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Outline

I Motivations and features

* To tag, or not to tag

I B+ → τ+ν

I B+ → `+ν(γ)

I Prospects (Belle II)
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Motivations for B+ → `+ν

Γ(B+ → `+ν) =
G2

FmBm2
`

8π

(
1− m2

`

m2
B

)2

f2
B |Vub|2

I very clean place to measure fB|Vub|
and/or search for new physics (e.g. H+, LQ)

I but, helicity-suppressed: Γ ∝ m2
`

Γ(B+ → e+ν)� Γ(B+ → µ+ν)� Γ(B+ → τ+ν)
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B+ → τ+ν by new physics, e.g. H+

Effect of charged Higgs for B→τν

• B→τν could be affected by charged Higgs.

• An example of modifications is:

where

H!

rH =

�
1 − m2

B

m2
H

tan2 β

�2
Type II of two Higgs doublet model,
W. S. Hou, PRD48, 2342 (1993).

B(B− → τ−ν̄τ ) = B(B− → τ−ν̄τ )SM × rH

4

H+B+
τ+

ντ

I B+ → τ+ν can be affected by new physics effects
For instance, H+ of 2-Higgs doublet model (type II)

B(B+ → τ+ν) = BSM(B+ → τ+ν)× rH

where rH =
[
1− (m2

B/m
2
H) tan2 β

]2
W.S. Hou, PRD 48, 2342 (1993)

I The ratio B(B+ → τ+ν)/B(B+ → `+ν) can be a very powerful test of lepton
flavor universality.
“It’s worth to look for LFU breaking effects in B→ τν and B→ Kττ” by P. Paradisi @ CKM 2016
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Features of B+ → `+ν

SM predictions

I B(B+ → τ+ν) ∼ 10−4

I B(B+ → µ+ν) ∼ B(B+ → τ+ν)/300
I B(B+ → e+ν) ∼ B(B+ → τ+ν)/107

Experimental features

I B+ → τ+ν large BF, but multiple ν ’s
I B+ → `+ν (` 6= τ) E` ∼ MB/2, but small BF

Y. Kwon (Yonsei Univ.) Experimental mini-review on leptonic B decays WG 2 @ CKM 2016 5



To tag, or not to tag
I Why bother?

* B+ → τ+ν has multiple ν ’s in the final state
* need extra kinematic constraints to improve sensitivity
* exploit Υ(4S) producing BB̄ and nothing else

e+e− → Υ(4S)→ BsigBtag

I How to tag?
* “hadronic tagging” – full reconstruction of the decay chain of Btag

* “semileptonic tagging” – use B+ → D
(∗)
`+ν
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B+ → τ+ν by hadronic B-tagging

component to avoid double counting. The efficiency of the
tag-B reconstruction in presence of a Bþ ! !þ" decay is
estimated with signal MC as #tag ¼ ð2:8$ 0:1Þ & 10'3.

The signal-side ! lepton is reconstructed in four decay
modes: !þ ! eþ" !", !þ ! $þ" !", !þ ! %þ", and
!þ ! &þ", totaling approximately 70% of all ! decays.
We separate the event sample into four categories using
particle identification criteria applied to the signal track
(eþ, $þ, and %þ). The !þ ! &þ" sample is obtained by
associating the signal track %þ with a %0 reconstructed
from a pair of neutral clusters with an invariant mass
between 115 MeV=c2 and 155 MeV=c2.

In order to remove the eþe' ! !þ!' background, we
impose ! mode dependent requirements on the ratio be-
tween the 2nd and the 0th Fox-Wolfram moments R2 [16]
calculated using all the tracks and neutral clusters of the
event. This preserves 90% of the Bþ ! !þ" signal.

To reject continuum background, we use the absolute
value of cos 'TB, the cosine of the angle in the CM frame
between the thrust axis [17] of the tag-B and the thrust axis
of the remaining charged and neutral candidates in the
event. For correctly reconstructed tag-B candidates the
j cos'TBj distribution is expected to be uniform, while
for jet-like eþe' ! q !q continuum events it peaks strongly
at 1. In order to reject background from events with a
correctly reconstructed tag-B, we study the distribution
of several discriminating variables exploiting the different
kinematics between the signal and background of the
remaining reconstructed candidates. We use the missing
momentum polar angle in the laboratory frame ~pmiss ¼
~pCM ' ~ptagB ' ~ptrk '

P
neut ~pi, where ~pCM is the total mo-

mentum of the beams, ~ptagB is the reconstructed momen-
tum of the tag-B, and ~ptrk is the reconstructed track
momentum, and the sum is extended on all the neutral
candidates reconstructed in the calorimeter not assigned to
the tag-B. For the !þ ! %þ" mode, we combine p(

trk

(where the star denotes the CM frame) and the cosine of
the angle between ~pmiss and the beam axis ( cos'miss) in a
likelihood ratio

LP ¼ LSðp(
trk; cos 'missÞ

ðLSðp(
trk; cos 'missÞ þ LBðp(

trk; cos'missÞÞ
; (2)

where the signal (S) and background (B) likelihoods
have been obtained from the product of the PDFs of
the two discriminating variables: LSðp(

trk; cos 'missÞ ¼
PSðp(

trkÞPSðcos 'missÞ and LBðp(
trk; cos 'missÞ ¼ PBðp(

trkÞ&
PBðcos 'missÞ. Similarly, for the !þ ! &þ" mode we
combine four discriminating variables in the likelihood
ratio LP: cos'miss, the invariant mass of the %0 candidate,
the &þ candidate momentum, and the invariant mass of
the %þ%0 pair used to make the &þ candidate. The PDFs
used in the likelihood ratio for the signal and background
are determined from signal and BþB' MC samples,
respectively.
The most powerful discriminating variable is Eextra,

defined as the sum of the energies of the neutral clusters
not associated with the tag-B or with the signal%0 from the
!þ ! &þ" mode, and passing a minimum energy require-
ment (60 MeV). Signal events tend to peak at low Eextra.
Background events, which contain additional sources of
neutral clusters, tend to be distributed at higher values. The
signal region in data is kept blind until the end of the
analysis chain when we extract the signal yield, meaning
that we do not use events in data with Eextra < 400 MeV
during the selection optimization procedure and for the
evaluation of background shapes.
We optimize the selection requirements, including those

on the purityP of the tag-B and the minimum energy of the
neutral clusters, minimizing the expected uncertainty in the
branching fraction fit. In order to estimate the uncertainty,
which includes the statistical and the dominant systematic
sources, we run 1000 MC simulated pseudo experiments
extracted from the background and signal expected Eextra

distributions for a set of possible selection requirements,
assuming a signal branching fraction of 1:8& 10'4 [10].
Table II summarizes the signal selection requirements

and Fig. 2 shows the Eextra distribution with all the selec-
tion requirements applied. The background events populat-
ing the low Eextra region are mostly semileptonic B decays
for the leptonic modes. For the !þ ! %þ" mode the
background is composed mostly of charmless hadronic B

FIG. 1 (color online). Fit to the mES distribution in data. Dots
are data, the upper curve is the global fit result and the lower
curve represents the fitted combinatorial and continuum
background.

TABLE II. Optimized signal selection criteria for each !
mode.

Variable eþ $þ %þ &þ

P >10%
Cluster energy (MeV) >60
R2 <0:57 <0:56 <0:56 <0:51
j cos'TBj <0:95 <0:90 <0:65 <0:8
LP >0:30 >0:45

EVIDENCE OF Bþ ! !þ" DECAYS. . . PHYSICAL REVIEW D 88, 031102(R) (2013)
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Figure 8: Purity-e�ciency plot for B0 mesons
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(a) B+ selection with roughly equal purity
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(b) B+ selection with roughly equal back-
ground level
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(c) B+ selection with roughly equal e�-
ciency
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(d) B0 selection with roughly equal e�-
ciency

Figure 9: Mbc plots for di↵erent selections: The dashed blue line is a fit of the Mbc distributions
for the new full reconstruction algorithm, the solid red line to the classical one. The network
cuts are chosen to have (a) roughly equal purity, (b) roughly equal background level, (c), (d)
roughly equal e�ciency compared to the classical one
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Figure 9: Mbc plots for di↵erent selections: The dashed blue line is a fit of the Mbc distributions
for the new full reconstruction algorithm, the solid red line to the classical one. The network
cuts are chosen to have (a) roughly equal purity, (b) roughly equal background level, (c), (d)
roughly equal e�ciency compared to the classical one
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BELLE

Full-recon. B sample  
for B+ ➔ τ+ν analysis

Full-recon. B+ sample 
Old vs. New @ same efficiency

PRD 88, 031102(R) (2013)

NeuroBayes – the performance

• hadronic tagging method

* full reconstruction of Btag in ⌥(4S)! BsigBtag

* NeuroBayes algorithm M. Feindt, et al., NIM A 654, 432 (2011)

- much improved performace by adding more Btag and D modesFull reconstruction of B mesons

(2! 3)ˆ statistical gain wrt previous algo.

› ‰ (0:2! 0:5)% depending on the signal mode.

