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Outline

Ø RHIC-STAR experiment

Ø Background issue

Ø Invariant mass dep. of the Δγ correlator

Ø Δγ with respect to ΨRP (ZDC) and ΨPP (TPC)

Ø Summary and outlook

ΨRP:  reaction plane ; ΨPP:  participant plane 
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Chiral Magnetic Effect (CME)
Kharzeev, et al. NPA 803, 227 (2008)

electric charge separation along the B field

Ø Gluon configuration with non-zero topological charge (Qw) converts left
(right)-handed fermions to right (left)-handed fermions, generating electric 
current along B direction and leading to electric charge separation
Ø Experimentally,                                        used to search for the CME in
heavy ion collisions

γ = cos(φα +φβ − 2ψ RP )
Voloshin, PRC 70, 057901 (2004)
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The STAR detector

ØTime Projection Chamber    (ϕ=0-2π, |η|<1 )
Tracking - momentum

Ionization energy loss - dE/dx (particle identification) 

ØTime Of Flight detector       (ϕ=0-2π, |η|<0.9)
Timing resolution <100ps  - PID improvement
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Background issue

STAR, PRC 89,044908 (2014)

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

Ø Large Δγ = γOS - γSS correlator observed
Ø Measurements dominated by backgrounds
Ø How to address backgrounds?

FLUCTUATIONS OF CHARGE SEPARATION . . . PHYSICAL REVIEW C 88, 064911 (2013)
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FIG. 5. (Color online) Three-point correlator [Eq. (1)] measured
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 !2 results are consistent
within statistical errors. Shaded areas for the 2nd harmonic points
represent the systematic uncertainty of the event-plane determination.
Systematic uncertainties for the 1st harmonic points are negligible
compared to the statistical ones shown.

Before any possible interaction with the medium, the CME
is expected to generate equal correlation magnitudes for same
and opposite-charge pairs. It was previously 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
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FIG. 6. (Color online) Modulated sign correlations (msc) com-
pared to the three-point correlator versus centrality for Au + Au
collisions at

√
sNN = 200 GeV. Shown with triangles is the msc

[Eq. (5)]. The systematic uncertainties are shown in detail in Fig. 7.
Diamonds and circles show the three-point correlator [Eq. (1)] and
the gray bars reflect the conditions of "pT > 0.15 GeV/c and
"η > 0.15 applied to the three-point correlator, discussed in the text.
For comparison, the model calculation of THERMINATOR [21] is also
shown.

m
sc

∆ 4
10

-4

-2

0

2

4

020406080

  MEVSIM

/N2  -v

(b)

N∆ 4
10

-5

0

5

opposite charge
same charge
systematic error

(a)

Centrality (%)

FIG. 7. (Color online) The msc split into two composite parts
versus centrality for Au + Au collisions at

√
sNN = 200 GeV. Shaded

areas represent the systematic uncertainty owing to the event-plane
determination. For comparison with the "msc term, we also put
−v2/N and the model calculation of MEVSIM [24], described in the
text.

event plane owing to multiple scattering within the medium.
This is most likely to occur for the particle traversing the largest
path 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 symmetry.

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 opposite
signs for all centrality bins. This feature is expected from
the construction of the "N term owing to the relatively
large and approximately equal positive and negative charge
multiplicities. A model calculation including statistical + dy-
namical fluctuations of particle azimuthal distributions should
be performed to rule out P-even explanations. The "msc
term has a similar magnitude for same- and opposite-charge
correlations, indicating a charge-independent background for
the correlations. Thus, the source of the magnitude asymmetry
between 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 owing to momentum conservation 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 practice 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,
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STAR, PLB 798 (2019) 134975

ϕα, ϕβ, ϕc are the azimuthal angles of the charged particles measured by STAR TPC

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.
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Fig. 1. The γSS and γOS correlators in p + Au and d + Au collisions as a function 
of multiplicity, compared to those in Au + Au collisions [18,19,21]. Particles α, β , 
and c are all from the full TPC |η| < 1; no η gap is applied. The v2,c is obtained 
by two-particle cumulants with η gap of 1.0; results with η gaps of 0, 0.5 and 1.4 
are shown as dashed lines. Statistical errors are shown by the vertical bars and 
systematic uncertainties are shown by the vertical brackets. The horizontal brackets 
indicate the systematic uncertainty of the dNch/dη.

Fig. 2. The %γ correlator in p + Au and d + Au collisions as a function of multiplic-
ity, compared to that in Au + Au collisions [18,19,21]. The difference measures the 
charge-dependent correlations. The data points connected by solid lines are mea-
sured using %η gap of 1.0 in v2{2}. Dashed lines represent the results using v2,c
with η gaps of 0, 0.5 and 1.4.

The γSS and γOS results seem to follow a decreasing trend with 
increasing multiplicity in all systems.

Fig. 2 shows %γ as a function of multiplicity in p + Au and 
d + Au collisions, and, for comparison, in Au + Au collisions [18,
19,21]. The %γ decreases with increasing multiplicity in both sys-
tems. Large %γ values are observed in p + Au and d + Au col-
lisions, comparable to the peripheral Au + Au collision data at 
similar multiplicities. Our new p + Au and d + Au measurements 
demonstrate that background contributions could produce magni-
tudes of the %γ correlator comparable to what has been observed 
in Au + Au data, and thus offer a possible alternative explanation 
of the %γ measurements in Au + Au collisions without invoking 
CME interpretation.

