Event-shape-engineering study of charge separation in heavy-ion collisions
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Recent measurements of charge-dependent azimuthal correlations in high-energy heavy-ion collisions have indicated charge-separation signals perpendicular to the reaction plane, and have been
related to the chiral magnetic effect (CME). However, the correlation signal is contaminated with
the background caused by the collective motion (flow) of the collision system, and an effective approach is needed to remove the flow background from the correlation. We present a method study
with simplified Monte Carlo simulations and a multi-phase transport model, and develop a scheme
to reveal the true CME signal via the event-shape engineering with the flow vector of the particles
of interest.
PACS numbers: 25.75.Ld

I.

INTRODUCTION

The hot, dense, and deconfined nuclear medium
formed in high-energy heavy-ion collisions could bear
a non-zero axial chemical potential (µ5 ), which characterizes the imbalance of right-handed and left-handed
fermions in the system. The chirality imbalance may be
created locally in the medium through various mechanisms on an event-by-event basis (e.g. topological fluctuations in the gluonic sector, glasma flux tubes, and
fluctuations in the quark sector) [1–6]. In a noncentral
collision, a strong magnetic field (B ∼ 1015 T) can be
produced (mostly by energetic spectator protons) [2, 3],
→
−
and will induce an electric current along B in chiral do→
−
→
−
mains, Je ∝ µ5 B , according to the chiral magnetic effect
→
−
(CME) [1, 2]. On average, B is perpendicular to the reaction plane (ΨRP ) that contains the impact parameter
and the beam momenta, as depicted in Fig. 1. Hence the
CME will manifest a charge transport across the reaction
plane.
In the presence of the CME and other modes of collective motions in heavy-ion collisions, we can Fourier
decompose the azimuthal distribution of produced particles of given transverse momentum (pT ) and rapidity:
dNα
∝ 1 + 2v1,α cos(∆φ) + 2v2,α cos(2∆φ) + ...
dφ
+ 2a1,α sin(∆φ),
(1)
where φ is the azimuthal angle of a particle, and ∆φ =
φ − ΨRP . Here the subscript α (+ or −) denotes the
charge sign of the particle. Conventionally v1 is called
“directed flow” and v2 “elliptic flow” [7]. If caused
by the CME, the parameter a1 will be nonzero with
a1,− = −a1,+ . However, from event to event, the signs of
the µ5 are equally likely, and the signs of finite a1,+ and
a1,− will flip accordingly, leading to ha1,+ i = ha1,− i = 0
on event average. One therefore has to search for the
CME with charge-separation fluctuations perpendicular
to the reaction plane, e.g., with a three-point correlator [8], γ ≡ hhcos(φα + φβ − 2ΨRP )iP iE , where the averaging is done over all particles in an event and over all
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FIG. 1: (Color online) Schematic depiction of the transverse
plane for a collision of two heavy ions (the left one emerging
from and the right one going into the page). Particles are
produced in the overlap region (green-colored nucleons). The
azimuthal angles of the reaction plane and a produced particle
used in the three-point correlator, γ, are depicted here.

events. In practice, the reaction plane is approximated
with the “event plane” (ΨEP ) reconstructed with measured particles, and then the measurement is corrected
for the finite event plane resolution.
The expansion of the γ correlator,
hhcos(φα + φβ − 2ΨRP )ii
= hhcos(∆φα ) cos(∆φβ ) − sin(∆φα ) sin(∆φβ )ii
= [hv1,α v1,β i + BIN ] − [ha1,α a1,β i + BOUT ],
(2)
reveals the difference between the in-plane and outof-plane projections of the correlations.
The first
term (hv1,α v1,β i) in the expansion provides a baseline unrelated to the magnetic field.
The background contribution (BIN − BOUT ) is suppressed to
a level close to the magnitude of v2 [8]. Previous
measurements from STAR and ALICE Collaborations
reported a robust charge-separation signal from the
opposite- and same-charge γ correlators (γOS > γSS )
in Cu+Cu/Au+Au/Pb+Pb/U+U collisions with the
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EVENT-SHAPE ENGINEERING

A valid ESE approach requires three key components.
First, a direct handle on the event shape is needed to
truly reflect the ellipticity of the particles of interest in
each event. This is not a trivial requirement, as will be
demonstrated later with a simple Monte Carlo simulation. Second, the flow background has to vanish when
the event-shape handle is turned to the zero-flow mode.
Here the AMPT model, which contains only backgrounds
but no signals, will serve the illustration purpose. Third,
the event selection by turning a proper handle should not
introduce an artificial background, or if it does, the impact has to be under control. To study this effect, we
will again use the simple simulation that contains only
signals but no backgrounds.

v2observe ≡ hhcos[2(φA − ΨB
EP )]iP iE .

