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FIG. 2: The toy-model simulations of 2A~112, Ags and Afpp = (ﬁASBF + %'UQAJ) as function of the input a?.
The open markers represent the pure-signal scenario without resonances, and the solid markers denote the scenario
with resonance decays. In comparison, the linear function of 4a? is also added.

and improved to mimic more realistically the impact of a finite charge-correlation length: a new parameter P ¢ is
introduced to characterize the fraction of charged hadrons that are sampled in positive-negative pairs in the same way
as in Ref. [62], while the rest of the hadrons are sampled independently. Varying the parameter Ppcc between 0 and
1 would tune the LCC contributions from none to its maximum. Finally, all the hadrons produced from the freeze-out
hypersurface are further subject to hadron cascades through the UrQMD simulations [63], which account for various
hadron resonance decay processes and automatically include their contributions to the charge-dependent correlations.
The tuning of the EBE-AVFD calculations to the experimental measurements of Ad and A~;12 in Au+Au collisions
suggests that an optimal value of Ppc¢ is around 1/3, and that roughly half of the background correlations come
from LCC and the other half from resonance decays.

IV. CORE-COMPONENT COMPARISONS

We will exploit the toy model and the EBE-AVFD model to simulate the core components of the experimental
observables introduced in Sec. II: A~19 for the 7 correlator, Agy for the R correlator, and Aggp for the signed
balance functions. Our objective is to examine the responses of the core components to the CME signal and the
background, and to verify the relations between these methods (Egs. 21 and 34). For a fair comparison with other
observables, the momentum weighting is not applied in the Aggp results. For simplicity, the true reaction plane is
used in all the simulations in this section. The particles of interest are selected with || < 1 and 0.2 < pr < 2 GeV/c.

A. Toy-model Results

We put the three core components on the same footing, by plotting 2A~112, Ags and Aggp = (%;ASBF + %ngﬁ)
as function of the input a? in Fig. 2 for two scenarios: with and without resonance decays (LCC is not implemented
in the toy model). In the background-free case without decays, the three observables render very similar results (open
markers), all falling on the linear function of 4a$. Therefore, all the three methods are sensitive to the same amount
of the CME signal. When resonance decays are turned on with finite elliptic flow, sizeable background effects appear
besides the pure-signal contributions for all the three approaches (solid markers), more prominent at smaller input
a? values. Note that each final observable can be roughly regarded as a weighted average of the correlations due to
the CME, the resonance background and the cross terms. At unrealistically large a? values, the CME contribution in
an observable could be diluted by the resonance contribution, since the latter becomes smaller than the former. The
three core components exhibit similar responses to the backgrounds due to flowing resonances in this toy model. In
this scenario, there are some subtle differences between the results from these three approaches, probably because of
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FIG. 3: (a) The EBE-AVFD simulations of 2A~112, Az and Afgp = (%;IZASBF + %ngé) as function of ns/s in
30-40% Au+Au collisions at 200 GeV. (b) The same results with the subtraction of the pure-background case vs
(a3, +af_ —2a; 4a;_). In comparison, a linear function of y = z is drawn to verify the relation in Eq. 39.

some higher-order effects omitted in the derivation of Egs. 21 and 34. Although the background contributions depend
on spectra and particularly elliptic flow of resonances [43, 44, 47], to the first order, we expect the three observables
to have similar responses to resonance decays for a wide range of spectra or elliptic flow. A recent study [48] has also
found that the R correlator and the A~;15 correlator have similar sensitivities to the CME signal and the background.

B. EBE-AVFD Results

The EBE-AVFD model implements the CME and the backgrounds in a more realistic way. In the following
simulations, we generate the EBE-AVFD events of 30-40% Au+Au collisions at /syy = 200 GeV, with n5/s =0, 0.1
and 0.2. The background effects almost remain the same, whereas the CME signal is varied according to the input
ns/s. Figure 3(a) presents the corresponding calculations of 2Av112, App and Afg as function of ns/s. The three
methods yield very similar results at each input n5/s value, supporting the relations expressed in Egs. 21 and 34.

With the known reaction plane angle in each EBE-AVFD event, we can readily calculate a4 4, and check if this
CME contribution explains the difference between the cases with different ns/s values. a; 4 is consistent with zero
for n5/s =0, and a1 4 and a; _ are finite with opposite signs for finite ns/s values. Note that ai + and a; _ do not
necessarily have the same magnitude, because the collision system always bears extra positive charges. Based on the
expansion of the ~;12 correlator in Eq. 3 and the equivalence between the three observables, we expect the following
equation for any of these observables, O(ns/s),

Ofns/s)— O(0) = ai , +af _ — 2a4as,_. (39)

Figure 3(b) shows that the results for each observable, after the subtraction of the pure-background case, fall on the
straight line representing the relation in Eq. 39. Thus, the EBE-AVFD calculations reveal the linear superposition
of the CME signal and the background contribution in the experimental observables. This property is implicitly
assumed by most of the analysis techniques that attempt to separate the CME signal and the backgrounds, and it is
now corroborated by the EBE-AVFD model.

