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jV =
Nce

2⇡2
µAB

•  Chiral Magnetic Effect (CME): nonzero axial charge density induces a vector 
(electric) current along external magnetic field.  

D. E. Kharzeev, L. D. McLerran, and H. J. Warringa, Nuclear Physics A 803, 227 (2008) 
T. Son, D. and A. R. Zhitnitsky, Phys. Rev. D 70, 074018 (2004) 

•  Chiral Separation Effect (CSE): nonzero vector charge density induces an axial 
current along external magnetic field.  

jA =
Nce

2⇡2
µV B

! electric charge separation along B field 

! chiral charge separation along B field 
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 CME in Heavy Ion Collisions 
The existence of the background magnetic field is illustrated in figure 6.2. The

Figure 6.2: A non-central heavy-ion collision showing the magnetic field

green grid represents the reaction plane. The oval orange/red zone represents the

collision participants while the blue partial spheres represent the spectators. The

spectators are highly charged and are moving at speeds close to that of light.

For a mid-central collision with the impact parameter b ∼ .8 times the radius

of the Gold nucleus, each blue partial sphere will contain on average half of

the Gold nucleus’ charge, +39.5e. They clearly constitute an ordinary electro-

magnetic current. This would of course produce a magnetic field at the center of

the collision region which is perpendicular to the current. As one travels away

from the center transverse components to the field will appear. All transverse

components are ignored in this analysis. The B field in the entire interaction

region is taken to be that at the center of the collision and is given by the black

arrow. The magnetic field of both spectator nuclei interfere constructively. The

participant region also contributes to the magnetic field as it is charged and

contains orbital angular momentum as well.

49

QW < 0

•  QCD vacuum transition in heavy ion collision → Qw ≠ 0 

•  Extremely strong magnetic field created in heavy ion collision 

•  CME causes out-of-plane electric charge separation 

•  Charge asymmetry w.r.t. reaction plane as a signature of LPV.  

Au + Au
p
sNN = 200GeV

Nuclear Physics A 803, 227 (2008). 
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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.

PRL 103, 251601 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

18 DECEMBER 2009

251601-5

S. A. Voloshin, Phys. Rev. C 70, 057901 (2004) 
STAR Phys. Rev. Lett. 103, 251601 (2009), Phys. Rev. C 81, 054908 (2010)  

  CME in Heavy Ion Collisions 

•  The three-particle correlations are directly sensitive 
to predicted local P-violation in heavy-ion 
collisions. 

 
•  Out-of-plane charge separation 

 same charge correlation < 0 
 opposite charge correlation > 0 

 
•  The observed signal cannot be described by models 

(HIJING, HIJING + v2, URQMD, MEVSIM) 
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•  Charge particle azimuthal angle distribution 
"    

"  Correlations          can be measured 
"  α, β = +, - 

here A
ch

= (N+ −N−)�(N+ +N−) is the event-by-event charge asymmetry, N+ and N− are

the number of positive and negative particle respectively. Then the charged particle v
2

can be expressed as a charge asymmetry dependent part on top of the usual elliptic flow

v±
2

= v
2

∓ rA
ch

2
. (4.15)

A straight forward consequence of Eq. (4.15) is that the di↵erence between the v
2

of

positive and negative particles is proportional to the event-by-event charge asymmetry

and the slope parameter represent the e↵ect of electric quadrupole momentum induced

by the chiral magnetic wave. It is also argued that this e↵ect, if exists, should be seen

most likely via pions, as the measurement for other particles like protons and kaons are

complicated by the more di↵erent absorption cross sections between p and p̄, and K+
and K− [BKL11]. Therefore, we expect the v

2

of ⇡+ and ⇡− follow the Eq. (4.16)

v
2

(⇡−) − v
2

(⇡+) = rA
ch

+C
0

= 2� qe
⇢̄
e

�A
ch

+C
0

,
(4.16)

here C
0

is an arbitrary constant which can be determined experimentally.

4.1.3 Measurements of Local Parity Violation

As discussed in Sec. 4.1.1, QCD vacuum transition in hot and density matter can create

“P -violating bubbles” with asymmetry in the number of left-handed and right-handed

quarks. Chiral magnetic e↵ect, which is the interplay between the net chiral charge and

strong magnetic field, induces a electric current along the diction of magnetic field. This

out-of-plane electric charge separation manifests itself via preferential same-charge par-

ticles emission along the diction of magnetic field and opposite-charge particles emission

oppositely along the diction of magnetic field. A P -odd sine term in the Fourier series

of the charge particle azimuthal distribution can be used to describe such e↵ect.

dN
↵

d�
∝1 + 2v

1,↵

cos(��) + 2v
2,↵

cos(2��) +�
+ 2a

1,↵

sin(��) + 2a
2,↵

sin(2��) +�
(4.17)

