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The chiral magnetic effect (CME) refers to charge separation along a strong magnetic field due
to imbalanced chirality of quarks in local parity and charge-parity violating domains in quantum

chromodynamics.

The experimental measurement of the charge separation is made difficult by

the presence of a major background from elliptic azimuthal anisotropy. This background and the
CME signal have different sensitivities to the spectator and participant planes, and could thus
be determined by measurements with respect to these planes. We report such measurements in
Au+Au collisions at a nucleon-nucleon center-of-mass energy of 200 GeV at the Relativistic Heavy-
Ton Collider. It is found that the charge separation, with the flow background removed, is consistent
with zero in peripheral (large impact parameter) collisions. Some indication of finite CME signals is
seen with a significance of 1-3 standard deviations in mid-central (intermediate impact parameter)
collisions. Significant residual background effects may, however, still be present.

PACS numbers: 25.75.-q, 25.75.Gz, 25.75.L.d

Introduction. Metastable domains of fluctuating topo-
logical charges can change the chirality of quarks and
induce local parity and charge-parity violation in quan-
tum chromodynamics (QCD) [IH3]. This would lead to
an electric charge separation in the presence of a strong
magnetic field, a phenomenon known as the chiral mag-
netic effect (CME) [2H5]. Such a magnetic field, as strong
as 10'® G, may be present in non-central (nonzero impact
parameter) relativistic heavy-ion collisions, generated by
the spectator protons (i.e., those that do not participate
in the collision) at early times [4H7]. While a finite CME
signal is generally expected in those collisions [3], 4], quan-
titative predictions beyond order-of-magnitude estimates
are not yet at hand [8] despite extensive theoretical devel-
opments over the last decade (see recent reviews [9HI2]).
Meanwhile, experimental efforts have been devoted to
searching for the CME-induced charge separation at the
Relativistic Heavy-TIon Collider (RHIC) and the Large
Hadron Collider (LHC) (see reviews in Refs. [10, I3+
16]), including a dedicated run of isobar collisions at
RHIC [17, 18].

The magnetic field direction in heavy-ion collisions is
perpendicular to the spectator proton plane (defined by
the beam direction and the average transverse position
of spectator protons). It coincides approximately with
the spectator neutron plane, or simply the spectator
plane (SP) [I9]. The participant plane (PP, defined by
the beam direction and the average transverse position
of the participant nucleons) does not coincide with the
SP because of large event-by-event fluctuations of the
PP [20], 21]. These fluctuations are the single most im-
portant factor that motivates the methodology [19], 22]
for the measurements reported in this paper. Experi-
mentally, the SP can be accessed by detecting forward-
emitted neutrons, and the PP can be approximated by
the direction of maximum final-state particle azimuthal
density.

The commonly used observable to measure the charge
separation is the three-point correlator [23], v{¢} =
cos(¢o + @5 — 2¢), where ¢, and ¢g are the azimuthal

angles of particles a and [, respectively, and v is
the azimuthal angle of either the SP (¢gp) or the PP
(vpp). Because of the charge-independent correlation
backgrounds (e.g. from global momentum conserva-
tion), often the correlator difference is used, Avy{y} =
vos{®¥} — vss{®}, where “OS” (“SS”) refers to the
opposite-sign (same-sign) electric charges of particles
a and 8. A CME signal, often characterized by the
Fourier coefficient a; in the final-state azimuthal dis-
tributions of positive (+) and negative (—) hadrons,

% ox 142a4 sin(¢p+ — 1) +2vs cos 2(¢+ —1b) + ..., would

yield a magnitude of Ay = 2a? [23]. The v, is the ellip-
tic flow anisotropy arising from strong (partonic) inter-
actions converting the initial geometric anisotropy of the
participant nucleons into momentum-space anisotropy of
final-state hadrons [24].

