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Semileptonic B decays



Motivations of Semileptonic B decays

Lepton-Flavor Universality tests

• In 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, etc.

✓ Normalization (|𝑉𝑥𝑏|) cancels
✓ Part of theoretical, experimental uncertainties cancels

𝑅 𝐻𝜏/ℓ =
𝐵 𝐵 → 𝐻𝜏𝜈

𝐵(𝐵 → 𝐻ℓ𝜈)
𝐻 = 𝐷(∗), 𝑋, 𝜋, …

ℓ = 𝑒, 𝜇 

Tension of 𝑅 𝐷𝜏/ℓ
(∗)

 with SM ~3σ



Motivations of Semileptonic B decays

SM Precision Measurements

• |𝑉𝑢𝑏| and |𝑉𝑐𝑏| important to constrain CKM Unitarity
• Precisely measured with semileptonic B decays

Longstanding tension 
between exclusive and 
inclusive determinations



Motivations of Semileptonic B decays

Electroweak Penguins

• Flavor-changing neutral currents are not possible at tree level in the Standard Model (SM)
• Branching fractions predicted in the range 10-7-10-4 with 5-30% uncertainties (dominated by soft 

QCD effects).
• Highly sensitive to potential non-SM contributions.

Standard Model 
Feynman diagram of 
Penguins with missing 

energy



Belle II and SuperKEKB



Belle II and SuperKEKB

Belle II
• Nearly 4𝜋 detector coverage
• Tracking, PID and photon reconstruction                                                    

capabilities
• Similar performance for electrons and muons
• Well-suited to measure decays with missing energy, 𝜋0 in the 

final state, inclusive measurement

SuperKEKB
• 𝑒+𝑒− collider with energies 4 GeV 

and 7 GeV operating around Υ 4𝑆   
resonance.

• Achieved world-record peak 
Luminosity of 𝐿 = 4.7 × 1034𝑐𝑚−2𝑠−1



SM Precision Measurements



|𝑽𝒖𝒃| from 𝑩𝟎 → 𝝅−ℓ+𝝂 and 𝑩+ → 𝝆𝟎ℓ+𝝂
• Full Belle II Run1 dataset of 364 fb-1, untagged
• Non-resonant 𝑒+𝑒− interactions and 𝐵 background suppressed using BDTs
• Signal yields extracted from 2 kinematic variables in bins of 𝑞2

simultaneously for 𝜋𝑙𝜈 and 𝜌𝑙𝜈 mode → 13 + 10 × 4 × 5 bins

𝑀𝑏𝑐𝑐2 = 𝐸𝑏𝑒𝑎𝑚
∗2 − 𝑐2 𝑝𝐵

∗
2

Δ𝐸 = 𝐸𝐵
∗ − 𝐸𝑏𝑒𝑎𝑚

∗

ℬ 𝐵0 → 𝜋−𝑙+𝜈𝑙 = 1.516 ± 0.042 𝑠𝑡𝑎𝑡 ± 0.059 𝑠𝑦𝑠 × 10−4

ℬ 𝐵+ → 𝜌0𝑙+𝜈𝑙 = 1.625 ± 0.079 𝑠𝑡𝑎𝑡 ± 0.180 𝑠𝑦𝑠 × 10−4 Consistent with PDG



|𝑽𝒖𝒃| from 𝑩𝟎 → 𝝅−ℓ+𝝂 and 𝑩+ → 𝝆𝟎ℓ+𝝂
|𝑉𝑢𝑏| extracted separately from 𝜋𝑙𝜈 and 𝜌𝑙𝜈 mode using 
𝜒2 fits to the measured 𝑞2 spectra 

𝐵0 → 𝜋−𝑙+𝜈𝑙: 𝑽𝒖𝒃 = 𝟑. 𝟗𝟑 ± 𝟎. 𝟎𝟗(𝒔𝒕𝒂𝒕) ± 𝟎. 𝟏𝟑(𝒔𝒚𝒔) ± 𝟎. 𝟏𝟗(𝒕𝒉𝒆𝒐) × 𝟏𝟎−𝟑 LQCD constraints

𝑽𝒖𝒃 = 𝟑. 𝟕𝟑 ± 𝟎. 𝟎𝟕(𝒔𝒕𝒂𝒕) ± 𝟎. 𝟎𝟕(𝒔𝒚𝒔) ± 𝟎. 𝟏𝟔(𝒕𝒉𝒆𝒐) × 𝟏𝟎−𝟑 LQCD+LCSR constraints

𝐵+ → 𝜌0𝑙+𝜈𝑙 : 𝑽𝒖𝒃 = 𝟑. 𝟏𝟗 ± 𝟎. 𝟏𝟐(𝒔𝒕𝒂𝒕) ± 𝟎. 𝟏𝟕(𝒔𝒚𝒔) ± 𝟎. 𝟐𝟔(𝒕𝒉𝒆𝒐) × 𝟏𝟎−𝟑 LCSR constraints

