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Under the approximate chiral symmetry restoration, quark interactions with topological gluon fields in
quantum chromodynamics can induce a chirality imbalance and parity violation in local domains. An
electric charge separation (CS) could be generated along the direction of a strong magnetic field (B), a
phenomenon called the chiral magnetic effect (CME). CS measurements by azimuthal correlators are

contaminated by major backgrounds from elliptic flow anisotropy (v,). Isobaric 3Ru + J$Ru and 35Zr +

25Zr collisions have been proposed to identify the CME (expected to differ between the two systems) out of
the backgrounds (to be almost the same). We show, by using the density functional theory calculations
of the proton and neutron distributions, that these expectations may not hold as originally anticipated
because the two systems may have sizable differences in eccentricity and v,.

DOI: 10.1103/PhysRevLett.121.022301

Introduction.—Because of vacuum fluctuations, topo-
logical gluon fields can emerge in quantum chromody-
namics (QCD) [1]. The interactions of quarks with those
gluon fields can induce chirality imbalance and parity
violation in local domains under the approximate
chiral symmetry restoration [1-4], likely achieved in
relativistic heavy ion collisions (HICs) at BNL’s
Relativistic Heavy Ion Collider (RHIC) [5-8] and
CERN’s Large Hadron Collider (LHC) [9]. A chirality
imbalance could lead to an electric current, or charge
separation (CS), in the direction of a strong magnetic
field (B) [4]. This phenomenon is called the chiral
magnetic effect (CME) [10]. Searching for the CME is
one of the most active areas of research in HICs [11-19].
The CME is not specific to QCD, but is a macroscopic
phenomenon generally arising from quantum anomalies
[20]. It is a subject of interest for a wide range of physics
communities; such phenomena have been observed in
magnetized relativistic matter in three-dimensional Dirac
and Weyl materials [21-23].

In HICs, the CS is commonly measured by the three-
point correlator [24], y = cos(¢, + ¢ — 2wgp), Where ¢,
and ¢y are the azimuthal angles of two charged particles,
and wprp is that of the reaction plane (RP, spanned by the
impact parameter and beam directions) to which the B
produced by the incoming protons is perpendicular on
average [25-28]. Often a third particle azimuthal angle is
used in place of wgp with a resolution correction [11,12].
Because of charge-independent backgrounds, such as
correlations from global momentum conservation, the

0031-9007/18/121(2)/022301(6)

022301-1

correlator difference between opposite-sign (OS) and
same-sign (SS) pairs, Ay =yos — 7ss, is used. Positive
Ay signals, consistent with the CME-induced CS
perpendicular to the RP, have been observed [11-15].
The signals are, however, inconclusive because of a large
charge-dependent background arising from particle corre-
lations (e.g., resonance decays) coupled with the elliptic
flow anisotropy (v,) [29-31]. Take p° — ztz~ as an
example [24,32]. Because of the v, of p, more OS pairs
align in the RP than B direction, leading to a sizable signal:
Ay o (cos(a + p —2¢,) cos2(¢, — wgp)) x v5, [32]. In
other words, the yog variable is ambiguous between a
CME-induced back-to-back pair (CS) perpendicular to the
RP and a resonance-decay pair (charge alignment) along
the RP [16,29,30].

There have been many attempts to reduce or eliminate
the v,-induced backgrounds [16,32-35]. STAR [16] found
a charge asymmetry signal to linearly depend on the event-
by-event v, of final-state particles, suggesting a back-
ground dominance. CMS [18] and ALICE [19] divided
their data from each collision centrality according to their
event-by-event v, and found the Ay signal to be propor-
tional to v,, consistent with a null CME.

