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The Chiral Magnetic Effect

Kenji Fukushima, Dmitri Kharzeev, H.Warringa, PhysRevD.78.074033


recent reviews:

Chiral magnetic effect reveals the topology of gauge fields in heavy-ion collisions


Dmitri Kharzeev, Jinfeng Liao, Nature Review Physics 3 (2021) 1, 55-63

Chapter in QGP6


Dmitri Kharzeev, Jinfeng Liao, Prithwish Tribedy, 2405.05427
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⇒ lower energy if moving along B field direction

 ⃗J = σA μA
⃗B

⊙ ⃗B ∼ 1015TFor right-handed particles w/ positive charge: 

1.    

2.   

p⃗ ∥ ⃗S ∥ ⃗μ

Energy = − ⃗μ ⋅ ⃗B ∝ − p⃗ ⋅ ⃗B

Chiral Magnetic Effect 2



Same 
Baryon #
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Proton #
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44 Ru96
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expectation before the isobar collisions:
Correlator[Ru] > Correlator[Zr] 
Correlator[Ru] = Correlator[Zr] 

CME
no CME
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Expectation of the baseline failed!!!

STAR, PhysRevC.105.014901

No CME signature that satisfies the 
predefined criteria has been observed  No CME≠

measuring CME in isobar 3
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Dmitri Kharzeev, Jinfeng Liao, SS, PhyRevC.106.L051903

updates in experiment: controlling background

Full-event Sub-event

STAR Isobar,
[M. Abdallah et al. (STAR), Phys. Rev. C 105 (2022) 014901]

√sNN = 200 GeV,   Ru+Ru / Zr+Zr,   20-50% STAR Preliminary 
Forced match

 DATA ⊕ HIJING background estimate
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challenges in accurate, first-principle calculation 5

⃗J = σA μA
⃗B

magnetic field: life time  + medium feedback∼ R/γbeam
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AVFD model: Jinfeng Liao, SS + Hou, Jiang, Lilleskov, Yin, Zhang, 

ChinPhysC.42.011001, Annals Phys.394.50, PhysRevLett.125.242301
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J(t)/E(t)

Crucial: short vacuum life time 
 non-equilibrium magnetohydro⇒



independent probes of magnetic field 6

+ N. Benoit, TUE 12:15,  Parellel IV
+ K. Kushwah, TUE 11:35,  Parellel IV

Zhan Zhang, TUE 11:15,  Parellel IV

pT  broadening by B field  
(in photonuclear process)

can independent probes nail 
down uncertainties in B field?



lower beam energy — long lifetime 7
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background subtraction methods in experiment: shape engineering

(I)

(II) Event Plane vs Spectator Plane comparison

Test background in no-CME experiments? e.g. 5.02 TeV PbPb
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A machine-learning extraction

Alex Akridge, Yu Guo, J. Liao, SS, Hongxi Xing, Hui Zhang, in prep.
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STAR, PhysRevC.113.014912

our analysis



more opportunities from machine learning 8

Aihong Tang, TUE 14:35,  Parellel IV

signal extraction w/ Transformer
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Hirono, Ikeda, Kharzeev, Ziyi Liu, SS, 

PhyRevC.112.L051904

“optimal” obs. trained w/ exp.

OPb+Pb@5.02TeV → 0
ORuRu − OZrZrmaximize

ORuRu ≈ 1.2 OZrZr?check:

O = L2i c2i+Bi,j ci cj
param. to be trained

harmonic coefficients



more physics opportunities? 9

correlation between  and  helicity?a+
1 Λ

a+
1 ∝ μ5



spin polarization

Angular Velocity: ω ~ 1021 Hz 

spinrotation
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plasma 
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beam fragment 

Λ 

BBC 
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⊙ ⃗L ∼ 104−5ℏ

Zuo-Tang Liang, Xin-Nian Wang, PhysRevLett.94.102301 STAR, Nature 548 (2017) 62-65
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polarization along out-of-plane direction

Assuming equilibrium of the spin degrees of freedom,  
global polarization rate can be well understood by theo. models.

