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Using a data sample of (1.0087 % 0.0044) x 100 J/y decay events collected with the BESIII detector
at the center-of-mass energy of /s = 3.097 GeV, we present a search for the hyperon semileptonic decay
E% — X~e*y, which violates the AS = AQ rule. No significant signal is observed, and the upper limit on
the branching fraction B(E? - Z~e*v,) is determined to be 1.6 x 107* at the 90% confidence level. This
result improves the previous upper limit result by about one order of magnitude.

DOI: 10.1103/PhysRevD.107.012002

I. INTRODUCTION

Hyperon semileptonic decays play an important role in
understanding the interplay between weak and strong
interactions, where the former determines quark flavor
transitions and the latter determines hadronic structures.
Experimental measurements such as the determination
of the Cabibbo-Kobayashi-Maskawa matrix element
|Vl [1], hyperon transition form factors [2] and other
constants [3,4] indicate a flavor SU(3) symmetry breaking
in hyperon semileptonic decays. Yet there might be
another approach to probe the SU(3) symmetry breaking
via searching for decays which violate the AS = AQ
selection rule. This rule was first proposed in 1958 to
explain the absence of certain hyperon decay modes in
experiments [5], and required the change in strangeness
(AS) to be equal to the change in charge (AQ) between
initial and final-state hadrons. Then it became one of
the basic assumptions in Cabibbo’s weak interaction
theory [6,7] to propose exact SU(3) symmetry for weak
hadronic currents. Therefore, any violation of this rule,
which is allowed by the Standard Model in second-order
weak interaction as the Feynman diagram shows in Fig. 1,
would demonstrate the existence of weak currents belong-
ing to higher multiplets [8].

On the experimental side, no AS = AQ-violating decays
have been observed yet. More attention has been drawn to
the AS = AQ rule tests in neutral kaon semileptonic decays.
One of the reasons is that the asymmetry between the
decay rates of K, — n~e¥v also relates to CP and CPT
invariance [9,10] and is used as input to the AS = AQ rule
violation parameter. The charge-asymmetry measurement
of Kg — nreTv was recently updated by the KLOE-2
Collaboration [11]. As for hyperons, however, the last
search for AS = AQ- violating hyperon semileptonic
decays was performed nearly 40 years ago [12]. The current
upper limit on the relative branching fraction I'(Z° —
Xety,)/T(EY — Az®) was set to be 0.9 x 1073 at the

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

90% confidence level based on 2975 Z° events [13] by a
fixed target experiment at the Brookhaven National
Laboratory in 1974. To date, the BESIII Collaboration
has collected about 10 billion J/y events and could produce
over 10° hyperon pairs via J/y decays [14]. This allows to
search for many rare and forbidden hyperon decays with a
double-tag technique that was developed by the MARK-III
Collaboration [15]. Recent BESIII results with hyperon
semileptonic decays comprise the studies of the decays
A — pp v, [16] and B~ - Elep, [17].

In this paper, we present a search for the AS = AQ-
violating hyperon semileptonic decay Z° — Z~e*v, based
on (1.0087 +0.0044) x 10'° J/y events [18] collected
with the BESIII detector at the BEPCII collider. This is
the first attempt to measure the absolute branching fraction
of this decay process in a collider experiment. A semiblind
procedure is performed to avoid possible bias, where about
10% of the full dataset is used to validate the analysis
strategy. The final result is then obtained with the full
dataset only after the analysis strategy is fixed. Throughout
this paper, including the Event Selection (Sec. III) section,
charge conjugation is implied.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [19] records symmetric eTe™
collisions provided by the BEPCII storage ring [20] in
the center-of-mass energy range from 2.0 to 4.95 GeV, with
a peak luminosity of 1x 10% cm™ s~! achieved at
\/s = 3.77 GeV. The cylindrical core of the BESIII detec-
tor covers 93% of the full solid angle and consists of a

