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A tale of two B-factories?

• making B’s at hadron colliders (e.g. LHCb)
- huge number of B mesons are produced, but
- no info. on pµ

B , unless you actually reconstruct the B meson
) will be of little use for modes with invisible particle(s)

• making B’s at e+e� colliders with
p

s = m(⌥(4S))

- a moderate number of B mesons are produced
- EB =

p
s/2 ⇠ 5.29 GeV ; |~pB| ⇠ 0.35 GeV/c

- but.. direction of ~pB?
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e+e� ! ⌥(4S) as a B-factory

B-factories 
• Precise knowledge of  the initial states in 𝑒ା𝑒ି collisions. 
• Designed to run at Υ(4𝑆) resonance ( 𝑠 = 10.58GeV). 

Saga-Yonsei Workshop on High Energy Physics: Jan. 14th, 2014 4 

8GeV 𝒆ି 

3.5GeV 𝒆ା 
10.58 GeV 

1.1nb 𝝈 𝒆ା𝒆ି → 𝒀 𝟒𝑺  
~3nb 𝝈 𝒆ା𝒆ି → 𝒒𝒒ഥ  

(𝒒 = 𝒖,𝒅, 𝒔, 𝒄) 

𝚼(𝟒𝑺) 

• Br Υ 4𝑆 → 𝐵𝐵ത > 96% ; w/ 𝑝ெ = 380MeV/𝑐 
• How to benefit from this Υ(4𝑆) decay structure? 

The Upsilon System 

• B(⌥(4S) ! BB) > 96%, with pCM
B ⇠ 0.35 GeV/c

• nothing else but BB in the final state
) if we know (E,~p) of one B, the other B is also constrained
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Search	  for	  dark	  sector	  at	  Belle



Age of En‘dark’enment?

2

OUTLINE

● Dark sector motivations
● Dark photon and/or dark Higgs radiative production and 

decays to SM final states
● Dark photon decays to DM
● Higgs-strahlung @ the Belle experiment: topology, events 

selection, extracted limits
● Dark sector at the Belle II experiments: expected sensitivity

STUDIES OF THE DARK SECTOR AT BELLE
(AND PROSPECTS FOR BELLE II)
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25. Dark matter 15
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Figure 25.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [61], CREST II, CDMS-Si,
and CoGeNT enclosed areas are regions of interest from possible signal events; the
dot is the central value for CDMS-Si ROI. References to the experimental results
are given in the text. For context, some supersymmetry implications are given:
Green shaded 68% and 95% regions are pre-LHC cMSSM predictions by Ref. 62.
Constraints set by XENON100 and the LHC experiments in the framework of the
cMSSM [63] give regions in [300-1000 GeV; 1 ⇥ 10�9 � 1 ⇥ 10�12 pb] (but are not
shown here). For the blue shaded region, pMSSM, an expansion of cMSSM with 19
parameters instead of 5 [64], also integrates constraints set by LHC experiments.

dependent couplings, respectively, as functions of WIMP mass. Only the two or three
currently best limits are presented. Also shown are constraints from indirect observations
(see the next section) and typical regions of SUSY models, before and after LHC results.
These figures have been made with the dmtools web page, thanks to a nice new feature
which allows to include new limits uploaded by the user into the plot [59].

Sensitivities down to ��p of 10�13 pb, as needed to probe nearly all of the MSSM
parameter space [27] at WIMP masses above 10 GeV and to saturate the limit of
the irreducible neutrino-induced background [60], will be reached with detectors of
multi ton masses, assuming nearly perfect background discrimination capabilities. Such
experiments are envisaged by the US project LZ (6 tons), the European consortium
DARWIN, and the MAX project (a liquid Xe and Ar multiton project). For WIMP
masses below 10 GeV, this cross section limit is set by the solar neutrinos, inducing an

August 21, 2014 13:17

Direct WIMP searches are, in
general, not very sensitive for
WIMP mass . 10 GeV/c2
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Studying invisibles @ Belle
• (Ex) B ! Xu`+⌫`, B+ ! ⌧+⌫⌧ and other exotic kinds (e.g. B0 ! ⌫⌫̄)
• hadronic tagging method

* full reconstruction of Btag in ⌥(4S) ! BsigBtag
) constrain the charge, flavor, & (E,~p) of Bsig

) resulting in very high-purity, but with low-efficiency (⇠ O(0.1%) )
* need an algorithm for improved full-reconstruction of B mesons
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How to improve full-recon. BNeuroBaeyes full-recon. B
Improvements of the existing Full
Reconstruction at Belle

stage particles
1 tracks, KS , �, ⇡0

2 D±
(s), D0 and J/�

3 D�±
(s) and D�0

4 B± and B0

Addition of more B tag channels: Will
increase the signal but . . .

Especially high-multiplicity decays will
increase the background drastically

Maximum efficiency: No intermediate cuts,
usage of best B candidate, but . . .

Cuts after each stage are necessary due
to finite computing power and storage
capacity.

NeuroBayes
Multivariate analysis software utilizing a Neural Network
The output of the Network can be interpreted as Bayesian probability
Provides a well-discriminating variable for intermediate cuts

Daniel Zander – Full reconstruction September 3rd, 2010 3/7

from talk by D. Zander @ PIC2010
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• adding more B tag modes – will increase the signal,
but

- background will increase drastically (esp. with
high-multiplicity decays)

• intermediate cuts – best to avoid, for max. effi’cy, but

- need cuts after each stage, due to limited computing
resources (time, storage)

Neurobayes M. Feindt, et al., NIM A 654, 432 (2011)

• multivariate analysis S/W using a neural network
• The output of the network can be interpreted as Bayesian probability
• provides a well-discriminating variable for intermediate cuts, whose

behaviors are under control
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NeuroBayes in the real world

xx May 2005 Ulrich Kerzel, University of Karlsruhe, ACAT 05 - Zeuthen 23

¾ Medicine and Pharma research
e.g. effects and undesirable effects of drugs
early tumor recognition

¾ Banks 
e.g. Credit-Scoring (Basel II), Finance time series
prediction, valuation of derivates, risk minimised
trading strategies, client valuation

¾ Insurances
e.g. risk and cost prediction for individual clients, 
probability of contract cancellation,  fraud recognition, 
justice in tariffs

¾ Trading chain stores:  turnover prognosis

Necessary prerequisite:
Historic or simulated data must be available.

