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Why is this so exciting ? 

Baryogenesis 
(Electroweak)

“Chirality-genesis”
         (QCD)

Baryon number violation in early universe → matter-antimatter asymmetry

Can we observe in the hot 
& dense QCD medium of 
heavy ion collisions ?   

Non-trivial topologies of gauge fields → violation of P & CP 

�µJµ
B �= 0 �µJµ

5 �= 0

Derek Leinweber
PDG@LBNL



P Tribedy, Chiral Fluids, July 16-19, 2018 3

Experimental searches for chiral effects

Today’s highest energy particle colliders
RHIC LHC

Björn Schenke (BNL) BNL, December 18 2013 14/48

Today’s highest energy particle colliders
RHIC LHC

Björn Schenke (BNL) BNL, December 18 2013 14/48

Relativistic Heavy Ion collider (RHIC) Large Hadron Collider (LHC)

200 GeV :  U+U, Cu+Cu, p+Au, d+Au
Ru+Ru, Zr+Zr, 7.7-200 GeV : Au+Au 

5 TeV : Pb+Pb, p+Pb
see talk by WeiSTAR Experiment at RHIC

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

Minimum 
Bias 

Events(106) 

2010 62.4 67 

2010 39 130 

2011 27 70 

2011 19.6 36 

2014 14.5 20 

2010 11.5 12 

2010 7.7 4 

BES-I Dataset 
TPC MTD  Magnet BEMC BBC EEMC TOF 

HFT @ Maria & Alex Schmah 

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

12/02/16 

STAR detector 

This talk 1. Chiral Magnetic Effect

2. Chiral Magnetic Wave

3. Chiral Separation Effect
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Search for local parity violation in QCD

Color Glass 
Condensate (CGC)

Gluon Condensate 
Plasma (Glasma)

Quark-Gluon 
Plasma (QGP)

Hadronization

Any observation would require the following
- Non-conservation of chirality (nL-nR ≠0)
- De-confinement & restoration of chiral symmetry (m~0 fermions)
- Presence of strong magnetic field (B)

QCD allows topologically distinct states to violate P and CP (locally)

    Experiment
(detect particles)

Chiral Magnetic Effect
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Color Glass 
Condensate (CGC)

Gluon Condensate 
Plasma (Glasma)

#1: Non-conservation of chirality

Quark-Gluon 
Plasma (QGP)

Hadronization

    Experiment
(detect particles)

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

Initial chirality imbalance,  nR ≠ nL

8

Quark interactions with topologically non-trivial gluonic 
configurations - instantons, sphalerons, etc., the same 
physics as that of the chiral symmetry breaking. 

   NCS =   -2       -1        0         1          2
Instantons and sphalerons are  localized (in 
space and time) solutions  describing 
transitions between different vacua via 
tunneling or go-over-barrier

Glasma

dQ5/dt / E ·B

2QT = nR � nL

Topological transitions
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Glasma

dQ5/dt / E ·B

2QT = nR � nL

Topological transitions

Early stages of heavy ion collisions →   gauge field configurations        
.                                                             with non-trivial topologies

(nL-nR ≠0)

Kharzeev, Krasnitz, 
Venugopalan hep-ph/
0109253,                      
Buividovich 0907.0494,                                                                     
Mace, Schlichting, 
Venugopalan 1601.07342 L.
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Kharzeev, Krasnitz, Venugopalan hep-ph/0109253,                      
Buividovich 0907.0494,                                                                     
Mace, Schlichting, Venugopalan 1601.07342 L.

The standard model of HICs : recent 
developments 

9

Pre-equilibrium
evolution

Hydrodynamic
evolutionCGC

Hadronization
Glasma

Classical Yang-Mills approach on 2+1D lattice
Schenke, Tribedy, Venugopalan 1202.6646

E-by-E solve CYM for two colliding nuclei : [Dµ, Fµ⌫ ] = J⌫

TPSC%seminar,%IIT%Roorkee%%29/11/12% 39%

Color%Glass%Condensate%

where

J+ = �(x�)⇢
1

(x?)

J� = �(x+)⇢
2

(x?)

J i = 0 (11)

and we have restricted ourselves to work in a gauge where the link operators along

the particle trajectories drop out.

Before the collision takes place, we find a solution of the equations of motion

to be

A+ = 0

A� = 0

Ai = �(x�)�(�x+)↵i
1

(x?) + �(x+)�(�x�)↵i
2

(x?) (12)

This is a solution of the Yang-Mills equations in all of space-time except on or

within the forward light cone, as shown in Fig. 3. In the forward light cone, we

1 2

3
x+x-

x0

x3

Fig. 3: Regions with di�erent

structures of the gauge poten-

tial:

In regions 1 and 2 we have the

well known one nucleus solu-

tions ↵1,2. While in the back-

ward light cone there the gauge

potential is vanishing we have

a nontrivial solution in the for-

ward lightcone, region 3

must add in extra pieces in order to have a solution. This will be done below. The
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Ax0=0 = A(A) + A(B)
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Schenke,%PT,%Venugopalan%PRC#86,#034908#(2012)%
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Color charge density for one A+A collision

Two point correlator for one A+A collision

⇢(x?) sampled from local Gaussian distribution W [⇢]
⌦
⇢a(x?)⇢b(y?)

↵
= �ab�2(x?�y?)g2µ2(x?)

lattice implementation Krasnitz, Venugopalan, hep-ph/9809433 Lappi, hep-ph/0303076
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Topological transitions

≠

Right-handed
helicity

Left-handed
helicity

Chirality non-conservation

p s s

uL

p

uR

(~massless fermions)

Sphaleron transition in Glasma —> non zero axial (Chern-Simons) current  

#1: Non-conservation of chirality
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#2: Restoration of chiral symmetry
Chiral symmetry restoration in the medium created in A+A collisions 
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Figure 1.2: Schematic of the QCD phase diagram (conjectured), left panel shows theoretical
predictions and right panels shows the trajectories of heavy ion collisions.

The QCD phase diagrams are generally plotted 2 in terms of two thermodynamic variables

temperature (T ) and baryon chemical potential (µ
B

). Fig. 1.2 (left) shows the theoretically

conjectured phases, the lines of phase transitions. Fig. 1.2 (right) shows the possible trajectories

of the matter in heavy ion collision experiments for di↵erent colliding energies. Here, the higher

collision energies correspond to higher temperature and lower chemical potential. The chiral

phase transition line is shown by a (blue) curve which is a first order line at large µ

B

that

ends with a critical point (CP) for physical quark masses. The order parameter for this phase

transition is a condensate of scalar mesons or the chiral condensate h ̄ i. This quantity is

nonzero in case of Hadronic Matter and zero in the QGP phase. Beyond the CP at very low µ

B

that is higher collision energy, the cross over between the QGP phase and the Hadronic Matter

is represented by a dotted line.