€+
Ve
w+
u, c,t
S d
W+
=0 u d X~
s »- s

FIG. 1. The Feynman diagram of the AS = AQ violating decay
B0 > Y ey,
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helium-based multilayer drift chamber (MDC), a plastic
scintillator time-of-flight system (TOF), and a CsI(TI)
electromagnetic calorimeter (EMC), which are all enclosed
in a superconducting solenoidal magnet providing a 1.0-T
(0.9 T in 2012) magnetic field. The solenoid is supported
by an octagonal flux-return yoke with resistive plate
counter muon identification modules interleaved with steel.
The charged-particle momentum resolution at 1 GeV/c is
0.5%, and the dE/dx resolution is 6% for electrons from
Bhabha scattering. The EMC measures photon energies
with a resolution of 2.5% (5%) at 1 GeV in the barrel (end-
cap) region. The time resolution in the TOF barrel region is
68 ps, while that in the end-cap region is 110 ps. The end-
cap TOF system was upgraded in 2015 using multigap
resistive plate chamber technology, providing a time
resolution of 60 ps [21].

Simulated data samples produced with a GEANT4-
based [22] Monte Carlo (MC) toolkit, which includes
the geometric description of the BESIII detector and the
detector response, are used to determine detection effi-
ciencies and to estimate background contributions. The
simulation models the beam energy spread and initial state
radiation in the e*e™ annihilations with the generator
KKMC [23]. An inclusive MC sample includes both the
production of the J/w resonance and the continuum
processes incorporated in KKMC. All particle decays are
modeled with EVTGEN [24] using branching fractions either
taken from the Particle Data Group [12], when available, or
otherwise estimated with LUNDCHARM [25]. Final-state
radiation from charged final-state particles is incorporated
using PHOTOS [26]. For the signal MC sample, the angular
distribution measured in Ref. [27] is applied for the
generation of the decay J/y — Z°Z° followed by 20 —
A= pr)a’(= yy) and E° - £ (- na~)etrv,, where
203X e*y, is generated with a uniform phase-space
model.

III. EVENT SELECTION

The E°(Z°) hyperons are produced in pairs via the decay
process of J/y — E°Z° at the center-of-mass energy of
/s =3.097 GeV, and therefore can be studied with a
double-tag technique. First, we reconstruct the Z° candidate
via the decay Z° - A(— paT)n%(— yy). Then, we search
for the signature of the signal decay Z° — X~e*v, from
the system recoiling against the Z°. For convenience, the
=0 candidate is referred to as “single tag” (ST) while the Z°
candidate of signal decay is referred to as “double tag”
(DT). The absolute branching fraction of the signal decay is
extracted by

Npr/éepr
B 0 — ) 1
Ve Ngsr/est ( )

where Ngp(Npr) is the observed ST(DT) yield and
est(ept) is the corresponding detection efficiency.

A. ST selection

Charged tracks detected in the MDC are required to be
within a polar angle () range of |cos 8] < 0.93, where 6 is
defined with respect to the z axis, which is the symmetry
axis of the MDC. Photon candidates are identified using
showers in the EMC. The deposited energy of each shower
must be greater than 25 MeV in the barrel region
(|cos @] < 0.80) and greater than 50 MeV in the end-cap
region (0.86 < |cos@| < 0.92). To exclude showers that
originate from charged tracks, the angle subtended by the
EMC shower and the position of the closest charged track at
the EMC must be greater than 10° as measured from the
interaction point. To suppress electronic noise and showers
unrelated to the event, the difference between the EMC
time and the event start time is required to be within
[0, 700] ns.

The A candidates are reconstructed using vertex fits from
all combinations of two oppositely charged tracks, in which
the one with the greater momentum is assumed to be proton
and the other to be pion. The primary vertex fit constrains
the tracks to originate from a common vertex, while the
secondary vertex fit constraints the momentum of the
reconstructed resonance to point back to the interaction
point. The decay length of the A candidate has to be twice
greater than its resolution. The invariant mass of pz™
combination is required to be within 5 MeV/c? from the
known A mass [12] which is 3¢ of its mass resolution. The
7° candidates are reconstructed using a kinematic fit from
all combinations of two photons by constraining their
invariant mass to the known z° mass [12]. High-quality
fit requires the 2 value to be less than 25, and the invariant
mass of two photons before the fit to be in the range of (115,
150) MeV /c?. Candidates with both photons from end-cap
EMC regions are rejected due to bad resolution. The =°
candidates are reconstructed from all combinations of A and
7Y candidates described above, and the invariant mass M 3 o
is required to be within 20 MeV/c? from the known Z°
mass [12] corresponding to 3o of its invariant mass
resolution. If there are multiple Z° candidates that survive,
the one with minimum |AM| = |M 3,0 — mzo| is retained for
further analysis, where mzo refers to the known =° mass.

