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M. I. Abdulhamid,4 B. E. Aboona,56 J. Adam,16 J. R. Adams,41 G. Agakishiev,31 I. Aggarwal,42 M. M. Aggarwal,42

Z. Ahammed,62 A. Aitbaev,31 I. Alekseev,2,38 E. Alpatov,38 A. Aparin,31 S. Aslam,27 J. Atchison,1 G. S. Averichev,31

V. Bairathi,54 J. G. Ball Cap,23 K. Barish,11 P. Bhagat,30 A. Bhasin,30 S. Bhatta,53 S. R. Bhosale,18 I. G. Bordyuzhin,2

J. D. Brandenburg,41 A. V. Brandin,38 C. Broodo,23 X. Z. Cai,51 H. Caines,65 M. Calderón de la Barca Sánchez,9 D. Cebra,9

J. Ceska,16 I. Chakaberia,34 B. K. Chan,10 Z. Chang,28 A. Chatterjee,17 D. Chen,11 J. Chen,50 J. H. Chen,20 Z. Chen,50

J. Cheng,58 Y. Cheng,10 S. Choudhury,20 W. Christie,6 X. Chu,6 H. J. Crawford,8 G. Dale-Gau,13 A. Das,16 T. G. Dedovich,31

I. M. Deppner,22 A. A. Derevschikov,43 A. Dhamija,42 P. Dixit,25 X. Dong,34 J. L. Drachenberg,1 E. Duckworth,32

J. C. Dunlop,6 J. Engelage,8 G. Eppley,45 S. Esumi,59 O. Evdokimov,13 O. Eyser,6 R. Fatemi,33 S. Fazio,7 C. J. Feng,40

Y. Feng,44 E. Finch,52 Y. Fisyak,6 F. A. Flor,65 C. Fu,29 T. Gao,50 F. Geurts,45 N. Ghimire,55 A. Gibson,61 K. Gopal,26 X. Gou,50

D. Grosnick,61 A. Gupta,30 A. Hamed,4 Y. Han,45 M. D. Harasty,9 J. W. Harris,65 H. Harrison-Smith,33 W. He,20 X. H. He,29

Y. He,50 C. Hu,60 Q. Hu,29 Y. Hu,34 H. Huang,40 H. Z. Huang,10 S. L. Huang,53 T. Huang,13 X. Huang,58 Y. Huang,58

Y. Huang,12 T. J. Humanic,41 M. Isshiki,59 W. W. Jacobs,28 A. Jalotra,30 C. Jena,26 Y. Ji,34 J. Jia,6,53 C. Jin,45 X. Ju,47

E. G. Judd,8 S. Kabana,54 D. Kalinkin,33 K. Kang,58 D. Kapukchyan,11 K. Kauder,6 D. Keane,32 A. Kechechyan,31 A. Khanal,63

A. Kiselev,6 A. G. Knospe,35 H. S. Ko,34 L. Kochenda,38 A. A. Korobitsin,31 A. Yu. Kraeva,38 P. Kravtsov,38 L. Kumar,42

M. C. Labonte,9 R. Lacey,53 J. M. Landgraf,6 A. Lebedev,6 R. Lednicky,31 J. H. Lee,6 Y. H. Leung,22 N. Lewis,6 C. Li,50

D. Li,47 H-S. Li,44 H. Li,64 W. Li,45 X. Li,47 Y. Li,47 Y. Li,58 Z. Li,47 X. Liang,11 Y. Liang,32 T. Lin,50 Y. Lin,21 C. Liu,29

G. Liu,48 H. Liu,12 L. Liu,12 T. Liu,65 X. Liu,41 Y. Liu,56 Z. Liu,12 T. Ljubicic,45 O. Lomicky,16 R. S. Longacre,6 E. M. Loyd,11

