protons
(only at low pT) and the chiral magnetic effect in finite
baryon-density matter [29]. Simulations have to be carried
out to quantify if those effects can explain our
observations.
In Ref. [21], the study of the centrality dependence of

"v2 for protons and antiprotons is extended to investigate
if different production rates for protons and antiprotons as
a function of centrality could cause the observed differ-
ences. It was observed that the differences, "v2, are
significant at all centralities.
The v2ðmT %m0Þ and possible NCQ scaling was also

investigated for particles and antiparticles separately.
Figure 3 shows v2 as a function of the reduced transverse
mass, (mT %m0), for various particles and antiparticles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. The baryons and mesons are
clearly separated for

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV at ðmT %m0Þ>
1 GeV=c2. While the effect is present for particles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV, no such separation is observed for
the antiparticles at this energy in the measured (mt %m0)
range up to 2 GeV=c2. The lower panels of Fig. 3 depict
the difference of the baryon v2 relative to a fit to the meson
v2 data with the pions excluded from the fit. The antipar-
ticles at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV show a smaller difference
compared to the particles. At

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV the
difference becomes negative for the antiparticles at
(mT %m0)<1 GeV=c2 but the overall trend is still similar
to the one of the particles and to

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV.
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FIG. 3 (color online). The upper panels depict the elliptic flow v2 as a function of reduced transverse mass (mT %m0) for particles,
(a) and (b), and antiparticles, (c) and (d), in 0%–80% central Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. Simultaneous fits to
the mesons except the pions are shown as the dashed lines. The difference of the baryon v2 and the meson fits are shown in the lower
panels.
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While in Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV a
single NCQ scaling can be observed for particles and
antiparticles, the observed difference in v2 at lower beam
energies demonstrates that this common NCQ scaling of
particles and antiparticles splits. Such a breaking of the
NCQ scaling could indicate increased contributions from
hadronic interactions in the system evolution with decreas-
ing beam energy. The energy dependence of v2ðXÞ %
v2ð !XÞ could also be accounted for by considering an
increase in nuclear stopping power with decreasing

ffiffiffiffiffiffiffiffi
sNN

p
if the v2 of transported quarks (quarks coming from the
incident nucleons) is larger than the v2 of produced quarks
[25,26]. Theoretical calculations [27] suggest that the
difference between particles and antiparticles could be
accounted for by mean field potentials where the K% and
!p feel an attractive force while the Kþ and p feel a
repulsive force.

Most of the published theoretical calculations can repro-
duce the basic pattern but fail to quantitatively reproduce
the measured v2 difference [25–28]. So far, none of the
theory calculations describes the observed ordering of
the particles. Therefore, more accurate calculations from
theory are needed to distinguish between the different
possibilities. Other possible reasons for the observation
that the !% v2ðpTÞ is larger than the !þ v2ðpTÞ is the
Coulomb repulsion of !þ by the midrapidity net protons
(only at low pT) and the chiral magnetic effect in finite
baryon-density matter [29]. Simulations have to be carried
out to quantify if those effects can explain our
observations.
In Ref. [21], the study of the centrality dependence of

"v2 for protons and antiprotons is extended to investigate
if different production rates for protons and antiprotons as
a function of centrality could cause the observed differ-
ences. It was observed that the differences, "v2, are
significant at all centralities.
The v2ðmT %m0Þ and possible NCQ scaling was also

investigated for particles and antiparticles separately.
Figure 3 shows v2 as a function of the reduced transverse
mass, (mT %m0), for various particles and antiparticles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. The baryons and mesons are
clearly separated for

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV at ðmT %m0Þ>
1 GeV=c2. While the effect is present for particles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV, no such separation is observed for
the antiparticles at this energy in the measured (mt %m0)
range up to 2 GeV=c2. The lower panels of Fig. 3 depict
the difference of the baryon v2 relative to a fit to the meson
v2 data with the pions excluded from the fit. The antipar-
ticles at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV show a smaller difference
compared to the particles. At

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV the
difference becomes negative for the antiparticles at
(mT %m0)<1 GeV=c2 but the overall trend is still similar
to the one of the particles and to

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV.
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FIG. 3 (color online). The upper panels depict the elliptic flow v2 as a function of reduced transverse mass (mT %m0) for particles,
(a) and (b), and antiparticles, (c) and (d), in 0%–80% central Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. Simultaneous fits to
the mesons except the pions are shown as the dashed lines. The difference of the baryon v2 and the meson fits are shown in the lower
panels.
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In Fig. 4, the v2ðmT "m0Þ values scaled on both axes
with the number of constituent quarks are presented forffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. A simultaneous fit [30] to p,

!p, ", and !" at a given energy is shown as the dashed line.
The differences between data and corresponding fits are
shown in the lower panels. The general scaling holds,
except for the ! mesons, for the various particles, as shown
in Figs. 4(a) and 4(b) with deviations of %10% at a
ðmT "m0Þ=nq value of 0:7 GeV=c2. A significant change
in the scaling behavior can be observed between baryon
and antibaryon v2 from

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 to 11.5 GeV, as
shown in Figs. 4(c) and 4(d). The ! mesons are also an
exception to the trend of other hadrons. At the highest
ðmT "m0Þ=nq values, the ! meson data point for

ffiffiffiffiffiffiffiffi
sNN

p ¼
11:5 GeV (pT ¼ 1:9 GeV=c) is 2:3" lower than those of
the other hadrons. This is comparable to the observed
deviation at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 7:7 GeV (pT ¼ 1:7 GeV=c) by
1:8" [21]. The smaller v2 values of the !ðs!sÞ meson,
which has a smaller hadronic interaction cross section
[31], may indicate that hadronic interactions become
more important than partonic effects for the systems
formed at collision energies & 11:5 GeV [32,33].

In summary, the first observation of a beam-energy-
dependent difference in v2ðpTÞ between particles and
corresponding antiparticles for minimum bias

ffiffiffiffiffiffiffiffi
sNN

p ¼
7:7–62:4 GeV Auþ Au collisions at midrapidity is
reported. The difference increases with decreasing beam
energy. Baryons show a larger difference compared to
mesons. The relative values of v2 for charged pions have
the opposite trend to the values of charged kaons. It is
concluded that, at the lower energies, particles and anti-
particles are no longer consistent with the single NCQ
scaling that was observed for

ffiffiffiffiffiffiffiffi
sNN

p ¼200GeV. However,
for the group of particles the NCQ scaling holds within
'10% while for the group of antiparticles the difference
between baryon and meson v2 continues to decrease to

lower energies. We further observed that the!meson v2 at
the highest measured mT "m0 value is low compared to
other hadrons at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 7:7 and 11.5 GeV with 1:8" and
2:3", respectively.
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While in Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV a
single NCQ scaling can be observed for particles and
antiparticles, the observed difference in v2 at lower beam
energies demonstrates that this common NCQ scaling of
particles and antiparticles splits. Such a breaking of the
NCQ scaling could indicate increased contributions from
hadronic interactions in the system evolution with decreas-
ing beam energy. The energy dependence of v2ðXÞ %
v2ð !XÞ could also be accounted for by considering an
increase in nuclear stopping power with decreasing

ffiffiffiffiffiffiffiffi
sNN

p
if the v2 of transported quarks (quarks coming from the
incident nucleons) is larger than the v2 of produced quarks
[25,26]. Theoretical calculations [27] suggest that the
difference between particles and antiparticles could be
accounted for by mean field potentials where the K% and
!p feel an attractive force while the Kþ and p feel a
repulsive force.

