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B. Kronenbitter,21 T. Kuhr,21 T. Kumita,54 A. Kuzmin,3 Y.-J. Kwon,59 J. S. Lange,6 S.-H. Lee,24 J. Li,45 Y. Li,56 J. Libby,14

C. Liu,44 Y. Liu,5 Z. Q. Liu,15 D. Liventsev,18 D. Matvienko,3 K. Miyabayashi,34 H. Miyata,40 R. Mizuk,18,31

G. B. Mohanty,48 A. Moll,29,49 T. Mori,32 N. Muramatsu,43 E. Nakano,41 M. Nakao,11 H. Nakazawa,35 Z. Natkaniec,38

M. Nayak,14 C. Ng,52 N. K. Nisar,48 S. Nishida,11 K. Nishimura,10 O. Nitoh,55 T. Nozaki,11 T. Ohshima,32 S. Okuno,20

S. L. Olsen,45 C. Oswald,2 H. Ozaki,11 P. Pakhlov,18,31 G. Pakhlova,18 C.W. Park,46 H.K. Park,25 T. K. Pedlar,27
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26École Polytechnique Fédérale de Lausanne (EPFL), Lausanne 1015

27Luther College, Decorah, Iowa 52101
28University of Maribor, 2000 Maribor

PRL 110, 131801 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

29 MARCH 2013

0031-9007=13=110(13)=131801(6) 131801-1 � 2013 American Physical Society



29Max-Planck-Institut für Physik, 80805 München
30School of Physics, University of Melbourne, Victoria 3010
31Moscow Physical Engineering Institute, Moscow 115409

32Graduate School of Science, Nagoya University, Nagoya 464-8602
33Kobayashi-Maskawa Institute, Nagoya University, Nagoya 464-8602

34Nara Women’s University, Nara 630-8506
35National Central University, Chung-li 32054
36National United University, Miao Li 36003

37Department of Physics, National Taiwan University, Taipei 10617
38H. Niewodniczanski Institute of Nuclear Physics, Krakow 31-342

39Nippon Dental University, Niigata 951-8580
40Niigata University, Niigata 950-2181

41Osaka City University, Osaka 558-8585
42Pacific Northwest National Laboratory, Richland, Washington 99352

43Research Center for Electron Photon Science, Tohoku University, Sendai 980-8578
44University of Science and Technology of China, Hefei 230026

45Seoul National University, Seoul 151-742
46Sungkyunkwan University, Suwon 440-746

47School of Physics, University of Sydney, NSW 2006
48Tata Institute of Fundamental Research, Mumbai 400005

49Excellence Cluster Universe, Technische Universität München, 85748 Garching
50Tohoku Gakuin University, Tagajo 985-8537

51Tohoku University, Sendai 980-8578
52Department of Physics, University of Tokyo, Tokyo 113-0033

53Tokyo Institute of Technology, Tokyo 152-8550
54Tokyo Metropolitan University, Tokyo 192-0397

55Tokyo University of Agriculture and Technology, Tokyo 184-8588
56CNP, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

57Wayne State University, Detroit, Michigan 48202
58Yamagata University, Yamagata 990-8560

59Yonsei University, Seoul 120-749
60Faculty of Mathematics and Physics, University of Ljubljana, 1000 Ljubljana

(Received 16 November 2012; published 25 March 2013)

We measure the branching fraction of B� ! �� ��� using the full �ð4SÞ data sample containing

772� 106 B �B pairs collected with the Belle detector at the KEKB asymmetric-energy eþe� collider.

Events with B �B pairs are tagged by reconstructing one of the Bmesons decaying into hadronic final states,

and B�!�� ��� candidates are detected in the recoil. We find evidence for B� ! �� ��� with a significance

of 3.0 standard deviations including systematic errors and measure a branching fraction BðB�!�� ���Þ¼
½0:72þ0:27

�0:25ðstatÞ�0:11ðsystÞ��10�4.

