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Outline

• Introduction: how to do missing-E

• B decay modes with missing-E (Belle & BABAR)⇤

* B+ ! ⌧+⌫⌧

* B ! D(⇤)⌧+⌫⌧

* B+ ! `+⌫`

* search for heavy-⌫
* invisible B decays, e.g. B0 ! ⌫⌫̄(�)
* semi-invisible B decays, e.g. B ! h(⇤)⌫⌫̄

⇤For semileptonic decays, B ! X`+⌫`, see Bill Gary talk.
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How to study B decays with missing-E
• (Ex) B ! Xu`+⌫`, B+ ! ⌧+⌫⌧ and other exotic kinds (e.g. B0 ! ⌫⌫̄)

• hadronic tagging method
* full reconstruction of Btag in ⌥(4S) ! BsigBtag

) measure Btag, hence constraining the charge, flavor, & (E,~p) of Bsig

) very high-purity, but with low-efficiency (⇠ O(0.1%) )
* need an algorithm for improved full-reconstruction of B mesons
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Hadronic B-tagging, improved
Neurobayes M. Feindt, et al., NIM A 654, 432 (2011)

• using a neural network
• the NN output can be interpreted as Bayesian probability
• provides a well-discriminating variable for intermediate cuts, whose

behaviors are under control

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

Y. Kwon (Yonsei Univ.) Study of B decays with missing-E at B-factories BEAUTY 2014, July 14, 2014 4



B+ ! ⌧+⌫⌧
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B+ ! ⌧+⌫⌧ SM vs. new physics, e.g. H+

�SM(B+ ! `+⌫`) =
G2

FmBm2
`

8⇡

✓
1 � m2

`

m2
B

◆2

f2
B |Vub|2 (` = e, µ, ⌧)

• �(B+ ! ⌧+⌫⌧ ) can be affected by new physics effects.
For instance, with H+ of 2-Higgs doublet model (type II)

�(B+ ! ⌧+⌫⌧ ) = �SM(B+ ! ⌧+⌫⌧ ) ⇥ rH

where rH =
⇥
1 � (m2

B/m2
H) tan2 �

⇤2
W.S. Hou, PRD 48, 2342 (1993)

• First evidence for B+ ! ⌧+⌫⌧ by Belle PRL 97, 251802 (2006)

using hadronic tagging (“Full reconstruction”)
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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

• 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
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B+ ! ⌧+⌫⌧ (Belle) hadronic tagging

What’s new from the previous hadronic-tag analysis (PRL, 2006)

• Reprocessing of full Belle data set (2011)
) improved detection efficiencies of low pT tracks and neutral particles

• NBB = 771M (c.f. 449M for PRL, 2006; +72% ")

• New algorithm for hadronic tagging NIMA 654, 432 (2011)

) effectively, ⇥3 Btag sample size
• Signal extraction by 2D fit to (EECL, M2

miss)
c.f. just a 1D fit to EECL for previous result (2006)

* EECL =
P

(energies of neutral clusters, not belonging to either Btag or ⇡0 in Bsig)
* M2

miss = (ECM � EBtag � EBsig)
2 � |~pBtag + ~pBsig |2
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B+ ! ⌧+⌫⌧ (Belle) – signal extraction
• Signal ⌧ modes: ⌧+ ! e+⌫e⌫⌧ , µ+⌫µ⌫⌧ , ⇡+⌫⌧ , ⇢+⌫⌧

• ⇡0, K0
L veto – demand no ⇡0, K0

L after reconstructing Btag and Bsig

• 2D fitting to EECL & M2
miss

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

Improvement for signal extraction

signal

background

Previous analyses
(including BaBar) used 
single variable EECL

for signal extraction.

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

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

Mmiss2: missing mass squared in an event
(mass squared for neutrinos).
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B+ ! ⌧+⌫⌧ (Belle) – Result
• Simultaneous fit to different ⌧ decay modes

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

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

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

(Projection for EECL < 0.2 GeV)

signal
background

Significance: 3.0σ
(including syst)

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

arXiv:1208.4678

13

• Signal yield: 62+23
�22 ± 6 significance = 3.0� incl. systematic error

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

efficiency (7.1%).
• B(B+ ! ⌧+⌫⌧ ) =

�
0.72+0.27

�0.25 ± 0.11
�

⇥ 10�4 PRL 110, 131801 (2013)
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B+ ! ⌧+⌫⌧ (Belle) – Result
• A consistency check by fitting separately for different ⌧ modes
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Consistent results.

As a check, we fit by floating the yields for different τ modes.

Belle, τ mode independence

τ→eνν τ→μνν τ→!ν τ→ρν

Take τ→eνν, μνν, ρν cross-feeds in τ→!ν candidates as signal.
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Consistent results.

As a check, we fit by floating the yields for different τ modes.

Belle, τ mode independence

τ→eνν τ→μνν τ→!ν τ→ρν

Take τ→eνν, μνν, ρν cross-feeds in τ→!ν candidates as signal.
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5

M2
miss distributions for all the ⌧� decay modes combined.

The signal yield is 62+23
�22(stat) ± 6(syst), where the first

and second errors correspond to statistical and system-
atic uncertainties, respectively. The significance of the
signal is estimated by

�
�2 ln(L0/Lmax), where Lmax

and L0 are the maximum likelihood and the likelihood
obtained assuming zero signal yield, respectively. The
likelihoods are obtained after convolving with a Gaus-
sian distribution that corresponds to the systematic er-
ror. We obtain a significance of 3.0� including system-
atic uncertainties. The branching fraction is calculated
by B = Nsig/(2�NB+B�), where Nsig is the signal yield,
� is the e�ciency, and NB+B� is the number of B+B�

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

B(B� ! ⌧�⌫̄⌧ ) = [0.72+0.27
�0.25(stat) ± 0.11(syst)] ⇥ 10�4.

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

combined for all the ⌧� decays. The M2
miss distribution is

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

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

while floating the yield for each of the four ⌧� decay
modes. The resulting yields, as well as the e�ciencies and
the branching fractions, are listed in Table I. We include
the e�⌫̄e⌫⌧ , µ�⌫̄µ⌫⌧ , and ⇡�⇡0⌫⌧ cross-feeds in the ⇡�⌫⌧

candidate events in the e�⌫̄e⌫⌧ , µ�⌫̄µ⌫⌧ , and ⇡�⇡0⌫⌧ sig-

nal yields. The branching fractions are in good agreement
between di�erent ⌧� decays. We also check the result af-
ter removing the K0

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

and B(B� ! ⌧�⌫̄⌧ ) = [0.65+0.27
�0.25(stat)] ⇥ 10�4. These

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

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

TABLE I: Results of the fit for B� ! ⌧�⌫̄⌧ yields (Nsig),
detection e�ciencies (�), and branching fractions (B). The
e�ciencies include the branching fractions of the ⌧� decay
modes. The errors for Nsig and B are statistical only.

Sub-mode Nsig � (10�4) B (10�4)
⌧� ! e�⌫̄e⌫⌧ 16+11

�9 3.0 0.68+0.49
�0.41

⌧� ! µ�⌫̄µ⌫⌧ 26+15
�14 3.1 1.06+0.63

�0.58

⌧� ! ⇡�⌫⌧ 8+10
�8 1.8 0.57+0.70

�0.59

⌧� ! ⇡�⇡0⌫⌧ 14+19
�16 3.4 0.52+0.72

�0.62

Combined 62+23
�22 11.2 0.72+0.27

�0.25

Systematic errors for the measured branching fraction
are associated with the uncertainties in the signal yield,
the e�ciencies, and the number of B+B� pairs. The sys-
tematic error from MC statistics of the PDF histograms
is evaluated by varying the content of each bin by its
statistical uncertainty. To estimate the systematic er-
ror due to the possible signal EECL shape di�erence be-
tween MC and data, the ratio of data to MC for the
EECL histograms of the B� ! D⇤0`�⌫̄` sample is fit-
ted with a first-order polynomial and the signal EECL

PDF is modified within the fitted errors. The uncertain-
ties for the branching fractions of B decays that peak
near zero EECL are estimated by changing the branch-
ing fractions in MC by their experimental errors [17] if
available, or by ±50% otherwise. To estimate the uncer-
tainty associated with the Btag e�ciency for the signal,
B(B� ! D⇤0`�⌫̄`) obtained from the B� ! D⇤0`�⌫̄`

sample is compared to the world average value [17]. The
results are consistent and the uncertainty of the measure-
ment is assigned as the systematic error. The uncertainty
for the fraction of the correctly reconstructed Btag in the
background is obtained by changing the fractions by er-
rors obtained from the EECL sideband sample. The sys-
tematic errors in the signal-side e�ciencies arise from the
uncertainty in tracking e�ciency, particle identification
e�ciency, branching fractions of ⌧� decays, reconstruc-
tion e�ciency of ⇡0, and MC statistics. The systematic
uncertainty related to the K0

L veto e�ciency is estimated
from the statistical uncertainties of the D0 ! �K0

S con-
trol sample and the fraction of events with K0

L candidates
in the B� ! D⇤0`�⌫̄` sample. The total systematic er-
ror is calculated by summing the above uncertainties in

Consistent results over 
different τ modes!
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B+ ! ⌧+⌫⌧ (BABAR)

• Hadronic tagging analysis is updated
with NBB = 468 ⇥ 106

• Signal ⌧ modes:
⌧+ ! e+⌫e⌫⌧ , µ+⌫µ⌫⌧ , ⇡+⌫⌧ , ⇢+⌫⌧

• Mode-dependent, optimized selection
criteria

5

The signal-side ⌧ lepton is reconstructed in four de-
cay modes: ⌧+ ! e+⌫⌫̄, ⌧+ ! µ+⌫⌫̄, ⌧+ ! ⇡+⌫, and
⌧+ ! ⇢+⌫, totaling approximately 70% of all ⌧ decays.
We separate the event sample into four categories using
particle identification criteria applied to the signal track
(e+, µ+, and ⇡+). The ⌧+ ! ⇢+⌫ sample is obtained by
associating the signal track ⇡+ with a ⇡0 reconstructed
from a pair of neutral clusters with an invariant mass
between 115 MeV/c2 and 155 MeV/c2.

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

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

P
neut ~pi, where ~pCM is

the total momentum of the beams, ~ptagB is the recon-
structed momentum of the tag-B, and ~ptrk is the recon-
structed track momentum, and the sum is extended on
all the neutral candidates reconstructed in the calorime-
ter not assigned to the tag-B. For the ⌧+ ! ⇡+⌫ mode,
we combine p⇤

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

LP =
LS(p⇤

trk, cos �miss)

(LS(p⇤
trk, cos �miss) + LB(p⇤

trk, cos �miss))
, (2)

where the signal (S) and background (B) likeli-
hoods have been obtained from the product of
the PDFs of the two discriminating variables:
LS(p⇤

trk, cos �miss) = PS(p⇤
trk)PS(cos �miss) and

LB(p⇤
trk, cos �miss) = PB(p⇤

trk)PB(cos �miss). Sim-
ilarly, for the ⌧+ ! ⇢+⌫ mode we combine four
discriminating variables in the likelihood ratio LP :
cos �miss, the invariant mass of the ⇡0 candidate, the
⇢+ candidate momentum, and the invariant mass of
the ⇡+⇡0 pair used to make the ⇢+ candidate. The
PDFs used in the likelihood ratio for the signal and
background are determined from signal and B+B� MC
samples, respectively.

