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Belle II timeline 

Summer shutdown
(power saving)

Summer shutdown
(power saving)

phase 1 phase 2 (MR) phase 3

MR renovation for phase 2, including
installation of QCS and Belle II

w/o QCS
w/o Belle II

w/ QCS
w/ Belle II (no VXD)

w/ full Belle II

DR commissioningDR installation & startup

MR startup VXD installationHER start
LER start

(mid Feb. – mid Jul. 2018)

Summer shutdown
(power saving)

Power saving
after mid July 2018

phase 3 operation
9 months / year 

…2016

JFY2016

2017 2018 2019

JFY2017 JFY2018 JFY2019Japan FY

Calendar year

Prospect at Belle II: Leptonic decays and Tagging Algorithms - Nagoya - March 27 2017 3 



Belle II unique capabilities 

Large sample of B, D, and τ with low 
background 

Physics deliverables 
 
Improved precision on CKM elements and 
UT angles 
 
Measurement for CP violation phases: 

  
Inclusive measurements b! s/d γ b!s l l 
 
Missing energy modes 

 Bà l ν Bà K ν ν, Bà Xu,c l ν
 
LFV in τ ! l γ , l l l 
 
Dark matter, spectroscopy, Hidden sector 

Exactly 2 quantum correlated B mesons at 
Y(4S) 

No trigger bias – almost 100% for B pairs 

Excellent efficiency and resolution in tracking 
as well as in detecting photons, KL, π0 

 !reconstruction of intermediate resonances 
 !Dalitz plot studies 

Clean environment (compared to hadron 
machines) allows “full interpretation” of the 
event 

 ! powerful tool for physics with missing 
energy (many neutrinos) or fully inclusive 
analyses 
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Full event interpretation (tagged analyses) 

!  For signal with weak exp. signature like 
!  Decay with missing momentum 

(many neutrinos in the final state) 
!  Inclusive analyses  

!  background rejection improved fully 
reconstructing the companion B (tag) 

!  Tag with semileptonic decays 
!  PRO: Higher efficiency εtag ∼ 1.5% 

CON: more backgrounds, B momentum 
unmeasured 

!  Tag with hadronic decays  
!  PRO: much cleaner events, 

B momentum reconstructed 
CON: smaller efficiency εtag ∼ 0.2% 
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l- 

D(*)0 

ϒ(4S) 

B+ B- 

ντ 

τ+ 

ντ 

νµ, νe 

e+,µ+ 

ντ 

τ+ 

ντ 

νµ, νe 
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X- 

D(*)0 

ϒ(4S) 

B+ B- 

X0 

Fully reco  Look for signal  
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Untagged analyses may still be competitive 

!  Inclusive on the rest of the event 
when the signal signature  
strong enough 

!  B ! π l ν  
!  Loose neutrino reconstruction 

!  B ! µ ν

!  Monochromatic muon in the 
final state in B rest frame 
!  Smeared in the CM frame 

ϒ(4S) 
B+ B- 

νµ 

µ+ 

Apply PID, measure p 

Ignore the detail, 
Measure inclusive observables 

High efficiency but large backgrounds, too 
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Tag with B semileptonic decays 

Hadronic/Semileptonic(SL) tag
• Unique and powerful tools at 𝐵 factories to analysis final states with multiple 𝜈.

Tagging Techniques 4

𝑒− 𝑒+

Signal side
• Signal decay

Tag side
• Hadronic decay : 𝐵 → 𝐷(∗)𝑋, 𝐽/𝜓𝑋, …
• Semileptonic decay : 𝐵 → 𝐷(∗)ℓν

𝑩𝐬𝐢𝐠

𝑩𝐭𝐚𝐠

Υ(4𝑆) Reconstruct 𝑩𝐭𝐚𝐠 from know decays.

NIMA 654, 432 (2011)

𝑩 → 𝑫(∗)𝓵𝝂
𝑞𝑞

𝐵0  𝐵0

𝐵+𝐵−

PRD 82, 071101(R) (2010)

cos θ𝐵−𝐷(∗)𝑙

𝐜𝐨𝐬𝜽𝑩−𝑫(∗)ℓ =
2𝐸beam𝐸𝐷(∗)ℓ − 𝑚𝐵

2 − 𝑚𝐷(∗)ℓ
2

2|  𝑝𝐵 | ∙ |  𝑝𝐷(∗)ℓ|

𝐷(∗)ℓ

𝜈𝐵
𝜽𝑩−𝑫(∗)𝓵Had-tag. SL-tag.

𝑴𝒃𝒄 = 𝐸beam
2 −  𝑝𝐵tag

2 𝜟𝑬 = 𝐸beam − 𝐸𝐵tag

cos ✓B�D(⇤)l =
2EbeamED(⇤)l �m

2
B �m

2
D(⇤)l

2 pB pD(⇤)l

D(*) l 

B 
ν

θ
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Tag with hadronic decays 

Hadronic/Semileptonic(SL) tag
• Unique and powerful tools at 𝐵 factories to analysis final states with multiple 𝜈.

