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First simultaneous measurement of Z° and Z° asymmetry
parameters in y(3686) decay
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The Z° asymmetry parameters are measured using entangled quantum =

0 — 20 pairs from a sample of

(448.1 +2.9) x 10° y(3686) events collected with the BESIII detector at BEPCIIL The relative phase
between the transition amplitudes of the Z°Z° helicity states is measured to be A® = —0.050 +
0.150 4 0.020 rad, which implies that there is no obvious polarization at the current level of statistics.
The decay parameters of the Z° hyperon (ago, @z, =0, ¢z0) and the angular distribution parameter
[al,,(%gﬁ)] and A® are measured simultaneously for the first time. In addition, the CP asymmetry

observables are determined to be A%(;J = (ag + az0) /(=0 — az0) = —0.007 + 0.082 + 0.025 and

=0

Agcp = (=0 + ¢P=0)/2 = —0.079 £ 0.082 £ 0.010 rad, which are consistent with CP conservation.

DOI: 10.1103/PhysRevD.108.L011101

The universe began with the big bang, where it is
commonly assumed that matter and antimatter were created
in equal amounts. However, at present, only traces of
antimatter can be seen. CP violation (CPV) is one of
the necessary conditions to possibly explain this asymme-
try [1]. The existence of CPV in the decays of K°, B?, and
D° mesons [2-5], as well as in neutrino oscillations v, [6],
are firmly established. However, these CPV effects are too
small to explain the large matter-antimatter asymmetry in
the universe.

Recently, a technique to test CPV in the hyperon sector
has been developed by simultaneously analyzing the spin
polarization and the asymmetry parameters of the entangled
hyperon-antihyperon pairs produced in the decays of
the J/y, w(3686), and w(3770) mesons at the BESIII
experiment [7]. For cascade hyperon decays, the angular
distribution of the daughter hyperon is proportional to
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(1 + ayPy - it), where ay is the hyperon decay parameter,
Py and 71 are the hyperon polarization and the unit vector in
the direction of the daughter hyperon momentum, respec-
tively, both in the hyperon rest frame. The CP asymmetry
is defined as Acp = (ay + ag)/(ayg — ag), where the
parameters ay and ag are CP odd, and a nonzero Acp
indicates CPV. In the Standard Model (SM), a tiny Acp
value of ~107* [8] is predicted in the hyperon sector.
Therefore, a test of CPV in hyperon decays is sensitive to
possible sources of CPV from physics beyond the SM
[9,10]. At present, BESIII has performed CPV tests in the
decays of A [11-13], =+ [14], and =~ [15,16] hyperons,
where for =~ hyperons, the most precise asymmetry
parameter measurement was reported in J/y decay.
BESIII has also performed the first determination of the
weak phase of the Z~ hyperon using entangled Z~=" pairs
[15]. However, CPV in E° hyperon decays has not so far
been searched for, the asymmetry parameter azo in the
decay E° — Az has not been measured directly, only the
product a, - azo has been reported [17,18], and the weak
decay phase ¢z was measured with large uncertainty
[19-21].

The process of ete™ — y(3686) — E°Z0 — 79729AA
with A — pz~ can be fully described by the vector
&= (02,05, 07,05, 03.0,.9,.05, ¢5), where the coordi-
nate systems and angles are shown in Fig. 1 with the
same convention as Refs. [15,16]. The cascade E and A
polarization vector, Pz and P,, are related as P, =
050250 + ﬁEO (PEO X 250) + ¥=0 [250 X (PE(] X 250)], where
azo, f=o, and yzo are defined in Ref. [22] and Zo is the
unit vector in the direction of the Z momentum. The joint
angular distribution function is described by [23]

3 3 3 _ _
W=WEQ) =D > > Cudasadaal, (1)

where C,, is the production spin density matrix, a,, is the
joint decay amplitude, and Q = (&, (3636), AD, a0, =0,
ap, a5, Az, Pzo) is the set of decay parameters. The
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FIG. 1. Depiction of the axes orientation used in the analysis
of the Z° decay parameters. In the e*e™ rest frame, the % axis is
along the e* direction, and Zzo is along the Z° momentum
direction. In the E° rest frame, the polar axis direction is 2z, J=o
is along Z X Zzo and Z, is along the A momentum direction. For
the A rest frame, the polar axis direction is Z, and y, is along
Z=z0 X Z5. The vector Pz x 2, is along the §, axis. The definition
for the Z° is analogous, with the Z=zo axis against the Z-o direction.

