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Charge Separation Measurements in Au+Au collisions at VSNN = 7.7-200
GeV in Search of the Chiral Magnetic Effect”
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Abstract: The chiral magnetic effect in heavy-ion collisions predicts an electric charge separation along the direc-

tion of a strong magnetic field, which indicates local parity (#) and charge-conjugation-parity (C®) violations in

strong interactions. We report measurements of electric charge separation signals perpendicular to the spectator

event plane in AutAu collisions using high-statistics data from RHIC Beam Energy Scan II and top-RHIC energy

(+/syy =200 GeV) runs. A novel event shape selection method is employed to suppress the flow-induced back-

ground. The residual charge-separation signal fractions near the zero-flow limit are positive in AutAu collisions
within the 20%—50% centrality range. The significance levels are 2.80, 30, and 3.20- at +/syy = 11.5, 14.6, and 19.6
GeV, respectively. At other beam energies, the signals are either statistically limited or consistent with zero.
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I. INTRODUCTION

The search for parity (#) and charge-conjugation-par-
ity (CP) symmetry violation in non-Abelian gauge theor-
ies, such as quantum chromodynamics (QCD), which de-
scribes the strong interaction, remains one of the central
challenges in modern physics. The chiral magnetic effect
(CME) provides a possible manifestation of such sym-
metry violation in high-energy systems, predicting the in-
duction of an electric current (J) along the direction of an
intense magnetic field (B) due to a finite chirality chem-
ical potential (us#0), as originally “discussed for a
quark—gluon plasma (QGP) [1-3], while analogous real-
izations arise in condensed-matter systems. This phe-
nomenon, J o /,¢51§), has been experimentally confirmed in
topological materials such as Dirac [4, 5] and Weyl [6]
semimetals, where us and B can be engineered and con-
trolled. The CME in the strong force is more elusive [7,
8], as its formation requires synchronizing several pre-
conditions in a fast-evolving system, and detecting it de-
mands eliminating intricate backgrounds. Nevertheless,
observing the CME in QCD matter would provide direct
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insight into the topological structure of the QCD vacuum
and the role of anomalous chiral transport in strongly in-
teracting matter.

Heavy-ion collisions at the BNL Relativistic Heavy
Ion Collider (RHIC) and the CERN Large Hadron Col-
lider (LHC) can create a deconfined QGP, whose physic-
al conditions are theorized to have existed microseconds
after the Big Bang [9—14]. Chiral symmetry restoration is
anticipated to accompany deconfinement, whereby light
quarks become nearly massless and bear definite chiral-
ity. Figure 1 depicts a possible chirogenesis mechanism
in which collective gluon excitations generate topologic-
al vacuum ftransitions, transferring net chirality to
(anti)quarks within the rapidly expanding QGP droplets
[1-3]. This chirogenesis in the strong interaction is a pre-
requisite for the CME, and if observed, could serve as an
analogous mechanism for understanding baryogenesis in
the electroweak interaction of the early Universe [7].

Over the past two decades, extensive experimental ef-
forts at RHIC and the LHC have searched for the CME
using charge-dependent azimuthal correlations [15—20].
Although finite electric charge separation signals have
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Fig. 1.
tential energy in gluon fields. The straight and curved arrows

(color online) Schematic diagram illustrating the po-

represent two modes of topological vacuum transitions in
QCD, marked by a change in the Chern-Simons number

(Ncs)-

been observed, their interpretation remains ambiguous, as
the measurements are dominated by background correla-
tions associated with collective flow and other conven-
tional physics mechanisms[21—23]. Therefore, disen-
tangling a possible CME signal from these dominant
backgrounds remains the central challenge in experiment-
al searches for the CME in heavy-ion collisions. In this
work, we report the recent STAR measurements of
charge separation in Au+Au collisions across the RHIC
Beam Energy Scan phase 1I (BES-II) program and at the
top RHIC energy (+/syy =200 GeV). By employing a
novel event-shape-selection method, this work aims to
suppress background contributions and isolate the pos-
sible CME signal. Additional technical details can be
found in a recent STAR paper [24].

