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Abstract

A review of recent measurements from Belle, Belle II and LHCb B-factories with
semileptonic B decays is presented. The focus is on lepton flavour universality tests
performed comparing semileptonic decays with a τ in the final state and decays with
electron and muon, and on measurements of |Vcb| and |Vub| CKM matrix elements,
including the measurement from purely leptonic B → τν.



1 Introduction

Semileptonic and leptonic B meson decays provide very important information, both for
Standard Model (SM) precision determination and for search of physics beyond the SM.
Indeed, the b → u and b → c decays at quark level provide access to the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element |Vub| and |Vcb|, whose precise determination
is essential to set SM predictions. Since the b quark is confined inside hadrons, such
measurements can be performed analyzing exclusive decays like B → D(∗)ℓν for |Vcb| or
B → πℓν for |Vub|, requiring theory input for the form factor parameterization. Also
the purely leptonic decays B → τν, despite the lower statistics because of the helicity
suppression it suffers, allows the extraction of |Vub|, with the advantage of a negligible
theoretical dependence, confined in the B meson decay constant fB calculated with Lattice
QCD with an uncertainty better than 1% [1]. On the other hand, |Vub| and |Vcb| can be
extracted with inclusive measurements B → Xc/Xu ℓν, where the final state is not
reconstructed in a specific mode, but all the possible results of the hadronization of the c
or u quark are collected and taken into account. It is a long-standing puzzle the tension
between the inclusive and exclusive determinations of the CKM matrix elements |Vub|
and |Vcb| [2]. Finally, the comparison of the decay rates of the various lepton species
ℓ = e, µ, τ can be used to test the lepton flavour universality (LFU) predicted by the
SM. In particular, since several years, the ratios of branching ratios R(D(∗)) = B(B →
D(∗)τν)/B(B → D(∗)ℓν), where ℓ is an electron or a muon have been measured to be in
tension with the SM expectation [2].

2 Lepton flavour universality ratios

Belle II collaboration measured the R(D∗+) ratio with a sample of 189 fb−1, using the
hadronic reconstruction of a tag B meson (Btag), that provides powerful constraints on the
accompaining signal B [3]. From the physics objects not used to reconstruct the Btag a D∗

is reconstructed in its decays D∗+ → D0π+ or D+π0, and D∗0 → D0π0 . The τ lepton is
detected identifying its decay in electron or muon. The signal (D∗τν) and normalization
(D∗ℓν) samples are separated using M2

miss = (pB − pD∗ − pℓ)
2. The total energy measured

in the electromagnetic calorimeter Eextra
ECL is the main discriminant variable between signal

and background. Figure 1 shows the distributions for the D∗+ → D0π+ decay mode of
M2

miss in the entire analysis region and Eextra
ECL in the signal-enhanced region. In order to

extract the signal and the normalization yields, a two dimensional fit to M2
miss and Eextra

ECL

is performed. Background and signal models, taken from MC simulations, are validated
by means of control regions in experimental data. The largest systematics uncertainty
comes from this source and it is estimated to be 9%. Other systematic uncertainties come
from the available MC statistics (7%) and current knowledge of D∗∗ modes (5%). The
lepton flavor universality ratio is measured to be R(D∗) = 0.262± 0.04(stat)± 0.03(syst),
consistent with both the SM expectation RSM(D∗) = 0.254±0.005 and the world average
from HFLAV working group RWA(D

∗) = 0.288± 0.012 [2].
Reconstruction of the tag B with semileptonic decays has been exploited, as well, by

the Belle II collaboration to measure the LFU ratios for both D∗+ and D+ modes, using
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VII. RESULTS

The fit to the entire data sample gives

RðD"Þ ¼ 0.262þ0.041
−0.039 ; ð11Þ

corresponding to a yield of 108& 16 B̄ → D"τ−ν̄τ events.
Here the uncertainties are statistical only. The p-value for

the goodness of fit is 4.4% according to the χ2 distribution
of simplified simulated experiments based on sampling
events from the likelihood. Projections of the fit are
shown in Figs. 5(a)–5(c) and 5(d)–5(f) for the M2

miss and
EECL distributions, respectively. Figure 6 shows the signal-
enhanced (1.5 GeV2=c4 < M2

miss < 6.0 GeV2=c4) fit pro-
jection to the EECL distribution. Results are given in

FIG. 5. Distributions of (a)–(c) M2
miss and (d)–(f) EECL in the entire region for the D"þ → D0πþ (left), D"þ → Dþπ0 (middle), and

D"0 → D0π0 (right) modes, with fit projections overlaid. The bottom panel presents pull values from fit results. The rectangular-shaded
regions on the histograms and in the pull plot correspond to statistical uncertainties in the fit.

