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Physics context

® QGP in heavy-ion collisions: quark mass negligible
— chiral symmetry restoration

® n-n’ puzzle: m, (548 MeV) < m,, (958 MeV) — not explainable
with chiral symmetry.

Hadron Gas Quark-Gluon Plasma

® ‘t Hooft instanton mechanism can resolve this puzzle
— break the chiral symmetry, P, and CP.

Laco = Paa (17" 0ubas = mabar —g57"tGAS ) Yas —1GAGA + 982G, GAM

a4 quark ‘t Hooft vacuum

—02=F4 - Ba

® low-energy experiments — @ upper limit ~ 107*° .
analogy to E&M field

I lain th . in th . E: C-odd, P-odd, T-even
— too small to explain the matter-antimatter asymmetry in the universe B: C-odd, P-even, T-odd

(the strong CP problem).

® |s 0 a constant? dependent on energy scale? larger value in early universe?
Heavy-ion collisions approach the energy scale of early universe! — check heavy-ion collisions!
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Chiral Magnetic Effect (CME)
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The commonly used observable—azimuthal correlator A~y

azimuth Fourier series

Reaction LorB
d]\/vi ) plane Wgp
s o 1+ 2af sin(¢p™ — Ugp) + ZQvn cosn(¢pt — W) N /
n y .‘\\@'/»\,/
L. N _ )= =4
CME term a7, in the same event a1 = a] = —aj . i /B0t
— random direction from event to event — (a1) vanishes . /2 eB ~m2

two particles «, 3 in the same event

Yap = (c0S(¢a + dp — 2Wrr)),

Opposite-sign (OS) charged pair: vos; same-sign (SS) vss; their
=" difference

A’Y = Yos — 7ss-

charge-independent backgrounds canceled (like momentum
conservation)
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Signal and background in A~y

signal

CME

®

— >,

backgrounds

— — sy,

4

resonance decay jets, di-jets

® 2-particle background like resonance decay (e.g., p — 77~ ), which is coupled with vs.

® In data analysis, RP is unknown, so the reconstructed event plane (EP) is used as a proxy.

EP + 2 POlIs — correlated triplets (jets, di-jets, ...) — background
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Early experimental approaches
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The first measurements on A~y
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® vos > 0,75 < 0 — Ay > 0, qualitatively consistent with CME signal (?)

® background contribution not understood

® Follow-up calculations and simulations indicate that the backgrounds could be very significant
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Beam energy dependence
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Small system measurements
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® Small system — random B and EP orientations — zero signal expected

® Similar results between small systems and A+A — large background

dN,,fdn
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Recent experimental approaches
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Correlation between CME observables with A measurements

spectator noncentral
protons collision
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® magnetic field — A, A polarization split — correlated with A~.

® topological charge fluctuation
— CME sign (Aa1) and A handedness — correlated

® The results are consistent with 0 within uncertainty.

right-handed A
Prn decay

" right-handed A
P*p decay
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Event shape methods

Event Shape Engineering (ESE): Event Shape Selection (ESS):
q2: different 1 ranges from A7, vg G2,pair: Same 1 range as A7, v )
2= cos%)"’}t(zsinzab)? 2o (5 08 26 pgir) 2+ (3 sin 26p5i0) 2 General idea:
R 0% 2, pair Npair(1+Npair<'”2>) ° bln events by q2 range
L :‘# 1y oo e calculate Ay, vy for each bin
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® STAR measurements w.r.t. SP (ZDC or inner EPD) can reduce nonflow backgrounds
® Event shape methods are designed to remove backgrounds coupled with flow.
® Underlying complications — better understanding needed
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The isobar experiment

g O e [nitial expectation: 35Ru, 95Zr: same A, different Z — same background,
different signal

® Ru+Ru: proton number 1 — magnetic field + — CME signal T — Av/v2 1
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® STAR blind analysis — isobar ratios Ru/Zr < 1, opposite to the initial

expectation < multiplicity diff. <— nuclear structure

® Nonflow background baseline estimate — CME upper limit 10% (95% CL)
. flow-induced backgrounds 1 nonflow in vs 1 3-particle nonflow |

® Forced match method — consistent with unity
® Isobar signal/noise can be much smaller than Au+Au 1425



SP /PP comparison method — feug
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® Participant plane (PP) — nucleons collided — collision zone — flow — backgrounds w/ flow
® Spectator plane (SP) — nucleons flying through — magnetic field — CME signal

