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Background control and upper limit on the chiral magnetic
effect in isobar collisions at /s, = 200 GeV from STAR
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Abstract. The STAR Collaboration has reported results from a blind analysis
of isobar collisions (J5Ru + SRy, 55Zr + 35Zr) at /sy = 200 GeV on the search
for the chiral magnetic effect (CME). Significant differences were observed in
the measured multiplicity (V) and elliptic anisotropy (v,) between the two isobar
systems. In these proceedings, we present two post-blind analyses aimed at
mitigating remaining background effects. The first involves employing an event
weighting procedure to match the distributions in N and v, and then comparing
the CME-sensitive Ay correlator and signed balance functions. The second
analysis investigates the contributions of the two- and three-particle nonflow to
the isobar ratio of Ay/v,. The estimated background baseline is consistent with
the isobar measurements, and an upper limit is extracted on the CME signal.

1 Introduction

The chiral magnetic effect (CME) is a charge separation phenomenon, induced by chiral-
ity imbalance of quarks in heavy-ion collisions under a strong magnetic field produced by
spectator protons [1]. This chirality imbalance can be caused by nonzero topological charge
in a local domain because of vacuum fluctuations in quantum chromodynamics (QCD). The
charge separation is then induced by the charge-dependent magnetic moments of the excess
quarks of one chirality.

To search for the CME, isobar 22Ru + ZSRU and ZSZr + Zng collisions at center of mass
energy per nucleon pair, y/syy = 200 GeV, were conducted in 2018 by STAR [2]. The
two isobar species were expected to have similar backgrounds because of the same nucleon
number, whereas the CME signal was expected to be larger in the former because of the
stronger magnetic field produced by the more spectator protons [3]. However, data indicate
different measured multiplicity (V) and elliptic flow (v;) between the two isobar systems,
producing background discrepancy between them [4]. Such differences had been predicted
to result from variations in the nuclear structures of the isobars [5]. As aresult, the isobar ratio
(Ru+Ru/Zr+Zr) of the CME-sensitive observable of the v,-scaled charge separation (Ay/v,)
is below unity, contrary to the initial expectation. Because the background is proportional
to elliptic flow over multiplicity, Ay o v,/N, the baseline for the Ay/v, isobar ratio can be
expected to be given by the inverse multiplicity (1/N) ratio. However, the measured ratio is
systematically larger. This could indicate the potential existence of a CME signal [6]. This
could also indicate the presence of additional background different between the isobars [7].

*e-mail: feng216@purdue.edu

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons
Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 296, 04005 (2024) https://doi.org/10.1051/epjcont/202429604005
Quark Matter 2023

o
%:‘ ="' [ STARIsobar STAR Preliminary g [ STARIsobar analysis STAR Preiiminary & [ STAR lIsobar analysis STAR Preliminary-|
004 O Ru+Ru(matched) ‘1 wosl Ru+Ru(matched) 10003~ () Ru+Ru(matched) ]
[ zrezr @) TR O zeze r [ zreze
s - 1.0002}~ B
0.02 O 1004}~ 0o o . F L)
+ — [ a L El:‘ .
0 S [ o} 10001 GIE Y@ N 1
— a )| - L r i
| g O O ooz L @] O r i * ]
o [~ BY S
3 i oL , , , . o , , T
5 STAR Preliminary 3_3. STAR Prefiminary | R STAR Prefiminary
o 1051~ £ «
P fé:‘moos— 4 & 10001} ]
¥ i# d . % . |
VML M Mk i " & b
g 1,‘ fo e & | %3 )‘% 1_A.T.J’.A;..»{..A{...A;,A.“,.,;'...,'A.._ 1_.J'HL ...... ’}'lY_
S Iy rr
A — 09995 E
=P 0 20 60 80 : e 0.9999 - J
<L Centrality(%) 0 20 40 60 80 0 20 40 60 80
Centrality (%) Centrality (%)

Figure 1. The Ay/v; of Ru+Ru, Figure 2. The SBFs, r,, and Rp, for Ru+Ru, Zr+Zr, and

Zr+Zr, fand Ru+lBu/ Zr+Zr as func_— Ru+Ru/Zr+Zr as function of centrality at /s, = 200 GeV.
tion of centrality at /Sy = The multiplicity, observed v,, and EP resolution distributions of

2,00 GeV. The multi.pliicity distribu- Ru+Ru collisions have all been matched to those of Zr+Zr simul-
tion of Ru+Ru collisions has been taneously

weighted to match to that of Zr+Zr.

Besides the 1/N ratio, another viable expectation of the baseline is the pair multiplicity ratio,
which is higher than the measured Ay/v, isobar ratio [4].

To understand these observations, two post-blind analyses have been carried out. One is
the forced-match analysis, which re-weights the events according to N, observed v,, and event
plane (EP) resolution to mitigate the isobar differences. In the other analysis, various nonflow
backgrounds are estimated for the isobar ratio of Ay/v, to extract a rigorous background
baseline [7]. These proceedings report the findings from the two analyses.

