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Global polarizations (P) of A (A) hyperons have been observed in noncentral heavy-ion collisions. The
strong magnetic field primarily created by the spectator protons in such collisions would split the A and A
global polarizations (AP = P, — P; < 0). Additionally, quantum chromodynamics predicts topological charge
fluctuations in vacuum, resulting in a chirality imbalance or parity violation in a local domain. This would
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give rise to an imbalance (An = T

# 0) between left- and right-handed A (A) as well as a charge

separation along the magnetic field, referred to as the chiral magnetic effect (CME). This charge separation can
be characterized by the parity-even azimuthal correlator (Ay) and parity-odd azimuthal harmonic observable
(Aay). Measurements of AP, Ay, and Aa; have not led to definitive conclusions concerning the CME or the
magnetic field, and An has not been measured previously. Correlations among these observables may reveal new
insights. This paper reports measurements of correlation between An and Aa;, which is sensitive to chirality
fluctuations, and correlation between AP and Ay sensitive to magnetic field in Au + Au collisions at 27 GeV.
For both measurements, no correlations have been observed beyond statistical fluctuations.

DOI: 10.1103/PhysRevC.108.014909

I. INTRODUCTION

In noncentral heavy-ion collisions, due to finite impact
parameter, only a fraction of nucleons (called participants)
participate in the collision, while the others (called spectators)
are out of the collision zone and continue along the beam
lines. The spectator protons are predicted to create, in the first
moments of the collision, a magnetic field [1,2] that is strong
enough to align quark spin either parallel or antiparallel to the
magnetic field, depending on the quark electric charge. The
positively and negatively charged quarks of the same chirality
would thus have opposite momentum directions along the
magnetic field. This would result in a charge separation if the
numbers of left- and right-handed quarks are imbalanced, a
phenomenon called the chiral magnetic effect (CME) [1,2].
Such a chirality imbalance has indeed been predicted to occur
because of the chiral anomaly in quantum chromodynamics
(QCD) [3]. It is a direct result of quark interactions with
gluon fields possessing, due to fluctuations, nonzero topologi-
cal charges (Q,). Such gluon field domains explicitly break
the parity (P) and charge-parity (CP) symmetry and are a
fundamental ingredient of QCD [1,3-5].

The azimuthal distribution of particles in each event can be
expanded into Fourier series:

27 dN* :
JF i =1+ Zaf sm(qbi — Wgrp)
+00
+ 221}" cos n(¢p* — Wgp), (1)
n=1

where the superscripts + indicate the charge sign; ¢ rep-
resents the azimuthal angle of particles. The reaction plane
(RP) is spanned by the beam direction and the impact pa-
rameter, and its azimuthal angle is denoted by Wgp. Based
on Eq. (1), many observables are proposed to measure the
CME, like the parity-odd Aa; variable [1,6] (Sec. II C), and
the parity-even Ay variable [7] (Sec. IID). The parity-odd
Aa; observable vanishes in event average because of the
random fluctuations of topological charges. Experiments have
focused on the parity-even Ay correlator observable. So far,
no definitive conclusion on the CME has been reached by
Ay measurements at the BNL Relativistic Heavy Ion Col-
lider (RHIC) in Au + Au [6,8—11] and d 4+ Au [12] collisions
or at the CERN Large Hardron Collider (LHC) in Pb +
Pb [13-17] and p + Pb [14,15]) collisions. The main diffi-
culty in the Ay interpretation is background contamination
arising from particle correlations coupled with elliptic flow
[7,18-23]. Many methods have been proposed to reduce or

remove the backgrounds [10,15,16,24-27] but with limited
success.

The chirality preference of quarks in the collision zone
can be inherited by A hyperons in the final state [28]. In this
paper, A denotes both A and A except otherwise specified. A
hyperons can be detected in experiments via their main decay
channel A — p + 7~ [29,30]. Their handedness (the sign of
helicity) can be measured by their decay topology (Sec. I1E).
In each event, the normalized handedness imbalance An can
be defined from the measured numbers of left-handed and
right-handed A’s (Sec. IIE). Similar to Aa;, An is parity-
odd, therefore its average over many events must be zero [6].
Although vanishing trivially in their event averages, Aa; and
An both come from the same chirality anomaly in each event,
so their event-by-event correlation could be nonzero [28]. For
example, if the topological charge is negative (Q,, < 0), then
the An values of u, d, and s quarks would all be negative
[28,31]. The A hyperon would then be expected to inherit
the finite An from the s quark [32-34]. Meanwhile, the neg-
ative An values of u and d quarks would result in a positive
Aa,. Similarly, Q,, > 0 would yield positive An and negative
Aaj. Therefore, the quantum chiral anomaly would result in
a negative correlation between An and Aa;. We note that
A hyperons contain both produced and transported quarks,
which may be affected differently by the topological domain.
However, the sign of their contributions are expected to be the
same, so the discussion above should still be valid. We also
note that the s quark has finite mass, larger than u and d, so its
chirality might flip during its evolution and interaction with
the environment [28,35]. If so, the final-state A may reflect
only part of the initial-state chirality imbalance.