To better control the background, isobaric collisions of
29Ru + %Ru (RuRu) and 35Zr + 58Zr (ZrZr) have been
proposed [36]. One expects their backgrounds to be almost
equal because of the same mass number, while the atomic
numbers, hence B, differ by 10%. This is verified by
Monte Carlo-Glauber (MCG) calculations [37] using the
Woods-Saxon (WS) density profile,
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pws(r.0) o< (1 +exp[{r = Ro[1 + p,Y3(0)]}/a])™". (1)

where Ry = 5.085 and 5.020 fm are used for Ru and Zr,
respectively, @ = 0.46 fm, and Y9 is a spherical harmonic.
The deformity quadrupole parameter f, has large uncer-
tainties; current knowledge suggests two contradicting sets
of values [37], 0.158 (Ru) and 0.080 (Zr) [38,39] vis-a-vis
0.053 (Ru) and 0.217 (Zr) [40—-42]. This would yield a less
than +2% difference in eccentricity (¢,), hence a residual
v, background, between RuRu and ZrZr collisions in the
20%-60% centrality range [37]. B2, to which the CME
strength in Ay is proportional, differs by approximately
15% (not the simple 19% because of the slightly smaller R,
value used for Zr than Ru) [37]. As a net result, the CME
signal-to-background ratio would be improved by over a
factor of 7 in comparative measurements between RuRu
and ZrZr collisions than in each of them individually [37].
The isobaric collisions are planned for 2018 at the RHIC;
they would yield a CME signal of 5¢ significance with
the projected data volume, if one assumes that the CME
contributes 1/3 of the current Ay measurement in AuAu
collisions [37].

However, there can be non-negligible deviations of the
Ru and Zr nuclear densities from WS. The purpose of this
Letter is to investigate those deviations and their effects on
the sensitivity of isobaric collisions for the CME search.

Nuclear densities.—Because of the different numbers of
protons—which suffer from Coulomb repulsion—and neu-
trons, the structures of the 33Ru and 35Zr nuclei must not be
identical. Measurements of their charge and mass densities
are, however, scarce [37-39]. Their knowledge requires
theoretical calculations [40—43]. Much of the theoretical
understanding of proton and neutron distributions in nuclei
have come, so far, from density functional theory (DFT)
[44,45]. While ab initio methods have been employed to
calculate nuclear structures up to “*Ca [46,47], DFT is at
present the only microscopic approach that can be applied
throughout the entire nuclear chart [48]. It employs
energy density functionals that incorporate complex
many-body correlations into functionals that are primarily
constrained by global nuclear properties, such as binding
energies and radii [44—46]. By using DFT, we calculate the
Ru and Zr proton and neutron distributions using the
well-known SLy4 mean field [49], including pairing
correlations [Hartree-Fock-Bogoliubov (HFB) approach]
[43,44,50,51]. The calculated ground-state proton and
nucleon (proton + neutron) densities, assumed spherical,
are shown in Fig. 1. Protons in Zr are more concentrated in
the core, while protons in Ru, 10% more than in Zr, are
pushed more toward outer regions. The neutrons in Zr, four
more than in Ru, are more concentrated in the core, but also
more populated on the nuclear skin.

Theoretical uncertainties are estimated by using different
sets of density functionals, SLyS [49] and SkM* [52] for
the mean field, with and without pairing (HFB/HF)

0.1 b

SLy4-HFB

| —96Ru (p)
r —96Zr (p)
I —-96Ru (n)
| —-96Zr (n)
0 PSR T NN ST S T NN S S L
0 2 4 6 8
r (fm)

FIG. 1. Proton and neutron density distributions of the j5Ru and
25Zr nuclei, assumed spherical, calculated by the DFT method.

[44,50,51], and found to be small. The deformities of
Ru and Zr are uncertain, allowed by a wide range of
possibilities [37-42]. Our DFT calculations indicate that
their ground states are soft against deformation and can be
nearly spherical. Their densities are calculated with the
allowed extreme values of 3, (0.158 for Ruand 0.217 for Zr
[38—42]). They yield the largest uncertainties on our results.

