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Symmetry Breaking in the Strong Interaction — The Chiral
Magnetic Effect
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Abstract: The chiral magnetic effect (CME) refers to a charge separation along a strong magnetic field due to an
imbalanced chirality of quarks from interactions with the vacuum topological gluon field. This chiral anomaly is a
fundamental property of quantum chromodynamics (QCD) and, therefore, an observation of the CME would have far-
reaching impact on our understanding of QCD and Nature. The measurements of the CME-sensitive azimuthal cor-
relator AY observable in heavy-ion collisions are contaminated by a major background induced by elliptic flow aniso-
tropy. Several novel approaches have been carried out, including a dedicated isobar collision program, to address this
flow-induced background. Further background effects, arising from nonflow correlations, have been studied. While
the isobar data are consistent with zero CME signal with an upper limit of 10% of the measured AY, the Au+Au mid-
central data suggest a positive CME signal on the order of 10% of the measured AY with a significance of ~2 stand-
ard deviations. Future increased statistics and improved detector capability should yield a firm conclusion on the ex-
istence (or the lack) of the CME in relativistic heavy-ion collisions.

Key words: chiral magnetic effect; charge separation; AY correlator; flow-induced background; nonflow

CLC number: 0571.3 Document code: A

0 Introduction

Symmetry is the most important concept in physics.
Physical laws are symmetric; their solutions are, however,
unnecessarily so. In fact, our universe, a solution to the
physical laws, is maximally asymmetric. For example,
photons, which mediate the electromagnetic force, are
massless, and those gauge bosons mediating the weak force
are massive; quarks are not massless but massive with three
generations. These asymmetries are the result of spontan-
eous electroweak symmetry breaking due to the vacuum
Higgs field. Another example, the approximate chiral sym-
metry is spontaneously broken because of existence of the
vacuum chiral condensate; interactions with the condensate
give constituent quarks the majority of their mass and thus
of all visible matter in the universe. Similarly, the U, (1)
symmetry, pertinent to quark chirality, is spontaneously
broken because of the axial anomaly of the vacuum gluon
pseudoscalar, a superposition of quantum states of all pos-
sible Chern-Simons winding numbers or topological
charges [Fig. 1(a)]. The numbers of left- and right-handed
quarks are no longer individually conserved in local do-
mains because of interactions with the topological gluon
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field. This would lead to local parity (P) and charge-con-
jugate parity (CP) violations in the quantum chromodynam-
ics (QCD) strong interaction, which may be connected to
the matter-antimatter asymmetry of our present-day universe.

The Higgs particle has been directly observed!'l. The
quark-antiquark condensate has not been directly observed[?],
neither has been the axial chiral anomaly or the correspond-
ing axion particlel*]. The non-zero net chirality (handed-
ness) can, however, have observable consequence under a
strong external magnetic field!* >l —same-handed quarks
depart according to their electric-charge dependent magnet-
ic moments, either along or opposite to the magnetic field
direction, a phenomenon called the chiral magnetic effect
(CME)!®] [Fig. 1(b)]. Relativistic heavy-ion collisions may
offer an opportunity to observe it: a deconfined quark-
gluon plasma (QGP) is created sufficiently hot!”~#] that do-
mains of non-zero topological charges can form, and a
strong magnetic field is produced by the passing spectator
protons at finite impact parameterm [Fig. 2(a)]. An obser-
vation of the CME would have far-reaching impact on our
understanding of QCD and Nature.

This contribution reviews the current status of the ex-
perimental search for the CME, starting with early meas-
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(a) Sketch of the physical vacuum being superposition of states of all possible Chern-Simons winding numbers (]topological
charges). Sphaleron transitions between states may be appreciable at high temperatures. (b) Illustration of the CMEP

