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✦ What is it? Why is that important? Why heavy ions? 
✦ Methods/approaches/techniques  

- “gamma” correlator (CME, CVE) 
- v2 vs A and 3-particle correlator (CMW) 

✦ First measurements (CME, CMW) 
✦ Background correlations and what we can do with them 

- higher harmonics 
- U+U, isobar collisions 
- “cross” comparison and other observables 

✦ EM fields studies 
✦ Where we are. Presentations at this QM. What might be next

        Sergei A. Voloshin

Probes of Anomalous Chiral Effects

Many references, including to other reviews can be found in: 
D. Kharzeev, J. Liao, S. Voloshin and G. Wang, Prog. Nucl. Phys. 88, 1 (2016)
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Chirality. Chiral anomaly

2

For massless fermions: 
RH - spin along the momentum 
LH - spin opposite the momentum  

Chirality does not change when quarks 
interacts with photons or gluons.

Classical symmetries and 
Quantum anomalies

5

Anomalies: The classical symmetry of the Lagrangian is 
broken by quantum effects - 
examples: chiral symmetry - axial anomaly
                 scale symmetry  - scale anomaly

Anomalies imply correlations between currents:

e.g.            

  decay

A

V V

if A, V are 
background fields,
V is generated!

 R/L = 1
2 (1± �5) 

Quantum anomaly — symmetry of  
the Lagrangian is broken at quantum  
level

µ5 / Q5 = nR � nL

Jµ
5 = Jµ

R � Jµ
L

Chirality in gauge theories
•  Massless fermions: can be of either chiralities
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Chirality does not change in when the particle interacts 
with gauge fields

But chirality is not conserved in quantum theory: anomalies

Chirality in gauge theories
•  Massless fermions: can be of either chiralities
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Chirality does not change in when the particle interacts 
with gauge fields

But chirality is not conserved in quantum theory: anomalies

@µJ
µ
5 = CAEµBµ

dQ5/dt / E ·B
Jµ = Jµ

R + Jµ
L

Chirality is not conserved due to anomalies

L =  ̄R(i@µ � eAµ)�µ R + [R ! L]
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Chiral Magnetic Effect
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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):

J

V

=

N
c

e

2⇡2

µ
A

B

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, ...)

10/31

J = �5B

CME - induction of the electric current 
 along the magnetic field 

Charge separation in the magnetic  
field direction violates parity 
The direction fluctuates event-by-event

Similar to parity violation in  
weak interactions
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J = �5B

CME - induction of the electric current 
 along the magnetic field 

Charge separation in the magnetic  
field direction violates parity 
The direction fluctuates event-by-event

No entropy production from 
T-even anomalous terms

where we have introduced the linear densities of the left- and right-moving
charges.

In a real wire however the electromagnetic fields can propagate in (3+1)
dimensions, while the fermions are restricted to (1 + 1) dimensions. This
means that the chiral charge is still given by (32) and requires the existence
of both electric and magnetic fields. Let us assume that the carriers of charge
move with the Fermi velocity vF . The densities of the right- and left-moving
electric currents are thus

JR = e vF nR; JL = e vF nL. (42)

In (1 + 1) dimensions, the densities are related to the chemical potentials by
µL,R = hvF nL,R, where h is the Planck constant. The net electric current
moving through the wire is therefore

J = JR � JL =
e

h
(µR � µL). (43)

On the other hand, the di�erence between the chemical potentials for the
left- and right-moving charges is determined by the voltage V applied to the
wire: µR�µL = eV (the anomaly relation tells us that this voltage is created
by the electric field). Therefore, we get

J =
e2

h
V. (44)

Reconciling this with Ohm’s law J = ⇤ V , we find that the conductance ⇤ of
the quantum wire is given by a combination of the fundamental constants:

⇤ =
e2

h
(45)

5.2. Fermions in external magnetic field

⌃µJ
µ =

e2

16⇥2

�
F µ⇥

L F̃L,µ⇥ � F µ⇥
R F̃R,µ⇥

⇥
(46)

Jµ =
⌃ log Z[Aµ, A5

µ]

⌃Aµ(x)
(47)

✓J =
e2

2⇥2
µ5

✓B (48)

14

23

P-even
T-odd

P-odd

P-odd

P-odd
T-odd

P-odd effect!

T-even
                           Non-dissipative current!
    (time-reversible - no arrow of time, no entropy production)

cf Ohmic
conductivity:

T-odd,
dissipative

⌅J = � ⌅E

DK and H.-U. Yee, 1105.6360
Slide taken from D. Kharzeev
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Anomalous chiral effects
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Chiral Magnetic effect (CME) - 
separation of the electric charge along B

Chiral Vortical effect (CVE) - separation  
of the baryon charge along vorticity

Chiral Electric Separation Effect (CESE) - 
separation of the axial charge along the electric field

Chiral Separation Effect (CSE) - separation 
 of the axial charge along the magnetic field

In common: chiral anomalous transport 
determined by the chiral (axial) quantum  
anomaly

J5 = 1
2⇡2µ(Qe)B

J = 1
⇡2µ5(µ!)

Systematics of anomalous conductivities

9

Vector
current

Axial
current

Magnetic field Vorticity

! = 1
2r⇥ v

J = (Qe) 1
2⇡2µ5(Qe)B

Coefficients are fixed by the axial  
anomaly, no corrections
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Chiral Magnetic Wave
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10 D.E. Kharzeev et al. / Progress in Particle and Nuclear Physics 88 (2016) 1–28

Fig. 5. (Color online) Illustration of the chiral magnetic wave and the chiral vortical wave.

the rotation axis i.e. the E! direction: again see Fig. 5 (upper panel) for an illustration of this phenomenon. This collective
mode is the Chiral Vortical Wave [77].

To derive the wave equations for the CVW, it is convenient to start from the RH/LH CVE in Eq. (16) and consider small
fluctuations of RH or LH densities on top of a uniform equilibrium background (assuming no fluctuations in temperature).
By combining the linearized version of Eq. (16) with continuity equations @t J0R/L + r · EJR/L = 0, one can easily derive the
following wave equations:

✓
@0 ± µ0

(2⇡2)�µ0

E! · r
◆

�J0R/L = (@0 ± v!@!̂) �J0R/L = 0. (19)

An expansion of the fluctuations via Fourier modes with frequency ⌫ and wave-vector k!̂ then gives

⌫ ⌥ v!k = 0, (20)

where we can identify the propagation speed of the wave, v! ⌘ µ0!
(2⇡2)�µ0

. (To be precise theµ0 here is the background RH or

LH density, and the �µ0 is the corresponding susceptibility �R/L = @ J0R/L/@µR/L evaluated at µR/L = µ0.) Similar to the CMW
case, the above equations imply that the CVW also consists of two chiral gapless modes traveling at the same speed v! , with
the RH wave that transports RH density and current in parallel to the E! direction as well as the LH wave that transports LH
density and current in antiparallel to the E!. This is also illustrated in Fig. 5 (lower panel).

It is important to note that because the CVE current (unlike the CME one) depends quadratically on the chemical
potentials, the dynamics of the corresponding collective excitations in systems with vorticity is in general nonlinear.
For example, in ‘‘hot’’ systems with temperature much larger than the chemical potentials, the collective excitations are
described [78] by the Burgers–Hopf equation that is known to describe rich nonlinear dynamics, including solitons and
shock waves. The mixing of the chiral magnetic and chiral vortical waves has recently been addressed in [79,80]. Possible
mixing of these with other collective excitations, such as a Chiral Heat Wave, has also been discussed in [79].

3. Anomalous chiral effects in heavy ion collisions

So far we have discussed the physical ideas of various anomalous chiral effects. It is of fundamental interest to look
for experimental manifestations of such effects in systems from novel semi-metals [49,78,81–83] to hot dense QCD matter
[22,24,25,40,48,65,77,84,85]. In the rest of this reviewwe focus on the search of anomalous chiral effects in the quark–gluon
plasma created in heavy-ion collision experiments at the Relativistic Heavy Ion Collider (RHIC) as well as the Large Hadron
Collider (LHC). In preparation for later discussions on experimental search, a number of important phenomenological aspects
need to be addressed here. Emphasis will be put on three examples, the Chiral Magnetic Effect, the Chiral Magnetic Wave,
and the Chiral Vortical Effect, which have been extensively studied both phenomenologically and experimentally.

3.1. The magnetic field and vorticity

To induce effects like the CME and the CMW, strong electromagnetic fields need to be present in the system. There are
indeed such fields, originated from the highly charged ions (e.g. Au nucleus with Z = 79 at RHIC and Pb nucleus with
Z = 82 at LHC) that move at nearly the speed of light. An elementary estimate can be done as follows: eB ⇠ � ↵EMZ/b2
where ↵EM ' 1/137, b is the impact parameter, and � = (

p
s/2)/MN is the Lorentz factor (with (

p
s/2) the energy per

nucleon in the beam andMN the nucleon mass). Upon plugging in numbers for RHIC collisions one immediately recognizes
that eB ⇠ 1/(1 fm)2 ⇠ (m⇡ )2 which is on the typical hadronic interaction scale and which represents the strongest
electromagnetic fields accessible to human. A lot of computations have been done to quantify such electromagnetic fields on
the event-by-event basis (see e.g. [86–88]). Their spatial distribution aswell as the dependence on colliding nuclei, centrality
and beam energy have been studied.

An important feature of the magnetic field E
B in heavy-ion collisions is its azimuthal orientation on the transverse plane.

Fig. 7 schematically depicts the transverse plane for a collision of two heavy ions. Following common practice we label the

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 m2

!, 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!þÞ< v2ð!$Þ, and
estimate the magnitude of the effect.

DOI: 10.1103/PhysRevLett.107.052303 PACS numbers: 12.38.Mh, 11.40.Ha, 25.75.Ag

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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and longitudinal diffusion constants determined by qf, eB,
and T. In this Letter we consider the propagation of u and d
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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 m2

!, 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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CME “components”
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Anomalous transport, 
Electric current along 
magnetic filed

Radial flow

Chirality imbalance 
              +  
   Magnetic field

J = e2

2⇡2µ5B

CME as a new type of 
superconductivity

Fritz and Heinz London

~J ⇠ µ5
~B µ5 ⇠ ~E ~B t

~E|| ~B

CME:

London theory of superconductors, ‘35:

for
superconducting
current, tunable
by magnetic field!

~E ⇠ B�2 ~̇J

Charge separation 
along B direction

[33] J. Adams et al. (STAR Collaboration), Directed flow in
Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62.4 GeV, Phys. Rev. C 73,
034903 (2006).

[34] B. I. Abelev et al. (STAR Collaboration), System-Size
Independence of Directed Flow Measured at the BNL
Relativistic Heavy Ion Collider, Phys. Rev. Lett. 101,
252301 (2008).

