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We present a measurement of the branching fraction of BY — z7v, decays using 387 4 6 x 10° Y(4S5)
collected between 2019 and 2022 with the Belle IT detector at the SuperKEKB e e~ collider. We reconstruct the
accompanying B~ meson using the hadronic tagging method, while BY — 771, candidates are identified in
the recoil. We find evidence for Bt — zv, decays at 3.0 standard deviations, including systematic

uncertainties. The measured branching fractionis B(B™ — 77v,) =

DOI: 10.1103/dcwd-5tg4

I. INTRODUCTION

The leptonic decay Bt — ttv, [1] is a process with a
clean theoretical prediction in the standard model (SM) and
is potentially sensitive to contributions from beyond-the-
standard-model (BSM) physics. In the SM, the branching
fraction is given by

Grmpm?

B(BT - 1tty,) = A
T

m27?
1——| f3IVwl*ts. 1
-2 AP, )

where G is the Fermi coupling constant, mp and m, are the
masses of the charged B* meson and the 7 lepton,
respectively, fp is the BT meson decay constant, V,, is
the Cabibbo-Kobayashi-Maskawa (CKM) matrix element
related to u and b quarks, and 75 the lifetime of the B™
meson. All of the quantities in Eq. (1) are measured
experimentally [2] except for fp, which is determined
from lattice quantum chromodynamics (LQCD) simula-
tions [3].

Assuming the SM and the precise calculation of f» from
LQCD, the B" — 7'v, decay mode provides a direct
measurement of the CKM matrix element |V ;| that is
independent of exclusive and inclusive semileptonic B —
X, lv, decays, which are typically studied for this purpose
[4]. Moreover, in leptonic decays, the theoretical uncer-
tainty will not be a limiting factor soon; the FLAG working
group estimates an uncertainty below 1% [3]. The Bt —
77, decay is sensitive to BSM contributions, such as those
predicted by models like the two Higgs doublet model
[5-7], or various supersymmetric extensions of the SM
[8,9]. In these models the branching fraction of the BT —
77, decay can be enhanced (or suppressed) by a factor up
to 4 [10], taking into account experimental constraints from
previous measurements. Therefore, a precise measurement

TABLE 1. Published results for B(B™ — ttv,) by Belle,
BABAR, and the PDG average.

Experiment Tag B(1074)

Belle [12] Hadronic 0.724957 £0.11
BABAR [11] Hadronic 1.837035 £ 0.24
Belle [13] Semileptonic 1.25 £0.28 +0.27
BABAR [14] Semileptonic 1.74£08+0.2
PDG [2] 1.09 +0.24

[1.24 4+ 0.41(stat) 4 0.19(syst)] x 107,

of the branching fraction can also be used to constrain the
parameter space of these models.

Belle and BABAR measured B(B* — 7'v,) reconstruct-
ing the accompanying B~ meson in hadronic decays
[11,12] or semileptonic decays [13,14]. Table I shows past
measurements and the current world average.

The measurement described in this paper is based on data
collected by the Belle II experiment at the SuperKEKB
electron-positron collider between 2019 and 2022 and has
an integrated luminosity of 365.4 + 1.7 fb~! [15], corre-
sponding to a number of produced Y (4S) estimated to be
ny@as) = (387 £ 6) x 10°. In addition, we use 42.3 fb~' of
data collected at the slightly lower center-of-mass energy of
10.52 GeV (off resonance) to calibrate the background
from continuum ete™ — g (where ¢ = u, d, s, ¢) and
eTe™ — 777~ events in a data-driven way. A B~ meson is
fully reconstructed in an exclusive hadronic decay (Bi,,)
and the remaining charged-particle trajectories (tracks) and
neutral energy deposits in the calorimeter (clusters) are
examined for the signature of a BY — 77v, decay (By,).
We consider four r+ decays with a single charged particle
in the final state: 7" — e v, 0, 77 = p" v, U, Tt 5 A"
U,, and 77 — p* D, channels, where p is the p(770). These
modes account for approximately 72% of all = decays [2].
Each mode is treated as a distinct signal category. We
define a set of selection requirements to suppress the
backgrounds for which either the By, or the B, a
misidentified. We optimize the signal selection on simu-
lation, which is corrected and validated on several control
samples. We extract the branching fraction using a simul-
taneous two-dimensional maximum likelihood fit to two
discriminating variables, the residual energy in the electro-
magnetic calorimeter not associated with the reconstructed
BT B~ pair, and the missing mass squared of the event.

II. BELLE II DETECTOR AND SIMULATION

The Belle II experiment [16] is located at the
SuperKEKB accelerator [17], which collides 7 GeV elec-
trons and 4 GeV positrons at and near the Y (4S) resonance.
The Belle II detector [16] has a cylindrical geometry
arranged around the interaction point (IP), which is
enclosed by a beryllium beam pipe with an inner radius
of 1 cm, and includes a two-layer silicon-pixel detector
(PXD) surrounded by a four-layer double-sided silicon-
strip detector (SVD) [18] and a 56-layer central drift
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chamber (CDC). These detectors reconstruct tracks of
charged particles. In this work, we analyze the data for
the period when only one-sixth of the second layer of the
PXD was installed. Surrounding the CDC, which also
provides ionization-energy-loss measurements, is a time-
of-propagation counter (TOP) [19] in the central region and
an aerogel-based ring-imaging Cherenkov counter
(ARICH) in the forward end cap region. These detectors
provide charged-particle identification (PID). Surrounding
the TOP and ARICH is an electromagnetic calorimeter
(ECL) based on CsI(Tl) crystals that primarily provide
energy and timing measurements for photons and electrons.
Outside of the ECL is a superconducting solenoid magnet,
which provides an axial magnetic field of 1.5 T. A K and
muon identification system is located outside of the magnet
and consists of flux-return iron plates interspersed with
resistive plate chambers and plastic scintillators. The
central axis of the solenoid defines the z axis of the
laboratory frame, pointing approximately in the direction
of the electron beam.

We use Monte Carlo (MC) simulated events to optimize
selection criteria, calculate reconstruction efficiencies, and
study sources of background. The BB samples are gen-
erated with EviGen [20]. Continuum e*e™ — ¢gq (¢ = u, d,
s, ¢) and ete” — 7777 events are generated with KKMC
[21]. The fragmentation of gg uses PYTHIAS [22], and 7
decays are simulated by TAUOLA [23]. Final-state radiation
is simulated by PHOTOS [24,25]. Geant4 [26] is used to
simulate the detector response to the passage of particles.
For the simulated signal, we produce 4 x 107 events, in
which one B meson decays exclusively to the BT — t7u,
final state, and the other B meson decays generically.

For the BB, ¢, and 777~ backgrounds we use simulated
samples with equivalent integrated luminosities of 2.8, 1,
and 0.6 ab™!, respectively. Both experimental and simu-
lated data are processed using the Belle II analysis software
framework [27].