FIG. 6. Distributions of EECL in the signal-enhanced region 1.5 < M2
miss < 6.0 GeV2=c4 for the D"þ → D0πþ (a), D"þ → Dþπ0 (b),

andD"0 → D0π0 (c) modes, with fit projections overlaid. The bottom panel presents pull values from fit results. The rectangular-shaded
regions on the histograms and in the pull plot correspond to statistical uncertainties in the fit.
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FIG. 1: Distributions for the D∗+ → D0π+ decay mode of M2
miss in the entire region (left)

and Eextra
ECL in the signal-enhanced region (right).

a sample of 365 fb−1 [4]. The tag B is reconstructed in Btag → D∗ℓν and Btag → Dℓν in
26 different decay chains. The reconstructed objects in the event not used to make the
Btag are examined for signal, and, subsequently, D+ℓ− and D∗+ℓ− pairs are reconstructed
in 13 different modes. The most discriminating variables are the Eextra

ECL and cos θBY =
2EbeamEY −m2

B−m2
Y

2pBpY
, where Y is a Dℓ pair. Eextra

ECL is the total energy reconstructed in the
electromagnetic calorimeter from neutral objects not associated to the B or the Dℓ pair.
The second variable, cos θBY , is the cosine of the angle between the B meson and Y
system in the case of an actual semileptonic decay (one missing particle), while it shows
a broader distribution in other kind of decays. These variables are combined with other
discriminating variables in a boosted decision tree that selects three classes of events:
signal (zτ ), normalization (zℓ) and background (zbkg).

Signal, normalization and background yields are extracted by a two-dimensional like-
lihood fit to zτ and zdiff = zℓ − zbkg in four decay modes (D∗+e−, D+e−, D∗+µ−,
D+µ−). Figure 2 shows fitter classifier distributions in the four decay modes. The re-
sult is still limited by statistics (11% for R(D∗) and 18% for R(D)). The largest sys-
tematics uncertainties are due to limited MC simulation statistics and knowledge D∗∗

branching fractions and distributions in experimental data. The obtained results are
R(D∗+) = 0.306±0.034(stat)±0.018(syst) and R(D+) = 0.418±0.074(stat)±0.051(syst),
consistent with the SM expectations and with the world average.

LHCb collaboration recently measured the ratios R(D∗+) and R(D+) with a muon in
the final state and reconstructing D+ → K−π+π+ and D∗+ → D+π0, with a sample of
2 fb−1 of the Run 2 dataset [5]. This analysis extends an analysis with a similar strategy
previously published with 3 fb−1 Run 1 dataset, which determine R(D0) and R(D+) using
D0 → K+π+ and D∗+ → D0π+ and a muon in the final state [6]. The signal and the
normalization yields are extracted by a three-dimensional likelihood fit to the distributions
of the momentum transfer of the lepton pair q2 , the missing mass squared M2

miss and the
muon energy E∗

µ. The likelihood uses as probability distribution functions the templates
of these observables taken from MC simulation, that are validated on control samples
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Finally, we assign a 10% uncertainty to the fraction of
continuum events in the background, based on the observed
difference in efficiency between off-resonance data and the
expected continuum contribution.

VIII. RESULTS

A. RðD + Þ and RðD + #Þ
Figure 3 shows the fitted classifier bins for the Dð#Þþe−

and Dð#Þþμ− categories. We measure

RðDþÞ ¼ 0.418þ0.075
−0.073ðstatÞþ0.049

−0.056ðsystÞ; ð8Þ

RðD#þÞ ¼ 0.306þ0.035
−0.033ðstatÞþ0.016

−0.018ðsystÞ; ð9Þ

with a correlation of ρ ¼ −0.24. These values are com-
patible with the SM predictions of RðDÞ ¼ 0.296& 0.004
and RðD#Þ ¼ 0.254& 0.005 [2–10] within 1.7 standard
deviations. The p-value of the fit is 8.3% and evaluated
using the saturated likelihood method [57]. Figures 4–5
show the distributions of Eextra and p#

l for the signal
enriched bins of the two-dimensional classifier with the
postfit scaling applied. More details can be found in
Appendix B.

FIG. 3. The fitted classifier distributions for the Dþe−, Dþμ−, D#þe−, and D#þμ− categories are shown. The hatched regions of the
histograms correspond to the systematic uncertainties. The black lines demarcate the first two bins from the remaining bins, which
contain significantly fewer events, and are thus displayed with two different y-axis scales on the left and right sides.
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FIG. 2: The fitter classifier distributions in the D∗+e−, D+e−, D∗+µ−, D+µ− modes.
The hatched regions of the histograms cover the systematic uncertainties. The black line
separates the first two bins from the remaining bins, that are displayed with a different
y-axis scale on the right side.
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in experimental data. Figure 3 shows the fitted distributions. The obtained results are
R(D∗+) = 0.402±0.081(stat)±0.085(syst) and R(D+) = 0.249±0.043(stat)±0.047(syst),
consistent with the SM expectations and with the world average.