[35] S. A. Voloshin and T. Niida, Ultrarelativistic nuclear colli-
sions: Direction of spectator flow Phys. Rev. C 94, 021901
(R) (2016).

[36] A. M. Poskanzer and S. A. Voloshin, Methods for analyzing
anisotropic flow in relativistic nuclear collisions, Phys. Rev.
C 58, 1671 (1998).

[37] D. Teaney and L. Yan, Triangularity and dipole asymmetry
in relativistic heavy ion collisions, Phys. Rev. C 83, 064904
(2011).

[38] M. Luzum and J. Y. Ollitrault, Directed Flow at Midrapidity
in Heavy-Ion Collisions, Phys. Rev. Lett. 106, 102301
(2011).

[39] B. Abelev et al. (ALICE Collaboration), Directed Flow of
Charged Particles at Midrapidity Relative to the Spectator
Plane in Pbþ Pb Collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV, Phys.
Rev. Lett. 111, 232302 (2013).

[40] C. A. Whitten (STAR Collaboration), The beam-beam
counter: A local polarimeter at STAR, AIP Conf. Proc.
980, 390 (2008).

[41] C. E. Allgower et al. (STAR Collaboration), The STAR
endcap electromagnetic calorimeter, Nucl. Instrum.
Methods Phys. Res., Sect. A 499, 740 (2003).

[42] P. Bożek, Event-by-event viscous hydrodynamics for
Cu-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, Phys. Lett. B 717,
287 (2012).

[43] U.W. Heinz and P. F. Kolb, Rapidity dependent momentum
anisotropy at RHIC, J. Phys. G 30, S1229 (2004).

[44] A. Adare et al. (PHENIX Collaboration), Measurements of
directed, elliptic, and triangular flow in Cuþ Au collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, Phys. Rev. C 94, 054910 (2016).
[45] S. Gupta, The electrical conductivity and soft photon

emissivity of the QCD plasma, Phys. Lett. B 597, 57
(2004).

[46] G. Aarts, C. Allton, J. Foley, S. Hands, and S. Kim, Spectral
Functions at Small Energies and the Electrical Conductivity
in Hot Quenched Lattice QCD, Phys. Rev. Lett. 99, 022002
(2007).

[47] P. Arnold, G. D. Moore, and L. G. Yaffe, Transport coef-
ficients in high temperature gauge theories, 2. Beyond
leading log, J. High Energy Phys. 05 (2003) 051.

[48] M. Greif, I. Bouras, C. Greiner, and Z. Xu, Electric
conductivity of the quark-gluon plasma investigated using
a perturbative QCD based parton cascade, Phys. Rev. D 90,
094014 (2014).

[49] T. Steinert and W. Cassing, Electric and magnetic response
of hot QCD matter, Phys. Rev. C 89, 035203 (2014).

[50] L. McLerrana and V. Skokov, Comments about the electro-
magnetic field in heavy-ion collisions, Nucl. Phys. A929,
184 (2014).

[51] K. Tuchin, Time and space dependence of the electromag-
netic field in relativistic heavy-ion collisions, Phys. Rev. C
88, 024911 (2013).

[52] B. G. Zakharov, Electromagnetic response of quark-gluon
plasma in heavy-ion collisions, Phys. Lett. B 737, 262
(2014).

[53] HERAPDF1.5, https://www.desy.de/h1zeus/combined_
results/herapdftable/.

PRL 118, 012301 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

6 JANUARY 2017

012301-8

dN±
d�

/ 1 + 2v1 cos (��) + 2v2 cos(2��) + ...

+ 2a1,± sin(��) + ... ; �� = �� RP

Spectator directed flow determine 
the direction of B

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):

J

V

=

N
c

e

2⇡2

µ
A

B

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, ...)

10/31

http://file://localhost/users/voloshin/desktop/untitled.xcf


QM2017, Student day, February 5, 2017page S.A. Voloshin

CME - observations

7

LETTERS
PUBLISHED ONLINE: 8 FEBRUARY 2016 | DOI: 10.1038/NPHYS3648

Chiral magnetic e�ect in ZrTe5

Qiang Li1*, Dmitri E. Kharzeev2,3*, Cheng Zhang1, Yuan Huang4, I. Pletikosić1,5, A. V. Fedorov6,
R. D. Zhong1, J. A. Schneeloch1, G. D. Gu1 and T. Valla1*
The chiral magnetic e�ect is the generation of an electric
current induced by chirality imbalance in the presence of
a magnetic field. It is a macroscopic manifestation of the
quantumanomaly1,2 in relativisticfield theoryof chiral fermions
(massless spin 1/2 particles with a definite projection of spin
on momentum)—a remarkable phenomenon arising from a
collective motion of particles and antiparticles in the Dirac
sea. The recent discovery3–6 of Dirac semimetals with chiral
quasiparticles opens a fascinating possibility to study this
phenomenon in condensed matter experiments. Here we
report on the measurement of magnetotransport in zirconium
pentatelluride, ZrTe5, that provides strong evidence for the
chiral magnetic e�ect. Our angle-resolved photoemission
spectroscopy experiments show that this material’s elec-
tronic structure is consistent with a three-dimensional Dirac
semimetal. We observe a large negative magnetoresistance
when the magnetic field is parallel with the current. The mea-
sured quadratic field dependence of the magnetoconductance
is a clear indication of the chiral magnetic e�ect. The observed
phenomenon stems from the e�ective transmutation of aDirac
semimetal into a Weyl semimetal induced by parallel electric
and magnetic fields that represent a topologically non-trivial
gauge field background. We expect that the chiral magnetic
e�ect may emerge in a wide class of materials that are near
the transition between the trivial and topological insulators.

The recent discovery of the three-dimensional (3D) Dirac
semimetals Cd3As2 and Na3Bi (refs 3–6) has enabled experimental
studies of the quantum dynamics of relativistic field theory in
condensed matter systems. The relativistic theory of charged chiral
fermions in three spatial dimensions possesses the so-called chiral
anomaly1,2—non-conservation of chiral charge induced by external
gauge fields with non-trivial topology, for example, by parallel
electric and magnetic fields. The existence of chiral quasiparticles
in Dirac and Weyl semimetals opens the possibility to observe the
e�ects of the chiral anomaly7. Of particular interest is the chiral
magnetic e�ect (CME; ref. 8)—the generation of electric current in
an external magnetic field induced by the chirality imbalance9.

This phenomenon is at present under intense study in relativistic
heavy ion collisions at the Relativistic Heavy Ion Collider (RHIC)
at BNL and at the Large Hadron Collider (LHC) at CERN, where it
was predicted10 to induce fluctuations in hadron charge asymmetry
with respect to the reaction plane. The experimental data from the
STAR (ref. 11) Collaboration at RHIC and the ALICE (ref. 12)
Collaboration at LHC indicate the fluctuations are consistent
with the theoretical expectations. Closely related phenomena are
expected to play an important role in the Early Universe, possibly

causing the generation of primordial magnetic fields13–17. However,
the interpretation in all these cases is under debate owing to lack of
control over the chirality imbalance produced.

The most prominent signature of the CME in Dirac systems in
parallel electric and magnetic fields is a positive contribution to the
conductivity that has a quadratic dependence onmagnetic field8,18,19.
This is because the CME current is proportional to the product of
the chirality imbalance and the magnetic field, and the chirality
imbalance in Dirac systems is generated dynamically through the
anomaly with a rate that is proportional to the product of electric
and magnetic fields. As a result, the longitudinal magnetoresistance
becomes negative18,19.

Let us explain how this mechanism works in Dirac semimetals
in more detail. In the absence of external fields, each Dirac
point initially contains left- and right-handed fermions with
equal chemical potentials, µL = µR = 0. If the energy degeneracy
between the left- and right-handed fermions gets broken, we
can parameterize it by introducing the chiral chemical potential
µ5 ⌘(µR �µL)/2. The corresponding density of chiral charge is then
given by8

⇢5 =
µ3

5

3⇡2v3
+ µ5

3v3

✓
T 2 + µ2

⇡2

◆
(1)

where µ= (µR +µL)/2 and T are the chemical potential and the
temperature, and v is the Fermi velocity.

The chiral anomaly of quantum electrodynamics dictates that
the parallel external electric and magnetic fields generate the chiral
charge with a rate given by

d⇢5

dt
= e2

4⇡2~2c
E ·B (2)

However, the left- and right-handed fermions in Dirac semimetals
can mix through chirality-changing scattering, and this process
will deplete the amount of chiral charge that can be produced.
Denoting the chirality-changing scattering time by ⌧V, we thus get
the equation

d⇢5

dt
= e2

4⇡2~2c
E ·B� ⇢5

⌧V
(3)

The solution of equation (3) at t�⌧V is

⇢5 =
e2

4⇡2~2c
E ·B⌧V (4)
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Figure 2 | Magnetoresistance in magnetic fields parallel to the current (B ka) in ZrTe5. a, Magnetoresistance at various temperatures. For clarity, the
resistivity curves have been shifted by 1.5 m� cm (150 K), 0.9 m� cm (100 K), 0.2 m� cm (70 K) and �0.2 m� cm (5 K). b, Magnetoresistance at 20 K
(red symbols) fitted with the CME curve (blue line); inset: temperature dependence of the parameter a(T) in units of S cm�1 T�2 for B and E along the
a-axis (red solid symbols), and 18� o� the a-axis within the a–c plane (open circles). The line represents the dependence predicted by equation (8).

magnetoresistance21. It shows a semimetallic electronic structure
with extremely small and light ellipsoidal Fermi surface(s), centred
at the centre (0 point) of the bulk Brillouin zone (BZ). The
calculations predict a small direct gap at 0(⇠=50meV), but previous
transport studies show semimetallic behaviour, with quantum
oscillations indicating a tiny but finite Fermi surface22–25. Quantum
oscillations show that the e�ective mass in the chain direction
(m⇤

a/me ⇠= 0.03) is comparable to that in a prototypical 3D Dirac
semimetal, Cd3As2 (refs 24,26).

Figure 1a shows the temperature dependence of resistivity along
the chain direction (a) in a magnetic field perpendicular to the
a–c plane. The zero-field transport shows a characteristic peak in re-
sistivity at T ⇠=60K, significantly lower than in earlier studies, prob-
ably due to a much lower impurity concentration in our samples20.
InBkb, the peak shifts to higher temperatures andwe observe a very
large positive magnetoresistance in the whole temperature range,
consistent with previous studies21. The inset shows the resistivity
with the magnetic field applied along the three major crystal axes.

Figure 1c,d shows the magnetoresistance measured at 20K for
several angles of the applied magnetic field with respect to the
current along the chain direction. The angle rotates from the b-axis
to the a-axis, so that at ' = 90� the field is parallel to the current
(B k a)—the so-called Lorentz-force-free configuration. When the
magnetic field is aligned along the b-axis (' =0�), the magnetore-
sistance is positive and quadratic in low fields, and tends to saturate
in high fields. The similar angular dependence is also observed for
the field in the c–a plane. When the magnetic field is rotated away
from the b- or c-axis, the positive magnetoresistance drops with
cos �, as expected for the Lorentz force component. However, in
the Lorentz-force-free configuration (Bka), we see a large negative
magnetoresistance, a clear indication of CME in this material.