2Only the location of the point representing the normal nuclear matter (shown by a black circle) is precisely
known from the experiments in these figures

31

Conjectured phase diagram How experiments scan it

A+A collisions at sufficiently high energy -> deconfined massless fermions
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Strong B-fields ~10 Gauss are generated in non-central heavy ion collisions 
18

8

B-field direction → perpendicular to collision plane
B-field magnitude → ~Z , ~ γ 
B-field lifetime → ~ 1/γ , conductivity of the medium
B-field strength  → decrease with impact parameter/overlap

2

P Tribedy, Rutgers Nuclear Physics Seminars, Feb 12, 2018 36

Electro-Magnetic fields in heavy ion collisions

Strong B-fields ~10 Gauss are generated in non-central heavy ion collisions 
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4 Jim Thomas  

The BEM field – 1018 gauss at the peak 

• The B field is strong 
and short duration due 
to the velocity of the 
passing ions 
– MRI uses 104 gauss 
– 1000x MagnetoStar 

 

• Magneto 
hydrodynamic effects 
in the QGP extend the 
lifetime of the B field 
– aka Lenz’s Law 
– Finite conductivity 

 

• Recent calculations 
suggest the lifetime is 
extended in a plasma 
but the magnitude is 
reduced x50 from the 
peak at the relevant 
time scale 

 

L. McLerran, V. Skokov, Nucl.Phys. A929 (2014) 814-190  

McLerran, Skokov, 1305.0774

Kharzeev, McLerran, and Warringa 0711.0950, 
Skokov, Illarionov, Toneev 0907.1396

#3: Presence of strong magnetic field



9

Chiral Magnetic Effect
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along B
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Excess Right handed fermions

Kharzeev, McLerran, and Warringa 0711.0950
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quark (+) anti-quark (  )_

No net effectNo B-field

With B-field

10

The Chiral Magnetic Effect

fig: based on Kharzeev, 
McLerran,Warringa 0711.0950

The B-field will align the fermions 

P Tribedy, Rutgers Nuclear Physics Seminars, 2018
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The Chiral Magnetic Effect

Excess right handed 

(ignore left handed)

Kharzeev, McLerran, and Warringa 0711.0950, 

Kharzeev, Liao, Voloshin, Wang 1511.04050
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The Chiral Magnetic Effect
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The Chiral Magnetic Effect : a closer look
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The Chiral Magnetic Effect : a closer look
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The Chiral Magnetic Effect : a closer look
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Main challenge : the direction of B-field is unknown

The Chiral Magnetic Effect : How to detect ?

A charge dependent dipole 
anisotropy along B-field  : ⇒ a+1 = −a−1

Parity-odd distribution
(unknown)

~10% elliptic 
anisotropy in 

particle emission 
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Early measurements from STAR 
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FIG. 4: (Color online) ⟨sin(φα − Ψ1)⟩ for positive and nega-
tive charges versus centrality for Au+Au collisions at

√
sNN=

200 GeV. Shaded area represents the systematic uncertainty
for both charge types obtained by comparing correlations
from positive and negative pseudorapidity.

The three-point correlator measured with 1st and 2nd

harmonic event planes is shown in Fig. 5. We find con-
sistency between correlations obtained with both event
plane types. As the pseudorapidity gap between the
ZDC-SMD(Ψ1) and the TPC(particles α and β) is rather
large (∼ 7 units in η) , we find “direct” three-particle
effects (clusters) to be an unlikely source for the sig-
nal. This is an indication that the signal is likely a gen-
uine correlation with respect to the reaction plane. Also
shown for comparison in Fig. 5 are our previous results
from the 2004 RHIC run [9, 10] which are consistent with
the current results within statistical errors.
The modulated sign correlations are compared with

the three-point correlator in Fig. 6. It is evident that the
msc is able to reproduce the same trend as the three-point
correlator although their magnitudes differ slightly. It is
also clear that the correlation magnitude for same charge
pairs is larger than for opposite charge pairs for both
correlators. The charge combinations of ++ and −− are
consistent with each other for the msc (not shown here),
just like the case for the three-point correlator [10]. We
also plot the model calculation of THERMINATOR [21]
to be discussed later.
Before any possible interaction with the medium, the

CME is expected to generate equal correlation magni-
tudes for same and opposite charge pairs. It was pre-
viously supposed that medium suppression of back-to-
back phenomena could be responsible for this magnitude
asymmetry [9, 10]. Oppositely charged pairs from the
CME may not freeze out back-to-back, but instead with
one of the particles deflected closer to the event plane due
to multiple scattering within the medium. This is most
likely to occur for the particle traversing the largest path
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FIG. 5: (Color online) Three-point correlator, Eq. 1, mea-
sured with 1st and 2nd harmonic event planes versus centrality
for Au+Au collisions at

√
sNN= 200 GeV. Shown with crosses

are our previous results from the 2004 RHIC run (Y4) [9, 10].
The Y4 run used a second harmonic event plane. Y4 and
Y7 Ψ2 results are consistent within statistical errors. Shaded
areas for the 2nd harmonic points represent the systematic
uncertainty of the event plane determination. Systematic un-
certainties for the 1st harmonic points are negligible compared
to the statistical ones shown.

length through the medium. However, when we weight
all azimuthal regions of charge separation equally, as with
the msc in Fig. 6, we do not recover a magnitude sym-
metry.
The two terms of the msc in Eq. 9 are shown in Fig. 7.

We observe that same and opposite charge correlations
in the ∆N term have very similar magnitudes, but oppo-
site signs for all centrality bins. This feature is expected
from the construction of the ∆N term due to the rela-
tively large and approximately equal positive and nega-
tive charge multiplicities. A model calculation including
statistical+dynamical fluctuations of particle azimuthal
distributions should be performed in order to rule out
P-even explanations. The ∆msc term has a similar mag-
nitude for same and opposite charge correlations, indi-
cating a charge-independent background for the correla-
tions. Thus, the source of the magnitude asymmetry be-
tween same and opposite charge correlations about zero
as shown in Fig. 6 is isolated in the∆msc term (Note that
the sum of both terms yields the total msc). To further
investigate the source of this background, we plot−v2/N ,
a simplified estimate of the effect due to momentum con-
servation and elliptic flow [22]. Here v2 was introduced
in Eq. 2, and the values are from Ref. [23]. N represents
the total number of produced particles, but in this prac-
tice we only counted those within |η| < 1. −v2/N well
matches the ∆msc term for 0−50% collisions. MEVSIM
is a Monte Carlo event generator, developed for STAR
simulations [24]. A model calculation of MEVSIM with

Event average charge separation vanishes : 
no sign of global parity odd processes

__+
_ +

__ B

R>L

L>R

STAR collaboration, 1302.3802

Measurements of dipole anisotropy : 
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A better observable : use two particles
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A better observable

Voloshin, PRC 70 (2004) 057901

Sergei’s γ-correlator :

However it becomes a parity-even variable, susceptible to background

Difference between anisotropy perpendicular & parallel to B-field  

�
�,�

= �cos(�� � �2) cos(�� � �2)�
� �sin(�� � �2) sin(�� � �2)�

= ⟨cos(φα + φβ − 2Ψ2)⟩

γ
α,β

=
〈
aα1 a

β
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〉

⊥
−
〈
aα1 a

β
1

〉

∥

�
�,�

= �cos(�� � �2) cos(�� � �2)�
� �sin(�� � �2) sin(�� � �2)�
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Early measurements from STAR
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The three-point correlator measured with 1st and 2nd

harmonic event planes is shown in Fig. 5. We find con-
sistency between correlations obtained with both event
plane types. As the pseudorapidity gap between the
ZDC-SMD(Ψ1) and the TPC(particles α and β) is rather
large (∼ 7 units in η) , we find “direct” three-particle
effects (clusters) to be an unlikely source for the sig-
nal. This is an indication that the signal is likely a gen-
uine correlation with respect to the reaction plane. Also
shown for comparison in Fig. 5 are our previous results
from the 2004 RHIC run [9, 10] which are consistent with
the current results within statistical errors.
The modulated sign correlations are compared with

the three-point correlator in Fig. 6. It is evident that the
msc is able to reproduce the same trend as the three-point
correlator although their magnitudes differ slightly. It is
also clear that the correlation magnitude for same charge
pairs is larger than for opposite charge pairs for both
correlators. The charge combinations of ++ and −− are
consistent with each other for the msc (not shown here),
just like the case for the three-point correlator [10]. We
also plot the model calculation of THERMINATOR [21]
to be discussed later.
Before any possible interaction with the medium, the

CME is expected to generate equal correlation magni-
tudes for same and opposite charge pairs. It was pre-
viously supposed that medium suppression of back-to-
back phenomena could be responsible for this magnitude
asymmetry [9, 10]. Oppositely charged pairs from the
CME may not freeze out back-to-back, but instead with
one of the particles deflected closer to the event plane due
to multiple scattering within the medium. This is most
likely to occur for the particle traversing the largest path
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FIG. 5: (Color online) Three-point correlator, Eq. 1, mea-
sured with 1st and 2nd harmonic event planes versus centrality
for Au+Au collisions at

√
sNN= 200 GeV. Shown with crosses

are our previous results from the 2004 RHIC run (Y4) [9, 10].
The Y4 run used a second harmonic event plane. Y4 and
Y7 Ψ2 results are consistent within statistical errors. Shaded
areas for the 2nd harmonic points represent the systematic
uncertainty of the event plane determination. Systematic un-
certainties for the 1st harmonic points are negligible compared
to the statistical ones shown.

length through the medium. However, when we weight
all azimuthal regions of charge separation equally, as with
the msc in Fig. 6, we do not recover a magnitude sym-
metry.
The two terms of the msc in Eq. 9 are shown in Fig. 7.

