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v Motivation 

Can we identify & characterize this dipole moment?
D

.E. K
harzeev

Prog.Part.N
ucl.Phys. 75 (2014) 133-151

CME-driven charge separation leads to a dipole term in the 
azimuthal distribution of the produced charged hadrons:

𝑑𝑁!"

𝑑𝜙 ∝ 1 ± 2 𝑎#!" sin 𝜙 +⋯ 𝑎!"# ∝ 𝜇$ 𝐵

ü Leverage Small systems

ü Leverage Ψ3 measurements

Ø What a good correlator should establish?

B and Ψ% ~ uncorrelated

Ψ$

B

üExcellent benchmark 3

Ø Chiral Magnetic Effect (CME)

B and Ψ& ~ uncorrelated

Ø Event-shape selections can constrain the 𝑣%
driven background  

ü Events are further subdivided 
into groups with different 𝑞&
magnitude:

𝑞! =
𝑄!,#! + 𝑄!,$!

𝑀

𝑄!,# = ,
%&'

(

cos(2 𝜑%)

𝑄!,$ = ,
%&'

(

𝑠𝑖𝑛(2 𝜑%)
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Ø The correlator is constructed for a given event plane Ψ2 via a 
ratio of two correlation functions

𝐶7& ∆𝑆 quantifies charge separation 
along the B-field

x

y

Reaction
Plane Ψ)

𝐶&%' ∆𝑆 quantifies charge separation 
perpendicular to the B-field (only 

background)

B

The 𝑅"# ∆𝑆 correlator measures the magnitude of charge separation 
parallel to the B-field, relative to that for charge separation 

perpendicular to the B-field

Note that both 𝐶"9 ∆𝑆 and 𝐶"9
$ ∆𝑆 are insensitive to the 

CME-driven charge separation (only background)

v Motivation 

𝑅7: ∆𝑆 =
𝐶7! ∆𝑆
𝐶7!
; ∆𝑆

m = 2,3
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𝑅7: ∆𝑆 =
𝐶7: ∆𝑆
𝐶7:; ∆𝑆

𝐶7:(∆𝑆) =
𝑁(∆𝑆 )
𝑁(∆𝑆"#)

𝐶7:; ∆𝑆 =
𝑁(∆𝑆;)
𝑁(∆𝑆>#; )

𝑆&() =
∑#
*𝑤* sin(

𝑚
2 ∆𝜑)

∑#
*𝑤*

𝑆&(+ =
∑#,𝑤,sin(

𝑚
2 ∆𝜑)

∑#,𝑤,

∆𝑆 = 𝑆&() − 𝑆&(+

𝑁(∆𝑆)
Sensitive to charge separation 

(CME and Background)

Shuffling of charges within an 
event breaks the charge 
separation sensitivity

∆𝑆-" = 𝑆&() -" − 𝑆&(+ -"

𝑁(∆𝑆%&)

∆𝜑 = 𝜑 − Ψ'

N. Magdy, et al. 
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𝑤.: charge dependent 
detector acceptance.

𝑆&() ' =
∑#
*𝑤* cos(

𝑚
2 ∆𝜑)

∑#
*𝑤*

𝑆&(+ ' =
∑#,𝑤,cos(

𝑚
2 ∆𝜑)

∑#,𝑤,
∆𝑆' = 𝑆&() ' − 𝑆&(+ '

𝑁(∆𝑆$)

∆𝑆-"' = 𝑆&() -"
' − 𝑆&(+ -"

'

𝑁(∆𝑆(&$ )

v 𝑅!; ∆𝑆 Correlator

Ø We account for both number fluctuations and EP-resolution 
effect on the width of the 𝑅") ∆𝑆 5



Ø 𝑅!" ∆𝑆 response in AVFD 30-40 %
v 𝑅!",$ ∆𝑆 correlator response

Ø The magnitudes of the backgrounds and the signal are reflected 
in the widths of the 𝑅!" distributions

6

𝑅 &
%

Hydro + URQMD Hydro + URQMD + 
LCC

Hydro + URQMD + 
LCC + CME 

1
𝜎 = 0.0689 ± 0.006 1

𝜎
= 0.0966 ± 0.007

1
𝜎
= 0.167 ± 0.003

𝐿𝐶𝐶 = 33% 𝑛$/𝑠 = 0.1𝐿𝐶𝐶 = 33% 𝑛$/𝑠 = 0.0𝐿𝐶𝐶 = 0.0% 𝑛$/𝑠 = 0.0

𝑓 𝑥 = 𝑎 𝑒+/.1
2
3

!



Ø 𝑅!D ∆𝑆 response in AVFD 30-40 %

7

𝑅 !
D

Hydro + URQMD Hydro + URQMD + 
LCC

Hydro + URQMD + 
LCC + CME 

1
𝜎
= 0.1224± 0.0126 1

𝜎 = 0.1539± 0.0127
1
𝜎 = 0.1453± 0.0120

𝐿𝐶𝐶 = 33% 𝑛$/𝑠 = 0.1𝐿𝐶𝐶 = 33% 𝑛$/𝑠 = 0.0𝐿𝐶𝐶 = 0.0% 𝑛$/𝑠 = 0.0

v 𝑅!",$ ∆𝑆 correlator response

Ø The magnitudes of the 𝑅!D distributions:

ü Sensitive to backgrounds

ü Insensitive to CME-driven signal



Ø 𝑅!" ∆𝑆 in isobaric collisions
4

attributable to the CME,

fCME(∆γ) =
[∆γ(0.50%)−∆γ(0.0%)]

[∆γ(0.50%)]
≈ 25%.