(5)

The true v2 of particles in A (with respect to the true
reaction plane)
v2A ≡ hhcos[2(φA − ΨRP )]iP iE

(6)

will be obtained with v2observe /RB , where RB is the event
plane resolution of ΨB
EP [7]
RB ≡ hcos[2(ΨB
EP − ΨRP )]iE .

(7)

The single-bracket means the averaging over events. The
sub-event-plane method described above has been extensively used and proven by many to be valid on eventensemble average.
In the ESE implementation, it is tempting to introduce
an event-by-event “v2 ” observable,
observe
v2,ebye
≡ hcos[2(φA − ΨB
EP )]iP ,

(8)

and to define “spherical” class-A sub-events with the conobserve
= 0, as was done in Ref. [21]. Howdition that v2,ebye
observe
ever, zero v2,ebye does not necessarily mean that particles in A have zero v2A .
v2A

II.

For example, a flow analysis involves two sub-events, A
and B, and reconstructs the event plane ΨB
EP (the az→
imuthal angle of −
q B ), and then correlates particles in A
with ΨB
EP [7]:
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center-of-mass energy from 19.6 GeV to 2.76 TeV [9–
14]; see Ref. [15] for a recent review of the experimental
results. However, the apparent charge separation is still
contaminated with the v2 -related background. For example, owing to elliptic flow, there are more clusters flying in-plane than out-of-plane, which is irrelevant to the
CME, and the decays of the clusters (into particles with
opposite charges) will contribute to the charge separation
across the reaction plane. Similar scenarios have been
taken into consideration [16–18] where elliptic flow is coupled with transverse momentum conservation (TMC) or
local charge conservation (LCC).
Flow backgrounds could be potentially removed via
the event-shape-engineering (ESE) approach [19, 20],
whereby spherical events or sub-events are selected, so
that the particles of interest therein carry zero v2 . A
previous attempt was made with a charge-separation observable roughly equivalent to γ, as a function of eventby-event “observed v2 ” [21]. However, several issues in
this implementation prevent a clear interpretation of the
result. In Sec II, we offer a few caveats in the practice of
the ESE, and develop an effective scheme to restore the
CME signal with simplified Monte Carlo simulations and
a hybrid transport model (AMPT) [22, 23].
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In the analyses involving the reaction plane, it is common practice to divide particles in each event into two
or more sub-events, and each sub-event has its own flow
→
vector, −
q = (qx , qy ):
N
1 X
cos(2φi )
≡ √
N i

(3)

N
1 X
sin(2φi ).
qy ≡ √
N i

(4)

qx

−0.1

−0.05

0

0.05

0.1

0.15

0.2

vobserve
2, ebye

FIG. 2: The true elliptic flow v2A (as in Eq. 6) (a) and the
true event plane resolution RB (as in Eq. 7) (b) as functions of
observe
v2,ebye
(as in Eq. 8), from simplified Monte Carlo simulations.
observe
We study the relationship between v2A and v2,ebye
with
a simplified Monte Carlo simulation. In each event, the
azimuthal angle of each particle has been assigned randomly according to the distribution of Eq. (1). In this
Monte Carlo simulation, the only nonzero harmonics are
v2 = 5% and |a1,± | = 2%, and non-flow effects such
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v2A 6= v2,ebye
/RB ,
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bin. Therefore, even with the knowledge of R , it is unlikely to restore the value of an observable with respect to the true reaction plane in the
observe
v2,ebye
-binning scheme. The factorization assumption
underlying the correction for the event plane resolution
is valid on event-ensemble average, but breaks down on
observe
basis.
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Counts