We observe that same and opposite charge correlations
in the ∆N term have very similar magnitudes, but oppo-
site signs for all centrality bins. This feature is expected
from the construction of the ∆N term due to the rela-
tively large and approximately equal positive and nega-
tive charge multiplicities. A model calculation including
statistical+dynamical fluctuations of particle azimuthal
distributions should be performed in order to rule out
P-even explanations. The ∆msc term has a similar mag-
nitude for same and opposite charge correlations, indi-
cating a charge-independent background for the correla-
tions. Thus, the source of the magnitude asymmetry be-
tween same and opposite charge correlations about zero
as shown in Fig. 6 is isolated in the∆msc term (Note that
the sum of both terms yields the total msc). To further
investigate the source of this background, we plot−v2/N ,
a simplified estimate of the effect due to momentum con-
servation and elliptic flow [22]. Here v2 was introduced
in Eq. 2, and the values are from Ref. [23]. N represents
the total number of produced particles, but in this prac-
tice we only counted those within |η| < 1. −v2/N well
matches the ∆msc term for 0−50% collisions. MEVSIM
is a Monte Carlo event generator, developed for STAR
simulations [24]. A model calculation of MEVSIM with

STAR collaboration PRL 103, 251601 
(2009), PRC 88 (2013) 6, 064911

Au+Au 200 GeV

γos

γss

�SS = �cos(�1 + �2 � 2�RP )� = 0
+– +–

+–�OS = �cos(�1 + �2 � 2�RP )� = 0+–

• Pairs of same-charges preferably flow together perpendicular to Ψ2   

• Strength of such flow is strongest in peripheral event

Expectation consistent with the effect of B-field ?
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How does the energy dependence look like ? 
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Figure 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 di↵erent for di↵erent rows.
The systematic errors (grey bars) bear the same meaning as in Fig. 12. Charge independent results
from the model calculations of MEVSIM [135] are shown as grey curves.

of the charge-independent background.

4.1.1 CME background studies

The ambiguity in the interpretation of experimental results comes from a possible background of (the
reaction plane dependent) correlations not related to the CME. As illustrated in Fig. 3 of Ref [106],
the two-particle correlator, � ⌘ hcos(�↵ � ��)i, which in the absence of any other correlations except
the CME should be proportional to ha↵a�i, shows the “wrong” ordering. That indicates the existence
of an overwhelming background in � over any possible CME e↵ect. In � correlator those background
correlations are strongly suppressed (at the level of v2) but still might be significant. The fact that no
event generator can explain the data says that either the experimental results are indeed due to the
CME, or that all existing event generators do not include all the possible physics. There exist several
attempts to identify the physics which might be responsible for the experimental observations. The
most notable in this respect is the paper [113] where the authors show that the di↵erence between the
same- and opposite-charge correlations as measured by STAR can be explained within a Blast Wave
model that includes charge conservation along with radial and elliptic flow with parameters tuned to
the data.

Local charge conservation (LCC) assumes that the pairs of opposite charges are created very close in
space at the late stage of the system evolution with developed anisotropic flow. Radial boost of the pair
due to transverse expansion leads to particle collimation in azimuth and pseudorapidity [138, 139]. Then,
due to elliptic flow, opposite-charge pairs became stronger correlated in-plane than out-of-plane, which
causes splitting in value of � correlator between same- and opposite-charge pairs [113] as observed in the
data. While in [113] the authors were able to describe the data rather closely, there exist many questions
to this particular analysis. Firstly we note that the local charge conservation (LCC) mechanism leads
to strong correlation between opposite charge pairs, while experimentally �+� is very close to zero.

24

Charge separation vanishes at the lowest energy

Expectation consistent disappearance of 
deconfinement / chiral symmetry restoration  ?

L. Adamczyk et al. (STAR Collaboration), PRL 113 (2014) 052302. 
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Background sources of charge separation 

ΨRP

+pos – neg
0 : neutral

No correlation background if particles are emitted uniformly around ΨRP

Any value 0 < φ1+φ2 < π 
equally probable 

�++ = �cos(�+
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2 � 2�RP )� = 0

��� = �cos(��
1 + ��

2 � 2�RP )� = 0
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Ψ2

φ=0φ=π

Momentum conservation ⇒ NR ~ NL 

� ��� � �v2

N

+pos – neg
0 : neutral

In heavy ion collisions about ~10% more particles move left-right : FLOW

Up

Down

Right
Left

�++ = �cos(�+
1 + �+

2 � 2�RP )� = 0

��� = �cos(��
1 + ��

2 � 2�RP )� = 0

�+� = �cos(�+
1 + ��

2 � 2�RP )� = 0

� ��� � �v2

N

� ��� � �v2

N

Flow ⇒ (NU+ ND)/(NR+NL)~v2

Background : elliptic flow + momentum cons
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– –

+

Neutral particle decays to a 
pair of opposite charges both 
them go either left or right
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Background : Neutral resonance decay 
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Neutral resonance decay can mimic CME
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Background model nailed 
it down without invoking CME

Background : local charge conservation

4

Background model almost nailed it
Questions of Interpretation Remain 

33	

Current understanding: backgrounds unrelated to the chiral magnetic 
effect may be able to explain the observed charge separation 

Difficult to draw definitive conclusions without better models, and an 
independent lever arm for magnetic field and v2: can U+U help? 

Flow boost collimates pairs more 
strongly in-plane than out of plane 
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Flow boost collimates pairs more 
strongly in-plane than out of plane 

+ - 

+ - 

 0.01

 0.02

 0.03

 0.04

 0  2  4  6  8

Schlichting, Pratt
Phys.Rev. C83 (2011) 014913 

N c
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Blast-Wave Au+Au 200 GeV

Ch-conservation + flow

Pratt 1002.1758, Pratt, Schlichting, Gavin1011.6053

Bzdak, Koch, Liao 1008.4919

∆γBkg = γos − γss ≈
v2
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> 0 +
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Resonance decayLCC
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New measurements to estimate Background

2 / Nuclear Physics A 00 (2018) 1–4

2. Invariant mass dependence of the �� correlator26

The main backgrounds for the �� are from the resonance decays coupled with v2. A new analysis27

approach exploiting the particle pair invariant mass, m

inv

, to identify the backgrounds and, hence, to extract28

the possible CME signal is proposed [10]. Figure 1 (left panel) shows the m

inv

dependence of the relative29

excess of OS over SS charged ⇡ pairs, r = (NOS�NSS)/NOS, and (middle panel) shows the m

inv

dependence of30

the three-point correlator di↵erence, �� = �OS��SS. A lower cut on m

inv

was used to suppress the resonance31

contributions. Figure 1 (right panel) shows the inclusive �� over all mass (black) and at m

inv

> 1.5 GeV/c2
32

(red) as a function of centrality in Au+Au collisions at 200 GeV. In 20-50% collisions centrality, combining33

results from Run-11 (⇠0.5 billion minimum-bias events, year 2011), Run-14 (⇠0.8 billion, year 2014) and34

Run-16 (⇠1.2 billion, year 2016), the �� at m

inv

> 1.5 GeV/c2 is (5 ± 2 ± 4)% of the inclusive ��.35
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Fig. 1. Pair invariant mass, m

inv

, dependence of the relative excess of OS over SS pairs, r = (NOS �NSS)/NOS (Left panel), three-point
correlator di↵erence, �� = �OS � �SS (Middle panel). (Right panel) The inclusive �� over all mass (black) and at m

inv

> 1.5 GeV/c2

(red) as a function of centrality. The ⇡ are identified by STAR TPC and TOF with p

T

from 0.2 to 1.8 GeV/c .

