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Search for the semileptonic decays E! — E°Z+ ¢~ at Belle
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Using the full data sample of 980 tb~! collected with the Belle detector at the KEKB asymmetric energy
electron-positron collider, we report the results of the first search for the rare semileptonic decays EO —

E0¢* ¢~ (¢ = e or p). No significant signals are observed in the Z°/*#~ invariant-mass distributions.
Taking the decay E0 — E~z" as the normalization mode, we report 90% credibility upper limits on the
branching fraction ratios B(E? — E¢*e™)/B(EY —» E-zt) < 6.7 x 107 and B(E? - E%u " u~)/B(E) —

E-7") < 4.3 x 1073 based on the phase-space assumption for signal decays. The 90% credibility upper

limits on the absolute branching fractions of B(Z2 —

9.9 x 107 and 6.5 x 107>, respectively.

DOI: 10.1103/PhysRevD.109.052003

I. INTRODUCTION

In the Standard Model (SM), the weak-current inter-
action has an identical coupling to all lepton generations,
which allows Lepton Flavor Universality (LFU) to be tested
in the semileptonic decays of the hadrons. Theoretically,
the study of semileptonic decays of baryons has compli-
cations that are not present in the study of analogous decays
of mesons as the contributions from W-exchange transi-
tions lead to sensitivity to the helicity structure of the
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Elete™) and B(E? - E%*u~) are found to be

effective Hamiltonian [1-4]. Furthermore, the hadronic
form factors are not as well known for baryons as they
are for mesons. Thus, the experimental results on baryonic
semileptonic decays give important inputs for lattice
quantum chromodynamics and other theoretical models.
Experimentally, few baryonic neutrinoless semileptonic
decays have been observed. Of the light-baryon octet and
bottom baryon decays, the branching fractions for
B0 - Aete™, 2% — putu~,and A, — Autpu~ have been
measured [5-9]. However, no evidence has been found for
similar decays of charmed baryons. Among these decays,
only Al — pft¢~ (£ = e or u) decays were searched for.
Upper limits on the branching fractions, at 90% credibility,
were first set by the BABAR collaboration at B(A} —
pete™) <55x107% and B(AF — putu~) <44 x 1076

Published by the American Physical Society
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[10]. LHCb then placed a much tighter limit, at the
90% confidence level, on B(A} — putu~) at 7.7 x 1078
[11]. Particularly, the Af — p£*#~ decays receive both
single-quark transition via the Flavor Changing Neutral
Current (FCNC) process and W-exchange contributions.

FCNC processes are forbidden at tree level in the SM,
while the loop contributions are suppressed by the
Glashow-Iliopoulos-Maiani mechanism [12]. However,
some tensions have been reported recently in B meson
decays involving the b — s£T¢~ processes via LFU
observables and angular analysis [13—18], whereas recently
LHCb reported the disappearance of the anomaly on LFU
[19]. Hence, the study of semileptonic decays of baryons
provides an opportunity to test the SM, and also can help in
the understanding of the recent anomalies in meson FCNC
processes.

The lack of studies on semileptonic decays of charmed
baryons provides a strong motivation for further research
on these decays. The B0 — E%/+/~ decays, which are
related to the W-exchange contribution in A7 — pfT¢~
decays under SU(3) flavor symmetry, have not been
experimentally measured yet. Measurement of both 20 —
E¢te™ and 22 — E%* u~ decay rates would also allow an
LFU test to be performed. Based on the SU(3) flavor
symmetry and the recent experimental result on B(Al —
puu~) [11], the upper limits at the 68.3% confidence level
on the branching fractions of the Cabibbo-favored modes
) - B0F¢ are predicted to be B(E) - Elete) <
2.35x 107% and B(E? —» =% u~) < 2.25 x 1076 [1].

In this paper, we show the results of the first search
for the 2% — Z0¢+ ¢~ decays, with 2% - Az’, A — pzn~,
using the full data sample of 980 fb~! collected with the
Belle detector [20]. The decay E) — EZ zt, E~ —
Azn~, A — pr~ is used as the normalization mode.

