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Search for B ! tn and B ! Knn̄
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We report results of a search for B ! tn in a sample of 9.7 3 106 charged B meson decays. We
exclusively reconstruct the companion B̄ decay to suppress background. We set an upper limit on the
branching fraction B �B ! tn� , 8.4 3 1024 at 90% confidence level. We also establish B �B6 !

K6nn̄� , 2.4 3 1024 at 90% confidence level.

DOI: 10.1103/PhysRevLett.86.2950 PACS numbers: 13.20.He, 14.40.Nd, 14.60.Fg
The purely leptonic decay of the B meson offers a clean
probe of the weak decay process. The branching fraction,
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exhibits simple dependence on the meson decay constant
fB and the quark mixing matrix element Vub . Vub quanti-
fies the mixing between the heavy b and light u quark mass
eigenstates in the weak interaction, and as such is a fun-
damental parameter. The dependence on lepton mass (m�)
arises from helicity conservation and heavily suppresses
the rate to light leptons. In the B system this means tn

is favored over mn or en final states. Nevertheless, the
expected branching fraction B�B ! tn� � �0.2 2 1� 3

1024 is small and the presence of additional neutrinos
in the final state significantly weakens the experimental
signature.

In the context of the standard model, a crisp determina-
tion of quark mixing matrix parameters may be obtained
in principle by comparing B�B ! tn� with the difference
in heavy and light neutral Bd masses [1],

Dmd �
G2

F

6p2 hBmBm2
Wf2

BBBS0�xt� jVtdj
2,

a quantity which is known from Bd mixing measurements
[2] to considerable precision: Dmd � 0.464 6 0.18 ps21.
In this comparison the dependence on the poorly known
decay constant fB drops out, and one obtains [3]

B�B ! tn� � ��4.08 6 0.24� 3 1024�
Ç
Vub

Vtd

Ç2
.

The range 60.24 is set by current theoretical uncertainties.
Given a sufficiently precise experimental measurement of
the branching fraction, this relationship could be used to
map out an allowed zone in the plane of Wolfenstein r and
h parameters [4] that is roughly similar to that determined
by measurements of jVubj, but subject to a different mix
of statistical, systematic, and theoretical uncertainties [5].
Alternatively, if jVubj is taken from other measurements
in the B system, then the determination of B�B ! tn�
may be viewed as a measurement of the decay constant
fB. This may be the only way to measure fB. Looking be-
yond the standard model, the B ! tn rate is sensitive to
effects from charged Higgs bosons and may be used to set
a limit on charged Higgs mass. The sensitivity is greatest
for large values of the Higgs doublet vacuum expectation
value ratio, tanb [6].
Existing experimental information is limited, however.
A previous search by this collaboration [7] in the Y�4S� !
BB̄ system yielded a 90% confidence level upper limit
B�B ! tn� , 22 3 1024, and three searches [8] in the
Z0 ! bb̄ system have yielded upper limits ranging from
16 3 1024 down to 5.7 3 1024. Although the Z0 system
offers powerful kinematical advantages, future measure-
ments will be at the Y�4S�.

In this Letter we present results of a new search for
B ! tn using a method which is uniquely adapted to the
Y�4S� system. In this method we fully reconstruct the
companion B in a quasi-inclusive reconstruction technique
similar to that used for earlier measurements [9].

The data used in this analysis were collected with the
CLEO II detector at the Cornell Electron Storage Ring
(CESR). The data sample consists of 9.13 fb21 taken
at the Y�4S�, corresponding to 9.66M BB̄ pairs, and an
additional 4.35 fb21 taken below the BB̄ threshold, which
is used for background studies.

CLEO II is a general purpose solenoidal magnet detec-
tor, described in detail elsewhere [10]. Cylindrical drift
chambers in a 1.5 T solenoidal magnetic field measure mo-
mentum and specific ionization (dE�dx) of charged par-
ticles. Photons are detected using a 7800-crystal CsI(Tl)
electromagnetic calorimeter covering 98% of 4p . Two-
thirds of the data was taken in the CLEO II.V detector con-
figuration, in which the innermost chamber was replaced
by a three-layer, double-sided silicon vertex detector, and
the gas in the main drift chamber was changed from an
argon-ethane to a helium-propane mixture.

