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EXPERIMENTAL OVERVIEW ON SEARCHES FOR EARLY STAGE 
E/M FIELDS AND NOVEL QCD PHENOMENA
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DISCLAIMER 
I won’t discuss anything related to 

art…due to lack of any talent
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CHIRAL ANOMALIES IN HEAVY ION COLLISIONS

D. Kharzeev et al., Phys. Rev. Lett. 81, (1998) 512 
D. Kharzeev, Phys. Lett. B 633, (2006) 260 
D. Kharzeev, Prog. Part. Nucl. Phys. 75 (2014) 133
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CHIRAL ANOMALIES IN HEAVY ION COLLISIONS

Chirality imbalance

G. t’Hooft, Phys. Rev. Lett. 37, (1976) 8 
G. t’Hooft, Phys. Rev. D14, (1976) 3432 
R. Jackiw and C. Reb, Phys.Rev.Lett. 37, 
(1976) 172 
E. Shuryak World Sci. Lect. Notes Phys. 
8 (1988)

For any YM field theory (e.g. QCD with SU(3)c gauge symmetry) ➞ the ground state is 
described as a superposition of different vacua 
• Each of this states ｜n⟩ is characterised by a winding number 

These states are periodic and “separated” by potential barriers  
Transitions between these states can be done through 
• Tunneling ➞ instantons ➞ P~exp(-E) 
• “Go-over” process ➞ sphalerons ➞ P~e(-E0/T) 
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CHIRAL ANOMALIES IN HEAVY ION COLLISIONS

Chirality imbalance

Physical implication: 
• Baryon number violating transitions in E/W theory 

• Transitions happen at large temperatures 
(~200GeV) → relevant for the early Universe 

• Needed as one of the Sakharov conditions for 
matter-antimatter asymmetry  

• In QCD these transitions lead to chirality not being 
conserved 

• At a scale of the order of the scale of the 
theory (~ΛQCD) 

• The axial chemical potential µ5 = NL - NR is 
non-zero

Transitions take place at 
temperatures reached in 

heavy-ion collisions
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THE STRONGEST MAGNETIC FIELD IN NATURE…

Decay rate depends on electric conductivity → 
unconstrained experimentally

Au-Au collisions @ RHIC Pb-Pb collisions @ LHC
√sNN = 200 GeV √sNN = 2.76 GeV

γ = 100 γ = 1.38x103

Ζ = 79 Ζ = 82
b = RAu ~ 7fm b = RAu ~ 7fm

eB ~ mπ2 eB ~ 10mπ2

U. Gürsoy et al., Phys. Rev. C89, (2014) 054905

0.5 1.0 1.5 2.0
t @fmD

10-5
10-4

0.001

0.01

0.1

1

eBy @fm-2D
σ = 0.023fm-1

σ = 0

Heavy ion collisions: ~1019 G

Magnetic field



Zimanyi school 2022                              Panos.Christakoglou@nikhef.nl7

EXPERIMENTAL PROBE: CHARGE DEPENDENT VN
(ALICE Collaboration), Phys. Rev. Lett. 125, 022301 (2020)

Magnitude smaller than theory expectation and sign reversed 
• Larger contribution from the Lorentz force?

Δv1 ≠ 0 with a 2.6σ significance Δv1 ≠ 0 with a 2.7σ significance 

Δ Δ

Effect @RHIC ~10 times smaller

(STAR Collaboration), Phys. Rev. Lett. 122, 162301 (2019)

Small formation time → more 
sensitive probe of the early E/M fields

Significant progress expected with the 
upcoming Run3 data @ LHC
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EXPERIMENTAL PROBE: GLOBAL POLARISATION

8

Significant reduction of PH at the LHC energies relative to RHIC 

No significant difference between Λ and anti-Λ ➞ (still) not sensitive to 
effects due to magnetic field

(STAR Collaboration) Nature 548, 62 (2017) 
(ALICE Collaboration), Phys. Rev. C101 (2020) 044611

Large values of magnetic field and angular 
momentum at the initial stage of a HI collision 
Part of L remains in the overlap region → rotating 
QGP 
QGP exhibits vortical structure affected by the local 
velocity field 
Spin proportional to magnetic moment 

• Particles tend to be polarised along the initial angular 
momentum of the QGP 

• Opposite effect for particles and antiparticles

F. Becattini et al., Phys. Rev. C77, (2008) 024906
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EXPERIMENTAL CONSTRAINS ON B