Most of the published theoretical calculations can repro-
duce the basic pattern but fail to quantitatively reproduce
the measured v2 difference [25–28]. So far, none of the
theory calculations describes the observed ordering of
the particles. Therefore, more accurate calculations from
theory are needed to distinguish between the different
possibilities. Other possible reasons for the observation
that the !% v2ðpTÞ is larger than the !þ v2ðpTÞ is the
Coulomb repulsion of !þ by the midrapidity net protons
(only at low pT) and the chiral magnetic effect in finite
baryon-density matter [29]. Simulations have to be carried
out to quantify if those effects can explain our
observations.
In Ref. [21], the study of the centrality dependence of

"v2 for protons and antiprotons is extended to investigate
if different production rates for protons and antiprotons as
a function of centrality could cause the observed differ-
ences. It was observed that the differences, "v2, are
significant at all centralities.
The v2ðmT %m0Þ and possible NCQ scaling was also

investigated for particles and antiparticles separately.
Figure 3 shows v2 as a function of the reduced transverse
mass, (mT %m0), for various particles and antiparticles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. The baryons and mesons are
clearly separated for

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV at ðmT %m0Þ>
1 GeV=c2. While the effect is present for particles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV, no such separation is observed for
the antiparticles at this energy in the measured (mt %m0)
range up to 2 GeV=c2. The lower panels of Fig. 3 depict
the difference of the baryon v2 relative to a fit to the meson
v2 data with the pions excluded from the fit. The antipar-
ticles at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV show a smaller difference
compared to the particles. At

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV the
difference becomes negative for the antiparticles at
(mT %m0)<1 GeV=c2 but the overall trend is still similar
to the one of the particles and to

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV.
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FIG. 3 (color online). The upper panels depict the elliptic flow v2 as a function of reduced transverse mass (mT %m0) for particles,
(a) and (b), and antiparticles, (c) and (d), in 0%–80% central Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. Simultaneous fits to
the mesons except the pions are shown as the dashed lines. The difference of the baryon v2 and the meson fits are shown in the lower
panels.
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In Fig. 4, the v2ðmT "m0Þ values scaled on both axes
with the number of constituent quarks are presented forffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. A simultaneous fit [30] to p,

!p, ", and !" at a given energy is shown as the dashed line.
The differences between data and corresponding fits are
shown in the lower panels. The general scaling holds,
except for the ! mesons, for the various particles, as shown
in Figs. 4(a) and 4(b) with deviations of %10% at a
ðmT "m0Þ=nq value of 0:7 GeV=c2. A significant change
in the scaling behavior can be observed between baryon
and antibaryon v2 from

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 to 11.5 GeV, as
shown in Figs. 4(c) and 4(d). The ! mesons are also an
exception to the trend of other hadrons. At the highest
ðmT "m0Þ=nq values, the ! meson data point for

ffiffiffiffiffiffiffiffi
sNN

p ¼
11:5 GeV (pT ¼ 1:9 GeV=c) is 2:3" lower than those of
the other hadrons. This is comparable to the observed
deviation at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 7:7 GeV (pT ¼ 1:7 GeV=c) by
1:8" [21]. The smaller v2 values of the !ðs!sÞ meson,
which has a smaller hadronic interaction cross section
[31], may indicate that hadronic interactions become
more important than partonic effects for the systems
formed at collision energies & 11:5 GeV [32,33].

In summary, the first observation of a beam-energy-
dependent difference in v2ðpTÞ between particles and
corresponding antiparticles for minimum bias

ffiffiffiffiffiffiffiffi
sNN

p ¼
7:7–62:4 GeV Auþ Au collisions at midrapidity is
reported. The difference increases with decreasing beam
energy. Baryons show a larger difference compared to
mesons. The relative values of v2 for charged pions have
the opposite trend to the values of charged kaons. It is
concluded that, at the lower energies, particles and anti-
particles are no longer consistent with the single NCQ
scaling that was observed for

ffiffiffiffiffiffiffiffi
sNN

p ¼200GeV. However,
for the group of particles the NCQ scaling holds within
'10% while for the group of antiparticles the difference
between baryon and meson v2 continues to decrease to

lower energies. We further observed that the!meson v2 at
the highest measured mT "m0 value is low compared to
other hadrons at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 7:7 and 11.5 GeV with 1:8" and
2:3", respectively.
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While in Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV a
single NCQ scaling can be observed for particles and
antiparticles, the observed difference in v2 at lower beam
energies demonstrates that this common NCQ scaling of
particles and antiparticles splits. Such a breaking of the
NCQ scaling could indicate increased contributions from
hadronic interactions in the system evolution with decreas-
ing beam energy. The energy dependence of v2ðXÞ %
v2ð !XÞ could also be accounted for by considering an
increase in nuclear stopping power with decreasing

ffiffiffiffiffiffiffiffi
sNN

p
if the v2 of transported quarks (quarks coming from the
incident nucleons) is larger than the v2 of produced quarks
[25,26]. Theoretical calculations [27] suggest that the
difference between particles and antiparticles could be
accounted for by mean field potentials where the K% and
!p feel an attractive force while the Kþ and p feel a
repulsive force.

Most of the published theoretical calculations can repro-
duce the basic pattern but fail to quantitatively reproduce
the measured v2 difference [25–28]. So far, none of the
theory calculations describes the observed ordering of
the particles. Therefore, more accurate calculations from
theory are needed to distinguish between the different
possibilities. Other possible reasons for the observation
that the !% v2ðpTÞ is larger than the !þ v2ðpTÞ is the
Coulomb repulsion of !þ by the midrapidity net protons
(only at low pT) and the chiral magnetic effect in finite
baryon-density matter [29]. Simulations have to be carried
out to quantify if those effects can explain our
observations.
In Ref. [21], the study of the centrality dependence of

"v2 for protons and antiprotons is extended to investigate
if different production rates for protons and antiprotons as
a function of centrality could cause the observed differ-
ences. It was observed that the differences, "v2, are
significant at all centralities.
The v2ðmT %m0Þ and possible NCQ scaling was also

investigated for particles and antiparticles separately.
Figure 3 shows v2 as a function of the reduced transverse
mass, (mT %m0), for various particles and antiparticles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. The baryons and mesons are
clearly separated for

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV at ðmT %m0Þ>
1 GeV=c2. While the effect is present for particles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV, no such separation is observed for
the antiparticles at this energy in the measured (mt %m0)
range up to 2 GeV=c2. The lower panels of Fig. 3 depict
the difference of the baryon v2 relative to a fit to the meson
v2 data with the pions excluded from the fit. The antipar-
ticles at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV show a smaller difference
compared to the particles. At

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV the
difference becomes negative for the antiparticles at
(mT %m0)<1 GeV=c2 but the overall trend is still similar
to the one of the particles and to

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV.
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FIG. 3 (color online). The upper panels depict the elliptic flow v2 as a function of reduced transverse mass (mT %m0) for particles,
(a) and (b), and antiparticles, (c) and (d), in 0%–80% central Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. Simultaneous fits to
the mesons except the pions are shown as the dashed lines. The difference of the baryon v2 and the meson fits are shown in the lower
panels.
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FIG. 2 (color online). The difference in v2 between particles
(X) and their corresponding antiparticles ( !X) (see legend) as a
function of

ffiffiffiffiffiffiffiffi
sNN

p
for 0%–80% central Auþ Au collisions. The

dashed lines in the plot are fits with a power-law function. The
error bars depict the combined statistical and systematic errors.
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Break down of NCQ scaling

!12

STAR: PRL110, 
142301 (2013)

baryons > anti-baryons

• NCQ scaling of v2 breaks down between particles and 
anti-particles 
‣ Interpretations; baryon stopping, mean-field potentials in 

AMPT, hydro+UrQMD, NJL model + coalescence, …. 
‣ Qualitative agreements. No quantitative explanations yet
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Disappear charge separation ?

• Chiral magnetic effect induces charge separation orthogonal to the 
reaction plane 
‣ requires deconfinement + chiral symmetry restoration 

• Charge separation (γos-γss) decreases with decreasing beam energies, 
seems to disappear at √sNN = 7.7-11.5 GeV

!13
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Below 39 GeV

• Observe change in behavior of v2, charge separation and 
high pT suppression pattern below 11.5-39 GeV 

‣ 1st order phase transition ?

