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SM precision 
measurements

Form-factor 
measurements

Lepton universality 
violation (LUV) tests

Angular 
observables

𝑅(𝐷(∗)) =
ℬ(𝐵 → 𝐷(∗)𝜏𝜈)
ℬ(B → 𝐷(∗)𝑙𝜈)



BELLE AND BELLE II

− Detectors located at the interaction points of 
electron-positron colliders 

− Center-of-mass energy corresponding to Υ 4𝑆
resonance
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Belle
Belle II

e!e" → Υ 4S → 𝐵 '𝐵

Belle: • 1999-2010
• ℒ$%& = 711fb'(

• Still produces results

Belle II: • Operating since 2019 
• ℒ$%& = 364fb'(

• First run 2 collisions on 
February 20th 2024



RECONSTRUCTION

𝐵&)*

𝐵+$*

4

e!𝑒" → Υ 4𝑆 → 𝐵#$%𝐵&'%



RECONSTRUCTION
Untagged (inclusive tag):

− Only 𝐵!"# reconstructed

𝐵&)*

𝐵+$*

4

e!𝑒" → Υ 4𝑆 → 𝐵#$%𝐵&'%
Tagged:

− 𝐵!"# and 𝐵$%# reconstructed

− Reconstruct 𝐵$%# in hadronic 
or semileptonic modes using 
multivariate methods



RECONSTRUCTION
Untagged (inclusive tag):

− Only 𝐵!"# reconstructed

Efficiency HighLow

Purity LowHigh
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e!𝑒" → Υ 4𝑆 → 𝐵#$%𝐵&'%
Tagged:
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RECONSTRUCTION
Untagged (inclusive tag):

− Only 𝐵!"# reconstructed

𝐵&)*

𝐵+$*

4

e!𝑒" → Υ 4𝑆 → 𝐵#$%𝐵&'%
Tagged:

− 𝐵!"# and 𝐵$%# reconstructed

− Reconstruct 𝐵$%# in hadronic 
or semileptonic modes using 
multivariate methods

Exclusive:

− Bsig reconstructed as specific 
final state

Inclusive:

− Bsig reconstructed as sum 
of modes 

Approaches are theoretically and experimentally independent

Efficiency HighLow

Purity LowHigh



SM PRECISION MEASUREMENTS
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Form-factor 
measurements

SM precision 
measurements

• Test SM by over-constraining unitarity triangle
• Important inputs to SM rates of ultra rare decays
• Tension between exclusive and inclusive |V56|

measurements at level of 2-3σ

Markus Prim



V!" FROM SEMILEPTONIC DECAYS
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Form-factor 
measurements

SM precision 
measurements

• 𝐵 → 𝑋𝑙𝜈:  leptonic and hadronic currents factorize
• Describe kinematics using momentum	transfer	squared:	

q& = (p' − p() &

• Exclusive:

• Inclusive:

)ℬ
)+!

∝ V,- & × FF q& &

ℬ ∝ V,- & × 𝛤 𝑏 → 𝑞𝑙𝜈̅. +
1
𝑚/

+ 𝛼0 +⋯

Form	factors	
parametrize	non-
perturbative	physics

Operator	product	
expansion
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Form-factor 
measurements

SM precision 
measurements

Tagged inclusive 𝐵 → 𝑋𝑙𝜈 at Belle |VNO|/|VPO|

Untagged 𝐵 → 𝜋/𝜌𝑙𝜈 at Belle II

|VNO|

• 𝐵 → 𝑋𝑙𝜈:  leptonic and hadronic currents factorize
• Describe kinematics using momentum	transfer	squared:	

q& = (p' − p() &

• Exclusive:

• Inclusive:

)ℬ
)+!

