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Belle II experiment
• A B meson factory in Tsukuba, Japan based on the SuperKEKB accelerator complex.
• Upgrade of its predecessor Belle and KEKB. 

• Target luminosity:  50 ab-1, 50x the Belle dataset.
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¤ B-physics:
¤ CPV: Bà J/y Ks0, fK0

¤ Rare B decays: BàKnn, Kt+t-

¤ Semi-leptonic B decays

¤ Lepton flavour violation: 
¤ tàµg

¤ Charm Physics: D-mixing

• a (Super) B-factory (~1.1 x 109   pairs per ab-1)

• a (Super) charm factory (~1.3 x 109  pairs per ab-1) 

• a (Super) τ factory (~0.9 x 109  pairs per ab-1)

BB̄
cc̄

ττ̄



Current Belle II dataset

Many results 
presented today 

with 34.6  or 68.2 
fb-1 of reprocessed 

data.  



Semi-leptonic decays
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We recently presented an update of the earlier mea-
surement [14] based on the full BABAR data sample [17].
This update included improvements to the event recon-
struction that increased the signal efficiency by more
than a factor of 3. In the following, we describe the anal-
ysis in greater detail, present the distributions of some
important kinematic variables, and expand the interpre-
tation of the results.

We choose to reconstruct only the purely leptonic de-
cays of the τ lepton, τ− → e−νeντ and τ− → µ−νµντ ,
so that B → D(∗)τ−ντ and B → D(∗)#−ν" decays are
identified by the same particles in the final state. This
leads to the cancellation of various detection efficiencies
and the reduction of related uncertainties on the ratios
R(D(∗)).

Candidate events originating from Υ (4S) → BB de-
cays are selected by fully reconstructing the hadronic de-
cay of one of the B mesons (Btag), and identifying the
semileptonic decay of the other B by a charm meson
(charged or neutral D or D∗ meson), a charged lepton
(either e or µ) and the missing momentum and energy in
the whole event.

Yields for the signal decays B → D(∗)τ−ντ and the
normalization decays B → D(∗)#−ν" are extracted by an
unbinned maximum-likelihood fit to the two-dimensional
distributions of the invariant mass of the undetected par-
ticles m2

miss = p2miss = (pe+e−−pBtag −pD(∗)−p")2 (where
pe+e− , pBtag , pD(∗) , and p" refer to the four-momenta of
the colliding beams, the Btag, the D(∗), and the charged
lepton, respectively) versus the lepton three-momentum
in the B rest frame, |p∗

" |. The m2
miss distribution for de-

cays with a single missing neutrino peaks at zero, whereas
signal events, which have three missing neutrinos, have a
broad m2

miss distribution that extends to about 9GeV2.
The observed lepton in signal events is a secondary par-
ticle from the τ decay, so its |p∗

" | spectrum is softer than
for primary leptons in normalization decays.

The principal sources of background originate fromBB
decays and from continuum events, i.e., e+e− → ff(γ)
pair production, where f = u, d, s, c, τ . The yields and
distributions of these two background sources are derived
from selected data control samples. The background de-
cays that are most difficult to separate from signal decays
come from semileptonic decays to higher-mass, excited
charm mesons, since they can produce similar m2

miss and
|p∗

" | values to signal decays and their branching fractions
and decay properties are not well known. Thus, their
impact on the signal yield is examined in detail.

The choice of the selection criteria and fit configura-
tion are based on samples of simulated and data events.
To avoid bias in the determination of the signal yield,
the signal region was blinded for data until the analysis
procedure was settled.
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FIG. 1. Parton level diagram for B → D(∗)τ−ντ decays.
The gluon lines illustrate the QCD interactions that affect
the hadronic part of the amplitude.