If indeed dominated by background contributions, the %γ may 
be proportional to the average v2 of the background sources, as 
represented by Eq. (4). The v2 of the background sources likely 
scale with the v2 of the final-state particles that are measured. The 
background should also be proportional to the number of back-
ground sources, and because %γ is a pair-wise average, the back-
ground is also inversely proportional to the total number of pairs. 

Fig. 3. The measured two-particle cumulant v2{2} with η gap of 1.0 as a function 
of multiplicity in p + Au and d + Au collisions, compared to that in Au + Au colli-
sions [18,19]. The data points connected by solid lines are measured using %η gap 
of 1.0 in v2{2}. Results with η gaps of 0, 0.5 and 1.4 are shown in dash lines.

Fig. 4. The %γ ×dNch/dη/v2 in p + Au and d + Au collisions as a function of multi-
plicity, compared to that in Au + Au collisions [18,19,21]. The data points connected 
by solid lines are measured using %η gap of 1.0 in v2{2}. Dashed lines represent 
the results using v2,c with η gaps of 0, 0.5 and 1.4.

As the number of background sources likely scales with dNch/dη, 
thus %γ approximately scales with v2/dNch/dη. To gain more in-
sight, a scaled %γ observable is introduced:

%γscaled = %γ × dNch/dη/v2 . (5)

Since in our analysis there is no distinction between particles α, β
and c except the electric charge, the v2 in Eq. (5) is the same as 
v2,c . Fig. 3 shows the measured v2 by the two-particle cumulant 
method with various η gaps as a function of multiplicity in p +Au, 
d + Au collisions, together with results from Au + Au [18,19] col-
lisions. The results show that v2{2} is large in p + Au and d + Au
collisions, and comparable to Au + Au results. HIJING [48] simu-
lation studies of p + Au and d + Au collisions suggest significant 
contribution of nonflow correlations to v2 at very low multiplic-
ities. Evidence of contribution to v2 from collective flow has also 
been observed at RHIC and the LHC from long-range particle corre-
lations in small systems, especially at higher multiplicity [49–53].

Fig. 4 shows the scaled observable %γscaled as a function of 
multiplicity in p +Au and d +Au collisions, and compares to that in 
Au + Au collisions. Results with different η gaps for v2,c are also 
shown. The %γscaled in p + Au and d + Au collisions are similar 
to that in Au + Au collisions. For both small-system and heavy-
ion collisions, the %γscaled is approximately constant over dNch/dη, 
although within large systematic uncertainties. Since p + Au and 
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two-particle correlation
“2-p” 

v2

  

γ = cos(ϕα +ϕβ − 2ψ RP )

  =
Ncluster

Nα Nβ

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

Background

𝛥𝜸bkg

multiplicity
“N”

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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Ø Invariant mass dep. of the Δγ correlator

Ø Δγ with respect to ΨRP (ZDC) and ΨPP (TPC)

two-particle correlation
“2-p” 

v2

  

γ = cos(ϕα +ϕβ − 2ψ RP )

  =
Ncluster

Nα Nβ

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

Background
J. Zhao, H. Li, F. Wang, Eur. Phys. J. C (2019) 79:168
H.-J. Xu, et al, CPC 42 (2018) 084103 

𝛥𝜸bkg

multiplicity
“N”
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Ø Invariant mass dep. of the Δγ correlator

Ø Δγ with respect to ΨRP (ZDC) and ΨPP (TPC)

Ø Isobar collisions：
similar “N(~1% in MB)”, “2-p”, v2 (~2-3%) -> 

similar background (scaled ~v2 and 1/N)

two-particle correlation
“2-p” 

v2

  

γ = cos(ϕα +ϕβ − 2ψ RP )

  =
Ncluster

Nα Nβ

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

Background
J. Zhao, H. Li, F. Wang, Eur. Phys. J. C (2019) 79:168
H.-J. Xu, et al, CPC 42 (2018) 084103 

𝛥𝜸bkg

multiplicity
“N”

S. A. Voloshin, Phys. Rev. Lett. 105, 172301
W.T. Deng, et al, Phys. Rev. C 94, 041901(R)
H.J. Xu, et al, PRL 121 (2018) 022301 
H.L. Li, et al, PRC 98, 054907 (2018) 
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Invariant mass method
STAR, PRL 92,092301 (2004) F. Wang, J. Zhao, PRC 95,051901(R) (2017)

J. Zhao, et al, Eur. Phys. J. C (2019) 79:168 

Ø Resonance background: resonance decay + v2 è CME-like Δγ
Ø Can we remove/isolate the background?
Ø Exploiting invariant mass dependence of Δγ

Eur. Phys. J. C           (2019) 79:168 Page 3 of 8   168 
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Fig. 1 a Excess of opposite-sign (OS) over same-sign (SS) pion pairs,
and b!γ ≡ γOS −γSS as a function of pair invariant mass (minv). Used
are total 11 × 106 AMPT events of 200 GeV Au+Au collisions with
b = 6.8–8.2 fm

Figure 1a shows theminv distribution of the excess OS over
SS pion pairs (N ≡ NOS−NSS), with b = 6.8–8.2 fm (corre-
sponding to the 20–30% centrality of Au+Au collisions [60],
and average pion multiplicities Nπ+ ≈ Nπ− ≈ 210 within
|η| < 1). The ρ peak is evident; the lower mass peaks
are from Dalitz decays of η and ω mesons (the KS is kept
stable in AMPT). Figure 1b shows the !γ as a function
of minv. The ρ contribution is clearly seen in the ρ mass
region. Since no CME is present in AMPT, the finite !γ at
minv ! 2 GeV/c2 must be due to correlations from reso-
nance decays, or generally, correlated pion pairs. This has
been observed before [34,59]. For minv > 2 GeV/c2 where
resonance contribution to the OS over SS excess is small, the
!γ value is essentially zero, as expected.

