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For X
q
 = 𝜋, D… 

Form factors
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Semileptonic decays
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For X
q
 = 𝜌, D*… 

Form factors for decays with vector mesons
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Semileptonic decays

55

CKM constraints
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Semileptonic decays: inclusive/exclusive tension
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Semileptonic decays: R(D*)
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Belle and Belle II: integrated luminosity
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+ 20 years

SuperKEKB

Recorded: ~420 fb-1

Current results: 189 fb-1

Target: 50 ab-1 by ~2035

In long shutdown 
until ~2023/10

Now
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Analyses

Featured recent analyses
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Untagged |V
ub

| at Belle II [ICHEP 2022]

Untagged |V
cb

| at Belle II [ICHEP 2022]

q2 moments in inclusive X
c
 decays at Belle [PRD 104, 112011 (2021)]

R(X
e/μ) at Belle II [ICHEP 2022]

Tagged |V
ub

| at Belle II [Moriond 2022]

Tagged |V
cb

| at Belle II [Moriond 2022]

q2 moments in inclusive X
c
 decays at Belle II [Submitted to PRD 2022]

Tagged X
u
 partial branching fractions at Belle [PRD 104, 012008 (2021), PRL 127, 261801 (2021)]
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Other recent analyses

https://agenda.infn.it/event/28874/contributions/169307/
https://agenda.infn.it/event/28874/contributions/169307/
https://doi.org/10.1103/PhysRevD.104.112011
https://agenda.infn.it/event/28874/contributions/169348/
https://arxiv.org/pdf/2207.05486.pdf
https://arxiv.org/pdf/2207.05486.pdf
https://arxiv.org/abs/2205.06372
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.012008
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.127.261801


10

Analyses

Featured recent analyses
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Untagged |V
ub
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Untagged |V
cb

| at Belle II [ICHEP 2022]

q2 moments in inclusive X
c
 decays at Belle [PRD 104, 112011 (2021)]

R(X
e/μ) at Belle II [ICHEP 2022]
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https://agenda.infn.it/event/28874/contributions/169307/
https://agenda.infn.it/event/28874/contributions/169307/
https://doi.org/10.1103/PhysRevD.104.112011
https://agenda.infn.it/event/28874/contributions/169348/
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Untagged |V
ub

| at Belle II

Reconstruction: untagged B→𝜋ℓ𝜈

1111

Tag-side B meson
● No reconstruction or 

selections

ℓ

π

Signal lepton:
● 1 GeV < p*

ℓ < 3.2 GeV 
● High electron/muon 

likelihood (>0.9)

Pion:
● Basic track quality
● Loose pion likelihood 

requirement (>0.1)

Full event
Basic event shape selection
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Untagged |V
ub

| at Belle II

Reconstruction and selections

1212

q2 estimation

● q2 = (p
B
 − p𝜋)2

● p
B
 is not known (untagged); estimated with 

new method and errors in q2 corrected

Background reduction 

Boosted Decision Trees trained on kinematic variables, 

independently in each channel and q2 bin:

● Other BB events

● Continuum

● Two-photon processes [ee𝜏𝜏]

Rest of event: p
ROE

p
tag miss

p
Y
=p

h
+pℓ

Choose p
B
 as weighted 

mean with weights:

|p
B

| =
 3

31
 M

eV

𝜃
BY

p
miss
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Untagged |V
ub

| at Belle II

Signal extraction: binned 2D fit

1313

Perfectly reconstructed 
B meson

Signal Background

Fit region

Independent fits in 6 q2 
bins each for e, μ 
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Untagged |V
ub

| at Belle II

Combined results
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e-μ combined |V
ub

| fit

● χ2 fit of averaged q2 spectrum 

● Free: |V
ub

| and 8 FF parameters (BCL)

● Lattice QCD constraints 

(Fermilab/MILC) included as nuisance 

parameters (mostly constrain high-q2)

● Consistent with HFLAV world average; 
uncertainty about 60% higher 

● Imminent >2x lumi. update will 

decrease statistical uncertainty and 

systematic uncertainty (off-resonance 

statistics are a major source)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.013008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.014024
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring21/main.shtml
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Featured recent analyses
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Untagged |V
ub

| at Belle II [ICHEP 2022]

Untagged |V
cb

| at Belle II [ICHEP 2022]

q2 moments in inclusive X
c
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https://agenda.infn.it/event/28874/contributions/169307/
https://agenda.infn.it/event/28874/contributions/169307/
https://doi.org/10.1103/PhysRevD.104.112011
https://agenda.infn.it/event/28874/contributions/169348/