The systematic uncertainty associated with the form
factors that are allowed to vary in the fit is determined by
fixing the form-factor parameters to their central values and
assigning the quadratic difference in uncertainty of RðDþÞ
and RðD$þÞ as a systematic.
The systematic uncertainty associated with the

B̄ → D$$μ−ν̄μ branching fractions of the individual D$$

states is obtained by fixing them to their best fit points and
taking the quadratic difference in the uncertainties onRðDþÞ
and RðD$þÞ to when they are constrained to the measure-
ments quoted in Ref. [55]. A similar method is also applied
to the B → D$$τ−ν̄τ branching fraction constraint. The
uncertainties on the D$$ → DþX branching fractions are
treated by introducing a set of nuisance parameters which
control the abundance of charged pions in the different
D$$ → DþX decays. This ratio is varied in the fit and the
difference is used to assign a systematic uncertainty.
In the baseline fit configuration, the fraction of the B−

and B̄0 contributions to the B̄ → DþXcX background are
fixed from simulation in both the signal and one-kaon
isolation regions. This assumption is relaxed in an alter-
native fit by allowing them to vary in the fit and the
difference in the results is assigned as a systematic
uncertainty. In addition, a further categorization is explored
based on whether the Xc meson is charged or neutral. The
difference in the results when the background template is
split into subsamples based on this categorization is
assigned as a systematic uncertainty.

Systematic uncertainties associated with the misidenti-
fication background arise from the treatment of fake tracks
in the misidentification sample. Alternative definitions for
fake tracks are explored and differences in the shapes are
included as template shape variations in the fit. The
treatment of the momentum smearing due to decays in
flight of the hadron is also varied and included as an
additional shape variation. Disabling these variations
allows for a systematic to be determined based on the
resulting uncertainties in the fit. An uncertainty on the
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FIG. 1. Distributions of the three kinematic variables in the signal isolation region, with the fit result overlaid. The q2 distribution is
shown over the full fit range whereas m2

miss and E$
μ are only shown in the range 9.44 < q2 < 11.8 GeV2=c4.

TABLE I. Summary of systematic uncertainties on the RðDþÞ
and RðD$þÞ measurements. Systematic uncertainties associated
with the efficiency are not shown as they are negligible.

Source RðDþÞ RðD$þÞ

Form factors 0.023 0.035
B̄ → D$$½DþX&μ=τν fractions 0.024 0.025
B̄ → DþXcX fraction 0.020 0.034
Misidentification 0.019 0.012
Simulation size 0.009 0.030
Combinatorial background 0.005 0.020
Data vs simulation agreement 0.016 0.011
Muon identification 0.008 0.027
Multiple candidates 0.007 0.017
Total systematic uncertainty 0.047 0.085
Statistical uncertainty 0.043 0.081

PHYSICAL REVIEW LETTERS 134, 061801 (2025)

061801-5

FIG. 3: Distributions of q2, M2
miss and E∗

µ in the signal region, with the fit result overlaid.
The q2 distribution is shown in the full range, while the other two are shwon for 9.44 <
q2 < 11.8GeV 2/c2.

If evidence of new physics is found in the mainstream decay modes in D and D∗

mesons, it has to be consistently found in decays to higher charm resonances, collectively
referred to as D∗∗. LHCb collaboration did the first step toward this goal finding evidence
of B → D∗∗0τν decays with a significance of 3.5σ [7], analyzing 9 fb−1 of experimental
data at LHC. The τ lepton is identified by its decay τ+ → π+π−π+ν, reconstructing the
displaced vertex of the three pions and requiring an hard cut on its distance from the
primary vertex, in order to suppress the large B → D∗π+π−π+X background. The D∗∗

mesons considered in this analysis are any of the two narrow D resonances, D1(2420) and
D2(2460) that are reconstructed in their decay to D∗+π−. Their yield is extracted by a
maximum likelihood fit to the mass distribution as shown in the left plot of Figure 4. As
normalization sample, the B → D∗∗0Ds decays, with Ds → πππ are reconstructed. In
order to enhance the signal and suppress the background a multivariate analysis is carried
out (right plot of Figure 4). Being the final states the same, many systematic uncertainties

cancel out in the ratio of branching fractions B(B → D∗∗0τν)/B(B → D∗∗0D
(∗)
s ) that is

measured. The obtained significance of the signal, including systematic uncertainties, is
estimated to be 3.5σ. In order to estimate the corresponding LFU ratio R(D∗∗0), external
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input from the B(B → D∗∗0µν) and B(B → D∗∗0D
(∗)
s ) is used, obtaining R(D∗∗0) =

0.13± 0.03(stat)± 0.01(syst)± 0.02(ext).
Belle II collaboration exploited the unique capabilities of the detector and the clean

e+e− enviroment, using inclusive semileptonic decays to measure the LFU ratio B(B →
Xτν)/B(B → Xℓν)[8]. The X system, of course, contains all the b → c and b →
u quark decays. Therefore, an important issue consists in correctly modeling the X
system. Experimentally, the signal mode is selected by requiring the identification of an
electron or a muon, and a fully reconstructed hadronic Btag. Signal and normalization
yields are extracted by a two-dimensional binned likelihood fit to the momentum of the
reconstructed lepton in the B rest frame pBℓ and missing mass squared M2

miss, as shown in
Figure 5. The largest systematics uncertainties are due to modeling of the X system, with
uncertainty in inclusive semileptonic decays form factors accounting for 8%, uncertainties
in the branching fractions for 8%. Since the agreement between experimental data and MC
simulation in the inclusive spectra is not perfect, a reweighting procedure is implemented.
The systematic uncertainty in this procedure is estimated to be 7%. The measurement is
already limited by systematics, with the largest contributions estimated from data, so it
is expected to scale with sample size in future measurements. The obtained LFU ratio is
R(X) = 0.228± 0.016(stat)± 0.036(syst).