Figure 2 shows the magnetoresistance at various temperatures in
a magnetic field parallel to the current. At elevated temperatures,
T �110K, the ⇢ versus B curves show a small upward curvature, a
contribution from an inevitable perpendicular field component due
to imperfect alignment between the current and the magnetic field.
In fact, the small perpendicular field contribution to the observed
resistivity can be fittedwith a simple quadratic term (Supplementary
Information and Supplementary Fig. 1). This term is treated as a
background and subtracted from the parallel field component for
all magnetoresistance curves recorded at T 100K.

A negative magnetoresistance is observed for T  100K,
increasing in magnitude as temperature decreases. We found that
the magnetic field dependence of the negative magnetoresistance
can be nicely fitted with the CME contribution to the electrical

conductivity, given by �CME =�0 +a(T )B2, where �0 represents the
zero-field conductivity. The fitting is illustrated in Fig. 2b for
T =20K, with an excellent agreement between the data and the
CME fitting curve. At 4 T, the CME conductivity is about the same
as the zero-field conductivity. At 9 T, the total magnetoconductivity
increases by ⇠400% over the zero-field value as a result of the CME
contribution. This results in a negative magnetoresistance that is
much stronger than any conventional magnetoresistance reported
at an equivalent magnetic field in a non-magnetic material. To
demonstrate that the e�ect is not limited to any specific crystal
direction, but locked only to the current direction, we have also
performed magnetoresistance measurements with the current still
in the a–c plane, but 18� o� the chain direction (a-axis). In this
direction, we observe the same /B2 dependence of CME when the
magnetic field is parallel to the current.

To obtain a numerical theoretical estimate for CME, we take
T =20K, ⇢Ohm

⇠= 1.2m� cm indicated by our measurements at
B=0, and assume that the rate of chirality-changing transitions
⌧�1
V =�/~. �⇠=50meV and µ⇠=9meV is determined from the fit
to the data. The ARPES data indicate that v ⇠=1/300 c. Evaluating
equation (8), we reproduce the correct order of magnitude of the
coe�cient a(T ) thatwe used to fit the quadratic dependence ofmag-
netoresistance onmagnetic field. The inset in Fig. 2b shows the tem-
perature dependence of parameter a(T ) for B and E along the a-axis
(red solid symbols) and 18� o� the a-axis, in the a–c plane (open cir-
cles), together with the dependence (line) predicted by equation (8)
in which the e�ective value of µ is found to be µ⇠9meV.

At very low field, the data show a small cusp-like feature. The ori-
gin of this feature is not completely understood, but it probably indi-
cates some formofweak anti-localization (WAL). This, and the large
positive magnetoresistance for magnetic field perpendicular to cur-
rent, seem to be common features in all the materials that were sub-
sequently found to exhibit the CME in parallel fields27–32. Although
the reason for a simultaneous observation of CME in parallel fields
and large magnetoresistance in perpendicular fields is not fully un-
derstood yet, we note that the general requirements for the observa-
tion of CME—that is, the low carrier concentration and nearly linear
bands—seem to be also favourable for the observation of large pos-
itive magnetoresistance in perpendicular fields. In these situations,
the system is either very close to the quantum limit33 or, if it contains
two types of carriers, the charge compensation may lead to a large
response in theway that was recently observed inWTe2 (refs 34–36).

A necessary requirement for observation of the CME is
that a material has a 3D Dirac semimetal-like (zero gap), or
semiconductor-like (non-zero gap) electronic structure. Figure 3
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Figure 1 | Magnetoresistance in ZrTe5. a, Temperature dependence of resistivity in ZrTe5 in magnetic fields perpendicular to the cleavage plane (B kb). The
inset shows the resistivity with the magnetic field applied along the three major crystal axes. b, Electron di�raction from a single crystal looking down the
(001) direction. The inset shows the single crystal with the contacts for transport measurements. c, Magnetoresistance at 20 K for several angles of the
applied field with respect to the current, as depicted in the inset. d, Same data as in c, plotted on a logarithmic scale, emphasizing the contrast between the
extremely large positive magnetoresistance for the magnetic field perpendicular to the current (B kb) and the negative magnetoresistance for the magnetic
field parallel to the current (B ka).

According to equation (1), this leads to a non-zero chiral chemical
potential µ5 (we assume that µ5 ⌧µ,T ):

µ5 =
3
4
v3

⇡2
e2

~2c
E ·B

T 2 + µ2

⇡2

⌧V (5)

On the lowest Landau level, the spins of positive (negative) chiral
fermions are parallel (anti-parallel) to the external magnetic field.
Therefore, for a positive fermion to be right-handed (that is, have a
positive projection of spin on momentum) it means moving along
the magnetic field, whereas for a negative fermion it means moving
against the magnetic field. The left-handed fermions will move
in the opposite directions, so there will normally be no charge
separation. However, if the densities of the right- and left-handed
fermions are di�erent, the currents of positive and negative charges
do not compensate each other, and the system develops a net
electric current—this is the CME. The corresponding current can
be computed8 by field-theoretical methods and is given by

JCME = e2

2⇡2
µ5B (6)

The formulae (6) and (5) yield the final expression for the
CME current:

J iCME = e2

⇡~
3
8
e2

~c
v3

⇡3
⌧V

T 2 + µ2

⇡2

BiBkEk ⌘� ik
CMEEk (7)

We see that the CME is described by the conductivity tensor
� ik
CME ⇠BiBk. When the electric and magnetic fields are parallel, the

CME conductivity is

� zz
CME = e2

⇡~
3
8
e2

~c
v3

⇡3
⌧V

T 2 + µ2

⇡2

B2 (8)

Because the CME current is directed along the electric field, it will
a�ect themeasured conductivity, as the total current will be the sum
of the Ohmic and CME currents:

J = JOhm + JCME =(�Ohm +�CME)E (9)

where �CME ⌘ � zz
CME. If the electric and magnetic fields are parallel

(✓ =0), there is no conventional contribution to magnetoresistance
induced by the Lorentz force. The magnetoconductance (8) has
a characteristic quadratic dependence on magnetic field. It is
precisely this contribution tomagnetoconductance with a quadratic
dependence on magnetic field that we have unambiguously
observed in ZrTe5.

ZrTe5 is a material that crystallizes in the layered orthorhombic
crystal structure, with prismatic ZrTe6 chains running along the
crystallographic a-axis and linked along the c-axis by zigzag
chains of Te atoms to form two-dimensional (2D) layers, stacked
along the b-axis into a crystal. This material is known for its
large thermoelectric power, resistivity anomaly20 and large positive

2
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Figure 1 | Magnetoresistance in ZrTe5. a, Temperature dependence of resistivity in ZrTe5 in magnetic fields perpendicular to the cleavage plane (B kb). The
inset shows the resistivity with the magnetic field applied along the three major crystal axes. b, Electron di�raction from a single crystal looking down the
(001) direction. The inset shows the single crystal with the contacts for transport measurements. c, Magnetoresistance at 20 K for several angles of the
applied field with respect to the current, as depicted in the inset. d, Same data as in c, plotted on a logarithmic scale, emphasizing the contrast between the
extremely large positive magnetoresistance for the magnetic field perpendicular to the current (B kb) and the negative magnetoresistance for the magnetic
field parallel to the current (B ka).

According to equation (1), this leads to a non-zero chiral chemical
potential µ5 (we assume that µ5 ⌧µ,T ):

µ5 =
3
4
v3

⇡2
e2

~2c
E ·B

T 2 + µ2

⇡2

⌧V (5)

On the lowest Landau level, the spins of positive (negative) chiral
fermions are parallel (anti-parallel) to the external magnetic field.
Therefore, for a positive fermion to be right-handed (that is, have a
positive projection of spin on momentum) it means moving along
the magnetic field, whereas for a negative fermion it means moving
against the magnetic field. The left-handed fermions will move
in the opposite directions, so there will normally be no charge
separation. However, if the densities of the right- and left-handed
fermions are di�erent, the currents of positive and negative charges
do not compensate each other, and the system develops a net
electric current—this is the CME. The corresponding current can
be computed8 by field-theoretical methods and is given by

JCME = e2

2⇡2
µ5B (6)

The formulae (6) and (5) yield the final expression for the
CME current:

J iCME = e2
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BiBkEk ⌘� ik
CMEEk (7)

We see that the CME is described by the conductivity tensor
� ik
CME ⇠BiBk. When the electric and magnetic fields are parallel, the

CME conductivity is
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CME = e2
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B2 (8)

Because the CME current is directed along the electric field, it will
a�ect themeasured conductivity, as the total current will be the sum
of the Ohmic and CME currents:

J = JOhm + JCME =(�Ohm +�CME)E (9)

where �CME ⌘ � zz
CME. If the electric and magnetic fields are parallel

(✓ =0), there is no conventional contribution to magnetoresistance
induced by the Lorentz force. The magnetoconductance (8) has
a characteristic quadratic dependence on magnetic field. It is
precisely this contribution tomagnetoconductance with a quadratic
dependence on magnetic field that we have unambiguously
observed in ZrTe5.

ZrTe5 is a material that crystallizes in the layered orthorhombic
crystal structure, with prismatic ZrTe6 chains running along the
crystallographic a-axis and linked along the c-axis by zigzag
chains of Te atoms to form two-dimensional (2D) layers, stacked
along the b-axis into a crystal. This material is known for its
large thermoelectric power, resistivity anomaly20 and large positive
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188 L. McLerran, V. Skokov / Nuclear Physics A 929 (2014) 184–190

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.
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FIG. 11. Averaged vorticity ⟨ωy⟩ from the AMPT model as a
function of time at various impact parameter b for fixed beam energy√

sNN = 200 GeV. The solid curves are from a fitting formula (see
text for details).

averaged vorticity increases with decreasing beam energy, in
quite the opposite trend to the angular momentum. This may
be understood as follows: With increasing beam energy, the
fluid moment of inertia (pertinent to rotation) increases more
rapidly than the decrease of vorticity; thus, the total angular
momentum is still increasing. We have numerically checked
that this is indeed the case.

Finally, we present a parametrization of averaged vorticity
as a function of time, centrality, and beam energy, which
provides comprehensive and very good fit to the numerical
results of Au + Au collisions from AMPT. This is given by

⟨ωy⟩(t,b,
√

sNN ) = A(b,
√

sNN )

+B(b,
√

sNN )(0.58t)0.35e−0.58t , (8)

FIG. 12. Averaged vorticity ⟨ωy⟩ from the AMPT model as a
function of time at varied beam energy

√
sNN for fixed impact

parameter b = 7 fm. The solid curves are from a fitting formula
(see text for details).

