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Motivation 

§  Experimental exploration of the QCD phase diagram 
§  Theory: Critical point may be around 10<√sNN<30 GeV 
§  Vary T, µB by setting different collision energy, species 
§  RHIC: access to a wide range with the same apparatus 

 

The#RHIC#Beam#Energy#Scan#

•  Experimental#explora1on#of#the#QCD#phase#diagram#

–  understanding#the#fundamental#theory#through#its#phase#structure#

•  Focus#on#the#transi1ons#
–  a#condensed#maPer#approach#to#the#partonic#condensed#maPer#system#

"#vary#μ
B
#and#T#by#varying#collision#energy#

MA#Lisa#(#Workshop#on#Par1cle#Correla1ons#and#Femtoscopy#/#WPCF#(#Budapest#(#August#2014# 3#

P
re
s
s
u
re
#(
P
a
)#

temperature#

Phys. Rev. D 78, 14503 (2008) 
Phys.Rev.D 71, 114014 (2005) 
JHEP 0404, 50 (2004) 
Acta Phys.Polon.Supp. 5 (2012) 825 
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Exploring the QCD phase diagram 

Find… 
 
1) Turn-off of 
sQGP signatures 

2) 1st order phase 
transition signs 
                                       
3) The QCD 
critical point 

http://arxiv.org/abs/1007.2613  
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STAR at RHIC 
TPC MTD Magnet BEMC BBC EEMC TOF 

Main device: Time Projection Chamber 
Coverage: 0 < φ < 2π , |η| < 1.0 
Uniform  acceptance:  All energies and particles 
Particle ID: π, K, p  through TPC dE/dx aided by TOF 

     K0
s, Λ, Ξ, Ω, φ through invariant mass 

TPC 
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STAR BES-I 

http://www.bnl.gov/npp/pac.asp 

STAR preliminary 

STAR preliminary 

√sNN (GeV)  µB (MeV)  #Events  #Weeks  Year 
200  20  350 M 11  2010  
62.4  70  67 M 1.5  2010  
39.0  115  130 M 2  2010  
27.0  155  70 M 1  2011  
19.6  205  36 M 1.5  2011  
14.5  260  20 M 3  2014  
11.5  315  12 M 2  2010  
7.7  420  4 M 4  2010  
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Find… 
 
1) Turn-off of 
sQGP signatures 

2) 1st order phase 
transition signs 
                                       
3) The QCD 
critical point 

http://arxiv.org/abs/1007.2613  

Exploring the QCD phase diagram 
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Suppression of high-pT hadrons 

§  Strong suppression in 200 GeV Au+Au collisions 
§  Present also in 2.76 TeV Pb+Pb collisions at LHC 
 

Eur. Phys. Journal C72 (2012) 1945 

PRL 91 (2003) 172302 
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Eur. Phys. Journal C72 (2012) 1945 

Suppression of high-pT hadrons 

§  Strong suppression in 200 GeV Au+Au collisions 
§  Present from 39 GeV to 2.76 TeV 
§  Enhancement at low energies  
§  Understanding: Cronin effect 

Gyulassy, Wang, Com. Phys. Com. 83 307(1994) Gyulassy, Wang, Com. Phys. Com. 83 307(1994) 
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Elliptic flow (v2) – particles 
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§  Approximate NCQ scaling holds…   DOF=quarks? 
§  Exception: ϕ at 7.7 and 11.5 GeV  

§  deviation ~2σ – more statistics needed 

Phys. Rev. C 88 (2013) 14902 
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§  Substantial particle-antiparticle split at lower √sNN  
§  Linear dependence on the baryon chemical potential 

  

Phys.Rev.Lett. 110 (2013) 142301 Phys. Rev. C 88 (2013) 14902 
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Chiral magnetic effect 

§  Drop of charge separation below 11.5 GeV consistent with 
expectations in a dominant hadronic phase 

1c#–#Chiral#Magne1c#Effect#

MA#Lisa#(#Workshop#on#Par1cle#Correla1ons#and#Femtoscopy#/#WPCF#(#Budapest#(#August#2014# 14#

“Signal(background”#

Higher#resolu1on/stats#desirable#at#low#energies#

PRL#113,#052303#(2014)#

§  QCD allows for local parity violation in sQGP 
§  Possible signatures: 

1) Three-point correlator  2) Charge separation 

Phys.Rev.Lett. 113,  
052302 (2014) 
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Find… 
 
1) Turn-off of 
sQGP signatures 

2) 1st order phase 
transition signs 
                                       
3) The QCD 
critical point 

Exploring the QCD phase diagram 

http://arxiv.org/abs/1007.2613  
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Directed flow (v1) 