Applications in Economy

How to study B decays with neutrinos?
• For example, semileptonic B ! Xu`+⌫`, purely leptonic B+ ! ⌧+⌫⌧ and other

exotic kinds

• hadronic tagging method

* full reconstruction of Btag in ⌥(4S) ! BsigBtag
) constrain the charge, flavor, & (E,~p) of Bsig

) resulting in very high-purity, but with low-efficiency (⇠ O(0.1%) )
- much improved performace by adding more Btag and D modes
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from%M.%Feindt%talk%on%NeuroBayes%and%phi:t
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NeuroBaeyes full-recon. B

stage particles

1 tracks, KS , �, ⇡0

2 D±
(s), D0, and J/� mesons

3 D⇤±
(s) and D⇤0 mesons

4 B± and B0 mesons

Table 1: The 4 stages of the hierarchical system

to be the correct probability, we get:

op =
1

1 + ( 1
ot

� 1)Pp(B)
Pp(S)

Pt(S)
Pt(B)

. (20)

This formula is used in the full reconstruction algorithm described in the next
section to calculate the signal probability for modes with low purity so that the
signal fraction had to be increased for the network training.

3. Selection and Reconstruction

In order to reconstruct as many B meson decays as possible, it is not possible
to take care of the thousands of exclusive decay channels individually. Instead
a hierarchical approach was chosen. We divide the reconstruction into 4 stages,
as shown in table 1 and illustrated in figure 3.

Figure 3: The 4 stages of the full reconstruction

One aim of the full reconstruction is to achieve high e�ciency. This could in
theory be done by always reconstructing every possible candidate at all stages
in an event and then finally taking the best B meson candidate. In practice
however, the computing power needed to pursue this maximum e�ciency strat-
egy is not available and it is necessary to perform cuts during the selection and

7
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NeuroBaeyes full-recon. B
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-1.0 -0.5 0.0 0.5 1.0

Ev
en

ts

0

10000

20000

30000

40000

50000

60000

Signal
Background

(a)

Network Output
-1.0 -0.5 0.0 0.5 1.0

Pu
rit

y

0.0

0.2

0.4

0.6

0.8

1.0
data
Fit

(b)

Figure 2: (a): The distribution of the NeuroBayes output for signal (red) and background
(black) for an exemplary classification task of �0 candidates. (b): The purity, obtained from
the network output distributions shown in Fig. (a), is a linear function of the NeuroBayes
output.

the neural network with the same signal to background ratio as expected on
data, it is sometimes not possible. If, for example, the desired signal is very
rare in nature, a training would not learn to distinguish the few signal events
from the millions of background events, but rather try to learn something from
statistical fluctuations of the background that swamp the signal and therefore
also dominate the loss function that is minimized during the network training.
Therefore, a training with a higher signal fraction is the only way, in which
the selection of such rare signals can be optimized. On the other hand, if we
artificially increase the signal to background ratio, the network output cannot
be interpreted as a Bayesian probability any more on the real dataset, because
the a priori probabilities of being signal or background di�er from the train-
ing dataset. Nevertheless, one can correct the network output in a way that is
interpretable as a probability again. For this, we need to know the signal to
background ratio in the training dataset and in the dataset where the network
should give the prediction. To calculate this correction, we need Bayes’ theorem,
which is defined for two types of events, X and Y , as

P (X|Y ) =
P (Y |X)P (X)

P (Y )
. (9)

For our purposes, it is preferable to use Bayes’ theorem in terms of the likelihood
ratio

�(Y |X) =
P (Y |X)

P (Y |¬X)
, (10)

5

The network output (ONB) is linearly related to the Bayesian probability of a
reconstructed candidate to be true
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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!
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Search for B+ ! `+⌫`

(experimental) very clean  
• just a charged lepton and nothing else 
(theoretical) suppressed 
• helicity suppression: B � m2

`

�(B+ ! e+⌫) � �(B+ ! µ+⌫) � �(B+ ! ⌧+⌫)
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Two methods for B+ ! `+⌫`
untagged (no use of full-recon.) vs. tagged
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Why then bother with ‘tagged’ for B+ ! `+⌫`?

• an order-of-magnitude better resolution of pB
` with the full-recon. tagging

• But, does it make a case for ‘full-recon-tagged’ analysis of B+ ! `+⌫`?

Y. Kwon (Yonsei Univ.) Studies of dark sector at Belle Mar. 26, 2015 23



Why then bother with ‘tagged’ for B+ ! `+⌫`?
• Note: BSM(B+ ! e+⌫e) ⇠ 10�11 and BSM(B+ ! µ+⌫µ) ⇠ 3 ⇥ 10�7

) Any signal for B+ ! e+⌫e at the Belle sensitivity is way beyond the SM

• In that case, are we sure what we see is really B+ ! e+⌫e?
• What about B0 ! e+⌧�? How about B+ ! e+X0 where X0 is any exotic

neutral particle that just behaves like a neutrino?