definitions of C,, and a,, may be found in Ref. [23]. CPV
is searched for with an amplitude, A-p, and a phase, A¢p,
defined as

— =0 + =0
A:() — = =
cr =0 — A0 ’
o1
ApZp =5 (b= + ). )

The polarization observable P, is defined as follows [24],

1- ai(%%) sin 20z sin A®
Py = 2 ) (3)
2(1 + ay,(3686) cOS” O=)

which is dependent on the transverse polarization param-
eter AD.

In this paper, we present the first simultaneous meas-
urement of the Z° asymmetry parameters using entangled
20— =0 pairs from (448.1 +£2.9) x 10%y(3686) decays [25]
collected with the BESIII detector [26]. In addition, a study
of the transverse polarization in y(3686) — Z°=" and a test
of CPV in Z° hyperon decays are performed.

Candidate y(3686) — E°Z° events are selected by fully
reconstructing the subsequent decays Z° — 7°A, A — pz~
and 7° — yy (as well as the charge conjugate final states for
Z and A decays). Potential background contributions are
studied with an inclusive Monte Carlo (MC) simulation
sample of y(3686) decays [27], and an exclusive simulation
of the signal process with 5 x 10° events is generated with a
phase space model for normalization. The production of the
w(3686) resonance for both MC samples is simulated with
the KKMC generator [28,29], and the subsequent decays are

processed by EvtGen [30,31]. Additionally for the inclusive
MC sample, the branching fractions of cascade decays are
fixed according to the Particle Data Group (PDG) [32]. All
the remaining unmeasured decay modes are generated with
Lundcharm [33,34]. The response of the BESIII detector is
modeled with MC simulations using a framework based on
Geant4 [35,36].

Candidate events are required to contain at least four
charged particles (two positive and two negative) and at
least four photons. Charged particles are reconstructed as
tracks within the multilayer drift chamber (MDC). Only
tracks fully contained in the acceptance region of the MDC,
|cosf| < 0.93 (with € defined with respect to the z-axis,
which is the symmetry axis of the MDC), are kept for
the analysis. Because of the momentum separation in the
two body decay, the momenta of (anti-)proton and charged
pion candidates are required to be greater and less than
0.5 GeV/c, respectively.

A(A) candidates are reconstructed as pz~ (pa™) pairs
that satisfy a vertex fit. The four-track combination that

minimizes \/(Mp,,f —mp)? + (Mp,e —mp)? is selected,
where M ,,- (M5, ) is the invariant mass of the pz~(pz™)
pair and m, is the A mass from the PDG [32]. To further
suppress non-A background, the A decay length is required
to be greater than zero, where negative decay lengths
are caused by the detector resolution and background
contributions.

Photon candidates are reconstructed from isolated
showers in the electromagnetic calorimeter (EMC). The
energy deposited in the nearby time of flight (TOF) counter
is included to improve the reconstruction efficiency
and energy resolution. The shower energies are required
to be greater than 25 MeV in the EMC barrel region
(|cos 8| < 0.8), or greater than 50 MeV in the EMC end-
cap region (0.86 < |cosf| < 0.92). In order to reject
electronic noise and energy deposits unrelated to the event
start time, the EMC shower time, measured with respect to
the collision signal, is required to satisfy 0 < ¢ < 700 ns.

To further suppress background from soft z’s and
radiated photon events and to improve the mass resolution,
a six-constraint (6C) kinematic fit is applied to all possible
yryyAA combinations by imposing energy-momentum
conservation and constraining the masses of the two
pairs of photons from the z° mesons to the z° mass.
The Z° and Z° candidates are then reconstructed as the 7°A
and 7°A combinations that minimize the discriminant
S=+/(Mpp—mz)?+(Mpz—mz)> from all z°A(z°A)
combinations, where M 0, (M 3) is the invariant mass of
the 7z°A(z°A) system and mgo is the Z° mass from the
PDG [32]. Finally, background contributions from the
w(3686) — 7%2%J /yr process are rejected by requiring
the recoil mass of 7°z° combinations to be at least
20 MeV/c? away from the nominal J/w mass [32].
Figure 2 shows the distribution of M, versus M oz for
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1.35

M, (GeVic?)