Figure 2 shows the !γ in AMPT from all pairs and
!γ (minv > 2 GeV/c2) from pairs with minv > 2 GeV/c2.
The positive !γ is due to backgrounds; in !γ (minv >

2 GeV/c2) this background is essentially eliminated, and as
expected the result is consistent with zero. With the 11×106

AMPT events simulated for 200 GeV Au+Au collisions with
b = 6.6–8.2 fm, the inclusive !γ value is (8.1±0.1)×10−5,
and !γ (minv > 2 GeV/c2)= (− 0.6 ± 0.8) × 10−5. This
represents a null signal with an upper limit of 20% of the
inclusive !γ with 98% confidence level (CL).

2.2 A toy model study with finite CME

In light of the AMPT results, we propose to apply a lowerminv
cut in real data analysis to search for the CME. We illustrate
this point further by using a toy MC with input CME signal.
Our toy model generates primordial π±, KS , and resonances
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Fig. 2 The !γ as a function of impact parameter b in 200 GeV Au+Au
collisions by AMPT for all pion pairs (black markers) and for pairs with
minv > 2 GeV/c2 (red markers)

(ρ, η,ω), and decays the KS and resonances (via both two-
and three-body decays [51]). Particle kinematics are sampled
according to

d2N
dpT dηdφ

= d2N
2πdpT dη

(1 + 2v2 cos 2φ + 2a1 sin φ) , (2)

where a1 is the CME signal parameter [9]. The particle
dN/dy, pT spectra, and v2(pT ) correspond to the 40-50%
centrality of Au+Au collisions; they are as same as those used
in Ref. [61] except that the primordial pion pT spectra are
parameterized here with a better agreement with data at high
pT , and we have added KS . The pion multiplicities within
|η| < 1 are Nπ+ ≈ Nπ− ≈ 100 and those of primordial pions
are N prim

π+ ≈ N prim
π− ≈ 60. The KS multiplicity is taken to be

1/5 of the measured ρ’s [62], because some KS’s would have
both their decay pions reconstructed as primary particles in
experiments (such as STAR). We generate 200 × 106 events
with an input CME signal of overall strength a1 = ± 0.008
for primordial π±; for KS and resonances a1 = 0. Our input
CME is independent of the particle pT . This is supported by
a recent theoretical study [63], where the CME is insensitive
to pT once pT is above 0.2 GeV/c.

Figure 3a shows the relative OS pair excess, r(minv) ≡
(NOS−NSS)/NOS as a function ofminv from the toy MC. The
KS and ρ peaks are evident. Figure 3b shows the !γ (minv);
the KS and ρ contributions are clear. The inclusive !γ from
Fig. 3b is (24.5 ± 0.1) × 10−5; our input CME signal of
2a2

1 , diluted by (N prim
π /Nπ )

2, is 4.6 × 10−5, about 20% of
the inclusive !γ value. The !γ (minv) distribution in Fig. 3b
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 !γ (minv >

123

9
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Invariant mass method
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Ø Isobar collisions：
similar “N(~1% in MB)”, “2-p”, v2 (~2-3%) -> 

similar background (scaled ~v2 and 1/N)

expect:

observed:
Ø pion pair r (~1/N) different by ~3% with 20-

50% centrality

Ø v2 diff by ~1.5% (data v2 contain nonflow)

STAR, arXiv:2109.00131

10

S. A. Voloshin, Phys. Rev. Lett. 105, 172301
W.T. Deng, et al, Phys. Rev. C 94, 041901(R)
H.J. Xu, et al, PRL 121 (2018) 022301 
H.L. Li, et al, PRC 98, 054907 (2018) 
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Invariant mass method
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Ø Isobar collisions：
similar “N (~1% in MB)”, “2-p”, v2 (~2-3%) ->
similar background  (scaled ~v2 and 1/N)
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Ø Δγ w.r.t. TPC ΨEP (proxy of ΨPP ) and ZDC Ψ1 (proxy of ΨRP) contain 
different fractions of CME and background (Bkg)

H-J. Xu, et al, CPC 42 (2018) 084103, arXiv:1710.07265

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

( )cos2 PP RPa y yº -

Ø ΨPP maximizes v2

è v2 background

Ø ΨRP maximizes magnetic field strength              

è CME signal  

Ø ΨPP and ΨRP are correlated, but not 

identical due to geometry fluctuations

participant
spectator

ΨPP & ΨRP to resolve CME & Bkg

12
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ΨPP & ΨRP to resolve CME & Bkg
Ø ΨPP maximizes flow,                                     è flow background
Ø ΨRP maximizes the magnetic field (B) strength,      è CME signal  
Δγ w.r.t. TPC ΨEP (proxy of ΨPP ) and ZDC Ψ1 (proxy of ΨRP) contain different 
fractions of CME and Bkg

  

Δγ {ψ TPC}= CME{ψ TPC}+ Bkg{ψ TPC}
Δγ {ψ ZDC}= CME{ψ ZDC}+ Bkg{ψ ZDC}
CME{ψ TPC}= a *CME{ψ ZDC},  Bkg{ψ ZDC}= a * Bkg{ψ TPC}

RP
ψ

B
ψ

PP
ψ

b

Figure 1: (Color online) Sketch of a heavy ion collision projected onto the transverse plane
(perpendicular to the beam direction).  RP is the reaction plane (impact parameter, b)
direction,  PP the participant plane direction (of interacting nucleons, denoted by the solid
circles), and  B the magnetic field direction (mainly from spectator protons, denoted by
the open circles together with spectator neutrons).

small-system collisions [33, 30, 31], invariant mass study [34], and by new

observables [35, 36]. The lhc data seem to suggest that the cme signal is

small and consistent with zero [31, 32], while the situation at rhic is less

clear [8].