!14

While in Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV a
single NCQ scaling can be observed for particles and
antiparticles, the observed difference in v2 at lower beam
energies demonstrates that this common NCQ scaling of
particles and antiparticles splits. Such a breaking of the
NCQ scaling could indicate increased contributions from
hadronic interactions in the system evolution with decreas-
ing beam energy. The energy dependence of v2ðXÞ %
v2ð !XÞ could also be accounted for by considering an
increase in nuclear stopping power with decreasing

ffiffiffiffiffiffiffiffi
sNN

p
if the v2 of transported quarks (quarks coming from the
incident nucleons) is larger than the v2 of produced quarks
[25,26]. Theoretical calculations [27] suggest that the
difference between particles and antiparticles could be
accounted for by mean field potentials where the K% and
!p feel an attractive force while the Kþ and p feel a
repulsive force.

Most of the published theoretical calculations can repro-
duce the basic pattern but fail to quantitatively reproduce
the measured v2 difference [25–28]. So far, none of the
theory calculations describes the observed ordering of
the particles. Therefore, more accurate calculations from
theory are needed to distinguish between the different
possibilities. Other possible reasons for the observation
that the !% v2ðpTÞ is larger than the !þ v2ðpTÞ is the
Coulomb repulsion of !þ by the midrapidity net protons
(only at low pT) and the chiral magnetic effect in finite
baryon-density matter [29]. Simulations have to be carried
out to quantify if those effects can explain our
observations.
In Ref. [21], the study of the centrality dependence of

"v2 for protons and antiprotons is extended to investigate
if different production rates for protons and antiprotons as
a function of centrality could cause the observed differ-
ences. It was observed that the differences, "v2, are
significant at all centralities.
The v2ðmT %m0Þ and possible NCQ scaling was also

investigated for particles and antiparticles separately.
Figure 3 shows v2 as a function of the reduced transverse
mass, (mT %m0), for various particles and antiparticles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. The baryons and mesons are
clearly separated for

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV at ðmT %m0Þ>
1 GeV=c2. While the effect is present for particles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV, no such separation is observed for
the antiparticles at this energy in the measured (mt %m0)
range up to 2 GeV=c2. The lower panels of Fig. 3 depict
the difference of the baryon v2 relative to a fit to the meson
v2 data with the pions excluded from the fit. The antipar-
ticles at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV show a smaller difference
compared to the particles. At

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV the
difference becomes negative for the antiparticles at
(mT %m0)<1 GeV=c2 but the overall trend is still similar
to the one of the particles and to

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV.
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FIG. 3 (color online). The upper panels depict the elliptic flow v2 as a function of reduced transverse mass (mT %m0) for particles,
(a) and (b), and antiparticles, (c) and (d), in 0%–80% central Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. Simultaneous fits to
the mesons except the pions are shown as the dashed lines. The difference of the baryon v2 and the meson fits are shown in the lower
panels.
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FIG. 2 (color online). The difference in v2 between particles
(X) and their corresponding antiparticles ( !X) (see legend) as a
function of
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for 0%–80% central Auþ Au collisions. The

dashed lines in the plot are fits with a power-law function. The
error bars depict the combined statistical and systematic errors.
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Equation of state → flow systematics

• 1st order phase transition affects the 
build up of spatial & momentum 
anisotropy 

➡ Look at flow systematics

!15

with 1st order phase transition

P. F. Kolb et al, PRC62, 054909 (2000)

Elliptic Flow: A Brief Review 7
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Figure 6. a) The velocity of sound squared versus temperature for three equations
of state [22]. b) The anisotropy in momentum space for two equations of state used in
hydrodynamic calculations [22].

The buildup of the flow for two di↵erent EoS is shown in Fig. 6b. Due to the stronger

expansion in the reaction plane the initial almond shape anisotropy in coordinate space

vanishes, as was shown in Fig. 5, while the momentum space distribution changes in

the opposite direction from being approximately azimuthally symmetric to having a

preferred direction in the reaction plane. The asymmetry in momentum space can be

quantified by:

"

p

=
hT

xx

� T

yy

i
hT

xx

+ T

yy

i , (4)

where T

xx

and T

yy

are the diagonal transverse components of the energy momentum

tensor and the brackets denote an averaging over the transverse plane. Figure 6b shows

that "

p

versus time starts at zero after which the anisotropy quickly develops and is

indeed dependent on the EoS.

Although "

p

is not a direct observable, the observed EoS dependence of "
p

versus

time is reflected in the experimental observable v2, in particular when plotted as function

of transverse momentum and particle mass. Figure 7a shows pt-di↵erential elliptic flow

for pions and protons after the transverse momentum spectra have been constrained.

A clear mass dependence of v2 at low transverse momentum is observed for both

equations of state. The figure also clearly shows that the pion v2 does not change

much between the lattice EoS and EoS Q. On the other hand, the v2 of protons does

change significantly because the heavier particles are more sensitive to the change in

collective motion. Therefore measurements of v2(pt) for various particle species provide

an excellent constraint on the EoS in ideal hydrodynamics.

More recently, it was realized that small deviations from ideal hydrodynamics, in

particular viscous corrections, already modify significantly the buildup of the elliptic

R. Snellings, New J. Phys.13, 055008 (2011)
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4. Summary60

To summarize, ⇤-⇤ correlation function is presented. Fits to data with di↵erent potential61

models suggest that ⇤-⇤ interaction is attractive. A negative scattering length gives indication62

towards non-existence of bound H-dibaryon. A clear source asymmetry signal is observed in63

pion-kaon correlation function and the o↵set is roughly half of the source size. The azimuthal64

HBT measurement shows a monotonic decrease for freeze out eccentricity as a function of beam65

energy.66

67
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Spatial anisotropy (eccentricity)

• No sudden change on spatial anisotropy 
‣ except for the CERES data point 

• Data agree with pure hadronic cascade UrQMD

!16
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L. ADAMCZYK et al. PHYSICAL REVIEW C 86, 054908 (2012)
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FIG. 7. (Color online) The v2 over ε (CGC) as a function of pT for
various collision centralities (10%–20%, 30%–40%, and 50%–60%)
in Au + Au collisions at midrapidity. Panels (a), (b), (c), (d), and
(e) show the results for

√
sNN = 7.7, 11.5, 19.6, 27, and 39 GeV,

respectively. The data are from v2{EtaSubs}. The error bars and
shaded boxes represent the statistical and systematic uncertainties
respectively, as described in Sec. IV C.

pT differential v2 over eccentricity is shown for Au + Au
collisions at

√
sNN = 7.7, 11.5, 19.6, 27, and 39 GeV. For all

five collision energies, the centrality dependence of v2(pT )
is observed to be similar to that at higher collision energies
(62.4 and 200 GeV) of Au + Au and Cu + Cu colliding
systems. That central collisions in general have higher v2/ε
than peripheral collisions is consistent with the picture that
collective interactions are stronger in collisions with larger
numbers of participants.

B. Pseudorapidity dependence

The panel (a) of Fig. 8 shows v2 as a function of
pseudorapidity for Au + Au collisions at

√
sNN = 7.7, 11.5,

19.6, 27, 39, 62.4, and 200 GeV in midcentral (10%–40%)
collisions. The data for

√
sNN = 62.4 and 200 GeV are from

Refs. [12,61,62]. To facilitate comparison with 62.4 and
200 GeV data, the results of v2{EP} are selected for the rest of
the collision energies. The 7.7-GeV data are empirically fit by
the following function:

v2(η) = p0 + p1η
2 + p2η

4, (45)

with parameters p0 = 0.0450 ± 0.0002, p1 = −0.0064 ±
0.0015, p2 = −0.0024 ± 0.0017. For clarity, panel (c) of
Fig. 8 shows the ratio of v2(η) with respect to this fit function.
The pseudorapidity dependence of v2 indicates a change in
shape as we move from

√
sNN = 200 GeV to 7.7 GeV within

our measured range −1 < η < 1.
To investigate the collision energy dependence of the v2(η)

shape, in panels (b) and (d) of Fig. 8, the same v2 results
have been plotted as a function of pseudorapidity divided by
beam rapidity. The data of 7.7 GeV are fit by Eq. (45) with
parameters p0 = 0.0450 ± 0.0002, p1 = −0.0279 ± 0.0064,
and p2 = −0.0464 ± 0.0325. The beam rapidities are 2.09,
2.50, 3.04, 3.36, 3.73, 4.20, and 5.36 for

