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Introduction 
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The Solenoidal Tracker at RHIC (STAR): 
(only running experiment)



Strongest B-field in the Universe & Chiral Magnetic Effect 
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Collisions of two 
heavy ions create 
the strongest 
electromagnetic 
fields in the 
universe
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Au + Au & U+U
@ Higher Energy
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Charge Dependent Correlator & Event Plane
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Reaction-plane
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Charged tracks
(measured)

𝛾αβ = cos φα + φβ − 2Ψ

∆𝛾 = 𝛾𝑜𝑝𝑝𝑜𝑠𝑖𝑡𝑒 − 𝛾𝑠𝑎𝑚𝑒 ∆𝛾 = ∆𝛾𝐵𝐺 + ∆𝛾𝐶𝑀𝐸

∆𝛾(ΨTPC) = ∆𝛾𝐵𝐺(ΨTPC) + ∆𝛾𝐶𝑀𝐸(ΨTPC)

∆𝛾𝐶𝑀𝐸(ΨTPC)

∆𝛾𝐶𝑀𝐸(ΨZDC)
=

𝑣2(ΨZDC)

𝑣2(ΨTPC)

∆𝛾𝐵𝐺(Ψ𝑇𝑃𝐶)

∆𝛾𝐵𝐺(ΨZDC)
=

𝑣2(Ψ𝑇𝑃𝐶)

𝑣2(ΨZ𝐷𝐶)

𝑓𝐸𝑃 𝐶𝑀𝐸 =
∆𝛾𝐶𝑀𝐸(ΨTPC)

∆𝛾(ΨTPC)
RP, PP, SP…

• TPC ΨEP → proxy of ΨPP

• ZDC Ψ1 →  proxy of ΨRP

∆𝛾 w.r.to TPC ΨEP and ZDC Ψ1 contain different 
fractions of CME and Bkg.

S. A. Voloshin, Phys. Rev. C70 (2004) 057901

H-J. Xu, et al, CPC 42 (2018) 084103; S. A. Voloshin, Phys. Rev. C 98 (2018) 054911

Ψ SP

⑤

①

∆𝛾(ΨZDC) = ∆𝛾𝐵𝐺(ΨZDC) + ∆𝛾𝐶𝑀𝐸(ΨZDC) ②

③

④

Known

Unknown



∆𝛾 w.r.to different planes @ High Energy
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• CME fractions are extracted with ∆𝛾 using ΨPP and 
ΨRP in U+U and Au+Au: the combined result is 
(8±4±8)%

• Current systematic uncertainties assessed by track 
quality cuts and ƞ gap

∆𝛾(ΨTPC) = ∆𝛾𝐵𝐺(ΨTPC) + ∆𝛾𝐶𝑀𝐸(ΨTPC)

∆𝛾𝐶𝑀𝐸(ΨTPC)

∆𝛾𝐶𝑀𝐸(ΨZDC)
=

𝑣2(ΨZDC)

𝑣2(ΨTPC)
< 1

∆𝛾𝐵𝐺(Ψ𝑇𝑃𝐶)

∆𝛾𝐵𝐺(ΨZDC)
=

𝑣2(Ψ𝑇𝑃𝐶)

𝑣2(ΨZ𝐷𝐶)
> 1

𝑓𝐸𝑃 𝐶𝑀𝐸 =
∆𝛾𝐶𝑀𝐸(ΨTPC)

∆𝛾(ΨTPC)
⑤

①

∆𝛾(ΨZDC) = ∆𝛾𝐵𝐺(ΨZDC) + ∆𝛾𝐶𝑀𝐸(ΨZDC) ②

③

④



Au + Au @ Lower Energy
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Motivation: √s dependence & BES-I data

The STAR collaboration has measured charge separation over a wide range of collision energies

Interesting observation: charge separation disappears at lower energies

We revisit the 27 GeV analysis with new capabilities & high statistics data

L. Adamczyk et al. (STAR Collaboration), PRL 113 (2014) 052302. 

Centrality %
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STAR capability for CME search at low energies

Time 
Projection 
Chamber

We measure charge-dependent azimuthal correlator using TPC and EPD

(2.1<η<5.1)
(0<φ <2π)

(-1<η<1) (0<φ <2π)

Event Plane Detector 
(West)

(-5.1<η<-2.1)
(0<φ <2π)

Event Plane Detector 
(East)

Ybeam = 3.4

SPECTATOR PROTONS

FORWARD PARTICIPANTS

• We use two planes from EPD as proxy for ΨRP

• Ψ1 (η > Ybeam): 1st-order event plane enriched with 

spectator protons

• Ψ2 (η < Ybeam): 2nd-order event plane for particles going in

forward direction

The cartoon above shows that the inner region of 

EPD detects spectator protons, whose directed 

flow signal has an opposite direction compared to

the outer sectors that are dominated by the 

participants.



Lower Energy Study with new installed EPD 
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We measure the elliptic flow and the charge separation, using γ
correlator (Δγ=γ(OS)-γ(SS)), w.r.to TPC-EPD-inner first harmonic
planes and the TPC-EPD-outer second harmonic plane.

The ratio of Δγ/v2 between spectator proton rich EPD Ψ1 plane 
and participant dominated Ψ2 plane is presented — CME driven 

correlations will make this ratio >1. 

