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Chiral Magnetic Effect (CME)

2

spin alignment in B-field : opposite direction for opposite charges 

handedness : momentum and spin, aligned or anti-aligned 
 

QCD: chiral anomaly creates differences in number of left/right handed quarks

An excess of right/left handed 
quarks leads to current flow 

along B-field

Experimentally observe 
electric charge separation 

along the B-field
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j V Charge current

jV = Nce
2π 2 µAB

Chiral Magnetic Effect (CME)

R 

Charge separation along B direction.

positive goes up
negative goes down
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• P-even so may contain other 
effects: such as resonances, jets 
- need to explore magnitude and 
centrality dependence of signal

CME - making the measurement

3

the asymmetry  a+ = -a-

 instead measure

Averages to zero due to random 
domains

Doesn’t average to zero

γ++ = γ—
 γss < γos

⇤cos(�� + �⇥ � 2�RP )⌅ ⇥
(v1,�, v1,⇥ � a�a⇥)

γ=

x

z
y
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! 
j V

γ SS < γ OS

γ ≡ cos(φα +φβ − 2ψ RP )

ss : α and β has same sign
os : α and β has opposite sign

Charge separation along B direction.
Dipole effect, flips event by event.

dN±/dφ ∝1+2 v1(pT)cos(φ-ΨRP) + 2 v2(pT)cos(2(φ-ΨRP))…. 
                    +2a±sin(φ-ΨRP) 

B-field aligned perpendicular to second-order reaction plane Ψ2  
 

Voloshin: hep-ph/0406311



Helen Caines - 6th CVMF in HIC meeting - Nov 2021 

First paper on CME from STAR

4
STAR: PRL 103 251601 (2009)

Paper concludes : “A signal 
consistent with several 

expectations from the [CME] 
theory is detected.”

“The observed signal cannot be 
described by the background models 
that we have studied (HIJING, 
HIJING+v2, UrQMD, MEVSIM), which 
span a broad range of hadronic 
physics.”

Recently became renowned >500 citations

“…but the signal persists to
higher transverse momentum than 
expected”

PAs: I. Selyuzhenkov, V. Dzordzhadze, R. Longacre, Y. 
Semertzidis, P. Sorensen, D. Gangadharan, G. Wang, 
J. Sandweiss, E. Finch, A. Chikanian, R. Majka, J. 
Thomas, S. Voloshin

but clearly a need to 
investigate other systems
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Same       
sign

CME - testing expectations in Cu+Cu
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Measurements at 200 GeV in 
Au+Au and Cu+Cu consistent with 

local parity violation

⇤cos(�� + �⇥ � 2�RP )⌅ ⇥
(v1,�, v1,⇥ � a�a⇥)

γ=

Both same-sign and opposite-sign 
correlations have expected signs of 
correlation for charge separation 
  

Cu+Cu > Au+Au at same centrality 
consistent with expected 1/Nch 
dependence 

STAR: PRC 81 054908 (2010)

opposite       
sign

γ∝B/Nch 

 γss < γos

BG ∝ v2 

          + non-flow  (jets, resonances)
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Isobar program takes shape 
First proposed by Sergei - PRL 105 172301

Initial further studies on U+U (body-body vs tip-tip) and BES data

STAR first proposes Isobar running in 2015 BUR

Summer 2016 - discussion of possible isobar pairs underway
–considerations:

• largest relative charge difference
• similarity in shape
• availability and price
• ability to accelerate in RHIC

2017 Committee of theory and experiment called to review case for isobars 
- case reported in CPC 14 072001 (2017)

62017 PAC approved Ru and Zr program
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Isobar program: aims to disentangle signal
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Figure 30: Theoretical calculation of the initial magnetic field squared with correction
from azimuthal fluctuation for Ru+Ru and Zr+Zr collisions at psNN = 200 GeV (a) and
their relative difference (b) versus centrality. Also shown is the relative difference in initial
eccentricity (b). The solid (dashed) curves correspond to the parameter set of case 1 (case
2). [96]
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Figure 31: Projection of S ⌘ ��⇥Npart for Ru+Ru and Zr+Zr collisions at psNN = 200

GeV for the parameter set of case 1 (a) and the relative difference in the two (b) versus
centrality, assuming the background level to be 80%. The statistical errors are estimated
from 1.2 ⇥ 10

9 minimum bias events for each collision type. Also shown in panel (b) is
the relative difference in the initial eccentricity from the Monte Carlo Glauber simulation
(pink solid and dashed curves).

the relative difference
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where bg 2 [0, 1] quantifies the background contribution due to elliptic flow and S̄ =

(S
Ru+Ru

+S
Zr+Zr

)/2. An advantage of this approach is that RS = (1� bg)RBsq + bg ·R✏2 ,
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Ru B-field squared 10-20 % higher, 4 extra protons

Eccentricity similar (~4%) except for most central 
events v2 expected to follow ϵ2  

Solid/dashed curves range in knowledge of shape of isobars 
from eA and theory

Goal to: 
Keep constant v2, background driver 
Vary B, signal driver

9644Ru+9644Ru 9640Zr+9640Zr

  ϵ2(Ru+Ru) ~ ϵ2(Zr+Zr) 
Nch(Ru+Ru) ~ Nch(Zr+Zr) 
   B(Ru+Ru) > B(Zr+Zr)

W. Deng et al. PRC 94 041901 (2016)

Study mid-central events  
B field difference dominates
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Figure 29: The Monte Carlo Glauber simulation of the multiplicity distributions for
96

44
Ru+96

44
Ru and 96

40
Zr+96

40
Zr at p

sNN = 200 GeV (a) and their ratio (b). [96]

knowledge of �2 of Ru and Zr is incomplete. According to e-A scattering experiments [97,
98] (which will be referred to as case 1), Ru is more deformed (�Ru

2
= 0.158) than Zr

(�Zr

2
= 0.08); whereas comprehensive model deductions [99] (case 2) tells the opposite,

�
Ru

2
= 0.053 is smaller than �

Zr

2
= 0.217. Other B(E2) experiments indicate that �Ru

2
⇡ 0.1

and �
Zr

2
⇡ 0.045 [100, 101], and the difference in �2 between Ru and Zr is very close to

case 1. In the following discussion, we still use case 1 and case 2 as two extreme cases,
and the most likely result should stay between the limits set by those two cases. We have
checked that this uncertainty has little influence on the multiplicity distribution.

The charge difference between Ru and Zr nuclei provides a handle on the initial mag-
netic field (mostly produced by the spectator protons). Figure 30(a) presents a theoretical
calculation of the initial magnetic field squared with correction from azimuthal fluctua-
tions of the magnetic field orientation, Bsq ⌘ h(eB/m

2

⇡
)
2
cos[2( B �  RP)]i, for the two

collision systems at 200 GeV, using the HIJING model [96]. Bsq quantifies the magnetic
field’s capability of driving the CME signal in the correlator �. For the same centrality
interval, the Ru+Ru collision produces a significantly stronger magnetic field than Zr+Zr.

Panel (b) of Fig. 30 shows that the relative difference in Bsq between Ru+Ru and
Zr+Zr collisions is approaching 15% (case 1) or 18% (case 2) for peripheral events, and
reduces to about 13% (case 1 and case 2) for central events. In our notation, the relative
difference in a quantity F between Ru+Ru and Zr+Zr collisions is RF ⌘ 2(F

Ru+Ru �
F

Zr+Zr
)/(F

Ru+Ru
+ F

Zr+Zr
), and F can be Bsq, ✏2 or S. The effect of the deformity of

the nucleus on the generation of the magnetic field is more distinctive in more peripheral
collisions. In Fig. 30(b), we also show the relative difference in the initial eccentricity,
R✏2 , obtained from the Monte Carlo Glauber simulation. R✏2 is highly consistent with 0
for peripheral events, and goes above (below) 0 for the parameter set of case 1 (case 2) in
central collisions, because the Ru (Zr) nucleus is supposedly more deformed. The relative
difference in v2 should closely follow that in eccentricity, so for the centrality range of
interest, 20 � 60%, the flow-related backgrounds stay almost the same for Ru+Ru and
Zr+Zr collisions. The slightly non-zero effect will be taken into account in the significance
estimation for the CME signal projection, to be discussed later.

For convenience, we define the charge-separation observable S ⌘ ��⇥Npart. The focus
of the isobaric collisions is to lift the degeneracy between Ru+Ru and Zr+Zr, therefore we
express the corresponding S with a two-component perturbative approach to emphasize

34

Multiplicities similar, except in most central events

simulation

simulation

Use Isobars

R = 5.085 fm R = 5.02 fm
Nuclear deformity uncertain



Why isobar?
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∆훾 = ∆훾 + ∆훾

∆훾 = ∆훾 + 𝑘
𝑣
𝑁 + ∆훾

Measurement 
Background 1

Background 2

Signal

∆훾 = ∆훾 + 𝑘
𝑣
𝑁
+ ∆훾

Is there a way to “see“ the signal part “only”?

∆훾 = ∆훾 + 𝑘
𝑣
𝑁
+ ∆훾

?

∆훾 = ∆훾 + 𝑘
𝑣
𝑁
+ ∆훾

∆훾 = ∆훾 + 𝑘
𝑣
𝑁
+ ∆훾

=≈≠

?

Within 4%B-field are 
10-18% different

• ~2 B events can give five sigma 
significance for 14% signal 
level. 

• Only if the systematics error is 
very small.

Minimize the Systematics

S. A. Voloshin, Phys. Rev. C70 (2004) 057901
S. A. Voloshin, Phys. Rev. Lett. 105 (2010) 172301
W.-T. Deng, et al Phys. Rev. C94 (2016) 041901.
Khachatryan Vet al.(CMS) Phys. Rev. Lett.118 (2017) 122301
Adam J et al.(STAR) Phys. Lett. B 798 (2019) 134975
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Isobar Data Taking at RHIC
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Took more than requested.
(3B each)

Requested

Achieved

5σ difference in Δ! if bkg. is at ~80% level

STAR BUR 17-18
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Isobars: A unique test

8

Data should allow for ~5𝜎 if BG ~80%

Depending on background 
level different statistical 
significance 

Estimates assume 1B 
events per species, 

actually collected ~2B for 
each species after QA 

cuts applied Potentially a definitive test!

CMS and theory 
suggest BG ~80%  

BUR: 2018

+

History 2: Backgrounds

Previous measurements of the CME-sensitive charge-separation observables remain inconclusive because of large background contributions. 

First 
measurements

Backgrounds 
can mimic 
signal

2018 Beam Use 
Request: Would 
see signal if 
background 
contributed up to 
~80-85% to 
measure

Isobar idea: 
Change signal 
while keeping 
background fixed

31 August 2021 James Dunlop, STAR Isobar Blind Analysis Results 4

From B-field 
10-18% different
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Isobar signal prediction

9

Estimate sensitive to details of: 
   shape 
   charge distribution 
   neutron skin thickness 

 𝚫γ x Npart
relative difference  
relative difference - eccentricity 

Based on 𝚫γ having 80% non-CME background 

If collect at least 1.2B events for each 
species should have clear signal in 

mid-central events

65 
 

greatly suppressed when we take the ratio between the two systems. The panel (b) of  
Error! Reference source not found. shows that the ratio of Ru+Ru over Zr+Zr is 
approaching 1.18 for peripheral events, and reduces to 1.14 for central events. The 
deformity of the nuclei does not affect <By>, but <B2> is influenced by the position 
fluctuation of nucleons and thus by β2. The calculations with the two cases of Glauber 
inputs are shown with solid and dashed lines, and they are more different in more 
peripheral collisions. 

 

 
 
 
Figure 5–2: Theoretical calculations of the initial magnetic field for 96

44Ru+96
44Ru and 

96
40Zr+96

40Zr at 200 GeV (a) and the ratio (b) vs centrality [82]. The solid lines represent  
calculations with Glauber parameters obtained from e-A scattering experiments, and the dashed 
lines from comprehensive model deductions. 

 
 

 
 

Figure 5–3: Projections of γ×Npart for 96
44Ru+96

44Ru and 96
40Zr+96

40Zr at 200 GeV (a) and the 
relative difference (b) vs centrality, assuming the background level to be four-fifths. The central 
values are based on the Glauber parameters obtained from e-A scattering experiments (case 1), 
and the shaded systematic uncertainty box on each point in panel (b) reflects the Glauber 
parameters from comprehensive model deductions (case 2). The difference in the initial 
eccentricity from the Monte Carlo Glauber simulation is also shown in the panel (b). 
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Decision to blind the analyses

10

2017 PAC recommended blind analyses of CME using Run-18 isobar data 
Methods developed and accepted by collaboration in January 2018, well 
before 2018 data-taking 

Step-1, “The Reference” 
Provide output files composed of collision data from a mix of the two isobar species 
As much as possible, order of collision “events” respects time-dependent changes in 
detector conditions 
Analysis code and time-dependent QA tuned and frozen 
Step-2, “The run by run QA sample” 
Provide files that blind the isobar species but do not “mix” data from different data acquisition 
runs 
Only allow “run-by-run” corrections and code alteration directly resulting from these corrections 
Step-3, Full un-blinding 
 Analysis completed and published as is 

 STAR: NST 32, 48 (2021)

Chiral Magnetic Effect (CME)	

05/17/2021 Rongrong Ma, SQM 2021 7 

•  CME: a novel phenomenon predicted in HI collisions 
–  Prerequisite: chiral imbalance+ magnetic field 
–  Consequence: charge separation along B field 

P.Tribedy, Aug 22, 2019, STAR Collaboration meeting, Krakow, Poland 20

Isobar Blind Analysis Flow Charts

Isobar-Unblind 
Analysis

Isobar-Blind 
Analysis

Run-by-run QA, full 
analysis

(One run is Ru/Zr)

Mock data
challenge

Test data 
structure

(27 GeV files)

Isobar-Mixed 
Analysis

QA, physics & code 
freezing

(One run is Ru+Zr)
Full analysis
(Ru and Zr 
separated)

Isobar
Blind-analysis

team 

Software & 
Calibration

team

Analysis
Blinding 

Committee

Processing…	

•  Experimental search is challenging due to overwhelming background à Isobar 

STAR, arXiv:1911.00596 
Cartoon: arXiv:2009.01230 

Combined effort of many many people in STAR

https://doi.org/10.1007/s41365-021-00878-y
https://doi.org/10.1007/s41365-021-00878-y
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Blinded analyses challenge accepted

5 groups, each consisting of a few STAR collaborators, agreed to perform 
blind analyses

Each group focused on a specific analysis

Substantial overlap also exists for built-in cross-checks

Agreed on:
–  A common and analysis-specific set of variables for data QA and data 

selection to use data with stable detector performance
–  A common set of variations accepted for systematic uncertainty 

determination
–  Calibration experts (recused from CME analyses) evaluate data 

quality “in real time”
– Restrict species-related information to those necessary for successful 

data-taking
11

Agreed that first paper would be based on predefined observables described 
in analysis notes frozen before analysis of data started
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Data taking considerations

12

Large number of events to enable small statistical uncertainty -> long data 
collection period
Need to keep systematics at few %, smaller than statistical uncertainty 

Based on previous studies dominant systematics: 
run-to-run variations of detector response -  acceptance and efficiency 
variation in beam luminosity  

24

Isobar Data Taking at RHIC
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ZrZr Ru Zr Ru Zr Ru

Interleaved fills for isobar species
to minimize systematics.

Good data set taken with 
very smooth running condition.

ST
AR

, a
rX

iv
:1

91
1.

00
59

6 
(2

01
9) J-H Lee for STAR, RHIC/AGS Mtg 2018

Data collection conditions 
“same” for both species
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Isobar Data Taking at RHIC

Aihong Tang                                                                 
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ZrZr Ru Zr Ru Zr Ru

Interleaved fills for isobar species
to minimize systematics.

Good data set taken with 
very smooth running condition.

ST
AR

, a
rX

iv
:1

91
1.

00
59

6 
(2

01
9) J-H Lee for STAR, RHIC/AGS Mtg 2018

Determined to:  
 switch species each store 
 long stores with level low   
                               luminosity

Data monitored offline on run-by-run basis

Lu
m

in
os

ity

Special RHIC running conditions (G. Marr  et al. 10th international particle accelerator conf 
(2019) 28-32)
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Frozen codes tested on AVFD

13

Members of CME group tested frozen code sensitivities with e-b-e 
AVFD 
      –n5/s indicates CME signal strength

Good sensitivity of variables to signal

Background Examples of blind analysis variables

- note not real data
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Zr+Zr. In panels (f), the 2nd-order-polynomial fit function illustrates the rising trend starting from (0, 1).
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) distribution by dividing the horizontal axis by the RMS of the N(�S2,shu✏ed) distribution, i.e., �S
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)395

distributions from EBE-AVFD events of 30-40% Ru+Ru and Zr+Zr collisions, respectively, at
p
sNN = 200 GeV with396

di↵erent n5/s inputs. As n5/s increases, the R(�S
00

2
) distribution becomes more concave, qualitatively representing397

more CME contributions. To quantify the distribution shape, the Gaussian width (�R2) is obtained by fitting each398

R(�S
00

2
) distribution with an inverse Gaussian function, and the resultant ��1

R2
values are listed in panel (c), increasing399

with n5/s. The �
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ratios between Ru+Ru and Zr+Zr are shown in panel (d). According to Eq. 22, ��1

R2
is proportional400
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FIG. 7: Distributions of R(�S
00

2
) from EBE-AVFD events of 30-40% Ru+Ru (a) and Zr+Zr (b) at 200 GeV with

di↵erent n5/s inputs. Panel (c) lists ��1

R2
vs n5/s, extracted from panels (a) and (b), and the �

�1

R2
ratios between

Ru+Ru and Zr+Zr are shown in panel (d), where the 2nd-order-polynomial fit function shows the rising trend
starting from (0, 1).

the R(�S
0

2
) distribution by dividing the horizontal axis by the RMS of the N(�S2,shu✏ed) distribution, i.e., �S

0

2
=393

�S2/
p

h(�S2,shu✏ed)2i. Then �S
0

2
is further modified to correct for the event plane resolution, i.e., �S

00
= �S

0
/�Res,394

where �Res is the correction factor whose details can be found in Ref. [54]. Panels (a) and (b) show the R(�S
00

2
)395

distributions from EBE-AVFD events of 30-40% Ru+Ru and Zr+Zr collisions, respectively, at
p
sNN = 200 GeV with396

di↵erent n5/s inputs. As n5/s increases, the R(�S
00

2
) distribution becomes more concave, qualitatively representing397

more CME contributions. To quantify the distribution shape, the Gaussian width (�R2) is obtained by fitting each398

R(�S
00

2
) distribution with an inverse Gaussian function, and the resultant ��1

R2
values are listed in panel (c), increasing399

with n5/s. The �
�1

R2
ratios between Ru+Ru and Zr+Zr are shown in panel (d). According to Eq. 22, ��1

R2
is proportional400

STAR CME Group:2105.06044

Variable believed sensitive to only background independent of CME strength
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3 Woods-Saxon parameter sets fit to multiplicity distributions 
 -  2-component nucleon-base MC Glauber
 - Best fit (case-3) no quadrupole component, different neutron skin
      Future study: adjust WS parameters, different treatment of sub-nucleon fluctuations, better 
treatment of integer multiplicities in binning

Matching centrality bins leads 
to difference in multiplicities

12

correction factor is determined by making the location of the half-maximum point of the given Vz,tpc bin equal to the
one at �1 < Vz,tpc < 1 cm (the center of the TPC).
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FIG. 2. Distributions of the number of charged particles (No✏ine

trk ) from the TPC in the pseudorapidity acceptance |⌘| < 0.5
in Ru+Ru (upper left panel) and Zr+Zr (lower left panel) collisions. The experimental distributions have been corrected for
variations in the luminosity and the vertex position Vz,tpc, and uncorrected for tracking e�ciency. Fits to the experimental
distributions (gray circles) are performed by the two-component Glauber model using two sets of Woods-Saxon parameters in
Table II (blue crosses for Case-2 and red crosses for Case-3). The Ru+Ru to Zr+Zr ratio of the experimental data, as well
as those of the Glauber model fit for Case-2 and Case-3 are shown in the upper right and lower right panels, respectively.
The Glauber simulation with the Case-3 nuclear density parameters is used for centrality determination as it provides the best
description of the experimental data.

Figure 2 shows the luminosity and Vz,tpc corrected distributions P (No✏ine

trk
) in Ru+Ru and Zr+Zr collisions. The

centrality classes in this analysis are defined by fitting the P (No✏ine

trk
) distributions to those obtained from MC Glauber

simulations [108, 109]. In Glauber simulations, the probability of a collision at a given impact parameter (b) and
the corresponding number of participant nucleons (Npart) and number of binary nucleon-nucleon collisions (Ncoll)
are obtained by MC sampling. The inputs for this calculation are the nuclear thickness function and the inelastic
nucleon-nucleon cross section (�inel

NN
) which is taken to be 42 mb for the current case of

p
sNN = 200 GeV collisions [110].

The nuclear thickness function is the projection of the 3D nuclear density onto the transverse plane (perpendicular
to the z axis). It is obtained by sampling nucleons in the incoming nuclei according to the Woods-Saxon (WS)
distribution defined in the nucleus rest frame with a spherical coordinate system (r is radial position and ✓ is polar
angle) [111]:

⇢(r, ✓) =
⇢0

1 + exp


r�R(1+�2Y 0

2 (✓))
a

� , (5)

where R is the radius parameter, a is the di↵useness parameter of the nuclear surface, �2 is the quadruple deformity

parameter, Y 0
2
(✓) = 1

4

q
5

⇡ (3 cos
2 ✓� 1), and ⇢0 is the normalization factor. Nuclear density distributions of 96

44
Ru and

96
40
Zr are not accurately known [83, 86, 112]. In this work, three sets of WS parameters [83, 113] are investigated. These

sets of parameters are listed in Table II. The first two sets (Case-1 and Case-2) have the same R and a parameters and
di↵erent deformations. The parameters are constrained by e+A scattering experiments [114, 115] and calculations
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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

trk

↵
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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based on a finite-range droplet macroscopic model and the folded-Yukawa single-particle microscopic model [116]. The
charge radius of 96

44
Ru, because of its additional protons, is larger than that of 96

40
Zr. The neutron and proton density

parameters are taken to be the same for both R and a, so Ru is larger than Zr. The third set (Case-3) is from recent
calculations based on energy density functional theory (DFT), assuming the nuclei are spherical [85, 113]. The proton
and neutron distributions are both calculated, and the overall size of Ru is found to be smaller than Zr because of a
significantly thicker neutron skin in the latter. The nucleon distributions are found to be well parameterized by the
halo-type WS distributions (i.e. the neutron a parameter is significantly larger than that for the proton) [113].

TABLE II. The Woods-Saxon parameters used in the Glauber simulations for the centrality determination.

Case-1 [83] Case-2 [83] Case-3 [113]
Nucleus R (fm) a (fm) �2 R (fm) a (fm) �2 R (fm) a (fm) �2

96

44Ru 5.085 0.46 0.158 5.085 0.46 0.053 5.067 0.500 0
96

40Zr 5.02 0.46 0.08 5.02 0.46 0.217 4.965 0.556 0

In this analysis we use the simple two-component model for multiparticle production [117]. Several alterna-
tive approaches of multiparticle production have been developed over the years, such as Quark-Glauber [118], IP-
Glasma [119], trento [120] and Shadowed Glauber [121], that improve the two-component model. These approaches
can be investigated in future STAR analyses – for the current work we stick to the two-component nucleon based MC
Glauber model for simplicity. The multiplicity density at a given b, with the corresponding Npart and Ncoll from the
Glauber calculation for each set of the WS parameters, is parameterized by the two-component model [117] as:

NGlauber

trk
= npp [(1� x)Npart/2 + xNcoll] , (6)

where npp is the average pseudorapidity multiplicity density in zero-bias nucleon-nucleon (NN) collisions, and x is the
relative contribution to multiplicity from hard processes. The multiplicity given by Eq. (6) is the average multiplicity.
Multiplicity fluctuations are taken into account in the following way. NGlauber

trk
is considered to be accumulated by

(1� x)Npart/2+ xNcoll (that is rounded to the closest integer) NN collisions. In each NN collision, the multiplicity n
is obtained by convolution of the negative binomial distribution (NBD)

PNBD(npp, k;n) =
�(n+ k)

�(n+ 1)�(k)
· (npp/k)n

(1 + npp/k)n+k
, (7)

where � is the gamma function and the fluctuation parameter k controls the sharpness of the large multiplicity tail
of the NGlauber

trk
distribution.