2 < η < 5, described in detail in Refs. [17,18]. The detector
includes a high-precision tracking system consisting of a
silicon-strip vertex detector surrounding the pp interaction
region [19], and large-area silicon-strip detectors located
upstream and downstream of the 4 Tm dipole magnet.
The minimum distance of a track to a primary pp collision
vertex (PV), the impact parameter (IP), is measured with a
resolution of ð15þ 29=pTÞ μm, where pT is the component
of themomentum transverse to the beamdirection, inGeV=c.
The online event selection is performed by a trigger system
[20], which consists of a hardware stage based on information
from the calorimeter and muon systems, followed by a
software stage that performs a full event reconstruction.
Events are selected at the hardware stage if the particles
forming the signal candidate satisfy a requirement on the
energy deposited in the calorimeters or if any other particle
passes any trigger requirement. The software trigger
requires a two-, three-, or four-track secondary vertex with
significant displacement from any PVand consistent with the
decay of a b hadron, or a three-track vertex with a significant
displacement from any PVand consistent with the decay of a
D$ meson. A multivariate algorithm [21,22] is used for the
identification of secondary vertices. In the simulation, pp
collisions are generated using PYTHIA 8 [23] with a specific
LHCb configuration [24]. Decays of hadronic particles are
described by EvtGen [25], in which final-state radiation is
generated using PHOTOS [26]. The Tauola package [27] is used
to simulate the decays of the τ− lepton into π−π−πþντ and
π−π−πþπ0ντ final states, according to the resonance chiral
Lagrangianmodel [28]with a tuningbasedon the results from
the BABAR Collaboration [29]. The interaction of the
generated particles with the detector, and its response, is
implemented using the Geant4 toolkit [30] as described
in Ref. [31].
This analysis follows the same selection regarding the

reconstruction of D$þ and τ− candidates as the RðD$Þ
measurement [9]. The presence of exactly one extra pion
track, compatible with originating from the B− vertex is
also required. Samples of right-sign (RS) or wrong-sign
(WS) D$$ candidates are then formed by combining
selected D$þ candidates with a pion track compatible with
originating from the B− vertex, having opposite or same
charge, respectively. The B− candidate is reconstructed
from the combination of the D$$0 and τ− candidates. The
pion and the D$þ decay products are required to form a
good-quality vertex. The D0 and D$þ candidates are
required to have a mass close to their known values
[14], and mass sidebands are used to subtract the back-
ground. As in previous analyses [8,9,32], a stringent
requirement is applied to the displacement along the beam
axis between the τ− and B− vertices, which must exceed 4
times the associated uncertainty. This selection is highly
effective in suppressing the so-called prompt background,
due to B → D$$0π−π−πþX combinations, where the pion
triplet is produced at the B decay vertex and X denotes

additional undetected particles (including zero if specified
in parentheses).
A boosted decision tree (BDT) [21] classifier is trained to

reject the background due to B → D$þD−
s ðXÞ events,

where a π− meson from a five-prongD−
s decay is combined

with the D$þ to form the D$$0 candidate. The classifier
exploits the different vertex topology between this back-
ground and the signal, and is trained using simulated
samples of the two decays. This classifier is also efficient
in reducing the prompt background, where the π− meson
used to form the D$$0 candidate and the pion triplet are
produced at the same vertex. A second BDT classifier is
used to reject remaining fake D$$ candidates and is trained
using simulated B− → D1ð2420Þ0τ−ν̄τ events as signal and
the WS data as background. A further BDT classifier,
referred to as BDT-antiDs, is optimized to suppress the
main background arising from D−

s decays to three pions
which mimics τ− decays. It uses the same inputs as for
RðD$Þ measurement [9]. This classifier leverages the
distinct decay dynamics of the signal τ− decays and the
D−

s decays, and is used in the signal extraction procedure.
The D$$0 candidates mass distribution after the

final selection except the BDT-antiDs requirement and
the upper limit of 1600 MeV=c2 on the π−πþπ−

mass is shown in Fig. 1. To improve the resolution, the
mass is calculated using the known D$þ mass [14],
MD$þ , and the difference between the masses of the
D$$0 and D$þ candidates, Δm≡mðD$þπ−Þ −mðD$þÞ,
as mðD$þπ−Þ≡ ΔmþMD$þ . An unbinned maximum-
likelihood fit to the mass distribution is performed using
two relativistic Breit-Wigner functions to describe the
signal and one exponential function for the background.
The yields of D1ð2420Þ0 and D$

