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We measure the branching fraction of B~ — 7~ ¥, using the full T(4S5) data sample containing
772 x 10° BB pairs collected with the Belle detector at the KEKB asymmetric-energy e e~ collider.
Events with BB pairs are tagged by reconstructing one of the B mesons decaying into hadronic final
states, and B~ — 7 7, candidates are detected in the recoil. We find evidence for B~ — 77 i,
with a significance of 3.0 standard deviations including systematic errors and measure a branching
fraction B(B™ — 77 7,) = [0.727527 (stat) + 0.11(syst)] x 107,

PACS numbers: 13.20.He, 14.40.Nd

The purely leptonic decay B~ — 7~ [1] is of high
interest since it provides a unique opportunity to test
the Standard Model (SM) and search for new physics be-
yond the SM. A recent estimate of the branching fraction
based on a global fit to the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements [2] is (0.73%502) x 107* [3]. In
the absence of new physics, a measurement of B~ —
7~ U provides a direct experimental determination of the
product of the B meson decay constant and the magni-
tude of the CKM matrix element fp|V,p|. Physics be-
yond the SM, however, could significantly suppress or
enhance B(B~ — 7~ ;) via exchange of a new charged
particle such as a charged Higgs boson from supersym-
metry or from two-Higgs doublet models [4, 5].

Experimentally, it is challenging to identify the B~ —
7~ r decay because it involves more than one neutrino
in the final state and therefore cannot be kinematically
constrained. At eTe™ B factories, one can reconstruct

one of the B mesons in the ete™ — YT (4S) — BB re-
action, referred to hereafter as the tag side (Biag), ei-
ther in hadronic decays or in semileptonic decays. One
then compares properties of the remaining particle(s), re-
ferred to as the signal side (Bsig), to those expected for
signal and background. The method allows us to sup-
press strongly the combinatorial background from both
BB and continuum e*e™ — ¢7 (¢ = u, d, s, c) processes.

The first evidence of B~ — 7~ 1, was reported by the
Belle collaboration with a significance of 3.5 standard de-
viations (o) including systematic uncertainty and a mea-
sured branching fraction of [1.7975-55 (stat) 7525 (syst)] x
10~ [6]. This measurement used hadronic tags and a
data sample corresponding to 449 x 10° BB events. This
was followed by measurements by Belle using the semilep-
tonic tagging method [7], and also by the BaBar col-
laboration using both hadronic [8] and semileptonic [9]
tagging methods. The four results are consistent. An



average branching fraction is found to be (1.67 4 0.30) x
10~% [10], which is nearly 30 higher than the estimate
based on a global fit. Therefore it is important to im-
prove the precision of the measurement.

In this paper, we present a new measurement of B~ —
T~ - 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), significantly
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 two. The new analysis has also improved
systematic uncertainties.