II. DETECTION OF THE CME

A typical noncentral heavy-ion collision, with two
nuclei passing each other at nearly the speed of light, is
illustrated in Figure 2. The resulting magnetic field, per-
pendicular to the reaction plane (the x-z plane), is estim-

Fig. 2.
collision. The forward- and backward-moving nucleon groups

(color online) Sketch of the CME in a two-nucleus

denote spectator nucleons that do not participate in the colli-
sion but contribute to a strong magnetic field B. In the parti-
cipant zone (the overlap region), the CME induces an electric
current (J) across the x-z plane in chiral domains (us # 0).

ated to peak around 10'7-10" Gauss [25, 26]. With
nonzero us in the participant zone, the CME could thus
yield an electric charge separation orthogonal to the reac-
tion plane from (anti)quarks in metastable domains.
Though the transient magnetic field is among the
strongest in the cosmos, its impact on final-state particles
is difficult to detect due to its rapid decay.

A. Observable and Early Measurements

The CME charge separation may be quantified using
Fourier coefficients of the azimuthal angle distribution of
final-state charged particles. The distribution of positive
and negative particles (N, ) is expressed as a function of
the azimuthal angle (¢) relative to the reaction plane
(Wre) [21],

dN.
dy

1+ Z 2vi cosnAg +2a; sinAg,

n=1

(1

where Ap = ¢ — Wgp. Hydrodynamic expansion [27] of the
system converts the initial overlap geometry into a mo-
mentum anisotropy (v,) of the final-state particles. The
ai and aj bear opposite signs because of charge separa-
tion and are of order 1/N, where N is the particle multi-
plicity [21]. Since parity can be locally violated but glob-
ally conserved in QCD, a CME-sensitive observable is
designed to probe the fluctuation of a;. A recent study
[28] affirms the similarity in the key components of dif-
ferent CME-sensitive observables. We focus on the most
widely used observable [21],

Y12 = (cos(@y + ¢ — 2%Prp)), 2)

where o and f represent charge sign. To isolate the
charge-dependent signal, we report the difference
Ay"? =12 -y, which cancels the charge-independent
backgrounds common to opposite-sign (OS) and same-
sign (SS) pairs.

A CME signal (=2|a*) contributes positively to
Ay'"2, while elliptic flow (v,) forms a major background
by coupling with other mechanisms, including resonance
decays [21], local charge conservation (LCC) [22], and
transverse momentum conservation (TMC) [23]. The
flow-related background complicates the interpretation of
the positive Ay''? data observed in Aut+Au collisions at
the top RHIC energy [15—17] and in Pb+Pb collisions at
the LHC energies [18]. Additionally, nonflow correla-
tions [29] from various sources, including clusters, reson-
ances, jets, and dijets, are unrelated to the reaction plane
but can also contribute positively to Ay''2. Nonflow ef-
fects can be minimized by reconstructing the reaction
plane with spectator information. One recent attempt to
mitigate the flow-related background involves exploiting
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subtle signal differences between two isobaric systems
with similar backgrounds, 44°°Ru+,,"°Ru and ,,’°Zr+,,"°Zr
[30]. A CME signal was not observed in STAR isobar
data at +/syy =200 GeV [19, 20], indicating that the
background contributions dominate over any potential
signal at this center-of-mass energy.

As the signal fraction of Ay''?> may be too subtle in
small collision systems at +/syy =200 GeV [31], our fo-
cus shifts towards larger collision systems with stronger
magnetic fields due to more spectator protons, and we
have explored a range of beam energies in the RHIC BES
program during 2010-2014 (I) and 2018-2021 (II). To
separate the CME signal from the flow-related back-
ground, STAR previously employed an observable that
explicitly parametrizes the background coupling strength
[32]:

H(Kkvg) = (Kogv26 —¥''*) /(1 + kpg V), (3)

where «y, is an adjustable parameter unknown a priori,
and ¢ = (cos(p, —¢p)) represents a two-particle correla-
tion. The «y,v26 represents the flow-related background.
With «, ~ 2-3, the difference AH = Hss—Hops in the
0-60% centrality region of AutAu collisions tends to
vanish at +/syy =7.7 and 200 GeV and remains positive
and finite at beam energies in between [32]. Recent
STAR data of directed flow (v;) unveiled the magnetic
field's imprint on the QGP in Au+Au collisions, with the
effect much stronger at +/syy =27 GeV than at 200 GeV
[33]. This suggests that the opportunity to detect the
CME may be enhanced using the BES-II data. The BES-
II program provides over ten times the statistics of BES-I,
with a dedicated detector for reconstructing the spectator
plane. At sufficiently low energies, the lack of deconfine-
ment also enables testing for the absence of the CME sig-
nal.