The yield of ST E° hyperons is obtained from a binned
maximum-likelihood fit to the distribution of the beam-
constrained mass defined as

Mic = \/ B/ ¢* = |Pin /e, (2)

where Eje,m is the beam energy and pj o is the momentum
of reconstructed Az’ combination in the center-of-mass
system. In the fit, the signal shape is modeled by the MC-
simulated shape convolved with a Gaussian function to
account for the resolution difference between data and MC
simulation. The background shape is described by a
second-order Chebychev polynomial given the fact that
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FIG. 2. Mpc distribution of ST Z° candidates with fit results
overlaid. The black dots with error bar represent data, the blue
curve represents the fit result, the red dashed curve represents the
signal component and the green dashed curve represents the
background component. The red arrows indicate the ST signal
region.

no peaking background is observed from analyzing the
inclusive MC sample. The fit result is shown in Fig. 2.
The ST yield is measured to be 1, 855,681 + 1, 865 in the
signal region of (1.292, 1.335) GeV/c?, and the corre-
sponding efficiency is (12.23 4+ 0.01)% by performing the
same fit procedure to the inclusive MC sample. All these
uncertainties are statistical only.

B. DT selection

In the presence of ST Z° hyperon, the signal decay Z° —
Y~ety, is selected with the remaining tracks which have
not been used in the tag side. The X~ candidate is
reconstructed via the X~ — nz~ decay. Due to the absence
of a hadronic calorimeter in the BESIII detector, neutron
reconstruction is challenging [28]. We treat both the
neutron and neutrino as missing particles. Only the 7~
and e* of the signal side are selected. The signature of the
chosen 7z~ e™ combination has been verified to sufficiently
separate the signal decay from other known Z° decays. The
DT signal yield is measured from the fit to the Mpc
distribution of ST side because no similar observables
could be constructed at the DT side.

After excluding the two charged tracks that have been
used for tag reconstruction, the number of remaining tracks
is required to be two, one positive and one negative charge.
Particle identification (PID) for pion is applied by combin-
ing measurements of the dE/dx in the MDC and the flight
time in the TOF to form likelihood L£(h)(h = x, K, p) for
each hadron /& hypothesis. Tracks are identified as pions
when the pion hypothesis has the greatest likelihood
(L(z) > L(K) and L(z) > L(p)) and L(x) is greater than
0.001. Positron PID uses the measured information in the
MDC, TOF and EMC. The combined likelihoods (£')
under the positron, proton, pion, and kaon hypotheses are

obtained. Positron candidates are required to satisfy
L'(e) > 0.001 and L'(e)/(L'(e) + L (x) + L'(K)) > 0.8.

The narrow phase space leads to low momentum of the
signal positron; thereby, its reconstruction is challenging.
Moreover, the momentum of the signal pion falls into the
range where the e/ separation ability of the PID algorithm
is limited due to their similar dE/dx responses [29].
By investigating the inclusive MC sample, the dominant
background components are found to be the events with
#tn~ and eTe™ final states at the DT side due to high e¢/n
misidentification rate.

In order to reduce e¢/x misidentification, we extract a
variable y4z/q, to quantify the dE/dx response defined as

<dE/dx)mea - (dE/dx)exp
XdE/dx = ) (3)
OdE/dx

where (dE/dx),,., is the dE/dx measurement for a charged
track, (dE/dx)., is its expected value under certain
particle hypothesis and 6,z/4, 18 its resolution. We require
the y4g/q. value for the electron track in pion hypothesis to
be less than —4.5, and the y4g/4, value for the pion track in
electron hypothesis to be less than —2.5. In addition, the
momentum of z~ is required to be within (0.20, 0.38)
GeV/c and the momentum of e™ must be less than
0.20 GeV/c. All the requirements except the momentum
of e" are optimized using the Punzi significance [30]

defined as ¢/(1.5++/B), where e denotes the signal
efficiency obtained from the signal MC sample and B is
the number of background events in the inclusive MC
sample.

