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B-anomalies
• Discrepancies with the Standard Model have been observed in multiple 

tests of lepton flavour universality.


             R(D)-R(D*) : 3.1            R(K)-R(K*)  :  3.1            etc..


• Various new physics explanations have been hypothesized. 

σ σ

Semi-leptonic decays with tau prevail as an excellent 
avenue for what may lie beyond the SM.  
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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 at KEKB. 

• Target luminosity:  50 ab-1, 50 x the Belle dataset.

• 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
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•B physics:

• CPV: , 

• Rare B decays: , 


• Lepton flavour violation:

• 


• Charm Physics: D mixing

B → J/ΨK0
s ϕK0

B → Kνν̄ Kττ

τ → μγ



• Luminosity projected to be 30 x larger than that of Belle. 

• 20x smaller vertical beam size.

• 1.5 x beam current.

Belle II experiment

• Improvements the Belle II detector :
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beam current 

vertical beam size



Current Belle II dataset

6 fb-1 4 fb-1
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Belle II continued taking 
data during the pandemic! 



Semi-tauonic Agenda 
• Belle II will collect up to 800 fb-1 before its first shutdown .

• The collected data will be used to confirm the current B-anomalies and to present first novel results in the semi-tauonic 

sector.


• Planned measurements in progress:

• :

• With hadronic and semi-leptonic tagging, hadronic 

and leptonic tau decays.

• Confirm anomaly using data collected before long 

shut down 1 and measure tau polarization.

• First results by Summer 2022. 


• 

• Novel measurement with hadronic tagging .

• First results by end of 2022 with O(400) fb-1 at least. 


• 

• Unique capability of Belle II. 

• First results by end of 2022 with O(500) fb-1 or more. 


R(D) − R(D*)

B → Xτν

B → τν
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Preparing the toolkit
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B-tagging at Belle II 
• Exclusive reconstruction of B mesons using 

hadronic and semi-leptonic modes. 

• Achieved using the Full Event Interpretation 

(FEI), a multivariate algorithm based on a 
hierarchal approach.


• Employs over 200 Boosted Decision Trees to 
reconstruct  ~10000 B decay chains. 
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Ideal for decays with neutrinos, 
missing energy signatures!

Infer momentum and direction of 
signal B candidate: 
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B-tagging at Belle II 

• 30-50%  improvement in efficiency compared to Full Reconstruction at 
Belle. 

•  channel employed to calibrate the hadronic 
FEI and account for data-MC differences. 


• Calibration determined as  after selecting 
signal side B

B → Xℓν

NXℓν
Data/NXℓν

MC

• Hadronic FEI calibration strategy has been established. 

• Semi-leptonic FEI calibration and performance studies in 

progress for Summer 2022. 

arXiv:2008.06096

• Outputs a signal probability which separates correctly reconstructed B 
mesons. 

Comp. Softw. Big. Sci. 3 (2019)

https://arxiv.org/abs/2008.06096


Lepton Identification
• Belle II has global particle identification based on almost all 

detector subsystem inputs.

• PID performance and fake rate evaluated in bins of the polar 

angle using standard candle processes.
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At p<1 GeV/c, electron fake rates reduced by a factor of 10.

• Fake rates improved for low momenta using Boosted Decision Tree 
PID with ECL shower shape variables to separate between lepton 
and hadrons. 


e.g. electron efficiency of 94% and pion misID at 2% for  ℒ > 0.9



EECL
• EECL is a key variable for many semi-leptonic and missing energy analyses, specifically .

• It is defined as the sum energy of all neutral clusters in the event after the full signal selection is applied: Bsig+ Btag.

B → D * τντ

Properly reconstructed 
events
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Belle II Simulation

EECL (GeV)

Develop a multi-variate algorithm (BDT) to suppress beam background 
contributions.


Employ shower shape variables to separate between clusters resulting from 
real photons and those that are related to beam backgrounds.


Isolate beam background photons from  events in data and 
train against simulated photons from  events.


e+e− → μ+μ−

BB̄
• Different contributions to EECL :


• Mis-reconstructed candidates 

• Hadronic split-offs 

• Beam background contributions
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EECL
• Beam background BDT tested on EECL distribution of  events.B0 → D(*+)ℓ−νℓ

• Similar effort in progress and targeting summer 2022 for the suppression of hadronic split offs in EECL.



Now, the setup
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 and R(D) R(D*)
• One of the high priority analyses for Belle II.


    and 


• 3 ongoing measurements planned in the short term: 

R(D) =
ℬ(B̄ → D+τ−ν̄τ)
ℬ(B̄ → D+ℓ−ν̄ℓ)
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Initial plan: confirm anomaly with ~0.5 ab-1 of Belle II data. 

