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Chiral Properties of the medium

Chiral symmetry restoration ⟶ Chiral fermions
UA(1) symmetry breaking ⟶ Chirality imbalance
Strong B-field + Chirality imbalance ⟶ Chiral Magnetic Effect

Turn this OFF

LQCD = ψ̄a (i(γ
µDµ)ab)ψb −mδab ψ̄aψb −

1

4
Gc

µνG
µν
c − θ

32π2
g2Fµν

α F̃αµνLQCD = ψ̄a (i(γ
µDµ)ab)ψb −mδab ψ̄aψb −

1

4
Gc

µνG
µν
c − θ

32π2
g2Fµν

α F̃αµν

= − θ

8π2
g2E⃗α.B⃗α

(Quantum 
anomaly)s

2



P. Tribedy, Chirality Workshop, Dec2-4, 2022 3

The first measurements at RHIC

CME Flowing resonance

+ +         

Di-jets (non-flow)

for the signal. We have studied the dependence of the
signal on j!" ! !#j [11], and find that the signal has a
width of about one unit of !.

Physics backgrounds.—We first consider backgrounds
due to multiparticle correlations (3 or more particles)
which are not related to the reaction plane. This contribu-

tion affects the assumption that two particle correlations
with respect to the reaction plane [left-hand side of Eq. (2)]
can be evaluated in practice via three-particle correlations
[right-hand side of Eq. (2)]. Evidence supporting this
assumption comes from the consistency of same-charge
results when the reaction plane is found using particles ‘‘c’’
detected in the TPC, FTPC, or ZDC-SMD, though the
FTPC and (particularly) ZDC-SMD analyses have large
statistical errors in the most peripheral bins. This multi-
particle background should be negligible when the ZDC-
SMD event plane is used, so it can certainly be reduced and
this is an important goal of future high statistics runs. To
study these backgrounds in the current analysis, we use the
heavy-ion event model HIJING [16] (used with default
settings and jet quenching off in all calculations shown in
this Letter) which includes production and fragmentation
of mini jets. We find that the contribution to opposite-
charge correlations of three-particle correlations in HIJING

(represented by the thick solid and dashed lines in Figs. 2
and 4) is similar to the measured signal in several periph-
eral bins. We thus cannot conclude that there is an
opposite-charge signal above possible background. The
same-charge signal predicted by three-particle correlations
in HIJING is much smaller and of opposite sign compared to
that seen in the data.
Another class of backgrounds (which cannot be reduced

by better determination of the reaction plane) consists of

FIG. 4 (color). hcosð$" þ$# ! 2!RPÞi results from 200 GeV
Auþ Au collisions are compared to calculations with event
generators HIJING (with and without an ‘‘elliptic flow after-
burner’’), URQMD (connected by dashed lines), and MEVSIM.
Thick lines represent HIJING reaction-plane-independent back-
ground.

FIG. 3 (color online). Dependence of hcosð$" þ$# !
2!RPÞi on 1

2 ðpt;" þ pt;#Þ calculated using no upper cut on
particles’ pt. Shaded bands represent v2 uncertainty.

FIG. 2 (color). hcosð$a þ$# ! 2!RPÞi in Auþ Au and
Cuþ Cu collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV calculated using
Eq. (2). The thick solid (Auþ Au) and dashed (Cuþ Cu) lines
represent HIJING calculations of the contributions from three-
particle correlations. Shaded bands represent uncertainty from
the measurement of v2. Collision centrality increases from left to
right.

PRL 103, 251601 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

18 DECEMBER 2009

251601-5

Cu+Cu

Au+Au

Three possible sources of charge separation

STAR collaboration, PRL 103, 251601 (2009
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PRL 103, 251601 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

18 DECEMBER 2009

251601-5

Cu+Cu

Au+Au

STAR collaboration, PRL 103, 251601 (2009

Significant charge separation observed, consistent with CME+ Background

Signal Background-1 Background-2Measurement
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Small system collisions to test CME 

Only two equations & 
more unknowns

difficult to prove if 
��CME = 0

A+Ap+A

Two systems of very different sizes → limited control over background
(This naturally leads to the idea of using two systems of similar sizes)

CMS collaboration, Phys. Rev Lett, 
118 (2017) 122301
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Isobar collisions

Voloshin, 

B-field square is 10-18% 
larger in Ru+Ru

Isobar collisions provide the best 
possible control of signal and 
background compared to all  

previous experiments
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Isobar collisions