FIG. 13. Averaged vorticity ⟨ωy⟩, with spatial rapidity span η ∈
(−1,1) and η ∈ (−4,4), respectively, from the AMPT model as a
function of time at

√
sNN = 200 GeV for fixed impact parameters

b = 7,9 fm.

with the two coefficients A and B given by

A = [e−0.016 b
√

sNN + 1] × tanh(0.28 b)

×[0.001 775 tanh(3 − 0.015
√

sNN ) + 0.0128],

B = [e−0.016 b
√

sNN + 1] × [0.023 88 b + 0.012 03]

×[1.751 − tanh(0.01
√

sNN )].

In the above relations,
√

sNN should be evaluated in the unit
of GeV, b in the unit of fm, t in the unit of fm/c, and ωy

in the unit of fm−1. The solid curves in Figs. 11 and 12 are
obtained from the above formula, in comparison with actual
AMPT results. As can be seen, the agreement is excellent and
we have checked that in all cases the relative error of the above
formula is, at most, a few percent. Such parametrization could
be conveniently used for future studies of various vorticity-
driven effects in QGP.

C. Study of uncertainties

In this last part, we investigate a number of uncertainties in
quantifying the averaged vorticity.

One uncertainty is related to the choice of volume in per-
forming the average. In the previous section we have chosen to
average over the spatial rapidity span of η ∈ (−4,4). However,
when it comes to certain specific vorticity-driven effects and
the pertinent final hadron observables, it is not 100% clear what
is precisely the relevant longitudinal volume. To get an idea
of this uncertainty, we have computed the ⟨ωy⟩ for different
choices of spatial rapidity span; see Fig. 13 for results from
η ∈ (−1,1) in comparison with those from η ∈ (−4,4), and see
Fig. 14 for results from η ∈ (−2,2) in comparison with those
from η ∈ (−4,4). As one can see from the comparison, at early
to not-so-late time, the results differ by about a factor of two
between η ∈ (−1,1) and η ∈ (−4,4), but differ by about 30%
percent or so between η ∈ (−2,2) and η ∈ (−4,4). At late time
the results with η ∈ (−4,4) are significantly larger than the
others. Clearly, the contributions to the averaged vorticity from
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I. INTRODUCTION

In relativistic heavy-ion collisions a hot deconfined form of
QCD matter, the quark-gluon plasma (QGP), has been created
[1,2]. In such collision experiments at the Relativistic Heavy
Ion Collider (RHIC) and the Large Hadron Collider (LHC),
the QGP is found to undergo strong collective expansion as a
relativistic fluid with extremely small dissipation [3–5].

Recently, there has been significant interest in the rotational
aspects of the QGP collective motion, particularly regarding
possible observable consequences of such rotation. Indeed,
in the noncentral heavy-ion collisions, there is a nonzero
total angular momentum J ∝ b

√
sNN (with b as the impact

parameter) carried by the system of two colliding nuclei.
Note that the beam energy

√
sNN is the nucleon-nucleon

center-of-mass energy. After the initial impact, most of this
total angular momentum is carried away by the so-called
“spectators,” but there is a sizable fraction that remains in
the created QGP and implies a nonzero rotational motion in
the fluid [6,7]. It was proposed a while ago that such rotation
may affect the spin polarization of certain hadron production
[8,9]. More recent ideas concern possible anomalous transport
effects in a chiral QGP (for reviews and further references on
this topic, see, e.g., [10–12]). The initial interest focused on
effects induced by external electromagnetic fields [13] such
as the well-known chiral magnetic effect, chiral magnetic
wave, etc. [14–20]. It was later pointed out [15] that fluid
rotation bears a lot of similarity to an external magnetic field
and can also induce similar anomalous transport effects. One
example is the chiral vortical effect [15,21,22] which predicts
a baryon current induced along the fluid rotation axis that
can be measured via baryon separation across the reaction
plane. Another example is the chiral vortical wave [23–26],
which predicts a baryonic charge quadrupole formed along the
fluid rotation axis that can be measured via baryon/antibaryon
elliptic flow splitting. Active experimental efforts are under
way to detect possible signals of these effects, and it is of
great phenomenological importance to quantify the rotational
motion of the QGP in these collisions.

In this paper, we will present the quantification of QGP
rotation in the relativistic heavy-ion collisions, utilizing the
tool of a multiphase transport (AMPT) model simulations. We

will report our results for the QGP global angular momentum,
the average vorticity carried by the QGP, and the locally
defined vorticity fields with detailed information of their
time evolution, spatial distribution, and the dependence on
beam energy and collision centrality. The rest of the paper is
organized as follows. We give some general discussions on the
fluid rotation in Sec. II. A brief discussion is given in Sec. III on
our method of extracting rotational motion from AMPT, and
we further present results for the QGP angular momentum. We
report results for the vorticity fields and the fireball-averaged
vorticity in Sec. IV. Finally, a summary is given in Sec. V.

II. DISCUSSIONS ON THE FLUID ROTATION

A. Angular momentum and vorticity

The global rotation of a fluid can be quantified by the
total angular momentum. For a many-body system of discrete
classical (quasi)particles, one could calculate the total angular
momentum J⃗ unambiguously by summing each particle’s
contribution together,

J⃗ =
!

i

r⃗i × p⃗i , (1)

with r⃗i and p⃗i the position and momentum of each particle
in given reference frame. For a large-enough system after
proper coarse graining (e.g., like the fluid being made of
many fluid cells), it can be considered as a continuous
medium characterized by a series of locally defined quantities
like momentum density, energy density, and particle-number
density p⃗(r⃗), ϵ(r⃗) and n(r⃗), respectively. One then could
rewrite the total angular momentum as

J⃗ =
"

d3rr⃗ × p⃗(r⃗). (2)

The fluid vorticity ω⃗ is a more subtle quantity that is locally
derived from local velocity field v⃗(r⃗). In the above coarse-
graining picture, one may define the velocity field through
the momentum and energy densities as v⃗(r⃗) = p⃗(r⃗)/ϵ(r⃗) at
each point/cell. To avoid ambiguity, we will adopt the familiar

2469-9985/2016/94(4)/044910(9) 044910-1 ©2016 American Physical Society
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may affect the spin polarization of certain hadron production
[8,9]. More recent ideas concern possible anomalous transport
effects in a chiral QGP (for reviews and further references on
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and can also induce similar anomalous transport effects. One
example is the chiral vortical effect [15,21,22] which predicts
a baryon current induced along the fluid rotation axis that
can be measured via baryon separation across the reaction
plane. Another example is the chiral vortical wave [23–26],
which predicts a baryonic charge quadrupole formed along the
fluid rotation axis that can be measured via baryon/antibaryon
elliptic flow splitting. Active experimental efforts are under
way to detect possible signals of these effects, and it is of
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motion of the QGP in these collisions.
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tool of a multiphase transport (AMPT) model simulations. We
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the average vorticity carried by the QGP, and the locally
defined vorticity fields with detailed information of their
time evolution, spatial distribution, and the dependence on
beam energy and collision centrality. The rest of the paper is
organized as follows. We give some general discussions on the
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our method of extracting rotational motion from AMPT, and
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Due to fluctuations in the direction 
of separation, on average the effect 
is zero. 
Can be studied only with correlations 
Needs to suppress irrelevant  
background effects
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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):
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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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“direction” (in- or out-of-plane), the background is 
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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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corrected for the experimentally measured v2f2g [20]. Points are
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RHIC and LHC results -- surprisingly close! 
- no effect of change in magnetic field lifetime  (?) 
- no effect of almost factor of 3 higher multiplicity density (?)

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
Auþ 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

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

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

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV calculated using
Eq. (2). The thick solid (Auþ Au) and dashed (Cuþ 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. 13. Three-point correlator as a function of centrality for Au + Au collisions at 7.7–200 GeV [106], and for Pb + Pb collisions at 2.76 TeV [129]. Note
that the vertical scales are different for different rows. The systematic errors (gray bars) bear the same meaning as in Fig. 12. Charge independent results
from the model calculations of MEVSIM [135] are shown as gray curves.

The � correlator weights different azimuthal regions of charge separation differently, e.g. oppositely charged pairs
emitted azimuthally at 90� from the event plane (maximally out-of-plane) are weighted more heavily than those emitted
only a few degrees from the event plane (minimally out-of-plane). It is a good test to modify the � correlator such that all
azimuthal regions of charge separation are weighted identically. This may be done by first rewriting Eq. (23) as

hcos(�↵ + �� � 2 RP)i = h(M↵M�S↵S�)INi � h(M↵M�S↵S�)OUTi, (34)

whereM and S stand for the absolute magnitude (0  M  1) and sign (±1) of the sine or cosine function, respectively. IN
represents the cosine part of Eq. (23) (in-plane) andOUT represents the sine part (out-of-plane). Amodulated sign correlation
(msc) is obtained by reducing the � correlator [105]:

msc ⌘
⇣⇡
4

⌘2 �hS↵S�iIN � hS↵S�iOUT
�
. (35)

The modulated sign correlations are compared with the three-point correlator for Au + Au collisions at 200 GeV in Fig. 12.
It is evident that the msc is able to reproduce the same trend as the three-point correlator although their magnitudes differ
slightly. STAR also carried out another approach called the charge multiplicity asymmetry correlation, whose methodology
is similar to the msc, and yielded very similar results [126].

A further understanding of the origin of the observed charge separation could be achieved with a study of the beam-
energy dependence of the � correlation. The charge separation effect depends strongly on the formation of the quark–gluon
plasma and chiral symmetry restoration [22], and the signal can be greatly suppressed or completely absent at low collision
energies where a QGP has significantly shortened lifetime or not even formed. Taking into account that the life-time
of the strong magnetic field is larger at smaller collision energies, this could lead to an almost threshold effect: with
decreasing collision energy, the signalmight slowly increasewith an abrupt drop thereafter. Unfortunately, the exact energy
dependence of the chiral magnetic effect is not calculated yet.

The question of the collision-energy dependence of the � correlator has been addressed during the recent RHIC Beam
Energy Scan. Fig. 13 presents �OS and �SS correlators as a function of centrality for Au+Au collisions at

p
sNN = 7.7–200 GeV

measured by STAR [106], and for Pb + Pb collisions at 2.76 TeV by ALICE [129]. The difference between �OS and �SS seems
to vanish at low collision energies, again qualitatively in agreement with expectations for the CME. At most collision
energies, the difference between �OS and �SS is still present with the ‘‘right’’ ordering, manifesting extra charge-separation
fluctuations perpendicular to the reaction plane.With decreased beam energy, both �OS and �SS tend to rise up starting from
peripheral collisions. This feature seems to be charge independent, and can be explained by momentum conservation and
elliptic flow [105]. Momentum conservation forces all produced particles, regardless of charge, to separate from each other,
while collective flow works in the opposite sense. For peripheral collisions, the multiplicity (N) is small, and momentum
conservation dominates. The lower beam energy, the smaller N , and the higher �OS and �SS. For more central collisions
where the multiplicity is large enough, this type of P -even background can be estimated with �v2/N [105,110]. In Fig. 13,
we also show the MEVSIM [135] model calculations with implementation of elliptic flow and momentum conservation,
which qualitatively describe the beam-energy dependence of the charge-independent background.