. The dark-

brown arrows denote the direction of momentum, the blue arrows the spin of the quarks. 1) Initially there are as many left-
handed as right-handed quarks. Due to the strong magnetic field the up and down quarks are all in the lowest Landau level and
can only move along the magnetic field. 2) The quarks interact with a topological gluon field with nonzero topological charge
(Q,), converting left-handed quarks into right-handed ones (in this case Q,<0) by reversing the direction of momentum.
3) The right-handed up quarks move upward, and the right-handed down quarks move downward, resulting in a charge separa-
tion. (color online)
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Fig. 2 (a) Schematic view of a non-central heavy-ion collision, where spectators pass each other proceeding in the beam direction,

leaving participants in the overlap zone forming a QGP. The reaction plane (RP) is defined as the plane spanned by the beam
and the impact parameter direction. A huge magnetic field, on the order of 10'3 Tesla at the first moment of encounter, is pro-
duced primarily by the passing spectator protons. (b) An event display of an AutAu collision in the STAR Time Projection
Chamber (TPC); the drawings depict the RP direction, the magnetic field direction that is on average perpendicular to the RP,
and the back-to-back opposite-sign (OS) particle pairs from CME-induced charge separation and the same-sign (SS) pairs in

the same direction parallel or antiparallel to the magnetic field. (color online)

urements and a discussion on the major backgrounds, fol-
lowed by recent measurements eliminating those back-
grounds. It then continues with investigations of the next-
level backgrounds, followed by remarks on possible re-
maining issues. Finally, a brief summary and outlook is
given. The contribution is written in such a way that fol-
lowing the figures and captions should give the reader a
fairly complete picture.

1 Observable, early measurements, and
flow-induced backgrounds

A distinct signature of the CME is back-to-back emis-
sion of OS charged hadrons and collimated emission of SS
ones in the direction of the magnetic field. Since the mag-
netic field created in non-central heavy-ion collisions is on
average perpendicular to the RP, a commonly used observ-
ablel!% is the two-particle correlator

Yop =08 (¢o + Pp — 2kp)) » (1)

where ¢, and ¢, are the particle azimuthal angles with o
and S denoting their charge signs, and gp is the azimuthal
angle of the RP. The CME signal would be Yog > 0 and
Yss < 0. Because of the existence of charge-independent
background, the difference

A“/aﬁ =Yos ~ Vss 2

is often used.

Figure 3 shows the first measurements of Y,g and Vg at
the Relativistic Heavy-Ion Collider (RHIC) by the STAR
experiment[l 7131 and at the Large Hadron Collider (LHC)
by the ALICE experiment!!#]. Large differences between
Yos and Ygg measurements were observed. The AY is on the
order of 1074, suggesting that ~1% particles could be re-
lated to the CME if the measured AY magnitude is indeed
all from CME.
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First measurements of the ¥ correlators of OS and SS charged particle pairs in AutAu and Cu+Cu collisions by

RHIC/STAR[!712] (a) and in Pb+Pb collisions by LHC/ALICE!!4] (b) Large differences between the OS and SS correlators

are observed, consistent with charge separation perpendicular to the reaction plane. Majority of the difference signal is due to
flow-induced backgrounds, not of CME-induced charge separation. (color online)

Unfortunately, there remains charge-dependent back-
grounds[lo’ 15-17] e.g., those due to resonance decays and
jet-like correlations. The AY is ambiguous between a back-
to-back OS pair perpendicular to the RP (CME signal) and
a collimated one parallel to it (background). Because of el-
liptic flow (v,), there are more resonances/clusters thus
more OS pairs along the RP, leading to the background
[Fig. 4(b)). In other words, it arises from the coupling of v,
and genuine two-particle (2p) correlations! ! 18]

N
Aygy, = N_j\p/ﬁ (coS (P + B —2¢2)) V2. 295 3)

CME

+ mom.conserv.

where N stands for multiplicity and the subscript ‘ 2p’
stands for 2p-correlation sources. Order of magnitude es-
timate suggests a background level of 0.2/100%0.5%0. 1~1074,
comparable to the measured AY. In fact, thermal and Blast-
wave model parameterizations of particle yields and spec-
tra data can reproduce the majority, if not the full, strength
of the measurement!! 7> 1. This is also corroborated by ex-
perimental data from small system collisions at both the
LHC[?%1 and RHICP?!Y. An explicit demonstration of reson-
ance backgrounds is provided by the differential AY meas-
urement as a function of the pair invariant mass!?%.

CME
+ mom. conserv. (charge-indep.)
+ charge conserv.(charge-dep.)