Voloshin, 

B-field square is 10-18% 
larger in Ru+Ru

67 
 

 
 
Table 5.1 lists the expected relationship between Ru+Ru and Zr+Zr in terms of 

experimental observables for elliptic flow, CME, CMW and CVE, assuming that the 
chiral effects are major physics mechanisms for the corresponding observables. With this 
assumption for the CMW observable, we have carried out a 700M-event projection for 
the slope parameter r, and found the r ratio of Ru+Ru over Zr+Zr to be 1.08 ± 0.08 for 
20−60% collisions, which is only a 1σ effect. The CVE does not explicitly depend on the 
magnetic field, so to the 1st-order we expect the same amount of baryon-number 
separation for Ru+Ru and Zr+Zr.  

 

Observable  44
96Ru+44

96Ru vs 40
96Zr+40

96Zr 

flow       ≈ 
CME       > 
CMW       > 
CVE       = 

 
Table 5.1: The expected relationship between Ru+Ru and Zr+Zr in terms of experimental 

observables for elliptic flow, CME, CMW and CVE. 
  
Assuming 80% data collection efficiency we estimate needing 3.5 weeks of RHIC 

operation per collision system to collect 1.2B events. An extra collision energy point will 
help understand the beam-energy dependence of the true CME signal. It is feasible to also 
have the isobaric collisions at 27 GeV. The observed charge separation at 27 GeV is very 
similar to, if not bigger than, that at 200 GeV. However for the same centrality bin, the 
multiplicity at 27 GeV is lower than that at 200 GeV by a factor of 1.6. Therefore, to 
reach the same significance level as 200 GeV, we need to increase the number of events 
by a factor of 4 (1.63 due to the two particles and the resolution of the event plane 
involved in the γ correlator). 

 

 

 

 
 
Figure 5–4: 

Magnitude (left axis) 
and significance 
(right axis) of the 
relative difference in 
the projected γ×Npart 
between 
96
44Ru+9644Ru and 

96
40Zr+9640Zr at 200 
GeV. We use the 
relative difference in 
eccentricity as the 
baseline. 

  

https://drupal.star.bnl.gov/STAR/system/files/
STAR_BUR_Run1718_v22_0.pdf

1.2 B collision events for each species can give 5σ 
significance for 20% signal level (fCME ~ 0.2)

(A precision of 0.5% is needed !!)

https://drupal.star.bnl.gov/STAR/system/files/STAR_BUR_Run1718_v22_0.pdf
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Details Of The Data Taking Of The Isobar Run

 12

• Consistently stable luminosity
with long (~20 hr) store length

• Min-bias data taking rates ~2k Hz
(initial estimate 1.5k Hz)

• “Blind” offline data analysis (Zr vs
Ru) will be performed

20 hrs
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Data taking for isobar collisions: 
ZrZr, RuRu at √sNN=200 GeV
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1.2 CME Search and Isobar Run620

1.2.1 Introduction621

Finding a conclusive experimental signature of the Chiral Magnetic Effect (CME) has be-622

come one of the major scientific goals of the heavy-ion physics program at the Relativistic623

Heavy Ion Collider (RHIC). The existence of CME will be a leap towards an understanding624

of the QCD vacuum, establishing a picture of the formation of deconfined medium where625

chiral symmetry is restored and will also provide unique evidence of the strongest known626

electromagnetic fields created in relativistic heavy-ion collisions [78, 79]. The impact of such627

a discovery goes beyond the community of heavy-ion collisions and will possibly be a mile-628

stone in physics. Also, as it turns out, the remaining few years of RHIC run and analysis629

of already collected data probably provides the last chance for dedicated CME searches in630

heavy-ion collisions in the foreseeable future. Over the past years significant efforts from631

STAR as well as other collaborations have been dedicated towards developing new meth-632

ods and observables to isolate the possible CME-driven signal and non-CME background633

contributions in the measurements of charge separation across the reaction plane. Many634

cleaver ideas have been proposed and applied to existing data. The general consensus is635

that measurement from the isobar collisions, Ruthenium+Ruthenium (Ru+Ru) that has636

10 � 18% higher B-field than Zirconium+Zirconium (Zr+Zr), provides the best solution to637

this problem. During the time when this beam user request document is being written, the638

analysts from the STAR collaboration are about to start the final step of the (four-step)639

blind analysis of the isobar data that we discuss at length in the following section.640

