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 a b s t r a c t

The latest experimental studies related to the search for the Chiral Magnetic Effect (CME) in Pb–Pb collisions at 
√

𝑠NN = 5.02 TeV recorded with the ALICE detector at the Large Hadron Collider (LHC) are presented. Charge-
dependent two-particle correlations relative to the reaction plane are measured for charged particles in the 
pseudorapidity range |𝜂| < 0.8 and the transverse-momentum range 0.2 < 𝑝T < 5 GeV/𝑐. Two approaches have 
been employed: in the first method, the contribution of the background to the measurement is varied using the 
event shape engineering (ESE), while the second relies on changing the contribution of the potential CME signal 
by measuring azimuthal correlations relative to the participant plane, where the background contributions are 
maximized, and spectator plane, where the CME signal contribution is maximized. Both methods yield results 
consistent with the absence of a CME signal within the measurement uncertainties. The result obtained from 
correlations relative to different symmetry planes, a technique applied for the first time at LHC energies, gives 
the possibility to test independently and confirm the upper limits from previous measurements, while the new 
limit from the ESE analysis offers improved constraint relative to previous attempts .

1.  Introduction

Ultra-relativistic heavy-ion collisions create the necessary conditions 
for the formation of a quark–gluon plasma (QGP), a state of matter in 
which quarks and gluons are deconfined and chiral symmetry is restored 
as a result of extreme temperatures and energy densities [1–3]. Theory 
expects that in a chirally restored medium such as the QGP [4], local par-
ity violation could occur due to transitions of topologically non-trivial 
configurations of the gluonic field, coined as instantons and sphalerons, 
leading to a local imbalance of quark chirality [5–10]. In the initial-
state of non-central collisions, spectator protons, i.e., those not partic-
ipating directly in the interaction, generate extremely strong magnetic 
fields with magnitudes reaching up to 1015 T [11–13]. While the exis-
tence of these magnetic fields is theoretically well established, there is 
currently no direct experimental evidence for their effect on the mo-
tion of final-state particles since the field’s magnitude is expected to 
decay rapidly [14,15]. The direction of the magnetic field is, on aver-
age, perpendicular to the reaction plane, which is defined by the im-
pact parameter vector and the beam axis. In the presence of the initial-
state magnetic field, the chirality imbalance could lead to the devel-
opment of an electric current perpendicular to the reaction plane and 
parallel to the magnetic field. This phenomenon is known as the Chiral 
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Magnetic Effect (CME) [9,16] and is closely related to other anoma-
lous phenomena such as the Chiral Separation Effect (CSE) [17], the 
Chiral Magnetic Wave (CMW) [18,19], and the Chiral Vortical Effect 
(CVE) [20]. The CME manifests itself as a charge separation in the az-
imuthal distribution of produced particles relative to the reaction plane. 
The dominant component in the Fourier expansion of this distribution 
arises from anisotropic flow, a phenomenon originating from the initial-
state asymmetry of the collision in coordinate space that is transformed 
into an anisotropy in momentum space via interactions between par-
tons and at later stages between the produced particles. Anisotropic flow 
is usually characterized by the Fourier coefficients 𝑣𝑛 in the expansion 
of the azimuthal distribution of produced particles [21,22], with the 
first- (𝑣1) and second-order (𝑣2) coefficients corresponding to the di-
rected and elliptic (the dominant harmonic) flow, respectively. In order 
to probe and quantify these local parity violation effects, one may intro-
duce an additional sine component to this distribution, which takes the
form

𝑑𝑁
𝑑𝜑𝑖

∼ 1 + 2
∞
∑

𝑛=1
[𝑎𝑛,𝑖 sin [𝑛(𝜑𝑖 − ΨRP)] + 𝑣𝑛,𝑖 cos [𝑛(𝜑𝑖 − ΨRP)], (1)

where 𝜑𝑖 represents the azimuthal angle of particle 𝑖 and ΨRP denotes 
the reaction plane angle. Due to fluctuations in the positions of nucleons 
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within the colliding nuclei, the actual geometry of the overlapping re-
gion varies from one event to another [23–26]. This gives rise to ad-
ditional symmetry planes, such as the participant plane (ΨPP), defined 
by the anisotropic distribution of participating nucleons and the specta-
tor plane (ΨSP), determined by the deflected spectator nucleons. These 
planes are correlated to the reaction plane but fluctuate around it event-
by-event. In Eq. (1), the first-order coefficient 𝑎1,𝑖 quantifies the magni-
tude of the local parity violation effect. Due to the spontaneous nature 
of the topological transitions, the effect averages to zero over many 
collision events [27]. This makes direct observation of 𝑎1,𝑖 challeng-
ing. Experimental techniques based on the study of charge-dependent 
azimuthal correlations are consequently developed to detect possible 
signatures of the CME [27]. These techniques are based on a charge-
dependent azimuthal correlator
𝛾𝛼𝛽 = ⟨cos (𝜑𝛼 + 𝜑𝛽 − 2ΨRP)⟩