(charge-indep.Bkgd)
CME
oS ). 50 oS ' -
\
=} n
7:.<0
SS . . .
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SS SS
Ay = YosVss
(a) (®) (©

Fig. 4

[lustrations of CME signal and flow-induced backgrounds, depicted versus centrality in heavy-ion collisions. (a) The OS

and SS Y-correlator signals are equal in magnitude and opposite in sign, and are diluted by event multiplicity because of the
two-particle correlation nature of the Y-correlators. (b) Charge-independent backgrounds, such as those arising from mo-
mentum conservation preferring back-to-back emissions of particles, which are RP dependent due to elliptic flow anisotropy of
particle azimuthal distributions, contribute a common negative signal to the OS and SS Y-correlators. These backgrounds are
canceled in the AY=Y,5 — Vg5 oObservable. (c) Charge-dependent backgrounds, such as those from resonance decays coupled
with resonance elliptic flow (v,,,), contribute a positive signal to the OS Y-correlator and have a reduced/negligible contribu-
tion to the SS Y-correlator. These backgrounds can be expressed algebraically by Eq. (3). (color online)

2 Innovative ways to remove flow-in-
duced backgrounds

Many innovative methods have been proposed to deal
with the flow-induced backgrounds[l& 2,
prominent ones are described below.

Three most

2.1 By varying background

One way to gain insight is to vary the background and
see how AY responds to it. Since AYp,~v, [(Eq. (3)], one
may vary v, by the event shape engineering (ESE) tech-
nique[24725]. This was first attempted by STAR[?*! where
the multiplicity asymmetry correlation (a quantity similar to
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AY) is plotted against the observed ellipticity v3™ of
particles of interest (POI) in one half of the STAR TPC
with respect to the second-order event plane (EP, an experi-
mental terminology referring to the harmonic symmetric
planel?®)) reconstructed from the other half. A linear rela-
tionship is observed [Fig. 4(a)]. The v{™ can be negative
because this ESE method engineers primarily on statistical
fluctuations of v,. The intercept at v$* =0 is more sensitive
to the CME than the inclusive AY measurement; the inter-
cept is consistent with zero in Fig. 4 and finite with higher

statistics datal?”]

. Similar analysis has recently been per-
formed on 27 GeV datal?8]. However, it has been found

that residual flow-induced background remains because

x1073
L0 20%~40% Au+Au 200 GeV }
< osf Ay
N ““ 4
<‘1 EAAA
L 00 e
< |
= ; :
" -0.5F 3
N A % — 1'3131,4”0 543 28021 () SVSbs
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gt = <C052(¢7 lIIRP)>(0-15<17T<2 GeV/c)
Fig. 5

resonance/cluster v,, primarily responsible for the CME
background, does not vanish at the statistically engineered
vgbs =0 [29]_

The ALICEP?! and cMsPB! experiments have per-
formed the ESE analysis by binning events according to the
so-called g, flow vector in the forward/backward regions
and then studying AY as a function of the average v, of POI
in those events in each centrality bin[?*]. The ALICE data
are shown in Fig. 5 (right panel), where a linear relation-
ship is observed. While analysis details differ, both ALICE
and CMS found vanishing intercepts at v,=0, suggesting a
null CME signal. This method engineers on the dynamical
fluctuations of v,, and remains a promising means to ex-
tract the possible CME in future high statistics data.

5 50%~60% ALICE Preliminary
010 1 ©40%~50% Pb-Pby[S,y =2.76 TeV
#30%~40% 0 2<p,< 5.0 GeV/c |
520%~30% | "' !

