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Motivation for B → τν, B → (X)τν
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• Two-Higgs doublet models (stronger coupling to  leptons).τ

• Leptoquarks.

2. Complementary measurements of  to light 
lepton ( ) semileptonic channels → input 
to CKM global fits.

Vub

ℓ = e, μ

1. Powerful test for lepton flavour universality violation → 
 portal to new physics:b → cτν̄



SuperKEKB and the Belle II detector
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• SuperKEKB: 40x higher instantaneous luminosity than KEKB →  ℒ = 6 × 1035cm−2s−1

• Belle II: major upgrade of Belle detector to cope with harsher beam background conditions.

• Improvements in reconstruction algorithm, esp. tracking, vertexing and particle identification.



Current Belle II dataset and projected luminosity
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• Present data sample too limited for performing  (semi)tauonic physics measurements.             B

ICHEP 2020 dataset: ∫ ℒdt = 34.6 fb−1

→ Studied data/MC comparisons to demonstrate understanding of detector performance.

• Expecting first measurements with ’s with  in 2021. τ 𝒪(200 fb−1)



• Exploit flavour and kinematic constraints on “signal” 
 system by tagging the other.              B

Event reconstruction strategy
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4.1. Event Reconstruction 23
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Figure 4.2.: Illustration of the interplay between the di�erent tagging methods. The trade-
o� is always between information/purity and e�ciency. This originates from
the constraints on the reconstructed B mesons, e.g. for the hadronic and
semileptonic tag candidate a specific decay has to be reconstructed, whereas
the inclusive tag candidate is constructed without any requirement on the
specific decay. For this analysis, the most important key performance indicator
of the tagging variant is e�ciency. Figure taken from [25].

lower energetic track is rejected.

Photons are reconstructed from calorimeter clusters where no charged track is located in
the proximity.

Particle candidates surviving this selection are used to form a Btag candidate.

4.1.1. Inclusive Btag Reconstruction

After cleansing the ROE from beam remnants and reconstruction artifacts, the remaining
tracks and neutral clusters are combined to the inclusive Btag candidate. Its four-vector in
the center-of-mass frame is given by

p
µ

cms =
AÒ

p
2
cms + m

2
B

pcms

B

, (4.1)

with pcms =
q

pi ’p œ ROE. The momentum magnitude of the four-vector is constrained
by the kinematics of the two-body decay �(4S) æ B+B≠. This information is used to
fix the magnitude of the momentum component p to the value of 332 MeV, which yields
a much better momentum resolution compared to the reconstructed magnitude of the
momentum from the sum of all ROE tracks and clusters. Thus only the direction of the
inclusive Btag is determined from the reconstructed tracks and clusters.

To further improve the resolution of the inclusive tag candidate, the error of the momentum
distribution is studied. There is no information available on the specific decay mode of
the tag-side B when using this inclusive approach. Therefore, no information is available

•  most often reconstructed through leptonic decays 
of the  ( ) to further minimise 
background.

Bsig
τ ℬ(τ → ℓνν) ≈ 34 %

Mbc = (
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Fig. 1: Schematic overview of a ⌥(4S) decay: (Left)
a common tag-side decay B�

tag ! D0(! K0
S(!

⇡�⇡+)⇡�⇡+)⇡� and (right) a typical signal-side-decay
B+

sig ! ⌧+(! µ+⌫µ⌫⌧ )⌫⌧ . The two sides overlap spa-
tially in the detector, therefore the assignment of a mea-
sured track to one of the sides is not known a priori.

