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Search for BT — KTvi Decays Using an Inclusive Tagging Method at Belle 11
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A search for the flavor-changing neutral-current decay BT — KT is performed at the Belle 11

experiment at the SuperKEKB asymmetric energy electron-positron collider.

The data sample

corresponds to an integrated luminosity of 63 fb~" collected at the 7(4S5) resonance and a sample of
9fb~! collected at an energy 60 MeV below the resonance. Because the measurable decay signature
involves only a single charged kaon, a novel measurement approach is used that exploits not only the
properties of the Bt — K Tv decay, but also the inclusive properties of the other B meson in the
Y(4S) — BB event, to suppress the background from other B meson decays and light-quark pair
production. This inclusive tagging approach offers a higher signal efficiency compared to previous
searches. No significant signal is observed. An upper limit on the branching fraction of BT — K vo

of 4.1 x 107° is set at the 90% confidence level.

PACS numbers: 13.25.Hw, 14.40.Nd, 12.15.Mm

Flavor-changing neutral-current transitions, such as
b — svw, are suppressed in the standard model (SM)
by the extended Glashow—Iliopoulos—Maiani mechanism
[1]. These transitions can only occur at higher orders
in SM perturbation theory via weak amplitudes involv-
ing the exchange of at least two gauge bosons, as illus-
trated in Fig. 1. The absence of charged leptons in the
final state reduces the theoretical uncertainty compared
to similar b — s€¢ transitions, which are affected by the
breakdown of factorization due to photon exchange [2].
The branching fraction of the BT — Kt decay [3],
which involves a b — svv transition, is predicted to be
(4.6 £0.5) x 1075, where the main contribution to the
uncertainty arises from the BT — K™ transition form
factor [4].

v
Z
v
W
b s
Uu, C>t u, C,t

(a) Penguin diagram (b) Box diagram

FIG. 1: The lowest-order quark-level diagrams for the b —
sy transition in the SM are either of the penguin (a) or the
box (b) type.

Studies of this rare decay are currently of particular in-
terest, as this process offers a complementary probe of po-
tential non-SM physics scenarios that are proposed to ex-
plain the tensions with the SM predictions in b — sf™ ¢~
transitions [5] observed in Refs. [6-11]. More generally,
measurements of the BT — K+ decay help constrain
models that predict new particles, such as leptoquarks
[12], axions [13], or dark matter particles [14].

The study of the BT — KTvi decay is experimen-
tally challenging as the final state contains two neutri-
nos, which leave no signature in the detector and cannot
be used to derive information about the signal B meson.
Previous searches used tagged approaches, where the sec-
ond B meson produced in the ete™ — Y(45) — BB
event is explicitly reconstructed in a hadronic decay [15-
17] or in a semileptonic decay [18, 19]. This tagging

suppresses background events but results in a low sig-
nal reconstruction efficiency, typically well below 1%. In
all analyses reported to date, no evidence for a signal is
found, and the current experimental upper limit on the
branching fraction is estimated to be 1.6 x 10~> at 90%
confidence level [20].

In this search, a novel and independent inclusive tag-
ging approach is used, inspired by Ref. [21]. This ap-
proach has the benefit of a larger signal efficiency of
about 4%, at the cost of higher background levels. The
method exploits the distinctive topological and kinematic
features of the BT — KTvi decay that distinguish
this process from the seven dominant background cat-
egories. These are other decays of charged B mesons,
decays of neutral B mesons, and the five continuum
categories eTe™ — qq with ¢ = wu,d,s,c quarks and
ete™ — 7777, The signal candidates are reconstructed
as a single charged-particle trajectory (track) generated
by the kaon, typically carrying higher momentum than
background particles. The remaining tracks and energy
deposits, referred to as the "rest of the event” (ROE), can
thus be associated with the decay of the accompanying B
meson. Furthermore, the neutrinos produced in the sig-
nal B meson decay typically carry a significant fraction of
its energy. The resulting ”missing momentum” is defined
as the momentum needed to cancel the sum of the three-
momenta of all reconstructed tracks and energy deposits
in the center-of-mass system of the incoming beams. The
specific properties of signal events are captured in a va-
riety of discriminating variables used as inputs for event
classifiers to separate signal from background.