√
sNN = 7.7, 11.5,

19.6, 27, 39, 62.4, and 200 GeV, respectively. After dividing

2v
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FIG. 8. (Color online) Panel (a) shows the v2{EP} vs η for
10%–40% centrality in Au + Au collisions at

√
sNN = 7.7, 11.5, 19.6,

27, 39, 62.4, and 200 GeV. Panel (c) shows the ratio of v2 vs η for
all

√
sNN with respect to the fit curve. Panel (b) shows the v2{EP}

vs η/ybeam. Panel (d) shows the ratio of v2 vs η/ybeam for all
√

sNN

with respect to the fit curve. The data for
√

sNN = 62.4 and 200 GeV
are from Refs. [12,61,62]. The dashed red curves show the empirical
fit to the results from Au + Au collisions at

√
sNN = 7.7 GeV. The

bands show the systematic uncertainties as described in Sec. IV C.

pseudorapidity by the beam rapidity, the shape of v2 seems
similar at all collision energies. The approximate beam rapidity
scaling on the v2(η) shape suggests the change in shape may
be related to the final particle density. Higher particle density
indicates higher probability of interaction, which can generate
larger collective flow.
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FIG. 9. (Color online) The top panels show v2{4} vs pT at midra-
pidity for various collision energies (

√
sNN = 7.7 GeV to 2.76 TeV).

The results for
√

sNN = 7.7 to 200 GeV are for Au + Au collisions
and those for 2.76 TeV are for Pb + Pb collisions. The dashed red
curves show the empirical fits to the results from Au + Au collisions
at

√
sNN = 200 GeV. The bottom panels show the ratio of v2{4} vs

pT for all
√

sNN with respect to the fit curve. The results are shown
for three collision centrality classes: 10%–20% (a1), 20%–30% (b1),
and 30%–40% (c1). Error bars are shown only for the statistical
uncertainties.

054908-12

Momentum anisotropy - elliptic flow

• No sudden change on v2{4}, smooth increase as a function of 
energy

!17

STAR: PRC86, 
054908 (2012)
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Directed flow

• Less focus on high energies 
‣ Signal is small, large non-flow (momentum conservation) 
‣ Need 3D models - challenge to transport (and hydro) models 

• Directed flow is also sensitive to 1st order phase transition 
‣ Especially slope of v1 
‣ Very non-trivial energy dependence (prediction)

!18

In Fig. 2, pion and proton v1ðyÞ are plotted 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 per-
formed 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 v1ðyÞ, re-
spectively, while the RQMD and the UrQMD model cal-
culations predict the wrong magnitude of proton v1ðyÞ. For
models other than QGSM, which has the calculation only
for pions, none of them can describe v1ðyÞ for pions and
protons simultaneously.

In Fig. 3, the slope ofv1ðyÞ atmidrapidity is presented as a
function of centrality for protons, antiprotons, and charged
pions. In general, themagnitude of thev1ðyÞ slope converges
to zero as expected for most central collisions. Proton and
antiproton v1ðyÞ slopes are more or less consistent in
30%–80%centrality rangebut diverge in5%–30%centrality.
In addition, two observations are noteworthy: (i) the hydro-
dynamic model with tilted source (which is a characteristic
of antiflow) as currently implemented does not predict the

difference in v1ðyÞ between particle species [31]; (ii) if the
difference between v1 of protons and antiprotons is caused
by antiflow 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, antiprotons, and charged
pions in a different centrality range (30%–80%). Both ob-
servations suggest that additional mechanisms than that
assumed in [11,31] are needed to explain the centrality
dependence of the difference between the v1ðyÞ slopes of
protons and antiprotons.
The excitation function of proton v1ðy0Þ slope

F (¼ dv1=dy
0 at midrapidity) is presented in Fig. 4. Values

for F are extracted via a polynomial fit of the form Fy0 þ
Cy03, where y0 ¼ y=ybeam for which spectators are normal-
ized at %1. The proton v1ðy0Þ slope decreases rapidly with
increasing energy, reaching zero around

ffiffiffiffiffiffiffiffi
sNN

p ¼ 9 GeV. Its
sign changes to negative as shown by the data point atffiffiffiffiffiffiffiffi
sNN

p ¼ 17 GeV, measured by the NA49 experiment [15].
A similar trend has been observed at low energies with a
slightly different quantity dhpxi=dy0 [32,33]. The energy
dependence of the v1ðy0Þ slope for protons is driven by two
factors: (i) the increase in the number of produced protons
over transported protons with increasing energy, and (ii) the
v1 of both produced and transported protons at different
energies. The negative v1ðy0Þ slope for protons around
midrapidity at SPS energies cannot be explained by transport
model calculations like UrQMD [34] and AMPT [29], but
is predicted by hydrodynamics calculations [8,9]. The
present data indicate that the proton v1 slope remains close
to zero at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV as observed at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 9 GeV
and

ffiffiffiffiffiffiffiffi
sNN

p ¼ 17 GeV heavy ion collisions. Our measure-
ment offers a unique check of the validity of a tilted expan-
sion at RHIC top energy.
In summary, STAR’s measurements of directed flow of

pions, kaons, protons, and antiprotons for Auþ Au colli-
sions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV are presented. In the range of
10%–70% central collisions, v1ðyÞ slopes of pions, kaons
(K0

S), and antiprotons are found to be mostly negative at
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FIG. 2 (color). Model calculations of pion (left panel) and proton
(right panel) v1ðyÞ for 10%–70% Auþ Au collisions at

ffiffiffiffiffiffiffiffi
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p ¼
200 GeV. TheQGSM*model presents the basic quark-gluon string
model with parton recombination [30]. The hydro* model presents
the hydrodynamic expansion from a tilted source [11].
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STAR: PRL108, 202301 (2012)
130 H. Stöcker / Nuclear Physics A 750 (2005) 121–147

Fig. 7. Measured SIS and AGS proton (dpx/dy)-slope data compared to a three-fluid hydro calculation. A linear
extrapolation of the AGS data indicates a collapse of flow at ELab ≈ 30 AGeV, i.e., for the lowest SPS- and the
upper FAIR-energies at GSI [59].

Fig. 8. Directed flow v1 of protons versus rapidity at 40 AGeV Pb+ Pb collisions [60] as measured by NA49 for
three centrality bins: central (dots), mid-central (squares) and peripheral (triangles). The solid lines are polynomial
fits to the data [60]. The proton antiflow is observed in the NA49 experiment even at near central collisions, which
is in contrast to the UrQMD-model involving no phase transition (Fig. 9).

Recently, substantial support for this prediction has been obtained by the low energy
40 AGeV SPS data of the NA49 Collaboration [60] (cf. Fig. 8). These data clearly show
the first proton “antiflow” around mid-rapidity, in contrast to the AGS data as well as
to the UrQMD calculations involving no phase transition (Fig. 9). Thus, at bombarding

Ideal hydrodynamical model 
with 1st order phase transition

4.5 1.9 13.8
√sNN (GeV)

H. Stocker, NPA750, 121 (2005)
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2

at least 15 space points in the main TPC acceptance82

(|⌘| < 1.0) and we require the ratio of the number of83

actual space points to the maximum possible number of84

space points to be greater than 0.52. Protons and an-85

tiprotons up to 2.8 GeV/c and ⇡

± up to 1.6 GeV/c in86

transverse momentum are identified based on specific en-87

ergy loss in the TPC and from the time measurement by88

STAR’s time-of-flight barrel [25] in combination with the89

momentum.90
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FIG. 1: Directed flow v1 for protons and for charged pions
as a function of rapidity for central (0-10%), mid-central (10-
40%) and peripheral (40-80%) Au+Au collisions at

p
sNN=

7.7, 11.5, 19.6, 27 and 39 GeV. The curves are fits to the data
based on the assumption v1 = ay + by3.