Besides a positive Ay signal from the CME [7], the mag-
netic field can have another consequence, namely a difference
in the A and A global polarizations. These global polariza-
tions are mainly caused by the vorticity arising from the total
angular momentum of the collision participants, which are
equal for A and A [36-42]. However, the magnetic field,
aligned on average with the total angular momentum, can
cause a difference in polarization between the two species
due to their opposite magnetic moments [29]; it enhances
the polarization of A and reduces that of A [43]. Thus, the
polarization difference between A (P,) and A (P3), AP =
P, — Pj, has been proposed as a probe of the magnetic field.
Current statistical precision has not allowed a firm conclusion
[39,42]. Large fluctuations in the magnetic field have been
predicted [43-45], so correlations between AP and Ay may
be more sensitive than individual measurements of the av-
erages. Since the magnetic field yields a positive Ay and a
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negative AP, a negative correlation would be a strong indica-
tion of the presence of magnetic field. We note that some of
the final-state A’s come from the decay of heavier particles
like X, 2, 2, and this feed-down effect can dilute the A
handedness and polarization measurements [46]. Since those
heavier particles are also subjected to the same physics—
the chirality anomaly, vorticity, and magnetic field, including
those feed-down A’s should not change the qualitative expec-
tation for our correlation measurements.

This paper reports measurements of event-by-event corre-
lations between An and Aa; and between AP and Ay in
Au + Au collisions at /syy = 27 GeV from STAR Runl8
data. The rest of the paper is organized as follows. Section II
presents the definitions of the observables used in this study
and describes the methodologies of their measurements with
analysis details. Section III discusses the systematic uncer-
tainties in our measurements. Section IV reports our results.
Section V summarizes the paper.

II. EXPERIMENT AND DATA ANALYSIS

The Au + Au collision data at ,/syy = 27 GeV were taken
in 2018 by the STAR experiment, with the newly installed
event plane detector (EPD) [47] covering the pseudorapidity
range 2.1 < |n| < 5.1 [47]. Events with the minimum-bias
trigger are used for this analysis. In each event, the pri-
mary vertex measured with the time projection chamber

(TPC) [48,49] is required to have V, = /V2 + Vy2 <2cm
and |V,| < 70 cm, and its longitudinal distance from the ver-
tex position detector (VPD) [50] measurement is required to
satisfy |VZVPD — V.| < 3 cm, where z is the beam direction and
r stands for the transverse direction perpendicular to z. After
those event-level selections, there are about 4 x 10® events
left. For TPC tracking quality, the number of hits for track
fitting is required to be no less than 15 for all the detected
particles. This study uses centrality defined by the measured
particle multiplicity in |5| < 0.5 [51].

A. Event plane reconstruction

In experiments, the reaction plane is unknown, but can
be estimated by the event planes reconstructed using various
detectors, each of which has its own resolution for finding the
reaction plane. This study uses the EPD [47] to get the first-
and second-order event planes. With respect to reaction plane
(Wgrp), the resolution R, is defined as

Ry = (cos(k(W, — Wgp))). @

For k = n, subevent R%™ can be estimated by

R = feos (w5 = 9), ?

where WE (W) is the nth-order event plane reconstructed
from east (west) EPD. The full resolution R,, and also
R, (k # n) can be then obtained by using Bessel functions
[52]. In this study, the full EPD event planes W, W, and their
corresponding resolutions R;;, Ry, are used (Fig. 1). The reso-
lution correction is of event average, not on an event-by-event
basis. Its purpose is to correct the overall magnitude of the

——
- STAR Au+Au |5y =27GeV

=Ry1 ]

T T S T
centrality (%)

EPD full-event plane resolution

FIG. 1. The resolutions as functions of centrality for full EPD
(2.1 < |n| < 5.1, including both sides) event planes (R;; for W, Ry,
for W,) in Au + Au at ./syy = 27 GeV. The statistical and system-
atic uncertainties are too small to be visible.

quantities calculated with respect to EP, such as Aa;, Ay, A
polarizations, and the correlations.

