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STAR physics goals

• Study structure of QCD 
phase diagram in heavy 
ion collisions

• At √sNN = 200 GeV
- pQCD in hot and dense 

medium

- Medium properties, 
Equation Of State

• RHIC Beam Energy Scan
- Search for the QCD Critical 

point
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STAR experiment

• Large acceptance
- Full azimuth, good pseudo-rapidity coverage (TPC |η|<1, TOF |η|<0.9)

• High Level online tracking Trigger (HLT)
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Discovery of anti-4He

• TPC+TOF+HLT

• Particle identification by 
dE/dx (TPC) + flight-time 
(TOF)

• A clean separation for 
anti-3He and anti-4He

• Total 18 counts of anti-4He
- 2 from 2007

- 16 from 2010
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L. Xue, QM2011

Nature 473, 353-356, (19 May 2011) 
doi:10.1038/nature10079



/19Hiroshi Masui        2011 RHIC/AGS users meeting, BNL, Jun

Baryon Number
-6 -4 -2 0 2 4 6

)2
/G

eV
2

dy
 (c

T
dp Tp

N
/2

2 d

-1110
-1010
-910
-810
-710
-610
-510
-410
-310
-210
-110
1

10
210

p

d

3He

4He

p

d

3He

4He

Invariant yields for anti-4He

• Invariant yields for anti-4He
- consistent with exponential trend expected from both thermal and coalescence 

models
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L. Xue, QM2011

Nature 473, 353-356, (19 May 2011) 
doi:10.1038/nature10079
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Azimuthal anisotropy
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Dynamical charge separation

• Charge separation due to 
Chiral magnetic effect
- Parity (P) odd domain + large 

magnetic field

• Measured only through 2 or 
many particle correlation
- Suffered by P-even backgrounds

• Signal is O(10-4) in |a1|2
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Three particle correlation

• Consistent results from ZDC-SMD event plane
- Signal is likely a genuine correlation with respect to the reaction plane
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may not due to v1 fluctuations 

Signal

P-even backgrounds
may or may not cancel

STAR Preliminary

D. Gangadharan, QM2011

peripheral central
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In-plane or out-of-plane ?

• Charge separation between same and opposite pairs is larger for 
larger wedge size
- Larger charge separation in the vicinity of the in-plane direction

9

Q. Wang, QM2011

STAR Preliminarycharge
separation

+ +

--



/19Hiroshi Masui        2011 RHIC/AGS users meeting, BNL, Jun

Local charge conservation ?

• Consistent with three particle correlation method

• Data can be also explained by local charge conservation + elliptic 
flow
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H. Wang, QM2011

Centrality
0 10 20 30 40 50 60 70 80

)
-3

M/
2(

10
pγ

-10

-5

0

5

10

15

20

25

30

35

Blast-wave Model
STAR PRL

>b<C2v
2cv 2sv

Balance Function

STAR Preliminary

γp =
1
2
(2γ+− − [γ++ + γ−−])

γ = �cos (φa + φb − 2ΨRP)�
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S. Schlichting and S. Pratt, PRC83, 014913 
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Elliptic flow

• Initial almond shape → final 
momentum anisotropy

• Conversion efficiency depends 
on
- Density profile, equation of state, 

d.o.f, transport coefficients, ...
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Hadron coalescence

• Deuteron and 3He v2 consistent with dynamical coalescence model

• Consistent with hadron coalescence (d, 3He vs p)
- also consistent with quark coalescence (nuclei vs mesons)
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AMPT String Melting + nucleon coalescence
S. Zhang et al., PLB684 (2010) 224.

STAR Preliminary

C. Jena, ICPAQGP2010
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Hadronic or partonic scaling ?

• ρ0 meson v2 scales with nq = 2 in 1.5 < pT < 5 GeV/c
- nq = 4 (2π → 4 constituent quarks) doesn’t follow the scaling

- Dominant ρ0 productions in early partonic stage

• Systematic error study is on-going

13

Prabhat Pujahari:  p.pujahari@gmail.com 
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φ meson v2

• High statistics Year10 data
- Consistent with published results, smaller statistical error bars

- Centrality dependence, comparison of other strange hadrons are on-going
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K0S, Λ
STAR; PRL92, 052302 (2004)
φ (Year4)
STAR; PRL99, 112301 (2007)
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Higher harmonics

• Higher harmonics (n ≥ 3)
- might be sensitive to the initial 

geometry fluctuations

• Mean odd harmonics should 
be vanished in symmetric 
rapidity
- Fluctuations would lead non-zero 

odd harmonics
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2 particle correlation

• n=3 exhibits effects of initial overlap geometry

• n≥4 show 1/N dependence - typical two particle non-flow correlation
- n=3 at peripheral also shows 1/N dependence, dominated by non-flow ?

