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We present a search for the rare flavor-changing neutral-current decay B — K*9zT7z~ with data
collected by the Belle II experiment at the SuperKEKB electron-positron collider. The analysis uses a

365 fb~! data sample recorded at the center-of-mass energy of the Y (4S) resonance. One of the B mesons
produced in the Y(4S) — BB process is fully reconstructed in a hadronic decay mode, while its
companion B meson is required to decay into a K** and two 7 leptons of opposite charge. The 7 leptons are
reconstructed in final states with a single electron, muon, charged pion or charged p meson, and additional
neutrinos. We set an upper limit on the branching fraction of B(B® — K*%7777) < 1.8 x 1073 at the 90%
confidence level, which is the most stringent constraint reported to date.

DOIL: 10.1103/v1q3-9dy8

In the standard model (SM) b — szt transitions occur
only at the loop level via penguin or box diagrams, and are
therefore suppressed. Combining the charged and neutral
B — K*z"7~ modes [l], the predicted SM branching
fraction in the (15,19) GeV/c? dilepton invariant mass-
squared range is (0.98 & 0.10) x 10~ [2,3]. New physics
models can enhance b — s7z rates by up to 3 orders of
magnitude [3]. In some scenarios, the leading new physics
couplings are those involving the third-fermion generation,
making b — stz transitions a better probe than b — see
and b — sup [4]. Enhancements to b — stz are also
foreseen in models that explain the recently observed
2.7¢ departure from the SM expectation in the BT —
K*vp decay rate [5,6], together with the b — c7v anoma-
lies [3,7].

The Belle experiment has reported an upper limit at the
90% confidence level on the B° — K*°z*7~ branching
fraction of 3.1 x 1073, using a 711 fb~! data sample
recorded at the Y(4S) resonance and reconstructing the
accompanying B meson in fully hadronic decay modes [8].
Other b — szt searches have been conducted by BABAR
[9] and LHCDb [10]. None of these searches led to evidence
for a signal, and all the upper limits are above the SM
predictions.

We report a search for B® — K*%z*¢~ [11] decay at
Belle II. The main challenge is the presence of up to four

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’.

final-state neutrinos. Reconstructing one B meson (By,,) in
ete™ — Y(4S) — BB isolates the accompanying B meson
(Bgig) and constrains the kinematics of the missing neu-
trinos. We reconstruct the By,, in hadronic decay modes and
search fora B® — K*7"z~ decay of the partner By, where
the K** — K*z~ mode is used. All the combinations of the
decay modes 17 — e U v, T = U Uy, T — T U, and
77 — pv, are utilized for the two 7z’s. A multivariate
approach with a binary classifier is adopted to separate
signal from background events. The classifier output is
used in a binned profile-likelihood fit to extract the signal
branching fraction. To minimize experimental bias, we
finalized the full analysis procedure before examining the
data in the signal region. The main new features compared
to the previous B® — K*07*7~ search [8] are the use of an
improved tagging method [12], the adoption of a multi-
variate approach instead of a cut-based one, and the
inclusion of 7~ — p~v, decay modes. The Belle II analysis
described here improves the expected sensitivity by a factor
of 2.6, despite using a smaller dataset.

We use a 365 fb~! data sample recorded by the
Belle II detector, located at the SuperKEKB asymmetric
electron-positron collider [13], between 2019 and 2022.
The data are collected at a center-of-mass (c.m.) energy
/s = 10.58 GeV, corresponding to the peak of the Y (4S5)
resonance. An additional 43 fb~! data sample, collected at
a c.m. energy 60 MeV below the mass of the T(4S5)
resonance (off-resonance), is used to study backgrounds
from e*te™ — qg events, where ¢ indicates a u, d, s, or
¢ quark. The Belle II detector [14] consists of a
nearly hermetic magnetic spectrometer, composed of
silicon detectors and a central drift chamber (CDC),
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surrounded by particle identification (PID), electromag-
netic calorimetry (ECL), and muon and Kg subdetectors.
Simulated samples are used to suppress backgrounds,
estimate the signal efficiency, and define fit templates
for the branching fraction extraction. Various
Monte Carlo (MC) event generators are utilized. The
EvtGen [15], Pythia8 [16], KKMC [17], and TAUOLA [18]
software packages are used to model particle production
and decay, PHOTOS [19] is used for photon radiation from
final-state charged particles, and Gean4 [20] simulates
material interaction and detector response. We simulate
B — K*9777~ signal decays using SM form factor calcu-
lations from Ref. [21]; we generate only the final state with
K*® - Ktz and we take this into account in the signal
efficiency calculation. Simulated beam-induced back-
grounds are overlaid onto the events [22]. The Belle II
analysis software framework [23,24] is used for event
reconstruction.

