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We report evidence for the exclusive two-body charmless hadronic B meson decay B! �0�,
and improved measurements of B! �0K. The results are obtained from a data sample of 386� 106

B �B pairs collected at the ��4S� resonance, with the Belle detector at the KEKB asymmetric-energy
e�e� collider. We measure B�B� ! �0��� � �1:76�0:67

�0:62�stat��0:15
�0:14�syst�� � 10�6 and B�B0 ! �0�0� �

�2:79�1:02
�0:96�stat��0:25

�0:34�syst�� � 10�6. We also find the ratio of B�B�!�0K��

B�B0!�0K0�
� 1:17	 0:08�stat� 	 0:03�syst�

and measure the direct CP asymmetries for the charged modes.

DOI: 10.1103/PhysRevLett.97.061802 PACS numbers: 13.25.Hw, 11.30.Er, 11.30.Hv, 14.40.Nd

Information on the two-body charmless hadronic B me-
son decays B! �0� are incomplete at present [1].
Measurements of these decay modes can improve the
understanding of the flavor-singlet penguin amplitude
with intermediate t, c, and u quarks [2]. Furthermore,
measurement of branching fractions for B! �0� decays
can improve estimates of the expected standard model
(SM) deviations of effective sin�2�1� values in b! s
modes from the value measured in b! c �cs decays [3].
Theoretical predictions for the branching fractions cover
the ranges �1–17� � 10�6 and �0:2–8� � 10�6 for the
charged and neutral decays, respectively [2,4,5]. Re-
cently, the charged decay was measured by BABAR [6].
In contrast, the channels B! �0K have been precisely
measured [7–9]. In the SM the decay B! �0K is believed
to proceed dominantly via gluonic penguin processes [10],
and has been evaluated with various QCD factorization and
gluon anomaly approaches [11–15]. The measured branch-
ing fractions are, however, larger than the early expecta-
tions. This has led to speculations that SU(3)-singlet
couplings unique to the �0 meson or new physics [16]
contribute to the amplitude. More precise measurements,
in particular, for B! �0� are needed to constrain the
amplitudes and to distinguish between theoretical models.

Additional constraints can be provided by the direct CP
asymmetry, ACP �

B �B! �f��B�B!f�
B� �B! �f��B�B!f�

, where f is the final

state and �f is its CP conjugate. Direct CP violation in
the B� ! �0�� mode can be large in the SM [4], while a
nonzero value for ACP in B� ! �0K� may indicate a new
physics contribution [10].

In this Letter, we report evidence for the decays B!
�0�, improved measurements of the B! �0K branching
fractions, and the search for direct CP violation in the
charged B-meson decay modes. The results are based on
a data sample that contains 386� 106 B �B pairs, which is
35 times larger than our previous data set [8], collected
with the Belle detector at the KEKB asymmetric-energy
e�e� (3.5 on 8 GeV) collider [17]. KEKB operates at the
��4S� resonance (

���
s
p
� 10:58 GeV).

The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector, a 50-
layer central drift chamber (CDC), an array of aerogel
threshold Čerenkov counters (ACC), a barrel-like arrange-
ment of time-of-flight scintillation counters (TOF), and an
electromagnetic calorimeter comprised of CsI(Tl) crystals
located inside a superconducting solenoid coil that pro-
vides a 1.5 T magnetic field. An iron flux return located
outside of the coil is instrumented to detect K0

L mesons and
to identify muons. The detector is described in detail else-
where [18]. Two inner detector configurations are used. A
2.0 cm beam pipe and a 3-layer silicon vertex detector are
used for the first sample of 152� 106 B �B pairs (Set I),
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while a 1.5 cm beam pipe, a 4-layer silicon detector, and a
small-cell inner drift chamber are used to record the re-
maining 234� 106 B �B pairs (Set II) [19].

Charged hadrons are identified by combining informa-
tion from the CDC (dE=dx), ACC, and TOF systems. Both
kaons and pions are selected with an average efficiency of
86%. Tighter criteria are applied to the pion candidate in
B� ! �0��, resulting in an average efficiency (kaon mis-
identification probability) of 77% (4%).