T. Lu,29 J. Luo,47 X. F. Luo,12 V. B. Luong,31 L. Ma,20 R. Ma,6 Y. G. Ma,20 N. Magdy,53 R. Manikandhan,23 S. Margetis,32

H. S. Matis,34 G. McNamara,63 O. Mezhanska,16 K. Mi,12 N. G. Minaev,43 B. Mohanty,39 M. M. Mondal,39 I. Mooney,65

D. A. Morozov,43 A. Mudrokh,31 M. I. Nagy,18 A. S. Nain,42 J. D. Nam,55 M. Nasim,25 E. Nedorezov,31 D. Neff,10

J. M. Nelson,8 D. B. Nemes,65 M. Nie,50 G. Nigmatkulov,13 T. Niida,59 L. V. Nogach,43 T. Nonaka,59 G. Odyniec,34

A. Ogawa,6 S. Oh,49 V. A. Okorokov,38 K. Okubo,59 B. S. Page,6 R. Pak,6 S. Pal,16 A. Pandav,34 A. K. Pandey,29

Y. Panebratsev,31 T. Pani,46 P. Parfenov,38 A. Paul,11 C. Perkins,8 B. R. Pokhrel,55 M. Posik,55 A. Povarov,38 T. Protzman,35

N. K. Pruthi,42 J. Putschke,63 Z. Qin,58 H. Qiu,29 C. Racz,11 S. K. Radhakrishnan,32 A. Rana,42 R. L. Ray,57 H. G. Ritter,34

C. W. Robertson,44 O. V. Rogachevsky,31 M. A. Rosales Aguilar,33 D. Roy,46 L. Ruan,6 A. K. Sahoo,25 N. R. Sahoo,26

H. Sako,59 S. Salur,46 E. Samigullin,2 S. Sato,59 B. C. Schaefer,35 W. B. Schmidke,6,* N. Schmitz,36 J. Seger,15 R. Seto,11

P. Seyboth,36 N. Shah,27 E. Shahaliev,31 P. V. Shanmuganathan,6 T. Shao,20 M. Sharma,30 N. Sharma,25 R. Sharma,26

S. R. Sharma,26 A. I. Sheikh,32 D. Shen,50 D. Y. Shen,20 K. Shen,47 S. S. Shi,12 Y. Shi,50 Q. Y. Shou,20 F. Si,47 J. Singh,42

S. Singha,29 P. Sinha,26 M. J. Skoby,5,44 Y. Söhngen,22 Y. Song,65 B. Srivastava,44 T. D. S. Stanislaus,61 D. J. Stewart,63

M. Strikhanov,38 B. Stringfellow,44 Y. Su,47 C. Sun,53 X. Sun,29 Y. Sun,47 Y. Sun,24 B. Surrow,55 D. N. Svirida,2

Z. W. Sweger,9 A. C. Tamis,65 A. H. Tang,6 Z. Tang,47 A. Taranenko,38 T. Tarnowsky,37 J. H. Thomas,34 D. Tlusty,15

T. Todoroki,59 M. V. Tokarev,31 S. Trentalange,10 P. Tribedy,6 O. D. Tsai,10,6 C. Y. Tsang,32,6 Z. Tu,6 J. Tyler,56 T. Ullrich,6

D. G. Underwood,3,61 I. Upsal,47 G. Van Buren,6 A. N. Vasiliev,43,38 V. Verkest,63 F. Videbæk,6 S. Vokal,31 S. A. Voloshin,63

F. Wang,44 G. Wang,10 J. S. Wang,24 J. Wang,50 K. Wang,47 X. Wang,50 Y. Wang,47 Y. Wang,12 Y. Wang,58 Z. Wang,50

J. C. Webb,6 P. C. Weidenkaff,22 G. D. Westfall,37 H. Wieman,34 G. Wilks,13 S. W. Wissink,28 J. Wu,12 J. Wu,29 X. Wu,10

Wu X.,47 B. Xi,20 Z. G. Xiao,58 G. Xie,60 W. Xie,44 H. Xu,24 N. Xu,34 Q. H. Xu,50 Y. Xu,50 Y. Xu,12 Z. Xu,32 Z. Xu,10 G. Yan,50

Z. Yan,53 C. Yang,50 Q. Yang,50 S. Yang,48 Y. Yang,40 Z. Ye,45 Z. Ye,34 L. Yi,50 K. Yip,6 Y. Yu,50 W. Zha,47 C. Zhang,20

D. Zhang,48 J. Zhang,50 S. Zhang,14 W. Zhang,48 X. Zhang,29 Y. Zhang,29 Y. Zhang,47 Y. Zhang,50 Y. Zhang,12 Z. J. Zhang,40

