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About the BES program

In 2010 and 2011 RHIC
completed phase I of the BES
program with data sets at 7.7,
11.5, 19.6, 27 and 39 GeV,and in
2014, 14.5 GeV.
Goals of the BES program:

I Determine the energy at
which key QGP signatures
turn o↵.

I Search for the critical point.

I Search for the first order
phase transition.
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Figure 1. The picture of the QCD Phase Diagram with marked coverage of the RHIC BES
program. Yellow trajectories represent schematics of the collision evolution at di�erent energies
of the BES program. The red circle symbolizes the critical point. Note, that yellow lines and
the red circle are for illustrative purpose only.

The Au+Au collisions at lower, i.e. below the injection point, energies, available presently
at RHIC, should be able to reach a chemical potential region of interest, and therefore allow for
the exploration of the first-order phase transition, and possibly of the CP.

In 2010 and 2011 RHIC completed phase I of the BES program with data sets at 7.7, 11.5,
19, 27 and 39 GeV. This is complemented by the data collected earlier at higher energies (62,
130 and 200 GeV). Together they cover the µB interval from 20 to 450 MeV, which is believed
to contain the range associated with the first order phase transition and CP.

In the following sections a short discussion of BES program specific goals, together with a
few preliminary results of analyzed phase I data, will be presented.

2. Beam Energy Scan Program at RHIC
Presently the BES program is focused around three goals.

The first one, and the easiest, is to scan the phase diagram with variable collision energy
(di�erent µB and T) to find whether (and where in the

p
sNN ) the key QGP signatures observed

at the top RHIC energy have been turned o�. This may suggest that system is back to the
hadron gas phase. The disappearance of a single signature would not be enough to claim an
onset of deconfinement, because there are other phenomena not related to deconfinement which
may cause a similar e�ect. However, the modification or disappearance of several signatures
simultaneously would definitely provide a compelling case. The particular observables identified
as the essential drivers of this part of the run are: constituent quark number scaling, hadron
suppression in central collisions characterized by Rcp, untriggered pair correlations in the space
of pair separation in azimuth and pseudorapidity and local parity violation in strong interactions.

The second goal is to find critical fluctuations, associated with a strong increase in the
susceptibilities, which are expected in the vicinity of CP. However, because the finite size e�ects
could wash out the critical behavior, the search for evidence of the softening of EOS as a system
enters a mixed phase region implicitly associated with crossing first-order phase transition was

The QCD phase diagram
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Di-hadron correlations from RHIC and LHC

Di-hadron correlations are a key observable in probing the collectivity of
the system. How does the collectivity evolve in the BES?

φ∆

-3
-2

-1
0

1
2

3
η∆

-1.5
-1

-0.5
0

0.5
1

1.5

)η
∆

 dφ
∆

N
/(d

2 d

46
47
48
49
50
51
52
53

-310

Au+Au central
3<pt

trig<4 GeV/c

STAR ridge (Phys. Rev. C80 (2009) 064912)

η∆-4
-2

0
2

4

φ∆ 0
2

4

φ
∆

 dη
∆d

pa
ir

N2 d  
tri

g
N1 1.6

1.7
1.8

 110≥ trk
offline = 5.02 TeV, NNNsCMS pPb  

 < 3 GeV/c
T

1 < p
(b)

p+Pb di-hadron correlations (Phys. Lett. B 718 (2013) 795)

Liao Song for the STAR collaboration AGS/RHIC Users’ Meeting 2015 3 / 16



Anisotropic flow

Long range correlations (i.e. the ridge) are dominated by the anisotropic
flow. So the following analysis will mostly concentrate on long range
correlations (1 < |�⌘| < 2) in an anisotropic flow study.Harmonic decomposition of two particle correlations ALICE Collaboration

 [rad]φ∆
0 2 4

)φ
∆

C
(

0.99

0.995

1

1.005

1.01

1.015

Pb-Pb 2.76 TeV, 0-2% central
 < 2.5 GeV/ct

T
2 < p

 < 2 GeV/ca
T

1.5 < p
| < 1.8η∆0.8 < |

/ndf = 33.3 / 352χ

 [rad]φ∆
0 2 4

ra
tio

0.998
1

1.002

n
1 2 3 4 5 6 7 8

]
-2

 [1
0

∆n
V

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35 Centrality
0-2%
 < 2.5 GeV/ct

T
2 < p

 < 2 GeV/ca
T

1.5 < p

n
1 2 3 4 5 6 7 8

]
-2

 [1
0

∆n
V

0

1

2

3

4

5 Centrality
40-50%
20-30%
10-20%
2-10%
0-2%
 < 2.5 GeV/ct

T
2 < p

 < 2 GeV/ca
T

1.5 < p

Fig. 2: (Color online) Left: C (��) for particle pairs at |�� | > 0.8. The Fourier harmonics for V1� to V5�
are superimposed in color. Their sum is shown as the dashed curve. The ratio of data to the n � 5 sum is
shown in the lower panel. Center: Amplitude of Vn� harmonics vs. n for the same pt