Track quality requirements are imposed on charged
tracks, and pions and kaons are identified by their specific
ionization, dE�dx. Pairs of photons with an invariant mass
within 2.5 standard deviations of the nominal p0 mass are
kinematically fit with a p0 mass constraint. K0 mesons
are identified in the K0

S ! p1p2 decay mode. Elec-
trons are identified based on dE�dx and the ratio of the
shower energy in the CsI calorimeter to track momentum.
Muons over about 1 GeV�c momentum are identified
by their penetration depth in the instrumented steel flux
return; below about 1 GeV�c muons are not distinguished
from pions.

The experiment is fully simulated by a GEANT-based
Monte Carlo [11] that includes beam-related debris by
overlaying random trigger events on Monte Carlo gener-
ated events. The simulation is used to study backgrounds
2951
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and optimize selection criteria, but directly enters the
analysis only through the calculation of the signal re-
construction efficiency.

To search for B ! tn decays we fully reconstruct each
Y�4S� ! B1B2 event in the simultaneous decay modes
B1 ! t1n (“signal B”) and B2 ! D���0�np�2 (“com-
panion B”). Here and throughout, charge conjugate modes
are implied.

For the signal B we accept any single track which
passes quality requirements and is identified as a lepton or
pion. Pion candidates must have momentum greater than
0.7 GeV�c and must neither pass lepton identification
criteria nor be candidate K0

S daughters. This approach
encompasses the three decay modes t ! �e, m�nn̄ and
t ! pn, which together constitute 46.5% of the t

branching fraction. Reconstruction efficiencies are 64%,
34%, and 84%, respectively, and there is some cross feed
into the “pn” channel from the tau decay modes enn̄,
mnn̄, and rn. The cross feed efficiencies are 6%, 20%,
and 8%, respectively. The total t reconstruction efficiency,
including t branching fractions and cross feeds, is 32.9%.

For the companion B, we take advantage of the large
(46%) b ! cud̄ branching fraction and reconstruct B2 !
D���0�np�2, accepting either D0 or D�0 ! D0�g, p0�
and reconstructing the D0 in the following eight
modes: K2p1, K2p1p0, K2p1p2p1, K0p1p2,
K2p1p0p0, K2p1p2p1p0, K0p1p2p0, and K0p0.
Based on the reconstructed D0 mass, the p0 mass, and
the kaon and pion particle identification information, we
compute a x2 quality factor and use it to reject poor
D0 candidates. The �np�2 system may be any of the
following: p2, p2p1p2, p2p1p2p1p2, p2p0,
p2p1p2p0, or p2p0p0.

With each B reconstructed in one of the target decay
modes, we now require that there be no additional charged
tracks in the detector, and that the sum of all energy in the
crystal calorimeter not clustered with the energy deposi-
tion of reconstructed charged tracks or p0s be less than a
mode-dependent value Emax. For the clean decay modes of
the companion B, B1 ! D���0p1 and B1 ! D���0p1p0,
we set Emax � 0.6 GeV, while for all other modes it is
tightened to 0.4 GeV. The main source of nonassociated
calorimeter energy deposition is from hadronic interactions
in the calorimeter that cast debris laterally and result in
small energy deposits that are not matched with a parent
track. Monte Carlo simulation and careful investigation
of appropriate data samples indicate that on average such
deposits sum to 240 MeV per (signal) event. Additional
contributions arise from beam-related debris, averaging
26 MeV per event and concentrated in the far forward and
backward portions of the calorimeter; and from real pho-
tons from incorrect signal reconstruction, which average
10 MeV per event. In addition to this summed energy
requirement, we also test whether any unassigned calo-
rimeter signal can be paired with an already identified pho-
ton shower to form an object with invariant mass within
2952
2.5 standard deviations of the p0 mass. If such a pairing
can be made, the event is rejected.

We suppress background from BB̄ events by imposing
requirements on the value of q2, the invariant mass squared
of the np system. For most of the np states we demand
q2 , 2.0 GeV2, but for the case np � p1 no restriction
is needed, and for np � p1p2p1p0 we permit q2 ,

2.5 GeV2. The selection criteria described above have an
overall signal efficiency of approximately 50%.

Backgrounds arising from e1e2 ! qq̄ events (“contin-
uum”) are distinguished by a jetty topology. To suppress
these backgrounds we compute the direction of the thrust
axis of the companion B candidate and measure the angle
u to the direction of the lepton or pion of the t candi-
date. For a signal event these directions are uncorrelated,
while for continuum background the correlation is high and
the j cosuj distribution peaks at 1. We require j cosuj be
less than 0.90 and 0.75 for t ! �nn̄ and t ! pn candi-
dates, respectively. Continuum background is more severe
in the pn mode and demands a tighter cut. Additional
backgrounds from e1e2 ! t1t2 are suppressed by re-
quiring the Fox-Wolfram [12] moments ratio H2�H0 to
be less than 0.5. Contributions from two-photon events
(e1e2 ! g���e1e2) are negligible.