III. RECONSTRUCTION AND
EVENT SELECTION

To consider an event for further analysis we require the
reconstruction of three or more tracks, each with an impact
parameter with respect to the IP of less than 2 cm along the z
axis and 0.5 cmin the transverse direction; three or more ECL
clusters with £ > 100 MeV and within the CDC acceptance;
aminimum transverse momentum of 100 MeV /¢ for each of
the charged particles; and a total energy of reconstructed
tracks and ECL clusters greater than 4 GeV.

Simulation samples and data are then passed through the
full event interpretation (FEI) [28], a hierarchical multi-
variate algorithm that fully reconstructs the B, in thou-
sands of possible decay chains. The output of the FEI
algorithm for each event is a set of reconstructed B,
candidates with an associated score (Oggp); the higher the

Ok, the higher the expected purity of the candidate. We
require Ogg; > 0.001 and the resulting fraction of Y (4S)
events with a correctly reconstructed charged B,, candi-
date is estimated from simulations to be approximately
0.30% with a purity of 29% [29]. The average B,
candidate multiplicity in signal events is 1.02. We retain
one By,, candidate per event, choosing the candidate with
the highest value of Ogg.

We use two kinematic variables to discriminate between
events with a correctly reconstructed B, candidate and
misreconstructed events: the beam-energy-constrained
mass M, = \/(E{;eam)2/c4 — |Pia|*/c* and the energy
difference AE = Ep, — Ej ., Where pp, (Ef,) is the
reconstructed momentum (energy) of the By, and Ey., .
is the beam energy, all evaluated in the center of
mass (c.m.) frame. We require M,, > 5.27 GeV/c?
and —0.15 < AE < 0.1 GeV.

The By, is reconstructed from all the remaining tracks
and neutral objects (ECL clusters with no tracks associated)
not used to reconstruct the By,,. We consider four different
signal categories identifying the following final states:
tt—et v, Uyt s pt vy, 0, o >t D, and 7 -
p* D,. For this purpose, in addition to the tracks associated
with the B,,, we require only one other track in the event,
with a charge opposite to the By,, charge and a momentum
p > 0.5 GeV/c. The PID criteria to distinguish between
electron, muon, and pion hypotheses are based on multi-
variate classifiers that utilize information from all subde-
tectors. This information is combined into a boosted
decision tree for electrons or a likelihood function for
muons and pions. The likelihoods for the pion or muon
hypotheses combine PID information from all subdetectors
except the SVD and the PXD. From simulation, we
estimate that PID selection criteria identify electrons,
muons, and pions with efficiencies of 99%, 82%, and
97%; and that, respectively, 1%, 5%, and 3% of the selected
samples are incorrectly identified. The selection criteria are
mutually exclusive: each charged candidate is exclusively
identified as electron or muon or pion. A bremsstrahlung
correction in the 7+ — e v, U, decay mode is applied: the
four-momentum of the electron candidates is corrected by
adding the four-momenta of photons with an energy below
1.0 GeV within a cone of 0.05 rad around the electron-
momentum vector. From pairs of ECL clusters not used to
reconstruct By,,, we reconstruct 7% — yy candidates. We
require these candidates to have an invariant mass in the
range 120 < m,, < 145 MeV/ c?, which corresponds to
approximately +1¢ of the mass resolution. The z° candi-
dates are combined with the z" candidate to form p*
candidate. If the p™ candidate has a reconstructed invariant
mass within 625 < m,.» <925 MeV/c?, the B, is
assigned to the t™ — pT U, category. Otherwise, the event
is assigned to the t™ — x* D, category. If multiple p™
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candidates are reconstructed, we choose the one closest to
the p* mass [2].

Any cluster in the ECL not associated with the By,, nor with
the By, is subjected to a procedure that rejects the clusters
from beam-induced backgrounds, the interaction of hadronic
particles with detector material (hadronic split-off showers),
and neutral hadrons. The procedure uses two different
multivariate classifiers, trained on a B - D*~ £+ v, data
control sample as described in [30]. All the objects refined by
this clean-up procedure represent the rest of the event (ROE).

The two most discriminating observables based on the
ROE are the total residual energy from neutral clusters in
the ECL (EF*) and the square of missing four-momentum
(M2, calculated using the known beam energies and all
the reconstructed objects,

prniss = (2Egeam’ 0.0, 0) - p:ag - p:ig - pI*QOE’ (2)
where Plags p;‘ig, Prog are, respectively, the By, the signal
candidate, and the ROE objects four-momenta in the
c.m. frame.
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FIG. 1.

We suppress continuum ete™ — gg and eTe” - 7t
backgrounds by applying a loose selection on two event-
shape variables. The first variable, cos 67, is the cosine of
the angle between the thrust axis of the By,, and the thrust
axis of its recoil. The thrust axis is defined as the unit vector
7 that maximizes the thrust value Y |7- pi|/ >_ | pi| where
pi is the momentum of the ith final-state particle in the
ete™ c.m. frame [31,32]. This variable discriminates
between signal and background because BB events have
an approximately uniform distribution, while continuum
events consist of two back-to-back jets in the c.m. frame.
The second variable is the ratio of Fox-Wolfram moments
R, [33], which measures the degree of sphericity of the
event with lower values for BB events and higher values for
continuum events. We require | cos 07| < 0.9 and R, < 0.6,
selecting 73% of the signal and rejecting 66% of the gg and
99% of the t77z~ background events.

After these loose requirements, the remaining continuum
events are still a significant fraction of the total background,
especially for the hadronic modes 7" — z* 7, and 7+ —
p* 1., and need further suppression. Since there are no BB
events in the off-resonance sample, we use it to estimate the
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Distributions of | cos 6| (top) and M,,. (bottom) in off-resonance data and continuum simulation before (left) and after (right)

the continuum MC reweighting. The 7z~ component is negligible after the requirement on R,.
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expected yield of the continuum background. Due to the
lower statistics of the off-resonance sample after the signal
selection procedure, we use simulation instead to describe
the shapes of all variables for continuum events.
Nevertheless, comparing simulation and off-resonance data
we observe that continuum simulation does not adequately
reproduce the shapes of many variables, as can be seen, for
example, in Fig. 1 (left plots). We correct this mismodeling
of the shapes by reweighting the simulation using the off-
resonance data. We employ a fast boosted decision tree
(FBDT) classifier [34] using the event-shape variables
described in [35]. We use a simulated sample of continuum
events and off-resonance data, which both correspond to
5 x 10* events, for training and validation. The weight w’,
for each event in simulation is defined as

O
1-0L

(3)

i
Wer =

where O., is the output of the classifier for the event i
[36,37]. Figure 1 shows the effect of the continuum
reweighting on the simulated events for the |cosfy| and
M, distributions.