• With full-recon., pB
` resolution is sharp enough to discern many such cases

Y. Kwon (Yonsei Univ.) Studies of dark sector at Belle Mar. 26, 2015 24



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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“Heavy ⌫” searches at Belle

• B+ ! `+X0: search for massive neutral invisible particle X0

• B ! (X)`⌫h: search for heavy neutrino ⌫h (not with full-recon.)
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Why heavy ⌫?

• Within the minimal SM, 9 no place for ⌫R.
• With ⌫ oscillations, we need ⌫R for m⌫ 6= 0. But, in what capacity do

we have it?
• Heavy neutrinos (“⌫h”) appear in many BSM hypotheses.

- The ⌫h’s might even be of Majorana type.

• So, why not go search for it?
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B+ ! `+X0

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

SUSY
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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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• Search for massive neutral invisible
fermion “X0”
It can be a heavy neutrino, or an LSP in RPV models, or

whatever

• Experimentally, very similar signature to
B+ ! `+⌫`

• But, pB
` gives a handle on MX
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B+ ! `+X0 Results
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Heavy ⌫ search
• Search for B ! (X)`+2 ⌫h with ⌫h ! `±

1 ⇡⌥.
If ⌫h is of Dirac type, ⌫h ! `�

1 ⇡+.

B ! heavy neutral lepton

Mass generation in SM: coupling of the Higgs boson
to left and right components of the particle
No right-handed neutrino in SM ! neutrinos should be massless
Neutrino oscillation show that neutrinos do have a mass
) sterile right-handed neutrinos?
Heavy neutral leptons appear in many models beyond SM(SUSY, ⌫MSM, GUT)

No strong interaction (lepton)
No weak interaction (right handed)
No electromagnetic interaction (neutral)
Only way to interact: mixing with left-handed neutrinos

Oksana Brovchenko Rare and forbidden decays at Belle 06.07.2012 17/21

B ! heavy neutral lepton

Mass generation in SM: coupling of the Higgs boson
to left and right components of the particle
No right-handed neutrino in SM ! neutrinos should be massless
Neutrino oscillation show that neutrinos do have a mass
) sterile right-handed neutrinos?
Heavy neutral leptons appear in many models beyond SM(SUSY, ⌫MSM, GUT)

No strong interaction (lepton)
No weak interaction (right handed)
No electromagnetic interaction (neutral)
Only way to interact: mixing with left-handed neutrinos

Oksana Brovchenko Rare and forbidden decays at Belle 06.07.2012 17/21

B

D(*), etc.

⌫h

• Main features
* ⌫h interacts only via mixing with ⌫L
* Long flight distance

c⌧ ' 20 m for M(⌫h) = 1 GeV/c2 and |Ue|2 = |Uµ|2 = 10�4
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Heavy ⌫ search
• Separately for large and small M(⌫h)

* “small” M(⌫h) < 2.0 GeV/c2: X = D, D⇤ only
D(⇤) is identified by “missing mass”: M2

X ⌘ (ECM � E`1`2⇡)2 � P2
`1`2⇡ � P2

B

* “large” M(⌫h) � 2.0 GeV/c2: X = D(⇤), light meson, “nothing”
W

+

l
+
α

να Uα νh

νh

Uβ

νβ

l
−
β

W
+

q
−

q

FIG. 1. Heavy neutrino production (top) and

decay (bottom) diagrams.
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Heavy ⌫ search
• Separately for large and small M(⌫h)

* “small” M(⌫h) < 2.0 GeV/c2: X = D, D⇤ only
D(⇤) is identified by “missing mass”: M2

X ⌘ (ECM � E`1`2⇡)2 � P2
`1`2⇡ � P2

B

* “large” M(⌫h) � 2.0 GeV/c2: X = D(⇤), light meson, “nothing”

• Main background

* QED: suppressed by N(track) � 5
* “V” decays from K0

S , �, ⇤ suppressed by strict lepton ID and kinematic cuts
* Long flight distance of ⌫h is exploited by vertex distance cuts

For vertices close to IP: dr > 0.09 cm, d� < 0.03, zdist < 0.4 cm
For other vertices: dr > 5 cm, d� < 0.15, zdist < 2 cm

• After all cuts,

* background: reduced by a factor of ⇠ 106

* efficiency: (3 ⇠ 10)%, depending on M(⌫h), MX , R, etc.
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Heavy ⌫ search Results
mode MC expected Data
ee⇡ 1.7 ± 0.7 6 ± 2.4
µµ⇡ 2.3 ± 0.9 2 ± 1.4
eµ⇡ + µe⇡ 4.0 ± 1.2 3 ± 1.7
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Heavy ⌫ search Results

• Upper limits on ⌫h � ⌫` mixing (|U`|2) are obtained, in the range
0.5 < M(⌫h) < 5 GeV/c2.
Maximum sensitivity is reached at M(⌫h) ⇠ 2 GeV/c2.

• Upper limit for product branching fraction (for M(⌫h) = 2 GeV/c2):
B(B ! `2⌫h(X)) ⇥ B(⌫h ! `1⇡) < 7.2 ⇥ 10�7 for ` = e, µ.
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Dark photon search at Belle
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Dark photon & kinetic mixing – a window to dark sector

• Dark photon, first proposed in P. Fayet, PL B95, 285 (1980)
• (Holdom, 1986) A boson A0 belonging to an additional U(1)0 would

mix kinetically with �

- in general, one can express kinetic mixing as (1/2)✏ Fµ⌫F0µ⌫

- ✏, the strength of the kinetic mixing, is supposed to be small,
(10�5 ⇠ 10�2).