= ⟨cos(Δ𝜑𝛼) cos(Δ𝜑𝛽 )⟩ − ⟨sin(Δ𝜑𝛼) sin(Δ𝜑𝛽 )⟩, (2)

where the angular brackets indicate an average over all events, and 
𝛼 and 𝛽 denote the particle charge that allows to form particle 
pairs of opposite or same sign within the same event. The terms 
⟨cos (Δ𝜑𝛼) cos (Δ𝜑𝛽 )⟩ and ⟨sin (Δ𝜑𝛼) sin (Δ𝜑𝛽 )⟩, with Δ𝜑𝛼,𝛽 = 𝜑𝛼,𝛽 − ΨRP, 
quantify the correlations with respect to the in- and out-of-plane di-
rections, respectively. The CME sensitive observable is constructed 
by taking the difference of opposite-sign pairs 𝛾+− (OS) and same-
sign pairs (𝛾++ + 𝛾−−)∕2 (SS), and is denoted as Δ𝛾. This reduces 
contributions from background associated with charge-independent
sources.

The first results relying on this approach were published by the 
STAR Collaboration based on the analysis of Au–Au collisions at √𝑠NN =
0.2 TeV [28,29]. Subsequent analyses [30–35] confirmed the observa-
tion of a result which initially seemed to be consistent with a charge 
separation relative to the reaction plane, in accordance to what is ex-
pected due to the CME. Quantitatively similar results were also reported 
at much higher energies at the Large Hadron Collider (LHC) [36–39]. It 
was later recognized that the measured Δ𝛾 correlator contains substan-
tial contribution from non-CME backgrounds [27,40–46]. These back-
grounds are primarily attributed to local charge conservation (LCC), i.e., 
the correlated emission of oppositely charged particles from a cluster, 
occurring within an anisotropically expanding medium, thereby mim-
icking the CME–like charge separation.

Lacking unambiguous evidence for the CME, the subsequent exper-
imental studies focused on two approaches. In the first one, one tries 
to vary and quantify the background while keeping the contribution of 
the potential CME signal unaltered. Such an approach is embodied in the 
event shape engineering studies that allow to select events with different 
magnitude of elliptic flow within the same centrality [47]. This gives the 
possibility to quantify the dependence of Δ𝛾 on one of the main back-
ground components, i.e., the elliptic flow. In the second approach, one 
modifies the signal contribution to Δ𝛾 and looks for relative changes in 
the measurement. One example is experiments with isobar collisions at 
RHIC energies, which allowed to extract upper limits on the CME contri-
bution to Δ𝛾 [48,49]. Another example are measurements of the charge-
dependent correlations relative to different symmetry planes [50,51]. 
This can be done by calculating the 𝛾 correlator relative to either ΨPP or 
ΨSP. The measurement relative to ΨSP will potentially have a bigger con-
tribution from the CME signal since the charge separation takes place 
along the magnetic field predominantly created by spectator protons. At 
the same time, since the major background contribution comes from LCC 
convoluted with elliptic flow [27], which is a maximum in participant 
geometry, its contribution will be the largest when the azimuthal angles 
of the two particles are measured relative to ΨPP. Both approaches have 
been investigated so far and did not yield any significant evidence for 
the existence of the CME [35,52,53].

In this article, the results of the analysis of Pb–Pb collisions at 
√

𝑠NN = 5.02 TeV recorded with ALICE at the LHC and based on the 
ESE technique and on correlations relative to ΨPP and ΨSP are pre-

sented. The article is organised as follows. Section 2 describes briefly 
the experimental layout and the data sample used, followed by a 
presentation of the two methods in Section 3. The systematic uncer-
tainties of both measurements are discussed in Section 4. Section 5 
presents the main results together with an overview of the new and 
previous ALICE findings. The final section contains the conclusion and
outlook.

2.  Experimental setup and data sample

The experimental setup of ALICE consists of a central barrel that 
contains several detectors and a set of forward systems [54]. Details 
about the various detector sub-systems and their performance can be 
found in ref. [55].

