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Search for the Rare Leptonic Decay B� ! ����
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M. C. Simani,35 D. M. Wright,35 A. J. Bevan,36 J. P. Coleman,36 J. R. Fry,36 E. Gabathuler,36 R. Gamet,36 M. Kay,36

R. J. Parry,36 D. J. Payne,36 R. J. Sloane,36 C. Touramanis,36 J. J. Back,37 P. F. Harrison,37 G. B. Mohanty,37 C. L. Brown,38

G. Cowan,38 R. L. Flack,38 H. U. Flaecher,38 S. George,38 M. G. Green,38 A. Kurup,38 C. E. Marker,38 T. R. McMahon,38

S. Ricciardi,38 F. Salvatore,38 G. Vaitsas,38 M. A. Winter,38 D. Brown,39 C. L. Davis,39 J. Allison,40 N. R. Barlow,40

R. J. Barlow,40 P. A. Hart,40 M. C. Hodgkinson,40 G. D. Lafferty,40 A. J. Lyon,40 J. C. Williams,40 A. Farbin,41

W. D. Hulsbergen,41 A. Jawahery,41 D. Kovalskyi,41 C. K. Lae,41 V. Lillard,41 D. A. Roberts,41 G. Blaylock,42

C. Dallapiccola,42 K.T. Flood,42 S. S. Hertzbach,42 R. Kofler,42 V. B. Koptchev,42 T. B. Moore,42 S. Saremi,42

H. Staengle,42 S. Willocq,42 R. Cowan,43 G. Sciolla,43 F. Taylor,43 R. K. Yamamoto,43 D. J. J. Mangeol,44 P. M. Patel,44

S. H. Robertson,44 A. Lazzaro,45 F. Palombo,45 J. M. Bauer,46 L. Cremaldi,46 V. Eschenburg,46 R. Godang,46

R. Kroeger,46 J. Reidy,46 D. A. Sanders,46 D. J. Summers,46 H.W. Zhao,46 S. Brunet,47 D. Cote-Ahern,47 P. Taras,47

H. Nicholson,48 C. Cartaro,49 N. Cavallo,49 G. De Nardo,49 F. Fabozzi,49,* C. Gatto,49 L. Lista,49 P. Paolucci,49

D. Piccolo,49 C. Sciacca,49 M. A. Baak,50 G. Raven,50 L. Wilden,50 C. P. Jessop,51 J. M. LoSecco,51 T. A. Gabriel,52

T. Allmendinger,53 B. Brau,53 K. K. Gan,53 K. Honscheid,53 D. Hufnagel,53 H. Kagan,53 R. Kass,53 T. Pulliam,53

R. Ter-Antonyan,53 Q. K. Wong,53 J. Brau,54 R. Frey,54 O. Igonkina,54 C.T. Potter,54 N. B. Sinev,54 D. Strom,54

P H Y S I C A L R E V I E W L E T T E R S week ending
4 JUNE 2004VOLUME 92, NUMBER 22

221803-1 0031-9007=04=92(22)=221803(7)$22.50  2004 The American Physical Society 221803-1



E. Torrence,54 F. Colecchia,55 A. Dorigo,55 F. Galeazzi,55 M. Margoni,55 M. Morandin,55 M. Posocco,55 M. Rotondo,55

F. Simonetto,55 R. Stroili,55 G. Tiozzo,55 C. Voci,55 M. Benayoun,56 H. Briand,56 J. Chauveau,56 P. David,56

Ch. de la Vaissière,56 L. Del Buono,56 O. Hamon,56 M. J. J. John,56 Ph. Leruste,56 J. Ocariz,56 M. Pivk,56 L. Roos,56

S. T’Jampens,56 G. Therin,56 P. F. Manfredi,57 V. Re,57 P. K. Behera,58 L. Gladney,58 Q. H. Guo,58 J. Panetta,58

F. Anulli,27,59 M. Biasini,59 I. M. Peruzzi,27,59 M. Pioppi,59 C. Angelini,60 G. Batignani,60 S. Bettarini,60 M. Bondioli,60

