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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 program of the Relativistic Heavy-Ion Collider. The STAR collaboration has
previously presented the results of a blind analysis of isobar collisions (35Ru + 35Ru, 36Zr 4 55Zr) 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 post-blind analysis, we estimate the contributions from those nonflow
correlations as a background baseline to Y, utilizing the isobar data as well as HIJING 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 y/sxy = 200 GeV.

Introduction. The chiral magnetic effect (CME) refers
to an electric current (charge separation of produced par-
ticles) along the strong magnetic field produced in rela-
tivistic heavy-ion collisions due to chirality-imbalanced,
parity and charge-parity odd metastable domains [[].
The formation of such domains has been predicted by
quantum chromodynamics (QCD) to occur at high tem-
peratures in those collisions because of vacuum fluc-
tuations [2-5] and may be pertinent to the matter-
antimatter asymmetry of our universe [§].

To measure charge separation, three-point correlators,

Yo =(cos(da + ¢g — 2tgp))

(1)
Ay =Yos — Ysss

are used [[f]. The terms ¢, 3 represent the azimuthal
angles (in the plane perpendicular to the beam axis) of
particles of interest («, ), which are of either opposite
sign (0s) or same sign (Ss) in electric charge. The av-
erage (---) is taken over particle pairs and events. The
term gp is the azimuthal angle of the reaction plane,
defined by the beam and impact parameter directions.
While charge-independent backgrounds are canceled in
Ary, backgrounds remain from two-particle (2p) correla-
tions coupled with the elliptic flow of those correlation
sources, such as resonances and jets [[-L0]. These back-
grounds dominate charge separation measurements at the
Relativistic Heavy-Ion Collider (RHIC) [11-19] and the
Large Hadron Collider (LHC) [20-23).

To eliminate backgrounds, isobar Ru + $$Ru and
98Zr 4 957r collisions at nucleon-nucleon center-of-mass
energy of \/sxy = 200 GeV were conducted in a single
year data collection (2018) by the Solenoid Tracker At
RHIC (STAR) [24]. Due to the identical mass number,
backgrounds were expected to be equal in those colli-
sion systems, whereas an appreciable CME signal differ-
ence would exist because of the different atomic num-
bers responsible for the magnetic field [25, 26]. How-

ever, contrary to expectations, the isobar data [24] show
that the two systems have different background contri-
butions: 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
structures, resulting in a smaller Ru nucleus than the Zr
nucleus [27-29]. Although the A~y /vy was constructed to
account for the elliptic flow (parameterized by vq) dif-
ference, the isobar (Ru+Ru/Zr+Zr) ratio of the Avy/vq

*\Ru
measurements, Y = %, was smaller than unity
2

due to the multiplicity difference that was not consid-
ered in the blind analysis [24].

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 [24], in-
dicating the potential presence of a CME signal [3(].
However, the measurement of the relative pair excess
r = (Nos — Nss)/Nos [24] 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 [B1].

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 fireball [32]. The second azimuthal harnomic,
elliptic flow, is used to reconstruct ¥yp, the accuracy of
which is corrected by a resolution factor [33]. Equivalent
to Eq. (m), but more directly, v can also be calculated
using the three-particle (3p) correlator [12], C3.5 =
(cos(pa + g — 2¢.)) and vap = Cs.qp/v2, where vy is
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(a) isobar ratio of 7 = (Nos — Nss)/Nos and inverse multiplicity (1/N); (b) nonflow v2 contamination ene; (¢) Csp/Cap

where C;, is estimated using HIJING and Cyp is from ZDC measurement in [24]. All quantities in these plots use Group-3

full-event (FE) cuts from [24]; other cuts give similar results.

the elliptic flow of particles of type ¢, which are usually
taken as all charged hadrons in a given detector accep-
tance. The background contribution to Avy/vg from in-
trinsic 2p and 3p correlation can be expressed [B4] as

C3,/Ca
Avpiga _ Cop 03 Cyp 1 _ Ot ¥ "Nz
v} N v2 N Nwi2 N 1+ey
(2)
where
Czp N2p V2,2 Vss
<P _ C p_ 5 3
N Nos 2p,08 (%] V2 ( )
Csp Nsp.0s Nsp.ss
— = —C P2 Cap s - 4
N NOS 3p,08 NSS 3p,ss ( )