• For A0 to acquire mass, an extended Higgs sector is required to break
this U(1)0
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Dark photon search at e+e� B-factory

• low-multiplicty final state
• A0 ! `+`� or ⇡+⇡� with prompt or displaced vertex
• also study invisible final state, e.g. e+e� ! � A0(! ��̄)

( need special single-� trigger (BaBar did; Belle did not)
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Dark photon search via Higgs-strahlung

• Search mode depends on Mh0 and MA0

• In this talk, only Mh0 > 2MA0 is considered ) h0 ! A0A0 is used
• ‘exclusive’: 3 charged-track pairs, each with the same invariant mass
• ‘inclusive’: 2 charged-track pair, each with the same invariant mass, and

missing (E,~p)
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Event selection
• 3 (at least 2) lepton/hadron pairs (e+e�, µ+µ�, or ⇡+⇡�)

Searches for dark photons and dark Higgs at Belle

Presented today for the first time, a new limit in the search for a dark photon and a dark Higgs
with:

A and h0 prompt

mh0 > 2mA

0.1 < mA < 3.5 GeV/c2 and 0.2 < mh0 < 10.5 GeV/c2

↵D : dark sector constant
�2: kinetic mixing

10 exclusive channels: 3e+3e�, 3µ+3µ�, 2e+2e�µ+µ�, 2µ+2µ�e+e�, 3⇡+3⇡�, 2⇡+2⇡�e+e�,

2⇡+2⇡�µ+µ� 2e+2e�⇡+⇡�, 2µ+2µ�⇡+⇡�, e+e�µ+µ�⇡+⇡�

3 inclusive channels for mA > 1.1 GeV/c2:2e+2e�X , 2µ+2µ�X , e+e�µ+µ�X

If ↵D = 1, Higgs-strahlung channel most sensitive to A

Igal Jaegle (UH for Belle/Belle II) Dark sector particle searches Dark Interactions 4 / 17

• impact parameters and �2 of vertex fit requirements
• consistent with (E,~p) conservation
• mass of each `+`�, ⇡+⇡� pair be consistent with MA0

Y. Kwon (Yonsei Univ.) Studies of dark sector at Belle Mar. 26, 2015 42



Background
• estimated using “same-sign” pairs from e+e� ! (`+`+)(`+`�)(`�`�)

• Sort the pairs by invariant mass, m1 > m2 > m3
then plot m1 � m3 vs. m1

• For each M`+`� region, scale same-sign yield to `+`� in the side-band,
then extrapolate into the M`+`� signal region.
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FIG. 2: (a) : Signal candidates observed versus dark pho-
ton canditate mass, mA0cand. , and dark Higgs candidate mass,
mA0cand.A0cand. , for the 13 final states. There are 3 entries
per event. (b) and (c): Projection onto mA0cand.A0cand. and
mA0cand. for the data (red squares) and same-sign normalized
(blue squares). The dark photon mass candidate distribu-
tion has been scaled by 3. (d): Normalized residual between
data and same-sign scaled distribution for the dark photon
candidate mass (red points) and dark Higgs mass candidate
(black squares). The same-sign error bars contain statistical
and systematic errors. For empty bins, the systematic error
is 1 count.

momenta of the initial-state electron and positron and
the two-final state dark photon candidates. The mass
mX of this missing four-momentum is then compared to
the reconstructed masses of dark photon candidates 1
and 2 using �m = mX � (m1

A0cand. + m2
A0cand.)/2. We

select final states with

��mmin < �m < �mmax (2)

, where the optimized limits �mmin and �mmax each
depend on the measured mean mass of dark photons 1
and 2.

For exclusive (inclusive) channels, we then require the
invariant masses of dark photon candidates, mA0cand. , to
be consistent with three (two) distinct A0 ! l+l� or
⇡+⇡� decays. Signal candidates with three (two) “equal”
dark photon masses are kept by requiring

mmin
A0cand. < mA0cand. < mmax

A0cand. (3)

, where the optimized limits mmin
A0cand. and mmax

A0cand. each
depend on the measured mean mass of the three exclusive
(two inclusive) dark photon candidates and the simulated
width of the invariant mass distribution of the dark pho-
ton.

If, for a given final-state, more than one signal candi-
date per event fulfills the selection criteria, we select the
candidate with the smallest �m (for the exclusive chan-
nels: �3

1�m2
i with

�mi = mi
A0cand. � (m1

A0cand. + m2
A0cand. + m3

A0cand.)/3).
To ensure only one final-state per event is selected, we

place the candidates into one of the following categories
in this order: (1) exclusive channels with 6 leptons, (2)
exclusive channels with four leptons, (3) exclusive chan-
nels with two leptons, (4) the 3(⇡+⇡�)�channel, and fi-
nally (5) inclusive channels. We apply this ordering after
we select three dark photon candidates but selecting a
signal candidate from the highest category. For the sig-
nal MC simulation, the fraction of events with multiple
signal candidates ranges from 7% to 15% in the 7 chan-
nels, where we apply this ordering. For data, the fraction
is below 0.5% in all channels.

We optimize the particle identification, final mass con-
straint, and �mmin, �mmax, mmin

A0cand. and mmax
A0cand. pa-

rameters on a signal MC simulation using the figure-
of-merit S/

p
S + B, where S is the number of selected

events correctly reconstructed, and B is the number
scaled of misreconstructed events in the signal region, as
illustrated in Fig. 1. The scaling is equivalent to deter-
mine the expected signal yield. We estimate B by count-
ing “same-sign” signal candidates scaled from the signal
MC sample, where at least one dark photon candidate is
reconstructed from two tracks with charges of the same
sign, enforcing all selection criteria except charge conser-
vation. We determine the figure-of-merit by simulating
MC samples with specific combinations of dark photon
and dark Higgs masses, and interpolating between sam-
ples. The detection e�ciency is in average for 3(e+e�)
and 3(µ+µ�): 20% and 30%, respectively.