5 10%~20% <0
0 5%~10%
8 0%~5%

0.05

0.00 [ reeeeee B

{cos(p,+¢,~2¥,))*dN/dn (opp—same)

0.00 0.02 0.04 0.06 008 0.10 0.12

14)

(a) First attempt of event shape engineering (ESE) by RHIC/ STAR[?7] selecting events according to the elliptic anisotropy

observable v§b5=(c032(¢p01—w5p)> of the particles of interest (POI). The v‘z"’S spreads over a wide range in value embracing
zero, primarily because of statistical fluctuations. The coordinate quantity is a charge-dependent particle multiplicity asym-
metry observable similar to AY. The intercept at v{® =0 is sensitive to CME with a large reduction of background contamina-
tion; however, the background is not completely eliminated because the resonance (correlation cluster) elliptic flow is not ex-
actly zero when one forces $**=0 of the final-state particles by primarily statistical fluctuations!?’]. (b) ESE analysis by
LHC/ALICEBRY] selecting events in each narrow centrality bin according to the g, elliptic flow vector in the forward and back-
ward rapidity regions, exclusive from the POI’s. The spread of the POI v, on the abscissa is due only to dynamical fluctuations.
The intercept of a “linear” fit in the multiplicity scaled AY versus v,, sensitive to CME, is presently consistent with zero. The
ESE analysis and results from CMSE ! are similar. (color online)

2.2 By varying signal

Isobar collisions were proposed[32] as an ideal means
to cancel background: the same mass number of the j5Ru
and j5Zr nuclei would ensure equal background, and the
larger atomic number of the former would yield an approx-
imately 15% stronger CME signal[33]. If the CME is 10%
of the measured AY, then an isobar difference of 1.5%
would be expected, representing a 40 effect with the data
precision of 0.4% achieved in experiment®*3%]. However,
because AYp,~1/N and the magnetic field is smaller in
isobar collisions than in Au+Au, the signal to background
ratio in the former may be significantly smaller®], which
would result in a weaker significance.

Moreover, it has been shown by density functional
theory (DFT) calculations that the isobar nuclear structures
are not identical; although the charge radius of Ru is bigger,
Zr possesses a significantly thicker neutron skin leading to

its larger overall sizel37738]. This would yield larger N and

v, in RutRu than Zrt+Zr at the same
centrality[37’ 31 As a result, the backgrounds would be

collisions

slightly different, with an uncertainty that may not be negli-
gible, reducing the significance of isobar collisions®7]. In-
deed, the isobar data show significant differences in N and
v, between the two systems[34], consistent with DFT pre-
dictions 37> 391,

Figure 6 shows the Ru+Ru/Zr+Zr ratio of various
CME observables from STARP#. The ratio in AY/v, being
significantly below unity is due to the multiplicity (V) dif-
ference. The more proper baseline would be the ratio in
1/N, or unity for the ratio in NAY/v,, the brown dashed line
in Fig. 6. The AY data points are all above this line, which
could imply that there may be finite CME signal in those
isobar datal*’]. However, the situation is more complicated

41-42]

because of nonflow effects! discussed in Sec. 3.
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1.02 - STAR Isobar post-blind analysis,\'Syx = 200 GeV, Ru+Ru/Zr+Zr, 20%~50%
[M.Abdallah et al.(STAR), Phys. Rev . C 105 (2022)014901]
100 — = = = = = = = = — — — — — — — — — - — - = — - - - -
o —— This study: baseline estimate Iil _;_
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Fig. 6 The Rut+Ru/Zr+Zr ratios of the CME observable AY/v, (black filled squares) from the isobar blind analysis by STAR[# 427431,

The ratios are below unity (the black dashed line), mainly because of the larger multiplicity dilution in Ru+Ru than in Zr+Zr.
The multiplicity difference is caused by the slightly larger size of Zr than Ru arising from a thicker neutron skin in the Zr nuc-
leus, a subtlety in nuclear structure predicted by the DFT calculations [37-38, 441 1f scaled by multiplicity (the right coordinate)
the Ru+Ru/Zr+Zr ratios of NAY/v, are above unity (the purple dashed line) and would indicate a finite CME srgnal[ 1 if the
number of correlated background clusters is proportional to event multiplicity. However, the background cluster multiphcrty is
better represented by the relative excess of OS over SS pair multiplicity, »=(Nys — Ngs) / Ngs*#, the isobar ratio of which is in-
dicated by the pink dashed line. The AY/v, isobar ratio data points are below that line, suggesting negative CME signal if the
only backgrounds are the flow-induced ones. Next-level background contaminations, from nonflow correlations in 3-particle

correlator and in v, measurements, are investigated and indicate that the back§round baselines of the Ru+Ru/Zr+Zr ratios of

