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Abstract. The azimuthal correlator ∆γ searching for the chiral magnetic ef-
fect (CME) is contaminated by a major background proportional to the elliptic
flow v2. Event-shape engineering (ESE) and event-shape selection (ESS) bin-
ning events in dynamical and statistical fluctuations of v2, respectively, are two
methods searching for the CME. We conduct a systematic study using physics
and toy model simulations. It is found that ESE fulfills the general premise of
measuring the CME but is statistically hungry, whereas ESS is not practical to
measure the CME because of the intertwining variables used in the method.

1 Introduction

Interactions of quarks with topological gluon fields in quantum chromodynamics (QCD) can
cause chirality imbalance in local metastable domains, breaking the parity and charge-parity
symmetries. Such chirality imbalance can yield charge separation along a strong magnetic
field, a phenomenon called the chiral magnetic effect (CME) [1]. Ultra-strong magnetic fields
are produced in non-central relativistic heavy-ion collisions [2], making these collisions an
ideal place to search for the CME [3–5].

Because the magnetic field in heavy-ion collisions is on average perpendicular to the reac-
tion plane (RP), a CME signal may be conveniently quantified by the a1 parameter in Fourier
expansion of particle azimuthal distribution [3, 6], dN±/dϕ ∝ 1±2a1 sin(ϕ−ψ)+2v2 cos 2(ϕ−
ψ) + · · · , where ϕ is particle’s azimuthal angle, ψ is that of the RP’s, and the subscript ‘±’
indicates particle charge sign. The elliptic (flow) anisotropy v2 harmonic is the leading modu-
lation. Because of the vanishing mean ⟨a1⟩ due to random fluctuations of the chirality sign, a
commonly used observable is the three-point correlator [7], γ =

〈
cos(ϕα + ϕβ − 2ψ)

〉
, where

ϕα and ϕβ are the azimuthal angles of two particles of interest (POIs). To cancel charge-
independent backgrounds, such as effects from global momentum conservation, the difference
between opposite-sign (OS) and same-sign (SS) correlators is used [8], ∆γ ≡ ∆γos − ∆γss.
The CME signal presented in the ∆γ observable would then be ∆γcme =

〈
2a2

1

〉
.

However, charge-dependent correlations also exist, including resonance decays and jet
correlations, which contribute more to OS than SS pairs. These correlations are turned into
RP-dependent background by elliptic flow of heavy-ion collisions. Such v2-induced back-
grounds can generally be expressed by ∆γbkg ∝

〈
cos(ϕα + ϕβ − 2ϕres)

〉
v2,res, where ϕres and

v2,res are the azimuthal angle and elliptic flow of the background source. This property is
exploited by two analysis methods, event-shape engineering (ESE) and event-shape selection
(ESE), in attempt to remove the v2-induced backgrounds.
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2 Methodologies
The general idea of the ESE and ESS methods is the same: collision events with similar CME
signals (within a given narrow centrality bin) are grouped according to varying v2 by specific
means/quantity and the ∆γ observable is measured in individual groups,

∆γ(v2) = ∆γcme + kv2 . (1)

The intercept of a linear fit to ∆γ(v2) would yield the CME signal ∆γcme. Examples are shown
in Fig. 1; we use ∆γese and ∆γess to denote the corresponding intercepts.
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Figure 1. Example re-
sults of ∆γ versus v2
and linear fits by Eq. (1)
from the ESE (left) and
ESS (right) methods.
Example is taken from
ampt simulation of 30–
40% centrality Au+Au
collisions at √sNN =

200 GeV.

The two methods differ in the quantity used to group events. Both calculate the event-
by-event flow vector, q⃗2 =

1√
N

(∑N
i=1 cos 2ϕi,

∑N
i=1 sin 2ϕi

)
, and use its magnitude q2 =[

1 + 1
N
∑

i� j cos 2(ϕi − ϕ j)
]1/2

to group events. However, ESE [9] calculates q2 using parti-
cles different from the POIs, whereas ESS calculates q2,pair of pairs of the very POIs [10]. As
a result, the former selects events on dynamical fluctuations of ⟨v2⟩ of the POIs, whereas the
latter selects events primarily on statistical fluctuations of v2 (whose average is biased):

• Stemming from the same initial geometry, the dynamically fluctuated ⟨v2⟩’s of CME back-
ground sources are all proportional to the final-state particle ⟨v2⟩; thus, the projection to
⟨v2⟩ = 0 is free of background contributions. This is illustrated in the left cartoon of Fig. 2,
where the three ellipses indicate event selections by q2 and the small circles are the average
(⟨v2⟩,

〈
v2,res
〉
) in each group. Because dynamical fluctuations are relatively small in narrow

centrality bins, large uncertainties ensue in ∆γese intercepts (see left panel of Fig. 1).