The measurement of the branching fraction of rare
decays like B ! ⌧ ⌫, B ! K⌫⌫ or B ! `⌫� , with un-
detectable neutrinos in their final states, is challenging.
However, the second B meson in each event can be used
to constrain the allowed decay chains. This general idea
is known as tagging. Conceptually, each ⌥(4S) event
is divided into two sides: The signal-side containing the
tracks and clusters compatible with the assumed signal
Bsig decay the physicist is interested in, e.g. a rare decay
like B ! ⌧ ⌫; and the tag-side containing the remaining
tracks and clusters compatible with an arbitrary Btag

meson decay. Figure 1 depicts this situation.
The initial four-momentum of the produced ⌥(4S)

resonance is precisely known and no additional parti-
cles are produced in this primary interaction. There-
fore, because of the relevant quantum numbers conser-
vation, knowledge about the properties of the tag-side
Btag meson allows one to recover information about the
signal-side Bsig meson which would otherwise be inac-
cessible. Most importantly, all reconstructed tracks and
clusters which are not assigned to the Btag mesons must
be compatible with the signal-decay of interest.

Ideally, a full reconstruction of the entire event
has to take all reconstructed tracks and clusters into
account to attain a correct interpretation of the mea-
sured data. The Full Event Interpretation (FEI)
algorithm presented in this article is a new exclusive
tagging algorithm developed for the Belle II experi-
ment, embedded in the Belle II Analysis Software Frame-
work (basf2) [2]. The FEI automatically constructs plau-
sible Btag meson decay chains compatible with the ob-
served tracks and clusters, and calculates for each decay
chain the probability of it correctly describing the true
process using gradient-boosted decision trees. “Exclu-
sive” refers to the reconstruction of a particle (here the
Btag) assuming an explicit decay channel.

Consequently, exclusive tagging reconstructs the Btag

independently of the Bsig using either hadronic or
semileptonic B meson decay channels. The decay chain
of the Btag is explicitly reconstructed and therefore the
assignment of tracks and clusters to the tag-side and
signal-side is known.

In the case of a measurement of an exclusive branch-
ing fraction like Bsig ! ⌧ ⌫⌧ , the entire decay chain of
the ⌥(4S) is known. As a consequence, all tracks and
clusters measured by the detector should be already ac-
counted for. In particular, the requirement of no addi-
tional tracks, besides the ones used for the reconstruc-
tion of the ⌥(4S), is an extremely powerful and effi-
cient way to remove most reducible1 backgrounds. This
requirement is called the completeness constraint
throughout this text.

In the case of a measurement of an inclusive branch-
ing fraction like Bsig ! Xu`⌫, all remaining tracks and
clusters, besides the ones used for the lepton ` and the
Btag meson, are identified with the Xu system. Hence,
the branching fraction can be determined without ex-
plicitly assuming a decay chain for the Xu system.

The performance of an exclusive tagging algorithm
depends on the tagging efficiency (i.e. the fraction of
⌥(4S) events which can be tagged), the tag-side effi-
ciency (i.e. the fraction of ⌥(4S) events with a correct
tag) and on the quality of the recovered information,
which determines the tag-side purity (i.e. the frac-
tion of the tagged ⌥(4S) events with a correct tag) of
the tagged events.

The exclusive tag typically provides a pure sample
(i.e. purities up to 90% are possible). But this approach
suffers from a low tag-side efficiency, just a few percent,
since only a tiny fraction of the B decays can be explic-
itly reconstructed due to the large amount of possible
decay channels and their high multiplicity. The imper-
fect reconstruction efficiency of tracks and clusters fur-
ther degrades the efficiency.

Both the quality of the recovered information and
the systematic uncertainties depend on the decay chan-
nel of the Btag, therefore we distinguish further between
hadronic and semileptonic exclusive tagging.

Hadronic tagging considers only hadronic B de-
cay chains for the tag-side [3, Section 7.4.1]. Hence,
the four-momentum of the Btag is well-known and the
tagged sample is very pure. A typical hadronic B de-
cay has a branching fraction of O(10�3). As a conse-
quence, hadronic tagging suffers from a low tag-side
efficiency and can only be applied to a tiny fraction
of the recorded events. Large combinatorics of high-

1
Reducible background has distinct final-state products

from the signal.