This fCME(∆γ) value is consistent with the recent mea-
surements reported in Ref. [39], albeit with sizable uncer-
tainties. It is also roughly a factor of three times smaller
than fCME(RΨ2

), suggesting that the RΨ2
(∆S) correla-

tor is more sensitive for this signal level [25, 38, 40].
The AVFD model was also used to calibrate the

RΨ2
(∆S

′′

) and∆γ correlators and predict the magnitude
of the CME-driven signal strength expected in isobaric
collisions of Ru+Ru and Zr+Zr at

√
sNN = 200 GeV.

The calibration, which followed the procedure outlined
earlier, involved the analysis of 30-40% central AVFD
events for the same n5/s values employed in the Au+Au
simulations i.e., n5/s = 0, 0.1 and 0.2 respectively.
Figures 4 (a) and (b) show the respective calibration

curves for the isobaric collisions. Both plots indicate the
expected linear dependence of σ−2

RΨ2

and∆γ on (ã1)2 with

signal differences [between the isobars] that depend on
the magnitude of ã1. The plotted values for the latter
correspond to n5/s = 0, 0.1 and 0.2 respectively. The
non-negligible intercepts, also apparent in the figures, in-
dicate significant background contributions to both σ−2

RΨ2

and ∆γ for (ã1)2 > 0.0. These contributions are reflected
in the values fCME(RΨ2

) ≈ 25% and fCME(∆γ) ≈ 13%
evaluated for the isobars for n5/s = 0.1. They indicate
that the sensitivity of both correlators is significantly re-
duced compared to that for Au+Au collisions simulated
for n5/s = 0.1, albeit with an approximate factor of two
difference between fCME(RΨ2

) and fCME(∆γ). This dif-
ference suggests that, for the 30-40% isobaric collisions,
background-driven charge separation already begins to
prevail over CME-driven charge separation. More cen-
tral collisions might be needed to achieve better sensitiv-
ity. Note that the background dominates in peripheral
Au+Au collisions but not in mid-central collisions.
The isobaric signal difference is shown in Figs. 4 (a)

and (b); for n5/s = 0.1 it is much smaller than the re-
spective signal magnitude for each isobar, relative to the
background, and will require substantial statistical signif-
icance to measure. Therefore, CME characterization in
these collisions will benefit significantly from the planned
measurements of the respective signal magnitude for each
isobar, in addition to measurements of the isobaric signal
and background differences.
In summary, AVFD model simulations that incorpo-

rate varying degrees of CME- and background-driven
charge separation are used to quantify a possible chiral-
magnetically-driven charge separation measured with the
RΨ2

(∆S) correlator in Au+Au collisions at
√
sNN = 200

GeV. The simulations which quantify the CME via the
P -odd Fourier dipole coefficient a′1 indicate the value
a′1 = 0.50 ± 0.03% in mid-central collisions, consistent
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with a modest CME signal. A similar calibration for
the ∆γ correlator suggests that, only a small fraction of
this signal (fCME = ∆γCME/∆γ ≈ 25%) is measurable
with the ∆γ correlator in the same collisions. A further
calibration for isobaric collisions of Ru+Ru and Zr+Zr,
suggests that CME characterization in these collisions
not only require measurement of the isobaric signal dif-
ference, but also the respective signal magnitude for each
isobar and an estimate of the background difference be-
tween them.
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with the ∆γ correlator in the same collisions. A further
calibration for isobaric collisions of Ru+Ru and Zr+Zr,
suggests that CME characterization in these collisions
not only require measurement of the isobaric signal dif-
ference, but also the respective signal magnitude for each
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ü If Isobars have same background?
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cos (2 B � 2 EP ), which is independently computed to
be about 0.46 and quantitatively consistent with the
above ratio. These features are specific to pure CME
signal and are manifested only after isobar subtraction.

Comparison of measurements with respect to reaction
plane (RP) and to event plane (EP) could help deci-
pher CME signal [56, 60], as the magnetic field has dif-
ferent degrees of azimuthal de-correlations with RP and
with EP. Experimentally one may use the spectator plane
(from e.g. ZDC) as a proxy for RP. It would be interest-
ing to examine correlators with respect to RP.

FIG. 2. (color online) Same as Fig. 1 but for correlations
measured with respect to the reaction-plane (RP) (i.e.  2 !
 RP ).

In Fig. 2 we show EBE-AVFD predictions for �OS�SS

Ru�Zr

and �OS�SS

Ru�Zr
with respect to reaction-plane (i.e.  2 !

 RP ). Compared with EP results in Fig. 1, � correla-
tor becomes larger due to a stronger correlation between
magnetic field and the RP, as uniquely expected for pure
CME signal. Fig. 2 also presents quadratic fitting curves:

�OS�SS

Ru�Zr

����
RP

' (1.94± 0.72)⇥ 10�3 ⇥
⇣n5

s

⌘2
(6)

�OS�SS

Ru�Zr

����
RP

' � (2.17± 0.72)⇥ 10�3 ⇥
⇣n5

s

⌘2
(7)

The RP result for the ratio observable ⇣isobar is:

⇣RP

isobar
⌘

�OS�SS

Ru�Zr

����
RP

�OS�SS

Ru�Zr

����
RP

' �(0.90± 0.45) (8)

This RP ratio is about twice that from EP, in quantita-
tive consistency with the expected de-correlation factor
cos (2 B � 2 RP ) of about 0.95. The EP and RP mea-
surements of these correlators and the proposed ratios
would together provide a stringent test for validating the
CME signatures.

Event-shape analysis provides a way of revealing the
backgrounds, showing the dependence of �-correlator on

bulk v2 [21, 23]. A pure CME signal, on the other hand,
should be (nearly) independent of event shape. This
provides an important consistency check for CME sig-
nal from isobar subtraction. In Fig. 3 we show EBE-
AVFD results for �OS�SS

Ru�Zr
and �OS�SS

Ru�Zr
versus event shape

in three bins: v2 2 (0.01, 0.055), v2 2 (0.055, 0.11)
and v2 2 (0.11, 0.30). We indeed observe that isobar-
subtracted � and � are independent of event shape.