The most powerful discriminating variable is Eextra,
defined as the sum of the energies of the neutral clus-
ters not associated with the tag-B or with the signal ⇡0

from the ⌧+ ! ⇢+⌫ mode, and passing a minimum en-
ergy requirement (60 MeV). Signal events tend to peak
at low Eextra. Background events, which contain addi-

tional sources of neutral clusters, tend to be distributed
at higher values. The signal region in data is kept blind
until the end of the analysis chain when we extract the
signal yield, meaning that we do not use events in data
with Eextra < 400 MeV during the selection optimization
procedure and for the evaluation of background shapes.

We optimize the selection requirements, including
those on the purity P of the tag-B and the minimum
energy of the neutral clusters, minimizing the expected
uncertainty in the branching fraction fit. In order to es-
timate the uncertainty, which includes the statistical and
the dominant systematic sources, we run 1000 MC simu-
lated pseudo experiments extracted from the background
and signal expected Eextra distributions for a set of pos-
sible selection requirements, assuming a signal branching
fraction of 1.8 ⇥ 10�4 [8].

Table II summarizes the signal selection requirements
and Fig. 2 shows the Eextra distribution with all the selec-
tion requirements applied. The background events popu-
lating the low Eextra region are mostly semileptonic B de-
cays for the leptonic modes. For the ⌧+ ! ⇡+⌫ mode the
background is composed mostly of charmless hadronic B
decays and semileptonic B decays with a muon in the
final state. For the ⌧+ ! ⇢+⌫ mode the backgrounds are
charmed hadronic B decays, semileptonic B decays with
a muon in the final state and a small fraction with a ⌧ .

TABLE II: Optimized signal selection criteria for each ⌧
mode.

Variable e+ µ+ ⇡+ �+

P > 10%
Cluster energy ( MeV) > 60
R2 < 0.57 < 0.56 < 0.56 < 0.51
| cos �TB | < 0.95 < 0.90 < 0.65 < 0.8
LP > 0.30 > 0.45

We use an extended unbinned maximum likelihood fit
to the measured Eextra distribution to extract the B+ !
⌧+⌫ branching fraction. The likelihood function for the
Nk candidates reconstructed in one of the four ⌧ decay
modes k is

Lk =
e�(ns,k+nb,k)

Nk!

Nk�

i=1

�
ns,kPs

k(Ei,k) + nb,kPb
k(Ei,k)

�
,

(3)
where ns,k is the signal yield, nb,k is the background yield,
Ei,k is the Eextra value of the ith event, Ps

k is the PDF of
signal events, and Pb

k is the PDF of background events.
The background yields in each decay mode are permitted
to float independently of each other in the fit, while the
signal yields are constrained to a single branching ratio
via the relation:

ns,k = NBB ⇥ �k ⇥ B (4)

where �k is the reconstruction e�ciency of a particular
⌧ decay mode, and B is the B+ ! ⌧+⌫ branching frac-
tion. The parameters NBB and �k are fixed in the fit
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TABLE I: Published results for B+ ! ⌧+⌫ from BABAR and
Belle collaborations.

Experiment Tag Branching Fraction (⇥10�4)

BABAR hadronic [8] 1.8+0.9
�0.8 ± 0.4 ± 0.2

BABAR semileptonic [9] 1.7 ± 0.8 ± 0.2

Belle hadronic [10] 1.79+0.56
�0.49

+0.46
�0.51

Belle semileptonic [11] 1.54+0.38
�0.37

+0.29
�0.31

BB decays (NBB). The detector is described in detail
elsewhere [12]. Charged particle trajectories are mea-
sured in the tracking system composed of a five-layer
double-sided silicon vertex tracker and a 40-layer drift
chamber, operating in a 1.5 T solenoidal magnetic field.
A Cherenkov detector is used for charged ⇡–K discrimi-
nation, a CsI calorimeter for photon and electron identifi-
cation, and the flux return of the solenoid, which consists
of layers of iron interspersed with resistive plate chambers
or limited streamer tubes, for muon and neutral hadron
identification.

We use a Monte Carlo (MC) simulation based on
GEANT4 [13] to estimate signal selection e�ciencies and to
study backgrounds. In MC simulated signal events, one
B+ meson decays as B+ ! ⌧+⌫ and the other decays in
any final state. The BB and continuum MC samples are
equivalent to approximately 3 times and 1.5 times the
data sample, respectively. Beam-related background and
detector noise are sampled from data and overlaid on the
simulated events.

We reconstruct an exclusive decay of one of the B
mesons in the event (which we refer to as the tag-B)
and examine the rest of the event for the experimen-
tal signature of B+ ! ⌧+⌫. The tag-B reconstruction
can be performed by looking at both hadronic B decays
and semileptonic B decays. Published results from both
BABAR and Belle are summarized in Table I.

We reconstruct the tag-B candidate in the set of
hadronic decays B� ! M0X�, where M0 denotes a
D(⇤)0 or a J/� , and X� denotes a system of hadrons
with total charge �1 composed of n1⇡±, n2K±, n3⇡0,
n4K0

S where n1 + n2 � 5, n2, n3 and n4 � 2. We recon-
struct the D0 as D0 ! K�⇡+, K�⇡+⇡0, K�⇡+⇡�⇡+,
K0

S⇡0, K0
S⇡+⇡�, K0

S⇡+⇡�⇡0, K+K�, or ⇡+⇡�. We
reconstruct the D⇤0 meson as D⇤0 ! D0⇡0, D0�, and
the J/� meson via their decays J/� ! e+e�, µ+µ�.
Two kinematic variables are used to discriminate be-
tween correctly reconstructed tag-B candidates and mis-
reconstructed events: the beam energy-substituted mass
mES �

�
s/4 � p2

B, and the energy di�erence �E �
EB �

�
s/2, where

�
s is the total energy in the � (4S)

center-of-mass system (CM) and pB and EB respectively
denote the momentum and the energy of the tag-B can-
didate in the CM. The resolution on �E is measured to
be ��E = 10 � 35 MeV, depending on the decay mode;
we require |�E| < 3��E . Events with a tag-B can-
didate arise from two possible classes with di�erent mES

distributions. One class includes signal events with a cor-
rectly reconstructed tag-B, and background events from
� (4S) ! B+B� with a correctly reconstructed tag-B.
All these events are characterized by an mES distribution
peaked at the nominal B mass(signal and peaking back-
ground). The other classes of events consist of continuum
background, e+e� ! qq (q = u, ,. s, )̧ and e+e� ! ⌧+⌧�,

and combinatorial background, � (4S) ! B0B0 or B+B�

in which the tag-B is misreconstructed. These events are
characterized by a smooth mES distribution.

If multiple tag-B candidates are reconstructed in the
event, we select the one with the lowest value of |�E|. Af-
ter the reconstruction of the tag-B, we require the pres-
ence of only one well-reconstructed track (signal track),
with charge opposite to that of the tag-B. The pu-
rity P of each reconstructed tag-B decay mode is esti-
mated as the ratio of the number of peaking events with
mES > 5.27 GeV to the total number of events in the
same range. The yield in data is determined by means
of an extended unbinned maximum likelihood fit to the
mES distribution, as shown in Fig. 1. We use a phe-
nomenologically motivated threshold function (ARGUS
function [14]) as probability density function (PDF) to
describe the continuum and combinatorial background
components in the fit, while for the correctly recon-
structed tag-B component we use a Gaussian distribu-
tion plus an exponential tail for the PDF (Crystal Ball
function) [15]. We use only events with the tag-B recon-
structed in decay modes with P > 0.1. Combinatorial
and continuum background distributions in any discrim-
inating variable are estimated from a sideband in mES

(5.209 GeV < mES < 5.260 GeV) and are extrapolated
into the signal region (mES > 5.270 GeV) using the re-
sults of a fit to an ARGUS function. The peaking B+B�

background shape is determined from B+B� MC, after
subtraction of the combinatorial component to avoid dou-
ble counting.

FIG. 1: Fit to the mES distribution in data. Dots are data,
the upper curve is the global fit result and the lower curve rep-
resents the fitted combinatorial and continuum background.
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B+ ! ⌧+⌫⌧ (BABAR) – Result
• Signal extraction via Eextra (= EECL)

Nsignal = 62.1 ± 17.3 events
from simultaneous fit to the four ⌧ modes

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

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

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

7

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

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

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

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

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

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

combined 62.1 ± 17.3 1.83+0.53
�0.49

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

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

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

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

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

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

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

decays and semileptonic B decays with a muon in the final
state. For the !þ ! "þ# mode the backgrounds are
charmed hadronic B decays, semileptonic B decays with
a muon in the final state and a small fraction with a !.

We use an extended unbinned maximum likelihood fit to
the measured Eextra distribution to extract the Bþ ! !þ#
branching fraction. The likelihood function for the Nk

candidates selected in one of the four reconstructed !
decay modes k is

Lk ¼
e#ðns;kþnb;kÞ

Nk!

YNk

i¼1

fns;kP s
kðEi;kÞ þ nb;kP b

kðEi;kÞg; (3)

where ns;k is the signal yield, nb;k is the background yield,
Ei;k is the Eextra value of the i th event, P s

k is the PDF of
signal events, and P b

k is the PDF of background events.
The background yields in each decay mode are permitted
to float independently of each other in the fit, while the
signal yields are constrained to a single branching ratio via
the relation

ns;k ¼ NB !B & $k &B; (4)

where $k is the reconstruction efficiency of the signal
Bþ ! !þ# decay in the k reconstructed ! decay mode,
and B is the Bþ ! !þ# branching fraction. The parame-
ters NB !B and $k are fixed in the fit while B is allowed to
vary. The reconstruction efficiencies $k, which include
signal cross-feeds among ! reconstruction modes and !
branching fractions, are obtained from MC-simulated sig-
nal events (see Table III). Since the tag-B reconstruction
efficiency is included in $k and is estimated from the signal
MC, we apply a correction factor of Rdata=MC ¼ 0:926'
0:010 to take into account data/MC differences. This is
derived from the ratio of the peaking component of themES

distribution for the hadronic tag-B in data and in MC
simulated events.
The signal PDF is an histogram obtained from a high

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

TABLE III. Reconstruction efficiency $k, measured branching
fractions, and statistical uncertainty obtained from the fit with all
the modes separately and constrained to the same branching
fraction. The ! decay mode branching fractions are included in
the efficiencies.