To better gauge background contributions, isobaric 96
44Ru+

96
44Ru (RuRu)

and 96
40Zr+

96
40Zr (ZrZr) collisions have been proposed [37] and planned at rhic

in 2018. Their QCD backgrounds are expected to be almost the same because

of the same mass number, whereas the atomic numbers, hence B, di↵er by

10%. These expectations are qualitatively confirmed by studies [38] with

Woods-Saxon (ws) nuclear densities; the cme signal over background could

be improved by a factor of seven in comparative measurements of RuRu and

ZrZr collisions than each of them individually. A recent study by us [39] has

shown, however, that there could exist large uncertainties on the di↵erences

in both the overlap geometry eccentricity (✏
2
) and B due to nuclear density

deviations from ws. As a result, the isobaric collisions may not provide a

clear-cut answer to the existence or the lack of the cme.

4

H-J. Xu, et al, CPC 42 (2018) 084103, 
arXiv:1710.07265

Two-component 
assumption 

  assume Bkg ∝  v2

a = v2 {ψ ZDC} / v2 {ψ TPC},  A = Δγ {ψ ZDC} / Δγ {ψ TPC}
Both are experimental measurements

13

fCME = CME{𝜓TPC}/𝛥𝛾{𝜓TPC} = (A/𝑎-1)/(1/𝑎2-1)
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fCME in Ru+Ru and Zr+Zr
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The CME signal relative to the inclusive∆γ{ψTPC}mea-
surement is then given by

fCME =
∆γCME{ψTPC}

∆γ{ψTPC}

=
A/a − 1

1/a2 − 1
,

(6)

where

A = ∆γ{ψZDC}/∆γ{ψTPC}. (7)

Note a and A are the only two inputs, both of which are42

experimentally measured.43

In this paper, we report v2 and ∆γ measurements with44

respect to ψZDC and ψTPC. We then use Eq. 6 to extract45

the possible CME signal.46

The data reported here were taken by the STAR ex-47

periment at the nucleon-nucleon center-of-mass energy48

of
√
sNN = 200 GeV and 193 GeV in year 2011, 2012,49

2014 and 2016. Total of 2.8 billions minimum-bias (MB)50

triggered events were used in the analysis. The STAR51

experiment apparatus is described elsewhere [? ]. The52

main tracking detector of the STAR experiment is the53

Time Projection Chamber (TPC) [? ? ]. It consists of a54

4.2 m long solenoidal cylinder concentric with the beam55

pipe, and was operated in a uniform 0.5 Tesla magnetic56

field along the longitudinal beam direction (z). Charged57

particles traversing the TPC ionize the TPC gas. The58

ionization electrons are drifted towards the TPC endcaps59

in a uniform electric field, provided by the high voltage on60

the TPC central membrane. The avalanche electrons are61

collected by the endcap padplanes, and together with the62

drift time information, provide three-dimensional space63

points of the ionization. Track trajectories are recon-64

structed from those points; at least 10 points out of65

maximally 45 points are required for a valid track. In-66

teraction primary vertex is reconstructed from charged67

particle tracks. The charged particle multiplicity with68

their distance of closes approach (DCA) to the primary69

vertex less than 3 cm and within pseudo-rapidity range70

of |η| < 0.5 are used to determine the event centrality.71

Events with primary vertices within 30 cm (year 2011,72

2012) or 6 cm (year 2014, 2016) longitudinally and 2 cm73

transversally from the geometrical center of the TPC are74

used. Tracks used for the analysis are required to have75

at least 20 points, and their DCA less than 1 cm. The76

fraction of points used to determine a track out of the77

maximum number of points allowed for the track by the78

TPC geometry is required to be greater than 0.52 to avoid79

track splitting. Particle momenta are determined by the80

track trajectories in the STAR magnetic field.81

In this analysis, the γ and v2 are calculated by:

γ = 〈cos(φα + φβ − 2ΨEP )〉/REP

v2 = 〈cos(2φα,β − 2ΨEP )〉/REP .
(8)