II. THE DATA SAMPLE AND THE BELLE
DETECTOR

This analysis is based on data recorded at or near the
Y (nS) (n = 1-5) resonances by the Belle detector [20] at
the KEKB asymmetric energy electron-positron collider
[21]. The Belle detector is a large solid-angle magnetic
spectrometer consisting of a silicon vertex detector, a
50-layer central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), a barrel-like arrange-
ment of time-of-flight scintillation counters (TOF), an
electromagnetic calorimeter (ECL) comprised of CsI(TIl)
crystals located inside a superconducting solenoid coil that
provides a 1.5 T magnetic field, and an iron flux return
placed outside the coil, which is instrumented to detect K9
mesons and to identify muons (KLM).

Signal Monte Carlo (MC) events are generated using
EvtGen [22] to determine signal shapes, optimize the
selection criteria, and calculate the reconstruction efficien-
cies. The generated e™e™ — ¢ events are simulated using

PYTHIA [23] with a specific Belle configuration. The =0
particles in signal MC simulation decay to Z’¢te,
B9 *u~, and E-z" using a phase-space model. These
events are processed by a detector simulation based on
Geant3 [24]. The Belle generic MC samples, which contain
the MC samples of Y (1S, 25, 35) decays, Y(4S) - B*B~/
B°BY, Y(59) —» BYBY and ete — qq (g =u,d, s, c)
at center-of-mass (c.m.) energies, /s, of 9.46, 10.024,
10.355, 10.52, 10.58, and 10.867 GeV with 2 times the
total integrated luminosity of data, are used to study
possible peaking backgrounds and verify the event selec-
tion criteria.

III. EVENT SELECTION CRITERIA

For well-reconstructed charged tracks, except those from
E” - Az~ and A — prn~ decays, the impact parameters
perpendicular to and along the beam direction with respect
to the nominal interaction point (IP) are required to be less
than 0.1 cm and 2 cm, respectively. Particle identification
(PID) is applied to the reconstructed tracks. Pions, kaons,
and protons are distinguished based on specific ionization
in the CDC, time measurement in the TOF, and the
response of the ACC: this information is combined to
form a likelihood £; for each particle hypothesis i, where
i ==, K, or p. Related likelihoods are used to identify
leptons: electron identification also includes a comparison
of track and ECL cluster information, and muon identi-
fication is based on an extrapolation of the particle track,
and hits in the KLM [25-27].

The A candidates are reconstructed via A — pz~ decay
using a Kalman filter [28] with fitted & probability, P,
greater than 0. The reconstructed mass should be within
+3.5 MeV/c? of the nominal mass [29], corresponding to
approximately 2.5 times of the mass resolution (¢). The
transverse distance for the reconstructed A vertex with
respect to the IP is required to be greater than 0.35 cm. A
loose PID requirement is applied on the proton with
L,/(L,+Lg)>02and L,/(L,+ L,) > 0.2. In addi-
tion cos(a,,.(A)) is required to be larger than O.
Hereinafter, a,,,(i) is defined as the angle between the
vector from the IP to the fitted decay vertex and the
momentum vector of the reconstructed particle i; a,,(i) is
defined as the angle between the projections of these
vectors on the plane perpendicular to the beam direction.

Each 7° candidate is reconstructed from a pair of photons
with energy larger than 30 MeV in the barrel region of the
ECL (—-0.63 < cos @ < 0.85) or larger than 50 MeV in the
endcaps (—0.91 < cos @ < —0.63 or 0.85 < cos O < 0.98).
Here, 0 is the polar angle with respect to the detector axis,
with the 8 = 0 direction aligned approximately with the e~
beam. The reconstructed invariant mass of the z° candi-
dates is required to be within +17.4 MeV/c? (~30) of the

7Y nominal mass. A mass-constrained fit is applied to the 7°
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candidates, and the momenta of the fitted z° candidates in
the laboratory frame are required to exceed 0.15 GeV/c.

The E= — Azn~ decays are selected using the following
criteria. The #~ track is required to have a transverse
momentum higher than 50 MeV/c. A TreeFit algorithm
[28] which performs global decay chain vertex fitting for a
particular process has been applied to the E~ decay chain
with P> > 0 required. The decay chain is required to
satisfy cos(a,,.(E7)) > 0 and cos(a,,(A))/cos(a,,(E7)) <
1.006. The distances of the decay Vertices of the recon-
structed candidates from the IP, denoted as L;, should
satisfy L, > Lz- > 0.1 cm. The reconstructed mass should
be within £5 MeV/c? (~2.56) of the nominal mass [29].

