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• Introduction

• Measurement of 3-particle correlations from STAR

• Comparison to models & possible interpretations 
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Goal is to : 

Map out 3D structure of HIC

Constrain η/s with more precision

Provide baseline for CME

Outline

STAR Experiment at RHIC

Large Coverage: 0 < φ < 2π,  |η| < 1.0 
Uniform acceptance:  transverse momentum (pT) and rapidity (y) 
Excellent particle identification capabilities (TPC and TOF) 
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Year √sNN 
(GeV) 

Minimum 
Bias 

Events(106) 

2010 62.4 67 

2010 39 130 

2011 27 70 

2011 19.6 36 

2014 14.5 20 

2010 11.5 12 

2010 7.7 4 

BES-I Dataset 
TPC MTD  Magnet BEMC BBC EEMC TOF 

HFT @ Maria & Alex Schmah 

•  M. Anderson et al., Nucl. Instrum. Meth. A 499 (2003) 659 
•  W. J. Llope., Nucl. Instrum. Meth. A 661 (2012) S110–S113 

12/02/16 
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Azimuthal correlations in Relativistic Heavy Ion 
collisions 

B→

Δφ

ΨRP

Conventional measurement → two-particle correlations :                                               Vn,n = ⟨cos(n(φ1 − φ2))⟩ = v2n

Vn,n = ⟨cos(n(φ1 − φ2))⟩ = v2n

This measurement → three-particle correlations : ⟨cos(mφ1+nφ2−(m+ n)φ3)⟩

++

- -

Fig:1502.03144
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Definition of the observables

Cm,n,m+n = ⟨⟨cos(mφ1 + nφ2 − (m+ n)φ3)⟩⟩

Cm,n,m+nDifferent harmonic of                → sensitive to different physics 

C112 = �cos((�±
1 + ��

2 � 2�3))�→ charge separation w.r.to event 
plane driven by chiral magnetic effect 

• General (3-particle) correlator :  

• Connection to event-plane correlator (based on flow interpretation)  
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Why study three-particle correlations ?
Teany, Yan 1010.1876 
Bhalerao, Luzum, Ollitrault 1106.4940 
Heinz, Qiu 1208.1200 
ATLAS 1408.4342

• Two particle correlation w.r.to RP :                                                       
More freedom to map out both transverse and longitudinal structure of the fireball

• Connection to flow harmonic & event-plane correlations :                               
Non-linear hydrodynamic response more sensitive to viscosity

• Baseline for Chiral Magnetic Effects (CME) :                                                           
Essential to understand components driven by initial-state, magnetohydrodynamics                                          

Going beyond conventional measurements of flow harmonics



Event-by-event baryon- and entropy density
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Deposit entropy density (fluctuating with NBD) between the 
collided constituent quarks using a Gaussian profile in the 
transverse plane and a constant distribution (with Gaussian 
edges) in rapidity 
!

�
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energy density
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baryon density 
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Motivation-I (3D structure of HIC)

Breaking of boost-invariance → due to longitudinal fluctuations 

These effects → referred as twist, torque, event-plane decorrelation  

Event-by-event baryon- and entropy density
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Deposit entropy density (fluctuating with NBD) between the 
collided constituent quarks using a Gaussian profile in the 
transverse plane and a constant distribution (with Gaussian 
edges) in rapidity 
!

�
Ã = ���GeV

energy density

x 
or

 y
 [f

m
]

x[fm] rapidity

baryon density 

Transverse Longitudinal

x

Y Y

η

ηx

ΨA ΨB

fig : 1605.07158

fig : Schenke 
       QM’15

Initial-state fluctuations

3D initial state → can be probed by Cm,n,m+n & its Δη dependence

Bozek et al 1011.3354 
Jia et al 1403.6077 
Pang et al 1511.04131 
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Motivation-I (3D structure of HIC)

v3 is driven by both geometry + fluctuation  

In-plane fluctuations Out-of-plane fluctuations

v1 drives v3 in mid-central collisions →  can be probed by C123

Teany, Yan 1010.1876
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Motivation-I (3D structure of HIC)

v3 is driven by both geometry + fluctuation  
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v1 drives v3 in mid-central collisions →  can be probed by C123
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Motivation-II (Non-linear hydro response)

Better probe for transport properties of QGP 

-  More sensitivity due to non-linear hydro response 

Initial geometry

linear

n = 1 n = 2 n = 3 n = 4 n = 5

1 2 3 4 5

Teany, Yan 1010.1876 
Heinz, Qiu 1208.1200



11

Motivation-II (Non-linear hydro response)

Better probe for transport properties of QGP 

-  More sensitivity due to non-linear hydro response 

Initial geometry
non-linear

linear

n = 1 n = 2 n = 3 n = 4 n = 5

1 2 3 4 5

Teany, Yan 1010.1876 
Heinz, Qiu 1208.1200



n = 1 n = 2 n = 3 n = 4 n = 5n = 1 n = 2 n = 3 n = 4 n = 5
n = 1 n = 2 n = 3 n = 4 n = 5
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Motivation-II (Non-linear hydro response)

Better probe for transport properties of QGP 

-  More sensitivity due to non-linear hydro response 

Initial geometry

Effect of Viscosity

non-linear

linear

more-damping
n = 1 n = 2 n = 3 n = 4 n = 5

less-damping

Ψ5 → more correlated to Ψ2 & Ψ3 due to viscous damping  

1 2 3 4 5

Non-linear response → can be probed by sign change of Cm,n,m+n 

Teany, Yan 1010.1876 
Heinz, Qiu 1208.1200
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Motivation-III (Towards constraining η/s(T))

5

fully described by fluid dynamics. Therefore, even if the
fluid dynamical models have been very successful in de-
scribing the low-pT hadron spectra measured at RHIC
and LHC energies, it is still not clear in how detail one
should trust the fluid dynamical description, and what
are its limitations.

It is then clear that reaching the final goal of deter-
mining the transport properties of the matter from the
experimental data requires that also the uncertainties re-
lated to the fluid dynamical evolution are systematically
charted. There are currently a few ways of extending the
applicability of fluid dynamics. For example, the moment
expansion of the Boltzmann equation provides a way to
include in principle arbitrary orders of the gradients into
the description, and it has been shown that including all
the second order terms consistently into the description
is essential in describing the detailed structure of shock
waves [93]. One of the characteristics of heavy-ion col-
lisions is that the early expansion is highly asymmetric,
i.e. the system starts with a fast longitudinal expansion,
and transverse expansion develops only later. This kind
of anisotropic expansion results in also highly anisotropic
local momentum distributions, which can lead to a break-
ing of the usual fluid dynamical description. This is
the motivation for the so-called anisotropic hydrodynam-
ics [94–96], where the functional form of the expansion
around the equilibrium state is designed to allow large de-
viations from an isotropic momentum distributions. Nei-
ther of these methods are, however, applied to a full de-
scription of heavy-ion collisions, yet.