The background is primarily due to the emission pat-
tern of final-state particles, influenced by fluctuations in
both the initial overlap geometry (eccentricity) and the
later-stage expansion of the QGP [34]. The event-shape-
based technique seeks to directly subtract the flow-re-
lated background by classifying events according to their
particle-emission patterns and extrapolating Ay''? to the
limit of vanishing elliptic flow. Some methods of event
shape engineering [35—38] construct an event shape vari-
able from a kinematic region excluding particles of in-
terest (POI), relying on long-range flow correlations
between these regions. However, longitudinal flow-plane
decorrelations can weaken the correlation between the
event-shape variable and the measured v, [39], and the
large extrapolation distance to zero v, introduces substan-
tial uncertainties [40]. In this work, we adopt a novel
event shape selection (ESS) method [31, 40] that cap-
tures both geometric and expansion properties while en-

abling a more precise extrapolation toward zero v, back-
ground.

B. Experimental Setup and Data Analysis

1. Detector and Data Selection

The STAR detector measures thousands of particles
typically produced in heavy-ion collisions over a wide
range of beam energies and is used to search for novel
signatures of the QGP. The BES-II dataset comprises 60
million AutAu collision events at +/syy=7.7 GeV
(2021), 110 million at 9.2 GeV (2019-2020), 160 million
at 11.5 GeV (2020), 230 million at 14.6 GeV (2019), 200
million at 17.3 GeV (2021), 360 million at 19.6 GeV
(2019) and 490 million at 27 GeV (2018). An additional
2 billion events at +/syy =200 GeV (2016) provides the
top-energy reference. The STAR time projection cham-
ber (TPC) [41] reconstructs charged-particle helices and
determines the primary vertex position of each event
along the beam direction (V_1pc) and its radial distance
from the z axis (V,). We selected events with |V, pc| < 70
c¢m (30 cm for 200 GeV) and |V,| < 2 cm. At 200 GeV, we
also required |V, tpc—V.vppl < 3 cm, where V_ypp was
measured by the Vertex Position Detector (VPD) [42].
Events chosen with minimum bias triggers are categor-
ized into centrality classes according to the observed
charged-particle multiplicity at midrapidity, following the
procedure outlined in Ref. [43]. Outlier events showing
multiplicity correlation discrepancies between the TPC
and the fast time-of-flight detector [44, 45] are excluded
as out-of-time pile-up events.

The POI selection involves a cut on the number of
ionization points used in the helix reconstruction
(Nhnis = 15) to ensure track quality, and another cut on the
distance of the closest approach to the primary vertex
(DCA <3 cm) to suppress contributions from weak de-
cays and secondary interactions. The kinematic cuts on
pseudorapidity, momentum, and transverse momentum
are [n|<1, p<14 GeV/c, and pr > 0.2 GeV/c, respect-
ively, where the dynamics are known to be dominated by
hydrodynamics, as established by years of RHIC experi-
mental measurements [11]. Protons and antiprotons ex-
hibit markedly different collective flows at BES energies
[46], and the CME-induced charge separation is expected
to differ between baryons and mesons [25]. We therefore
exclude (anti)protons from POI by requiring no, < -2.
Here, no, quantifies the difference, in terms of standard
deviation, between the measured ionization energy loss in
the TPC and its expected value for protons [47]. At
vswv=7.7 GeV, where protons are more abundant, we
tighten the cuts to p < 1.3 GeV/c and no, < -2.5.