With large datasets the full reco will be the ultimate technique:

Better background rejection and less model dependent than other techniques.

C. Beleño Exclusive B ! Xu‘� decays at Belle LLWI 2012 4/13

* ⇥(2 ⇠ 3) statistical gain over
previous hadron-tagged
analyses!

Y. Kwon (Yonsei Univ.) Study of neutrinos using “B-meson beams” at Belle Apr. 9, 2014 19

“NeuroBayes” 
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B+ → τ+ν (Belle, had) – signal extraction
I Signal τ modes: τ+ → e+νeντ , µ

+νµντ , π
+ντ , ρ

+ντ

I π0, K0
L veto – demand no trace of π0, K0

L after reconstructing Btag and Bsig

- K0
L gives ∼ 5% improvement in the expected sensitivity

I 2D fitting to EECL & M2
miss

- improve sensitivity by ∼ 20%; more robust against peaking backgs. in EECL

Improvement for signal extraction

signal

background

Previous analyses
(including BaBar) used 
single variable EECL

for signal extraction.

EECL: extra energy detected at ECL
after removing all detected particles
(“detected” energy of neutrinos).

This analysis uses two 
variables EECL and Mmiss2 
for the signal extraction.

Mmiss2: missing mass squared in an event
(mass squared for neutrinos).
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MCBelle, PRD82.

14

MC

previous analyses
(EECL only)

EECL = residual energy in the EM calorimeter (ECL) that has not been attributed to either Bsig or Btag
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B+ → τ+ν (Belle, had) – Result
I Simultaneous fit to different τ decay modes

Figures below shown for the sum of different τ decay modes
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Belle, signal extraction

• Signal yield: 62 +23!22 (stat) ±6 (syst).

• B(B→τν) = [0.72 +0.27!0.25 (stat) ±0.11 (syst)] ! 10!4.

(Projection for EECL < 0.2 GeV)

signal
background

Significance: 3.0σ
(including syst)

(Projection for all Mmiss2 region.)
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Simultaneous fit to different τ decay samples.
Figures shown for the sum of different τ decays.

arXiv:1208.4678

13

I Signal yield: 62+23
−22 ± 6 significance = 3.0σ incl. systematic error

Major sources of systematic error are: background PDF (8.8%), K0
L efficiency (7.3%), and Btag

efficiency (7.1%).

I B(B+ → τ+ν) =
(
0.72+0.27

−0.25 ± 0.11
)
× 10−4 PRL 110, 131801 (2013)
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B+ → τ+ν (BaBar, had) – Result

I Hadronic B-tagging analysis with
NBB̄ = 468× 106

I Signal τ modes:
τ+ → e+νeντ , µ

+νµντ , π
+ντ , ρ

+ντ
I Signal extraction via Eextra (= EECL)

Nsig = 62.1± 17.3
from simultaneous fit to the four τ modes

I B(B+ → τ+ν) = (1.83+0.53
−0.49 ± 0.24)× 10−4

I Major systematic uncertainties are from
background PDF’s (10%), B-tag efficiency (5%), etc.

B+ ! ⌧+⌫ (BaBar) – Result

• Signal yield: 62.1 ± 17.3
from simultaneous fit to the four ⌧ modes

• B(B+ ! ⌧+⌫) = (1.83+0.53
�0.49 ± 0.24) ⇥ 10�4

• Major systematic uncertainties are from
background PDF’s (10%), B-tag efficiency (5%), etc.

• Consistent results over different ⌧ decay
modes, within ⇠ 2�

6
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FIG. 2: Eextra distribution in data (points with error bars)
with all selection requirements applied and fit results overlaid.
The hatched histogram is the background and the dashed
component is the best-fit signal excess distribution. Plot (a)
shows all ⌧ decay modes fitted simultaneously. Lower plots
show the projection of the simultaneous fit result on the four
analyzed ⌧ decay modes: (b) ⌧+ ! e+⌫⌫̄ , (c) ⌧+ ! µ+⌫⌫̄ ,
(d) ⌧+ ! �+⌫ , (e) ⌧+ ! �+⌫ .

while B is allowed to vary. The reconstruction e�ciencies
�k, which include the ⌧ branching fractions, are obtained
from MC-simulated signal events (see Table III). Since
the tag-B reconstruction e�ciency is included in �k and
is estimated from the signal MC, we apply a correction
factor of Rdata/MC = 0.926 ± 0.010 to take into account

data/MC di�erences. This is derived from the ratio of
the peaking component of the mES distribution for the
hadronic tag-B in data and in MC simulated events.

The signal PDF is obtained from a high statistics sig-
nal sample of MC simulated data. We use a sample of
fully reconstructed events to correct the signal PDF for
data/MC disagreement In addition to the reconstructed
tag-B, a second B is reconstructed in the hadronic or the
semileptonic decay mode using tracks and neutral clus-
ters not assigned to the tag-B. In order to estimate the
correction to the signal PDF, we compare the distribu-
tion of Eextra in this double tagged event sample from
experimental data and MC simulations. The MC distri-
butions are normalized to the experimental data and the
comparison is shown in Fig. 3. We extract the correction
function by taking the ratio of the two distributions and
fitting it with a second order polynomial.

FIG. 3: Eextra distribution for double tagged events. The
“signal” B is reconstructed in hadronic decays (left plot) or
semileptonic decays (right plot). Points are data and boxes
are MC simulation.

We determine the PDF of the combinatorial back-
ground from the mES sideband. The normalization of
this component in the signal region is obtained by fit-
ting the mES distribution after the selection has been
applied. The shape of the peaking background is taken
from B+B� MC. The two background components are
added together into a single background PDF. We esti-
mate the branching fraction by minimizing � ln L, where
L = �4

k=1Lk, and Lk is given in Eq. 3. The projections
of the fit results are shown in Fig. 2.

We observe an excess of events with respect to the ex-
pected background level and measure a branching frac-
tion of B(B+ ! ⌧+⌫) = (1.83+0.53

�0.49) ⇥ 10�4, where the
uncertainty is statistical. Table III summarizes the re-
sults from the fit. We evaluate the significance of the
observed signal, including only statistical uncertainty, as
S =

�
2 ln(Ls+b/Lb), where Ls+b and Lb denote the

obtained maximum likelihood values in the signal and
background, and the background only hypotheses, re-
spectively. We find S = 4.2�.

Additive systematic uncertainties are due to the un-
certainties in the signal and background Eextra PDF

significance = 3.8σ 
incl. syst. error

signal
background

arXiv:1207.0698, submitted to PRD(RC)
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TABLE III: Reconstruction e�ciency �, measured branching
fractions, and statistical uncertainty obtained from the fit
with all the modes separately and constrained to the same
branching fraction. The ⌧ decay mode branching fractions
are included in the e�ciencies.

Decay Mode �k(�10�4) Signal yield B(�10�4)

⌧+ ! e+⌫⌫̄ 2.47 ± 0.14 4.1 ± 9.1 0.35+0.84
�0.73

⌧+ ! µ+⌫⌫̄ 2.45 ± 0.14 12.9 ± 9.7 1.12+0.90
�0.78

⌧+ ! �+⌫ 0.98 ± 0.14 17.1 ± 6.2 3.69+1.42
�1.22

⌧+ ! �+⌫ 1.35 ± 0.11 24.0 ± 10.0 3.78+1.65
�1.45

combined 62.1 ± 17.3 1.83+0.53
�0.49

TABLE IV: Contributions to systematic uncertainty on the
branching fraction.

Source of systematics B uncertainty (%)
Additive
Background PDF 10
Signal PDF 2.6
Multiplicative
Tag-B e�ciency 5.0
B counting 1.1
Electron identification 2.6
Muon identification 4.7
Kaon identification 0.4
Tracking 0.5
MC statistics 0.6
Total 13

shapes used in the fit. To estimate the systematic uncer-
tainty in the background PDF shape we repeat the fit of
the branching fraction with 1000 variations of the back-
ground PDFs, varying each bin content within its statis-
tical uncertainty. We use the range of fitted branching
fractions covering 68% of the distribution as systematic
uncertainty yielding an overall contribution of 10%. We
correct the systematic e�ects of disagreements between
data and MC Eextra distributions for signal events us-
ing a sample of completely reconstructed events in data
and MC, as already described. To estimate the related
systematic uncertainties, we vary the parameters of the
second-order polynomial defining the correction within
their uncertainty and repeat the fit to the B+ ! ⌧+⌫
branching fraction. We observe a 2.6% variation that we
take as the systematic uncertainty on the signal shape.
Including the e�ects of additive systematic uncertainties,
the significance of the result is evaluated as 3.8�.

Multiplicative systematic uncertainties on the e�-
ciency stem from the uncertainty in the tag-B e�ciency
correction (5.0%), electron identification (2.6%), muon
identification (4.7%), charged kaon veto (0.4%), and the
finite signal MC statistics (0.8%). Table IV summarizes
the systematic uncertainties. The total systematic uncer-
tainty is obtained by combining all sources in quadrature.