F. Bucci,60 G. Calderini,60 M. Carpinelli,60 V. Del Gamba,60 F. Forti,60 M. A. Giorgi,60 A. Lusiani,60 G. Marchiori,60

F. Martinez-Vidal,60,† M. Morganti,60 N. Neri,60 E. Paoloni,60 M. Rama,60 G. Rizzo,60 F. Sandrelli,60 J. Walsh,60

M. Haire,61 D. Judd,61 K. Paick,61 D. E. Wagoner,61 N. Danielson,62 P. Elmer,62 C. Lu,62 V. Miftakov,62 J. Olsen,62

A. J. S. Smith,62 E.W. Varnes,62 F. Bellini,63 G. Cavoto,62,63 R. Faccini,63 F. Ferrarotto,63 F. Ferroni,63 M. Gaspero,63

M. A. Mazzoni,63 S. Morganti,63 M. Pierini,63 G. Piredda,63 F. Safai Tehrani,63 C. Voena,63 S. Christ,64 G. Wagner,64

R. Waldi,64 T. Adye,65 N. De Groot,65 B. Franek,65 N. I. Geddes,65 G. P. Gopal,65 E. O. Olaiya,65 S. M. Xella,65

R. Aleksan,66 S. Emery,66 A. Gaidot,66 S. F. Ganzhur,66 P.-F. Giraud,66 G. Hamel de Monchenault,66 W. Kozanecki,66

M. Langer,66 M. Legendre,66 G.W. London,66 B. Mayer,66 G. Schott,66 G. Vasseur,66 Ch. Yeche,66 M. Zito,66

M.V. Purohit,67 A.W. Weidemann,67 F. X. Yumiceva,67 D. Aston,68 R. Bartoldus,68 N. Berger,68 A. M. Boyarski,68

O. L. Buchmueller ,68 M. R. Convery,68 M. Cristinziani,68 D. Dong,68 J. Dorfan,68 D. Dujmic,68 W. Dunwoodie,68

E. E. Elsen,68 R. C. Field,68 T. Glanzman,68 S. J. Gowdy,68 T. Hadig,68 V. Halyo,68 T. Hryn’ova,68 W. R. Innes,68

M. H. Kelsey,68 P. Kim,68 M. L. Kocian,68 D.W. G. S. Leith,68 J. Libby,68 S. Luitz,68 V. Luth,68 H. L. Lynch,68

H. Marsiske,68 R. Messner,68 D. R. Muller,68 C. P. O’Grady,68 V. E. Ozcan,68 A. Perazzo,68 M. Perl,68 S. Petrak,68

B. N. Ratcliff,68 A. Roodman,68 A. A. Salnikov,68 R. H. Schindler,68 J. Schwiening,68 G. Simi,68 A. Snyder,68 A. Soha,68

J. Stelzer,68 D. Su,68 M. K. Sullivan,68 J. Va’vra,68 S. R. Wagner,68 M. Weaver,68 A. J. R. Weinstein,68 W. J. Wisniewski,68

D. H. Wright,68 C. C. Young,68 P. R. Burchat,69 A. J. Edwards,69 T. I. Meyer,69 B. A. Petersen,69 C. Roat,69 M. Ahmed,70

S. Ahmed,70 M. S. Alam,70 J. A. Ernst,70 M. A. Saeed,70 M. Saleem,70 F. R. Wappler,70 W. Bugg,71 M. Krishnamurthy,71

S. M. Spanier,71 R. Eckmann,72 H. Kim,72 J. L. Ritchie,72 A. Satpathy,72 R. F. Schwitters,72 J. M. Izen,73 I. Kitayama,73

X. C. Lou,73 S. Ye,73 F. Bianchi,74 M. Bona,74 F. Gallo,74 D. Gamba,74 C. Borean,75 L. Bosisio,75 F. Cossutti,75

G. Della Ricca,75 S. Dittongo,75 S. Grancagnolo,75 L. Lanceri,75 P. Poropat,75,‡ L.Vitale,75 G.Vuagnin,75 R. S. Panvini,76