A good handle on event shape should directly reflect
the sphericity property of the particles of interest, independent of the beholder. One candidate is q, the magnitude of the flow vector (as in Eqs. (3) and (4)) reconstructed with particles in the sub-event A. By definition,
q has no explicit contributions from the sub-event B or
the reaction plane. In reality, there could be implicit
correlations between q and ΨB
EP due to flow fluctuations,
which will be discussed in Sec II B. Figure 3(b) presents
the Monte Carlo simulation results of the true elliptic
flow v2A and the corrected observable v2observe as functions
of q. On the q basis, the correction for the event plane
resolution is valid, and both v2 values approach zero at
vanishing q. Note that the success in a simple simulation does not guarantee the success in real-data analyses,
which can be complicated by various realistic factors, but
observe
if an approach (like the v2,ebye
basis) fails even in a simple simulation, it should definitely be avoided in data
analyses.

Counts

as TMC, LCC and resonance decay have not been implemented. In other words, there are only elliptic flow
and the charge separation due to the CME, but no background contributions. Each of the 10 million simulated
events contains 400 charged particles, with 200 positively
charged and 200 negatively charged.
Figure 2 presents the simulation results of v2A (a) and
B
R (the event plane resolution of ΨB
EP ) (b) as functions
observe
of v2,ebye
. The v2A and RB values, respectively, have
observe
been averaged over events within the same v2,ebye
bin.
The upper panel displays an interesting U-shape in v2A
observe
vs v2,ebye
, with the minimum above zero. This means
that truly spherical class-A sub-events can never be seobserve
lected no matter how the v2,ebye
handle is turned. Or
at least, the sphericity of particles in A depends on the
choice of the beholder (ΨRP or ΨB
EP ), if the event-by-event
“v2 ” observable is the selection criterion. Worse still is
the fact exhibited in the lower panel that RB strongly
observe
depends on v2,ebye
, and could become negative. This
makes it highly nontrivial to correct for the event plane
A
resolution, when the same ΨB
EP is used to calculate v2
A
observe
or γ differentially as a function of v2,ebye . In reality,
the negative RB values are hardly extractable. The more
disturbing caveat comes from the combined information
from both panels:
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FIG. 4: The distribution of q 2 (a), and the true elliptic flow v2A
and the corrected v2observe as functions of q 2 (b), from Monte
Carlo simulations.
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FIG. 3: The distribution of q (a), and the true elliptic flow v2A
and the corrected v2observe as functions of q (b), from Monte
Carlo simulations.

q is a good handle on event shape, but not as good
as q 2 . q 2 = 0 implies q = 0, so q 2 naturally inherits the
capability of selecting spherical sub-events in terms of the
second harmonic. Moreover, Fig. 4(b) displays a closeto-linear relationship between v2A (v2observe /RB ) and q 2 at
low q 2 , which makes it more reliable to project γA to q 2 =
0, to remove v2 -related backgrounds. Another advantage
of q 2 over q lies in their distributions, shown in Fig. 3(a)
and Fig. 4(a). The q distribution peaks around unity, and
rapidly drops on both sides. This feature means lower
statistics towards lower q, so the projection of an eventby-event observable to q = 0 becomes unstable. On the
other hand, the q 2 distribution is shifted in phase space
towards zero, facilitating a statistically robust projection
to zero q 2 .

4
matters more that both v2 values decrease with decreasing q 2 , and drop to (0, 0).
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FIG. 6: (Color online) Npart × γ (a) and Npart ∆γ (b) as functions of q 2 , from AMPT simulations. The full (open) symbols
represent results obtained with the true reaction plane (reconstructed event plane, with correction for the event plane
resolution). The solid (dashed) line in the lower panel is a
2nd -order polynomial fit of the full (open) data points.
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R
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The AMPT model [22, 23] is a realistic event generator that has been widely used to describe experimental
data. The string melting version of AMPT [23, 24] reasonably well reproduces particle spectra and elliptic flow
√
in Au+Au collisions at sNN = 200 GeV and Pb+Pb
collisions at 2.76 TeV [25]. The CME is not included in
AMPT, which simplifies the background study. 10 million AMPT events are generated for 200 GeV Au+Au
collisions. Each event is divided into three sub-events
according to particle pseudorapidity (η): sub-event A
contains particles of interest with |η| < 1.5, and subevent B1 (B2) provides a sub-event plane using particles
B2
with 1.5 < η < 4 (−4 < η < −1.5). ΨB1
EP and ΨEP are
separately used to calculate v2 or γ, and the two sets
of results are combined to achieve better statistics. The
corresponding sub-event plane resolution is obtained via
correlation:
q
B2
RB1(B2) ≡ hcos[2(ΨB1
(10)
EP − ΨEP )]iE .
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FIG. 5: The sub-event plane resolution (as in Eq. 10) (a),
and the true elliptic flow v2A and the corrected v2observe (b), as
functions of q 2 , from AMPT simulations.