In Fig. 1, v1(y) for protons (p) and for negative pions91

(⇡�) are presented for central (0-10%), mid-central(10-92

40%) and peripheral (40-80%) collision at the five stud-93

ied energies. The slopes of v1(y) in the vicinity of mid-94

rapidity for pions and protons are mostly negative for95

all energies and centralities, with an almost-flat proton96

flow in central collision apart from at 7.7 GeV. Fig-97

ure 2 presents the first observation of anti-flow of protons98

in mid-central collisions, and this negative slope is evi-99

dent well above statistical and systematic uncertainties100

at 19.6, 27 and 39 GeV (see below for more details about101

systematics). At 11.5 GeV, protons have a small nega-102

tive slope. In contrast, NA49 has reported anti-flow in103

very peripheral collisions [32]. The present observation104

of anti-flow in mid-central collisions, where flow e↵ects105

in general are at a maximum, suggests that anti-flow is106

associated with matter at high density and high excita-107

tion. Protons and pions at and above 11.5 GeV flow in108

same direction near mid-rapidity, which is argued to be109

consistent with emission from a tilted source [18]. These110

results certainly cannot be explained by the baryon stop-111

ping picture [15], since we observe large pion flow that112

is not opposite to proton flow except at 7.7 GeV. In pe-113

ripheral collisions, a negative slope for directed flow of114

protons and pions at all energies may have a di↵erent115

origin that is unrelated to a phase transition [27].116
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FIG. 2: Proton and negative pion v1 as a function of rapid-
ity for mid-central (10-40%) Au+Au collisions at 7.7, 11.5,
19.6, 27 and 39 GeV, compared to calculations from trans-
port models.

In Fig. 2, v1(y) for protons and pions are presented for117

mid-central (10-40%) Au+Au collision at the five stud-118

ied beam energies, and are compared predictions from119

transport models. The model calculations shown are120

AMPT [30], both in default and string melting modes,121

and UrQMD [31]. They qualitatively account for the pion122

Directed flow at BES

• v1 slope is all negative for 
protons and pions 

‣ except for protons at 7.7 and 11.5 
GeV 

• Slope is generally steeper in 
lower energies in peripheral 
collisions 

• No sudden change on v1 slope 
would be expected from this 
results

!19

STAR preliminary
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Directed Flow of Protons 

•  Directed flow (v1) slope: 
    sensitive to 1st order phase transition. 

•  Proton v1 slope changes sign from + to – 
between 7.7 and 11.5 GeV and remains 
small but negative up to 200 GeV. 

•  v1 slopes for other particles are all negative. 

•  “net-proton” v1 slope shows a minimum 
around 11.5-19.6 GeV. 

•  UrQMD models cannot explain data.  

14 

(GeV) 

Net-proton v1 slope
• Smooth energy dependence 

for hadrons 
‣ consistent with trends from 

NA49 and E895 

• However, net-proton v1 
slope shows non-monotonic 
behaviour 

‣ Minimum around 10-20 GeV, 
double sign change around 10 
and 30 GeV 

• Transport calculations 
UrQMD & AMPT cannot 
reproduce the results 

• Interesting to see other net-
hadron v1 slope (not studied 
yet)

!20
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Fluctuations diverge at CP

• At critical point (with infinite system) 
‣ susceptibilities and correlation length diverge 

- both quantities cannot be directly measured 

• Experimental observables 
‣ Moment (or cumulant) of conserved quantities: net-baryons, net-

charge, net-strangeness, ... 
‣ Moment product (cumulant ratio) ↔ ratio of susceptibility 
!
!
!

- directly related to the susceptibility ratios (Lattice QCD) 

- higher moments (cumulants) have higher sensitivity to correlation length 

• Signal = Non-monotonic behavior of moment products 
(cumulant ratios) vs beam energy

!21

M. A. Stephanov, 
PRL102, 032301 (2009)
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Non-gaussian fluctuations

• 3rd moment = Skewness S 
‣ Asymmetry 

• 4th moment = Kurtosis K 
‣ Peakedness 

• Both moments = 0 for gaussian distribution 

• Critical point induces non-gaussian fluctuations
!22

From Wikipedia
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Event-by-Event Net-proton Distributions!

7"

!  Skellam distributions (dash lines)!

Input parameters :measured average 
number of protons and anti-protons.!
!
!  The shape of the net-proton !
 distributions vary with the    !
 centrality and energy.!
!
!  These are uncorrected event-!
by-event distributions of net-protons  
and the moments beyond mean are 
obtained by correcting for the finite 
centrality bin width effect.!

P(N ) = (
Np

Np

)N /2 IN (2 NpNp )e
−(Np+Np )

STAR Preliminary!

Net-proton distributions

• Distributions look like gaussian or poisson by eyeball 

• Information of higher moments are mostly encoded in the tail 

• We are dealing with tiny signals
!23
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Predictions

!24

C. Cumulants near the critical point

We shall concentrate our analysis on observables char-
acterizing the fluctuations of pions and protons. Pions are
the most abundant species produced in relativistic heavy-
ion collisions. Protons are important, among other reasons,
because their fluctuations are proxy to the fluctuations of
the conserved baryon number [30] and because their cou-
pling to the critical mode ! is relatively large.

We have defined the normalized cumulants of the proton
and pion distributions in (1.13) and (1.12) and the normal-
ized mixed cumulants in (1.15). Figure 2 shows how !4p

might look like, with "ð#BÞ given by Eq. (1.17). We
illustrate how !4p changes if we vary the location of the
critical point #c

B and the width ! of the peak in Fig. 1, as
well as the sigma-proton coupling gp. As we shall see in
Sec. II A, there are four nonuniversal parameters that (for a
given "max) govern the height of the peaks of the normal-
ized cumulants. These include gp and the sigma-pion

coupling G, as well as two parameters ~$3 and ~$4 that we
shall define in Sec. II A. We have used as our benchmark
values G ¼ 300 MeV, g ¼ 7, ~$3 ¼ 4 and ~$4 ¼ 12. As we
shall discover in Sec. II and discuss at length in Sec. III, the
heights of the peaks of different normalized cumulants
are affected differently by variations in these four parame-
ters. Figure 3 shows how six more different normalized
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FIG. 2 (color online). The #B dependence of !4p, the normal-
ized 4th cumulant of the proton number distribution defined in
(1.13), with a #B dependent " given by (1.17). We only include
the Poisson and critical contributions to the cumulant. In the top
panel we choose #c

B ¼ 400 MeV and illustrate how !4p is
affected if we vary the width ! of the peak in " from 50 to
100 to 200 MeV, as in Fig. 1. The inset panel zooms in to show
how !4p is dominated by the Poisson contribution well below
#c

B. In the lower panel, we take ! ¼ 100 MeV and illustrate the
effects of changing #c

B and of reducing the sigma-proton cou-
pling gp from our benchmark gp ¼ 7 to gp ¼ 5.
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FIG. 3 (color online). The #B dependence of selected normal-
ized cumulants, defined in (1.12), (1.13), and (1.15), with a #B

dependent " given by (1.17) as in Fig. 1. We only include the
Poisson and critical contributions to the cumulants. We have set
all parameters to their benchmark values, described in the text,
and we have chosen the width of the peak in " to be ! ¼
100 MeV. Note the different vertical scales in these figures and
in Fig. 2; The magnitude of the effect of critical fluctuations on
different normalized cumulants differs considerably, as we shall
discuss in Secs. II and III. As we shall also discuss in those
sections, ratios of the magnitudes of these different observables
depend on (and can be used to constrain) the correlation length ",
the proton number density np, and four nonuniversal parameters.
We shall also see in Sec. III that there are ratios among these
observables that are independent of all of these variables, mean-
ing that we can predict them reliably. For example, we shall see
that critical fluctuations must yield!2

2p2% ¼ ð!4p $ 1Þð!4% $ 1Þ
and !3

2p1% ¼ ð!3p $ 1Þ2ð!3% $ 1Þ and !3
1p2% ¼ ð!3p $ 1Þ%

ð!3% $ 1Þ2. (The subtractions of 1 are intended to remove the
Poisson background; in an analysis of experimental data these
subtractions could be done by subtracting the !ip or !j% deter-

mined from a sample of mixed events, as this would also subtract
various other small background effects.)