Here the ΨEP is the reconstructed event plane either82

from the TPC or from ZDC, and REP is the correspond-83

ing event plane resolution. Same charged particles are84

used for γ and v2 with pT from 0.2 to 2 GeV/c . To85

suppress the non-flow effects, each TPC event is divide86

into two sub-events with η > 0.05 and η < −0.05, where87

α and β are from one sub-event, and the event plane88

from the other. When using the combined ZDC east and89

west event plane, α and β are still from the same TPC90

sub-event to keep the same acceptance as the TPC event91

plane method. The REP for TPC (ZDC) event plane92

is calculated by the correlations between the two TPC93

(ZDC) sub-events.94

The systematic uncertainties are estimated by varia-95

tion of the required minimum number of points from 2096

to 15, and the DCA of the track from 1.0 cm to 2.097

and 0.8 cm. The η gap between the TPC east and west98

sub-events is varied from 0.1 to 0.3. In the systematic99

uncertainty estimation of each source, the statistical fluc-100

tuation effect arising from the change in the data sam-101

ple due to each variation is subtracted. For each source102

when multiple variations are assessed, the systematic un-103

certainty is taken as the quadratic average. The system-104

atic uncertainties from the above sources are added in105

quadrature for each dataset of the three runs. The three106

datasets are then combined assuming their systematic107

uncertainties are fully correlated. The effect from the108

pT-dependent TPC tracking efficiency correction is not109

taking into account (< 1%), which is largely cancelled110

out in parameters a and A in Eq. (5, 7).111

Figure ?? shows the measured v2 (left) and ∆γ (right)112

with respect to the ψZDC and ψTPC, as functions of the113

collision centrality. Figure ?? (left) shows the ratio of v2114

measured with respect to the ψZDC and that with respect115

to ψTPC, the a in Eq. 5, and the ratio of ∆γ (right),116

the A in Eq. 7, as functions of the collision centrality.117

Figure ?? (left) shows the centrality dependence of the118

A over a ratio in Eq. 5 and 7. Figure ?? (right) shows119

the centrality dependence of the extracted possible CME120

signal (fEP
CME) [? ] relative to the inclusive measurement,121

given by Eq. 6. The extracted average fEP
CME is (8 ± 4 ±122

3)% and (−5± 3± 3)% in 20-50% and 50-80% centrality,123

respectively, in Au+Au and U+U collisions.124

In summary, we report v2 and ∆γ measurements with125

respect to ψZDC and ψTPC. Assuming the CME and the126

background are proportional, respectively, to the mag-127

netic field squared and v2 projected onto the correspond-128

ing plane, we extract the possible CME signal. This is129

possible because ψZDC aligns better with the magnetic130

field and ψTPC aligns better with the v2 harmonic plane.131

Under these assumptions, the extracted possible CME132

signal relative to the inclusive ∆γ{ψTPC} measurement133

is (8± 4± 3)% and (−5± 3± 3)% averaged over 20-50%134

and 50-80% centrality, respectively, in Au+Au and U+U135

collisions.136

We thank the RHIC Operations Group and RCF at137
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Measurement of the possible chiral magnetic effect at the Relativistic Heavy Ion1

Collider2

Jie Zhao, Fuqiang Wang and STAR Collaboration3

(Dated: June 16, 2020)4

The chiral magnetic effect (CME) refers to charge separation along a strong magnetic field due to
imbalanced chirality of quarks in local parity and charge-parity violating vacua of nonzero topological
charge in quantum chromodynamics. The magnetic field is mainly produced by spectator protons in
heavy ion collisions, strongest perpendicular to the spectator plane (ψSP), while the major elliptic
flow background is determined by the participant geometry, largest in the participant plane (ψPP).
The ψSP and the ψPP can be assessed, experimentally in STAR, by the spectator neutrons in zero
degree calorimeters (ψZDC) and by mid-rapidity particles in the time projection chamber (ψTPC),
respectively. Measurements with respect to ψZDC and ψTPC can therefore determine the possible
CME signal (and the background). We report such determination using the azimuthal correlation
measurements in 200 GeV Au+Au and 193 GeV U+U collisions.

PACS numbers: 25.75.-q, 25.75.Gz, 25.75.Ld5

Metastable domains of fluctuating topological charges6

can change the chirality of quarks and induce local par-7

ity and charge-parity violation in quantum chromody-8

namics (QCD) [? ? ? ]. This would lead to electric9

charge separation in the presence of a strong magnetic10

field (B) a phenomenon known as the chiral magnetic ef-11

fect (CME) [? ? ]. Such a strong B may be present in12

non-central heavy-ion collisions, generated by the spec-13

tator protons at early times [? ? ]. Extensive theoretical14

and experimental efforts have been devoted to search for15

the CME-induced charge separation in heavy-ion colli-16

sions [? ? ? ] at RHIC and the LHC.17

The B direction is on average perpendicular to the18

reaction plane (ΨRP, span by the impact parameter di-19

rection and the beam). Neither the B direction nor the20

ΨRP is experimentally accessible. Often they are approx-21

imated by the spectator plane (ψSP) or the participant22

plane (ψPP). The ψSP is found to be a good proxy of23

the ΨRP, while the ψPP fluctuates significantly about the24

ΨRP [? ]. Experimentally, the ψSP could be assessed by25

the 1st order event plane from spectator neutrons, ψZDC,26

measured by the zero-degree calorimeters (ZDC) [? ].27

The ψPP can be assessed by the second order harmonic28

plane from final-state particle azimuthal distributions,29

ψTPC, measured by, e.g., the time projection chamber30

(TPC) in the RHIC-STAR experiment. The commonly31

used observable to measure the charge separation is the32

three-point correlator [? ]: γ ≡ cos(φα+φβ −2ψ), where33

φα and φβ are the azimuthal angles of particles α and34

β, respectively, and ψ is either ψZDC or ψTPC. Because35

of the charge independent correlation background (e.g.36

from global momentum conservation), often the correla-37

tor difference is used [? ], ∆γ ≡ γOS − γSS. γOS stands38

for the γ of opposite-sign pairs (where α and β have the39

opposite-sign electric charges) and γSS for that of same-40

sign pairs (α and β have the same-sign electric charge).41

Significant ∆γ is observed in heavy-ion collisions [?
? ? ? ] as well as in small system collisions [? ?