The identification of acceptable candidates for the t

daughter, the D0, and np system, together with the ab-
sence of extra tracks or significant extra neutral energy,
marks the appearance of a signal candidate. We now char-
acterize these candidates by the kinematic properties of
the companion B, since there is no additional information
in the lone t daughter track. In particular, we use the
total momentum �PB and energy EB of the companion B,
computed from momenta and energies of its daughter
products. These raw quantities are then recast as the more
useful beam-constrained mass M�B� � �E2

beam 2 �PB�1�2

and energy difference DE � EB 2 Ebeam variables. If
more than one candidate is reconstructed in a given event,
the one with the highest value of DE is selected.

Figure 1 shows the distribution of events in the DE-
M�B� plane for Monte Carlo BB̄ background, Monte Carlo
continuum background, Monte Carlo signal, and for the
actual data set. The Monte Carlo background samples
represent equivalent integrated luminosity of, respectively,
3 times and 2 times the actual data sample. The clustering
of signal Monte Carlo events inside the M�B� signal re-
gion but around DE � 20.2 GeV is due to reconstructing
B2 ! D�0�np�2 as B2 ! D0�np�2. In such cases, the
absence of the appropriate soft p0 or g from D�0 decay
lowers the candidate’s total energy. Events in this satellite
peak constitute 24% of the total signal yield.

We select events whose M�B� falls within 2.5 standard
deviations of the true B mass, and extract the signal yield
by fitting the resulting DE distribution. The net signal
efficiency including all secondary branching fractions for
the analysis is ´ � 0.69 3 1023. The signal fit shape is
the sum of a narrow (s � 24 MeV) Gaussian centered at
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FIG. 1. Distributions in DE (vertical axis) and M�B� (hori-
zontal axis). (a) BB̄ Monte Carlo; (b) continuum Monte Carlo;
(c) signal Monte Carlo; (d) data. The dashed lines delineate the
signal region.

DE � 0 for the primary signal yield, and a wide Gauss-
ian (s � 115 MeV) centered at DE � 2164 MeV for the
D�0 satellite peak. The shapes and the relative normaliza-
tion of these Gaussians are determined by Monte Carlo.
Residual backgrounds are modeled by a linear distribution
whose slope is determined by fitting the data lying outside
the 2.5s window in M�B�. We fit the DE distribution
by an extended unbinned maximum likelihood method
[13] to obtain the total yield of signal and background;
the DE shape parameters are fixed by the procedure de-
scribed above and are not varied in the fit. The systematic
error in signal yield associated with the uncertainty in the
background shape is 4%. Figure 2a shows the final DE
distribution of data inside the 2.5 standard deviation sig-
nal region of M�B�. Six events remain after all selection
criteria are applied, three consistent with leptonic tau de-
cay, three with pionic decay. Figure 2b shows the fit shape
with normalization as resulting from the likelihood fit; the
central value of the fitted yield is 0.96 events.

The background level is consistent with Monte Carlo
expectations given the selection criteria and the size of the
data sample. Figure 2c shows a comparison of the DE
distribution for Monte Carlo events and data. To increase
the yield for this plot we have released the restriction on
leftover tracks, and here require exactly one extra charged
track. These data events are thus in a sideband to the sig-
nal region. There are 71 such events in data, and 68 pre-
dicted by Monte Carlo. As evident in the figure, the Monte
Carlo also reproduces the DE spectrum of these events
very closely. Examination of Monte Carlo background
events in the signal region itself shows (a) that the back-
ground is composed of approximately equal amounts of
BB̄ and continuum events; (b) that the background in the
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FIG. 2. Final results. (a) The six events fitted. Shaded entries
correspond to candidates which are simultaneously K6nn̄ can-
didates. (b) The fit shape with normalizations as resulting from
the fit. (c) Distribution in DE of Monte Carlo (solid) and
data (points) for events with exactly one extra charged track.
(d) 22 lnL �Lmax versus B �B ! tn�. Solid: statistical errors
only; dotted: systematic errors included as described in text.

t ! pn mode is dominated by continuum while the back-
ground in the t ! �nn̄ mode is dominated by BB̄; and
(c) about 75% of all background events, whether BB̄ or
continuum, have a KL present. Were it available, hadronic
calorimetry would help suppress some of this remaining
background.