The Glauber multiplicity distribution obtained in this way is then convolved with a binomial distribution to account
for the tracking ine�ciency and acceptance of the TPC. The net e↵ect depends on the TPC hit occupancy and is
modeled as a linear function in the multiplicity [108]. The final NGlauber

trk
distribution is then fitted to the experimental

No✏ine

trk
distribution, with npp, k, and x as fit parameters. The fit is performed simultaneously for Ru+Ru and Zr+Zr

datasets with the fit parameters forced to be common for both isobars. Since the peripheral collisions are a↵ected by
trigger ine�ciency, the fit range is restricted to No✏ine

trk
> 50.

A simultaneous fit of the No✏ine

trk
distributions for the two isobars is performed for each set of the WS parameters

for 96
44
Ru and 96

40
Zr listed in Table II. The first set of parameters (Case-1) is rejected from further analysis because it

yields the largest �2/ndf among the three scenarios. The fit results for Case-2 and Case-3 are shown in Fig. 2 (left
panels), with similar �2/ndf values. The P (No✏ine

trk
) distributions shown in Fig. 2 for data are normalized by the

number of events. The same is also applied for the Glauber distributions. However, the Glauber distributions are
further scaled by an additional factor equal to the ratio of the integrals from No✏ine

trk
= 50 to 500 taken between the

data and Glauber distributions.
In order to further inform the choice of the WS parameters, the ratio of the experimentally measured No✏ine

trk
distri-

bution for Ru+Ru to the one for Zr+Zr is compared with the same ratio obtained for the MC Glauber calculations.
These ratios are shown in Fig. 2 (right panels). The multiplicity ratio obtained for Case-3 is in a better agreement
with the experimental distribution at No✏ine

trk
> 50, while the ratio for Case-2 deviates from the experimental ratio,

particularly in central collisions. Note that the Case-3 fit ratio does not fully describe the data on the large multiplic-
ity tail and there is room for future improvement. The larger multiplicity in central Ru+Ru than in central Zr+Zr
collisions is due to the smaller

p
hr2i, the root-mean-square (RMS) size (and thus a higher energy density) of the 96

44
Ru

nucleus compared to the 96
40
Zr nucleus, as predicted by DFT [85, 86, 122]. If the radius parameter R is set to be smaller

for Ru in the WS density parameterization of Case-2 (and Case-1), then the high multiplicity tails observed in data
would also be described [86]. However, it would still fail to describe the subtle shape in the intermediate multiplicity
range observed in data [86, 113]. It must be also noted that the non-zero �2 parameter for 96

40
Zr as used by Case-2
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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)

Different methods lead to different v2

  - expected due to differing sensitivities to non-flow contributions

Ratios all on common curve except v2{4} and v2(ψZDC)

Differences on the multiple % scale
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Observed differences in both multiplicity and v2 imply that CME background 
different for the two isobars at matching centralities
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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)
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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

trk

↵
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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For each observable/approach, a set of CME signatures were predefined prior to 
the blind analysis

Affirmative observation of CME defined as 5σ (high significance) measurement 

These CME signatures were defined as a significant excess of the CME-sensitive 
observables in Ru+Ru collisions over those in Zr+Zr collisions, owing to a larger 
magnetic field in the former

<latexit sha1_base64="MQRrhT1a6IMVsuQEjZzVLOa3WNY=">AAACJHicbVDJSgNBEO2JW4xb1KOXxiBEAmFGRQVBgl68CDGYhSyEnk5N0qRnoRchDPkYL/6KFw8uePDit9hZDpr4oODxXhVV9dyIM6ls+8tKLCwuLa8kV1Nr6xubW+ntnYoMtaBQpiEPRc0lEjgLoKyY4lCLBBDf5VB1+9cjv/oAQrIwuFeDCFo+6QbMY5QoI7XTF01PEBo3faJ6wo9vgUgtIFvSuZI+HA7njLrI1YUx8CV22umMnbfHwPPEmZIMmqLYTr83OyHVPgSKciJlw7Ej1YqJUIxyGKaaWkJEaJ90oWFoQHyQrXj85BAfGKWDvVCYChQeq78nYuJLOfBd0zm6Wc56I/E/r6GVd96KWRBpBQGdLPI0xyrEo8Rwhwmgig8MIVQwcyumPWJSUybXlAnBmX15nlSO8s5p/vjuJFO4msaRRHtoH2WRg85QAd2gIiojih7RM3pFb9aT9WJ9WJ+T1oQ1ndlFf2B9/wAw7qUU</latexit>

Measure(Ru + Ru)

Measure(Zr + Zr)
> 1
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SE:sub-event

Groups 1-4: Consistency of results

• Measurements of similar quantities consistent
– Statistical uncertainties largely, but not completely, 

correlated among different groups
– Results are not identical because of analysis-

specific event selection criteria and slightly different 
methods

– Verified results consistent within the statistical 
fluctuations due to those differences 
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Predefined CME signature:

Not seen

No CME signature that satisfies the 
predefined criteria observed
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FIG. 5. Ru+Ru over Zr+Zr ratio of the primary CME-sensitive observable ��/v2 estimated using di↵erent methods and
by independent analysis groups. The vertical lines represent statistical uncertainties while the rectangular boxes represent
systematic uncertainties. The upper panel shows the results using the entire TPC acceptance estimated using event-plane (EP)
and three-particle correlations (3PC) methods without any ⌘ gaps. The lower panel shows the results using a sub-event (SE)
method with gap (�⌘sub) of 0.2. Note the most central data point from Group-4 is for 0–10% centrality. The centrality bins
are shifted horizontally for clarity.

The corresponding �112 correlator is represented by797

�112{TPC EP} = hcos(�↵ + �� � 2 TPC

2
)i . (44)

The two-particle � correlator is estimated in the same way as defined in Eq. (11). To account for the detector798

non-uniformity, both � and  TPC
2

have been corrected by the shifting method [99], such that they have uniform799

distributions.800

In this subsection, the POIs (with azimuthal angle represented by � in Eq. (43) or �↵,� in Eq. (44)) are taken801

from the TPC acceptance of |⌘| < 1. By default, the full EP over the same ⌘ range is used for the v2 and ��112802

measurements, with no ⌘ gap between the EP and the POIs or between the two POIs. For each POI or POI pair,803

the full EP is re-estimated by excluding the POI or POI pair to remove self-correlation. This approach yields the804

smallest statistical uncertainties, with the largest possible number of POIs and the highest possible EP resolution.805

The systematic uncertainties due to the lack of an ⌘ gap are expected to be canceled to a large extent in the ratio806

between the two isobar systems, and this idea has been corroborated by the v2 ratios in Fig. 4, and will be further807

tested in the following discussions of the results using finite ⌘ gaps.808

Figure 6 shows v2{TPC EP} as a function of centrality for Ru+Ru and Zr+Zr collisions at
p
sNN = 200 GeV809

in the upper panel, and the ratio of Ru+Ru to Zr+Zr in the lower panel. The v2 ratio averaged over the 20–50%810

centrality range is 1.0144±0.0001(stat.)±0.0008(syst.). Given the statistical and systematic uncertainties, this value is811

significantly above unity, and we consider two potential origins: (a) the two nuclei could have di↵erent nuclear density812

parameters, and (b) non-flow contributions could be di↵erent in the two systems. Scenario (b) can be examined using813

the measurements with various ⌘ gaps: the mean value of the v2 ratio becomes 1.0146, 1.0149 and 1.0161 for the814

two-particle cumulant method (v2{2} defined in Eq. (45)) with no ⌘ gap, �⌘↵� > 0.05 and �⌘↵� > 0.2, respectively.815

Here �⌘↵� is the ⌘ gap between particles ↵ and �. Since the v2 ratio is consistently above unity, we exclude the816

non-flow explanation. Therefore, the isobar data indicate that the 96
44
Ru and 96

40
Zr nuclei have di↵erent nuclear density817

distributions, yielding a larger eccentricity in Ru+Ru than in Zr+Zr collisions at a given centrality [85]. This results818

in the v2 ratio in the lower panel of Fig. 6 being larger than unity.819
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should also manifest ha1,↵a1,�i, but in reality it could be dominated by short-range two-particle correlation back-595

grounds (i.e. BIN + BOUT). Similar to ��112, we focus on the di↵erence between the opposite-sign and same-sign �596

correlators,597

�� = �os � �ss . (12)

The background contributions due to the LCC and TMC have a similar characteristic structure that involves the598

coupling between v2 and �� [37, 38, 51, 126]. This motivates the study of the normalized quantity of �� scaled by599

v2 and ��, defined as:600

112 ⌘ ��112
v2��

. (13)

The observation of the CME requires 112 to be larger than TMC/LCC

112
. While a reliable estimate of TMC/LCC

112
is601

still elusive, the comparison of �112 (and 112) between isobar collisions might give a more definite conclusion on the602

CME signal.603

It is intuitive to introduce some variations in the � correlator to understand the background mechanisms in �112 [26],604

such as605

�123 = hcos(�↵ + 2�� � 3 3)i . (14)

This correlator is expected to be insensitive to the CME, because the correlation is negligible between the magnetic606

field and the third harmonic plane,  3. However, background due to flowing resonances along the  3 plane can607

contribute to this observable. In analogy to Eq. (4) one can write:608

��123,bkgd =
4N2p

N2
hcos(�↵ � 2�� � 3�2p)i v3,2p . (15)

Therefore, similar to Eq. (9) we also study the scaled quantity609

��123
v3

. (16)

Although the direct comparison of ��112/v2 and ��123/v3 is hard to interpret for a given system [127, 128], it610

is useful to contrast signal and background scenarios by comparing each quantity between the two isobar systems.611

When compared between the two isobars, in contrast to ��112/v2 which is driven by di↵erences in both signal and612

background, ��123/v3 will only be driven by the background di↵erence. Since Ru+Ru has a larger magnetic field613

than Zr+Zr, the CME expectation for mixed-harmonic measurements would be:614

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
> 1 , (17)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
>

(��123/v3)Ru+Ru

(��123/v3)Zr+Zr
, (18)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
>

(��)Ru+Ru

(��)Zr+Zr
. (19)

The last condition (Eq.19) can be re-written as615

Ru+Ru

112

Zr+Zr

112

> 1 . (20)

In general, the algebra relating , ��, v2, and �� relies on the symmetry assumption of hsin(�↵���) sinn(����c)i =616

0, with “c” labeling the particle used for EP reconstruction [26] and n representing the harmonic order. One can617

circumvent this assumption by introducing a slight variant of  that measures the factorization breaking:618

kn =
�hcos(��↵�) cos(n���c)i

v2n{2}��↵�
. (21)

Here the first “�” in the numerator denotes the di↵erence between opposite-sign and same-sign measurements of the619

quantity inside the average. The quantity ��↵� = �↵ � �� denotes the relative azimuthal angle between charge-620

carrying particles, whereas the quantity ���c = �� � �c is the relative di↵erence between one of the charge-carrying621
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FIG. 5. Ru+Ru over Zr+Zr ratio of the primary CME-sensitive observable ��/v2 estimated using di↵erent methods and
by independent analysis groups. The vertical lines represent statistical uncertainties while the rectangular boxes represent
systematic uncertainties. The upper panel shows the results using the entire TPC acceptance estimated using event-plane (EP)
and three-particle correlations (3PC) methods without any ⌘ gaps. The lower panel shows the results using a sub-event (SE)
method with gap (�⌘sub) of 0.2. Note the most central data point from Group-4 is for 0–10% centrality. The centrality bins
are shifted horizontally for clarity.

The corresponding �112 correlator is represented by

�112{TPC EP} = hcos(�↵ + �� � 2 TPC

2
)i . (44)

The two-particle � correlator is estimated in the same way as defined in Eq. (11). To account for the detector
non-uniformity, both � and  TPC

2
have been corrected by the shifting method [99], such that they have uniform

distributions.
In this subsection, the POIs (with azimuthal angle represented by � in Eq. (43) or �↵,� in Eq. (44)) are taken

from the TPC acceptance of |⌘| < 1. By default, the full EP over the same ⌘ range is used for the v2 and ��112
measurements, with no ⌘ gap between the EP and the POIs or between the two POIs. For each POI or POI pair,
the full EP is re-estimated by excluding the POI or POI pair to remove self-correlation. This approach yields the
smallest statistical uncertainties, with the largest possible number of POIs and the highest possible EP resolution.
The systematic uncertainties due to the lack of an ⌘ gap are expected to be canceled to a large extent in the ratio
between the two isobar systems, and this idea has been corroborated by the v2 ratios in Fig. 4, and will be further
tested in the following discussions of the results using finite ⌘ gaps.

Figure 6 shows v2{TPC EP} as a function of centrality for Ru+Ru and Zr+Zr collisions at
p
sNN = 200 GeV

in the upper panel, and the ratio of Ru+Ru to Zr+Zr in the lower panel. The v2 ratio averaged over the 20–50%
centrality range is 1.0144±0.0001(stat.)±0.0008(syst.). Given the statistical and systematic uncertainties, this value is
significantly above unity, and we consider two potential origins: (a) the two nuclei could have di↵erent nuclear density
parameters, and (b) non-flow contributions could be di↵erent in the two systems. Scenario (b) can be examined using
the measurements with various ⌘ gaps: the mean value of the v2 ratio becomes 1.0146, 1.0149 and 1.0161 for the
two-particle cumulant method (v2{2} defined in Eq. (45)) with no ⌘ gap, �⌘↵� > 0.05 and �⌘↵� > 0.2, respectively.
Here �⌘↵� is the ⌘ gap between particles ↵ and �. Since the v2 ratio is consistently above unity, we exclude the
non-flow explanation. Therefore, the isobar data indicate that the 96

44
Ru and 96

40
Zr nuclei have di↵erent nuclear density

distributions, yielding a larger eccentricity in Ru+Ru than in Zr+Zr collisions at a given centrality [85]. This results
in the v2 ratio in the lower panel of Fig. 6 being larger than unity.

Verified results consistent within 
expected statistical fluctuations due to 
differing analysis-specific event 
selections and slightly different 
methods used

 Stat uncertainties mostly (but not 
completely) correlated

Predefined signature criteria 
not observed 
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E. �� with participant and spectator planes (approach-II)

The main objective is to obtain the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr. As discussed in Ref. [65] an evalu-
ation of the ratio (��/v2) does not require knowledge of the reaction plane resolution, which reduces the systematic
uncertainty. It also “normalizes” the � correlator to the elliptic flow value (which is proportional to background) and
thus can be used for a direct comparison of the signals in di↵erent isobar collisions, even if the values of elliptic flow
are slightly di↵erent in the two systems. Thus, the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr, and specifically its
deviation from unity, can be directly used for a qualitative detection of the CME signal. To extract the CME signal
in this approach the double ratio is fit with the equation:

(��/v2)Ru+Ru

(��/v2)Zr+Zr

= 1 + fZr+Zr
CME [(BRu+Ru/BZr+Zr)

2 � 1], (35)

where fZr+Zr
cme is the CME fraction in the �� correlator measured in Zr+Zr collisions, and (BRu+Ru/BZr+Zr) is the ratio

of the magnetic field strengths in Ru+Ru and Zr+Zr collisions. By default this ratio is taken as the ratio of the
nuclear charges, but can be varied to take into account the uncertainties related to the magnetic field determination.

For a non-zero CME signal it is expected that the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr would be greater than
unity, as the CME signal in Ru+Ru collisions is expected to be about 15% larger than in Zr+Zr collisions [58, 83],
and the background di↵erence should be significantly smaller.

For the separate estimates of the CME signal in each of the isobar collisions, the � correlator and elliptic flow can
be also measured using STAR’s two ZDC-SMD  1 event planes (spectator planes):

(��/v2)ZDC =
�hcos(�↵ + �� � W

1
� E

1
)i

hcos(2�� W
1

� E
1
)i

, (36)

where  W(E)

1
is the event plane determined with ZDC-SMD in the west (east) side of STAR and the west side

corresponds to the backward direction. Then this can be used for calculations of the double ratios:

(��/v2)spectator
(��/v2)participant

=
(��/v2)ZDC

(��/v2)TPC

=
�hcos(�↵ + �� � W

1
� E

1
)i/hcos(2�� W

1
� E

1
)i

�hcos(�↵ + �� � 2�c)i/hcos(2�↵ � 2�c)i
. (37)

To extract the signal, one has to make further assumptions [65]. Following the most plausible scenario of the
magnetic field oriented on average perpendicular to the spectator plane, the CME fraction, ftpc

cme, can be extracted via
fitting of the results with the equation:

(��/v2)ZDC

(��/v2)TPC

= 1 + fTPC
CME

✓
v2
2
{TPC}

v2
2
{ZDC} � 1

◆
. (38)

While the calculation of the double ratio, l.h.s. of Eq. (38), does not require knowledge of the reaction plane resolutions,
the quantitative estimate of ftpc

cme from the double ratio requires v2 values corrected for the reaction plane resolution.
For the correlations relative to the sum of the first harmonic ZDC event planes the corresponding event plane resolution
can be extracted directly from the data as hcos( W

1
� E

1
)i.

F. R 2 variable

The R 2(�S) variable provides an alternate way of measuring charge separation. It is obtained by taking the ratio
of two sets of correlation functions [62, 73] defined as:

R 2(�S) = C 2(�S)/C?
 2

(�S). (39)

Here the correlation functions C 2(�S) and C?
 2

(�S) quantify charge separation �S, perpendicular and parallel

(respectively) to the  2 EP. The su�x “?” is motivated by the direction of the ~B field. Since the ~B field is
nearly perpendicular to the  2 EP, C 2(�S) and C?

 2
(�S) measure charge separation approximately parallel and

perpendicular (respectively) to the ~B field. These correlation functions are further obtained from the ratios of two
distributions [62, 73];

C 2(�S) =
Nreal(�S)

Nshu✏ed(�S)
. (40)
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Group-1: Testing CME scenario

Focus is on event plane measurement with full TPC acceptance
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The 112 > 1 will support the CME
scenario.
The 112 ratio is significantly below 1, as
function of centrality.
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It is intuitive to introduce some variations in the � correlator to understand the background mechanisms in �112 [26],606

such as607

�123 ⌘ hcos(�↵ + 2�� � 3 3)i. (14)

This correlator is expected to be insensitive to the CME, because the correlation is negligible between the magnetic608

field and the third harmonic plane,  3. However, background due to flowing resonances along the  3 plane can609

contribute to this observable. Therefore in analogy with Eq. (4) one can write:610

��123,bkgd =
4N2p

N2
hcos(�↵ � 2�� � 3�2p)i v3,2p . (15)

Therefore, similar to Eq. (9) we also study the scaled quantity611

��123
v3

. (16)

Although the direct comparison of ��112/v2 and ��123/v3 is hard to interpret for a given system [128, 129], it612

is useful to contrast signal and background scenarios by comparing each quantity between the two isobar systems.613

When compared between the two isobars, in contrast to ��112/v2 which is driven by di↵erences in both signal and614

background, ��123/v3 will only be driven by the background di↵erence. Since Ru+Ru has a larger magnetic field615

than Zr+Zr, the CME expectation for mixed-harmonic measurements would be:616

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
> 1 , (17)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
>

(��123/v3)Ru+Ru

(��123/v3)Zr+Zr
, (18)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
>

(��)Ru+Ru

(��)Zr+Zr
. (19)

The last condition (Eq.19) can be re-written as617

Ru+Ru

112

Zr+Zr

112

> 1. (20)

In general, the algebra relating , ��, v2, and�� relies on the symmetry assumption of hsin(�↵���) sin[n(����c)]i =618

0, with “c” labeling the particle used for EP reconstruction [26] and n representing the harmonic order. One can619

circumvent this assumption by introducing a slight variant of  that measures the factorization breaking:620

kn =
�hcos(��↵�) cos(n���c)i

v2n{2}��↵�
. (21)

Here the “�” in the numerator denotes the di↵erence between opposite-sign and same-sign measurements of the quan-621

tity inside the average. The quantity ��↵� = �↵ � �� denotes the relative azimuthal angle between charge-carrying622

particles, whereas the quantity ���c = �� � �c is the relative di↵erence between one of the charge-carrying particles623

and the particles used for EP reconstruction. The quantity ��↵� in the denominator has the same definition as Eq.12.624

The quantity vn{2} is the n-th order harmonic anisotropy coe�cients estimated using two-particle correlations. The625

CME is expected to cause an excess charge separation perpendicular to the  2 plane, whereas the background-driven626

charge separations along the  2 and  3 planes are proportional to v2 and v3, respectively. Under these assumptions,627

one expects the case for the CME to be:628

kRu+Ru

2

kZr+Zr

2

>
kRu+Ru

3

kZr+Zr

3

. (22)

For simplicity, the notation � is used in place of �112 in the following subsections (Sec. IV B-E).629

B. Relative pseudorapidity dependence of ��630

The relative pseudorapidity dependence of azimuthal correlations is widely studied to identify sources of long-631

range components that are dominated by early-time dynamics. They are contrasted to late-time correlations that632
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FIG. 8. ��112 measured with the full TPC EP for Ru+Ru
and Zr+Zr collisions at

p
sNN = 200 GeV (upper panel) and

the ratio of Ru+Ru to Zr+Zr (lower panel). The centrality
bins are shifted horizontally for clarity. The border-less hor-
izontal bands denote the statistical uncertainties. The hori-
zontal bands with the dashed border represent the systematic
uncertainties.
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FIG. 9. 112 measured with the full TPC EP for Ru+Ru and
Zr+Zr collisions at
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ratio of Ru+Ru to Zr+Zr (lower panel). The centrality bins
are shifted horizontally for clarity. The border-less horizon-
tal bands denote the statistical uncertainties. The horizontal
bands with the dashed border represent the systematic un-
certainties.

B. Mixed harmonic measurements (Group-2)841

While the analysis from the previous group focuses on the EP method, in this subsection: 1) we focus on measure-842

ments of harmonic coe�cients and charge sensitive correlations using two-particle, three-particle correlations and the843

scalar-product method, and 2) we further extend the correlation measurements by requiring one of the particles from844

the forward EPD.845

We measure harmonic flow coe�cients vn{2} from the full TPC using two-particle correlations, where846

v2n=2,3{2}(|⌘| < 1) = hcos(n�1 � n�2)i . (45)

In this v2n{2} measurement from the TPC, we put a cut of �⌘1,2 > 0.05 to mitigate e↵ects of two track merging847

and e+e� due to photon conversion. For v2n{2} measurements, we remove the short-range component due to HBT,848

Coulomb e↵ects using a double Gaussian fit as described in Ref. [96]. We also estimate harmonic coe�cients without849

such Gaussian subtraction but using a cut of �⌘1,2 > 1 in Eq. (45). In this paper we denote such measurements as850

vn{2}(�⌘ > 1). In addition we also estimate vn using sub-event methods v2n{SP} = hQn,aQ⇤
n,bi, where the Q-vectors851

Qn,a and Qn,b are taken from two halves of TPC around ⌘ = 0 separated by a pseudorapidity gap of �⌘sub = 0.2.852

We denote such measurements as vn{SP}(�⌘sub = 0.2).853

We present measurements of data from the new EPD detector (2.1 < |⌘| < 5.1). We estimate the elliptic and854

triangular anisotropy of particles at mid-rapidity with respect to the forward PPs in the EPD by855

vn=2,3{SP}(TPC-EPD) ⌘
⌦
cos

�
n�� n EPD

n

�↵
=

hQn,TPCQ
⇤

n,EPDE
+Qn,TPCQ

⇤

n,EPDW
i

2
q
hQn,EPDEQ

⇤
n,EPDW

i
, (46)
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B. Mixed harmonic measurements (Group-2)

While the analysis from the previous group focuses on the EP method, in this subsection: 1) we focus on measure-
ments of harmonic coe�cients and charge sensitive correlations using two-particle, three-particle correlations and the
scalar-product method, and 2) we further extend the correlation measurements by requiring one of the particles from
the forward EPD.

