
Recent results on                    
and prospects for                                   

B to D(*) τ ν , τ ν and μ ν at Belle

Giacomo Caria 
The University of Melbourne

SUSY17, TIFR, Mumbai - 11/12/2017



Giacomo Caria University of Melbourne

The Belle experiment (1998 - 2010)

11/12/2017

• Asymmetric e+e- collider at KEK, Japan 

• mY(4S) = 10.58 GeV > 2 x mB = 10.56 GeV ⟶ small momentum for B mesons 

• B factory:  772 x 106 of BB̄  pairs produced   

• (~ 3 times higher continuum background   from Y(4S) ⟶ qq̄) 

e−e+ → Y (4S) → bb̄ → BB̄

B(bb̄ → BB̄) ≈ 0.96
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Tagging in Belle

11/12/2017

• Y(4S) ⟶ BB̄ : very clean and well-
known initial state 

• Reconstruct one of the B mesons in 
the Y(4S) event (B tag) to gather 
information about the B decay of 
interest  

• Hadronic B decays:                                        
PRO: full B reconstruction, high purity                                         
CON: low efficiency                     
~2000 channels 

• Semileptonic B decays:                                 
PRO: high efficiency                     
CON: one missing neutrino, low purity                               
~100 channels 
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Tagging in Belle (FEI)

11/12/2017

• Tagging is done using a 
hierarchical multivariate 
analysis approach  

• The B tag signal probability 
depends on the signal 
probabilities of all daughters 

• The last tagging algorithm 
developed by Belle II (FEI) shows 
large improvement w.r.t 
previous methods 

• Can also be used on Belle 
data !

�� Chapter �. Full Reconstruction

On the other hand, using an explicit reconstruction of full �nal states, we would have to make
an explicit reconstruction for each of these modes, i.e.:

B → e+ e− π− π+ K−
B → µ+ µ− π− π+ K−
B → e+ e− K−
B → µ+ µ− K−

. . .

In general, if there are n modes using a resonance for further reconstruction, there would
be n ⋅m di�erent �nal states to consider. As explained later, it is a principal goal of the full
reconstruction to have both n andm as high as reasonably possible. �erefore the total number
of reconstructions can easily become huge for the explicit approach. Since every reconstruction
corresponds to a classi�cation problem which has to be solved, the resulting workload would
be overwhelming.
Another point is the possible quality of the reconstruction. For the explicit method, the �nal

state particles are a mixture of resonant and non-resonant particles. In general, classi�cation
algorithms, likeNeuroBayes�, perform better when confrontedwith isolated sub-problems: they
can focus on the clear formulation of a potentially simpler problem and the information is not
obscured by the embedding in a broader context. Accordingly, solving the stepwise resonance
reconstructions of the hierarchical approach may help to improve the total reconstruction
quality.
Based on these considerations, the new full reconstructionmodule uses a hierarchical design,

which is the �rst fundamental di�erence to the old version. Anticipating the results of the
following chapter, the �nal structure of the full reconstruction architecture can be described as
a four stage setup, as depicted in �gure �.�.

stage �

stage �

stage �

stage �

stage �

Tracks K�
S List π� List EM-Cluster

e+ µ+ K+ π+ K�
S π� γ

J�Ψ D� D+ DS

D∗� D∗+ D∗S

B� B+

J�Ψ D� D+ DS

D∗� D∗+ D∗S

Figure �.�.: Multi-stage architecture of full reconstruction

Stage � plays a special role, since it is not a part of the full reconstruction itself. It refers to
the actual input information, which is provided by the Belle datasets. �ese datasets alreadyAlgorithm MVA type Efficiency Purity

NB (Belle) NeuroBayes 0.2 0.25

FEI (Belle II) FastBDT 0.5 0.25
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Interest of B ⟶ D(*) τ ν measurements 

11/12/2017

Search NP in B → D(*)τ +ντ

7

• In the Standard Model (SM), the only difference between                        and                         
is the mass of the lepton


• The ratio of them is sensitive to additional amplitudes, i.e. involving an intermediate 
charged Higgs boson.


• NP: type-II-2HDM (charged Higgs boson appears), Leptoquarks(LQ) model…

• NP could affect this decay topology in two ways:


• Branching fraction

•   polarizationτ

B → D(*)τ +ντ B → D(*)µ+νµ

• W coupling to leptons is universal in the SM 

• A charged Higgs would couple more strongly to the τ 
lepton and produce an enhancement in BR of B decays 
that involve a τ lepton  

• Ratios R(D(*)) eliminate many sources of systematic errors 
for experimental measurements and theoretical 
predictions

R(D(∗)) =
B(B → D(∗)τ ν̄τ )

B(B → D(∗)ℓν̄ℓ)
ℓ = (e, µ)

signal mode

normalization mode

τ⁺ 

5
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R(D(*)), hadronic tag at Belle 

11/12/2017

• Exploit leptonic τ decays 

• Use m2
miss to separate 

signal from normalization

9
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FIG. 1. Fit projections and data points with statistical uncertainties in the D

+
`

� (top) and D

0
`

� (bottom) data samples.
Left: M2

miss distribution for M2
miss < 0.85GeV2/c4; right: o0NB distribution for M2

miss > 0.85GeV2/c4.

to the poorly determined branching fractions to the dif-
ferent D

⇤⇤ states. The fit is therefore repeated several
times: twice for each D

⇤⇤ state, with its branching frac-
tions varied within its uncertainties. We use the follow-
ing uncertainties: 42.3% for D

⇤
2 , 34.6% for D

⇤
0 , 14.9%

for D1, 36.2% for D

0
1, and 100.0% for the radially ex-

cited D(2S) and D

⇤(2S). The best-fit variations in R

are used as systematic uncertainties. They are combined
quadratically and quoted in Table IV as “D⇤⇤ composi-
tion.”

All fixed factors used in the fit are varied by their un-
certainty (arising from the MC sample size). The influ-

ence of the uncertainty of these factors is shown indi-
vidually in Table IV. Most factors—especially the fixed
yields—have little influence on the overall uncertainty;
the e�ciency ratios f

D+,0

and f

D⇤+,0

e↵ and the cross-
feed probability ratios g+,0 give the largest contributions,
comparable to the D

⇤⇤ composition and D

(⇤(⇤))
`⌫ shape

uncertainties.

To evaluate the e↵ect of PDF uncertainties, the shapes
of all components are modified and the fit is repeated.
The nominal fit uses smoothed-histogram PDFs inM

2
miss;

here, these are replaced by unsmoothed-histogram PDFs.
The variation of the best-fit R is taken as the symmetric

10

)4/c2(GeV2
missM

0.2− 0 0.2 0.4 0.6 0.8

Ev
ent

s

50

100

150

200

250

300
ντ D*→B

ν D*l→B

other BG

ν D**l→B

'NBo
8− 6− 4− 2− 0 2 4 6

Eve
nts

5

10

15

20

25

)4/c2(GeV2
missM

0.2− 0 0.2 0.4 0.6 0.8

Ev
ent

s

100

200

300

400

500

'NBo
8− 6− 4− 2− 0 2 4 6

Eve
nts

20

40

60

80

100

FIG. 2. Fit projections and data points with statistical uncertainties in the D

⇤+
`

� (top) and D

⇤0
`

� (bottom) data samples.
Left: M2

miss distribution for M2
miss < 0.85GeV2/c4; right: o0NB distribution for M2

miss > 0.85GeV2/c4.

systematic uncertainty for “M2
miss shape” in Table IV.

For the o

0
NB alternate model, we replace the bifurcated

Gaussians by kernel-estimator functions with adaptive
bandwidth. Again, the deviation from the nominal fit
value is taken as the symmetric systematic uncertainty
for “o0NB shape” in Table IV. It is among the dominant
systematic uncertainties.

The identification e�ciencies for primary and sec-
ondary leptons are slightly di↵erent between simulated
and real data. This di↵erence a↵ects the measurement
by modifying the e�ciency ratios. It has been calibrated
for di↵erent lepton kinematics and run conditions using

J/ ! `

+
`

� decays, leading to a 0.5% relative uncer-
tainty in R(D) and R(D⇤).

The correlations of R(D) and R(D⇤) for each item-
ized systematic-uncertainty contribution are given in the
last column of Table IV. These are calculated using 500
pseudoexperiments, with two exceptions: the shape un-
certainties are assumed to be uncorrelated while the lep-
ton ID e�ciencies are assumed to be 100% correlated
between R(D) and R(D⇤). The total correlation of the
systematic uncertainties is �0.32.

D⁺ ℓ¯ 

Dᵒ  ℓ¯ 

D*⁺ ℓ¯ 

D*ᵒ  ℓ¯ 

R(D) = 0.375 ± 0.064 ± 0.026 
R(D*) = 0.293 ± 0.038 ± 0.015
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• Train signal MVA on high 
m2

miss region, based on:              
EECL  , p*ℓ , m2

miss and others 

• Dℓmodes with higher 

background levels due to 
“feed-down” from                   
B ⟶(D* ⟶ D πslow ) ℓ ν 

m2
miss = p2ν = (pe+e− − pBtag − pD∗ℓ)

2
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R(D*), semileptonic tag  at Belle 

11/12/2017

• Tag channels: Bᵒ  ⟶ D*- ℓ⁺  νℓ  

(same as normalization)  

• Discriminate between signal and 
normalization using MVA based on 
(m2

miss, cosθBY, EBtag + EBsig) 

• Signal extracted with fit to the 2D 
plane EECL-ONB

8

TABLE I. Summary of the systematic uncertainties on R(D∗) for electron and muon modes combined and separated. The
uncertainties are relative and are given in percent.

R(D∗) [%]
Sources ℓsig = e, µ ℓsig = e ℓsig = µ

MC size for each PDF shape 2.2 2.5 3.9
PDF shape of the normalization in cos θB-D∗ℓ

+1.1
−0.0

+2.1
−0.0

+2.8
−0.0

PDF shape of B → D∗∗ℓνℓ
+1.0
−1.7

+0.7
−1.3

+2.2
−3.3

PDF shape and yields of fake D(∗) 1.4 1.6 1.6
PDF shape and yields of B → XcD∗ 1.1 1.2 1.1

Reconstruction efficiency ratio εnorm/εsig 1.2 1.5 1.9
Modeling of semileptonic decay 0.2 0.2 0.3

B(τ−
→ ℓ−ν̄ℓντ ) 0.2 0.2 0.2

Total systematic uncertainty +3.4
−3.5

+4.1
−3.7

+5.9
−5.8

FIG. 3. Projections of the fit results with data points overlaid for (left) the neural network classifier output, ONB , and the EECL

distribution in (center) the signal-enhanced region, ONB > 0.8, and (right) the normalization-enhanced region, ONB < 0.8.
The background categories are described in detail in the text, where “others” refers to predominantly B → XcD

∗ decays.

and the CX parameters are the Wilson coefficients of
OX . We investigate the compatibility of the data sam-
ples with new physics using a model-independent ap-
proach, separately examining the impact of each oper-
ator. In each new-physics scenario, we take into account
changes in the efficiency and fit PDF shapes using ded-
icated signal simulation. We set the Wilson coefficients
to be real in all cases. Since OV1

is just the SM opera-
tor, it would change only R(D∗), but not the kinematic
distributions. In the type-II two-Higgs doublet model
(2HDM), the relevant Wilson coefficients are given as
CS1

= −mbmτ tan2 β/m2
H+ and CS2

= −mcmτ/m2
H+ ,

where tanβ is the ratio of the vacuum expectation values
of the two Higgs doublets, and mb, mc, mτ , and mH+ are
the masses of the b quark, c quark, τ lepton, and charged
Higgs boson. Since the contribution from CS2

is almost
negligibly small except for the light charged Higgs bo-
son, we neglect the contribution from CS2

in the type-II
2HDM.

Various leptoquark models have been presented to ex-
plain anomalies in R(D(∗)) in Ref. [4]. In addition to
the model-independent study, we study two represen-
tative models: R2 and S1. Model R2 contains scalar
leptoquarks of the type (3, 2)7/6 using the notation
(SU(3)c, SU(2)L)Y , where SU(3)c is the representation

under the generators of QCD, SU(2)L is the representa-
tion under the generators of weak isospin, and Y is the
weak hypercharge. Model S1 contains leptoquarks of the
type (3∗, 1)1/3. In these leptoquark models, the relevant
Wilson coefficients are related by CS2

= +7.8CT for the
R2-type leptoquark model and CS2

= −7.8CT for the
S1-type leptoquark model at the b quark mass scale, as-
suming a leptoquark mass scale of 1 TeV/c2. Although
the V1 operator can appear independently of the S2 and
T operators in the S1-type leptoquark model, we assume
no contribution from the V1 operator in this study.

