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A. Höcker,37 F. Le Diberder,37 V. Lepeltier,37 A. M. Lutz,37 A. Oyanguren,37 S. Pruvot,37 S. Rodier,37 P. Roudeau,37

M. H. Schune,37 A. Stocchi,37 W. F. Wang,37 G. Wormser,37 C. H. Cheng,38 D. J. Lange,38 D. M. Wright,38 C. A. Chavez,39

I. J. Forster,39 J. R. Fry,39 E. Gabathuler,39 R. Gamet,39 K. A. George,39 D. E. Hutchcroft,39 D. J. Payne,39 K. C. Schofield,39

C. Touramanis,39 A. J. Bevan,40 F. Di Lodovico,40 W. Menges,40 R. Sacco,40 C. L. Brown,41 G. Cowan,41 H. U. Flaecher,41

D. A. Hopkins,41 P. S. Jackson,41 T. R. McMahon,41 S. Ricciardi,41 F. Salvatore,41 D. N. Brown,42 C. L. Davis,42

J. Allison,43 N. R. Barlow,43 R. J. Barlow,43 Y. M. Chia,43 C. L. Edgar,43 M. P. Kelly,43 G. D. Lafferty,43 M. T. Naisbit,43

J. C. Williams,43 J. I. Yi,43 C. Chen,44 W. D. Hulsbergen,44 A. Jawahery,44 C. K. Lae,44 D. A. Roberts,44 G. Simi,44

G. Blaylock,45 C. Dallapiccola,45 S. S. Hertzbach,45 X. Li,45 T. B. Moore,45 S. Saremi,45 H. Staengle,45 S. Y. Willocq,45

R. Cowan,46 K. Koeneke,46 G. Sciolla,46 S. J. Sekula,46 M. Spitznagel,46 F. Taylor,46 R. K. Yamamoto,46 H. Kim,47

P. M. Patel,47 C. T. Potter,47 S. H. Robertson,47 A. Lazzaro,48 V. Lombardo,48 F. Palombo,48 J. M. Bauer,49 L. Cremaldi,49

V. Eschenburg,49 R. Godang,49 R. Kroeger,49 J. Reidy,49 D. A. Sanders,49 D. J. Summers,49 H. W. Zhao,49 S. Brunet,50
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57Università di Padova, Dipartimento di Fisica and INFN, I-35131 Padova, Italy
58Universités Paris VI et VII, Laboratoire de Physique Nucléaire et de Hautes Energies, F-75252 Paris, France
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We present a search for the rare B-meson decay B0 ! a�1 �
� with a�1 ! ������. We use �110�

1:2� � 106 ��4S� ! B �B decays collected with the BABAR detector at the PEP-II asymmetric-energy B
Factory at SLAC. We obtain an upper limit of 30� 10�6 �90%C:L:� for the branching fraction product
B�B0 ! a�1 �

��B�a�1 ! �������, where we assume that the a�1 decays exclusively to �0��.

DOI: 10.1103/PhysRevD.74.031104 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh

In the standard model, CP-violating effects in the
B-meson system arise from a single phase in the
Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing ma-
trix [1]. The decay B0 ! a�1 �

� proceeds via a �b! u �ud
transition [2], and interference between direct decay and
decay after B0 �B0 mixing results in a time-dependent
decay-rate asymmetry that is sensitive to the angle � �
arg	�VtdV



tb=VudV



ub� [3] in the unitarity triangle of the

CKM matrix. An additional motivation for studying B0 !
a�1 �

� is that this is a significant background to B! ��
decays, e.g. [4–8], which currently provide the most ac-
curate measurement of �. The ARGUS experiment previ-
ously searched for the decay B0 ! a�1 �

�, which resulted
in an upper limit of B�B0 ! a�1 �

��< 3:4� 10�3 (90%
C.L.) [9]. This paper presents the result of a search for
B0 ! a�1 �

� with a�1 ! ������, where we assume that
the a�1 decays exclusively to �0��. A theoretical predic-
tion of the branching fraction B�B0 ! a�1 �

��B�a�1 !
�3���� has been made by Bauer, Stech and Wirbel [10]
within the framework of the factorization model. They
predict a value of 43� 10�6, assuming jVub=Vcbj � 0:08.

