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Motivation Precise measurements important to
constrain CKM Unitarity

Direct information on Vcb and Vub
can be extracted from semileptonic
decay rate exclusively or inclusively

∣∣Vqb
∣∣ =

√√√√√ B
(

B → Xqℓνℓ

)
τB Γ

(
B → Xqℓνℓ

)
Experimentally measured
branching fraction
Predicted partial rate sans
CKM factors (with Vqb set to 1)

Tension between inclusive and exclusive Vqb measurements 2 − 3σ
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Motivation
• In the Standard Model (SM), the

W-boson couples equally to τ, µ, e
Lepton-Flavor Universality (LFU)

• Semileptonic B decays are sensitive
to new physics beyond SM

• Ratio measurements provide
stringent LFU tests: branching
fractions, angular asymmetry

• Measurement of ratio leads to
partial cancellation of
theoretical and experimental
uncertainties

R(Xτ/ℓ) = B(B → Xτν)
B(B → Xℓν) ; ℓ = e, µ

Tension of R(D(∗)
τ/ℓ) with SM ∼ 3.1σ
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Kinematics at B-factories

Strategy for event tagging

Schematic Overview of
Full Event InterpretationFEI 3

multiplicity decay channels further complicate the re-
construction and require tight selection criteria.

Semileptonic tagging considers only semileptonic
B ! D`⌫ and B ! D⇤`⌫ decay channels [3, Section
7.4.2]. Due to the presence of a high-momentum lepton
these decay channels can be easily identified and the
semileptonic tagging usually yields a higher tag-side ef-
ficiency compared to hadronic tagging due to the large
semileptonic branching fractions. On the other hand,
the semileptonic tag will miss kinematic information
due to the neutrino in the final state of the decay.
Hence, the sample is not as pure as in the hadronic
case.

To conclude, the FEI provides a hadronic and semilep-
tonic tag for B± and B0 mesons. This enables the mea-
surement of exclusive decays with several neutrinos and
inclusive decays. In both cases the FEI provides an ex-
plicit tag-side decay chain with an associated probabil-
ity.

2 Method

The FEI algorithm follows a hierarchical approach with
six stages, visualized in Figure 2. Final-state parti-
cle candidates are constructed using the reconstructed
tracks and clusters, and combined to intermediate par-
ticles until the final B candidates are formed. The prob-
ability of each candidate to be correct is estimated by
a multivariate classifier. A multivariate classifier maps
a set of input features (e.g. the four-momentum or the
vertex position) to a real-valued output, which can be
interpreted as a probability estimate. The multivariate
classifiers are constructed by optimizing a loss-function
(e.g. the mis-classification rate) on Monte Carlo simu-
lated ⌥(4S) events and are described later in detail.

All steps in the algorithm are configurable. There-
fore, the decay channels used, the cuts employed, the
choice of the input features, and hyper-parameters of
the multivariate classifiers depend on the configuration.
A more detailed description of the algorithm and the
default configuration can be found in Keck [4] and in
the following we give a brief overview over the key as-
pects of the algorithm.

2.1 Combination of Candidates

Charged final-state particle candidates are created from
tracks assuming different particle hypotheses. Neutral
final-state particle candidates are created from clus-
ters and displaced vertices constructed by oppositely
charged tracks. Each candidate can be correct (sig-
nal) or wrong (background). For instance, a track used
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Fig. 2: Schematic overview of the FEI. The algorithm
operates on objects identified by the reconstruction
software of the Belle II detectors: charged tracks, neu-
tral clusters and displaced vertices. In six distinct
stages, these basics objects are interpreted as final-state
particles (e+, µ+, K+, ⇡+, K0

L, �) combined to form in-
termediate particles (J/ , ⇡0, K0

S, D, D⇤) and finally
form the tag-side B mesons.

to create a ⇡+ candidate can originate from a pion
traversing the detector (signal), from a kaon traversing
the detector (background) or originates from a random
combination of hits from beam-background (also back-
ground).

All candidates available at this stage are combined
to intermediate particle candidates in the subsequent
stages, until candidates for the desired B mesons are
created. Each intermediate particle has multiple possi-
ble decay channels, which can be used to create valid
candidates. For instance, a B� candidate can be created
by combining a D0 and a ⇡� candidate, or by combin-
ing a D0, a ⇡� and a ⇡0 candidate. The D0 candidate
could be created from a K� and a ⇡+, or from a K0

S

and a ⇡0.
The FEI reconstructs more than 100 explicit decay

channels, leading to O(10000) distinct decay chains.

