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49bDipartimento di Scienze Fisiche, Università di Napoli Federico II, I-80126 Napoli, Italy
50NIKHEF, National Institute for Nuclear Physics and High Energy Physics, NL-1009 DB Amsterdam, The Netherlands

51University of Notre Dame, Notre Dame, Indiana 46556, USA
52Ohio State University, Columbus, Ohio 43210, USA
53University of Oregon, Eugene, Oregon 97403, USA
54aINFN Sezione di Padova, I-35131 Padova, Italy

54bDipartimento di Fisica, Università di Padova, I-35131 Padova, Italy
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We present a search for the decay Bþ ! aþ1 ð1260ÞK�0ð892Þ. The data, collected with the BABAR

detector at the SLAC National Accelerator Laboratory, represent 465� 106B �B pairs produced in eþe�

annihilation at the energy of the �ð4SÞ. We find no significant signal and set an upper limit at 90%
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confidence level on the product of branching fractions BðBþ ! aþ1 ð1260ÞK�0ð892ÞÞ �Bðaþ1 ð1260Þ !
�þ���þÞ of 1:8� 10�6.

DOI: 10.1103/PhysRevD.82.091101 PACS numbers: 13.25.Hw, 12.15.Hh, 11.30.Er

Measurements of the branching fractions and polariza-
tions of charmless hadronic B decays are useful tests of the
standard model and a means to search for new physics
effects. In decays of Bmesons to a pair of spin-one mesons,
the longitudinal polarization, fL, is particularly interesting.
Simple helicity arguments favor fL to be close to 1, but
several vector-vector (VV) decay modes such as B ! �K�
[1] and Bþ ! �þK�0 [2,3] are observed to favor fL � 0:5.
Possible explanations for this discrepancy have been pro-
posed within the standard model [4] as well as in new
physics scenarios [5].

New ways to explore the size of contributing amplitudes
in charmless B meson decays and their helicity structure
may come from measurements of the branching fractions
and polarization of charmless decays of B mesons to an
axial-vector meson and a vector meson (AV) or to an axial-
vector meson and a pseudoscalar meson (AP) [6].
Theoretical decay rates have been predicted with the
naı̈ve factorization (NF) [7] and QCD factorization
(QCDF) [8] approaches. The NF calculations find the decay
rates of B ! AV modes to be smaller than the correspond-
ing B ! APmodes. The more complex QCDF calculations
find the reverse. For example, QCDF predicts a branching
fraction of ð11þ6:1þ31:9

�4:4�9:0 Þ � 10�6 for Bþ ! aþ1 K�0 and

ð32þ16:5þ12:0
�14:7�4:6 Þ � 10�6 for B0 ! b�1 �

þ, while NF predicts

a branching fraction of 0:51� 10�6 and 1:6� 10�6, re-
spectively. The first uncertainty on the QCDF prediction
corresponds to the uncertainties due to the variation of
Gegenbauer moments, decay constants, quark masses,
form factors, and a B meson wave function parameter and
the second uncertainty corresponds to the uncertainties due
to the variation of penguin annihilation parameters. The NF
prediction does not give an uncertainty on their value.

B meson decays to charmless AV final states are sensi-
tive to penguin annihilation contributions, which enhance
some decay modes while suppressing others. Thus, inves-
tigating decays to many final states will help determine the
size of the contributing amplitudes.

A number of searches for AV decays to the final states
aþ1 ��, b1�, and b1K

� are presented in Refs. [9,10], with
upper limits on the branching fractions of 30� 10�6 at 90%
confidence level (C.L.) for aþ1 �

� and from 1.4 to 8:0�
10�6 at 90% C.L. for the b1� and b1K

� final states. In this
paper, we present a search for the decay Bþ ! aþ1 K�0.

The data for this measurement were collected with the
BABAR detector [11] at the PEP-II asymmetric-energy
eþe� storage ring located at the SLAC National
Accelerator Laboratory. An integrated luminosity of
424 fb�1, corresponding to ð465� 5Þ � 106 B �B pairs,
was produced in eþe� annihilation at the �ð4SÞ resonance
(center-of-mass energy

ffiffiffi
s

p ¼ 10:58 GeV).