2. Analysis Method

To detect possible electric-charge separation due to
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the CME, we utilize the spectator plane, which exhibits a
stronger correlation with the magnetic-field direction than
the participant plane reconstructed from final-state
particles in the participant regions [48, 49]. This choice
also reduces nonflow background contributions. The
STAR event plane detector (EPD, 2.1 < || < 5.1) [50] ex-
tends into the forward and backward regions. For colli-
sions at +/syy = 7.7-27 GeV, we construct the spectator
plane W/ (¥") at forward (backward) rapidities using the
EPD hits at || exceeding the beam rapidity, where spec-
tator proton contributions are enriched. For collisions at
200 GeV, where the beam rapidity is large, we instead
use the zero degree calorimeter shower-maximum detect-
ors (ZDC-SMD) [51]. We then measure three observ-
ables using the spectator planes,

vy = (cos(2p — P/ —PP))/(cos(P/ — ")), 4)
Y% = (cos(pe + 95 =¥/ = ¥")) /(cos(¥/ - ¥")),
(5)
¥ = (cos(p, =3 + P/ + W)y /(cos(P/ —¥)).
(6)
The denominator in Egs. (4), (5), and (6) com-

pensates for the finite event plane resolution. We employ
¥'32 [52] as a background indicator because it is subject
to similar flow-related background mechanisms as y''?
[24, 31].

To suppress the flow-related background contribu-
tions, we apply the ESS method. As illustrated in Fig.
3(a), the emission pattern varies considerably among
events sharing the same eccentricity [34]. The ESS meth-
od aims to project the charge separation observable to-
wards isotropically emitting events, requiring the event
shape variable to come from the same kinematic region as
POI to better incorporate short-range fluctuations [40].
To avoid the self-correlation between v, and the event
shape variable, we construct the latter using particle pairs
of interest (PPOI) rather than individual particles, since
the pair-based variable is statistically independent of the
single-particle v, measurement [40].

(S sin2gh) + (505 cos2¢?)’

2
Npair( 1+ Npairvzspajr)

. O

2 _
4>pro1 =

where N, is the number of PPOI in one event. ¢} de-
notes the azimuthal angle of the momentum sum for a
pair, and v, = (cos2(¢® —Prp)) 1s averaged over all
PPOI, regardless of charge, and over all events.

Figures 3(b) and 3(c) demonstrate the ESS approach,
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Fig. 3. - (coloronline) (a): illustration of various particle

emission patterns (outer regions spanned by arrows) for differ-
ent events with the same initial geometry (inner elliptic re-
gions). Image reproduced and modified from Ref. [40].
Lower: (b) Ay'"? and (c) Ay'*? as a function of v, with events
categorized by ¢ pp, in the 30%-40% centrality range of
AutAu collisions at +/syy = 14.6 GeV. POI are charged had-
rons, excluding (anti)protons. The ESS technique extrapolates
an observable to isotropic emission, characterized by zero el-
liptic flow (v,). The error bars are statistical only. Linear fits
(dashed lines) are used to extract the y-intercepts, with
x2/NDF close to unity.

112 132

depicting Ay''* and Ay'**, respectively, vs v, with events
classified by g3 ppo; in the 30%-40% centrality range of
AutAu collisions at +fsyy =14.6 GeV. We first use
@3 ppor 1O categorize events into different subsets j, and in
each subset, measure Ay}'?, Ay}, and v, ;. Assuming the
flow background is linearly correlated with v,, we then
plot Ay}'> and Ay}** against v, ;, and perform linear fits to
obtain the y-intercepts at zero v,. The lowest v, value is
close to zero, facilitating the projection to the zero-flow
limit. Finally, we restore the unbiased signals with a
small correction, Aygea > = (1=7,)2Ay"2132| ;. where
v, is the average over all subsets [31, 40, 53].

Verification of the ESS method in simulation re-
quires a realistic description of the hydrodynamic re-
sponse during the QGP expansion that links the event-
shape variable based on PPOI to the final-state single-
particle elliptic flow, along with a reasonably good de-
scription of key observables, such as v,, d, and y!!2(132
spectra. Model studies in Ref. [24] show that the hydro-
dynamics-based EBE-AVFD model [54] successfully re-
produces the measured data, demonstrating that such
frameworks capture the essential background and thereby
supporting the validity of the method [40]. In contrast,
transport models such as a multiphase transport model
(AMPT) [55] and non-hydrodynamic approaches fail to

reproduce key observables [24, 52, 56], and may not fully



Charge Separation Measurements in Au+Au collisions at...