Form-factor coefficients:
BCL

BCL for 𝐵0 → 𝜋−𝑙+𝜈𝑙
BSZ

BSZ for 𝐵+ → 𝜌0𝑙+𝜈𝑙𝜒2 = ෍

𝑖,𝑗=1

𝑁

Δ𝐵𝑖 − ΔΓ𝑖𝜏 𝐶𝑖𝑗
−1 Δ𝐵𝑗 − ΔΓ𝑗𝜏 + ෍

𝑚

𝜒𝑇ℎ𝑒𝑜𝑟𝑦,𝑚
2

Belle II 
Preliminary

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.013008
https://link.springer.com/article/10.1007/JHEP08(2016)098


Comparison with HFLAV averages

• Reducing the tension with |𝑉𝑢𝑏| 
inclusive

• Still large uncertainty

arxiv:2407.17403

𝑩𝟎 → 𝝅−𝒍+𝝂𝒍 :
𝟑. 𝟗𝟑 ± 𝟎. 𝟏𝟗 × 𝟏𝟎−𝟑

𝟑. 𝟕𝟑 ± 𝟎. 𝟏𝟔 × 𝟏𝟎−𝟑

𝑩+ → 𝝆𝟎𝒍+𝝂𝒍:
𝟑. 𝟏𝟗 ± 𝟎. 𝟑𝟑 × 𝟏𝟎−𝟑

Last HFLAV averages with the BelleII measurements

https://arxiv.org/abs/2407.17403


Lepton Flavor Universality tests



Measurement of 𝑹(𝑫𝝉/ℓ
∗ )

• Dataset Luminosity: 𝐿 = 189/𝑓𝑏

• Hadronic decay of the 𝐵𝑡𝑎𝑔.

• Reconstruct τ and light lepton decays into the same final state 
particles to cancel many systematic uncertainties.

• Reconstruct the 𝐷∗ in the following channels: 𝐷∗ → 𝐷0𝜋/𝐷𝜋0- 
𝐷∗0 → 𝐷0𝜋0.

• Rest of the event: no good quality tracks, no 𝜋0 candidates. The 
sum of all the neutral extra clusters energy is called 𝐸𝐸𝐶𝐿 .

• The main challenges are the separation between the 𝜏 3𝜈 and 
ℓ 1𝜈  final states and the poorly understood 𝐵 → 𝐷∗∗ℓ𝜈 
backgrounds.

𝑅 𝐷𝜏/ℓ
∗ =

𝐵 𝐵 → 𝐷∗𝜏𝜈

𝐵(𝐵 → 𝐷∗ℓ𝜈)



Signal extraction

Two-dimensional binned likelihood fit to
• 𝐸𝐸𝐶𝐿: energy from neutral clusters remaining in the calorimeter after removing 

all reconstructed particles
• missing mass of the event

Peaked around 𝐸𝐸𝐶𝐿 = 0 

and 𝑀𝑚𝑖𝑠𝑠
2 ≈ 3 𝐺𝑒𝑉2

Peaked around 𝐸𝐸𝐶𝐿 = 0 

and 𝑀𝑚𝑖𝑠𝑠
2 = 0

Comparable sensitivities 
between 𝐵+ and 𝐵0 

Higher 𝐸𝐸𝐶𝐿 and 𝑀𝑚𝑖𝑠𝑠
2 : 

daughters of 𝐷∗∗



Results

Lepton Photon 2023

[Snowmass White Paper: 2207.06307]

[Snowmass White Paper: 2207.06307]

• Main systematics: MC statistics, shape of 𝐸𝐸𝐶𝐿

• Consistent with SM and HFLAV
• Previous version presented at Lepton Photon 2023
• Minor updates applied

In the future:
• Update of the measurement with 364/fb in progress
• Belle II will provide the most precise experimental information to

resolve the 𝑅(𝐷) and 𝑅(𝐷∗) anomalies [Snowmass White Paper:
2207.06307]

Belle II preliminary result

𝑅 𝐷𝜏/ℓ
∗ = 0.262−0.039

+0.041 𝑠𝑡𝑎𝑡 −0.032
+0.035(𝑠𝑦𝑠)

arXiv:2401.02840

https://indico.cern.ch/event/1114856/contributions/5423684/attachments/2685890/4660084/2023-07-04_LP2023_KojimaFinalVer2_main.pdf
https://arxiv.org/abs/2207.06307
https://arxiv.org/abs/2207.06307
https://arxiv.org/abs/2401.02840


Electroweak Penguins



Measurement of 𝑩+ → 𝑲+𝝂𝝂
• Dataset Luminosity: 𝐿 = 362/𝑓𝑏
• The final analysis is the combination of 2 measurements:

1. ITA: Innovative Method, more sensitive.
2. HTA: Hadronic Tag Analysis (Conventional way, cross check for

the inclusive analysis)

Focus on the Inclusive Tag: Two consecutive classifiers with signal 
kaon (the one with the lowest 𝑞2), event shape and Rest of Event 
information

Final observables: 𝒒𝒓𝒆𝒄
𝟐 in bins of the second classifier (BDT)

𝒒𝟐 =
𝒔

𝟒𝒄𝟒
+ 𝐌𝐊

𝟐 −
𝒔𝑬𝑲

∗

𝒄𝟒

ITA: Inclusive Tag Analysis (Untagged analysis)



Control Sample studies

Signal Efficiency Validation: 𝐵 → 𝐽/𝜓K sample, removing 𝐽/𝜓
and correcting 𝐾+ kinematics 

Background Validation:
• 𝑞𝑞: off-resonance data
• Undetected 𝐾𝐿 in ECL can mimic neutrinos:

• 𝐾𝐿 efficiency: 𝑒+𝑒− → 𝛾𝜙 → 𝐾𝐿𝐾𝑆

• Corrections for 𝐵+ → 𝐾+𝐾𝐿𝐾𝐿 background from 𝐵+ →

𝐾+𝐾𝑆𝐾𝑆

• 𝐵 → 𝑋𝑐 𝐾𝐿𝑋 𝐾 corrected using a pion enriched sample

Closure validation measuring:
𝐵 𝐵+ → 𝜋+𝐾0 = 2.5 ± 0.5 × 10−5

Compatible with PDG 2.38 ± 0.08 × 10−5



Evidence for 𝑩+ → 𝑲+𝝂𝝂
ITA HTA

Excess Significance: 1.1σExcess Significance: 3.5σ
0.6σ SM deviation2.9σ SM deviation

PhysRevD.109.112006

PhysRevD.109.112006

Combination
ITA and HTA compatibility: 1.2σ

𝐵𝑅(𝐵+ → 𝐾+𝜈𝜈) = 2.3 ± 0.5 𝑠𝑡𝑎𝑡 −0.4
+0.5(𝑠𝑦𝑠) × 10−5

Excess Significance: 3.5σ
SM Deviation: 2.7σ

𝐵𝑅 = 2.4 ± 0.5 ± 0.5 × 10−5 𝐵𝑅 = 1.1−0.8−0.5
+0.9+0.8 × 10−5

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112006


Conclusions

Belle II at SuperKEKB: rich and diversified physics 
program to probe new physics in an indirect way

Few highlights presented today, using full or partial 
dataset 

• First evidence of 𝐵+ → 𝐾+𝜈𝜈, 2.7σ above 
the SM prediction

• New Exclusive 𝑉𝑢𝑏 measurement from 
untagged 𝐵 → 𝜋/𝜌ℓ𝜈

• New measurement of 𝑅 𝐷𝜏/ℓ
∗

More and more results to discuss (2 other 
important results in the backup)

More and more data to analyze

Belle II General Meeting, KEK, June 2024
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Images and colors from visitgreece.gr
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Measurement of 𝑹(𝑿𝝉/ℓ)

• Dataset Luminosity: 𝐿 = 189/𝑓𝑏

• Hadronic decay of the 𝐵𝑡𝑎𝑔.

• Reconstruct τ and light lepton decays into the same final state
particles to cancel many systematic uncertainties. 𝑝𝑒 > 0.3 (0.5)

GeV and 𝑝𝜇 > 0.4 (0.7) GeV in CMS (lab)

• The remaining particles on the signal side are collectively
referred to as 𝑋

• Main challenge: correct model of backgrounds.
𝑅 𝑋𝜏/ℓ =

𝐵 𝐵 → 𝑋𝜏𝜈

𝐵(𝐵 → 𝑋ℓ𝜈)



Data driven MC Corrections and Fit
𝑀

𝑋
 w

eights

𝑀
𝑋
 w

eights

MC corrections:
• Detailed adjustments to MC (FFs, 𝐵 and 𝐷 BFs)
• Detailed corrections based on comparisons of simulation with

control regions: low 𝑞2, low 𝑀𝑚𝑖𝑠𝑠
2 , high 𝑀𝑋.

Final Fit:

• 34 bins in 𝑝ℓ vs 𝑀𝑚𝑖𝑠𝑠
2

• Fit components: 𝑋𝜏𝜈 , 𝑋ℓ𝜈 , 𝐵𝐵 background (fakes and
secondaries) and continuum (off resonance data*)

*Off resonance data: data taken under 60 MeV the Y(4S) threshold



Data driven MC Corrections and Fit
𝑀

𝑋
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𝑀
𝑋
 w
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MC corrections:
• Detailed adjustments to MC (FFs, 𝐵 and 𝐷 BFs)
• Detailed corrections based on comparisons of simulation with

control regions: low 𝑞2, low 𝑀𝑚𝑖𝑠𝑠
2 , high 𝑀𝑋.

