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D. Côté,47 P. Taras,47 H. Nicholson,48 N. Cavallo,49 F. Fabozzi,49,† C. Gatto,49 L. Lista,49 D. Monorchio,49 P. Paolucci,49

D. Piccolo,49 C. Sciacca,49 M. Baak,50 H. Bulten,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 A. M. Rahimi,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 E. Torrence,54 F. Colecchia,55 A. Dorigo,55 F. Galeazzi,55 M. Margoni,55 M. Morandin,55
091802-1 0031-9007=04=93(9)=091802(7)$22.50  2004 The American Physical Society 091802-1



VOLUME 93, NUMBER 9 P H Y S I C A L R E V I E W L E T T E R S week ending
27 AUGUST 2004
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. Malcles,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 Y. P. Lau,62

C. Lu,62 V. Miftakov,62 J. Olsen,62 A. J. S. Smith,62 A.V. Telnov,62 F. Bellini,63 G. Cavoto,62,63 R. Faccini,63

F. Ferrarotto,63 F. Ferroni,63 M. Gaspero,63 L. Li Gioi,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 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
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45Dipartimento di Fisica, Università di Milano and INFN, I-20133 Milano, Italy

46University of Mississippi, University, Mississippi 38677, USA
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56Laboratoire de Physique Nucléaire H. E., Universités Paris VI et VII, F-75252 Paris, France
57Dipartimento di Elettronica, Università di Pavia and INFN, I-27100 Pavia, Italy
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091802-3
We establish upper limits on branching fractions for B0 decays to final states where the decay
products are purely invisible (i.e., no observable final state particles) and for B0 decays to � ���. Within
the standard model, these decays have branching fractions that are below current experimental
sensitivity, but various models of physics beyond the standard model predict significant contributions
from these channels. Using 88:5� 106 BB pairs collected at the ��4S� resonance by the BABAR
091802-3
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experiment at the PEP-II e�e� storage ring at the Stanford Linear Accelerator Center, we establish
upper limits at the 90% confidence level of 22� 10�5 for the branching fraction of B0 ! invisible and
4:7� 10�5 for the branching fraction of B0 ! � ���.

DOI: 10.1103/PhysRevLett.93.091802 PACS numbers: 13.20.He, 12.15.Ji, 12.60.Jv
This Letter describes a novel search for ‘‘disappear-
ance decays’’ of B0 mesons [1], where the B0 decay
contains no observable final state particles, or such ‘‘in-
visible’’ decay products plus a single photon. Invisible
decay products are particles that are neither charged nor
would generate a signal in an electromagnetic calorime-
ter. These include neutrinos, as well as exotic, hypotheti-
cal particles (such as neutralinos). The rate for invisible B
decays is negligibly small within the standard model
(SM) of particle physics but can be larger in several
models of new physics. The SM decay B0 ! � ��, which
would give such an invisible experimental signature, is
strongly helicity-suppressed by a factor of order
�m�=mB0�2 [2]. When combined with the weak coupling
constant G2

F, the resulting branching fraction is neces-
sarily well below the range of present experimental ob-
servability. The SM expectation for the B0 ! � ���
branching fraction is predicted to be of order 10�9, with
very little hadronic uncertainty [3]. An experimental
observation of an invisible ���� decay of a B0 with
current experimental sensitivity would thus be a clear
sign of beyond-SM physics, as it could not be accommo-
dated within SM theoretical uncertainty. No quantitative
experimental bounds on B0 to invisible or � ��� have been
previously established; however, a reinterpretation of data
used for previous constraints on b ! s� �� and other
modes could potentially imply upper limits on the
quark-level process of this decay [4].

Several models of new physics can give significant
branching fractions for invisible decays of the B0. A
phenomenological model motivated by the observation
of an anomalous number of dimuon events by the
NuTeV experiment allows for an invisible B0 decay to a
��
0

1 final state, where 
0
1 is a neutralino, with a branching

fraction in the 10�7 to 10�6 range [5,6]. Also, models
with large extra dimensions, which would provide a pos-
sible solution to the hierarchy problem, can also have the
effect of producing significant, although small, rates for
invisible B0 decays [7–9].