The CME is expected to be a low p

T

phenomenon [11]; its contribution to high mass may be small.36

To extract CME at low mass, resonance contributions need to be subtracted. The inclusive �� can be37

expressed as ��(m
inv

) = r(m
inv

)⇥ cos(�↵ +�� � 2�reso.)⇥ v2,reso. +��CME [10]. The event shape engineering38

(ESE) [12] method provides a tool to select events with di↵erent v2 values by cutting on the q2 (~q2 =39

1/N ⇥P(cos(2�), sin(2�))). The di↵erence of the ��(m
inv

) from di↵erent q2 classes can be regarded as the40

background ��(m
inv

) shape [13], assuming the CME are the same for events from di↵erent q2 classes.41
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Fig. 2. Pair invariant mass, m

inv

, dependence of the r = (NOS � NSS)/NOS (Left top). The ��(m
inv
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A (large 50% q2) and B (small 50% q2) (Left middle). The inclusive (0-100% q2) �� compared with the di↵erence between �� from
event sample A and B (��A ���B) (Left bottom). (Right panel) ��A vs. ��B fitted by a linear function. The ⇡ are identified by STAR
TPC with p

T

from 0.2 to 0.8 GeV/c .
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Neutral resonance yield Charge separation

Wherever there is a neutral resonance peak there is charge separation 

One can subtract the resonance contribution with some assumptions :

What is the invariant mass distribution for CME ? 

primordial ⇡±; for KS and resonances a1 = 0. Our input CME is independent of the par-

ticle pT . This is supported by a recent theoretical study [59], where the CME is insensitive

to pT once pT is above 0.2 GeV/c.

Figure 3(a) shows the relative OS pair excess, r(minv) ⌘ (NOS � NSS)/NOS as a

function of minv from the toy MC. The KS and ⇢ peaks are evident. Figure 3(b) shows

the ��(minv); the KS and ⇢ contributions are clear. The inclusive �� from Fig. 3(b) is

(24.5 ± 0.1) ⇥ 10�5; our input CME signal of 2a21, diluted by (Nprim
⇡ /N⇡)2, is 4.6 ⇥ 10�5,

about 20% of the inclusive �� value. The ��(minv) distribution in Fig. 3(b) has a pedestal

corresponding to the input CME signal. The pedestal extends to high minv (not shown)

where resonance backgrounds vanish. A lower minv cut removes backgrounds to r(minv)

but not the CME signal. The value ��(minv>2 GeV/c2) = (4.5± 0.8)⇥ 10�5 is consistent

with the input CME signal, and it would present a 5� measurement.

The CME is generally believed to be a low-pT phenomenon [5], and would thus be

more prominent in the low minv region. With a minv > 2 GeV/c2 cut we used here, the

particle average pT is typically 1.2 GeV/c. This is not very high and the CME may still

be present above such a mass cut. Moreover, a recent study [59] indicates that the CME

signal is rather independent of pT at pT > 0.2 GeV/c, suggesting that the signal can persist

to high minv. Nevertheless, our proposal to apply a lower minv cut will eliminate resonance

contributions to ��; any measured remaining positive �� would point to the interesting

possibility of the existence of the CME. A null measurement at high minv, on the other

hand, does not necessarily mean null CME also at low minv.

4 Low-minv region: a two-component model fit

In what follows, we illustrate a fit method to potentially identify the possible CME at

low minv. Still use ⇢ ! ⇡+⇡� as an example, and consider the event to be composed

of primordial pions containing CME signals (�CME) and common (charge-independent)

backgrounds, such as momentum conservation (�m.c.) [16, 18], and decay pions containing

correlations from the decay [9, 17, 22]. We have

�� =
NSS(�CME + �m.c.) +N⇢�⇢

NSS +N⇢
�(��CME+�m.c.) = r(�⇢��m.c.)+(1�r/2)��CME . (4.1)

(If one normalized �OS by NSS instead, then Eq. (4.1) would become simpler, ��0 =

r0�⇢+��CME with r0 = (NOS�NSS)/NSS.) Considering Eq. (4.1), the �� can be expressed

by two terms:

��(minv) = r(minv)R(minv) +��CME(minv) . (4.2)

The first term is resonance contributions, where the response function

R(minv) ⌘ hf(minv)v2(minv)i � �m.c. (4.3)

is likely a smooth function ofminv while r(minv) contains resonance spectral profile (Fig. 3(a)).

Consequently, the first term is not smooth but a peaked function of minv. The second

term in Eq. (4.2) is the CME signal which should be a smooth function of minv (note we

– 5 –

Jie Zhao QM 2018
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Recent attempts to quantify the fraction of signals

Several estimations of possible signal 
fraction of CME, large uncertainties and 
also some model dependence is needed

Results using a new observable 
to study CME looks interesting 

Zhenyu Ye QM 2018,                                Niseem Magdy QM 2018
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A new source of background is identified
New measurements at the LHC → new puzzles
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o Integrated	results	as	a	
function	of	centrality	in	
AA	collisions.	

o Almost	identical	for	
both	SS	and	OS	for	
different	energies	

o No	strong	energy	
dependence	observed

! as	a	function	of	centrality

|

arXiv:1610.00263

For a long time this was thought to be due to increase of B-field
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Measurements by the CMS at LHC
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Figure 2: In (a), the same sign (SS) and opposite sign (OS) three-particle correlator averaged
over |ha � hb| < 1.6 as a function of Noffline

trk in pPb and PbPb collisions at
p

sNN = 5.02 TeV are
shown. In (b), the same correlation as a function of centrality is presented in PbPb collisions atp

sNN = 5.02 TeV from CMS, at
p

sNN = 2.76 TeV from ALICE, and in AuAu collisions at
p

sNN =
0.2 TeV from STAR. Statistical and systematic uncertainties are indicated by the error bars and
shaded regions, respectively.

In Fig. 2 (b), the results of SS and OS three-particle correlators, averaged over Dh < 1.6, are
shown as a function of centrality in PbPb collisions at

p
sNN = 5.02 TeV. The same quantity

measured at lower collision energies is also shown for AuAu collisions at
p

sNN = 0.2 TeV [4]
and PbPb collisions at

p
sNN = 2.76 TeV [9]. No significant energy dependence of the three-

particle correlators is observed in going from RHIC to LHC energies. The deviation between
CMS and lower energy results at the very peripheral range is mainly due to the different h
acceptance of particle a, b, and c.