The E° is reconstructed by combining the selected A and
7° candidates. A TreeFit [28,30] to the Z° decay chain is
applied with P> > 0 required. Since the z° from Z° decay
has negligible vertex position information, the fit is
performed with the following steps. Firstly, taking the IP
as the point of origin of the Z°, the point of intersection of
the Z° trajectory and the reconstructed A trajectory is
found. Then, this position is taken as the decay location of
the Z° hyperon, and the 7° is then remade using this
position as its point of origin. Only those combinations
with the decay location of the Z° indicating a positive Z°
path length are retained. The decay chain is also required to
satisfy  cos(a,,.(E°)) > 0, cos(a,,(E?)) > cos(ay,(A)),
and L, > Lzo > 0.5 cm. The reconstnlcted mass should
be within 12 MeV/c? (~2.56) of the nominal mass. This
procedure follows that presented in Ref. [31], and gives a
=0 signal yield of approximately 6.4 x 103 according to the
fit to the M(Azn°) distribution shown in Ref. [31].
Backgrounds are studied using sideband samples: Z°
candidates whose invariant mass differs by between 20
and 44 MeV/c? from the nominal value [29].

For the normalization channel E? — 277, the selected
E~ hyperons are combined with selected z* candidates
identified with £,/(L, + Lx) > 0.2 and L.)(L,+L,)>
0.2. To reconstruct the signal modes 20 — E%/*¢~, the E°
candidate is combined with a pair of lepton tracks, e*e™ or
utu, which are identified with £,/(L, + Lyon—e) > 0.9
and L,/(L, + Lx + L,) > 0.9 for electrons and muons,
respectively, where L,,_, is the likelihood for non-electron
tracks. The Z0 candidates should be consistent with origi-
nating from the IP and pass the vertex and mass-constrained
fits with P> > 0.01 to the whole decay chain including the
intermediate states, Z°, =, A, and z° [28]. To reduce
combinatorial background, especially those from B meson

decays, the scaled momentum for the EY candidate,
X, = pggc/ s/4— Mﬁoc is required to be greater than

0.5, where pZ, is the momentum of =0 candidate in the e* e~

c.m. frame and Mz is the invariant mass of the = candidate.
To suppress background from photon conversion for

29 — BV te~ decay, the ete™ pair is required to have
invariant mass greater than 0.1 GeV/c?. Each of the electron
candidates is also combined with every opposite-charged
particle in the event, using the electron hypothesis: the
invariant mass of all such pairs is required to be greater than
0.1 GeV/c?. In events where there is at least one candidate,
the average number of candidates is about 1.3. All candidates
are retained.

The selection criteria on the invariant mass of the
electron pair, P, for the 29 decay chain, and scaled
momentum x,, in this analysis are optimized by maximizing
the Punzi figure of merit, ¢/(3/2 + /B) [32]. Here, “3” is
the desired signiﬁcance level, ¢ is the detection efficiency
of the 2% — E% "¢~ mode based on signal MC simulation,
and B is the number of the normalized generic MC events
in the signal range, 2.32 < Mgo,+,- < 2.50 GeV/c?
(> 95% signal events retained). These requirements are
also found to be optimal for 2% — E%*u~, so they are
applied for both channels.

IV. BRANCHING FRACTION MEASUREMENT

For the reference mode E? — 2~ 7z, the above selection
criteria for 2~ and EY candidates are applied. Figure 1
shows the invariant-mass distribution of E~z" combina-
tions from data, together with the result of an unbinned
extended maximum-likelihood (EML) fit. In the fit, the
signal shape of the E? candidates is parametrized by a
double-Gaussian function, and the background shape is
described by a first-order polynomial. The fit parameters
are left free yielding a Z2 mass consistent with known
values [29]. The fitted signal yield is 28937 £ 272.