To further suppress continuum, simulated BB and
reweighted continuum events are used to train another
FBDT, based on event-shape variables described in [35].
The most discriminating variables are the super-Fox-Wolfram
moments and the harmonic moments B; = > _.(p;/\/s)x
P,(cos @;), where P, is the Legendre polynomial of order /, p;
is the momentum of the particle i, and ¢; is the angle calculated
with respect to the thrust axis of the By recoil, as defined in
[33]. As the leptonic and hadronic 7+ channel inputs differ
slightly, we train two independent FBDTs. To avoid bias, we
use the classifier on simulated samples of continuum and
simulated samples of BB of the same size (10° events) for
training and validation.

Finally, we exploit the following variables to further
suppress backgrounds: Ok, the output of the continuum
suppression FBDT O, and the momentum of the recon-
structed daughters of the =™ (e, u™, z™, and p™) in the
laboratory frame p,,q. More stringent requirements on
OFgr improve the purity of the By, reconstruction; O is
used for discrimination against continuum, especially
necessary for hadronic ™ decay modes; a tight requirement
ON pena is effective to suppress BB background for
hadronic modes produced in 77 two-body decays. We
optimize the selection requirements independently for each
channel to minimize the expected statistical uncertainty of
signal yields. The signal yields are fitted (as explained in
Sec. V) on pseudodatasets generated from signal and
background simulations, assuming a signal branching
fraction B(BT — t7v,)ppg and integrated luminosity as
in data. Table II shows the optimized selection.

TABLE II. Optimized signal selection. € is the efficiency for a
BT — tTu, event to be reconstructed in each signal category.
Signal category  Opgy Ous Peand (GeV/e) € (1074
et <0.8 7.3
wt oo <06 > 05 76
zt ’ < 0.6 > 1.4 34
pT < 0.7 > 1.65 3.1

IV. CALIBRATION AND MODEL VALIDATION

In this section, we discuss the efficiency correction
for the signal and the BB simulations and EZ%? calibration
and validation using several control samples and signal
sidebands.

A. Efficiency correction

We determine the hadronic FEI reconstruction efficiency
from simulation and then we correct it with a data-driven
procedure using two data control samples. For the first one,
we examine the recoil of the B, to select a sample of
inclusive semileptonic decays BT — X% v, requiring the
reconstruction of a high energy electron or muon. The
details of the procedure are discussed elsewhere [29]. A
second sample is selected requiring the presence of a
hadronic decay B* — D™ z* searching for the D)0
resonance in the 7z recoil. The corrections to the By,
reconstruction efficiency extracted from the hadronic sam-
ple are consistent with those from the semileptonic sample
we use a combination of the correction factors from the two
samples. The correction factors, obtained by comparing the
yields in data and simulation, depend on the By, decay
mode and vary between 0.6 and 1.1.

Additional corrections are applied to account for mis-
modeling in simulation of PID efficiencies and misidenti-
fication probabilities. They are evaluated by comparing
data and simulation on pure samples of electrons and
muons from an inclusive sample of J/y — £7¢~ decays
and low multiplicity processes ete™ — £¢~ (y) and
ete” = ete” £7¢. To calibrate the charged pion iden-
tification we use a sample of pions from inclusive decays of
K% - nta~, D** - D° z*, and A° — p z~. The correc-
tion factors depend on the momentum and polar angle of
the tracks. Finally, a photon efficiency correction is applied
to the ECL clusters in the ROE using a random removal
algorithm, since photon reconstruction efficiency in data is
always slightly smaller than photon reconstruction effi-
ciency in simulation. A photon in MC is excluded from the
reconstruction with a probability 1 — w, where @ is the ratio
of photon reconstruction efficiency in data and in simu-
lation. To do so, we generate a repeatable random sequence
of values between zero and one, and a given photon is
removed if the corresponding random value is greater than
. The o ratios, which vary between 0.8 and 1.0, are
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extracted from data and simulation samples of ete™ —
up~ y events as a function of missing momentum and its
angular direction (6,¢) as shown in [38].

B. Clusters multiplicity calibration

After applying all the efficiency corrections, the shapes
of the EF[* distribution in data and in simulation are
slightly different. The discrepancy is found to be related to
an incorrect modeling of the multiplicity of extra neutral
clusters (nexyq)- Figures 2(a) and 2(b) show n,eyy, and
Eg&® distributions. Figures 2(c) and 2(d) show, as an
example, ER{" distributions for 7, =3 and
Nyexira = J, With the number of events in simulation scaled
to data, in order to test that Ef* shapes agree at fixed
multiplicity 7,4y, The agreement is good at any fixed
Nyexira (s€€ Appendix A for the complete set of plots).
Therefore, we conclude that simulation approximately
models the Ef{[* distribution in each multiplicity bin,
while the expected normalization differs with respect to
data by a few percent up to 20%. In order to correct the
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FIG. 2. First row: distributions of 7,y (a) and EE*

(b) in data and simulation for Eg{*

simulation expectation to match the data, we determine a
bin-by-bin correction of 7,y from three control samples.
The first sample, referred to as the extra-tracks sample, is
obtained by requiring two or more tracks in the ROE
coming from the IP and with momenta less than 0.5 GeV.
The corrections to 71y, from the extra-tracks sample are
used to reweight the BB background simulation. For the
second sample, we reconstruct a BY — D*0 ¢+ v, decay
recoiling against the hadronic By,, and the resulting
corrections are used to reweight the signal simulation for
leptonic modes. The third sample is obtained by recon-
structing two nonoverlapping hadronic tag B mesons
with opposite charges in the event (double tag); this
sample is used to reweight the signal simulation for
hadronic modes. Typical correction factors vary between
0.8 and 1.2. Each control sample is discussed in detail in
Appendix A.

This correction significantly improves the agreement
between data and simulation. The residual systematic
discrepancy in the ER[* distribution is due to the limited
sizes of the control and simulation samples used to derive
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with 7,exrs = 3 (¢) and 1,¢xr, = 5 (d). The number of events in simulation is scaled to the data for (¢) and (d) to compare the shapes. The
Bt — T, signal events are a small component of the full sample.
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FIG. 3. Distributions of 72,cy, (left) and EZY* (right) in data and simulation for EE¢*

the correction. We describe the evaluation of the associated
systematic uncertainty in Sec. VIIL.

We validate the procedure by comparing the reweighted
MC distributions with data in the following sidebands:
Eg&® sideband, requiring Ef* > 500 MeV; My, side-
band, requiring M, < 5.26 GeV/c?; M2, sideband (lep-
tons only), requiring M2, < 4 GeV?/c*; p.unq sideband
(hadrons only), requiring p.,nq < 1.2 GeV/c. In all cases,
we find good agreement between MC simulation and data.
Figure 3 shows 7.y, and Eg¢y* distributions after applying

the corrections.