To eliminate sources of correlations that are charge independent (e.g., directed flow, v1) and
to explore a possible charge separation effect generated by the CME, the difference of three-
particle correlators between OS and SS is shown as a function of Dh in the multiplicity range
185  Noffline

trk < 220 (Fig. 3 (a)) and as a function of Noffline
trk averaged over Dh < 1.6 (Fig. 3

(b),) for pPb and PbPb collisions at
p

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

trk . The striking similarity in the observed charge-
dependent azimuthal correlations strongly suggests a common physical origin. In PbPb colli-
sions, it was suggested that the charge dependence of the three-particle correlator as well as its
Dh dependence are indications of the charge separation effect with respect to the event plane
due to the CME [5, 9]. However, as argued earlier, a strong charge separation signal from the
CME is not expected in a very high multiplicity pPb collision. The similarity seen between
high-multiplicity pPb and peripheral PbPb collisions challenges the attribution of the observed
charge-dependent correlations to the CME.

In summary, charge-dependent azimuthal correlations of same and opposite sign particles with
respect to the second-order event plane have been measured in pPb and PbPb collisions atp

sNN = 5.02 TeV by the CMS experiment at the LHC. The correlation is extracted via a three-
particle correlator as functions of particle Dh and charged-particle multiplicity of the event.
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New CMS measurement : the idea

Random B-field
no CME expected 

p+Pb high multiplicity

Pb+Pb peripheral (>60%)

Large B-field CME expected
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Figure 2: In (a), the same sign (SS) and opposite sign (OS) three-particle correlator averaged
over |ha � hb| < 1.6 as a function of Noffline

trk in pPb and PbPb collisions at
p

sNN = 5.02 TeV are
shown. In (b), the same correlation as a function of centrality is presented in PbPb collisions atp

sNN = 5.02 TeV from CMS, at
p

sNN = 2.76 TeV from ALICE, and in AuAu collisions at
p

sNN =
0.2 TeV from STAR. Statistical and systematic uncertainties are indicated by the error bars and
shaded regions, respectively.

In Fig. 2 (b), the results of SS and OS three-particle correlators, averaged over Dh < 1.6, are
shown as a function of centrality in PbPb collisions at

p
sNN = 5.02 TeV. The same quantity

measured at lower collision energies is also shown for AuAu collisions at
p

sNN = 0.2 TeV [4]
and PbPb collisions at

p
sNN = 2.76 TeV [9]. No significant energy dependence of the three-

particle correlators is observed in going from RHIC to LHC energies. The deviation between
CMS and lower energy results at the very peripheral range is mainly due to the different h
acceptance of particle a, b, and c.

To eliminate sources of correlations that are charge independent (e.g., directed flow, v1) and
to explore a possible charge separation effect generated by the CME, the difference of three-
particle correlators between OS and SS is shown as a function of Dh in the multiplicity range
185  Noffline

trk < 220 (Fig. 3 (a)) and as a function of Noffline
trk averaged over Dh < 1.6 (Fig. 3

(b),) for pPb and PbPb collisions at
p

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

trk . The striking similarity in the observed charge-
dependent azimuthal correlations strongly suggests a common physical origin. In PbPb colli-
sions, it was suggested that the charge dependence of the three-particle correlator as well as its
Dh dependence are indications of the charge separation effect with respect to the event plane
due to the CME [5, 9]. However, as argued earlier, a strong charge separation signal from the
CME is not expected in a very high multiplicity pPb collision. The similarity seen between
high-multiplicity pPb and peripheral PbPb collisions challenges the attribution of the observed
charge-dependent correlations to the CME.

In summary, charge-dependent azimuthal correlations of same and opposite sign particles with
respect to the second-order event plane have been measured in pPb and PbPb collisions atp

sNN = 5.02 TeV by the CMS experiment at the LHC. The correlation is extracted via a three-
particle correlator as functions of particle Dh and charged-particle multiplicity of the event.

P Tribedy, Rutgers Nuclear Physics Seminars, Feb 12, 2018 47

New CMS measurement : the idea
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Figure 2: In (a), the same sign (SS) and opposite sign (OS) three-particle correlator averaged
over |ha � hb| < 1.6 as a function of Noffline

trk in pPb and PbPb collisions at
p

sNN = 5.02 TeV are
shown. In (b), the same correlation as a function of centrality is presented in PbPb collisions atp

sNN = 5.02 TeV from CMS, at
p

sNN = 2.76 TeV from ALICE, and in AuAu collisions at
p

sNN =
0.2 TeV from STAR. Statistical and systematic uncertainties are indicated by the error bars and
shaded regions, respectively.

In Fig. 2 (b), the results of SS and OS three-particle correlators, averaged over Dh < 1.6, are
shown as a function of centrality in PbPb collisions at

p
sNN = 5.02 TeV. The same quantity

measured at lower collision energies is also shown for AuAu collisions at
p

sNN = 0.2 TeV [4]
and PbPb collisions at

p
sNN = 2.76 TeV [9]. No significant energy dependence of the three-

particle correlators is observed in going from RHIC to LHC energies. The deviation between
CMS and lower energy results at the very peripheral range is mainly due to the different h
acceptance of particle a, b, and c.

To eliminate sources of correlations that are charge independent (e.g., directed flow, v1) and
to explore a possible charge separation effect generated by the CME, the difference of three-
particle correlators between OS and SS is shown as a function of Dh in the multiplicity range
185  Noffline

trk < 220 (Fig. 3 (a)) and as a function of Noffline
trk averaged over Dh < 1.6 (Fig. 3

(b),) for pPb and PbPb collisions at
p

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

trk . The striking similarity in the observed charge-
dependent azimuthal correlations strongly suggests a common physical origin. In PbPb colli-
sions, it was suggested that the charge dependence of the three-particle correlator as well as its
Dh dependence are indications of the charge separation effect with respect to the event plane
due to the CME [5, 9]. However, as argued earlier, a strong charge separation signal from the
CME is not expected in a very high multiplicity pPb collision. The similarity seen between
high-multiplicity pPb and peripheral PbPb collisions challenges the attribution of the observed
charge-dependent correlations to the CME.

In summary, charge-dependent azimuthal correlations of same and opposite sign particles with
respect to the second-order event plane have been measured in pPb and PbPb collisions atp

sNN = 5.02 TeV by the CMS experiment at the LHC. The correlation is extracted via a three-
particle correlator as functions of particle Dh and charged-particle multiplicity of the event.

CMS collaboration PRL 118 (2017) 122301

Talk by Wei

However the signal looks the same
must be some other source
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Systematic of 2PC and 3PC in A+A
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Revisit : Magnetic field calculations

29

large B-field and large v2no CME expected 

p+Pb high multiplicity Pb+Pb peripheral (>60%)

New CMS measurement : the idea
arXiv: 1610.00263
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Measurements by the CMS collaboration
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Figure 2: In (a), the same sign (SS) and opposite sign (OS) three-particle correlator averaged
over |ha � hb| < 1.6 as a function of Noffline

trk in pPb and PbPb collisions at
p

sNN = 5.02 TeV are
shown. In (b), the same correlation as a function of centrality is presented in PbPb collisions atp

sNN = 5.02 TeV from CMS, at
p

sNN = 2.76 TeV from ALICE, and in AuAu collisions at
p

sNN =
0.2 TeV from STAR. Statistical and systematic uncertainties are indicated by the error bars and
shaded regions, respectively.

In Fig. 2 (b), the results of SS and OS three-particle correlators, averaged over Dh < 1.6, are
shown as a function of centrality in PbPb collisions at

p
sNN = 5.02 TeV. The same quantity

measured at lower collision energies is also shown for AuAu collisions at
p

sNN = 0.2 TeV [4]
and PbPb collisions at

p
sNN = 2.76 TeV [9]. No significant energy dependence of the three-

particle correlators is observed in going from RHIC to LHC energies. The deviation between
CMS and lower energy results at the very peripheral range is mainly due to the different h
acceptance of particle a, b, and c.