This search uses data from ete™ collisions produced
in 2019 and 2020 by the SuperKEKB collider [22].
The data, corresponding to an integrated luminosity of
63fb~" [23], were recorded by the Belle I detector at
a center-of-mass energy of /s = 10.58 GeV, which cor-
responds to the 7°(4S) resonance, and contain 68 mil-
lion BB pairs [24]. An additional off-resonance sample
of 9fb™! integrated luminosity, collected at an energy
60 MeV lower than the 1°(4S) resonance, is used to con-
strain the yields of continuum events.

The signal and background samples are generated us-
ing a variety of event generators, summarized in the
Supplemental Material [25], with the detector response



simulated by the Belle II Analysis Software Framework
(BASF2) [26], interfaced with GEANT4 [27]. The simu-
lated BT — KTvi events are weighted according to the
SM form-factor calculations from Ref. [2].

A full description of the Belle II detector is given in
Ref. [28]. The detector consists of several subdetec-
tors arranged in a cylindrical structure around the beam
pipe. Compared to its predecessor Belle [29], a pixel de-
tector (PXD) has been added at a minimum radius of
1.4cm. This improves the resolution of the impact pa-
rameter to about 12 ym in the transverse direction for
high-momentum tracks [30], which helps to reject back-
ground events for this analysis. The PXD is surrounded
by a four-layer double-sided silicon strip detector, re-
ferred to as the silicon vertex detector, and a central drift
chamber (CDC). A time-of-propagation counter and an
aerogel ring-imaging Cherenkov counter cover the bar-
rel and forward endcap regions of the detector, respec-
tively, and are essential for charged-particle identification
(PID). The electromagnetic calorimeter (ECL) makes up
the remaining volume inside a superconducting solenoid,
which operates at 1.5 T. A dedicated detector to iden-
tify K9 mesons and muons is installed in the outermost
part of the detector. The z axis of the laboratory frame
is defined as the symmetry axis of the solenoid, and the
positive direction is approximately given by the incom-
ing electron beam. The polar angle 6, as well as the lon-
gitudinal and the transverse direction are defined with
respect to the z axis. The relevant online event-selection
systems (triggers) for this analysis are based either on the
number of tracks in the CDC or on the energy deposits
in the calorimeter.

The events are reconstructed using BASF2. The tra-
jectories of charged particles are determined using the
algorithms described in Ref. [31]. Charged particles are
required to have a transverse momentum pr > 0.1 GeV/c,
to be within the CDC acceptance (17° < 8 < 150°), and
to have longitudinal and transverse impact parameters
with respect to the average interaction point of |d.| < 3
and d, < 0.5cm, respectively. Photons are identified
as energy deposits in the ECL exceeding 0.1 GeV that
are within the CDC acceptance and are not matched to
tracks. Fach of the charged particles and photons is re-
quired to have an energy of less than 5.5 GeV to reject
misreconstructed objects and cosmic muons.

Events are required to contain no more than ten recon-
structed tracks to suppress background events with only
a small loss of signal efficiency. Low track-multiplicity
background events are suppressed by demanding at least
four tracks in the event. To further suppress such back-
ground with a negligible loss of signal events, the total
energy from all reconstructed objects in the event must
exceed 4 GeV and the polar angle 6 of the missing mo-
mentum must be between 17° and 160°.