]. A difficulty in its interpretation as from the CME-
induced charge separation is the major charge-dependent
background contributions to ∆γ [? ? ? ? ? ? ], such
as those from resonance decays [? ]. These backgrounds
arise from the coupling of decay correlation and the flow
anisotropy,

∆γbkgd ∝ 〈cos(φα + φβ − 2φres.)〉v2,res. . (1)

The CME-driven charge separation is along the B di-
rection. The B is produced mainly by spectator protons,
and is therefore more aligned with the ψSP. The ma-
jor background to the CME is related to the elliptic flow
anisotropy (v2), determined by the participant geometry
and is therefore more aligned with the ψPP. In other
words, the v2 is stronger along ψPP and weaker along
ψSP, whereas the magnetic field is weaker along ψPP and
stronger along ψSP. The ∆γ measured with respect to
ψZDC and ψTPC, therefore, contain different amounts of
the CME and background, and can thus determine these
two contributions, as follows. Consider the measured ∆γ
to be composed of the v2 background and the CME sig-
nal:

∆γ{ψTPC} = ∆γCME{ψTPC}+∆γBkg{ψTPC},
∆γ{ψZDC} = ∆γCME{ψZDC}+∆γBkg{ψZDC}.

(2)

Assuming the CME is proportional to the magnetic field
squared and background is proportional to v2 [? ], both
projected onto the ψ direction, we have

∆γCME{ψTPC} = a∆γCME{ψZDC},
∆γBkg{ψZDC} = a∆γBkg{ψTPC},

(3)

where

a = 〈cos2(ψZDC − ψTPC)〉. (4)

The parameter a can be readily obtained from the v2
measurements:

a = v2{ψZDC}/v2{ψTPC}. (5)

Full-event:                                             sub-event:

fCME(Ru+Ru) = 0.29± 0.13± 0.01;      (fCME(Ru+Ru) = 0.12± 0.20± 0.00)   

fCME(Zr+Zr)    = 0.06± 0.08± 0.02;      (fCME(Zr+Zr)   =-0.01± 0.12± 0.03)

STAR, arXiv:2109.00131
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The chiral magnetic e↵ect (CME) refers to charge separation along a strong magnetic field due1

to imbalanced chirality of quarks in local parity and charge-parity violating domains in quantum2

chromodynamics. The experimental measurement of the charge separation is made di�cult by3

the presence of a major background from elliptic azimuthal anisotropy. This background and the4

CME signal have di↵erent sensitivities to the spectator and participant planes, and could thus5

be determined by measurements with respect to these planes. We report such measurements in6

Au+Au collisions at a nucleon-nucleon center-of-mass energy of 200 GeV at the Relativistic Heavy-7

Ion Collider. It is found that the charge separation, with the flow background removed, is consistent8

with zero in peripheral (large impact parameter) collisions. Some indication of finite CME signals is9

seen with a significance of 1–3 standard deviations in mid-central (intermediate impact parameter)10

collisions. Significant residual background e↵ects may, however, still be present.11

PACS numbers: 25.75.-q, 25.75.Gz, 25.75.Ld

Introduction. Metastable domains of fluctuating topo-12

logical charges can change the chirality of quarks and13

induce local parity and charge-parity violation in quan-14

tum chromodynamics (QCD) [1–3]. This would lead to15

an electric charge separation in the presence of a strong16

magnetic field, a phenomenon known as the chiral mag-17

netic e↵ect (CME) [2–5]. Such a magnetic field, as strong18

as 1018 G, may be present in non-central (nonzero impact19

parameter) relativistic heavy-ion collisions, generated by20

the spectator protons (i.e., those that do not participate21

in the collision) at early times [4–7]. While a finite CME22

signal is generally expected in those collisions [3, 4], quan-23

titative predictions beyond order-of-magnitude estimates24

are not yet at hand [8] despite extensive theoretical devel-25

opments over the last decade (see recent reviews [9–12]).26

Meanwhile, experimental e↵orts have been devoted to27

searching for the CME-induced charge separation at the28

Relativistic Heavy-Ion Collider (RHIC) and the Large29

Hadron Collider (LHC) (see reviews [10, 13–16]), includ-30

ing a dedicated run of isobar collisions at RHIC [17, 18].31

The commonly used observable to measure the charge32

separation is the three-point correlator [19], �{ } ⌘33

cos(�↵ + �� � 2 ) , where �↵ and �� are the azimuthal34

angles of particles ↵ and �, respectively, and  is that of35

either the spectator plane (SP) or participant plane (PP),36

defined by the beam and average transverse position of37

spectator or participant nucleons. Because of the charge-38

independent correlation backgrounds (e.g. from global39

momentum conservation), often the correlator di↵erence40

is used, ��{ } ⌘ �OS{ }� �SS{ } , where “OS” (“SS”)41

refers to the opposite-sign (same-sign) electric charges of42

particles ↵ and �. A CME signal, often characterized43

by the Fourier coe�cient a1 in the final-state azimuthal44

distributions of positive (+) and negative (�) hadrons,45

dN±
d�±

/ 1±2a1 sin(�±� )+2v2 cos 2(�±� )+· · · , would46

yield a magnitude of �� = 2a2
1
[19]. The v2 is the ellip-47

tic flow anisotropy arising from strong (partonic) inter-48

actions converting the initial geometric anisotropy of the49

participant nucleons into momentum-space anisotropy of50

final-state hadrons [20].51

Significant ��{ PP} and ��{ SP}, on the order of52

10�4, have indeed been observed in relativistic heavy-ion53

collisions [21–25]. The interpretation of �� originating54

from CME-induced charge separation is di�cult due to55

the presence of charge-dependent backgrounds, such as56

those from resonance decays [19, 26–30] via57

��bkgd / hcos(�↵ + �� � 2�res)iv2,res , (1)