The difference, 𝛥𝜸, decreases at lower energy
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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 m2

!, 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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Chiral Magnetic Wave at Finite Baryon Density and the Electric Quadrupole Moment
of the Quark-Gluon Plasma
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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!þÞ< v2ð!$Þ, and
estimate the magnitude of the effect.

DOI: 10.1103/PhysRevLett.107.052303 PACS numbers: 12.38.Mh, 11.40.Ha, 25.75.Ag

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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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 m2

!, 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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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 m2

!. 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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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
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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 m2

!. 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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p ¼ 11 GeV we
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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(⇡
±) = vbase2 (⇡±)⌥ rAch/2, (37)

where vbase2 (⇡±) 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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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 m2

!. 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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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:
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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 m2

!. 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.

2 4 6 8
b fm

10 4

0.001

0.01

r

FIG. 4 (color online). The normalized electric quadrupole mo-
ment r, eBjmax ¼ m2

!, T ¼ 165 MeV.
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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(⇡
±) = vbase2 (⇡±)⌥ rAch/2, (37)

where vbase2 (⇡±) 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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- 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, 
pseudorapidity dependence similar to that of gamma correlator 

CHARGE-DEPENDENT FLOW AND THE SEARCH FOR THE . . . PHYSICAL REVIEW C 93, 044903 (2016)

η∆
1.5− 1− 0.5− 0 0.5 1 1.5

〉
{2

}
2

v〈 1〉 3
q〈

 -
 

〉 3
q

{2
}

2
v〈

0.1−

0.08−

0.06−

0.04−

0.02−

0

0.02

0.04

0.06

0.08

0.1
3−10×

 = pos (reflected)
1

q
 = neg (reflected)

1
q

 = pos
1

q
 = neg

1
q

20-60% Pb-Pb

 = 2.76 TeVNNs

ALICE

c < 5.0 GeV/
T

p0.2 < 

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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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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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. 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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nomenon was interpreted as evidence of the chiral magnetic wave.
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exotic and actually is consistent with the hydrodynamic picture of
heavy-ion collisions with late local charge conservation.
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in contrast to particle pairs resulting in A = 0. We showed that
this fact alone is sufficient to qualitatively explain the preliminary
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[20] P. Bożek, W. Broniowski, Phys. Rev. Lett. 109 (2012) 062301.
[21] M.M. Aggarwal, et al., STAR Collaboration, Phys. Rev. C 82 (2010) 024905,

arXiv:1005.2307 [nucl-ex].
[22] B. Alver, et al., PHOBOS Collaboration, Phys. Rev. Lett. 98 (2007) 242302,

arXiv:nucl-ex/0610037.
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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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Signal depends on magnetic field/vorticity 
the background depends on anisotropic flow

! Beam energy scan II (signal should disappear at lower energies) 
! Vary magnetic field keeping the same flow (isobar collisions)  
! Higher harmonic correlators (+ differential)  
! Event Shape Engineering (increase/decrease background) 
! Correlations with identified particles (e.g. for the next bullet) 
! Cross-correlation of different observables, CME X CMW  X CVE)  

(both in experiment and theory) 
! U+U (body-body vs tip-tip ??) 
! Very central collisions ( Signal ~0, BG>0) 
! Small system collision (??) 

! Studies of EM fields 
! Improving the phenomenology

It is likely that the current measurements are dominated by the 
“background” (“LCC”). The present goal — to get a ‘reliable’ upper/
lower limits on the signal(s) and/or background at the level of at least 
~0.1- 0.2 of todays “signals”
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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

2469-9985/2016/94(4)/041901(5) 041901-1 ©2016 American Physical Society
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FIG. 2. Event-averaged initial magnetic field squared at the center
of mass of the overlapping region with correction from event-by-
event fluctuation of its azimuthal orientation for Ru + Ru and Zr +
Zr collisions at

√
sNN = 200 GeV (a) and their relative difference

(b) versus centrality. Also shown is the relative difference in initial
eccentricity (b). The solid (dashed) lines correspond to the parameter
set of case 1 (case 2).

In Fig. 2(b), we also show the relative difference in the initial
eccentricity, Rϵ2 , obtained from the Monte Carlo Glauber
simulation. Rϵ2 is highly consistent with 0 for peripheral
events, and goes above (below) 0 for the parameter set of
case 1 (case 2) in central collisions, because the Ru (Zr)
nucleus is more deformed. The relative difference in v2 should
closely follow that in eccentricity; so for the centrality range
of interest, 20–60%, the v2-related backgrounds should stay
almost the same for Ru + Ru and Zr + Zr collisions. The
slightly nonzero effect will be taken into account in the
significance estimation for the CME signal projection, to be
discussed later.

Given the initial magnetic fields and eccentricities, we
can estimate the relative difference in the charge-separation
observable S ≡ Npart"γ between Ru + Ru and Zr + Zr
collisions. Here Npart is used to compensate for the dilution
effect, which is expected when there are multiple sources
involved in the collision [9,37]. The focus of the isobaric

collisions is on the lift of degeneracy between Ru + Ru
and Zr + Zr, therefore we express the corresponding S with
a two-component perturbative approach to emphasize the
relative difference

SRu+Ru = S̄

!
(1 − bg)

"
1 +

RBsq

2

#
+ bg

"
1 + Rϵ2

2

#$
, (4)

SZr+Zr = S̄

!
(1 − bg)

"
1 −

RBsq

2

#
+ bg

"
1 − Rϵ2

2

#$
, (5)

where bg ∈ [0,1] quantifies the background contribution due
to elliptic flow and S̄ = (SRu+Ru + SZr+Zr)/2. An advantage of
the perturbative approach is that the relative difference in S,

RS = (1 − bg)RBsq + bgRϵ2 , (6)

is independent of the detailed implementation of S̄. Without
loss of generality, we parametrize S̄ based on the STAR
measurements of SAu+Au at 200 GeV [11] as a function
of BAu+Au

sq : S̄ = (2.17 + 2.67B̄sq − 0.074B̄2
sq) × 10−3, where

% Most central
0 20 40 60 80

pa
rt

 *
 N

γ∆ ≡
S

 

0

0.01

0.02

Ru+Ru (case 1)
Zr+Zr (case 1)
Au+Au (STAR)
Cu+Cu (STAR) (a)

 = 200 GeVNNs

66% bg
projection with 400M events

% Most central
0 20 40 60 80

R
el

at
iv

e 
di

ff
er

en
ce

0.1−

0.05−

0

0.05

0.1  = 200 GeVNNs

(b)

 (case 1)SR
 (case 2)SR
 (case 1)

2∈R
 (case 2)

2∈R

FIG. 3. Projection of S ≡ Npart"γ for Ru + Ru and Zr + Zr
collisions at

√
sNN = 200 GeV for the parameter set of case 1 (a) and

the relative difference in the two (b) versus centrality, assuming the
background level to be two thirds. Also shown in (b) is the relative
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B̄sq = (BRu+Ru
sq + BZr+Zr

sq )/2. It is noteworthy that the data
points of (S,Bsq) for 30–60% Cu + Cu collisions at 200 GeV
[9] also fall onto this curve. Note that S̄ is almost a linear
function of B̄sq at small B̄sq values, because the coefficient of
the quadratic term is very small.

In Fig. 3(a) we show the projection of SRu+Ru and SZr+Zr at
200 GeV, as functions of centrality, with Bsq and ϵ2 obtained
for case 1, and the background level bg = 2/3. The statistical
errors are estimated based on 400 × 106 events for each
collision type. The gray bands depict the STAR measurements
of SAu+Au and SCu+Cu at 200 GeV in comparison. For 30–60%
collisions, all the collision types share a universal curve of
S(Bsq) or S̄(B̄sq), which transforms into a rough atomic-
number ordering in S as a function of centrality.

The systematic uncertainties in the projection are largely
canceled out with the relative difference between Ru + Ru and
Zr + Zr, shown in Fig. 3(b); in comparison, we show again
the relative difference in eccentricity. For both parameter sets
of the Glauber inputs (red stars for case 1 and pink shaded
boxes for case 2), the relative difference in S is about 5%
for centrality range of 20–60%. The amounts of RS can be
easily guessed from the values of RBsq in Fig. 2(b) scaled
down by a factor of 3 (since bg = 2/3 and Rϵ2 is close to 0).
When we combine the events of 20–60% centralities, RS is
5σ above Rϵ2 for both parameter sets of the Glauber inputs.
Therefore, the isobaric collisions provide a unique test to pin
down the underlying physics mechanism for the observed
charge separation. As a byproduct, v2 measurements in central
collisions will discern which information source (case 1 or
2) is more reliable regarding the deformity of the Ru and Zr
nuclei.

When a different background level is assumed, the mag-
nitude and significance of the projected relative difference

TABLE I. Expected relationship between Ru + Ru and Zr + Zr
in terms of experimental observables for elliptic flow, CME, CMW,
and CVE.

Observable 96
44Ru + 96

44Ru vs 96
40Zr + 96

40Zr

Flow ≈
CME >

CMW >

CVE ≈

between Ru + Ru and Zr + Zr change accordingly, as shown
in Fig. 4. The measurements of the isobaric collision data
will determine whether there is a finite CME signal observed
in the correlator γ , and if the answer is “yes,” will ascertain
the background contribution, when compared with this figure.
With 400 × 106 events for each collision type, the background
level can be determined with an accuracy of 7%.

In summary, we have numerically simulated the strengths of
the initial magnetic fields and the participant eccentricities for
the isobaric collisions of 96

44Ru + 96
44Ru and 96

40Zr + 96
40Zr. Using

the previous STAR measurements of the three-point correlator
(1) in Au + Au and Cu + Cu collisions as baseline, we estimate
the relative difference in the charge-separation observable S =
Npart$γ between Ru + Ru and Zr + Zr collisions, assuming
a background level of two thirds. We find a noticeable relative
difference in S which is robust in the 20–60% centrality bins.
Our results strongly suggest that the isobaric collisions can
serve as an ideal tool to disentangle the signal of the chiral
magnetic effect from v2-driven backgrounds.