Eccentricity and magnetic field—The e, of the trans-
verse overlap geometry in RuRu and ZrZr collisions is
calculated event by event with MCG [53-57], using the
nucleon densities in Fig. 1, by

ex{Wpp ey = (rie®)/(r]). (2)

Here (...) denotes the per-event average; (r | ,¢,) is the polar
coordinate of each initial participant nucleon in the trans-
verse plane, whose origin r = 0 is taken to be the center of
mass of all participant nucleons. The ¢, is the average over
many events, e {ypp} = (€2{wpp}ew). The nucleon-
nucleon cross section is taken to be 42 mb [56,58] with
the “Gaussian” approach [55]; a minimum nucleon-nucleon
separation of 0.4 fm is required [56,58]. Uncertainties on
these values have a negligible effect on our results. The
e>{ypp} is the eccentricity with respect to the participant
plane (PP). Because of the finite number effect, the PP
azimuthal angle wpp fluctuates about the RP azimuthal
angle, wgp (fixed at 0) [53]; the €, of the averaged overlap
geometry is

ex{wrp} = (e2{wpp} cos 2(wpp — yrp)). (3)

The e,{wpp} and e,{wgrp} calculated using the DFT
densities are shown in Fig. 2(a) as functions of the impact
parameter (b).

B(r,7 = 0) is calculated for RuRu and ZrZr collisions
using the proton densities in Fig. 1. The calculations follow
Refs. [27,59], with a finite proton radius (0.88 fm [59] is
used but the numeric value is not critical) to avoid the
singularity at zero relative distance. The relevant quantity
[37] for the CME strength in a Ay measurement, with
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FIG. 3. Relative differences between RuRu and ZrZr collisions
respect to an azimuth w, is the event average I e{y} and By{y} with respect to (2) y =ygp and
B—p — B v & (b) w = wpp, using the DFT densities in Fig. 1. The shaded

Sq{l//} = < Sq{l//}evt>’ areas correspond to DFT density uncertainties from Ru and Zr
deformities; the hatched areas show the corresponding results
By }en = / N3 (1) (eB(r,0)/m2)> cos 2yp —y)dr ~ Sine WS ol Ea- (D).

/ / N2 (1), @)

where Np,(r) is the transverse density of participant
nucleons. The average is weighted by Npan because Ay
is a pairwise observable; our results are, however, only
weakly sensitive to the Np,-weighting power. Figure 2(b)
shows By {wrp} and By {wpp} calculated using the DFT
densities. Since B in noncentral HICs comes primarily
from the spectator protons, its event-averaged direction is
perpendicular to ygp, not wpp. By {wpp} is a projection of
and hence always smaller than By, {wgp}, in contrast to the
case for ¢, in Eq. (3).

For the CME search with isobaric collisions, the relative
differences in €, and B_Sq are of importance. Figure 3
shows the relative differences R(e;{wpp}), R(e2{wrp})s
R(By{wpp}), and R(By {wrp}); R(X) is defined as [37]

R(X) =

2(Xrury — X7:70)/ Xruru + Xze71) (5)

where Xg,r, and Xz, are the X values in RuRu and ZrZr
collisions, respectively. The thick solid curves are the
default results with the DFT densities in Fig. 1. The shaded
areas correspond to theoretical uncertainties bracketed by
the two DFT density cases, where Ru is deformed with
P> = 0.158 and Zr is spherical, and where Ru is spherical
and Zr is deformed with f, = 0.217. The hatched areas
represent our results using WS densities in Eq. (1) with the
above two cases of nuclear deformities.