One of the important conditions for the applicability
of fluid dynamics is that different systems should be de-
scribed by the same transport coefficients that can de-
pend on temperature and chemical potentials, but not
e.g. on the collision energy or the nuclear mass number.

C. Our fluid dynamical setup

In this work we employ the setup previously used
in Refs. [13, 14, 24, 55], where the longitudinal ex-
pansion is approximated by a scaling flow consistent
with longitudinal boost-invariance. In this approxima-
tion the longitudinal flow velocity is given by vz = z/t,
and the components of the energy-momentum tensor,
Eq. (1), become independent of the spacetime rapidity
⌘s = (1/2) ln [(t+ z)/(t� z)], i.e., they depend on the
transverse coordinates, r = (x, y), and the longitudinal
proper time, ⌧ =

p
t

2 � z

2, only. From a numerical point
of view, this reduces the (3+1)–dimensional problem to
a (2+1)–dimensional one.

The coefficients of the non-linear terms in the equa-
tions of motion for the shear-stress tensor, Eq. (4), are
taken from the 14-moment approximation to the ultra-
relativistic gas [68, 69, 71], i.e., c1 = �(4/3)⌧⇡, c2 =

�(10/7)⌧⇡, c3 = 2⌧⇡, and c4 = 9/(70P0), and the relation

FIG. 1. (Color online) Parametrizations of the temperature
dependence of the shear-viscosity to entropy ratio, labelled
here in the order of increasing ⌘/s at T = 100 MeV. For more
details, see the text and Table I.

between the relaxation time ⌧⇡ and the shear viscosity is

⌧⇡ =

5⌘

e+ P0
. (7)

In thermodynamical equilibrium, the properties of the
matter are essentially given by the EoS that gives pres-
sure as a function of temperature. Here we use the
s95p-PCE-v1 parametrization of lattice QCD results at
zero net-baryon density [97]. The high-temperature part
of this EoS is from the hotQCD collaboration [98, 99]
and it is smoothly connected to a hadron resonance gas,
where resonances up to mass of 2 GeV are included. The
hadronic part of the EoS includes a chemical freeze-out
at Tchem = 175 MeV, where all stable hadron ratios are
fixed [100–102]. A hadron is considered stable, if its life-
time is more than 10 fm. In the perfect fluid limit the
construction of the chemical freeze-out also conserves the
number of stable particles. However, in the viscous fluid
there is still small (approximately 1%) entropy produc-
tion below Tchem = 175 MeV, and this leads to a small
increase in the number of particles during the evolution
of chemically frozen hadronic matter.

Once the transport coefficients and EoS above are
given, the only degrees of freedom left are the shear vis-
cosity to entropy density ratio ⌘/s(T ) and the initial com-
ponents Tµ⌫

(⌧0, r). In the boost-invariant approximation
it is enough to specify T

µ⌫
(⌧0, r) in the transverse plane

at some initial proper time ⌧0. The initial conditions
calculated from the EbyE EKRT setup are discussed in
detail in the next section.

As shown in Fig. 1, we parametrize the temperature
dependence of the ⌘/s ratio in a similar manner as we did
in [55], by assuming a minimum of ⌘/s at T = Tmin to
be somewhere in the cross-over temperature-region and a
linearly rising (decreasing) behavior in the QGP (HRG)

Niemi et al 1101.2442 
Lacey et al 1305.3341 
Niemi  et al 1505.02677 
Denicol et al 1512.01538

η/s (T) → not yet fully constrained 

Models assume parametrization  

Niemi et al  
1505.02677 Viscosity has temperature dependence  
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Motivation-III (Towards constraining η/s(T))
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between the relaxation time ⌧⇡ and the shear viscosity is

⌧⇡ =

5⌘

e+ P0
. (7)

In thermodynamical equilibrium, the properties of the
matter are essentially given by the EoS that gives pres-
sure as a function of temperature. Here we use the
s95p-PCE-v1 parametrization of lattice QCD results at
zero net-baryon density [97]. The high-temperature part
of this EoS is from the hotQCD collaboration [98, 99]
and it is smoothly connected to a hadron resonance gas,
where resonances up to mass of 2 GeV are included. The
hadronic part of the EoS includes a chemical freeze-out
at Tchem = 175 MeV, where all stable hadron ratios are
fixed [100–102]. A hadron is considered stable, if its life-
time is more than 10 fm. In the perfect fluid limit the
construction of the chemical freeze-out also conserves the
number of stable particles. However, in the viscous fluid
there is still small (approximately 1%) entropy produc-
tion below Tchem = 175 MeV, and this leads to a small
increase in the number of particles during the evolution
of chemically frozen hadronic matter.

Once the transport coefficients and EoS above are
given, the only degrees of freedom left are the shear vis-
cosity to entropy density ratio ⌘/s(T ) and the initial com-
ponents Tµ⌫

(⌧0, r). In the boost-invariant approximation
it is enough to specify T

µ⌫
(⌧0, r) in the transverse plane

at some initial proper time ⌧0. The initial conditions
calculated from the EbyE EKRT setup are discussed in
detail in the next section.

As shown in Fig. 1, we parametrize the temperature
dependence of the ⌘/s ratio in a similar manner as we did
in [55], by assuming a minimum of ⌘/s at T = Tmin to
be somewhere in the cross-over temperature-region and a
linearly rising (decreasing) behavior in the QGP (HRG)

RHIC

LHC

Niemi et al 1101.2442 
Lacey et al 1305.3341 
Niemi  et al 1505.02677 
Denicol et al 1512.01538

η/s (T) → not yet fully constrained 

Models assume parametrization  

Measurements at RHIC are essential
to constrain η/s (T) at low temperatures

Niemi et al  
1505.02677 Viscosity has temperature dependence  
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STAR detector system
STAR Experiment at RHIC

Large Coverage: 0 < φ < 2π,  |η| < 1.0 
Uniform acceptance:  transverse momentum (pT) and rapidity (y) 
Excellent particle identification capabilities (TPC and TOF) 
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Year √sNN 
(GeV) 

Minimum 
Bias 

Events(106) 

