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We investigate the effect of resonance decays on the three-particle correlator charge separation
observable in search for the chiral magnetic effect, using a simple simulation with realistic inputs.
We find that resonance decays can largely account for the measured signal. We suppress the elliptic
flow (v2) background by using zero event-by-event vz (or via the mixed-event technique). We find
that the background is suppressed, but not eliminated as naively anticipated. We identify the reason
to be the non-identicalness of the resonance and final-state particle’s v2 and the induced correlation
between the transverse momentum dependent resonance v2 and decay angle. We make predictions
for the charge separation signal due to resonance decays in 200 GeV Au+Au collisions.

PACS numbers: 25.75.-q, 25.75.Gz, 25.75.1.d, 25.75.Dw

Introduction. Metastable domains of deconfined
quark matter may form in quantum chromodynam-
ics (QCD) where the topological charge can fluctuate
to non-zero values [1]. Interactions with the topo-
logical charge field would change the overall quark
chirality in those domains where the approximate
chiral symmetry may be restored. These phenom-
ena could arise in relativistic heavy ion collisions [2—
5]. The strong magnetic field produced by the spec-
tator protons in those collisions would then induce
an electric current of the chirality imbalanced quark
matter, resulting in charge separation of final-state
particles—the chiral magnetic effect (CME) [6]. An
observation of the CME-induced charge separation
would confirm a fundamental property of QCD and
is therefore of paramount importance.

Because of the fluctuation nature of the fi-
nite topological charge, the induced charge separa-
tion can only be measured by particle correlation
method. One proposed observable [7] is the three-
particle correlator cos(a+ 8 — 2¢) where «, 8, and ¢
are the azimuthal angles of three particles. The par-
ticle ¢, neglecting all nonflow effects and after res-
olution correction, is a surrogate of the participant
plane gpp [8, 9].

v =cos(a+ B — 2¢pp) . (1)

Charge separation along the magnetic field (E) per-
pendicular to ¥pp on average, would yield different
values of ~ for particle pairs of same-sign (SS) and
opposite-sign (OS) charges: Ay = vos — vss > 0.
A positive A~, referred to as the charge separation
signal, would therefore signal existence of the CME.
There is, however, mundane physics that differ be-
tween SS and OS pairs [10-14]. One such physics is
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resonance decays, such as p° — 7+7~. Because of
resonance elliptic anisotropy (Ug’res), more OS pairs

align in the ¢pp than B direction, an anti-charge
separation along ypp. This would mimic the same
effect as the CME on the Ay variable [7, 15, 16].
This flow background is

A’y X <COS(C¥ + ﬁ - 2¢res) Cos 2(¢res - ¢PP)>
~ <COS(Oé + ﬁ - 2¢res)>v2,res . (2)

Flow anisotropy can be measured by the Q-method:

bs _ _ 1 N 2 .
V3 abye = @*qEp, where @ = 375 e %7 summing

over particles (i.e. those for @ and ) in each event,
and qpp = €%¥EP; ¢pp is called the event plane
(EP), reconstructed from final-state particles, as a
proxy for ¥pp that is not experimentally accessi-
ble. Particles used for Q and EP calculations are
exclusive to each other; one usually divide the event
into two sub-events, one for @ and the other for
EP. To suppress the flow background, STAR has ap-
plied the event-by-event method and extracted the
charge separation signall at vgfﬁaye =0 [17]. A re-
cent study [18] proposes a tighter cut, |Q] = 0, to
extract signal. It requires, however, small-Q extrap-
olation where the signal dependence is not obvious
and, because of the zero phase space at |Q| = 0, may
suffer from large uncertainties.

Experimentally, it is very challenging, if not at
all impossible, to measure the event-by-event ngsbye
of resonances such as the p. One instead uses the
vghs e of final-state particles as was done in Ref. [17].
Furthermore, the background in Eq. (2) is propor-
tional to vgyes only when cos(a + 5 — 2¢res) and
cos 2(¢res — pp) can be factorized. This may not
be the case because both quantities depend on the

! What was measured in the STAR work [17] is not identical
to A~y but closely related.