AY/v, (shaded areas with uncertamt1es) are cons1stent with measurements!
1. (color online)

CME fraction at 95% confidence level ™~
2.3 By varying both signal and background

A better comparative method than isobar collisions,
called the SP/PP method, is to measure AY with respect to
the spectator plane (SP) and the participant plane (PP) in
the same event*”"#8]. The PP and SP differ because of geo-
metry fluctuations arising from the finite number of nucle-
ons in nucleus*’). Since the measurements are performed
on the same event, the physics is guaranteed to be identical
in the two measurements. The magnetic field, primarily
produced by the spectator protons, is more closely connec-
ted to the SP; the anisotropic flow on the other hand, gener-

a=(cos2(Ppp— )

@

An upper limit of 10% is extracted on the

ated by interactions among the constituents in the collision
zone, is more closely connected to the PP. The two AY
measurements, therefore, contain different amounts of the
CME signal and flow-induced background, AY = AYy,, +
AYeue (see sketches in Fig. 7). Their relative magnitudes
are given by

AYcme{PP}/ Ay {SP} = AYBkg{SP}/AYBkg{PP}
= (cos2(Ypp —Ysp)) = a, (4)

where the a parameter, quantifying the opening angle
between the SP and PP, can be measured by the final-state

INTRA EVENT "CME-v, FILTER"

BKG BKGXa

CME

BKG BKG
CME //CMEXa
IN THE SAME EVENT

(b)

Fig. 7 Two AY correlators can be measured in the same collision event, one with respect to the participant plane (PP) and the other

with respect to the spectator plane (SP, which is almost identical to the reaction plane RP as indicated by model
calculations[*’ ) These two planes are not coincidental because of geometry fluctuations arising from finite number of nucle-
ons in nucleus; the average opening angle between the two planes can be measured by final-state v, with respect to the two
planes, a = (cos2(¥pp —¥sp)) =v2{SP}/v2{PP}. The flow-induced background arises from elliptic flows of background sources and
is the largest in AY with respect to PP and reduced by a factor « in that with respect to SP. The CME signal is related to the
magnetic field and is the largest in AY with respect to RP and reduced by the same factor a in that with respect to PP. The SP
and PP can be regarded as two filters for the CME signal and flow-induced background with respective transmission coeffi-
cients (as illustrated by the right sketch). (color online)
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elliptic flow anisotropies with respect to the SP and PP,
a=v,{SP}/v,{PP}. The AY measurements with respect to
the SP and PP can therefore uniquely determine the CME
signal and flow-induced background. One may in turn ob-
tain the CME fraction as!*]
_ Ayewe{PP}  AJa-1
MEZTAVPPY 1@ -1

where A = Ay{SP}/Ay{PP}. Note that the magnetic field,
because of event-by-event fluctuations, does not necessar-

)

0.3
STAR Aut+Aun[Syy = 200 GeV (@)
--20%~50%
0.2
$ -==50%~80%
g 0l -
< - I
T L
OO e —
A S
o ]
-0.1
FE FE SE SE

0.2~2 GeV/c 0.2~1 GeV/c Ap=0.1  Ayp=0.3

ily point in the direction perpendicular to the spbOl;
however, the formulism is not affected!*”) because what is
quantified is the CME signal in the direction of the SP (and
the PP).

Figure 8 shows the extracted f.\y and AYcy in Aut+Au
collisions at 4/syy =200 GeV by STARPU. The peripheral
data are consistent with zero CME with relatively large un-
certainties. The mid-central 20%~50% data indicate a fi-

nite CME signal, with ~2¢ significance.