Tagging Techniques 4

𝑒− 𝑒+

Signal side
• Signal decay

Tag side
• Hadronic decay : 𝐵 → 𝐷(∗)𝑋, 𝐽/𝜓𝑋, …
• Semileptonic decay : 𝐵 → 𝐷(∗)ℓν

𝑩𝐬𝐢𝐠

𝑩𝐭𝐚𝐠

Υ(4𝑆) Reconstruct 𝑩𝐭𝐚𝐠 from know decays.

NIMA 654, 432 (2011)

𝑩 → 𝑫(∗)𝓵𝝂
𝑞𝑞

𝐵0  𝐵0

𝐵+𝐵−

PRD 82, 071101(R) (2010)

cos θ𝐵−𝐷(∗)𝑙

𝐜𝐨𝐬𝜽𝑩−𝑫(∗)ℓ =
2𝐸beam𝐸𝐷(∗)ℓ − 𝑚𝐵

2 − 𝑚𝐷(∗)ℓ
2

2|  𝑝𝐵 | ∙ |  𝑝𝐷(∗)ℓ|

𝐷(∗)ℓ

𝜈𝐵
𝜽𝑩−𝑫(∗)𝓵Had-tag. SL-tag.

𝑴𝒃𝒄 = 𝐸beam
2 −  𝑝𝐵tag

2 𝜟𝑬 = 𝐸beam − 𝐸𝐵tag

ντ 

τ+ 

ντ 

νµ, νe 

e+,µ+ 

X- 

D(*)0 

ϒ(4S) 

B+ B- 

Babar and Belle reconstruct as many 
as possible decay modes of the D 
and combinations making up X 
 
Many combinations per event. 
 
BaBar determine the purity on data to 
rank the decay modes 
 
Belle use a multilevel  MVA tool  
Neurobayes to determine 
the quality of the tag 
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Missing energy modes: even invisible 

Invisible 
or 
B ! ν ν 
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Fully reconstructed events (double tags) 5

denoted as double-tagged samples). The D

⇤0 mesons
are reconstructed as D

⇤0 ! D

0
⇡

0 and D

0
�, and the

D

0 meson as D

0 ! K

�
⇡

+. The D

0 meson candi-
dates are selected based on their mass. For the D

⇤0

meson candidates, additionally, the mass di↵erence be-
tween the D

⇤0 and the D

0 meson candidates is used for
selection. We apply the same four sets of di↵erent cri-
teria on cos ✓B,D(⇤)` and the two MVS classifiers corre-
sponding to the four ⌧ decay channels of the nominal
analysis to each of the double-tagged B-decay samples.
We measure the branching fractions of the Bsig decays,
determine the ratios with respect to the world average
values [2], and calculate weighted averages of the ratios
of the B-decay channels. The reconstruction e�ciency is
found to be overestimated in MC simulation by a factor
of 1.09 ± 0.09, 1.08 ± 0.08, 1.17 ± 0.22, and 1.02 ± 0.10
for the ⌧ decay channels to muon, electron, pion, and
⇢, respectively. The reconstruction e�ciency is corrected
based on this ratio, depending on the decay channel of
the Btag and the ⌧ .

To extract the number of reconstructed signal
events, we perform an extended two-dimensional un-
binned maximum-likelihood fit in p

⇤
sig and EECL. We

use smoothed histogram probability density functions
(PDFs) [20] obtained from MC simulation to describe the
signal and background components arising from events
containing a BB̄ pair. We use the product of one-
dimensional PDFs for all components except for the sig-
nal in ⌧

+ ! ⇡

+
⌫̄⌧ and ⌧

+ ! ⇢

+
⌫̄⌧ . In these modes, there

is a significant cross-feed from channels with additional
undetected neutral pions, resulting in a correlation be-
tween EECL and p

⇤
sig that is taken into account by using

two-dimensional histogram PDFs. The continuum back-
ground, including e

+
e

� ! qq̄ (q = u, d, s, c), ⌧+⌧�, and
two-photon events, is described using the o↵-resonance
data and is scaled according to the relative luminosities.
Since the o↵-resonance data sample is very limited, its
EECL distribution is described by a signal-mode-specific
linear function. The slope of these functions is compat-
ible with zero in all but the ⌧

+ ! ⇢

+
⌫̄⌧ decay chan-

nel, which shows a slope of 37 events per GeV. The
uncertainties are 14, 6, 16, and 14 events per GeV, corre-
sponding to a relative uncertainty of 20, 16, 25, and 13%
on the number of events in the range EECL < 0.2GeV
for the ⌧

+ ! µ

+
⌫̄⌧⌫µ, ⌧

+ ! e

+
⌫̄⌧⌫e, ⌧

+ ! ⇡

+
⌫̄⌧ , and

⌧

+ ! ⇢

+
⌫̄⌧ decay channel, respectively. The relative un-

certainty on the normalization is about 10% due to the
limited size of the data sample.

The ratio of the normalizations of the background com-
ponents is fixed in the fit based on the yields estimated
from simulation and o↵-resonance data. We compare the
data and MC distribution of the signal component in
EECL and p

⇤
sig using the double-tagged sample, which re-

veals no significant di↵erence. This is illustrated in two
representative plots in Fig. 1. To validate the p

⇤
sig dis-

tributions, we treat the lepton from the B decay as the
⌧ -decay product. We apply the same validation to other
control samples and variables such as cos ✓B,D(⇤)`, the

outputs of the MVS classifiers, and the missing energy in
the event.