The data used in this analysis were collected with the
BABAR detector at the PEP-II e�e� collider. The data
sample consists of an integrated luminosity of 81:5 fb�1

accumulated at the ��4S� resonance, containing �88:5�
1:0� � 106 BB pair events, and 9:6 fb�1 accumulated at a
center-of-mass (c.m.) energy about 30 MeV below BB
threshold. The asymmetric energies of the PEP-II e�

and e� beams result in a Lorentz boost �� 	 0:55 of
the BB pairs.

A detailed description of the BABAR detector is pre-
sented in Ref. [10]. Charged particle momenta are mea-
sured in a tracking system consisting of a 5-layer double-
sided silicon vertex tracker (SVT) and a 40-layer
hexagonal-cell wire drift chamber (DCH). The SVT and
DCH operate within a 1.5 T solenoidal field and have a
combined solid angle coverage in the c.m. frame of
90.5%. Photons and long-lived neutral hadrons are de-
tected and their energies are measured in a CsI(Tl) elec-
tromagnetic calorimeter (EMC), which has a solid angle
coverage in the c.m. frame of 90.9%. Muons are identified
in the instrumented flux return (IFR), composed of re-
sistive plate chambers and layers of iron that return the
magnetic flux of the solenoid. A detector of internally
reflected Cherenkov light (DIRC) is used for identifica-
tion of charged kaons and pions. A GEANT4 [11] based
Monte Carlo simulation of the BABAR detector response
was used to optimize the signal selection criteria and
evaluate the signal detection efficiency.

The detection of invisible B decays uses the fact that B
mesons are created in pairs, due to flavor conservation in
e�e� interactions. If one B is reconstructed in an event,
one can thus infer that another B has been produced. This
technique has been exploited in several BABAR analyses
[12,13]. We reconstruct events in which a B0 decays to
D�
��‘��, then look for consistency with an invisible
decay of the other neutral B (no observable final state
particles) in the rest of the event. In order to help reject
non-BB background, R2, the ratio of the second and
zeroth Fox-Wolfram moments, is required to be less
than 0.5 [14].

We reconstruct D�
�� in the decay modes D� !
K����� and D
� ! D0�� where, in the latter case,
D0 is reconstructed in the decay modes K���, K����0,
or K�������. To form D�
�� candidates in these decay
modes, K� candidates are combined with other tracks
and �0 candidates in the event.We identify K� candidates
using Cherenkov-light information from the DIRC and
energy-loss information (dE=dx) from the DCH and SVT.
The �0 candidates are composed of pairs of photons in
the EMC. Each photon must have a reconstructed energy
above 30 MeV in the laboratory frame, and the sum of
their energies must be greater than 200 MeV. The �0

candidates must have an invariant mass between 115
and 150 MeV=c2. A mass-constrained fit is imposed on
�0 candidates in order to improve the resolution on the
reconstructed invariant mass of the parent D meson.

We require the D0 and D� candidates to have recon-
structed invariant masses within 20 MeV=c2 of their
respective nominal masses [15], except for D0 decays
with a �0 daughter, which must be within 35 MeV=c2

of the nominal D0 mass. Mass-constrained fits are ap-
plied to D0 and D� candidates in order to improve the
091802-4
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FIG. 1 (color online). Distributions of Eextra for
(a) B0 ! invisible and (b) B0 ! � ���. The points with error
bars correspond to data. The curves represent maximum like-
lihood fits to a sum of distributions modeling signal and
background.
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measurement of the momentum of each D. The difference
in reconstructed mass between D
� decay candidates and
their D0 daughters must be less than 150 MeV=c2. All
D�
�� candidates must have a total momentum between
0.5 and 2:5 GeV=c in the c.m. frame.

Tracks selected as lepton candidates must pass either
electron or muon selection criteria. We identify electron
candidates using energy and cluster shape information
from the EMC and Cherenkov angle information from
the DIRC. Muon candidates are identified using informa-
tion from the IFR and EMC. Both electrons and muons
must also have a momentum of at least 1 GeV=c and a
minimum of 20 DCH measurements.

