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Abstract: The chiral magnetic effect (CME) is a novel transport phenomenon, arising from the interplay between
quantum anomalies and strong magnetic fields in chiral systems. In high-energy nuclear collisions, the CME may
survive the expansion of the quark-gluon plasma fireball and be detected in experiments. Over the past two decades,
experimental searches for the CME have attracted extensive interest at the Relativistic Heavy Ion Collider (RHIC)
and the Large Hadron Collider (LHC). The main goal of this study is to investigate three pertinent experimental ap-
proaches: the y correlator, the R correlator, and the signed balance functions. We exploit simple Monte Carlo simu-
lations and a realistic event generator (EBE-AVFD) to verify the equivalence of the core components among these
methods and to ascertain their sensitivities to the CME signal and the background contributions for the isobar colli-
sions at the RHIC.
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I. INTRODUCTION

A system is called chiral if it is not invariant under
mirror reflection. The imbalance of right- and left-handed
particles in a chiral system can be quantified by the chir-
al chemical potential (us). In a system of charged fermi-
ons with finite us, an electric current can be generated in
the presence of a strong magnetic field (B)

—

N
JeOC/JSBs (1)

which is theorized as the chiral magnetic effect (CME)
[1, 2]. CME physics encompasses a wide range of sys-
tems and has generated significant interdisciplinary in-
terest (Refs. [3-6]). For example, this has been observed
in condensed matter systems using Dirac and Weyl semi-
metals with emergent chiral quasiparticles such as ZrTes
[7], Na;Bi [8], TaAs [9], and TaP [10]. In this paper, we
present methods studies in search of the CME in high-en-
ergy nuclear collisions.

Ultra-relativistic heavy-ion collisions have been per-
formed in experimental facilities such as the Relativistic
Heavy lon Collider (RHIC) and the Large Hadron Col-
lider (LHC). These experiments aim to create a new
phase of hot and dense nuclear matter called the quark-
gluon plasma (QGP), which has a temperature higher
than several trillion Kelvin and consists of deconfined
quarks and gluons [11-14]. Inside the QGP, the chiral
symmetry is approximately restored, and the light-flavor
quarks u and d become nearly massless and hence chiral.
The two preconditions (finite us and the B field) for the
CME could be realized in heavy-ion collisions as de-
scribed below.

Topological configurations of color-SU(3) gluon
fields in quantum chromodynamics (QCD) can generate a
chirality imbalance in light quarks through the chiral an-
omaly [15, 16]; thus, forming local chiral domains with
finite us in a QGP [1, 2, 17-20]. Note that the global chir-
ality imbalance vanishes when averaged over an infinite
number of domains. In non-central heavy-i ion collisions,
extremely strong magnetic fields (B ~ 10" T) can be
formed [1, 17] by energetic protons. By convention, the
participating nucleons in the overlap region are called
participants, and the rest, spectators.

Therefore, the CME can occur in heavy-ion colli-
s1ons and cause an electric current along the B direction.
As B is approximately perpendicular to the reaction
plane (Wgrp) that contains the impact parameter and the
beam momenta of a collision, the CME will manifest it-
self as an electric charge transport phenomenon across
the reaction plane.

In view of the CME-induced charge transport and
other modes of the collective motion of the QGP, the azi-
muthal distribution of particles is often Fourier-decom-
posed for a given transverse momentum (pr) and pseu-

dorapidity () in an event:

dNy, _Na
do* T on
+23,4,008(3") + ... + 24 o Sin($") + ] 2)

[1 +2v1 4 c08(¢") + 2v3 4 cOS(20™)

where ¢ is the azimuthal angle of a particle, and
¢* = ¢ —Wrp. The subscript a (+ or —) denotes the charge
sign of a particle. Conventionally, the coefficients vy, v,
and v3 correspond to "directed flow," "elliptic flow," and
"triangular flow," respectively. They reflect the hydro-
dynamic response of the QGP medium to the initial colli-
sion geometry and its fluctuations [21]. Here "RP" does
not necessarily signify the reaction plane, but rather a
flow symmetry plane obtained from the collective mo-
tion of final particles. For simplicity, we still use RP in
the following discussions, where RP denotes a specific
flow plane. The coefficient a; (with a;_=-a;, in a
charge-symmetric system) characterizes the electric
charge separation with respect to the flow plane, e.g., due
to the CME. It is tempting to average the a; . coefficient
in Eq. (2) over events to measure the CME signal.
However, since ps changes sign on a domain-by-domain
basis with equal probability (the global chirality should
be balanced), the event-averaged a, . is zero by construc-
tion. Therefore, most experimental observables have been
designed to measure the ;. fluctuations with respect to
the flow plane.

Experimental confirmation of the CME in heavy-ion
collisions will open new windows for accessing funda-
mental aspects of strong interaction physics such as QCD
chiral symmetry restoration and the topological configur-
ations of non-Abelian gauge fields. New information
could also be extracted on the dynamical evolution of the
extremely strong magnetic fields in these collisions,
which provides crucial inputs for studying many other
nontrivial effects of the magnetic field. Community-wide
interest in the search for the CME at the RHIC [22-32]
and the LHC [33-37] has increased over the past two dec-
ades. However, there is currently no conclusive evidence
for the existence of the CME in heavy-ion collisions. The
main challenge in the CME search lies in the background
contributions to the experimental observables; for ex-
ample, mechanisms such as resonances with finite ellipt-
ic flow can also enhance charge fluctuations across flow
planes [38-47]. To better gauge the background, the
STAR experiment at the RHIC has collected a large data
sample of isobar collisions and performed the corres-
ponding CME-related analyses.

Two isobaric systems, jSRu+iSRu and J5Zr+5Zr,
have the same number of nucleons and hence 51m11ar
quantities of elliptic flow; however, they contain differ-
ent numbers of protons, which causes a difference in the
magnetic field strength and, in turn, a difference in the
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CME signal [48-51]. By keeping the background un-
changed and varying the signal level, the two isobaric
systems provide an ideal test ground for the CME study.
The STAR Collaboration implemented a blind-analysis
procedure [52] to eliminate unintentional biases in data
analyses, and all analysis codes were frozen as part of the
blinding procedure before unblinding the isobar species.
As the isobar collisions will be examined with multiple
observables, it is desirable to learn the connection and the
difference between them, as well as their sensitivities to
the CME signals. The objective of this paper is to per-
form direct comparisons between method kernels. For the
sensitivity test of the final observables used in STAR
blind analyses, we shall apply the STAR frozen codes to
simulated events with various CME inputs. This study
will provide an important reference point for the inter-
pretation of isobar-collision data that were recently ob-
tained from blind analyses [53].

The paper is structured as follows. In Sec. 11, we fo-
cus on three observables in search of the CME: the y cor-
relator [54], the R correlator [32, 55], and the signed bal-
ance functions [56, 57]. We shall uncover the relations
between them. Sec. I1I describes simple Monte Carlo cal-
culations, as well as a more realistic event generator:
Event-By-Event Anomalous-Viscous Fluid Dynamics
(EBE-AVFD) [58-60]. These simulations are deployed in
Sec. IV to compare the core components of the experi-
mental observables. In Sec. V, EBE-AVFD is used for
the isobar collisions under study to estimate the sensitivit-
ies of the final observables to the CME signal. Sec. VI
presents the summary and outlook.