The �0 mesons are reconstructed in the decays �0 !
����� (with �! ��) and �0 ! �0�. We reconstruct
�0, �0, �, �0, and K0

S candidates using the mass windows
given in Table I. Photons originating from�0 and � decays
are required to have an energy of at least 50 MeV, and
photons from �0 in �0 ! �0� of at least 100 MeV. The
momenta of the �	 for �0 candidates transverse to the
beam line have to be greater than 200 MeV=c, suppressing
60% of the background. The vertex of theK0

S ! ���� has
to be displaced from the interaction point and the K0

S
momentum direction must be consistent with its flight
direction [for a detailed description, see [20] ]. For B0 !

�0�0, we require jh�0 j � j E��1��E��2�
E��1��E��2�

j< 0:95�0:6� for

�0 ! ����� (�0 ! �0�), where E��1;2� is the energy
of the two �0 decay photons. Similarly, we require jh�j<
0:85. For combinatorial background arising from low en-
ergy photons jhj peaks at 1.
B meson candidates are formed by combining an �0

meson with a pion or a kaon candidate. Two kinematic
variables are used to extract the Bmeson signal: the energy
difference, �E � EB � Ebeam, and the beam-energy con-

strained mass, Mbc �
�����������������������������������������
E2

beam=c
4 � �PB=c�2

q
, where Ebeam

is the beam energy and EB and PB are the reconstructed
energy and momentum of the B candidate. Events satisfy-
ing the requirements Mbc > 5:22 GeV=c2 and j�Ej<
0:25 GeV are selected for further analysis. Around 10%
of these events have multiple B candidates. For these
events, the candidate with the smallest �2

vtx � �
2
�0 is se-

lected, where �2
vtx is an estimator of the vertex quality for

all charged particles not from KS and �2
�0 � ��M��

0� �

m�0 �=��0 �2, where M��0� is the �0 candidate mass, m�0 is
the nominal mass of the �0, and ��0 � 8 MeV=c2 is the

width of the reconstructed �0 mass. About 8% of signal
MC events are reconstructed with a random photon or pion.

Several event shape variables are used to distinguish the
spherical B �B topology from the jetlike e�e� ! q �q (q �
u, d, s, c) continuum events. The thrust angle �T is defined
as the angle between the �0 momentum direction and the
thrust axis formed by all particles not belonging to the
reconstructed B meson. Continuum events tend to peak
near j cos�T j � 1, while spherical events have a uniform
distribution. The requirement j cos�Tj< 0:9 is applied
prior to all other event-topology selections.

Additional continuum suppression is obtained by using
modified Fox-Wolfram moments [21] and j cos�Bj, where
�B is the angle between the flight direction of the recon-
structed B candidate and the beam axis. A Fischer dis-
criminant (F ) [22] is formed from a linear combination of
j cos�Tj, S? [23], and five modified Fox-Wolfram mo-
ments. S? is the ratio of the scalar sum of the transverse
momenta of all tracks outside a 45
 cone around the �0

direction to the scalar sum of their total momenta. These
variables are then combined to form an event-topology
likelihood function Ls (Lq �q), where s (q �q) represents
signal (continuum background). For channels with an
�0 ! �0� decay an additional variable �H , which is the
angle between the �0 momentum and the direction of one
of the decay pions in the �0 rest frame, is included for
better signal-background separation. It behaves like a co-
sine (exponential) function for signal (continuum) events.
We use the quality of B flavor tagging for the accompany-
ing Bmeson to improve continuum rejection. The standard
Belle B tagging package [24] is used, which gives the B
flavor and a tagging quality r ranging from zero for no
flavor identification to unity for unambiguous flavor as-
signment. The data are divided into three r regions. Signal-
like events are selected by applying likelihood ratio R �
Ls=�Ls �Lq �q� requirements optimized on Monte Carlo
(MC) events in the three r regions separately, assuming
either previously measured branching fractions or 5�
10�6.

The branching fractions are extracted using simulta-
neous (in �E and Mbc) extended unbinned maximum-
likelihood fits for the �0 ! ����� and �0 ! �0� sub-
decays simultaneously. The extended likelihood function
used is

 L�NS;NBj� �
e��NS�

P
j
NBj �

N!