In summary, we have measured the branching frac-
tion of the decay B+ ! ⌧+⌫ using a tagging algorithm
based on the reconstruction of hadronic B decays us-
ing a data sample of 467.8 ⇥ 106 BB pairs collected
with the BABAR detector at the PEP-II B-Factory. We
measure the branching fraction to be B(B+ ! ⌧+⌫) =
(1.83+0.53

�0.49(stat.)± 0.24(syst.))⇥ 10�4, excluding the null
hypothesis by 3.8�. (including systematic uncertainty).
This result supersedes our previous result using the same
technique [8]. Combining this result with the other
BABAR measurement of B(B+ ! ⌧+⌫) derived from a
statistically independent sample [9], we obtain B(B+ !
⌧+⌫) = (1.79 ± 0.48) ⇥ 10�4, where both statistical and
systematic uncertainties are combined in quadrature.
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FIG. 4: Top plot: Comparison between the measured
B(B+ ! ⌧+⌫) branching fraction (horizontal band) with the
prediction of the 2HDM as a function of tan �/mH+ , using
exclusive (red/light gray) or inclusive (blue/dark gray) |Vub|
measurement. Bottom plots: 90% and 99% C.L. exclusion re-
gions in the (mH+ , tan�) plane using the exclusive (left) and
inclusive (right) measurements of |Vub|.

Our measurement of the branching fraction B(B+ !
⌧+⌫) exceeds the prediction of the SM determined using
the values of |Vub| extracted from exclusive semileptonic
events and from inclusive semileptonic events by 2.4�
and 1.6�, respectively. We also determine, separately for
the exclusive and inclusive |Vub| BABAR measurements,
90% C.L. exclusion regions in the parameter space of
the 2HDM - type II (mH+ , tan�), where mH+ is the
charged Higgs mass and tan� is the ratio of the vacuum
expectation values of the two Higgs doublets. We find
that, taking |Vub| from the exclusive measurement, most
of the parameters space is excluded at 90% C.L. Using
the higher value of |Vub| from the inclusive measurement,

Y. Kwon (Yonsei Univ.) Experimental mini-review on leptonic B decays WG 2 @ CKM 2016 12
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B+ → τ+ν (Belle, SL-tag) BELLE

The following five parameters vary in our final fit to the
data: BðBþ → τþντÞ and the normalization of the back-
ground in each of the four τ decay channels. The relative
signal yields in the τ decay channels are fixed to the ratios of
the reconstruction efficiencies. We obtain a total signal yield
of Nsig ¼ 222% 50, and this results in a branching fraction
of BðBþ → τþντÞ ¼ ð1.25% 0.28Þ × 10−4, where the
uncertainties are statistical only. The signal yields and
branching fractions, obtained from fits for each of the τ
decay modes separately, are given in Table II. The results are
consistent with a common value with a p value of 10%. The
projections of the fitted distributions are shown in Fig. 2.
The list of systematic uncertainties is given in Table III.

The following systematic uncertainties are determined by
varying the corresponding parameters by their uncertainty,
repeating the fit and taking the difference to the nominal fit
result as the systematic uncertainty: the normalization and
slope of the continuum background component, where the
dominant uncertainty originates from the error on the slope;
the signal reconstruction efficiency; the branching fractions
of the dominant background decays peaking in the EECL
signal region, e.g., Bþ→ D̄0lþνl followed by D0→KLKL
orD0 → KLKLKL; the correction of the tagging efficiency,
obtained from the double-tagged samples and assumed to
be 100% correlated among the four τ decay modes; and the
branching fractions of the τ lepton. For branching fractions
ofDmesons with multiple KL mesons in the final state, we
use the values for corresponding decays with KS and take
50% of the value as the uncertainty.
To estimate the effect of the uncertainty on the shape of

the histogram PDFs due to the statistical uncertainty in the
MC, the content of each bin is varied following a Poisson
distribution with the initial value as the mean. This is
repeated 1000 times and the standard deviation of the
distribution of branching fractions is taken as systematic
uncertainty. For the systematic uncertainty related to the
best-candidate selection, we repeat the fit without applying
this selection. The result is divided by the average multi-
plicity of 1.07 and compared to the nominal fit result. The
uncertainties on the efficiency of the reconstruction of
charged tracks and neutral pions and on the efficiency of
the particle identification have been estimated using high-
statistics control samples. The charged-track veto is tested
using the D0πþ double-tagged sample by comparing the

number of additional charged tracks in MC and data events.
We find that it agrees well and so take the relative statistical
uncertainty on the control sample as the systematic uncer-
tainty. 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 uncertainty so we do not include it
separately. The quadratic sum of all contributions is 21.2%.
We find evidence for Bþ → τþντ decays with a signifi-

cance of 3.8σ, by convolving the likelihood profile with a

(a) (a)

(b) (b)

(c) (c)

(d) (d)

(e) (e)

FIG. 2 (color online). Distributions for (a) τþ → μþν̄τνμ,
(b) τþ → eþν̄τνe, (c) τþ → πþν̄τ, (d) τþ → ρþν̄τ, and (e) the
sum of them. The left and right columns show the distributions of
EECL and p&

sig projected in the region EECL < 0.2 GeV, respec-
tively. The markers show the data distribution, the solid line the
total fitted distribution, and the dashed line the signal component.
The orange (red) filled distribution represents the BB̄ (con-
tinuum) background.

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

Decay mode Nsig Bð10−4Þ

τþ → μþν̄τνμ 13% 21 0.34% 0.55
τþ → eþν̄τνe 47% 25 0.90% 0.47
τþ → πþν̄τ 57% 21 1.82% 0.68
τþ → ρþν̄τ 119% 33 2.16% 0.60
Combined 222% 50 1.25% 0.28

B. KRONENBITTER et al. PHYSICAL REVIEW D 92, 051102(R) (2015)

051102-6
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I tagged by B− → D(∗)0`−ν
I Signal extraction by 2D-fitting (EECL, p∗

sig)
Nsig = 222± 50 events

I B(B+ → τ+ν) = (1.25± 0.28± 0.27)× 10−4

4.6σ significance by combining had-tag and SL-tag analyses of Belle

PRD 92, 051102(R) (2015)
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B+ → τ+ν Summary

0 0.5 1 1.5 2 2.5 3

Belle

Belle

BaBar

BaBarhadronic tag

SL tag

Belle combined: B(B+ → τ+ν) = (0.91± 0.22)× 10−4

BaBar combined: B(B+ → τ+ν) = (1.79± 0.48)× 10−4

World average: B(B+ → τ+ν) = (1.09± 0.24)× 10−4

I Belle vs. BaBar – consistent within ∼ 1.7σ
I The average is consistent with SM
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B+ → τ+ν constraints on charged Higgs
I With 2-Higgs doublet model (type II),

B(B+ → τ+ν) = BSM(B+ → τ+ν)×
[
1− (m2

B/m
2
H) tan2 β

]2

technique [12], and with the other measurement from Belle
using semileptonic tag-B s [13]. Combining this result with
the other BABAR measurement of BðBþ ! !þ"Þ derived
from a statistically independent sample [11], we obtain
BðBþ ! !þ"Þ ¼ ð1:79% 0:48Þ & 10'4, where both sta-
tistical and systematic uncertainties are combined in
quadrature.

Our measurement of the branching fractionBðBþ!!þ"Þ
exceeds the prediction of the SM determined using the
values of jVubj extracted from exclusive semileptonic
events and from inclusive semileptonic events by 2:4#
and 1:6#, respectively. We also determine, separately for

the exclusive and inclusive jVubj BABAR measurements,
90% C.L. exclusion regions in the parameter space of the
2HDM- type II ðmHþ ; tan$Þ, where mHþ is the charged
Higgs mass and tan$ is the ratio of the vacuum expecta-
tion values of the two Higgs doublets. We find that, taking
jVubj from the exclusive measurement, most of the parame-
ters space is excluded at 90% C.L. Using the higher value
of jVubj from the inclusive measurement, the constraints
are less stringent but already set a lower limit at the TeV
scale for high tan$. The same implications on 2HDM are

supported by a recent BABAR study of the BðB ! Dð(Þ!"Þ
decays [18]. Figure 4 shows a comparison between the
measured BðBþ ! !þ"Þ branching fraction with the pre-
diction of the 2HDM as a function of tan$=mHþ and the
exclusion plots in the ðmHþ ; tan$Þ plane for the exclusive
and inclusive measurements of jVubj.
We are grateful for the extraordinary contributions of our

PEP-II colleagues in achieving the excellent luminosity and
machine conditions that have made this work possible. The
success of this project also relies critically on the expertise
and dedication of the computing organizations that support
BABAR. The collaborating institutions wish to thank SLAC
for its support and the kind hospitality extended to them.
This work is supported by the U.S. Department of Energy
and National Science Foundation, the Natural Sciences and
Engineering Research Council (Canada), the Commissariat
à l’Energie Atomique and Institut National de Physique
Nucléaire et de Physique des Particules (France), the
Bundesministerium für Bildung und Forschung and
Deutsche Forschungsgemeinschaft (Germany), the Istituto
Nazionale di Fisica Nucleare (Italy), the Foundation for
Fundamental Research on Matter (The Netherlands), the
ResearchCouncil of Norway, theMinistry of Education and
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Search for B+ → `+ν

I (experimental) very clean

* just a mono-energetic charged lepton and nothing else

I (theoretical) very small branching fraction compared to B+ → τ+ν

* helicity suppression: Γ ∝ m2
`

I Tagged vs. Untagged for B+ → `+ν,
* tagging is not really necessary ∵ mono-energetic `+ in the final state
* Nonetheless, analyses with tagging have also been tried
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Why then bother with ‘tagged’ for B+ → `+ν?