Chin. Phys. C 50, (2026)

capture the background in the charge separation measure-
ments. As a result, they may not offer robust closure tests
of the event-shaping selection method, and the intercepts
extracted from such calculations provide only limited
guidance for interpreting the experimental data.

3. Systematic Uncertainties

The procedure to assess systematic uncertainties is
similar to that used in Ref. [19]. Compound observables,
such as centrality-averaged values or the ratio
AyLL [(Ay"?)y, are treated as single, unified quantities.
We estimate the systematic variation in the observables
by making changes in each of the following cuts,
0<V,rpc <70 cm (0<V_mpc <30 cm for 200 GeV),
Npis 220, DCA <1 cm, and no, <-3 (-3.5 for 7.7
GeV). Additionally, split tracks are rejected by requiring
each accepted track to have the ratio of Ny to the max-
imum possible number of ionization points greater than
0.52. For each of these cuts, we measure the difference A;
between the results with the default cuts and with the var-
ied cuts. For each variation i, we use the Barlow method
[57] to account for the impact of statistics. Let o, 4 and
o denote the statistical uncertainties for the results
with the default and varied cuts, respectively. If A? ex-

— 2 2 2
ceeds |02, — 0%, 41, we define o7 = \/ A7 =105 = Tsiaal .

stat,i
Otherwise, o, =0. The overall systematic uncertainty is
the quadrature sum of o;/ V12 (or o;/A/3 for the V. vari-
ation), assuming the default and varied-cut results con-
strain the maximum and minimum, regardless of order,
under a flat prior for each source. The final central value
is taken as the mean of the averages of these extremes
across all five sources [24]. The DCA and no, cuts are
the primary sources of systematic error, each typically at
the level of 10% of the corresponding statistical uncer-
tainty. The variations in the rest of the cuts have negli-
gible effects.

III. RESULTS

Figure 4 shows the centrality dependence of (a—h)
NparAY'"? and (i—p) NyaAy'* in AutAu collisions at
vVsyv= 7.7-200 GeV. N, denotes the number of parti-
cipating nucleons [24]. For both observables, the ESS
results (circles) exhibit a substantial reduction compared
with the ensemble averages (squares). While N, Ayiis
aligns with zero in all centrality intervals at all beam en-
ergies, NynAypss is generally finite in mid-central colli-
sions between 10and 20 GeV. Given the approximately
flat centrality dependence in the 20%—50% centrality
range, we perform constant fits to improve the statistical
precision of the integrated result.

Figure 5(a) presents the beam-energy dependence of
Noard Ay %) NpartAyiss , and Ny Ayisk integrated over the
20%-50% centrality range in Au+Au collisions. The
background indicator AyL% is consistent with zero at all
energies, affirming the effectiveness of flow-related back-
ground suppression with the ESS and nonflow back-
ground removal with the spectator plane. At +/syy= 200
GeV, AyLiy is consistent with zero. Similar null results
have been reported in previous research in AutAu colli-
sions at this energy [48, 58]. This helps explain why the
isobar collisions at /syy=200 GeV yield a null result. At
BES-II energies, the ensemble average Np.(Ay''?) re-
mains relatively constant. After the background subtrac-
tion, N,Ayiss reveals a discernible and statistically sig-
nificant charge separation signal at +/syy= 11.5, 14.6,
and 19.6 GeV, with significance levels of 2.5¢0, 30, and
3.20, respectively. The remaining charge separation sig-
nals are consistent with zero at +/syy= 7.7 and 9.2 GeV.
The significance levels at /syy= 17.3 and 27 GeV are
1.30- and 1.10, respectively.