After applying the selection criteria introduced in the last
section, for the reconstructed candidates, the %41 £~ mass
is evaluated and either mass is required to be in the range
(2.32 ~2.50) GeV/c?. The corresponding Z° invariant
mass is shown in Fig. 2. A small Z° contribution to these
events can be seen. To estimate it we perform a fit with a
double-Gaussian function to model the signal shape, and a

b 6000 —Data
% — Total Fit
T B B Background

= 4000 9
Q -
0
= L
4 2000_
LIJ -

0- PSS I S S S S

2.4 2.45 2.5 2.55

M(E7) [GeV/c?]
FIG. 1. The invariant-mass distribution of 2~z combinations

in data. The dots with error bars represent the data, the solid curve
shows the best-fit result, and the blue dashed curve shows the
fitted backgrounds.
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FIG. 2. The invariant-mass distributions of Z° — Az candi-
dates from the selected Z°77/~ candidates with 2.32 <
Mgos+p- < 2.50 GeV/c? in the data together with the fit results.
The dots with error bars represent the data, the solid curve shows
the total best-fit result, the dashed curve shows the background
shape, and the solid and dashed lines show the signal and
sideband regions of Z° candidates, respectively.

second-order polynomial to model the background. The
signal shape parameters are fixed to the values found in
signal MC, while the background parameters are free in the
fit. The fitted Z° signal yield is 95.7 & 15.6.

The invariant-mass distributions of E%e* e~ and Z0u*p~
from signal MC simulations and data are shown in Figs. 3

6000+ MC Truth

o8 L —Fit (a)
% Broken Signal

= 40001

© L

B L

g L

2 20001

] L

0

23 2.4 25 56
M(=%e*e) [GeV/c?]

FIG. 3.

and 4, respectively, together with the unbinned EML fit
results to the true signal distributions from signal MC
events and spectra from data. To take energy loss due to
bremsstrahlung into account, the shapes of correctly
reconstructed Z¥ candidates are described by two Crystal
Ball functions [33] for the dielectron mode, while a double-
Gaussian function is used as the signal shape for the
dimuon mode. Incorrectly reconstructed signal candidates
(“broken signal”) have a broader distribution in signal MC
simulation, shown by the cyan-shaded histograms in Fig. 3.
A broken signal is mainly due to incorrectly selected
photons in E° reconstruction. Similar to the treatment in
Ref. [34], we extract the shape of the broken signal from
MC simulation via rookeyspdf [35], and treat it as a distinct
component in the final Z¥ signal yield extraction. The
peaking background components are determined using the
algorithm of Ref. [36], and we find them to be negligible.

No significant 20 — Z9#+¢~ signals are observed in the
data. The cyan shaded histograms in Fig. 4 show the
normalized Az’/*#~ mass spectrum for the Az’ mass in
the 0 sidebands, and provide an estimate of the contri-
bution from Az° combinatorial background in Z° recons-
truction. This is the largest contribution to the background.
The small excess in data above the normalized sidebands is

4000
[+ MC Truth )
% r—Fit
% 3000 Broken Signal
= C
v 2000
[2] L
€ r
2 1000
[T} L
0 X | 1 J
2.35 2.4 245 25 2.55 2.6

ME%u*w) [GeV/c?]

The invariant-mass distributions of (a) Z%¢* e~ and (b) Z°4*y~ combinations in signal MC simulation. Points with error bars

show the correctly reconstructed signal, the blue solid curves show the results of the fit to the signal shape, and the cyan shaded

histograms show the broken signal distributions.

251
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FIG. 4. The invariant-mass distributions of (a) E%¢*e~ and (b) Z0u
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T~ combinations in data. Points with error bars show the data, the

solid curves show the best-fit results, and the blue dashed curves show the background component in the fits. Cyan shaded histograms
show the normalized Az°#*#~ mass spectrum for the Az° mass in the Z° sidebands.
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consistent with a small contribution from true Z° — Az’
decays (see Fig. 2), combined with unrelated £"¢~
candidates. For the fits to data, the signal shapes are taken
from the fits to the signal MC samples above with all the
parameters fixed. Here, the width of the signal shape is
multiplied by a correction factor R; = 6yy/0mc = 1.12+
0.06, where 64,,, and oy are the fitted resolutions of 20 —
=~ shapes from data and MC simulation, respectively. The
broken signal shape is taken from the MC simulation as
described above, and the ratio of the broken signal to
correctly reconstructed signal events, Ryyoken/signai» 18 fixed
at 0.50 (0.46) for the E%¢ e~ (%4 u~) mode according to
MC simulation. Linear functions with free parameters are
used for the smooth background shapes. The fitted Z0 signal
yields are 9.1 4 7.1 with a significance of 1.4¢ and —0.9 £
2.1for20 - Z0%te~ and 2% — Z04* u~ decays, respectively.

