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Abstract: The scaling properties of the Ay correlator, guided by calculations from the
Anomalous Viscous Fluid Dynamics (AVFD) model, are used to investigate charge
separation in p+Au, d+Au, Ru+Ru, Zr+Zr, and Au+Au collisions at /s\w=200 GeV, and in
p+Pb and Pb+Pb collisions at /sw=5.02 and 2.76 TeV. The ratio Ay/v2, where v; is the
elliptic-flow coefficient, exhibits a common approximate 1/Nc, scaling behavior for p+Au,
d+Au, p+Pb, and Pb+Pb collisions, establishing a common multiplicity-dilution baseline for
background-driven charge correlations. In contrast, Ru+Ru, Zr+Zr, and Au+Au collisions
show significant deviations from this scaling trend. These violations are qualitatively
similar to those obtained in AVFD calculations with an input chiral magnetic effect (CME)
signal and point to an additional charge-separation component beyond that expected from
the observed background scaling. Quantitative estimates indicate that, in mid-central
collisions, the corresponding CME-sensitive fraction of the measured Ay/vy is
approximately 27% for Au+Au collisions and roughly a factor of two smaller for Ru+Ru and
Zr+Zr collisions, which exhibit similar magnitudes within uncertainties. The extracted
magnitudes imply an expected Ru+Ru-Zr+Zr signal difference of only ~1.3%, suggesting
limited sensitivity of the Ay correlator to the small difference expected between the
isobar signals.
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In relativistic ion-ion collisions, metastable domains of gluon fields with non-trivial
topological configurations [1,2] can form in the magnetized chiral quark-gluon plasma (QGP)
[3-7]. The incoming ions generate a strong magnetic field, B, at early times [8,9]. The
interaction of chiral quarks with topological gluon fields can produce an imbalance between
left- and right-handed quarks, leading to an electric current Jy=(N. eB/2m?)ua along the
magnetic-field direction. Here, N. is the color factor, and pa is the axial chemical potential
that quantifies the axial charge imbalance [10-13]. The resulting final-state charge
separation, known as the chiral magnetic effect (CME) [3], is of considerable interest, but
its experimental characterization is complicated by large charge-dependent background
correlations.

The charge separation can be quantified through the first P-odd sine coefficient, a,
in the Fourier decomposition of the charged-particle azimuthal distribution [14],

d;\-:;h «1+ 2§[vncos(nA¢>) + a,sin(nAg) + -]

(1)
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where Agp=¢p-Wrp is the particle azimuthal angle relative to the reaction-plane angle
Wre, and v, and a, denote the P-even and P-odd Fourier coefficients, respectively. A direct
measurement of a; is not possible because of the global P and CP symmetry of QCD.
However, its fluctuations, characterized by a:=(a:%)"’?, can be accessed via charge-sensitive
observables, most notably the y correlator [14].

The y correlator is defined as

Yag = (COS (o + P — 2W3)), Ay =Yos — ¥ss
(2)

where W, denotes the second-order event-plane angle, ¢ denotes the particle
azimuthal emission angle, a,B denote the electric charge (+) or (-), and OS and SS represent
opposite-sign and same-sign charge pairs, respectively. Equivalently, the three-particle
correlation method [14-16] evaluates the correlator as

COs (o + Pp — 2¢x)
Vop = 20 P07200) Ay = yos — s

3)

where @ is the azimuthal angle of a third particle kK used to estimate W,, and vy« is
the corresponding elliptic-flow resolution factor.

Experimental measurements indicate significant Ay in p+Au, d+Au, Ru+Ru, Zr+Zr, and
Au+Au collisions at RHIC [15-21], and in p+Pb and Pb+Pb collisions at the LHC [22-26].
However, in addition to a possible CME-driven signal, the measured Ay contains substantial
charge-dependent background correlations arising from sources such as local charge
conservation, resonance decays, and other non-flow effects [14,27-31]. Because many
background sources involve correlations among a finite subset of particles embedded within
a much larger event, their contribution to Ay/v; is expected to undergo multiplicity dilution
and exhibit a near-1/Nq scaling behavior that is largely insensitive to the specific
microscopic origin of the correlations. A generalized empirical form for quantifying possible
departures from this baseline scaling is

_b_
N ¢

=a+

(4)

where a is an effective offset, b sets the magnitude of the multiplicity-dependent
contribution, and c characterizes the degree of scaling violation. For background-dominated
charge separation, c=0 recovers the expected near-1/Nc scaling of Ay/v,. Positive values of
¢ indicate deviations from this background scaling and point to an additional charge-
separation component beyond that expected from multiplicity dilution alone.