Assuming comparable physics conditions between
vsyv= 10 and 20 GeV, the statistically-weighted aver-
age of N,uAygss over fsyyv= 11.5, 14.6, 17.3, and 19.6

7.7 GeV 9.2 GeV 11.5 GeV 14.6 GeV 17.3 GeV 19.6 GeV 27 GeV 200 GeV
004 Au+Au #(ay"™) e ayl2 | meson-meson
] §a " i S i ioe -5 @ ;¥
iooz-;* 'i* ii ¥ | d '!;i§! . it ’**!! ..**i! 'i.].-igii..
< LI ) * o g H *
= Oi _+_i_+_+{ +_*_§__+_++ ¥+ §§+ {{+++‘1+ +'+—§--§-+{ + Lok Y +-+-§--§++ ’0_._._._§
" I S :(b)1 @l @ @ OO )
fotr™ omiz
o 002 . ] L
k L 0¥ s ® o @
S NSEL IYRTEN IPPSSe: P73 NPT QRPN JRSLR P TS
PR | ] 2 e L £ o e lolB el -oFer. B -6
§0$+1$$+ ey %; e$¢¢‘¢g s ; 9% *¢* B°i$§+‘¢¢%$ R i
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Centrality (%)
Fig. 4. (color online) Centrality dependence of (a~h) N, Ay''"?> and (i-p) N, Ay'*? in AutAu collisions at /syy= 7.7-200 GeV.

Both the ensemble averages (squares) and the ESS results (circles) are presented. The error bars, shaded boxes, and brackets represent
statistical uncertainties, measurement systematics, and uncertainties associated with N,,,,, respectively. The dashed lines represent con-
stant fits over the 20%—-50% centrality range. The shaded bands denote the fit uncertainties.
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c % 5 o ] Figure 6 illustrates the beam-energy dependence of
wol™ T ] Kpeo and x> for 20%-50% Aut+Au collisions. Both x>
= = 02— + i - 132 o
515 ! + ! + ] and k,~ exhibit only weak dependence on beam energy
B T = and are consistent with values of approximately 2.5 and
02i(b) * E 1, respectively. This suggests that a universal coupling
Tk A - between elliptic flow and two-particle correlations can
AT o7 AT 0TARY Y > . :
VSu (GeV) well describe the flow-related background. Accordingly,
112 132 4
Fig. 5.  (color online) (a) Beam-energy dependence of Ay’ and Ay 7" share a common background mechanism,

Npu(Ay'12)y  (full squares), Ny Ayhg (full circles), and
NpanAyid% (open circles) integrated over the 20%-50% cent-
rality range in Au+Au collisions. For comparison, we also add
the results for N, AH(xy, =2.5) (open squares). (b) The cor-
responding ratio of AyLlZ to (Ay!''?). Some points are slightly
shifted horizontally to enhance clarity. The error bars, shaded
boxes, and brackets represent statistical uncertainties, meas-
urement systematics, and uncertainties associated with Ny,
respectively.

GeV is [4.11£0.71(stat.) 0.23(syst.) £ 0.16(Npr)] X 1073,
yielding a 5.40 significance of the-charge separation sig-
nal. In addition, we find a good agreement between
NyarAyiss and Ny AH(kyg = 2.5), indicating that the back-
ground mechanism can be described with a universal
coupling between v, and Aé = dps — Iss.

Figure 5(b) shows the ratio of Ay to (Ay'!?), calcu-
lated for each centrality interval from Fig. 4 and then av-
eraged over the 20%-50% centrality range. The ESS
method identifies that at least 80% of (Ay!'?) arises from
the flow-related background. The remaining charge sep-
aration signal fractions AyLis/(Ay''?) exhibits similar sig-
nificance levels to N, Ayfss and are 2.80, 30, and 3.20-
at /syv=11.5, 14.6, and 19.6 GeV. This ratio at +/syy=
200 GeV is —0.015+0.051(stat.) +0.031(syst.), compat-
ible with the upper limit of the CME fraction in Ay''?
(fome) reported for isobar collisions [20] and Au+Au col-
lisions [48, 58] at +/syy= 200 GeV. At /syy= 27 GeV,
the ratio is consistent with the upper limit of foug estim-
ated from a prior STAR measurement [49].

