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W. Kozanecki,67 M. Legendre,67 G. Vasseur,67 Ch. Yèche,67 M. Zito,67 X. R. Chen,68 H. Liu,68 W. Park,68 M. V. Purohit,68

J. R. Wilson,68 M. T. Allen,69 D. Aston,69 R. Bartoldus,69 P. Bechtle,69 N. Berger,69 R. Claus,69 J. P. Coleman,69

M. R. Convery,69 J. C. Dingfelder,69 J. Dorfan,69 G. P. Dubois-Felsmann,69 D. Dujmic,69 W. Dunwoodie,69 R. C. Field,69

T. Glanzman,69 S. J. Gowdy,69 M. T. Graham,69 P. Grenier,69 V. Halyo,69 C. Hast,69 T. Hryn’ova,69 W. R. Innes,69

M. H. Kelsey,69 P. Kim,69 D. W. G. S. Leith,69 S. Li,69 S. Luitz,69 V. Luth,69 H. L. Lynch,69 D. B. MacFarlane,69

H. Marsiske,69 R. Messner,69 D. R. Muller,69 C. P. O’Grady,69 V. E. Ozcan,69 A. Perazzo,69 M. Perl,69 T. Pulliam,69

B. N. Ratcliff,69 A. Roodman,69 A. A. Salnikov,69 R. H. Schindler,69 J. Schwiening,69 A. Snyder,69 J. Stelzer,69 D. Su,69

M. K. Sullivan,69 K. Suzuki,69 S. K. Swain,69 J. M. Thompson,69 J. Va’vra,69 N. van Bakel,69 M. Weaver,69

A. J. R. Weinstein,69 W. J. Wisniewski,69 M. Wittgen,69 D. H. Wright,69 A. K. Yarritu,69 K. Yi,69 C. C. Young,69

P. R. Burchat,70 A. J. Edwards,70 S. A. Majewski,70 B. A. Petersen,70 L. Wilden,70 S. Ahmed,71 M. S. Alam,71 R. Bula,71

J. A. Ernst,71 V. Jain,71 B. Pan,71 M. A. Saeed,71 F. R. Wappler,71 S. B. Zain,71 W. Bugg,72 M. Krishnamurthy,72

S. M. Spanier,72 R. Eckmann,73 J. L. Ritchie,73 A. Satpathy,73 C. J. Schilling,73 R. F. Schwitters,73 J. M. Izen,74 X. C. Lou,74

S. Ye,74 F. Bianchi,75 F. Gallo,75 D. Gamba,75 M. Bomben,76 L. Bosisio,76 C. Cartaro,76 F. Cossutti,76 G. Della Ricca,76

S. Dittongo,76 L. Lanceri,76 L. Vitale,76 V. Azzolini,77 N. Lopez-March,77 F. Martinez-Vidal,77 Sw. Banerjee,78

B. Bhuyan,78 C. M. Brown,78 D. Fortin,78 K. Hamano,78 R. Kowalewski,78 I. M. Nugent,78 J. M. Roney,78 R. J. Sobie,78

J. J. Back,79 P. F. Harrison,79 T. E. Latham,79 G. B. Mohanty,79 M. Pappagallo,79,‡ H. R. Band,80 X. Chen,80 B. Cheng,80

S. Dasu,80 M. Datta,80 K. T. Flood,80 J. J. Hollar,80 P. E. Kutter,80 B. Mellado,80 A. Mihalyi,80 Y. Pan,80 M. Pierini,80

R. Prepost,80 S. L. Wu,80 Z. Yu,80 and H. Neal81

(BABAR Collaboration)

1Laboratoire de Physique des Particules, IN2P3/CNRS et Université de Savoie, F-74941 Annecy-Le-Vieux, France
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(Received 22 January 2007; published 31 May 2007)

We present improved measurements of the branching fraction and CP asymmetry for the process B� !
���0. The data sample corresponding to 211 fb�1 comprises 232� 106 ��4S� ! B �B decays collected
with the BABAR detector at the PEP-II asymmetric B Factory at SLAC. The yield and CP asymmetry are
measured using an extended maximum likelihood fitting method. The branching fraction and CP
asymmetry are found to be B�B� ! ���0� � �10:2� 1:4�stat� � 0:9�syst�� � 10�6 and ACP�B� !
���0� � �0:01� 0:13�stat� � 0:02�syst�.