Figure 4 shows the dependence of the efficiency and
measured value of R(D∗) as a function of the values of
the respective parameters in the type-II 2HDM and the
R2-type leptoquark model. Efficiency variations for other
scenarios are shown in Ref. [32]. We find that efficiencies
increase by up to 17% for OV2

and OT , mainly due to the
variation of the D∗ momentum distribution. Similarly,
the efficiencies increase by up to 16% and 11% in R2- and
S1-type leptoquark models, respectively, which include
contributions from OT . In other scenarios, the efficiency
variation is 6% or less. Figure 5 shows the dependency
of the measured values of R(D∗) on the values of the
respective parameters in the type-II 2HDM and the R2-
type leptoquark model. The allowed regions with 68%
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Figure 2.1: Definition of signal (left) and normalization (right) events.

2.2 Data Set

2.2.1 Data Samples

This analysis is based on 711 fb−1 of data (Exp.7 to 65) which corresponds to 772 × 106

BB̄ pairs. The data with SVD2 (Exp.31∼) has been reprocessed using improved track
finding and photon reconstruction. The reprocessed data is called “caseB data”.

2.2.2 Monte Carlo (MC) Samples

We use Monte Carlo (MC) simulation to tune the selection criteria, evaluate the recon-
struction efficiency, study background sources and so on.

Background MC Samples

For the background study, we use continuum (e+e− → qq̄ ; q = u, d, s, c) and BB̄ (B0B̄0

and B+B−) MC samples which corresponds to six and ten times the amount of data
available, respectively. The background MC samples of same amount as data is packed
up by the unit of “stream”.

Signal MC Samples

40 streams of B → D∗τντ signal MC are generated using BSTD decay models, which is
based on [1]. We removed B → D∗τντ events from generic MC samples, and mixed signal
MC samples generated by BSTD with generic MC samples. We generate forty times the
amount of data available The signal MC samples in type-II 2HDM are also generated
using BSTD decay model, and studied in Section 8. Some information can be found on
[9].

Dedicated MC Samples for B → D∗∗ℓνℓ

We use the dedicated MC samples to estimate B → D∗∗ℓνℓ decays. The branching
fraction of B → D∗∗ℓνℓ and the decays of D∗∗ is revised based on current experimental
knowledges and theoretical restrictions. Table 2.1 shows the assumed branching fraction.
The total amount of events correspond to 2.7118 streams. These samples are also used
in B → D(∗)τντ analysis with hadronic tagging method [10] and the detailed explanation
can be found [11].
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2.2 Data Set

2.2.1 Data Samples

This analysis is based on 711 fb−1 of data (Exp.7 to 65) which corresponds to 772 × 106

BB̄ pairs. The data with SVD2 (Exp.31∼) has been reprocessed using improved track
finding and photon reconstruction. The reprocessed data is called “caseB data”.

2.2.2 Monte Carlo (MC) Samples

We use Monte Carlo (MC) simulation to tune the selection criteria, evaluate the recon-
struction efficiency, study background sources and so on.

Background MC Samples

For the background study, we use continuum (e+e− → qq̄ ; q = u, d, s, c) and BB̄ (B0B̄0

and B+B−) MC samples which corresponds to six and ten times the amount of data
available, respectively. The background MC samples of same amount as data is packed
up by the unit of “stream”.

Signal MC Samples

40 streams of B → D∗τντ signal MC are generated using BSTD decay models, which is
based on [1]. We removed B → D∗τντ events from generic MC samples, and mixed signal
MC samples generated by BSTD with generic MC samples. We generate forty times the
amount of data available The signal MC samples in type-II 2HDM are also generated
using BSTD decay model, and studied in Section 8. Some information can be found on
[9].

Dedicated MC Samples for B → D∗∗ℓνℓ

We use the dedicated MC samples to estimate B → D∗∗ℓνℓ decays. The branching
fraction of B → D∗∗ℓνℓ and the decays of D∗∗ is revised based on current experimental
knowledges and theoretical restrictions. Table 2.1 shows the assumed branching fraction.
The total amount of events correspond to 2.7118 streams. These samples are also used
in B → D(∗)τντ analysis with hadronic tagging method [10] and the detailed explanation
can be found [11].
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TABLE I. Summary of the systematic uncertainties on R(D∗) for electron and muon modes combined and separated. The
uncertainties are relative and are given in percent.
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FIG. 3. Projections of the fit results with data points overlaid for (left) the neural network classifier output, ONB , and the EECL

distribution in (center) the signal-enhanced region, ONB > 0.8, and (right) the normalization-enhanced region, ONB < 0.8.
The background categories are described in detail in the text, where “others” refers to predominantly B → XcD

∗ decays.

and the CX parameters are the Wilson coefficients of
OX . We investigate the compatibility of the data sam-
ples with new physics using a model-independent ap-
proach, separately examining the impact of each oper-
ator. In each new-physics scenario, we take into account
changes in the efficiency and fit PDF shapes using ded-
icated signal simulation. We set the Wilson coefficients
to be real in all cases. Since OV1

is just the SM opera-
tor, it would change only R(D∗), but not the kinematic
distributions. In the type-II two-Higgs doublet model
(2HDM), the relevant Wilson coefficients are given as
CS1

= −mbmτ tan2 β/m2
H+ and CS2

= −mcmτ/m2
H+ ,

where tanβ is the ratio of the vacuum expectation values
of the two Higgs doublets, and mb, mc, mτ , and mH+ are
the masses of the b quark, c quark, τ lepton, and charged
Higgs boson. Since the contribution from CS2

is almost
negligibly small except for the light charged Higgs bo-
son, we neglect the contribution from CS2

in the type-II
2HDM.

Various leptoquark models have been presented to ex-
plain anomalies in R(D(∗)) in Ref. [4]. In addition to
the model-independent study, we study two represen-
tative models: R2 and S1. Model R2 contains scalar
leptoquarks of the type (3, 2)7/6 using the notation
(SU(3)c, SU(2)L)Y , where SU(3)c is the representation

under the generators of QCD, SU(2)L is the representa-
tion under the generators of weak isospin, and Y is the
weak hypercharge. Model S1 contains leptoquarks of the
type (3∗, 1)1/3. In these leptoquark models, the relevant
Wilson coefficients are related by CS2

= +7.8CT for the
R2-type leptoquark model and CS2

= −7.8CT for the
S1-type leptoquark model at the b quark mass scale, as-
suming a leptoquark mass scale of 1 TeV/c2. Although
the V1 operator can appear independently of the S2 and
T operators in the S1-type leptoquark model, we assume
no contribution from the V1 operator in this study.

Figure 4 shows the dependence of the efficiency and
measured value of R(D∗) as a function of the values of
the respective parameters in the type-II 2HDM and the
R2-type leptoquark model. Efficiency variations for other
scenarios are shown in Ref. [32]. We find that efficiencies
increase by up to 17% for OV2

and OT , mainly due to the
variation of the D∗ momentum distribution. Similarly,
the efficiencies increase by up to 16% and 11% in R2- and
S1-type leptoquark models, respectively, which include
contributions from OT . In other scenarios, the efficiency
variation is 6% or less. Figure 5 shows the dependency
of the measured values of R(D∗) on the values of the
respective parameters in the type-II 2HDM and the R2-
type leptoquark model. The allowed regions with 68%

Another useful variable for analyses of B → Xlν decays
is the angle θBY between the B candidate and the visible
system Y ¼ Xl [see Fig. 9(a)]. If the only missing particle
in the event is the neutrino from the semileptonic decay,
cos θBY can be derived from four-momentum conservation
(PB ¼ PY þ Pν) and the assumption that the neutrino is
massless:

P2
ν ¼ 0

¼ ðPB − PYÞ2

¼ m2
B þm2

Y − 2ðEBEY − pBpY cos θBYÞ

⇒ cos θBY ¼ 2EBEY −m2
B −m2

Y

2pBpY
: ð46Þ

Under these assumptions, the variable cos θBY is distributed
between −1 and 1, up to resolution and photon radiation
effects. For incorrectly reconstructed semileptonic B decays or
background events, cos θBY does not correspond to the cosine
of a physical angle and the distribution is spread out much
further, as shown in Fig. 9(b).

3. B tagging

A further suppression of the continuum and combinatorial
background can be achieved by reconstructing not only the B
decay of interest but also the second Bmeson in the BB̄ event.
This approach is referred to as B tagging. In addition to
identifying the event as a BB̄ event, B tagging provides
kinematic constraints that allow for a precise reconstruction of
the neutrino four-momentum or other kinematic variables
such as the squared four-momentum transfer q2. The second B
meson can be either fully reconstructed in a hadronic decay
mode (hadronic tag) or partially reconstructed in a semi-
leptonic decay mode (semileptonic tag) and is referred to as a

Btag candidate. B-tagging methods usually require that all
charged-particle tracks in the event are assigned to one of the
two B candidates and that there is only a small amount of
remaining energy from unassociated photon candidates or
energy deposits in the calorimeter, allowing for beam back-
ground, calorimeter noise, etc.
A full reconstruction of the Btag four-momentum PBtag

in a
hadronic decay mode allows the four-momentum of the signal
B meson PB to be inferred

PB ¼ Pϒð4SÞ − PBtag
; ð47Þ

where Pϒð4SÞ is the four-momentum of theϒð4SÞ. In addition,
the charge and the flavor of the signal B candidate are
uniquely determined from the charge and the flavor of the
Btag candidate (apart from B0B̄0 mixing).
A large number of different decay modes, mostly with a

b → c quark transition that lead to final states with a D0, Dþ,
Dþ

s, or a J=ψ meson, are considered for the hadronic Btag

reconstruction. The charm meson is combined with additional
charmless mesons (π%, K%, π0, K0

S) to reconstruct a large
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FIG. 7. Distribution of j cosΔθT j ¼ jT̂cand − T̂ROEj for
BB̄ events (open histogram) and continuum events (shaded
histogram).

FIG. 8. Observed distributions of (a) mbc (¼ mES) and (b) ΔE
from an analysis of hadronic B decays (Aubert et al., 2008f). The
data are compared with the result of a fit of two functions
representing correctly reconstructed B candidates (dashed lines)
and the total continuum and combinatorial BB̄ background (dash-
dotted lines). The sum of the signal and background functions is
shown as solid lines.
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where B ⟶ Y ν  (e.g. Y = D*ℓ)  
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• The τ polarisation depend 

on the mediator                  

⟶ sensitive to NP 

• Two-body τ decays              

(τ ⟶ π ν , ρ ν) used to 

measure the τ polarisation 

• New independent 

measurement of R(D*)

Pτ (D
∗) =

Γ+ − Γ−

Γ+ + Γ−
Γ± = decay rate of B ⟶ D* τ  ν 

with helicity of ± 1/2  
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FIG. 2. Comparison of our result (star for the best-fit value
and 1�, 2�, 3� contours) with the SM prediction [22, 24] (tri-
angle). The shaded vertical band shows the world average [19]
without our result.

from the uncertainties that are common between the sig-
nal and the normalization: the number of BB̄ events,
the tagging e�ciency, the D branching fractions and the
D⇤ reconstruction e�ciency. The total for this source is
(±2.3%,±0.02). In the calculation of the total system-
atic uncertainty, we treat the systematic uncertainties as
independent, except for those of the ⌧ daughter and the
D⇤ reconstruction e�ciencies. The latter originate from
the same sources: the particle-identification e�ciencies
for K± and ⇡± and the reconstruction e�ciencies for K0

S
and ⇡0. We therefore account for this correlation. The
total systematic uncertainties are (+10.4

�9.4 %, +0.21
�0.16). The

final results, shown in Fig. 2, are:

R(D⇤) = 0.270± 0.035(stat.)+0.028
�0.025(syst.),

P⌧ (D
⇤) = �0.38± 0.51(stat.)+0.21

�0.16(syst.).

The statistical correlation is 0.29, and the total correla-
tion (including systematics) is 0.33. Overall, our result is
consistent with the SM prediction. The obtained R(D⇤)
is independent of and also agrees with the previous Belle
measurements, R(D⇤) = 0.293 ± 0.038 ± 0.015 [13] and
0.302±0.030±0.011 [14], and with the world average [19].
Moreover, our measurement excludes P⌧ (D⇤) > +0.5 at
90% C.L.

