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efficiency stems from finite track and vertex finding ef-
ficiencies. Track finding efficiency within the TPC was
studied through detailed Monte Carlo simulations of the
detector response with track embedding. For minimal
track quality cuts such as those used in this analysis,
one finds the track finding efficiency is of order 95% for
pT > 0.2 GeV/c in peripheral collisions. It reduces to
approximately 85% for most central collisions and falls
to zero for primary tracks with pT < 0.1 GeV/c. The
efficiencies of positive and negative particles are found to
be the same within the statistical errors. The data shown
were integrated for tracks with 0.2 < pT < 5.0 GeV/c,
|η| < 0.5 and 0 < φ < 2π. Note that the minimum pT cut
used in this new analysis is different than that used in the
first reported study [7]. A value of 0.2 GeV/c is used for
all measured beam energies and field settings to avoid
systematic effects associated with pT dependent detec-
tion efficiency below 0.2 GeV/c. The results presented in
this work for 130 GeV are nonetheless in agreement with
results reported by STAR in the first measurement of net
charge fluctuations in Au+Au collisions at

√
sNN = 130

GeV [7].
Simulations reveal the vertex finding efficiency is max-

imum for total charged particle multiplicity of order 5
and greater in the TPC. We studied the event counting
efficiency of this analysis with a simple simulation based
on events generated with the HIJING model [36], and
found the event counting efficiency is maximum for pro-
duced charged particle multiplicities (in the range -0.5
< η < 0.5) exceeding 12. The vertex counting efficiency
is of order 90% for multiplicities larger than 5, and falls
abruptly to zero for smaller values. For this reason, the
analysis presented in this work is limited to reference
multiplicities in excess of 10 and 17 for Au + Au and
Cu + Cu collisions where it is deemed minimally biased
or unbiased.

In order to eliminate track splitting we restricted our
analysis to charged particle tracks producing more than
20 hits within the TPC where 50% of these hits were
included in the final fit of the track.

III. NET CHARGE FLUCTUATION RESULTS

We present, in Fig. 1, measurements of the dynamical
net charge fluctuations, ν+−,dyn, as a function of collision
centrality in Au + Au collisions at

√
sNN = 19.6, 62.4,

130, and 200 GeV, Cu + Cu collisions at
√

sNN = 62.4
and 200 GeV.

In Fig. 1, we see that the dynamical net charge fluc-
tuations, in general, exhibit a monotonic dependence on
the number of participating nucleons. At a given num-
ber of participants the measured fluctuations also ex-
hibit a modest dependence on beam energy, with ν+−,dyn

magnitude being the largest in Au + Au collisions at√
sNN = 19.6 GeV. The ν+−,dyn values measured for

p + p collisions at
√

s = 200 GeV amounts to -0.230 ±
0.019(stat).
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FIG. 1: (Color online) Dynamical net charge fluctuations,
ν+−,dyn, of particles produced within pseudorapidity |η| <
0.5, as function of the number of participating nucleons.

We first discuss the energy dependence of the fluctu-
ations. The collision centrality dependence is addressed
in the following section.

A. Beam Energy and Size Dependence

A study of the net charge fluctuation dependence on
the beam energy is of interest given that it can potentially
reveal a change in the magnitude of the fluctuations and
signal the formation of QGP.

We conduct this study primarily on the basis of the
0-5% and 0-10% most central collisions in Au + Au and
Cu + Cu collisions, respectively. Extensions to less cen-
tral and peripheral collisions are possible but subject to
additional uncertainties raised by small systematic errors
involved the collision centrality determination.

As already stated in the Introduction, charge conser-
vation and the finite size of the colliding system intrinsi-
cally limit the magnitude of the net charge correlations.
Intuitively, one expects charge conservation effects to be-
come progressively smaller with increasing charged parti-
cle multiplicity. Charge conservation effects are nonethe-
less definite at all beam energies and produced multiplici-
ties. Specifically, one estimates that charge conservation
implies a minimum value of order ν+−,dyn = −4/N4π,
where N4π is the total charged particle multiplicity pro-
duced over 4π (see [29] for a derivation of this esti-
mate). This estimate was obtained [29] assuming that
charge conservation implies global correlations but no
dependence of these correlations on rapidity. Therefore,
charge conservation effects may be different than those
estimated in this work. Nonetheless, for simplicity, we
use the above expression to estimate the effects of charge
conservation on the dynamical net charge fluctuations.

Corrections to ν+−,dyn for system size and charge con-
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efficiency stems from finite track and vertex finding ef-
ficiencies. Track finding efficiency within the TPC was
studied through detailed Monte Carlo simulations of the
detector response with track embedding. For minimal
track quality cuts such as those used in this analysis,
one finds the track finding efficiency is of order 95% for
pT > 0.2 GeV/c in peripheral collisions. It reduces to
approximately 85% for most central collisions and falls
to zero for primary tracks with pT < 0.1 GeV/c. The
efficiencies of positive and negative particles are found to
be the same within the statistical errors. The data shown
were integrated for tracks with 0.2 < pT < 5.0 GeV/c,
|η| < 0.5 and 0 < φ < 2π. Note that the minimum pT cut
used in this new analysis is different than that used in the
first reported study [7]. A value of 0.2 GeV/c is used for
all measured beam energies and field settings to avoid
systematic effects associated with pT dependent detec-
tion efficiency below 0.2 GeV/c. The results presented in
this work for 130 GeV are nonetheless in agreement with
results reported by STAR in the first measurement of net
charge fluctuations in Au+Au collisions at

√
sNN = 130

GeV [7].
Simulations reveal the vertex finding efficiency is max-

imum for total charged particle multiplicity of order 5
and greater in the TPC. We studied the event counting
efficiency of this analysis with a simple simulation based
on events generated with the HIJING model [36], and
found the event counting efficiency is maximum for pro-
duced charged particle multiplicities (in the range -0.5
< η < 0.5) exceeding 12. The vertex counting efficiency
is of order 90% for multiplicities larger than 5, and falls
abruptly to zero for smaller values. For this reason, the
analysis presented in this work is limited to reference
multiplicities in excess of 10 and 17 for Au + Au and
Cu + Cu collisions where it is deemed minimally biased
or unbiased.

In order to eliminate track splitting we restricted our
analysis to charged particle tracks producing more than
20 hits within the TPC where 50% of these hits were
included in the final fit of the track.

III. NET CHARGE FLUCTUATION RESULTS

We present, in Fig. 1, measurements of the dynamical
net charge fluctuations, ν+−,dyn, as a function of collision
centrality in Au + Au collisions at

√
sNN = 19.6, 62.4,

130, and 200 GeV, Cu + Cu collisions at
√

sNN = 62.4
and 200 GeV.

In Fig. 1, we see that the dynamical net charge fluc-
tuations, in general, exhibit a monotonic dependence on
the number of participating nucleons. At a given num-
ber of participants the measured fluctuations also ex-
hibit a modest dependence on beam energy, with ν+−,dyn

magnitude being the largest in Au + Au collisions at√
sNN = 19.6 GeV. The ν+−,dyn values measured for

p + p collisions at
√

s = 200 GeV amounts to -0.230 ±
0.019(stat).
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FIG. 1: (Color online) Dynamical net charge fluctuations,
ν+−,dyn, of particles produced within pseudorapidity |η| <
0.5, as function of the number of participating nucleons.

We first discuss the energy dependence of the fluctu-
ations. The collision centrality dependence is addressed
in the following section.

A. Beam Energy and Size Dependence

A study of the net charge fluctuation dependence on
the beam energy is of interest given that it can potentially
reveal a change in the magnitude of the fluctuations and
signal the formation of QGP.

We conduct this study primarily on the basis of the
0-5% and 0-10% most central collisions in Au + Au and
Cu + Cu collisions, respectively. Extensions to less cen-
tral and peripheral collisions are possible but subject to
additional uncertainties raised by small systematic errors
involved the collision centrality determination.

As already stated in the Introduction, charge conser-
vation and the finite size of the colliding system intrinsi-
cally limit the magnitude of the net charge correlations.
Intuitively, one expects charge conservation effects to be-
come progressively smaller with increasing charged parti-
cle multiplicity. Charge conservation effects are nonethe-
less definite at all beam energies and produced multiplici-
ties. Specifically, one estimates that charge conservation
implies a minimum value of order ν+−,dyn = −4/N4π,
where N4π is the total charged particle multiplicity pro-
duced over 4π (see [29] for a derivation of this esti-
mate). This estimate was obtained [29] assuming that
charge conservation implies global correlations but no
dependence of these correlations on rapidity. Therefore,
charge conservation effects may be different than those
estimated in this work. Nonetheless, for simplicity, we
use the above expression to estimate the effects of charge
conservation on the dynamical net charge fluctuations.

Corrections to ν+−,dyn for system size and charge con- charge and transverse momentum 
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Motivations

1st order transition
Cross over

Critical Point	


Where??