We measure harmonic flow coe�cients vn{2} from the full TPC using two-particle correlations, where

v2n=2,3{2}(|⌘| < 1) = hcos(n�1 � n�2)i . (45)

In this v2n{2} measurement from the TPC, we put a cut of �⌘1,2 > 0.05 to mitigate e↵ects of two track merging
and e+e� due to photon conversion. For v2n{2} measurements, we remove the short-range component due to HBT,
Coulomb e↵ects using a double Gaussian fit as described in Ref. [96]. We also estimate harmonic coe�cients without
such Gaussian subtraction but using a cut of �⌘1,2 > 1 in Eq. (45). In this paper we denote such measurements as
vn{2}(�⌘ > 1). In addition we also estimate vn using sub-event methods v2n{SP} = hQn,aQ⇤

n,bi, where the Q-vectors
Qn,a and Qn,b are taken from two halves of TPC around ⌘ = 0 separated by a pseudorapidity gap of �⌘sub = 0.2.
We denote such measurements as vn{SP}(�⌘sub = 0.2).

We present measurements of data from the new EPD detector (2.1 < |⌘| < 5.1). We estimate the elliptic and
triangular anisotropy of particles at mid-rapidity with respect to the forward PPs in the EPD by

vn=2,3{SP}(TPC�EPD) ⌘
⌦
cos

�
n�� n EPD

n

�↵
=

hQn,TPCQ
⇤

n,EPDE
+Qn,TPCQ

⇤

n,EPDW
i

2
q

hQn,EPDEQ
⇤
n,EPDW

i
, (46)

using the scalar-product (SP) method where Q and Q⇤ denote the Q-vectors and their complex conjugates [134].
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should also manifest ha1,↵a1,�i, but in reality it could be dominated by short-range two-particle correlation back-
grounds (i.e. BIN + BOUT). Similar to ��112, we focus on the di↵erence between the opposite-sign and same-sign �
correlators,

�� = �os � �ss . (12)

The background contributions due to the LCC and TMC have a similar characteristic structure that involves the
coupling between v2 and �� [37, 38, 51, 126]. This motivates the study of the normalized quantity of �� scaled by
v2 and ��, defined as:

112 ⌘ ��112
v2��

. (13)

The observation of the CME requires 112 to be larger than TMC/LCC

112
. While a reliable estimate of TMC/LCC

112
is

still elusive, the comparison of �112 (and 112) between isobar collisions might give a more definite conclusion on the
CME signal.

It is intuitive to introduce some variations in the � correlator to understand the background mechanisms in �112 [26],
such as

�123 = hcos(�↵ + 2�� � 3 3)i . (14)

This correlator is expected to be insensitive to the CME, because the correlation is negligible between the magnetic
field and the third harmonic plane,  3. However, background due to flowing resonances along the  3 plane can
contribute to this observable. In analogy to Eq. (4) one can write:

��123,bkgd =
4N2p

N2
hcos(�↵ � 2�� � 3�2p)i v3,2p . (15)

Therefore, similar to Eq. (9) we also study the scaled quantity

��123
v3

. (16)

Although the direct comparison of ��112/v2 and ��123/v3 is hard to interpret for a given system [127, 128], it
is useful to contrast signal and background scenarios by comparing each quantity between the two isobar systems.
When compared between the two isobars, in contrast to ��112/v2 which is driven by di↵erences in both signal and
background, ��123/v3 will only be driven by the background di↵erence. Since Ru+Ru has a larger magnetic field
than Zr+Zr, the CME expectation for mixed-harmonic measurements would be:

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
> 1 , (17)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
>

(��123/v3)Ru+Ru

(��123/v3)Zr+Zr
, (18)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
>

(��)Ru+Ru

(��)Zr+Zr
. (19)

The last condition (Eq.19) can be re-written as

Ru+Ru

112

Zr+Zr

112

> 1 . (20)

In general, the algebra relating , ��, v2, and �� relies on the symmetry assumption of hsin(�↵���) sinn(����c)i =
0, with “c” labeling the particle used for EP reconstruction [26] and n representing the harmonic order. One can
circumvent this assumption by introducing a slight variant of  that measures the factorization breaking:

kn =
�hcos(��↵�) cos(n���c)i

v2n{2}��↵�
. (21)

Here the first “�” in the numerator denotes the di↵erence between opposite-sign and same-sign measurements of the
quantity inside the average. The quantity ��↵� = �↵ � �� denotes the relative azimuthal angle between charge-
carrying particles, whereas the quantity ���c = �� � �c is the relative di↵erence between one of the charge-carrying
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range. The reason for this choice is because it is certain that the online trigger is fully e�cient for collisions more
central than 20%.

Table III lists the centrality definition and the corresponding
⌦
No✏ine

trk

↵
, hNparti and hNcolli for Ru+Ru and Zr+Zr

collisions at
p
sNN = 200 GeV obtained in this work. Throughout this paper, we label the centralities as in the first

column of Table III. Because of the integer edge cuts in the centrality determination, the actual centrality ranges
are slightly di↵erent, which are also listed in Table III for Ru+Ru and Zr+Zr collisions, respectively. We estimate
systematic uncertainties on hNparti and hNcolli by varying the input parameters (R, a) in the MC Glauber simulation
and by varying npp and x in the two-component model. Figure 3 (upper panel) shows the

⌦
No✏ine

trk

↵
as a function

of centrality in the two isobar collision systems. The Ru+Ru/Zr+Zr ratio of the mean multiplicities is shown in
the lower panel of Fig. 3. The mean multiplicity is larger in Ru+Ru collisions than in Zr+Zr collisions of matching
centrality. Note that the shape of this ratio as a function of centrality can be a↵ected by the inexact matching of
centralities by integer edge cuts on No✏ine

trk
. The shape may also be influenced by other factors that require further

studies.

IV. OBSERVABLES FOR ISOBAR BLIND ANALYSIS

The isobar blind analysis specifically focuses on the following approaches and corresponding observables. The
general strategy is to compare results from the two isobar species to search for a statistically significant di↵erence
in the observables used. The following subsections describe these approaches and corresponding observables which
include: 1) measurements of the second- and higher-order harmonics of the � correlator, 2) di↵erential measurements
of �� (with respect to pseudorapidity gap �⌘ and invariant mass minv) to identify and quantify backgrounds, 3)
exploiting the relative charge separation across spectator and participant planes, and 4) the use of the R observable
to measure charge separation. The first three approaches are based on the aforementioned three-point correlator and
the last employs a di↵erent approach. For each observable/approach, we predefine a set of the CME signatures prior
to the blind analysis, for which a magnitude of high significance must be observed for an a�rmative observation of
the CME.

A. �� and mixed harmonics with second and third order event planes

We rewrite the conventional � correlator (Eq. (2)) with a more specific notation,

�112 = hcos(�↵ + �� � 2 2)i , (8)

where �↵ and �� are the azimuthal angles of particles of interest (POIs) and  2 is the second-order flow plane.
Here, the subscripts “1”,“1” and “2” in �112 refer to the harmonics associated with the �↵, �� and  2, respectively.
In practice, the flow plane is approximated with the EP ( EP) reconstructed with measured particles, and then the
measurement is corrected for the finite EP resolution [125]. The charge-dependent backgrounds in ��112 = �OS

112
��SS

112

can be broadly understood using the example of resonance decays. If resonances from the event exhibit elliptic flow,
their decay daughters could mimic a signal for charge separation across the flow plane with a magnitude proportional
to v2 [36, 49, 51]. Therefore, following Eq. (4), one should study the normalized quantity

��112
v2

, (9)

to account for the trivial scaling expected from a purely background scenario. The flowing-resonance picture can be
generalized to a larger portion of the event, or even the full event, through the mechanisms of transverse momentum
conservation (TMC) [38, 126] and/or local charge conservation (LCC) [51]. In the case of the � correlator this
contribution can be written as

�112 = hcos(�↵ + �� � 2 2)i
= hcos(�↵ � 2) cos(�� � 2)i � hsin(�↵ � 2) sin(�� � 2)i
= (hv1,↵v1,�i+BIN)� (ha1,↵a1,�i+BOUT) . (10)

The CME should dominantly contribute to the ha1,↵a1,�i term. The in-plane hv1,↵v1,�i component represents the
charge separation unrelated to the magnetic field direction, and (BIN �BOUT) denotes the flow-related background.

Ideally, the two-particle correlator,

� = hcos(�↵ � ��)i
= (hv1,↵v1,�i+BIN) + (ha1,↵a1,�i+BOUT) , (11)
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similar structure that involve coupling 
between v2 and 𝚫δ 

Precision down to 0.4% achieved
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It is intuitive to introduce some variations in the � correlator to understand the background mechanisms in �112 [26],606

such as607

�123 ⌘ hcos(�↵ + 2�� � 3 3)i. (14)

This correlator is expected to be insensitive to the CME, because the correlation is negligible between the magnetic608

field and the third harmonic plane,  3. However, background due to flowing resonances along the  3 plane can609

contribute to this observable. Therefore in analogy with Eq. (4) one can write:610

��123,bkgd =
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hcos(�↵ � 2�� � 3�2p)i v3,2p . (15)

Therefore, similar to Eq. (9) we also study the scaled quantity611
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Although the direct comparison of ��112/v2 and ��123/v3 is hard to interpret for a given system [128, 129], it612

is useful to contrast signal and background scenarios by comparing each quantity between the two isobar systems.613

When compared between the two isobars, in contrast to ��112/v2 which is driven by di↵erences in both signal and614

background, ��123/v3 will only be driven by the background di↵erence. Since Ru+Ru has a larger magnetic field615

than Zr+Zr, the CME expectation for mixed-harmonic measurements would be:616
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The last condition (Eq.19) can be re-written as617
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In general, the algebra relating , ��, v2, and�� relies on the symmetry assumption of hsin(�↵���) sin[n(����c)]i =618

0, with “c” labeling the particle used for EP reconstruction [26] and n representing the harmonic order. One can619

circumvent this assumption by introducing a slight variant of  that measures the factorization breaking:620
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�hcos(��↵�) cos(n���c)i

v2n{2}��↵�
. (21)

Here the “�” in the numerator denotes the di↵erence between opposite-sign and same-sign measurements of the quan-621

tity inside the average. The quantity ��↵� = �↵ � �� denotes the relative azimuthal angle between charge-carrying622

particles, whereas the quantity ���c = �� � �c is the relative di↵erence between one of the charge-carrying particles623

and the particles used for EP reconstruction. The quantity ��↵� in the denominator has the same definition as Eq.12.624

The quantity vn{2} is the n-th order harmonic anisotropy coe�cients estimated using two-particle correlations. The625

CME is expected to cause an excess charge separation perpendicular to the  2 plane, whereas the background-driven626

charge separations along the  2 and  3 planes are proportional to v2 and v3, respectively. Under these assumptions,627

one expects the case for the CME to be:628
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For simplicity, the notation � is used in place of �112 in the following subsections (Sec. IV B-E).629

B. Relative pseudorapidity dependence of ��630

The relative pseudorapidity dependence of azimuthal correlations is widely studied to identify sources of long-631

range components that are dominated by early-time dynamics. They are contrasted to late-time correlations that632
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B. Relative pseudorapidity dependence of ��630

The relative pseudorapidity dependence of azimuthal correlations is widely studied to identify sources of long-631

range components that are dominated by early-time dynamics. They are contrasted to late-time correlations that632

3rd order Event 
Plane not 
correlated with 
Magnetic Field

26

 0.9

 0.95

 1

 1.05

 0 10 20 30 40 50 60 70 80

STAR Isobar blind analysis
√sNN = 200 GeV

Ru+Ru / Zr+Zr (20-50%)

〈 ∆γ112/v2〉=0.966 ± 0.005 ± 0 〈 ∆γ123/v3〉=0.97 ± 0.02 ± 0
〈 ∆δ 〉=0.9849 ± 0.0004 ± 0.0005

Full-TPC (|ηα,β,c|<1)

0.2< pT < 2 GeV/c

R
a

tio

Centrality (%)

∆γ112/v2
∆γ123/v3
∆δ

 0

 0.1

 0.2

 0.3

 0.4

 0.5

STAR Isobar blind analysis
√sNN = 200 GeV

Ru+Ru / Zr+Zr (20-50%)

〈 ∆γ112/v2〉=0.966 ± 0.005 ± 0 〈 ∆γ123/v3〉=0.97 ± 0.02 ± 0
〈 ∆δ 〉=0.9849 ± 0.0004 ± 0.0005

Full-TPC (|ηα,β,c|<1)

0.2< pT < 2 GeV/c

∆
γ 1

2
3
/v

3
 ×

 N
p
a
rt

∆γ123/v3, Ru+Ru
∆γ123/v3, Zr+Zr

 0

 0.1

 0.2

 0.3

 0.4

 0.5 STAR Isobar blind analysis
√sNN = 200 GeV

Ru+Ru / Zr+Zr (20-50%)

〈 ∆γ112/v2〉=0.966 ± 0.005 ± 0 〈 ∆γ123/v3〉=0.97 ± 0.02 ± 0
〈 ∆δ 〉=0.9849 ± 0.0004 ± 0.0005

Full-TPC (|ηα,β,c|<1)

0.2< pT < 2 GeV/c

∆
γ 1

1
2
/v

2
 ×

 N
p
a
rt

∆γ112/v2, Ru+Ru
∆γ112/v2, Zr+Zr

FIG. 11. Scaled charge separation across the second and third
harmonic EPs obtained using all three particles from the TPC
acceptance, divided by the anisotropy coe�cient. Results are
shown for Ru+Ru and Zr+Zr collisions separately on the up-
per and middle panels over the centrality range of 0-80%.
The centrality bins are shifted horizontally for clarity. The
lower panel shows the ratio of various quantities for 20–50%
centrality. The border-less horizontal bands over the 20–50%
centrality range with di↵erent colors represent the statistical
uncertainties in the combined centrality for di↵erent observ-
ables. The horizontal bands with the dashed border represent
the systematic uncertainties. The Npart scaling is applied in
the upper two panels to improve the visibility. The Npart

scaling is not included in the lower panel for the ratios.
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FIG. 12. Scaled charge separation across second and third
harmonic EPs scaled by the anisotropy coe�cient obtained
using all three particles from the TPC acceptance but using
a sub-event (SE) from �1 < ⌘ < �0.1 and 0.1 < ⌘ < 1. Re-
sults are shown for Ru+Ru and Zr+Zr collisions separately
in the upper and middle panels over the centrality range of
0-80%. The centrality bins are shifted horizontally for clar-
ity. The lower panel shows the ratio of di↵erent quantities
for 20–50% centrality. The border-less horizontal bands over
20–50% centrality range with di↵erent colors represent the
statistical uncertainties on the combined centrality for di↵er-
ent observables. The horizontal bands with the dashed border
represent the systematic uncertainties. The Npart scaling is
applied in the upper and middle panels to improve the vis-
ibility. The Npart scaling is not included in the lower panel
for the estimation of ratios.

for the elliptic flow plane  2 at midrapidity, and the quantity v2,c{2} refers to the two-particle elliptic flow coe�cient882

of the reference particle ‘c’ that we estimate using two-particle correlations as defined in Eq. (45).883

Similarly with respect to the third harmonic plane, we measure884

�↵,�
123

(⌘↵, ⌘�)(|⌘|<1) ⌘
D
cos

⇣
�↵(⌘↵) + 2��(⌘�)� 3 |⌘|<1

3

⌘E
=

hcos (�↵(⌘↵) + 2��(⌘�)� 3�c)i
v3,c{2}

. (48)

Finally we calculate the quantities of interest:885

��1mn = �OS

1mn � �SS

1mn, and, ��1mn/vn ⇥Npart . (49)

The normalization of ��1mn(m,n = 1, 2 or 2, 3) by vn(n = 2, 3) takes into account the flow-driven background due886

to resonance decays and local charge conservation [36, 51]. The Npart scaling compensates for the trivial dilution of887

correlations expected from superposition of independent sources, and improves the visibility of the data points.888

The upper and middle panels of Fig. 11 show the CME-sensitive ��112/v2 and the CME-insensitive ��123/v3 (both889

multiplied by Npart), respectively, for individual species. The lower panel presents the ratios of the quantities for890
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It is intuitive to introduce some variations in the � correlator to understand the background mechanisms in �112 [26],606

such as607

�123 ⌘ hcos(�↵ + 2�� � 3 3)i. (14)

This correlator is expected to be insensitive to the CME, because the correlation is negligible between the magnetic608

field and the third harmonic plane,  3. However, background due to flowing resonances along the  3 plane can609

contribute to this observable. Therefore in analogy with Eq. (4) one can write:610

��123,bkgd =
4N2p

N2
hcos(�↵ � 2�� � 3�2p)i v3,2p . (15)

Therefore, similar to Eq. (9) we also study the scaled quantity611

��123
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Although the direct comparison of ��112/v2 and ��123/v3 is hard to interpret for a given system [128, 129], it612

is useful to contrast signal and background scenarios by comparing each quantity between the two isobar systems.613

When compared between the two isobars, in contrast to ��112/v2 which is driven by di↵erences in both signal and614

background, ��123/v3 will only be driven by the background di↵erence. Since Ru+Ru has a larger magnetic field615

than Zr+Zr, the CME expectation for mixed-harmonic measurements would be:616

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
> 1 , (17)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
>

(��123/v3)Ru+Ru

(��123/v3)Zr+Zr
, (18)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
>

(��)Ru+Ru

(��)Zr+Zr
. (19)

The last condition (Eq.19) can be re-written as617
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In general, the algebra relating , ��, v2, and�� relies on the symmetry assumption of hsin(�↵���) sin[n(����c)]i =618

0, with “c” labeling the particle used for EP reconstruction [26] and n representing the harmonic order. One can619

circumvent this assumption by introducing a slight variant of  that measures the factorization breaking:620
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Here the “�” in the numerator denotes the di↵erence between opposite-sign and same-sign measurements of the quan-621

tity inside the average. The quantity ��↵� = �↵ � �� denotes the relative azimuthal angle between charge-carrying622

particles, whereas the quantity ���c = �� � �c is the relative di↵erence between one of the charge-carrying particles623

and the particles used for EP reconstruction. The quantity ��↵� in the denominator has the same definition as Eq.12.624

The quantity vn{2} is the n-th order harmonic anisotropy coe�cients estimated using two-particle correlations. The625

CME is expected to cause an excess charge separation perpendicular to the  2 plane, whereas the background-driven626

charge separations along the  2 and  3 planes are proportional to v2 and v3, respectively. Under these assumptions,627

one expects the case for the CME to be:628
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For simplicity, the notation � is used in place of �112 in the following subsections (Sec. IV B-E).629

B. Relative pseudorapidity dependence of ��630

The relative pseudorapidity dependence of azimuthal correlations is widely studied to identify sources of long-631

range components that are dominated by early-time dynamics. They are contrasted to late-time correlations that632
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and the particles used for EP reconstruction. The quantity ��↵� in the denominator has the same definition as Eq.12.624

The quantity vn{2} is the n-th order harmonic anisotropy coe�cients estimated using two-particle correlations. The625

CME is expected to cause an excess charge separation perpendicular to the  2 plane, whereas the background-driven626

charge separations along the  2 and  3 planes are proportional to v2 and v3, respectively. Under these assumptions,627
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The relative pseudorapidity dependence of azimuthal correlations is widely studied to identify sources of long-631

range components that are dominated by early-time dynamics. They are contrasted to late-time correlations that632
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FIG. 11. Scaled charge separation across the second and third
harmonic EPs obtained using all three particles from the TPC
acceptance, divided by the anisotropy coe�cient. Results are
shown for Ru+Ru and Zr+Zr collisions separately on the up-
per and middle panels over the centrality range of 0-80%.
The centrality bins are shifted horizontally for clarity. The
lower panel shows the ratio of various quantities for 20–50%
centrality. The border-less horizontal bands over the 20–50%
centrality range with di↵erent colors represent the statistical
uncertainties in the combined centrality for di↵erent observ-
ables. The horizontal bands with the dashed border represent
the systematic uncertainties. The Npart scaling is applied in
the upper two panels to improve the visibility. The Npart

scaling is not included in the lower panel for the ratios.