Charged-particle tracks are reconstructed with the main tracking de-
tectors, the Inner Tracking System (ITS) [56] and the Time Projection 
Chamber (TPC) [57], positioned in the central barrel inside a solenoid 
magnet which generates up to a 0.5 T field parallel to the beam direc-
tion. For the 2018Pb–Pb data analysed in this work, the ITS, similarly 
to the first period of ALICE operations, consisted of six layers of sili-
con detectors employing three different technologies: Silicon Pixel De-
tectors (SPD) for the two innermost layers, followed by two layers of 
Silicon Drift Detectors (SDD), and two outermost layers with double-
sided Silicon Strip Detectors (SSD). The SPD layers are also employed 
for event selection and primary vertex reconstruction. The TPC, which 
surrounds the ITS, is used as the main tracking device as well as for 
particle identification via the measurement of the specific energy loss, 
d𝐸/d𝑥. In the forward region, two scintillator arrays (V0) [58] are 
used for triggering, event selection, the determination of the collision 
centrality [59] and participant plane. The V0 consists of two systems, 
the V0C and V0A, covering the pseudorapidity ranges −3.7 < 𝜂 < −1.7
and 2.8 < 𝜂 < 5.1, respectively. In addition, two tungsten-quartz neutron 
Zero Degree Calorimeters (ZDCs), installed more than 100 m from the 
interaction point on each side (ZDC-A and ZDC-C) and positioned at zero 
degree with respect to the LHC axis, are used for event selection and for 
the reconstruction of the spectator plane [60].

Approximately 235 million minimum-bias Pb–Pb events at √𝑠NN =
5.02 TeV recorded in 2018 are selected and analysed. The minimum-bias 
trigger is provided by requiring signals in both V0A and V0C scintilla-
tor arrays. An additional sample of central and semicentral collisions is 
selected online based on the V0 signal amplitudes, which enhanced the 
number of events in the 0–10% and 30–50% centrality ranges by about 
seven and three times relative to the minimum-bias sample, respec-
tively. Beam-induced background events (i.e., beam–gas interactions) 
are removed offline utilizing the V0 and ZDC timing information [55]. 
Pileup of collisions from different bunch crossings in the TPC is rejected 
by comparing multiplicity estimates from the V0 detector to those of 
tracking detectors in the central barrel, profiting from the difference in 
readout times between the systems. Same-bunch collision pileup is neg-
ligible in the Pb–Pb sample. The primary vertex position, determined 
from tracks reconstructed in the ITS and TPC, is required to be within 
10 cm from the nominal interaction point along the beam direction. 
Events are classified in centrality intervals using the V0 detector; those 
in the 0–60% range of the total hadronic cross section are selected for 
the ESE analysis, while those in the 10–50% range are used for the par-
ticipant/spectator-plane analysis. Residual systematic effects in the es-
timation of the spectator plane with the ZDC, related to beam optics 
configuration used during Pb–Pb data taking, were the reason for the 
difference in the centrality range used for the two approaches.

Primary charged particles reconstructed with the combination of the 
ITS and the TPC are required to be within the pseudorapidity range 
of |𝜂| < 0.8, which avoids effects at the edges of the detector accep-
tance. The transverse momentum is chosen to be within the range of 
0.2 < 𝑝T < 5.0 GeV/𝑐 for the ESE analysis and 0.2 < 𝑝T < 3.0 GeV/𝑐 for 
the participant/spectator-plane analysis, respectively. These two 𝑝T in-
tervals have no influence on the final conclusion reported in this arti-
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cle. Results with the ESE method for 0.2 < 𝑝T < 3.0 GeV/𝑐 did not show 
any significant difference relative to those reported in this article. Each 
charged-particle track is required to have a minimum number of 70 TPC 
space points out of a maximum of 159, a minimum number of crossed 
TPC pad rows of 70, an expected fraction of TPC space points to re-
construct a track of 0.8 and a 𝜒2 per TPC space point less than 2.5. In 
addition, tracks are selected if they had at least 2 hits in the six ITS 
layers, with a 𝜒2 per ITS hit less than 36. To ensure that secondary 
particles, either from a weak decay of primaries or from the interac-
tion of particles with the detector material, are removed, a distance of 
closest approach (DCA) from the primary vertex smaller than 2 cm in 
the longitudinal direction is required. An additional DCA selection in 
the transverse plane was further applied based on a 𝑝T-dependent max-
imum value of the form 0.0105 + 0.0350 𝑝−1.1T  cm. These selection crite-
ria lead to an efficiency for primary tracks that increases from about 
70% at 𝑝T = 0.2 GeV/𝑐 to about 80% at 𝑝T = 1 GeV/𝑐, and a contami-
nation by secondary charged particles that ranges from about 8.5% at 
𝑝T = 0.2 GeV/𝑐 to about 1% for 𝑝T > 2 GeV/𝑐 [61]. All results reported 
below are corrected for detector inefficiencies.

3.  Analysis methods

For both analyses, the particles of interest are selected within the 
acceptance of the TPC. For the event shape engineering method, the 
𝑞-vectors are calculated using hits within the acceptance of the V0 de-
tectors. The same detectors are used in the second method for the recon-
struction of the participant plane, while the ZDC detectors are used for 
the estimation of the spectator plane. The signal from both sets of de-
tectors was corrected for detector anisotropies following the procedure 
described in previous studies [52,60]. The choice of V0A or V0C used 
to construct the 𝑞-vectors and the participant plane follows the analy-
sis configuration and is not expected to affect the extracted CME upper 
limits.