FIG. 1. Comparison of the data and MC distribution in the
double-tagged sample after the e�ciency correction. The
orange boxes show MC and the black markers the data.
The upper and lower plots show the EECL distribution in
the B+ ! D̄0⇡+ sample and the p⇤sig distribution in the
B+ ! D̄⇤0(! D̄0⇡0)`+⌫` sample, respectively. Both sam-
ples are selected corresponding to the ⌧+ ! µ+⌫̄⌧⌫µ decay
channel.

The following five parameters vary in our final fit to
the data: B(B+ ! ⌧

+
⌫⌧ ) and the normalization of the

background in each of the four ⌧ decay channels. The
relative signal yields in the ⌧ decay channels are fixed to
the ratios of the reconstruction e�ciencies. We obtain a
total signal yield of Nsig = 222 ± 50, and this results in
a branching fraction of B(B+ ! ⌧

+
⌫⌧ ) = (1.25± 0.28)⇥

10�4, where the uncertainties are statistical only. The
signal yields and branching fractions, obtained from fits
for each of the ⌧ 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 Ta-

ble III. The following systematic uncertainties are de-
termined by varying the corresponding parameters by
their uncertainty, repeating the fit and taking the dif-
ference to the nominal fit result as the systematic un-
certainty: the normalization and slope of the continuum
background component, where the dominant uncertainty

We determine the PDF of the combinatorial background
from the mES sideband. The normalization of this
component in the signal region is obtained by fitting the
mES distribution after the selection has been applied. The
shape of the peaking background is taken from BþB" MC.
The two background components are added together
into a single histogram background PDF. We estimate
the branching fraction by minimizing " lnL, where
L ¼ !4

k¼1Lk, 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
expected background level and measure a branching frac-
tion of BðBþ ! !þ"Þ ¼ ð1:83þ0:53

"0:49Þ & 10"4, where the
uncertainty is statistical. Table III summarizes the results
from the fit. We evaluate the significance of the observed

signal, including only statistical uncertainty, as S ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln ðLsþb=LbÞ

p
, whereLsþb andLb denote the obtained

maximum likelihood values in the signal and background,
and the background only hypotheses, respectively. We find
S ¼ 4:2#.

Additive systematic uncertainties are due to the uncer-
tainties in the signal and background Eextra PDF shapes
used in the fit. To estimate the systematic uncertainty
in the background PDF shape we repeat the fit of the
branching fraction with 1000 variations of the background
PDFs, varying each bin content within its statistical uncer-
tainty. We use the range of fitted branching fractions cover-
ing 68% of the distribution as systematic uncertainty
yielding an overall contribution of 10%. We correct the
systematic effects of disagreements between data and MC
Eextra distributions for signal events using a sample of
completely reconstructed events in data and MC, as al-
ready described. To estimate the related systematic uncer-
tainties, we vary the parameters of the second-order
polynomial defining the correction within their uncertainty
and repeat the fit to the Bþ ! !þ" branching fraction. We
observe a 2.6% variation that we take as the systematic
uncertainty on the signal shape. Including the effects of
additive systematic uncertainties, the significance of the
result is evaluated as 3:8#.

Multiplicative systematic uncertainties on the efficiency
stem from the uncertainty in the tag-B efficiency correction
(5.0%), estimated by comparing the ratio of double tags
yield in data and in MC simulation with the same ratio for
single tags, electron identification (2.6%), muon identifi-
cation (4.7%), charged kaon veto (0.4%), estimated from
experimental data control samples, and the finite signal
MC statistics (0.8%). Table IV summarizes the systematic
uncertainties. The total systematic uncertainty is obtained
by combining all sources in quadrature.
In summary, we have measured the branching fraction of

the decay Bþ ! !þ" using a tagging algorithm based on
the reconstruction of hadronic B decays using a data sam-
ple of 467:8& 106 B "B pairs collected with the BABAR
detector at the PEP-II B-Factory. We measure the branch-
ing fraction to be BðBþ ! !þ"Þ ¼ ð1:83þ0:53

"0:49ðstatÞ '
0:24ðsystÞÞ & 10"4, excluding the null hypothesis by
3:8# (including systematic uncertainty). This result super-
sedes our previous result using the same technique [10].
The improvements in the statistical and systematic uncer-
tainties are due to the cumulative effect of several factors,
which we briefly list in the following, for the interested
reader. We improved the tag-B reconstruction algorithm,
considering more decay modes with the effect of increas-
ing the efficiency by a factor 2, at the cost of a larger
background of misreconstructed tag-B s. We performed a
multivariate analysis choosing the variables and the selec-
tion level by an optimisation procedure aiming at the
smallest uncertainty, by means of Monte Carlo pseudo-
experiments. To extract the signal yield, the previous
analysis used a cut and count method, while we fit the
signal yield maximising a likelihood built from the most
discriminating variable. Finally, the present analysis took
advantage of a more recent version of the reconstruction
software and data Monte Carlo studies to assess systematic
uncertainties.
The result is statistically consistent with recent

Belle measurement using a similar tag-B reconstruction

FIG. 3 (color online). 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.

