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C. Voena,64 H. Schröder,65 G. Wagner,65 R. Waldi,65 T. Adye,66 N. De Groot,66 B. Franek,66 G. P. Gopal,66 E. O. Olaiya,66

F. F. Wilson,66 M. V. Purohit,67 A. W. Weidemann,67 J. R. Wilson,67 F. X. Yumiceva,67 T. Abe,68 M. T. Allen,68 D. Aston,68

R. Bartoldus,68 N. Berger,68 A. M. Boyarski,68 O. L. Buchmueller,68 R. Claus,68 J. P. Coleman,68 M. R. Convery,68

M. Cristinziani,68 J. C. Dingfelder,68 D. Dong,68 J. Dorfan,68 D. Dujmic,68 W. Dunwoodie,68 S. Fan,68 R. C. Field,68

T. Glanzman,68 S. J. Gowdy,68 T. Hadig,68 V. Halyo,68 C. Hast,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 B. N. Ratcliff,68 A. Roodman,68 A. A. Salnikov,68

R. H. Schindler,68 J. Schwiening,68 A. Snyder,68 J. Stelzer,68 D. Su,68 M. K. Sullivan,68 K. Suzuki,68 S. K. Swain,68

J. M. Thompson,68 J. Va’vra,68 N. van Bakel,68 M. Weaver,68 W. J. Wisniewski,68 M. Wittgen,68 D. H. Wright,68

A. K. Yarritu,68 K. Yi,68 C. C. Young,68 P. R. Burchat,69 A. J. Edwards,69 S. A. Majewski,69 B. A. Petersen,69 C. Roat,69

M. Ahmed,70 S. Ahmed,70 M. S. Alam,70 R. Bula,70 J. A. Ernst,70 M. A. Saeed,70 F. R. Wappler,70 S. B. Zain,70 W. Bugg,71

M. Krishnamurthy,71 S. M. Spanier,71 R. Eckmann,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 M. Bomben,75 L. Bosisio,75

C. Cartaro,75 F. Cossutti,75 G. Della Ricca,75 S. Dittongo,75 S. Grancagnolo,75 L. Lanceri,75 L. Vitale,75 R. S. Panvini,76

Sw. Banerjee,77 B. Bhuyan,77 C. M. Brown,77 D. Fortin,77 K. Hamano,77 R. Kowalewski,77 J. M. Roney,77 R. J. Sobie,77

J. J. Back,78 P. F. Harrison,78 T. E. Latham,78 G. B. Mohanty,78 H. R. Band,79 X. Chen,79 B. Cheng,79 S. Dasu,79 M. Datta,79

A. M. Eichenbaum,79 K. T. Flood,79 M. Graham,79 J. J. Hollar,79 J. R. Johnson,79 P. E. Kutter,79 H. Li,79 R. Liu,79

B. Mellado,79 A. Mihalyi,79 Y. Pan,79 R. Prepost,79 P. Tan,79 J. H. von Wimmersperg-Toeller,79 S. L. Wu,79 Z. Yu,79

H. Neal,80 and G. Schott81

(BABAR Collaboration)

1Laboratoire de Physique des Particules, F-74941 Annecy-le-Vieux, France
2Facultat de Fisica ECM, Universitat de Barcelona, E-08028 Barcelona, Spain

3Dipartimento di Fisica and INFN, Università di Bari, I-70126 Bari, Italy
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76Vanderbilt University, Nashville, Tennessee 37235, USA

77University of Victoria, Victoria, British Columbia V8W 3P6, Canada
78University of Warwick, Coventry, Warwicks CV4 7AL, United Kingdom

79University of Wisconsin, Madison, Wisconsin 53706, USA

PRL 96, 241802 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
23 JUNE 2006

241802-3



80Yale University, New Haven, Connecticut 06511, USA
81Institut für Experimentelle Kernphysik (IEKP), University of Karlsruhe, Postfach 3640, D-76021 Karlsruhe, Germany

(Received 9 November 2005; published 23 June 2006)

We present the results of a search for the decay B0 ! ���� in a data sample of �232� 3� � 106

��4S� ! B �B decays using the BABAR detector. Certain extensions of the standard model predict
measurable levels of this otherwise rare decay. We reconstruct fully one neutral B meson and seek
evidence for the signal decay in the rest of the event. We find no evidence for signal events and obtain
B�B0 ! �����< 4:1� 10�3 at the 90% confidence level.