Sw. Banerjee,77 C. M. Brown,77 D. Fortin,77 P. D. Jackson,77 R. Kowalewski,77 J. M. Roney,77 H. R. Band,78 S. Dasu,78

M. Datta,78 A. M. Eichenbaum,78 J. R. Johnson,78 P. E. Kutter,78 H. Li,78 R. Liu,78 F. Di Lodovico,78 A. Mihalyi,78

A. K. Mohapatra,78 Y. Pan,78 R. Prepost,78 S. J. Sekula,78 J. H. von Wimmersperg-Toeller,78 J. Wu,78 S. L. Wu,78

Z. Yu,78 and H. Neal79

(BABAR Collaboration)

1Laboratoire de Physique des Particules, F-74941 Annecy-le-Vieux, France
2 Dipartimento di Fisica and INFN, Università di Bari, I-70126 Bari, Italy
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58University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA
59Dipartimento di Fisica and INFN, Università di Perugia, I-06100 Perugia, Italy
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We have performed a search for the rare leptonic decay B� ! ���� with data collected at the��4S�
resonance by the BABAR experiment at the PEP-II storage ring. In a sample of 88:4� 106 BB pairs, we
find no significant evidence for a signal and set an upper limit on the branching fraction B�B� !
�����< 6:6� 10�6 at the 90% confidence level.

DOI: 10.1103/PhysRevLett.92.221803 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh

The study of the purely leptonic decays B� ! ‘��‘
(‘ � e, �, or 
) can provide sensitivity to poorly con-
strained standard model (SM) parameters and also act as
a probe of new physics. In the SM, these decays proceed
by annihilation to a W boson with a branching fraction
given by

B�B� ! ‘��‘� �
G2

FmBm
2
‘

8�

�
1�

m2
‘

m2
B

�
2
f2BjVubj

2
B� ;

where GF is the Fermi coupling constant, m‘ and mB are
the lepton and B meson masses, and 
B� is the B� life-
time. The decay rate is sensitive to the product of the
Cabibbo-Kobayashi-Maskawa matrix element jVubj and
the B decay constant fB, which is proportional to the
wave function for zero separation between the quarks.
Currently, our best understanding of fB comes from lat-
tice gauge calculations where the theoretical uncertainty
is roughly 15% [1]. This uncertainty is a significant
limitation on the extraction of jVtdj from precision B0B0

mixing measurements [1]. Observation of B� ! ‘��‘
could provide the first direct measurement of fB.

In this Letter, we present a search for the decay B� !
���� (charge conjugation is implied throughout this
paper). This decay is highly suppressed due to the depen-
dence on jVubj

2 and m2
‘ (helicity suppression). The SM

prediction for the B� ! ���� branching fraction is
roughly �2–6� � 10�7 while the current best published
limit is B�B� ! �����< 2:1� 10�5 at the 90%
C.L. [2]. Although the expected branching fraction for
B� ! 
��
 is larger by a factor of 225 due to the in-
creased lepton mass, the additional neutrinos produced in
the tau decay make the search more challenging experi-
mentally. The current best limit is B�B� ! 
��
�<
5:7� 10�4 [3].

The B� ! ‘��‘ decay modes are also potentially
sensitive to physics beyond the SM. For example, in
two-Higgs-doublet models such as the minimal super-
symmetric standard model (MSSM), these decays can
proceed at tree level via an intermediate H	, providing
a possible enhancement up to current experimental limits
[4]. Similarly, in R-parity violating extensions of the
MSSM, B� ! ‘��‘ may be mediated by scalar super-
symmetric particles [5]. Hence, upper limits on the B� !
‘��‘ branching fractions constrain the R-parity violating
couplings.

The data used in this analysis were collected with
the BABAR detector at the PEP-II storage ring. The data
sample consists of an integrated luminosity of 81:4 fb�1

accumulated at the ��4S� resonance (‘‘on-resonance’’)
and 9:6 fb�1 accumulated at a center-of-mass (C.M.)
energy about 40 MeV below the ��4S� resonance (‘‘off-
resonance’’). The on-resonance sample corresponds to
88:4� 106 BB pairs.

