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

Big new development: the isobar run, results to follow!
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Isobars: same shape = same background, different Z = different magnetic field – change in signal?
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CME and the “Gamma” correlator

2

 The sign of the correlations is sensitive to the 
“direction” (in- or out-of-plane), the background is 
suppressed (Bin-Bout) at least by a factor of v2  < 10-1.

Effective particle distribution
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Such a strong B field may influence the dynamics of QGP
Chirality imbalance + magnetic field = chiral magnetic e↵ect
(CME) (Kharzeev 2004, Kharzeev, Mclerran, Warringa, Fukushima 2007-2008):

JV =
Nce

2⇡2
µAB

Phenomenology: charge-charge azimuthal correlation. Voloshin 2004,

STAR@RHIC 2009-2014, ALICE@LHC 2012-2014

Signal for local parity violation of QCD?! Need more theoretical and
experimental studies on the backgrounds. (Liao, Bzdak, and Koch
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Combining everything together,

(!γ /v2)SP

(!γ /v2)c
= 1 + f CME

PP

(
⟨cos(2"2,B − 2ψ1,SP )⟩

〈
v2

2,PP

〉

⟨cos(2a − 2ψ1,SP )⟩v2{"2,B}
− 1

)

,

(11)

where

f CME
PP =

⟨cos(α + β − 2c)⟩CME

⟨cos(α + β − 2c)⟩
(12)

is the fraction of the CME signal in the three-particle cor-
relator measured relative to the second harmonic participant
plane. The angle ψ1,SP fluctuates around the spectator plane
"1,SP, but one can see that in Eq. (11) the corresponding event
plane resolution factors cancel out and

(!γ /v2)SP

(!γ /v2)c
= 1 + f CME

PP

(
⟨cos(2"2,B − 2"1,SP )⟩

〈
v2

2,PP

〉

v2{"1,SP}v2{"2,B}
− 1

)

,

(13)

where v2{"1,SP} = ⟨cos(2a − 2"1,SP )⟩.

III. DISCUSSION

To proceed further, one has to make assumptions about
the relative orientations of three angles, "2,PP, "1,SP, and
"2,B. A few reasonable scenarios are discussed below. First,
it is instructive to compare the centrality dependence of
v2{2}, v2{4}, and v2{"1,SP} [16]. Recall also that to a good
approximation (exact in the so-called Gaussian model of ec-
centricity fluctuations [15]), v2{4} measures the flow relative
to the true reaction plane. Experimentally [16] in midcentral
collisions, centrality ≈ 40–50%, v2{"1,SP} is very close to
v2{4}; it is much closer to v2{2} in central, <10%, collisions.
A possible interpretation of that would be that the spectator
plane is close to the reaction plane in midcentral collisions
and close to the participant plane in central collisions.

Having this in mind, one of the assumptions would be the
following:

(A2) In midcentral collisions, both the spectator plane and
the magnetic field plane coincide with the reaction plane. In
this case,

(!γ /v2)SP

(!γ /v2)c
= 1 + f CME

PP

( 〈
v2

2,PP

〉

(v2{"1,SP})2
− 1

)

. (14)

Note that this relation really requires only coincidence of "1,SP

and "2,B, not necessarily coincidence with "RP. Then, Eq. (14)
is also true even if

(A3) in central collisions "2,B deviates from "RP but coin-
cides with "1,SP.

It is interesting that one has the same relation event under
the quite different assumption that

(A4) in central collisions the spectator plane coincides with
participant plane but "2,B coincides with "RP. In this case,

v2{"2,B}
⟨cos(2"2,B − 2"1,SP )⟩

= v2{"1,SP} (15)

and one again arrives to Eq. (14).
Although in general it is difficult to get the exact value

of the expression in parentheses in Eq. (11), based on the
above assumptions (A2)–(A4) and having in mind that ex-
perimentally v2{2} is larger than v2{ψ1,SP} by about 15%,
one can conclude that for an estimate of the CME fractional
contribution to the γ correlator f CME

PP at the level of 5%, the
ratio in Eq. (5) should be measured with an accuracy better
than 1%.

Finally, I make two short remarks on the experimental
selection of the angles ψ1,SP and its relation to "2,B. Experi-
mentally ψ1,SP is usually measured with zero-degree calorime-
ters (ZDC), most often capturing only neutrons. Then (a)
an additional decorrelation between ψ1,SP and "2,B can arise
due to difference in plane determined by spectator neutrons
and spectator protons. If two ZDC are used, then (b) the
result might depend on how the angles from two detectors
are used in the analysis. For example, using only one of
ZDCs might yield ψ1,SP, which is more strongly correlated
with the participant plane, while combining two angles might
eliminate this bias.

IV. SUMMARY

In conclusion, it is shown that measuring the ratios in
Eq. (5) relative to the participant and spectator planes can be
used to determine the fraction of the CME signal in the γ
correlator measurements. If the double ratio, Eq. (8), deviated
from unity, it will indicate a nonzero CME contribution that
can be further quantified under reasonable assumptions. In
order to measure the fractional CME signal at the level of
about 5%, one would need to measure the ratio in Eq. (8) free
from the nonflow effect at a level better than 1%.
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Chiral magnetic e↵ect

Such a strong B field may influence the dynamics of QGP
Chirality imbalance + magnetic field = chiral magnetic e↵ect
(CME) (Kharzeev 2004, Kharzeev, Mclerran, Warringa, Fukushima 2007-2008):

JV =
Nce

2⇡2
µAB

Phenomenology: charge-charge azimuthal correlation. Voloshin 2004,
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Signal for local parity violation of QCD?! Need more theoretical and
experimental studies on the backgrounds. (Liao, Bzdak, and Koch

2010-2013, Wang 2010, Pratt et al 2010, ...)

10/31

Anomalous transport, 
Electric current along 
magnetic field

 
Chirality imbalance 

Charge separation 
along B direction

J = e2

2⇡2µ5B

µ5 / E ·B

<latexit sha1_base64="akZbx3Z6Y3SqM0x4deXBco/dba4="></latexit>

ESTIMATE OF THE SIGNAL FROM THE CHIRAL … PHYSICAL REVIEW C 98, 054911 (2018)

Combining everything together,

(!γ /v2)SP

(!γ /v2)c
= 1 + f CME

PP

(
⟨cos(2"2,B − 2ψ1,SP )⟩

〈
v2

2,PP

〉

⟨cos(2a − 2ψ1,SP )⟩v2{"2,B}
− 1

)

,

(11)

where

f CME
PP =

⟨cos(α + β − 2c)⟩CME

⟨cos(α + β − 2c)⟩
(12)

is the fraction of the CME signal in the three-particle cor-
relator measured relative to the second harmonic participant
plane. The angle ψ1,SP fluctuates around the spectator plane
"1,SP, but one can see that in Eq. (11) the corresponding event
plane resolution factors cancel out and

(!γ /v2)SP

(!γ /v2)c
= 1 + f CME

PP

(
⟨cos(2"2,B − 2"1,SP )⟩

〈
v2

2,PP

〉

v2{"1,SP}v2{"2,B}
− 1

)

,

(13)

where v2{"1,SP} = ⟨cos(2a − 2"1,SP )⟩.

III. DISCUSSION

To proceed further, one has to make assumptions about
the relative orientations of three angles, "2,PP, "1,SP, and
"2,B. A few reasonable scenarios are discussed below. First,
it is instructive to compare the centrality dependence of
v2{2}, v2{4}, and v2{"1,SP} [16]. Recall also that to a good
approximation (exact in the so-called Gaussian model of ec-
centricity fluctuations [15]), v2{4} measures the flow relative
to the true reaction plane. Experimentally [16] in midcentral
collisions, centrality ≈ 40–50%, v2{"1,SP} is very close to
v2{4}; it is much closer to v2{2} in central, <10%, collisions.
A possible interpretation of that would be that the spectator
plane is close to the reaction plane in midcentral collisions
and close to the participant plane in central collisions.

Having this in mind, one of the assumptions would be the
following:

(A2) In midcentral collisions, both the spectator plane and
the magnetic field plane coincide with the reaction plane. In
this case,

(!γ /v2)SP

(!γ /v2)c
= 1 + f CME

PP

( 〈
v2

2,PP

〉

(v2{"1,SP})2
− 1

)

. (14)

Note that this relation really requires only coincidence of "1,SP

and "2,B, not necessarily coincidence with "RP. Then, Eq. (14)
is also true even if

(A3) in central collisions "2,B deviates from "RP but coin-
cides with "1,SP.

It is interesting that one has the same relation event under
the quite different assumption that

(A4) in central collisions the spectator plane coincides with
participant plane but "2,B coincides with "RP. In this case,

v2{"2,B}
⟨cos(2"2,B − 2"1,SP )⟩

= v2{"1,SP} (15)

and one again arrives to Eq. (14).
Although in general it is difficult to get the exact value

of the expression in parentheses in Eq. (11), based on the
above assumptions (A2)–(A4) and having in mind that ex-
perimentally v2{2} is larger than v2{ψ1,SP} by about 15%,
one can conclude that for an estimate of the CME fractional
contribution to the γ correlator f CME

PP at the level of 5%, the
ratio in Eq. (5) should be measured with an accuracy better
than 1%.

Finally, I make two short remarks on the experimental
selection of the angles ψ1,SP and its relation to "2,B. Experi-
mentally ψ1,SP is usually measured with zero-degree calorime-
ters (ZDC), most often capturing only neutrons. Then (a)
an additional decorrelation between ψ1,SP and "2,B can arise
due to difference in plane determined by spectator neutrons
and spectator protons. If two ZDC are used, then (b) the
result might depend on how the angles from two detectors
are used in the analysis. For example, using only one of
ZDCs might yield ψ1,SP, which is more strongly correlated
with the participant plane, while combining two angles might
eliminate this bias.

IV. SUMMARY

In conclusion, it is shown that measuring the ratios in
Eq. (5) relative to the participant and spectator planes can be
used to determine the fraction of the CME signal in the γ
correlator measurements. If the double ratio, Eq. (8), deviated
from unity, it will indicate a nonzero CME contribution that
can be further quantified under reasonable assumptions. In
order to measure the fractional CME signal at the level of
about 5%, one would need to measure the ratio in Eq. (8) free
from the nonflow effect at a level better than 1%.
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for the signal. We have studied the dependence of the
signal on j!" ! !#j [11], and find that the signal has a
width of about one unit of !.

Physics backgrounds.—We first consider backgrounds
due to multiparticle correlations (3 or more particles)
which are not related to the reaction plane. This contribu-

tion affects the assumption that two particle correlations
with respect to the reaction plane [left-hand side of Eq. (2)]
can be evaluated in practice via three-particle correlations
[right-hand side of Eq. (2)]. Evidence supporting this
assumption comes from the consistency of same-charge
results when the reaction plane is found using particles ‘‘c’’
detected in the TPC, FTPC, or ZDC-SMD, though the
FTPC and (particularly) ZDC-SMD analyses have large
statistical errors in the most peripheral bins. This multi-
particle background should be negligible when the ZDC-
SMD event plane is used, so it can certainly be reduced and
this is an important goal of future high statistics runs. To
study these backgrounds in the current analysis, we use the
heavy-ion event model HIJING [16] (used with default
settings and jet quenching off in all calculations shown in
this Letter) which includes production and fragmentation
of mini jets. We find that the contribution to opposite-
charge correlations of three-particle correlations in HIJING

(represented by the thick solid and dashed lines in Figs. 2
and 4) is similar to the measured signal in several periph-
eral bins. We thus cannot conclude that there is an
opposite-charge signal above possible background. The
same-charge signal predicted by three-particle correlations
in HIJING is much smaller and of opposite sign compared to
that seen in the data.
Another class of backgrounds (which cannot be reduced

by better determination of the reaction plane) consists of

FIG. 4 (color). hcosð$" þ$# ! 2!RPÞi results from 200 GeV
Au þ Au collisions are compared to calculations with event
generators HIJING (with and without an ‘‘elliptic flow after-
burner’’), URQMD (connected by dashed lines), and MEVSIM.
Thick lines represent HIJING reaction-plane-independent back-
ground.

FIG. 3 (color online). Dependence of hcosð$" þ$# !
2!RPÞi on 1

2ðpt;" þ pt;#Þcalculated using no upper cut on
particles’ pt. Shaded bands represent v2 uncertainty.

FIG. 2 (color). hcosð$aþ$# ! 2!RPÞi in Au þ Au and
Cu þ Cu collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV calculated using
Eq. (2). The thick solid (Au þ Au ) and dashed (Cu þ Cu ) lines
represent HIJING calculations of the contributions from three-
particle correlations. Shaded bands represent uncertainty from
the measurement of v2. Collision centrality increases from left to
right.
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FIG. 6. (Color online) (a) A comparison of the correlations
obtained by selecting the third particle from the main TPC or from
the forward TPCs. (b) The results after scaling by the flow of the third
particle. The shaded areas represent the uncertainty from v2,c scaling
(see text for details). In both panels, the TPC and FTPC points are
shifted horizontally relative to one another for clarity purposes. The
error bars are statistical.

for all collision systems and energies studied here. Therefore,
in Figs. 7–9, we plot systematic upper limits obtained with
extrapolation of available data assuming that the measurements
with FTPC suppress only 50% of the nonflow contribution.
The magnitude of the elliptic flow in the FTPC region was
estimated from correlations between particles in the east and
west FTPCs. Section V has further details on the systematic
uncertainties associated with different v2 estimates.

Results obtained with the event plane reconstructed with
ZDC-SMD are consistent with those shown in Fig. 6(b),
though the statistical errors on ZDC-SMD results are about
5 times larger because the (second-order) reaction plane
resolution from ZDC-SMD is worse.

Figure 6(b) shows very good agreement between the
same-charge correlations obtained with the third particle in
the TPC and FTPC regions, which supports for such corre-
lations the assumption ⟨cos(φα + φβ − 2$RP)⟩ ≈ ⟨cos(φα +
φβ − 2φc)⟩/v2,c. The opposite-charge correlations are small

FIG. 7. (Color online) ⟨cos(φa + φβ − 2$RP)⟩ in Au + Au and
Cu + Cu collisions at

√
sNN = 200 GeV calculated using Eq. (7).

The error bars show the statistical errors. The shaded areas reflect
the uncertainty in the elliptic flow values used in calculations, with
lower (in magnitude) limit obtained with elliptic flow from two-
particle correlations and upper limit from four-particle cumulants. For
details, see Sec. IV. Thick solid (Au + Au) and dashed (Cu + Cu)
lines represent possible non-reaction-plane-dependent contribution
from many-particle clusters as estimated by HIJING (see Sec. VII A).

in magnitude and it is difficult to conclude on validity of
the assumption for such correlations based only on results
presented in Fig. 6(b). Similarly, in the most peripheral
collisions, the statistical errors are large, which also prohibits
making a definite conclusion.

V. SYSTEMATIC UNCERTAINTIES

There is one class of uncertainties, related to the question
of factorization of Eq. (7), which would arise if the events
contained a large number of correlated groups of particles
such as minijets. Even if these “clusters” were produced

FIG. 8. (Color online) ⟨cos(φa + φβ − 2$RP)⟩ in Au + Au and
Cu + Cu collisions at

√
sNN = 62 GeV calculated using Eq. (7).

The error bars indicate the statistical errors. The shaded areas reflect
the uncertainty in the elliptic flow values used in calculations. For
details, see Sec. IV. Thick solid (Au + Au) and dashed (Cu + Cu)
lines represent possible non-reaction-plane-dependent contribution
from many-particle clusters as estimated by HIJING (see Sec. VII A).
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HIJING+v2  = added “afterburner” to generate flow 
MEVSIM: flow as in experiment, maximum number of 
resonances that is consistent with experiment 

No event generator could explain  
more than 1/3 of the signal  
     Δγ = γopp − γsame
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Types of the background
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I.  Physics (RP dependent).  
    (Can not be suppressed)

II. Measurements (RP independent). 
(depends on method, in principle can  
be reduced) 

�↵,� ⌘ hcos(�↵ + �� � 2 RPi
= hcos��↵ cos���i � hsin��↵ sin���i
= [hv1,↵v1,�i+Bin]� [ha1,↵a1,�i+Bout]

“Flowing clusters” (including LCC) 
charge dependent directed flow.

hcos(�a + �b � 2�c)i ! hcos(�a + �b � 2 2)i v2,c
?

Pratt, arXiv:1002.1758v1[nucl-th] 
Schlichting and Pratt, PRC83 014913 (2011)

Note, LCC: 
- Correlations only between opposite charges  
- To be consistent with data must be combined  
  with (negative) charge independent  
  correlations (e.g. momentum conservation).  
- No event generator exhibits such strong  
  correlations as predicted by the Blast Wave  
  model

Bin �Bout / v2,clusthcos(�↵ + �� � 2�clust)i

Local charge conservation (LCC)
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Observation of charge-dependent azimuthal correlations 
and possible local strong parity violation  

in heavy-ion collisions

L or B Outline: 

▪ Chiral Magnetic Effect and observables 
▪ STAR results  (PRL ,  long paper –  
    arXiv: 0909.1717, submitted to PRC) 

▪ Future directions 

▪ Summary 
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Developing a program

Dedicated experimental and theoretical program focused on the local parity violation,  
and more generally on non-perturbative QCD: structure of the vacuum, hadronization, etc.

Experiment: 

▪ U+U central body-body  
collisions 
 

▪ Beam energy scan /  
  Critical point search 

▪ Isobaric beams 
 
 
 

▪ High statistics PID studies / 
  properties of the clusters

Such collisions (“easy” to trigger on) will have low magnetic  
field and large elliptic flow – clean test of the LPV effect.

Colliding isobaric nuclei  (the same mass number and 
different charge) and by that controlling the magnetic field

 
 

Note that such studies will be also very valuable  
for understanding the initial conditions, baryon 
stopping, origin of the directed flow, etc.