To eliminate sources of correlations that are charge independent (e.g., directed flow, v1) and
to explore a possible charge separation effect generated by the CME, the difference of three-
particle correlators between OS and SS is shown as a function of Dh in the multiplicity range
185  Noffline

trk < 220 (Fig. 3 (a)) and as a function of Noffline
trk averaged over Dh < 1.6 (Fig. 3

(b),) for pPb and PbPb collisions at
p

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

trk . The striking similarity in the observed charge-
dependent azimuthal correlations strongly suggests a common physical origin. In PbPb colli-
sions, it was suggested that the charge dependence of the three-particle correlator as well as its
Dh dependence are indications of the charge separation effect with respect to the event plane
due to the CME [5, 9]. However, as argued earlier, a strong charge separation signal from the
CME is not expected in a very high multiplicity pPb collision. The similarity seen between
high-multiplicity pPb and peripheral PbPb collisions challenges the attribution of the observed
charge-dependent correlations to the CME.

In summary, charge-dependent azimuthal correlations of same and opposite sign particles with
respect to the second-order event plane have been measured in pPb and PbPb collisions atp

sNN = 5.02 TeV by the CMS experiment at the LHC. The correlation is extracted via a three-
particle correlator as functions of particle Dh and charged-particle multiplicity of the event.

A possible explanation → di-jets

Q-Cumulant in Au+Au & U+U : Paper proposal presentation 6

v2

Backgrounds

Jet-fragmentation (SS,OS) Ψ2

Our best knowledge on background
Charge dependent 2-particle correlation + 

anisotropy in single-particle distribution 

Central A+A : Δη,Δφ�0 emission + v2 
modulation, jets are mostly quenched  

ΨRP

Ψ2

ΨRP

Peripheral A+A : 
Jet-fragmentation → Jets influence Ψ2

HBT (SS), Coulomb (OS,SS)

Flowing resonance (OS)

Charge conservation (OS)

pT conservation (SS=OS)

Charge ordering (OS>SS) is 
natural in string-fragmentation

Charge dependent 
3-particle correlation

CMS collaboration PRL 118 (2017) 122301
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Background due to di-jets
Peripheral A+A and p+A data are dominated by di-jets
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Data from RHIC after di-jet subtraction

Attempt to subtract di-jets
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Magnetic field in A+A & p+A 

Some similarities with the B-field expectation, more studies needed
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Discussion on Au+Au & U+U paper, CME task force meeting 10

Motivation : B-field difference in Au+Au & U+U

Towards central events when Au+Au becomes fully overlap, U+U will have
many spectators left to generate B-field. In this scenario, the flow driven charge 
separation will scale with the shape difference. Multiplicity & non-flow (random-
walk) will be the same. One therefore, finds a model independent way to testify/
falsify CME. Npart → N        , (Δγ/v2*Npart)Au+Au  > (Δγ/v2*Npart)U+U  will challenge CME. max
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Results from RHIC on Au+Au & U+U collisions

B-field is different in Au+Au and U+U → can be tested in data 
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Results from RHIC Au+Au and U+U collisions

have the added benefit of extending the small-x physics capability down to x ⇡ 10�4 for typical semi-hard (⇠ 1
GeV) processes. This will help to address two important physics topics : 1) constraining the longitudinal structure
of the initial stages of A+A collisions, 2) constraining the temperature dependence of transport coe�cients of the
matter formed in A+A collisions. The former is of particular importance since it will provide a stringent test of
e↵ective theories of high-energy (small-x) QCD and its evolution equation, such as BK or JIMWLK, that predicts
the rapidity dependence of the parton densities inside the colliding nuclei before the EIC era. I have recently
contributed towards making the science case for a complimentary forward upgrade program at STAR and I am
involved in the measurements of the longitudinal de-correlation observables (r2(�⌘) as shown in Fig.2) using the
forward meson spectrometer (FMS) in STAR. My goal will be to perform similar high statistics measurements
using the combination of TPC & fHCAL of sPHENIX.

3 Short-term projects (year 2018-2020, STAR@RHIC era)

P.Tribedy, QCD chirality workshop, UCLA, 2017 23
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Figure 3: (left) A cartoon of the chiral magnetic e↵ect [9] that leads to charge separation along the B-field, background processes

due to resonance decays can mimic such e↵ect. (center) My calculation of the variation of the magnetic field that drives CME scaled

by ellipticity that leads to elliptic flow v2 and eventually the major background to CME [10]. (right) My analysis of the correlation of

charge separation with elliptic flow coe�cient v2 in Au+Au and U+U collisions using data from STAR. Several similarities between

data and model indicate CME as a possible explanation of charge separation in central heavy ion collisions [11]. A decisive test of

CME will be performed in the isobar run at RHIC.

3.1 Search for the Chiral Magnetic E↵ect and studies of QCD anomaly driven transport

An excess in the number of left- or right-handed quarks created through the chiral anomaly of QCD amidst strong
magnetic fields (1018 Gauss) generated in relativistic heavy ion collisions leads to a flow of positively or negatively
charged quarks in opposite directions. This response is known as the chiral magnetic e↵ect (CME). The primary
goal of my ongoing research is to disentangle the signatures of the chiral magnetic e↵ect from background e↵ects
driven by elliptic flow v2 for which I have proposed a method in Ref [10]. My current analysis of central U+U and
Au+Au data based on such method (see Fig.3) indicates that the correlation of charge separation measured by
the di↵erence of opposite-sign and same-sign three particle correlators (�� = �OS ��SS ) scaled by the elliptic flow
coe�cient v2 follows the correlation of magnetic field scaled by eccentricity [11]. My current research is focused
on the search for CME in the upcoming collisions of isobars at RHIC in 2018 which is dedicated to a decisive test
and potential discovery of CME [12].

3.2 Exploring the phase diagram of QCD, critical phenomena and Kibble-Zurek dynamics

In recent years the RHIC Beam Energy Scan (BES) program has been dedicated to mapping out the phase
diagram of QCD. The primary goal of which is to locate the QCD critical point and existence of a first order chiral
phase transitions. Over past years I have contributed towards the hardware, simulations, development of analysis
technique and data analysis [14, 15, 13] to study correlated fluctuations of neutral and charged pions, net-charge
particles, net-protons, and net-kaons. My future goal will be to continue this analysis till the second phase of the

B-field with collision centrality Data on Charge separation

Model Data

System dependence → not explained by naive background model 

Measurement w.r.to third order event plane is underway

PT, QCD chirality 2017
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Chiral Separation Effect & Chiral Magnetic Wave
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Search for the chiral magnetic wave at RHIC

/ Nuclear Physics A 00 (2018) 1–4 3

3. Results71

3.1. Dependence of the �v2(Ach) slope on centrality for kaons and (anti)protons72

In addition to the aforementioned viscous hydrodynamic model with certain assumptions on isospin73

asymmetry, which predicts a stronger v2 splitting in reverse order for K

± than ⇡± [5], kaons and protons74

could also behave di↵erently than pions, owing to their larger di↵erences in the absorption cross sections75

between particles and antiparticles in the hadronic stage [1]. Moreover, the Chiral Vortical E↵ect (CVE) [11]76

could also contribute to the proton slope along with the CMW. Hence, the measurements of �v2(Ach) slopes77

for K

± and p ( p̄) provide the direct test for all of these physics scenarios.78
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Fig. 1: Centrality dependence of the �v2(Ach) slopes for kaons
and protons in Au+Au collisions at

p
sNN = 200 GeV
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Fig. 2: The normalized �v2(Ach) and �v3(Ach) slopes for pions vs.
centrality in Au+Au collisions at

p
sNN = 200 GeV

Figure 1 shows the centrality dependence of the kaon and proton slopes in Au+Au collisions at
p

sNN79

= 200 GeV. The kaon slope displays a rise-and-fall trend with positive values in most centralities, highly80

consistent with the pion slope. It neither reveals a significant absorption e↵ect, nor suggests that the hy-81

drodynamics with isospin asymmetry is the dominant mechanism. It is also observed that the centrality de-82

pendence of proton1 �v2(Ach) slopes are close to zero except for the seemingly positive values in 40 � 70%83

collisions. The smaller proton slopes may suggest a mixed scenario without a dominating mechanism.84