2 Forced match analysis N ‘ ‘

Ry 1.02 | STAR Isobar, 7 1.0002
The events in a given narrow centrality class Z:? ; iégg_zo%v,_zg;z/i . "
can be categorized into bins in N, observed + @
vr, and EP resolution. In each bin, the 0C 098 - 1{ 0.9098 8
ratio of the number of Zr+Zr events over 8 0.96 | °
that of Ru+Ru is defined as a weight factor, S | TAR Pelminay 1 0-999
called fwpin. The observables in Ru+Ru are j;’/ 0.94 ;O ‘@O Q\‘Q)
then weighted by fypin before comparison to \(3/} -
those directly measured in Zr+Zr. @\5‘ "’

F.lrs.t,. we apply fwpin(NV) to_ match the Figure 3. The 20-50% centrality averages of
multiplicities between the two isobars and the isobar ratios of Ay/v, ri, and Rp with

calculate vy and Ay. Figure 1 shows Ay/v, Ru+Ru weighted to match to Zr+Zr.

for Ru+Ru, Zr+Zr, and the Ru+Ru/Zr+Zr

ratio after this multiplicity matching. The ratio is consistent with unity (Fig. 1 lower
panel), indicating no observed signal. Then we match all the three quantities by applying
Jwwin(N, v2, EP resolution) for the signed balance functions (SBF): r,,, Rp [8]. The SBF ex-
amines the fluctuation of net momentum-ordering of charged pairs, allowing us to study the
charge separation induced by the CME [8, 9]. Figure 2 shows that the isobar ratios of both
SBF’s are consistent with unity, again indicating no observed signal. Figure 3 summarizes
the results from the forced match analysis for mid-central collisions.
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3 Background baseline analysis and CME upper limit

The Ay is often measured by 3-particle azimuthal correlations [10]:

C3ap = (COS(Pa + b5 —200)) s Yap = C308/V5, AV = Yos — Vss - (1)

The average is taken over all triplets in an event and over all events, where indices «a, 8
stand for a pair of particles of interest (POI), ¢ is a third particle for EP reference, whose
resolution equals to v [10], and the subscript OS means opposite-sign charged pair of (a, 5)
and SS same-sign. The asterisk on v} denotes an inclusive anisotropy measurement including
nonflow, vj = V(cos2(¢y — ¢p)). The true elliptic flow is denoted by v,, and the nonflow
fraction in v; measurement is €, = (1);2 - v%) / v%. The backgrounds in Ay can be decomposed
into [7]

@

Avokga _ C3 _ Cyp v N Cyp Copt3 (1 N CSP/CZp)
v v N o NP Ny ’

N v%
where N is the number of POL. The C», is defined as Cyp = N7(Capos02,2p/V2 — ¥ss/02), where
Copos = (cos(¢ + ¢; — 2¢2p))2p is calculated over the correlated pairs (2p), and vy 5, is the
elliptic flow of the pair. The r is the relative pair excess of OS over SS pairs, r = Nyp/Nos =
(Nos - Nss)/Nos [7] The C3p is defined as C3p = N(C3p,OSN3p,OS/NOS - C3p,ssN3p,ss/Nss), where
C3pop = (c0s(¢y + ¢p — 2¢.))3p are calculated over the correlated triplets (3p), and N3 o are
their numbers [7]. The isobar ratio is then given by [7, 11]

Ru
(Avoigasvs)” |, 0C/N) b 1 (5C3p 6Cy 6N 83 ) )
Nv? ’
1+ 2

(Akagd/v;)Zr Czp /N 1+ €nf m C3p Czp N U%
where ¢ denotes the isobar difference. Three contributions to the background:
(1) The first term is the widely-studied flow-induced 2p background, e.g., resonance decay
daughter pairs coupled with the elliptic flow of the resonance. The 2p nonflow Cy,/N is
proportional to r and decay kinematics of the pair. The two isobars should be highly similar in
those decay kinematics, so the difference in relative pair multiplicity can be used to estimate
the difference in 2p nonflow [7]. The systematic uncertainty is assessed by various pair mass
ranges in obtaining r.

(2) The second term is due to the nonflow in v3. The 2D (An, A¢) distributions of SS pair are
fitted to separate nonflow from flow. Here nonflow is modeled using 2D Gaussians, while
flow is modeled using a Fourier series independent of Arn. We take an alternative fit function
and the measured flow decorrelation for estimation of systematic uncertainties.

(3) The third term is the 3p nonflow, where all the three particles are correlated, such as jets.
We employ the HIJING simulation to estimate this term. Since HIJING does not have flow,
the inclusive C3 originates solely from 3p nonflow correlations, denoted as Cs;,. The standard
HIJING simulation accounts for jet quenching, while the version without jet quenching is
used for systematic analysis.

Figure 4 shows the background baseline of Eq. 3 for full events (left, -1 < n < 1), and
subevents (right, 0.1 < +n < 1.0) as function of centrality. The background baselines are
calculated for four measurements using cumulant method, and the 20-50% centrality average
of baselines are shown by brown bands in Fig. 5 together with the data measurements in
the blind analysis [4]. The above background baseline estimates are in agreement with the
observed data from isobar blind analysis. Assuming 15% CME signal difference between the
isobars [10, 12], upper limits of the CME fraction (f,,) are derived for the four types of Ay
observables. The upper limits are around 10% at 95% confidence level.
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Figure 4. The measurements [4] and background baseline [7] for the isobar ratio of Ay /v, as function
of centrality from full events (left) and subevents (right).
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Figure 5. The background baseline estimates [7] for the four cumulant measurements, together with
the isobar ratio measurements of Ay /v, in 20-50% centrality from the STAR blind analyses [4].

4 Summary

Isobar Ru+Ru and Zr+Zr collisions are conducted to search for the CME with expectation
of equal background and different signals. The isobar blind analysis by STAR [4] showed
that the isobar collision systems differ in multiplicity N and elliptic flow v, and hence also
in CME backgrounds. Scaling the number of Ru+Ru events to that of Zr+Zr in bins of N,
observed v,, and EP resolution, the isobar ratios are consistent with unity and show no ob-
served CME signal. The background baseline is estimated accounting for 2p and 3p nonflow
contamination in addition to the flow-induced background and found to be consistent with
the measured Ay/v, isobar ratio. An upper limit of around 10% on the CME fraction in Ay
is extracted with 95% confidence level.
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