Ru+ Zr96 96
44 40

Look for a critical behavior, as LPV  predicted to depend  
strongly on deconfinement and chiral symmetry restoration

in particular with neutral particles; see also next slide
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At hand: Signal depends on the magnetic field, 
the background depends on anisotropic flow

Collision energy  dependence, Beam energy scan (signal should 
disappear at lower energies) 
Isobar collisions (vary magnetic field while keeping the same background) 
Event Shape Engineering (increase/decrease background) 
Gamma wrt different Event Planes (Participants, Spectators)   
Higher harmonic correlators (background, no signal)  
Small system collisions (background, no signal) 
Very central collisions (background, no signal) 
U+U (body-body vs tip-tip)  
Correlations with identified particles (e.g. for the next bullet) 
Cross-correlation of different observables, CME X CMW  X CVE  
New ideas/observables (invariant mass, Signed BF, R-correlator)  

Studies of the EM fields

It is likely that the measurements are dominated by the “background” (LCC?).

Goal: identification of the presence or the lack of the CME signal  
at the level of  ~5% of the measured gamma correlator value fCME = ΔγCME/Δγ
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Anisotropic collective phenomena in ultra-relativistic
nuclear collisions

Sergei A. Voloshin
Wayne State University, 666 W. Hancock, 48201 Detroit, MI, U.S.A.

Abstract

For a detailed review of this subject I refer to a recent paper [1]; in this talk I only very briefly
comment on a few most important questions: (a) Very recent significant progress in viscous
hydrodynamics calculations. (b) Initial eccentricity/flow fluctuations, the effect of which has
been clarified recently. (c) Initial conditions, in particular the role of the gradients in the initial
velocity field. (d) Puzzling system size dependence of directed flow. (e) Azimuthal correlations
that are sensitive to the strong parity violation. (f) Future measurements at RHIC and LHC,
including pp-collisions.

Key words: Anisotropic flow, directed, elliptic, parity
PACS: .25.75.LD, 25.75.Nq

Introduction.
Anisotropic flow for several years remains one of the most important measurements

in the field of heavy ion collision. Those were the key measurements [2] for making a
conclusion on the creation of the strongly interacting Quark Gluon Plasma (sQGP) at
RHIC. The observation of the constituent quark number scaling [3,4] in elliptic flow at
intermediate transverse momenta is a strong evidence for deconfinement. Recently the
progress in this field has been reviewed, including many technical details, in [1].

Viscous hydrodynamics.
The importance and the magnitude of the viscous effects could be judged already from

the early calculations [5] where the hydro dynamical evolution at some intermediate stage
was joined to the transport model to simulate the late (viscous) evolution of the system.
Recently, several calculations have been performed of the hydrodynamical expansion with
viscous terms explicitly included in the equations. A great advancement in these calcu-
lations (including in the formulation of the equations itself) has been achieved via the
collaboration of several groups within the TECHQM initiative [6]. Even the “minimal”
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to disentangle CME signal from BG
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The quark-gluon matter produced in relativistic heavy-ion collisions may contain local domains in which parity
(P) and combined charge conjugation and parity (CP) symmetries are not preserved. When coupled with an
external magnetic field, such P- and CP-odd domains will generate electric currents along the magnetic field—a
phenomenon called the chiral magnetic effect (CME). Recently, the STAR Collaboration at the BNL Relativistic
Heavy Ion Collider (RHIC) and the ALICE Collaboration at the CERN Large Hadron Collider (LHC) released data
of charge-dependent azimuthal-angle correlators with features consistent with the CME expectation. However,
the experimental observable is contaminated with significant background contributions from elliptic-flow-driven
effects, which makes the interpretation of the data ambiguous. We show that the collisions of isobaric nuclei,
96
44Ru + 96

44Ru and 96
40Zr + 96

40Zr, provide an ideal tool to disentangle the CME signal from the background effects.
Our simulation demonstrates that the two collision types at

√
sNN = 200 GeV have more than 10% difference

in the CME signal and less than 2% difference in the elliptic-flow-driven backgrounds for the centrality range of
20–60%.

DOI: 10.1103/PhysRevC.94.041901

Quantum chromodynamics (QCD), the modern theory of
the strong interaction, permits the violation of parity symmetry
(P) or combined charge conjugation and parity symmetry
(CP), although accurate experiments performed so far have
not seen such violation at vanishing temperature and density
[1]. Recently it was suggested that in the hot and dense matter
created in high-energy heavy-ion collisions, there may exist
metastable domains where P and CP are violated owing to
vacuum transitions induced by topologically nontrivial gluon
fields, e.g., sphalerons [2]. In such a domain, net quark chirality
can emerge from chiral anomaly, and the strong magnetic field
of a noncentral collision can then induce an electric current
along the magnetic field, which is known as the chiral magnetic
effect (CME) [3,4]; see Refs. [5,6] for recent reviews of the
magnetic field and the CME in heavy-ion collisions.

The CME provides a means to monitor the topological
sector of QCD, and the experimental search for the CME has
been intensively performed in heavy-ion collisions at the BNL
Relativistic Heavy Ion Collider (RHIC) and the CERN Large
Hadron Collider (LHC). To detect the CME, a three-point
correlator,

γαβ = ⟨cos(φα + φβ − 2%RP)⟩, (1)

was proposed [7], where φ is the azimuthal angle of a
charged particle, the subscript α (β) denotes the charge sign
of the particle (positive or negative), %RP is the angle of the
reaction plane of a given event, and ⟨· · · ⟩ denotes an average
over all particle pairs and all the events. The occurrence
of the CME driven by the magnetic field (perpendicular
to the reaction plane) is expected to contribute a positive
opposite-sign (OS) correlator and a negative same-sign (SS)
correlator. The measurements of the correlator γ by the STAR
Collaboration for Au + Au collisions at

√
sNN = 200 GeV

[8,9] and by the ALICE Collaboration for Pb + Pb collisions
at

√
sNN = 2.76 TeV [10], indeed demonstrate the expected

features of the CME. The signal is robust against various ways
of determination of the reaction plane, and persists when the
collision system changes to Cu + Cu or U + U, and when
the collision energy is lowered down to

√
sNN = 19.6 GeV

[9,11–13]. For further lowered collision energies, the differ-
ence between γOS and γSS steeply declines [13], which may
be understood by noticing that at lower energies the system
is probably in a hadronic phase where the chiral symmetry is
broken and the CME is strongly suppressed.

Ambiguities, however, exist in the interpretation of the
experimental results, owing to possible background effects
that are not related to the CME, e.g., local charge conservation
[14–16] and transverse momentum conservation [14,17–19].
These background effects, once coupled with elliptic flow
(v2) [20], will contribute to γαβ . To disentangle the possible
CME signal and the flow-related backgrounds, one can utilize
experimental setups to either vary the backgrounds with the
signal fixed or vary the signal with the backgrounds fixed.

The former approach was carried out by exploiting the
prolate shape of the uranium nuclei [21]. In central U + U
collisions, one expects sizable v2 but a negligible magnetic
field, and thus a vanishingly small CME contribution to the
correlator γ . The STAR Collaboration collected 0–1% most
central events from U + U collisions at

√
sNN = 197 GeV

in 2012, and indeed found sizable v2 while the difference
between γOS and γSS (note that the charge-blind backgrounds
are subtracted in &γ ),

&γ ≡ γOS − γSS, (2)

is consistent with zero [12]. However, it was found that the
total multiplicity of detected hadrons is far less dependent on

2469-9985/2016/94(4)/041901(5) 041901-1 ©2016 American Physical Society

Testing the Chiral Magnetic Effect with Central U þ U Collisions

Sergei A. Voloshin
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A quark interaction with topologically nontrivial gluonic fields, instantons and sphalerons, violates P
and CP symmetry. In the strong magnetic field of a noncentral nuclear collision such interactions lead to

the charge separation along the magnetic field, the so-called chiral magnetic effect (CME). Recent results

from the STAR collaboration on charge dependent correlations are consistent with theoretical expecta-

tions for CME but may have contributions from other effects, which prevents definitive interpretation of

the data. Here I propose to use central body-body UþU collisions to disentangle correlations due to

CME from possible background correlations due to elliptic flow. Further, more quantitative studies can be

performed with collision of isobaric beams.

DOI: 10.1103/PhysRevLett.105.172301 PACS numbers: 25.75.Ld

Quantum chromodynamics (QCD), the theory of strong
interactions, is a non-Abelian gauge theory that possesses
multiple vacua characterized by Chern-Simons numbers.
QCD links chiral symmetry breaking and the origin of
hadron masses to the existence of topologically nontrivial
classical gluonic fields, instantons and sphalerons, describ-
ing the transitions between the vacuum states with different
Chern-Simons numbers. Quark interactionswith such fields
change the quark chirality and are P and CP odd. For a
review, see Refs. [1,2]. Though theorists have little doubt in
the existence of such fields, they have never been observed
directly, e.g., at the level of quarks in the deep inelastic
scattering. It was suggested in Ref. [3] to look for meta-
stableP and CP odd domains, space-time regions occupied
by a classical field with a nonzero topological charge, in
ultrarelativistic heavy ion collision. Some earlier discussion
of how one could observe this local strong parity violation
can be found in Refs. [3– 5].

The situation with experimental search for the local
strong parity violation drastically changed once it was
noticed [6,7] that in noncentral nuclear collisions it would
lead to the asymmetry in the emission of positively
and negatively charged particle perpendicular to the reac-
tion plane. Such charge separation is a consequence of
the difference in the number of quarks with positive and
negative helicities positioned in the strong magnetic field
(" 1015 T) of a noncentral nuclear collision, the so-called
chiral magnetic effect (CME) [6,8]. The same phenomenon
can also be understood as an effect of the induced electric
field that is parallel to the static external magnetic field,
chiral magnetic induction, which occurs in the presence of
topologically nontrivial gluonic fields [9]. It has been also
argued that the charge separation could have origin in non-
zero vorticity of the system created in noncentral collisions
[7]. Chiral magnetic effect has been observed in the lattice
QCD calculations [10– 12]. Newer developments in this
field have been recently discussed at the RIKEN BNL
workshop [13].

An experimental observation of CME would be a direct
proof for the existence of topologically nontrivial vacuum
structure and would provide an opportunity for a direct
experimental study of the relevant physics. The difficulty
in experimental observation of CME comes from the fact
that the direction of the charge separation varies in accord
with the sign of the topological charge of the domain.
Then the observation of the effect is possible only by
correlation techniques. According to Refs. [6– 8] the charge
separation could lead to asymmetry in particle production
ðN$ $ NþÞ=ðN$ þ NþÞ "Q=N!þ , where Q ¼ 0; ' 1;
' 2; . . . is the topological charge and N!þ is the positive
pion multiplicity in one unit of rapidity—the typical scale
of such correlations. It results in correlations of the order of
10$ 4, which is accessible in current high statistics heavy
ion experiments. An observable directly sensitive to the
charge separation effect has been proposed in Ref. [14].
It is discussed in more detail below.
Recent STAR results [15,16] on charge separation rela-

tive to the reaction plane consistent with the expectation
for CME can be considered asevidence of the local strong
parity violation. The ambiguity in the interpretation of
experimental results comes from possible contribution
of (the reaction plane dependent) correlations not related
to CME. As the detailed quantitative predictions for CME
do not yet exist, it is difficult to disentangle different
contributions. A key ingredient to CME is the strong
magnetic field, while the background effects originate in
the elliptic flow. In noncentral collisions of spherical nuclei
such as gold, both, magnetic field, and the elliptic flow are
strongly (cor)related to each other. In order to disentangle
the two effects one has to find a possibility to significantly
change the relative strengths of the magnetic field and
the elliptic flow. The discussion of such a possibility pro-
vided byUþU collisions is the subject of this Letter. Nec-
essary quantitative estimates are obtained using Glauber
Monte Carlo simulations. I estimate the magnetic field
following the approach of Ref. [17]. Estimates of elliptic
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which are still not very well known. InUþU collisions the
elliptic flow variation is mostly due to variation in orienta-
tion of the nuclei at the moment of collision. The corre-
sponding estimates have much smaller uncertainty.

While selection of the events based on the number of
spectators is very useful, it seems to be also possible to
disentangle CME and background correlations based only
on the dependence of the signal on charged multiplicity.
Figure 4 presents the dependence of the elliptic flow and
magnetic field on charged multiplicity. The elliptic flow
dependence is different for two systems, with UþU
collisions exhibiting a characteristic kink (cusp) at multi-
plicity "1000 [25], reflecting the fact that high(er) multi-
plicity events have predominantly tip-tip orientation; the
latter also leads to a decrease in elliptic flow. Being mostly
determined by correlation of the multiplicity with the
number if participants, the magnetic field has similar de-
pendence on multiplicity for both collision systems. The
difference in the dependencies of the magnetic field and
elliptic flow on charged multiplicity can be used a as a test
for the nature of correlations contributing to the signal.

The charge separation dependence on the strength of the
magnetic field can be further studied with the collision of
isobaric nuclei, such as 96

44Ru and
4096Zr. These nuclei have

the same mass number, but differ by the charge. The multi-
particle production in the midrapidity region would be
affected very little in the collision of such nuclei, and
one would expect very similar elliptic flow. At the same
time the magnetic field would be proportional to the nuclei
charge and can vary by more than 10%, which can result in
20% variation in the signal. Such variations should be
readily measurable. The collisions of 96

44Ru and 96
40Zr iso-

topes have been successfully used at GSI [26] in a study of
baryon stopping. Collisions of isobaric nuclei at RHIC will
be also extremely valuable for understanding the initial
conditions, and, in particular, the initial velocity fields, the
origin of directed flow, etc.

In summary, the estimates presented in this Letter show
that a detailed analysis of central Au þ Au and UþU

collisions should be able to disentangle CME and back-
ground correlations contributing to the signal observed by
STAR.
Discussions with J. Dunlop and P. Filip are gratefully
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FIG. 4 (color online). Elliptic flow and the magnetic field
(arbitrary units) in Au þ Au and UþU collisions as a function
of multiplicity. The arrows indicate the multiplicities corre-
sponding to the top 2% of the collision cross section.
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STAR first results to Isobar

First STAR results attributed charge separation to possible signal and background
sources. Isobar collisions provide best control of signal and background compared
to all previous measurements.

P.Tribedy for the PAs Collaboration review of isobar paper 3/43

STAR 2018 Beam Use Request

ISOBAR COLLISIONS
Deng et al. PHYSICAL REVIEW C 94, 041901(R) (2016)
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E. �� with participant and spectator planes (approach-II)698

The main objective is to obtain the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr. As discussed in Ref. [65] an evalu-699

ation of the ratio (��/v2) does not require knowledge of the reaction plane resolution, which reduces the systematic700

uncertainty. It also “normalizes” the � correlator to the elliptic flow value (which is proportional to background) and701

thus can be used for a direct comparison of the signals in di↵erent isobar collisions, even if the values of elliptic flow702

are slightly di↵erent in the two systems. Thus, the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr, and specifically its703

deviation from unity, can be directly used for a qualitative detection of the CME signal. To extract the CME signal704

in this approach the double ratio is fit with the equation:705

(��/v2)Ru+Ru

(��/v2)Zr+Zr

⇡ 1 + fZr+Zr
CME [(BRu+Ru/BZr+Zr)

2 � 1], (35)

where fZr+Zr
cme is the CME fraction in the �� correlator measured in Zr+Zr collisions, and (BRu+Ru/BZr+Zr) is the ratio706

of the magnetic field strengths in Ru+Ru and Zr+Zr collisions. By default this ratio is taken as the ratio of the707

nuclear charges, but can be varied to take into account the uncertainties related to the magnetic field determination.708

For a non-zero CME signal it is expected that the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr would be greater than709

unity, as the CME signal in Ru+Ru collisions is expected to be about 15% larger than in Zr+Zr collisions [58, 83],710

and the background di↵erence should be significantly smaller.711

For the separate estimates of the CME signal in each of the isobar collisions, the � correlator and elliptic flow can712

be also measured using STAR’s two ZDC-SMD  1 event planes (spectator planes):713

(��/v2)ZDC =
�hcos(�↵ + �� � W

1
� E

1
)i

hcos(2�� W
1

� E
1
)i

, (36)

where  W(E)

1
is the event plane determined with ZDC-SMD in the west (east) side of STAR and the west side714

corresponds to the backward direction. Then this can be used for calculations of the double ratios:715

(��/v2)spectator
(��/v2)participant

=
(��/v2)ZDC

(��/v2)TPC

=
�hcos(�↵ + �� � W

1
� E

1
)i/hcos(2�� W

1
� E

1
)i

�hcos(�↵ + �� � 2�c)i/hcos(2�↵ � 2�c)i
. (37)

To extract the signal, one has to make further assumptions [65]. Following the most plausible scenario of the716

magnetic field oriented on average perpendicular to the spectator plane, the CME fraction, ftpc
cme, can be extracted via717

fitting of the results with the equation:718

(��/v2)ZDC

(��/v2)TPC

= 1 + fTPC
CME

✓
v2
2
{TPC}

v2
2
{ZDC} � 1

◆
. (38)

While the calculation of the double ratio, l.h.s. of Eq. (38), does not require knowledge of the reaction plane resolutions,719

the quantitative estimate of ftpc
cme from the double ratio requires v2 values corrected for the reaction plane resolution.720

For the correlations relative to the sum of the first harmonic ZDC event planes the corresponding event plane resolution721

can be extracted directly from the data as hcos( W
1

� E
1
)i.722

F. R 2 variable723

The R 2(�S) variable provides an alternate way of measuring charge separation. It is obtained by taking the ratio724

of two sets of correlation functions [62, 73] defined as:725

R 2(�S) = C 2(�S)/C?
 2

(�S). (39)

Here the correlation functions C 2(�S) and C?
 2

(�S) quantify charge separation �S, perpendicular and parallel726

(respectively) to the  2 EP. The su�x “?” is motivated by the direction of the ~B field. Since the ~B field is727

nearly perpendicular to the  2 EP, C 2(�S) and C?
 2

(�S) measure charge separation approximately parallel and728

perpendicular (respectively) to the ~B field. These correlation functions are further obtained from the ratios of two729

distributions [62, 73];730

C 2(�S) =
Nreal(�S)

Nshu✏ed(�S)
. (40)
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Thequantitya 0canbesafelyassumedtobeindependentofm
inv ,becausethetwoisobarsystemsaresimilar.ACME

662signaturewouldbeapositivemeasurementofthel.h.s.ofEq.(24):
663

�� Ru+Ru�a 0�� Zr+Zr>0.
(26)