The branching ratio is related to the signal yield Nsig

by B�B ! tn� � Nsig�NBB̄´ where NBB̄ � 9.66 3 106

is the number of charged B mesons in the data sample and
´ is the efficiency as given above. We cross-check the ef-
ficiency by conducting a separate analysis identical to this
one in all key respects except that the tn target signal is
replaced by D�0�2n whose branching fraction is large and
well measured. To ensure as much topological similarity to
the tn case as possible, we restrict this ancillary analysis
to the low-multiplicity submode, D0 ! K2p1. We find a
yield of N�D�0�2n�data � 43.1 6 8.4 events in data, and
compare this to the Monte Carlo result N�D�0�2n�MC �
30.4 6 4.3 where the error is primarily due to uncer-
tainties in the B2 ! D�0�2n branching ratio [2]. The
discrepancy between these yields is 1.3s. We adopt a
conservative course, using the efficiency determined by
Monte Carlo, and assigning to it a relative systematic error
given by d´�´ �

p
�4.3�30.4�2 1 �8.4�43.1�2 � 24.1%.

Figure 2d shows the likelihood function (L ) plotted
as 22 lnL �Lmax versus B�B ! tn�. Also shown is the
result of convolving the likelihood function with the sys-
tematic uncertainty distribution of the efficiency (assumed
to be Gaussian). The systematic error on the efficiency is
2953
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dominated by the 24.1% discussed above, but also includes
contributions from reconstruction efficiency uncertainty
and uncertainty in the efficiency of the nonassociated neu-
tral energy cuts. In total, the relative systematic error on ef-
ficiency is 24.4%. We integrate the systematics-convolved
likelihood function to obtain a 90% confidence upper
limit B90 on B �B ! tn� from 0.90 �

RB90

0 L �B � dB�R1
0 L �B � dB . We find

B�B ! tn� , 8.4 3 1024

at 90% confidence level. This approach can be shown
[14] to be equivalent to the assumption of a flat Bayesian
prior probability for B�B ! tn� and is known to yield a
conservative upper limit. A frequentist approach based on
generating Monte Carlo experiments gives B�B ! tn� ,

7.4 3 1024 at 90% confidence level [15].
We also investigate the decay mode B6 ! K6nn̄ [16].

There is currently no experimental information on this de-
cay mode, although limits on the related decay modes
B ! Xsnn̄ and B ! K�0nn̄ exist [17]. All these modes
probe the quark mixing parameter jVtsj, and the fully in-
clusive mode in particular offers a theoretically pristine
approach to this fundamental quantity [1]. The search strat-
egy is the same as described above, but we require that the
lone track on the signal side fail lepton identification and
be consistent with a kaon. The expected momentum dis-
tribution of the K6 peaks at �2.5 GeV�c, so we retain
the 0.7 GeV�c momentum requirement previously applied
to the pion candidate in the pn mode. The resulting set
of three K6nn̄ signal candidates is a subset of the six tn

candidates. They are marked by shading in Fig. 2. We per-
form the same unbinned likelihood fit as above and obtain
a central value yield of 0.81 events. The efficiency of the
K6nn is ´ � 1.8 3 1023; we find B�B6 ! K6nn̄� ,

2.4 3 1024 at 90% confidence level. The efficiency is
calculated using the form factor model of Ref. [16], but
it changes only negligibly if instead we use three-body
phase space and a constant matrix element. We corrobo-
rate our result with an independent analysis, which is based
only on counting events and yields an upper limit B�B6 !
K6nn̄� , 6.6 3 1024 at 90% confidence level. As with
the tn analysis described above, the systematic error is
dominated by the 24% relative uncertainty in the efficiency
to reconstruct the companion B, and is included in the same
manner. Systematic uncertainty due to background shape
is only 2%.

We have reported an analysis of 9.66 3 106 charged B
meson decays which results in a conservative upper limit
on the branching fraction B�B ! tn� , 8.4 3 1024. We
also modify the analysis slightly to establish B�B6 !
K6nn̄� , 2.4 3 1024. The method used is optimized for
2954
conditions available at Y�4S� experiments, and we antici-
pate useful application of the method to other rare decay
modes with large missing energy.
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