In summary, we report a measurement of P⌧ (D⇤)
in the decay B̄ ! D⇤⌧�⌫̄⌧ as well as a new R(D⇤)
measurement with the hadronic ⌧ decay modes ⌧� !
⇡�⌫⌧ and ⌧� ! ⇢�⌫⌧ , using 772 ⇥ 106 BB̄ events
recorded with the Belle detector. Our results, R(D⇤) =
0.270± 0.035(stat.) +0.028

�0.025(syst.) and P⌧ (D⇤) = �0.38±
0.51(stat.) +0.21

�0.16(syst.), are consistent with the SM pre-
diction. We have measured P⌧ (D⇤) for the first time,
which provides a new dimension in the search for NP in
semitauonic B decays.
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• Babar, Belle and LHCB results point to a ~4σ 
discrepancy between SM predictions and 
experimental results
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• Ongoing new simultaneous measurement of R(D) and R(D*) 

• Semileptonic tag with modes B ⟶ D(*) ℓ ν + D(*) π ℓ ν  

• Exploits improved tagging algorithm (FEI) with high efficiency
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 efficiencies. The combination of these four measurements constitutes 
the first observation of a purely leptonic B− decay. Whereas the early 
measurements favoured somewhat larger values, the current average31 of

τ ν→ = . ± . ×τ
− − −B B( ) (1 06 0 19) 10 (6)4

is compatible with the standard model prediction (equation (1)), which 
is lower by 1.4 standard deviations.

Measurements of B  → D(*)τ−   ντ decays 
As defined in equations (4) and (5), ∗RD( ) corresponds to the ratio of 
branching fractions for τ ν→ τ

∗ −B D( )  (signal) and ν→ τ
∗ −B D ℓ( )  (normali-

zation). BaBar and Belle events containing such decays are selected by 
requiring a hadronic Btag, a D or D* meson, and a charged lepton  
ℓ− = e−, µ−. Charged and neutral D candidates are reconstructed from 
combinations of pions and kaons with invariant masses compatible with 
the D meson mass. The higher-mass D*0 and D*+ mesons are identified 
by their D* → Dπ and D* → Dγ decays. In signal decays, the lepton ℓ− 
originates from the τ ν ν→ τ

− −ℓ ℓ decay, leading to a final state with three 
neutrinos and resulting in a broad mmiss

2  distribution, while in normali-
zation decays the lepton originates from the B decay with a single neutrino 
and therefore ≈m 0miss

2 . Non-BB  backgrounds and misreconstructed 
events are greatly suppressed by the Btag reconstruction. The remaining 
background is further reduced by multivariate selections.

At LHCb, only decays of B 0 mesons producing a µ− and D*+ meson 
are selected. Muons are favoured over electrons because of their higher 
detection efficiency and momentum resolution. The D*+ meson is recon-
structed exclusively in D*+ → D0(→K−π+)π+ decays. B mesons produced 
at LHCb have a flight path of the order of 1 cm. This feature is exploited 
to reject the bulk of the background, by requiring that the charged parti-
cles from the B candidate and no other tracks originate from a common 
vertex that is significantly separated from the pp collision point. The 
reduction in signal efficiency due to the use of a single decay chain is 
compensated by the very large production rate of B mesons at the LHC. 
The direction of the B momentum is inferred from the reconstructed pp 
collision point and the D*+µ− vertex, but its magnitude is unknown. 
LHCb approximates the B momentum by equating its component parallel 
to the beam axis to that of the D*+µ− combination, rescaled by the ratio 
of the B mass to the measured D*+µ− mass.

The yields for the signal, normalization, and various background con-
tributions are determined by maximum likelihood fits to the observed 
data distributions. Control samples are used to validate the simulated 
distributions and constrain the size and kinematic features of the back-
ground contributions.

All three experiments rely on the variables mmiss
2 , ∗E ℓ (the energy of the 

charged lepton in the B rest frame) and q2. BaBar and Belle restrict the 
data to q2 > 4 GeV2 to enhance the contribution from signal decays. BaBar 
performs the fit in two dimensions whereas LHCb covers the whole q2 
range in four intervals, thus performing a fully three-dimensional fit. The 

Belle collaboration performs a one-dimensional fit to the mmiss
2  distribu-

tion in the low-mmiss
2  region < .m( 0 85GeV )miss

2 2  dominated by the nor-
malization decays, combined with a fit to a multivariate classifier in the 
high-mmiss

2  region. This classifier includes mmiss
2 , ∗E ℓ, Eextra, and additional 

kinematic variables.
Figure 5 shows one-dimensional projections of the data and the fitted 

contributions from signal, normalization, and background decays. For 
BaBar (and likewise for Belle), the mmiss

2  distributions show a narrow peak 
at zero (Fig. 5a, d), dominated by normalization decays with a single neu-
trino, whereas the signal events with three neutrinos extend to about 
10 GeV2. For ν→ τ

−B Dℓ  decays, there is a sizeable contribution from 
ν→ τ

∗ −B D ℓ  decays, for which the pion or photon from the D* → Dπ or 
D* → Dγ decay was not reconstructed. For LHCb, the peak at zero is 
somewhat broader and has a long tail into the signal region (Fig. 5h) 
because of the sizeable uncertainty in the estimation of the Bsig  
momentum. The ∗E ℓ distributions (Fig. 5c, f, i) provide additional discri-
mination, since a lepton from a normalization decay has a higher average  
momentum than a lepton originating from a secondary τ ν ν→ τ

− −ℓ ℓ  
decay in signal B decays.

Among the background contributions, semileptonic B decays to D** 
mesons (charm mesons of higher mass than the D* mesons) are of con-
cern, primarily because their branching fractions are not well known. 
These D** states decay to a D or D* meson plus additional particles that, 
if not reconstructed, contribute to the missing momentum of the decay. 
As a result, ν→ ∗∗ −B D ℓ ℓ  decays have a broader mmiss

2  distribution than 
do normalization decays. They can be distinguished from signal decays 
by their ∗E ℓ  distributions which extend to higher values. At LHCb, an 
important background arises from B → D(*)HcX decays, where Hc is a 
charm hadron decaying either leptonically or semileptonically, and X 
refers to additional low-mass hadrons, if present. These decays produce 
mmiss

2  and ∗E ℓ spectra that are similar to those of signal events (Fig. 5h, i).
Figure 4 shows the measured values for RD and ∗RD  by the BaBar26, 

Belle32,33 and LHCb34 collaborations. These results include a recent 
 measurement of ∗RD  by Belle that uses a semileptonic tag, but do not 
include earlier results from BaBar35,36 and Belle37,38 based on partial 
 datasets. The averages of the measurements39 are

= . ± . ± .R 0 397 0 040 0 028 (7)D stat syst

= . ± . ± .∗R 0 316 0 016 0 010 (8)D stat syst

Both values exceed the standard model expectations. Taking into account 
the correlations (Fig. 6), the combined difference between the measured 
and expected values has a significance of about four standard deviations.

Interpretations of results
The results presented here have attracted the attention of the physics 
community, and have resulted in several potential explanations of this 
apparent violation of lepton universality for decays involving the τ lepton.

BaBar (ST)

BaBar (HT)

Belle (ST)

Belle (HT)

LHCb

(B– → W– QW) (10–4)
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a b c

Figure 4 | Comparison of measurements with standard model 
predictions. a–c, Shown are the branching fraction τ ν→ τ

− −B B( ) (a), and 
the ratios RD (b) and ∗RD  (c) measured by the BaBar26,29,30, Belle27,28,32,33 
and LHCb34 collaborations. The data points indicate statistical and total 
uncertainties. ST and HT refer to the measurements with semileptonic and 

hadronic tags, respectively. The average values of the measurements and 
their combined uncertainties, obtained by the Heavy Flavor Averaging 
Group31,39, are shown in red as vertical lines and bands, and the expectations 
from the standard model calculations15,17,18 are shown in blue.
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 efficiencies. The combination of these four measurements constitutes 
the first observation of a purely leptonic B− decay. Whereas the early 
measurements favoured somewhat larger values, the current average31 of
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− − −B B( ) (1 06 0 19) 10 (6)4

is compatible with the standard model prediction (equation (1)), which 
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As defined in equations (4) and (5), ∗RD( ) corresponds to the ratio of 
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originates from the τ ν ν→ τ

− −ℓ ℓ decay, leading to a final state with three 
neutrinos and resulting in a broad mmiss

2  distribution, while in normali-
zation decays the lepton originates from the B decay with a single neutrino 
and therefore ≈m 0miss

2 . Non-BB  backgrounds and misreconstructed 
events are greatly suppressed by the Btag reconstruction. The remaining 
background is further reduced by multivariate selections.

At LHCb, only decays of B 0 mesons producing a µ− and D*+ meson 
are selected. Muons are favoured over electrons because of their higher 
detection efficiency and momentum resolution. The D*+ meson is recon-
structed exclusively in D*+ → D0(→K−π+)π+ decays. B mesons produced 
at LHCb have a flight path of the order of 1 cm. This feature is exploited 
to reject the bulk of the background, by requiring that the charged parti-
cles from the B candidate and no other tracks originate from a common 
vertex that is significantly separated from the pp collision point. The 
reduction in signal efficiency due to the use of a single decay chain is 
compensated by the very large production rate of B mesons at the LHC. 
The direction of the B momentum is inferred from the reconstructed pp 
collision point and the D*+µ− vertex, but its magnitude is unknown. 
LHCb approximates the B momentum by equating its component parallel 
to the beam axis to that of the D*+µ− combination, rescaled by the ratio 
of the B mass to the measured D*+µ− mass.

The yields for the signal, normalization, and various background con-
tributions are determined by maximum likelihood fits to the observed 
data distributions. Control samples are used to validate the simulated 
distributions and constrain the size and kinematic features of the back-
ground contributions.

All three experiments rely on the variables mmiss
2 , ∗E ℓ (the energy of the 

charged lepton in the B rest frame) and q2. BaBar and Belle restrict the 
data to q2 > 4 GeV2 to enhance the contribution from signal decays. BaBar 
performs the fit in two dimensions whereas LHCb covers the whole q2 
range in four intervals, thus performing a fully three-dimensional fit. The 

Belle collaboration performs a one-dimensional fit to the mmiss
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−B Dℓ  decays, there is a sizeable contribution from 
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∗ −B D ℓ  decays, for which the pion or photon from the D* → Dπ or 
D* → Dγ decay was not reconstructed. For LHCb, the peak at zero is 
somewhat broader and has a long tail into the signal region (Fig. 5h) 
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cern, primarily because their branching fractions are not well known. 
These D** states decay to a D or D* meson plus additional particles that, 
if not reconstructed, contribute to the missing momentum of the decay. 
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2  distribution than 
do normalization decays. They can be distinguished from signal decays 
by their ∗E ℓ  distributions which extend to higher values. At LHCb, an 
important background arises from B → D(*)HcX decays, where Hc is a 
charm hadron decaying either leptonically or semileptonically, and X 
refers to additional low-mass hadrons, if present. These decays produce 
mmiss

2  and ∗E ℓ spectra that are similar to those of signal events (Fig. 5h, i).
Figure 4 shows the measured values for RD and ∗RD  by the BaBar26, 

Belle32,33 and LHCb34 collaborations. These results include a recent 
 measurement of ∗RD  by Belle that uses a semileptonic tag, but do not 
include earlier results from BaBar35,36 and Belle37,38 based on partial 
 datasets. The averages of the measurements39 are
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Both values exceed the standard model expectations. Taking into account 
the correlations (Fig. 6), the combined difference between the measured 
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Interpretations of results
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community, and have resulted in several potential explanations of this 
apparent violation of lepton universality for decays involving the τ lepton.
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Figure 4 | Comparison of measurements with standard model 
predictions. a–c, Shown are the branching fraction τ ν→ τ

− −B B( ) (a), and 
the ratios RD (b) and ∗RD  (c) measured by the BaBar26,29,30, Belle27,28,32,33 
and LHCb34 collaborations. The data points indicate statistical and total 
uncertainties. ST and HT refer to the measurements with semileptonic and 

hadronic tags, respectively. The average values of the measurements and 
their combined uncertainties, obtained by the Heavy Flavor Averaging 
Group31,39, are shown in red as vertical lines and bands, and the expectations 
from the standard model calculations15,17,18 are shown in blue.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

only two existing measurement for R(D) !