BecausethemassdependenceoftheCMEsignalisunlikelytodi↵erbetweenRu+RuandZr+Zrcollisions,such
664ameasurementwouldgiveuniqueinsightonthemassdependenceoftheCME.NoteEq.(24)isvalidforother
665independentvariablesbesidesm

inv ,suchasthe�⌘describedintheprevioussubsection.
666

D.��withspectatorandparticipantplanes(approach-I)
667

ThisanalysismakesuseofthefactthatthemagneticfielddrivensignalismorecorrelatedtotheRP,incontrastto
668flow-drivenbackgroundswhicharemaximalalongtheparticpantplane(PP).TheideawasfirstpublishedinRef.[64]
669andlaterdiscussedinRef.[65].Itrequiresmeasurementof��withrespecttotheplaneofproducedparticles,aproxy
670forthePP,aswellaswithrespecttotheplaneofspectators,agoodproxyforRP.InSTAR,thetwomeasurements
671canbedoneusing 2 fromtheTPCand 1 fromtheZDCs,respectively.
672

Theapproachisbasedonthreemainassumptions:1)themeasured��hascontributionsfromsignalandback-
673ground,whichcanbedecomposedas��=��bkg +��sig ,2)thebackgroundcontributionto��shouldfollowthe
674scaling��bkg {zdc}/��bkg {tpc}=v2 {zdc}/v2 {tpc},and3)thesignalcontributionto��shouldfollowthescaling
675��sig {zdc}/��sig {tpc}=v2 {tpc}/v2 {zdc}.Thefirstonehasbeenknowntobeaworkingassumption,widelyused
676foralongtime[16,34].Thesecondoneisborneoutbythefactthatbackgroundscomefromparticlecorrelations
677whosesourcesarev2 modulated(seeEq.(4))[36,49–51].Thebeautyofthemethodisthat,becausetheTPCand
678ZDCmeasurementsareperformedinidenticalevents,allotherfactorscontributingto��(suchasresonancedecay
679correlationsandmultiplicitydilution)cancelexceptv2 .Nevertheless,non-flowe↵ectscouldpotentiallyspoilthescal-
680ingwhichrequiresquantitativeinvestigations[71].Thevalidityofthethirdassumptionisstudiedanddemonstrated
681inRef.[64].ThereciprocalstemsfromfluctuationsofRPandPP,whoserelativeazimuthalanglemaybequantified
682bya=hcos2( pp � rp )i[132].
683

Usingallthreeassumptions,onecanextractthefractionofpossibleCMEsignalinafullydata-drivenway[64],
684

fcme = ��cme {tpc}
��{tpc} = A/a�1

1/a 2�1 ,
(27)

where
685

A=��{zdc}/��{tpc},
(28)

andtheaparametercanbedeterminedby
686

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

Thefcme givenbyEq.(27)isthefractionofCMEcontributiontothe��{tpc}withrespecttotheTPCEP.
687

SuchananalysishasbeenappliedtoexistingAu+Audata,andaCMEsignalfractionoftheorderof10%has
688beenextractedwithasignificanceof1–3�[70].Weapplythesameanalysistotheisobardataaspartoftheblind
689analysis.Thefcme isextractedineachisobarsystemseparately.ThecasefortheCMEinthisanalysiswouldbe
690

f Ru+Ru

cme
>f Zr+Zr

cme >0.
(30)

Onecangetanadditionalconstraintonf Ru+Ru
cme

andf Zr+Zr
cme .Assuminginthisblindanalysisthatthephysics

691backgroundisproportionaltov2 only,
692

(1�f Ru+Ru

cme
)�� Ru+Ru/v Ru+Ru

2
=(1�f Zr+Zr

cme )�� Zr+Zr/v Zr+Zr

2
,

(31)

weobtain
693

f Ru+Ru

cme
= ✓a 0A 0 ◆f Zr+Zr

cme + ✓1� a 0A 0 ◆,
(32)

where
694

A 0=�� Ru+Ru/�� Zr+Zr,
(33)

anda 0isagaingivenbyEq.(25).Thequantitya 0/A 0isthedoubleratioof
695

a 0/A 0= ��� Zr+Zr/v Zr+Zr

2 �/ ��� Ru+Ru/v Ru+Ru

2

�.
(34)

Theindividualmeasurementsoff Ru+Ru
cme

andf Zr+Zr
cme byEq.(27)andtheconstraintontheirrelationshipbyEq.(32)

696givequantitativelyanallowedregionoftheCMEsignalfractions.
697

≈ 0.18

0.5B  1.8 B events→

fCME = 1 − fBG

To measure  at the level of 3% one has to measure 
the double ratio with accuracy 0.6%

fCME
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Nuclides

8

Summer 2016 — extensive discussion of possible 
isobar pairs: 
In consideration: 
- largest (relative) charge difference 
- similarity in shape 
- availability and price 
- possibility to accelerate (Tandem, EBIS)

Z Z
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Blinding procedure

9

2017 BNL NPP Program Advisory Committee recommended blind analyses of CME studies of Run-18 isobar data 
 
STAR develops  
  

    
Step-0   Mock Data challenge  
Step-1   Provide output files composed of collision data from a mix of the two isobar species  
              Time-dependent QA tuned. Codes, and Analysis Notes are frozen 
Step-2   Provide files that blind the isobar species but do not “mix” data from different data acquisition runs  
             Only allow “run-by-run” corrections  
Step-3  Full unblinding. Codes run by analyzers from a different group.  

8

of the second- and third-harmonic event planes (EPs) at forward rapidity. The EPD consists of two segmented
scintillator wheels located at ±3.75 m from the center of the TPC, along the beam direction, covering an acceptance
window of approximately 2.1 < |⌘| < 5.1 in pseudorapidity and 2⇡ in azimuth. Each wheel consists of 12 “supersectors”
(in azimuth) that are further divided (radially) into 31 tiles made of plastic scintillator. Each tile is connected to a
silicon photomultiplier via optical fiber. Charged particles emitted in the forward and backward directions produce
a signal distribution with identifiable peaks corresponding to various numbers of minimally ionizing particles in the
EPD tiles. This information in each tile is used to reconstruct the EPs. Further details of the EPD can be found in
Ref. [92].

The ZDCs and their associated Shower Maximum Detectors (SMDs) are used for determination of the spectator
neutron plane [100, 101]. The ZDCs are Cherenkov-light sampling calorimeters located at forward and backward
angles (|⌘| > 6.3) and are each composed of three identical modules. The SMDs are sandwiched between the ZDC
modules and are composed of two planes with scintillator strips aligned with x or y directions perpendicular to the
beam. The SMD information thus can be used to measure the centroid of the hadronic shower produced by the
spectator neutrons in the ZDCs. The x and y positions of the shower centroid (hX,Y i

ZDCE,W-SMD
) calculated on an

event-by-event basis provide spectator-plane reconstruction (see Refs. [102, 103] for details).
We do not use the data from the Beam-Beam Counters (BBC) and the Barrel Electromagnetic Calorimeter (BEMC)

in this analysis other than for data quality assurance purposes. The time-dependence of the Q-vectors from the BBCs
are studied to identify bad runs. The number of TPC tracks matched to the BEMC (NBEMC-matched

trk
) is also examined

as a function of time to identify outlier runs.

C. Blinding of data sets and preparation for analysis

The recommendation to perform a blind analysis of the isobar data was initially made by the Nuclear and Particle
Physics Program Advisory Committee at Brookhaven National Laboratory [104]. The procedure to blind the isobar
data is determined and implemented well before the actual data taking. The raw data are made inaccessible to the
analysts to eliminate possible unconscious biases.

A total of five institutional groups within the collaboration perform blind analyses of the isobar data. The analysts
from each group focus on a specific analysis method described in Sec. IV. Substantial overlap of some analyses helps to
cross check the results. The details of the blinding procedure and data structure are decided by an Analysis Blinding
Committee (ABC), consisting of STAR members who are not part of the team of analysts. The ABC works in close
collaboration with the data production team to provide the analysts with access only to data in which species-specific
information is disguised or removed, until the final un-blinded analysis step. Before the final step ABC also makes
sure that the information provided to the analysts to perform quality assurance (QA) of the data do not reveal the
species identity.

D. Methods for isobar blind analysis

The detailed procedure for the blind analysis of isobar data is outlined in Ref. [88] and is strictly followed by the
analysts. Shown in Fig. 1, the blind analysis procedure includes a mock-data challenge to perform a closure test and
three main steps: 1) isobar-mixed analysis, 2) isobar-blind analysis, and 3) isobar-unblind analysis [105].

Step-0

Mock Data
challenge

Test data structure
(Au+Au data)

Step-1

Isobar Mixed
analysis

Code freezing
(Each run is

Ru+Ru & Zr+Zr)

Step-2

Isobar Blind
analysis

QA with ⇠ 1% data
(Each run is

Ru+Ru or Zr+Zr)

Step-3

Isobar Unblind
analysis

Final analysis
(Ru+Ru & Zr+Zr

separated)

FIG. 1. Flowchart to illustrate the steps of the isobar blind analysis [105]. This is based on the procedure for the isobar blind
analysis outlined in Ref. [88].

In the zeroth step preceding the blind analysis, the analysts participated in a mock-data challenge. The purpose
of this step is to familiarize the analysts with the data structures that have been designed for the blind analysis and
the techniques to access the data. Feedback is also provided to the ABC to ensure feasibility of the analysis blinding
process. Data for Au+Au collisions at

p
sNN = 27 GeV (collected in 2018 after the isobar run) are used for this step.
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Analysis organization

10

Prior to the blind analysis, the CME signatures are predefined as a significant excess of the CME-sensitive observables in 
Ru+Ru collisions over those in Zr+Zr collisions, owing to a larger magnetic field in the former.  

• Five institutional groups within the collaboration perform blind analyses of the isobar data

• Each group focuses on a specific analysis method 
• Substantial overlap of some analyses helps to cross-check results 
• All analyses have a common set of variations for the purpose of systematic uncertainty determination 
• Set of common and analysis-specific variables for data QA and selection of the data with stable detector performance 

The paper includes results ONLY for predefined observables 
described in the Analyses Notes and a very limited (~1/2 page)   
post-blinding section
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Data taking

11

✦  

Precision target achieved: 
A precision down to 0.4% is achieved, as anticipated, in the relative magnitudes of the pertinent  
observables between the two isobar systems 

Special RHIC conditions (G. Marr et al., 10th International Particle Accelerator Conference (2019) pp. 28–32 )

✦ Alternate the isobar species between each store of beam in RHIC

✦ Keep long stores with constant beam luminosity 

✦ Match luminosities between the species 

✦ Adjust the luminosity in such a way that the hadronic interaction rate at STAR is close to 10 kHz. 

✦ Large data set needed to hit small statistical uncertainty target 
✦ Systematic uncertainties between species need to be controlled below that level
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v2 and multiplicity
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14

is not compatible with transition measurements and calculations [123, 124]. Based on the above considerations, the
Case-3 WS density parameterization is chosen for our centrality calculations. The fit corresponds to values of MC
Glauber parameters npp = 2.386, k = 3.889, and x = 0.123.

TABLE III. Centrality definition by No✏ine

trk ranges (e�ciency-uncorrected multiplicity in the TPC within |⌘| < 0.5) in Ru+Ru
and Zr+Zr collisions at

p
sNN =200 GeV. The first column is the centrality range labels we use throughout the paper. The

two centrality columns are the actual centrality ranges which are slightly di↵erent because of integer edge cuts used for the
centrality determination. The mean hNo✏ine

trk i values, the mean number of participants (hNparti), and the mean number of
binary collisions (hNcolli) are also listed. The statistical uncertainties on hNo✏ine

trk i are all significantly smaller than 0.01. The
uncertainties on hNparti and hNcolli are systematic.

Centrality Ru+Ru Zr+Zr
label (%) Centrality(%) No✏ine

trk hNo✏ine

trk i hNparti hNcolli Centrality(%) No✏ine

trk hNo✏ine

trk i hNparti hNcolli
0–5 0–5.01 258.–500. 289.32 166.8±0.1 389±10 0–5.00 256.–500. 287.36 165.9±0.1 386±10
5–10 5.01–9.94 216.–258. 236.30 147.5±1.0 323±5 5.00–9.99 213.–256. 233.79 146.5±1.0 317±5
10–20 9.94–19.96 151.–216. 181.76 116.5±0.8 232±3 9.99–20.08 147.–213. 178.19 115.0±0.8 225±3
20–30 19.96–30.08 103.–151. 125.84 83.3±0.5 146±2 20.08–29.95 100.–147. 122.35 81.8±0.4 139±2
30–40 30.08–39.89 69.–103. 85.22 58.8±0.3 89.4±0.9 29.95–40.16 65.–100. 81.62 56.7±0.3 83.3±0.8
40–50 39.89–49.86 44.–69. 55.91 40.0±0.1 53.0±0.5 40.16–50.07 41.–65. 52.41 38.0±0.1 48.0±0.4
50–60 49.86–60.29 26.–44. 34.58 25.8±0.1 29.4±0.2 50.07–59.72 25.–41. 32.66 24.6±0.1 26.9±0.2
60–70 60.29–70.04 15.–26. 20.34 15.83±0.03 15.6±0.1 59.72–70.00 14.–25. 19.34 15.10±0.03 14.3±0.1
70–80 70.04–79.93 8.–15. 11.47 9.34±0.02 8.03±0.04 70.00–80.88 7.–14. 10.48 8.58±0.02 7.12±0.04
20–50 19.96–49.86 44.–151. 89.50 60.9±0.3 96.7±1.0 20.08–50.07 41.–147. 85.68 58.9±0.3 90.3±0.9
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FIG. 3. (Upper) The e�ciency-uncorrected mean multiplicity
⌦
No✏ine

trk

↵
from the TPC within |⌘| < 0.5 as a function of

centrality in Ru+Ru and Zr+Zr collisions. The centrality bins are shifted horizontally for clarity. (Lower) The ratio of
the mean multiplicity in Ru+Ru collisions to that in Zr+Zr collisions in matching centrality. The points include statistical
uncertainties that are within the marker size.

The centrality of an event is defined by the percentile of the total cross section. The integer edge cuts are made
so that the integrals of the No✏ine

trk
distributions would be closest to the 5% or 10% mark. For the 0–20% centrality

interval the experimental data are used for integration, while the MC Glauber distributions are used for the remaining
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FIG. 4. (Left) Elliptic anisotropy v2 measurements using di↵erent methods in isobar collisions at
p
sNN = 200 GeV as a

function of centrality using TPC and EPD detectors. In the upper panels, the solid and open symbols represent measurements
for Ru+Ru and Zr+Zr collisions, respectively. The data points are shifted along the x axis for clarity. The lower panels show
the v2 ratios in Ru+Ru over Zr+Zr collisions. The statistical uncertainties are represented by lines and systematic uncertainties
by boxes. (Right) The same showing measurements for four particle correlations using TPC and EP determined from ZDC.
The data points are shifted horizontally for clarity.

detailed implementations di↵er among the groups with regards to estimation of harmonic flow vectors, re-weighting,
the pseudorapidity gap to reduce non-flow, and correction of non-uniform acceptance. While focusing on various
aspects, four of the five groups have analyzed the ��/v2 observable. Figure 5 compares the ��/v2 measurements
with both the full-event and sub-event methods. The statistical uncertainties are largely correlated among the
groups because the same initial data sample is analyzed; the results are not identical because of the analysis-specific
event selection criteria (see Table.I) and the slightly di↵erent methods. Using the Barlow approach [106], we have
verified that the results from di↵erent groups are consistent within the statistical fluctuations due to those di↵erences.
Moreover, the final conclusion on the observability of the CME is consistent among all five analysis groups.

In addition to the centrality dependence results reported in the following subsections, in order to have the best
statistics, we also quote the final results for the Ru+Ru over Zr+Zr ratio observables for the centrality range of 20–50%.
The choice of this centrality range is determined by two considerations. One is that the mid-central collisions present
the best EP reconstruction resolution as well as the most significant magnetic field strengths (hence the possibly
largest CME signal di↵erence between the isobar species). The other consideration is that the online trigger e�ciency
starts to deteriorate from the 50% centrality mark towards more-peripheral collisions (see Sec. III). A compilation of
results from di↵erent groups is presented in the summary subsection V I.

A. �� measurements with TPC event plane (Group-1)

The flow plane for a specific pseudorapidity range is unknown for each event. In practice, we estimate an nth-

harmonic flow plane with the azimuthal angle ( n) of the flow vector
�!
Qn =

�PN
i wi cos(n�i),

PN
i wi sin(n�i)

�
, where

�i represents the azimuthal angle of a detected particle, and wi is a weight (often set to pT ) to optimize the EP
resolution. For example, the vn measurement with respect to the full TPC EP is denoted by

vn{TPC EP} = hcos(n�� n TPC

n )i . (43)
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FIG. 5. Ru+Ru over Zr+Zr ratio of the primary CME-sensitive observable ��/v2 estimated using di↵erent methods and
by independent analysis groups. The vertical lines represent statistical uncertainties while the rectangular boxes represent
systematic uncertainties. The upper panel shows the results using the entire TPC acceptance estimated using event-plane (EP)
and three-particle correlations (3PC) methods without any ⌘ gaps. The lower panel shows the results using a sub-event (SE)
method with gap (�⌘sub) of 0.2. Note the most central data point from Group-4 is for 0–10% centrality. The centrality bins
are shifted horizontally for clarity.

The corresponding �112 correlator is represented by

�112{TPC EP} = hcos(�↵ + �� � 2 TPC

2
)i . (44)

The two-particle � correlator is estimated in the same way as defined in Eq. (11). To account for the detector
non-uniformity, both � and  TPC

2
have been corrected by the shifting method [99], such that they have uniform

distributions.
In this subsection, the POIs (with azimuthal angle represented by � in Eq. (43) or �↵,� in Eq. (44)) are taken

from the TPC acceptance of |⌘| < 1. By default, the full EP over the same ⌘ range is used for the v2 and ��112
measurements, with no ⌘ gap between the EP and the POIs or between the two POIs. For each POI or POI pair,
the full EP is re-estimated by excluding the POI or POI pair to remove self-correlation. This approach yields the
smallest statistical uncertainties, with the largest possible number of POIs and the highest possible EP resolution.
The systematic uncertainties due to the lack of an ⌘ gap are expected to be canceled to a large extent in the ratio
between the two isobar systems, and this idea has been corroborated by the v2 ratios in Fig. 4, and will be further
tested in the following discussions of the results using finite ⌘ gaps.

