
James Dunlop
Brookhaven National Laboratory

for the STAR Collaboration

Search for the Chiral Magnetic Effect with Isobar Collisions at 
√sNN = 200 GeV by the STAR Collaboration at RHIC 

Contents of this talk from paper submitted to Phys. Rev. C, arXiv:2109.00131
https://arxiv.org/abs/2109.00131
https://drupal.star.bnl.gov/STAR/publications/search-chiral-magnetic-effect-isobar-collisions-sqrtsnn-200-gev-star-collaboration-rhic

31 August 2021 James Dunlop, STAR Isobar Blind Analysis Results 1

Supported in part by

https://arxiv.org/abs/2109.00131


Abstract (beginning only)

• The chiral magnetic effect (CME) is predicted to occur as a consequence of 
a local violation of P and CP symmetries of the strong interaction amidst a 
strong electro-magnetic field generated in relativistic heavy-ion collisions. 

• Experimental manifestation of the CME involves a separation of positively 
and negatively charged hadrons along the direction of the magnetic field. 

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

• In order to better control the influence of signal and backgrounds, the STAR 
Collaboration performed a blind analysis of a large data sample of 
approximately 3.8 billion isobar collisions of 96Ru+96Ru and 96Zr+96Zr at √sNN
= 200 GeV. 
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History 1: the γ correlator

• Chiral Magnetic Effect will lead to charge imbalance along B field
– B field aligned perpendicular to second-order reaction plane Ψ2

• γ correlator: designed to measure charge imbalance across Ψ2
– sensitive to the preferential emission of positively and negatively charged particles to the opposite 

sides of the RP 
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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
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From B-field 
10-18% different



Precision

Large data set needed to hit small statistical uncertainty target
Systematic uncertainties between species need to be controlled below that level
Special RHIC conditions See G. Marr et al., in 10th International Particle Accelerator Conference (2019) pp. 28–32

1. Alternate the isobar species between each store of beam in RHIC
2. Keep long stores with constant beam luminosity
3. Match luminosities between the species
4. Adjust the luminosity in such a way that the hadronic interaction rate at STAR is close to 10 kHz. 

Precision target achieved:
A precision down to 0.4% is achieved, as anticipated, in the relative magnitudes of the 
pertinent observables between the two isobar systems 
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Measurements

Prior to the blind analysis, the CME signatures are predefined 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.

– Five institutional groups within the collaboration perform blind analyses of the isobar data
• Each group focuses on a specific analysis method
• Substantial overlap of some analyses helps to cross-check results
• All analyses have a common set of variations for the purpose of systematic uncertainty determination
• Because of different detector requirements, set of common and analysis-specific QA variables for data QA 

and selection of regions of the data sample with stable detector performance
– For each observable/approach, we pre-define a set of the CME signatures prior to the blind 

analysis, for which high significance (5σ) must be observed for an affirmative observation of the 
CME. 
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Centrality

• 3 sets of Woods-Saxon parameters from the literature investigated
– Fit to multiplicity distributions using two-component nucleon-based Monte Carlo Glauber
– Best fit from Case 3: different neutron skin, but no quadrupole moments
– Potential for further improvement

• Adjust WS parameters, better treatment of integers N, different treatment of sub-nucleon fluctuations

• Result: Difference in multiplicity between isobars at matching centrality
31 August 2021 James Dunlop, STAR Isobar Blind Analysis Results 7
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correction factor is determined by making the location of the half-maximum point of the given Vz,tpc bin equal to the488

one at �1 < Vz,tpc < 1 cm (the center of the TPC).489
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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. The490

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

trk
) distributions to those obtained from MC Glauber491

simulations [108, 109]. In Glauber simulations, the probability of a collision at a given impact parameter (b) and492

the corresponding number of participant nucleons (Npart) and number of binary nucleon-nucleon collisions (Ncoll)493

are obtained by MC sampling. The inputs for this calculation are the nuclear thickness function and the inelastic494

nucleon-nucleon cross section (�inel

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

p
sNN = 200 GeV collisions [110].495

The nuclear thickness function is the projection of the 3D nuclear density onto the transverse plane (perpendicular496

to the z axis). It is obtained by sampling nucleons in the incoming nuclei according to the Woods-Saxon (WS)497

distribution defined in the nucleus rest frame with a spherical coordinate system (r is radial position and ✓ is polar498

angle) [111]:499

⇢(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 deformity500

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 and501

96
40
Zr are not accurately known [83, 86, 112]. In this work, three sets of WS parameters [83, 113] are investigated. These502

sets of parameters are listed in Table II. The first two sets (Case-1 and Case-2) have the same R and a parameters and503

di↵erent deformations. The parameters are constrained by e+A scattering experiments [114, 115] and calculations504
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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.
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is not compatible with transition measurements and calculations [123, 124]. Based on the above considerations, the549