USING HIGHER MOMENTS OF FLUCTUATIONS AND . . . PHYSICAL REVIEW D 82, 074008 (2010)
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C. Athanasiou et al, PRD82, 074008 (2010) 
Non-linear sigma model

C. Cumulants near the critical point

We shall concentrate our analysis on observables char-
acterizing the fluctuations of pions and protons. Pions are
the most abundant species produced in relativistic heavy-
ion collisions. Protons are important, among other reasons,
because their fluctuations are proxy to the fluctuations of
the conserved baryon number [30] and because their cou-
pling to the critical mode ! is relatively large.

We have defined the normalized cumulants of the proton
and pion distributions in (1.13) and (1.12) and the normal-
ized mixed cumulants in (1.15). Figure 2 shows how !4p

might look like, with "ð#BÞ given by Eq. (1.17). We
illustrate how !4p changes if we vary the location of the
critical point #c

B and the width ! of the peak in Fig. 1, as
well as the sigma-proton coupling gp. As we shall see in
Sec. II A, there are four nonuniversal parameters that (for a
given "max) govern the height of the peaks of the normal-
ized cumulants. These include gp and the sigma-pion

coupling G, as well as two parameters ~$3 and ~$4 that we
shall define in Sec. II A. We have used as our benchmark
values G ¼ 300 MeV, g ¼ 7, ~$3 ¼ 4 and ~$4 ¼ 12. As we
shall discover in Sec. II and discuss at length in Sec. III, the
heights of the peaks of different normalized cumulants
are affected differently by variations in these four parame-
ters. Figure 3 shows how six more different normalized
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FIG. 2 (color online). The #B dependence of !4p, the normal-
ized 4th cumulant of the proton number distribution defined in
(1.13), with a #B dependent " given by (1.17). We only include
the Poisson and critical contributions to the cumulant. In the top
panel we choose #c

B ¼ 400 MeV and illustrate how !4p is
affected if we vary the width ! of the peak in " from 50 to
100 to 200 MeV, as in Fig. 1. The inset panel zooms in to show
how !4p is dominated by the Poisson contribution well below
#c

B. In the lower panel, we take ! ¼ 100 MeV and illustrate the
effects of changing #c

B and of reducing the sigma-proton cou-
pling gp from our benchmark gp ¼ 7 to gp ¼ 5.
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FIG. 3 (color online). The #B dependence of selected normal-
ized cumulants, defined in (1.12), (1.13), and (1.15), with a #B

dependent " given by (1.17) as in Fig. 1. We only include the
Poisson and critical contributions to the cumulants. We have set
all parameters to their benchmark values, described in the text,
and we have chosen the width of the peak in " to be ! ¼
100 MeV. Note the different vertical scales in these figures and
in Fig. 2; The magnitude of the effect of critical fluctuations on
different normalized cumulants differs considerably, as we shall
discuss in Secs. II and III. As we shall also discuss in those
sections, ratios of the magnitudes of these different observables
depend on (and can be used to constrain) the correlation length ",
the proton number density np, and four nonuniversal parameters.
We shall also see in Sec. III that there are ratios among these
observables that are independent of all of these variables, mean-
ing that we can predict them reliably. For example, we shall see
that critical fluctuations must yield!2

2p2% ¼ ð!4p $ 1Þð!4% $ 1Þ
and !3

2p1% ¼ ð!3p $ 1Þ2ð!3% $ 1Þ and !3
1p2% ¼ ð!3p $ 1Þ%

ð!3% $ 1Þ2. (The subtractions of 1 are intended to remove the
Poisson background; in an analysis of experimental data these
subtractions could be done by subtracting the !ip or !j% deter-

mined from a sample of mixed events, as this would also subtract
various other small background effects.)
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light pion sector. This is obvious from Fig. 5 where we
show the ratio of 6th and 2nd order cumulants for electric
charge fluctuations. In a HRGmodel the ratio of cumulants
calculated without the light pion sector is a factor 2 smaller
than that calculated with the physical pions included. In the
low temperature regime the lattice calculations are consis-
tent with the former. We thus conclude that lighter quark
masses and calculations closer to the continuum limit are
needed to correctly represent in lattice calculations higher
order cumulants that are sensitive to the light hadron sector.
Irrespective of this we find, however, that the occurrence of
maxima in !X

6 close but below Tc signal the breakdown of

the HRG model close to Tc. The ratio !Q
6 =!

Q
2 starts drop-

ping below Tc and is consistent with zero at Tc.
A similar behavior is found for higher order cumulants

of strangeness fluctuations. We find that for both values of
the lattice cutoff the ratio !S

4=!
S
2 overshoots the HRG

values in the transition region and this also holds true for
the ratio!S

6=!
S
2 evaluated on the coarse 16

3 ! 4 lattices. Of
course, this requires confirmation through calculations
with lighter quark masses on lattices closer to the contin-
uum limit. It may suggest that the contribution of even
heavier, experimentally not well-established multiple
strange hadrons, which are not included in the current
version of the HRG model, is of importance in the tran-
sition region. In general we find, however, that the HRG
model gives a fairly good description of cumulants of the
fluctuations of conserved charges up to temperatures close
to the transition temperature.

VI. CORRELATIONS AMONG CONSERVED
CHARGES

The analysis of cumulant ratios presented in the previous
section suggests that for temperatures above 1:5Tc fluctua-
tions of baryon number, strangeness, and electric charge
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FIG. 4 (color online). The ratio of 4th and 2nd order cumulants
of baryon number (top), strangeness (middle), and electric
charge (bottom) fluctuations. In the latter case we show curves
for a HRG model calculated with physical pion masses (upper
curve), pions of mass 220 MeV (middle), and infinitely heavy
pions (lower curve).
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FIG. 5 (color online). The ratio of 6th and 2nd order cumulants
of electric charge fluctuations evaluated on lattices of size
163 ! 4.

M. CHENG et al. PHYSICAL REVIEW D 79, 074505 (2009)

074505-8

M. Cheng et al, PRD79, 074505 (2009) 
Lattice QCD
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Moment Products: Energy Dependence !

! Deviations below Poisson !
expectations are observed beyond 
statistical and systematic errors  in 
0-5% most central collisions for κσ2 
and Sσ above 7.7 GeV.  
!
!   For peripheral collisions, the !
deviations above Poission expectations 
are observed below 19.6 GeV.!
 !
! UrQMD model show monotonic !
behavior for the moment products, in!
 which non-CP physics, such as!
 baryon conservation, hadronic 
scattering effects, are implemented.!

X. Dong Aug. 19th, 2013         Future Trends Workshop, Beijing 

Higher Moments of Net-charge 

18 

•  Net-charge fluctuation – related to 
freeze-out parameters 

Bazavov et al, PRL 109 (2012) 192302 

•  Data - efficiency uncorrected * 

•  Data compared to various expectations 
- Poisson  
- (Negative-)Binomial *  

•  Need precision measurements. 

* Currently under investigation 

Net-protons & Net-charge

• No significant excess observed for both net-protons & net-
charge 

‣ Something happened below 30-40 GeV ?

!25
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Current issues

• Net-proton is not net-baryon 
‣ Net-charge might be better 

• Efficiency correction is important 
‣ Under investigation 

• Is Poisson baseline reliable ? How about (Negative-) 
Binomial distribution ? 

‣ Under investigation 

• 100 MeV gap in µB between 11.5 and 19.6 GeV 
‣ 15 GeV is planed in 2014 

• Need more statistics at 7.7 and 11.5 GeV 
‣ BES phase-II in 2018-2019

!26

A. Bzdak and V. Koch, PRC86, 044904 (2012), 
M. Kitazawa and M. Asakawa, PRC86, 024904 (2012)
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Other fluctuation observables

• None of fluctuation observables show significant excess 
‣ No sensitivity to CP ? Signal is weak ? No CP ?

!27

The STAR Collaboration:  http://drupal.star.bnl.gov/STAR/presentations 

Motivation 
This is a critical point search 

We are looking for “a nonmonotonic change in pt 
correlations as a function of centrality and/or as the 

incident energy is raised”  

Phys. Rev. C 72, 044902 (2005) 
Nonmonotonic behavior of any fluctuation 

observable could be indicative of the critical point. 