Finally, we point out that the isobaric collisions may also
be used to disentangle the signal of the chiral magnetic wave
(CMW) [38,39] from background effects. We summarize in
Table I the expected relationship between Ru + Ru and
Zr + Zr in terms of experimental observables for elliptic
flow, the CME, the CMW, and the chiral vortical effect (CVE)
[40–42], assuming that the chiral effects are the major physical
mechanisms for the corresponding observables.
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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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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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positive (red squares) and negative (blue circles) particles. Statistical
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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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Feng Zhao (for the STAR Collaboration). / Nuclear Physics A 00 (2014) 1–4 3

Figure 1. The left two panels show the K

0
S

-h+ and K

0
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 K

0
S

-h� and K

0
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.

3

Hierarchical Structure of Chiral Effects

Identified particle correlation case studies show hierarchical structure 
of chiral effects. 
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Δφ Δθ ≈ Δη

Larger radial flow narrows 
pair distribution in azimuth  
as well as in pseudorapidity
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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]:
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(1)
where v

n

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)
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2
n,x

+ "
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, tan(n 
n
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/"

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 v

n

values [9]. As it is shown
in [15], in this case the distribution in v

n

is very well
described by the so-called Bessel-Gaussian (BG) distri-
bution BG(v; v0,�vx

), where

BG(x;x0,�) =
x
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x0 x
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2

⌘
exp

✓
�x

2
0 + x

2

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

Q

n,x

=
MX

i

cos(n�
i

); Q
n,y

=
MX

i

sin(n�
i

); (5)
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M, (6)
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= 1 + (M � 1) hcos[n(�
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j

)]i
i 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 q
n

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 q

n

has been proposed [13] and often
used to measure the average flow [1, 17]. The distribu-
tion in q

n

is determined by the v
n

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 v

n

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
q

n

distributions see [18].) Thus, the fit to q

n

-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 v2

n

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 v

2
n,b

{2} coincide with

“true” values of
⌦
v

2
n

↵
(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  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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/
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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
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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,
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pT < 2 GeV=c in 10%–30% centrality and becomes con-
sistent with zero by 50%–60% centrality within large
systematic uncertainties. The small but finite Δv1 agrees
with the expectation for the effects of the initial electric
field. The sign flipping of the electric field discussed in
Ref. [14] seems not to be observed within the current
uncertainty, which is close to the expectation discussed
in Ref. [16].
Figure 3 shows v1 and Δv1 in the 10%–40% centrality

bin. For pT < 2 GeV=c, the Δv1 seems to increase with
pT . The v1 results from Auþ Au collisions (the so-called
even component of v1) show much smaller values (∼by a
factor of 10) compared to those in Cuþ Au. Note that the
odd component of v1 in Auþ Au collisions is similarly
small [34]. The Δv1 in Auþ Au is consistent with zero.
Calculations for charged pions from the parton-hadron-
string-dynamics (PHSD) model [15], which is a dynami-
cal transport approach in the partonic and hadronic
phases, are compared to the data. As indicated in
Eq. (2), the measured Δv1 could be smeared by the
fluctuations in ψE and Ψ1 orientations, but note that the
PHSD model takes such event-by-event fluctuations into
account. The PHSD model calculates two cases: charge-
dependent v1 with and without the initial electric field
(EF). For the case with the EF switched on, the model
assumes that all electric charges are affected by the EF and
this results in a large separation of v1 between positive and
negative particles as shown in Fig. 3(a). In Fig. 3(b), the
calculations of the Δv1 with and without the EF are shown
together, but note that the EF-on data points are scaled by
0.1 relative to the PHSD results. After scaling by 0.1, the
model describes rather well the pT dependence of the
measured data for pT < 2 GeV=c.
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FIG. 2. Directed flow of positive and negative particles from minimum bias Cuþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, as a function of
pT , in five centrality bins. The difference between the positive and negative spectra is shown in the lower panels, where the open boxes
show the systematic uncertainties. See the text for the definition of the positive direction for v1.
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FIG. 3. Directed flow of positive and negative particles and
the difference between the two spectra as a function of pT in
10%–40% centrality in Cuþ Au and Auþ Au collisions. The
PHSD model calculations [15] for charged pions with and
without the initial electric field (EF) in the same centrality region
are presented for comparison. Note that the charge difference of
v1 with the EF on is scaled by 0.1.
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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
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have not yet been created during the lifetime of the strong electric field, which is of the order of, or
less than, 1 fm=c.

DOI: 10.1103/PhysRevLett.118.012301

Hot and dense nuclear matter has been extensively
studied in nucleus-nucleus collisions at the Relativistic
Heavy Ion Collider (RHIC) [1–4] and the Large Hadron
Collider (LHC) [5–7]. Numerous experimental results have
suggested that a quark-gluon plasma (QGP) consisting of
deconfined quarks and gluons is created in these collisions.
At present, the emphasis is on characterizing the detailed
properties of the QGP.
One of the most important and informative experimental

observables used to study the properties of the QGP is
the azimuthal anisotropic flow, which can be characterized
by the Fourier coefficients extracted from the azimuthal
distribution of the final state particles [8]. The second-order
Fourier coefficient (so called elliptic flow) and higher-order
Fourier coefficients vn (n > 2) are found to be very
sensitive to the shear viscosity over entropy density ratio
η=s [9,10]. The first-order Fourier coefficient v1, also
known as directed flow, is sensitive to the equation of
state of the medium and therefore could be a possible probe
of a QGP phase transition [11–13].
Recent theoretical studies suggest that an asymmetric

colliding system can provide new insights regarding the
properties of a QGP, such as the electric conductivity [14]
and the time evolution of the quark densities [15]. Figure 1
shows an example of the distribution of spectators and
participants (protons and neutrons) in the transverse plane
for a Cuþ Au collision assuming an impact parameter of
6 fm. Because of the difference in the number of protons in

the two nuclei, a strong electric field is created at the initial
stage of the collision and the direction of the field is
indicated by the arrow in Fig. 1. The lifetime of the field
might be very short, of the order of a fraction of 1 fm=c
(e.g., t ∼ 0.25 fm=c from Ref. [14,15]), but the electric
charges from quarks and antiquarks that are present in the
early stage of the collision would experience the Coulomb
force and so would be pushed along or opposite to the field
direction depending on the particle charge. The azimuthal
distribution of produced particles (including the effect of
the electric field) can be written as [14,16]

dN"

dϕ
∝ 1þ 2v1 cosðϕ −Ψ1Þ " 2dE cosðϕ − ψEÞ % % % ; ð1Þ

where ϕ is the azimuthal angle for a particle,Ψ1 is the angle
of orientation for the first-order event plane, and the upper
(lower) sign of " is for the positively (negatively) charged
particles. ψE denotes the azimuthal angle of the electric
field; it is strongly correlated with Ψ1 (see Fig. 1) but can
differ from Ψ1 event by event due to the fluctuation of the
initial nucleon distribution. The coefficient dE characterizes
the strength of dipole deformation induced by the electric
field and is proportional to the electric conductivity of
the plasma. Then the directed flow v1 of positively and
negatively charged particles can be expressed as

v"1 ¼ v1 " dEhcosðΨ1 − ψEÞi; ð2Þ

where hi means an average over all particles in all events.
Equation (2) illustrates how the presence of an electric field
results in charge separation for directed flow. The strength
of the charge separation depends on the number of (anti)
quarks existing at the earliest stages of the collision when
the electric field is strong. Therefore, the measurement of
charge-dependent directed flow can be used to test the
quark production mechanism, such as the two-wave sce-
nario of quark production [17,18]. Also, understanding the
time evolution of the quark density in heavy-ion collisions
is very important for a detailed theoretical prediction of the
chiral magnetic effect [19,20] and the chiral magnetic wave
[21,22]. These effects are supposed to emerge under an
initial strong magnetic field and are actively searched for by
various experiments [23–27].
In this Letter, we present the first measurement of the

charge-dependent directed flow in Cuþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. The results are presented for different
collision centralities as a function of the particle transverse
momentum pT and pseudorapidity η. For comparison we
also show results for Auþ Au collisions where the effect is

FIG. 1. Example of a noncentral Cuþ Au collision viewed in
the transverse plane showing an initial electric field ~E caused by
the charge difference between two nuclei. ΨAu-SP

1 denotes the
direction of Au spectators.
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Fig. 8 Directed flow of pions at η/s = 0.1 and ηm = 2.0 compared
with STAR data [22]

comparison between data and calculations have been delib-
erately neglected in this work. However, since our aim was
to obtain a somewhat realistic evaluation of the vorticities,
we have chosen the value of ηm for which we obtain the best
agreement between our calculated pion v1(y) and the mea-
sured for charged particles in the central rapidity region. For
the fixed value η/s = 0.1 (approximately twice the conjec-
tured universal lower bound) the corresponding best value of
ηm turns out to be 2.0 (see Fig. 8).

It is worth discussing more in detail an interesting rela-
tionship between the value of the parameter ηm and that of
a conserved physical quantity, the angular momentum of the
plasma, which, for BIC is given by the integral (see Appendix
A for the derivation):

J y = −τ0

!
dx dy dη x ε(x, y, η) sinh η. (32)

Since ηm controls the asymmetry of the energy density dis-
tribution in the η − x plane, one expects that Jy will vary
as a function of ηm . Indeed, if the energy density profile is
symmetric in η, the integral in Eq. (32) vanishes. Yet, for any
finite ηm ̸= 0, the profile (20) is not symmetric and Jy ̸= 0
(looking at the definition of f+ and f− it can be realized that
only in the limit ηm → ∞ the energy density profile becomes
symmetric). The dependence of the angular momentum on
ηm with all the initial parameters kept fixed is shown in Fig. 9.
For the value ηm = 2.0 it turns out to be around 3.18 × 103

in h̄ units.
It is also interesting to estimate an upper bound on the

angular momentum of the plasma by evaluating the angular
momentum of the overlap region of the two colliding nuclei.
This can be done by trying to extend the simple formula
for two sharp spheres. In our conventional reference frame,
the initial angular momentum of the nuclear overlap region
is directed along the y axis with negative value and can be
written as
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Fig. 9 Angular momentum (in h̄ units) of the plasma with Bjorken
initial conditions as a function of the parameter ηm
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Fig. 10 Estimated angular momentum (in h̄ units) of the overlap region
of the two colliding nuclei (solid line) and total angular momentum of
the plasma according to the parametrization of the initial conditions
(dashed line), as a function of the impact parameter

J y =
!

dx dy w(x, y)(T+ − T−)x
√
sNN

2
(33)

where T± are the thickness functions like in Eq. (18) and

w(x, y) = min(n(x + b/2, y, 0), n(x − b/2, y, 0))
max(n(x + b/2, y, 0), n(x − b/2, y, 0))

is the function which extends the simple product of two θ

functions used for the overlap of two sharp spheres. Note
that the ω̃(x, y) is 1 for full overlap (b = 0) and implies a
vanishing angular momentum for very large b (see Fig. 10)
(see also Ref. [33]).

At b = 11.57 fm the above angular momentum is about
3.58 × 103 in h̄ units. This means that, with the current
parametrization of the initial conditions, for that impact
parameter about 89 % of the angular momentum is retained
by the hydrodynamical plasma, while the rest is possibly
taken away by the corona particles.