TABLE I. Simulation inputs: primordial #& rapidity densities dN .+ /dy (obtained from inclusive pion dN/dy minus
resonance contributions, and assumed 7t = 77), and pr spectra dN,+/dm% o« (e™T/TBE — 1)~ where mr =
/P2 + m2 (m, is the 7% rest mass); dN/dy ratios of resonances to inclusive pion (mine = 7L, + 7., ), assumed
centrality independent, and p pr spectrum (obtained from fit to 200 GeV Au+Au data of the 40-80% centrality [19])
used for all resonances (p,7n,w) in all centralities; and vz /n = a/(1 + e~ [(mr=m0)/n=tl/ey _ 4 where n = 2 is the
number of constituent quarks (NCQ) and my is the particle rest mass for m, p,n,w, respectively. The Tg and Tinc
dN/dy are from Bose-Einstein fit to the measured inclusive pion spectra [20, 21], and the a,b, ¢, d parameters are

from fit to the measured inclusive pion v [22, 23] by the NCQ-inspired function [24].

Centrality |[dN .+ /dy Tsr (GeV) a b (GeV) ¢ (GeV) d Resonances p, 1, w

70-80% 7.8 0.171 0.118 0.180 0.155 0.024

60-70% 16.7 0.179 0.140 0.116 0.173 0.046 dN/dy ratios:

50-60% 31.9 0.185 0.123 0.157  0.155 0.029 2p/Tine = 0.169 [19],

40-50% 53.9 0.190 0.136 0.145 0.175 0.039 n/p=0.47, w/p = 0.59 [25]

30-40% 85.7 0.195 0.125 0.170 0.177 0.031 pr spectra:

20-30% 129 0.198 0125 0.147 0210 0.039| —CNoes — Nses/dy o~ (mp—mo)/T
mydmydy (mo+T)

10-20% 186 0.219 0.096 0.155 0.212 0.030 T = 0.317 GeV [19]

0-10% 262 0.219 0.041 0.214 0.145 0.006

transverse momentum (pr) of the resonance. In this
paper, we investigate the effects of these approxima-
tions on the premise of flow background suppression
in the A~ observable, by using Monte Carlo (MC)
simulation of resonance decays with realistic inputs
from data for the resonance kinematic distributions.

Simulation setup. We focus on charged pion cor-
relations in our study. We generate primordial pi-
ons and resonances that decay into pions accord-
ing to centralities in Au+Au collisions at 200 GeV.
We include p — 777~ (branching ratio ~ 100%),
n — 7wra w0 (~ 22.9%), n — TFaTy (~ 4.2%),
w = 7t 7’ (~ 89.2%), and w — 7T (~
1.5%) [26]. The inputs to the simulation are listed
in Table I. A few notes: (i) Listed in Table I are
Bose-Einstein fit parameters to the inclusive pion
(Trine) spectra [20, 27], not primordial, so our spec-
tra are somewhat off. (ii) We fit the combined iy vo
data from STAR [22] and PHENIX [23] to a func-
tion inspired by the number of constituent quarks
(NCQ) scaling [24]. We apply those vy to our pri-
mordial pions, so our pion vy is also somewhat off. In
practice, we input a 73 and a vy dynamical fluctua-
tion of ¢ = 40%7m3 into our simulation, such that
v12{2} = /T3? + 02 is given by the above NCQ-
scaling inspired fit to the experimental data. (iii)
We use the same spectral shape for all resonances in
all centralities.