0.10 I STAR Aut+Aun/Syy =200 GeV ®)
-20%~50%
-50%~80%

LI N

—0.05

<AVCME>

FE FE SE SE
0.2~2 GeV/c 0.2~1 GeV/c Ay =0.1 Ap=0.3

Fig. 8 The extracted CME fraction foye () and CME signal AYqyg (b) from AY measurements with respect to the SP and PP in
Au+Au collisions at 200 GeV by STAR*7]. The four sets of data points are not independent but from the same 2.4 billion min-
imum-bias events using four analysis techniques/cuts: full-event (FE) where the POI’s and the third particle ¢ are from the en-
tire STAR TPC acceptance within |7|<1 and with two p; ranges, 0.2<p;<2 GeV/c and 0.2<p;<1 GeV/c, and sub-event (SE)
where the POI’s are from one side of the TPC acceptance and the third particle ¢ is from the other side, and vice versa, with a
small gap between the two sub-events, Ay=0.1 and Ay= 0.3, to suppress short-range correlations (such as HBT interference)
and detector effects. While the peripheral data are consistent with zero CME, the midcentral data indicate a hint of positive
CME with a significance of the order of 2. The signal is on the order of 10% in terms of CME fraction in the inclusive AY
measurement and on the order of a few x10™> in terms of the absolute CME AY strength. (color online)

3 Next-level background: nonflow correl-
ations

Experimentally, the EP used in the ¥ correlators is re-
constructed by measured particles afforded by the very fact
that particle azimuthal distributions are anisotropic. The EP
resolution that quantifies the accuracy of the reconstructed
EP and is used as a correction factor in measurements is
calculated by EP correlations from different phase
spaces[26]. Ideally one would want the EP to be the har-
monic plane of pure flow, however, both the EP and the EP
resolution are affected by the unavoidable nonflow correla-
tions among particles. Nonflow correlations refer to all
those correlations among particles that are unrelated to the
global symmetry harmonic planes, such as correlations due
to resonance decays, jets, and etc. The Y correlators are of-
ten calculated by the three-particle correlator,
C; =(cos(p, + s —2¢.)), divided by the v, parameter of
the third particle ¢, AY=C; / v,. The measured v, is contam-
inated by nonflow, so it is propagated to the Y
correlatorsi*! ™21, The other nonflow contribution to C;is
simply from genuine 3-particle (3p) correlations.

The effects of nonflow on the isobar ratio can be ex-

pressed[42743] as
(NAy/v)™ &' ey .
(NA}(/v;)Zr e l+ey
&3 /82 A83 Agz AN AV% ) (6)
Nv2+&/e\ & ’

where N=N,~N_ are POI multiplicities. The asterisk on v,
denotes it is nonflow contaminated, and &= (vz*/vz)zfl.
Shorthand notations are &, = % (co8(Po + ¢ —2¢2,))
and &= %(cos (fo+d5—2¢.)),,. AX=XxR—_Xx*, and
variables without superscript refer to those in individual
systems X~ XRu= X7 The first term in Eq. (6) r.h.s. charac-
terizes deviation from N scaling—the background scales
with NZP/N2 rather than simply 1/N. This implies that the
baseline should be the ratio of r, the pink dashed line in
Fig. 61341 The nonflow &,; can be assessed by (A7, Ap) 2p-
correlation analysis. The 3p-correlation contribution can be
estimated by HIJING (Heavy ion jet
generator[Sz]) which models jet-like correlations well. The
advantage of using HIJING is that it does not contain aniso-
tropic flow hence no flow-induced background so that 3p-
correlations from HIJING are all nonflow. Preliminary res-
ults!*?! indicate a good cancellation between the effect of v,

interaction
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nonflow in the second term of Eq. (6) (positive, because
A&,<0 due to the larger N in Ru+Ru) and the effect of 3p-
correlations in the third term (negative); both are of the
magnitude 0.5%~1%. The estimated baselines are indic-
ated by the shaded bands in Fig. 6 where the band widths
represent the total uncertainties!* 1. It is found that the
estimated baselines are consistent with experimental meas-
urements. An upper limit on the CME fraction of 10% is
extracted at the 95% confidence level (437461,

Similar to isobar collisions, the SP/PP method meas-

ures the ratio of two quantities as well, namely
Ala —% Simpler than the isobar data, only the PP

measurements are contaminated by nonflow; the nonflow
contribution is given by

&/e
Ala=(1+g, 1+ ———|. 7
fa=t f)/ ( Nv%{PP}) @)
0.3
—m— 50%~80%, STAR data
o2l jiiiiiiiii 50%~80%, model nonflow
’ (@)
il
v, O} i {%{
= Tl
<& 2 mo } “ ™~
0.0 [ . \\‘E .|I.
B i o
0.1 T AutAu 200 GeV L

