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QCD vacuum

Ø Transition between QCD vacuum states by instanton/sphaleron mechanism. 
Ø Topological ‘t Hooft 𝜽-vacuum: (1) Axion (static),   (2) CME (dynamical), …

Ø Fluctuations of topological charge (Qw~NL-NR) in QCD, “Winding number”
Ø Non-zero Qw≠0 introduce chirality imbalance (NL≠NR), local P/CP violation 

fluctuations of topological charge

Derek Leinweber
D. Kharzeev et al., PRL. 81, 512 (1998) 
Dimitri Diakonov, PPNP, 51, 173-222, (2003)

The volume of the box is 2.4 x 2.4 x 3.6 fm 
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 M = M CP
Weak interaction            too small

No             is observed in strong interaction

The strong CP problem

CP
CP

Kharzeev, Pisarski, Tytgat, PRL 81 (1998) 512; Kharzeev, et al. NPA 803 (2008) 227

The strong CP problem

  M ≫ M

Ø Strong magnetic field

Ø Quark degree of freedom, χ-symmetry

Ø QCD vacuum fluctuations, 

Topological gluon field, Qw≠0.

Ø Local P, CP violations
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How to measure CME?

The sign of Qw can vary event to event and domain to domain   è
one has to measure correlations

S. A. Voloshin, Phys.Rev. C 70 (2004) 057901 B
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π-            π-
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φ represents the azimuthal angle
α, β denote the charge of the particles, with combination of +-(-+), ++, --

γ +− = cos(π + +π − − 0) = cos(360°) = +1
γ ++ = cos(π + +π + − 0) = cos(180°) = −1
Δγ = γ +− − γ ++/−− = 2 > 0

same-sign (++/--) pairs go together, 
opps.-sign (+-/-+) pairs back-to-back

ΨRP

φ
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Ø Qualitatively consistent with CME expectations

STAR collaboration, PRL 103(2009)251601;  PRC 81(2010)54908;  PRC 88 (2013) 64911

Early measurements

uR

dR dR

uR

QW≠0

++/-- pairs go together, 
+-/-+ pairs back-to-back



J. Zhao极端核物质前沿研讨会，宜昌 6

ØBackground from two-particle correlation coupled with v2
ØRemove background by selecting on v2=0 (event shape)

Background?

two-particle correlation v2

π+

π-

ρ

-,-,-,-

+,+,+,+

ΨRP

B

CME

γ +− = cos(π + +π − − 0) = cos(0°) = +1
Δγ > 0

γ +− = cos(π + +π − − 0) = cos(360°) = +1
Δγ > 0 CME Decay BKG.≈

  

γ = cos(ϕα +ϕβ − 2ψ RP )

  =
Ncluster

Nα Nβ

cos(ϕα +ϕβ − 2ϕcluster )cos(2ϕcluster − 2ψ RP )

S. A. Voloshin, PRC 70, 057901 (2004)
F. Wang, PRC 81, 064902 (2010)
A. Bzdak, V. Koch and J. Liao, PRC 83, 014905 (2011)
S. Schlichting and S. Pratt, PRC 83, 014913 (2011)
F. Wang, J. Zhao, PRC 95,051901(R) (2017)
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Background issue, event-by-event v2

MEASUREMENT OF CHARGE MULTIPLICITY ASYMMETRY . . . PHYSICAL REVIEW C 89, 044908 (2014)
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FIG. 12. The values of !⟨A2⟩ − !⟨A+A−⟩, scaled by Npart, as a
function of the measured average elliptic anisotropy ⟨vobs

2 ⟩ in Au + Au
collisions. The centrality bin number is labeled by each data point, 0
for 70–80% up to 8 for 0–5%. The error bars are statistical only.

opposite-sign pairs, and the same- and opposite-sign difference
may be dominated by physics backgrounds. For example, local
charge conservation will naturally cause differences between
the same- and opposite-sign pairs [29]. In fact, the results
shown in Fig. 4 indicate that the centrality dependence of the
asymmetry correlations is similar to the centrality dependence
of the elliptic anisotropy. This is more clearly shown in Fig. 12,
where the difference between the same- and opposite-sign
results (scaled by Npart) is plotted as a function of the measured
average elliptic anisotropy in each centrality bin. The depen-
dence is roughly linear; the lines in Fig. 12 show two linear
fits, one with the intercept fixed at zero and the other with the
intercept as a free parameter. If the charge separation is indeed
a correlation background, then the approximate proportionality
suggests that the charge-dependent correlation strength is
insensitive to centrality. However, the apparent linear relation-
ship does not necessarily mean that the charge separation must
be an anisotropy related background. Because the CME and
the average anisotropy are both functions of centrality, they
can be indirectly related resulting in an apparent relationship
between the charge separation and the average anisotropy.