V. SIGNAL EXTRACTION

We use the ESS and M2, variables to discriminate
between signal and background: signal events are charac-
terized by low ES% and large M2, . The signal contains
two or three neutrinos for the hadronic and leptonic final
states, respectively. These neutrinos produce a significant
M2, . that follows a broader distribution than background
processes. The additional neutrino in the leptonic final
states leads to a larger value of M2 on average compared
to the hadronic modes. We exploit this behavior and the
correlations by combining the EZ&? and M2, distributions
in a single two-dimensional binned probability density
function (PDF).

We extract the branching fraction B(B* — 7*v,) from a
simultaneous binned maximum likelihood fit to all the four

7 categories. The PDFs are two-dimensional (2D) histo-

grams of M2, and EZY with 10 x 10 uniform binning,
with =10 < M2. . < 26 GeV?/c*and 0 < EZ¥ < 1 GeV.

Figure 4 shows the 2D histogram PDFs of E&& and M2 for
signal and background in the + — e™ v, U, channel (left

plots) (similar for the " — u* v, U, channel) and in the

T T
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mm B°B° 4 Data

Events/Bin
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A R B T
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< 1 GeV after applying the 7.y, calibration.

™ — 2T D, (right plots) (similar for the 77 — p™ D,
channel).

We float five parameters in the fit: the common branch-
ing fraction B(B™ — 77v,) and the total background yield
for each of the four decay modes ny,;, with k = e, u™, 7",
or p*. The signal yields n,; are not free parameters but
depend on the common floating fit parameter
B(B" — t"v,) and fixed quantities as follows:

ngy =2ngipg- X €, X B(BT = ttu,) (4)
with ngig- = nyus) T, where f1= = 0.5113§ 3 is the
branching fraction B(Y(4S) — B*B~) estimated in [4]; ¢,
is the efficiency to reconstruct in the category k a Bt —
7+, decay (for any kind of real 7 decay). The efficiencies
€y, estimated in simulation and corrected for MC simulated
data mismodeling, are shown in Table II. Table III shows
the composition of each reconstructed 7" decay in terms of
decay mode. The table shows the relevant sizes of the cross
feed contributions. The other component is mostly

TABLE III. Composition of each reconstructed z+ decay from
BT —» 7ty, in terms of decay mode. The row denotes the
reconstructed final state, and the columns represent the generated
decay mode. The off-diagonal entries reflect the amount of cross
feed between channels.

Reco
True et (%) ut (%) (%) pt (%) Other (%)
er 97 0.1 0.1 0 2.8
ut 0 87 0.9 0.1 12
at 0.1 3.3 55.7 16 24.9
pt 0.4 4.5 27.8 61.2 6.1
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FIG. 4. Two-dimensional PDFs of Ef* and M, ‘zniss from simulation for signal (top) and background (bottom) in the 7+ — e* v, D,

channel (left) (similar for the 7 — u* v, D, channel) and in the 7= — 7™ D, (right) (similar for the 7" — p* 7, channel). The color
represents the PDF probability in each bin.

multipion modes like  — 7zt 7% 2° , and v+ - 7" 2" s (- 0;)?
n~ U,, where the additional pions are not reconstructed. X = va
Since in the fit we use templates from simulation that =1 O

also include those modes and relative branching frac-
tions this is completely taken into account in the final

result.

(6)

where the sum runs over the 100 bins of the distribution.

Here, n; represents the content of bin i in the pseudodata

distribution, and 6; is the corresponding value from

VL FIT RESULT the simulation. The terms o, and o, denote the

Performing the fit to the data we obtain statistical uncertainties on the pseudodata and simulation,

respectively.

B(B* = 7tv,) = (1.24 £ 0.41) x 1074, (5) In Fig. 5 we show the projections of the fit for EfS®

and M2, distributions (in Appendix B we show the

where the uncertainty is statistical only (stat.). same projections for each 7t category). The comparison

In order to check the goodness of fit, we generate  of fitted background yields with respect to MC simu-

pseudodatasets from the simulated distributions and repeat  lation expectation is shown in Table IV. Table V shows

the fit on the obtained pseudodata. We observe that the y? B(BT — t7v,) obtained by fitting simultaneously the

values obtained in pseudodata are worse than the y? four 7+ categories and fitting each category independ-
obtained in data for 11% of the cases. The y? is defined as  ently from each other.
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TABLE IV. Observed and expected values of the background
yields in the fit. The expected values are estimated from a
simulation corresponding to an integrated luminosity of 365 fb~!.

Parameter Observed value Expected value
Np e+ 4907 =71 4846 + 24
Nyt 4620 £ 69 4493 + 24
Np o+ 454 +£22 461 +9

Ny y+ 772 £ 28 811+ 11

TABLE V. Observed values of the signal yields and branching
fractions, obtained from single fits for each * decay mode and
the simultaneous fit.

Decay mode ng B(107%)

Simultaneous 94 £ 31 1.24 £0.41
et v, b, 13+ 16 0.51 +0.63
p v, b, 40 £ 20 1.67 + 0.83
zt D, 31+13 2.28£0.93
a 6425 0.42 + 1.82

VII. SYSTEMATIC UNCERTAINTIES

The main systematic uncertainties affecting the meas-
urement are listed in Table VI. When uncertainties do not
affect the signal yields, they are propagated directly to the
branching fraction, as in the case of the number of T'(45),
the fraction of B* B~ pairs (symmetrizing the uncertainty to
be fT~ =0.5113 +0.0108 since it is not a dominant
uncertainty), and the uncertainty on the tracking efficiency
of the signal charged particle. Otherwise, the effect on the
final result is estimated by varying the assumed quantity
according to its uncertainty and propagating the effect to
the PDF shapes, generating in this way a set of alternative
PDFs. The fit is repeated with all the alternative templates,
and the standard deviation of the fitted B(B" — 7'v,)
values is taken as the corresponding systematic uncertainty.

We evaluate the systematic uncertainty related to sim-
ulation statistics by fluctuating the bin contents of the 2D
histogram PDFs 200 times, varying the bin content accord-
ing to MC statistical uncertainties, and assuming a Poisson
distribution. We obtain an uncertainty of 13.3%.

To evaluate the systematic corrections to the 7,eyq,
multiplicity we vary the bin-by-bin correction by applying
100 Gaussian variations, taking the variance from the
corrections obtained from control studies. The resulting
PDFs are used to repeat the fit. The standard deviation of
the fit results is 5.5%, which is taken as a systematic
uncertainty.

As aconsistency check, we fitusing distributions of 72,.¢yr,
derived from data instead of those derived from simulated
samples. We obtain a 2.4% relative difference with respect to
the nominal result. This difference is negligible with respect
to the largest systematic uncertainties, which arise from the
simulated data sample size statistics and PDF corrections.

TABLE VI. Summary of systematic uncertainties (syst) on the
fitted branching fraction presented as relative uncertainties. The
effect of each source is evaluated in the simultaneous fit of
the four signal modes. The last three sources do not affect the
signal yields.