The analysis starts by reconstructing a By,, into one of 32
hadronic BY decay modes using the full event interpretation
algorithm (FEI) [12], in which final-state particles, recon-
structed from tracks and energy deposits in the ECL
(clusters), are combined into intermediate particles until
the final By,, candidates are formed. For each decay chain,
the algorithm calculates the probability (Pgg;) that the
reconstructed decay mode is correct, using gradient-
boosted decision trees [25]. Known By,, kinematic proper-
ties can be exploited using the beam-energy-constrained

\/ s/(2¢%)? - 5.,/ c|? and the energy differ-

mass My, =

ence AE = Ep —+/s/2, where py and Ej  represent
the momentum and energy of the B, in the c.m. frame,
respectively. Correctly reconstructed B mesons peak in the
M, distribution at the known B° mass and have values
close to zero for AE. We select By, candidates with
My.>5.27GeV/c?, |AE| <200 MeV, and Pgg > 0.01.
At this stage, for the simulated signal sample, 0.9% of
events are retained, with an average multiplicity of 1.5 By,
candidates. To minimize possible mismodeling in the
B, — B, combination step, for each event only the
By,, candidate with the highest value of Pgg; is retained.
In the signal MC sample, this selection picks the correctly
reconstructed By,, candidate about 87% of the time.
Tracks and clusters not associated to the selected By,, are
used to reconstruct B, candidates. Spurious tracks from
beam-induced background are rejected by selecting only
the tracks that originate close to the interaction point by
requiring small transverse and longitudinal impact param-
eters, dr <2cm and |dz| <4 cm, respectively. Furthermore,
tracks should have polar angles in the CDC acceptance
(17°<0<150°) and transverse momenta p;>100MeV/c.
In order to have a reliable dE/dx measurement for PID,
only tracks having at least 20 CDC hits are retained. For
each track, a charged particle hypothesis is assigned using

PID selectors, which combine information from the differ-
ent subdetectors. A likelihood-based binary classifier
separates charged pions from kaons. For muon identifica-
tion, a likelihood-based selector is used as well, while for
electrons a selector based on a boosted decision tree (BDT)
[26] is applied. We choose selection thresholds resulting in
efficiencies of 95% for hadrons, 82% for electrons, and
77% for muons; in the selected sample, 6%, 3%, and 30%
of the respective candidates are misidentified, according to
the B — K*9777~ simulation. PID selection efficiencies
and misidentification probabilities are evaluated via data
control channels in bins of momentum and polar angle of
the reconstructed particles [5,27]. Simulated events are
weighted to correct for the differences compared to the
data. Clusters that are not matched to any extrapolated
track, and have polar angles in the CDC acceptance, are
used to identify photon candidates. We reconstruct z°
candidates using photons with energy thresholds of 80,
30, and 60 MeV in the forward, barrel, and backward
region of the ECL, respectively. These thresholds are
optimized to suppress background from high multiplicity
B decays. Photon pairs are then combined if their invariant
mass is in the range (120, 145) MeV/c?, corresponding to
approximately 2 times the experimental resolution around
the known 7° mass [28], and their maximum angular
separation is 1.5 rad in the transverse plane and 1.4 rad
in the 3D space. The selection criteria result in a z°
reconstruction efficiency of about 30%. The z° re-
construction efficiency is computed in bins of z° momen-
tum using data control samples from D and 7 decays. The
observed differences between data and simulation are used
to correct the simulated distributions. The z° candidates are
then used to construct p~ — z~z° candidates. We require
an invariant mass in the range (0.65,0.9) GeV/c?, which is
chosen to reduce the contamination from combinatorial
background. Pairs of charged kaons and pions having
opposite charges are combined to form K*0 — K*z~
candidates if their invariant mass is in the range
(0.80,0.99) GeV/c?, corresponding to 4 times the K*0
decay width. A vertex fit [29] constrains the two tracks to
originate from a common vertex, which is identified as the
K*0 candidate decay point. Candidate K** mesons that have
a p value for the vertex fit smaller than 1073 are rejected.
Each Bg, candidate is formed by combining a recon-
structed K** with the daughters of two oppositely charged 7
leptons, in combinations of e~, u~, z~, and p~. The
daughters of the two 7 leptons are henceforth denoted as
t; and t,, where #; has the same charge sign as the charged
kaon from the K*°. A total of 16 possible combinations of
t1t, final states are examined. The invariant mass of the
K*°, t,, and t, system should be less than 6.0 GeV/c?, to
reject badly misreconstructed combinations.