I much better resolution of pB
` with the full-recon. tagging

I But, does it make a case for ‘full-recon-tagged’ analysis of B+ → `+ν?
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Why then bother with ‘tagged’ for B+ → `+ν?
I Note: BSM(B+ → e+ν) ∼ 10−11 and BSM(B+ → µ+ν) ∼ 3× 10−7

⇒ Any signal for B+ → e+ν at the Belle sensitivity is way beyond the SM
I In that case, are we sure what we see is really B+ → e+ν?

What about B0 → e+τ−? How about B+ → e+X0 where X0 is any unknown particle from NP?
I With full-recon., we can use pB

` to discern many such cases
I Belle analysis with hadronic B-tagging PRD 91, 052016 (2015)

B+ ! `+⌫ results

Search for Bþ → eþνe and Bþ → μþνμ decays using hadronic tagging
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 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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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (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 Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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selection efficiency, and NBþB− is the number of
ϒð4SÞ → BþB− events in the data sample. Using
Bðϒð4SÞ → BþB−Þ ¼ 0.513% 0.006 [3], we estimate
NBþB− as ð396% 7Þ × 106.
We obtain Nbkg

exp by fitting the pB
l sideband of the data

sample with a PDF obtained from the background MC. We
then estimate the expected background yield in the pB

l
signal region from the ratio of the fitted background MC
yields in the pB

l sideband and the pB
l signal region.

The systematic uncertainties on Nbkg
exp are estimated

according to the uncertainties in the background PDF
parameters, the branching fraction of background decays,
and the statistics of the data sample in the pB

l sideband. We
vary each source in turn by its uncertainty (%1σ), and the
resulting deviations in Nbkg

exp are added in quadrature. To
calculate the effect of the branching fraction uncertainties
of the background modes, we refer to the experimental
measurements [3] for the Bþ → D̄ð&Þ0lþνl, Bþ → π0lþνl,
Bþ → πþK0, and Bþ → Kþπ0 modes and vary each
branching fraction one by one from the world-average
value by its error. For the Bþ → lþνlγ, an uncertainty of
%50% is applied. For modes where a clear estimate of the
background level is not available, we assume a conservative
branching fraction uncertainty of þ100

−50 %. The values of
Nbkg

exp and their uncertainties for both Bþ → eþνe and Bþ →
μþνμ decays are listed in Table I.
The efficiencies ϵs are 0.086% 0.007 and 0.102% 0.008

for Bþ → eþνe and Bþ → μþνμ, respectively, as summa-
rized in Table I. The uncertainties of ϵs are calculated from
the following sources: lepton identification, signal MC
statistical error, track finding uncertainties of the signal
lepton, ϵtag correction, and pB

l shape.
The lepton identification efficiency correction is esti-

mated by comparing the efficiency difference between the
data and MC using γγ → eþe−=μþμ− processes, from
which we obtain a 2.0% uncertainty for Bþ → eþνe and
2.3% for Bþ → μþνμ. The uncertainty due to signal MC
statistics is 1.4% for Bþ → eþνe and 1.3% for Bþ → μþνμ.
The track-finding uncertainty is obtained by studying the
partially reconstructed D&þ → D0πþ, D0 → K0

Sπ
þπ−, and

KS → πþπ− decay chain, where one of the K0
S daughters is

not explicitly reconstructed. We compare, between data and
MC, the efficiency of finding theK0

S daughter pion which is

not explicitly used in the partial D& reconstruction and
estimate a contribution of 0.35% uncertainty for both Bþ →
eþνe and Bþ → μþνμ modes. We also include the 6.4% ϵtag
correction uncertainty mentioned earlier.
To account for the difference of pB

l shapes in the signal
MC and the data, we study Bþ → D̄0πþ decays as a control
sample. The control sample is similar to our signal decay
since it is also a two-body decay of a Bþ meson. The D̄0

meson is identified in the D̄0 → Kþπ− and D̄0 →
Kþπ−πþπ− decay channels. We follow the same analysis
procedure as in the Bþ → lþνl analysis, where the πþ

from the primary decay of the Bþ meson (primary πþ) is
treated as the lepton and the D̄0 decay products as a whole
are treated as the invisible neutrino. We compare the
distributions of the primary πþ momentum in the rest
frame of the signal B (pB

π ) between the background
subtracted data sample and the control sample MC, which
are displayed in Fig. 2.
We estimate the pB

l shape correction factor as the ratio of
the pB

π selection efficiencies between the background-
subtracted data and MC for the control mode. The
yields are compared for the wide (2.15 GeV=c <
pB
π < 2.45 GeV=c) and the peak (2.28 GeV=c < pB

π <
2.36 GeV=c) region, separately for data and MC. By
comparing the ratios of the peak region yield to that of
the wide region, we obtain the pB

l shape correction factor as
0.953% 0.034, where the error includes both the statistical
uncertainty of the study as well as systematic uncertainties
in fitting. With this correction applied to the MC sample,
the control sample yield of data and MC agree within 0.3σ.
The total systematic uncertainty related to ϵsNBþB−

is 8.0% for both Bþ → eþνe and Bþ → μþνμ. The
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FIG. 2 (color online). The pB
π distributions of the Bþ → D̄0πþ

control sample study. The points with error bars indicate the
background-subtracted data and the solid histogram shows the
MC distribution. The region between the two dashed lines
represents the pB

π selection region for the control sample study.

TABLE I. Summary of the signal selection efficiency (ϵs), the
number of events observed in the pB

l signal region (Nobs), and
the expected background yield in the pB

l signal region (Nbkg
exp) for

the Bþ → lþνl search.

Mode ϵs [%] Nobs Nbkg
exp

Bþ → eþνe 0.086% 0.007 0 0.10% 0.04
Bþ → μþνμ 0.102% 0.008 0 0.26þ0.09

−0.08
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 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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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (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 Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 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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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (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 Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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selection efficiency, and NBþB− is the number of
ϒð4SÞ → BþB− events in the data sample. Using
Bðϒð4SÞ → BþB−Þ ¼ 0.513% 0.006 [3], we estimate
NBþB− as ð396% 7Þ × 106.
We obtain Nbkg

exp by fitting the pB
l sideband of the data

sample with a PDF obtained from the background MC. We
then estimate the expected background yield in the pB

l
signal region from the ratio of the fitted background MC
yields in the pB

l sideband and the pB
l signal region.

The systematic uncertainties on Nbkg
exp are estimated

according to the uncertainties in the background PDF
parameters, the branching fraction of background decays,
and the statistics of the data sample in the pB

l sideband. We
vary each source in turn by its uncertainty (%1σ), and the
resulting deviations in Nbkg

exp are added in quadrature. To
calculate the effect of the branching fraction uncertainties
of the background modes, we refer to the experimental
measurements [3] for the Bþ → D̄ð&Þ0lþνl, Bþ → π0lþνl,
Bþ → πþK0, and Bþ → Kþπ0 modes and vary each
branching fraction one by one from the world-average
value by its error. For the Bþ → lþνlγ, an uncertainty of
%50% is applied. For modes where a clear estimate of the
background level is not available, we assume a conservative
branching fraction uncertainty of þ100

−50 %. The values of
Nbkg

exp and their uncertainties for both Bþ → eþνe and Bþ →
μþνμ decays are listed in Table I.
The efficiencies ϵs are 0.086% 0.007 and 0.102% 0.008

for Bþ → eþνe and Bþ → μþνμ, respectively, as summa-
rized in Table I. The uncertainties of ϵs are calculated from
the following sources: lepton identification, signal MC
statistical error, track finding uncertainties of the signal
lepton, ϵtag correction, and pB

l shape.
The lepton identification efficiency correction is esti-

mated by comparing the efficiency difference between the
data and MC using γγ → eþe−=μþμ− processes, from
which we obtain a 2.0% uncertainty for Bþ → eþνe and
2.3% for Bþ → μþνμ. The uncertainty due to signal MC
statistics is 1.4% for Bþ → eþνe and 1.3% for Bþ → μþνμ.
The track-finding uncertainty is obtained by studying the
partially reconstructed D&þ → D0πþ, D0 → K0

Sπ
þπ−, and

KS → πþπ− decay chain, where one of the K0
S daughters is

not explicitly reconstructed. We compare, between data and
MC, the efficiency of finding theK0

