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Di-hadron correlations and ridge
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★ Different orders of flow harmonics extracted using di-hadron correlations. Two 
methods used: Fourier decomposition method and Gaussian fitting method.

★ Does the ridge survive in all centralities and collision energies in the BES?
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Fig. 2: (Color online) Left: C (Df) for particle pairs at |Dh |> 0.8. The Fourier harmonics for V1D to V5D
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 VnD harmonics vs. n for the same pt

T , pa
T , and centrality

class. Right: VnD 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 (Df) at |Dh | > 0.8 for higher-pT particles than in Fig. 2. The Fourier
harmonics VnD 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 VnD 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 (Df) 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 (Df), 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 Df ' p 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 |Dh | 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
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dv1/dy of net proton in the BES

For intermediate-centrality collisions, the proton slope
decreases with increasing energy and changes sign from
positive to negative between 7.7 and 11.5 GeV, shows a
minimum between 11.5 and 19.6 GeV, and remains small
and negative up to 200 GeV, while the pion and antiproton
slopes are negative at all measured energies. In contrast,
there is no hint of the observed nonmonotonic behavior for
protons in the well-tested UrQMD model. Isse et al., in a
transportmodel study incorporating amomentum-dependent
mean field, report qualitative reproduction [40] of proton
directed flow fromE895 [17] and NA49 [18] (see Fig. 3), but
this model yields a positive dv1=dy at all beam energies
studied (

ffiffiffiffiffiffiffiffi
sNN

p ¼ 17.2, 8.8 GeV and below).
The energy dependence of proton dv1=dy involves an

interplay between the directed flow of protons associated
with baryon number transported from the initial beam
rapidity to the vicinity of midrapidity, and the directed flow
of protons from particle-antiparticle pairs produced near
midrapidity. The importance of the second mechanism
increases strongly with beam energy. A means to distin-
guish between the two mechanisms would thus be

informative. We define the slope Fnet-p based on expressing
the rapidity dependence of directed flow for all protons as
½v1ðyÞ%p¼ rðyÞ½v1ðyÞ%p̄þ½1−rðyÞ%½v1ðyÞ%net-p, where rðyÞ
is the observed rapidity dependence of the ratio of

-0.02

0

0.02

39 GeV

-0.02

0

0.02

1v

27 GeV

-0.02

0

0.02

19.6 GeV

-0.02

0

0.02

11.5 GeV 

-1 -0.5 0 0.5 1
-0.02

0

0.02

-1 -0.5 0 0.5 1
7.7 GeV

-0.02

0

0.02

1 0 5 0 0 5 1

62.4 GeV 

-0.02

0

0.02 p
p

1 0 5 0 0 5 1

200 GeV 

+π-π

y

FIG. 2 (color online). Proton and antiproton v1ðyÞ (left panels)
and π' v1ðyÞ (right panels) for intermediate-centrality
(10%–40%) Au+Au collisions at 200, 62.4, 39, 27, 19.6, 11.5,
and 7.7 GeV. The plotted errors are statistical only.
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FIG. 3 (color online). Directed flow slope (dv1=dy) near
midrapidity versus beam energy for intermediate-centrality
Au+Au collisions. The slopes for protons, antiprotons, and π'

are reported, along with measurements by prior experiments
[17,18] with comparable but not identical cuts. Statistical errors
(bars) and systematic errors (shaded) are shown separately.
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FIG. 4 (color online). Directed flow slope (dv1=dy) near
midrapidity versus beam energy for intermediate-centrality
Au+Au. Panels (a), (b) and (c) report measurement for anti-
protons, protons, and net protons, respectively, along with
UrQMD calculations subject to the same cuts and fit conditions.
Systematic uncertainties are shown as shaded bars. Dashed
curves are a smooth fit to guide the eye.
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★ STAR observed double sign change for proton dv1/dy - Possible signature of 1st 
order phase transition and softening of the EOS.

★ Is there also evidence of this from higher order harmonics v2 and v3 ?
★ Auvinen and Petersen (PRC 88 (2013) 064908) suggested v3 could be suppressed 

relative to v2. Hadronic interactions could wash out the softening of the EOS for v2, 
making v3 more sensitive to the first order phase transition.
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Data sets and event/track selection
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energy(GeV) vertex z cut No. Evt

7.7 ±70cm 4M
11.5 ±50cm 12M
14.5 ±50cm 20M
19.6 ±40cm 36M
27 ±40cm 70M
39 ±40cm 130M

Au+Au            = 7.7 - 39 GeV

Track cuts:
★ |η|<1
★ 0.2<pT<2 GeV/c
★ number of TPC hits>15
★ fitted hits/maximum possible hits>0.52
★ DCA<2 cm the STAR detector

TPC: the main detector used  
in the analysis

p
sNN



Di-hadron correlations in BES energies
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To quantify the ridge, we make  a projection of ΔΦ for large Δη.



ΔΦ projection of di-hadron correlations
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★ Near-side ridge persists down to the lowest energies for central collisions.
★ Ridge subsides in peripheral collisions at the lowest energies.

ridge: 
near-side local maximum

Fourier decomposition method 



Energy dependence of ridge harmonics
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Fourier decomposition method 

★ Both v2 {2}2 and v3{2}2 show monotonically increasing trends vs. the collision energy. 