II. EXPERIMENTAL OBSERVABLES

Several observables have been proposed to search for
the CME in heavy-ion collisions, including the y correlat-
or [54], the R(AS,,) correlator [32, 55], and signed bal-
ance functions [56, 57]. It is not a surprise that these
methods provide largely overlapping information, as they
all make use of similar particle azimuthal correlation in-
puts. We will review these approaches and reveal the re-
lations among them.

A. vy correlator

The three-point y correlator (later specified as y;»)
measures the fluctuation in charge separations or aj.
coefficients with respect to a flow plane [54] as follows:

Y112 =(cos(¢o + g —2¥rp))
=(cos(¢,) cos(¢p) — sin(¢,) sin(¢p))
=((viav1,8) + BiN) — ({a1,0a18) + Bour), (3)

where the averaging is performed over all combinations
of the @ and B particles in an event and over all events.

The trigonometric expansion reveals the difference
between the in-plane and out-of-plane projections of azi-
muthal correlations. The third term in Eq. (3), (a1,.a14),
represents the fluctuations of a; . coefficients, the main
target of the CME search. The other terms are presumed
irrelevant to the CME: (vi,v; ) is related to directed
flow and expected to be charge-independent and unre-
lated to the electromagnetic field in symmetric 4+4 colli-
sions; By and Boyr represent other possible background
correlations in and out of the flow plane, respectively.
When we take the difference between the opposite-sign
and same-sign 7y, correlators,

Ay =905 =i )

the (viovi ) terms cancel out, as well as a large portion
of (B — Bour). A residual flow-plane dependent back-
ground in (By — Bour) still exists at a level proportional
to elliptic flow, which is the major background source in
the Ay, measurements. In practice, the flow plane is ap-
proximated by reconstructing the "event plane" (Wgp)
with detected particles, and then the measurement is cor-
rected for the finite event plane resolution [61]. The main
advantages of vy, lie in its direct connection to @; and a
straightforward procedure that corrects for the finite event
plane resolution.

The flow-plane-related backgrounds in Ay, can be
understood with the example of resonance decays. While
resonances flow with the QGP medium, their decay
daughters generate random (if the parents possess no
global spin alignment) event-by-event charge separation
across the flow plane [44, 45]. The flowing resonance
picture can be generalized as transverse momentum con-
servation (TMC) [42, 43] and local charge conservation
(LCC) [44]. Ideally, the two-particle correlator

0 =(cos(¢q — #p))
=((v1,eVv1,8) + BiN) + ({a1,qa1,8) + Bour), (%)

should also reflect {(a; .aip); however, in reality, it is
dominated by short-range two-particle correlations. For
example, the TMC effect contributes the following relev-
ant correlations in 6 and vy, [42]:

TMC ~ _l <pT>§2 1+ (‘_}2,9)2 - 2‘=)2,F‘_}2,Q

= . (6)
N (p7)F 1= (vpp)?
yve 1 (P1)g 2920~ Pop — 12p(2.0)?
2 N (p7)F 1= (op)?
2K Va0 O TME, (N
T™MC _

where N is the total number of particles, «

112
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(2V2.0-VaF)/v2q, and ¥, and v, represent the pr- and
p%-weighted moments of v,, respectively. The subscript
"F" denotes an average over all produced particles in the
full phase space, whereas the actual measurements only
sample a fraction of the full space, denoted by "Q." The
background contribution due to the LCC effect has a sim-
ilar characteristic structure as in Egs. (6) and (7) [43, 44].
This motivates the following normalization of Ay by v,
and AS:

K112 = . ®)
5 -

A CME signal will cause 1 to become larger than

the background baseline, KlTi\gC/ LCC " Although a reliable

estimate of KlTi\gC/ LCC s still elusive, the comparison of

Ayi12 (and k112) between isobar collisions may provide a
more definite conclusion for the CME signal.

It is intuitive to introduce several derivative y correl-
ators and their corresponding « observables [35]; for ex-
ample,

A
Y123 = ((COS(g + 25— 33))), Kiz3 = L2 (9)
V3 -AS
_ _ Ay
Y132 = ({cos(¢pe — 3¢5 +2¥2))), K132 = , (10)
Vo - Ad

where ¥, and W3 represent the 2™- and 3™-order flow
planes, respectively. However, these observables may not
serve as good background estimates for y;1, or «jj2. In-
deed, background-only AMPT calculations show that ;53
and «i3; are not equal to k11, in AutAu collisions at 200
GeV [62]. Therefore, in the following sections, we will
not extend our method study to these derivative correlat-
ors.

B. R correlator

The R(AS,,) correlator [32, 55] takes the double ratio
of four event-by-event distributions,

R(AS ) =

VA seal) / N ) s 3... (1

N(AS m,shufﬁed) N(AS rt,shufﬂed) ’

where, in a real event, the charge separation perpendicu-
lar to the m™-order flow plane (¢,,) is expressed as

B moea = (sin( 5 6 . ~Gsin (S p. (12)

Here, ¢, = ¢ — ¥, and N, (N-) is the number of pos-
itively (negatively) charged particles in a specific event.

Weighted averages could be used to consider the azi-
muthal acceptance of the detector. AS;, denotes the
charge separation parallel to ¥, and is defined similar to
AS,.; however, ¥, is replaced with (¥, +n/m) to
provide a baseline unrelated to the magnetic field. The

AS fnfs)hume 4 distributions are obtained via random charge
reassignment (shuffling) of the reconstructed tracks in
each real event, while respecting the multiplicities of pos-
itive and negative charges. Ideally, the CME will cause a
concave shape in the double ratio of the R(AS,) distribu-
tion, which is presumed to differ from the R(AS3) shape
[55]. The latter is intended as a background estimate sim-
ilar to the role of y23.

The R(AS,) distribution is fit with a Gaussian (in-
verse-Gaussian) function if it bears a convex (concave)

shape, and the Gaussian width (o;) is used to reflect the
CME signal. As the four core components, AS ;J,;ial(shufﬂe "
roughly follow Gaussian distributions, we can establish
the relation between oz, and the RMS values of the core-

component distributions:

Sconcavily _ 1 _ 1
0'12& ((AS 2,real)2> <(AS 2,shurﬂed)2>
1 1
- + . (13)
«AS ireal)2> «AS ishuﬂied)2>

The sign of concavity, S concavity, 1S positive if the double
ratio is convex and negative if concave. First, the mean-
ing of each term on the right must be understood. For
simplicity, we use unity weights, and the first term can be
expanded as

S sinn) S sing) |

N, N_

(AS 2,reall)2 =

Zi\; sin®(¢}) + ZZ&/ sin(¢;) sin(¢)
= %
Zil sin2(7) + ZZ} sin(¢})sin(¢’)
" N?
2 ZZIL Sin(@}) sin(@?)
N.N_
B (sin* (@), + (N — 1)(sin(¢}) sin(@>))w, .
- N

(sin* (gD +(N- = 1){sin(@]) sin(@)w v
+
N_

= 2(sin(¢;) sin(@))w,w -

(14)
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Using the trigonometric identities, sin?(x) =
[1-cos(2x)]/2 and 2sin(x)sin(y) = cos(x—y) —cos(x +Y),
the average of Eq. (14) over all events is