T , pa
T , and centrality

class. Right: Vn� spectra for a variety of centrality classes. Systematic uncertainties are represented with
boxes (see section 4), and statistical uncertainties are shown as error bars.
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Fig. 3: (Color online) Left: C (��) at |�� | > 0.8 for higher-pT particles than in Fig. 2. The Fourier
harmonics Vn� for n � 5 are superimposed in color. Their sum is shown as the dashed curve. The ratio of
data to the n � 5 sum is shown in the lower panel. Right: Amplitude of Vn� harmonics vs. n at the same
pt

T , pa
T for two centrality bins. Systematic uncertainties are represented with boxes (see section 4), and

statistical uncertainties are shown as error bars.

An example of C (��) from central Pb–Pb collisions in the bulk-dominated regime is shown
in Fig. 2 (left). The prominent near-side peak is an azimuthal projection of the ridge seen in
Fig. 1. In this very central collision class (0–2%), a distinct doubly-peaked structure is visible
on the away side, which becomes a progressively narrower single peak in less central colli-
sions. We emphasize that no subtraction was performed on C (��), unlike other jet correlation
analyses [7–14].

A comparison between the left panels of Fig. 2 and Fig. 3 demonstrates the change in shape
as the transverse momentum is increased. A single recoil jet peak at �� � � appears whose
amplitude is no longer a few percent, but now a factor of 2 above unity. No significant near-side
ridge is distinguishable at this scale. The recoil jet peak persists even with the introduction of a
gap in |�� | due to the distribution of longitudinal parton momenta in the colliding nuclei.

The features of these correlations can be parametrized at various momenta and centralities by

6

C(��)for particle pairs at |�⌘| > 0.8.The Fourier harmonics for V1�to
V5� are superimposed in color. (arXiv:1109.2501v1)
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Radial flow
Short range correlations (i.e., the near-side peak) will be influenced by
radial flow. Pairs produced via charge conservation will be narrowed by
radial flow.ar
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Charge conservation and the shape of the ridge of two-particle correlations in
relativistic heavy-ion collisions
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We demonstrate that in the framework of the event-by-event hydrodynamics followed by statistical
hadronization, the proper charge conservation in the mechanism of hadron production provides the
crucial non-flow component and leads to agreement with the two-dimensional two-particle correlation
data in relative azimuthal angle and pseudorapidity at soft transverse momenta (pT < 2 GeV). The
fall-o� of the same-side ridge in relative pseudorapidity follows from the fact that a pair of particles
with balanced charges is emitted from the same fluid element, whose collective velocity collimates the
momenta of the pair. We reproduce basic experimental features of the two-dimensional correlation
function, such as the dependence on the relative charge and centrality, as well as the related charge
balance functions and the harmonic flow coe�cients as functions of the relative pseudorapidity.

PACS numbers: 25.75.-q, 25.75.Gz, 25.75.Ld
Keywords: relativistic heavy-ion collisions, charge balancing, two-particle correlations, Glauber models,
wounded nucleons, viscous hydrodynamics, statistical hadronization, RHIC, LHC

Two-particle correlation functions in the relative angle
�� and pseudorapidity �⌘ are valuable tools to study
collective flow and the mechanism of particle emission
in relativistic heavy-ion collisions. The harmonic com-
ponents of the collective flow are visible in the dihadron
correlation function as two ridge structures on the same
(�� � 0) and away (�� � �) sides [1]. There is, how-
ever, an on-going discussion concerning the puzzling na-
ture of the same-side ridge [2]. While it is commonly
accepted that the collective harmonic flow [1] determines
the profile in �� for large pseudorapidity separations, up
to now the shape of these structures in �⌘, in particular
the rather fast fall-o� of the same-side ridge, remains an
object of active debate, with arguments that the presence
of (mini)jets [3] is essential to explain the phenomenon
and that the applicability of hydrodynamics, reproduc-
ing numerous other features of the heavy-ion data, is at
stake. Thus the issue is of great importance for the funda-
mental understanding of relativistic heavy-ion collisions.
Other attempts to explain the nature of the ridge can be
found in Refs. [4].

In this Letter we show that two basic features of
the two-particle correlations get a quantitative explana-
tion via the charge balance mechanism of particle emis-
sion: 1) the shape of the same-side ridge in �⌘, and
2) the di�erence between the correlation functions for
like- and unlike-sign particles. Thus we explain the
ridge puzzle in a natural way, amending the (event-
by-event, 3+1-dimensional, viscous) hydrodynamics with
the local charge-conservation mechanism in the statisti-
cal hadronization occurring after the hydrodynamic evo-
lution. This important charge balancing [5–8], simply
stating that the hadron production conserves locally the
charge, is an otherwise well-known and measured feature.