2.76 TeV data from ALICE, 
Phys. Rev. Lett. 107, 032301 (2011)
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v3 {2}2/v2 {2}2   vs. energy
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Fourier decomposition method 
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★ v3 {2}2/v2 {2}2  in 0-5% central 
collisions shows a dip vs. beam  
energies. It is not seen in all 
more peripheral bins.

★ Next slides will investigate v3{2}2 

extracted from Gaussian fitting 
method.

2.76 TeV data from ALICE, 
Phys. Rev. Lett. 107, 032301 (2011) 



★ v3 {2}2 persists down to 
lowest energies in 
central collisions.

★ At low energies, v3 {2}2 

disappears in 
peripheral collisions.

★ Consistent with the  
Fourier decomposition 
method shown earlier.

Energy and Δη dependence of v3 {2}2
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Gaussian fitting method 
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The two component 
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Gaussian gives the 
dashed curve: v3 {2}2



Energy dependence of v3 {2}2

Liao Song for the STAR Collaboration                                                             Quark Matter 201510

Gaussian fitting method 
2.76 TeV data from ALICE, 
Phys. Rev. Lett. 107, 032301 (2011)

Over the range -2<Δη<2. 
Short range HBT-like 
correlations removed
★ Strong v3 {2}2 even at 

lowest energies.
★ v3 {2}2 approximately 

constant from 7.7 to 19.6 
GeV.

★  Large increase from 
RHIC to LHC.
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Energy dependence of v3 {2}2/nch,PP
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Gaussian fitting method 
nch,PP=(2/Npart)dNCh/dη is the multiplicity per participant pair, 
used as an estimation of the density of the system

★ Scaling v3 {2}2 by multiplicity 
reveals interesting trend.

★ Minima are prominent for all 
centrality intervals up to 0-50% 
most central.

★ Dips in dv1/dy and v3 {2}2/nch,PP  
occur around the same beam 
energy.

For intermediate-centrality collisions, the proton slope
decreases with increasing energy and changes sign from
positive to negative between 7.7 and 11.5 GeV, shows a
minimum between 11.5 and 19.6 GeV, and remains small
and negative up to 200 GeV, while the pion and antiproton
slopes are negative at all measured energies. In contrast,
there is no hint of the observed nonmonotonic behavior for
protons in the well-tested UrQMD model. Isse et al., in a
transportmodel study incorporating amomentum-dependent
mean field, report qualitative reproduction [40] of proton
directed flow fromE895 [17] and NA49 [18] (see Fig. 3), but
this model yields a positive dv1=dy at all beam energies
studied (

ffiffiffiffiffiffiffiffi
sNN

p ¼ 17.2, 8.8 GeV and below).
The energy dependence of proton dv1=dy involves an

interplay between the directed flow of protons associated
with baryon number transported from the initial beam
rapidity to the vicinity of midrapidity, and the directed flow
of protons from particle-antiparticle pairs produced near
midrapidity. The importance of the second mechanism
increases strongly with beam energy. A means to distin-
guish between the two mechanisms would thus be

informative. We define the slope Fnet-p based on expressing
the rapidity dependence of directed flow for all protons as
½v1ðyÞ%p¼ rðyÞ½v1ðyÞ%p̄þ½1−rðyÞ%½v1ðyÞ%net-p, where rðyÞ
is the observed rapidity dependence of the ratio of
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FIG. 2 (color online). Proton and antiproton v1ðyÞ (left panels)
and π' v1ðyÞ (right panels) for intermediate-centrality
(10%–40%) Au+Au collisions at 200, 62.4, 39, 27, 19.6, 11.5,
and 7.7 GeV. The plotted errors are statistical only.
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FIG. 3 (color online). Directed flow slope (dv1=dy) near
midrapidity versus beam energy for intermediate-centrality
Au+Au collisions. The slopes for protons, antiprotons, and π'

are reported, along with measurements by prior experiments
[17,18] with comparable but not identical cuts. Statistical errors
(bars) and systematic errors (shaded) are shown separately.
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FIG. 4 (color online). Directed flow slope (dv1=dy) near
midrapidity versus beam energy for intermediate-centrality
Au+Au. Panels (a), (b) and (c) report measurement for anti-
protons, protons, and net protons, respectively, along with
UrQMD calculations subject to the same cuts and fit conditions.
Systematic uncertainties are shown as shaded bars. Dashed
curves are a smooth fit to guide the eye.
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Summary

Liao Song for the STAR Collaboration                                                             Quark Matter 201512

★ Di-hadron correlations and anisotropic flow coefficients from Fourier 
decomposition method and Gaussian fitting method were presented. The two 
methods are consistent.

★ Ridge and v3 {2}2 persist to lowest beam energies for central Au+Au collisions 
and become zero for peripheral collisions at the lowest energies. 

★ Minima observations: 
✦ Local minimum observed when v3 {2}2 is scaled by v2 {2}2 only in the 0-5% 

most central collisions;
✦ Local minimum also observed when v3 {2}2 is scaled by nch,PP for all 

centrality bins in the 50% most central collisions; 
✦ Both of these minima are in the range of 11.5 to 19.6 GeV in beam energy.



THANK YOU!
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