§  Opposite charge pions follow the same trend 
§  Protons-antiprotons are different 
     à baryon number transport is important 

§  Proton v1 slope changes sign 
 

Phys. Rev. Lett. 112, 162301 (2014) 
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§  Net protons: double sign change 
§  Simple hydro predicts structure 
§  More sophisticated UrQMD fails 

§  Softening of EOS? 
§  Expected in mixed phase 

 

Phys. Rev. Lett. 112, 162301 (2014) 

H. Stoecker, Nucl. Phys. A 750, 121 (2005). 

The Beam Energy Scan at the Relativistic Heavy Ion Collider 11

Figure 6. Directed flow slope (dv1/dy) near mid-rapidity as a function of beam energy
for intermediate-centrality (10-40%) Au+Au collisions. Panels (a), (b), and (c) report STAR’s
measurement for antiprotons, protons, and net-protons, respectively, along with corresponding
calculations from the UrQMD hadronic transport model [44, 45] subject to the same cuts and fit
conditions. The systematic uncertainties on the measurements are shown as shaded bars. The dashed
curves are a smooth fit to guide the eye.

that the v1 of net-baryons is sensitive to the early collision dynamics and can be used as
a signature for the first-order phase transition. These calculations predict a non-monotonic
variation of directed flow slope of baryons (or net-baryons) around midrapidity as a function
of beam energy and feature a prominent minimum around

p
sNN = 4 GeV and a double sign

change in the v1 slope, which is not seen in the same hydrodynamic model without a first-order
phase transition. More up-to-date hydrodynamic calculations [52, 53] confirm this earlier
prediction, but yield consistently larger v1 magnitudes than observed by STAR in BES-I.

Figure 6(a) and (b) shows the beam energy dependence of the slope of directed flow
at midrapidity (dv1/dy) for antiprotons and protons, respectively [54]. For intermediate-
centrality (10-40%) collisions, the proton slope decreases with energy and changes sign
from positive to negative between 7.7 and 11.5 GeV, shows a minimum below 19.6 GeV,
and remains small and negative up to 200 GeV. In contrast, the corresponding antiproton
results always remain negative and approach the proton results at high beam energies. For

Net proton v1 slope 
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Caloric curve 

H. Feldmeier & J. Schnack, 
Rev. Mod. Phys. 72, 655 (2000). 

nuclear liquid-vapor PT 
§  1st order phase transition  

à T(E) plateau 

§  Similar feature in RHIC data! 
§  <mT> is related to temperature 
§  ET is related to energy density 

The Beam Energy Scan at the Relativistic Heavy Ion Collider 13

Figure 7. Left panels: Center-of-mass energy dependence of hmT i�m of p and K, in central Au+Au
collisions at midrapidity at RHIC. Also shown are the corresponding results from experiments at the
AGS [57, 58, 59, 60, 61, 62], SPS [63, 13], and LHC [33]. The errors shown are the quadrature
sum of statistical and systematic uncertainties. Right panel: The average transverse energy, scaled
by the charged particle multiplicity at mid-rapidity, as a function of collision energy observed by the
PHENIX, ALICE, STAR, NA49, WA98, E802, and FOPI Collaborations [64].

beam energies at RHIC [17] and at the LHC [33]. The results shown in the figure reflect the
characteristic signature of a first-order phase transition, as first proposed by Van Hove [51].

For comparison to STAR’s hmT i�m, we show a compilation of hdET/dhi/hdNch/dhi
results prepared by the PHENIX collaboration [64] in Fig. 7 (right panel). As one can see
in the figure, there is qualitative agreement between the saturation in hET i (right panel) and
hmT i�m (left panel), although the absolute values of hET i are much larger.

2.4. Search for the Threshold of QGP Formation

Several distinct signatures of the formation of a new state of hot and dense matter, where
relevant degrees of freedom are quarks and gluons, have been reported on the basis of
data from top RHIC energy [34, 65, 66]. These include (i) the measurement of a large
magnitude of the elliptic flow (close to that expected from ideal hydrodynamics in a system
of deconfined quarks and gluons) for both light and strange-quark carrying hadrons, and
the discovery of the number-of-constituent-quark (nQ) scaling of elliptic flow of identified
hadrons [67, 68, 69, 70]; (ii) the observation of the phenomenon of jet quenching through
the measurement of the nuclear modification factor of produced hadrons at high transverse
momentum [71, 72, 73, 74]; and (iii) the observation of dynamical charge correlations with
respect to the reaction plane [75, 76]. In this section, we discuss how the BES-I results
corroborate the findings of the formation of QGP at the top RHIC energy.