The notation Cop o5 = (cos(Pa + @5 — 2¢2p))2p 0s Tefers
|

to those correlated background pairs only, where ¢op, is
the azimuth of the pair, Nos and Ny are 0S and SS
pair multiplicities, and Nap, = Nos — Ngs. Similarly,
Cspos = (€os(¢a + Pp — 2¢c))ap.os and Csp s refer to
those correlated background triplets only, where N3p os
and N3, o5 are their triplet multiplicities. N is the mul-
tiplicity of particles of interest (POI), and N, is that of
particle ¢ (in this analysis N = N.). The ve and va 2p
refer to the true elliptic flow of POIs and those corre-
lated 2p sources, respectively. The quantity v refers
to the measured elliptic flow, which contains nonflow-
correlations unrelated to the global collision geometry.
The equation,

€nf = (U;/v2)2 - ]-, (5)

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

ka = (A'kagd/v)Qk)Ru ~14 5(02P/N) . 5€nf 1 (503p _ 5021) _ 57]\7 _ 51)%) (6)
g (A’kagd/’(};)zr Czp/N 1 + €nf 1 + 03]:7221) C?,p CQp N v% ’

where §X = XB" — X% for any X = Csp, Cap, etc.,
while all other quantities without “6” refer to those in
Zr+Zr. Equation (fi) suggests categorizing the nonflow
contributions to the background into three ingredients:
(1) 0(Cop/N)/(Cap/N) which characterizes the relative
difference of flowing clusters between the two isobars; (2)
differences that arise from using v5 rather than true flow
in the calculation of A~, characterized by ene; (3) dif-
ferences 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 p mesons can introduce an ad-
ditional background to the CME [B5]. Effect of such a
background on isobar measurements needs to be assessed
in future studies.

Analysis.  The isobar blind analysis [24] presented
seven different measurements of Ay /vs from four groups;
four of these measurements utilized the 2p cumulants for
the vy measurement and the 3p correlators for Ay. 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 differ-
ences. The same event selections and track quality cuts
are used as those in the isobar blind analysis [24].

The background baseline estimate of Eq. (E)
requires three ingredients. The first ingredient
§(Cap/N)/(Cp/N), which is related to 2p nonflow, is
primarily determined by Nap/Nos, since (Cop osv2,2p —
vss)/v2 (dominated by the first term) should be highly
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FIG. 2. Estimate of background baseline Yyiga for the isobar
Ru
measurement ¥ = % 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.

similar between the isobar systems. We analyze r =
Nop/Nos of identified pions as done in [24]. Since
(Cap,osV2,2p —Vss) /2 likely depends on the pair invariant
mass (Miny), we take the average r/r over the entire
miny range as the default and assess systematic uncer-
tainties by considering the range min, < 1 GeV/c? [31].
Figure [ll(a) shows the isobar ratio of r as a function
of centrality from the full-event analysis. For compar-
ison, the efficiency-corrected inverse POI multiplicity
ratio is also shown. The §(Cap/N)/(Cop/N) =~ or/r
value averaged over 20-50% centrality is on the order
of —3% [B1]. Consequently, the baseline Yi,kgq is altered
by this amount from unity.

The second ingredient is the nonflow contamination
in the v3 measurement. To estimate it, we fit the
acceptance-corrected (An, A¢) 2p correlations for ss
pairs from the full-event analysis by An-independent flow
harmonics plus An- and A¢-dependent nonflow contribu-
tions [B1]. The true flow is assumed to be the same for the
0s and SS pairs. The fitted vy parameter, as an estimate
of true vq, is approximately 5.5% in the 20-50% cen-

trality range, with a relative difference of approximately
2.2% between Ru+Ru and Zr+Zr collisions [B1]. With
the fitted vy, the €yr can be readily calculated from the
vy cumulant measurements [24]. The v} measurements
used slightly different An gaps and various methods; the
full-event v; from Group-2 applied Gaussian fits in An
to reduce short-range nonflow contributions [24]. The
€nt value ranges from 18-34% depending on the anal-
ysis methods. The systematic uncertainties on e,s are
estimated by applying a different acceptance-correction
method for the (An, A¢) correlations [B1], by compar-
ing the calculated v; from this analysis to those mea-
sured in [24], and by the observed 3% flow decorrela-
tion over one unit of pseudorapidity based on a sepa-
rate study from STAR [B6]. The last source, common
to both isobars, cancels in de,r/(1 + €y¢). Figure m(b)
shows e,¢ as a function of centrality from the full-event
analysis without an 7 gap. The e,¢ value is smaller in
Ru+Ru than in Zr+Zr because of the larger multiplic-
ity dilution in the former; the actual nonflow correlation
strength after factoring out the multiplicity difference is
larger in Ru+Ru than Zr+Zr by approximately 2%. The
—deng/(1 + €nf) value ranges from 0.6% to 1.5%, being
smaller for subevent than for full event [B1]. This correc-
tion increases Yykgq by this amount.