2.2 Multivariate Classification

The FEI employs multivariate classifiers to estimate the
probability of each candidate to be correct, which can
be used to discriminate correctly identified candidates
from background. For each final-state particle and for
each decay channel of an intermediate particle, a mul-
tivariate classifier is trained which estimates the signal
probability that the candidate is correct. In order to
use all available information at each stage, a network

4.2. The Signal Selection Classifier 29

Figure 4.8.: The di�erence in event topology for resonant and non-resonant interactions in
the center-of-mass reference frame. (left) Continuum event. (right) �(4S) event.
In the case of a continuum event, the momenta are distributed back-to-back,
whereas in the case of the �(4S) event the B mesons, created in the decay of
the �(4S), are almost at rest. The momenta of the B meson decay products
are isotropically distributed. The di�erence in these two event topologies can
be quantified with e.g. the Cleo Cones. Figure adapted from [29].

There are several concepts to quantify the di�erence in the event shape of continuum events
and �(4S) decays, which can be used for a topological discrimination of the two. They are
discussed in [3] and briefly summarized in the following. Each event consists of a set of N

particles with momenta pi, with i œ {1, 2, . . . , N}.

Thrust

The thrust T is defined as as

T =
qN

i=1 |T · pi|qN

i=1 |pi|
, (4.5)

with the thrust axis T, which is defined as the unit vector along which the projection of
all momenta is maximal. The thrust takes values between 1/2 and 1 with a continuum
event corresponding to T æ 1 and an �(4S) event corresponding to T æ 1/2.

cos ◊B

The angle between the momentum of the reconstructed B meson and the beam
axis is cos ◊B and 1 ≠ cos2

◊B distributed. This distribution originates from the spin
1 æ 0 0 decay of the �(4S). For continuum events, the distribution is flat, because
the B-candidate is created from random combinations of tracks.

Cleo Cones

The Cleo Cones are defined along the thrust axis with opening angles of � œ

[◊, ◊ + 10] deg. The value of Cleo Cone i is the total momentum flow of all particles
within given cone i. For continuum events the momentum flow is clustered in the
Cleo Cones with small opening angles.

Fox Wolfram Moments

The Fox Wolfram moments describe the phase-space distribution of energy and

Event topology in Υ(4S) frame
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Test of lepton flavor universality with
measurements of R(D+) and R(D∗+) using
semileptonic B tagging at the Belle II experiment

R(D(∗)+
τ/ℓ ) = B(B → D(∗)+τν)

B(B → D(∗)+ℓν)
; ℓ = e, µ
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R(D(∗)): reconstruction
• First R

(
D(∗)) Belle II measurement

with semileptonic B tagging:
B0

tag → D(∗)ℓνℓ

• Neutral mode Υ(4S) → B0B̄0 is
studied

• Reconstruct B0
sig candidates in D+ℓ−

and D∗ℓ− final states not associated
with the Btag candidate

• τ decays identification from
τ− → ℓ−ν̄ℓντ

• D mesons reconstructed in multiple
hadronic decays on both sides: tag
side 26 decay modes, signal – 13

• Require cos θtag
BY ∈ [−1.75, 1.1] and

cos θsig
BY ∈ [−15, 1.1]

texttexttexttexttexttexttexttexttextte arXiv.2504.11220
texttexttexttexttexttexttexttexttextte submitted to PRD

DESY. 11

 —  semileptonic  tagging R(Dτ/ℓ) R(D*τ/ℓ) B
Reconstruction

• First  Belle II measurement using semileptonic  tagging. 

Reconstruct  and .                        

R(D(*)) B

Btag → Dℓνℓ Btag → D*ℓνℓ

B̄0
sig

B0
tag

D−

ℓ+ νℓ

ν̄τ

τ−D*+

D0 π+
slow

• Identify signal  decays from .τ τ− → ℓ−ν̄ℓντ

•  mesons reconstructed in multiple hadronic decays on both sides:  

    Tag side: 26 decay modes 
      
    Signal side: 13 decay modes

D

Tag side 

ℓ−

ντ

ν̄ℓ

Signal side 

• Reconstruct  candidates in  and  final states not 

associated with the  candidate.