DOI: 10.1103/PhysRevD.75.091103 PACS numbers: 11.30.Er, 13.25.Hw

Branching fraction and CP asymmetry measurements of
charmless Bmeson decays provide valuable constraints for
the determination of the unitarity triangle constructed from
elements of the Cabibbo-Kobayashi-Maskawa quark-
mixing matrix [1,2]. In particular, the angle � 	
arg��VtdV
tb=VudV



ub� of the Unitarity Triangle can be

extracted from decays of the B meson to ���� final states
[3]. However, the extraction is complicated by the inter-
ference of decay amplitudes with differing weak and strong
phases. One strategy to overcome this problem is to per-
form an SU(2) analysis that uses all �� final states [4].
Assuming isospin symmetry, the angle � can be deter-
mined free of hadronic uncertainties from a pentagon
relation formed in the complex plane by the five B! ��
decay amplitudes B0 ! ����, B0 ! ����, B0 ! �0�0,
B� ! ���0, and B� ! �0��. These amplitudes can be
determined from measurements of the corresponding de-
cay rates and CP asymmetries. While all these modes have
been measured [5,6], the current experimental uncertain-
ties need to be reduced substantially for a determination of
�. Here we present an update to previous measurements of
the B� ! ���0 branching fraction and CP asymmetry

 A CP �
N�B� ! ���0� � N�B� ! ���0�

N�B� ! ���0� � N�B� ! ���0�
:

The main additions compared to our previous analysis
[5] are a larger data set, a study of possible backgrounds
from higher � resonances and the use of the � mass in the
maximum likelihood fit.

The data were collected with the BABAR detector [7] at
the PEP-II asymmetric-energy e�e� storage ring at SLAC.
Charged-particle trajectories are measured by a five-layer
double-sided silicon vertex tracker and a 40-layer drift
chamber located within a 1.5-T magnetic field. Charged
hadrons are identified by combining energy-loss informa-
tion from tracking (dE=dx) with the measurements from a
ring-imaging Cherenkov detector. Photons are detected by
a CsI(Tl) crystal electromagnetic calorimeter with an en-
ergy resolution of �E=E � 0:023�E=GeV��1=4 
 0:014.
The magnetic flux return is instrumented for muon and
K0
L identification. The data sample includes 232�

3 million B �B pairs collected at the ��4S� resonance, cor-
responding to an integrated luminosity of 211 fb�1. In
addition, 22 fb�1 of data collected 40 MeV below the
��4S� resonance mass are used for background studies.
We perform full detector Monte Carlo (MC) simulations

equivalent to 460 fb�1 of generic B �B decays and 140 fb�1

of continuum quark-antiquark events (e�e� ! q �q, q �
u; d; s; c). In addition, we simulate over 50 exclusive
charmless B meson decay modes, including 1:4� 106

signal B� ! ���0 decays.
B meson candidates are reconstructed from one charged

track and two neutral pions. The charged track used to form
the B� ! ���0 candidate is required to have at least 12
hits in the drift chamber, to have a transverse momentum
greater than 0:1 GeV=c, and to be consistent with originat-
ing from the beam-spot. It must have ionization-energy
loss and Cherenkov angle signatures consistent with those
expected for a pion. We remove charged tracks that pass
electron selection criteria based on dE=dx and calorimeter
information. Neutral pion candidates are formed from two
photon candidates, each with a minimum energy of
0.03 GeV and which are required to exhibit a lateral profile
of energy deposition in the electromagnetic calorimeter
consistent with an electromagnetic shower [7]. The angular
acceptance of photon candidates is restricted to exclude
parts of the calorimeter where showers are not fully con-
tained. We require the photon clusters forming the �0 to be
separated in space, with a�0 energy of at least 0.2 GeVand
an invariant mass between 0.10 and 0:16 GeV=c2.