The AVFD model [32,33] is used to provide a benchmark for the scaling patterns
expected for background and signal+background contributions to Ay/v; in A+A collisions.
The resulting scaling patterns are then compared with those from previously published
measurements for p+Au, d+Au, Ru+Ru, Zr+Zr, and Au+Au collisions at RHIC [15-21], together
with p+Pb and Pb+Pb collisions at the LHC [22-25]. The CME signal is expected to be strongly
suppressed in p(d)+A collisions because the magnetic field is significantly reduced and the
event plane is only weakly correlated with the impact parameter and the magnetic-field
direction [34-36]. At the same time, these systems contain substantial charge-dependent
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background correlations. Accordingly, the observed scaling properties of Ay/v; in p(d)+A
collisions provide an important experimental benchmark for validating the expected
multiplicity-dilution scaling of background-driven charge correlations. Comparisons with
larger collision systems then allow this scaling baseline to be tested across markedly
different collision geometries and particle-production environments.

The AVFD model provides an essential benchmark for assessing the expected scaling
behavior of the background and signal+background contributions to Ay/v,. The model
simulates charge separation arising from the combined effects of the CME and charge-
dependent backgrounds [33,32]. In brief, the event-by-event version of AVFD employs Monte
Carlo Glauber initial conditions to simulate the evolution of fermion currents in the QGP,
coupled to the bulk medium evolution implemented with the VISHNU hydrodynamic
framework [37], followed by a hadronic transport stage modeled with URQMD. Background-
driven charge-dependent correlations arise primarily from local charge conservation (LCC)
on the freeze-out hypersurface and resonance decays. The CME signal is generated through
the combined action of a time-dependent magnetic field, B(t)=Bo/[1+(t/18)*], and a nonzero
initial axial charge density ns/s, which induces an electric current along the magnetic-field
direction. The peak magnetic-field values By are obtained from event-by-event simulations
[38], and a relatively conservative lifetime 13=0.6 fm/c is employed. The initial axial charge
density, arising from topological gluonic fluctuations in the early-time glasma, together with
the LCC fraction, controls the relative magnitudes of the CME signal and the background
correlations.

Simulated AVFD events were generated for a broad range of centralities and input
values of ns/s and LCC fraction to establish the expected scaling patterns for background-
only and signal+background contributions to Ay/v;, and to quantify the scaling violations
expected when a CME component is present. Together with the experimentally observed
scaling in background-dominated collision systems, these calculations provide a benchmark
for interpreting the scaling properties of the experimental measurements.
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FIG. 1: Ay/v; versus 1/Nch (a) and fcwe versus 1/Nch (b) for simulated Au+Au collisions at
Jsnn = 200 GeV obtained with the AVFD model. The Ay/v; results are shown separately
for the background and signal+background contributions as indicated. The dashed line
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in (a) is a linear fit to the background values and illustrates the expected 1/Nc scaling
associated with multiplicity dilution of charge-dependent background correlations. The
fcue values in (b), obtained from Eq. (5), quantify the CME-sensitive fraction of the
total charge-separation signal in the model calculations.

The centrality dependence of the Ay/v, values obtained from AVFD events is
summarized for Au+Au collisions in Fig. 1. To highlight the scaling behavior of the
background, Ay/v; is plotted as a function of 1/Nc. The solid triangles in Fig. 1(a) show that
the background contribution follows the expected 1/Ncn dependence associated with the
multiplicity dilution of charge-dependent non-flow correlations, corresponding to the
limiting case c=0 in Eq. (4). By contrast, the signal+background results exhibit positive
deviations from this scaling behavior, consistent with the scaling violations characterized
by c>0. In the AVFD framework, these deviations arise from the input CME signal and
therefore provide a benchmark for assessing how CME-driven charge separation manifests
as a violation of the background-scaling baseline. The magnitude of the CME-sensitive
component can be quantified through the fraction

f __ [Aylva(Sig. +Bkg.) — Ay/va(Bkg. )]
CME = [Ay/v2(5ig. + BKg. )]

)

which is shown as a function of 1/N¢, in Fig. 1(b). The figure indicates fcwe=30% for
30-40% central Au+Au collisions, providing a useful benchmark for the sensitivity of the Ay
correlator to CME-driven charge separation with input parameters ns/s=0.1 and LCC=33%.
Figure 1(b) also shows that the fcwe values peak in mid-central collisions but approach zero
for both large and small N, corresponding to central and peripheral collisions, respectively.
This behavior indicates comparable background and signal+background values of Ay/v; in
these regions and motivates the use of the central and peripheral measurements as anchors
for constraining the background contribution over the full centrality range.