2.4.1. Elliptic Flow The study of collective flow in relativistic nuclear collisions could
provide insights into the EOS of the matter created during heavy-ion collisions. As discussed

STAR preliminary J. Mitchell, QM2012 
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HBT radii (pions) 

arXiv:1403.4972  
(submitted to PRC) 

§  1st order phase transition – longer emission duration expected 
§  Non-monotonicity Rout

2–Rside
2 may indicate changes in dynamics 

Makhlin, Sinyukov,  
ZPC.39.69 (1988) 

à Martin Girard: 
Kaon BES HBT 
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Find… 
 
1) Turn-off of 
sQGP signatures 

2) 1st order phase 
transition signs 
                                       
3) The QCD 
critical point 

Exploring the QCD phase diagram 

http://arxiv.org/abs/1007.2613  
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Net proton multiplicity moments 

Phys. Rev. Lett. 112 (2014) 32302 

§  Susceptibilities of conserved 
quantities (Q, B, S) 

§  Related to multiplicity 
distribution moments 

§  Volume effect à ratios 

§  Non-monotonic behavior? 

§  Net proton mult.: maybe,  
but we need more statistics! 
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BES I – highlights 

§  A wide range of potential sQGP/PT/CP signatures measured 
§  Some key observables identified, interesting region localized 
§  Many of these require better statistics / detector performance 

http://www.bnl.gov/npp/pac.asp 

PRL 112, 32302 (2014) 
PRL 113, 052302 (2014) 

PRL 112, 162301 (2014) 

PRL 110, 142301 (2013) 
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BES II plan 
Collision Energies (GeV): 7.7 9.1 11.5 14.5 19.6 

Chemical Potential (MeV): 420 370 315 260 205 

Observables Millions of Events Needed 

RCP up to pT  4.5 GeV  NA NA 160  92 22 

Elliptic Flow of φ meson (v2) 100 150 200 300 400 

Local Parity Violation (CME) 50 50 50 50 50 

Directed Flow studies  (v1) 50 75 100     100   200  

asHBT (proton-proton) 35 40 50 65 80 

net-proton kurtosis (κσ2) 80      100 120 200 400 

Dileptons 100 160 230 300 400 
Proposed Number of 
Events: 100 160 230 300 400 
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STAR upgrades for BES II 
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Fixed target program at STAR 

§  Target inserted into beam pipe 
§  Only a small percentage 
§  Does not interfere with collider mode 

data taking 
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Fixed target program at STAR 

§  Extend range 
towards higher µB  

§  Started in 2014 
 

Collider mode 14.5 GeV 

 
Fixed target 3.9 GeV 
 

Collider mode 
√sNN (GeV)  

Fixed target 
√sNN (GeV)  µB (MeV)  yCM  

7.7 3.0 720 1.05 
11.5 3.5 670 1.25  
14.5 3.9 633 1.37  
19.6 4.5 585 1.52 
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STAR Long-Term Plan 

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0592 

+ 
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Summary 
BES-I covers the right (wide) µB range 
§  Interesting behavior seen: 

§  sQGP-turnoff: RCP, Δv2, chiral magnetic effect 
§  Phase transition: non-monotonic v1, HBT radii, caloric curve 
§  Critical point: Net-proton moments 
§  …and much more! 

BES-II more statistics in a finer scan between 7-20 GeV 
§  Decisive measurements of likely signatures 
§  New measurements 

Toward understanding the QCD phase diagram 
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PID (TPC+TOF): 
π/K: pT~1.6 GeV/c 
p: pT~3.0 GeV/c 
Strange hadrons:  
decay topology & invariant 
mass 

Au+Au 39 GeV 

Particle Identification 

TPC TPC+TOF 
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 v1(y) is sensitive to baryon transport, space - 
momentum correlations and QGP formation 

Azimuthal Anisothropy 
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c@200GeV)  

⇒  It probes the onset of 
bulk collective dynamics 
during thermalization 

Directed flow is quantified by the first 
harmonic: 

rapidity 

<px> or directed flow 

Ø Directed flow is due to the sideward motion of the particles 
within the reaction plane. 
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Elliptic flow (v2) – antiparticles 
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§  Approximate NCQ scaling holds…   DOF=quarks? 
§  …but particles and antiparticles are different 

Phys. Rev. C 88 (2013) 14902 
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STAR Preliminary 

Au+Au 

²  Higher kinetic temperature corresponds to lower value of average  
    flow velocity and vice-versa 

Blast Wave: Tkin and  <β> 

Particles used: π,K,p 

STAR Preliminary 

Kinetic freeze-out 
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Azimuthally sensitive HBT 
arXiv:1403.4972 (submitted to PRC) 