DOI: 10.1103/PhysRevLett.96.241802 PACS numbers: 13.20.He, 14.40.Nd, 14.60.Fg

None of the leptonic decays B0 ! ‘�‘� (‘ � e;�; �)
have been observed. In the standard model of particle
physics, the decays can be mediated by box and penguin
diagrams (Fig. 1). The standard model produces only the
combinations ‘�R ‘

�
L and ‘�L ‘

�
R . The amplitudes for the

decay of a spin-zero particle to these states are proportional
tom‘ and thus the decay rates are suppressed by �m‘=mB�

2.
The suppression is smallest for B0 ! ���� due to the
large � mass. The standard model prediction for the B0 !
���� branching fraction is [1]

 B SM�B0 ! ����� � 1:2� 10�7

�
fB

200 MeV

�
2
�
jVtdj
0:007

�
2
;

(1)

where fB is the B decay constant and Vtd is the Cabibbo-
Kobayashi-Maskawa matrix element. The theoretical un-
certainty on fB and the experimental error on Vtd dominate
the uncertainty on the predicted branching fraction.

Extensions of the standard model containing lepto-
quarks, which couple leptons to quarks, predict enhance-
ments for B�B0 ! ����� [2] that are proportional to the
square of the leptoquark coupling. In theories that contain
two Higgs doublet fields, the rate can be enhanced by
powers of tan�, the ratio of vacuum expectation values
of the two Higgs doublet fields [3,4]. Since B0 ! ‘�‘� has
not been observed, one can only constrain model parame-
ters using the measured branching fraction limits. While
tan� is constrained by all three modes (‘ � e;�; �), only
B0 ! ���� can constrain the coupling of a leptoquark to
the third lepton generation or other new physics involving
only the third generation.

The analysis described here provides the first upper limit
on B�B0 ! �����. The data were collected with the
BABAR detector at the asymmetric PEP-II e�e� storage
ring. A full description of the BABAR detector is given in
Ref. [5]. In brief, charged-particle momenta are measured
with a tracking system comprised of a silicon vertex de-
tector (SVT) and a drift chamber (DCH) placed within a
highly uniform 1.5-T magnetic field generated by a super-
conducting solenoid. Electron and photon energies are
measured with an electromagnetic calorimeter (EMC)
constructed with thalium-doped CsI scintillating crystals.
Muons are distinguished from hadrons in a steel magnetic-
flux return instrumented with resistive plate chambers

(IFR). Charged-particle identification is provided by a
Cherenkov detector (DIRC) and the tracking system. The
data sample consists of 210 fb�1 collected at the peak of
the ��4S� resonance, which corresponds to 232� 3� 106

B �B pairs. The expected background and the expected
signal efficiency are obtained from Monte Carlo simulation
samples. The sample events were generated with the
EVTGEN event simulator [6] and propagated through a de-
tailed model of the BABAR detector using the GEANT4

detector simulator [7].
Isolating B0 ! ���� poses a unique challenge. This

decay contains at least two and as many as four neutrinos,
so there is no kinematic discriminant that separates signal
from background due to undetected particles. Since two B
mesons are produced in an ��4S� decay, the misassign-
ment of decay products to the parent B must be avoided.
We completely reconstruct one B candidate in each event
(hereafter referred to as the companion B) and search for
the signal decay among the remaining detected particles.
The combinatorial background in the companion-B recon-
struction is determined by a fit to the companion-B invari-
ant mass distribution. We employ the parameters

 mES �
�������������������������
E�2beam � p

�2
B

q
; (2)

 �E � E�B � E
�
beam; (3)

where p�B and E�B are the reconstructed companion-B mo-
mentum and energy in the center-of-mass (c.m.) frame.
E�beam is the beam energy in the c.m. frame. The mES

distributions are fit with a probability density function
composed of a Crystal Ball function [8] to model the

FIG. 1. Standard model box and penguin processes that can
mediate B0 ! ‘�‘� (q � t; c; u).
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peak at the B mass and an ARGUS function [9] to model
the nonpeaking combinatorial background.

The companion B is fully reconstructed in a hadronic
mode �B0 ! D���X, where D��� is either a D� [10], D0, or
D�� and X is a system consisting of up to five particles of
the type ��, �0, K�, or K0

S [11]. D�� mesons are recon-
structed in the channelD0��.D0 mesons are reconstructed
in the channels K���, K����0, K�������, and
K0
S�
���. D� mesons are reconstructed in the channels

K0
S�
�, K�����, K0

S�
��0, K0

S�
�����, and K�K���.

The �E of the companion B is required to be within two
mode-dependent standard deviations of the mean when no
�0 is present, or to satisfy �0:09< �E< 0:06 GeV for
reconstructions with one or more �0. If more than one B
candidate is reconstructed in the same mode, the recon-
structed B with the smallest j�Ej is selected. For each
mode, the purity Bpur is the ratio of the number of events
before signal selection in the fitted peak to the total number
of events in the region 5:27<mES < 5:29 GeV. Only
events reconstructed in a mode with Bpur > 0:12 are se-
lected, which results in the reconstruction of 147 distinct
modes in the data sample. If B candidates are reconstructed
in more than one mode, the B reconstructed in the mode
with the highest Bpur is selected as the companion B.

