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v Introduction:
ü Anomalous Transport in the QGP

Ø The detection and characterization of both the dipole and  quadrupole charge 
separations are paramount

Ø The CME drives a dipole charge 
separation along the B-field 
ü leads to a “dipole moment” in the 

azimuthal distribution of the 
produced charged hadrons:

The interplay between the CSE and CME can 
lead to the production of a gapless collective 
mode or Chiral Magnetic Wave (CMW) 

ü Stems from the coupling between the density 
waves of the electric and chiral charges

Dmitri E. Kharzeev and Ho-Ung Yee, 
Phys. Rev. D83, 085007 (2011)

CMW

The CMW transports positive (negative)
charges out-of-plane and negative
(positive) charges in-plane to form an
electric quadrupole.
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v Introduction:
Prior quadrupole charge separation measurements

Background can account for a part, if not all, of the observed charge 
separation signal with this correlator:

ü Could one make a discerning measurements with a different 
correlator?

A pervasive approach is to measure the elliptic flow difference between 
negatively- and positively charged particles as a function of charge asymmetry

A purely background scenario can 
give a similar dependence
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v The extended 𝑅#$
(&) correlator
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𝑆"#$ % =
∑&
'𝑤'sin 𝑑 ∆𝜑

𝑤'

𝑆"#( % =
∑&)𝑤)sin 𝑑 ∆𝜑

𝑤)

𝑁 ∆𝑆% = N( 𝑆"#$ % − 𝑆"#( *)

∆𝜑 = 𝜑 − Ψ#

Sensitive to charge separation 
(Signal and Background):

𝑆"#$ %
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∑&
'𝑤'cos 𝑑 ∆𝜑
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𝑁 ∆𝑆% ./
+

𝑁 ∆𝑆+ , = N 𝑆#$/ +
, − 𝑆#$1 +

,

𝑤0: charge-dependent detector 
acceptance

p/n: number of positive/negative 
hadrons per event

Shuffling of charges within an event breaks the charge separation 
sensitivity:

𝑁 ∆𝑆% ./ = N 𝑆"#$ % − 𝑆"#( * 12 𝑁 ∆𝑆% + = 𝑁 𝑆"#$ %
+ − 𝑆"#( %

+
./

N. Magdy, et al. Phys.Lett.B 811 (2020) 135986
N. Magdy, et al. Phys.Rev.C 98 (2018) 061902
N. Magdy, et al. Phys.Rev.C 97 (2018) 061901
D. Shen,    et al. Phys.Rev.C 100 (2019) 064907

d = 2 for quadrupole charge separation
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Type-II dominates

D. Shen, et al. 
PRC 100, 064907 (2019)

Ø The AMPT used to simulate the charge quadrupole moment 
resulting from the CMW effect. 

v The 𝑅#8
$ ∆𝑆$ [quadrupole correlator]

Ø The charge quadrupole shifts the distribution mean value
ü A stronger shift for large input signal

N. Magdy, et al. 
PLB 811 135986 (2020)

N. Magdy, et al. Phys.Lett.B 811 (2020) 135986
D. Shen,    et al. Phys.Rev.C 100 (2019) 064907
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Fig. 1. Simulated N(!S ′′
2)⊥ distributions (with respect to "2) for several input values of quadrupole charge separation characterized by fq (a-c); comparison of the C∥

"2
(!S ′′

2)

and C⊥
"2

(!S ′′
2) correlation functions for the same values of fq (d-f). The simulated results are for 10-50% Au+Au collisions at √sNN = 200 GeV.

We simulated Au+Au collisions at √sNN = 200 GeV with the 
same AMPT model version used in our prior studies [40–42]; this 
version incorporates both string melting and local charge con-
servation. In brief, the model follows four primary stages: (i) an 
initial-state, (ii) a parton cascade phase, (iii) a hadronization phase 
in which partons are converted to hadrons, and (iv) a hadronic 
re-scattering phase. The initial-state essentially simulates the spa-
tial and momentum distributions of mini-jet partons from QCD 
hard processes and soft string excitations as encoded in the HIJING 
model [50,51]. The parton cascade considers the strong interac-
tions among partons via elastic partonic collisions [52]. Hadroniza-
tion is simulated via a coalescence mechanism. After hadroniza-
tion, the ART model is invoked to simulate baryon-baryon, baryon-
meson and meson-meson interactions [53].