§  Spatial eccentricity at the kinetic freeze-out, εF 

§  Sensitive to EOS 
§  Smooth, monotonous behavior observed over the BES range 
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Chiral magnetic effect 1c#–#Chiral#Magne1c#Effect#

MA#Lisa#(#Workshop#on#Par1cle#Correla1ons#and#Femtoscopy#/#WPCF#(#Budapest#(#August#2014# 14#

“Signal(background”#

Higher#resolu1on/stats#desirable#at#low#energies#

PRL#113,#052303#(2014)#

§  Chiral-magnetic effect:  
Local parity violation in sQGP 

 

§  Measure: 3-point correlator, charge separation 
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FIG. 2: (Color online) The three-point correlator, γ, as a
function of centrality for Au+Au collisions at 7.7−62.4 GeV.
Note that the vertical scales are different for different rows.
The filled boxes (starting from the central values) represent
one type of systematic uncertainty (as discussed in the text).
Charge independent results from the model calculations of
MEVSIM [27] are shown as grey curves. γOS and γSS from
UrQMD calculations [28] are also shown as shaded bands for
27 and 39 GeV.

notes the charge sign of particles. Conventionally v1 is
called “directed flow” and v2 “elliptic flow”, and they de-
scribe the collective motion of the produced particles [22].
The parameter a (with a− = −a+) quantifies the P-
violating effect. However, if spontaneous parity viola-
tion occurs, the signs of finite a+ and a− will vary from
event to event, leading to 〈a+〉 = 〈a−〉 = 0. In the
expansion of the three-point correlator, γ ≡ 〈cos(φ1 +
φ2−2ΨRP)〉 = 〈cos(∆φ1) cos(∆φ2)−sin(∆φ1) sin(∆φ2)〉,
the second term contains the fluctuation term −〈a±a±〉,
which may be non-zero when accumulated over particle
pairs of separate charge combinations. The first term
(〈cos(∆φ1) cos(∆φ2)〉) in the expansion provides a base-
line unrelated to the magnetic field.
The reaction plane of a heavy-ion collision is not known

a priori, and in practice it is approximated with an event
plane which is reconstructed from particle azimuthal dis-
tributions [22]. In this analysis, we exploited the large
elliptic flow of charged hadrons produced at mid-rapidity
to construct the event plane angle:

ΨEP =
1

2
tan−1

[∑

ωi sin(2φi)
∑

ωi cos(2φi)

]

, (2)

where ωi is a weight for each particle i in the sum [22].

The weight was chosen to be the pT of the particle itself,
and only particles with pT < 2 GeV/c were used. Al-
though the STAR TPC has good azimuthal symmetry,
small acceptance effects in the calculation of the event
plane azimuth were removed by the method of shift-
ing [23]. The observed correlations were corrected for
the event plane resolution, estimated with the correlation
between two random sub-events (details in Ref. [22]).
The event plane thus obtained from the produced par-

ticles is sometimes called “the participant plane” since it
is subject to the event-by-event fluctuations of the ini-
tial participant nucleons [24]. A better approximation to
the reaction plane could be obtained from the spectator
neutron distributions detected in the STAR zero degree
calorimeters (ZDC-SMDs) [25]. This type of event plane
utilizes the directed flow of spectator neutrons measured
at very forward rapidity. We have measured the three
point correlations using both types of reaction plane esti-
mates and the results are consistent with each other [12].
Other systematic uncertainties were studied extensively
and discussed in our previous publications on the sub-
ject [10, 11]. All were shown to be negligible compared
with the uncertainty in determining the reaction plane.
In this work, we have only used the participant plane be-
cause the efficiency of ZDC-SMDs becomes low for low
beam energies.
Figure 2 presents the opposite-charge (γOS) and same-

charge (γSS) correlators for Au+Au collisions at
√
sNN =

7.7 − 62.4 GeV as a function of centrality (0 means the
most central collisions). In most cases, the ordering of
γOS and γSS is the same as in Au+Au (Pb+Pb) colli-
sions at higher energies [10–12, 16], suggesting charge-
separation fluctuations perpendicular to the reaction
plane. As a systematic check, the charge combinations
of ++ and −− were always found to be consistent with
each other (not shown here). With decreased beam en-
ergy, both γOS and γSS tend to rise up in peripheral col-
lisions. This feature seems to be charge independent,
and can be explained by momentum conservation and
elliptic flow [12]. Momentum conservation forces all pro-
duced particles, regardless of charge, to separate from
each other, while elliptic flow, a collective motion, works
in the opposite sense. For peripheral collisions, the mul-
tiplicity (N) is small, and momentum conservation dom-
inates. At lower beam energies, N also becomes smaller
and hence higher values for γOS and γSS. For more central
collisions where the multiplicity is large, this type of P-
even background can be estimated as −v2/N [12, 26]. In
Fig. 2, we also show the model calculations of MEVSIM,
a Monte Carlo event generator with an implementation
of v2 and momentum conservation, developed for STAR
simulations [27]. The model results qualitatively describe
the beam-energy dependency of the charge-independent
background.
In view of the charge-independent background, the

