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We have searched for the decaysB→mn̄mg and B→en̄eg in a sample of 2.73106 chargedB decays
collected with the CLEO II detector. In the muon channel, we observe no candidates in the signal region and
set an upper limit on the branching fraction ofB(B→mn̄mg),5.231025 at the 90% confidence level. In the
electron channel, we observe five candidates in the signal region and set an upper limit on the branching
fraction ofB(B→en̄eg),2.031024 at the 90% confidence level.@S0556-2821~97!05313-7#

PACS number~s!: 13.20.He, 13.40.Hq, 14.40.Nd

In the standard model, measurements ofVub , the
Cabibbo-Kobayashi-Maskawa~CKM! mixing angle, and
xd , theB

0B̄0 mixing parameter, can be used to place con-
straints onr and h, the unknown CKM constants of the
Wolfenstein parametrization@1,2#. However, the constraint
from B0B̄0 mixing depends on the unmeasured quantity
f B , theB decay constant. Theoretical estimates off B vary
from 190 MeV by QCD sum rules@3# to around 370 MeV by
lattice QCD calculations in the static quark limit@4#. The
only direct experimental means to accessf B is through an
observation of the purely leptonic decayB→ ln l . ~Through-
out this paper, decays of the typeB→ l n̄ lX refer to both
B2→ l2 n̄ lX andB1→ l1n lX.) Both CLEO@5# and ALEPH
@6# have published upper limits forB→ l n̄ l . However, these
limits are at least an order of magnitude larger than decay
rates predicted by the standard model, which are helicity
suppressed. In this paper, we describe first results from an
alternative method of determiningf B through leptonic de-
cays involving hard photon emission.

According to the model of Burdman, Goldman, and
Wyler ~BGW! @7#, the decay rate forB→ l n̄ lg is dominated
by structure-dependent~SD! photon emission. In the SD pro-
cess, a photon is produced in the transition of a spin-0B
meson to a spin-1 off-shell vector or axial-vectorB meson.
Because the heavy intermediate state has spin-one, helicity
suppression does not occur. Hence, the SD process is sup-
pressed only by the photon coupling. The decay rate depends
on the mass difference between the initial- and intermediate-
stateB meson, the strength of the photon coupling to the
heavy- and light-quark pieces of the electromagnetic current,
and the decay constant of the intermediate-stateB meson.
These constants are expected to differ for transitions involv-
ing an intermediate-state vector (B* ) and axial-vector (B8)
mesons. While theB*2B andB82B mass differences are
measured directly@8,9# the photon coupling constants
(m* , m j8) are estimated from a combination of charm system
measurements and theory@10#. Therefore, to a first approxi-
mation, the only uncertain parameters are the decay con-
stantsf B* and f Bj8 .

Since heavy quark symmetry~HQS! @11# cannot relate the
decay constants of heavy mesons belonging to different spin

doublets, it is useful to define the relative strength of the
axial-vector and vector processes as:

g j[
m j8 f Bj8

m* f B*
. ~1!

If g j is small, an observation ofB→ l n̄ lg would provide a
measurement off B* . Knowledge of f B* , together with the
HQS relationf B*5mBf B @12#, would then provide an alter-
native~albeit model-dependent! means to determinef B . We
might expectg j to be small because nonrelativsitic models
predict f Bj8 50. However, relativistic effects could result in

values up tog j51 @13#. Currently, there are no experimental
data based on which one can estimate the magnitude ofg j .
In this paper, we assumeg j50.

BecauseB→ l n̄ lg is not helicity suppressed, its decay rate
is expected to be comparable to or larger than that for
B→ l n̄ l decays. In addition, to first order in (ml /mB)

2, the
decay rate is independent of the lepton species. The expected
range for theB→ l n̄ lg branching fraction is@7#

1.031026,B~B→ l n̄ lg!,4.031026, ~2!

where we have usedtB51.6 ps, f B*51.0 GeV2, and Vub

50.003 as reasonable estimates for these parameters@14–
16#. If we take B(B→ l n̄ lg)54.031026, then
B(B→mn̄mg)'163B(B→mn̄m). This paper will focus on
a search forB→en̄eg andB→mn̄mg.