3.1.  Event shape engineering

The selection on the shape of the event follows the prescription de-
scribed in ref. [47] and is based on the magnitude of the second-order 
normalized flow vector, 𝑞2 [62], given by

𝑞2 =
|𝑄⃗2|
√

𝑀
, (3)

where 𝑄2 is the second-order flow vector whose magnitude is |𝑄⃗2| =
√

𝑄2
2,𝑥 +𝑄2

2,𝑦. The 𝑄⃗2 is determined from the azimuthal distribution of 
the energy deposition measured in the V0C detector with 𝑄2,𝑥 and 𝑄2,𝑦
being its x- and y-components calculated as

𝑄2,𝑥 =
∑

𝑖
𝑤𝑖 cos(2𝜑𝑖), 𝑄2,𝑦 =

∑

𝑖
𝑤𝑖 sin(2𝜑𝑖). (4)

The sum runs over all channels 𝑖 of the V0C detector (𝑖 = 1 − 32), 𝜑𝑖
is the azimuthal angle of channel 𝑖, 𝑤𝑖 is the amplitude measured in 
channel 𝑖, and 𝑀 =

∑

𝑖 𝑤𝑖. The 𝑞2 distribution is divided in percentiles 
from where ten event-shape classes are defined with the lowest (highest) 
𝑞2 value corresponding to the 0–10% (90–100%) range and are studied 
for each centrality interval. The results for each 𝑞2 range correspond to 
the “biased” measurements, while the relevant results without any 𝑞2
selection are referred to as “unbiased”.

The elliptic-flow coefficient is measured using the event-plane 
method [22] according to

𝑣2{EP} = ⟨⟨cos[2(φi − Ψ2)]⟩⟩∕R2, (5)

where the brackets ⟨⟨⋯⟩⟩ denote an average over all events and an aver-
age over all particles in all events. In addition, 𝜑𝑖 is the azimuthal angle 
of the particle of interest 𝑖 measured in the TPC, and Ψ2, the second 

order event plane, estimates ΨPP. It is reconstructed from the azimuthal 
distribution of the energy deposition measured by the V0A detector as
ΨV0A
2 = atan2[𝑄V0A

2,𝑦 ∕𝑄V0A
2,𝑥 ]∕2. (6)

The event-plane resolution correction factor R2 in Eq. (5) is calculated 
from correlations between the event planes determined in the TPC, V0C, 
and V0A detectors [22], evaluated separately for each 𝑞2 interval and 
reaches a maximum value of 0.79 for the 20–30% centrality class. Non-
flow contributions to both 𝑣2 and charge-dependent azimuthal correla-
tions are suppressed by the large pseudorapidity separation between the 
TPC and the V0A (|Δ𝜂| > 2.0).

3.2.  Charge-dependent correlations relative to different symmetry planes

This method, proposed in refs. [50,51], relies on the changes in the 
relative strength of the flow induced background and the potential CME 
signal when charge-dependent correlations are measured with respect 
to ΨPP or ΨSP planes. In particular, since the background depends on 
the elliptic-flow magnitude which, when calculated from correlations 
between two particles, is maximum in the participant plane, its contri-
bution to Δ𝛾 will be enhanced or reduced when the charge-dependent 
correlations are measured relative to ΨPP or ΨSP, respectively. Inversely, 
since the CME signal is proportional to the value of the magnetic field 
which is mainly determined by the spectator protons, measurements 
performed relative to ΨSP will have larger contribution from it than 
when the same measurements are performed with respect to ΨPP. One 
can then form the double ratio (Δ𝛾∕𝑣2)SP∕(Δ𝛾∕𝑣2)PP which is expected 
to be larger than unity in the case of non-zero CME. In that case the dou-
ble ratio can be used to estimate the relative contribution of the CME 
to Δ𝛾, expressed as the fraction 𝑓CME. Assuming that both the spectator 
plane and the plane perpendicular to the magnetic field coincide, the 
𝑓CME can be extracted according to

(Δ𝛾∕𝑣2)SP
(Δ𝛾∕𝑣2)PP

= 1 + 𝑓CME

(

⟨𝑣22,PP⟩

𝑣22,SP
− 1

)

. (7)

In ref. [51], it was noticed that the ratio Δ𝛾∕𝑣2 can be measured 
directly as

(Δ𝛾∕𝑣2)PP,SP =
Δ⟨cos (𝜑𝛼 + 𝜑𝛽 − 2ΨPP,SP)⟩

⟨cos (2𝜑𝑎 − 2ΨPP,SP)⟩
, (8)

which does not require the knowledge of the reaction-plane resolution, 
and thus could be measured more precisely. In our measurements, the 
spectator plane is calculated from the combined signal of the two ZDC 
detectors on the A- and C-sides using equation analogous to Eq. (4) for 
a first harmonic [63] to calculate the corresponding Q-vectors 𝑄⃗ZDC-A

and 𝑄⃗ZDC-C, and ΨPP is estimated using the V0C detector. Similarly to the 
previous method, the 𝑣2 is measured using the event-plane method [22]. 
The large pseudorapidity difference between the TPC, where the parti-
cles of interest for both the calculation of 𝛾 and 𝑣2 are reconstructed, 
and the V0C detector in one case or the ZDC in the other case, ensures 
a significant reduction of non-flow contributions to the measurement.