2010 62.4 67 

2010 39 130 

2011 27 70 

2011 19.6 36 

2014 14.5 20 

2010 11.5 12 

2010 7.7 4 

BES-I Dataset 
TPC MTD  Magnet BEMC BBC EEMC TOF 

HFT @ Maria & Alex Schmah 

•  M. Anderson et al., Nucl. Instrum. Meth. A 499 (2003) 659 
•  W. J. Llope., Nucl. Instrum. Meth. A 661 (2012) S110–S113 

12/02/16 

Data sets used are from year 2004, 2010-12, & 2014 :                            
Au+Au collisions at √sNN = 200, 62.4, 39, 27, 19.6, 14.5, 11.5, 7.7 GeV

This analysis uses inclusive 
charged particles detected by 
the Time-Projection Chamber



•  Centrality selection: Uncorrected multiplicity in |η|<0.5  

•  Acceptance cuts:  0<φ<2π,  |η|<1, pT > 0.2 GeV/c

16

TPC acceptance/weight     
(used in this analysis)

Details of the cuts & methods

Weight estimated in bins of sagitta, η-φ of tracksωi,j,k →

Cm,n,m+n=

〈∑
i,j,k

ωiωjωk cos(mφi + nφi − (m+ n)φk)

∑
i,j,k

ωiωjωk

〉

We use Q-Cumulant method & estimate :



n = 1 n = 2 n = 3 n = 4 n = 5
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Results : Δη dependence of Cm,n,m+n
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Results : Δη dependence of Cm,n,m+n

p+A like 
geometry

Possible scenario: 
fluctuations → η-asymmetry, Δη dependence

The Forward-Backward and ∆η 

7	

Toy Monte-Carlo 
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Results : Δη dependence of Cm,n,m+n

Strong Δη dependence of C123 → due to η asymmetric of v1  
C224 → weak dependence, best for comparison to 2D hydro models

p+A like 
geometry

Possible scenario: 
fluctuations → η-asymmetry, Δη dependence

Jet correlated to Ψ2 plane may also lead

to Δη dependence 

The Forward-Backward and ∆η 

7	

Toy Monte-Carlo 
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small ∆η: dominated by same η, same flux tube, same fluctuation 
large ∆η: dominated by flux tubes on opposite sides (η) 

Data 

η∆
0 0.2 0.4 0.6 0.8 1

) 2φ
-3 1φ

co
s(
1

0.06−

0.04−

0.02−

0

0.02

0.04

0.06

-4
-2
 0
 2
 4
 6

× 10-6

C
12

3

 0

 10

 20

 30

 40

 0.5  1  1.5

Au+Au 200 GeVSTAR
20-30%

C
22

4

| ∆η |

| η1-η2|

| η1-η3|

STAR Preliminary

v1 v3

v1 v3



20

Measurement of pT dependence of Cm,n,m+n

STAR Preliminary STAR Preliminary

Different pT regime → sensitivity to different physics 

High pT & peripheral events → momentum conservation from jets

Correlations in central events look completely different from peripheral   

Central vs Peripheral: pT Dependence 

2	

The pT dependence of the correlations look completely 
different in central and peripheral collisions 
 
High pT peripheral is consistent with expectations from jets. 
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Centrality dependence of Cm,n,m+n 4
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(d)
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EKRT η/s=0.2

-20
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(f)

C336×Npart
2

 ×10-4

Npart

IP-Glasma+MUSIC

FIG. 3. Centrality dependence of mixed harmonic correlators Cm,n,m+n compared to di↵erent theoretical calculations from
Ref. [37, 44, 49, 60, 61]. The statistical and systematic uncertainties are shown by error-bars and grey bands respectively.

phase of Tc = 150 MeV. An important caveat must be278

noted, none of these models includes a longitudinal de-279

pendence in the initial state that would appear to be280

required by the �⌘ dependence of Cm,n,m+n shown in281

Fig. 2. We also estimate the expectations for Cm,n,m+n282

purely from initial state geometry using Monte-Carlo283

Glauber model [63].284

In Fig. 3 we show the measurements of the central-285

ity dependence of the correlators Cm,n,m+n for charged286

particles with pT > 0.2 GeV and |⌘| < 1. We multiply287

the quantity Cm,n,m+n by N2
part to improve the visibility288

and to account for the natural dilution of correlations ex-289

pected from superpositions of independent sources. We290

find that the Glauber model based on the initial state291

geometry predicts negative values for all combinations of292

Cm,n,m+n.293

Correlators involving the first order harmonic C1,1,2294

and C1,2,3 are shown in Fig. 3 (a) and (b). Results are295

compared to hydrodynamic predictions which are only296

available from the “single-shot” hydrodynamic model [37,297

44]. The correlator C1,1,2 = hcos(�1 + �2 � 2�3)i mea-298

sures the dipole asymmetry with respect to the second299

order harmonic plane. The negative value of C1,1,2 ob-300

served in Fig. 3 (a) indicates that the dipole asymmetry301

arising at the central rapidity is dominantly out-of-plane302

as predicted by the theoretical calculations in [37] and303

initial state geometry. The model significantly under pre-304

dicts the data. It’s not clear what role the boost invari-305

ance of the initial state used in the model plays in this306

discrepency. The centrality dependence of C1,2,3 which307

measures the correlation between the first, second and308

third harmonics is shown in Fig. 3 (b). We see a nonzero309

correlation consistent with the illustrations in Fig. 1 and310

predictions from [37]. The large positive values of C1,2,3311

in mid-central events are indicative of a net in-plane first312

harmonic asymmetry correlated with the triangularity as313

was first predicted in Ref. [37]. In the model, the hydro-314

dynamic response of the medium changes both the sign315

and the centrality dependence and provides very good316

agreement with data for C1,2,3 over a wide range of Npart.317

It will be interesting to see if a model with a longitudi-318

nally asymmetric initial state can also describe the data319

well and what a↵ect this will have on the inferred trans-320

port parameters. Interestingly in the most central col-321

lisions, the measurements of both C1,1,2 and C1,2,3 are322

non-zero and negative while the models predict nearly323

zero values for these correlators. This indicates that the324

geometry in very central collisions is symmetric in the325

Glauber model of the initial state while the data shows326

the presence of additional fluctuations in central colli-327

sions that lead to non-zero C1,1,2 and C1,2,3. These addi-328

tional fluctuations may possibly arise at a sub-nucleonic329

scale not included in these two models.330

We next report the measurement of the correla-331

tors C2,2,4 and C2,3,5 in Fig. 3 (c)-(d). C2,2,4 =332

hv22v4 cos(4( 2 � 4))i measures the correlation between333

the second and the forth order harmonics and the cor-334

responding event-planes. In Fig. 2, we found that C2,2,4335

had only a weak dependence on �⌘ making it the most336

appropriate of the measurements to compare to mod-337

els assuming longitudinal symmetry. While the Glauber338

model results for the initial state are negative, C2,2,4339

exhibits strong positive values. This is consistent with340

the linear and nonlinear hydrodynamic response of the341

STAR Preliminary
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phase of Tc = 150 MeV. An important caveat must be278