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 efficiency 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

EVIDENCE OF Bþ ! !þ" DECAYS. . . PHYSICAL REVIEW D 88, 031102(R) (2013)

RAPID COMMUNICATIONS

031102-7

To correct MC mis-modeling:  
•  Signal shape (cal. extra energy) 
•  Reconstruction efficiency 
 
Use double hadronic or hadronic-semileptonic tags 
or a clean subset of them 

B ! τ ν with hadronic tags (BaBar) 

B ! τ ν with SL tags (Belle) 
PRD 92 051102 

had vs had had vs SL 

B ! D* π  
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Fully reconstructed events (double tags) 

Belle B ! e ν, µ ν search -  PRD 91 052016 (2015)  

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

Y. YOOK et al. PHYSICAL REVIEW D 91, 052016 (2015)

052016-6

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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apply a correction obtained from a control sample study
[22] in which the signal-side B meson decays via five
semileptonic Bþ decay modes: Bþ → D̄0ðKþπ−Þlþνl,
Bþ → D̄0ðKþπ−π0Þlþνl, Bþ → D̄0ðKþπ−π−πþÞlþνl,
Bþ→D̄$0½D̄0ðKþπ−Þπ0&lþνl, and D̄$0½D̄0ðKþπ−Þγ&lþνl.
The MC efficiency is corrected according to the Btag decay
mode as well as the output of the hadronic tagging
algorithm (otag) on an event-by-event basis. The otag
distribution peaks near zero for combinatorial or continuum
backgrounds and near one for well reconstructed Btag
candidates.
The correction factor for each Btag decay mode is

determined by the comparison of the number of events

in MC and data from a one-dimensional binned maximum
likelihood (ML) fit using histogram templates [23], which
take account of both the data and MC statistical uncer-
tainty, to the distribution of the square of the missing
particle’s undetected four-momentum (M2

miss). Here M2
miss

is expected to peak near zero for correctly reconstructed
Bþ → D̄ð$Þ0lþνl events in which the only missing particle
is a massless neutrino as displayed in Fig. 1. The correction
factor is then obtained from each of the five control samples
and we apply the averaged factor in our analysis. The
systematic uncertainty of the ϵtag correction is estimated
including the statistical precision of the correction, the
uncertainty of the branching fraction of the control sample
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FIG. 1 (color online). Fits to the M2
miss distribution in data using the tagging efficiency corrected MC histogram templates in each of

the (a) Bþ → D̄0ðKþπ−Þlþνl, (b) Bþ → D̄0ðKþπ−π0Þlþνl, (c) Bþ → D̄0ðKþπ−π−πþÞlþνl, (d) Bþ → D̄$0ðD̄0½Kþπ−&π0Þlþνl, and
(e) Bþ → D̄$0ðD̄0½Kþπ−&γÞlþνl control sample modes. The other background components as listed in the legends consist of b → c
decays, eþe− → qq̄ðq ¼ u; d; s; cÞ decays, and b → ul−ν̄l decays.
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B ! D* π  
B ! D* l ν  

To correct MC mis-modeling:  
•  Signal shape (lepton momentum) 
•  Reconstruction efficiency 
 
Use double hadronic or hadronic-semileptonic tags 
or a clean subset of them 
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MC Truth matching with tagged B 
Must be careful on how to use 
MC to count the yield of correctly reconstructed B. 

  

From another source, such
as other B decay or beam
background.

From the same
mother B meson.

Peak in the background

  

From another source, such
as other B decay or beam
background.

From the same
mother B meson.

Peak in the background

Most of Belle analyses relies more on MC 
background simulation but 
use data control samples to correct it   
 
BaBar usually removes “combinatorial” and 
continuum under the peak fitting data and MC 
consistently. CS are used to correct efficiencies as 
well 

Prospect at Belle II: Leptonic decays and Tagging Algorithms - Nagoya - March 27 2017 12 



Tag related systematics 

B à τ ν  analysis Tag syst. 

BABAR Had 5% 

BABAR SL 4% 

Belle Had 7% 

Belle SL 13% 

Systematic uncertainty on the signal reconstruction efficiency due to the 
MC mismodeling of tag B reconstruction 

Specific procedure details are different among the analyses but all use a sample  
of fully reconstructed events (with same B tag as the signal mode) 
 
The systematic uncertainty is mostly due to the statistics of the sample 
We expect this uncertainty to scale down with luminosity for Belle II  ! 2% 

 … to be proved! 
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Belle II : Full event Interpretation 

•  Input variables used to train the multivariate classifiers:  
-  PID, tracks momenta, impact parameters (charged FS particles);  
-  cluster info, energy and direction (photons); 

-  invariant mass, angle between photons, energy and direction (π0); 
-  released energy, invariant mass, daughter momenta and vertex quality (D(*)

(s), J/ψ); 

-  the same as previous step plus vertex position, ΔE (B); 

-  additionally, for each particle the classifier output of the daughters are also used as 
discriminating variables. 