$µ⌫ ⌘ 1

2

⇣
@⌫

uµ

T
� @µ

u⌫

T

⌘

<latexit sha1_base64="15NikvsPjItAFSe1cIFIbg01yJ0="></latexit>

Slide from Xu-Guang Huang's QM19 Plenary Talk
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  - (Hydro)  F. Becattini & I. Karpenko, PRL 2018 
Similarly in other modelsSTAR

Local longitudinal polarization 
due to collective flow

𝝓-𝞧2

polarization along beam direction 12



transport of spin dof: macroscopic
macroscopic approach: conservation law + second law of thermodynamics

Fate of spin polarization in a relativistic fluid: An entropy-current analysis

Koichi Hattori, M.Hongo, Xu-Guang Huang, M.Matsuo, H.Taya, Phys.Lett.B 795 (2019) 100-106

Cross effects in spin hydrodynamics: Entropy analysis and statistical operator

Jin Hu, PhysRevC.107.024915

13

Spin hydrodynamics and symmetric energy-momentum tensors – A current induced by the spin vorticity

	 	 	 Kenji Fukushima, Shi Pu, Phys.Lett.B 817 (2021) 136346

Transport coefficients are sensitive to microscopic details

Relativistic viscous hydrodynamics with angular momentum

Duan She, Anping Huang, Defu Hou, Jinfneg Liao, Sci.Bull. 67 (2022) 2265



Microscopic: 

distribution function

Macroscopic: 

conserved (hydrodynamic)  
currents

Jμ(x), Tμν(x), Sμνλ(x)Wab(x, p) ≡ ⟨∫ d4y ei p ⋅ y
ℏ ψ̄b(x +

y
2

)ψa(x −
y
2

)⟩ ,

Non-Equilibrium Effect

Vortical+Magnetic Effect

transport of spin dof 14
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a 4×4 matrix, decomposed in Clifford basis

Wigner Function

W =
1
4 (ℱ+i𝒫γ5+𝒱μγμ+𝒜μγ5γμ +

1
2

ℒμνσμν),

Wab(x, p) ≡ ⟨∫ d4y ei p ⋅ y
ℏ ψ̄b(x +

y
2

)ψa(x −
y
2

)⟩ ,

transport of spin dof: microscopic 15



a 4×4 matrix, decomposed in Clifford basis

Wigner Function

Huang, SS, Jiang, Liao, and Zhuang, PhysRevD.98.036010 
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Wab(x, p) ≡ ⟨∫ d4y ei p ⋅ y
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y
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y
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γμ(iℏ∂μ − QAμ) ψ(x) = 0

Dirac Equation

Boltzmann equation
Lorentz force

𝒥μ
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𝒱μ ± 𝒜μ
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= [pμδ(p2)±ℏδ(p2)

ϵμνλρpνnλ

2p ⋅ n
∇ρ±ℏQδ′￼(p2) F̃ μνpν]f± ,

chiral vortical effect + spin polarization

chiral magnetic effect

0 = δ(p2∓ℏQ
p ⋅ B
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p]f± .

transport of spin dof: microscopic 15



a 4×4 matrix, decomposed in Clifford basis

Wigner Function Hydrodynamic Quantities:

W =
1
4 (ℱ+i𝒫γ5+𝒱μγμ+𝒜μγ5γμ +

1
2

ℒμνσμν),

Wab(x, p) ≡ ⟨∫ d4y ei p ⋅ y
ℏ ψ̄b(x +

y
2

)ψa(x −
y
2

)⟩ , Jμ ≡ ⟨ψ̄γμψ⟩ = ∫
d4p

(2π)4
𝒱μ ,

Tμν ≡ ⟨ψ̄(iγμ∂ν)ψ⟩ = ∫
d4p

(2π)4
pμ𝒱ν ,

Sλμν ≡
1
4

⟨ψ̄{γλ, σμν}ψ⟩ =
ϵλμνσ

2 ∫
d4p

(2π)4
𝒜σ ,

transport of spin dof: macroscopic 16
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Chiral-viscous hydrodynamic equations

SS, Gale, and Jeon, PhysRevC.103.044906

transport of spin dof: macroscopic 16
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summary

- non-equilibrium magnetohydrodynamics 

- background models of CME can/shall be tested 

- systematic understanding vector meson spin alignment 

Full-event Sub-event

STAR Isobar,
[M. Abdallah et al. (STAR), Phys. Rev. C 105 (2022) 014901]

√sNN = 200 GeV,   Ru+Ru / Zr+Zr,   20-50% STAR Preliminary 
Forced match
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