Analysis Cuts 
pt range: 0.15 GeV/c < pt < 2.0 GeV/c 

|DCA| < 1 cm   
VR < 2 cm 

|η| < 1 
Required at least one TOF hit 

Definitions 

Δpt ,iΔpt , j =
1

Nevent

Ck

NK Nk −1( )k=1

Nevent

∑

CK = pt ,i − pt( ) pt , j − pt( )
j=1,i≠ j

Nk

∑
i=1

Nk

∑

pt = pt k
k=1

Nevent

∑⎛⎝⎜
⎞
⎠⎟

Nevent pt k = pt ,i
i=1

Nk

∑⎛⎝⎜
⎞
⎠⎟

Nk

Two-particle pt correlation: 

To remove non-statistical fluctuations in <<pt>> 
arising from variations in centrality, <<pt>> was 

calculated as a function of event multiplicity. 

Motivation for Scaling 
<Δpt,iΔpt,j> is a parameter which is sensitive to 

energy and centrality. It may also be sensitive to 
other event parameters. Scaling isolates non-

trivial signals. 
Scaling observable with multiplicity to remove 

1/N scaling 

Scaling with average transverse momentum to 
remove energy and centrality dependence of pt 

dN
dη

Δpt,iΔpt, j

Δpt,iΔpt, j pt
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• Scaled correlations strongly 
decrease with decreasing 
energy below 39 GeV 
• We agree with previous STAR 
results 
• UrQMD reproduces the trend 
of these data. 
• We are in disagreement with 
CERES 
• Our disagreement with CERES 
may be due to acceptance 
effects or differences in the pt 
cut 
• CERES used:  
        0.1GeV/c < pt < 1.5 GeV/c 

<pt> Spectra – Central Bin 
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t

<p
C

ou
nt

s 
(n
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m

al
iz
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•  The mean 
decreases with 
energy from 200 
GeV to 19.6 GeV 
then increases 

•  The lines are 
gamma 
distribution fits 

<<pt>> 

Methodology 

Summary 

Scale with dN/dη 
•  Correlation 

observable 
scaled with 
multiplicity 

•  The multiplicity 
values used in 
this calculation 
are uncorrected 

The average pt per event is calculated as a function of the 
multiplicity and the correlation parameter is calculated with 

respect to the average pt. 

<Δpt,iΔpt,j> 

•  The quantity                                  

decreases strongly with incident energy 

below 39 GeV 

•  No non-monotonic behavior is observed 

in <Δpt,iΔpt,j>  

Δpt,iΔpt, j pt

partN
0 50 100 150 200 250 300 350

]2
> 

[(M
eV

/c
)

t,jp
6

t,ip
6

)<d
(d

N
/d

410

510

7.7 GeV Au+Au

11 GeV Au+Au

19.6 GeV Au+Au

39 GeV Au+Au

62 GeV Au+Au

200 GeV Au+Au

•  Below 19.6 GeV 
<<pt>> 
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•  the scale of 
variation is 
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•  The inset shows 
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function of √sNN  
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Summary of BES phase-I

• Several turn-off signals observed in 10-30 GeV 
‣ Break down of NCQ scaling of v2 between particles and anti-particles 
‣ Disappearance of charge separation 
‣ Disappearance of high pT suppression 

• No conclusive observations for 1st order phase transition and 
critical point search yet 

‣ Spatial and momentum anisotropy with respect to second harmonic 
event plane show monotonic energy dependence 

‣ Net-proton v1 slope shows non-monotonic behavior 
‣ Fluctuation observables essentially show monotonic energy 

dependence 
- we need precision measurements below 20 GeV, especially for higher moments

!28
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Future perspective

• Near term: 2014-2015 
‣ Complete HFT installation (2014) 

- Open charm, di-leptons at 200 GeV - sQGP properties 

‣ 15 GeV for critical point search 

• Middle term: -2019 
‣ Electron cooling at RHIC (luminosity) 
‣ Inner TPC upgrade - acceptance, efficiency, pid 
‣ Forward tracking upgrade - better event plane determination 

• Middle and long term: 2016- 
‣ Forward upgrade towards eRHIC, eSTAR

!29
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12 Jim Thomas - LBL  

TPC Sector Detail 

 

60 cm 

190 cm 

• 24 sectors 
• 12 on each 

side 
• Large pads 

for good 
dE/dx 
resolution 
in the Outer 
sector 

• Small pads 
for good 
two track 
resolution 
in the inner 
sector 
 
 

Fill in the missing pad rows?  (XZB and JD) 

TPC Inner Sector Upgrade (iTPC) 

•  Current pad plane layout with 13 rows and gaps 
•  only 13 maximum possible points 
•  only reads ~20% of possible gas path length 

•  Inner sectors essentially not used in dE/dx 

•  Essentially limits effective acceptance to |η|<1 

η=±1               η=±1.2             η=±2 

24 

inner TPC (iTPC) upgrade

• Rebuild inner sectors of the TPC 
‣ pseudorapidity coverage extend from 1 to 1.7 
‣ Improve dE/dx - better PID 
‣ Better efficiency, transverse momentum resolution

!30

Z. Ye, 
RHIC/AGS users meeting
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Displaced Vertex Finder

20

STAR

The minimum tracking requirement for Λ reconstruction is displaced 
vertex measurement for Λ → p + π- channel. 

The simplest possibility is to combine the proposed event plane detector 
(HALO) with the calorimeter preshower to do two point tracking. 

HALO by A. Schmah (LBNL)
Vertex Distribution (Pythia 200 GeV)

Λ hyperons
Everything else

Vertex cut at ~1m rejects most of the 
BG while retaining ~70% of Λ’s. 
→ Resolution requirement is low,HALO’s primary purpose is for event 

plane reconstruction during BES II

Event plane detector

• Provide better event plane resolution 

• Important as trigger detector (~95% events are background at 
7.7 GeV in our current trigger) 

• Provide independent centrality determination 

• Evaluation is on-going for detector implementation
!31
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Conclusions

• RHIC BES-I 
‣ Turned off several key signals at 200 GeV 
‣ No conclusive evidence for 1st order phase transition and critical point 

search 
‣ Therefore, we proposed BES phase-II with 10-20 times better 

statistics 

• RHIC BES-II (2018-2019) 
‣ Focus on √sNN < 20 GeV 
‣ Electron cooling + longer bunch lengths will increase luminosity 
‣ iTPC upgrade will extend pseudorapidity coverage, better pid, 

efficiency, pT resolution 
‣ Event plane detector is being evaluated to improve flow 

measurements (and forward tracking in p+p) 
‣ (Fixed target mode is also considered at STAR in order to reach lower 

energies down to ~ 3 GeV)

!32
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Back up

!33
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L. ADAMCZYK et al. PHYSICAL REVIEW C 88, 014902 (2013)
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FIG. 17. (Color online) Elliptic flow, v2, of p and p̄ as a function
of transverse momentum pT for 40%–80% centrality Au + Au
collisions. The point-by-point systematic uncertainties are shown
by the shaded areas attached to the data points, while the global
systematic uncertainties are shown as the shaded horizontal bar.
Shown in the bottom row of each panel is the difference between
a particle and the corresponding antiparticle v2(pT ) which are fit
with a horizontal line. The red shaded area around each fit shows the
combined statistical and systematic fit error.

flow is the largest, but the absolute difference !v2(pT ) is
smaller compared to the midcentral bin (10%–40%) and is
comparable to the most central bin (0%–10%). It is concluded
that !v2(pT ) shows a clear centrality dependence for protons
and antiprotons and that the difference in v2(pT ) remains when
restricted to narrower centrality ranges.

B. Elliptic flow as a function of transverse mass

The v2 values as a function of the reduced transverse
mass, mT − m0, shows a clear splitting between baryons and
mesons for larger mT − m0 values at

√
sNN = 200 GeV [13].