1-vi N,-1
2 2, NV
((AS 2 pea)”) = N, +W(5H Y112
1-v; N_-1
> . . _ _
t SNt o O =Y) -G =)
(15)
2(1-vy =855 +955)
~ 2 Yiia — A+ Ay, (16)

M

The final line assumes v; ~v, and N, =~ N_=M/2.
Even prior to conducting the approximations, it is clear
that ((AS,ea)?) can be expressed by Ny, v2, 6, and
v112. Similarly,

l+v; N, - 1+v
2 2 2
(AS2mea)) =38, * i, 6y i)t

N_-
N (6 +7112) (6 +7112) (17)

+

2(1+ v =65 =93%)
- M

— A6 - Ay (18)

For the shuffled terms, v; and v; will be roughly re-
placed with (vJ +v7)/2, all the 6 correlators will be re-
placed with (6°5 +6%%)/2, and all the y correlators with
(98 +95%)/2. Therefore,

2(1 —V2)—6SS—6OS +,ySS +,yOS
(AS 2 shufiea)’) ~ % (19)
2(1 +V2)—6SS—(5OS—)/SS _)/OS
(85 = B ey

It is appealing to construct a double-subtraction ob-
servable based on the four core components of R(AS>),
which shows an apparent link to Ay;;, as follows:

Agz =((AS 3 rea)”) = ((AS 2 ghufitea)”) = (AS 3 1))

1
+((AS 3 utiea)) 2(1_M)A7“2 (21)

This relation will be tested in Sec. IV. To make the con-
nection between the final observables, 0-1%?2 and Ay, we
combine Egs. (16), (18), (19) and (20) with Eq. (13) and
obtain

S concavity

2
TR2

——(M DAy112. (22)

Here, we further assume that in each of the four ((AS;)?)

2 . o
terms, — is much larger than other contributions, among

which Aé typically has the largest magnitude. This as-
sumption may not always hold true, depending on colli-
sion details such as beam energy and centrality. The rela-
tion in Eq. (22) implies that if Ay is positively (negat-
ively) finite, the R(AS,) distribution will exhibit a con-
cave (convex) shape and vice versa.

The above derivation is with respect to the known
flow plane ¥,,, which is not precisely known experiment-
ally, and is assessed by the reconstructed event plane with
a finite resolution. The empirical correction for the event
plane resolution used in the experiment for Ag, and ‘T%ez
[55] is nontrivial. An analytical resolution correction has
been derived in Ref. [63]. Egs. (21) and (22) can provide
approximate approaches to examine the resolution correc-
tion factor.

Multiplicity fluctuations widen the R(AS,) distribu-
tions. To reduce this effect, a scaling was proposed in
Ref. [55], which was used in experimental data analyses
and included in the frozen code of the STAR isobar blind
analysis. The R(AS;) distribution is converted into the
R(AS’)) distribution by dividing the horizontal axis by the
RMS of the N(AS;gumea) distribution, ie., AS) =
AS [ \UAS 2 shumea)?) (see Sec. V for details). Then, the
width of R(AS’)) becomes

Sconcavily S concavity

S = ((AS 2 shuffiea)”)
TRy Ty

M 2
M- DAy x = ~
2( )Ay112 i

-MAyi12.  (23)

C. Signed balance functions

Another method was recently proposed that invokes
signed balance functions [56],

Ny =Nyety  Nyen) = Ny—)
AB, E[ N - N
. _
| Ny =Ny Nyao) =Ny
N, N_
N+ +N_

[N (+-) ~ Ny~ +>] (24)

where N,p is an event-by-event quantity and denotes
the number of pairs in which particle « is ahead of
particle B8 in the direction perpendicular to the reaction
plane (py > p/yg). Similarly, we can construct a AB, to
count the number of pairs along the in-plane direction.
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Then, the final observable is based on the widths of the
ABy and AB, distributions:

r=0(ABy)/o(AB,). (25)

Intuitively, the CME will lead to r>1 because the
CME-induced charge separation will cause more fluctu-
ations of pair ordering across the reaction plane. The ra-
tio r can be calculated in both the laboratory frame (r,p)
and the pair's rest frame (7). It is argued that the rest
frame is the most appropriate frame for r to study charge
separations, and the ratio,

RB = Frest/Mav, (26)

can help differentiate the background from the real CME
signal [56]. Similar to the y,;» correlator, a lower event
plane resolution will lead to a lower magnitude of the ob-
served r. Extra care is also needed to correct the r ob-
servables for the event plane resolution.

In each event, we can rewrite the core component of
AB, as follows:

—Nygoy = » . Signlprasin(@}) - prgsin(@p)l. (27)
B

Nyap)

Compared with other methods, the signed balance
functions may be more sensitive to the local CME do-
mains that move with the expanding medium because this
method considers the transverse-momentum ordering in-
stead of only the azimuthal angle. For example, a pair of
particles traveling in the same direction can still be re-
garded as a case of charge separation by signed balance
functions but not by other methods that only consider the
azimuthal angle. However, this advantage will likely not
make a significant difference if the local domains merge
into a global charge separation for the whole event after
full hydrodynamic evolution. Thus, to make a connection
with the other observables, we take the first approxima-
tion by replacing py with the mean pr; hence, pr can be
removed, and only the azimuthal angle is used as in other
methods. Next, we unpack the Sign() function and dir-
ectly use [sin(¢j;)—sin(¢/*3)], which requires a normaliza-
tion factor, C,. In view of the event average,

Nyt = Nyggr) ~Co( Y Lsin(@}) = sin(@})])
ap
=Cy([Np ) sin(g}) — Na ) sin(gj)])
« B
=CyNoNg((sin(@" )y, = (sin(@ D). (28)

The constant can be determined by explicitly count-

ing the pairs with % from Eq. (2).

/2 3r/2 N
- - [ f¢ —*d¢*
vaB) ~ Nyga) 2| J=np2 d¢ﬁ ¢, d¢ﬁ g

. AN dN
- d d
L& ¢@%%%

8 2
) (1 T §v2)N”Nﬁ(a1ﬂ —ap)-

(29)

By comparing Eqs. (28) and (29), we learn that C, =

8(1+2v,/3)/n*. Therefore, if we ignore the pr weight,
M 2 . .

(ABy) — (1 + §Vz) {(sin(@"))n, —(sin(@* ). ),

which displays a function form akin to (S rear). Similarly,
we assume

becomes

(Nx(@p) = NxBa)) = CxNoNp{{cos(¢™))n, —(cos(¢*)n,), (30)

and the explicit counting gives

T 2n—¢;, dN
Nyap) = Nxga)) =2 —d¢;
(Nx(ap) = Nx(ga)) fo[fq) as, Pp
f¢ dN
¢%wa¢

8

2
z;(l—§V2)N(1NB(V],(¥_VI,5)' (31)

Thus, C,=8(1-2v,/3)/72,and (AB,) becomes 87%4 (1 —%vz)
{{cos(¢*))n, —{cos(¢*))n.), resembling (AS ireal)

In reality, both (ABy(y) and (AS ) - 1) are zero, but the
derivation of C, and C, provides 1n51ght into the mean-
ing of signed balance functions. Our goal is to relate the
RMS values of the AB, and AB, distributions to the oth-
er observables. Below, we directly provide the relations,
with the details of the analytical derivations explained in
Appendix A.