The third ingredient is the genuine 3p correlation
background. As 3p correlation measurements are chal-
lenging to measure due to the substantial combinato-
rial background in heavy-ion collisions, we resort to
HIJING_(Heavy Ton Jet INteraction Generator) simula-
tions [B7, B8]. Since HIJING does not have flow, the in-
clusive 3p correlation from HIJING is in entirety the Csp,
purely from the correlated triplets. The Csp, 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 un-
certainty (i.e., the quoted uncertainty is 1/v/3 of that)
with the other side treated symmetrically [31]. The sys-
tematic uncertainties on 6Cs,/Cs), are assessed similarly.
HIJING is found to give an adequate description of the
peripheral data [B1]], suggesting that HIJING is a reliable
estimator for Csp.

The effect of 3p correlation on Yyieq also depends on
Cop. The Cyp, value can be estimated directly from the
corresponding zero-degree calorimeter (ZDC) measure-
ments of NA~v/vy because it largely eliminates vs non-
flow and 3p correlations due to the large 1 gap between
the ZDC and TPC. A one-sided —5% systematic uncer-
tainty is assigned to account for any possibly small CME
signal contained in the measurement. No ZDC measure-
ment is available in [24] corresponding to the Group-2
subevent analysis cuts, so it is analyzed in this work to
estimate Cyp,. Figure [lj(c) shows Csp,/Cap, as a function of
centrality for the full-event analysis from approximately
7.0 billion HIJING events for each isobar. The relative
strength of 3p to 2p correlations is on the order of 10%.
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FIG. 3. Isobar measurements of Y from the STAR blind analyses [24], together with background baseline estimates for the

four measurements that used the cumulant method.

The average contribution to Yikga from 3p correlation
backgrounds in 20-50% centrality is around —1.3%.

Results. Figure E shows the estimated baseline as a
function of centrality, along with the isobar data corre-
sponding to the Group-3 full-event and Group-2 subevent
analysis, respectively. The systematic uncertainty on the
baseline is taken to be the quadratic sum of the uncer-
tainties on the individual components as described above.
Figure E depicts the Y measurements in the 20-50% cen-
trality range [24] together with our estimated baselines
averaged over the same range. The three terms in the
baseline (Eq. (E)) are averaged over centrality individu-
ally and then summed. The measured data are consistent
with these estimated baselines over most of the centrality
bins.

The differences, Y — Ypked, measure the purported
CME signal. The baseline estimates partly come from
data. These estimates are derived from quantities and/or
methods different from the A~v/vs; measurements, so
their statistical uncertainties are treated independently.
The systematic uncertainties on the isobar measurements
were assessed by varying analysis cuts, and were found
to be significantly smaller than the statistical uncertain-
ties [24]. We did not repeat those in the baseline calcu-
lation (Ypkea) to avoid double counting in systematics,
but instead propagate data systematic uncertainties to
differences Y — Yjkea in quadrature.

Our results indicate that the CME signal difference in
isobar collisions is consistent with zero within uncertain-
ties. We therefore estimate the upper limit of the possi-
ble 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 A~ signal [39-41],
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FIG. 4. The four upper limits at 95% confidence level from
Ru+Ru collisions for the four results in Fig. B.

then our results translate into an accuracy of a few per-
cent on the CME signal fraction (foys) [Bl]. We extract
an upper limit of fous ~ 10% at 95% confidence level [12]
for Ru+Ru collisions (Zr+Zr is similar). Figure Y depicts
those upper limits for the four results shown in Fig. B.

Summary. We reexamine the isobar ratio Y

(Ay/va)"
(Ay/v2)?r >
the chiral magnetic effect (CME) in isobar collisions, and

account for the background effects from multiplicity and
nonflow correlations. We estimate the background base-
line for Y by using 2p and 3p correlations from STAR
isobar data and HIJING simulations. The estimated base-
lines agree with the STAR measurements [24]. We set an
upper limit at the 95% confidence level on the CME frac-
tion of ~ 10% in isobar collisions at /syy = 200 GeV at

which measures the charge separation due to



RHIC. This study provides interpretations to the previ-
ous STAR isobar measurements, and develops a workflow
to estimate backgrounds in other and future related CME
searches.
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