2ð2460Þ0 contributions are
found to be 2456% 75 and 633% 69, respectively. These
results allow to determine the typical size and composition
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FIG. 1. Distribution of the D$þπ− mass for all selected
D$$0π−π−πþ candidates in the full dataset, with the result of
the fit also shown A potential D0

1ð2400Þ0 component can not be
distinguished from the background.
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an equivalent luminosity 10 times larger. The D!!0
1;2 signal

yield is found to be compatible within "1σ with the true
signal yield in the simulated sample. Additional studies are
performed with progressively decreasing signal yields. In
all cases, the extracted signal yields are found to be in good
agreement with the number of signal candidates present in
the simulated samples. In an extreme scenario where no
signal candidates are simulated, the fit returned a result of
35" 80, which is consistent with zero, corresponding to a
potential yield in the data of 4" 25 events. In the
simulation, the three B− → D!!0τ−ν̄τ decays are generated
using the Isgur-Scora-Grinstein-Wise (ISGW2) model [43].
More recent models better describe these semileptonic
decays: Leibovich-Ligeti-Stewart-Wise (LLSW) [44] and
Bernlochner-Ligeti-Robinson (BLR) [41]. Alternative tem-
plates are obtained for the main B− → D1ð2420Þ0τ−ν̄τ
contribution by using the HAMMER package [45] to weight
events according to these two models. The q2 distributions
for each model are shown in Fig. 6. The yields obtained
with the LLSW and BLR models are found to be compat-
ible with the baseline result using the ISGW2 model, and
the 3.7% relative difference found is assigned as the
systematic uncertainty due to the limited knowledge of
the form-factor distributions. The fit assumes a fixed ratio
between the D1ð2420Þ0 and D!

2ð2460Þ0 signal contribu-
tions: a systematic uncertainty of 4.4% is assigned by
varying their ratio from 0 to 1. The fit χ2 increases for large
D!

2ð2460Þ0 contributions, a pure D!
2ð2460Þ0 component is

excluded at the level of 2.7σ, and a 50% D!
2ð2460Þ0

component is disfavored at the 2σ level.
The systematic uncertainty associated with the finite size

of the simulated samples leads to an uncertainty of 4.3% for
the efficiency computation and 4.1% for the template shapes
determined using the bootstrap method [46], as in Ref. [9].
The effect of changing fit observables, replacing the q2

variable by the D! helicity angle [47], and changing the
binning schemes with half or twice the number of bins,
results in a systematic uncertainty of 5.0%, corresponding to
half the maximum deviation from the baseline result. The
systematic uncertainty associatedwith theB−→D!!0ðDKÞ−
background contamination is estimated to be 3.6%, under
the assumption that half of the estimated yield consists of
signal candidates.
This analysis requires the reconstruction of an extra track,

compared to the RðD!Þ analysis, which has studied the
efficiency in great detail [9]. The uncertainty associated to the
extra track reconstruction efficiency cancels to a large extent
since the normalization channel also requires an extra track
reconstruction. The B− → D!þπ−π−π−πþ control sample is
used to compare the selection efficiency in data and simu-
lation. For each selection criterion the relative efficiency is
measured, using data around theknownB−mass [14].Agood
agreement is found, except for the efficiency of the vertex
detachment requirement, which deviates by 10% due to
differences in the vertex resolution between data and simu-
lation at 13 TeV. After correcting for such discrepancy, a
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FIG. 4: Left plot: Distribution of the D∗+π− mass for all the selected B → D∗+π−π−π+

with the fit superimposed. Right plot: main discriminant variables distributions for events
passing the D∗∗ selection.

3 Recent results on |Vcb| and |Vub|
Belle II collaboration measured the Cabibbo-Kobayashi-Maskawa matrix element |Vcb|
from the decay B → Dℓν using a 365 fb−1 data sample [9]. The semileptonic decay of one
B meson is reconstructed in B0 → D−ℓ+ν, with D− → K+π−π− and B+ → D0ℓ+ν, with
D0 → K+π−, with ℓ being an electron or a muon. The second B meson in the Υ (4S) is not

reconstructed explicitly (untagged analysis). The recoil variable w = vB ·vD =
m2

B+m2
D−q2

2mBmD
,

where vB and vD are the four-velocities of the B and the D meson, respectively, q2 is the
squared momentum trasfer to the lepton pair, mB and mD are the mass of the B and D
mesons, is determined using an inclusive reconstruction of the unobserved neutrino.
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consists of 95% B → Xlν events. The same-flavor sample
contains events where both B mesons have the same flavor,
and it is enriched with fakes, secondaries, and continuum
(77%), but also includes B → XτðlÞν decays from neutral
B-meson oscillations (23%).
The simulatedMX distribution in the high-pB

l sample has
a significant deficit relative to the experimental distribution
for low MX values, and a significant excess for high MX
values, suggesting mismodeling of the charmed meson
decays that largely constitute the X system. Such mismod-
eling would likely introduce inconsistencies in the pion and
kaon multiplicities, which we also observe. These effects
cannot be attributed to the modeling of B → Dð#ÞτðlÞν or
B → D##τðlÞν decays, or of detector response. The dis-
agreement is particularly sensitive to the simulated pro-
portion of D decays to K0