We estimate the background with a data driven
method using “same-sign” events. We sort the dark pho-
ton candidates by mass in descending order: m1 > m2 >
m3 and calculate the mass di�erence m1�m3. We divide
the data into di�erent bins of m1, with each bin analyzed
separately. We divide the m1 � m3 distribution into two
regions: the signal and sideband. The signal region size is
determined by equation (3). The sideband region starts
at 1.5 times and ends at 5.0 times the signal region upper
limit. Figure 1 shows the mass di�erence m1�m3 for the
bin m1 = 2.0 ± 0.1 GeV/c2 for the six-pion final state.
We assume that the same-sign and the opposite-sign dis-
tributions have the same shape (but di�erent normaliza-
tion) in both the signal region and the sideband, in the
absence of signal. Therefore, the same-sign distribution
(blue points) is normalized to the opposite-sign distribu-
tion (red points) by a factor calculated from the sideband
of each m1 bin. The expected background in each bin is
then the scaled number of events counted in the signal
region of the same-sign distribution. This procedure is
illustrated by Fig. 1. The opposite-sign and scaled same-
sign distributions are consistent in the signal region and
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Results – Limits on B ⇥ �Born

Nobs = �Born (1 + �)|1 � ⇧(s)|2 L B ✏ + Nbkg

• (1 + �) from E.A. Kuraev and V.S. Fadin, Sov. J. Nucl. Phys. 41, 466 (1985)
• |1 � ⇧(s)|2 from S. Actis et al., Eur. Phys. J. C 66, 585 (2010) and F. Ignatov,

http://cmd.inp.nsk.su/⇠ignatov/vpl/.

• Limits are obtined from Bayesian method, using Markov Chain Monte Carlo1

* logarithmic prior for �Born
* gaussian prior for other parameters

1A. Caldwell, D. Kollar, K. Kröninger, BAT -The Bayesian Analysis Toolkit, Comp. Phys. Comm. 180,
2197 (2009).
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Results – Limits on B ⇥ �Born
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FIG. 3: Left: 90% CL upper limit on the product B ⇥ �Born for each of the 13 final states considered versus dark photon mass
for di�erent hypotheses for the dark Higgs mass. Black, red, green, blue and yellow lines correspond to mh0 = 1, 3, 5, 7, and
9 GeV/c2 respectively for the exclusive channels and mh0 = 3, 4, 5, 7, and 9 GeV/c2 respectively for the inclusive channels.
Right: 90% CL upper limit on the cross section of e+e� ! A0h0, h0 ! A0A0 as a function of dark photon and dark Higgs
masses.

the sideband. In the presence of signal, we would expect
an excess of opposite-sign events over the predicted back-
ground in the signal region, as can be seen for the signal
MC distribution in Fig. 1.

Figure 2 summarizes the background estimation.
Figure 2-(a) shows the distribution of events measured
as a function of the dark photon candidate mass,
mA0cand. and dark Higgs candidate mass, mA0cand.A0cand. .
We observe after all selection criteria for 3(e�e+),
3(µ+µ�), 3(⇡+⇡�), 2(e+e�)(µ+µ�), 2(e+e�)(⇡+⇡�),
2(µ+µ�)(e+e�), 2(µ+µ�)(⇡+⇡�), 2(⇡+⇡�)(e+e�),
2(⇡+⇡�)(µ+µ�) , (e+e�)(µ+µ�)(⇡+⇡�) , 2(e+e�)X,
2(µ+µ�)X and (e+e�)(µ+µ�)X: 1, 2, 147, 7, 2, 1, 1,
5, 6, 7, 572, 30 and 20 events, respectively. Figure 2-(b)
and -(c) show the projections on the dark Higgs and
dark photon mass axes, respectively. The measured, N ,
and expected, N 0, distributions are in good agreement
and their di�erences are quantified by the normalized
residuals shown in Fig. 2-bottom-left. The normalized
residual is defined as (N � N 0)/

�
�2

N + �2
N 0 , where

�N,N 0 are the standard deviations of the distributions.
In all cases, the number of events observed is consistent
with the background estimate. The background is due
to processes with �’s and �’s in the final states, such as
SM 2� processes. The discontinuity at 1.1 GeV/c2 in
Fig. 2-bottom-right is due to selection criteria.

The upper limits on B⇥�Born and �Born are calculated
for given (mA0 ,mh0) for ranges based on the mass reso-
lution (±3�m for each mass), with a Bayesian inference
method with the use of Markov Chain Monte Carlo [53].

The number of observed events can be expressed as:

Nobs = �Born · (1 + �) · |1 � ⇧|2 · L · B · � + Nbkg (4)

, where 1 + � is an initial-state radiative correction fac-
tor, |1 � ⇧|2 is the vacuum polarization factor, L is the
luminosity, � is the detection e�ciency, and Nbkg is the
number of predicted background events. We calculate,
for the exclusive (inclusive) channels, 1+ � using the for-
mulae in Ref. [54] and assuming the theoretical cross sec-
tion is proportional to 1/s [25], where s is the initial-state
mass squared, and a cut-o� value corresponding to 98%
(a value between 20% and 90%) of the initial-state mass.
1 + � varies from 0.804 (0.93) to 0.807 (1.17) depending
on s (the e�ective cut-o� value). We use 1+�=0.8055 (1)
and include the variation as systematic error in the upper
limit calculation. |1 � ⇧(s)|2 is taken from Ref. [55, 56]
and varies from 0.9248 and 1.072 depending on s. For
B⇥�Born and �Born, a logarithmic prior is used. For 1+�,
|1 � ⇧|2, L, B, �, and Nbkg Gaussian priors are used for
the systematic uncertainty. Figure 3-left shows the up-
per limit (90% CL) on B ⇥ �Born versus the dark photon
mass for di�erent hypotheses of the dark Higgs mass for
each of the 13 channels considered. Figure 3-right shows
the combined upper limit on �Born for e+e� ! Ah0 as a
function of the dark photon and dark Higgs masses. For
the combined limit, we use two extra channels compared
to the BaBar study: 3(⇡+⇡�) and 2(e+e�)X which carry
91 % of the background. The branching fractions were
taken from Batell et al. [25].
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Limits on kinetic mixing parameters 6
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FIG. 4: 90% CL upper limit on the product �D�2 versus dark photon mass (top row) and dark Higgs mass (bottom row) for
Belle (solid red line) and BaBar [30] (dashed black line). BaBar limits need to be divided by (1+�) to compare with our limits.
The predicted limit is the blue dotted line.