A detailed Monte Carlo program (MC) is used to simu-
late the B meson production and decay sequences, and the
detector response [12]. Dedicated samples of MC events
for the decay Bþ ! aþ1 K

�0 with aþ1 ! �0�þ and K�0 !
Kþ�� were produced. For the aþ1 meson parameters, we
use the values given in Ref. [13] for studies with MC while
for fits to the data we use a mass of 1229 MeV=c2 and a
width of 393 MeV=c2, which were extracted from B0 !
aþ1 �

� decays [14]. We account for the uncertainties of
these resonance parameters in the determination of system-
atic uncertainties. The aþ1 ! �þ���þ decay proceeds
mainly through the intermediate states �0�þ and ��þ
[13]. No attempt is made to separate contributions of the
dominant P wave �0 from the S wave � in the channel
�þ��. The difference in efficiency for the S wave and P
wave cases is accounted for as a systematic uncertainty.
We reconstruct aþ1 candidates through the decay se-

quence aþ1 ! �0�þ and �0 ! �þ��. The other primary
daughter of the Bmeson is reconstructed asK�0 ! Kþ��.
Candidates for the charged kaons must have particle iden-
tification signatures consistent with those of kaons.
Candidates for the charged pions must not be classified
as protons, kaons, or electrons. We constrain the range of
mass of reconstructed final-state candidates: between 0.55
and 1:0 GeV=c2 for the �0, between 0.9 and 1:8 GeV=c2

for the aþ1 , and between 0.8 and 1:0 GeV=c2 for the K�0.
Bþ candidates are formed by combining aþ1 and K�0

candidates. The five final decay tracks in a candidate are fit
to a common vertex. Candidates which have a �2 proba-
bility for the fit greater than 0.01 are retained. For these
candidates, we calculate the energy substituted mass,

mES ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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 energy-momentum

four-vector, all values being expressed in the �ð4SÞ rest
frame. We keep candidates with 5:25 GeV=c2 <mES <
5:29 GeV=c2 and j�Ej< 100 MeV.
We also impose restrictions on the helicity-frame decay

angle �K�0 of the K�0 mesons. The helicity frame of a
meson is defined as the rest frame of that meson, where
the z axis is the direction along which the boost is per-
formed from the parent’s frame to this frame. For the decay
K�0 ! Kþ��, �K�0 is the polar angle of the daughter kaon,
and for aþ1 ! �0�þ, �aþ

1
is the polar angle of the normal to

the aþ1 ! 3� decay plane.We defineH i ¼ cosð�iÞ, where
i ¼ ðK�0; aþ1 Þ. Since many background candidates accumu-
late near jH K�0 j ¼ 1, we require �0:98 � H K�0 � 0:8.
Backgrounds arise primarily from random combinations

of particles in continuum eþe� ! q �q events (q ¼ u, d, s,
c). We reduce this background source with a requirement
on the angle �T between the thrust axis [15] of the Bþ
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candidate in the �ð4SÞ frame and that of the charged tracks
and neutral calorimeter clusters of the rest of the event.

The distribution is sharply peaked near j cos�Tj ¼ 1 for
jetlike continuum events, and nearly uniform for B meson
decays. Optimizing the ratio of the signal yield to its (back-
ground dominated) uncertainty, we require j cos�Tj< 0:8.

A secondary source of background arises from b ! c
transitions. We reduce this background by eliminating
events in which one of the pions in the Bþ candidate is
also part of a D candidate.

Such D candidates, reconstructed from K��þ and
K��þ�þ, are required to have an invariant mass within
0:02 GeV=c2 of the nominal D meson mass.

The number of events which pass the selection is 15 802.
The average number of candidates found per event in the
selected data sample is 1.5 (2.0 to 2.4 in signal MC depend-
ing on the polarization).

We define a neural network for use in selecting the best
Bþ candidate. The �2 probability of the vertex fit and the �
meson mass were the input variables to the neural network.
Thereby we find 13% to 22%, depending on the polariza-
tion, of the candidates were incorrectly reconstructed from
particles in events that contain a true signal candidate.

To further discriminate against q �q background we con-
struct a Fisher discriminant F [16] which is a function of
four variables: the polar angles of the Bþ candidate mo-
mentum and of the Bþ thrust axis with respect to the beam
axis in the �ð4SÞ rest frame; and the zeroth (second)
angular moment L0 (L2) of the energy flow, excluding
the B candidate, with respect to the B thrust axis. The
moments are defined by Lj ¼

P
ipi � j cos�ijj, where �i

is the angle with respect to the B thrust axis of a track or
neutral cluster i, and pi is its momentum.

We obtain yields and the longitudinal polarization fL
from an extended maximum likelihood (ML) fit with the
seven input observables�E,mES,F , the resonance masses
maþ

1
and mK�0 , and the helicity variables H K�0 and H aþ

1
.

