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Branching Fraction Measurements

• As a normalisation factor, the total branching fraction is important for |Vcb| extraction


• Experimental inputs are ,


    or indirectly via 

ℬ(B → Xcℓν)

ℬ(B → Xcℓν) = ℬ(B → Xℓν) − ℬ(B → Xuℓν)

if measured as partial , need rescale to full phase space       Δℬ ℬ = Δℬ/ϵΔ ϵΔ =
ΔΓ(e . g . EB

ℓ > 0.6 GeV)
Γ
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Branching Fraction Measurements

• As a normalisation factor, the total branching fraction is important for |Vcb| extraction


• Experimental inputs are ,


    or indirectly via 

ℬ(B → Xcℓν)

ℬ(B → Xcℓν) = ℬ(B → Xℓν) − ℬ(B → Xuℓν)

• Tension exits among various measurements/conversions [see details in JHEP 10 068 (2022)]

if measured as partial , need rescale to full phase space       Δℬ ℬ = Δℬ/ϵΔ ϵΔ =
ΔΓ(e . g . EB

ℓ > 0.6 GeV)
Γ

https://link.springer.com/article/10.1007/JHEP10(2022)068
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Branching Fraction Measurement at Belle II

• Belle II provided preliminary result on  with 62.8 fb-1 dataset [2111.09405]ℬ(B → Xcℓν)

• Untagged strategy


• Select energetic lepton within  
[0.4, 2.5] GeV in centre-of-
mass frame


• Addition selections applied to 
enhance signal (e.g. , 

, and total event charge) 
M2

miss
θmiss

Post-fitPost-fit

B → Xcℓν B → Xcℓν

e mode  modeμ

pcms
ℓ pcms

ℓ

https://arxiv.org/pdf/2111.09405.pdf
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Branching Fraction Measurement at Belle II

• Belle II provided preliminary result on  with 62.8 fb-1 dataset [2111.09405]ℬ(B → Xcℓν)

e mode:
 mode:μ

combined:

Results are not stat. limited but some 
important syst. uncertainties are due to only 
limited data were used for calibrations

weighted mean assuming 
fully correlated syst. unc., 
quote larger error from  
mode for the average

μ

https://arxiv.org/pdf/2111.09405.pdf
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Branching Fraction Measurement at Belle II

• Belle II provided preliminary result on  with 62.8 fb-1 dataset [2111.09405]ℬ(B → Xcℓν)

e mode:
 mode:μ

combined:

• This untagged measurement will be updated to larger dataset and incorporating new knowledge for 

modelling, e.g. the recent Belle measurement of  [PRD 107, 092003 (2023)] The lepton energy 

spectrum/moments could be also provided (very limited resolutions for )

B → D(*)π(π)ℓν

MX, q2

• We will also measure branching fractions (total & differential) for semi-inclusive B → DXℓν

https://arxiv.org/pdf/2111.09405.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092003
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Measurements of Moments in B → Xcℓν

• : BaBar(2004, 2010), 
Belle(2007), CLEO(2001), DELPHI


• : BaBar(2010), Belle(2007), 
CDF(2005), CLEO(2004), 
DELPHI(2006)


• : Belle (2021), Belle II (2023)

< En
ℓ >

< M2n
x >

< q2n >

• Beyond normalisation , detailed shapes of key kinematic variables are needed to 
derive HQE parameters, shape function and |Vcb|

ℬ
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Experimental Strategy

Also discussed by F. Bernlochner at Barolo

Binned Unbinned
1. Extract signal yields for each kinematic region (e.g.  thresholds)


2. Unfold binned spectra with migration matrix, correct eff. & acc.

3. Calculate moments via summing up bins

Eℓ 1. Signal extraction based on event-wise probability

2. Calculate moments with weighted events and corrections

3. Calibrate moments for distortion, acceptance and bias

https://indico.cern.ch/event/851900/contributions/4848171/attachments/2430977/4162724/discussion.pdf
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Example: measure  moment nth < En
ℓ >

⟨En
ℓ⟩Eℓ>Ecut

ℓ
=

∑Eℓ>Ecut
ℓ

dEℓ ⋅ En
ℓ ⋅ dN

dEℓ

∑Eℓ>Ecut
ℓ

dEℓ
dN
dEℓ

bin width

true Eℓ

bin center

bin content

Binned Unbinned
1. Extract signal yields for each kinematic region (e.g.  thresholds)


2. Unfold binned spectra with migration matrix, correct eff. & acc.

3. Calculate moments via summing up bins

Eℓ 1. Signal extraction based on event-wise probability

2. Calculate moments with weighted events and corrections

3. Calibrate moments for distortion, acceptance and bias



⟨En
ℓ⟩Eℓ>Ecut

ℓ
=

Ccal. ⋅ Cacc. ⋅ ∑events
i wi ⋅ Ecal,n

ℓ

∑events
i wi
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Experimental Strategy
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Example: measure  moment nth < En
ℓ >

⟨En
ℓ⟩Eℓ>Ecut

ℓ
=

∑Eℓ>Ecut
ℓ

dEℓ ⋅ En
ℓ ⋅ dN

dEℓ

∑Eℓ>Ecut
ℓ

dEℓ
dN
dEℓ

bin width
bin center

bin content

Binned Unbinned
1. Extract signal yields for each kinematic region (e.g.  thresholds)