S daughter pion which is

not explicitly used in the partial D& reconstruction and
estimate a contribution of 0.35% uncertainty for both Bþ →
eþνe and Bþ → μþνμ modes. We also include the 6.4% ϵtag
correction uncertainty mentioned earlier.
To account for the difference of pB

l shapes in the signal
MC and the data, we study Bþ → D̄0πþ decays as a control
sample. The control sample is similar to our signal decay
since it is also a two-body decay of a Bþ meson. The D̄0

meson is identified in the D̄0 → Kþπ− and D̄0 →
Kþπ−πþπ− decay channels. We follow the same analysis
procedure as in the Bþ → lþνl analysis, where the πþ

from the primary decay of the Bþ meson (primary πþ) is
treated as the lepton and the D̄0 decay products as a whole
are treated as the invisible neutrino. We compare the
distributions of the primary πþ momentum in the rest
frame of the signal B (pB

π ) between the background
subtracted data sample and the control sample MC, which
are displayed in Fig. 2.
We estimate the pB

l shape correction factor as the ratio of
the pB

π selection efficiencies between the background-
subtracted data and MC for the control mode. The
yields are compared for the wide (2.15 GeV=c <
pB
π < 2.45 GeV=c) and the peak (2.28 GeV=c < pB

π <
2.36 GeV=c) region, separately for data and MC. By
comparing the ratios of the peak region yield to that of
the wide region, we obtain the pB

l shape correction factor as
0.953% 0.034, where the error includes both the statistical
uncertainty of the study as well as systematic uncertainties
in fitting. With this correction applied to the MC sample,
the control sample yield of data and MC agree within 0.3σ.
The total systematic uncertainty related to ϵsNBþB−

is 8.0% for both Bþ → eþνe and Bþ → μþνμ. The
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FIG. 2 (color online). The pB
π distributions of the Bþ → D̄0πþ

control sample study. The points with error bars indicate the
background-subtracted data and the solid histogram shows the
MC distribution. The region between the two dashed lines
represents the pB

π selection region for the control sample study.

TABLE I. Summary of the signal selection efficiency (ϵs), the
number of events observed in the pB

l signal region (Nobs), and
the expected background yield in the pB

l signal region (Nbkg
exp) for

the Bþ → lþνl search.

Mode ϵs [%] Nobs Nbkg
exp

Bþ → eþνe 0.086% 0.007 0 0.10% 0.04
Bþ → μþνμ 0.102% 0.008 0 0.26þ0.09

−0.08
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 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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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (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 Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 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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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (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 Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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selection efficiency, and NBþB− is the number of
ϒð4SÞ → BþB− events in the data sample. Using
Bðϒð4SÞ → BþB−Þ ¼ 0.513% 0.006 [3], we estimate
NBþB− as ð396% 7Þ × 106.
We obtain Nbkg

exp by fitting the pB
l sideband of the data

sample with a PDF obtained from the background MC. We
then estimate the expected background yield in the pB

l
signal region from the ratio of the fitted background MC
yields in the pB

l sideband and the pB
l signal region.

The systematic uncertainties on Nbkg
exp are estimated

according to the uncertainties in the background PDF
parameters, the branching fraction of background decays,
and the statistics of the data sample in the pB

l sideband. We
vary each source in turn by its uncertainty (%1σ), and the
resulting deviations in Nbkg

exp are added in quadrature. To
calculate the effect of the branching fraction uncertainties
of the background modes, we refer to the experimental
measurements [3] for the Bþ → D̄ð&Þ0lþνl, Bþ → π0lþνl,
Bþ → πþK0, and Bþ → Kþπ0 modes and vary each
branching fraction one by one from the world-average
value by its error. For the Bþ → lþνlγ, an uncertainty of
%50% is applied. For modes where a clear estimate of the
background level is not available, we assume a conservative
branching fraction uncertainty of þ100

−50 %. The values of
Nbkg

exp and their uncertainties for both Bþ → eþνe and Bþ →
μþνμ decays are listed in Table I.
The efficiencies ϵs are 0.086% 0.007 and 0.102% 0.008

for Bþ → eþνe and Bþ → μþνμ, respectively, as summa-
rized in Table I. The uncertainties of ϵs are calculated from
the following sources: lepton identification, signal MC
statistical error, track finding uncertainties of the signal
lepton, ϵtag correction, and pB

l shape.
The lepton identification efficiency correction is esti-

mated by comparing the efficiency difference between the
data and MC using γγ → eþe−=μþμ− processes, from
which we obtain a 2.0% uncertainty for Bþ → eþνe and
2.3% for Bþ → μþνμ. The uncertainty due to signal MC
statistics is 1.4% for Bþ → eþνe and 1.3% for Bþ → μþνμ.
The track-finding uncertainty is obtained by studying the
partially reconstructed D&þ → D0πþ, D0 → K0

Sπ
þπ−, and

KS → πþπ− decay chain, where one of the K0
S daughters is

not explicitly reconstructed. We compare, between data and
MC, the efficiency of finding theK0

S daughter pion which is

not explicitly used in the partial D& reconstruction and
estimate a contribution of 0.35% uncertainty for both Bþ →
eþνe and Bþ → μþνμ modes. We also include the 6.4% ϵtag
correction uncertainty mentioned earlier.
To account for the difference of pB

l shapes in the signal
MC and the data, we study Bþ → D̄0πþ decays as a control
sample. The control sample is similar to our signal decay
since it is also a two-body decay of a Bþ meson. The D̄0

meson is identified in the D̄0 → Kþπ− and D̄0 →
Kþπ−πþπ− decay channels. We follow the same analysis
procedure as in the Bþ → lþνl analysis, where the πþ

from the primary decay of the Bþ meson (primary πþ) is
treated as the lepton and the D̄0 decay products as a whole
are treated as the invisible neutrino. We compare the
distributions of the primary πþ momentum in the rest
frame of the signal B (pB

π ) between the background
subtracted data sample and the control sample MC, which
are displayed in Fig. 2.
We estimate the pB

l shape correction factor as the ratio of
the pB

π selection efficiencies between the background-
subtracted data and MC for the control mode. The
yields are compared for the wide (2.15 GeV=c <
pB
π < 2.45 GeV=c) and the peak (2.28 GeV=c < pB

π <
2.36 GeV=c) region, separately for data and MC. By
comparing the ratios of the peak region yield to that of
the wide region, we obtain the pB

l shape correction factor as
0.953% 0.034, where the error includes both the statistical
uncertainty of the study as well as systematic uncertainties
in fitting. With this correction applied to the MC sample,
the control sample yield of data and MC agree within 0.3σ.
The total systematic uncertainty related to ϵsNBþB−

is 8.0% for both Bþ → eþνe and Bþ → μþνμ. The
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FIG. 2 (color online). The pB
π distributions of the Bþ → D̄0πþ

control sample study. The points with error bars indicate the
background-subtracted data and the solid histogram shows the
MC distribution. The region between the two dashed lines
represents the pB

π selection region for the control sample study.

TABLE I. Summary of the signal selection efficiency (ϵs), the
number of events observed in the pB

l signal region (Nobs), and
the expected background yield in the pB

l signal region (Nbkg
exp) for

the Bþ → lþνl search.

Mode ϵs [%] Nobs Nbkg
exp

Bþ → eþνe 0.086% 0.007 0 0.10% 0.04
Bþ → μþνμ 0.102% 0.008 0 0.26þ0.09

−0.08
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 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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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (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 Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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B+ → `+X0 (Belle)

FIG. 1: Some Feymann diagrams to produce lightest neutralino from B meson decays in

SUSY
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FIG. 2: pB
l MC distributions for B+ ! e+X0 with all conditions except pB

l are given,

signal MC is arbitrary scaled
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FIG. 3: Signal box opened(Blue dashed line) when M(X) is 1.8GeV/c2 case e mode(left), µ

mode(right)
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I Search for massive neutral invisible
fermion “X0”
a heavy neutrino, or an LSP in RPV models, or whatever

I Very similar experimental signature to
B+ → `+ν

I But, pB
` gives a handle on MX
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B+ → `+X0 (Belle)

factors is 1.10–1.11 for the electron mode and 0.93–0.99 for
the muon mode.
The signal branching fractions are obtained by the

following equation:

BðBþ → lþX0Þ ¼ Nobs − Nbkg
exp

2 · ϵs · NBþB−
; ð1Þ

where Nobs is the number of observed events and Nbkg
exp is

the number of expected background events, both in the
pB
l signal region, ϵs is the signal efficiency, and

NBþB− ¼ ð396% 7Þ × 106 is the number of BþB− events.
The factor of 2 in the denominator appears because we
search for signals in both Bþ and B− decays (see [5]).
To evaluate ϵs, signal MC samples are generated using

EvtGen [18], including final-state radiation using PHOTOS
[19]. These samples are processed with a detector simu-
lation based on GEANT3 [20]. The signal efficiencies are
summarized in Table I.
Figure 3 shows the pB

l distribution of the on-resonance
data. The fitted yield of background in the pB

l sideband
of on-resonance data is extrapolated to the signal region.
The extrapolation factor is determined from background
MC samples.
The observed yields in the signal region are summarized

in Table I. There is no signal excess for either mode in any
MX0 range. In the muon mode for MX0 ¼ 1.5 GeV=c2