charge separation effect can be studied via the differ-
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FIG. 2: (Color online) The three-point correlator, γ, as a
function of centrality for Au+Au collisions at 7.7−62.4 GeV.
Note that the vertical scales are different for different rows.
The filled boxes (starting from the central values) represent
one type of systematic uncertainty (as discussed in the text).
Charge independent results from the model calculations of
MEVSIM [27] are shown as grey curves. γOS and γSS from
UrQMD calculations [28] are also shown as shaded bands for
27 and 39 GeV.

notes the charge sign of particles. Conventionally v1 is
called “directed flow” and v2 “elliptic flow”, and they de-
scribe the collective motion of the produced particles [22].
The parameter a (with a− = −a+) quantifies the P-
violating effect. However, if spontaneous parity viola-
tion occurs, the signs of finite a+ and a− will vary from
event to event, leading to 〈a+〉 = 〈a−〉 = 0. In the
expansion of the three-point correlator, γ ≡ 〈cos(φ1 +
φ2−2ΨRP)〉 = 〈cos(∆φ1) cos(∆φ2)−sin(∆φ1) sin(∆φ2)〉,
the second term contains the fluctuation term −〈a±a±〉,
which may be non-zero when accumulated over particle
pairs of separate charge combinations. The first term
(〈cos(∆φ1) cos(∆φ2)〉) in the expansion provides a base-
line unrelated to the magnetic field.
The reaction plane of a heavy-ion collision is not known

a priori, and in practice it is approximated with an event
plane which is reconstructed from particle azimuthal dis-
tributions [22]. In this analysis, we exploited the large
elliptic flow of charged hadrons produced at mid-rapidity
to construct the event plane angle:

ΨEP =
1

2
tan−1

[∑

ωi sin(2φi)
∑

ωi cos(2φi)

]

, (2)

where ωi is a weight for each particle i in the sum [22].

The weight was chosen to be the pT of the particle itself,
and only particles with pT < 2 GeV/c were used. Al-
though the STAR TPC has good azimuthal symmetry,
small acceptance effects in the calculation of the event
plane azimuth were removed by the method of shift-
ing [23]. The observed correlations were corrected for
the event plane resolution, estimated with the correlation
between two random sub-events (details in Ref. [22]).
The event plane thus obtained from the produced par-

ticles is sometimes called “the participant plane” since it
is subject to the event-by-event fluctuations of the ini-
tial participant nucleons [24]. A better approximation to
the reaction plane could be obtained from the spectator
neutron distributions detected in the STAR zero degree
calorimeters (ZDC-SMDs) [25]. This type of event plane
utilizes the directed flow of spectator neutrons measured
at very forward rapidity. We have measured the three
point correlations using both types of reaction plane esti-
mates and the results are consistent with each other [12].
Other systematic uncertainties were studied extensively
and discussed in our previous publications on the sub-
ject [10, 11]. All were shown to be negligible compared
with the uncertainty in determining the reaction plane.
In this work, we have only used the participant plane be-
cause the efficiency of ZDC-SMDs becomes low for low
beam energies.
Figure 2 presents the opposite-charge (γOS) and same-

charge (γSS) correlators for Au+Au collisions at
√
sNN =

7.7 − 62.4 GeV as a function of centrality (0 means the
most central collisions). In most cases, the ordering of
γOS and γSS is the same as in Au+Au (Pb+Pb) colli-
sions at higher energies [10–12, 16], suggesting charge-
separation fluctuations perpendicular to the reaction
plane. As a systematic check, the charge combinations
of ++ and −− were always found to be consistent with
each other (not shown here). With decreased beam en-
ergy, both γOS and γSS tend to rise up in peripheral col-
lisions. This feature seems to be charge independent,
and can be explained by momentum conservation and
elliptic flow [12]. Momentum conservation forces all pro-
duced particles, regardless of charge, to separate from
each other, while elliptic flow, a collective motion, works
in the opposite sense. For peripheral collisions, the mul-
tiplicity (N) is small, and momentum conservation dom-
inates. At lower beam energies, N also becomes smaller
and hence higher values for γOS and γSS. For more central
collisions where the multiplicity is large, this type of P-
even background can be estimated as −v2/N [12, 26]. In
Fig. 2, we also show the model calculations of MEVSIM,
a Monte Carlo event generator with an implementation
of v2 and momentum conservation, developed for STAR
simulations [27]. The model results qualitatively describe
the beam-energy dependency of the charge-independent
background.
In view of the charge-independent background, the