Figure 6 shows v2{TPC EP} as a function of centrality for Ru+Ru and Zr+Zr collisions at
p
sNN = 200 GeV

in the upper panel, and the ratio of Ru+Ru to Zr+Zr in the lower panel. The v2 ratio averaged over the 20–50%
centrality range is 1.0144±0.0001(stat.)±0.0008(syst.). Given the statistical and systematic uncertainties, this value is
significantly above unity, and we consider two potential origins: (a) the two nuclei could have di↵erent nuclear density
parameters, and (b) non-flow contributions could be di↵erent in the two systems. Scenario (b) can be examined using
the measurements with various ⌘ gaps: the mean value of the v2 ratio becomes 1.0146, 1.0149 and 1.0161 for the
two-particle cumulant method (v2{2} defined in Eq. (45)) with no ⌘ gap, �⌘↵� > 0.05 and �⌘↵� > 0.2, respectively.
Here �⌘↵� is the ⌘ gap between particles ↵ and �. Since the v2 ratio is consistently above unity, we exclude the
non-flow explanation. Therefore, the isobar data indicate that the 96

44
Ru and 96

40
Zr nuclei have di↵erent nuclear density

distributions, yielding a larger eccentricity in Ru+Ru than in Zr+Zr collisions at a given centrality [85]. This results
in the v2 ratio in the lower panel of Fig. 6 being larger than unity.

19

E. �� with participant and spectator planes (approach-II)

The main objective is to obtain the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr. As discussed in Ref. [65] an evalu-
ation of the ratio (��/v2) does not require knowledge of the reaction plane resolution, which reduces the systematic
uncertainty. It also “normalizes” the � correlator to the elliptic flow value (which is proportional to background) and
thus can be used for a direct comparison of the signals in di↵erent isobar collisions, even if the values of elliptic flow
are slightly di↵erent in the two systems. Thus, the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr, and specifically its
deviation from unity, can be directly used for a qualitative detection of the CME signal. To extract the CME signal
in this approach the double ratio is fit with the equation:

(��/v2)Ru+Ru

(��/v2)Zr+Zr

= 1 + fZr+Zr
CME [(BRu+Ru/BZr+Zr)

2 � 1], (35)

where fZr+Zr
cme is the CME fraction in the �� correlator measured in Zr+Zr collisions, and (BRu+Ru/BZr+Zr) is the ratio

of the magnetic field strengths in Ru+Ru and Zr+Zr collisions. By default this ratio is taken as the ratio of the
nuclear charges, but can be varied to take into account the uncertainties related to the magnetic field determination.

For a non-zero CME signal it is expected that the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr would be greater than
unity, as the CME signal in Ru+Ru collisions is expected to be about 15% larger than in Zr+Zr collisions [58, 83],
and the background di↵erence should be significantly smaller.

For the separate estimates of the CME signal in each of the isobar collisions, the � correlator and elliptic flow can
be also measured using STAR’s two ZDC-SMD  1 event planes (spectator planes):

(��/v2)ZDC =
�hcos(�↵ + �� � W

1
� E

1
)i

hcos(2�� W
1

� E
1
)i

, (36)

where  W(E)

1
is the event plane determined with ZDC-SMD in the west (east) side of STAR and the west side

corresponds to the backward direction. Then this can be used for calculations of the double ratios:

(��/v2)spectator
(��/v2)participant

=
(��/v2)ZDC

(��/v2)TPC

=
�hcos(�↵ + �� � W

1
� E

1
)i/hcos(2�� W

1
� E

1
)i

�hcos(�↵ + �� � 2�c)i/hcos(2�↵ � 2�c)i
. (37)

To extract the signal, one has to make further assumptions [65]. Following the most plausible scenario of the
magnetic field oriented on average perpendicular to the spectator plane, the CME fraction, ftpc

cme, can be extracted via
fitting of the results with the equation:

(��/v2)ZDC

(��/v2)TPC

= 1 + fTPC
CME

✓
v2
2
{TPC}

v2
2
{ZDC} � 1

◆
. (38)

While the calculation of the double ratio, l.h.s. of Eq. (38), does not require knowledge of the reaction plane resolutions,
the quantitative estimate of ftpc

cme from the double ratio requires v2 values corrected for the reaction plane resolution.
For the correlations relative to the sum of the first harmonic ZDC event planes the corresponding event plane resolution
can be extracted directly from the data as hcos( W

1
� E

1
)i.

F. R 2 variable

The R 2(�S) variable provides an alternate way of measuring charge separation. It is obtained by taking the ratio
of two sets of correlation functions [62, 73] defined as:

R 2(�S) = C 2(�S)/C?
 2

(�S). (39)

Here the correlation functions C 2(�S) and C?
 2

(�S) quantify charge separation �S, perpendicular and parallel

(respectively) to the  2 EP. The su�x “?” is motivated by the direction of the ~B field. Since the ~B field is
nearly perpendicular to the  2 EP, C 2(�S) and C?

 2
(�S) measure charge separation approximately parallel and

perpendicular (respectively) to the ~B field. These correlation functions are further obtained from the ratios of two
distributions [62, 73];

C 2(�S) =
Nreal(�S)

Nshu✏ed(�S)
. (40)

Note: 
- In most cases the calculation of double ratio does not  
require knowledge of the Reaction Plane resolution. 
- SE (subevent) —   gap between subevents,  

 calculation in a narrower  window  
η

Δγ η

Groups 1 - 4 
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range. The reason for this choice is because it is certain that the online trigger is fully e�cient for collisions more
central than 20%.

Table III lists the centrality definition and the corresponding
⌦
No✏ine

trk

↵
, hNparti and hNcolli for Ru+Ru and Zr+Zr

collisions at
p
sNN = 200 GeV obtained in this work. Throughout this paper, we label the centralities as in the first

column of Table III. Because of the integer edge cuts in the centrality determination, the actual centrality ranges
are slightly di↵erent, which are also listed in Table III for Ru+Ru and Zr+Zr collisions, respectively. We estimate
systematic uncertainties on hNparti and hNcolli by varying the input parameters (R, a) in the MC Glauber simulation
and by varying npp and x in the two-component model. Figure 3 (upper panel) shows the

⌦
No✏ine

trk

↵
as a function

of centrality in the two isobar collision systems. The Ru+Ru/Zr+Zr ratio of the mean multiplicities is shown in
the lower panel of Fig. 3. The mean multiplicity is larger in Ru+Ru collisions than in Zr+Zr collisions of matching
centrality. Note that the shape of this ratio as a function of centrality can be a↵ected by the inexact matching of
centralities by integer edge cuts on No✏ine

trk
. The shape may also be influenced by other factors that require further

studies.

IV. OBSERVABLES FOR ISOBAR BLIND ANALYSIS

The isobar blind analysis specifically focuses on the following approaches and corresponding observables. The
general strategy is to compare results from the two isobar species to search for a statistically significant di↵erence
in the observables used. The following subsections describe these approaches and corresponding observables which
include: 1) measurements of the second- and higher-order harmonics of the � correlator, 2) di↵erential measurements
of �� (with respect to pseudorapidity gap �⌘ and invariant mass minv) to identify and quantify backgrounds, 3)
exploiting the relative charge separation across spectator and participant planes, and 4) the use of the R observable
to measure charge separation. The first three approaches are based on the aforementioned three-point correlator and
the last employs a di↵erent approach. For each observable/approach, we predefine a set of the CME signatures prior
to the blind analysis, for which a magnitude of high significance must be observed for an a�rmative observation of
the CME.

A. �� and mixed harmonics with second and third order event planes

We rewrite the conventional � correlator (Eq. (2)) with a more specific notation,

�112 = hcos(�↵ + �� � 2 2)i , (8)

where �↵ and �� are the azimuthal angles of particles of interest (POIs) and  2 is the second-order flow plane.
Here, the subscripts “1”,“1” and “2” in �112 refer to the harmonics associated with the �↵, �� and  2, respectively.
In practice, the flow plane is approximated with the EP ( EP) reconstructed with measured particles, and then the
measurement is corrected for the finite EP resolution [125]. The charge-dependent backgrounds in ��112 = �OS

112
��SS

112

can be broadly understood using the example of resonance decays. If resonances from the event exhibit elliptic flow,
their decay daughters could mimic a signal for charge separation across the flow plane with a magnitude proportional
to v2 [36, 49, 51]. Therefore, following Eq. (4), one should study the normalized quantity

��112
v2

, (9)

to account for the trivial scaling expected from a purely background scenario. The flowing-resonance picture can be
generalized to a larger portion of the event, or even the full event, through the mechanisms of transverse momentum
conservation (TMC) [38, 126] and/or local charge conservation (LCC) [51]. In the case of the � correlator this
contribution can be written as

�112 = hcos(�↵ + �� � 2 2)i
= hcos(�↵ � 2) cos(�� � 2)i � hsin(�↵ � 2) sin(�� � 2)i
= (hv1,↵v1,�i+BIN)� (ha1,↵a1,�i+BOUT) . (10)

The CME should dominantly contribute to the ha1,↵a1,�i term. The in-plane hv1,↵v1,�i component represents the
charge separation unrelated to the magnetic field direction, and (BIN �BOUT) denotes the flow-related background.

Ideally, the two-particle correlator,

� = hcos(�↵ � ��)i
= (hv1,↵v1,�i+BIN) + (ha1,↵a1,�i+BOUT) , (11)
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should also manifest ha1,↵a1,�i, but in reality it could be dominated by short-range two-particle correlation back-
grounds (i.e. BIN + BOUT). Similar to ��112, we focus on the di↵erence between the opposite-sign and same-sign �
correlators,

�� = �os � �ss . (12)

The background contributions due to the LCC and TMC have a similar characteristic structure that involves the
coupling between v2 and �� [37, 38, 51, 126]. This motivates the study of the normalized quantity of �� scaled by
v2 and ��, defined as:

112 ⌘ ��112
v2��

. (13)

The observation of the CME requires 112 to be larger than TMC/LCC

112
. While a reliable estimate of TMC/LCC

112
is

still elusive, the comparison of �112 (and 112) between isobar collisions might give a more definite conclusion on the
CME signal.

It is intuitive to introduce some variations in the � correlator to understand the background mechanisms in �112 [26],
such as

�123 = hcos(�↵ + 2�� � 3 3)i . (14)

This correlator is expected to be insensitive to the CME, because the correlation is negligible between the magnetic
field and the third harmonic plane,  3. However, background due to flowing resonances along the  3 plane can
contribute to this observable. In analogy to Eq. (4) one can write:

��123,bkgd =
4N2p

N2
hcos(�↵ � 2�� � 3�2p)i v3,2p . (15)

Therefore, similar to Eq. (9) we also study the scaled quantity

��123
v3

. (16)

Although the direct comparison of ��112/v2 and ��123/v3 is hard to interpret for a given system [127, 128], it
is useful to contrast signal and background scenarios by comparing each quantity between the two isobar systems.
When compared between the two isobars, in contrast to ��112/v2 which is driven by di↵erences in both signal and
background, ��123/v3 will only be driven by the background di↵erence. Since Ru+Ru has a larger magnetic field
than Zr+Zr, the CME expectation for mixed-harmonic measurements would be:

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
> 1 , (17)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
>

(��123/v3)Ru+Ru

(��123/v3)Zr+Zr
, (18)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
>

(��)Ru+Ru

(��)Zr+Zr
. (19)

The last condition (Eq.19) can be re-written as

Ru+Ru

112

Zr+Zr

112

> 1 . (20)

In general, the algebra relating , ��, v2, and �� relies on the symmetry assumption of hsin(�↵���) sinn(����c)i =
0, with “c” labeling the particle used for EP reconstruction [26] and n representing the harmonic order. One can
circumvent this assumption by introducing a slight variant of  that measures the factorization breaking:

kn =
�hcos(��↵�) cos(n���c)i

v2n{2}��↵�
. (21)

Here the first “�” in the numerator denotes the di↵erence between opposite-sign and same-sign measurements of the
quantity inside the average. The quantity ��↵� = �↵ � �� denotes the relative azimuthal angle between charge-
carrying particles, whereas the quantity ���c = �� � �c is the relative di↵erence between one of the charge-carrying
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(��123/v3)Zr+Zr
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(��)Ru+Ru

(��)Zr+Zr
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Ru+Ru

112
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particles and the particles used for EP reconstruction. The quantity ��↵� in the denominator has the same definition
as Eq. (12). The quantity vn{2} is the n-th order harmonic anisotropy coe�cients estimated using two-particle
correlations. The CME is expected to cause an excess charge separation perpendicular to the  2 plane, whereas the
background-driven charge separations along the  2 and  3 planes are proportional to v2 and v3, respectively. Under
these assumptions, one expects the case for the CME to be:

kRu+Ru

2

kZr+Zr

2

>
kRu+Ru

3

kZr+Zr

3

. (22)

For simplicity, the notation � is used in place of �112 in the following subsections (Sec. IV B-E).

B. Relative pseudorapidity dependence of ��

The relative pseudorapidity dependence of azimuthal correlations is widely studied to identify sources of long-range
components that are dominated by early-time dynamics. They are contrasted to late-time correlations that are
restricted by causality to appear as short-range correlations [129]. The same approach can be extended to charge-
dependent correlations which provide the impetus to explore the dependence of �� on the pseudorapidity gap between
the charge-carrying particles �⌘↵� = |⌘↵ � ⌘� | in hcos(�↵(⌘↵) + ��(⌘�) � 2 RP)i. Such measurements have been
performed in STAR with Au+Au and U+U data [89, 130]. The possible sources of short-range correlations due to
photon conversion to e+e�, HBT, and Coulomb e↵ects can be identified and described as Gaussian peaks at small
�⌘ab, the width and magnitude of which strongly depend on centrality and system size [131]. Going to more peripheral
centrality bins, it becomes harder to identify such components as they overlap with sources of di-jet fragmentation
that dominate both same-sign and opposite-sign correlations. Decomposing di↵erent components of �� via study of
�⌘ab-dependence is challenging, although a clear sign of di↵erent sources of correlations is visible in the change of
shape of individual same-sign and opposite-sign measurements of the � correlator [89]. Nevertheless, these di↵erential
measurements of �� in isobar collisions o↵er the prospects for studying the �⌘ dependence of the CME. By comparing
the di↵erential measurements in Ru+Ru and Zr+Zr, it may be possible to extract the �⌘ distribution of the CME
signal, thus providing deeper insight into the origin of the phenomenon. The magnetic field driven CME signal is
expected to dominate the long-range component �⌘↵� > 1 of the �⌘ dependence like other early stage phenomena
while the background due to resonance decay are expected to be short-range �⌘↵� < 1 [129]. In a CME scenario we
expect the long-range component in the case of Ru+Ru collisions to be larger than that of Zr+Zr.

C. Invariant mass dependence of ��

Since resonances present a large background source to the CME, the study of invariant mass (minv) dependence of
the measured signal is natural and was first introduced in Ref. [63]. If we perform the analysis using pairs of pions,
di↵erential measurement of �� with respect to minv should show peak-like structures similar to those in the relative
pair multiplicity di↵erence,

r = (Nos �Nss)/Nos , (23)

if backgrounds from neutral resonances dominate the measurement. Here Nos and Nss are the numbers of opposite-
sign and same-sign pion pairs, respectively. Indeed, similar peak structures are observed and an analysis utilizing
the minv dependence and the ESE technique has been performed to extract the possible fraction of the CME signal
in Au+Au collisions [69]. A similar analyses can be applied separately to the individual Ru+Ru and Zr+Zr data to
extract a CME fraction in each system. Such an analysis will be performed in future work.

In this analysis we focus on contrasting the two isobar systems. We may gain insight into the mass dependence of
the CME by combining the measurements in Ru+Ru and Zr+Zr collisions. Assuming in this blind analysis that the
physics background is proportional to v2 only (i.e. everything else is identical between the two isobar systems except
v2), we have

��Ru+Ru � a0��Zr+Zr = ��Ru+Ru

cme � a0��Zr+Zr

cme , (24)

where

a0 = vRu+Ru

2
/vZr+Zr

2
. (25)
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FIG. 8. ��112 measured with the full TPC EP for Ru+Ru
and Zr+Zr collisions at

p
sNN = 200 GeV (upper panel) and

the ratio of Ru+Ru to Zr+Zr (lower panel). The centrality
bins are shifted horizontally for clarity. The border-less hor-
izontal bands denote the statistical uncertainties. The hori-
zontal bands with the dashed border represent the systematic
uncertainties.
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certainties.

B. Mixed harmonic measurements (Group-2)

While the analysis from the previous group focuses on the EP method, in this subsection: 1) we focus on measure-
ments of harmonic coe�cients and charge sensitive correlations using two-particle, three-particle correlations and the
scalar-product method, and 2) we further extend the correlation measurements by requiring one of the particles from
the forward EPD.

We measure harmonic flow coe�cients vn{2} from the full TPC using two-particle correlations, where

v2n=2,3{2}(|⌘| < 1) = hcos(n�1 � n�2)i . (45)

In this v2n{2} measurement from the TPC, we put a cut of �⌘1,2 > 0.05 to mitigate e↵ects of two track merging
and e+e� due to photon conversion. For v2n{2} measurements, we remove the short-range component due to HBT,
Coulomb e↵ects using a double Gaussian fit as described in Ref. [96]. We also estimate harmonic coe�cients without
such Gaussian subtraction but using a cut of �⌘1,2 > 1 in Eq. (45). In this paper we denote such measurements as
vn{2}(�⌘ > 1). In addition we also estimate vn using sub-event methods v2n{SP} = hQn,aQ⇤

n,bi, where the Q-vectors
Qn,a and Qn,b are taken from two halves of TPC around ⌘ = 0 separated by a pseudorapidity gap of �⌘sub = 0.2.
We denote such measurements as vn{SP}(�⌘sub = 0.2).