Decay mode $kð&10#4Þ Signal yield Bð&10#4Þ
!þ ! eþ# !# 2:47' 0:14 4:1' 9:1 0:35þ0:84

#0:73

!þ ! %þ# !# 2:45' 0:14 12:9' 9:7 1:12þ0:90
#0:78

!þ ! &þ# 0:98' 0:14 17:1' 6:2 3:69þ1:42
#1:22

!þ ! "þ# 1:35' 0:11 24:0' 10:0 3:78þ1:65
#1:45

Combined 62:1' 17:3 1:83þ0:53
#0:49
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FIG. 2 (color online). Eextra distribution in data (points with
error bars) with all selection requirements applied and fit results
overlaid. The hatched histogram is the background and the
dashed component is the best-fit signal excess distribution.
Plot (a) shows all ! decay modes fitted simultaneously. Lower
plots show the projection of the simultaneous fit result on the
four analyzed ! decay modes: (b) !þ ! eþ# !#, (c) !þ ! %þ# !#,
(d) !þ ! &þ#, (e) !þ ! "þ#.
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B+ ! ⌧+⌫⌧ Belle/BABAR comparison

0 0.5 1 1.5 2 2.5 3

Belle

BaBar

B = [1.54+0.38
�0.37(stat)+0.29

�0.31(syst)] ⇥ 10�4

Hadronic tag

Semileptonic tag
B = [1.7 ± 0.8(stat) ± 0.2(syst)] ⇥ 10�4

Belle

BaBar

B = [0.72+0.27
�0.25(stat) ± 0.11(syst)] ⇥ 10�4

B = [1.83+0.53
�0.49(stat) ± 0.24(syst)] ⇥ 10�4

Comparison of the results

Belle combined: B = (0.96 ± 0.26) x 10!4

BaBar combined: B = (1.79 ± 0.48) x 10!4

Consistent with a SM expectation B = (1.10 ± 0.30) x 10!4 based on

• fB = (190 ± 13) MeV from HPQCD, PRD80, 014503 (2009),

• |Vub| = (4.15 ± 0.49) x 10!3 from PDG 2012 (b→ulν transitions).

18

Belle combined: B(B+ ! ⌧+⌫⌧ ) = (0.96 ± 0.26) ⇥ 10�4

BaBar combined: B(B+ ! ⌧+⌫⌧ ) = (1.79 ± 0.48) ⇥ 10�4

• Belle vs. BaBar – consistent within ⇠ 1.5�

• The results are consistent with BSM = (1.10 ± 0.30) ⇥ 10�4, which is based on

* fB = (190 ± 13) MeV from HPQCD, PRD 80, 014503 (2009)
* |Vub| = (4.15 ± 0.49) ⇥ 10�3 from PDG 2012 (via B ! Xu`⌫, incl.+excl.)
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B+ ! ⌧+⌫⌧ Belle/BABAR comparison

Comparison with CKM fit prediction
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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

)2 Mass (GeV/c!H
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B ! D(⇤)⌧+⌫⌧

• B ! D(⇤)⌧+⌫⌧ addresses similar NP issues
with B+ ! ⌧+⌫⌧ .

• 9 a tendency:

R(D(⇤)) =
B(B ! D(⇤)⌧+⌫⌧ )

B(B ! D(⇤)`+⌫`)

> RSM(D(⇤))

• PRL 109, 101802 (2012) BaBar
(R(D), R(D⇤)) 6= (R(D), R(D⇤))SM by 3.4�.

• Existing Belle results (PRL 2007, PRD 2010)
show similar tendency, but not as significant.

• Belle is finalizing the measurement of
B ! D(⇤)

⌧+⌫⌧ with hadronic B-tagging, but
not ready yet. Please stay tuned!

X. CONCLUSIONS

In summary, we have measured the ratios RðDð"ÞÞ ¼
Bð !B ! Dð"Þ!% !"!Þ=Bð !B ! Dð"Þ‘% !"‘Þ based on the full
BABAR data sample, resulting in

RðDÞ ¼ 0:440& 0:058& 0:042;

RðD"Þ ¼ 0:332& 0:024& 0:018;

where the first uncertainty is statistical and the second
is systematic. These results supersede the previous
BABAR measurements [14]. Improvements of the event
selection have increased the reconstruction efficiency of
signal events by more than a factor of 3, and the overall
statistical uncertainty has been reduced by more than a
factor of 2.

Table X shows the results of previous !B ! Dð"Þ!% !"!

analyses. In 2007 and 2010, the Belle collaboration
measured the absolute !B ! Dð"Þ!% !"! branching frac-
tions which we translate to RðDð"ÞÞ with BðB%!
D0‘% !"‘Þ¼ð2:26&0:11Þ% [12] and BðB0!D"þ‘% !"‘Þ¼
ð4:59&0:26Þ% [48]. For the translation of RðD"Þ, we
choose Belle’s measurement of the branching fraction,
instead of the world average, because of the current
large spread of measured values. For Belle 2009, we
average the results for B0 and B% decays.

The values measured in this analysis are compatible
with those measured by the Belle Collaboration, as illus-
trated in Fig. 24.

The results presented here exceed the SM predictions
of RðDÞSM ¼ 0:297& 0:017 and RðD"ÞSM ¼ 0:252&
0:003 by 2:0# and 2:7#, respectively. The combined
significance of this disagreement, including the negative
correlation between RðDÞ and RðD"Þ, is 3:4#. Together
with the measurements by the Belle Collaboration, which
also exceed the SM expectations, this could be an indica-
tion of NP processes affecting !B ! Dð"Þ!% !"! decays.

These results are not compatible with a charged Higgs
boson in the type II 2HDM, and, together with B ! Xs$
measurements, exclude this model in the full tan%-mH&

parameter space. More general charged Higgs models, or
NP contributions with nonzero spin, are compatible with
the measurements presented here.

An analysis of the efficiency corrected q2 spectra of
!B ! D!% !"! and !B ! D"!% !"! decays shows good agree-
ment with the SM expectations, within the estimated
uncertainties. The combination of the measured values of

RðDð"ÞÞ and the q2 spectra exclude a significant portion
of the type III 2HDM parameter space. Charged Higgs
contributions with small scalar terms, jSR þ SLj< 1:4,
are compatible with the measured RðDð"ÞÞ and q2 distri-
butions, but NP contributions with spin 1 are favored
by data.

ACKNOWLEDGMENTS

The concept for this analysis is to a large degree
based on earlier BABAR work and we acknowledge
the guidance provided by M. Mazur. The authors con-
sulted with theorists A. Datta, S. Westhoff, S. Fajfer, J.
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FIG. 24 (color online). Comparison of the previous measure-
ments of RðDð"ÞÞ with statistical and total uncertainties
(Table X) with this measurement (BABAR 2012). The vertical
bands represent the average of the previous measurements (light
shading) and SM predictions (dark shading), separately for
RðDÞ and RðD"Þ. The widths of the bands represents the
uncertainties.

TABLE X. Previous measurements of RðDð"ÞÞ.

Measurement RðDÞ RðD"Þ
Belle 2007 [13] ( ( ( 0:44& 0:08& 0:08
BABAR 2008 [14] 0:42& 0:12& 0:05 0:30& 0:06& 0:02
Belle 2009 [15] 0:59& 0:14& 0:08 0:47& 0:08& 0:06
Belle 2010 [16] 0:34& 0:10& 0:06 0:43& 0:06& 0:06
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B ! D(⇤)⌧+⌫⌧
• BaBar obtains signal yield by fitting (M2

miss, p⇤
` ).
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47bDipartimento di Scienze Fisiche, Università di Napoli Federico II, I-80126 Napoli, Italy

48National Institute for Nuclear Physics and High Energy Physics, NIKHEF, NL-1009 DB Amsterdam, Netherlands
49University of Notre Dame, Notre Dame, Indiana 46556, USA

50Ohio State University, Columbus, Ohio 43210, USA
51University of Oregon, Eugene, Oregon 97403, USA
52aINFN Sezione di Padova, I-35131 Padova, Italy

52bDipartimento di Fisica, Università di Padova, I-35131 Padova, Italy
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(iii) The continuum, B !B, and D!!ð‘=!Þ" background
corrections are recalculated. They have a slight
dependence on the fitted Dð!Þ‘" events because
some of these events extend into the mES sideband.

(iv) The correction to the m2
miss resolution of the nor-

malization contributions is readjusted.
(v) The two feed-down constraints for D!!" are

updated using the fitted feed-down constraints for
the normalization contributions in the following way:

ND!!")D‘

ND!!")D!‘

!!!!!!!!Iter
¼ ND!!")D‘

ND!!")D!‘

!!!!!!!!MC

% ND!‘")D‘

ND!‘")D!‘

!!!!!!!!Fit

ND!‘")D!‘

ND!‘")D‘

!!!!!!!!MC
:

(28)

The iterations continue until the change on the values of
RðDð!ÞÞ is less than 0.01%. The update of the feed-down
rates has a significant impact on the fits to the D0 and Dþ

samples because of the large signal feed-down. The other
iterative updates have only a marginal impact.

B. Probability density functions and validation

The fit relies on 56 PDFs, which are derived from MC
samples of continuum and B !B events equivalent to 2 and 9
times the size of the data sample, respectively. The two-
dimensional m2

miss-jp!
‘j distributions for each of the 56

contributions to the fit are described by smooth nonpara-
metric kernel estimators [36]. These estimators enter a
two-dimensional Gaussian function centered at the m2

miss
and jp!

‘j values of each simulated event. The width of the
Gaussian function determines the smoothness of the PDF.
We find the optimum level of global smoothing with a
cross-validation algorithm [37]. For PDFs that have varia-
tions in shape that require more than one level of smooth-
ing, we combine estimators with different Gaussian widths
in up to four areas in the m2

miss-jp!
‘j space. For instance, we

use different levels of smoothing in the D!0‘" ) D!0‘
contribution for the narrow peak at m2

miss ¼ 0 and the
smoothm2

miss tail that extends up to 7 GeV2. Figure 6 shows
one-dimensional projections of five two-dimensional PDFs.
The bands indicate the statistical uncertainty on the PDFs
estimated with a bootstrap algorithm [37].
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FIG. 7 (color online). Comparison of the m2
miss and jp!

‘j distributions of the Dð!Þ‘ samples (data points) with the projections of the
results of the isospin-unconstrained fit (stacked colored distributions). The jp!

‘j distributions show the normalization-enriched region
with m2

miss < 1 GeV2, thus excluding most of the signal events in these samples.
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The m2
miss distributions of signal and normalization are

very distinct due to the different number of neutrinos in the
final state. The m2

miss distributions of the backgrounds
resemble those of the signal, and therefore these contribu-

tions to the fit are either fixed or constrained by theDð"Þ!0‘
samples.

To validate the PDFs and the fit procedure, we divide the
large sample of simulated B !B events into two: sample A
with about 3:3$ 109 B !B events, and sample B with
9:4$ 108 B !B events. We determine the PDFs with sample
A, and create histograms by integrating the PDFs in bins of
their m2

miss and jp"
‘j projections. We compare the resulting

histograms with the events in sample A, and derive a "2

based on the statistical significance of the difference for
each bin. The distribution of the corresponding p values for
these PDFs is uniform, as expected for an unbiased
estimation. As another test, we extract the signal and
normalization yields from fits to the events of sample B,
using the PDFs obtained from sample A. Again, the results
are compatible with an unbiased fit. Furthermore, we

validate the fit procedure based on a large number of
pseudoexperiments generated from these PDFs. Fits to
these samples also show no bias in the extracted signal
and normalization yields.