9

L. McLerran, V. Skokov, Nucl. Phys. A 929 (2014) 184

Current measurements provide tight 
constrains on the value of B at freeze out

B-field limit 
(Lines to guide the eye)



Zimanyi school 2022                              Panos.Christakoglou@nikhef.nl10
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CHIRAL ANOMALIES IN HEAVY ION COLLISIONS

D. Kharzeev et al., Phys. Rev. Lett. 81, (1998) 512 
D. Kharzeev, Phys. Lett. B 633, (2006) 260 
D. Kharzeev, Prog. Part. Nucl. Phys. 75 (2014) 133

Chiral Magnetic  
Effect (CME)

Average over many events:

Instead measure correlations over many events:
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HOW DO WE TRY TO DETECT IT?
S. Voloshin, Phys. Rev. C70, (2004) 057901
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HOW DO WE TRY TO DETECT IT?
S. Voloshin, Phys. Rev. C70, (2004) 057901

Parity conserving background 
effects projected in and out of plane
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HOW DO WE TRY TO DETECT IT?
S. Voloshin, Phys. Rev. C70, (2004) 057901

Parity conserving background 
effects projected in and out of plane

Theory expectations (bkg)

Background suppressed by a factor of v2 ~ 0.1

Theory expectations (signal)
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FIRST EXPERIMENTAL RESULTS @ RHIC
(STAR Collaboration), Phys. Rev. Lett. 103, 251601 (2009) 

Significant charge dependent 
correlations measured for the first 
time at RHIC 

Qualitatively consistent with initial 
expectations for a small CME signal 

System size dependence consistent 
with the dilution (Nch) picture
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Strong centrality 
dependent effects 
consistent with naive 
expectations from CME 

• But no significant energy 
dependence between 
RHIC and LHC

FIRST LHC RESULTS
(ALICE Collaboration), Phys. Rev. Lett. 110 (2013) 012301

The agreement was a big surprise considering the 
difference in energy, particle density,…

γ1,1

Goal: disentangle the CME signal from the background



Zimanyi school 2022                              Panos.Christakoglou@nikhef.nl

IDENTIFYING BACKGROUND EFFECTS

17

Main background component: 
• Local charge conservation (LCC) coupled to 

anisotropic flow 
A simple BW model + LCC can provide a 
qualitative description of some of the 
systematics of the measurement of Δγ11

S. Schlichting and S. Pratt Phys.Rev. C83 (2011) 014913

v2 CB: more balancing pairs in-
plane than out-of-plane  

v2,c: degree to which in-plane pairs 
are more tightly correlated than 
out-of-plane pairs 

v2,s: balancing charge is more 
likely to be found toward the event 
plane.

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

“Flowing clusters”
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FIRST CME LIMITS @ LHC WITH ESE
(ALICE Collaboration) Phys. Lett. B777, (2018) 151

Event Shape 
Engineering(ESE) allows 
you to select events by 
“dialling in” the amount of 
v2 they have within the 
same centrality
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FIRST CME LIMITS @ LHC WITH ESE
(ALICE Collaboration) Phys. Lett. B777, (2018) 151

Event Shape 
Engineering(ESE) allows 
you to select events by 
“dialling in” the amount of 
v2 they have within the 
same centrality

Upper limit on the CME fraction for the 10-50% centrality 
interval:  

• 26-33% at 95% C.L. depending on models of initial state
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CME LIMITS WITH ESE (CMS)
(CMS Collaboration) Phys.Rev.C 97 (2018) 4, 044912

Upper limit on the CME fraction for Pb-Pb collisions ~7% @ 95% CL 
• Based on the assumption of a CME signal independent of v2  in 

a narrow multiplicity or centrality range
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Expectations 
• Signal scales with B 

• CME signal larger 
in Ru 

• Background scales 
with multiplicity and 
v2 
• Background similar 

in both systems

ISOBAR STUDIES @ RHIC
S. Voloshin Phys. Rev. Lett. 105, 172301 (STAR Collaboration) Nucl.Sci.Tech. 32 (2021) 5, 48
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None of the analyses fulfil 
the predefined criteria