* → C.M. frame



Full Event Interpretation algorithm for  reconstructionBtag
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• Full Event Interpretation (FEI) algorithm developed in Belle II software →  
BDT classifiers trained on   decay channels to identifiy the 

𝒪(200)
𝒪(10,000) B Btag

• FEI successfully exploited in  
“semileptonic tag” analysis on Belle data 
analysed with the Belle II software.

R(D(*))

W. Sutcliffe’s talk

G. Caria et al. (Belle Collaboration), Phys. Rev. Lett. 124, 161803 




Relevant observables for  decays with ’sB τ
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•  (in r.f.)→ crucially dependent on good lepton 
identification performance.

p*ℓ Bsig

•  → separates signal from , pure hadronic 
final states.

m2
miss B → Xℓν

•   → energy in the calorimeter of neutral particles not used in the reconstruction of 
the signal or tag. 

EECL

• Challenging due to low momentum of lepton daughters. 

B → Xℓν B → XτνB → τν (MC reco only)

Belle simulation

Belle simulation

Belle simulation

Belle II simulation
Belle II simulation



Lepton identification performance in 2020 data
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• Lepton identification & hadron mis-id performance in simulation calibrated to data using 
several “standard candles” to cover broad  range.p Likelihood ratio (w/ inputs from all sub-detectors)
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Lepton identification performance in 2020 data
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• e,  ,  → ⟨efficiency⟩ of 94% for 2% pion mis-id probability.ℒratio > 0.9 p > 1 GeV/c

Electrons Muons

• μ, ,  → ⟨efficiency⟩ of 90% for 4% pion mis-id probability.ℒratio > 0.9 p > 1 GeV/c

• Results for a representative bin in the detector “barrel” region.



Upgrades to lepton identification using the ECL
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→ Combine several calorimetric observables (lateral shower shapes, 
extrapolated track depth in the ECL…) in a BDT to improve lepton-hadron 
separation.

• Factor 10 reduction in  fake rate, and a factor 2 in  fake rate for  (MC)π − e π − μ p < 1 GeV/c

• At low momentum, limit in KLM acceptance and large energy losses 
for electrons before the ECL make lepton identification a challenge.
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4.2. The Signal Selection Classifier 29

Figure 4.8.: The di�erence in event topology for resonant and non-resonant interactions in
the center-of-mass reference frame. (left) Continuum event. (right) �(4S) event.
In the case of a continuum event, the momenta are distributed back-to-back,
whereas in the case of the �(4S) event the B mesons, created in the decay of
the �(4S), are almost at rest. The momenta of the B meson decay products
are isotropically distributed. The di�erence in these two event topologies can
be quantified with e.g. the Cleo Cones. Figure adapted from [29].

There are several concepts to quantify the di�erence in the event shape of continuum events
and �(4S) decays, which can be used for a topological discrimination of the two. They are
discussed in [3] and briefly summarized in the following. Each event consists of a set of N

particles with momenta pi, with i œ {1, 2, . . . , N}.

Thrust

The thrust T is defined as as

T =
qN

i=1 |T · pi|qN

i=1 |pi|
, (4.5)

with the thrust axis T, which is defined as the unit vector along which the projection of
all momenta is maximal. The thrust takes values between 1/2 and 1 with a continuum
event corresponding to T æ 1 and an �(4S) event corresponding to T æ 1/2.

cos ◊B

The angle between the momentum of the reconstructed B meson and the beam
axis is cos ◊B and 1 ≠ cos2

◊B distributed. This distribution originates from the spin
1 æ 0 0 decay of the �(4S). For continuum events, the distribution is flat, because
the B-candidate is created from random combinations of tracks.

Cleo Cones

The Cleo Cones are defined along the thrust axis with opening angles of � œ

[◊, ◊ + 10] deg. The value of Cleo Cone i is the total momentum flow of all particles
within given cone i. For continuum events the momentum flow is clustered in the
Cleo Cones with small opening angles.

Fox Wolfram Moments

The Fox Wolfram moments describe the phase-space distribution of energy and

• First pure tauonic result of Belle II → test-bench for event reconstruction capability.