Bsig D+ℓ− D*+ℓ−

Btag

• Require [-1.75, 1.1] and .cos θtag
BY ∈ cos θsig

BY ∈ [−15,1.1]

arXiv.2504.11220  
submitted to PRD

cos θBY = 2EBeam EY − m2
B − m2

Y
2 |⃗pB| |⃗pY|

,

Y = D(∗)ℓ
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R(D(∗)): analysis strategy

DESY.

Strategy

• BDT used to separate the events in 3 different types: 

1. Semitauonic signal events: . 

2. Semileptonic events:  and . 

3. Background events: continuum and .       

• BDT trained on five input variables: the most 

    discriminating variables are  and .  

• Each event is assigned a BDT score: . 

Define .

B → D(*)τν

B → D(*)ℓν B → D**ℓν

BB̄

cos θBY Eextra
ECL

zτ, zℓ, zbkg

zdiff = zℓ − zbkg zτ zτ

z d
iff

Good separation of all three event types. 12

z d
iff

arXiv.2504.11220  
submitted to PRD

B → D(*)τν B → D(*)ℓν

B → D**ℓν continuum and BB̄

 —  semileptonic  tagging R(Dτ/ℓ) R(D*τ/ℓ) B

Densities of four fit categories in (zdiff, zτ ) plane

BDT used to separate the events in
3 different types:

1. Semitauonic signal events:
B → D(∗)τν

2. Semileptonic events:
B → D(∗)ℓν and B → D∗∗ℓν

3. Background events:
continuum and BB̄

BDT trained on five input variables:
the most discriminating variables are
cos θBY and Eextra

ECL
Each event is assigned a BDT score:
zτ , zℓ, zbkg
Define zdiff = zℓ − zbkg
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R(D(∗)): results
- Extract signal and normalisation yields using a 2D binned likelihood fit of zτ

and zdiff
- The fit is performed over 4 separate channels: D+e−, D+µ−, D∗+e−, D∗+µ−

- 10 fit parameters: 2 for the signal, 2 for the normalisation and 6 for the
background

11

IX. CONCLUSIONS

We report measurements of the ratios R(D+) and
R(D∗+) and test the predictions of lepton-flavor-
universality of the SM. For this we analyzed a 365 fb−1

data sample, recorded by the Belle II experiment from
2019–2022. Signal events are selected by first recon-
structing the companion B meson in semileptonic modes
using a hierarchical approach. The signal side is ana-
lyzed using a multi-class multivariate approach, combin-
ing the discriminating power of five variables. The se-
lected events are analyzed using a likelihood fit and we
determine

R(D+) = 0.418± 0.074 (stat)± 0.051 (syst) ,

R(D∗+) = 0.306± 0.034 (stat)± 0.018 (syst) ,

consistent with the SM expectation within 1.7 standard
deviations. Figure 7 shows the 2D confidence intervals
(CI) and compares this result with the SM expectation
and the Belle II measurements Refs. [23, 24], which an-
alyzed an orthogonal data set. Further we present the
world average from Ref. [25] and find our results to be
consistent with it within 0.6 standard deviations. The
uncertainties on the measurements of the ratios are dom-
inated by statistical uncertainties and the largest system-
atic uncertainty is the limited simulated sample size used
to determine efficiencies, train the multi-class classifica-
tion algorithm, and determine template shapes.
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Tension between the LFU-sensitive
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(
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)
− R

(
D∗

τ/ℓ

)
and

SM predictions increases to 3.8σ

R
(
D∗+
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R
(
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e/µ

)
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Consistent with the SM within
1.6σ − 1.2σ
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Measurement of the ratio of partial branching
fraction of inclusive B̄ → Xuℓν̄ to B̄ → Xcℓν̄ and
the ratio of their spectra with hadronic tagging
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|Vub|/|Vcb|: reconstruction

lepton energy and momentum transfer squared dependent
efficiencies of the jM2

Missj selection. The number of
expected events in each bin of the enhanced sample is
then given by

Hi ¼ NData
E

"
ηSec.FakesE

NData
E

hSec.Fakesi;E þ ηqq̄E
NData

E
hqq̄i;E þ fXulν̄

E hXulν̄
i;E

þ
�
1 − fXulν̄

E − ηSec.FakesE þ ηqq̄E
NData

E

�
TiP
j Tj

#
; ð20Þ

where hXulν̄
i;E ; hqq̄i;E; h

Sec:Fakes
i;E are the fraction of events of the

B̄ → Xulν̄; qq̄, and secondary and fake lepton components
reconstructed in bin i, respectively, as determined by the
MC simulation. The total data yield is given by NData