DOI: 10.1103/PhysRevLett.110.131801 PACS numbers: 13.20.He, 14.40.Nd

The purely leptonic decay B� ! �� ��� [1] is of high
interest since it provides a unique opportunity to test
the standard model (SM) and search for new physics
beyond the SM. A recent estimate of the branching fraction
based on a global fit to the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements [2] is ð0:73þ0:12

�0:07Þ � 10�4 [3]. In

the absence of new physics, a measurement of B� ! �� ���

provides a direct experimental determination of the
product of the B meson decay constant and the magnitude
of the CKM matrix element fBjVubj. Physics beyond the
SM, however, could significantly suppress or enhance
BðB� ! �� ���Þ via exchange of a new charged particle
such as a charged Higgs boson from supersymmetry or
from two-Higgs doublet models [4,5].

Experimentally, it is challenging to identify the
B� ! �� ��� decay because it involves more than one

neutrino in the final state and therefore cannot be kine-
matically constrained. At eþe� B factories, one can recon-
struct one of the B mesons in the eþe� ! �ð4SÞ ! B �B
reaction, referred to hereafter as the tag side (Btag), either

in hadronic decays or in semileptonic decays. One then
compares properties of the remaining particle(s), referred
to as the signal side (Bsig), to those expected for signal and

background. The method allows us to suppress strongly the
combinatorial background from both B �B and continuum
eþe� ! q �q (q ¼ u, d, s, c) processes.
The first evidence of B� ! �� ��� was reported

by the Belle collaboration with a significance of
3.5 standard deviations (�) including systematic
uncertainty and a measured branching fraction of
½1:79þ0:56

�0:49ðstatÞþ0:46
�0:51ðsystÞ� � 10�4 [6]. This measurement

used hadronic tags and a data sample corresponding to
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449� 106 B �B events. This was followed by measurements
by Belle using the semileptonic tagging method [7] and
also by the BABAR collaboration using both hadronic [8]
and semileptonic [9] tagging methods. The four results are
consistent. An average branching fraction is found to be
ð1:67� 0:30Þ � 10�4 [10], which is nearly 3� higher than
the estimate based on a global fit. Therefore, it is important
to improve the precision of the measurement.

In this Letter, we present a new measurement of
B� ! �� ��� using a hadronic tagging method and the
full data sample of the Belle experiment. The analysis
described here has a number of significant improvements,
including an increased data sample (a factor of 1.7), sig-
nificantly improved hadronic tagging efficiency (a factor of
2.2), and improved signal efficiency due to less restrictive
selection requirements (a factor of 1.8). The combined
effect of these improvements and the accompanying
change in the signal to background ratio due to the looser
selection criteria results in a reduction of the expected error
by a factor of 2. The new analysis has also improved
systematic uncertainties.

We use a 711 fb�1 data sample containing 772� 106

B �B pairs collected with the Belle detector [11] at the
KEKB eþe� collider operating at the �ð4SÞ resonance
[12]. About 80% of the data sample has been reprocessed
using improved track finding and photon reconstruction.
We use a dedicated Monte Carlo (MC) simulation based
on GEANT [13] to determine the signal selection efficiency
and study the background. In order to reproduce the effect
of beam background, data taken with random triggers
for each run period are overlaid on simulated events.
The B� ! �� ��� signal MC events are generated by the
EVTGEN package [14], with the radiative effects based on

the PHOTOS code [15]. To model the backgrounds from
continuum processes, b ! c processes, semileptonic
b ! u processes, and other rare b ! u, d, s processes,
we use large MC samples corresponding to 6, 10, 20, and
50 times the integrated luminosity of the data sample,
respectively.

The Btag candidates are reconstructed in 615 exclusive

charged B meson decay channels using an improved
full-reconstruction algorithm [16]. An output full-
reconstruction-quality variable N tag ranges from zero

for combinatorial background and continuum events to
unity if an unambiguous Btag is obtained from the hier-

archical neural network. We also use the energy difference
�E ¼ EBtag

� Ec:m:=2 and the beam-energy-constrained

mass Mbc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEc:m:=2Þ2=c4 � j ~pBtag

j2=c2
q

, where Ec:m: is

the eþe� center-of-mass (c.m.) energy, and EBtag
and ~pBtag

are the energy and the momentum, respectively, of the Btag

candidate defined in the c.m. frame. Charged Btag candi-

dates with N tag > 0:03, �0:08 GeV< �E< 0:06 GeV,

and 5:27 GeV=c2 <Mbc < 5:29 GeV=c2 are selected. The
tag efficiency (0.24%) and the purity (65%) are improved