Deconfinement:	


• Quark Degrees of Freedom	


• Suppression of Net Charge Fluctuations	


• Parton Energy Loss (Gluon Radiation)	


• J/ψ Suppression (Debye Screenning)	


• Conical Emission 

Schematic QCD Phase Diagram

Critical Point (CP):	


• Location unclear!	


• Scan phase boundary	


• “Divergence” of correlation length ξ near CP	


• “Divergence” of pT fluctuations near CP	


• Increase Strangeness Production & 

Fluctuations.

Equation of State (EoS):	


• Viscosity	


• Heat Capacity	


• Flow	


• Initial State

New State of Matter	
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• Conical Emission	


• Chiral Magnetic Effect
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Koch, Jeon, et al., Asaka et al., Heiselberg et al., and several others: 
    Expect reduced net charge fluctuation variance in the presence of a QGP.

Deconfinement: Suppression of Net Charge Fluctuations

Nch = N+ + N−

Q = N+ − N−

R = N+

N−

ωQ =
δQ2

Nch

D ≡ Nch δR2 = 4
δQ2

Nch

= 4ωQ

Scenario ωQ D

Free Particles 1 4

Resonance Gas ~0.7 ~2.8

QGP <0.25 <1

QGP+Coalescence 3.3

Dilution of Fluctuations in expanding 
medium due to diffusion of particles 
E. V. Shuryak, M. A. Stephanov, Phys. Rev. C 
63, 064903 (2001)	



M.A. Aziz, S. Gavin, Phys. Rev. C 70, 034905 
(2004).	



Collision dynamics	


S. Jeon, V. Koch, Phys. Rev. Lett. 85, 2076 
(2000).	



Radial flow 	


S. Voloshin, Phys. Lett. B632, 490 (2006).	



Resonance decays, final state 
interactions	


J. Zaranek, Phys. Rev. C66 024905 (2002).
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The “Conflict” and The Resolution (QM 2004)

Theoretical Prediction:

Definitions:

C.P., S.G., S.V., PRC 66, 44904 (2002)	


S. Mrowczynski, PRC C66, 024904 (2002).	


J. Nystrand, et al., PRC 68, 034902 (2003).

Weak Evidence for finite dynamic net 
charge fluctuations 

PHENIX (130 GeV): PRL. 89 (2002) 082301.

STAR (130 GeV) PRC68, 044905 (2003). 

Clear Evidence for finite dynamic net 
charge fluctuations but not for 
deconfinement 

Poisson Limit

� 

ν +−,dyn = ν +− −ν +−,statDynamic Fluctuations

Observables 
Related

Integral Two-Particle 
Correlation Measure

� 

ν +−,dyn = R+ + + R−− − 2R+−
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Dynamical Fluctuations	


and Correlations

� 

ν+−,dyn = R+ + + R−− − 2R+−

Integral Correlation 
Fluctuations

Differential Correlation

1-body density 2-body density

FNAL and 
ISR data.

Cαβ ηα ,ηβ( ) = ραβ ηα ,ηβ( )− ρα ηα( )ρα ηβ( )
Rαβ ηα ,ηβ( ) = ραβ ηα ,ηβ( )

ρα ηα( )ρβ ηβ( ) −1 Robust Observable

Rαβ ηα ,ηβ( ) = ραβ ηα ,ηβ( )dηα dηβ∫
ρα ηα( )dηα∫ ⊗ ρβ ηβ( )dηβ∫

−1 Robust Observable

Net Charge Fluctuations Charge Balance Function

B Δη( ) = N+−

N−

+ N−+

N+

− N−−

N−

− N++

N+

K/Pi Fluctuations (etc)

νKπ =
Nπ (Nπ −1)

Nπ
2 +

NK (NK −1)
NK

2 − 2
NKπ

NK Nπ

Extensions to pT fluctuations, higher moments, 
and multi-particle correlation functions.
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Independent of volume fluctuations  

 
Independent Particle Production 

!
Superposition of “p-p” 

!
!
!
!

Robust Observable  
(Independent of efficiency) 

!
!

Charge Conservation 
!
!

Perfect N+=N- correlation

ν+−,dyn = 0

dN
dy AA

υAA,dyn = dN
dy pp

υ pp,dyn

N(b) υ+−,dyn (b) = constant

Raa =
n(n −1)
n 2 =

ε 2 N 2 + ε(1− ε) N − ε N
ε 2 N 2 =

N(N −1)
N 2

ν+−,dyn = R++ + R−− − 2R+−

ν+−,dyn = − 2
N+ 4π

≈ − 4
N 4π

ν+−,dyn = − 4 N η

Dynamical Fluctuations Properties
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First Measurement

• Weak Evidence for dynamical correlations	


• But NO Evidence for QGP Formation
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First Measurement

• Weak Evidence for dynamical correlations	


• But NO Evidence for QGP Formation



          Matter at Extreme Conditions: Now and Then, Kolkata, India, C. Pruneau ���9

Net Charge Dynamical Fluctuations
Au- Au vs centrality, vs beam energy
STAR TPC:  |η|<0.5;    0.2 < pt < 5.0 GeV/c

C.P., M. Sharma

STAR, PRC 79 (2009) 024906
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efficiency stems from finite track and vertex finding ef-
ficiencies. Track finding efficiency within the TPC was
studied through detailed Monte Carlo simulations of the
detector response with track embedding. For minimal
track quality cuts such as those used in this analysis,
one finds the track finding efficiency is of order 95% for
pT > 0.2 GeV/c in peripheral collisions. It reduces to
approximately 85% for most central collisions and falls
to zero for primary tracks with pT < 0.1 GeV/c. The
efficiencies of positive and negative particles are found to
be the same within the statistical errors. The data shown
were integrated for tracks with 0.2 < pT < 5.0 GeV/c,
|η| < 0.5 and 0 < φ < 2π. Note that the minimum pT cut
used in this new analysis is different than that used in the
first reported study [7]. A value of 0.2 GeV/c is used for
all measured beam energies and field settings to avoid
systematic effects associated with pT dependent detec-
tion efficiency below 0.2 GeV/c. The results presented in
this work for 130 GeV are nonetheless in agreement with
results reported by STAR in the first measurement of net
charge fluctuations in Au+Au collisions at

√
sNN = 130

GeV [7].
Simulations reveal the vertex finding efficiency is max-

imum for total charged particle multiplicity of order 5
and greater in the TPC. We studied the event counting
efficiency of this analysis with a simple simulation based
on events generated with the HIJING model [36], and
found the event counting efficiency is maximum for pro-
duced charged particle multiplicities (in the range -0.5
< η < 0.5) exceeding 12. The vertex counting efficiency
is of order 90% for multiplicities larger than 5, and falls
abruptly to zero for smaller values. For this reason, the
analysis presented in this work is limited to reference
multiplicities in excess of 10 and 17 for Au + Au and
Cu + Cu collisions where it is deemed minimally biased
or unbiased.

In order to eliminate track splitting we restricted our
analysis to charged particle tracks producing more than
20 hits within the TPC where 50% of these hits were
included in the final fit of the track.

III. NET CHARGE FLUCTUATION RESULTS

We present, in Fig. 1, measurements of the dynamical
net charge fluctuations, ν+−,dyn, as a function of collision
centrality in Au + Au collisions at

√
sNN = 19.6, 62.4,

130, and 200 GeV, Cu + Cu collisions at
√

sNN = 62.4
and 200 GeV.

In Fig. 1, we see that the dynamical net charge fluc-
tuations, in general, exhibit a monotonic dependence on
the number of participating nucleons. At a given num-
ber of participants the measured fluctuations also ex-
hibit a modest dependence on beam energy, with ν+−,dyn

magnitude being the largest in Au + Au collisions at√
sNN = 19.6 GeV. The ν+−,dyn values measured for

p + p collisions at
√

s = 200 GeV amounts to -0.230 ±
0.019(stat).
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FIG. 1: (Color online) Dynamical net charge fluctuations,
ν+−,dyn, of particles produced within pseudorapidity |η| <
0.5, as function of the number of participating nucleons.

We first discuss the energy dependence of the fluctu-
ations. The collision centrality dependence is addressed
in the following section.

A. Beam Energy and Size Dependence

A study of the net charge fluctuation dependence on
the beam energy is of interest given that it can potentially
reveal a change in the magnitude of the fluctuations and
signal the formation of QGP.

We conduct this study primarily on the basis of the
0-5% and 0-10% most central collisions in Au + Au and
Cu + Cu collisions, respectively. Extensions to less cen-
tral and peripheral collisions are possible but subject to
additional uncertainties raised by small systematic errors
involved the collision centrality determination.

