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The Belle and Belle II experiments have collected a combined sample of 1.2ab~! of collisions
at a centre-of-mass energy corresponding to the 7'(4S) resonance. These data, with low particle
multiplicity and constrained initial state kinematics, are an ideal environment for studying semilep-
tonic and leptonic decays of the B meson. Combined with theoretical inputs, measurements of
both inclusive and exclusive semileptonic decays yield information about the Cabibbo-Kobayashi-
Maskawa matrix elements |V.p| and |V,;|. Our latest results based on the Belle II data set are
reviewed. We also present the first measurement of B* — 7+ v, from Belle II. This decay provide
constraints on beyond-the-standard model physics and provide alternative measurements of |V, |

that complement those from semileptonic decay.
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Measurements of semileptonic and leptonic B decays at Belle and Belle 11

1. Introduction

The leptonic and semileptonic B decays are sensitive to the Cabibbo-Kobayashi-Maskawa
(CKM) matrix, which quantifies quark flavor transitions in weak interactions. Precise determina-
tions of |V.p| and |V,,;| are crucial for testing CKM unitarity and SM predictions.

These elements are measured via three types of B decays: inclusive semileptonic (using heavy
quark expansion), exclusive semileptonic (requiring form factor calculations), and leptonic decays
(needing only the B decay constant from the lattice QCD). Despite complementarity, tensions exist
between inclusive and exclusive results [1].

The Belle experiment at KEK collected 711 fb~! at the Y (4S) until 2010. Belle II, operating at
SuperKEKB since 2019, collected 365 fb~! during Run 1 (2019 to 2022). The first three analyses,
in Secs.4, 5, 5, employ tagging methods, in particular a B meson (By,g) is reconstructed hadronically
using the Full Event Interpretation (FEI) algorithm, enabling precise measurement of the signal
Bsig. The last analysis, in 6, uses an inclusive approach without reconstructing the Byag, which is
characterized by higher efficiency but lower purity.

2. The Belle II detector, experimental data and MC simulations

The Belle II experiment, situated at the SuperKEKB collider in Tsukuba, Japan, primarily

collected data at the Y (4S) resonance, focusing on B meson decays. Key components of the
Belle II detector include the Vertex Detector, which is composed of Pixel Detector (PXD) and
a Silicon Vertex Detector (SVD) for micrometric-level vertexing and tracking below 50 MeV of
transverse momentum, the Central Drift Chamber (CDC) for momentum measurements, Time-
Of-Propagation (TOP) counters and ring-imaging Cherenkov counters for particle identification
(ARICH), an Electromagnetic Calorimeter (ECL) for detecting electrons, photons and neutral
particles, and an RPC system (KLM) for muon and K; detection.
Experimental results are interpreted and compared with standard model predictions using Monte
Carlo simulations, employing software packages such as EvTGeN[4], PyTHIA[5], and kkmc[6]. The
full detector responses and simulations are executed with GEaNT4, while data and Monte Carlo
reconstructions are performed using the Belle II analysis software framework, bas£2 [7].

Full Event Interpretation: FEI The Full Event Interpretation (FEI) [8] is an algorithm used in
the Belle II experiment to categorize events into signal-side (the B decay) and tag-side (the other
B produced in the event). It provides crucial details about B-decays, such as event type (e.2. ¢q,
77 or BB, decay vertex, and the reconstructed four-momentum of tag and signal B mesons. FEI
employs Multivariate Classifiers for each decay channel and is trained on Monte Carlo data within
the basf2 software package. The method, used with a hadronic tagging approach, offers high purity
but limited tagging efficiency compared to semileptonic tagging, where hadronic tag means a B,
decay in only hadronic particles and semileptonic means a By,g decay with at least one lepton in the
final state. In all the analyses presented here, the hadronic tagging method is employed.
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3. Measurement of B(B* — 7*v) with hadronic tagging

The decay B* — 1*v is the most prominent channel among the pure leptonic decays of the
B meson. In the Standard Model (SM), the B* meson decays into a ™ lepton and a v, neutrino
via a W* boson-mediated interaction. Measuring the branching fraction for this decay provides
a direct test of the SM and allows for an independent determination of the CKM matrix element
|Vup|. Additionally, this channel is sensitive to potential contributions from new physics, making
B* — 1"y a crucial probe for both flavor physics and searches for phenomena beyond the Standard
Model.
The SM prediction for the branching fraction is expressed as:
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where G r is the Fermi constant, m p and m , are the masses of the B meson and 7 lepton, respectively,
fB is the B meson decay constant, |V,,;| is the CKM matrix element, and 7+ is the lifetime of the
B* meson.