ν 
l- 

D(*)0 

ϒ(4S) 

B+ B- 

ντ 

τ+ 

ντ 

νµ, νe 

e+,µ+ 
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B ! l ν
Very clean theoretically, hard experimentally 
SM contribution helicity suppressed  

Sensitive to NP contribution (charged Higgs) 
 

+   W+,H+ b 

u 

l+ 

νℓ 

 B+ 

B(B ⇥ l�) =
G2

F mB

8⇥
m2

l (1�
m2

l

m2
B

)2f2
B |Vub|2⇤B

Belle II can also test lepton flavour universality  

€ 

Rτµ =
Γ(B→ µν )
Γ(B→τν)

€ 

Rτe =
Γ(B→ eν)
Γ(B→τν )

B(B ! l⌫) = B(B ! l⌫)SM ⇥ rH

rH = (1� tan2 �
m2

B

m2
H

)2 in 2HDM type II 
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Belle and BaBar measurements 
Belle Hadronic tag 
PRL 110 131801 

Belle SL tag 
PRD 92 051102 

6

(a) (a)

(b) (b)

(c) (c)

(d) (d)

(e) (e)

FIG. 2. Distributions for (a) ⌧+ ! µ+⌫̄⌧⌫µ, (b) ⌧
+ ! e+⌫̄⌧⌫e,

(c) ⌧+ ! ⇡+⌫̄⌧ , (d) ⌧+ ! ⇢+⌫̄⌧ , 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 (continuum) background.

originates from the error on the slope; the signal recon-
struction e�ciency; the branching fractions of the dom-
inant background decays peaking in the EECL signal re-
gion, e.g., B+ ! D̄

0
`

+
⌫` followed by D

0 ! KLKL or
D

0 ! KLKLKL; the correction of the tagging e�ciency,
obtained from the double-tagged samples and assumed to
be 100% correlated among the four ⌧ decay modes; and
the branching fractions of the ⌧ lepton. For branching
fractions of D mesons with multiple KL mesons in the

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

Decay mode Nsig B(10�4)

⌧+ ! µ+⌫̄⌧⌫µ 13±21 0.34±0.55
⌧+ ! e+⌫̄⌧⌫e 47±25 0.90±0.47
⌧+ ! ⇡+⌫̄⌧ 57±21 1.82±0.68
⌧+ ! ⇢+⌫̄⌧ 119±33 2.16±0.60
Combined 222±50 1.25±0.28

TABLE III. List of systematic uncertainties.

Source Relative uncertainty (%)

Continuum description 14.1
Signal reconstruction e�ciency 0.6
Background branching fractions 3.1
E�ciency calibration 12.6
⌧ decay branching fractions 0.2
Histogram PDF shapes 8.5
Best candidate selection 0.4
Charged track reconstruction 0.4
⇡0 reconstruction 1.1
Particle identification 0.5
Charged track veto 1.9
Number of BB̄ pairs 1.4
Total 21.2

final state, we use the values for corresponding decays
with KS and take 50% of the value as the uncertainty.
To estimate the e↵ect 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 sys-
tematic uncertainty. For the systematic uncertainty re-
lated to the best-candidate selection, we repeat the fit
without applying this selection. The result is divided
by the average multiplicity of 1.07 and compared to the
nominal fit result. The uncertainties on the e�ciency
of the reconstruction of charged tracks and neutral pi-
ons and on the e�ciency of the particle identification
have been estimated using high-statistics control sam-
ples. The charged-track veto is tested using the D

0
⇡

+

double-tagged sample by comparing the number of addi-
tional charged tracks in MC and data events. We find
that it agrees well and so take the relative statistical un-
certainty on the control sample as the systematic un-
certainty. 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 re-
lated systematic uncertainty so we do not include it sep-
arately. The quadratic sum of all contributions is 21.2%.
We find evidence for B+ ! ⌧

+
⌫⌧ decays with a signifi-

cance of 3.8�, by convolving the likelihood profile with a
Gaussian whose width is equal to the systematic uncer-

BaBar Hadronic tag 
PRD 88 031102 
 

7

is due to the statistical uncertainty on the data and MC
simulation, and we treat it as a systematic uncertainty.
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FIG. 1: Distribution of Eextra in double-tagged events. The
data (black points) and MC simulated events (gray rectan-
gles) are normalized to unit area. The rectangles represent
the MC simulation uncertainty.

The remaining systematic uncertainties on εsig come
from tracking efficiency (0.36% per signal track), π0 re-
construction for the τ+ → ρ+ντ mode (0.984 ± 0.030),
and particle identification. These are evaluated using
control samples of well-characterized particles. The par-
ticle identification efficiency corrections and systematic
uncertainties are 0.953±0.003 (0.97±0.04) for identified
electrons in the B+ → τ+ντ (B+ → e+νe) analysis and
0.92 ± 0.05 (1.016 ± 0.022) for identified muons in the
B+ → τ+ντ (B+ → µ+νµ) analysis.

TABLE III: The corrected tag and signal efficiencies. The first
uncertainty is the MC statistical uncertainty, and the second
is the systematic uncertainty from sources described in the
text. Branching fractions are included (e.g. τ+ → e+νν).
The last column is the total systematic uncertainty on each
efficiency as a percent of its value.