Z. Zhang,6 Z. Zhang,13 F. Zhao,29 J. Zhao,20 M. Zhao,6 J. Zhou,47 S. Zhou,12 Y. Zhou,12 X. Zhu,58 M. Zurek,3,6 and M. Zyzak19

(STAR Collaboration)
1Abilene Christian University, Abilene, Texas 79699

2Alikhanov Institute for Theoretical and Experimental Physics NRC “Kurchatov Institute”, Moscow 117218
3Argonne National Laboratory, Argonne, Illinois 60439
4American University in Cairo, New Cairo 11835, Egypt

5Ball State University, Muncie, Indiana 47306
6Brookhaven National Laboratory, Upton, New York 11973

7University of Calabria & INFN-Cosenza, Rende 87036, Italy
8University of California, Berkeley, California 94720

9University of California, Davis, California 95616
10University of California, Los Angeles, California 90095

*Deceased.

Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further distribution
of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.

2643-1564/2024/6(3)/L032005(7) L032005-1 Published by the American Physical Society

https://creativecommons.org/licenses/by/4.0/


M. I. ABDULHAMID et al. PHYSICAL REVIEW RESEARCH 6, L032005 (2024)

11University of California, Riverside, California 92521
12Central China Normal University, Wuhan, Hubei 430079
13University of Illinois at Chicago, Chicago, Illinois 60607

14Chongqing University, Chongqing, 401331
15Creighton University, Omaha, Nebraska 68178

16Czech Technical University in Prague, FNSPE, Prague 115 19, Czech Republic
17National Institute of Technology Durgapur, Durgapur - 713209, India

18ELTE Eötvös Loránd University, Budapest, Hungary H-1117
19Frankfurt Institute for Advanced Studies FIAS, Frankfurt 60438, Germany

20Fudan University, Shanghai, 200433
21Guangxi Normal University, Guilin 541004

22University of Heidelberg, Heidelberg 69120, Germany
23University of Houston, Houston, Texas 77204
24Huzhou University, Huzhou, Zhejiang 313000

25Indian Institute of Science Education and Research (IISER), Berhampur 760010, India
26Indian Institute of Science Education and Research (IISER) Tirupati, Tirupati 517507, India

27Indian Institute Technology, Patna, Bihar 801106, India
28Indiana University, Bloomington, Indiana 47408

29Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, Gansu 730000
30University of Jammu, Jammu 180001, India

31Joint Institute for Nuclear Research, Dubna 141 980
32Kent State University, Kent, Ohio 44242

33University of Kentucky, Lexington, Kentucky 40506-0055
34Lawrence Berkeley National Laboratory, Berkeley, California 94720

35Lehigh University, Bethlehem, Pennsylvania 18015
36Max-Planck-Institut für Physik, Munich 80805, Germany

37Michigan State University, East Lansing, Michigan 48824
38National Research Nuclear University MEPhI, Moscow 115409

39National Institute of Science Education and Research, HBNI, Jatni 752050, India
40National Cheng Kung University, Tainan 70101

41The Ohio State University, Columbus, Ohio 43210
42Panjab University, Chandigarh 160014, India

43NRC “Kurchatov Institute”, Institute of High Energy Physics, Protvino 142281
44Purdue University, West Lafayette, Indiana 47907

45Rice University, Houston, Texas 77251
46Rutgers University, Piscataway, New Jersey 08854

47University of Science and Technology of China, Hefei, Anhui 230026
48South China Normal University, Guangzhou, Guangdong 510631

49Sejong University, Seoul, 05006, South Korea
50Shandong University, Qingdao, Shandong 266237

51Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800
52Southern Connecticut State University, New Haven, Connecticut 06515

53State University of New York, Stony Brook, New York 11794
54Instituto de Alta Investigación, Universidad de Tarapacá, Arica 1000000, Chile

55Temple University, Philadelphia, Pennsylvania 19122
56Texas A&M University, College Station, Texas 77843

57University of Texas, Austin, Texas 78712
58Tsinghua University, Beijing 100084

59University of Tsukuba, Tsukuba, Ibaraki 305-8571, Japan
60University of Chinese Academy of Sciences, Beijing 101408

61Valparaiso University, Valparaiso, Indiana 46383
62Variable Energy Cyclotron Centre, Kolkata 700064, India