where v2,res = hcos 2(�res �  )i is the resonance v2 rela-58

tive to  [31]. Moreover, comparable ��{ PP} has also59

been observed in small system collisions [32–34], where60

any CME-induced charge separation is expected to be61

randomly oriented relative to the  PP [32, 35] and thus62

unobservable in experiments. Because of those major63

backgrounds no firm conclusion can so far be drawn re-64

garding the existence of the CME in relativistic heavy-65

ion collisions. Various approaches have been applied to66

deal with the background [33, 36, 37]. In this paper, we67

present a search for the CME with a new approach first68

proposed in Ref. [38] and followed by Ref. [39].69

Methodology. The hypothesized CME-driven charge70

separation is along the magnetic field, mainly from spec-71

tator protons, and is therefore the strongest in the di-72

rection perpendicular to  SP. The major background to73

the CME is related to v2, determined by the participant74

geometry, and is therefore the largest along  PP. The SP75

and PP orientations do not coincide because of event-by-76

event geometry fluctuations [40, 41]. The ��{ SP} and77

��{ PP} measured relative to  SP and  PP, therefore,78

contain di↵erent amounts of the CME and background,79

and this o↵ers the opportunity to determine these two80

contributions uniquely [38]. Consider the measured ��81

to be composed of the v2 background (��bkgd) and the82

CME signal (��CME). Assuming ��bkgd is proportional83

to v2 (Eq. (1)) and the ��CME-inducing magnetic field is84

determined by spectators, both “projected” onto the  85

direction, we have ��CME{ PP} = a��CME{ SP} and86

��bkgd{ SP} = a��bkgd{ PP} [38]. Here the projection87

factor a = hcos 2( PP �  SP)i comes directly out of the88

α, β, 𝜓

α, β 𝜓

Full-event

Sub-event
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additional constraint using TPC
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Background scales with v2 and 1/N:STAR, arXiv:2109.00131

No overlap with allowed CME region, but “N” ratio not included in the predefined 𝑎’. Including it,
𝑎’/A’ = 0.990 ± 0.007, there would be overlap with allowed CME region (including fCME=0)

The “N”  diff. not 
corrected in the 
blind analysis

18

The quantity a0 can be safely assumed to be independent of minv, because the two isobar systems are similar. A CME
signature would be a positive measurement of the l.h.s. of Eq. (24):

��Ru+Ru � a0��Zr+Zr > 0 . (26)

Because the mass dependence of the CME signal is unlikely to di↵er between Ru+Ru and Zr+Zr collisions, such
a measurement would give unique insight on the mass dependence of the CME. Note Eq. (24) is valid for other
independent variables besides minv, such as the �⌘ described in the previous subsection.

D. �� with spectator and participant planes (approach-I)

This analysis makes use of the fact that the magnetic field driven signal is more correlated to the RP, in contrast to
flow-driven backgrounds which are maximal along the particpant plane (PP). The idea was first published in Ref. [? ]
and later discussed in Ref. [? ]. It requires measurement of �� with respect to the plane of produced particles, a proxy
for the PP, as well as with respect to the plane of spectators, a good proxy for RP. In STAR, the two measurements
can be done using  2 from the TPC and  1 from the ZDCs, respectively.

The approach is based on three main assumptions: 1) the measured �� has contributions from signal and back-
ground, which can be decomposed as �� = ��bkg +��sig, 2) the background contribution to �� should follow the
scaling ��bkg{zdc}/��bkg{tpc} = v2{zdc}/v2{tpc}, and 3) the signal contribution to �� should follow the scaling
��sig{zdc}/��sig{tpc} = v2{tpc}/v2{zdc}. The first one has been known to be a working assumption, widely used
for a long time [? ? ]. The second one is borne out by the fact that backgrounds come from particle correlations
whose sources are v2 modulated (see Eq. (4)) [? ? ? ? ]. The beauty of the method is that, because the TPC and
ZDC measurements are performed in identical events, all other factors contributing to �� (such as resonance decay
correlations and multiplicity dilution) cancel except v2. Nevertheless, non-flow e↵ects could potentially spoil the scal-
ing which requires quantitative investigations [? ]. The validity of the third assumption is studied and demonstrated
in Ref. [? ]. The reciprocal stems from fluctuations of RP and PP, whose relative azimuthal angle may be quantified
by a = hcos 2( pp � rp)i [? ].

Using all three assumptions, one can extract the fraction of possible CME signal in a fully data-driven way [? ],

fcme =
��cme{tpc}
��{tpc} =

A/a� 1

1/a2 � 1
, (27)

where

A = ��{zdc}/��{tpc} , (28)

and the a parameter can be determined by

a = v2{zdc}/v2{tpc} . (29)

The fcme given by Eq. (27) is the fraction of CME contribution to the ��{tpc} with respect to the TPC EP.
Such an analysis has been applied to existing Au+Au data, and a CME signal fraction of the order of 10% has

been extracted with a significance of 1–3� [? ]. We apply the same analysis to the isobar data as part of the blind
analysis. The fcme is extracted in each isobar system separately. The case for the CME in this analysis would be

fRu+Ru

cme > fZr+Zr

cme > 0 . (30)

One can get an additional constraint on fRu+Ru
cme and fZr+Zr

cme . Assuming in this blind analysis that the physics
background is proportional to v2 only,