ISOBAR STUDIES @ RHIC
(STAR Collaboration) Phys.Rev.C 105 (2022) 1, 014901
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ISOBAR STUDIES @ RHIC
(STAR Collaboration) Phys.Rev.C 105 (2022) 1, 014901
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ISOBAR STUDIES @ RHIC
(STAR Collaboration) Phys.Rev.C 105 (2022) 1, 014901

Background components

Details are important! 
• Nuclear structure should be well understood and studied 

• Neutron skin/charge radius 
• Overall size differences → energy density → multiplicity

Important before extracting 
final conclusions → Ongoing
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ISOBAR STUDIES @ RHIC
(STAR Collaboration) Phys.Rev.C 105 (2022) 1, 014901

Background components

Details are important! 
• Nuclear structure should be well understood and studied 

• Neutron skin/charge radius 
• Overall size differences → energy density → multiplicity

More appropriate sentence:  
None of the predefined criteria are 
relevant since they are invalidated 
by data 

The result does not mean that the CME is excluded 
but rather that the initial criteria were not accurate!
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POST BLIND ANALYSIS: ISOBAR STUDIES @ RHIC
D. Kharzeev, J. Liao, S. Shi, Phys. Rev C 106, L051903 (2022)

Analysis suggests 
non-zero CME 
fraction, with the 
right centrality 
dependence 

Needs to be 
(re)done by the 
experimentalists
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Study correlations relative to the participant 
(ΨPP) and spectator (ΨSP) planes 
Background contribution larger when studied 
relative to ΨPP → larger v2 

CME contribution larger when studied relative 
to ΨSP → correlated with B

HINT FOR CME? ΨSP VS ΨPP 
S. Voloshin, Phys. Rev. C 98, (2018) 054911 

H. Xu et al., Chin.Phys.C 42 (2018) 8, 084103

B

(STAR Collaboration) Phys. Rev. Lett. 128, 092301

Indications of finite signal in mid-central 
20-50% collisions → 1-3σ significance
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Current analyses provide stringent upper limits for the CME fraction at 
both RHIC and LHC energies → CME signal at the level of few % max

CME FRACTION UPPER LIMITS @ LHC

• Phys.Rev.C 97 (2018) 4, 044912

Summary of upper limits @ LHC (95% CL)

ALICE
ESE in Pb-Pb collisions 26-33%

Higher harmonics in Pb-Pb collisions 11-15%
2-component model 2%(Xe) - 25%(Pb)

CMS
p-Pb collisions 13%

ESE in Pb-Pb collisions 7%

0 10 20 30 40
CME limit (%)

ESE Glauber IC
KLN IC
EKRT IC

Higher
harmonics

Two
component
model

ALICE
 = 2.76 TeVNNsPb, −Pb
 = 5.02 TeVNNsPb, −Pb
 = 5.44 TeVNNsXe, −Xe

(ALICE Collaboration), arXiv:2211.04384

https://arxiv.org/abs/2211.04384
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RUN1-RUN2: DATA SAMPLES COLLECTED & RESULTS

2010 2011 2013 2015 2016 2017 2018

γ11 ALICE-1 CMS-1 ALICE-4

CMS-1 CMS-2 ALICE-5

ESE ALICE-3 CMS-2 Ongoing
Higher 

harmonics ALICE-4 ALICE-4 CMS-2

ΨPP vs ΨSP Ongoing Ongoing
PID Preliminary

CMW ALICE-2 CMS-3 CMS-3
CMW/ESE Ongoing

CMW/Higher 
harmonics CMS-3 CMS-3 Ongoing

System Year √sNN (TeV) Lint

Pb-Pb
2010, 2011 2.76 ~75 μb-1

2015, 2018 5.02 ~0.8 nb-1

~2 nb-1

Xe-Xe 2017 5.44 ~0.3 μb-1

p-Pb
2013, 2016 5.02 ~18 nb-1


~50 μb-1

2016 8.16 ~25 nb-1

~186 nb-1

Anticipated results for CME can drive the limit to lower than 10%

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.012301
http://dx.doi.org/10.1103/PhysRevLett.118.122301
https://link.springer.com/article/10.1007/JHEP09(2020)160
http://dx.doi.org/10.1103/PhysRevLett.118.122301
http://dx.doi.org/10.1103/PhysRevC.97.044912
https://arxiv.org/abs/2210.15383
https://www.sciencedirect.com/science/article/pii/S037026931730998X?via=ihub
http://dx.doi.org/10.1103/PhysRevC.97.044912
https://link.springer.com/article/10.1007/JHEP09(2020)160
https://link.springer.com/article/10.1007/JHEP09(2020)160
http://dx.doi.org/10.1103/PhysRevC.97.044912
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.044903
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.064908
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.064908
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.064908
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.064908
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2023-2025:10x AuAu MB 
data than the existing 
sample

FUTURE PROSPECTS
arXiv:1812.06772

+Isobaric collisions @ LHC?