AM  64M?

4
am@z7+7r@HQ@+mf,em

4M 64M? 4
o (ABy) ~ — + o (1 - 5\/2)(\/1,4r —vio) (33)

Then, we define an observable that further connects
the signed balance function to the y correlator:
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4
Ayr12 — A6 .

Aspr = 07 (ABy) - 0 (AB,) ~ 3
(34)

128 M? (
4

Note that signed balance functions consider both the azi-
muthal angles of particles and their momenta. If the ratio
definition in Eq. (25) is transformed to
*(ABy) — 0*(ABy), this method is approximately equival-

4 . ..
ent to (Ayy12 — §V2A6) with momentum weighting.

III. MODEL DESCRIPTIONS

We now describe a toy model that uses simple Monte
Carlo calculations as well as the more realistic event gen-
erator, EBE-AVFD [58-60].

A. Toy model

We invoke a toy model to verify the mathematical re-
lation between different methods using simplified Monte
Carlo calculations. In this setup, particle spectra, collect-
ive flow, and charge-separation signals are well con-
strained and conveniently adjusted such that the response
of each method to the signal and the background can be
understood in a controlled manner. In the simulations,
each event consists of 195 n* and 195 n~ mesons to
match the total multiplicity at midrapidities within 2 units
of rapidity in 30%-40% central AutAu collisions at
vsvy = 200 GeV [64]. In the background-free case, all
pions are treated as primordial (none from resonance de-
cays), and their azimuthal angle distribution is con-
figured according to Eq. (2) with a;, v, and v;. The el-
liptic flow (v,) is introduced by an NCQ-inspired func-
tion [65],

va/N = af(1 +e lmrmmIN=bliey _ g, (35)

where N =2 is the number of constituent quarks in a pi-
on, and my and mg are its transverse mass and rest mass,
respectively. The parameters (a, b, ¢, and d) are ob-
tained by fitting Eq. (35) to the experimental data [46].
To add the resonance background, a fraction of primordi-
al pions (33 n* and 33 n™) are replaced with 33 n*-n~
pairs from p-meson decays using PYTHIAG6 [66]. The p-
meson v, is described by Eq. (35) with the correspond-
ing p masses. v; is fixed at 1/5 of v, at any given pr for
both primordial pions and p resonances [67]. The primor-
dial-pion spectra follow the Bose-Einstein distribution,

dNg-

2
dms,

oc (/T — )71, (36)

where Tgg =212 MeV is set to match the experimentally
observed (pr) of 400 MeV [64]. The p-resonance spec-

tra obey

dN,  e-tnm)/T

a2 T, +T) G7)
mT 0

where T =317 MeV is used to match its (pr) of 830

MeV, as observed in data [67]. Pseudorapidity (Rapidity)

is uniformly distributed in the range of [-1, 1] for primor-

dial pions (p resonances).

B. EBE-AVFD

The EBE-AVFD model [58-60] is a comprehensive
simulation framework that dynamically describes the
CME in heavy-ion collisions. This state-of-the-art tool
has been developed over the past few years as an import-
ant part of efforts within the Beam Energy Scan Theory
(BEST) Collaboration, aiming to address the needs of the
ongoing experimental program at RHIC collision ener-
gies. Critical to the success of the CME search is a quant-
itative and realistic characterization of the CME signals
as well as the relevant backgrounds. Accordingly, EBE-
AVFD implements the dynamical CME transport for
quark currents on top of the relativistically expanding vis-
cous QGP fluid and properly models major sources of
background correlations, such as LCC and resonance de-
cays.

More specifically, the EBE-AVFD framework starts
with event-wise fluctuating initial conditions, and solves
the evolution of chiral quark currents as linear perturba-
tions in addition to the viscous bulk flow background
provided by data-validated hydrodynamic simulation
packages. The LCC effect is incorporated in the freeze-
out process, followed by hadron cascade simulations.
This is illustrated in Fig. 1.

The fluctuating initial conditions for entropy density
profiles are generated by the Monte-Carlo Glauber mod-
el, with the switching time 7 = 0.6 fm/c and mixing para-
meter agp = 0.118. The latter factorizes the contributions
of the participant density (7, ) and binary collision dens-
ity (neon) in the local entropy density, s=agmbncon+
(1 — agib)npare /2. The initial axial charge density (ns) is ap-
proximated in such a way that it is proportional to the
corresponding local entropy density with a constant ratio.
This ratio parameter can be varied to sensitively control
the strength of the CME transport. For example, one can
set ns/s to 0, 0.1, and 0.2 in the simulations to represent
scenarios of zero, modest, and strong CME signals, re-
spectively. The initial electromagnetic field, Biy(%), is
computed according to the event-wise proton configura-
tion in the Monte-Carlo Glauber initial conditions. Then,
the space-time evolution is modeled as the product of the
time-independent initial condition and a space-independ-
ent function characterizing its decay in time,
g - . .

B(X,7) = Bini(X) x F(7). With the medium effects taken
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into account, the time-dependence is chosen to be
F(t)=1/(1+7*/73) with 75 = 0.6 fm/c being the lifetime
of the B-field.

The hydrodynamic evolution is solved through two
components. The bulk-matter collective flow is de-
scribed by the VISH2+1 simulation package [68] with the
lattice equation of state s95p-v1.2, shear-viscosity
n/s=0.08, and freeze-out temperature Ty, = 160 MeV.
Such hydrodynamic simulations of bulk flow have been
extensively tested and validated with relevant experi-
mental data. The dynamical CME transport is described
by anomalous hydrodynamic equations for the quark chir-
al currents on top of the bulk flow background, where the
magnetic-field-induced CME currents lead to a charge
separation in the fireball. Additionally, conventional
transport processes such as diffusion and relaxation of
quark currents are consistently included, with the diffu-
sion constant chosen to be o=0.1T and the relaxation
time chosen to be 7, =0.5/T. Further discussions on hy-
drodynamic equations and their relevant details can be
found in Refs. [58-60].

After the hydrodynamic stage, hadrons are locally
produced in all fluid cells on the freeze-out hypersurface
using the Cooper-Frye freeze-out formula

dN g
» 7= G

B |, o o

Here, the local distribution function automatically in-
cludes the charge separation effect owing to the CME as
well as non-equilibrium corrections. In the freeze-out
process, the LCC effect is implemented by extending an
earlier method from Ref. [69]. The approach in Ref. [69]
chooses to produce all charged hadron-antihadron pairs in
the same fluid cell, while their momenta are sampled in-
dependently in the local rest frame of the fluid cell. This
treatment implicitly assumes the charge-correlation
length to be smaller than the cell size, and hence provides
an upper limit for the correlations between opposite-sign
pairs. In the EBE-AVFD package, the aforementioned

chiral

|—> EM field ey 4 transport

(color online) Flow chart of the EBE-AVFD framework.

procedure is generalized and improved to more realistic-
ally mimic the impact of a finite charge-correlation
length; a new parameter Ppcc is introduced to character-
ize the fraction of charged hadrons that are sampled in
positive-negative pairs in the same way, as in Ref. [69],
while the rest of the hadrons are sampled independently.
Varying the parameter P cc between 0 and 1 tunes the
LCC contributions from none to its maximum. Finally, all
the hadrons produced from the freeze-out hypersurface
are further subject to hadron cascades through UrQMD
simulations [70], which account for various hadron reson-
ance decay processes and automatically include their con-
tributions to the charge-dependent correlations. The tun-
ing of the EBE-AVFD calculations to the experimental
measurements of A§ and Ay;;; in AutAu collisions sug-
gests that an optimal value of P cc is approximately 1/3,
and that roughly half of the background correlations arise
from LCC and the other half from resonance decays.

