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Chirality: 
• Brief history / introduction 
• Some old and new results 
• Assumptions, and assumptions, 

realistic and not realistic 
• New approaches 
• Current limits and near future

Mostly on CME; CMW, CVE, only in passing

• EM fields estimates 
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Parity violation study with 3 particle 
correlations
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Looking for the effect of
D. Kharzeev, hep-ph/0406125
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Mixed harmonic technique or 3-particle correlations
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Possible systematics:
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Au+Au @ 200 

Only (semi-)qualitative predictions from theory: 
charge separation along the magnetic field 
- The data seems to agree with that;  background 
possible. 
- Still true today (?)Note a cartoon from a discussion of  

the global polarization
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CME and “Gamma” correlator
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 The sign of the correlations is sensitive to the 
“direction” (in- or out-of-plane), the background is 
suppressed (Bin-Bout) at least by a factor of v2  < 10-1.

Effective particle distribution
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Chiral magnetic e↵ect

Such a strong B field may influence the dynamics of QGP
Chirality imbalance + magnetic field = chiral magnetic e↵ect
(CME) (Kharzeev 2004, Kharzeev, Mclerran, Warringa, Fukushima 2007-2008):

JV =
Nce

2⇡2
µAB

Phenomenology: charge-charge azimuthal correlation. Voloshin 2004,

STAR@RHIC 2009-2014, ALICE@LHC 2012-2014

Signal for local parity violation of QCD?! Need more theoretical and
experimental studies on the backgrounds. (Liao, Bzdak, and Koch

2010-2013, Wang 2010, Pratt et al 2010, ...)
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Combining everything together,

(!γ /v2)SP

(!γ /v2)c
= 1 + f CME

PP

(
⟨cos(2"2,B − 2ψ1,SP )⟩

〈
v2

2,PP
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)
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where

f CME
PP =

⟨cos(α + β − 2c)⟩CME

⟨cos(α + β − 2c)⟩
(12)

is the fraction of the CME signal in the three-particle cor-
relator measured relative to the second harmonic participant
plane. The angle ψ1,SP fluctuates around the spectator plane
"1,SP, but one can see that in Eq. (11) the corresponding event
plane resolution factors cancel out and

(!γ /v2)SP

(!γ /v2)c
= 1 + f CME

PP

(
⟨cos(2"2,B − 2"1,SP )⟩

〈
v2

2,PP

〉

v2{"1,SP}v2{"2,B}
− 1

)

,

(13)

where v2{"1,SP} = ⟨cos(2a − 2"1,SP )⟩.

III. DISCUSSION

To proceed further, one has to make assumptions about
the relative orientations of three angles, "2,PP, "1,SP, and
"2,B. A few reasonable scenarios are discussed below. First,
it is instructive to compare the centrality dependence of
v2{2}, v2{4}, and v2{"1,SP} [16]. Recall also that to a good
approximation (exact in the so-called Gaussian model of ec-
centricity fluctuations [15]), v2{4} measures the flow relative
to the true reaction plane. Experimentally [16] in midcentral
collisions, centrality ≈ 40–50%, v2{"1,SP} is very close to
v2{4}; it is much closer to v2{2} in central, <10%, collisions.
A possible interpretation of that would be that the spectator
plane is close to the reaction plane in midcentral collisions
and close to the participant plane in central collisions.

Having this in mind, one of the assumptions would be the
following:

(A2) In midcentral collisions, both the spectator plane and
the magnetic field plane coincide with the reaction plane. In
this case,

(!γ /v2)SP

(!γ /v2)c
= 1 + f CME

PP

( 〈
v2

2,PP

〉

(v2{"1,SP})2
− 1

)

. (14)

Note that this relation really requires only coincidence of "1,SP

and "2,B, not necessarily coincidence with "RP. Then, Eq. (14)
is also true even if

(A3) in central collisions "2,B deviates from "RP but coin-
cides with "1,SP.

It is interesting that one has the same relation event under
the quite different assumption that

(A4) in central collisions the spectator plane coincides with
participant plane but "2,B coincides with "RP. In this case,

v2{"2,B}
⟨cos(2"2,B − 2"1,SP )⟩

= v2{"1,SP} (15)

and one again arrives to Eq. (14).
Although in general it is difficult to get the exact value

of the expression in parentheses in Eq. (11), based on the
above assumptions (A2)–(A4) and having in mind that ex-
perimentally v2{2} is larger than v2{ψ1,SP} by about 15%,
one can conclude that for an estimate of the CME fractional
contribution to the γ correlator f CME

PP at the level of 5%, the
ratio in Eq. (5) should be measured with an accuracy better
than 1%.

Finally, I make two short remarks on the experimental
selection of the angles ψ1,SP and its relation to "2,B. Experi-
mentally ψ1,SP is usually measured with zero-degree calorime-
ters (ZDC), most often capturing only neutrons. Then (a)
an additional decorrelation between ψ1,SP and "2,B can arise
due to difference in plane determined by spectator neutrons
and spectator protons. If two ZDC are used, then (b) the
result might depend on how the angles from two detectors
are used in the analysis. For example, using only one of
ZDCs might yield ψ1,SP, which is more strongly correlated
with the participant plane, while combining two angles might
eliminate this bias.

IV. SUMMARY

In conclusion, it is shown that measuring the ratios in
Eq. (5) relative to the participant and spectator planes can be
used to determine the fraction of the CME signal in the γ
correlator measurements. If the double ratio, Eq. (8), deviated
from unity, it will indicate a nonzero CME contribution that
can be further quantified under reasonable assumptions. In
order to measure the fractional CME signal at the level of
about 5%, one would need to measure the ratio in Eq. (8) free
from the nonflow effect at a level better than 1%.
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Anisotropic collective phenomena in ultra-relativistic
nuclear collisions
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Abstract

For a detailed review of this subject I refer to a recent paper [1]; in this talk I only very briefly
comment on a few most important questions: (a) Very recent significant progress in viscous
hydrodynamics calculations. (b) Initial eccentricity/flow fluctuations, the effect of which has
been clarified recently. (c) Initial conditions, in particular the role of the gradients in the initial
velocity field. (d) Puzzling system size dependence of directed flow. (e) Azimuthal correlations
that are sensitive to the strong parity violation. (f) Future measurements at RHIC and LHC,
including pp-collisions.

Key words: Anisotropic flow, directed, elliptic, parity
PACS: .25.75.LD, 25.75.Nq

Introduction.
Anisotropic flow for several years remains one of the most important measurements

in the field of heavy ion collision. Those were the key measurements [2] for making a
conclusion on the creation of the strongly interacting Quark Gluon Plasma (sQGP) at
RHIC. The observation of the constituent quark number scaling [3,4] in elliptic flow at
intermediate transverse momenta is a strong evidence for deconfinement. Recently the
progress in this field has been reviewed, including many technical details, in [1].

Viscous hydrodynamics.
The importance and the magnitude of the viscous effects could be judged already from

the early calculations [5] where the hydro dynamical evolution at some intermediate stage
was joined to the transport model to simulate the late (viscous) evolution of the system.
Recently, several calculations have been performed of the hydrodynamical expansion with
viscous terms explicitly included in the equations. A great advancement in these calcu-
lations (including in the formulation of the equations itself) has been achieved via the
collaboration of several groups within the TECHQM initiative [6]. Even the “minimal”

Nuclear Physics A 827 (2009) 377c–382c

0375-9474/$ – see front matter © 2009 Elsevier B.V. All rights reserved.

www.elsevier.com/locate/nuclphysa
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Suggestion of using isobar beams  

to disentangle CME signal from BG
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The quark-gluon matter produced in relativistic heavy-ion collisions may contain local domains in which parity
(P) and combined charge conjugation and parity (CP) symmetries are not preserved. When coupled with an
external magnetic field, such P- and CP-odd domains will generate electric currents along the magnetic field—a
phenomenon called the chiral magnetic effect (CME). Recently, the STAR Collaboration at the BNL Relativistic
Heavy Ion Collider (RHIC) and the ALICE Collaboration at the CERN Large Hadron Collider (LHC) released data
of charge-dependent azimuthal-angle correlators with features consistent with the CME expectation. However,
the experimental observable is contaminated with significant background contributions from elliptic-flow-driven
effects, which makes the interpretation of the data ambiguous. We show that the collisions of isobaric nuclei,
96
44Ru + 96

44Ru and 96
40Zr + 96

40Zr, provide an ideal tool to disentangle the CME signal from the background effects.
Our simulation demonstrates that the two collision types at

√
sNN = 200 GeV have more than 10% difference

in the CME signal and less than 2% difference in the elliptic-flow-driven backgrounds for the centrality range of
20–60%.

DOI: 10.1103/PhysRevC.94.041901

Quantum chromodynamics (QCD), the modern theory of
the strong interaction, permits the violation of parity symmetry
(P) or combined charge conjugation and parity symmetry
(CP), although accurate experiments performed so far have
not seen such violation at vanishing temperature and density
[1]. Recently it was suggested that in the hot and dense matter
created in high-energy heavy-ion collisions, there may exist
metastable domains where P and CP are violated owing to
vacuum transitions induced by topologically nontrivial gluon
fields, e.g., sphalerons [2]. In such a domain, net quark chirality
can emerge from chiral anomaly, and the strong magnetic field
of a noncentral collision can then induce an electric current
along the magnetic field, which is known as the chiral magnetic
effect (CME) [3,4]; see Refs. [5,6] for recent reviews of the
magnetic field and the CME in heavy-ion collisions.

The CME provides a means to monitor the topological
sector of QCD, and the experimental search for the CME has
been intensively performed in heavy-ion collisions at the BNL
Relativistic Heavy Ion Collider (RHIC) and the CERN Large
Hadron Collider (LHC). To detect the CME, a three-point
correlator,

γαβ = ⟨cos(φα + φβ − 2%RP)⟩, (1)

was proposed [7], where φ is the azimuthal angle of a
charged particle, the subscript α (β) denotes the charge sign
of the particle (positive or negative), %RP is the angle of the
reaction plane of a given event, and ⟨· · · ⟩ denotes an average
over all particle pairs and all the events. The occurrence
of the CME driven by the magnetic field (perpendicular
to the reaction plane) is expected to contribute a positive
opposite-sign (OS) correlator and a negative same-sign (SS)
correlator. The measurements of the correlator γ by the STAR
Collaboration for Au + Au collisions at

√
sNN = 200 GeV

[8,9] and by the ALICE Collaboration for Pb + Pb collisions
at

√
sNN = 2.76 TeV [10], indeed demonstrate the expected

features of the CME. The signal is robust against various ways
of determination of the reaction plane, and persists when the
collision system changes to Cu + Cu or U + U, and when
the collision energy is lowered down to

√
sNN = 19.6 GeV

[9,11–13]. For further lowered collision energies, the differ-
ence between γOS and γSS steeply declines [13], which may
be understood by noticing that at lower energies the system
is probably in a hadronic phase where the chiral symmetry is
broken and the CME is strongly suppressed.

Ambiguities, however, exist in the interpretation of the
experimental results, owing to possible background effects
that are not related to the CME, e.g., local charge conservation
[14–16] and transverse momentum conservation [14,17–19].
These background effects, once coupled with elliptic flow
(v2) [20], will contribute to γαβ . To disentangle the possible
CME signal and the flow-related backgrounds, one can utilize
experimental setups to either vary the backgrounds with the
signal fixed or vary the signal with the backgrounds fixed.

The former approach was carried out by exploiting the
prolate shape of the uranium nuclei [21]. In central U + U
collisions, one expects sizable v2 but a negligible magnetic
field, and thus a vanishingly small CME contribution to the
correlator γ . The STAR Collaboration collected 0–1% most
central events from U + U collisions at

√
sNN = 197 GeV

in 2012, and indeed found sizable v2 while the difference
between γOS and γSS (note that the charge-blind backgrounds
are subtracted in &γ ),

&γ ≡ γOS − γSS, (2)

is consistent with zero [12]. However, it was found that the
total multiplicity of detected hadrons is far less dependent on
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Conclusion The systematic study of possible physics background

effects in parity violation measurements has been done with UrQMD, HI-

JING, and MEVSIM event generators. We have found that none of these

event generators is able to reproduce either quantitatively or qualitatively

the signal observed in the analysis of experimental data collected with the

STAR detector at RHIC.

From various tests performed with available experimental data from the

STAR experiment and Monte-Carlo simulations of detector acceptance and

inefficiency we also conclude, that detector effects are not able to mimic the

signal for parity violation.

Detector effects in P-violation measurement
We have performed the following checks to ensure that detector effects are

not responsible for the signal observed by STAR for the correlator (1):

•Distortions in the track momenta due to the charge buildup in the STAR
Time Projection Chamber (TPC) at high accelerator luminosity. Results

obtained from RHIC Run II (a low luminosity run), and those from Run IV

divided into high and low luminosity events, yield the same signal within

statistical uncertainties.

•Signal dependence on reconstructed position of the collision vertex along
the beam line has been checked, and no dependence has been found.

•Displacement of track hits when it passes the TPC central membrane. Cor-

relator (1) has been calculated using only particles with the entire track in

one of the different half-barrels of the TPC. Corrected for the signal de-

pendence on the track separation in pseudorapidity, results are found to be

consistent with those obtained before introducing the rapidity separation.

•Feed-down effects from non-primary tracks (i.e. resonance decay daugh-
ters) have been studied via cuts on track distance of closet approach (dca).

Results for dca < 1 cm and dca < 3 cm are found to be consistent within

statistical errors.

•Electron contribution to the measured signal has been checked via specific

energy loss (dE/dx) in the volume of the TPC and found to be negligible.

This verifies that observed signal is determined by hadron production.

•Correlator similar to (1) with the reaction plane angle rotated by ⇡/4,

which should only deviates from zero due to detector effects, is found to

be consistent with zero within statistical error.

•Variation depending on the charge of the third particle used to reconstruct
the reaction plane and changes of the STAR magnetic field polarity are

illustrated in Fig. 2. Such variations does not change the signal observed.

RefMult (reference multiplicity)
Fig. 2: Correlator (2) scaled with reference multiplicity for Au+Au colli-

sions at
p

sNN=200 GeV and two configuration of the STAR magnetic field

polarities: left - Full Field (FF), right - Reversed Full Field (RFF). Results

are shown after recentering procedure has been applied.

As it can be seen from Fig. 1, the simulated correlations are significantly

smaller in magnitude and tend to be very similar for same and opposite sign

correlations, what is very different from the signal measured with the STAR

experiment.

% Most central

Fig. 1: Correlator (1) vs. col-

lision centrality. Lines present

STAR results for Au+Au col-

lisions at
p

sNN=200 GeV en-

ergy. Symbols indicate simula-

tion results for the same collid-

ing system with HIJING and its

modification with added ellip-

tic flow modulations, uRQMD,

and MEVSIM event generators.

Shaded bands represent system-

atic uncertainties of the measure-

ment technique.

Effects of charge separation from existing
event generators of heavy ion collisions
The HIJING [3], uRQMD [4], and MEVSIM [5] event generators have been

configured to reproduce single particle distributions and elliptic flow values

specific for the RHIC energies. MEVSIM generator, which test the resonance

contribution in the correlator (1), has been tuned to generate realistic number

of resonances and their elliptic flow values. Included resonances in MEVSIM

are: �, �, ⇢, !, and K⇤
.

Charge separation as a probe for the strong
parity violation in heavy ion collisions
Effect of spontaneous parity (P) violation in heavy ion collisions, predicted

in [1], can be probed via three-particle correlation measurement [2] of charge

separation wrt. the collision reaction plane angle,  RP :

hcos(�↵ + �� � 2 RP )i = �ha↵a�i + hv1,↵v1,�i + [Bin �Bout]. (1)

Here �↵,� are particle emission azimuthal angles (indices ↵ and � represent

particle charge), parameters a↵,� describe (first harmonic) P-violating effect,

v1;↵,� correspond to particle directed flow, and Bin � Bout
term represents

the difference between in-plane and out-of-plane background correlations

not related to the P-violation. Experimental observation of the correlator

(1) demands the reconstruct of the reaction plane angle. It is only possible

to estimate this angle from azimuthal anisotropies of particle production in

heavy ion collision, what introduces a third particle, c, in the analysis:

hcos(�↵ + �� � 2 RP )i ⇡ hcos(�↵ + �� � 2�c)i /v2,c. (2)

Here v2,c presents the elliptic flow of particles used for the reaction plane

determination. This procedure introduce additional systematic uncertainties

in the measurement, which could be magnified by non-uniformity of the de-

tector acceptance and efficiency. Below we present our study of background

correlations, Bin�Bout
, with existing event generators of heavy ion collisions

together with our systematic checks of possible detector effects specific to the

STAR experiment.

Abstract We present systematic study of possible physics background effects in parity violation measurements with existing event genera-

tors, such as UrQMD, HIJING, and MEVSIM. We have found that none of these existing event generators is able to reproduce either quantitatively

or qualitatively the signal observed in the analysis of experimental data collected with the STAR detector at RHIC. To exclude possibility of gen-

erating a fake signal due to modulations from detector acceptance non-uniformity and inefficiency, we have performed a set of tests with available

experimental data from the STAR experiment. We conclude that detector effects are not able to mimic the signal for parity violation.
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Ilya.Selyuzhenkov@gmail.com

Strong parity violation at STAR: Quantifying background

effects with Monte-Carlo event generators and detector effects study
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It has been proposed that in heavy ion collisions, metastable domains may be 
created in which parity and CP symmetries are violated.  

Because the sign of parity violation is expected to be random in each event, 
this can only be observed through resulting correlations in charged particle 
momenta.  A specific observable that was proposed to be sensitive to such 
correlations is

<cos[(Δφa)+(Δφb)]>
where Δφ represents azimuthal angle with respect to the reaction plane and 
a,b may be either + or -.  This observable may be roughly thought of as 
measuring the number of 

Same-side,       
in-plane  
pairs

Opposite-side, 
in-plane    
pairs   .

Same-side,    
out-of-plane 
pairs

Opposite-side, 
out-of-plane    
pairs     .

More recently, it was proposed that 
the combination of a net chirality of 
quarks within such a domain and the 
extremely strong magnetic field in a 
heavy ion collision could lead to the 
manifestation of this parity violation 
as a separation of charges along the 
angular momentum vector of the 
collision system, analogous to an 
electric dipole moment of the system.

Abstract: STAR has observed a charge dependent correlation signal that is qualitatively consistent with  expectations for production by spontaneous 
parity violation via the chiral magnetic effect (see the talk by S. Voloshin).  The observable used for these measurements is parity even and therefore 

is sensitive to other, non-parity violating physics processes.  We discuss what sort of processes may contribute.  We also discuss tests aimed to 
validate the applicability of the observable used, as well as estimates of the systematic uncertainty due to possible detector effects.  Futher

information can also be found in the poster by I. Selyuzhenkov.        

Strong parity violation at STAR:
Evaluating experimental measurement technique and estimating 

background contributions from multi-particle production
Evan Finch (Yale University), for the STAR Collaboration

The second term above, the difference in numbers of same side and away side 
pairs, is directly sensitive to the parity violating effect.  In principle, however, any 
non-independent particle production (i.e. clustering of particles) is a background 
to this term.  By including the first term, we reduce the background contributions 
to only clustering processes to the extent that they have characteristics which 
depend on orientation with respect to the reaction plane.  Natural concerns 
include resonances with elliptic flow and jets.  For either of these types of clusters 
we may write

Where <>clust denotes that the average is to be performed only over pairs of 
particles originating from the same cluster and Aclust is the resulting normalization.   
For jets in which we can trigger on a leading particle, we may estimate Ajet from 
previous STAR jet measurements of jet trigger and associated particle yields.  
We find that if we require a leading particle with pT>4 GeV/c(2.5 GeV/c), Ajet is 
6E-6 (9E-5), which implies a contribution from jets much smaller than our signal.  
Contributions of lower energy minijets are better studied with event generators 
such as HIJING (see poster by Ilya Selyuzhenkov).  For resonances, we find by 
simple kinematic studies and the equation above that for same sign clusters, a 
fake signal such as we see would require a negative v2,res.  Coupled with the 
relative scarcity of resonances which decay to like-sign daughters, we may 
conclude that resonances alone may not give us a fake signal, but again to be 
more quantitative we have performed calculations using event generators.

In practice, to measure <cos[(Δφa)+(Δφb)]> we must have a measurement of the reaction 
plane.  For example, under the assumption that we have a set of  ‘c’ particles which are 
uncorrelated with a and b except via common correlation to the reaction plane, we may write:

<cos[(Δφa)+(Δφb)]> = <cos(φa+φb-2φc)> / υ2,c

Clearly, this assumption will not be exactly true if the ‘c’ particles are taken from the same 
detector as ‘a’ and ‘b’.  To test how good this assumption is, we compare results obtained by 
finding the reaction plane in three different detectors (while always measuring ‘a’ and ‘b’ in the 
main STAR TPC).  In the left panel below, we compare results for <cos(φa+φb-2φc)> when the 
reaction plane particle is found in the FTPC(2.7<|eta|<3.9 and the main TPC.  If our 
assumption is largely correct, the two measurements should agree when scaled by v2 of the ‘c’ 
particles (which is different in the two different detectors), as shown in the right panel.

We can also compare these results 
with those obtained when the reaction 
plane is found in the ZDC Shower Max 
Detector.  Though the statistical error is 
much larger using the ZDC-SMD (2007 
data should improve this considerably), 
results are consistent between the 
three detector. 

Detector biases must also of course be carefully considered.  A correction for non-
uniformities in acceptance or efficiency by, for example, replacing each value of cos(φa) by 
its deviation from the mean value <cos(φa)> where the average is taken over tracks of 
similar momentum, charge, and run number.  We have checked the uncertainty involved 
in such a correction in several ways.  Among these, we have performed simulations in 
which we deliberately exaggerate inefficiencies and check the resulting bias in our 
observable both before and after this correction.  A typical example is shown below with 
the assumed efficiency as a function of pT, , and charge, and the resulting three particle 
correlation before and after this correction is applied.  We conclude from this and other 
studies that the remaining contribution from detector bias is at the level of our statistical 
error or less.

STAR PRELIMINARY STAR PRELIMINARY

STAR PRELIMINARY

Assumed Track Efficiency 
versus phi for 4 pT ranges

Before correction      After correction

pT>150MeV/c pT>500MeV/c

pT>1GeV/c pT>150MeV/c

Three particle correlation versus centrality
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Types of the background

5

HIJING+v2  = added “afterburner” to generate flow 
MEVSIM: flow as in experiment, number of resonances  
maximum what is consistent with experiment 

I.  Physics (RP dependent).  
    (Can not be suppressed)

II. Measurements (RP independent). 
(depends on method, in principle can be reduced) 

Global polarization (including vector  
mesons); Note: in 2007 limits on the  
global polarization and spin  
alignment were obtained. 

�↵,� ⌘ hcos(�↵ + �� � 2 RPi
= hcos��↵ cos���i � hsin��↵ sin���i
= [hv1,↵v1,�i+Bin]� [ha1,↵a1,�i+Bout]

“Flowing clusters” (including LCC) 
charge dependent directed flow.

hcos(�a + �b � 2�c)i ! hcos(�a + �b � 2 2)i v2,c? RP independent background is dominant  
in peripheral collisions !

STAR
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Data vs models

§ Large difference in like-sign vs unlike-

sign correlations in the data compared 

to models.

§ Bigger amplitude in like-sign

correlations compared to unlike-sign.

§ Like-sign and unlike-sign correlations 

are consistent with theoretical 

expectations

§ … but the unlike-sign correlations can 

be dominated by effects not related to 

the RP orientation.

§ The “base line” can be shifted from 

zero.

We proceed with more “differential” look and compare with theoretical predictions

á +,+ ñ and  á–,–ñ results agree within errors and are 

combined in this plot and all plots below. 

STAR Preliminary

QM2009

Schlichting and Pratt, PRC83 014913 (2011)

Pratt, arXiv:1002.1758v1[nucl-th]

LCC: 
- Correlations only between opposite charges  
- To be consistent with data must be combined with 
  (negative) charge independent correlations  
  (e.g. momentum conservation).  
- No event generator exhibits such strong correlations 
  as predicted by the Blast Wave model

The main reason why this analysis was  
not done in pp and pAu  
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First PRL, PRC (2009)

6

for the signal. We have studied the dependence of the
signal on j!" ! !#j [11], and find that the signal has a
width of about one unit of !.

Physics backgrounds.—We first consider backgrounds
due to multiparticle correlations (3 or more particles)
which are not related to the reaction plane. This contribu-

tion affects the assumption that two particle correlations
with respect to the reaction plane [left-hand side of Eq. (2)]
can be evaluated in practice via three-particle correlations
[right-hand side of Eq. (2)]. Evidence supporting this
assumption comes from the consistency of same-charge
results when the reaction plane is found using particles ‘‘c’’
detected in the TPC, FTPC, or ZDC-SMD, though the
FTPC and (particularly) ZDC-SMD analyses have large
statistical errors in the most peripheral bins. This multi-
particle background should be negligible when the ZDC-
SMD event plane is used, so it can certainly be reduced and
this is an important goal of future high statistics runs. To
study these backgrounds in the current analysis, we use the
heavy-ion event model HIJING [16] (used with default
settings and jet quenching off in all calculations shown in
this Letter) which includes production and fragmentation
of mini jets. We find that the contribution to opposite-
charge correlations of three-particle correlations in HIJING

(represented by the thick solid and dashed lines in Figs. 2
and 4) is similar to the measured signal in several periph-
eral bins. We thus cannot conclude that there is an
opposite-charge signal above possible background. The
same-charge signal predicted by three-particle correlations
in HIJING is much smaller and of opposite sign compared to
that seen in the data.
Another class of backgrounds (which cannot be reduced

by better determination of the reaction plane) consists of

FIG. 4 (color). hcosð$" þ$# ! 2!RPÞi results from 200 GeV
Au þ Au collisions are compared to calculations with event
generators HIJING (with and without an ‘‘elliptic flow after-
burner’’), URQMD (connected by dashed lines), and MEVSIM.
Thick lines represent HIJING reaction-plane-independent back-
ground.

FIG. 3 (color online). Dependence of hcosð$" þ$# !
2!RPÞi on 1

2ðpt;" þ pt;#Þcalculated using no upper cut on
particles’ pt. Shaded bands represent v2 uncertainty.

FIG. 2 (color). hcosð$aþ$# ! 2!RPÞi in Au þ Au and
Cu þ Cu collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV calculated using
Eq. (2). The thick solid (Au þ Au ) and dashed (Cu þ Cu ) lines
represent HIJING calculations of the contributions from three-
particle correlations. Shaded bands represent uncertainty from
the measurement of v2. Collision centrality increases from left to
right.
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FIG. 6. (Color online) (a) A comparison of the correlations
obtained by selecting the third particle from the main TPC or from
the forward TPCs. (b) The results after scaling by the flow of the third
particle. The shaded areas represent the uncertainty from v2,c scaling
(see text for details). In both panels, the TPC and FTPC points are
shifted horizontally relative to one another for clarity purposes. The
error bars are statistical.

for all collision systems and energies studied here. Therefore,
in Figs. 7–9, we plot systematic upper limits obtained with
extrapolation of available data assuming that the measurements
with FTPC suppress only 50% of the nonflow contribution.
The magnitude of the elliptic flow in the FTPC region was
estimated from correlations between particles in the east and
west FTPCs. Section V has further details on the systematic
uncertainties associated with different v2 estimates.

Results obtained with the event plane reconstructed with
ZDC-SMD are consistent with those shown in Fig. 6(b),
though the statistical errors on ZDC-SMD results are about
5 times larger because the (second-order) reaction plane
resolution from ZDC-SMD is worse.

Figure 6(b) shows very good agreement between the
same-charge correlations obtained with the third particle in
the TPC and FTPC regions, which supports for such corre-
lations the assumption ⟨cos(φα + φβ − 2$RP)⟩ ≈ ⟨cos(φα +
φβ − 2φc)⟩/v2,c. The opposite-charge correlations are small

FIG. 7. (Color online) ⟨cos(φa + φβ − 2$RP)⟩ in Au + Au and
Cu + Cu collisions at

√
sNN = 200 GeV calculated using Eq. (7).

The error bars show the statistical errors. The shaded areas reflect
the uncertainty in the elliptic flow values used in calculations, with
lower (in magnitude) limit obtained with elliptic flow from two-
particle correlations and upper limit from four-particle cumulants. For
details, see Sec. IV. Thick solid (Au + Au) and dashed (Cu + Cu)
lines represent possible non-reaction-plane-dependent contribution
from many-particle clusters as estimated by HIJING (see Sec. VII A).

in magnitude and it is difficult to conclude on validity of
the assumption for such correlations based only on results
presented in Fig. 6(b). Similarly, in the most peripheral
collisions, the statistical errors are large, which also prohibits
making a definite conclusion.

V. SYSTEMATIC UNCERTAINTIES

There is one class of uncertainties, related to the question
of factorization of Eq. (7), which would arise if the events
contained a large number of correlated groups of particles
such as minijets. Even if these “clusters” were produced

FIG. 8. (Color online) ⟨cos(φa + φβ − 2$RP)⟩ in Au + Au and
Cu + Cu collisions at

√
sNN = 62 GeV calculated using Eq. (7).

The error bars indicate the statistical errors. The shaded areas reflect
the uncertainty in the elliptic flow values used in calculations. For
details, see Sec. IV. Thick solid (Au + Au) and dashed (Cu + Cu)
lines represent possible non-reaction-plane-dependent contribution
from many-particle clusters as estimated by HIJING (see Sec. VII A).
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systematic uncertainty. For the correlation between pairs of
particles with the same charge it varies from 19% (28%)
for the 20%–30% (50%–60%) centrality up to 55% for the
60%–70% centrality class. The correlations between oppo-
site chargedparticles for 0%–60%centrality and for the same
charge pairs for 0%–20% centrality are compatiblewith zero
with a systematic error below 5:5! 10"5.

Figure 1(a) presents the centrality dependence of the
three-particle correlator, defined in Eq. (2). The correla-
tions of the same charge pairs for the positive-positive and
negative-negative combinations are found to be consistent
within statistical uncertainties and are combined into one
set of points, labeled same. The difference between the
correlations of pairs with same and opposite charge indi-
cates a charge dependence with respect to the reaction
plane, as may be expected for the CME. To test the bias
from the reaction plane reconstruction, four independent
analyses were performed. The first analysis uses a cumu-
lant technique [21], whereas for the three other analyses
the orientation of the collision symmetry plane is estimated
from the azimuthal distribution of charged particles in the
TPC, and hits in the forward VZERO and ZDC detectors
[22]. There is a very good agreement between the results
obtained with the event plane estimated from different
detectors covering a wide range in pseudorapidity. This
allows us to conclude that background sources due to corre-
lations not related to the orientation of the reaction plane are
negligible, with perhaps the exception of the peripheral
collisions for the pairs of particles with opposite charge.

Figure 1(b) shows the centrality dependence of the two-
particle correlator hcosð’! " ’"Þi, as defined in Eq. (3),
which helps to constrain experimentally the P-even back-
ground correlations. The statistical uncertainty is smaller
than the symbol size. The two-particle correlations for the
same and opposite charge combinations are always posi-
tive and exhibit qualitatively similar centrality depen-
dence, while the magnitude of the correlation is smaller
for the same charged pairs. Our two-particle correlation
results differ from those reported by the STAR
Collaboration for Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV
[8] for which negative correlations are observed for the
same charged pairs.

Figure 1(c) shows the hcos!’! cos!’"i and
hsin!’! sin!’"i terms separately. For pairs of particles of
the same charge, we observe that the hsin!’! sin!’"i
correlations are larger than the hcos!’! cos!’"i ones. On
the other hand, for pairs of opposite charge, the two terms are
very close except for the most peripheral collisions. Further
interpretation of the results presented in Fig. 1(c) in terms
of in- and out-of-plane correlations is complicated due to
the significant nonflow contribution in hcosð’! " ’"Þi.

Figure 2 presents the three-particle correlator hcosð’! þ
’" " 2"RPÞi as a function of the collision centrality com-
pared to model calculations and results for RHIC energies.
The statistical uncertainties are represented by the error

bars. The shaded area around the points indicates the
systematic uncertainty based on the different sources
described above. Also shown in Fig. 2 are STAR results
[8]. The small difference between the LHC and the RHIC
data indicates little or no energy dependence for the three-
particle correlator when changing from the collision
energy of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 0:2 TeV to 2.76 TeV.
InFig. 2, theALICEdata are compared to the expectations

from the HIJING model [23]. The HIJING results for the
three-particle correlations are divided by the experimentally
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FIG. 1 (color online). (a) Centrality dependence of the correla-
tor defined in Eq. (2) measured with the cumulant method and
from correlationswith the reaction plane estimated using the TPC,
the ZDC, and the VZERO detectors. Only statistical errors are
shown. The points are displaced slightly in the horizontal direction
for visibility. (b) Centrality dependence of the two-particle corre-
lator defined in Eq. (3) compared to the STAR data [8]. The width
of the solid red lines indicates the systematic uncertainty of the
ALICE measurement. (c) Decomposition of the correlators into
hcos!’! cos!’"i and hsin!’! sin!’!i terms. The ALICE
results in (b) and (c) are obtained with the cumulant method.
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Charge separation relative to the reaction plane in Pb-Pb collisions at
ffiffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV

B. Abelev et al.*

(ALICE Collaboration)
(Received 5 July 2012; published 2 January 2013)

Measurements of charge-dependent azimuthal correlations with the ALICE detector at the LHC are

reported for Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV. Two- and three-particle charge-dependent azimuthal

correlations in the pseudorapidity range j!j< 0:8 are presented as a function of the collision centrality,

particle separation in pseudorapidity, and transverse momentum. A clear signal compatible with a charge-

dependent separation relative to the reaction plane is observed, which shows little or no collision energy

dependence when compared to measurements at RHIC energies. This provides a new insight for under-

standing the nature of the charge-dependent azimuthal correlations observed at RHIC and LHC energies.

DOI: 10.1103/PhysRevLett.110.012301 PACS numbers: 25.75.Ld, 11.30.Er, 11.30.Qc, 12.38.Aw

The possibility to observe parity violation in the strong
interaction using relativistic heavy-ion collisions has been
discussed for many years [1– 3]. In quantum chromody-
namics (QCD), this symmetry violation originates in the
interaction between quarks and topologically nontrivial
gluonic fields, instantons, and sphalerons [4]. This interac-
tion, which is characterized by the topological charge [5],
breaks the balance between the number of quarks with
different chirality, resulting in a violation of the P and
CP symmetry. In [6,7], it was suggested that in the vicinity
of the deconfinement phase transition, and under the influ-
ence of the strong magnetic field generated by the colliding
nuclei, the quark spin alignment along the direction of the
angular momentum (i.e. the direction of the magnetic field)
and the imbalance of the left- and right-handed quarks,
generates an electromagnetic current. The experimental
search of these effects has intensified recently, following
the realization that the consequent quark fragmentation
into charged hadrons results in a charge separation along
the direction of the magnetic field, and perpendicular to the
reaction plane (the plane of symmetry of a collision defined
by the impact parameter vector and the beam direction).
This phenomenon is called the chiral magnetic effect
(CME). Because of fluctuations in the sign of the topologi-
cal charge, the resulting charge separation averaged over
many collisions is zero. This makes the observation of the
CME possible only via P-even observables, expressed in
terms of two-particle and multiparticle correlations. The
previous measurement of charge separation by the STAR
Collaboration [8] is consistent with the qualitative expec-
tations for the CME and has triggered an intense discussion
[9– 13].

A significant source of uncertainty in the theoretical
consideration of the CME is related to the expected
center-of-mass energy dependence. In [7], the authors
argued that the uncertainty in making any quantitative
prediction relies on the time integration over which the
magnetic field develops and decays. As long as a decon-
fined state of matter is formed in a heavy-ion collision, the
magnitude of the effect should either not change or should
decrease with increasing energy [7]. In addition, in [12] it
is also suggested that there should be no energy depen-
dence between the top RHIC and the LHC energies, based
on arguments related to the universality of the underlying
physical process, without however explicitly quantifying
what the contribution of the different values and time
evolution of the magnetic field for different energies will
be. On the other hand, in [13] it is argued that the CME
should strongly decrease at higher energies, because the
magnetic field decays more rapidly. Such spread in the
theoretical expectations makes it important to measure
the charge-dependent azimuthal correlations at the LHC,
where the collision energy is an order of magnitude higher
compared to the RHIC.
In this Letter we report the measurement of charge-

dependent azimuthal correlations at midrapidity in Pb-Pb
collisions at the center-of-mass energy per nucleon pairffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV by the ALICE Collaboration at the
LHC.
Azimuthal correlations among particles produced in a

heavy-ion collision provide a powerful tool for the experi-
mental study of particle production with respect to the
reaction plane. They are usually quantified by the aniso-
tropic flow coefficients, vn, in a Fourier decomposition
[14]. Local violation of parity symmetry may result in
the additional P-odd sinus terms [3,8,15]:

dN

d’"
"1þ2

X

n

½vn;"cosðn!’"Þþan;"sinðn!’"Þ'; (1)

where !’" ¼ ’" ("RP is the azimuthal angle ’" of the
charged particle of type " relative to the reaction plane

*Full author list given at the end of the article.
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bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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measured value of v2 (i.e. hcosð’! þ ’" # 2’cÞi=v2f2g) as
reported in [20] due to the absence of collective azimuthal
anisotropy in this model. Since the points do not exhibit
any significant difference between the correlations of pairs
with same and opposite charge, they were averaged in the
figure. The correlations from HIJING show a significant
increase in the magnitude for very peripheral collisions.
This can be attributed to correlations not related to the
reaction plane orientation, in particular, from jets [8].

The results from ALICE in Fig. 2 show a strong corre-
lation for pairs with the same charge and simultaneously a
very weak correlation for the pairs of opposite charge. This
difference in the correlation magnitude depending on the
charge combination could be interpreted as ‘‘quenching’’
of the charge correlations for the case when one of the
particles is emitted toward the center of the dense medium
created in a heavy-ion collision [6,7]. An alternative ex-
planation can be provided by a recent suggestion [16] that
the value of the charge-independent version of the corre-
lator defined in Eq. (2) is dominated by directed flow
fluctuations. The sign and the magnitude of these fluctua-
tions based on a hydrodynamical model calculation for
RHIC energies [16] appear to be very close to the mea-
surement. Our results for charge-independent correlations
are given by the shaded band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [13] for

the same sign correlations due to the CME at LHC ener-
gies. The model makes no prediction for the absolute
magnitude of the effect and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
correlations by about a factor of 5 from RHIC to LHC,
which would significantly underestimate the observed
magnitude of the same sign correlations seen at the LHC.
At the same time in [7,12], it was suggested that the CME
might have the same magnitude at the LHC and at RHIC
energies.
Figure 3 shows the dependence of the three-particle

correlator on the transverse momentum difference, jpT;! #
pT;"j, the average transverse momentum, ðpT;! þ pT;"Þ=2,
and the pseudorapidity separation, j#! # #"j, of the pair
for the 30%-40% centrality range. The pairs of opposite
charge do not show any significant dependence on the
pseudorapidity difference, while there is a dependence
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FIG. 2 (color online). The centrality dependence of the three-
particle correlator defined in Eq. (2). The circles indicate the
ALICE results obtained from the cumulant analysis. The stars
show the STAR data from [8]. The triangles represent the three-
particle correlations [hcosð’! þ ’" # 2’cÞi] from HIJING [23]
corrected for the experimentally measured v2f2g [20]. Points are
displaced horizontally for visibility. A model prediction for the
same sign correlations incorporating the chiral magnetic effect
for LHC energies [13] is shown by the solid line. The shaded
band represents the centrality dependence of the charge-
independent correlations.
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RHIC and LHC results -- surprisingly close! 
- 20% difference in  window ! 
- (CME) no effect of the change in the magnetic field lifetime  (?) 
- (Bkg & CME) no effect of almost 3 times higher multiplicity density (?)

Δη
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At hand: Signal depends on the magnetic field/vorticity 
the background depends on anisotropic flow

! Collision energy  dependence, Beam energy scan (signal should 
disappear at lower energies) 

! Event Shape Engineering (increase/decrease background) 
! Isobar collisions (vary magnetic field keeping the same background) 
!  with different Event Planes (Participant, Spectators)   
! Higher/mixed harmonic correlators (background, no signal)  
! Small system collisions (background, no signal) 
! U+U (body-body vs tip-tip)  
! Correlations with identified particles (e.g. for the next bullet) 
! Cross-correlation of different observables, CME X CMW  X CVE  
! New(er) ideas/observables           (           invariant mass,                                                                      

                                                                      R-correlator, 
                                                                         signed BF,  
                                                          Helicity correlations)  

! Studies of the EM fields

(Δγ/v2)

The measurements are likely dominated by the “background” (LCC?).

Goal: identification of the presence or the lack of the CME signal  
at the level of  ~5% of the measured gamma correlator value

?
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1. Select events based on qn-vector in one 
momentum region (“subevent”)   
2. Perform an analysis of these events in 
another region (“subevent”).

Xn =
MX

i=1

cos(n�i); Yn =
MX

i=1

sin(n�i)

Qn = {Xn, iYn}; qn = |Qn|/
p
M

ESE with cutting on q2: 
variation of flow values up to factor of ~2

2

planes [13, 14]:

E
d3N

d3p
=

1

2⇡

d2N

pT dpT dy

 
1+

1X

n=1

2vn cos[n(�� n)]

!
,

(1)
where vn is the n-th harmonic flow coe�cient and  n

is the n-th harmonic symmetry plane determined by the
initial geometry of the system (as given by the partic-
ipant nucleon distribution, see below). The event-by-
event fluctuations in anisotropic flow are believed to fol-
low the fluctuations in the corresponding eccentricities
of the initial density distribution. Following [7], for the
latter we use the definition

"n,x = hrn cos(n�)i , "n,y = hrn sin(n�)i (2)

"n,p =
q

"2n,x + "2n,y, tan(n n) = "n,y/"n,x, (3)

where "n,p is the so-called participant eccentricity. The
average can be taken with energy or entropy density as
a weight. In our Monte-Carlo model we weight with the
number of participating (undergoing inelastic collision)
nucleons. For the nucleon distribution in the nuclei we
use Woods-Saxon density distribution with the standard
parameters (for the exact values see [12]); the inelastic
nucleon-nucleon cross section is taken to be 64 mb. We
assume that the flow values are proportional to the cor-
responding eccentricities with the ratio fixed to approxi-
mately reproduce measured vn values [9]. As it is shown
in [15], in this case the distribution in vn is very well
described by the so-called Bessel-Gaussian (BG) distri-
bution BG(v; v0,�vx), where

BG(x;x0,�) =
x

�
I0
⇣x0 x

�2

⌘
exp

✓
�x2

0 + x2

2�2

◆
, (4)

which is a radial projection of 2-dimensional Gaussian
distribution with the width � in each dimension and
shifted o↵ the origin by distance x0.

The flow vectors are calculated in two subevents [1, 14]
with multiplicities in each subevent approximately cor-
responding to �⌘ = 0.8 in Pb+Pb collisions at LHC
energies [16] (approximately 1200 charged particles per
subevent for 0–5% centrality). The multiplicities are gen-
erated with a negative binomial distribution based on
number of participants and number of the binary colli-
sion as in [12]. For each 5% width centrality bin discussed
below, we analyze about 1.2 M simulated events.

The flow vectors are defined as

Qn,x =
MX

i

cos(n�i); Qn,y =
MX

i

sin(n�i); (5)

qn = Qn/
p
M, (6)

q2n = 1 + (M � 1) hcos[n(�i � �j)]ii 6=j (7)

where M is the particle multiplicity and �i are the par-
ticle azimuthal angles of particles in a given subevent.
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FIG. 1. (color online) Mean elliptic and triangular flow values

in a-subevent as function of the corresponding qn magnitude

in b-subevent.

Eq. 7 presents the relation of the length of qn vector to
the average correlation between all pairs of particles in a
given event. The event-by-event distribution in the mag-
nitude of flow vectors qn has been proposed [13] and often
used to measure the average flow [1, 17]. The distribu-
tion in qn is determined by the vn distribution convoluted
with statistical fluctuations due to finite multiplicity. For
relatively high multiplicities (M & 300) it is very well
described by BG distribution BG(q; q0,�qx) with param-
eters related to those of vn distribution:

q0 =
p
M v0, �2

qx =
1

2

⇥
1 + (M � 1)(2�2

vx + �)
⇤
, (8)

where M is the multiplicity used to build the flow vector,
and a nonflow parameter � accounts for possible correla-
tions not related to the initial geometry of the system.
(For a more detailed discussion of the functional form of
qn distributions see [18].) Thus, the fit to qn-distribution
provides information about underlying flow fluctuations,
if the nonflow contribution can be neglected or estimated
from other measurements.

Zero nonflow. We start the discussion of the ESE with
the simplest case when all the correlations in the sys-
tem are determined only by anisotropic flow. Figure 1
shows the average values of v2n calculated via 2-particle
correlation method in one of the subevent (“b”) as func-
tion of the flow vector magnitude in the second subevent
(“a”). We remind the reader, that in this simulations the
two subevents are statistically independent and are cor-
related only via common participant plane and flow val-
ues. There are no nonflow correlations included at this
stage. In this case the results for v2n,b{2} coincide with

“true” values of
⌦
v2n
↵
(not shown), though have slightly

larger statistical errors due to finite multiplicity of the

MC Glauber,with 
parameters tuned 
to LHC multiplicity 
and flow, 0<ηa<0.8

J. Schukraft et al. / Physics Letters B 719 (2013) 394–398 395

for the exact definitions see below). We always perform ESE us-
ing two subevents. We use here a common terminology in flow
analyses, where a subevent refers to a distinct subset of all mea-
sured particles selected either at random or in a given rapidity
and/or transverse momentum region. One of the subevents is used
to select events according to their shape (we will always call it
subevent “a” below) whereas the physical analysis of any event
properties is performed on the second subevent (subevent “b”).
Using two subevents helps to avoid nonphysical biases due to non-
flow effects as discussed below. The second subevent (subevent
“b”) is also used to extract the average flow value and its fluc-
tuations in the selected event sample, as the unknown nonflow
contribution to the qn-distribution used for the event selection
prohibits such an evaluation based solely on subevent “a”. We use
the Monte Carlo Glauber model to illustrate how the event selec-
tion based on flow vectors works and outline the general scheme
for the corresponding experimental analysis.

To quantify the anisotropic flow we use a standard Fourier de-
composition of the azimuthal particle distribution with respect to
the n-th harmonic symmetry planes [15,16]:

E
d3N
d3 p

= 1
2π

d2N
pT dpT dy

(

1 +
∞∑

n= 1

2vn cos
[
n(φ −Ψn)

]
)

, (1)

where vn is the n-th harmonic flow coefficient and Ψn is the n-th
harmonic symmetry plane determined by the initial geometry of
the system (as given by the participant nucleon distribution, see
below). The event-by-event fluctuations in anisotropic flow are be-
lieved to follow the fluctuations in the corresponding eccentricities
of the initial density distribution. Following [9], for the latter we
use the definition

εn,x =
〈
rn cos(nφ)

〉
, εn,y =

〈
rn sin(nφ)

〉
, (2)

εn,p =
√

ε2
n,x + ε2

n,y, tan(nΨn) = εn,y/εn,x, (3)

where εn,p is the so-called participant eccentricity [4]. The aver-
age can be taken with energy or entropy density as a weight.
In our Monte Carlo model we weight with the number of par-
ticipating nucleons (those undergoing inelastic collision). For the
nucleon distribution in the nuclei we use the Woods–Saxon den-
sity distribution with standard parameters (for the exact values see
[14]); the inelastic nucleon–nucleon cross section is taken to be
64 mb. We assume that the flow values are proportional to the
corresponding eccentricities with the ratio fixed to approximately
reproduce measured vn values [11]. As it is shown in [17], in this
case the distribution in vn is very well described by the so-called
Bessel–Gaussian (BG) distribution

p(v) = BG(v; v0,σvx), (4)

where

BG(x; x0,σ ) ≡ x
σ

I0

(
x0x
σ 2

)
exp

(
−x2

0 + x2

2σ 2

)
, (5)

which is the radial projection of a 2-dimensional Gaussian distri-
bution with width σ in each dimension and shifted off the origin
by a distance x0.

The flow vectors are calculated in two subevents [1,16] with
multiplicities in each subevent approximately corresponding to
&η = 0.8 in Pb + Pb collisions at LHC energies [18] (approxi-
mately 1200 charged particles per subevent for 0–5% centrality).
The multiplicities are generated with a negative binomial distri-
bution based on the number of participants and the number of
binary collision as in [14], using about 1.2 M simulated events for
each 5% bin in centrality.

The flow vectors are defined as

Fig. 1. (Color online.) Mean elliptic and triangular flow values in a-subevent as func-
tion of the corresponding qn magnitude in b-subevent for two different centrality
selections.

Q n,x =
M∑

i

cos(nφi), Q n,y =
M∑

i

sin(nφi), (6)

qn = Q n/
√

M, (7)

q2
n = 1 + (M −1)

〈
cos

[
n(φi −φ j)

]〉
i≠ j (8)

where M is the particle multiplicity and φi are the azimuthal an-
gles of particles in a given subevent. Eq. (8) presents the relation
between the length of the qn vector and the average correlation
between all pairs of particles in a given event. The distribution
in the magnitude of flow vectors qn , which are measured event
by event, has been proposed [15] and often used to measure the
average flow [1,19]. The distribution in qn is determined by the
vn distribution convoluted with statistical fluctuations due to the
finite particle multiplicity (plus any detector resolution effects, if
relevant). For relatively high multiplicities (M ! 300) it is also very
well described by a BG distribution

p(q) = BG(q;q0,σqv) (9)

with parameters directly related to those of the underlying vn dis-
tribution:

q0 =
√

M v0, σ 2
qv = σ 2

qx + Mσ 2
vx, (10)

σ 2
qx = 1

2
[1 + Mδ], (11)

where M is the multiplicity used to build the flow vector, and the
nonflow parameter δ accounts for possible correlations not related
to the initial geometry of the system. (For a more detailed discus-
sion of the functional form of qn distributions see [20].) Thus, the
fit to the qn-distribution provides information to both the average
flow value as well as flow fluctuations, if the nonflow contribution
can be neglected or estimated from other measurements. On aver-
age, q values are larger in events with larger flow, which allows to
use q-distributions for selection of the events with large or small
flow.

1. Zero nonflow

We start the discussion of the ESE with the simplest case
when all the correlations in the system are determined only by
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The evolution of the system created in a high energy nuclear collision is very sensitive to the fluctuations
in the initial geometry of the system. In this Letter we show how one can utilize these large fluctuations
to select events corresponding to a specific initial shape. Such an “event shape engineering” opens many
new possibilities in quantitative test of the theory of high energy nuclear collisions and understanding
the properties of high density hot QCD matter.
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Many features of multiparticle production in ultra-relativistic
nuclear collisions reflect the initial collision geometry of the sys-
tem. These initial conditions affect to a different degree all the
particles and therefore lead to truly multiparticle effects usually
referred to as anisotropic collective flow. Studying anisotropic flow
in nuclear collisions provides unique and invaluable information
about the evolution of the system created in a collision, properties
of high density hot QCD matter, and the physics of multiparti-
cle production in general [1,2]. Even at fixed impact parameter,
i.e. for fixed average collision geometry, the position of the indi-
vidual interacting nucleons fluctuates event by event, which leads
to fluctuations in the initial shape of the nuclear overlap region
[3,4]. Recently, significant progress has been made in understand-
ing the role of the fluctuations in the initial density distribution
[5–9]. In particular it was realized that such fluctuations lead to
odd harmonic anisotropic flow, which enable new insights into the
dynamics of the system evolution. The experimental measurements
[10,11] confirm the existence of collective flow up to at least sixth
harmonic, thus lending strong support to the picture.

At present, the effect of the initial geometry on final state ob-
servables can be studied only by varying the collision centrality,
or colliding nuclei of different size and shape. It has been always
tempting to study anisotropic flow at maximum particle density
that is reached in very central collisions. However the average
anisotropies in central collisions are small. Collisions of very non-
spherical nuclei, such as uranium, should be able to provide events
with large initial anisotropy and high particle density (in the so-
called body–body collisions), however the analysis might be very
complicated due to a large variety of possible overlap geometries

* Corresponding author.
E-mail address: voloshin@wayne.edu (S.A. Voloshin).

that have to be experimentally disentangled. In this Letter we dis-
cuss how one can utilize the strong event-by-event fluctuations in
the initial geometry to select events with different initial system
shapes even at fixed impact parameter, e.g. central Au + Au colli-
sions with either large or small initial anisotropy, and in this way
study the system evolution under conditions not possible before.

The study of particle production in events corresponding to
a specific geometry opens a number of very attractive possibili-
ties. One of those, mentioned above, is the study of the system
evolution in a high density regime (central collisions) and con-
currently strongly anisotropic initial conditions. This would add
new constraints to questions such as how close the system is to
the so-called “hydrodynamic limit” and the development of the
anisotropic flow velocities fields. Analysis of transverse momentum
spectra in events with fixed particle density but varying geomet-
rical deformation can shed light on the correlation between radial
and anisotropic flow. Another example would be understanding the
“away-side” double bump structure in two-particle azimuthal cor-
relations [12,13]. Several years ago, this attracted a considerable
attention as a possible indication of the Mach cone due to propa-
gation of a very energetic parton through the dense medium. More
recently it was found that this structure is likely due to triangu-
lar (third harmonic) flow. Additional proof for this interpretation
might come from studying such correlations in events with very
small triangularity. Several other examples, including azimuthally
sensitive femtoscopy and an estimate of the background effects in
chiral magnetic effect studies will be discussed later in the Letter.