 0.9

 1

 1.1

 0 10 20 30 40 50 60 70 80

STAR Isobar blind analysis
√sNN = 200 GeV

Ru+Ru / Zr+Zr (20-50%)
〈 ∆γ112/v2〉=0.961 ± 0.007 ± 0

〈 ∆γ123/v3〉=0.92 ± 0.03 ± 0.02

〈 ∆δ 〉=0.9849 ± 0.0004 ± 0.0005

|∆ηsub|=0.2, |∆ηα,β|<0.9

0.2< pT < 2 GeV/c

R
a
tio

Centrality (%)

∆γ112/v2(SE)
∆γ123/v3(SE)

∆δ

 0

 0.2

 0.4

 0.6

 0.8

STAR Isobar blind analysis
√sNN = 200 GeV

Ru+Ru / Zr+Zr (20-50%)
〈 ∆γ112/v2〉=0.961 ± 0.007 ± 0

〈 ∆γ123/v3〉=0.92 ± 0.03 ± 0.02

〈 ∆δ 〉=0.9849 ± 0.0004 ± 0.0005

|∆ηsub|=0.2, |∆ηα,β|<0.9

0.2< pT < 2 GeV/c

∆
γ 1

2
3
/v

3
 ×

 N
p
a
rt

∆γ123/v3(SE), Ru+Ru
∆γ123/v3(SE), Zr+Zr

 0

 0.2

 0.4

 0.6

 0.8
STAR Isobar blind analysis

√sNN = 200 GeV

Ru+Ru / Zr+Zr (20-50%)
〈 ∆γ112/v2〉=0.961 ± 0.007 ± 0

〈 ∆γ123/v3〉=0.92 ± 0.03 ± 0.02

〈 ∆δ 〉=0.9849 ± 0.0004 ± 0.0005

|∆ηsub|=0.2, |∆ηα,β|<0.9

0.2< pT < 2 GeV/c

∆
γ 1

1
2
/v

2
 ×

 N
p
a
rt

∆γ112/v2(SE), Ru+Ru
∆γ112/v2(SE), Zr+Zr

FIG. 12. Scaled charge separation across second and third
harmonic EPs scaled by the anisotropy coe�cient obtained
using all three particles from the TPC acceptance but using
a sub-event (SE) from �1 < ⌘ < �0.1 and 0.1 < ⌘ < 1. Re-
sults are shown for Ru+Ru and Zr+Zr collisions separately
in the upper and middle panels over the centrality range of
0-80%. The centrality bins are shifted horizontally for clar-
ity. The lower panel shows the ratio of di↵erent quantities
for 20–50% centrality. The border-less horizontal bands over
20–50% centrality range with di↵erent colors represent the
statistical uncertainties on the combined centrality for di↵er-
ent observables. The horizontal bands with the dashed border
represent the systematic uncertainties. The Npart scaling is
applied in the upper and middle panels to improve the vis-
ibility. The Npart scaling is not included in the lower panel
for the estimation of ratios.

for the elliptic flow plane  2 at midrapidity, and the quantity v2,c{2} refers to the two-particle elliptic flow coe�cient882

of the reference particle ‘c’ that we estimate using two-particle correlations as defined in Eq. (45).883
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Finally we calculate the quantities of interest:885
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The normalization of ��1mn(m,n = 1, 2 or 2, 3) by vn(n = 2, 3) takes into account the flow-driven background due886

to resonance decays and local charge conservation [36, 51]. The Npart scaling compensates for the trivial dilution of887

correlations expected from superposition of independent sources, and improves the visibility of the data points.888

The upper and middle panels of Fig. 11 show the CME-sensitive ��112/v2 and the CME-insensitive ��123/v3 (both889

multiplied by Npart), respectively, for individual species. The lower panel presents the ratios of the quantities for890
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It is intuitive to introduce some variations in the � correlator to understand the background mechanisms in �112 [26],606

such as607

�123 ⌘ hcos(�↵ + 2�� � 3 3)i. (14)

This correlator is expected to be insensitive to the CME, because the correlation is negligible between the magnetic608

field and the third harmonic plane,  3. However, background due to flowing resonances along the  3 plane can609

contribute to this observable. Therefore in analogy with Eq. (4) one can write:610

��123,bkgd =
4N2p

N2
hcos(�↵ � 2�� � 3�2p)i v3,2p . (15)

Therefore, similar to Eq. (9) we also study the scaled quantity611

��123
v3

. (16)

Although the direct comparison of ��112/v2 and ��123/v3 is hard to interpret for a given system [128, 129], it612

is useful to contrast signal and background scenarios by comparing each quantity between the two isobar systems.613

When compared between the two isobars, in contrast to ��112/v2 which is driven by di↵erences in both signal and614

background, ��123/v3 will only be driven by the background di↵erence. Since Ru+Ru has a larger magnetic field615

than Zr+Zr, the CME expectation for mixed-harmonic measurements would be:616
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The last condition (Eq.19) can be re-written as617
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In general, the algebra relating , ��, v2, and�� relies on the symmetry assumption of hsin(�↵���) sin[n(����c)]i =618

0, with “c” labeling the particle used for EP reconstruction [26] and n representing the harmonic order. One can619

circumvent this assumption by introducing a slight variant of  that measures the factorization breaking:620
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�hcos(��↵�) cos(n���c)i
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. (21)

Here the “�” in the numerator denotes the di↵erence between opposite-sign and same-sign measurements of the quan-621

tity inside the average. The quantity ��↵� = �↵ � �� denotes the relative azimuthal angle between charge-carrying622

particles, whereas the quantity ���c = �� � �c is the relative di↵erence between one of the charge-carrying particles623

and the particles used for EP reconstruction. The quantity ��↵� in the denominator has the same definition as Eq.12.624

The quantity vn{2} is the n-th order harmonic anisotropy coe�cients estimated using two-particle correlations. The625

CME is expected to cause an excess charge separation perpendicular to the  2 plane, whereas the background-driven626

charge separations along the  2 and  3 planes are proportional to v2 and v3, respectively. Under these assumptions,627

one expects the case for the CME to be:628
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For simplicity, the notation � is used in place of �112 in the following subsections (Sec. IV B-E).629

B. Relative pseudorapidity dependence of ��630

The relative pseudorapidity dependence of azimuthal correlations is widely studied to identify sources of long-631

range components that are dominated by early-time dynamics. They are contrasted to late-time correlations that632
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When compared between the two isobars, in contrast to ��112/v2 which is driven by di↵erences in both signal and614
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For simplicity, the notation � is used in place of �112 in the following subsections (Sec. IV B-E).629

B. Relative pseudorapidity dependence of ��630

The relative pseudorapidity dependence of azimuthal correlations is widely studied to identify sources of long-631

range components that are dominated by early-time dynamics. They are contrasted to late-time correlations that632
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FIG. 11. Scaled charge separation across the second and third
harmonic EPs obtained using all three particles from the TPC
acceptance, divided by the anisotropy coe�cient. Results are
shown for Ru+Ru and Zr+Zr collisions separately on the up-
per and middle panels over the centrality range of 0-80%.
The centrality bins are shifted horizontally for clarity. The
lower panel shows the ratio of various quantities for 20–50%
centrality. The border-less horizontal bands over the 20–50%
centrality range with di↵erent colors represent the statistical
uncertainties in the combined centrality for di↵erent observ-
ables. The horizontal bands with the dashed border represent
the systematic uncertainties. The Npart scaling is applied in
the upper two panels to improve the visibility. The Npart

scaling is not included in the lower panel for the ratios.
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FIG. 12. Scaled charge separation across second and third
harmonic EPs scaled by the anisotropy coe�cient obtained
using all three particles from the TPC acceptance but using
a sub-event (SE) from �1 < ⌘ < �0.1 and 0.1 < ⌘ < 1. Re-
sults are shown for Ru+Ru and Zr+Zr collisions separately
in the upper and middle panels over the centrality range of
0-80%. The centrality bins are shifted horizontally for clar-
ity. The lower panel shows the ratio of di↵erent quantities
for 20–50% centrality. The border-less horizontal bands over
20–50% centrality range with di↵erent colors represent the
statistical uncertainties on the combined centrality for di↵er-
ent observables. The horizontal bands with the dashed border
represent the systematic uncertainties. The Npart scaling is
applied in the upper and middle panels to improve the vis-
ibility. The Npart scaling is not included in the lower panel
for the estimation of ratios.

for the elliptic flow plane  2 at midrapidity, and the quantity v2,c{2} refers to the two-particle elliptic flow coe�cient882

of the reference particle ‘c’ that we estimate using two-particle correlations as defined in Eq. (45).883

Similarly with respect to the third harmonic plane, we measure884
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Finally we calculate the quantities of interest:885

��1mn = �OS

1mn � �SS

1mn, and, ��1mn/vn ⇥Npart . (49)

The normalization of ��1mn(m,n = 1, 2 or 2, 3) by vn(n = 2, 3) takes into account the flow-driven background due886

to resonance decays and local charge conservation [36, 51]. The Npart scaling compensates for the trivial dilution of887

correlations expected from superposition of independent sources, and improves the visibility of the data points.888

The upper and middle panels of Fig. 11 show the CME-sensitive ��112/v2 and the CME-insensitive ��123/v3 (both889

multiplied by Npart), respectively, for individual species. The lower panel presents the ratios of the quantities for890
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It is intuitive to introduce some variations in the � correlator to understand the background mechanisms in �112 [26],606

such as607

�123 ⌘ hcos(�↵ + 2�� � 3 3)i. (14)

This correlator is expected to be insensitive to the CME, because the correlation is negligible between the magnetic608

field and the third harmonic plane,  3. However, background due to flowing resonances along the  3 plane can609

contribute to this observable. Therefore in analogy with Eq. (4) one can write:610

��123,bkgd =
4N2p

N2
hcos(�↵ � 2�� � 3�2p)i v3,2p . (15)

Therefore, similar to Eq. (9) we also study the scaled quantity611

��123
v3

. (16)

Although the direct comparison of ��112/v2 and ��123/v3 is hard to interpret for a given system [128, 129], it612

is useful to contrast signal and background scenarios by comparing each quantity between the two isobar systems.613

When compared between the two isobars, in contrast to ��112/v2 which is driven by di↵erences in both signal and614

background, ��123/v3 will only be driven by the background di↵erence. Since Ru+Ru has a larger magnetic field615

than Zr+Zr, the CME expectation for mixed-harmonic measurements would be:616
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The last condition (Eq.19) can be re-written as617
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In general, the algebra relating , ��, v2, and�� relies on the symmetry assumption of hsin(�↵���) sin[n(����c)]i =618

0, with “c” labeling the particle used for EP reconstruction [26] and n representing the harmonic order. One can619

circumvent this assumption by introducing a slight variant of  that measures the factorization breaking:620

kn =
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Here the “�” in the numerator denotes the di↵erence between opposite-sign and same-sign measurements of the quan-621

tity inside the average. The quantity ��↵� = �↵ � �� denotes the relative azimuthal angle between charge-carrying622

particles, whereas the quantity ���c = �� � �c is the relative di↵erence between one of the charge-carrying particles623

and the particles used for EP reconstruction. The quantity ��↵� in the denominator has the same definition as Eq.12.624

The quantity vn{2} is the n-th order harmonic anisotropy coe�cients estimated using two-particle correlations. The625

CME is expected to cause an excess charge separation perpendicular to the  2 plane, whereas the background-driven626

charge separations along the  2 and  3 planes are proportional to v2 and v3, respectively. Under these assumptions,627

one expects the case for the CME to be:628
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For simplicity, the notation � is used in place of �112 in the following subsections (Sec. IV B-E).629

B. Relative pseudorapidity dependence of ��630

The relative pseudorapidity dependence of azimuthal correlations is widely studied to identify sources of long-631

range components that are dominated by early-time dynamics. They are contrasted to late-time correlations that632
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This correlator is expected to be insensitive to the CME, because the correlation is negligible between the magnetic608

field and the third harmonic plane,  3. However, background due to flowing resonances along the  3 plane can609

contribute to this observable. Therefore in analogy with Eq. (4) one can write:610
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Although the direct comparison of ��112/v2 and ��123/v3 is hard to interpret for a given system [128, 129], it612

is useful to contrast signal and background scenarios by comparing each quantity between the two isobar systems.613

When compared between the two isobars, in contrast to ��112/v2 which is driven by di↵erences in both signal and614

background, ��123/v3 will only be driven by the background di↵erence. Since Ru+Ru has a larger magnetic field615

than Zr+Zr, the CME expectation for mixed-harmonic measurements would be:616
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In general, the algebra relating , ��, v2, and�� relies on the symmetry assumption of hsin(�↵���) sin[n(����c)]i =618

0, with “c” labeling the particle used for EP reconstruction [26] and n representing the harmonic order. One can619

circumvent this assumption by introducing a slight variant of  that measures the factorization breaking:620
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Here the “�” in the numerator denotes the di↵erence between opposite-sign and same-sign measurements of the quan-621

tity inside the average. The quantity ��↵� = �↵ � �� denotes the relative azimuthal angle between charge-carrying622

particles, whereas the quantity ���c = �� � �c is the relative di↵erence between one of the charge-carrying particles623

and the particles used for EP reconstruction. The quantity ��↵� in the denominator has the same definition as Eq.12.624

The quantity vn{2} is the n-th order harmonic anisotropy coe�cients estimated using two-particle correlations. The625

CME is expected to cause an excess charge separation perpendicular to the  2 plane, whereas the background-driven626

charge separations along the  2 and  3 planes are proportional to v2 and v3, respectively. Under these assumptions,627

one expects the case for the CME to be:628
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For simplicity, the notation � is used in place of �112 in the following subsections (Sec. IV B-E).629

B. Relative pseudorapidity dependence of ��630

The relative pseudorapidity dependence of azimuthal correlations is widely studied to identify sources of long-631

range components that are dominated by early-time dynamics. They are contrasted to late-time correlations that632
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FIG. 11. Scaled charge separation across the second and third
harmonic EPs obtained using all three particles from the TPC
acceptance, divided by the anisotropy coe�cient. Results are
shown for Ru+Ru and Zr+Zr collisions separately on the up-
per and middle panels over the centrality range of 0-80%.
The centrality bins are shifted horizontally for clarity. The
lower panel shows the ratio of various quantities for 20–50%
centrality. The border-less horizontal bands over the 20–50%
centrality range with di↵erent colors represent the statistical
uncertainties in the combined centrality for di↵erent observ-
ables. The horizontal bands with the dashed border represent
the systematic uncertainties. The Npart scaling is applied in
the upper two panels to improve the visibility. The Npart

scaling is not included in the lower panel for the ratios.
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FIG. 12. Scaled charge separation across second and third
harmonic EPs scaled by the anisotropy coe�cient obtained
using all three particles from the TPC acceptance but using
a sub-event (SE) from �1 < ⌘ < �0.1 and 0.1 < ⌘ < 1. Re-
sults are shown for Ru+Ru and Zr+Zr collisions separately
in the upper and middle panels over the centrality range of
0-80%. The centrality bins are shifted horizontally for clar-
ity. The lower panel shows the ratio of di↵erent quantities
for 20–50% centrality. The border-less horizontal bands over
20–50% centrality range with di↵erent colors represent the
statistical uncertainties on the combined centrality for di↵er-
ent observables. The horizontal bands with the dashed border
represent the systematic uncertainties. The Npart scaling is
applied in the upper and middle panels to improve the vis-
ibility. The Npart scaling is not included in the lower panel
for the estimation of ratios.

for the elliptic flow plane  2 at midrapidity, and the quantity v2,c{2} refers to the two-particle elliptic flow coe�cient882

of the reference particle ‘c’ that we estimate using two-particle correlations as defined in Eq. (45).883

Similarly with respect to the third harmonic plane, we measure884
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Finally we calculate the quantities of interest:885
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The normalization of ��1mn(m,n = 1, 2 or 2, 3) by vn(n = 2, 3) takes into account the flow-driven background due886

to resonance decays and local charge conservation [36, 51]. The Npart scaling compensates for the trivial dilution of887

correlations expected from superposition of independent sources, and improves the visibility of the data points.888

The upper and middle panels of Fig. 11 show the CME-sensitive ��112/v2 and the CME-insensitive ��123/v3 (both889

multiplied by Npart), respectively, for individual species. The lower panel presents the ratios of the quantities for890
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Not seen
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It is intuitive to introduce some variations in the � correlator to understand the background mechanisms in �112 [26],606

such as607

�123 ⌘ hcos(�↵ + 2�� � 3 3)i. (14)

This correlator is expected to be insensitive to the CME, because the correlation is negligible between the magnetic608

field and the third harmonic plane,  3. However, background due to flowing resonances along the  3 plane can609

contribute to this observable. Therefore in analogy with Eq. (4) one can write:610

��123,bkgd =
4N2p

N2
hcos(�↵ � 2�� � 3�2p)i v3,2p . (15)

Therefore, similar to Eq. (9) we also study the scaled quantity611

��123
v3

. (16)

Although the direct comparison of ��112/v2 and ��123/v3 is hard to interpret for a given system [128, 129], it612

is useful to contrast signal and background scenarios by comparing each quantity between the two isobar systems.613

When compared between the two isobars, in contrast to ��112/v2 which is driven by di↵erences in both signal and614

background, ��123/v3 will only be driven by the background di↵erence. Since Ru+Ru has a larger magnetic field615

than Zr+Zr, the CME expectation for mixed-harmonic measurements would be:616

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
> 1 , (17)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
>

(��123/v3)Ru+Ru

(��123/v3)Zr+Zr
, (18)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
>

(��)Ru+Ru

(��)Zr+Zr
. (19)

The last condition (Eq.19) can be re-written as617

Ru+Ru

112

Zr+Zr

112

> 1. (20)

In general, the algebra relating , ��, v2, and�� relies on the symmetry assumption of hsin(�↵���) sin[n(����c)]i =618

0, with “c” labeling the particle used for EP reconstruction [26] and n representing the harmonic order. One can619

circumvent this assumption by introducing a slight variant of  that measures the factorization breaking:620

kn =
�hcos(��↵�) cos(n���c)i

v2n{2}��↵�
. (21)

Here the “�” in the numerator denotes the di↵erence between opposite-sign and same-sign measurements of the quan-621

tity inside the average. The quantity ��↵� = �↵ � �� denotes the relative azimuthal angle between charge-carrying622

particles, whereas the quantity ���c = �� � �c is the relative di↵erence between one of the charge-carrying particles623

and the particles used for EP reconstruction. The quantity ��↵� in the denominator has the same definition as Eq.12.624

The quantity vn{2} is the n-th order harmonic anisotropy coe�cients estimated using two-particle correlations. The625

CME is expected to cause an excess charge separation perpendicular to the  2 plane, whereas the background-driven626

charge separations along the  2 and  3 planes are proportional to v2 and v3, respectively. Under these assumptions,627

one expects the case for the CME to be:628

kRu+Ru

2

kZr+Zr

2

>
kRu+Ru

3

kZr+Zr

3

. (22)

For simplicity, the notation � is used in place of �112 in the following subsections (Sec. IV B-E).629

B. Relative pseudorapidity dependence of ��630

The relative pseudorapidity dependence of azimuthal correlations is widely studied to identify sources of long-631

range components that are dominated by early-time dynamics. They are contrasted to late-time correlations that632
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FIG. 11. Scaled charge separation across the second and third
harmonic EPs obtained using all three particles from the TPC
acceptance, divided by the anisotropy coe�cient. Results are
shown for Ru+Ru and Zr+Zr collisions separately on the up-
per and middle panels over the centrality range of 0-80%.
The centrality bins are shifted horizontally for clarity. The
lower panel shows the ratio of various quantities for 20–50%
centrality. The border-less horizontal bands over the 20–50%
centrality range with di↵erent colors represent the statistical
uncertainties in the combined centrality for di↵erent observ-
ables. The horizontal bands with the dashed border represent
the systematic uncertainties. The Npart scaling is applied in
the upper two panels to improve the visibility. The Npart

scaling is not included in the lower panel for the ratios.
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FIG. 12. Scaled charge separation across second and third
harmonic EPs scaled by the anisotropy coe�cient obtained
using all three particles from the TPC acceptance but using
a sub-event (SE) from �1 < ⌘ < �0.1 and 0.1 < ⌘ < 1. Re-
sults are shown for Ru+Ru and Zr+Zr collisions separately
in the upper and middle panels over the centrality range of
0-80%. The centrality bins are shifted horizontally for clar-
ity. The lower panel shows the ratio of di↵erent quantities
for 20–50% centrality. The border-less horizontal bands over
20–50% centrality range with di↵erent colors represent the
statistical uncertainties on the combined centrality for di↵er-
ent observables. The horizontal bands with the dashed border
represent the systematic uncertainties. The Npart scaling is
applied in the upper and middle panels to improve the vis-
ibility. The Npart scaling is not included in the lower panel
for the estimation of ratios.

for the elliptic flow plane  2 at midrapidity, and the quantity v2,c{2} refers to the two-particle elliptic flow coe�cient882

of the reference particle ‘c’ that we estimate using two-particle correlations as defined in Eq. (45).883

Similarly with respect to the third harmonic plane, we measure884
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Finally we calculate the quantities of interest:885

��1mn = �OS

1mn � �SS

1mn, and, ��1mn/vn ⇥Npart . (49)

The normalization of ��1mn(m,n = 1, 2 or 2, 3) by vn(n = 2, 3) takes into account the flow-driven background due886

to resonance decays and local charge conservation [36, 51]. The Npart scaling compensates for the trivial dilution of887

correlations expected from superposition of independent sources, and improves the visibility of the data points.888

The upper and middle panels of Fig. 11 show the CME-sensitive ��112/v2 and the CME-insensitive ��123/v3 (both889

multiplied by Npart), respectively, for individual species. The lower panel presents the ratios of the quantities for890

𝜸112   - CME + BG

𝜸113   - BG only
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0.966±0.005, while the ratio for h��123/v3i is 0.971 ± 0.019. The errors quoted here are statistical only. Systematic
variation in our measurements for these quantities are not statistically significant, and are estimated to be zero
according to the Barlow approach as described in Section-II F. The �� ratio in this analysis is 0.9849±0.0004(stat.)±
0.0005(syst.), which is consistent with the value (0.9846± 0.0003± 0.0002) obtained by Group-1 within the statistical
and systematic uncertainties. In summary, our observation related to charge separation in the 20–50% centrality is
consistent with the following statements:

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
< 1 , (50)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
⇡ (��123/v3)Ru+Ru

(��123/v3)Zr+Zr
, (51)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
<

(��)Ru+Ru

(��)Zr+Zr
. (52)

Therefore, our measurements are not consistent with any of the predefined CME signatures as set out in Eqs. (17),
(18), and (19).
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FIG. 13. Charge separation across the second- and third-
order EPs scaled by the anisotropy coe�cient obtained using
particles from the TPC acceptance and hits from the EPDs.
Results are shown for Ru+Ru and Zr+Zr collisions separately
on the upper and middle panels over the centrality range of
0-80%. The centrality bins are shifted horizontally for clarity.
The lower panel shows the ratio of di↵erent quantities for 20–
50% centrality. The border-less horizontal bands over 20–50%
centrality range with di↵erent colors represent the statistical
uncertainties on the combined centrality for di↵erent observ-
ables. The horizontal bands with the dashed border represent
the systematic uncertainties. The Npart scaling is applied in
the upper and middle panels to improve the visibility. The
Npart scaling is not included in lower panel for the estimation
of ratios.
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FIG. 14. Factorization breaking coe�cient for the second
and third order harmonics measured using particles from the
TPC acceptance. Results are shown for Ru+Ru and Zr+Zr
collisions separately on the upper and middle panels over the
centrality range of 0-80%. The centrality bins are shifted hori-
zontally for clarity. The lower panel shows the ratio of various
quantities for 20–50% centrality. The border-less horizontal
bands over 20–50% centrality range with di↵erent colors rep-
resent the statistical uncertainties on the combined central-
ity for di↵erent observables. The horizontal bands with the
dashed border represent the systematic uncertainties.
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It is intuitive to introduce some variations in the � correlator to understand the background mechanisms in �112 [26],606

such as607

�123 ⌘ hcos(�↵ + 2�� � 3 3)i. (14)

This correlator is expected to be insensitive to the CME, because the correlation is negligible between the magnetic608

field and the third harmonic plane,  3. However, background due to flowing resonances along the  3 plane can609

contribute to this observable. Therefore in analogy with Eq. (4) one can write:610
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Although the direct comparison of ��112/v2 and ��123/v3 is hard to interpret for a given system [128, 129], it612

is useful to contrast signal and background scenarios by comparing each quantity between the two isobar systems.613

When compared between the two isobars, in contrast to ��112/v2 which is driven by di↵erences in both signal and614
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FIG. 13. Charge separation across the second- and third-
order EPs scaled by the anisotropy coe�cient obtained using
particles from the TPC acceptance and hits from the EPDs.
Results are shown for Ru+Ru and Zr+Zr collisions separately
on the upper and middle panels over the centrality range of
0-80%. The centrality bins are shifted horizontally for clarity.
The lower panel shows the ratio of di↵erent quantities for 20–
50% centrality. The border-less horizontal bands over 20–50%
centrality range with di↵erent colors represent the statistical
uncertainties on the combined centrality for di↵erent observ-
ables. The horizontal bands with the dashed border represent
the systematic uncertainties. The Npart scaling is applied in
the upper and middle panels to improve the visibility. The
Npart scaling is not included in lower panel for the estimation
of ratios.
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FIG. 14. Factorization breaking coe�cient for the second
and third order harmonics measured using particles from the
TPC acceptance. Results are shown for Ru+Ru and Zr+Zr
collisions separately on the upper and middle panels over the
centrality range of 0-80%. The centrality bins are shifted hori-
zontally for clarity. The lower panel shows the ratio of various
quantities for 20–50% centrality. The border-less horizontal
bands over 20–50% centrality range with di↵erent colors rep-
resent the statistical uncertainties on the combined central-
ity for di↵erent observables. The horizontal bands with the
dashed border represent the systematic uncertainties.