We use a 711 fb~* data sample containing 772x 106 BB
pairs collected with the Belle detector [11] at the KEKB
ete” collider operating at the Y(4S) 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 trig-
gers for each run period are overlaid on simulated events.
The B~ — 7~ 1, 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 — ¢ processes, semileptonic
b — wu processes, and other rare b — wu,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 DBy, candidates are reconstructed in 615 ex-
clusive charged B meson decay channels using an im-
proved full-reconstruction algorithm [16]. An output full-
reconstruction-quality variable NMi,g ranges from zero for
combinatorial background and continuum events to unity
if an unambiguous By,e is obtained from the hierarchi-
cal neural network. We also use the energy difference
AFE = Ep,,, — Ecm/2 and the beam-energy-constrained
mass Mbc = \/(ECM/2)2/C4 - |Z3‘Bmg|2/c27 where ECM
is the e*e™ center-of-mass (CM) energy, and Ep,,, and
PB., are the energy and the momentum, respectively, of
the Biag candidate defined in the CM frame. Charged
Biag candidates with Mg > 0.03, —0.08 GeV < AE <
0.06 GeV, and 5.27 GeV/c? < My, < 5.29 GeV/c? are
selected. The tag efficiency (0.24%) and the purity (65%)
are improved by factors of 1.7 and 1.2, respectively, com-
pared to Ref. [6]. The number of By,g’s obtained for the
full data set is 1.8 x 10%. In the case of B~ — 77 i,
signal, in which the BB 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 By, candidates are reconstructed, we
search for B~ — 777, decays. The 7~ lepton is identi-
fied in the e"vevy, u~vuvy, T vy, and 7 1, decay
channels. Candidate events are required to have one
track with charge opposite that of the By, 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 candi-
dates after rejecting kaon and proton candidates [11].
Candidate 7= — 7 7y, events are required to have
one 7Y candidate reconstructed from 7% — 4+ in which
neither daughter photon was used in the By,g reconstruc-
tion. The invariant mass of the 7~ 7° state is required to
be within 0.15 GeV of the nominal p~ mass [17]. Multi-
ple neutrinos in the final state are distinguished using the
missing mass squared variable M2, - = (Ecm — Ep,,, —
Ep,)? /¢ = |PBu +PBa,[*/c®, where Ep,, and pp,,, are
the energy and the momentum, respectively, of the B,
candidate in the CM frame. To avoid potential back-
grounds from e~ v, p~v,, 7~ K¢, and p~ K?, we require
M2, > 0.7 GeV?/c™.

After removing the particles from the By,, candidate
and the charged tracks and 7°’s from the B 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 7° candidates (“7° veto”)
nor K9 candidates (“K? veto”). The K veto is based
on the hit patterns in the K? detection system [11] that
are not associated with any charged tracks. We define
the extra energy Egcr, [6], which is the sum of the en-
ergies of neutral clusters detected in the electromagnetic
calorimeter that are not associated with either the By,g
or the 7° candidate from the 7= — 7~ 7%, decay. The
signal has either zero or a small value of Egcy, while
background events tend to have larger values due to the
contributions from additional neutral clusters. The se-
lection criteria for By, and extra charged tracks are op-
timized to maximize the sensitivity in a signal enhanced
region Fgpcr, < 0.2 GeV. We retain candidate events
in the range Fpcr, < 1.2 GeV, where the correlation
between Egcr, and M2, is small for each background
component.

The signal detection efficiency is estimated based on
MC samples after applying a correction for the Biag re-
construction efficiency. The correction factor is obtained
by fitting the My, distribution for an FEgcy, sideband
sample defined by 0.4 GeV < Egcr, < 1.2 GeV, for which
the kinematics is expected to be similar to the signal. The
resulting efficiencies are summarized in Table I. The va-
lidity of the efficiency estimation is checked by using a
semileptonic decay sample in which By, is reconstructed
in the decay chain B~ — D*%/~ i ({ = e or p) followed
by D*0 — D% and D° — K—rnt.



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

,Z n,
HZ%J‘} (B, M7), (1)

=1 7

where j is an index for the signal and background con-
tributions, n; and f; are the yield and the probability

density function (PDF), respectively, of the jth contri-
bution, F; and M; 2 are the Egcr, and M2. . values in

miss
the zth event, respectively, and N is the total number of
events in the data. The signal component in 77 — 7~ v,
candidate events includes large cross-feed contributions
from 7= — ¢~ v, and 7~ — 7700, decays. The dom-
inant background contribution is from b — ¢ decays. The
small backgrounds from charmless B decays and contin-
uum processes are also included in the fit. In the final
sample, the fractions of the backgrounds from b — ¢ de-
cays, charmless B decays, and continuum processes are
estimated from MC to be 89.8%, 9.7%, and 0.5% for lep-
tonic 77 decays and 75.1%, 6.5%, and 18.4% for hadronic
7~ decays. The PDFs are constructed by taking prod-
ucts of one-dimensional histograms in Frcy, and M2,
obtained from MC for all contributions except for cross-
feed from 7= — 7~ 7%y, decays in 7~ — 7~ v, candidate
events; for this component a two-dimensional histogram
PDF is used to take into account the correlation origi-
nating from the misreconstructed 7°.