The charged particle with the highest transverse mo-
mentum in each event, reconstructed with at least one

hit in the PXD, is chosen to be the signal kaon candi-
date. Studies on simulated signal events show that the
chosen candidate is the signal kaon in 78% of the cases.
Furthermore, the signal candidate is required to satisfy
PID requirements that suppress pion background. The
PID requirements retain 62% of kaons while removing
97% of pions for events from the signal region, which is
defined below. Simulated events are weighted to correct
the dependence of the efficiency of this selection on the
transverse momentum and the polar angle of the signal
candidate, according to the efficiency observed in data.
The remaining charged particles are fit to a common ver-
tex and are attributed, together with the photons, to the
ROE.

Simulated signal and background events are used to
train binary event classifiers, which are based on the
FastBDT algorithm [32], a multivariate method that uses
boosted decision trees (BDTs). Several inputs are consid-
ered for this process, including general event-shape vari-
ables described in Ref. [33], as well as variables charac-
terizing the kaon-candidate and the kinematic properties
of the ROE. Moreover, vertices of two and three charged
particles, including the kaon candidate, are reconstructed
to identify potential kaons from D° and Dt meson de-
cays, and variables describing the fit quality and kine-
matic properties of the vertices are derived. Variables
that are not well described by the simulation and those
that do not contribute to the separation power of the clas-
sification are removed. This results in a set of 51 training
variables, summarized in the Supplemental Material [25].

A first binary classifier, BDT1, is trained on approx-
imately 10° simulated events of each of the seven con-
sidered background categories and on the same number
of signal events. The most discriminating variables are
found to be event-shape variables, specifically the re-
duced Fox-Wolfram moment R, which measures the mo-
mentum imbalance in the event where the signal tends
to be imbalanced due to signal neutrinos [34], and the
modified Fox-Wolfram variables that are functions of the
missing momentum and of the momentum of the signal
kaon candidate [35].

To improve the training performance at high BDT;
values, a second classifier BDT5 is trained with the same
set of input variables as BDT; on events with BDT;
> 0.9, which corresponds to a signal efficiency of 28%
and a purity of 0.02%. The training is performed using a
simulated background sample of 100fb™! equivalent lu-
minosity (corresponding to a total of 5 x 10° events with
BDT; > 0.9) and a sample of 1.5 x 10° signal events
with BDT; > 0.9. An increase of 35% in signal purity is
achieved by the additional application of BDTy on top
of BDT;, when comparing the performance at a signal
efficiency of 4%. BDT; and BDT, use the same set of
FastBDT parameters [32], which are optimized based on
a grid search in the parameter space and are specified in
the Supplemental Material [25].



An additional binary classifier is used to correct for
mismodeling of continuum simulation, following a data-
driven method presented in Ref. [36]. More information
about the implementation is included in the Supplemen-
tal Material [25]. A comparison of simulated continuum
events with off-resonance data shows that the application
of the derived event weight improves the modeling of all
input variables.

A signal region (SR) is defined to be BDT; > 0.9 and
BDTsy > 0.95 and is further divided into 3 x 3 bins in
the BDTs x pr(K™) space, where pr(K™) is the trans-
verse momentum of the kaon candidate. The bin bound-
aries, decided by minimizing the expected upper limit on
the signal branching fraction, are [0.95,0.97,0.99,1.0] in
BDT; and [0.5,2.0,2.4,3.5] GeV/c in ppr(K ™). Further-
more, three control regions are used to help constrain
the background yields. The control region CR1 consists
of 1 x 3 bins in the BDTy x pp(K ™) space, defined at
lower values of BDT3 € [0.93,0.95] and using the same
pr(K ™) bins as the SR. The two other control regions,
CR2 and CR3, consist of off-resonance data with identi-
cal BDT5 and pp(K ") ranges and bins as in the SR and
CR1, respectively.

The expected yields of the SM signal and the back-
grounds in the SR are 14 and 844 events, respectively,
corresponding to a signal efficiency of 4.3%. In most of
these background events, a K produced in a D meson
decay is selected as the signal kaon candidate.

To enable the study of other, non-SM signal models,
the fraction of signal events in the SR is studied as a func-
tion of the generated dineutrino invariant mass squared
g®. The efficiency is 13% for ¢> = 0 and drops to zero for
q? > 16 GeV?/c*. The full distribution can be found in
the Supplemental Material [25].

