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K. Senyo,20 M. E. Sevior,19 H. Shibuya,38 B. Shwartz,1 A. Somov,4 N. Soni,29 R. Stamen,7 S. Stanič,45,† M. Starič,12
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We report a measurement of the branching fraction for the decay B� ! ���0 based on a 140 fb�1 data
sample collected with the Belle detector at the KEKB asymmetric e�e� collider. We measure the
branching fraction B�B� ! ���0� � �13:2� 2:3�stat��1:4

�1:9�syst��� 10�6, and the CP-violating asym-
metry ACP�B	 ! �	�0� � 0:06� 0:17�stat��0:04

�0:05�syst�.

DOI: 10.1103/PhysRevLett.94.031801 PACS numbers: 13.25.Hw, 11.30.Er, 14.40.Nd
Recent precise measurements of sin2	1 [1,2] confirm
the prediction of the Kobayashi-Maskawa model [3] for
CP violation. It is of great importance to test this theory
further with complementary measurements, such as those
of the other unitarity triangle angles 	2 and 	3 [4].

At the quark level, the decays B! �� occur via b! u
tree diagrams and can be used to measure 	2. However,
because of the presence of b! d penguin (loop) diagrams,
a model independent extraction of	2 from time-dependent
CP-asymmetry measurements requires an isospin analysis
of the decay rates of all the �� decay modes [5]. The decay
channels B� ! �0�� [6] and B0 ! ���	 have already
been measured [7]. Evidence for the B0 ! �0�0 mode,
which is expected to be small, has been reported by Belle
[8] with a rate higher than an upper bound from BABAR
[9]. The remaining decay mode, B� ! ���0, has two
neutral pions in the final state that make its measurement
an experimental challenge. Recently, the BABAR group
reported the observation of this mode [9].

In this Letter, we report measurements of the branching
fraction and the CP-violating charge asymmetry for the
B� ! ���0 decay mode. The results are based on a
140 fb�1 data sample containing 152:0� 106 B meson
pairs collected with the Belle detector at the KEKB
asymmetric-energy e�e� collider [10] operating at the
��4S� resonance (

���
s

p
� 10:58 GeV).

The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a three-layer silicon vertex detec-
tor, a 50-layer central drift chamber (CDC), an array of
aerogel threshold Čerenkov counters (ACC), a barrel-like
arrangement of time-of-flight scintillation counters (TOF),
and an electromagnetic calorimeter (ECL) comprising
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CsI(Tl) crystals located inside a superconducting solenoid
coil that provides a 1.5 T magnetic field. An iron flux return
located outside of the coil is instrumented to detect KL
mesons and to identify muons. The detector is described in
detail elsewhere [11].

For charged pion and kaon identification, specific ion-
ization measurements (dE=dx) from the CDC are com-
bined with the responses of the ACC and TOF systems to
form likelihoods L� and LK. We distinguish pions from
kaons by applying selection requirements on the likelihood
ratio, L�=�L� � LK�. Similarly, electrons are identified by
means of a likelihood based on ECL measurements, dE=dx
information from the CDC, and the responses of the ACC.

The final state for the signal consists of a charged pion
track and two �0 ! �� candidates. We select well-
constrained charged tracks that are positively identified
as pions and that are not consistent with the electron
hypothesis. Candidate �0 mesons are reconstructed from
pairs of photons that have an invariant mass within �3� of
the nominal �0 mass, where the photons are assumed to
originate from the IP, and the �0 resolution � varies in the
range 5.3–7.0 MeV depending on its momentum. The
energy of each photon in the laboratory frame is required
to be greater than 50 MeV for the ECL barrel region
(32� < �< 129�) and 100 MeV for the ECL end cap
regions (17� < �< 32� or 129� < �< 150�), where �
denotes the polar angle of the photon with respect to the
beam line. The �0 candidates are kinematically con-
strained to the nominal �0 mass. In order to reduce the
combinatorial background, we only accept �0 candidates
with momenta p�0 > 0:35 GeV=c in the e�e� center-of-
mass (c.m.) system. We select �� ! ���0 decay candi-
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dates with invariant masses in the range 0:62 GeV=c2 <
M����0�< 0:92 GeV=c2.
B� ! ���0 candidates are identified using the beam-