Final Fit:

• 34 bins in 𝑝ℓ vs 𝑀𝑚𝑖𝑠𝑠
2

• Fit components: 𝑋𝜏𝜈 , 𝑋ℓ𝜈 , 𝐵𝐵 background (fakes and
secondaries) and continuum (off resonance data*)

*Off resonance data: data taken under 60 MeV the Y(4S) threshold

Example of 
2D 
distributions 



Results

[JHEP11(2022)007]

• Largest systematics: signal and background 
model

• Consistent with previous measurements from 
LEP, the SM expectation and constraints from 

𝑅 𝐷∗ . Rough SM expectation: 𝑅 𝑋𝜏/ℓ ≈
0.223 [JHEP11(2022)007]

Belle II preliminary result

𝑅 𝑋𝜏/ℓ = 0.228 ± 0.016 𝑠𝑡𝑎𝑡 ± 0.036 (𝑠𝑦𝑠)

dominated by gap modes branching fraction,
𝐵 → 𝐷∗ form factors, background shape

https://link.springer.com/article/10.1007/JHEP11(2022)007


Measurement of 𝑩𝟎 → 𝑲∗𝟎𝝉+𝝉−

[PRD 53, 4964 (1996)]

[PRD 108 L011102 (2023)]

• Dataset Luminosity: 𝐿 = 364/𝑓𝑏

• Hadronic Tag Analysis

Challenges
• Low Branching Fraction: 𝐵𝑅𝑆𝑀 = 0.98 ± 0.10 × 10−7 [PRD 53, 4964 (1996)]
• No signal peaking kinematic observable
• Large backgrounds+more than 3 prompt track
• Up to 4 neutrinos orignating from the 2 𝜏
• 𝐾∗0 has low momentum due to the phase space

Status of the Art:
Belle (𝐿 =  711 /𝑓𝑏): 𝐵𝑅 < 3.1 × 10−3 at 90% CL
[PRD 108 L011102 (2023)]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.53.4964
https://link.aps.org/doi/10.1103/PhysRevD.108.L011102


Strategy and Results

• Combinations of sub-track from 𝜏 lead to 4 
categories: ℓℓ, ℓ𝜋, 𝜋𝜋, 𝜌𝑋

• BDT is trained using missing energy, extra 
cluster energy in EM calorimeter, 𝑞2, etc.

• BDT output 𝜼(𝑩𝑫𝑻) is used to extract the 
signal yield with simultaneous fit to 4 categories

Validation:

• Total efficiency and Peaking 𝐵𝐵: 𝐵0 → 𝐾∗0𝐽/𝜓 sample, replace 𝐾∗0𝐽/𝜓 with 𝐾∗0𝜏+𝜏− (14% uncertainty)

• Non-peaking 𝐵𝐵 : sample with 𝐵𝑠𝑖𝑔 and 𝐵𝑡𝑎𝑔 and having same flavor 
• 𝑞𝑞 background is scaled by off-resonance data

Belle II Preliminary Result
𝐵𝑅 < 1.8 × 10−3 at 90% CL 

Twice better with only half sample wrt Belle!
Better tagging + more categories + BDT classifer



Missing Energy decays at Belle II



Reconstruction tecnique
Two different algorithms to reconstruct events with at least one neutrino in the final state

Full Event Interpretation

Full Event Interpretation (FEI):
1. Reconstruct all the decay chain of a 𝐵 meson 

(both hadronic and semileptonic ways)

2. Search for the signal signature in the 𝐵𝑡𝑎𝑔

recoil

Inclusive Tag or Untagged:
1. Reconstruct the signal signature, identifying the 

𝐵𝑠𝑖𝑔 
2. All the remaining tracks and clusters represent 

the 𝐵𝑡𝑎𝑔

Efficiency

Purity

https://link.springer.com/article/10.1007/s41781-019-0021-8


Reconstruction tecnique
Two different algorithms to reconstruct events with at least one neutrino in the final state

Full Event Interpretation

Full Event Interpretation (FEI):
1. Reconstruct all the decay chain of a 𝐵 meson 

(both hadronic and semileptonic ways)

2. Search for the signal signature in the 𝐵𝑡𝑎𝑔

recoil

Inclusive Tag or Untagged:
1. Reconstruct the signal signature, identifying the 

𝐵𝑠𝑖𝑔 
2. All the remaining tracks and clusters represent 

the 𝐵𝑡𝑎𝑔

Efficiency

Purity

https://link.springer.com/article/10.1007/s41781-019-0021-8


Control Samples Background Validation
The final result is extracted using a MonteCarlo template fit. To validate/correct the shape and the 
normalization three different control samples:

Sideband
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