• Only  channel considered. Use hadronic FEI tagging.τ → eνeντ

Event preselection + tag selection Description

|d0| < 0.5 cm, |z0| < 2 cm, p > 0.1 GeV/c, 
Ntrk ≥ 3 track preselection

Ecluster > 100 MeV, 0.29 < θcluster < 2.61 rad, 
Ncluster ≥ 3 ECL cluster preselection

2 < EECL(tot) < 7 GeV, Evis > 4 GeV total energy in event

log10(pFEI) > -2 FEI sig. prob. cut for Btag 

cosΔθthrust < 0.8 continuum supression [*]

Mbc > 5.27 GeV/c2 selection on Btag Mbc 

[*] angle between thrust axes of 
 and the “rest of the event” Btag

Belle II simulation

≈50% purity for correctly reconstructed  candidates 
estimated from fit to   

Btag

Mbc

BELLE2-NOTE-PL-2020-023
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• Fair modelling of background in the signal-enriched regions 
with the available statistics.

•  ,  (*: c.m. frame)EECL E *miss +cp *miss

• Selection on electron candidates: , 
.

pe > 0.5 GeV/c
electronID > 0.9

→ demonstrate potential for observation of  with larger dataset.B → τν
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Beam background suppression algorithm for  EECL
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• BDT developed to reduce beam background neutrals on  in the  analysis, 
based on 6 calorimetric clusters shower shapes and angular positions ( ). 

EECL B̄0 → D*+ℓ−ν
Ecluster > 100 MeV

• Tail in  distribution:EECL

• Background ( ) → mis-assigned ’s and ’s. B, qq̄ KL γ

• Algorithm trained on  control sample.e+e− → μ+μ−

μ+

μ−

beam bkg. cluster

x

y

R. Cheaib’s talk

• Signal → resolution effects, beam background.
BELLE2-CONF-PH-2020-023

NE
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https://docs.belle2.org/record/1999?ln=en
https://docs.belle2.org/record/1999?ln=en


Prospects for (semi)leptonic  decays with  leptonsB τ
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• :B → τν
• expecting  observation with 5σ 2.6 ab−1

•  tot. uncertainty of  with  ℬ(B → τν) (10%) 5 ab−1

The Belle II Physics Book, PTEP 2019 no. 12, 123C01 


• :B → D(*)τν (R(D(*)))
•  precision (tot. uncertainty) with  𝒪(5%) 5 ab−1

• Polarisations: , Pτ(D(*)) =
Γ+ − Γ−

Γ+ + Γ−
PD* =

ΓL

ΓL + ΓT

• Measure observables sensitive to NP effects in  :b → cτν

• Kinematic distributions ( )q2, pℓ

B → Dτ( → ℓνν)ν, q2 distribution

Belle data (711 fb-1), type II 2HDM Belle II (SM, 50 ab-1), type II 2HDM



Experimental challenges
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• Background from :B → D**ℓνℓ

→ (For exclusive analyses) improve 
 reconstruction efficiency.π0

→ Measure branching ratios with higher 
precision.

• Furthermore, for inclusive  analysis:B → Xτν

“soft” light lepton ( )τ − like

π0

γ
γ

ℓ

νℓ

D**

D±

B
lost pion

• Fake lepton suppression at low momenta, 
and improved LID calibration.

→ Handle background from leptonic charm 
decays B → D → ℓ

→ large background yield implies all MC processes’ 
’s must be measured with high precision.ℬ

Belle hadronic tag  analysis,  

Phys. Rev., D92(7), 072014 (2015) 

B → Dτν (τ → ℓνℓντ) M2
miss > 2.0 GeV2 /c4



Conclusions
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• Belle II operations are in full swing, with  of data collected to date.≈ 70 fb−1

• First analyses on  (semi)leptonic decays with tau leptons successfully test improved   
techniques for event reconstruction (FEI).

B

• Preliminary studies of lepton identication in multiple channels show good performance, 
and exciting new developments will soon be tested in physics analyses.

• More intriguing results on  tauonic final states are on the way for 2021.B