Case-3 WS density parameterization is chosen for our centrality calculations. The fit corresponds to values of MC550

Glauber parameters npp = 2.386, k = 3.889, and x = 0.123.551

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 made552

so that the integrals of the No✏ine

trk
distributions would be closest to the 5% or 10% mark. For the 0–20% centrality553

interval the experimental data are used for integration, while the MC Glauber distributions are used for the remaining554
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based on a finite-range droplet macroscopic model and the folded-Yukawa single-particle microscopic model [116]. The505

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

40
Zr. The neutron and proton density506

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 recent507

calculations based on energy density functional theory (DFT), assuming the nuclei are spherical [85, 113]. The proton508

and neutron distributions are both calculated, and the overall size of Ru is found to be smaller than Zr because of a509

significantly thicker neutron skin in the latter. The nucleon distributions are found to be well parameterized by the510

halo-type WS distributions (i.e. the neutron a parameter is significantly larger than that for the proton) [113].511

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-512

tive approaches of multiparticle production have been developed over the years, such as Quark-Glauber [118], IP-513

Glasma [119], trento [120] and Shadowed Glauber [121], that improve the two-component model. These approaches514

can be investigated in future STAR analyses – for the current work we stick to the two-component nucleon based MC515

Glauber model for simplicity. The multiplicity density at a given b, with the corresponding Npart and Ncoll from the516

Glauber calculation for each set of the WS parameters, is parameterized by the two-component model [117] as:517

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 the518

relative contribution to multiplicity from hard processes. The multiplicity given by Eq. (6) is the average multiplicity.519

Multiplicity fluctuations are taken into account in the following way. NGlauber

trk
is considered to be accumulated by520

(1� x)Npart/2+ xNcoll (that is rounded to the closest integer) NN collisions. In each NN collision, the multiplicity n521

is obtained by convolution of the negative binomial distribution (NBD)522

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 tail523

of the NGlauber

trk
distribution.524

The Glauber multiplicity distribution obtained in this way is then convolved with a binomial distribution to account525

for the tracking ine�ciency and acceptance of the TPC. The net e↵ect depends on the TPC hit occupancy and is526

modeled as a linear function in the multiplicity [108]. The final NGlauber

trk
distribution is then fitted to the experimental527

No✏ine

trk
distribution, with npp, k, and x as fit parameters. The fit is performed simultaneously for Ru+Ru and Zr+Zr528

datasets with the fit parameters forced to be common for both isobars. Since the peripheral collisions are a↵ected by529

trigger ine�ciency, the fit range is restricted to No✏ine

trk
> 50.530

A simultaneous fit of the No✏ine

trk
distributions for the two isobars is performed for each set of the WS parameters531

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 it532

yields the largest �2/ndf among the three scenarios. The fit results for Case-2 and Case-3 are shown in Fig. 2 (left533

panels), with similar �2/ndf values. The P (No✏ine

trk
) distributions shown in Fig. 2 for data are normalized by the534

number of events. The same is also applied for the Glauber distributions. However, the Glauber distributions are535

further scaled by an additional factor equal to the ratio of the integrals from No✏ine

trk
= 50 to 500 taken between the536

data and Glauber distributions.537

In order to further inform the choice of the WS parameters, the ratio of the experimentally measured No✏ine

trk
distri-538

bution for Ru+Ru to the one for Zr+Zr is compared with the same ratio obtained for the MC Glauber calculations.539

These ratios are shown in Fig. 2 (right panels). The multiplicity ratio obtained for Case-3 is in a better agreement540

with the experimental distribution at No✏ine

trk
> 50, while the ratio for Case-2 deviates from the experimental ratio,541

particularly in central collisions. Note that the Case-3 fit ratio does not fully describe the data on the large multiplic-542

ity tail and there is room for future improvement. The larger multiplicity in central Ru+Ru than in central Zr+Zr543

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

44
Ru544

nucleus compared to the 96
40
Zr nucleus, as predicted by DFT [85, 86, 122]. If the radius parameter R is set to be smaller545

for Ru in the WS density parameterization of Case-2 (and Case-1), then the high multiplicity tails observed in data546

would also be described [86]. However, it would still fail to describe the subtle shape in the intermediate multiplicity547

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-2548



Flow harmonic v2

• As expected, different methods result 
in different v2 for both Ru and Zr
– Potentially pseudorapidity dependence of 

non-flow, de-correlation and flow 
fluctuations 

• Ratios fall on a common curve
– Except, notably, v2{4} and v2(ΨZDC)

