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We present recent measurements of semileptonic B-meson decays using a data sample collected
at the Y (45) resonance by the Belle IT experiment corresponding to an integrated luminosity
of 189fb™'. We determine the CKM-matrix elements |V.;| using untagged B® — D*~ £1 1y
decays and |V,| using untagged B® — 7~ £* 1y decays. We test light lepton universality
in two new analyses using hadronically tagged events. We report the first measurement of
a complete set of five different angular distributions using B® — D*~ ¢+ v, decays and we
measure the branching fraction ratio of inclusive B = X ev, and B — X p v, decays.

1 Introduction

This work presents four recent measurements with semileptonic B-meson decays. All measure-
ments use a data set corresponding to 189fb~! of ete™ collisions at the Y(4S) resonance and
18fb~1 of collisions 60 MeV below the Y(4S) resonance collected by the Belle II experiment
between 2019 and 2021. The Belle II detector consists of several nested subsystems arranged
around the interaction region that are described in more detail in Ref. 2. Charge conjugation
is implied in all physical processes and natural units are used.

2 CKM matrix element determinations and branching fraction measurements

The Cabibbo-Kobayashi-Maskawa (CKM) matrix relates the weak-interaction and mass eigen-
states in the Standard Model (SM) of particle physics. Its values are fundamental parameters of
the SM and have to be determined experimentally. A longstanding discrepancy persists between
the two different determination methods to extract |V| and |V,p| from semileptonic B-meson
decays 3: the exclusive determinations, in which the hadronic part of the decay is explicitly re-
constructed and inclusive approaches that are sensitive to all hadronic final state at the cost of
experimentally more challenging distributions. This inconsistency currently limits the predictive
power of precision flavor physics so that its understanding is crucial for future measurements.

2.1 |Vg| determination using untagged B® — D*~ (* v, decays

In this analysis, we reconstruct B® — D*~ ¢+ 1, decays (¢ = e, u) with the subsequent decays
D*~ — D7~ and D — K*7n~. Light leptons are identified using particle identification likeli-
hood ratios based on the different subdetectors. Neutral D meson candidates are reconstructed
by combining charged pion and kaon candidates with appropriate invariant masses. Subse-
quently, D*~ candidates are formed by combining D° candidates and slow pion candidates.
The partner B meson produced in the Y(4S) decay is not explicitly reconstructed so that the
signal B meson’s momentum direction has to be estimated differently. This is done in a novel
approach based on the angle cos @y between the signal B meson and the Y = D* + ¢ system.



Assuming correct reconstruction, cosfpy can be inferred from beam energy information and
the reconstructed particle kinematics. A weighted average of possible momentum directions is
calculated by combining the following additional information: the expected angular distribution
of B mesons along the beam axis due to the Y(4S) polarization and additional rest-of-event
(ROE) information of tracks and clusters not associated with the Y system.

The directional information is used to derive the recoil parameter w = (m% + m%,. —
q®)/(2mpmp~) and the helicity angles cos @y, cosfy, and y, that are defined to be the angles
between lepton and W boson directions, D and D* meson directions and the angle between the
two decay planes. The four quantities are divided into 10 (8) equidistant bins each in which the
background and signal yields are derived individually in a two-dimensional maximum-likelihood
fit to cos @py and the mass difference of the D*~ and D° mesons AM. Subsequently, effects of
the finite reconstruction resolution, efficiency and detector acceptance are corrected.

By summing the partial decay rates of all kinematic variables and by averaging over w and
the helicity angles we obtain the branching fraction B(B? — D*~ (T ;) = (4.94 £ 0.025%% £
0.22%5%) % with excellent agreement between the electron and muon channel. Systematic uncer-
tainties are dominated by slow pion reconstruction efficiency uncertainty and the external input
f+/foo, i-e., the ratio of Y(4S) — BT B~ to B’BY events. The CKM matrix element |V,| and
the form factor parameters of the BGL parametrization®> are derived in a fit to the normalized
decay rates using lattice QCD input for the normalization at zero recoil®. We find

H/cb| = (409 + (.35t £ 1,058t 4 O‘Gthco.) « 1073 . (1)

The result lies between HLFAV’s exclusive and inclusive world averages®. Additionally, lepton
universality is tested in this analysis by comparing electron and muon angular properties as
depicted in Figure 1 and motivated in Section 3.1.

2.2 |Vi| determination using untagged B® — 7= ¢+ v, decays

The experimentally and theoretically golden mode to extract |V,;| exclusively is the untagged
B® — 7~ ¢* vy channel in which the partner B meson is not explicitly reconstructed. We present
a new study of this decay ’. Here, lepton candidates are identified via likelihood ratios. Signal
pion candidates are required to be oppositely charged to the lepton candidate, to satisfy loose
likelihood ratio requirements and tight track quality constraints.

The main challenge of this analysis is to suppress wrongly reconstructed BB background
events, that are subsequently divided into B — X./7;, B — X, {7, and other BB events, as
well as continuum backgrounds mainly from ete™ — ¢qq (¢ = w,d, s,c) and eerT events. For
this purpose, several boosted decision trees (BDTs) are trained to differentiate between signal
and each background category separately in each kinematic region. The continuum suppression
BDTs mainly use event-topology quantities and the BB background suppression BDTs utilize
quantities derived from the signal lepton and pion candidates and the ROE.