C. Fit results

Figures 7 and 8 show them2
miss and jp"

‘j projections of the
fits to the Dð"Þ‘ samples. In Fig. 7, the jp"

‘j projections do
not include events with m2

miss > 1 GeV2, i.e., most of the
signal events. In Fig. 8, the vertical scale is enlarged and the
horizontal axis is extended for them2

miss projection to reveal
the signal and background contributions. The jp"

‘j projec-
tions emphasize the signal events by excluding events with
m2

miss < 1 GeV2. Both figures demonstrate that the fit
describes the data well and the observed differences are
consistent with the statistical and systematic uncertainties
on the PDFs and the background contributions.
Figure 9 shows the m2

miss and jp"
‘j projections of the fit

to the four Dð"Þ!0‘ samples. The narrow m2
miss peak is
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FIG. 8 (color online). Comparison of the m2
miss and jp"

‘j distributions of the Dð"Þ‘ samples (data points) with the projections of the
results of the isospin-unconstrained fit (stacked colored distributions). The region above the dashed line of the background component
corresponds to B !B background and the region below corresponds to continuum. The peak atm2

miss ¼ 0 in the background component is
due to charge cross-feed events. The jp"

‘j distributions show the signal-enriched region with m2
miss & 1 GeV2, thus excluding most of

the normalization events in these samples.
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m2
miss < 1 GeV2 m2

miss � 1 GeV2

(iii) The continuum, B !B, and D!!ð‘=!Þ" background
corrections are recalculated. They have a slight
dependence on the fitted Dð!Þ‘" events because
some of these events extend into the mES sideband.

(iv) The correction to the m2
miss resolution of the nor-

malization contributions is readjusted.
(v) The two feed-down constraints for D!!" are

updated using the fitted feed-down constraints for
the normalization contributions in the following way:

ND!!")D‘

ND!!")D!‘

!!!!!!!!Iter
¼ ND!!")D‘

ND!!")D!‘

!!!!!!!!MC

% ND!‘")D‘

ND!‘")D!‘

!!!!!!!!Fit

ND!‘")D!‘

ND!‘")D‘

!!!!!!!!MC
:

(28)

The iterations continue until the change on the values of
RðDð!ÞÞ is less than 0.01%. The update of the feed-down
rates has a significant impact on the fits to the D0 and Dþ

samples because of the large signal feed-down. The other
iterative updates have only a marginal impact.

B. Probability density functions and validation

The fit relies on 56 PDFs, which are derived from MC
samples of continuum and B !B events equivalent to 2 and 9
times the size of the data sample, respectively. The two-
dimensional m2

miss-jp!
‘j distributions for each of the 56

contributions to the fit are described by smooth nonpara-
metric kernel estimators [36]. These estimators enter a
two-dimensional Gaussian function centered at the m2

miss
and jp!

‘j values of each simulated event. The width of the
Gaussian function determines the smoothness of the PDF.
We find the optimum level of global smoothing with a
cross-validation algorithm [37]. For PDFs that have varia-
tions in shape that require more than one level of smooth-
ing, we combine estimators with different Gaussian widths
in up to four areas in the m2

miss-jp!
‘j space. For instance, we

use different levels of smoothing in the D!0‘" ) D!0‘
contribution for the narrow peak at m2

miss ¼ 0 and the
smoothm2

miss tail that extends up to 7 GeV2. Figure 6 shows
one-dimensional projections of five two-dimensional PDFs.
The bands indicate the statistical uncertainty on the PDFs
estimated with a bootstrap algorithm [37].
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FIG. 7 (color online). Comparison of the m2
miss and jp!

‘j distributions of the Dð!Þ‘ samples (data points) with the projections of the
results of the isospin-unconstrained fit (stacked colored distributions). The jp!

‘j distributions show the normalization-enriched region
with m2

miss < 1 GeV2, thus excluding most of the signal events in these samples.
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B+ ! ⌧+⌫⌧ compared with B ! D(⇤)⌧+⌫⌧
B+ ! ⌧+⌫⌧ compared with B ! D(⇤)⌧+⌫⌧

Comparison with B→D(*)τν

B→τν, Dτν, and D*τν prefer 
different regions of tanβ/mH.

Compare constraints on tanβ/mH assuming Type II.

BaBar, arXiv:1205.5442
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B+ ! ⌧+⌫⌧ compared with B ! D(⇤)⌧+⌫⌧

Comparison with B→D(*)τν

B→τν, Dτν, and D*τν prefer 
different regions of tanβ/mH.

Compare constraints on tanβ/mH assuming Type II.

BaBar, arXiv:1205.5442
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• B+ ! ⌧+⌫⌧ , D ⌧+⌫⌧ , & D⇤ ⌧+⌫⌧ prefer
different regions of tan �/mH

) stay tuned for Belle’s update on
B ! D(⇤)⌧⌫

• Is Type-II disfavored? ...
We’ll need further studies.

Note: Belle regions correspond to ±2�, while BaBar regions are for ±1�.Y. Kwon (Yonsei Univ.) Study of B decays with missing-E at B-factories BEAUTY 2014, July 14, 2014 19



Search for B+ ! `+⌫`Search for B+ ! `+⌫`

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

`

�(B+ ! e+⌫) � �(B+ ! µ+⌫) � �(B+ ! ⌧+⌫)

Y. Kwon (Yonsei Univ.) Study of B decays with missing-E at B-factories BEAUTY 2014, July 14, 2014 20
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B+ ! `+⌫` tagged vs. untagged

Y. Kwon (Yonsei Univ.) Study of B decays with missing-E at B-factories BEAUTY 2014, July 14, 2014 21



Why ‘tagged’ for B+ ! `+⌫`?
• The two extremes of  reconstruction. 

• A simple depiction with 𝑩ା → ℓ𝓁ା𝝂ℓ𝓁 search. 

Saga-Yonsei Workshop on High Energy Physics: Jan. 14th, 2014 9 

An example: the two extremes 

<Untagged Reconstruction> <Hadronic Tag. Reconstruction> 

- The  signal  lepton  candidate’s  momentum  in  𝑩𝒔𝒊𝒈 rest frame. - 

untagged fullArecon.#taggedBELLE BELLE

PLB 2007

• 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.) Study of B decays with missing-E at B-factories BEAUTY 2014, July 14, 2014 22



Why ‘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 (or Belle II) 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.) Study of B decays with missing-E at B-factories BEAUTY 2014, July 14, 2014 23



B+ ! `+⌫` results (Belle)
TABLE I: Results of the B+ ! `+⌫ search. �s is the signal selection e�ciency, Nobs is the number of

events observed, Nbkg
exp is the expected yield of background events in the signal region, and B90 is the

upper limit of the branching fraction at 90% C.L.

Mode �s [%] Nobs Nbkg
exp B90

B+ ! e+⌫ 0.086 0 0.10 ± 0.04 < 3.4 ⇥ 10�6

B+ ! µ+⌫ 0.102 0 0.26+0.09
�0.08 < 2.7 ⇥ 10�6

and pB
` shape.

From the lepton identification e�ciency, we obtain 1% uncertainty for both B+ ! e+⌫
and B+ ! µ+⌫ searches. The uncertainty due to signal MC statistics is 1.4% for B+ !
e+⌫ and 1.3% for B+ ! µ+⌫. Track finding contributes a 0.35% uncertainty. The �tag

correction includes the statistical uncertainty, the branching fraction uncertainty of signal
side B+ ! D̄(⇤)0`+⌫` decays, and the particle identification uncertainty of particles used
to reconstruct the D(⇤)0 mesons, resulting in a 4.2% uncertainty.
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FIG. 1: The pB
� distributions of the B+ ! D̄0⇡+ control sample study. The points with error bars

indicate the background subtracted data and the black histogram shows the MC distribution. The region

between the two dashed lines represents the pB
� selection region for the control sample study.

To account for the di�erence of pB
` shapes in the signal MC and the data sample,

we study B+ ! D̄0�+ decays as a control sample. The control sample is similar to
our signal decay since it is also a two-body decay of a B+ meson. The D̄0 meson is
identified in the D̄0 ! K+�� and D̄0 ! K+���+�� decay channels. We follow the same
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FIG. 2: The unbinned maximum likelihood fits of the total background PDF to data. The upper
plot is for the B+ ! e+⌫ search and the lower plot is for the B+ ! µ+⌫ search. The points with
error bars are the experimental data, where the error bars correspond to ±1� Poisson confidence
intervals. The dashed blue line shows the background PDF in the sideband region and the dotted
red line in the signal region. The distribution of signal MC, displayed as the black histogram,
is scaled by 106 and 40 times the SM expectation for B+ ! e+⌫ and B+ ! µ+⌫, respectively.
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V. Chekelian,35 A. Chen,42 B. G. Cheon,10 K. Chilikin,22 R. Chistov,22 K. Cho,28
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This mechanism allows one to produce light neutralinos via a strong interaction
process and is analogous to the production of neutrino beams via �’s and K’s
(and D’s). A related mechanism was discussed in the context of the Karmen time
anomaly [18, 21].

For later reference we present the experimental bounds on the ��
i13 at 2 � [3, 19]
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3 Quantitative Analysis

As discussed by the NuTeV experiment, the mass of the N0 is roughly 5 GeV. The con-
straints on a very light neutralino were discussed in detail in Ref. [18]. We expect them
to mainly carry over to the present mass region [22]. In order to get a M�0

1
= O(5 GeV)

neutralino and avoid the LEP bounds we must consider the case, where the electroweak
gaugino masses M1, M2 are independent parameters. In Fig. 3 we show the MSSM pa-
rameter space which corresponds to M�0

1
= (5 ± 0.5) GeV for two values of tan� and

sgn µ. The composition of the neutralino is more than 99% bino, provided the lightest
chargino mass is greater than 100 GeV.

The dominant bino-nature of the LSP has immediate implications for pair production
of neutralinos. The bino does not couple to the Z0 boson and thus the s-channel pair-
production of the bino is negligible. This only leaves the t-channel production which is
proportional to M�4

q̃ and thus strongly suppressed. We shall quantify this below.
In both cases neutralino production is followed by the decay. The matrix elements

for the decay via /Rp were given in [11, 23]. As the neutralino in our model will be
much lighter than the sleptons (M˜̀ � 90 GeV from LEP) it is su�cient to neglect the
momentum flow through the slepton propagators. For a purely bino neutralino in this
limit the spin averaged matrix element is given by
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As discussed by the NuTeV experiment, the mass of the N0 is roughly 5 GeV. The con-
straints on a very light neutralino were discussed in detail in Ref. [18]. We expect them
to mainly carry over to the present mass region [22]. In order to get a M�0

1
= O(5 GeV)

neutralino and avoid the LEP bounds we must consider the case, where the electroweak
gaugino masses M1, M2 are independent parameters. In Fig. 3 we show the MSSM pa-
rameter space which corresponds to M�0

1
= (5 ± 0.5) GeV for two values of tan� and

sgn µ. The composition of the neutralino is more than 99% bino, provided the lightest
chargino mass is greater than 100 GeV.