The performance of the classifiers BDT; and BDT5 on
data is tested by selecting events with a moderate BDT
output of 0.9 < BDT; < 0.99 and BDT, < 0.7 in the
7Y (45) on-resonance data and corresponding simulation.
The study confirms the accurate modeling of the BDT
distributions by the simulation for a sample of events that
have similar kinematic properties as signal events, while
containing only a negligible contribution from signal.

The decay BT — KVJip with Jip — pTp= is
used as an independent validation channel, exploiting
its large branching fraction and distinctive experimen-
tal signature. These events are selected in data and
BT — KTJjp simulation by requiring the presence of
two muons with an invariant mass within 50 MeV/c?
of the known J/ib mass [20]. To suppress background
events, the variable |AE| = |Ef; — /s/2| is required to
be less than 100 MeV and the beam-energy constrained

mass My = \/s/(4c4) —py?/c? is required to exceed

5.25 GeV/c?, where Ej and p} are given by the energy
and the magnitude of the three-momentum of the signal
B meson candidate defined in the center-of-mass system

of the incoming beams. This results in 1720 events being
selected in the data sample at an expected background
contamination of 5%. Each event is then reconsidered as
a BT — KTvi event by ignoring the muons from the
J/1ip decay and replacing the momentum of the kaon can-
didate with the generator-level momentum of the kaon
in a randomly selected BT — K Tvv event from simula-
tion. The same modifications are applied to the data and
Bt — K" J/ simulation. The results are summarized
in Fig. 2, where the distributions of the output values of
both BDTs are shown. Good agreement between simu-
lation and data is observed for the selected events before
(BT = K*Jf 4, ) and after (BT — K"/, v )
the modifications. The two-sample Kolmogorov-Smirnov
p values [37] for the BDT; and BDT; distributions of
simulation and data, after the modifications, are 7% and
23%, respectively. The ratio of the selection efliciencies
BDT; > 0.9, BDT, > 0.95 in data and simulation is
found to be 1.06 + 0.10.
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FIG. 2: Distribution of the classifier output BDT; (main fig-
ure) and BDT; for BDT; > 0.9 (inset). The distributions are
shown before (J/i_, . ,—) and after .(J/z/)%#ﬂ/,) the muon
removal and update of the kaon-candidate momentum of se-
lected BT — Kt J/) events in Monte-Carlo simulation (MC)
and data. As a reference, the classifier outputs directly ob-
tained from simulated BT — KT v signal events are overlaid.
The simulation histograms are scaled to the total number of
BT — KT J/ events selected in data.

The statistical analysis to determine the signal yields
is performed with the PYHF package [38, 39], which con-
structs a binned likelihood following the HISTFACTORY
[40] formalism. The templates for the yields of the sig-
nal and the seven background categories are derived from
simulation. The likelihood function is a product of Pois-
son probability density functions that combine the infor-
mation from all 24 signal- and control-region bins defined
on the on- and off-resonance data. The systematic un-
certainties discussed below are included in the likelihood
as nuisance parameters that are event-count modifiers
with corresponding constraints modeled as normal prob-



ability density functions. The parameter of interest, the
signal strength p, is defined as a factor relative to the
SM expectation and is determined simultaneously with
the nuisance parameters using a simultaneous maximum-
likelihood fit to the binned distribution of data event
counts.