Significant Ay{ypp} and A~vy{¢sp}, on the order of
10~4, have indeed been observed in relativistic heavy-ion
collisions [25H29]. The interpretation of A~y originating
from CME-induced charge separation is difficult due to
the presence of charge-dependent backgrounds, such as
those from resonance decays [23], B0H34] via

A’kagd X <COS(¢O¢ + ¢ﬁ - 2¢rcs)>v2,rcs 5 (1)

where vg yes = (€08 2(dres — 1)) is the resonance v rela-
tive to ¥ [35]. Moreover, comparable Ay{vpp} has also
been observed in small system collisions [36H38], where
any CME-induced charge separation is expected to be
randomly oriented relative to the ¥pp [36] [39] and thus
unobservable in experiments. Because of those major
backgrounds no firm conclusion can so far be drawn re-
garding the existence of the CME in relativistic heavy-
ion collisions. Various approaches have been applied to
deal with the background [37, 40H42]. In this paper, we
present a search for the CME with a new approach first
proposed in Ref. [19] and followed by Ref. [43].
Methodology. The hypothesized CME-driven charge
separation is along the magnetic field, mainly from spec-
tator protons, and is therefore the strongest in the di-



rection perpendicular to 1sp. The major background
to the CME is related to ve, determined by the partic-
ipant geometry, and is therefore the largest along vpp.
The Ay{ygp} and Av{ypp} measured relative to ¥sp
and pp, therefore, contain different amounts of the
CME and background, and this offers the opportunity
to determine these two contributions uniquely [I9]. Con-
sider the measured A~ to be composed of the vy back-
ground (Avpkga) and the CME signal (Avycmg). As-
suming A7pkga is proportional to vy (Eq. ) and the
Avycme-inducing magnetic field is determined by spec-
tators, both “projected” onto the v direction, we have
Aveme{vrr} = aAyeme{vsp} and Avpea{t¥sp} =
aAvypkea{pp} [19]. Here the projection factor a =
(cos2(hpp — tsp)) comes directly out of the definitions
of the vy and A+~ variables, and can be readily obtained
from the vy measurements:

a = va{tsp}/va{tpp}. (2)

It does not assume any particular physics, such as the
event-plane decorrelation over rapidity [44H46]. The
CME signal relative to the inclusive Ay{¢pp} measure-
ment is then given by [19)]

_ Aveme{ypp)  Afa-—1
o = Av{ypp}  1/a? -1’ )

where

A = Av{ysp}/Av{¢pp}. (4)

The above formalism applies even when the magnetic
field direction does not coincide with ysp as long as its
fluctuations are independent from those of the ¢pp [19].
It is possible, however, that the magnetic field projec-
tion factor is not strictly a because of final-state evo-
lution effects on the charge separation [47]. If instead
Avome{vrp} = bAYeMmE{Ysp}, then Eq. becomes
fomp = 1;‘({;% a factor of 2% different. A full
study of this would require rigorous theoretical input and
is beyond the scope of the present work. In this paper
we report the measured v and A~y with respect to ¥sp
and vpp, and use Eq. to extract the possible CME
signal.

Data Analysis. The data reported here are from
Au+Au collisions taken by the STAR experiment at
a nucleon-nucleon center-of-mass energy of /sy =
200 GeV in the years 2011, 2014 and 2016. A minimum-
bias (MB) trigger was provided by a coincidence sig-
nal between the vertex position detectors located at for-
ward/backward pseudo-rapidities () 4.24 < |n| < 5.1.
Two zero-degree hadron calorimeters (ZDCs) [48] are lo-
cated at +18 m along the beam (z) direction from the
nomimal interaction point at the center of the STAR de-
tector. Each has an approximate 5 mrad aperture and

intercepts fragmented spectator neutrons from the col-
liding beams. Within the ZDCs, shower maximum de-
tectors (SMD) were installed to measure the spatial dis-
tributions of those spectator neutrons [49].

The details of the STAR experimental apparatus are
described elsewhere [50]. The main tracking detector of
the STAR experiment is the cylindrical Time Projection
Chamber (TPC) [51}, 52]. The TPC provides full az-
imuthal coverage (0 < ¢ < 27) and a coverage in 7 of
—1.2 < n < 1.2. Track trajectories are reconstructed
from 3-dimensional hit points recorded by the TPC; at
least 10 out of a possible maximum of 45 points are re-
quired for a valid track. The TPC resides in a uniform
0.5 Tesla magnetic field along the -z direction, allow-
ing determination of particle momenta from the track
curvature for transverse momenta pr > 0.15 GeV/c.
The primary vertex of a collision is reconstructed from
charged particle tracks. Events with primary vertices
within 30 cm (year 2011) or 6 cm (years 2014 and 2016,
taken with the heavy flavor tracker [53]) longitudinally
and 2 cm transversely from the geometrical center of the
TPC are used, providing a total of 2.4 billion MB events.
Collision centrality is determined from the multiplicity
of charged particles within a distance of closest approach
(DCA) to the primary vertex of less than 3 cm and within
an 7 range of |n| < 0.5 [54].