The prior value «,, =2.5 used in Fig. 5(a) is suppor-
ted by empirical evidence. We estimated the background
coupling constants directly from data, under the assump-
tion that the ESS method removes most flow-related
background contributions. Replacing H''? in Eq. (3) with

Yiss, We obtain

differing only in their coupling strengths. Therefore, once
Ayl is reduced to zero, it is reasonable to infer that the
flow-related background contribution to Ay!''? is likewise
effectively suppressed by the ESS method.

5

£ P Au+Au (20%-50%) TTE
[ meson-meson QR
4 0.2< P, p<1.4 GeV/c, In| <1 .
s ]
T £
er E
S 5]
L E{D‘?“%’% """ e -
O:A T L L L R | L ]

At oY \"6 \“?,(\?\ S &
\'sny (GeV)
Fig. 6.  (color online) Beam-energy dependence of «,* (full

circles) and Kll)gz (open circles) integrated over the 20%—-50%
centrality range in Au+Au collisions. Error bars represent stat-
istical uncertainties, and shaded boxes denote systematic un-
certainties. The dashed lines at 2.5 and 1 are drawn to guide
the eye.

IV. CONCLUSION AND DISCUSSION

In summary, we have presented measurements of
charge separation correlations along the magnetic field
direction using Aut+Au collisions at RHIC from +/syy=
7.7 to 200 GeV energies, with the flow-related back-
ground effectively suppressed. We report a remaining
charge separation signal in mid-central Au+Au collisions,
positive finite with around 3o significance at each of the
center-of-mass energies of +/syy= 11.5, 14.6, and 19.6
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GeV. The results at +/syy= 17.3 and 27 GeV also show
positive values but with a lower significance of 1.30- and
1.1o. Below +/syy= 10 GeV or at +/syy= 200 GeV, the
charge separation is consistent with zero. When the data
between +/syy= 10 and 20 GeV are combined, the signi-
ficance rises to 5.40-. Should future theoretical and exper-
imental studies confirm that residual backgrounds are
negligible, these measurements would constitute direct
evidence for local # and CP violation in hot QCD mat-
ter: the first experimental probe of topological vacuum
structure in a non-Abelian gauge theory.

The persistence of the charge separation signal Ayl
in mid-central Au+tAu collisions at beam energies
between +/syy= 10 and 20 GeV, and its absence at both
lower and higher beam energies, warrant additional theor-
etical studies for these energies. Several theoretical mech-
anisms may contribute to this energy dependence. First,
QCD topological vacuum transitions could be amplified
near the conjectured critical point [59]. Second, the mag-
netic field lifetime may be longer at lower +/syy [60],
matching the evolution time scale of the QGP phase,
while at much higher energies the magnetic field,  al-
though stronger initially, would decay too rapidly com-
pared to the QGP formation time to generate an obsery-
able CME [61, 62]. Finally, below +/syy= 10 GeV, chir-
al symmetry restoration may be incomplete [63], weaken-
ing a key requirement for the CME, and the BES-II pro-
gram does not have enough statistics at the low energy re-

gion to be conclusive.

The absence of a definitive CME signal at top RHIC
and LHC energies [38, 64] provides constraints on the
dynamical evolution of the magnetic field during the
QGP phase. While both the magnetic field strength and
chirality imbalance are expected to exhibit strong beam-
energy dependence, the extracted flow-background coup-
ling constants appear approximately universal, with
Kpe- ~2.5 and k}* ~ 1. The electric charge separations ob-
tained using the ESS method and the H correlator show
excellent consistency.

These results place quantitative constraints on the
magnetic field evolution in a QGP and the anomaly-driv-
en charge transport at lower RHIC energies, providing the
missing input for theoretical descriptions. They may also
stimulate more searches for novel QCD phenomena, such
as the chiral magnetic wave [65] inside QGP. Beyond
heavy-ion collisions, it may inform the role of anomaly
currents in systems ranging from the early Universe to
strongly magnetized astrophysical matter, such as neut-
ron stars [66, 67], which highlight the universal proper-
ties of chiral matter and topology in quantum many-body
systems.
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