The scaling patterns in Fig. 1(a) suggest that the observation of approximate 1/Ncs
scaling in experimental Ay/v; measurements would provide strong evidence that the
measured charge separation is dominated by background-driven correlations. Conversely,
significant deviations from this scaling could indicate an additional charge-separation
component beyond that expected from multiplicity dilution alone. In the AVFD framework,
such deviations arise from the input CME signal and therefore serve as a benchmark for
assessing the scaling method's sensitivity to CME-driven charge separation.

Figure 1(b) also shows that the inferred fcue values become small in both central and
peripheral collisions, indicating comparable background and signal+background values of
Ay/v; in these regions. This behavior is consistent with the expected reduction of the
magnetic field in central collisions and the substantial decorrelation between the event
plane and the magnetic-field direction in peripheral collisions. Consequently, the Ay/v;
measurements in the central and peripheral regions provide natural anchors for constraining
the background contribution through the observed 1/Nc scaling. If residual CME-sensitive
contributions remain in these anchoring regions, they would tend to increase the inferred
background level and therefore render the extracted excess component conservative.
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The v; and Ay values reported for p+Au, d+Au, Ru+Ru, Zr+Zr, and Au+Au collisions at
RHIC [15-17,19-21], together with p+Pb and Pb+Pb collisions at the LHC [23-26], were used
to investigate the scaling properties of Ay/v,. Figure 2 shows the results for p+Pb and Pb+Pb
collisions at /snn=5.02 TeV. The measurements exhibit a common approximate 1/Nc, scaling
behavior over a broad multiplicity range, consistent with the expected multiplicity dilution
of background-driven charge correlations. The p+Pb results provide an important validation
benchmark because CME-driven charge separation is expected to be strongly suppressed in
these collisions. The observed scaling therefore indicates that the substantial and
multifaceted charge-dependent backgrounds present in p+Pb collisions follow the expected
multiplicity-dilution behavior and do not generate significant violations of the 1/Nc scaling.
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FIG. 2: Ay/v; versus 1/Nc, for p+Pb (a) and Pb+Pb [(b) and (c)] collisions at /sxy = 5.02
TeV. The dashed lines indicate the expected 1/N., scaling behavior associated with
multiplicity dilution of charge-dependent background correlations and provide an
estimate of the background contribution. The observed scaling behavior in both p+Pb
and Pb+Pb collisions indicates no significant scaling violation over the measured
multiplicity range. The data are taken from Refs. [24-26].

The observation of the same scaling behavior in Pb+Pb collisions, despite their
markedly different geometry and particle-production environment, suggests that any CME-
sensitive contribution to the measured charge separation is small compared to the dominant
background-driven correlations. A similar conclusion is supported by the results shown in
Fig. 3 for Pb+Pb collisions at /snw=2.76 TeV. These measurements were obtained with event-
shape selection based on fractional cuts of the magnitude of the q; flow-vector distribution
[39], thereby selecting event classes with substantially different elliptic-flow magnitudes
that reflect differences in the underlying initial geometry. The corresponding q; selections
are indicated in the figure. Despite these variations, the measurements remain consistent
with the same approximate 1/Nc scaling behavior established by the p+Pb measurements,
providing additional support for the robustness and universality of the multiplicity-dilution
scaling expected for background-driven charge correlations.
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FIG. 3: Ay/v; versus 1/Nc, for qz-selected Pb+Pb collisions at /sxy = 2.76 TeV. The
dashed lines indicate the expected 1/Nc scaling behavior associated with multiplicity
dilution of charge-dependent background correlations and provide an estimate of the

background contribution. The measurements remain consistent with the observed

scaling trend across the different event-shape selections. The data are taken from Ref.
[23].