With the final set of parameters, we have calculated the
thermal vorticity ϖ . As has been mentioned in Sect. 2, this
vorticity is adimensional in cartesian coordinates) and it is
constant at global thermodynamical equilibrium [17], e.g.
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In section II, in the unnumbered equation after eq. (4), we reported the angular distribution of the proton momentum
dN/d⌦⇤ as a function of the polarization vector ⇧0. In our convention, which follows that of ref. [10], this vector
has a maximal magnitude of 1/2, i.e. the ⇤ spin, whereas the usual convention in particle physics has as maximal
magnitude 1, i.e. 100% polarization. Therefore, the correct formula for the angular distribution with ↵ = 0.647 reads:
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In section II, below eq. (3), we erroneously stated that, because of parity symmetry, the integral term on the
right hand side of eq. (3) involving the time derivative of � and the gradient of �0 vanishes. In fact, because of the
non-invariance of the � four-vector under reflection (�0,�) ! (�0,��), the Fermi-Dirac distribution gets changed:
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and the second term on the right-hand-side of eq. (3) does contribute to the polarization vector. This additional term
vanishes in the non-relativistic limit of the flow k�k ⌧ �0 and of the particle as well (kpk ⌧ ").

Under the conditions explored in the paper and according to our calculations, initially the relative contribution of
the neglected term to ⇧0y in eq. (3) is small and positive. However, for later times, it increases and at 4.75 fm/c -
the time chosen for the stopping of the hydrodynamical regime - it overcomes the first term at high |p

x

| and small
|p

y

|. As a consequence, the overall pattern of the p
T

-dependence of ⇧0y(px, py) changes considerably with respect to
our previous calculation, with a maximal positive (i.e. opposite to the angular momentum, see fig. 1 in the paper)
polarization of 8% at high |p

x

| and small |p
y

| and a minimum at -6% (negative, i.e. along the angular momentum) at
high |p

y

| and small |p
x

| momenta, while the momentum average of the ⇧0y remains negative, see figure below.

FIG. 1: (Color online) Replacement of figure 3. The y component (left panel) and the modulus of the polarization (right panel)

in the rest frame of the ⇤s as a function of momentum in the transverse plane (i.e., at pz = 0).

Note that in the corrected figure 3 above, we have plotted the polarization normalized to 1, that is 2⇧ with ⇧ as
in eq. (1), (3), (4).
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GLOBAL POLARIZATION MEASUREMENT IN Au+Au . . . PHYSICAL REVIEW C 76, 024915 (2007)

The global polarization may provide valuable insights into the
evolution of the system, the hadronization mechanism, and
the origin of hadronic spin preferences. The system orbital
angular momentum may be transformed into global particle
spin orientation preferences by spin-orbit coupling at various
stages of the system evolution. It can happen at the partonic
level, while the system evolves as an ensemble of deconfined
polarized quarks. The polarization of the secondary produced
hadrons could also be acquired via hadron rescattering at a later
hadronic stage. An example of such system orbital momentum
transformation into global polarization of produced ρ mesons,
due to pion rescattering, is discussed in Ref. [2].

One specific scenario for the spin-orbit transformation
via the polarized quark phase is discussed in Ref. [1].
There, it is argued that parton interactions in noncentral
relativistic nucleus-nucleus collisions lead first to the global
polarization of the produced quarks. The values for this global
quark polarization at energies currently available at the BNL
Relativistic Heavy Ion Collider (RHIC) were estimated to be
quite high, around 30% percent. In the case of a strongly
interacting quark gluon plasma (QGP), this global quark
polarization can have many observable consequences, such as
a left-right asymmetry in hadron production at large rapidity
(similar to the single-spin asymmetry in pp collisions) or
polarization of thermal photons, dileptons, and final hadrons
with nonzero spin. In particular, it would lead to global
polarization of the hyperons, which could be measured via
their weak, self-analyzing decays. Assuming that the strange
and nonstrange quark polarizations, Ps and Pq , are equal, in
the particular case of the “exclusive” parton recombination
scenario [1], the values of the global polarization PH for
",#, and $ hyperons appear to be similar to those for quarks:
PH = Pq ≃ 0.3. Recently, more realistic calculations [4] of
the global quark polarization were performed within a model
based on the hard thermal loop (HTL) gluon propagator. The
resulting hyperon polarization was predicted to be in the range
from −0.03 to 0.15 depending on the temperature of the QGP
formed.

In this paper, we present the results of " and "̄ hyperon
global polarization measurements in Au+Au collisions per-
formed at

√
sNN = 62.4 and 200 GeV with the solenoidal

tracker at RHIC (STAR) detector. In this work, the polar-
ization is defined to be positive if the hyperon spin has
a positive component along the system orbital momentum,
while in Refs. [1,4] the opposite convention is used. The
paper is organized as follows. First we overview the global
polarization measurement technique and introduce relevant
observables. Then the results of " and "̄ hyperon global
polarization are presented as functions of pseudorapidity,
transverse momentum, and collision centrality. Subsequently,
the possible systematic uncertainties of the method and the
detector acceptance effects are discussed and systematic errors
are estimated.

II. GLOBAL POLARIZATION OF HYPERONS

The global polarization of hyperons can be determined from
the angular distribution of hyperon decay products relative to

the system orbital momentum L:

dN

d cos θ∗ ∼ 1 + αHPH cos θ∗, (1)

where PH is the hyperon global polarization, αH is the hyperon
decay parameter, and θ∗ is the angle in the hyperon rest
frame between the system orbital momentum L and the
three-momentum of the baryon daughter from the hyperon
decay.

The global polarization PH in Eq. (1) can depend on
hyperon kinematic variables such as transverse momentum
pH

t and pseudorapidity ηH , as well as on the relative azimuthal
angle between the hyperon three-momentum and the direction
of the system orbital momentum L. In this work, we report
the pH

t and ηH dependence of the global polarization averaged
over the relative azimuthal angle (see Sec. II C for a detailed
discussion of this definition).

Since the system angular momentum L is perpendicular to
the reaction plane, the global polarization can be measured via
the distribution of the azimuthal angle of the hyperon decay
baryon (in the hyperon rest frame) with respect to the reaction
plane. Thus, the known and well-established anisotropic flow
measurement techniques [5,6] can be applied.

To write an equation for the global polarization in terms
of the observables used in anisotropic flow measurements, we
start with the equation that directly follows from the global
polarization definition (1):

PH = 3
αH

⟨cos θ∗⟩. (2)

The angle brackets in this equation denote averaging over the
solid angle of the hyperon decay baryon three-momentum in
the hyperon rest frame and over all directions of the system
orbital momentum L or, in other words, over all possible
orientations of the reaction plane. Similarly, we can write an
equation for the global polarization in terms of the reaction
plane angle (RP and the azimuthal angle φ∗

p of the hyperon
decay baryon three-momentum in the hyperon rest frame
(see Fig. 1 for notations). By using a trigonometric relation
among the angles, cos θ∗ = sin θ∗

p sin(φ∗
p − (RP) (θ∗

p is the
angle between the hyperon decay baryon three-momentum in
the hyperon rest frame and the beam direction), and integrating
distribution (1) over the angle θ∗

p , one finds the following
equation for the global polarization:

PH = 8
παH

⟨sin(φ∗
p − (RP)⟩. (3)

In this equation, perfect detector acceptance is assumed. See
Sec. II C for the discussion of the detector acceptance effects.

Equation (3) is similar to that used in directed flow
measurements [7–10]. For example, the hyperon directed
flow can be defined as vH

1 = ⟨cos(φH − (RP)⟩, where φH is
the azimuthal angle of the hyperon transverse momentum.
The similarity to Eq. (3) allows us to use the corresponding
anisotropic flow measurement technique, and in this paper we
will follow the same naming conventions and notations as
those adopted in an anisotropic flow analysis.
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magnitude 1, i.e. 100% polarization. Therefore, the correct formula for the angular distribution with ↵ = 0.647 reads:
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In section II, below eq. (3), we erroneously stated that, because of parity symmetry, the integral term on the
right hand side of eq. (3) involving the time derivative of � and the gradient of �0 vanishes. In fact, because of the
non-invariance of the � four-vector under reflection (�0,�) ! (�0,��), the Fermi-Dirac distribution gets changed:
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and the second term on the right-hand-side of eq. (3) does contribute to the polarization vector. This additional term
vanishes in the non-relativistic limit of the flow k�k ⌧ �0 and of the particle as well (kpk ⌧ ").

Under the conditions explored in the paper and according to our calculations, initially the relative contribution of
the neglected term to ⇧0y in eq. (3) is small and positive. However, for later times, it increases and at 4.75 fm/c -
the time chosen for the stopping of the hydrodynamical regime - it overcomes the first term at high |p
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| and small
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|. As a consequence, the overall pattern of the p
T

-dependence of ⇧0y(px, py) changes considerably with respect to
our previous calculation, with a maximal positive (i.e. opposite to the angular momentum, see fig. 1 in the paper)
polarization of 8% at high |p
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| and a minimum at -6% (negative, i.e. along the angular momentum) at
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FIG. 1: (Color online) Replacement of figure 3. The y component (left panel) and the modulus of the polarization (right panel)

in the rest frame of the ⇤s as a function of momentum in the transverse plane (i.e., at pz = 0).

Note that in the corrected figure 3 above, we have plotted the polarization normalized to 1, that is 2⇧ with ⇧ as
in eq. (1), (3), (4).
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and nonstrange quark polarizations, Ps and Pq , are equal, in
the particular case of the “exclusive” parton recombination
scenario [1], the values of the global polarization PH for
",#, and $ hyperons appear to be similar to those for quarks:
PH = Pq ≃ 0.3. Recently, more realistic calculations [4] of
the global quark polarization were performed within a model
based on the hard thermal loop (HTL) gluon propagator. The
resulting hyperon polarization was predicted to be in the range
from −0.03 to 0.15 depending on the temperature of the QGP
formed.

In this paper, we present the results of " and "̄ hyperon
global polarization measurements in Au+Au collisions per-
formed at

√
sNN = 62.4 and 200 GeV with the solenoidal

tracker at RHIC (STAR) detector. In this work, the polar-
ization is defined to be positive if the hyperon spin has
a positive component along the system orbital momentum,
while in Refs. [1,4] the opposite convention is used. The
paper is organized as follows. First we overview the global
polarization measurement technique and introduce relevant
observables. Then the results of " and "̄ hyperon global
polarization are presented as functions of pseudorapidity,
transverse momentum, and collision centrality. Subsequently,
the possible systematic uncertainties of the method and the
detector acceptance effects are discussed and systematic errors
are estimated.