E , and
ηqq̄E ; ηSec:FakesE are the expected yield of the continuum and
secondary and fake lepton component in the B̄ → Xulν̄
enhanced sample, respectively. The parameter fXulν̄

E is the
fraction of events assigned to the B̄ → Xulν̄ component
and is floated in the fit.
From the MC simulation we expect 7% of B̄ → Xulν̄

events to contaminate the B̄ → Xulν̄ depleted sample. To
reduce the dependence on the assumed B̄ → Xulν̄ branch-
ing fraction in MC we repeat the fit 20 times updating the
coefficient a as

a ¼ fXulν̄
E NData

E

ηXulν̄
E

; ð21Þ

on each iteration. Convergence is observed within 4
iterations. The result of the fit is shown in Fig. 4. The
fit yields NXulν̄ ¼ fXulν̄

E NData
E ¼ 5430� 450stat � 350syst

B̄ → Xulν̄ events with a χ2=ndf ¼ 15.1=14.

A. B̄ → Xclν̄ yield

To extract the B̄ → Xclν̄ yield we broaden our selection,
removing the D� veto and jM2

Missj requirements. The
secondary and fake lepton component is normalized
following the procedure established for the B̄ → Xulν̄
extraction sample. The fits are presented in Fig. 5 and
have χ2=ndf ¼ 24.1=9ð16.0=9Þ for the enhanced (depleted)
subsamples. These large χ2=ndf are dominated by the

contribution from the final bin in E
Bsig

l . To test the impact
of this mismodeling we repeat the whole procedure
removing the final bin from all four secondary and fake
lepton normalization fits, finding χ2=ndf ¼ 2.8=8ð3.4=8Þ
and 7.1=8ð14.0=8Þ for the enhanced (depleted) subsamples
of the B̄ → Xulν̄ and B̄ → Xclν̄ extraction samples,
respectively. The central value of ΔBðB̄ → Xulν̄Þ=
ΔBðB̄ → Xclν̄Þ shifts by þ0.5%. The reconstructed E

Bsig

l

FIG. 4. Fit to the q2∶ E
Bsig

l distribution. The four components are correctly reconstructed B̄ → Xulν̄ events (green), correctly
reconstructed B̄ → Xclν̄ events (purple), continuum events (blue), and events in which either a hadron has been misidentified as a
lepton or the lepton originates from a secondary decay (red).

M. HOHMANN et al. PHYS. REV. D 111, 092016 (2025)

092016-10

texttexttexttexttexttexttextte Phys.Rev.D 111,092016
Dataset and Tagging:
711 fb−1 Belle data
(772 × 106 BB̄ pairs) with
improved Belle II hadronic tagging
algorithm

– K+ and KS reconstruction for
tagging b → c decay

• N(K) > 0 signal depleted
sample for Xcℓν decays

• N(K) = 0 signal
enhanced sample to
extract signal yields

– Inclusive D∗ reconstruction for
b → c veto via soft pion and
high M2

misstext
1D fit to Eℓ in u-depleted sample to get NXcℓν

2D fit to Eℓ × q2 in u-enhanced sample to get NXuℓν
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|Vub|/|Vcb|: results
Unfolding B → Xuℓν and B → Xcℓν yields in ratio
with corrected efficiencies

|Vub|
|Vcb|

=

√
∆B (B → Xuℓv) ∆Γ (B → Xcℓv)
∆B (B → Xcℓv) ∆Γ (B → Xuℓv)

Theory decay rates:
∆ΓGGOU (B → Xuℓν) = 58.5+2.7

−2.3 ps−1

∆ΓBLNP (B → Xuℓν) = 61.5+6.4
−5.1 ps−1

∆ΓKin (B → Xcℓν) = 29.7 ± 1.2 ps−1

We measure

jVubjBLNP ¼ ð4.19� 0.18stat � 0.17syst � 0.22ΔΓðB̄→Xulν̄Þ
� 0.03ΔBex:ðB̄→Xclν̄ÞÞ × 10−3; ð42Þ

jVubjGGOU ¼ ð4.29� 0.18stat � 0.17syst � 0.10ΔΓðB̄→Xulν̄Þ

� 0.03ΔBexðB̄→Xclν̄ÞÞ × 10−3; ð43Þ

which are in excellent agreement with the inclusive world
average value.