C. Di↵erential �� measurements in pseudorapidity (Group-2)927

Relative pseudorapidity dependence between the charge-carrying particles (�⌘↵,�) of same-sign and opposite-sign928

�112 correlators is shown in Fig. 15 for 20–50% Ru+Ru and Zr+Zr collisions. We show two panels in which the third929

particle or the EP is either obtained from TPC or the EPD. The �⌘↵,� dependence of � correlator in the individual930

isobar species have very similar shapes compared to what is reported in the previous STAR measurement in Au+Au931

collisions [130]. Some di↵erence in the shape is observed between measurements using TPC and EPD EPs. The932

same is also seen for the �⌘↵,� dependence of ��112. Although interesting dependence is observed for the individual933

distributions we do not observe any species dependence within the uncertainties of the current measurements. The934

expectation for CME was that the long-range part of the �⌘ distribution �⌘↵,� > 1 will be higher for Ru+Ru935

collisions. No such observation can be made from the results shown in Fig. 15.936
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This correlator is expected to be insensitive to the CME, because the correlation is negligible between the magnetic608

field and the third harmonic plane,  3. However, background due to flowing resonances along the  3 plane can609

contribute to this observable. Therefore in analogy with Eq. (4) one can write:610
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Although the direct comparison of ��112/v2 and ��123/v3 is hard to interpret for a given system [128, 129], it612

is useful to contrast signal and background scenarios by comparing each quantity between the two isobar systems.613

When compared between the two isobars, in contrast to ��112/v2 which is driven by di↵erences in both signal and614

background, ��123/v3 will only be driven by the background di↵erence. Since Ru+Ru has a larger magnetic field615

than Zr+Zr, the CME expectation for mixed-harmonic measurements would be:616
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In general, the algebra relating , ��, v2, and�� relies on the symmetry assumption of hsin(�↵���) sin[n(����c)]i =618

0, with “c” labeling the particle used for EP reconstruction [26] and n representing the harmonic order. One can619
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and the particles used for EP reconstruction. The quantity ��↵� in the denominator has the same definition as Eq.12.624

The quantity vn{2} is the n-th order harmonic anisotropy coe�cients estimated using two-particle correlations. The625

CME is expected to cause an excess charge separation perpendicular to the  2 plane, whereas the background-driven626

charge separations along the  2 and  3 planes are proportional to v2 and v3, respectively. Under these assumptions,627

one expects the case for the CME to be:628
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FIG. 13. Charge separation across the second- and third-
order EPs scaled by the anisotropy coe�cient obtained using
particles from the TPC acceptance and hits from the EPDs.
Results are shown for Ru+Ru and Zr+Zr collisions separately
on the upper and middle panels over the centrality range of
0-80%. The centrality bins are shifted horizontally for clarity.
The lower panel shows the ratio of di↵erent quantities for 20–
50% centrality. The border-less horizontal bands over 20–50%
centrality range with di↵erent colors represent the statistical
uncertainties on the combined centrality for di↵erent observ-
ables. The horizontal bands with the dashed border represent
the systematic uncertainties. The Npart scaling is applied in
the upper and middle panels to improve the visibility. The
Npart scaling is not included in lower panel for the estimation
of ratios.
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FIG. 14. Factorization breaking coe�cient for the second
and third order harmonics measured using particles from the
TPC acceptance. Results are shown for Ru+Ru and Zr+Zr
collisions separately on the upper and middle panels over the
centrality range of 0-80%. The centrality bins are shifted hori-
zontally for clarity. The lower panel shows the ratio of various
quantities for 20–50% centrality. The border-less horizontal
bands over 20–50% centrality range with di↵erent colors rep-
resent the statistical uncertainties on the combined central-
ity for di↵erent observables. The horizontal bands with the
dashed border represent the systematic uncertainties.

C. Di↵erential �� measurements in pseudorapidity (Group-2)927

Relative pseudorapidity dependence between the charge-carrying particles (�⌘↵,�) of same-sign and opposite-sign928

�112 correlators is shown in Fig. 15 for 20–50% Ru+Ru and Zr+Zr collisions. We show two panels in which the third929

particle or the EP is either obtained from TPC or the EPD. The �⌘↵,� dependence of � correlator in the individual930

isobar species have very similar shapes compared to what is reported in the previous STAR measurement in Au+Au931

collisions [130]. Some di↵erence in the shape is observed between measurements using TPC and EPD EPs. The932

same is also seen for the �⌘↵,� dependence of ��112. Although interesting dependence is observed for the individual933

distributions we do not observe any species dependence within the uncertainties of the current measurements. The934

expectation for CME was that the long-range part of the �⌘ distribution �⌘↵,� > 1 will be higher for Ru+Ru935

collisions. No such observation can be made from the results shown in Fig. 15.936
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It is intuitive to introduce some variations in the � correlator to understand the background mechanisms in �112 [26],606

such as607

�123 ⌘ hcos(�↵ + 2�� � 3 3)i. (14)

This correlator is expected to be insensitive to the CME, because the correlation is negligible between the magnetic608

field and the third harmonic plane,  3. However, background due to flowing resonances along the  3 plane can609

contribute to this observable. Therefore in analogy with Eq. (4) one can write:610

��123,bkgd =
4N2p

N2
hcos(�↵ � 2�� � 3�2p)i v3,2p . (15)

Therefore, similar to Eq. (9) we also study the scaled quantity611

��123
v3

. (16)

Although the direct comparison of ��112/v2 and ��123/v3 is hard to interpret for a given system [128, 129], it612

is useful to contrast signal and background scenarios by comparing each quantity between the two isobar systems.613

When compared between the two isobars, in contrast to ��112/v2 which is driven by di↵erences in both signal and614

background, ��123/v3 will only be driven by the background di↵erence. Since Ru+Ru has a larger magnetic field615

than Zr+Zr, the CME expectation for mixed-harmonic measurements would be:616

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
> 1 , (17)

(��112/v2)Ru+Ru

(��112/v2)Zr+Zr
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(��)Ru+Ru

(��)Zr+Zr
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The last condition (Eq.19) can be re-written as617

Ru+Ru

112

Zr+Zr

112

> 1. (20)

In general, the algebra relating , ��, v2, and�� relies on the symmetry assumption of hsin(�↵���) sin[n(����c)]i =618

0, with “c” labeling the particle used for EP reconstruction [26] and n representing the harmonic order. One can619

circumvent this assumption by introducing a slight variant of  that measures the factorization breaking:620

kn =
�hcos(��↵�) cos(n���c)i

v2n{2}��↵�
. (21)

Here the “�” in the numerator denotes the di↵erence between opposite-sign and same-sign measurements of the quan-621

tity inside the average. The quantity ��↵� = �↵ � �� denotes the relative azimuthal angle between charge-carrying622

particles, whereas the quantity ���c = �� � �c is the relative di↵erence between one of the charge-carrying particles623

and the particles used for EP reconstruction. The quantity ��↵� in the denominator has the same definition as Eq.12.624

The quantity vn{2} is the n-th order harmonic anisotropy coe�cients estimated using two-particle correlations. The625

CME is expected to cause an excess charge separation perpendicular to the  2 plane, whereas the background-driven626

charge separations along the  2 and  3 planes are proportional to v2 and v3, respectively. Under these assumptions,627

one expects the case for the CME to be:628

kRu+Ru

2

kZr+Zr

2

>
kRu+Ru

3

kZr+Zr

3

. (22)

For simplicity, the notation � is used in place of �112 in the following subsections (Sec. IV B-E).629

B. Relative pseudorapidity dependence of ��630

The relative pseudorapidity dependence of azimuthal correlations is widely studied to identify sources of long-631

range components that are dominated by early-time dynamics. They are contrasted to late-time correlations that632
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order EPs scaled by the anisotropy coe�cient obtained using
particles from the TPC acceptance and hits from the EPDs.
Results are shown for Ru+Ru and Zr+Zr collisions separately
on the upper and middle panels over the centrality range of
0-80%. The centrality bins are shifted horizontally for clarity.
The lower panel shows the ratio of di↵erent quantities for 20–
50% centrality. The border-less horizontal bands over 20–50%
centrality range with di↵erent colors represent the statistical
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C. Di↵erential �� measurements in pseudorapidity (Group-2)927

Relative pseudorapidity dependence between the charge-carrying particles (�⌘↵,�) of same-sign and opposite-sign928

�112 correlators is shown in Fig. 15 for 20–50% Ru+Ru and Zr+Zr collisions. We show two panels in which the third929

particle or the EP is either obtained from TPC or the EPD. The �⌘↵,� dependence of � correlator in the individual930

isobar species have very similar shapes compared to what is reported in the previous STAR measurement in Au+Au931

collisions [130]. Some di↵erence in the shape is observed between measurements using TPC and EPD EPs. The932

same is also seen for the �⌘↵,� dependence of ��112. Although interesting dependence is observed for the individual933

distributions we do not observe any species dependence within the uncertainties of the current measurements. The934

expectation for CME was that the long-range part of the �⌘ distribution �⌘↵,� > 1 will be higher for Ru+Ru935

collisions. No such observation can be made from the results shown in Fig. 15.936
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are restricted by causality to appear as short-range correlations [130]. The same approach can be extended to633

charge-dependent correlations which provide the impetus to explore the dependence of �� on the pseudorapidity gap634

between the charge-carrying particles �⌘ab = |⌘a � ⌘b| in hcos(�↵
a (⌘a) + ��

b (⌘b) � 2 RP)i. Such measurements have635

been performed in STAR with Au+Au and U+U data [90, 131]. The possible sources of short-range correlations636

due to photon conversion to e+e�, HBT, and Coulomb e↵ects can be identified and described as Gaussian peaks637

at small �⌘ab, the width and magnitude of which strongly depend on centrality and system size [132]. Going to638

more peripheral centrality bins, it becomes harder to identify such components as they overlap with sources of di-jet639

fragmentation that dominate both same-sign and opposite-sign correlations. Decomposing di↵erent components of ��640

via study of �⌘ab-dependence is challenging, although a clear sign of di↵erent sources of correlations is visible in the641

change of shape of individual same-sign and opposite-sign measurements of the � correlator [90]. Nevertheless, these642

di↵erential measurements of �� in isobar collisions o↵er the prospects for studying the �⌘ dependence of the CME.643

By comparing the di↵erential measurements in Ru+Ru and Zr+Zr, it may be possible to extract the �⌘ distribution644

of the CME signal, thus providing deeper insight into the origin of the phenomenon. The magnetic field driven CME645

signal is expected to dominate the long-range component �⌘ab > 1 of the �⌘ dependence while the background due646

to resonances are expected to be short-range �⌘ab < 1. In a CME scenario we expect the long-range component in647

the case of Ru+Ru collisions to be larger than that of Zr+Zr.648

C. Invariant mass dependence of ��649

Since resonances present a large background source to the CME, the study of invariant mass (minv) dependence650

of the measured signal is natural and was first introduced in Ref. [63]. If we restrict the analysis to pairs of pions,651

di↵erential measurement of �� with respect to minv should show peak-like structures similar to those in the relative652

pair multiplicity di↵erence,653

r = (Nos �Nss)/Nos , (23)

if backgrounds from neutral resonances dominate the measurement. Here Nos and Nss are the numbers of opposite-654

sign and same-sign pion pairs, respectively. Indeed, similar peak structures are observed and an analysis utilizing655

the minv dependence and the Event-Shape-Engineering (ESE) technique has been performed to extract the possible656

fraction of the CME signal in Au+Au collisions [69]. A similar analyses can be applied separately to the individual657

Ru+Ru and Zr+Zr data to extract a CME fraction in each system. Such an analysis will be performed in future658

work.659

In this analysis we focus on contrasting the two isobar systems. We may gain insight into the mass dependence of660

the CME by combining the measurements in Ru+Ru and Zr+Zr collisions. Assuming in this blind analysis that the661

physics background is proportional to v2 only (i.e. everything else is identical between the two isobar systems except662

v2), we have663

��Ru+Ru � a0��Zr+Zr = ��Ru+Ru

cme � a0��Zr+Zr

cme , (24)

where664

a0 = vRu+Ru

2
/vZr+Zr

2
. (25)

The quantity a0 can be safely assumed to be independent of minv, because the two isobar systems are similar. A CME665

signature would be a positive measurement of the l.h.s. of Eq. (24):666

��Ru+Ru � a0��Zr+Zr > 0 . (26)

Because the mass dependence of the CME signal is unlikely to di↵er between Ru+Ru and Zr+Zr collisions, such667

a measurement would give unique insight on the mass dependence of the CME. Note Eq. (24) is valid for other668

independent variables besides minv, such as the �⌘ described in the previous subsection.669

D. �� with spectator and participant planes (approach-I)670

This analysis makes use of the fact that the magnetic field driven signal is more correlated to the RP, in contrast to671

flow-driven backgrounds which are maximal along the particpant plane (PP). The idea was first published in Ref. [64]672

and later discussed in Ref. [65]. It requires measurement of �� with respect to the plane of produced particles, a proxy673
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measured di↵erence in the 20–50% centrality range yields ��Ru+Ru�a0��Zr+Zr = (�4± 2 (stat.)± 6 (syst.))⇥ 10�6.961

The predefined CME signature of a positive value for this di↵erence (Eq. (26)) is not observed.962

As described in Sec. IVC, the predefined CME signature described in Eq. (26) explicitly assumes the r ratio to be963

unity. Since this assumption is no longer valid for the blind analysis binned in cross-section percentile, as shown in964

Fig. 16 lower panel, the relevance of the result in Fig. 17 to the possible CME needs to be reevaluated.965

E. CME fraction utilizing spectator and participant planes: approach-I (Group-3)966

The CME signal fraction, fcme, is extracted from two �� measurements in each of the two isobar systems inde-967

pendently. One measurement is with respect to the second-order harmonic plane reconstructed from mid-rapidity968

particles measured in the TPC, as a proxy for the PP. The other is with respect to the first-order harmonic plane re-969

constructed from spectator neutrons measured by the ZDC Shower Maximum Detectors (ZDC-SMDs), as a proxy for970

the spectator plane. The details of this spectator-participant plane method to extract fcme is described in Sec. IVD.971

To select good events we require, in addition to those criteria described in Sec. II B, the VPD primary vertex position972

to be within |Vz,tpc � Vz,vpd| < 3 cm from the one reconstructed by the TPC. In this analysis both the full-event and973

sub-event methods are used as in Ref. [70]. The sub-event method is useful to suppress non-flow e↵ects.974

For the full-event analysis, all three particles are charged hadrons taken from |⌘| < 1. The ��{tpc} is calculated975

by the three-particle cumulant method (Eq. (56)). An ⌘ gap of 0.05 is applied between the POIs (↵ and �); no ⌘ gap976

is applied between particle c and either of the POIs. The v2,c used in Eq. (56) and the v2{tpc} needed by Eq. (29)977

are equal and are calculated by the two-particle cumulant method of Eq. (45), where no ⌘ gap is applied between the978

two particles.979
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are restricted by causality to appear as short-range correlations [130]. The same approach can be extended to633

charge-dependent correlations which provide the impetus to explore the dependence of �� on the pseudorapidity gap634

between the charge-carrying particles �⌘ab = |⌘a � ⌘b| in hcos(�↵
a (⌘a) + ��

b (⌘b) � 2 RP)i. Such measurements have635

been performed in STAR with Au+Au and U+U data [90, 131]. The possible sources of short-range correlations636

due to photon conversion to e+e�, HBT, and Coulomb e↵ects can be identified and described as Gaussian peaks637

at small �⌘ab, the width and magnitude of which strongly depend on centrality and system size [132]. Going to638

more peripheral centrality bins, it becomes harder to identify such components as they overlap with sources of di-jet639

fragmentation that dominate both same-sign and opposite-sign correlations. Decomposing di↵erent components of ��640

via study of �⌘ab-dependence is challenging, although a clear sign of di↵erent sources of correlations is visible in the641

change of shape of individual same-sign and opposite-sign measurements of the � correlator [90]. Nevertheless, these642

di↵erential measurements of �� in isobar collisions o↵er the prospects for studying the �⌘ dependence of the CME.643

By comparing the di↵erential measurements in Ru+Ru and Zr+Zr, it may be possible to extract the �⌘ distribution644

of the CME signal, thus providing deeper insight into the origin of the phenomenon. The magnetic field driven CME645

signal is expected to dominate the long-range component �⌘ab > 1 of the �⌘ dependence while the background due646

to resonances are expected to be short-range �⌘ab < 1. In a CME scenario we expect the long-range component in647

the case of Ru+Ru collisions to be larger than that of Zr+Zr.648

C. Invariant mass dependence of ��649

Since resonances present a large background source to the CME, the study of invariant mass (minv) dependence650

of the measured signal is natural and was first introduced in Ref. [63]. If we restrict the analysis to pairs of pions,651

di↵erential measurement of �� with respect to minv should show peak-like structures similar to those in the relative652

pair multiplicity di↵erence,653

r = (Nos �Nss)/Nos , (23)

if backgrounds from neutral resonances dominate the measurement. Here Nos and Nss are the numbers of opposite-654

sign and same-sign pion pairs, respectively. Indeed, similar peak structures are observed and an analysis utilizing655

the minv dependence and the Event-Shape-Engineering (ESE) technique has been performed to extract the possible656

fraction of the CME signal in Au+Au collisions [69]. A similar analyses can be applied separately to the individual657

Ru+Ru and Zr+Zr data to extract a CME fraction in each system. Such an analysis will be performed in future658

work.659

In this analysis we focus on contrasting the two isobar systems. We may gain insight into the mass dependence of660

the CME by combining the measurements in Ru+Ru and Zr+Zr collisions. Assuming in this blind analysis that the661

physics background is proportional to v2 only (i.e. everything else is identical between the two isobar systems except662

v2), we have663

��Ru+Ru � a0��Zr+Zr = ��Ru+Ru

cme � a0��Zr+Zr

cme , (24)

where664

a0 = vRu+Ru

2
/vZr+Zr

2
. (25)

The quantity a0 can be safely assumed to be independent of minv, because the two isobar systems are similar. A CME665

signature would be a positive measurement of the l.h.s. of Eq. (24):666

��Ru+Ru � a0��Zr+Zr > 0 . (26)

Because the mass dependence of the CME signal is unlikely to di↵er between Ru+Ru and Zr+Zr collisions, such667

a measurement would give unique insight on the mass dependence of the CME. Note Eq. (24) is valid for other668

independent variables besides minv, such as the �⌘ described in the previous subsection.669

D. �� with spectator and participant planes (approach-I)670

This analysis makes use of the fact that the magnetic field driven signal is more correlated to the RP, in contrast to671

flow-driven backgrounds which are maximal along the particpant plane (PP). The idea was first published in Ref. [64]672

and later discussed in Ref. [65]. It requires measurement of �� with respect to the plane of produced particles, a proxy673
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measured di↵erence in the 20–50% centrality range yields ��Ru+Ru�a0��Zr+Zr = (�4± 2 (stat.)± 6 (syst.))⇥ 10�6.961

The predefined CME signature of a positive value for this di↵erence (Eq. (26)) is not observed.962

As described in Sec. IVC, the predefined CME signature described in Eq. (26) explicitly assumes the r ratio to be963

unity. Since this assumption is no longer valid for the blind analysis binned in cross-section percentile, as shown in964

Fig. 16 lower panel, the relevance of the result in Fig. 17 to the possible CME needs to be reevaluated.965

E. CME fraction utilizing spectator and participant planes: approach-I (Group-3)966

The CME signal fraction, fcme, is extracted from two �� measurements in each of the two isobar systems inde-967

pendently. One measurement is with respect to the second-order harmonic plane reconstructed from mid-rapidity968

particles measured in the TPC, as a proxy for the PP. The other is with respect to the first-order harmonic plane re-969

constructed from spectator neutrons measured by the ZDC Shower Maximum Detectors (ZDC-SMDs), as a proxy for970

the spectator plane. The details of this spectator-participant plane method to extract fcme is described in Sec. IVD.971

To select good events we require, in addition to those criteria described in Sec. II B, the VPD primary vertex position972

to be within |Vz,tpc � Vz,vpd| < 3 cm from the one reconstructed by the TPC. In this analysis both the full-event and973

sub-event methods are used as in Ref. [70]. The sub-event method is useful to suppress non-flow e↵ects.974

For the full-event analysis, all three particles are charged hadrons taken from |⌘| < 1. The ��{tpc} is calculated975

by the three-particle cumulant method (Eq. (56)). An ⌘ gap of 0.05 is applied between the POIs (↵ and �); no ⌘ gap976

is applied between particle c and either of the POIs. The v2,c used in Eq. (56) and the v2{tpc} needed by Eq. (29)977

are equal and are calculated by the two-particle cumulant method of Eq. (45), where no ⌘ gap is applied between the978

two particles.979
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due to photon conversion to e+e�, HBT, and Coulomb e↵ects can be identified and described as Gaussian peaks637
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between the charge-carrying particles �⌘ab = |⌘a � ⌘b| in hcos(�↵
a (⌘a) + ��

b (⌘b) � 2 RP)i. Such measurements have635

been performed in STAR with Au+Au and U+U data [90, 131]. The possible sources of short-range correlations636

due to photon conversion to e+e�, HBT, and Coulomb e↵ects can be identified and described as Gaussian peaks637

at small �⌘ab, the width and magnitude of which strongly depend on centrality and system size [132]. Going to638

more peripheral centrality bins, it becomes harder to identify such components as they overlap with sources of di-jet639

fragmentation that dominate both same-sign and opposite-sign correlations. Decomposing di↵erent components of ��640

via study of �⌘ab-dependence is challenging, although a clear sign of di↵erent sources of correlations is visible in the641

change of shape of individual same-sign and opposite-sign measurements of the � correlator [90]. Nevertheless, these642

di↵erential measurements of �� in isobar collisions o↵er the prospects for studying the �⌘ dependence of the CME.643

By comparing the di↵erential measurements in Ru+Ru and Zr+Zr, it may be possible to extract the �⌘ distribution644

of the CME signal, thus providing deeper insight into the origin of the phenomenon. The magnetic field driven CME645

signal is expected to dominate the long-range component �⌘ab > 1 of the �⌘ dependence while the background due646

to resonances are expected to be short-range �⌘ab < 1. In a CME scenario we expect the long-range component in647

the case of Ru+Ru collisions to be larger than that of Zr+Zr.648

C. Invariant mass dependence of ��649

Since resonances present a large background source to the CME, the study of invariant mass (minv) dependence650

of the measured signal is natural and was first introduced in Ref. [63]. If we restrict the analysis to pairs of pions,651

di↵erential measurement of �� with respect to minv should show peak-like structures similar to those in the relative652

pair multiplicity di↵erence,653

r = (Nos �Nss)/Nos , (23)

if backgrounds from neutral resonances dominate the measurement. Here Nos and Nss are the numbers of opposite-654

sign and same-sign pion pairs, respectively. Indeed, similar peak structures are observed and an analysis utilizing655

the minv dependence and the Event-Shape-Engineering (ESE) technique has been performed to extract the possible656

fraction of the CME signal in Au+Au collisions [69]. A similar analyses can be applied separately to the individual657

Ru+Ru and Zr+Zr data to extract a CME fraction in each system. Such an analysis will be performed in future658

work.659

In this analysis we focus on contrasting the two isobar systems. We may gain insight into the mass dependence of660

the CME by combining the measurements in Ru+Ru and Zr+Zr collisions. Assuming in this blind analysis that the661

physics background is proportional to v2 only (i.e. everything else is identical between the two isobar systems except662

v2), we have663

��Ru+Ru � a0��Zr+Zr = ��Ru+Ru

cme � a0��Zr+Zr

cme , (24)

where664

a0 = vRu+Ru

2
/vZr+Zr

2
. (25)

The quantity a0 can be safely assumed to be independent of minv, because the two isobar systems are similar. A CME665

signature would be a positive measurement of the l.h.s. of Eq. (24):666

��Ru+Ru � a0��Zr+Zr > 0 . (26)

Because the mass dependence of the CME signal is unlikely to di↵er between Ru+Ru and Zr+Zr collisions, such667

a measurement would give unique insight on the mass dependence of the CME. Note Eq. (24) is valid for other668

independent variables besides minv, such as the �⌘ described in the previous subsection.669

D. �� with spectator and participant planes (approach-I)670

This analysis makes use of the fact that the magnetic field driven signal is more correlated to the RP, in contrast to671

flow-driven backgrounds which are maximal along the particpant plane (PP). The idea was first published in Ref. [64]672

and later discussed in Ref. [65]. It requires measurement of �� with respect to the plane of produced particles, a proxy673

30

0.5 1 1.5 2 2.5

O
S

)/N
SS

 - 
N

O
S

r=
(N

0

0.01

0.02

(a)

Isobar blind analysis
 = 200 GeV (20-50%)NNs

Ru+Ru Zr+Zr

< 1.8 GeV/c
T

, 0.2< p±π

STAR

)2 (GeV/cinvm
0.5 1 1.5 2 2.5

Ra
tio

 (r
)

0.8

1

1.2

Ru+Ru/Zr+Zr(b)

/ndf:   167.71 / 81.00 2χ

p0:   0.9705 +/- 0.0008

FIG. 16. (a) Distributions in the relative pair multiplicity
di↵erence, r = (Nos � Nss)/Nos, as a function of invariant
mass of ⇡+⇡� pairs in 20–50% Ru+Ru and Zr+Zr collisions
and (b) their ratio. Errors shown are statistical. The solid
line in the lower panel is a constant fit to the ratio.