We use realistic input to the MC simulation as
much as we can. However, experimentally there are
uncertainties on these inputs, many of which (e.g.
the resonance pyr and ve spectrum) are not mea-
sured except the p pr spectrum in 40 — 80% cen-
trality [19]. We apply our best understanding of
the available experimental data to the simulation in-
put to assess how much effect resonance decays can
cause. Because of these uncertainties, our results

should be taken semi-qualitatively in comparison to
experimental data, perhaps within a factor of two.
However, our qualitative conclusions regarding the
large resonance contributions to the A~ correlator
is important.

In our simulation, we take flat dN/dy distributions
in |y| < 1.5 for 7 5, w and p. For each event, we
sample the particle multiplicities by Poisson statis-
tics. Resonance mass distributions are sampled ac-
cording to Breit-Wigner function with the mass and
width from PDG [26]. The two and three-body
phace-space decay methods are used. We use the
final 7 within pyr > 0.2 GeV/c and |n| < 1 (i.e. the
STAR acceptance) in our analysis.

Simulation results and discussions. The correlator
of Eq. (1) is calculated with the cumulant method
[28]. We compute v w.r.t. both ¢¥pp (known from
the simulation) and ¥gp (reconstructed from ran-
dom subevents and corrected for the EP resolution).
The two results are consistent. Figure 1(a) shows
~vss and yog vs. centrality from the simulation. The
~ss is zero as expected because resonance decays do
not affect SS particles. The non-zero ypg in this
simulation is due to correlation between the decay
pions coupled with the resonance vy. For reference
the STAR data of charged hadrons [15, 16] are also
displayed in Fig. 1(a) 2. The purpose of our study
is not to compare simulation to data for the individ-
ual yos and ~ss, but their difference A~v. This is
shown in Fig. 1(b). The simulation results are not
far away from data. We note that in the MEVSIM
model studied in the STAR publications [15, 16] can

2 Note that the STAR data are not corrected for the pp-
dependent efficiency. We estimate that efficiency correction
would reduce the data magnitude by 20%.
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FIG. 1. (Color online) (a) v = (cos(a +  — 2¢pp))

for same-sign (ysg) and opposite-sign pairs (yos) within
[n] < 1and (b) Ay = yos—~ss vs. centrality bin (1: most
peripheral, 9: most central) from the resonance simula-
tion (p,n,w), compared to STAR data from Ref. [15, 16].

also approximately describe the measured Avy. The
estimate by Voloshin [7] which claims negligible con-
tributions from resonance decays, however, appears
to have missed a factor of vo. Our results in Fig. 1(b)
implies that the charge separation effect seen in data
may come largely from resonance decays. About half
of the signal strength comes from p decays, and the
other half come from 7 and w decays. This is be-
cause the three-body decays are similar to two-body
decays in terms of the angular correlation strength
(cos(a + B — 2¢res))-

The finite Ay in the resonance simulation is due
to correlation between the decay pions coupled to
the resonance vs. In order to “eliminate” this back-
ground, one resorts to v§% o = 0 [17]. As dis-
cussed in the introduction, due to various correla-
tion effects, this background may not be completely
eliminated by vgfﬁ)ye = 0. To elucidate this point,
let us take a detour to a simple case study: only p
with fixed pr and fixed vy ,. We compute Ay as a
function of vy ,ebye = (c0s2(¢, — ¢pp)), and find
a linear dependence with vanishing intercept. We
can obtain this background by the mixed-event tech-
nique, calculating the v and v2 , cbye using the ¥pp
from another event. We find the same proportion-
ality; the mixed-event faithfully describes the same-
event background. By subtracting the mixed-event
A~ background, we obtain the real signal, and in
this case the real signal is zero as it should be.

