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Essential takeaway
Precision measurements with a new charge-sensitive 
correlator, indicates anomalous transport in the quark 
gluon plasma created in RHIC collisions

N. Magdy, et. al, e-Print: 2003.02396
N. Magdy, et. al, e-Print: 2002.07934
N. Magdy, Phys.Rev.C 98 (2018) 6, 061902
N. Magdy, et al, Phys.Rev.C 97 (2018) 6, 061901

STAR Collaboration, e-Print:2006.04251

Focus: Experimental measurement of anomalous transport
(excellent theory presentations given in this series - eg. Landsteiner +)

https://arxiv.org/abs/2003.02396
https://arxiv.org/abs/2002.07934
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Courtesy of S. Bass

Magnetized
plasma

of chiral 
fermions

Magnetized QGP production

v A chiral imbalance in the 
presence of a strong 
magnetic field, drives 
anomalous transport 

Ø The QGP is subject to very 
strong B fields
ü 1018 G (RHIC)
ü 1020 G (LHC)

D. Kharzeev, L. McLerran and H. Warringa, 
Nuclear Physics A 803, 227 (2008)

Topology-changing transitions 
can lead to a chiral imbalance 
characterized by (𝜇!)
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Two principal anomalous processes are expected in the magnetized plasma [for 𝜇",! ≠ 0]

Chiral Separation Effect (CSE)

Derived from the induction of a 
non-dissipative chiral axial current

Chiral Magnetic Effect (CME)

Characterized by a chiral vector current

Vector chemical potential Axial chemical potential

Anomalous Transport

Experimental confirmation of the CME;
ü Would be a direct observation of topological effects in QCD. 
ü Would manifest the restoration of chiral symmetry in the QGP 

(the lowest Landau level is chiral)
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Courtesy of S. Bass

Magnetized
plasma

Anomalous Transport -Signals

Ø The detection and characterization of both the dipole and  quadrupole charge 
separation is paramount

B

x
y

Reaction
Plane Ψ!

CME

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.[ ]1
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Prior/ongoing dipole charge separation measurements

Background can account for a sizeable part, if not 
all, of the observed charge separation

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

A well known approach is to use the gamma (𝛾) correlator to
measure the dipole charge separation

The background complicates
signal extraction

𝚿𝑹𝒙𝒏

background CMS Collaboration arXiv:1610.00263
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Prior/ongoing 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 more 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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Ø The correlator is constructed for a given event plane Ψ! via a ratio of two 
correlation functions

𝐶"# ∆𝑆$ quantifies charge 
separation of order d along the B-field

x
y

Reaction
Plane Ψ! 𝐶"#% ∆𝑆$ quantifies charge 

separation of order d perpendicular 
to the B-field (only background)

𝑅$!
% ∆𝑆% = &"! ∆(#

&"!
$ ∆(#

, 𝑚 = 2 and 3

B

The 𝑅"%
$ ∆𝑆$ correlator measures the magnitude of charge separation 

of order d parallel to the B-field, relative to that for charge separation 
perpendicular to the B-field

Note that 𝑅"&
$ ∆𝑆$ is insensitive to the CME- and CMW-driven  charge 

separation (but sensitive to background)

The 𝑅"%
$ ∆𝑆$ Correlator - Rudiments

Roy A.  Lacey, Stony Brook University

B-field and Ψ$ ~ uncorrelated
plane

p+Pb, p+Au, …
Ø Leverage Small systems

ü 𝑅"'
$ ∆𝑆$ measurements 

insensitive to B-field 
à “no signal”

ü Excellent bench mark 

d=1 - dipole
d=2 – quadrupole
Charge separation

thm  order
event plane
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Ø The correlator employs a common operational framework for both the 
dipole and quadrupole charge separation  measurements

The 𝑅"%
$ ∆𝑆$ Correlator - Operational B

x
y

Reaction
Plane Ψ!d=1 - dipole

d=2 - quadrupole
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Ø Note::
ü The input and output signals should not be the same, due to signal loss
ü The magnitude of the AVFD output signal should be larger than the AMPT 

output signal

Models used to “calibrate”  the correlators
Ø The response and the sensitivity of the correlators were studied with several models;