Channel Efficiency (%) Uncertainty (%)

Tag Efficiencies

B+ → τ+ντ (1.514 ± 0.003 ± 0.107) 7.1

B+ → µ+νµ (0.937 ± 0.003 ± 0.066) 7.1

B+ → e+νe (0.974 ± 0.003 ± 0.069) 7.1

Signal Efficiencies

τ+ → e+νeντ (1.58 ± 0.04 ± 0.07) 4.5

τ+ → µ+νµντ (1.45 ± 0.03 ± 0.11) 7.4

τ+ → π+ντ (2.44 ± 0.05 ± 0.11) 4.5

τ+ → ρ+ντ (0.83 ± 0.03 ± 0.05) 5.4

B+ → τ+ντ (6.31 ± 0.07 ± 0.34) 5.4

B+ → µ+νµ (28.65 ± 0.34 ± 1.75) 6.1

B+ → e+νe (37.01 ± 0.38 ± 1.84) 5.0
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FIG. 2: Eextra after all selection criteria have been applied
for each final state. Shown are data (black points), back-
ground MC simulation (gray shaded), and signal MC sim-
ulation (dotted line) normalized to 10 times the expected
branching fraction (106 times for B+ → e+νe). The back-
ground 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.

The Eextra distributions for each channel are given in
Fig. 2 and results given in Table IV. We use the method
of Feldman and Cousins [15] to interpret the yields in
each channel. When computing the level at which we
exclude the null hypothesis, we include systematic er-
rors as a Gaussian convolution with the nominal Pois-
son distribution. Our results in the B+ → µ+νµ and
B+ → e+νe channels are consistent with the background
expectation and we obtain only one-sided 90% confidence
intervals. For B+ → τ+ντ , we obtain a two-sided 68%
confidence interval and exclude the null hypothesis at
the level of 2.3σ. This result supersedes that of the pre-
vious work [10]. The statistical consistency test of the
results over the four B+ → τ+ντ channels has a χ2 per
degree-of-freedom of 2.02/3, or a probability of 57%, and
is performed using branching fractions computed with
Equation 2. In the context of the SM we determine that
f2

B = (62± 31)× 103 MeV2, where the uncertainty arises
dominantly from this measurement and |Vub|.

BaBar SL tag 
PRD 81 051101 

Analysis Measurement (10-4) 

BABAR Had 1.8 ± 0.5 ± 0.2 

BABAR SL 1.7 ± 0.8 ± 0.2 

Belle Had 0.7 ± 0.3 ± 0.1 

Belle SL 1.25 ± 0.28 ± 0.27 
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Monochromatic lepton in the B rest frame 
Almost background free with tagged analyses 
 

B ! µ ν and B ! e ν

Hadronic tag BaBar 

Note: old tag 

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.

We thank the KEKB group for the excellent operation of
the accelerator; the KEK cryogenics group for the efficient
operation of the solenoid; and the KEK computer group, the
National Institute of Informatics, and the PNNL/EMSL
computing group for valuable computing and SINET4 net-
work support. We acknowledge support from theMinistry of
Education, Culture, Sports, Science, and Technology
(MEXT) of Japan, the Japan Society for the Promotion of
Science (JSPS), and the Tau-Lepton Physics Research Center
of Nagoya University; the Australian Research Council
and the Australian Department of Industry, Innovation,
Science and Research; Austrian Science Fund under Grant
No. P 22742-N16; the National Natural Science Foundation
of China under Contracts No. 10575109, No. 10775142,
No. 10825524, No. 10875115, No. 10935008 and
No. 11175187; the Ministry of Education, Youth and
Sports of the Czech Republic under Contract
No. LG14034; the Carl Zeiss Foundation, the Deutsche
Forschungsgemeinschaft and the VolkswagenStiftung; the
Department of Science and Technology of India; the Istituto
Nazionale di Fisica Nucleare of Italy; the WCU program
of the Ministry of Education Science and Technology,
National Research Foundation of Korea Grants No. 2011-
0029457, No. 2012-0008143, No. 2012R1A1A2008330,
No. 2013R1A1A3007772; the BRL program under
NRF Grant No. KRF-2011-0020333, No. KRF-2011-
0021196, Center for Korean J-PARC Users, No. NRF-
2013K1A3A7A06056592; the BK21 Plus program and the
GSDC of the Korea Institute of Science and Technology
Information; the Polish Ministry of Science and Higher
Education and the National Science Center; the Ministry
of Education and Science of the Russian Federation and the
Russian Federal Agency for Atomic Energy; the Slovenian
Research Agency; the Basque Foundation for Science
(IKERBASQUE) and the UPV/EHU under program UFI
11/55; the Swiss National Science Foundation; the National
Science Council and the Ministry of Education of Taiwan;
and the U.S. Department of Energy and the National Science
Foundation. This work is supported by a Grant-in-Aid from
MEXT for Science Research in a Priority Area (“New
Development of Flavor Physics”) and from JSPS for
Creative Scientific Research (“Evolution of Tau-lepton
Physics”).