noted, none of these models includes a longitudinal de-279

pendence in the initial state that would appear to be280

required by the �⌘ dependence of Cm,n,m+n shown in281

Fig. 2. We also estimate the expectations for Cm,n,m+n282

purely from initial state geometry using Monte-Carlo283

Glauber model [63].284

In Fig. 3 we show the measurements of the central-285

ity dependence of the correlators Cm,n,m+n for charged286

particles with pT > 0.2 GeV and |⌘| < 1. We multiply287

the quantity Cm,n,m+n by N2
part to improve the visibility288

and to account for the natural dilution of correlations ex-289

pected from superpositions of independent sources. We290

find that the Glauber model based on the initial state291

geometry predicts negative values for all combinations of292

Cm,n,m+n.293

Correlators involving the first order harmonic C1,1,2294

and C1,2,3 are shown in Fig. 3 (a) and (b). Results are295

compared to hydrodynamic predictions which are only296

available from the “single-shot” hydrodynamic model [37,297

44]. The correlator C1,1,2 = hcos(�1 + �2 � 2�3)i mea-298

sures the dipole asymmetry with respect to the second299

order harmonic plane. The negative value of C1,1,2 ob-300

served in Fig. 3 (a) indicates that the dipole asymmetry301

arising at the central rapidity is dominantly out-of-plane302

as predicted by the theoretical calculations in [37] and303

initial state geometry. The model significantly under pre-304

dicts the data. It’s not clear what role the boost invari-305

ance of the initial state used in the model plays in this306

discrepency. The centrality dependence of C1,2,3 which307

measures the correlation between the first, second and308

third harmonics is shown in Fig. 3 (b). We see a nonzero309

correlation consistent with the illustrations in Fig. 1 and310

predictions from [37]. The large positive values of C1,2,3311

in mid-central events are indicative of a net in-plane first312

harmonic asymmetry correlated with the triangularity as313

was first predicted in Ref. [37]. In the model, the hydro-314

dynamic response of the medium changes both the sign315

and the centrality dependence and provides very good316

agreement with data for C1,2,3 over a wide range of Npart.317

It will be interesting to see if a model with a longitudi-318

nally asymmetric initial state can also describe the data319

well and what a↵ect this will have on the inferred trans-320

port parameters. Interestingly in the most central col-321

lisions, the measurements of both C1,1,2 and C1,2,3 are322

non-zero and negative while the models predict nearly323

zero values for these correlators. This indicates that the324

geometry in very central collisions is symmetric in the325

Glauber model of the initial state while the data shows326

the presence of additional fluctuations in central colli-327

sions that lead to non-zero C1,1,2 and C1,2,3. These addi-328

tional fluctuations may possibly arise at a sub-nucleonic329

scale not included in these two models.330

We next report the measurement of the correla-331

tors C2,2,4 and C2,3,5 in Fig. 3 (c)-(d). C2,2,4 =332

hv22v4 cos(4( 2 � 4))i measures the correlation between333

the second and the forth order harmonics and the cor-334

responding event-planes. In Fig. 2, we found that C2,2,4335

had only a weak dependence on �⌘ making it the most336

appropriate of the measurements to compare to mod-337

els assuming longitudinal symmetry. While the Glauber338

model results for the initial state are negative, C2,2,4339

exhibits strong positive values. This is consistent with340

the linear and nonlinear hydrodynamic response of the341
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noted, none of these models includes a longitudinal de-279
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required by the �⌘ dependence of Cm,n,m+n shown in281
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noted, none of these models includes a longitudinal de-279

pendence in the initial state that would appear to be280

required by the �⌘ dependence of Cm,n,m+n shown in281

Fig. 2. We also estimate the expectations for Cm,n,m+n282

purely from initial state geometry using Monte-Carlo283

Glauber model [63].284

In Fig. 3 we show the measurements of the central-285

ity dependence of the correlators Cm,n,m+n for charged286

particles with pT > 0.2 GeV and |⌘| < 1. We multiply287

the quantity Cm,n,m+n by N2
part to improve the visibility288

and to account for the natural dilution of correlations ex-289

pected from superpositions of independent sources. We290

find that the Glauber model based on the initial state291

geometry predicts negative values for all combinations of292

Cm,n,m+n.293

Correlators involving the first order harmonic C1,1,2294

and C1,2,3 are shown in Fig. 3 (a) and (b). Results are295

compared to hydrodynamic predictions which are only296

available from the “single-shot” hydrodynamic model [37,297

44]. The correlator C1,1,2 = hcos(�1 + �2 � 2�3)i mea-298

sures the dipole asymmetry with respect to the second299

order harmonic plane. The negative value of C1,1,2 ob-300

served in Fig. 3 (a) indicates that the dipole asymmetry301

arising at the central rapidity is dominantly out-of-plane302

as predicted by the theoretical calculations in [37] and303

initial state geometry. The model significantly under pre-304

dicts the data. It’s not clear what role the boost invari-305

ance of the initial state used in the model plays in this306

discrepency. The centrality dependence of C1,2,3 which307

measures the correlation between the first, second and308

third harmonics is shown in Fig. 3 (b). We see a nonzero309

correlation consistent with the illustrations in Fig. 1 and310

predictions from [37]. The large positive values of C1,2,3311

in mid-central events are indicative of a net in-plane first312

harmonic asymmetry correlated with the triangularity as313

was first predicted in Ref. [37]. In the model, the hydro-314

dynamic response of the medium changes both the sign315

and the centrality dependence and provides very good316

agreement with data for C1,2,3 over a wide range of Npart.317

It will be interesting to see if a model with a longitudi-318

nally asymmetric initial state can also describe the data319

well and what a↵ect this will have on the inferred trans-320

port parameters. Interestingly in the most central col-321

lisions, the measurements of both C1,1,2 and C1,2,3 are322

non-zero and negative while the models predict nearly323

zero values for these correlators. This indicates that the324

geometry in very central collisions is symmetric in the325

Glauber model of the initial state while the data shows326

the presence of additional fluctuations in central colli-327

sions that lead to non-zero C1,1,2 and C1,2,3. These addi-328

tional fluctuations may possibly arise at a sub-nucleonic329

scale not included in these two models.330

We next report the measurement of the correla-331

tors C2,2,4 and C2,3,5 in Fig. 3 (c)-(d). C2,2,4 =332

hv22v4 cos(4( 2 � 4))i measures the correlation between333

the second and the forth order harmonics and the cor-334

responding event-planes. In Fig. 2, we found that C2,2,4335

had only a weak dependence on �⌘ making it the most336

appropriate of the measurements to compare to mod-337

els assuming longitudinal symmetry. While the Glauber338

model results for the initial state are negative, C2,2,4339

exhibits strong positive values. This is consistent with340

the linear and nonlinear hydrodynamic response of the341
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required by the �⌘ dependence of Cm,n,m+n shown in281