2. Unfold binned spectra with migration matrix, correct eff. & acc.

3. Calculate moments via summing up bins

Eℓ 1. Signal extraction based on event-wise probability

2. Calculate moments with weighted events and corrections

3. Calibrate moments for distortion, acceptance and bias

si
gn

al
 p

ro
ba

bi
lit

y 

reco Eℓ

Event-wise weight wi(Ereco
ℓ )

true Eℓ
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Hadronic Mass Moments in B → Xcℓν

• Binned strategy applied on 140 fb−1 of Belle data


• 1st, 2nd central moments and 2nd raw moments 
measured with  thresholds ranging in [0.7, 1.9] GeVEℓ

Belle: PRD 75, 032005 (2007)

Unfolded  spectrumM2
X

1st 2nd2nd central

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.75.032005
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Hadronic Mass Moments in B → Xcℓν

• Unbinned strategy applied for 210 fb-1 data of BaBar


• 1st, 2nd central moments and 2nd raw moments measured 
with  thresholds ranging in [0.8, 1.9] GeVEℓ

BaBar: PRD 81, 032003 (2010)

combinatorial bkg
residual bkg

Calibration factors

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.032003
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Hadronic Mass Moments in B → Xcℓν

• Unbinned strategy applied for 210 fb-1 data of BaBar


• 1st, 2nd central moments and 2nd raw moments measured 
with  thresholds ranging in [0.8, 1.9] GeVEℓ

BaBar: PRD 81, 032003 (2010)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.032003
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Measurement of Moments  at Belle IIq2

PRD 107, 072002 (2023)

• Measurement of  moments with Belle II dataset of 62.8 fb-1  , 

•Hadronic tagging to reconstruct Btag

•Kinematic fit constraining missing system improves resolution

• Includes the experimentally challenging  region of [1.5, 2.5] GeV2, ~77% of phase space

q2 ℓ = e, μ

q2

Can fully assign each final state particle to 
either the tag or signal side 

        Allows to reconstruct X

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.072002
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Measurement of Moments  at Belle IIq2

PRD 107, 072002 (2023)
• Background suppressed in hadronic mass  and converted to signal prob. on MX q2

• First to fourth moments (m=1~4) & three central moments measured at a progression of cuts on 
• Spectra corrected for linear distortions, eff. & acc. & residual bias

q2

q2 > 1.5 GeV2 q2 > 1.5 GeV2
q2 > 1.5 GeV2

binned => unbinned

wi (q2
reco)

data - bkg

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.072002


1st moment
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Measurement of Moments  at Belle IIq2
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.072002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.072002
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Measurement of Moments  at Belle IIq2

< q2 > < q4 >

< q6 > < q8 >

PRD 107, 072002 (2023)

measured & simulation 
are compared

 thresholds at (1.5, 2.0, 2.5) GeV2 
are not measured in Belle (2021)
q2

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.072002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.112011
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Split Relative Systematic Uncertainties
PRD 107, 072002 (2023)

< q2 > < q4 >

< q6 > < q8 >

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.072002
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What’s next for moments?

• Measure all kin. moments simultaneously as a function of  (  ) thresholds in 

:   , combined variables , 


• Full experimental correlations will be derived => important for global analysis


• Only shape observation (drop tagging eff. calibration, separate from  measurement)

q2 EB
l

B → Xℓν q2, EB
l , MX, cosθℓ n2

X (M2
X, EX) P±

X (MX, EX)

ℬ
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Summary

• Belle II will provide new results on branching fractions and moments of all kinematic variables 

• New knowledge and techniques will be incorporated for future analyses (e.g.  modelling)


• Anything else? (e.g. sensitive regions, steps of thresholds,…)

Xc

Extra 
topping?
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THANK YOUTHANK YOU

hmm, why do we have so 
many different values 

of ?|Vcb |
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Backup: Tagging vs. Untagging

• Untagged 

• Loose constraints on signal

• Very large statistics, but also very large background

• Efficiency


• Semileptonic tag

• Mid-range reconstruction efficiency 

• Due to multiple neutrinos, less information about Btag


• Hadronic tag

• Cleaner sample

• Knowledge of p(Bsig) 

• Low tag-side efficiency

ϵ ≈ 𝒪(100%)

π 

π 

π 

ϵ ≈ 𝒪(0.1%)

effi
ci

en
cy

pu
rit

y
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Hadronic Tagging at Belle II

• Hadronic tagging with Full Event Interpretation algorithm [Comput Softw Big Sci 3, 6(2019)] to reconstruct Btag

• Reconstruct B candidate with all combination of daughters

• Calculate signal probability with multivariate classifiers

Hadronic FEI

• Over 200 BDTs to reconstruct  distinct decay chains

• Efficiency at ~ purity
𝒪(10000)

ϵB+ ≈ 0.5 % , ϵB0 ≈ 0.3 % 15 %

https://link.springer.com/article/10.1007/s41781-019-0021-8
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Measurement of Moments  at Belle IIq2

• Central moments
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Hadronic Mass Moments in B → Xcℓν

BaBar: PRD 81, 032003 (2010) Belle: PRD 75, 032005 (2007)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.032003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.75.032005