YN

i�1

�NSPS��Ei;Mbci�

�
X
j

NBjPBj��Ei;Mbci��; (1)

whereNS (NBj) is the number of signal events (background
events of source j) with probability density functions
(PDFs)PS (PBj), and the index i runs over the total number
of events.

TABLE I. Mass windows to reconstruct intermediate states.

Mode Mass window (MeV=c2)

�0 ! �� �118; 150� 	2:5�
�0 ! ���� �550; 870� —
�! �� �500; 570� �2:5�=� 3:3�
�0 ! ����� (in �0K) �945; 970� 	3:4�
�0 ! �0� (in �0K) �935; 975� 	3�
�0 ! ����� (in �0�) �950; 965� 	2:5�
�0 ! �0� (in �0�) �941; 970� 	2:5�
K0
S ! ���� �485; 510� 	3�
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The reconstruction efficiencies are determined from
signal MC samples, using the EVTGEN package [25] with
final state radiation simulated by the PHOTOS package [26]
[thus measuring B! �0h ��FSR�]. The efficiencies are
calculated separately for both Set I and Set II. The absolute
efficiency for Set II is typically about 0.5% larger than for
Set I (for efficiencies averaged over the two sets, see
Table II). The signal yield is expressed as NS �
	1N�B �B�1B� 	2N�B �B�2B, where B is the signal branching
fraction, and 	i and N�B �B�i are the efficiency and the
number of B �B pairs for Set I and Set II. The numbers of
B�B� and B0 �B0 pairs are assumed to be equal. Corrections
due to differences between data and MC calculations are
included for the charged track identification and photon,
�0 and � reconstruction, resulting in an overall correction
factor of � 0:9.

The PDF shapes for each contribution are determined by
MC calculations. The signal shapes for �E and Mbc are
assumed to be independent. We model the signal using a
Gaussian with an exponential tail (Crystal Ball function)
[27] plus a Gaussian for �E and a Gaussian with an
exponential tail for Mbc.

We consider four types of backgrounds separately in the
fit: continuum events, b! c, and two types of charmless
decays. Continuum background is modeled by a first or
second order polynomial for �E and an ARGUS function
[28] for Mbc. Charmless B decays and b! c backgrounds
are modeled with smoothed two-dimensional histograms.
The contributions from charmless B decays are split into
two components, one for the decay with the largest con-
tribution and one for all other charmless decays. For B� !
�0K�, the dominant mode, which is modeled separately, is
B! �0K�; for B0 ! �0K0

S it is B! �0K0
S; for B0 ! �0�0

it is B! ��; and for B� ! �0�� it is the B� ! �0K�

cross feed. The cross feed in B� ! �0�� is modeled with
the same PDFs as used for the �0K� signal, shifted and
with a corrected width in �E.

The continuum shape parameters that are allowed to
float in all modes are the slopes of the polynomial and
ARGUS function. The signal mean and width parameters
are free for the kaon modes. For the B� ! �0�� mode

these parameters are fixed to the values obtained from the
charged kaon mode. The resulting signal PDFs are shifted
by up to�2 MeV and the width is smaller by up to 5%. For
�0 ! ����� modes our background MC studies show
that no contributions from b! c decays are expected. The
sizes of background contributions other than continuum
are constrained to the values expected from the MC simu-
lations. For example, for B� ! �0K� we expect 718 b!
c events, 105 charmless events, and 10 B! �0K� events.
The B� ! �0K� component in the B� ! �0�� decay is
fixed to the branching fraction of B� ! �0K� as reported
here. Simultaneous fits with the branching fraction and the
charge asymmetry (for the charged modes) as fit parame-
ters are performed. The resulting projection plots are
shown in Fig. 1. The reconstruction efficiencies and fit
results are given in Table II.

We find first evidence for the neutral decay:

 B �B0 ! �0�0� � �2:79�1:02
�0:96�stat��0:25

�0:34�syst�� � 10�6;

and evidence for the charged decay:

 B �B	 ! �0��� � �1:76�0:67
�0:62�stat��0:15

�0:14�syst�� � 10�6:

The ratio of the branching fractions for charged and neutral
B! �0K decays is found to be 1:17	 0:08	 0:03. The
charge asymmetries for the B� ! �0�� and B� ! �0K�

decay modes, listed in Table II, show no significant devia-
tion from zero.