In order to gain further insights, one wants to fix the
centrality, hence, the possible CME, and vary the event
anisotropy. This can be achieved by the study in Fig. 7 of
the asymmetry correlations as a function of the event-by-event
elliptic anisotropy of the measured particles. Figure 7 suggests,
given a fixed range of centrality, that the bulk event structure
may have a significant effect and the backgrounds for same-
and opposite-sign pairs may indeed differ. The results in Fig. 7
could be interpreted as follows. The values of δ⟨A2

LR⟩ decrease
with increasing vobs

2 , while the values of δ⟨A2
UD⟩ increase. The

trends of δ⟨A2
LR⟩ could result from a relative abundance of

back-to-back same-sign pairs in plane rather than out of plane.
The more abundant back-to-back pairs in-plane give a larger
vobs

2 and reduce the LR asymmetry, thereby decreasing δ⟨A2
LR⟩.

Likewise, the δ⟨A2
UD⟩ trends could result from a reduction in

the back-to-back same-sign pairs out of plane rather than in
plane, which increases both the vobs

2 and δ⟨A2
UD⟩. The vobs

2
dependencies in δ⟨A+A−⟩UD and δ⟨A+A−⟩LR are significantly
weaker. The trends seem to be opposite from those in δ⟨A2

UD⟩
and δ⟨A2

LR⟩. This may stem from the different nature of the
correlations between opposite-sign pairs (small-angle) and
same-sign pairs (back-to-back). These behaviors of δ⟨A2⟩ and
δ⟨A+A−⟩ with vobs

2 may be in-line with suggestions that those
charge correlations arise from cluster particle correlations
overlaid with elliptic anisotropy [28,29].

Figure 13 (left panel) shows the difference between same-
and opposite-sign correlations, ! = !⟨A2⟩ − !⟨A+A−⟩, as a
function of the event-by-event vobs

2 in 20–40% central Au + Au
collisions. At large positive vobs

2 , !⟨A2⟩ > !⟨A+A−⟩ is
consistent with the CME. It is possible that at significantly
negative vobs

2 , the reconstructed EP may be orthogonal to,
rather than aligned with, the real reaction plane so UD and
LR are flipped. As a result, the negative ! would really
be positive if calculated related to the true reaction plane.
This would also be consistent with the CME. On the other
hand, for events with modest negative vobs

2 > −0.1, it is found
by the subevent method that the EP resolution is relatively
well defined (see Fig. 25 in Appendix B 6). However, in
the region −0.1 < vobs

2 ! 0, the values of ! are negative.
This suggests that the CME, which should give !⟨A2⟩ >
!⟨A+A−⟩, cannot be entirely responsible for the present
observations.
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FIG. 13. (Color online) ! = !⟨A2⟩ − !⟨A+A−⟩ as a function of vobs
2 , the event-by-event elliptical anisotropy of particle distributions

relative to the second-harmonic event plane reconstructed from TPC tracks (left panel) and the first harmonic event plane reconstructed from
the ZDC-SMD neutron signals (middle panel) in 20–40% central Au + Au collisions. Right panel: Average ! for events with |vobs

2 | < 0.04
relative to the TPC event plane as a function of centrality. The error bars are statistical only.

044908-13

STAR, PRC 89,044908 (2014) F. Wang, J. Zhao, PRC 95 (2017) 051901(R)
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Ø Charge correlator linear as function of event-by-event v2 (v2
obs or v2,ebye)

Ø suggests large v2 background contributions
Ø By selecting the events with v2

obs = 0, the correlator is largely reduced, 
but not totally eliminated, as background ~ v2,𝝆 not v2,𝝅
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Ø Invariant mass method

ØΔγ with respect to ΨRP (ZDC) and ΨPP (TPC)
ØCME in isobar collisions 

S. A. Voloshin, Phys. Rev. C 70 (2004) 057901

Search for the CME
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STAR, Phys. Rev. C 106 (2022) 034908
J. Zhao, H. Li, F. Wang, EPJC (2019) 79:168

Ø Identify the background by invariant mass of α+β pairs
ØExplicit demonstration of “resonance” background

Invariant mass method
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Ø  CME signal fraction is ~15% at 95% C.L.