4.  Systematic uncertainties

The systematic uncertainties for both methods are evaluated by com-
monly varying the selection criteria at both the event and track levels for 
both analyses. All common sources listed below are investigated for the 
biased and unbiased results for same- and opposite-sign charge combina-
tions in 𝛾, as well as for 𝑣2 for the ESE method. Similarly, for the double 
ratio in Eq. (8), the results of correlations relative to different symmetry 
planes for each centrality interval are studied separately for the vari-
ous charge combinations for 𝛾 as well as for 𝑣2. This procedure allowed 
to take into account any correlations between the different components 
that form the more complex observables (e.g. Eq. (7)) reported in this 
article. Only statistically significant differences of more than 2𝜎 between 
the values of the nominal data points and the results from the variations 
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are assigned as systematic uncertainties according to ref. [64]. The con-
tributions from the various independent sources are added in quadrature 
to obtain the final systematic uncertainties on each of the measurements. 
These are represented with a box around each data point, while the sta-
tistical uncertainties are denoted by vertical bars in all figures of this 
article.

Systematic effects originating from the variation of the acceptance 
of the detector are investigated by varying the range of the position of 
the reconstructed primary vertex on the z-axis from its default value 
of |𝑉𝑧| < 10 cm down to |𝑉𝑧| < 5 cm. Potential biases coming from the 
centrality determination are studied by replacing the V0 detector ampli-
tude by the total number of hits detected in two SPD layers. Systematic 
effects originating from the magnetic-field polarity are studied by ana-
lyzing events recorded under different magnetic field polarities indepen-
dently. In addition, the influence of pileup events to both measurements 
is estimated by either completely removing the pileup requirements or 
by imposing stricter selections. Effects introduced by the different track 
selection criteria are checked for both analyses by varying the minimum 
number of TPC space points (i.e., from 70 to 90), the minimum num-
ber of crossed TPC pad rows and the expected fraction of TPC space 
points to reconstruct a track (i.e., from 70 to 120 and from 0.8 to 0.9, 
respectively), and by imposing tighter DCA requirements that reduce 
the contribution from secondary particles to the track sample. Biases 
from the detector combination used to perform track reconstruction are 
tested by employing an alternative method, referred to as global track-
ing. This mode combines the TPC and ITS detector signals and incor-
porates stricter selection criteria, including additional hit requirements 
in the SPD or SDD detectors. In addition, for both methods the results 
for same-sign correlations obtained using the combination of only pos-
itive or only negative particles are compared and found to be compat-
ible. Finally, potential biases introduced by the inaccurate estimation 
of the reconstruction efficiency are studied by either not applying any 
efficiency corrections or by estimating these corrections after excluding 
the contribution from strange and multi-strange particles. Among these 
common sources, the dominant contributions for the ESE method are 
associated with the centrality determination and the alternative track 
reconstruction configuration (global tracking), whereas for the (PP/SP) 
method the dominant contribution is discussed below.

In addition to the previous common contributions, the (PP/SP) 
method includes an extra source related to noticeable un-physical 
off-diagonal correlations ⟨𝑋𝑌 ⟩ (⟨𝑄ZDC-C

𝑥 𝑄ZDC-A
𝑦 ⟩) and ⟨𝑌 𝑋⟩

(⟨𝑄ZDC-C
𝑦 𝑄ZDC-A

𝑥 ⟩) components even after the ZDC signal calibra-
tion. These residual non-zero values for ⟨𝑋𝑌 ⟩ and ⟨𝑌 𝑋⟩ are due to 
detector and beam-related artefacts. They could arise from a small 
rotation or shear of the spectator-neutron spot at the ZDC location 
due to the specific heavy-ion beam optics during the LHC operations 
(e.g. beam divergence and crossing angle), combined with remaining 
misalignment of the ZDCs with respect to the interaction region and 
their response non-uniformities. These effects can lead to an effective 
mixing of the 𝑋 and 𝑌  components that is not removed by the signal 
correction procedure [65]. This residual correlation affects the values 
of cos (𝑛ΨZDC-C,ZDC-ASP ) and sin (𝑛ΨZDC-C,ZDC-ASP ). To evaluate the potential 
impact on Δ𝛾SP and 𝑣2,SP, the approach used in ref. [65] is adopted, 
where the values of these observables are scaled by a factor (𝐹ZDC) to 
estimate any residual effects