The particle mass, charge, and strangeness content are not
the driving factors. Only the number of constituent quarks
separates the results into the two branches. This observation
is an indication that the results are sensitive to the particle
internal degrees of freedom, that is, the constituent quarks
in the QGP phase of the collision. After hadronization, the
flow of the quarks is carried by the measured particles. In a
coalescence picture, this will result in the v2 values of the
baryons being a factor of 1.5 larger than the v2 values of
the mesons [45]. Figure 18 shows the v2(mT − m0) values
for all six BES energies and the same selection of particles
(a) and corresponding antiparticles (b) as presented above. The
baryons and mesons are clearly separated in Fig. 18(a) above
(mT − m0) > 1 GeV/c2. The separation at 7.7 GeV between
protons and π+, K+ is significantly smaller than that at all of
the other energies. The # hyperons follow the meson branch
at 7.7 GeV.

The antiparticles at 39 and 62.4 GeV show a similar
behavior as the particles, and at all lower energies the meson
and baryon branches approach each other. At 11.5 GeV, a
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FIG. 18. (Color online) The elliptic flow, v2, of 0%–80% central
Au + Au collisions as a function of the reduced transverse mass,
mT − m0, for selected particles (a) and antiparticles (b). Only
statistical error bars are shown. A significant splitting between the
baryons (gray) and mesons (red) is observed at the higher energies.
The splitting becomes smaller at 7.7 GeV. At lower energies, the
baryons and mesons are consistent with each other within the
measured pT range for the particles shown in (b).

difference between the antibaryons and mesons is no longer
observed, and at 7.7 GeV the antiproton and # v2(mT − m0)
are below the meson branch in the measured mT − m0 range.
The trend observed is a decrease in the baryon-meson splitting
in v2(mT − m0) for (mT − m0) >1 GeV/c2 as the energy is
lowered, for both the particle and the antiparticle groups.

C. Number-of-constituent quark scaling of v2

The splitting in v2(mT − m0) between the mesons and
baryons at transverse mass values above 1 GeV/c2 shown in
Fig. 18 implies a dependence of the v2 values on the number
of constituent quarks, nq . The NCQ scaling was originally
predicted for v2(pT ) at intermediate transverse momenta [46].
A scaling of pT and v2 with 1/nq was suggested. Indeed,
the scaled v2 values for all particles at 200 GeV Au + Au
collisions collapse to a common single trend at intermediate pT

values [20–23,47]. This is interpreted as a possible signature
that a deconfined system was formed in the initial stage of the
system, where most of the elliptic flow develops. This scaling
should vanish in a hadron gas system at lower energies. Thus,

014902-16
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FIG. 19. (Color online) The NCQ-scaled elliptic flow, v2/nq versus (mT − m0)/nq , for 0%–80% central Au + Au collisions for selected
particles (a) and corresponding antiparticles (b). Only statistical error bars are shown. The dashed lines show the results of simultaneous fits
with Eq. (17) to all particles except the pions.

the breakdown of NCQ scaling would be a necessary signature
for a QCD phase transition from partonic to hadronic matter.

Because particles and antiparticles have the same number of
quarks, the NCQ scaling transformation of v2 does not change
their relative separation. This means that the difference in
v2(pT ) for particles and corresponding antiparticles observed
in Sec. VI A constitutes a violation of this NCQ scaling.
Possible physics causes for this difference are discussed below.
In the following, NCQ scaling is shown separately for a selec-
tion of particles and antiparticles. Because a better agreement
between the different particles [even at low (mT − m0)/nq

values] is achieved with the (v2/nq)[(mT − m0)/nq] scaling
compared to the (v2/nq)(pT /nq) scaling, Fig. 19 presents the

scaled distributions versus (mT − m0)/nq . The corresponding
scaled plots for v2(pT ) are shown in Fig. 24 in the Appendix.

The NCQ scaling should only hold in the transverse
momentum range of 1.5 < pT < 5 GeV/c [44,48]. For the
corresponding scaled transverse mass and transverse momen-
tum range, a fair agreement for most of the particles and
energies is observed. Only the φ mesons deviate from the
trend at 7.7 and 11.5 GeV, with the maximum measured
(mT − m0)/nq value just reaching the lower edge of the
expected NCQ scaling range. The values deviate from those for
the other particles and antiparticles at the highest (mT − m0)
values at

√
sNN = 7.7 and 11.5 GeV by 1.8σ and 2.3σ ,

respectively. For the calculation statistical and systematic

014902-17

STAR: PRC88, 
014902 (2013)
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FIG. 10. (Color online) The elliptic flow, v2(pT ), in 0%–80%
central Au + Au collisions for selected particles (a) and antiparticles
(b) (see text), plotted only for the transverse momentum range of
0.2 < pT < 1.6 GeV/c to emphasize the mass ordering at low pT .
Only statistical error bars are shown. Systematic errors are much
smaller than the statistical errors. The fit functions to guide the eye
correspond to Eq. (17).

for various particle species are directly compared. For this
selection of particles (p, !, "−, #−, π+, K+, K0

s , and φ), the
mass ordering is valid for all energies, as shown in Fig. 10(a).
Only the φ mesons deviate from this general trend at the lower
energies. Their v2(pT ) values are slightly smaller compared to
all of the other hadrons. Starting at 39 GeV, every φ meson
v2(pT ) value is smaller than the corresponding value for the
heavier !.

The lower the energy, the smaller is the difference between
the various particles in v2(pT ) at pT < 1.5 GeV/c. This could
be related to a reduction of radial flow as the beam energy
decreases. However, no narrowing of the spread of v2(pT )
with beam energy is observed for the antiparticles, as depicted
in Fig. 10(b). At lower beam energies, the v2(pT ) values for
p̄ and ! were significantly smaller than the values for their
partner particles. The possible physics implications owing to
the differences in particle and antiparticle v2(pT ) are discussed
in more detail in the next sections.

3. Particle and antiparticle comparison of v2( pT )

In Figs. 11–13, each particle v2(pT ) is directly compared,
if possible, to that for its antiparticle. For the mesons the
antiparticle convention from Ref. [37] is used. The point-

2v

0

0.05

0.1

0.15

0.2 Au+Au,  0-80%
-sub EPη

(a)
7.7 GeV

-π
+π

-π-+π

2v ∆

-0.01
0

0.01

2v

0

0.05

0.1

0.15

0.2 27 GeV

0 1 2 3 4

2v∆

-0.01
0

0.01

11.5 GeV

39 GeV

 (GeV/c)
T

p
0 1 2 3 4

19.6 GeV

62.4 GeV

0 1 2 3 4

2v

0

0.05

0.1

0.15

0.2 Au+Au,  0-80%
-sub EPη

(b)
7.7 GeV

+K
s
0K
-K --K+K

2v∆ 0

0.02

2v
0

0.05

0.1

0.15

0.2 27 GeV

0 1 2 3 4

2v∆ -0.02
0

11.5 GeV

39 GeV

 (GeV/c)
T

p
0 1 2 3 4

19.6 GeV

62.4 GeV

0 1 2 3 4

FIG. 11. (Color online) The elliptic flow, v2, of charged pions
(a) and kaons (b) as a function of the transverse momentum,
pT , for 0%–80% central Au + Au collisions. The point-by-point
systematic uncertainties are shown by the shaded areas attached to
the data points; otherwise they are smaller than the symbol size. The
global systematic uncertainties are very small and shown as shaded
horizontal bars. The bottom row of each panel shows the difference
between a particle and corresponding antiparticle v2(pT ) and a fit
with a horizontal line. The red shaded area around each fit depicts the
combined statistical and systematic fit errors. Different &v2 ranges
were used for the top and bottom panels.

by-point systematic uncertainties are displayed as the shaded
bands that connect the data points. The global systematic
uncertainties are shown as the error bands along the horizontal
axis. Shown are the v2(pT ) for π+(ud̄), π−(ūd) and K+(us̄),
K0

s [(ds̄ − s̄d)/
√

2], K−(ūs). At the higher energies of 27,
39, and 62.4 GeV, the charged pion π+ and π− v2(pT ) values
show almost identical shapes and amplitudes, as expected from
particles with the same mass and number of quarks. At lower
energies, an increasing difference between v2(π+) and v2(π−)
is observed, where v2(π−) is larger than v2(π+) for all pT

values. In the lower rows of each panel in Fig. 11, the difference
in v2(pT ) between particles and antiparticles is shown. The red
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