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Observation of Bþ ! ��þ and search for B0 decays to �0�, ��0, �0�0, and!�0
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3Università di Bari, Dipartimento di Fisica and INFN, I-70126 Bari, Italy
4University of Bergen, Institute of Physics, N-5007 Bergen, Norway

5Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720, USA
6University of Birmingham, Birmingham, B15 2TT, United Kingdom

7Ruhr Universität Bochum, Institut für Experimentalphysik 1, D-44780 Bochum, Germany
8University of Bristol, Bristol BS8 1TL, United Kingdom

9University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z1
10Brunel University, Uxbridge, Middlesex UB8 3PH, United Kingdom
11Budker Institute of Nuclear Physics, Novosibirsk 630090, Russia
12University of California at Irvine, Irvine, California 92697, USA

13University of California at Los Angeles, Los Angeles, California 90024, USA
14University of California at Riverside, Riverside, California 92521, USA
15University of California at San Diego, La Jolla, California 92093, USA

16University of California at Santa Barbara, Santa Barbara, California 93106, USA
17University of California at Santa Cruz, Institute for Particle Physics, Santa Cruz, California 95064, USA

18California Institute of Technology, Pasadena, California 91125, USA
19University of Cincinnati, Cincinnati, Ohio 45221, USA
20University of Colorado, Boulder, Colorado 80309, USA

21Colorado State University, Fort Collins, Colorado 80523, USA
22Technische Universität Dortmund, Fakultät Physik, D-44221 Dortmund, Germany

23Technische Universität Dresden, Institut für Kernund Teilchenphysik, D-01062 Dresden, Germany
24Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, F-91128 Palaiseau, France

25University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom
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62Università di Roma La Sapienza, Dipartimento di Fisica and INFN, I-00185 Roma, Italy

63Universität Rostock, D-18051 Rostock, Germany
64Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, United Kingdom

65DSM/Dapnia, CEA/Saclay, F-91191 Gif-sur-Yvette, France
66University of South Carolina, Columbia, South Carolina 29208, USA
67Stanford Linear Accelerator Center, Stanford, California 94309, USA

68Stanford University, Stanford, California 94305-4060, USA
69State University of New York, Albany, New York 12222, USA
70University of Tennessee, Knoxville, Tennessee 37996, USA
71University of Texas at Austin, Austin, Texas 78712, USA

72University of Texas at Dallas, Richardson, Texas 75083, USA
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We present measurements of branching fractions for five B-meson decays to two-body charmless final

states. The data, collected with the BABAR detector at the Stanford Linear Accelerator Center, represent

459� 106 B �B pairs. The results for branching fractions are, in units of 10�6 (upper limits at 90% C.L.),

BðBþ!��þÞ¼9:9�1:2�0:8, BðB0 ! �0�Þ ¼ 0:5� 0:4� 0:1ð<1:2Þ, BðB0 ! ��0Þ ¼ 0:9� 0:4�
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0:1ð<1:5Þ, BðB0 ! �0�0Þ ¼ 0:9� 0:4� 0:1ð<1:5Þ, and BðB0 ! !�0Þ ¼ 0:07� 0:26� 0:02ð<0:5Þ.
The first error quoted is statistical and the second systematic. For the ��þ mode, we measure the charge

asymmetry AchðBþ ! ��þÞ ¼ 0:13� 0:11� 0:02.

DOI: 10.1103/PhysRevD.78.011107 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh

Measurements of charmless B decays are now routinely
used to test the accuracy of theoretical predictions based
on, for example, QCD factorization [1,2], flavor SU(3)
symmetry [3–5], perturbative QCD [6], or soft collinear
effective theory [7]. We present measurements of the
branching fraction and charge asymmetry for the decay
Bþ ! ��þ (charge conjugate reactions are implied
throughout this paper), superseding our previous result
that found a 4:7� signal for this decay [8] with a luminosity
of about one-half that used in this paper. In addition, we
search for the decays B0 ! �0�, B0 ! ��0, B0 ! �0�0,
and B0 ! !�0. None of these decays have been observed
previously, though limits have been reported by BABAR
[9], Belle [10], and CLEO [11].