We search for events in which there is an energetic
lepton-photon pair and the remaining particles are consistent
with the decay of a secondB. One lepton-photon candidate
per event is selected using the most energetic lepton and
most energetic photon in the event. According to the BGW
model, the lepton energy spectrum forB→ l n̄ lg is slightly
more peaked at high energies than what would be expected
from phase space alone and has a mean value of 2.0 GeV.
The photon energy spectrum has an inverted-parabolic shape
with a mean value 1.3 GeV. The energy spectra of the lepton
and photon as predicted by the BGW model are shown in
Fig. 1. The constraints involving particles from the second
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B are enforced by requiring that the invariant mass and en-
ergy of all detected particles except the lepton-photon pair be
consistent with theB mass and beam energy, respectively.
We also require that the missing energy and missing momen-
tum of the signal candidate be consistent with an undetected
neutrino.

The data used in this search were collected with the
CLEO II detector@17# operating at the Cornell Electron Stor-
age Ring ~CESR!. The data consist of approximately 2.7
3106 Y(4S)→BB̄ events collected along with 9.63106

continuum events at theY(4S) resonance atAs510.58 GeV
~the ‘‘on-resonance’’ sample!. We also use a sample of 5.0
3106 continuum events collected below resonance at
As510.52 GeV for background substraction~the ‘‘off-
resonance’’ sample!. The on- and off-resonance samples cor-
respond to integrated luminosities of 2.5 fb21 and 1.3 fb21,
respectively.

The features of the CLEO II detector relevant to this
analysis are described here. The trajectories of charged par-
ticles are reconstructed using a system of three concentric
wire chambers covering 95% of 4psr in an axial magnetic
field of 1.5 T. A CsI electromagnetic calorimeter covering
98% of 4psr detects photons with energies above 30 MeV.
Photon candidates are identified by showers in the calori-
meter that are not matched to tracks reconstructed in the
tracking chamber. Electrons above 1.8 GeV are identified
using the momentum energy balance of tracks matched to
showers in the calorimeter and the specific ionization
(dE/dx) of tracks in the drift chamber. Muons are required
to penetrate at least seven nuclear interaction lengths. This
places a lower limit of approximately 2.0 GeV/c on the
muon momentum. Other charged particles are identified
through their specific ionization in the main drift chamber.
All charged tracks are assigned the pion mass unless they are

identified as leptons or theirdE/dx is inconsistent with the
pion mass hypothesis (.2s) and consistent with either the
kaon or proton mass hypothesis (,2s).

We select hadronic events by requiring that there be at
least four charged tracks and significant visible energy. Other
continuum backgrounds~including two-photon events! are
suppressed by requiringucosumissu,0.95, whereumiss is the
angle between the missing momentum and the beam line,
and also by requiring that the net measured electric charge of
the event(Qi be no more than 2. These requirements also
reduce the number of events containing particles that are lost
down the beam pipe. To further suppress continuum decays,
we select events that are spherical in shape by requiring that
the raito of the second and zeroth Fox-Wolfram moments
@18# (R2) be less than 0.25.

To identify signal candidates we select one lepton-photon
candidate per event using the most energetic lepton and most
energetic photon in the event. We then require that the en-
ergy E2 and the invariant massM2[AEbeam

2 2uP2u2 of all
particles in the event except the lepton-photon pair be con-
sistent with coming from a singleB decay. In particular, we
require 4.8 GeV, E2,5.5 GeV andM2.5.27 GeV. These
requirements suppress events with missing charged tracks,
additional neutrinos, and undetected or partially detected
neutral hadrons. Finally, we reconstruct the energy and mo-
mentum of the undetected neutrino using the four-
momentum of the lepton, photon, and the secondB. We
define the neutrino energy and momentum asEn5Ebeam

2El2Eg andPn5uPW l1PW g10.320p̂2u, respectively, where
p̂2 is the unit-vector momentum of the secondB. The cor-
rection term 0.320p̂2 is needed to account for the momentum
of the parentB ~expressed in units of GeV/c). To select
signal events, we requireuEn2Pnu,200 MeV.

Backgrounds toB→ l n̄ lg from generic b→cl n̄ l and
b→ul n̄ l decays frequently occur when the primary lepton is
combined with a photon from ap0 decay. To suppress these
backgrounds, we calculate the invariant massMgg of the
candidate photon~the most energetic photon! with respect to
all other showers in the event. If any of theMgg combina-
tions are consistent with thep0 mass ~110 MeV,
Mgg,160 MeV!, the event is discarded. To further suppress
b→cl n̄ l decays, we require that the cosine of the lepton-
photon opening angle, cosul•g , be less than zero. This re-
quirement is efficient for signal decays, where the lepton and
photon are often produced back to back. However, for
b→cl n̄ l events, the decay kinematics and the neutrino mass
constraint together favor a small lepton-photon opening
angle.