FIG. 3. (color online) EBE-AVFD predictions for observ-
ables �OS�SS

Ru�Zr
and �OS�SS

Ru�Zr
as a function of bin-wise elliptic

flow v2 from event-shape analysis with three identical bins for
RuRu and ZrZr systems. The simulation results are obtained
with n5/s = 20%.
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R
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]{
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FIG. 4. (color online) EBE-AVFD predictions for the R-
correlator distributions for n5/s = 0%, 5%, 10% and 20% re-
spectively.

A number of other CME-sensitive correlators have
also been proposed [61–63]. As an example, the so-
called R-correlator (—see [61, 62] for detailed definition
and discussions) has demonstrated a certain sensitivity
to the presence of CME. In Fig. 4 we show the EBE-
AVFD results for the the isobar-subtracted R-correlator,
[RRu(�S)�RZr(�S)] for n5/s = 0%, 5%, 10% and 20%
respectively. It appears flat for the none-CME case
(n5/s = 0%) while becomes more and more upward con-
cave with increasing CME signal. Measurement of R-
correlator with enough statistics should provide further
validation of the CME signal.

Shuzhe Shi, et al.
PRL 125, 242301 (2020)

Predefined CME signature:

Group 5: R Variable
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Group-5: The R-variable

An alternative correlator to measure charge separation. R-variable is actually a
ratio of distributions.

R 2(�S) = C 2(�S)/C?
 2

(�S),

C 2(�S) =
Nreal(�S)

Nshu✏ed(�S)
,

�S =

n+P
1

w+
i sin(�'2)

n+P
1

w+
i

�

n�P
1

w�
i sin(�'2)

n�P
1

w�
i

,

R 2(�S) width is a↵ected by both CME and background (concave for both cases).
R 3(�S) not used due to coding error and other considerations

The case for CME is:

1/�R 2
(Ru + Ru) > 1/�R 2

(Zr + Zr)

P.Tribedy for the PAs Collaboration review of isobar paper 26/43

Predefined CME signature:

Not seen

Group-5: The R-variable

An alternative correlator to measure charge separation. R-variable is actually a
ratio of distributions.

R 2(�S) = C 2(�S)/C?
 2

(�S),

C 2(�S) =
Nreal(�S)

Nshu✏ed(�S)
,

�S =

n+P
1

w+
i sin(�'2)

n+P
1

w+
i

�

n�P
1

w�
i sin(�'2)

n�P
1

w�
i

,

R 2(�S) width is a↵ected by both CME and background (concave for both cases).
R 3(�S) not used due to coding error and other considerations

The case for CME is:

1/�R 2
(Ru + Ru) > 1/�R 2

(Zr + Zr)

P.Tribedy for the PAs Collaboration review of isobar paper 26/43

No CME signature that satisfies the predefined criteria observed
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is made more transparent in Fig. 25(f), where the ratios ��1

R 2
(Ru + Ru)/��1

R 2
(Zr + Zr) are plotted as a function of1095

collision centrality. Note that the systematic uncertainty is negligible compared to the statistical uncertainties for the1096
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I. Summary and discussions1098

The elliptic flow v2 coe�cients are found to be larger in Ru+Ru than Zr+Zr collisions, by approximately 2% in1099

mid-central collisions and by a similar amount in the most central 5% of collisions. The shape and magnitude of the1100
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ratio as a function of centrality are consistent with the corresponding eccentricity ratio predicted by1101

DFT calculations [85, 86], which can be parameterized by neutron-halo typeWS distributions for the 96
40
Zr nucleus [113].1102

Therefore, the current measurements are consistent with the di↵erent intrinsic nuclear structures of the two isobars.1103

The v2 di↵erence in central collisions suggests that the 96
44
Ru nucleus is more deformed than the 96

40
Zr nucleus. However,1104

the ratio of multiplicity distribution is best described by MC-Glauber simulations without intrinsic shapes for both the1105

isobars. Further studies with more sophisticated observables are underway to pin down the nuclear shape di↵erence1106

between 96
44
Ru and 96

40
Zr. Using the forward detectors EPD and ZDC rather than the TPC to determine the EP leads1107

to a noticeable change in the magnitude of v2 and an even larger change in v3. These changes may primarily be due to1108

e↵ects of non-flow and longitudinal de-correlation and fluctuations. An interesting observation is that the magnitudes1109

of v3 di↵er with high significance between the two isobars in both peripheral and central collisions, which warrants1110

future investigation.1111

The primary CME-sensitive observable ��/v2 is analyzed by four independent groups. Prior to the blind analysis,1112

the case for observation of a CME signal is predefined to be an excess of ��/v2 in Ru+Ru collisions as compared1113

with Zr+Zr collisions. Results from all groups are inconsistent with this expectation, and therefore no conclusive1114

evidence of the CME is found in this blind analysis. The analysis from one group uses an alternate CME-sensitive1115

measure, namely the R correlator. The predefined expectation for the CME for this observable is a larger concavity1116

of the R correlator in Ru+Ru collisions compared with Zr+Zr collisions. No such observation is found in the data,1117

and therefore no conclusive evidence of the CME is observed using the R variable in the blind analysis.1118

Figure 26 presents a compilation of results from the blind analysis for the 20–50% centrality range. In this figure, the1119
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FIG. 4. (Left) Elliptic anisotropy v2 measurements using di↵erent methods in isobar collisions at
p
sNN = 200 GeV as a

function of centrality using TPC and EPD detectors. In the upper panels, the solid and open symbols represent measurements
for Ru+Ru and Zr+Zr collisions, respectively. The data points are shifted along the x axis for clarity. The lower panels show
the v2 ratios in Ru+Ru over Zr+Zr collisions. The statistical uncertainties are represented by lines and systematic uncertainties
by boxes. (Right) The same showing measurements for four particle correlations using TPC and EP determined from ZDC.
The data points are shifted horizontally for clarity.