The combined limit can also be expressed as the prod-
uct of ↵D times ✏2 by using the equations described in
Ref.[25]. Figure 4 shows for five di�erent hypotheses of
the dark Higgs (Fig. 4-top-row) and dark photon (Fig. 4-
bottom-row) masses the 90% CL upper limit on ↵D✏2 for
Belle, predicted and measured, and BaBar which is based
on the visible cross section. For the predicted limit, we
assume: Nobs = Nbkg.

The inclusion of 3(⇡+⇡�)-channel dramatically im-
proves the limit around the � and � resonances. The
sources of the systematic error are the integrated lumi-
nosity: 1%, branching fraction: 4%, track identification:
6%, particle identification e�ciency: 5%, detection ef-
ficiency: 15%, background estimation: 10% and initial-
state radiation: 15%. All the systematic errors are added
in quadrature and amount in total to 25%.

In summary, we searched for the dark photon and dark
Higgs in the mass ranges 0.1 – 3.5 GeV/c2 and 0.2 –
10.5 GeV/c2, respectively. No significant signal was ob-
served. We obtain individual and combined upper (90%
CL) limits on the product of branching fraction times the
Born cross section, B ⇥ �Born, on the Born cross section,
�Born, and on the product of dark photon coupling to
dark Higgs and kinetic mixing between Standard Model
photon and dark photon, ↵D✏2. These limits improve
upon and cover wider mass ranges than previous exper-
iments and the limits in the final states 3(⇡+⇡�) and
2(e+e�)X, where X is a partially reconstructed dark
photon candidate, are the first limits placed by any ex-
periment. For ↵D equal to 1/137, mh0 < 8 GeV/c2,
and mA0 < 1 GeV/c2, ✏ the values of the mixing pa-
rameters are ⇠ 8 ⇥ 10�4. In the mass ranges and for

modes where previous measurement from BaBar exist,
the limits reported here are almost a factor of 2 smaller,
as backgrounds are very low to non-existent. The im-
provement scales nearly linearly with the integrated lu-
minosity. This bodes well for future searches with Belle
II.
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• ✏ . 8 ⇥ 10�4 for ↵D = 1/137, Mh0 < 8 GeV/c2, MA0 < 1 GeV/c2

• first limits (by any experiment) on 3(⇡+⇡�) and 2(e+e�)X
• For Belle II, the improvement will be nearly linear (almost background-free

for many modes)
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Prospects with Belle II
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why$bother$with$dark$sector?

1

Two methods of probing the dark sector

• direct detection of DM  

• use high-L / low-E collider 

If such a sector is discovered, 

• it could allow us to study the core concepts 
which we care about, at low-E ! 

• e.g. probe SUSY & SUSY-breaking in the DS! 

- analogy: Galilei’s discovery of “solar system” 
in Jupiter & its moons

MGUT

�dark

adapted from N. Arkani-Hamed talk at DF 2009
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adapted from N. Arkani-Hamed talk @ DF 2009

Epilogue
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Recent	  highlights	  from	  Belle
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✓
✓



• B(B+ ! ⌧+⌫) semi-leptonic tag

• B(B ! D(⇤)⌧+⌫)



B+ ! ⌧+⌫⌧ analysis by tagging

Methods for analyzing B→τν

Two independent tags are used.

• Hadronic tag: tag B in hadoronic decays B→D(*)!, etc.

• Semileptonic tag: tag B in semileptonic decays B→D(*)lν.

Exploit that a B meson pair is generated by e+e!→Υ(4S)→BB
for “seeing” multiple neutrinos.

D(*)

K
"

"’s

B

, etc.

Υ(4S)
τ

ν’s μ, e, ", etc.

ν

B

Tag Signal

(l = e or μ)

5

• Exploit the reaction process e+e� ! ⌥(4S) ! BB
* two B’s and nothing else in the final state
* hence, tight constraints on the signal B (“Bsig”), by measuring the other B

(“Btag”)

• Two different methods of tagging
* hadronic tag: use fully-reconstructed hadronic Btag decays
* semileptonic tag: use B ! D(⇤)`+⌫`

missing one ⌫`, but clean and plentiful enough to compensate for it

Y. Kwon (Yonsei Univ.) Study of neutrinos using “B-meson beams” at Belle Apr. 9, 2014 30



B+ ! ⌧+⌫⌧ Belle/BaBar comparison

Comparison with CKM fit prediction

4) x 10� � �BR(B 
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B+ ! ⌧+⌫⌧ constraints on charged Higgs

• Assuming 2-Higgs doublet model (type II),

B(B+ ! ⌧+⌫⌧ ) = BSM(B+ ! ⌧+⌫⌧ ) ⇥
⇥
1 � (m2

B/m2
H) tan2 �

⇤2
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Tau Lepton 2014-09-18Thomas Kuhr Page 8

Update of B → τν with Semileptonic Tag

➔ Improvements compared to previous analysis
(PRD 82, 071101 (2010), 657M BB)

✔ Full Belle dataset (772M BB)