16

Q-Cumulants: 200 GeV Au+Au |η|<1.0

STAR Preliminary
STAR Preliminary

P. Sorensen, QM2011
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4 particle correlation

• vn{4} is consistent with 0 → 
v3{2} due to non-flow and/or 
vn ∝ εn,part, vn{4} ∝ εstd

- with gaussian ansatz for 
fluctuations in reaction plane 
frame*

• How v3(pT) looks like ?

17

Q-Cumulants: 200 GeV Au+Au |η|<1.0

STAR Preliminary

P. Sorensen, QM2011

* R.S. Bhalerao and J-Y.Ollitrault, PLB641, 260-264 
(2006), S. Voloshin et al, PLB659, 537-541 (2008)
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v3; pT dependence

• η gap (η>1 at least) to reduce non-flow effects

• v3 > v2 at central, intermediate pT, weak centrality dependence of v3

- seems to consistent with the scenario of initial geometry fluctuations

18

v3{2} using separate η ranges: 
η1<-0.5 and η2>0.5 

STAR Preliminary

L. Yi,
P. Sorensen, QM2011

η1>0.5 & η2<-0.5

peripheral central
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Summary

• Discovery of 18 counts of anti-4He with TPC+TOF+HLT
- consistent with expectations from thermal and coalescence models

• Measurements of dynamical charge separation
- Signal is likely a genuine correlation with respect to the reaction plane

- Separation seems to occur in the vicinity of the in-plane direction

- Most of the signal can be also explained by charge conservation + elliptic flow

• Measurements of second harmonic azimuthal anisotropy
- Light nuclei (d and 3He) v2 are consistent with dynamical quark coalescence 

model, seems to scale by hadron & quark coalescence scenario

- ρ0 v2 shows partonic scaling

- More detailed study for φ and other strange hadron v2 will be coming soon

• Higher harmonics
- 4-particle correlation suggests v3 in |η|<1 is non-flow and/or v3 ∝ ε3,part

- Centrality dependence of v3(pT) seems to favor initial fluctuation scenario

19
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Back up
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Directed flow

• Sideward motion of particles

• Sign of v1 is arbitrary
- Conventionally, define positive v1 

at forward spectators

21
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Rapidity dependence of v1

• Sensitive to the EOS and thermalization time
- Flat or wiggle shape v1 → softening of EOS ? Baryon stopping ?

- Reduction of longitudinal pressure and/or large tilt of initial geometry ?

➡ v1 for identified hadrons (protons vs mesons)

22
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FIG. 5. (Color online) The directed flow from hydrodynamic
calculations (lines are as in Fig. 4) compared to STAR Collaboration
data [36].

form as in Eq. (2), and the correction to the pressure π is
the solution of a dynamical equation [5]. In Fig. 1 are shown
the longitudinal (dotted line) and transverse (long-dashed line)
pressures resulting from the action of the shear viscosity,
corresponding to the strong-coupling limit (η/s = 1/4π ) [23],
with the Navier-Stokes initial value of the stress correction
π = 4η/3τ0. The pressure anisotropy from such a small
shear viscosity is compatible with our limits on the pressure
anisotropy. It indicates that the shear viscosity in the dense
matter at the early stage of the collision is close to the
strong-coupling limit. A different issue is the role of shear
and bulk viscosities in the latter expansion. In particular, the
viscosity and dissipative effects in the hadronic rescattering
are known to influence significantly the final elliptic flow [41].

IV. CONCLUSIONS

We propose to measure the thermalization time in the
early stage of a heavy-ion collision using the directed

flow of particles. We demonstrate in explicit hydrodynamic
calculations that the directed flow is significantly reduced
in the presence of even a very short pressure anisotropy.
The directed flow observable is unique, as it is sensitive
simultaneously to the transverse and longitudinal pressures.
Moreover, the directed flow is generated early in the expansion.
Hydrodynamic calculations indicate that observables such as
the p⊥ spectra, HBT radii, and elliptic flow are sensitive
to the whole evolution of the fireball and feel the action
of the transverse flow only. A short reduction of the lon-
gitudinal pressure does not influence these transverse flow
observables.