by factors of 1.7 and 1.2, respectively, compared to
Ref. [6]. The number of Btag’s obtained for the full data

set is 1:8� 106. In the case of B� ! �� ��� signal, in which
the B �B event has lower than average particle multiplicity,
the tag efficiency is 0.31%. This tag efficiency is 2.2 times
higher than that in the previous analysis [6].
In events where Btag candidates are reconstructed, we

search for B� ! �� ��� decays. The �
� lepton is identified

in the e� ��e��, �
� �����, �

���, and ���0�� decay chan-

nels. Candidate events are required to have one track with
charge opposite that of the Btag candidate. The charged

tracks are required to satisfy dz < 3 cm and dr < 0:5 cm,
where dz and dr are unsigned impact parameters relative
to the interaction point along and perpendicular to the
beam axis, respectively. Charged tracks are classified as
electron, muon, and pion candidates after rejecting kaon
and proton candidates [11]. Candidate �� ! ���0��

events are required to have one �0 candidate reconstructed
from �0 ! �� in which neither daughter photon was used
in the Btag reconstruction. The invariant mass of the ���0

state is required to be within 0.15 GeV of the nominal ��
mass [17]. Multiple neutrinos in the final state are distin-
guished using the missing mass squared variable M2

miss¼
ðEc:m:�EBtag

�EBsig
Þ2=c4�j ~pBtag

þ ~pBsig
j2=c2, where EBsig

and ~pBsig
are the energy and the momentum, respectively,

of the Bsig candidate in the c.m. frame. To avoid potential

backgrounds from e� ��e, �
� ���, �

�K0
L, and ��K0

L, we

require M2
miss > 0:7 GeV2=c4.

After removing the particles from the Btag candidate and

the charged tracks and �0’s from the Bsig candidate, there

should be no other detected particles. We require that there
be no extra charged tracks with dz < 75 cm and dr <
15 cm nor extra �0 candidates (‘‘�0 veto’’) nor K0

L candi-
dates (‘‘K0

L veto’’). The K0
L veto is based on the hit patterns

in theK0
L detection system [11] that are not associated with

any charged tracks. We define the extra energy EECL [6],
which is the sum of the energies of neutral clusters detected
in the electromagnetic calorimeter that are not associated
with either the Btag or the �0 candidate from the �� !
���0�� decay. The signal has either zero or a small value
of EECL, while background events tend to have larger
values due to the contributions from additional neutral
clusters. The selection criteria for Btag and extra charged

tracks are optimized to maximize the sensitivity in a signal
enhanced region EECL < 0:2 GeV. We retain candidate
events in the range EECL < 1:2 GeV, where the correlation
between EECL and M2

miss is small for each background

component.
The signal detection efficiency is estimated based on

MC samples after applying a correction for the Btag

reconstruction efficiency. The correction factor is obtained
by fitting the Mbc distribution for an EECL sideband
sample defined by 0:4 GeV<EECL < 1:2 GeV, for which
the kinematics is expected to be similar to the signal.
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The resulting efficiencies are summarized in Table I. The
validity of the efficiency estimation is checked by using a
semileptonic decay sample in which Bsig is reconstructed

in the decay chain B� ! D�0‘� ��‘ (‘ ¼ e or �) followed
by D�0 ! D0�0 and D0 ! K��þ.

The signal yield is extracted from a two-dimensional
extended maximum likelihood fit to EECL and M2

miss. The

likelihood is

L ¼ e
�P

j
nj

N!

YN

i¼1

X

j

njfjðEi;M
2
i Þ; (1)

where j is an index for the signal and background contri-
butions, nj and fj are the yield and the probability density

function (PDF), respectively, of the jth contribution, Ei

and M2
i are the EECL and M2

miss values in the ith event,

respectively, and N is the total number of events in the
data. The signal component in �� ! ���� candidate
events includes large cross feed contributions from �� !
‘� ��‘�� and �� ! ���0�� decays. The dominant back-
ground contribution is from b ! c decays. The small
backgrounds from charmless B decays and continuum
processes are also included in the fit. In the final sample,
the fractions of the backgrounds from b ! c decays,
charmless B decays, and continuum processes are esti-
mated from MC simulations to be 89.8%, 9.7%, and
0.5% for leptonic �� decays and 75.1%, 6.5%, and 18.4%
for hadronic �� decays. The PDFs are constructed by
taking products of one-dimensional histograms in EECL

and M2
miss obtained from MC simulations for all contribu-

tions except for cross feed from �� ! ���0�� decays in
�� ! ���� candidate events; for this component, a two-
dimensional histogram PDF is used to take into account the
correlation originating from the misreconstructed �0.