detailed implementations di↵er among the groups with regards to estimation of harmonic flow vectors, re-weighting,
the pseudorapidity gap to reduce non-flow, and correction of non-uniform acceptance. While focusing on various
aspects, four of the five groups have analyzed the ��/v2 observable. Figure 5 compares the ��/v2 measurements
with both the full-event and sub-event methods. The statistical uncertainties are largely correlated among the
groups because the same initial data sample is analyzed; the results are not identical because of the analysis-specific
event selection criteria (see Table.I) and the slightly di↵erent methods. Using the Barlow approach [106], we have
verified that the results from di↵erent groups are consistent within the statistical fluctuations due to those di↵erences.
Moreover, the final conclusion on the observability of the CME is consistent among all five analysis groups.

In addition to the centrality dependence results reported in the following subsections, in order to have the best
statistics, we also quote the final results for the Ru+Ru over Zr+Zr ratio observables for the centrality range of 20–50%.
The choice of this centrality range is determined by two considerations. One is that the mid-central collisions present
the best EP reconstruction resolution as well as the most significant magnetic field strengths (hence the possibly
largest CME signal di↵erence between the isobar species). The other consideration is that the online trigger e�ciency
starts to deteriorate from the 50% centrality mark towards more-peripheral collisions (see Sec. III). A compilation of
results from di↵erent groups is presented in the summary subsection V I.

A. �� measurements with TPC event plane (Group-1)

The flow plane for a specific pseudorapidity range is unknown for each event. In practice, we estimate an nth-

harmonic flow plane with the azimuthal angle ( n) of the flow vector
�!
Qn =

�PN
i wi cos(n�i),

PN
i wi sin(n�i)

�
, where

�i represents the azimuthal angle of a detected particle, and wi is a weight (often set to pT ) to optimize the EP
resolution. For example, the vn measurement with respect to the full TPC EP is denoted by

vn{TPC EP} = hcos(n�� n TPC

n )i . (43)

14

is not compatible with transition measurements and calculations [123, 124]. Based on the above considerations, the
Case-3 WS density parameterization is chosen for our centrality calculations. The fit corresponds to values of MC
Glauber parameters npp = 2.386, k = 3.889, and x = 0.123.

TABLE III. Centrality definition by No✏ine

trk ranges (e�ciency-uncorrected multiplicity in the TPC within |⌘| < 0.5) in Ru+Ru
and Zr+Zr collisions at

p
sNN =200 GeV. The first column is the centrality range labels we use throughout the paper. The

two centrality columns are the actual centrality ranges which are slightly di↵erent because of integer edge cuts used for the
centrality determination. The mean hNo✏ine

trk i values, the mean number of participants (hNparti), and the mean number of
binary collisions (hNcolli) are also listed. The statistical uncertainties on hNo✏ine

trk i are all significantly smaller than 0.01. The
uncertainties on hNparti and hNcolli are systematic.

Centrality Ru+Ru Zr+Zr
label (%) Centrality(%) No✏ine

trk hNo✏ine

trk i hNparti hNcolli Centrality(%) No✏ine

trk hNo✏ine

trk i hNparti hNcolli
0–5 0–5.01 258.–500. 289.32 166.8±0.1 389±10 0–5.00 256.–500. 287.36 165.9±0.1 386±10
5–10 5.01–9.94 216.–258. 236.30 147.5±1.0 323±5 5.00–9.99 213.–256. 233.79 146.5±1.0 317±5
10–20 9.94–19.96 151.–216. 181.76 116.5±0.8 232±3 9.99–20.08 147.–213. 178.19 115.0±0.8 225±3
20–30 19.96–30.08 103.–151. 125.84 83.3±0.5 146±2 20.08–29.95 100.–147. 122.35 81.8±0.4 139±2
30–40 30.08–39.89 69.–103. 85.22 58.8±0.3 89.4±0.9 29.95–40.16 65.–100. 81.62 56.7±0.3 83.3±0.8
40–50 39.89–49.86 44.–69. 55.91 40.0±0.1 53.0±0.5 40.16–50.07 41.–65. 52.41 38.0±0.1 48.0±0.4
50–60 49.86–60.29 26.–44. 34.58 25.8±0.1 29.4±0.2 50.07–59.72 25.–41. 32.66 24.6±0.1 26.9±0.2
60–70 60.29–70.04 15.–26. 20.34 15.83±0.03 15.6±0.1 59.72–70.00 14.–25. 19.34 15.10±0.03 14.3±0.1
70–80 70.04–79.93 8.–15. 11.47 9.34±0.02 8.03±0.04 70.00–80.88 7.–14. 10.48 8.58±0.02 7.12±0.04
20–50 19.96–49.86 44.–151. 89.50 60.9±0.3 96.7±1.0 20.08–50.07 41.–147. 85.68 58.9±0.3 90.3±0.9
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The centrality of an event is defined by the percentile of the total cross section. The integer edge cuts are made
so that the integrals of the No✏ine

trk
distributions would be closest to the 5% or 10% mark. For the 0–20% centrality

interval the experimental data are used for integration, while the MC Glauber distributions are used for the remaining
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detailed implementations di↵er among the groups with regards to estimation of harmonic flow vectors, re-weighting,
the pseudorapidity gap to reduce non-flow, and correction of non-uniform acceptance. While focusing on various
aspects, four of the five groups have analyzed the ��/v2 observable. Figure 5 compares the ��/v2 measurements
with both the full-event and sub-event methods. The statistical uncertainties are largely correlated among the
groups because the same initial data sample is analyzed; the results are not identical because of the analysis-specific
event selection criteria (see Table.I) and the slightly di↵erent methods. Using the Barlow approach [106], we have
verified that the results from di↵erent groups are consistent within the statistical fluctuations due to those di↵erences.
Moreover, the final conclusion on the observability of the CME is consistent among all five analysis groups.