0.5 1 1.5 2 2.5

SSγ
 - 

O
S

γ
 =

 
γ

Δ 0

0.2

0.4

3−10×

Isobar blind analysis
 = 200 GeV (20-50%)NNs

Ru+Ru Zr+Zr

< 1.8 GeV/c
T

, 0.2< p±π

STAR

(a)

)2 (GeV/cinvm
0.5 1 1.5 2 2.5

Zr
+Z

r
γ

Δ
 - 

a'
Ru

+R
u

γ
Δ

0.1−

0

0.1

3−10×

(b)

/ndf:   193.08 / 81.00 2χ

p0:   -4.154e-06 +/- 1.934e-06

FIG. 17. The �� in 20–50% Ru+Ru and Zr+Zr collisions
(a) and their di↵erence defined by Eq. (24) (b) as functions
of the ⇡+⇡� invariant mass minv. The di↵erence in the lower
panel would measure the possible CME if the background in
�� scales with v2 only (a0 = vRu+Ru

2
/vZr+Zr

2
as defined by

Eq. (25)). Error bars are statistical and shaded boxes are
systematic uncertainties. The solid line in the lower panel is
a constant fit to the data.

measured di↵erence in the 20–50% centrality range yields ��Ru+Ru�a0��Zr+Zr = (�4± 2 (stat.)± 6 (syst.))⇥ 10�6.961

The predefined CME signature of a positive value for this di↵erence (Eq. (26)) is not observed.962

As described in Sec. IVC, the predefined CME signature described in Eq. (26) explicitly assumes the r ratio to be963

unity. Since this assumption is no longer valid for the blind analysis binned in cross-section percentile, as shown in964

Fig. 16 lower panel, the relevance of the result in Fig. 17 to the possible CME needs to be reevaluated.965

E. CME fraction utilizing spectator and participant planes: approach-I (Group-3)966

The CME signal fraction, fcme, is extracted from two �� measurements in each of the two isobar systems inde-967

pendently. One measurement is with respect to the second-order harmonic plane reconstructed from mid-rapidity968

particles measured in the TPC, as a proxy for the PP. The other is with respect to the first-order harmonic plane re-969

constructed from spectator neutrons measured by the ZDC Shower Maximum Detectors (ZDC-SMDs), as a proxy for970

the spectator plane. The details of this spectator-participant plane method to extract fcme is described in Sec. IVD.971

To select good events we require, in addition to those criteria described in Sec. II B, the VPD primary vertex position972

to be within |Vz,tpc � Vz,vpd| < 3 cm from the one reconstructed by the TPC. In this analysis both the full-event and973

sub-event methods are used as in Ref. [70]. The sub-event method is useful to suppress non-flow e↵ects.974

For the full-event analysis, all three particles are charged hadrons taken from |⌘| < 1. The ��{tpc} is calculated975

by the three-particle cumulant method (Eq. (56)). An ⌘ gap of 0.05 is applied between the POIs (↵ and �); no ⌘ gap976

is applied between particle c and either of the POIs. The v2,c used in Eq. (56) and the v2{tpc} needed by Eq. (29)977

are equal and are calculated by the two-particle cumulant method of Eq. (45), where no ⌘ gap is applied between the978

two particles.979
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measured di↵erence in the 20–50% centrality range yields ��Ru+Ru�a0��Zr+Zr = (�4± 2 (stat.)± 6 (syst.))⇥ 10�6.961

The predefined CME signature of a positive value for this di↵erence (Eq. (26)) is not observed.962

As described in Sec. IVC, the predefined CME signature described in Eq. (26) explicitly assumes the r ratio to be963

unity. Since this assumption is no longer valid for the blind analysis binned in cross-section percentile, as shown in964

Fig. 16 lower panel, the relevance of the result in Fig. 17 to the possible CME needs to be reevaluated.965

E. CME fraction utilizing spectator and participant planes: approach-I (Group-3)966

The CME signal fraction, fcme, is extracted from two �� measurements in each of the two isobar systems inde-967

pendently. One measurement is with respect to the second-order harmonic plane reconstructed from mid-rapidity968

particles measured in the TPC, as a proxy for the PP. The other is with respect to the first-order harmonic plane re-969

constructed from spectator neutrons measured by the ZDC Shower Maximum Detectors (ZDC-SMDs), as a proxy for970

the spectator plane. The details of this spectator-participant plane method to extract fcme is described in Sec. IVD.971

To select good events we require, in addition to those criteria described in Sec. II B, the VPD primary vertex position972

to be within |Vz,tpc � Vz,vpd| < 3 cm from the one reconstructed by the TPC. In this analysis both the full-event and973

sub-event methods are used as in Ref. [70]. The sub-event method is useful to suppress non-flow e↵ects.974

For the full-event analysis, all three particles are charged hadrons taken from |⌘| < 1. The ��{tpc} is calculated975

by the three-particle cumulant method (Eq. (56)). An ⌘ gap of 0.05 is applied between the POIs (↵ and �); no ⌘ gap976

is applied between particle c and either of the POIs. The v2,c used in Eq. (56) and the v2{tpc} needed by Eq. (29)977

are equal and are calculated by the two-particle cumulant method of Eq. (45), where no ⌘ gap is applied between the978

two particles.979
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A =  Δ𝛄 {SP} /Δ𝛄{PP} 

Δ𝛄 = Δ𝛄 CME + Δ𝛄BG

Δ𝛄 CME{PP} = a Δ𝛄 CME{SP} 

a = projection factor from one plane to the other 
   = ⟨cos[2 (ψPP -  ψSP)]⟩ 

Flow correlated with participant plane

Δ𝛄BG driven by v2 so maximal when 
measured with respect to PP 

Δ𝛄 BG{SP}   = a  Δ𝛄 BG{PP} 

a = v2 {SP}  / v2 {PP}
STAR: arXiv:2106.09243

J. ZhaoQM2019, Wuhan 9

ΨPP &ΨRP to resolve Bkg & CME
Ø ΨPP maximizes flow,                                              flow background
Ø ΨRP maximizes the magnetic field (B),                  CME signal  
Ø ΨPP and ΨRP are correlated, but not identical due to geometry fluctuations
Ø Δγ w.r.t. TPC ΨEP (proxy of ΨPP ) and ZDC Ψ1 (proxy of ΨRP) contain different 

fractions of CME and Bkg

H-J. Xu, et al, CPC 42 (2018) 084103, 
arXiv:1710.07265 

Both are experimental measurements

Two-component 
assumption N.B. B-field correlated with spectator (reaction) plane

Assume Δ𝛄 can be decomposed: 

fCME  =Δ𝛄 CME {PP}/ Δ𝛄{PP}  
        =  [  A/a-1 ] / [1/a2 -1]

ZDC  - spectator plane
TPC - participant plane

https://arxiv.org/abs/2106.09243
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FIG. 19. The CME signal fraction in the inclusive �� measurement with respect to the TPC EP, fcme, as functions of centrality
in Ru+Ru and Zr+Zr collisions at 200 GeV from both the full-event method (a) and the sub-event method (b). Error bars are
statistical and shaded boxes are systematic uncertainties.

bottom row. The measured v2{ zdc} in central collisions is noticeably large, which is not observed in the results from
another group reported in Sec. VF. A di↵erence in the analysis method lies in the way to calculate the ZDC harmonic
planes. In this analysis, the first-order harmonic Q-vectors from the two ZDCs are first combined and then the  zdc

is computed. In the analysis in Sec. VF, the correlation is performed with the sum of the two first-order harmonic
planes separately reconstructed in each ZDC. Correspondingly, the EP resolutions are calculated in di↵erent ways.
The reason for the discrepancy needs further investigation.

We calculate the fcme using Eq. (27). This is the fraction of the CME contribution to the ��{tpc} with respect
to the TPC EP. The results from both the full-event and sub-event methods are shown in Fig. 19 as a function of
centrality for the two isobar collision systems. The average fcme values in the 20–50% centrality range from the
full-event method in Ru+Ru and Zr+Zr collisions are fRu+Ru

cme = 0.29 ± 0.13 (stat.) ± 0.01 (syst.) and fZr+Zr
cme =

0.06 ± 0.08 (stat.) ± 0.02 (syst.), respectively. The corresponding ratios from the sub-event method are fRu+Ru
cme =

0.12 ± 0.20 (stat.) ± 0.00 (syst.) and fZr+Zr
cme = �0.01 ± 0.12 (stat.) ± 0.03 (syst.). Systematic variations for fRu+Ru

cme
are all consistent with statistical fluctuations so a null systematic uncertainty is assigned according to the Barlow
prescription [106]. The large statistical uncertainties are dominated by the �� measurements with respect to the
ZDCs which have poor EP resolutions.

Figure 20 plots fcme for Ru+Ru collisions on the vertical axis versus fcme for Zr+Zr collisions on the horizontal
axis, both at 20–50% centrality, extracted using both the full-event method (left panel) and sub-event method (right
panel). An additional constraint is obtained by combining the �� measurements with respect to the TPC EP in
both isobar collision systems, as described in Sec. IVD. This is shown in the near-diagonal shaded strip given by
Eq. (32) using the measured values for the double ratio (Eq. (34)) of a0/A0 = 1.027 ± 0.004 (stat.) ± 0.001 (syst.)
and 1.034 ± 0.006 (stat.) ± 0.003 (syst.), for the full-event and sub-event methods, respectively. This would be the
correct constraint if the background in �� scales with v2 only (i.e. the multiplicities are explicitly assumed to be
identical between the isobar systems). Since this assumption is no longer valid for the blind analysis as function of
the cross-section percentile, the near-diagonal strip does not correctly indicate the allowed CME region. Indeed, as
shown in Fig. 20, the present near-diagonal strip does not have overlap with the CME region enclosed by the blue
solid lines expected from the magnetic field di↵erence. The relevance of the near-diagonal strip to fcme needs to be
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Group 3 (also Group 4, slightly different)

Predefined CME signature:

Predefined signature criteria 
not observed 

Ru:
fCME 0.12 ± 0.20(stat) ± 0.00 (sys) 

Zr:
fCME =-0.01 ± 0.12(stat) ± 0.03(sys) 

Performed in full and sub-event TPC

18

The quantity a0 can be safely assumed to be independent of minv, because the two isobar systems are similar. A CME
signature would be a positive measurement of the l.h.s. of Eq. (24):

��Ru+Ru � a0��Zr+Zr > 0 . (26)

Because the mass dependence of the CME signal is unlikely to di↵er between Ru+Ru and Zr+Zr collisions, such
a measurement would give unique insight on the mass dependence of the CME. Note Eq. (24) is valid for other
independent variables besides minv, such as the �⌘ described in the previous subsection.

D. �� with spectator and participant planes (approach-I)

This analysis makes use of the fact that the magnetic field driven signal is more correlated to the RP, in contrast to
flow-driven backgrounds which are maximal along the particpant plane (PP). The idea was first published in Ref. [64]
and later discussed in Ref. [65]. It requires measurement of �� with respect to the plane of produced particles, a proxy
for the PP, as well as with respect to the plane of spectators, a good proxy for RP. In STAR, the two measurements
can be done using  2 from the TPC and  1 from the ZDCs, respectively.

The approach is based on three main assumptions: 1) the measured �� has contributions from signal and back-
ground, which can be decomposed as �� = ��bkg +��sig, 2) the background contribution to �� should follow the
scaling ��bkg{zdc}/��bkg{tpc} = v2{zdc}/v2{tpc}, and 3) the signal contribution to �� should follow the scaling
��sig{zdc}/��sig{tpc} = v2{tpc}/v2{zdc}. The first one has been known to be a working assumption, widely used
for a long time [16, 34]. The second one is borne out by the fact that backgrounds come from particle correlations
whose sources are v2 modulated (see Eq. (4)) [36, 49–51]. The beauty of the method is that, because the TPC and
ZDC measurements are performed in identical events, all other factors contributing to �� (such as resonance decay
correlations and multiplicity dilution) cancel except v2. Nevertheless, non-flow e↵ects could potentially spoil the scal-
ing which requires quantitative investigations [71]. The validity of the third assumption is studied and demonstrated
in Ref. [64]. The reciprocal stems from fluctuations of RP and PP, whose relative azimuthal angle may be quantified
by a = hcos 2( pp � rp)i [132].

Using all three assumptions, one can extract the fraction of possible CME signal in a fully data-driven way [64],

fcme =
��cme{tpc}
��{tpc} =

A/a� 1

1/a2 � 1
, (27)

where

A = ��{zdc}/��{tpc} , (28)

and the a parameter can be determined by

a = v2{zdc}/v2{tpc} . (29)

The fcme given by Eq. (27) is the fraction of CME contribution to the ��{tpc} with respect to the TPC EP.
Such an analysis has been applied to existing Au+Au data, and a CME signal fraction of the order of 10% has

been extracted with a significance of 1–3� [70]. We apply the same analysis to the isobar data as part of the blind
analysis. The fcme is extracted in each isobar system separately. The case for the CME in this analysis would be

fRu+Ru

cme > fZr+Zr

cme > 0 . (30)

One can get an additional constraint on fRu+Ru
cme and fZr+Zr

cme . Assuming in this blind analysis that the physics
background is proportional to v2 only,

(1� fRu+Ru

cme )��Ru+Ru/vRu+Ru

2
= (1� fZr+Zr

cme )��Zr+Zr/vZr+Zr

2
, (31)

we obtain

fRu+Ru

cme =

✓
a0

A0

◆
fZr+Zr

cme +

✓
1� a0

A0

◆
, (32)

where

A0 = ��Ru+Ru/��Zr+Zr , (33)

and a0 is again given by Eq. (25). The quantity a0/A0 is the double ratio of

a0/A0 =
�
��Zr+Zr/vZr+Zr

2

�
/
�
��Ru+Ru/vRu+Ru

2

�
. (34)

The individual measurements of fRu+Ru
cme and fZr+Zr

cme by Eq. (27) and the constraint on their relationship by Eq. (32)
give quantitatively an allowed region of the CME signal fractions.

Average for 20-50% sub-event TPC
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Group 4

Predefined CME signature:

Predefined signature criteria 
not observed 

Group 4: Double ratio

Predefined CME signature:

31 August 2021 James Dunlop, STAR Isobar Blind Analysis Results 16

Group-2: Mixed harmonics (Full-TPC measurement)
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Data are not consistent with such
expectations using Full-TPC
acceptance.
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No CME signature that satisfies the predefined criteria observed

Not seen
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F. Ratio of (��/v2) between two isobar collisions (Group-4)1023

One of the main objectives of Group-4 is to obtain the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr as a function of1024

centrality. The quantity (��/v2) is calculated as1025

(��/v2)TPC =
�hcos(�↵ + �� � 2�c)i

hcos(2�↵ � 2�c)i
, (58)

where � denotes the di↵erence in the � correlator calculated using opposite and same-charge pairs of particles ↵1026

and �. The correlator is calculated using the subevents from pseudorapidity windows 0.1 < |⌘| < 1.0 (default) and1027

0.2 < |⌘| < 1.0, with the event plane, or particle “c”, taken from the opposite pseudorapidity window (e.g., when�0.1>1028

⌘↵,�>�1.0 we take 0.1<⌘c<1.0 and vice versa) with pseudorapidity gaps between the subsevents �⌘sub = 0.2 (for the1029

default case) and �⌘sub = 0.3, 0.4 (for systematic studies). To suppress the non-flow contribution, hcos(2�↵ � 2�c)i1030

is calculated using the same-charge particles in the default case and using all charged particles when investigating1031

systematic uncertainties. All particles are taken from the transverse momentum region 0.2 < pT < 2.0 GeV/c. The1032

results are calculated in 5% centrality bins and then averaged over a wider centrality range using the inverse of squared1033

statistical uncertainty as a weight when needed.1034

All quantities in this analysis are obtained with the help of the recentered Q vectors and presented as ratios, which1035

greatly reduces the systematic uncertainties. The systematic uncertainty has been estimated from comparison of the1036

results obtained with di↵erent ⌘-gaps between the sub-events, using selection criteria on quality of the TPC tracks,1037

and comparing results from events with the event vertex from di↵erent sides of the TPC center. In addition, in the1038

estimates of the elliptic flow uncertainties, the results obtained from correlation of unlike-sign charges are also used.1039

All the systematic variations are found to be smaller than the statistical uncertainties.1040

For a non-zero CME signal the expectation is that the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr would be greater1041

than unity, as the CME signal in Ru+Ru collisions is expected to be about 15% larger than in Zr+Zr collisions.1042

The results of our measurements are presented in Fig. 21. The plotted ratio is below unity, which is likely due to a1043

noticeable di↵erence in mean charged multiplicity in collisions of the two isobar species corresponding to the same1044

centrality. The multiplicity of charged particles in Ru+Ru collisions is observed to be larger than that in Zr+Zr1045

collisions as shown in Fig. (3). The drop of the double ratio in most peripheral events is likely due to the sudden1046

change in the multiplicity ratio in the corresponding centrality.1047
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The quantity (��/v2) approximately scales with the inverse of the multiplicity, but no correction for that is1054

anticipated in the blind analysis. The fraction of the CME signal contribution to ��, if extracted exactly as outlined1055

in the blind analysis scheme in the 20 to 50% centrality range would yield a negative value with an uncertainty of1056

about 2% of the �� magnitude.1057

G. CME fraction utilizing spectator and participant planes: approach-II (Group 4)1058

For the separate estimates of the CME signal in each of the isobar collisions, the procedure outlined in section IVE,1059

Eqs. (36)–(38) was used.1060

The results obtained in this approach are presented in Fig. 22. We observe that the double ratio, Fig. 22 (left) is very1061

close to unity indicating that the signal is consistent with zero in both isobar collisions. The fraction of the CME signal1062

calculated using Eq. (38) is presented in Fig. 22 (right), while elliptic flow calculated relative to the participant (TPC)1063

and spectator (ZDC-SMD) planes is presented in Fig. 23. The extracted average CME fraction for 20–50% centrality1064

is found to be fTPC
CME = 0.101± 0.123 (stat.)± 0.023 (syst.) for Ru+Ru and fTPC

CME = 0.009± 0.088 (stat.)± 0.033 (syst.)1065

for Zr+Zr. The large statistical uncertainties are dominated by the �� measurements in the ZDCs which have poor1066

EP resolutions. The statistical uncertainties on fcme are smaller than those from Group-3 reported in section IVD,1067

due to a larger di↵erence in v2{ZDC} and v2{TPC} resulting from di↵erent approaches of correlating particles at1068

midrapidity with signals from the two ZDCs.1069
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and �. The correlator is calculated using the subevents from pseudorapidity windows 0.1 < |⌘| < 1.0 (default) and1027

0.2 < |⌘| < 1.0, with the event plane, or particle “c”, taken from the opposite pseudorapidity window (e.g., when�0.1>1028

⌘↵,�>�1.0 we take 0.1<⌘c<1.0 and vice versa) with pseudorapidity gaps between the subsevents �⌘sub = 0.2 (for the1029

default case) and �⌘sub = 0.3, 0.4 (for systematic studies). To suppress the non-flow contribution, hcos(2�↵ � 2�c)i1030

is calculated using the same-charge particles in the default case and using all charged particles when investigating1031

systematic uncertainties. All particles are taken from the transverse momentum region 0.2 < pT < 2.0 GeV/c. The1032

results are calculated in 5% centrality bins and then averaged over a wider centrality range using the inverse of squared1033

statistical uncertainty as a weight when needed.1034

All quantities in this analysis are obtained with the help of the recentered Q vectors and presented as ratios, which1035

greatly reduces the systematic uncertainties. The systematic uncertainty has been estimated from comparison of the1036

results obtained with di↵erent ⌘-gaps between the sub-events, using selection criteria on quality of the TPC tracks,1037

and comparing results from events with the event vertex from di↵erent sides of the TPC center. In addition, in the1038

estimates of the elliptic flow uncertainties, the results obtained from correlation of unlike-sign charges are also used.1039

All the systematic variations are found to be smaller than the statistical uncertainties.1040

For a non-zero CME signal the expectation is that the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr would be greater1041

than unity, as the CME signal in Ru+Ru collisions is expected to be about 15% larger than in Zr+Zr collisions.1042

The results of our measurements are presented in Fig. 21. The plotted ratio is below unity, which is likely due to a1043

noticeable di↵erence in mean charged multiplicity in collisions of the two isobar species corresponding to the same1044

centrality. The multiplicity of charged particles in Ru+Ru collisions is observed to be larger than that in Zr+Zr1045

collisions as shown in Fig. (3). The drop of the double ratio in most peripheral events is likely due to the sudden1046

change in the multiplicity ratio in the corresponding centrality.1047
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The quantity (��/v2) approximately scales with the inverse of the multiplicity, but no correction for that is1054

anticipated in the blind analysis. The fraction of the CME signal contribution to ��, if extracted exactly as outlined1055

in the blind analysis scheme in the 20 to 50% centrality range would yield a negative value with an uncertainty of1056

about 2% of the �� magnitude.1057

G. CME fraction utilizing spectator and participant planes: approach-II (Group 4)1058

For the separate estimates of the CME signal in each of the isobar collisions, the procedure outlined in section IVE,1059

Eqs. (36)–(38) was used.1060

The results obtained in this approach are presented in Fig. 22. We observe that the double ratio, Fig. 22 (left) is very1061

close to unity indicating that the signal is consistent with zero in both isobar collisions. The fraction of the CME signal1062

calculated using Eq. (38) is presented in Fig. 22 (right), while elliptic flow calculated relative to the participant (TPC)1063

and spectator (ZDC-SMD) planes is presented in Fig. 23. The extracted average CME fraction for 20–50% centrality1064

is found to be fTPC
CME = 0.101± 0.123 (stat.)± 0.023 (syst.) for Ru+Ru and fTPC

CME = 0.009± 0.088 (stat.)± 0.033 (syst.)1065

for Zr+Zr. The large statistical uncertainties are dominated by the �� measurements in the ZDCs which have poor1066

EP resolutions. The statistical uncertainties on fcme are smaller than those from Group-3 reported in section IVD,1067

due to a larger di↵erence in v2{ZDC} and v2{TPC} resulting from di↵erent approaches of correlating particles at1068

midrapidity with signals from the two ZDCs.1069
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One of the main objectives of Group-4 is to obtain the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr as a function of1024

centrality. The quantity (��/v2) is calculated as1025
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where � denotes the di↵erence in the � correlator calculated using opposite and same-charge pairs of particles ↵1026

and �. The correlator is calculated using the subevents from pseudorapidity windows 0.1 < |⌘| < 1.0 (default) and1027

0.2 < |⌘| < 1.0, with the event plane, or particle “c”, taken from the opposite pseudorapidity window (e.g., when�0.1>1028

⌘↵,�>�1.0 we take 0.1<⌘c<1.0 and vice versa) with pseudorapidity gaps between the subsevents �⌘sub = 0.2 (for the1029

default case) and �⌘sub = 0.3, 0.4 (for systematic studies). To suppress the non-flow contribution, hcos(2�↵ � 2�c)i1030

is calculated using the same-charge particles in the default case and using all charged particles when investigating1031

systematic uncertainties. All particles are taken from the transverse momentum region 0.2 < pT < 2.0 GeV/c. The1032

results are calculated in 5% centrality bins and then averaged over a wider centrality range using the inverse of squared1033

statistical uncertainty as a weight when needed.1034

All quantities in this analysis are obtained with the help of the recentered Q vectors and presented as ratios, which1035

greatly reduces the systematic uncertainties. The systematic uncertainty has been estimated from comparison of the1036

results obtained with di↵erent ⌘-gaps between the sub-events, using selection criteria on quality of the TPC tracks,1037

and comparing results from events with the event vertex from di↵erent sides of the TPC center. In addition, in the1038

estimates of the elliptic flow uncertainties, the results obtained from correlation of unlike-sign charges are also used.1039