There might be different approaches to s classify individual
events according to their geometrical deformation, i.e. to perform
an event shape engineering (ESE). The one adopted in this Letter
is an extension of the technique proposed in [14] that is based
on the event selection according to the magnitude of the so-called
reduced flow vector qn (the subscript n is the harmonic number,

0370-2693/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2013.01.045
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FIG. 7. (Color online) The charge asymmetry correlations δ⟨A2⟩ (left panels) and δ⟨A+A−⟩ (center panels), and correlation differences
"⟨A2⟩ = δ⟨A2

UD⟩ − δ⟨A2
LR⟩ and "⟨A+A−⟩ = δ⟨A+A−⟩UD − δ⟨A+A−⟩LR (right panels), as a function of the azimuthal elliptic anisotropy of

high-pT (pT > 2 GeV/c) particles (upper panels) and low-pT (pT < 2 GeV/c) particles (lower panels). Data are from 20–40% Au + Au
collisions. The particle pT range of 0.15 < pT < 2 GeV/c is used for both EP construction and asymmetry calculation. Error bars are
statistical.

C. Dependence on wedge size

Above, the charge multiplicity asymmetry correlations
between hemispheres have been described. One advantage
of these asymmetries is that they are calculated from the
same set of particles and are only divided either UD or
LR. The statistical fluctuations and detector effects cancel in
the difference between UD and LR, so "⟨A2⟩ ≡ δ⟨A2

UD⟩ −
δ⟨A2

LR⟩ = ⟨A2
UD⟩ − ⟨A2

LR⟩. However, measurements of mul-
tiplicity fluctuations within hemispheres are not sensitive
to possibly smaller scale angular structures of the charge
separation. For example, the correlated charged particle pairs
from the CME that were initially aligned with the total angular
momentum direction may or may not remain aligned (or
preferentially aligned) in the same direction [12]. In order to
investigate the angular structure of the charge separation, the
charge multiplicity asymmetry measurements were restricted
to azimuthal ranges (“wedges”), "φw, that are smaller than π
(hemispheres), allowing the study of the charge separation as
a function of the wedge size.

Figure 8 (upper panel) shows the asymmetry
correlations, δ⟨A2

90◦±"φw
⟩, δ⟨A2

0◦±"φw
⟩, δ⟨A+A−⟩90◦±"φw ,

and δ⟨A+A−⟩0◦±"φw , versus the wedge azimuthal size
[see Fig. 2(a)]. Both the covariances, δ⟨A+A−⟩90◦±"φw and
δ⟨A+A−⟩0◦±"φw , increase with decreasing wedge size, "φw.
This suggests that the major contribution to the opposite-sign
charge correlation is local. The variances, δ⟨A2

90◦±"φw
⟩ and

δ⟨A2
0◦±"φw

⟩, increase with decreasing "φw.
Figure 8 (lower panel) shows the difference in the asym-

metry correlations, "⟨A2
"φw

⟩ = δ⟨A2
90◦±"φw

⟩ − δ⟨A2
0◦±"φw

⟩

and "⟨A+A−⟩"φw = δ⟨A+A−⟩90◦±"φw − δ⟨A+A−⟩0◦±"φw ,
between the out-of-plane and in-plane directions. Both
"⟨A2

"φw
⟩ and "⟨A+A−⟩"φw increase with decreasing wedge

size and have qualitatively similar trends. The difference
between the two seems to diminish with decreasing wedge size.

In the above, the focus has been on the difference between
the in-plane and out-of-plane wedges. In the following, the
charge asymmetry correlations in fixed-size back-to-back
wedges, as a function of the wedge azimuth relative to the
event plane, are discussed [cf. Fig. 2(b)]. Figure 9 shows
the asymmetry correlations between 30◦-wide back-to-back
wedges, δ⟨A2

φw±15◦ ⟩ and δ⟨A+A−⟩φw±15◦ , versus the wedge
azimuthal location φw relative to the event plane. The data
are from 20–40% central Au + Au collisions. The asym-
metry correlations increase from in-plane to out-of-plane,
as expected, for both same-sign and opposite-sign charges.
The EP-independent part of the correlations is stronger in
opposite-sign charges. The dependence appears to follow the
characteristic behavior of cos(2φw).

VI. DISCUSSIONS

These measurements were motivated by the LPV/CME.
The LPV/CME produces quark charge separations along the
system’s magnetic field axis [8–10]. This may result in a charge
separation reflected by the final-state hadrons. A negative
correlator for same-sign pairs was observed [14,15]. This was
qualitatively consistent with the expectation from the local
strong parity violation [9–12]. However, a small, close to
zero, correlator for opposite-sign pairs was also observed
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Constraints on the chiral magnetic effect using charge-dependent azimuthal correlations
in pPb and PbPb collisions at the CERN Large Hadron Collider
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Charge-dependent azimuthal correlations of same- and opposite-sign pairs with respect to the second- and third-
order event planes have been measured in pPb collisions at

√
sNN = 8.16 TeV and PbPb collisions at 5.02 TeV

with the CMS experiment at the LHC. The measurement is motivated by the search for the charge separation
phenomenon predicted by the chiral magnetic effect (CME) in heavy ion collisions. Three- and two-particle
azimuthal correlators are extracted as functions of the pseudorapidity difference, the transverse momentum (pT)
difference, and the pT average of same- and opposite-charge pairs in various event multiplicity ranges. The data
suggest that the charge-dependent three-particle correlators with respect to the second- and third-order event
planes share a common origin, predominantly arising from charge-dependent two-particle azimuthal correlations
coupled with an anisotropic flow. The CME is expected to lead to a v2-independent three-particle correlation
when the magnetic field is fixed. Using an event shape engineering technique, upper limits on the v2-independent
fraction of the three-particle correlator are estimated to be 13% for pPb and 7% for PbPb collisions at 95%
confidence level. The results of this analysis, both the dominance of two-particle correlations as a source of the
three-particle results and the similarities seen between PbPb and pPb, provide stringent constraints on the origin
of charge-dependent three-particle azimuthal correlations and challenge their interpretation as arising from a
chiral magnetic effect in heavy ion collisions.

DOI: 10.1103/PhysRevC.97.044912

I. INTRODUCTION

It has been suggested that in high-energy nucleus-nucleus
(AA) collisions, metastable domains of gluon fields with
nontrivial topological configurations may form [1– 4]. These
domains can carry an imbalance between left- and right-
handed quarks arising from interactions of chiral quarks
with topological gluon fields, leading to a local parity (P )
violation [3,4]. This chirality imbalance, in the presence of
the extremely strong magnetic field, which can be produced in
a noncentral AA collision, is expected to lead to an electric
current perpendicular to the reaction plane, resulting in a
final-state charge separation phenomenon known as the chiral
magnetic effect (CME) [5– 7]. Such macroscopic phenomena
arising from quantum anomalies are a subject of interest for
a wide range of physics communities. The chiral-anomaly-
induced phenomena have been observed in magnetized rela-
tivistic matter in three-dimensional Dirac and Weyl materials
[8– 10]. The search for the charge separation from the CME
in AA collisions was first carried out at RHIC at BNL
[11– 15] and later at the CERN LHC [16] at various center-
of-mass energies. In these measurements, a charge-dependent
azimuthal correlation with respect to the reaction plane was

∗Full author list given at the end of the article.

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

observed, which is qualitatively consistent with the expectation
of charge separation from the CME. No strong collision energy
dependence of the signal is observed going from RHIC to LHC
energies, although some theoretical predictions suggested that
the possible CME signal could be much smaller at the LHC
than at RHIC because of a shorter lifetime of the magnetic field
[17]. Nevertheless, theoretical estimates of the time evolution
of the magnetic field have large uncertainties [17].

The experimental evidence for the CME in heavy ion
collisions remains inconclusive because of several identified
sources of background correlations that can account for part or
all of the observed charge-dependent azimuthal correlations
[18– 20]. Moreover, the charge-dependent azimuthal correla-
tion in high-multiplicity pPb collisions has been recently found
to have a nearly identical value to that observed in PbPb
collisions [21]. This is a strong indication that the observed
effect in heavy ion collisions might predominantly result
from background contributions. The CME-induced charge
separation effect is predicted to be negligible in pPb collisions,
as the angle between the magnetic field direction and the event
plane is expected to be randomly distributed [21,22].

The charge separation can be characterized by the first P -
odd sine term (a1) in a Fourier decomposition of the charged-
particle azimuthal distribution [23]:

dN

dφ
∝ 1 + 2

∑

n

{vn cos[n(φ−"RP)] + an sin[n(φ−"RP)]},

(1)

where φ − "RP represents the particle azimuthal angle with
respect to the reaction plane angle "RP in heavy ion collisions

2469-9985/2018/97(4)/044912(34) 044912-1 ©2018 CERN, for the CMS Collaboration

A. M. SIRUNYAN et al. PHYSICAL REVIEW C 97, 044912 (2018)

11
2

γ

0.5−

0

0.5

3−10×
CMS

(Pb-going)
c

φ
(p-going)

c
φ

SS OS

pPb 8.16 TeV

 < 250trk
offline N≤185

| < 1.6η∆|

| < 2.4)η (|2v
0.06 0.08 0.1 0.12

11
2

γ

0.5−

0

0.5 PbPb 5.02 TeV

 < 250trk
offline N≤185

| < 1.6η∆|

FIG. 11. The SS and OS three-particle correlators γ112 averaged
over |"η| < 1.6 as a function of v2 (evaluated as the average v2

value for each corresponding q2 event class) for the multiplicity range
185 ! N offline

trk < 250 in pPb collisions at
√

sNN = 8.16 TeV (upper)
and PbPb collisions at 5.02 TeV (lower). The pPb results are obtained
with particle c from Pb- and p-going sides separately. Statistical and
systematic uncertainties are indicated by the error bars and shaded
regions, respectively.

data,

"γ112 = a v2 + b, (15)

where the first term corresponds to the v2-dependent back-
ground contribution with the slope parameter a equal to κ2"δ
[from Eq. (3)], which is assumed to be v2 independent. The
intercept parameter b denotes the v2-independent contribution
(when linearly extrapolating to v2 = 0) in the γ112 correlator.
In particular, as the CME contribution to the "γ112 is expected
to be largely v2 independent within narrow multiplicity (cen-
trality) ranges, the b parameter may provide an indication to a
possible observation of the CME, or set an upper limit on the
CME contribution.

As shown in Fig. 12, for both pPb and PbPb collisions in
each multiplicity or centrality range, a clear linear dependence
of the "γ112 correlator as a function of v2 is observed. Fitted
by a linear function, the intercept parameter b can be extracted.
A one standard deviation uncertainty band is also shown for
the linear fit. Taking the statistical uncertainties into account,
the values of b are found to be nonzero for multiplicity range
185 ! Noffline

trk < 250 in pPb and 60–70% centrality in PbPb
collisions.
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Observing a nonzero intercept b from Fig. 12 may or may
not lead to a conclusion of a finite CME signal, as an assump-
tion is made for the background contribution term, namely that
"δ is independent of v2. To check this assumption explicitly,
the"δ correlator is shown in Fig. 13 as a function ofv2 in differ-
ent multiplicity and centrality ranges in pPb (upper) and PbPb
(lower) collisions. It is observed that the value of "δ remains
largely constant as a function of v2 in low- or intermediate-q2
classes, but starts rising as v2 increases in high-q2 classes.
The multiplicity, within a centrality or multiplicity range,
decreases slightly with increasing q2, which qualitatively could
contribute to the rising "δ due to a multiplicity dilution effect.
However, this is only found to be true for PbPb collisions,
but not for pPb collisions. The other reason may be related to
larger jetlike correlations selected by requiring large q2 values.
Events with higher multiplicities show a weaker dependence on
v2 than those with lower multiplicities, which is consistent with
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(lower) collisions. It is observed that the value of "δ remains
largely constant as a function of v2 in low- or intermediate-q2
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The multiplicity, within a centrality or multiplicity range,
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contribute to the rising "δ due to a multiplicity dilution effect.
However, this is only found to be true for PbPb collisions,
but not for pPb collisions. The other reason may be related to
larger jetlike correlations selected by requiring large q2 values.
Events with higher multiplicities show a weaker dependence on
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and the difference of the two-particle correlator, the ratios
are found to be similar for the second- and third-order event
planes, and show a weak dependence on event multiplicity.
These observations support a scenario in which the charge-
dependent three-particle correlator is predominantly a conse-
quence of charge-dependent two-particle correlations coupled
to an anisotropic flow signal.

To establish the relation between the three-particle corre-
lator and anisotropic flow harmonic in detail, an event shape
engineering technique is applied. A linear relation for the ratio
of three- to two-particle correlator difference as a function of v2
is observed, which extrapolates to an intercept that is consistent
with zero within uncertainties for most of multiplicities. An
upper limit on the v2-independent fraction of the three-particle
correlator, or the possible CME signal contribution (assumed
independent of v2 within the same narrow multiplicity or
centrality range), is estimated to be 13% for pPb data and 7%
for PbPb data at a 95% confidence level. The data presented in
this paper provide new stringent constraints on the nature of the
background contribution to the charge-dependent azimuthal
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correlations, and establish a new baseline for the search for the
chiral magnetic effect in heavy ion collisions.
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Constraints on the chiral magnetic effect using charge-dependent azimuthal correlations
in pPb and PbPb collisions at the CERN Large Hadron Collider
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Charge-dependent azimuthal correlations of same- and opposite-sign pairs with respect to the second- and third-
order event planes have been measured in pPb collisions at

√
sNN = 8.16 TeV and PbPb collisions at 5.02 TeV

with the CMS experiment at the LHC. The measurement is motivated by the search for the charge separation
phenomenon predicted by the chiral magnetic effect (CME) in heavy ion collisions. Three- and two-particle
azimuthal correlators are extracted as functions of the pseudorapidity difference, the transverse momentum (pT)
difference, and the pT average of same- and opposite-charge pairs in various event multiplicity ranges. The data
suggest that the charge-dependent three-particle correlators with respect to the second- and third-order event
planes share a common origin, predominantly arising from charge-dependent two-particle azimuthal correlations
coupled with an anisotropic flow. The CME is expected to lead to a v2-independent three-particle correlation
when the magnetic field is fixed. Using an event shape engineering technique, upper limits on the v2-independent
fraction of the three-particle correlator are estimated to be 13% for pPb and 7% for PbPb collisions at 95%
confidence level. The results of this analysis, both the dominance of two-particle correlations as a source of the
three-particle results and the similarities seen between PbPb and pPb, provide stringent constraints on the origin
of charge-dependent three-particle azimuthal correlations and challenge their interpretation as arising from a
chiral magnetic effect in heavy ion collisions.

DOI: 10.1103/PhysRevC.97.044912

I. INTRODUCTION

It has been suggested that in high-energy nucleus-nucleus
(AA) collisions, metastable domains of gluon fields with
nontrivial topological configurations may form [1– 4]. These
domains can carry an imbalance between left- and right-
handed quarks arising from interactions of chiral quarks
with topological gluon fields, leading to a local parity (P )
violation [3,4]. This chirality imbalance, in the presence of
the extremely strong magnetic field, which can be produced in
a noncentral AA collision, is expected to lead to an electric
current perpendicular to the reaction plane, resulting in a
final-state charge separation phenomenon known as the chiral
magnetic effect (CME) [5– 7]. Such macroscopic phenomena
arising from quantum anomalies are a subject of interest for
a wide range of physics communities. The chiral-anomaly-
induced phenomena have been observed in magnetized rela-
tivistic matter in three-dimensional Dirac and Weyl materials
[8– 10]. The search for the charge separation from the CME
in AA collisions was first carried out at RHIC at BNL
[11– 15] and later at the CERN LHC [16] at various center-
of-mass energies. In these measurements, a charge-dependent
azimuthal correlation with respect to the reaction plane was

∗Full author list given at the end of the article.
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observed, which is qualitatively consistent with the expectation
of charge separation from the CME. No strong collision energy
dependence of the signal is observed going from RHIC to LHC
energies, although some theoretical predictions suggested that
the possible CME signal could be much smaller at the LHC
than at RHIC because of a shorter lifetime of the magnetic field
[17]. Nevertheless, theoretical estimates of the time evolution
of the magnetic field have large uncertainties [17].

The experimental evidence for the CME in heavy ion
collisions remains inconclusive because of several identified
sources of background correlations that can account for part or
all of the observed charge-dependent azimuthal correlations
[18– 20]. Moreover, the charge-dependent azimuthal correla-
tion in high-multiplicity pPb collisions has been recently found
to have a nearly identical value to that observed in PbPb
collisions [21]. This is a strong indication that the observed
effect in heavy ion collisions might predominantly result
from background contributions. The CME-induced charge
separation effect is predicted to be negligible in pPb collisions,
as the angle between the magnetic field direction and the event
plane is expected to be randomly distributed [21,22].

The charge separation can be characterized by the first P -
odd sine term (a1) in a Fourier decomposition of the charged-
particle azimuthal distribution [23]:

dN

dφ
∝ 1 + 2

∑

n

{vn cos[n(φ−"RP)] + an sin[n(φ−"RP)]},

(1)

where φ − "RP represents the particle azimuthal angle with
respect to the reaction plane angle "RP in heavy ion collisions

2469-9985/2018/97(4)/044912(34) 044912-1 ©2018 CERN, for the CMS Collaboration
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In ultrarelativistic heavy-ion collisions, the event-by-event variation of the elliptic flow v2 reflects 
fluctuations in the shape of the initial state of the system. This allows to select events with the same 
centrality but different initial geometry. This selection technique, Event Shape Engineering, has been 
used in the analysis of charge-dependent two- and three-particle correlations in Pb–Pb collisions at √

sNN = 2.76 TeV. The two-particle correlator ⟨cos(ϕα − ϕβ )⟩, calculated for different combinations of 
charges α and β , is almost independent of v2 (for a given centrality), while the three-particle correlator 
⟨cos(ϕα + ϕβ − 2%2)⟩ scales almost linearly both with the event v2 and charged-particle pseudorapidity 
density. The charge dependence of the three-particle correlator is often interpreted as evidence for the 
Chiral Magnetic Effect (CME), a parity violating effect of the strong interaction. However, its measured 
dependence on v2 points to a large non-CME contribution to the correlator. Comparing the results with 
Monte Carlo calculations including a magnetic field due to the spectators, the upper limit of the CME 
signal contribution to the three-particle correlator in the 10–50% centrality interval is found to be 26–33% 
at 95% confidence level.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Parity symmetry is conserved in electromagnetism and is max-
imally violated in weak interactions. In strong interactions, global 
parity violation is not observed even though it is allowed by 
quantum chromodynamics. Local parity violation in strong inter-
actions might occur in microscopic domains under conditions of 
finite temperature [1–4] due to the existence of the topologi-
cally non-trivial configurations of the gluonic field, instantons and 
sphalerons. The interactions between quarks and gluonic fields 
with non-zero topological charge [5] change the quark chirality. 
A local imbalance of chirality, coupled with the strong magnetic 
field produced in heavy-ion collisions (B ∼ 1015 T) [6–8], would 
lead to charge separation along the direction of the magnetic 
field, which is on average perpendicular to the reaction plane (the 
plane of symmetry defined by the impact parameter vector and 
the beam direction), a phenomenon called Chiral Magnetic Effect 
(CME) [9–12]. Since the sign of the topological charge is equally 
probable to be positive or negative, the charge separation aver-
aged over many events is zero. This makes the observation of the 
CME experimentally difficult and possible only via correlation tech-
niques.

⋆ E-mail address: alice-publications@cern.ch.

Azimuthal anisotropies in particle production relative to the re-
action plane, often referred to as anisotropic flow, are an important 
observable to study the system created in heavy-ion collisions [13,
14]. Anisotropic flow arises from the asymmetry in the initial ge-
ometry of the collision. Its magnitude is quantified via the co-
efficients vn in a Fourier decomposition of the charged particle 
azimuthal distribution [15,16]. Local parity violation would result 
in an additional sine term [17]

dN
d&ϕα

∼ 1 + 2v1,α cos(&ϕα) + 2a1,α sin(&ϕα)

+ 2v2,α cos(2&ϕα) + ..., (1)

where &ϕα = ϕα − %RP, ϕα is the azimuthal angle of the particle 
of charge α (+, − ) and %RP is the reaction-plane angle. The first 
(v1,α) and the second (v2,α ) coefficients are called directed and 
elliptic flow, respectively. The a1,α coefficient quantifies the effects 
from local parity violation. Since the average ⟨a1,α⟩ = 0 over many 
events, one can only measure ⟨a2

1,α⟩ or ⟨a1,+ a1,− ⟩. The charge-
dependent two-particle correlator

δαβ ≡ ⟨cos(ϕα − ϕβ)⟩
= ⟨cos(&ϕα) cos(&ϕβ)⟩ + ⟨sin(&ϕα) sin(&ϕβ)⟩ (2)

https://doi.org/10.1016/j.physletb.2017.12.021
0370-2693/© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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is not convenient for such a study, because along with the signal 
⟨a1,α a1,β⟩ (β denotes the charge) there is a much stronger contri-
bution from correlations unrelated to the azimuthal asymmetry in 
the initial geometry (“non-flow”). These correlations largely come 
from the inter-jet correlations and resonance decays. To increase 
the CME contribution it was proposed to use the following corre-
lator [17]

γαβ ≡ ⟨cos(ϕα + ϕβ − 2%RP)⟩
= ⟨cos(&ϕα) cos(&ϕβ)⟩ − ⟨sin(&ϕα) sin(&ϕβ)⟩ (3)

that measures the difference between the correlation projected 
onto the reaction plane and perpendicular to it. In practice, the 
reaction-plane angle is estimated by constructing the event plane 
angle %2 using azimuthal particle distributions, which is why this 
correlator is often described as a three-particle correlator. This cor-
relator suppresses background contributions at the level of v2, the 
difference between the particle production in-plane and out-of-
plane. Examples of such background sources are the local charge 
conservation (LCC) coupled with elliptic flow [18,19], momen-
tum conservation [19–21], and directed-flow fluctuations [22]. The 
most significant background source for CME measurements is the 
LCC.

The measurements of charge-dependent azimuthal correlations 
performed at the Relativistic Heavy Ion Collider (RHIC) [23–26] and 
the Large Hadron Collider (LHC) [27,28] are in qualitative agree-
ment with the expectations for the CME. However, the interpre-
tation of these experimental results is complicated due to possible 
background contributions. The Event Shape Engineering (ESE) tech-
nique was proposed to disentangle background contributions from 
the potential CME signal [29]. This method makes it possible to se-
lect events with eccentricity values significantly larger or smaller 
than the average in a given centrality class [30,31] since v2 scales 
approximately linearly with eccentricity [32]. Centrality estimates 
the degree of overlap between the two colliding nuclei, with low 
percentage values corresponding to head-on collisions. The CME 
contribution is expected to mainly scale with the magnetic field 
strength and to not have a strong dependence on the eccentric-
ity [33], while the background varies significantly. Therefore ESE 
provides a unique tool to separate the CME signal from the back-
ground for the three-particle correlator.

The CMS Collaboration has recently reported the measurement 
of the three-particle correlator γαβ in p–Pb collisions at √sNN =
5.02 TeV [34], where the direction of the magnetic field is expected 
to be uncorrelated to the reaction plane [35]. The magnitude of the 
correlator in p–Pb and Pb–Pb collisions is comparable for similar 
final-state charged-particle multiplicities. This measurement indi-
cates that the contribution of the CME to this observable in this 
multiplicity range is small.

In this paper we report the measurements of the two-particle 
correlator δαβ , the three-particle correlator γαβ , and the elliptic 
flow v2 of unidentified charged particles. These measurements are 
performed for shape selected and unbiased events in Pb–Pb colli-
sions at √sNN = 2.76 TeV. An upper limit on the CME contribution 
is deduced from comparisons of the observed dependence of the 
correlations on the event v2 to that estimated using Monte Carlo 
(MC) simulations of the magnetic field of spectators with differ-
ent initial conditions. While this paper was in preparation, a paper 
employing a similar approach to estimate the fraction of the CME 
signal in the three-particle correlator was submitted by the CMS 
Collaboration [36].

The data sample recorded by ALICE during the 2010 LHC 
Pb–Pb run at √

sNN = 2.76 TeV is used for this analysis. Gen-
eral information on the ALICE detector and its performance can 
be found in [37,38]. The Time Projection Chamber (TPC) [37,39]

and Inner Tracking System (ITS) [37,40] are used to reconstruct 
charged-particle tracks and measure their momenta with a track-
momentum resolution better than 2% for the transverse momen-
tum interval 0.2 < pT < 5.0 GeV/c [38]. The two innermost layers 
of the ITS, the Silicon Pixel Detector (SPD), are employed for trig-
gering and event selection. Two scintillator arrays (V0) [37,41], 
which cover the pseudorapidity ranges −3.7 < η < −1.7 (V0C) 
and 2.8 < η < 5.1 (V0A), are used for triggering, event selection, 
and the determination of centrality [42] and %2. The trigger con-
ditions and the event selection criteria are described in [38]. An 
offline event selection is applied to remove beam induced back-
ground and pileup events. Approximately 9.8 · 106 minimum-bias 
Pb–Pb events with a reconstructed primary vertex within ± 10 cm 
from the nominal interaction point in the beam direction belong-
ing to the 0–60% centrality interval are used for this analysis.

Charged particles reconstructed using the combined informa-
tion from the ITS and TPC in |η| < 0.8 and 0.2 < pT < 5.0 GeV/c
are selected with full azimuthal coverage. Additional quality cuts 
are applied to reduce the contamination from secondary charged 
particles (i.e. particles originating from weak decays, conversions 
and secondary hadronic interactions in the detector material) and 
fake tracks (with random associations of space points). Only tracks 
with at least 70 space points in the TPC (out of a maximum of 159) 
with an average χ2 per degree-of-freedom for the track fit lower 
than 2, a distance of closest approach (DCA) to the reconstructed 
event vertex smaller than 2.4 cm in the transverse plane (xy) and 
3.2 cm in the longitudinal direction (z) are accepted. The charged 
particle track reconstruction efficiency was estimated from HIJING 
simulations [43,44] combined with a GEANT3 [45] detector model, 
and found to be independent of the collision centrality. The re-
construction efficiency of primary particles defined in [46], which 
may bias the determination of the pT averaged charge-dependent 
correlations and flow, increases from 70% at pT = 0.2 GeV/c to 
85% at pT ∼ 1.5 GeV/c where it has a maximum. It then gradu-
ally decreases and is flat at 80% for pT > 3.0 GeV/c. The systematic 
uncertainty of the efficiency is about 5%.

The event shape selection is performed as in [30] based on the 
magnitude of the second-order reduced flow vector, q2 [47], de-
fined as

q2 = |Q2|√
M

, (4)

where |Q2| =
√

Q 2
2,x + Q 2

2,y is the magnitude of the second order 
harmonic flow vector and M is the multiplicity. The vector Q2 is 
calculated from the azimuthal distribution of the energy deposition 
measured in the V0C. Its x and y components and the multiplicity 
are given by

Q 2,x =
∑

i

wi cos(2ϕi), Q 2,y =
∑

i

wi sin(2ϕi), M =
∑

i

wi,

(5)

where the sum runs over all channels i of the V0C detector 
(i = 1 − 32), ϕi is the azimuthal angle of channel i and wi is the 
amplitude measured in channel i. The large gap in pseudorapidity 
(|&η| > 0.9) between the charged particles in the TPC used to de-
termine v2, δαβ and γαβ and those in the V0C suppresses non-flow 
effects. Ten event-shape classes with the lowest (highest) q2 value 
corresponding to the 0–10% (90–100%) range are investigated for 
each centrality interval.

The flow coefficient v2 is measured using the event plane 
method [16]. The orientation of the event plane %2 is estimated 
from the azimuthal distribution of the energy deposition measured 
by the V0A detector. The event plane resolution is calculated from 
correlations between the event planes determined in the TPC and 
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Fig. 3. (Colour online.) Top: Difference between opposite and same charge pair cor-
relations for γαβ as a function of v2 for shape selected events together with a linear 
fit (dashed lines) for various centrality classes. Bottom: Difference between opposite 
and same charge pair correlations for γαβ multiplied by the charged-particle den-
sity [49] as a function of v2 for shape selected events for various centrality classes. 
The event selection is based on q2 determined in the V0C with the lowest (highest) 
value corresponding to 0–10% (90–100%) q2. Error bars (shaded boxes) represent 
the statistical (systematic) uncertainties.

for all centralities and its magnitude decreases for more central 
collisions and with decreasing v2 (in a given centrality bin). At 
least two effects could be responsible for the centrality depen-
dence: the reduction of the magnetic field with decreasing cen-
trality and the dilution of the correlation due to the increase in 
the number of particles [24] in more central collisions. The dif-
ference between opposite and same charge pair correlations mul-
tiplied by the charged-particle density in a given centrality bin, 
dNch/dη (taken from [49]), to compensate for the dilution effect, 
is presented as a function of v2 in the bottom panel of Fig. 3. All 
the data points fall approximately onto the same line. This is qual-
itatively consistent with expectations from LCC where an increase 
in v2, which modulates the correlation between balancing charges 
with respect to the reaction plane [50], results in a strong effect. 
Therefore, the observed dependence on v2 points to a large back-
ground contribution to γαβ .

The expected dependence of the CME signal on v2 was eval-
uated with the help of a Monte Carlo Glauber [51] calculation 
including a magnetic field. In this simulation, the centrality classes 
are determined from the multiplicity of charged particles in the 
acceptance of the V0 detector following the method presented 
in [42]. The multiplicity is generated according to a negative bi-
nomial distribution with parameters taken from [42] based on the 
number of participant nucleons and binary collisions. The ellip-
tic flow is assumed to be proportional to the eccentricity of the 
participant nucleons and approximately reproduces the measured 

Fig. 4. (Colour online.) The expected dependence of the CME signal on v2 for various 
centrality classes from a MC-Glauber simulation [51] (see text for details). No event 
shape selection is performed in the model, and therefore a large range in v2 is 
covered. The solid lines depict linear fits based on the v2 variation observed within 
each centrality interval.

pT-integrated v2 values [52]. The magnetic field is evaluated at 
the geometrical centre of the overlap region from the number of 
spectator nucleons following Eq. (A.6) from [11] with the proper 
time τ = 0.1 fm/c. The magnetic field is calculated in 1% cen-
trality classes and averaged into the centrality intervals used for 
data analysis. It is assumed that the CME signal is proportional to 
⟨|B|2 cos(2(&B − &2))⟩, where |B| and &B are the magnitude and 
direction of the magnetic field, respectively. Fig. 4 presents the ex-
pected dependence of the CME signal on v2 for various centrality 
classes. Similar results are found using MC-KLN CGC [53,54] and 
EKRT [55] initial conditions. The MC-KLN CGC simulation was per-
formed using version 32 of the Monte Carlo kT-factorization code 
(mckt) available at [56], while the TRENTO model [57] was em-
ployed for EKRT initial conditions.

To disentangle the potential CME signal from background, the 
dependence on v2 of the difference between opposite and same 
charge pair correlations for γαβ and the CME signal expectations 
are fitted with a linear function (see lines in Figs. 3 (top panel) 
and 4, respectively):

F1(v2) = p0(1 + p1(v2 − ⟨v2⟩)/⟨v2⟩), (6)

where p0 accounts for the overall scale, which cannot be fixed in 
the MC calculations, and p1 reflects the slope normalised such that 
in a pure background scenario, where the correlator is directly pro-
portional to v2, it is equal to unity. The presence of a significant 
CME contribution, on the other hand, would result in non-zero in-
tercepts at v2 = 0 of the linear functions shown in Fig. 3. The 
ranges used in these fits are based on the v2 variation observed 
in data and the corresponding MC interval within each centrality 
range. The centrality dependence of p1 from fits to data and to the 
signal expectations based on MC-Glauber, MC-KLN CGC and EKRT 
models is reported in Fig. 5. The observed p1 from data is a su-
perposition of a possible CME signal and background. Assuming a 
pure background case, p1 from data and MC models can be related 
according to

fCME × p1,MC + (1 − fCME) × 1 = p1,data, (7)

where fCME denotes the CME fraction to the charge dependence of 
γαβ and is given by

fCME = (γopp − γsame)
CME

(γopp − γsame)CME + (γopp − γsame)Bkg
. (8)

154 ALICE Collaboration / Physics Letters B 777 (2018) 151–162

Fig. 3. (Colour online.) Top: Difference between opposite and same charge pair cor-
relations for γαβ as a function of v2 for shape selected events together with a linear 
fit (dashed lines) for various centrality classes. Bottom: Difference between opposite 
and same charge pair correlations for γαβ multiplied by the charged-particle den-
sity [49] as a function of v2 for shape selected events for various centrality classes. 
The event selection is based on q2 determined in the V0C with the lowest (highest) 
value corresponding to 0–10% (90–100%) q2. Error bars (shaded boxes) represent 
the statistical (systematic) uncertainties.

for all centralities and its magnitude decreases for more central 
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EKRT [55] initial conditions. The MC-KLN CGC simulation was per-
formed using version 32 of the Monte Carlo kT-factorization code 
(mckt) available at [56], while the TRENTO model [57] was em-
ployed for EKRT initial conditions.

To disentangle the potential CME signal from background, the 
dependence on v2 of the difference between opposite and same 
charge pair correlations for γαβ and the CME signal expectations 
are fitted with a linear function (see lines in Figs. 3 (top panel) 
and 4, respectively):

F1(v2) = p0(1 + p1(v2 − ⟨v2⟩)/⟨v2⟩), (6)

where p0 accounts for the overall scale, which cannot be fixed in 
the MC calculations, and p1 reflects the slope normalised such that 
in a pure background scenario, where the correlator is directly pro-
portional to v2, it is equal to unity. The presence of a significant 
CME contribution, on the other hand, would result in non-zero in-
tercepts at v2 = 0 of the linear functions shown in Fig. 3. The 
ranges used in these fits are based on the v2 variation observed 
in data and the corresponding MC interval within each centrality 
range. The centrality dependence of p1 from fits to data and to the 
signal expectations based on MC-Glauber, MC-KLN CGC and EKRT 
models is reported in Fig. 5. The observed p1 from data is a su-
perposition of a possible CME signal and background. Assuming a 
pure background case, p1 from data and MC models can be related 
according to

fCME × p1,MC + (1 − fCME) × 1 = p1,data, (7)

where fCME denotes the CME fraction to the charge dependence of 
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(mckt) available at [56], while the TRENTO model [57] was em-
ployed for EKRT initial conditions.
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and 4, respectively):

F1(v2) = p0(1 + p1(v2 − ⟨v2⟩)/⟨v2⟩), (6)

where p0 accounts for the overall scale, which cannot be fixed in 
the MC calculations, and p1 reflects the slope normalised such that 
in a pure background scenario, where the correlator is directly pro-
portional to v2, it is equal to unity. The presence of a significant 
CME contribution, on the other hand, would result in non-zero in-
tercepts at v2 = 0 of the linear functions shown in Fig. 3. The 
ranges used in these fits are based on the v2 variation observed 
in data and the corresponding MC interval within each centrality 
range. The centrality dependence of p1 from fits to data and to the 
signal expectations based on MC-Glauber, MC-KLN CGC and EKRT 
models is reported in Fig. 5. The observed p1 from data is a su-
perposition of a possible CME signal and background. Assuming a 
pure background case, p1 from data and MC models can be related 
according to

fCME × p1,MC + (1 − fCME) × 1 = p1,data, (7)

where fCME denotes the CME fraction to the charge dependence of 
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Fig. 5. (Colour online.) Centrality dependence of the p1 parameter from a linear 
fit to the difference between opposite and same charge pair correlations for γαβ

and from linear fits to the CME signal expectations from MC-Glauber [51], MC-KLN 
CGC [53,54] and EKRT [55] models (see text for details). Points from MC simulations 
are slightly shifted along the horizontal axis for better visibility. Only statistical un-
certainties are shown.

Fig. 6. (Colour online.) Centrality dependence of the CME fraction extracted from 
the slope parameter of fits to data and MC-Glauber [51], MC-KLN CGC [53,54] and 
EKRT [55] models, respectively (see text for details). The dashed lines indicate the 
physical parameter space of the CME fraction. Points are slightly shifted along the 
horizontal axis for better visibility. Only statistical uncertainties are shown.

Fig. 6 presents fCME for the three models used in this study. 
The CME fraction cannot be precisely extracted for central (0–10%) 
and peripheral (50–60%) collisions due to the large statistical un-
certainties on p1 extracted from data. The negative values for the 
CME fraction obtained for the 40–50% centrality range (deviating 
from zero by one σ ), if confirmed, would indicate that our expec-
tations for the background contribution to be linearly proportional 
to v2 are not accurate. Combining the points from 10–50% ne-
glecting a possible centrality dependence gives fCME = 0.10 ± 0.13, 
fCME = 0.08 ± 0.10 and fCME = 0.08 ± 0.11 for the MC-Glauber, 
MC-KLN CGC and EKRT models, respectively. These results are con-
sistent with zero CME fraction and correspond to upper limits on 
fCME of 33%, 26% and 29%, respectively, at 95% confidence level for 
the 10–50% centrality interval. The CME fraction agrees with the 
observations in [36] where the centrality intervals overlap.

In summary, the Event Shape Engineering technique has been 
applied to measure the dependence on v2 of the charge-dependent 
two- and three-particle correlators δαβ and γαβ in Pb–Pb colli-
sions at √sNN = 2.76 TeV. While for δαβ we observe no significant 

v2 dependence in a given centrality bin, γαβ is found to be al-
most linearly dependent on v2. When the charge dependence of 
γαβ is multiplied by the corresponding charged-particle density, to 
compensate for the dilution effect, a linear dependence on v2 is 
observed consistently across all centrality classes. Using a Monte 
Carlo simulation with different initial-state models, we have found 
that the CME signal is expected to exhibit a weak dependence on 
v2 in the measured range. The observations imply that the dom-
inant contribution to γαβ is due to non-CME effects. In order to 
get a quantitative estimate of the signal and background contri-
butions to the measurements, we fit both γαβ and the expected 
signal dependence on v2 with a first order polynomial. This pro-
cedure allows to estimate the fraction of the CME signal in the 
centrality range 10–50%, but not for the most central (0–10%) and 
peripheral (50–60%) collisions due to large statistical uncertainties. 
Averaging over the centrality range 10–50% gives an upper limit 
of 26% to 33% (depending on the initial-state model) at 95% con-
fidence level for the CME contribution to the difference between 
opposite and same charge pair correlations for γαβ .
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Charge-dependent azimuthal particle correlations with respect to the second-order event plane in p-Pb
and PbPb collisions at a nucleon-nucleon center-of-mass energy of 5.02 TeV have been studied with the
CMS experiment at the LHC. The measurement is performed with a three-particle correlation technique,
using two particles with the same or opposite charge within the pseudorapidity range jηj < 2.4, and a third
particle measured in the hadron forward calorimeters (4.4 < jηj < 5). The observed differences between
the same and opposite sign correlations, as functions of multiplicity and η gap between the two charged
particles, are of similar magnitude in p-Pb and PbPb collisions at the same multiplicities. These results pose
a challenge for the interpretation of charge-dependent azimuthal correlations in heavy ion collisions in
terms of the chiral magnetic effect.

DOI: 10.1103/PhysRevLett.118.122301

In relativistic heavy ion collisions, metastable domains
of gluon fields may form with nontrivial topological
configurations [1–4]. The interaction of quarks with these
gluon fields will lead to an imbalance in left- and right-
handed quarks, which violates local parity (P) symmetry
[3,4]. In the presence of a strong magnetic field in a
noncentral nucleus-nucleus (AA) collision, this chirality
imbalance leads to an electric current perpendicular to the
reaction plane, resulting in a final-state charge separation
phenomenon, known as the chiral magnetic effect (CME)
[5]. Attempts to measure this charge separation in heavy
ion collisions were made by the STAR experiment at RHIC
[6–10] and the ALICE experiment at the LHC [11]. In these
measurements, a charge dependence of azimuthal correla-
tions with respect to the reaction plane was observed, which
is qualitatively consistent with the expectation of a charge
separation from the CME.
The charge separation can be characterized by the P-odd

sine term (a1) in a Fourier decomposition of the particle
azimuthal distribution [12]:

dN
dϕ

∝ 1þ 2
X

n

ðvn cos½nðϕ − ΨRPÞ% þ an sin½nðϕ − ΨRPÞ%Þ;

ð1Þ

where ϕ − ΨRP represents the particle azimuthal angle with
respect to the reaction plane angle ΨRP (determined by the
impact parameter and beam axis), vn and an denote the

coefficients of P-even and P-odd Fourier terms, respec-
tively. Although the reaction plane is not an experimental
observable, it can be approximated by the second-order
event plane, ΨEP, determined by the direction of the beam
and the maximal particle density in the elliptic azimuthal
anisotropy. An azimuthal correlator proposed to explore the
first coefficient, a1, of the P-odd Fourier terms character-
izing the charge separation [12] is

hcosðϕα þϕβ − 2ΨEPÞi ¼ hcosðϕα −ΨEPÞcosðϕβ −ΨEPÞi
− hsinðϕα −ΨEPÞ sinðϕβ −ΨEPÞi:

ð2Þ

Here, α and β denote particles with the same or opposite
charge sign and the brackets reflect an averaging over
particles and events. Assuming particles α, β are uncorre-
lated except for their individual correlations with respect to
the event plane, the first term on the right-hand side of
Eq. (2) becomes hv1;αv1;βi, which is generally small and
independent of charge [7], while the second term is
sensitive to charge separation and can be expressed as
ha1;αa1;βi, which can be measured.
The observation of the CME in heavy ion collisions

remains inconclusive because of several identified sources
of background correlations that can account for part or all
of the observed charge-dependent azimuthal correlations
[13–15]. For example, the effect of local charge conserva-
tion, coupled with the anisotropic emission of particles
(v2), can generate an effect resembling charge separation
with respect to the reaction plane [15]. The charge-
dependent azimuthal correlation signals observed in the
data can be qualitatively described by models that do not
include CME, such as the AMPT [16] and EPOS LHC [17]
models. A significant amount of recent experimental and
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charge-independent, such as directed flow and the
momentum conservation effect, the latter being sensitive
to the difference in multiplicity between p- and Pb-going
directions.
To explore the multiplicity or centrality dependence of

the three-particle correlator, an average of the results in
Fig. 1 over jΔηj < 1.6 (charge-dependent region) is taken,
where the average is weighted by the number of particle
pairs in each jΔηj range. The resulting jΔηj-averaged three-
particle correlators are shown in Fig. 2 as a function of
Noffline

trk for p-Pb (particle c from the Pb-going side) and
PbPb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Up to Noffline
trk ¼ 300,

the p-Pb and PbPb results are measured in the same Noffline
trk

ranges. The centrality scale on the top of Fig. 2 relates to
the PbPb experimental results. Within uncertainties, the SS
and OS correlators in p-Pb and PbPb collisions exhibit the
same magnitude and trend as a function of event multi-
plicity. The OS correlator reaches a value close to zero for
Noffline

trk > 200, while the SS correlator remains negative,
but the magnitude gradually decreases as Noffline

trk increases.
Part of the observed multiplicity (or centrality) dependence
is understood as a dilution effect that falls with the inverse
of event multiplicity [7]. The notably similar magnitude
and multiplicity dependence of the three-particle correlator
observed in p-Pb collisions relative to that in PbPb
collisions again indicates that the dominant contribution
of the signal is not related to the CME. The results of SS
and OS three-particle correlators as functions of centrality
in PbPb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV are also found to
be consistent with the results from lower energy AA
collisions [7,11].

To eliminate sources of correlations that are charge
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Fig. 1. The γSS and γOS correlators in p + Au and d + Au collisions as a function 
of multiplicity, compared to those in Au + Au collisions [18 ,19 ,21]. Particles α, β , 
and c are all from the full TPC |η| < 1; no η gap is applied. The v2,c is obtained 
by two-particle cumulants with η gap of 1.0; results with η gaps of 0, 0.5 and 1.4 
are shown as dashed lines. Statistical errors are shown by the vertical bars and 
systematic uncertainties are shown by the vertical brackets. The horizontal brackets 
indicate the systematic uncertainty of the dNch/dη.

Fig. 2. The %γ correlator in p + Au and d + Au collisions as a function of multiplic-
ity, compared to that in Au + Au collisions [18 ,19 ,21]. The difference measures the 
charge-dependent correlations. The data points connected by solid lines are mea-
sured using %η gap of 1.0 in v2{2}. Dashed lines represent the results using v2,c
with η gaps of 0, 0.5 and 1.4.

The γSS and γOS results seem to follow a decreasing trend with 
increasing multiplicity in all systems.

Fig. 2 shows %γ as a function of multiplicity in p + Au and 
d + Au collisions, and, for comparison, in Au + Au collisions [18 ,
19 ,21]. The %γ decreases with increasing multiplicity in both sys-
tems. Large %γ values are observed in p + Au and d + Au col-
lisions, comparable to the peripheral Au + Au collision data at 
similar multiplicities. Our new p + Au and d + Au measurements 
demonstrate that background contributions could produce magni-
tudes of the %γ correlator comparable to what has been observed 
in Au + Au data, and thus offer a possible alternative explanation 
of the %γ measurements in Au + Au collisions without invoking 
CME interpretation.

If indeed dominated by background contributions, the %γ may 
be proportional to the average v2 of the background sources, as 
represented by Eq. (4). The v2 of the background sources likely 
scale with the v2 of the final-state particles that are measured. The 
background should also be proportional to the number of back-
ground sources, and because %γ is a pair-wise average, the back-
ground is also inversely proportional to the total number of pairs. 

Fig. 3. The measured two-particle cumulant v2{2} with η gap of 1.0 as a function 
of multiplicity in p + Au and d + Au collisions, compared to that in Au + Au colli-
sions [18 ,19 ]. The data points connected by solid lines are measured using %η gap 
of 1.0 in v2{2}. Results with η gaps of 0, 0.5 and 1.4 are shown in dash lines.

Fig. 4. The %γ ×dNch/dη/v2 in p + Au and d + Au collisions as a function of multi-
plicity, compared to that in Au + Au collisions [18 ,19 ,21]. The data points connected 
by solid lines are measured using %η gap of 1.0 in v2{2}. Dashed lines represent 
the results using v2,c with η gaps of 0, 0.5 and 1.4.

As the number of background sources likely scales with dNch/dη, 
thus %γ approximately scales with v2/dNch/dη. To gain more in-
sight, a scaled %γ observable is introduced:

%γscaled = %γ × dNch/dη/v2 . (5)

Since in our analysis there is no distinction between particles α, β
and c except the electric charge, the v2 in Eq. (5) is the same as 
v2,c . Fig. 3 shows the measured v2 by the two-particle cumulant 
method with various η gaps as a function of multiplicity in p +Au, 
d + Au collisions, together with results from Au + Au [18 ,19 ] col-
lisions. The results show that v2{2} is large in p + Au and d + Au
collisions, and comparable to Au + Au results. HIJING [48 ] simu-
lation studies of p + Au and d + Au collisions suggest significant 
contribution of nonflow correlations to v2 at very low multiplic-
ities. Evidence of contribution to v2 from collective flow has also 
been observed at RHIC and the LHC from long-range particle corre-
lations in small systems, especially at higher multiplicity [49 – 53 ].

Fig. 4 shows the scaled observable %γscaled as a function of 
multiplicity in p +Au and d +Au collisions, and compares to that in 
Au + Au collisions. Results with different η gaps for v2,c are also 
shown. The %γscaled in p + Au and d + Au collisions are similar 
to that in Au + Au collisions. For both small-system and heavy-
ion collisions, the %γscaled is approximately constant over dNch/dη, 
although within large systematic uncertainties. Since p + Au and 
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similarly

PbPb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. After taking the
difference, the p-Pb data with particle c from both the
p- and Pb-going sides, and PbPb data, show nearly
identical values. The charge-dependent difference is largest
at jΔηj ≈ 0 and drops to zero for jΔηj > 1.6, and also
decreases as a function of Noffline

trk . The striking similarity in
the observed charge-dependent azimuthal correlations
strongly suggests a common physical origin. In PbPb
collisions, it was suggested that the charge dependence
of the three-particle correlator as well as its jΔηj depend-
ence are indications of the charge separation effect with
respect to the event plane due to the CME [7,11]. However,
as argued earlier, a strong charge separation signal from the
CME is not expected in a very high-multiplicity p-Pb
collision. The similarity seen between high-multiplicity
p-Pb and peripheral PbPb collisions challenges the attri-
bution of the observed charge-dependent correlations to
the CME. Note that there is a hint of a slight difference
between p-Pb and PbPb in the slopes of the Noffline

trk
dependence in Fig. 3(b), where the systematic uncertainties
are point-to-point correlated. This difference is worth
further investigation.
In summary, charge-dependent azimuthal correlations of

same and opposite sign particles with respect to the second-
order event plane have been measured in p-Pb and PbPb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV by the CMS experiment at
the LHC. The correlation is extracted via a three-particle
correlator as functions of particle jΔηj and charged-particle
multiplicity of the event. The difference between opposite
and same sign particles as functions of jΔηj and multiplicity
is found to agree for p-Pb and PbPb collisions, possibly
indicating a common underlying mechanism that generates
the observed correlation. These results challenge the CME
interpretation for the observed charge-dependent azimuthal
correlations in nucleus-nucleus collisions at RHIC and
the LHC.
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Fig. 1. The γSS and γOS correlators in p + Au and d + Au collisions as a function 
of multiplicity, compared to those in Au + Au collisions [18 ,19 ,21]. Particles α, β , 
and c are all from the full TPC |η| < 1; no η gap is applied. The v2,c is obtained 
by two-particle cumulants with η gap of 1.0; results with η gaps of 0, 0.5 and 1.4 
are shown as dashed lines. Statistical errors are shown by the vertical bars and 
systematic uncertainties are shown by the vertical brackets. The horizontal brackets 
indicate the systematic uncertainty of the dNch/dη.

Fig. 2. The %γ correlator in p + Au and d + Au collisions as a function of multiplic-
ity, compared to that in Au + Au collisions [18 ,19 ,21]. The difference measures the 
charge-dependent correlations. The data points connected by solid lines are mea-
sured using %η gap of 1.0 in v2{2}. Dashed lines represent the results using v2,c
with η gaps of 0, 0.5 and 1.4.

The γSS and γOS results seem to follow a decreasing trend with 
increasing multiplicity in all systems.

Fig. 2 shows %γ as a function of multiplicity in p + Au and 
d + Au collisions, and, for comparison, in Au + Au collisions [18 ,
19 ,21]. The %γ decreases with increasing multiplicity in both sys-
tems. Large %γ values are observed in p + Au and d + Au col-
lisions, comparable to the peripheral Au + Au collision data at 
similar multiplicities. Our new p + Au and d + Au measurements 
demonstrate that background contributions could produce magni-
tudes of the %γ correlator comparable to what has been observed 
in Au + Au data, and thus offer a possible alternative explanation 
of the %γ measurements in Au + Au collisions without invoking 
CME interpretation.

If indeed dominated by background contributions, the %γ may 
be proportional to the average v2 of the background sources, as 
represented by Eq. (4). The v2 of the background sources likely 
scale with the v2 of the final-state particles that are measured. The 
background should also be proportional to the number of back-
ground sources, and because %γ is a pair-wise average, the back-
ground is also inversely proportional to the total number of pairs. 

Fig. 3. The measured two-particle cumulant v2{2} with η gap of 1.0 as a function 
of multiplicity in p + Au and d + Au collisions, compared to that in Au + Au colli-
sions [18 ,19 ]. The data points connected by solid lines are measured using %η gap 
of 1.0 in v2{2}. Results with η gaps of 0, 0.5 and 1.4 are shown in dash lines.

Fig. 4. The %γ ×dNch/dη/v2 in p + Au and d + Au collisions as a function of multi-
plicity, compared to that in Au + Au collisions [18 ,19 ,21]. The data points connected 
by solid lines are measured using %η gap of 1.0 in v2{2}. Dashed lines represent 
the results using v2,c with η gaps of 0, 0.5 and 1.4.

As the number of background sources likely scales with dNch/dη, 
thus %γ approximately scales with v2/dNch/dη. To gain more in-
sight, a scaled %γ observable is introduced:

%γscaled = %γ × dNch/dη/v2 . (5)

Since in our analysis there is no distinction between particles α, β
and c except the electric charge, the v2 in Eq. (5) is the same as 
v2,c . Fig. 3 shows the measured v2 by the two-particle cumulant 
method with various η gaps as a function of multiplicity in p +Au, 
d + Au collisions, together with results from Au + Au [18 ,19 ] col-
lisions. The results show that v2{2} is large in p + Au and d + Au
collisions, and comparable to Au + Au results. HIJING [48 ] simu-
lation studies of p + Au and d + Au collisions suggest significant 
contribution of nonflow correlations to v2 at very low multiplic-
ities. Evidence of contribution to v2 from collective flow has also 
been observed at RHIC and the LHC from long-range particle corre-
lations in small systems, especially at higher multiplicity [49 – 53 ].

Fig. 4 shows the scaled observable %γscaled as a function of 
multiplicity in p +Au and d +Au collisions, and compares to that in 
Au + Au collisions. Results with different η gaps for v2,c are also 
shown. The %γscaled in p + Au and d + Au collisions are similar 
to that in Au + Au collisions. For both small-system and heavy-
ion collisions, the %γscaled is approximately constant over dNch/dη, 
although within large systematic uncertainties. Since p + Au and 
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Data vs models

§ Large difference in like-sign vs unlike-

sign correlations in the data compared 

to models.

§ Bigger amplitude in like-sign

correlations compared to unlike-sign.

§ Like-sign and unlike-sign correlations 

are consistent with theoretical 

expectations

§ … but the unlike-sign correlations can 

be dominated by effects not related to 

the RP orientation.

§ The “base line” can be shifted from 

zero.

We proceed with more “differential” look and compare with theoretical predictions

á +,+ ñ and  á–,–ñ results agree within errors and are 

combined in this plot and all plots below. 
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What is the “contribution” of the RP independent  
background to the measurement? 
Answer - 100%. HIJING describes very well 
quantitatively both, “ ” and “v2” (simulations  
done by the authors - not included in the paper). 