The data used in this analysis were collected with the
BABAR detector at the PEP-II asymmetric-energy B
Factory at SLAC during the years 2003–2004. This repre-
sents a total integrated luminosity of 100 fb�1 taken at the
��4S� resonance (on-peak), corresponding to a sample of
110� 1:2 million B �B pairs. An additional 21:6 fb�1 of
data, collected at approximately 40 MeV below the ��4S�
resonance (off-peak), were used to study background from
e�e� ! q �q �q � u; d; s; c� continuum events.

The BABAR detector is described in detail elsewhere
[11]. Surrounding the interaction point is a silicon vertex
tracker (SVT) with 5 double-sided layers which measures
the impact parameters of charged particle tracks in both the
plane transverse to, and along the beam direction. A 40
layer drift chamber (DCH) surrounds the SVT and provides
measurements of the transverse momenta for charged par-
ticles. Both the SVT and the DCH operate in the magnetic
field of a 1.5 T solenoid. Charged hadron identification is
achieved through measurements of particle energy-loss in
the tracking system and the Cherenkov angle obtained
from a detector of internally reflected Cherenkov light. A
CsI(Tl) electromagnetic calorimeter (EMC) provides pho-
ton detection, electron identification, and �0 reconstruc-
tion. Finally, the instrumented flux return of the magnet
allows discrimination of muons from pions.

We reconstruct B0 ! a�1 �
� candidates from combina-

tions of a�1 ! ������ and �� ! �0�� candidates. The
a1�1260� ! 3� decay proceeds mainly through the inter-
mediate states ������ and ������ [12]. We do not dis-
tinguish between the dominant P-wave ����� and S-wave
����� in the channel ����. The Monte Carlo (MC)
signal events are simulated as B0 decays to a�1 �1260���

with a�1 ! �0�� using the GEANT4-based [13] BABAR
MC simulation. Possible contributions from B0 decays to
a�2 �1320��� and ���1300��� are investigated.

We only consider events that have a minimum of one �0

and four charged tracks, where the charged tracks are
required to be inconsistent with lepton, proton and kaon
hypotheses.

We form �0 ! �� candidates from pairs of photon
candidates that have been identified as localized energy
deposits in the EMC that have the lateral energy distribu-
tion expected for a photon. Each photon is required to have
an energy E� > 50 MeV, and the �0 is required to have an
invariant mass of 0:10<m�� < 0:16 GeV=c2.

The �� mesons are formed from one track that is con-
sistent with a �� and the aforementioned �0 candidate.
The candidate �� is required to have an invariant mass of
0:5<m�� < 1:1 GeV=c2. We also constrain the cosine of
the angle between the �0 momentum and the direction
opposite to the B0 in the �� rest frame ( cos���) to be
between �0:9 and 0.98. This removes backgrounds which
peak at the extremes of the distribution where the signal
reconstruction efficiency also falls off.

We form the a�1 candidate from combinations of three
charged pions. We first form a �0 ! ���� candidate from
two oppositely charged tracks. This combination is re-
quired to have an invariant mass of 0:4<m�0 <
1:1 GeV=c2. The a�1 candidate is then formed by adding
another charged track to the �0, and requiring that the mass
of the a�1 satisfies 0:6<ma�1

< 1:5 GeV=c2. The vertex of
the B-candidate is constrained to originate from the beam
spot. In order to reduce background from continuum events
we require that j cos��T�j< 0:7, where �T is the angle
between the B thrust axis and that of the rest of the event
(ROE).