The B decays in which only one charged particle is
detected can make a peak near zero EECL and mimic

the signal. These are predominantly B� ! Dð�Þ0‘� ��‘ and
�B0 ! Dð�Þþ‘� ��‘ decays, where the D decays semileptoni-
cally or to a final state with one or more K0

L’s. Charmless B
decays such as B� ! �0‘� ��‘, K

�� ��, K0
L�

�, K���, and
�� ���� can also contribute. The fraction in the signal

enhanced region EECL < 0:2 GeV of these peaking decay

modes over the total background is 32%, according to the
MC simulation.
The EECL andM2

miss distributions in MC simulations are

validated using various control samples. A nonzero EECL

value for the B� ! �� ��� signal component is due to beam
background and split-off showers originating from Btag and

Bsig decay products. The average contributions from these

sources are 0.04, 0.12, and 0.08 GeV, respectively, per
event in the signal MC sample. The simulated EECL distri-
bution is checked with the B� ! D�0‘� ��‘ sample, which
has a final state similar to the B� ! �� ��� signal if the D

�0
decay products are removed. We also check the difference
between the detector resolution in data and MC simula-
tions for M2

miss with the B� ! D�0‘� ��‘ sample. We con-

firm that the EECL distributions and M2
miss resolutions of

data and MC simulations are consistent for the B� !
D�0‘� ��‘ sample as shown in Fig. 1. The background
EECL and M2

miss descriptions by MC simulations are

checked using sidebands in Mbc and EECL, events with
the Btag reconstructed in a B0 mode, and events with the

same Bsig charge as the Btag. The K
0
L detection efficiency is

calibrated using a D0 ! �K0
S data sample by comparing

the yields of � ! K0
LK

0
S and � ! KþK� decays. We

confirm the MC expectations for the EECL andM
2
miss shapes

and verify that the normalization agrees with data after the
calibrations of the Btag and K0

L reconstruction efficiencies.

In the final fit, five parameters are allowed to vary: the
total signal yield and the sum of the backgrounds from
b ! c decays and continuum processes for each �� decay
mode. The ratio of the b ! c and continuum backgrounds
is fixed to the value obtained from MC simulations after
the Btag efficiency correction has been applied. The back-

ground contributions from charmless B decays are fixed
to the MC expectation. We combine �� decay modes by
constraining the ratios of the signal yields to the ratios of
the reconstruction efficiencies obtained from MC simula-
tions including the branching fractions of �� decays [17].
Figure 2 shows the result of the fit to the EECL andM

2
miss

distributions for all the �� decay modes combined. The
signal yield is 62þ23

�22ðstatÞ � 6ðsystÞ, where the first and

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

Submode Nsig 	 (10�4) B (10�4)

�� ! e� ��e�� 16þ11
�9 3.0 0:68þ0:49

�0:41

�� ! �� ����� 26þ15
�14 3.1 1:06þ0:63

�0:58

�� ! ���� 8þ10
�8 1.8 0:57þ0:70

�0:59

�� ! ���0�� 14þ19
�16 3.4 0:52þ0:72

�0:62

Combined 62þ23
�22 11.2 0:72þ0:27

�0:25
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FIG. 1 (color online). Distributions of EECL (left) and M2
miss

(right) for B� ! D�0‘� ��‘. The dots with error bars show the
data. The rectangles show the normalized MC simulation, where
the MC size is five times larger than the data.
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second errors correspond to statistical and systematic
uncertainties, respectively. The significance of the signal

is estimated by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�2 lnðL0=LmaxÞ

p
, whereLmax andL0 are

the maximum likelihood and the likelihood obtained
assuming zero signal yield, respectively. The likelihoods
are obtained after convolving with a Gaussian distribution
that corresponds to the systematic error. We obtain a signi-
ficance of 3:0� including systematic uncertainties. The
branching fraction is calculated by B¼Nsig=ð2	NBþB�Þ,
whereNsig is the signal yield, 	 is the efficiency, andNBþB�

is the number of BþB� events. Equal production of neutral
and charged B meson pairs in �ð4SÞ decay is assumed.
We obtain