(1.6 GeV=c2), we find 5 (4) events in the pB
l signal region

while we expect 1.12% 0.34 (0.95% 0.29) background
events. The local p-value of this yield, assuming a

background-only hypothesis, is 0.60%(1.59%). We obtain
the 90% confidence level (C.L.) upper limit of the signal
yield in each case by using the frequentist approach [21]
implemented in the POLE (Poissonian limit estimator)
program [22], where the systematic uncertainties are taken
into account.
The systematic uncertainty consists of the multiplicative

uncertainty on ϵs · NBþB− and the additive uncertainty on
the background. The multiplicative uncertainty is calcu-
lated from the uncertainties on the number of BþB− events,
track finding and lepton identification for the signal lepton,
the ϵtag correction, the pB

l shape, and the signal MC
sample size.
A 1.8% uncertainty is assigned for the uncertainty

on the number of B mesons and the branching fraction
of ϒð4SÞ → BþB− [23]. The track-finding uncertainty is
estimated by comparing the track-finding efficiency in data
and MC, determining it in both cases from the number of
pions in the partially and fully reconstructed D& → πD0,
D0 → ππK0

S, K0
S → ππ decay chain. For the pB

l shape
uncertainty, we use the 3.6% uncertainty from the Bþ →
D̄0πþ control sample study in the Bþ → lþνl search [13]
due to its similar kinematics. The lepton identification
uncertainty is estimated by comparing the efficiency differ-
ence between data and MC using γγ → lþl−. The multi-
plicative systematic uncertainties are summarized in
Table III.
The systematic uncertainties on the background estima-

tion are determined by considering the following sources:
uncertainties in the background PDF parameters, the
branching fraction of the background modes and the
statistical uncertainty from the pB

l sideband. Each source
is varied one at a time by its uncertainty ð%1σÞ and the
resulting deviations from the nominal background yield are
added in quadrature. For the branching fraction uncertain-
ties of the background modes, we use the world-average
values in Ref. [23] for Bþ → π0lþνl and Bþ → πþK0. For
Bþ → lþνlγ, a variation of %50% is applied. For other
modes, where an estimate of the background level is not
clearly available, a conservative branching fraction uncer-
tainty of þ100

−50 % is assumed.

TABLE III. Summary of multiplicative systematic uncertainties
on ϵs · NBþB− . The lepton identification and MC statistical
uncertainties depend on MX0 and are given as ranges.

Source Bþ → eþX0 Bþ → μþX0

NBþB− 1.8% 1.8%
Tracking 0.35% 0.35%
ϵtag correction 6.4% 6.4%
pB
l shape 3.6% 3.6%

Lepton ID (1.0–1.1)% (0.8–0.9)%
MC sample size (1.8–2.0)% (1.8–1.9)%
Total 7.9% 7.8%
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FIG. 3. pB
l data distributions for Bþ → eþX0 (top) and Bþ →

μþX0 (bottom), where the red curve indicates the background
expectation and the magenta dashed line indicates the upper
bound of the pB

l sideband.
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factors is 1.10–1.11 for the electron mode and 0.93–0.99 for
the muon mode.
The signal branching fractions are obtained by the

following equation:

BðBþ → lþX0Þ ¼ Nobs − Nbkg
exp

2 · ϵs · NBþB−
; ð1Þ

where Nobs is the number of observed events and Nbkg
exp is

the number of expected background events, both in the
pB
l signal region, ϵs is the signal efficiency, and

NBþB− ¼ ð396% 7Þ × 106 is the number of BþB− events.
The factor of 2 in the denominator appears because we
search for signals in both Bþ and B− decays (see [5]).
To evaluate ϵs, signal MC samples are generated using

EvtGen [18], including final-state radiation using PHOTOS
[19]. These samples are processed with a detector simu-
lation based on GEANT3 [20]. The signal efficiencies are
summarized in Table I.
Figure 3 shows the pB

l distribution of the on-resonance
data. The fitted yield of background in the pB

l sideband
of on-resonance data is extrapolated to the signal region.
The extrapolation factor is determined from background
MC samples.
The observed yields in the signal region are summarized

in Table I. There is no signal excess for either mode in any
MX0 range. In the muon mode for MX0 ¼ 1.5 GeV=c2

(1.6 GeV=c2), we find 5 (4) events in the pB
l signal region

while we expect 1.12% 0.34 (0.95% 0.29) background
events. The local p-value of this yield, assuming a

background-only hypothesis, is 0.60%(1.59%). We obtain
the 90% confidence level (C.L.) upper limit of the signal
yield in each case by using the frequentist approach [21]
implemented in the POLE (Poissonian limit estimator)
program [22], where the systematic uncertainties are taken
into account.
The systematic uncertainty consists of the multiplicative

uncertainty on ϵs · NBþB− and the additive uncertainty on
the background. The multiplicative uncertainty is calcu-
lated from the uncertainties on the number of BþB− events,
track finding and lepton identification for the signal lepton,
the ϵtag correction, the pB

l shape, and the signal MC
sample size.
A 1.8% uncertainty is assigned for the uncertainty

on the number of B mesons and the branching fraction
of ϒð4SÞ → BþB− [23]. The track-finding uncertainty is
estimated by comparing the track-finding efficiency in data
and MC, determining it in both cases from the number of
pions in the partially and fully reconstructed D& → πD0,
D0 → ππK0

S, K0
S → ππ decay chain. For the pB

l shape
uncertainty, we use the 3.6% uncertainty from the Bþ →
D̄0πþ control sample study in the Bþ → lþνl search [13]
due to its similar kinematics. The lepton identification
uncertainty is estimated by comparing the efficiency differ-
ence between data and MC using γγ → lþl−. The multi-
plicative systematic uncertainties are summarized in
Table III.
The systematic uncertainties on the background estima-

tion are determined by considering the following sources:
uncertainties in the background PDF parameters, the
branching fraction of the background modes and the
statistical uncertainty from the pB

l sideband. Each source
is varied one at a time by its uncertainty ð%1σÞ and the
resulting deviations from the nominal background yield are
added in quadrature. For the branching fraction uncertain-
ties of the background modes, we use the world-average
values in Ref. [23] for Bþ → π0lþνl and Bþ → πþK0. For
Bþ → lþνlγ, a variation of %50% is applied. For other
modes, where an estimate of the background level is not
clearly available, a conservative branching fraction uncer-
tainty of þ100

−50 % is assumed.

TABLE III. Summary of multiplicative systematic uncertainties
on ϵs · NBþB− . The lepton identification and MC statistical
uncertainties depend on MX0 and are given as ranges.

Source Bþ → eþX0 Bþ → μþX0

NBþB− 1.8% 1.8%
Tracking 0.35% 0.35%
ϵtag correction 6.4% 6.4%
pB
l shape 3.6% 3.6%

Lepton ID (1.0–1.1)% (0.8–0.9)%
MC sample size (1.8–2.0)% (1.8–1.9)%
Total 7.9% 7.8%
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FIG. 3. pB
l data distributions for Bþ → eþX0 (top) and Bþ →

μþX0 (bottom), where the red curve indicates the background
expectation and the magenta dashed line indicates the upper
bound of the pB

l sideband.
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More than 95% of b → c decays result in observed
Dð"Þlþνl final states, so we use their branching fraction
uncertainties [23]. The values of Nbkg

exp and their uncertain-
ties for both Bþ → eþX0 and Bþ → μþX0 are listed in
Table I.
Figure 4 shows the expected and obtained 90% C.L.

upper limits of BðBþ → lþX0Þ for each assumed value of
MX0 . Table I summarizes the pB

l signal region, estimated
background, signal efficiency, number of observed events,
and upper limit of the branching fraction at 90% C.L. for
each assumed value of MX0 for both modes.
From the branching fraction upper limits, assuming

R-parity violation, we can set bounds on the MSSM-related
parameter ξl

ξl ¼ λ02l13

!
1

2M2
~l

þ 1

12M2
~uL

þ 1

6M2
~bR

"
2

¼ 8πðmu þmbÞ2BðBþ → lþX0Þ
τBþg02f2Bm

2
BþpB

l ðm2
Bþ −m2

l −m2
X0Þ

ð2Þ

where λ0 is a dimensionless R-parity-violating coupling
constant, g0 the weak coupling constant, fB the decay
constant of the Bþ meson,mBþ its mass, pB

l the momentum
of the lþ in the B rest frame, mu and mb the up and bottom
quark mass,ml the charged lepton mass,mX0 the neutralino
mass, and M ~f the sfermion mass that appears as an
intermediate particle. The range of upper bounds of ξe is
4.1 × 10−14 to 1.7 × 10−13 GeV−4c8 and on ξμ is 4.2 ×
10−14 to 2.3 × 10−13 GeV−4c8.
In summary, we obtain first upper limits for the branch-

ing fraction of Bþ → eþX0 and Bþ → μþX0 for an X0 mass
range 0.1 GeV=c2 to 1.8 GeV=c2 using Belle’s full data
set, where X0 is assumed to leave no experimental
signature. For 18 assumed values of MX0 for both modes,
upper limits of branching fraction are found to be Oð10−6Þ.
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B0 → `±τ∓ (BaBar)
PRD 77, 091104(R) (2008)

total signal selection efficiency and NB !B is the number of
BþB" or B0 !B0 pairs in the data sample. The signal selec-
tion efficiencies, expected number of background events
and fit results are given in Table III. The number of signal
events given by the fits is consistent with zero for all decay
modes. The uncertainties in Table III are statistical except
for those shown forB which are the statistical and system-
atic uncertainties added in quadrature.