Assumlng the signal branching fraction has a uniform
prior probability density function, the Bayesian upper
limit at 90% credibility on the number of signal events
(N is determined by solving the equation [V £(x)dx =
0.90 [5° L(x)dx, where x is the number of fitted signal
events and [,( ) is the likelihood function in the fit to data.
The upper limits at 90% credibility on the relative branch-
ing fractions are calculated by

B (B - B¢t ¢7) /B(EY - B xt)
B NUL(E) - B0tpm) (B0 - E-nt)
COND(E) s Eat) T e(BY - B0te)

B(E= - Az™) !

B(EO — An’o) ’ (m
separately for # = e and # = . Here, NVF (20 — E07+¢7)
and £(EY — 2%+ ¢~) are the upper limits on signal yield in
data and the reconstruction efficiencies according to MC
simulations, respectively, of ZE — E07%/~ decays,
NYS(E0 — Z-7%) and &(EQ — E-2") are the number

TABLE 1. The summarized values for branching fraction
measurements of Z0 — E%7+/~ decays. Here, Nft is the fitted
signal yield, NU is the 90% credibility upper limit on the number
of signal events from data before considering systematic un-
certainties, BU/B(EY - E=x") and BY" are the 90% credible
upper limits on the relative and absolute branching fractions,
respectively, for the EQ — E0¢7/~ decays with systematic
uncertainties included, and B(E) - E-zt) = (1.43 £ 0.32)%
is taken from the Particle Data Group [29].

Modes 20— Zlete 20— B0ty
Efficiency (%) 1.58 0.53

Nt 9.1+£7.1 -09+2.1
NUL 19.9 4.5

B /B(EY —» E7t) 6.7 x 10~ 43 x 1073
BUE 9.9 x 1073 6.5 x 107

of observed events in the data and the reconstruction
efficiency, respectively, of EQ — E-z+ decay, and the
branching fractions are taken as B(EY — 2~ z7) = (1.43+
0.32)%, B(E" - Az") = (99.524j:0.012)%, and B(E™ —
Az~) = (99.887 £ 0.035)% [29]. To take into account the
systematic uncertainties detailed in the next section, the
likelihood curve is convolved with a Gaussian function
whose width equals the corresponding total multiplicative
systematic uncertainty. The calculated 90% credible upper
limits on the numbers of signal events, and relative and
absolute branching fractions in the data, are summarized in
Table I. The muon identification criterion used in this
analysis effectively excludes tracks with a momentum too
low to reach the KLLM [27]: this leads to a reconstruction
efficiency in the dimuon channel that is a factor of 3 lower
than in the dielectron channel.

V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties in the measurements of the
branching fractions are divided into two categories: multi-
plicative and additive systematic uncertainties.

The sources of multiplicative systematic uncertainties
include detection-efficiency-related uncertainties, branch-
ing fractions of intermediate states, and the fitting uncer-
tainty for the normalization mode E? — Z 7. The
additive systematic uncertainties are the uncertainties in
the fits to extract signal yields for Z0 — E%7*#~ decays.

The detection-efficiency-related uncertainties include
those for tracking efficiency, PID efficiency, z° and A
selection efficiencies, and are estimated based on the
simulated MC samples. Since there are four charged tracks
in the final states for both signal and reference decay
modes, the uncertainty in tracking efficiency cancels in this
analysis. The proton PID uncertainties are found to be 0.6%
and 1.1% for B? — E%*e~ and E? — Z0u~ modes,
respectively, by taking into account the proton momentum
differences with the normalization mode. Since the A —
pr~ decay is reconstructed in each decay mode and no PID
requirement is assigned for the pion track decay from A, the
other sources of A selection uncertainties cancel. Using
the control samples of D** — D%zt with D® — K=z, the
PID uncertainties are estimated to be 0.5% and 0.6% for
pions from E? and E~ decays, respectively, and are added
linearly to be 1.1% for the pion tracks in 2% — =~z decay.
Based on the study of J/y — £7¢~ decay, the uncertain-
ties from lepton identification are determined to be 3.2%
for electrons and 5.2% for muons. The PID uncertainties
here are summed in quadrature for different decay modes,
assuming that those uncertainties are independent for 20 —
E0¢t¢ and ) — Z- 7 decays. The total PID systematic
uncertainties for 20 — E%*e~ and ) — E%*u~ decays
are determined to be 3.5% and 5.5%, respectively. The
systematic uncertainties for momentum-weighted z° selec-
tion efficiency are estimated to be 3.3% and 3.0% for
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TABLE II. The multiplicative systematic uncertainties (%) on
the measurements of relative and absolute branching fractions.