VIII. UNFOLDING PROCEDURE

In addition to the ratio of partial branching fractions we
report the differential ratio of partial branching fractions in

q2 and E
Bsig

l to allow for future model-independent deter-
minations of jVubj=jVcbj. The ratio of differential branch-
ing fractions is extracted by unfolding individually the
B̄ → Xulν̄ and B̄ → Xclν̄ yields. The samples are pro-

jected into E
Bsig

l and q2 bins defined by the boundaries

B̄ → Xulν̄∶

E
Bsig

l ∶ ½1.0; 1.1; 1.2; 1.3; 1.4; 1.5; 1.6; 1.7;
1.8; 1.9; 2.0; 2.1; 2.2; 2.3; 2.7� GeV;

q2∶ ½0; 2; 4; 6; 8; 10; 12; 26� GeV2;

B̄ → Xclν̄∶

E
Bsig

l ∶ ½1.0; 1.1; 1.2; 1.3; 1.4; 1.5; 1.6; 1.7;
1.8; 1.9; 2.0; 2.1; 2.7� GeV;

q2∶ ½0; 2; 4; 6; 8; 10; 26� GeV2:

All components are normalized to their respective yields
during the B̄ → Xulν̄ and B̄ → Xclν̄ extraction described
in Sec. IV. No additional selection criteria are applied.
All backgrounds, including continuum, secondary and fake
leptons, and B̄ → Xclν̄, or B̄ → Xulν̄, respectively, for the
B̄ → Xulν̄ and B̄ → Xclν̄ unfolding are then subtracted.
For the B̄ → Xulν̄ unfolding the shape of the B̄ → Xclν̄
component is derived following Eq. (18). The statistical
and systematic uncertainties and correlations are estimated
following the description of Sec. V.
The four signal yields are unfolded using the singular

value decomposition (SVD) algorithm of Ref. [111] as
implemented in Refs. [112,113]. The regularization param-
eter has been tuned to minimize bias from the shape and
composition of the B̄ → Xulν̄ and B̄ → Xclν̄ modeling in

the nominal phase space. The unfolded yields are then
corrected for efficiency and combined to form the ratio of

partial branching fractions in the phase space E
Bsig

l >1GeV.
The efficiency-corrected yields of the final three bins in
lepton energy, and the final two bins in momentum transfer
squared, are summed before taking the ratio. Small biases

are observed in the unfolding of the B̄ → Xclν̄ E
Bsig

l
spectrum near the 1 GeV threshold. The full size of the
bias as estimated from MC simulations is taken as an
additional systematic uncertainty. The unfolded differential
ratios are presented in Fig. 7, the uncertainties are sum-
marized in Tables IV and V, and the global correlation
matrix in Table VI. The determination of the ratio of
partial branching fractions for a series of increasing
thresholds of lepton energy in the B meson rest frame
is provided in the Appendix.

FIG. 7. Unfolded ratios of partial branching fractions in the
phase space E

Bsig

l > 1 GeV. The simulated unfolded yields have
been scaled to the data yields before taking the ratio. The
uncertainty on the simulated bands includes all modeling un-
certainties discussed in Sec. V and the uncertainty due to the
limited size of the MC sample.

MEASUREMENT OF THE RATIO OF PARTIAL BRANCHING … PHYS. REV. D 111, 092016 (2025)

092016-15

Branching fraction for BLNP and GGOU:

|Vub|
|Vcb|

=
(

9.81 ± 0.42stat. ± 0.38syst. ± 0.51∆Γ(B→Xuℓv) ± 0.20∆Γ(B→Xcℓv)
)

× 10−2

|Vub|
|Vcb|

=
(

10.06 ± 0.43stat. ± 0.39syst. ± 0.23∆Γ(B→Xuℓv) ± 0.20∆Γ(B→Xcℓv)
)

× 10−2

-
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Measurement of inclusive B → Xuℓν partial
branching fractions and |Vub| at Belle II
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Vub: reconstruction
• Hadronic tagging + reconstructed e or µ