Fig. 2. We also estimate the expectations for Cm,n,m+n282

purely from initial state geometry using Monte-Carlo283

Glauber model [63].284
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particles with pT > 0.2 GeV and |⌘| < 1. We multiply287

the quantity Cm,n,m+n by N2
part to improve the visibility288
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and C1,2,3 are shown in Fig. 3 (a) and (b). Results are295

compared to hydrodynamic predictions which are only296
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sures the dipole asymmetry with respect to the second299

order harmonic plane. The negative value of C1,1,2 ob-300
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as predicted by the theoretical calculations in [37] and303

initial state geometry. The model significantly under pre-304

dicts the data. It’s not clear what role the boost invari-305

ance of the initial state used in the model plays in this306

discrepency. The centrality dependence of C1,2,3 which307

measures the correlation between the first, second and308

third harmonics is shown in Fig. 3 (b). We see a nonzero309

correlation consistent with the illustrations in Fig. 1 and310

predictions from [37]. The large positive values of C1,2,3311

in mid-central events are indicative of a net in-plane first312

harmonic asymmetry correlated with the triangularity as313

was first predicted in Ref. [37]. In the model, the hydro-314

dynamic response of the medium changes both the sign315

and the centrality dependence and provides very good316

agreement with data for C1,2,3 over a wide range of Npart.317

It will be interesting to see if a model with a longitudi-318

nally asymmetric initial state can also describe the data319

well and what a↵ect this will have on the inferred trans-320

port parameters. Interestingly in the most central col-321

lisions, the measurements of both C1,1,2 and C1,2,3 are322

non-zero and negative while the models predict nearly323

zero values for these correlators. This indicates that the324

geometry in very central collisions is symmetric in the325

Glauber model of the initial state while the data shows326

the presence of additional fluctuations in central colli-327

sions that lead to non-zero C1,1,2 and C1,2,3. These addi-328

tional fluctuations may possibly arise at a sub-nucleonic329

scale not included in these two models.330

We next report the measurement of the correla-331

tors C2,2,4 and C2,3,5 in Fig. 3 (c)-(d). C2,2,4 =332

hv22v4 cos(4( 2 � 4))i measures the correlation between333

the second and the forth order harmonics and the cor-334

responding event-planes. In Fig. 2, we found that C2,2,4335

had only a weak dependence on �⌘ making it the most336

appropriate of the measurements to compare to mod-337

els assuming longitudinal symmetry. While the Glauber338
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noted, none of these models includes a longitudinal de-279

pendence in the initial state that would appear to be280

required by the �⌘ dependence of Cm,n,m+n shown in281

Fig. 2. We also estimate the expectations for Cm,n,m+n282

purely from initial state geometry using Monte-Carlo283

Glauber model [63].284

In Fig. 3 we show the measurements of the central-285

ity dependence of the correlators Cm,n,m+n for charged286

particles with pT > 0.2 GeV and |⌘| < 1. We multiply287

the quantity Cm,n,m+n by N2
part to improve the visibility288

and to account for the natural dilution of correlations ex-289

pected from superpositions of independent sources. We290

find that the Glauber model based on the initial state291

geometry predicts negative values for all combinations of292
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Correlators involving the first order harmonic C1,1,2294

and C1,2,3 are shown in Fig. 3 (a) and (b). Results are295

compared to hydrodynamic predictions which are only296

available from the “single-shot” hydrodynamic model [37,297

44]. The correlator C1,1,2 = hcos(�1 + �2 � 2�3)i mea-298

sures the dipole asymmetry with respect to the second299

order harmonic plane. The negative value of C1,1,2 ob-300

served in Fig. 3 (a) indicates that the dipole asymmetry301

arising at the central rapidity is dominantly out-of-plane302

as predicted by the theoretical calculations in [37] and303

initial state geometry. The model significantly under pre-304

dicts the data. It’s not clear what role the boost invari-305

ance of the initial state used in the model plays in this306

discrepency. The centrality dependence of C1,2,3 which307

measures the correlation between the first, second and308

third harmonics is shown in Fig. 3 (b). We see a nonzero309

correlation consistent with the illustrations in Fig. 1 and310

predictions from [37]. The large positive values of C1,2,3311

in mid-central events are indicative of a net in-plane first312

harmonic asymmetry correlated with the triangularity as313

was first predicted in Ref. [37]. In the model, the hydro-314

dynamic response of the medium changes both the sign315

and the centrality dependence and provides very good316

agreement with data for C1,2,3 over a wide range of Npart.317

It will be interesting to see if a model with a longitudi-318

nally asymmetric initial state can also describe the data319

well and what a↵ect this will have on the inferred trans-320

port parameters. Interestingly in the most central col-321

lisions, the measurements of both C1,1,2 and C1,2,3 are322

non-zero and negative while the models predict nearly323

zero values for these correlators. This indicates that the324

geometry in very central collisions is symmetric in the325

Glauber model of the initial state while the data shows326

the presence of additional fluctuations in central colli-327

sions that lead to non-zero C1,1,2 and C1,2,3. These addi-328

tional fluctuations may possibly arise at a sub-nucleonic329

scale not included in these two models.330

We next report the measurement of the correla-331

tors C2,2,4 and C2,3,5 in Fig. 3 (c)-(d). C2,2,4 =332

hv22v4 cos(4( 2 � 4))i measures the correlation between333

the second and the forth order harmonics and the cor-334

responding event-planes. In Fig. 2, we found that C2,2,4335

had only a weak dependence on �⌘ making it the most336

appropriate of the measurements to compare to mod-337

els assuming longitudinal symmetry. While the Glauber338

model results for the initial state are negative, C2,2,4339

exhibits strong positive values. This is consistent with340
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density of the collision region increases.589