L mesons.
To correct for this mismodeling, we reweight the

simulated B → XτðlÞν events using the experimental-to-
simulated yield ratio in 17 intervals of MX using the high-
pB
l sample. The weights range between 0.80 and 1.27, with

uncertainties from 0.01 to 0.18 that are dictated by the
number of simulated and experimental events in each bin.
The largest weights are measured at low MX, a region
enriched with events with at least one K0

L meson. We
measure these weights in five equally populated pB

l
intervals in each MX interval, and find statistically con-
sistent values. In order to accommodate any pB

l dependence
potentially hidden by the statistical uncertainties, we
extrapolate linearly to the signal-enriched region pB

l <
1.25 GeV=c and assign the absolute difference between the
nominal and extrapolated weights as an additional uncer-
tainty. We apply these factors as weights to B → XτðlÞν
events, then rescale the proportions of the known individual
semileptonic B decays so that they are preserved.

We also reweight secondary-lepton and muon-fake
events in the simulated BB̄ backgrounds. We derive weights
for secondary leptons using the same-flavor electron
sample, in which 98% of the BB̄ backgrounds are sec-
ondaries. We determine the weights in two-dimensional
intervals of pl and MX. These weights are equally
applicable to electron and muon secondaries, as they pre-
dominantly arise from the same D decay modes. We derive
weights for muon fakes from the remaining experiment-to-
simulation deviations. The impact of this reweighting on
the BB̄ background yields is treated as an uncertainty on the
muon fake-to-secondary composition. Secondaries from
hadronic B decays to multiple charmed hadrons are
assigned shape and yield uncertainties that cover up to
twice the corrections derived from the same-flavor secon-
daries due to their low purity in this sample.
These simulation reweightings significantly ameliorate

mismodeling in kinematic variables correlated to the X
system, in particular, M2

miss [19].
We extract the signal and normalization yields for the

electron and muon modes, Nmeas
τðlÞ , from a simultaneous

maximum-likelihood fit to the binned two-dimensional
distributions of pB

l and M2
miss (Fig. 1). For each lepton

flavor we define signal, normalization, BB̄ background, and
continuumcomponents, and associate eachwith a histogram
template and corresponding yield parameter. The signal,
normalization, and BB̄ background yields are uncon-
strained. The continuum component has a Gaussian con-
straint on its yield derived from off-resonance data.
The statistical and systematic uncertainties on the tem-

plates are incorporated in the likelihood definition via
nuisance parameters, one for each (pB

l , M
2
miss) bin for each

component. Constraints on the nuisance parameters are
encoded in a global covariance matrix for bins and

FIG. 1. Two-dimensional distributions of electron (left) and muon (right) momentum in the Bsig rest frame pB
l and the missing mass

squared M2
miss, flattened to one dimension in intervals as used in the signal extraction fit, with the fit results overlaid. The hatched area

shows the total statistical and systematic uncertainty, added in quadrature for each interval. The residuals are normalized to the statistical
uncertainty of the data points and the M2

miss intervals are given in units of GeV2=c4.
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FIG. 5: Two-dimensional distributions of electron (left) and muon (right) momentum in
the signal B rest frame pBℓ and the missing mass squared flattened to one dimension in
intervals as used in the signal extraction fit, with the fit results overlaid.

The discriminating observable cos θBY =
2EbeamEY −m2

B−m2
Y

2pBpY
, where Y is the Dℓ pair

is used to separate the B → Dℓν signal (for which the variable approximate the angle
between the B meson and the Y pair) and the background, for which the distribution
is broader. The signal yield is extracted with a likelihood fit to the cos θBY variable as
a function of w (10 bins), as shown in Figure 6 (left plots). The B0 and B+ branching
fractions resulting from the fit are B(B0 → D−ℓ+ν) = (2.06 ± 0.05(stat) ± 0.10(syst))%
and B(B+ → D0ℓ+ν) = (2.31±0.04(stat)±0.09(syst))%. Assuming isospin to combine B0

and B+ results, |Vcb| is determined with a fit to the differential decay rate using the BCL
parameterization of the form factor [10] to be |Vcb|BCL = (39.2 ± 0.4(stat) ± 0.6(syst) ±
0.5(th)) × 10−3, the most precise value using B → Dℓν decays. The result of the fit to
the BCL expansion is shown in Figure 6 (right plot).