∝ V,- & × FF q& &

ℬ ∝ V,- & × 𝛤 𝑏 → 𝑞𝑙𝜈̅. +
1
𝑚/

+ 𝛼0 +⋯

Form	factors	
parametrize	non-
perturbative	physics

Operator	product	
expansion

New for 
Moriond

Tagged simultaneous exclusive and 
inclusive measurement of |Vub| at Belle



UNTAGGED 𝐵 → 𝜋/𝜌𝑙𝜈 AT BELLE II

− Untagged reconstruction of 𝐵Q → 𝜋R𝑙S𝜈̅T
and 𝐵S → 𝜌Q𝑙S𝜈̅T

− Main challenge: modes suffer from large 
B → 𝑋U𝑙𝜈 and continuum backgrounds

− Suppressed using BDTs

− Discriminating variables:

− Simultaneously extract signal yields in 
13(10) bins of true qV

To be submitted to PRD

M,- (GeV)∆E (GeV)

PreliminaryPreliminary

Preliminary Preliminary∆E = E' − E-1%2

M-3 = E-1%2& − |p'|&

New for 
Moriond
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UNTAGGED 𝐵 → 𝜋/𝜌𝑙𝜈 AT BELLE II

− Perform 3D fits to 
reconstructed qV, ∆E and M6Z

− Link yields of cross-feed
signal components

− Convert to partial branching 
fractions Δℬ[ using 
reconstruction efficiencies

− Determine total branching 
fractions:

8

To be submitted to PRD

ℬ(𝐵4 → 𝜋5𝑙6𝜈̅.) = (1.516 ± 0.027!$%$ ± 0.035!7!$)×1068

ℬ(𝐵6 → 𝜌4𝑙6𝜈̅.) = (1.625 ± 0.063!$%$ ± 0.088!7!$)×1068

New for 
Moriond

Preliminary

• Most precise single measurements
• In agreement with world averages



UNTAGGED 𝐵 → 𝜋/𝜌𝑙𝜈 AT BELLE II
Determine V9- by minimising 𝜒&:

9

To be submitted to PRD

𝜒" =#
#,%

&

Δ𝐵# − ΔΓ#𝜏 𝐶#%'( Δ𝐵% − ΔΓ%𝜏 + 𝜒)*+,-."

Experimental observation

Experimental covariance

Theoretical prediction

New for 
Moriond

: 𝐵/ → 𝜋0𝑙'𝜈̅1 𝐵' → 𝜌/𝑙'𝜈̅1
Form factor 
param.

Bourrely-Caprini-Lellouch (BCL)
Phys. Rev. D 82, 099902

Bharucha-Straub-Zwicky (BSZ)
J. High Energ. Phys. 2016, 98

Theory 
input

LQCD Eur. Phys. J. C 82 (2022) 869
LCSR J. High Energ. Phys. 2016, 98

LQCD + LCSR J. High Energ. Phys. 2021, 36

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.099902
https://link.springer.com/article/10.1007/JHEP08(2016)098
https://link.springer.com/article/10.1140/epjc/s10052-022-10536-1
https://link.springer.com/article/10.1007/JHEP08(2016)098
https://link.springer.com/article/10.1007/JHEP07(2021)036


UNTAGGED 𝐵 → 𝜋/𝜌𝑙𝜈 AT BELLE II
Determine V9- by minimising 𝜒&:

9

To be submitted to PRD

𝜒" =#
#,%

&

Δ𝐵# − ΔΓ#𝜏 𝐶#%'( Δ𝐵% − ΔΓ%𝜏 + 𝜒)*+,-."

Experimental observation

Experimental covariance

Theoretical prediction

V9- :;<= = (3.93 ± 0.09!$%$ ± 0.13!7!$ ± 0.19$>1?)×106@

V9- 5:<AB = (3.73 ± 0.07!$%$ ± 0.07!7!$ ± 0.16$>1?)×106@

• In agreement with exclusive world-average
• Shifts exclusive toward inclusive average 

New for 
Moriond

: 𝐵/ → 𝜋0𝑙'𝜈̅1 𝐵' → 𝜌/𝑙'𝜈̅1
Form factor 
param.