As already stated in the Introduction, charge conser-
vation and the finite size of the colliding system intrinsi-
cally limit the magnitude of the net charge correlations.
Intuitively, one expects charge conservation effects to be-
come progressively smaller with increasing charged parti-
cle multiplicity. Charge conservation effects are nonethe-
less definite at all beam energies and produced multiplici-
ties. Specifically, one estimates that charge conservation
implies a minimum value of order ν+−,dyn = −4/N4π,
where N4π is the total charged particle multiplicity pro-
duced over 4π (see [29] for a derivation of this esti-
mate). This estimate was obtained [29] assuming that
charge conservation implies global correlations but no
dependence of these correlations on rapidity. Therefore,
charge conservation effects may be different than those
estimated in this work. Nonetheless, for simplicity, we
use the above expression to estimate the effects of charge
conservation on the dynamical net charge fluctuations.

Corrections to ν+−,dyn for system size and charge con-
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FIG. 3: (Color online) Dynamical net charge fluctuations,
ν+−,dyn, of particles produced with pseudorapidity |η| < 0.5
scaled by (a) the multiplicity, dNch/dη. The dashed line cor-
responds to charge conservation effect and the solid line to the
prediction for a resonance gas, (b) the number of participants,
and (c) the number of binary collisions.

function does occur in central Au + Au collisions rel-
ative to peripheral collisions [51]. We note, however,
as already pointed out by Pratt et al. and more re-
cently by Voloshin [19], radial flow produced in heavy
ion collisions induces large position-momentum correla-
tions which manifest themselves in angular, transverse
momentum, and longitudinal two-particle correlations.
The observed narrowing of the longitudinal charge bal-
ance function therefore cannot be solely ascribed to de-
layed hadronization. It is thus important to gauge the
change in two-particle correlations imparted by radial
flow effects. As a first step towards this goal, we present
studies of the net charge fluctuation dependence on the
integrated pseudorapidity and azimuthal ranges.
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FIG. 4: (Color online) Dynamical fluctuations ν+−,dyn, nor-
malized to their value for |η| < 1, as function of the inte-
grated pseudorapidity range. (a) data for Au + Au collisions
at

√
sNN = 62.4, 200 GeV (0-5%) along with data for Cu+Cu

collisions at
√

sNN = 62.4, 200 GeV (0-10%), are compared
to inclusive p + p data at

√
s = 200 GeV, and (b) data for

Au+Au collisions at
√

sNN = 62.4, 200 GeV (30-40%) along
with data for Cu+Cu collisions at

√
sNN = 62.4, 200 GeV (0-

10%), are compared to inclusive p + p collision data at
√

s =
200 GeV.
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ν+−,dyn, of particles produced with pseudorapidity |η| < 0.5
scaled by (a) the multiplicity, dNch/dη. The dashed line cor-
responds to charge conservation effect and the solid line to the
prediction for a resonance gas, (b) the number of participants,
and (c) the number of binary collisions.

function does occur in central Au + Au collisions rel-
ative to peripheral collisions [51]. We note, however,
as already pointed out by Pratt et al. and more re-
cently by Voloshin [19], radial flow produced in heavy
ion collisions induces large position-momentum correla-
tions which manifest themselves in angular, transverse
momentum, and longitudinal two-particle correlations.
The observed narrowing of the longitudinal charge bal-
ance function therefore cannot be solely ascribed to de-
layed hadronization. It is thus important to gauge the
change in two-particle correlations imparted by radial
flow effects. As a first step towards this goal, we present
studies of the net charge fluctuation dependence on the
integrated pseudorapidity and azimuthal ranges.
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FIG. 4: (Color online) Dynamical fluctuations ν+−,dyn, nor-
malized to their value for |η| < 1, as function of the inte-
grated pseudorapidity range. (a) data for Au + Au collisions
at

√
sNN = 62.4, 200 GeV (0-5%) along with data for Cu+Cu

collisions at
√

sNN = 62.4, 200 GeV (0-10%), are compared
to inclusive p + p data at
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s = 200 GeV, and (b) data for

Au+Au collisions at
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sNN = 62.4, 200 GeV (30-40%) along
with data for Cu+Cu collisions at

√
sNN = 62.4, 200 GeV (0-

10%), are compared to inclusive p + p collision data at
√

s =
200 GeV.

• Evidence for dynamic fluctuations	


• Non trivial centrality dependence	


• BUT No deconfinement signal
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Net Charge Dynamical Fluctuations: ALICE

ALICE, Phys.Rev.Lett. 110 (2013) 152301

• Fluctuations suppressed  w.r.t. RHIC	


• Cannot be explained by radial flow alone	


• Clear tendency towards QGP Prediction	


• Origin in QGP Phase (?)
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Charge Balance Function
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Bass, Danielewicz, and Pratt, PRL 85, 2689 (2000)

No STAR acceptance!

Deconfinement:  
Delayed Hadronization                  Narrowing of Balance Function

� 

σδy
2 =σδη

2 +σ thermal
2

Early hadronization:  
Long range correlations

   

Late hadronization:  
Short range correlations
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Charge Balance Function
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B Δη( ) = 1
2
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⎧
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⎫
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STAR, PRL  90 (2003) 172301

• Narrowing of Balance Function	


• Observed for all charges, pions, and kaons	


• Also observed at 200 GeV	


• Consistent w/ Delayed Hadronization

Au + Au  sqrt(sNN) = 130 GeV
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Charge Balance Function
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ALICE, Phys. Lett. B 723 (2013) 267-279

• Narrowing of Balance Function Observed for all charges, 	


• Consistent w/ Delayed Hadronization, production of a deconfined phase of matter

Pb-Pb @ 2.76 TeV

http://dx.doi.org/10.1016/j.physletb.2013.05.039
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Higher Moments

• Static, infinite medium: Correlation length ξ diverges near CP	



• Related to moments of net charge, net baryon number, and net strangeness 	


• M. A. Stephanov et al., Phys. Rev. D 60, 114028 (1999).	



• Finite size and finite lifetime suppress  ξ  but it might be as large as 2-3 fm in heavy-ion collisions.	



• B. Berdnikov et al., Phys. Rev. D 61, 105017 (2000).	


• M. A. Stephanov, Phys. Rev. Lett. 102, 032301 (2009);	


• K. Rajagopal and M. A. Stephanov, private comm. 2009.	


• M. Asakawa et al., Phys. Rev. Lett. 103, 262301 (2009).	

!!!!!!!!!

• Lattice Calculations: Moments of net-baryon related to baryon number susceptibilities	

!
• κσ2 ~ ratio of fourth order, χB(4), to second order χB(2), large deviation from unity near CP.

���14

σ 2 = ΔN 2 ∝ξ 2

ΔN 3 ∝ξ 4.5

ΔN 4 ∝ξ 7
   

S = γ 1 =
ΔN 3

σ 3 ∝ ξ 4.5

ξ 3
= ξ1.5

κ = γ 2 =
ΔN 4

σ 4 − 3∝ ξ 7

ξ 4
= ξ 3

Measurements of 
excess skewness and 
kurtosis

χB =
ΔNB( )2

VT
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Higher Moments of Net Proton Fluctuations
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S. Ejiri, et al., PRD, 78 (2008) 074507 
M.A. Stephanov, Prog. Th. Phys. Suppl. 153 (2004) 139 
Z. Fodor, S.D. Katz, JHEP 0404 (2004) 50. 
R.V. Gavai, S. Gupta,  
N.R. Sahoo, et al., Phys.Rev. C87 (2013) 044906 
RBC-Bielefeld, Nucl.Phys. A830 (2009) 705C-708C 

STAR, Phys. Rev. Lett. 105 (2010) 22302

3

to baryon number susceptibilities and long range correlations, are constant as functions of collision
centrality. We compare these products with results from lattice QCD and various models without
a critical point and study the

√
sNN dependence of κσ2. From the measurements at the three beam

energies, we find no evidence for a critical point in the QCD phase diagram for µB below 200 MeV.

PACS numbers: 25.75.Gz,12.38.Mh,21.65.Qr,25.75.-q,25.75.Nq

One of the major goals of the heavy-ion collision pro-
gram is to explore the QCD phase diagram [1]. Finite
temperature lattice QCD calculations [2] at baryon chem-
ical potential µB = 0 suggest a cross-over above a critical
temperature (Tc) ∼ 170 – 190 MeV [3] from a system
with hadronic degrees of freedom to a system where the
relevant degrees of freedom are quarks and gluons. Sev-
eral QCD based calculations (see e.g [4]) find the quark-
hadron phase transition to be first order at large µB. The
point in the QCD phase plane (T vs. µB) where the first
order phase transition ends is the QCD Critical Point
(CP) [5, 6]. Attempts are being made to locate the CP
both experimentally and theoretically [7]. Current the-
oretical calculations are highly uncertain about location
of the CP. Lattice QCD calculations at finite µB face nu-
merical challenges in computing. The experimental plan
is to vary the center of mass energy (

√
sNN) of heavy-ion

collisions to scan the phase plane [8] and at each energy,
search for signatures of the CP that could survive the
time evolution of the system [9].