The core-component comparison using both the toy model and the EBE-AVFD model support the idea that to the
first order, the three observables are equivalent to each other, with their very similar responses to the CME signal as
well as the backgrounds.
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FIG. 4: EBE-AVFD calculations of 7352(55) (a) and A~112 (b) as functions of ns/s for 30-40% isobaric collisions at
/3NN = 200 GeV, together with the ratio of Avy13 (c) between Ru+Ru and Zr+Zr. In panel (c), the
2"4_order-polynomial fit function illustrates the rising trend starting from (0, 1).
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FIG. 5: EBE-AVFD calculations of °5(%) (a) and Aé (b) as functions of ns/s for 30-40% isobaric collisions at
/3NN = 200 GeV, together with the ratios of Ad (c) between Ru+Ru and Zr+Zr. In panels (c) , the
2"d_order-polynomial fit function is added to demonstrate the rising trend starting from (0, 1).

signal in Ad could be even larger than that in A~;12 measured with respect to the participant plane [59]. This is
because the magnetic field difference between the two isobaric systems is maximal with respect to the reaction plane,
and is reduced when measured otherwise. The EBE-AVFD simulations indeed support this idea: at each ns/s value in
Fig. 5(c), the deviation of the Ad ratio from unity is at the similar level as that of the A~;12 ratio. Since A4 is typically
larger than A~ by an order of magnitude, this similar deviation in their respective ratios indicates a significantly larger
CME effect in Ad than in Avy. A 2"9-order polynomial fit function is added to guide the eye. In view of the smaller
relative statistical uncertainties of Ad than those of Avq12, the former may yield even better significance levels of the
CME signal than the latter in the isobaric-collision data, provided equal background contributions to Aéd in the two
systems. The caveat is that the two-particle correlation background to Aé is significantly larger than that to A, so
any difference in the background between the two isobaric systems would have a stronger impact on Ad. However
likely or unlikely this scenario is to occur, we keep these results for completeness and leave them to the test with
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the real data. Between Ru+Ru and Zr+Zr, the difference in the background contributions to A-;12 may be small,
but could still be finite owing to the possibly different vy values. The normalization of A~;12 by vy would be a more
robust variable for the CME search.
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FIG. 6: EBE-AVFD calculations of v (a), Av112/v2 (c) and k112 (e) as functions of ns/s for 30-40% isobaric
collisions at ,/syn = 200 GeV, together with the ratios of vy (b), Ay112/v2 (d) and 112 (f) between Ru+Ru and
Zr+Zr. In panels (f), the 2"9-order-polynomial fit function illustrates the rising trend starting from (0, 1).

The EBE-AVFD simulations of vy (a) and Av112/vs (c) are presented in Fig. 6 as functions of ng/s for 30-40%
isobaric collisions at /sy = 200 GeV, with the corresponding v3 ratio (b) and A~yi12/vz ratio (d) between Ru+Ru and
Zr+Zr. The vy values are very close to each other between Ru+Ru and Zr+Zr collisions, with the relative difference
at the level of 0.1%. Because of this, the Ru+Ru/Zr+Zr ratio of Av;112/vs in Fig. 6(d) is practically identical to that
of A« in Fig. 4(c). Besides the possible vy difference, the two-particle correlation strengths (which is part of the CME
background) could also differ from Ru+Ru to Zr+Zr collisions. As we mentioned above, although A4 is also sensitive
to the CME, it is overwhelmed by background correlations and thus may be used as an approximate gauge for the
two-particle correlation strength. The additional normalization of A~y;12/vs by Ad in k112 could, therefore, further
suppress this difference, and enhance the sensitivity to the CME signal. There are two potential scenarios where
k112 has the advantage over A~19. First, in reality the Ad ratio may disfavor the CME interpretation, and in that
case, the k112 ratio is less prone to a faked CME signal than the 4719 ratio. Second, Ad may also contain the CME
signal as shown in Fig. 5(c), while the relative statistical uncertainty of A§ is smaller than that of Avi12. In that
case, kISR /KZTHET could yield a larger ratio than Ay Ti3tR"/A4#I%" | with a similar relative statistical uncertainty,
which means a better significance of the CME signal. Indeed, panel (f) also shows a quadratically increasing trend,
with larger magnitudes than panel (d) at finite ns/s values, and the calculated significance values for x5y " /K25 2T
roughly double those for Ay[5™" /Ay %" as documented later in Table II. In general, the EBE-AVFD simulations
show good responses to the signal for AyR5TR JANZIFEr AgRUARY JAFZIHZT gand BIFRY /22T and these promising
features await verification by the isobaric-collision data.