Systematic errors are estimated with various high statis-
tics data samples. The dominant sources are the uncertain-
ties in the reconstruction efficiency of charged tracks (3–
4%), the uncertainties in the reconstruction efficiencies of
� mesons and photons (3–6%), and the uncertainty of the
PDF shapes and parameters (1–9%). Other systematic
uncertainties arise from the K cross feed in B� ! �0��

( � 2%), the differences between data and MC calcula-
tions for �E and Mbc in B� ! �0�� (�4%), the KS
reconstruction efficiency uncertainty (4%), the uncertainty
of the subdecay branching fractions as given by the Particle
Data Group (PDG) [29] (1.5%), the number of B �B mesons
produced (1%), the efficiency differences due to signal
simulation by different MC generators (1.4%), the uncer-

TABLE II. Signal efficiencies (	tot) with subdecay branching fractions included and averaged for Set I and Set II for �0 ! �����

and �0 ! �0�, total signal yields NS, total number of events Ntot, branching fractions B, charge asymmetries ACP, significances �, and
goodness of fit (GOF). The first errors are statistical and the second (where given) systematic.

B� ! �0K� B0 ! �0K0 B� ! �0�� B0 ! �0�0

	tot��
0 ! ������ [%] 4:31	 0:03 1:19	 0:03 2:84	 0:03 1:72	 0:02

	tot��0 ! �0�� [%] 2:78	 0:04 1:07	 0:04 2:89	 0:04 1:72	 0:03
NS 1895:7	 59:5 515:3	 31:7 39:0	 13:2 35:8	 12:7
Ntot 25 281 6044 8411 1345
B�10�6� 69:2	 2:2	 3:7 58:9�3:6

�3:5 	 4:3 1:76�0:67�0:15
�0:62�0:14 2:79�1:02�0:25

�0:96�0:34

ACP 0:028	 0:028	 0:021 — 0:20�0:37
�0:36 	 0:04 —

� >10 >10 3.2 3.1
(GOF) 1.1 1.5 1.2 1.4
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tainty in the efficiency (1%) and the uncertainty from
particle identification (0.7%). The systematic errors are
added in quadrature and found to be 	5:4%, 	7:3%,
�8:5
�7:7 %, and �8:8

�12:1 % for B� ! �0K�, B0 ! �0K0, B� !
�0��, and B0 ! �0�0, respectively. For the charge asym-
metry, efficiency based systematic errors cancel. We esti-
mate the possible detector bias on ACP from the charge
asymmetry of the continuum background in the B� !
�0K� sample which is obtained from the fit. We assign
0.02 as systematic error both for B� ! �0K� and �0��.
Other contributions from fitting and normalization together
result in a systematic error of 0.003 for B� ! �0K�. For
B� ! �0�� the uncertainties from PDF shapes and cross
feed contributions add up to �0:03

�0:04 .
The significance of the B� ! �0�� yield is 3:2�, which

is calculated as � �
������������������������������
2 ln�Lmax=L0�

p
, where Lmax and L0

denote the maximum-likelihood value and the likelihood
value at zero branching fraction, respectively. The system-
atic error is included in the significance calculation. For
B0 ! �0�0 the corresponding significance with system-
atics is 3:1�.

We calculate a goodness of the fit (GOF) for �E andMbc

projections shown in Fig. 1 as a measure of the quality of
the fit. The GOF is defined as the average of �2=dof for �E
andMbc with �2 � �N

i�1
�ni�
i�2


i
, where 
i�ni� is number of

observed (fitted) events in ith bin of total N bins and dof is
a degree of freedom. The GOF values are listed in Table II.

In summary, evidence for B! �0�with greater than 3�
significance is found and improved measurements for the
charged and neutral B! �0K decays are reported. The
measurements of branching fractions for B! �0K decays

reported here supersede our previous results [8] and are
consistent with the measurements by CLEO [7] and
BABAR [6]. No charge asymmetry is observed in the decay
modes B� ! �0K� and B� ! �0��.
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FIG. 1 (color online). �E and Mbc distributions for B� ! �0K� (a), (e), B0 ! �0K0 (b), (f), B� ! �0�� (c), (g), and B0 ! �0�0
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0:06 GeV for all others.
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