ü AMPT with varying degrees of proxy CME- and CMW-driven charge separation + background
ü AVFD with varying degrees of CME-driven charge separation + background
ü Hydro events with only background background = well known backgrounds

AVFD - CME
The AVFD model, simulates the 
evolution of fermion currents in the 
QGP on top VISHNU bulk 
hydrodynamic flow

Yin Jiang, Shuzhe Shi, Yi Yin, and 
Jinfeng Liao
Chin.Phys.C 42 (2018) 1, 011001
e-Print: 1611.04586

CME-induced charge separation generated
By switching the py values of a fraction of 
the downward  moving u (¯d) quarks with 
those of the upward moving ¯u(d) quarks 
to produce a net charge-dipole separation 
in the initial-state

AMPT - CME

Signal strength

Guo-Liang Ma and Bin Zhang
Phys. Lett. B700, 39–43 (2011)

AMPT - CMW
CMW-induced quadrupole charge 
separation generated by interchanging 
the position coordinates (x, y, z) for a 
fraction (fq) of the in-plane light quarks 
(u, d and s) carrying positive (negative)
charges with out-of-plane quarks 
carrying negative (positive) charges, at 
the start of the partonic stage.
Signal strength fq

G.-L. Ma, 
Phys. Lett. B 735, 383 (2014)

[ ] 1/22
1 1 1 51 2 sin( ) ...       dN a a a B
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µ ± D + = µ

D
!

https://arxiv.org/abs/1611.04586


10Roy A.  Lacey, Stony Brook University

1(1)
1

1

( )
( ) ,  m = 2, 3

( )
m

m

m

C S
R S

C S
Y

Y ^
Y

D
D =

D

B

x
y

Reaction
Plane Ψ!

real

Shuffled

( )( )
( )m

N SC S
N SY

D
D =

D

real

Shuffled

( )( )
( )

/

m

m m

N SC S
N S

mp

^
Y

¾¾®

D
D =

D

Y Y +

Correlation functions are constructed 
from Gaussian shaped distributions

(1)

1

( ),  ( ) and ( )  G  

 Convexity/Concavity of (

n

) depends on the relative wid

 The width of the distribution encodes the magnitude of charge separ

t

a

h

tio

s

 

m m m

m

C S C S R S are aussian

R S

^
Y Y Y

Y

D D D

¾¾® D

®

The 𝑅"%
& ∆𝑆& [dipole correlator] - Operational

𝑅 %
!&
∆𝑆

&



11

Ø The charge separation magnitude is reflected in the width of 
the 𝑅$!

/ ∆𝑆/ distribution which is affected by:

Ø Corrections for the effects of both number fluctuations 
and EP-resolution are necessary, but straightforward
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∆𝑆' = ∆𝑆/𝜎∆)() ∆𝑆” = ∆𝑆'δ𝑟𝑒𝑠

ü Number fluctuations ü Event plane resolution

Roy A.  Lacey, Stony Brook University

Straightforward to mitigate

The 𝑅"%
& ∆𝑆& [dipole correlator] - Operational
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Sensitivity to signal - 𝑅$!
/ ∆𝑆/ [dipole]

Ø Similar v2(pT) for RP & SP
ü v2(pT) difference between RP and PP 

inline with fluctuations expectation

The sensitivity of 𝑅%"
& ∆𝑆& to different 

signal inputs + background, measured 
relative to several event planes, studied  

N. Magdy et. al., arXiv:2002.07934

Characteristic response of the correlator
ü 𝑅*!!

+ is essentially event plane independent
ü Correction factors for number fluctuations & event plane 

resolution under control
ü The inverse widths are proportional to 𝑎1

Very good sensitivity down to small signals

1/22
1 5a a Bµ= µ!

https://arxiv.org/abs/2002.07934
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Sensitivity to signal - 𝑅$!
/ ∆𝑆/ [dipole]

The inverse widths are proportional to the input 𝑎1
ü Different slopes as expected

Comparison of the correlator response for AMPT and AVFD events 

AMPT AVFD
1 14a a!
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Sensitivity to signal - 𝑅$!
/ ∆𝑆/ [dipole]

The inverse widths are proportional to the input 𝑎&$
ü Different slopes as expected

Comparison of the correlator response for AMPT and AVFD events 

AMPT AVFD
1 14  over range of interesta a!
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Sensitivity to signal - 𝑅$!
1 ∆𝑆1 [quadrupole]