B. A and A reconstruction

The Kalman filter method and KFParticle package
[53,54] are used to reconstruct A from the decay A — p +
7~ (again the notation includes A — p+ T except other-
wise noted) [29,30]. The final-state hadrons (p, p, w ™, 7 ) are
identified by the TPC and time of flight (TOF) [50] detectors.
To optimize the statistics, no other kinematic selection is ap-
plied to those hadrons. Instead, the reconstructed A is selected
with a transverse momentum requirement of 0.4 GeV/c <
pr < 3.0GeV/c.

The mass spectra of the reconstructed A and A are shown
in Fig. 2(a), while Fig. 2(b) shows the peak region (m, +
0.005 GeV/c?, bounded by red dashed lines) and the off-
peak regions (1.090-1.105 GeV/c? and 1.125-1.180 GeV/c?
bounded by blue dashed lines). The peak region is a mixture
of signal and background, so the mass spectra of this region
are fitted by a function including signal (double-Gaussian) and
background (first-order polynomial). Then, the number of sig-
nal particles (S) and background particles (B) can be extracted
in each centrality class. The S/B ratio is shown in Fig. 2(c).
For further purity correction, the off-peak regions [Fig. 2(b)]
are used to estimate the background baseline. The sharp A
peak and large S/B ratio shown in Fig. 2 indicate the high
efficiency of the KFParticle package for A reconstruction.

C. Charge separation Aa; of unidentified charged hadrons

In each event, the coefficients af and Aa; are calculated
from unidentified charged hadrons as follows:

ay = (sin(¢p" — Wgp)) = (sin(@* — W1))/Ru,
a; = (sin(¢p” — Wrp)) = (sin(¢™ — W1))/Ri1, (4

— At -
Aay =a] —ay,
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[ centrality 0-80% A [ centrality 0~80% | —— A spectrum [ Au+Au \[s\\=27GeV EK ]
150(-0.4<p_ <3 GeV/c N 150-0.4<p_ <3 GeV/c | [Zd peak region [ 0.4<p_ <38 GeV/c ]
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() ‘ ] [ (b) ‘ ‘ R L) ‘ ‘ ‘ ]
‘P.OS 1.15 1.2 .05 1.1 1.15 1.2 0O 20 40 60 80

m (GeV/c?) m (GeV/c?) centrality (%)

FIG. 2. (a) The invariant mass spectra of the reconstructed A with 0.4 GeV/c < pr < 3.0 GeV/c in minimum-bias (centrality range 0—
80 %) Au + Au collisions at \/syy = 27 GeV. (b) Illustration of mass regions for A candidates and combinatoric background. The candidates
are selected in the peak region (m, & 0.005 GeV/c? bounded by red dashed lines) and the background is assessed by the off-peak region
(1.090-1.105 GeV/c? and 1.125-1.180 GeV/c? bounded by blue dashed lines). (c) Signal to background ratio in the A mass on-peak region
as functions of centrality. The statistical uncertainty is too small to be visible, while the systematic uncertainty is shown by hollow boxes. The
A data points are shifted slightly to the left along the x-axis, while A to the right symmetrically, for better visibility.

where the superscripts “+” indicate the charge sign of the par-
ticle. The EPD W is used to estimate RP, with corresponding
resolution correction Rj;. As a parity-odd observable, Aa
(also af, a;’) averages to zero over many events because of
random topological charge fluctuations from event to event.

The CME observables (Aa;, Ay) are calculated using
the unidentified charged hadrons with selections —1 < n < 1,
0.2GeV/c < pr < 2.0 GeV/c. The number of TPC fit points
on the particle track must be larger than or equal to 15, and
larger than 0.52 times the maximum number of fit points for
a given track trajectory to avoid split tracks. To focus on the
primary particles, the distance of the closest approach to the
collision primary vertex (DCA) is required to be smaller than
1 cm. When forming correlation with on-peak (off-peak) A
handedness imbalance, Aa; is calculated without the decay
daughters from A candidates from the on-peak (off-peak)
region.