Bourrely-Caprini-Lellouch (BCL)
Phys. Rev. D 82, 099902

Bharucha-Straub-Zwicky (BSZ)
J. High Energ. Phys. 2016, 98

Theory 
input

LQCD Eur. Phys. J. C 82 (2022) 869
LCSR J. High Energ. Phys. 2016, 98

LQCD + LCSR J. High Energ. Phys. 2021, 36

𝐵. → 𝜋/𝑙'𝜈̅0:

𝐵' → 𝜌.𝑙'𝜈̅0: V9- :<AB = (3.19 ± 0.12!$%$ ± 0.17!7!$ ± 0.26$>1?)×106@

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.099902
https://link.springer.com/article/10.1007/JHEP08(2016)098
https://link.springer.com/article/10.1140/epjc/s10052-022-10536-1
https://link.springer.com/article/10.1007/JHEP08(2016)098
https://link.springer.com/article/10.1007/JHEP07(2021)036


TAGGED SIMULTANEOUS EXCL. AND INCL. |V𝑢𝑏| AT BELLE

− Tagged inclusive reconstruction of 𝐵 → 𝑋^𝑙𝜈

− New idea: bin events by number of charged pions:

10

𝑁C2 = 0
𝑁C2 = 1
𝑁C2 = 2
𝑁C2 ≥ 3

𝐵 → 𝜋.𝑙𝜈
𝐵 → 𝜋/𝑙𝜈

other	
B → X1lν

Phys. Rev. Lett. 131, 211801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.211801
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− Tagged inclusive reconstruction of 𝐵 → 𝑋^𝑙𝜈

− New idea: bin events by number of charged pions:

− Signal region selected in hadronic mass: 𝑀b
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𝑁C2 = 0
𝑁C2 = 1
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𝑁C2 ≥ 3
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other	
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TAGGED SIMULTANEOUS EXCL. AND INCL. |V𝑢𝑏| AT BELLE

− Tagged inclusive reconstruction of 𝐵 → 𝑋^𝑙𝜈

− New idea: bin events by number of charged pions:

− Signal region selected in hadronic mass: 𝑀b

− Extract signal yields in 2D fit of qV and 𝑁c!

10

𝑁C2 = 0
𝑁C2 = 1
𝑁C2 = 2
𝑁C2 ≥ 3

𝐵 → 𝜋.𝑙𝜈
𝐵 → 𝜋/𝑙𝜈

other	
B → X1lν

Signal region
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= 0

𝑁2!
= 1

𝑁2!
= 2

𝑁2!
≥ 3

Signal region

Phys. Rev. Lett. 131, 211801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.211801


TAGGED SIMULTANEOUS EXCL. AND INCL. |V𝑢𝑏| AT BELLE

− Tagged inclusive reconstruction of 𝐵 → 𝑋^𝑙𝜈

− New idea: bin events by number of charged pions:

− Signal region selected in hadronic mass: 𝑀b

− Extract signal yields in 2D fit of qV and 𝑁c!
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𝑁C2 = 0
𝑁C2 = 1
𝑁C2 = 2
𝑁C2 ≥ 3

𝐵 → 𝜋.𝑙𝜈
𝐵 → 𝜋/𝑙𝜈

other	
B → X1lν

Use high 𝑀D
sideband to 
constrain 
background

Sideband

𝑁2!
= 0

𝑁2!
= 1

𝑁2!
= 2

𝑁2!
≥ 3

Sideband

Phys. Rev. Lett. 131, 211801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.211801


TAGGED SIMULTANEOUS EXCL. AND INCL. |V𝑢𝑏| AT BELLE

Exclusive |Vub|:

− Float BCL 𝐵 → 𝜋𝑙𝜈 FF parameters in 
fit with two constraining options:

− FLAG lattice QCD

− FLAG + experimental information

11

Eur. Phys. J. C 82 (2022) 869

Phys. Rev. Lett. 131, 211801

https://link.springer.com/article/10.1140/epjc/s10052-022-10536-1
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.211801


TAGGED SIMULTANEOUS EXCL. AND INCL. |V𝑢𝑏| AT BELLE

Exclusive |Vub|:

− Float BCL 𝐵 → 𝜋𝑙𝜈 FF parameters in 
fit with two constraining options:

− FLAG lattice QCD

− FLAG + experimental information

11

Eur. Phys. J. C 82 (2022) 869

Inclusive |Vub|:

− Use theoretical prediction of inclusive partial 
rate from GGOU JHEP 10 (2007) 58

Phys. Rev. Lett. 131, 211801

https://link.springer.com/article/10.1140/epjc/s10052-022-10536-1
https://iopscience.iop.org/article/10.1088/1126-6708/2007/10/058
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.211801
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− Float BCL 𝐵 → 𝜋𝑙𝜈 FF parameters in 
fit with two constraining options:

− FLAG lattice QCD

− FLAG + experimental information

11

Eur. Phys. J. C 82 (2022) 869 V1,34-5 = 3.78 ± 0.23+&)& ± 0.16+6+& ± 0.14&738 ×10'9

V1,$%-5 = 3.90 ± 0.20+&)& ± 0.32+6+& ± 0.09&738 ×10'9

Inclusive |Vub|:

− Use theoretical prediction of inclusive partial 
rate from GGOU JHEP 10 (2007) 58

Phys. Rev. Lett. 131, 211801

https://link.springer.com/article/10.1140/epjc/s10052-022-10536-1
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.211801


TAGGED SIMULTANEOUS EXCL. AND INCL. |V𝑢𝑏| AT BELLE

Exclusive |Vub|:

− Float BCL 𝐵 → 𝜋𝑙𝜈 FF parameters in 
fit with two constraining options:

− FLAG lattice QCD

− FLAG + experimental information

11

Eur. Phys. J. C 82 (2022) 869 V1,34-5 = 3.78 ± 0.23+&)& ± 0.16+6+& ± 0.14&738 ×10'9

V1,$%-5 = 3.90 ± 0.20+&)& ± 0.32+6+& ± 0.09&738 ×10'9

V1,34-5 / V1,$%-5

= 0.97 ± 0.12&8&

Agrees with 
expectation of 1 and 
within 1.1σ  with the 
world-average

Inclusive |Vub|:

− Use theoretical prediction of inclusive partial 
rate from GGOU JHEP 10 (2007) 58

Phys. Rev. Lett. 131, 211801

https://link.springer.com/article/10.1140/epjc/s10052-022-10536-1
https://iopscience.iop.org/article/10.1088/1126-6708/2007/10/058
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.211801


RATIO OF |V𝑢𝑏|/ |V𝑐𝑏| AT BELLE

− Inclusive reconstruction of 𝐵 → 𝑋𝑙𝜈 using the Belle II hadronic tagging algorithm

− Main challenge: modelling of inclusive background

− Extraction:

− Obtain (for 𝐸T > 1.0 GeV):

12

Δℬ 𝐵 → 𝑋:𝑙𝜈
Δℬ(𝐵 → 𝑋;𝑙𝜈)

= 1.96 1 ± 8.4%+&)& ± 7.9%+6+& ×10'<

Belle Belle BellePreliminary Preliminary Preliminary

• 𝐵 → 𝑋:𝑙𝜈 yield from 2D fit to lepton energy 𝐸0 and 𝑞<
• 𝐵 → 𝑋;𝑙𝜈 yield via background subtraction

arxiv:2311.00458

https://arxiv.org/abs/2311.00458


RATIO OF |V𝑢𝑏|/ |V𝑐𝑏| AT BELLE

− Unfold 𝐵 → 𝑋^𝑙𝜈 and 𝐵 → 𝑋U𝑙𝜈 yields via singular 
value decomposition (cite) 

− Correct for efficiencies and form differential ratios

− Obtain 𝑉 r / 𝑉Ur using theory input for partial rates

13

𝑉E/
𝑉F/

':GH

= 0.0972 1 ± 4.2%!$%$ ± 3.9%!7!$ ± 5.6%$>1?