B(E2 - E-zt) is 22.4% [29], which is the dominant
contribution.
In the fit to the M(Z~z ") distribution from data for 22 —

=0 =0 ,+ ,— =0 =0,+,—
Source Sc T ae e S TEHH E~n" decay, we change the fit range by +10% and the
Particle ID 3.5 5.5 order of the polynomial for the background shape, and the
° s?lection 33 3.0 relative differences of the fitted signal yields are taken as
B(E! —» E"z") 224 224 the uncertainties. These uncertainties are added in quad-
Fit of reference mode 0.7 0.7 rature: the total is 0.7%
=0 _, 50+ p- P L .
Tog(lﬁ[(?(ucﬁ - :) ]"ﬂ )/ 4.9 6.3 Additive systematic uncertainties due to the E°7+¢~
2 - Er . . . . .

Total [B(E — ¢+ £7)] 23.0 233 invariant-mass fits are considered by reperforming the fits

2) — Z0%*e™ and E? — E%Tu~ decays, respectively,

according to a study of a 7= — 772, control sample.
Assuming these uncertainties to be uncorrelated, the uncer-
tainties from PID and 7° efficiencies are added in quadrature
to yield the total multiplicative systematic uncertainties.
For the measurements of ratios of branching fractions
BUL(EY — 20¢+¢7)/B(EY - E-xt), the uncertainties
associated with branching fractions of intermediate states
B(E~ —» Az~) and B(E® — Az®) are 0.035% and 0.012%
[29], respectively, which are negligible. In the measure-
ments of absolute branching fractions, the uncertainty on

with all combinations of the following options: (1) change
the resolution scale factor R, by +1o¢ of its uncertainty;
(2) change the fit range by +10%, (3) change the poly-
nomial describing the background shape from first order to
second order; and (4) multiply the fixed Ryyqien/signal TatI0S
by the correction factors of 1.43 and 0.93 for wrong Z°
combinations in dielectron and dimuon modes, respec-
tively, which are calculated according to the ratios of the
number of events in the normalized Az’/*#~ mass
spectrum for the Az® mass in the Z° sidebands from data
over that from generic MC samples.

For the measurements of the upper limits at 90%
credibility on the relative and absolute branching fractions

TABLE IIl.  The detection efficiencies (%) in (M2 _, Mé)e+) bins for the 50 — E0¢*e~ decay mode.

Méoe+ (GeVz/C4)

M§+e, (GeV?/c") [1.4, 2.1] [2.1, 2.8] [2.8, 3.5] [3.5, 4.2] 4.2, 4.9] [4.9, 5.6] [5.6, 6.3]
[0, 0.15] 0.39 +£0.01 0.98 +0.01 1.53 £ 0.01 1.69 +0.01 1.57 £ 0.01 1.03 £ 0.01 0.39 +0.01
[0.15, 0.3] 0.65 +0.01 1.20 +0.01 1.65 £0.01 1.78 £0.01 1.63 £0.01 1.08 £ 0.01 0.51 +£0.01
[0.3, 0.45] 0.92 £0.01 1.32 £0.01 1.68 +£0.01 1.78 £0.01 1.60 £ 0.01 1.06 £ 0.01 0.90 4+ 0.03
[0.45, 0.6] 1.19 £0.01 1.48 £0.01 1.77 £0.01 1.83 £0.01 1.62 + 0.01 1.15 £0.01 e
[0.6, 0.75] 1.30 £ 0.02 1.61 + 0.01 1.87 £ 0.01 1.91 +£0.01 1.63 + 0.01 1.17 £ 0.01
[0.75, 0.9] e 1.72 £ 0.01 1.97 £ 0.01 1.96 +0.01 1.56 +0.01 1.80 +£0.07
[0.9, 1.05] 1.80 +0.01 2.07 +£0.01 1.95 4+ 0.01 1.53 £ 0.01 e
[1.05, 1.2] 1.75 £0.01 2.04 £0.01 1.81 £0.01 1.42 +£0.02
[1.2, 1.35] 1.60 4+ 0.02 1.78 £ 0.01 1.67 £ 0.01 e
TABLE IV. The detection efficiencies (x1073) in (M/%*;F* Mé)ﬂ+) bins for the 2% — E%+u~ decay mode.