The sensitivity of 𝑅%"
$ ∆𝑆$ to different signal inputs + background, 

measured relative to several event planes 

Characteristic response of the 𝑅%"
$ ∆𝑆$ correlator 

ü 𝑅%#
$ ∆𝑆$ shows little, if any, sensitivity to background

Slope vs. input signal f

ü The extracted slopes are 
event-plane independent

ü The extracted slopes are 
proportional to the input 
signals

ü Very good sensitivity down to small input signals
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Sensitivity of the 𝑅2!
(1) (Δ𝑆1) correlator

Validation of the expected sensitivity to charge asymmetry 
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Sensitivity of the 𝑅"%
$ ∆𝑆$ and ∆𝜸 correlators

Ø ∆𝜸 is proportional 𝑎&$
ü event plane dependence 
ü sizeable intercept
ü ∆𝜸 ≠ 𝟐𝒂𝟏𝟐 (due to losses)

Ø fcme is NOT a good estimator of the magnitude of the CME signal when 
the background is significant

𝑅%!
& ∆𝑆& correlator ∆𝜸 correlator

1/22
1 1 5a a Bµ= µ!

Calibrations for the 𝑅%!
& ∆𝑆& and ∆𝜸 correlators performed with the same events

The inverse widths are 
proportional to 𝑎1
ü good sensitivity 

in the presence 
of background

The extracted slopes are 
proportional to the input signals

𝑅%!
$ ∆𝑆$ correlator

ü good sensitivity 
in the presence 
of backgroundfcme ~ 15% (for PP)
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Ø 𝐑𝜳𝟐(∆𝐒
'') and 𝑹𝜳𝟑(∆𝑺

'') measurements for 0-20% central collisions 
for different collision systems

Ø The R"'(∆S
'') correlators are concave-shaped while the R"&(∆S

'')
correlators are convex-shaped.

ü This stark difference is incompatible with a purely 
background-driven charge separation

Roy A.  Lacey, Stony Brook University, August 26th, 2020

Representative  results from data - 𝑅"%
& ∆𝑆& [dipole]

The experimental patterns for  R"',&(∆S
'') are consistent 

with CME-driven charge separation in these collisions

Piotr Bozek
PRC 97, 034907 (2018)
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Ø 𝑅"'
& ∆𝑆& for p/d+Au

collisions consistent with the  
expected pattern of 
background-driven charge 
separation
ü Similar to𝑅"&

& ∆𝑆& for 
Au+Au

Ø 𝑅%$ for Au+Au collisions is 
concave-shaped 

(𝑅%0 is convex-shaped)
ü Significant difference between 𝑅%!

& ∆𝑆&
& 𝑅%#

& ∆𝑆&
ü consistent with the expectation for CME-

driven charge separation.

Roy A.  Lacey, Stony Brook University, August 26th, 2020

B-field and Ψ"
~ uncorrelated

for p/d+Au

Representative  results from data - 𝑅"%
& ∆𝑆& [dipole] Piotr Bozek

PRC 97, 034907 (2018)
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For modest CME signal + 
background, 𝑅*#

+ ∆𝑆+ is 
insensitive to q2 selection
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Ø The q#-selected 𝑅"%
& ∆𝑆& correlators are not strongly influenced by the 

q#-dependent v2 -driven background.
ü consistent with the absence of strong v2-driven background influence.

Ø Event shape selection

Comparison of the 𝑅"'
& ∆𝑆& correlators for q2 selected 

events for 30−50% central, Au+Au collisions at 200 GeV

Roy A.  Lacey, Stony Brook University, August 26th, 2020

Representative  results from data - 𝑅"%
& ∆𝑆& [dipole]
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Ø 𝜎&12
'( indicates a sizable centrality dependence, 

ü Recall that 𝑅$&
/ ∆𝑆/ is essentially independent of q2 selection

Ø The data trends are in line with the expected increase in the magnitude of CME-driven charge 
separation (from central to peripheral collisions) resulting from:

ü 𝑎𝑛 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑡ℎ𝑒𝐵−field
ü 𝑠𝑡𝑟𝑜𝑛𝑔𝑒𝑟 𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝐵−field 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑒𝑣𝑒𝑛𝑡 𝑝𝑙𝑎𝑛𝑒
ü 𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑑 𝑎𝑥𝑖𝑎𝑙 𝑐ℎ𝑎𝑟𝑔𝑒 𝑝𝑒𝑟 𝑒𝑛𝑡𝑟𝑜𝑝𝑦

Ø 𝑅"'
& ∆𝑆& and 𝑅"&

& ∆𝑆& measurements vs. centrality for Au+Au Collisions at 200 GeV

Roy A.  Lacey, Stony Brook University, August 26th, 2020

Representative  results from data - 𝑅"%
& ∆𝑆& [dipole]
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CME signal quantification

Central Mid-central Peripheral
𝒂𝟏 − 𝑨𝑽𝑭𝑫 (%) 0.250 ± 0.013 065 ± 0:033 1.0 ± 0.05

𝒂𝟏 − 𝑨𝑴𝑷𝑻 (%) 1.00 ± 0.050 2.6 ± 0.130 4.0 ± 0.2

Implied fCME ~ 15%
(from ∆𝜸 correlator for Mid-central collisions)

ü Consistent with current estimates

Representative calibration curves used to 
estimate a1
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FIG. 4. Comparison of the RΨ2,3(∆S
′′
) correlators obtained for charged particles in (a) 0 − 20%, (b) 20− 30%, (c) 40− 50%

and (d) 60− 70% central Au+Au collisions at
√
sNN = 200 GeV. The dashed curves represent Gaussian fits to RΨ2(∆S

′′
) (see

text). (e) Centrality dependence of the inverse widths σ−1
RΨ2

∝ ã1, extracted from the RΨ2(∆S
′′
) correlators.

driven charge separation dominates (cf. Fig. 1(a)).
That is, RΨ3(∆S

′′
) shows a flat or slightly convex-

shaped distribution analogous to the one observed in the
AMPT simulations for background-driven charge sepa-
ration (Figs. 1(a) and (b)), while the concave-shaped
RΨ2(∆S

′′
) distribution is analogous to the one ob-

tained in AVFD simulations with an input CME signal
(Fig. 1(c)). These observations are incompatible with the
dominance of background-driven contributions.

The sensitivity of RΨ2(∆S
′′
) to the influence of possi-

ble background contributions can be further studied with
event-shape selection, via fractional cuts on the distribu-
tion of the magnitude of the q2 flow vector [44]. Here,
the rationale is that elliptic flow v2, which is a major
driver of background correlations, is strongly correlated
with q2 [26, 45]. Thus, the influence of the background
correlations can be increased(decreased) by selecting on
events with larger(smaller) q2 magnitudes.

The analysis with event-shape selection was performed
with three sub-events; A[η < −0.3], B[|η| < 0.3], and
C[η > 0.3], following the procedures outlined earlier, and
with q2 selections in sub-event B. Fig. 2 compares the
q2-selected RΨ2(∆S

′′
) distributions (a) and v2 values (b)

obtained for 20-50% central Au+Au collisions. They in-
dicate that while v2 shows a sizable increase with q2,
the corresponding widths for the RΨ2(∆S

′′
) correlators

(Fig. 2(c)) show little, if any, change. This contrasts
with the q2-dependent widths observed for background-
driven charge separation in AMPT simulations. Note
that the B-field is a weak function of q2 but a strong func-
tion of centrality [26]. The observed insensitivity of the
data to q2, is incompatible with a dominating influence
of background-driven contributions [26] to RΨ2(∆S

′′
).

Further benchmarking can be achieved by comparing
the RΨ2(∆S

′′
) correlators for p+Au, d+Au and Au+Au

collisions at similar 〈Nch〉 ∼ 20. Note that for this value
of 〈Nch〉, the difference between the event plane reso-
lution for d+Au and Au+Au collisions is about 30%.
The statistical significance of the data for p+Au and
d+Au precluded the extraction of RΨ3(∆S

′′
) for these

systems. The convex-shaped to flat RΨ2(∆S
′′
) distribu-

tions shown for p(d)+Au collisions in Fig. 3 are reminis-
cent of the RΨ3(∆S

′′
) correlators observed for Au+Au

collisions (cf. Fig. 1(d) and Fig. 4), and are consistent
with the reduced magnetic field strength and the approx-
imately random "B-field orientations [relative to Ψ2] ex-
pected in these collisions. In contrast, the RΨ2(∆S