Tracks used for the correlation analysis reported in this
paper are required to have stricter criteria: at least 20
points used in track fitting, and DCA less than 1 cm. The
fraction of fit points used to determine a track relative
to the maximum number of points possible for that track
given the TPC geometry , is required to be greater than
0.52 to avoid double counting of split tracks.

Experimentally, the 1sp can be assessed by the first
order harmonic plane of spectator neutrons measured by
the ZDC-SMD, and the ¥pp can be assessed by the sec-
ond order harmonic event plane of mid-rapidity tracks
measured by the TPC [35]. In the rest of the paper,
we refer to the former as ¥zpc and the latter as ¢rpc.
In this analysis, the v and vy are calculated by v =
(cos(¢a+dp—2trec))/ R and vy = (o8 2(¢a,s—Vrec)) /R ,
where Ve is either ¥zpc or Yrpc, and R is the corre-
sponding resolution [35]. The same particles of interest
(POI), denoted by « and 3, are used for v and vy with
pr from 0.2 to 2 GeV/c. Two methods are employed
in this analysis. The first one, referred to as the “full-
event” method, uses particles from |n| < 1 as the POL
A third particle (¢) from the same acceptance is used
in place of rpc, and R equals the particle v . [25].
For this method, another pr range from 0.2 to 1 GeV /¢
is also analyzed for POI to explore possible pr depen-
dence of the CME signal, speculated to be dominant
at low pr [4]. The second method, referred to as the
“sub-event” method, divides the TPC particles into two
sub-events symmetric about mid-rapidity [35], where «
and § are from one sub-event, and the ¥ rpc is recon-



structed from the other. This procedure suppresses non-
flow correlations that are short-ranged, such as those due
to resonance decays and jets [30, (55l [56], by applying an
1 gap (Ansup) between the two subevents. We perform
the analyses with Ang,, = 0.1 and Ang,, = 0.3 (e.g. for
the former, with one sub-event from 1 > 0.05 and the
other from n < —0.05). The R is calculated from the
correlations between the two TPC sub-events [35]. For
measurements relative to the ¥yzpc, the POI (o and ()
are still from the same TPC acceptance corresponding to
the full-event or sub-event method. An event-plane vec-
tor is determined in each ZDC from its measured energy
distribution. The two event-plane vectors are combined
to give ¥zpc and their correlations give R [35] [49].

Systematic Uncertainties. To investigate the effect of
track fitting quality, we vary the minimum number of hit
points used in track fitting from the default 20 to 15 and
25. To investigate the effect of secondary particle con-
tamination, we vary the maximum DCA of a track from
the default 1.0 cm to 3.0, 2.0, and 0.8 cm. With each
variation, the full analysis is repeated and results from
different years are combined at the end. In quoting the
centrality-integrated results, results from different cen-
tralities are combined before the result is compared to
the default case. In this way, the (anti-)correlations in
the uncertainties are properly taken into account. In the
systematic uncertainty estimation of each source, the sta-
tistical fluctuation effect arising from the change in the
data sample due to each variation, is subtracted; when
the change in the result is smaller than the statistical
fluctuation, the systematic uncertainty is set to zero [57].
For each source when multiple variations are used, the
systematic uncertainty is taken as the RMS. In order to
minimize fluctuations due to the limited statistics, the
systematic uncertainties for the entire 20-80% centrality
range as well as for the 20-50% and 50-80% ranges are
evaluated. The larger value among the 20-80% centrality
range and the 20-50% (or 50-80%) range is quoted, un-
less both are zero (i.e., results are consistent within statis-
tical fluctuations); in this case, the systematic uncertain-
ties (evaluated from the individual centralities) are pre-
sented. For the 20-50% centrality, the resultant absolute
systematic uncertainties on (foumg) for 0.2 < pr < 2.0
GeV /c with the full-event method are 2.2% and 1.3% for
the number of hits and DCA variations, respectively.