The BABAR detector is optimized for the asymmetric
collisions at PEP-II and is described in detail elsewhere
[6]. Charged particle trajectories are measured with a
five-layer double-sided silicon vertex tracker (SVT) and
a 40-layer drift chamber (DCH), which are contained in
the 1.5 T magnetic field of a superconducting solenoid. A
detector of internally reflected Cherenkov radiation
provides identification of charged kaons and pions. The
energies of neutral particles are measured by an electro-
magnetic calorimeter (EMC) consisting of 6580 CsI(Tl)
crystals. The flux return of the solenoid is instrumented
with resistive plate chambers to provide muon identifica-
tion (IFR). A Monte Carlo (MC) simulation of the
BABAR detector based on GEANT4 [7] was used to
optimize the signal selection criteria and evaluate the
signal efficiency.

The B� ! ���� decay produces a monoenergetic
muon in the B rest frame with p� 
 mB=2. Since the
neutrino goes undetected, we assume that all remaining
particles are associated with the decay of the other B
in the event, which we denote the ‘‘companion’’ B.
Signal events are selected using the kinematic variables
�E � E�

B � E�
b and energy-substituted mass, mES ����������������������

E�2
b � p�2

B

q
, where p�

B (E�
B) is the momentum (energy)

of the reconstructed companion B and E�
b is the beam

energy, all in the ��4S� rest frame. We require mES to
be consistent with the B meson mass, and the energy of
the companion B to be consistent with E�

b resulting
in �E ’ 0.

To reduce nonhadronic backgrounds, we select events
that contain at least four charged tracks and have a
normalized second Fox-Wolfram moment [8] less than
0.98. Muon candidates are required to penetrate at least
2.2 interaction lengths of material in the IFR, have a
measured penetration within 0.8 interaction lengths
of that expected for a muon, and have an associated
energy in the EMC consistent with that of a minimum-
ionizing particle. The muon track must have at least 12
DCH hits, momentum transverse to the beam axis p? >
0:1 GeV=c, and a point of closest approach to the inter-
action point that is within 10 cm along the beam axis and
less than 1.5 cm in the transverse plane. For each muon
candidate with momentum between 2.25 and 2:95 GeV=c
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in the C.M. frame, we attempt to reconstruct the com-
panion B.

The companion B is formed from all charged tracks
satisfying the above criteria regarding the distance of
closest approach to the interaction point. It also includes
all calorimeter clusters with energy greater than 30 MeV
that are not associated with a charged track. Particle
identification is applied to the charged tracks to identify
electrons, muons, kaons, and protons while the remaining
unidentified tracks are assumed to be pions. The resulting
mass hypotheses are applied to improve the �E resolu-
tion. Events with additional identified leptons are dis-
carded since they typically arise from semileptonic B or
charm decays and indicate the presence of additional
neutrinos.

Once the companion B is reconstructed, we calculate
the muon momentum in the rest frame of the signal B. We
assume the signal B travels in the direction opposite to
that of the companion B momentum in the ��4S� rest
frame with a momentum determined by the two-body
decay ��4S� ! B�B�. For signal muons, the p� distri-
bution peaks at 2:64 GeV=c with an rms of about
100 MeV=c.

The two most significant backgrounds are B semilep-
tonic decays involving b ! u� �� transitions where the
end point of the muon spectrum approaches that of the
signal, and nonresonant q �q (‘‘continuum’’) events where
a charged pion is mistakenly identified as a muon. Using a
pion control sample obtained from e�e� ! 
�
� events
in the data, the misidentification probability is estimated
to be 2% in the momentum and polar angle region rele-
vant for B� ! ����. The muon candidate momentum
spectrum of the background decreases with increasing
momentum so we apply an asymmetric cut about the
signal peak, 2:58<p� < 2:78 GeV=c.