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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Hadronic tag Belle 

But best upper limits measured with untagged method 

BF ( B ! µ ν ) < 1.0 x 10-6  BABAR PRD 79 011101 (2009)   

BF ( B ! e ν ) < 0.98 x 10-6  BELLE PLB 647 (2007) 67 
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B ! τ ν study with Belle II simulation 

1)  Pre-selection on B-tag kinematics 

2)  Select the candidate with highest FEI 
output discriminant 

3)  FEI not trained against continuum: 
additional BDT based on event shape 
variables 

Full event interpretation 
trained trained on generic BB 

B tag side B sig side 

-  Only one track not overlapping with tag 
-  PID and neutral objects reconstruction  

developed for Belle II 
-  Specific ECL cluster selection for π0 and 

extra cluster reconstruction  
(more severe beam background in Belle II) 

-  Loose requirement on M(π0) and M(ρ)  

1 ab-1 Belle II Full simulation with nominal beam background overlaid 
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Event shape variables in the BDT 

•  Input Variables: R2, Cos𝜃th , Cleo Cones and Kakuno Super Fox-Wolfram th , Cleo Cones and Kakuno Super Fox-Wolfram 
(KSFW) moments: 30 variables 

•  R2:     where            are the Fox-Wolfram moments 

•  Cos𝜃th :       where T is the thrust axis of the rest of the event th :       where T is the thrust axis of the rest of the event 

•  Cleo Cones: momentum flow around the B thrust axis in 9 angular bins 

•  KSFW:          

l odd 

l even 

c: charged, 
n: neutral, 
m: missing 

l odd 

l even 

scalar sum of the transverse 
momentum of each particle 

so: particles from b-tag 
and ROE are considered 
oo: particles from ROE 
only are considered 
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Continuum rejection 

Signal: 𝐵→𝜏𝜈 
Background: 𝑞𝑞  
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Continuum rejection 

Overtraining under control 
Limited statistics for the backgrounds 
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FEI: Tag B + 1 prong  

Maximizing a S/sqrt(S+B) in a signal region of extra energy 

Before 
BDT cuts 

After 
BDT cuts 
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Leptonic modes selection optimization 

Leptonic 
modes 

MM2 > 12 GeV2 and no cut on lepton momentum maximizes S/ sqrt(S+B)  
in the signal region of low extra energy 
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Hadronic modes optimization 

Hadronic modes 

signal reco momentum 

signal reco momentum 

Hadronic 
modes 

MM2 < 12 GeV2 and p > 1.6 GeV cut on lepton momentum maximizes S/ sqrt(S+B)  
in the signal region of low extra energy 
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Selected events 

#events in 
(0 - 1.0) GeV 

Lep 
channels 

Had 
channels 

Total 

Signal 126 62 188 

Background 5758 1662 7420 

#events in  
(0 - 0.2) GeV 

Lep 
channels 

Had 
channels 

Total 

Signal 88 35 123 

Background 817 196 1013 

Eextra < 1 
GeV 

Babar 
PRD 88, 

031102 (2013) 

Belle 
PRL 110, 

131801 (2013) 

Belle II  
(this analysis) 

Signal 
Efficiency (‰) 0.72 1.1 2.2 
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Statistical uncertainty with 1 ab-1 

•  Toy MC with 20000 pseudo-datasets: 

 

mean fitted signal yield = 188 evts ! no bias  
mean uncertainty = 55 evts 

BR(𝐵→𝜏𝜈) = 0.83 ± 0.24 × 10-4 
~24% precision 

Example fit 

~30% precision 

•  Perform a 1D fit to the Eextra distribution  
o  Generate a pseudo-dataset according to the signal + background MC expectations 
o  Assuming BR of  0.85 × 10-4 
o  Perform a template maximum likelihood fit to Eextra with two components: signal 

and 4 background pdfs built from the expected MC distributions 

Statistical uncertainty reduced to 20% without beam background 
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Expected significance with 1 ab-1 

•  Define the test statistics Q =           
-2ln[L(s+b)/L(b)] and perform 
200000 pseudo-experiments 
genera t ing pseudo-da tase t s 
sampled from S+B and B only Eextra 
distributions.  

 
•  Evaluate the expected p-value of 

the null hypohesis on the toys 
background samples as 1-CLb = 
NQ<Q*/N, where NQ<Q* is the 
number of pseudo-experiments 
with Q lower than the mean of the 
test statistics distributions on the 
S+B toy samples Q*, and N is the 
t o t a l n u m b e r o f p s e u d o -
experiments. 

Q* 

NQ<Q* 

d 

p-val = 0.000385 ! significance: 3.4 𝜎 

blue hist distribution of Q evaluated on S+B toy datasets 
red hist: distribution of Q evaluated on B only toy datasets 
Black line: expected value of Q in the S+B hypothesis  

test stat expected 
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Projections to 5 ab-1 and 50 ab-1 

limited by the hadronic interaction modelling (>499

2%).500

The uncertainty on signal e�ciency is also ex-501

pected to scale with luminosity as the statistical502

uncertainty apart from the component due to the503

knowledge of the ⌧ branching fractions (> 0.6%).504

Finally, the uncertainty on the number of BB̄505

pairs is expected to be limited to 1%.506

The expected systematic uncertainty on the B !507

⌧⌫⌧ branching ratio with an integrated luminosity508

of 1 ab�1 is calculated to be 13%, based on a scaling509

of the uncertainties of the Belle measurement with510

hadronic tag [5].511

Tables 1.2 and 1.3 summarize the results and pro-512

jections of the uncertainties on the branching ratio513

measurement with 1, 5 and 50 ab�1 of accumu-514

lated statistics, with the hadronic and semileptonic515

tagging, respectively.516

The projections with semileptonic tag rely en-517

tirely on the Belle measurement [11, 12], since no518

dedicated studies have been performed in Belle II.519

Integrated Luminosity ( ab�1) 1 5 50

statistical uncertainty (%) 29.2 13.0 4.1

systematic uncertainty (%) 12.6 6.8 4.6

total uncertainty (%) 31.6 14.7 6.2

Table 1.2: Expected uncertainies on the B ! ⌧⌫⌧
branching ratio for di↵erent luminosity scenarios
with the hadronic tag.