We use two kinematic variables,mES and �E, in order to
isolate any signal. We define the beam-energy substituted

mass mES �
����������������������������������
�
���
s
p
=2�2 � �p
B�

2
q

, where
���
s
p

is the e�e�

center-of-mass (CM) energy. The second kinematic vari-
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able, �E, is the difference between the B-candidate energy
and the beam energy in the CM frame. We require mES >
5:25 GeV=c2 and �0:15< �E< 0:1 GeV.

Additional separation between signal and continuum is
obtained by combining several kinematic and topological
variables into a Fisher discriminant (F ) [14]. The variables
L0, L2, and j cos�TRj, and the output of a multivariate
tagging algorithm [15] are used as inputs to F . L0 and
L2 are defined as

 L0 �
X
ROE

jp
i j; L2 �
X
ROE

jp
i j cos��i�
2; (1)

where the sum is over the ROE, p
i is the particle momen-
tum in the CM frame. �i is the angle of the particle
direction relative to the thrust axis of the B-candidate,
and cos�TR is the cosine of the angle between the B thrust
axis and the beam axis. The multivariate tagging algorithm
identifies the flavor of the other B in the event to be either a
B0 or �B0. The output of this algorithm is ranked into
categories of different signal purity.

We expect the polarization of the a�1 �
� final state to be

predominantly longitudinal, as was found in the similar
decay B! �� [4–8]. We have used both longitudinal and
transverse polarized signal MC simulated data in this
analysis. After applying the selection cuts above, we
have 2.8 (2.3) longitudinal (transverse) polarized signal
MC simulated data candidates per event.

We define as self-cross-feed (SCF) the set of candidates
that were incorrectly reconstructed from particles in events
that contain a true signal candidate. We select one B
candidate per event in which the mass of the reconstructed
�0 is closest to that of the true �0 mass [16]. Choosing the
candidate using the �0 mass reduces the SCF fraction by
18% relative to a random selection. To avoid potentially
biasing our final result, we do not use information from the
�0 meson in the remainder of the analysis. After all selec-
tion cuts have been applied, the longitudinal and transverse
signal SCF fractions are 0.58 and 0.42, respectively. The
selection efficiency of longitudinal (transverse) signal is
9.44% (10.15%).

Besides the continuum background we also have back-
ground from B decays. We divide the B-background into

the following four categories according to B-meson charge
and the charm content of the final states: (i) B0 ! charm,
(ii) B0 ! charmless, (iii) B� ! charm and
(iv) B� ! charmless. From large samples of inclusive
MC simulated data we expect 2394, 424, 3281 and 215
events of these background types, respectively. In addition,
a number of exclusive B-background modes that have a
similar final state to the signal were studied. This includes
those that have an intermediate a1 meson in the decay.
None of these modes were seen to have a significant
efficiency after the selection cuts had been applied.

We perform an extended unbinned maximum likelihood
fit to the data. The likelihood model has the following
types: (i)–(iv) the four aforementioned inclusive
B-background categories, (v) true signal, (vi) SCF signal
and the (vii) e�e� ! q �q �q � u; d; s; c� continuum back-
ground. The probability density function (PDF) for each
event i has the form Pi;c � Pi;c�mES;�E;F ; ma�1

;
m�� ; cos����. From these individual PDFs the total like-
lihood

 L � e�n
0
Yn

i�1

X
c

NcPi;c; (2)

is constructed. The parameters n and n0 are the numbers of
selected on-peak events, and the sum of the yields Nc,
where c is one of the seven types in the likelihood model.
Correlations between the m�� and cos��� variables are
taken into account for the real (T) and fake combinatorial
(F) �� candidates. All other correlations between fit var-
iables are seen to be small. However, the effect of ignoring
them results in a bias on the fitted signal yield which is
discussed below.