The dominant bino-nature of the LSP has immediate implications for pair production
of neutralinos. The bino does not couple to the Z0 boson and thus the s-channel pair-
production of the bino is negligible. This only leaves the t-channel production which is
proportional to M�4

q̃ and thus strongly suppressed. We shall quantify this below.
In both cases neutralino production is followed by the decay. The matrix elements

for the decay via /Rp were given in [11, 23]. As the neutralino in our model will be
much lighter than the sleptons (M˜̀ � 90 GeV from LEP) it is su�cient to neglect the
momentum flow through the slepton propagators. For a purely bino neutralino in this
limit the spin averaged matrix element is given by

|M|2(�̃0
1 ! ⌫̄i`

+
j `�

k ) = (8)

g�2�2
ijk

4

�
Y 2

⌫i

M4
⌫̃i

�
m2

`j`k
� m2

`j
� m2

`k

��
M2

�̃0
1
� m2

`j`k

�
� 2

Y⌫iY`jL

M2
⌫̃i
M2

˜̀
jL

�
m2

⌫i`k
m2

`j`k
� M2

�̃0
1m2

`k

�

4

d

b̄

⌫̃⇤
i �̃0

1

⌫̄i

(a)

d �̃0
1

d̃L
b̄ ⌫̄i

(b)

d ⌫̄i

b̃R
b̄ �̃0

1

(c)

u

b̄

˜̀
i �̃0

1

`+
i

(d)

u �̃0
1

ũL
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As discussed by the NuTeV experiment, the mass of the N0 is roughly 5 GeV. The con-
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As discussed by the NuTeV experiment, the mass of the N0 is roughly 5 GeV. The con-
straints on a very light neutralino were discussed in detail in Ref. [18]. We expect them
to mainly carry over to the present mass region [22]. In order to get a M�0
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chargino mass is greater than 100 GeV.
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3 Quantitative Analysis

As discussed by the NuTeV experiment, the mass of the N0 is roughly 5 GeV. The con-
straints on a very light neutralino were discussed in detail in Ref. [18]. We expect them
to mainly carry over to the present mass region [22]. In order to get a M�0
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neutralino and avoid the LEP bounds we must consider the case, where the electroweak
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= (5 ± 0.5) GeV for two values of tan� and

sgn µ. The composition of the neutralino is more than 99% bino, provided the lightest
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The dominant bino-nature of the LSP has immediate implications for pair production
of neutralinos. The bino does not couple to the Z0 boson and thus the s-channel pair-
production of the bino is negligible. This only leaves the t-channel production which is
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q̃ and thus strongly suppressed. We shall quantify this below.
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to mainly carry over to the present mass region [22]. In order to get a M�0
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straints on a very light neutralino were discussed in detail in Ref. [18]. We expect them
to mainly carry over to the present mass region [22]. In order to get a M�0

1
= O(5 GeV)

neutralino and avoid the LEP bounds we must consider the case, where the electroweak
gaugino masses M1, M2 are independent parameters. In Fig. 3 we show the MSSM pa-
rameter space which corresponds to M�0

1
= (5 ± 0.5) GeV for two values of tan� and

sgn µ. The composition of the neutralino is more than 99% bino, provided the lightest
chargino mass is greater than 100 GeV.

The dominant bino-nature of the LSP has immediate implications for pair production
of neutralinos. The bino does not couple to the Z0 boson and thus the s-channel pair-
production of the bino is negligible. This only leaves the t-channel production which is
proportional to M�4

q̃ and thus strongly suppressed. We shall quantify this below.
In both cases neutralino production is followed by the decay. The matrix elements

for the decay via /Rp were given in [11, 23]. As the neutralino in our model will be
much lighter than the sleptons (M˜̀ � 90 GeV from LEP) it is su�cient to neglect the
momentum flow through the slepton propagators. For a purely bino neutralino in this
limit the spin averaged matrix element is given by
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rameter space which corresponds to M�0
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sgn µ. The composition of the neutralino is more than 99% bino, provided the lightest
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The dominant bino-nature of the LSP has immediate implications for pair production
of neutralinos. The bino does not couple to the Z0 boson and thus the s-channel pair-
production of the bino is negligible. This only leaves the t-channel production which is
proportional to M�4

q̃ and thus strongly suppressed. We shall quantify this below.
In both cases neutralino production is followed by the decay. The matrix elements

for the decay via /Rp were given in [11, 23]. As the neutralino in our model will be
much lighter than the sleptons (M˜̀ � 90 GeV from LEP) it is su�cient to neglect the
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• Experimentally, very similar to B+ ! `+⌫`

• But, pB
` gives a handle on MX
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B+ ! `+X0 Results

Nov 21st 2013 15 19th International Symposium on Particles, Strings and Cosmology 

B+ Æ l+ X 
e mode μ mode 

Sig
n
al reg

io
n
 

Sideband 
Sideband 

Sig
n
al reg

io
n
 

B+ Æ e+ X 

M(X) : 1.8 GeV 

B+ Æ μ+ X 

M(X) : 1.8 GeV 

Belle preliminary Belle preliminary 

Belle preliminary Belle preliminary 

B+ ! e+X0 B+ ! µ+X0

presented in 
EPS-HEP 2013BELLE

BELLE Preprint 2014-8

KEK Preprint 2014-2

Search for B+ ! e+⌫ and B+ ! µ+⌫ decays using
hadronic tagging

Abstract

We present a search for the rare leptonic decays B+ ! e+⌫ and B+ ! µ+⌫, using
the full ⌥(4S) data sample of 772 ⇥ 106 BB̄ pairs collected with the Belle detector at the
KEKB asymmetric-energy e+e� collider. One of the B mesons from the ⌥(4S) ! BB̄
decay is fully reconstructed in a hadronic mode while the recoiling side is analyzed for the
signal decay. We find no evidence of a signal in any of the decay modes. Upper limits of
the corresponding branching fractions are determined as B(B+ ! e+⌫) < 3.4 ⇥ 10�6 and
B(B+ ! µ+⌫) < 2.7 ⇥ 10�6 at 90% confidence level.

PACS numbers: 13.20.-v, 13.25.Hw, 12.15.Hh
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Heavy ⌫ search (Belle)

See back-up slides for this!

• 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
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(semi-)invisible B modes (BABAR/Belle)
See back-up slides for these modes!

• B0 ! ⌫⌫̄(�)

• B0 ! h(⇤)⌫⌫̄
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We report a search for B0 decays into invisible final states using a data sample of 657 ⇥ 106

BB pairs collected at the �(4S) resonance with the Belle detector at the KEKB e+e� collider.
The signal is identified by fully reconstructing a hadronic decay of the accompanying B meson and
requiring no other particles in the event. No significant signal is observed, and we obtain an upper
limit of 1.3 ⇥ 10�4 at the 90% confidence level for the branching fraction of invisible B0 decay.

PACS numbers: 13.20.He,12.15.Ji,12.60.Jv

In the Standard Model (SM), the decay B0 ! ⌫⌫ pro-
ceeds through the three annihilation diagrams shown in
Fig. 1(a). This decay is highly helicity-suppressed with
an expected branching fraction at the 10�20 level [1].
Because neutrinos participate only in weak interactions,
the experimental signature is missing energy and mo-
mentum corresponding to the presence of a B0 meson
in the event. New particles hypothesized by physics be-
yond the SM, such as R-parity violating supersymmetry,
can be involved in these B decays, resulting in a final
state with only weakly interacting particles and provid-
ing the same signature as in B0 ! ⌫⌫. For instance,
Ref. [2] discusses the B decay into a neutrino and a neu-
tralino (�̃0

1), shown in Fig. 1(b); the branching fraction
could be as high as 10�6 � 10�7. Therefore, signals of
invisible B decays in current B factory data would indi-
cate new physics. So far no such signals were observed;
the best limit was provided by the BaBar collaboration,
with B(B ! invisible) < 2.2⇥10�4 at the 90% confidence
level [3] with a semileptonic tagging method.

In this paper we report the result of a search for B de-
cays to an invisible final state based on the data collected
with the Belle detector at the KEKB asymmetric-energy
(3.5 on 8 GeV) e+e� collider [4]. The data sample con-
sists of 657 ⇥ 106 BB pairs accumulated at the ⌥(4S)
resonance, corresponding to an integrated luminosity of
606 fb�1, and an additional 68 fb�1 of o�-resonance
data recorded at a center-of-mass (CM) energy about
60 MeV below the ⌥(4S) resonance. The Belle detec-
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FIG. 1: Feynman diagrams for the SM process via B0 ! ⌫⌫
(a) and for new physics via B0 ! �̃0

1⌫ (b)[2].

tor consists of a 4-layer silicon vertex detector (SVD), a
50-layer central drift chamber (CDC), time-of-flight scin-
tillation counters (TOF), an array of aerogel threshold
Cherenkov counters (ACC), and a CsI(Tl) electromag-
netic calorimeter(ECL) located inside a superconducting
solenoid coil that provides a 1.5 T magnetic field. Outside
the coil, the K0

L and muon detector (KLM), composed of
resistive plate counters, detects K0

L mesons and identifies
muons. The detector is described in detail elsewhere [5].
A GEANT3-based [6] Monte Carlo (MC) simulation of
the Belle detector is used to optimize the event selection
and to estimate the signal e�ciency.

Since the ⌥(4S) decays to BB pairs, invisible B de-

branching fractions estimated to be BðBþ!Kþ! !!Þ¼
BðB0!K0! !!Þ¼ ð4:5%0:7Þ&10'6, BðBþ!K(þ! !!Þ¼
BðB0!K(0! !!Þ¼ ð6:8þ1:0

'1:1Þ&10'6 [1], and BðJ=c !
! !!Þ ¼ ð4:54& 10'7Þ )BðJ=c ! eþe'Þ [2]. The b !
s! !! rates are predicted with smaller theoretical uncertain-
ties than those in the corresponding b ! s‘þ‘' modes due
to the absence of long-distance hadronic effects from
electromagnetic penguin contributions.

Various new-physics scenarios exist that could signifi-
cantly enhance the b ! s! !! branching fractions, as well as
modify the expected SM decay distributions of sB *
q2=m2

B, where q2 is the squared magnitude of the four-
momentum transferred from the B meson to the neutrino
pair, and mB is the B meson mass. Some of these scenarios
predict massive particles that could contribute additional
loop diagrams with similar amplitudes as those in the SM,
such as nonstandard Z0 couplings with supersymmetric
(SUSY) particles [1], fourth-generation quarks [3], anoma-
lous top-charm transitions [4], or a massive U(1) gauge
boson Z0 [1,5]. Since b ! s! !! has two final-state neutri-
nos, other sources of new physics can also contribute to the
experimental signature of a kaon and missing four-
momentum, such as low-mass dark-matter (LDM) candi-
dates [1,6–8], unparticles [9], right-handed neutrinos [5],
or SUSY particles [10]. Models with a single universal
extra dimension also predict higher decay rates [11].

The decays J=c ! ! !! and c ð2SÞ ! ! !! provide
additional windows for new-physics searches. In
spontaneously-broken SUSY, a c !c resonance can decay
into a pair of goldstinos via either a virtual Z0 in the
s-channel or a c-squark exchange in the t-channel [2]
(Fig. 2). The contribution of a massive SU(2) gauge boson
Z0, introduced in the left-right SUSY model, could sup-
press the decay rates up to an order of magnitude [2].

