
Towards first |Vub| and |Vcb| 
measurements at Belle II
Mario Merola (Università di Napoli Federico II and INFN)

On behalf of the Belle II Collaboration

EPS-HEP 2021, July 26-30, 2021

Linac

Belle II Detector

Mt. Tsukuba

SuperKEKB



From KEKB/Belle to 
SuperKEKB/Belle II

2

Belle II Detector

Luminosity 
projection

Factor ~30 in the luminosity

factor 1.5factor 20



3

|Vub| and |Vcb| determinations

CKM matrix elements |Vub| and 
|Vcb| probed via semileptonic B 
decays with missing energy 
(neutrinos)

Both CKM matrix elements can be measured via inclusive or 
exclusive B decays:

• |Vub|: 𝐵 → 𝑋!ℓ𝜈, 𝐵 → 𝜋(𝜌, 𝜂)ℓ𝜈

• |Vcb|: 𝐵 → 𝑋"ℓ𝜈, 𝐵 → 𝐷(∗)ℓ𝜈

Belle II physics reach projections summarized in the Belle II Physics Book 
(PTEP 2019 (2019) 12, 123C01, https://doi.org/10.1093/ptep/ptaa008)

https://doi.org/10.1093/ptep/ptaa008
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• Current precision is 1-2% on |Vcb|
and 3-4% on |Vub|

• Tension between inclusive and
exclusive determinations: ~3.3s for
both |Vcb| and |Vub|

• Xcln decays are a clear test of the
SM LFU: NP (charged Higgs in
2HDM models or Leptoquarks)
can affect the BF and |Vcb|

Semileptonic decays: B → Xℓn

hflav.web.cern.ch

• Complementary to the R(D)/R(D*)
measurements

https://hflav.web.cern.ch/


Reconstruction of events with missing energy:
Full Event Interpretation (FEI)

5 • Reconstruct one B (Btag) and constrain 
the 4-momentum of  the other B (Bsig)

Belle algorithm: NIM A 654, 432-440 (2011)
Belle II FEI: Keck, T., Abudinén, F., z, F.U. et al. 
Comput Softw Big Sci (2019) 3: 6. 
https://doi.org/10.1007/s41781-019-0021-8

Tagging efficiency (evaluated on Belle MC) 
@10% purity

−
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(%) (%)• The FEI uses a multivariate 
technique to reconstruct the B-tag side 
(semileptonic or hadronic) through 
O(103) decay modes in a Y(4S) decay.

https://doi.org/10.1007/s41781-019-0021-8


FEI on Belle II data
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−

6
𝑀!" = ⁄𝑠 4 − 𝑝#∗ %

• Look for signal side lepton 
with momentum (in Bsig rest 
frame) > 1 GeV/c
• Check consistency with the 
well-known B → Xℓn
• Used to calibrate FEI

𝐵&

arXiv:2008.06096v2

• Output of  the FEI is a signal 
probability (Ptag) between 0 (mis-
reconstructed) and 1 (properly 
reconstructed) Btag candidate.

• Tag side reconstructed in hadronic 
modes 

https://arxiv.org/pdf/2008.06096.pdf
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Inclusive B → Xuℓn

• Challenging due to the dominant b → clν background
• Exploit the lepton momentum endpoint where the b → c

component becomes negligible
• Identify one electron with particle identification criteria
• Suppress 𝑞'𝑞 background with multi-variate algorithm,

exploiting event shape variables

arXiv:2103.02629
BELLE2-NOTE-PL-2020-026 

𝑋!𝑒𝜈 𝑋!𝑒𝜈 First observation at 
~3s level background subtracted

Charged Lepton 
Momentum

𝑝!

https://arxiv.org/pdf/2103.02629.pdf
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Exclusive B → pℓn

arXiv:2008.08819
PRD 91, 074510 (2015)

arXiv:2102.07233Measurement in bins of  𝑞' used to extract |Vub|

Form factors f  computed with 
LQCD (high 𝑞!) or LCSR (𝑞! ≤ 0)

FEI hadronic tagged analysis 
(untagged analysis in progress)
• Exploits missing energy and extra 

energy in the calorimeter
• Fit to 𝑀"#$$

% distribution to 
measure the BF

Y is the 
𝜋ℓ system

Observation with significance > 5s

https://arxiv.org/pdf/2008.08819.pdf


9

|Vub| projections

|Vub| 
uncert.

Belle II (5 ab-1) Belle II (50 ab-1)

Exclusive (1.2 ⊕1.7)% (0.9 ⊕ 0.9)%

Inclusive (2.3 ⊕ 2.5-4.5)% (1.7 ⊕ 2.5-4.5)%

Projected errors: (experiment ⊕ theory)

Belle II Physics Book

• Projection of  |Vub| uncertainties 
from B0→ pℓn decay

• Takes advantage from 
improvements in LQCD

• Precision of  ~1% with 
full Belle II dataset



• Total decay rate expressed as expansion of non-perturbative matrix elements
(heavy quark expansion, HQE)

• Measure the spectral moments (moments of lepton energy or hadronic mass) in
order to simultaneously determine the non perturbative elements and |Vcb| (see
Kevin Olschewsky’s talk for the determination using q2 moments)

• Belle II performed both the untagged and the hadronic tagged analyses
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Inclusive B → Xcℓn

JHEP02(2019)177

electron momentum

Untagged analysis
• Require one well identified lepton
• Exploit missing mass and momentum to 

reject backgrounds  
• Measure the BF with a fit to p*

Main uncertainty is the knowledge of  
B → Xcℓn branching fractions

Belle II Preliminary

(average of  muon and electron channels)

https://indico.desy.de/event/28202/contributions/106105/
https://link.springer.com/article/10.1007/JHEP02(2019)177