The systematic uncertainties arising from the fitting
procedure are studied by repeating the procedure on addi-
tional simulated samples, generated according to the PDFs,
with varying number of signal events. Systematic effects
are studied by repeating the procedure with PDF parame-
ters varied by their uncertainties. For the case of zero signal
events, we find negligible effects on the branching fraction
values, and take the standard deviation of ns and nb from
their expected values in the fits as systematic uncertainties.

FIG. 1 (color online). Eextra distributions for the background simulation and data (left) and the signal (right) after all other selection
criteria have been applied. The upper plots are for Bþ ! ‘þ! modes and the lower plots are for B0 ! ‘þ"" modes. The background
distributions show electron and muon modes together, as they are nearly identical. The background is almost completely dominated by
B !B events. The signal modes are shown with a branching fraction of 10"5.

FIG. 2 (color online). The unbinned maximum likelihood fits on the lepton momentum. The dashed line, representing the signal PDF
with an arbitrary scaling, indicates where the signal is expected.

SEARCHES FOR THE DECAYS B0 ! l#"$ . . . PHYSICAL REVIEW D 77, 091104(R) (2008)

RAPID COMMUNICATIONS

091104-7

I In a hadronic B-tagging analysis very similar to B+ → `+ν, BaBar also
searched for B0 → `±τ∓.

I Background suppression using mES and Eextra
I Signal extraction by unbinned max. likelihood fit to pB

`

B(B0 → e±τ∓) < 2.8× 10−5

B(B0 → µ±τ∓) < 2.2× 10−5

Y. Kwon (Yonsei Univ.) Experimental mini-review on leptonic B decays WG 2 @ CKM 2016 20



B+ → `+νγ

I Helicity suppression (of B+ → `+ν) is avoided by γ.

Γ(B+ → `+νγ) ∝ αEM(GFm2
B|Vub|fB)2

λ2
B

I λB is needed for QCDF to calculate, e.g., charmless hadronic B decays
I SM expectation: B(B+ → `+νγ) ∼ O(10−6)

* Calculation is reliable only for Eγ > 1 GeV

I Most stringent limits from Belle (2015) with hadronic B-tagging
* using neural net to suppress the most significant background

B+ → π0`+ν

Y. Kwon (Yonsei Univ.) Experimental mini-review on leptonic B decays WG 2 @ CKM 2016 21



B+ → `+νγ (Belle)

PRD 91, 112009 (2015)
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Enhanced signal MC component corresponds to a branching fraction
of 30 ⇥ 10�6

Andreas Heller – Search for B+ ! `+⌫`� decays 20. 3. 2015 6/7

Enhanced signal MC portions in the figures correspond to B = 30× 10−6.
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B+ → `+νγ (Belle)

PRD 91, 112009 (2015)

I Signal yields and partial B for Eγ > 1 GeV

Signal yields

Mode Signal yield B (10�6) Significance (�) B limit (10�6)

B+ ! e+⌫e� 6.1 +4.9 +1.0
�3.9 �1.3 3.8 +3.0 +0.7

�2.4 �0.9 1.7 < 6.1

B+ ! µ+⌫µ� 0.9 +3.6 +1.0
�2.6 �1.5 0.6 +2.1 +0.7

�1.5 �1.1 0.4 < 3.4

B+ ! `+⌫`� 6.6 +5.7 +1.6
�4.7 �2.2 2.0 +1.7 +0.6

�1.4 �0.7 1.4 < 3.5

First error is statistical and the second error systematic

�B(B+ ! `+⌫`�) < 3.5 ⇥ 10�6 ! �B(E� > 1GeV) > 238 MeV
By parametric variation a range �B > (172, 410) MeV is obtained

Additional analysis with looser selection Esig
� > 400MeV also finds

no signal and consistent results

Andreas Heller – Search for B+ ! `+⌫`� decays 20. 3. 2015 7/7

I From the partial B, we set λB(Eγ > 1 GeV) > 238 MeV
By varying input parameters, we obtain λB > (172,410) MeV

I 2nd analysis with looser cut (Eγ > 0.4 GeV) also gives no signal and
consistent results

BaBar result: B(B+ → `+νγ) < 15.6× 10−6, PRD 80, 111105(R) (2009)
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B+ → τ+ν Prospects for Belle II

Eextra (GeV)

Ev
en

ts

                     sensitivity studyB+ ! ⌧+⌫⌧
Benchmark mode to test of detector performance: 

1. Btag reconstruction efficiency 
2. Extra energy in the calorimeter resolution 

• Beam background energy deposits in ECL much higher in Belle II 
compared to Belle, however selection based on cluster’s energy, timing, 
shape effectively rejects them.

Belle
Belle II

                     sensitivity studyB+ ! ⌧+⌫⌧

1.6

B(B+ ! ⌧+⌫⌧ ) = (0.83 ± 0.22) ⇥ 10�4

Expected Belle II sensitivity @ 1 ab-1: ~27%

TODO:  
• update the results in the report (due to improvements performed in the study) 
• add comment on systematic uncertainties 
• give projections for 5 (50) ab-1 

• give projections for |Vub| including expected LQCD improvements

(NB: No KL veto applied in the study!)

Eextra < 1 BaBar
had. (2013)

Belle
had. (2013)

Belle II
MC study

signal  
effic. (%) 0.72 1.1 1.6

Eextra is crucial for B ➔ τν study
• In Belle II, beam background is much 

higher
• But these can be rejected by selection 

based on ECL cluster’s energy, timing, 
shape, etc.

Expected precision at 1 ab-1 ~ 27%

Major systematic sources (bkg. PDF, KL veto 
eff., Btag eff.) can be improved with more 
data

Plots & tables by A. Zupanc (Belle II)
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B+ → τ+ν Prospects for Belle II

Expected precision with
∫
L dt = 50 (5) ab−1

I B(B+ → τ+ν): 5% (10%)

I B(B+ → µ+ν): 7% (20%)
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B+ → τ+ν Prospects for Belle II

from Ciuchini & Stocchi, Ann. Rev. Nucl. Part. Sci. 61 (2011) 491

NS61CH20-Ciuchini ARI 15 September 2011 8:43
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Figure 4
Exclusion regions in the mH + − tan β plane arising from the combinations of the measurements of
B(B → τν) and B(B → µν) with data sets of (a) 2 ab−1, (b) 10 ab−1, (c) 75 ab−1, and (d ) 200 ab−1. We
assume that the result is consistent with the Standard Model.

(37). NP extensions of the SM do not necessarily share this suppression, which can be en-
hanced by an order of magnitude or more. The best current limit, obtained by CDF, is
BR(Bs → µ+µ−) < 4.3×10−8 at 95% CL (38). The recent result from LHCb, obtained with a data
set of approximately 50 pb−1, provides a very competitive limit: BR(Bs → µ+µ−) < 5.6 × 10−8 at
95% CL (39). Bs → µ+µ− is in fact a golden mode for LHCb, whose measurement could overtake
the sensitivity of CDF’s with around 100 pb−1 and could reach a precision of approximately 20%
with the full data set of 10 fb−1 if the BR is at the SM expectation. Further improvement requires
the control of the Bs production rate or the precise measurement of some reference Bs absolute BR.
The latter could be provided by a run of a super flavor factory at the ϒ(5S) resonance. Although
the LHCb measurement of BR(Bs → µ+µ−) will seriously challenge the large tanβ scenario, the
possibility that large tanβ effects show up in B → ℓν and not in Bs → µ+µ− cannot be excluded.

4.1.2.4. Semileptonic decays. An improvement in the measurement of the magnitude of the CKM
matrix elements |Vcb| and |Vub| can be achieved only at super flavor factories. Once γ is measured
with good precision at LHCb, the determination of |Vcb| and |Vub| will be the key to obtaining
precise values of the UT parameters ρ̄ and η̄ in the presence of NP. Two approaches—the use
of inclusive decays and the use of exclusive decays—are possible. The current precision for |Vub|,
obtained through both approaches, is ∼10%. For inclusive decays, a large data sample allows one
to use the cleanest analysis approach (namely the hadronic recoil tag), which has already been
tested at the present B factory. Recent studies show that an experimental error of approximately
(2–3)% can be reached (9). How to improve the theoretical uncertainty on the inclusive |Vub|
determination at the percent level is an open issue. If we assume that, in the super flavor factory
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Concluding Remarks

I Leptonic B decays, in particular B+ → `+ν (` = e, µ, τ), provide powerful
probe for new physics beyond the SM.

I B+ → τ+ν decays have been measured at nearly 5σ significance, and new
physics models such as 2HDM (II) have been tested.