Event plane and elliptic anisotropy.—We investigate
whether our density profiles would, in a dynamical model,
lead to a final-state v, difference between RuRu and
ZrZr collisions and whether the BTq difference preserves
with respect to the event plane (EP) reconstructed from the

final-state particle momenta. We employ a multiphase
transport (AMPT) model with “string melting” [60,61],
which can reasonably reproduce heavy ion bulk data at
the RHIC and the LHC [62,63]. The initial condition of
AMPT is taken from HUING [64]. We implement our DFT
nuclear densities into the HUING component in AMPT. The
string-melting AMPT converts the HIJING-produced initial
hadrons into their valence quarks [60,61], which further
evolve via two-body elastic scatterings [65]. The Debye—
screened differential cross section do/dt « o2 /(t — u3)?
[61] is used, with strong coupling constant a;, = 0.33 and
screening mass yp = 2.265/fm (so the total cross section is
o = 3 mb). After quarks stop interacting, a simple coa-
lescence model is applied to describe the hadronization
process that converts quarks into hadrons [61]. We switch
off subsequent hadronic scatterings in AMPT, as was
done in Refs. [35,66]; while responsible for the majority
of the v, mass splitting, they are not important for the v,
magnitude [67,68].

The multiphase transport version and parameter values
used in the present Letter are the same as those used earlier
for RHIC collisions in [62,63,67-69]. A total on the order
of 5x 10° minimum-bias events each is simulated for
RuRu and ZrZr collisions with b from 0 to 12 fm. The
charged particle (hereafter referring to z*, K*, p, and p
within pseudorapidity |n| < 1) multiplicity (N,) distribu-
tion in RuRu has a slightly higher tail than that in ZrZr. The
difference is insignificant; for example, the 20%-60%
centrality corresponds to the N range of 62-273 and
61-271 in RuRu and ZrZr, respectively.

The EP azimuthal angle is reconstructed similar to
Eq. (2), v{yiS}e e = (e?), but with final-state
charged particle azimuthal angle ¢ in momentum space.
The v, is corrected by the EP resolution (Rgp), v2{wgp} =
(v2{yis tevt)/Rep [70]. The v, with respect to the RP is
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simply given by wv,{wgp} = (c0s2(¢ —wrp)), Where
wrp = 0 is fixed. The v,{wgp} and v,{wgp} are found
to follow the b dependence of the eccentricities calculated
in AMPT (which are consistent with those from our
MCG). B(r,7=0) is also computed from the initial
incoming protons in AMPT, as done in MCG, for

B_sq{ll/RP} and B_sq{ll/EP} EB—sq{‘l/gig /Rep- B_sq{V/RP} is

consistent with that calculated by MCG; By {ygp } is found
to be similar to By {wpp}. Figure 4 shows R(v,{wrp}).

R(v2{wep}). R(Bsy{wrr}), and R(Bs{wgp}) from AMPT
as functions of centrality, determined from the N, dis-
tributions. The general trends are similar to those in Fig. 3.

Discussions and Summary.—Isobaric RuRu and ZrZr
collisions were proposed to help search for the CME for
their expected different B and equal ¢, [36]. These expect-
ations are qualitatively verified by MCG calculations using
WS in Eq. (1) [37]. We have generally reproduced those
results with our MCG, which are shown as the hatched
areas in Fig. 3. Our B—Sq is an average over the transverse
overlap area, while in Ref. [37] it is that at (0, 0). The
RuRu-ZrZr differences in these two B_Sq quantities are less
similar for our DFT calculated densities than for the more
regular WS.

R(By{yrp}) is slightly smaller for the DFT density
profiles than for WS at small b. This is consistent with the
hierarchy in the charge radii differences between Ru and

Zr: \/(r*) = 4.327 and 4.271 fm from DFT and those from
Eq. (1). The Zr mass radius (4.366 fm from DFT) is, on the
other hand, not smaller than Ru’s (4.343 fm), making the
N, distribution tail in RuRu slightly higher than in ZrZr,
opposite to that in Ref. [37]. For CS measurements with
respect to the second order harmonic EP, however, it is the
By {wpp}, not the B {ygp}, that matters. R(By{wpp})
from the DFT densities is larger than its WS counterpart. It
is interesting to note that R(By, {wpp}) is always larger than

03F =By} o valyy}
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FIG. 4. Relative differences between RuRu and ZrZr collisions
as functions of centrality in v,{w} (of charged particles in
In| < 1) and By {w} with respect to y = wgp and ypp, simulated
by AMPT with the DFT densities in Fig. 1.