The leading systematic uncertainty is the normaliza-
tion uncertainty on the background yields. The yields of
the seven individual background categories are allowed
to float independently in the fit. However, each of them
is constrained assuming a normal constraint, centered at
the expected background yield obtained from simulation
and a standard deviation corresponding to 50% of the
central value. This value is motivated by a global normal-
ization difference of (40412)% between the off-resonance
data and simulation in the control regions CR2 and CR3
and also covers the uncertainty on the sample luminosity.
The remaining considered systematic uncertainties may
also influence the shape of the templates. Systematic
uncertainties originating from the branching fractions of
the leading B meson decays, the PID correction, and the
SM form factors are accounted for with three nuisance
parameters each to model correlations between the indi-
vidual SR and CR bins. The remaining systematic uncer-
tainties arise from the energy miscalibration of hadronic
and beam-background calorimeter energy deposits and
the tracking inefficiency, and are each accounted for with
one nuisance parameter. The systematic uncertainty due
to the limited size of simulated samples is taken into ac-
count by one nuisance parameter per bin per background
category. This results in a total of 175 nuisance parame-
ters.

To validate the fitting software, an alternative ap-
proach based on a simplified Gaussian likelihood func-
tion (SGHF) is developed. Tests of both PYHF and SGHF
are performed using pseudo-experiments, in which both
statistical and systematic uncertainties are taken into ac-
count, including background normalizations. No bias in
1 and its uncertainty is observed, and the p value for the
data and fit model compatibility is found to be above
65%.

Shifts of the nuisance parameters corresponding to the
seven background sources are investigated before p is re-
vealed. The parameters corresponding to the continuum
background yields are increased by, at most, one stan-
dard deviation, which confirms that they are not pulled
substantially in the fit given the observed difference in
the normalization of the continuum simulation with re-
spect to the off-resonance data. The background yields in
the bins of CR2 and CR3 predicted by the fit are found
in agreement with the off-resonance data. No shift is
observed for the parameters corresponding to the back-
ground yields from charged and neutral B meson decays,
which are the dominant contributions in the most sensi-
tive SR bins.

A comparison of the data and fit results in the SR and

CR1 is shown in Fig. 3. The corresponding figure for
CR2 and CR3 can be found in the Supplemental Material
[25]. The signal purity is found to be 6% in the SR and
is as high as 22% in the three bins with BDTy > 0.99.
Continuum events make up 59% of the background in the
SR and 28% of the events with BDT5 > 0.99.
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FIG. 3:  Yields in on-resonance data and as predicted by
the simultaneous fit to the on- and off-resonance data, cor-
responding to an integrated luminosity of 63 and 9fb~!,
respectively. The predicted yields are shown individually
for charged and neutral B meson decays and the sum of
the five continuum categories. The leftmost three bins be-
long to CR1 with BDT2 € [0.93,0.95] and the other nine
bins correspond to the SR, three for each range of BDT> €
[0.95,0.97,0.99,1.0]. Each set of three bins is defined by
pr(K*) €[0.5,2.0,2.4,3.5] GeV/c. All yields in the rightmost
three bins are scaled by a factor of 2.

The signal strength is determined by the fit to be
po= 42753 = 4.2729 (stat) 71 5 (syst), where the statis-
tical uncertainty is estimated using pseudo-experiments
based on Poisson statistics. The total uncertainty is ob-
tained by a profile likelihood scan, fitting the model with
fixed values of p around the best-fit value while keep-
ing the other fit parameters free. The systematic un-
certainty is calculated by subtracting the statistical un-
certainty in quadrature from the total uncertainty. An
additional 10% theoretical uncertainty arising from the
knowledge of the branching ratio in the SM is not in-
cluded. The result corresponds to a branching frac-
tion of the BY — K*vi decay of [1.971%] x 107° =
[1.971 3 (stat) T0:3 (syst)] x 107°.

This value is statistically compatible with the mea-
surements performed by previous experiments. Details
are given in the Supplemental Material [25]. The uncer-
tainty on the branching fraction is used to define a mea-
sure to compare the performance of the individual tag-
ging techniques. Assuming that this uncertainty scales as
the inverse square root of the integrated luminosity [48],
the inclusive approach is more than a factor of 3.5 bet-
ter per integrated luminosity than the hadronic tagging



of Ref. [16], approximately 20% better than the semilep-
tonic tagging of Ref. [19] and approximately 10% better
than the combined hadronic and semileptonic tagging of
Ref. [17]. Moreover, the events in the SR differ from the
ones selected by the hadronic and semileptonic tagging
so that a statistical combination of the measurements
provides additional sensitivity. The inclusive tagging ap-
proach can be applied to a variety of decay modes, such
as Bt — K*tvw and Bt — 71v, and, because of the
increased signal efficiency, this can be done on smaller
data samples than required for semileptonic or hadronic
tagging.