IV. CORE-COMPONENT COMPARISONS

We use the toy model and the EBE-AVFD model to
simulate the core components of the experimental observ-
ables introduced in Sec. II: Ay, for the y correlator, Ag,
for the R correlator, and Asgg for signed balance func-
tions. Our objective is to examine the responses of the
core components to the CME signal and the background,
and to verify the relations between these methods (Egs.
(21) and (34)). For a fair comparison with other observ-
ables, the momentum weighting is not applied in the Aggr
results. For simplicity, the true reaction plane is used in
all the simulations in this section. The particles of in-
terest are selected with || < 1 and 0.2 < pr <2 GeV/e.

A. Toy-model results

We consider the three core components equally by

plotting  2Ayy12, Agy, and

64M?

4
T

A,SBF = (—ASBF+

§V2A6) as function of the input 4? in Fig. 2 for two scen-

arios: with and without resonance decays (LCC is not im-
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plemented in the toy model). In the background-free case
without decays, the three observables produce highly
similar results (open markers); they fall on the linear
function of 4a%. Therefore, all three methods are sensit-
ive to the same amount of the CME signal. When reson-
ance decays are turned on with finite elliptic flow, size-
able background effects appear alongside the pure-signal
contributions for all three approaches (solid markers); this

><1‘0"3 ‘ ‘
r w/i resonance 1
L 20y ]
[0y ]
02 L ASBF _
L —4a2 ]
0.1 R
w/o resonance |
| [ 2Ay |
[ ‘() ARZ )
0 | O Agge i
Q\A ‘ L Ll L, x107
0 0.02 0.04 0.06
@
Fig. 2.  (color online) The toy-model simulations of 2Ayi2,
, nt 8 . .
Aga, and Ag,. = (WASBF_'— §V2A5) as a function of the in-

put 2. The open markers represent the pure-signal scenario
without resonances, and the solid markers denote the scenario
with resonance decays. For comparison, the linear function of
4a? is also added.

-3
15219 5
[ 2Ay

L O Agy S

1L O Aser ]

05 9 |

I @

ol
0 0.1 0.2
ng/s

Fig. 3.

(color online) (a) The EBE-AVFD simulations of 2Ay;12, Ags, and Agpr =

is more prominent at smaller input a? values. Note that
each final observable can be approximately regarded as a
weighted average of the correlations due to the CME, the
resonance background, and the cross terms. At unrealist-
ically large a? values, the CME contribution in an observ-
able may be diluted by the resonance contribution be-
cause the latter becomes smaller than the former. The
three core components exhibit similar responses to the
backgrounds owing to flowing resonances in this toy
model. In this scenario, there are subtle differences
between the results from these three approaches, likely
because of higher-order effects that were omitted in the
derivation of Eqs. (21) and (34). Although the back-
ground contributions depend on spectra and, in particular,
the elliptic flow of resonances [43, 44, 47], in the first or-
der, we expect the three observables to have similar re-
sponses to resonance decays for a wide range of spectra
or elliptic flow. A recent study [63] also found that the R
correlator and the Ay, correlator have similar sensitivit-
ies to the CME signal and background.

B. EBE-AVFD Results

The EBE-AVFD model applies the CME and the
backgrounds more realistically. In the following simula-
tions, we generate the EBE-AVFD events of the 30%-
40% Au+Au collisions at +/syy =200 GeV, with ns/s =
0, 0.1 and 0.2. The background effects remain approxim-
ately the same, whereas the CME signal is varied accord-
ing to the input ns/s. Figure 3(a) presents the correspond-
ing calculations of 2Ay112, Agy, and Agp. as a function of
ns/s. The three methods yield similar results at each in-
put ns/s value, supporting the relations expressed in Egs.

x107
o [ ]
o 4l 24y |
@ | O A 2
c [
o T O Aggr ]
05 =
0 (b)
\ Ll L Ix107°
0 0.5 1

( a%,+ + a%,» b 2a1,+a1,- )

4
big 8 . .
r 5 AsBF + §"2A‘5 as a function of ns/s in the

30%-40% AutAu collisions at 200 GeV. (b) The same results with the subtraction of the pure-background case vs
(ai . +a? _—2a; a1 -). For comparison, a linear function of y = x is drawn to verify the relation in Eq. (39).

1,-
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(21) and (34).

With the known reaction plane angle in each EBE-
AVFD event, we can readily calculate a; . and verify
whether this CME contribution explains the difference
between the cases with different ns/s values. a; . is con-
sistent with zero for ns/s =0, and a;;+ and a; _ are finite
with opposite signs for finite ns/s values. Note that a; .
and a; - do not necessarily have the same magnitude be-
cause the collision system always carries extra positive
charges. Based on the expansion of the y;, correlator in
Eq. (3) and the equivalence between the three observ-
ables, we expect the following equation for any of these
observables, O(ns/s):

O(ns/s)-0(0) =a; , +a; _—2a ,ai . (39)

Figure 3(b) shows that the results for each observable
after the subtraction of the pure-background case fall on
the straight line representing the relation in Eq. (39).
Thus, the EBE-AVFD calculations reveal the linear su-
perposition of the CME signal and the background contri-
bution in the experimental observables. This property is
implicitly assumed by most of the analysis techniques
that attempt to separate the CME signal and the back-
grounds, and it is now corroborated by the EBE-AVFD
model.

The core-component comparison using both the toy
model and the EBE-AVFD model supports the idea that,
in the first order, the three observables are equivalent be-
cause of their similar responses to the CME signal as well
as the backgrounds.

V. SENSITIVITY STUDY FOR ISOBAR
COLLISIONS

The validity of Eq. (39) for the three experimental ob-
servables reveals that the disentanglement of the CME
signal from the backgrounds using isobar collisions is
feasible. To eliminate unintentional biases in the ana-
lyses of the isobar-collision data, the STAR Collabora-
tion followed a blind-analysis procedure [52]. One im-
portant step in this procedure requires the analysis codes
from all analyzers to be frozen before the mass produc-
tion of the isobar-collision data. In this section, we shall
apply these frozen codes to the EBE-AVFD events of
isobar collisions to investigate the realistic sensitivity of
each method to the CME signal. The particles of interest
are chosen based on the acceptance of |p| <1, with
0.2 < pr <2 GeV/c for the y correlator and signed bal-
ance functions, or with 0.35 < py <2 GeV/c for the R
correlator, as implemented in the frozen codes. Owing to
the different kinematic cuts used in different methods,
this sensitivity study cannot guarantee the direct compar-
isons that were assured in the core-component comparis-

ons in Sec. IV. Nevertheless, we will obtain a reliable
benchmark for interpreting experimental data.