1.25

Mn()A (GCV/CZ)

FIG. 2. The scatter plot of M0, versus M oz of the candidate
events selected from data, where the red box S shows the signal
region, the blue boxes B;, B,, and B3 denote the selected
sideband regions, and the magenta box B, is close to the
>(1385)°%(1385)° signal and is not used.

candidate events selected in data. A clear signal around the
(%) mass is observed. Signal events are required to
simultaneously satisfy |M o, —m=| < 15 MeV/c? and
|M o5 —mz| < 15 MeV/c? (region marked as S in
Fig. 2). Most of the background contributions arise from
w(3686) decays that do not contain a Z°Z° pair, such as
w(3686) — 7°7°AA. The background yield is evaluated by
the mean of the three sideband regions B, (with i = 1, 2, 3)
depicted in Fig. 2. The sideband regions have the same size
as the signal region, but are centered on the following
values of (Mo, Mpz) = (1.27,1.27), (1.36, 1.27), and
(1.27,1.36) GeV/c?. The sideband region B, is not
suitable for background evaluation as it is close to the
w(3686) — X(1385)°£(1385)° region and would lead to
an overestimation of the signal contamination. In the signal
region N = 1934 events are counted with an expected
background contribution of 23 + 5 events, resulting in a

1.2% contamination level. The signal contamination can,
therefore, be considered as negligible in the following
analysis.

To determine the set of € parameters, an unbinned
maximum likelihood fit (MLL fit) is performed, where the
decay parameters a, and aj are fixed to 0.754 [11]
assuming CP conservation in A and A decays. In the fit,
the likelihood function £ is given by

_ ; W(E;, Q)e(E;)
f=U—vay “)

i=1

where the joint angular distribution W is defined in Eq. (1),
N is the number of data events, ¢ = NMC. /NMC i the
detection efficiency, and N (Q) = [W(E,. Q)e(E;)dE; is
the normalization factor. Since the low background level
has a negligible effect, we do not include a background
term in the fit, and the parameters are determined by
minimizing the function S = —In L. The fit results are
reported in Table 1.

Systematic uncertainties arise from the difference of
detection efficiencies between data and simulations
(tracking, 7° and E°(E°) reconstruction, 6C kinematic
fit, z°2°J /y background veto) as well as from the sideband
technique, background from the continuum process
ete” — B0, the uncertainties of the A — pz~ decay
parameters and the MLL fit method as listed in Table II.
Correction factors for tracking and z° reconstruction
efficiency differences between data and simulations are
evaluated on a control sample of y(3686) — Z°Z0 events,
where one of the hyperon is fully reconstructed and one of
the charged particles (p, p, z™, and z7) or the 7° from the
second is not considered. The uncertainties arising from
the correction procedure are evaluated by mean of 100
variation of the correction factors, following a Gaussian
distribution with the nominal value as mean and the
statistical uncertainty as width. The difference between
the nominal results of the decay parameters and the mean
values of those obtained through the variations is regarded
as systematic uncertainty. The correction to the E°
reconstruction efficiency differences is evaluated as in

TABLE I. Numerical results of parameters, where the first uncertainty is statistical and the second is systematic.
Paramater This work BESIII [37] PDG [32]

@y (3686) 0.665 £ 0.086 £ 0.081 0.650 £ 0.090 £ 0.140

AD —0.050 + 0.150 £+ 0.020 e e

azo —0.358 £0.042 £ 0.013 —0.356 £0.011
=0 0.027 £0.117 £0.011 0.366 + 0.209
azo 0.363 £0.042 £ 0.013 e

P=o —0.185£0.116 = 0.017

A%, —0.007 £ 0.082 £ 0.025

APEp —0.079 £ 0.082 £ 0.010
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TABLE II. Systematic uncertainties of the measured parameters.