We present measurements of data from the new EPD detector (2.1 < |⌘| < 5.1). We estimate the elliptic and
triangular anisotropy of particles at mid-rapidity with respect to the forward PPs in the EPD by

vn=2,3{SP}(TPC�EPD) ⌘
⌦
cos

�
n�� n EPD

n

�↵
=

hQn,TPCQ
⇤

n,EPDE
+Qn,TPCQ

⇤

n,EPDW
i

2
q

hQn,EPDEQ
⇤
n,EPDW

i
, (46)

using the scalar-product (SP) method where Q and Q⇤ denote the Q-vectors and their complex conjugates [134].

Group 1

Expectations are not met
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FIG. 11. Scaled charge separation across the second and third
harmonic EPs obtained using all three particles from the TPC
acceptance, divided by the anisotropy coe�cient. Results are
shown for Ru+Ru and Zr+Zr collisions separately on the up-
per and middle panels over the centrality range of 0-80%.
The centrality bins are shifted horizontally for clarity. The
lower panel shows the ratio of various quantities for 20–50%
centrality. The border-less horizontal bands over the 20–50%
centrality range with di↵erent colors represent the statistical
uncertainties in the combined centrality for di↵erent observ-
ables. The horizontal bands with the dashed border represent
the systematic uncertainties. The Npart scaling is applied in
the upper two panels to improve the visibility. The Npart

scaling is not included in the lower panel for the ratios.
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FIG. 12. Scaled charge separation across second and third
harmonic EPs scaled by the anisotropy coe�cient obtained
using all three particles from the TPC acceptance but using
a sub-event (SE) from �1 < ⌘ < �0.1 and 0.1 < ⌘ < 1. Re-
sults are shown for Ru+Ru and Zr+Zr collisions separately
in the upper and middle panels over the centrality range of
0-80%. The centrality bins are shifted horizontally for clar-
ity. The lower panel shows the ratio of di↵erent quantities
for 20–50% centrality. The border-less horizontal bands over
20–50% centrality range with di↵erent colors represent the
statistical uncertainties on the combined centrality for di↵er-
ent observables. The horizontal bands with the dashed border
represent the systematic uncertainties. The Npart scaling is
applied in the upper and middle panels to improve the vis-
ibility. The Npart scaling is not included in the lower panel
for the estimation of ratios.

Similarly with respect to the third harmonic plane, we measure

�↵,�
123

(⌘↵, ⌘�)(|⌘|<1) ⌘
D
cos

⇣
�↵(⌘↵) + 2��(⌘�)� 3 |⌘|<1

3

⌘E
=

hcos (�↵(⌘↵) + 2��(⌘�)� 3�c)i
v3,c{2}

. (48)

Finally we calculate the quantities of interest:

��1mn = �OS

1mn � �SS

1mn, and, ��1mn/vn ⇥Npart . (49)

The normalization of ��1mn(m,n = 1, 2 or 2, 3) by vn(n = 2, 3) takes into account the flow-driven background due
to resonance decays and local charge conservation [36, 51]. The Npart scaling compensates for the trivial dilution of
correlations expected from superposition of independent sources, and improves the visibility of the data points.

The upper and middle panels of Fig. 11 show the CME-sensitive ��112/v2 and the CME-insensitive ��123/v3 (both
multiplied by Npart), respectively, for individual species. The lower panel presents the ratios of the quantities for
the 20–50% centrality bin in Ru+Ru over Zr+Zr collisions. Note that the ratios do not involve Npart, whose values
are di↵erent for the two isobar systems at the same centrality (see Sec. III). The ratio of the quantity h��112/v2i is
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FIG. 11. Scaled charge separation across the second and third
harmonic EPs obtained using all three particles from the TPC
acceptance, divided by the anisotropy coe�cient. Results are
shown for Ru+Ru and Zr+Zr collisions separately on the up-
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The centrality bins are shifted horizontally for clarity. The
lower panel shows the ratio of various quantities for 20–50%
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centrality range with di↵erent colors represent the statistical
uncertainties in the combined centrality for di↵erent observ-
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the systematic uncertainties. The Npart scaling is applied in
the upper two panels to improve the visibility. The Npart

scaling is not included in the lower panel for the ratios.
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The normalization of ��1mn(m,n = 1, 2 or 2, 3) by vn(n = 2, 3) takes into account the flow-driven background due
to resonance decays and local charge conservation [36, 51]. The Npart scaling compensates for the trivial dilution of
correlations expected from superposition of independent sources, and improves the visibility of the data points.
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Data are not consistent with such
expectations using TPC with
sub-event ⌘�gap of 0.2.
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range. The reason for this choice is because it is certain that the online trigger is fully e�cient for collisions more
central than 20%.

Table III lists the centrality definition and the corresponding
⌦
No✏ine

trk

↵
, hNparti and hNcolli for Ru+Ru and Zr+Zr

collisions at
p
sNN = 200 GeV obtained in this work. Throughout this paper, we label the centralities as in the first

column of Table III. Because of the integer edge cuts in the centrality determination, the actual centrality ranges
are slightly di↵erent, which are also listed in Table III for Ru+Ru and Zr+Zr collisions, respectively. We estimate
systematic uncertainties on hNparti and hNcolli by varying the input parameters (R, a) in the MC Glauber simulation
and by varying npp and x in the two-component model. Figure 3 (upper panel) shows the

⌦
No✏ine

trk

↵
as a function

of centrality in the two isobar collision systems. The Ru+Ru/Zr+Zr ratio of the mean multiplicities is shown in
the lower panel of Fig. 3. The mean multiplicity is larger in Ru+Ru collisions than in Zr+Zr collisions of matching
centrality. Note that the shape of this ratio as a function of centrality can be a↵ected by the inexact matching of
centralities by integer edge cuts on No✏ine

trk
. The shape may also be influenced by other factors that require further

studies.

IV. OBSERVABLES FOR ISOBAR BLIND ANALYSIS

The isobar blind analysis specifically focuses on the following approaches and corresponding observables. The
general strategy is to compare results from the two isobar species to search for a statistically significant di↵erence
in the observables used. The following subsections describe these approaches and corresponding observables which
include: 1) measurements of the second- and higher-order harmonics of the � correlator, 2) di↵erential measurements
of �� (with respect to pseudorapidity gap �⌘ and invariant mass minv) to identify and quantify backgrounds, 3)
exploiting the relative charge separation across spectator and participant planes, and 4) the use of the R observable
to measure charge separation. The first three approaches are based on the aforementioned three-point correlator and
the last employs a di↵erent approach. For each observable/approach, we predefine a set of the CME signatures prior
to the blind analysis, for which a magnitude of high significance must be observed for an a�rmative observation of
the CME.

A. �� and mixed harmonics with second and third order event planes

We rewrite the conventional � correlator (Eq. (2)) with a more specific notation,

�112 = hcos(�↵ + �� � 2 2)i , (8)

where �↵ and �� are the azimuthal angles of particles of interest (POIs) and  2 is the second-order flow plane.
Here, the subscripts “1”,“1” and “2” in �112 refer to the harmonics associated with the �↵, �� and  2, respectively.
In practice, the flow plane is approximated with the EP ( EP) reconstructed with measured particles, and then the
measurement is corrected for the finite EP resolution [125]. The charge-dependent backgrounds in ��112 = �OS

112
��SS

112

can be broadly understood using the example of resonance decays. If resonances from the event exhibit elliptic flow,
their decay daughters could mimic a signal for charge separation across the flow plane with a magnitude proportional
to v2 [36, 49, 51]. Therefore, following Eq. (4), one should study the normalized quantity

��112
v2

, (9)

to account for the trivial scaling expected from a purely background scenario. The flowing-resonance picture can be
generalized to a larger portion of the event, or even the full event, through the mechanisms of transverse momentum
conservation (TMC) [38, 126] and/or local charge conservation (LCC) [51]. In the case of the � correlator this
contribution can be written as

�112 = hcos(�↵ + �� � 2 2)i
= hcos(�↵ � 2) cos(�� � 2)i � hsin(�↵ � 2) sin(�� � 2)i
= (hv1,↵v1,�i+BIN)� (ha1,↵a1,�i+BOUT) . (10)

The CME should dominantly contribute to the ha1,↵a1,�i term. The in-plane hv1,↵v1,�i component represents the
charge separation unrelated to the magnetic field direction, and (BIN �BOUT) denotes the flow-related background.

Ideally, the two-particle correlator,

� = hcos(�↵ � ��)i
= (hv1,↵v1,�i+BIN) + (ha1,↵a1,�i+BOUT) , (11)
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should also manifest ha1,↵a1,�i, but in reality it could be dominated by short-range two-particle correlation back-
grounds (i.e. BIN + BOUT). Similar to ��112, we focus on the di↵erence between the opposite-sign and same-sign �
correlators,

�� = �os � �ss . (12)

The background contributions due to the LCC and TMC have a similar characteristic structure that involves the
coupling between v2 and �� [37, 38, 51, 126]. This motivates the study of the normalized quantity of �� scaled by
v2 and ��, defined as:

112 ⌘ ��112
v2��

. (13)

The observation of the CME requires 112 to be larger than TMC/LCC

112
. While a reliable estimate of TMC/LCC

112
is

still elusive, the comparison of �112 (and 112) between isobar collisions might give a more definite conclusion on the
CME signal.

It is intuitive to introduce some variations in the � correlator to understand the background mechanisms in �112 [26],
such as

�123 = hcos(�↵ + 2�� � 3 3)i . (14)

This correlator is expected to be insensitive to the CME, because the correlation is negligible between the magnetic
field and the third harmonic plane,  3. However, background due to flowing resonances along the  3 plane can
contribute to this observable. In analogy to Eq. (4) one can write:

��123,bkgd =
4N2p

N2
hcos(�↵ � 2�� � 3�2p)i v3,2p . (15)

Therefore, similar to Eq. (9) we also study the scaled quantity

��123
v3

. (16)

Although the direct comparison of ��112/v2 and ��123/v3 is hard to interpret for a given system [127, 128], it
is useful to contrast signal and background scenarios by comparing each quantity between the two isobar systems.
When compared between the two isobars, in contrast to ��112/v2 which is driven by di↵erences in both signal and
background, ��123/v3 will only be driven by the background di↵erence. Since Ru+Ru has a larger magnetic field
than Zr+Zr, the CME expectation for mixed-harmonic measurements would be:

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
> 1 , (17)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
>

(��123/v3)Ru+Ru

(��123/v3)Zr+Zr
, (18)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
>

(��)Ru+Ru

(��)Zr+Zr
. (19)

The last condition (Eq.19) can be re-written as

Ru+Ru

112

Zr+Zr

112

> 1 . (20)

In general, the algebra relating , ��, v2, and �� relies on the symmetry assumption of hsin(�↵���) sinn(����c)i =
0, with “c” labeling the particle used for EP reconstruction [26] and n representing the harmonic order. One can
circumvent this assumption by introducing a slight variant of  that measures the factorization breaking:

kn =
�hcos(��↵�) cos(n���c)i

v2n{2}��↵�
. (21)

Here the first “�” in the numerator denotes the di↵erence between opposite-sign and same-sign measurements of the
quantity inside the average. The quantity ��↵� = �↵ � �� denotes the relative azimuthal angle between charge-
carrying particles, whereas the quantity ���c = �� � �c is the relative di↵erence between one of the charge-carrying
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measured di↵erence in the 20–50% centrality range yields ��Ru+Ru�a0��Zr+Zr = (�4± 2 (stat.)± 6 (syst.))⇥ 10�6.
The predefined CME signature of a positive value for this di↵erence (Eq. (26)) is not observed.

As described in Sec. IVC, the predefined CME signature described in Eq. (26) explicitly assumes the r ratio to be
unity. Since this assumption is no longer valid for the blind analysis binned in cross-section percentile, as shown in
Fig. 16 lower panel, the relevance of the result in Fig. 17 to the possible CME needs to be reevaluated.

E. CME fraction utilizing spectator and participant planes: approach-I (Group-3)

The CME signal fraction, fcme, is extracted from two �� measurements in each of the two isobar systems inde-
pendently. One measurement is with respect to the second-order harmonic plane reconstructed from mid-rapidity
particles measured in the TPC, as a proxy for the PP. The other is with respect to the first-order harmonic plane re-
constructed from spectator neutrons measured by the ZDC Shower Maximum Detectors (ZDC-SMDs), as a proxy for
the spectator plane. The details of this spectator-participant plane method to extract fcme is described in Sec. IVD.
To select good events we require, in addition to those criteria described in Sec. II B, the VPD primary vertex position
to be within |Vz,tpc � Vz,vpd| < 3 cm from the one reconstructed by the TPC. In this analysis both the full-event and
sub-event methods are used as in Ref. [70]. The sub-event method is useful to suppress non-flow e↵ects.

For the full-event analysis, all three particles are charged hadrons taken from |⌘| < 1. The ��{tpc} is calculated
by the three-particle cumulant method (Eq. (56)). An ⌘ gap of 0.05 is applied between the POIs (↵ and �); no ⌘ gap
is applied between particle c and either of the POIs. The v2,c used in Eq. (56) and the v2{tpc} needed by Eq. (29)
are equal and are calculated by the two-particle cumulant method of Eq. (45), where no ⌘ gap is applied between the
two particles.
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FIG. 15. Relative pseudorapidity dependence of the � (left) and �� (right) correlators shown for two species for same-sign
(SS) and opposite-sign (OS) correlations. For clarity, the alternate bins in �⌘ are shown. The statistical and systematic errors
are shown by vertical lines and square boxes, respectively. Within the uncertainty we do not see any species dependence in
these measurements.

D. Di↵erential �� measurements in invariant mass (Group-3)

In order to isolate the resonance background contributions, we report measurements of the�� variable, di↵erential in
pair invariant massminv. This analysis uses the three-particle correlation method to calculate the � correlators [19, 20],

� = hcos(�↵ + �� � 2�c)i /v2,c , (56)

where the average h· · · i runs over all triplets and over all events. To select good events we require, in addition to
those criteria described in Sec. II B, the VPD primary vertex position to be within |Vz,tpc � Vz,vpd| < 3 cm from the
one reconstructed by the TPC. The POIs (↵ and �) are pions within 0.2 < pT < 1.8 GeV/c. They are identified
by their specific energy loss in the TPC and their flight time obtained from the TOF detector. The c particles are
charged hadrons within 0.2 < pT < 2.0 GeV/c. The POIs and particle c are all taken from |⌘| < 1 (self-correlations
are avoided) [19, 20]. An ⌘ gap of 0.05 is applied between the POIs. No ⌘ gap is applied between particle c and either
of the POIs. The v2,c of particle c is calculated from two-particle correlations by the v2{2} of Eq. (45) where an ⌘
gap of 1.0 is applied between the two particles.

The systematic uncertainties are assessed according to Sec. II F. In addition, the ⌘ gap between the POIs (i.e. be-
tween ↵ and �) is varied from 0.05 (default) to 0 (i.e. no gap) and 0.2. The ⌘ gap used to determine the v2,c is varied
from 1 to 0.5 and 1.4. All systematic uncertainties are added in quadrature.

Figure 16 shows the distributions in the relative pair multiplicity di↵erence of Eq. (23) in Ru+Ru and Zr+Zr
collisions in the 20–50% centrality range in the upper panel and their ratio in the lower panel. The ratio has a weak
dependence on minv, with an average value in the 20–50% centrality range of rRu+Ru/rZr+Zr = 0.9705±0.0008 (stat.).
It deviates from unity because the isobar systems do not have the same multiplicity when their centrality defined by
cross section percentile is matched (see Sec. III). Note that the r is measured with pion pairs; it does not necessarily
equal that of charged hadrons. Also note that the r ratio does not necessarily equal the inverse multiplicity ratio
because the di↵erence Nos �Nss may not strictly scale with multiplicity.

The upper panel of Fig. 17 shows the �� results in Ru+Ru and Zr+Zr collisions in the 20–50% centrality range as
a function of minv. Resonance peaks are observed in �� corresponding to those in r in Fig. 16. The lower panel shows
the �� di↵erence for the isobars after the �� for Zr+Zr is scaled by the v2 ratio (see Eq. (24)). A constant fit to the
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Fig. 1. The definitions of the RP and PP coordinate systems.

Fig. 2. The definition of the EP coordinate system.

The orientation of the flow vector Q = {Qx,Qy} =
{∑i cos 2φi ,

∑
i sin 2φi}, where the sum runs over all parti-

cles in some momentum window, defines the second harmonic
event plane (see Fig. 2) with corresponding azimuth ΨEP,
Qx = Q cos 2ΨEP, Qy = Q sin 2ΨEP. Although we use Q in
this Letter, in practice one would use q = Q/

√
N in order to

minimize the effect of the multiplicity spread within a central-
ity bin [2]. For a given orientation of the participant plane, ΨPP,
anisotropic flow develops along this participant plane.

The orientation of the participant plane can be also charac-
terized by the eccentricity vector with coordinates

(1)ε = {εx, εy} =
{〈

σ 2
y − σ 2

x

σ 2
x + σ 2

y

〉

part
,

〈
2σxy

σ 2
x + σ 2

y

〉

part

}
,

where σ 2
x = ⟨x2⟩ − ⟨x⟩2, σ 2

y = ⟨y2⟩ − ⟨y⟩2, and σ 2
xy = ⟨xy⟩ −

⟨y⟩⟨x⟩, and the average is taken over the coordinates of the
participants in a given event [3–5]. The eccentricity vector di-
rection is given by ΨPP = atan 2(εy, εx), and its magnitude,

εpart =
√

ε2
x + ε2

y ≡ εPP, is called the participant eccentricity
(see Figs. 3, 4) in contrast with the reaction plane (or standard)
eccentricity εx ≡ εRP with its mean value defined to be

(2)⟨εx⟩ = ⟨εRP⟩ ≡ ε̄.

This mean value is approximately εopt, the optical eccentricity
determined by the optical Glauber model [6].

Fig. 3. Definition of εpart.

Fig. 4. Flow vector distribution in events with fixed ε.