Potential large discrepancies between data and MC
simulation are considered in two aspects. First, the effi-
ciencies due to the yqg/q, requirement are studied with the
control samples of eTe™ — yeTe™ for the electron track
and J/y — xtx % for the pion track. These control
samples are weighted to have the same momentum mag-
nitude and angular distributions for the electron and pion
tracks as in our signal MC sample. The ratio of the
acceptance efficiencies of the yqg/q, requirement between
data and MC simulation is 0.64 4 0.16. Second, the eTe™
associated background is mainly produced when a photon
interacts with the detector material and converts into an
electron-positron pair [29]. A control sample of ete™ —
y(— ete )ete™ at /s =3.097 GeV is chosen to inves-
tigate the photon-conversion effect. The ratio of the
detection efficiencies of photon-conversion related back-
ground events between data and MC simulation is deter-
mined to be 2.929 4+ 0.026. We hence correct our DT
efficiency by the first factor, and consider the second factor
in the estimation of the peaking background. The residual
uncertainties of the two factors are taken as systematic
uncertainties in Sec. IV. Finally, the DT efficiency is
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FIG. 3. The My distribution of the ST side for DT =°

candidates with fit results overlaid. The black dots with error
bar represent data, the blue curve represents the fit result, the black
dashed curve represents the peaking background component and
the green dashed curve represents the other background compo-
nent. The red dotted curve shows the signal shape normalized to
the branching fraction B(E° — Z~e*v,) = 1.6 x 10™*. The red
arrows indicate the DT signal region.

determined to be (5.58 4-0.04) x 103, where the uncer-
tainty is statistical only.

The DT yield is measured by performing an unbinned
maximum-likelihood fit to the Myc distribution of ST
side for DT candidates. Study of the inclusive MC sample
with a generic event-type analysis tool, TopoAna [31],
indicates that there is a peaking background of J/y —
20— An%)E%(— Az") decays with a photon coming
mainly from a soft z° and converting into a e*e™ pair
in the final state. In the fit procedure, the signal shape
is modeled by the signal MC simulation. The shape of
peaking background is extracted from a J/y — =20
(= An)E%(— Az®) MC sample. The number of peaking
background events is fixed to be 23.5 £ 4.1, where the
uncertainty is statistical only. It is calculated as

Npeaking = Nf/l// X BJ/I//—EPEO X EMCs (4)
where N, is the number of J/y events [18], B, _zoz0
is the branching fraction cited from the Particle Data
Group [12] and eyc = (1.99 +0.34) x 1077 is the detec-
tion efficiency after considering the data-MC difference
mentioned above. The other background shape is described
by a second-order Chebychev polynomial function. Figure 3
shows the fit result where no significant signal is observed.
The DT yield is extracted to be —4.9 £ 8.6 in the signal
region of (1.292, 1.335) GeV/c?, where the uncertainty is
statistical only.

IV. SYSTEMATIC UNCERTAINTY

The systematic uncertainties related to the ST selection
mostly cancel since we adopt the tagging technique in this
analysis. The remaining systematic uncertainties involved

in the branching fraction determination are classified into
two types: multiplicative and additive.