Multiple Bg;, candidates can be reconstructed for a single
event. At this stage, all the Bg;, candidates are retained and
combined with the unique B, to form Y (4S) candidates.
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For each Y(4S) candidate, the rest of the event (ROE)
contains all the remaining tracks and clusters not used
either for By,, or for B, reconstruction. We require zero
charged tracks in the ROE. The track selection in the ROE
is the same as for the signal candidate except that the
requirement on the number of CDC hits is removed. The
selection of clusters in the ROE also follows the procedure
adopted for B, photons, with energy thresholds of 100, 60,
and 150 MeV in the forward, barrel, and backward regions
of the ECL, respectively, optimized to reject clusters from
beam background. We also require no track trajectory
extrapolating to the ECL in a 20 cm radius around the
cluster center. The latter requirement suppresses back-
ground clusters due to secondary particles generated in
nuclear interactions of hadrons with the ECL material. We
define the extra energy (E..y,) as the sum of the energies of
all the clusters assigned to the ROE.

To reduce the contamination from events with particles
outside of the acceptance of the tracking detectors, the polar
angle of the missing momentum should be inside the CDC
angular acceptance. The missing four-momentum of the
event is defined as ppis = Pinic — 2. Pi» Where pin is
the initial total four-momentum of the colliding beams, and
the sum runs over the four-momenta of all the tracks and all
the clusters in the ECL without an associated track. The
flavor of the reconstructed B, determined by the charge of
the kaon from the K** decay, is required to be opposite to
the flavor of the partner B, candidate. The opposite
correlation is also used to define the “same-flavor” control
sample, with reconstructed B°B® and B°B° pairs. This
sample also includes signal events in which one of the two
B® mesons has undergone flavor mixing before decaying,
with a mixing probability y,; = 18.6% [28], resulting in a
signal contamination below the expected sensitivity of the
analysis. The B — K*97%7~ signal efficiency at this stage
is 4.9 x 10~* with an expected background yield of 98.4 x
10° events, about 35% of which are ete™ — Y(4S) —
BB events. The next largest source of background, about
30% of the total, is from eTe™ — ¢¢ continuum processes.

The kinematic features of the signal side depend on the
decay modes of the two 7 leptons. Therefore, we separate
the reconstructed events into four signal categories: three
1, t, categories, namely £7, n¢, and znx, where t,,t, =€, &
indicates the 7 daughter, and the p category, in which one 7
decays as = — p~v,, while the other 7 decays to any of the
four reconstructed modes. The first three categories differ
in the number of neutrinos in the final state. The p category
can have one or two reconstructed 7°’s from By, while the
number of neutrinos is not fixed. In the simulated signal
sample, the average T'(4S) candidate multiplicity per event
is 4.4, and the fraction of events with one correctly
reconstructed By, candidate is 77%. To avoid double
counting due to cross-feed among signal categories, we
select a single YT(4S) candidate in each event, as follows.
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FIG. 1. Distribution of E, for events passing the nominal
selection, with all the corrections applied, for the £ signal
category. The signal B® — K*z*7~ histogram is shown scaled
assuming a branching fraction of 1072

First, we select the Y(4S) candidate(s) having the closest
K*0 mass to the measured value [28]. If a reconstructed
p~ — n~ " is present in the event, we retain only the
candidates assigned to the p category to prevent the z° from
contributing to the ROE. Candidates with more identified
electrons or muons are then selected to maintain a high
signal efficiency for the purest categories. At this stage, the
average Y'(4S) candidate multiplicity in each event is 1.3,
and for the events that have multiple candidates, the final
choice is performed randomly. A comparison using a fully
random selection of the Y(4S) candidate shows that the
procedure outlined above results in a 15% higher fraction
of correctly reconstructed signal events, with no bias
introduced in the observables used for the signal extraction.