In a static, infinite medium, the correlation length (ξ)
diverges at the CP. ξ is related to various moments of the
distributions of conserved quantities such as net-baryons,
net-charge, and net-strangeness [10]. Typically variances
(σ2 ≡

〈

(∆N)2
〉

; ∆N = N −M ; M is the mean) of these
distributions are related to ξ as σ2 ∼ ξ2 [11]. Finite size
and time effects in heavy-ion collisions put constraints
on the values of ξ. A theoretical calculation suggests ξ
≈ 2-3 fm for heavy-ion collisions [12]. It was recently
shown that higher moments of distributions of conserved
quantities, measuring deviations from a Gaussian, have a
sensitivity to CP fluctuations that is better than that of
σ2, due to a stronger dependence on ξ [13]. The numer-
ators in skewness (S =

〈

(∆N)3
〉

/σ3) goes as ξ4.5 and
kurtosis (κ = [

〈

(∆N)4
〉

/σ4] - 3) goes as ξ7. A crossing
of the phase boundary can manifest itself by a change of
sign of S as a function of energy density [13, 14].

Lattice calculations and QCD-based models show
that moments of net-baryon distributions are related to

baryon number (∆NB) susceptibilities (χB =
⟨(∆NB)2⟩

V T ;
V is the volume) [15]. The product κσ2, related to the

ratio of fourth order (χ(4)
B ) to second order (χ(2)

B ) sus-
ceptibilities, shows a large deviation from unity near the
CP [15]. Experimentally measuring event-by-event net-
baryon numbers is difficult. However, the net-proton
multiplicity (Np − Np̄ = ∆Np) distribution is measur-
able. Theoretical calculations have shown that ∆Np fluc-
tuations reflect the singularity of the charge and baryon

number susceptibility as expected at the CP [16]. Non-
CP model calculations (discussed later in the paper) show
that the inclusion of other baryons does not add to the
sensitivity of the observable. This letter reports the first
measurement of higher moments of the ∆Np distribu-
tions from Au+Au collisions to search for signatures of
the CP.
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FIG. 1: (Color online) ∆Np multiplicity distribution in
Au+Au collisions at

√
sNN = 200 GeV for various collision

centralities at midrapidity (| y |< 0.5). The statistical errors
are shown.

The data presented in the paper are obtained using
the Time Projection Chamber (TPC) of the Solenoidal
Tracker at RHIC (STAR) [17]. The event-by-event pro-
ton (Np) and anti-proton (Np̄) multiplicities are mea-
sured for Au+Au minimum bias events at

√
sNN = 19.6,

62.4, and 200 GeV for collisions occurring within 30 cm
of the TPC center along the beam line. The numbers of
events analyzed are 4×104, 5×106, and 8×106 for

√
sNN

= 19.6, 62.4, and 200 GeV, respectively. Centrality selec-
tion utilized the uncorrected charged particle multiplicity
within pseudorapidity | η | < 0.5, measured by the TPC.
For each centrality, the average numbers of participants
(⟨Npart⟩) are obtained by Glauber model calculations.
The ∆Np measurements are carried out at midrapidity
(| y | < 0.5) in the range 0.4 < pT < 0.8 GeV/c. Ioniza-
tion energy loss (dE/dx) of charged particles in the TPC
was used to identify the inclusive p(p̄) [18]. To suppress
the contamination from secondary protons, we required
each p(p̄) track to have a minimum pT of 0.4 GeV/c and
a distance of closest approach (DCA) to the primary ver-
tex of less than 1 cm [18]. The pT range used includes
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approximately 35-40% of the total p + p̄ multiplicity at
midrapidity. ∆Np was not corrected for reconstruction
efficiency. Typical ∆Np distributions from 70-80%, 30-
40%, and 0-5% Au+Au collision centralities are shown in
Fig. 1.
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FIG. 2: (Color online) Centrality dependence of moments of
∆Np distributions for Au+Au collisions at

√
sNN = 19.6, 62.4,

and 200 GeV. The lines are the expected values from the
central limit theorem. Error bars are statistical and caps are
systematic errors.

The four moments (M , σ, S , and κ) which describe
the shape of the ∆Np distributions at various collision
energies are plotted as a function of ⟨Npart⟩ in Fig. 2.
The typical statistical errors on σ, S , and κ for central
Au+Au collisions at 200 GeV are 0.2%, 11% and 16% re-
spectively. The M shows a linear variation with ⟨Npart⟩
and increases as

√
sNN decreases, in accordance with the

energy and centrality dependence of baryon transport [8].
The variation ofM within a centrality bin has been taken
into account in higher moment calculations. The σ in-
creases with ⟨Npart⟩. The values are similar for three
beam energies studied. The S is positive and decreases
as ⟨Npart⟩ increases for a given collision energy. The val-
ues also decrease as

√
sNN increases. This indicates that

the distributions become symmetric for more central col-
lisions and for higher beam energies. The κ decreases as
⟨Npart⟩ increases, but is similar for all three

√
sNN stud-

ied.
Experimentally it is difficult to correct such observ-

ables for the particle reconstruction efficiency on an
event-by-event basis. Construction of observables in-
dependent of the efficiency, such as factorial moments,
leads to loss of one-to-one correspondence with higher
moments [19], and significant difficulty in comparing to
theoretical expectations. We have investigated the ef-
fects of the detector and track reconstruction efficiencies

by comparing the moments of the ∆Np distribution us-
ing the events from a heavy-ion event generator model
HIJING (ver.1.35) [20] and the moments of the recon-
structed ∆Np, after passing the same events through a
realistic GEANT detector simulation. The difference be-
tween the two cases for the σ, S and κ are about an order
of magnitude smaller than their absolute values. Typical
values of such differences for central Au+Au 200 GeV
collisions are -0.37±0.05, 0.02±0.05 and -0.06±0.12 for
σ, S , and κ, respectively. These results indicate that the
effects on the shape of the distributions are small. The
effect on the yields of p(p̄) is discussed elsewhere [8, 18].
The systematic errors are estimated by varying the fol-
lowing requirements for p(p̄) tracks: DCA, track quality
reflected by the number of fit points used in track re-
construction, and the dE/dx selection criteria for p(p̄)
identification. The typical systematic errors are of the
order 10% for M and σ, 25% on S and 30% on κ. The
statistical and systematic (caps) errors are presented sep-
arately in the figures.
To understand the evolution of centrality dependence

of moments in Fig. 2, we invoke the central limit the-
orem (CLT) and consider the distribution at any given
centrality i to be a superposition of several independent
source distributions. We assume the average number of
the sources for a given centrality to be equal to some
number C times the corresponding ⟨Npart⟩, and obtain
[21]:

Mi = CMx⟨Npart⟩i, (1)

σ2
i = Cσ2

x⟨Npart⟩i, (2)

Si = Sx/[
√

C ⟨Npart⟩i ], (3)

and

κi = κx/[C⟨Npart⟩i]. (4)

The various moments of the parent distribution Mx, σx,
Sx, κx and constant C have been determined from fits to
data. The dashed lines in Fig. 2 show the expectations
from the CLT. The χ2/ndf between the CLT expecta-
tions and data are < 1.5 for all the moments presented.
If collision centrality reflects the system volume, then
the results in Fig. 2 which approximate baryon number
susceptibilities suggest that the susceptibilities do not
change with the volume [2]. Deviations from ⟨Npart⟩ scal-
ing could indicate new physics such as might result from
the CP.
To get a microscopic view, we present two observables,

Sσ and κσ2, which can be used to search for the CP.
These products will be constants as per the CLT and
other likely non-CP scenarios, as seen from the depen-
dences on ⟨Npart⟩ discussed above. These observables
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are related to the ratio of baryon number susceptibili-
ties (χB) at a given temperature (T ) computed in QCD

models as: Sσ =
χ(3)
B /T

χ(2)
B /T 2

and κσ2 =
χ(4)
B

χ(2)
B /T 2

[6]. Close to

the CP, models predict the net-baryon number distribu-
tions to be non-Gaussian and susceptibilities to diverge
causing Sσ and κσ2 to deviate from being constants and
have large values. Figure 3 shows that Sσ and κσ2 for
Au+Au collisions at

√
sNN = 19.6, 62.4, and 200 GeV

are constants as a function of ⟨Npart⟩.
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FIG. 3: (Color online) Centrality dependence of (a) Sσ and
(b) κσ2 for ∆Np in Au+Au collisions at

√
sNN = 19.6, 62.4,

and 200 GeV compared to various model calculations. The
shaded band for Sσ and κσ2 reflects contributions from the
detector effects. (c) shows the model expectations for κσ2

from various physical effects in Au+Au collisions at 200 GeV.
The lattice QCD results are for net-baryons corresponding to
central collisions [6]. See text for more details.