′′
)

correlator for Au+Au collisions, also shown in Fig. 3, is
decidedly concave-shaped, which is incompatible with the
dominance of background-driven charge separation indi-
cated by RΨ3(∆S

′′
). The observed system-dependent

patterns for RΨ2(∆S
′′
) are compatible with the domi-

nance of background-driven charge separation in p/d+Au
collisions but not in the corresponding Au+Au collisions.
This contrasts with the background-dominated measure-
ments observed with the γ correlator for similar 〈Nch〉
selections in p+Pb and Pb+Pb collisions [25] and in
p(d)+Au and Au+Au collisions [45].

The RΨm(∆S
′′
) correlators, extracted for several cen-

trality selections in Au+Au collisions at
√
sNN =

200 GeV, are shown in Figs. 4(a) - (d). The qualita-
tive patterns of a convex-shaped to an essentially flat
distribution for RΨ3(∆S

′′
) and a concave-shaped distri-

bution for RΨ2(∆S
′′
) are similar to those shown earlier in

Figs. 1(d), 2(a) and 3; the dashed curves represent Gaus-

sian fits (f(x) = Ae0.5(x/σRΨ2
)2) to these distributions.

A centrality-dependent change in σRΨ2
is apparent from

the distributions. This dependence is made more trans-
parent in Fig. 4(e) where σ−1

RΨ2
∝ ã1 [for CME dominated

signal] [36] is plotted vs. centrality.

The convex to flat distributions observed for
RΨ3(∆S

′′
) at all centrality intervals and the sizable

RΨ2(∆S
′′
) centrality dependence indicated in Fig. 4(e),

cannot be reconciled with any of the background-driven
charge separation models. Here, it is important to recall
that Fig. 2(a) gives a strong indication that RΨ2(∆S

′′
)

is relatively insensitive to v2, which also increases as col-
lisions become more peripheral.

In summary, we have used the charge-sensitive cor-
relators RΨ2,3(∆S), constructed relative to the 2nd and
3rd-order event planes, to perform charge separation mea-
surements in p(d)+Au and Au+Au collisions at

√
sNN =

200 GeV. The correlators indicate convex-shaped to flat
RΨm(∆S

′′
) distributions for the measurements relative

to Ψ3 and those relative to Ψ2 for the p(d)+Au systems.
In contrast, the Au+Au measurements relative to Ψ2,

STAR Collaboration, 
e-Print:2006.04251

Ø No glaring inconsistency with current fcme measurements
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Ongoing 𝑅2!
(1) (Δ𝑆1) experimental measurement

Measurements are complete 
ü Will be reported shortly
ü The observed patterns and trends are suggestive
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Ø Validation of the expected 
isobaric dependence of             to 
CME-driven charge separation 
input in AVFD events.

2
( )R SY D

AVFD predictions for the Ru+Ru and Zr+Zr isobaric systems

B-field difference

But similar background
for isobars

The 𝑅$!
/ ∆𝑆/ Correlator - Isobars

N. Magdy, Phys.Rev.C 98 (2018) 6, 061902
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Ongoing 𝑅2!
(%)(Δ𝑆%) experimental measurements for Isobars

Measurements are underway

Ø Strategy
ü Measure the signal for 

each isobar 
ü Measure the relative 

signal strength of the 
isobars

ü Measure the relative 
background strength of 
the isobars
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Summary
Ø A correlator 𝑅3"

(4)(Δ𝑆4), has been developed to enable identification and 
characterization of both CME- and CMW-driven charge separation

ü The correlator suppresses, as well as measures the well known background 
contributions to the CME- and CMW-driven charge separation signal

Ø Validation tests, performed with several models, indicate that the correlators can 
give;
ü discernible responses for background- and CME/CMW-driven charge 

separation which allows unambiguous identification and characterization of the 
respective signals

Ø The experimentally measured correlators (to date) suggests the presence 
of a CME-driven charge separation in A+A collisions.

ü Experimental CMW measurements are complete and  results will 
be released soon 

Ø The experimental measurements for isobars are in progress with 
great anticipation
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End