SM World average
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Theoretical interpretation of results 
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� Charged Higgs in Type-II 2HDM (2)

• All the results are consistent with, but always larger than the SM
• Large value of tan𝛽/𝑚𝐻± seems disfavored

Rencontres de Moriond EW 2017

𝑟𝐻 = 𝐵𝐹/𝐵𝐹SM

ÅTheoretical 
prediction

tan𝛽/𝑚𝐻± (GeV/c2)-1 tan𝛽/𝑚𝐻± (GeV/c2)-1

 𝐵 → 𝐷𝜏−  𝜈𝜏

𝐵− → 𝜏−  𝜈𝜏 𝐵 → 𝐷∗𝜏−  𝜈𝜏

 𝐵 → 𝐷∗𝜏−  𝜈𝜏

Favored regions seem inconsistent
＋  𝐵 → 𝐷(∗)𝜏−  𝜈𝜏 with had. tag and 𝜏− → 𝑙− 𝜈𝑙𝜈𝜏
―  𝐵 → 𝐷∗𝜏−  𝜈𝜏 with semilep. tag
―  𝐵 → 𝐷∗𝜏−  𝜈𝜏 with had. tag and  𝜏− → ℎ−𝜈𝜏
― 𝐵− → 𝜏−  𝜈𝜏 with had. tag + semilep. tag

14/15

� NP Test (Type-II 2HDM)
• Contribution from type-II 2HDM is

𝐶𝑆1 = −
𝑚𝑏𝑚𝜏

𝑚𝐻+
2 tan2𝛽

• Our measurement favors around  tan𝛽 𝑚𝐻+ = 0.7 (GeV2/c4)-1

– 𝑝𝐷∗ and 𝑝𝑙 distribution shapes are checked

Æ Compatible with type-II 2HDM

+  Data (bkg. subt’d)

■MC (tanβ/mH = 0.7)

Measurement (±1σ)

Theoretical predictionÆ

Figures in arXiv:1607.07923

Preliminary

Preliminary Preliminary

𝑝 = 37.9% 𝑝 = 22.5%

Many other results in arXiv:1607.07923

Efficiency is corrected 

for each point

Semilep. tag, 𝜏− → 𝑙−  𝜈𝑙𝜈𝜏

Rencontres de Moriond EW 2017

27/15

slides from S. Hirose, Moriond 2017

• Belle has produced 
comparisons of 
experimental results 
with NP models 

• Focus on Type II - 
2HDM: 

• What value of       
tanβ/mH favours the 

experimental 
results ? 

• Do measured 
kinematic 
distributions (pD or 

q2, p*ℓ ) match the 

NP ones ?

PRD 94, 072007 (2016) 

R(D(*)), (HT), τ ⟶ ℓ ν ν       R(D*), (ST) 
R(D*),   (HT), τ ⟶ h ν          B ⟶ τ ν (HT + ST)
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Interest of B ⟶ τ ν, μ ν measurements

11/12/2017

B(B → eν) ≪ B(B → µν) ≪ B(B → τν)

B(B → ℓν) =
G2

F m2
B m2

ℓ

8π

(
1− m2

ℓ

m2
B

)
f2
B |Vub|2

Bτ (~10-4) ~ Bτ / 220~ Bτ / 107

• Vub, quite small decay rates 
• Leptonic decay, small theoretical uncertainties  
• B ⟶ τ  ν, measurable, good probe for 2HDM 
• B ⟶ μ ν is barely measurable 
• B ⟶ e ν is out of experimental reach

helicity suppression 

pB ¼ pX þ pl þ pν;

p2
B ¼ m2

B; p2
X ¼ m2

X; p2
l ¼ m2

l; p2
ν ¼ 0; ð10Þ

where mX is the mass of the final-state hadronic system.
Semileptonic decays for a fixed mass mX are described by

two kinematic quantities, which can be chosen to be the four-
momentum transfer squared q2 and the energy of the charged
lepton El:

q2 ¼ ðpl þpνÞ2 ¼ ðpB −pXÞ2; m2
l ≤ q2 ≤ ðmB −mXÞ2;

El ¼
pBpl

mB
; ml ≤ El ≤

1

2mB
ðm2

B −m2
X þm2

lÞ: ð11Þ

The two variables are not independent; Fig. 2 shows the
boundaries of the allowed region in the q2-El plane for the
specific case of a B → D%lν̄ decay.
The various semileptonic B decay modes have spectra with

different end points. Figure 3 shows the lepton momentum
spectra for the different B → Xclν and B → Xulν decays,
where Xc and Xu denote hadronic final states containing a
charm quark and an up quark, respectively.

In the context of the heavy-quark expansion (see Sec. II.D)
it is convenient to introduce velocities instead of momenta.
For the case of heavy mesons like B and Dð%Þ mesons we
define

vB ¼ pB

mB
; vDð%Þ ¼

pDð%Þ

mDð%Þ
; w ¼ vBvDð%Þ ; ð12Þ

and the scalar product w of the two velocities is used instead of
the momentum transfer q2 ¼ m2

B þm2
Dð%Þ − 2mBmDð%Þw. The

point w ¼ 1 corresponds to the maximum momentum transfer
to the leptons q2max ¼ ðmB −mDð%Þ Þ2, while q2 ¼ 0 yields the
maximum value of w, thus

1 ≤ w ≤
m2

B þm2
Dð%Þ

2mBmDð%Þ
: ð13Þ

Finally, for heavy-to-light transitions it is useful to define
light-cone components of the momenta. For a decay with the
kinematics given in Eq. (10), it is convenient to define

FIG. 2. Allowed kinematic region in the q2-El plane for B →
D%lν̄ decays. From Korner and Schuler, 1990.

(a)

(b)

FIG. 1. (a) A leptonic B decay (B → lν), and (b) a semileptonic
B decay (B → Xlν).

(a)

(b)

FIG. 3. Lepton momentum distributions for semileptonic B
decays: (a) B → Xclν and (b) B → Xulν. From Aubert et al.,
2006c.

Jochen Dingfelder and Thomas Mannel: Leptonic and semileptonic decays of B mesons

Rev. Mod. Phys., Vol. 88, No. 3, July–September 2016 035008-4
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B ⟶ τ ν, hadronic tag  at Belle 
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5

obtained assuming zero signal yield, respectively. The
likelihoods are obtained after convolving with a Gaus-
sian distribution that corresponds to the systematic er-
ror. We obtain a significance of 3.0σ including system-
atic uncertainties. The branching fraction is calculated
by B = Nsig/(2ϵNB+B−), where Nsig is the signal yield,
ϵ is the efficiency, and NB+B− is the number of B+B−

events. Equal production of neutral and charged B me-
son pairs in Υ(4S) decay is assumed. We obtain

B(B− → τ−ν̄τ ) = [0.72+0.27
−0.25(stat)± 0.11(syst)]× 10−4.

(2)
The result is summarized in Table I.
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FIG. 2: Distributions of EECL (top) and M2
miss (bottom)

combined for all the τ− decays. The M2
miss distribution is

shown for a signal region of EECL < 0.2 GeV. The solid
circles with error bars are data. The solid histograms show
the projections of the fits. The dashed and dotted histograms
show the signal and background components, respectively.

As a check, we fit the EECL and M2
miss distributions

while floating the yield for each of the four τ− decay
modes. The resulting yields, as well as the efficiencies and
the branching fractions, are listed in Table I. We include
the e−ν̄eντ , µ−ν̄µντ , and π−π0ντ cross-feeds in the π−ντ
candidate events in the e−ν̄eντ , µ−ν̄µντ , and π−π0ντ sig-
nal yields. The branching fractions are in good agreement
between different τ− decays. We also check the result af-
ter removing the K0

L veto, and obtain Nsig = 65+27
−25(stat)

and B(B− → τ−ν̄τ ) = [0.65+0.27
−0.25(stat)] × 10−4. These

checks are consistent with the nominal result. In addi-
tion, we perform one-dimensional fits to EECL and M2

miss

and divide the data sample into several subsets. All
results are in good agreement with the nominal result
within the statistical errors.

TABLE I: Results of the fit for B−
→ τ−ν̄τ yields (Nsig),

detection efficiencies (ϵ), and branching fractions (B). The
efficiencies include the branching fractions of the τ− decay
modes. The errors for Nsig and B are statistical only.

Sub-mode Nsig ϵ (10−4) B (10−4)
τ−

→ e−ν̄eντ 16+11
−9 3.0 0.68+0.49

−0.41

τ−
→ µ−ν̄µντ 26+15

−14 3.1 1.06+0.63
−0.58

τ−
→ π−ντ 8+10

−8 1.8 0.57+0.70
−0.59

τ−
→ π−π0ντ 14+19

−16 3.4 0.52+0.72
−0.62

Combined 62+23
−22 11.2 0.72+0.27

−0.25

Systematic errors for the measured branching fraction
are associated with the uncertainties in the signal yield,
the efficiencies, and the number of B+B− pairs. The sys-
tematic error from MC statistics of the PDF histograms
is evaluated by varying the content of each bin by its
statistical uncertainty. To estimate the systematic error
due to the possible signal EECL shape difference between
MC and data, the ratio of data to MC for the EECL his-
tograms of the B− → D∗0ℓ−ν̄ℓ sample is fitted with a
first-order polynomial and the signal EECL PDF is mod-
ified within the fitted errors. The uncertainties for the
branching fractions of the B decays that peak near zero
EECL are estimated by changing the branching fractions
in MC by their experimental errors [17] if available, or
by ±50% otherwise. The sizes of these backgrounds also
depend on the fractions of the events with correctly re-
constructed Btag, and related systematic uncertainties
are obtained by using the statistical errors for the frac-
tions in the MC simulation. To estimate the uncer-
tainty associated with the Btag efficiency for the signal,
B(B− → D∗0ℓ−ν̄ℓ) obtained from the B− → D∗0ℓ−ν̄ℓ
sample is compared to the world average value [17]. The
results are consistent and the uncertainty of the measure-
ment is assigned as the systematic error. The systematic
errors in the signal-side efficiencies arise from the uncer-
tainty in tracking efficiency, particle identification effi-
ciency, π0 reconstruction efficiency, branching fractions
of τ− decays, and MC statistics. The systematic uncer-
tainty related to the K0

L veto efficiency is estimated from
the statistical uncertainties of the D0 → φK0

S control
sample and the fraction of events with K0

L candidates
in the B− → D∗0ℓ−ν̄ℓ sample. The total systematic er-
ror is calculated by summing the above uncertainties in
quadrature. The estimated systematic errors are sum-
marized in Table II.
The branching fraction measured here is lower than the

previous Belle result with a hadronic tagging method [6].
Using the first sample of 449×106BB̄ pairs, which corre-
sponds to the data set used in Ref. [6] after reprocessing,

• More than one neutrino, gain 

information from Btag 

• τ channels (total Br ~ 72 %): 

• ℓ ν ν , π ν, π πᵒ ν 

• Signal yield extracted from a 2D 

fit to EECL and m2
miss  

• Signal yield:  

• Signal significance: 3σ   

• Statistically dominated 

62+23
−22(stat)± 6(syst)

B(B → τν) = [0.72+0.27
−0.25(stat)± 0.11(syst)]× 10−4
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L 

11
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80
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B ⟶ τ ν, semileptonic tag at Belle

• Same τ decay channels as hadronic 
tag study 

• Tag channels: 

• B⁺ ⟶ D(*)ᵒ ℓ⁺ νℓ (ℓ = e,μ) 

• Use a MVA for tag selection 

• Signal yield extracted through 2D fit 
to p*ℓ  and EECL 

• Signal yield: 220 ± 50 

• Signal significance: 3.8σ 

11/12/2017

6

ers, e.g., cos θB,D(∗)ℓ, the outputs of the MVSs, and the
missing energy in the event, by examining various control
samples including the validation of the signal distribu-
tion in EECL and p∗sig using the double-tagged sample,
which reveals no significant discrepancy between data
and MC. The following five parameters are floated in the
fit to the data to determine the signal branching fraction:
B(B+ → τ+ντ ) and the normalization of the background
in each of the τ decay channels. The relative signal yields
in the τ decay channels are constrained by the ratios of
the reconstruction efficiencies. Figure 1 shows the EECL

distribution and Fig. 2 shows the p∗sig distribution pro-
jected in the region EECL < 0.2 GeV. We obtain a total
signal yield of Nsig = 222± 50. This results in a branch-
ing fraction of B(B+ → τ+ντ ) = (1.25 ± 0.28) × 10−4.
The signal yields and branching fractions, obtained from
fits for each of the τ decay modes separately are given in
Table II.