Figure 5 shows the sub-event plane resolution (a), and
the true elliptic flow v2A and the corrected v2observe (b),
as functions of q 2 , from AMPT simulations of 20 − 60%
√
Au+Au collisions at sNN = 200 GeV. Unlike the simplified Monte Carlo simulation in which RB is constant over
q 2 , AMPT events involve flow fluctuation that causes a
positive correlation in flow between sub-events in a same
event, and as a result, RB1(B2) increases with q 2 . The
lower panel displays a discrepancy between v2A and the
corrected v2observe , which is not a sign of the breakdown of
the underlying factorization assumption, but due to the
difference between the reaction plane and the participant
plane [26], in terms of non-flow and flow fluctuation. It

Figure 6(a) presents the γ correlators multiplied by
the number of participating nucleons, Npart , as functions
of q 2 , for 20 − 60% AMPT events of Au+Au collisions
at 200 GeV. Here Npart is used to compensate for the
dilution effect due to the later-stage rescattering [27].
For both the same-charge and the opposite-charge correlators, the true γ A and the corrected γ observe are consistent with each other within the statistical uncertainties. This indicates that compared with v2 , γ better supports the validity of the correction for the event plane
resolution, and is less sensitive to non-flow or flow fluctuation. At larger q 2 , the opposite-charge correlators
are above the same-charge correlators, suggesting a finite flow-related background. The opposite- and samecharge correlators converge at small q 2 . The lower panel
shows Npart ∆γ ≡ Npart (γOS − γSS ) vs q 2 , and again, the
two observables seem to coincide. 2nd -order polynomial
fits to both observables yield small intercepts that are
consistent with zero: (−4.5 ± 6.7) × 10−4 for Npart ∆γ A
and (−3.3 ± 10.6) × 10−4 for Npart ∆γ observe /RB1(B2) .
The finite ∆γ values in AMPT events are solely due to
background contributions, so the disappearance of background is demonstrated when the “correctable” observable (∆γ) is projected to zero q 2 . Here the 2nd -order
polynomial fits only serve for illustration purposes, and
the optimal projection scheme is subject to the details of
the measured ∆γ(q 2 ).
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The study of the physical relationship between two observables has to obviate the mathematical correlation between their definitions. For example, when γebye is plotted against v2,ebye (for simplicity, both are obtained with
the true reaction plane), a finite slope often exists even
if there are no explicit physical correlations between the
two. This can be understood by expanding γebye :
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where C is an event-ensemble-averaged quantity, and
δebye ≡ hcos(φα − φβ )iP , is the two-particle correlation,
which contains various contributions such as a1,α a1,β ,
resonance decay, TMC, LCC, etc. δ is usually finite,
leading to a finite apparent slope in γebye vs v2,ebye , which
could be misinterpreted as a physical relationship. The
coefficient “2” in front of δebye v2,ebye reflects the contributions from both the hcos(...) cos(...)i term and the
− hsin(...) sin(...)i term. Without loss of generality, we
apply the initial condition that on event-ensemble average γαβ is −a1,α a1,β , and thus the quantity C becomes
−a1,α a1,β − 2δv2 .
As discussed in Sec. II B, the flow background disappears when q 2 = 0, therefore any finite ∆γ signal at zero
q 2 in experimental measurements will evidence a charge
separation truly due to the CME. However, a finite signal
at zero q 2 is not necessarily equal to the event-ensembleaveraged signal. Fig. 7 illustrates the artificial effect with
the simplified Monte Carlo simulation, where the input
|a1 | and v2 are fixed at 2% and 5%, respectively, and
there are no backgrounds or explicit physical correlations
between |a1 | and v2 . The absence of background validates δSS = −γSS and δOS = −γOS . Although the eventensemble average of γSS (γOS ) is −4 × 10−4 (4 × 10−4 ),
the apparent value at zero q 2 exaggerates the charge separation by relative 2v2 (10% in this case), as described
by Eq. 11.
Figure 8 sketches our proposal to experimentally reveal the true CME signal via the ESE. First, the proper
handle on event shape, q 2 , is employed for the particles
of interest in each event. Second, the flow background is
removed by projecting the charge-separation observable
to zero q 2 . Third, the event-ensemble-averaged CME signal is restored from ∆γebye |q2 =0 /(1 + 2v2 ). This scheme
is not unique to the γ correlator, and could be applied
to other similar observables, such as the modulated sign
correlator (MSC) [11] and the charge multiplicity asymmetry correlator (CMAC) [21].
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FIG. 7: (Color online) γ obtained with the true reaction plane
as a function of q 2 , from the Monte Carlo simulation. The
solid lines are linear fits of the points.
γ os - γ ss