II. THEORY OF B → D(∗)τ−ντ DECAYS

A. Standard Model

Given that leptons are not affected by quantum chro-
modynamic (QCD) interactions (see Fig. 1), the matrix
element of B → D(∗)τ−ντ decays can be factorized in
the form [5]

Mλτ

λ
D(∗)

(q2, θτ ) =
GFVcb√

2

∑

λW

ηλW
Lλτ

λW
(q2, θτ )H

λ
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λW
(q2),

(2)

where Lλτ

λW
and H

λ
D(∗)

λW
are the leptonic and hadronic

currents defined as

Lλτ

λW
(q2, θτ ) ≡ εµ(λW ) 〈τ ντ |τ γµ(1− γ5) ντ |0〉 , (3)

H
λ
D(∗)

λW
(q2) ≡ ε∗µ(λW )

〈

D(∗) |c γµ(1− γ5) b|B
〉

. (4)

Here, the indices λ refer to the helicities of the W , D(∗),
and τ , q = pB−pD(∗) is the four-momentum of the virtual
W , and θτ is the angle between the τ and the D(∗) three-
momenta measured in the rest frame of the virtual W .
The metric factor η in Eq. 2 is η{±,0,s} = {1, 1,−1},
where λW = ±, 0, and s refer to the four helicity states
of the virtual W boson (s is the scalar state which, of
course, has helicity 0).
The leptonic currents can be calculated analytically

with the standard framework of electroweak interactions.
In the rest frame of the virtual W (W ∗), they take the
form [18]:

L−
± = −2

√

q2vd±, L+
± = ∓

√
2mτvd0, (5)

L−
0 = −2

√

q2vd0, L+
0 =

√
2mτv(d+ − d−), (6)

L−
s = 0, L+

s = −2mτv, (7)

with

v =

√

1−
m2

τ

q2
, d± =

1± cos θτ√
2

, d0 = sin θτ . (8)

Given that the average q2 in B → D(∗)τ−ντ decays is
about 8 GeV2, the fraction of τ− leptons with positive
helicity is about 30% in the SM.
Due to the nonperturbative nature of the QCD inter-

action at this energy scale, the hadronic currents cannot

• Semi-leptonic decays involve  neutrinos, which is inferred as 
missing energy in our detector. 

• Inclusive and exclusive  and  transitions are 
crucial for the determination of the CKM matrix elements |Vub| and   
|Vcb|. 

• Lepton Flavour Violation studies are an important probe for physics 
beyond the Standard Model.  

b → uℓν b → cℓν



Full Event Interpretation 
n
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Infer momentum and direction of 
signal B candidate: 

• Implement tagging, where one B 
referred to as Btag is exclusively 
reconstructed using hadronic or 
semi-leptonic modes.  

• The remaining tracks and clusters 
are then attributed to the signal B, 
Bsig, on which the search or 
measurement of a particular 
decay is done.  

• Any missing energy is attributed 
to the Bsig.  

Ideal for decays with neutrinos,
 missing energy signatures!



Full Event Interpretation 
• Multivariate algorithm with hierarchal 

approach

• Employs over 200 Boosted Decision Trees to 
reconstruct more than 10000 B decay modes. 

Tagging Algorithm Had B+/B0 SL B+/B0

Full Reconstruction
Belle 0.28/0.18 0.67/0.63

FEI Belle 0.78/0.46 1.80/2.04

6
MC Tagging efficiency at 

10% purity!



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

• Purity and efficiency of Btag sample varies with FEI 
signal probability cut. 

B+ B+

FEI signal probability



Hadronic FEI calibration 
• Calibration is required to account for data MC differences in the FEI algorithm.  
• Using a signal side decay with a large branching fraction  (~20%), the efficiency of the FEI is 

compared between data and MC. 
B → Xℓν
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ϵ =
NXℓν

Data

NXℓν
MC

arXiv2008.06096

Require Btag candidate with 
Mbc >5.27 GeV/c2 and 
-0.15< E<0.1 GeV. 

Look for signal side lepton 
with momentum (in Bsig rest 

frame) >1 GeV/c.

Δ



• : main channel for inclusive |Vcb| determination.


• Heavy Quark expansion of decay rate with non-perturbative matrix elements  
and perturbative coefficients. 


• Non-perturbative parameters determined using the lepton energy or 
hadronic mass moments of 


• : main channel for exclusive  |Vcb| determination:

• Clean experimental modes with low background.

• Decay rate requires input on the form factor parametrization.

B → Xcℓν

B → Xcℓν

B → D(*)ℓν

b → cℓν

9 Tension between exclusive and inclusive determinations. 



• Clean mode for testing FEI calibration and Belle II analysis 
chain.  