(a) (b)

(c) (d)

FIG. 1. Distribution of EECL for (a) τ+
→ µ+ν̄τνµ, (b) τ+

→

e+ν̄τνe, (c) τ+
→ π+ν̄τ , and (d) τ+

→ ρ+ν̄τ . The markers
show the data distribution, the solid line the total fitted dis-
tribution, and the dashed line the signal component. The or-
ange (red) filled distribution represents the BB̄ (continuum)
background.

Decay Mode Nsig B(10−4)

τ+
→ µ+ν̄τνµ 13±21 0.34±0.55

τ+
→ e+ν̄τνe 47±25 0.90±0.47

τ+
→ π+ν̄τ 57±21 1.82±0.68

τ+
→ ρ+ν̄τ 119±33 2.16±0.60

Combined 222±50 1.25±0.28

TABLE II. Signal yields and branching fractions, obtained
from fits for the τ decay modes separately and combined.

The list of systematic errors is given in Table III. The
following systematic errors are determined by varying the
corresponding parameters by their uncertainty, repeat-
ing the fit and taking the difference to the nominal fit
result as systematic error: The normalization and slope
of the continuum background component; the signal re-

(a) (b)

(c) (d)

FIG. 2. Distribution of p∗sig, projected in the region EECL <

0.2 GeV for (a) τ+
→ µ+ν̄τνµ, (b) τ+

→ e+ν̄τνe, (c) τ+
→

π+ν̄τ , and (d) τ+
→ ρ+ν̄τ . The markers show the data dis-

tribution, the solid line the total fitted distribution, and the
dashed line the signal component. The orange (red) filled
distribution represents the BB̄ (continuum) background.

construction efficiency; the branching fractions of dom-
inant background decays, e.g. B− → D0ℓ+νℓ followed
by D0 → KLKL or D0 → KLKLKL; the correction of
the tagging efficiency, obtained from the double tagged
samples; and the branching fractions of the τ lepton. To
estimate the effect of the uncertainty on the shape of the
histogram PDFs due to the statistical uncertainty in the
MC data, the content of each bin is varied following a
Poisson distribution with the original content as mean
before the fit is performed. This is repeated 1000 times
and the width of the distribution of branching fractions
is taken as systematic error. For the systematic related
to the best candidate selection, we perform the selection
and the fit without applying the best candidate selection,
thus allowing for multiple candidates per event. The re-
sult is divided by the average multiplicity of 1.07 and
compared to the nominal fit result. The uncertainty on
the efficiency of the reconstruction of charged tracks and
neutral pions and on the efficiency of the particle identi-
fication have been estimated using high statistics control
samples. The charged track veto has been tested using
the D0π+ double-tagged sample by comparing the num-
ber of additional charged tracks in MC and data events.
We find, that it agrees well, so we take the relative uncer-
tainty on the number as systematic error. We also test
an alternative description of the continuum background
in EECL by using a polynomial of second order, but the
deviation is well covered by the related systematic error,
so we do not include it separately. The quadratic sum of
all contributions is 22.0%.
We exclude the hypotheses of no B+ → τ+ντ de-

cays with a significance of 3.8σ, by the convolution of
the likelihood curve with a Gaussian distribution with a
width of the systematic error. The significance is given
by

√

2 ln(L/L0), where L0 is the likelihood of the hy-

6
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τ+
→ π+ν̄τ 57±21 1.82±0.68

τ+
→ ρ+ν̄τ 119±33 2.16±0.60

Combined 222±50 1.25±0.28

TABLE II. Signal yields and branching fractions, obtained
from fits for the τ decay modes separately and combined.

The list of systematic errors is given in Table III. The
following systematic errors are determined by varying the
corresponding parameters by their uncertainty, repeat-
ing the fit and taking the difference to the nominal fit
result as systematic error: The normalization and slope
of the continuum background component; the signal re-
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π+ν̄τ , and (d) τ+
→ ρ+ν̄τ . The markers show the data dis-

tribution, the solid line the total fitted distribution, and the
dashed line the signal component. The orange (red) filled
distribution represents the BB̄ (continuum) background.

construction efficiency; the branching fractions of dom-
inant background decays, e.g. B− → D0ℓ+νℓ followed
by D0 → KLKL or D0 → KLKLKL; the correction of
the tagging efficiency, obtained from the double tagged
samples; and the branching fractions of the τ lepton. To
estimate the effect of the uncertainty on the shape of the
histogram PDFs due to the statistical uncertainty in the
MC data, the content of each bin is varied following a
Poisson distribution with the original content as mean
before the fit is performed. This is repeated 1000 times
and the width of the distribution of branching fractions
is taken as systematic error. For the systematic related
to the best candidate selection, we perform the selection
and the fit without applying the best candidate selection,
thus allowing for multiple candidates per event. The re-
sult is divided by the average multiplicity of 1.07 and
compared to the nominal fit result. The uncertainty on
the efficiency of the reconstruction of charged tracks and
neutral pions and on the efficiency of the particle identi-
fication have been estimated using high statistics control
samples. The charged track veto has been tested using
the D0π+ double-tagged sample by comparing the num-
ber of additional charged tracks in MC and data events.
We find, that it agrees well, so we take the relative uncer-
tainty on the number as systematic error. We also test
an alternative description of the continuum background
in EECL by using a polynomial of second order, but the
deviation is well covered by the related systematic error,
so we do not include it separately. The quadratic sum of
all contributions is 22.0%.
We exclude the hypotheses of no B+ → τ+ντ de-

cays with a significance of 3.8σ, by the convolution of
the likelihood curve with a Gaussian distribution with a
width of the systematic error. The significance is given
by

√

2 ln(L/L0), where L0 is the likelihood of the hy-

τ+ → µ+ν̄τνµ

τ+ → µ+ν̄τνµ

EECL < 0.2 GeV

B(B → τν) = [1.25±+0.28(stat)± 0.27(syst)]× 10−4
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B ⟶ μ ν, hadronic tag at Belle

• Predicted:                                   

• Two body decay, mono 
energetic lepton in B rest-frame 
with momentum with p = mB/2 = 
2.6 GeV 

• With an hadronic tag only one 
neutrino in the event, can use 
m2

miss ~ 0  

• Reconstruction of B tag provides 
high resolution for B signal

11/12/2017

B(B → µν) < 2.7× 10−6

11
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FIG. 3: The pBℓ distributions for B+ → e+νe (top) and B+ → µ+νµ (bottom). The
points with error bars are the experimental data. The solid histograms are for the signal
MC distributions which are scaled up by a factor of 106 (40) from the SM expectation
for B+ → e+νe (B+ → µ+νµ). The dashed (blue) curves show the background PDF
fitted in the sideband region (2.0 GeV/c < p

B
ℓ < 2.5 GeV/c). The vertical dotted line

shows the upper bound of the pBℓ sideband, while the region between the two dot-dashed
(red) vertical lines correspond to the pBℓ signal region.

In summary, we have searched for the leptonic decays B+ → e+νe and B+ → µ+νµ
with the hadronic tagging method using a data sample containing 772 × 106 BB̄ events
collected by the Belle experiment. We find no evidence of B+ → e+νe and B+ → µ+νµ
processes. We set the upper limits of the branching fraction at B(B+ → e+νe) < 3.5×10−6

and B(B+ → µ+νµ) < 2.7× 10−6 at 90% C.L, which are by far the most stringent limits
obtained with the hadronic tagging method. Given the low background level demonstrated
in this search, we expect more stringent constraints on the new physics models to be set
by Belle II [27], the next generation B factory experiment.
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B ⟶ μ ν, untagged at Belle
• First measurement of branching 

fraction  

• Untagged: select B companion 
using Mbc and EB cuts 

• Use neural network to discriminate 
signal from background (14 input 
parameters) 

• Signal extracted from 2D fit to p*μ  
and Onn 

• Signal significance: 2.4σ 

11/12/2017
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FIG. 2: Projections of the fitted distribution to data onto the
histogram axes in the signal-enhanced regions 0.84 < onn (top
plot) and 2.6GeV/c < p

⇤
µ < 2.85GeV/c (bottom plot).

number of events are fixed in the fit to the MC predic-381

tion. The fitted-yield components are the signal, B̄ !382

⇡`

�
⌫̄`, B̄ ! ⇢`

�
⌫̄`, the rest of the charmless semilep-383

tonic decays, BB̄, cc̄, uds, ⌧+⌧�, and e

+

e

�
µ

+

µ

�. The384

fixed-yield components are µ

+

µ

�, e+e�e+e�, e+e�uū,385

e
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ss̄, and e
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cc̄.386

To obtain the signal branching fraction, we fit the ratio387

R = NB!µ⌫̄µ/NB!⇡µ⌫̄µ . This ratio also helps to reliably388

estimate the fit uncertainty. The result of the fit is R =389

(1.66 ± 0.57) ⇥ 10�2, which is equivalent to signal yield390

of NB!µ⌫̄µ = 195 ± 67 and the branching fraction ratio391

of B(B� ! µ

�
⌫̄µ)/B(B̄ ! ⇡`

�
⌫̄`) = (4.45 ± 1.53

stat

) ⇥392

10�3

. This result can be compared to the MC predic-393

tion of this ratio R

MC

= 114.6/11746 = 0.976 ⇥ 10�2,394

obtained assuming B(B ! µ⌫̄µ) = 3.80 ⇥ 10�7 and395

B(B̄ ! ⇡`

�
⌫̄`) = 1.45 ⇥ 10�4 (the PDG average [2]).396

The fitted value of R results in the branching fraction397

B(B ! µ⌫̄µ) = (6.46 ± 2.22) ⇥ 10�7, where the quoted398

uncertainty is statistical only. The statistical significance399

of the signal is 3.4 �, determined from the likelihood400

ratio of the fits with free signal component and with401

signal component fixed to zero. The fit result of the402

reference process B̄ ! ⇡`

�
⌫̄` agrees with the MC pre-403

diction to better than 10%. The projections of the fit-404

ted distribution in the signal-enhanced regions are shown405

in Fig. 2. The fit qualities of the displayed projections406

are �

2

/ndf = 27.6/16 (top panel) and �

2

/ndf = 29.1/25407

(bottom panel) taking into account only data uncertain-408

ties.409

The double ratioR/R

MC

benefits from substantial can-410

cellation of the systematic uncertainties from muon iden-411

tification, lepton and neutral-kaon vetos and the compan-412

ion B-meson decay mis-modelling, as well as partially413

cancelling trigger uncertainties and possible di↵erences414

in the distribution of the o

nn

variable.415

In the signal region, the main background contribution416

comes from charmless semileptonic decays; in particu-417

lar, the main components B̄ ! ⇡`

�
⌫̄` and B̄ ! ⇢`

�
⌫̄`,418

which peak at high o

nn

values, are carefully studied.419

With soft and undetected hadronic recoil, these decays420

are kinematically indistinguishable from the signal in an421

untagged analysis. For the B̄ ! ⇡`

�
⌫̄` component,422

we vary the form-factor shape within uncertainties ob-423

tained with the new lattice QCD result [4] and the pro-424

cedure described in Ref. [3], which was used to estimate425

the value of |Vub|. Since the form-factor is tightly con-426

strained, the contribution to the systematic uncertainty427

from the B̄ ! ⇡`

�
⌫̄` background is estimated to be only428

0.9%. For the B̄ ! ⇢`

�
⌫̄` component, the form-factors429

at high q

2 or high muon momentum have much larger430

uncertainties and several available calculations are em-431

ployed [23, 24, 31], resulting in a systematic uncertainty432

of 12%.433

The rare hadronic decay B

� ! K

0

L⇡
�, where K

0

L is434

not detected and the high momentum ⇡ is misidentified435

as a muon, is also indistinguishable from the signal decay436

and has a similar o

nn

shape. This contribution is fixed437

in the fit and the signal yield di↵erence, with and with-438

out the B

� ! K

0

L⇡
� component, of 5.5% is taken as a439

systematic uncertainty since GEANT3 poorly models K

0

L440

interactions with materials.441

The not-yet-discovered process B

� ! µ

�
⌫̄µ� with a442

soft photon can mimic the signal decay. To estimate443

the uncertainty from this hypothetical background, we444

perform the fit with this contribution fixed to half of445

the best upper limit B(B� ! µ

�
⌫̄µ�) < 3.4 ⇥ 10�6 at446

90% C.L. by Belle [32] and take the di↵erence of 6% as447

the systematic uncertainty.448

Previous studies [12, 13] did not characterize these449

backgrounds in a detailed manner, which could have led450

to a substantial underestimation of the systematic uncer-451

tainties.452

In the region p

⇤
µ > 2.85 GeV/c, where only continuum453

events are present, we observe an almost linearly grow-454

ing data/fit di↵erence with maximum deviation ⇠ 20%455

at o
nn

⇠ 1. To estimate the uncertainty due to the level456

of data/MC agreement in the o
nn

variable, we rescale lin-457

early with o

nn

the continuum histograms used in the fit458

and refit, obtaining a 15% lower value of R. For peak-459

ing components such as the signal B� ! µ

�
⌫̄µ and the460

normalization decay B̄ ! ⇡`

�
⌫̄`, we use the fit/data461

ratio in the region p

⇤
µ < 2.5 GeV/c and apply it to462

the peaking components in the signal-region histograms463

(B� ! µ

�
⌫̄µ, B̄ ! ⇡`

�
⌫̄` and B̄ ! ⇢`

�
⌫̄`). Refitting464

produces an 11% higher value of R. Simultaneously ap-465

plying both e↵ects leads to only a 2% shift in the refitted466
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FIG. 2: Projections of the fitted distribution to data onto the
histogram axes in the signal-enhanced regions 0.84 < onn (top
plot) and 2.6GeV/c < p

