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Outline
1. Chirality in subatomic physics

2. Chirality of gauge fields, and why it matters 

3. Chiral Magnetic Effect (CME): 
        chiral transport induced by quantum anomaly
  
4.    CME as a probe of topological structure of the QCD vacuum

5.    CME in heavy ion collisions and the RHIC isobar run

6.    Broader implications: 

       a) CME in condensed matter
       b) CME and quantum computers
       b) CME in the Universe
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3 min introduction to CME on      :

https://www.youtube.com/watch?v=n4L7VPpEwqo&ab_channel=MeisenWang 3



Chirality in subatomic world: 
chiral fermions 

Fermions:
E. Fermi,1925

Dirac equation:
P. Dirac, 1928

Weyl fermions:
H. Weyl, 1929

Majorana fermions:
1937
E.Majorana, 1906-38?
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Chirality of
gluon field

Chiral
fermions

Chirality of
EM field



Chirality of gauge fields

Gauge fields can form chiral knots – 
for example, knots of magnetic flux in
magnetohydrodynamics (magnetic 
helicity), characterized by 
Chern-Simons number
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Chiral anomaly: chirality transfer from 
fermions to gauge fields (or vice versa)
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From: Y. Hirono, DK, Y. Yin,
PRD 92 (2015) 12
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Chirality in the vacuum of the Standard Model

The instanton and sphaleron solutions in non-Abelian gauge theories 
describe transitions between topological sectors of the vacuum 
marked by different integer values of the Chern-Simons number:

QCD (Quantum ChromoDynamics) vacuum: 

NCS ⌘
Z

d3xKo
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Chirality and the origin of Matter-Antimatter
asymmetry in the Universe
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Sakharov conditions for baryogenesis:

1. Baryon number violation
2. C and CP symmetries violation
3. Interactions out of thermal equilibrium A.D. Sakharov, 1967
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Within the Standard Model, baryon number violating 
sphaleron transitions in hot electroweak plasma operate in 
the expanding Early Universe. 

Can we study these processes in the lab?

No – the temperature of electroweak 
phase transition is too high, 𝑇!" ≈ 160	𝐺𝑒𝑉	~	 10#$ K

But: we can study analogous processes in another 
non-Abelian gauge theory of the Standard Model – QCD!

Chirality and the origin of Matter-Antimatter
asymmetry in the Universe
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Graphics: Hamada, Kikuchi,’20



The temperature of QCD phase transition is 1,000 times lower: 
𝑇%&' ≈ 160	𝑀𝑒𝑉	~	 10#( K

QCD plasma can be produced and studied in the ongoing 
heavy ion experiments at RHIC (BNL) and LHC (CERN).

QCD sphalerons induce chirality violation 
(instead of baryon number violation), and 
rapid expansion of the produced plasma 
drives it out of thermal equilibrium –
thus we expect to see a substantial generation of 
net chirality, of fluctuating sign, in heavy ion collisions!

Generation of chirality in the QCD plasma
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Graphics: Hamada, Kikuchi,’20



Topological transitions in QCD vacuum

                                             D. Leinweber
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Chirality in the vacuum of the Standard Model
Topological chirality-changing transitions between the vacuum sectors
of QCD are responsible for the spontaneous chiral symmetry breaking
and thus most of the mass of visible Universe.  
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Is it possible to directly observe these 
chirality-changing transitions in experiment?
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A working group with STAR experimentalists was formed to 
find a way to detect this local parity violation (chirality imbalance):

J. Sandweiss, S. Voloshin, J. Thomas, E. Finch, A. Chikanian, R. Longacre, …

But after a few years of hard work it has become clear that the
proposed pion correlations are very difficult to detect. 

We addressed this problem in the 1998 paper with 
Rob Pisarski and Michel Tytgat:



Detecting the topological structure of QCD vacuum 

Topological transitions in the QCD plasma change chirality of quarks. 
However, quarks are confined into hadrons, and their chirality cannot 
be detected in heavy ion experiments. 