Each of the signal distributions has a signal yield and a
polarization fraction that are denoted by Nsig (N0sig) and fL
(f0L), for the true (SCF) signal, such that the sum of the true
and SCF signal is described by
 

Nsig	fLP
long;true
i � �1� fL�P

tran;true
i �

� N0sig	f
0
LP

long;SCF
i � �1� f0L�P

tran;SCF
i �; (3)

where f0L is an effective parameter. The continuum yield,

TABLE I. The types of PDFs used to model the different variables for each component in the likelihood fit, where the PDFs in bold
italic have their parameters varying in the nominal fit. The abbreviations are: G � Gaussian, G2 � Double Gaussian, G3 �
Triple Gaussian, CB � Crystal Ball (a Gaussian with a low side exponential tail) [17], ARGUS � ARGUS function
x
��������������
1� x2
p

exp	���1� x2��, with x � 2mES=
���
s
p

and parameter � [18], which is allowed to vary in the fit, Pn �
Polynomial of order n, BW � Breit-Wigner, helicity � cos2��� or sin2��� depending on partial wave which is modified by a
quadratic acceptance function, BG m-hel � Background cos��� and m� � PDF of Eq. (4), off-peak � PDF taken from off-peak data,
and 1D � smoothed 1D histogram.

Component mES �E F ma�1
cos��� m��

signal (long/trans./true/SCF) CB CB� G G2 G3 helicity BW� P4
q �q ARGUS P1 G2 (off-peak) 1D (off-peak) BG m-hel BG m-hel
B0�B�� ! charm �charmless� NP NP NP NP BG m-hel BG m-hel
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Nsig, N0sig, and the parameters of the continuum mES and
�E PDFs are allowed to vary in the fit. Under the assump-
tion that no significant signal is observed, the value of fL is
fixed to 1.0 in the fit. The value of f0L is also fixed to 1.0 in
the fit since it is highly correlated with Nsig, N0sig and fL.
Only the fitted value ofNsig is used to derive the final result.
We also fix the B-background yields to the aforementioned
values.

The PDFs used for each component are given in Table I.
The signal and B-backgrounds are parameterized using
MC. We use a nonparametric smoothing algorithm [19]
when defining some of the background PDFs (as indicated
by the abbreviation NP). We account for the difference
between F and T �� ! ���0 distributions in the back-
ground using the product of 1D PDFs, denoted in Table I as
‘BG m-hel’, such that

 Pi�m�� ; cos���� � �1� aT�PF;i�m���PF;i�cos����

� aTPT;i�m���PT;i�cos����; (4)

where aT is the fraction of T events. The continuum shape

for cos��� (m��) is derived from off-peak (on-peak) data.
The true �� resonance Breit Wigner shape uses m�� �

0:77 GeV=c2, and � � 0:150 GeV [16]. The parametriza-
tions used for this PDF are summarized in Table II.

The results from the fit are Nsig � 90� 38�stat�, N0sig �

42� 98 and a continuum yield of 25798� 182 events.
The bias on the fitted signal yield is evaluated from en-
sembles of mock experiments obtained from samples of
signal MC events combined with background events gen-
erated from the PDFs. The bias is found to be �22 events
(24%), resulting in a corrected signal yield of 68�
38�stat�. We use the event-weighting technique described
in Ref. [20] to compare the true signal and continuum PDF
shapes to the data. For each of the plots in Fig. 1, we
perform a fit excluding the variable being plotted, and the
covariance matrix is used to determine the weight that each
event is true signal or q �q background. The resulting dis-
tributions can be directly compared with the PDFs used in
the fit. The distributions shown in Fig. 1 are not corrected
for fit bias, and the uncertainty on each of the data points is
statistical. No change in signal yield is seen when
a�2 �1320��� and ���1300��� components are included
in the fit.