3. Gaussian model for eccentricity fluctuations

In events with fixed ε, both in magnitude and orientation, the
flow vector on average points along ε, but with the magnitude
and orientation of the flow vector fluctuating due to finite mul-
tiplicity of particles used in its definition. As can be seen from
simulations using the MC Glauber model [3–5] in Fig. 5, the
distributions in εx and εy are well approximated by a Gaussian
form with widths approximately equal in the two directions.
There exists some deviation from a Gaussian form in periph-
eral collisions, but even there the deviations are small, so we
proceed with the Gaussian ansatz. We denote the equal widths
in εx and εy by σε . The distribution in the magnitude of the ec-
centricity, εpart, can be obtained by integration over angle of the
vector ε as a two-dimensional Gaussian (see, for example, the
derivation in [7]), and is given by

dn

dεpart
= εpart

σ 2
ε

I0

(
εpart⟨εRP⟩

σ 2
ε

)
exp

(
−

ε2
part + ⟨εRP⟩2

2σ 2
ε

)

(3)≡ BG
(
εpart; ⟨εRP⟩,σε

)
,

where we have introduced a short hand notation BG(x; x̄,σ )

for the “Bessel–Gaussian” distribution with one variable argu-
ment and two constant parameters (see Fig. 6). Note that in
BG(εpart; ⟨εRP⟩,σε), εpart is an eccentricity as given in PP but
⟨εRP⟩ and σε describe the 2D Gaussian distribution in the RP-
system. The distribution is normalized to unity. For later use we
provide a few moments of the distribution BG(x; x̄,σ ), where
x is a generic variable (not the x-axis):

⟨x⟩ = 1
2σ

exp
(

− x̄2

4σ 2

)√
π

2
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An interpretation of the charge-dependent correlations sensitive to the chiral magnetic effect (CME)—–the
separation of the electric charges along the system magnetic field (across the reaction plane)—–is ambiguous due
to possible large background (non-CME) effects. The background contribution is proportional to the elliptic flow
v2; it is the largest in measurements relative to the participant plane and is smaller in measurements relative to the
flow plane determined by spectators, where the CME signal, in contrast, is likely larger. In this paper, I discuss
a possible strategy for corresponding experimental measurements and list and evaluate different assumptions
related to this approach.
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I. INTRODUCTION

The search for the chiral magnetic effect (CME) [1,2]—the
separation of the electrical charges along the magnetic field
in a chirally asymmetric medium—has been a very active
topic in the field of heavy-ion collisions for more than 10
years (for recent reviews, see Refs. [3,4]). The CME states
that particles originating from the same “P -odd domain” are
preferentially emitted either along or opposite to the magnetic
field direction depending on the particle charge. As only a few
particles (originating from the same domain) are correlated,
the signal is expected to be small and one has to suppress
other charge-dependent correlations, such as those due to the
resonance decays, charge ordering in jets, etc.. The so-called
γ correlator suggested in Ref. [5] was designed to do just
that—suppress non-CME correlation at least by a factor ≈v2,
the typical value of elliptic flow:

γαβ = ⟨cos(φα + φβ − 2!)⟩ = ⟨cos(φα − !) cos(φβ − !)⟩
− ⟨sin(φα − !) sin(φβ − !)⟩, (1)

where φα and φβ are the azimuthal angles of two charged
particles. α and β take values + or − denote the charge. !
denotes the azimuth of the plane across which the charge
separation is measured. For measurements relative to the
reaction plane (perpendicular to the direction of the magnetic
field), only the sin-sin term has a contribution from the CME,
while all other non-CME sources contribute to both sin-sin
and cos-cos terms and thus largely cancel. The remaining
difference between in-plane (cos-cos) and out-of-plane (sin-
sin) correlations constitutes the background to the CME mea-
surements via γ correlator. The background is zero in the case
of no elliptic flow present in the system.

The experimental measurements [6–8] are in qualitative
agreement with the theoretical expectations, but a reliable
separation of the CME signal from background effects is
still missing. As already mentioned, the background cor-
relations depend on the magnitude of elliptic flow and as

such are largest in the measurements performed relative to
the so-called participant plane, and should be smaller in
measurements relative to the spectator flow plane. In con-
trast, the CME signal, driven by the magnetic field, is likely
larger in measurements relative to the spectator plane, as the
magnetic field is mostly determined by spectator protons.
This idea was recently and independently used in Ref. [9],
where the authors attempted to estimate the CME signal
from the existing measurements as well as make prediction
for the future isobar collision measurements at the Rela-
tivistic Heavy Ion Collider (RHIC). In this short paper, I
discuss an evaluation of the CME signal based on the same
general idea from a different perspective. In particular, I
discuss in detail the role of flow fluctuations in measure-
ments relative to different flow planes and by different meth-
ods, as well as explicitly list different assumptions required
in this approach, some of which are more important than
others.

II. DEFINITIONS AND THE MAIN IDEA

I start with more definitions and recalling the derivation of
the background contribution to the γ correlator. The correlator
defined in Eq. (1) includes contributions from the charge-
independent effect (e.g., dipole flow). These are poorly known
and not very important for the CME search. Because of this,
only the charge-dependent part is discussed here:

"γ = γopposite − γsame. (2)

As both the CME signal and the background correlations are
small, one can safely assume that

"γ = "γ BG + "γ CME, (3)

neglecting the (in principle, possible) interplay between the
two effects. The background contribution to "γ very gener-
ally can be described as that due to “flowing clusters” [5],

2469-9985/2018/98(5)/054911(4) 054911-1 ©2018 American Physical Society
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v2; it is the largest in measurements relative to the participant plane and is smaller in measurements relative to the
flow plane determined by spectators, where the CME signal, in contrast, is likely larger. In this paper, I discuss
a possible strategy for corresponding experimental measurements and list and evaluate different assumptions
related to this approach.
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I. INTRODUCTION

The search for the chiral magnetic effect (CME) [1,2]—the
separation of the electrical charges along the magnetic field
in a chirally asymmetric medium—has been a very active
topic in the field of heavy-ion collisions for more than 10
years (for recent reviews, see Refs. [3,4]). The CME states
that particles originating from the same “P -odd domain” are
preferentially emitted either along or opposite to the magnetic
field direction depending on the particle charge. As only a few
particles (originating from the same domain) are correlated,
the signal is expected to be small and one has to suppress
other charge-dependent correlations, such as those due to the
resonance decays, charge ordering in jets, etc.. The so-called
γ correlator suggested in Ref. [5] was designed to do just
that—suppress non-CME correlation at least by a factor ≈v2,
the typical value of elliptic flow:

γαβ = ⟨cos(φα + φβ − 2!)⟩ = ⟨cos(φα − !) cos(φβ − !)⟩
− ⟨sin(φα − !) sin(φβ − !)⟩, (1)

where φα and φβ are the azimuthal angles of two charged
particles. α and β take values + or − denote the charge. !
denotes the azimuth of the plane across which the charge
separation is measured. For measurements relative to the
reaction plane (perpendicular to the direction of the magnetic
field), only the sin-sin term has a contribution from the CME,
while all other non-CME sources contribute to both sin-sin
and cos-cos terms and thus largely cancel. The remaining
difference between in-plane (cos-cos) and out-of-plane (sin-
sin) correlations constitutes the background to the CME mea-
surements via γ correlator. The background is zero in the case
of no elliptic flow present in the system.

The experimental measurements [6–8] are in qualitative
agreement with the theoretical expectations, but a reliable
separation of the CME signal from background effects is
still missing. As already mentioned, the background cor-
relations depend on the magnitude of elliptic flow and as

such are largest in the measurements performed relative to
the so-called participant plane, and should be smaller in
measurements relative to the spectator flow plane. In con-
trast, the CME signal, driven by the magnetic field, is likely
larger in measurements relative to the spectator plane, as the
magnetic field is mostly determined by spectator protons.
This idea was recently and independently used in Ref. [9],
where the authors attempted to estimate the CME signal
from the existing measurements as well as make prediction
for the future isobar collision measurements at the Rela-
tivistic Heavy Ion Collider (RHIC). In this short paper, I
discuss an evaluation of the CME signal based on the same
general idea from a different perspective. In particular, I
discuss in detail the role of flow fluctuations in measure-
ments relative to different flow planes and by different meth-
ods, as well as explicitly list different assumptions required
in this approach, some of which are more important than
others.

II. DEFINITIONS AND THE MAIN IDEA

I start with more definitions and recalling the derivation of
the background contribution to the γ correlator. The correlator
defined in Eq. (1) includes contributions from the charge-
independent effect (e.g., dipole flow). These are poorly known
and not very important for the CME search. Because of this,
only the charge-dependent part is discussed here:

"γ = γopposite − γsame. (2)

As both the CME signal and the background correlations are
small, one can safely assume that

"γ = "γ BG + "γ CME, (3)

neglecting the (in principle, possible) interplay between the
two effects. The background contribution to "γ very gener-
ally can be described as that due to “flowing clusters” [5],
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Figure 3. Charged hadron v2, integrated
over pt and η, vs. centrality, for 200 GeV
AuAu.

% Most Central
0 10 20 30 40 50 60 70 80

 (%
)

2v

0
1
2
3
4
5
6
7
8

{2}2v
{4}2v
{qDist}2v

{2}2v
{4}2v
{qDist}2v

{2}2v
{4}2v
{qDist}2v

CuCu: 200 GeV

S
TA

R
 prelim

inary

Figure 4. Charged hadron v2, integrated
over pt and η, vs. centrality, for 200 GeV
CuCu.

3.2. Elliptic Flow
Fig. 3 presents charged hadron v2, integrated over pt and η, vs. centrality for 200 GeV

AuAu. Results from the standard method, v2{2} and v2{4} are from RHIC Run II data
reported in Ref. [8]. A systematic check on v2 measurements using the ZDC-SMD 1st
harmonic event plane shows good agreement with v2{4}, and reveals substantial non-flow
effects in the standard method in peripheral collisions.

Charged hadron v2 similarly integrated for 200 GeV CuCu is shown in Fig. 4. The
methods v2{4} and v2{qDist} should each have relatively little contribution from non-
flow, and their agreement within errors is consistent with this assumption. It is also
evident that at 200 GeV, integrated elliptic flow is smaller in CuCu than in AuAu.

Fig. 5 and 6 show 200 GeV charged hadron v2 vs. pt, for AuAu and CuCu, respectively.
The difference between v2{2} and v2{CuCu-pp} (believed to be mostly non-flow effects)
increases with pt and becomes very large above about 1 GeV/c. Comparing this pattern
with AuAu, we conclude that the relative importance of non-flow is much larger in CuCu
than in AuAu. In both systems, elliptic flow measurements based on v2{4} and v2{AA-
pp} demonstrate reasonable consistency across a region of pt (up to about 1.5 GeV/c).
However, the divergence between v2{4} and v2{CuCu-pp} at higher pt requires further
investigation. Overall, at all pt, v2{4} and v2{AA-pp} are lower in CuCu than in AuAu.
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E. �� with participant and spectator planes (approach-II)

The main objective is to obtain the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr. As discussed in Ref. [65] an evalu-
ation of the ratio (��/v2) does not require knowledge of the reaction plane resolution, which reduces the systematic
uncertainty. It also “normalizes” the � correlator to the elliptic flow value (which is proportional to background) and
thus can be used for a direct comparison of the signals in di↵erent isobar collisions, even if the values of elliptic flow
are slightly di↵erent in the two systems. Thus, the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr, and specifically its
deviation from unity, can be directly used for a qualitative detection of the CME signal. To extract the CME signal
in this approach the double ratio is fit with the equation:

(��/v2)Ru+Ru

(��/v2)Zr+Zr

= 1 + fZr+Zr
CME [(BRu+Ru/BZr+Zr)

2 � 1], (35)

where fZr+Zr
cme is the CME fraction in the �� correlator measured in Zr+Zr collisions, and (BRu+Ru/BZr+Zr) is the ratio

of the magnetic field strengths in Ru+Ru and Zr+Zr collisions. By default this ratio is taken as the ratio of the
nuclear charges, but can be varied to take into account the uncertainties related to the magnetic field determination.

For a non-zero CME signal it is expected that the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr would be greater than
unity, as the CME signal in Ru+Ru collisions is expected to be about 15% larger than in Zr+Zr collisions [58, 83],
and the background di↵erence should be significantly smaller.

For the separate estimates of the CME signal in each of the isobar collisions, the � correlator and elliptic flow can
be also measured using STAR’s two ZDC-SMD  1 event planes (spectator planes):

(��/v2)ZDC =
�hcos(�↵ + �� � W

1
� E

1
)i

hcos(2�� W
1

� E
1
)i

, (36)

where  W(E)

1
is the event plane determined with ZDC-SMD in the west (east) side of STAR and the west side

corresponds to the backward direction. Then this can be used for calculations of the double ratios:

(��/v2)spectator
(��/v2)participant

=
(��/v2)ZDC

(��/v2)TPC

=
�hcos(�↵ + �� � W

1
� E

1
)i/hcos(2�� W

1
� E

1
)i

�hcos(�↵ + �� � 2�c)i/hcos(2�↵ � 2�c)i
. (37)

To extract the signal, one has to make further assumptions [65]. Following the most plausible scenario of the
magnetic field oriented on average perpendicular to the spectator plane, the CME fraction, ftpc

cme, can be extracted via
fitting of the results with the equation:

(��/v2)ZDC

(��/v2)TPC

= 1 + fTPC
CME

✓
v2
2
{TPC}

v2
2
{ZDC} � 1

◆
. (38)

While the calculation of the double ratio, l.h.s. of Eq. (38), does not require knowledge of the reaction plane resolutions,
the quantitative estimate of ftpc

cme from the double ratio requires v2 values corrected for the reaction plane resolution.
For the correlations relative to the sum of the first harmonic ZDC event planes the corresponding event plane resolution
can be extracted directly from the data as hcos( W

1
� E

1
)i.

F. R 2 variable

The R 2(�S) variable provides an alternate way of measuring charge separation. It is obtained by taking the ratio
of two sets of correlation functions [62, 73] defined as:

R 2(�S) = C 2(�S)/C?
 2

(�S). (39)

Here the correlation functions C 2(�S) and C?
 2

(�S) quantify charge separation �S, perpendicular and parallel

(respectively) to the  2 EP. The su�x “?” is motivated by the direction of the ~B field. Since the ~B field is
nearly perpendicular to the  2 EP, C 2(�S) and C?

 2
(�S) measure charge separation approximately parallel and

perpendicular (respectively) to the ~B field. These correlation functions are further obtained from the ratios of two
distributions [62, 73];

C 2(�S) =
Nreal(�S)

Nshu✏ed(�S)
. (40)
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Predefined CME signature: 

No CME signature that satisfies the predefined criteria observed

Group 5

For the relation to  see S. Choudhury (Fudan U.), et al. e-Print: 2105.06044Δγ
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vertical lines indicate statistical uncertainties whereas boxes indicate systematic uncertainties. The colors in the background
are intended to separate di↵erent types of measures. The fact that CME-sensitive observable ratios lie below unity leads to the
conclusion that no predefined CME signatures are observed in this blind analysis.

ratio of the value of each observable in Ru+Ru to its value in Zr+Zr collisions is shown; the statistical and systematic
uncertainties are shown by lines and boxes, respectively. Included are results for the CME-sensitive observables
��/v2, , k and 1/�R 2

using di↵erent detector combinations as well as from independent analysis groups. The
ratio values of ��/v2, 112, k2, and 1/�R 2

are all less than or consistent with unity, indicating that the predefined
CME signature is not observed in the isobar blind analysis for any of these observables. This observation is further
corroborated by the observation that the CME-insensitive quantities ��123/v3 and k3 have ratios (as shown in the
figure) consistent with their second-harmonic CME-sensitive counterparts.

In addition to the integrated quantities shown in Fig. 26, we have performed di↵erential measurements of �� with
�⌘ and of �� for pion pairs in invariant mass minv for both isobar species. No di↵erence in the shape is observed
between the two species in these di↵erential studies. The mean value of the variable r that measures the relative
excess of opposite-sign relative to same-sign pion pairs at di↵erent values of minv is di↵erent for the two isobar species,
being smaller in Ru+Ru collisions; this is qualitatively consistent with the charged hadron multiplicity di↵erence in
bins of matching centrality between the two isobars.

The comparison of �� measured with respect to the spectator (measured by the ZDC) and participant (measured
by the TPC) planes is used to extract the CME fraction fcme in each individual species. Two analysis groups used this
method. Group-3 analyzed both the full-event and sub-event correlations, while Group-4 analyzed only the latter.
Using the sub-events allows the suppression of non-flow correlations. The sub-event results from the two groups are
consistent with each other. The statistical uncertainties on fcme from Group-3 are larger than those from Group-4,
due to a smaller di↵erence in v2{ZDC} and v2{TPC} resulting from di↵erent approaches of correlating particles at
midrapidity with signals from two ZDCs (see sections IVD and IVE). All these results give a CME signal fraction
that is consistent with zero with large statistical uncertainties of approximately 10% (absolute) dominated by the
ZDC measurements.

The most recent Au+Au results measured by the spectator and participant plane method from STAR indicate a
possible CME signal fraction of the order of 10% with a significance of 1–3� [70]. If the CME signal fraction is also
10% in isobar collisions, then a 3� e↵ect would be expected with the current isobar data sample of approximately 2
billion MB events each, according to estimations in Ref. [82, 83]. However, it has been pointed out and supported by
AVFD simulations that the CME signal fraction may be substantially smaller in isobar collisions compared to Au+Au
collisions [138]. This would imply a substantially smaller significance in this isobar data sample.
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FIG. 26. Compilation of results from the blind analysis. Only results contrasting between the two isobar systems are shown.
Results are shown in terms of the ratio of measures in Ru+Ru collisions over Zr+Zr collisions. Solid dark symbols show CME-
sensitive measures whereas open light symbols show counterpart measures that are supposed to be insensitive to CME. The
vertical lines indicate statistical uncertainties whereas boxes indicate systematic uncertainties. The colors in the background
are intended to separate di↵erent types of measures. The fact that CME-sensitive observable ratios lie below unity leads to the
conclusion that no predefined CME signatures are observed in this blind analysis.

ratio of the value of each observable in Ru+Ru to its value in Zr+Zr collisions is shown; the statistical and systematic
uncertainties are shown by lines and boxes, respectively. Included are results for the CME-sensitive observables
��/v2, , k and 1/�R 2

using di↵erent detector combinations as well as from independent analysis groups. The
ratio values of ��/v2, 112, k2, and 1/�R 2

are all less than or consistent with unity, indicating that the predefined
CME signature is not observed in the isobar blind analysis for any of these observables. This observation is further
corroborated by the observation that the CME-insensitive quantities ��123/v3 and k3 have ratios (as shown in the
figure) consistent with their second-harmonic CME-sensitive counterparts.