Hadronic Tagging


Leptonic tau:  and τ → eντνe τ → μντνμ

Hadronic Tagging


Hadronic tau: τ → ρ, πν

Semi-leptonic Tagging


Leptonic tau:  and   τ → eντνe τ → μντνμ

e, μ
νℓ
ℓ

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

b c

q q

ντ

τ
−

}D(∗)
B{

W−/H−

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

V V



 and R(D) R(D*)
• One of the high priority analyses for Belle II.


    and 


• 3 ongoing measurements planned before the long shut down: 

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

15

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

Hadronic Tagging


Leptonic tau:  and τ → eντνe τ → μντνμ

Hadronic Tagging


Hadronic tau: τ → ρ, πν

Semi-leptonic Tagging


Leptonic tau:  and   τ → eντνe τ → μντνμ

e, μ
νℓ

ℓ

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

Normalization mode

Measure branching fraction of normalization mode to test Belle 
II data and analysis’s chain.

V V



• Identify Btag candidate and reconstruct D0 meson from oppositely 
charged tracks with1.858 < MD < 1.878 GeV/c² . 

• Combine D0 and  to form D*+ with 0.143 < < 0.148 GeV/c2

• Identify high momentum lepton with  GeV/c and combine 
with D*+ .

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

πs ΔM
p*l > 1.0

m2
miss

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

Tagged Exclusive B0 → D*+ℓνℓ



• Boosted decision tree   developed to suppress leading background 
contributions from semi-leptonic decays with  and hadronic B decays.

𝒪(BDT )
D**
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• Extract signal yield using key variables like:  M2

ν , p*ℓ , EECL

 and R(D) R(D*)

EECL

Signal region Signal region
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 and R(D) R(D*)
• Previous BaBar and Belle measurements have leading systematics 

from the tricky  background and the size of the MC samples.B → D**

Statistical + systematic 

Phys. Rev. D 91, 114028

arXiv:1808.10567

• More precise measurements of the  branching fraction in 
preparation.


• Plan to also measure the tau polarization and the  dependent R(D) 
as the size of the dataset increases  


B → D**

q2



• Inclusive branching fraction is an important piece of the 
puzzle, complementary to exclusive D or D* decays.


• Most recent result since 2001.
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B → Xτν

arXiv:2101.08326

• Measurement sensitive to the modelling of signal and 
background semi-leptonic processes.


• Improved lepton identification and reduce fake rate at low 
momentum is critical. 

PhD Thesis, Jan Hasenbusch

https://arxiv.org/abs/2101.08326
http://hss.ulb.uni-bonn.de/2018/5101/5101.htm
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B → Xτν
• Use hadronic B tagging with leptonic decays of tau.

• Extract yields using quantities like , , and 

• Tools in development to understand and address any 

mismodeling in  .

• First measurement with O(500) fb-1 of data is expected before 

long shut down. 

MX m2
miss pℓ

m2
miss

pℓ

m2
missMX

Simulated data 
only

MX GeV/c2  GeV2/c4m2
miss

pℓ GeV/c
• Suppress continuum events and reconstruct Btag + lepton. 



• High priority analysis for Belle II.


• Can provide orthogonal information on |Vub|.
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B → τν

 

• Identify Btag + lepton and suppress continuum events.


• Hadronic tagged measurement with leptonic  decay. τ

https://docs.belle2.org/record/1929/files/BELLE2-NOTE-PH-2020-024_v4.pdf


• First results expected with O(500) fb-1.22

B → τν

 

• EECL affected by beam background contributions.


• Impact mitigated by optimizing selections on clusters 
in the rest-of-event. 

• Reasonable data-MC agreement and correct modeling 
of backgrounds for key variables.

• Improved precision with increasing data set to come. 

https://docs.belle2.org/record/1929/files/BELLE2-NOTE-PH-2020-024_v4.pdf


Outlook 
• Belle II is getting ready for a range of results in the semi-tauonic sector. 


• Confirmation of the B anomalies and more precise measurements as the size of the 
data set increases.


• Improvements in B-tagging, lepton identification, background modelling, and 
beam background suppression are ready. 


• On the hunt for new physics!!!
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Beam Backgrounds 
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Sources of beam backgrounds:

• Touschek scattering: Coulomb scattering between 2 particles in the same beam bunch. 

• Beam-case: scattering off residual gas atoms in the beam pipe

• Synchrotron radiation: photons emitted when electrons are bent by magnetic fields  



• Leading systematic uncertainties:
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B → Xτν