Unfortunately, it is very challenging, if not at all
impossible, to measure vs , ¢hye. One can only mea-
sure vs ebye Of final-state particles, i.e. all charged pi-
ons in the case of our simulation. Figure 2(a) shows
Av as a function of v rebye = (c0S2(¢x — Ypp))
in same event (black points) and mixed event (red
points). The same proportionality is observed for
mixed-event, but the same-event result shows only
an approximate proportionality; there is a finite in-
tercept at v rebye = 0. As a result, the mixed-
event subtracted result (blue points) shows a finite
A~y. This is because, when v r ebye = 0, the av-
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FIG. 2. (Color online) (a,b) Simulation of p only,
with fixed pr, = 1.0 GeV/c and fixed vs, = 5%.
() (cos(a + B — 20pp)) vS. V% cpyer and (b) (va)
VS. V2,7 ebye; the finite (v2,,) at v2 x.ebye = 0 is the rea-
son why flow background cannot be removed completely
by mixed-events or by vz xebye = 0. (c,d) Simulation
of p only, but with realistic pr , and vz, distributions
from 200 GeV Au+Au data. (c) (cos(a + 8 — 2¢pp))
vs. vgﬁf’ebye, and (d) correlation between decay angle
(cos(a+ B —2¢,)) and cos 2(¢, —pp), induced by their
dependencies on pr. The correlation breaks the factor-
ization in Eq. (1) and is the reason why residual flow
background still exists after mixed-event subtraction or
by v2,p,ebye = 0. Only OS correlators are plotted; the SS
correlators are all zero.

erage V2 , chye 1S positive as shown in Fig. 2(b). In
this case the mixed event does not faithfully repro-
duce the background in the same event. There is
remaining background even at vy r cbye = 0.

Still generate only p in the simulation but with
realistic pr distribution and pr-dependent vy ,(pr).
Figure 2(c) shows Ay as a function of va  chye for
same event and mixed event. The same-event in-
tercept is not exactly zero in this case, even with
V2, p.ebye = 0. This is due to the induced correlation
between the p decay angle and v; ,, because both
depend on pr, as shown in Fig. 2(d). As a result the
factorization in Eq. (2) does not strictly hold, and
residual correlation remains even at vs ,ebye = 0.
For mixed events, on the other hand, the factoriza-
tion is still valid because no such correlation exists.
This implies that, even if v3 , ebye can be experimen-
tally assessed, one may be still unable to completely
eliminate the flow background.

With the realistic resonance kinematic distribu-
tions, the situation using vg x ebye to do analysis is,
of course, worse; a significant residual background
remains after mixed-event subtraction. It is, how-
ever, still the experimentally most viable way so far
to suppress flow background. Back to our realistic
resonance simulation, Fig. 3 shows the prediction of
the mixed-event subtracted A~y vs. centrality, an-



0.8

Au +Au s, =200 GeV
0.6 MC simulation (T¢)
= OS-SS
041

with mix-event subtracted

mix-sub. Ay

80 60 40 Zb
% Most Central

FIG. 3. (Color online) Prediction of the mixed-event
subtracted Ay = vos — yss within || < 1 vs. centrality
by the resonance simulation (p,n,w).

alyzed as a function of vy r cbye. It is reduced by
approximately a factor of two from the inclusive sig-
nal in Fig. 1(b). In other words, the background is
reduced by one half.

We have so far concentrated on the range || < 1
(a.k.a. STAR acceptance) and used directly the ¢pp.
In the rest, we divide each event into two subevents:
-1 <n < —0and 0 < n < 1, and calculate
and vggﬁ)ye using one subevent with respect to the
Ygp from the other subevent, with 0.05 < n < 1
and —1 < 7 < —0.05 respectively. Figure 4(a) show
A~y vs. centrality; the A+ has been corrected for EP
resolution (obtained from sub-subevents within the
subevent). For comparison, we also show the result
by directly using ¢¥pp. We note there can be differ-
ence between these two results due to interplay of
two effects: an overestimated EP resolution because
of correlations caused by decay daughters across the
two sub-subevents, and correlations, due to the same
reason, between particles for correlator calculation
and those for EP reconstruction.