A formal mechanism for generation of the CMW is not im-
plemented in the AMPT model. However, a proxy CMW-induced 
quadrupole charge separation can be implemented [43,54] by in-
terchanging the position coordinates (x, y, z) for a fraction ( fq) 
of the in-plane light quarks (u, d and s) carrying positive (nega-
tive) charges with out-of-plane quarks carrying negative (positive) 
charges, at the start of the partonic stage. This procedure lends 
itself to two quadrupole charge configurations, relative to the in-
plane and out-of-plane orientations. The first or Type (I), is for 
events with negative net charge (Ach < −0.01) in which the u and 
d̄ are set to be concentrated on the equator of the quadrupole (in-
plane), while d and ū quarks are set to be concentrated at the 
poles of the quadrupole (out-of-plane). The second or Type (II), is 
for events with positive net charge (Ach > −0.01) in which the 
in-plane and out-of-plane quark configurations are swapped. The 
latter configuration was employed for the bulk of the AMPT events 
generated with the proxy input signals. The magnitude of these 
signals is set by the fraction fq , which serves to characterize the 
strength of the quadrupole charge separation.

The AMPT events with varying degrees of quadrupole signals 
were analyzed with the R(2)

"2,3
(!S2) correlators to identify and 

quantify their response to the respective input signals. The analysis 
included charged particles with |η| < 1.0 and transverse momen-
tum 0.2 < pT < 2 GeV/c. To enhance the statistical significance 
of the measurements, the participant plane "m was determined 
with charged hadrons in the range 2.5 < η < 4.0. The quadrupole 
charge separation of charged hadrons in |η| < 1.0 were then mea-

sured relative to "m and corrected for particle number fluctuations 
(!S ′

2 = !S2/σ!Sh ) and event-plane resolution (!S ′′
2 = !S ′

2δRes), as 
described earlier.

The top panels of Fig. 1 confirm the Gaussian distributions for 
N(!S ′′

2)⊥ as expected from the central limit theorem. They also 
indicate a shift in the mean value as fq increases; the mean value 
is ∼ zero for fq = 0 (a) and progressively shifts to !S ′′

2 < 0 for 
fq > 0 (b and c). These shifts reflect the charge-dependent v2
[cf. Eq. (6 ) for "m + π/md] which results from an interchange 
of the position coordinates for a fraction ( fq) of the in-plane 
light quarks/anti-quarks carrying negative charges with out-of-
plane quarks/anti-quarks carrying positive charges, at the start of 
the partonic stage in the AMPT model. These signal-induced shifts 
for fq > 0, are made more transparent in Figs. 1 (d)-(f) where the 
shift of C⊥

"2
(!S ′′

2) relative to the C∥
"2

(!S ′′
2) correlation function is 

apparent cf. Fig. 1 (f).
The R(2)

"2
(!S ′′

2) and R(2)
"3

(!S ′′
2) correlators, obtained for several 

input values of fq , are shown in Fig. 2. They indicate an essen-
tially flat distribution for R(2)

"3
(!S ′′

2) irrespective of the value of 
fq . These patterns are consistent with the expected insensitivity
of R(2)

"3
(!S ′′

2) to CMW-driven charge separation due to the absence 
of a strong correlation between the B⃗-field and the orientation of 
the "3 plane. Figs. 2 (a)-(f) show that the R(2)

"2
(!S ′′

2) correlator 
evolves from a flat distribution for fq = 0, to an approximately lin-
ear dependence on !S ′′

2 (for |!S ′′
2| ! 3) with slopes that reflect 

the increase in the magnitude of the input CMW-driven charge 
separation with fq . These patterns not only confirm the input 
quadrupole charge separation signal in each case; they suggest 
that the R(2)

"m
(!S2) correlator is relatively insensitive to a possi-

ble v2,3-driven background [and their associated fluctuations] as 
well as the local charge conservation effects implemented in the 
AMPT model. Note the essentially flat distributions for R(2)

"3
(!S ′′

2)

and for R(2)
"2

(!S ′′
2) when the input signal is set to zero.