M2, (GeV?/c*)
Mﬁw_ (GeV?/c*) [2.1, 2.8] [2.8, 3.5] [3.5, 4.2] (4.2, 4.9] [4.9, 5.6]
[0, 0.15] 0.33 £0.01 5.87 £0.04 11.15 +0.05 6.66 + 0.04 0.46 +0.01
[0.15, 0.3] 0.56 +0.01 6.68 +0.03 9.99 +£0.04 6.01 +0.03 0.35 +0.01
[0.3, 0.45] 1.19 £ 0.01 7.05+0.03 9.03 +0.04 5.38 +0.03 0.36 + 0.01
[0.45, 0.6] 1.75 +£0.02 7.05+0.03 8.30 £0.03 4.60 +0.03 0.38 +0.01
[0.6, 0.75] 2.33 +£0.02 7.11 +£0.03 7.69 +£0.03 3.82 £0.02 0.38 +0.02
[0.75, 0.9] 3.02 £0.02 6.92 +£0.03 7.20 £0.03 3.38 £0.02 1.55 £ 0.40
[0.9, 1.05] 3.90 +£0.03 6.84 +0.03 6.67 +0.03 3.60 +0.03 e
[1.05, 1.2] 5.24 +0.05 7.20 +0.03 6.59 +£0.03 426 +0.11
[1.2, 1.35] 6.59 +0.16 7.87 +£0.04 7.56 +0.06 e
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of Y — B¢~ decays, the systematic uncertainties are
taken into account in two steps. First, based on the study of
the additive systematic uncertainties, the most conservative
upper limits at 90% credibility on the numbers of Z signal
events are 25.6 and 4.6 for dielection and dimuon modes
respectively. Then, the likelihood function of the case with
the most conservative upper limit is convolved with a
Gaussian function whose width equals the corresponding
total multiplicative systematic uncertainty for each 20 —
E0¢7+¢~ decay to get the final upper limit. The multipli-
cative systematic uncertainties from different sources are
summarized in Table II.

In this analysis, the simulated Z0 — 20+ #~ decays are
generated by the phase space model, since the exact physics
models for the decays are unknown, and no significant
signals are observed in data. Thus, no systematic uncer-
tainty due to the choice of the decay model is included.
Instead, we provide the reconstruction efficiencies in
(M?> PR éo ﬂ) bins, which are shown in Table III and
Table IV for the dielectron and dimuon modes respectively.

VI. CONCLUSION

In summary, using the entire data sample of 980 fb~!
collected with the Belle detector, we search for the semi-
leptonic decays E? — E%7+#~. No significant signals are
observed in the Hoz,”f‘ invariant-mass distributions. We
determine 90% credible upper limits on the relative branch-
ing fraction ratios B(EQ — Elete™)/B(E) - E-xt) <
6.7x 1073 and B(E ”Oﬂ u)/BEL - E xt) <
4.3 x 1073, Taking B(E? —» =~ 7") = (1.43+£0.32)% [29],
90% credible upper 11m1ts on the absolute branching fractions
B(E? —» Z0ete™) and B(E? - E%*u~) are determined to
be 9.9 x 107 and 6.5 x 107 respectively.

Comparing with the theoretical predictions of the upper
limits on the branching fractions of 20 — :of““f‘ decays,
B(E? - ElTe™) <235 x 107 and B(E? - E0utpu) <
2.25 x 1079 [1], the experimental upper limits reported in
this paper using a uniform-phase-space distribution are
higher by an order or magnitude compared with those
calculated using theoretical arguments and input from other
experimental results. A more precise analysis based on
larger data samples collected by Belle II is expected in the
future.
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