The multiplicative uncertainties, which affect the effi-
ciency, are summarized in Table I including the tracking
efficiency and PID efficiency, ST fit, tag bias, number of
charged tracks, selection criteria and MC model. The
uncertainty due to tracking efficiency is set to be 1.0%
for the signal pion from a study of J/y — pK~A + c.c.
and J/w — AA decays [32], and 0.8% for the signal
electron studied with a control sample of radiative
Bhabha events of e"e™ — yete™. The uncertainty arising
from PID efficiency is 1.0% for the signal pion cited from a
study of J/w — ata~pp and J/y — n"n~ 7" [33], and
2.1% for the signal electron with the same control sample
used for the tracking efficiency. The uncertainty related to
the ST fit is assigned to be 1.6% by varying the signal shape
description, background shape description, fit range and bin
size. The tag bias effect arises from the difference of ST
efficiencies obtained in inclusive and signal MC samples
due to different ST reconstruction environments, and is
determined to be 0.3% following the method described in
Ref. [34]. The systematic uncertainty from the requirements
on the DT charged tracks is set to be 3.2% using the control
samples of ete™ — yeTe™ for the electron track and J /i —
a*n~n° for the pion track. To estimate the uncertainty due
to the MC model, we reweight the differential decay width
distribution of the signal MC sample from the phase-space
model to the theoretical formula described in Ref. [35]. The
largest deviation of DT efficiencies before and after the
reweighting, 6.8%, is taken as the systematic uncertainty.
The total multiplicative uncertainty is estimated to be 8.5%
by adding these uncertainties quadratically.

The additive systematic uncertainties mainly come from
the fitted DT yield. The associated effects are examined by
using alternative signal shape, peaking background yield,
and other background shape. For the signal shape, we
change its description from the shape directly extracted
from signal MC sample to a double-Gaussian function with
fixed parameters obtained from fitting signal MC sample.
For the peaking background, the shape is varied in the same
way as for the signal shape, and the fixed yield is shifted
within 10 of statistical uncertainty. For the other back-
ground shape, the alternative background shapes are chosen

TABLE I. The multiplicative systematic uncertainties.
Source Uncertainty (%)
Tracking efficiency 1.8
PID efficiency 3.1
ST fit 1.6
Tag bias 0.3
Selection criteria 3.2
MC model 6.8
Total 8.5
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to be the one derived from inclusive MC sample after
excluding peaking background components, and a first- or
second-order Chebyshev polynomial function. Since these
uncertainties are obtained with a very limited sample, they
may not follow the Gaussian distribution and will be treated
conservatively [36].

V. RESULTS

As there is no significant signal observed in data, the
upper limit on the branching fraction B(E° — X~e"v,) is
set using a Bayesian method described in Ref. [37]. We
perform a series of maximume-likelihood fits to the My
distribution with signal yield »n fixed to a scan value, and
obtain the corresponding maximum-likelihood values to
form a discrete-likelihood distribution L£(n). For the
systematic uncertainties, the additive items are firstly
incorporated by varying the DT fit method, and the most
conservative upper-limit result is retained. Then the like-
lihood distribution is smeared with the multiplicative
uncertainty by

as shown in Fig. 4, where ¢ is the nominal DT efficiency
and o, is the multiplicative uncertainty corresponding to
the efficiency value. By integrating £'(n) curve up to 90%
of the area in the n > 0 region and calculating the
corresponding branching fraction using Eq. (1), the upper
limit on the branching fraction of E° — Z~e*y, at the
90% confidence level is set to be 1.6 x 107,

- A Nominal

— Upper limit

¥ .;x10‘3

Tz 0 0.2 0.4 0.6
BE - T ety,)

FIG. 4. The normalized-likelihood distributions before and after
incorporating systematic uncertainties. The blue dashed curve
represents the raw-likelihood distribution. The red solid curve
represents the updated likelihood distribution after incorporating
the systematic uncertainties. The top x axis is for the number of
signal events and the bottom x axis is for the corresponding
branching fraction. The shadowed area represents the integration
region and the red arrow indicates the upper limits at the
90% confidence level.

VI. SUMMARY

Based on (1.0087 & 0.0044) x 10'° J/y events col-
lected with the BESIII detector at the BEPCII collider, a
search for AS = AQ-violating hyperon semileptonic decay
B0 » ¥-ety, is performed. No significant signal is
observed and the upper limit on its decay branching
fraction is set to be B(E’ - X efr,) < 1.6 x 107 at
the 90% confidence level. Compared with the previous
experimental result [12], the upper limit is improved by
about an order of magnitude. This search could shed light
on new studies of hyperon AS = AQ-violating decays, and
other rare and forbidden hyperon decays both theoretically
and experimentally.
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