The probability that aB→mn̄mg decay satisfies all selec-
tion criteria and lies in the signal region is~1.9360.04!%.
The corresponding probability for aB→en̄eg decay is~2.06
60.14!%. These probabilities are determined using a Monte
Carlo simulation with the corrections described below. The
error on each probability is statistical only.

For theB→mn̄mg analysis, the mean number of on~off!-
resonance candidates expected from background Monte
Carlo simulation to fall into theEn2Pn sideband, defined by
200 MeV, En2Pn,2 GeV, is 41.363.8 ~1.060.6!. Of this
yield, 93% comes fromb→cmn̄m decays where the primary
muon is the lepton candidate. A much smaller background

FIG. 1. The lepton and photon spectra ofB→ lng decays in the
B rest frame~BGW model!.
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comes fromqq̄ events~6%! andb→umn̄m decays~1%!. The
normalization of the background is determined using the
known values for theBB̄ and continuumqq̄ cross sections.
The mean number of background candidates in the signal
region is predicted to be 0.561.1. The number of on~off!-
resonance candidates in the data that fall into theEn2Pn

sideband is 51.067.1 ~2.061.4!. A comparison of the Monte
Carlo simulation and dataEn2Pn distributions is shown in
Fig. 2; their agreement helps confirm our understanding of
the normalization and composition of the background. No
candidates in either the on- or off-resonance sample fall into
the signal region. We obtain an upper limit on the signal
yield based on zero candidates.

For theB→en̄eg analysis, the mean number of on~off!-
resonance candidates expected from background Monte
Carlo simulation to fall into theEn2Pn sideband is 79.9
65.2 ~1.360.6!. Of this yield, 97% comes fromb→cen̄e
decays where the primary electron is the lepton candidate.
The remainder of the background comes fromqq̄ events
~2.4%! and b→uen̄e decays~0.6%!. The total number of
background candidates in the signal region is predicted to be
0.160.7. To obtain an alternative estimate of this yield, we
assume a uniform background distribution in theE2 and
M2 sidebands, and determine the number of candidates in the
signal region by extrapolation. Using this method, we obtain
an estimate of 1.660.1 candidates. This yield is reduced to
1.360.1 if we take into account the typical falloff in the
M2 background distribution above 5.285 GeV@19#. The
number of on~off!-resonance candidates in the data that fall
into theEn2Pn sideband is 88.069.4 ~1.061.0!. While the
data and the Monte Carlo background agree well in theEn

2Pn sideband, they do not agree in the signal region, where
we observe five on-resonance candidates and zero off-
resonance candidates~see Fig. 3!.

Each of the five candidate signal events was individually
examined. These events are inconsistent with a two-photon

interaction based on the correlation between the lepton-
candidate direction and the beam direction@20#. The candi-
date events are also not consistent with being beam-related
background or events containing lepton candidates from pho-
ton conversions andJ/c→e1e2 decays. We also consider
whether the candidate events could be a product of an up-
ward statistical fluctuation of known backgrounds. If we as-
sume a predicted background of 1.3 candidates, the probabil-
ity of observing five or more candidates is 1%. In summary,
we do not find any specific background processes which
would give rise to these five candidate events nor do we
believe it possible that fluctuations of known background
contributions can explain these events. However, since most
models, both the standard model and models beyond the

FIG. 2. TheEn2Pn distribution for B→mn̄mg event candi-
dates. The signal region is defined byuEn2Pnu,200 MeV. An
overlay is shown of on-Y(4S) resonance minus scaled off-
Y(4S) resonance data~filled circles!, the Monte Carlo background
prediction~solid line!, and the Monte Carlo signal prediction for a
branching fractionb((B→mn̄mg)51.131023 ~dotted line!.

FIG. 3. TheEn2Pn distribution forB→en̄eg event candidates.
The signal region is defined byuEn2Pnu,200 MeV. An overlay is
shown of on-Y(4S) resonance minus scaled off-Y(4S) resonance
data~filled circles!, the Monte Carlo background prediction~solid
line!, and the Monte Carlo signal prediction for a branching fraction
b(B→en̄eg)51.331023 ~dotted line!.