γebye ≡ hcos(φα + φβ − 2ΨRP )iP
= hcos[(φα − φβ ) + 2(φβ − ΨRP )]iP
= hcos(φα − φβ ) cos[2(φβ − ΨRP )]iP
− hsin(φα − φβ ) sin[2(φβ − ΨRP )]iP
≈ 2δebye v2,ebye + C,
(11)

remove flow backgrounds
2a21(1+2v2)

restore ensemble average of signal

2a21

q2

0

FIG. 8: A schematic diagram of how to reveal the ensembleaveraged CME signal via the ESE.

III.

SUMMARY AND DISCUSSION

The experimental searches for the CME in heavyion collisions have aroused extensive attention, and
special efforts are warranted to disentangle the CMEinduced charge-separation signal from the flow-related
backgrounds. We have disclosed a few shortcomings of a
observe
previous attempt of the ESE with v2,ebye
[21]. The root
observe
cause lies in the fact that v2,ebye is a correlation between
two symmetric sub-events, instead of a property of any
observe
sub-event. Therefore, the selection of a given v2,ebye
value triggers an event-shape bias in either sub-event,
making neither suitable to serve as an unbiased event
observe
plane. For example, v2,ebye
= 0 implies that the two subA
◦
event planes, ΨEP and ΨB
EP , are ±45 from each other,
and neither sub-event has to be spherical. In this case,
when one sub-event (A) is beheld by the other (B), which
is either 45◦ or −45◦ away (not necessarily with equal

6
possibility), the sense of being in-plane or out-of-plane is
impaired, because the two possible scenarios of ΨB
EP are
perpendicular to each other. As a result, the observed
observe
charge separation is artificially reduced at v2,ebye
= 0.
The magnitude of the flow vector, q, or even better,
q 2 , emerges to be a good handle on event shape. q or q 2
directly reflects the sphericity property of the sub-event
of interest, and zero q selects spherical sub-events in the
second harmonic. q 2 is technically better than q, because
q 2 is almost proportional to v2 at low q 2 , and the q 2 distribution favors the projection of γ to zero q 2 . The AMPT
model has been exploited to verify the disappearance of
flow backgrounds at zero q 2 , and simplified Monte Carlo
simulations have been utilized to study the artificial correlations in the ESE process. Based on these findings,
we have designed an effective recipe to experimentally
remove flow backgrounds and restore the event-ensemble
average of the CME signal.
The ESE approach proposed in this work may be in-

validated by an extreme scenario [30], where an in-planegoing resonance decays into a positive particle at 45◦ and
a negative particle at −45◦ . The “charge separation” introduced this way will add to ∆γ, while the two daughters together have no contribution to q. In other words,
even at q = 0, the background from such flowing resonance will not completely vanish. However, the AMPT
model includes realistic resonance yields, and does not
display a significant effect at q 2 = 0, as shown in Fig. 6.
Therefore, we conclude that such an effect seems to be a
rare case.
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