constrained mass Mbc �
������������������������
E2
beam � p2B

q
, and the energy

difference �E � EB � Ebeam, where Ebeam is the c.m. sys-
tem beam energy, and pB and EB are the c.m. system
momentum and energy, respectively, of the B candidate.
The �E distribution has a tail on the lower side caused by
incomplete longitudinal containment of electromagnetic
showers in the CsI crystals. We accept events in the region
Mbc > 5:2 GeV=c2, �0:4 GeV<�E< 0:4 GeV, and de-
fine signal regions in Mbc and �E as 5:27 GeV=c2 <
Mbc < 5:29 GeV=c2 and �0:20 GeV< �E< 0:07 GeV,
respectively.

The continuum process e�e� ! q �q (q � u; d; s; c) is
the main source of background and must be strongly sup-
pressed. We discriminate the signal from the background
using event topology, which tends to be isotropic for B �B
events and jetlike for q �q events. We use Monte Carlo (MC)
simulated signal and continuum events to form a Fisher
discriminant based on a set of modified Fox-Wolfram mo-
ments [12] that are verified to be uncorrelated with Mbc,
�E, and variables considered later in the analysis. Another
discriminating characteristic is �B, the c.m. system polar
angle of the B flight direction. Bmesons are produced with
a 1� cos2�B distribution while continuum background
events tend to be uniform in cos�B. Probability density
functions (PDFs) derived from the Fisher discriminant and
the cos�B distributions are multiplied to form likelihood
functions for signal (Ls) and continuum (Lq �q); these are
combined into a likelihood ratio Rs � Ls=�Ls �Lq �q�.

Additional discrimination is provided by the b-flavor
tagging algorithm [13] developed for time-dependent
analyses at Belle. We use the parameter r, which ranges
from 0 to 1 and is a measure of the likelihood that the b
flavor of the accompanying B meson is correctly assigned.
Events with high values of r are well tagged and are less
likely to originate from continuum production. We define
a multidimensional likelihood ratio MDLR �

LMDLR
s =�LMDLR

s �LMDLR
q �q �, where LMDLR

s denotes the
likelihood determined by the r-Rs two-dimensional dis-
tribution for signal and LMDLR

q �q is that for the continuum
background. We make a requirement on the likelihood
ratio MDLR> 0:9 that maximizes the value of
S=

�������������
S� B

p
, where S is the number of signal events and B

is the number of background events in the Mbc and the �E
signal region. To determine S and B, we use a GEANT-based
MC simulation [14]. The likelihood ratio requirement re-
moves 99% of the continuum background while retaining
30% of the B� ! ���0 signal.

Since B� ! ���0 is a pseudoscalar ! vector�
pseudoscalar process, the � helicity angle �hel, defined as
the angle between an axis antiparallel to the B flight
direction and the �� flight direction in the � rest frame,
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has a cos2�hel distribution. We require j cos�helj> 0:3 for
further background suppression.

In the Mbc-�E signal region, about 8% of the events
have multiple candidates. We choose the candidate that has
the minimum sum of �2 for the mass constrained �0 fits; in
cases where candidates have the same �2, we select the
candidate with the largest Fisher discriminant. The MC-
determined efficiency with all selection criteria imposed is
found to be 4.36%.

Backgrounds from B decays are investigated with MC
simulation. For b! c decay processes, no signal-like peak
is found in either the Mbc or the �E distribution. Among
the much rarer charmless decays, the dominant back-
grounds are from B0 ! ���� decays with a missing
low-momentum ��, which populate the negative �E re-
gion, and B0 ! �0�0 decays with an extra low-
momentum ��, which populate the positive �E region.
Monte Carlo studies indicate that potential backgrounds
from B� ! a�1 �

0, a�1 ! ���0 have �E and Mbc distri-
butions similar to those for B0 ! ���� decays and are
accounted for by the latter component of the fit. In addi-
tion, the contamination from other possible rare B decays
is taken into account in the systematic error.