To select B0 ! D�
��‘�� candidates, we require a
D�
�� candidate and a lepton candidate to be consistent
with production at a common point in space. We then
calculate the cosine of the angle between the D�
��‘�

and the hypothesized B0 candidate, under the assumption
that the only particle missing is a neutrino:

cos�B;D�
��‘� �
�2EBED�
��‘� �m2

B �m2
D�
��‘�

�

2j ~pBjj ~pD�
��‘�j
: (1)

The energy ED�
��‘� and mass mD�
��‘� of the D�
��‘�

combination are determined from reconstructed momen-
tum information, and mB is the nominal B0 mass. The B0

momentum j ~pBj and energy EB are determined from
beam parameters. When the assumption that a neutrino
is the only missing particle is incorrect, cos�B;D�
��‘� can
fall outside the region 
�1; 1�. We thus require the
D�
��‘� combination to satisfy �2:5< cos�B;D�
��‘� <
1:1. The asymmetric cut admits higher mass D
 states
where the additional decay products are lost and allows
for detector energy and momentum resolution. When
more than one such D�
��‘� candidate is reconstructed
in an event, the one with the smallest value of
j cos�B;D�
��‘�j is taken. We reconstruct a total of 126 108
B0 ! D�
��‘�� candidate events in the data sample, with
a purity of approximately 66%.

We consider events with no charged tracks besides
those of a B0 ! D�
��‘�� candidate. Removing all decay
products of the D�
��‘�� candidate from consideration,
we count the number of remaining EMC clusters consis-
tent with a K0

L hypothesis, Nextra
K0
L

, and with a photon

hypothesis, Nextra
� . Because of accelerator-induced back-

ground and detector noise, the optimal requirements on
Nextra
K0
L

and Nextra
� are loose. For B0 ! invisible candidates,

we require that Nextra
K0
L

< 3 and Nextra
� < 3. For B0 ! � ���

candidates, we require only that there be one remaining
photon candidate with energy greater than 1.2 GeV in the
c.m. frame.

The total energy in the EMC, in the c.m. frame, of
photon clusters that remain after the decay products of
the D�
��‘�� candidate are removed, is denoted by Eextra.
For B0 ! � ���, the energy of the highest-energy photon
091802-5
remaining in the event (the hypothesized signal photon)
is also removed from Eextra. In both B0 ! invisible and
B0 ! � ���, this variable is strongly peaked near zero for
signal, whereas for the background it is less strongly
peaked, as seen in Fig. 1. The background can peak
near zero due to events in which all charged and neutral
particles from the signal B0 are either outside the fiducial
volume of the detector or are unreconstructed. For B0 !
� ���, the background shape increases at large Eextra due to
photons arising from misreconstructed �0 decays, and
the best-fit amount of signal is slightly (but not signifi-
cantly) negative. We construct probability density func-
tions (PDFs) for the Eextra distribution for signal (F sig)
and background (F bkgd) using detailed simulation of sig-
nal and background data. The background from accelera-
tor and detector noise is modeled using randomly
triggered events in data. The two PDFs are combined
into an extended maximum likelihood function L, de-
fined as a function of the free parameters Nsig and Nbkgd

L �Nsig; Nbkgd� �
e��Nsig�Nbkgd�

N!

YN

i�1


NsigF sig�Ei�

� NbkgdF bkgd�Ei��; (2)

where Nsig and Nbkgd are the number of signal and back-
ground events, respectively. The fixed parameters N and
Ei are the total number of events in the data sample and
the value of Eextra for the ith event, respectively. The
negative log-likelihood ( � lnL) is then minimized
with respect to Nsig and Nbkgd in the data sample. The
resulting fitted values of Nsig and Nbkgd are 17� 9 and
19�10

�8 for B0 ! invisible and �1:1�2:4
�1:9 and 28�6

�5 for B0 !
� ���, where the errors are statistical. Figure 2 shows the
Eextra distributions for B0 ! invisible and B0 ! � ���.
091802-5
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Using detailed Monte Carlo simulation of B0 !
invisible and � ��� events, we determine our signal effi-
ciency to be �16:7� 1:0� � 10�4 for B0 ! invisible and
�14:4� 1:0� � 10�4 for B0 ! � ���, where the errors are
again statistical. For the B0 ! � ��� channel, we assume a
photon momentum distribution predicted by the constitu-
ent quark model for B0 ! � ��� decay, as given in Ref. [3].
Of signal events that contain a reconstructed B0 !

D�
��‘��, approximately 46% (30%) of B0 ! invisible
(B0 ! � ���) events pass the signal selection.