⇤
µ < 2.85GeV/c (bottom plot).

number of events are fixed in the fit to the MC predic-381

tion. The fitted-yield components are the signal, B̄ !382

⇡`
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⌫̄`, B̄ ! ⇢`

�
⌫̄`, the rest of the charmless semilep-383
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To obtain the signal branching fraction, we fit the ratio387

R = NB!µ⌫̄µ/NB!⇡µ⌫̄µ . This ratio also helps to reliably388

estimate the fit uncertainty. The result of the fit is R =389

(1.66 ± 0.57) ⇥ 10�2, which is equivalent to signal yield390

of NB!µ⌫̄µ = 195 ± 67 and the branching fraction ratio391

of B(B� ! µ
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⌫̄µ)/B(B̄ ! ⇡`
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⌫̄`) = (4.45 ± 1.53
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. This result can be compared to the MC predic-393

tion of this ratio R
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= 114.6/11746 = 0.976 ⇥ 10�2,394

obtained assuming B(B ! µ⌫̄µ) = 3.80 ⇥ 10�7 and395
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The fitted value of R results in the branching fraction397

B(B ! µ⌫̄µ) = (6.46 ± 2.22) ⇥ 10�7, where the quoted398

uncertainty is statistical only. The statistical significance399

of the signal is 3.4 �, determined from the likelihood400

ratio of the fits with free signal component and with401

signal component fixed to zero. The fit result of the402

reference process B̄ ! ⇡`

�
⌫̄` agrees with the MC pre-403

diction to better than 10%. The projections of the fit-404

ted distribution in the signal-enhanced regions are shown405

in Fig. 2. The fit qualities of the displayed projections406

are �
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/ndf = 29.1/25407

(bottom panel) taking into account only data uncertain-408
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ion B-meson decay mis-modelling, as well as partially413

cancelling trigger uncertainties and possible di↵erences414

in the distribution of the o
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variable.415

In the signal region, the main background contribution416

comes from charmless semileptonic decays; in particu-417

lar, the main components B̄ ! ⇡`
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⌫̄` and B̄ ! ⇢`
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which peak at high o
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values, are carefully studied.419

With soft and undetected hadronic recoil, these decays420

are kinematically indistinguishable from the signal in an421

untagged analysis. For the B̄ ! ⇡`
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⌫̄` component,422

we vary the form-factor shape within uncertainties ob-423

tained with the new lattice QCD result [4] and the pro-424

cedure described in Ref. [3], which was used to estimate425

the value of |Vub|. Since the form-factor is tightly con-426

strained, the contribution to the systematic uncertainty427

from the B̄ ! ⇡`
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⌫̄` background is estimated to be only428

0.9%. For the B̄ ! ⇢`
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⌫̄` component, the form-factors429

at high q

2 or high muon momentum have much larger430

uncertainties and several available calculations are em-431

ployed [23, 24, 31], resulting in a systematic uncertainty432

of 12%.433

The rare hadronic decay B

� ! K

0

L⇡
�, where K

0

L is434

not detected and the high momentum ⇡ is misidentified435

as a muon, is also indistinguishable from the signal decay436

and has a similar o
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shape. This contribution is fixed437

in the fit and the signal yield di↵erence, with and with-438

out the B

� ! K

0
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� component, of 5.5% is taken as a439

systematic uncertainty since GEANT3 poorly models K
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The not-yet-discovered process B

� ! µ
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⌫̄µ� with a442

soft photon can mimic the signal decay. To estimate443

the uncertainty from this hypothetical background, we444

perform the fit with this contribution fixed to half of445

the best upper limit B(B� ! µ

�
⌫̄µ�) < 3.4 ⇥ 10�6 at446

90% C.L. by Belle [32] and take the di↵erence of 6% as447

the systematic uncertainty.448

Previous studies [12, 13] did not characterize these449

backgrounds in a detailed manner, which could have led450

to a substantial underestimation of the systematic uncer-451

tainties.452

In the region p

⇤
µ > 2.85 GeV/c, where only continuum453

events are present, we observe an almost linearly grow-454

ing data/fit di↵erence with maximum deviation ⇠ 20%455

at o
nn

⇠ 1. To estimate the uncertainty due to the level456

of data/MC agreement in the o
nn

variable, we rescale lin-457

early with o

nn

the continuum histograms used in the fit458

and refit, obtaining a 15% lower value of R. For peak-459

ing components such as the signal B� ! µ
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⌫̄µ and the460

normalization decay B̄ ! ⇡`
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⌫̄`, we use the fit/data461

ratio in the region p
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µ < 2.5 GeV/c and apply it to462

the peaking components in the signal-region histograms463

(B� ! µ
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⌫̄µ, B̄ ! ⇡`
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⌫̄` and B̄ ! ⇢`
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⌫̄`). Refitting464

produces an 11% higher value of R. Simultaneously ap-465

plying both e↵ects leads to only a 2% shift in the refitted466
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FIG. 2: Projections of the fitted distribution to data onto the
histogram axes in the signal-enhanced regions 0.84 < onn (top
plot) and 2.6GeV/c < p

⇤
µ < 2.85GeV/c (bottom plot).

number of events are fixed in the fit to the MC predic-381

tion. The fitted-yield components are the signal, B̄ !382
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To obtain the signal branching fraction, we fit the ratio387

R = NB!µ⌫̄µ/NB!⇡µ⌫̄µ . This ratio also helps to reliably388

estimate the fit uncertainty. The result of the fit is R =389

(1.66 ± 0.57) ⇥ 10�2, which is equivalent to signal yield390

of NB!µ⌫̄µ = 195 ± 67 and the branching fraction ratio391

of B(B� ! µ
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⌫̄µ)/B(B̄ ! ⇡`
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⌫̄`) = (4.45 ± 1.53
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) ⇥392
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. This result can be compared to the MC predic-393

tion of this ratio R

MC

= 114.6/11746 = 0.976 ⇥ 10�2,394

obtained assuming B(B ! µ⌫̄µ) = 3.80 ⇥ 10�7 and395

B(B̄ ! ⇡`
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⌫̄`) = 1.45 ⇥ 10�4 (the PDG average [2]).396

The fitted value of R results in the branching fraction397

B(B ! µ⌫̄µ) = (6.46 ± 2.22) ⇥ 10�7, where the quoted398

uncertainty is statistical only. The statistical significance399

of the signal is 3.4 �, determined from the likelihood400

ratio of the fits with free signal component and with401

signal component fixed to zero. The fit result of the402

reference process B̄ ! ⇡`

�
⌫̄` agrees with the MC pre-403

diction to better than 10%. The projections of the fit-404

ted distribution in the signal-enhanced regions are shown405

in Fig. 2. The fit qualities of the displayed projections406

are �
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/ndf = 27.6/16 (top panel) and �
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(bottom panel) taking into account only data uncertain-408
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ion B-meson decay mis-modelling, as well as partially413

cancelling trigger uncertainties and possible di↵erences414

in the distribution of the o
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variable.415

In the signal region, the main background contribution416

comes from charmless semileptonic decays; in particu-417

lar, the main components B̄ ! ⇡`
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⌫̄` and B̄ ! ⇢`
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⌫̄`,418

which peak at high o
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values, are carefully studied.419

With soft and undetected hadronic recoil, these decays420

are kinematically indistinguishable from the signal in an421

untagged analysis. For the B̄ ! ⇡`
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⌫̄` component,422

we vary the form-factor shape within uncertainties ob-423

tained with the new lattice QCD result [4] and the pro-424

cedure described in Ref. [3], which was used to estimate425

the value of |Vub|. Since the form-factor is tightly con-426

strained, the contribution to the systematic uncertainty427

from the B̄ ! ⇡`
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⌫̄` background is estimated to be only428

0.9%. For the B̄ ! ⇢`
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⌫̄` component, the form-factors429

at high q

2 or high muon momentum have much larger430

uncertainties and several available calculations are em-431

ployed [23, 24, 31], resulting in a systematic uncertainty432

of 12%.433

The rare hadronic decay B

� ! K
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�, where K
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L is434

not detected and the high momentum ⇡ is misidentified435

as a muon, is also indistinguishable from the signal decay436

and has a similar o
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shape. This contribution is fixed437

in the fit and the signal yield di↵erence, with and with-438

out the B

� ! K
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� component, of 5.5% is taken as a439

systematic uncertainty since GEANT3 poorly models K
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The not-yet-discovered process B

� ! µ
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⌫̄µ� with a442

soft photon can mimic the signal decay. To estimate443

the uncertainty from this hypothetical background, we444

perform the fit with this contribution fixed to half of445

the best upper limit B(B� ! µ
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⌫̄µ�) < 3.4 ⇥ 10�6 at446

90% C.L. by Belle [32] and take the di↵erence of 6% as447

the systematic uncertainty.448

Previous studies [12, 13] did not characterize these449

backgrounds in a detailed manner, which could have led450

to a substantial underestimation of the systematic uncer-451

tainties.452

In the region p

⇤
µ > 2.85 GeV/c, where only continuum453

events are present, we observe an almost linearly grow-454

ing data/fit di↵erence with maximum deviation ⇠ 20%455
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⇠ 1. To estimate the uncertainty due to the level456

of data/MC agreement in the o
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variable, we rescale lin-457

early with o
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the continuum histograms used in the fit458

and refit, obtaining a 15% lower value of R. For peak-459

ing components such as the signal B� ! µ
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⌫̄µ and the460

normalization decay B̄ ! ⇡`
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⌫̄`, we use the fit/data461

ratio in the region p
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µ < 2.5 GeV/c and apply it to462

the peaking components in the signal-region histograms463
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FIG. 2: Projections of the fitted distribution to data onto the
histogram axes in the signal-enhanced regions 0.84 < onn (top
plot) and 2.6GeV/c < p

⇤
µ < 2.85GeV/c (bottom plot).

number of events are fixed in the fit to the MC predic-381

tion. The fitted-yield components are the signal, B̄ !382
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To obtain the signal branching fraction, we fit the ratio387

R = NB!µ⌫̄µ/NB!⇡µ⌫̄µ . This ratio also helps to reliably388

estimate the fit uncertainty. The result of the fit is R =389

(1.66 ± 0.57) ⇥ 10�2, which is equivalent to signal yield390

of NB!µ⌫̄µ = 195 ± 67 and the branching fraction ratio391

of B(B� ! µ
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⌫̄µ)/B(B̄ ! ⇡`
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⌫̄`) = (4.45 ± 1.53
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. This result can be compared to the MC predic-393

tion of this ratio R
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obtained assuming B(B ! µ⌫̄µ) = 3.80 ⇥ 10�7 and395
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⌫̄`) = 1.45 ⇥ 10�4 (the PDG average [2]).396

The fitted value of R results in the branching fraction397

B(B ! µ⌫̄µ) = (6.46 ± 2.22) ⇥ 10�7, where the quoted398

uncertainty is statistical only. The statistical significance399

of the signal is 3.4 �, determined from the likelihood400

ratio of the fits with free signal component and with401

signal component fixed to zero. The fit result of the402

reference process B̄ ! ⇡`
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⌫̄` agrees with the MC pre-403

diction to better than 10%. The projections of the fit-404
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are �
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which peak at high o
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⌫̄` component,422
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The not-yet-discovered process B