The scaling results for RHIC collisions at /sw=200 GeV are shown in Figs. 4 and 5.
The results for d+Au collisions exhibit the same approximate 1/N¢ scaling observed for p+Pb
collisions [cf. Fig. 2(a)], consistent with the expectation that CME-driven charge separation
is strongly suppressed in p(d)+A collisions. Similar scaling behavior is observed for p+Au
collisions (not shown), albeit with larger statistical uncertainties. Together with the p+Pb
and Pb+Pb results, these measurements establish a common multiplicity-dilution scaling
baseline for background-driven charge separation. In contrast, the measurements for Au+Au
[Fig. 4(b)], Ru+Ru [Fig. 5(a)], and Zr+Zr [Fig. 5(c)] exhibit visible deviations from this
common 1/N¢ scaling trend. The observed scaling violations are qualitatively similar to
those obtained for the signal+background AVFD calculations shown in Fig. 1(a), indicating
the presence of an additional charge-separation component beyond that expected from the
observed background scaling.
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FIG. 4: Ay/v; versus 1/Nc» [(@) and (b)] and the extracted fcwe versus centrality (c) for
d+Au and Au+Au collisions at /syy = 200 GeV. Panel (a) provides an experimental
benchmark for the expected background scaling. The dotted and dashed lines indicate
the expected 1/Nc scaling behavior associated with multiplicity dilution of charge-
dependent background correlations and provide estimates of the background
contribution. The fcue values shown in panel (c), obtained from Eq. (5), quantify the
extracted CME-sensitive fraction for Au+Au collisions as a function of centrality.

To quantify the magnitude of this additional component, fcwe [Eq. (5)] is evaluated
following an estimate of the background contribution to Ay/v,. As discussed previously, the
background estimate is constrained by the approximately 1/Nc scaling observed in the
central and peripheral measurements, with both the AVFD calculations and the data
indicating minimal CME contributions. Together with the common multiplicity-dilution
scaling established by the p(d)+A, p+Pb, and Pb+Pb measurements and supported by the
AVFD calculations, these central and peripheral measurements provide anchor points for
estimating the background contribution over the full centrality range; see Figs. 1(a), 2(a),
and 4(a). The resulting background estimates are indicated by the dashed lines in Figs. 4(b),
5(a), and 5(c). The extracted fcue values are shown as a function of centrality in Figs. 4(c),
5(b), and 5(d) for Au+Au, Ru+Ru, and Zr+Zr collisions, respectively. They indicate a non-
negligible CME-sensitive component that varies with centrality. For mid-central Au+Au
collisions, fcwe=27%, approximately a factor of two larger than the values obtained for Ru+Ru
and Zr+Zr. Within the quoted uncertainties, no significant difference is observed between
the fcme values for Ru+Ru and Zr+Zr, suggesting that the Ay correlator is sensitive to CME-
driven charge separation in isobaric systems but may lack sufficient sensitivity to resolve
the expected difference in their signal strengths [21]. An estimate based on the extracted
fcwe magnitudes and the expected ~10% difference in CME signal strength between Ru+Ru
and Zr+Zr collisions [21] indicates an observable difference of only ~1.3%, well below the
current experimental uncertainties.
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FIG. 5: Ay/vz vs. 1/Nch [(@) and (c)] and feme vs. centrality [(b) and (d)] for Ru+Ru and
Zr+Zr collisions at /sy = 200 GeV. The dashed lines indicate an estimate of the
background contributions. The fcue values in (b) and (d) characterize the fraction of
the charge separation which is CME-driven (cf. Eq. 5). The data are taken from Ref.
[21].

In summary, the scaling properties of the Ay correlator provide new constraints on
the origin of charge separation across several collision systems at RHIC and the LHC. The
ratio Ay/v; for p+Au and d+Au collisions at /s\w=200 GeV, together with p+Pb collisions at
/sw=5.02 TeV and Pb+Pb collisions at /sww=5.02 and 2.76 TeV, exhibits a common
approximate 1/N¢ scaling behavior consistent with the expected multiplicity dilution of
background-driven charge correlations. These measurements establish a common scaling
baseline for background-driven charge separation across collision systems with markedly
different geometries, particle-production environments, and background compositions. In
contrast, the measurements for Ru+Ru, Zr+Zr, and Au+Au collisions show significant
deviations from this common scaling trend. The observed scaling violations are qualitatively
similar to those obtained in AVFD calculations with an input CME signal and point to an
additional charge-separation component beyond that expected from the observed
background scaling. Quantitative estimates of this component indicate that the
corresponding CME-sensitive fraction of the measured Ay/v; signal is approximately 27% for
mid-central Au+Au collisions and roughly a factor of two smaller for Ru+Ru and Zr+Zr
collisions, which exhibit similar magnitudes within uncertainties. The extracted magnitudes
imply an expected Ru+Ru-Zr+Zr signal difference of only ~1.3%, suggesting that, while the
Ay correlator can detect a CME-related component in the isobar systems, it may lack
sufficient sensitivity to resolve the small difference expected between their signal
strengths.
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