Conversely, a low-mass U(1) gauge boson U could en-
hance the invisible decay rates of quarkonium states by
several orders of magnitude by coupling to LDM particles
[12,13]. The U boson could decay into a pair of spin-1=2
Majorana (""), spin-1=2 Dirac (" !"), or spin-0 (’’) LDM
particles.
We search for B ! K! !! and B ! K(! !!, and for

J=c ! ! !! and c ð2SÞ ! ! !! via B ! Kð(ÞJ=c and B !
Kð(Þc ð2SÞ, respectively, where Kð(Þ signifies a charged or
neutral K or K( meson [14]. We use a technique in which
one B meson is exclusively reconstructed in a hadronic
final state before looking for a signal decay within the rest
of the event. Since the four-momentum of one B meson is
fully determined, the missing mass resolution on the two
final-state neutrinos and the suppression of background are
improved with respect to other reconstruction techniques.
Several previous searches for B ! K! !! and B ! K(! !!

have been performed by both the BABAR and BELLE
collaborations [15–19]. Currently, the most stringent pub-
lished upper limits at 90% confidence level (CL) are
BðBþ ! Kþ! !!Þ< 1:3& 10'5 [15] and BðB ! K(! !!Þ<
8& 10'5 [16]. TheBðBþ ! Kþ! !!Þ limit was determined
using semileptonic-tag reconstruction, which produces
samples that are statistically larger and independent
of those produced using the hadronic-tag reconstruction
employed in this search. The BðB ! K(! !!Þ limit was a
combination of two BABAR analyses, one using
semileptonic-tag reconstruction and the other using
hadronic-tag reconstruction.
A J=c ! ! !! search via c ð2SÞ ! #þ#'J=c

was performed by the BES collaboration, which set
an upper limit at 90% CL of BðJ=c ! ! !!Þ< 1:2&
10'2 )BðJ=c ! $þ$'Þ [20]. This article presents the
first search for J=c ! ! !! using the hadronic-tag recon-
struction of a B meson decay. A search for c ð2SÞ ! ! !!
has not been performed previously.

II. THE BABAR DETECTOR AND DATA SAMPLE

This search uses a data sample of 471% 3 million B !B
pairs, corresponding to an integrated luminosity of
429 fb'1 collected at the "ð4SÞ resonance [21]. The data
were recorded with the BABAR detector [22] at the
PEP-II asymmetric-energy eþe' storage rings. The
charged-particle tracking system consists of a five-layer
double-sided silicon vertex tracker and a 40-layer drift
chamber, both coaxial with a 1.5 T solenoidal magnetic
field. Charged kaons and pions are distinguished by spe-
cific ionization energy-loss measurements from the track-
ing system for lower momentum particles, and by
measurements from a ring-imaging Cherenkov radiation
detector for higher momentum particles. A CsI(Tl) elec-
tromagnetic calorimeter is used to reconstruct photons of
energy greater than 20 MeV and to identify electrons.
Muon identification is provided by the instrumented
flux return of the magnet. Particle identification (PID)

FIG. 2. Lowest-order Feynman diagrams of (from left to right)
the SM decay c !c ! ! !!, the SUSY decay c !c into a pair of
goldstinos (~g) via a c-squark in the t-channel, and the SUSY
decay c !c ! ~g !~g via a virtual Z0 in the s-channel.

FIG. 1. Lowest-order SM Feynman diagrams for b ! s! !!
transitions. The virtual top quark provides the dominant contri-
bution in each case.
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Closing words
• The production mechanism of B mesons in the e+e� B-factories

make it possible to study B decay modes with large missing
energies.

* Techniques of tagging hadronic or semi-leptonic B decay modes
has been greatly improved and exploited. They will become
even more powerful tools for Belle II.

• Many interesting results on leptonic B decays (including
B ! D(⇤)⌧+⌫⌧ ), with a large missing energy due to missing
neutrino(s), are available from Belle and BABAR.

* Great sensitivity to NP (complementary to LHC), especially for H+

* Stay tuned for updated B ! D(⇤)⌧+⌫⌧ from Belle!
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Heavy ⌫ search
• Motivation

- Within the minimal SM, 9 no place for ⌫R.
But with ⌫ oscillations, we need ⌫R for m⌫ 6= 0. In what capacity do we have it?

- Heavy neutrinos (“⌫h”) appear in many BSM hypotheses.
The ⌫h’s might even be of Majorana type.

• 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
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Heavy ⌫ search (Belle)
• 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
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l
+
α

να Uα νh

νh

Uβ
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l
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W
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q
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q

FIG. 1. Heavy neutrino production (top) and

decay (bottom) diagrams.
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Heavy ⌫ search (Belle) 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

MC Data Belle, preliminary
ICHEP 2012(based on 3 “streams”)

`+1 `�
2

`+1 `+2

PRD 87, 071102 (2013)

BELLE

(based on ×3 sample size)
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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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B0 ! ⌫⌫̄(�)
• (SM) strongly helicity-suppressed by O(m2

⌫/m2
B) Buchalla, Buras, NPB 400, 225 (1993)

BSM(B0 ! ⌫⌫̄) ⇠ O(10�20)

• NP models predict significant branching fractions, e.g.
10�7 < B(B0 ! ⌫�̃0

1) < 10�6
Dedes, Dreiner, Richardson, PRD 65, 015001 (2001)

• Results (upper limits @ 90% CL)

mode B (in 10�5) note ref.
B0 ! ⌫⌫̄ < 13 Belle, hadronic B-tag PRD 86, 032002 (2012)

< 2.4 BaBar, B0 ! D(⇤)�`+⌫ tag PRD 86, 051105 (2012)

B0 ! ⌫⌫̄� < 1.7 BaBar, B0 ! D(⇤)�`+⌫ tag PRD 86, 051105 (2012)

where " is the total signal efficiency, corrected for data-MC
discrepancies (described below), and NB !B is the number of
produced B !B pairs.

The systematic uncertainty on the signal efficiency is
dominated by data-MC discrepancies in the distribution
of the variables used as input to the NN. This results in
relative uncertainties of 6.1% and 8.2% for B0 ! invisible
and B0 ! invisibleþ !, respectively. This uncertainty is
evaluated using the hypothesis that the data-MC agreement
could reduce the discriminating power of each input
variable. In order to make the signal distributions more
backgroundlike, in the signal sample we apply a Gaussian
smearing to each of the NN input variables, where the
smearing parameters are evaluated by comparing the
difference in the root mean square of the signal and back-
ground shapes. With this method correlations between
variables are not considered but specific studies have in-
dicated that the impact of the correlations is negligible. The
NN output selection is then applied to this new sample and
the difference between the nominal signal efficiency and
this new efficiency is used as the systematic uncertainty.

Another important contribution is due to the estimation
of the efficiency on the tag side reconstruction (3.5% for
both channels). For this purpose, data and MC samples in
which a B0 and a !B0 are both reconstructed as decays to

Dð#Þ‘" in the same event (‘‘double tag’’ events) are used.
The square root of the ratio between the number of the
selected double tag events in data and in MC simulation is

0.928 (0.824) for events with B0 ! Dð#Þ‘" on the tag side;
these ratios are used to correct the efficiency. The propa-
gation of the statistical errors on the correction factors is
used as a systematic uncertainty on the signal efficiency.

Other contributions to the systematic uncertainty on the
signal efficiency come from the choice of the preselection
criteria and from the SR definition of mDð"mÞ. The first
effect is evaluated by applying a Gaussian smearing to
the variables involved ( cos##miss, cos#K$1

þ cos#K$2
and

cos#‘$1
þ cos#‘$2

). The variation on the signal efficiency

is then used as a systematic uncertainty. As was done for
the NN, this uncertainty is evaluated using the hypothesis

that the discrimination power of each variable is reduced.
The second effect is evaluated by changing each of the
bounds of the SR definition by a value % (3 MeV for mD

and 1.5 MeV for "m), which is half of themD="m resolu-
tion as evaluated in data. The relativemaximum variation in
efficiency is then used as a systematic uncertainty.
An additional source of systematic uncertainty is

determined for the B0 ! invisibleþ ! decay in order to
account for detector inefficiency in the single photon
reconstruction. This is evaluated by comparing the data
and MC $0 reconstruction efficiency in & ! 'ð$%$0Þ"
decays, where the total number of produced $0 in the
selected sample is determined from the branching fraction
of the specific & decay [12]. Then the ratio between the two
efficiencies, combined with the error on the & decay
branching ratio, is used to extract a systematic error for
the single photon reconstruction efficiency.
The total systematic uncertainty on the signal selection

efficiency is 7.7% for B0 ! invisible decay and 9.5% for
B0 ! invisibleþ ! decay.
The systematic uncertainty on the number of signal

events is dominated by the parametrization of the back-
ground Eextra distribution. A maximum likelihood fit of
Eextra with the background parameters varied according
to their statistical error and correlations is performed. For
each parameter the difference in the fitted signal yield with
respect to the nominal value is used as a systematic uncer-
tainty. Other contributions to the signal yield systematic
uncertainty come from the signal shape parametrization
and from the use of the data SB for the determination of the
background shape. The first is evaluated as the difference
between the fitted yield with the polynomial shape and an
alternative exponential shape. The latter, computed as the
difference in the Eextra shape between the SR and SB, is
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FIG. 2 (color online). Results of the maximum likelihood fit of
Eextra for B

0 ! invisible (left) and B0 ! invisibleþ ! (right).

TABLE II. Summary of the systematic uncertainties.

Source B0 ! invisible B0 ! invisibleþ !

Normalization errors

B-counting 0.6% 0.6%

Efficiency errors

Tagging efficiency 3.5% 3.5%
mD ð"mÞ selection 1% 1.3%
Preselection 3% 2.4%
Neural network 6.1% 8.2%
Single photon & & & 1.8%
Total 7.7% 9.5%

Yield errors (events)

Background parameter 15.8 6.5
Signal parameter 2.0 1.2
Fit technique & & & 1.0
Eextra shape 0.1 1.8
Total 15.9 6.9
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B0 ! (invisible) B0 ! (invisible) +�

Table II lists the signal and background yields for invis-
ible B decays from the fit while Fig. 5 shows the EECL and
cos!B distributions superimposed with the fit result. No
significant signal is observed. The signal efficiency, deter-
mined with MC simulations and later calibrated using the

doubly tagged B0 ! Dð"Þ$‘þ" sample, is ð2:2& 0:2Þ '
10$4, where the error is dominated by the systematic
uncertainty.