Two kinematic variables, �E � E
B �
���
s
p
=2 and the

beam-energy substituted mass of the B meson mES �������������������������������������������������������
�s=2� p0 � pB�2=E2

0 � p2
B

q
, are used for the final selec-

tion of events. Here E
B is the energy of the B meson
candidate in the center-of-mass frame, E0 and

���
s
p

are the
total energies of the e�e� system in the laboratory and
center-of-mass frames, respectively, and p0 and pB are the
three-momenta of the e�e� system and the B meson
candidate in the laboratory frame, respectively. For cor-
rectly reconstructed ���0 candidates �E peaks at zero,
while for final states with a charged kaon, such as B� !
K
��0, �E is shifted by approximately 80 MeV on aver-
age. Events are selected with 5:20<mES < 5:29 GeV=c2

and j�Ej< 0:20 GeV. The �E limits remove background
from two- and four-body Bmeson decays with a small loss
in signal efficiency.

Continuum events are the dominant background. To
suppress this background, we select only those events
where the angle �B

Sph in the center-of-mass frame between
the sphericity axis [8] of the B meson candidate’s decay
products and the sphericity axis of the rest of the event
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satisfies j cos�B
Sphj< 0:9. In addition, we construct a non-

linear discriminant, implemented as an artificial neural
network (ANN) that uses three input parameters: the zeroth-
and second-order Legendre event shape polynomials L0

and L2 calculated from the momenta and polar angles, with
respect to the B meson thrust axis, of all charged-particle
and photon candidates not associated with the B meson
candidate, and the output of a multivariate, nonlinear B
meson candidate flavor tagging algorithm [9]. The output
ANN of the artificial neural network peaks at 0.5 for con-
tinuumlike events and at 1.0 for B meson decays. We
require ANN > 0:63 which reduces the continuum back-
ground by half for a 5% loss in signal MC efficiency. To
further improve the signal-to-background ratio we restrict
the invariant mass of the � candidate to 0:55<m�� <
0:95 GeV=c2.

The average B meson candidate multiplicity per event is
1.8 as neutral and charged pion combinatorics can lead to
more than one B meson candidate. We choose the best
candidate based on a �2 formed from the measured masses
of the two �0 candidates within the event compared to the
known �0 mass [10]. In the case of multiple charged pion
candidates the choice is random so as not to bias the fit
distributions. This random selection has a negligible im-
pact on the systematic uncertainty. The total B� ! ���0

selection efficiency is 15:4� 0:1%. In signal MC studies,
the candidate is correctly reconstructed 54.9% of the time.
The remaining candidates come from self-cross-feed (SCF,
37.5%) and mistag events (7.6%). SCF events stem primar-
ily from swapping the low energy �0 from the resonance
with another from the rest of the event. Signal events
reconstructed with the wrong charge are classified as mis-
tag events. Both SCF and mistag events emulate signal
events, however the resolution in mES and �E tends to be
worse.

We use MC events to study the backgrounds from other
B meson decays. The dominant contribution comes from
b! c transitions; the next most important is from charm-
less B meson decays. Seventeen individual charmless
modes show a significant contribution once the event se-
lection has been applied. These modes are added into the fit
(described below) fixed at the yield and asymmetry deter-
mined by the simulation, based on their measured values
[10]. The largest contributions come from B0 ! ���� and
B0 ! ����. For B0 ! �0�0 and B0 ! K
��� we use
half the measured upper limit [10]. We estimate the B0 !
a0

1�
0 branching fraction from that of B0 ! a�1 �

� [11]
using isospin relations. If no charge asymmetry measure-
ment is available, we assume zero asymmetry.