𝐹ZDC =

√

√

√

√

⟨𝑄ZDC-C
𝑥 𝑄ZDC-A

𝑦 ⟩⟨𝑄ZDC-C
𝑦 𝑄ZDC-A

𝑥 ⟩

⟨𝑄ZDC-C
𝑥 𝑄ZDC-A

𝑥 ⟩⟨𝑄ZDC-C
𝑦 𝑄ZDC-A

𝑦 ⟩

. (9)

For the (PP/SP) method, the event-plane resolution for both ΨSP and 
ΨPP cancel out in the ratio (Δ𝛾∕𝑣2)  [51]. However, extracting the CME 
fraction from Eq. (7) requires accounting for the event-plane resolutions 
of both ΨPP and ΨSP in the ratio ⟨𝑣22,PP⟩∕𝑣22,SP. Since the resolution of the 
spectator plane could not be directly determined using the ALICE ZDC 
detector for the Pb–Pb events at √𝑠NN = 5.02 TeV recorded in 2018, we 

Fig. 1. Centrality dependence of inclusive charged particle 𝑣2 (top) and of 𝛾𝛼𝛽
for pairs of particles with same and opposite sign (bottom) for shape-selected 
and unbiased events. The 𝑞2 determined in the V0C is used for event selec-
tion. Statistical and systematic uncertainties are represented by vertical lines 
and shaded boxes, respectively. 

assume that the ratio 𝑣2,SP∕𝑣2,PP is independent of the collision energy
𝑣2,SP(5.02TeV)
𝑣2,PP(5.02TeV)

=
𝑣2,SP(2.76TeV)
𝑣2,PP(2.76TeV)

, (10)

where the spectator-plane resolution for the Pb–Pb events at √𝑠NN =
2.76 TeV recorded in 2010 was successfully determined [65]. The ratio 
primarily reflects the strength of flow fluctuations, i.e., the decorrela-
tion between the reaction plane and the participant plane due to initial-
geometry fluctuations. These fluctuations are determined by the trans-
verse nucleon distribution and are not expected to vary significantly 
with LHC energies [66,67]. In addition, none of the common sources 
of systematic uncertainty results in a statistically significant deviation 
greater than 2𝜎 in the double ratio. This shows that the double ratio 
is particularly effective in canceling out systematic uncertainties that 
are unrelated to the spectator-plane reconstruction. The only contribu-
tion to the systematic uncertainty in the double ratio originates from 
the biases in the estimation of the spectator plane, whose magnitude is 
comparable to the statistical uncertainty.

5.  Results

5.1.  Event shape engineering

The top panel of Fig. 1 presents the centrality dependence of 𝑣2 for in-
clusive charged particles measured in 0.2 < 𝑝T < 5.0 GeV/𝑐 and |𝜂| < 0.8
for shape-selected and unbiased samples. The event shape-selected re-
sults differ from the average by up to 30%. These differences vary 
strongly with centrality as the sensitivity of the event selection depends 
on multiplicity and the magnitude of 𝑣2 [68]. Furthermore, 𝑣2 scales ap-
proximately linearly with eccentricity [69] verifying that with the ESE 
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Fig. 2. The dependence of Δ𝛾𝛼𝛽 (top) and of the expected CME signal 
from a MC Glauber simulation [70] (bottom) on 𝑣2 together with linear 
fits (solid lines) for various centrality intervals. For the model, no event 
shape selection is performed and the range of the fit is based on the 𝑣2
variation observed in data within each centrality class. Statistical and sys-
tematic uncertainties are represented by vertical lines and shaded boxes, 
respectively.

method events with different eccentricity (i.e., initial spatial anisotropy) 
and, therefore, with different background contribution are experimen-
tally selected in a given centrality interval.

The bottom panel of Fig. 1 shows the centrality dependence of 𝛾𝛼𝛽 for 
same- and opposite-sign pairs. Since the results for pairs of particles with 
only positive charges are consistent with those for negative charges, they 
are averaged and denoted as same-sign pairs in all figures and for both 
methods. Similarly to what is reported in previous measurements [52], 
a clear dependence on the charge-sign combination is exhibited by 𝛾𝛼𝛽
with the opposite-sign pair correlations being weaker than the same-sign 
pair ones for both unbiased and shape-selected events. The magnitude 
of the same-sign pair correlations decreases from central to peripheral 
collisions and depends on the event-shape selection (i.e., 𝑣2) in a given 
centrality interval. The magnitude of opposite-sign pair correlations is 
close to zero with a weak (if any) dependence on 𝑣2 within a given 
centrality interval.