In addition to the centrality dependence results reported in the following subsections, in order to have the best
statistics, we also quote the final results for the Ru+Ru over Zr+Zr ratio observables for the centrality range of 20–50%.
The choice of this centrality range is determined by two considerations. One is that the mid-central collisions present
the best EP reconstruction resolution as well as the most significant magnetic field strengths (hence the possibly
largest CME signal di↵erence between the isobar species). The other consideration is that the online trigger e�ciency
starts to deteriorate from the 50% centrality mark towards more-peripheral collisions (see Sec. III). A compilation of
results from di↵erent groups is presented in the summary subsection V I.

A. �� measurements with TPC event plane (Group-1)

The flow plane for a specific pseudorapidity range is unknown for each event. In practice, we estimate an nth-

harmonic flow plane with the azimuthal angle ( n) of the flow vector
�!
Qn =

�PN
i wi cos(n�i),

PN
i wi sin(n�i)

�
, where

�i represents the azimuthal angle of a detected particle, and wi is a weight (often set to pT ) to optimize the EP
resolution. For example, the vn measurement with respect to the full TPC EP is denoted by

vn{TPC EP} = hcos(n�� n TPC

n )i . (43)
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is not compatible with transition measurements and calculations [123, 124]. Based on the above considerations, the
Case-3 WS density parameterization is chosen for our centrality calculations. The fit corresponds to values of MC
Glauber parameters npp = 2.386, k = 3.889, and x = 0.123.

TABLE III. Centrality definition by No✏ine

trk ranges (e�ciency-uncorrected multiplicity in the TPC within |⌘| < 0.5) in Ru+Ru
and Zr+Zr collisions at

p
sNN =200 GeV. The first column is the centrality range labels we use throughout the paper. The

two centrality columns are the actual centrality ranges which are slightly di↵erent because of integer edge cuts used for the
centrality determination. The mean hNo✏ine

trk i values, the mean number of participants (hNparti), and the mean number of
binary collisions (hNcolli) are also listed. The statistical uncertainties on hNo✏ine

trk i are all significantly smaller than 0.01. The
uncertainties on hNparti and hNcolli are systematic.

Centrality Ru+Ru Zr+Zr
label (%) Centrality(%) No✏ine

trk hNo✏ine

trk i hNparti hNcolli Centrality(%) No✏ine

trk hNo✏ine

trk i hNparti hNcolli
0–5 0–5.01 258.–500. 289.32 166.8±0.1 389±10 0–5.00 256.–500. 287.36 165.9±0.1 386±10
5–10 5.01–9.94 216.–258. 236.30 147.5±1.0 323±5 5.00–9.99 213.–256. 233.79 146.5±1.0 317±5
10–20 9.94–19.96 151.–216. 181.76 116.5±0.8 232±3 9.99–20.08 147.–213. 178.19 115.0±0.8 225±3
20–30 19.96–30.08 103.–151. 125.84 83.3±0.5 146±2 20.08–29.95 100.–147. 122.35 81.8±0.4 139±2
30–40 30.08–39.89 69.–103. 85.22 58.8±0.3 89.4±0.9 29.95–40.16 65.–100. 81.62 56.7±0.3 83.3±0.8
40–50 39.89–49.86 44.–69. 55.91 40.0±0.1 53.0±0.5 40.16–50.07 41.–65. 52.41 38.0±0.1 48.0±0.4
50–60 49.86–60.29 26.–44. 34.58 25.8±0.1 29.4±0.2 50.07–59.72 25.–41. 32.66 24.6±0.1 26.9±0.2
60–70 60.29–70.04 15.–26. 20.34 15.83±0.03 15.6±0.1 59.72–70.00 14.–25. 19.34 15.10±0.03 14.3±0.1
70–80 70.04–79.93 8.–15. 11.47 9.34±0.02 8.03±0.04 70.00–80.88 7.–14. 10.48 8.58±0.02 7.12±0.04
20–50 19.96–49.86 44.–151. 89.50 60.9±0.3 96.7±1.0 20.08–50.07 41.–147. 85.68 58.9±0.3 90.3±0.9
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FIG. 3. (Upper) The e�ciency-uncorrected mean multiplicity
⌦
No✏ine
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↵
from the TPC within |⌘| < 0.5 as a function of

centrality in Ru+Ru and Zr+Zr collisions. The centrality bins are shifted horizontally for clarity. (Lower) The ratio of
the mean multiplicity in Ru+Ru collisions to that in Zr+Zr collisions in matching centrality. The points include statistical
uncertainties that are within the marker size.

The centrality of an event is defined by the percentile of the total cross section. The integer edge cuts are made
so that the integrals of the No✏ine

trk
distributions would be closest to the 5% or 10% mark. For the 0–20% centrality

interval the experimental data are used for integration, while the MC Glauber distributions are used for the remaining
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H. R 2 measurements (Group-5)

In this part of the analysis, charged particles with transverse momentum 0.2 < pT < 2.0 GeV/c are used to construct
 2. Each event is subdivided into two sub-events with pseudorapidity 0.1 < ⌘ < 1.0 (West) and �1.0 < ⌘ < �0.1
(East) to obtain  W

2
(West) and  E

2
(East). Afterward, C 2(�S), C?

 2
(�S) and R 2(�S) are constructed using

charged particles with 0.35 < pT < 2.0 GeV/c. To avoid potential self-correlations,  E
2
is used for particles within the

0.1 < ⌘ < 1.0 range and  W
2

for particles within the �1.0 < ⌘ < �0.1 range. Here the �S distributions associated
with the aforementioned quantities are symmetrized around �S = 0. The second pT selection (beginning at 0.35
GeV/c) is chosen to minimize the influence of acceptance e↵ects at low pT while optimizing the statistics.