Although all other states that decay like the � to ��0 —
the ��1450� and the ��1700�, subsequently referred to
collectively as �
—lie outside our ��770� mass cut, a
contribution to our signal cannot be ruled out a priori. To
account for the possible presence of these modes, an un-
binned maximum likelihood fit to the B� ! �
��0 yield

is performed in a sideband of the m�� invariant mass. This
fit uses the same algorithm as described below but with
only the three input variables mES, �E, and ANN. The mass
window is chosen to be as far as possible from the ��770�
mass, centered near the pole of the ��1700� at 1:5<
m�� < 2:0 GeV=c2. The fitted yield for the B� !
�
��0 decay is then extrapolated into the ��770� region,
0:55<m�� < 0:95 GeV=c2, using a nonrelativistic Breit-
Wigner line shape. Although the choice of mass range is
motivated by the ��1700�, any yield seen is attributed
entirely to the ��1450�, which is the closer of the two
resonances to the signal. From the B� ! ���1450��0

MC, the ratio of the number of candidates in the sideband
to candidates in the signal mass region is approximately
12:6:1. The fit in the sideband yields 101� 32 events,
resulting in an estimate of the �
 background of 8 events.
We investigate possible interference effects by using an
analytical model for the line shapes of the ��770� and the
�
. We compare the use of relativistic and nonrelativistic
Breit-Wigner line shapes and vary the widths of the line
shapes by their uncertainties [10]. We also scan the relative
phase between the two resonances from �� to �. We
assign a conservative systematic uncertainty of 100% for
the �
 background based on the largest change in the
number of events in the range 0:55<m�� <
0:95 GeV=c2 from these tests. The �
 then enters into
the nominal fit with probability density functions (PDFs)
constructed from B� ! ���1450��0 MC simulation.

The nonresonant B� ! ���0�0 branching fraction
has, to date, not been measured. To estimate the size of
its contribution we select a region of the Dalitz plot—
defined by the triangle �m2

���0
1
; m2

���0
2
� �

�6; 6�; �6; 15�; �11; 11� GeV2=c4—that is far from the sig-
nal as well as the ��1450� and higher resonances and which
has low levels of continuum background. The unbinned
maximum likelihood fit with only three input variables
(mES, �E, and ANN) is applied in this region. The only
significant backgrounds expected are from generic B and
continuum events. The yields of the generic B decays are
fixed to values expected from MC simulation while the
continuum and nonresonant yields are allowed to float.
There are 1100 data events in the selected Dalitz region
and the fit yields �5:1� 7:6 nonresonant events. This is
consistent with zero and the nonresonant contribution is
therefore not considered as a background to our signal.

An unbinned maximum likelihood fit to the variables
mES, �E, ANN, and m�� is used to extract the total number
of signal B� ! ���0 and continuum background events
and their respective charge asymmetries. The likelihood
for the selected sample is given by the product of the PDFs
for each individual candidate, multiplied by the Poisson
factor:

 L �
1

N!
e�N

0
�N0�N

YN

i�1

P i;
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where N and N0 are the number of observed and expected
events, respectively. The PDF P i for a given event i is a
sum of the signal and background terms:
 

P i � NSig�
1

2
��1�QiASig�fSigP

Sig
i

� �1�QiASig�fSCFP
Sig
SCF;i� �1�QiASig�fMisP

Sig
Mis;i�

�
X
j

NBkg
j �

1

2
�1�QiA

Bkg
j �P

Bkg
j;i ;