All the systematic variations are found to be smaller than the statistical uncertainties.1040

For a non-zero CME signal the expectation is that the double ratio (��/v2)Ru+Ru/(��/v2)Zr+Zr would be greater1041

than unity, as the CME signal in Ru+Ru collisions is expected to be about 15% larger than in Zr+Zr collisions.1042

The results of our measurements are presented in Fig. 21. The plotted ratio is below unity, which is likely due to a1043

noticeable di↵erence in mean charged multiplicity in collisions of the two isobar species corresponding to the same1044

centrality. The multiplicity of charged particles in Ru+Ru collisions is observed to be larger than that in Zr+Zr1045

collisions as shown in Fig. (3). The drop of the double ratio in most peripheral events is likely due to the sudden1046

change in the multiplicity ratio in the corresponding centrality.1047
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centrality. The multiplicity of charged particles in Ru+Ru collisions is observed to be larger than that in Zr+Zr1051

collisions as shown in Fig. (3). The drop of the double ratio in most peripheral events is likely due to the sudden1052

change in the multiplicity ratio in the corresponding centrality.1053
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The quantity (��/v2) approximately scales with the inverse of the multiplicity, but no correction for that is1054

anticipated in the blind analysis. The fraction of the CME signal contribution to ��, if extracted exactly as outlined1055

in the blind analysis scheme in the 20 to 50% centrality range would yield a negative value with an uncertainty of1056

about 2% of the �� magnitude.1057

G. CME fraction utilizing spectator and participant planes: approach-II (Group 4)1058

For the separate estimates of the CME signal in each of the isobar collisions, the procedure outlined in section IVE,1059

Eqs. (36)–(38) was used.1060

The results obtained in this approach are presented in Fig. 22. We observe that the double ratio, Fig. 22 (left) is very1061

close to unity indicating that the signal is consistent with zero in both isobar collisions. The fraction of the CME signal1062

calculated using Eq. (38) is presented in Fig. 22 (right), while elliptic flow calculated relative to the participant (TPC)1063

and spectator (ZDC-SMD) planes is presented in Fig. 23. The extracted average CME fraction for 20–50% centrality1064

is found to be fTPC
CME = 0.101± 0.123 (stat.)± 0.023 (syst.) for Ru+Ru and fTPC

CME = 0.009± 0.088 (stat.)± 0.033 (syst.)1065

for Zr+Zr. The large statistical uncertainties are dominated by the �� measurements in the ZDCs which have poor1066

EP resolutions. The statistical uncertainties on fcme are smaller than those from Group-3 reported in section IVD,1067

due to a larger di↵erence in v2{ZDC} and v2{TPC} resulting from di↵erent approaches of correlating particles at1068

midrapidity with signals from the two ZDCs.1069
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Group-5: The R-variable

An alternative correlator to measure charge separation. R-variable is actually a
ratio of distributions.
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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 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 is shown; statistical and systematic uncertainties1120

are shown by lines and boxes, respectively. Included are results for the CME-sensitive observables ��/v2, , k and1121

1/�R 2
using di↵erent detector combinations as well as from independent analysis groups. The ratio values of ��/v2,1122

112, k2, and 1/�R 2
are all less than or consistent with unity, indicating that the predefined CME signature is not1123

observed in the isobar blind analysis for any of these observables. This observation is further corroborated by the1124

observation that the CME-insensitive quantities ��123/v3 and k3 have ratios (as shown in the figure) consistent with1125

their second-harmonic CME-sensitive counterparts.1126

In addition to the integrated quantities shown in Fig. 26, we have performed di↵erential measurements of �� with1127

�⌘ and of �� for pion pairs in invariant mass minv for both isobar species. No di↵erence in the shape is observed1128

between the two species in these di↵erential studies. The mean value of the variable r that measures the relative1129

excess of opposite-sign relative to same-sign pion pairs at di↵erent values of minv is di↵erent for the two isobar species,1130

being smaller in Ru+Ru collisions; this is qualitatively consistent with the charged hadron multiplicity di↵erence in1131

bins of matching centrality between the two isobars.1132

The comparison of �� measured with respect to the spectator (measured by the ZDC) and participant (measured1133

by the TPC) planes is used to extract the CME fraction fcme in each individual species. Two analysis groups used this1134

method. Group-3 analyzed both the full-event and sub-event correlations, while Group-4 analyzed only the latter.1135

Using the sub-events allows the suppression of non-flow correlations. The sub-event results from the two groups are1136

consistent with each other. The statistical uncertainties on fcme from Group-3 are larger than those from Group-4,1137

due to a smaller di↵erence in v2{ZDC} and v2{TPC} resulting from di↵erent approaches of correlating particles at1138

midrapidity with signals from two ZDCs (see sections IVD and IVE). All these results give a CME signal fraction1139

that is consistent with zero with large statistical uncertainties of approximately 10% (absolute) dominated by the1140

ZDC measurements.1141

The most recent Au+Au results measured by the spectator and participant plane method from STAR indicate a1142

possible CME signal fraction of the order of 10% with a significance of 1–3� [70]. If the CME signal fraction is also1143

10% in isobar collisions, then a 3� e↵ect would be expected with the current isobar data sample of approximately 21144

billion MB events each, according to estimations in Ref. [82, 83]. However, it has been pointed out and supported by1145

AVFD simulations that the CME signal fraction may be substantially smaller in isobar collisions compared to Au+Au1146

collisions [138]. This would imply a substantially smaller significance in this isobar data sample.1147
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ratio of the value of each observable in Ru+Ru to its value in Zr+Zr is shown; statistical and systematic uncertainties1120

are shown by lines and boxes, respectively. Included are results for the CME-sensitive observables ��/v2, , k and1121

1/�R 2
using di↵erent detector combinations as well as from independent analysis groups. The ratio values of ��/v2,1122

112, k2, and 1/�R 2
are all less than or consistent with unity, indicating that the predefined CME signature is not1123

observed in the isobar blind analysis for any of these observables. This observation is further corroborated by the1124

observation that the CME-insensitive quantities ��123/v3 and k3 have ratios (as shown in the figure) consistent with1125

their second-harmonic CME-sensitive counterparts.1126

In addition to the integrated quantities shown in Fig. 26, we have performed di↵erential measurements of �� with1127

�⌘ and of �� for pion pairs in invariant mass minv for both isobar species. No di↵erence in the shape is observed1128

between the two species in these di↵erential studies. The mean value of the variable r that measures the relative1129

excess of opposite-sign relative to same-sign pion pairs at di↵erent values of minv is di↵erent for the two isobar species,1130

being smaller in Ru+Ru collisions; this is qualitatively consistent with the charged hadron multiplicity di↵erence in1131

bins of matching centrality between the two isobars.1132

The comparison of �� measured with respect to the spectator (measured by the ZDC) and participant (measured1133

by the TPC) planes is used to extract the CME fraction fcme in each individual species. Two analysis groups used this1134

method. Group-3 analyzed both the full-event and sub-event correlations, while Group-4 analyzed only the latter.1135

Using the sub-events allows the suppression of non-flow correlations. The sub-event results from the two groups are1136

consistent with each other. The statistical uncertainties on fcme from Group-3 are larger than those from Group-4,1137

due to a smaller di↵erence in v2{ZDC} and v2{TPC} resulting from di↵erent approaches of correlating particles at1138

midrapidity with signals from two ZDCs (see sections IVD and IVE). All these results give a CME signal fraction1139

that is consistent with zero with large statistical uncertainties of approximately 10% (absolute) dominated by the1140

ZDC measurements.1141

The most recent Au+Au results measured by the spectator and participant plane method from STAR indicate a1142

possible CME signal fraction of the order of 10% with a significance of 1–3� [70]. If the CME signal fraction is also1143

10% in isobar collisions, then a 3� e↵ect would be expected with the current isobar data sample of approximately 21144

billion MB events each, according to estimations in Ref. [82, 83]. However, it has been pointed out and supported by1145

AVFD simulations that the CME signal fraction may be substantially smaller in isobar collisions compared to Au+Au1146

collisions [138]. This would imply a substantially smaller significance in this isobar data sample.1147
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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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Post-blinding analysis
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2-particle correlations due to small clusters scale approximately with 1/mult
Potentially therefore more correct to define a CME signal as:

Post Blinding Considerations

• Baseline against which to compare as documented in the blind analysis was unity
• Proper baseline for (Δγ/v2) may be the ratio of inverse multiplicities, or as an alternative r
The observed multiplicity difference between the isobars requires future CME analyses 
to better understand the baselines in order to best utilize the precision demonstrated in 
this analysis. 

31 August 2021 James Dunlop, STAR Isobar Blind Analysis Results 21

39

 0.94

 0.96

 0.98

 1

 1.02 STAR Isobar post-blind analysis, √sNN = 200 GeV,   Ru+Ru / Zr+Zr,   20-50%

R
a
tio

(∆
γ 11

2
/v 2

) EP,T
PC

(∆
γ 11

2
/v 2

) 3P
C
,T

PC

(∆
γ 11

2
/v 2

) 3P
C
,T

PC

(∆
γ 11

2
/v 2

) SE,T
PC

(∆
γ 11

2
/v 2

) SE,T
PC

(∆
γ 11

2
/v 2

) SE,T
PC

(∆
γ 11

2
/v 2

) SP,E
PD

(∆
γ 12

3
/v 3

) 3P
C
,T

PC
κ 11

2 k 2 k 3
σ
-1

R Ψ2

r(m
in
v
)

1/
N trk
of

fli
ne

G
ro

up
-1

G
ro

up
-2

G
ro

up
-3

G
ro

up
-2

G
ro

up
-3

G
ro

up
-4

G
ro

up
-2

G
ro

up
-2

G
ro

up
-1

G
ro

up
-2

G
ro

up
-2

G
ro

up
-5

G
ro

up
-3

 0.94

 0.96

 0.98

 1

 1.02

FIG. 27. Compilation of post-blinding results. This figure is largely the same as Fig. 26 with the following di↵erences: numerical
changes in the results from the new run-by-run QA algorithm are treated as an additional systematic uncertainty added in
quadrature, and two data points (open markers) have been added on the right to indicate the ratio of inverse multiplicities
(No✏ine

trk ) and the ratio of relative pair multiplicity di↵erence (r) as explained in the text.

VI. POST BLINDING1148

During the second step of our analysis (the isobar blind analysis) a potential issue was identified related to the1149

predefined criteria of the QA algorithm (as described in Sec. IID). The condition of being within five times the1150

weighted error or one percent of the variation of the local mean may be too relaxed to identify all the boundaries of1151

stable run periods and outlier runs in some QA variables. When combining the identified run mini-regions, a new1152

algorithm is implemented by 1) removing the “within one percent of the variation of the local mean” condition, and 2)1153

adding a tolerance of “within 2-RMS di↵erence”, which seems to be more e↵ective for some QA variables such as Nfits.1154

This new algorithm is again executed in the final step of isobar unblind analysis (Step-3) and all the results using1155

this algorithm are presented in this post-blinding section. No qualitative changes are observed in the final quantities.1156

The numerical changes in the results from this new run-by-run QA algorithm are treated as an additional systematic1157

uncertainty to update Fig.26 and obtain Fig. 27.1158

Two additional data points are included on Fig. 27 for the following reasons. Most ratio quantities shown in Fig. 261159

or Fig.27 have magnitudes that are below unity with high significance, whereas in a purely non-CME scenario with1160

controlled backgrounds, the expectation is that these quantities should be consistent with unity. The reason for these1161

ratios being less than unity is, in part, due to the multiplicity di↵erence in the two isobar systems. As documented in1162

Table III, the multiplicity distributions are di↵erent for the two isobar species to the extent that in bins of matching1163

centrality, the mean multiplicity is around 4% lower for mid-central Zr+Zr than for mid-central Ru+Ru collisions.1164

The measured magnitudes of most observables, such as �� and ��, decrease with increasing multiplicity because of1165

the trivial multiplicity dilution for these per-pair quantities. Therefore, the corresponding ratios of these observables1166

between the two isobar systems will become larger, if taken in bins of matching multiplicity. Under the approximation1167

that background to�� is caused by flowing clusters with the properties of the clusters staying the same and the number1168

of clusters scaling with multiplicity, the value of �� scales with the inverse of multiplicity [20], i.e. N�� / v2 with1169

the proportionality presumably equal between the two isobars. Because of this, it may be considered that the proper1170

baseline for the ratio of ��/v2 between the two isobars is the ratio of the inverse multiplicities of the two systems.1171

Analysis with respect to this baseline is not documented in the pre-blinding procedures of this blind analysis, so is1172

not reported as part of the blind analysis. We include this inverse multiplicity ratio as the right-most point in Fig. 27.1173

It is interesting to note that ordering among the quantities in their magnitudes is observed in Figs. 26 and 27. The1174

��/v2 ratio has a smaller magnitude than the  and k ratios. This is consistent with the multiplicity ratio baseline1175

for the former as discussed above and the fact that the trivial multiplicity dependence cancels in the latter so its1176

baseline would be unity. On the other hand, the R-variable inverse width 1/�R 2
ratio is larger than the ��/v2 ratio.1177

This di↵erence is expected to be driven by: 1) di↵erent pT ranges used for the two quantities, 2) di↵erence in the1178

multiplicity dependence (see, e.g., Ref. [81]), and 3) di↵erence in the non-flow contributions. The scaling relations1179

extracted in Ref. [81] indicate an approximate relation between 1/�2

R 2
, multiplicity N and ��, which would imply1180

But it could also be r = (Nos-Nss)/Nos

Need better understanding of the baseline
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Next step: to establish exact limits need to understand systematics driving the ratio

to sub-percent level. Smaller than current differences between groups and Full vs SE

“By hand” replotting not sufficient

• CME analyses of STAR’s Isobar data:
      - signatures of the CME were defined prior to analyzing the blinded data
      - more details and blind analysis results are in the paper (arXiv:2109.00131)
      - more unblinded results to come
• Backgrounds are reduced by comparing differences between the isobar datasets
• Consistent results are obtained by the 5 independent analyses groups
• A precision down to 0.4% has been demonstrated, as anticipated, in the relative 

magnitudes of pertinent observables between the two isobar systems
• Differences in multiplicity and flow variables at matching centralities indicate that  

CME backgrounds differs between Zr and Ru
• No CME signature that satisfies the pre-defined criteria has been observed in the 

blind analysis

<latexit sha1_base64="a+Mk7njXL2C+Un4Pq64jD607SDU=">AAACJ3icbVBNS8NAEN34bf2qevSyWIRKoSYq6klEPXisxVqxKWGy3bRLd5OwuxFKyL/x4l/xIqiIHv0nbmsP2vbBwOO9GWbm+TFnStv2lzU1PTM7N7+wmFtaXlldy69v3KookYTWSMQjeeeDopyFtKaZ5vQulhSEz2nd7170/foDlYpF4Y3uxbQpoB2ygBHQRvLyp24ggaRF95JyDW4bhIC9B29/10urSamaZFmKJ5n3snQvs8zLF+yyPQAeJ86QFNAQFS//6rYikggaasJBqYZjx7qZgtSMcJrl3ETRGEgX2rRhaAiCqmY6+DPDO0Zp4SCSpkKNB+rfiRSEUj3hm04BuqNGvb44yWskOjhppiyME01D8rsoSDjWEe6HhltMUqJ5zxAgkplbMemACU6baHMmBGf05XFyu192jsoH14eFs/NhHAtoC22jInLQMTpDV6iCaoigR/SM3tC79WS9WB/W52/rlDWc2UT/YH3/AGSOpak=</latexit>
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U+U collisions - vary BG, fix signal

33

Hard to isolate tip-tip (small v2) from body-body (large v2)

Not really able to manipulate v2 contribution

0-1% most central events: dominated by BG
B-field minimal so any CME greatly suppressed
Results show CME consistent with zero, v2 ~2.5%

Extrapolation to semi-central very model dependent
   isolation of CME signal remains elusive 

In both U+U and Au+Au signal scales with v2 
  suggests results dominated by BG
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〈(eB/mπ

2)2cos[2(ΨB -ΨRP)]〉 to zero [34]. The central U+U and Au+Au data appear to 
contradict a flow background interpretation and favor a CME interpretation. 

 

  
 
Figure 2–18: γOS-γSS vs v2 for different centralities in 193 GeV U+U collisions (left) and 200 GeV 
Au-Au collisions (right).[34] 

 

2.3.2 Chiral Magnetic Wave 
 
Besides the chiral magnetic effect, the chiral separation effect (CSE) has also been 

proposed. The CSE refers to the separation of chiral charge along the axis of the magnetic 
field at finite density of vector charge (e.g. electric charge) [35, 36]. In a chirally-
symmetric phase, the CME and CSE form a collective excitation, a chiral magnetic wave 
(CMW), a long-wavelength hydrodynamic mode of chiral charge densities [37]. The 
CMW is a signature of the chiral symmetry restoration in the QGP, and manifests itself in 
a finite electric quadrupole moment of the collision system, where the “poles” (“equator”) 
of the produced fireball acquire additional positive (negative) charge. This effect, if it 
exists, will be reflected in the measurement of charge-dependent elliptic flow. Taking 
pions as an example, on top of the baseline v2

base(π±), the CMW will lead to [37] v2(π±) = 
v2

base(π±) (qe/ρe)Ach, where qe, ρe and Ach = (N+−N-)/(N++N-) are the quadrupole moment, 
the net charge density and the charge asymmetry of the collision event, respectively. The 
baseline v2 may be different for π+ and π− because of several other physics mechanisms, 
so it is less ambiguous to study the CMW via the Ach  dependence of pion v2. 

Taking 30−40% 200 GeV Au+Au as an example, the pion v2 is shown as a function of Ach in 
panel (a) of Figure 2–19. The π− v2 increases with Ach while the π+ v2 decreases with a similar 
magnitude of slope. The v2 difference between π− and π+ is fitted with a straight line in panel (b). 
The slope parameter r, or presumably 2qe/ρe from Eq. 3, is positive and qualitatively consistent 
with the expectation of the CMW picture. We retrieve the slope parameter r for all centrality bins 
as shown in Figure 2–20. The slopes are consistent with zero for the most central and most 
peripheral collisions, and are positive and reach a maximum in mid-central/mid-peripheral 
collisions. For Au+Au collisions at 200 GeV, the slopes extracted from UrQMD events [38] are 
consistent with zero for the 10-70% centrality range, where the signal from the real data is 
prominent. Similarly, the AMPT event generator [39] also yields slopes consistent with zero (not 
shown here). On the other hand, simplified CMW calculations demonstrate a similar centrality 
dependence of the slope parameter [40]. At 200 GeV, STAR preliminary results with kaons 
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out in model calculations but a model to data comparison can be used to estimate how much of the signal
is driven by v2 and how much by the magnetic field. This analysis finds that at least 80% of the signal at
the LHC is from v2 related backgrounds and that when scaled by multiplicity, the signal is linear in v2 with
a slope of approximately 0.8, pointing to zero signal at zero v2. It will be interesting to see this analysis
carried out on data at RHIC where the H variable seems to suggest the signal is strongest.

Fig. 3. Top panels: Event shape engineering from the LHC. Middle panels: p+Pb results from LHC compared to Pb+Pb and Au+Au
from RHIC. Bottom panels: Model calculations (left) and data (right) from ultra-central U+U collisions.

The middle panels of Fig. 3 show data on p+Pb collisions at 5.02 TeV compared to Pb+Pb [4] collisions
and Au+Au collisions from RHIC. The naive expectation is that any signal observed in p+Pb collisions
must be driven by backgrounds. The observation is that the signal in p+Pb is as large as that in Pb+Pb and
Au+Au. This similarity seems to suggest that perhaps all the data is driven by background. On the other
hand, there is no known background model that would predict a similarity between Au+Au collisions at
RHIC and p+Pb or Pb+Pb collisions at the LHC. This is because as multiplicity goes up, the measurement
of the background should drop as one over the multiplicity. It appears that the data challenge both the CME
based expectations and the background model based expectations.

The bottom panels show data from ultra-central U+U collisions [5]. These collisions possess an appre-

P. Sorensen / Nuclear Physics A 967 (2017) 129–136132

ciable v2 but since models show that the magnetic field becomes oriented randomly with respect to the v2
axis [17], no CME signal is expected. In a v2 driven background scenario, we expect ∆γ to only reach zero
when v2 reaches zero. The data however contradicts this scenario and drops to zero while a large v2 still
persists. This is consistent with CME and contradicts the background models. This is the opposite of the
conclusion one would naturally draw from the LHC data where the eventshape engineering data is consis-
tent with a v2 driven background and contradicts CME. Although much new data has appeared, the situation
remains murky.

Fig. 4. Charge separation data from RHIC including new p+Au measurements and model calculations. ∆γ on the left has been scaled
by Npart and plotted vs Npart while the data plotted on the right is equivalent to ∆γ scaled by multiplicity and divided by v2. This latter
quantity is expected to be approximately flat as a function of centrality for v2 dominated background. The LHC slope of 0.8 refers
to the slope inferred from eventshape engineering where ∆γ at the LHC was found to exhibit a linear dependence on v2 pointing to
zero at zero v2, as would be expected purely from background. The ∆γ results from p+Au and d+Au are strongly dependent on how
the analysis is carried out, especially when scaling by v2 where the interpretation of v2 is still very unclear and the result can depend
strongly on assumptions and analysis details.

While the data from p+Pb collisions at the LHC can be interpreted as supporting a background interpre-
tation of the data, the data presented from RHIC leave a less clear interpretation. In the left panel of Fig. 4,
results from U+U and p+Au are shown where short-range correlations have been subtracted off [5, 6]. The
subtraction assumes the correlations can be described in terms of a pedestal, a Gaussian, and a short-range
background contribution which is assumed to be short-range in both ∆η and ∆φ so that it is required to con-
tribute a positive contribution to γ. In more central collisions, the short-range subtraction picks out mostly
HBT-like correlations and leads to a small correction. In peripheral and p+Au collisions, the subtracted peak
is wider and is likely an admixture of HBT and correlations between jet fragments. After removing this con-
tribution, RHIC data on p+Au collisions are consistent with zero. More work should be done however on
understanding the systematic uncertainties of the analysis in p+Au collisions.