Source Syst (%)
Simulation statistics 13.3
Fit variable PDF corrections 5.5
Decay branching fractions in the MC simulation 4.1
Tag B~ reconstruction efficiency 2.2
Continuum reweighting 1.9
7° reconstruction efficiency 0.9
Continuum normalization 0.7
Particle identification 0.6
Number of produced Y (4S) 1.5
Fraction of BT B~ pairs 2.1
Tracking efficiency 0.2
Total 15.5

To account for possible discrepancies between data and
simulation due to the branching fractions of the B and D
decays used in the MC simulation, we apply 50 Gaussian
variations to those branching fractions, with the variance set
to the uncertainty of the latest PDG world average [2]. For
poorly measured B decay modes present in the background
simulation, we conservatively vary their branching frac-
tions by 100%. Similarly, for poorly measured D decays,
we group inclusive decay modes, e.g., D — K? X, and vary
their total branching fraction by 100%. The branching
fractions of 7 decays are known with high precision, and
their uncertainties have a negligible impact. Repeating the
fit with the modified MC samples, we obtain a 4.1%
systematic uncertainty.

The By, reconstruction efficiency is calibrated with
the B* — X¢*v, and BT — D™zt control samples.
We generate 20 alternative sets of calibration factors from
the covariance matrix of the nominal ones. Repeating the
fit with the alternative corrections, we observe a 2.2%
standard deviation in the fit results, which is taken as a
systematic uncertainty.

The limited size of the off-resonance sample affects the
reweighting of the continuum MC simulated data.
Applying a bootstrapping procedure and resampling the
training and test samples of the FBDT, we obtain 50
different sets of reweighting factors. Repeating the fit with
this change we observe a standard deviation of 1.9% in the
fit results, which is taken as a systematic uncertainty.

Events with a pion in the final state are assigned to the p
(m) category if a z° is (is not) found to come from a p* —
atn’ decay. Therefore, mismodeling of the z°
reconstruction efficiency would affect only hadronic z*
decays. We study the data and MC simulation agreement
for the #° efficiency using D*(— D°2%)z" and D° —
K=+ (2°) decays for z2° momenta in the range [0.05, 0.20]
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and [0.20, 3.0] GeV/c, respectively, determining correction
factors to the MC simulation for the z° efficiency. To obtain
the systematic uncertainties, we follow a 7% removal
procedure. After generating a repeatable random sequence
of values between zero and one, if the value is greater than
the efficiency correction, the 7% is removed, and the two 7’s
are reassigned to the ROE; the event migrates from the
7 — pT U, to the 7 — 2" D, category. We evaluate the
systematic contribution by fitting the data on 50 different
modified PDFs changing the random sequence. The differ-
ence between the average of the fitted branching fractions
and the nominal fit result is negligible, while the standard
deviation of the fitted branching fractions is 0.9%. Thus, we
conclude that there is no bias in the result if the corrections are
not applied and we set the systematic uncertainty to 0.9%.

We change the continuum fraction of the background by
the statistical uncertainty of the off-resonance sample,
producing 50 alternative background PDFs, obtained
assuming a Poisson distribution. Repeating the fit with
the different PDFs, we observe a standard deviation of fit
results of 0.7%, which is taken as a systematic uncertainty.

The systematic uncertainty of the lepton and hadron
identification efficiency and fake rates are extracted from
pure samples of pions and leptonsin D** — D%(— K~ z")z ™,
A= pr, K% - ntn, J/y — ¢F¢~ data and MC sam-
ple. We evaluate the impact on the branching fraction fit by
changing the shapes of the PDFs and the values of selection
efficiencies according to 1o variations of systematic uncer-
tainty of lepton identification, z identification, and fake rates
estimated in the control samples. We observe a standard
deviation in the fit results of 0.6%.

We check the agreement of signal selection efficiency in
data and MC simulation with a B* — D*°¢/*v, control
sample. After applying all the selections and calibrations,
we find a data/MC simulation ratio equal to 0.96 £ 0.04,
which implies that no further efficiency correction is
needed.

Moreover, we implement a signal embedding procedure
on a sample of Bt - K" J/yw (= ¢T¢7) (£ =e,p),
exploiting its clean experimental signature. In each event,
BT — K% J/y is removed and replaced by a simulated
BT = tTu,. This procedure is performed both on data
and simulation, applying the standard B" — 7Tv,
reconstruction. The ratio of signal selection efficiencies
estimated between data and MC simulation is 1.02 4= 0.18,
which confirms the agreement obtained from the BT — D*
£+ v, control sample. The distributions of E&Y and M2,
are also in good agreement between data and MC simu-
lation for this embedding sample, as shown in Fig. 6.

We find evidence of signal with a significance of 3.0c
from a hypothesis test after convolving the likelihood
profile with a Gaussian, whose width is set to the total
systematic uncertainty. The test statistic is —21log(L/Ly),
where £ (L) is the value of the likelihood function when
the signal yield is allowed to vary (is fixed to 0). We

T T
B Simulation 4 Data

Belle 11
Jedt=2365 fb1

Events/Bin

0.0 0.2 0.4 0.6 0.8 1.0
Eg4a (GeV)

T T T T T
| Belle IT I Simulation 4 Data {

[ _ "
12 [ fedt=365b

Events/Bin

-10 -5 0 5 10 15 20 25
M2, (GeV?/c*)

FIG. 6. Distributions of E& (top) and M2

2. (bottom) for the
signal embedding control sample.

generate 10° pseudodatasets from the background-only
PDF assuming no signal and repeat the fits. We obtain
the significance from the p-value calculated as the fraction
of fit results having a value of the test statistic smaller than
the one observed in data.

VIII. CONCLUSIONS

We present a measurement of the branching fraction of
the B* — t*u, decay using 365 fb~! of electron-positron
collision data recorded at the Y'(4S) resonance by the Belle
IT detector, using hadronic B tagging. For this measure-
ment, we consider one-prong decays of the z lepton. We
measure B(BT — t7v,) to be

B(B* = ttu,) = [1.24 £+ 0.41(stat) 4= 0.19(syst)] x 10~
(7)
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i i 1.7 +£0.8 £0.2 Ref. [14]
i1_,  BABAR (426 fb~, hadronic)
i 1.831033 £0.24  Ref. [11]

44 Belle (711 fb~!, hadronic)

i 0.72%837 £0.11  Ref.[12]
i_;_._ Belle (711 fb~1, semileptonic)
i i 1.25 £0.28 £0.27 Ref. [13]
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FIG.7. Branching fraction B(B™ — t"v,) measured by Belle IT
compared with the past measurements and the two SM expect-
ation values, the yellow band calculated using the exclusive value
[V = (3.75 £0.06 £0.19) x 1073 and the green band with
the inclusive value |V,,| = (4.06 £ 0.12 £ 0.11) x 1073.