In addition to the integrated quantities shown in Fig. 26, we have performed di↵erential measurements of �� with
�⌘ and of �� for pion pairs in invariant mass minv for both isobar species. No di↵erence in the shape is observed
between the two species in these di↵erential studies. The mean value of the variable r that measures the relative
excess of opposite-sign relative to same-sign pion pairs at di↵erent values of minv is di↵erent for the two isobar species,
being smaller in Ru+Ru collisions; this is qualitatively consistent with the charged hadron multiplicity di↵erence in
bins of matching centrality between the two isobars.

The comparison of �� measured with respect to the spectator (measured by the ZDC) and participant (measured
by the TPC) planes is used to extract the CME fraction fcme in each individual species. Two analysis groups used this
method. Group-3 analyzed both the full-event and sub-event correlations, while Group-4 analyzed only the latter.
Using the sub-events allows the suppression of non-flow correlations. The sub-event results from the two groups are
consistent with each other. The statistical uncertainties on fcme from Group-3 are larger than those from Group-4,
due to a smaller di↵erence in v2{ZDC} and v2{TPC} resulting from di↵erent approaches of correlating particles at
midrapidity with signals from two ZDCs (see sections IVD and IVE). All these results give a CME signal fraction
that is consistent with zero with large statistical uncertainties of approximately 10% (absolute) dominated by the
ZDC measurements.

The most recent Au+Au results measured by the spectator and participant plane method from STAR indicate a
possible CME signal fraction of the order of 10% with a significance of 1–3� [70]. If the CME signal fraction is also
10% in isobar collisions, then a 3� e↵ect would be expected with the current isobar data sample of approximately 2
billion MB events each, according to estimations in Ref. [82, 83]. However, it has been pointed out and supported by
AVFD simulations that the CME signal fraction may be substantially smaller in isobar collisions compared to Au+Au
collisions [138]. This would imply a substantially smaller significance in this isobar data sample.



APS DNP meeting,  October 11, 2021page S.A. Voloshin

Summary plot (post-blinding)

21

Two most right points added  
for post-blinding discussion
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FIG. 27. Compilation of post-blinding results. This figure is largely the same as Fig. 26 with the following di↵erences: numerical
changes in the results from the new run-by-run QA algorithm are treated as an additional systematic uncertainty added in
quadrature, and two data points (open markers) have been added on the right to indicate the ratio of inverse multiplicities
(No✏ine

trk ) and the ratio of relative pair multiplicity di↵erence (r) as explained in the text.

VI. POST BLINDING

During the second step of our analysis (the isobar blind analysis) a potential issue was identified related to the
predefined criteria of the QA algorithm (as described in Sec. IID). The condition of being within five times the
weighted error or one percent of the variation of the local mean may be too relaxed to identify all the boundaries of
stable run periods and outlier runs in some QA variables. When combining the identified run mini-regions, a new
algorithm is implemented by 1) removing the “within one percent of the variation of the local mean” condition, and 2)
adding a tolerance of “within 2-RMS di↵erence”, which seems to be more e↵ective for some QA variables such as Nfits.
This new algorithm is again executed in the final step of isobar unblind analysis (Step-3) and all the results using
this algorithm are presented in this post-blinding section. No qualitative changes are observed in the final quantities.
The numerical changes in the results from this new run-by-run QA algorithm are treated as an additional systematic
uncertainty to update Fig.26 and obtain Fig. 27.

Two additional data points are included on Fig. 27 for the following reasons. Most ratio quantities shown in Fig. 26
or Fig.27 have magnitudes that are below unity with high significance, whereas in a purely non-CME scenario with
controlled backgrounds, the expectation is that these quantities should be consistent with unity. The reason for these
ratios being less than unity is, in part, due to the multiplicity di↵erence in the two isobar systems. As documented in
Table III, the multiplicity distributions are di↵erent for the two isobar species to the extent that in bins of matching
centrality, the mean multiplicity is around 4% lower for mid-central Zr+Zr than for mid-central Ru+Ru collisions.
The measured magnitudes of most observables, such as �� and ��, decrease with increasing multiplicity because of
the trivial multiplicity dilution for these per-pair quantities. Therefore, the corresponding ratios of these observables
between the two isobar systems will become larger, if taken in bins of matching multiplicity. Under the approximation
that background to�� is caused by flowing clusters with the properties of the clusters staying the same and the number
of clusters scaling with multiplicity, the value of �� scales with the inverse of multiplicity [20], i.e. N�� / v2 with
the proportionality presumably equal between the two isobars. Because of this, it may be considered that the proper
baseline for the ratio of ��/v2 between the two isobars is the ratio of the inverse multiplicities of the two systems.
Analysis with respect to this baseline is not documented in the pre-blinding procedures of this blind analysis, so is
not reported as part of the blind analysis. We include this inverse multiplicity ratio as the right-most point in Fig. 27.

It is interesting to note that ordering among the quantities in their magnitudes is observed in Figs. 26 and 27. The
��/v2 ratio has a smaller magnitude than the  and k ratios. This is consistent with the multiplicity ratio baseline
for the former as discussed above and the fact that the trivial multiplicity dependence cancels in the latter so its
baseline would be unity. On the other hand, the R-variable inverse width 1/�R 2

ratio is larger than the ��/v2 ratio.
This di↵erence is expected to be driven by: 1) di↵erent pT ranges used for the two quantities, 2) di↵erence in the
multiplicity dependence (see, e.g., Ref. [81]), and 3) di↵erence in the non-flow contributions. The scaling relations
extracted in Ref. [81] indicate an approximate relation between 1/�2

R 2
, multiplicity N and ��, which would imply

Any two particle correlation due to small clusters scale as 1/multiplicity !  
A better comparison might be for    [NRu

ch (Δγ/v2)Ru]/[NZr
ch(Δγ/v2)Zr]
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is not compatible with transition measurements and calculations [123, 124]. Based on the above considerations, the
Case-3 WS density parameterization is chosen for our centrality calculations. The fit corresponds to values of MC
Glauber parameters npp = 2.386, k = 3.889, and x = 0.123.

TABLE III. Centrality definition by N
o✏ine

trk ranges (e�ciency-uncorrected multiplicity in the TPC within |⌘| < 0.5) in Ru+Ru
and Zr+Zr collisions at psNN =200 GeV. The first column is the centrality range labels we use throughout the paper. The
two centrality columns are the actual centrality ranges which are slightly di↵erent because of integer edge cuts used for the
centrality determination. The mean hN

o✏ine

trk i values, the mean number of participants (hNparti), and the mean number of
binary collisions (hNcolli) are also listed. The statistical uncertainties on hN

o✏ine

trk i are all significantly smaller than 0.01. The
uncertainties on hNparti and hNcolli are systematic.

Centrality Ru+Ru Zr+Zr
label (%) Centrality(%) N

o✏ine

trk hN
o✏ine

trk i hNparti hNcolli Centrality(%) N
o✏ine

trk hN
o✏ine

trk i hNparti hNcolli
0–5 0–5.01 258.–500. 289.32 166.8±0.1 389±10 0–5.00 256.–500. 287.36 165.9±0.1 386±10
5–10 5.01–9.94 216.–258. 236.30 147.5±1.0 323±5 5.00–9.99 213.–256. 233.79 146.5±1.0 317±5
10–20 9.94–19.96 151.–216. 181.76 116.5±0.8 232±3 9.99–20.08 147.–213. 178.19 115.0±0.8 225±3
20–30 19.96–30.08 103.–151. 125.84 83.3±0.5 146±2 20.08–29.95 100.–147. 122.35 81.8±0.4 139±2
30–40 30.08–39.89 69.–103. 85.22 58.8±0.3 89.4±0.9 29.95–40.16 65.–100. 81.62 56.7±0.3 83.3±0.8
40–50 39.89–49.86 44.–69. 55.91 40.0±0.1 53.0±0.5 40.16–50.07 41.–65. 52.41 38.0±0.1 48.0±0.4
50–60 49.86–60.29 26.–44. 34.58 25.8±0.1 29.4±0.2 50.07–59.72 25.–41. 32.66 24.6±0.1 26.9±0.2
60–70 60.29–70.04 15.–26. 20.34 15.83±0.03 15.6±0.1 59.72–70.00 14.–25. 19.34 15.10±0.03 14.3±0.1
70–80 70.04–79.93 8.–15. 11.47 9.34±0.02 8.03±0.04 70.00–80.88 7.–14. 10.48 8.58±0.02 7.12±0.04
20–50 19.96–49.86 44.–151. 89.50 60.9±0.3 96.7±1.0 20.08–50.07 41.–147. 85.68 58.9±0.3 90.3±0.9

 0.98

 1

 1.02

 1.04

 1.06

 1.08

 1.1

 1.12

 0 10 20 30 40 50 60 70 80

STAR Isobar blind analysis, ���√sNN = 200 GeV

Ru+Ru / Zr+Zr

Efficiency uncorrected tracks (|η|<0.5)

Ratio

Centrality (%)

Ratio

 0

 50

 100

 150

 200

 250

 300
STAR Isobar blind analysis, ���√sNN = 200 GeV

Ru+Ru / Zr+Zr

Efficiency uncorrected tracks (|η|<0.5)

〈 N
trkoffline  〉

Ru+Ru
Zr+Zr

FIG. 3. (Upper) The e�ciency-uncorrected mean multiplicity
⌦
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trk

↵
from the TPC within |⌘| < 0.5 as a function of

centrality in Ru+Ru and Zr+Zr collisions. The centrality bins are shifted horizontally for clarity. (Lower) The ratio of
the mean multiplicity in Ru+Ru collisions to that in Zr+Zr collisions in matching centrality. The points include statistical
uncertainties that are within the marker size.

The centrality of an event is defined by the percentile of the total cross section. The integer edge cuts are made
so that the integrals of the N

o✏ine

trk distributions would be closest to the 5% or 10% mark. For the 0–20% centrality
interval the experimental data are used for integration, while the MC Glauber distributions are used for the remaining
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is not compatible with transition measurements and calculations [123, 124]. Based on the above considerations, the
Case-3 WS density parameterization is chosen for our centrality calculations. The fit corresponds to values of MC
Glauber parameters npp = 2.386, k = 3.889, and x = 0.123.
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uncertainties on hNparti and hNcolli are systematic.
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FIG. 5. Ru+Ru over Zr+Zr ratio of the primary CME-sensitive observable ��/v2 estimated using di↵erent methods and
by independent analysis groups. The vertical lines represent statistical uncertainties while the rectangular boxes represent
systematic uncertainties. The upper panel shows the results using the entire TPC acceptance estimated using event-plane (EP)
and three-particle correlations (3PC) methods without any ⌘ gaps. The lower panel shows the results using a sub-event (SE)
method with gap (�⌘sub) of 0.2. Note the most central data point from Group-4 is for 0–10% centrality. The centrality bins
are shifted horizontally for clarity.

The corresponding �112 correlator is represented by

�112{TPC EP} = hcos(�↵ + �� � 2 TPC

2
)i . (44)

The two-particle � correlator is estimated in the same way as defined in Eq. (11). To account for the detector
non-uniformity, both � and  TPC

2
have been corrected by the shifting method [99], such that they have uniform

distributions.
In this subsection, the POIs (with azimuthal angle represented by � in Eq. (43) or �↵,� in Eq. (44)) are taken

from the TPC acceptance of |⌘| < 1. By default, the full EP over the same ⌘ range is used for the v2 and ��112
measurements, with no ⌘ gap between the EP and the POIs or between the two POIs. For each POI or POI pair,
the full EP is re-estimated by excluding the POI or POI pair to remove self-correlation. This approach yields the
smallest statistical uncertainties, with the largest possible number of POIs and the highest possible EP resolution.
The systematic uncertainties due to the lack of an ⌘ gap are expected to be canceled to a large extent in the ratio
between the two isobar systems, and this idea has been corroborated by the v2 ratios in Fig. 4, and will be further
tested in the following discussions of the results using finite ⌘ gaps.

Figure 6 shows v2{TPC EP} as a function of centrality for Ru+Ru and Zr+Zr collisions at
p
sNN = 200 GeV

in the upper panel, and the ratio of Ru+Ru to Zr+Zr in the lower panel. The v2 ratio averaged over the 20–50%
centrality range is 1.0144±0.0001(stat.)±0.0008(syst.). Given the statistical and systematic uncertainties, this value is
significantly above unity, and we consider two potential origins: (a) the two nuclei could have di↵erent nuclear density
parameters, and (b) non-flow contributions could be di↵erent in the two systems. Scenario (b) can be examined using
the measurements with various ⌘ gaps: the mean value of the v2 ratio becomes 1.0146, 1.0149 and 1.0161 for the
two-particle cumulant method (v2{2} defined in Eq. (45)) with no ⌘ gap, �⌘↵� > 0.05 and �⌘↵� > 0.2, respectively.
Here �⌘↵� is the ⌘ gap between particles ↵ and �. Since the v2 ratio is consistently above unity, we exclude the
non-flow explanation. Therefore, the isobar data indicate that the 96

44
Ru and 96

40
Zr nuclei have di↵erent nuclear density

distributions, yielding a larger eccentricity in Ru+Ru than in Zr+Zr collisions at a given centrality [85]. This results
in the v2 ratio in the lower panel of Fig. 6 being larger than unity.
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is not compatible with transition measurements and calculations [123, 124]. Based on the above considerations, the
Case-3 WS density parameterization is chosen for our centrality calculations. The fit corresponds to values of MC
Glauber parameters npp = 2.386, k = 3.889, and x = 0.123.
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is not compatible with transition measurements and calculations [123, 124]. Based on the above considerations, the
Case-3 WS density parameterization is chosen for our centrality calculations. The fit corresponds to values of MC
Glauber parameters npp = 2.386, k = 3.889, and x = 0.123.
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is not compatible with transition measurements and calculations [123, 124]. Based on the above considerations, the
Case-3 WS density parameterization is chosen for our centrality calculations. The fit corresponds to values of MC
Glauber parameters npp = 2.386, k = 3.889, and x = 0.123.
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systematic uncertainties. The upper panel shows the results using the entire TPC acceptance estimated using event-plane (EP)
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method with gap (�⌘sub) of 0.2. Note the most central data point from Group-4 is for 0–10% centrality. The centrality bins
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The corresponding �112 correlator is represented by

�112{TPC EP} = hcos(�↵ + �� � 2 TPC

2
)i . (44)

The two-particle � correlator is estimated in the same way as defined in Eq. (11). To account for the detector
non-uniformity, both � and  TPC

2
have been corrected by the shifting method [99], such that they have uniform

distributions.
In this subsection, the POIs (with azimuthal angle represented by � in Eq. (43) or �↵,� in Eq. (44)) are taken

from the TPC acceptance of |⌘| < 1. By default, the full EP over the same ⌘ range is used for the v2 and ��112
measurements, with no ⌘ gap between the EP and the POIs or between the two POIs. For each POI or POI pair,
the full EP is re-estimated by excluding the POI or POI pair to remove self-correlation. This approach yields the
smallest statistical uncertainties, with the largest possible number of POIs and the highest possible EP resolution.
The systematic uncertainties due to the lack of an ⌘ gap are expected to be canceled to a large extent in the ratio
between the two isobar systems, and this idea has been corroborated by the v2 ratios in Fig. 4, and will be further
tested in the following discussions of the results using finite ⌘ gaps.

Figure 6 shows v2{TPC EP} as a function of centrality for Ru+Ru and Zr+Zr collisions at
p
sNN = 200 GeV

in the upper panel, and the ratio of Ru+Ru to Zr+Zr in the lower panel. The v2 ratio averaged over the 20–50%
centrality range is 1.0144±0.0001(stat.)±0.0008(syst.). Given the statistical and systematic uncertainties, this value is
significantly above unity, and we consider two potential origins: (a) the two nuclei could have di↵erent nuclear density
parameters, and (b) non-flow contributions could be di↵erent in the two systems. Scenario (b) can be examined using
the measurements with various ⌘ gaps: the mean value of the v2 ratio becomes 1.0146, 1.0149 and 1.0161 for the
two-particle cumulant method (v2{2} defined in Eq. (45)) with no ⌘ gap, �⌘↵� > 0.05 and �⌘↵� > 0.2, respectively.
Here �⌘↵� is the ⌘ gap between particles ↵ and �. Since the v2 ratio is consistently above unity, we exclude the
non-flow explanation. Therefore, the isobar data indicate that the 96

44
Ru and 96

40
Zr nuclei have di↵erent nuclear density

distributions, yielding a larger eccentricity in Ru+Ru than in Zr+Zr collisions at a given centrality [85]. This results
in the v2 ratio in the lower panel of Fig. 6 being larger than unity.
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is not compatible with transition measurements and calculations [123, 124]. Based on the above considerations, the
Case-3 WS density parameterization is chosen for our centrality calculations. The fit corresponds to values of MC
Glauber parameters npp = 2.386, k = 3.889, and x = 0.123.
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is not compatible with transition measurements and calculations [123, 124]. Based on the above considerations, the
Case-3 WS density parameterization is chosen for our centrality calculations. The fit corresponds to values of MC
Glauber parameters npp = 2.386, k = 3.889, and x = 0.123.
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To establish exact limits, one need to resolve/understand   
systematics in the ratio  

up to a (sub)percent level (note difference between results from  
different groups, “Full” vs “SE”).
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E. �� with participant and spectator planes (approach-II)

The main objective is to obtain the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr. As discussed in Ref. [65] an evalu-
ation of the ratio (��/v2) does not require knowledge of the reaction plane resolution, which reduces the systematic
uncertainty. It also “normalizes” the � correlator to the elliptic flow value (which is proportional to background) and
thus can be used for a direct comparison of the signals in di↵erent isobar collisions, even if the values of elliptic flow
are slightly di↵erent in the two systems. Thus, the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr, and specifically its
deviation from unity, can be directly used for a qualitative detection of the CME signal. To extract the CME signal
in this approach the double ratio is fit with the equation:

(��/v2)Ru+Ru

(��/v2)Zr+Zr

= 1 + fZr+Zr
CME [(BRu+Ru/BZr+Zr)

2 � 1], (35)

where fZr+Zr
cme is the CME fraction in the �� correlator measured in Zr+Zr collisions, and (BRu+Ru/BZr+Zr) is the ratio

of the magnetic field strengths in Ru+Ru and Zr+Zr collisions. By default this ratio is taken as the ratio of the
nuclear charges, but can be varied to take into account the uncertainties related to the magnetic field determination.