• Neutrino characterised as missing energy
• Hadronic system X characterised from

rest-of-event
Background suppression

– Continuum suppression via a NN using Event
Geometry variables

– Xcℓv suppression via a NN using the worse
reconstruction of B → Xcℓv decays and low
momentum π properties to reject B → D∗ℓv
decays + kaon veto

texttexttexttexttexttexttexttexttexttext To be submitted to PhysRev
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FIG. 8. Postfit signal region distributions for fit 1 (left), 2 (middle) and 3 (right). The EB
ℓ :q2 variable is flattened in bins of
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FIG. 9. Comparison between the three values of |Vub| ob-
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ical uncertainty.
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FIG. 2. B → Xcℓν suppression classifier output score. Simu-
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p-val(ROE) and a Qtot different than 0. The πs vari-575

ables allow the identification of events with a D∗ decay.576

The distributions of the nine input features and their577

ranking in terms of importance to the classification are578

shown in Appendix A. The optimal selection on the clas-579

sifier output score is chosen as the one which minimizes580

the ∆B(B → Xuℓν) total uncertainty as obtained from581

the nominal fit described in Section V. The output score582

is shown in Figure 2 and the optimal score is found to583

be 0.87. The B → Xcℓν suppression requirement re-584

jects 98% of B → Xcℓν events while retaining 25% of585

B → Xuℓν events.586587

F. Kinematic selections588

In addition to all the selections discussed so far, selec-589

tions on the three kinematic variables EB
ℓ , MX and q2590

can be used to further suppress background. Three sets591

of kinematic selections listed in Table II are considered.592

In the following, a selection of EB
ℓ > 1 GeV is applied to593

all samples, as it rejects a portion of phase space mainly594

populated by continuum and fake and secondary lepton595

events. Furthermore, a region where an MX < 1.7 GeV596

selection is applied is also explored. The mass of the597

lightest charm resonance – the D meson – being around598

1.8 GeV, this selection rejects very efficiently B → Xcℓν599

decays. Finally, since B → Xuℓν decays are expected600

to dominate at higher leptonic energies, a region with a601

q2 > 8 GeV2 selection, in addition to the EB
ℓ and MX602

selections, is also considered.603

604

The three signal regions therefore used to measure605

∆B(B → Xuℓν) are defined by applying all prese-606

lections, the continuum suppression, the B → Xcℓν607

suppression, and one of the three sets of kinematic608

selections. The signal phase-space acceptance (i.e. the609

covered fraction of the accessible B → Xuℓν phase-610

space) for the three sets of kinematic selections is given611

in Table II. Inclusive B → Xuℓν models are most reliable612

in the broadest phase-space region but the additional613

selections on MX and q2 increase the signal purity,614

further test the theoretical frameworks and compare615

their respective predictions.616

TABLE II. B → Xuℓν phase-space acceptance for the three
sets of kinematic selections used to define the signal regions.

Phase space selections Acceptance

EB
ℓ > 1.0 GeV 87%

EB
ℓ > 1.0 GeV

MX < 1.7 GeV 57%

EB
ℓ > 1.0 GeV

MX < 1.7 GeV 31%
q2 > 8 GeV2

617

618

IV. MODELING CORRECTIONS619

A. Continuum modeling corrections620

The modeling of continuum events is known to be621

poorly understood and it is therefore corrected using622

a data-driven approach. First, the total number of623

expected events is corrected by comparing the number624

of events in 40% of the off-resonance data and simulated625

data samples. The remaining 60% are used to test626

and validate the BDT described below. The correction627

factor is extracted independently for events in which628

a charged or neutral B meson candidate has been629

reconstructed and it is found to be 0.87 ± 0.02 and630

0.94 ± 0.03, respectively, where the uncertainties are631

statistical (uncertainties on these factors are derived as632

described in Section VE9).633

634

In a second step, a BDT with a maximum tree635

depth of five is trained to distinguish between ex-636

perimental and simulated off-resonance data using 30637

variables describing the event shape (see Section III C).638

In addition, the transverse energy and the missing mass639

squared are included in the BDT input features. The640

BDT is trained on the off-resonance sample from which641

the normalisation correction factors are extracted. The642

remainder of the sample is split into a validation sample643

(10% of the full sample) and a test sample (50%). The644

Analysis based on available kinematic constants:
3 main kinematical variables to suppress Xcℓv :