Δγ

My view - until such a background is kept well under control, 
no meaningful conclusion can be made.  
It is misleading not to include HIJING results in the paper.
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hcos(�a + �b � 2 2)i = hcos(�a � 2) cos(�b � 2)i � hsin(�a � 2) sin(�b � 2)i

hcos(2�a + 2�b � 4 4)i = hcos(2�a � 2 4) cos(2�b � 2 4)i � hsin(2�a � 2 4) sin(2�b � 2 4)i

Charge dependent part: 
- contribution from CME  
- “flowing cluster” background 

- NO contribution from CME. 
- “flowing cluster” background 
  (~ v4 instead of ~v2)

Voloshin, Prog.Part.Nucl.Phys. 67 541 (2012)

−

−

hcos(2�↵ + 2�� � 4 2)i = hcos[(2�↵ + 2�� � 4�c) + (4�c � 4 2)]i ⇡ hcos(2�↵ + 2�� � 4�c)i v4,c

hcos(�↵ + �� � 2 2)i = hcos[(�↵ + �� � 2�c) + (2�c � 2 2)]i ⇡ hcos(�↵ + �� � 2�c)i v2,c

Quite different kinematic factors!

hcos(2�↵ + 2�� � 4�c)i vs hcos(�↵ + �� � 2�c)i

Requires detail knowledge of the nature of 
the background  
Not suitable for precise estimates
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Constraints on the chiral magnetic effect using charge-dependent azimuthal correlations
in pPb and PbPb collisions at the CERN Large Hadron Collider

A. M. Sirunyan et al.∗

(CMS Collaboration)

(Received 4 August 2017; published 23 April 2018)

Charge-dependent azimuthal correlations of same- and opposite-sign pairs with respect to the second- and third-
order event planes have been measured in pPb collisions at

√
sNN = 8.16 TeV and PbPb collisions at 5.02 TeV

with the CMS experiment at the LHC. The measurement is motivated by the search for the charge separation
phenomenon predicted by the chiral magnetic effect (CME) in heavy ion collisions. Three- and two-particle
azimuthal correlators are extracted as functions of the pseudorapidity difference, the transverse momentum (pT)
difference, and the pT average of same- and opposite-charge pairs in various event multiplicity ranges. The data
suggest that the charge-dependent three-particle correlators with respect to the second- and third-order event
planes share a common origin, predominantly arising from charge-dependent two-particle azimuthal correlations
coupled with an anisotropic flow. The CME is expected to lead to a v2-independent three-particle correlation
when the magnetic field is fixed. Using an event shape engineering technique, upper limits on the v2-independent
fraction of the three-particle correlator are estimated to be 13% for pPb and 7% for PbPb collisions at 95%
confidence level. The results of this analysis, both the dominance of two-particle correlations as a source of the
three-particle results and the similarities seen between PbPb and pPb, provide stringent constraints on the origin
of charge-dependent three-particle azimuthal correlations and challenge their interpretation as arising from a
chiral magnetic effect in heavy ion collisions.

DOI: 10.1103/PhysRevC.97.044912

I. INTRODUCTION

It has been suggested that in high-energy nucleus-nucleus
(AA) collisions, metastable domains of gluon fields with
nontrivial topological configurations may form [1– 4]. These
domains can carry an imbalance between left- and right-
handed quarks arising from interactions of chiral quarks
with topological gluon fields, leading to a local parity (P )
violation [3,4]. This chirality imbalance, in the presence of
the extremely strong magnetic field, which can be produced in
a noncentral AA collision, is expected to lead to an electric
current perpendicular to the reaction plane, resulting in a
final-state charge separation phenomenon known as the chiral
magnetic effect (CME) [5– 7]. Such macroscopic phenomena
arising from quantum anomalies are a subject of interest for
a wide range of physics communities. The chiral-anomaly-
induced phenomena have been observed in magnetized rela-
tivistic matter in three-dimensional Dirac and Weyl materials
[8– 10]. The search for the charge separation from the CME
in AA collisions was first carried out at RHIC at BNL
[11– 15] and later at the CERN LHC [16] at various center-
of-mass energies. In these measurements, a charge-dependent
azimuthal correlation with respect to the reaction plane was

∗Full author list given at the end of the article.

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
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and the published article’s title, journal citation, and DOI.

observed, which is qualitatively consistent with the expectation
of charge separation from the CME. No strong collision energy
dependence of the signal is observed going from RHIC to LHC
energies, although some theoretical predictions suggested that
the possible CME signal could be much smaller at the LHC
than at RHIC because of a shorter lifetime of the magnetic field
[17]. Nevertheless, theoretical estimates of the time evolution
of the magnetic field have large uncertainties [17].

The experimental evidence for the CME in heavy ion
collisions remains inconclusive because of several identified
sources of background correlations that can account for part or
all of the observed charge-dependent azimuthal correlations
[18– 20]. Moreover, the charge-dependent azimuthal correla-
tion in high-multiplicity pPb collisions has been recently found
to have a nearly identical value to that observed in PbPb
collisions [21]. This is a strong indication that the observed
effect in heavy ion collisions might predominantly result
from background contributions. The CME-induced charge
separation effect is predicted to be negligible in pPb collisions,
as the angle between the magnetic field direction and the event
plane is expected to be randomly distributed [21,22].

The charge separation can be characterized by the first P -
odd sine term (a1) in a Fourier decomposition of the charged-
particle azimuthal distribution [23]:

dN

dφ
∝ 1 + 2

∑

n

{vn cos[n(φ−"RP)] + an sin[n(φ−"RP)]},

(1)

where φ − "RP represents the particle azimuthal angle with
respect to the reaction plane angle "RP in heavy ion collisions
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(determined by the impact parameter and beam axis), and vn

and an denote the coefficients of P -even and P -odd Fourier
terms, respectively. Although the reaction plane is not an
experimental observable, it can be approximated in heavy ion
collisions by the second-order event plane !2, determined by
the direction of the beam and the maximal particle density in
the elliptic azimuthal anisotropy. The P -odd terms will vanish
after averaging over events, because the sign of the chirality
imbalance changes event by event. Therefore, the observation
of such an effect is only possible through the measurement
of particle azimuthal correlations. An azimuthal three-particle
correlator γ112 proposed to explore the first coefficient a1 of
the P -odd Fourier terms characterizing the charge separation
[23] is

γ112 ≡ ⟨cos(φα + φβ − 2!2)⟩
= ⟨cos(φα − !2) cos(φβ − !2)⟩

− ⟨sin(φα − !2) sin(φβ − !2)⟩. (2)

Here, α and β denote particles with the same or opposite
electric charge sign and the angle brackets reflect an averaging
over particles and events. Assuming particles α and β are
uncorrelated, except for their individual correlations with
respect to the event plane, the first term on the right-hand
side of Eq. (2) becomes ⟨v1,αv1,β⟩, which is generally small
and independent of the charge [12], while the second term
is sensitive to the charge separation and can be expressed as
⟨a1,αa1,β⟩.

While the similarity of the pPb and PbPb data at 5.02 TeV
analyzed by the CMS experiment pose a considerable chal-
lenge to the CME interpretation of the charge-dependent
azimuthal correlations observed in AA collisions [21], impor-
tant questions still remain to be addressed: is the correlation
signal observed in pPb collisions entirely a consequence of
background correlations? What is the underlying mechanism
for those background correlations that are almost identical in
pPb and PbPb collisions? Can the background contribution
be quantitatively constrained with data and, if so, is there still
evidence for a statistically significant CME signal?

In particular, among the proposed mechanisms for back-
ground correlations, one source is related to the charge-
dependent two-particle correlation from local charge conser-
vation in decays of resonances or clusters (e.g., jets) [20].
By coupling with the anisotropic particle emission, an effect
resembling charge separation with respect to the reaction plane
can be generated. The observed characteristic range of the
two-particle correlation in data is around one unit of rapidity,
consistent with short-range cluster decays. In this mechanism
of local charge conservation coupled with the elliptic flow, a
background contribution to the three-particle correlator, γ112,
is expected to be [24]

γ
bkg
112 = κ2⟨cos(φα − φβ)⟩⟨cos 2(φβ − !RP)⟩ = κ2 δ v2. (3)

Here, δ ≡ ⟨cos(φα − φβ)⟩ represents the charge-dependent
two-particle azimuthal correlator and κ2 is a constant pa-
rameter, independent of v2, but mainly determined by the
kinematics and acceptance of particle detection [24]. As both
the charge conservation effect and anisotropic flow are known
to be present in heavy ion collisions, the primary goal of this

paper is to conduct a systematic investigation of how much of
the observed charge-dependent correlations in the data can be
accounted for by this mechanism.

Although the background contribution from local charge
conservation is well defined in Eq. (3) and has been long
recognized [17,20,24], it is still not known to what extent
background contributions account for the observed γ112 cor-
relator. The main difficulty lies in determining the unknown
value of κ2 in a model-independent way. The other difficulty
is to demonstrate directly the linear dependence on v2 of γ

bkg
112 ,

which is nontrivial as one has to ensure that the magnetic field,
and thus the CME, does not change when selecting events with
different v2 values. Therefore, selecting events with a quantity
that directly relates to the magnitude of v2 is essential.

This paper aims to overcome the difficulties mentioned
above and achieve a better understanding as to the contribution
of the local charge conservation background to the charge-
dependent azimuthal correlation data. The results should serve
as a new baseline for the search for the CME in heavy ion
collisions. Two approaches are employed as outlined below.

(1) Higher-order harmonic three-particle correlator: in
heavy ion collisions, the charge separation effect from the
CME is only expected along the direction of the induced
magnetic field normal to the reaction plane, approximated
by the second-order event plane !2. As the symmetry plane
of the third-order Fourier term (“triangular flow” [25]) !3 is
expected to have a weak correlation with !2 [26], the charge
separation effect with respect to !3 is expected to be negligible.
By constructing a charge-dependent correlator with respect to
the third-order event plane,

γ123 ≡ ⟨cos(φα + 2φβ − 3!3)⟩, (4)

charge-dependent background effects unrelated to the CME
can be explored. In particular, in the context of the local charge
conservation mechanism, the γ123 correlator is also expected
to have a background contribution, with

γ
bkg
123 = κ3⟨cos(φα − φβ)⟩⟨cos 3(φβ − !3)⟩

= κ3 δ v3, (5)

similar to that for the γ112 correlator as given in Eq. (3).
As the κ2 and κ3 parameters mainly depend on particle
kinematics and detector acceptance effects, they are expected
to be similar, largely independent of harmonic event plane
orders. The relation in Eq. (5) can be generalized for all
“higher-order harmonic” three-particle correlators, γ1,n−1;n =
κn δ vn. Derivation of Eq. (5) as well as generalization to all
higher-order harmonics can be found in Appendix A, which
follows similar steps as for that of Eq. (3) given in Ref. [24].
One caveat here is that when averaging over a wide η and
pT range, the κn value may also depend on the η and pT
dependence of the vn harmonic, which is similar, but not
exactly identical, between the v2 and v3 coefficients [27,28].

By taking the difference of correlators between same-
and opposite-sign pairs (denoted as )γ112 and )γ123 among
three particles, and )δ between two particles) to eliminate
all charge-independent background sources, the following
relation is expected to hold if the charge dependence of three-
particle correlators is dominated by the effect of local charge
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analyzed by the CMS experiment pose a considerable chal-
lenge to the CME interpretation of the charge-dependent
azimuthal correlations observed in AA collisions [21], impor-
tant questions still remain to be addressed: is the correlation
signal observed in pPb collisions entirely a consequence of
background correlations? What is the underlying mechanism
for those background correlations that are almost identical in
pPb and PbPb collisions? Can the background contribution
be quantitatively constrained with data and, if so, is there still
evidence for a statistically significant CME signal?

In particular, among the proposed mechanisms for back-
ground correlations, one source is related to the charge-
dependent two-particle correlation from local charge conser-
vation in decays of resonances or clusters (e.g., jets) [20].
By coupling with the anisotropic particle emission, an effect
resembling charge separation with respect to the reaction plane
can be generated. The observed characteristic range of the
two-particle correlation in data is around one unit of rapidity,
consistent with short-range cluster decays. In this mechanism
of local charge conservation coupled with the elliptic flow, a
background contribution to the three-particle correlator, γ112,
is expected to be [24]

γ
bkg
112 = κ2⟨cos(φα − φβ)⟩⟨cos 2(φβ − !RP)⟩ = κ2 δ v2. (3)

Here, δ ≡ ⟨cos(φα − φβ)⟩ represents the charge-dependent
two-particle azimuthal correlator and κ2 is a constant pa-
rameter, independent of v2, but mainly determined by the
kinematics and acceptance of particle detection [24]. As both
the charge conservation effect and anisotropic flow are known
to be present in heavy ion collisions, the primary goal of this

paper is to conduct a systematic investigation of how much of
the observed charge-dependent correlations in the data can be
accounted for by this mechanism.

Although the background contribution from local charge
conservation is well defined in Eq. (3) and has been long
recognized [17,20,24], it is still not known to what extent
background contributions account for the observed γ112 cor-
relator. The main difficulty lies in determining the unknown
value of κ2 in a model-independent way. The other difficulty
is to demonstrate directly the linear dependence on v2 of γ

bkg
112 ,

which is nontrivial as one has to ensure that the magnetic field,
and thus the CME, does not change when selecting events with
different v2 values. Therefore, selecting events with a quantity
that directly relates to the magnitude of v2 is essential.

This paper aims to overcome the difficulties mentioned
above and achieve a better understanding as to the contribution
of the local charge conservation background to the charge-
dependent azimuthal correlation data. The results should serve
as a new baseline for the search for the CME in heavy ion
collisions. Two approaches are employed as outlined below.

(1) Higher-order harmonic three-particle correlator: in
heavy ion collisions, the charge separation effect from the
CME is only expected along the direction of the induced
magnetic field normal to the reaction plane, approximated
by the second-order event plane !2. As the symmetry plane
of the third-order Fourier term (“triangular flow” [25]) !3 is
expected to have a weak correlation with !2 [26], the charge
separation effect with respect to !3 is expected to be negligible.
By constructing a charge-dependent correlator with respect to
the third-order event plane,

γ123 ≡ ⟨cos(φα + 2φβ − 3!3)⟩, (4)

charge-dependent background effects unrelated to the CME
can be explored. In particular, in the context of the local charge
conservation mechanism, the γ123 correlator is also expected
to have a background contribution, with

γ
bkg
123 = κ3⟨cos(φα − φβ)⟩⟨cos 3(φβ − !3)⟩

= κ3 δ v3, (5)

similar to that for the γ112 correlator as given in Eq. (3).
As the κ2 and κ3 parameters mainly depend on particle
kinematics and detector acceptance effects, they are expected
to be similar, largely independent of harmonic event plane
orders. The relation in Eq. (5) can be generalized for all
“higher-order harmonic” three-particle correlators, γ1,n−1;n =
κn δ vn. Derivation of Eq. (5) as well as generalization to all
higher-order harmonics can be found in Appendix A, which
follows similar steps as for that of Eq. (3) given in Ref. [24].
One caveat here is that when averaging over a wide η and
pT range, the κn value may also depend on the η and pT
dependence of the vn harmonic, which is similar, but not
exactly identical, between the v2 and v3 coefficients [27,28].

By taking the difference of correlators between same-
and opposite-sign pairs (denoted as )γ112 and )γ123 among
three particles, and )δ between two particles) to eliminate
all charge-independent background sources, the following
relation is expected to hold if the charge dependence of three-
particle correlators is dominated by the effect of local charge
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(determined by the impact parameter and beam axis), and vn

and an denote the coefficients of P -even and P -odd Fourier
terms, respectively. Although the reaction plane is not an
experimental observable, it can be approximated in heavy ion
collisions by the second-order event plane !2, determined by
the direction of the beam and the maximal particle density in
the elliptic azimuthal anisotropy. The P -odd terms will vanish
after averaging over events, because the sign of the chirality
imbalance changes event by event. Therefore, the observation
of such an effect is only possible through the measurement
of particle azimuthal correlations. An azimuthal three-particle
correlator γ112 proposed to explore the first coefficient a1 of
the P -odd Fourier terms characterizing the charge separation
[23] is

γ112 ≡ ⟨cos(φα + φβ − 2!2)⟩
= ⟨cos(φα − !2) cos(φβ − !2)⟩

− ⟨sin(φα − !2) sin(φβ − !2)⟩. (2)

Here, α and β denote particles with the same or opposite
electric charge sign and the angle brackets reflect an averaging
over particles and events. Assuming particles α and β are
uncorrelated, except for their individual correlations with
respect to the event plane, the first term on the right-hand
side of Eq. (2) becomes ⟨v1,αv1,β⟩, which is generally small
and independent of the charge [12], while the second term
is sensitive to the charge separation and can be expressed as
⟨a1,αa1,β⟩.

While the similarity of the pPb and PbPb data at 5.02 TeV
analyzed by the CMS experiment pose a considerable chal-
lenge to the CME interpretation of the charge-dependent
azimuthal correlations observed in AA collisions [21], impor-
tant questions still remain to be addressed: is the correlation
signal observed in pPb collisions entirely a consequence of
background correlations? What is the underlying mechanism
for those background correlations that are almost identical in
pPb and PbPb collisions? Can the background contribution
be quantitatively constrained with data and, if so, is there still
evidence for a statistically significant CME signal?

In particular, among the proposed mechanisms for back-
ground correlations, one source is related to the charge-
dependent two-particle correlation from local charge conser-
vation in decays of resonances or clusters (e.g., jets) [20].
By coupling with the anisotropic particle emission, an effect
resembling charge separation with respect to the reaction plane
can be generated. The observed characteristic range of the
two-particle correlation in data is around one unit of rapidity,
consistent with short-range cluster decays. In this mechanism
of local charge conservation coupled with the elliptic flow, a
background contribution to the three-particle correlator, γ112,
is expected to be [24]

γ
bkg
112 = κ2⟨cos(φα − φβ)⟩⟨cos 2(φβ − !RP)⟩ = κ2 δ v2. (3)

Here, δ ≡ ⟨cos(φα − φβ)⟩ represents the charge-dependent
two-particle azimuthal correlator and κ2 is a constant pa-
rameter, independent of v2, but mainly determined by the
kinematics and acceptance of particle detection [24]. As both
the charge conservation effect and anisotropic flow are known
to be present in heavy ion collisions, the primary goal of this

paper is to conduct a systematic investigation of how much of
the observed charge-dependent correlations in the data can be
accounted for by this mechanism.

Although the background contribution from local charge
conservation is well defined in Eq. (3) and has been long
recognized [17,20,24], it is still not known to what extent
background contributions account for the observed γ112 cor-
relator. The main difficulty lies in determining the unknown
value of κ2 in a model-independent way. The other difficulty
is to demonstrate directly the linear dependence on v2 of γ

bkg
112 ,

which is nontrivial as one has to ensure that the magnetic field,
and thus the CME, does not change when selecting events with
different v2 values. Therefore, selecting events with a quantity
that directly relates to the magnitude of v2 is essential.

This paper aims to overcome the difficulties mentioned
above and achieve a better understanding as to the contribution
of the local charge conservation background to the charge-
dependent azimuthal correlation data. The results should serve
as a new baseline for the search for the CME in heavy ion
collisions. Two approaches are employed as outlined below.

(1) Higher-order harmonic three-particle correlator: in
heavy ion collisions, the charge separation effect from the
CME is only expected along the direction of the induced
magnetic field normal to the reaction plane, approximated
by the second-order event plane !2. As the symmetry plane
of the third-order Fourier term (“triangular flow” [25]) !3 is
expected to have a weak correlation with !2 [26], the charge
separation effect with respect to !3 is expected to be negligible.
By constructing a charge-dependent correlator with respect to
the third-order event plane,

γ123 ≡ ⟨cos(φα + 2φβ − 3!3)⟩, (4)

charge-dependent background effects unrelated to the CME
can be explored. In particular, in the context of the local charge
conservation mechanism, the γ123 correlator is also expected
to have a background contribution, with

γ
bkg
123 = κ3⟨cos(φα − φβ)⟩⟨cos 3(φβ − !3)⟩

= κ3 δ v3, (5)

similar to that for the γ112 correlator as given in Eq. (3).
As the κ2 and κ3 parameters mainly depend on particle
kinematics and detector acceptance effects, they are expected
to be similar, largely independent of harmonic event plane
orders. The relation in Eq. (5) can be generalized for all
“higher-order harmonic” three-particle correlators, γ1,n−1;n =
κn δ vn. Derivation of Eq. (5) as well as generalization to all
higher-order harmonics can be found in Appendix A, which
follows similar steps as for that of Eq. (3) given in Ref. [24].
One caveat here is that when averaging over a wide η and
pT range, the κn value may also depend on the η and pT
dependence of the vn harmonic, which is similar, but not
exactly identical, between the v2 and v3 coefficients [27,28].

By taking the difference of correlators between same-
and opposite-sign pairs (denoted as )γ112 and )γ123 among
three particles, and )δ between two particles) to eliminate
all charge-independent background sources, the following
relation is expected to hold if the charge dependence of three-
particle correlators is dominated by the effect of local charge
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(determined by the impact parameter and beam axis), and vn

and an denote the coefficients of P -even and P -odd Fourier
terms, respectively. Although the reaction plane is not an
experimental observable, it can be approximated in heavy ion
collisions by the second-order event plane !2, determined by
the direction of the beam and the maximal particle density in
the elliptic azimuthal anisotropy. The P -odd terms will vanish
after averaging over events, because the sign of the chirality
imbalance changes event by event. Therefore, the observation
of such an effect is only possible through the measurement
of particle azimuthal correlations. An azimuthal three-particle
correlator γ112 proposed to explore the first coefficient a1 of
the P -odd Fourier terms characterizing the charge separation
[23] is

γ112 ≡ ⟨cos(φα + φβ − 2!2)⟩
= ⟨cos(φα − !2) cos(φβ − !2)⟩

− ⟨sin(φα − !2) sin(φβ − !2)⟩. (2)

Here, α and β denote particles with the same or opposite
electric charge sign and the angle brackets reflect an averaging
over particles and events. Assuming particles α and β are
uncorrelated, except for their individual correlations with
respect to the event plane, the first term on the right-hand
side of Eq. (2) becomes ⟨v1,αv1,β⟩, which is generally small
and independent of the charge [12], while the second term
is sensitive to the charge separation and can be expressed as
⟨a1,αa1,β⟩.

While the similarity of the pPb and PbPb data at 5.02 TeV
analyzed by the CMS experiment pose a considerable chal-
lenge to the CME interpretation of the charge-dependent
azimuthal correlations observed in AA collisions [21], impor-
tant questions still remain to be addressed: is the correlation
signal observed in pPb collisions entirely a consequence of
background correlations? What is the underlying mechanism
for those background correlations that are almost identical in
pPb and PbPb collisions? Can the background contribution
be quantitatively constrained with data and, if so, is there still
evidence for a statistically significant CME signal?

In particular, among the proposed mechanisms for back-
ground correlations, one source is related to the charge-
dependent two-particle correlation from local charge conser-
vation in decays of resonances or clusters (e.g., jets) [20].
By coupling with the anisotropic particle emission, an effect
resembling charge separation with respect to the reaction plane
can be generated. The observed characteristic range of the
two-particle correlation in data is around one unit of rapidity,
consistent with short-range cluster decays. In this mechanism
of local charge conservation coupled with the elliptic flow, a
background contribution to the three-particle correlator, γ112,
is expected to be [24]

γ
bkg
112 = κ2⟨cos(φα − φβ)⟩⟨cos 2(φβ − !RP)⟩ = κ2 δ v2. (3)

Here, δ ≡ ⟨cos(φα − φβ)⟩ represents the charge-dependent
two-particle azimuthal correlator and κ2 is a constant pa-
rameter, independent of v2, but mainly determined by the
kinematics and acceptance of particle detection [24]. As both
the charge conservation effect and anisotropic flow are known
to be present in heavy ion collisions, the primary goal of this

paper is to conduct a systematic investigation of how much of
the observed charge-dependent correlations in the data can be
accounted for by this mechanism.

Although the background contribution from local charge
conservation is well defined in Eq. (3) and has been long
recognized [17,20,24], it is still not known to what extent
background contributions account for the observed γ112 cor-
relator. The main difficulty lies in determining the unknown
value of κ2 in a model-independent way. The other difficulty
is to demonstrate directly the linear dependence on v2 of γ

bkg
112 ,

which is nontrivial as one has to ensure that the magnetic field,
and thus the CME, does not change when selecting events with
different v2 values. Therefore, selecting events with a quantity
that directly relates to the magnitude of v2 is essential.

This paper aims to overcome the difficulties mentioned
above and achieve a better understanding as to the contribution
of the local charge conservation background to the charge-
dependent azimuthal correlation data. The results should serve
as a new baseline for the search for the CME in heavy ion
collisions. Two approaches are employed as outlined below.

(1) Higher-order harmonic three-particle correlator: in
heavy ion collisions, the charge separation effect from the
CME is only expected along the direction of the induced
magnetic field normal to the reaction plane, approximated
by the second-order event plane !2. As the symmetry plane
of the third-order Fourier term (“triangular flow” [25]) !3 is
expected to have a weak correlation with !2 [26], the charge
separation effect with respect to !3 is expected to be negligible.
By constructing a charge-dependent correlator with respect to
the third-order event plane,

γ123 ≡ ⟨cos(φα + 2φβ − 3!3)⟩, (4)

charge-dependent background effects unrelated to the CME
can be explored. In particular, in the context of the local charge
conservation mechanism, the γ123 correlator is also expected
to have a background contribution, with

γ
bkg
123 = κ3⟨cos(φα − φβ)⟩⟨cos 3(φβ − !3)⟩

= κ3 δ v3, (5)

similar to that for the γ112 correlator as given in Eq. (3).
As the κ2 and κ3 parameters mainly depend on particle
kinematics and detector acceptance effects, they are expected
to be similar, largely independent of harmonic event plane
orders. The relation in Eq. (5) can be generalized for all
“higher-order harmonic” three-particle correlators, γ1,n−1;n =
κn δ vn. Derivation of Eq. (5) as well as generalization to all
higher-order harmonics can be found in Appendix A, which
follows similar steps as for that of Eq. (3) given in Ref. [24].
One caveat here is that when averaging over a wide η and
pT range, the κn value may also depend on the η and pT
dependence of the vn harmonic, which is similar, but not
exactly identical, between the v2 and v3 coefficients [27,28].

By taking the difference of correlators between same-
and opposite-sign pairs (denoted as )γ112 and )γ123 among
three particles, and )δ between two particles) to eliminate
all charge-independent background sources, the following
relation is expected to hold if the charge dependence of three-
particle correlators is dominated by the effect of local charge
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FIG. 20. The SS and OS three-particle correlators γ112 (upper) and γ123 (middle) and two-particle correlator δ (lower) as a function of |#η|
for four multiplicity ranges in pPb collisions at

√
sNN = 8.16 TeV (left) and PbPb collisions at 5.02 TeV (right). The pPb results obtained

with particle c in Pb-going (solid markers) and p-going (open markers) sides are shown separately. The SS and OS two-particle correlators
are denoted by different markers for both pPb and PbPb collisions. Statistical and systematic uncertainties are indicated by the error bars and
shaded regions, respectively.

APPENDIX A: GENERAL RELATION OF vn HARMONICS
AND TWO- AND THREE-PARTICLE AZIMUTHAL

CORRELATIONS

In Sec. I, Eq. (5) can be derived in a way similar to Eq. (3),
with details which can be found in Ref. [24]. Here, a general

derivation of Eq. (5) for all higher-order-harmonic correlators
is given.

Similar to Eq. (40) in Ref. [24], the general relation between
the nth order anisotropy harmonic vn and the three-particle
correlator with respect to the nth order event plane can be
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FIG. 23. The SS and OS three-particle correlators γ112 (upper) and γ123 (middle) and two-particle correlator δ (lower), as a function of |#η|
for five centrality classes in PbPb collisions at 5.02 TeV. The SS and OS two-particle correlators are denoted by different markers. Statistical
and systematic uncertainties are indicated by the error bars and shaded regions, respectively.

The two-particle correlation function C describes intrinsic
correlations that are insensitive to the event plane %n, but only
involve azimuthal angle difference #φ = φα − φβ . It can be
also expanded in Fourier series [24],

C(#φ,xα,xβ) =
∞∑

n=1

an(xα,xβ ) cos (n#φ), (A4)

where an(xα,xβ) is the two-particle Fourier coefficient. By
definition, a1(xα,xβ) is equal to the two-particle correlator

δ(xα,xβ ), introduced in Sec. I, as a function of xα and xβ (i.e.,
pT and η of both particles).

Therefore, we substitute Eqs. (A4) and (A2) into (A1) and
obtain

γ1,n−1;n = 1
2N2

∫
ρ0(xα)ρ0(xβ)a1(xα,xβ)

× [vn(xα) + vn(xβ)]dxα dxβ
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FIG. 24. The SS and OS three-particle correlators γ112 (upper) and γ123 (middle) and two-particle correlator δ (lower) as a function of |#pT|
for five centrality classes in PbPb collisions at

√
sNN = 5.02 TeV. The SS and OS two-particle correlators are denoted by different markers.

Statistical and systematic uncertainties are indicated by the error bars and shaded regions, respectively.

= 1
2N2

∫
ρ0(xα)ρ0(xβ)δ(xα,xβ)

× [vn(xα) + vn(xβ)]dxα dxβ , (A5)

where N =
∫

ρ0(x)dx. This is the general equation explaining
why a nonzero two-particle correlation δ(xα,xβ) plus an

anisotropy flow of nth order vn(x) contribute to the three-
particle correlator, γ1,n−1;n.

Therefore, this general form of γ1,n−1;n can be applied to
any order n and decomposed into the two-particle correlator δ
and the nth order harmonic vn, where n = 2 and 3 are studied
in detail in Sec. V A.
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FIG. 24. The SS and OS three-particle correlators γ112 (upper) and γ123 (middle) and two-particle correlator δ (lower) as a function of |#pT|
for five centrality classes in PbPb collisions at

√
sNN = 5.02 TeV. The SS and OS two-particle correlators are denoted by different markers.

Statistical and systematic uncertainties are indicated by the error bars and shaded regions, respectively.

= 1
2N2

∫
ρ0(xα)ρ0(xβ)δ(xα,xβ)

× [vn(xα) + vn(xβ)]dxα dxβ , (A5)

where N =
∫

ρ0(x)dx. This is the general equation explaining
why a nonzero two-particle correlation δ(xα,xβ) plus an

anisotropy flow of nth order vn(x) contribute to the three-
particle correlator, γ1,n−1;n.

Therefore, this general form of γ1,n−1;n can be applied to
any order n and decomposed into the two-particle correlator δ
and the nth order harmonic vn, where n = 2 and 3 are studied
in detail in Sec. V A.

044912-21

CONSTRAINTS ON THE CHIRAL MAGNETIC EFFECT … PHYSICAL REVIEW C 97, 044912 (2018)

11
2

γ

0.2−

0

0.2

0.4
3−10× (a)

Cent. 30-40%
PbPb 5.02 TeV CMS

12
3

γ

1−

0.5−

0

  SS OS

| (GeV)
T

p∆|
0 1 2 3

δ

0

5
  SS OS

11
2

γ

0.2−

0

0.2

0.4
3−10× (b)

PbPb 5.02 TeV CMS
Cent. 40-50%

12
3

γ

1−

0.5−

0

  SS OS

| (GeV)
T

p∆|
0 1 2 3

δ

0

5
  SS OS

11
2

γ

0.5−

0

0.5

3−10× (c)

PbPb 5.02 TeV CMS
Cent. 50-60%

12
3

γ

3−

2−

1−

0

  SS OS

| (GeV)
T

p∆|
0 1 2 3

δ

5−

0

5   SS OS

11
2

γ

0.5−

0

0.5

1

3−10× (d)

PbPb 5.02 TeV CMS
Cent. 60-70%

12
3

γ

4−

2−

0

  SS OS

| (GeV)
T

p∆|
0 1 2 3

δ

5−

0

5   SS OS

11
2

γ

0

2

3−10× (e)

PbPb 5.02 TeV CMS
Cent. 70-80%

12
3

γ

10−

5−

0

  SS OS

| (GeV)
T

p∆|
0 1 2 3

δ

5−

0

5   SS OS

FIG. 24. The SS and OS three-particle correlators γ112 (upper) and γ123 (middle) and two-particle correlator δ (lower) as a function of |#pT|
for five centrality classes in PbPb collisions at

√
sNN = 5.02 TeV. The SS and OS two-particle correlators are denoted by different markers.

Statistical and systematic uncertainties are indicated by the error bars and shaded regions, respectively.

= 1
2N2

∫
ρ0(xα)ρ0(xβ)δ(xα,xβ)

× [vn(xα) + vn(xβ)]dxα dxβ , (A5)

where N =
∫

ρ0(x)dx. This is the general equation explaining
why a nonzero two-particle correlation δ(xα,xβ) plus an

anisotropy flow of nth order vn(x) contribute to the three-
particle correlator, γ1,n−1;n.

Therefore, this general form of γ1,n−1;n can be applied to
any order n and decomposed into the two-particle correlator δ
and the nth order harmonic vn, where n = 2 and 3 are studied
in detail in Sec. V A.

044912-21

CONSTRAINTS ON THE CHIRAL MAGNETIC EFFECT … PHYSICAL REVIEW C 97, 044912 (2018)

being corrected to the particle-level elliptic flow. It serves as the
resolution correction factor when deriving the three-particle
correlators or the v2 values in the tracker region using the
scalar-product method.

In Fig. 19, the average Noffline
trk is shown as a function

of v2 in different multiplicity and centrality ranges in pPb
(upper) and PbPb collisions (lower), respectively. The average
Noffline

trk is found to be weakly dependent on v2, but with a
slight decreasing trend as v2 increases. Similar to Fig. 13,
the effect at low multiplicities is stronger than that at high
multiplicities. Overall, this effect is negligible for the results
shown in Sec. V B.

APPENDIX C: THREE- AND TWO-PARTICLE
CORRELATOR AS FUNCTIONS OF DIFFERENTIAL
VARIABLES IN DIFFERENT MULTIPLICITY AND

CENTRALITY CLASSES

The figures in Appendix C show the γ112, γ123, and δ corre-
lators as a function of |#η|, |#pT|, and pT in pPb collisions at√

sNN = 8.16 TeV and PbPb collisions at 5.02 TeV. In pPb and
PbPb collisions, the results are shown for multiplicity ranges
Noffline

trk = [120,150), [150,185), [185,250), and [250,300) in
Figs. 20–22. In PbPb collisions, the results are also shown for
five centrality classes from 30–80% in Figs. 23–25.
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Constraints on the chiral magnetic effect using charge-dependent azimuthal correlations
in pPb and PbPb collisions at the CERN Large Hadron Collider

A. M. Sirunyan et al.∗

(CMS Collaboration)

(Received 4 August 2017; published 23 April 2018)

Charge-dependent azimuthal correlations of same- and opposite-sign pairs with respect to the second- and third-
order event planes have been measured in pPb collisions at

√
sNN = 8.16 TeV and PbPb collisions at 5.02 TeV

with the CMS experiment at the LHC. The measurement is motivated by the search for the charge separation
phenomenon predicted by the chiral magnetic effect (CME) in heavy ion collisions. Three- and two-particle
azimuthal correlators are extracted as functions of the pseudorapidity difference, the transverse momentum (pT)
difference, and the pT average of same- and opposite-charge pairs in various event multiplicity ranges. The data
suggest that the charge-dependent three-particle correlators with respect to the second- and third-order event
planes share a common origin, predominantly arising from charge-dependent two-particle azimuthal correlations
coupled with an anisotropic flow. The CME is expected to lead to a v2-independent three-particle correlation
when the magnetic field is fixed. Using an event shape engineering technique, upper limits on the v2-independent
fraction of the three-particle correlator are estimated to be 13% for pPb and 7% for PbPb collisions at 95%
confidence level. The results of this analysis, both the dominance of two-particle correlations as a source of the
three-particle results and the similarities seen between PbPb and pPb, provide stringent constraints on the origin
of charge-dependent three-particle azimuthal correlations and challenge their interpretation as arising from a
chiral magnetic effect in heavy ion collisions.

DOI: 10.1103/PhysRevC.97.044912

I. INTRODUCTION

It has been suggested that in high-energy nucleus-nucleus
(AA) collisions, metastable domains of gluon fields with
nontrivial topological configurations may form [1– 4]. These
domains can carry an imbalance between left- and right-
handed quarks arising from interactions of chiral quarks
with topological gluon fields, leading to a local parity (P )
violation [3,4]. This chirality imbalance, in the presence of
the extremely strong magnetic field, which can be produced in
a noncentral AA collision, is expected to lead to an electric
current perpendicular to the reaction plane, resulting in a
final-state charge separation phenomenon known as the chiral
magnetic effect (CME) [5– 7]. Such macroscopic phenomena
arising from quantum anomalies are a subject of interest for
a wide range of physics communities. The chiral-anomaly-
induced phenomena have been observed in magnetized rela-
tivistic matter in three-dimensional Dirac and Weyl materials
[8– 10]. The search for the charge separation from the CME
in AA collisions was first carried out at RHIC at BNL
[11– 15] and later at the CERN LHC [16] at various center-
of-mass energies. In these measurements, a charge-dependent
azimuthal correlation with respect to the reaction plane was

∗Full author list given at the end of the article.

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

observed, which is qualitatively consistent with the expectation
of charge separation from the CME. No strong collision energy
dependence of the signal is observed going from RHIC to LHC
energies, although some theoretical predictions suggested that
the possible CME signal could be much smaller at the LHC
than at RHIC because of a shorter lifetime of the magnetic field
[17]. Nevertheless, theoretical estimates of the time evolution
of the magnetic field have large uncertainties [17].

The experimental evidence for the CME in heavy ion
collisions remains inconclusive because of several identified
sources of background correlations that can account for part or
all of the observed charge-dependent azimuthal correlations
[18– 20]. Moreover, the charge-dependent azimuthal correla-
tion in high-multiplicity pPb collisions has been recently found
to have a nearly identical value to that observed in PbPb
collisions [21]. This is a strong indication that the observed
effect in heavy ion collisions might predominantly result
from background contributions. The CME-induced charge
separation effect is predicted to be negligible in pPb collisions,
as the angle between the magnetic field direction and the event
plane is expected to be randomly distributed [21,22].

The charge separation can be characterized by the first P -
odd sine term (a1) in a Fourier decomposition of the charged-
particle azimuthal distribution [23]:

dN

dφ
∝ 1 + 2

∑

n

{vn cos[n(φ−"RP)] + an sin[n(φ−"RP)]},

(1)

where φ − "RP represents the particle azimuthal angle with
respect to the reaction plane angle "RP in heavy ion collisions

2469-9985/2018/97(4)/044912(34) 044912-1 ©2018 CERN, for the CMS Collaboration
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Previous measurements

Ø First measurements in p+Au and d+Au collisions at 200 GeV, 
suggesting background dominance in Au+Au collisions.

Ø Methods based on invariant mass distribution and the ΨRP and 
ΨPP difference are used to extract possible CME fraction. Results 
indicate that possible CME signal is small, within 1-2σ from zero.
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Abstract Topological gluon configurations in quantum
chromodynamics induce quark chirality imbalance in local
domains, which can result in the chiral magnetic effect
(CME) – an electric charge separation along a strong mag-
netic field. Experimental searches for the CME in relativis-
tic heavy ion collisions via the charge-dependent azimuthal
correlator (!γ ) suffer from large backgrounds arising from
particle correlations (e.g. due to resonance decays) coupled
with the elliptic anisotropy. We propose differential mea-
surements of the !γ as a function of the pair invariant mass
(minv), by restricting to high minv thus relatively background
free, and by studying the minv dependence to separate the
possible CME signal from backgrounds. We demonstrate by
model studies the feasibility and effectiveness of such mea-
surements for the CME search.

1 Introduction

Vacuum fluctuations in quantum chromodynamics (QCD)
can result in metastable local domains of gluon fields with
non-vanishing topological charges [1–3]. Interactions with
those gluon fields can, under the approximate chiral sym-
metry restoration, change the overall chirality of quarks in
those domains [4,5]. The chirality imbalance yields an elec-
tric charge separation under a strong magnetic field, a phe-
nomenon called the chiral magnetic effect (CME) [6–8].
Strong magnetic fields are generated at early times by the
spectator protons in relativistic heavy ion collisions, raising
the possibility to detect the CME in those collisions [9,10].
An observation of the CME would confirm a fundamental
property of QCD and is therefore of great importance [11].

a e-mail: zhao656@purdue.edu
b e-mail: fqwang@purdue.edu

CME-like phenomena are not specific only to QCD and may
have been observed in condense matter physics [12].

A commonly used variable to measure the CME-induced
charge separation in heavy ion collisions is the three-point
correlator [9],

γ ≡ ⟨cos(α + β − 2ψ)⟩, (1)

where α and β are the azimuthal angles of two particles and
ψ is that of the reaction plane (span by the beam and impact
parameter directions of the colliding nuclei). Charge sepa-
ration along the magnetic field (B⃗), which is perpendicular
to ψ on average, would yield different values of γ for parti-
cle pairs of same-sign (SS) and opposite-sign (OS) charges:
γSS = − 1, γOS = +1. However, there exist background
correlations unrelated to the CME [9,13–20]. For exam-
ple, transverse momentum conservation induces correla-
tions among particles enhancing back-to-back pairs [14–18].
This background is independent of particle charges, affect-
ing SS and OS pairs equally and cancels in the difference,
!γ ≡ γOS − γSS. Recent experimental searches have thus
focused on the !γ observable [11,21,22]; the CME would
yield !γ > 0. There are, however, also mundane physics that
differ between SS and OS pairs. One such physics is reso-
nance/cluster decays [9,13–18], more significantly affecting
OS pairs than SS pairs. Backgrounds arise from the cou-
pling of elliptical anisotropy (v2, a common phenomenon
in heavy ion collisions [23]) of resonances/clusters and the
angular correlations between their decay daughters (non-
flow) [9,13,14,17]. Take ρ → π+π − as an example. The
background is (!γ )ρ = rργρ , where rρ = Nρ/(Nπ+Nπ − )

is the relative abundance of ρ-decay pairs over all OS pairs,
and γρ ≡ ⟨ fρv2,ρ⟩ = ⟨cos(α + β − 2φρ) cos 2(φρ − ψ)⟩
quantifies the ρ decay angular correlations coupled with its
v2 [9,21,22,24].
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charge separation in heavy ion collisions is the three-point
correlator [9],
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Estimate of the signal from the chiral magnetic effect in heavy-ion collisions from measurements
relative to the participant and spectator flow planes

Sergei A. Voloshin
Wayne State University, 666 West Hancock, Detroit, Michigan 48201, USA

(Received 25 June 2018; published 28 November 2018)

An interpretation of the charge-dependent correlations sensitive to the chiral magnetic effect (CME)—–the
separation of the electric charges along the system magnetic field (across the reaction plane)—–is ambiguous due
to possible large background (non-CME) effects. The background contribution is proportional to the elliptic flow
v2; it is the largest in measurements relative to the participant plane and is smaller in measurements relative to the
flow plane determined by spectators, where the CME signal, in contrast, is likely larger. In this paper, I discuss
a possible strategy for corresponding experimental measurements and list and evaluate different assumptions
related to this approach.

DOI: 10.1103/PhysRevC.98.054911

I. INTRODUCTION

The search for the chiral magnetic effect (CME) [1,2]—the
separation of the electrical charges along the magnetic field
in a chirally asymmetric medium—has been a very active
topic in the field of heavy-ion collisions for more than 10
years (for recent reviews, see Refs. [3,4]). The CME states
that particles originating from the same “P -odd domain” are
preferentially emitted either along or opposite to the magnetic
field direction depending on the particle charge. As only a few
particles (originating from the same domain) are correlated,
the signal is expected to be small and one has to suppress
other charge-dependent correlations, such as those due to the
resonance decays, charge ordering in jets, etc.. The so-called
γ correlator suggested in Ref. [5] was designed to do just
that—suppress non-CME correlation at least by a factor ≈v2,
the typical value of elliptic flow:

γαβ = ⟨cos(φα + φβ − 2!)⟩ = ⟨cos(φα − !) cos(φβ − !)⟩
− ⟨sin(φα − !) sin(φβ − !)⟩, (1)

where φα and φβ are the azimuthal angles of two charged
particles. α and β take values + or − denote the charge. !
denotes the azimuth of the plane across which the charge
separation is measured. For measurements relative to the
reaction plane (perpendicular to the direction of the magnetic
field), only the sin-sin term has a contribution from the CME,
while all other non-CME sources contribute to both sin-sin
and cos-cos terms and thus largely cancel. The remaining
difference between in-plane (cos-cos) and out-of-plane (sin-
sin) correlations constitutes the background to the CME mea-
surements via γ correlator. The background is zero in the case
of no elliptic flow present in the system.

The experimental measurements [6–8] are in qualitative
agreement with the theoretical expectations, but a reliable
separation of the CME signal from background effects is
still missing. As already mentioned, the background cor-
relations depend on the magnitude of elliptic flow and as

such are largest in the measurements performed relative to
the so-called participant plane, and should be smaller in
measurements relative to the spectator flow plane. In con-
trast, the CME signal, driven by the magnetic field, is likely
larger in measurements relative to the spectator plane, as the
magnetic field is mostly determined by spectator protons.
This idea was recently and independently used in Ref. [9],
where the authors attempted to estimate the CME signal
from the existing measurements as well as make prediction
for the future isobar collision measurements at the Rela-
tivistic Heavy Ion Collider (RHIC). In this short paper, I
discuss an evaluation of the CME signal based on the same
general idea from a different perspective. In particular, I
discuss in detail the role of flow fluctuations in measure-
ments relative to different flow planes and by different meth-
ods, as well as explicitly list different assumptions required
in this approach, some of which are more important than
others.

II. DEFINITIONS AND THE MAIN IDEA

I start with more definitions and recalling the derivation of
the background contribution to the γ correlator. The correlator
defined in Eq. (1) includes contributions from the charge-
independent effect (e.g., dipole flow). These are poorly known
and not very important for the CME search. Because of this,
only the charge-dependent part is discussed here:

"γ = γopposite − γsame. (2)

As both the CME signal and the background correlations are
small, one can safely assume that

"γ = "γ BG + "γ CME, (3)

neglecting the (in principle, possible) interplay between the
two effects. The background contribution to "γ very gener-
ally can be described as that due to “flowing clusters” [5],
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to possible large background (non-CME) effects. The background contribution is proportional to the elliptic flow
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I. INTRODUCTION

The search for the chiral magnetic effect (CME) [1,2]—the
separation of the electrical charges along the magnetic field
in a chirally asymmetric medium—has been a very active
topic in the field of heavy-ion collisions for more than 10
years (for recent reviews, see Refs. [3,4]). The CME states
that particles originating from the same “P -odd domain” are
preferentially emitted either along or opposite to the magnetic
field direction depending on the particle charge. As only a few
particles (originating from the same domain) are correlated,
the signal is expected to be small and one has to suppress
other charge-dependent correlations, such as those due to the
resonance decays, charge ordering in jets, etc.. The so-called
γ correlator suggested in Ref. [5] was designed to do just
that—suppress non-CME correlation at least by a factor ≈v2,
the typical value of elliptic flow:

γαβ = ⟨cos(φα + φβ − 2!)⟩ = ⟨cos(φα − !) cos(φβ − !)⟩
− ⟨sin(φα − !) sin(φβ − !)⟩, (1)

where φα and φβ are the azimuthal angles of two charged
particles. α and β take values + or − denote the charge. !
denotes the azimuth of the plane across which the charge
separation is measured. For measurements relative to the
reaction plane (perpendicular to the direction of the magnetic
field), only the sin-sin term has a contribution from the CME,
while all other non-CME sources contribute to both sin-sin
and cos-cos terms and thus largely cancel. The remaining
difference between in-plane (cos-cos) and out-of-plane (sin-
sin) correlations constitutes the background to the CME mea-
surements via γ correlator. The background is zero in the case
of no elliptic flow present in the system.

The experimental measurements [6–8] are in qualitative
agreement with the theoretical expectations, but a reliable
separation of the CME signal from background effects is
still missing. As already mentioned, the background cor-
relations depend on the magnitude of elliptic flow and as

such are largest in the measurements performed relative to
the so-called participant plane, and should be smaller in
measurements relative to the spectator flow plane. In con-
trast, the CME signal, driven by the magnetic field, is likely
larger in measurements relative to the spectator plane, as the
magnetic field is mostly determined by spectator protons.
This idea was recently and independently used in Ref. [9],
where the authors attempted to estimate the CME signal
from the existing measurements as well as make prediction
for the future isobar collision measurements at the Rela-
tivistic Heavy Ion Collider (RHIC). In this short paper, I
discuss an evaluation of the CME signal based on the same
general idea from a different perspective. In particular, I
discuss in detail the role of flow fluctuations in measure-
ments relative to different flow planes and by different meth-
ods, as well as explicitly list different assumptions required
in this approach, some of which are more important than
others.

II. DEFINITIONS AND THE MAIN IDEA

I start with more definitions and recalling the derivation of
the background contribution to the γ correlator. The correlator
defined in Eq. (1) includes contributions from the charge-
independent effect (e.g., dipole flow). These are poorly known
and not very important for the CME search. Because of this,
only the charge-dependent part is discussed here:

"γ = γopposite − γsame. (2)

As both the CME signal and the background correlations are
small, one can safely assume that

"γ = "γ BG + "γ CME, (3)

neglecting the (in principle, possible) interplay between the
two effects. The background contribution to "γ very gener-
ally can be described as that due to “flowing clusters” [5],

2469-9985/2018/98(5)/054911(4) 054911-1 ©2018 American Physical Society

! NOTICE: Ensuring subscriber access to content on IOPscience throughout the coronavirus
outbreak - see our remote access guidelines.

PAPER

Varying the chiral magnetic effect relative to flow in a
single nucleus-nucleus collision
Hao-Jie Xu (எၴ၄) , Jie Zhao (᩶) , Xiao-Bao Wang (ሴੜכ) , Han-Lin Li () ,
Zi-Wei Lin (ৼশ) , Cai-Wan Shen (ဂӡ)  and Fu-Qiang Wang (ሴᐰ୩)
Published 1 July 2018 • © 2018 Chinese Physical Society and the Institute of High Energy
Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese
Academy of Sciences and IOP Publishing Ltd
Chinese Physics C, Volume 42, Number 8

This site uses cookies. By continuing to use this site you agree to our use of cookies. To find out
more, see our Privacy and Cookies policy. "

*

1 2 1 3
4,5 1 1,2

fqwang@zjhu.edu.cn
 School of Science, Huzhou University, Huzhou, Zhejiang 313000, China

 Department of Physics and Astronomy, Purdue University, West Lafayette, Indiana 47907,
USA

 College of Science, Wuhan University of Science and Technology, Wuhan, Hubei 430065,
China

 Department of Physics, East Carolina University, Greenville, North Carolina 27858, USA

 Key Laboratory of Quarks and Lepton Physics (MOE) and Institute of Particle Physics, Central
China Normal University, Wuhan, Hubei 430079, China

Received 26 April 2018

Hao-Jie Xu et al 2018 Chinese Phys. C 42 084103

https://doi.org/10.1088/1674-1137/42/8/084103

1

2

3

4

5

Varying the chiral magnetic effect relative to flow in a single nu... https://iopscience.iop.org/article/10.1088/1674-1137/42/8/084103

1 of 3 5/17/20, 10:35 AM

! NOTICE: Ensuring subscriber access to content on IOPscience throughout the coronavirus
outbreak - see our remote access guidelines.

PAPER

Varying the chiral magnetic effect relative to flow in a
single nucleus-nucleus collision
Hao-Jie Xu (எၴ၄) , Jie Zhao (᩶) , Xiao-Bao Wang (ሴੜכ) , Han-Lin Li () ,
Zi-Wei Lin (ৼশ) , Cai-Wan Shen (ဂӡ)  and Fu-Qiang Wang (ሴᐰ୩)
Published 1 July 2018 • © 2018 Chinese Physical Society and the Institute of High Energy
Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese
Academy of Sciences and IOP Publishing Ltd
Chinese Physics C, Volume 42, Number 8

This site uses cookies. By continuing to use this site you agree to our use of cookies. To find out
more, see our Privacy and Cookies policy. "

*

1 2 1 3
4,5 1 1,2

fqwang@zjhu.edu.cn
 School of Science, Huzhou University, Huzhou, Zhejiang 313000, China

 Department of Physics and Astronomy, Purdue University, West Lafayette, Indiana 47907,
USA

 College of Science, Wuhan University of Science and Technology, Wuhan, Hubei 430065,
China

 Department of Physics, East Carolina University, Greenville, North Carolina 27858, USA

 Key Laboratory of Quarks and Lepton Physics (MOE) and Institute of Particle Physics, Central
China Normal University, Wuhan, Hubei 430079, China

Received 26 April 2018

Hao-Jie Xu et al 2018 Chinese Phys. C 42 084103

https://doi.org/10.1088/1674-1137/42/8/084103

1

2

3

4

5

Varying the chiral magnetic effect relative to flow in a single nu... https://iopscience.iop.org/article/10.1088/1674-1137/42/8/084103

1 of 3 5/17/20, 10:35 AM

538 S.A. Voloshin et al. / Physics Letters B 659 (2008) 537–541

Fig. 1. The definitions of the RP and PP coordinate systems.

Fig. 2. The definition of the EP coordinate system.

The orientation of the flow vector Q = {Qx,Qy} =
{∑i cos 2φi ,

∑
i sin 2φi}, where the sum runs over all parti-

cles in some momentum window, defines the second harmonic
event plane (see Fig. 2) with corresponding azimuth ΨEP,
Qx = Q cos 2ΨEP, Qy = Q sin 2ΨEP. Although we use Q in
this Letter, in practice one would use q = Q/

√
N in order to

minimize the effect of the multiplicity spread within a central-
ity bin [2]. For a given orientation of the participant plane, ΨPP,
anisotropic flow develops along this participant plane.