This analysis utilized the complete Run 1 Belle II dataset, corresponding to an integrated luminosity
of 365 fb~!, collected at the Y (4S) resonance.

The Full Event Interpretation (FEI) algorithm is employed to fully reconstruct one B meson (the tag
side) in hadronic decay modes, while the signal side is reconstructed from the remaining particles.
The 77 lepton is identified through four decay channels: 7° — e v v, 7% — uv, v, 7" — n¥v,,
and ¥ — p*v,. Particle identification relies on multivariate classifiers, and bremsstrahlung
recovery is applied for electrons. Neutral pions are reconstructed from photon pairs, and p*
candidates are formed by combining 7+ and 7° candidates.

Backgrounds from continuum and BB events are suppressed using event-shape variables and boosted
decision tree classifiers. The selection is optimized for each T decay mode to maximize sensitivity.
Data-driven corrections are applied to account for discrepancies between data and simulation
in reconstruction and particle identification efficiencies, as well as photon and neutral cluster
multiplicities.

The signal yield is extracted by performing a simultaneous binned maximum likelihood fit to the
two-dimensional distributions of the extra energy in the calorimeter and the missing mass squared
across all T decay channels. Systematic uncertainties are evaluated from various sources, including
simulation statistics, efficiency corrections, background modeling, and particle identification.

The resulting branching fraction is measured to be

B(B* — 17v) = [1.24 + 0.41 (stat) £ 0.19 (syst)] x 107

with a significance of 3.0c0". This result is consistent with previous measurements and aligns with
Standard Model expectations. Assuming the SM, the corresponding value of the CKM matrix
element is extracted as |V,;| = [4'41t(())'.7£] x 1073, The details of this analysis are reported in
Ref. [10].
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4. |V,p| from inclusive B — X, {v measurement

This analysis presents a measurement of the CKM matrix element |V,,;| from the inclusive
semileptonic decay B — X, {v¢, where € = (e, u). The measurement is performed in a restricted
phase-space region to suppress the dominant background from Cabibbo-favored B — X.{v, decays.
The tag side is reconstructed using the Full Event Interpretation (FEI) algorithm with hadronic
tagging, while the signal side consists of a charged lepton. All remaining tracks and clusters not
associated with By, or the lepton are grouped into the Rest of Event (ROE), which inclusively
describes the hadronic system X,,. The analysis employs the distributions of lepton energy in the
By, rest frame (EéB) ), the invariant mass of the hadronic system (M), and the squared momentum
transfer (¢> = (pe + py()z).

Background suppression is achieved through dedicated multivariate classifiers trained separately
for continuum events and B — X .{v, contributions. Following reconstruction, preselection, and
continuum suppression, the dataset is divided into six regions based on kaon multiplicity and
the B — X {v, suppression classifier output. For signal extraction, events containing kaons are
rejected, and two analysis regions are defined: a signal region requiring classifier scores above 0.87,
and a control region with scores below 0.60.

In the phase-space region defined by EEB) > 1 GeV, a simultaneous two-dimensional fit to the
lepton energy and ¢ distributions in both signal and control regions yields a partial branching
fraction of

AB(B — X, tve) = (1.54 +0.08 (stat) + 0.12 (syst)) x 107°.

The CKM matrix element is extracted using the averaged B meson lifetime 75 = 1.578 + 0.003
ps and theoretical predictions from the Gambino, Giordano, Ossola, and Uraltsev (GGOU) [14]
framework in the kinetic scheme. The resulting value is

[Vup| = (4.01 £0.11 (stat) + 0.16 (syst)*0 (th)) x 1072

The dominant systematic uncertainties arise from the modeling of semileptonic B — X,, and
B — X, decays. This result is consistent with the inclusive HFLAV average but exceeds the
exclusive determination, highlighting the ongoing tension between inclusive and exclusive |V,;|
measurements. Further details are provided in Ref. [12].