TABLE I. Signal efficiency for theB→ lng analysis.

Cut B→mng B→eng

Lepton detection and identification 0.40 0.46
andPl.1.8 GeV

Photon selection 0.84 0.84

ucosumissu,0.95 0.97 0.96
Hadronic event selection 0.96 0.96
(Qi<2 0.99 0.99
110 MeV.Mgg or Mgg.160 MeV 0.69 0.66
R2,0.25 0.62 0.64
4.8 GeV,EB2

,5.5 GeV 0.31 0.31
cosul•g,0.0 0.83 0.82
MB2

.5.23 GeV 0.62 0.60
20.2 GeV,En2Pn,0.2 GeV 0.87 0.79

Total efficiency 0.019 0.021
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standard model, would predict that the branching fraction for
the electronic and the muonic modes are equal, the absence
of muonic signal makes it inappropriate to regard these five
electronic events as positive evidence for the radiative lep-
tonic decay of theB. Therefore, since we were not able to
identify the source of background giving rise to these five
events, we must assume that they are a possible signal when
we calculate an upper limit.

The contributions to the signal detection efficiency by
various requirements we impose are listed in Table I. The
efficiencies have been checked with independent data
samples and corrected where necessary. In particular, the ef-
ficiencies for theE2 , M2 , andR2 requirements are checked
using the remaining particles in events in which one of the
two B decays has been reconstructed asB→D* l n̄ l @21#. A
systematic correction on the combined efficiency for the
E2 , M2 , andR2 is estimated to be 0.92060.134 by compar-
ing B→D* l n̄ l events in Monte Carlo simulation and data.
The uncertainty on this correction is dominated by the statis-
tics of the study. The efficiency for thep0 veto is checked by
calculatingMgg of a signal photon with respect to all other
photons in genericBB̄ Monte Carlo simulation and data
events. The resulting correction factor is 1.00760.037,
where the error is statistical. Other smaller systematic effects
related to lepton selection, photon selection, and the elec-
troweak correction to the electron momentum spectrum have
also been studied@22#. A summary of these systematic stud-
ies is given in Table II.

Uncertainties on the signal detection efficiency also arise
from an incomplete knowledge ofg j in the BGW model. In
particular, large values ofg j imply a greater admixture of

axial-vector meson decays which results in a harder photon
energy spectrum and softer lepton spectrum. Since both
high-energy leptonsand photons are favored by the event
selection criteria, larger values ofg j simultaneously increase
the photon selection efficiency and decrease the lepton selec-
tion efficiency. To study the net systematic effect on the
signal detection efficiency, we use a signal Monte Carlo
simulation with the opposite extreme value for the relative
axial-vector strengthg j51, and find that the signal detection
efficiency increases by a factorof 1.03960.040. Since we are
measuring upper limits forB→mn̄mg and B→en̄eg, the
choiceg j50 in our BGW Monte Carlo simulation leads to a
conservative estimate of the efficiency.

The total uncertainty on the signal detection efficiency is
obtained by adding the systematic uncertainty~614.8%! and
statistical uncertainty~61.9% forB→mn̄mg and66.7% for
B→en̄eg) in quadrature. In addition, there is an uncertainty
of 61.8% in the number ofB1B2 events in our data sample.

To calculate an upper limit on the number of signal can-
didates observed, we use Poisson statistics@23#. If we regard
all on-resonance candidates that pass the event selection cri-
teria as signal candidates, we obtain an upper limit on the
signal yield for B→mn̄mg and B→en̄eg of 2.3 and 9.3,
respectively, at the 90% C.L. To calculate an upper limit on
the branching fraction, the estimated signal detection effi-
ciency is reduced by one standard deviation. This, combined
with the total number of chargedB decays in the data sample
(2.73106), gives

B~B→mn̄mg!,5.231025 ~90% C.L.!, ~3!

B~B→en̄eg!,2.031024 ~90% C.L.!. ~4!

Using the upper limit onB(B→mn̄mg), the assumption
g j50, and the allowed range ofm* , we extract a range of
limits on f B* . Given the lower~upper! limit for m* , we ob-
tain f B*,7.25 ~3.62! GeV2 at the 90% C.L. Using the HQS
relation f B*5mBf B , we obtain f B,1.37 ~0.69! GeV at the
90% C.L. For comparison, the constraint obtained from the
upper limit onB→tn̄t @5# is f B,1.23 GeV at the 90% C.L.
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