In Fig. 3(a), lattice QCD results on Sσ for net-baryons
in central collisions are found to agree with the mea-
surements. Near the CP, the system will deviate from
equilibrium [12] and results from lattice QCD, which as-
sumes equilibrium, should not be consistent with the
data. These lattice calculations, which predict a CP
around µB ∼ 300 MeV, are carried out using two-flavor
QCD with number of lattice sites in imaginary time to
be 6 and mass of pion around 230 MeV [6]. The ratios

of the non-linear susceptibilities at finite µB are obtained
using Padé approximant resummations of the quark num-
ber susceptibility series. The freeze-out parameters as a
function of

√
sNN are taken from [22] and Tc = 175 MeV.

To understand the various non-CP physics background
contribution to these observables, in Fig. 3 we also
present the results for the net-proton distribution as
a function of ⟨Npart⟩ from UrQMD (ver.2.3) [23], HI-
JING [20], AMPT (ver.1.11) [24], and Therminator
(ver.1.0) [25] models. The measurements are consistent
with results from various non-CP models studied. In
Fig. 3(c), several model calculations from Au+Au colli-
sions at 200 GeV are presented to understand the effect
of the following on our observable: with (W) and without
(W/O) resonance decays, inclusion of all baryons (both
studied using UrQMD), jet-production (HIJING), coales-
cence mechanism of particle production (AMPT String
Melting, ver.2.11), thermal particle production (Thermi-
nator), rescattering (UrQMD and AMPT). All model cal-
culations are done using default versions and with the
same kinematic coverage as for data. The κσ2 (Fig. 3b)
and Sσ (Fig. 3a) are found to be constant for all the cases
as a function of ⟨Npart⟩. This constant value can act as
a baseline for the CP search. QCD model calculations
with CP predict a non-monotonic dependence of these
observables with ⟨Npart⟩ and

√
sNN [13].
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FIG. 4: (Color online)
√
sNN dependence of κσ2 for net-

proton distributions measured at RHIC. The results are
compared to non-CP model calculations (slightly shifted in√
sNN). The left-right arrow at the bottom indicates the en-

ergy range for the CP search at RHIC.

Figure 4 shows the energy dependence of κσ2 for ∆Np,
compared to several model calculations that do not in-
clude a CP. The experimental values plotted are average
values for the centrality range studied; they are found
to be consistent with unity. Also shown at the top of
Fig. 4 are the µB values corresponding to the various√
sNN [18, 22]. We observe no non-monotonic depen-
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Figure 4 shows the energy dependence of κσ2 for ∆Np,
compared to several model calculations that do not in-
clude a CP. The experimental values plotted are average
values for the centrality range studied; they are found
to be consistent with unity. Also shown at the top of
Fig. 4 are the µB values corresponding to the various√
sNN [18, 22]. We observe no non-monotonic depen-

w/ critical point

Interesting Data! But ....	


Need better precision, extended energy range
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Higher Moments: Cautionary Notes

• Efficiency Dependencies	



• and similarly for higher order terms...	



• Suggests the use of ratios of factorial moments instead of skewness or kurtosis	



• e.g.	


!
!

• A - A collisions likely to behave as a superposition of sources	



• Implies Dilution Effects (Superposition of m sources):	


!
!
!
!

• “Signal” 	


!
!

• Suggests  the use of 3rd and 4th order cumulants...
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Var[n]
n 2 =

n2 − n 2

n 2 =
N(N −1)
N 2 −1+ 1

ε N

N(N −1)
N 2

N(N −1)(N − 2)
N 3

N(N −1)(N − 2)
N(N −1) 3/2

N(N −1)(N − 2)(N − 3)
N(N −1) 2

ρ1
(m ) = m ρ1

(1)

ρ2
(m ) = m ρ2

(1) + m(m −1) ρ1
(1)ρ1

(1)

ρ3
(m ) = m ρ3

(1) + m(m −1) ρ2
(1)ρ1

(1) + m(m −1)(m − 2) ρ1
(1)ρ1

(1)ρ1
(1)

ρ4
(m ) = m ρ4

(1) + m(m −1) ρ3
(1)ρ1

(1) + m(m −1) ρ2
(1)ρ2

(1) + m(m −1)(m − 2) ρ2
(1)ρ1

(1)ρ1
(1) + m(m −1)(m − 2)(m − 3) ρ1

(1)ρ1
(1)ρ1

(1)ρ1
(1)

ρ4
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ρ1
(m )( )4

∝ 1
m 3

ρ4
(1)

ρ1
(1)( )4



R. Stock, Nature 337 (1989) 319.
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K/π Fluctuations
Observation of enhanced Kaon to Pion yield at 

sqrt(s) ~7 GeV/u

“Event-by-event fluctuations of particle ratios related to the hadro-
chemical composition of the particle source could provide a direct 
probe of the existence and nature of the phase transition.”

Production of strangeness may be related to the 
onset of deconfinement

Gary Westfall for STAR

The Search for the QCD Phase Transition

• The production of 
strangeness may be related 
to the onset of 
deconfinement

• Excitation function of
<K+>/<π+> shows 
structure around
sNN

1/2 = 7 GeV

• the excitation function 
of <K->/<π-> is smooth 

3
C. Blume (NA49), hep-ph/0505137
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Seek evidence for abnormal fluctuations in 
the relative K to π yields

Gary Westfall for STAR

The QCD Phase Diagram

2
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Pion and kaon yields obtained e-by-e from a 
maximum Likelihood Fit for each event

P. Seyboth for NA49 @ Hirschegg, 16-22/1/05.

K/π Fluctuations

???
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K/π Fluctuations

M. Anderson et al. NIMA499 (2003)

• PID based on TPC dE/dx:	


• Measurements: 	



• E-by-E Kaon to Pion yields ratio	


• Measure integral correlations

Gary Westfall for STAR

K/π Histograms

8

No corrections

Real is wider
than Mixed

Gary Westfall for STAR

Look at Charges Separately

13

200 GeV Au+Au

STAR, Phys. Rev. Lett. 103, 092301 (2009)

νKπ =
Nπ (Nπ −1)

Nπ
2 +

NK (NK −1)
NK

2 − 2
NKπ

NK Nπ
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K/π Fluctuations

M. Anderson et al. NIMA499 (2003)

• PID based on TPC dE/dx:	


• Measurements: 	



• E-by-E Kaon to Pion yields ratio	


• Measure integral correlations

Gary Westfall for STAR

K/π Histograms

8

No corrections

Real is wider
than Mixed

Gary Westfall for STAR

νdyn,Kπ for Au+Au at 62 and 200 GeV

• Centrality 
dependence of K/π 
fluctuations

• 1/N dependence

• 62 and 200 GeV 
similar in central 
collisions

• 62 GeV higher in 
peripheral collisions

11

Gary Westfall for STAR

Look at Charges Separately

13

200 GeV Au+Au

Gary Westfall for STAR

Excitation Function for σdyn

• Compare STAR results for 0 - 5% most central 
collisions with SPS results

9

• Possibilities

• related to K+/π+ 
horn

• increase of 
resonances decaying 
into K + π

• dilution of 
correlations as 
multiplicity increases

STAR, Phys. Rev. Lett. 103, 092301 (2009)

νKπ =
Nπ (Nπ −1)

Nπ
2 +

NK (NK −1)
NK

2 − 2
NKπ

NK Nπ

Gary Westfall for STAR

The Search for the QCD Phase Transition

• The production of 
strangeness may be related 
to the onset of 
deconfinement

• Excitation function of
<K+>/<π+> shows 
structure around
sNN

1/2 = 7 GeV

• the excitation function 
of <K->/<π-> is smooth 

3
C. Blume (NA49), hep-ph/0505137
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3
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K/π Fluctuations

���20

Gary Westfall for STAR

Scale with Npart

15

200 GeV Au+Au

Gary Westfall for STAR

Compare with HIJING

16

200 GeV Au+Au

Gary Westfall for STAR

Scale with dN/dη

17

STAR, Phys. Rev. Lett. 103, 092301 (2009)

• Resonance decays (feed down) complicate 
the interpretation of k/pi fluctuations results.	



• Nonetheless, “medium” effects are clearly 
observed.	



• Provide good testing grounds for particle 
production models.
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Pt Fluctuations

• Probe of phase instabilities near QCD phase boundary	


• H. Heiselberg, Phys. Rep. 351 (2001) 161	


• M. Stephanov et al. PRL 81 (1998) 4816;  PRD 60 (1999) 114028.	



• Onset of thermalization	


• S. Gavin, PRL 92 (2004) 162301.	



• Main Measurements	


• NA49, Phys. Lett B459 (1999) 679.	


• CERES, Nucl. Phys. A727 (2003) 97.	


• STAR, PRC 71 (2005) 064906.	


• PHENIX, PRL 93 (2004) 092301.	


• ALICE (analysis in progress?)