Isolate the CME from background
STAR, Phys. Rev. C 106 (2022) 034908 

γ∆ / inclusive γ∆Bkg subtracted 
-30% -20% -10% 0% 10% 20% 30%

run11

run14

run16

combined

 = 200 GeV (20-50%)NNsAu+Au 

:0.2-0.8 GeV/c
T

 p±π TPC sub-event

STAR preliminary

J. Zhao, H. Li, F. Wang, EPJC (2019) 79:168

Bkg. shape: ΔγA – ΔγB  (A,B select by q2) 

Fit Δγ = k*(ΔγA-ΔγB) + CME 
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Use ΨPP and ΨRP to solve Bkg and CME

Ø Δγ w.r.t. TPC ΨEP (proxy of ΨPP ) and ZDC Ψ1 (proxy of ΨRP) contain 
    different fractions of CME and Bkg

H-J Xu, J. Zhao, X. Wang, H. Li, Z. Lin, C. Shen and F. Wang, CPC 42 (2018) 084103 
H-J Xu, X. Wang, H. Li, J. Zhao, Z. Lin, C. Shen and F. Wang, PRL 121 (2018) 022301 

B. Alver et al. (PHOBOS) , PRL 98, 242302 (2007).

Ø ΨPP maximizes v2, 

     è        v2 background

Ø ΨRP maximizes the magnetic field (B),               

è        CME signal  

Ø ΨPP and ΨRP are correlated, but not 

identical due to geometry fluctuations
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Δγ with respect to ΨPP and ΨRP 
STAR collaboration, PRL. 128, 092301 (2022)

Ø possible CME signal is 5-10% of the early measurements, 
with1-3σ significance，may still have non-flow contributions

Ø rigorous non-flow study under investigation
Ø Expect 20B from 2023+25 runs, more precise conclusion

Y. Feng 
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Isobars idea: 
ü similar shape -> similar background, 
ü different Z -> different magnetic field -> change in CME signal 

STAR , Phys. Rev. C 105 (2022) 14901
S. A. Voloshin, Phys.Rev. Lett. 105, 172301 (2010)
W-T Deng, X-G Huang, G-L Ma, and G. Wang Phys. Rev. C 94, 041901(R) (2016)

CME in isobar collisions 

D. E. Kharzeev, J.F. Liao, Nature Rev.Phys. 3 (2021) 1, 55-63
S. Shi，H. Zhang, D. Hou, J.F. Liao, Phys. Rev. Lett. 125 (2020) 242301
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STAR , Phys. Rev. C 105 (2022) 14901

Bkg.    ~ 1/N  ~ 1/A
𝛥𝛾CME  ~ B2    ~ A2/3 (B. field   ~ A/A2/3  ~ A1/3)
Background:  isobar/AuAu ~ 2
Signal:            AuAu/isobar ~ 1.5 
fcme possibly a factor of ~3 reduction

AVFD simulation: indicates smaller signal in 
isobar than Au+Au

Ø None of the predefined signatures have 
been observed in the blind analysis 

Ø Blind analysis assumes background ~ v2 
only. Multiplicity, nonflow effect.

Y. Feng, F. Wang, etal., Phys. Lett. B 820, 136549 (2021)

CME in isobar collisions 

STAR , Phys. Rev. C 105 (2022) 14901



J. Zhao极端核物质前沿研讨会，宜昌 15*

Ø Data are consistent with estimated baseline. 

Ø CME fraction upper limit ∼ 10% at 95% CL 

Rough estimate:
Data + baseline uncertainty ∼ 0.7% 
Assuming B2 difference 15%
fcme uncertainty ∼ 0.7%/15% ∼ 5% → 
2σ upper limit ∼ 10% 

STAR, Phys. Rev. C  110, 014905 (2024)
STAR, Phys. Rev. R 6, L032005 (2024)

Isobar background baseline 
Y. Feng QM23
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photon-nuclear background

Ø photon-nuclear backgrounds ~ EM field, mimic CME

Ø different from the conventional flow background ~ v2

Ø produce negative contribution to ∆γ ~ - 0.2%

Ø distinct kinematic (nuclear size):  pT< 100 MeV, remove

Isaac Upsal, DNP2022 STAR, Sci. Adv. 9, eabq3903 (2023) 4

X. Wu, et al., Phys. Rev. Res. 4, L042048 (2022) 

Jing Gu, et al., Phys. Rev. C 113, 044914 (2026)



J. Zhao极端核物质前沿研讨会，宜昌 17*

Summary

ØThe Chiral Magnetic Effect (CME) is extremely   

important in QCD

ØThe possible CME signal ~5-10% of the early 

measurements, with 1-3σ significance, non-flow may 

still be present. 

ØRHIC 2023-2025, more Au+Au data