In the standard model (SM) the dominant processes that
contribute to these decays are described by tree amplitudes
and, to a lesser extent, penguin (loop) amplitudes. For
B0 ! �0�0 and B0 ! ��0 the color-suppressed tree dia-
gram is suppressed by approximate cancellation between
the amplitudes for the �0 and for the isoscalar meson that
contains the spectator quark. The approximate ranges of
expectations [1–7] for the branching fraction are �10�
10�6 for Bþ ! ��þ, 0:3–2� 10�6 for B0 ! �0�,
0:2–1:0� 10�6 for B0 ! �ð0Þ�0, and �0:1� 10�6 for
B0 ! !�0. Direct CP violation could be detected as a
charge asymmetry, defined as Ach � ð�� � �þÞ=ð�� þ
�þÞ, where the superscript on the width � corresponds to
the sign of the B� meson;Ach for B

þ ! ��þ is expected
to be small since the decay is dominated by a single
amplitude.

These B0 decays are also of interest in constraining the
expected value of the time-dependent CP-violation asym-
metry parameter Sf in the B decay with final state f ¼
�0K0

S [5,12,13]. The leading-order SM calculation gives

the equality S�0K0
S
¼ SJ= K0

S
, where the latter has been

precisely measured [14], and equals sin2� in the SM.
The CP asymmetries in the charmless B decays are not
only sensitive to contributions from new physics, but also
to contamination from subleading SM amplitudes. Recent
theoretical calculations of the size of the change in S�0K0

S

from these subleading amplitudes find no more than 0.03
[7,15]. The most stringent constraint from data on such
contamination uses SU(3) and the measured branching
fractions of the decays B0 ! �0�, B0 ! ��0, B0 !
�0�0 [5,12,13]. Recently it has also been suggested
[16,17] that B0 ! �0�0 and B0 ! ��0 can be used to
constrain the contribution from isospin-breaking effects
on the value of sin2� in B! �þ�� decays.

The results presented here are based on data collected
with the BABAR detector [18] at the PEP-II asymmetric
eþe� collider located at the Stanford Linear Accelerator
Center. We recorded a data sample at the �ð4SÞ resonance
(center-of-mass energy

ffiffiffi
s

p ¼ 10:58 GeV) with an inte-
grated luminosity of 418 fb�1, corresponding to ð459�
5Þ � 106 B �B pairs.
Charged particles from the eþe� interactions are de-

tected and their momenta measured by a combination of
five layers of double-sided silicon microstrip detectors and
a 40-layer drift chamber, both operating in the 1.5 T mag-
netic field of a superconducting solenoid. Photons and
electrons are identified with a CsI(Tl) electromagnetic
calorimeter (EMC). Further charged particle identification
(PID) is provided by the average energy loss (dE=dx) in
the tracking devices and by an internally reflecting ring
imaging Cherenkov detector (DIRC) covering the central
region.
We establish the event selection criteria with the aid of a

detailed Monte Carlo (MC) simulation of the B production
and decay sequences, and of the detector response [19].
These criteria are designed to retain signal events with high
efficiency. Applied to the data, they result in a sample
much larger than the expected signal, but with well-
characterized backgrounds. We extract the signal yields
from this sample with a maximum likelihood (ML) fit.
The B-daughter candidates are reconstructed through

their decays �0 ! ��, �! �� (���), �! �þ���0

(�3�), �
0 ! ����

þ�� (�0
���), �

0 ! �0� (�0
��), !!

�þ���0, �0 ! �þ�� and �þ ! �þ�0. Table I lists
the requirements on the invariant masses of these particles’
final states. All requirements are kept loose (> 3�) for
later fitting except for the �0 invariant mass which is not
included in the fits. Secondary charged pions in �, �0, and
! candidates are rejected if classified as protons, kaons, or

TABLE I. Selection requirements on the invariant masses of
resonances and the laboratory energies of photons from their
decay.