1. Eℓ(B) - lepton energy (in Bsig rest-frame)
2. MX - mass of hadronic system
3. q2 - lepton neutrino system 4-momentum

squared
Binned template fit with 3 components: Xuℓν,
Xcℓν – main background, others backgrounds –
fake/secondary leptons + continuum

Simultaneous Fit with the control sample, to correct
the shape of the Xcℓv background
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Vub: results

Signal Extraction Strategy
• Binned template fit with pyhf, cabinetry

• Constrained source-wise nuisance parameters
• Parameter of interest (POI): signal strength

• 3 templates:
1. Xuℓν template: signal events that pass the

considered phase-space cuts on reconstruction
and generator level

2. Main background: B→Xcℓν
3. Other backgrounds (fake/secondary leptons +

continuum)
• Simultaneous Fit with the control sample, to correct

the shape of the Xcℓν background Phase Space Fit Variables

𝐸ℓ
𝐵 > 1 𝐺𝑒𝑉 𝐸ℓ

𝐵: 𝑞2

𝐸ℓ
𝐵 > 1 𝐺𝑒𝑉

𝑀𝑋 < 1.7 𝐺𝑒𝑉
𝐸ℓ

𝐵: 𝑞2

𝐸ℓ
𝐵 > 1 𝐺𝑒𝑉

𝑀𝑋 < 1.7 𝐺𝑒𝑉
𝑞2 > 8 𝐺𝑒𝑉2

𝐸ℓ
𝐵

3 Different Fits in the 3 
different phase spaces to 
extract the signal strength, 
and then determine Vub

3 different fits in the 3 different phase spaces to
extract the signal strength
For broadest phase-space region with most reliable
theoretical prediction:
∆B (B → Xuℓv) = (1.54 ± 0.08 ± 0.12) × 10−3

The obtained value of |Vub| using a partial decay rate
predicted by the GGOU framework is

|Vub| =
(

4.01 ± 0.11 ± 0.16+0.09
−0.07

)
× 10−3
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FIG. 8. Postfit signal region distributions for fit 1 (left), 2 (middle) and 3 (right). The EB
ℓ :q2 variable is flattened in bins of

EB
ℓ (in GeV) and q2. The control region postfit distributions are not shown as the data/MC agreement is almost perfect.
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FIG. 9. Comparison between the three values of |Vub| ob-
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B → πℓν average, the inner error bars represent the theoret-
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Measurement is competitive with other measurements
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Determination of |Vcb| using B → Dℓνℓ Decays
at Belle II
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Vcb: reconstruction
– Candidate B → Dℓν formed

from ℓ(e, µ) and
D (→ Kπ, → Kππ )

– Reduce experimental
uncertainties due to isospin
symmetry and separate analysis
of B0 and B+ decays

– Inclusive reconstruction of
neutrino momentum

texttexttexttexttexttexttexttexttexttexttexttexttex arXiv.2506.15256
texttexttexttexttexttexttexttexttexttexttexttexttex submitted to PRD

Introduction

● Event classification
○ Selected events ➝ 1 signal + 4 backgrounds (see plot)
○ Signal and backgrounds are well separated in cos𝜃BY .

■ [-1, 1] if missing only 1 particle

● MC distributions are corrected with control samples

○ B ➝ D* (➝ D𝜋slow) 𝜋 ; B ➝ K* J/𝜓 (➝ ℓℓ)
○ Inverted D* veto sample
○ B ➝ D±ℓ± wrong charge sample
○ D mass sidebands
○ Off resonance collision sample

9

B ➝ Dℓ𝜈
Analysis based on available kinematic constants:

cos θBY = 2EBeam EY − m2
B − m2

Y
2 |⃗pB| |⃗pY|

w = m2
B + m2

D − q2

2mBmD

Backgrounds: B → D∗ℓv; continuum events
e+e− → qq̄, (q = u, d, s, c)
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Vcb: results

Branching fractions of each mode measured with fit
on cos θBY in bins of w

– B
(

B0 → D−ℓ+νℓ

)
=

(2.06 ± 0.05(stat.) ± 0.10(sys.))%
– B

(
B+ → D̄0ℓ+νℓ

)
=

(2.31 ± 0.04(stat.) ± 0.09(sys.))%
Fit differential decay rates using
Bourrely-Caprini-Lellouch (BCL) form factor
parameterization: |Vcb|BCL =
(39.2 ± 0.4stat. ± 0.6sys. ± 0.5th.) × 10−3