To better view the energy trends, in Fig. 13 we show590

NpartCm,n,m+n/v2 as a function of
p
sNN for three cen-591

trality intervals: 10-20%, 20-30%, and 30-40%. The v2592

values are based on a two-particle cumulant analysis as593

discussed in Appendix A. The scaling will be further dis-594

cussed in the next paragraph. For all centrality intervals595

shown, C1,1,2/v2 is negative at the highest energy but the596

magnitude of the correlation decreases as the energy de-597

creases and becomes consistent with zero, although with598

large errors, at 7.7 GeV. This behavior was also observed599

in the charge dependence of this correlator which has600

been studied to search for the charge separation predicted601

to be a consequence of the chiral magnetic e↵ect [43]. As602

noted above, both C2,2,4 and C2,3,5 are positive for all en-603

ergies. The energy dependence of C1,2,3/v2 is unique in604

that it is positive at 200 GeV but then drops below zero605

near 62.4 GeV and continues to become more negative606

at lower energies. In the following paragraph, we discuss607

the implications this trend has for how two-particle cor-608

relations with respect to the reaction plane change with609

energy.610

The correlations C1,1,2, C1,2,3, C2,2,4, and C2,3,5 pre-611

sented in Fig. 13 have either m = 2, n = 2, or m+n = 2.612

When v2 is large, as it is for the 10-20%, 20-30% and 30-613

40% centrality intervals, then hcos(1�1+1�2�2�3)i/v2 ⇡614

hcos(1�1 + 1�2 � 2 RP)i and hcos(2�1 + m�2 � (m +615

2)�3)i/v2 ⇡ hcos(2 RP+m�2�(m+2)�3)i where  RP is616

the reaction plane angle. Correlations including a second617

harmonic should then provide information about two-618

particle correlations with respect to the second harmonic619

reaction plane:620

hcos(1�1 + 1�3 � 2�2)i/v2 ⇡ hcos(1�0
1 + 1�0

2)i,
hcos(1�1 + 2�3 � 3�2)i/v2 ⇡ hcos(1�0

1 � 3�0
2)i,

hcos(2�1 + 2�3 � 4�2)i/v2 ⇡ hcos(2�0
1 � 4�0

2)i,
hcos(2�3 + 3�1 � 5�2)i/v2 ⇡ hcos(3�0

1 � 5�0
2)i, (3)

where �0 = � �  RP. Since we are integrating over621

all particles in these correlations, the subscript label622

for the particles is arbitrary so we’ve reassigned them623

for convenience. For illustration, table I shows values624

for Cm,n,m+n/v2 for specific values of �0
1 and �0

2. At625

200 GeV, all measured correlations are positive except626

hcos(�0
1 + �0

2)i. This is points to an enhanced proba-627

bility for a pair of particles in one of two possible con-628

figurations: either 1) �0
1 ⇡ ⇡/3 and �0

2 ⇡ 2⇡/3 or 2)629

�0
1 ⇡ �⇡/3 and �0

2 ⇡ �2⇡/3 (the right-most column630

of table I). This result is surprising since it implies a631

preference for both of the correlated particles to either632

be in the upper hemisphere, or both in the lower hemi-633

sphere. We note however, that hydrodynamic models634

with fluctuating initial conditions correctly predict this635

trend [44] which could arise from increased density fluc-636

tuations at either the top or the bottom of the almond637

shaped overlap region. A high density fluctuation in the638

lower half of the almond zone naturally leads to particles639

moving upward so that they both end up in the upper640

hemisphere; as portrayed in the illustration labeled “Po-641

sition B” in Fig. IV of Ref. [22]. For energies below642

200 GeV, C1,2,3 changes sign so that hcos(�0
1 + �0

2)i and643

hcos(1�0
1�3�0

2)i are both negative while hcos(2�0
1�4�0

2)i644

and hcos(3�0
1 � 5�0

2)i are both positive. This condition645

indicates a preference for particle pairs with �0
1 ⇡ 0 and646

�0
2 ⇡ ⇡. This preference for back-to-back particle pairs647

aligned with the reaction plane is consistent with an in-648

creased importance for momentum conservation at lower649

energies. Momentum conservation naturally leads to a650

tendency for particles to be emitted with back-to-back651

azimuth angles. As the beam energy is decreased, the652

multiplicity decreases and we should expect the e↵ects of653

momentum conservation to become more prominent (in654

the case that only two particles are emitted, they must655

be back-to-back).656

TABLE I. Values for Cm,n,m+n/v2 for specific cases of �0
1 and

�0
2 where �0 = �� RP (see Eq. 3).

(�0
1, �0

2) [rad]
(0, 0) (0, ⇡) (⇡2 ,

⇡
2 ) (⇡2 ,�

⇡
2 ) ±(⇡3 ,

2⇡
3 )

C1,1,2/v2 +1 -1 -1 +1 -1
C1,2,3/v2 +1 -1 -1 +1 + 1

2
C2,2,4/v2 +1 +1 -1 -1 +1
C2,3,5/v2 +1 -1 -1 +1 + 1

2
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The discussion in the above paragraph illustrates how659

measurements of Cm,n,m+n reveal information about660

two-particle correlations with respect to the reaction661

plane and we pointed out two specific conclusions based662

on the pT - and �⌘-integrated measurements. The value663

of C1,2,3 changes sign as a function of �⌘ and pT sug-664

gesting that further specific configurations may arise.665

We have not examined charge dependence of Cm,n,m+n666

but future work on the charge dependence of �0
1 and �0

2667

may be useful for interpreting charge separation measure-668

ments and determining whether they should be taken as669

evidence for the chiral magnetic e↵ect.670

IV. CONCLUSIONS671

We presented measurements of the �⌘, pT , centrality672

and energy dependence of three-particle azimuthal corre-673

lations Cm,n,m+n for a variety of combinations of m and674

n. We find a strong dependence of C1,1,2 on |⌘1 � ⌘2|,675

C1,2,3 on |⌘1 � ⌘3|, and C2,2,4 on |⌘1,2 � ⌘3|. This may676

indicate either the presence of short-range non-flow cor-677

relations or a rapidity dependence to the initial energy678

density. Simple pictures of non-flow however, appear to679

be inconsistent with the overall trends observed in the680

data. The integrated correlations with m = 1 are gen-681

erally negative or consistent with zero except for C1,2,3682

which, at 200 GeV, is positive for mid-central collisions683

while it is negative for all centralities at all of the lower684
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density of the collision region increases.589