𝛾αβ = cos φα + φβ − 2Ψ

∆𝛾 = ∆𝛾𝐵𝐺 + ∆𝛾𝐶𝑀𝐸

Under the background scenario, all these ratios 
equal one to another. If two different 
measurements yield different ratios, this would 
indicate the CME signal.

∆𝛾𝐵𝐺= 𝑏 𝑣2

∆𝛾

𝑣2
=

cos(α + β − 2𝛹)

cos 2𝑎 − 2𝛹

RP, PP, SP…
If

∆𝛾

𝑣2
𝛹𝐴 =

∆𝛾

𝑣2
𝛹𝐵 = 

∆𝛾

𝑣2
𝛹𝐶 = ⋯

In a short word, under the background scenario, 
we should have:

Where the 𝛹𝐴, 𝛹𝐵, 𝛹𝐶… are different planes

S. A. Voloshin, Phys. Rev. C 98 (2018) 054911



Isobar Blind Analysis
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Why isobar?
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∆𝛾 = ∆𝛾𝐶𝑀𝐸 + ∆𝛾𝐵𝐺

∆𝛾 = ∆𝛾𝐶𝑀𝐸 + 𝑘
𝑣2

𝑁
+ ∆𝛾𝑛𝑜𝑛−𝑓𝑙𝑜𝑤

Measurement 
Background 1

Background 2

Signal

∆𝛾𝐴+𝐴= ∆𝛾𝐶𝑀𝐸 + 𝑘
𝑣2

𝑁
+ ∆𝛾𝑛𝑜𝑛−𝑓𝑙𝑜𝑤

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

∆𝛾𝑝+𝐴= ∆𝛾𝐶𝑀𝐸 + 𝑘
𝑣2

𝑁
+ ∆𝛾𝑛𝑜𝑛−𝑓𝑙𝑜𝑤

?

∆𝛾𝑅𝑢+𝑅𝑢= ∆𝛾𝐶𝑀𝐸 + 𝑘
𝑣2

𝑁
+ ∆𝛾𝑛𝑜𝑛−𝑓𝑙𝑜𝑤

∆𝛾𝑍𝑟+𝑍𝑟= ∆𝛾𝐶𝑀𝐸 + 𝑘
𝑣2

𝑁
+ ∆𝛾𝑛𝑜𝑛−𝑓𝑙𝑜𝑤

=≈≠
?

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



PWG

ABC

How to run?
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Zr Zr

Ru Ru

Zr Zr

Ru Ru

A large, collective 
effort

Minimize the Systematics:

Similar run conditions for both species

Eliminate Pre-determined bias:

Perform blind analysis of data

∆𝜸 𝒊𝒏 𝐏𝐏/𝐒𝐏, ∆𝜸(𝑴𝒊𝒏𝒗)

∆𝜸, ∆𝜹, 𝒂𝒏𝒅 𝜿

𝐑 ∆𝑺∆𝜸 in PP/SP

∆𝜸, ∆𝜹, 𝒂𝒏𝒅 ∆𝜸 ∆𝜼

5 analysis groups for 
blind analysis

Group I

Group II

Group III

Group IV

Group V
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P. Tribedy for the STAR Collaboration, J. Phys. Conf. Ser. 1602, 1, 012002 (2020) 

Procedure for blinding

Processing…

Adam, J. et al. (STAR) NUCL SCI TECH 32, 48 (2021)



• Try to measure signal for each isobar…

• Try to estimate the background…

• Measure the difference between 2 

spices..

• …

Final cross check with model
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Frozen code from STAR to check the 
sensitivity of different observables 

between Ru+Ru and Zr+Zr.

A STAR technical Paper

Flow chart for an Event-by-Event AVFD model

https://arxiv.org/abs/2105.06044

Test response of different observables in frozen code to CME signal and 
difference between Ru+Ru and Zr+Zr using the event-by-event AVFD model, 
– 𝑛5/𝑠 indicates CME signal strength
• Same sensitivity (inclusive Δ𝛾, 𝑅2) when put on same footing

S. Shi, et al., Annals Phys.394 (2018) 50
Y. Jiang, et al., CPC42 (2018) 011001

S. Shi, et al., PRL 125 (202) 242301



Summary

• We measured the possible CME fraction beyond the flow background by using 
the ∆𝛾 w.r.to TPC and ZDC planes. At Au+Au 200 GeV and U+U 193 GeV, the 
combined result shows (8±4±8)% CME fraction in 20%-50% centrality.

• We did the background scenario test at Au+Au 27 GeV by using ∆𝛾 w.r.to TPC and 
the new installed EPD, the result shows that it is consistent with zero in the 
current statistics.

• We introduced the method of the ongoing isobar blind analysis, and the latest 
sensitivity check with the Event-by-Event AVFD model on the different 
observables between Ru+Ru and Zr+Zr. 
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Thank you!



BACKUP
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∆𝛾 and 𝑣2 at Au+Au 27 GeV
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In mid-central events the 
charge separation w.r.t 

different planes are consistent 
with each other. 

the elliptic anisotropy drops due 
to reduction in non-flow, de-
correlation & change in flow 

fluctuations with pseudorapidity.