The sensitivity of the R 2(�S
00
) distribution to the potential impact from v2-driven background is investigated

using event-shape selection via fractional cuts on the magnitude of the second harmonic flow Q-vector q2 relative to
its maximum value q2,max at fixed multiplicity [59]. This study is motivated by the fact that v2 drives background
sources of CME and the change in q2 provides a lever-arm to vary v2 [27, 32]. Therefore, the impact of the v2-driven
charge separation background can be decreased (increased) by choosing events with smaller (larger) q2 values.
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FIG. 24. The q2 dependence of the R 2(�S
00
) distributions for Ru+Ru (a) and Zr+Zr (d) for 20–50% collisions. Panels (b)

and (e) show the corresponding q2-dependent v2 values; panels (c) and (f) show the inverse widths (��1

R 2
) for distributions in

(a) and (d), respectively. The distributions shown in (a) and (d) are symmetrized around �S
00
= 0.

Event-shape selection is performed using three sub-events; A[⌘ < �0.3], B[|⌘| < 0.3], and C[⌘ > 0.3], following the
methods described earlier, and with q2 selections in sub-event B. Figure. 24 shows the q2-selected isobar measurements.
The R 2(�S

00
) distributions are given in panels a and d, and the corresponding v2 values, measured using the two

sub-event cumulants method [137] and particles with 0.35 < pT < 2.0 GeV/c are shown in panels b and e. The inverse
widths (panels c and f) are extracted from the distributions shown in (panels a and d). Linear fits to the data in panels
(b), (c), (e), and (f) indicate that, while v2 shows a 32.0%± 0.01% increase with q2 from q2=0-20% to 60-100%, the
corresponding inverse width for the R 2(�S

00
) distributions show an approximate decrease of 7.0%± 4.0%. Further

studies may be needed to understand the physics behind the observed behavior of the widths of R 2 on q2.

The R 2(�S
00
) distributions, extracted for several centrality selections in Ru+Ru and Zr+Zr collisions, are shown

in Fig. 25 (a-d). They indicate centrality-dependent concave-shaped distributions for R 2(�S
00
). The corresponding

inverse widths extracted from these distributions are shown in panel (e). They indicate similar magnitudes for both
isobars that increase as collisions become more peripheral. The di↵erence between the inverse widths for the two isobars

STAR Collaboration
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FIG. 25. Comparison of the R 2(�S
00
) distributions obtained for charged particles in (a) 0-10%, (b) 10-30%, (c) 30-50% and

(d) 20–50% collisions in Ru+Ru and Zr+Zr collisions at
p
sNN) = 200 GeV. Panel (e) shows the centrality dependence of the

inverse widths ��1

R 2
, extracted from the R 2(�S

00
) distributions. Panel (f) shows the ratio of the inverse widths of the two

isobars. The distributions shown in (a)-(d) are symmetrized around �S
00
= 0.

.

is made more transparent in Fig. 25(f), where the ratios ��1

R 2
(Ru + Ru)/��1

R 2
(Zr + Zr) are plotted as a function of

collision centrality. Note that the systematic uncertainty is negligible compared to the statistical uncertainties for the
20–50% selection.

I. Summary and discussions

The elliptic flow v2 coe�cients are found to be larger in Ru+Ru than Zr+Zr collisions, by approximately 2% in
mid-central collisions and by a similar amount in the most central 5% of collisions. The shape and magnitude of the
vRu+Ru

2
/vZr+Zr

2
ratio as a function of centrality are consistent with the corresponding eccentricity ratio predicted by

DFT calculations [85, 86], which can be parameterized by neutron-halo typeWS distributions for the 96
40
Zr nucleus [113].

Therefore, the current measurements are consistent with the di↵erent intrinsic nuclear structures of the two isobars.
The v2 di↵erence in central collisions suggests that the 96

44
Ru nucleus is more deformed than the 96

40
Zr nucleus. However,

the ratio of multiplicity distribution is best described by MC-Glauber simulations without intrinsic shapes for both the
isobars. Further studies with more sophisticated observables are underway to pin down the nuclear shape di↵erence
between 96

44
Ru and 96

40
Zr. Using the forward detectors EPD and ZDC rather than the TPC to determine the EP leads

to a noticeable change in the magnitude of v2 and an even larger change in v3. These changes may primarily be
due to e↵ects of non-flow, longitudinal de-correlation and flow-fluctuations. An interesting observation is that the
magnitudes of v3 di↵er with high significance between the two isobars in both peripheral and central collisions, which
warrants future investigation.

The primary CME-sensitive observable ��/v2 is analyzed by four independent groups. Prior to the blind analysis,
the case for observation of a CME signal is predefined to be an excess of ��/v2 in Ru+Ru collisions as compared with
Zr+Zr collisions. Results from all groups are inconsistent with this expectation, and therefore no conclusive evidence
of the CME is found in this blind analysis. The analysis from one group uses an alternate CME-sensitive measure,
namely the R variable. The predefined expectation for the CME for this observable is a larger concavity of the R
variable in Ru+Ru collisions compared with Zr+Zr collisions. No such observation is found in the data, and therefore
no conclusive evidence of the CME is observed using the R variable in the blind analysis.

