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Sensitivity analysis for observables of the chiral magnetic effect using a multiphase transport model
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Because the traditional observable of charge-dependent azimuthal correlator γ contains contributions from
both the chiral magnetic effect (CME) and its background, a new observable of R�m was recently proposed
which is expected to be able to distinguish the CME from the background. In this study, we apply two methods to
calculate R�m using a multiphase transport model without or with introduction of a percentage of CME-induced
charge separation. Our results show that the shape of final R�2 distribution is flat for the case without the CME,
but concave for that with an amount of the CME because the initial CME signal survives from strong final state
interactions. By comparing the responses of R�2 and γ to the strength of the initial CME signal, we observe
that both observables show nonlinear sensitivities to the CME because of the existence of strong final state
interactions.
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I. INTRODUCTION

Relativistic heavy-ion collisions provide us a unique way
to explore the nature of quark gluon plasma (QGP) experi-
mentally [1,2]. In order to probe the QGP, many observables
have been studied experimentally, such as jet quenching [3–5]
and collective flow [6–9]. Recently, the chiral magnetic effect
(CME) was proposed as a good observable which reveals
some topological and electromagnetic properties of the QGP.
In the early stage of relativistic heavy-ion collisions, an
extremely large magnetic field can be created which can
induce an electric current along the strong magnetic field
for chirality imbalanced domains with a nonzero topological
charge inside the QGP, i.e., the chiral magnetic effect [10–14].
The transitional observable to detect the CME is a charge-
dependent azimuthal correlator, γ = 〈cos(φα + φβ − 2�RP )〉,
which has been widely investigated both experimentally and
theoretically [15–21]. Unfortunately, the observable cannot
distinguish the CME signal from the large background clearly
[22–29], because many kinds of backgrounds can contribute
to γ [25,27]. Recently, a new observable, namely the shape of
R�m , has been proposed to be a more sensitive probe to search
for the CME signal. Many studies of the R�m observable have
been reported [30–34]. For examples, some studies show that
the shape of the R�m distribution is convex due to background
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but concave due to the CME [31,32], but another study shows
that R�m could be also concave due to the background only
[34]. Therefore, the effectiveness and practicability of the new
observable R�m are still being debated. On the other hand,
because the lifetime of magnetic field may be quite short due
to the limited conductivity of QGP [35–37], it is questionable
whether the CME signal formed in the early stage can survive
from strong final state interactions since relativistic heavy-
ion collisions actually involves many final dynamic evolution
stages. It has been found out that a multiphase transport model
(AMPT) is a good way to study the interplay between the
CME and final state interactions in relativistic heavy-ion col-
lisions [38–40]. Ma et al. [38] demonstrated that a 10% initial
charge separation due to the CME can describe experimental
data of the γ correlator in Au+Au collisions at 200 GeV,
but only 1–2% of charge separation can remain finally due to
strong final state interactions. In this study, we investigate the
new observable of R�m with two versions of the AMPT model:
the original AMPT model which contains backgrounds only
and the AMPT model with not only backgrounds but also a
CME-induced charge separation. We compare the shapes of
R�m distributions from the pure background case and the CME
case with background. We also study the relationship between
the strength of the CME between R�m and γ in order to reveal
the sensitivities of the two observables to the CME.

This paper is organized as follows. We will introduce our
methods of calculating R�m and how to introduce a CME-
induced charge separation into the AMPT model in Sec. II.
Our results and discussion are presented in Sec. III.
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II. MODEL AND CALCULATION METHOD

A. The AMPT model

A multiphase transport model, AMPT, has been exten-
sively used to investigate the physics of relativistic heavy-ion
collisions [41–46]. In order to study the observable R�m ,
we simulated Au+Au collisions at 200 GeV with the new
version of the AMPT model with a string melting mechanism.
There are four main stages in the AMPT model [41]: the
initial conditions, parton cascade, conversion from partonic to
hadronic matter, and hadronic rescatterings. The initial condi-
tions mainly simulate the spatial and momentum distributions
of minijet partons from QCD hard processes and soft string
excitations by using the HIJING model [47,48]. The parton
cascade describes strong interactions among partons through
elastic partonic collisions only which are controlled by a par-
tonic interaction cross section (we chose it to be 3 mb.) [49].
When all partons stop interacting, the AMPT model simulates
hadronization by coalescence, i.e., converting two nearest
partons into a meson and three nearest quarks into a baryon.
Finally, the relativistic transport model (ART) model is used
to simulate baryon-baryon, baryon-meson, and meson-meson
reactions in hadronic rescatterings [50]. In our calculations,
we use the newest version in which we have fixed the problem
of the violation of charge conservation [51] by fixing all
hadronic reaction channels. Since there is no chiral magnetic
effect in the original AMPT model, we need to introduce
an additional CME-induced charge separation into the initial
conditions in order to study the CME-related physics. In a pre-
vious work [38], the CME signal was successfully introduced
into the AMPT model by switching the py values of a per-
centage of the downward moving u (d̄) quarks with those of
the upward moving ū (d) quarks to thus produce a charge
dipole separation in the initial conditions. In this work, we
follow the same procedure. In our convention, we always
choose the x axis along the direction of impact parameter b
from the target center to the projectile center, the z axis along
the beam direction, and the y axis perpendicular to the x and z
directions. The percentage of initial charge separation is used
to adjust strength of the CME. The percentage f is defined as