The signal and background yields are extracted in a binned two-dimensional likelihood fit

to AE = Eg™ — EgX and My, = \/(Ef)ggﬁlﬁ — |p5™ |2 in six bins of ¢*> = (pp — pr)? si-
multaneously. For this purpose, the direction of the signal B meson is estimated in the ap-
proach introduced in Section 2.1. We find a branching fraction averaged over leptons flavors of
B(B® — m= ¢+ 1) = (1.426 4 0.0565%at 4 0.125%Y5%) x 10~*, which is consistent with the current
world average. The result is limited by the size of the off-resonance data set that is used to
constrain continuum modeling.

A 2 fit is performed on the measured ¢? spectra to extract |V,;|. Lattice QCD constraints
on the eight BCL parameters from Ref.® are included as nuisance parameters and the lepton

flavor averaged result is

[Vip| = (3.55 = 0.128tat 4 (0.13%vst 4 0.17theo.) %1073 . @)



The result is consistent with the current value obtained by HFLAV 2 and the experimental
uncertainties are limited by uncertainties on the modeling of continuum and B — plv events.

3 Novel tests of light-lepton universality

In the SM all leptons share the same electroweak coupling, a symmetry referred to as lepton
universality (LU). Recently, however, a 4 o evidence for lepton-universality violation (LUV) has
been reported in a reinterpretation of Belle data in angular distributions of B — D*{p, decays
with light leptons . Additionally, the branching-fraction ratio of semileptonic decay rates to 7
leptons relative to the light leptons has been observed to indicate LUV in several experiments 3.

3.1 Angular asymmetries of hadronically tagged B — D*~ ¢+ v, decays

We present the first dedicated light-lepton universality test using a complete set of angular
asymmetry observables, called Apg, Ss3, S5, S7, and Sg. They are designed to be maximally
sensitive to LUV and cancel most theoretical and experimental uncertainties '%!'. They are
derived by constructing disjoint one- or two-dimensional integrals of the differential decay rate
as a function of the recoil parameter w and the helicity angles cos 8y, cos 6y, and x? as introduced
in Section 2.1. They can be expressed as

ar= () [ - Lo ®

with x = cos#, for App, cos2y for Ss, cosx cosfy for Sy, siny cosfy for S7 and sin2y for
Sg. Lepton universality is tested by comparing the angular asymmetries of electrons and muons
AA;(w) = A¥(w) — A% (w). The integral is measured in three w ranges: the full phase space
(Winel.), w € [1.0,1.275] (wiow) and w € [1.275,~ 1.5] (Whigh)-

One B meson, the Bi,g, is reconstructed in a fully hadronic decay using the Full Event
Interpretation tagging algorithm 2. Only one B, candidate is kept based on the highest
value of the algorithm’s output classifier. In events with such a candidate, we reconstruct
BY — D* ¢t y, candidates with D*~ — EOW* and D - Ktn—, Ktn—ntn—, KTn 79,
Ktnrtrn=n% Kdrtn=, Kdntr—n% K% or KTK~. All tracks are requ1red to originate
from the eTe™ interaction point. Lepton candldates are identified based on likelihood ratios.

The signal and background yields are extracted in binned maximum-likelihood fits to distri-
butions of M2, = (pT(45) — DPBrag — PD* — p¢)? which peak near zero for correctly reconstructed
signal events and are more broadly distributed for backgrounds. The fitted yields are corrected
for selection and detector acceptance losses and bin migrations. Statistical uncertainties largely
dominate and are generally one order of magnitude larger than uncertainties due to bin migra-
tions or systematic uncertainties.
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Figure 1 — The measured asymmetries and asymmetry differences are depicted and compared to recent Belle '3
and Belle IT (cf. Section 2.1) results, calculations from Bobeth et al. ®, and SM expectations.



The results are summarized in Figure 1. In x? tests in each of the three w regions, the
measured angular asymmetries are compatible with the Standard-Model expectation with a
minimum p value of 0.12 and no indication for LUV is observed.

3.2 Branching-fraction ratio measurement of inclusive B — X £ vy decays

In this analysis 14, we report the first measurement of the inclusive ratio of branching fractions

R(Xe,) = B(B — Xeve)/B(B — X pv,). One B meson is reconstructed fully hadronically.
On the signal side, the lepton candidate is demanded to have a momentum in the rest frame
of the signal B meson of pf > 1.3 GeV to suppress hadrons faking leptons, leptons emerging
from secondary cascade decays and lepton daughters of B — X 7v decays. Muon candidates are
identified using likelihood ratios and electron candidates are selected using a multiclass BDT 1°.

Continuum backgrounds are suppressed using a BDT trained on event-shape quantities. The
remaining continuum events are described using the off-resonance data sample.

The signal yields are extracted in a binned maximum-likelihood template fit to the pZ and
pf spectra in 10 equally sized bins per lepton flavor simultaneously to account for correlated
systematic uncertainties between both flavors. Continuum background yields are constrained
using off-resonance data. BB backgrounds get a Gaussian constraint from a fit to data in a
background-enriched same-charge control channel containing events with two B mesons recon-
structed with the same flavor. Statistical and systematic uncertainties are included in the fit as
nuisance parameters.

We find and R(X,/,) value of
R(Xe/u) — 1.033 + 0.010°% + 0.019%st _ W

The systematic uncertainties are dominated by uncertainties associated to the lepton-identification
efficiency and hadron-misidentification weights. Branching-fraction and form-factor uncertain-
ties of resonant and non-resonant B — X ¢, decays mostly cancel in the ratio and hardly
contribute. We find the result to be stable against the lower threshold of pf by changing it
from the nominal value of 1.3 GeV to 1.1, 1.2 and 1.4 GeV. Our result is consistent with the
Standard Model prediction '® within 1.2 and it is the most precise branching-fraction based
test of electron-muon universality in semileptonic B decays to date.
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