State Invariant mass (MeV) Eð�Þ (MeV)

Prompt �0 120<mð��Þ< 150 >50
��� 490<mð��Þ< 600 >100
�3� 520<mð�þ���0Þ< 570 >30
�0
��� 910<mð�þ���Þ< 1000 >100

�0
�� 910<mð�þ���Þ< 1000 >200

! 735<mð�þ���0Þ< 825 >30
�0 510<mð�þ��Þ< 1000 � � �
�þ 470<mð�þ�0Þ< 1070 >30
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electrons by a combination of their DIRC, dE=dx, and
EMC PID signatures.

We reconstruct the B-meson candidate by combining the
four-momenta of a pair of daughter mesons, with a vertex
constraint if the ultimate final state includes at least two
charged particles. Since the natural widths of the �,�0, and
�0 mesons are much smaller than the resolution, we also
constrain their masses to nominal values [20] in the fit of
the B candidate. From the kinematics of the �ð4SÞ decay,
we determine the energy-substituted mass mES ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4 s� p2

B

q
and the energy difference �E ¼ EB � 1

2

ffiffiffi
s

p
,

where ðEB;pBÞ is the B-meson four-momentum vector,
and all values are expressed in the �ð4SÞ rest frame. The
resolution in mES is 3.0 MeV and in �E it is 24–50 MeV,
depending on the decay mode. We require 5:25 GeV<
mES < 5:29 GeV and j�Ej< 0:25 GeV (< 0:2 GeV for
B0 ! �0� and Bþ ! ��þ).

Backgrounds arise primarily from random combinations
of particles in continuum eþe� ! q �q events (q ¼ u, d, s,
c). We reduce these with requirements on the angle 	T
between the thrust axis of the B candidate’s decay products
in the �ð4SÞ rest frame and the thrust axis of the rest of the
charged tracks and neutral calorimeter clusters in the event.
The distribution is sharply peaked near j cos	Tj ¼ 1 for q �q
jet pairs and nearly uniform for B-meson decays. We
require j cos	Tj< 0:7–0:9 depending on the decay mode.

In the ML fit we discriminate against q �q background
with a Fisher discriminant F that combines five variables
[21]: the polar angles, with respect to the beam axis in the
�ð4SÞ rest frame, of the B candidate momentum and of the
B thrust axis; the flavor tagging category [22]; and the
zeroth and second angular moments of the energy flow,

excluding the B candidate, about the B thrust axis. It
provides about 1 standard deviation of separation between
B decay events and combinatorial background.
We also impose restrictions on decay angles to exclude

the most asymmetric decays where soft-particle back-
grounds concentrate and the acceptance changes rapidly.
We define the decay angle 	kdec and its cosine H k for a

meson k as the angle between the momenta of a daughter
particle and the meson’s parent, measured in the meson’s
rest frame. We require for the �0

�� decays jH �0 j< 0:9 and

for �ð0Þ�0 jH �0 j< 0:95. For B0 ! �0
����� we suppress

the background B! K�� by requiring jH �j< 0:86.

These distributions are uniform for signal except for
H �0 which has a 1�H 2

� distribution.

For the Bþ ! ��þ decay, we define 	kdec as the angle

between the �0 and the negative of the Bmomentum in the
� rest frame. We require �0:75<H �þ < 0:95. For the

B0 ! !�0 decay, jH !j is defined as the cosine of the
angle between the normal to the ! decay plane (the plane
of the three pions in the ! rest frame) and the flight
direction of the B, measured in the ! rest frame. Both of
these quantities have a H 2 distribution for signal.
The average number of candidates found per selected

event is in the range 1.06 to 1.47, depending on the final
state. We choose the candidate with the largest probability
for the fit to the B decay tree.
We obtain yields for each channel from a ML fit with the

input observables �E, mES, F , mk, k ¼ 1, 2 (the daughter
invariant mass spectrum of the �, �0, !, or �þ candidate),
andH k the helicity of the! or �þ candidate. The selected
sample sizes are given in the second column of Table II.
Besides any signal events, the samples contain combina-