Integrated Luminosity ( ab�1) 1 5 50

statistical uncertainty (%) 19.0 8.5 2.7

systematic uncertainty (%) 17.9 8.7 4.5

total uncertainty (%) 26.1 12.2 5.3

Table 1.3: Expected uncertainies on the B ! ⌧⌫⌧
branching ratio for di↵erent luminosity scenarios
with the semileptonic tag.

B ! µ⌫̄µ 520

There have been several searches for the B ! µ⌫̄µ 521

decay to date and the most recent ones [?, 9, 10] 522

are summarized in Table 1.4. At the the present 523

time the most stringent limits are set by untagged 524

searches showing a better sensitivity of this method. 525

526

Based on Eq. 1.15 the expected branching frac- 527

tions and numbers of events in the full Belle data 528

set as well as expected Belle II milestones using the 529

value of |Vub| ⇥ 103 = 3.736 ± 0.142 from the the 530

fit to the recent LQCD data by the FNAL/MILC 531

collaboration [?] and exclusive B ! ⇡`⌫ measure- 532

ments and fB = 0.185 ± 0.003 GeV from the result 533

of the HPQCD collaboration [?] are shown in Ta- 534

ble 1.5. The process B± ! ⌧±⌫µ has already been 535

studied by Belle and BaBar and the measured 536

branching fraction agrees with the SM prediction. 537

As it is seen the process B± ! µ±⌫µ is still poten- 538

tially measurable with the current Belle data set 539

and the process is currently under study, whereas 540

the B± ! e±⌫e process is not measurable even 541

with the Belle II data set, and only an upper limit 542

is expected. 543

The clean environment of a e+e� machine where 544

only one BB̄ pair is expected in an event, unlike 545

hadronic colliders, originates two main approaches 546

to analyse data: untagged and full reconstruction. 547

The latter one means that one B meson decays in 548

hadronic mode without neutrinos in the final state 549

and all decay products are registered in a detector 550

which allows to explicitly reconstruct all interme- 551

diate decay states. This requirement is so strong 552

that despite the e+e� ! BB̄ production cross sec- 553

tion is only a fraction of the total hadronic cross 554

section, other hadronic modes can barely mimic B- 555

meson decays and events with fully reconstructed 556

B meson have virtually no background from other 557

hadronic modes. Due to the momentum-energy 558

conservation kinematic parameters of the other B 559

meson in an event can be inferred from the recon- 560

structed one which is especially useful for decay 561

modes with neutrinos. In the untagged analysis 562

the products of the signal decay firstly are selected 563

and the rest of event is used to build various shape 564
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For now we can only guess-estimate from 
past measurements  
how systematics may improve 
 
Main contributors like background shape, 
signal shape, tag efficiency 
are limited by the statistics available to 
assess them.   ! 2% 
Others like peaking backgrounds depend 
on branching ratio 
measurements of rare decays.  ! 3%  
 

In summary, we measure the branching fraction of the
decay B! ! !! !"! with hadronic tagging using Belle’s
final data sample containing 772" 106 B !B pairs. We find
evidence for B! ! !! !"! with a signal significance of 3:0#
including systematic uncertainties and measure a branch-
ing fraction of ½0:72þ0:27

!0:25ðstatÞ ' 0:11ðsystÞ( " 10!4. By
employing a neural network-based method for hadronic
tagging and a two-dimensional fit for signal extraction,
along with a larger data sample, both statistical and sys-
tematic precisions are significantly improved compared
to the previous analysis [6]. The result presented in this
Letter supersedes the previous result reported in Ref. [6].
Combined with the Belle measurement based on a semi-
leptonic B tagging method [7] taking into account all the
correlated systematic errors, the branching fraction is
found to be BðB! ! !! !"!Þ ¼ ð0:96' 0:26Þ " 10!4,
with a 4:0# signal significance including systematic uncer-
tainties. This value is consistent with the SM expectation
obtained from other experimental constraints. Using this
result and parameters found in Ref. [17], we obtain
fBjVubj ¼ ½7:4' 0:8ðstatÞ ' 0:5ðsystÞ( " 10!4 GeV. Our
result provides stringent constraints on various models of
new physics including charged Higgs bosons.
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Conclusions 
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!  Hadronic and semi leptonic tagging is a powerful tool for 
measurements of B decays with missing energy 
!  Exploited by BaBar and Belle  
!  Related systematic uncertainties expected to scale with statistics 

!  We studied the B ! τ ν with hadronic tagging in Belle II full 
simulation with expected beam background 
!  To check the sensitivity / immunity to it 
!  Results encouraging 20% (no BG) – 30% (full BG) 

!  For semileptonic tagging we have not a Belle II simulation 
!  Scaling by statistics we have similar statistical uncertainty (20%) 

!  For purely leptonic modes untagged analyses looks superior 
!  Expect  by extrapolation 7% precision on B ! µ ν with 50 ab-1  