The orientation of the participant plane can be also charac-
terized by the eccentricity vector with coordinates

(1)ε = {εx, εy} =
{〈

σ 2
y − σ 2

x

σ 2
x + σ 2

y

〉

part
,

〈
2σxy
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}
,

where σ 2
x = ⟨x2⟩ − ⟨x⟩2, σ 2

y = ⟨y2⟩ − ⟨y⟩2, and σ 2
xy = ⟨xy⟩ −

⟨y⟩⟨x⟩, and the average is taken over the coordinates of the
participants in a given event [3–5]. The eccentricity vector di-
rection is given by ΨPP = atan 2(εy, εx), and its magnitude,

εpart =
√

ε2
x + ε2

y ≡ εPP, is called the participant eccentricity
(see Figs. 3, 4) in contrast with the reaction plane (or standard)
eccentricity εx ≡ εRP with its mean value defined to be

(2)⟨εx⟩ = ⟨εRP⟩ ≡ ε̄.

This mean value is approximately εopt, the optical eccentricity
determined by the optical Glauber model [6].

Fig. 3. Definition of εpart.

Fig. 4. Flow vector distribution in events with fixed ε.

3. Gaussian model for eccentricity fluctuations

In events with fixed ε, both in magnitude and orientation, the
flow vector on average points along ε, but with the magnitude
and orientation of the flow vector fluctuating due to finite mul-
tiplicity of particles used in its definition. As can be seen from
simulations using the MC Glauber model [3–5] in Fig. 5, the
distributions in εx and εy are well approximated by a Gaussian
form with widths approximately equal in the two directions.
There exists some deviation from a Gaussian form in periph-
eral collisions, but even there the deviations are small, so we
proceed with the Gaussian ansatz. We denote the equal widths
in εx and εy by σε . The distribution in the magnitude of the ec-
centricity, εpart, can be obtained by integration over angle of the
vector ε as a two-dimensional Gaussian (see, for example, the
derivation in [7]), and is given by

dn

dεpart
= εpart

σ 2
ε

I0

(
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exp
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−
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)
,

where we have introduced a short hand notation BG(x; x̄,σ )

for the “Bessel–Gaussian” distribution with one variable argu-
ment and two constant parameters (see Fig. 6). Note that in
BG(εpart; ⟨εRP⟩,σε), εpart is an eccentricity as given in PP but
⟨εRP⟩ and σε describe the 2D Gaussian distribution in the RP-
system. The distribution is normalized to unity. For later use we
provide a few moments of the distribution BG(x; x̄,σ ), where
x is a generic variable (not the x-axis):

⟨x⟩ = 1
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4.3 Elliptic flow of charged particles

Elliptic flow versus centrality obtained with ZDC event plane is shown in Fig. 14. For midcentral col-
lisions results are consistent with v2{4} from 4-particle cumulants. In central collisions v2{ZDC} is
above, while in peripheral it is below the value of v2{4}.

Fig. 14: v2 vs. centrality. (left) 1% bins vs cumulants, (right) comparison with STAR data.

More details:
twiki.cern.ch/twiki/pub/ALICE/FlowIlyaSelyuzhenkov/20111109_v2_ZDC_vs_cumulants.

pdf

twiki.cern.ch/twiki/pub/ALICE/FlowIlyaSelyuzhenkov/20110511_FluctuationsWithSpectators_

IlyaSelyuzhenkov.pdf

Elliptic flow versus pT. See A. Dobrin QM2011 proceedings [52] and Fig. 15).
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Fig. 15: v2 vs. pT (left) 20-30% centrality, (right) 30-40% centrality.

More details:
twiki.cern.ch/twiki/pub/ALICE/FlowIlyaSelyuzhenkov/20110316_v2vsPtZDC_IlyaSelyuzhenkov.

pdf

twiki.cern.ch/twiki/bin/viewauth/ALICE/20110324v2ZDCUpTo20GeV
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the magnetic field direction 
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An interpretation of the charge-dependent correlations sensitive to the chiral magnetic effect (CME)—–the
separation of the electric charges along the system magnetic field (across the reaction plane)—–is ambiguous due
to possible large background (non-CME) effects. The background contribution is proportional to the elliptic flow
v2; it is the largest in measurements relative to the participant plane and is smaller in measurements relative to the
flow plane determined by spectators, where the CME signal, in contrast, is likely larger. In this paper, I discuss
a possible strategy for corresponding experimental measurements and list and evaluate different assumptions
related to this approach.

DOI: 10.1103/PhysRevC.98.054911

I. INTRODUCTION

The search for the chiral magnetic effect (CME) [1,2]—the
separation of the electrical charges along the magnetic field
in a chirally asymmetric medium—has been a very active
topic in the field of heavy-ion collisions for more than 10
years (for recent reviews, see Refs. [3,4]). The CME states
that particles originating from the same “P -odd domain” are
preferentially emitted either along or opposite to the magnetic
field direction depending on the particle charge. As only a few
particles (originating from the same domain) are correlated,
the signal is expected to be small and one has to suppress
other charge-dependent correlations, such as those due to the
resonance decays, charge ordering in jets, etc.. The so-called
γ correlator suggested in Ref. [5] was designed to do just
that—suppress non-CME correlation at least by a factor ≈v2,
the typical value of elliptic flow:

γαβ = ⟨cos(φα + φβ − 2!)⟩ = ⟨cos(φα − !) cos(φβ − !)⟩
− ⟨sin(φα − !) sin(φβ − !)⟩, (1)

where φα and φβ are the azimuthal angles of two charged
particles. α and β take values + or − denote the charge. !
denotes the azimuth of the plane across which the charge
separation is measured. For measurements relative to the
reaction plane (perpendicular to the direction of the magnetic
field), only the sin-sin term has a contribution from the CME,
while all other non-CME sources contribute to both sin-sin
and cos-cos terms and thus largely cancel. The remaining
difference between in-plane (cos-cos) and out-of-plane (sin-
sin) correlations constitutes the background to the CME mea-
surements via γ correlator. The background is zero in the case
of no elliptic flow present in the system.

The experimental measurements [6–8] are in qualitative
agreement with the theoretical expectations, but a reliable
separation of the CME signal from background effects is
still missing. As already mentioned, the background cor-
relations depend on the magnitude of elliptic flow and as

such are largest in the measurements performed relative to
the so-called participant plane, and should be smaller in
measurements relative to the spectator flow plane. In con-
trast, the CME signal, driven by the magnetic field, is likely
larger in measurements relative to the spectator plane, as the
magnetic field is mostly determined by spectator protons.
This idea was recently and independently used in Ref. [9],
where the authors attempted to estimate the CME signal
from the existing measurements as well as make prediction
for the future isobar collision measurements at the Rela-
tivistic Heavy Ion Collider (RHIC). In this short paper, I
discuss an evaluation of the CME signal based on the same
general idea from a different perspective. In particular, I
discuss in detail the role of flow fluctuations in measure-
ments relative to different flow planes and by different meth-
ods, as well as explicitly list different assumptions required
in this approach, some of which are more important than
others.

II. DEFINITIONS AND THE MAIN IDEA

I start with more definitions and recalling the derivation of
the background contribution to the γ correlator. The correlator
defined in Eq. (1) includes contributions from the charge-
independent effect (e.g., dipole flow). These are poorly known
and not very important for the CME search. Because of this,
only the charge-dependent part is discussed here:

"γ = γopposite − γsame. (2)

As both the CME signal and the background correlations are
small, one can safely assume that

"γ = "γ BG + "γ CME, (3)

neglecting the (in principle, possible) interplay between the
two effects. The background contribution to "γ very gener-
ally can be described as that due to “flowing clusters” [5],
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other charge-dependent correlations, such as those due to the
resonance decays, charge ordering in jets, etc.. The so-called
γ correlator suggested in Ref. [5] was designed to do just
that—suppress non-CME correlation at least by a factor ≈v2,
the typical value of elliptic flow:

γαβ = ⟨cos(φα + φβ − 2!)⟩ = ⟨cos(φα − !) cos(φβ − !)⟩
− ⟨sin(φα − !) sin(φβ − !)⟩, (1)

where φα and φβ are the azimuthal angles of two charged
particles. α and β take values + or − denote the charge. !
denotes the azimuth of the plane across which the charge
separation is measured. For measurements relative to the
reaction plane (perpendicular to the direction of the magnetic
field), only the sin-sin term has a contribution from the CME,
while all other non-CME sources contribute to both sin-sin
and cos-cos terms and thus largely cancel. The remaining
difference between in-plane (cos-cos) and out-of-plane (sin-
sin) correlations constitutes the background to the CME mea-
surements via γ correlator. The background is zero in the case
of no elliptic flow present in the system.

The experimental measurements [6–8] are in qualitative
agreement with the theoretical expectations, but a reliable
separation of the CME signal from background effects is
still missing. As already mentioned, the background cor-
relations depend on the magnitude of elliptic flow and as

such are largest in the measurements performed relative to
the so-called participant plane, and should be smaller in
measurements relative to the spectator flow plane. In con-
trast, the CME signal, driven by the magnetic field, is likely
larger in measurements relative to the spectator plane, as the
magnetic field is mostly determined by spectator protons.
This idea was recently and independently used in Ref. [9],
where the authors attempted to estimate the CME signal
from the existing measurements as well as make prediction
for the future isobar collision measurements at the Rela-
tivistic Heavy Ion Collider (RHIC). In this short paper, I
discuss an evaluation of the CME signal based on the same
general idea from a different perspective. In particular, I
discuss in detail the role of flow fluctuations in measure-
ments relative to different flow planes and by different meth-
ods, as well as explicitly list different assumptions required
in this approach, some of which are more important than
others.

II. DEFINITIONS AND THE MAIN IDEA

I start with more definitions and recalling the derivation of
the background contribution to the γ correlator. The correlator
defined in Eq. (1) includes contributions from the charge-
independent effect (e.g., dipole flow). These are poorly known
and not very important for the CME search. Because of this,
only the charge-dependent part is discussed here:

"γ = γopposite − γsame. (2)

As both the CME signal and the background correlations are
small, one can safely assume that

"γ = "γ BG + "γ CME, (3)

neglecting the (in principle, possible) interplay between the
two effects. The background contribution to "γ very gener-
ally can be described as that due to “flowing clusters” [5],
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Ratio = 1 + 1
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Possible further 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 with the SP. “Working” hypothesis.

Exact under only 
one, “main”, assumption”

CMESP = CMEPP
v2{2}
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Combining everything together,

(!γ /v2)SP

(!γ /v2)c
= 1 + f CME

PP

(
⟨cos(2"2,B − 2ψ1,SP )⟩

〈
v2

2,PP

〉

⟨cos(2a − 2ψ1,SP )⟩v2{"2,B}
− 1

)

,

(11)

where

f CME
PP =

⟨cos(α + β − 2c)⟩CME

⟨cos(α + β − 2c)⟩
(12)

is the fraction of the CME signal in the three-particle cor-
relator measured relative to the second harmonic participant
plane. The angle ψ1,SP fluctuates around the spectator plane
"1,SP, but one can see that in Eq. (11) the corresponding event
plane resolution factors cancel out and

(!γ /v2)SP

(!γ /v2)c
= 1 + f CME

PP

(
⟨cos(2"2,B − 2"1,SP )⟩

〈
v2

2,PP

〉

v2{"1,SP}v2{"2,B}
− 1

)

,

(13)

where v2{"1,SP} = ⟨cos(2a − 2"1,SP )⟩.

III. DISCUSSION

To proceed further, one has to make assumptions about
the relative orientations of three angles, "2,PP, "1,SP, and
"2,B. A few reasonable scenarios are discussed below. First,
it is instructive to compare the centrality dependence of
v2{2}, v2{4}, and v2{"1,SP} [16]. Recall also that to a good
approximation (exact in the so-called Gaussian model of ec-
centricity fluctuations [15]), v2{4} measures the flow relative
to the true reaction plane. Experimentally [16] in midcentral
collisions, centrality ≈ 40–50%, v2{"1,SP} is very close to
v2{4}; it is much closer to v2{2} in central, <10%, collisions.
A possible interpretation of that would be that the spectator
plane is close to the reaction plane in midcentral collisions
and close to the participant plane in central collisions.

Having this in mind, one of the assumptions would be the
following:

(A2) In midcentral collisions, both the spectator plane and
the magnetic field plane coincide with the reaction plane. In
this case,

(!γ /v2)SP

(!γ /v2)c
= 1 + f CME

PP

( 〈
v2

2,PP

〉

(v2{"1,SP})2
− 1

)

. (14)

Note that this relation really requires only coincidence of "1,SP

and "2,B, not necessarily coincidence with "RP. Then, Eq. (14)
is also true even if

(A3) in central collisions "2,B deviates from "RP but coin-
cides with "1,SP.

It is interesting that one has the same relation event under
the quite different assumption that

(A4) in central collisions the spectator plane coincides with
participant plane but "2,B coincides with "RP. In this case,

v2{"2,B}
⟨cos(2"2,B − 2"1,SP )⟩

= v2{"1,SP} (15)

and one again arrives to Eq. (14).
Although in general it is difficult to get the exact value

of the expression in parentheses in Eq. (11), based on the
above assumptions (A2)–(A4) and having in mind that ex-
perimentally v2{2} is larger than v2{ψ1,SP} by about 15%,
one can conclude that for an estimate of the CME fractional
contribution to the γ correlator f CME

PP at the level of 5%, the
ratio in Eq. (5) should be measured with an accuracy better
than 1%.

Finally, I make two short remarks on the experimental
selection of the angles ψ1,SP and its relation to "2,B. Experi-
mentally ψ1,SP is usually measured with zero-degree calorime-
ters (ZDC), most often capturing only neutrons. Then (a)
an additional decorrelation between ψ1,SP and "2,B can arise
due to difference in plane determined by spectator neutrons
and spectator protons. If two ZDC are used, then (b) the
result might depend on how the angles from two detectors
are used in the analysis. For example, using only one of
ZDCs might yield ψ1,SP, which is more strongly correlated
with the participant plane, while combining two angles might
eliminate this bias.

IV. SUMMARY

In conclusion, it is shown that measuring the ratios in
Eq. (5) relative to the participant and spectator planes can be
used to determine the fraction of the CME signal in the γ
correlator measurements. If the double ratio, Eq. (8), deviated
from unity, it will indicate a nonzero CME contribution that
can be further quantified under reasonable assumptions. In
order to measure the fractional CME signal at the level of
about 5%, one would need to measure the ratio in Eq. (8) free
from the nonflow effect at a level better than 1%.
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Subscripts “AA”, “BB” == Ru, Zn

1 OBSERVABLES. GOAL: THE “CME FRACTION”. 2

1 Observables. Goal: the “CME fraction”.

We measure flow and the γ correlator using particles reconstructed in the TPC and
ZDCSMD Ψ1 plane (spectator plane).

v22{2} = ⟨cos(2φα − 2φc)⟩, (1)

γ{TPC} =
⟨cos(φα + φβ − 2φc)⟩

v2{2}
, (2)

(∆γ/v2)TPC =
∆⟨cos(φα + φβ − 2φc)⟩

⟨cos(2φα − 2φc)⟩
, (3)

∆ denotes the difference in correlator calculated using opposite and same charge pairs of
particles. Similarly, v2 and γ correlator will be also calculated via:

v2{ZDC} =
⟨cos(2φ−ΨW

1 −ΨE
1 )⟩

⟨cos(ΨW
1 −ΨE

1 )⟩
(4)

γ{ZDC} =
⟨cos(φα + φβ −ΨW

1 −ΨE
1 )⟩

⟨cos(ΨW
1 −ΨE

1 )⟩
(5)

(∆γ/v2)ZDC =
∆⟨cos(φα + φβ −ΨW

1 −ΨE
1 )⟩

⟨cos(2φ−ΨW
1 −ΨE

1 )⟩
, (6)

Note that the calculation of (∆γ/v2) quantities does not require knowledge of the
reaction plane resolution [1]. It also “normalizes” the gamma correlator to the elliptic
flow value and thus can be used for a direct comparison of the signals in different isobar
collisions, even if the values of elliptic flow is slightly different in the two samples.

The double ratio below, i.e. ratio of Eq. 6 and Eq. 3, will be also calculated for an
estimate of the CME fraction estimate in each of the isobar collisions separately [1]:

(∆γ/v2)ZDC

(∆γ/v2)TPC
=

∆⟨cos(φα + φβ −ΨW
1 −ΨE

1 )⟩/⟨cos(2φ−ΨW
1 −ΨE

1 )⟩
∆⟨cos(φα + φβ − 2φc)⟩/⟨cos(2φα − 2φc)⟩

(7)

The gamma correlator is calculated in the pseudorapidity window 0.1 < |η| < 1.0
(default) and 0.2 < |η| < 1.0, with the event plane, or particle “c”, taken from the
opposite pseudorapidity window with eta gaps ∆η = 0.2, 0.3 (for the default case) and
∆η = 0.3, 0.4. To decrease the nonflow contribution, ⟨cos(2φα− 2φc)⟩ is calculated using
the same charge particles (default) and all charged particles for the systematic study. All
particles are taken from the region 0.15 < pT < 2.0 GeV/c. All the results are calculated
in 5% centrality bins.

The comparison between two isobar species AA and BB, will be made with the ratio

(∆γ/v2)AA

(∆γ/v2)BB
= 1 + fBB

CME[(HAA/HBB)
2 − 1], (8)

where fBB
CME is the CME fraction in∆γ correlator measured in BB collisions, and (HAA/HBB)

is the ratio of the magnetic field strengths in AA and BB collisions. By default this ratio
is taken as the ratio of the nuclei charges, but can be varied to take into account the
uncertainties related to the neutron skin effect.
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“Double ratio” in analysis of isobar collisions 
[instead of two different event planes — different isobar datasets 

PP/SP planes still can be used for individual isobar 
datasets to evaluate the CME fraction in each of them

For isobar “double ratio”, non-flow is much less of a problem!

Double ratio is “assumption free”, 
insensitive to small differences in flow,  
centrality determination, nonflow,



RHIC-BES seminar, December 1, 2020page S.A. Voloshin

Chiral Magnetic Wave

23

J5 = 1
2⇡2µ(Qe)B J = (Qe) 1

2⇡2µ5(Qe)B

and longitudinal diffusion constants determined by qf, eB,
and T. In this Letter we consider the propagation of u and d
flavored CMWs, since there is no net density of strange
quarks in the plasma. The full flavor symmetry Uð2Þf
contains Uð1Þu # Uð1Þd which defines independent Uð1Þ
flavor symmetries of u and d quarks. Considering the same
triangle anomalies leading to CME and CSE that now
involve each of these Uð1Þ symmetries, one obtains

j f
V;A ¼ qf

Nce

2!2 "
f
A;VB; (4)

where "f are chemical potentials of Uð1Þf. From the
results of [25] and (4) we then derive Nf independent

CMWs of flavored chiral charge densities j0;fL;R with veloc-
ities given by

vf
# ¼ qf

NceB

4!2

!
@"f

L

@j0;fL

"
% qf

NceB$
f

4!2 : (5)

We obtain vf
# and Df

L from the computation in Ref. [25]
performed in the framework of the Sakai-Sugimoto model
in the large Nc quenched approximation. Each quark of
flavor f interacts with the magnetic field of effective
magnitude qfeB; we replace eB with qfeB in the argu-
ments of v# and DL as functions of eB:

vf
# ¼ v#ðeB ! qfeBÞ; Df

L ¼ DLðeB ! qfeBÞ: (6)

We evaluate the densities of u and d flavors at the time of
the plasma creation in the Au-Au collisions, and introduce
the corresponding initial chemical potentials "u

V þ "d
V ¼

2"B=3. The shape of the initial ‘‘almond’’ of QCD matter
produced in a heavy ion collision is taken by using the
phenomenologically successful Kharzeev-Levin-Nardi
(KLN) model [28] based on parton saturation and kT
factorization. Au-Au collisions have been simulated, with
realistic Woods-Saxon nuclear densities. The axial chemi-
cal potentials at the initial time are set to zero.

We then solve the CMW equation numerically and find
that it generates the separation of chiral charge, as shown in
Fig. 1—the quark-gluon plasma acquires a ‘‘chiral dipole
moment’’.

We evaluate the electric charge distribution by super-
imposing the waves of different flavors weighted by their
charges,

j0e ¼
X

f

qfðj0;fL þ j0;fR Þ: (7)

The resulting distribution is shown in Fig. 2; for clarity, we
have subtracted the charge density distribution without
the CMW. As argued above qualitatively, the quark-gluon
plasma indeed acquires an electric quadrupole moment.
The poles of the produced fireball (pointing outside of the
reaction plane) acquire additional positive electric charge,
and the ‘‘equator’’ acquires additional negative charge. It is
very important to note that this pattern of charge separation

does not depend on the orientation of the magnetic field.
This means that the effect should survive even after the
event averaging.
From the electric quadrupole moment to charge-

dependent elliptic flow.—The expansion of the quark-gluon
plasma produced in heavy ion collisions is characterized
by a strong collective flow driven by the gradients of
pressure that transforms the spatial anisotropy of produced
matter into the momentum anisotropy of the produced
hadrons. Since the fireball of quark-gluon plasma pro-
duced in an off-central heavy ion collision has an elliptical
almondlike shape, the gradients of pressure make it expand
predominantly along the minor axis, i.e., in the reaction
plane—this is the ‘‘elliptic flow’’ (for a review, see [29]).
As a result, the electric quadrupole deformation of the
plasma described above will increase the elliptic flow of

FIG. 1 (color online). Chiral charge density in the plane trans-
verse to the beam axis. Magnetic field strength eB ¼ m 2

!, life-
time of magnetic field % ¼ 10 fm, temperature T ¼ 165 MeV,
impact parameter b ¼ 3 fm.

FIG. 2 (color online). Electric charge density in the transverse
plane (background subtracted, see text). Same parameters as
in Fig. 1.
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The chiral magnetic wave is a gapless collective excitation of quark-gluon plasma in the presence of an

external magnetic field that stems from the interplay of chiral magnetic and chiral separation effects; it is

composed of the waves of the electric and chiral charge densities coupled by the axial anomaly. We

consider a chiral magnetic wave at finite baryon density and find that it induces the electric quadrupole

moment of the quark-gluon plasma produced in heavy ion collisions: the ‘‘poles’’ of the produced fireball

(pointing outside of the reaction plane) acquire additional positive electric charge, and the ‘‘equator’’

acquires additional negative charge. We point out that this electric quadrupole deformation lifts the

degeneracy between the elliptic flows of positive and negative pions leading to v2ð!þ Þ< v2ð!$ Þ, and
estimate the magnitude of the effect.
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Introduction.—The axial anomaly has been found to
induce the following two phenomena in the quark-gluon
plasma subjected to an external magnetic field: the chiral
magnetic effect (CME) and the chiral separation effect
(CSE). The CME is the phenomenon of electric charge
separation along the axis of the applied magnetic field in
the presence of a fluctuating topological charge [1– 5]. The
CME in QCD coupled to electromagnetism assumes an
asymmetry between the densities of left- and right-handed
quarks, parametrized by an axial chemical potential "A. At
finite "A, an external magnetic field induces the vector
current ji ¼ !c#ic :

j V ¼ Nce

2!2 "AB; (1)

in our present convention the electric current is ejV .
Recently, the STAR [6,7] and PHENIX [8,9]

Collaborations at the Relativistic Heavy Ion Collider at
Brookhaven National Laboratory reported experimental
observation of charge asymmetry fluctuations possibly
providing evidence of the CME; this interpretation is still
under intense discussion (see, e.g., [10,11] and references
therein).

The CSE refers to the separation of chiral charge along
the axis of the external magnetic field at finite density of
vector charge (e.g., at finite baryon number density)
[12,13]. The resulting axial current is given by

j A ¼ Nce

2!2 "VB; (2)

where "V is the vector chemical potential. Both CME and
CSE effects have been proved robust in holographic QCD
models in a strong coupling regime [14– 21] as well as in
lattice QCD computations [22,23]. The effects also persist
in relativistic hydrodynamics, as shown in Ref. [24].

Recently, two of us studied the properties of the chiral
magnetic wave (CMW) [25] stemming from the coupling
of the density waves of electric and chiral charge induced
by the axial anomaly in the presence of an external mag-
netic field; a related idea has been also discussed in [26].
The CMW is a gapless collective excitation; its existence is
a straightforward consequence of the relations of Eqs. (1)
and (2). Indeed, consider a local fluctuation of electric
charge density; according to Eq. (2) it induces a local
fluctuation of the axial-vector current. This fluctuation of
axial current in turn induces a local fluctuation of the axial
chemical potential, and thus according to Eq. (1) a fluc-
tuation of electric current. The resulting fluctuation of
electric charge density completes the cycle leading to the
CMW that combines the density waves of electric and
chiral charges.
The plasma created in heavy ion collisions possesses a

finite baryon density. The CSE [12,13,24] then implies
the separation of chiral charge: the ‘‘poles’’ of the fireball
acquire the chiral charges of opposite sign. The CME
current at the opposite poles then according to Eq. (1)
flows in opposite directions, as argued recently in [27].
In this Letter we will show that CMW induces a static
quadrupole moment of the electric charge density.
Chiral magnetic wave.—The CMW is a long wavelength

hydrodynamic mode of chiral charge densities; its
propagation in space-time along the direction of magnetic
field (denoted x1 here) is described by the following equa-
tion [25]:

ð@0 & @1v$ $ DL@
2
1 $ DT@

2
TÞj0L;R ¼ 0; (3)

where v$ is the wave velocity and DL (DT) is the longitu-
dinal (transverse) diffusion constant.
In the case of Nf quark flavors with electric charges qf

there will be Nf independent CMWs with the velocities
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negative hadrons, and decrease the elliptic flow of positive
hadrons, leading to vþ

2 < v"
2 as demonstrated in Fig. 3.

However, the large differences in the absorption cross
sections of antiprotons and protons, and of negative and
positive kaons in hadronic matter at finite baryon density,
are likely to mask or reverse this difference in the hadron
resonance ‘‘afterburner’’ phase of a heavy ion collision. On
the other hand, the smaller difference in the absorption
cross sections of negative and positive pions potentially
may make it possible to detect the electric quadrupole
moment of the plasma through the difference of elliptic
flows of pions, v2ð!þÞ< v2ð!"Þ.

The effect can be estimated by noting that a strong radial
flow aligns the momenta of the emitted hadrons along the
direction of the radial flow (see Fig. 3). The asymmetry of
the electric charge distribution in the expanding plasma is
then translated into the asymmetry in the azimuthal distri-
bution of the positive and negative hadrons:

Nþð"Þ " N"ð"Þ /
Z

j0eðR;"ÞRdR: (8)

This asymmetry has a 0th Fourier harmonic (monopole)
originating from a nonzero net charge density:

!# e ¼
Z

RdRd"j0e;B¼0ðR;"Þ: (9)

In addition there is a 2nd harmonic (quadrupole) of the
form 2qe cosð2"Þ due to the CMW contribution:

qe ¼
Z

RdRd" cosð2"Þ½j0eðR;"Þ " j0e;B¼0ðR;"Þ': (10)

The ratio of the two r ( 2qe
!#e
can be used to parametrize the

asymmetry in the azimuthal distributions of positive and
negative hadrons:

Nþð"Þ " N"ð"Þ ¼ ð !Nþ " !N"Þ½1" r cosð2"Þ'; (11)

where !N) are the multiplicities of positive and negative
hadrons. Therefore the hadron azimuthal distributions in-
cluding the ‘‘usual’’ elliptic flow are

dN)
d"

¼ N) ½1þ 2v2 cosð2"Þ'

* !N) ½1þ 2v2 cosð2"Þ + A) r cosð2"Þ': (12)

In the second line we assume that both v2 and the charge
asymmetry A) ( ð !Nþ " !N"Þ=ð !Nþ þ !N"Þ are small.
The elliptic flow therefore becomes charge dependent:

v)
2 ¼ v2 +

rA)
2

: (13)

The magnitude of the effect: Numerical simulation.—As
described above, we have computed the evolution of the
right and left chiral components of the u and d quarks
according to Eq. (3) (at zero rapidity) in a static plasma.
For simplicity, we assume the temperature to be uniform
within the almond. At the boundary of the plasma, the
chiral symmetry is broken and therefore we set v$ ¼ 0.
In the transverse (with respect to the magnetic field) direc-
tion, we assume a diffusion with a diffusion constant
DT estimated [25] as DT ¼ ð2!TÞ"1 within the Sakai-
Sugimoto model. The difference in the elliptic flows of
positive and negative pions is given, within our approxi-
mation, by Eq. (13). In Fig. 4 we present the ratio r ¼
2qe= !#e as a function of impact parameter b at different
times. In this computation we took the impact parameter
dependence of the magnetic field from [3], with the maxi-
mal value eBjmax ¼ m 2

!. To convert this ratio into the
difference of the elliptic flows of positive and negative
pions according to Eq. (13), we also have to estimate the
electric charge asymmetry A) in the quark-gluon plasma
that varies between 0 and 1. We do this using the baryon
chemical potential and temperature at freeze-out extracted
[30] from the data and evaluating the yields of baryons
and charged mesons; for the energy of

ffiffiffi
s

p ¼ 11 GeV we

FIG. 3 (color online). Schematic demonstration of the CMW-
induced electric quadrupole deformation carried by strong
radial flow.
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FIG. 4 (color online). The normalized electric quadrupole mo-
ment r, eBjmax ¼ m 2

!, T ¼ 165 MeV.
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cross sections of negative and positive pions potentially
may make it possible to detect the electric quadrupole
moment of the plasma through the difference of elliptic
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right and left chiral components of the u and d quarks
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chiral symmetry is broken and therefore we set v$ ¼ 0.
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tion, we assume a diffusion with a diffusion constant
DT estimated [25] as DT ¼ ð2!TÞ"1 within the Sakai-
Sugimoto model. The difference in the elliptic flows of
positive and negative pions is given, within our approxi-
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2qe= !#e as a function of impact parameter b at different
times. In this computation we took the impact parameter
dependence of the magnetic field from [3], with the maxi-
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!. To convert this ratio into the
difference of the elliptic flows of positive and negative
pions according to Eq. (13), we also have to estimate the
electric charge asymmetry A) in the quark-gluon plasma
that varies between 0 and 1. We do this using the baryon
chemical potential and temperature at freeze-out extracted
[30] from the data and evaluating the yields of baryons
and charged mesons; for the energy of
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Figure 16: (Left panel) Same-charge and opposite-charge pair correlations relative to the fourth har-
monic event plane as a function of centrality. (Right panel) Comparison of the charge-dependent parts
in correlations with respect to the second and fourth harmonic event planes.

4.2 Chiral Magnetic Wave

The chiral magnetic wave (CMW) manifests itself in a finite electric quadrupole moment of the collision
system, when the “poles” of the produced fireball acquire, depending on the net charge of the system,
excess of either positive or negative charge, with the opposite charge concentrated on the “equator”.
This e↵ect, if present, will lead to charge-dependent elliptic flow. Taking pions as an example, the
CMW will lead to [40]

v2(⇡
±) = v

base

2
(⇡±)⌥ rAch/2, (37)

where vbase
2

(⇡±) is presumably charge independent, “baseline”, elliptic flow, Ach = (N+�N�)/(N++N�)
is the charge asymmetry of the event, and r is the coe�cient reflecting the strength of the CMW. As
hAchi is always positive in heavy-ion collisions, the Ach-integrated v2 of ⇡� (⇡+) should be above (below)
the baseline owing to the CMW. However, the baseline v2 may be di↵erent for ⇡+ and ⇡

� because of
several other physics mechanisms [111, 112], so it is less ambiguous to study the CMW via the Ach

dependence of pion v2 than via the Ach-integrated v2.
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Figure 17: (a) pion v2 as a function of observed charge asymmetry and (b) v2 di↵erence between ⇡
�

and ⇡
+ as a function of charge asymmetry with the tracking e�ciency correction, for 30-40% Au+Au

collisions at 200 GeV [106].
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FIG. 2. !v2 = v−
2 − v+

2 as a function of the observed (left) and corrected (right) event charge asymmetry A in the 30–40% centrality class.
Statistical uncertainties only.

and the C side spans −3.7 < η < −1.7. The ITS is used for
both tracking and vertex determination. The ITS is composed
of three subsystems, each having two cylindrical layers of
silicon detectors. Each of the layers covers at least |η| < 0.9
in pseudorapidity to match the TPC acceptance. The TPC is the
primary tracking detector at midrapidity. The TPC is a large
gas volume detector separated into two regions by a central
electrode, positioned in a solenoidal magnetic field of 0.5 T.
The gas volume is contained in a cylindrical electric field cage
with an inner radius of 85 cm and an outer radius of 2.5 m,
spanning the full azimuth 0 < ϕ < 2π . It extends 5.0 m in the
z direction, providing coverage of the full radial track length
for pseudorapidity |η| < 0.9.

The present manuscript reports an analysis of Pb-Pb
collisions at

√
sNN = 2.76 TeV, collected by ALICE during

the 2010 and 2011 years of LHC operations. In the early part
of the 2010 operation, the Pb-Pb minimum bias (MB) trigger
was a 2-out-of-3 coincidence of (a) signals in two pixel chips
in the outer layer of the SPD, (b) a signal in the V0A, (c) a
signal in the V0C. In the later part of the 2010 operation and
for all of the 2011 operation, the Pb-Pb MB trigger required
a coincidence of both V0 detectors. The data sample used in
this analysis comprises approximately 1.7 × 107 MB triggered
events in the 2010 data set. In the 2011 set, we use a mix of
the central, semicentral, and MB triggers. The central trigger
is an online trigger with a threshold on the multiplicity in the
V0 detectors such that it corresponds to the 10% most central
events. The semicentral trigger is defined similarly such that
it corresponds to the 50% most central events. The centrality
is estimated using the mean multiplicity in the V0 detectors,
and the centrality is required to be within 5% (absolute) of
the centrality estimate using the TPC multiplicity to avoid
multiplicity fluctuations in the central region. The longitudinal
position of the primary vertex is required to be within 10 cm of
the nominal center of the ALICE coordinate system in order
to ensure uniform detector acceptance.

Tracks are selected in the kinematic region |η| < 0.8 and
0.2 < pT < 5.0 GeV/c. They are required to have at least
70 TPC clusters, and the percentage of hits to crossed pad
rows is required to be at least 80%. The track fit is required
to have χ2 per cluster (2 degrees of freedom) less than 4.0.

Additional tracking information from the ITS is used when it
is available, i.e., when the track trajectory in the TPC points
to an active area of the ITS. The distance of closest approach
to the reconstructed vertex is required to be within 3.2 cm
in the z direction and within 2.4 cm in the xy-plane. Due
to the excellent azimuthal uniformity of the TPC response,
no correction for azimuthal acceptance is needed, nor is one
applied. The results are corrected for the pT dependence of the
tracking efficiency, which is about 80% at low pT and about
90% at high pT. The correction procedure is to randomly
exclude tracks in such a way that the effective efficiency is
made to be uniform in pT. The result is a 2–3% reduction in vn.

To assess systematic uncertainties, the analysis is repeated
for different operational conditions (i.e., the two orientations
of the experimental magnetic field), different event selection
criteria, different track selection cuts, and different track
reconstruction methods. The uncertainties associated with
each specific selection or condition are observed to be uncor-
related and thus added in quadrature to determine the overall
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Figure 16: (Left panel) Same-charge and opposite-charge pair correlations relative to the fourth har-
monic event plane as a function of centrality. (Right panel) Comparison of the charge-dependent parts
in correlations with respect to the second and fourth harmonic event planes.

4.2 Chiral Magnetic Wave

The chiral magnetic wave (CMW) manifests itself in a finite electric quadrupole moment of the collision
system, when the “poles” of the produced fireball acquire, depending on the net charge of the system,
excess of either positive or negative charge, with the opposite charge concentrated on the “equator”.
This e↵ect, if present, will lead to charge-dependent elliptic flow. Taking pions as an example, the
CMW will lead to [40]

v2(⇡
±) = v

base

2
(⇡±)⌥ rAch/2, (37)

where vbase
2

(⇡±) is presumably charge independent, “baseline”, elliptic flow, Ach = (N+�N�)/(N++N�)
is the charge asymmetry of the event, and r is the coe�cient reflecting the strength of the CMW. As
hAchi is always positive in heavy-ion collisions, the Ach-integrated v2 of ⇡� (⇡+) should be above (below)
the baseline owing to the CMW. However, the baseline v2 may be di↵erent for ⇡+ and ⇡

� because of
several other physics mechanisms [111, 112], so it is less ambiguous to study the CMW via the Ach

dependence of pion v2 than via the Ach-integrated v2.
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collisions at 200 GeV [106].
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- is tracking efficiency independent 
- allows differential studies 
- can be used for direct comparison between different experiments

hc3i =
N+ �N�
N+ +N�

hhcos[n(�1 � n)] c3ii ⌘ hcos[n(�1 � n)] c3i � hcos[n(�1 � n)]ihc3i1

             -- mean charge of particle “3” under condition 
 of particle “1” being observed
hc3i1

In the integral form the correlator is “equivalent” to the slope of Δv2  
vs A (=slope*sigma^2_A)
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Clear signal, qualitatively consistent with expectations for CMW, 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FIG. 9. Three-particle correlator for the second harmonic, for
positive (red squares) and negative (blue circles) particles. Statistical
(systematic) uncertainties are indicated by vertical bars (shaded
boxes).

STAR data exhibit a stronger centrality dependence than
predicted by the theoretical models invoking the CMW for
Au-Au at 200 GeV [24]. Additionally, hydrodynamical models
have been developed to attempt to explain the STAR results
without invoking the CMW [40,41]. However, no theoretical
modeling or calculations at all, regardless of mechanism, are
available for Pb-Pb collisions at

√
sNN = 2.76 TeV.

D. Differential correlator results as a function of !η

As discussed above, the definition of the three particle
differential correlator includes ⟨q3⟩1, the mean charge of the
third particle when evaluated with a selection on q1. The
quantity ⟨q3⟩1 − ⟨q3⟩ is shown as a function of !η = η1 − η3
in Fig. 8. The measurements are performed as a function
of |!η| and shown as a function of !η with the points
reflected about !η = 0. This conditional mean of q3 depends
significantly on !η and has the opposite sign when q1 is

flipped. The effect is most pronounced for !η ≈ 0 and weakest
when !η is large. When the first particle is negative, the
third particle has a slightly positive mean charge, and when
the first particle is positive, the third particle has a slightly
negative mean charge. Note that the quantity ⟨q3⟩1 − ⟨q3⟩ is
proportional to the charge balance function [33] and as such
reflects the charge correlation length.

Figure 9 shows the three-particle correlator for the second
harmonic as a function of !η. The correlator exhibits a rather
nontrivial dependence on !η: a peak with a “typical hadronic
width” of about 0.5–1 units of rapidity and a possible change
of the sign at about !η ≈ 1 (note, however, these points are
consistent with zero within the systematic uncertainties). Both
of those features qualitatively agree with possible background
contribution from local charge conservation combined with
strong radial and elliptic flow [33]. Unfortunately there exist
no predictions for this observable from the CMW.

The three-particle correlator for the third and fourth
harmonics as a function of !η is shown in Fig. 10. The strength
of the correlations is significantly reduced, by a factor about 3
in the case of the third harmonic and at least a factor of 5 for the
fourth harmonic. The fourth harmonic correlator is consistent
with zero within errors. Neglecting flow fluctuations, the
CMW expectations for higher harmonics correlators would
be zero; unfortunately there are no reliable calculations of the
effect of flow fluctuations. The (background) contribution due
to the local charge conservation should roughly scale with the
magnitude of the flow [33] and is qualitatively consistent with
the experimental results. More detailed calculations in both
scenarios, as well as more precise data, are obviously needed
for a more definitive conclusion.

V. SUMMARY AND OUTLOOK

Novel three-particle correlators have been employed in
an experimental search for the CMW. Results have been
shown for the second, third, and fourth harmonic for the
integrated correlator of the charge-dependent flow as a function
of centrality and the differential correlator as a function of
pseudorapidity separation. A clear dependence of the positive
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and the C side spans −3.7 < η < −1.7. The ITS is used for
both tracking and vertex determination. The ITS is composed
of three subsystems, each having two cylindrical layers of
silicon detectors. Each of the layers covers at least |η| < 0.9
in pseudorapidity to match the TPC acceptance. The TPC is the
primary tracking detector at midrapidity. The TPC is a large
gas volume detector separated into two regions by a central
electrode, positioned in a solenoidal magnetic field of 0.5 T.
The gas volume is contained in a cylindrical electric field cage
with an inner radius of 85 cm and an outer radius of 2.5 m,
spanning the full azimuth 0 < ϕ < 2π . It extends 5.0 m in the
z direction, providing coverage of the full radial track length
for pseudorapidity |η| < 0.9.

The present manuscript reports an analysis of Pb-Pb
collisions at

√
sNN = 2.76 TeV, collected by ALICE during

the 2010 and 2011 years of LHC operations. In the early part
of the 2010 operation, the Pb-Pb minimum bias (MB) trigger
was a 2-out-of-3 coincidence of (a) signals in two pixel chips
in the outer layer of the SPD, (b) a signal in the V0A, (c) a
signal in the V0C. In the later part of the 2010 operation and
for all of the 2011 operation, the Pb-Pb MB trigger required
a coincidence of both V0 detectors. The data sample used in
this analysis comprises approximately 1.7 × 107 MB triggered
events in the 2010 data set. In the 2011 set, we use a mix of
the central, semicentral, and MB triggers. The central trigger
is an online trigger with a threshold on the multiplicity in the
V0 detectors such that it corresponds to the 10% most central
events. The semicentral trigger is defined similarly such that
it corresponds to the 50% most central events. The centrality
is estimated using the mean multiplicity in the V0 detectors,
and the centrality is required to be within 5% (absolute) of
the centrality estimate using the TPC multiplicity to avoid
multiplicity fluctuations in the central region. The longitudinal
position of the primary vertex is required to be within 10 cm of
the nominal center of the ALICE coordinate system in order
to ensure uniform detector acceptance.

Tracks are selected in the kinematic region |η| < 0.8 and
0.2 < pT < 5.0 GeV/c. They are required to have at least
70 TPC clusters, and the percentage of hits to crossed pad
rows is required to be at least 80%. The track fit is required
to have χ2 per cluster (2 degrees of freedom) less than 4.0.

Additional tracking information from the ITS is used when it
is available, i.e., when the track trajectory in the TPC points
to an active area of the ITS. The distance of closest approach
to the reconstructed vertex is required to be within 3.2 cm
in the z direction and within 2.4 cm in the xy-plane. Due
to the excellent azimuthal uniformity of the TPC response,
no correction for azimuthal acceptance is needed, nor is one
applied. The results are corrected for the pT dependence of the
tracking efficiency, which is about 80% at low pT and about
90% at high pT. The correction procedure is to randomly
exclude tracks in such a way that the effective efficiency is
made to be uniform in pT. The result is a 2–3% reduction in vn.

To assess systematic uncertainties, the analysis is repeated
for different operational conditions (i.e., the two orientations
of the experimental magnetic field), different event selection
criteria, different track selection cuts, and different track
reconstruction methods. The uncertainties associated with
each specific selection or condition are observed to be uncor-
related and thus added in quadrature to determine the overall
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FIG. 3. Three-particle correlator for positive (red squares) and
negative (blue circles) particles for the second harmonic as a function
of centrality. Statistical (systematic) uncertainties are indicated by
vertical bars (shaded boxes).
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FIG. 9. Three-particle correlator for the second harmonic, for
positive (red squares) and negative (blue circles) particles. Statistical
(systematic) uncertainties are indicated by vertical bars (shaded
boxes).

STAR data exhibit a stronger centrality dependence than
predicted by the theoretical models invoking the CMW for
Au-Au at 200 GeV [24]. Additionally, hydrodynamical models
have been developed to attempt to explain the STAR results
without invoking the CMW [40,41]. However, no theoretical
modeling or calculations at all, regardless of mechanism, are
available for Pb-Pb collisions at

√
sNN = 2.76 TeV.

D. Differential correlator results as a function of !η

As discussed above, the definition of the three particle
differential correlator includes ⟨q3⟩1, the mean charge of the
third particle when evaluated with a selection on q1. The
quantity ⟨q3⟩1 − ⟨q3⟩ is shown as a function of !η = η1 − η3
in Fig. 8. The measurements are performed as a function
of |!η| and shown as a function of !η with the points
reflected about !η = 0. This conditional mean of q3 depends
significantly on !η and has the opposite sign when q1 is

flipped. The effect is most pronounced for !η ≈ 0 and weakest
when !η is large. When the first particle is negative, the
third particle has a slightly positive mean charge, and when
the first particle is positive, the third particle has a slightly
negative mean charge. Note that the quantity ⟨q3⟩1 − ⟨q3⟩ is
proportional to the charge balance function [33] and as such
reflects the charge correlation length.

Figure 9 shows the three-particle correlator for the second
harmonic as a function of !η. The correlator exhibits a rather
nontrivial dependence on !η: a peak with a “typical hadronic
width” of about 0.5–1 units of rapidity and a possible change
of the sign at about !η ≈ 1 (note, however, these points are
consistent with zero within the systematic uncertainties). Both
of those features qualitatively agree with possible background
contribution from local charge conservation combined with
strong radial and elliptic flow [33]. Unfortunately there exist
no predictions for this observable from the CMW.

The three-particle correlator for the third and fourth
harmonics as a function of !η is shown in Fig. 10. The strength
of the correlations is significantly reduced, by a factor about 3
in the case of the third harmonic and at least a factor of 5 for the
fourth harmonic. The fourth harmonic correlator is consistent
with zero within errors. Neglecting flow fluctuations, the
CMW expectations for higher harmonics correlators would
be zero; unfortunately there are no reliable calculations of the
effect of flow fluctuations. The (background) contribution due
to the local charge conservation should roughly scale with the
magnitude of the flow [33] and is qualitatively consistent with
the experimental results. More detailed calculations in both
scenarios, as well as more precise data, are obviously needed
for a more definitive conclusion.

V. SUMMARY AND OUTLOOK

Novel three-particle correlators have been employed in
an experimental search for the CMW. Results have been
shown for the second, third, and fourth harmonic for the
integrated correlator of the charge-dependent flow as a function
of centrality and the differential correlator as a function of
pseudorapidity separation. A clear dependence of the positive
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FIG. 10. Three-particle correlator for the third (left panel) and fourth (right panel) harmonics, for positive (red squares) and negative (blue
circles) particles. Statistical (systematic) uncertainties are indicated by vertical bars (shaded boxes).
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FIG. 9. Three-particle correlator for the second harmonic, for
positive (red squares) and negative (blue circles) particles. Statistical
(systematic) uncertainties are indicated by vertical bars (shaded
boxes).

STAR data exhibit a stronger centrality dependence than
predicted by the theoretical models invoking the CMW for
Au-Au at 200 GeV [24]. Additionally, hydrodynamical models
have been developed to attempt to explain the STAR results
without invoking the CMW [40,41]. However, no theoretical
modeling or calculations at all, regardless of mechanism, are
available for Pb-Pb collisions at

√
sNN = 2.76 TeV.

D. Differential correlator results as a function of !η

As discussed above, the definition of the three particle
differential correlator includes ⟨q3⟩1, the mean charge of the
third particle when evaluated with a selection on q1. The
quantity ⟨q3⟩1 − ⟨q3⟩ is shown as a function of !η = η1 − η3
in Fig. 8. The measurements are performed as a function
of |!η| and shown as a function of !η with the points
reflected about !η = 0. This conditional mean of q3 depends
significantly on !η and has the opposite sign when q1 is

flipped. The effect is most pronounced for !η ≈ 0 and weakest
when !η is large. When the first particle is negative, the
third particle has a slightly positive mean charge, and when
the first particle is positive, the third particle has a slightly
negative mean charge. Note that the quantity ⟨q3⟩1 − ⟨q3⟩ is
proportional to the charge balance function [33] and as such
reflects the charge correlation length.

Figure 9 shows the three-particle correlator for the second
harmonic as a function of !η. The correlator exhibits a rather
nontrivial dependence on !η: a peak with a “typical hadronic
width” of about 0.5–1 units of rapidity and a possible change
of the sign at about !η ≈ 1 (note, however, these points are
consistent with zero within the systematic uncertainties). Both
of those features qualitatively agree with possible background
contribution from local charge conservation combined with
strong radial and elliptic flow [33]. Unfortunately there exist
no predictions for this observable from the CMW.

The three-particle correlator for the third and fourth
harmonics as a function of !η is shown in Fig. 10. The strength
of the correlations is significantly reduced, by a factor about 3
in the case of the third harmonic and at least a factor of 5 for the
fourth harmonic. The fourth harmonic correlator is consistent
with zero within errors. Neglecting flow fluctuations, the
CMW expectations for higher harmonics correlators would
be zero; unfortunately there are no reliable calculations of the
effect of flow fluctuations. The (background) contribution due
to the local charge conservation should roughly scale with the
magnitude of the flow [33] and is qualitatively consistent with
the experimental results. More detailed calculations in both
scenarios, as well as more precise data, are obviously needed
for a more definitive conclusion.

V. SUMMARY AND OUTLOOK

Novel three-particle correlators have been employed in
an experimental search for the CMW. Results have been
shown for the second, third, and fourth harmonic for the
integrated correlator of the charge-dependent flow as a function
of centrality and the differential correlator as a function of
pseudorapidity separation. A clear dependence of the positive
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FIG. 10. Three-particle correlator for the third (left panel) and fourth (right panel) harmonics, for positive (red squares) and negative (blue
circles) particles. Statistical (systematic) uncertainties are indicated by vertical bars (shaded boxes).
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Current limit on the “CME fraction” is about  < 15% 
With isobars, ESE, SP/PP we will know it at the level ~ 5% 

Getting anything better than that seems to be difficult

PID?  2Nf|Q|  quark interaction? 
many-particle correlation?

“New” directions:

dQ5/dt / E ·B

Glasma: do we have long range  
correlations in rapidity? Multiparticle?
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Vorticity and polarization

Vorticity: 
✦ Intro, one page of history 
✦ Global polarization: , 

 polarization 
✦ Local, “z” polarization 
✦ Spin alignment 

Λ
Ξ, Ω
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- Spin alignment -> v2  
- Relation to single spin asymmetries?
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prediction  P ~ 0.3
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Eq. (37). Therefore we can obtain the relevant coefficient C
by integrating (A25) along the direction of P∗ taken as the z
direction, weighted by the above angular distribution:
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∫

d#,
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= 1
3

(2γ" + 1). (A27)

Using the measured [34] values for γ"− and γ"0 , the polariza-
tion transfers (which are the same as spin transfers, because
S" = S!) are

C!"− = 1
3 (2 × 0.89 + 1) = +0.927,

(A28)
C!"0 = 1

3 (2 × 0.85 + 1) = +0.900.
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o r  

(cos 0) = ~- ~p. 

It is related to the fact that the parent particle is 
polarized (p + 0) and that parity is violated in the de- 
cay (~ + 0). 

We now consider a cascade decay of the type 

E --+ A rc, A -~ N rE. 

Parity violation in E decay will induce a non-vanish- 
ing longitudinal polarization of the A (p~)=c~ z. Any 
transverse polarization of the E in its production pro- 
cess would be averaged away in its contribution to 
PA (15), taking E produced to the right and to the 
left of the incident beam. The acceptance of the experi- 
ment can be assumed not to favour one of the sides, 
even if it is not fully symmetric in azimuth. The even- 
tual decay of the A will thus show an average up- 
- down asymmetry 

u p - d o w n  1 
0~ A (X~. 

up + down 2 

The asymmetry parameters are known to be ~A = 0.64 
and ez= --0.44 respectively. One is therefore consid- 
ering a 15% effect. 

Using PC invariance, the asymmetry parameters 
change sign going from particle to antiparticle. Rela- 
tion (18) therefore also applies as such to the E---, A re, 
A ~ N ~  cascade. Only such a cascade process could 
lead to an u p - d o w n  asymmetry in A(A) decay. It 
therefore tests the relative abundance of E(E) daugh- 
ters among the A (7) sample. 

This can provide a test for the formation of a 
quark-gluon plasma in nucleus-nucleus collisions, 
which has the advantage of providing a straight yes 
or no answer [1]. 

The formation of a quark-gluon plasma is indeed 
expected to result in a strong abundance of s g pairs, 
due to the thermalization of a gluon-quark system 
above T~, with a chemical potential of u and d quarks 
imposed by the squashing nuclei [-11]. In the follow- 
ing hadronization the production of ff (3), involving 
two s quarks, should not be greatly suppressed as 
compared to that of A (7) involving only one s quark, 
as is the case in typical hadronic processes. 

If 7 is the ratio between the number of E produced 
to that of the number of antihyperons, Z and A, the 
mean u p - d o w n  asymmetry in 3 decay should be 
[10] 

u p -  down 1 7 
- - -  C~A C~z. ( 1 9 )  

(17) up+down 2  89 

One could expect 7 to be as high as 0.5 in events 
with large transverse energy where a quark-gluon 
plasma could have been formed 1-11]. The measure- 
ment should be done with 3 and with A. One expects 
the asymmetry to be more pronounced in the former 
case, since, in the latter, many of the A's should be 
mere fragments of nucleons into A K  systems. 

A sizeable asymmetry would indicate a relatively 
large abundance of Z with respect to A. This would 
be an unambiguous test of the formation of a quark- 
gluon plasma. 

One can translate the test into an effective lifetime 
test, measuring the effective lifetime of 3 and A 
through the time required (after Lorentz correction) 
for the formation of a V. If a good fraction of the 
//'s originate from ~ decays, the effective lifetime 
should be longer, since part of the A's are only gradu- 
ally produced through E decay. Here again we have 

(t8) 'a  yes or no answer. Different effective lifetimes would 
be a signature of the formation of a quark-gluon plas- 
ma. 

In the 1987 run, a new experiment in the f2' detec- 
tor will attempt to detect such a difference in effective 
lifetime. 
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The relatively large abundance of ~ expected to be a peculiar feature for the quark-gluon plasma formed in relativistic nuclear 
collisions can be readily observed by measuring the longitudinal polarization of.~ into which ~ cascades. This characteristic ~- 
signature of the quark-gluon plasma is discussed. 