For a non-zero CME signal it is expected that the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr would be greater than
unity, as the CME signal in Ru+Ru collisions is expected to be about 15% larger than in Zr+Zr collisions [58, 83],
and the background di↵erence should be significantly smaller.

For the separate estimates of the CME signal in each of the isobar collisions, the � correlator and elliptic flow can
be also measured using STAR’s two ZDC-SMD  1 event planes (spectator planes):

(��/v2)ZDC =
�hcos(�↵ + �� � W

1
� E

1
)i

hcos(2�� W
1

� E
1
)i

, (36)

where  W(E)

1
is the event plane determined with ZDC-SMD in the west (east) side of STAR and the west side

corresponds to the backward direction. Then this can be used for calculations of the double ratios:

(��/v2)spectator
(��/v2)participant

=
(��/v2)ZDC

(��/v2)TPC

=
�hcos(�↵ + �� � W

1
� E

1
)i/hcos(2�� W

1
� E

1
)i

�hcos(�↵ + �� � 2�c)i/hcos(2�↵ � 2�c)i
. (37)

To extract the signal, one has to make further assumptions [65]. Following the most plausible scenario of the
magnetic field oriented on average perpendicular to the spectator plane, the CME fraction, ftpc

cme, can be extracted via
fitting of the results with the equation:

(��/v2)ZDC

(��/v2)TPC

= 1 + fTPC
CME

✓
v2
2
{TPC}

v2
2
{ZDC} � 1

◆
. (38)

While the calculation of the double ratio, l.h.s. of Eq. (38), does not require knowledge of the reaction plane resolutions,
the quantitative estimate of ftpc

cme from the double ratio requires v2 values corrected for the reaction plane resolution.
For the correlations relative to the sum of the first harmonic ZDC event planes the corresponding event plane resolution
can be extracted directly from the data as hcos( W

1
� E

1
)i.

F. R 2 variable

The R 2(�S) variable provides an alternate way of measuring charge separation. It is obtained by taking the ratio
of two sets of correlation functions [62, 73] defined as:

R 2(�S) = C 2(�S)/C?
 2

(�S). (39)

Here the correlation functions C 2(�S) and C?
 2

(�S) quantify charge separation �S, perpendicular and parallel

(respectively) to the  2 EP. The su�x “?” is motivated by the direction of the ~B field. Since the ~B field is
nearly perpendicular to the  2 EP, C 2(�S) and C?

 2
(�S) measure charge separation approximately parallel and

perpendicular (respectively) to the ~B field. These correlation functions are further obtained from the ratios of two
distributions [62, 73];

C 2(�S) =
Nreal(�S)

Nshu✏ed(�S)
. (40)
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FIG. 27. Compilation of post-blinding results. This figure is largely the same as Fig. 26 with the following di↵erences: numerical
changes in the results from the new run-by-run QA algorithm are treated as an additional systematic uncertainty added in
quadrature, and two data points (open markers) have been added on the right to indicate the ratio of inverse multiplicities
(No✏ine

trk ) and the ratio of relative pair multiplicity di↵erence (r) as explained in the text.

VI. POST BLINDING

During the second step of our analysis (the isobar blind analysis) a potential issue was identified related to the
predefined criteria of the QA algorithm (as described in Sec. IID). The condition of being within five times the
weighted error or one percent of the variation of the local mean may be too relaxed to identify all the boundaries of
stable run periods and outlier runs in some QA variables. When combining the identified run mini-regions, a new
algorithm is implemented by 1) removing the “within one percent of the variation of the local mean” condition, and 2)
adding a tolerance of “within 2-RMS di↵erence”, which seems to be more e↵ective for some QA variables such as Nfits.
This new algorithm is again executed in the final step of isobar unblind analysis (Step-3) and all the results using
this algorithm are presented in this post-blinding section. No qualitative changes are observed in the final quantities.
The numerical changes in the results from this new run-by-run QA algorithm are treated as an additional systematic
uncertainty to update Fig.26 and obtain Fig. 27.

Two additional data points are included on Fig. 27 for the following reasons. Most ratio quantities shown in Fig. 26
or Fig.27 have magnitudes that are below unity with high significance, whereas in a purely non-CME scenario with
controlled backgrounds, the expectation is that these quantities should be consistent with unity. The reason for these
ratios being less than unity is, in part, due to the multiplicity di↵erence in the two isobar systems. As documented in
Table III, the multiplicity distributions are di↵erent for the two isobar species to the extent that in bins of matching
centrality, the mean multiplicity is around 4% lower for mid-central Zr+Zr than for mid-central Ru+Ru collisions.
The measured magnitudes of most observables, such as �� and ��, decrease with increasing multiplicity because of
the trivial multiplicity dilution for these per-pair quantities. Therefore, the corresponding ratios of these observables
between the two isobar systems will become larger, if taken in bins of matching multiplicity. Under the approximation
that background to�� is caused by flowing clusters with the properties of the clusters staying the same and the number
of clusters scaling with multiplicity, the value of �� scales with the inverse of multiplicity [20], i.e. N�� / v2 with
the proportionality presumably equal between the two isobars. Because of this, it may be considered that the proper
baseline for the ratio of ��/v2 between the two isobars is the ratio of the inverse multiplicities of the two systems.
Analysis with respect to this baseline is not documented in the pre-blinding procedures of this blind analysis, so is
not reported as part of the blind analysis. We include this inverse multiplicity ratio as the right-most point in Fig. 27.

It is interesting to note that ordering among the quantities in their magnitudes is observed in Figs. 26 and 27. The
��/v2 ratio has a smaller magnitude than the  and k ratios. This is consistent with the multiplicity ratio baseline
for the former as discussed above and the fact that the trivial multiplicity dependence cancels in the latter so its
baseline would be unity. On the other hand, the R-variable inverse width 1/�R 2

ratio is larger than the ��/v2 ratio.
This di↵erence is expected to be driven by: 1) di↵erent pT ranges used for the two quantities, 2) di↵erence in the
multiplicity dependence (see, e.g., Ref. [81]), and 3) di↵erence in the non-flow contributions. The scaling relations
extracted in Ref. [81] indicate an approximate relation between 1/�2

R 2
, multiplicity N and ��, which would imply
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TABLE I. The inclusive h��inci ⌘ h��{ TPC}i and the extracted hfCMEi and h��CMEi, averaged over 20–50% and 50–80%
centrality ranges in Au+Au collisions at

p
sNN= 200 GeV from the full-event method (with two POI pT ranges) and the

sub-event method (with two ⌘ gaps). The first quoted uncertainty is statistical and the second systematic.

Centrality Method h��inci (⇥10�4) hfCMEi (%) h��CMEi (⇥10�4)

20–50%

full-event, pT=0.2–2 GeV/c 1.89± 0.01± 0.10 14.7± 4.3± 2.6 0.40± 0.11± 0.08
full-event, pT=0.2–1 GeV/c 1.48± 0.01± 0.07 13.7± 6.2± 2.3 0.29± 0.13± 0.06
sub-event, �⌘sub=0.1, pT=0.2–2 GeV/c 2.84± 0.01± 0.15 8.8± 4.5± 2.4 0.27± 0.17± 0.12
sub-event, �⌘sub=0.3, pT=0.2–2 GeV/c 2.94± 0.01± 0.15 6.3± 5.0± 2.5 0.23± 0.19± 0.14

50–80%

full-event, pT=0.2–2 GeV/c 6.31± 0.03± 0.38 0.3± 2.5± 5.3 0.12± 0.21± 0.40
full-event, pT=0.2–1 GeV/c 5.19± 0.04± 0.33 4.6± 3.4± 7.3 0.37± 0.23± 0.41
sub-event, �⌘sub=0.1, pT=0.2–2 GeV/c 8.72± 0.06± 0.41 �4.2± 3.4± 2.6 �0.36± 0.36± 0.43
sub-event, �⌘sub=0.3, pT=0.2–2 GeV/c 8.89± 0.07± 0.40 �4.6± 3.9± 2.7 �0.46± 0.43± 0.45
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FIG. 3. The flow-background removed hfCMEi (a) and h��CMEi (b) signal in 50–80% (open markers) and 20–50% (solid
markers) centrality Au+Au collisions at

p
sNN= 200 GeV, extracted by various analysis methods (FE: full-event, SE: sub-

event) and kinematic cuts. Error bars show statistical uncertainties; the caps indicate the systematic uncertainties.

⌘ gaps between the sub-events. The inclusive �� mea-
surements with respect to  ZDC and  TPC are found to
be largely dominated by backgrounds, consistent with
conclusions from previous measurements. Because  ZDC

aligns better with the spectator proton plane and  TPC

aligns better with the v2 harmonic plane, these measure-
ments can be used to extract the possible residual CME
signals, assuming that the background is proportional to
v2 and the magnetic field is determined by the spectator
protons. Under these assumptions, the possible residual
CME signals are extracted using the new method in this
paper. Some indication of finite signals is seen with a sig-
nificance of 1–3 standard deviations from the sub-event
to full-event methods. However, significant non-flow ef-
fects (especially for the full-event method without ⌘ gap)
may still be present that warrant further investigation.
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Isobar results do not exclude a bigger signal in AuAu.  
The signal could be significantly smaller in such  
(relatively small nuclei) collisions

STAR isobars:  
- No CME signature that satisfies the predefined criteria has been observed in isobar collisions in this blind analysis.  
- Accurate upper limits for  are being evaluated.fCME

Isobar run was a real success (not only for the CME search) 
Should we request for more?   ,    ?136
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Figure 1: (a) inclusive �� calculated by avfd in 30-40% Au+Au and Zr+Zr collisions at
p

snn = 200 GeV as functions of the axial charge per
entropy density n5/s; (b) background-subtracted cme signal ��cme, where the background is taken as the �� at n5/s = 0; (c) the cme signal fraction
fcme, where the curves are fits to (n5/s)2

(n5/s)2+b with b related to the background-to-signal ratio. The horizontal line at fcme = 10% and the shaded area
are to guide the eye. Statistical uncertainties are too small to be visible.

current and the bulk medium. In our simulation we used the version EBE-avfd Beta1.0 which includes event-wise
fluctuations in the initial conditions [29, 32].

The cme arises from the finite axial charge current due to the imbalanced numbers of left-handed and right-handed
quarks. The magnitude of the axial charge per entropy density (n5/s) is, however, rather poorly known [34, 35, 29].
The n5/s value is taken as an input to avfd. We can, however, use the available Au+Au data as a benchmark to calibrate
avfd. To that end we simulate isobar as well as Au+Au collisions by avfd. While the cme signals in individual
collision systems are di�cult to gauge theoretically (and also experimentally at present), their relative strengths in
isobar collisions vs. Au+Au collisions should be more robust.

Figure 1(a) shows the �� calculated by avfd in 30-40% centrality Au+Au and Zr+Zr collisions at
p

snn = 200 GeV.
The Ru+Ru results are similar to Zr+Zr. The leftmost data points at n5/s = 0 are entirely due to flow background.
The backgrounds di↵er by approximately a factor of 1.9 between Zr+Zr and Au+Au; this is consistent with the
aforementioned multiplicity dilution. We can extract the cme signals ��cme at n5/s , 0 by subtracting the flow
background ��Bkg taken as the �� at n5/s = 0. The ��cme is shown in Fig. 1(b) as function of n5/s. It is quadratic,
��cme = k(n5/s)2, as expected because �� is a two-particle correlation variable. The signal strengths di↵er by also
approximately a factor of 1.9 at the same n5/s value between Au+Au and Zr+Zr collisions, but in the opposite
direction of the background di↵erence. This is not unexpected because the initial magnetic field strengths in avfd
di↵ers by a factor of 1.7 between Au+Au and Zr+Zr collisions [29], somewhat larger than the aforementioned A1/3

scaling. This would result in a factor of 2.9 di↵erence in ��cme. However, there could be final-state e↵ect reducing the
cme signal [36] and this reduction would be stronger in Au+Au than isobar collisions. Also, it is possible that the cme
signal could be somewhat diluted by multiplicity (similar to the background) if it arises from multiple independent
domains of axial charges in local magnetic fields. In other words, the cme signal could behave more like nonflow,
rather than flow as normally expressed by the a1 parameter in a Fourier series 1 + 2a1 sin(�) + 2v2 cos(2�) + ...,
where ��cme = 2a2

1 and a1 / n5/s [29]. This would result in a larger multiplicity dilution in Au+Au than isobar
collisions. Thus, it may not be entirely unexpected that the relative cme signal in Au+Au with respect to isobar
collisions is smaller than the B2 scaling; avfd indicates a relative reduction factor of ✏ isobar/✏AuAu ⇡ 2.9/1.9 (here
0 < ✏AuAu, ✏ isobar < 1). Moreover, the initial temperature is expected to be higher in Au+Au than isobar collisions,
which would lead to a larger sphaleron transition probability and hence a larger initial cme signal. So the final-state
reduction factor could be even larger. Nevertheless, it is evident that the avfd results generally support the estimates
by the aforedescribed simple reasoning.

The cme fraction, fcme, is shown in Fig. 1(c) for both Zr+Zr and Au+Au collisions. It is now not a surprise, as
noted above, that the cme fractions are not the same between isobar and Au+Au collisions at a given n5/s. Using
shorthand notation rBkg ⌘ ��isobar

Bkg /��
AuAu
Bkg (⇡ 1.9) for the background ratio and rcme ⌘ kisobar/kAuAu (⇡ 1/1.9) for the

ratio of the proportionality coe�cient k, it is straightforward to show

f isobar
cme =

f AuAu
cme

f AuAu
cme + r(1 � f AuAu

cme )
, (1)

3

The signal could depend strongly on the system size. 
Calculations by A. Dobrin (private communication)
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FIG. 4. (Left) Elliptic anisotropy v2 measurements using di↵erent methods in isobar collisions at
p
sNN = 200 GeV as a

function of centrality using TPC and EPD detectors. In the upper panels, the solid and open symbols represent measurements
for Ru+Ru and Zr+Zr collisions, respectively. The data points are shifted along the x axis for clarity. The lower panels show
the v2 ratios in Ru+Ru over Zr+Zr collisions. The statistical uncertainties are represented by lines and systematic uncertainties
by boxes. (Right) The same showing measurements for four particle correlations using TPC and EP determined from ZDC.
The data points are shifted horizontally for clarity.

detailed implementations di↵er among the groups with regards to estimation of harmonic flow vectors, re-weighting,
the pseudorapidity gap to reduce non-flow, and correction of non-uniform acceptance. While focusing on various
aspects, four of the five groups have analyzed the ��/v2 observable. Figure 5 compares the ��/v2 measurements
with both the full-event and sub-event methods. The statistical uncertainties are largely correlated among the
groups because the same initial data sample is analyzed; the results are not identical because of the analysis-specific
event selection criteria (see Table.I) and the slightly di↵erent methods. Using the Barlow approach [106], we have
verified that the results from di↵erent groups are consistent within the statistical fluctuations due to those di↵erences.
Moreover, the final conclusion on the observability of the CME is consistent among all five analysis groups.

In addition to the centrality dependence results reported in the following subsections, in order to have the best
statistics, we also quote the final results for the Ru+Ru over Zr+Zr ratio observables for the centrality range of 20–50%.
The choice of this centrality range is determined by two considerations. One is that the mid-central collisions present
the best EP reconstruction resolution as well as the most significant magnetic field strengths (hence the possibly
largest CME signal di↵erence between the isobar species). The other consideration is that the online trigger e�ciency
starts to deteriorate from the 50% centrality mark towards more-peripheral collisions (see Sec. III). A compilation of
results from di↵erent groups is presented in the summary subsection V I.

A. �� measurements with TPC event plane (Group-1)

The flow plane for a specific pseudorapidity range is unknown for each event. In practice, we estimate an nth-

harmonic flow plane with the azimuthal angle ( n) of the flow vector
�!
Qn =

�PN
i wi cos(n�i),

PN
i wi sin(n�i)

�
, where

�i represents the azimuthal angle of a detected particle, and wi is a weight (often set to pT ) to optimize the EP
resolution. For example, the vn measurement with respect to the full TPC EP is denoted by

vn{TPC EP} = hcos(n�� n TPC

n )i . (43)
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The chiral magnetic e↵ect (CME) is predicted to occur as a consequence of a local violation of
P and CP symmetries of the strong interaction amidst a strong electro-magnetic field generated
in relativistic heavy-ion collisions. Experimental manifestation of the CME involves a separation
of positively and negatively charged hadrons along the direction of the magnetic field. Previous
measurements of the CME-sensitive charge-separation observables remain inconclusive because of
large background contributions. In order to better control the influence of signal and backgrounds,
the STAR Collaboration performed a blind analysis of a large data sample of approximately 3.8
billion isobar collisions of 96

44Ru+96

44Ru and 96

40Zr+
96

40Zr at
p
sNN = 200 GeV. Prior to the blind analysis,

the CME signatures are predefined as a significant excess of the CME-sensitive observables in Ru+Ru
collisions over those in Zr+Zr collisions, owing to a larger magnetic field in the former. A precision
down to 0.4% is achieved, as anticipated, in the relative magnitudes of the pertinent observables
between the two isobar systems. Observed di↵erences in the multiplicity and flow harmonics at the
matching centrality indicate that the magnitude of the CME background is di↵erent between the
two species. No CME signature that satisfies the predefined criteria has been observed in isobar
collisions in this blind analysis.
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