• Identify Btag candidate with Mbc>5.27 GeV/c2

 and FEI signal probability >0.001.
•  Reconstruct D0 meson from oppositely charged tracks and 

form D*+ with 0.143 < < 0.148 GeV/c2

• Identify high momentum lepton with  GeV and 
determine 

• Extract signal yield using a fit to signal + background: 

−0.15 < ΔE < 0.1

ΔM
p*l > 1.0

M2
miss

Tagged Exclusive B0 → D*+ℓν

In agreement with world average
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ℬ(B̄0 → D*+ℓνℓ) = (4.51 ± 0.41stat ± 0.27syst ± 0.45πs
) %

ℬ(B̄0 → D*+ℓνℓ) = (5.05 ± 0.14) %

arXiv:2008.10299



Flagship decay for  exclusive |Vcb| measurements!

Reconstruct  and  . 
Identify lepton using PID algorithms.
Suppress  events using pD*<2.4 GeV/c and R2 <0.3. 

D0 → K−π+ D*+ → D0πs

e+e− → qq̄

cosθBY =
2E*BE*Y − m2

B − m2
Y

2 |p*B | |p*Y |
Extract signal yield with a fit to  , where Y=  .cosθBY D * ℓ

ℬ(B̄0 → D*+ℓν̄) = (4.60 ± 0.05(stat) ± 0.18(sys) ± 0.45πs) %

Compatible with current world average.
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Expecting updated results with the full 
available Belle II dataset very soon.

Untagged Exclusive B → D*+ℓν



Examine hadronic recoil 
parameter spectrum 

Divide spectrum into 5 equal 
bins of 0.1008 between w=1 and 
wmax=1.504.
 

w =
m2

B − m2
D* − q2

2mBmD*

Unfold the w spectrum to 
compare with BGL.

Partial branching fractions in 
bins of w are a key step to 

determine |Vcb|.
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Untagged Exclusive B → D*+ℓν

Phys. Rev. D 56, 6895, 1997



B− → D0ℓν

• FlfFlaFl

Flagship decay for  exclusive Vcb measurements!

Reconstruct . 
Identify lepton using PID algorithms.
Suppress  events using pD*<2.4 GeV/c and R2 <0.3

Apply D* veto by combining D candidates with:
  and exclude  GeV/c2

 and exclude  GeV/c2

D0 → K−π+

e+e− → qq̄

π+
s Δm ∈ [0.144,0.148]

γ, π0
s Δm ∈ [0.141,0.146]

π+

0B+
sigB−

First measurement at 
Belle II ! 
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Inclusive B → Xcℓν
• Heavy Quark Expansion (HQE) in powers of 
• Determine parameters of HQE  using moments of the differential rate.


• Using the branching fraction, determine 

1/mb

|Vcb |
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JHEP 1109 055 (2011)
Phys. Rev. D 70, 094017 (2004)



• Use hadronic FEI tagging and identify one lepton with  GeV/c.p *l > 0.8
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Subtract background by 
assigning a signal 

probability to each event 

arXiv:2009.04493

Determine calibration functions, in bins of pl, to correct for experimental 
effects on  .Mn

X

Hadronic Mass Moments of B → Xcℓνℓ

Extract hadronic mass moments as a weighted average using the following:  

https://arxiv.org/abs/2009.04493


arXiv:2009.04493

Phys. Rev. D 75, 032005, 2007
BABAR-CONF-07/003 arXiv:0707.2670

Hadronic Mass Moments of B → Xcℓν
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https://arxiv.org/abs/2009.04493


Alternative Inclusive |Vcb| 
• Achieve more precision by including higher order:


• Number of parameters: 4 up to , 13 up to  and 31 up to 

• Use reparametrization invariance to link different orders of 1/mb and reduce the number of total parameters 

• Requires RPI observables such as q2 

1/m3
b 1/m4

b 1/m5
b

17

8 parameters instead of 13 !

Fael, Mannel, Vos , JHEP 02 (2019) 177

NOVEL 
APPROACH!!!



 moments from q2 B → Xcℓν
• Similar to mX moments, use hadronic tagging and reconstruct X 

from rest-of-event (ROE). 
• Apply kinematic fit with B mass constraint to improve the q2 

resolution.
• Fit to independent variable MX in order to fix background 

normalization and determine signal probability

18

Paper draft in preparation. 