63Wayne State University, Detroit, Michigan 48201
64Wuhan University of Science and Technology, Wuhan, Hubei 430065

65Yale University, New Haven, Connecticut 06520

(Received 24 October 2023; accepted 27 May 2024; published 9 July 2024)

The chiral magnetic effect (CME) is a phenomenon that arises from the QCD anomaly in the presence of an
external magnetic field. The experimental search for its evidence has been one of the key goals of the physics
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program of the Relativistic Heavy-Ion Collider. The STAR Collaboration has previously presented the results
of a blind analysis of isobar collisions (96

44Ru + 96
44Ru, 96

40Zr + 96
40Zr) in the search for the CME. The isobar ratio

(Y ) of CME-sensitive observable, charge separation scaled by elliptic anisotropy, is close to but systematically
larger than the inverse multiplicity ratio, the naive background baseline. This indicates the potential existence
of a CME signal and the presence of remaining nonflow background due to two- and three-particle correlations,
which are different between the isobars. In this postblind analysis, we estimate the contributions from those
nonflow correlations as a background baseline to Y , utilizing the isobar data as well as Heavy Ion Jet Interaction
Generator simulations. This baseline is found consistent with the isobar ratio measurement, and an upper limit of
10% at 95% confidence level is extracted for the CME fraction in the charge separation measurement in isobar
collisions at

√
sNN = 200 GeV.

DOI: 10.1103/PhysRevResearch.6.L032005

Introduction. The chiral magnetic effect (CME) refers
to an electric current (charge separation of produced parti-
cles) along the strong magnetic field produced in relativistic
heavy-ion collisions due to chirality-imbalanced, parity, and
charge-parity odd metastable domains [1]. The formation of
such domains has been predicted by quantum chromodynam-
ics (QCD) to occur at high temperatures in those collisions
because of vacuum fluctuations [2–5] and may be pertinent to
the matter-antimatter asymmetry of our universe [6].

To measure charge separation, three-point correlators,

γαβ = 〈cos(φα + φβ − 2ψRP)〉
�γ = γOS − γSS, (1)

are used [7]. The terms φα,β represent the azimuthal angles (in
the plane perpendicular to the beam axis) of particles of inter-
est (α, β), which are of either opposite sign (OS) or same sign
(SS) in electric charge. The average 〈· · · 〉 is taken over particle
pairs and events. The azimuthal angle of the reaction plane
ψRP, defined by the beam and impact parameter directions,
is used here because the magnetic field direction fluctuates
about ψRP. The ψRP is only a theoretical concept, experimen-
tally unmeasurable. It can be approximately determined by
the spectator plane ψSP, measured by the spectator neutrons,
which is more pertinent to the direction of the magnetic
field, mainly produced by the spectator protons. The ψRP is
often surrogated by the second azimuthal harmonic plane ψ2

reconstructed by final-state particle distributions [8], which
fluctuates about ψRP. While charge-independent backgrounds
are canceled in �γ , backgrounds remain from two-particle
(2p) correlations coupled with the elliptic flow of those cor-
relation sources, such as resonances and jets [7,9–11]. These
backgrounds dominate charge separation measurements at the
Relativistic Heavy-Ion Collider (RHIC) [12–20] and the Large
Hadron Collider (LHC) [21–24].

To eliminate backgrounds, isobar 96
44Ru + 96

44Ru and
96
40Zr + 96

40Zr collisions at nucleon-nucleon center-of-mass en-
ergy of

√
sNN = 200 GeV were conducted in a single-year data

collection (2018) by the Solenoid Tracker At RHIC (STAR)
[25]. Due to the identical mass number, backgrounds were
expected to be equal in those collision systems, whereas an
appreciable CME signal difference would exist because of the
different atomic numbers responsible for the magnetic field
[26,27]. However, contrary to expectations, the isobar data
[25] show that the two systems have different background

contributions: the two isobars differ by up to a few percent
in the produced charged particle multiplicities (4.4%) and the
elliptic flows (1.4%). These differences are consistent with
energy density functional calculations of the nuclear struc-
tures, resulting in a smaller Ru nucleus than the Zr nucleus
[28–30]. Although the �γ/v2 was constructed to account
for the elliptic flow (parameterized by v2) difference, the
isobar (Ru + Ru/Zr + Zr) ratio of the �γ/v2 measurements,