3.2. Dependence of the �v3(Ach) slope on centrality for ⇡±85

The LCC e↵ect (and the viscous hydrodynamics with isospin asymmetry) predicts a linear dependence86

of �v3 on Ach for pions, similar to that of �v2, while the electric quadrupole due to the CMW has no e↵ect87

on v3. Therefore, the �v3(Ach) slope, when properly normalized (�v

norm.
n

= 2(v�
n

� v

+
n

)/(v�
n

+ v

+
n

)), provides88

an estimation of the background contribution to the �v2(Ach) slope.89

Figure 2 compares the normalized �v3(Ach) and �v2(Ach) slopes for pions as functions of centrality in90

200 GeV Au+Au collisions. The normalized �v3(Ach) slopes for 0.15 < p

T

< 0.5 GeV/c are lower than91

or consistent with zero for most centrality intervals, and are systematically below the normalized �v2(Ach)92

slopes. It is noticed that in semi-central collisions, the normalized slopes between �v2(Ach), �v3(Ach) and93

CMS results [8] are consistent with each other. However, the large discrepancies in more central and the94

more peripheral collisions, where the �v3 slopes tend to go negative, suggest that the STAR measurements95

of the �v2(Ach) slopes for pions may not be purely dominated by the LCC e↵ect.96

3.3. The �v2(Ach) slopes for ⇡± in p+Au, d+Au and U+U collisions97

In small collision systems such as p+Au and d+Au, the orientation of the magnetic field is presumably98

decoupled from the 2nd-order event plane [7], which makes such small systems an ideal testing ground for99

the observation of the disappearance of the �v2(Ach) slope. For p+Au and d+Au collisions at 200 GeV, the100
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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 [116].

Taking 30-40% 200 GeV Au+Au as an example, pion v2 is shown as a function of Ach in panel (a)
of Fig. 17 [116]. ⇡� 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 [144].
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 [116]. 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 [121] 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 [145], 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 [131].

Recently a more realistic implementation of the CMW [119] 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.
A novel correlator that is independent of e�ciency was proposed in the following cumulant form [146]:

hhcos[n(�1 � �2)]q3ii = hcos[n(�1 � �2)]q3i � hcos[n(�1 � �2)]ihq3i1. (38)

Here �1 and �2 are the azimuthal angles of particles 1 and 2, and q3 is the charge (±1) of particle 3. hq3i1
is the average charge of particle “3” under condition of observing a particle “1” of a particular charge
(whereas the particle 2 is all inclusive regardless of charge). The cos[n(�1 � �2)] part was estimated by

27

L. Adamczyk et al. (STAR Collaboration) Phys. Rev. Lett. 114, 252302
Qi-Ye Shou QM 2018

Ach =
N+ −N−
N+ +N−

< 0, v2(π
+) > v2(π
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Ach =
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> 0, v2(π
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Unlike LHC, at RHIC effect v2 >> v3

Observation at RHIC is consistent to CMW expectation
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Chiral Separation Effect & Spin polarization



P Tribedy, Chiral Fluids, July 16-19, 2018 41

Schlichting, Voloshin 
p s

uR

p s

uR

JR

B

Chiral separation effect and spin polarization 

p s

uR
_ ω

p s

uR

p s

uR
_

p s

uR
_

CSE enhances spin polarization along global angular momentum 

More spin polarized along B || ω More spin polarized opps to B || ω

Ach =
N+ −N−
N+ +N−

> 0 Ach =
N+ −N−
N+ +N−

< 0



P Tribedy, Chiral Fluids, July 16-19, 2018 42

The connection between CSE and polarization
4 / Nuclear Physics A 00 (2018) 1–4
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Fig. 4. Global polarization of Λ+Λ̄ as a function of azimuthal
angle φ relative to the first-order event plane for Au+Au 20%-
50% central collisions. A shaded band shows systematic uncer-
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averaged over all phasespace, symmetry demands that ~PH is parallel to Ĵsys. Because our limited

sample sizes prohibit exploration of these dependences, our analysis assumes that ~PH is indepen-

dent of momentum, and we extract only an average projection of the polarization on Ĵsys. This

average may be written6 as

P H ⌘ h~PH · Ĵsysi=
8

paH

D
cos

⇣
f⇤

p

�f
Ĵsys

⌘E

R

(1)
EP

, (2)

where f
Ĵsys

is the azimuthal angle of the angular momentum of the collision, f⇤
p

is the azimuthal

angle of the daughter proton (antiproton) momentum in the L frame, and R

(1)
EP is a factor that ac-

counts for the finite resolution with which we determine f
Ĵsys

6. The overline on P H and brackets

h· · ·i denote an average over events and the momenta of L hyperons detected in the TPC. Equa-

tion 2 is strictly valid only in a perfect detector; angle-dependent detection efficiency leads to a

correction factor6 shifting the results in the present analysis by about 3%.

A relativistic heavy ion collision can produce several hundred charged particles in our detec-

tors. For a given energy, a head-on collision produces the maximum number of emitted particles,

while a glancing one produces only a few. To concentrate on collisions with sufficient overlap to

produce a fluid with large angular momentum, we select events producing an intermediate num-

ber of tracks in the TPC. Twenty percent of all observed collisions produce more tracks than the

collisions studied here, while 50% produce fewer; in the parlance of the field, this is known as a

20-50% centrality selection.

Equation 2 quantifies an average alignment between hyperon spin and a global feature of

the collision and is hence a “global polarization”2. This is distinct from the well-known phe-

7

STAR Collaboration Nature 548 (2017) 62-65
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Figure 3: A sketch of the immediate aftermath of a Au+Au collision. The vorticity of fluid created

at midrapidity is suggested. The average vorticity points along the direction of the angular momen-

tum of the collision, Ĵsys. This direction is estimated experimentally by measuring the sidewards

deflection of the forward- and backward-going fragments and particles in the BBC detectors. L

hyperons are depicted as spinning tops; see text for details. Obviously, elements in this depiction

are not drawn to scale: the fluid and the beam fragments have sizes of a few femtometers, whereas

the radius of each BBC is about one meter.

frame, then

dN

d cosq⇤
= 1

2

⇣
1+aH|~PH|cosq⇤

⌘
. (1)

The subscript H denotes L or L, and the decay parameter aL = �aL = 0.642± 0.01317. The

angle q⇤ is indicated in figure 3, in which L hyperons are depicted as tops spinning about their

polarization direction.

The polarization may depend on the momentum of the emitted hyperons. However, when

6

Global polarization of Λ and Λ studied w.r.to charge asymmetry Ach

_

Takafumi Niida, QM 2018

Very first measurement looks promising, need more statistics
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Decisive tests of CME, CMW, CSE 



P Tribedy, Chiral Fluids, July 16-19, 2018 44

Better and controlled experiment : Isobar collisions

Chiral Magnetic Effect
• This process depends on both |B| and direction ΨB

• Observable —> two particle correlation w.r.to Ψ2 

• Signal strength ~ |B2|cos(2(ΨB-Ψ2)) —> Projected field
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Better and controlled experiment : Isobar collisions

44Ru96            44Ru96
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Electro-Magnetic fields in heavy ion collisions

Strong B-fields ~10 Gauss are generated in non-central heavy ion collisions 
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Electro-Magnetic fields in heavy ion collisions

Strong B-fields ~10 Gauss are generated in non-central heavy ion collisions 
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Voloshin, Phys. Rev. Lett. 105, 172301 (2010).