Untagged analysis in progress and targeting summer 2021. 



• Experimentally challenging due to dominant  
background.


• Only certain kinematic regions allow for clean separation: lepton 
momentum endpoint spectrum or low mX.


•  is used for inclusive |Vub| measurement. 

• Precision of (~7%) 

• Operator Product Expansion (OPE) = Heavy Quark Expansion. 

• HQE  breaks down and a non-perturbative shape function is 

required. 


•  is used for exclusive |Vub| measurement.

• Most precise determination of |Vub| (~4%) 

• Requires form factor determination:  non-perturbative from 

lattice QCD (high ) or LCSR ( ~0) . 

b → cℓν

B → Xuℓν

B → πℓν

q2 q2

b → uℓν
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|Vub | = (4.25 ± 0.12+0.15
−0.14 ± 0.23) × 10−3

|Vub | = (3.70 ± 0.10 ± 0.12) × 10−3

PDG inclusive 

PDG exclusive 

Current ~3  tension between inclusive and exclusive determinationsσ



Hybrid Modeling for  B → Xuℓν
• Non-resonant component overestimated in generic Belle II MC 
• Use hybrid modeling instead, where the non-resonant component is weighted down 

such that the total number of events matches the inclusive rate: 

• Re-weighting done via eFFORT, in 3D bins of   
• lepton energy in Bsig frame 
• : mass of hadronic system X 
• : 4-momentum transfer to leptonic system

EB, mX, q2

EB :
MX
q2

Phys. Rev. D 41, 1496, 1990
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Implement rest-of-event 
selection on remaining tracks 

and clusters to isolate 
neutrino 4-vector. 

Observed 
excess 

in data (>3 ) !
B → Xueνe

σ

Isotropic Jet-like

Inclusive B → Xueν̄e
arXiv:2103.02629

• Measurement of |Vub| in the lepton endpoint 
momentum spectrum. 

• Identify one lepton in the event using 

Particle Identification algorithms.

• Suppress continuum using multi-variate 

Boosted Decision Tree  trained with 
event shape variables.


• In progress: train MVA to distinguish 
 from  events based on  

or rest-of-event variables.
b → u b → c M2

X



Untagged B → πℓν
• Measured in 5 bins of  to extract |Vub|.
• Identify pion and lepton using PID algorithm with vertex fit to parent B.
• Suppress continuum using multivariate Boosted Decision Trees trained in each  bin. 
• Constrain background from simultaneous fit to  in sideband region.
• Signal extraction from a 3D fit to 

q2 = (pB − pπ)2

q2

pl
ΔE, Mbc, q2

22

In progress !



• FEI hadronic tagging to measure .
• Identify oppositely charged lepton, and  GeV/c, 

and pion using PID algorithms. 
• Suppress continuum using FoxWolfram moment R2. 
• Apply Emiss>0.3 and Eresidual<1.0 GeV.

• Analysis performed blinded in the signal region  GeV2/c4.

ℬ(B0 → π−ℓν)
pe > 0.3 pμ > 0.6

M2
miss ≤ 1

Tagged Exclusive B0 → π−ℓνℓ
π+

23

In agreement with world average.

Observed signal 
significance: 5.69 σ

Similar effort in channels: B → Xℓν, X = π0, ρ+ρ0
Extract signal yields in bins of  and determine |Vub|. q2

arXiv:2008.08819



R(D) and R(D*)

24

Persistent deviation from Standard Model prediction, measured by 
Belle, BaBar and LHCb. 
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We recently presented an update of the earlier mea-
surement [14] based on the full BABAR data sample [17].
This update included improvements to the event recon-
struction that increased the signal efficiency by more
than a factor of 3. In the following, we describe the anal-
ysis in greater detail, present the distributions of some
important kinematic variables, and expand the interpre-
tation of the results.

We choose to reconstruct only the purely leptonic de-
cays of the τ lepton, τ− → e−νeντ and τ− → µ−νµντ ,
so that B → D(∗)τ−ντ and B → D(∗)#−ν" decays are
identified by the same particles in the final state. This
leads to the cancellation of various detection efficiencies
and the reduction of related uncertainties on the ratios
R(D(∗)).