In hot and dense regions of  nuclear matter there 
should be a high density of  strange particles, leading, 
inter alia, to an abundant formation of multi-strange 
baryons and antibaryons. This should be the case 
when the quark-gluon plasma phase expected for hot 
hadronic matter is formed. It has been argued [ 1 ] 
that the relative abundance of multi-strange 
antibaryons would then provide a key information 
about the formation of  a quark-gluon plasma. In 
particular, recent detailed calculations [2] suggest 
that the abundance of anticascades ~ (~Cl) is enriched 
to about half the abundance of antihyperons Y(g~l~l). 
This prediction may be compared to the ~ /Y ratio 
seen in standard hadronic reactions, which, at 
x/~= 63 GeV is only 0.06 _+ 0.02 in the central rapid- 
ity region [ 3]. Thus the quark-gluon plasma state 
would yield a ratio up to ten times greater. This ratio 
would be a rather characteristic feature of  this new 
state of  matter and it is very desirable to measure its 
value in central nuclear collisions as a function of 
rapidity (and transverse momentum) .  The parallel 
ratio ~r/lq is 0.27 _+ 0.02 when measured in the same 
experiment at ISR [ 3 ], while detailed quark-gluon 
plasma calculations [2] predict ?/lql p, . . . .  ~ 1 + 0.2. 
We thus see that the ~./~i" ratio is even a more specific 
observable than the Y/lq ratio. We argue that it pro- 
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:~ The different experiments presently using the oxygen beam 
provided by the SPS are presented in ref. [5]. NA35 is better 
suited for hyperon study. 
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vides a simple signature and the more so since the 
ISR ratios are certainly upper l imi ts  for those at 
x/~= 20 GeV, relevant to the oxygen run at CERN 
[4] ~j. However, the -~/Y ratio seems more difficult 
to establish experimentally. We show in this paper 
how the measurement of the longitudinal A polari- 
zation should easily allow one to establish the ratio 
of-~/Y abundances. We also give prescriptions for its 
measurement as well as predictions concerning the 
magnitude of the expected effect. We assume that the 
detector permits the observation and measurement 
of  the charged decay "V"s of the neutral A particles. 
The decaying A particles originate in part in the 
(rapid) electromagnetic decays of the ~o particles as 
well as from the weak decays of-~ o, ,~ - .  All anticas- 
cades ultimately become A, while only half of  all 
antihyperons Y will be in the A-decay chain, of  which 
64.2% are giving the typical "V" decay pattern. 
Assuming full acceptance for the "visual" detector 
for all "V"s, the total sample of  all seen "V"-events 
is 

Nv = 0.642Y( ½ +.~/Y) (1) 

and, should the abundance ratio -=/Y~ 1/2, we see 
that half of  the observed "V"s would be associated 
with the primordial -~ abundance. 

The central point of this paper is the profound dif- 
ference in the polarization of the A descending from 
the weak ~ decays. The weak decay polarizes the A- 
spin longitudinally, the mean value of its helicity 
being given by the decay asymmetry parameter o~v.. 
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Polarization four-vector in the LAB frame

At first order in the gradients:
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Same formula obtained with a perturbative expansion of the solution of the Wigner function 
e.o.m. in
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Polarization of fermions in a vorticular fluid
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Fermions become polarized in a vorticular fluid due to spin-vorticity coupling. Such a polarization
can be calculated from the Wigner function in a quantum kinetic approach. Extending previous
results for chiral fermions, we derive the Wigner function for massive fermions up to the next-to-
leading order in spatial gradient expansion. The polarization density of fermions can be calculated
from the axial vector component of the Wigner function and is found to be proportional to the local
vorticity ω. The polarizations per particle for fermions and anti-fermions decrease with the chemical
potential and increase with energy (mass). Both quantities approach the asymptotic value !ω/4
in the large energy (mass) limit. The polarization per particle for fermions is always smaller than
that for anti-fermions, whose ratio of fermions to anti-fermions also decreases with the chemical
potential. The polarization per particle on the Cooper-Frye freeze-out hyper-surface can also be
formulated and is consistent with the previous result of Becattini et al..

I. INTRODUCTION

In non-central high-energy heavy-ion collisions, the large orbital angular momentum present in the colliding system
can lead to non-vanishing local vorticity in the hot and dense fluid [1–6]. The vorticity induced by global orbital
angular momentum in the fluid can be considered as local rotational motion of particles [3, 4, 7, 8]. It is closely
related to the rapidity dependence of the v1 flow and shear of the longitudinal flow velocity inside the reaction plane
[5, 9, 10].

As a result of spin-orbital coupling, quarks and anti-quarks can become polarized along the normal direction of the
reaction plane [1, 2, 5]. Through hadronization of polarized quarks and anti-quarks, hyperons can also be polarized in
the same direction in the final state [1, 2, 11]. Measurements of such global hyperon polarization is feasible through
the parity-violating decay of hyperons [12, 13]. Such measurements will shed light on properties of the vorticular
structures of the strongly coupled quark-gluon plasma (sQGP) in high-energy heavy-ion collisions.

Quark and anti-quark polarization in a vorticular fluid is also closely related to the Chiral Magnetic and Vortical
Effects [14–19]. From the solutions of Wigner functions for chiral or massless fermions in a quantum kinetic approach
one can derive the axial current jµ5 = ρ5uµ+ξ5ωµ+ξB5 Bµ, where ρ5 is the axial charge density, uµ is the fluid velocity,
ωµ ≡ 1

2ϵ
µσαβuσ∂αuβ is the vorticity 4-vector, and Bµ = 1

2ϵ
µνλσuνFλσ is the 4-vector of the magnetic field with Fλρ

being the strength tensor of the electromagnetic field. The coefficients ξ5 and ξB5 are all functions of temperatures
and chemical potentials µ and µ5 [19]. In a three-flavor quark matter with u, d and s quarks and their anti-quarks,
ξB5 = 0. In other words, the axial current in a three-flavor quark matter is blind to the magnetic field and solely
induced by the vorticity. Such an axial current leads to the Local Polarization Effect [19] which is also connected to
the spin-vorticity coupling for chiral or massless fermions [20].

In this paper, we will extend our Wigner function method for massless fermions to massive ones and formulate the
polarization of massive fermions induced by vorticity. In Section II, we will give a brief introduction to the Wigner
function method and derive the equations for the Wigner function components for massive fermions based on Ref.
[21, 22]. The Wigner function components can be determined perturbatively by gradient expansion. In Section III,
we will derive the Wigner function at the leading order by definition. Using the projection method we can extract
each component of the Wigner function at the leading order. We will propose the first order solution for the axial
vector component in Section IV by extending the solution for massless fermions. In Section V, we will show that the
axial vector component can be regarded as the spin density in phase space. We can obtain the polarization density
after completion of momentum integration of the axial vector component in Section VI. We will also formulate the
fermion polarization on the freezeout hypersurface by extending the Cooper-Frye formula. We will give a summary
of the results in the final section.

We adopt the same sign conventions for fermion charge Q as in Refs. [19, 20, 22, 23], and the same sign convention
for the axial vector Aµ ∼

〈

ψ̄γµγ5ψ
〉

as in Resf. [19, 20, 23] but different sign convention from Ref. [22].
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One can write the relation between T -vorticity and kine-
matical vorticity by expanding the definition (5):

!µν = 1
2

[
(∂νT )uµ − (∂µT )uν

]
+ Tωµν,

implying that the double-transverse projection of !,

%µρ%νσ !ρσ ≡ !%
µν = Tω%

µν .

Hence, the tensor ω% shares the same conservation proper-
ties of !%, namely it vanishes at all times if it is vanishing
at the initial time. Conversely, the mixed projection of the
kinematical vorticity,

uρωρσ %σν = 1
2
Aσ ,

does not. It then follows that for an ideal uncharged fluid with
ω% = 0 at the initial time, the kinematical vorticity is simply

ωµν = 1
2
(Aµuν − Aνuµ). (9)

2.3 The thermal vorticity

This is defined as [13]:

ϖµν = 1
2
(∂νβµ − ∂µβν) (10)

where β is the temperature four-vector. This vector is defined
as (1/T )uonce a four-velocity u, that is a hydrodynamical
frame, is introduced, but it can also be taken as a primordial
quantity to define a velocity through u≡ β/

√
β2 [16]. The

thermal vorticity features two important properties: it is adi-
mensional in natural units (in cartesian coordinates) and it
is the actual constant vorticity at the global equilibrium with
rotation [17] for a relativistic system, where β is a Killing
vector field whose expression in Minkowski space–time is
βµ = bµ +ϖµνxν , b and ϖ being constant. In this case the
magnitude of thermal vorticity is – with the natural constants
restored – simply h̄ω/kBT where ω is a constant angular
velocity. In general (replacing ω with the classical vortic-
ity defined as the curl of a proper velocity field) it can be
readily realized that the adimensional thermal vorticity is a
tiny number for most hydrodynamical systems, though it can
be significant for the plasma formed in relativistic nuclear
collisions.

Furthermore, the thermal vorticity is responsible for the
local polarization of particles in the fluid according to the
formula [12]

*µ(x, p) = −1
8
ϵµρστ (1 − nF )ϖρσ pτ

m
, (11)

which applies to spin 1/2 fermions, nF being the Fermi–
Dirac–Juttner distribution function,

nF = 1
eβ(x)·p−µ/T + 1

. (12)

Similarly to the previous subsection, one can readily
obtain the relation between T -vorticity and thermal vorticity:

ϖµν = 1
2T 2

[
(∂µT )uν − (∂νT )uµ

]
+ 1

T 2 !µν . (13)

Again, the double-transverse projection of ϖ is proportional
to the one of !:

%µρ%νσ ϖρσ ≡ ϖ%
µν = 1

T 2 !%
µν = 1

T
ω%,

whereas the mixed projection turns out to be, using Eq. (13),

uρϖρσ %σν = 1
2T 2 ∇νT + Aν

2T
.

Again, for an ideal uncharged fluid with ω% = 0 at the initial
time, by using the equations of motion (6), one sees that the
above projection is just Aν/T and that the thermal vorticity
is simply

ϖµν = 1
T
(Aµuν − Aνuµ). (14)

A common feature of the kinematical and thermal vorticity
is that their purely spatial components can be non-vanishing
if the acceleration and velocity field are non-parallel, even
though velocity is vanishing at the beginning.

3 High energy nuclear collisions

In nuclear collisions at very large energy, the QCD plasma is
an almost uncharged fluid. Therefore, according to previous
section’s arguments, in the ideal fluid approximation, if the
transversely projected vorticity tensor ω% initially vanishes,
so will the transverse projection !% and ϖ% and the kine-
matical and thermal vorticities will be given by the formu-
las (9) and (14), respectively. Indeed, the T -vorticity ! will
vanish throughout because also its longitudinal projection-
vanishes according to Eq. (6). This is precisely what hap-
pens for the usually assumed BIC for the flow at τ0, that is
ux = uy = uη = 0, where one has ω% = 0 at the beginning
as it can be readily realized from the definition (1). On the
other hand, for a viscous uncharged fluid, transverse vortic-
ities can develop even if they are zero at the beginning.

It should be noted, though, that even if the space–space
components (x, y, η indices) of the kinematical vorticity ten-
sor vanish at the initial Bjorken time τ0, they can develop at
later times even for an ideal fluid if the spatial parts of the
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FIG. 5. The global hyperon polarization as a function of collision energy. Results are compared with the STAR data at lower energies
[10,11]. The insert shows zoomed-in comparison with the data at the top RHIC energy. The systematic uncertainties are shown as shaded
boxes. Points are slightly shifted along the horizontal axis for better visibility.

distribution. Using the method described in Refs. [25,42]
the corresponding relative uncertainty was estimated to be
about 10% independent of centrality. This uncertainty comes
primarily from the admixture of the higher-order harmonics
when hyperon pT ! 2 GeV/c.

A detailed study was performed for the evaluation of the
systematic uncertainties of R(1)

SP as well as for the evaluation
of the difference between the two neutron ZDC detectors. The
correlations between the flow vectors from different detectors,
including TPC and pairs of ZDC, V0, FMD detectors were
studied. The contribution to the total systematic uncertainties
due to the R(1)

SP extraction were found to be at a level of a few
percentages.

IV. RESULTS

Figures 3 and 4 show the measured hyperon global polar-
ization PH as a function of centrality and hyperon transverse
momentum, pT , in Pb-Pb collisions for two collision energies.
The results from 2010 and 2011 data samples were combined
accounting for the corresponding statistical and systematic
uncertainty. At RHIC energies, the global polarization ex-

hibited a clear centrality dependence with three times large
magnitude in peripheral collisions compared to that in central,
while no significant pT dependence within the accessible pT
range was observed [11]. The PH at the LHC is found to be
consistent with zero within the experimental uncertainties for
all studied centrality classes (Fig. 3) and pT ranges (Fig. 4).
By repeating a similar analysis, no signal signal was observed
as a function of rapidity either.

The average global polarization for two centrality ranges,
5–15% and 15–50%, are presented in Fig. 5, while numerical
values are reported in Table II. Figure 5 also presents the
comparison with the STAR data [10,11] for lower collision en-
ergies. Despite large uncertainties, the ALICE measurements
confirm the trend of the global polarization decreasing with
increasing collision energy.

Assuming the same values of the global polarization for
! and ! and neglecting the possible difference of about
30% (according to the empirical estimates discussed above)
between the two LHC energies, one can average all four
ALICE data points for 15–50% centrality, where the largest
signal is expected. This yields a value ⟨PH ⟩(%) ≈ 0.01 ±
0.06 (stat.) ± 0.03 (syst.) for 15–50% centrality, which is

TABLE II. The global polarization of ! and ! hyperons in Pb-Pb collisions at
√

sNN = 2.76 TeV and 5.02 TeV for centrality ranges
5–15% and 15–50%.

√
sNN Centrality P! (%) P! (%)

2.76 TeV 5–15% 0.01 ± 0.13 (stat.) ± 0.04 (syst.) 0.09 ± 0.13 (stat.) ± 0.08 (syst.)
15–50% 0.08 ± 0.10 (stat.) ± 0.04 (syst.) −0.05 ± 0.10 (stat.) ± 0.03 (syst.)

5.02 TeV 5–15% 0.08 ± 0.18 (stat.) ± 0.08 (syst.) −0.07 ± 0.18 (stat.) ± 0.03 (syst.)
15–50% −0.13 ± 0.11 (stat.) ± 0.04 (syst.) 0.14 ± 0.12 (stat.) ± 0.03 (syst.)

Average 15–50% ⟨PH ⟩(%) ≈ 0.01 ± 0.06 (stat.) ± 0.03 (syst.)

044611-6

LHC18 data, in progress 
Stat. errors ~30%  
smaller

Several model have rather satisfactory description 
of the energy dependence

Empirically the energy dependence follows closely 
 dependence. predicting polarization values  

at LHC about 3 to 6 times smaller than at top RHIC energy
dv1/dη
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FIG. 5. (Color online) Charged particle “conventional” (left) and “fluctuation” (right) components of directed flow v1 and
momentum shift ⟨px⟩/⟨pT ⟩ as a function of η in 10%-40% centrality for Cu+Au, Au+Au, and Pb+Pb collisions. Thick solid
and dashed lines show the hydrodynamic model calculations with η/s=0.08 and 0.16, respectively, for Cu+Au collisions [31].
Thin lines in the left panel show a linear fit to the data.

not reproduce neither the magnitude of the directed flow485

nor its pseudorapidity dependence.486

The even component of directed flow, veven1 , in Au+Au487

does not depend on pseudorapidity (within error-bars)488

and is very similar in magnitude to veven1 in Pb+Pb col-489

lision at LHC energies. The pevenx in both Au+Au and490

Pb+Pb collisions is consistent with zero, which indicates491

zero net transverse momentum in the systems. This492

agrees with the expectation that the even component of493

v1 originates from event-by-event fluctuations of the ini-494

tial density. The magnitude of vfluc1 in Cu+Au is larger495

than that of veven1 in Au+Au. This would be due either to496

larger initial density fluctuations in Cu+Au collisions or497

to stronger correlations between the spectator and dipole498

fluctuation planes.499

The results presented in Figs. 4–5, and in particular a500

positive intercept of v1(η) and negative intercept of ⟨px⟩,501

are consistent with a picture of directed flow in Cu+Au502

collisions as a superposition of that from a tilted source503

(shifted in rapidity to the system center-of-mass rapid-504

ity) and dipole flow due to non-zero average density gra-505

dients. Compared to the v1(η) dependence in symmetric506

collisions, the first mechanism shifts the function toward507

negative rapidities, and the second moves the entire func-508

tion up (note that the Cu nucleus is defined as the pro-509

jectile) as shown in Fig. 1(a-b). This picture receives fur-510

ther support from the study of the centrality dependence511

of the corresponding slopes and intercepts presented in512

Fig. 6. Very similar slopes of v1 and ⟨px⟩/⟨pT ⟩ would be513

a natural consequence of a tilted source. The intercepts514

of ⟨px⟩ follow very closely the shift in rapidity center-of-515

mass of the system shown with the solid line in Fig. 6(b),516

which was calculated by a Monte-Carlo Glauber model517

based on the ratio of Au and Cu participant nucleons,518

yCM ∼ 1

2
ln(NAu

part/N
Cu
part). (12)

The centrality dependence of v1 intercept (more exactly,519

in this picture the difference in v1 and ⟨px⟩ intercepts)520

in Fig. 6(d) would be mostly determined by the decorre-521

lations between the dipole flow direction, Ψ1.3, and the522

reaction (spectator) planes.523524

The slopes of vodd(conv)1 and ⟨pconvx ⟩/⟨pT ⟩, Fig. 5, agree525

within 10% both in Au+Au and Cu+Au collisions. In526

Pb+Pb collisions the v1 slope is almost a factor of two527

larger than that of ⟨pconvx ⟩/⟨pT ⟩. This clearly indicates528

that both mechanisms, “tilted source” (for which one529

would expect the slope of ⟨pconvx ⟩/⟨pT ⟩ to be about 50%530

larger than that of vodd(conv)1 , see Appendix), and ini-531

tial density asymmetries (for which ⟨pconvx ⟩ = 0), play532

a significant role in formation of the directed flow even533

in symmetric collisions. The relative contribution of the534

! For mid-central collisions (20% - 40%) tilted source  
contribution is about 2/3, its fraction increases in 
more peripheral collisions. 

! At LHC energies “tilted sources” contribution is  
smaller, about 1/3

→ polarization at LHC ~ 1/6 of that at RHIC 200 GeV

 - fraction of “tilted source” contribution to αts v1
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Good description of directed flow  
requires accounting for vorticity!

According to this naive “extrapolation” yield  
polarization at LHC about 1/3 of that 
at highest RHIC energy

But, the directed flow has different components…  
“tilted source”, ‘dipole flow”… 

Slope, dv1/dη proportional to ? ω
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FIG. 5. The global hyperon polarization as a function of collision energy. Results are compared with the STAR data at lower energies
[10,11]. The insert shows zoomed-in comparison with the data at the top RHIC energy. The systematic uncertainties are shown as shaded
boxes. Points are slightly shifted along the horizontal axis for better visibility.

distribution. Using the method described in Refs. [25,42]
the corresponding relative uncertainty was estimated to be
about 10% independent of centrality. This uncertainty comes
primarily from the admixture of the higher-order harmonics
when hyperon pT ! 2 GeV/c.

A detailed study was performed for the evaluation of the
systematic uncertainties of R(1)

SP as well as for the evaluation
of the difference between the two neutron ZDC detectors. The
correlations between the flow vectors from different detectors,
including TPC and pairs of ZDC, V0, FMD detectors were
studied. The contribution to the total systematic uncertainties
due to the R(1)

SP extraction were found to be at a level of a few
percentages.

IV. RESULTS

Figures 3 and 4 show the measured hyperon global polar-
ization PH as a function of centrality and hyperon transverse
momentum, pT , in Pb-Pb collisions for two collision energies.
The results from 2010 and 2011 data samples were combined
accounting for the corresponding statistical and systematic
uncertainty. At RHIC energies, the global polarization ex-

hibited a clear centrality dependence with three times large
magnitude in peripheral collisions compared to that in central,
while no significant pT dependence within the accessible pT
range was observed [11]. The PH at the LHC is found to be
consistent with zero within the experimental uncertainties for
all studied centrality classes (Fig. 3) and pT ranges (Fig. 4).
By repeating a similar analysis, no signal signal was observed
as a function of rapidity either.

The average global polarization for two centrality ranges,
5–15% and 15–50%, are presented in Fig. 5, while numerical
values are reported in Table II. Figure 5 also presents the
comparison with the STAR data [10,11] for lower collision en-
ergies. Despite large uncertainties, the ALICE measurements
confirm the trend of the global polarization decreasing with
increasing collision energy.

Assuming the same values of the global polarization for
! and ! and neglecting the possible difference of about
30% (according to the empirical estimates discussed above)
between the two LHC energies, one can average all four
ALICE data points for 15–50% centrality, where the largest
signal is expected. This yields a value ⟨PH ⟩(%) ≈ 0.01 ±
0.06 (stat.) ± 0.03 (syst.) for 15–50% centrality, which is

TABLE II. The global polarization of ! and ! hyperons in Pb-Pb collisions at
√

sNN = 2.76 TeV and 5.02 TeV for centrality ranges
5–15% and 15–50%.

√
sNN Centrality P! (%) P! (%)

2.76 TeV 5–15% 0.01 ± 0.13 (stat.) ± 0.04 (syst.) 0.09 ± 0.13 (stat.) ± 0.08 (syst.)
15–50% 0.08 ± 0.10 (stat.) ± 0.04 (syst.) −0.05 ± 0.10 (stat.) ± 0.03 (syst.)

5.02 TeV 5–15% 0.08 ± 0.18 (stat.) ± 0.08 (syst.) −0.07 ± 0.18 (stat.) ± 0.03 (syst.)
15–50% −0.13 ± 0.11 (stat.) ± 0.04 (syst.) 0.14 ± 0.12 (stat.) ± 0.03 (syst.)

Average 15–50% ⟨PH ⟩(%) ≈ 0.01 ± 0.06 (stat.) ± 0.03 (syst.)
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Fig. 1. Magnetic field for static medium with Ohmic conductivity, σOhm.

The decay of the conductivity owing to expansion of the medium can only decrease the life-
time of the magnetic field and thus will not be considered here. Our simulations are done for
Au–Au collisions at energy

√
s = 200 GeV and fixed impact parameter b= 6 fm. In Fig. 1 we

show time evolution of the magnetic field in the origin x⃗ = 0 as a function of the electric con-
ductivity σOhm. The results show that the lifetime of the strong magnetic field (eB > m2

π ) is not
affected by the conductivity, if one uses realistic values obtained in Ref. [5].

4. Energy dependence

In the previous section, we established that for realistic values of the conductivities the elec-
tromagnetic fields in heavy-ion collisions are almost unmodified by the presence of the medium.
Thus one can safely use the magnetic field generated by the original protons only. This magnetic
field can be approximated as follows

eB(t, x⃗ = 0) = 1
γ

cZ

t2 + (2R/γ )2 , (18)

where Z is the number of protons, R is the radius of the nuclei, γ is the Lorentz factor and, finally,
c is some non-important numerical coefficient. We are interested on the effect of the magnetic
field on the matter, otherwise the magnetic field does not contribute to photon production. Thus
we need to compute the magnetic field at the time tm, characterizing matter formation time.
On the basis of a very general argument, one would expect that tm = aQ− 1

s . Here we assumed
that the Color Glass Condensate (CGC) provides an appropriate description of the early stage
of heavy ion collisions, namely Qs ≪ ΛQCD; in the CGC framework, owing to the presence of
only one dimensional scale, the matter formation time is inversely proportional to the saturation
scale. We also note that if the formation time for a particle is much less than this, the magnetic
field has a correspondingly larger effect, as the magnetic field is biggest at early times. The
phenomenological constraints from photon azimuthal anisotropy at the top RHIC energy demand
tm ≈2R/γRHIC, i.e. a = 2RQRHIC

s /γRHIC. Using this relation, we can estimate the magnitude of

RHIC 
200 GeV

RHIC 
BES LHC

Assumption: thermal equilibrium
Significant limits on the magnetic field at freeze-out  
(time ~ 10 - 15 fm? )
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distribution. Using the method described in Refs. [25,42]
the corresponding relative uncertainty was estimated to be
about 10% independent of centrality. This uncertainty comes
primarily from the admixture of the higher-order harmonics
when hyperon pT ! 2 GeV/c.

A detailed study was performed for the evaluation of the
systematic uncertainties of R(1)

SP as well as for the evaluation
of the difference between the two neutron ZDC detectors. The
correlations between the flow vectors from different detectors,
including TPC and pairs of ZDC, V0, FMD detectors were
studied. The contribution to the total systematic uncertainties
due to the R(1)

SP extraction were found to be at a level of a few
percentages.

IV. RESULTS

Figures 3 and 4 show the measured hyperon global polar-
ization PH as a function of centrality and hyperon transverse
momentum, pT , in Pb-Pb collisions for two collision energies.
The results from 2010 and 2011 data samples were combined
accounting for the corresponding statistical and systematic
uncertainty. At RHIC energies, the global polarization ex-

hibited a clear centrality dependence with three times large
magnitude in peripheral collisions compared to that in central,
while no significant pT dependence within the accessible pT
range was observed [11]. The PH at the LHC is found to be
consistent with zero within the experimental uncertainties for
all studied centrality classes (Fig. 3) and pT ranges (Fig. 4).
By repeating a similar analysis, no signal signal was observed
as a function of rapidity either.

The average global polarization for two centrality ranges,
5–15% and 15–50%, are presented in Fig. 5, while numerical
values are reported in Table II. Figure 5 also presents the
comparison with the STAR data [10,11] for lower collision en-
ergies. Despite large uncertainties, the ALICE measurements
confirm the trend of the global polarization decreasing with
increasing collision energy.

Assuming the same values of the global polarization for
! and ! and neglecting the possible difference of about
30% (according to the empirical estimates discussed above)
between the two LHC energies, one can average all four
ALICE data points for 15–50% centrality, where the largest
signal is expected. This yields a value ⟨PH ⟩(%) ≈ 0.01 ±
0.06 (stat.) ± 0.03 (syst.) for 15–50% centrality, which is

TABLE II. The global polarization of ! and ! hyperons in Pb-Pb collisions at
√

sNN = 2.76 TeV and 5.02 TeV for centrality ranges
5–15% and 15–50%.

√
sNN Centrality P! (%) P! (%)

2.76 TeV 5–15% 0.01 ± 0.13 (stat.) ± 0.04 (syst.) 0.09 ± 0.13 (stat.) ± 0.08 (syst.)
15–50% 0.08 ± 0.10 (stat.) ± 0.04 (syst.) −0.05 ± 0.10 (stat.) ± 0.03 (syst.)

5.02 TeV 5–15% 0.08 ± 0.18 (stat.) ± 0.08 (syst.) −0.07 ± 0.18 (stat.) ± 0.03 (syst.)
15–50% −0.13 ± 0.11 (stat.) ± 0.04 (syst.) 0.14 ± 0.12 (stat.) ± 0.03 (syst.)

Average 15–50% ⟨PH ⟩(%) ≈ 0.01 ± 0.06 (stat.) ± 0.03 (syst.)
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VORTICITY IN HEAVY-ION COLLISIONS PHYSICAL REVIEW C 93, 064907 (2016)

FIG. 9. The double-averaged vorticity ⟨ω̄2y ⟩ in Au + Au colli-
sions calculated based on v2 as a function of spacetime rapidity at
various collision energies. The proper time is fixed to be τ0 = 0.4 fm.

√
s = 200 GeV and LHC Pb + Pb collisions at

√
s =

2.76 TeV, where ψω is the azimuthal direction of the space-
averaged vorticity, ω̄2, based on v2 (calculations based on
other definitions of the vorticity and velocity show very
similar results). The histograms have approximate Gaussian
shapes centered at ψω −ψ2 = π/2, with the corresponding
variance widths very large for b= 3 fm and relatively small at
b= 10 fm. This shows that for central collisions the azimuthal
direction of the vorticity suffers from strong event-by-event
fluctuation, which efficiently kills the correlation between ψω

and ψ2; for noncentral collisions there is indeed a significant
correlation between the two, although suppressed by the
fluctuation as well. We now turn to more quantitative measures
of the correlation between ψω and ψ2.

F. Azimuthal correlation between vorticity and
participant plane

To reveal the azimuthal correlation between the vorticity
and the participant plane, more quantitatively, we define the
following two correlations,

R1 = ⟨cos[2(ψω −ψ2)]⟩, (5.3)

R2 = 1
⟨ω̄2⟩

⟨ω̄2 cos[2(ψω −ψ2)]⟩, (5.4)

where ⟨· · · ⟩ denotes the event average. Similar quantities were
used to study the azimuthal correlations between the magnetic

field and the participant plane; see Ref. [56,57]. If there is
no correlation between the magnitude of the vorticity and its
azimuthal direction, R2 should be reduced to R1.

Before showing the numerical results for R1 and R2, we
discuss first the physical significance of them. We take the
chiral vortical effect (CVE) as an example; other vorticity-
induced effects can be similarly analyzed. The CVE can induce
a baryon number separation along the direction of the vorticity
which can be measured through the baryon-number-dependent
two-particle correlation,

γαβ = ⟨cos(φα + φβ − 2ψ2)⟩, (5.5)

where α (and β) labels the baryon number of the measured
particle, i.e., whether the measured particle is a baryon or
antibaryon, and φα is the corresponding azimuthal angle.
The CVE can induce a special term into the two-particle
distribution function of the measured hadrons,

f CVE
αβ ∝ ω2 cos(φα −ψω) cos(φβ −ψω). (5.6)

This, in turn, translates into the form

f CVE
αβ ∝ ω2

2
cos(φα −φβ)

+ ω2

2
cos[2(ψω −ψ2)] cos(φα + φβ − 2ψ2)

− ω2

2
sin[2(ψω −ψ2)] sin(φα + φβ − 2ψ2), (5.7)

from which we can extract the correlation γαβ as

γαβ ∝ ⟨ω2 cos[2(ψω −ψ2)]⟩. (5.8)

So if the vorticity is perfectly perpendicular to the participant
plane, we would have that γαβ is proportional to ω2. However,
as we have seen from the preceding section, this is not the case;
the event-by-event azimuthal fluctuation of ω will provide a
suppression factor given by R2.

The correlations R1 and R2 for both RHIC Au + Au
collisions and LHC Pb + Pb collisions are presented in
Figs. 14 and 15. The vorticity fields are calculated based on
velocity v2; but the results based on velocity v1 are qualitatively
the same. Evidently, the correlation between ψω and ψ2 is
suppressed comparing to the ideal case without fluctuation, i.e.,
ψω −ψ2 = π/2. Both R1 and R2 are significantly suppressed
in the most central and most peripheral cases (indicating no

FIG. 10. The event-averaged helicities v · ω1 and v · ω2 along the y axis. Different curves correspond to different definitions of the vorticity
and velocity fields.
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a strong pT dependence. One might expect a decrease of the
polarization at lower pT due to the smearing effect caused by
scattering at the later stage of the collisions, and/or a decrease
of polarization at higher pT because of a larger contribution
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that the data points for !̄ are slightly shifted for visibility.

from jet fragmentation, but it is difficult to discuss such effects
given the current experimental uncertainties. Calculations for
primary ! from a hydrodynamic model with two different
initial conditions (ICs) [44] are compared to the data. The pT

dependence of the polarization slightly depends on the initial
conditions, i.e., Glauber IC with the initial tilt of the source
[8,9] and the initial state from the UrQMD model [45]. The
UrQMD IC includes a preequilibrium phase which leads to
the initial flow, but the Glauber IC does not include it, and the
initial energy density profile is different between the two ICs,
both of which would affect the initial angular momentum. The
data are closer to the UrQMD IC but on average are slightly
higher than the calculations.

Figure 7 presents the pseudorapidity dependence of the
polarization for ! and !̄. It is consistent with being constant
within uncertainties. The vorticity is expected to decrease
at large rapidities but might also have a local minimum at
η = 0 due to complex shear flow structure [15,43,46]. Due
to baryon transparency at higher collision energy and the
event-by-event fluctuations in the participant center-of-mass,
such a dependence might be difficult to observe within the
acceptance of the STAR detector.

As mentioned in the Introduction, the vorticity might be
also related to anomalous chiral effects [19]. In addition to
the contribution from the chiral vortical effect discussed in
Ref. [18], the axial current J5 can be generated in the medium
with nonzero vector chemical potential µv by the magnetic
field B (J5 ∝ eµvB) via the chiral separation effect [47]. Note
that J5 points along the magnetic field in the case of eµv > 0
(where e is the particle electric charge) but is opposite for
eµv < 0. Since the directions of the magnetic field and the ini-
tial angular momentum of the system are parallel, an additional
contribution by J5 to the polarization might be observed, i.e.,
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FIG. 6. Polarization of ! and !̄ as a function of pT for the
20%–60% centrality bin in Au+Au collisions at

√
s

NN
= 200 GeV.

Open boxes and vertical lines show systematic and statistical uncer-
tainties, respectively. Hydrodynamic model calculations for ! with
two different IC are compared. Note that the data points for !̄ are
slightly shifted for visibility.

  η
1− 0.5− 0 0.5 1

 [%
] 

H
P

0

0.5

1

Λ

Λ

 = 200 GeVNNsSTAR Au+Au 

<6 GeV/c
T

20%-60%, 0.5<p

FIG. 7. Polarization of ! and !̄ as a function of η for the 20–60%
centrality bin in Au+Au collisions at

√
s

NN
= 200 GeV. Open boxes

and vertical lines show systematic and statistical uncertainties. Note
that the data points for !̄ are slightly shifted for visibility.

from jet fragmentation, but it is difficult to discuss such effects
given the current experimental uncertainties. Calculations for
primary ! from a hydrodynamic model with two different
initial conditions (ICs) [44] are compared to the data. The pT

dependence of the polarization slightly depends on the initial
conditions, i.e., Glauber IC with the initial tilt of the source
[8,9] and the initial state from the UrQMD model [45]. The
UrQMD IC includes a preequilibrium phase which leads to
the initial flow, but the Glauber IC does not include it, and the
initial energy density profile is different between the two ICs,
both of which would affect the initial angular momentum. The
data are closer to the UrQMD IC but on average are slightly
higher than the calculations.

Figure 7 presents the pseudorapidity dependence of the
polarization for ! and !̄. It is consistent with being constant
within uncertainties. The vorticity is expected to decrease
at large rapidities but might also have a local minimum at
η = 0 due to complex shear flow structure [15,43,46]. Due
to baryon transparency at higher collision energy and the
event-by-event fluctuations in the participant center-of-mass,
such a dependence might be difficult to observe within the
acceptance of the STAR detector.

As mentioned in the Introduction, the vorticity might be
also related to anomalous chiral effects [19]. In addition to
the contribution from the chiral vortical effect discussed in
Ref. [18], the axial current J5 can be generated in the medium
with nonzero vector chemical potential µv by the magnetic
field B (J5 ∝ eµvB) via the chiral separation effect [47]. Note
that J5 points along the magnetic field in the case of eµv > 0
(where e is the particle electric charge) but is opposite for
eµv < 0. Since the directions of the magnetic field and the ini-
tial angular momentum of the system are parallel, an additional
contribution by J5 to the polarization might be observed, i.e.,
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Feed-down and polarization transfer

36

CΛR : coefficient of spin transfer from parent R to Λ 
SR   : parent particle’s spin  
µR  : magnetic moment of particle R

Primary Λ polarization is diluted by 15%-20% (model-dependent) 
This also suggests that the polarization of daughter particles  
can be used to measure the polarization of its parent! e.g. Ξ, Ω

S⇤
⇤ = CS⇤

R• ~60% of measured Λ are feed-down from Σ*→Λπ, Σ0→Λγ, Ξ→Λπ 
• Polarization of parent particle R is transferred to its daughter Λ 

(Polarization transfer could be negative!)
6

where  (1)
EP is the first harmonic (directed flow) event

plane (e.g. determined by the deflection of projectile

spectators) and R
(1)
EP is the corresponding event plane

resolution (see Ref. [11] for the discussion of the detector
acceptance e↵ects).

It should be pointed out that in relativistic heavy ion
collisions the electromagnetic field may also play a role
in determining the polarization of produced particles. If
we keep the assumption of local thermodynamic equilib-
rium, one can apply the formulae (30), (31). However,
as yet, it is not clear if the spin degrees of freedom will
respond to a variation of thermal vorticity as quickly as
to a variation of the electromagnetic field. If the relax-
ation times were sizeably di↵erent, one would estimate
thermal vorticity and magnetic field from the measured
polarization (see Section VI) at di↵erent times in the pro-
cess. The magnetic moments of particles and antiparti-
cles have opposite signs, so the e↵ect of the electromag-
netic field is a splitting in global polarization of particles
and antiparticles. Particularly, the ⇤ magnetic moment
is µ⇤ ⇡ �0.61µN = �0.61e/(2mp) [33] and, under the
assumption above, one can take advantage of a di↵er-
ence in the polarization of primary ⇤s and ⇤̄s (i.e. those
emitted directly at hadronization) to estimate the (mean
comoving) magnetic field:

eB ⇡ ��P
prim

mpT/0.61 (34)

where mp is the proton mass, and �P
prim ⌘ P

prim
⇤ �

P
prim

⇤
is the di↵erence in polarization of primary ⇤ and

⇤. An (absolute) di↵erence in the polarization of pri-
mary ⇤’s of of 0.1% then would correspond to a mag-
netic field of the order of ⇠ 10�2

m
2
⇡, well within the

range of theoretical estimates [36–38]. However, we warn
that equation 34 should not be applied to experimental
measurements without a detailed accounting for polar-
ized feed-down e↵ects, which are discussed in Section VI.

Finally, we note that a small di↵erence between ⇤ and
⇤̄ polarization could also be due to the finite baryon
chemical potential making the factor (1�nF ) in eq. (20)
di↵erent for particles and antiparticles; this Fermi statis-
tics e↵ect might be relevant only at low collision energies.

V. SPIN ALIGNMENT OF VECTOR MESONS

The global polarization of vector mesons, such as � or
K

⇤, can be accessed via the so-called spin alignment [39,
40]. Parity is conserved in the strong decays of those
particles and, as a consequence, the daughter particle
distribution is the same for the states Sz = ±1. In fact,
it is di↵erent for the state Sz = 0, and this fact can be
used to determine a polarization of the parent particle.
By referring to eq. (12), in the thermal approach the
deviation of the probability for the state Sz = 0 from
1/3, is only of the second order in $:

p0 =
1

1 + 2 cosh$c
⇡ 1

3 +$2
c

⇡ 1

3
(1�$

2
c/3), (35)

Decay C
parity-conserving: 1/2+ ! 1/2+ 0� �1/3
parity-conserving: 1/2� ! 1/2+ 0� 1
parity-conserving: 3/2+ ! 1/2+ 0� 1/3
parity-conserving: 3/2� ! 1/2+ 0� �1/5

⌅0 ! ⇤+ ⇡0 +0.900
⌅� ! ⇤+ ⇡� +0.927
⌃0 ! ⇤+ � -1/3

TABLE I. Polarization transfer factors C (see eq. (36)) for
important decays X ! ⇤(⌃)⇡

which could make this measurement di�cult. Similarly
di�cult will be the detection of the global polarization
with the help of other strong decay channels, e.g. pro-
posed in Ref. [41].

VI. ACCOUNTING FOR DECAYS

According to eq. (30) (or, in the non-relativistic limit,
equations 14-17), the polarization of primary ⇤ hyper-
ons provides a measurement of the (comoving) thermal
vorticity and the (comoving) magnetic field of the sys-
tem that emits them. However, only a fraction of all
detected ⇤ and ⇤̄ hyperons are produced directly at the
hadronization stage and are thus primary. Indeed, a large
fraction thereof stems from decays of heavier particles
and one should correct for feed-down from higher-lying
resonances when trying to extract information about the
vorticity and the magnetic field from the measurement of
polarization. Particularly, the most important feed-down
channels involve the strong decays of ⌃⇤ ! ⇤ + ⇡, the
electromagnetic decay ⌃0 ! ⇤ + �, and the weak decay
⌅! ⇤+ ⇡.
When polarized particles decay, their daughters are

themselves polarized because of angular momentum con-
servation. The amount of polarization which is inherited
by the daughter particle, or transferred from the parent
to the daughter, in general depends on the momentum
of the daughter in the rest frame of the parent. As long
as one is interested in the mean, momentum-integrated,
spin vector in the rest frame, a simple linear rule applies
(see Appendix A), that is:

S⇤
D = CS⇤

P (36)

where P is the parent particle, D the daughter and C

a coe�cient whose expression (see Appendix A) may or
may not depend on the dynamical amplitudes. In many
two-body decays, the conservation laws constrain the fi-
nal state to such an extent that the coe�cient C is inde-
pendent of the dynamical matrix elements. This happens,
e.g., in the strong decay ⌃⇤(1385) ! ⇤⇡ and the electro-
magnetic ⌃0 ! ⇤� decay, whereas it does not in ⌅! ⇤⇡
decays, which is a weak decay.
If the decay products have small momenta com-

pared to their masses, one would expect that the spin
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Measuring  and  polarizationΞ Ω

37

• Different spin, magnetic moments, quark structure 
• Less feed-down in Ξ and Ω compared to Λ 
• Freeze-out at different time?

Mass 
(GeV/c2)

cτ
(cm)

decay 
mode

decay 
parameter

magnetic 
moment 
(μN)

spin

Λ (uds) 1.115683 7.89 Λ->πp 
(63.9%)

0.732�0.014 −0.613 1/2

Ξ- (dss) 1.32171 4.91 Ξ-->Λπ-

(99.887%)
−0.401�0.010 −0.6507 1/2

Ω- (sss) 1.67245 2.46 Ω-->ΛK-

(67.8%)
0.0157�0.002 -2.02 3/2

P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

αH
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Global polarization of Ξ and Ω hyperons in Au+Au collisions at
√
sNN= 200 GeV

T. Niida and S. A. Voloshin for the STAR Collaboration
(Dated: October 3, 2020)

Global polarization of Ξ and Ω hyperons has been measured for the first time in Au+Au collisions1

at
√
sNN = 200 GeV. The measurements of the Ξ− and Ξ̄+ hyperon polarization have been performed2

by two independent methods, via analysis of the angular distribution of the daughter particles in a3

parity violating weak decay Ξ → Λ + π, as well as by measuring the polarization of the daughter4

Λ-hyperon, polarized via polarization transfer from its parent. The polarization, average over Ξ−
5

and Ξ+, is measured to be ⟨PΞ⟩ = 0.64 ± 0.11 (stat.) ± 0.27 (syst.)% for the collision centrality6

20%-80%. The ⟨PΞ⟩ is found to be slightly larger than the inclusive Λ polarization and in reasonable7

agreement with a multi-phase transport model (AMPT). The ⟨PΞ⟩ is found to follow the centrality8

dependence of the vorticity predicted in the model, increasing toward more peripheral collisions.9

The global polarization of Ω, ⟨PΩ⟩ = 1.11± 0.87 (stat.)± 1.97 (syst.)% was obtained by measuring10

the polarization of daughter Λ in the decay Ω → Λ +K, assuming the polarization transfer factor11

CΩΛ = 1.12

PACS numbers: 25.75.-q, 25.75.Ld

The phenomenon of global polarization in heavy-ion13

collisions arises from the partial conversion of the orbital14

angular momentum of colliding nuclei into the spin an-15

gular momentum of the particles produced in the colli-16

sion [1–3]. As a result, these particles become globally17

polarized along the direction of the initial orbital mo-18

mentum of the nuclei. Global polarization was first ob-19

served by the STAR Collaboration in the beam energy20

scan Au+Au data [4] and was later confirmed, to better21

precision, in the high statistics analysis of the 200 GeV22

data [5]. Assuming local thermal equilibrium, the po-23

larization of the produced particles is determined by the24

local thermal vorticity of the fluid [6]. In the nonrel-25

ativistic limit (for hyperons mH ≫ T , where T is the26

temperature), the polarization of the particles is given27

by [7]:28

P =
⟨s⟩
s

≈ (s+ 1)

3

ω

T
, (1)29

where s is the spin of the particle, ⟨s⟩ is the mean spin30

vector, and ω = 1
2∇×v is the local vorticity of the fluid31

velocity field. Averaged over the entire system volume32

the vorticity direction should coincide with the direction33

of the system orbital momentum.34

Following from Eq. 1, all particles, as well as antiparti-35

cles of the same spin should have the same polarization.36

Difference could arise from effects of the initial magnetic37

field [7], from the fact that different particles are pro-38

duced at different times or regions as the system freezes39

out [8], or through meson-baryon interactions [9]. There-40

fore, to establish the global nature of the polarization, it41

is important to measure the polarization for different par-42

ticles, and if possible, particles of different spins. In order43

to study the possible contribution from the initial mag-44

netic field, the polarization measurement with particles45

of different magnetic moment would provide additional46

information. Thus far, only Λ and Λ̄ polarizations have47

been measured, and they differ by a couple of standard48

deviations at most, with available statistics.49

In this paper we present the first measurements of the50

global polarization of spin s = 1/2 Ξ− and Ξ̄+ hyperons,51

as well as spin s = 3/2 Ω hyperon in Au+Au collisions52

at
√
sNN=200 GeV.53

Hyperon weak decays present the most straightforward54

possibility for measuring the polarization of the produced55

particles [10]. In parity-violating weak decays the daugh-56

ter particle distribution in the rest frame of the hyperon57

directly depends on the hyperon polarization:58

dN

dΩ∗ =
1

4π
(1 + αHP∗

H · p̂∗
B) , (2)59

where αH is the hyperon decay parameter, P∗
H is the60

hyperon polarization, and p̂∗
B is the unit vector in the61

direction of the daughter baryon momentum, both in the62

parent rest frame denoted by an asterisk.63

Ξ− (Ξ̄+) hyperon decay happens in two steps: Ξ− →64

Λ+π− with subsequent decay Λ → p+π−. If Ξ− is polar-65

ized, its polarization is partially transferred to daughter66

Λ. Both steps in such a cascade decay are parity violat-67

ing, and thus can be used for an independent measure-68

ment of the polarization of Ξ− (Ξ̄+).69

The polarization of the daughter baryon in a weak de-70

cay of a spin 1/2 hyperon is described by the Lee-Yang71

formula [11–13] in terms of the three parameters α (parity72

violating part), β (violation of the time reversal symme-73

try), and γ (satisfying α2+β2+ γ = 1). For a particular74

case of Ξ → Λ+ π decay it reads:75

P∗
Λ =

(αΞ +P∗
Ξ · p̂∗

Λ)p̂
∗
Λ + βΞP∗

Ξ × p̂∗
Λ + γΞp̂∗

Λ × (P∗
Ξ × p̂∗

Λ)

1 + αΞP∗
Ξ · p̂∗

Λ

,

(3)76

where p̂∗
Λ is the unit vector of the Λ momentum in the77

Ξ rest frame. Averaging over the angular distribution of78

the Λ in the rest frame of the Ξ given by Eq. 2 yields79

P∗
Λ = CΞ−ΛP

∗
Ξ = 1

3 (1 + 2γΞ)P
∗
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Global polarization of Ξ and Ω hyperons has been measured for the first time in Au+Au collisions1

at
√
sNN = 200 GeV. The measurements of the Ξ− and Ξ̄+ hyperon polarization have been performed2

by two independent methods, via analysis of the angular distribution of the daughter particles in a3

parity violating weak decay Ξ → Λ + π, as well as by measuring the polarization of the daughter4

Λ-hyperon, polarized via polarization transfer from its parent. The polarization, average over Ξ−
5

and Ξ+, is measured to be ⟨PΞ⟩ = 0.64 ± 0.11 (stat.) ± 0.27 (syst.)% for the collision centrality6

20%-80%. The ⟨PΞ⟩ is found to be slightly larger than the inclusive Λ polarization and in reasonable7

agreement with a multi-phase transport model (AMPT). The ⟨PΞ⟩ is found to follow the centrality8

dependence of the vorticity predicted in the model, increasing toward more peripheral collisions.9

The global polarization of Ω, ⟨PΩ⟩ = 1.11± 0.87 (stat.)± 1.97 (syst.)% was obtained by measuring10

the polarization of daughter Λ in the decay Ω → Λ +K, assuming the polarization transfer factor11

CΩΛ = 1.12

PACS numbers: 25.75.-q, 25.75.Ld

The phenomenon of global polarization in heavy-ion13

collisions arises from the partial conversion of the orbital14

angular momentum of colliding nuclei into the spin an-15

gular momentum of the particles produced in the colli-16

sion [1–3]. As a result, these particles become globally17

polarized along the direction of the initial orbital mo-18

mentum of the nuclei. Global polarization was first ob-19

served by the STAR Collaboration in the beam energy20

scan Au+Au data [4] and was later confirmed, to better21

precision, in the high statistics analysis of the 200 GeV22

data [5]. Assuming local thermal equilibrium, the po-23

larization of the produced particles is determined by the24

local thermal vorticity of the fluid [6]. In the nonrel-25

ativistic limit (for hyperons mH ≫ T , where T is the26

temperature), the polarization of the particles is given27

by [7]:28

P =
⟨s⟩
s

≈ (s+ 1)

3

ω

T
, (1)29

where s is the spin of the particle, ⟨s⟩ is the mean spin30

vector, and ω = 1
2∇×v is the local vorticity of the fluid31

velocity field. Averaged over the entire system volume32

the vorticity direction should coincide with the direction33

of the system orbital momentum.34

Following from Eq. 1, all particles, as well as antipar-35

ticles of the same spin should have the same polariza-36

tion. Difference could arise from effects of the magnetic37

field [7], from the fact that different particles are pro-38

duced at different times or regions as the system freezes39

out [8], or through meson-baryon interactions [9]. There-40

fore, to establish the global nature of the polarization, it41

is important to measure the polarization for different par-42

ticles, and if possible, particles of different spins. Thus43

far, only Λ and Λ̄ polarizations have been measured, and44

they differ by a couple of standard deviations at most,45

with available statistics.46

In this paper we present the first measurements of the47

global polarization of spin s = 1/2 Ξ− and Ξ̄+ hyperons,48

as well as spin s = 3/2 Ω hyperon in Au+Au collisions49

at
√
sNN=200 GeV.50

Hyperon weak decays present the most straightforward51

possibility for measuring the polarization of the produced52

particles [10]. In parity-violating weak decays the daugh-53

ter particle distribution in the rest frame of the hyperon54

directly depends on the hyperon polarization:55

dN

dΩ∗ =
1

4π
(1 + αHP∗

H · p̂∗
B) , (2)56

where αH is the hyperon decay parameter, P∗
H is the57

hyperon polarization, and p̂∗
B is the unit vector in the58

direction of the daughter baryon momentum, both in the59

parent rest frame denoted by an asterisk.60

Ξ− (Ξ̄+) hyperon decay happens in two steps: Ξ− →61

Λ+π− with subsequent decay Λ → p+π−. If Ξ− is polar-62

ized, its polarization is partially transferred to daughter63

Λ. Both steps in such a cascade decay are parity violat-64

ing, and thus can be used for an independent measure-65

ment of the polarization of Ξ− (Ξ̄+).66

The polarization of the daughter baryon in a weak de-67

cay of a spin 1/2 hyperon is described by the Lee-Yang68

formula [11–13] in terms of the three parameters α (parity69

violating part), β (violation of the time reversal symme-70

try), and γ (satisfying α2+β2+ γ = 1). For a particular71

case of Ξ → Λ+ π decay it reads:72
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where p̂∗
Λ is the unit vector of the Λ momentum in the74

Ξ rest frame. Averaging over the angular distribution of75

the Λ in the rest frame of the Ξ given by Eq. 2 yields76

P∗
Λ = CΞ−ΛP

∗
Ξ = 1

3 (1 + 2γΞ)P
∗
Ξ. (4)77

Using the measured value for the γΞ− parameter [13, 14],78

the polarization transfer coefficient for Ξ− to Λ decay is:79

CΞ−Λ = 1
3 (2× 0.89 + 1) = +0.927. (5)80
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85
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The polarization of the daughter baryon in a two par-86

ticle decay of spin 3/2 hyperon, Ω → Λ + K, is also87

described by three parameters αΩ, βΩ, and γΩ [15]. The88

decay parameter αΩ, determines the angular distribution89

of Λ in the Ω rest frame and is measured to be small [14]:90

αΩ = 0.0157±0.0021; this makes the Ω polarization mea-91

surement via analysis of the daughter Λ angular distribu-92

tion practically impossible. The polarization transfer in93

this case is determined by the γΩ parameter via [15–17]:94

P∗
Λ = CΩ−ΛP

∗
Ω = 1

5 (1 + 4γΩ)P
∗
Ω. (6)95

The time-reversal violation parameter βΩ is expected to96

be small. This combined with the constraint that α2 +97

β2 + γ2 = 1, limits unmeasured parameter γΩ ≈ ±1,98

resulting in a polarization transfer CΩ−Λ ≈ 1 or CΩ−Λ ≈99

−0.6.100

Our analysis is based on the data of Au+Au collisions101

at
√
sNN = 200 GeV collected in 2010, 2011, 2014, and102

2016 by the STAR detector. Charged-particle tracks were103

measured in the time projection chamber (TPC) [18],104

which covers the full azimuth and a pseudorapidity range105

of |η| < 1. The collision vertices were reconstructed using106

the measured charged-particle tracks and were required107

to be within 30 cm in the beam direction for the 2010108

and 2011 datasets. The narrower vertex selection to be109

within 6 cm was applied in the 2014 and 2016 data due to110

online trigger requirement for the Heavy Flavor Tracker111

installed prior to 2014 data taking. The vertex in the112

radial direction relative to the beam center was also re-113

quired to be within 2 cm. Additionally, the difference in114

the vertex positions along the beam direction from the115

vertex position detectors (VPD) [19] located at forward116

and backward pseudorapidities (4.24 < |η| < 5.1) was re-117

quired to be less than 3 cm to suppress pileup events in118

which more than one heavy-ion collision occurred. These119

selection criteria yielded about 180 (350) million mini-120

mum bias (MB) events for the 2010 (2011) dataset, 1121

billion MB events for the 2014 dataset, and 1.5 billion122

MB events for the 2016 dataset. The MB trigger re-123

quires hits of both VPDs and the zero-degree calorimeters124

(ZDCs) [20], which detect spectator neutrons in |η| > 6.3,125

within certain timing cut for both detectors. The colli-126

sion centrality was determined from the measured multi-127

plicity of charged particles within |η| < 0.5 and a Monte-128

Carlo Glauber simulation [21, 22].129

The first-harmonic event plane angle Ψ1 as an exper-130

imental estimate of the impact parameter direction was131

determined by measuring the neutron spectator deflec-132

tion [23] in the ZDCs equipped with Shower Maximum133

Detectors (SMD) [24]. The event plane resolution [25] is134

largest (∼41%) for collisions with 30%-40% centrality in135

the 2014 and 2016 datasets and is increased by 4% for136

the 2010 and 2011 datasets [5].137

The parent Ξ− (Ξ̄+), Ω− (Ω̄+), and their daughter138

Λ (Λ̄) were reconstructed utilizing the decay channels139

of Ξ− → Λπ− (99.887%), Ω− → ΛK− (67.8%), and140
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FIG. 1. (Color online) Invariant mass distributions of Ξ−

(Ξ̄+) and Ω− (Ω̄+) for 20%-80% centrality in Au+Au colli-
sions at

√
sNN = 200 GeV taken in 2014. Vertical dashed

lines indicate three standard deviations (3σ) from the peak
positions assuming a normal distribution.