with a significance of 3.0c. The measured branching
fraction is consistent with the current world average and
with the SM prediction. Figure 7 shows a comparison of
our B(B" — 7'v,) measurement, with past measurements
from BABAR and Belle, and SM predictions based on
exclusive and inclusive determinations of |V,,;| [4].
Assuming the SM and using f = 190.0(13) MeV [3],
we extract a measurement of the CKM matrix element

|Vub|1'3+—>‘r+1/r = [441j8gg} X 10_3. (8)

Even though we use a smaller data sample, the statistical
uncertainty of this measurement is comparable to the
previous hadronic tag analysis from BABAR (426 fb™!)
[11] and Belle (711 fb~!) [12]. This improved sensitivity is
due to the use of a new B tagging algorithm and an
optimized selection.
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APPENDIX A: CALIBRATION OF 72,0y,

The main source of the discrepancy in the EZY
distribution between data and simulation is related to
incorrect modeling of 7y, Figure 8 shows the EZ[
shape for nyexr, = 1,2,...9, normalizing simulation to
data. The B* — 77v, signal affects only 7,exy, < 2. The
simulation agrees well with the data for this variable.
Therefore, we correct the normalization through bin-by-bin
corrections of the 7,y distribution using different control
samples.

1. Extra-tracks control sample

We select a control sample of BT — 71, candidates that
have more than two tracks in the ROE to evaluate the
corrections to the ES® distribution for the BB background
simulation. The control sample has the same BB back-
ground composition but no signal events. The control
sample is defined using two different requirements on
the charged tracks: IP tracks and signal-like tracks. The IP
tracks criterion include all the tracks in the ROE with an
impact parameter with respect to the IP less than 2 cm along
the z axis, and 0.5 cm in the transverse plane, without any
momentum requirement. The signal-like tracks criterion
has the same definition but also requires a momentum
greater than 0.5 GeV. We then require N, ...« > 1 and
NSignal—like Tracks 0. The average number of Ny, Tracks in
each event for this control sample is 3.2. Figure 9 shows the
Nyexira distribution for data and MC simulation in this
control sample for each signal channel, from which we
extract correction factors to reweight the BB MC simu-
lation background.

2. B* - D" ¢* v, control sample

We use the Bt — D0 ¢+ v, (¢t =e*, u*) control
sample to extract the correction to reweight signal MC data
for leptonic 7+ decay categories. As for the BT — t7u,
case, Eg" (calculated from ROE) is expected to peak at
zero. We reconstruct a hadronic By, candidate in each
event with the hadronic FEI algorithm and a signal Bg,
decaying to D** #* v, and no extra tracks in the ROE. The
requirements on the hadronic B,, are the same as in the
main analysis. For the signal side, we reconstruct the D*° in
its decays to DY z° and D° y, with D — K~ z*, K% 7" 7™,
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FIG. 8. Distribution of EZ(f* as a function of 7,.y,. Simulations are normalized to data. The first row shows Eg(* with 71,ex, = 1, 2,

and 3. The second row shows Eg* with 7,y = 4, 5, and 6. The third row shows EZ(’

K~ nt n" n~. After the reconstruction, we apply all the
corrections used in the main analysis to this sample. This
includes continuum-reweighting and normalization, PID
corrections, ROE clusters clean up, and corrections. To
increase the purity of the sample, we require the momentum
of the lepton to be greater than 1.5 GeV/c and the energy
of the y from the D** — D y decay to be greater than
170 MeV. The main component is correctly reconstructed
Bt — D* ¢+ v,, which is 84% of the full sample. The
remaining 16% is composed of misreconstructed Bt —
D™ ¢* v,, Bt - D° £* v,, and other channels. Figure 10
(a) shows the n,, distribution for data and MC data in
this control sample, from which we extract correction
factors to reweight MC signal simulation for leptonic 7+
decay categories.

extra j—
Nyexia = 7, 8, and 9.

3. Double tag control sample

We use the double tag control sample to evaluate the
corrections for the hadronic 7 decays in the signal
simulation. We reconstruct events with two nonoverlapping
B candidates with opposite charges with the hadronic FEI
algorithm. We require no extra tracks in the ROE. The
selection requirements for the hadronic By, are the same as
the main analysis. The signal side is a second B recon-
structed by the hadronic FEI. In the double tag control
sample, Ef[ is expected to peak at 0 GeV as for
BT = tTu,. We apply the same continuum reweighting
and normalization, PID corrections, ROE clusters clean up,
and corrections as for the main analysis. Figure 10(b)
shows the data and MC data agreement in this control

072002-14



MEASUREMENT OF Bt — 77y, BRANCHING ...

PHYS. REV. D 112, 072002 (2025)

5000F T T T T T T ] T T T T T S S S
t Belle II I B*B~ MC Stat. Unc. r Belle II I B*B~ MC Stat. Unc.
[ frdt=365 b1 B B°B° 4 Data ] 4000 ;f[,dt — 365 fb-1 mm B'B° 4+ Data 1
4000[ T+ —e* veD, ] [+ =n*,D, ]
= [ ] .5 3000F 1
& 30001 19 1 ]
%) %) [ ]
2 | I g | ]
(5] F 1 © 2000 B
> 2000 - > t ]
[nd} 1 [ad} t 1
1000 A 10005 :
O [ ] O [ ]
E F + ¢ ° L4 ] E [ ¢ ° o ]
g 1.0F = . = ] q 1.0F ¥ = - r . ]
© [ A T [ ) T ]
A U Y S = ol v v e e ]
0 2 4 6 8 10 12 0 2 4 6 8 10 12
n yextra n yextra
spoF T 7 T T T T T T T T T ] ——— 77— —————
[ Belle IT I BB~ MC Stat. Unc. ] 600-Belle II I BB~ MC Stat. Unc
[ [cdt=365 b1 H B°B° + Data ] frdt =365 b1 Hm B°B° + Data
400FT* =1 * D, ]
g | 1 =
= [ 1 =
A 300+ 1 a
%) r 1 %)
] t g ]
=] t 4 =}
<)) F 1 ]
> 200 >
[£a] [£a]

100

T

Data/MC

—

Data/MC

T
fo—

-+
-
-

o

—ef

| S S (S S R

e
W

n yextra

e

w0
o
N

n yextra

FIG.9. Distributions of 7,y in the extra-tracks control sample for the four signal channels. The bottom panel of each distribution shows the data/MC
simulation ratio values and their uncertainties to be used as corrections for MC simulated data background for the analysis. The continuum component is
subtracted since the correction factors are used only to correct the BB background component.