We extract the B� ! ���0 signal yield by applying an
extended unbinned maximum-likelihood fit to the two-
dimensionalMbc-�E distribution of the selected candidate
events. The fit includes components for signal plus back-
grounds from continuum events, b! c decays, B0 !
����, and B0 ! �0�0. The PDFs for signal, B0 !
���� and B0 ! �0�0, are modeled by smoothed two-
dimensional histograms obtained from large MC samples.
The signal PDF is adjusted to account for small differences
observed between data and MC for high-statistics modes
containing �0’s, i.e., B� ! D0�K����0��� forMbc, and
D0 ! �0�0 for �E, where we use �0 mesons in similar
momentum ranges to those from B� ! ���0 decay. The
continuum PDF is described by a product of a threshold
(ARGUS) function [15] for Mbc and a first-order polyno-
mial for �E, with shape parameters allowed to be free.
Background from generic b! c decays is represented by
an ARGUS function for Mbc and a third-order polynomial
for �E with shape parameters determined from MC. In the
fit, all normalizations are allowed to float, except for the
�0�0 component, which is fixed at a MC-determined value
based on recent Belle [12] and BABAR [16] measurements.

Figure 1 shows the final event sample and fit results. The
six-parameter (four normalizations plus two shape parame-
ters for continuum) fit gives a signal yield of 87:4� 14:9
events. The statistical significance of the signal, defined as�����������������������������������
�2 ln�L0=Lmax�

p
, where Lmax is the likelihood value at

the best-fit signal yield and L0 is the value with the signal
yield set to zero, is 8:1�. The level of the B0 ! ����

background determined from the fit is in good agreement
with MC expectations based on a recent measurement of
the branching fraction for this decay mode [17].
1-3
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FIG. 2. The left plot is the cos�hel distribution for the �. Data
points show the background-subtracted data; the hatched histo-
gram shows the distribution for signal MC. The asymmetry in
these distributions is due to the �0 momentum requirement. The
right plot is the M����0� distribution. Data points show the
background-subtracted data, the dashed (dot-dashed) line is for
the � signal (nonresonant) component of the fit, and the solid
line is their sum.
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FIG. 1. The upper plot is the Mbc projection for events in the
�E signal region �0:20 GeV<�E< 0:07 GeV; the lower plot
is the �E projection for events in the Mbc signal region
5:27 GeV=c2 <Mbc < 5:29 GeV=c2. The solid curve shows
the results of the fit. The signal component is shown as a dashed
line. The continuum background is shown as a dotted line. The
sum of b! c and continuum components is shown as a dot-
dashed line. The hatched (dark) histogram represents the B0 !
���� (B0 ! �0�0) background.
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To verify that the signal we observe is due to B� !
���0 decay, we examine the helicity and M����0� dis-
tributions. Figure 2 (left) shows the helicity angle distribu-
tion for signal yields determined from Mbc-�E fits, which
is consistent with that for signal MC events. The distribu-
tion for continuum is approximately flat.

Figure 2 (right) shows the signal yields extracted from
Mbc-�E fits applied to individual M����0� bins. A �2 fit
to the background-subtracted M����0� distribution is
performed with a � plus a nonresonant �� component
included. The � component is represented by a Breit-
Wigner function with mass and width fixed at their known
values [18]. The nonresonant �� component is described
by a second-order polynomial with shape parameters de-
termined from B� ! ���0�0 MC events, where the final
state particles are distributed uniformly over phase space.
The fit gives the fraction of nonresonant decays in the
0:62 GeV=c2 <M����0�< 0:92 GeV=c2 � signal re-
gion as �5:8� 4:8�%. The nonresonant yield increased by
1� is treated as a systematic uncertainty.