D. Correlator Ay of unidentified charged hadrons

An EP-dependent correlator Ay (= yos — yss) [7] is
widely used in CME studies. Ay is calculated using the same
unidentified charged hadrons that are used for Aa;. The defi-
nitions of yps and ysg are as follows:

yos = (cos(dy + df — 2Wgp))

= (cos(¢y + ¢f — 2W¥2))/Rn,
Yss = (cos(¢y + @5 — 2Wrp))

= (cos(¢y + ¢y — 2¥2))/Raa,

Ay = yos — ¥ss,

&)

where the subscripts o and 8 denote two different (primary)
particles in the same event, OS (SS) stands for opposite-sign
(same-sign) pairs. To subtract the charge-independent back-
ground contributions (e.g., momentum conservation, interjet
correlation, etc.), the difference between yos and yss is taken.
The CME would cause a positive Ay signal, and there are
backgrounds that can also fake this positive signal [7,18-23].

Similar to Aa;, Ay needs to be calculated from the pri-
mary particles, so the same DCA selections are applied and
the decay daughters from A are removed. When forming

correlation with on-peak (off-peak) A polarizations, Ay cal-
culation excludes the decay daughters from A candidates from
the on-peak (off-peak) region.

E. A and A handedness
For adecay A — p + ™ in the rest frame of A, the decay
daughter proton’s momentum pj, tends to distribute around

the spin direction of A. For A, there is a sign difference, i.e.,
the decay daughter antiproton momentum tends to distribute
opposite to the spin direction of A. The momentum of each A,
Da, can be reconstructed from the measured momentum of its
decay daughters. Then, the handedness of A can be estimated

by 5, - Pa:
“left-handed” A
“right-handed” A
“right-handed” A
“left-handed” A.

BB <0= AL
Py Pa>0= Ag:
Py Ps <0= Ag:
Py Pa>0= Ar: (6)

Figure 3 shows the schematics for the right-handed A and A
in their respective rest frame.

In this study, only the observed number of left/right-
handed A (N, NR*) is considered, whose difference is

J2x, DAt

D+

M right-handed A
decay

right-handed A

ﬁ*W* P*p decay

FIG. 3. Schematic diagrams for the decay topology of right-
handed A (left diagram) and A (right diagram) in their rest frame.
Right-handedness is taken as an example. The A momentum vector

represents the momentum in the laboratory frame.
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FIG. 4. The reconstructed left- and right-handed A (a) and A (b) invariant mass spectra in minimum-bias Au + Au collisions at NN =
27 GeV. (c) Signal to background ratio in the A mass on-peak region as a function of centrality for each observed handedness. The statistical
uncertainty is too small to be visible, while the systematic uncertainty is shown by hollow boxes. The A data points are shifted slightly to the
left along the x axis, while A to the right symmetrically, for better visualization.

referred to as
obs obs
N — Ny

A obs .
BN

(N

The superscript “obs” stands for the “observed” handedness.
The denominator is the event average of the measured number
of A in a given centrality class. The value of An°® will be
calculated for A, A, and their sum, respectively. Figure 4
shows the mass distribution and S/B ratio of the peak region
for A with measured handedness.

Figure 5 shows the event average of N°* for left- and right-
handed A in each centrality class, without correction for the
A reconstruction inefficiency, which is discussed in the next
paragraph. The “on-peak total” (green square) is calculated
from all A candidates in the peak region. The “off-peak bkg”
(blue circle) is calculated from all A candidates in the off-peak
regions. The “on-peak signal” (red triangle) is calculated from
“on-peak total” with the corresponding S/B ratio, separately
for left/right-handed A/A [see Fig. 4(c)]. The average A
numbers per event are less than 2 in central collisions and
down to 1072 in peripheral collisions, much smaller than the
charged particle multiplicity, so the exclusion of those decay
daughters from CME observables should not make a visible
difference.