���21
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pT Fluctuations
• Au - Au Collisions

���22

0 - 5 % central ;   |η| < 1.0!
<pT> measured e-by-e!
Real is wider than mixed

� 

pt = pt i /Nevent
i=1

Nevent

∑

Δpt,iΔpt, j = 1
Nevent

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

N

∑
i=1

N

∑
Nevent  =  number of events
pt i  =  average pt  for ith  event

N =  number of tracks for ith  event
pt,i =  pt  for ith  track in event

ΔpTΔpT =
ρ2ΔpT ,1ΔpT ,2 dpT ,1 dpT ,2∫

ρ2 dpT ,1 dpT ,2∫

Equivalent to...
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pT Fluctuations Au - Au Collisions

���23

•Dynamic pT Correlations	


•Approx 1/Npart dependence	


•1/dN/dη scaling violation	


•Modest dependence on beam energy.	


•Dramatic Disagreement w/ HIJING
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pT Fluctuations

���24

Au - Au Collisions

Scaling Behavior

S. Voloshin, nucl-th/0312065

 
!v

 
!v “blast wave” Model

v ∝ rn
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pT Fluctuations

���24

Au - Au Collisions

Scaling Behavior

S. Voloshin, nucl-th/0312065

 
!v

 
!v “blast wave” Model

v ∝ rn
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pT Fluctuations (ALICE)

���25

J. Phys. G, Nucl. Part Phys. 38 (2011) 124095

•Dependence on beam energy	


•AA scales as pp below Npart ~ 100	


•Substantial “medium” effects for Npart > 100
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(<Δpt,iΔpt,j>)1/2/<<pt>>

PbPb  
ALICE

No smoking gun!
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(<Δpt,iΔpt,j>)1/2/<<pt>>

1.1%

PbPb  
ALICE

No smoking gun!
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The Mach Cone “Puzzle”

RAA ~ 0.2 implies large energy/momentum loss.	


!
Where is the energy/momentum going?	


!
• Mach Cone Emission?	


• Medium recoil?	


!

���27
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The Ridge and the Dip

3<pt,trigger<4 GeV;  pt,assoc.>2 GeV

Jörn Putschke, et al., STAR, Quark Matter 2006 Mark Horner , et al., STAR, Quark Matter 2006

pT,trig    = 3.0-4.0 GeV/c;   pT,asso = 1.0-2.5 GeV/c
Au+Au 0-10%   STAR

Near-Side Ridge Away-Side Dip
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Theoretical Scenarios: Ridge & Dip (2006)

���29

Armesto et al, PRL 93 (2004), nucl-ex/0405301

Ridge	

!
Parton radiation (Armesto etal)	


• Radiates energy before fragmenting and couples to 

the longitudinal flow	


•  Gluon bremsstrahlung of hard-scattered parton	



•  Parton shifted to lower pt 	



•  Radiated gluon contributes to broadening	



• Near-side jet also looses energy (finite pathlength)!	


Medium heating + Parton recombination	


(Chiu & Hwa Phys. Rev. C72:034903,2005)	


• Recombination of thermal partons only indirectly 

affected by hard scattering → not part of the jet 	


Radial flow + trigger bias 	


•S. A. Voloshin, Nucl. Phys. A749, 287 (2005))	



•C. Pruneau,  et al, Nucl.Phys. A802 (2008) 107-121.

Dip	

!
Mach Cone Concept/Calculations 	


• Stoecker, Casalderry-Solana et al, Muller et al.; 

Ruppert et al., …	


• Cherenkov Radiation 

Majumder, Koch, & Wang; Vitev	


Jet Deflection (Flow)	


• Fries; Armesto et al.; Hwa

~1.1 rad
vs~0.33

θM = π ± arccos(vs / c)
~ 1.9,4.3rad

Velocity Field  
Mach Cone

trigger parton/jetradiating parton
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Relative Angles Definition

1

2

3

Δφ12

Δφ13
Angular Range  
0 - 360o

   1:  3 < pt < 4 GeV/c (Jet Tag) 
2,3: 1 < pt < 2 GeV/c,

Mach Cone & Deflection 
Kinematical Signatures

Δφ
13

Δφ12
0 π 2π

π

2π

Back-to-back Jets “in vacuum”
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Relative Angles Definition

1

2

3

Δφ12

Δφ13
Angular Range  
0 - 360o

   1:  3 < pt < 4 GeV/c (Jet Tag) 
2,3: 1 < pt < 2 GeV/c,

Mach Cone & Deflection 
Kinematical Signatures

Δφ
13

Δφ12
0 π 2π

π

2π

Away-side broadening
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Relative Angles Definition

1

2

3

Δφ12

Δφ13
Angular Range  
0 - 360o

   1:  3 < pt < 4 GeV/c (Jet Tag) 
2,3: 1 < pt < 2 GeV/c,

Mach Cone & Deflection 
Kinematical Signatures

Δφ
13

Δφ12
0 π 2π

π

2π

Away-side deflection & flow
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Relative Angles Definition

1

2

3

Δφ12

Δφ13
Angular Range  
0 - 360o

   1:  3 < pt < 4 GeV/c (Jet Tag) 
2,3: 1 < pt < 2 GeV/c,

Mach Cone & Deflection 
Kinematical Signatures

Δφ
13

Δφ12
0 π 2π

π

2π

Mach Cone
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Measurement of 3-Particle Cumulant

 C.P., J.Phys. G34 (2007) S667-S670

• Jet tag (trigger) :  3 < p
t
 < 4, or 20 GeV/c,  |η|<1	



• Associates:          1 < p
t
 < 2 GeV/c,  |η|<1



          Matter at Extreme Conditions: Now and Then, Kolkata, India, C. Pruneau ���31

ρ3(Δϕ12 ,Δϕ13)

Measurement of 3-Particle Cumulant

 C.P., J.Phys. G34 (2007) S667-S670

• Jet tag (trigger) :  3 < p
t
 < 4, or 20 GeV/c,  |η|<1	



• Associates:          1 < p
t
 < 2 GeV/c,  |η|<1
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ρ3(Δϕ12 ,Δϕ13) ρ2 (12)ρ1(3)

Measurement of 3-Particle Cumulant

 C.P., J.Phys. G34 (2007) S667-S670

• Jet tag (trigger) :  3 < p
t
 < 4, or 20 GeV/c,  |η|<1	



• Associates:          1 < p
t
 < 2 GeV/c,  |η|<1
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ρ3(Δϕ12 ,Δϕ13) ρ2 (12)ρ1(3) ρ2 (13)ρ1(2)

Measurement of 3-Particle Cumulant

 C.P., J.Phys. G34 (2007) S667-S670

• Jet tag (trigger) :  3 < p
t
 < 4, or 20 GeV/c,  |η|<1	



• Associates:          1 < p
t
 < 2 GeV/c,  |η|<1
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ρ3(Δϕ12 ,Δϕ13) ρ2 (12)ρ1(3) ρ2 (13)ρ1(2)

Measurement of 3-Particle Cumulant

ρ2 (23)ρ1(1)

 C.P., J.Phys. G34 (2007) S667-S670

• Jet tag (trigger) :  3 < p
t
 < 4, or 20 GeV/c,  |η|<1	



• Associates:          1 < p
t
 < 2 GeV/c,  |η|<1
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ρ3(Δϕ12 ,Δϕ13) ρ2 (12)ρ1(3) ρ2 (13)ρ1(2)

Measurement of 3-Particle Cumulant

ρ2 (23)ρ1(1) C3(Δϕ12 ,Δϕ13)

 C.P., J.Phys. G34 (2007) S667-S670

• Jet tag (trigger) :  3 < p
t
 < 4, or 20 GeV/c,  |η|<1	



• Associates:          1 < p
t
 < 2 GeV/c,  |η|<1
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ρ3(Δϕ12 ,Δϕ13) ρ2 (12)ρ1(3) ρ2 (13)ρ1(2)

Measurement of 3-Particle Cumulant

ρ2 (23)ρ1(1) v2v2v4

• Clear evidence for finite 3-Part Correlations 
• Observation of flow like and jet like structures.	



• Evidence for v2v2v4 contributions	


• BUT No evidence for conical emission!!!

C3(Δϕ12 ,Δϕ13)

 C.P., J.Phys. G34 (2007) S667-S670

• Jet tag (trigger) :  3 < p
t
 < 4, or 20 GeV/c,  |η|<1	



• Associates:          1 < p
t
 < 2 GeV/c,  |η|<1



          Matter at Extreme Conditions: Now and Then, Kolkata, India, C. Pruneau ���32

Two-Component Model Analysis
Au+Au 0-12% No Jet Flow

Δϕ12

Δϕ
13

(Δφ12+Δφ13)/2-π

(Δφ12-Δφ13)/2

Au+Au 0-12%

Δϕ12

(Δφ12-Δφ13)/2

(Δφ12+Δφ13)/2-π

Δϕ
13

STAR, Phys.Rev.Lett. 102 (2009) 052302
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Mach Cone

Δφ*

Three particle correlation

True 3PC jet correlationsDeflected Jet

Δφ*

PHENIX Preliminary

Data is consistent 
with the presence 
of a  Mach Cone 
away-side jet  
but does not rule 
out small 
contributions from 
other topologies.