We estimate the total companion-B yield from all re-
constructed modes using the B �B and q �q (q � u; d; s; c)
simulated samples before applying the signal B0 ! ����

selection. We first remove the peak from the B0 �B0 simu-
lated sample using the fitted Crystal Ball probability den-
sity function. Subtracting the simulated combinatorial
background mES shape, fitted to the data below 5.26 GeV,
from the data distribution yields a nominal companion-B
yield of NB0 �B0 � �2:80� 0:27� � 105 (Fig. 2). The sys-
tematic error on NB0 �B0 is estimated to be 10% by varying
the fit region and by varying the combinatorial background
composition with event-shape-variable cuts.

The companion-B decay products are removed from the
event, and the signal-B characteristics are sought among
the remaining particles. The dominant background to
B0 ! ���� arises from decays b! W�c�! W�s�, in
which the s quark hadronizes into a K0

L that escapes
detection and the virtual W� and W� mimic the virtual
W� and W� emitted by the signal �. A secondary back-
ground originates in events in which two oppositely
charged particles are lost outside the detector fiducial
region. We select signal events that are consistent with
each � decaying to a single charged particle (and one or
two �) by selecting events with zero net charge and two
tracks in the recoil system. Each track must leave at least
12 hits in the DCH, originate within 10 cm of the beam spot
in the beam direction and within 1.5 cm in the transverse
direction, and have a transverse momentum of at least
0.1 GeV. To eliminate background originating from b!
W�c�! W�s� events, the selection rejects events with
identified K�, K0

S, or K0
L. The K� candidates are identified

by a neural network with inputs taken from the SVT, the
DCH, and the DIRC. The K0

S candidates are identified as a
���� pair with invariant mass consistent with the K0

S
mass (0:473<m���� < 0:523 GeV). The K0

L candidates
are identified from clusters in the EMC that have not been
associated with a charged track or included in a candidate
�0. A neural network is employed to identify K0

L candi-
dates using the cluster energy and shower-shape variables,
which discriminate hadronic from electromagnetic
showers.

The multiplicities of e, �, and �0 in the recoil system
must be consistent with each � decaying in one of the
channels �! ��, ��, e� ��, or �� �� (Table I). The e
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FIG. 2. Top panel: the mES distribution for the hadronic com-
panion B in data (dots) and scaled simulated background (upper
histogram) before the signal B0 ! ���� selection is applied; the
lower histogram is obtained by subtracting the background from
the data. The companion-B yield is NB0 �B0 � �2:80� 0:27� �
105. Bottom panel: the mES distribution after the signal B0 !
���� selection. The fitted probability density function (short-
dashed line) and its ARGUS component (dashed line) are super-
imposed on the data (dots). We obtain Nobs � 263� 19 events in
the peak.

TABLE I. Signal B0 ! ���� branching fraction and require-
ments by mode (‘ � e;�).

Selection mode B�%� [12] Ne � N� N�0 m��0

���� ! ‘� ��=‘0� �� 12.4 2 0
���� ! ‘� ��=�� 7.8 1 0
���� ! ‘� ��=�� 17.7 1 1 	0:6; 1:0
 GeV
���� ! ��=�� 1.2 0 0
���� ! ��=�� 5.6 0 1 	0:6; 1:0
 GeV
���� ! ��=�� 6.3 0 2 	0:6; 1:0
 GeV
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candidates are identified with dE=dx measurements from
the DCH and shower-shape variables from the EMC. The
� candidates are identified with variables from the IFR (to
reject the � hypothesis) and EMC (to reject the e hypothe-
sis). Track candidates that are not identified as e, �, or K
are assumed to be �. Events with �0 are vetoed unless the
�0 can be associated with a�� such that the invariant mass
is consistent with the � mass (0:6<m���0 < 1:0 GeV).
The �0 candidates are formed from pairs of � candidates
with invariant mass 0:090<m�� < 0:170 GeV, with each
� having an energy greater than 0.030 GeV. Since the
presence of residual unassociated energy in the EMC
(Eres) is a strong indication that an unreconstructed �0 or
K0 is present, we require Eres < 0:11 GeV.

The �-daughter candidates are Lorentz boosted with the
companion-B momentum. While distributions of the mo-
menta p� and p� of the charged daughters exhibit no
discrimination from the background momentum distribu-
tions, correlations among jp�j, jp�j, and cos� �
p� � p�=jp�jjp�j afford some discrimination, especially
when categorized by signal B0 ! ���� selection mode.
Cascade decay background events manifest an asymmetry
in jp�j and jp�j that is not present in signal events. The
parameters jp�j, jp�j, cos�, Eres, and the selection mode
are used as inputs in a neural-network analysis trained to
discriminate signal from background. The final selection
requirement is a neural-network output (NN) consistent
with signal events.