� ! µ
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soft photon can mimic the signal decay. To estimate443

the uncertainty from this hypothetical background, we444

perform the fit with this contribution fixed to half of445

the best upper limit B(B� ! µ

�
⌫̄µ�) < 3.4 ⇥ 10�6 at446

90% C.L. by Belle [32] and take the di↵erence of 6% as447

the systematic uncertainty.448

Previous studies [12, 13] did not characterize these449

backgrounds in a detailed manner, which could have led450

to a substantial underestimation of the systematic uncer-451

tainties.452

In the region p

⇤
µ > 2.85 GeV/c, where only continuum453

events are present, we observe an almost linearly grow-454

ing data/fit di↵erence with maximum deviation ⇠ 20%455

at o
nn

⇠ 1. To estimate the uncertainty due to the level456

of data/MC agreement in the o
nn

variable, we rescale lin-457

early with o

nn

the continuum histograms used in the fit458

and refit, obtaining a 15% lower value of R. For peak-459

ing components such as the signal B� ! µ

�
⌫̄µ and the460

normalization decay B̄ ! ⇡`

�
⌫̄`, we use the fit/data461

ratio in the region p

⇤
µ < 2.5 GeV/c and apply it to462

the peaking components in the signal-region histograms463

(B� ! µ

�
⌫̄µ, B̄ ! ⇡`

�
⌫̄` and B̄ ! ⇢`

�
⌫̄`). Refitting464

produces an 11% higher value of R. Simultaneously ap-465

plying both e↵ects leads to only a 2% shift in the refitted466

preliminary 
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to 20 times the data, other B decays with probability199

. 4 ⇥ 10�4 corresponding to fifty times the data, and200

e

+

e

� ! ⌧

+

⌧

� corresponding to five times the data, as201

well as other QED and two-photon processes with various202

multiples of the data. The simulation accounts for the203

evolution in background conditions and beam collision204

parameters. Final-state radiation from charged particles205

is modelled using the PHOTOS package [21].206

MC samples for one of the largest backgrounds from B207

decays, charmless semileptonic decays, are generated ac-208

cording to the number of BB̄ pairs in data, scaled 20209

times, assuming inclusive semileptonic branching frac-210

tions of B(B̄0 ! X

+

u `

�
⌫̄`) = 1.709⇥ 10�3 and B(B� !211

X

0

u`
�
⌫̄`) = 1.835 ⇥ 10�3. Samples with B̄ ! ⇡`

�
⌫̄`,212

B̄ ! ⇢`

�
⌫̄`, and B

� ! !`

�
⌫̄` decays are modelled using213

Light Cone Sum Rule form-factor predictions [22, 23].214

Other decays to exclusive meson states are modelled us-215

ing the updated quark model by Isgur-Scora-Grinstein-216

Wise [24]. The inclusive component of charmless semilep-217

tonic decays is modelled to leading order in ↵s based218

on a prediction in the Heavy-Quark Expansion frame-219

work [25]. The fragmentation process of the resulting220

parton to the final hadron state is modelled using the221

PYTHIA6.2 package [26].222

In addition, 8 ⇥ 106 B̄ ! ⇡`

�
⌫̄` MC events are gen-223

erated uniformly as a function of q2. These events are224

reweighted to the most recent lattice QCD form-factor225

calculation, in order to decrease MC statistical fluctu-226

ations at high q

2 and to study the behavior of the fit227

procedure described below when form-factors are varied228

within uncertainties.229

Finally, 106 events of the three-body decay B

� !230

µ

�
⌫̄µ� are generated with photon energy above 25MeV231

in the B decay frame with the form-factor parameters232

R = 3 and mb = 5GeV based on the work in [27].233

The muon in B

� ! µ

�
⌫̄µ decay is monochromatic234

in the absence of radiation, with an energy of half the235

B-meson rest mass energy in the B-meson rest frame.236

In the ⌥(4S) center-of-mass frame, where the B meson237

is in motion, the boost smears the momentum of the238

muon, p⇤µ, to the range (2.476, 2.812) GeV/c. We select239

well-reconstructed muon candidates in the wider region240

of (2.2, 4.0) GeV/c in order to include enough data to val-241

idate the analysis procedure and estimate backgrounds.242

A blind analysis is performed with the ⌥(4S) data in the243

p

⇤
µ interval (2.45, 2.85) GeV/c excluded until the analysis244

procedure has been finalized. Signal muons are identified245

by a standard procedure based on their penetration range246

and degree of transverse scattering in the KLM detector247

with an e�ciency of ⇠ 90% [28]. An additional selection248

is applied with information from the CDC, ECL, ACC,249

and TOF subdetectors, combined using an artificial neu-250

ral network, to reject the charged-kaon muonic decay in251

flight. Background suppression of 33% is achieved by252

this procedure, with a signal-muon selection e�ciency of253

97%.254

Charged particles, including the signal muon candi-255

date, are required to originate from the region near to256

the interaction point (IP) of the electron and positron257

beams. This region is defined by |z
PCA

| < 2 cm and258

r

PCA

< 0.5 cm, where z

PCA

is the distance of the point259

of the closest approach (PCA) from the IP along the z260

axis (opposite the positron beam) and r

PCA

is the dis-261

tance from this axis in the transverse plane. The charged262

daughters of reconstructed long-lived neutral particles263

(converted �, K0

S , and ⇤) are included in this list even if264

they fail the IP selection. All other charged particles are265

ignored. We discard the event if the total momentum of266

these particles exceeds 1.3GeV/c to suppress the back-267

ground from mis-reconstructed long-lived neutral parti-268

cles.269

Each surviving track that is not classified as a long-270

lived neutral-particle daughter is assigned a unique iden-271

tity. Electrons are identified using the ratio of the en-272

ergy detected in the ECL to the track momentum, the273

ECL shower shape, position matching between the track274

and ECL cluster, the energy loss in the CDC, and the275

response of the ACC [29]. Muons are identified as de-276

scribed earlier for the signal muon candidates. Pions,277

kaons and protons are identified using the responses of278

the CDC, ACC, and TOF. In the expected momentum re-279

gion for particles from B-meson decays, charged leptons280

are identified with an e�ciency of about 75% while the281

probability to misidentify a pion as an electron (muon) is282

1.9% (5%). Charged pions (kaons, protons) are selected283

with an e�ciency of 86% (75%, 98%) and a pion (kaon,284

proton) misidentification probability of 6% (13%, 72%).285

Photon candidates are selected using a polar-angle-286

dependent energy threshold chosen such that a photon287

with energy above (below) the threshold is more likely to288

originate from B-meson decay (calorimeter noise). In the289

barrel calorimeter, the energy threshold is about 40MeV;290

in the forward and backward endcaps, it rises to 110MeV291

and 150MeV, respectively. Additionally, we require the292

total energy deposition in the calorimeter not associated293

with charged particles nor recognized as photons to be294

under 0.6GeV.295

The neutrino in B

� ! µ

�
⌫̄µ decay is not detected.296

The photons and surviving charged particles other than297

the signal muon should come from the companion B me-298

son in the e

+

e

� ! ⌥(4S) ! B

+

B

� process. We select299

companion B meson candidates that have invariant mass300

close to the nominal B-meson mass and total energy close301

to the nominal B-meson energy from the ⌥(4S) ! BB̄302

decay. These quantities are represented by the beam-303

constrained mass and energy304

M

bc

=

s
E

2

beam

/c

4 � |
X

i

~p⇤
i /c|2, (2)

EB =
X

i

q
(mic

2)2 + |~p⇤
i c|2, (3)
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Overview of B ⟶ τ ν, μ ν results 
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 ∫ L dt  (fb-1) B ⟶ μ ν , upper limit (90% CL)
Belle (no tag) 253 1.7 x 10-6

BABAR (no tag) 426 1.0 x 10-6

BABAR (ST) 418 8 x 10-6

BABAR (HT) 342 5.2 x 10-6

BELLE (HT) 711 2.7 x 10-6

HFAG average 1.0 x 10-6
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 efficiencies. The combination of these four measurements constitutes 
the first observation of a purely leptonic B− decay. Whereas the early 
measurements favoured somewhat larger values, the current average31 of

τ ν→ = . ± . ×τ
− − −B B( ) (1 06 0 19) 10 (6)4

is compatible with the standard model prediction (equation (1)), which 
is lower by 1.4 standard deviations.

Measurements of B  → D(*)τ−   ντ decays 
As defined in equations (4) and (5), ∗RD( ) corresponds to the ratio of 
branching fractions for τ ν→ τ

∗ −B D( )  (signal) and ν→ τ
∗ −B D ℓ( )  (normali-

zation). BaBar and Belle events containing such decays are selected by 
requiring a hadronic Btag, a D or D* meson, and a charged lepton  
ℓ− = e−, µ−. Charged and neutral D candidates are reconstructed from 
combinations of pions and kaons with invariant masses compatible with 
the D meson mass. The higher-mass D*0 and D*+ mesons are identified 
by their D* → Dπ and D* → Dγ decays. In signal decays, the lepton ℓ− 
originates from the τ ν ν→ τ

− −ℓ ℓ decay, leading to a final state with three 
neutrinos and resulting in a broad mmiss

2  distribution, while in normali-
zation decays the lepton originates from the B decay with a single neutrino 
and therefore ≈m 0miss

2 . Non-BB  backgrounds and misreconstructed 
events are greatly suppressed by the Btag reconstruction. The remaining 
background is further reduced by multivariate selections.

At LHCb, only decays of B 0 mesons producing a µ− and D*+ meson 
are selected. Muons are favoured over electrons because of their higher 
detection efficiency and momentum resolution. The D*+ meson is recon-
structed exclusively in D*+ → D0(→K−π+)π+ decays. B mesons produced 
at LHCb have a flight path of the order of 1 cm. This feature is exploited 
to reject the bulk of the background, by requiring that the charged parti-
cles from the B candidate and no other tracks originate from a common 
vertex that is significantly separated from the pp collision point. The 
reduction in signal efficiency due to the use of a single decay chain is 
compensated by the very large production rate of B mesons at the LHC. 
The direction of the B momentum is inferred from the reconstructed pp 
collision point and the D*+µ− vertex, but its magnitude is unknown. 
LHCb approximates the B momentum by equating its component parallel 
to the beam axis to that of the D*+µ− combination, rescaled by the ratio 
of the B mass to the measured D*+µ− mass.

The yields for the signal, normalization, and various background con-
tributions are determined by maximum likelihood fits to the observed 
data distributions. Control samples are used to validate the simulated 
distributions and constrain the size and kinematic features of the back-
ground contributions.

All three experiments rely on the variables mmiss
2 , ∗E ℓ (the energy of the 

charged lepton in the B rest frame) and q2. BaBar and Belle restrict the 
data to q2 > 4 GeV2 to enhance the contribution from signal decays. BaBar 
performs the fit in two dimensions whereas LHCb covers the whole q2 
range in four intervals, thus performing a fully three-dimensional fit. The 

Belle collaboration performs a one-dimensional fit to the mmiss
2  distribu-

tion in the low-mmiss
2  region < .m( 0 85GeV )miss

2 2  dominated by the nor-
malization decays, combined with a fit to a multivariate classifier in the 
high-mmiss

2  region. This classifier includes mmiss
2 , ∗E ℓ, Eextra, and additional 

kinematic variables.
Figure 5 shows one-dimensional projections of the data and the fitted 

contributions from signal, normalization, and background decays. For 
BaBar (and likewise for Belle), the mmiss

2  distributions show a narrow peak 
at zero (Fig. 5a, d), dominated by normalization decays with a single neu-
trino, whereas the signal events with three neutrinos extend to about 
10 GeV2. For ν→ τ

−B Dℓ  decays, there is a sizeable contribution from 
ν→ τ

∗ −B D ℓ  decays, for which the pion or photon from the D* → Dπ or 
D* → Dγ decay was not reconstructed. For LHCb, the peak at zero is 
somewhat broader and has a long tail into the signal region (Fig. 5h) 
because of the sizeable uncertainty in the estimation of the Bsig  
momentum. The ∗E ℓ distributions (Fig. 5c, f, i) provide additional discri-
mination, since a lepton from a normalization decay has a higher average  
momentum than a lepton originating from a secondary τ ν ν→ τ

− −ℓ ℓ  
decay in signal B decays.