Since the correlation between the observables in the se-
lected data and in MC signal events is small, we take the
probability density function (PDF) for each event to be a
product of the PDFs for the individual observables.
Corrections for the effects of possible correlations, referred
to as fit bias yield, are made on the basis of MC studies
described below. The components in the ML fit used are
signal, q �q background, charm B �B background, charmless
B �B background, and Bþ ! aþ2 K�0 background. The signal
component includes true signal events where decay prod-
ucts of intermiediate resonances are incorrectly assigned,
or particles from the rest of the event are included

We determine the PDFs for the signal and B �B back-
ground components from fits to MC samples. We develop
PDF parametrizations for the q �q background with fits to
the data from which the signal region (5:26 GeV=c2 <
mES < 5:29 GeV=c2 and j�Ej< 60 MeV) has been
excluded.

For the signal, the mES and �E distributions are
parametrized as a sum of a crystal-ball function [17]
and a Gaussian function. In the case of mES for q �q
and B �B backgrounds we use the threshold function

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2

p
exp½��ð1� x2Þ�, where the argument x �

2mES=
ffiffiffi
s

p
and � is a shape parameter. This function is

discussed in more detail in Ref. [18]. In the case of �E
for q �q and B �B backgrounds we use a polynomial function.
The PDFs for the Fisher discriminant P jðF Þ are parame-

trized as a single Gaussian function or a sum of two such
functions. The PDFs for the invariant masses of the aþ1 and
K�0 mesons for all components are constructed as sums of
a relativistic Breit-Wigner function and a polynomial func-
tion. We use a joint PDF P jðH K�0 ;H aþ1

Þ for the helicity
distributions. The signal and the Bþ ! aþ2 K�0 background
component is parametrized as the product of the corre-
sponding ideal angular distribution in H K�0 and H aþ

1

times an empirical acceptance function GðH K�0 ;H aþ1
Þ.

The ideal angular distribution from Ref. [19] where �, the
angle between the decay planes of the aþ1 meson candidate
and the K�0 meson candidate, is integrated out are

P ideal
signalðH K�0 ;H aþ1

Þ ¼ fL � ð1�H 2
K�0ÞH 2

aþ1

þ 1
4ð1� fLÞ � ð1þH 2

K�0Þð1�H 2
aþ1
Þ

for signal component and

P ideal
Bþ!aþ

2
K�0ðH K�0 ;H aþ

1
Þ ¼ fL �H 2

K�0ð1�H 2
K�0ÞH 2

aþ
1

þ 1
4ð1� fLÞ � 1

3ð4H 4
K�0 � 3H 2

K�0 þ 1Þð1�H 2
aþ1
Þ

for the Bþ ! aþ2 K
�0 background component. The helicity

PDF for the q �q and B �B background components is simply
the product of the helicity PDFs for H K�0 and H aþ

1
. The

H i distributions for these components are based on
Gaussian and polynomial functions.
The likelihood function is

L ¼ e
�
�P

j
Yj

�

N!

YN

i

X
j

Yj � P jðmES
iÞP jðF iÞP jð�EiÞ

� P jðmi
aþ
1

ÞP jðmi
K�0ÞP jðH i

K�0 ;H i
aþ1
Þ;

whereN is the number of events in the sample, and for each
component j (signal, q �q background, b ! c transition B �B
background, charmless B �B background, or Bþ ! aþ2 K�0
background), Yj is the yield of component j, and P jðxiÞ is
the probability for variable x of event i to belong to
component j. We allow the most important parameters
(first coefficient of the polynomial function for �E, the
invariant masses of the aþ1 and the K�0, and the width of
the Breit-Wigner for the invariant mass of the K�0) for the
determination of the combinatorial background PDFs to
vary in the fit, along with the yields for the signal, q �q
background, and b ! c transition B �B background.
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We validate the fitting procedure by applying it to en-
sembles of simulated experiments with the q �q component
drawn from the PDF, and with embedded known numbers
of signal and B �B background events randomly extracted
from the fully simulated MC samples. By tuning the num-
ber of embedded events until the fit reproduces the yields
found in the data, we find a positive bias yield Yb, to be
subtracted from the observed signal yield Y. The fit bias
yield arises from the neglected correlations in signal and
B �B background events.

The corresponding numbers are reported in Table I. We
do not find a significant signal thus we do not report a
measurement on the quantity fL. In order to obtain the
most conservative upper limit, we assume fL ¼ 1 in esti-
mating the branching fraction.