In a background-dominated scenario, the charge-dependent effects, 
reflected in the charge-dependent differences Δ𝛾, would be proportional 
to 𝑣2 for all centrality intervals. The upper panel of Fig. 2 presents the 
dependence of Δ𝛾 on the main background gauge, i.e., 𝑣2, for various 
ESE selections within each centrality interval. It is seen that Δ𝛾 is pos-
itive and exhibits a clear linear dependence on 𝑣2, also illustrated by 
the linear functions fitted on each set of data points. In addition, Δ𝛾 has 
a clear centrality dependence, with the values progressively increasing 
when moving from central to peripheral events. This is expected con-
sidering dilution effects [71] introduced by the higher multiplicity in 
central compared with peripheral events.

Fig. 3. Centrality dependence of the CME fraction extracted from the slope pa-
rameter of fits to data and MC Glauber [70] and TRENTo [73] models (see text 
for details). The TRENTo points are slightly shifted along the horizontal axis for 
better visibility. Only statistical uncertainties are shown.

The bottom panel of Fig. 2 shows the 𝑣2 dependence of the expected 
CME signal from a MC Glauber simulation [70] for various centrality 
intervals. The CME signal contribution to Δ𝛾 is assumed to be propor-
tional to ⟨|𝐵|2 cos[2(ΨB − ΨPP)]⟩, where ΨB and |𝐵| are the direction 
and magnitude of the magnetic field, respectively. The magnetic field 
is evaluated at the geometrical center of the overlap region from the 
number of spectator protons with the proper time 𝜏 = 0.1 fm/𝑐 accord-
ing to the recipe discussed in ref. [9]. The elliptic flow calculated from 
the model reproduces fairly well the measured integrated 𝑣2 [72] under 
the assumption that it scales linearly with eccentricity calculated from 
the distribution of participant nucleons. Centrality is determined as in 
ref. [52] from the multiplicity of charged particles generated in the V0 
acceptance using the parameters reported in ref. [59]. A strong depen-
dence on 𝑣2 is found for all centrality intervals which is also reproduced 
by a MC simulation using TRENTo initial conditions [73].

Following the approach described in ref. [52], the 𝑣2 dependence of 
Δ𝛾 and that of the expected CME signal are fitted with linear functions 
in the range that matches the one measured in collision data for each 
centrality interval presented in the upper panel of Fig. 1. This range was 
varied, and no significant difference was found in the results described 
below. The slopes from data and MC models are used to calculate the 
CME fraction to the charge dependence of 𝛾𝛼𝛽 , denoted as 𝑓CME. This 
relies on expressing the extracted slope parameter as a linear superposi-
tion of a background contribution, which scales proportionally with 𝑣2
and therefore has 𝑝1 = 1, and a CME contribution, whose slope is given 
by the MC expectation 𝑝1,MC, according to
𝑓CME × 𝑝1,MC + (1 − 𝑓CME) × 1 = 𝑝1,data, (11)

from where one gets

𝑓CME =
𝑝1,data − 1
𝑝1,MC − 1

. (12)

The extracted 𝑓CME therefore quantifies the fraction of the charge-
dependent correlator Δ𝛾 that is attributed to the CME contribution un-
der the assumption that the remaining part originates from background 
correlations proportional to 𝑣2.

Fig. 3 shows the centrality dependence of 𝑓CME for the MC Glauber 
and TRENTo models. The CME fraction cannot be precisely determined 
for the 0–5% centrality interval where models have difficulties in re-
producing the experimental data [72]. The values of 𝑓CME are com-
patible with zero for most of the investigated centrality classes. The 
reduced sensitivity of the event selection (e.g. with the ESE) con-
tributes to the large values obtained in the 50–60% centrality inter-
val. A centrality-dependent extraction of the 𝑓CME requires a knowl-
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Fig. 4. Centrality dependence of 𝛾𝛼𝛽 (ΨPP)∕𝑣2(ΨPP) (black) and 𝛾𝛼𝛽 (ΨSP)∕𝑣2(ΨSP)
(red), where pairs of particles in 𝛾𝛼𝛽 are either of the same charge or the opposite 
charge in Pb–Pb collisions at √𝑠NN = 5.02 TeV. Filled markers correspond to OS 
correlations, open markers to SS correlations, with vertical bars representing 
statistical uncertainties and boxes representing systematic uncertainties.

Fig. 5. The double ratio of Δ𝛾∕𝑣2 in Eq. (7) calculated with the spectator and 
participant planes as a function of centrality in Pb–Pb collisions at √𝑠NN =
5.02 TeV. The vertical bars and boxes represent statistical and systematic un-
certainties, respectively.

edge about the magnetic-field evolution and of the chiral imbalance as 
a function of centrality, which are currently not constrained neither ex-
perimentally nor theoretically. For these reasons, an averaged limit for 
the 5–60% centrality interval is obtained by fitting the data points with 
a constant function is 𝑓CME = 0.028 ± 0.021 and 𝑓CME = 0.025 ± 0.018 for 
MC Glauber and TRENTo initial conditions, respectively. These values 
correspond to upper limits for the CME fraction in Δ𝛾 of 7% and 6% at 
95% confidence level for the 5–60% centrality interval.