Among the background contributions, semileptonic B decays to D** 
mesons (charm mesons of higher mass than the D* mesons) are of con-
cern, primarily because their branching fractions are not well known. 
These D** states decay to a D or D* meson plus additional particles that, 
if not reconstructed, contribute to the missing momentum of the decay. 
As a result, ν→ ∗∗ −B D ℓ ℓ  decays have a broader mmiss

2  distribution than 
do normalization decays. They can be distinguished from signal decays 
by their ∗E ℓ  distributions which extend to higher values. At LHCb, an 
important background arises from B → D(*)HcX decays, where Hc is a 
charm hadron decaying either leptonically or semileptonically, and X 
refers to additional low-mass hadrons, if present. These decays produce 
mmiss

2  and ∗E ℓ spectra that are similar to those of signal events (Fig. 5h, i).
Figure 4 shows the measured values for RD and ∗RD  by the BaBar26, 

Belle32,33 and LHCb34 collaborations. These results include a recent 
 measurement of ∗RD  by Belle that uses a semileptonic tag, but do not 
include earlier results from BaBar35,36 and Belle37,38 based on partial 
 datasets. The averages of the measurements39 are

= . ± . ± .R 0 397 0 040 0 028 (7)D stat syst

= . ± . ± .∗R 0 316 0 016 0 010 (8)D stat syst

Both values exceed the standard model expectations. Taking into account 
the correlations (Fig. 6), the combined difference between the measured 
and expected values has a significance of about four standard deviations.

Interpretations of results
The results presented here have attracted the attention of the physics 
community, and have resulted in several potential explanations of this 
apparent violation of lepton universality for decays involving the τ lepton.

BaBar (ST)

BaBar (HT)

Belle (ST)

Belle (HT)

LHCb

(B– → W– QW) (10–4)
0 1 2 3

1.7 ± 0.8

–0.55
+0.581.83

1.25 ± 0.39

–0.27
+0.290.72

0.3 0.4 0.5 0.6 0.7

0.440 ± 0.072

0.375 ± 0.069

0.3 0.4 0.5

0.332 ± 0.030 

0.293 ± 0.041 

0.336 ± 0.040 

0.302 ± 0.032 

a b c

Figure 4 | Comparison of measurements with standard model 
predictions. a–c, Shown are the branching fraction τ ν→ τ

− −B B( ) (a), and 
the ratios RD (b) and ∗RD  (c) measured by the BaBar26,29,30, Belle27,28,32,33 
and LHCb34 collaborations. The data points indicate statistical and total 
uncertainties. ST and HT refer to the measurements with semileptonic and 

hadronic tags, respectively. The average values of the measurements and 
their combined uncertainties, obtained by the Heavy Flavor Averaging 
Group31,39, are shown in red as vertical lines and bands, and the expectations 
from the standard model calculations15,17,18 are shown in blue.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

SM World average

• Total significance is 5σ  
• Statistically limited results 
•  Belle II will significantly 

improve this measurement 
with more statistics                

• First branching 
measurement from 
Belle this year 
(significance 2.4σ) 

• Wait for Belle II for 
improved results

Belle (no tag) 711 (6.46 ± 2.22 ±  1.60) x 10-7 branching ratio
17
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Conclusion

• At Belle, 772 x 10
6 BB̄ pairs produced in the clean Y(4S) environment 

are analysed to produce precise measurements of rare SM 
processes  

• R(D(*)): long-standing 4σ discrepancy between SM and 
experimental results 

• A new simultaneous measurement of R(D) and R(D*) from Belle is 
ongoing, with a new improved tag method 

• Follow the next talk for Belle II prospects ! 

• B ⟶ τ ν : Measurements provide a 5σ signal significance,                       
agreement with SM 

• B ⟶ μ ν: Belle preliminary result for first branching measurement, 
2.4σ signal significance and compatible with SM

11/12/2017 18



Giacomo Caria University of Melbourne

• Back-up
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cosθBY

2011/12/2017

Analysis strategy

Analysis restricted to neutral B0B̄0 pairs (due to high background)

Reconstruction

Semileptonic tag (✏ ⇠ 10�2): Btag ! D⇤`⌫ (1 neutrino)
Signal: Bsig ! D⇤⌧⌫ ⌧ ! `⌫`⌫⌧ (3 neutrino)
Normalisation: Bsig ! D⇤`⌫ (1 neutrino)

Separation of signal mode and normalisation mode

Angle betw.B and D⇤`-system in ⌥(4S)
frame:

cos ✓B�D⇤` =
2EbeamED⇤` �m2

B �M2
D⇤`

2|~pB ||~pD⇤`|

Assumes single neutrino

Outside range [�1, 1] for signal decay

B̄0 ! D⇤+⌧�⌫̄
(several neutrinos)

B̄0 ! D⇤+`�⌫̄
(single neutrino)
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Another useful variable for analyses of B → Xlν decays
is the angle θBY between the B candidate and the visible
system Y ¼ Xl [see Fig. 9(a)]. If the only missing particle
in the event is the neutrino from the semileptonic decay,
cos θBY can be derived from four-momentum conservation
(PB ¼ PY þ Pν) and the assumption that the neutrino is
massless:

P2
ν ¼ 0

¼ ðPB − PYÞ2

¼ m2
B þm2

Y − 2ðEBEY − pBpY cos θBYÞ

⇒ cos θBY ¼ 2EBEY −m2
B −m2

Y

2pBpY
: ð46Þ

Under these assumptions, the variable cos θBY is distributed
between −1 and 1, up to resolution and photon radiation
effects. For incorrectly reconstructed semileptonic B decays or
background events, cos θBY does not correspond to the cosine
of a physical angle and the distribution is spread out much
further, as shown in Fig. 9(b).

3. B tagging

A further suppression of the continuum and combinatorial
background can be achieved by reconstructing not only the B
decay of interest but also the second Bmeson in the BB̄ event.
This approach is referred to as B tagging. In addition to
identifying the event as a BB̄ event, B tagging provides
kinematic constraints that allow for a precise reconstruction of
the neutrino four-momentum or other kinematic variables
such as the squared four-momentum transfer q2. The second B
meson can be either fully reconstructed in a hadronic decay
mode (hadronic tag) or partially reconstructed in a semi-
leptonic decay mode (semileptonic tag) and is referred to as a

Btag candidate. B-tagging methods usually require that all
charged-particle tracks in the event are assigned to one of the
two B candidates and that there is only a small amount of
remaining energy from unassociated photon candidates or
energy deposits in the calorimeter, allowing for beam back-
ground, calorimeter noise, etc.
A full reconstruction of the Btag four-momentum PBtag

in a
hadronic decay mode allows the four-momentum of the signal
B meson PB to be inferred

PB ¼ Pϒð4SÞ − PBtag
; ð47Þ

where Pϒð4SÞ is the four-momentum of theϒð4SÞ. In addition,
the charge and the flavor of the signal B candidate are
uniquely determined from the charge and the flavor of the
Btag candidate (apart from B0B̄0 mixing).
A large number of different decay modes, mostly with a

b → c quark transition that lead to final states with a D0, Dþ,
Dþ

s, or a J=ψ meson, are considered for the hadronic Btag

reconstruction. The charm meson is combined with additional
charmless mesons (π%, K%, π0, K0

S) to reconstruct a large

|
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FIG. 7. Distribution of j cosΔθT j ¼ jT̂cand − T̂ROEj for
BB̄ events (open histogram) and continuum events (shaded
histogram).

FIG. 8. Observed distributions of (a) mbc (¼ mES) and (b) ΔE
from an analysis of hadronic B decays (Aubert et al., 2008f). The
data are compared with the result of a fit of two functions
representing correctly reconstructed B candidates (dashed lines)
and the total continuum and combinatorial BB̄ background (dash-
dotted lines). The sum of the signal and background functions is
shown as solid lines.
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number of exclusive Btag decay modes. The tagging efficiency
and purity depend on the number of charged and neutral
particles in the decay and are highest for decay modes with
low-multiplicity final states. Since the branching fractions
of the individual hadronic decays are small, typically of the
order of 10−5–10−3, the inclusion of higher-multiplicity final
states is necessary to reach a sufficient tagging efficiency. The
variables ΔE and mbc introduced in Eqs. (44) and (45) can be
used to distinguish correctly reconstructed from combinatorial
Btag candidates and to estimate the tagging efficiency and
purity.
Both Belle and BABAR updated their hadronic B-tagging

algorithms during the course of the experiment, leading to an
improvement of about a factor of 2 in the tagging efficiency at
a comparable background level compared with the previous
versions. In the latest BABAR algorithm, Btag candidates are
reconstructed in nearly 1800 decay modes. Mode-dependent
selection windows in ΔE and mbc are applied. If there are
multiple Btag candidates per event, the one reconstructed in
the decay mode with the highest purity is chosen. The recent
Belle algorithm uses a more hierarchical approach which
employs a four-stage Btag reconstruction (as illustrated in
Fig. 10) combined with a neural-network classification
(Feindt, 2004). At the first stage, πþ, Kþ, K0

S, γ, π
0, e, and

μ candidates are reconstructed from tracks and from clusters
in the electromagnetic calorimeter. Then D, Ds, and J=ψ
candidates as well as D" and D"

s candidates are formed.
At the last stage, the Btag candidates are reconstructed and
classified. At each stage, neural networks are used to estimate
the probability that the particles have been correctly

reconstructed. The neural-network outputs of each stage are
used as input to the next stage, where the particles are
combined to reconstruct parent particles. Additional informa-
tion is provided to the neural networks at each stage, such as
invariant masses, angles between particles, and vertexing
information. At the end, the kinematic consistency of the
Btag candidates with a B decay is checked usingmbc. The final
neural-network output is used to rank the Btag candidates,
allowing the best to be easily selected. Typical efficiencies
achieved for hadronic B tagging at the B factories are ∼0.3%
for BþB− and ∼0.2% for B0B̄0 events with purities of
(10–30)%.
For semileptonic B tagging, usually the four decay modes

B0 → D−lþν, B0 → D"−lþν, Bþ → D̄0lþν, and Bþ →
D̄"0lþν (l ¼ e, μ) are reconstructed. They have a combined
branching fraction of about 8% for Bþ and 7% for B0, per
lepton mode. Sometimes semi-inclusive B → DXlν decays
are also used, where X denotes an unspecified hadronic final
state. This more inclusive reconstruction includes D" and
higher-mass charm mesons, without having to reconstruct the
slow pion or low-energy photon from the D" decay. This
approach leads to a somewhat increased tagging efficiency at
the expense of higher backgrounds. Backgrounds and
wrongly reconstructed Btag candidates can be suppressed
by selecting only events in the signal region of the cos θBY
(Y ¼ Dð"Þl) distribution [see Eq. (46)]. The efficiency for
semileptonic tags is about 0.5%–1%. It is larger than that for
hadronic tags because of the sizable semileptonic branching
fractions and the relatively high reconstruction efficiencies for
these decays. However, the background level is higher and the
kinematic constraints are not as tight as for hadronic tags due
to the neutrino in the tag decay. In general, semileptonic tags
(in contrast to hadronic tags or no tags) represent a com-
promise between signal efficiency and background suppres-
sion. As the various tagging techniques are statistically
independent and have largely uncorrelated systematic uncer-
tainties, measurements based on different tagging techniques
are complementary and can easily be combined.

D. Branching fraction measurement

The most fundamental quantities of interest in studies of B
decays are the total branching fraction B and the partial
branching fractions ΔB of the studied decay mode in certain

FIG. 9. The variable cos θBY for B0 → D"−lþν decays:
(a) reconstruction of the angle θBY , and (b) distribution of
cos θBY for correctly reconstructed B0 → D"−lþν decays (top-
most histogram) and various backgrounds (other histograms).
From Dungel et al., 2010.

FIG. 10. The selection and classification stages of the hadronic
B-tagging algorithm in Belle. From Feindt et al., 2011.
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Systematic uncertainties, R(D(*)), HT

2111/12/2017

Combined R(D) and R(D⇤)

Systematic uncertainties:
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Systematic uncertainies, R(D*), ST

2211/12/2017

R(D⇤) with semileptonic tag

Systematic uncertainties:
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Systematic uncertainies, R(D*) and τ polarisation⌧ lepton polarisation

Systematic uncertainties:

Source rel. uncertainty on R(D⇤) uncertainty on P⌧ (D⇤)
Hadronic B decay composition +7.7

�6.9%
+0.13
�0.10

MC stat. for PDF construction +4.0
�2.8%

+0.15
�0.11

Semileptonic B decays ±3.5% ±0.05
Fake D⇤ background ±3.4% 0.02
Other ±2.2% ±0.03
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