• Differences between Ru and Zr at the 
multiple % level
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Observed differences in the multiplicity and flow harmonics at the 
matching centrality indicate that the magnitude of the CME background 
is different between the two species. 
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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
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detailed implementations di↵er among the groups with regards to estimation of harmonic flow vectors, re-weighting,777

the pseudorapidity gap to reduce non-flow, and correction of non-uniform acceptance. While focusing on various778

aspects, four of the five groups have analyzed the ��/v2 observable. Figure 5 compares the ��/v2 measurements779

with both the full-event and sub-event methods. The statistical uncertainties are largely correlated among the780

groups because the same initial data sample is analyzed; the results are not identical because of the analysis-specific781

event selection criteria (see Table.I) and the slightly di↵erent methods. Using the Barlow approach [106], we have782

verified that the results from di↵erent groups are consistent within the statistical fluctuations due to those di↵erences.783

Moreover, the final conclusion on the observability of the CME is consistent among all five analysis groups.784

In addition to the centrality dependence results reported in the following subsections, in order to have the best785

statistics, we also quote the final results for the Ru+Ru over Zr+Zr ratio observables for the centrality range of 20–50%.786

The choice of this centrality range is determined by two considerations. One is that the mid-central collisions present787

the best EP reconstruction resolution as well as the most significant magnetic field strengths (hence the possibly788

largest CME signal di↵erence between the isobar species). The other consideration is that the online trigger e�ciency789

starts to deteriorate from the 50% centrality mark towards more-peripheral collisions (see Sec. III). A compilation of790

results from di↵erent groups is presented in the summary subsection V I.791

A. �� measurements with TPC event plane (Group-1)792

The flow plane for a specific pseudorapidity range is unknown for each event. In practice, we estimate an nth-793

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)

�
, where794

�i represents the azimuthal angle of a detected particle, and wi is a weight (often set to pT ) to optimize the EP795

resolution. For example, the vn measurement with respect to the full TPC EP is denoted by796

vn{TPC EP} = hcos(n�� n TPC

n )i . (43)
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Group-1: Results on CME observables
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Group 1: Focus on full 
TPC event plane to 
maximize statistical 
precision

Tested: Ratios 
insensitive to short-
range correlations 
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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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certainties.
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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
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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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16

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

Normalization by v2 and Δδ
motivated by structure of 
coupling of v2 and Δδ in 
background contributions 

Predefined CME signature:

Not seen

No CME signature that satisfies the 
predefined criteria observed
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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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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
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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
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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
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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

�↵,�
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
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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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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
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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. 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



Group 2: Factorization Breaking Measure

Predefined CME signature:

31 August 2021 James Dunlop, STAR Isobar Blind Analysis Results 14

No CME signature that satisfies the 
predefined criteria observed

Not seen

16

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. 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-
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the systematic uncertainties. The Npart scaling is applied in
the upper and middle panels to improve the visibility. The
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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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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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Group-2: Mixed harmonics (Full-TPC measurement)
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No CME signature that satisfies the predefined criteria observed

Not seen

35

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 is1048

anticipated in the blind analysis. The fraction of the CME signal contribution to ��, if extracted exactly as outlined1049

in the blind analysis scheme in the 20 to 50% centrality range would yield a negative value with an uncertainty of1050

about 2% of the �� magnitude.1051

Direct calculation cancels resolution 
and reduces systematics
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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



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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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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Group-5: The R-variable

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

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

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

R 2
(Ru + Ru)/��1

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

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

20–50% selection.1097

I. Summary and discussions1098

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



Compilation of results
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Predefined CME signatures: ratios involving Ψ2 > those involving Ψ3 , and > 1 

No CME signature that satisfies the predefined criteria observed
Note: other measurements in paper that I don’t have time to show in this talk 
(spectator-participant analysis for CME signal fraction, Δη dependence of correlations, …): 
All come to this conclusion
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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

Not Seen



Conclusion
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• We report an experimental test of the CME by a blind analysis of a large statistics data set of 
isobar 96Ru+96Ru and 96Zr+96Zr collisions at nucleon-nucleon center-of-mass energy of 200 
GeV, taken in 2018 by the STAR collaboration at RHIC. 

• The backgrounds are reduced using the difference in observables between the two isobar 
collision systems. 

• The criteria for a positive CME observation are predefined, prior to the blind analysis, as a 
significant excess of the CME-sensitive observables in Ru+Ru collisions over those in Zr+Zr
collisions.

• Consistent results are obtained by the five independent groups in this blind analysis. 
• A precision down to 0.4% is achieved, as anticipated, in the relative magnitudes of pertinent 

observables between the two isobar systems.
• Observed differences in the multiplicity and flow harmonics at the matching centrality indicate 

that the magnitude of the CME background is different between the two species.
• No CME signature that satisfies the pre-defined criteria has been observed in isobar collisions 

in this blind analysis



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. 
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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
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