charge separation effect can be studied via the differ-

3

at the top RHIC energies. In this paper, we present the results of the beam-energy dependence of
the charge correlations in Au+Au collisions at midrapidity for center-of-mass energies of 7.7, 11.5,
19.6, 27, 39 and 62.4 GeV from the STAR experiment. After background subtraction, the signal
gradually reduces with decreased beam energy, and tends to vanish by 7.7 GeV. This implies the
dominance of hadronic interactions over partonic ones at lower collision energies.

PACS numbers: 25.75.-q

The strong interaction is parity even at vanishing tem-
perature and isospin density [1], but parity could be vi-
olated locally in microscopic domains in QCD at finite
temperature as a consequence of topologically non-trivial
configurations of gauge fields [2, 3]. The Relativistic
Heavy Ion Collider (RHIC) provides a good opportu-
nity to study such parity-odd (P-odd) domains, where
the local imbalance of chirality results from the interplay
of these topological configurations with the hot, dense
and deconfined Quark-Gluon-Plasma (QGP) created in
heavy-ion collisions.

The P-odd domains can be manifested via the chiral
magnetic effect (CME). In heavy-ion collisions, energetic
protons (mostly spectators) produce a magnetic field (B)
with a strength that peaks around eB ≈ 104 MeV2 [4].
The collision geometry is illustrated in Fig. 1. The strong
magnetic field, coupled with the chiral asymmetry in the
P-odd domains, induces a separation of electric charge
along the direction of the magnetic field [4–9]. Based on
data from the STAR [10–13] and PHENIX [14, 15] col-
laborations at RHIC and the ALICE collaboration [16]
at the LHC, charge-separation fluctuations have been ex-
perimentally observed. The interpretation of these data
as an indication of the CME is still under intense discus-
sion, see e.g. [13, 17, 18] and references therein. A study
of the beam-energy dependence of the charge separation
effect will shed light on the interpretation of the data.

The magnetic field axis points in the direction that
is perpendicular to the reaction plane, which contains
the impact parameter and the beam momenta. Exper-
imentally the charge separation is measured perpendic-
ular to the reaction plane with a three-point correlator,
γ ≡ 〈cos(φ1 + φ2 − 2ΨRP)〉 [19]. In Fig. 1, φ and ΨRP

denote the azimuthal angles of a particle and the reaction
plane, respectively. In practice, we approximate the re-
action plane with the “event plane” (ΨEP) reconstructed
with measured particles, and then correct the measure-
ment for the finite event plane resolution [10–12].

This Letter reports measurements of the three-point
correlator, γ, for charged particles produced in Au+Au
collisions. 8M events were analyzed at the center-of-
mass energy

√
s
NN

= 62.4 GeV (2005), 100M at 39
GeV (2010), 46M at 27 GeV (2011), 20M at 19.6 GeV
(2011), 10M at 11.5 GeV (2010) and 4M at 7.7 GeV
(2010). Events selected with a minimum bias trigger have
been sorted into centrality classes based on uncorrected
charged particle multiplicity at midrapidity. Charged
particle tracks in this analysis were reconstructed in the
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FIG. 1: (Color online) Schematic depiction of the transverse
plane for a collision of two heavy ions (the left one emerging
from and the right one going into the page). Particles are
produced in the overlap region (blue-colored nucleons). The
azimuthal angles of the reaction plane and a produced particle
used in the three-point correlator, γ, are depicted here.

STAR Time Projection Chamber (TPC) [20], within a
pseudorapidity range of |η| < 1 and a transverse mo-
mentum range of 0.15 < pT < 2 GeV/c. The central-
ity definition and track quality cuts are the same as in
Refs. [21], unless otherwise specified. Only events within
40 cm of the center of the detector along the beam direc-
tion were selected for data sets at

√
s
NN

= 19.6 − 62.4
GeV. This cut was 50 and 70 cm for 11.5 and 7.7 GeV
collisions, respectively. To suppress events from collisions
with the beam pipe (radius 3.95 cm), only those events
with a radial position of the reconstructed primary ver-
tex within 2 cm were analyzed. A cut on the distance
of closest approach to the primary vertex (DCA) < 2
cm was also applied to reduce the number of weak decay
tracks or secondary interactions. The experimental ob-
servables involved in the analysis have been corrected for
the particle track reconstruction efficiency.
In an event, charge separation along the magnetic field

(i.e., perpendicular to the reaction plane) may be de-
scribed phenomenologically by a sine term in the Fourier
decomposition of the charged particle azimuthal distri-
bution,

dNα

dφ
∝ 1+2v1 cos(∆φ)+2aα sin(∆φ)+2v2 cos(2∆φ)+ ...