Averaged over many events, the true handedness of A must
be just as often left as right (within statistical precision) due to
global parity conservation. However, detector effects can bias
the observed handedness in one direction. In a given event,
the numbers of true left-handed and right-handed A, N,

and Ng, can be affected differently by the topological charge
fluctuations. However, the event averages, (N.) and (Ng),
should be the same within statistical precision, because the
topological charge fluctuations are totally random from event
to event. Nevertheless, Fig. 5 shows (NP%(A)) 3> (N2(A))
and (NP"(A)) < (NP (A)). This asymmetry results from the
A reconstruction inefficiency [42,55]. This comes from the
combination of two effects: First, different handedness results
in very different distributions of py for the daughter pions.
Second, the STAR TPC tracking efficiency becomes lower
with decreasing particle pr. Thus, detection efficiencies are
very different for left- and right-handed A. Figure 6 illustrates
the low and high efficiency cases for the decay A — p+ 7.
If the decay daughter 7 ~’s momentum in the A-rest frame is
opposite to the decay parent A’s momentum in the laboratory
frame [observed right-handed, cf. Eq. (6)], then, after Lorentz
boost, the momentum of that w~ in the laboratory frame
would be relatively small, so that the TPC would have a lower
efficiency to detect this low-py A. By contrast, if the decay
daughter 7~ is in the same direction as the decay parent A
[observed left-handed, cf. Eq. (6)], the detector efficiency is
relatively high. As the decay daughter proton’s momentum is
also used in the A-rest frame to estimate the A handedness,
more left(right)-handed A(A) decays are measured by TPC
due to this detector inefficiency.

F. A and A global polarization

The polarization of A can be measured [38] from the dis-
tribution of decay daughter protons with respect to the event

~ Vg7 o E .~ 7 1~ 1 3 = E T T T 3
"X [ STAR AutAu (5,=27GeV E X [ STAR Au+Au |5 =27GeV E X ESTAR Au+Au \s=27GeV E
;, 1l 0.4<p, <3 GeV/c ] §, L 0.4<p, <3 GeVic ] LS, N 0.4<p,_ <3 GeV/c ]
o o ! 3 o E 3 o E ! 3
[s] = ] Q F ] Q. E 7
=z P4 pz F
~ 10" E ~ E + 107 E
F N @ x E
£ o - : N F 5
102 (@) g E S E e 3 ,;,S'm*2 E(c) = =
Fon-peak total  f=]A f=]Ag N F on-peak total Eé,_ @J‘ 2.0 ~x 3 ;on-peak total [={X=L f=]X=R
10 Lon-peak signal A f=]Ag - 1073 Lon-peak signal A [=]Ag o \2,1073 Lon-peak signal (9X=L [z]X=R |
Eoff-peak bkg  FJA_ []AR 8 3 Eoff-peak bkg  FJA_ []Ag 3 Eoff-peak bkg  [IX=L [s]X=R E
Il L Il L L Il Il Il
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80

centrality (%)

centrality (%) centrality (%)

FIG. 5. Observed number of per event of each handedness for (a) A, (b) A, and (c) their sum. A reconstruction inefficiency correction is
not included. The statistical uncertainty is too small to be visible, while the systematic uncertainty is shown by hollow boxes. The on-peak total
data points are shifted slightly to the left along the x axis, while the off-peak background to the right symmetrically, for better visualization.
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Lab

frame

High Efficiency

A"
p

left-handed

Low Efficiency

A — rest A
frame T

right-handed

FIG. 6. Schematic diagrams for A reconstruction inefficiency
difference between left- and right-handed A’s. These cartoon are
based on Refs. [42,55].

plane

Py = o (sin(@} — Wre)) = ——(sin(@; — W), (®)
Top TaasR
where ¢, is the decay daughter proton’s momentum azimuthal
angle in the rest frame of A. Specifically, ¢, is the azimuthal
angle of ﬁ; in Eq. (6). The EPD W and its resolution R,
(Fig. 1) are used to estimate RP. The decay parameters are
taken from Ref. [29]:

ap =0.732£0.014 C))

and A is assumed to have the same value with a minus sign
(ap = —a;).

Before purity correction, the term (sin(¢;§ — Wy)) is cal-
culated as a function of centrality in both the A mass peak
region and the off-peak background region [Fig. 2(b)]. Then,
the purity correction is [56]

<51n(¢p - qjl)) = <Sln(¢p - \I’Il»peak

B
- E(sin(q); — W1))oft-peaks (10)

using the signal over background ratio (S/B) shown in
Fig. 2(c).