As no significant signal is observed, the expected and
observed upper limits on the branching fraction are deter-
mined using the CLg method [41], a modified frequentist
approach that is based on a profile likelihood ratio [42].
The expected 90% confidence level (C.L.) upper limit
on the BT — K*vp branching fraction of 2.3 x 107>
is derived assuming a background-only hypothesis. The
observed upper limit is 4.1 x 1075 at the 90% C.L. The
full distribution of the determined CL, values is shown
in the Supplemental Material [25].

In summary, a search for the rare decay BT — KTvi
is performed using an inclusive tagging approach, which
has not previously been used to study this process. This
analysis uses data corresponding to an integrated lumi-
nosity of 63fb ™! collected at the 7°(4S) resonance by the
Belle II detector, as well as an off-resonance sample cor-
responding to 9fb~*. No statistically significant signal
is observed and an upper limit on the branching frac-
tion of 4.1 x 10~° at the 90% C.L. is set, assuming a SM
signal. This measurement is competitive with previous
results for similar integrated luminosities, demonstrating
the capability of the inclusive tagging approach, which is
widely applicable and expands the future physics reach
of Belle II.
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LIST OF BDT PARAMETERS AND INPUT
VARIABLES

Table I presents the parameters that are used to train
the classifiers (BDT;, BDT53). Furthermore, all input
variables are listed below. Unless otherwise specified, all
variables are measured in the laboratory frame. The vari-
able selection is done by iteratively removing variables
from the training and checking the impact of their re-
moval on the binary classification performance, measured
with the area under the receiver operating characteristic
curve [1].

TAB. I: FastBDT parameter values [2].

Parameter Value
Number of trees 2000
Tree depth 4
Shrinkage 0.1
Sampling rate 0.8
Number of equal-frequency bins 16

For a given track, the point of closest approach
(POCA) is defined as the point on the track that
minimizes the distance to a line d passing through the
average interaction point and parallel to the z-axis,
defined as the symmetry axis of the solenoid. The trans-
verse impact parameter d, is defined as this minimal
distance and the longitudinal impact parameter d, is
defined as the z-coordinate of the POCA with respect
to the average interaction point [3].

Variables related to the kaon candidate

e Azimuthal angle of the kaon momentum at the
POCA

e d, and d, of the kaon track

e Cosine of the polar angle of the kaon 3-momentum
at the POCA

Variables related to the kaon candidate do not include
pr(KT), because the data are binned in this variable
and in BDT5 in the last stage of the analysis.

Variables related to the tracks and energy deposits of
the rest of the event (ROE)

e Three variables corresponding to the z, y, z com-
ponents of the vector from the average interaction
point to the ROE vertex

e d, and d, of the kaon track with respect to the ROE
vertex

e Invariant mass of the ROE

e 2 of the ROE vertex fit
e p-value of the ROE vertex fit

e Variance of the transverse momentum of the ROE
tracks

e Polar angle of the ROE momentum
e Magnitude of the ROE momentum

e Magnitude of the ROE thrust in the center-of-mass
system (CMS) [4]

e Difference between the ROE energy in the CMS

and /s/2

Variables related to the entire event

e Magnitude of the event thrust in the CMS
e Number of charged lepton candidates (e* or p%)

e Number of photon candidates, number of charged
particle candidates and sum of the two

e Square of the total charge of tracks

e Cosine of the polar angle of the thrust axis in the
CMS

e Zeroth-order and second-order harmonic moments
with respect to the thrust axis in the CMS [5]