(1)
where ∆φ = φ− ΨRP, and the subscript α (+ or −) de-
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FIG. 3: (Color online) The two-particle correlation as a func-
tion of centrality for Au+Au collisions at 7.7−62.4 GeV. Note
that the vertical scales are different for different rows. The
filled boxes bear the same meaning as those in Fig 2 and are
described in the text. MEVSIM and UrQMD calculations are
also shown for comparison.

ence between γOS and γSS. The difference (γOS − γSS)
remains positive for all centralities down to the beam
energy ∼ 19.6 GeV, and the magnitude decreases from
peripheral to central collisions. Presumably this is par-
tially owing to the reduced magnetic field and partially
owing to the more pronounced dilution effect in more
central collisions. A dilution of the correlation is ex-
pected when there are multiple sources involved in the
collision [11, 29]. The difference between γOS and γSS
approaches zero in peripheral collisions at lower ener-
gies, especially at 7.7 GeV, which could be understood
in terms of the CME hypothesis if the formation of the
QGP becomes less likely in peripheral collisions at low
beam energies [30].
The systematic uncertainties of (γOS − γSS) due to

the analysis cuts, the track reconstruction efficiency and
the event plane determination were estimated to be ap-
proximately 10%, 5% and 10%, respectively. Overall,
total systematic uncertainties are typically 15%, except
for the cases where (γOS − γSS) is close to zero. An-
other type of uncertainty is due to quantum interference
(“HBT” effects) and final-state-interactions (Coulomb
dominated) [12], which are most prominent for low rela-
tive momenta. To suppress the contributions from these
effects, we applied the conditions of ∆pT > 0.15 GeV/c
and ∆η > 0.15 to the correlations, shown as filled boxes
in Figs. 2, 3 and 4. The boxes start from the central

values with default conditions and end with the results
with the above extra conditions on ∆pT and ∆η.
Interpretation of the three particle correlation result,

γ, requires additional information such as a measure-
ment of the two particle correlation δ ≡ 〈cos(φ1 − φ2)〉 =
〈cos(∆φ1) cos(∆φ2) + sin(∆φ1) sin(∆φ2)〉. The expan-
sion of δ also contains the fluctuation term 〈a±a±〉 (with
a sign opposite to that in γ). Figure 3 shows δ as a func-
tion of centrality for Au+Au collisions at 7.7−62.4 GeV.
In contrary to the CME expectation, δOS is above δSS
in most cases, indicating an overwhelming background,
larger than any possible CME effect. The background
sources, if coupled with collective flow, will also con-
tribute to γ. Taking this into account, we express γ and
δ in the following forms, where the unknown parameter
κ, as argued in Ref. [31], is of the order of unity.

γ ≡ 〈cos(φ1 + φ2 − 2ΨRP)〉 = κv2F −H (3)

δ ≡ 〈cos(φ1 − φ2)〉 = F +H, (4)

where H and F are the CME and background contri-
butions, respectively. In Ref. [31] κ = 1, but it could
deviate from unity owing to a finite detector acceptance
and theoretical uncertainties. We can solve for H from
Eqns. 3 and 4,

Hκ = (κv2δ − γ)/(1 + κv2). (5)

Figure 4 showsHSS−HOS as a function of beam energy
for three centrality bins in Au+Au collisions. v2 for the
beam energies under study has been measured in our
previous publications [21]. The default values (dotted
curves) are for Hκ=1, and the solid (dash-dot) curves
are obtained with κ = 1.5 (κ = 2). For comparison,
the results for 10 − 60% Pb+Pb collisions at 2.76 TeV
are also shown [16]. The (HSS − HOS) curve for κ = 1
suggests a non-zero charge separation effect with a weak
energy dependence above 19.6 GeV, but the trend rapidly
decreases to zero in the interval between 19.6 and 7.7
GeV. This may be explained by the probable domination
of hadronic interactions over partonic ones at low beam
energies. With increased κ, (HSS−HOS) decreases for all
beam energies and may even totally disappear in some
case (e.g. with κ ∼ 2 in 10 − 30% collisions). A better
theoretical estimate of κ in the future would enable us to
extract a firmer conclusion from the data presented.
MEVSIM calculations qualitatively reproduce the

charge-independent background for both γ and δ corre-
lators as shown in Figs. 2 and 3, but they always yield
identical same-charge and opposite-charge correlations.
To further study the charge separation effect, a trans-
port model, UrQMD [28], was employed. UrQMD cal-
culations have finite difference between same-charge and
opposite-charge γ (δ) correlations, while HSS − HOS is
either slightly negative or consistent with zero. This is
demonstrated for 27 and 39 GeV in Figs. 2, 3 and 4.
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Net charge multiplicity moments 
§  Susceptibilities of conserved 

quantities (Q, B, S) 
§  Related to multiplicity 

distribution moments 
§  Volume effect à ratios 

 
§  Non-monotonic behavior? 

