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Search for the Chiral Magnetic Effect: 
comments on the STAR group-4 results

STAR Collaboration

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

Big new development: the isobar run, results to follow!

21

Isobars: same shape = same background, different Z = different magnetic field – change in signal?

Outline: 
   Group-4 specifics: 

-   [Ru] / [Zr] 
- [SP] / [PP] 
 
Comparison to other groups
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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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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
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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

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

fCME

 
  Goal:                                               fCME = ΔγCME/Δγ

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

−
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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. 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. 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. 4. (Left) Elliptic anisotropy v2 measurements using di↵erent methods in isobar collisions at
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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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Group-4 specifics: 
 Using this approach allows to avoid “extrapolation” of  
the RP resolution from sub- to full event (usually done  
assuming Gaussian distribution of the flow vectors)  
as well as a similar “extrapolation” from the first harmonic  
to the second harmonic

Group-4 specifics: 
- default:  from same charge correlations 
  (usually suppresses > 50% of nonflow) 
- systematics includes “all charges”, 
  larger  gaps    

v2

Δη

v2{TPC} =
p

hcos(2�E
↵ � 2�W

↵ )i
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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

Restricting  calculation to about half of the entire  region  
increases the “signal” for 30-50%  
Note that the CME and BG might have different dependence on 

Δγ Δη

Δηαβ

Group-4 specifics: 
- Calculates  only in subevents (default values )    Δγ 0.1 < |η | < 1.0
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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)

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

 calculation in a narrower  window  
η

Δγ η
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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.

Group-4 specifics: 
- default:  from same charge correlations 
  (usually suppresses > 50% of nonflow) 
- systematics includes:  
  - “all charges”, 
  -  larger  gaps    

v2

Δη
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Two most right points added  
for post-blinding discussion

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

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.
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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.
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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.
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Glauber parameters npp = 2.386, k = 3.889, and x = 0.123.
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trk i are all significantly smaller than 0.01. The
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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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centrality determination. The mean hN
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binary collisions (hNcolli) are also listed. The statistical uncertainties on hN
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The corresponding �112 correlator is represented by
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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
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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
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Ru and 96
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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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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
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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

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”, …).

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)

The deviation from dashed line  

Taking at “face value” it translates to 
   

≲ 1 %

fCME ≲ 5 %
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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

[(
2σ 2 + x̄2)I0

(
x̄2

4σ 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],
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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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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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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.
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v2{ZDC} =
hcos(2�↵ � E

1 � E
1 )i

hcos( W
1 � E

1 )i
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Group-4 specifics: 
 Using this approach allows avoid extrapolation of the 
RP resolution from sub- to full event (usually done  
assuming Gaussian distribution of the flow vectors)  
as well as “extrapolation” from first harmonic to  
the second harmonic

Group-4 specifics: 
- default:  from same charge correlations 
  (usually suppresses > 50% of nonflow) 
- systematics includes “all charges”, 
  larger  gaps    
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Group-4 : CME fraction in each isobar

Combining measurements from TPC (PP) and ZDC (SP) extract the ratio:
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Uncertainties dominate in fCME measurements to make decisive statement.
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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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Group 4 (also done by group 3)

Group-4 specifics: 
 Using this approach allows to avoid “extrapolation” of  
the RP resolution from sub- to full event (usually done  
assuming Gaussian distribution of the flow vectors)  
as well as a similar “extrapolation” from the first harmonic  
to the second harmonic
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Conclusions
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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

- 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.  
  [goal — “baseline” - “approach” uncertainty:  
          a few percent difference in Ru/Zr correlations  a few percent “non-flow/non-CME” contribution to  ]  

fCME

× (Δγ/v2)

Isobar run was a real success (not only for the CME search) 
Should we request for more?   ,    ?136

54 Ce 136
50 Xe
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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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Types of the background

15

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

dN±
d�

/ 1 + 2v1 cos (��) + 2v2 cos(2��) + ...

+ 2a1,± sin(��) + ... ; �� = �� RP

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,

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

2010-2013, Wang 2010, Pratt et al 2010, ...)
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Anomalous transport, 
Electric current along 
magnetic field

 
Chirality imbalance 

Charge separation 
along B direction

J = e2

2⇡2µ5B

µ5 / E ·B
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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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J. Adam,40 D. Adamová,84 M. M. Aggarwal,88 G. Aglieri Rinella,36 M. Agnello,110 N. Agrawal,48 Z. Ahammed,132 S. U. Ahn,68

S. Aiola,136,† A. Akindinov,58 S. N. Alam,132 D. Aleksandrov,80 B. Alessandro,110 D. Alexandre,101 R. Alfaro Molina,64

044903-9

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

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

2010-2013, Wang 2010, Pratt et al 2010, ...)
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µ5 / E ·B
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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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