We compute the branching fraction by subtracting the fit
bias yield from the measured yield and dividing the result by
the number of produced B �B pairs and by the product of the
selection efficiency and the branching ratio for theBðK�0 !
Kþ�þÞ decay. We assume that the branching fractions of
the �ð4SÞ to BþB� and B0 �B0 are equal, consistent with
measurements [13]. The efficiency for longitudinally and
transversely polarized signal events, obtained from the MC
signal model, is 12.9% and 18.6%, respectively. The results
are given in Table I, along with the significance, S, com-
puted as the square root of the difference between the value
of�2 lnL (with additive systematic uncertainties included)
for zero signal and the value at its minimum. In Fig. 1 we
show the projections of data with PDFs overlaid. The data
plotted are subsamples enriched in signal with the require-
ment of a minimum value of the ratio of signal to total
likelihood, computed without the plotted variable. We used
0.9 as the requirement on the ratio in Fig. 1 for each variable.
The efficiency of these requirements for signal is between
57% and 70% depending on the variable.

Systematic uncertainties on the branching fraction arise
from the imperfect knowledge of the PDFs, B �B back-
grounds, fit bias yield, and efficiency. PDF uncertainties
not already accounted for by free parameters in the fit are
estimated from varying the signal-PDF parameters within
their uncertainties. For K�0 resonance parameters we use
the uncertainties from Ref. [13] and for the aþ1 resonance

parameters from Ref. [14]. The uncertainty from fit bias
yield (Table I) includes its statistical uncertainty from the

simulated experiments, and half of the correction itself,
added in quadrature.
To determine the systematic uncertainty arising from our

imperfect knowledge of the branching fractions of charm-
less B decays, we vary the charmless B �B background
component yield by 100%. We conservatively assume
that the branching ratio of Bþ ! aþ2 K

�0 could be as large

as that of Bþ ! aþ1 K
�0 and vary the Bþ ! aþ2 K

�0 from 0

to 18 events around a fixed yield of 9 events used for the
Bþ ! aþ2 K

�0 component in the likelihood function.
The uncertainty associated with fL is estimated by tak-

ing the difference in the measured branching fraction
between the nominal fit (fL ¼ 1) and the maximum and
minimum values found in the scan along the range [0, 1].

We divide these values by
ffiffiffi
3

p
, motivated by our assump-

tion of a flat prior for fL in its physical range.
Uncertainties in our knowledge of the tracking effi-

ciency are 0.4% per track in the Bþ candidate. This is
estimated within the tracking efficiency determination,
which is based on 	 lepton decays. The uncertainties in

TABLE I. Summary of results for Bþ ! aþ1 K
�0. Signal yield

Y, fit bias yield Yb, the branching fraction B ¼ BðBþ !
aþ1 K

�0Þ �Bðaþ1 ! �þ���þÞ, significance S (see text), and

upper limit (UL). The given uncertainties on fit yields are
statistical only, while the uncertainties on the fit bias yield
include the corresponding systematic uncertainties. The branch-
ing fraction of K�0 ! Kþ�� is assumed to be 2

3 .

Y Yb Bð10�6Þ S UL ð10�6Þ
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FIG. 1 (color online). Distributions for signal-enhanced sub-
sets (see text) of the data projected onto the fit observables for
the decay Bþ ! aþ1 K�0; (a) mES, (b) �E, (c) F , (d) mð��Þ for
the aþ1 candidate, (e) mðK�Þ for the K�0candidate, (f) H K�0 ,

and (g) H aþ
1
. The solid lines represent the results of the fit, and

the dot-dashed and dashed lines the signal and background
contributions, respectively. These plots are made with require-
ments (see text) on the ratio of signal to total likelihood,
computed without the plotted variable.
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the efficiency from the event selection are below 0.6%. The
systematic uncertainty on the measurement of the inte-
grated luminosity is 1.1%. All systematic uncertainties
on the branching fraction are summarized in Table II.

We obtain a central value for the product of branching
fractions:

B ðBþ ! aþ1 K�0Þ �Bðaþ1 ! �þ���þÞ
¼ ð0:7þ0:5þ0:6

�0:5�1:3Þ � 10�6;

where the first uncertainty quoted is statistical, the second
systematic. Including systematic uncertainties, this result
corresponds to an upper limit at 90% confidence level of
1:8� 10�6.

Assuming Bða�1 ð1260Þ ! �þ����Þ is equal to
Bða�1 ð1260Þ ! ���0�0Þ, and that Bða�1 ð1260Þ ! 3�Þ
is equal to 100%, we obtain a central value:

B ðBþ ! aþ1 K
�0Þ ¼ ð1:3þ1:1þ1:1

�1:0�2:6Þ � 10�6;

where the first uncertainty quoted is statistical, the second
systematic. Including systematic uncertainties, this result
corresponds to an upper limit at 90% confidence level of
3:6� 10�6.
This upper limit is in agreement with the prediction from

naı̈ve factorization and lower than, but not inconsistent
with that of QCD factorization.
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