In Eq. (4.17), coe�cients a reflect the P -violating e↵ect, ↵ represent the sign of electric

charge of particles, �� = (�− 
RP

) is azimuthal angle with respect to the reaction plane

52

aαaβ

hcos (�↵ + �� � 2 RP)i
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D. Kharzeev and H.-U. Yee, Physical Review D 83, 085007 (2011) 

Theoretical Recap
Chiral Magnetic�Effect

Chiral Separation�Effect

Chiral Magnetic�Wave:�coupling�two�effects

important�at�high�beam�energy:
enough��energy�for�“jumping”�
over�barriers�to�create�initial�

axial�charge�density

important�at�low�beam�energy:
there�is�sizable�initial�

vector�charge�density�to�
set�off�chiral magnetic�waves�

Chiral Magnetic Wave 

DK, H.-U. Yee, 
arXiv:1012.6026 [hep-th]

The Chiral Magnetic Wave

11

Propagating chiral wave:

Gapless collective mode

CME                         Chiral separation

Electric

Chiral



An Electric Quadrupole of QGP
B B

+��+

+��+
� � � �

The�QGP�acquires�a�
electric�quadruple�deformation�

due�to�the�Chiral Magnetic�Wave�at�finite�baryon�density!

What�would�be�the�measurable�consequence?

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.

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.

PRL 107, 052303 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
29 JULY 2011

052303-3

Chiral Magnetic Effect 

Chiral Magnetic Wave 
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Y. Burnier, D. E. Kharzeev, J. Liao and H-U Yee, Phys. Rev. Lett. 107, 052303 (2011) 

QCD Chirality Workshop, UCLA 

Chiral Separation Effect 
+ 
- 
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•  v2(π-) > v2 (π+) 
•  v2(π-) and v2 (π+) have opposite 

trend as a function of Ach 
•  difference between v2(π-) and v2 (π+) 

has a linear relationship with Ach 

dN±
d�

= N± [1 + 2v2 cos(2�)]

⇡ ¯N± [1 + 2v2 cos(2�)⌥Achr cos(2�)]

7 

CMW : The predicted features 

Aihong Tang                                                                
StonyBrook May 2012                    

v2 

A± 

π- 
v2(π-) > v2(π+) when A± is large. 

v2(π-) increases with increasing A±, the 
trend is opposite for v2(π+). 

The difference of v2(π-) - v2(π+) is linearly  
proportional to A±.  

      Y. Burnier, D. E. Kharzeev, J. Liao and H-U Yee, Phys. Rev. Lett. 107, 052303 (2011) 

  

� 

v2
± = v2  (

qe
ρ e
)A±

A± : Charge asymmetry 
qe : quadruple term 

� 

A± =
N + − N −
N + + N −

π+ 

Ach 

v2 

v±2 = v2 ⌥
✓
qe
⇢̄e

◆
Ach

      Observable for Chiral Magnetic Wave 

Ach =
N+ �N�
N+ +N�

r = 2

✓
qe
⇢̄e

◆
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Y. Burnier, D. E. Kharzeev, J. Liao and H-U Yee, Phys. Rev. Lett. 107, 052303 (2011) and arXiv: 1208.2537 

QCD Chirality Workshop, UCLA 

b [fm] 

r 

v�2 � v+2 = 2

✓
qe
⇢̄e

◆
Ach

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

!, T ¼ 165 MeV.

PRL 107, 052303 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
29 JULY 2011
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      Observable for Chiral Magnetic Wave 
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STAR detector 

 Time Projection Chamber      (0<ϕ<2π, |η|<1 ) 
      Tracking – momentum 
      Ionization energy loss – dE/dx (particle identification)  
 Time Of Flight detector          (0<ϕ<2π, |η|<0.9) 
      Timing resolution <100ps  -  significant improvement for 
PID 

STAR TOF 

STAR TPC 
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Large acceptance 
TPC: Full azimuthal coverage, (|η|<1.0)    

STAR Experiment 

TOF 
BEMC Magnet 

TPC 

upVPD 
BBC 



Particle identification at STAR 
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Ionization energy loss in the Time Projection Chamber 

nσπ =
1
R
log dE dxmeasured

dE dx
π

dE/dx Particle Identification:  
(π, K): p ~ 0.6 GeV/c; (π/K, p): p ~ 1.0 GeV/c 



Analysis Details 
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# Data Set 
•  Au + Au 
•  Minimum Bias trigger 
•  0 – 80% centrality 

√sNN (GeV) Events (M) 