BðB� ! �� ���Þ ¼ ½0:72þ0:27
�0:25ðstatÞ � 0:11ðsystÞ� � 10�4:

(2)

The result is summarized in Table I.
As a check, we fit the EECL andM

2
miss distributions while

floating the yield for each of the four �� decay modes. The
resulting yields, as well as the efficiencies and the branch-
ing fractions, are listed in Table I. We include the e� ��e��,
�� �����, and ���0�� cross feeds in the ���� candidate

events in the e� ��e��, �
� �����, and �

��0�� signal yields.

The branching fractions are in good agreement between
different �� decays. We also check the result after

removing the K0
L veto, and obtain Nsig ¼ 65þ27

�25ðstatÞ and
BðB� ! �� ���Þ ¼ ½0:65þ0:27

�0:25ðstatÞ� � 10�4. These checks

are consistent with the nominal result. In addition, we
perform one-dimensional fits to EECL andM2

miss and divide

the data sample into several subsets. All results are in good
agreement with the nominal result within the statistical
errors.
Systematic errors for the measured branching fraction

are associated with the uncertainties in the signal yield, the
efficiencies, and the number of BþB� pairs. The system-
atic error from MC statistics of the PDF histograms is
evaluated by varying the content of each bin by its statis-
tical uncertainty. To estimate the systematic error due to
the possible signal EECL shape difference between MC
simulations and data, the ratio of data to MC simulations
for the EECL histograms of the B� ! D�0‘� ��‘ sample is
fitted with a first-order polynomial and the signal EECL

PDF is modified within the fitted errors. The uncertainties
for the branching fractions of the B decays that peak near
zero EECL are estimated by changing the branching frac-
tions in MC simulations by their experimental errors [17]
if available, or by �50% otherwise. The sizes of these
backgrounds also depend on the fractions of the events
with correctly reconstructed Btag, and related systematic

uncertainties are obtained by using the statistical errors for
the fractions in the MC simulation. To estimate the uncer-
tainty associated with the Btag efficiency for the signal,

BðB� ! D�0‘� ��‘Þ 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 systematic
errors in the signal-side efficiencies arise from the uncer-
tainty in tracking efficiency, particle identification effi-
ciency, �0 reconstruction efficiency, branching fractions
of �� decays, and MC statistics. The systematic uncer-
tainty related to the K0

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

S control

sample and the fraction of events with K0
L candidates in

the B� ! D�0‘� ��‘ sample. The total systematic error is
calculated by summing the above uncertainties in quad-
rature. The estimated systematic errors are summarized
in Table II.
The branching fraction measured here is lower than the

previous Belle result with a hadronic tagging method [6].
Using the first sample of 449� 106B �B pairs, which corre-
sponds to the data set used in Ref. [6] after reprocessing,
we obtain BðB�!�� ���Þ¼ ½1:08þ0:37

�0:35ðstatÞ��10�4. Note

that 89% of the events in the final sample in this analysis is
not included in the final sample in Ref. [6] mainly due to
the loosened selection, the different Btag reconstruction

method, and theK0
L veto. Using the last 323�106B �B pairs,

we obtain BðB�!�� ���Þ¼½0:24þ0:39
�0:34ðstatÞ��10�4, which

is statistically consistent with the result for the first
449� 106B �B data set within 1:6�. Our results are also
consistent with other publications within the errors [7–9].
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FIG. 2 (color online). 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.
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In summary, we measure the branching fraction of the
decay B� ! �� ��� with hadronic tagging using Belle’s
final data sample containing 772� 106 B �B pairs. We find
evidence for B� ! �� ��� with a signal significance of 3:0�
including systematic uncertainties and measure a branch-
ing fraction of ½0:72þ0:27

�0:25ðstatÞ � 0:11ðsystÞ� � 10�4. By

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