A control sample with a clean B — K*0J /y/(—u*pu™)
decay is used to validate the simulated B® — K*07t7~
signal, using the same strategy described in [5]. The tracks
and clusters associated with the J/wK*? candidate are
replaced with those originating from a K*°z*¢~ decay,
extracted from simulated B° - K*0zTz~ events, so that
only the By, and the ROE’s are taken from the control
sample. The ratio of data to simulation efficiencies is found
to be 0.81 £0.09 and the central value is used as a
correction for the B® — K*07"z~ signal efficiency. The
same factor is also used to scale the B°B® background
events having a correctly reconstructed By, (peaking
B°B®). The remaining portion of the BB events (combi-
natorial BB) is normalized with the same-flavor control
sample. The same-flavor sample is also used to correct the
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TABLE 1. Signal efficiencies (¢) and expected background
yields for 7(BDT) > 0.4. The uncertainty on ¢ is dominated by
the signal normalization systematic. The signal categories are
ordered according to the expected sensitivity.

ex 100 BB

Signal category qq
43 4.0+£0.6 275 39
rt 7.6 £ 1.1 1058 230
P 15.5+22 3279 845
nr 4.0£0.6 1077 424

ROE cluster multiplicity, separately for each signal cat-
egory, since MC simulation mismodeling affects the E,.,
distribution. Figure 1 shows the E.,, distribution for the
¢ category with the ROE cluster multiplicity correction
applied. The residual data-MC discrepancies for Egg ., >
200 MeV are covered by the systematic uncertainties,
described below. The normalization of ete™ — gg back-
grounds events is adjusted for each signal category using
the off-resonance data sample.

We separate signal from background through BDT
binary classifiers [30], trained on simulated samples,
separately for each signal category. Each BDT uses the
same set of 14 variables, selected based on their discrimi-
nating power and on the level of data-simulation agreement
observed in the same-flavor control sample. These variables
combine information about the event shape, the kinematics
of K** and 7 candidates, the missing four-momentum, and
Exra- In addition, the invariant masses M (K*%;;),i = 1,2
are used as inputs to target B — D*)#v backgrounds. The
most discriminating input variables are the missing energy,
Eexiras M(K*%;1;), and ¢*> = (p+ + p.-)? [31]. To use the
entire simulated sample, we perform a twofold training: the
samples are randomly split into two halves, and the
classifier is trained separately on each half. The set of
model weights obtained from each training are then applied

BelleIl /[l dt =365 th~!

to the complementary half sample. Good agreement
between the outputs of the two trainings is observed.

The range [0.4, 1] of the BDT output [(BDT)], defined
as signal region (SR), is used in the fit for the branching
fraction. The SR is common to all signal categories and is
determined by the need to maintain high signal efficiency
while limiting the impact of background-related systematic
uncertainties on the expected branching fraction. Table I
gives the signal efficiencies () and the expected back-
ground composition in the SR. The £Z category is the most
sensitive. In this category, the largest background contami-
nation comes from BB, 60% of which are peaking B°B°
pairs. In about 45% of the BB events, a neutral By 18
correctly reconstructed while the other BY decays to a
semileptonic or semitauonic final state. This fraction is
lower for the other signal categories and is 20% for the
77 one.

The signal branching fraction is extracted from an binned
maximum likelihood fit to the n(BDT) distribution in the
SR, simultaneously for all four signal categories, using the
PYHF [32,33] and the Cabinetry libraries [34]. The parameter
of interest is B(B® — K*t"77) = N,/ (26N s)f00)-
where Nvy(45) = (387 £ 6) x 10° is the number of pro-
duced Y(4S), estimated from a data-driven approach in
which non-T(4S) events are subtracted from on-resonance
data, and fo) = 0.4861 70000 [7] is the Y(4S) — B°B°
decay rate. A uniform bin width is chosen for each signal
category, such that each bin contains more than 10 expected
background events. The templates for the fit components
(signal, BB, and ¢g backgrounds) are obtained from
simulated samples.

The parameter of interest is unconstrained in the fit,
while systematic uncertainties are incorporated into the
likelihood as nuisance parameters with Gaussian con-
straints. The uncertainties on the correction factors for
the pion, kaon, and lepton identification efficiencies and
misidentification probabilities, as well as for the z°

[ ¢l category 7l category

250 1

Events / bin

¢ Data
BY 5 Krtr-

BB

p category b 7 category

99
Uncertainty

Signal B=10"?

Pull

e BRI S -Illll,___,____««...__._-___,...-.___....