Figure 4(b) shows the A~y result after mixed-event
subtraction. The mixed-event subtraction is per-
formed as a function of va ehye for the ¢pp case and
U‘Q)}fbye for the ¥gp case. For the latter, the mixed-
event subtracted A~ is integrated over all events and
then corrected for the EP resolution. Compared to
panel (a), the flow background is reduced by approx-
imately a factor of two, but not completely elimi-
nated. These results serve as our predictions within
subevent acceptance with and without flow back-
ground suppression.

Summary. We have investigated the effect of res-
onance decays with a simple MC simulation on the
charge separation observable A~, the three-particle
correlator difference between opposite- and same-
sign pairs used in search for the CME. We use real-
istic kinematic distributions and elliptic flow for the
resonances, guided by data. We find that the simu-
lation can largely account for the measured A~ by
STAR. We also extract the Afy(vgjﬁ)ye = 0), simi-
larly to data analysis, to suppress the elliptic flow

0.002f~ Au +Au |5, =200 GeV ][ 0S-SS
1k >
B MC simulation (Lppp) 1 with mix-event subtracted | <
> 0.001 = MC simulation w,) I 1o
’ >
< A
X
1S
(a) sub-event method ][ (b) sub-event method
80 60 40 20 80 60 40 20 0
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FIG. 4. (Color online) Predictions of {(cos(a + 8 — 21))
within subevents (i.e. averaged between 0 < 7 < 1 and
—1 < 1 < 0) vs. centrality by the resonance simulation
(p,m,w), using both ¢¥pp and Yrp (reconstructed from
the other subevent, i.e. =1 <1 < —0.050r 0.05 <7 < 1,
and corrected for EP resolution). (a) Inclusive results,
and (b) flow background suppressed results by mixed-
event subtraction.

background. It is found that the flow background is
reduced by approximately a factor of two, but not
completely removed. This is because of two reasons:
(i) the vgfﬁ)yc is measured by final-state particles, not
that of the resonances, whose zero value would elim-
inate the background; and (ii) even with zero vs epye
of the resonances, residual background remains due
to the induced correlations between pp-dependent
flow and pp-dependent decay angle. We make pre-
dictions for A’y(vgfﬁ)ye = 0), solely due to resonance
decays, in Au+Au collisions at 200 GeV, with and

with background suppression.

We have only studied a few resonance decay chan-
nels. There are other decays, such as K* — K7 and
A — pr, that may also contribute appreciably and
should be investigated in the future. Besides res-
onance decays, there are other background sources
of particle correlations, e.g. jet correlations [10, 29]
which can be studied with event generators like HI-
JING [30]. We postpone such studies to future work.

In order to isolate CME from elliptic flow driven
backgrounds, the collisions of isobaric nuclei, $Ru
+3¢Ru and 95Zr +95Zr, have been proposed [31], The
different magnetic fields in these collisions will result
in roughly 10% difference in the expected CME sig-
nal strengths, while the backgrounds due to differ-
ent deformations of the isobaric nuclei are expected
to differ less than 2%, for the centrality range of
20 — 60% at /sxn = 200 GeV [32]. The isospin
difference between the isobaric nuclei, while having
no effect on p, 1, w production, is expected to affect
the relative abundances of A*+ A® K*(892) whose
decays can cause backgrounds to the 7 correlator
measurements in addition to those backgrounds in
Ref [32]. The magnitudes of such effects are quanti-
tatively unclear, and we plan to follow up on this in
a future work.

The inputs to our simulation are from experimen-



tal measurements of resonances; these resonances
must exist in the final state of real heavy ion col-
lisions, so our simulation results, with the sim-
plest physics involved, should have high relevance.
Our study indicates that background removal from
CME-related correlation measurements is more com-
plicated than initially thought. Given the many
sources of resonance decays and many of them not
experimentally measured, it seems rather pessimistic
to identify true CME signals using the three-particle

correlator. Many-particle correlations should elim-
inate most of the resonance decay contributions.
Whether many-particle correlations are useful or not
to identify CME depends on the relative strengths
of CME and other multiparticle correlations, such as
jets.
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