f = N+(−)
↑(↓) − N+(−)

↓(↑)

N+(−)
↑(↓) + N+(−)

↓(↑)

, (1)

where N is the number of a given species of quarks, + and
− denote positive and negative charges, respectively, and ↑
and ↓ represent their directions of movement along the y axis.
Note that the relation between our f and a1 is f = (4/π )a1,
where a1 is the coefficient of sin φ term in the Fourier ex-
pansion of the particle azimuthal angle distribution. By taking
advantage of two settings of AMPT model, i.e. without and
with introduction of the CME, we next will apply the new
observable R�m to systemically investigate how it works for
searching for the CME.

B. Calculation methods

Two methods, the mixing-particle method [30] and the
shuffling-particle method [31], are used to calculate the
new observable of R�m for Au+Au collisions at 200 GeV

(30–50%). Because the definition of R�m is based on another
observable C�m , we first show the formulas for calculating C�m

in the mixing-particle method as follows [30]:

〈Sp+〉 = 1

Np

Np∑
1

sin

(
m

2
(φ+

p − �m)

)
, (2)

〈Sn−〉 = 1

Nn

Nn∑
1

sin

(
m

2
(φ−

n − �m)

)
, (3)

�S = 〈Sp+〉 − 〈Sn−〉, (4)

where φ is the azimuthal angle of a particle, �m is the mth-
order event reaction plane, superscript + and − signs indicate
the particles’ charges, and Np and Nn represent the total num-
ber of positive and negative charged particles, respectively.
For m = 2, the distribution of �S is expected to be broadened
due to the existence of the CME.

In the mixing-particle method, to make a corresponding
reference of �S, which is denoted as �Smix, we select the
same number of particles as for �S but ignore their charges,
and we can do similar calculations as follows:

〈Spmix〉 = 1

Np

Np∑
1

sin

(
m

2

(
φmix

p − �m
))

, (5)

〈Snmix〉 = 1

Nn

Nn∑
1

sin

(
m

2

(
φmix

n − �m
))

, (6)

�Smix = 〈Spmix〉 − 〈Snmix〉. (7)

where we use superscript “mix” to sign mixing particles’
charges. Then we can get C�m by taking the ratio of the
distribution of �S [N (�S)] and the distribution of �Smix

[N (�Smix)]:

C�m (�S) = N (�S)/N (�Smix), m = 2, 3, . . . . (8)

On the other hand, by shifting the �m to �m + π/m,
C⊥

�m
(�S) is expected to only reflect the background of the

CME. We replace �m with �m + π/m in the above formulas;
C⊥

�m
(�S) can be obtained as follows:

〈S⊥
p+〉 = 1

Np

Np∑
1

sin

[
m

2

(
φ+

p − �m − π

m

)]
, (9)

〈S⊥
n−〉 = 1

Nn

Nn∑
1

sin

[
m

2

(
φ−

n − �m − π

m

)]
, (10)

�S⊥ = 〈S⊥
p+〉 − 〈S⊥

n−〉, (11)

〈S⊥
pmix〉 = 1

Np

Np∑
1

sin

[
m

2

(
φmix

p − �m − π

m

)]
, (12)

〈S⊥
nmix〉 = 1

Nn

Nn∑
1

sin

[
m

2

(
φmix

n − �m − π

m

)]
, (13)

�S⊥
mix = 〈S⊥

pmix〉 − 〈S⊥
nmix〉, (14)

C⊥
�m

(�S) = N (�S⊥)/N (�S⊥
mix), m = 2, 3, . . . . (15)

In the other method, the shuffling-particle method, the
formulas are same as those of mixing-particle method except
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FIG. 1. C�2 , C⊥
�2

, and R�2 in Au+Au collisions at 200 GeV (30–50%) from the AMPT model without or with the CME based on two
different methods, where method I and method II represent the mixing-particle method and the shuffling-particle method, respectively.

for the definitions of �Smix and �S⊥
mix. In the above mixing-

particle method, �Smix and �S⊥
mix are obtained by ignor-

ing charges when mixing all particles. But in the shuffling-
particle method, they are obtained by reshuffling the charges
of charged particles, denoted as �Sshuffle and �S⊥

shuffle. The
two methods have the same goal to eliminate any charge-
related correlation when selecting particles by either ignoring
or reshuffling charges, which are expected to provide a good
background reference since all selected particles are charge-
blind from a same event.

