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ChiralityIsobar program: long journey since early 2018 

The versatility of RHIC and the unique capabilities of the STAR 
detector were crucial to the success of the isobar program
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Chiral Magnetic Effect: scope & connections
Relativistic Heavy ion collisions

(hep-ph/0406125)

Early universe (1707.03385)

10/20/18, 12:54 PMCenter for Frontiers in Nuclear Science | Center for Frontiers in Nuclear Science: A Center for the Promotion of the Electron Ion Collider

Page 1 of 2https://www.stonybrook.edu/cfns/

Welcome to the Center for Frontiers in Nuclear Science
The Electron-Ion Collider (EIC) is essential for our understanding of quantum chromodynamics (QCD) and in particular the role of  gluons and sea quarks

in the structure of nucleons and nuclei. The mission of this Center is to promote and facilitate the realization of the U.S. based EIC by enhancing the

science case and collaborations amongst the scientists around the world interested in the EIC.

 

CFNS Postdoctoral and Graduate Student Fellowship Program
CFNS offers three kinds of fellowship programs to work on Electron-Ion Collider activities: CFNS Postdoctoral Fellows are located at CFNS Stony Brook

full time.  CFNS-University Joint Postdoctoral Fellows spend 30%-50% of their time at CFNS and the rest at their home institutions. CFNS Graduate

Student Fellows can be located at Stony Brook University or their home university. The programs will start in Fall 2018. Application information will

apear here. For more information, contact cfns_contact@stonybrook.edu.  
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Electron-Ion collider:

WW TMDs (1708.08625)

Condensed matter & Semimetals (1412.6543)

Quantum computer & Chiral Qbits (1903.07133)
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ChiralityCME in hot QCD: key players in the game

P Tribedy, GHP@APS, April 10-12, 2019 2222
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#1: Non-conservation of chirality

QM2017, Student day, February 5, 2017page S.A. Voloshin

Initial chirality imbalance,  nR ≠ nL

8

Quark interactions with topologically non-trivial gluonic 
configurations - instantons, sphalerons, etc., the same 
physics as that of the chiral symmetry breaking. 

   NCS =   -2       -1        0         1          2
Instantons and sphalerons are  localized (in 
space and time) solutions  describing 
transitions between different vacua via 
tunneling or go-over-barrier

Glasma
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Topological transitions
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Topological transitions

Collisions generate fluctuating 

parallel chromo E & B fields

E ∥ B ∥ ẑ

Kharzeev, Krasnitz, 
Venugopalan hep-ph/0109253,                      
Buividovich 0907.0494,                                                                     
Mace, Schlichting, 
Venugopalan 1601.07342
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nR ̸= nL → µ5 ̸= 0

1 2Deconfined medium of massless quark 
(chiral symmetry restored) 

Mechanism to create imbalance 
of left & right handed quarks

3 Presence of a strong magnetic-field

Kharzeev et al, hep-ph/0109253, Mace et al, 1601.07342,  
Muller et. al.1606.00342, Lappi et al,1708.08625

Kharzeev et al 0711.0950, Skokov et al 
0907.1396, McLerran et al 1305.0774

Kharzeev, McLerran,Warringa 0711.0950

uL

Chiral Magnetic Effect (J || B)4

Kharzeev, arXiv:hep-ph/0406125
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How do we detect it : find B-field direction 

Ψ2

B

0-8% 
less particles  

0-8% 
more 

particles  The plane of elliptic anisotropy Ψ2  is 
correlated to B-field direction

Elliptic anisotropy is measured by correlation between two particles

~ π / 2
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How do we detect it : measure charge separation  

CME case :

Measure charge separation across Ψ2  using the correlator: 

CME causes difference in opposite-sign & same-sign correlation

Quantity of interest:

Voloshin, hep-ph/0406311
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How do we detect it : measure charge separation  

Flowing 
resonance decay:

Measure charge separation across Ψ2  using the correlator: 

Non-CME effect such as flowing 
resonance decay can lead to difference 

Voloshin, hep-ph/0406311

0ρ
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ChiralityThe first measurements at RHIC

CME Flowing resonance

+ +         

di-jets (non-flow)

STAR collaboration, PRL 103, 
251601 (2009

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

STAR collaboration, PRL 103, 
251601 (2009

Cu+Cu

Au+Au
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ChiralityThe first measurements at RHIC

Significant charge separation observed, consistent with CME+ Background

Signal Background-1 Background-2Measurement
for the signal. We have studied the dependence of the
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ffiffiffiffiffiffiffiffi
sNN
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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
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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, Phys.Rev.Lett. 105 (2010) 172301 

B-field 10-18% 
larger in Ru

Within 
0-4% Same

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

experiments

Larger signal in Ru: 1.2 B events can give 5σ significance for 20% signal level  
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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