Figure 26 presents a compilation of results from the blind analysis for the 20–50% centrality range. In this figure, the

Ø The R"?(∆S
11) correlators for different 

collision centrality is similar between 
the two isobars.
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ü Not an indication for the absence of

the CME
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00
) distributions obtained for charged particles in (a) 0-10%, (b) 10-30%, (c) 30-50% and

(d) 20–50% collisions in Ru+Ru and Zr+Zr collisions at
p
sNN) = 200 GeV. Panel (e) shows the centrality dependence of the

inverse widths ��1

R 2
, extracted from the R 2(�S

00
) distributions. Panel (f) shows the ratio of the inverse widths of the two

isobars. The distributions shown in (a)-(d) are symmetrized around �S
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The elliptic flow v2 coe�cients are found to be larger in Ru+Ru than Zr+Zr collisions, by approximately 2% in1099

mid-central collisions and by a similar amount in the most central 5% of collisions. The shape and magnitude of the1100
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ratio as a function of centrality are consistent with the corresponding eccentricity ratio predicted by1101

DFT calculations [85, 86], which can be parameterized by neutron-halo typeWS distributions for the 96
40
Zr nucleus [113].1102

Therefore, the current measurements are consistent with the di↵erent intrinsic nuclear structures of the two isobars.1103

The v2 di↵erence in central collisions suggests that the 96
44
Ru nucleus is more deformed than the 96

40
Zr nucleus. However,1104

the ratio of multiplicity distribution is best described by MC-Glauber simulations without intrinsic shapes for both the1105
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e↵ects of non-flow and longitudinal de-correlation and fluctuations. An interesting observation is that the magnitudes1109

of v3 di↵er with high significance between the two isobars in both peripheral and central collisions, which warrants1110

future investigation.1111

The primary CME-sensitive observable ��/v2 is analyzed by four independent groups. Prior to the blind analysis,1112

the case for observation of a CME signal is predefined to be an excess of ��/v2 in Ru+Ru collisions as compared1113

with Zr+Zr collisions. Results from all groups are inconsistent with this expectation, and therefore no conclusive1114

evidence of the CME is found in this blind analysis. The analysis from one group uses an alternate CME-sensitive1115
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of the R correlator in Ru+Ru collisions compared with Zr+Zr collisions. No such observation is found in the data,1117

and therefore no conclusive evidence of the CME is observed using the R variable in the blind analysis.1118

Figure 26 presents a compilation of results from the blind analysis for the 20–50% centrality range. In this figure, the1119
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, extracted from the R 2(�S
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) distributions. Panel (f) shows the ratio of the inverse widths of the two

isobars. The distributions shown in (a)-(d) are symmetrized around �S
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= 0.

.
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R 2
(Ru + Ru)/��1

R 2
(Zr + Zr) are plotted as a function of1095

collision centrality. Note that the systematic uncertainty is negligible compared to the statistical uncertainties for the1096

20–50% selection.1097

I. Summary and discussions1098

The elliptic flow v2 coe�cients are found to be larger in Ru+Ru than Zr+Zr collisions, by approximately 2% in1099

mid-central collisions and by a similar amount in the most central 5% of collisions. The shape and magnitude of the1100

vRu+Ru

2
/vZr+Zr

2
ratio as a function of centrality are consistent with the corresponding eccentricity ratio predicted by1101

DFT calculations [85, 86], which can be parameterized by neutron-halo typeWS distributions for the 96
40
Zr nucleus [113].1102

Therefore, the current measurements are consistent with the di↵erent intrinsic nuclear structures of the two isobars.1103

The v2 di↵erence in central collisions suggests that the 96
44
Ru nucleus is more deformed than the 96

40
Zr nucleus. However,1104

the ratio of multiplicity distribution is best described by MC-Glauber simulations without intrinsic shapes for both the1105

isobars. Further studies with more sophisticated observables are underway to pin down the nuclear shape di↵erence1106

between 96
44
Ru and 96

40
Zr. Using the forward detectors EPD and ZDC rather than the TPC to determine the EP leads1107

to a noticeable change in the magnitude of v2 and an even larger change in v3. These changes may primarily be due to1108

e↵ects of non-flow and longitudinal de-correlation and fluctuations. An interesting observation is that the magnitudes1109

of v3 di↵er with high significance between the two isobars in both peripheral and central collisions, which warrants1110

future investigation.1111

The primary CME-sensitive observable ��/v2 is analyzed by four independent groups. Prior to the blind analysis,1112

the case for observation of a CME signal is predefined to be an excess of ��/v2 in Ru+Ru collisions as compared1113

with Zr+Zr collisions. Results from all groups are inconsistent with this expectation, and therefore no conclusive1114

evidence of the CME is found in this blind analysis. The analysis from one group uses an alternate CME-sensitive1115

measure, namely the R correlator. The predefined expectation for the CME for this observable is a larger concavity1116

of the R correlator in Ru+Ru collisions compared with Zr+Zr collisions. No such observation is found in the data,1117

and therefore no conclusive evidence of the CME is observed using the R variable in the blind analysis.1118

Figure 26 presents a compilation of results from the blind analysis for the 20–50% centrality range. In this figure, the1119
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FIG. 26. Compilation of results from the blind analysis. Only results contrasting between the two isobar systems are shown.
Results are shown in terms of the ratio of measures in Ru+Ru collisions over Zr+Zr collisions. Solid dark symbols show CME-
sensitive measures whereas open light symbols show counterpart measures that are supposed to be insensitive to CME. The
vertical lines indicate statistical uncertainties whereas boxes indicate systematic uncertainties. The colors in the background
are intended to separate di↵erent types of measures. The fact that CME-sensitive observable ratios lie below unity leads to the
conclusion that no predefined CME signatures are observed in this blind analysis.

ratio of the value of each observable in Ru+Ru to its value in Zr+Zr collisions is shown; the statistical and systematic
uncertainties are shown by lines and boxes, respectively. Included are results for the CME-sensitive observables
��/v2, , k and 1/�R 2

using di↵erent detector combinations as well as from independent analysis groups. The
ratio values of ��/v2, 112, k2, and 1/�R 2

are all less than or consistent with unity, indicating that the predefined
CME signature is not observed in the isobar blind analysis for any of these observables. This observation is further
corroborated by the observation that the CME-insensitive quantities ��123/v3 and k3 have ratios (as shown in the
figure) consistent with their second-harmonic CME-sensitive counterparts.