(1� fRu+Ru
cme )��Ru+Ru

vRu+Ru

2
/NRu+Ru

=
(1� fZr+Zr

cme )��Zr+Zr

vZr+Zr

2
/NZr+Zr

, (31)

we obtain

fRu+Ru

cme =

✓
a0

A0

◆
fZr+Zr

cme +

✓
1� a0

A0

◆
, (32)

where

A0 = ��Ru+Ru/��Zr+Zr , (33)

19

a0 = (vRu+Ru

2
/NRu+Ru)/(vZr+Zr

2
/NZr+Zr) , (34)

and a0 is again given by Eq. (25). The quantity a0/A0 is the double ratio of

a0/A0 =
��Zr+Zr/(vZr+Zr

2
/NZr+Zr)

��Ru+Ru/(vRu+Ru

2
/NRu+Ru)

. (35)

The individual measurements of fRu+Ru
cme and fZr+Zr

cme by Eq. (27) and the constraint on their relationship by Eq. (32)
give quantitatively an allowed region of the CME signal fractions.

19

a0 = (vRu+Ru

2
/NRu+Ru)/(vZr+Zr

2
/NZr+Zr) , (34)

and a0 is again given by Eq. (25). The quantity a0/A0 is the double ratio of

a0/A0 =
��Zr+Zr/(vZr+Zr

2
/NZr+Zr)

��Ru+Ru/(vRu+Ru

2
/NRu+Ru)

. (35)

The individual measurements of fRu+Ru
cme and fZr+Zr

cme by Eq. (27) and the constraint on their relationship by Eq. (32)
give quantitatively an allowed region of the CME signal fractions.
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Compilation of all the results 

Δγ/v2 𝜿 =𝜟𝜸/(𝜟𝜹*v2): 

STAR, arXiv:2109.00131, 1 Sep 2021

Ø None of the predefined signatures have been observed in the blind analysis 
Ø Blind analysis assumes background ~ v2 only. Multiplicity effect should and 

will be taken into account
Ø Nonflow effect can affect the CME baseline and will be studied
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Upper limit ~15% Indications of finite signal in 20-50%, 1-3𝜎
possible remaining nonflow effects 

STAR, arXiv:2006.05035, 9 Jun 2020 STAR, arXiv:2106.09243, 17 Jun 2021
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b

Figure 1: (Color online) Sketch of a heavy ion collision projected onto the transverse plane
(perpendicular to the beam direction).  RP is the reaction plane (impact parameter, b)
direction,  PP the participant plane direction (of interacting nucleons, denoted by the solid
circles), and  B the magnetic field direction (mainly from spectator protons, denoted by
the open circles together with spectator neutrons).

small-system collisions [33, 30, 31], invariant mass study [34], and by new

observables [35, 36]. The lhc data seem to suggest that the cme signal is

small and consistent with zero [31, 32], while the situation at rhic is less

clear [8].

To better gauge background contributions, isobaric 96
44Ru+

96
44Ru (RuRu)

and 96
40Zr+

96
40Zr (ZrZr) collisions have been proposed [37] and planned at rhic

in 2018. Their QCD backgrounds are expected to be almost the same because

of the same mass number, whereas the atomic numbers, hence B, di↵er by

10%. These expectations are qualitatively confirmed by studies [38] with

Woods-Saxon (ws) nuclear densities; the cme signal over background could

be improved by a factor of seven in comparative measurements of RuRu and

ZrZr collisions than each of them individually. A recent study by us [39] has

shown, however, that there could exist large uncertainties on the di↵erences

in both the overlap geometry eccentricity (✏
2
) and B due to nuclear density

deviations from ws. As a result, the isobaric collisions may not provide a

clear-cut answer to the existence or the lack of the cme.

4

Results from Au+Au

Y. Feng et al., arXiv:2106.15595 

F. Wang’s talk @Nov. 2
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Connection between isobar and Au+Au
Y. Feng, Y. Lin, J. Zhao, and F. Wang, Phys. Lett. B 820, 136549 (2021)

Ø AVFD simulation: indicates smaller signal in isobar than Au+Au
Ø Isobar blind analysis: no predefined CME signatures have been 

observed
Ø STAR Au+Au data: (2.4B MB events) indicate a finite CME signal 

with 1-3𝜎 significance; Expect 20B from 2023+25 runs
Ø Isobar data and Au+Au data are not inconsistent

Bkg.       ~ 1/N     ~ 1/A
B. field   ~ A/A2/3 ~ A1/3

𝛥𝛾CME ~ B2 ~ A2/3

Background:  isobar/AuAu ~ 2
Signal:            AuAu/isobar ~ 1.5
fcme possibly a factor of ~3 reduction

Caveats: axial charge density 𝜇5/s, 
temperature dependent sphaleron transition 
can be different between isobar and AuAu
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Ø STAR Group-3 carried out the invariant mass and spectator
plane/participant plane analyses in the isobar blind analysis 

Ø No predefined CME signatures have been observed in the 
isobar blind analysis 

Ø For better understanding of the isobar data: multiplicity (“N”) 
effect will be taken into account. Nonflow effect on baseline 
will be studied

Ø STAR Au+Au data (2.4B MB events) indicate a finite CME 
signal with 1-3𝜎 significance; Expect 20B from 2023+25 runs

Ø Isobar data and Au+Au data are generally 
understood/expected under the same overall picture

Summary and outlook

Thanks to BNL, RHIC operation and RCF, ORNL, RIKEN, and everyone involved in the isobar program !