G. Covariances

The covariances are used to quantify the event-by-event
correlations between the parity-odd observables An°® vs.
Aa; (Cov[An®™, Aa;]), and between the parity-even observ-
ables AP vs. Ay (Cov[AP, Ay]). The covariance between
observables X and Y is given as

Cov[X,Y] = ((X — (X))(Y — (¥)))
= (XY) — (X)(Y), (11)

where ( - ) means the event average.
To determine Cov[AP, Ay], the covariances Cov[Ps, Ay]
and Cov[P;, Ay] are obtained individually, and their dif-

«o®
0.6 [ STAR Au+Au |5 =27GeV
[ 0.2<p.<2.0 GeV/c

I centrality range: 0-80% 20-50%
E— a (2.819.319.0)x10’65 (1.&1.3¢o.9)><10’i_
F——3 4, (-1.5£1.0£1.4)x10° (-1.1:1.4+1.2)x10’
F=—3 Aq,(1.741.3:0.6)x10° (2.0+1.8+0.6)x10™°

0.4

a, observable

0.2

o

|

[no on-peak‘ A/K decay d‘aughters]
0 20 40 60 80
centrality (%

FIG. 7. The a, observables (a, a;, Aaj) as functions of cen-
trality in Au + Au collisions at ,/syy = 27 GeV. Hadrons used to
reconstruct A or A in the mass peak region are excluded. The
statistical uncertainty is shown by error bars, while the systematic
uncertainty is shown by hollow boxes. The a; data points are shifted
slightly to the left along the x axis, while a; to the right symmetri-
cally, for better visualization.

ference is taken. Since the magnetic field acts on A (and
A) independently, regardless of whether there is an A
(or A) present (or reconstructed) in the same event, this
Cov[Py, Ay] — Cov[P;, Ay] measurement is equivalent to
Cov[AP, Ay].

As discussed in Sec. IIE, the asymmetry in the detector
inefficiency causes an observed nonzero average handedness.
Howeyver, this detector-induced imbalance does not affect our
correlation measurement between An°* and Adg;, because
Aa; measurement has nothing to do with this efficiency
asymmetry. The detector-induced imbalance in event-average
handedness is automatically canceled in the definition of co-
variance [Eq. (11)].

Likewise, the Ay measurement is dominated by physics
backgrounds, caused mainly by two-particle correlations cou-
pled with elliptic flow, such as resonance decays [7,18-22].
The A polarization, on the other hand, is measured by the
decay proton momentum direction in the A-rest frame, with
respect to the first-order event plane, and therefore unaffected
by the elliptic flow of A. The finite background in Ay is
thus automatically canceled in the covariance measurement
between AP and Ay.

III. SYSTEMATIC STUDY

Systematic uncertainties are assessed by varying analy-
sis selections. The default selection on V, is |V,| < 70 cm
(Sec. II), and the corresponding variations are |V,| < 60 cm
and |V;| < 80 cm. The number of hits for track fitting is re-
quired to be >15 as the default, and its variations are >10
and >20. For the CME observables, the primary tracks are
selected by requiring DCA < 1.0 cm (Sec. I C). For this, two
variations are examined, DCA < 0.8 cm and DCA < 2.0 cm.
The systematic uncertainty in every reported result in this
paper (including individual measurements such as Aa; and
covariances) is obtained using the following procedure: one
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FIG. 8. Observed handedness imbalance (An°*) for A (left), A (middle), and their sum (right) as functions of centrality in Au + Au
collisions at \/syy = 27 GeV. If all A’s were reconstructed, the event-average (An°™) would be expected to be zero because this is a parity-odd
quantity and the topological charge fluctuations are expected to be random in each event. The nonzero measurements are only due to the detector
effect (A reconstruction inefficiency). The statistical uncertainty is shown by error bars, while the systematic uncertainty is shown by hollow
boxes. The on-peak total data points are shifted slightly to the left along the x axis, while the off-peak background to the right symmetrically,

for better visualization.

selection criterion is varied at a time, with all other cuts kept
at their default values, and thus the deviation is obtained in the
result due to changing each selection.

The systematic uncertainty on each result is assigned
to be the sum of all those deviations in quadrature,

> .(x; — x0)*/n;. Here, xq denotes the default result, x; is the
result from the ith systematic variation, and n; is the number
of variations for the given analysis selection. This study does
not use Barlow’s prescription [57] to subtract statistical fluctu-
ation effects, so our estimation of the systematic uncertainties
errs on the conservative side. This is because our measure-
ments are mostly dominated by statistical uncertainties, and
a more aggressive assessment of the systematics does not
change the qualitative conclusions.

The systematic uncertainties from the various sources are
of similar magnitude. The systematic uncertainties are taken
to be symmetric, and indicated by open boxes in the figures of
this paper. The legends of Figs. 7-10 show the averages over
0-80% and 20-50% centrality ranges with statistical and sys-
tematic uncertainties.