§  Net charge mult.: no non-
monotonic behavior seen 

2b#–#net(charge#mul1plicity#moments#

MA#Lisa#(#Workshop#on#Par1cle#Correla1ons#and#Femtoscopy#/#WPCF#(#Budapest#(#August#2014# 17#

No evidence of non-monotonic 
behavior of net-charge moment 
products. 
 
HRG- and lQCD-based analysis of 
net-proton and net-charge higher 
moments indicate freezeout conditions 
~consistent with those from yields 
- Alba et al, arxiv:1403.4903 
- Borsanyi et al, arxiv:1403.4576 
 

arXiv:1402.1558,#accepted#by#PRL#Phys. Rev. Lett. 113 (2014) 92301 
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Quantify the Spectral Function 

Temperature dependence of rho spectral function 
1.  Beam energy range where final state is similar 
2.  Initial state and temperature evolution different 
3.  Density dependence by Azimuthal dependence (v2) 
4.  Use centrality dependence as another knob 
5.  Direct photon results should match with extrapolation 
Baryon dependence of rho spectral function 
1. LMR excess expected to be consistent with total baryon density increase 

Direct virtual photons 

QM14: Chi Yang, Patrick Huck 

STAR Preliminary 
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Dilepton Measurements at BES II 

BES II enables  
measurements at energy <20GeV 

STAR Preliminary 

                      Beam Energy 
 
 
 
Centrality 
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J/ψ RAA vs. beam energy 
Expectation 
§  Debye screening  

à dissociation of quarkonia 
§  J/ψ melting to be a smoking gun 

signature of QGP 
 T. Matsui, H. Satz, Phys.Lett. B178, 416 (1986) 

STAR Data (Au+Au) 
§  Similar suppression in Au+Au  

at 200, 62.4 and 39 GeV  
 
Note: 62.4 and 39 GeV p+p reference is 
based on CEM calculations, large uncertainty 
Nelson, Vogt et al., PRC87, 014908 (2013) 
 
§  Does coalescence  

compensate for melting? 
Zhao, Rapp, PRC82, 064905 (2010)	

 
 

 

PHENIX, Nucl.Phys. A 774 (2006) 747 

A complicated story 
§  Nuclear shadowing  
§  Initial state energy loss 
§  Co-mover absorption 
§  Coalescence of 

uncorrelated charm 
and bottom pairs.   
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 (GeV/c)
T

p
2 4 6 8 10

A
A

R

0

0.5

1

1.5

2
Au+Au 200 GeV, 0-10%

/dy = 1000gDGLV Rad. dN
DGLV Rad+EL
Min He et al.
BAMPS
Collisonal dissociation.
Ads/CFT D=3
Gossiaux et al.

STAR preliminary

Non-photonic electrons: 200 GeV 
Suppression 
§  Significant suppression of NPE in 

central collisions (pT>4 GeV/c) 
§  Similar to that of light hadrons 

and D0 mesons 

Anisotropy (v2) 
§  Substantial elliptic flow of NPE is 

seen in 200 GeV Au+Au collisions 

Note: it’s challenging for models to 
describe suppression and flow at the 
same time 

arXiv:1405.6348 
(Submitted to PLB) 

STAR  
preliminary 
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Suppression 
§  No sign of suppression of NPE 

in 62.4 GeV Au+Au collisions 
 
Note: pQCD-scaled p+p reference 

 
 

Anisotropy (v2) 
§  NPE in 39 and 62.4 GeV Au+Au 

collisions consistent with no flow 
(pT<1 GeV/c) 

Non-photonic electrons: 39, 62.4 GeV 
R

A
A 

STAR preliminary 

PRD 87 (2013) 9, 094022 

arXiv:1405.6348 
(Submitted to PLB) 
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v1 cartoon by Mike Lisa 

PUSH! 
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v1 cartoon by Mike Lisa 

PUSH! 

SOFT... 
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v1 cartoon by Mike Lisa 

PUSH! 

SOFT... 

PUSH! 