The signal B0 ! ���� selection criteria for Eres, NN,
and Bpur are chosen to minimize the expected upper limit
on B�B0 ! �����. That optimization also rejects the sig-
nal selection modes ���� ! ‘� ��=�� and ���� !
��=��. After the full signal B0 ! ���� selection, the
combinatorial companion-B background is estimated and
subtracted using ARGUS and Crystal Ball fits to the mES

distributions in simulation samples and data (Fig. 2). From
these fits we determine the signal efficiency (	sig), the
expected number of background events (Nexpected), and
the number of observed data events (Nobs). Including sys-
tematic uncertainties described below, we obtain 	sig �

0:043� 0:009, and Nexpected � 281� 48. We extract
from the fit Nobs � 263� 19 events in the data after the
full selection. The central value of the B0 ! ���� branch-
ing fraction is ��1:5� 4:4� � 10�3. We find no evidence
for signal events. Table II shows 	sig, Nexpected, and Nobs

obtained from individual fits to specific signal selection
modes.

Systematic uncertainties on Nexpected and 	sig arise from
several sources. The simulation statistical uncertainty for
Nexpected (	sig) is 10 events (11%). The systematic uncer-
tainties are estimated for cluster corrections to be 8 (3%),
for particle identification corrections 10 (10%), and for
tracking corrections 7 (3%). The mES background subtrac-
tion fits after the full selection adds a further systematic
uncertainty of 4 (2%). We estimate the systematic uncer-

tainty onNexpected due to B decay modeling in EVTGEN to be
10%. We estimate the systematic uncertainty due to our
model of � decay by inserting distributions obtained from
the specialized � Monte Carlo code TAUOLA [13] to decay
two � produced with the same helicity and the requisite
momentum for a B0 ! ���� decay. For each simulated
event, the decay mode of each � is identified and the jp�j,
jp�j, and cos� values are replaced with values sampled
from distributions generated by TAUOLA for that mode. The
relative 	sig variation between EVTGEN and TAUOLA simu-
lation is 2%.

A final systematic uncertainty for both signal and back-
ground is assigned to the modeling of Eres. The simulation
of background hits and hadronic interactions in the EMC
does not perfectly model the data, and the discrepancy
manifests itself in the Eres distribution (Fig. 3). This un-
certainty is estimated from the difference between data and
the simulation for a control process. The control sample
selection is identical to the B0 ! ���� selection except
that events with an additional reconstructed K0

S are selected
and the K0

S daughters are removed from the event. For
correct K0

S reconstructions, this control sample models
the K0

L background, while for K0
S reconstructions from

TABLE II. 	sig, Nexpected, and Nobs obtained from individual
fits by signal mode. The errors are statistical and fit error added
in quadrature. Branching fractions are included in the efficiency
estimates. The ��=�� channel is dominated by cross feed from
other signal channels.

Selection mode 	sig�%� Nexpected Nobs

���� ! ‘� ��=‘0� �� 0:9� 0:2 46� 4 54� 7
���� ! ‘� ��=�� 1:5� 0:3 122� 6 105� 11
���� ! ��=�� 1:5� 0:3 89� 6 80� 11
���� ! ��=�� 0:3� 0:1 21� 3 15� 6
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FIG. 3. The Eres distribution in the nominal sample (left panel)
and the control sample (right panel) for data (dots), simulated
background (solid histogram), and simulated signal (dashed
histogram). The simulated signal distribution normalization is
arbitrary. All requirements except those for Eres and NN are
imposed. The events to the left of the vertical line are selected.
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random combinations of tracks, it models the backgrounds
in which two oppositely charged particles are lost due to
the limited detector acceptance in the direction of the
higher energy beam. The composition of the background
in the simulated control sample agrees well with that of the
simulated signal sample. The control sample yields are
135� 14 events (data) and 125� 7 (simulation), for a
relative discrepancy of �8� 13�%, consistent with zero.
The systematic uncertainty due to modeling the residual
energy in the EMC is taken to be the uncertainties in data
and simulation yields added in quadrature, namely, 13%.

Systematic uncertainties on the companion-B yield, ex-
pected background, and 	sig are folded into the upper limit
calculation using the technique described in Ref. [14],
giving

 B �B0 ! �����< 4:1� 10�3; (4)

at the 90% confidence level. The result constrains lepto-
quark couplings as described in Ref. [2]. For example, the
scalar SU�2� doublet leptoquark S1=2 can mediate B0 !

����. If no other leptoquark mediates the decay, the
product of its coupling 
33

R (coupling right-handed b with
�) with 
13

R (coupling right-handed d with �) is

 
33
R 


13
R < 1:4� 10�2

� mS1=2

100 GeV

�
2
; (5)

at the 90% confidence level, where mS1=2
is the S1=2 mass.
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