Therefore , to observe these chirality-changing transitions we 
have to find a way to convert chirality of quarks into something 
observable – perhaps, a (fluctuating)  electric dipole moment 
of the QCD plasma? This would require an external magnetic field or 
an angular momentum.

15
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This idea was developed further with my colleagues and friends: 

We called it the Chiral Magnetic Effect (CME) 



Chiral transport, 240 B.C.

The Archimedes screw
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Chiral propulsion

?
vector       pseudo-vector 

Velocity parallel to angular velocity
   requires the breaking of parity:
             chiral propeller  18



Currents in a magnetic field

?
vector       pseudo-vector 

An electric current parallel to B
    requires a parity breaking  
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Currents in a magnetic field

Consider a gas of massless charged 
Weyl fermions of a certain chirality, 
say left-handed (cf weak interactions)

Put this gas in an external magnetic field B;
the interaction of spin with B, and 
the locking of momentum to spin

induce the current 
20



But: no current in equilibrium

C.N. Yang
Bloch theorem, …
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Early work on currents
in magnetic field due to P violation

(see DK, Prog.Part.Nucl.Phys. 75 (2014) 133
 for a complete (?) list of references)
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A.Vilenkin (1980) “Equilibrium parity-violating current in a magnetic field”;
                 (1980) “Cancellation of equilibrium parity-violating currents”

G. Eliashberg (1983) JETP 38, 188
L. Levitov, Yu.Nazarov, G. Eliashberg (1985) JETP 88, 229

M. Joyce and M. Shaposhnikov (1997) PRL 79, 1193;
M. Giovannini and M. Shaposhnikov (1998) PRL 80, 22

A. Alekseev, V. Cheianov, J. Frohlich (1998) PRL 81, 3503
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The way out: chiral anomaly

For massless fermions, the axial current 

is conserved classically due to the global UA(1) symmetry:

This is because left- and right-handed fields decouple in
the massless limit:

 

However, this conservation law is destroyed by quantum effects
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Chiral anomaly

S. Adler ‘69
J. Bell, R. Jackiw ’69

The axial current is not conserved:

The chiral charge is not conserved;
a chirally imbalanced state of chiral fermions is not
a true ground state of the system!

V

V

V

V

A

A
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Chiral anomaly

In classical background 
fields (E and B), chiral 
anomaly induces an 
imbalance between 
left- and right-handed 
fermions;

chiral chemical 
potential:                     

Adler; Bell, Jackiw (1969);  Nielsen, Ninomiya (1983)

LEFT RIGHT

k	

E	E	

Chiral	anomaly	

|"⟩	|$⟩	
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Chiral Magnetic Effect
DK’04;  DK, A. Zhitnitsky ‘07; DK, L.McLerran, H.Warringa ’07;  K.Fukushima, DK, H.Warringa, 
“Chiral magnetic effect” PRD’08;      Review and list of refs: DK, arXiv:1312.3348 [Prog.Part.Nucl.Phys]

Chiral chemical potential is formally 
equivalent to a background chiral gauge field:

In this background, and in the presence   of B, 
vector e.m. current is generated:

Compute the current 
through

Coefficient is fixed by 
the chiral anomaly, no 
corrections

Absent in
Maxwell theory!

Chirally imbalanced system is a non-equilibrium, steady state
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Chiral Magnetic Effect
Alternative derivation:   

Consider the thermodynamical potential at finite 

Compute the current through                             using
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K.Fukushima, DK, H.Warringa, 
“Chiral magnetic effect” PRD’08;
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Chirality in 3D:
the Chiral Magnetic Effect

chirality + magnetic field = current
spin

momentum

DK’04; DK, L.McLerran, H. Warringa ’07; K. Fukushima, DK, H. Warringa ‘08
28



Chiral magnetic conductivity:
discrete symmetries
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P-even
T-odd

P-odd

P-odd
T-odd

P-odd effect!