16

Untagged |V
cb

| at Belle II

Reconstruction: untagged B→Dℓ𝜈

1616

ℓ

Signal lepton:
● p*

ℓ > 0.6 GeV 
● Loose electron/muon 

likelihood

D meson:
● Reconstructed in K𝜋 

and K𝜋𝜋 modes
● Tight invariant mass 

selections

Full event
Basic event shape and 
kinematics selections

D

K π
Tag-side B meson
● No reconstruction or 

selections

Signal Kaons/pions:
● p

K
> 0.5 GeV

● Loose likelihoods

Signal B candidate:
● Active D* veto
● High-probability vertex fit

π
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Untagged |V
cb

| at Belle II

Extraction of signal

1717

1D fit to 

● (one of four channels shown)

● Correctly reconstructed signal in ~[−1,1]

● Main background is D*: only differs by missing 

low-momentum pion
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Untagged |V
cb

| at Belle II

Results

1818

Extraction analogous to before

● BGL FF parameterization vs. q2 → w

● Fit differential BF fit with lattice constraints

Fit results

● Competitive and compatible with world average

● Uncertainty about evenly split between statistics 

and systematics (largely X
c
 modeling)

w
min

: zero 
recoil 

w
max

 

An electroweak correction ≃1

http://arxiv.org/abs/hep-ph/9412324
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Summary of Belle II |Vxb|
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Tagged Belle II |Vcb| and |Vub|

https://arxiv.org/pdf/2207.05486.pdf
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https://agenda.infn.it/event/28874/contributions/169307/
https://agenda.infn.it/event/28874/contributions/169307/
https://doi.org/10.1103/PhysRevD.104.112011
https://agenda.infn.it/event/28874/contributions/169348/
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Inclusive X
c
 q2 moments at Belle

Extracting inclusive |Vcb| from B → Xcℓ𝜈

2121

Traditional approach

● Independent theory treatment from exclusive |V
cb

|

● Use Heavy Quark Expansions [HQE] in a combined series of 𝛼
s
(m

b
) and Λ

QCD
/m

b

● |V
cb

| determined by combined fits of total BF and spectral moments (pℓ, MX
)

● Above 𝒪(1/m
b

3), a proliferation of parameters hinders full extraction of |V
cb

| from data

New approach

● Use reparameterization invariance to reduce number of parameters at 𝒪(1/m
b

4) from 13 to 8

● Determination of parameters via measurements of the q2 moments: <q2>,  <q4>,  <q6>... over a set of 

q2 threshold selections

https://link.springer.com/content/pdf/10.1007/JHEP02(2019)177.pdf
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Inclusive X
c
 q2 moments at Belle

Reconstruction: hadronically tagged B→Xcℓ𝜈

2222

Tag-side B meson
● Fully reconstructed 

(hadronic modes)
● Best tag selected by classifier 

value

ℓ

X
c

Signal lepton:
● Exactly one lepton 

with high electron or 
muon likelihood

X
c
 system:
● Everything else in the 

event…
● …passing quality 

criteria

Full event
Shape variables used to reduce 
continuum background with 
machine learning
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Inclusive X
c
 q2 moments at Belle

Analysis

2323

Background subtraction

1. Fit M
X
 to determine number of signal and 

background events…
2. …then fit polynomial to signal probability vs. q2 for 

unbinned background subtraction

Calibration and corrections

● q2 distribution distorted by reconstruction and 

selections

● Multi-step calibration corrects linear 

reconstruction errors plus residual bias

● Acceptance and selection corrections derived for 

each q2 threshold and <q2> order
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Inclusive X
c
 q2 moments at Belle

Results

2424

Moments

● Moments <q2>, <q4>, <q6> and <q8> measured for 

15 q2 thresholds

● All moments compatible with lepton flavor 

universality

Interpretation

● Combined |V
cb

| from Belle and Belle II q2 moments

● High precision determination consistent with 

previous inclusive results → uncertainties in 

inclusive |V
cb

| are under control

● Exclusive/inclusive tension remains

〈q6〉

https://arxiv.org/pdf/2205.10274.pdf
https://arxiv.org/abs/2205.06372
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https://agenda.infn.it/event/28874/contributions/169307/
https://agenda.infn.it/event/28874/contributions/169307/
https://doi.org/10.1103/PhysRevD.104.112011
https://agenda.infn.it/event/28874/contributions/169348/
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R(X
e/μ) at Belle II

