
1

Chiral Magnetic Effect
in heavy ion collisions:

where do we stand, and what needs to be done?
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We are not very pleased when we are forced 
to accept a mathematical truth by virtue of 
a complicated chain of formal conclusions and 
computations, which we traverse blindly, link by link,
feeling our way by touch. 

We want first an overview of the aim and of the road;
we want to understand the idea of the proof, 
the deeper context.

Hermann Weyl, 
“Levels of infinity”



What is the “deeper context” of CME 
search in heavy ion collisions?

Detecting quantum vacuum transitions! 
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θ vacuum:

a beautiful amalgam
of geometry and 
quantum theory
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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: 
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Vacuum transitions 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. 
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Vacuum transitions and the origin of Matter-Antimatter
asymmetry in the Universe



V.A. Rubakov
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Elephants in hot non-Abelian plasma

How many 
elephants are
there in
the plasma
at T~Melephant ?

Multi-particle field 
configurations can
be excited thermally





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, 𝑇𝐸𝑊 ≈ 160 𝐺𝑒𝑉 ~ 1015 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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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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The challenge:
How to separate the fluctuations induced by
vacuum transitions from mundane background?

Searching for elephants in heavy ion collisions:  
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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)



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

Review + Compilation of the recent data: DK, J. Liao, Nature Reviews (Phys.) 3 (2021) 55



STAR Collaboration

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

Big new development: the isobar run!
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Isobars: same shape = same background(?), 
different Z = different magnetic field – change in signal



CME search in 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 in isobar collisions at RHIC



CME search in isobar collisions at RHIC



DK, J. Liao, S. Shi, Phys Rev C 106 L051903 (2022)

CME search in isobar collisions at RHIC:
a theory analysis

Talks by S. Shi and J. Liao

Isobar results are consistent
with the CME fraction of 

Post-blinding STAR analysis
is urgently needed!



New AuAu@200 GeV STAR 
results
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New AuAu@200 GeV STAR 
results
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New idea: shear-induced CME

Shear-induced polarization is likely to contribute to
the observed Λ:                                          

talk by F. Becattini

Talk by S. Shi
M. Buzzegoli, DK, Y.-C. Liu, S. Shi, S. Voloshin, H.-U. Yee, 
Phys Rev C 106 L051902 (2022)

What about shear-induced CME (siCME)?

M.Buzzegoli, F.Becattini,
G.Inghirami, Y. Karpenko,
A.Palermo, QM 2022



Shear-induced CME
Talk by S. Shi

M. Buzzegoli, DK, Y.-C. Liu, S. Shi, S. Voloshin, H.-U. Yee, 
Phys Rev C 106 L051902 (2022)

In fact, it appears in second-order chiral MHD: 

DK, H.-U.Yee,
Phys Rev D84, 045025
(2011)



Shear-induced CME
Talk by S. Shi

M. Buzzegoli, DK, Y.-C. Liu, S. Shi, S. Voloshin, H.-U. Yee, 
Phys Rev C 106 L051902 (2022)

How can a current perpendicular to ω arise from the anomaly?

Anomalous Ward identities
are exact at operator level,
but matrix elements can 
be modified by the medium.

Rotation of vorticity by 
the shear flow
(tornado formation,…)



Shear-induced CME
Talk by S. Shi

M. Buzzegoli, DK, Y.-C. Liu, S. Shi, S. Voloshin, H.-U. Yee, 
Phys Rev C 106 L051902 (2022)

Signature:

charge asymmetry of 
the triangular flow!



Summary

1.  CME in heavy ion collisions is a unique opportunity
to observe in the lab topological vacuum transitions

2.  CME is not excluded by isobar results (?)
STAR post-blinding analysis of the isobar data is urgently
needed!

3. With an expected order-of-magnitude increase in statistics,
AuAu data analysis should allow to draw a definite conclusion
about CME in heavy ion collisions