For each of the two isobaric collision systems, Ru+Ru
and Zr+Zr at +/syy =200 GeV, four cases of the EBE-
AVFD events have been generated, with ns/s=0,
0.05, 0.1, and 0.2. The centrality selection for all the cases
focuses on the 30%-40% central collisions, in which the
potential CME signal is relatively easy to detect owing to
good event plane resolutions. 200 million events are pro-
duced for each case of n5/s =0 and n5/s =0.2, and 400
million events are produced for each of the other cases.
To mimic the detection performance of the STAR Time
Projection Chamber, the simulated particles in the EBE-
AVFD events are randomly rejected according to a trans-
verse-momentum dependent tracking efficiency. The
event plane resolution for these EBE-AVFD events is
matched to that of the real isobar data (Isobar Mixed
Analysis in Ref. [53]).

Table 1 lists a; . calculated using EBE-AVFD at dif-
ferent ns/s values. a; . displays a linear function of ns/s,
and a; , is approximately 4% larger than a;_ for all the
cases, reflecting the collision systems' charge asymmetry.
Meanwhile, a;. is approximately 7% larger in Ru+Ru
than in Zr+Zr collisions, which confirms the expectation
from the difference in the corresponding magnetic fields
[50]. For the experimental observables under study, the
background levels are approximately the same for the two
isobaric systems, and the ratio of the Ru+Ru measure-
ment to the Zr+Zr measurement is expected to be larger
than unity in the presence of a positive CME signal.
Hence, the sensitivity of each method can be defined by
the statistical significance of this ratio's deviation from
unity.

Figure 4 presents the EBE-AVFD calculations of
y?lsz(ss) (a) and Ayq1, (b) as functions of ns/s for the 30%-
40% isobar collisions at +/syy =200 GeV. The ratios of
Ayi1p between Ru+Ru and Zr+Zr is delineated in panel
(c). The 2"-order event plane is reconstructed from the
same kinematic region as the particles of interest, and the
observed y correlators and v, (to be shown later) have
been corrected with the corresponding event plane resolu-
tion. At each ns/s value, y°3 remains positive and y®

S
112 112
stays negative, both with larger magnitudes at higher

Table 1. The a;. values calculated for the EBE-AVFD
events for the 30%-40% isobar collisions at /syy =200 GeV.
ar+ (%) ai- (%)
ns/s
Ru+Ru Zr+Zr Ru+Ru Zr+7Zr
0 0 0 0 0
0.05 0.37 0.35 0.35 0.33
0.10 0.74 0.69 0.71 0.66
0.20 1.48 1.38 1.42 1.32

014101-10



Investigation of experimental observables in search of the chiral magnetic effect...

Chin. Phys. C 46, 014101 (2022)

N 107
o 06— AVFD 30-40% (a)
1]
= I (O Ru+Ru
o~ [] Zr+zr
o L
}LLI
0.4 O
o~ |
.e_a r \
+ L
o 02
[%2] L .
8 opposite charge
N L
1l r
S 0 @]
>
3 same charge @
-0.2— | | |
0 0.1 0.2

ng/s

-3

X
N
(=]

S o6 AVFD 30-40% (b)
> Eo
E () +
S ossp ) RurRu
£ []2zZrezr O
0.5; ﬁ
0.45F-
045
0.35F ]
03[
N E ‘
L2 se (c)
o £
S
© E sh-
é}_g 1051 A -
< P $7TA7
0 01 02
ng/s

Fig. 4. (color online) EBE-AVFD calculations of y?lsz(ss) (a) and Ay;12 (b) as functions of ns/s for the 30%-40% isobar collisions at
\svy =200 GeV, with the ratio of Ay, (¢) between Ru+Ru and Zr+Zr. In panel (c), the 2" -order-polynomial fit function illustrates

the rising trend starting from (0, 1).

ns/s. Although the CME expects ¥, and »}}, to be sym-
metric around zero, there are charge-independent back-
grounds, such as momentum conservation and elliptic
flow, that shift 9% and y}}, upward or downward [24].
Therefore, we shall focus on Ay;q,, which shows a finite
background contribution at n5/s=0 and increases with
the CME signal. The difference between Ru+Ru and
Zr+Zr is better viewed with the ratio AyRS™RY/Ayf32r;
this ratio is consistent with unity at ns/s=0 and in-
creases quadratically with ns/s, as demonstrated by the
2"_order-polynomial fit function that passes (0, 1)
(dashed line). The quadratically-increasing trend is ex-
pected because this ratio is a linear function of the CME
signal fraction in Ay;j; in a two-component perturbative
framework [50]; the the latter is proportional to (ns5/s)> or
2, as shown in Fig. 3.

Potentially, the & correlator could also contain the
CME signal as Eq. (5) suggests, which would be manifes-
ted in the A¢ ratio between Ru+Ru and Zr+Zr [60]. Fig-
ure 5 depicts the EBE-AVFD results of §°5% (a) and As
(b) as functions of ns/s for the 30%-40% isobar colli-
sions at +fsyy =200 GeV. The ratio of A between
RutRu and Zr+Zr is shown in panel (c). For all cases,
695 is larger than 655, leading to a positive Adbecause the
background contributions to ¢S are larger than those to
655, It is argued that, although overshadowed by the
background contributions, the CME signal in Aé could be
even larger than that in Ay;;; measured with respect to
the participant plane [60]. This is because the magnetic
field difference between the two isobar systems is max-
imal with respect to the reaction plane and is reduced
when measured otherwise. Indeed, the EBE-AVFD simu-
lations support this idea; at each ns/s value in Fig. 5(c),
the deviation of the Aé ratio from unity is at a similar

a

level to that of the Ay;i» ratio. As AS is typically larger
than Ay by an order of magnitude, this similar deviation
in their respective ratios indicates a significantly larger
CME effect in Aé than in Ay. A 2™-order polynomial fit
function is added to guide the eye. As a result of the
smaller relative statistical uncertainties of A than those
of Ayia, the former may yield even better CME signal
significance levels than the latter in the isobar-collision
data, provided equal background contributions to Ad in
the two systems. The caveat is that the two-particle cor-
relation background contributions to Ad are significantly
larger than those to Ay; hence, any difference in the back-
ground between the two isobaric systems would have a
stronger impact on Ad. However likely or unlikely this
scenario is to occur, we retain these results for complete-
ness and to the test with real data.

Between Rut+Ru and Zr+Zr, the difference in the
background contributions to Ay;, may be small but may
still be finite owing to the potentially different v, values.
The normalization of Ay, using v, would be a more ro-
bust variable for the CME search. The EBE-AVFD simu-
lations of v, (a) and Ay;12/v; (c) are presented in Fig. 6
as functions of ns/s for the 30%-40% isobar collisions at
Vsyy =200 GeV, with the corresponding v, ratio (b) and
Ay112/v, ratio (d) between Ru+Ru and Zr+Zr. The v, val-
ues are very close to each other between the Ru+Ru and
Zr+Zr collisions, with the relative difference at the level
of 0.1%. Therefore, the Ru+Ru/Zr+Zr ratio of Ay;12/v; in
Fig. 6(d) is approximately identical to that of Ay in Fig.
4(c). Besides the possible v, difference, the two-particle
correlation strength (which is part of the CME back-
ground) could also differ between the Ru+Ru to Zr+Zr
collisions. Although A§ is sensitive to the CME, it is
overwhelmed by background correlations and thus may
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demonstrate the rising trend starting from (0, 1).