1.2.2 Modality of isobar running at RHIC641

P Tribedy, Rutgers Nuclear Physics Seminars, Feb 12, 2018 36

Electro-Magnetic fields in heavy ion collisions

Strong B-fields ~10 Gauss are generated in non-central heavy ion collisions 
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Figure 20: Left: Cartoon of the isobar collisions, about 10 � 18% stronger B-field is expected in
Ru+Ru collisions as compared to Zr+Zr collisions due to four extra protons in each Ru nucleus.
Right: Summary of the data collected for isobar collisions during Run 18 – almost a factor of two
more events were collected than the request 1.5 Billion events over the course of 3.5 weeks.

The idea of colliding isobar, particularly Ru+Ru and Zr+Zr to make a decisive test of642

23

ZrZr

RuRu

ZrZr

RuRu
Important steps:
1) Fill-by-fill switching
2) Level luminosity
3) Blind analysis ZrZr

Goal: minimize the systematics in 
observable ratios, similar run 
conditions for both species 

G. Marr et al., in 10th International Particle 
Accelerator Conference (2019) pp. 28–32.
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Isobar program at RHIC: journey since 2018 

The versatility of RHIC and the unique capabilities of the STAR 
detector were crucial to the success of our program

STAR detector
(currently running)

2020
2021

2019
2018

RHIC: known for species (U, Au, Ru, Zr, Cu, Al..) 
and energy (γ~100-3.85)  maneuver capability

STAR: known for precision measurement 
capability of hadrons over wide acceptance 
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Charge separation scaled by elliptic flow

NOT seen!!

Pre-defined criteria for CME 
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Limited Post-blind analysis: modified CME baseline
(��/v2)Ru+Ru

(��/v2)Zr+Zr
� NZr+Zr

NRu+Ru

Flip

overlay

Dilution ~ 1/multiplicity 
is more in Ru+Ru

Multiplicity is 
larger in Ru+Ru

Change of baseline 
from “1” to 1/multiplicity

Inverse of multiplicity ratio explain the qualitative trend

Voloshin for STAR, DNP 2021
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Blind analysis criterion for CME:
Post-blinding criterion for CME:

Limited Post-blind analysis: modified CME baseline
Challenge: Multiplicity turned out to be different for the two isobar, was not know before blind 
analysis, dilution of signal & background ~ 1/multiplicity, this effect is different for two species

Blind 
analysis 
baseline 

Post-blinding  
modified
baseline 
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Blind analysis performed with pre-defined criteria for primary CME sensitive observable: 

No pre-defined signature of CME is observed in isobar collisions, possible residual 
signal due to change of baseline & non-flow effects are under study

Precision of 0.4% achieved

   M. Abdallah et al. (STAR Collaboration), 
Phys. Rev. C 105 (2022) 1, 014901

0.1-0.15

 0.94

 0.96

 0.98

 1

 1.02

Full-event Sub-event

STAR Isobar,
[M. Abdallah et al. (STAR), Phys. Rev. C 105 (2022) 014901]

���√sNN = 200 GeV,   Ru+Ru / Zr+Zr,   20-50%

STAR Preliminary: DATA ⊕ HIJING background estimate
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Yicheng Feng (STAR Collaboration), QM 2022

Latest update including the multiplicity dependence

13
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Remaining signal estimates

Kharzeev, Liao, Shi, 2205.00120 [nucl-th]

Yicheng Feng, STAR collaboration, QM 2022

   M. Abdallah et al. (STAR Collaboration), Phys. Rev. C 105 (2022) 1, 014901
1. STAR isobar blind analysis (most precision measurement): 

2. STAR background estimate including non-flow: 

R =
(��/v2)Ru+Ru

(��/v2)Zr+Zr
= 0.9683 ± 0.0034 ± 0.0013

3. Estimates of Possible CME signal:

(1/Nch)Ru+Ru

(1/Nch)Zr+Zr
= 0.957337 ± 0.000017

Rbkg =
(��/v2)Ru+Ru

(��/v2)Zr+Zr
= 0.9698 ± 0.003 ± 0.005

(Nch ��/v2)
bkg
Ru+Ru

(Nch ��/v2)
bkg
Zr+Zr

= 1.013 ± 0.003 ± 0.005

fs =
1/Rbkg � 1/R

�s + 1/Rbkg � 1 More work from STAR collaboration is underway

14
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Going back to larger systems