® The signal and background(coupled with flow) respond to those two planes differently
— SP, PP comparison — separate the signal and background(coupled with flow)

feue: CME signal fraction in inclusive A~y residual background: nonflow



Nonflow contamination

Fous = Avie _ V1+ ens é 1) +e Csp/Vap 1
MET At} T L — (1 +e) [\a "\ (NaCi) /(N2 V)
V5 nonflow — estimated by a date-driven fit o measurement of vy w.rt. TPC
e wvo{zDC}(7n) measurement — Vo {zDC}(An) — fit flow shape Vo = (cos2(dpa — ¢g)) = ”%{2}
e Flow decorrelation 1 — 2F>An, F3 = 0.0115 £ 50% (syst.) o meniEw Tasten i Vo 1irgif _ “//2:
e Flow fluctuations effect: assumed constant over n e measurements a = va{zDC}/v2{2},

A = A~{zpc}/A~vy{rrPc}

e Nonflow modelled by two Gaussians

e Fit flow + nonflow to Vo (An)
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flow contamination

Avie — V1+en é—l + ens C%p—/VQP_l
Ay{rrc} L —(14ew) [\a T\ (N3C3)/(N2Ve)

fcms =

RP-independent 3-particle correlations — model simulations
e 3-particle correlations primarily from (di-)jets
o for correlated triplets C3p, = (cos(da + ¢g — 2é¢)) N3p /N, for correlated pairs Vo, = (cos 2(¢a — ¢5)) Nap/N
e Assume £ = Cgp/V2p ratio in data = model. A ratio is more robust than individual 3p, 2p correlations.

e Various models (w/o flow) are consistent in terms of &:
HIJING, HIJING w/o jet quenching, HIJING w/ blast wave boost along p, along 7, Pythia 8
— continuing to investigate systematics

& "I STAR fitted nonflow & " HIJING quen. on & [ 7 THIING BWBT, '~ HIJING quen. on
> o HIJING quen. on [$) ~+ HIJING quen. off Z 14[ - HIING BWB-p, ~HIING quen. off |
1F —+ HIJING quen. off 1 ~+ Pythia RHIC tune P ~+ Pythia RHIC tune
— . — Pythia RHIC tune b . [ = 3 model avetsyst.

~HIJING BWB-r. ~HIJING BWB-r

HIJING BWB-pr 1 HIJING BWB-pr 1
107"
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nonflow in V5 RP-ind. C3, 3p nonflow &= Csp/Vap
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Nonflow contamination

fouw = Ay VI+ e Ké—1> + €nt (—CSP/VQ" —1)}
M= Ay{rpc) 2 — (14 €nr) a "\ (N3C3)/(N2Va)

four after subtracting estimated nonflow
e Significant foyg in full-event
o Weak centrality dependence

e four full-event > sub-event; A~cyp (scaled by dN/dn) compatible in 20-50% centrality.
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four before/after correction four average values

A’YCME = fm\m * A’Y
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Outlook to STAR high-statistical new data
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Outlook to STAR high-statistical new data

O 0.3
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® STAR: x10 more statistics — large reduce in statistical ® newly-added detectors can
for Au+Au at 200 GeV in uncertainty help (e.g, EPD, iTPC, ...)
2023-2025
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Summary
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CME - a fundamental physics in QCD

Major background contamination
Novel methods to extract CME

® |sobar experiments

Event shape methods

Correlation measurement between CME and A polarization
SP/PP methods (TPC, ZDC, EPD)

Nonflow estimate

STAR new data: Au+Au /5. = 200 GeV — x10 more statistics
new EPD, iTPC — with wider acceptance
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Backup



nflow background baseline estimate

e isobar experiment —

flow-induced backgrounds: nonflow in v2 measurement: 3-particle nonflow:
resonance decays — estimated by  fit two-particle (An, A¢) 2D HIJING model — no flow — solely
pair excess r = % distribution to decompose 3p nonflow bkg
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SP /PP comparison method

14 Constant fit (+16), 10-50% [|
Au+Au at /5 =27 GeV ’ Fit, R(V)/R(Ez, 5.1 ”"'Y‘Jew)
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o 1.2
o
s o] _E %
% LI s % ..... . PPPEr | RN IO P
8 08 consistent
’ with unit
o o ROVRMS 51y, ¥
: = ROPRT, o)
Yien=3.4 0 50 100 150 200 250 300 350
Npan

® Notation R(V) = Ay(T)/v2()
® low energy 27 GeV — beam rapidity Yoeam = 3.4 — EPD (2.1 < |n| < 5.1) divided into 2 parts

® inner EPD 3.4 < |n| < 5.1 — estimate SP
® outer EPD 2.1 < || < 3.4 — estimate PP (blue markers)

® TPC (|n] < 1) is also used for PP (red markers)
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