- ~ -
B - AVFD 30-40% (a) T [ AVFD 30-40% (c) & 7 AVFD 30-40% (e)
s 0'1,7 (O Ru+Ru < oot (O Ru+Ru “ ei (O Ru+Ru _

o[ zr+zr L O zrzr P F[]Zr+zr ~
i i m s O
s 0 0O O @] 0.008 .
H 0.006/— 0 - 3= o
I - O F o O
0 L 2=

N N N = N ;

& F (b) g s (d) R 2 (0

o 101 Nt 1: RS ; 1: LA

w L | 1 5 K= .

= A 5P E e 525\_‘ E

:2 A & A ¥ = 1.05F - & 1.05- e

3 L & E - E N i

> 099 3 T So W £ e

I EN A

g 0.1 02 = = 0.1 02 R 0.1 02
> ng/s - ng/s ng/s

Fig. 6.

color online - calculations of v, (a), Ayi12/v2 (€), and «12 (€) as functions of ns/s for the 0- o 1sobar colli-
(col line) EBE-AVFD calculati f v, (a), Ay (c), and (e) as fi i f for the 30%-40% isob 11i

sions at /syy =200 GeV, with the ratios of v, (b), Ay112/v2 (d), and «;12 (f) between Ru+Ru and Zr+Zr. In panel (f), the 2"-order-

polynomial fit function illustrates the rising trend starting from (0, 1).

be used as an approximate gauge for the two-particle cor-
relation strength. As a result, the additional normaliza-
tion of Ayjjp/v, using AS in k1; could further suppress
this difference and enhance the sensitivity to the CME
signal. There are two potential scenarios where «;j, has
the advantage over Ay;,. First, in reality, the AJ ratio
may disfavor the CME interpretation; hence, the «;i, ra-
tio is less prone to a false CME signal than the y,;, ratio.
Second, A§ may also contain the CME signal as shown in
Fig. 5(c), while the relative statistical uncertainty of A§ is
smaller than that of Ayj. In that case, «X5RY/kt%r
could yield a larger ratio than AyRGRY/AYAT2 | with a
similar relative statistical uncertainty, which results in a
better significance of the CME signal. Indeed, panel (f)
also shows a quadratically increasing trend, with larger
magnitudes than panel (d) at finite ns/s values, and the

calculated significance values for «R4RU/k1% are ap-
proximately double those for AyRyRY/AyA¥2r as docu-
mented later in Table 2. In general, the EBE-AVFD simu-
lations show good responses to the signal for
Ayll{luZ-FRU/A,ylZS—Zr’ AéRlH'Ru/A(SZH'Zr, and KIFF;RH/K%HZY’ and
these promising features await verification by the isobar-
collision data.

A similar frozen-code analysis is performed for the
R(AS ) correlator, and the results are presented in Fig. 7.
To minimize the influence of particle number fluctu-
ations, the R(AS,) distribution 1is converted to
the R(AS) distribution by dividing the horizontal axis

by the RMS of the N(AS,shufied) distribution, i.e.,
AS’ = AS >/ {(AS 2 huffiea)?)- Then, AS’ is further modi-
fied to correct for the event plane resolution,
i.e.,AS” = AS’/Sres, Where Ogres 1S the correction factor
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Table 2.

The statistical significance of (OR“*Rv/0Z+7r _ 1) for different experimental observables. In contrast with other observables,

the A6 ratio expects negative significance values owing to the CME signal. Neyene denotes the number of events used for each isobaric
system in the simulation. For completeness, the final two columns list the significance values for Ayi1» and o) with respect to the re-

action plane (not following the frozen code).

ns/s Nevent Ayinz AS K112 Flab o Ay112{RP} o) (RP}
0 2% 108 ~1.50 .89 -1.21 -0.77 133 0.67 0.56
0.05 43108 0.62 —6.16 137 0.47 0.29 2.84 333
0.10 4%108 1.91 -16.81 343 3.11 0.62 11.78 10.85
0.20 2%x108 7.73 —42.96 14.07 5.96 1.84 37.48 27.90
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Fig. 7.  (color online) Distributions of R(ASY) from the EBE-AVFD events of 30%-40% Ru+Ru (a) and Zr+Zr (b) at 200 GeV with

different ns/s inputs. Panel (c) lists o3} Vs ns/s, extracted from panels (a) and (b), and the o} ratios between Ru+Ru and Zr+Zr are
shown in panel (d), where the 2"-order-polynomial fit function shows the rising trend starting from (0, 1).

(details can be found in Ref. [55]). Panels (a) and (b)
show the R(ASY) distributions from the EBE-AVFD
events of the 30%-40% Ru+Ru and Zr+Zr collisions, re-
spectively, at /syy =200 GeV with different ns/s inputs.
As ns/s increases, the concavity of the R(ASY) distribu-
tion increases, qualitatively representing more CME con-
tributions. To quantify the distribution shape, the Gaussi-
an width (og2) is obtained by fitting each R(AS?) distri-
bution with an inverse Gaussian function, and the result-
ant o) values with increasing ns/s are presented in pan-
el (c). The o-l‘é ratios between Ru+Ru and Zr+Zr are
shown in panel (d). According to Eq. (22), o-l‘é is propor-
tional to /Ay12 oc[(053) ™ME + (aI;%)BG]” 2. hence, the oy
ratio is expected to follow a quadratic trend against ns/s,
assuming the CME signal is small compared with the
background. Despite large statistical uncertainties, we fit
the o, ratios with a 2"-order polynomial function start-
ing from (0, 1). The significance values of these ratios are
stored in Table 2 for later discussions.

Figure 8 presents the sensitivity study for signed bal-
ance functions. This approach is not part of the STAR

blind analysis, but follows the same procedure as used in
the Quark Matter 2019 Conference proceedings [57]. The
observables ri,, and Rg, as defined in Eqs. (25) and (26)
(with py weighting), respectively, are exhibited in panels
(a) and (c) as function of n5/s from the EBE-AVFD mod-
el for the 30%-40% Ru+Ru and Zr+Zr collisions at
\svy =200 GeV. The corresponding ratios between
Ru+Ru and Zr+Zr are shown in panels (b) and (d), re-
spectively. rp increases with the CME signal in each
isobar collision. According to Eqgs. (25) and (34) and the
core-component comparisons, ri,, is related to +/Aya;
therefore, the ry,, ratio between the two systems should
approximately obey a 2"-order polynomial function that
starts from (0, 1). This relation is demonstrated with the
corresponding fit in Fig. 8(b). Panel (d) does not show a
clear trend for the ratio of RR**R"/RE+4r which is not a
complete surprise as Rg considers a higher-order effect in
the difference between rp and rey and thus requires
more statistics than ryy,.