Isobars have same mass 
number but different  charge, 
so produce identical systems 
with different B-field, ideal to 
test evidences of B-filed 
driven effects

Ru+Ru will have 10% B-field 
than Zr+Zr, all 
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Better and controlled experiment : Isobar collisions

3.1B events for both Ru+Ru, Zr+Zr 
collected over 8 weeks
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Better and controlled experiment : Isobar collisions
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Blind analyses is being planned 
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Table 5.1 lists the expected relationship between Ru+Ru and Zr+Zr in terms of 

experimental observables for elliptic flow, CME, CMW and CVE, assuming that the 
chiral effects are major physics mechanisms for the corresponding observables. With this 
assumption for the CMW observable, we have carried out a 700M-event projection for 
the slope parameter r, and found the r ratio of Ru+Ru over Zr+Zr to be 1.08 ± 0.08 for 
20−60% collisions, which is only a 1σ effect. The CVE does not explicitly depend on the 
magnetic field, so to the 1st-order we expect the same amount of baryon-number 
separation for Ru+Ru and Zr+Zr.  

 

Observable  44
96Ru+44

96Ru vs 40
96Zr+40

96Zr 

flow       ≈ 
CME       > 
CMW       > 
CVE       = 

 
Table 5.1: The expected relationship between Ru+Ru and Zr+Zr in terms of experimental 

observables for elliptic flow, CME, CMW and CVE. 
  
Assuming 80% data collection efficiency we estimate needing 3.5 weeks of RHIC 

operation per collision system to collect 1.2B events. An extra collision energy point will 
help understand the beam-energy dependence of the true CME signal. It is feasible to also 
have the isobaric collisions at 27 GeV. The observed charge separation at 27 GeV is very 
similar to, if not bigger than, that at 200 GeV. However for the same centrality bin, the 
multiplicity at 27 GeV is lower than that at 200 GeV by a factor of 1.6. Therefore, to 
reach the same significance level as 200 GeV, we need to increase the number of events 
by a factor of 4 (1.63 due to the two particles and the resolution of the event plane 
involved in the γ correlator). 

 

 

 

 
 
Figure 5–4: 

Magnitude (left axis) 
and significance 
(right axis) of the 
relative difference in 
the projected γ×Npart 
between 
96
44Ru+9644Ru and 

96
40Zr+9640Zr at 200 
GeV. We use the 
relative difference in 
eccentricity as the 
baseline. 
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Summary

Very exciting time for STAR @ RHIC

1) Comprehensive set of 
measurements on CME, CMW 

2) Many interesting results but no 
decisive tests yet 

3) Several attempts to quantify signals 

4) Isobar data taking was a success,
    bind analysis is being planned



Thank You
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How much guidance do we have from theory ?
Real-time first principle lattice calculations of CME

Muller, Schlichting, Sharma, PRL 117 142301 (2016)              
Mace, Mueller, Schlichting, Sharma PRD 95, 036023 (2017)

3

Axial charge 
Vector charge j0

v

j0
a

x

y
z

FIG. 1. Illustration of real-time dynamics of the chiral magnetic wave for light quarks (mrsph ⌧ 1 ). Contour lines represent
the distribution of axial and vector charges at times t/tsph = 0.6, 0.9, 1.1, 1.3, 1.6, 1.9 of the evolution. Simulations were
performed on a 24⇥ 24⇥ 64 lattice.

the magnetic screening length (see e.g. [13, 43, 44]) a con-
version to physical units can be achieved by assigning a
value of about 200�500 MeV to r�1

sph. If not stated other-
wise we use a lattice spacing of rsph/a = 6, the duration
of the sphaleron transition is chosen as tsph = 3/2rsph

(corresponding to ⇠ 0.6 � 1.5 fm/c) and the magnetic
field strengths considered in this work is qB = 3.5r�2

sph

(corresponding to a few m2
⇡

).
Non-equilibrium dynamics of axial and vector

charges We will now analyze the dynamics of the axial
and vector charges during and after a sphaleron transi-
tion, and first focus on the anomalous transport of light
quarks with mrsph ⌧ 1, where dissipative e↵ects due to a
finite quark mass can be neglected over the time scale of
a sphaleron transition. Our results for the time evolution
of the axial and vector densities j0

v/a

(t, x) in the presence
of an external magnetic field are compactly summarized
in Fig. 1 where we show contour lines of the distributions
at various stages of the time evolution.

We observe that during the sphaleron transition, a lo-
cal imbalance of axial charge j0

a

is generated according to
the axial anomaly; at the same time the chiral magnetic
e↵ect induces a vector current jz

v

with a similar profile
in coordinate space. Conservation of the vector current
@

µ

jµ

v

= 0, implies that longitudinal gradients of the cur-
rent @

z

jz

v

, lead to separation of electric charges along
the direction of ~B; over time electric charge accumulates
at the edges of the sphaleron, resulting in a dipole like
structure of the vector charge density j0

v

observed e.g. at
t/tsph = 0.6, 0.9 in Fig. 1.

Since the local imbalance of vector charge j0
v

in turn
induces an axial current ~j

a

/ j0
v

~B due to the chiral sep-
aration e↵ect (CSE) [45], the combination of CME and
CSE ultimately leads to the formation of a chiral mag-
netic wave [18, 46]. We observe from Fig. 1, that the

chiral magnetic wave manifests itself as the propagation
of a soliton-like wave-packet associated with the non-
dissipative transport of axial and vector charges along
the direction of magnetic field. We note that this is the
first time that the emergence of such a collective exci-
tation is confirmed in non-perturbative real-time lattice
gauge theory simulations.
Chiral magnetic wave: The dynamics of the chiral

magnetic wave can be further investigated by integrating
out the transverse coordinates to study the propagation
of the wave-packet along the longitudinal direction. This
allows us to compare the results of our microscopic simu-
lations with a macroscopic description within the frame-
work of anomalous hydrodynamics in a straightforward
way. In anomalous hydrodynamics [18–21], the coupled
dynamics of axial and vector charges is described in terms
of conservation laws and the constitutive relations of the
currents, which to leading order in gradients and in pres-
ence of an external magnetic field Bµ = (0, 0, 0, B) take
the form [19]

jµ

v,a

= n
v,a

uµ + D
v,a

Oµn
v,a

+ �B

v,a

Bµ . (7)

Specifically, for a system of non-interacting fermions, the
di↵usion constant D

v,a

, vanishes and the anomalous con-
ductivities are simply given by �B

v,a

= n
a,v

/B when the

magnetic field strength is su�ciently large B � r�2
sph, m2

[2]. In the local rest-frame uµ = (1, 0, 0, 0), the anoma-
lous hydrodynamic equations of motion for the integrated
quantities j0,z

v,a

(t, z) =
R

d2x? j0,z

v,a

(t, x?, z) then take the
form,

@
t

✓
j0
v

(t, z)
j0
a

(t, z)

◆
= �@

z

✓
j0
a

(t, z)
j0
v

(t, z)

◆
+

✓
0

S(t, z)

◆
(8)

with the sphaleron induced source term given as S(t, z) =

� g

2

8⇡

2

R
d2x?Tr Fµ⌫ F̃

µ⌫

. The solutions for the vector and

B→

We are looking for a signal of charge separation that : 

1) will be correlated to event plane (Ψ2) therefore must follow the 
correlation of B-field with Ψ2 , 

2) requires time to build up during the early phases of collisions, so 
may be short-range in Δη compared to flow. 
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How much guidance do we have from theory ?
A first principle calculations of axial charge density 

We are looking for a signal of charge separation that : 

1) is driven by structures of the axial charge density that is lumpy 