In the right panel of Fig. 4, a compilation of Au+Au, d+Au, and p+Au data is shown where the plotted
quantity is equivalent to ∆γ scaled by the multiplicity and divided by v2. If the data are dominated by a
v2 driven background, we expect the data to be a single flat line for all systems. The AMPT background
simulations shown in the figure confirm this expectation. No subtraction has been applied to the data leaving
a large signal in p+Au, d+Au, and peripheral Au+Au collisions. The large value for p+Au and d+Au show
that results in those systems can vary a lot depending on how the analysis has been carried out and how
v2 has been calculated. The interpretation of v2 in small systems is still unclear. We note that approaching
central Au+Au collisions, the data sharply deviate from background expectations and become consistent
with zero as expected from the decorrelation of the v2 axis and the magnetic field. The data and simulations
in the figure however still lend themselves to contradicting conclusions. For example, one can draw the
following conclusions: 1) the AMPT simulations show that background can account for most if not all of
the signal, 2) the background explains the flatness of the Au+Au results except in the most central collisions
where perhaps v2 is less well understood, 3) the data in central collisions are consistent with CME and
contradict expectations from v2 related backgrounds, and 4) data from small systems can either be well
above background expectations or consistent with zero depending on how the analysis is carried out. It’s

P. Sorensen / Nuclear Physics A 967 (2017) 129–136 133
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6Aihong Tang                                                                 
INT "Critically and Chirality",  May 11-22 2020                    

The Setup of Heavy Ion Collision

Plot courtesy of X. Huang

Au + Au
p
sNN = 200GeV

D. Kharzeev, L. McLerran and H. Warringa. Nuclear Physics A 803, 227 (2008).
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The Setup of Heavy Ion Collision

Plot courtesy of X. Huang

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

−eBy∼2ZAuγe24πvz(2b)2≈10m2π≈1019Gauss,
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Probing backgrounds

36

Average pt :  signal grows with pt up 
to 2 GeV/c where the measurement 
runs out of steam.  Not as  initially 
expected. (Can this be 
accommodated quantitatively by 
the C.M.E. theory?) 
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62 GeV

37

Nothing strikingly different from the 200 GeV results.  Signal is somewhat larger (less 
combinatoric dilu?on) and again shows consistency with “less quenching in less dense 
systems”
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Checking with different event planes

38

A test of factoriza?on (i.e. can we assume <cos(φa+φb-2Ψr.p.)> =<cos(φa+φb-2φc)>/v2,c  ) is that finding the reac?on plane using different detectors gives 
consistent results. 
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Chiral Magnetic Effect : Backgrounds

Aihong Tang                                                                 
INT "Critically and Chirality",  May 11-22 2020                    

Backgrounds contributions could be comparable
in magnitude to measured correlations 
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STAR: PLB 798 134975 (2019)

CMS: PRL 118, 122301 (2017) 

charge-independent, such as directed flow and the
momentum conservation effect, the latter being sensitive
to the difference in multiplicity between p- and Pb-going
directions.
To explore the multiplicity or centrality dependence of

the three-particle correlator, an average of the results in
Fig. 1 over jΔηj < 1.6 (charge-dependent region) is taken,
where the average is weighted by the number of particle
pairs in each jΔηj range. The resulting jΔηj-averaged three-
particle correlators are shown in Fig. 2 as a function of
Noffline

trk for p-Pb (particle c from the Pb-going side) and
PbPb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Up to Noffline
trk ¼ 300,

the p-Pb and PbPb results are measured in the same Noffline
trk

ranges. The centrality scale on the top of Fig. 2 relates to
the PbPb experimental results. Within uncertainties, the SS
and OS correlators in p-Pb and PbPb collisions exhibit the
same magnitude and trend as a function of event multi-
plicity. The OS correlator reaches a value close to zero for
Noffline

trk > 200, while the SS correlator remains negative,
but the magnitude gradually decreases as Noffline

trk increases.
Part of the observed multiplicity (or centrality) dependence
is understood as a dilution effect that falls with the inverse
of event multiplicity [7]. The notably similar magnitude
and multiplicity dependence of the three-particle correlator
observed in p-Pb collisions relative to that in PbPb
collisions again indicates that the dominant contribution
of the signal is not related to the CME. The results of SS
and OS three-particle correlators as functions of centrality
in PbPb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV are also found to
be consistent with the results from lower energy AA
collisions [7,11].

To eliminate sources of correlations that are charge
independent (e.g., directed flow, v1) and to explore a
possible charge separation effect generated by the CME,
the difference of three-particle correlators between the OS
and SS is shown as a function of jΔηj in the multiplicity
range 185 ≤ Noffline

trk < 220 [Fig. 3(a)] and as a function
ofNoffline

trk averaged over jΔηj < 1.6 [Fig. 3(b)] for p-Pb and
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significant contribution of nonflow correlations to v2 at
very low multiplicities. Evidence of contribution to v2
from collective flow has also been observed at RHIC and
the LHC from long-range particle correlations in small
systems, especially at higher multiplicity [48–52].
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FIG. 3. The measured two-particle cumulant v2{2} with ⌘
gap of 1.0 as a function of multiplicity in p+Au and d+Au
collisions, compared to that in Au+Au collisions [17, 18]. The
data points connected by solid lines are measured using �⌘
gap of 1.0 in v2{2}. Results with ⌘ gaps of 0, 0.5 and 1.4 are
shown in dash lines.

Figure 4 shows the scaled observable ��scaled as a
function of multiplicity in p+Au and d+Au collisions,
and compares to that in Au+Au collisions. Results with
di↵erent ⌘ gaps for v2,c are also shown. The ��scaled
in p+Au and d+Au collisions are similar to that in
Au+Au collisions. For both small-system and heavy-
ion collisions, the ��scaled is approximately constant
over dNch/d⌘, although within large systematic uncer-
tainties. Since p+Au and d+Au results are dominated
by background contributions, the approximate dNch/d⌘-
independent ��scaled over the wide range of multiplicity
in Au+Au collisions is consistent with the background
scenario. Future measurements with larger ⌘ gaps, espe-
cially utilizing upgraded forward detectors, have the po-
tential to significantly suppress short-range background
correlations. Those studies will help further to under-
stand the background behavior and di↵erentiate it from
the possible CME signal.

CONCLUSIONS

Experimental measurements of �� in heavy–ion colli-
sions su↵er from major backgrounds. It is expected that
the �� correlator from small-system p+Au and d+Au
collisions will be dominated by background correlations,
as CME-induced contributions would be strongly sup-
pressed due to the random orientations of the magnetic
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FIG. 4. The �� ⇥ dNch/d⌘/v2 in p+Au and d+Au collisions
as a function of multiplicity, compared to that in Au+Au
collisions [17, 18, 20]. The data points connected by solid
lines are measured using �⌘ gap of 1.0 in v2{2}. Dashed
lines represent the results using v2,c with ⌘ gaps of 0, 0.5 and
1.4.

field and the participant plane. We reported here mea-
surements of large �� magnitudes in p+Au and d+Au
collisions, comparable to the values previously reported
for peripheral Au+Au collisions at similar multiplicities
(dNch/d⌘). This is similar to the observation at the
LHC, where a large �� signal is observed in p+Pb col-
lisions and is comparable to that in Pb+Pb collisions.
The scaled quantity, ��⇥ dNch/d⌘/v2, is approximately
constant over dNch/d⌘ for each of the collision systems
studied, a result expected if background sources domi-
nate. Our new p+Au and d+Au measurements, where
CME contribution is negligible, demonstrate that back-
ground contributions could produce magnitudes of the
�� correlator comparable to what has been observed in
Au+Au data. These backgrounds come from particle
correlations (such as resonance decays) that are propa-
gated to the �� observable through correlations to the
third particle c. Our results, while they do not rule out
the CME, o↵er a possible alternative explanation of the
�� measurements in Au+Au collisions without invok-
ing CME interpretation. New observables [53] and more
di↵erential measurements [54, 55] are needed to under-
stand the nature of backgrounds and extract any part
of the correlations that may be from the CME. Isobaric
collisions taken at RHIC [56] will further help elucidate
the respective CME and background contributions.
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Small systems data confusing - suggest no CME
But why are backgrounds the same as in A+A?
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Understanding the Background : Turn off Background

Aihong Tang                                                                 
INT "Critically and Chirality",  May 11-22 2020                    

ALICE, Phys. Lett. B 777 151 (2018)

CMS, Phys. Rev. C 97 044912 (2018)

Δ! = background (∝ v2) + signal

Event Shape Engineering (ESE)

Signal in ∆!, if exists, should be very small at LHC energies.

Caveat : long projection over empty v2 space.

More ref. on ESE and EbyE v2 method : 
J. Schukraft, A. Timmins and S. Voloshin, Phys. Lett. 
B 719 394 (2013)
STAR, Phys. Rev. C 89 44908 (2014)
F. Wen, J. Bryon, L. Wen and G. Wang. Chin. Phys. 
C 42 No.. 1 014001 (2018)
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J. ZhaoQM2019, Wuhan 9

ΨPP &ΨRP to resolve Bkg & CME
Ø ΨPP maximizes flow,                                              flow background
Ø ΨRP maximizes the magnetic field (B),                  CME signal  
Ø ΨPP and ΨRP are correlated, but not identical due to geometry fluctuations
Ø Δγ w.r.t. TPC ΨEP (proxy of ΨPP ) and ZDC Ψ1 (proxy of ΨRP) contain different 

fractions of CME and Bkg

H-J. Xu, et al, CPC 42 (2018) 084103, 
arXiv:1710.07265 

Both are experimental measurements

Two-component 
assumption 



   NCS =   -2       -1        0         1          2
instanton

sphaleron

Energy of 
gluon field
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Local Strong Parity Violation 

43

In QCD, chiral symmetry breaking is fundamental and due to nontrivial 
topological solutions; among the best evidence for this physics would be 
event-by-event local strong parity violation

Instantons and sphalerons are  
localized (in space and time) solutions  
describing transitions between different 
vacua via tunneling or go-over-barrier 

All non-Abelian gauge theories admit 
such non-trivial vacuum fluctuations – 
e.g., B- and CP-violating sphalerons 
frozen in at EW phase transition are 
(one) speculated origin of Baryon 
Asymmetry of the Universe!

How to potentially observe 
such an effect in the lab?
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LSPV and the QGP

44

⇒ Preferential emission of like-sign particles in the direction of B-field i.e. 
opposite sides of the reaction plane   

(Voloshin PRC 70 (2004) 057901)

large orbital angular momentum perp. to RP + large localized B fields 
                                                                      + deconfined phase  
⇒ strong P violating domains with  diff. no. of left & right handed quarks

 Kharzeev et al. PRL 81 (1998) 512, and PRD 61 (2000) 111901

Experiment focus on non-central 
collisions:

L or B Heavy-Ion collision: deconfined partons over large 
volume + chiral symmetry restoration  
        :  may enable metastable domains to be 
formed in which P, CP are locally violated

Usually this effect is confined within a nucleon and averages to zero over 
space and time

This is termed the Chiral 
Magnetic Effect (CME)



STAR Blind Analysis Method - Drachenberg

Step-0: Initial Steps
“The Tune-up” 
• Calibrations and quality run selection by un-blind experts 
• Develop software infrastructure to implement the blinding procedure 

– Event mixing procedure and run-numbers encrypted 
– Additional information obfuscated in data 

• Event ID, run ID, event timestamp, collision species, hit/coincidence/
background rates from certain detectors 

• “Mock data challenge” 
– Sanity-check of feasibility and implementation 
– Utilize blinding procedures on 2018 27 GeV Au+Au data 
– Analysts tune code on “mock data” 

• Check that data blinding infrastructure works as intended 
• Verify the appropriate information is blinded as intended 
• Ensure appropriate information is accessible to analysts 
• Check that analysis codes run properly on “blind” data structures 
• Confirm “blind" and “unblind" results are the same 

– sanity check of procedures
45
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STAR Blind Analysis Method - Drachenberg

Step-1: Isobar Blind and Mixed
“The Reference” 
• Provide output files composed of events from a mix of the two isobar species 

– Mixing procedure encrypted and known only by two computing experts (recused) 
• As much as possible, order of events respects time-dependent change in run conditions 
• Analysis code and time-dependent QA tuned 
• Critical analysis needs enabled by this step: 

– Extraction of time-dependent spectra for quality assessment 
– Detection of time-dependent anomalies 
– Measurement of peak widths relevant to momentum resolution 

Following completion of Step-1, analysis codes are frozen and committed to the repository 
Before moving to Step-2, codes are documented and reviewed by the isobar paper review 

committee

46



STAR Blind Analysis Method - Drachenberg

Important Considerations
For STAR Chiral Magnetic Effect (CME) analyses: 
• Critical to account for 

– Time-dependent detector fluctuations 
– Anomalies in the collection of 30-minute “runs” of the data acquisition system 

• Do not randomize variables that may severely compromise analysis quality 
– E.g., randomizing the sign of reconstructed charged-particle signals prevents charge-

dependent efficiency corrections 
• 2018 data-taking used frequent switching of “isobar” species ( and ) 

– Species expected to have comparable behavior, e.g., luminosity, trigger, energy, vertex 
distribution, occupancy of tracks 

– Possible to blind species by interleaving or “mixing” events from two species 
• Certain non-analyst experts need access to un-blind data 

– E.g.. STAR detector experts during RHIC running or offline calibration experts 
– All must recuse themselves from blind physics analysis 

• Selection of high quality runs for analyses must proceed prior to mixing of events

47



STAR Blind Analysis Method - Drachenberg

Step-2: Isobar Blind
“The run by run QA sample” 
• Provide data files that obscure the species but do not mix events across different runs 

– Limit the number of events to prevent deciphering species by simple counting 
• Only run-by-run corrections and code alteration directly resulting from these corrections 

are allowed at this stage 
• Additional bad runs identified based on physics quantities and discarded 

– Analysts perform run-by-run QA using a predefined and frozen algorithm 
• This step enables analysts to perform QA using quantities relevant to their specific analysis 

Following completion of Step-2… 
• Analysis codes are reviewed, frozen, and committed to the repository  
• Fully un-blind data are released and analyzed with the frozen codes 
• Only changes to correct “mistakes” are allowed after unblinding 

– Errors in arithmetic 
– Unintended departures from documented and approved procedures, cuts, 

corrections, and systematic uncertainty estimates
48
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Defining planes - fluctuations matter

49

    Gunther Roland                                                           ULtra-RelatIvistiCH HEavy IoNZ 2016                                                            CERN July 2016

Elliptic and triangular flow

ψ3

ψ2

€ 

v2 = cos 2(φ −ψ2)( ) ∝ε

€ 

v3 = cos 3(φ −ψ3)( ) ∝ε3

Burak Alver, GR, arXiv:1003.0194
Just like elliptic flow reflects 
event-by-event eccentricity,

“triangular flow” (v3) reflects 
event-by-event “triangularity” (ε3)

Spectator or Reaction plane:    
   Assumes hard sphere geometry  
   Correlated with B field

Participant plane:  
   Defined by nuclei actually involved 
in the collision 
    Maximizes elliptic flow component

J. ZhaoQM2019, Wuhan 9

ΨPP &ΨRP to resolve Bkg & CME
Ø ΨPP maximizes flow,                                              flow background
Ø ΨRP maximizes the magnetic field (B),                  CME signal  
Ø ΨPP and ΨRP are correlated, but not identical due to geometry fluctuations
Ø Δγ w.r.t. TPC ΨEP (proxy of ΨPP ) and ZDC Ψ1 (proxy of ΨRP) contain different 

fractions of CME and Bkg

H-J. Xu, et al, CPC 42 (2018) 084103, 
arXiv:1710.07265 

Both are experimental measurements

Two-component 
assumption 

Triangular plane:  
   Plane which maximizes  triangular 
shape of participants 
   Largely uncorrelated with spectator 
or participant planes

Higher order planes:  
   Fluctuations make all orders possible

Will take advantage of this later
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Probing background contributions

50

Signal roughly independent of pT 
difference  
  - rules out causes like HBT, Coulomb 

Models with no CME but effects such 
as  
  - elliptic flow 
  - resonances 
  - jets 
don’t reproduce SS and OS signals

SS signal not solely from trivial non-CME effects
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100% BKG – benchmark!

How good is the scaling?
∆-334
54∆6

≈ ∆-349
59∆6

YES!

10

Phys.Rev. C97 (2018), 044912
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Probing the background some more

51

γ123  = ⟨cos(φa-2φb - 3Ψ3)⟩  = 𝜿v3F Introducing:

CMS: PRC 97 044912 (2018) 
STAR: PLB 798 134975 (2019)

<latexit sha1_base64="FSsHWE+xINXD/zl5r5XQkvY4z80="></latexit>

� = hcos(�1 + �2 � 2 R)i = v2F �H

New strategy (I): higher-order correlator

3rd-order harmonic correlator

γ 123 ≡ cos φα +2φβ −3Ψ3( )

κ constrained!

If BKG dominant (i.e., for pPb)

…

Ø CME signal free: no charge separation w.r.t. Ψ3

Ø For Ψ3-dep. BKG: 

Δγ123 ≈ κ ⋅ v3 ⋅ Δδ

8

Δ-334
54Δ6

≈	Δ-34959Δ6

.//0 ≡ .

If data only contains background

H  - CME signal,    F - Background, 𝜿 - scaling factor ~1

p+Pb consistent with 100% BG

p+Au and d+Au at RHIC give similar results

    Gunther Roland                                                           ULtra-RelatIvistiCH HEavy IoNZ 2016                                                            CERN July 2016

Elliptic and triangular flow

ψ3

ψ2

€ 

v2 = cos 2(φ −ψ2)( ) ∝ε

€ 

v3 = cos 3(φ −ψ3)( ) ∝ε3

Burak Alver, GR, arXiv:1003.0194
Just like elliptic flow reflects 
event-by-event eccentricity,

“triangular flow” (v3) reflects 
event-by-event “triangularity” (ε3)

Ψ3 plane, unlike Ψ2, is not correlated to B-field direction so measurement made 
with respect to Ψ3 should not reveal any CME signal 

<latexit sha1_base64="FI+nxMArJosFGMPM7AAHN/Fr48w=">AAACg3icbVFLSwMxEM6u7/VV9ehlUBSlWHeLqJdCURGPClaFbinZdNqGZrNLkhVK8V948md5678x2+3BVgcCH99jksxEqeDa+P7YcRcWl5ZXVte89Y3Nre3Szu6LTjLFsMESkai3iGoUXGLDcCPwLVVI40jgazS4zfXXd1SaJ/LZDFNsxbQneZczaizVLn2BBxB2UBgKNQgFlT2BwBJ9EqZ93g4AziagegqhKsQazPru8nDhPp0jbArKoLmcdc0Rv3p7tvu9jTyA57VLh37FnxT8BcEUHNYPwvLnuD58bJe+w07CshilYYJq3Qz81LRGVBnOBH54YaYxpWxAe9i0UNIYdWs0meEHHFmmA91E2SMNTNjfiRGNtR7GkXXG1PT1vJaT/2nNzHSvWyMu08ygZMVF3UyASSBfCHS4QmbE0ALKFLdvBdani jJj15YPIZj/8l/wUq0ElxX/yU7jhhS1SvbJATkhAbkidfJAHkmDMIc4x86547tLbtmtuheF1XWmmT0yU27tB4uivWc=</latexit>

� = hcos(�1 � �2)i = hcos(��1)cos(��2) + sin(��1)sin(��2)i = F +H
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Precision

Anticipated precision 
down to 0.4% 
achieved

31 August 2021 James Dunlop, STAR Isobar Blind Analysis Results 10

Group-1: Results on CME observables

�112{EP} = hcos(�↵ + �� � 2 
TPC
2 )i

�� = �112(OS) � �112(SS)

� ⌘ hcos(�↵ � ��)i
�� = �(OS) � �(SS)
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Group 1: Focus on full 
TPC event plane to 
maximize statistical 
precision

Tested: Ratios 
insensitive to short-
range correlations 

24
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FIG. 8. ��112 measured with the full TPC EP for Ru+Ru
and Zr+Zr collisions at

p
sNN = 200 GeV (upper panel) and

the ratio of Ru+Ru to Zr+Zr (lower panel). The centrality
bins are shifted horizontally for clarity. The border-less hor-
izontal bands denote the statistical uncertainties. The hori-
zontal bands with the dashed border represent the systematic
uncertainties.
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FIG. 9. 112 measured with the full TPC EP for Ru+Ru and
Zr+Zr collisions at

p
sNN = 200 GeV (upper panel) and the

ratio of Ru+Ru to Zr+Zr (lower panel). The centrality bins
are shifted horizontally for clarity. The border-less horizon-
tal bands denote the statistical uncertainties. The horizontal
bands with the dashed border represent the systematic un-
certainties.

B. Mixed harmonic measurements (Group-2)841

While the analysis from the previous group focuses on the EP method, in this subsection: 1) we focus on measure-842

ments of harmonic coe�cients and charge sensitive correlations using two-particle, three-particle correlations and the843

scalar-product method, and 2) we further extend the correlation measurements by requiring one of the particles from844

the forward EPD.845

We measure harmonic flow coe�cients vn{2} from the full TPC using two-particle correlations, where846

v2n=2,3{2}(|⌘| < 1) = hcos(n�1 � n�2)i . (45)

In this v2n{2} measurement from the TPC, we put a cut of �⌘1,2 > 0.05 to mitigate e↵ects of two track merging847

and e+e� due to photon conversion. For v2n{2} measurements, we remove the short-range component due to HBT,848

Coulomb e↵ects using a double Gaussian fit as described in Ref. [96]. We also estimate harmonic coe�cients without849

such Gaussian subtraction but using a cut of �⌘1,2 > 1 in Eq. (45). In this paper we denote such measurements as850

vn{2}(�⌘ > 1). In addition we also estimate vn using sub-event methods v2n{SP} = hQn,aQ⇤
n,bi, where the Q-vectors851

Qn,a and Qn,b are taken from two halves of TPC around ⌘ = 0 separated by a pseudorapidity gap of �⌘sub = 0.2.852

We denote such measurements as vn{SP}(�⌘sub = 0.2).853

We present measurements of data from the new EPD detector (2.1 < |⌘| < 5.1). We estimate the elliptic and854

triangular anisotropy of particles at mid-rapidity with respect to the forward PPs in the EPD by855

vn=2,3{SP}(TPC-EPD) ⌘
⌦
cos

�
n�� n EPD

n

�↵
=

hQn,TPCQ
⇤

n,EPDE
+Qn,TPCQ

⇤

n,EPDW
i

2
q
hQn,EPDEQ

⇤
n,EPDW

i
, (46)
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FIG. 6. v2 measured with the full TPC EP for Ru+Ru and
Zr+Zr collisions at

p
sNN = 200 GeV (upper panel) and the

ratio of Ru+Ru to Zr+Zr (lower panel). The centrality bins
are shifted horizontally for clarity. The border-less horizon-
tal bands denote the statistical uncertainties. The horizontal
bands with the dashed border represent the systematic un-
certainties.
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FIG. 7. �� measured for Ru+Ru and Zr+Zr collisions atp
sNN = 200 GeV (upper panel) and the ratio of Ru+Ru to

Zr+Zr (lower panel). The centrality bins are shifted hori-
zontally for clarity. The border-less horizontal bands denote
the statistical uncertainties. The horizontal bands with the
dashed border represent the systematic uncertainties.

Figure 7 shows �� vs centrality for Ru+Ru and Zr+Zr collisions at
p
sNN = 200 GeV in the upper panel, and the820

ratio of Ru+Ru to Zr+Zr in the lower panel. There is no ⌘ gap between the two POIs. The �� ratio averaged over821

the 20–50% centrality range is 0.9851 ± 0.0003(stat.) ± 0.0002(syst.), below unity with high measured significance.822

The central value of the �� ratio changes to 0.9846 and 0.9833 with �⌘↵� > 0.05 and �⌘↵� > 0.2, respectively. Thus823

the short-range correlations have a very small impact on the �� ratio.824

Figure 8 shows ��112 as a function of centrality measured with the full TPC EP for Ru+Ru and Zr+Zr collisions825

at
p
sNN = 200 GeV in the upper panel, and the ratio of Ru+Ru to Zr+Zr in the lower panel. By default, no ⌘ gap is826

applied between the two POIs or between the EP and the POIs. The ��112 ratio averaged over the 20–50% centrality827

range is 0.9828±0.0034(stat.)±0.0005(syst.). When a finite ⌘ gap is applied between the two POIs, the central value828

of the ��112 ratio becomes 0.9822 and 0.9825 with �⌘↵� > 0.05 and �⌘↵� > 0.2, respectively. Therefore, the ��112829

ratio is insensitive to the short-range correlations.830

Figure 9 shows 112 vs centrality measured with the full TPC EP for Ru+Ru and Zr+Zr collisions at
p
sNN = 200831

GeV in the upper panel, and the ratio of Ru+Ru to Zr+Zr in the lower panel. The default 112 ratio averaged832

over the 20–50% centrality range is 0.9838 ± 0.0035(stat.) ± 0.0009(syst.), which changes to 0.9827 and 0.9831 with833

�⌘↵� > 0.05 and �⌘↵� > 0.2, respectively. We conclude that the CME signature predefined in Eq. (20) is not834

observed in this blind analysis of the isobar data. It is noteworthy that we have reached a precision better than 0.4%835

on these measurements of the ratio between Ru+Ru and Zr+Zr collisions.836

After unblinding of the isobar species, we observe the multiplicity di↵erence between the two isobar systems at a837

given centrality, as shown in Table III. Although the e↵ects of the multiplicity mismatch are largely canceled in the838

ratio of ��112 over v2��, there could still be residual contributions driving the 112 ratio below unity, which needs839

further investigation. Additional discussions on the multiplicity mismatch can be found in Sec. VI.840