PHENIX simulation

Real dataChun Zhang, et al. PHENIX, QM06
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Paradigm Shift...

Collision-geometry fluctuations and triangular flow in heavy-ion collisions	


•Underlying Assumptions	


•Initial Collisions Produce Long Range Correlations	


•Fast Thermalization >>> Medium	


•Hydrodynamic Evolution	


•Spatial Anisotropy >>> Momentum Anisotropy 
•Finite System Has Non-zero Odd Spatial Eccentricities	



Consequences: 
•Initial Geometry Fluctuations Produce Odd Harmonics 
•Produces an away-side dip  

•SIMPLE EXPLANATIONS ARE THE BEST!!!! 
•Most people lost interest in conical emission! 
•But it might still exist… 
•There are ways to fish it out if it is there...

���34

COLLISION-GEOMETRY FLUCTUATIONS AND . . . PHYSICAL REVIEW C 81, 054905 (2010)
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FIG. 2. Distribution of (a) eccentricity, ε2, and (b) triangularity, ε3, as a function of number of participating nucleons, Npart, in
√

sNN =
200 GeV Au + Au collisions.

consistent with the expected fluctuations in the initial state
geometry with the new definition of eccentricity [46]. In this
article, we use this method of quantifying the initial anisotropy
exclusively.

Mathematically, the participant eccentricity is given as

ε2 =

√(
σ 2

y − σ 2
x

)2 + 4(σxy)2

σ 2
y + σ 2

x

, (3)

where σ 2
x , σ 2

y , and σxy , are the event-by-event (co-)variances
of the participant nucleon distributions along the transverse
directions x and y [8]. If the coordinate system is shifted to the
center of mass of the participating nucleons such that ⟨x⟩ =
⟨y⟩ = 0, it can be shown that the definition of eccentricity is
equivalent to

ε2 =
√

⟨r2 cos(2φpart)⟩2 + ⟨r2 sin(2φpart)⟩2

⟨r2⟩
(4)

in this shifted frame, where r and φpart are the polar coordinate
positions of participating nucleons. The minor axis of the
ellipse defined by this region is given as

ψ2 =
atan2(⟨r2 sin(2φpart)⟩, ⟨r2 cos(2φpart)⟩) + π

2
. (5)

Since the pressure gradients are largest along ψ2, the collective
flow is expected to be the strongest in this direction. The
definition of v2 has conceptually changed to refer to the second
Fourier coefficient of particle distribution with respect to ψ2
rather than the reaction plane

v2 = ⟨cos(2(φ − ψ2))⟩. (6)

This change has not affected the experimental definition since
the directions of the reaction plane angle or ψ2 are not a priori
known.

Drawing an analogy to eccentricity and elliptic flow, the
initial and final triangular anisotropies can be quantified as par-
ticipant triangularity, ε3, and triangular flow, v3, respectively:

ε3 ≡
√

⟨r2 cos(3φpart)⟩2 + ⟨r2 sin(3φpart)⟩2

⟨r2⟩
(7)

v3 ≡ ⟨cos(3(φ − ψ3))⟩, (8)

where ψ3 is the minor axis of participant triangularity given by

ψ3 =
atan2(⟨r2 sin(3φpart)⟩, ⟨r2 cos(3φpart)⟩) + π

3
. (9)

It is important to note that the minor axis of triangularity
is found to be uncorrelated with the reaction plane angle
and the minor axis of eccentricity in Glauber Monte Carlo
calculations. This implies that the average triangularity
calculated with respect to the reaction plane angle or ψ2 is
zero. The participant triangularity defined in Eq. (7), however,
is calculated with respect to ψ3 and is always finite.

The distributions of eccentricity and triangularity calculated
with the PHOBOS Glauber Monte Carlo implementation [47]
for Au + Au events at √

sNN = 200 GeV are shown in Fig. 2.
The value of triangularity is observed to fluctuate event by
event and have an average magnitude of the same order as
eccentricity. Transverse distribution of nucleons for a sample
Monte Carlo event with a high value of triangularity is shown
in Fig. 3. A clear triangular anisotropy can be seen in the region
defined by the participating nucleons.

x(fm)
-10 0 10

y
(f

m
)

-10

-5

0

5

10

 = 0.533ε = 91,PartN

PHOBOS Glauber MC

FIG. 3. Distribution of nucleons on the transverse plane for a√
sNN = 200 GeV Au + Au collision event with ε3 = 0.53 from

Glauber Monte Carlo. The nucleons in the two nuclei are shown in
gray and black. Wounded nucleons (participants) are indicated as
solid circles, while spectators are dotted circles.
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the odd terms, was proposed by Mishra et al. to probe
superhorizon fluctuations in the thermalization stage [39].
In this work, we show that the second and third Fourier
components of two-particle correlations may be best studied
by treating the components of corresponding initial geometry
fluctuations on equal footing. To reduce contributions of
nonflow correlations, which are most prominent in short
pseudorapidity separations, we focus on azimuthal correlations
at long ranges in pseudorapidity. We show that the ridge and
broad away-side structures can be well described by the first
three coefficients of a Fourier expansion of the azimuthal
correlation function

dNpairs

d!φ
= Npairs

2π

[

1 +
∑

n

2Vn! cos(n!φ)

]

, (1)

where the first component, V1!
1, is understood to be due to

momentum conservation and directed flow and the second
component V2! is dominated by the contribution from elliptic
flow. Studies in a multiphase transport model (AMPT) [40]
suggest that not only the elliptic flow term, V2!, but also a
large part of the correlations measured by the V3! term, arises
from the hydrodynamic expansion of the medium.

II. FOURIER DECOMPOSITION OF AZIMUTHAL
CORRELATIONS

In the existing correlation data, different correlation
measures such as R(!η,!φ) [19], Nr̂(!η,!φ) [41], and
1/NtrigdN/d!φ(!η,!φ) [25] have been used to study differ-
ent sources of particle correlations. The azimuthal projection
of all of these correlation functions have the form

C(!φ) = A
dNpairs

d!φ
+ B, (2)

where the scale factor A and offset B depend on the definition
of the correlation function as well as the pseudorapidity range

1Note the distinction between Vn! and vn. See Eqs. (10) and (11)
for details.

of the projection [25]. Examples of long range azimuthal
correlation distributions are shown in Fig. 1 for inclusive
correlations from PHOBOS and STAR [19,41] and high-pT

triggered correlations from PHOBOS [25] for mid-central
Au + Au collisions obtained by projecting the two-
dimensional correlation functions onto the !φ axis at pseu-
dorapidity separations of 1.2 < !η < 1.9 for STAR data and
2 < !η < 4 for PHOBOS data. The correlation function data
used in this study are available at Refs. [42–44]. Also shown in
Fig. 1 are the first three Fourier components of the azimuthal
correlations and the residual after these components are taken
out. The data is found to be very well described by the three
Fourier components.

III. PARTICIPANT TRIANGULARITY AND TRIANGULAR
FLOW

It is useful to recall that traditional hydrodynamic calcu-
lations start from a smooth matter distribution given by the
transverse overlap of two Woods-Saxon distributions. In such
calculations, elliptic flow is aligned with the orientation of
the reaction plane defined by the impact parameter direction
and the beam axis and by symmetry, no V3! component
arises in the azimuthal correlation function. To describe this
component in terms of hydrodynamic flow requires a revised
understanding of the initial collision geometry, taking into
account fluctuations in the nucleon-nucleon collision points
from event to event. The possible influence of initial geometry
fluctuations was used to explain the surprisingly large values
of elliptic flow measured for central Cu + Cu collision,
where the average eccentricity calculated with respect to the
reaction plane angle is small [8]. For a Glauber Monte Carlo
event, the minor axis of eccentricity of the region defined
by nucleon-nucleon interaction points does not necessarily
point along the reaction plane vector but may be tilted. The
“participant eccentricity” [8,45] calculated with respect to this
tilted axis is found to be finite even for most central events and
significantly larger than the reaction plane eccentricity for the
smaller Cu + Cu system. Following this idea, event-by-event
elliptic flow fluctuations have been measured and found to be
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FIG. 1. (Top) Azimuthal correlation functions for mid-central (10–20%) Au + Au collisions at
√

sNN = 200 GeV obtained from projections
of two-dimensional !η,!φ correlation measurements by PHOBOS [19,25] and STAR [41]. The transverse momentum and pseudorapidity
ranges are indicated on the figures. Errors bars are combined systematic and statistical errors. The first three Fourier components are shown in
solid lines. (Bottom) The residual correlation functions after the first three Fourier components are subtracted.
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FIG. 2. Distribution of (a) eccentricity, ε2, and (b) triangularity, ε3, as a function of number of participating nucleons, Npart, in
√

sNN =
200 GeV Au + Au collisions.

consistent with the expected fluctuations in the initial state
geometry with the new definition of eccentricity [46]. In this
article, we use this method of quantifying the initial anisotropy
exclusively.