We consider systematic uncertainties on the signal
reconstruction efficiency and also the uncertainty on the
ratio of background to signal determined in the fit.
Systematic uncertainties on the signal efficiency are
dominated by the statistical size of the signal Monte
Carlo sample (resulting in relative uncertainties of 6.5%
and 6.8% for B0 ! invisible and B0 ! � ���, respectively)
and by uncertainty on the efficiency for determining the
particle type of charged tracks (5.4% for both channels).
Systematic uncertainty on the number of signal events,
due to uncertainty on the ratio of background to signal in
the fit, is dominated by the parametrization of the back-
ground and signal shapes (resulting in uncertainties on the
number of signal events of 6.1 and 0.5 events for B0 !
invisible and B0 ! � ���, respectively) and by the energy
resolution for reconstructing neutral clusters in the EMC
(3.2 and 3.4 events, respectively). Other systematic un-
certainties include the efficiency for reconstructing the
charged tracks in the B0 ! D�
��‘�� decay, the charged
track momentum resolution, and the total number of BB
events in the data sample. The total systematic uncertain-
ties on the efficiency are 10:9% and 11:1% and on the
fitted number of signal events are 7.4 and 4.3 events for
B0 ! invisible and B0 ! � ���, respectively.
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To determine 90% confidence level (C.L.) upper limits
on the branching fractions of B0 ! invisible and B0 !
� ���, we generate 8000 Monte Carlo experiments, each
parametrized by the fitted numbers of signal and back-
ground events, the efficiency, and the number of BB events
in the data sample. Errors are incorporated into the
simulated experiments via a convolution of the systematic
effects (treated as Gaussian distributions) and the statis-
tical error (taken from the non-Gaussian likelihood func-
tion from the fit).

The resulting upper limits on the branching fractions
are

B�B0 ! invisible�< 22� 10�5

and B�B0 ! � ����< 4:7� 10�5 at 90% C:L:

If the B0 ! invisible branching fraction were zero, the
probability of observing an equal or larger signal yield
would be 6%.

We perform validation cross-checks on the results of
this analysis. To check the measurement of the efficiency
for reconstructing B0 ! D�
��‘�� decays (which was
determined using Monte Carlo simulation), we select a
data sample in which a B0 and a B0 are both reconstructed
as decays to D�
�‘� in the same event. Using the ratio of
such ‘‘double tag’’data events to events where just a single
D�
�‘� is reconstructed and the number of B0B0 events in
the full data sample, we determine the efficiency for
B0 ! D�
��‘�� reconstruction in data. The result is con-
sistent with that obtained from Monte Carlo simulation.

We also search for the unphysical modes B0 !
invisible and B� ! � ��� (which would violate charge
conservation) to check that their resulting signal is
consistent with zero. For these modes, we reconstruct
091802-6
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B� ! D0‘�X0, where X0 can be a photon, �0, or nothing.
The D0 is reconstructed in the same three decay modes as
in B0 ! D�
��‘��, and similar criteria are enforced for
the reconstructed B as for the neutral B modes. All
systematic errors are considered, and the double tags
validation above is also performed for B� reconstruction.
The resulting fitted values of Nsig are �6�10

�9 �stat� �
6�syst� for B0 ! invisible and 8�5

�4�stat� � 4�syst� for
B� ! � ���, which are both consistent with zero.
Figure 3 shows the Eextra distributions for the two valida-
tion modes.

In summary, we obtain limits on branching fractions
for B0 decays to an invisible final state and for B0 decays
to � ���. The upper limits at 90% confidence level are 22�
10�5 and 4:7� 10�5 for the B0 ! invisible and B0 !
� ��� branching fractions, respectively. The latter limit
assumes a photon momentum distribution predicted by
the constituent quark model for B0 ! � ��� decay [3],
whereas the B0 ! invisible limit is not decay-model
dependent.

We are grateful for the excellent luminosity and ma-
chine conditions provided by our PEP-II colleagues and
for the substantial dedicated effort from the computing
organizations that support BABAR. The collaborating in-
stitutions wish to thank SLAC for its support and kind
hospitality. This work is supported by DOE and NSF
(USA), NSERC (Canada), IHEP (China), CEA and
CNRS-IN2P3 (France), BMBF and DFG (Germany),
INFN (Italy), FOM (The Netherlands), NFR (Norway),
MIST (Russia), and PPARC (United Kingdom).
Individuals have received support from the A. P. Sloan
Foundation, Research Corporation, and Alexander von
Humboldt Foundation.
091802-7
*Now at Department of Physics, University of Warwick,
Coventry, United Kingdom.
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