Λ → pπ− (63.9%), where the numbers in parenthesis141

indicate the corresponding branching ratio of the de-142

cays [26]. Charged pions (kaons) and protons of the143

daughter particles were identified based on the ioniza-144

tion energy loss in the TPC gas, and the timing informa-145

tion measured by the Time-Of-Flight detector[27]. Re-146

construction of Ξ− (Ξ̄+), Ω− (Ω̄+), and Λ (Λ̄) was per-147

formed based on the Kalman Filter method developed for148

the CBM and ALICE experiments [28–30], which utilizes149

the quality of the track fit as well as the decay topology.150

Figure 1 shows the invariant mass distributions for recon-151

structed Ξ− (Ξ̄+) and Ω− (Ω̄+) for 20%-80% centrality.152

The purities for this centrality bin are higher than 90%153

for both species. The significance with the Kalman Filter154

method is found to be increased by ∼ 30% for Ξ com-155

pared to the traditional identification method based on156

the decay topology (e.g. see Refs. [5, 31]). The hyperon157

candidates were also ensured not to share their daughters158

and granddaughters with other particles of interest.159

The polarization along the initial angular momentum160

direction can be defined as [32]:161

PH =
8

παH

⟨sin(Ψobs
1 − φ∗

B)⟩
Res(Ψ1)

, (7)162

where αH is the hyperon decay parameter and φ∗
B is the163

azimuthal angle of the daughter baryon in the parent hy-164

peron rest frame. The azimuthal angle of the first-order165

event plane is Ψobs
1 , and Res(Ψ1) is the resolution [25]166

with which it estimates the reaction plane.167

The extraction of ⟨sin(Ψobs
1 − φ∗)⟩ was performed in168

the same way as in our previous studies [4, 5]. The decay169

parameters of Λ, Ξ−, and Ω− have been recently updated170

by the Particle Data Group [26] and the latest values are171

used in this analysis; αΛ = 0.732±0.014, αΞ = −0.401±172

0.010, and αΩ = 0.0157 ± 0.0021. In case of the Ξ and173

Ω hyperon polarization measurements via measurements174

of the daughter Λ polarization, the polarization transfer175
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tion [23] in the ZDCs equipped with Shower Maximum133

Detectors (SMD) [24]. The event plane resolution [25] is134
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the 2014 and 2016 datasets and is increased by 4% for136
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Λ (Λ̄) were reconstructed utilizing the decay channels139
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sions at
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Λ → pπ− (63.9%), where the numbers in parenthesis141

indicate the corresponding branching ratio of the de-142

cays [26]. Charged pions (kaons) and protons of the143

daughter particles were identified based on the ioniza-144

tion energy loss in the TPC gas, and the timing informa-145

tion measured by the Time-Of-Flight detector[27]. Re-146

construction of Ξ− (Ξ̄+), Ω− (Ω̄+), and Λ (Λ̄) was per-147

formed based on the Kalman Filter method developed for148

the CBM and ALICE experiments [28–30], which utilizes149

the quality of the track fit as well as the decay topology.150

Figure 1 shows the invariant mass distributions for recon-151

structed Ξ− (Ξ̄+) and Ω− (Ω̄+) for 20%-80% centrality.152

The purities for this centrality bin are higher than 90%153

for both species. The significance with the Kalman Filter154

method is found to be increased by ∼ 30% for Ξ com-155

pared to the traditional identification method based on156

the decay topology (e.g. see Refs. [5, 31]). The hyperon157

candidates were also ensured not to share their daughters158

and granddaughters with other particles of interest.159

The polarization along the initial angular momentum160

direction can be defined as [32]:161

PH =
8

παH

⟨sin(Ψobs
1 − φ∗

B)⟩
Res(Ψ1)

, (7)162

where αH is the hyperon decay parameter and φ∗
B is the163

azimuthal angle of the daughter baryon in the parent hy-164

peron rest frame. The azimuthal angle of the first-order165
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1 , and Res(Ψ1) is the resolution [25]166

with which it estimates the reaction plane.167
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1 − φ∗)⟩ was performed in168

the same way as in our previous studies [4, 5]. The decay169
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0.010, and αΩ = 0.0157 ± 0.0021. In case of the Ξ and173
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of the daughter Λ polarization, the polarization transfer175
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∗
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5 (1 + 4γΩ)P
∗
Ω. (6)95
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the CBM and ALICE experiments [28–30], which utilizes149

the quality of the track fit as well as the decay topology.150

Figure 1 shows the invariant mass distributions for recon-151
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for both species. The significance with the Kalman Filter154

method is found to be increased by ∼ 30% for Ξ com-155

pared to the traditional identification method based on156

the decay topology (e.g. see Refs. [5, 31]). The hyperon157

candidates were also ensured not to share their daughters158

and granddaughters with other particles of interest.159
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direction can be defined as [32]:161
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where αH is the hyperon decay parameter and φ∗
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azimuthal angle of the daughter baryon in the parent hy-164

peron rest frame. The azimuthal angle of the first-order165

event plane is Ψobs
1 , and Res(Ψ1) is the resolution [25]166

with which it estimates the reaction plane.167

The extraction of ⟨sin(Ψobs
1 − φ∗)⟩ was performed in168

the same way as in our previous studies [4, 5]. The decay169

parameters of Λ, Ξ−, and Ω− have been recently updated170

by the Particle Data Group [26] and the latest values are171

used in this analysis; αΛ = 0.732±0.014, αΞ = −0.401±172

0.010, and αΩ = 0.0157 ± 0.0021. In case of the Ξ and173
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Chiral Separation Effect (CSE) - separation 
 of the axial charge along the magnetic field

J5 = 1
2⇡2µ(Qe)B

++    ++

Idea (S. Shlichting and S. Voloshin, in preparation) 
Λ polarization may be related to the axial current J5 
Use (kaon) charge asymmetry instead of μv

T. Niida, QCD Chirality Workshop 2017
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Fig. 2. (Color online) Illustration of the chiral separation effect. To be specific, the illustration is for just one kind of right-handed (RH) quarks (with Q > 0)
and their antiquarks (with Q < 0) and for the case of µ > 0 (i.e. more quarks than antiquarks). For left-handed (LH) quarks (and anti-quarks) the LH
quarks’ current is generated in the opposite direction but their contribution to the axial current EJ5 would be the same as that of RH quarks. For µ < 0 the
current will flip direction.

assume a CME-induced electric current (Qe)EJ = (Qe)�5EB. To probe the existence of such a current we turn on an arbitrarily
small auxiliary electric field EE k EB and examine the energy changing rate of the system. The straightforward electrodynamic
way of computation ‘‘counts’’ the work per unit time (i.e. power) done by such an electric field P =

R
Ex
EJ · EE =

R
Ex[(Qe)�5]EE · EB.

Alternatively for this systemof chiral fermions, the (electromagnetic) chiral anomaly suggests the generation of axial charges
at the rate dQ5/dt =

R
Ex CAEE · EB with CA = (Qe)2/(2⇡2) the universal anomaly coefficient. Now a nonzero axial chemical

potential µ5 6= 0 implies an energy cost for creating each unit of axial charge, thus the energy changing rate via anomaly
counting would give the power P = µ5(dQ5/dt) =

R
Ex[CAµ5]EE · EB. These reasonings therefore lead to the following

identification:
Z

Ex
[(Qe)�5]EE · EB =

Z

Ex
[CAµ5]EE · EB (8)

for any auxiliary EE field. Thus the �5 must take the universal value CAµ5
Qe =

Qe
2⇡2 µ5 that is completely fixed by the chiral

anomaly.
The transport phenomenon in Eq. (4) bears a distinctive feature that is intrinsically different from Eq. (7). The chiral

magnetic conductivity �5 is a T -even transport coefficient while the usual conductivity � is T -odd [26]. That is, the CME
current can be generated as an equilibrium current without producing entropy, while the usual conducting current is
necessarily dissipative.

2.2. The chiral separation effect

By reminding ourselves of the axial counterpart in Eq. (5) of the vector current, which we have discussed so far, it may be
natural to ask: could axial current also be generated under certain circumstances in response to external probe fields? The
answer is positive. A complementary transport phenomenon to the CME has been found and named the Chiral Separation
Effect (CSE) [61,62]:

EJ5 = �sEB. (9)

It states that an axial current is generated along an external EB field, with its magnitude in proportion to the system’s
(nonzero) vector chemical potential µ as well as the field magnitude. The coefficient (which may be called the CSE
conductivity) is given by �s =

Qe
2⇡2 µ.

Intuitively the CSE may be understood in the following way, as illustrated in Fig. 2. The magnetic field leads to a spin
polarization (i.e. ‘‘magnetization’’) effect, with hEsi / (Qe)EB. This effect implies that the positively charged quarks have their
spins preferably aligned along the EB field direction, while the negatively charged anti-quarks have their spins oppositely
aligned. NowRHquarks and antiquarks (with Ep k Es)will have opposite averagemomentum hEpi / hEsi / (Qe)EB, i.e. withmore
RH quarks/antiquarks moving in the direction parallel/antiparallel to EB. Furthermore with nonzero µ 6= 0 (e.g. considering
µ > 0) there would then be a net current of RH quarks/antiquarksEJR / hEpi(nQ � nQ̄ ) / (Qe)µEB. The LH quarks/antiquarks
would form an opposite current EJL / �(Qe)µEB but contribute the same as the RH quarks/antiquarks to form together an
axial current along the magnetic field: EJ5 / (Qe)µEB.

It is instructive to recast (4) and (9) in terms of the RH and LH currents EJR/L, as follows:

EJR/L =
EJ ± EJ5

2
= ±�R/LEB (10)

with �R/L =
Qe
4⇡2 µR/L. The above has the simple interoperation as the CME separately for the purely right-handed and purely

left-handedWeyl fermions: note the sign difference in the RH/LH cases. It reveals that the CME and the CSE are two sides of

J5 / µvB
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Fig. 2. (Color online) Illustration of the chiral separation effect. To be specific, the illustration is for just one kind of right-handed (RH) quarks (with Q > 0)
and their antiquarks (with Q < 0) and for the case of µ > 0 (i.e. more quarks than antiquarks). For left-handed (LH) quarks (and anti-quarks) the LH
quarks’ current is generated in the opposite direction but their contribution to the axial current EJ5 would be the same as that of RH quarks. For µ < 0 the
current will flip direction.

assume a CME-induced electric current (Qe)EJ = (Qe)�5EB. To probe the existence of such a current we turn on an arbitrarily
small auxiliary electric field EE k EB and examine the energy changing rate of the system. The straightforward electrodynamic
way of computation ‘‘counts’’ the work per unit time (i.e. power) done by such an electric field P =

R
Ex
EJ · EE =

R
Ex[(Qe)�5]EE · EB.

Alternatively for this systemof chiral fermions, the (electromagnetic) chiral anomaly suggests the generation of axial charges
at the rate dQ5/dt =

R
Ex CAEE · EB with CA = (Qe)2/(2⇡2) the universal anomaly coefficient. Now a nonzero axial chemical

potential µ5 6= 0 implies an energy cost for creating each unit of axial charge, thus the energy changing rate via anomaly
counting would give the power P = µ5(dQ5/dt) =

R
Ex[CAµ5]EE · EB. These reasonings therefore lead to the following

identification:
Z

Ex
[(Qe)�5]EE · EB =

Z

Ex
[CAµ5]EE · EB (8)

for any auxiliary EE field. Thus the �5 must take the universal value CAµ5
Qe =

Qe
2⇡2 µ5 that is completely fixed by the chiral

anomaly.
The transport phenomenon in Eq. (4) bears a distinctive feature that is intrinsically different from Eq. (7). The chiral

magnetic conductivity �5 is a T -even transport coefficient while the usual conductivity � is T -odd [26]. That is, the CME
current can be generated as an equilibrium current without producing entropy, while the usual conducting current is
necessarily dissipative.

2.2. The chiral separation effect

By reminding ourselves of the axial counterpart in Eq. (5) of the vector current, which we have discussed so far, it may be
natural to ask: could axial current also be generated under certain circumstances in response to external probe fields? The
answer is positive. A complementary transport phenomenon to the CME has been found and named the Chiral Separation
Effect (CSE) [61,62]:

EJ5 = �sEB. (9)

It states that an axial current is generated along an external EB field, with its magnitude in proportion to the system’s
(nonzero) vector chemical potential µ as well as the field magnitude. The coefficient (which may be called the CSE
conductivity) is given by �s =

Qe
2⇡2 µ.

Intuitively the CSE may be understood in the following way, as illustrated in Fig. 2. The magnetic field leads to a spin
polarization (i.e. ‘‘magnetization’’) effect, with hEsi / (Qe)EB. This effect implies that the positively charged quarks have their
spins preferably aligned along the EB field direction, while the negatively charged anti-quarks have their spins oppositely
aligned. NowRHquarks and antiquarks (with Ep k Es)will have opposite averagemomentum hEpi / hEsi / (Qe)EB, i.e. withmore
RH quarks/antiquarks moving in the direction parallel/antiparallel to EB. Furthermore with nonzero µ 6= 0 (e.g. considering
µ > 0) there would then be a net current of RH quarks/antiquarksEJR / hEpi(nQ � nQ̄ ) / (Qe)µEB. The LH quarks/antiquarks
would form an opposite current EJL / �(Qe)µEB but contribute the same as the RH quarks/antiquarks to form together an
axial current along the magnetic field: EJ5 / (Qe)µEB.

It is instructive to recast (4) and (9) in terms of the RH and LH currents EJR/L, as follows:

EJR/L =
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2
= ±�R/LEB (10)

with �R/L =
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Fig. 2. (Color online) Illustration of the chiral separation effect. To be specific, the illustration is for just one kind of right-handed (RH) quarks (with Q > 0)
and their antiquarks (with Q < 0) and for the case of µ > 0 (i.e. more quarks than antiquarks). For left-handed (LH) quarks (and anti-quarks) the LH
quarks’ current is generated in the opposite direction but their contribution to the axial current EJ5 would be the same as that of RH quarks. For µ < 0 the
current will flip direction.

assume a CME-induced electric current (Qe)EJ = (Qe)�5EB. To probe the existence of such a current we turn on an arbitrarily
small auxiliary electric field EE k EB and examine the energy changing rate of the system. The straightforward electrodynamic
way of computation ‘‘counts’’ the work per unit time (i.e. power) done by such an electric field P =

R
Ex
EJ · EE =

R
Ex[(Qe)�5]EE · EB.

Alternatively for this systemof chiral fermions, the (electromagnetic) chiral anomaly suggests the generation of axial charges
at the rate dQ5/dt =

R
Ex CAEE · EB with CA = (Qe)2/(2⇡2) the universal anomaly coefficient. Now a nonzero axial chemical

potential µ5 6= 0 implies an energy cost for creating each unit of axial charge, thus the energy changing rate via anomaly
counting would give the power P = µ5(dQ5/dt) =

R
Ex[CAµ5]EE · EB. These reasonings therefore lead to the following

identification:
Z

Ex
[(Qe)�5]EE · EB =

Z

Ex
[CAµ5]EE · EB (8)

for any auxiliary EE field. Thus the �5 must take the universal value CAµ5
Qe =

Qe
2⇡2 µ5 that is completely fixed by the chiral

anomaly.
The transport phenomenon in Eq. (4) bears a distinctive feature that is intrinsically different from Eq. (7). The chiral

magnetic conductivity �5 is a T -even transport coefficient while the usual conductivity � is T -odd [26]. That is, the CME
current can be generated as an equilibrium current without producing entropy, while the usual conducting current is
necessarily dissipative.

2.2. The chiral separation effect

By reminding ourselves of the axial counterpart in Eq. (5) of the vector current, which we have discussed so far, it may be
natural to ask: could axial current also be generated under certain circumstances in response to external probe fields? The
answer is positive. A complementary transport phenomenon to the CME has been found and named the Chiral Separation
Effect (CSE) [61,62]:

EJ5 = �sEB. (9)

It states that an axial current is generated along an external EB field, with its magnitude in proportion to the system’s
(nonzero) vector chemical potential µ as well as the field magnitude. The coefficient (which may be called the CSE
conductivity) is given by �s =

Qe
2⇡2 µ.

Intuitively the CSE may be understood in the following way, as illustrated in Fig. 2. The magnetic field leads to a spin
polarization (i.e. ‘‘magnetization’’) effect, with hEsi / (Qe)EB. This effect implies that the positively charged quarks have their
spins preferably aligned along the EB field direction, while the negatively charged anti-quarks have their spins oppositely
aligned. NowRHquarks and antiquarks (with Ep k Es)will have opposite averagemomentum hEpi / hEsi / (Qe)EB, i.e. withmore
RH quarks/antiquarks moving in the direction parallel/antiparallel to EB. Furthermore with nonzero µ 6= 0 (e.g. considering
µ > 0) there would then be a net current of RH quarks/antiquarksEJR / hEpi(nQ � nQ̄ ) / (Qe)µEB. The LH quarks/antiquarks
would form an opposite current EJL / �(Qe)µEB but contribute the same as the RH quarks/antiquarks to form together an
axial current along the magnetic field: EJ5 / (Qe)µEB.

It is instructive to recast (4) and (9) in terms of the RH and LH currents EJR/L, as follows:

EJR/L =
EJ ± EJ5

2
= ±�R/LEB (10)

with �R/L =
Qe
4⇡2 µR/L. The above has the simple interoperation as the CME separately for the purely right-handed and purely

left-handedWeyl fermions: note the sign difference in the RH/LH cases. It reveals that the CME and the CSE are two sides of

J5 / µvB

RH#
#
LH�

p� spin�B*field�

µv/T / hN+ �N�i
hN+ +N�i

µv/T / hNK+ �NK�i
hNK+ +NK�i
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Figure 14: (color online) Magnitude (panel a) and components (panels b,c,d) of the polarization vector of the ⇤ hyperon in its
rest frame.

stringent test of numerical implementations of Israel-Stewart
theory in Bjorken coordinates.

We have found that the magnitude of the 1/⌧ x � ⌘ com-
ponent of the thermal vorticity at freezeout can be as large as
5⇥10�2 and yet its mean value is not large enough to produce
a polarization of ⇤ hyperons much larger than 1%, which is a
consistently lower estimate in comparison with other recent
calculations based on di↵erent initial conditions. We have
found that the magnitude of directed flow, at this energy, has
an interestingly sizeable dependence on both the shear viscos-
ity and the longitudinal energy density profile asymmetry pa-
rameter ⌘m which in turn governs the amount of initial angular
momentum retained by the plasma.

The fact that in 3+1D the plasma needs to have an initial an-
gular momentum in order to reproduce the observed directed
flow raises the question whether the Bjorken initial condition
u⌘ = 0 is a compelling one or, instead, the same angular mo-
mentum can be obtained with a non trivial u⌘ and with a suit-
able change of the energy density profile. For a testing pur-

pose, we have run ECHO-QGP with an initial profile:

u⌘ =
1
⌧

tanh Ax sinh(ybeam � |⌘|) (36)

which meets the causality constraint (see Appendix B). It is
found that the directed flow is very sensitive to an initial u⌘.
For a small positive value of the parameter A = 5⇥ 10�4 fm�1

corresponding to a Jy = 3.32 ⇥ 103, keeping all other parame-
ters fixed, the directed flow exhibits two slight wiggles around
midrapidity (see fig. 15) which are not seen in the data. For
a very small negative value of the parameter A = �5 ⇥ 10�4

fm�1, corresponding to Jy = 3.08 ⇥ 103, the directed flow in-
creases while approximately keeping the same shape as for
A = 0 around midrapidity. However, more detailed studies
are needed to determine whether a non-vanishing initial flow
velocity is compatible with the experimental observables.

We plan to extend this kind of calculation to di↵erent cen-
tralities, di↵erent energies and with initial state fluctuations in
order to determine the possibly best conditions for vorticity
formation in relativistic nuclear collisions.
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We present a quantitative study of vorticity formation in peripheral ultrarelativistic heavy ion collisions atp
sNN = 200 GeV by using the ECHO-QGP numerical code, implementing relativistic dissipative hydrodynam-

ics in the causal Israel-Stewart framework in 3+1 dimensions with an initial Bjorken flow profile. We consider
and discuss di↵erent definitions of vorticity which are relevant in relativistic hydrodynamics. After demonstrat-
ing the excellent capabilities of our code, which proves to be able to reproduce Gubser flow up to 8 fm/c, we
show that, with the initial conditions needed to reproduce the measured directed flow in peripheral collisions
corresponding to an average impact parameter b = 11.6 fm and with the Bjorken flow profile for a viscous Quark
Gluon Plasma with ⌘/s = 0.1 fixed, a vorticity of the order of some 10�2 c/fm can develop at freezeout. The
ensuing polarization of ⇤ baryons does not exceed 1.4% at midrapidity. We show that the amount of developed
directed flow is sensitive to both the initial angular momentum of the plasma and its viscosity.

I. INTRODUCTION

The hydrodynamical model has by now become a paradigm
for the study of the QCD plasma formed in nuclear colli-
sions at ultrarelativistic energies. There has been a consider-
able advance in hydrodynamics modeling and calculations of
these collisions over the last decade. Numerical simulations
in 2+1D [1] and in 3+1 D [2–7] including viscous corrections
are becoming the new standard in this field and existing codes
are also able to handle initial state fluctuations.

An interesting issue is the possible formation of vorticity in
peripheral collisions [8–10]. Indeed, the presence of vortic-
ity may provide information about the (mean) initial state of
the hydrodynamical evolution which cannot be achieved oth-
erwise, and it is related to the onset of peculiar physics in the
plasma at high temperature, such as the chiral vortical e↵ect
[11]. Furthermore, it has been shown that vorticity gives rise
to polarization of particles in the final state, so that e.g. ⇤
baryon polarization - if measurable - can be used to detect
it [12, 13]. Finally, as we will show, numerical calculation
of vorticity can be used to make stringent tests of numerical
codes, as the T-vorticity (see sect. II for the definition) is ex-
pected to vanish throughout under special initial conditions in
the ideal case.

Lately, vorticity has been the subject of investigations in
refs. [9, 10] with peculiar initial conditions in cartesian coor-
dinates, ideal fluid approximation and isochronous freezeout.
Instead, in this work, we calculate di↵erent kinds of vortic-
ity with our 3+1D ECHO-QGP 1 code [3], including dissi-
pative relativistic hydrodynamics in the Israel-Stewart formu-
lation with Bjorken initial conditions for the flow (i.e. with

1 The code is publicly available at the web site http://theory.fi.infn.it/echoqgp

ux = uy = u⌘ = 0), henceforth denoted as BIC. It should be
pointed out from the very beginning that the purpose of this
work is to make a general assessment of vorticity at top RHIC
energy and not to provide a precision fit to all the available
data. Therefore, our calculations do not take into account ef-
fects such as viscous corrections to particle distribution at the
freezeout and initial state fluctuations, that is we use smooth
initial conditions obtained averaging over many events.

A. Notations

In this paper we use the natural units, with ~ = c = K = 1.
The Minkowskian metric tensor is diag(1,�1,�1,�1); for the
Levi-Civita symbol we use the convention ✏0123 = 1.
We will use the relativistic notation with repeated indices as-
sumed to be summed over, however contractions of indices
will be sometimes denoted with dots, e.g. u · T · u ⌘ uµT µ⌫u⌫.
The covariant derivative is denoted as dµ (hence d�gµ⌫ = 0),
the exterior derivative by d, whereas @µ is the ordinary deriva-
tive.

II. VORTICITIES IN RELATIVISTIC HYDRODYNAMICS

Unlike in classical hydrodynamics, where vorticity is the
curl of the velocity field v, several vorticities can be defined
in relativistic hydrodynamics which can be useful in di↵erent
applications (see also the review [14]).
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FIG. 2. (Color online) ⟨cos θ∗p⟩ of Λ and Λ̄ hyperons as a func-
tion of azimuthal angle φ relative to the second-order event
plane Ψ2 for 20%-60% centrality bin in Au+Au collisions at√
s
NN

= 200 GeV. Open boxes show the systematic uncer-

tainties and ⟨⟩sub denotes the subtraction of the acceptance
effect (see text). Solid lines show the fit with the sine function
shown inside the figure. Note that the data are not corrected
for the event plane resolution.

and 0.5 < η < 1) for Ψ2 determination (< 11%), and
estimates of the possible background contribution to the
signal (4.3%). The numbers are for mid-central colli-
sions. Also the uncertainty from the decay parameter is
accounted for (2% for Λ and 9.6% for Λ̄, see Ref. [11] for
the detail). We further studied the effect of a possible
self-correlation between the particles used for the Λ (Λ̄)
reconstruction and the event plane by explicitly removing
the daughter particles from the event plane calculation
in Eq. (2). There was no significant difference between
the results. The Λ and Λ̄ reconstruction efficiencies were
estimated using GEANT [28] simulations of the STAR
detector [19]. The correction is found to lower mean val-
ues of the Pz sine coefficient by ∼10% in peripheral col-
lisions and increases up to ∼50% in central collisions,
although the variations are within statistical uncertain-
ties. No significant difference was observed between Λ
and Λ̄ as expected. Therefore, results from both samples
were combined to reduce statistical uncertainties.
Figure 3 presents the centrality dependence of the sec-

ond Fourier sine coefficient ⟨Pz sin(2φ − 2Ψ2)⟩. The in-
crease of the signal with decreasing centrality is likely
due to increasing elliptic flow contributions in peripheral
collisions. We note that, unlike elliptic flow, the polariza-
tion does disappear in the most central collisions, where
the elliptic flow is still significant due to initial density
fluctuations. Because of large uncertainties in periph-
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FIG. 3. (Color online) The second Fourier sine coefficient
of the polarization of Λ and Λ̄ along the beam direction as
a function of the collision centrality in Au+Au collisions at√
s
NN

= 200 GeV. Open boxes show the systematic uncer-
tainties. Dotted line shows the AMPT calculation [27] scaled
by 0.2 (no pT selection). Solid and dot-dashed lines with the
bands show the blast-wave (BW) model calculation for pT = 1
GeV/c with Λ mass (see text for details).

eral collisions, it is not clear whether the signal continues
to increase or levels off. The results are compared to a
multiphase transport (AMPT) model [27] as shown with
the dotted line. The AMPT model predicts the opposite
phase of the modulations and overestimates the magni-
tude. The blast-wave model study is discussed later.

Since the elliptic flow also depends on pT as well as on
the centrality, the polarization may have pT dependence.
Figure 4 shows the sine coefficients of Pz as a function
of the hyperon transverse momentum. No significant pT
dependence is observed for pT > 1 GeV/c, and the statis-
tical precision of the single data point for pT < 1 GeV/c
is not enough to allow for definitive conclusions about the
low pT dependence. In the hydrodynamic model calcula-
tion [14], the sine coefficient of Pz increases in magnitude
with pT but shows the opposite sign to the data.

As shown in Figs. 3 and 4, the hydrodynamic and
AMPT models predict the opposite sign in the sine co-
efficient of the polarization and their magnitudes differ
from the data roughly by a factor of 5. The reason of
this sign difference is under discussion in the community.
However, the sign change may be due to the relation
between azimuthal anisotropy and spatial anisotropy at
freeze-out [13]. There could be contributions from the
kinematic vorticity originating from the elliptic flow as
well as from the temporal gradient of temperatures at
the time of hadronization [14]. A recent calculation us-
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HYDRO, AMPT: It was noticed that the “kinematic non-relativistic vorticity” 
fits data well, but is (much) smaller than that including contributions  
from acceleration and  temperature gradients

Most models can not describe the sign/absolute value of , 
but describe reasonably well the global polarization 

Pz
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FIG. 2. (Color online) ⟨cos θ∗p⟩ of Λ and Λ̄ hyperons as a func-
tion of azimuthal angle φ relative to the second-order event
plane Ψ2 for 20%-60% centrality bin in Au+Au collisions at√
s
NN

= 200 GeV. Open boxes show the systematic uncer-

tainties and ⟨⟩sub denotes the subtraction of the acceptance
effect (see text). Solid lines show the fit with the sine function
shown inside the figure. Note that the data are not corrected
for the event plane resolution.

and 0.5 < η < 1) for Ψ2 determination (< 11%), and
estimates of the possible background contribution to the
signal (4.3%). The numbers are for mid-central colli-
sions. Also the uncertainty from the decay parameter is
accounted for (2% for Λ and 9.6% for Λ̄, see Ref. [11] for
the detail). We further studied the effect of a possible
self-correlation between the particles used for the Λ (Λ̄)
reconstruction and the event plane by explicitly removing
the daughter particles from the event plane calculation
in Eq. (2). There was no significant difference between
the results. The Λ and Λ̄ reconstruction efficiencies were
estimated using GEANT [28] simulations of the STAR
detector [19]. The correction is found to lower mean val-
ues of the Pz sine coefficient by ∼10% in peripheral col-
lisions and increases up to ∼50% in central collisions,
although the variations are within statistical uncertain-
ties. No significant difference was observed between Λ
and Λ̄ as expected. Therefore, results from both samples
were combined to reduce statistical uncertainties.
Figure 3 presents the centrality dependence of the sec-

ond Fourier sine coefficient ⟨Pz sin(2φ − 2Ψ2)⟩. The in-
crease of the signal with decreasing centrality is likely
due to increasing elliptic flow contributions in peripheral
collisions. We note that, unlike elliptic flow, the polariza-
tion does disappear in the most central collisions, where
the elliptic flow is still significant due to initial density
fluctuations. Because of large uncertainties in periph-
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FIG. 3. (Color online) The second Fourier sine coefficient
of the polarization of Λ and Λ̄ along the beam direction as
a function of the collision centrality in Au+Au collisions at√
s
NN

= 200 GeV. Open boxes show the systematic uncer-
tainties. Dotted line shows the AMPT calculation [27] scaled
by 0.2 (no pT selection). Solid and dot-dashed lines with the
bands show the blast-wave (BW) model calculation for pT = 1
GeV/c with Λ mass (see text for details).

eral collisions, it is not clear whether the signal continues
to increase or levels off. The results are compared to a
multiphase transport (AMPT) model [27] as shown with
the dotted line. The AMPT model predicts the opposite
phase of the modulations and overestimates the magni-
tude. The blast-wave model study is discussed later.

Since the elliptic flow also depends on pT as well as on
the centrality, the polarization may have pT dependence.
Figure 4 shows the sine coefficients of Pz as a function
of the hyperon transverse momentum. No significant pT
dependence is observed for pT > 1 GeV/c, and the statis-
tical precision of the single data point for pT < 1 GeV/c
is not enough to allow for definitive conclusions about the
low pT dependence. In the hydrodynamic model calcula-
tion [14], the sine coefficient of Pz increases in magnitude
with pT but shows the opposite sign to the data.

As shown in Figs. 3 and 4, the hydrodynamic and
AMPT models predict the opposite sign in the sine co-
efficient of the polarization and their magnitudes differ
from the data roughly by a factor of 5. The reason of
this sign difference is under discussion in the community.
However, the sign change may be due to the relation
between azimuthal anisotropy and spatial anisotropy at
freeze-out [13]. There could be contributions from the
kinematic vorticity originating from the elliptic flow as
well as from the temporal gradient of temperatures at
the time of hadronization [14]. A recent calculation us-

6

0 1 2 3 4
 [GeV/c] 

T
p

0.2−

0

0.2

0.4

0.6
 [%

] 
〉) 2

Ψ
-2φ

 s
in

(2
zP〈

Λ+Λ
hydro (x 0.2) 20%-50%

) 20%-60%
2

BW (spectra+v
+HBT) 20%-80%

2
BW (spectra+v

STAR  = 200 GeVNNsAu+Au 
20%-60%

FIG. 4. (Color online) The second Fourier sine coefficient of
the longitudinal polarization of Λ and Λ̄ hyperons as a func-
tion of pT for 20%-60% centrality bin in Au+Au collisions at√
s
NN

= 200 GeV. Open boxes show the systematic uncer-
tainties. Magenta dashed line shows the hydrodynamic model
calculation [14] scaled by 0.2. Solid and dot-dashed lines with
the bands show the blast-wave (BW) model calculations with
Λ mass.

ing the chiral kinetic approach predicts the same sign
as the data [29]. The model accounts for the transverse
component of the vorticity, resulting in axial charge cur-
rents. Note that both the hydrodynamic and transport
models calculate local vorticity at freeze-out and convert
it to the polarization assuming local thermal equilibrium
of the spin degrees of freedom, while the chiral kinetic
approach takes into account nonequilibrium effects but
does not consider a contribution from the temperature
gradient which is a main source of Pz in the hydrody-
namic model.

These models indicate that the contribution from the
kinematic vorticity to Pz is negligible or opposite in the
sign to the naive expectation from the elliptic flow. In or-
der to estimate the contribution from the kinematic vor-
ticity we employed the blast-wave model (BW) [30–32].
Following Ref. [32] we parameterize the system velocity
field at freeze-out with temperature (T ) and transverse
flow rapidity (ρ) defined as ρ = r̃[ρ0 + ρ2 cos(2φb)]. Here
ρ0 and ρ2 are the maximal radial expansion rapidity and
its azimuthal modulation, r̃ is the relative distance to
the edge of the source, and φb defines the direction of the
local velocity as indicated in Fig. 1. The source shape,
assumed to be elliptical in the transverse plane, is pa-
rameterized by the Ry and Rx radii. Boost invariance is
assumed. Two fits to the data are performed: in one only
spectra and elliptic flow of π, K, and p(p̄) are fit; the sec-

ond fit [33] also includes azimuthal-angle-dependence of
the pion Gaussian source radii at freeze-out as measured
via Hanbury-Brown and Twiss (HBT) intensity interfer-
ometry. The average longitudinal vorticity is calculated
according to the following formula:

⟨ωz sin(2φ)⟩ =
∫

dφs

∫

rdr I2(αt)K1(βt)ωz sin(2φb)
∫

dφs

∫

rdr I0(αt)K1(βt)
(4)

ωz =
1

2

(

∂uy

∂x
−

∂ux

∂y

)

, (5)

where the integration is over the transverse cross-
sectional area of the source, uµ is a four-vector of the lo-
cal flow velocity [32], φs is the azimuth of the production
point (see Fig. 1 for the relation to φb), αt = pT /T sinh ρ,
βt = mT /T cosh ρ; In and K1 are the modified Bessel
functions. Assuming a local thermal equilibrium, the
longitudinal component of the polarization is estimated
as Pz ≈ ωz/(2T ). The uncertainties shown for the BW
model calculations corresponds to 1 σ variation in the
model parameters. See Ref. [34] for more details.
The BW calculations are compared to the data in

Figs. 3 and 4. From central to mid-central collisions both
BW calculations show positive sine coefficients which are
compatible in both sign and magnitude to the measure-
ment, although the BW model is based on a very sim-
ple picture of the freeze-out condition. It was shown in
Ref. [13] that the vorticity in the BW model has the
effects of the velocity field anisotropy (ρ2/ρ0) and the
spacial source anisotropy (Ry/Rx) contributing with op-
posite signs, which can explain a strong sensitivity of the
BW model predictions in the peripheral collisions to the
inclusions of the HBT radii.
We have presented the first measurements of the longi-

tudinal component of the polarization for Λ and Λ̄ hyper-
ons in Au+Au collisions at

√
s
NN

= 200 GeV. Finite sig-
nals of a quadrupole modulation of both Λ and Λ̄ polar-
ization along the beam direction are observed and found
to be qualitatively consistent with the expectation from
the vorticity component along the beam direction due to
the elliptic flow. The results exhibit a strong centrality
dependence with increasing magnitude as the collision
centrality becomes more peripheral. No significant pT
dependence is observed above pT > 1 GeV/c. A drop-off
of the signal is hinted at for pT < 1 GeV/c. The data
were compared to calculations from hydrodynamic and
AMPT models, both of which show the opposite phase of
the modulation and overpredict the magnitude of the po-
larization. This might indicate incomplete thermal equi-
libration of the spin degrees of freedom for the beam
direction component of the vorticity/polarization, as it
develops later in time compared to the global polariza-
tion. On the other hand, the blast-wave model calcu-
lations are much closer to the data, even more so when
the azimuthally sensitive HBT results along with the pT
spectra and v2 are included in the model fit. The blast-
wave model predicts the correct phase of Pz modulation

Centrality and pT dependence
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STAR, PRL123.13201 (2019)

BW parameters obtained with HBT: STAR, PRC71.044906 (2005)
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FIG. 3. (Color online) The second Fourier sine coefficient of
the longitudinal polarization of Λ and Λ̄ hyperons as a func-
tion of pT for 20%-60% centrality bin in Au+Au collisions at√
sNN = 200 GeV. Open boxes show the systematic uncer-

tainties. Magenta dashed line shows the hydrodynamic model
calculation [14] scaled by 0.2. Solid and dot-dashed lines with
the bands shows the blast-wave model calculations.

In order to estimate the contribution from the kine-244

matic vorticity, we employed the blast-wave model245

(BW) [28–30]. Following [30] we parameterize the system246

velocity field at freeze-out with temperature T and maxi-247

mal radial expansion rapidity ρ0 and its azimuthal modu-248

lation ρ2 (ρ = r̃[ρ0+ρ2 cos(2φs)] with r̃ being the relative249

distance to the edge of the source). The source is assumed250

to be elliptical in the transverse plane parametrized by251

Ry and Rx radii. Boost invariance is assumed. Two fits252

to the data are performed: in one only spectra and el-253

liptic flow are fit; the second fit [31] also includes the254

HBT radii dependence on the azimuthal angle. The av-255

erage longitudinal vorticity is calculated according to the256

following formula:257

⟨ωz sin(2φ)⟩ =
∫
dφs

∫
rdr I2(αt)K1(βt)ωz sin(2φb)∫
dφs

∫
rdr I0(αt)K1(βt)

(5)258

ωz =
1

2

(
∂uy

∂x
− ∂ux

∂y

)
, (6)259

where the integration is over the transverse cross-260

sectional area of the source, uµ is a four-vector of the261

local flow velocity [30], φs is the azimuth of the produc-262

tion point, φb defines the direction of the local velocity,263

αt = pT /T sinh ρ, βt = mT /T cosh ρ; In and K1 are264

the modified Bessel functions. Assuming a local thermal265

equilibrium, the longitudinal component of the polariza-266

tion is estimated as Pz ≈ ωz/(2T ). See Ref. [32] for more267

details.268

The BW calculations are compared to the data in269

Figs. 2 and 3. In central to mid-central collisions, the270

both BW calculations show a positive sine modulation271

as observed in the data and their magnitudes are com-272

parable to the data, although the BW model is based on273

a very simple picture of the freeze-out condition. It was274

shown in Ref. [13] that the vorticity in the BW model has275

the effects of the velocity field anisotropy (ρ2/ρ0) and the276

spacial source anisotropy (Ry/Rx) contributing with op-277

posite signs, which can explain a strong sensitivity of the278

BW model predictions in the peripheral collisions to the279

detail of the fit – including the HBT radii or not.280

In conclusions, we have presented the first measure-281

ments of longitudinal component of the polarization for282

Λ and Λ̄ hyperons in Au+Au collisions at
√
sNN = 200283

GeV. Finite signals of a quadrupole modulation of both284

Λ and Λ̄ polarization along the beam direction was ob-285

served and qualitatively consistent with the expectation286

from the vorticity component along the beam direction287

due to the elliptic flow. Results exhibit a strong cen-288

trality dependence with magnitude increasing in more289

peripheral collisions. No significant pT dependence is ob-290

served above pT > 1 GeV/c and a hint of drop-off at291

pT < 1 GeV/c. The data were compared to the hydro-292

dynamic model and AMPT model, both of which show293

the opposite phase of the modulation and over predict294

the magnitude of the polarization. This might indicate295

incomplete thermal equilibration of the angular degrees296

of freedom for the beam direction component of the vor-297

ticity/polarization, as it develops later in time compared298

to the global polarization. On the other hand the blast-299

wave model calculations are much closer to the data, in300

particular if in the BW model fit one includes the az-301

imuthally sensitive HBT results along with pT spectra302

and v2. The blast-wave model predicts the correct phase303

of Pz modulation and a similar pT dependence; the ver-304

sion with HBT radii included in the fit also reasonablely305

describe the centrality dependence. These results provide306

the information on the role of the vorticity in heavy-ion307

collisions. Further theoretical and experimental studies308

are needed for better understanding.309
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Plans to release preliminary: 
D. Sarkar (ALICE), IS2021 

Make predictions!
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Spin alignment in vector meson decays
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Strong decays of vector mesons in to two 
(pseudo)scalar particles

Quarkonium polarization in nuclear collisions at the LHC ALICE Collaboration

1 Introduction

Quarkonia, bound states of charm (c) and anticharm (c) or bottom (b) and antibottom (b) quarks, repre-
sent an important tool to test our understanding of quantum chromodynamics (QCD), since their produc-
tion process involves both perturbative and non-perturbative aspects. At high energy, the creation of the
heavy quark-antiquark pair is a process that can be described using a perturbative QCD approach, due to
the large value of the charm and bottom quark masses (mc ⇠ 1.3 GeV/c2, mb ⇠ 4.2 GeV/c2). However,
the subsequent formation of the bound state is a non-perturbative process that can be described only by
empirical models or effective field theory approaches. Among those, models based on Non-Relativistic
QCD (NRQCD) [1] give the most successful description of the production cross section, as measured
at high-energy hadron colliders (Tevatron, RHIC, LHC) [2–13]. In this approach, the non-perturbative
aspects are parameterized via long-distance matrix elements (LDME), corresponding to the possible in-
termediate color, spin and angular momentum states of the evolving quark-antiquark pair. The values of
LDMEs need to be fitted on a chosen sample of measurements and can be then considered as universal
quantities, in the sense that they can be used in the calculation of production cross sections and other
observables corresponding, for example, to different collision systems and energies.

Among the various charmonium states, the J/y meson, with quantum numbers JPC = 1��, was the
first to be discovered. It is surely the most studied, also due to the sizeable decay branching ratio to
dilepton pairs ((5.961± 0.033)% for the µ+µ� channel [14]) that represents an excellent experimental
signature. While the J/y production cross sections are well reproduced by NRQCD-based models, it
was soon realized that describing the measured polarization of this state represents a much more difficult
problem [15]. The polarization, corresponding to the orientation of the particle spin with respect to a
chosen axis, can be accessed via a study of the polar (q) and azimuthal (f ) production angles, relative
to that axis, of the two-body decay products in the quarkonium rest frame. Their angular distribution
W (q ,f) is parameterized as

W (q ,f) µ 1
3+lq

�
1+lq cos2 q +lf sin2 q cos2f +lqf sin2q cosf

�
, (1)

with the polarization parameters lq , lf and lqf corresponding to various combinations of the elements
of the spin density matrix of J/y production [16]. In particular, the two cases (lq = 1, lf = 0, lqf = 0)
and (lq = �1, lf = 0, lqf = 0) correspond to the so-called transverse and longitudinal polarizations,
respectively. At leading order, the high-pT production is dominated by gluon fragmentation and there-
fore the J/y would be expected to be transversely polarized [15]. However, the results from the CDF
experiment at Tevatron showed that the J/y exhibits a very small polarization [17, 18], an observation
which was impossible to reconcile with the NRQCD prediction. As of today, on the experimental side,
accurate results on inclusive and prompt (i.e., removing contributions from b-quark decays) J/y polar-
ization have become available at LHC energies [19–22]. They confirm that this state shows little or no
polarization in a wide rapidity (up to y = 4.5) and transverse momentum region (from 2 to 70 GeV/c),
with the exception of the LHCb measurements at

p
s= 7 TeV [21], where the value lq =�0.145±0.027

was obtained in the interval 2 < pT < 15 GeV/c and 2 < y < 4.5, in the helicity frame (its definition will
be given later in Sec. 3). On the theory side, a huge effort was pursued in order to move to a complete
next-to-leading order (NLO) description of the J/y production process [23, 24], and to the calculation
of the polarization variables [25, 26]. Further important progress includes a quantitative evaluation of
the contribution of feed-down processes (J/y coming from the decay of cc and y(2S) states) on the
polarization observables [27]. It was shown that at NLO there are rather large cancellations between
contributions corresponding to the different possible combinations of the spin and angular momentum
of the intermediate cc states, reaching a more satisfactory description of the absence of polarization ob-
served in the data [28]. However, those descriptions usually require the inclusion of both cross section

2

 - probability for ρ00 = w0 sz = 0

V → l+l−

Unlike  
and , the daughters  
in   have spin 1/2 

K0* → Kπ
ϕ → K+K−

J/ψ → l+l−

, in progressJ/ψ



RHIC-BES seminar, December 1, 2020page S.A. Voloshin

 and  spin alignmentK*0 ϕ

45

Large deviation from 1/3, which cannot be explained in  

the vorticity picture:         
 
The deviations from 1/3  are different 

- K* and φ at RHIC 
- LHC and RHIC for φ

ρ00 =
1

3 + (ω/T )2ALICE, PRL125.012301 (2020)

and calculating the corresponding factor R. This gives
Δρ00ðRNDEPÞ ¼ Δρ00ðEPÞ × 1

4(R ¼ 0 for random plane)
andΔρ00ðPPÞ ¼ Δρ00ðEPÞ × ð1þ3v2Þ=4(R ¼ v2 for pro-
duction plane, where v2 is the second Fourier coefficient of
the azimuthal distribution of produced particles relative to
the event plane angle). Here Δρ00 ¼ ρ00-1=3. This is
further confirmed using a toy model simulation with the
PYTHIA 8.2 event generator [30] by incorporating v2 and
spin alignment (see the Supplemental Material [17] for
further details).
In the past, spin alignment measurements in eþe−

[31–33], hadron-proton [34] and nucleon-nucleus colli-
sions [35] were carried out to understand the role of spin in
the dynamics of particle production, finding ρ00 > 1=3and
off-diagonal elements close to zero with respect to the PP.
For pp collisions at

ffiffiffi
s

p
¼ 13TeV, we find ρ00 ∼ 1=3

within the studied pT range (see Fig. 2). New preliminary
results from RHIC have found deviations of ρ00 from 1=3
indicating spin alignment for vector mesons at lower

ffiffiffiffiffiffiffiffi
sNN

p

[36,37]. The ρ00 for ϕ mesons in mid-central Pb-Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76TeV is less than 1=3 while
the preliminary finding for mid-central Au-Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV is ρ00 greater than 1=3. The ρ00 > 1=3
for ϕ mesons has been interpreted as evidence for a
coherent ϕ meson field [38]. Similar conclusions cannot
be easily applied to K%0 as it consists of valence quarks of
unequal mass (s and d̄), which makes it impossible to
separate the effects of vorticity and due to electromangetic
and mesonic fields. Significant polarization of Λ baryons
(spin ¼ 1=2) was reported at low RHIC energies. The
polarization is found to decrease with increasing

ffiffiffiffiffiffiffiffi
sNN

p

[39,40]. At the LHC, the global polarization for Λ baryon is
compatible with zero within uncertainties [PΛð%Þ ¼
0.01& 0.06& 0.03] [41]. The spin alignment for vector
mesons in heavy ion collisions could have contributions
from angular momentum [12,13], electromagnetic fields
[15] and mesonic fields [38]. While no quantitative
theoretical calculation for vector meson polarization at
LHC energies exists, the expected order of magnitude can
be estimated and the measurements for vector mesons and
hyperons can be related in a model dependent way.
Considering only the angular momentum contribution
and recombination as the process of hadronization [13],
the ρ00 of vector mesons are related to quark polarization as
ρ00 ¼ ð1 − PqPq̄Þ=ð3þ PqPq̄Þ where Pq and Pq̄ are quark
and antiquark polarization, respectively. Assuming Pu ¼
Pū ¼ Pd ¼ Pd̄ and Ps ¼ Ps̄, the measured pT integrated
ρ00 values for K%0 and ϕ mesons in 10–50% Pb-Pb colli-
sions could translate to light quark polarization of ∼0.8and
strange quark polarization of ∼0.2. Using a thermal and
nonrelativistic approach as discussed in [42], vorticity (ω)
and temperature (T) are related to ρ00 and vector
meson polarization (PV) as ρ00 ≃ 1

3f1 − ½ðω=TÞ2=3(g and
PV ≃ ð2ω=3TÞ, respectively. Also in this approach, the
measured ρ00 for K%0 would correspond to K%0 polarization
of ∼0.6and the ρ00 for ϕ mesons would give ϕ meson
polarization of ∼0.3.
In the recombination model, Λ polarization depends

linearly on quark polarization whereas vector meson
polarization depends quadratically on it. One would there-
fore expect the polarization for K%0 to be of the same order
or smaller than the one measured for theΛ at LHC [41], i.e.,
vanishing small [Oð0.01%Þ] rather than order 1. The large
effect observed for the ρ00 in mid-central Pb-Pb collisions
at low pT is therefore puzzling. This result should stimulate
further theoretical work in order to study which effects
could make such a huge difference between Λ and K%0

polarization. Possible reasons may include the transfer of
the quark polarization to the hadrons (baryon vs meson),
details of the hadronization mechanism (recombination vs
fragmentation), rescattering, regeneration, and possibly the
lifetime and mass of the relevant hadron. Moreover, the
vector mesons are predominantly directly produced
whereas the hyperons have large contributions from res-
onance decays.
In conclusion, for the first time, evidence has been found

for a significant spin alignment of vector mesons in heavy-
ion collisions. The effect is strongest at low pT with respect
to a vector perpendicular to the reaction plane and for mid-
central (10–50%) collisions. These observations are quali-
tatively consistent with expectations from the effect of large
initial angular momentum in noncentral heavy-ion colli-
sions, which leads to quark polarization via spin-orbit
coupling, subsequently transferred to hadronic degrees of
freedom by hadronization via recombination. However, the
measured spin alignment is surprisingly large compared to
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FIG. 3. Measurements of ρ00 as a function of hNparti forK%0 and
ϕ mesons at low and high pT in Pb-Pb collisions. The statistical
and systematic uncertainties are shown as bars and boxes,
respectively. Some data points are shifted horizontally for better
visibility.
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ρ00 (centrality): K*0 vs. φ 

Subhash Singha, QM 2019

QM 2018 Κ*0 φ

Meson
s
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K*0 4

• K*0 ρ00 < 1/3 • φ ρ00 > 1/3 
• For midcentral collisions

X. Sheng, L. Oliva, and Q. Wang, PRD101.096005(2020) 
X. Sheng, Q.Wang, and X. Wang, PRD102.056013 (2020)

RHIC: Mean field of φ meson plays a role?  
Does it change from RHIC to LHC?

Chensheng Zhou

Centrality (%)
0 10 20 30 40 50 60 70 80

00
ρ

0.28

0.3

0.32

0.34

0.36

0.38
Au+Au 200 GeV

 < 5.4 GeV/c
T

1.2 < p
 meson (1st order EP)φ

Centrality Dependence of φ ρ00

• The results are integrated over 1.2 < pT < 5.4 GeV/c. 

• For non-central collisions, ρ00 is significantly larger than 1/3.

!17

STAR preliminary

φ

Thermal model: 
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• Polarization measurements are very valuable for understanding  
of the QGP dynamics, hadronization, hadron spin structure 

• RHIC: STAR 27 GeV  
• BES II 

LHC: High statistics Run3 data will bring many more possibilities 
• Precision measurements of the global polarization 
• more differential measurements of zPolarization 
• measurements of other local polarization effects 
• Measurement of  and  polarization

Λ, Λ̄

Ξ Ω
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Thank you for your attention! 
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EXTRA SLIDES, χ
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Prehistory (1998 - …)
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STAR

QM2009                  Experimental study of  spontaneous strong parity violation… S.A. Voloshin page 21

P-odd domains in heavy ion collisions

Efremov, Kharzeev, PLB366:311(1996)                   Å (DIS)
Kharzeev, Pisarsky, Tytgat, PRL81:512(1998)
Kharzeev, Pisarsky, PRD61:111901(2000)
Voloshin, PRC62:044901(2000)
Kharzeev, Krasnitz, Venugopalan, PLB545:298(2002)
Finch, Chikanian, Longacre, Sandweiss, Thomas, PRC65:014908(2002)

where

 

α

 

is the fraction of particles 
originating from the P-odd domain 

b
&

Î

Difference in the orientation of the event plane
determined with positive or negative particles!
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Preprehistory also exists..
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Cross correlations: CVE x CME comparison
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Figure 1. The left two panels show the K0
S -h+ and K0

S -h� as a function of centrality in Au+Au collisions at 200 GeV and 39 GeV respectively. The
right two panels show the di↵erence between K0

S -h� and K0
S -h+ as a function of centrality at those two collision energies. The results are corrected

for the event plane resolution. The error bars are statistical only.