𝑉E/
𝑉F/

IIJK

= 0.0996 1 ± 4.2%!$%$ ± 3.9%!7!$ ± 3.0%$>1?

𝑉:=
𝑉;=

=
Δℬ 𝐵 → 𝑋:𝑙𝜈
Δℬ(𝐵 → 𝑋;𝑙𝜈)

ΔΓ 𝐵 → 𝑋;𝑙𝜈
ΔΓ(𝐵 → 𝑋:𝑙𝜈) BLNP.  Phys. Rev. D 72, 073006

GGOU.  JHEP 10 (2007) 58

KIN   Eur. Phys. J. C 81, 226

arxiv:2311.00458

• In agreement with SM prediction

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.72.073006
https://iopscience.iop.org/article/10.1088/1126-6708/2007/10/058
https://link.springer.com/article/10.1140/epjc/s10052-020-8156-7
https://arxiv.org/abs/2311.00458


LEPTON UNIVERSALITY VIOLATION (LUV)
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Lepton universality 
violation  (LUV) 
tests

Angular observables

𝑅(𝐷(∗)) =
ℬ(𝐵 → 𝐷(∗)𝜏𝜈)
ℬ(B → 𝐷(∗)𝑙𝜈)
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𝑅(𝐷(∗)) =
ℬ(𝐵 → 𝐷(∗)𝜏𝜈)
ℬ(B → 𝐷(∗)𝑙𝜈)

Lepton universality 
violation  (LUV) 
tests

Angular observables

arXiv:2206.07501

Tension with 
SM at ≈ 3σ

https://hflav-eos.web.cern.ch/hflav-eos/semi/winter23_prel/r_dtaunu/winter2023_preliminary.pdf
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ℬ(𝐵 → 𝐷(∗)𝜏𝜈)
ℬ(B → 𝐷(∗)𝑙𝜈) Tension with 

SM at ≈ 3σ

LEPTON UNIVERSALITY VIOLATION (LUV)

Lepton universality 
violation  (LUV) 
tests

Angular observables

arXiv:2206.07501

14

Tagged 𝐵 → 𝐷∗𝑙𝜈 at Belle II

Tagged 𝐵 → 𝑋𝑙𝜈 at Belle II

𝑅 𝐷∗

𝑅 𝑋

https://hflav-eos.web.cern.ch/hflav-eos/semi/winter23_prel/r_dtaunu/winter2023_preliminary.pdf


LUV TEST IN 𝐵 → 𝐷∗𝑙𝜈 AT BELLE II

− Reconstruct 𝐵 → 𝐷∗𝑙𝜈 and 𝐵 → 𝐷∗𝜏𝜈 to measure:

− With 𝐷∗5 → 𝐷4/5𝜋5/4, 𝐷∗4 → 𝐷4𝜋4 and 𝜏 → 𝑙𝜈𝜈

− Main challenge: significant background from poorly known 𝐵 → 𝐷∗∗𝑙𝜈 decays 

− Extract signal with 2D fit to residual energy in the calorimeter 𝐸vwx and mass 
of undetected neutrinos 𝑀yz{{

V = (𝑝|!|"−𝑝}#$% − 𝑝~∗ − 𝑝T/�)
V

15

𝑅(𝐷∗) =
ℬ(𝐵 → 𝐷∗𝜏𝜈)
ℬ(B → 𝐷∗𝑙𝜈)

Reconstruct 𝐷 in 11 modes

𝑀>$++
< GeV< 𝐸?@A GeV

Ca
nd

id
at

es
 / 

Bi
n

Ca
nd

id
at

es
 / 

Bi
n

𝑅 𝐷∗ = 0.26264.4@O54.48P stat 64.4@&54.4@Q(syst)