In order for continuum events to populate the signal
region of �E and mES, there must be significant missing
energy due to particles outside the detector acceptance,
unreconstructed neutral hadrons, or additional neutrinos.
Therefore, we require j cos��j< 0:88 so that the polar
angle of the missing momentum vector in the laboratory
frame, ��, is directed into the detector’s fiducial volume.
Furthermore, these events tend to produce a jetlike event
topology, whereas BB events tend to be spherical. We
define a variable, ��T , which is the angle between the
muon candidate momentum and the thrust axis of the
companion B in the C.M. frame. By requiring j cos��T j<
0:55, we remove approximately 98% of the continuum
background while retaining 54% of the signal decays.

We select B� ! ���� signal candidates with simul-
taneous requirements on �E and mES, thus forming a
‘‘signal box’’ defined by �0:75< �E< 0:5 GeV and
mES > 5:27 GeV=c2. The dimensions of the signal box,
as well as the above requirements on p�, j cos��Tj, and
j cos��j, were determined using an optimization proce-
dure that finds the combination of cuts that maximizes the

quantity S=
�������������
S� B

p
, where S and B are the signal and

background yields in the MC simulation, respectively.
The signal branching fraction was set to the SM expec-
tation during the optimization procedure. After applying
all selection criteria, the B� ! ���� efficiency is deter-
mined from the simulation to be �2:24	 0:07�%.

In addition to the signal box, we have defined a slightly
larger blinding box and three sideband regions. The
boundaries of these regions in the (�E, mES) plane
are listed in Table I. The data within the blinding box
were kept hidden until the analysis was completed
in order to avoid the introduction of bias in the event-
selection process.

We estimate the background in the signal box assuming
that the mES distribution is described by the ARGUS
function [9]. This assumption is consistent with the ob-
served distributions in the MC simulation as well as the
data in the �E sidebands. The shape parameter of the
ARGUS function ( ) is determined from an unbinned
maximum likelihood fit using the data in the fit sideband
defined in Table I. The ARGUS shape (A) is extrapolated
through the signal box and constrained to be zero at the
end point, which is fixed at E�

b � 5:29 GeV=c2. Figure 1
shows the results of the fit. The expected background is

TABLE I. The boundaries of the signal box and various
sidebands defined for this analysis.

Region �E (GeV) mES (GeV=c2)

Signal box ��0:75; 0:50� >5:27
Blinding box ��1:30; 0:70� >5:24
Fit sideband ��0:75; 0:50� [ 5.10, 5.24 ]
�E sideband (bottom) ��3:00;�1:30� >5:10
�E sideband (top) [ 0.70, 1.50 ] >5:10
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FIG. 1. Results of the ARGUS fit to the on-resonance data
satisfying �0:75<�E< 0:5 GeV. The two dashed lines in-
dicate the lower boundaries of the blinded region and signal
box at 5.24 and 5:27 GeV=c2, respectively. The histogram
shows the sum of all simulated background sources normalized
to the on-resonance luminosity.
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calculated using

Nbkg � Nfit �

R
5:29
5:27 A�mES�dmESR
5:24
5:10 A�mES�dmES

� Nfit � RARGUS; (1)

where Nfit is the number of events contributing to the fit.
The result is Nbkg � 5:0�1:8�1:4 events. The uncertainty is
determined by varying  by the 	1# uncertainty from
the fit. In the MC simulation (scaled to the on-resonance
luminosity), we find 5:7	 0:5 background events in the
signal box, in agreement with the data extrapolation. The
simulation indicates that the background is primarily
continuum, consisting of 57% light-quark (uu, dd, ss),
23% cc, and 20% BB events.

By using the ARGUS function to describe the back-
ground mES distribution, we would underestimate the
contribution of backgrounds that peak within the blinded
region. The simulation indicates that only the relatively
small component of background from BB events exhibits
a mildly peaking mES distribution. When the background
extrapolation is applied to the simulation, the resulting
background estimate is 5:2	 0:5 events, in agreement
with the 5.7 events actually found in the signal box.
Although neglecting peaking backgrounds could enhance
an apparent signal, here the result would be a more con-
servative upper limit.