✔ Reprocessed data

✔ Additional tau decay channel

✔ Improved semi-
leptonic tag

✔ Reoptimized selection

✔ Data-driven continuum 
background estimation

✔ 2D fit for signal 
extraction

NEW

Efficiencies [10-4] of

reconstructed τ → Xν decay modes



Tau Lepton 2014-09-18Thomas Kuhr Page 9

Improved Semileptonic Tag

➢ Hierarchical system similar to new hadronic tag

➔ Multivariate classifiers (NeuroBayes)

➔ More D0 decay channels



Tau Lepton 2014-09-18Thomas Kuhr Page 10

Reoptimized Selection

● Selection on momenta, impact parameters, tag quality,

K/π PID, ρ mass, and cos
 
θ

B,D(*)ℓ
 chosen to 

maximize signal significance

● Events with additional tracks or π0 not from B
sig/tag

 rejected

➔ Selection of tracks for veto optimized

● Large continuum background for hadronic tau decays

➔ Multivariate continuum suppression algorithm
using 27 event shape variables

● Background from conversions 
in electron channel

➔ Rejection of candidates 
with low track pair mass



B+ ! ⌧+⌫ signal extraction

• 2D binned max. likelihood fit of

- EECL: extra energy in the calorimeter not from Bsig nor Btag

- p⇤sig: momentum in CM of ⌧ daughter particle(s)

• Fit functions: product of 1D PDF’s, except for ⌧ signal in hadronic modes

(2D histogram)

• Signal and BB̄ background shapes from MC

• Continuum background shapes from off-resonance data

• Relative size of continuum and BB̄ is fixed

• Fit parameters

- signal BF

- background normalization for each ⌧ mode
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E
ECL

 Fit Projections

Signal

Continuum

BB

EECL  fit projections



p⇤sig fit projections in EECL signal region

Tau Lepton 2014-09-18Thomas Kuhr Page 13

p*
sig

 Fit Projection in E
ECL

 Signal Region



Results

Tau Lepton 2014-09-18Thomas Kuhr Page 15

Result

statistical errors only

➢ B(B → τν) = [1.25 ± 0.28 (stat) ± 0.27 (syst)] x 10–4

● Signal significance of 3.4σ including systematics

● Consistent results
among tau channels

➔ Central value shifted towards SM

● Combination with Belle hadronic tag result in progress

Belle-CONF-1401



𝐵+ → 𝜏+𝜈𝜏 Review 

June 2nd, 2015 XXVIIth Rencontre de Blois 14 

𝑩. 𝑭.𝑩𝒆𝒍𝒍𝒆 𝑩 → 𝝉𝝂 = 𝟎. 𝟗𝟏 ± 𝟎. 𝟏𝟗 𝒔𝒕𝒂𝒕. ± 𝟎. 𝟏𝟏 𝒔𝒚𝒔𝒕. × 𝟏𝟎−𝟒 
The new world average not available yet. 

Belle semileptonic tagging 
This analysis! 

(old) 

PRD 81, 051101 (2010) 

PRD 88, 031102 (2013) 

PRD 82, 071101 (R) (2010) 

PRL 110, 131801 (2013) 

Chin. Phys. C, 38, 
090001 (2014) 

CKM fit
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𝑩. 𝑭.𝑩𝒆𝒍𝒍𝒆 𝑩 → 𝝉𝝂 = 𝟎. 𝟗𝟏 ± 𝟎. 𝟏𝟗 𝒔𝒕𝒂𝒕. ± 𝟎. 𝟏𝟏 𝒔𝒚𝒔𝒕. × 𝟏𝟎−𝟒 
The new world average not available yet. 

Belle semileptonic tagging 
This analysis! 

(old) 

PRD 81, 051101 (2010) 

PRD 88, 031102 (2013) 

PRD 82, 071101 (R) (2010) 

PRL 110, 131801 (2013) 

Chin. Phys. C, 38, 
090001 (2014) 



B(B ! D
(⇤)

⌧+⌫)

Hot off the press, just presented a week ago!
by T. Kuhr (LMU, Munich) @ FPCP 2015

The slides shown today are made by Mr. Youngmin Yook (Yonsei) for 
Blois 2015 presentation this week.
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Physics Motivations 
A little bit more in the case of  2HDM type-II 

𝑅 𝑣𝑠. 𝑅∗ 

BABAR’s 
2012 

(approx.) 

Allowed regions in 1-𝜎 band. 

measurement 

Contribution of the charged Higgs: 
Shift in the 𝑞2 distribution. 

2HDM type-II 
at the verge? 

SM 

𝑅 𝐷 = 0.440 ± 0.058 ± 0.042 
𝑅 𝐷∗ = 0.332 ± 0.024 ± 0.018 

SM 

𝑹(𝑹∗) each matches for  
𝒕𝒂𝒏𝜷/𝒎𝑯+ = 𝟎. 𝟒𝟒 ± 𝟎. 𝟎𝟐 𝟎. 𝟕𝟓 ± 𝟎. 𝟎𝟒  𝑮𝒆𝑽−𝟏 

PRL 109, 101802 (2012) 

Revised a plot in the Ph.D. thesis of Mattias Huschle “Measurement of the branching ratio 
of 𝐵 → 𝐷(∗)𝜏𝜈𝜏 relative to 𝐵 → 𝐷(∗)ℓ𝜈ℓ decays with hadronic tagging at Belle” 



𝐵 → 𝐷(∗)𝜏𝜈 Hadronic tagging 

• A hadronic tagging analysis 
• 𝐵𝑡𝑎𝑔 quality control @ purity of  85% 
• Efficiency correction done in: 

Well-tagged Æ 𝐷(∗)ℓ𝜈 control sample 
Wrong-tagged Æ 𝑀𝑏𝑐  sideband of  (5.23-5.25) 