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

ZD
C
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at

e 
(H
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Ru ZrRuRuRu ZrZr Zr Zr

Delivered luminosity 

Data taking for isobar collisions: 
ZrZr, RuRu at √sNN=200 GeV

Requeste
Colle

cte
d 

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
Two important steps:
1) Fill-by-fill switching
2) Level luminosity

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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Blind analysis of the isobar data

Ru

Zr
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Steps of Isobar blind analysis

NPP PAC recommended a blind analysis of isobar data
Blinding committee decides the procedure  

Five independent groups will perform analysis
 
No access to species-specific information before last step 
Everything documented (not written → not allowed) 
Case for CME & interpretation must be pre-defined 
All codes must be frozen and run by another person 

Methods for blind analysis

RHIC Program Advisory committee recommended blind analysis of isobar data to
reduce unconscious and predetermined bias

Step-0

Mock Data

challenge

Test data structure
(Au+Au data)

Step-1

Isobar Mixed

analysis

Code freezing
(One run is

Ru+Ru & Zr+Zr)

Step-2

Isobar Blind

analysis

QA with 1% data
(One run is

Ru+Ru or Zr+Zr)

Step-3

Isobar Unblind

analysis

Final analysis
(Ru+Ru & Zr+Zr

separated)

Blinding committee decides the procedure
Five independent groups will perform analysis
No access to species specific information before last step
Everything documented (not written ! not allowed)
Case for CME must be pre-defined
All codes must be frozen and run by another person

P.Tribedy for the PAs Collaboration review of isobar paper 5/43
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Centrality determination

MC-Glauber with two-component model used to describe uncorrected multiplicity 
distribution. WS parameters with no deformation (thinker neutron skin in Zr) provides 
the best description of the multiplicity distributions 

See references in: 

[83] Deng et. al., Phys. Rev. C 94, 041901 (2016), arXiv:1607.04697 [nucl-th]. 

[113] Xu et. al., Phys. Rev. Lett. 121, 022301 (2018), arXiv:1710.03086 [nucl-th].

Blind analysis: we decided to compare observables at same centralities between isobars
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Multiplicity difference between the isobars

Mean efficiency uncorrected multiplicity density is larger in Ru than in Zr in a matching 
centrality, this can affects signal and background difference between isobars
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Elliptic flow difference between the isobars

v2 studied η-gap (including EPDs), ratio deviates from unity indicating difference in the 
shape, nuclear structure between two isobars (larger quadruple deformation in Ru+Ru)
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Elliptic flow difference between isobars

v2 studied η-gap (including EPDs), ratio deviates from unity indicating difference in the 
shape, nuclear structure between two isobars (larger quadruple deformation in Ru+Ru)
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Triangular flow difference between isobars

Strong rapidity dependence, ratio below unity in central collisions, not fully understood 
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v2 and v3 comparison for the isobars  

vn ratio deviates from unity indicating difference in the shape, nuclear structure 
between two isobars. vn drives flow-driven background: 

� ��
bkg

= �
OS

��
SS

� vreso
2

N
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Results on CME sensitive variables
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Charge separation across elliptic flow plane

Ratio of charge separation correlated to elliptic flow plane is below unity, 
however only this quantity is not decisive
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Charge separation scaled by elliptic flow

� ��
bkg

= �
OS

��
SS

� vreso
2

N

� ��

v2

NOT seenPre-defined 
criteria for CME 
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Charge separation scaled by elliptic flow

� ��
bkg

= �
OS

��
SS

� vreso
2

N

(��/v2)Ru+Ru

(��/v2)Zr+Zr
< 1

Inverse of multiplicity <1 maybe a correct 
qualitative baseline, more studies needed 
for find a quantitative baseline
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Two particle-charge separation observable δ-correlator — measures charge 
separation that may or may not be correlated to event plane. 

Two-particle correlator of charge separation
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Charge separation across elliptic flow plane

This factorization breaking coefficient should be >1 and can help test CME  

� = �cos(�� � ��)�

v2 = �cos(2� � �2)�
×⟺= �cos(�� � �� + 2�� � 2�2)�

� �cos(�� � ��) cos(2�� � 2�2)�
= �112�cos(�� � ��)��cos(2�� � 2�2)�

�112 � �112 � v2

Charge separation correlated to event plane Charge dependent two-
particle correlation
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Ratio of factorization breaking 

Factorization breaking: 

Pre-defined CME criteria:

This pre-defined CME signature is NOT seen



P. Tribedy, HENPIC seminar, Sept 16, 2021 28

Charge separation across triangular flow plane

Signal (B-field) + Background (∝ v2)

