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The Chiral Anomaly

» ABJ anomaly determines the violation of chiral symmetry when massless fermions are coupled to an abelian gauge field.
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R. Jackiw, arXiv:0403109; S. Adler, arXiv:0405040; at ”50 years of Yang-Mills theory”

» Tabletop exps. observed the chiral anomaly through the studies of magnetotransport in Dirac and Weyl semimetals.

“In parallel electric and magnetic fields, charge is predicted to flow between the Weyl nodes, leading to negative magnetoresistance.”
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Chiral Anomaly in Heavy-lon Collisions

» Chiral Magnetic Effect: Chirality imbalance of massless quarks coupled with strong magnetic field induces a charge
separation along the B field direction, which violates local P and CP Symmetry in strong interaction.

D. Kharzeey, R. Pisarski, M. Tytgat, Phys. Rev. Lett. 81, 512 (1998); K. Fukushima, D. Kharzeev, H. Warringa, Phys. Rev. D 78, 074033 (2008)...
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The Isobar Program for CME Search

» One approach is to look for signal difference in controlled experiment of two isobars:
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» Large e-by-e fluctuations could dominate the observable:

o participant zone geometry: expected to be long ranged in rapidity emission

o pattern fluctuations: more localized, less correlated over rapidity

» Event shape variables based on particles of interest (POI) are sensitive to both geometry and emission pattern

H. Petersen and B. Muller, Phys. Rev. C 88, 044918(2013); Z. Xu et al, Phys. Lett. B 848,138367(2024)
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» Event Shape Selection (ESS) found that recipe (c) accurately matches

the input CME signal.
» Intercepts follow an ordering (a)>(b)>(c)>(d).
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Application to Data
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» Higher resolution, BES-Il new detector
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Results of 27 GeV with EPD

STAR Phys. Lett. B 839, 137779 (2023)
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Results of BES-Il Data with ESS

» We show the data of 19.6 GeV for this talk. Details of different energies can be found in ‘STAR arXiv:2506.00278’
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» After v,-BKG subtraction, a finite signal in mid-central events with the optimal ESS (c), the blue filled points, a 30
significance for 20%-50% centrality

» For BKG indicator Ay'32, ESS results are consistent with zero — v,-BKG suppressed
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Results of BES-Il Data with ESS (cont.)
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Results of BES-1l Data with ESS (cont. 2)
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Understand the Collision Energy Dependence

Kharzeev’s slide @ Chirality 2025

ICTP-SAIFR, Sao Paulo, Brazil,
July 7-11, 2025

Why CME at low energies?

One reason is the longer-living magnetic field B.

Several effects combine to increase the lifetime of B at low energies:

Super Strong Magnetic Fields Leave Impnnt on Nuclear Matter

Data from heavy ion collisions give new insight into electromagnetic properties of quark-gluon plasma

1. Slower spectator protons (kinematics)

2. Stronger stopping of electric charge

3. Stronger Faraday effect in a conducting plasma,
increase of electric conductivity with the chemical potential

21 13



The Energy Dependence of Magnetic Field
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» The longer-living magnetic field at lower energies; the strength of the late-state magnetic field is higher at lower

energies regardless of the vorticity effect. »
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» Holographic studies of CME by incorporating a time-dependence B-field found that the integrated chiral magnetic current
exhibits a nonmonotonic dependence on the collision energy.

» The enhancement of topological fluctuations near the critical point revealed through real-time quantum simulations.

» Dynamical approach towards critical region?
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CME meets Machine Learning

» The CME-meter constructed shows high accuracy in recognizing the charge separation signal.
» A novel deep learning approach based on a U-Net architecture to time-reversely unfold CME dynamics is built to

reconstruct the CME across the entire evolution of HICs.
Y. Zhao, L. Wang, K. Zhou, X. Huang Phys. Rev. C 106, L051901 (2022); S. Guo, L. Wang, K. Zhou, G. Ma, Chinese Phys. Lett. 42, 110101 (2025)

P, against background(vs)
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» Optimal observables from ML, up to 90% higher sensitivity to CME signal
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> Subtracted flow background by plotting Ay 222

» CME signal consistent with zero at 200 GeV.

H. S. Li for STAR Col., QM 2025, Initial Stage 2025
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Updates from LHC, the PID CME

Z. Wang (ALICE) QM2025
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» Significant separations are observed for K and p,
suggesting the existence of the charge-dependent correlations
» Ay follow p-p > p-A > K-K > h-h
» Theoretical inputs are highly welcome to understand data:
various (electric-, strangeness-, baryonic-)charge conservations + collectivity 19



Measurements of the CVE
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Summary and Outlook

» The novel event shape selection effectively suppresses flow-related backgrounds

o at 200 GeV, upper limit of fc\:~10%.
o ateach of 11.5, 14.6 and 19.6 GeV, a positively finite Ay.2% (>30). Over 5¢ if combined.
o around 7.7 GeV, approaches zero CME limited with large uncertainties.

“The STAR CME result at lower RHIC energies is a major milestone in a 25+ year long quest for
observing the effects of QCD topology. ” Kharzeev at Chirality 2025

“While the results clearly indicate a significant charge separation in mid-central Au+Au collisions at
10--20 GeV, the current experimental approach cannot unambiguously identify the nature of the
sighal observed in Ay:<4. The zero value of Ayjo¢ does not guarantee that Ay :4 is free of residual
background contributions. If future studies were able to further quantify the possible residual
background and show it to be negligible, the present data would manifest an intriguing scenario
where the chirality imbalance in quarks and the intense magnetic field coexist to trigger the CME.”

STAR arXiv:2506.00278

» Improve understanding background contributions
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Thank you!

STAR 25-year celebration, 12/17-18/2025 https://indico.bnl.gov/event/29990