A similar frozen-code analysis is performed for the R(AS;) correlator, and the results are presented in Figure 7.
In order to minimize the influence of the particle number fluctuations, the R(AS;) distribution is converted into
the R(AS;) distribution by dividing the horizontal axis by the RMS of the N(AS5 shusfiea) distribution, i.e., AS; =
ASy/\/((AS2 shusfiea)?). Then AS; is further modified to correct for the event plane resolution, i.e., AS "= AS /ORes,

where Spes is the correction factor whose details can be found in Ref. [54]. Panels (a) and (b) show the R(AS5)
distributions from EBE-AVFD events of 30-40% Ru+Ru and Zr+Zr collisions, respectively, at /sy = 200 GeV with
different n5/s inputs. As ns/s increases, the R(AS;) distribution becomes more concave, qualitatively representing
more CME contributions. To quantify the distribution shape, the Gaussian width (og;) is obtained by fitting each
R(AS,) distribution with an inverse Gaussian function, and the resultant 71 values are listed in panel (c), increasing
with ns/s. The 0521 ratios between Ru+Ru and Zr+Zr are shown in panel (d). According to Eq. 22, cr}_ul is proportional
to Az o [(0z7)°ME + (053)BC]1/2, and hence the o ratio is expected to follow a quadratic trend vs ns/s,
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FIG. 7: Distributions of R(ASj) from EBE-AVFD events of 30-40% Ru+Ru (a) and Zr+Zr (b) at 200 GeV with
different ns/s inputs. Panel (c) lists 0 vs 15/s, extracted from panels (a) and (b), and the g, ratios between
Ru+Ru and Zr+Zr are shown in panel (d), where the 2"%-order-polynomial fit function shows the rising trend
starting from (0, 1).

assuming the CME signal is small compared with the background. We fit the 0'1_2% ratios with a 2"-order polynomial
function starting from (0, 1), though the statistical uncertainties are large. The significance values of these ratios are
stored in Table II for later discussions.

Figure 8 presents the sensitivity study for the signed balance functions. This approach is not part of the STAR
blind analysis, but follows the same procedure as used in the Quark Matter 2019 Conference proceedings [56]. The
observables 7,1, and Ry as defined in Eqgs. 25 and 26 (with pr weighting), respectively, are exhibited in panels (a) and
(c) as function of ns/s from the EBE-AVFD model for 30-40% Ru+Ru and Zr+Zr collisions at y/snn = 200 GeV. The
corresponding ratios between Ru+Ru and Zr+Zr are shown in panels (b) and (d), respectively. r,;, increases with
the CME signal in each isobaric collision. According to Egs. 25 and 34 and the core-component comparisons, r,p is
related to v/A7i12, and therefore the 7., ratio between the two systems should roughly obey a 2"9-order polynomial
function that starts from (0, 1). This relation is demonstrated with the corresponding fit in Fig. 8(b). Panel (d) does
not show a clear trend for the ratio of RR"“"™"/RE" which is not a complete surprise: Rp looks for a higher-order
effect in the difference between 15, and 7est, and thus requires much more statistics than r,p,.

The sensitivity in terms of the statistical significance of (O®3+R1 /OZI+Zr 1) is listed in Table II for the observables,
Av112, A, K112, Tlap and cr}_ul. This table serves as a reference point to interpret the STAR data of the isobaric
collisions. Note that opposite to other observables, the Ad ratio is supposed to be lower than unity in presence of
the CME. Therefore, the more negative the statistical significance of (A§®"+R2/A§%7+2r — 1) the more sensitive
this observable is to the CME signal. The high sensitivities of the Aé ratio reported in Table II could be a special
feature of EBE-AVFD, instead of a universal truth, which awaits verification/falsification of real data. In general,
k112 roughly doubles the sensitivity of A~j12, which, as explained before, should be mostly due to the contribution
of A, and needs to be tested by experimental data.

A~112 and 115, show similar significance values because of the approximate equivalence between them. Note that
neither the toy model nor the EBE-AVFD model takes into account the separate CME domains that, instead of
merging into a global charge separation for the whole event, still move independently from each other in the fireball.
Thus 7, is expected by these models to respond to the CME signal in a similar way as A~;;5 that only deals with
the azimuthal angle. Should the isobaric-collision data show a better sensitivity of ., than that of Avi19, it may
reveal the CME domains undergoing an incomplete hydrodynamic evolution due to its short duration.

In the analysis of the R correlator using the STAR frozen code, O'Eé yields lower significance than other observables,
and this is worth to note in anticipation of the results from the STAR blind analysis. However, this is largely due to two
factors in this particular implementation. First, this analysis uses the sub event plane instead of the full event plane as
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