TABLE II. Number of events N in the sample, fitted signal yield YS in events (ev.) with statistical error, measured bias, detection
efficiency 
, daughter branching fraction product (

Q
Bi), and measured branching fraction B with statistical error for each decay

chain, and the measured charge asymmetry Ach for the decay Bþ ! ��þ. For the combined measurements we give also the
significance S (with systematic uncertainties included), branching fraction with statistical and systematic error, and in parentheses the
90% C.L. upper limits.

Mode N (ev.) YS (ev.) Bias (ev.) 
 (%)
Q

Bi (%) Sð�Þ B (10�6) Ach

��þ 9:0 9:9� 1:2� 0:8 0:13� 0:11� 0:02
����

þ 104 609 326þ44�42 17� 9 16.7 39.4 10:2� 1:4 0:07� 0:12
�3��

þ 47 918 123þ27
�26 13� 7 11.7 22.6 9:1� 2:2 0:28� 0:21

�0� 1:4 0:5� 0:4� 0:1 (< 1:2)
�0
������ 2191 8:8þ6:4

�5:1 0:9� 0:5 25.6 6.9 1:0þ0:8
�0:6

�0
����3� 896 3:2þ5:1

�4:1 0:2� 0:2 16.7 4.0 1:0þ1:7
�1:4

�0
����� 39 723 0:7þ12:2

�8:6 0:0� 0:5 25.6 11.6 0:1þ0:7
�0:6

�0
���3� 20 672 0:7þ9:4

�6:8 2:0� 1:0 18.2 6.7 �0:2þ1:7
�1:2

��0 2:2 0:9� 0:4� 0:1 (< 1:5)
����

0 9085 18:6þ23:9
�21:7 4:4� 2:2 20.5 39.4 0:4� 0:6

�3��
0 4030 23:3þ12:5

�11:1 1:7� 0:9 17.3 22.6 1:3þ0:7
�0:6

�0�0 3:1 0:9� 0:4� 0:1 (< 1:5)
�0
����

0 3784 20:6þ9:4
�8:0 1:8� 0:9 22.5 17.5 1:1þ0:5

�0:4

�0
���

0 19 789 12:2þ18:4
�16:3 2:7� 1:4 18.9 29.5 0:4þ0:7

�0:6

!�0 39 822 2:4þ19:9
�16:8 0:5� 0:5 18.4 89.1 0:3 0:07� 0:26� 0:02 (< 0:5)
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torial background from q �q (dominant) and B �B with b! c,
and a component from other charmless B �B modes that we
estimate from the simulation to be no more than 2% of the
sample. The latter events have ultimate final states different
from the signal, but with similar kinematics so that broad
peaks near those of the signal appear in some observables,
requiring a separate component in the probability density
function (PDF).

The likelihood function is

L ¼ exp

�
�X

j

Yj

�

� YN
i

X
j

YjP jðmES
iÞP jð�EiÞP jðF iÞP jðmi

1Þ

� ½P jðmi
2Þ;P jðH i

!;�þÞ�; (1)

where N is the number of events in the sample, and, for
each of the three components j, Yj is the yield of events and

P jðxiÞ the PDF for observable x in event i. For the mode

B0 ! �0
����3� we found no need for the charmless B �B

background component. For the Bþ ! ����
þ and B0 !