We consider systematic errors in the branching fraction
of the decay B� ! ���0 that are caused by uncertainties
in the efficiencies of track finding, particle identification,
�0 reconstruction, continuum suppression, fitting, and a
possible contribution from nonresonant decays. We assign
a 1.2% error for the uncertainty in the tracking efficiency.
This uncertainty is obtained from a study of partially
03180
reconstructed D� decays. We also assign a 0.8% error for
the particle identification efficiency that is based on a study
of kinematically selected D�� ! D0��, D0 ! K��� de-
cays; an 8.0% systematic error for the uncertainty in the
two-�0 detection efficiency that is determined from data-
MC comparisons of !! �0�0�0 with!! �����0 and
!! ��; a 5.1% systematic error for continuum suppres-
sion that is estimated from a study of B� ! D0��, and
D0 ! K����0 decays; a systematic error of �4:3

�0:4% that is
obtained from changes in signal yields that occur when
each parameter of the fitting functions is varied by �1�;
and a �0

�10:5% systematic error to account for a possible
contribution from nonresonant decays. Moreover, a 1%
error due to backgrounds from charmless B decays other
than B! �� and B0 ! �0�0 is estimated by fitting the
data with an additional component with the yield fixed at
the MC-expected value. The change in the signal yield is
taken as a systematic error to account for this contamina-
tion. We also include a 0.5% error for the uncertainty in the
number of B �B events in the data sample. The production
rates of B�B� and B0B0 pairs are assumed to be equal. We
obtain the branching fraction

B �B� ! ���0� � �13:2� 2:3�stat��1:4
�1:9�syst��� 10�6:

Direct CP violation would be indicated by an asymme-
try in the partial rates for B� ! ���0 and B� ! ���0:

A CP �
)�B� ! ���0� � )�B� ! ���0�

)�B� ! ���0� � )�B� ! ���0�
:

We perform a simultaneous fit to extract the charge asym-
metry. The B	 ! �	�0 candidates are self-tagged, but
this tagging is provided by a single low-momentum
charged pion. About 9% of signal events are misrecon-
structed with the wrong charge using a pion from the other
B. In the fit, we introduce asymmetry parameters for the
1-4
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B! �� signal and also for the continuum and b! c
backgrounds, and separate the wrong tagged fraction of
the signal into an independent PDF, which is modeled by a
smoothed two-dimensional histogram obtained from MC.
Other PDFs are the same as used in the Mbc-�E fit
described earlier. In the fit all normalizations are allowed
to float, except for the �0�0, and wrong tagged compo-
nents, which are fixed at MC-determined values. The fit
result is ACP � 0:06� 0:17.

The charge symmetry of the detector performance and
reconstruction procedure is verified with a sample ofB� !
D0��, D0 ! K����0 decays and their charge conju-
gates. We apply the same procedure that is used for B� !
���0 to select B� ! D0�� candidates and extract signal
yields by fitting the �E distribution. We find 1478:8�
48:4 B� ! D0�� and 1584:8� 54:9 B� ! D0�� events,
which corresponds to a direct CP-violating asymmetry of
�0:03� 0:02. We assign 0.03 as the systematic error
associated with detector and reconstruction effects. The
systematic error due to the uncertainty in the wrong tagged
fraction is found to be negligible. The systematic error
associated with the fitting procedure is determined to be
0.01 by shifting each fitting function parameter by �1�
and taking the quadratic sum of the resulting changes in
ACP. An error of �0:00

�0:04 for nonresonant background is
estimated by subtracting the nonresonant component, ob-
tained from the fit toM����0� orM����0� and increased
by �1�, from the B� or B� signal yields. The change in
ACP is taken as the systematic error. A 0.01 systematic
error due to the background from other rare B decays is
assigned. The quadratic sum of these errors is taken as the
total systematic error. We obtain a CP-violation charge
asymmetry that is consistent with zero:

A CP�B	 ! �	�0� � 0:06� 0:17�stat��0:04
�0:05�syst�:

In summary, we observe the decay B� ! ���0 with a
statistical significance of 8:1� and measure its branching
fraction. The results are consistent with those from the
BABAR experiment [9]. This measurement provides one
of the essential quantities to constrain 	2 from an isospin
analysis of B! �� decays. The measured charge asym-
metry is consistent with zero.
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