Light lepton universality in semileptonic decays

2626

Tagged, inclusive analysis

● Inclusive cross-check of R(D(*)) tension is critical:

● No measurements from Belle or BaBar: modeling 

of B → Xℓ𝜈 and X → ⋯ is difficult

● This result: first step toward R(X)—LFU test using 

light leptons:
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R(X
e/μ) at Belle II

Reconstruction: hadronically tagged B→Xℓ𝜈

2727

Tag-side B meson
● Fully reconstructed 

(hadronic FEI)
● Tight tag quality selections

ℓ

X

Signal lepton:
● p*

ℓ > 1.3 GeV
● High electron or muon 

likelihood

X system:
● Everything else in the 

event…
● …passing quality 

criteria

Full event
Shape variables used to reduce 
continuum background with 
machine learning



28

R(X
e/μ) at Belle II

2828

Extraction variable: pℓ*

Constrained by 
sideband/off-resonance
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R(X
e/μ) at Belle II

Results

2929

Summary

● Most precise BF-based LFU test with semileptonic B decays to date

● In agreement with SM value of 1.006 ± 0.001 within 1.2σ 

● Compatible within 0.6σ with exclusive Belle measurement R(D*
e/μ) = 1.01 ± 0.01 ± 0.03 

The next steps

● Uncertainty dominated by lepton ID systematic—should improve over time

● Treatment of X
c
ℓ𝜈 modeling variations paves way to R(X): expected sensitivity 10-20% with 

current dataset

Measured above 1.3 GeV and extrapolated to full momentum range

https://arxiv.org/abs/2207.03432
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052007
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Summary

Summary

30

Current public results

● Belle II: competitive |V
ub

| and |V
cb

| measurements with 189 fb−1

● Belle: novel new measurements with existing dataset

Several exciting results upcoming:

● Soon: B → D*ℓ𝜈 differential distributions at Belle [teased at ICHEP 2022]

● Soon: tagged B → D*ℓ𝜈 forward-backward asymmetry at Belle II

● Soon: first R(D*) results from Belle II

● 420 fb−1
 
updates of current results

● …and more!

30

https://agenda.infn.it/event/28874/contributions/169334/attachments/94463/129455/2022_07_08_ICHEP_Belle.pdf


Thank you!
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B factories

3232

ℓ

h



33333333

Belle and Belle II

Central beam pipe: diameter 3cm → 2cm 
(Beryllium)

Vertexing: 4 double-sided layers of silicon strips  → 2 
layers of pixels + 4 double-sided strips

Tracking: drift chamber → drift chamber with smaller 
cells, longer lever arm, faster electronics

PID: time-of-flight (barrel), threshold Cherenkov 
aerogel → time-of-propagation (barrel), proximity 
focusing aerogel (endcap) 

EM calorimetry: CsI → same crystals upgrade of 
electronics and processing with legacy CsI(Tl) crystals

K
L
 and 𝜇:  scintillators replace RPCs (endcap and 

inner two layers of barrel)

Belle → Belle II



34

Reconstruction

3434

Untagged

ℓ

h

Tag-side reconstruction
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Reconstruction

3535

ℓ

h

Exclusive
Full reconstruction of 
hadron in specific decay(s) 

Inclusive
B → hℓ𝜈 without explicit 
reconstruction of hUntagged

Different theory treatment + 
different analysis techniques → 
complementary approaches
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Untagged |V
ub

| at Belle II

Postfit distributions

3636
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Untagged |V
cb

| at Belle II

Further results

3737

Differential rate in w

● Use BGL FF parameterization

○ Model-independent parameterization based 

on QCD dispersion relations: f
+
(z), f

0
(z)

○ Truncate expansion at third order

● Combined 𝜒2 fit includes lattice constraints on f
+
(z), 

f
0
(z) at specific z from Fermilab/MILC and HPQCD

http://arxiv.org/abs/hep-ph/9412324
https://arxiv.org/abs/1505.03925
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R(X
e/μ) at Belle II

Fitting

3838

2x1D simultaneous fit of e and μ

● Fakes/secondaries constrained by fit to 

wrong-charge sideband

● Continuum constrained by off-resonance data

● Shape and normalization variations included in 

bin-level nuisance parameters:

○ X
c
ℓ𝜈 modeling [BFs and FFs] 

○ Data-driven lepton ID and efficiency 

○ …

Prefit 