FE FE SE SE
0.2~2 GeV/c 0.2~1 GeV/c Ap=0.1  Ap=0.3

This nonflow contribution to A/a will yield a non-zero
feme value. Nonflow in v, yields a positive feye While 3p-
correlations result in a negative foyg. The former has been
estimated by the AMPT (A Multi-Phase Transport[53])
model with string melting*']. Work is on-going to extract
this nonflow contribution from real data by (An, A) 2p-
correlations, as was done in isobar data aforementioned.
The latter has been estimated by HIJING simulation of
AutAu collisions. There is a good degree of cancellation
between the two, and the net effect could even be
negative[41]. This is shown in Fig. 9 together with the foyg
measurements in Au+Au collisions!*!]. Although model de-
pendent, the results suggest that the measured positive foue
in midcentral Au+Au collisions might indeed hint at a fi-
nite CME signal.

03 +— 20%~50%, STAR data
i 20%~50%, model nonflow
w 0.1F : 1Hin 1‘— :I:: * !
0.0 F i oS
B — w
01T AutAu 200 Gev
FE FE SE SE

0.2~2 GeV/c 0.2~1 GeV/c Ay =0.1 Ap=0.3

Fig. 9 The solid filled data gsomts are the CME fractions extracted by the SP/PP method in peripheral (a) and midcentral (b) Au+Au

collisions at 200 GeV!

. These results are void of flow-induced backgrounds. The open points are the next-level background

arising from 2-partlcle nonflow contamination in v, measurements and 3-particle nonflow contamination in 3-particle correlat-

or measurements[

1 The former is estimated by AMPT model (with string melting), and the latter is estimated by the HIJING

model. The AMPT model is found to describe many aspects of experimental data well; the HIJING model is considered to
model the 3-particle correlation well based on its agreement with data in peripheral collisions (non-peripheral collisions cannot
be directly compared because of flow-induced background in data). The results indicate that the peripheral data are consistent
with nonflow background estimation, and the midcentral data are generally above the estimated nonflow background, under-
scoring the intriguing prospect of a possible positive CME signal in the data. (color online)

4 Remarks

It has been an enduring journey in searching for the
CMEL8: 347561 A whole isobar run is devoted at RHIC[57],
accumulating over 4 billion MB events by the STAR de-
tector>4], Although only an upper limit can be extracted on
the CME, it has provided many insights into the CME as
well as a pleasant byproduct of probing nuclear structure
and symmetry energy with relativistic collisionsP®”> 44, Fur-
thermore, the realization of a factor of several smaller CME
signal expected in isobar than Au+Au collisions(*®], the non-
observation of the CME in isobar collisions[34], and the hint
of 10% signal in Aut+Au collisions!! are all consistent and
suggest that we are on the right track.

Meanwhile, many innovative methods have been in-
vented. Two of the methods, the SP/PP method and the
ESE method, are particularly promising. It is fair to say that

the flow-induced backgrounds have been well understood
and are under control after extensive studies of many years.
Further background effects due to nonflow correlations
have been investigated, and can be reliably estimated for
the SP/PP method and can be straightforwardly incorpor-
ated in future ESE analysis.

There appear two remaining issues. One is that the
CME signal, originally oriented along the magnetic field
direction, may tilt away further from the PP due to final-
state particle rescattering effectsB* 38759 because of a
stronger signal reduction in the direction related to the PP
(see Fig. 10). This would imply that the projection of CME
onto the SP and PP directions are more complicated than
the same factor a from final-state v, measurements. As il-
lustrated in Fig. 10, the final-state CME signal will project
onto the PP through a larger opening angle, or a smaller
factor b=(cos2 (Yrncme — Yrp)) than the factor a [Eq. (4)];
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the final-state CME signal will also have a projection factor
onto the SP, b’ =(cos2 (Yrincme — ¥sp)). One thus obtains

= Aveme{PP} _ _A/a-1
CME = “AyPP} ~ b'/(ab)-1°

final-state rescattering effects, »=a and b’ =1). However,
since b =ab’, the above fo\; expression reduces to Eq. (5).
In other words, one does not need to know the factor b or b’
to extract the CME fraction. This is analogous to the situ-
ation where the formulism is not affected by event-by-event
fluctuations of the magnetic field direction®% 471, because
the extracted foy; is the fraction of the tilted CME meas-
ured with respect to the PP (and similarly the SP) out of the
inclusive AY measurement.