To better view the energy trends, in Fig. 13 we show590

NpartCm,n,m+n/v2 as a function of
p
sNN for three cen-591

trality intervals: 10-20%, 20-30%, and 30-40%. The v2592

values are based on a two-particle cumulant analysis as593

discussed in Appendix A. The scaling will be further dis-594

cussed in the next paragraph. For all centrality intervals595
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magnitude of the correlation decreases as the energy de-597

creases and becomes consistent with zero, although with598

large errors, at 7.7 GeV. This behavior was also observed599

in the charge dependence of this correlator which has600

been studied to search for the charge separation predicted601

to be a consequence of the chiral magnetic e↵ect [43]. As602

noted above, both C2,2,4 and C2,3,5 are positive for all en-603

ergies. The energy dependence of C1,2,3/v2 is unique in604

that it is positive at 200 GeV but then drops below zero605

near 62.4 GeV and continues to become more negative606

at lower energies. In the following paragraph, we discuss607

the implications this trend has for how two-particle cor-608

relations with respect to the reaction plane change with609

energy.610
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for convenience. For illustration, table I shows values624

for Cm,n,m+n/v2 for specific values of �0
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figurations: either 1) �0
1 ⇡ ⇡/3 and �0

2 ⇡ 2⇡/3 or 2)629
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2 ⇡ �2⇡/3 (the right-most column630

of table I). This result is surprising since it implies a631

preference for both of the correlated particles to either632

be in the upper hemisphere, or both in the lower hemi-633

sphere. We note however, that hydrodynamic models634

with fluctuating initial conditions correctly predict this635

trend [44] which could arise from increased density fluc-636

tuations at either the top or the bottom of the almond637

shaped overlap region. A high density fluctuation in the638

lower half of the almond zone naturally leads to particles639

moving upward so that they both end up in the upper640

hemisphere; as portrayed in the illustration labeled “Po-641

sition B” in Fig. IV of Ref. [22]. For energies below642

200 GeV, C1,2,3 changes sign so that hcos(�0
1 + �0
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indicates a preference for particle pairs with �0
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aligned with the reaction plane is consistent with an in-648

creased importance for momentum conservation at lower649

energies. Momentum conservation naturally leads to a650

tendency for particles to be emitted with back-to-back651

azimuth angles. As the beam energy is decreased, the652

multiplicity decreases and we should expect the e↵ects of653

momentum conservation to become more prominent (in654

the case that only two particles are emitted, they must655

be back-to-back).656
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• Goes beyond conventional measurements of flow 

• Potential for constraining η/s (T) 

• Indicates presence of non-linear hydrodynamic response 

• Constrains modeling of 3D-initial state and hydro evolution

31

Summary

Measurement of charge inclusive three particle correlations : 

PID, charge dependence of Cm,n,m+n 

Measurement of Cm,n,m+n over wider rapidity range with STAR upgrade

 Outlook
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Motivation-IV (Insights beyond flow-I)
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pT dependence of Cm,n,m+n
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Motivation-IV (Insights beyond flow-II)
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in approximately the same direction and thus having full pair ac-
ceptance (with a bin width of 0.3 in !η and π/16 in !φ). There-
fore, the ratio B(0,0)/B(!η,!φ) is the pair-acceptance correction
factor used to derive the corrected per-trigger-particle associated
yield distribution. The signal and background distributions are first
calculated for each event, and then averaged over all the events
within the track multiplicity class.

Each reconstructed track is weighted by the inverse of an effi-
ciency factor, which accounts for the detector acceptance, the re-
construction efficiency, and the fraction of misreconstructed tracks.
Detailed studies of tracking efficiencies using MC simulations and
data-based methods can be found in [23]. The combined geometri-
cal acceptance and efficiency for track reconstruction exceeds 50%
for pT ≈ 0.1 GeV/c and |η| < 2.4. The efficiency is greater than 90%
in the |η| < 1 region for pT > 0.6 GeV/c. For the multiplicity range
studied here, little or no dependence of the tracking efficiency on
multiplicity is found and the rate of misreconstructed tracks re-
mains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the
pythia, hijing and hydjet event generators, respectively, yield ef-
ficiency correction factors that vary due to the different kinematic
and mass distributions for the particles produced in these gen-
erators. Applying the resulting correction factors from one of the
generators to simulated data from one of the others gives asso-
ciated yield distributions that agree within 5%. Systematic uncer-
tainties due to track quality cuts and potential contributions from
secondary particles (including those from weak decays) are exam-
ined by loosening or tightening the track selections on dz/σ (dz)
and dT /σ (dT ) from 2 to 5. The associated yields are found to be
insensitive to these track selections within 2%.

5. Results

Fig. 1 compares 2-D two-particle correlation functions for
events with low (a) and high (b) multiplicity, for pairs of charged
particles with 1 < pT < 3 GeV/c. For the low-multiplicity selec-
tion (Noffline

trk < 35), the dominant features are the correlation peak
near (!η,!φ) = (0,0) for pairs of particles originating from the
same jet and the elongated structure at !φ ≈ π for pairs of parti-
cles from back-to-back jets. To better illustrate the full correlation
structure, the jet peak has been truncated. High-multiplicity events
(Noffline

trk � 110) also show the same-side jet peak and back-to-
back correlation structures. However, in addition, a pronounced
“ridge”-like structure emerges at !φ ≈ 0 extending to |!η| of at
least 4 units. This observed structure is similar to that seen in
high-multiplicity pp collision data at

√
s = 7 TeV [17] and in AA

collisions over a wide range of energies [3–10].
As a cross-check, correlation functions were also generated for

tracks paired with ECAL photons, which originate primarily from
decays of π0s, and for pairs of ECAL photons. These distributions
showed similar features as those seen in Fig. 1, in particular the
ridge-like correlation for high multiplicity events.

To investigate the long-range, near-side correlations in finer
detail, and to provide a quantitative comparison to pp results,
one-dimensional (1-D) distributions in !φ are found by averag-
ing the signal and background two-dimensional (2-D) distributions
over 2 < |!η| < 4 [7,8,17]. In the presence of multiple sources of
correlations, the yield for the correlation of interest is commonly
estimated using an implementation of the zero-yield-at-minimum
(ZYAM) method [26]. A second-order polynomial is first fitted to
the 1-D !φ correlation function in the region 0.1 < |!φ| < 2. The
minimum value of the polynomial, CZYAM, is then subtracted from
the 1-D !φ correlation function as a constant background (con-
taining no information about correlations) to shift its minimum
to be at zero associated yield. The statistical uncertainty on the

Fig. 1. 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of
charged particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity
events (Noffline

trk < 35) and (b) for a high-multiplicity selection (Noffline
trk � 110). The

sharp near-side peaks from jet correlations have been truncated to better illustrate
the structure outside that region.

minimum level of 1
Ntrig

dNpair

d!φ obtained by the ZYAM procedure as
well as the deviations found by varying the fit range in !φ give
an absolute uncertainty of ±0.0015 on the associated yield, inde-
pendent of multiplicity and pT.