Candidate events originating from Υ (4S) → BB de-
cays are selected by fully reconstructing the hadronic de-
cay of one of the B mesons (Btag), and identifying the
semileptonic decay of the other B by a charm meson
(charged or neutral D or D∗ meson), a charged lepton
(either e or µ) and the missing momentum and energy in
the whole event.

Yields for the signal decays B → D(∗)τ−ντ and the
normalization decays B → D(∗)#−ν" are extracted by an
unbinned maximum-likelihood fit to the two-dimensional
distributions of the invariant mass of the undetected par-
ticles m2

miss = p2miss = (pe+e−−pBtag −pD(∗)−p")2 (where
pe+e− , pBtag , pD(∗) , and p" refer to the four-momenta of
the colliding beams, the Btag, the D(∗), and the charged
lepton, respectively) versus the lepton three-momentum
in the B rest frame, |p∗

" |. The m2
miss distribution for de-

cays with a single missing neutrino peaks at zero, whereas
signal events, which have three missing neutrinos, have a
broad m2

miss distribution that extends to about 9GeV2.
The observed lepton in signal events is a secondary par-
ticle from the τ decay, so its |p∗

" | spectrum is softer than
for primary leptons in normalization decays.

The principal sources of background originate fromBB
decays and from continuum events, i.e., e+e− → ff(γ)
pair production, where f = u, d, s, c, τ . The yields and
distributions of these two background sources are derived
from selected data control samples. The background de-
cays that are most difficult to separate from signal decays
come from semileptonic decays to higher-mass, excited
charm mesons, since they can produce similar m2

miss and
|p∗

" | values to signal decays and their branching fractions
and decay properties are not well known. Thus, their
impact on the signal yield is examined in detail.

The choice of the selection criteria and fit configura-
tion are based on samples of simulated and data events.
To avoid bias in the determination of the signal yield,
the signal region was blinded for data until the analysis
procedure was settled.
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FIG. 1. Parton level diagram for B → D(∗)τ−ντ decays.
The gluon lines illustrate the QCD interactions that affect
the hadronic part of the amplitude.

II. THEORY OF B → D(∗)τ−ντ DECAYS

A. Standard Model

Given that leptons are not affected by quantum chro-
modynamic (QCD) interactions (see Fig. 1), the matrix
element of B → D(∗)τ−ντ decays can be factorized in
the form [5]

Mλτ

λ
D(∗)

(q2, θτ ) =
GFVcb√

2

∑

λW

ηλW
Lλτ

λW
(q2, θτ )H

λ
D(∗)

λW
(q2),

(2)

where Lλτ

λW
and H

λ
D(∗)

λW
are the leptonic and hadronic

currents defined as

Lλτ

λW
(q2, θτ ) ≡ εµ(λW ) 〈τ ντ |τ γµ(1− γ5) ντ |0〉 , (3)

H
λ
D(∗)

λW
(q2) ≡ ε∗µ(λW )

〈

D(∗) |c γµ(1− γ5) b|B
〉

. (4)

Here, the indices λ refer to the helicities of the W , D(∗),
and τ , q = pB−pD(∗) is the four-momentum of the virtual
W , and θτ is the angle between the τ and the D(∗) three-
momenta measured in the rest frame of the virtual W .
The metric factor η in Eq. 2 is η{±,0,s} = {1, 1,−1},
where λW = ±, 0, and s refer to the four helicity states
of the virtual W boson (s is the scalar state which, of
course, has helicity 0).
The leptonic currents can be calculated analytically

with the standard framework of electroweak interactions.
In the rest frame of the virtual W (W ∗), they take the
form [18]:

L−
± = −2

√

q2vd±, L+
± = ∓

√
2mτvd0, (5)

L−
0 = −2

√

q2vd0, L+
0 =

√
2mτv(d+ − d−), (6)

L−
s = 0, L+

s = −2mτv, (7)

with

v =

√

1−
m2

τ

q2
, d± =

1± cos θτ√
2

, d0 = sin θτ . (8)

Given that the average q2 in B → D(∗)τ−ντ decays is
about 8 GeV2, the fraction of τ− leptons with positive
helicity is about 30% in the SM.
Due to the nonperturbative nature of the QCD inter-

action at this energy scale, the hadronic currents cannot

R(D) =
ℬ(B̄ → D+τ−ν̄τ)
ℬ(B̄ → D+ℓ−ν̄ℓ)

R(D*) =
ℬ(B̄ → D*+τ−ν̄τ)
ℬ(B̄ → D*+ℓ−ν̄ℓ)

• Current ongoing analyses with FEI hadronic tagging:  
• Leptonic tau decays  
• Hadronic tau decays 
• Inclusive  

• Analyses well established. Current effort to minimize background and 
optimize signal extraction. 