The B decays in which only one charged particle is de-
tected can make a peak near zero Egcr, and mimic the
signal. These are predominantly B~ — D)%~ 7, and
B — D™+ 0=, decays, where the D decays semilepton-
ically or to a final state with one or more K?’s. Charm-
less B decays such as B~ — 7% 1, K~ vp, ng_,
K*7~, and p~ v,y can also contribute. The fraction in
the signal enhanced region Fgcr, < 0.2 GeV of these
peaking decay modes over the total background is 32%
according to the MC simulation.

The simulated Egcy, and M2, distributions in MC
are validated using various control samples. A non-zero
Egcr, value for the B~ — 771, signal component is
due to beam background and split-off showers originating
from Biag and B decay products. The average contri-
butions from these sources are 0.04 GeV, 0.12 GeV, and
0.08 GeV, respectively, per event in the signal MC sam-
ple. The simulated Egcr, distribution is checked with
the B~ — D*%¢~ i, sample, which has a final state sim-
ilar to the B~ — 7 i, signal if the D* decay prod-
ucts are removed. We also check the difference between
the detector resolution in data and MC for M2, with
the B~ — D*%¢~ 7, sample. We confirm that the Egcr,
distributions and M2, resolutions of data and MC are
consistent for the B~ — D*%/~ 7, sample as shown in
Figure 1. The background Egcr, and M2, . descrip-

tions by MC are checked using sidebands in My, and

Egrcr, events with the By,g reconstructed in a BY mode,
and events with the same Bgjs charge as the Bi,s. The
K9 detection efficiency is calibrated using a D — ¢ K¢
data sample by comparing the yields of ¢ — K9 K2 and
¢ — KTK~ decays. We confirm the MC expectations
for the Egcr, and M2, shapes and verify that the nor-

malization agrees with data after the calibrations of the
Biag and Kg reconstruction efficiencies.
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FIG. 1: Distributions of Frcr (left) and M2, (right) for
B~ — D*°¢ . 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.

In the final fit, five parameters are allowed to vary:
the total signal yield and the sum of the backgrounds
from b — ¢ decays and continuum processes for each 7~
decay mode. The ratio of the b — ¢ and continuum back-
grounds is fixed to the value obtained from MC after the
Byag efficiency correction has been applied. The back-
ground contributions from charmless B decays are fixed
to the MC expectation. We combine 7~ decay modes
by constraining the ratios of the signal yields to the ra-
tios of the reconstruction efficiencies obtained from MC
including the branching fractions of 7= decays [17].

Figure 2 shows the result of the fit to the Fgcr, and
M2, . distributions for all the 7~ decay modes combined.
The signal yield is 62755 (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 +/—2In(Lo/Lmax), where Liax
and Lo 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 3.00 including system-
atic uncertainties. The branching fraction is calculated
by B = Nsig/(2¢Np+p-), where Ny, is the signal yield,
€ is the efficiency, and Ngtp- is the number of BT B~
events. Equal production of neutral and charged B me-
son pairs in T(4S5) decay is assumed. We obtain

B(B~ — 77 7,) = [0.72752% (stat) + 0.11(syst)] x 1074,
(2)

The result is summarized in Table 1.
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FIG. 2: Distributions of Egcr, (top) and M2, (bottom) com-
bined for all the 7~ decays. The M2,.. distribution is shown
for a signal region of Frcr, < 0.2 GeV. The solid circles with
error bars are data. The solid histograms show the projec-
tions of the fits. The dashed and dotted histograms show the
signal and background components, respectively.