Most precise measurement with B → Dℓνℓ data

11
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1015  G
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Belle II Preliminary Ldt= 365 fb 1
EW|Vcb| × 103 = 39.4 ± 0.82/ndf = 9.7/9123BCL (N = 3)Data

Figure 3. Form factor resulting from the fit described in
Sec. VA compared to the measurement of ∆Γi/∆w (Table II).
The uncertainty on ηEW|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 coefficients. From the fit
we obtain

ηEW|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 χ2 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 ∆Γi/∆w spectrum averaged
over the four modes to perform a fit to the differential
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 ηEWG(1)|Vcb| and the
form factor slope parameter ρ2. This is a least-squares
fit with the χ2 function

χ2 =
∑
i,j

(
∆Γi

∆w
− ∆Γi,CLN

∆w

)
C−1

ij

(
∆Γj

∆w
− ∆Γj,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∗ℓν form factor 0.1
B(B → Xcℓν) 0.3
B(D → Kπ(π)) 0.5
Tracking efficiency 0.5
NΥ(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 χ2 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 ∆Γi/∆w are the measured values from Table II
and ∆Γi,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

ηEWG(1)|Vcb| = (40.9± 1.4)× 10−3 , (25)

ρ2 = 1.09± 0.06 , (26)

with a correlation ρηEWG(1)|Vcb|,ρ2 = 0.89. The uncer-
tainties and the correlation coefficient include only ex-
perimental contributions. The χ2 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 ηEWG(1)|Vcb| and ρ2 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. VA
as our central value.

VI. SUMMARY

We reconstruct about 87 000 B0 → D−ℓ+νℓ decays
and about 136 000 B+ → D̄0ℓ+νℓ decays in 365 fb−1 of
e+e− → Υ(4S) → BB̄ data recorded with the Belle II
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Conclusion

• Study of semileptonic decays is an important way to constraint
and check SM parameters

• Many semileptonic B decay results from Belle (II)
– R(D(∗)) LFU tests consistent with SM
– Long-standing |Vxb| puzzle still remains

• Urge for futher analysis
• Belle II starts new data taking in November 2025
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Additional slides
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Vcb: charged mode reconstruction
6
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Figure 1. Distribution of cos θBY after signal selection shown separately for the charged and neutral modes and electron and
muon events. The Belle II data are the points with error bars. The stacked histograms show the expected distributions prior to
the fit, normalized to the luminosity and after applying the corrections described in Sec. IIID. Sec. III E describes the different
components. The hatched area represents the statistical and systematic uncertainties of the simulated samples. The panels at
the bottom of each distribution show the difference between data and simulation divided by the combined uncertainty.

both B → D and B → D∗ templates; (2) the signal
templates contain tails that migrate into neighbouring
bins of w, and therefore, varying the input distribution
affects the magnitude of the bin-to-bin migrations.

To propagate these effects into the fit, the covariance
matrices of the B → D and B → D∗ form factors in
Refs. [5, 23] are decomposed into their eigendirections.
A nuisance parameter is assigned to every eigencompo-
nent and constrained to vary within the corresponding
uncertainty. Variations of the B → Dℓνℓ form factor are
fully correlated over all signal templates, while variations
of the B → D∗ℓνℓ parameters simultaneously affect all
feed-down background templates. There are 8 (5) pa-
rameters for the Dℓνℓ (D∗ℓνℓ) form factor shapes.

3. Xcℓνℓ model

Exclusive semileptonic B decay modes other than B →
D(∗)ℓνℓ are adjusted to their measured branching frac-
tions [10] and allowed to vary within their experimen-

tal uncertainty. Unmeasured modes (B → Dηℓνℓ and
B → D∗ηℓνℓ) are added to fill the gap to the inclusive
semileptonic B decay rate in equal parts and are allowed
to vary in the fit with a 100% uncertainty. In total, 24
nuisance parameters are used to account for systematic
variations of the Xcℓνℓ model.

4. D meson branching fractions

The D0 → K−π+ and the D+ → K−π+π+ branching
fractions are re-scaled to the latest world average values
and allowed to vary within their respective uncertain-
ties [10] (two parameters).

5. Charged particle tracking

Differences between track finding efficiencies in data
and simulation for tracks above 300 MeV are determined
in e+e− → τ+τ− events, in which one τ lepton decays
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