Fig. 2 shows the results for pPb data (solid circles) for various
selections in pT and multiplicity Noffline

trk , with pT increasing from
left to right and multiplicity increasing from top to bottom. The
results for pp data at

√
s = 7 TeV, obtained using the same proce-

dure [17], are also plotted (open circles).
A clear evolution of the !φ correlation function as a function

of both pT and Noffline
trk is observed. For the lowest multiplicity se-

lection in pp and pPb the correlation functions have a minimum
at !φ = 0 and a maximum at !φ = π , reflecting the correla-
tions from momentum conservation and the increasing contribu-
tion from back-to-back jet-like correlations at higher pT. Results
from the hijing [24] model (version 1.383), shown as dashed lines,
qualitatively reproduce the shape of the correlation function for
low Noffline

trk .
For multiplicities Noffline

trk � 35, a second local maximum near
|!φ| ≈ 0 emerges in the pPb data, corresponding to the near-side,
long-range ridge-like structure. In pp data, this second maximum
is clearly visible only for Noffline

trk > 90. For both pp and pPb col-
lisions, this near-side correlated yield is largest in the 1 < pT <
2 GeV/c range and increases with increasing multiplicity. While
the evolution of the correlation function is qualitatively similar in
pp and pPb data, the absolute near-side correlated yield is signifi-
cantly larger in the pPb case.

In contrast to the data, the hijing calculations show a correlated
yield of zero at !φ = 0 for all multiplicity and pT selections. The

5

4 Correlation Functions and Near-Side Yields
The two-dimensional (2D) per-trigger-particle associated yield distribution of charged hadrons
as a function of |��| and |��| is measured for each ptrig

T and passoc
T interval, and in different cen-

trality classes of PbPb collisions. An example for trigger particles with 3 < ptrig
T < 3.5 GeV/c

and associated particles with 1 < passoc
T < 1.5 GeV/c is shown in Fig. 1, for centralities ranging

from the 0–5% most central collisions, to the most peripheral (70–80%) events. The 2D correla-
tions are rich in structure, and evolve with centrality. The ptrig

T and passoc
T ranges shown in this

figure were chosen as an example because they demonstrate a good balance of the following
features. For the most central PbPb collisions, a clear and significant ridge-like structure mostly
flat in ��, and extending to the limit of |��| = 4, is observed at �� � 0. At mid-peripheral
events, a pronounced cos(2��) component emerges, originating predominantly from elliptic
flow [10]. Lastly, in the most peripheral collisions, the near-side ridge structure has largely di-
minished, while the away-side back-to-back jet correlations can be clearly seen at �� � �, but
spread out in ��.
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Figure 1: Two-dimensional (2D) per-trigger-particle associated yield of charged hadrons as a
function of |��| and |��| for 3 < ptrig

T < 3.5 GeV/c and 1 < passoc
T < 1.5 GeV/c, for twelve

centrality ranges of PbPb collisions at �sNN = 2.76 TeV. The near-side peak is truncated in the
two most peripheral distributions to better display the surrounding structure.

As was done in Ref. [1], to quantitatively examine the features of short-range and long-range
azimuthal correlations, one-dimensional (1D) �� correlation functions are calculated by aver-

CMS Pb+Pb 
√s = 2.76 TeV

FIG. 1. Figures are from [6, 13, 42]

indicates the same underlying dynamics possibly drives
these two phenomena. The first step is to understand
the origin of high multiplicity events that populate the
long tail of experimental multiplicity distributions. The
probability distribution of multiplicity P (n) contains the
information of n-particle correlations, a first principle es-
timation of which is a challenging problem. This requires
full treatment of di↵erent sources of initial state fluctua-
tions of the wave functions of the colliding systems and
a framework of multi-particle production. In the CGC
EFT, the saturation scale (Q2

S) is the natural scale con-
trolling sub-nucleonic scale fluctuations which combined
with the knowledge of nuclear geometry accounts for ma-
jor sources of such initial-state fluctuations. Significant
progress has been made in recent years to model these
fluctuations using the framework of IP-Glasma model.
Recently the importance of additional sources of initial
state fluctuations have been realized, the origin of which
is intrinsically non-perturbative and not captured in the
conventional framework of CGC. Such fluctuations lead
to a distribution of the intrinsic saturation scale of the
hadron or nucleus as shown in Fig.2(left) and has to be
introduced in the IP-Glasma model [44]. With the ini-
tial state including di↵erent sources of fluctuations con-
strained by the HERA data, the CGC EFT can be gen-
eralized to estimate n-particle production. For a given
configuration of initial color charge, the n-particle distri-
bution is a negative binomial distribution (NBD) with
mean and width related to the saturation scale. Due to
fluctuation of impact parameter, a convolution of many
such NBDs gives rise to the final probability distribution
of multiplicity. However it has been demonstrated that
such distribution is narrower compared to the data. Only
after including the intrinsic fluctuations of the proton sat-
uration scale one can describe the tails of the experimen-
tal multiplicity distributions (Fig.2(right)). Since mul-
tiplicity is dominated by low momentum (pT < 1GeV)
gluons, it is very challenging to implement a scheme of
fragmentation for the production of soft hadrons. There-
fore in this approach the number of produced charged
particles are taken to be proportional to the number of
gluons estimated in the IP-Glasma model. The results
shown in Fig.2 indicate that the high multiplicity events
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FIG. 2. (left) Distribution of the saturation scale of proton
driven by stochastic dipole splitting. (right) E↵ect of intrinsic
fluctuation of proton saturation scale on the probability dis-
tribution of multiplicity (� = 0 corresponds to no fluctuation
of QS). The two figures are from Ref [44]

that populate the tail of P (n) distributions are generated
due rare high color charge density configurations of the
wave functions of the colliding systems.

C123 ~ (cos(0),cos(-2π)) → (+1) 
C224 ~ (cos(0),cos(-2π)) → (+1)

C123 ~ cos(-3π), cos(π)    → (-1)
C224 ~ cos(-4π), cos(2π)  → (+1)

small Δη13 → no constrain, more probable to be same-sided

large Δη13 → forced to be back-to-back

Jets/mini-jets correlated to reaction plane

fig : CMS collaboration 

Δη dependence of Cm,n,m+n

∆η Dependence 

3	

C112 C123 C224 C235 

small ∆η 

large ∆η 
a “jets correlated with the 
reaction plane” scenario 

 
other non-flow scenarios should have 

similar effects 

This source of non-flow should cause C112, C123, and C235 to decrease with 
∆η and C224 to increase with ∆η 
 
This expectation is inconsistent with C112 and C224  
(also recall that the variation of C112, C123, and C224 are similar in magnitude; the non-flow in 
C123 should show up with similar magnitude in C224 but an opposite slope) 
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