Figure 2. The left two panels show the ⇤-h+(⇤̄-h�) and ⇤-h�(⇤̄-h+) as a function of centrality in Au+Au collisions at 200 GeV and 39 GeV
respectively. The right two panels show the di↵erence between ⇤-h�(⇤̄-h+) and ⇤-h+(⇤̄-h�) as a function of centrality at those two collision
energies. The results are corrected for the event plane resolution. The error bars are statistical only.
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Fig. 2. (left) Centrality dependence of di↵erent components of �� as defined in Eq.1. The uncertainties from fits are
shown in bars and the systematic uncertainties are shown by boxes (residual component) and band (total ��). (right) �⌘
dependence of the three-particle correlator (numerator of the �-correlator) for p+Au collisions showing the short-range-
positive (SR+) and residual components in Eq.1.

vanish for non-zero values of v2{2}. The dependence of v2{2} vs. �� in background model (/ v2{2}/N) is
non-linear since N increases with decreasing v2{2} towards central events. It will therefore be interesting to
see if a background calculation like Ref [19] can predict �� vs. v2{2} with a positive intercept on v2{2}-axis.
A simultaneous description of the vanishing �� at non-zero v2{2} and its rapid linear growth can be naturally
explained by the variation of the ellipticity which drives v2{2} and projected ~B on participant plane as shown
in MC-Glauber simulations [11].

In Fig.1 (right) we show the relative rapidity �⌘ = ⌘1�⌘2 dependence of the charge inclusive three-
particle correlator C112(⌘1 � ⌘2) = hcos(�1(⌘1) + �2(⌘2) � 2�3)i for a single centrality bin of 30 � 40%
in U+U collisions. One can see that over most of the range of �⌘, C112 remains negative. However, an
interesting structure is observed at small �⌘ where it trends towards positive values. It also changes sign
at large �⌘. Similar �⌘ dependence is also observed for charge dependent correlators. Such trends might
indicate di↵erent underlying phenomena driving the structure of C112(�⌘) [20]. In particular, causality
arguments [21] indicate correlations at smaller �⌘ are dominated by late time e↵ects such as HBT, Coulomb,
fragmentations etc., whereas any early time e↵ects that are driven by magnetic field or initial-state geometry
can spread over large �⌘. The e↵ects of initial state geometry, hydrodynamic response and also momentum
conservation have been previously shown to lead to negative values of C112<0 (see Ref. [10, 20, 22]). On the
other hand, one can show that in the short-range limit (�⌘,��! 0), C112>0, indicating a possible tendency
of the observable to become positive due to local clustering of particles caused by aforementioned late
time e↵ects that are the potential backgrounds for CME. Based on such motivation we apply a data driven
approach to separate di↵erent components of C112 by fitting the �⌘ distribution shown in Fig.1 (right) with
a function

C112(�⌘12 ) = ASR+e
�(�⌘)2/2�2

SR+ � AIR e�(�⌘)2/2�2
IR + ALR . (1)

Here ASR+ , AIR are the amplitudes of the short-range positive and intermediate-range components respectively.
The fit results indicate �SR+  0.46 ± 0.03 and �IR � 0.66 ± 0.04, i.e. a clear separation of widths exists
between the two components. However the important distinction between the two components is that they
di↵er in sign. The pedestal component ALR is constant in �⌘ and accounts for the sign change of C112 at large
�⌘. A similar decomposition technique to remove short-range correlations in two-particle correlations has
been recently used by STAR in Ref. [23]. In the current work, our goal is to study the charge dependence
of di↵erent components in Eq.1. For this we fit C112(�⌘12 ) separately for the same-sign and opposite-sign
with Eq. 1 to extract the short-range positive (= ASR+e

�(�⌘)2/2�2
SR+ ) and the residual components (= C112(�⌘)�

ASR+e
�(�⌘)2/2�2

SR+ ) in each centrality. We then estimate �� = (Copposite�sign
112 �Csame�sign

112 )/v2{2} separately for the
two components. In order to account for of the trivial dilution e↵ects while going from central to peripheral
events, we present our results by multiplying �� with Npart in Fig.2 (left).

Interestingly, in Fig.2 (left) one can see that the residual component, which is wider in rapidity, shows
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Fig. 1. (left) The variation of �� with v2. (right) Relative pseudorapidity dependence of the three-particle correlator
(numerator of �) shown for all charges, the curves show three component fit to the data points.

flow-driven background by reducing v2 also reduces the ability to resolve the direction of  2 and therefore
the e↵ect of ~B, resulting in a reduction of expected signal. It turns out that the centrality dependence of
v2 and the component of ~B along  2 are very similar making the signal-background separation challenging
in HICs. However, there is an important distinction, unlike event-averaged v2/N, MC-Glauber simulations
indicate that the component of ~B along  2 can vanish due to decorrelation e↵ects in the ultra-central A+A,
peripheral A+A and in p+A collisions [11, 12, 13]. In such scenarios, a naive background expectation (non-
zero v2/N) for charge separation di↵ers from the vanishing ~B-field driven expectation and provides a way to
disentangle the two e↵ects. In addition, non-flow e↵ects such as fragmentation of (mini-)jets, particularly
dominant in peripheral events, that can influence the orientation of  2 are also expected to contribute to
the background [6]. Di↵erential measurements of three-particle correlations with relative pseudorapidity in
peripheral A+A and p+A collisions will be important to understand such e↵ects [14].

2. Experiment and analysis

We analyzed the data on U+U at psNN = 193 GeV and Au+Au, p+Au collisions at psNN = 200
GeV respectively as collected by the STAR detector [15] during 2011, 2012 and 2015 years of running
of RHIC. For the measurements of � we used charged particles within the pseudorapidity range of |⌘| < 1
and transverse momentum of pT >0.2 GeV/c detected by the Time Projection Chamber (TPC), the primary
tracking systems of STAR situated inside a 0.5 Tesla solenoidal magnetic field [16]. We estimate the quantity
�a,b = C112/v2{2} = hcos(�a

1 + �
b
2 � 2�3)i/v2{2} with di↵erent charge combinations a, b = +�,++,��

and v2{2}2 = hcos(2(�1 � �2))i as a measure of the elliptic flow coe�cient obtained using algebra based
on Q-vectors. In order to account for imperfections in the detector acceptance, we apply track-by-track
weighting [17, 18]. We also apply momentum-dependent tracking e�ciency corrections. We estimate
systematic uncertainties in our measurements by analyzing datasets with di↵erent e�ciency estimates, by
varying z-vertex position of the collision, and by varying track selection criteria. We estimate the number
of participant nucleons Npart using a Monte-Carlo Glauber model for di↵erent centrality intervals. For the
selection of such centrality bins we use the distribution of minimum bias uncorrected multiplicity of charged
particles in the pseudorapidity region |⌘| < 0.5 measured by the TPC and using the response of spectator
neutrons in the Zero-Degree-Calorimeters (ZDCs).

3. Results and discussion

Fig.1 (left) shows the correlation of charge separation (�� = �opposite�sign��same�sign) with v2{2} in central
events in Au+Au (0-20%) and U+U (0-10%) collisions. Each point in this plot is obtained by first binning
the distribution of multiplicity (Au+Au, U+U) or spectators (U+U) and then estimating the values of v2 and
�� separately for the corresponding event classes. Interestingly, for both Au+Au and U+U, �� trends to
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Abstract
We present STAR measurements of the charge-dependent three-particle correlator �a,b = hcos(�a

1 + �
b
2 � 2�3)i/v2{2} and

elliptic flow v2{2} in U+U, Au+Au and p+Au collisions at RHIC. The di↵erence �� = �(opposite�sign)��(same�sign)
measures charge separation across the reaction plane, a predicted signal of the Chiral Magnetic E↵ect (CME). Although
charge separation has been observed, it has been argued that the measured separation can also be explained by elliptic
flow related backgrounds. In order to separate the two e↵ects, we perform measurements of the �-correlator where
background expectations di↵er from magnetic field driven e↵ects. A di↵erential measurement of � with the relative
pseudorapidity (�⌘) between the first and second particles indicate that �� in peripheral A+A and p+A collisions are
dominated by short-range correlations in �⌘. However, a relatively wider component of the correlation in �⌘ tends to
vanish the same way as projected magnetic field as predicted by MC-Glauber simulations.

Keywords: CME, Three-particle correlations, A+A and p+A collisions

1. Introduction

QCD anomaly driven chirality imbalance can introduce an electromagnetic (vector) current along the
direction of strong magnetic fields (~B) produced in relativistic heavy-ion collisions (HIC) [1, 2, 3, 4]. Such a
phenomenon, referred to as the Chiral Magnetic E↵ect (CME), is expected to lead to separation of produced
charged hadrons in HICs along ~B [2]. However, since the direction of ~B is not known in HICs, the angular
correlations of a pair of charged particles with respect to the reaction plane  RP, given by � = hcos(�1+�2�
2 RP)i was proposed to be an experimental observable of the CME [5]. The most common proxy for  RP
is the second harmonic event plane  2 corresponding to the elliptic flow coe�cient v2 of inclusive charged
particles. Therefore, experimental searches for the CME concentrate on the e↵ects of charge separation
driven by the component of ~B along 2 [6, 7]. Any non-CME phenomenon that can lead to charge-dependent
azimuthal correlations with respect to  2 can also influence � [5]. The goal of this analysis is to disentangle
the e↵ects of such potential non-CME backgrounds from the expected signals of CME.

Known sources of flow-driven backgrounds are HBT, Coulomb, flowing resonances, local charge con-
servation and momentum conservation [5, 8, 9, 10]. A naive expectation of such flow-driven background
contributions can be shown to be proportional to v2/N, N being the multiplicity [5]. Attempts to reduce

ar
X

iv
:1

70
4.

03
84

5v
1 

 [n
uc

l-e
x]

  1
2 

A
pr

 2
01

7

“short range background” 
= 
RP independent ?   

Can be checked, 
Might be important for interpretation



RHIC-BES seminar, December 1, 2020page S.A. Voloshin

RHIC BES results

52

may not be canceled, and may contribute to the intercept of v2(A±) difference. However, for
neutral particles like Λ, the decay daughters on average will not contribute to the numerator of
observed A±, so they will not create a correlation between v2 difference and A± out of nothing. In
other words, this effect will not change the slope parameter from zero to finite. The denominator
of observed A± will be increased due to this effect, and thus the observed slope parameter will be
increased by a scale factor, related to the Λ/π ratio, which requires further systematic study.

We follow the same procedure as above to retrieve the slope parameter r for all centrality bins
and all the collision systems under study. The results are shown in Fig. 2, together with the sim-
ulation calculations with UrQMD event generator [23] and with the theoretical calculations with
the CMW effect with different duration times for the magnetic field [14]. For most data points,
the slopes are positive and reach a maximum in mid-celtral/mid-peripheral collisions. The slopes
extracted from UrQMD events are consistent with zero for 15-60% collisions, where the signal
from the real data is prominent. On the other hand, the CMW calculations demonstrate a similar
centrality dependency of the slope parameter, though quantitative comparison between data and
theory requires further works on both sides to match the kinematic regions of the analyses.

3. Charge separation with respect to the reaction plane
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Figure 3: (Color online) The three-point correlator, γ, as a function of centrality for Au+Au collisions from 200 GeV to
7.7 GeV [24]. For comparison, we also show the results for Pb+Pb collisions at 2.76 TeV [25]. The errors are statistical
only.

The concept of Local Parity (P) Violation (LPV) in high-energy heavy ion collisions was
brought up by Lee et al. [26, 27, 28] and elaborated by Kharzeev et al. [29]. In non-central
collisions such a P-odd domain can manifest itself via preferential same charge particle emission
for particles moving along the system’s angular momentum, due to the Chiral Magnetic Effect [2,
3]. To study this effect, a three-point mixed harmonics azimuthal correlator was proposed [30]:

γ = ⟨cos(φα + φβ − 2ψRP)⟩, (3)
4

where α and β denote the particle type: α, β = +, −. The observable γ is P-even, but sensitive
to the fluctuation of charge separation. STAR measurements of the correlator were reported
for Au+Au and Cu+Cu collisions at 200 GeV and 62.4 GeV [6, 7], showing the clear difference
between the opposite sign and the same sign correlations, qualitatively consistent with the picture
of CME and LPV. Fig. 3 presents the extension of the analysis to lower beam energies at RHIC.
The STAR results are based on Au+Au samples of 57M events at 200 GeV from RHIC year
2007 [24], 7M at 62.4 GeV (2005), 100M at 39 GeV (2010), 40M at 27 GeV (2011), 20M at
19.6 GeV (2011), 10M at 11.5 GeV (2010) and 4M at 7.7 GeV (2010). For comparison, we also
show the results for Pb+Pb collisions at 2.76 TeV [25]. A striking similarity exists between 200
GeV Au+Au and 2.76 TeV Pb+Pb, and a smooth transition occurs from 200 GeV to lower beam
energies starting from the peripheral collisions.
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Figure 4: (Color online) The difference between the opposite sign and the same sign correlations as a function of central-
ity for Au+Au collisions from 200 GeV to 7.7 GeV [24]. For comparison, we also show the results for Pb+Pb collisions
at 2.76 TeV [25]. The errors are statistical only.

Initially it was expected that the opposite sign (γOS) and the same sign (γSS) correlations
would be symmetric around zero due to the charge separation induced by LPV and CME. How-
ever, there could be common physics backgrounds in both correlations. For example, in central
collisions the strong radial flow tends to push particles to the same direction regardless of the
charge sign, and that effect will reduce both γOS and γSS by the same amount. In peripheral
collisions, the multiplicity is smaller and the system is more influenced by momentum conserva-
tion, which tends to increase both correlations in the same way. Also, the statistical fluctuation
of the correlator could be larger out-of-plane than in-plane due to the geometry of the collision
system, which contributes a negative background. To reduce such mutual backgrounds, we take
the difference between γOS and γSS as the signal, shown in Fig. 4. The signal persists almost
unchanged up to 2.76 TeV and down to around 11.5 GeV, and seems to disappear at 7.7 GeV.
To be more conclusive on the transition of the signal, more statistics are needed for collisions at
11.5 and 7.7 GeV.

One major background in γOS−γSS comes from processes in which particles α and β are prod-
5

- Again, the signal is 
surprisingly “stable” over the 
wide range of energies 
- Disappears at 7 GeV? 
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FIG. 5. (Color) ⟨cos(φα − φβ )⟩ as a function of centrality for
different charge combinations and FF and RFF configurations. The
data points corresponding to different charge and field configurations
are slightly shifted in the horizontal direction with respect to each
other for clarity. The error bars are statistical. Also shown are model
predictions described in Sec. VII.

obtained with FF and RFF magnetic field settings as a function
of collision centrality. In this figure and later in the article,
the centrality is quantified by the fraction of the total inter-
action cross section, with the centrality bins corresponding
to (ordered from most to least central) 0%–5%, 5%–10%,
10%–20%, . . . ,70%–80% of the most central collisions. The
points are plotted at the middle of the bin, not reflecting
possible small biases due to higher weight of events with larger
multiplicity within the bin. Before acceptance corrections are
applied, (+,+) correlations are slightly different from (− , − )
correlations, with the difference changing sign in different field
orientations. After the correction, the results from different
field polarities coincide with each other.

We have performed several additional checks to ensure
that the signal is not attributable to detector effects. High
accelerator luminosity leads to significant charge buildup in
the TPC, which leads to distortions in the recorded track
positions, affecting the reconstructed momenta. We have
compared the results obtained from the 2002 RHIC run (a
low-luminosity run), with results from 2004–2005 divided into
high- and low-luminosity events (selection is based on a ZDC
coincidence rate). All three data samples yield the same signal
within statistical uncertainties.

The acceptance of the detector depends weakly on the
position of the event vertex relative to the center of the
TPC. We applied the acceptance corrections differentially
according to the event vertex position and explicitly checked
the dependence of the signal on the vertex position. No
dependence has been found.

The main TPC consists of two parts, which are separated by
a central membrane. A particle track will occasionally cross
the central membrane and be separately reconstructed in each
half-barrel of the TPC. These two track parts can be displaced,
one with respect to the other. To check that this effect does not
contribute to the signal, we calculated the correlator using only

tracks that do not cross the membrane. Taking into account the
signal dependence on the track separation in pseudorapidity,
the observed signal was found to be consistent with the signal
obtained without such a requirement.

Tracks in the TPC are characterized by the distance of
closest approach (DCA), the distance between the projection
of the track and the event vertex. Particles originating from
weak decays ($, Ks , etc.) can have larger DCAs than the
direct primary particles we are studying. We compared the
results obtained with a cut DCA < 1 cm to those of DCA < 3
cm and found only negligible differences with a somewhat
larger signal (of the order of the statistical error) for tracks
with DCA < 1 cm.

The correlator used in this analysis is the difference between
the correlations projected onto the reaction plane and the
correlations projected onto the direction normal to the reaction
plane. The correlator calculated by projecting onto an axis
rotated by π/4 relative to the reaction plane should only
be nonzero owing to detector effects. We have explicitly
calculated the correlator in this rotated frame and found it
to be zero within statistical error.

Figure 6(a) compares the three-particle correlations ob-
tained for different charge combinations, as a function of
centrality, when the third particle is selected from the main
TPC with when it is selected from the forward TPCs. Assuming
that the second harmonic of the third particle is correlated
with the first harmonic of the first two particles via a common
correlation to the reaction plane, the correlator should then
be proportional to the elliptic flow of the third particle. On
average, the elliptic flow in the FTPC region is significantly
smaller than that in the TPC region [32], explaining the
different magnitudes of the three-particle correlations shown
in Fig. 6(a).

Figure 6(b) shows the three-particle correlator after it has
been divided by v2 of the third particle, according to Eq. (7).
Resulting signals are in very good agreement in the two cases.
In this and subsequent plots, for the elliptic flow of particle c
in the main TPC region we use estimates obtained from the
correlations of particles in the main TPC region, |η| < 1.0,
with particles in the FTPC, 2.7 < |η| < 3.9. These estimates
are less affected by nonflow effects, compared to elliptic flow
derived from two-particle correlations with both particles taken
from the main TPC.

The shaded band in Fig. 6(b) and the subsequent figures
illustrate the systematic change in the results that occur
when different estimates of the elliptic flow are used. The
upper (in magnitude) limit is obtained with flow from four-
particle correlations and the lower limit from the two-particle
cumulant method. All elliptic flow data have been taken from
Refs. [32,33].2 Four-particle cumulant values are not available

2In Ref. [32,33] an estimate of elliptic flow in the main TPC
region, |η| < 1.0, obtained from correlations of particles in this
region with those in FTPCs was denoted as v2{FTPC}; an estimate
from two-particle correlations with both particles in the main TPC as
v2{2}. Elliptic flow from four-particle correlations, denoted as v2{4},
is considered to be least affected by nonflow effects. For a review of
flow measurements, see Ref. [18].

054908-8

systematic uncertainty. For the correlation between pairs of
particles with the same charge it varies from 19% (28%)
for the 20%–30% (50%–60%) centrality up to 55% for the
60%–70% centrality class. The correlations between oppo-
site chargedparticles for 0%–60%centrality and for the same
charge pairs for 0%–20% centrality are compatiblewith zero
with a systematic error below 5:5! 10"5.

Figure 1(a) presents the centrality dependence of the
three-particle correlator, defined in Eq. (2). The correla-
tions of the same charge pairs for the positive-positive and
negative-negative combinations are found to be consistent
within statistical uncertainties and are combined into one
set of points, labeled same. The difference between the
correlations of pairs with same and opposite charge indi-
cates a charge dependence with respect to the reaction
plane, as may be expected for the CME. To test the bias
from the reaction plane reconstruction, four independent
analyses were performed. The first analysis uses a cumu-
lant technique [21], whereas for the three other analyses
the orientation of the collision symmetry plane is estimated
from the azimuthal distribution of charged particles in the
TPC, and hits in the forward VZERO and ZDC detectors
[22]. There is a very good agreement between the results
obtained with the event plane estimated from different
detectors covering a wide range in pseudorapidity. This
allows us to conclude that background sources due to corre-
lations not related to the orientation of the reaction plane are
negligible, with perhaps the exception of the peripheral
collisions for the pairs of particles with opposite charge.

Figure 1(b) shows the centrality dependence of the two-
particle correlator hcosð’! " ’"Þi, as defined in Eq. (3),
which helps to constrain experimentally the P-even back-
ground correlations. The statistical uncertainty is smaller
than the symbol size. The two-particle correlations for the
same and opposite charge combinations are always posi-
tive and exhibit qualitatively similar centrality depen-
dence, while the magnitude of the correlation is smaller
for the same charged pairs. Our two-particle correlation
results differ from those reported by the STAR
Collaboration for Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV
[8] for which negative correlations are observed for the
same charged pairs.

Figure 1(c) shows the hcos!’! cos!’"i and
hsin!’! sin!’"i terms separately. For pairs of particles of
the same charge, we observe that the hsin!’! sin!’"i
correlations are larger than the hcos!’! cos!’"i ones. On
the other hand, for pairs of opposite charge, the two terms are
very close except for the most peripheral collisions. Further
interpretation of the results presented in Fig. 1(c) in terms
of in- and out-of-plane correlations is complicated due to
the significant nonflow contribution in hcosð’! " ’"Þi.

Figure 2 presents the three-particle correlator hcosð’! þ
’" " 2"RPÞi as a function of the collision centrality com-
pared to model calculations and results for RHIC energies.
The statistical uncertainties are represented by the error

bars. The shaded area around the points indicates the
systematic uncertainty based on the different sources
described above. Also shown in Fig. 2 are STAR results
[8]. The small difference between the LHC and the RHIC
data indicates little or no energy dependence for the three-
particle correlator when changing from the collision
energy of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 0:2 TeV to 2.76 TeV.
InFig. 2, theALICEdata are compared to the expectations

from the HIJING model [23]. The HIJING results for the
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Probe Chiral Magnetic E↵ect with Signed Balance Function

A. H. Tang
Brookhaven National Laboratory, Upton, New York 11973, USA

In this paper we propose a pair of observables as alternative ways to study the charge separation

induced by Chiral Magnetic E↵ect (CME) in relativistic heavy ion collisions. They are, the out-of-

plane to in-plane ratio of fluctuation of the di↵erence between signed balance functions measured

in pairs rest frame, and the ratio of it to similar measurement made in the laboratory frame. We

have studied both observables with simulations including flow-related backgrounds, and for the

first time we’ve pointed out and considered backgrounds that are related to resonance’s global spin

alignment. The two observables have similar positive responses to signal, and opposite, limited

responses to identifiable backgrounds arising from resonance flow and spin alignment. We have also

tested our observables with two realistic models, namely, a multi-phase transport (AMPT) model

and anomalous-viscous fluid dynamics (AVFD) model. The two observables, when cross examined,

will provide useful insights in the study of CME-induced charge separation.

PACS numbers: 25.75.Ld

I. INTRODUCTION

It has been pointed out that the hot and dense mat-
ter created in relativistic heavy-ion collisions may form
metastable domains where the parity and time-reversal
symmetries are locally violated [1], creating fluctuating,
finite topological charges. In noncentral collisions, when
such domains interplay with the ultra-strong magnetic
fields produced by spectator protons [2], they can in-
duce electric charge separation parallel to the system’s
orbital angular momentum — the chiral magnetic e↵ect
(CME) [2–4].

In an event, charge separation along the angular mo-
mentum vector may be described by sine terms in the
Fourier decomposition of the charged-particle azimuthal
distribution

dN±
d�

/1 + 2v1cos(��) + 2v2cos(2��)

+ 2v3cos(3��) + · · ·+ 2a±sin(��) + · · · ,
(1)

where �� (= �� RP ) is particle’s azimuthal angle with
respect to the reaction plane ( RP ). The reaction plane
is defined by the beam direction and the line connect-
ing the centroids of two colliding nuclei at their closest
approach (impact parameter b̂). v1, v2 and v3 are coef-
ficients accounting for the directed, elliptic and trianglu-
lar flow [5], respectively. The a± (a+ = �a�) parameter
describes the charge separation e↵ect. In a parity vio-
lating domain, net-positive and net-negative topological
charges can be produced with equal likelihood, causing
the sign of a± to fluctuate from event to event depend-
ing on event’s net topological charge. This makes a±
not possible to be distinguished on an event-by-event ba-
sis. However one can instead study the e↵ect of a±’s
fluctuation ha21i, where a1 ⌘ |a+| ⌘ |a�|, noting that
ha+i = ha�i = 0.

To study the CME experimentally one has to look for
the enhanced fluctuation of charge separation in the di-
rection perpendicular to the reaction plane, relative to

the fluctuation in the direction of reaction plane itself.
This is the basis of all CME searches in heavy-ion colli-
sions. Experimental searches for CME have been going
on for a decade, with multiple methods[6–11] and car-
ried out by experiments at both RHIC[7, 8, 12–14] and
LHC[15, 16]. So far there is no conclusive evidence for
the existence of CME in heavy ion collisions, see[3] for a
progress review. The major challenge in CME searches is
that backgrounds, in particular those related to elliptic
flow of resonances, can produce similar enhancement in
fluctuation in the direction perpendicular to the reaction
plane[17–22]. To have the background under control, the
STAR experiment at RHIC has collected collisions from
isobaric collisions and the data analysis is on-going.

In this paper, we propose a pair of observables to study
the CME e↵ect. One of them is the out-of-plane to in-
plane ratio of fluctuation of the di↵erence between singed
balance functions measured in particle pairs’ rest frame,
and the other is the ratio of it to the similar measure-
ment made in the laboratory frame. We will show that
the two observables have positive responses to signal, but
opposite, limited responses to identifiable backgrounds
arising from resonance flow and global spin alignment.
In following sections we will first describe the signed bal-
ance function and how we came up with our observables,
followed by the discussion of toy model studies with var-
ious background scenarios, including flow related back-
grounds and a background that is caused by resonance’s
global spin alignment. The latter has not been consid-
ered previously. We will also present results from a real-
istic model with pure backgound, namely a multi-phase
transport (AMPT) model [23], as well as from a model
with both signal and background, namely the anomalous-
viscous fluid dynamics (AVFD) model [24, 25]. At the
end we will summarize.
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Measurement of the charge separation along the magnetic field
with Signed Balance Function in 200 GeV Au + Au collisions

at STAR

Yufu Lin for the STAR Collaboration 1
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Abstract
Experimental searches for Chiral Magnetic E↵ect (CME) in heavy-ion collisions have been going on for a decade, and
so far there is no conclusive evidence for its existence. Recently, the Signed Balance Function (SBF), based on the idea
of examining the momentum ordering of charged pairs along the in- and out-of-plane directions, has been proposed as
a probe of CME. In this approach, a pair of observables is invoked: one is rrest, the out-of-plane to in-plane ratio of �B

measured in pair’s rest frame, where �B is the di↵erence between signed balance functions; The other is a double ratio,
RB = rrest/rlab, where rlab is a measurement similar to rrest but measured in the laboratory frame. These two observables
give opposite responses to the CME-driven charge separation compared to the background correlations arising from
resonance flow and global spin alignment. Both rrest and RB being larger than unity can be regarded as a case in favor of
the existence of CME. It is found experimentally that rrest, rlab and RB are larger than unity in Au+Au collisions at 200
GeV, and larger than realistic model calculations with no CME implemented. These findings are di�cult to be explained
by a background-only scenario.

Keywords: Heavy-ion collisions, chiral magnetic e↵ect, signed balance function, reaction plane

1. Introduction

It has been pointed out that the hot and dense matter created in relativistic heavy-ion collisions may form
metastable domains where the parity and time-reversal symmetries are locally violated, creating fluctuating,
finite topological charges [1]. In non-central collisions, when such domains are immersed in the ultra-strong
magnetic fields produced by spectator protons, they can induce electric charge separation parallel to the
system’s orbital angular momentum — the chiral magnetic e↵ect (CME) [2]. To study the CME experi-
mentally one has to look for the enhanced fluctuation of charge separation in the direction perpendicular

1yufulin@mails.ccnu.edu.cn
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we also randomized each particle’s charge while keep the total number of charged particles (positive and
negative) in event unchanged. Such events and they are called shu✏ed events, and they are analyzed in the
same way as what real events are analyzed. As shown in 5, SBF observables for shu✏ed events are at unity
as expected. In the centrality of 30-40%, rrest and RB from data are both larger than the AFVD calculation
without CME (the case of a1 = 0), indicating that there is a room to accommodate the CME explanation.
Our overall observation is di�cult to be explained by background-only model.
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Fig. 5. (Color online) rrest , rlab and RB as a function of centrality from Au + Au 200 GeV at STAR.

3. Summary
We reviewed tests of SBF with toy models, and gave an update on studies made with two realistic

models. Toy model simulation studies show that the two observables, rrest and RB, respond in opposite
directions to signal and backgrounds arising from resonance v2 and ⇢00. If both rrest and RB are larger than
unity, then it can be regarded as a case in favor of the existence of CME. In Au+Au collisions at 200 GeV,
rrest , rlab and RB are found to be larger than unity, and larger than AVFD model calculation with no CME
implemented. Our results are di�cult to be explained by a background-only scenario.
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Might be slightly more “sensitive” that gamma, but effect is likely small. 
Needs further investigations. More difficult to calculate
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One of the “strong” candidates: Local Charge 
Conservation at freeze-out + Radial + Elliptic Flow.  
Blast Wave model:

- Correlations only between opposite charges  
- To be consistent with data must be combined with 
  (negative) charge independent correlations  
  (e.g. momentum conservation).  
- No event generator exhibits such strong correlations 
  as predicted by the Blast Wave model

Schlichting and Pratt, PRC83 014913 (2011)

Hori, Gunji,Hamagaki, Schlichting, arXiv:1208.0603

Pratt, arXiv:1002.1758v1[nucl-th]

“Flowing clusters”

�↵,� ⌘ hcos(�↵ + �� � 2 RPi
= hcos��↵ cos���i � hsin��↵ sin���i
= [hv1,↵v1,�i+Bin]� [ha1,↵a1,�i+Bout]

Bin �Bout / v2,clusthcos(�↵ + �� � 2�clust)i

Guo-Liang Ma/(SINAP)The QCD Workshop on Chirality, Vorticity and Magnetic Field in Heavy Ion Collisions, Feb.23-26, 2016, UCLA

•The normal AMPT model underestimates the STAR data.
•A constant initial charge separation ~10% can describe same-charge 
data in the presence of final state interactions.
•From a percentage of charge separation of 10% in the beginning 
→1-2% percentage in the end.

G.-L. Ma, B. Zhang, PLB 700 (2011) 39

AMPT results on <cos(ϕa+ϕβ)>

5

“Best” of transport models: 
the signal is factor of two small
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New method for the experimental study of topological effects in the quark-gluon plasma

N. N. Ajitanand, Roy A. Lacey, A. Taranenko, and J. M. Alexander
Department of Chemistry, Stony Brook University, Stony Brook, New York 11794-3400, USA

(Received 27 September 2010; published 27 January 2011)

A new method is presented for the quantitative measurement of charge separation about the reaction plane. A
correlation function is obtained whose shape is concave when there is a net separation of positive and negative
charges. Correlations not specifically associated with charge, from flow, jets, and momentum conservation, do
not influence the shape or magnitude of the correlation function. Detailed simulations are used to demonstrate
the effectiveness of the method for the quantitative measurement of charge separation. Such measurements are
a prerequisite to the investigation of topological charge effects in the quark-gluon plasma as derived from the
“strong CP problem.”

DOI: 10.1103/PhysRevC.83.011901 PACS number(s): 25.75.Nq, 12.38.Mh, 24.85.+p

Topological charge fluctuations play an important role
in the structure of the QCD vacuum [1]. They manifest in
the breaking of chiral symmetry as well as in the mass
spectrum and other properties of hadrons. These fluctuations
can also lead to the formation of metastable vacuum domains,
especially in the vicinity of the deconfinement phase transition,
in which fundamental symmetries (P and/or CP) are sponta-
neously broken [2], that is, the so-called strong CP problem.
Experimental evidence for such topological fluctuations have
been largely indirect.

Recently, it has been suggested that direct experimen-
tal signatures of topological fluctuations could result from
quark-gluon plasma (QGP) (quarks liberated from hadronic
confinement) subjected to an intense (hadron-scale) external
magnetic field via the so-called chiral magnetic effect (CME)
[3,4]. In brief, topological charge fluctuations in the QGP leads
to an axial anomaly or local imbalance between left-handed
and right-handed light quarks. In an intense magnetic field,
these quarks move along the field to create a net electric
current which results in a separation of positive and negative
electric charges in the field direction. Evidence for the chiral
magnetic effect has been found in recent numerical lattice
QCD calculations [5]. An axial anomaly can also result from
an anomalous global symmetry current in the hydrodynamic
description of the QGP [6]. This results in a modification of the
hydrodynamic current by a term proportional to the vorticity
of the fluid and manifests also as a separation of positive and
negative electric charges perpendicular to the reaction plane.
Hereinafter, we term this as the chiral rotation effect (CRE).

Collisions between heavy nuclei at the Relativistic Heavy
Ion Collider not only create a strongly coupled low-viscosity
QGP [7– 14] but also the strongest magnetic fields (orthogonal
to the reaction plane) attainable in the laboratory [15].
Consequently, the CME or the CRE is expected to lead to
a charge asymmetry in the distribution of particles emitted
about the reaction plane (see Fig. 1). Experimental studies of
such an asymmetry could provide an important avenue for
investigating one of the most important problems of strong
interaction theory.

The STAR Collaboration has analyzed data from re-
cent measurements of Au + Au and Cu + Cu collisions (at√

sNN = 200 GeV) in search of this charge asymmetry with

respect to the reaction plane. To do this, they constructed
a correlator which used the emission angles of like-sign
(+ + or − −) and opposite-sign (+−) hadron pairs. The
correlator is defined by the event average

C(±,±) =
〈
cos

(
φ(±)

α + φ
(±)
β − 2$2

)〉
, (1)

where φα,φβ denote the azimuthal emission angles of any
pair of hadrons and $2 denotes the azimuthal orientation of
the estimated second-order event plane. The difference

%Q ∼ C(++) + C(−−) − 2C(+−) (2)

was used to test for a charge separation (about the reaction
plane) of the kind suggested by the CME and the CRE, after
an appropriate correction for dispersion of the reaction plane.

A charge separation has been reported by the STAR
Collaboration [16,17]. However, its mechanistic origin is still
under intense debate [18– 22]. One reason for this has been the
observation that the correlator used in the STAR analysis may
be sensitive to several well-known background correlations
such as elliptic flow, jets, and momentum conservation
[19,21,22]. Therefore it is important to develop and investigate
new correlators which can overcome many, if not all, these
deficiencies.

A full study of topological effects in the QGP and its
implications for the strong CP problem will undoubtedly
require further detailed measurements focused on accurate
experimental quantification of the dependence of charge
asymmetry on particle species, particle pT , collision-system
deformation, event centrality, and beam collision energy. Here
we present a new experimental correlator specifically designed
to aid such investigations.

Our technique involves a multiparticle charge-sensitive in-
event correlator Cc(%S), which is expressed as a ratio of two
distributions:

Cc(%S) =
N (%Scsep)
N (%Scmix)

. (3)

The numerator is a distribution over events of the event
averaged quantity %Scsep, defined as

%Scsep =
〈
Sh+

p

〉
−

〈
Sh−

n

〉
, (4)

011901-10556-2813/2011/83(1)/011901(5) ©2011 American Physical Society

PHYSICAL REVIEW C 97, 061901(R) (2018)
Rapid Communications

New correlator to detect and characterize the chiral magnetic effect

Niseem Magdy,1,* Shuzhe Shi,2 Jinfeng Liao,2 N. Ajitanand,1,† and Roy A. Lacey1,‡
1Department of Chemistry, State University of New York, Stony Brook, New York 11794, USA

2Physics Department and Center for Exploration of Energy and Matter, Indiana University, 2401 N Milo B. Sampson Lane,
Bloomington, Indiana 47408, USA

(Received 15 December 2017; revised manuscript received 14 February 2018; published 20 June 2018)

A charge-sensitive in-event correlator is proposed and tested for its efficacy to detect and characterize charge
separation associated with the chiral magnetic effect (CME) in heavy ion collisions. Tests, performed with the
aid of two reaction models, indicate discernible responses for background- and CME-driven charge separation,
relative to the second- (!2) and third-order (!3) event planes, which could serve to identify the CME. The tests
also indicate a degree of sensitivity which would enable robust characterization of the CME via anomalous viscous
fluid dynamics (AVFD) model comparisons.
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High-energy nuclear collisions at the Relativistic Heavy Ion
Collider (RHIC) and the Large Hadron Collider (LHC) can
result in the creation of a plasma composed of strongly coupled
chiral quarks and gluons or the quark-gluon plasma (QGP).
Topological transitions such as sphalerons [1,2], which occur
frequently in the QGP [3,4], can induce a net axial charge
asymmetry of the chiral quarks which fluctuate from event to
event. In the presence of the strong electromagnetic B⃗ fields
created in the same collisions, this chiral anomaly is predicted
to convert into an electric current which produces a final-state
charge separation known as the chiral magnetic effect (CME)
[5– 10]. For recent reviews, see, e.g., [11– 13].

The electric current J⃗Q, created along the B⃗ field, stems
from anomalous chiral transport of the chiral fermions in the
QGP:

J⃗Q = σ5B⃗, σ5 = µ5
Q2

4π2
, (1)

where σ5 is the chiral magnetic conductivity, µ5 is the chiral
chemical potential that quantifies the axial charge asymmetry
or imbalance between right-handed and left-handed quarks in
the plasma, and Q is the quark electric charge [8,14– 16]. Thus,
experimental observation of its associated charge separation
could provide crucial insights into anomalous transport and
the interplay of chiral symmetry restoration, axial anomaly,
and gluonic topology in the QGP.

The B⃗ field, which is strongly time dependent [17– 19], is
generated perpendicular to the reaction plane (!RP) defined by
the impact parameter and the beam axis. Consequently, CME-
driven charge separation can be identified and characterized
via the first P -odd sine term (a1) in a Fourier decomposition
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of the charged-particle azimuthal distribution [20]:

dN ch

dφ
∝

[

1 + 2
∑

n

vn cos(n%φ) + an sin(n%φ) + · · ·
]

,

(2)

where %φ = φ − !RP gives the particle azimuthal angle with
respect to the reaction plane angle, and vn and an denote the co-
efficients of P -even and P -odd Fourier terms, respectively. The
second-order event plane, !2, determined by the maximal par-
ticle density in the elliptic azimuthal anisotropy and the beam
axis, is usually employed as a proxy for !RP in experimental
measurements. Here, it is noteworthy that the third-order
event plane, !3, cannot be used to detect CME-driven charge
separation, since there is little, if any, correlation between
!RP and !3. The event-by-event fluctuations contribute to an
event-wise decorrelation between the magnetic field direction
imposed by !RP and the orientation of !2 imposed by the
bulk collision geometry [21]. The dispersion of !2 about !RP
reduces the magnitude of a1, which depends on both the initial
axial charge and the time evolution of the magnetic field [cf.
Eq. (1)]. The latter are both not well constrained theoretically.

The charge-dependent correlator, γαβ , has been widely used
at the RHIC [22– 28] and the LHC [29,30] in ongoing attempts
to identify and quantify CME-driven charge separation:

γαβ = ⟨cos(φ(±)
α + φ

(±)
β − 2!2)⟩, (3)

where φα,φβ denote the azimuthal emission angles for like-
sign (+ + or − −) and unlike-sign (+−) particle pairs. A
charge-dependent azimuthal correlation, qualitatively consis-
tent with the expectation for CME-driven charge separation,
has been observed in these measurements. However, they
remain inconclusive because of several identified sources of
background correlations that can account for most, if not all,
of the measurements [31– 35]. A recent cause for pause is the
observation that the charge-dependent azimuthal correlations
for p+Pb and Pb+Pb collisions have nearly identical values
for similar multiplicity selections [30]. This poses a significant
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FIG. 1. Comparison of the R(!S) correlators for (a) background-
driven charge separation (a1 = 0) in 30–40% Au+Au collisions
(
√

sNN = 200 GeV) obtained with the AMPT and AVFD models,
and (b) the combined effects of background- and CME-driven (a1 =
1.0%) charge separation in Au+Au collisions obtained with the AVFD
model at the same centrality and beam energy.

(smaller widths), which are made broader by particle number
fluctuations and poorer event plane resolutions. The influ-
ence of the particle number fluctuations can be minimized
by scaling !S by the width σ!Sh of the distribution for
NShuffled(!S), i.e., !S ′ = !S/σ!Sh . Similarly, the effects of
the event plane resolution can be accounted for by scaling !S ′

by the resolution factor δRes, i.e., !S ′′ = !S ′ × δRes, where
δRes = σRes × e(1−σRes)2

and σRes is the event plane resolution.
The efficacy of these scaling factors have been confirmed via
detailed simulation studies, as well as with actual data.

Simulated events from both the AMPT and AVFD models
were used to study the response as well as the efficacy of the
R$m

(!S) correlators. Representative results from these studies
are summarized in Figs. 1–5.

The response of the correlator to background- and CME-
driven charge separation is illustrated in Fig. 1. Panel (a)
indicates that the R$2 (!S) correlator exhibits a convex-shaped
distribution for the background-driven (a1 = 0) charge separa-
tion in both models, albeit with some model dependence for the
magnitudes. Note that these background-driven distributions
are not required to be convex shaped [42] and are specific to
these models. Panel (b) shows that the introduction of a modest
input CME-driven charge separation (a1 = 1.0%) in the same
AVFD events results in a change from a convex-shaped to a
concave-shaped distribution for R$2 (!S). This change reflects
the influence of the CME-driven charge separation in the
AVFD model. These patterns contrast with those of the the γαβ

correlator, which was observed to give the same qualitative
response to both background-driven and CME-driven charge
separation in AMPT model simulations [43].

Figure 2 show background-driven charge separation dis-
tributions for both R$2 (!S) and R$3 (!S), obtained with the
AMPT model. Panels (a) and (b) show distributions which
are corrected for number fluctuations (!S ′) and the combined
effects of number fluctuations and event plane resolution (!S ′′)
respectively. Figure 2(b) indicates the expected similarity be-
tween the shape and widths for R$2 (!S ′′) and R$3 (!S ′′). This
similarity is especially important since R$3 (!S) is insensitive
to CME-driven charge separation. Thus, a discernible differ-
ence in the response for R$2 (!S ′′) and R$3 (!S ′′) constitutes
a crucial and necessary requirement for unambiguous identifi-
cation and characterization of CME-driven charge separation.
In the same vein, R$2 (!S) would not be expected to show a
significant concave-shaped response in p(d)+A collisions, due
to the absence of a strong correlation between the orientation
of the $2 plane and the B⃗ field in these collisions [30,36,37].

The sensitivity of the R$2 (!S) correlator to varying degrees
of input CME-driven charge separation (characterized by a1)
at a fixed collision centrality, is shown in Fig. 3. Note that, for
a fixed centrality, a change in the value of a1 is tantamount
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FIG. 2. Comparison of the R$m (!S ′) (a) and R$m (!S ′′) (b) correlators for background-driven charge separation (a1 = 0) in 30–50%
Au+Au collisions (
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The shape of the ratio (concave, convex) depends on the widths of the distributions in  
the denominator and numerator. Those widths are determined by the value of 2-particle 
correlations (sin-sin or cos-cos). The it is simpler and much more transparent to compare  
those directly (as done in gamma correlator).  
Does not seem to bring anything new 
Difficult for quantitative analysis, e,g. what should be the relative contribution of  
the signal and background for the ratio to be flat?
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challenge for the use of the γαβ correlator in such measure-
ments, because CME-induced charge separation is predicted
to be negligible in p+Pb collisions. That is, the absence of a
strong correlation between the orientation of the $2 plane and
the B⃗ field in p+Pb collisions should result in very little, if
any, CME-driven charge separation [30,36,37].

To a large extent, the present ambiguity between
background- and CME-driven charge separation, stems from
the fact that the γαβ correlator gives the same qualitative
response to both. Thus, new measurements and improved
data analysis methodologies, designed to suppress or separate
background contributions from genuine CME-driven charge
separation, are required for robust identification and charac-
terization of the CME [38].

In this work we present and validate the response of a new
charge-sensitive correlator, specifically designed to give dis-
tinct discernible responses for background- and CME-driven
charge separation relative to the $2 and $3 event planes. The
tests are performed with a multiphase transport model (AMPT)
[39] and the anomalous viscous fluid dynamics (AVFD) model
[10]. Both models are known to give a good representation
of the experimentally measured particle yields, spectra, flow,
etc. Therefore, they both can provide a good estimate of the
magnitude and nature of the purely background-driven charge
separation signal expected in the data samples collected at the
RHIC and the LHC.

Anomalous transport from the CME is also implemented
in the AVFD model [10]. This important feature facilitates our
study of the correlators’ response to the combined influence of
the backgrounds and an input CME-driven charge separation
signal. The model uses Monte Carlo Glauber initial conditions
to simulate the evolution of fermion currents in the QGP, on
top of the bulk fluid evolution implemented in the VISHNU
hydrodynamic code, followed by a URQMD hadron cascade
stage. A time-dependent magnetic field B(τ ) = B0

1+(τ/τB )2 , act-
ing in concert with a nonzero initial axial charge density,
is used to generate a CME current (embedded in the fluid
dynamical equations) leading to a charge separation along the
magnetic field. The peak values B0, obtained from event-by-
event simulations [21], are used with a relatively conservative
lifetime τB = 0.6 fm/c. For the initial axial charge density
arising from gluonic topological charge fluctuations, we adopt
the commonly used estimate based on the strong chromo-
electromagnetic fields in the early-stage glasma. A More in-
depth account of the implementation of the AVFD model can
be found in Refs. [10,40].

The new correlators R$m
(&S) are constructed for each event

plane $m as the ratio

R$m
(&S) = C$m

(&S)/C⊥
$m

(&S), m = 2,3, (4)

where C$m
(&S) and C⊥

$m
(&S) are correlation functions de-

signed to quantify charge separation &S, parallel and per-
pendicular (respectively) to the B⃗ field, i.e., perpendicular
and parallel (respectively) to $RP. Since CME-driven charge
separation occurs only along the B⃗ field and $2 and $RP
are strongly correlated, C$2 (&S) measures both CME- and
background-driven charge separation. In contrast, C⊥

$2
(&S)

measures only background-driven charge separation. The

absence of a strong correlation between the orientation of the
$3 plane and the B⃗ field also renders C$3 (&S) and C⊥

$3
(&S)

insensitive to a CME-driven charge separation. However,
they provide crucial insight on the relative importance of
background-driven charge separation, as discussed below.

The correlation functions used to quantify charge separation
parallel to the B⃗ field, are constructed from the ratio of two
distributions [41]:

C$m
(&S) = Nreal(&S)

NShuffled(&S)
, m = 2,3, (5)

where Nreal(&S) is the distribution over events, of charge
separation relative to the $m planes in each event:

&S =
∑p

1 sin
(

m
2 &ϕm

)

p
−

∑n
1 sin

(
m
2 &ϕm

)

n
, (6)

where n and p are the numbers of negatively and posi-
tively charged hadrons in an event, &ϕm = φ − $m, and
φ is the azimuthal emission angle of the charged hadrons.
The NShuffled(&S) distribution is similarly obtained from the
same events, following random reassignment (shuffling) of the
charge of each particle in an event. This procedure ensures
identical properties for the numerator and the denominator in
Eq. (5), except for the charge-dependent correlations which are
of interest.

The correlation functions C⊥
$m

(&S), used to quantify charge
separation perpendicular to the B⃗ field, are constructed with
the same procedure outlined for C$m

(&S), but with $m

replaced by $m + π/m. This π/m rotation of the event plane
guarantees that a possible CME-driven charge separation does
not contribute to these correlation functions.

The correlator R$2 (&S) = C$2 (&S)/C⊥
$2

(&S), gives a
measure of the magnitude of charge separation parallel to the B⃗
field (perpendicular to $2) relative to that for charge separation
perpendicular to the B⃗ field (parallel to $2). Since the CME oc-
curs along the B⃗ field, correlations dominated by CME-driven
charge separation should result in concave-shaped distributions
having widths that reflect the magnitude a1 of the charge
separation [cf. Eq. (2)]. That is, the stronger the CME-driven
charge separation, the narrower the R$2 (&S) distribution. In
contrast, the correlator R$3 (&S) = C$3 (&S)/C⊥

$3
(&S) would

be insensitive to this CME-driven charge separation, due to the
absence of a strong correlation between the orientation of the
$3 plane and the B⃗ field.

For background-driven charge separation, similar patterns
are to be expected for both the R$2 (&S) and R$3 (&S)
distributions. Note as well that such patterns could be
convex- or concave-shaped [42], depending on the detailed
nature of the background-driven correlations. Therefore,
in addition to an observed concave-shaped distribution for
R$2 (&S), an observed difference between the distributions
for R$2 (&S) and R$3 (&S) is essential for CME identification
and characterization.

The magnitude of a CME-driven charge separation is
reflected in the width of the concave-shaped distribution
for R$2 (&S), which is also influenced by particle number
fluctuations and the resolution of $2. That is, stronger CME-
driven signals lead to narrower concave-shaped distributions
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challenge for the use of the γαβ correlator in such measure-
ments, because CME-induced charge separation is predicted
to be negligible in p+Pb collisions. That is, the absence of a
strong correlation between the orientation of the $2 plane and
the B⃗ field in p+Pb collisions should result in very little, if
any, CME-driven charge separation [30,36,37].

To a large extent, the present ambiguity between
background- and CME-driven charge separation, stems from
the fact that the γαβ correlator gives the same qualitative
response to both. Thus, new measurements and improved
data analysis methodologies, designed to suppress or separate
background contributions from genuine CME-driven charge
separation, are required for robust identification and charac-
terization of the CME [38].

In this work we present and validate the response of a new
charge-sensitive correlator, specifically designed to give dis-
tinct discernible responses for background- and CME-driven
charge separation relative to the $2 and $3 event planes. The
tests are performed with a multiphase transport model (AMPT)
[39] and the anomalous viscous fluid dynamics (AVFD) model
[10]. Both models are known to give a good representation
of the experimentally measured particle yields, spectra, flow,
etc. Therefore, they both can provide a good estimate of the
magnitude and nature of the purely background-driven charge
separation signal expected in the data samples collected at the
RHIC and the LHC.

Anomalous transport from the CME is also implemented
in the AVFD model [10]. This important feature facilitates our
study of the correlators’ response to the combined influence of
the backgrounds and an input CME-driven charge separation
signal. The model uses Monte Carlo Glauber initial conditions
to simulate the evolution of fermion currents in the QGP, on
top of the bulk fluid evolution implemented in the VISHNU
hydrodynamic code, followed by a URQMD hadron cascade
stage. A time-dependent magnetic field B(τ ) = B0

1+(τ/τB )2 , act-
ing in concert with a nonzero initial axial charge density,
is used to generate a CME current (embedded in the fluid
dynamical equations) leading to a charge separation along the
magnetic field. The peak values B0, obtained from event-by-
event simulations [21], are used with a relatively conservative
lifetime τB = 0.6 fm/c. For the initial axial charge density
arising from gluonic topological charge fluctuations, we adopt
the commonly used estimate based on the strong chromo-
electromagnetic fields in the early-stage glasma. A More in-
depth account of the implementation of the AVFD model can
be found in Refs. [10,40].

The new correlators R$m
(&S) are constructed for each event

plane $m as the ratio

R$m
(&S) = C$m

(&S)/C⊥
$m

(&S), m = 2,3, (4)

where C$m
(&S) and C⊥

$m
(&S) are correlation functions de-

signed to quantify charge separation &S, parallel and per-
pendicular (respectively) to the B⃗ field, i.e., perpendicular
and parallel (respectively) to $RP. Since CME-driven charge
separation occurs only along the B⃗ field and $2 and $RP
are strongly correlated, C$2 (&S) measures both CME- and
background-driven charge separation. In contrast, C⊥

$2
(&S)

measures only background-driven charge separation. The

absence of a strong correlation between the orientation of the
$3 plane and the B⃗ field also renders C$3 (&S) and C⊥

$3
(&S)

insensitive to a CME-driven charge separation. However,
they provide crucial insight on the relative importance of
background-driven charge separation, as discussed below.

The correlation functions used to quantify charge separation
parallel to the B⃗ field, are constructed from the ratio of two
distributions [41]:

C$m
(&S) = Nreal(&S)

NShuffled(&S)
, m = 2,3, (5)

where Nreal(&S) is the distribution over events, of charge
separation relative to the $m planes in each event:

&S =
∑p

1 sin
(

m
2 &ϕm

)

p
−

∑n
1 sin

(
m
2 &ϕm

)

n
, (6)

where n and p are the numbers of negatively and posi-
tively charged hadrons in an event, &ϕm = φ − $m, and
φ is the azimuthal emission angle of the charged hadrons.
The NShuffled(&S) distribution is similarly obtained from the
same events, following random reassignment (shuffling) of the
charge of each particle in an event. This procedure ensures
identical properties for the numerator and the denominator in
Eq. (5), except for the charge-dependent correlations which are
of interest.

The correlation functions C⊥
$m

(&S), used to quantify charge
separation perpendicular to the B⃗ field, are constructed with
the same procedure outlined for C$m

(&S), but with $m

replaced by $m + π/m. This π/m rotation of the event plane
guarantees that a possible CME-driven charge separation does
not contribute to these correlation functions.

The correlator R$2 (&S) = C$2 (&S)/C⊥
$2

(&S), gives a
measure of the magnitude of charge separation parallel to the B⃗
field (perpendicular to $2) relative to that for charge separation
perpendicular to the B⃗ field (parallel to $2). Since the CME oc-
curs along the B⃗ field, correlations dominated by CME-driven
charge separation should result in concave-shaped distributions
having widths that reflect the magnitude a1 of the charge
separation [cf. Eq. (2)]. That is, the stronger the CME-driven
charge separation, the narrower the R$2 (&S) distribution. In
contrast, the correlator R$3 (&S) = C$3 (&S)/C⊥

$3
(&S) would

be insensitive to this CME-driven charge separation, due to the
absence of a strong correlation between the orientation of the
$3 plane and the B⃗ field.