200 238 

62.4 63 

39 104 

27 46 

19.6 23 

11.5 10 

7.7 4 

#   Pion Selection 
•  PID: |nσπ| < 2 
•  0.15 < pT < 0.5 GeV/c 
•  |η| < 1.0 

 
#  Particles for charge asymmetry 

•  charged particle 
•  0.15 < pT < 12 GeV/c 
•  |η| < 1.0 
•  exclude (anti-)protons with 

pT < 0.4 GeV/c 
 



Observed Charge Asymmetry 
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•        and       : number of 
positive and negative 
particles 

•  observed Ach 

 
•  Each bin has roughly the 

same number of events 

N+ N−

Ach =
N+ �N�
N+ +N�
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•  v2(π+)/v2(π-) integrated over 0.15 
< pT < 0.5 GeV/c 

•  v2(π-) > v2 (π+) 
•  v2(π-) and v2 (π+) have opposite 

trend as a function of Ach 
•  difference between v2(π-) and v2 

(π+) has a linear relationship with 
Ach 

 
 
All of the above are consistent with calculation 
based on Chiral Magnetic Wave 

STAR Preliminary 
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< pT < 0.5 GeV/c 

•  v2(π-) > v2 (π+) 
•  v2(π-) and v2 (π+) have opposite 

trend as a function of Ach 
•  difference between v2(π-) and v2 

(π+) has a linear relationship with 
Ach 

 
 
All of the above are consistent with calculation 
based on Chiral Magnetic Wave 

Integrated Elliptic Flow 
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•  v2 ≈ 0.1 × pT with pT < 1GeV/c 
•  Mean pT difference between π- 

and π+ gives about 1% of the 
observed v2 difference 

STAR Preliminary 



•  use pion tracking efficiency as 
charged particle tracking 
efficiency 

•  apply same cuts to calculate Ach 
for Monte-Carlo and real data 

  Detector inefficiency Correction on Ach 
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CMW 

•  Fit v2(π-) – v2(π+) vs.  
     <Ach> to a straight line 
 
•  The slope parameter 

will be extracted for all 
centralities 

Fit the Slope Parameter 
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v�2 � v+2 = 2

✓
qe
⇢̄e

◆
Ach + C0



Slope vs. Centrality 
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•  Similar trends between data and theoretical calculations with CMW, which use different 
magnetic field calculations, i.e. DH and BS(not shown here), in arXiv: 1208.2537.  

•  There is no specific beam energy input for the theoretical calculation.  
•  UrQMD cannot reproduce the slopes at √sNN = 200 GeV.  
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 Slope vs. Centrality in U+U Collisions 
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•  A similar centrality dependence of the slope parameter has 
been seen in U + U collisions at √sNN = 193 GeV 
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 Slope vs. Centrality for v2 of K± 

•  Theoretical calculations suggest the slope of v2(Ach) for K can be different from 
that of π 

•  The slopes for v2(Ach) for K have the same magnitude as that from π in the middle 
centralities with large error bars. More experimental data are needed to make the 
measurements of K conclusive. 
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    Slope vs. Centrality from v3 of π±  
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•  The trend of 𝛥v3(π) slope is similar to that of 𝛥v2(π), which needs more 
study to understand 

•  The 𝛥v3(π) slope is consistent with zero in mid-central collisions in 
contrast to finite values 

A. Bzdak and P. Bozek, Physics Letters B 726 (2013) 239 
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Energy Dependence 

STAR Preliminary 

•  The slope parameter r shows a rise and fall feature from central to peripheral collisions 
•  Slope as a function of centrality shows weak energy dependence down to 27GeV 
•  Similar trend to the theoretical calculations with CMW 

Y. Burnier et al., arXiv:1208.2537 [hep-ph] 



Summary 
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#  The difference between v2(π-) and v2 (π+) shows a linear dependence on charge 
asymmetry in Au + Au collisions at √sNN = 200, 62.4, 39 and 27 GeV and in U + U 
collisions at √sNN = 193 GeV. The UrQMD model calculations cannot reproduce this 
feature in Au + Au collisions at √sNN = 200 GeV. 

 
#  As a function of collision centrality, the slope parameter r for π± shows a rise and fall 

feature from central to peripheral collisions and the energy dependence seems weak 
from 200 to 27 GeV.  

#  The centrality dependence of the ∆v2(π) slope shows a similar trend of the calculations 
based on Chiral Magnetic Wave at 200GeV. However, model calculations do not 
reproduce the centrality dependence exactly. 

#  The v3(π±) as a function of Ach has also been studied in Au + Au and U + U collisions. 
The centrality dependence of ∆v3(π) slope is similar to that of ∆v2(π) slope. However, 
the ∆v3(π) slope is consistent with zero in mid-centrality collisions.  

 
#  At low energies, i.e. √sNN = 19.6, 11.5 and 7.7 GeV, the slopes are consistent with 

zero with large bar errors. 