The systematic uncertainty associated with the signal
efficiency is dominated by the Btag reconstruction effi-

ciency. The uncertainty on Btag reconstruction is estimated

by comparing the yield difference between data and the
corresponding MC sample, generated with a proper
mixture of generic B and continuum events. The Btag yields

are extracted by fitting the Mbc distributions, and an un-
certainty of 8.3% is assigned. Systematic uncertainties
arising from the requirement of no additional charged
tracks nor #0 and K0

L candidates are estimated to be

1.6%, 2.0%, and 2.0%, respectively, using B0 !
Dð"Þ$‘þ" decays in data. The uncertainty in the number
of B !B pairs is 1.4%.
The uncertainties in the signal yield extraction are sum-

marized in Table III. The uncertainty due to fixing the
normalization of the rare B component is obtained by
varying the rare B yield by the estimated uncertainty
(& 1:9 events). The corresponding variation in the signal
yield, þ0:2

$0:1 , is assigned as the systematic uncertainty. For
each EECL PDF, we successively vary the content of each
histogram bin by &1$ to obtain a new PDF. The variation
in the signal yield using the new PDF is calculated by
performing an unbinned likelihood fit; the quadratic sum of
all the variations gives the systematic uncertainty for the
PDF. The systematic uncertainty arising from cos!B PDFs
is negligible. Moreover, the effect of bin size is also
investigated by choosing different bin sizes to model the
PDFs. Again, the variation in the signal yield is considered
as a systematic uncertainty. The total systematic uncer-
tainty is computed by summing all contributions listed in
Table III in quadrature.
Since there is no significant signal observed, an upper

limit at 90% confidence level (C.L.) is computed using the
fit likelihood as a function of the branching fraction.
The branching fraction is obtained from the signal yield
from the fit, the signal selection efficiency, and the number
of B !B pairs. The likelihood at each branching fraction is
obtained using Eq. (1) except that the signal yield is fixed
in the fit. The systematic uncertainty of the measurement is
taken into account by convolving the likelihood function
with a Gaussian whose width equals the systematic uncer-
tainty ("B),

L smearðBÞ ¼
Z

LðB0Þ e
$ððB$B0Þ2=2"B2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2#"B

p dB0: (2)

The upper limit on the branching fraction is estimated
by integrating the likelihood function from zero to
the bound that gives 90% of the total area. We obtain

TABLE III. Summary of systematic uncertainties arising from
PDF modeling and components with fixed normalizations.

Source Events

Signal PDF Negligible
Generic B PDF þ1:6=$ 1:4
Rare B PDF &0:1
Rare B fixed yield þ0:2=$ 0:1
Non-B PDF þ1:9=$ 1:3
Binning effect þ1:7=$ 1:8
Sum þ3:0=$ 2:6

TABLE II. Summary of fit yields for the signal and back-
ground. The normalization of the rare B background contribution
is fixed in the fit.

Component Yield

Signal 8:9þ6:3
$5:5

Generic B background 131:6þ21:9
$22:8

Non-B background $23:2þ21:6
$17:0

Rare B background 3.7
Observed events 121
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distributions with fit results superimposed. Points with error
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purple hatched area corresponds to the rare B contribution.
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Table II lists the signal and background yields for invis-
ible B decays from the fit while Fig. 5 shows the EECL and
cos!B distributions superimposed with the fit result. No
significant signal is observed. The signal efficiency, deter-
mined with MC simulations and later calibrated using the

doubly tagged B0 ! Dð"Þ$‘þ" sample, is ð2:2& 0:2Þ '
10$4, where the error is dominated by the systematic
uncertainty.

The systematic uncertainty associated with the signal
efficiency is dominated by the Btag reconstruction effi-

ciency. The uncertainty on Btag reconstruction is estimated

by comparing the yield difference between data and the
corresponding MC sample, generated with a proper
mixture of generic B and continuum events. The Btag yields

are extracted by fitting the Mbc distributions, and an un-
certainty of 8.3% is assigned. Systematic uncertainties
arising from the requirement of no additional charged
tracks nor #0 and K0

L candidates are estimated to be

1.6%, 2.0%, and 2.0%, respectively, using B0 !
Dð"Þ$‘þ" decays in data. The uncertainty in the number
of B !B pairs is 1.4%.
The uncertainties in the signal yield extraction are sum-

marized in Table III. The uncertainty due to fixing the
normalization of the rare B component is obtained by
varying the rare B yield by the estimated uncertainty
(& 1:9 events). The corresponding variation in the signal
yield, þ0:2

$0:1 , is assigned as the systematic uncertainty. For
each EECL PDF, we successively vary the content of each
histogram bin by &1$ to obtain a new PDF. The variation
in the signal yield using the new PDF is calculated by
performing an unbinned likelihood fit; the quadratic sum of
all the variations gives the systematic uncertainty for the
PDF. The systematic uncertainty arising from cos!B PDFs
is negligible. Moreover, the effect of bin size is also
investigated by choosing different bin sizes to model the
PDFs. Again, the variation in the signal yield is considered
as a systematic uncertainty. The total systematic uncer-
tainty is computed by summing all contributions listed in
Table III in quadrature.
Since there is no significant signal observed, an upper

limit at 90% confidence level (C.L.) is computed using the
fit likelihood as a function of the branching fraction.
The branching fraction is obtained from the signal yield
from the fit, the signal selection efficiency, and the number
of B !B pairs. The likelihood at each branching fraction is
obtained using Eq. (1) except that the signal yield is fixed
in the fit. The systematic uncertainty of the measurement is
taken into account by convolving the likelihood function
with a Gaussian whose width equals the systematic uncer-
tainty ("B),

L smearðBÞ ¼
Z

LðB0Þ e
$ððB$B0Þ2=2"B2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2#"B

p dB0: (2)

The upper limit on the branching fraction is estimated
by integrating the likelihood function from zero to
the bound that gives 90% of the total area. We obtain

TABLE III. Summary of systematic uncertainties arising from
PDF modeling and components with fixed normalizations.

Source Events

Signal PDF Negligible
Generic B PDF þ1:6=$ 1:4
Rare B PDF &0:1
Rare B fixed yield þ0:2=$ 0:1
Non-B PDF þ1:9=$ 1:3
Binning effect þ1:7=$ 1:8
Sum þ3:0=$ 2:6

TABLE II. Summary of fit yields for the signal and back-
ground. The normalization of the rare B background contribution
is fixed in the fit.

Component Yield

Signal 8:9þ6:3
$5:5

Generic B background 131:6þ21:9
$22:8

Non-B background $23:2þ21:6
$17:0

Rare B background 3.7
Observed events 121
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FIG. 5 (color online). The EECL (top) and cos!B (bottom)
distributions with fit results superimposed. Points with error
bars are data. The red cross-hatched region is the signal compo-
nent on the top of the total background shown in the yellow filled
histogram. The blue dashed curve is the generic B contribution,
which is larger than the total because of the negative fit result for
the non-B background shown in the green dotted histogram. The
purple hatched area corresponds to the rare B contribution.
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Search for B+ ! e+⌫ and B+ ! µ+⌫ decays using
hadronic tagging

Abstract

We present a search for the rare leptonic decays B+ ! e+⌫ and B+ ! µ+⌫, using
the full ⌥(4S) data sample of 772 ⇥ 106 BB̄ pairs collected with the Belle detector at the
KEKB asymmetric-energy e+e� collider. One of the B mesons from the ⌥(4S) ! BB̄
decay is fully reconstructed in a hadronic mode while the recoiling side is analyzed for the
signal decay. We find no evidence of a signal in any of the decay modes. Upper limits of
the corresponding branching fractions are determined as B(B+ ! e+⌫) < 3.4 ⇥ 10�6 and
B(B+ ! µ+⌫) < 2.7 ⇥ 10�6 at 90% confidence level.
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V. Chobanova,35 Y. Choi,56 Z. Doležal,5 Z. Drásal,5 A. Drutskoy,22, 37 D. Dutta,16

K. Dutta,16 S. Eidelman,4 H. Farhat,68 J. E. Fast,49 T. Ferber,7 O. Frost,7 V. Gaur,59

N. Gabyshev,4 S. Ganguly,68 A. Garmash,4 R. Gillard,68 R. Glattauer,19

Y. M. Goh,10 B. Golob,32, 23 O. Grzymkowska,45 J. Haba,12 K. Hara,12 K. Hayasaka,40

H. Hayashii,41 X. H. He,51 M. Heck,25 T. Higuchi,26 Y. Horii,40 Y. Hoshi,62

W.-S. Hou,44 T. Iijima,40, 39 A. Ishikawa,63 R. Itoh,12 Y. Iwasaki,12 T. Iwashita,26

I. Jaegle,11 T. Julius,36 E. Kato,63 P. Katrenko,22 T. Kawasaki,47 C. Kiesling,35

D. Y. Kim,55 J. B. Kim,29 J. H. Kim,28 K. T. Kim,29 M. J. Kim,30 Y. J. Kim,28

K. Kinoshita,6 J. Klucar,23 B. R. Ko,29 P. Kodyš,5 S. Korpar,34, 23 P. Križan,32, 23
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B0 ! h(⇤)⌫⌫̄
Expected theory

• (SM) B(B ! K⌫⌫) = (4.5 ± 0.7) ⇥ 10�6
Altmannshofer, et al., JHEP 0904:022 (2009)

B(B ! K⇤⌫⌫) = (3.8+1.2
�0.6) ⇥ 10�6

• many NP models (e.g. unparticle, SUSY at large tan �, models with scalar WIMP, etc.) predict
B ⇠ O(10) ⇥ BSM

BaBar PRD 87, 112005 (2013)

� hadronic B-tagging

� counting in signal regions
of Eextra and sB(= q2/m2

B)

⇤ �B(sB), too

⇤ constraints on |C⌫
L |, |C⌫

R |

statistical and systematic uncertainties. These combined
results reweight the sB distribution to that of the ABSW
theoretical model (dashed curve in Fig. 5), which decreases
the signal efficiencies published in Ref. [15] by approxi-
mately 10%. The B ! K!! !! central values also can be
combined with the semileptonic-tag results from a pre-
vious BABAR search [16]. In order to obtain approximate
frequentist intervals, the likelihood functions in the pre-
vious search are extended to include possibly negative
signals. We obtain combined BABAR upper limits at the
90% CL of

BðBþ ! K!þ! !!Þ< 6:4% 10&5;

BðB0 ! K!0! !!Þ< 12% 10&5; and

BðB ! K!! !!Þ< 7:6% 10&5:

(5)

The combined central value is BðB ! K!! !!Þ ¼
ð3:8þ2:9

&2:6Þ % 10&5.
Since certain new-physics models suggest that enhance-

ments are possible at high sB values, we also report model-
independent partial branching fractions ("Bi) over the full
sB spectrum by removing the low-sB requirement. The
"Bi values are calculated in intervals of sB ¼ 0:1, using

Eq. (3) (with the Nobs
i , Npeak

i , Ncomb
i , and "sigi values found

within the given interval) multiplied by the fraction of the
signal efficiency distribution inside that interval. Figure 6
shows the partial branching fractions. The signal efficiency
distributions are relatively independent of sB, which are
also illustrated in Fig. 6. To compute model-specific values
from these results, one can sum the central values within
the model’s dominant interval(s) (with uncertainties added
in quadrature) and divide the sum by the fraction of the
model’s distribution that is expected to lie within the same
sB intervals. These partial branching fractions provide

TABLE V. Expected B ! K! !! background yields Nbkg
i ¼

Npeak
i þ Ncomb

i , signal efficiencies "sigi , number of observed
data events Nobs

i , resulting branching fraction upper limits at
90% CL, the central values Bi, and the combined upper limits
and central value, all within the 0< sB < 0:3 region. Lower
limits at 90% CL are also reported, as discussed in the text.
Uncertainties are statistical and systematic, respectively. The
B0 ! K0! !! efficiency accounts for BðK0 ! K0

SÞ and BðK0
S !

"þ"&Þ [30].

Bþ ! Kþ! !! B0 ! K0! !!