IV. RESULTS

The individual measurements of parity-even quantities,
including the A polarizations P, (Pz) and charged-hadron

azimuthal correlator Ay, have been reported by STAR for
this dataset [42,58]. The corresponding measurements from
this analysis are in good agreement with those published
results.

Figure 7 shows af, ay, and Aa, as functions of centrality,
calculated from the primary tracks of unidentified charged
hadrons, and avoiding the possible self-correlation (Sec. I1 C).
All results are found to be consistent with zero, as expected
for this parity-odd quantity given that topological charge fluc-
tuations are expected to be random in each event. This is
consistent with previous STAR Aa; measurements [6].

The normalized handedness imbalance An® is defined by
Eq. (7) event by event. The individual measurement of An°®
is an event average:

obs __ ajobs obs\ __ obs
(Anobs> — NL NR — (NL ) <NR > . (12)
W N T

It can be directly calculated from (N°) in Fig. 5. Figure 8
shows (An°™) for A (a), A (b), and their sum (c).

As discussed in Sec. IIE, the A reconstruction
inefficiency detector effect makes (NPP(A)) > (Ng™(A))
and (N,‘jbs(l_\)) < (N,‘e’bs([\)), rendering An®S(A) > 0
and An°(A) <0. Since more A hyperons are
measured/reconstructed than A due to baryon stopping effect,
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FIG. 9. The covariance between the parity-odd observables Aa; and An®® for A (left), A (right), and their sum (right) as functions of
centrality in Au + Au collisions at \/syy = 27 GeV. Hadrons used to reconstruct A or A in the mass peak region are excluded from Aa;. The
statistical uncertainty is shown by error bars, while the systematic uncertainty is shown by hollow boxes. The on-peak signal data points are
shifted slightly to the left along the x axis, while the off-peak background to the right symmetrically, for better visualization.
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FIG. 10. Covariances between the parity-even observables P, and Ay (left), between P; and Ay (middle), and their difference (right) as
functions of centrality in Au + Au collisions at ,/syy = 27 GeV. Hadrons used to reconstruct A or A in the mass peak region are excluded
from Ay. The statistical uncertainty is shown by error bars, while the systematic uncertainty is shown by hollow boxes. The on-peak signal
data points are shifted slightly to the left along the x axis, while the off-peak background to the right symmetrically, for better visualization.

the inclusive handedness imbalance An°®(A + A) > 0.
Thus, in Fig. 8, the deviations from zero are solely
detector-specific, and not physical. Although the individual
measurements of An°" (Fig. 8) are influenced by the
detector effect of A reconstruction inefficiency (Sec. I1E),
this automatically cancels out in the correlation covariance
[Eq. (1D)].

Figure 9 shows the observed correlation between Aa; and
An°® in each centrality class. Both the signal (using A’s
reconstructed in the mass peak) and the background (using
off-peak background A’s) covariances are consistent with
zero with the current uncertainties.

Figure 10 shows the observed correlation between Ay and
polarizations (Cov[P,, Ay], Cov[P5, Ay], and their differ-
ence) as functions of centrality. With the current statistics,
both the signal and background are consistent with zero.

The uncertainties of our measurements are of the order of a
few times 107> for both Cov[An°™, Aa,] and Cov[AP, Ay]
correlations. Our null results suggest that these correlations
are likely smaller than 10~*. Since the correlation strengths
depend on details of the physics underlying the correlations,
the implication of our results in terms of the chiral magnetic
effect and the magnetic field in heavy-ion collisions requires
theoretical input.

V. SUMMARY

In conclusion, this paper reports measurements of event-
by-event correlations between the observed A handedness
and the charged hadron Agq;, and between A polarizations
and charged hadron Ay, in Au + Au collisions at /syy =
27 GeV using the STAR detector. These correlation observ-
ables have been deployed to measure the chiral magnetic
effect and the presence of a strong magnetic field in heavy-ion
collisions.

Neither of these measurements has yielded a nonzero cor-
relation result within the statistical precision of the present
dataset. However, looking toward the future, these correla-
tion measurements should be largely insensitive to the typical
physics backgrounds that plague measurements of CME-
sensitive observables, and it is possible that such correlation
measurements will ultimately offer better sensitivity than in-
dividual measurements of these quantities to investigate the
chiral magnetic effect.
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