As a check, we fit the Frcyr, and M2, distributions
while floating the yield for each of the four 7= decay
modes. The resulting yields, as well as the efficiencies and
the branching fractions, are listed in Table I. We include
the e~ vevy, = vuvy, and 7wy, cross-feeds in the 7~ v,
candidate events in the e” v.vr, = 7,17, and v, sig-
nal yields. The branching fractions are in good agreement
between different 7= decays. We also check the result af-
ter removing the K veto, and obtain Ny, = 65737 (stat)
and B(B~ — 77 7,) = [0.65703 (stat)] x 10~%. These
checks are consistent with the nominal result. In addi-
tion, we perform one-dimensional fits to Egcr, and M2,
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 BT 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 error
due to the possible signal Egc1, shape difference between
MC and data, the ratio of data to MC for the Fgcy, his-
tograms of the B~ — D*°¢~ 7, sample is fitted with a

TABLE I: Results of the fit for B~ — 7 o, yields (Nsig),
detection efficiencies (¢), and branching fractions (B). The
efficiencies include the branching fractions of the 7~ decay
modes. The errors for Ngiz and B are statistical only.

Sub-mode Nag € (107%) B (1077)
T —e vew, 16000 30 0687070
T = s 26715 31 1.061092
G R P
= ' 14718 34 05210703
Combined 62725 11.2  0.727037

first-order polynomial and the signal Fgcr, PDF is mod-
ified within the fitted errors. The uncertainties for the
branching fractions of the B decays that peak near zero
ExcL are estimated by changing the branching fractions
in MC 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 re-
constructed By,e, and related systematic uncertainties
are obtained by using the statistical errors for the frac-
tions in the MC simulation. To estimate the uncer-
tainty associated with the By, efficiency for the signal,
B(B~ — D*%¢~1y) obtained from the B~ — D*0/~p,
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, ¥ reconstruction efficiency, branching fractions
of 77 decays, and MC statistics. The systematic uncer-
tainty related to the K9 veto efficiency is estimated from
the statistical uncertainties of the D° — ¢Kg control
sample and the fraction of events with K? candidates
in the B~ — D*%¢~ 1, sample. The total systematic er-
ror is calculated by summing the above uncertainties in
quadrature. The estimated systematic errors are sum-
marized 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 x 10 BB pairs, which corre-
sponds to the data set used in Ref. [6] after reprocessing,
we obtain B(B~ — 777,;) = [1.08T9 3 (stat)] x 107%.
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 By,q
reconstruction method, and the K? veto. Using the
last 323 x 10°BB pairs, we obtain B(B~ — 77 7,) =
[0.2470-39 (stat)] x 10~%, which is statistically consistent
with the result for the first 449 x 10 BB data set within
1.60. Our results are also consistent with other publica-
tions within the errors [7-9].

In summary, we measure the branching fraction of the
decay B~ — 7~ i, with hadronic tagging using Belle’s fi-



TABLE II: Summary of the systematic errors for the B~ —
7~ U, branching fraction measurement.

Source B syst. error (%)
Signal PDF 4.2
Background PDF 8.8
Peaking background 3.8
Biag efficiency 7.1
Particle identification 1.0
79 efficiency 0.5
Tracking efficiency 0.3
7 branching fraction 0.6
MC efficiency statistics 0.4
K9 efficiency 7.3
Nptp 1.3
Total 14.7

nal data sample containing 772 x 10¢ BB pairs. We find
evidence for B~ — 7~ 1, with a signal significance of 3.00
including systematic uncertainties and measure a branch-
ing fraction of [0.727027 (stat) + 0.11(syst)] x 10~%. 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 paper supersedes the previous result reported in
Ref. [6]. Combined with the Belle measurement based on
a semileptonic B tagging method [7] taking into account
all the correlated systematic errors, the branching frac-
tion is found to be B(B~ — 77 i7;) = (0.964:0.26) x 10~%,
with a 4.00 signal significance including systematic un-
certainties. This value is consistent with the SM expecta-
tion obtained from other experimental constraints. Using
this result and parameters found in Ref. [17], we obtain
IB|Vus| = [7.4 £ 0.8(stat) + 0.5(syst)] x 10~* GeV. Our
result provides stringent constraints on various models of
new physics including charged Higgs bosons.
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