June 2nd, 2015 XXVIIth Rencontre de Blois 8 

𝑀𝑏𝑐 = 𝑠/4 − 𝑝𝐵𝑡𝑎𝑔
2  Δ𝐸 = 𝑠/2 − 𝐸𝐵𝑡𝑎𝑔 

A new hadronic tagging analysis from Belle 

𝐷    𝐾−𝜋+𝜋+,𝐾𝑠
0𝜋+,𝐾𝑠

0𝜋+𝜋0,𝐾𝑠
0 3𝜋 +

+  

𝐷    𝐾−𝜋+,𝐾− 3𝜋 +,𝐾−𝜋+𝜋0,𝐾𝑠
0𝜋0

0  

𝐷    𝐷0𝜋+,𝐷+𝜋0
∗+    /   𝐷    𝐷0𝜋0,𝐷0𝛾

∗0  

Interested in leptonic 𝜏 decays: 
same final state as 𝐵 → 𝐷(∗)ℓ𝜈 

The 4 “𝐷(∗)ℓ” final state channels 
reconstructed in: 𝐵𝑠𝑖𝑔 side 

𝐵𝑡𝑎𝑔 side 

before the selections are applied 

NIMS A654: 432 (2011) 
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Signal selection and 𝑴𝒎𝒊𝒔𝒔
𝟐  disribution 

• Kinematical cuts to remove backgrounds from 
continuum and 𝑏 → 𝑢ℓ𝜈 processes 

• Interested in  −0.2 < 𝑀𝑚𝑖𝑠𝑠
2 < 8.0 𝐺𝑒𝑉2/𝑐4 

𝑀𝑚𝑖𝑠𝑠
2 = 𝑃𝑏𝑒𝑎𝑚 − 𝑃𝐵𝑡𝑎𝑔 − 𝑃𝐷 ∗ − 𝑃ℓ

2
 

𝐵 → 𝐷(∗)𝜏𝜈 Hadronic tagging 

Fit strategy 
Perform simultaneous extended ML fit for all 4 reconstruction 
channels with 12 free parameters: 
• 4 from 𝐷(∗)ℓ𝜈 signal / channel 
• 2 from 𝐷ℓ𝜈 channel’s 𝐷∗ℓ cross-feeds in 𝐷ℓ channels 
• 4 from 𝐷∗∗ℓ𝜈 BG / channel 
• 2 left are 𝑅(𝐷) & 𝑅(𝐷∗) assuming isospin symmetry 

𝜏 signal & CF shape 
similar to BGs. 

𝑫𝝉𝝂-signal 

𝑫∗∗ℓ𝝂 
Background 

𝑀𝑚𝑖𝑠𝑠 = 0.85 𝐺𝑒𝑉2/𝑐4 line 

𝐷(∗)ℓ𝜈 enhanced region 𝐷(∗)𝜏𝜈 enhanced region 

𝐹𝑖𝑡 𝑖𝑛 𝑀𝑚𝑖𝑠𝑠
2  𝐹𝑖𝑡 𝑖𝑛 𝑎 𝑁𝑁 𝑜𝑢𝑡𝑝𝑢𝑡  

𝑜𝑁𝐵,𝑡𝑟𝑎𝑓𝑜 

Validated with pseudo experiments, no bias in 
fit nor 𝑀𝑚𝑖𝑠𝑠

2  splitting. 
𝐷∗∗ℓ𝜈 background MC validated with data 
sample w/ an additional 𝜋0 from fits to  
𝑀𝑚𝑖𝑠𝑠

2  & 𝑜𝑁𝐵,𝑡𝑟𝑎𝑓𝑜’s input variables. 

MC 
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Fits 

𝐷+ℓ 

𝐷0ℓ 

𝐵 → 𝐷(∗)𝜏𝜈 Hadronic tagging 

𝑫ℓ𝝂 enhanced region 𝑫𝝉𝝂 enhanced region 

CF 

Cross-Feeds: Included in the 𝑫∗ℓ modes calculation   /   Small MC yield – broad 𝑴𝒎𝒊𝒔𝒔
𝟐  backgrounds fixed to MC  

CF 

CF 

CF 
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Fits 

𝐷∗+ℓ 

𝐷∗0ℓ 

𝐵 → 𝐷(∗)𝜏𝜈 Hadronic tagging 

𝑫ℓ𝝂 enhanced region 𝑫𝝉𝝂 enhanced region 
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RESULTS 
𝑅 𝐷 = 0.376−0.063+0.064(𝑠𝑡𝑎𝑡) ± 0.026(𝑠𝑦𝑠𝑡) 

 

𝑅 𝐷∗ = 0.283−0.037+0.039(𝑠𝑡𝑎𝑡) ± 0.015(𝑠𝑦𝑠𝑡) 
Major systematic uncertainty sources from lack of  
understanding the 𝐷∗∗ BG’s and factors (𝑓, 𝑔) used in the fit. 

Exclusion level 

Repeated with 𝑡𝑎𝑛𝛽/𝑚𝐻+ = 0.5 

The new measurement from Belle lies within the SM and BaBar result 
while is yet compatible with the 2HDM. 

𝐵 → 𝐷(∗)𝜏𝜈 Hadronic tagging 
𝑅𝑆𝑀(𝐷)~0.296(16) 
𝑅𝑆𝑀 𝐷∗ ~0.252(3) 



Closing
Belle	  has	  a	  potential	  to	  explore	  low-‐mass	  dark	  
sector,	  esp.	  below	  ~O(GeV).	  The	  first	  results	  are	  in.	  

Searches	  for	  heavy	  neutrino(s)	  have	  been	  made.	  	  

A	  new	  result	  on	  B	  -‐>	  D(*)	  τν	  is	  released.	  The	  results	  
(R,	  R*)	  lie	  between	  SM	  and	  BaBar.	  	  

• (Note) LHCb also has shown their own B -> D* τν.