In addition to the integrated quantities shown in Fig. 26, we have performed di↵erential measurements of �� with
�⌘ and of �� for pion pairs in invariant mass minv for both isobar species. No di↵erence in the shape is observed
between the two species in these di↵erential studies. The mean value of the variable r that measures the relative
excess of opposite-sign relative to same-sign pion pairs at di↵erent values of minv is di↵erent for the two isobar species,
being smaller in Ru+Ru collisions; this is qualitatively consistent with the charged hadron multiplicity di↵erence in
bins of matching centrality between the two isobars.

The comparison of �� measured with respect to the spectator (measured by the ZDC) and participant (measured
by the TPC) planes is used to extract the CME fraction fcme in each individual species. Two analysis groups used this
method. Group-3 analyzed both the full-event and sub-event correlations, while Group-4 analyzed only the latter.
Using the sub-events allows the suppression of non-flow correlations. The sub-event results from the two groups are
consistent with each other. The statistical uncertainties on fcme from Group-3 are larger than those from Group-4,
due to a smaller di↵erence in v2{ZDC} and v2{TPC} resulting from di↵erent approaches of correlating particles at
midrapidity with signals from two ZDCs (see sections IVD and IVE). All these results give a CME signal fraction
that is consistent with zero with large statistical uncertainties of approximately 10% (absolute) dominated by the
ZDC measurements.

The most recent Au+Au results measured by the spectator and participant plane method from STAR indicate a
possible CME signal fraction of the order of 10% with a significance of 1–3� [70]. If the CME signal fraction is also
10% in isobar collisions, then a 3� e↵ect would be expected with the current isobar data sample of approximately 2
billion MB events each, according to estimations in Ref. [82, 83]. However, it has been pointed out and supported by
AVFD simulations that the CME signal fraction may be substantially smaller in isobar collisions compared to Au+Au
collisions [138]. This would imply a substantially smaller significance in this isobar data sample.
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and therefore no conclusive evidence of the CME is observed using the R variable in the blind analysis.1118

Figure 26 presents a compilation of results from the blind analysis for the 20–50% centrality range. In this figure, the1119

Group 5: R Variable
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No CME signature that satisfies the predefined criteria observed
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is made more transparent in Fig. 25(f), where the ratios ��1

R 2
(Ru + Ru)/��1

R 2
(Zr + Zr) are plotted as a function of1095

collision centrality. Note that the systematic uncertainty is negligible compared to the statistical uncertainties for the1096

20–50% selection.1097

I. Summary and discussions1098
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vRu+Ru

2
/vZr+Zr

2
ratio as a function of centrality are consistent with the corresponding eccentricity ratio predicted by1101

DFT calculations [85, 86], which can be parameterized by neutron-halo typeWS distributions for the 96
40
Zr nucleus [113].1102

Therefore, the current measurements are consistent with the di↵erent intrinsic nuclear structures of the two isobars.1103

The v2 di↵erence in central collisions suggests that the 96
44
Ru nucleus is more deformed than the 96

40
Zr nucleus. However,1104

the ratio of multiplicity distribution is best described by MC-Glauber simulations without intrinsic shapes for both the1105

isobars. Further studies with more sophisticated observables are underway to pin down the nuclear shape di↵erence1106

between 96
44
Ru and 96

40
Zr. Using the forward detectors EPD and ZDC rather than the TPC to determine the EP leads1107

to a noticeable change in the magnitude of v2 and an even larger change in v3. These changes may primarily be due to1108

e↵ects of non-flow and longitudinal de-correlation and fluctuations. An interesting observation is that the magnitudes1109

of v3 di↵er with high significance between the two isobars in both peripheral and central collisions, which warrants1110

future investigation.1111

The primary CME-sensitive observable ��/v2 is analyzed by four independent groups. Prior to the blind analysis,1112

the case for observation of a CME signal is predefined to be an excess of ��/v2 in Ru+Ru collisions as compared1113

with Zr+Zr collisions. Results from all groups are inconsistent with this expectation, and therefore no conclusive1114

evidence of the CME is found in this blind analysis. The analysis from one group uses an alternate CME-sensitive1115

measure, namely the R correlator. The predefined expectation for the CME for this observable is a larger concavity1116

of the R correlator in Ru+Ru collisions compared with Zr+Zr collisions. No such observation is found in the data,1117

and therefore no conclusive evidence of the CME is observed using the R variable in the blind analysis.1118

Figure 26 presents a compilation of results from the blind analysis for the 20–50% centrality range. In this figure, the1119

Predefined CME signature:
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Predefined CME signature not observed
ü Not an indication for the absence of the CME



v Ongoing work
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Ø The use of 𝑅!$ ∆𝑆 to constrain the background 

difference for the two isobars

Ø Detailed studies of the nuclear structure effects on 

the background for the isobars 

Ø Detailed data-model comparisons for isobars 



v Conclusions 
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Charge separation measurements performed with 𝑅"# correlator, 
for isobaric collisions at 200 GeV:

ü 𝑅=> shows concave shape compatible BKG or BKG + CME 
ü 𝑅=> shows weak q2 dependence
ü 𝑅!" distributions are similar for the two isobars

ü 𝑅=> is sensitive to backgrounds and signal magnitude
ü 𝑅=? is sensitive to backgrounds only

Charge separation calculations with AVFD used to validate the 
response of the 𝑅"#,3 correlators:

THANK YOU

Predefined CME signature not observed
ü Not an indication for the absence of the CME
• Ongoing work to study the backgrounds  
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