Npeak
i 1:8( 0:4( 0:1 2:0( 0:5( 0:2

Ncomb
i 1:1( 0:4( 0:0 0:9( 0:4( 0:1

Nbkg
i

2:9( 0:6( 0:1 2:9( 0:6( 0:2

"sigi ð%10&5Þ 43:8( 0:7( 3:0 10:3( 0:2( 1:2

Nobs
i 6 3

Bi ð1:5þ1:7þ0:4
&0:8&0:2Þ % 10&5 ð0:14þ6:0þ1:7

&1:9&0:9Þ % 10&5

Limits ð>0:4; <3:7Þ % 10&5 <8:1% 10&5

BðB ! K! !!Þ ð1:4þ1:4þ0:3
&0:9&0:2Þ % 10&5

Limits ð>0:2; <3:2Þ % 10&5
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FIG. 6. The central values (points with 1# error bars) of the
partial branching fractions "Bi versus sB, for (a) B

þ ! Kþ! !!,
(b) B0 ! K0! !!, (c) Bþ ! K!þ! !!, and (d) B0 ! K!0! !!. The
subplots show the distribution of the final signal efficiencies
within each sB interval (histogram with error bars) and over the
full sB spectra (dotted line). The partial branching fractions are
provided only within the intervals that are unaffected by the
kinematic limit at large sB.
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FIG. 7 (color online). The constraints at 90% CL on $ and % of
Eq. (6) for sensitivity to new physics with right-handed currents.
The B ! K! !! (diagonal shading) and B ! K!! !! (grey shading)
excluded areas are determined from the upper and lower limits of
this B ! Kð!Þ! !! analysis (solid curves) and from the most-
stringent upper limits from previous semileptonic-tag analyses
[15,16] (dashed curves). The dot shows the expected SM value.
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branching fraction upper limits for several new-physics
scenarios at the level of 10!5.

The B ! Kð#Þ! !! decays are also sensitive to the short-
distance Wilson coefficients jC!

L;Rj for the left- and right-
handed weak currents, respectively. These couple two
quarks to two neutrinos via an effective field theory point
interaction [33]. Although jC!

Rj ¼ 0 within the SM, right-
handed currents from new physics, such as non-SM Z0

penguin couplings, could produce nonzero values. Using
the parameterization from Ref. [1],

" &

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jC!

Lj2 þ jC!
Rj2

q

jC!
L;SMj

; # & !ReðC!
LC

!#
R Þ

jC!
Lj2 þ jC!

Rj2
; (6)

the B ! K#! !! upper limits from this search improve
the constraints from previous searches on the Wilson-
coefficient parameter space, as shown in Fig. 7. The B !
K! !! lower limit provides the first upper bound on # and
lower bound on ". These constraints are consistent with the
expected SM values of " ¼ 1 and # ¼ 0.

VII. RESULTS FOR c !c ! ! !!

In the search for c !c ! ! !!, Fig. 8 shows the m! !!

distribution of the observed data yields, expected back-
ground contributions, and SM signal distributions.
Tables VI and VII summarize the background contribu-
tion values and signal efficiencies within the J=c and
c ð2SÞ invariant mass regions. The tables also report the
combined branching fraction central values and the
branching fraction upper limits at 90% CL for J=c !
! !! and c ð2SÞ ! ! !!. The signal efficiencies account for
the B ! Kð#ÞJ=c and B ! Kð#Þc ð2SÞ branching fractions
and their errors, which are taken from Ref. [30]. The data
yield is consistent with zero observed c !c ! ! !! signal
events in all channels.
The combined upper limits for the charmonium branch-

ing fraction values are determined to be

BðJ=c ! ! !!Þ
BðJ=c ! eþe!Þ< 6:6( 10!2 and

Bðc ð2SÞ ! ! !!Þ
Bðc ð2SÞ ! eþe!Þ< 2:0;

(7)

where BðJ=c ! eþe!Þ and Bðc ð2SÞ ! eþe!Þ are taken
from Ref. [30]. With the addition of a new-physics U
boson, these ratios would be proportional to jfcVc$;’j,
where c$;’ and fcV are the U couplings to the LDM
particles $ or ’ and to the c-quark respectively [13]. The
J=c decay ratio yields upper limits at 90% CL of
jfcVc$;’j< ð3:0; 2:1; 1:5Þ ( 10!2 for spin-1=2 Majorana
and spin-1=2 Dirac LDM particles, respectively. These
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FIG. 8 (color online). The m! !! &
ffiffiffiffiffiffiffiffiffiffiffiffi
sBm

2
B

q
distribution for

(from top to bottom) Bþ ! Kþc !c, B0 ! K0c !c, Bþ ! K#þc !c,
and B0 ! K#0c !c events after applying the full signal selection.
The expected combinatorial (shaded) plus mES-peaking (solid)
background contributions are overlaid on the data (points). The
signal MC distributions (dashed) are normalized to Bðc !c ! ! !!Þ
values of 2% for the Kþ channel, 10% for the K0 channel, and
5% for the K# channels.

TABLE VI. Expected J=c ! ! !! background yields Npeak
i and Nbkg

i , signal efficiencies "sigi , number of observed data events Nobs
i ,

and the resulting branching fraction central value and upper limit at 90% CL, all within them! !! invariant mass region corresponding to

the J=c mass. Uncertainties are statistical and systematic, respectively. The Ncomb
i yields are calculable as Nbkg

i ! Npeak
i .

J=c ! ! !!
Channel Kþ K0 K#þ ! Kþ%0 K#þ ! K0

S%
þ K#0 ! Kþ%! K#0 ! K0

S%
0

Npeak
i

0:4) 0:2) 0:0 0:7) 0:3) 0:1 0:8) 0:3) 0:1 0:4) 0:2) 0:0 2:6) 0:5) 0:3 0:6) 0:2) 0:1

Nbkg
i

0:5) 0:2) 0:0 0:7) 0:3) 0:1 0:8) 0:3) 0:1 0:8) 0:3) 0:0 2:8) 0:5) 0:3 0:6) 0:2) 0:1

"sigi ð(10!8Þ 95:3) 4:4) 5:5 19:3) 1:0) 2:1 20:9) 1:5) 1:7 12:4) 0:8) 1:0 36:2) 1:9) 4:0 1:8) 0:2) 0:2

Nobs
i 1 0 1 0 0 1

BðJ=c ! ! !!Þ ð0:2þ2:7þ0:5
!0:9!0:4Þ ( 10!3

Limit <3:9( 10!3
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re-evaluated by varying the method used to extrapolate this

shape. The resulting variations on the final Nbkg
i and "sigi

values are taken as the systematic uncertainties due to the
normalization.

Due to the approximately 1.0% resolution on the sB
measurement around sB ¼ 0:3, an uncertainty is evaluated
within the B ! Kð#Þ! !! signal region. Similarly, the reso-
lution on m! !! contributes to uncertainties within the

J=c ! ! !! and c ð2SÞ ! ! !! signal regions. Only the

systematic uncertainties due to the Npeak
i branching frac-

tions and to sB or m! !! differ between the B ! Kð#Þ! !!,
J=c ! ! !!, and c ð2SÞ ! ! !! searches. The systematic
uncertainties are summarized in Tables II and III; the
former lists the uncertainties shared by the searches, while
the latter lists those that differ.

VI. RESULTS FOR B ! Kð#Þ! !!

Figure 5 shows the observed data yields, expected back-
ground contributions, and SM signal distributions over the
full sB spectrum. Tables IV and V summarize the number
of observed data events within the sB signal region (0<
sB < 0:3), expected backgrounds, B ! Kð#Þ! !! signal effi-
ciencies, branching fraction central values, and branching
fraction limits at the 90% CL. Combining the signal chan-
nels, we determine upper limits of BðB ! K! !!Þ< 3:2%
10&5 and BðB ! K#! !!Þ< 7:9% 10&5. Since we see a
small excess over the expected background in the Kþ

channel, we report a two-sided 90% confidence interval.
However, the probability of observing such an excess
within the signal region, given the uncertainty on the
background, is 8.4% which corresponds to a one-sided
Gaussian significance of about 1:4". Therefore, this excess
is not considered significant.
Using the same procedure as when combining signal

decay channels, the B ! K! !! branching fraction central
values are combined with a previous semileptonic-tag
BABAR analysis that searched within a statistically inde-
pendent data sample [15]. We obtain combined BABAR
upper limits at the 90% CL of

BðBþ ! Kþ! !!Þ< 1:6% 10&5;

BðB0 ! K0! !!Þ< 4:9% 10&5; and

BðB ! K! !!Þ< 1:7% 10&5:

(4)

The combined central value is BðB ! K! !!Þ ¼
ð0:8þ0:7

&0:6Þ % 10&5, where the uncertainty includes both
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FIG. 5 (color online). The sB distribution for (from top to
bottom) Bþ ! Kþ! !!, B0 ! K0! !!, Bþ ! K#þ! !!, and B0 !
K#0! !! events after applying the full signal selection. The ex-
pected combinatorial (shaded) plus mES-peaking (solid) back-
ground contributions are overlaid on the data (points). The signal
MC distributions (dashed) are normalized to branching fractions
of 20% 10&5 for Bþ ! Kþ! !! and 50% 10&5 for the other
channels. Events to the left of the vertical lines are selected to
obtain SM-sensitive limits, while the full spectra are used to
determine partial branching fractions.

TABLE IV. Expected B ! K#! !! background yields Nbkg
i ¼ Npeak

i þ Ncomb
i , signal efficiencies "sigi , number of observed data events

Nobs
i , resulting branching fraction upper limits at 90% CL, and the combined upper limits and central values, all within the 0< sB <

0:3 region. Uncertainties are statistical and systematic, respectively. The channels in brackets refer to the K# decay products.

Bþ ! ½Kþ#0)! !! Bþ ! ½K0
S#

þ)! !! B0 ! ½Kþ#&)! !! B0 ! ½K0
S#

0)! !!
Npeak

i 1:2* 0:4* 0:1 1:3* 0:4* 0:1 5:0* 0:8* 0:5 0:2* 0:2* 0:0
Ncomb

i 1:1* 0:4* 0:0 0:8* 0:3* 0:0 2:0* 0:5* 0:1 0:5* 0:3* 0:0

Nbkg
i

2:3* 0:5* 0:1 2:0* 0:5* 0:1 7:0* 0:9* 0:5 0:7* 0:3* 0:0

"sigi ð%10&5Þ 4:9* 0:2* 0:4 6:0* 0:2* 0:5 12:2* 0:3* 1:4 1:2* 0:1* 0:1

Nobs
i 3 3 7 2

Limit <19:4% 10&5 <17:0% 10&5 <8:9% 10&5 <86% 10&5

BðBþ=0 ! K#þ=0! !!Þ ð3:3þ6:2þ1:7
&3:6&1:3Þ % 10&5 ð2:0þ5:2þ2:0

&4:3&1:7Þ % 10&5

Limit <11:6% 10&5 <9:3% 10&5

BðB ! K#! !!Þ ð2:7þ3:8þ1:2
&2:9&1:0Þ % 10&5

Limit <7:9% 10&5
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signal region
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B0 ! h(⇤)⌫⌫̄
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Summary plot from Y. Yook talk @FPCP 2013.
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