Tagged analysis
• Measure the hadronic mass moments

• Main systematics: knowledge of B → X!ℓν composition and bias correction (𝒞"#$%)
• |Vcb| determination from q2 moments in progress
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Hadronic mass moments from B → Xcℓn

Phys. Rev. D 75, 032005, 2007
BABAR-CONF-07/003, 

arXiv:0707.2670

𝑀/'

arXiv:2009.04493

https://arxiv.org/abs/2009.04493


• FEI hadronic tagged and untagged approaches explored
• Decays reconstructed in the channels 𝐷∗" → 𝐷#𝜋$", 𝐷# → 𝐾𝜋

Exclusive B → D(∗)ℓn
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arXiv:2008.10299

Tagged analysis ( '𝐵& → 𝐷∗(ℓ)�̅�)
• Almost background free after tag and

signal selection (𝐷∗, 𝐷& invariant masses,
𝑝!∗ > 1𝐺𝑒𝑉)

• Main systematics: tracking of ps and MC
modelling

• In agreement with world average

https://arxiv.org/pdf/2008.10299.pdf


Exclusive B → D(∗)ℓn
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Untagged analysis
• qBY angle between the B flight

direction and the direction of the D*ℓ
or D0ℓ system (Y):

• Fit to cosqBY distribution in data
to measure the branching fraction

𝑩! → 𝑫𝟎𝝁𝝂

𝑩𝟎 → 𝑫∗𝒆𝝂

consistent with the SM within 1s

BELLE2-CONF-PH-2020-008 

In progress: extraction of  |Vcb| from partial branching 
fractions in bins of  hadron recoil parameter spectrum

(average of  muon and electron channels)
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Summary

• Within the next years Belle II will be able to address the inclusive/exclusive
|Vcb|/|Vub| tension by precisely measuring semileptonic B decays with missing
energy

• With about 1/4 of the current dataset, Belle II has been able to measure extensively
inclusive and exclusive semileptonic B decays, adopting untagged approaches and
exploiting the Full Event Interpretation algorithm for tagged analyses

Channel Result presented in the talk |Vxb| measurement in 
progress

𝐵 → 𝑋"ℓ𝜈 3s observation (untagged)

𝐵# → 𝜋$ℓ𝜈 𝐵𝐹 = 1.58 ± 0.43%&'& ± 0.07%(%& ×10$)
(FEI hadronic)

|Vub| from partial branching 
fraction in 𝑞! bins

𝐵 → 𝑋*ℓ𝜈 𝐵𝐹 = 9.75 ± 0.03%&'& ± 0.47%(%& % (untagged)
Hadronic mass moments (FEI hadronic)

|Vcb| from 𝑞! spectral 
moments (novel approach) 

:𝐵# → 𝐷∗,ℓ$𝜈 𝐵𝐹 = 4.60 ± 0.05%&'& ± 0.48%(%& % (untagged)
𝐵𝐹 = 4.51 ± 0.41%&'& ± 0.52%(%& % (FEI hadronic)

|Vcb| from partial branching 
fractions in hadronic recoil 
parameter bins 𝐵$ → 𝐷#ℓ$𝜈 𝐵𝐹 = 2.29 ± 0.05%&'& ± 0.08%(%& % (untagged)



Thanks !

Summary talk on highlights from Belle II 
experiment by Carsten Niebuhr on Friday

https://indico.desy.de/event/28202/contributions/102726/


Backup
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- FEI Calibration (17)
- B -> pln decay (18-19)
- B -> Xcln untagged (20)
- B -> Xcln hadronic mass moments(21-22)
- B -> D*ln and |Vcb| (23) 
- B -> D(*)ln (24)
- R(D),R(D*) (25)

16



FEI Calibration
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17

arXiv:2008.06096v2

https://arxiv.org/pdf/2008.06096.pdf
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Semileptonic decay: B0 → pln

LQCD: current is the world avergage by FLAG group
- 5 yr w/o EM: We assume a factor of  2 reduction of  the lattice QCD uncertainty in the next five
years and that the uncertainty of  the EM correction is negligible (e.g. for processes insensitive to the 
EM correction).
- 5 yr w/ EM: The lattice QCD uncertainty is reduced by a factor of  2, but we add in quadrature 1% 
uncertainty from the EM correction.
- 10 yr w/o EM: We assume a factor of  5 reduction of  the lattice QCD uncertainty in the next ten
years. It is also assumed that the EM correction will be under control and its uncertainty is negligible.
- 10 yr w/ EM: We assume lattice QCD uncertainties reduced by a factor of  5, but add in quadrature 
1% uncertainty from the EM correction. 18
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B → pln

19
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Untagged B → Xcℓn

20
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Hadronic mass moments from B → Xcℓn

• 𝑤 is the event-wise signal probability (obtained from background subtracted data)
• 𝒞&'()* is a correction for the calibration bias and is obtained with the ratio of true

generated and calibrated moments
• 𝒞"#$% is a correction for reconstruction and detector acceptance and is the ratio of

generated moments without and with event selection applied

arXiv:2009.04493

𝑤1 𝒞"2314 𝒞56!7

https://arxiv.org/abs/2009.04493
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Hadronic mass moments from B → Xcℓn

arXiv:2009.04493

https://arxiv.org/abs/2009.04493
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|Vcb| from D*lnu

|Vcb| 
uncert.

Belle II (5 ab-1) Belle II (50 ab-1)

Exclusive 1.8% 1.4%
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D*lnu and Dlnu



R(D), R(D*)
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World average Belle II projection

Main systematics: D** modelling, soft pions, yield of fake D*
candidates. Studies of B → D**ln and B → D**tn planned