Figure 2. Cartoons il-
lustrating the dynamical
(left) and statistical (right)
event-shape methods in
terms of the event-by-event
resonance v2,res versus final-
state single particle v2 in
events within a given narrow
centrality bin.

• Because of the statistical fluctuation nature (as clear from the wide range of v2,single in Fig. 1
right panel), the mean v2,res’s of background sources in the ESS method are not guaranteed
to be proportional to the mean v2,single in each event group; non-zero backgrounds can
remain at v2,single = 0. A simple case of ESS is using the v2 itself as the event-selection
quantity, published by STAR in 2014 [11], as illustrated by the right cartoon of Fig. 2.
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3 Results and Discussion

We have conducted a systematic study using four heavy-ion collision models, avfd, ampt,
epos4, and hydjet++, simulating Au+Au collisions at nucleon-nucleon center-of-mass energy√sNN = 200 and 27 GeV. The full description of the study is documented in Li et al. [12].

Figure 3 summarizes the intercepts divided by the overall ∆γ magnitude from ESE and
ESS. No CME signal is present in any of the model simulations shown in these proceedings,
so ideally all intercepts should be zero if the methods worked as promised.
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Figure 3. ESE (up-
per panels) and ESS
(lower panels) in-
tercepts divided by
the corresponding in-
clusive ∆γ values in
Au+Au collisions at√sNN = 200 GeV (left
panels) and 27 GeV
(right panels) simulated
by four physics models.
ESE uses POIs from
0.3 < |η| < 1 and q2

calculated by particles
in |η| < 0.3 or a for-
ward/backard region
(for ampt and hydjet++).
ESS uses POIs from
|η| < 1 (|η| < 2 for
epos4) which are also
used for q2,pair calcula-
tion. The pT range is
0.2 < pT < 2 GeV/c for
all studies.

ESE uses POIs from 0.3 < |η| < 1 and particles from a different momentum space for
q2 calculation. The ∆γese intercepts are mostly consistent with zero, suggesting that the ESE
method is doing a proper job. With q2 from |η| < 0.3, the ∆γese values are ∼ 2 standard
deviations above zero for ampt at 200 GeV and hydjet++ at 27 GeV; using q2 from for-
ward/backward η regions yield ∆γese consistent with zero. We thus postulate the cause for the
2σ deviations to be nonflow correlations between POIs and q2 not far enough apart in η.

ESS uses POIs from midrapidity and calculates q2,pair of pairs of these POIs. The ∆γess
intercepts are not always consistent with zero, as shown in the lower panels of Fig. 3. It ap-
pears that the ∆γess value can be positive, zero, or negative, depending on individual models.
This suggests that the ESS method is not doing a proper job.

It is noteworthy that the statistical uncertainties on ∆γese are larger than on ∆γess because
of reasons mentioned in Sect. 2. The ∆γese is consistent with zero but also consistent with
an intercept as large as those seen by the ESS method. This is an issue of precision and can
be improved with accumulation of statistics. The ∆γess is inconsistent with zero with the
achieved statistical precision (owing to statistical fluctuations embracing v2,single = 0). This is
a demonstration of invalidity of the ESS method in obtaining background-free CME signal.

To possibly understand further, we utilize a toy model including various KS contributions
realizing that it is an important difference among the models [12]. Figure 4 summarizes the

3

EPJ Web of Conferences 364, 03002 (2026)	 https://doi.org/10.1051/epjconf/202636403002
Quark Matter 2025



intercepts from the toy model study. The ESE intercepts are consistent with zero as long as
the nonflow effects are mitigated between POIs and q2. The ESS intercepts are all positive
with varying magnitudes, suggesting that ∆γess depends on the event details. The failure of
the ESS method is presumably because of correlations between v2,single and q2,pair. These
correlations are inherited in the ESS method, cannot be removed, and include both flow and
nonflow correlations because v2,single and q2,pair are intertwined by using the same POIs.
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Figure 4. Intercepts
(left) and intercepts di-
vided by the inclusive
∆γ value (right) from
the ESE and ESS meth-
ods as a function of
the input KS contamina-
tion in toy model simu-
lations of 30–40% cen-
trality Au+Au events at√sNN = 200 GeV.

4 Summary

The ESE and ESS methods have been exploited to search for the CME by projecting ∆γ
to v2 = 0, relying on dynamical and statistical fluctuations of v2, respectively. We have
conducted a systematic study using physics models and toy models. It is found, with no
input CME signals, that the ESE intercept is mostly consistent with zero, as expected, albeit
inherently large statistical uncertainties. The ESS intercept, on the other hand, can be positive,
zero, or negative depending on the details of the simulated events. This suggests that one does
not quantitatively know what relative contributions of CME signal and physics background
are contained in the ESS measurement, because of the intertwining variables used in ESS. It
is therefore not practically useful to use the ESS method to search for the CME.
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