Belle II collaboration performed a measurement of |Vub| from inclusive b → u semilep-
tonic decays, exploiting the hadronic Btag reconstruction, with a sample of 365 fb−1. In
this analysis, a fully reconstructed Btag in hadronic decays plus an electron or a muon are
required, while the rest of reconstructed objects are assigned to the an hadronic Xu sys-
tem, looking for a B → Xuℓν decay. The three main observables describing the kinematics
are the lepton energy in the B rest frame EB

ℓ , the invariant mass of the X system MX , and
the squared momentum transfer q2. The largest background of charmed semileptonic de-
cays B → Xcℓν is suppressed using a dedicated Neural Network. The yields of signal and
background are extracted from a binned likelihood fit simultaneously to a signal sample
and a control sample of B → Xcℓν decays. The P.D.F. are histogram templates of signal
B → Xuℓν, main charm backgrounds B → Xcℓν and other backgrounds (fake leptons,
secondary leptons and continuum e+e− → qq̄ events). The fit is performed in several
fiducial regions (requiring cuts on EB

ℓ , MX and q2) to get partial branching ratio in these
regions. For the nominal region (EB

ℓ > 1GeV, the most inclusive) the partial branching
fraction ∆B(B → Xuℓν) = (1.54±0.08(stat)±0.12(syst))×10−3 is obtained. The partial
branching ratio can be extrapolated to fully phase space to extract |Vub|, using different

theory models as |Vub| =
√

∆B(B→Xuℓν)
τB∆Γ(B→Xuℓν)

. The used nominal model is the GGOU param-

eterization [11] for which |Vub| = (4.01± 0.11(stat)± 0.16(syst)+0.09
−0.07)× 10−3 is obtained.
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Figure 2. Fitted distributions of cos ✓BY in bins of w in the D0e, D0µ, D+e and D+µ samples. The Belle II data are the points
with error bars. The stacked histograms are simulated events normalized according to the fit result. Sec. III E describes the
di↵erent components. The panels at the bottom of each distribution show the di↵erence between data and fit results, divided
by the statistical uncertainty.

11

Figure 3. Form factor resulting from the fit described in
Sec. V A compared to the measurement of ��i/�w (Table II).
The uncertainty on ⌘EW|Vcb| shown represents the total un-
certainty from statistical, systematic, and theoretical sources,
as directly obtained from the fit, prior to decomposition into
individual components.

together with their correlation coe�cients. From the fit
we obtain

⌘EW|Vcb|BCL = (39.4 ± 0.8) ⇥ 10�3 , (22)

where the uncertainty includes all statistical, systematic
and theoretical contributions. We split the uncertainty
up into individual sources by resampling related nuisance
parameters in the fit and varying the FLAG inputs within
their uncertainty. The decomposition yields

|Vcb|BCL = (39.2±0.4 (stat.)±0.6 (sys.)±0.5 (th.))⇥10�3 .
(23)

The value of the �2 function at minimum is 9.7 for 9
degrees of freedom. The individual contributions to the
uncertainty in |Vcb| are listed in Table V.

B. CLN form factor fit

We also use the measured ��i/�w spectrum averaged
over the four modes to perform a fit to the di↵erential
decay rate Eq. (3) assuming the CLN form factor Eq. (9)
and determine the form factor at zero recoil times the
CKM matrix element magnitude ⌘EWG(1)|Vcb| and the
form factor slope parameter ⇢2. This is a least-squares
fit with the �2 function

�2 =
X

i,j

✓
��i

�w
� ��i,CLN

�w

◆
C�1

ij

✓
��j

�w
� ��j,CLN

�w

◆
,

(24)

Table V. Fractional contributions to the total uncertainty on
the extracted value of |Vcb|. The sizes of the contributions are
given relative to the central value.

Source Uncertainty [%]

Statistical 0.9

Systematic 1.5

B0/+ lifetime 0.1
Signal form factor 0.1
B ! D⇤`⌫ form factor 0.1
B(B ! Xc`⌫) 0.3
B(D ! K⇡(⇡)) 0.5
Tracking e�ciency 0.5
N⌥(4S) 0.7
f00/f+� 0.1
f/B 0.4
Background w modelling 0.3
(E⇤

Y , mY ) reweighting 0.3
Lepton identification 0.3
Kaon identification 0.6
Vertex fit �2 correction 0.3
Simulation sample size 0.5

Theoretical 1.3

Lattice QCD inputs 1.2
Long-distance QED 0.5

Total 2.1

where ��i/�w are the measured values from Table II
and ��i,CLN/�w are the partial widths calculated using
Eqs. (3) and (9). We use the averaged masses of charged
and neutral mesons.

The result of the fit is

⌘EWG(1)|Vcb| = (40.9 ± 1.4) ⇥ 10�3 , (25)

⇢2 = 1.09 ± 0.06 , (26)

with a correlation ⇢⌘EWG(1)|Vcb|,⇢2 = 0.89. The uncer-
tainties and the correlation coe�cient include only ex-
perimental contributions. The �2 of the fit is 5.9 for 8
degrees of freedom. Using G(1) = 1.0541 ± 0.0083 [15],
we find

|Vcb|CLN = (38.5 ± 1.3) ⇥ 10�3 . (27)

The results for ⌘EWG(1)|Vcb| and ⇢2 are consistent with
previous measurements by BaBar and Belle [4, 5]. Due to
the limited precision of the CLN form factor (Sec. II) we
select |Vcb| obtained with the BCL form factor (Sec. V A
as our central value.