In order to investigate any acceptance effects due to
the vertex z position, we separate events into positive
and negative vertex z samples. Their differences from
the combined sample beyond statistical fluctuations are
included in the systematic uncertainties [57]. For the 20—
50% centrality range, the results for (fcumg) are consis-
tent within statistical uncertainties between positive and
negative vertex z events; therefore systematic uncertain-
ties evaluated for individual centralities are presented.
For the 50-80% centrality range, the combined system-
atic uncertainty is used.

The variations in the results among the three run peri-
ods (years 2011, 2014 and 2016) beyond statistical fluctu-
ations are taken as part of the systematic uncertainties.
For (fome), the results are consistent within statistical
uncertainties.

To investigate the effect of the ZDC harmonic plane
determination, analyses are also performed using only a
single ZDC side for ¥zpc as well as an arithmetic average
of the Yzpc values from the two sides. The results are
consistent with the default case within statistical uncer-
tainties.

The ¢-dependent track reconstruction efficiency is cor-
rected in our analysis. We investigated the effect of ap-
plying a pr-dependent efficiency correction and find no
significant deviations in the final results.

The systematic uncertainties from the various sources
are added in quadrature and are quoted with one stan-
dard deviation.

Results. Figure [I] panels (a) and (b) show, respec-
tively, the measured vo and A~ with respect to the ¥zpc
and Yrpc from the full-event method with 0.2 < pr <
2 GeV/c in AutAu collisions at /sy = 200 GeV as a
function of collision centrality. The vo{tbzpc} is smaller
than vo{¢rpc}, as expected; the ratio of the two gives
the quantity a as specified by Eq. . The Avy{¢zpc}
is also smaller than Av{¢rpc}, as expected if they are
dominated by vy backgrounds; the ratio of the two gives
the quantity A as specified by Eq. . Figure c) shows
the quantites a and A as functions of centrality. The val-
ues of A and a are found to be nearly identical over the
full centrality range, indicating the dominance of back-
ground contributions in Ay{¢rpc} and Avy{¢zpc}-

Figure 2fa) shows the A/a ratio from both the full-
event and sub-event methods, both for 0.2 < pr <
2 GeV/e. A value of A/a > 1 would indicate the pos-
sible existence of a CME signal. Figure b) shows the
centrality dependence of foumg, the possible CME sig-
nal relative to the inclusive measurement A~vy{¢rpc},
extracted by Eq. . Figure c) shows the absolute
magnitude of the signal, Ayeme = fomEAYine (here
Avome = Avome{¥trc} and Avine = Ay{¢¥rpc}),
as a function of centrality. The statistical uncer-
tainty is propagated from the four measured quantities
Av{vzpc}, Av{¢rpc}, va{tbzpc}, and va{¢rpc}, not
from fome and A7y in the product.

Table [I| reports (fomg) and (Aycms), averaged over
20-50% and 50-80% centrality ranges, along with the
inclusive (A7inc). Both the full-event and sub-event
methods are tabulated. In addition to the pr range
0.2 < pr < 2 GeV/c, a lower pr range 0.2 < pr < 1
GeV/c for the POI is also listed for the full-event method.
Two n gaps are quoted for the sub-event results. The sys-
tematic uncertainty on (Aycmg) is larger than that on
(foME), because some of the systematics are canceled in
fome but not in Avome.

Figure [3| depicts the possible CME signal (fomg) and
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(Avomg) averaged in 20-50% and 50-80% centralities of
Au+Au collisions, extracted from various methods. Sig-
nals are consistent with zero in the 50-80% peripheral
centrality range. For the 20-50% centrality range, a hint
of deviation from zero is seen with 1-3 standard devia-
tions, depending on whether or not an 7 gap is applied,
and on the size of the applied n gap. Note that the statis-
tical and systematic uncertainties among the data points
are not completely independent of each other because the
same overall data sample is used in the various methods.

Discussion. While some hint of nonzero fcug is sug-
gested, especially from the full-event method, a key as-
sumption is made that the flow background is propor-
tional to the final-state hadron vy [19]. However, this
assumption does not strictly hold because of the pres-
ence of non-flow. For example, two-particle correlations
contribute positively to va{¢Tpc}, which would reduce a,
yielding an increased fomg. Three-particle correlations
could significantly increase Avy{¢¥rpc}, which would re-
duce A, and thus cause a decreased fomg. The relative
strengths of those effects on foymg are unknown a priori.
The measured fovg and Aycmg can, therefore, still be
contaminated by non-flow effects. In order to mitigate
non-flow effects, we have also analyzed data using the
sub-event method with two 7 gaps. The extracted fomg
and AycumEe, however, have reduced significance because

of the smaller particle pair statistics with the sub-event
method and presumably smaller non-flow contributions.
Our result is consistent with the previously extracted
fome=(2£445)% [40] (also from the sub-event method)
exploiting the pair invariant mass [58]. The method ex-
ploited in the present work uses additional information
from the ZDCs and takes advantage of the PP and SP
fluctuations.