!�0 decays we split the charmless B �B PDF into compo-
nents made from backgrounds with and without a �þ. The
factored form of the PDF indicated in Eq. (1) is appropriate
since correlations among observables measured in the data
are small. Distortions of the signal yields caused by this

approximation are measured in simulation and included in
the bias corrections and systematic errors discussed below.
We determine the PDFs for the signal and charmless B �B

background components from fits to MC simulated events.
Large control samples of B decays to charmed final states
of similar topology [Bþ ! �D0ðKþ���0Þ�þ and Bþ !
�D0ðKþ���0Þ�þ] are used to verify the simulated resolu-
tions in �E and mES. Where the control data samples
reveal small differences from MC, we shift or scale the
resolution used in the ML fits. We develop PDFs for the
combinatorial background with fits to the data from which
the signal region (5:27 GeV<mES < 5:29 GeV and
j�Ej< 0:1 GeV) has been excluded.
We use the following functional forms for the PDFs:

sum of two Gaussians for P sigðmESÞ, P sig;B �Bð�EÞ, and the

sharper structures in P B �BðmESÞ and P jðmkÞ; linear or

quadratic dependences for combinatorial components of
P B �B;q �qðmkÞ and for P q �qð�EÞ; quadratic functions for

P jðjH !jÞ and P jðH �þÞ; and a Gaussian of different

widths below and above the peak, plus a broad Gaussian,
for P jðF Þ. We describe P q �qðmESÞ and the nonpeaking part
of P B �BðmESÞ by the function x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2

p
exp½��ð1� x2Þ�,

with x � 2mES=
ffiffiffi
s

p
and parameter �. These are discussed

in more detail in Ref. [23] and can be seen in Fig. 1 for the
Bþ ! ��þ decay.
We allow the parameters most important for the deter-

mination of the combinatorial background PDFs to vary in
the fit, along with the yields for all components.
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FIG. 1 (color online). Signal-enhanced projections for ����
þ (left) and �3��

þ (right) for (a,g) mES, (b,h) �E, (c,i) F , (d,j) m�,
(e,k) m�, and (f,l) H �. The total (q �q plus B �B) background fit function is shown as a blue dot-dashed line, signal as a magenta

dashed line, and the total as a solid blue line. These plots are made with a minimum requirement on the likelihood that has an efficiency
for signal of 15%–35% while reducing the background by between 2 and 3 orders of magnitude.
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Specifically, the free background parameters are as fol-
lows: � for mES; linear and quadratic coefficients for �E;
area and slope of the combinatorial component formk; and
the mean, width, and width difference parameters for F .
Results for the signal yields are presented in the third
column of Table II for each sample.

We test and calibrate the fitting procedure by applying it
to ensembles of simulated experiments composed of q �q
events drawn from the PDF, into which we have embedded
the expected number of signal and charmless B �B back-
ground events randomly extracted from the fully simulated
MC samples. We find biases of 0–17 events, somewhat
dependent on the signal yield. The bias values obtained for
simulations that reproduce the yields found in the data are
given in the fourth column of Table II. Figure 1 shows
PDFs and projections of subsamples of the data, enriched
with a threshold requirement on the signal likelihood
(computed without the variable plotted) for the Bþ !
��þ decay. Figure 2 shows projections for the other four
modes.

We determine the reconstruction efficiencies, given in
Table II, as the ratio of reconstructed and accepted events
in simulation to the number generated. We compute the
branching fraction for each channel by subtracting the fit
bias from the measured yield, and dividing the result by the
efficiency and the number of produced B �B pairs [23]. We
assume that the branching fractions of the �ð4SÞ to BþB�
and B0 �B0 are each equal to 50%. Table II gives the num-
bers pertinent to these computations.
Where there are multiple decay channels, we combine

results for the branching fraction B by adding for each
channel the function�2 lnf½LðBÞ=LðB0Þ� 	GðB; 0; �0Þg,
where B0 is the central value from the fit, �0 is the part of
the systematic uncertainty uncorrelated with other chan-
nels, and 	G denotes convolution with a Gaussian func-
tion. The part of the systematic uncertainty common to all
channels is then added in quadrature. We give the resulting
final branching fractions for each mode in Table II with the
significance taken as the square root of the difference
between the value of �2 lnLðBÞ (with only additive sys-
tematic uncertainties included) for zero signal and the
value at its minimum. The 90% confidence level (C.L.)
upper limits are taken to be the branching fraction below
which lies 90% of the total of the likelihood integral in the
positive branching fraction region.
The systematic uncertainties on the branching fractions