Source Ay (3686) AD azo =0 azo =0
Tracking efficiency 0.067 0.003 0.003 0.004 0.002 0.004
7° reconstruction 0.032 0.001 0.001 0.002 0.001 0.000
20 reconstruction 0.024 0.003 0.001 0.001 0.000 0.001
6C kinematic fit 0.006 0.003 0.001 0.001 0.000 0.001
797297 /y background veto 0.016 0.017 0.009 0.004 0.007 0.013
Sideband subtraction 0.011 0.000 0.004 0.006 0.002 0.002
Continuum process 0.011 0.000 0.004 0.006 0.002 0.003
A decay parameter 0.001 0.006 0.006 0.004 0.005 0.000
Fit method 0.008 0.009 0.003 0.002 0.008 0.010
Total 0.081 0.020 0.013 0.011 0.013 0.017

Refs. [37-45], and the same procedure is applied to
estimate the systematic uncertainty. The 6C kinematic fit
is sensitive to differences in the momentum resolution
of the charged tracks between data and simulations.
Corrections to the helix parameters of charged tracks are
evaluated and applied in the measurement, and the differ-
ence between the spin polarization parameters obtained
with and without the corrections is considered as the
systematic uncertainty. The systematic uncertainty from
vetoing y(3686) — #°7°J /y background is estimated by
varying the range of the mass window requirement by
5 MeV/c?. The largest difference is taken as the uncer-
tainty. The uncertainties related to background contribu-
tions (sideband evaluation and continuum process) are
evaluated by introducing a background term to the MLL
function S — 8 = —In £ + In Lzkg. The difference in the
fit results is taken as the uncertainty. The possible bias
introduced by the A — pz~ decay parameters are estimated
by changing a, and aj values reported in Ref. [11] by +16.
The largest variation with respect to the central value is
considered as the systematic uncertainty. To validate the fit
procedures, an input-output check based on 300 pseudo-
experiments is performed with the helicity amplitude
formula Eq. (1). The polarization and the asymmetry decay
parameters measured in this analysis are used as input in the
formula. The number of events in each generated MC
sample is 5000, and the check is performed independently
300 times. The difference between the input and output
Gaussian fit values is taken as the systematic uncertainty
caused by the fit method. Assuming all sources to be
independent, the total systematic uncertainties in the
measurement of azo, A® and the decay asymmetry
parameters via analyzing for y(3686) — Z°=0 are deter-
mined as the sum in quadrature of the mentioned sources.

In summary, based on a data sample of (448.1 +2.9) x
10% y(3686) events collected with the BESIII detector, the
=% asymmetry parameters are measured with high precision
using entangled quantum E° —=° pairs. The numerical
results are summarized in Table 1. The polarization signal
related with Eq. (3) is shown in Fig. 3. The value of &, (366

is measured to be 0.665 &+ 0.086 +0.081, which is

consistent with the previous BESIII measurement [37],
and A® = —0.050 £ 0.150 £ 0.020 rad is measured for
the first time and is significantly different from the one for
E~ reported in Refs. [15,16]. The relative phase that is
approximately zero implies an insignificant transverse
polarization, which differs from the polarization observed
in A decays from J/y decays, £+ decays from both J/y
and (3686) decays, and E~ decays from both J/y and
y(3686) decays [11,14-16]. The asymmetry parameters az
and az are determined simultaneously for the first time.
Previously only the product of ay-az [17,18] was
reported. The parameter ¢p-o is measured more precisely
compared with the value reported by the HBC group almost
half a century ago [19-21]. In addition, the Z° hyperon CP
asymmetry parameters AZ,, A¢Z,, as summarized in
Table I, indicate no CPV effect at the current level of
accuracy. It is expected that the test of CPV will reach
sensitivities comparable to the SM prediction when a

0.4 e ————————

02 —

021+ —]
ol
-1 0.5 0 0.5 1
cosf_

FIG. 3. Distribution of the polarization observable P, versus
cos Oz, dots with error bars represent experimental data, and the
red line denotes the global fit result.
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large data sample will be available at BESIII [46], the
upcoming PANDA experiment at FAIR [47], and the
proposed Super Tau-Charm Factory projects in China
and Russia [48,49].
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