This insensitivity can be further checked via the event-shape 
engineering, through fractional cuts on the distribution of the mag-
nitude of the q2 flow vector [55]. Here, the underlying notion is 
that elliptic flow v2, which is a major driver of background corre-
lations, is strongly correlated with q2 [56 ,57 ]. Thus, the magnitude 
of the background correlations can be increased (decreased) by se-
lecting events with larger (smaller) q2 values. Such selections were 

3

The fraction fq, characterize the strength of the 
quadrupole charge separation signal.
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v 𝑅#4
($) in Data
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Ø Charged hadrons with 0.2 < p9 < 2.0 GeV/c 
used to construct Ψ:

;<=.?&Ψ:
;@A=.?

Ø Particles with 0.35 < p9 < 2.0 GeV/c and 
− 1 > η < −0.1 analyzed using Ψ:

;<=.?

Ø Particles with 0.35 < p9 < 2.0 GeV/c and 
1 > η > 0.1 analyzed using Ψ:

;@A=.?

Ø TPC detector used in the current analysis

Ø Au+Au at 200 GeV data from year 2011 is used

Ψ5
678.&

𝜂 < −0.1 𝜂 > 0.1Ψ#
6:(8.&

N. Magdy, et al. 
PLB 811 135986 (2020)
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The 𝑅"#
(#) distributions for charged particles for 10-30% central events in Au+Au collisions. Data are 

compared to AMPT with different quadrupole charge separation

Ø The charge quadrupole strength is reflected in the slope 
of 𝑅"#

# vs. ∆𝑆#;;:
ü Linear dependence of 𝑅"#

(#) on ∆𝑆#;; similar to
AMPT with quadrupole charge separation signal

v The 𝑅#8
$ ∆𝑆$ [quadrupole correlator]

Ø The correlator response to quadrupole charge separation:

10-30% Au+Au 200 GeV

STAR Preliminary
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v The 𝑅#8
$ ∆𝑆$ [quadrupole correlator]

Ø The correlator response in quadrupole charge separation:
ü The v2-driven background 

𝑞# =
𝑄#
𝑀

𝑄# = 𝑄#,=# + 𝑄#,>#

𝑄#,= = C
0?&

@

cos(2 𝜑0)

𝑄#,> = C
0?&

@

𝑠𝑖𝑛(2 𝜑0)
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v The 𝑅#8
$ ∆𝑆$ [quadrupole correlator]

Ø The correlator response in quadrupole charge separation:
ü The v2-driven background 

N. Magdy, et al. 
PLB 811 135986 (2020)
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Ø Variation of q# leading to ~30% variation of v2 in 10-30% centrality does not lead to 
any significant variation of 𝑅"#

#

Ø 𝑅"#
# is not strongly influenced by v2 background-driven charge separation
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The charge asymmetry dependence of the slope S(𝑅"#
# ) from data and the AMPT model

ØThe 𝑅MN
N slope is sensitive to the charge asymmetry variations.

v The 𝑅#8
$ ∆𝑆$ [quadrupole correlator]

Ø The correlator response in quadrupole charge separation:
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Conclusion 

12

v Au+Au at 200 GeV AMPT simulations:
Ø The 𝑅"#

# shows a sensitivity to small input quadrupole charge separation signals

v Au+Au at 200 GeV measurements:
Ø The measurements show patterns and trends compatible with those 

expected for small quadrupole charge separation signal in the Au+Au data. 

A novel correlator 𝑅OH
(N)(Δ𝑆N), has been used to study the quadrupole charge 

separation in Au+Au at 200 GeV from data and AMPT model:

We observed a qualitative similarity between data and AMPT with quadrupole charge 
separation signal. Therefore, providing a comprehensive set of measurements as well 

as simulations will lead more to a better understanding of the new observable.
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The 𝑅"A
# (𝑚 = 2,3) correlators from 

the AMPT model for several input 
charge quadrupole signal. 

Ø The charge quadrupole strength captured in the 𝑅"#
# slope

ü 𝑅"B
# show no sensitivity to the input signal

Ø The correlator response in CMW scenarios: 

v The 𝑅#8
$ ∆𝑆$ [quadrupole correlator]
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Ø The 𝑅"CC
# slope is sensitive to all input signals 

ü 𝑅"== is essentially event plane 
independent 

ü The slopes are linearly related to the 
input signal
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