T-even
Non-dissipative current!
(topologically protected)

cf Ohmic
conductivity:

T-odd,
dissipative

Effect persists in
hydrodynamics!

P – parity 
T – time reversal

29

D.Son, P.Surowka ’09

DK, H.U.Yee ‘11



“Numerical evidence for chiral magnetic effect 
in lattice gauge theory”,
P. Buividovich, M. Chernodub, E. Luschevskaya, M. Polikarpov,  аrXiv 0907.0494; PRD’09

Fluctuations of electric current along the direction of magnetic field are enhanced
30

M. Polikarpov 
  1952-2013



“Chiral magnetic effect in 2+1 flavor QCD+QED”,
M. Abramczyk, T. Blum, G. Petropoulos, R. Zhou,  ArXiv 0911.1348, PRD

2+1 flavor Domain Wall Fermions, fixed topological sectors, 16^3 x 8 lattice

Red - positive charge
Blue - negative charge
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arXiv:1105.0385, PRL 



Can one detect QCD topological transitions 
in heavy ion collisions?

Relativistic Heavy Ion Collider 
(RHIC) at BNL

Charged hadron tracks in 
a Au-Au collision at RHIC
[STAR experiment]

The STAR Collaboration
at RHIC
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DK, J. Liao, Nature Rev. (Phys)
3 (2021) 55
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Heavy ion collisions as a source of the strongest magnetic 
fields available in the Laboratory

DK, McLerran, Warringa, 
Nucl Phys A803(2008)227
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Heavy ion collisions: the strongest magnetic 
field ever achieved in the laboratory



B

+
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excess of positive
charge

excess of negative
charge

Electric dipole moment due to chiral imbalance

DK, hep-ph/0406125; Phys.Lett.B633(2006)260

CME as a probe of topological transitions 
and chiral symmetry restoration in QCD plasma

The problem: 
fluctuating sign, reflecting
topological fluctuations in QCD
- backgrounds! 37



B
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CME as a probe of topological transitions 
and Event-by-event parity violation in QCD plasma
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Global Parity violation
in Weak interactions

Local, Event-by-event Parity violation
in Strong Interactions ?

+
-
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Separating the signal from background: the beginning

Measure the difference of charged hadron fluctuations
along and perpendicular to magnetic field
(direction of 𝐵 is defined by the reaction plane)



NB: P-even quantity (strength of P-odd fluctuations) – subject to 
large background contributions
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Monte Carlo generators
do not describe the data



Review of CME with heavy ions: DK, J. Liao, S. Voloshin, G. Wang, Rep. Prog. Phys.’16

Review + Compilation of the current data: DK, J. Liao, Nature Reviews (Phys.) 3 (2021) 55
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STAR Collaboration, arXiv:2106.09243 

Separating the signal from background is the main subject of the ongoing work.
Sophisticated new methods of isolating the signal have been developed by 
the STAR Collaboration. 

The most recent analysis of AuAu collisions at  𝑠 =	200 GeV/(nucleon pair)
indicates the presence of CME in mid-central collisions (most favorable for 
the effect: both QCD plasma and magnetic field are present) at 3 σ level (FE)
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CME signal



STAR Collaboration

Separating the signal from background is the main subject of the ongoing work –

Big new development: the isobar run, results will appear in the fall of 2021!
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Isobars: same shape = same background, different Z = different magnetic field – change in signal!



Search for CME using the isobar collisions at RHIC

The results have been released on Aug 31, 2021

< 1 !

CME excluded?

not predicted by
any theory,
CME or not

STAR, nucl-ex 2109.00131,
           PRC (2022)



The predefined criteria assume that the multiplicities in RuRu and ZrZr collisions
(in the same cross section cuts) are the same. 
Is this criterion supported by the data?

No. The measured multiplicities are significantly different:

Since both signal and 
background scale as 1/N,
the baseline has to be changed.
This is not part of the 
“predefined criteria”.
Also: different v2, pT spectra?