II. GLOBAL POLARIZATION OF HYPERONS

The global polarization of hyperons can be determined from
the angular distribution of hyperon decay products relative to

the system orbital momentum L:

dN

d cos θ∗ ∼ 1 + αHPH cos θ∗, (1)

where PH is the hyperon global polarization, αH is the hyperon
decay parameter, and θ∗ is the angle in the hyperon rest
frame between the system orbital momentum L and the
three-momentum of the baryon daughter from the hyperon
decay.

The global polarization PH in Eq. (1) can depend on
hyperon kinematic variables such as transverse momentum
pH

t and pseudorapidity ηH , as well as on the relative azimuthal
angle between the hyperon three-momentum and the direction
of the system orbital momentum L. In this work, we report
the pH

t and ηH dependence of the global polarization averaged
over the relative azimuthal angle (see Sec. II C for a detailed
discussion of this definition).

Since the system angular momentum L is perpendicular to
the reaction plane, the global polarization can be measured via
the distribution of the azimuthal angle of the hyperon decay
baryon (in the hyperon rest frame) with respect to the reaction
plane. Thus, the known and well-established anisotropic flow
measurement techniques [5,6] can be applied.

To write an equation for the global polarization in terms
of the observables used in anisotropic flow measurements, we
start with the equation that directly follows from the global
polarization definition (1):

PH = 3
αH

⟨cos θ∗⟩. (2)

The angle brackets in this equation denote averaging over the
solid angle of the hyperon decay baryon three-momentum in
the hyperon rest frame and over all directions of the system
orbital momentum L or, in other words, over all possible
orientations of the reaction plane. Similarly, we can write an
equation for the global polarization in terms of the reaction
plane angle (RP and the azimuthal angle φ∗

p of the hyperon
decay baryon three-momentum in the hyperon rest frame
(see Fig. 1 for notations). By using a trigonometric relation
among the angles, cos θ∗ = sin θ∗

p sin(φ∗
p − (RP) (θ∗

p is the
angle between the hyperon decay baryon three-momentum in
the hyperon rest frame and the beam direction), and integrating
distribution (1) over the angle θ∗

p , one finds the following
equation for the global polarization:

PH = 8
παH

⟨sin(φ∗
p − (RP)⟩. (3)

In this equation, perfect detector acceptance is assumed. See
Sec. II C for the discussion of the detector acceptance effects.

Equation (3) is similar to that used in directed flow
measurements [7–10]. For example, the hyperon directed
flow can be defined as vH

1 = ⟨cos(φH − (RP)⟩, where φH is
the azimuthal angle of the hyperon transverse momentum.
The similarity to Eq. (3) allows us to use the corresponding
anisotropic flow measurement technique, and in this paper we
will follow the same naming conventions and notations as
those adopted in an anisotropic flow analysis.
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FIG. 11. Averaged vorticity ⟨ωy⟩ from the AMPT model as a
function of time at various impact parameter b for fixed beam energy√

sNN = 200 GeV. The solid curves are from a fitting formula (see
text for details).

averaged vorticity increases with decreasing beam energy, in
quite the opposite trend to the angular momentum. This may
be understood as follows: With increasing beam energy, the
fluid moment of inertia (pertinent to rotation) increases more
rapidly than the decrease of vorticity; thus, the total angular
momentum is still increasing. We have numerically checked
that this is indeed the case.

Finally, we present a parametrization of averaged vorticity
as a function of time, centrality, and beam energy, which
provides comprehensive and very good fit to the numerical
results of Au + Au collisions from AMPT. This is given by

⟨ωy⟩(t,b,
√

sNN ) = A(b,
√

sNN )

+B(b,
√

sNN )(0.58t)0.35e−0.58t , (8)

FIG. 12. Averaged vorticity ⟨ωy⟩ from the AMPT model as a
function of time at varied beam energy

√
sNN for fixed impact

parameter b = 7 fm. The solid curves are from a fitting formula
(see text for details).

FIG. 13. Averaged vorticity ⟨ωy⟩, with spatial rapidity span η ∈
(−1,1) and η ∈ (−4,4), respectively, from the AMPT model as a
function of time at

√
sNN = 200 GeV for fixed impact parameters

b = 7,9 fm.

with the two coefficients A and B given by

A = [e−0.016 b
√

sNN + 1] × tanh(0.28 b)

×[0.001 775 tanh(3 − 0.015
√

sNN ) + 0.0128],

B = [e−0.016 b
√

sNN + 1] × [0.023 88 b + 0.012 03]

×[1.751 − tanh(0.01
√

sNN )].

In the above relations,
√

sNN should be evaluated in the unit
of GeV, b in the unit of fm, t in the unit of fm/c, and ωy

in the unit of fm−1. The solid curves in Figs. 11 and 12 are
obtained from the above formula, in comparison with actual
AMPT results. As can be seen, the agreement is excellent and
we have checked that in all cases the relative error of the above
formula is, at most, a few percent. Such parametrization could
be conveniently used for future studies of various vorticity-
driven effects in QGP.

C. Study of uncertainties

In this last part, we investigate a number of uncertainties in
quantifying the averaged vorticity.

One uncertainty is related to the choice of volume in per-
forming the average. In the previous section we have chosen to
average over the spatial rapidity span of η ∈ (−4,4). However,
when it comes to certain specific vorticity-driven effects and
the pertinent final hadron observables, it is not 100% clear what
is precisely the relevant longitudinal volume. To get an idea
of this uncertainty, we have computed the ⟨ωy⟩ for different
choices of spatial rapidity span; see Fig. 13 for results from
η ∈ (−1,1) in comparison with those from η ∈ (−4,4), and see
Fig. 14 for results from η ∈ (−2,2) in comparison with those
from η ∈ (−4,4). As one can see from the comparison, at early
to not-so-late time, the results differ by about a factor of two
between η ∈ (−1,1) and η ∈ (−4,4), but differ by about 30%
percent or so between η ∈ (−2,2) and η ∈ (−4,4). At late time
the results with η ∈ (−4,4) are significantly larger than the
others. Clearly, the contributions to the averaged vorticity from
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I. INTRODUCTION

In relativistic heavy-ion collisions a hot deconfined form of
QCD matter, the quark-gluon plasma (QGP), has been created
[1,2]. In such collision experiments at the Relativistic Heavy
Ion Collider (RHIC) and the Large Hadron Collider (LHC),
the QGP is found to undergo strong collective expansion as a
relativistic fluid with extremely small dissipation [3–5].

Recently, there has been significant interest in the rotational
aspects of the QGP collective motion, particularly regarding
possible observable consequences of such rotation. Indeed,
in the noncentral heavy-ion collisions, there is a nonzero
total angular momentum J ∝ b

√
sNN (with b as the impact

parameter) carried by the system of two colliding nuclei.
Note that the beam energy

√
sNN is the nucleon-nucleon

center-of-mass energy. After the initial impact, most of this
total angular momentum is carried away by the so-called
“spectators,” but there is a sizable fraction that remains in
the created QGP and implies a nonzero rotational motion in
the fluid [6,7]. It was proposed a while ago that such rotation
may affect the spin polarization of certain hadron production
[8,9]. More recent ideas concern possible anomalous transport
effects in a chiral QGP (for reviews and further references on
this topic, see, e.g., [10–12]). The initial interest focused on
effects induced by external electromagnetic fields [13] such
as the well-known chiral magnetic effect, chiral magnetic
wave, etc. [14–20]. It was later pointed out [15] that fluid
rotation bears a lot of similarity to an external magnetic field
and can also induce similar anomalous transport effects. One
example is the chiral vortical effect [15,21,22] which predicts
a baryon current induced along the fluid rotation axis that
can be measured via baryon separation across the reaction
plane. Another example is the chiral vortical wave [23–26],
which predicts a baryonic charge quadrupole formed along the
fluid rotation axis that can be measured via baryon/antibaryon
elliptic flow splitting. Active experimental efforts are under
way to detect possible signals of these effects, and it is of
great phenomenological importance to quantify the rotational
motion of the QGP in these collisions.

In this paper, we will present the quantification of QGP
rotation in the relativistic heavy-ion collisions, utilizing the
tool of a multiphase transport (AMPT) model simulations. We

will report our results for the QGP global angular momentum,
the average vorticity carried by the QGP, and the locally
defined vorticity fields with detailed information of their
time evolution, spatial distribution, and the dependence on
beam energy and collision centrality. The rest of the paper is
organized as follows. We give some general discussions on the
fluid rotation in Sec. II. A brief discussion is given in Sec. III on
our method of extracting rotational motion from AMPT, and
we further present results for the QGP angular momentum. We
report results for the vorticity fields and the fireball-averaged
vorticity in Sec. IV. Finally, a summary is given in Sec. V.

II. DISCUSSIONS ON THE FLUID ROTATION

A. Angular momentum and vorticity

The global rotation of a fluid can be quantified by the
total angular momentum. For a many-body system of discrete
classical (quasi)particles, one could calculate the total angular
momentum J⃗ unambiguously by summing each particle’s
contribution together,

J⃗ =
!

i

r⃗i × p⃗i , (1)

with r⃗i and p⃗i the position and momentum of each particle
in given reference frame. For a large-enough system after
proper coarse graining (e.g., like the fluid being made of
many fluid cells), it can be considered as a continuous
medium characterized by a series of locally defined quantities
like momentum density, energy density, and particle-number
density p⃗(r⃗), ϵ(r⃗) and n(r⃗), respectively. One then could
rewrite the total angular momentum as

J⃗ =
"

d3rr⃗ × p⃗(r⃗). (2)

The fluid vorticity ω⃗ is a more subtle quantity that is locally
derived from local velocity field v⃗(r⃗). In the above coarse-
graining picture, one may define the velocity field through
the momentum and energy densities as v⃗(r⃗) = p⃗(r⃗)/ϵ(r⃗) at
each point/cell. To avoid ambiguity, we will adopt the familiar
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wave, etc. [14–20]. It was later pointed out [15] that fluid
rotation bears a lot of similarity to an external magnetic field
and can also induce similar anomalous transport effects. One
example is the chiral vortical effect [15,21,22] which predicts
a baryon current induced along the fluid rotation axis that
can be measured via baryon separation across the reaction
plane. Another example is the chiral vortical wave [23–26],
which predicts a baryonic charge quadrupole formed along the
fluid rotation axis that can be measured via baryon/antibaryon
elliptic flow splitting. Active experimental efforts are under
way to detect possible signals of these effects, and it is of
great phenomenological importance to quantify the rotational
motion of the QGP in these collisions.
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tool of a multiphase transport (AMPT) model simulations. We
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density p⃗(r⃗), ϵ(r⃗) and n(r⃗), respectively. One then could
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Very important and interesting physics. 
The first measurements qualitatively agree with expectations, but likely 
are dominated by the “background” (“LCC”)  
Current goal: get a ‘reliable’ upper/lower limits on C’XY’ signal(s) and/
or background contributions at the level of ~0.1-0.2 of todays “signals” 
Hopefully QM2017 will bring more results/insights
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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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