For both methods, once we get C�m (�S) and C⊥
�m

(�S),
R�m (�S) [31,32,34] is obtained as

R�m (�S) = C�m (�S)/C⊥
�m

(�S). (16)

The shape of R�m (�S) is expected to be sensitive to whether
the CME exists or not. In our work, we will calculate R�m (�S)
with the two methods with the AMPT model without and
with introduction of a CME-induced charge separation, and
the detailed results will be presented in Sec. III.

III. RESULTS AND DISCUSSIONS

In this work, we selected particles with transverse mo-
menta 0.35 < pT < 2.0 GeV/c and pseudorapidity −1.0 <

η < 1.0 to calculate C�m , C⊥
�m

, and R�m . As for �m, the
information of coordinate space in the initial stage is used
for its reconstruction [52]. Two methods are both applied for
calculating R�m . The results are presented in Sec. III A. In
order to investigate the relationship between R and the CME
strength, the dependences of the CME observables on initial
charge separation percentage have also been calculated, and
are presented Sec. III B.

A. C�2 , C⊥
�2

, and R�2

Since the original AMPT model does not include the
CME, we can calculate R�2 through it to study the pure
background effect. On the other hand, R�2 from the AMPT
model that introduces the CME can help us find the CME
signal apart from the background. The results are presented
in Fig. 1, which shows C�2 , C⊥

�2
, and R�2 from the AMPT

model without or with introduction of an initial CME-induced
charge separation based on two methods, where method I
denotes the mixing-particle method and method II denotes the
shuffling-particle method. We found that our results from the
two methods are consistent with each other. For the original
AMPT model without the CME, C�2 and C⊥

�2
are convex, and

R�2 is flat, in terms of their shapes. On the other hand, for the

FIG. 2. C�2 , C⊥
�2

, and R�2 in Au+Au collisions at 200 GeV (30–50%) for different evolution stages of the original AMPT model without
the CME.
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FIG. 3. C�2 , C⊥
�2

, and R�2 in Au+Au collisions at 200 GeV (30–50%) from different evolution stages of the AMPT model with a 10%
initial CME-induced charge separation.

AMPT model with introduction of a 10% of CME-induced
initial charge separation, C�2 and C⊥

�2
are convex, and they are

broadened differently due to the CME which makes the shape
of R�2 concave finally. From Fig. 1, our results show that C�2

and C⊥
�2

are convex no matter whether there is the CME or not.
However, our R�2 is flat with background only, but it becomes
concave when introducing a 10% initial CME-induced charge
separation.

From the results in Fig. 1, we can see R�2 can be a
probe to distinguish the CME signal from the background. To
understand why R�2 can work for searching for the CME, we
further study the stage evolution of C�2 , C⊥

�2
, and R�2 for the

four stages of heavy-ion collisions in the AMPT model. The
results of original AMPT without the CME are presented in
Fig. 2. We can see that C�2 , C⊥

�2
are flat at the initial stage,

and then convex at the stage after parton cascade. After the
coalescence, C�2 and C⊥

�2
both tend to be flat, but they become

more convex after hadronic rescatterings. However, as the
ratio of C�2 and C⊥

�2
, R�2 is always flat and around unity from

initial stage to after hadronic rescatterings.
At the same time, we also calculated the stage evolution

of C�2 , C⊥
�2

, and R�2 for the AMPT model with the CME. As
presented in Fig. 3, C�2 , C⊥

�2
, and R�2 are most concave at the

initial stage due to introduction of the CME. Then after parton

cascade, the three results are still concave but the magnitude
is weakened compared to that at initial stage, due to the strong
parton cascade. At the stage of after coalescence, the three
results tend to become flat. After hadronic rescatterings, C�2

and C⊥
�2

become convex while R�2 becomes concave. In this
way, the concave shape due to the CME survives from the
final state interactions, which gives us a chance to search for
the CME by using the new observable of R�2 . In a previous
work, Ma et al. [38] also investigated the evolution of the γ

observable in the AMPT model, which shows that final state
interactions strongly weaken the initial CME-induced charge
separation. Our results indicates that the CME signal in R�2

suffers a fate similar to that of the γ observable, i.e., the CME
signal from the initial stage is weakened because of final state
interactions [38]

B. C�3 , C⊥
�3

, and R�3

We also study R�3 , which is defined with respect to the
third-order event plane �3. As the direction of magnetic
field is expected to be uncorrelated to �3, some research
[31] indicates that R�3 from the background cannot identify
the CME signal and background. Therefore, we calculated
R�3 using the original AMPT model and the AMPT model