The other issue is that there might be background con-
tribution from vector meson spin alignment. An apparently
large @-meson spin alignment has been observed(®!]; it is
conceivable that the spin alignment of the p-meson, which
contributes significantly to the final-state pions, is also
large. However, spin alignment is generated by spin-orbit
interactions in the participant zone, and is therefore aligned
with the PP. The spin alignment modifies the angular distri-
bution of the decay daughters and thus their v,. So the spin
alignment contribution to AY is similar to and part of the
flow-induced background, thus it is not an additional back-
ground but already taken care of in the SP/PP method.

instead of Eq. (5) (where, without

PP Rr, B
Ini.CME

flow

Fig. 10  Effects of final-state particle rescatterings on the
CME signal. The initial CME signal is oriented along
the magnetic field (illustrated by the dashed ellipse).
Because of final-state interactions, the CME signal is
reduced®” %] more so in the PP direction (note here
for convenience the PP direction is drawn at 90° from
the real PP) than in the direction perpendicular to it.
This would result in a final-state CME signal (indic-
ated by the solid yellow ellipse) that is oriented in a
direction away further from the PP. The final-state
CME signal measured with respect to PP and SP will
both have a reduction factor, b and b’, respectively.
However, since b =ab’, the fe formula of Eq. (5) re-
mains, i.e., one does not need to know b or b’ to get
the CME fraction. (color online)

S Summary and outlook

In summary, the Chiral Magnetic Effect (CME) has
been one of the most active and challenging fields of re-
search in relativistic heavy-ion collisions. Measurements of
the most commonly used AY observable are dominated by
flow-induced backgrounds arising from particle correla-
tions coupled with elliptic flow v,. Many innovative meth-
ods have been invented to reduce or eliminate those back-
grounds, including event shape engineering, isobar colli-
sions, and measurements with respect to spectator and par-
ticipant planes. While the first two yield a CME signal con-
sistent with zero with the present statistics, the third indic-
ates hint of a possible CME in Au+Au collisions at 200 GeV
with 20 significance. After several years of extensive stud-
ies, the flow-induced backgrounds are now well under-
stood and are under control.

All those methods are subject to further nonflow con-
taminations, the magnitudes of which are under active in-
vestigation. Preliminary results indicate that the isobar data
can be understood by nonflow backgrounds, and the CME
signal is consistent with zero. On the other hand, the hint of
a possible positive CME signal in Aut+Au collisions ap-
pears robust against nonflow contaminations.

To outlook, an order of magnitude increase in statist-
ics is anticipated of Au+Au collisions from 2023 and 2025
by STAR. This, together with the increased detector accept-
ance and a new forward event-plane detector, would
present a powerful data sample to either identify the CME
or put a stringent upper limit on it.
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WE: FAEMYAN(CME)ES R —AZEIRT ML EASRFELTFHENT RBBHT T HEET 2 H. X
MFEREZE TE AN F (QCD) By EAM T, B I xf CME o WLl 4 % & A1Z A% QCD M1 kK B 4 7= £ FK T .
EEH THETHN CMERRI F LA XKAY WM ELERZ AL REMERTIROERT R, ACBEL LI
ik, AELTITNERACEZHMEZTIE, RBAMERTIROT FEA, FHAT BFRAKT LHH
—SHERN. BARRFUEZMELER ST CMER T — 2 (LRA AY M EEH 10%), (EF 8 F.0E AutAu
BEXRAANV M EEFTRAT 10% 80 CMEE T (A2 Mk Z0 B8 ). KRB Iwey 5K 14E 51T 2 LR R HER N
BHEMLZAFHAEAN B ES THAE T CMEFAES A FANAFHL L
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