VI. SUMMARY

We reconstruct about 87 000 B0 ! D�`+⌫` decays
and about 136 000 B+ ! D̄0`+⌫` decays in 365 fb�1 of
e+e� ! ⌥(4S) ! BB̄ data recorded with the Belle II

FIG. 6: Left plots: Fitted distributions of cosθBY in bins of w in the D0e (top plot)
and D0µ (bottom plot) samples. The Belle II data are the points with error bars. The
stacked histograms are simulated events normalized according to the fit result. Right:
Form factor resulting from the fit to the differential decay rate, using the BCL expansion.

The result is in very good agreement with the current world average from HFLAV. Belle
II collaboration searched for the purely leptonic decay B+ → τ+ν, with the hadronic Btag

reconstruction with a sample of 365 fb−1 [12]. In addition to the reconstruction of an high
quality Btag, the τ from signal B+ → τ+ν is identified from its one-prong decay, requiring
the reconstruction in the rest of the event of only one additional track. The analysis
is performed simultaneously on the four mutually exclusive signal categories τ → eνν,
τ → µνν, τ → πν and τ → ππ0ν, based on particle identification criteria applied on the
signal track and the reconstruction of a π0 that paired to the signal π is compatible to a
ρ → ππ0 decay. A Boosted Decision Tree, based on event topology, is used to further sup-
press backgrounds from qq̄ continuum end BB̄ events. The most discriminating variables
are Eextra

ECL , the total energy measured in the calorimeter not associated to Btag or signal
τ , and the missing mass squared M2

miss, determined from the known beams four-momenta
and the completely reconstructed Btag and τ decay products. The B → τν branching
fraction is extracted with a simultaneous fit to the four signal categories using a two di-
mensional binned likelihood on Eextra

ECL and M2
miss. The largest systematic uncertainties are

due to limited MC statistics of background templates (13%), the data driven corrections
to those templates (5.5%) and the uncertainties on branching fractions of backgrounds
(4.1%). A 3.0σ (including systematics) excess of signal events is found, for an estimated
Branching fraction B(B → τν) = (1.24± 0.41(stat)± 0.19(syst))× 10−4. Figure 7 shows
the results of the fit superimposed to experimental data and the comparison of the Belle
II , BaBar and Belle measurements of B(B → τν). Assuming the value of the B decay
constant fB = (190.0±1.3)MeV from Lattice QCD [1], the measurement of the Branching
Fractions results in |Vub|B→τν = (4.41+0.74

−0.89)× 10−3.

7



FIG. 5. First row: distributions of Eextra
ECL (left) and M2

miss (right) with the fit results superimposed. The signal MC simulated data are
scaled by a factor of 30 to make it visible. Second row: distributions of Eextra

ECL with the fit results superimposed for the leptonic channels
in the signal enriched region M2

miss > 10 GeV2=c4. Third row: distributions of Eextra
ECL with the fit results superimposed for the hadronic

channels in the signal enriched region M2
miss > 0.8 GeV2=c4.
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with a significance of 3.0σ. The measured branching
fraction is consistent with the current world average and
with the SM prediction. Figure 7 shows a comparison of
our BðBþ → τþντÞ measurement, with past measurements
from BABAR and Belle, and SM predictions based on
exclusive and inclusive determinations of jVubj [4].
Assuming the SM and using fB ¼ 190.0ð13Þ MeV [3],

we extract a measurement of the CKM matrix element

jVubjBþ→τþντ ¼ ½4.41þ0.74
−0.89 & × 10−3: ð8Þ

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−1)
[11] and Belle (711 fb−1) [12]. This improved sensitivity is
due to the use of a new B tagging algorithm and an
optimized selection.
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FIG. 7: Left plots, first row: distributions of Eextra
ECL with the fit results superimposed for

the leptonic categories in a signal enriched region of M2
miss > 10GeV2. Left plots, second

row: distributions of Eextra
ECL with the fit results superimposed for the hadronic categories in

a signal enriched region of M2
miss > 0.8GeV2. Right plot:Branching fraction B(B → τν)

measured by Belle II compared with the past measurements and two SM expectation
values, calculated from the exclusive determination |Vub| = (3.75 ± 0.06 ± 0.19) × 10−3

and the inclusive determination |Vub| = (4.06± 0.12± 0.11)× 10−3.

4 Conclusions

Precise and robust measurements of the CKM matrix elements |Vcb| and |Vub| are essential
ingredients to set the SM baseline, when looking for new physics effects. Measurements
of R(D) and R(D∗) are not yet able to resolve the tension with SM model expectations.
Growing Belle II and LHCb datasets will allow to deepen investigations in several ways:
additional modes and more detailed differential distributions available, improvents on
most systematics uncertainties using data driven estimations, new or better measurements
of the still poorly known background shapes and branching fractions.
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