05 06 07 08 09

n(BDT)

FIG. 2. Distributions of #(BDT) in the SR for the four signal categories. The fit results are shown for the two background components
(BB and ¢g) and the B — K*tr*7~ signal, with a fitted branching fraction of [—0.15 4 1.01] x 107>, A B% - K*%z7~ signal
distribution, scaled assuming a branching fraction of 1072, is shown as reference. The bottom panel shows the pull distributions. The
histograms for the four categories are available on HEPData [37].
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efficiency, are determined from the auxiliary measure-
ments, as described above. We assign a systematic uncer-
tainty to the correction of the ROE cluster multiplicity. The
uncertainty is taken to be 100% of the residual difference in
the data-to-simulation ratio observed in the 7(BDT) < 0.4
control region, after applying the correction derived from
the same-flavor sample. The branching fractions of decay
modes contributing to about 70% of B® decays and 50% of
BT decays in the SR are allowed to vary according to their
known uncertainties [28]. We assign a 50% uncertainty on
the branching fractions of B — D**¢/tv decays, which are
poorly known and constitute about 5% (9%) of the residual
B°B° (B*B~) background. The BB events in which a D
meson decays to a final state with a K9 are scaled by 1.30,
and a 10% systematic uncertainty is assigned to them [5].
The normalization factors for ¢, combinatorial BB,
peaking B°B° backgrounds, and signal efficiency are
evaluated in the SR using the same control samples
previously described, and they are found to be consistent
with the values determined in the full (BDT) region. Thus
no further correction is applied. The relative statistical
uncertainty on the correction, as derived from the control
samples, is assigned as a systematic uncertainty, as
described below. An uncertainty on the normalization
factor for the gg background, due to the statistical uncer-
tainty of the off-resonance sample and ranging from 70%
for the £ mode to 15% for the p and zz signal categories,
is assigned. The combinatorial BB yield is allowed to vary
by 15%, while the peaking B’B° and signal normalizations
are assumed to be known at the 14% level. We use a
dedicated B - K*%z"z~ MC sample, generated with a
modified parametrization of the form factors [21], to
evaluate the systematic uncertainty due to the knowledge
of signal form factors. Global normalization uncertainties
on the luminosity measurement (0.5%), the number of
T(4S) (1.5%), and the fo, parameter (') are treated
with one nuisance parameter each. Finally, the systematic
uncertainty due to the limited size of simulated samples is
also taken into account.

Before examining the SR, we validate the fit procedure
with MC pseudoexperiments, in which both statistical and
systematic uncertainties are taken into account. No bias in
the branching fraction and its uncertainty is observed, with
an injected signal branching fraction ranging from zero to
the current upper limit value [8]. As an additional check, a
set of pseudoexperiments is constructed by varying the
number of expected events in each bin of the fit variable.
The variations are derived from the data-simulation dis-
crepancies observed in those bins for the same-flavor
control sample. Again in this case, no bias is observed
when performing a fit. Assuming the background-only
hypothesis, the expected branching fraction uncertainty on
simulated events is computed to be 0.98 x 1073, This
corresponds to an expected 90% confidence level (C.L.)
upper limit of 1.7 x 1073, which was determined using the

TABLE II. The systematic uncertainties for the branching
fraction of B® — K*z*7~, which were computed following
the procedure in Ref. [38].

Source Impact on B x 1073
B — D**¢/zv branching fractions 0.29
Simulated sample size 0.27
qg normalization 0.18
ROE cluster multiplicity 0.17
7 and K ID 0.14
B decay branching fraction 0.11
Combinatorial BB normalization 0.09
Signal and peaking B°B° normalization 0.07
Lepton ID 0.04
¥ efficiency 0.03
foo 0.01
Ny 0.01
D - KY decays 0.01
Signal form factors 0.01
Luminosity <0.01
Total systematics 0.52
Statistics 0.86

CLs method [35], a modified frequentist approach that is
based on a profile-likelihood ratio [36].

The result of the fit to data is shown in Fig. 2,
corresponding to a measured branching fraction of B(B° —
K*%7777) = [=0.15 4 0.86(stat) & 0.52(syst)] x 1073, The
distributions of #(BDT) in the SR for the four signal
categories are available on HEPData [37]. Compatibility
between the data and fit result is assessed using simplified
MC pseudoexperiments, and a p value of 48.3% is
obtained. The measurement is statistically limited. The
impact of the various systematic uncertainties on the
branching fraction is given in Table II; the knowledge of
the B — D**¢/tv decays’ branching fractions and the
simulated sample size are the largest contributions. As
no significant signal is observed, we obtain a 90% C.L.
upper limit of 1.8 x 1073,

In summary, we present the first search for the B —
K*0777~ decays at Belle II, utilizing the hadronic tagging
technique. We analyze a 365 fb~! dataset collected by the
Belle II experiment at the SuperKEKB e™ e~ collider. No
evidence for a signal is observed, and an upper limit on the
branching fraction of 1.8 x 107 at the 90% confidence
level is set, assuming a signal with SM-like properties. This
is the most stringent limit on the B® — K*%z*7~ decay
to date.
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