We have evaluated the systematic uncertainty in the
signal efficiency which includes the muon candidate se-
lection as well as the reconstruction efficiency of the
companion B. Using a muon control sample obtained
from e�e� ! e�e����� events in the data, the muon
identification efficiency has been measured in bins of
momentum, polar angle, and charge, and the results are
incorporated into the nominal MC simulation. Averaged
over the momentum and polar angle distributions of
muons from B� ! ����, we estimate that the muon
identification efficiency for this data sample is 61% with
a systematic uncertainty of 4:2%. From the fraction of
tracks reconstructed in the SVT that are also found in the
DCH, we find that the tracking efficiency of the muon
candidate is overestimated in the simulation by 0:8%,
which is applied as a correction to the signal efficiency.
The associated systematic error is 2%. An additional
systematic error of 1% is included due to the requirement
that the event contain at least four charged tracks.

The companion B reconstruction efficiency has been
studied using a control sample of fully reconstructed
B� ! D���0�� events. These are also two-body decays
in which the �� momentum spectrum is similar to that of
the �� in signal events. Once reconstructed, the pion can
be treated as if it were the signal muon and the D���0 decay
products can be removed from the event to simulate the
unobserved neutrino. Then the companion B is recon-
structed in the control sample as it would be for signal.
We then compare the efficiencies for each of our compan-
ion B selection cuts in the B� ! D���0�� data and MC
simulation. Figure 2 shows a comparison of on-resonance

data and simulation for the �E and mES distributions in
the B� ! D0�� control sample. We expect the resolution
observed in the control sample to represent that of B� !
���� signal events. We find that the efficiency after all
selection cuts in the data is a factor of 0:94	 0:04 times
the prediction of th e simulation. The signal efficiency
obtained from the simulation is therefore corrected by
this factor and a systematic error of 4:3% is applied. A
summary of the systematic uncertainties in the signal
efficiency is given in Table II. We estimate the overall
signal selection efficiency to be 2:09	 0:06�stat� 	
0:13�syst�%.

In the on-resonance data, we find 11 events in the signal
box where 5:0�1:8�1:4 background events are expected. The
distribution of the data in the (�E, mES) plane is shown in
Fig. 3. Using a Monte Carlo technique [10], we determine
the 90% C.L. upper limit on the signal to be nUL � 12:1
events. Systematic uncertainties are included following
the prescription given in Ref. [11]. The probability of a
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FIG. 2. The distributions of �E and mES of the companion B
in the B� ! D0�� control sample after all previous cuts have
been applied. The points are the on-resonance data while the
histogram is the MC simulation normalized to the number of
reconstructed B� ! D0�� decays. The observed discrepancies
between data and simulation are accounted for by correcting
the signal efficiency obtained from the simulation.

TABLE II. Contributions to the systematic uncertainty on
the signal efficiency.

Source Correction Uncertainty

Tracking efficiency
Muon 0.992 2:0%
Companion B � � � 1:0%

Muon identification � � � 4:2%
Companion B reconstruction 0.94 4:3%

Total 0.932 6:4%
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background fluctuation yielding the observed number of
events or more is about 4%. We set an upper limit on
the B� ! ���� branching fraction using B�B� !
�����< nUL=S, where S is the product of the signal
efficiency and the number of B	 mesons in the sample.
Assuming equal production of B0 and B� in ��4S� de-
cays, the number of B	 mesons in the on-resonance data
is estimated to be 88:4� 106 with an uncertainty of 1:1%.
We find

B�B� ! �����< 6:6� 10�6

at the 90% C.L. This result improves the previous best
published limit for this mode by about a factor of 3 yet
remains roughly an order of magnitude above the SM
expectation. Despite this improved limit, the most strin-
gent constraints on SM parameters and new physics ob-
tainable from the B� ! ‘��‘ decays are currently
derived from B� ! 
��
 searches.
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FIG. 3. The distribution of �E vs mES in the on-resonance
data after all selection criteria have been applied. The signal
box is represented by the solid lines while the dashed lines
indicate the region used to estimate the background.
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