where Qi is the charge of the pion in the event, NSig�NBkg
j �

and ASig�ABkg
j � are the yield and asymmetry for signal

(background) component j, respectively. The fractions of
true signal (fSig), SCF signal (fSCF), and wrong-charge
mistag events (fMis) are fixed to the numbers obtained
from MC simulations. The j individual background terms
comprise continuum, b! c decays, �
, and 17 other ex-
clusive charmless B meson decay modes. Signal and con-
tinuum yields are allowed to float in the fit, with the generic
B yields fixed to values expected from MC simulation. The
PDF for each component, in turn, is the product of the
PDFs for each of the fit input variables, P �
P �mES;�E�P �ANN�P �m���. Because of correlations be-
tween �E and mES, the P �mES;�E� for signal and all
background from B meson decays are described by two-
dimensional nonparametric PDFs [12] obtained from MC
events. For continuum background, P �mES;�E� is the
product of two one-dimensional nonparametric PDFs;
mES is well described by an empirical phase-space thresh-
old function [13] and �E is parametrized with a second
degree polynomial. The parameters of the continuum PDFs
are allowed to float in the fit except for the endpoint of the
empirical phase-space threshold function which is fixed at
5:29 GeV=c2. ANN is described by the product of an ex-
ponential and a polynomial function for continuum back-
ground and by a Gaussian with a power-law tail on one side
[14] for all other modes. For P �m���, one-dimensional
nonparametric PDFs obtained from MC events are used to
describe all modes except the signal mode itself, which is
described by a nonrelativistic Breit-Wigner line shape. The
parameters for this PDF are held fixed to the MC values
and varied within errors to estimate systematic uncertain-
ties. The covariance matrix from the fit to data confirms
that correlations between all fit variables are small.

A number of cross checks confirm that the fit is un-
biased. Using a double Gaussian PDF instead of a Breit-
Wigner or omitting m�� altogether as a fit variable has no
significant effect on the measured branching fraction. In
1000 MC pseudoexperiments, we use the maximum like-
lihood fit to extract the yields and asymmetries. The dis-
tributions for each component are generated from the
component’s PDF, giving values for the fit variables mES,
�E, ANN, and m��. The expected number of events is
calculated from the branching fraction and efficiency for
each individual mode. The generated number of events for

each fit component is determined by varying the expected
number according to a Poisson distribution. The test is
repeated using samples with different asymmetry values.
We repeat these MC studies using fully simulated signal
B� ! ���0 events instead of generating the signal com-
ponent from the PDFs. This verifies that the signal compo-
nent is correctly modeled, including correlations between
the fit variables. We also compare the MC continuum
distributions with the data collected below the ��4S� reso-
nance and confirm that the PDFs model the data correctly
within statistics. As another cross check we compare the
distribution of the helicity angle �Hel between the momenta
of the charged pion and the B meson in the � rest frame in
data with that modeled in MC samples for a variety of
selection criteria. To investigate the possible effects of
interference, we repeat the analysis excluding events where
both m���0 combinations are in the range 0.55 to
0:95 GeV=c2; the branching fraction decreases by 0.1%.

Individual contributions to the systematic uncertainty
are summarized in Table I. For each contributing exclusive
B meson decay mode, we vary the number of events in the
fit by its measured uncertainty, or by �100% if derived
from an upper limit. For the b! c component, we fix the
rate based on the number calculated from MC samples and
vary the amount based on the statistical uncertainty on this
number. The shifts in the fitted yields are calculated for
each mode in turn and then added in quadrature to find the
total systematic effect. To take into account the variation of

TABLE I. Summary of the systematic uncertainties.