R(By{yrp}); it is found to arise from a better alignment of
wpp With wgp in RuRu, by about 10%, than in ZrZr. This is
because the Ru mass density outweighs the Zr’s in the outer
region, while Zr is more concentrated at the core, making
the ypp better determined in RuRu than in ZrZr.

The DFT calculated densities introduce a large e, {wgp }
difference, as large as that in B {wgp}. This means that,
with respect to RP, the premise of isobaric collisions to help
identify the CME does not hold. The DFT calculated
densities introduce a sizable e,{wpp} difference, up to
R(ex{wpp}) #3.7% at b ~ 5 fm [Fig. 3(b), dashed curves],
and an average v, difference R(v,{ygp}) ~ 2.7 £0.1% in
20%—-60% centrality (Fig. 4, filled circles). Although this
v, difference is significantly smaller than the difference in
the magnetic field, it can have a sizable effect on the isobar
difference because of the background dominance in the
experimental Ay measurement. For example, suppose 10%
of the measured Ay comes from the CME signal, then the
B_Sq difference of 20% would introduce only a 2% effect,
while the v, difference gives a 2.4% effect. In other words,
one could measure a 4.4% isobar difference in Ay, out of
which more than half is due to background. The sizable
ex{ywpp} and v,{wgp} difference weakens the power of
isobaric collisions to search for the CME. A direct
calculation of the y correlators with realistic backgrounds
and an assumed CME signal would be valuable to the CME
search. Experimentally the v, will be measured, which
would gauge what the geometry difference is likely to be
between RuRu and ZrZr. Our work suggests that a sizable
v, difference up to ~3% is likely and one needs to carefully
examine v, and Ay measurements in assessing the possible
CME signal.

In summary, topological charge fluctuations are a fun-
damental property of QCD, which could lead to the chiral
magnetic effect and charge separation in relativistic heavy
ion collisions. Experimental CS measurements have suf-
fered from major backgrounds from resonance decays
coupled with elliptic flow anisotropy v,. To reduce back-
ground effects, isobaric j5Ru+ 3$Ru and 35Zr + 35Zr
collisions have been proposed where the v,-induced back-
grounds are expected to be similar while the CME-induced
signals are expected to be different. In this Letter, the
proton and neutron density distributions of j$Ru and 35Zr
are calculated using the energy density functional theory.
They are then implemented in the Monte Carlo—Glauber
model to calculate the eccentricities €, and magnetic fields
B; the DFT densities are implemented in a multiphase
transport model to simulate the v,. It is found that those
nuclear densities, together with the Woods-Saxon densities,
yield wide ranges of differences in By, with respect to the
participant and reaction planes. It is further found that those
nuclear densities introduce, in contrast to WS, comparable

differences in e{wrp} (v2{wrp}) and By {wrp} with
respect to the reaction plane, diminishing the premise of
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isobaric collisions to help identify the CME. With respect
to the participant plane, the e,{wpp} (v2{wgp}) difference
can still be sizable, as large as ~3%, possibly weakening
the power of isobaric collisions for the CME search.
Since the DFT calculation of the matter radius is smaller
for Ru and Zr, the produced particle multiplicity distribution
would have a higher tail in RuRu than in ZrZr, as predicted
by AMPT. This can be checked against results using density
distributions of larger j$Ru than ;5Zr radius, such as WS
densities using charge radii in place of matter radii. We
further predict, using the DFT calculated density distribu-
tions, that the v, difference between RuRu and ZrZr with
respect to the RP is larger than that with respect to the PP by
an absolute 8%, insensitive to uncertainties in the nuclear
deformities, while it is practically zero for WS. This can be
experimentally tested by the upcoming isobaric collisions; a
confirmation would be a good indication of the validity of
the density distributions calculated here for the Ru and Zr
nuclei. Our study would then be a valuable guidance to the
experimental isobaric collision program at the RHIC.
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