e Seven modified Fox-Wolfram moments calculated
in the CMS [6]

e Polar angle of the missing three-momentum in the
CMS

e Square of the missing invariant mass
e Event sphericity in the CMS [4]

e First, second and third normalized Fox-Wolfram
moments in the CMS [5]

e Cosine of the angle between the kaon track and the
ROE thrust axis in the CMS

Variables related to the DY/D™ suppression

As mentioned in the main text, D° candidates are ob-
tained by fitting the kaon candidate track and each track
of opposite charge in the ROE to a common vertex; D
candidates are obtained by fitting the kaon candidate
track and two ROE tracks of appropriate charges. In
both cases, the best candidate is the one having the best
vertex fit quality.

e d, and d, of the best DY candidate vertex and of
the best Dt candidate vertex

o 2 of the best D° candidate vertex fit and the best
D candidate vertex fit



e Mass of the best D° candidate

e Median p-value of the vertex fits of the D° candi-
dates

EVENT GENERATORS

A variety of event generators are used to simulate the
considered signal and background samples. The decays
of charged and neutral B mesons are simulated using
the EVTGEN event generator [7]. KKMC [8] is used to gen-
erate the ¢g pairs, with PYTHIA8 [9] to simulate their
hadronization and EVIGEN to model the decays of the
generated mesons. KKMC and TAUOLA [10] are employed
to simulate ete™ — 777~ events. For all samples, the
Belle IT Analysis Software Framework [11], interfaced
with GEANT4 [12], is used to simulate the detector re-
sponse.

CONTINUUM REWEIGHTING

As stated in the main text, mismodeling of continuum
simulation is corrected for following a data-driven proce-
dure presented in Ref. [13]. A binary classifier, BDT,,
is trained to separate the off-resonance data and contin-
uum simulation using the same set of input variables and
parameters as BDT; and BDTs. BDT., is trained with
events that satisfy BDT; > 0.9 in the off-resonance data
and an independent 100 fb~! sample of simulated contin-
uum events. If p € [0, 1] is the classifier output for a given
continuum event, the ratio p/(1 — p) can be interpreted
as an estimate of the likelihood ratio £(data)/L(MC),
where £(data) (£L(MC)) is the likelihood of the contin-
uum event being from data (simulation). This event
weight is applied to the simulated continuum events after
the final selection. Comparison of simulated continuum
events with off-resonance data shows that the applica-
tion of this weight improves the modeling of the input
variables.
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FIG. 1:  Yields in off-resonance data and as predicted by

the simultaneous fit to the on- and off-resonance data, corre-
sponding to an integrated luminosity of 63fb™! and 9fb~!,
respectively. The predicted yields of the five continuum cat-
egories are summarized. The leftmost three bins belong
to CR3 with BDT, € [0.93,0.95] and the other nine bins
correspond to the CR2, three for each range of BDTy €
[0.95,0.97,0.99,1.0]. Each set of three bins is defined by
pr(KT) €[0.5,2.0,2.4,3.5] GeV/c. All yields in the rightmost
three bins are scaled by a factor of two.
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FIG. 2: CL; value as a function of the branching fraction of
BT — K1up for expected and observed signal yields and the
corresponding upper limits at 90% confidence level (CL). The
expected limit is derived for the background-only hypothe-
sis. The observed limit is derived from a simultaneous fit to
the on-resonance and off-resonance data, corresponding to an
integrated luminosity of 63fb~! and 9fb~!, respectively.
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FIG. 3: Signal efficiency as a function of the dineutrino in-
variant mass squared ¢” for events in the SR (BDT; > 0.9
and BDT2 > 0.95). The error bars indicate the statistical

uncertainty.
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FIG. 4: The branching fraction measured by Belle II, pre-
vious experiments [14-16] and the Standard Model expecta-
tion [17]. The values reported for Belle are computed based
on the quoted observed number of events and efficiency. The
weighted average is computed assuming that uncertainties are
uncorrelated.
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