5. |Vupl/|Vep| from inclusive B — X{v measurement

This analysis presents a measurement of the ratio of partial branching fractions of the inclusive
semileptonic decays B — X,V to B — X.{v, where £ = (e, 1), using the full Belle dataset of
772 x 10° BB pairs collected at the Y (4S) resonance.

The measurement employs a hadronic tagging approach with the Full Event Interpretation (FEI)
algorithm to fully reconstruct one B meson in the event. On the signal side, a charged lepton is
identified, and all remaining tracks and clusters are grouped into the Rest of Event (ROE), which
inclusively describes the hadronic system X.

The analysis strategy exploits kaon multiplicity (N (K)) to distinguish signal from background:

* Events with N(K) > 0 form a B — X, {v-depleted sample dominated by B — X {v decays,
since kaons predominantly tag b — c transitions.
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e Events with N(K) = 0 constitute a B — X, {v-enhanced sample used to extract the signal
yield.

Additionally, inclusive D* reconstruction is performed to further suppress the » — ¢ background
by identifying soft pions and events with high missing mass squared (Miiss).

A one-dimensional fit to the lepton energy (E,) in the u-depleted sample determines the normal-
ization of B — X.£v (Nx_¢,). Subsequently, a two-dimensional fit to E; and ¢? in the u-enhanced
sample extracts the B — X,,{v yield (Nx,¢,). The yields are unfolded and corrected for reconstruc-
tion and selection efficiencies to obtain differential ratios of partial branching fractions as functions
of E; and ¢°.

The measured ratio |V,,5|/|V,p| is extracted using two theoretical frameworks:

1% BLNP

2L = (981 0424 £ 038y % 05 1a(gx,00) £ 0-208(5x,0)) X 1072,
cb

Vb GGOU

Vu = (1006 +0.43¢a = 0-395yst. + 0-23A(B—>chv) =+ 0-2OA(B—>XM{’V)) X 10_2,
cb

where BLNP [15] and GGOU [14] denote different theoretical models for inclusive semileptonic
decays. These results are consistent with Standard Model expectations based on independent
measurements of |V,,;| and |V,p|. Further details are reported in Ref. [11].

6. |V.,| from B — D{v measurement

This analysis presents a determination of the CKM matrix element |V, | using the semileptonic
decay B — D{v,, based on a dataset of 365 fb_l, which is the Belle II Run 1 dataset.
The semileptonic decays are reconstructed in the modes B — D~ (— K*n~n~"){*v,, B* — D°(—
K*n™)¢*v,, where charge conjugation is implied throughout. The second B meson in the Y (4S5)
event is not explicitly reconstructed. Instead, an inclusive reconstruction technique is employed to
determine the unobserved neutrino momentum, enabling the calculation of the kinematic variable
w = vp - vp, where vp and vp represent the four-velocities of the B and D mesons, respectively.
The branching fractions of each of the two modes were measured with a fit on cos #py in bins of w,

where cos Oy is the angle between the B and D mesons in the B meson rest frame:
2EBEY - m% - m%

2|psllIpyl

cosOgy =

and Y is the system composed of the D meson and the charged lepton. The total branching fractions
are measured to be:

B(B" - D™ ¢*v;) = (2.06 + 0.05 (stat.) + 0.10 (syst.)) %,
B(B* — D°tv;) = (2.31 +0.04 (stat.) + 0.09 (syst.))%.

Lepton flavor universality is probed by measuring the ratio:

B(B — Dev,)

——— = = 1.020 = 0.020 (stat.) + 0.022 t.),
B D) (stat.) (syst)
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which is in excellent agreement with the Standard Model expectation of unity.

To extract |V,p|, the partial branching fraction is fitted as a function of w, and the B — D form

factor is taken from the Bourrely-Caprini-Lellouch (BCL) [13] parameterization of form factor.

The final result is:

[Vep| = (39.2 + 0.4 (stat.) + 0.6 (syst.) + 0.5 (th.)) x 107.

This measurement provides a precise determination of |V,| using exclusive semileptonic decays

and is consistent with other recent exclusive measurements. Further details can be found in Ref. [9].
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