—
(a) S50l Belle II BN B+ -other NN B°B° ]
fﬁdt= 365 fb-! B B*->D"¢*v, MC Stat. Unc. 1
B B+ -D%*v, + Data 1
200 == B+ -D%*y, ]
a ]
k= ]
e 4
> 150 :
a ]
=t ]
o ]
] 100 ]
50 ]
o ]
15— —— ]
O F ]
%1 o4 4 | ]
i [ t + T 1
5 F ]
A [ ]
0.5 n n n 1 n n n 1 n n n 1 n n n 1 n n n 1 n n n
0 2 4 6 8 10 12

Nyextra

(b)
Jedt=365fh"1

——

Events/Bin

—T 7T T T

T
I B*B~ MC Stat. Unc.
B B°B° 4 Data

1B ]
O F ]
%1.0' — . — ]
® f S e e L + ]
A I ]
0.5 n n n 1 n n n 1 n n n 1 n n n 1 n n n 1 n n n
0 2 4 6 8 10 12
Nyextra

FIG. 10. Distributions of 7,ey, in the BT — D*0 £* v, (a) and double tag (b) control samples. The bottom panel of each distribution shows the data/
MC simulation ratio values and their uncertainties to be used as corrections for leptonic and hadronic signal simulation, respectively. The continuum

component is subtracted.

072002-15



I. ADACHI et al. PHYS. REV. D 112, 072002 (2025)
T T T 1200} T T T T T T T T —
Belle I —— 'Sig x40 Fit Unc Belle II —— 'Sigxa0 Fit Unc. 140[-Belle IT —— Sig x20 Fit Unc. ] 200f Belle It —— 'Sigx20 7777/ Fit Unc. 4
1200} [dt =365 ! —— Bkg + Data ] Jrdt=365 ! — Bkg 4+ Data Jrdt=365 b1 —— Bkg + Data Jredt=365 ! —— Bkg + Data
t—et B, — Tot 1000LT* ~H* BB — Tot N — Tot 175F7* =p*B, — Tot
1000
800
g =} =) g
& soof & a a
2 2 Z z
g 5T § g
> 600 > > >
] ] " 5]
400
400
200k 200,
n s i n s R
0.0 0.2 0.4 . 0.6 0.8 1.0 0.0 02 0.4 . 0.6 08 1.0 0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Egcr” (GeV) EgEL (GeV) EgEr (GeV) EgEr (GeV)
. . . . . . . . . . . . T T T T T T T T T T T T
Belle IT —— Sig x40 Fit Unc. 1750[-Belle I —— Sig x40 Fit Unc. Belle II — Sigx20 Fit Unc Belle IT — Sig x20 Fit Unc.
1750F frat =365 b —— Bkg + Data ] Jedt=365 ! —— Bkg + Data Jrdt=365 b1 — Bkg + Data Jrdt=365 ! — Bkg + Data

+ et — Tot +antD, — Tot
1500 T — ety 15007 =BTV
500

12500 1250F

1000k 1000f

Events/Bin
Events/Bin

3
3
S

500F

L L L L L L L

Events/Bin

N — Tot 400t ~p*Ds — Tot ]

Events/Bin
w
8
g
T
L

0

3

3
T
L

100 B

L L L L 1 L L L L L L

15 20 25 15 20

10 10
M2 (GeV?/ch) M2, (GeV/ch)

FIG. 11. Distributions of E&% (first row) and M2

miss

25

-10 -5 15 20 25 -10 -5 0 5 10 15

5 10
M2 (GeV?/ch) M2, (GeV?/ch)

(second row) with the fit results superimposed for each % category. The signal

component is scaled by a factor of 40 for leptonic channels and 20 for hadronic channels in order to make it visible.

sample, from which we extract correction factors to reweight signal MC data for hadronic  decay categories.

APPENDIX B: DISTRIBUTIONS OF FIT VARIABLES

In Fig. 11 we show the projections of the fit for Ef¢f* and M.

2
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[1] Throughout this paper, the inclusion of the charge-conjugate
decay mode is implied unless otherwise stated.

[2] S. Navas et al. (Particle Data Group), Review of particle
physics, Phys. Rev. D 110, 030001 (2024).

[3] Y. Aoki et al., FLAG review 2024, arXiv:2411.04268.

[4] S. Banerjee et al., Averages of b-hadron, c-hadron, and z-
lepton properties as of 2023, arXiv:2411.18639.

[5] W.-S. Hou, Enhanced charged Higgs boson effects in
B — v, yv and tvX, Phys. Rev. D 48, 2342 (1993).

[6] A. Crivellin, C. Greub, and A. Kokulu, Explaining
B — Dtv, B — D*rv and B — v in a 2HDM of type 1],
Phys. Rev. D 86, 054014 (2012).

[7]1 J. Haller, A. Hoecker, R. Kogler, K. Monig, T. Peiffer, and J.
Stelzer, Update of the global electroweak fit and constraints
on two-Higgs-doublet models, Eur. Phys. J. C 78, 675 (2018).

[8] D.A. Bryman and R. Shrock, Improved constraints on
sterile neutrinos in the MeV to GeV mass range, Phys. Rev.
D 100, 053006 (2019).

[9] A. W. M. Guerrera and S. Rigolin, ALP production in weak
mesonic decays, Fortschr. Phys. 71, 2200192 (2023).

[10] M. Jung, A. Pich, and P. Tuzén, Charged-Higgs phenom-
enology in the aligned two-Higgs-doublet model, J. High
Energy Phys. 11 (2010) 003.

[11] J.P. Lees et al. (BABAR Collaboration), Evidence of Bt —
7tv decays with hadronic B tags, Phys. Rev. D 88, 031102
(2013).

[12] K. Hara et al. (Belle Collaboration), Evidence for B~ —
77U, with a hadronic tagging method using the full data
sample of Belle, Phys. Rev. Lett. 110, 131801 (2013).

[13] B. Kronenbitter ef al. (Belle Collaboration), Measurement of
the branching fraction of BT — v, decays with the semi-
leptonic tagging method, Phys. Rev. D 92, 051102 (2015).

[14] B. Aubert et al. (BABAR Collaboration), Search for Bt —
¢*v, recoiling against B~ — DY/ DX, Phys. Rev. D 81,
051101 (2010).

[15] I. Adachi et al. (Belle II Collaboration), Measurement of the
integrated luminosity of data samples collected during
2019-2022 by the Belle II experiment, Chin. Phys. C 49,
013001 (2025).

[16] T. Abe et al. (Belle II Collaboration), Belle II technical
design report, arXiv:1011.0352.

[17] K. Akai, K. Furukawa, and H. Koiso, SuperKEKB collider,
Nucl. Instrum. Methods Phys. Res., Sect. A 907, 188 (2018).

[18] K. Adamczyk et al. (Belle II and SVD Collaborations), The
design, construction, operation and performance of the Belle
1I silicon vertex detector, J. Instrum. 17, P11042 (2022).