arising from lack of knowledge of the PDFs have been
included in part in the statistical error since most back-
ground parameters are free in the fit. For the signal, the
uncertainties in PDF parameters are estimated from the
consistency of fits to MC and data in control modes.
Varying the signal-PDF parameters within these errors,
we estimate yield uncertainties of 0.3–7 events, depending
on the decay mode. The uncertainty from fit bias (Table II)
includes the statistical uncertainty from the simulated ex-
periments added in quadrature with one-half of the fit-bias
correction. We estimate the uncertainty from modeling the
charmless B �B backgrounds by accounting for the uncer-
tainties in the knowledge of their branching fractions.
These additive errors are the largest systematic errors for
the modes with small signal yield (but not Bþ ! ��þ).
Uncertainties in our knowledge of the efficiency, found

from auxiliary studies, include 0:4%� Nt and 1:5%� N�,

where Nt and N� are the number of tracks and photons,

respectively, in the B candidate. The uncertainty in the
total number of B �B pairs in the data sample is 1.1%.
Published data [20] provide the uncertainties in the
B-daughter product branching fractions (0.7%–3.9%).
The uncertainties in the efficiency from the event selection
are about 0.5%.
We observe the decay Bþ ! ��þ with a significance of

9 standard deviations. The branching fraction ð9:9� 1:2�
0:8Þ � 10�6 and charge asymmetry 0:13� 0:11� 0:02 are
in good agreement with the theoretical expectations. We do
not find evidence for the other four decays, though the
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FIG. 2 (color online). Signal-enhanced projections of the
B0-candidate mES and �E mass for (a,b) B0 ! �0�, (c,d)
B0 ! ��0, (e,f) B0 ! �0�0, and (g,h) B0 ! !�0. Points with
errors represent data, solid curves the full fit functions (both
signal modes combined), dot-dashed curves the background
functions (the peaking B �B background component is small),
and dashed curves the fit signal function. These plots are made
with a minimum requirement on the likelihood that has an
efficiency for signal of 45%–75%.
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sensitivity of these measurements is now comparable to the
range of the theoretical estimates.

We are grateful for the excellent luminosity and machine
conditions provided by our PEP-II colleagues, and for the
substantial dedicated effort from the computing organiza-
tions that support BABAR. The collaborating institutions
wish to thank SLAC for its support and kind hospitality.

This work is supported by DOE and NSF (USA), NSERC
(Canada), CEA and CNRS-IN2P3 (France), BMBF and
DFG (Germany), INFN (Italy), FOM (The Netherlands),
NFR (Norway), MES (Russia), MEC (Spain), and STFC
(United Kingdom). Individuals have received support from
the Marie Curie EIF (European Union) and the A. P. Sloan
Foundation.

[1] M. Beneke and M. Neubert, Nucl. Phys. B675, 333 (2003),
and references therein.

[2] M.-Z. Yang and Y.-D. Yang, Nucl. Phys. B609, 469
(2001); M. Beneke and M. Neubert, Nucl. Phys. B651,
225 (2003).

[3] H. K. Fu et al., Phys. Rev. D 69, 074002 (2004).
[4] C.-W. Chiang et al., Phys. Rev. D 70, 034020 (2004); C.-

W. Chiang and Y.-F. Zhou, J. High Energy Phys. 12 (2006)
27.

[5] C.-W. Chiang, M. Gronau, and J. L. Rosner, Phys. Rev. D
68, 074012 (2003); C.-W. Chiang et al., Phys. Rev. D 69,
034001 (2004).

[6] H. Wang et al., Nucl. Phys. B738, 243 (2006).
[7] A. R. Williamson and J. Zupan, Phys. Rev. D 74, 014003

(2006).
[8] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.

95, 131803 (2005).
[9] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 70,

032006 (2004); 73, 071102 (2006).
[10] P. Chang et al. (Belle Collaboration), Phys. Rev. D 71,
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