The results presented in this work concern “soft

physics” (typically with the transverse momentum of all
particles pT < 2 GeV) and unbiased correlations, where
the kinematic cut on both particles is the same. The
relevant correlation function is determined as

C(�⌘, ��) = Npair
real (�⌘, ��)/Npair

mixed(�⌘, ��), (1)

where Npair
real,mixed(�⌘, ��) denote the two-dimensional

distributions of pairs of particles with relative pseudo-
rapidity �⌘ and azimuth ��, obtained from the real
and mixed events, respectively. Our approach consists
of using GLISSANDO [9] to generate the Glauber-model
initial condition, then running event-by-event 3+1D hy-
drodynamics with shear and bulk viscosities [10], and
finally carrying out the statistical hadronization with
THERMINATOR [11] at the freeze-out temperature Tf . Our
simulations incorporate the kinematic cuts of the STAR
experiment, with |⌘| < 1, appropriate pT cuts specified
later, as well as the detector e�ciency at the level of

u

p1

p 2

+

_

+

_

FIG. 1. (Color online) A schematic view of the charge bal-
ancing mechanism, producing pairs of particles with opposite
charges. The rectangles indicate fluid elements moving out-
ward with a collective velocity u. The dot indicates the space-
time location of the emission of the pair of opposite-charge
particles of momenta p1 and p2. The dashed line represents
a neutral resonance, decaying into a pair particles.

A schematic view of the charge balancing mechanism, producing pairs of particles with opposite charges. The rectangles indicate
fluid elements moving outward with a collective velocity u. The dot indicates the space-time location of the emission of the pair
of opposite-charge particles of momenta p1 and p2. The dashed line represents a neutral resonance, decaying into a pair
particles (Phys. Rev. Lett. 109, 062301 (2012))
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Data sets and event/track selections

Au+Au collisions by center of mass energy
p
s

NN

= 7.7 ⇠ 39 GeV

Energy (GeV) pvz cut (cm) Number of events

7.7 ±70 4.7M

11.5 ±50 12M

19.6 ±40 21M

27 ±40 38M

39 ±40 117M
track cuts:

I |⌘| < 1.0

I 0.2 < p

T

< 2GeV/c

I number of TPC hits> 15

I fitted hits/Maximum possible hits > 0.52

I DCA < 2cm
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Pair loss corrections for the correlation function
In STAR BES enegies, track crossing is the dominant factor for pair loss.

From Michael Daugherity’s thesis

For example,in the positive B
field ,the two tracks may cross if:
++:���p

T

< 0
��:���p

T

> 0
+�:�� > 0
�+:�� < 0
reversely in negative B field.

Take Au+Au
p
s

NN

=19.6 GeV as an example:
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Correlation function

Mixed events are used to determine the uncorrelated yield and to correct
for non-uniform acceptance.
The correlation function we extract is:

C (��,�⌘) =
N

mixed

N

same

⇥ N

same

(��,�⌘)

N

mixed

(��,�⌘)

two-particle Fourier coe�cients:

v

n

{2}2 =
X

i

C

i

cos(n��
i

)/
X

i

C

i
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Di-hadron correlations in BES energies
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Centrality evolution of di-hadron correlations
Take AuAu

p
s

NN

= 19.6 GeV as an example to illustrate the centrality
evolution of the di-hadron correlations:
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v
n
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v
n

{2}2/v2{2}2 vs energy
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As higher harmonics are damped more by finite viscosities, the ratios have
an inverse relationship to viscosity. (D. Teaney, L. Yan, Phys. Rev. C 83
(2011) 064904, G. Y. Qin, H. Petersen, S. A. Bass, B. Muller, Phys. Rev.
C82, 064903 (2010))

Liao Song for the STAR collaboration AGS/RHIC Users’ Meeting 2015 12 / 16

STAR preliminary

 

STAR preliminary



Charge-dependent correlations
By subtracting like-sign correlations from unlike-sign
correlations(C (+�, �+) � C (++, ��)), contributions from anisotropic
flow are eliminated, isolating the radial flow.
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Fit to the projection in ��
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We fit those data points with Gaussian functions Ae�
1
2
( x

� )2 + B in the
|��| > 0.3 region excluding e

+
e

� pairs.(B. Abelev et al (STAR
Collaboration), arXiv:0806.0513)
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� vs energy
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� decreases with energy, which implies increasing radial flow.
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Summary

I Di-hadron correlations evolve with energy in the BES region.

I Ridge v

n

coe�cients generally increase with energy.

I US-LS near-side peak narrows with increasing energy.
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