I With hadronic B-tagging, Belle has searched for invisible, massive, lepton-like
neutral particle X0 in B+ → `+X0 for the first time.

I Belle II with
∫
L dt = 50 ab−1 branching fractions for B+ → τ+ν (B+ → µ+ν)

are expected to be measured with precision of 5 (7)%.
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B+ → τ+ν (BaBar, SL-tag)

freedom of 2:02=3, or a probability of 57%, and is per-
formed using branching fractions computed with Eq. (2).
In the context of the SM, we determine that f2B ¼ ð62#
31Þ % 103 MeV2, where the uncertainty arises dominantly
from this measurement and jVubj.

We obtain a single BABAR result for Bþ ! !þ"! by
combining this result with BðBþ ! !þ"!Þ ¼ ð1:8þ1:0

'0:9Þ %

10'4, which is derived from a statistically-independent
sample using tag B mesons decaying into fully hadronic
final states [16]. We use a simple error-weighted average,
since the correlated systematics (mainly due to particle
identification, charged particle tracking, and Eextra) have
a negligible impact on the combination. We obtain
BðBþ ! !þ"!Þ ¼ ð1:7# 0:6Þ % 10'4, which excludes
zero at the 2:8# level. Both this and the combined results
are consistent with the SM prediction.
In conclusion, we have used the complete BABAR data

sample to search for the purely leptonic B meson decay
Bþ ! ‘þ" using a semileptonic B decay tagging tech-
nique. We measure BðBþ ! !þ"!Þ ¼ ð1:7# 0:8#
0:2Þ % 10'4 and exclude the null hypothesis at the level
of 2:3#. We find results consistent with the background
predictions for the decays Bþ ! $þ"$ and Bþ ! eþ"e.
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FIG. 2 (color online). Eextra after all selection criteria have
been applied for each final state. Shown are data (black points),
background MC simulation (gray shaded), and signal MC simu-
lation (dotted line) normalized to 10 times the expected branch-
ing fraction (106 times for Bþ ! eþ"e). The background MC
simulation is luminosity normalized and corrected for the data/
MC ratio in the Eextra sideband; the rectangles represent the MC
simulation statistical uncertainty. In (a–d), the vertical dashed
line indicates the signal region boundary. In (f–g) the first bin is
the signal region.

TABLE IV. The expected background, observed events in data,
and branching fraction results, determined as described in the
text.

Mode N data
bg Nobs Branching fraction ð%10'4Þ

!þ ! eþ"e !"! 81# 12 121 ð3:6# 1:4Þ
!þ ! $þ"$ !"! 135# 13 148 ð1:3þ1:8

'1:6Þ
!þ ! %þ !"! 59# 9 71 ð2:1þ2:0

'1:8Þ
!þ ! &þ !"! 234# 19 243 ð0:6þ1:4

'1:2Þ
Bþ ! !þ"! 509# 30 583 ð1:7# 0:8# 0:2Þ
Bþ ! $þ"$ 13# 8 12 <0:11 (90% C.L.)
Bþ ! eþ"e 24# 11 17 <0:08 (90% C.L.)

B. AUBERT et al. PHYSICAL REVIEW D 81, 051101(R) (2010)

RAPID COMMUNICATIONS

051101-8

I tagged by D0`−νX (X, not explicitly reconstructed)
I Count events in Eextra signal region

Nobs = 583 events, with Nbg = 509± 30 events
I B(B+ → τ+ν) = (1.7± 0.8± 0.2)× 10−4

PRD 81, 051101(R) (2010)
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B+ → `+νγ (BaBar)
PRD 80, 111105(R) (2009)

neutrino mass squared is then defined asm2
! ! ðpB # p‘ #

p"Þ2, where p‘ (p") is the four-momentum of the signal
track (photon candidate). As shown in Fig. 2, the back-
ground increases withm2

!, while B
þ ! ‘þ!‘" events peak

at m2
! ¼ 0 with an enhanced tail in the electron mode due

to unrecovered bremsstruhlung photons. We require #1<
m2

! < 0:46 ð0:41Þ GeV2=c4 for the electron (muon) modes.
In addition, the lepton and neutrino should be emitted
back-to-back in the rest frame that recoils from the photon
emission, defined as pB # p". We require cos#‘! <#0:93
in this frame, where #‘! is the angle between ~p‘ and ~pmiss.
After all other selection criteria are applied, the MC in-
dicates that m2

! and cos#‘! together remove 99% of back-
ground events with a 30 and 20% reduction in the signal
efficiency for the electron and muon modes, respectively.

The dominant backgrounds are due to Bþ ! $0‘þ!‘

(%‘þ!‘) events in which $0ð%Þ ! "" fakes the Bþ !
‘þ!‘" signal photon. To suppress this background, we
reject events containing a $0ð%Þ candidate, reconstructed
using the signal photon candidate and a second cluster
having CM energy E"2

. For $0 candidates, we require a
"" invariant mass between 120–145 MeV=c2 with E"2

>
30 MeV or between 100–160 MeV=c2 with E"2

>

80 MeV. For % candidates, we require a "" invariant
mass between 515–570 MeV=c2 with E"2

> 100 MeV.
Likewise, Bþ ! !‘þ!‘ ! ½$0"(‘þ!‘ events are sup-
pressed by rejecting any event in which the signal photon
candidate and a $0 candidate produce an invariant mass
between 730–830 MeV=c2. This$0 candidate is defined as
any two clusters with CM energy >70 MeV which pro-
duce a "" invariant mass between 115–145 MeV=c2.
After applying all other selection criteria, these vetoes
reduce the Bþ ! $0‘þ!‘ and Bþ ! X0

u‘
þ!‘ background

events, with X0
u ! $0, by 65% and 50%, respectively.

Finally, we require the lateral moment [17] of the calo-
rimeter energy deposit for the signal photon candidate,
which peaks at 25% for single photons, to be between 0
and 55%. This suppresses Bþ ! $0‘þ!‘ events in which
the two photons from the $0 decay are reconstructed as a
single merged photon.
Once the Btag, signal photon, and lepton are identified,

Bþ ! ‘þ!‘" events are expected to contain little or no
additional energy within the calorimeter. However, addi-
tional energy deposits can result from hadronic shower

fragments, beam-related photons, and photons from unrec-
onstructed !D) ! !D"=$0 transitions in the Btag candidate.

The total energy of all additional clusters is required to be
less than 0.8 GeV, counting only clusters with lab-frame
energy greater than 50 MeV. We also require that ~pmiss

points within the fiducial acceptance of the detector.
To avoid experimenter bias, we optimize all the selec-

tion criteria and determine the number of expected back-

ground events in the signal region (Nbkg
‘ ), for ‘ ¼ e or &,

before looking at any data events selected by the criteria.
We optimize by maximizing the figure of merit

"sig‘ =ð12 n' þ
ffiffiffiffiffiffiffiffiffiffi
Nbkg

‘

q
Þ [18], where n' ¼ 1:3 and "sig‘ is the

total signal efficiency including that of the Btag reconstruc-

tion. The signal branching fraction is calculated using

B‘ ¼ ðNobs
‘ # Nbkg

‘ Þ="sig‘ NB* , where NB* ¼ 465+ 106 is
the number ofB* mesons in the data sample andNobs

‘ is the
number of data events within the signal region.

To verify the modeling of "sig‘ , we remove the Bþ !
X0
u‘

þ!‘ vetoes, select events containing a $0 candidate,
and substitute the $0 in place of the signal photon candi-
date. The resulting m2

! distribution from Bþ ! $0‘þ!‘ is
expected to resemble that of the signal. We observe a peak
in the data that agrees with MC expectations within the
15% statistical uncertainty of the data, as shown in Fig. 3.
For cross-check purposes only, we determine the Bþ !
$0‘þ!‘ efficiency using an exclusive Bþ ! $0‘þ!‘ MC
sample and the background contribution using generic MC.

The peak in data corresponds to BðBþ ! $0‘þ!‘Þ ¼
ð7:8þ1:7

#1:1Þ + 10#5, where the uncertainty is statistical. This

branching fraction is consistent with the current world-
average value of ð7:7* 1:2Þ + 10#5 [10], which is also
the value used in the MC samples.
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FIG. 2. m2
! distribution after all selection criteria are applied,

in electron (top) and muon (bottom) modes for the mES peaking
(shaded) plus nonpeaking (solid) contributions in the full back-
ground MC sample, signal MC normalized to B ¼ 40+ 10#6

(dashed), and data (points). Events to the left of the vertical lines
are selected. Ncomb

‘ of Table I is determined from sideband data,
not from the MC shown here.

B. AUBERT et al. PHYSICAL REVIEW D 80, 111105(R) (2009)

RAPID COMMUNICATIONS

111105-6

I hadronic B-tagging

I NBB = 465× 106

I Signal counting in M2
miss for eνγ (µνγ)

* −1 < M2
miss < 0.46 (0.41) GeV2/c4

* 4 (7) events observed
* with 2.7± 0.6 (3.4± 1.0)

background events

I Results

B(B+ → `+νγ) < 15.6× 10−6

⇒ λB > 0.3GeV @ 90% CL
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