B-field is corrected to Ψ2 plane 

�112 = �cos(�� + �� � 2�2)� �123 = �cos(�� + 2�� � 3�2)�

B-field is not-corrected to Ψ3 plane 

Background only (∝ v3)

Charge separation across third harmonic plane can serve as data-driven baseline
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Charge separation across Ψ2 and Ψ3 planes 

Pre-defined CME criteria:

This pre-defined CME signature is NOT seen
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Measurement using STAR EPD (for the first time)

Pre-defined CME criteria:

This pre-defined CME signature is NOT seen
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Relative pseudorapidity dependence of γ112 
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detector will make it possible to study the differential transverse flow in forward rapidity, where 
the space-time picture of the QGP is expected to be very different. By correlating that with 
information at mid-rapidity, they also provide detailed information on the pT dependence of the 
longitudinal asymmetry and decorrelation effects. In turn, this information will elucidate the space-
time dynamics of the QGP in the longitudinal direction and hence provide unique/critical input for 
current theoretical effort in tuning the 3+1D hydrodynamic models. 

 
Figure 2-38: (left panel) The pseudorapidity coverage in η1 × η2 of the STAR detector prior to the 
removal of FTPC in 2012.  (Right panel) The projected η1 × η2 acceptance after the iTPC and 
forward upgrade. 

 
Finally, STAR can take advantage of the flexibility of the RHIC machine to measure these 
observables in different collision systems and beam energies. As an example, it would be highly 
desirable to measure the p(v2) and event plane correlations in U+U and Cu+Au collisions where 
the QGP properties are similar to Au+Au collisions but with completely different collision geometry. 
For the measurement of event plane correlations in STAR, experiences from LHC experiments 
[112] show that it is very important to have multiple non-overlapping detectors that provide 
independent measurement of φn as well as cross-checks to control the systematic uncertainties.  
 
 
2.4.3 Event-shape engineering 

 
The granularity and large acceptance of the forward detectors will enable STAR to sort 

events according to their apparent ellipticity or triangularity and then measure the vn signal in the 
mid-rapidity with the TPC (see Figure 2-39). This event shape engineering technique was 
proposed in Ref. [112], and recently successfully applied to ALICE and ATLAS data analysis [113].  
The proposed implementation in STAR would be to first Fourier expand the multiplicity in the EPD, 
and then study the response of the collective flow signals (including radial flow) at mid-rapidity via 
TPC to various EPD selected shapes. The study performed by the ATLAS collaboration shows 
that the v2-vn correlation with in a fixed centrality not only provides a means to directly separate 
the linear and non-linear effect in v4 and v5 but also the intrinsic initial geometry correlation 
between E2 and En. Figure 2-40 shows that the measured v 2− v4 contains a quadratic term that is 
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removal of FTPC in 2012.  (Right panel) The projected η1 × η2 acceptance after the iTPC and 
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Figure 2-38: (left panel) The pseudorapidity coverage in η1 × η2 of the STAR detector prior to the 
removal of FTPC in 2012.  (Right panel) The projected η1 × η2 acceptance after the iTPC and 
forward upgrade. 
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The relative pseudorapidity dependence is similar between the two species

B-field driven charge separation: 
large Δη>1

Resonance decay: smaller Δη<1
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Invariant mass dependence of γ112 

Pre-defined CME criteria:

Resonances are identifiable as 
peaks in invariant mass distribution This pre-defined signature is NOT seen
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Alternate charge separation measure: R-variable 

Real-Event

Shuffled-Event

R-variable is a ratio of distribution 
(of event-by-event charged-dependent dipole anisotropy)

The width of R-variable is sensitive to signal + Background
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Alternate charge separation measure: R-variable 

Pre-defined CME criteria:

This pre-defined signature is NOT seen



P. Tribedy, HENPIC seminar, Sept 16, 2021 35

Compilation of all the results

Good consistency between results from different groups. 
Predefined CME signatures: Ratios involving Ψ2 > those involving Ψ3 , and > 1 

None of the predefined signatures have been observed in the blind analysis
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Postblinding

Why ratios of Δγ/v2 are below unity? 

Inverse of multiplicities, or as an alternative r maybe better baselines compared to 
unity used in the pre-defined blind analysis documentation 

Alternate baselines also do not present a clear case for CME
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Conclusion

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

Multiplicity distributions and mean multiplicity are different between isobars 

v2 (2.5%) & v3 (7%) difference between the isobars seen in central events 

A precision down to 0.4% achieved in the primary CME variable  

All criteria to observe CME were pre-defined and none observed 

CME observables Δγ/v2 baseline are affected by the multiplicity difference (4% in 
20-50%), post-blind analysis compared two possibilities, no clear case for CME 

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. Better understanding of the non-flow may be another goal. 