The CME is speculated to be a low-pt phenomenon [4].
Our previous inclusive Ay, results [25 26], as well as
those reported here, indicate that the A~ increases
with pr of the POIL. In this work, we have also inves-
tigated a lower pr range, 0.2 < pr < 1 GeV/c, using the
full-event method. Given the large uncertainties we can-
not draw conclusions concerning the relative magnitude
of fomg or Ayome between the two pr ranges.

Conclusions. In summary, we have reported measure-
ments of the elliptic flow anisotropy ve and three-particle
correlator Ay with respect to the first-order harmonic
plane from the zero-degree calorimeters, ¥zpc, and the
second-order harmonic plane from the time projection
chamber, ¥rpc. We used the full-event method where
the particles of interest POI and 4rTpc are both from
the |n| < 1 range, and studied two pr ranges for the
POI. We also used the sub-event method where the POI
and Yrpc are from two sub-events, and we applied two



TABLE I. The inclusive (A%inc) = (Ay{¢yTpc}) and the extracted (fome) and (AycMme), averaged over 20-50% and 50-80%
centrality ranges in Au+Au collisions at /snn= 200 GeV from the full-event method (with two POI pr ranges) and the

sub-event method (with two 7 gaps). The first quoted uncertainty is statistical and the second systematic.

Centrality Method (A%ine) (x1077%) (fome) (%) (Avome) (x107%)
full-event, pr=0.2—2 GeV/c 1.89 £ 0.01 £0.10 147+43+26 0.40 £ 0.11 £ 0.08
20-50% full-event, pr=0.2-1 GeV/c 1.48 + 0.01 + 0.07 13.7+62+23 0.29 £ 0.13 £ 0.06
0 sub-event, Ane,=0.1, pr=0.2-2 GeV/c 2.84 +0.01 +0.15 8.8+ 45424 0.27 +0.17 4+ 0.12
sub-event, Ane,=0.3, pr=0.2-2 GeV/c 2.9440.01 4+ 0.15 6.3+£5.0+25 0.23+0.19 4 0.14
full-event, pr=0.2—2 GeV/c 6.31 £ 0.03 £ 0.38 03+£25+53 0.12 £ 0.21 £ 0.40
50-80% full-event, pr=0.2-1 GeV/c 5.19 4 0.04 4 0.33 4.6+34+7.3 0.37 +0.23 +0.41
0 sub-event, Ane,=0.1, pr=0.2-2 GeV /c 8.72 + 0.06 + 0.41 —4.2434+26  —0.36 +0.36 + 0.43
sub-event, Ane,=0.3, pr=0.2-2 GeV/c 8.89 4 0.07 4 0.40 —4.6+£39+27  —0.46 +0.43 +0.45
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FIG. 3.
markers) centrality Au+Au collisions at

The flow-background removed (fomr) (a) and (Avyeme) (b) signal in 50-80% (open markers) and 20-50% (solid
snN= 200 GeV, extracted by various analysis methods (FE: full-event, SE: sub-

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

7 gaps between the sub-events. The inclusive Ay mea-
surements with respect to ¥zpc and ¢rpc are found to
be largely dominated by backgrounds, consistent with
conclusions from previous measurements. Because ¥zpc
aligns better with the spectator proton plane and ¥ rpc
aligns better with the v harmonic plane, these measure-
ments can be used to extract the possible residual CME
signals, assuming that the background is proportional to
vo and the magnetic field is determined by the spectator
protons. Under these assumptions, the possible residual
CME signals are extracted using the new method in this
paper. Some indication of finite signals is seen with a sig-
nificance of 1-3 standard deviations from the sub-event
to full-event methods. However, significant non-flow ef-
fects (especially for the full-event method without 7 gap)
may still be present that warrant further investigation.
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