072002-16


https://doi.org/10.1103/PhysRevD.110.030001
https://arXiv.org/abs/2411.04268
https://arXiv.org/abs/2411.18639
https://doi.org/10.1103/PhysRevD.48.2342
https://doi.org/10.1103/PhysRevD.86.054014
https://doi.org/10.1140/epjc/s10052-018-6131-3
https://doi.org/10.1103/PhysRevD.100.053006
https://doi.org/10.1103/PhysRevD.100.053006
https://doi.org/10.1002/prop.202200192
https://doi.org/10.1007/JHEP11(2010)003
https://doi.org/10.1007/JHEP11(2010)003
https://doi.org/10.1103/PhysRevD.88.031102
https://doi.org/10.1103/PhysRevD.88.031102
https://doi.org/10.1103/PhysRevLett.110.131801
https://doi.org/10.1103/PhysRevD.92.051102
https://doi.org/10.1103/PhysRevD.81.051101
https://doi.org/10.1103/PhysRevD.81.051101
https://doi.org/10.1088/1674-1137/ad806c
https://doi.org/10.1088/1674-1137/ad806c
https://arXiv.org/abs/1011.0352
https://doi.org/10.1016/j.nima.2018.08.017
https://doi.org/10.1088/1748-0221/17/11/P11042

MEASUREMENT OF Bt — 77y, BRANCHING ...

PHYS. REV. D 112, 072002 (2025)

[19] D. Kotchetkov et al., Front-end electronic readout system
for the Belle II imaging time-of-propagation detector, Nucl.
Instrum. Methods Phys. Res., Sect. A 941, 162342 (2019).

[20] D.J. Lange, The EvtGen particle decay simulation package,
Nucl. Instrum. Methods Phys. Res., Sect. A 462, 152
(2001).

[21] S. Jadach, B.F.L. Ward, and Z. Was, The precision
Monte Carlo event generator KK for two-fermion final
states in e e~ collisions, Comput. Phys. Commun. 130, 260
(2000).

[22] T. Sjostrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIA 8.2, Comput. Phys.
Commun. 191, 159 (2015).

[23] S. Jadach, J. H. Kuhn, and Z. Was, TAUOLA: A library of
Monte Carlo programs to simulate decays of polarized tau
leptons, Comput. Phys. Commun. 64, 275 (1990).

[24] N. Davidson, T. Przedzinski, and Z. Was, PHOTOS interface
in C++; Technical and physics documentation, Comput.
Phys. Commun. 199, 86 (2016).

[25] E. Barberio and Z. Was, PHOTOS: A universal Monte Carlo
for QED radiative corrections. Version 2.0, Comput. Phys.
Commun. 79, 291 (1994).

[26] S. Agostinelli et al. (GEANT4 Collaboration), Geant4: A
simulation toolkit, Nucl. Instrum. Methods Phys. Res., Sect.
A 506, 250 (2003).

[27] T. Kuhr, C. Pulvermacher, M. Ritter, T. Hauth, and N. Braun
(Belle II Framework Software Group), The Belle II core
software, Comput. Software Big Sci. 3, 1 (2019).

[28] T. Keck et al., The full event interpretation, Comput.
Software Big Sci. 3, 6 (2019).

[29] F. Abudinén et al. (Belle II Collaboration), A calibration of
the Belle II hadronic tag-side reconstruction algorithm with
B — X¢v decays, arXiv:2008.06096.

[30] P. Cheema, Suppressing beam background and fake photons
at Belle II using machine learning, EPJ] Web Conf. 295,
09035 (2024).

[31] S. Brandt, C. Peyrou, R. Sosnowski, and A. Wroblewski,
The principal axis of jets. An attempt to analyze high-energy
collisions as two-body processes, Phys. Lett. 12, 57 (1964).

[32] E. Farhi, A QCD test for jets, Phys. Rev. Lett. 39, 1587
(1977).

[33] G.C. Fox and S. Wolfram, Observables for the analysis of
event shapes in ¢ e~ annihilation and other processes, Phys.
Rev. Lett. 41, 1581 (1978).

[34] T. Keck, FastBDT: A speed-optimized multivariate classi-
fication algorithm for the Belle II experiment, Comput.
Software Big Sci. 1, 2 (2017).

[35] Ed. A.J. Bevan, B. Golob, Th. Mannel, S. Prell, and B. D.
Yabsley, The physics of the B factories, Eur. Phys. J. C 74,
3026 (2014).

[36] D. Martschei, M. Feindt, S. Honc, and J. Wagner-Kuhr,
Advanced event reweighting using multivariate analysis, J.
Phys. Conf. Ser. 368, 012028 (2012).

[37] L. Feld, Continuum reweighting—Data-driven improve-
ment of the continuum Monte Carlo simulation for Belle
and Belle II, Master’s thesis, Karlsruhe Institute of
Technology (KIT), 2020.

[38] H. Svidras et al., Measurement of the data to MC ratio of
photon reconstruction efficiency of the Belle II calorimeter
using radiative muon pair events, Reports No. PUBDB-
2021-05692, No. BELLE2-NOTE-PL-2021-008, BELLE,
2021.

072002-17


https://doi.org/10.1016/j.nima.2019.162342
https://doi.org/10.1016/j.nima.2019.162342
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0010-4655(00)00048-5
https://doi.org/10.1016/S0010-4655(00)00048-5
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.09.013
https://doi.org/10.1016/j.cpc.2015.09.013
https://doi.org/10.1016/0010-4655(94)90074-4
https://doi.org/10.1016/0010-4655(94)90074-4
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1007/s41781-018-0017-9
https://doi.org/10.1007/s41781-019-0021-8
https://doi.org/10.1007/s41781-019-0021-8
https://arXiv.org/abs/2008.06096
https://doi.org/10.1051/epjconf/202429509035
https://doi.org/10.1051/epjconf/202429509035
https://doi.org/10.1016/0031-9163(64)91176-X
https://doi.org/10.1103/PhysRevLett.39.1587
https://doi.org/10.1103/PhysRevLett.39.1587
https://doi.org/10.1103/PhysRevLett.41.1581
https://doi.org/10.1103/PhysRevLett.41.1581
https://doi.org/10.1007/s41781-017-0002-8
https://doi.org/10.1007/s41781-017-0002-8
https://doi.org/10.1140/epjc/s10052-014-3026-9
https://doi.org/10.1140/epjc/s10052-014-3026-9
https://doi.org/10.1088/1742-6596/368/1/012028
https://doi.org/10.1088/1742-6596/368/1/012028

	Measurement of B+&rarr;&tau;+&nu;&tau; branching fraction with a hadronic tagging method at Belle II
	I. INTRODUCTION
	II. BELLE II DETECTOR AND SIMULATION
	III. RECONSTRUCTION AND EVENT SELECTION
	IV. CALIBRATION AND MODEL VALIDATION
	A. Efficiency correction
	B. Clusters multiplicity calibration

	V. SIGNAL EXTRACTION
	VI. FIT RESULT
	VII. SYSTEMATIC UNCERTAINTIES
	VIII. CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: CALIBRATION OF n&gamma;extra
	1. Extra-tracks control sample
	2. B+&rarr;D&macr;*0 &ell;+ &nu;&ell; control sample
	3. Double tag control sample

	APPENDIX B: DISTRIBUTIONS OF FIT VARIABLES
	References