Y ≡ (�γ/v∗
2 )Ru

(�γ/v∗
2 )Zr , was smaller than unity due to the multiplicity

difference that was not considered in the blind analysis [25].
If the number of correlation sources is proportional to

multiplicity, then Y would be equal to the isobar ratio of the
inverse multiplicity (1/N) for a pure flow-driven background
scenario. A quantitative comparison shows that Y is slightly
larger than the 1/N ratio [25], indicating the potential pres-
ence of a CME signal [31]. However, the measurement of
the relative pair excess r = (NOS − NSS)/NOS [25] indicates a
violation of such proportionality, which is one indication that
this naive baseline is not strictly correct. In order to search for
any residual signals of CME, a more rigorous evaluation of
the background baseline is necessary, which is the main goal
of this Letter. Further details of the background assessment
analysis can be found in the long companion paper [32].

Refined baseline. In off-center heavy-ion collisions, the
azimuthal distribution of final-state particles is anisotropic
because of the anisotropic expansion of the collision fire-
ball [33]. The second azimuthal harmonic, elliptic flow, is
used to reconstruct ψRP, the accuracy of which is corrected
by a resolution factor [8]. Equivalent to Eq. (1) with ψ2,
but more directly, γ can also be calculated using the three-
particle (3p) correlator [13], C3,αβ = 〈cos(φα + φβ − 2φc)〉
and γαβ = C3,αβ/v2, where v2 is the elliptic flow of particles
of type c, which are usually taken as all charged hadrons in
a given detector acceptance. The background contribution to
�γ/v2 from intrinsic 2p and 3p correlation can be expressed
[34] as

�γbkgd

v∗
2

= C2p

N

v2
2

v∗2
2

+ C3p

N

1

Ncv
∗2
2

= C2p

N

1 + C3p/C2p

Nv2
2

1 + εnf
, (2)

where
C2p

N
= N2p

NOS

(
C2p,OS

v2,2p

v2
− γSS

v2

)
, (3)

C3p

N
= N3p,OS

NOS
C3p,OS − N3p,SS

NSS
C3p,SS. (4)
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FIG. 1. (a) Isobar ratio of r ≡ (NOS − NSS)/NOS and inverse multiplicity (1/N); (b) nonflow v2 contamination εnf ; (c) C3p/C2p where C3p

is estimated using HIJING and C2p is from ZDC measurement in Ref. [25]. All quantities in these plots use Group-3 full-event (FE) cuts from
[25]; other cuts give similar results.

The notation C2p,OS = 〈cos(φα + φβ − 2φ2p)〉2p,OS refers to
those correlated background pairs only, where φ2p is the
azimuth of the pair, NOS and NSS are OS and SS pair
multiplicities, and N2p ≡ NOS − NSS. Similarly, C3p,OS =
〈cos(φα + φβ − 2φc)〉3p,OS and C3p,SS refer to those correlated
background triplets only, where N3p,OS and N3p,SS are their
triplet multiplicities. N is the multiplicity of particles of in-
terest (POI), and Nc is that of particle c (in this analysis
N = Nc). The v2 and v2,2p refer to the true elliptic flow of POIs
and those correlated 2p sources, respectively. The quantity v∗

2
refers to the measured elliptic flow, which contains nonflow
correlations unrelated to the global collision geometry. The
equation,

εnf = (v∗
2/v2)2 − 1, (5)

quantifies the relative nonflow contamination.
The isobar ratio can then be decomposed into

Ybkgd ≡ (�γbkgd/v
∗
2 )Ru

(�γbkgd/v
∗
2 )Zr

≈ 1 + δ(C2p/N )

C2p/N
− δεnf

1 + εnf

+ 1

1 + Nv2
2

C3p/C2p

(
δC3p

C3p
− δC2p

C2p
− δN

N
− δv2

2

v2
2

)
, (6)

where δX ≡ X Ru − X Zr for any X = C3p, C2p, etc., while all
other quantities without “δ” refer to those in Zr + Zr. Equa-
tion (6) suggests categorizing the nonflow contributions to
the background into three ingredients: (i) δ(C2p/N )/(C2p/N ),
which characterizes the relative difference of flowing clusters
between the two isobars; (ii) differences that arise from using
v∗

2 rather than true flow in the calculation of �γ , charac-
terized by εnf ; (iii) differences in the relative amounts (or
character) of three particle clusters between the isobars. In
the next section we will discuss each of these three in turn.
We note that global spin alignment of ρ mesons can introduce
an additional background to the CME [35]. Effect of such a
background on isobar measurements needs to be assessed in
future studies.