Using the initial fireball densities calculated in the Glauber
model, we estimate that the thermalization time is smaller than
0.25 fm/c. Such a small value of the delay for the appearance of
the longitudinal pressure indicates that the system is strongly
coupled. For small deviations from equilibrium, the anti–de
Sitter/conformal field theory result for the relaxation time is
τπ = (1 − ln 2)/(6πT ) # 0.02 fm/c [42], which is #30 times
smaller than the value for the massless Boltzmann gas. Our
result also points toward a small shear viscosity in the dense
plasma, as otherwise the longitudinal pressure would be signif-
icantly reduced. We note that the directed flow could serve as a
sensitive constraint for microscopic models of the initial equi-
libration [15,17–21,26,27,31], with approaches based on field
theory solutions [20,21] or kinetic theory [19,26] being more
general than our parametrization, as they describe both the far-
from-equilibrium dynamics and the near-equilibrium viscous
hydrodynamics.

ACKNOWLEDGMENTS

The work is supported by the Polish Ministry of Science
and Higher Education grant No. N N202 263438.

[1] I. Arsene et al. (BRAHMS Collaboration), Nucl. Phys. A 757,
1 (2005); B. B. Back et al. (PHOBOS Collaboration), ibid 757,
28 (2005); J. Adams et al. (STAR Collaboration), ibid 757, 102
(2005); K. Adcox et al. (PHENIX Collaboration), ibid 757, 184
(2005).

[2] P. F. Kolb and U. W. Heinz, in Quark Gluon Plasma 3, edited
by R. Hwa and X. N. Wang (World Scientific, Singapore, 2004),
p. 634; P. Huovinen and P. V. Ruuskanen, Annu. Rev. Nucl. Part.
Sci. 56, 163 (2006); T. Hirano, J. Phys. G 36, 064031 (2009);
J.-Y. Ollitrault, arXiv:1008.3323 [nucl-th].

[3] W. Broniowski, M. Chojnacki, W. Florkowski, and A. Kisiel,
Phys. Rev. Lett. 101, 022301 (2008); S. Pratt, ibid. 102, 232301
(2009).
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Identified hadron v1 vs rapidity

• Measured hadrons show flat or negative slope of v1

- Similar slope between π and anti-protons
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Figure 2.4: v1 for π±, K±, K0
S , p and p̄ as a function of rapidity for 10-70% Au + Au

collisions at
√

sNN = 200 GeV. The lines present the linear fit to the π±, K±, K0
S , p and

p̄’s v1(y) respectively. Data points around y = 0.29 are slightly shifted horizontally to avoid

overlapping.

2.2 Identified particles’ directed flow

2.2.1 Rapidity dependance of directed flow

In Fig. 2.4, v1(y) of π±, K±, K0
S, p and p̄ are presented for centrality 10-70%. Following

convention, the sign of spectator v1 in the forward region is chosen to be positive, to

which the measured sign of v1 for particles of interest is only relative. Fitting with a

linear function, the slopes are −0.15±0.05(stat)±0.08(sys)(%) for the protons, −0.46±

0.06(stat)±0.04(sys)(%) for the antiprotons, −0.27±0.01(stat)±0.01(sys)(%) for the pi-

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

for the K0
S. The relative 16% common systematic error for all particles is not listed here.

The v1(y) slope for the three produced particle types (π±, K±, K0
S and p̄) are mostly

found to be negative at mid-rapidity, which is consistent with the anti-flow picture.

In particular, K0
S is less sensitive to shadowing effects due to the small kaon-nucleon

cross section, yet it shows a negative slope. This is again consistent with the anti-flow
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Proton v1 slope

• Negative v1 slope in 30-80% - consistent with π

• Difference of v1 slope between protons and anti-protons in 5-30%
- No difference in hydro + tilted source
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Figure 2.6: Charged (solid stars), proton (solid circles) and anti-proton (solid squares) v1(y)

slope (dv1/dy) at midrapidity as a function of centrality for Au + Au collisions at
√

sNN = 200

GeV.

in cascade mode [7]. The centrality is 10% - 70% in Au + Au collisions at
√

sNN =

200 AGeV at, i.e., with the corresponding impact parameter range b = 4.4− 11.7

fm.

• hydro: a hydrodynamics model with a tilted source [10]. The centrality is 10% -

70% in Au + Au collisions at
√

sNN = 200 AGeV.

2.2.2 Centrality dependance of Directed flow

However, anti-flow has difficulties in explaining the centrality dependence of v1. Fig 2.7

shows v1(y) slope at midrapidity as a function of centrality for protons, anti-protons and

charged pions. If there is an anti-flow due to the strong, tilted expansion, one expects

such an effect is larger in mid-central collisions than that in peripheral collisions. As

a consequence, proton v1 slope, which is expected to be positive in very peripheral

collisions, will change its sign to negative in mid-central collisions and approach zero

in central collisions. However, in 30-80% central collisions, proton v1 slope is found

negative and the magnitude decreases with decreasing centrality. In more central (5-
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