15
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How to understand the system dependence of CME signal

 Y. Feng et. al., Phys. Lett. B 820, 136549 (2021), 
arXiv:2103.10378 [nucl-ex].

Zr +Zr Ru +Ru

Ru
44

96
Zr

40
96

Au +Au U+U

Au
79

197
U
238

92

B-filed in isobars compared 
to Au+Au/U+U

Reduction of signal in isobar system

16
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How to understand the system dependence of CME signal

Zr +Zr Ru +Ru
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How to understand the system dependence of CME signal

Zr +Zr Ru +Ru

Ru
44

96
Zr

40
96

Au +Au U+U

Au
79

197
U
238

92

B-filed in isobars compared 
to Au+Au/U+U
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CME search using spectator/participant plane

2σ significance of CME fraction using 2.4 Billion events

fCME =
��sig

��

Four equations, four unknowns:

�� = ��sig + ��bkg
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Going lower collision energy

20
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CME search at low energies 

L.	  Adamczyk	  et	  al.	  (STAR),	  Phys.	  Rev.	  Lett.,	  113	  (2014)	  052302	  
	  B.	  Abelev	  et	  al.	  (ALICE),	  Phys.	  Rev.	  Lett.,	  110	  (2013)	  012301

Previous measurement with BES-I data show interesting 
trend, BES-II provide additional capabilities

The prerequisites for CME change as we change the collisions energy

❖ New	  capabilities	  
	  	  	  	  the	  new	  installed	  Event	  Plane	  
Detectors	  
❖ ~10	  times	  	  statistics	  
	  	  	  	  the	  Event	  Shape	  Engineering	  
technique

With	  the	  BES-‐II	  data
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CME search at low energies: Participant Spectator Plane 

Event Plane Detector 
2.1 < η < 5.1 

Time Projection Chamber (-1<η<1)
iTPC + TPC (-1.5 <η < 1.5)
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CME search at low energies 

FORWARD PARTICIPANTS

SPECTATOR PROTONS

Ybeam = 3.4

Event Plane Detector 
2.1 < η < 5.1     STAR Collaboration, arXiv: 2209.03467 [nucl-ex]
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    STAR Collaboration, arXiv: 2209.03467 [nucl-ex]

In flow driven background scenario, we should have:

��/v2(�1)

��/v2(�2)
> 1

SPECTATOR-RICH

PARTICIPANT-RHIC

Measurement Au+Au √s=27 GeV 

B-field is more correlated to forward directed-flow plane, 
CME scenario would lead to:
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Measurement Au+Au √s=27 GeV     STAR Collaboration, arXiv: 2209.03467 [nucl-ex]

In flow driven background scenario, we should have:

��/v2(�1)

��/v2(�2)
> 1

SPECTATOR-RICH

PARTICIPANT-RICH

B-field is more correlated to forward directed-flow plane, 
CME scenario would lead to:

10-16% deviation from the background scenario observed, CME-fraction estimation require more work

D =
��/v2(�1)

��/v2(�2)
� 1

Deviation from background scenario:
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CME search at low energies: Event Shape Selection (ESS)
Zhiwan Xu, DNP 2022 R. Milton et al. Phys. Rev. C 104, 064906 (2021)
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Measurement Au+Au √s=19 GeV using ESS approach
Zhiwan Xu, DNP 2022

Substantial reduction of flow and non-flow related background demonstrated using ESS approach,
important step towards CME search at low energy collisions

EPD spectator-rich plane EPD participant-rich plane
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Summary

Experimental test of CME in isobar collisions performed using a blind analysis  

A precision down to 0.4% achieved but no pre-defined signature of CME is observed 

Primary CME observable Δγ/v2 baseline is affected by the multiplicity difference (4% in 20-50%), post-
blind analysis is needed to search for residual CME signal 

Possible residual signal due to change of baseline & non-flow effects are under study
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STAR Isobar,
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���√sNN = 200 GeV,   Ru+Ru / Zr+Zr,   20-50%

STAR Preliminary: DATA ⊕ HIJING background estimate
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What is the future of CME search?
Event Shape Selection 

STAR EPD: better handle on     
B-field direction (2209.03467)

High statistics RHIC 2023 run    
CME in Au+Au (2106.09243)

CME search with AIML 
(2105.13761) 
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Bigger isobars ??