Analysis. The isobar blind analysis [25] presented seven
different measurements of �γ/v2 from four groups; four
of these measurements utilized the 2p cumulants for the v2

measurement and the 3p correlators for �γ . The other three
employed the event-plane method, which is similar, but the

nonflow effects are more complicated to assess. We focus
on the four cumulant measurements with their corresponding
analysis cuts with subtle differences. The same event selec-
tions and track quality cuts are used as those in the isobar
blind analysis [25].

The background baseline estimate of Eq. (6) requires three
ingredients. The first ingredient δ(C2p/N )/(C2p/N ), which is
related to 2p nonflow, is primarily determined by N2p/NOS,
since (C2p,OSv2,2p − γSS)/v2 (dominated by the first term)
should be highly similar between the isobar systems. We
analyze r ≡ N2p/NOS of identified pions as done in Ref. [25].
Since (C2p,OSv2,2p − γSS)/v2 likely depends on the pair in-
variant mass (minv), we take the average δr/r over the entire
minv range as the default and assess systematic uncertainties
by considering the range minv < 1 GeV/c2 [32]. Figure 1(a)
shows the isobar ratio of r as a function of centrality
from the full-event analysis. For comparison, the efficiency-
corrected inverse POI multiplicity ratio is also shown. The
δ(C2p/N )/(C2p/N ) ≈ δr/r value averaged over 20–50 % cen-
trality is on the order of −3% [32]. Consequently, the baseline
Ybkgd is altered by this amount from unity.

The second ingredient is the nonflow contamination in
the v∗

2 measurement. To estimate it, we fit the acceptance-
corrected (�η,�φ) 2p correlations for SS pairs from the
full-event analysis by �η-independent flow harmonics plus
�η- and �φ-dependent nonflow contributions [32]. The true
flow is assumed to be the same for the OS and SS pairs. The
fitted v2 parameter, as an estimate of true v2, is approximately
5.5% in the 20–50 % centrality range, with a relative differ-
ence of approximately 2.2% between Ru + Ru and Zr + Zr
collisions [32]. With the fitted v2, the εnf can be readily
calculated from the v∗

2 cumulant measurements [25]. The v∗
2

measurements used slightly different �η gaps and various
methods; the full-event v∗

2 from Group-2 applied Gaussian
fits in �η to reduce short-range nonflow contributions [25].
The εnf value ranges from 18–34 % depending on the analysis
methods. The systematic uncertainties on εnf are estimated
by applying a different acceptance-correction method for the
(�η,�φ) correlations [32], by comparing the calculated v∗

2
from this analysis to those measured in Ref. [25], and by the
observed 3% flow decorrelation over one unit of pseudorapid-
ity based on a separate study from STAR [36]. The last source,
common to both isobars, cancels in δεnf/(1 + εnf ). Figure 1(b)
shows εnf as a function of centrality from the full-event analy-
sis without an η gap. The εnf value is smaller in Ru + Ru than

L032005-4
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FIG. 2. Estimate of background baseline Ybkgd for the isobar

measurement Y = (�γ/v2 )Ru

(�γ/v2 )Zr as a function of centrality for (a) the
full-event (FE) analysis of Group 3 and (b) the subevent (SE) analysis
of Group 2; others are similar.

in Zr + Zr because of the larger multiplicity dilution in the
former; the actual nonflow correlation strength after factor-
ing out the multiplicity difference is larger in Ru + Ru than
Zr + Zr by approximately 2%. The −δεnf/(1 + εnf ) value
ranges from 0.6% to 1.5%, being smaller for subevent than for
full event [32]. This correction increases Ybkgd by this amount.