Absolute uncertainties on yields
Source �Yield

Syst: (Events)

B background normalization �6:9
�7:2

PDF shapes �4:7
�4:2

SCF fraction �12:2
Mistag fraction �2:0
�E shift �2:6
Total �15

Relative uncertainties on B�B� ! ���0�

Source �B
Syst: (%)

Efficiency estimation �7:3
B counting �1:1
Total �7:4

Uncertainties on ACP

Source �ACP
Syst:

Background normalization �0:006
Background asymmetry �0:024
Detector asymmetry �0:003
PDF shapes �0:001
Total �0:02
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the two-dimensional nonparametric PDFs used for �E and
mES, we smear the MC-generated distributions from which
the PDFs are derived. This is effectively done by varying
the kernel bandwidth [12] up to twice its original value. For
m�� and ANN, the parametrizations determined from fits to
MC events are varied by 1 standard deviation. The system-
atic uncertainties are determined using the altered PDFs
and fitting to the final data sample. The overall shifts in the
central value are taken as the size of the systematic uncer-
tainty. We vary the SCF fraction by a conservative estimate
of its relative uncertainty (� 10%) and assign the shift in
the fitted number of signal events as the systematic uncer-
tainty of the SCF fraction. To account for differences in the
neutral particle reconstruction between data and MC simu-
lation, the signal PDF distribution in �E is offset by
�5 MeV and the data are then refit. The larger of the
two shifts in the central value of the yield is 2.6 events,
which is taken as the systematic uncertainty for this effect.

Corrections to the �0 energy resolution and efficiency,
determined using various data control samples, add a sys-
tematic uncertainty of 7.2%. A relative systematic uncer-
tainty of 1% is assumed for the pion identification. A
relative systematic uncertainty of 0.8% on the efficiency
for a single charged track is applied. Adding all the above
contributions in quadrature gives a relative systematic
uncertainty on the branching fraction of 7.3%. Another
contribution of 1.1% comes from the uncertainty on the
total number of B events.

To calculate the effects of systematic shifts in the charge
asymmetries of background modes, the asymmetry of each
mode is varied by its measured uncertainty. For contribu-
tions with no asymmetry measurement, we assume zero
asymmetry and assign an uncertainty of 20%, motivated by
the largest charge asymmetry measured in any mode so far
[15]. The individual shifts are then added in quadrature to
find the total systematic uncertainty. In addition, the effect
of altering the normalizations of the B backgrounds affects
the fitted asymmetry. The size of the shift on the fitted
ACP is taken as the size of the systematic uncertainty.
Previous studies with particles in the same momentum
range [16] found asymmetries from detector effects to be
negligible compared to the precision at which we measure
ACP.

The central value of the signal yield from the maximum
likelihood fit is 365� 49 events, with a background of
44 840� 217 continuum events and an expected back-
ground of 842� 34 events from other B decays. The
distributions of the input variables as functions of the other
input variables confirm that the correlations are small.
Figure 1 shows the distributions of mES, �E, ANN, and
m��. The plots are enhanced in signal by selecting only
those events which exceed a threshold of 0.1 (0.05 for ANN)
for the likelihood ratio [16] R � �NSigP Sig�=�NSigP Sig �P
iN

Bkg
i P Bkg

i �, where N are the central values of the yields
from the fit and P are the PDFs with the projected variable

integrated out. This threshold is optimized by maximizing

the ratio S � �NSig	Sig�=
������������������������������������������������
NSig	Sig �

P
iN

Bkg
i 	Bkg

i

q
where 	

are the efficiencies after the threshold is applied. The PDF
components are then scaled by the appropriate 	. The
efficiencies for the likelihood ratios vary for each variable
and result in a different number of events in each projec-
tion. Compared against the null hypothesis, the statistical
significance

���������������������������������������
�2 ln�LNull=Lmax�

p
of the signal yield

amounts to 8.7 standard deviations. We obtain B�B� !
���0� � �10:2� 1:4� 0:9� � 10�6, and ACP �
�0:01� 0:13� 0:02, where the first error is statistical
and the second error systematic. The measurements are
consistent with previous results [5] and provide improved
constraints for the determination of the angle � from B!
�� decays.
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FIG. 1. Likelihood projection plots for the four fit variables,
(a) mES, (b) �E, (c) ANN, and (d) m��. Each plot shows the total
PDF (solid line), total background (dotted line), continuum
contribution (dotted-dashed line), and the signal component
(dashed line).
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