Mathematically, the participant eccentricity is given as

ε2 =

√(
σ 2

y − σ 2
x

)2 + 4(σxy)2

σ 2
y + σ 2

x

, (3)

where σ 2
x , σ 2

y , and σxy , are the event-by-event (co-)variances
of the participant nucleon distributions along the transverse
directions x and y [8]. If the coordinate system is shifted to the
center of mass of the participating nucleons such that ⟨x⟩ =
⟨y⟩ = 0, it can be shown that the definition of eccentricity is
equivalent to

ε2 =
√

⟨r2 cos(2φpart)⟩2 + ⟨r2 sin(2φpart)⟩2

⟨r2⟩
(4)

in this shifted frame, where r and φpart are the polar coordinate
positions of participating nucleons. The minor axis of the
ellipse defined by this region is given as

ψ2 =
atan2(⟨r2 sin(2φpart)⟩, ⟨r2 cos(2φpart)⟩) + π

2
. (5)

Since the pressure gradients are largest along ψ2, the collective
flow is expected to be the strongest in this direction. The
definition of v2 has conceptually changed to refer to the second
Fourier coefficient of particle distribution with respect to ψ2
rather than the reaction plane

v2 = ⟨cos(2(φ − ψ2))⟩. (6)

This change has not affected the experimental definition since
the directions of the reaction plane angle or ψ2 are not a priori
known.

Drawing an analogy to eccentricity and elliptic flow, the
initial and final triangular anisotropies can be quantified as par-
ticipant triangularity, ε3, and triangular flow, v3, respectively:

ε3 ≡
√

⟨r2 cos(3φpart)⟩2 + ⟨r2 sin(3φpart)⟩2

⟨r2⟩
(7)

v3 ≡ ⟨cos(3(φ − ψ3))⟩, (8)

where ψ3 is the minor axis of participant triangularity given by

ψ3 =
atan2(⟨r2 sin(3φpart)⟩, ⟨r2 cos(3φpart)⟩) + π

3
. (9)

It is important to note that the minor axis of triangularity
is found to be uncorrelated with the reaction plane angle
and the minor axis of eccentricity in Glauber Monte Carlo
calculations. This implies that the average triangularity
calculated with respect to the reaction plane angle or ψ2 is
zero. The participant triangularity defined in Eq. (7), however,
is calculated with respect to ψ3 and is always finite.

The distributions of eccentricity and triangularity calculated
with the PHOBOS Glauber Monte Carlo implementation [47]
for Au + Au events at √

sNN = 200 GeV are shown in Fig. 2.
The value of triangularity is observed to fluctuate event by
event and have an average magnitude of the same order as
eccentricity. Transverse distribution of nucleons for a sample
Monte Carlo event with a high value of triangularity is shown
in Fig. 3. A clear triangular anisotropy can be seen in the region
defined by the participating nucleons.
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FIG. 3. Distribution of nucleons on the transverse plane for a√
sNN = 200 GeV Au + Au collision event with ε3 = 0.53 from

Glauber Monte Carlo. The nucleons in the two nuclei are shown in
gray and black. Wounded nucleons (participants) are indicated as
solid circles, while spectators are dotted circles.
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Measurement of viscosity based on pt 
pt Correlations

�36

σ 2 =σ o
2 + 2ΔV (τ f )

ΔV (τ ) ≡ η− η( )2 = 2ν
τ o

1− τ o
τ

⎛
⎝
⎜

⎞
⎠
⎟

Gavin and Abdel-Aziz, nucl-th/0606061 (2006)

C Δη( ) = pt ,1pt ,2 − pt
2

C

Δη

σ central

σ peripheral

ν = η
Tcs

NEAR SIDE: Fluid Cells 
Viscous Drag damps their 
relative motion and 
broadens correlations

  
C Δη,Δϕ( ) =

pt ,i pt , j
j≠i=1

n2

∑
i=1

n1

∑
n1 n2

− pt ,1 pt ,2

Experimental Observable



Results:  

• Correlation Function is not Gaussian

• Characterize width as RMS of the distribution above “pedestal”

• Determine pedestal (offset) based on fit of the line shape

!

• Subtract offset; Set                point equal to neighboring points in 0-5%; 
Calculate RMS from data, but include              extrapolation from fit.

�37

  
C Δη, Δϕ <1( )

?

 Δη = 0

 
Δη > 2

  b+ an exp(−Δη / 2σ n
2 )+ aw exp(−Δη / 2σ w

2 )

NEAR SIDE: Fluid Cells 
Viscous Drag damps their 
relative motion and 
broadens correlations
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Results:  

���38

  
C Δη, Δϕ <1( )

“Absolute” lower limit

Slow rise w/ increasing Npart	


-Incomplete thermalization	


-Radial flow effects	


-Offset/Background shape - 
centrality selection effects

Phys.Lett. B704 (2011) 467-473

M. Sharma et al.

Interpretation based on Gavin and Abdel-Aziz, 
Phys.Rev.Lett. 97 (2006) 162302; nucl-th/
0606061 (2006)

σ viscous
2 = 4ν

τ o
1− τ o

τ
⎛
⎝⎜

⎞
⎠⎟

 Δσ
2 !σ viscous

2 = 0.58 ± 0.28Measured broadening:

ν = η
Tcs

Viscous broadening:

RMS : 0.55→ 0.94
Assume Temperature: Tc = 170 MeV

Formation Time (th. syst.): τ o = 1−0.4
+0.5

Freeze-out Time (central): τ = 10 − 20 fm/c

η s = 0.14 ± 0.02(stat) ± 0.06(meas syst.)

±0.14(theory syst.)

Shear Viscosity/Entropy:

Shear Viscosity/Entropy - Upper limit:

η smax = 0.2 + 0.14(theory syst.)

Range defines theory systematic errors

• Values obtained by this method consistent w/ values 
obtained by flow measurements	



• Similar analysis needed at LHC.
In agreement w/ estimates from 
flow measurements
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pTpT Correlations 
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R2 (η1,ϕ1,η2 ,ϕ2 ) =
ρ2 (η1,ϕ1,η2 ,ϕ2 )

ρ1(η1,ϕ1)ρ1(η2 ,ϕ2 )
−1‘Number’ Correlations

Δpt ,1Δpt ,2 (η1,ϕ1,η2,ϕ2 ) =
ρ2 (η1,ϕ1, pt ,2η2,ϕ2, pt ,2 )Δpt ,1Δpt ,2 dpt ,1 dpt ,2

accept
∫

ρ2 (η1,ϕ1, pt ,2η2,ϕ2, pt ,2 )dpt ,1 dpt ,2
accept
∫

pTpT Correlations

Δpt ,1Δpt ,2 (η1,ϕ1,η2,ϕ2 ) =
Δpt ,1Δpt ,2

accept
∑

events
∑
n2 (η1,ϕ1,η2,ϕ2 )

events
∑

measured as:

Flow Only (corr w.r.t reaction plane):

ΔptΔpt η1,η2,Δφ( ) =
2 vn

p (η1)− pt (η1)vn (η1)( ) vnp (η2 )− pt (η2 )vn (η1)( )cos nΔφ( )
n
∑

1+ 2 vn (η1)vn (η1)cos nΔφ( )
n
∑

Regular Flow Coefficients

pT weighted Flow Coefficients

 vn
ΔptΔpt ! vn

pt − pt vnSimple Prediction:

ΔpT = pT − pT
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pTpT Correlations 

���40

• Similar results for higher harmonics	


• Factorization	


• Scaling (Flow Model)

 vn
ΔptΔpt ! vn

pt − pt vnP. Pujahari + C.P.
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Summary (Score Card)
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Measurement Conclusion(s)/Outcome

Net Charge Fluctuations Tendency towards suppression expected 
from QGP but suppression not fully 
realized.

Balance Function Narrowing observed in central collisions!
Consistent with delayed hadronization.

Net Charge Higher Moments Increased expected not observable !
Inconclusive because of background?

Kaon/Pion Fluctuations Insufficient data at low beam energy

pT Fluctuations Scaled Correlations suppressed not 
enhanced. 

Ridge/Dip No Mach Cone: Rise of Triangularity!
But where is the medium recoil?
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Summary (Score Card cont’d)
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Measurement Conclusion(s)/Outcome

Correlations Longitudinal 
Broadening Estimate of viscosity consistent w/ 

flow results

DptDpt Correlations Further evidence for flow & 
factorization

Epilog:!
• Good (Not excellent) score card!!
• A + A collisions are mesoscopic systems: Collision 

dynamics dominates - must be accounted for before 
one considers system wide fluctuations.!

• Correlation/Fluctuation Observables have 
nonetheless as a very powerful discovery tool.