The third ingredient is the genuine 3p correlation back-
ground. As 3p correlation measurements are challenging to

measure due to the substantial combinatorial background
in heavy-ion collisions, we resort to Heavy Ion Jet Inter-
action Generator (HIJING) simulations [37,38]. Since HIJING

conserves charge and does not have flow, the inclusive 3p
correlation from HIJING is in entirety the C3p, purely from
the correlated triplets. The C3p from HIJING simulations with
jet quenching is taken as default, and that from quenching-
off simulations (about 20% higher) is considered as one
side of the maximum systematic uncertainty (i.e., the quoted
uncertainty is 1/

√
3 of that) with the other side treated sym-

metrically [32]. The systematic uncertainties on δC3p/C3p are
assessed similarly. HIJING is found to give an adequate descrip-
tion of the peripheral data [32], suggesting that HIJING is a
reliable estimator for C3p.

The effect of 3p correlation on Ybkgd also depends on C2p.
The C2p value can be estimated directly from the correspond-
ing zero-degree calorimeter (ZDC) measurements of N�γ/v2

because it largely eliminates v2 nonflow and 3p correlations
due to the large η gap between the ZDC and TPC. A one-sided
−5% systematic uncertainty is assigned to account for any
possibly small CME signal contained in the measurement. No
ZDC measurement is available in Ref. [25] corresponding to
the Group-2 subevent analysis cuts, so it is analyzed in this
work to estimate C2p. Figure 1(c) shows C3p/C2p as a function
of centrality for the full-event analysis from approximately
7.0 × 109 HIJING events for each isobar. The relative strength
of 3p to 2p correlations is on the order of 10%. The average
contribution to Ybkgd from 3p correlation backgrounds in 20–
50 % centrality is around −1.3%.

Results. Figure 2 shows the estimated baseline as a function
of centrality, along with the isobar data corresponding to the
Group-3 full-event and Group-2 subevent analysis, respec-
tively. The systematic uncertainty on the baseline is taken
to be the quadratic sum of the uncertainties on the individ-
ual components as described above. Figure 3 depicts the Y
measurements in the 20–50 % centrality range [25] together
with our estimated baselines averaged over the same range.
The three terms in the baseline [Eq. (6)] are averaged over
centrality individually and then summed. The measured data
are consistent with these estimated baselines over most of the
centrality bins.

FIG. 3. Isobar measurements of Y from the STAR blind analyses [25], together with background baseline estimates for the four measure-
ments that used the cumulant method.
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FIG. 4. The fCME upper limits at 95% confidence level from Ru +
Ru collisions for the four results in Fig. 3.

The differences, Y − Ybkgd, measure the purported CME
signal. The baseline estimates partly come from data. These
estimates are derived from quantities and/or methods dif-
ferent from the �γ/v2 measurements, so their statistical
uncertainties are treated independently. The systematic uncer-
tainties on the isobar measurements were assessed by varying
analysis cuts, and were found to be significantly smaller than
the statistical uncertainties [25]. We did not repeat those in the
baseline calculation (Ybkgd) to avoid double counting in sys-
tematics, but instead propagate data systematic uncertainties
to differences Y − Ybkgd in quadrature.

Our results indicate that the CME signal difference in iso-
bar collisions is consistent with zero within uncertainties. We
therefore estimate the upper limit of the possible CME signals.
The isobar difference in the magnetic field strengths makes
it possible to extract CME signal by comparing the isobar
collision systems. Assuming it results in a 15% difference in
the CME �γ signal [39–41], then our results translate into
an accuracy of a few percent on the CME signal fraction
( fCME) [32]. We extract an upper limit of fCME ∼ 10% at 95%

confidence level [42] for Ru + Ru collisions (Zr + Zr is sim-
ilar). Figure 4 depicts those upper limits for the four results
shown in Fig. 3.

Summary. We reexamine the isobar ratio Y ≡ (�γ/v2 )Ru

(�γ/v2 )Zr ,
which measures the charge separation due to the chiral mag-
netic effect (CME) in isobar collisions, and account for the
background effects from multiplicity and nonflow correla-
tions. We estimate the background baseline for Y by using
2p and 3p correlations from STAR isobar data and HIJING

simulations. The estimated baselines agree with the STAR
measurements [25]. We set an upper limit at the 95% confi-
dence level on the CME fraction of ∼10% in isobar collisions
at

√
sNN = 200 GeV at RHIC. This study provides a robust

interpretation and a highly anticipated estimation of the re-
maining CME signal in the STAR isobar measurements.
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