• Initial plan: confirm anomaly with ~0.5 ab-1 of Belle II data. 

B → Xτν
B0 → D(*+)ℓνB0 → D+ℓν

Normalization Mode 

Signal Mode 



• Separation between signal, normalization and background modes can be established with 
EECL, sum energy of all neutral deposits in the event not related to the Bsig or Btag 
reconstruction. 

• At Belle II, beam backgrounds contribute to EECL and dilute separation between signal and 
background. 

R(D) and R(D*)

Properly 
reconstructed 

events 

Use   data events and examine 
the cluster shape and energy distribution of 

energy deposits related to beam backgrounds.

 Train MVA to suppress beam background 
contributions in EECL. 

e+e− → μ+μ−

Work in progress for further optimization and suppression of 
hadronic split-offs as well. 



 Prospects at Belle IIB → Xℓν
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• With 1 ab-1 size dataset, the limitation will mainly be systematic. 
• Improved tracking, PID and vertexing tools.

• Improved tagging techniques Full Event Interpretation( see backup) 
is expected to increase efficiency by ~2%

• Improved measurements for  and 
• Achieve higher precision in the measurements of the moments for 

inclusive . 
• Valuable input for theory!

• Provide complementary kinetic information by measuring other 
single differential spectra, such as the hadronic energy or . 
• Work already in progress.

• Improved measurements of  with 1 ab-1

• For inclusive |Vub|, ,maximize shape function information by 
measuring a large number of differential spectra  

• Global fit to the full spectrum, combining  and  
with constraints on HQE parameters from  
simultaneously.

NBB̄ f +0

|Vcb |

q2

B → D**ℓν

B → Xuℓν B → Xsγ
B → Xcℓν



Conclusion
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•  and exclusive : 
• Work in progress at Belle II for improved precision in   and  results.
• Expected first |Vcb| measurement by EPS 2021 for untagged .

•  and inclusive :
• Novel  moments to be measured at Belle II using tagged and untagged approaches.
• First results expected by EPS2021.

•  and exclusive
• Upcoming results on untagged  for Fall 2021. 
• Work in progress at Belle II for improved precision in   and , results by EPS 2021.  

•  and inclusive :
• Work in progress at Belle II for first results using lepton endpoint spectrum analysis. 

B → D(*)ℓν |Vcb |
B → Dℓν B → D*ℓν

B → D*ℓν
B → Xcℓν |Vcb |

q2

B → π, ρ, ηℓν |Vub |
B → πℓν

B → πℓν B → ρℓν
B → Xuℓν |Vub |



Back up 



FEI prospects



• Glo
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Inclusive   at Belle IIB → Xuℓν
• Maximize shape function information by measuring a large number 

of differential spectra 

• Global fit to the full spectrum, combining  and  

with constraints on HQE parameters from  simultaneously

• This has been demonstrated by SIMBA, Analysis of B-Meson, 

Inclusive Spectra,  group.


• Systematic uncertainties related to tracking and PID will be 
improved by Belle II upgrades: 

• New and improved PID in the barrel region (time of propagation 

counter) 

• Smaller drift chamber cell size .

• Improved detector performance 

B → Xuℓν B → Xsγ
B → Xcℓν



• Progress in the semi-leptonic FEI calibration . 
• Currently two approaches: 

•   : similar approach to hadronic calibration 
• : start with cleaner tag modes  

• Effort to converge both approaches and unify procedure for summer 2021 analyses.  
• Upcoming measurement of   with semi-leptonic tagging. 

B → Xℓν
B → D(*)ℓν

B → πℓν

Semi-leptonic FEI calibration
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B+ B0

FEI efficiency (%) 2.04 1.80

Full Reconstruction (%)
Belle

0.34 0.31

~5% purity

Determined using simulated MC. 

Will remove data



Hadronic FEI Systematics



Diamond Frame definition