FIG. 4. C�3 , C⊥
�3

, and R�3 in Au+Au collisions at 200 GeV (30–50%) from the AMPT model without the CME and with a 10% initial
CME-induced charge separation.
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FIG. 5. C�2 , C⊥
�2

, and R�2 in Au+Au collisions at 200 GeV (30–50%) from the AMPT model without the CME and with different
percentages of initial CME-induced charge separation.

introducing the CME. The results are shown in Fig. 4; we can
see that C�3 and C⊥

�3
are convex, R�3 are flat. The results from

the original AMPT model are same as those from the AMPT
model with the CME, which confirms that R�3 is indeed not
sensitive to the CME.

C. Sensitivity to the CME

In previous work, Ma et al. [38] studied relationship be-
tween the traditional observable of γ and the initial charge
separation percentage due to the CME through the AMPT
model, which indicates that γ is not linearly responsive to
the initial charge separation percentage when considering final
state interactions. This indicates that only when the charge
separation percentage is large enough, e.g., more than 5%, can
the effect on γ from the CME become visible. It is interesting
to also study how sensitive to the CME the new observable of
R�2 is.

Figure 5 shows our results of C�2 , C⊥
�2

, and R�2 from the
AMPT model with different initial charge separation percent-

ages. The results from the original AMPT model without the
CME are similar to those from the AMPT model with 2.5%
initial charge separation, where R�2 are both flat within the
error bars. When introducing a 5% initial charge separation
into the AMPT model, C�2 become wider than the C�2 with
2.5% initial charge separation, which makes R�2 tend to
be concave. With increases of the initial charge separation
percentage increases, C�2 becomes wider and wider, and
concave R�2 becomes narrower and narrower. Within our
current event statistics (2 million events for each case), our
results show that when the initial charge separation percentage
is larger than 5%, the shape of R�2 starts to be sensitive to the
CME. However, since heavy-ion experiments have many more
events than our models, it is possible for experimentalists to
measure an even smaller percentage of CME signal based on
a larger event data sample.

In order to compare the sensitivities to the CME between
γ and R�2 , we study how they depend on the initial charge
separation percentage. In Fig. 6(a), we show that the γ and
�γ have nonlinear responses to the initial charge separation

FIG. 6. The initial charge separation percentage dependences of final γ and �γ (a), and the widths of C�2 , C⊥
�2

, and R�2 (b) in Au+Au
collisions at 200 GeV (30–50%).
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percentage. The γ and �γ from the AMPT with a 2.5%
initial charge separation are almost same as those from the
original AMPT model (0%). γ and �γ from the AMPT model
with a 5.0% initial charge separation are slightly different
from those with 0% and 2.5%, which indicates it is difficult
to use γ to detect the CME if the initial charge separation
percentage is very small. When the initial charge separation
percentage increases from 5% to 10%, the γ and �γ start to
increase with the initial charge separation percentage, which
is consistent with the previous results from Ma et al. [38]. Fig-
ure 6(b) shows the width σ of C�2 , C⊥

�2
, and R�2 distributions

for different initial charge separation percentages in Au+Au
collisions (30–50%), where we apply a Gaussian function to
fit the distributions of C�2 , C⊥

�2
, and R�2 .We can see that the

width of C�2 increases but that of C⊥
�2

changes little, so the
width of R�2 decreases, when the initial charge separation
percentage is larger than 5%. Note that the width of R�2 for
2.5% is not plotted because the distribution of R�2 for 2.5%
is so flat that we cannot extract the width by our fitting within
our current event statistics. On the other hand, R�2 shows a
flat shape for the background only, which indicates that a large
number of event statistics are required to discriminate a small
CME signal from the background. Through the comparison
based on the current statistics, our results indicate that both
γ and R�2 start to be sensitive when the initial charge sep-
aration percentage becomes large enough (more than ≈5%)
since strong final state interactions suppress the initial CME
signal.

IV. SUMMARY

We have studied the chiral magnetic effect with the new
observable of R�m within the framework of a multiphase
transport model without and with inrtoduction of CME-
induced charge separation. The results from the mixing-
particle method and the shuffling-particle method are consis-
tent with each other. Our results show that the shape of the
R�2 distribution is flat for the background only, while it can be
concave with some amount of CME. But R�3 is not sensitive
to the CME. We also present the stage evolution of the R�2

distribution, which indicates that the initial CME signal is
weakened by strong final state interactions, similarly to the
traditional observable of γ . We compare the sensitivities to the
CME between R�2 and γ , which indicates that both of them
have nonlinear responses to the CME because of the existence
of strong final state interactions.
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