STAR, nucl-ex 2109.00131,
           PRC (2022)



CME search with isobar collisions at RHIC

Depending on
the observable, CME
is present at 
1-4 σ level

Recent theoretical 
analysis:

CME fraction is 
6.8+-2.6 %

DK, J. Liao, S. Shi,
arXiv:2205.00120,
Phys. Rev. C106(2022)



The future of CME at RHIC
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With ~ 10 billion more AuAu events, if the central value
of the CME fraction stays the same,  the statistical
significance of STAR data is expected to reach 5σ

A lot of ongoing work by experimentalists and theorists



Broader connections:
Chiral fermions in Dirac & Weyl semimetals
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Recent reviews:

N.P. Ong and S. Liang, Nature Rev. Phys. (2021); P. Narang, C. Garcia, C. Felser, Nature Mat. (2021) 

Even number of space-time dimensions –
so chiral anomaly operates, can study CME!



CME in chiral materials 
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BNL - Stony Brook - Princeton - Berkeley

arXiv:1412.6543 [cond-mat.str-el] 

Nature Phys.
12 (2016) 550
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Q. Li et al,
Nature Physics 12, 550 (2016)
arXiv:1412.6543
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Parallel electric and magnetic fields source the chiral anomaly:

and thus the chiral chemical potential μ5 ~ ΕΒ τ

The CME current is J ~ μ5 B2 τ – longitudinal magnetoconductivity ~ B2 (at weak B) 
D. Son, B. Spivak ‘13



CME in chiral materials 
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Impressive results from other groups: arXiv:1503.08179

Science ‘15



Quantum computing with chirality: 
the chiral qubit 

The qubit can be controlled by the circularly polarized IR light
or external magnetic flux (for thin rings)

DK, Q.Li,
arXiv:1903.07133[quant-ph];
US pat. 10657456 
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Chiral Qubit: the Hamiltonian 

This Hamiltonian is identical to the Hamiltonian
            of the superconducting qubit!

An infinite tower of states (Dirac sea), all of which respond to
magnetic field (chiral anomaly): need to sum over all occupied states!

DK, Q.Li,
arXiv:1903.07133
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CME in chiral materials:
practical applications 
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Currently, CME has been established in dozens of
different chiral materials. Active ongoing work on 
applications beyond the academic domain,
including quantum sensors, quantum memories,
quantum transducers, and quantum qubits

|"⟩	|$⟩	

Φ



The chiral qubit

N	+	m	N	-	m	

Josephson	Tunneling	 k	

E	E	

Chiral	anomaly	

|"⟩	|$⟩	

|"⟩	|$⟩	

Φ

DK, Q. Li,  US patent  62/758,029  (2018); arXiv:1903.07133[quant-ph]; ongoing work

IBM-Q

55

?



Fascinating new intersections between
chirality and quantum information 
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Quantum entanglement between the jets! 

A.Florio, D. Frenklakh, K. Ikeda, DK, 
V. Korepin, S. Shi, K. Yu, arXiv:2301.11991; 
PRL, in press

Study this at RHIC and 
EIC!



Nonlinear chiral magnetic waves
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Chiral magnetic wave:
coupled oscillations of
electric and chiral charges
DK, H.U. Yee, ’10

Quantum simulation reveals
the existence of a novel 
nonlinear chiral magnetic
wave at large m/g

K. Ikeda, DK, S. Shi,
arXiv:2305.05685; subm. PRL



CME in the Early Universe
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Topological structure of QCD vacuum
and gravitational waves
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Collapse of P-odd 
bubbles in QCD plasma 
may lead to detectable 
gravitational waves
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Summary

1. Chiral Magnetic Effect is a direct probe of topology of gauge fields

2. CME in heavy ion collisions is a unique opportunity
       to detect in the lab the topological structure of 
       non-Abelian gauge theories. 

       This observation is possible with heavy ion collisions at RHIC; 
        conclusive results are expected very soon
    
3.   CME has been observed in many chiral materials,
       with important present and future applications that range 
       from THz sensors to quantum computers
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