Consistent with SM 
prediction and previous 
measurements

arxiv:2401.02840

https://arxiv.org/abs/2401.02840


LUV TEST IN 𝐵 → 𝑋𝑙𝜈 AT BELLE II

− Complementary inclusive test of LUV in 
tagged semileptonic B decays

− Main challenge: modelling of backgrounds
from 𝐵 → 𝑋U → 𝑙

− Use high lepton momentum 𝑝.R sideband to 
reweight inclusive 𝐵 → 𝑋𝑙𝜈

− Extract signal from 2D fit to 𝑝T} and 𝑀yz{{
V

16

𝑅(𝑋) =
ℬ(𝐵 → 𝑋𝜏𝜈)
ℬ(B → 𝑋𝑙𝜈)

𝑝0B(GeV)

R 𝑋 = 0.228 ± 0.016!$%$ ± 0.036!7!$
• First measurement at B-factory with Υ(4𝑆)
• Consistent with SM prediction and 𝑅(𝐷(∗))

arxiv:2311.07248

J. High Energ. Phys. 2022, 7

https://arxiv.org/abs/2311.07248
https://link.springer.com/article/10.1140/epjc/s10052-020-8156-7


SUMMARY

17

Precision measurements:

− Most recent V9- results from 𝐵 → 𝜋𝑙𝜈 shift exclusive 
closer to inclusive average

− Very active field, with diverse approaches toward 
measuring V9- and V3-

LUV measurements:
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• Differential distributions of B → D*ℓν
• Angular coefficients of B → D*ℓν
• Branching fractions of B → D(*) π(π)ℓν
• q moments of 2 B → Xcℓν

• Test of LFU with inclusive R(Xe/μ)
• |V from untagged cb | B0 → D*+ℓ−ν
• Lepton mass squared moments of B 

→ Xcℓν
• B->D*lnu angular asymmetries

LUV measurements:

− LU challenged using exclusive and inclusive 
modes

− Making advances in understanding 
backgrounds 

Many more results:
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SUPERKEKB, BELLE II DETECTOR

− Long Shutdown 1 completed (15 months) 

− Detector upgrades and beam-pipe improvement

37

YY/M/D

electron  (7GeV) 

positron (4GeV) 

KL and muon detector: 
Resistive Plate Counter (barrel) 
Scintillator + WLSF + MPPC (end-caps) 

Particle Identification  
Time-of-Propagation counter (barrel) 
Prox. focusing Aerogel RICH (fwd) 

Central Drift Chamber 
He(50%):C2H6(50%), Small cells, long 
lever arm,  fast electronics 

EM Calorimeter: 
CsI(Tl), waveform sampling (barrel) 
Pure CsI + waveform sampling (end-caps) 

Vertex Detector 
2 layers DEPFET + 4 layers DSSD 

Beryllium beam pipe 
2cm diameter 

Belle II Detector 

arXiv:1809.01958



FULL EVENT INTERPRETATION (FEI) 

− FEI algorithm used to reconstruct 𝐵���

− Uses ≈ 200 BDTs to reconstruct O(10000) different B decay chains

− Assigns signal probability of being correct 𝐵���
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Comput Softw Big Sci 3, 6 (2019) arXiv:2008.060965



CKM MATRIX ELEMENTS

Tension:

− Most indications point to inconsistent 
experimental/theoretical inputs 

− Cannot exclude non-SM physics

− Improvements:

− Theoretical understanding

− B→ 𝑋𝑙𝜈 background modeling

− Calibration of B��� efficiency
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PROJECTION AT BELLE II: R(X)

𝑅 𝐷 ∗ :

− Understand B→ 𝐷∗∗𝑙𝜈
downfeed

𝑅(𝑋q/s)

− Control inclusive background 
composition
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