For background-driven charge separation, similar patterns
are to be expected for both the R$2 (&S) and R$3 (&S)
distributions. Note as well that such patterns could be
convex- or concave-shaped [42], depending on the detailed
nature of the background-driven correlations. Therefore,
in addition to an observed concave-shaped distribution for
R$2 (&S), an observed difference between the distributions
for R$2 (&S) and R$3 (&S) is essential for CME identification
and characterization.

The magnitude of a CME-driven charge separation is
reflected in the width of the concave-shaped distribution
for R$2 (&S), which is also influenced by particle number
fluctuations and the resolution of $2. That is, stronger CME-
driven signals lead to narrower concave-shaped distributions
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challenge for the use of the γαβ correlator in such measure-
ments, because CME-induced charge separation is predicted
to be negligible in p+Pb collisions. That is, the absence of a
strong correlation between the orientation of the $2 plane and
the B⃗ field in p+Pb collisions should result in very little, if
any, CME-driven charge separation [30,36,37].

To a large extent, the present ambiguity between
background- and CME-driven charge separation, stems from
the fact that the γαβ correlator gives the same qualitative
response to both. Thus, new measurements and improved
data analysis methodologies, designed to suppress or separate
background contributions from genuine CME-driven charge
separation, are required for robust identification and charac-
terization of the CME [38].

In this work we present and validate the response of a new
charge-sensitive correlator, specifically designed to give dis-
tinct discernible responses for background- and CME-driven
charge separation relative to the $2 and $3 event planes. The
tests are performed with a multiphase transport model (AMPT)
[39] and the anomalous viscous fluid dynamics (AVFD) model
[10]. Both models are known to give a good representation
of the experimentally measured particle yields, spectra, flow,
etc. Therefore, they both can provide a good estimate of the
magnitude and nature of the purely background-driven charge
separation signal expected in the data samples collected at the
RHIC and the LHC.

Anomalous transport from the CME is also implemented
in the AVFD model [10]. This important feature facilitates our
study of the correlators’ response to the combined influence of
the backgrounds and an input CME-driven charge separation
signal. The model uses Monte Carlo Glauber initial conditions
to simulate the evolution of fermion currents in the QGP, on
top of the bulk fluid evolution implemented in the VISHNU
hydrodynamic code, followed by a URQMD hadron cascade
stage. A time-dependent magnetic field B(τ ) = B0

1+(τ/τB )2 , act-
ing in concert with a nonzero initial axial charge density,
is used to generate a CME current (embedded in the fluid
dynamical equations) leading to a charge separation along the
magnetic field. The peak values B0, obtained from event-by-
event simulations [21], are used with a relatively conservative
lifetime τB = 0.6 fm/c. For the initial axial charge density
arising from gluonic topological charge fluctuations, we adopt
the commonly used estimate based on the strong chromo-
electromagnetic fields in the early-stage glasma. A More in-
depth account of the implementation of the AVFD model can
be found in Refs. [10,40].

The new correlators R$m
(&S) are constructed for each event

plane $m as the ratio
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(&S) = C$m

(&S)/C⊥
$m

(&S), m = 2,3, (4)
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are strongly correlated, C$2 (&S) measures both CME- and
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measures only background-driven charge separation. The

absence of a strong correlation between the orientation of the
$3 plane and the B⃗ field also renders C$3 (&S) and C⊥

$3
(&S)

insensitive to a CME-driven charge separation. However,
they provide crucial insight on the relative importance of
background-driven charge separation, as discussed below.

The correlation functions used to quantify charge separation
parallel to the B⃗ field, are constructed from the ratio of two
distributions [41]:

C$m
(&S) = Nreal(&S)

NShuffled(&S)
, m = 2,3, (5)
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where n and p are the numbers of negatively and posi-
tively charged hadrons in an event, &ϕm = φ − $m, and
φ is the azimuthal emission angle of the charged hadrons.
The NShuffled(&S) distribution is similarly obtained from the
same events, following random reassignment (shuffling) of the
charge of each particle in an event. This procedure ensures
identical properties for the numerator and the denominator in
Eq. (5), except for the charge-dependent correlations which are
of interest.

The correlation functions C⊥
$m

(&S), used to quantify charge
separation perpendicular to the B⃗ field, are constructed with
the same procedure outlined for C$m

(&S), but with $m

replaced by $m + π/m. This π/m rotation of the event plane
guarantees that a possible CME-driven charge separation does
not contribute to these correlation functions.

The correlator R$2 (&S) = C$2 (&S)/C⊥
$2

(&S), gives a
measure of the magnitude of charge separation parallel to the B⃗
field (perpendicular to $2) relative to that for charge separation
perpendicular to the B⃗ field (parallel to $2). Since the CME oc-
curs along the B⃗ field, correlations dominated by CME-driven
charge separation should result in concave-shaped distributions
having widths that reflect the magnitude a1 of the charge
separation [cf. Eq. (2)]. That is, the stronger the CME-driven
charge separation, the narrower the R$2 (&S) distribution. In
contrast, the correlator R$3 (&S) = C$3 (&S)/C⊥

$3
(&S) would

be insensitive to this CME-driven charge separation, due to the
absence of a strong correlation between the orientation of the
$3 plane and the B⃗ field.

For background-driven charge separation, similar patterns
are to be expected for both the R$2 (&S) and R$3 (&S)
distributions. Note as well that such patterns could be
convex- or concave-shaped [42], depending on the detailed
nature of the background-driven correlations. Therefore,
in addition to an observed concave-shaped distribution for
R$2 (&S), an observed difference between the distributions
for R$2 (&S) and R$3 (&S) is essential for CME identification
and characterization.

The magnitude of a CME-driven charge separation is
reflected in the width of the concave-shaped distribution
for R$2 (&S), which is also influenced by particle number
fluctuations and the resolution of $2. That is, stronger CME-
driven signals lead to narrower concave-shaped distributions
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ments, because CME-induced charge separation is predicted
to be negligible in p+Pb collisions. That is, the absence of a
strong correlation between the orientation of the $2 plane and
the B⃗ field in p+Pb collisions should result in very little, if
any, CME-driven charge separation [30,36,37].

To a large extent, the present ambiguity between
background- and CME-driven charge separation, stems from
the fact that the γαβ correlator gives the same qualitative
response to both. Thus, new measurements and improved
data analysis methodologies, designed to suppress or separate
background contributions from genuine CME-driven charge
separation, are required for robust identification and charac-
terization of the CME [38].

In this work we present and validate the response of a new
charge-sensitive correlator, specifically designed to give dis-
tinct discernible responses for background- and CME-driven
charge separation relative to the $2 and $3 event planes. The
tests are performed with a multiphase transport model (AMPT)
[39] and the anomalous viscous fluid dynamics (AVFD) model
[10]. Both models are known to give a good representation
of the experimentally measured particle yields, spectra, flow,
etc. Therefore, they both can provide a good estimate of the
magnitude and nature of the purely background-driven charge
separation signal expected in the data samples collected at the
RHIC and the LHC.

Anomalous transport from the CME is also implemented
in the AVFD model [10]. This important feature facilitates our
study of the correlators’ response to the combined influence of
the backgrounds and an input CME-driven charge separation
signal. The model uses Monte Carlo Glauber initial conditions
to simulate the evolution of fermion currents in the QGP, on
top of the bulk fluid evolution implemented in the VISHNU
hydrodynamic code, followed by a URQMD hadron cascade
stage. A time-dependent magnetic field B(τ ) = B0

1+(τ/τB )2 , act-
ing in concert with a nonzero initial axial charge density,
is used to generate a CME current (embedded in the fluid
dynamical equations) leading to a charge separation along the
magnetic field. The peak values B0, obtained from event-by-
event simulations [21], are used with a relatively conservative
lifetime τB = 0.6 fm/c. For the initial axial charge density
arising from gluonic topological charge fluctuations, we adopt
the commonly used estimate based on the strong chromo-
electromagnetic fields in the early-stage glasma. A More in-
depth account of the implementation of the AVFD model can
be found in Refs. [10,40].

The new correlators R$m
(&S) are constructed for each event

plane $m as the ratio

R$m
(&S) = C$m

(&S)/C⊥
$m

(&S), m = 2,3, (4)

where C$m
(&S) and C⊥

$m
(&S) are correlation functions de-

signed to quantify charge separation &S, parallel and per-
pendicular (respectively) to the B⃗ field, i.e., perpendicular
and parallel (respectively) to $RP. Since CME-driven charge
separation occurs only along the B⃗ field and $2 and $RP
are strongly correlated, C$2 (&S) measures both CME- and
background-driven charge separation. In contrast, C⊥

$2
(&S)

measures only background-driven charge separation. The

absence of a strong correlation between the orientation of the
$3 plane and the B⃗ field also renders C$3 (&S) and C⊥

$3
(&S)

insensitive to a CME-driven charge separation. However,
they provide crucial insight on the relative importance of
background-driven charge separation, as discussed below.

The correlation functions used to quantify charge separation
parallel to the B⃗ field, are constructed from the ratio of two
distributions [41]:

C$m
(&S) = Nreal(&S)

NShuffled(&S)
, m = 2,3, (5)

where Nreal(&S) is the distribution over events, of charge
separation relative to the $m planes in each event:

&S =
∑p

1 sin
(

m
2 &ϕm

)

p
−

∑n
1 sin

(
m
2 &ϕm

)

n
, (6)

where n and p are the numbers of negatively and posi-
tively charged hadrons in an event, &ϕm = φ − $m, and
φ is the azimuthal emission angle of the charged hadrons.
The NShuffled(&S) distribution is similarly obtained from the
same events, following random reassignment (shuffling) of the
charge of each particle in an event. This procedure ensures
identical properties for the numerator and the denominator in
Eq. (5), except for the charge-dependent correlations which are
of interest.

The correlation functions C⊥
$m

(&S), used to quantify charge
separation perpendicular to the B⃗ field, are constructed with
the same procedure outlined for C$m

(&S), but with $m

replaced by $m + π/m. This π/m rotation of the event plane
guarantees that a possible CME-driven charge separation does
not contribute to these correlation functions.

The correlator R$2 (&S) = C$2 (&S)/C⊥
$2

(&S), gives a
measure of the magnitude of charge separation parallel to the B⃗
field (perpendicular to $2) relative to that for charge separation
perpendicular to the B⃗ field (parallel to $2). Since the CME oc-
curs along the B⃗ field, correlations dominated by CME-driven
charge separation should result in concave-shaped distributions
having widths that reflect the magnitude a1 of the charge
separation [cf. Eq. (2)]. That is, the stronger the CME-driven
charge separation, the narrower the R$2 (&S) distribution. In
contrast, the correlator R$3 (&S) = C$3 (&S)/C⊥

$3
(&S) would

be insensitive to this CME-driven charge separation, due to the
absence of a strong correlation between the orientation of the
$3 plane and the B⃗ field.

For background-driven charge separation, similar patterns
are to be expected for both the R$2 (&S) and R$3 (&S)
distributions. Note as well that such patterns could be
convex- or concave-shaped [42], depending on the detailed
nature of the background-driven correlations. Therefore,
in addition to an observed concave-shaped distribution for
R$2 (&S), an observed difference between the distributions
for R$2 (&S) and R$3 (&S) is essential for CME identification
and characterization.

The magnitude of a CME-driven charge separation is
reflected in the width of the concave-shaped distribution
for R$2 (&S), which is also influenced by particle number
fluctuations and the resolution of $2. That is, stronger CME-
driven signals lead to narrower concave-shaped distributions
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As an example, pion v2 is shown as a function of Ach in panel (a) of Fig. 17 [106] for 30-40% centrality
200 GeV Au+Au collisions. ⇡�

v2 increases with Ach, while ⇡
+
v2 decreases with a similar magnitude

of the slope. Note that v2 was integrated over a narrow low pT range (0.15 < pT < 0.5 GeV/c) to focus
on the soft physics of the CMW. Such a pT selection also ensures that the hpT i is independent of Ach

and is the same for ⇡+ and ⇡
�, so that the v2 splitting is not a trivial e↵ect due to the hpT i variation.

The v2 di↵erence between ⇡
� and ⇡

+ is fitted with a straight line in panel (b). The slope parameter r is
positive, qualitatively consistent with the expectation of the CMW picture. The fit function is non-zero
at hAchi (i.e. the event-average value in given centrality class), indicating the Ach-integrated v2 for ⇡�

and ⇡
+ are di↵erent, which was also observed in [134].
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Figure 18: The slope parameter r as a function of centrality for Au+Au collisions at 7.7-200 GeV [106].
The grey bands include the systematic errors due to the track selection cut, the tracking e�ciency and
the pT range of particles involved in the event plane determination. For comparison, we also show the
UrQMD calculations [126] and the calculations of the CMW [40] with di↵erent magnetic field duration
times.

The same procedure as above was followed to retrieve the slope parameter r as a function of centrality
for Au+Au collisions at 200, 62.4, 39, 27, 19.6, 11.5 and 7.7 GeV, as shown in Fig. 18 [106]. A similar
rise-and-fall trend is observed in the centrality dependence of the slope parameter for all the beam
energies except 11.5 and 7.7 GeV, where the slopes are consistent with zero with large statistical
uncertainties. It was argued [111] that at lower beam energies the Ach-integrated v2 di↵erence between
particles and anti-particles can be explained by the e↵ect of quark transport from the projectile nucleons
to mid-rapidity, assuming that the v2 of transported quarks is larger than that of produced ones. The
same model, however, when used to study v2(⇡�) � v2(⇡+) as a function of Ach, suggested a negative
slope [135], which is in contradiction with data. Charge dependence of the elliptic flow on the event
charge asymmetry was confirmed by preliminary ALICE results for Pb+Pb collisions at 2.76 TeV [121].

Recently a more realistic implementation of the CMW [109] confirmed that the CMW contribution
to r is sizable, and that the centrality dependence of r is qualitatively similar to the data. A quantitative
comparison between data and theory requires further work on both sides to match the kinematic regions
used in the analyses.

One drawback of the measurement of v2(Ach) is that the observed Ach requires a correction factor due
to the finite detector tracking e�ciency, as well as dependence on a particular experimental acceptance.
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Fig. 4. The charge asymmetry dependence of π+ and π− elliptic flow coefficients
in the hydrodynamic model followed by statistical emission with local charge con-
servation. We obtained r = 0.012±0.004 compared with the preliminary STAR data,
rexp ≈ 0.03.

the elliptic flow v2(η) observed experimentally [22] is noticeably
underestimated in 3 + 1-dimensional hydrodynamic simulations
[26,23]. The steeper pseudorapidity dependence of v2 is expected
to improve the agreement between the calculated charge splitting
of the elliptic flow with the experimental findings. In the next sec-
tion, we comment further on this issue.

Finally, we discuss the centrality dependence of the signal. Two
effects that are not well controlled in hydrodynamic models may
cause the decrease of the slope parameter for peripheral events.
First, the balance function in pseudorapidity is widening for pe-
ripheral events. Second, for peripheral events, correlations due to
elliptic flow are diluted by the larger contribution of particles
emitted from the nonthermal corona in the interaction region,
while the charge asymmetry acquires contributions both from the
core and the corona.

5. Comments and conclusions

Several comments are warranted.

(i) In this Letter we discussed two mechanisms leading to el-
liptic flow splitting as a function of the asymmetry parameter, A.
We note that we expect a similar effect for higher harmonics, vn .
In particular, for the triangular flow
〈
v−

3

〉
A −

〈
v+

3

〉
A ∼ A, (9)

although the signal is expected to be significantly weaker in com-
parison to the case for v2. We expect that r, see Eq. (2), should
be smaller roughly by a factor of ⟨v2⟩/⟨v3⟩ ≈ 3 [27]. This problem
will be discussed elsewhere.

(ii) The key ingredient in our analysis is the assumption of
local charge conservation at freeze-out. In this scenario, particle
pairs with higher momentum are more strongly collimated in ra-
pidity than are pairs with smaller momentum, see Fig. 2. This
allows us to understand the centrality dependence of the rapid-
ity balance function [21], in contrast to models with initial charge
creation (such as UrQMD). Consequently, in models without late
local charge conservation we do not expect to observe the elliptic
flow splitting discussed in this Letter.

(iii) According to the PHOBOS data, the elliptic flow of charged
particles in the midrapidity region changes significantly as a func-
tion of pseudorapidity [22]. However, the results of the STAR Col-
laboration indicate that elliptic flow in the midrapidity region
weakly depends on η [28], so being consistent with hydrody-
namic calculations (see Section 4). Consequently, the mechanism
presented in Fig. 1 may be suppressed if we take the STAR data

into account. However, this is not a problem because, as we dis-
cussed in Section 3, this mechanism is responsible for only 25% of
the measured signal, and 35% of the signal presented in Fig. 3.

In conclusion, we studied the dependence of the elliptic flow
coefficients for positive and negative particles as a function of the
event-by-event charge asymmetry parameter. Recently, this phe-
nomenon was interpreted as evidence of the chiral magnetic wave.
In this Letter, we argued that the origin of this effect may be less
exotic and actually is consistent with the hydrodynamic picture of
heavy-ion collisions with late local charge conservation.

We argued that particle pairs leading to a non-zero asymme-
try parameter, A ≠ 0, are characterized by a smaller elliptic flow
in contrast to particle pairs resulting in A = 0. We showed that
this fact alone is sufficient to qualitatively explain the preliminary
STAR data, in particular, a linear dependence of ⟨v−

2 ⟩A − ⟨v+
2 ⟩A ,

as a function of A. Our quantitative results, based on a simplified
Monte Carlo estimation and the state of the art 3 + 1-dimensional
hydrodynamic model calculations, are in agreement, within a fac-
tor of 2, with the preliminary STAR data.
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the elliptic flow v2(η) observed experimentally [22] is noticeably
underestimated in 3 + 1-dimensional hydrodynamic simulations
[26,23]. The steeper pseudorapidity dependence of v2 is expected
to improve the agreement between the calculated charge splitting
of the elliptic flow with the experimental findings. In the next sec-
tion, we comment further on this issue.

Finally, we discuss the centrality dependence of the signal. Two
effects that are not well controlled in hydrodynamic models may
cause the decrease of the slope parameter for peripheral events.
First, the balance function in pseudorapidity is widening for pe-
ripheral events. Second, for peripheral events, correlations due to
elliptic flow are diluted by the larger contribution of particles
emitted from the nonthermal corona in the interaction region,
while the charge asymmetry acquires contributions both from the
core and the corona.

5. Comments and conclusions

Several comments are warranted.

(i) In this Letter we discussed two mechanisms leading to el-
liptic flow splitting as a function of the asymmetry parameter, A.
We note that we expect a similar effect for higher harmonics, vn .
In particular, for the triangular flow
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v−

3

〉
A −
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although the signal is expected to be significantly weaker in com-
parison to the case for v2. We expect that r, see Eq. (2), should
be smaller roughly by a factor of ⟨v2⟩/⟨v3⟩ ≈ 3 [27]. This problem
will be discussed elsewhere.

(ii) The key ingredient in our analysis is the assumption of
local charge conservation at freeze-out. In this scenario, particle
pairs with higher momentum are more strongly collimated in ra-
pidity than are pairs with smaller momentum, see Fig. 2. This
allows us to understand the centrality dependence of the rapid-
ity balance function [21], in contrast to models with initial charge
creation (such as UrQMD). Consequently, in models without late
local charge conservation we do not expect to observe the elliptic
flow splitting discussed in this Letter.

(iii) According to the PHOBOS data, the elliptic flow of charged
particles in the midrapidity region changes significantly as a func-
tion of pseudorapidity [22]. However, the results of the STAR Col-
laboration indicate that elliptic flow in the midrapidity region
weakly depends on η [28], so being consistent with hydrody-
namic calculations (see Section 4). Consequently, the mechanism
presented in Fig. 1 may be suppressed if we take the STAR data

into account. However, this is not a problem because, as we dis-
cussed in Section 3, this mechanism is responsible for only 25% of
the measured signal, and 35% of the signal presented in Fig. 3.

In conclusion, we studied the dependence of the elliptic flow
coefficients for positive and negative particles as a function of the
event-by-event charge asymmetry parameter. Recently, this phe-
nomenon was interpreted as evidence of the chiral magnetic wave.
In this Letter, we argued that the origin of this effect may be less
exotic and actually is consistent with the hydrodynamic picture of
heavy-ion collisions with late local charge conservation.

We argued that particle pairs leading to a non-zero asymme-
try parameter, A ≠ 0, are characterized by a smaller elliptic flow
in contrast to particle pairs resulting in A = 0. We showed that
this fact alone is sufficient to qualitatively explain the preliminary
STAR data, in particular, a linear dependence of ⟨v−

2 ⟩A − ⟨v+
2 ⟩A ,

as a function of A. Our quantitative results, based on a simplified
Monte Carlo estimation and the state of the art 3 + 1-dimensional
hydrodynamic model calculations, are in agreement, within a fac-
tor of 2, with the preliminary STAR data.
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LCC = local charge conservation. 
The results indicates that LCC plays a 
significant role (even though in this 
particular calculations it might 
underestimate the ‘signal’ by a factor of 3) 
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electron charge.Rn ¼ r" rn, where rn is the radius vector
of particle, vn is particle velocity. The quantities vn and rn
are taken at retarded time t0 ¼ t" jr" rnðt0Þj. Summation
runs over all charged spectators. Spectator contribution to
the magnetic field is dominant at early times [8,17]; we
also use this approximation in our estimates. Because of
the Lorentz contraction, in collisions of ultrarelativistic
nuclei, the longitudinal size of the nucleus is negligible
compared to the transverse size, and the time dependence
of the magnetic field is totally determined by the gamma
factor (energy) of colliding nuclei. We are interested only
in a relative change in the strength of the magnetic field in
collisions at different centralities and different configura-
tions. For this, it is sufficient to calculate the magnetic field
only at t ¼ 0 (the time the two nuclei collide). At

ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV, the collision energy used in our estimates, the
magnetic field at t ¼ 0 is about factor of 2 smaller com-
pared to the maximum value reached approximately at
t % 0:05 fm=c[17].

Elliptic flow is determined by the geometry of the over-
lapping zone. We assume v2 ¼ !"p, where "p is the so-
called participant eccentricity. We consider only events
within <5% of the most central collisions, for which ! %
const. For definitions of eccentricity and details of experi-
mental measurements of v2=", for a review see Ref. [20].
We take ! ¼ 0:2 based on experimental measurements.
Initial eccentricity, magnetic field, and charged particle
multiplicity at midrapidity are calculated using Glauber
Monte Carlo simulations with all parameters taken the
same as used in Ref. [25].

The effect of nonsphericity of uranium nuclei is clearly
visible in Fig. 2 which shows the distribution of events in
elliptic flow v2 in event samples with number of spectators,
Nsp< 20. The average elliptic flow is almost a factor of

2 larger in U þ U collisions compared to Au þ Au , which
would mean a strong increase in the background correla-
tions compared to that of due to CME. The requirement of
the same number of spectators assures that the magnetic
field is not very different in the two systems; it is slightly

lower in U þ U collisions [see Fig. 3(b) ]. The condition
Nsp< 20 selects about 1.5% of the most central events in
U þ U collisions and about 2.3% in Au þ Au collisions.
Within the event sample selected on the basis of number

of spectators, it would be instructive to study the depen-
dence of the signal on the magnitude of the elliptic flow. As
a measure of the latter we use the magnitude of the flow
vector q ¼ Q2=

ffiffiffiffiffi
M

p
, where

Q2;x ¼
XM

i¼1

cosð2"iÞ; Q2;y ¼
XM

i¼1

sinð2"iÞ; (6)

and the sum runs over all particles in a given momentum
window. We calculate the flow vector based on charged
particle multiplicity in 2 units of rapidity. As shown in
Fig. 3, the elliptic flow is strongly correlated with q, and
at the same time the magnetic field has almost no q depen-
dence. This means that the correlator, Eq. (3), used to
measure the signal would stay constant if the signal is
mostly determined by CME, and increase strongly with q
if it is due to the background effects. For such a testU þ U
collisions provide a significantly better opportunity than
Au þ Au collisions. First, the relative variation in v2 is
almost a factor of 2 larger than that in Au þ Au collisions.
Also, the variation in elliptic flow in Au þ Au collisions is
mostly determined by fluctuations in the initial eccentricity,

FIG. 2 (color online). Event distributions in v2 for Au þ Au
and U þ U collisions in event samples with the number of
spectators Nsp< 20.

FIG. 3 (color online). Elliptic flow and the magnetic field (in
arbitrary units) as a function of q, the magnitude of the flow
vector, in events with the number of spectators Nsp< 20.
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In both cases the magnetic field is small,  
but elliptic flow is large in body-body.  
A way to disentangle two effects!

Note that one can use a similar trick with Au+Au, but there, 
one would “play” on fluctuations, not nuclear shape
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Collective flow induced by 1-jet

YT and T. Hirano, Nucl.Phys.A904-905 2013 (2013) 1023c-1026c

■ 1-jet traveling through a uniform fluid
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decorrelation of anisotropic flow of final hadrons with large
pseudorapidity gaps [32,33].
Convective flow and vorticity distribution.—The initial

conditions constructed from the AMPT-HIJING model con-
tain fluctuations in the local fluid velocity [32] due to string
breaking and minijets. These fluctuations in fluid velocity
and the energy density lead to nonvanishing local vorticity
as well as global net vorticity along the orbital angular
momentum of noncentral collisions [13].
According to the definition of the vorticity ωμ, it has

contributions from convection (the spatial gradient of the
fluid velocity), acceleration (the temporal gradient of the
fluid velocity), and conduction (the spatial and temporal
gradient of the temperature). Within the CLVisc calculations,
we find that the vorticity is dominated by convection. The
system develops large longitudinal fluid velocity quickly
along the beam directions in the early time, while the
transverse gradient in the initial energy density also leads to
a buildup of a radial component of the fluid velocity. This
convective fluid velocity field gives rise to a transverse
vorticity distribution that has a right-handed toroidal
structure (ringlike) around each beam direction. Shown
in Fig. 1 as arrows are distributions of ~ω⊥ðx; yÞ in the
transverse plane at a spatial rapidity η ¼ 4 and a proper
time τ ¼ 3 fm=c in a semiperipheral (20%–30%) Auþ Au
collision at

ffiffiffi
s

p
NN ¼ 200 GeV from the CLVisc simulations.

One can clearly see the right-handed toroidal structure
(module fluctuations) around the beam direction (out of the
transverse plane). The total net vorticity h

P
ωyi projected

to the reaction plane is nonzero for noncentral collisions.

The magnitude of the local transverse vorticity ~ω⊥ and the
net total vorticity h

P
ωyi should both increase with

centrality, spatial rapidity, and decreasing energy [13].
Similarly, the collective flow of the hot spots (denoted by

dashed arrows in Fig. 1) can also lead to convective flow in
the radial direction. Because of approximate local boost
invariance of the fluid, this leads to pairings of the positive
and negative longitudinal vorticity ωη’s, or vortex pairings,
in the transverse plane at a given spatial rapidity, shown as
colored contours in Fig. 1. Such vortex pairing is essen-
tially a 2D manifestation of a 3D toroid of vorticity
elongated in the longitudinal direction. Since the longi-
tudinal vorticity is caused mainly by transverse fluctua-
tions, its magnitude and structure should depend on
centrality but not on colliding energy and rapidity. The
average value over the entire transverse plane h

P
ωηi,

however, should vanish.
Hyperon spin correlation.—Since the spin polarization is

directly proportional to the local vorticity, the spatial
structure in Fig. 1 is expected to show up in the azimuthal
correlation of Λ spin polarization due to radial expansion,
which correlates the spatial azimuthal angle of the fluid
cells to the azimuthal angle of final hadron’s transverse
momentum. Therefore, we propose using the spin corre-
lations of two Λ’s to study the vortical structure of the
expanding fluid in high-energy heavy-ion collisions.
Shown in Fig. 2 are the transverse and longitudinal spin
correlations of two Λ’s, h~P⊥ðϕ1Þ · ~P⊥ðϕ2Þi and
hPηðϕ1ÞPηðϕ2Þi, respectively, as functions of the azimuthal
angle difference jϕ1 − ϕ2j of their momenta. In our CLVisc

hydrosimulations of semicentral (20%–30%) Pbþ Pb col-
lisions at

ffiffiffi
s

p
NN ¼ 2.76 TeV, we have set the shear

viscosity to entropy density ratio to ηv=s ¼ 0.08 (the solid
lines) and 0.0 (the dashed lines). As expected, the trans-
verse spin correlation in azimuthal angle has an approxi-
mate cosine form due to the toroidal structure of the
transverse vorticity around the beam direction plus an
offset due to the global spin polarization. Both the
amplitude of the oscillation (the local polarization) and
the offset (the global polarization) increase with rapidity as
well as with ηv=s. The longitudinal spin correlation, on the
other hand, displays a different behavior. The oscillation in
jϕ1 − ϕ2j is the result of vortex pairing in the transverse
plane, as illustrated in Fig. 1. The sign change at jϕ1 −
ϕ2j≈ 1 indicates the typical opening angle of the vortex
pairs from the convective radial flow due to transverse
geometry and fluctuations. The rise of the correlation at
large angles is the result of spin correlations from different
vortex pairs in the transverse plane. The amplitude of the
longitudinal spin correlation increases slightly with rapidity
but decreases slightly with ηv=s.
In Fig. 3, we show (a) the Λ transverse spin correlations

in the rapidity range Y ∈ ½2; 3&and (b) the longitudinal spin
correlation in Y ∈ ½0; 1&in semiperipheral (20%–30%) and
central (0%–5%) Auþ Au collisions at

ffiffiffi
s

p
NN ¼ 62.4,

(fm)

(f
m

)

(GeV)

(GeV)

FIG. 1. Transverse (arrows) and longitudinal vorticity (contour)
distributions in the transverse plane at η ¼ 4 in semiperipheral
(20%–30%) Auþ Au collisions at

ffiffiffi
s

p
NN ¼ 200 GeV with shear

viscosity to entropy density ratio ηv=s ¼ 0.08. Dashed arrows
indicate the radial flow of hot spots. A cutoff in energy density
ϵ > 0.03 GeV=fm3 is imposed. The direction of the beam (target)
is out of plane (⊙) [into the plane (⊗)]. The orbital angular
momentum of the collision is along −ŷ.
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Opposite sign 
-  UrQMD IC + hydrodynamic model  

-  AMPT 

Same sign 
- Chiral kinetic approach 

- High resolution (3+1)D PICR hydrodynamic model 

  - Blast-wave model 

Partially (one of component showing the same sign) 
  - Glauber/AMPT IC + (3+1)D viscous hydrodynamics 

  - Thermal model

-

+

4

FIG. 2. Map of longitudinal component of polarization of midrapidity ⇤ from a hydrodynamic calculation corresponding to

20-50% central Au-Au collisions at
p
sNN = 200 GeV (left) and 20-50% central Pb-Pb collisions at

p
sNN = 2760 GeV (right).

where ' is the transverse momentum azimuthal angle,

set to be zero at the reaction plane. In the above equa-

tion the longitudinal spin component is a function of the

spectrum alone at Y = 0. By expanding it in Fourier

series in ' and retaining only the elliptic flow term, one

obtains:

Sz
(pT , Y = 0) = �

dT/d⌧

4mT

@

@'
2v2(pT ) cos 2'

=
dT

d⌧

1

mT
v2(pT ) sin 2' (13)

meaning, comparing this result to eq. (7) that in this

case:

f2(pT ) = 2
dT

d⌧

1

mT
v2(pT )

This simple formula only applies under special assump-

tions with regard to the hydrodynamic temperature evo-

lution, but it clearly shows the salient features of the

longitudinal polarization at mid-rapidity as a function of

transverse momentum and how it can provide direct in-

formation on the temperature gradient at hadronization.

It also shows, as has been mentioned - that it is driven by

physical quantities related to transverse expansion and

that it is independent of longitudinal expansion.

Polarization of ⇤ hyperons along the beam line
The above conclusion is confirmed by more realistic 3D

viscous hydrodynamic simulations of heavy ion collisions

using averaged initial state from Monte Carlo Glauber

model with its parameters set as in [16]. We have cal-

culated the polarization vector P⇤
= 2S⇤

of primary ⇤

hyperons with Y = 0 in their rest frame (note that at

mid-rapidity S⇤z
= Sz

). The resulting transverse mo-

mentum dependence of P ⇤z
is shown in fig. 2 for 20-50%

central Au-Au collisions at
p
sNN = 200 (RHIC) and

20-50% Pb-Pb collisions at
p
sNN = 2760 GeV (LHC).

FIG. 3. Second harmonic of the longitudinal component of ⇤

polarization f2 from hydrodynamic simulations as a function

of pT for di↵erent energies.

The corresponding second harmonic coe�cients f2 are

displayed in fig. 3 for 4 di↵erent collision energies: 7.7,

19.6 GeV (calculated with initial state from the UrQMD

cascade [17]), 200 and 2760 GeV (with the initial state

from Monte Carlo Glauber [16]). It is worth noting that,

whilst the P y
component, along the angular momentum,

decreases by about a factor 10 between
p
sNN = 7.7 and

200 GeV, f2 decreases by only 35%. We also find that

the mean, pT integrated value of f2 stays around 0.2% at

all collision energies, owing to two compensating e↵ects:

decreasing pT di↵erential f2(pT ) and increasing mean pT
with increasing collision energy.

In principle, the longitudinal polarization of ⇤ hyper-

ons can be measured in a similar fashion as for the compo-

px [GeV/c]

p y
 [G

eV
/c

] + -

- +
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FIG. 5. The average polarizations hPx · sign(Y )i, hPy · sign(Y )i and hPzi for ⇤ as functions of azimuthal angle �p in 20-50%
central Au+Au collisions at 200 GeV (left) and Pb+Pb collisions at 2760 GeV (right).

Fig. 5 shows the results of hPx · sign(Y )i, hPy · sign(Y )i
and hPzi for the ⇤ hyperons as functions of azimuthal
angle �p in 20-50% central Au+Au collisions at 200 GeV
and Pb+Pb collisions at 2760 GeV, where the whole
range of �p is divided into 24 bins. We can see that the
shapes of hPx · sign(Y )i, hPy · sign(Y )i and hPzi are in
analogy to sin�p, � cos�p and � sin(2�p) respectively,
as described by Eq. (12). The features of three quan-
tities at two collisional energies are quite similar. We
have also checked that the harmonic behaviors also ex-
ist at energies 7.7-62.4 GeV. It is worthwhile to point
that although the global polarization PG

x and PG
z are

zero due to the symmetry and PG
y is almost vanishing atp

sNN = 200 GeV [18] and 2760 GeV [37] due to the rea-
son given in the above paragraph, the local polarization
quantities hPx · signY i, hPy · signY i and hPzi are all non-
vanishing. We also see the magnitudes of hPx · sign(Y )i
and hPy · sign(Y )i (around 10%) are larger than that of
hPzi (around 1%). Our result for hPzi is consistent with
the viscous hydrodynamic simulations [33].

The Fourier coe�cients Fx, Fy and Fz in Eq. (12) can
be extracted from the magnitude of the harmonic behav-
ior in Fig. 5,

Fx = 2hPx · sign(Y ) sin�pi,
Fy = �2hPy · sign(Y ) cos�pi,
Fz = �2hPz · sin(2�p)i, (14)

where the averages are taken over 24 bins of the az-
imuthal angle. The results are shown in Fig. 6 as func-
tions of the centrality at

p
sNN = 200 GeV for Au+Au

and 2760 GeV for Pb+Pb collisions. The features of
these coe�cients are quite similar at two energies. We
see that Fx and Fy are at the same magnitude which
is larger than Fz. We also see that in the most central
collisions Fx and Fy are non-vanishing, while Fz is al-
most zero. This di↵erence can be understood by the fact
that Fz arises from the elliptic flow which does not exist
in central collisions while Fx and Fy are generated from
the violation of the longitudinal boost invariance which
exists in both central and non-central collisions.

V. SUMMARY

We give a systematic analysis on the vorticity struc-
ture and the distribution of ⇤ polarization in heavy-ion
collisions. We find that there are two contributions to
the vorticity field: one is from the OAM along the �y
direction giving the global polarization; another is from
the non-uniform expansion of the fireball, which leads to
a circular structure for the transverse vorticity !? and
a quadrupole pattern for the longitudinal vorticity !z in
the transverse plane. The space distribution of the vor-
ticity field can be probed by the local ⇤ polarization as
a function of the azimuthal angle �p and the rapidity Y
in momentum space, which is expected to have harmonic
behaviors as in Eq. (12).
For the numerical calculation of the local ⇤ polariza-

tion, we use the string-melting version of the AMPT
model. We run the simulations of Au+Au collisions at

AMPT, Au+Au 200 GeV 20-50%

4

FIG. 3: (Color online) Time evolution of average longitudinal
spin polarization of midrapidity quarks with momenta satis-
fying pxpy > 0.

the expectation discussed in Sec. II. Its final magnitude
is also of the order of 10−2.
Since ωz is along the negative z direction in the region

xy > 0, it leads to a longitudinal spin polarization in the
negative z direction for quarks of momenta pxpy > 0, as
shown by the green dash-dotted line in Fig. 3. However,
its magnitude is only of the order of 10−3 and slowly
increases with time.
Including all components of the vorticity field, which

is shown by the black solid line in Fig. 3, we find that the
total longitudinal spin polarization of quarks of momenta
pxpy > 0 is initially along the negative z direction, as a
result of the larger effect of ωy than that of ωx. After
about 2.5 fm/c, the effect of ωx becomes more important
than that of ωy, and this makes the longitudinal spin
polarization of these quarks less negative. Finally, the
sign of the longitudinal polarization is along the positive
z direction after 5 fm/c when the effect of ωx dominates
over the combined effects of ωy and ωz.

C. Rapidity dependence of longitudinal spin
polarization

In Fig. 4, we show the longitudinal spin polarization of
quarks as a function of the azimuthal angle in the trans-
verse plane of heavy ion collisions for different rapidity
ranges. It is seen that the longitudinal spin polariza-
tion indeed has a quadrupole pattern and is positive for
quarks pxpy > 0, which has the same pattern and similar
magnitude as those of Λ hyperons measured in experi-
ments [22], and differs from the longitudinal polarization
calculated from ωz by assuming local thermal equilib-

FIG. 4: (Color online) Average longitudinal spin polarization
of quarks as a function of azimuthal angle φp for different
rapidity ranges.

rium of the spin degrees of freedom. Furthermore, the
amplitude of the azimuthal dependence, which can be
expressed as sin(2φp), is larger for the larger rapidity,
and this is due to the larger values of longitudinal and
transverse vorticities at larger η [11, 15].
We also show the longitudinal spin polarization of

strange quarks in Fig. 5, which is expected to be almost
identical to that of Λ hyperons [1, 19, 30]. It is seen
that the amplitude of the azimuthal angle dependence
of the longitudinal spin polarization of strange quarks is
smaller than that of light quarks, but is still comparable
to the experimental results [22]. The reason for this is
because of the mass effect in the chiral kinetic approach
and the different spatial and temporal distributions be-
tween initial strange and light quarks from the AMPT
model.
We further find that with a smaller quark cross sec-

tion, the longitudinal spin polarization of quarks would
decrease and can even change the overall sign of the
quadrupole pattern of the longitudinal spin polarization.
This thus indicates that taking into account the non-
equilibrium effect, which is included in the chiral kinetic
approach, is important for understanding the local spin
polarization of quarks and thus Λ hyperons.

V. SUMMARY

Using the chiral kinetic approach, which takes into
account the axial charge redistribution in the vorticity
field, with initial quark phase-space distributions taken
from the AMPT model, we have studied the effect of
the transverse components of local vorticity field on the
longitudinal spin polarization of quarks. We have found
that the longitudinal spin polarization of quarks depends
not only on the longitudinal component of the vorticity

Hydrodynamic model

Chiral kinetic approach

polarization of quarks

Incomplete thermal equilibrium of spin degree of freedom?

4 Yilong Xie et al.: Fluid Dynamics Study of the ⇤ Polarization for Au+Au Collisions at
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Fig. 3. (Color online) The transverse momentum distribution
of longitudinal polarization, ⇧0z, for Au-Au 200 GeV collisions
with impact parameter ratio b0 = 0.68 at rapidity bin |y| < 1.

keeps the same sign distribution, i.e. (-, + , -, +), but
with magnitude growing from about 2% to 8% at large
transverse momentum. Meanwhile, the second term flips
it sign distribution, from (-,+ ,-,+) to (+, - , +, -), and
grows faster to a magnitude of 12%, which is larger than
the first term. Two points are worthy to be noticed here:

(1) The magnitude, of either the first/second term or
the total of longitudinal polarization, increases from low
energy (8 GeV) to high energy (200 GeV). This seems
contradicts with a previous work [28], where the second
harmonic coe�cient of the longitudinal polarization de-
creases with energy increasing from 7.7 GeV to 2.76 TeV;

(2) The second term, in our model, plays crucial role
to obtain the experimentally observed sign structure and
magnitude of the longitudinal polarization: it has a sign
structure of (+, - , +, -), and a larger magnitude, cover-
ing the first term’s opposite signature and amending the
polarization value into a smaller but correct magnitude.
This is similar to ref. [23], where the total longitudinal
polarization flips its sign distribution with respect to that
of the first term, although the signatures therein are just
opposite to our results.

Then we explore also the global polarization as a func-
tion of rapidity, as shown in the lower panel of Fig. 5. The
red dashed line in the lower panel figure is a rough approx-
imation of the experimental data, which shows no signifi-
cant dependence on the rapidity and fluctuates around the
averaged value 3%. One can see that the global polariza-
tion from our model also shows no significant dependence
on the rapidity. The global polarization, ⇧0y, for b0 =
0.5, 0.6, 0.68, fluctuates around the average value of 2.8%,
3.8% and 6% respectively, which are magnitudes similar
to the global polarization. For more peripheral collisions,
the fluctuations are relatively larger, e.g. at the case of
b0 = 0.68, there exists a dip in rapidity bin |y| < 0.4.
Beyond the rapidity range |y| > 1 the global polarization
goes down rapidly to zero.

Fig. 4. (Color online) The first term of longitudinal polar-
ization, ⇧1z, and sencond term of longitudinal polarization,
⇧2z, distributed on transverse momentum plane, for Au+Au
200GeV collisions with impact parameter ratio b0 = 0.68 at
rapidity bin |y| < 1.

The first term of the y-directed polarization, as shown
in the upper panel of Fig. 5, exhibits a normal distribution
with respect to the rapidity, with peak value at center ra-
pidity y = 0, which is similar to the vorticity distribution
on pseudo-rapidity from AMPT model[29]. This similarity
of structure simply demonstrates the definition of polar-
ization vector’s first term, i.e. ⇧1y arises purely from the
spatial component of relativistic vorticity, ! = 1

2r ⇥ �.
For more peripheral collisions with larger impact param-
eter, the global polarization distribution peaks higher at
center rapidity y = 0 and goes down faster to zero with a
narrower width. Finally, the two figures together indicate
that the second term related to the system expansion, flat-
ten the peak of the first term induced by classical vorticity,
resulting in an even distribution of global polarization on
the rapidity.
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FIG. 5. (Color online) Charged particle “conventional” (left) and “fluctuation” (right) components of directed flow v1 and
momentum shift ⟨px⟩/⟨pT ⟩ as a function of η in 10%-40% centrality for Cu+Au, Au+Au, and Pb+Pb collisions. Thick solid
and dashed lines show the hydrodynamic model calculations with η/s=0.08 and 0.16, respectively, for Cu+Au collisions [31].
Thin lines in the left panel show a linear fit to the data.

not reproduce neither the magnitude of the directed flow485

nor its pseudorapidity dependence.486

The even component of directed flow, veven1 , in Au+Au487

does not depend on pseudorapidity (within error-bars)488

and is very similar in magnitude to veven1 in Pb+Pb col-489

lision at LHC energies. The pevenx in both Au+Au and490

Pb+Pb collisions is consistent with zero, which indicates491

zero net transverse momentum in the systems. This492

agrees with the expectation that the even component of493

v1 originates from event-by-event fluctuations of the ini-494

tial density. The magnitude of vfluc1 in Cu+Au is larger495

than that of veven1 in Au+Au. This would be due either to496

larger initial density fluctuations in Cu+Au collisions or497

to stronger correlations between the spectator and dipole498

fluctuation planes.499

The results presented in Figs. 4–5, and in particular a500

positive intercept of v1(η) and negative intercept of ⟨px⟩,501

are consistent with a picture of directed flow in Cu+Au502

collisions as a superposition of that from a tilted source503

(shifted in rapidity to the system center-of-mass rapid-504

ity) and dipole flow due to non-zero average density gra-505

dients. Compared to the v1(η) dependence in symmetric506

collisions, the first mechanism shifts the function toward507

negative rapidities, and the second moves the entire func-508

tion up (note that the Cu nucleus is defined as the pro-509

jectile) as shown in Fig. 1(a-b). This picture receives fur-510

ther support from the study of the centrality dependence511

of the corresponding slopes and intercepts presented in512

Fig. 6. Very similar slopes of v1 and ⟨px⟩/⟨pT ⟩ would be513

a natural consequence of a tilted source. The intercepts514

of ⟨px⟩ follow very closely the shift in rapidity center-of-515

mass of the system shown with the solid line in Fig. 6(b),516

which was calculated by a Monte-Carlo Glauber model517

based on the ratio of Au and Cu participant nucleons,518

yCM ∼ 1

2
ln(NAu

part/N
Cu
part). (12)

The centrality dependence of v1 intercept (more exactly,519

in this picture the difference in v1 and ⟨px⟩ intercepts)520

in Fig. 6(d) would be mostly determined by the decorre-521

lations between the dipole flow direction, Ψ1.3, and the522

reaction (spectator) planes.523524

The slopes of vodd(conv)1 and ⟨pconvx ⟩/⟨pT ⟩, Fig. 5, agree525

within 10% both in Au+Au and Cu+Au collisions. In526

Pb+Pb collisions the v1 slope is almost a factor of two527

larger than that of ⟨pconvx ⟩/⟨pT ⟩. This clearly indicates528

that both mechanisms, “tilted source” (for which one529

would expect the slope of ⟨pconvx ⟩/⟨pT ⟩ to be about 50%530

larger than that of vodd(conv)1 , see Appendix), and ini-531

tial density asymmetries (for which ⟨pconvx ⟩ = 0), play532

a significant role in formation of the directed flow even533

in symmetric collisions. The relative contribution of the534

10

0 20 40 60 80

 η
)/d〉) Tp〈/〉 xp〈

d(

0.006−

0.004−

0.002−

0

(a)

Cu+Au
Au+Au

Centrality [%] 
0 20 40 60 80

) η(〉 Tp〈/〉 xp〈
In

te
rc

ep
t o

f 

1.5−

1−

0.5−

0

0.5

part
CM

Cu+Au y

(b)

0 20 40 60 80

 η
/d 1

dv

0.006−

0.004−

0.002−

0

Cu+Au
Au+Au

(c)

Centrality [%] 
0 20 40 60 80

) η( 1
In

te
rc

ep
t o

f v

0.5−

0

0.5

(d)

FIG. 6. (Color online) Slopes and intercepts of ⟨px⟩/⟨pT ⟩(η) and v1(η) as a function of centrality in Cu+Au collisions at
√
sNN

= 200 GeV. The solid line shows the center-of-mass rapidity in Cu+Au collisions calculated by Cu and Au participants in a
Glauber model. Open boxes show systematic uncertainties.

“tilted source” mechanism is about 2/3 at the RHIC top535

collision energies decreasing to ∼1/3 at LHC energies.536

From the centrality dependence of slopes shown in Fig. 6537

one can conclude that the relative contribution of the538

tilted source mechanism is largest in peripheral collisions539

(where the ⟨pconvx ⟩/⟨pT ⟩ slope is approximately 1.5 times540

larger than that of vodd(conv)1 ) and smallest in central col-541

lisions. This dependence might be due to the stronger542

decorrelation between spectator and dipole flow planes543

in peripheral collisions.544545

Figure 7 shows the even (fluctuation) components of v1546

and ⟨px⟩ as a function of centrality. veven1 for Au+Au has547

a weak centrality dependence and is consistent with veven1548

for Pb+Pb except in most peripheral collisions. Further-549

more, pevenx in both Au+Au and Pb+Pb are consistent550

with zero. This may indicate that the dipole-like fluc-551

tuation in the initial state has little dependence on the552

system size and collision energy. vfluc1 and ⟨px⟩fluc for553

Cu+Au has a larger magnitude than in symmetric colli-554

sions over the entire centrality range; it is smallest in the555

30%-40% centrality bin.556557

The reference angle of dipole flow can be represented558

by Ψ1,3, but veven1 (vfluc1 ) are the projections of dipole flow559

onto the spectator planes. Therefore, the measured even560

(or fluctuation) components of v1 should be decreased by561

a factor ⟨cos(Ψ1,3−ΨSP)⟩. Such a “resolution” effect may562

also lead to larger veven1 and non-zero pevenx in Cu+Au563

collisions due to the difference in correlation of the Cu564

and Au spectator planes to Ψ1,3.565

The pT dependence of vconv1 and vfluc1 in Cu+Au col-566

lisions was studied for different collision centralities, as567

shown in Fig. 8. The vconv1 exhibits a sign change around568

pT = 1 GeV/c and its magnitude at both low and high pT569

becomes smaller for peripheral collisions. Such central-570

ity dependence in Cu+Au vconv1 can be due to a change571

in the correlation between the angle of the initial den-572

sity asymmetry and the direction of spectator deflection.573

The correlation becomes largest at an impact parameter574

of 5 fm (which corresponds approximately to 10%-20%575

centrality) and decreases in more peripheral collisions as576

discussed in Ref. [8]. Similar pT and centrality dependen-577

cies were observed in vfluc1 although there is a difference578

in sign between vconv1 and vfluc1 . An event-by-event vis-579

cous hydrodynamical model calculation is also compared580

to the vconv1 for the 20%-30% centrality bin in Cu+Au581

collisions. As seen in Fig. 8, the model overpredicts the582

data in its magnitude for the entire pT region.583

The odd and even components of directed flow, vodd1584

and veven1 , in Au+Au collisions are also compared in the585

same centrality windows, where vodd1 was measured by586
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FIG. 5. (Color online) Charged particle “conventional” (left) and “fluctuation” (right) components of directed flow v1 and
momentum shift ⟨px⟩/⟨pT ⟩ as a function of η in 10%-40% centrality for Cu+Au, Au+Au, and Pb+Pb collisions. Thick solid
and dashed lines show the hydrodynamic model calculations with η/s=0.08 and 0.16, respectively, for Cu+Au collisions [31].
Thin lines in the left panel show a linear fit to the data.

not reproduce neither the magnitude of the directed flow485

nor its pseudorapidity dependence.486

The even component of directed flow, veven1 , in Au+Au487

does not depend on pseudorapidity (within error-bars)488

and is very similar in magnitude to veven1 in Pb+Pb col-489

lision at LHC energies. The pevenx in both Au+Au and490

Pb+Pb collisions is consistent with zero, which indicates491

zero net transverse momentum in the systems. This492

agrees with the expectation that the even component of493

v1 originates from event-by-event fluctuations of the ini-494

tial density. The magnitude of vfluc1 in Cu+Au is larger495

than that of veven1 in Au+Au. This would be due either to496

larger initial density fluctuations in Cu+Au collisions or497

to stronger correlations between the spectator and dipole498

fluctuation planes.499

The results presented in Figs. 4–5, and in particular a500

positive intercept of v1(η) and negative intercept of ⟨px⟩,501

are consistent with a picture of directed flow in Cu+Au502

collisions as a superposition of that from a tilted source503

(shifted in rapidity to the system center-of-mass rapid-504

ity) and dipole flow due to non-zero average density gra-505

dients. Compared to the v1(η) dependence in symmetric506

collisions, the first mechanism shifts the function toward507

negative rapidities, and the second moves the entire func-508

tion up (note that the Cu nucleus is defined as the pro-509

jectile) as shown in Fig. 1(a-b). This picture receives fur-510

ther support from the study of the centrality dependence511

of the corresponding slopes and intercepts presented in512

Fig. 6. Very similar slopes of v1 and ⟨px⟩/⟨pT ⟩ would be513

a natural consequence of a tilted source. The intercepts514

of ⟨px⟩ follow very closely the shift in rapidity center-of-515

mass of the system shown with the solid line in Fig. 6(b),516

which was calculated by a Monte-Carlo Glauber model517

based on the ratio of Au and Cu participant nucleons,518

yCM ∼ 1

2
ln(NAu

part/N
Cu
part). (12)

The centrality dependence of v1 intercept (more exactly,519

in this picture the difference in v1 and ⟨px⟩ intercepts)520

in Fig. 6(d) would be mostly determined by the decorre-521

lations between the dipole flow direction, Ψ1.3, and the522

reaction (spectator) planes.523524

The slopes of vodd(conv)1 and ⟨pconvx ⟩/⟨pT ⟩, Fig. 5, agree525

within 10% both in Au+Au and Cu+Au collisions. In526

Pb+Pb collisions the v1 slope is almost a factor of two527

larger than that of ⟨pconvx ⟩/⟨pT ⟩. This clearly indicates528

that both mechanisms, “tilted source” (for which one529

would expect the slope of ⟨pconvx ⟩/⟨pT ⟩ to be about 50%530

larger than that of vodd(conv)1 , see Appendix), and ini-531

tial density asymmetries (for which ⟨pconvx ⟩ = 0), play532

a significant role in formation of the directed flow even533

in symmetric collisions. The relative contribution of the534

! For mid-central collisions (20% - 40%) tilted source  
contribution is about 2/3, its fraction increases in 
more peripheral collisions. 

! At LHC energies “tilted sources” contribution is  
smaller, about 1/3

STAR, PRC, 98, 014915 (2018) 

→ polarization at LHC ~ 1/6 of that at RHIC 200 GeV