System Year √sNN (TeV) Lint

Pb-Pb

2010, 2011 2.76 ~75 μb-1

2015, 2018 5.02 ~0.8 nb-1

~2 nb-1

2023-2030 5.5 ~12 nb-1

Xe-Xe 2017 5.44 ~0.3 μb-1

p-Pb
2013, 2016 5.02 ~18 nb-1


~50 μb-1

2016 8.16 ~25 nb-1

~186 nb-1

https://arxiv.org/abs/1812.06772
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Thank you for 
your attention!

The signal is there…we just have to find it
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BACKUP
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Competing effects: 
Faraday + spectator 
Coulomb vs Lorentz 
force 

Initial stage E/M fields 
could affect the motion of 
particles ➞ 
experimentally 
accessible differences in 
charge dependent odd vn

EXPERIMENTAL PROBE: CHARGE DEPENDENT VN
U. Gürsoy et al., Phys. Rev. C98, (2018) 055201

S. Voloshin and Y. Zhang, Z. Phys. C70, 665 (1996)
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Competing effects: 
Faraday + spectator 
Coulomb vs Lorentz 
force 

Initial stage E/M fields 
could affect the motion of 
particles ➞ 
experimentally 
accessible differences in 
charge dependent odd vn

EXPERIMENTAL PROBE: CHARGE DEPENDENT VN
U. Gürsoy et al., Phys. Rev. C98, (2018) 055201
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Charm quark (small 
formation time) suitable 
probe of the early stage 
E/M fields 

Expectation of large 
values of directed flow

EXPERIMENTAL PROBE: CHARGE DEPENDENT VN
S. Das et al., Phys. Let B768, (2017) 260
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FIRST LHC RESULTS
(ALICE Collaboration), Phys. Rev. Lett. 110 (2013) 012301

γ11

δ1

Significant charge dependent correlations 
also at LHC energies 

“Dominance” of ⟨sin・sin⟩ terms 

(proportional to ⟨a1,α・a1,β⟩) over the ⟨cos・
cos⟩ terms for same sign pairs 

Consistent with CME expectations
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AT THE SAME TIME…SMALL SYSTEMS

37

Significant charge dependent correlations in small systems 
• Note: the results should not be used to rule out the CME 
• They can be used (at best) as an indication that background effects can be 

dominant ➞ (measurements hampered by dominant parity independent effects)

(STAR Collaboration) PRL 118, (2017) 122301(CMS Collaboration) PRL 118, (2017) 122301(STAR Collaboration), Phys. Rev. Lett. 103, 251601 (2009) 

Lines: Expectations from 
HIJING on 3-particle 
correlations 

Solid: Au-Au 

Dashed: Cu-Cu
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EbyE IC + E/M fields (field lifetime as input) 

Anomalous transport → CME signal (n5/s) 

VISH2+1 → hydro evolution 

Hadronisation + LCC 

UrQMD

ANOMALOUS VISCOUS FLUID DYNAMICS (AVFD)

S. Shi et al., Annals Phys. 394 (2018) 50 
Y. Jiang et al., Chin.Phys.C 42 (2018) 1, 011001

0.001

0.002

0.003

1δ
∆

 = 5.02 TeVNNsPb-Pb, 

ALICE

/s = 0.02-0.05 - LCC = 40-60%)
5

AVFD (n

0 10 20 30 40 50 60 70
centrality, %

0

0.5

)3
 1

0
× (

1,
1

γ
∆

20

40

60

LC
C

 (%
)

AVFD
 = 5.44 TeVNNsXe-Xe, 
 = 5.02 TeVNNsPb-Pb, 

10 20 30 40 50 60 70
centrality, %

0

0.05

0.1

/s 5n

Model tuned to describe at the 
same time both Δδ and Δγ

(η5/s)Xe-Xe consistent with 0  
(η5/s)Pb-Pb = 0.034 ± 0.003

P.C. S. Qiu, J. Staa, Eur. Phys. J. C 81 (2021) 717