The sensitivity relating to the statistical significance
of (ORvRu/0Zr+Zr _ 1) is listed in Table 2 for the observ-
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(color online) ry,, (a) and Ry (c) as a function of ns/s from the EBE-AVFD model for the 30%-40% Ru+Ru and Zr+Zr colli-

sions at +/syy =200 GeV, with their ratios between Ru+Ru and Zr+Zr in panels (b) and (d), respectively. In panel (b), the 2"-order-
polynomial fit function demonstrates the rising trend starting from (0, 1).

ables, Ayi12, AS, k112, Iab, and o,y . This table serves as a
reference point to interpret the STAR data on isobar colli-
sions. In our convention, a statistical significance within
(-3, 3) is regarded as "not significant" or "consistent with
no difference between the two systems." Note that, in
contrast with other observables, the A§ ratio must be
lower than unity in the presence of the CME. Therefore,
the more negative the statistical significance of
(ASRUTRU/ASZ+Zr _ 1) the more sensitive this observable
is to the CME signal. The high sensitivities of the A¢ ra-
tio reported in Table 2 could be a special feature of EBE-
AVFD instead of a universal truth; this awaits verifica-
tion or falsification from real data. In general, ;1 ap-
proximately doubles the sensitivity of Ay;;p, which
should be mainly due to the contribution of A¢; this must
be tested using experimental data.

Ayi12 and r,, show similar significance values be-
cause of the approximate equivalence between them.
Note that neither the toy model nor the EBE-AVFD mod-
el considers the separate CME domains that move inde-
pendently in the fireball rather than merging into a global
charge separation for the whole event. Thus, from these
models, ryy, 18 expected to respond to the CME signal in a
similar way as Ayj, that only deals with the azimuthal
angle. Should the isobar-collision data show a better ryy,
senstivitity than that of Ay, it may reveal that the CME
domains undergo incomplete hydrodynamic evolution
owing to its short duration.

In the analysis of the R correlator using the STAR
frozen code, o) yields lower significance than other ob-
servables; this is worth noting in anticipation of the
STAR blind analysis results. However, this is largely due
to two factors in this particular implementation. First, this

analysis uses the sub event plane instead of the full event
plane, as in the Ay;; analysis, which leads to worse
event plane resolutions and hence larger statistical uncer-
tainties. Second, the particles of interest in the R(AS;)
analysis come from narrower kinematic regions than oth-
er analyses, which further enlarges its statistical errors
and reduces its sensitivities. When we repeat the calcula-
tions of the R correlator and the vy, correlator with the
true reaction plane and the same kinematic cuts (not fol-
lowing the frozen code anymore), o-I‘é{RP} and Ay 12{RP}
exhibit comparable significance values, as shown in the
final two columns of Table 2; these are consistent with
the findings in Ref. [63]. Therefore, this result, the toy
model studies, and Egs. (21) and (34) all demonstrate
that, on general grounds, the y,;, correlator, R correlator,
and signed balance functions have similar sensitivities
when used on the same set of particles.

VI. SUMMARY

Several experimental approaches have been de-
veloped to search for the CME in heavy-ion collisions. In
this paper, we focus on three: the vy, correlator, the
R(AS») correlator, and signed balance functions. We es-
tablished the relation between these methods via analytic-
al derivation and employed simple Monte Carlo simula-
tions and the EBE-AVFD model to verify the equival-
ence between the core components of these observables.
Our study also supports the assumption that the CME sig-
nal and the background contributions can be linearly
summed in these core components. For the observables of
Avyii2, AS, K112, Tan, and o3}, we extracted their sensitiv-

R2>
ities to the difference between the Ru+Ru and Zr+Zr col-
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lisions at +/syy =200 GeV from the 30%-40% central
events generated using EBE-AVFD. A¢ and «;;; may
produce better sensitivities than other observables, which
could be a model-dependent feature instead of a univer-
sal truth; this needs to be further scrutinized by data. The
same significance level has been corroborated for Ay,
ab, and o, inequal conditions; however, the imple-
mentation details in the STAR frozen code can cause ap-
parent differences in their sensitivities. Therefore, this
study provides a reference point to gauge STAR isobar-
collision data.
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APPENDIX A: DERIVATION OF o(AB,)
AND o(AB,)

To estimate the RMS of AB,, o(AB,), we first go
through the following expansion:

Ny~ Noggr)* —{Zslgn sm(%)—sm(%)} {Zslgn sin(¢;) - sin(¢p)] }{ZSign[sin(¢;,)_sin<¢;,)]}
a p

= Z Z Sign[sin(¢;) — s1n(¢>ﬁ)] x Sign[ sin(¢;, ) — s1n(¢>ﬁ,)]

ara fEp

+ Z Z Sign[sin(¢;) —sin(¢,)] x Sign[ sin(¢,) — sin(¢p )]

@ pEp

+ Z Z Sign[sin(¢,) — sin(¢,)] x Sign[ sin(¢,) —sin(¢y)] + Z Z 1.

ata S

Then, the average of each term in Eq. (A2) is computed separately, similar to Eq. (29). The first one reads

(. D Sienlsin(¢;) -sin(@)] x Sign| sin(@,) —sin(¢.)])

aFa B

/2 . AN
= (k(Na_l)Nﬁ(Nﬁ_l)x{f [f —d¢
/2 L J-n—¢, d¢ﬁ
f3ﬂ/2[f¢ dN 3¢, dN
v ag; f
/2 ¢ d¢/3 A @: d¢5

The second term becomes

dN
5| 3a

T—
ﬁ_f
(8

(> Sign[sin(g;) - sin(gy)] x Signlsin(g,) - sin(g)])

@ B

/2 . AN
=N, N/g(N/g-l)X{f [f
¢ -n/2 —n—¢, d¢ﬁ
f37r/2 [fﬁ’, dN
+ —dg, -
/2 ¢ d¢ﬁ A

Similarly, the third term gives

T —
- |,
b ¢;
f" % AN N i 24N
o dgp P| dgy,

"’dN

(A1)
% dN dN dN
a5, "% |ag:,
5 2
} = No(Ng — DNp(Ng - 1)[ (I+ VZ)(ala aip)| - (A2)
dN
~dey, o dg,,
1 8
d¢a} = NoNg(Ng— l)[g — U +maslaie—aip)|. (A3)
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< Z Z Sign[sin(¢,) —sin(¢,)] x Sign[sin(¢;,) - sm(¢ﬁ)]> = No(Ny — 1)Np 3t ;(1 +v2)aio(are —aip)| (A4)
a*a’ S
The last term is simply
Z Z 1=N,N;. (AS)
a B
According to the definition in Eq. (24), we have
2 M? 2
0°(ABy) = W((quf) = Na1))"). (A6)
For simplicity, we assume N, = N_ = M/2> 1 and v, < 1, and put Egs. (A3)-(A6) into Eq. (A7), so that
4M+1) 64M? 2\ 221 +wm) AM  64M>
TP (ABy) ¥ ——— + — [(1 +§V2) TQ (@s—a )~ =+ —1+3» (@ —a1-)’. (A7)
Similarly, we also obtain
2 2 201 _ 2
o*(ABy) ~ @ + fo [(1 - §V2) + ’%}(m —vi )~ %M + 647]}4 (1 - %vz)m - (A8)
Then, the difference between o>(AB,) and o*(AB,) gives
128M° n? 4 128M? 4
*(AB,) - 0*(AB,) ~ — (1 + m)Ayuz - (§ + m)vaé} - (Aym - §V2A5). (A9)
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