5.2.  Charge-dependent correlations relative to different symmetry planes 
(PP/SP)

Fig. 4 presents the centrality dependence of 𝛾𝛼𝛽 (ΨPP)∕𝑣2(ΨPP) and 
𝛾𝛼𝛽 (ΨSP)∕𝑣2(ΨSP), where pairs of particles in 𝛾𝛼𝛽 are either of the same 
or opposite charge. A significant charge dependence that develops as a 
function of centrality is observed in both categories of results. Moreover, 
it is seen that the two results do not exhibit any significant differences 
for a given charge combination.

To quantify the difference, the result of the double ratios in Eq. (8) is 
shown in Fig. 5. The double ratios in the centrality range of 10–30% are 
measured with the minimum-bias trigger, while those in the 30–50% 

Fig. 6. The centrality dependence of 𝑓CME extracted from correlations measured 
relative to the spectator and participants planes according to Eq. (7) in Pb–
Pb collisions at √𝑠NN = 5.02 TeV. Statistical uncertainties are shown as vertical 
bars, and systematic uncertainties are shown as boxes. A constant fit is shown 
along with a 95% confidence level band.

Fig. 7. Summary of the results for the CME limit at 95% confidence level (C.L.) 
obtained from different analyses for different colliding systems at various en-
ergies at the LHC integrated over centralities from ALICE. The previous mea-
surements are taken from refs. [44,52,74] and are represented with the open 
markers.

centrality range are measured with the dedicated trigger that enhances 
events in this centrality interval. The double ratio is compatible with 
unity within the statistical and systematic uncertainties throughout the 
centrality range 10–50%.

Fig. 6 shows the extracted 𝑓CME as a function of centrality using the 
procedure described in Section 3.2 and Eq. (7). A constant line fit to 
𝑓CME considering the total uncertainty that includes both statistical and 
systematic uncertainties in the centrality range of 10–50% yields a value 
of −0.096 ± 0.214. This translates to an upper limit for the CME fraction 
in Δ𝛾 of 33% at a 95% confidence level.

5.3.  ALICE summary of upper limits for the CME fraction in Δ𝛾

Fig. 7 presents a summary of the upper limits reported by ALICE 
for the CME signal contribution to Δ𝛾. These values are obtained from 
different analyses performed at various LHC energies and colliding sys-
tems integrated over centralities in Run 1 and Run 2. These include the 
data points from previous ESE studies [52] incorporating results from 
three initial-state models, higher harmonics at two different LHC ener-
gies [74], as well as from the comparison of correlations in Xe–Xe and 
Pb–Pb collisions using a two-component model [44]. The initial ESE 
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results provided the first upper limits at the LHC of around 26–33% 
at 95% confidence level [52], while the ones from the higher harmonic 
study that rely on specific assumptions discussed in detail in ref. [74] re-
ported similar limits of around 15–18% at 95% confidence level. Finally, 
in ref. [44] ALICE reported an upper limit of around 2% and 25% at 95%
confidence level for the 0–70% centrality interval in Xe–Xe and Pb–Pb 
collisions, respectively. The main reason for the low upper limit reported 
in the Xe–Xe system is related to the significantly lower magnetic field 
value this system creates relative to the Pb–Pb one. The measurements 
reported in this article add significant information to the existing set of 
results.

6.  Summary

In this article, the results from the analysis of Pb–Pb collisions at 
√

𝑠NN = 5.02 TeV collected with the ALICE detector using two inde-
pendent methods are reported. The charge-dependent correlations are 
studied using the correlator 𝛾𝛼𝛽 with the ESE technique and by mea-
suring correlations relative to the participant and spectator planes. 
These two methods have distinctively different sensitivities to the back-
ground originating from local charge conservation effects embedded 
in an anisotropically expanding system and the potential CME sig-
nal. Both methods reported significant charge dependent effects which, 
however, are compatible with a dominant background contribution. 
In both cases upper limits for the CME fraction in Δ𝛾 of 7% and 6% 
at 95% confidence level for the 5–60% centrality interval and 33% 
at a 95% confidence level for the 10–50% centrality interval, respec-
tively, are reported. These results, while having different uncertain-
ties due to experimental techniques, are equally important for the CME 
search and complement the limits obtained from previous relevant mea-
surements at LHC energies. With the significantly larger data sample 
from Run 3 and Run 4, analyses based on ESE and correlations rel-
ative to different symmetry planes will achieve higher precision. In 
addition, new measurements involving identified particle species [75] 
and the use of the ZDC as a sensitive probe of the magnetic field [76] 
will provide complementary avenues to further advance in the CME
search.
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