Table III summarizes the systematic uncertainties on the
signal yield. Each entry in the table indicates one system-
atic effect, and the contributions are added in quadrature to
give the total presented. The uncertainty due to PDF pa-
rametrization is evaluated by variation of both the signal
and the background PDF parameters within their uncer-
tainties about their nominal values. The uncertainty from
the continuum mES and �E PDFs which are allowed to
vary in the fit, are only included in the quoted statistical
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FIG. 1 (color online). The true signal (top) and continuum (bottom) distributions for (left to right) mES, �E, ma�1
using the weighting

technique described in Ref. [20]. The points represent the weighted data, and solid curves represent the corresponding PDFs.

TABLE II. The types of PDFs used to model the different
background cos��� and m�� PDF shapes. The abbreviations
Pn and BW are defined in the caption of Table I.

Component T cos��� T m�� F cos��� F m��

q �q P2 BW� P1 P5 P4
B� ! charmless P4 BW P5 P3
B0 ! charmless P4 BW P5 P3
B� ! charm P2 BW P5 P3
B0 ! charm P2 BW P5 P3
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uncertainty. We assign a systematic uncertainty due to fit
bias, evaluated as half of the fit bias correction on the signal
yield. To validate the expected B-background yields, and to
assign a systematic uncertainty we perform a number of
cross-checks in which we allow the background yields to
vary in turn when fitting the data. We use a control sample
of B! D� events to determine the systematic uncertainty
in the fraction of SCF signal events. The effect of exclusive
B meson decays to final states including a1-mesons were
evaluated using ensembles of mock experiments. In par-
ticular, the systematic uncertainty on the signal yield from
neglecting B! a1a1 modes in the fit is 6 events. We assign
a systematic uncertainty from using a relativistic Breit-
Wigner with a Blatt-Weisskopf form factor with a range
parameter of 3:0 GeV�1 for the a�1 meson line shape. In
the fit we assume that the a�1 meson width, �a�1 , is
400 MeV. We evaluate a systematic uncertainty due to
this assumption by varying �a�1 over the experimentally
allowed range: 250–600 MeV [16]. The difference in the
distribution of F between data and MC is evaluated with a
large sample of B! D?� decays. The systematic uncer-
tainties that contribute to the branching fraction only
through the efficiency come from charged particle identi-
fication (6.0%), �0 meson reconstruction (3.0%), tracking
efficiency (3.2%), and the number of Bmeson pairs (1.1%).
The systematic error contribution from MC statistics is
negligible.

When the fit bias correction of �22 events is applied to
the signal yield, and one accounts for systematic uncer-
tainties, the significance of the result is 0.95 standard
deviations. Figure 2 shows the distribution of
� ln�L=Lmax� for the fit, with and without these systematic
errors. Lmax is the value of the likelihood corresponding
to the nominal fit result. The branching fraction value for
the fit-bias-corrected signal yield of 68� 38�stat��45

�56�syst�
is B�B0 ! a�1 �

��B�a�1 ! ������� � �15:7�
8:7�stat��10:3

�12:8�syst�� � 10�6. This assumes that fL � 1:0
and that the branching fraction of a�1 ! ������ �

0:5. As the signal yield obtained is not significant, we
calculate the upper limit xUL, by integrating the likelihood
function (including systematic uncertainties) from 0 to
xUL, for different physically allowed values of fL, such
that the C.L. of the upper limit is 90%. As the signal
efficiency is a function of fL, we report the most conser-
vative upper limit obtained, which corresponds to fL �
1:0. On doing this, an upper limit of 30� 10�6 �90%C:L:�
is obtained.

We have performed a search for the decay B0 ! a�1 �
�

in a data sample of 100 fb�1. After correcting for fit bias
and accounting for systematic uncertainties, the signal
yield is 68� 38�stat��45

�56�syst� events, with a significance
of 0:95�. As there is no significant evidence for a signal,
we place an upper limit of 30� 10�6 �90%C:L:� on
B�B0 ! a�1 �

��B�a�1 ! �������, where we assume
that the a�1 decays exclusively to �0��. Assuming
B�a�1 ! ������� is equal to B�a�1 ! ���0�0�, and
B�a�1 ! �3��

�� is equal to 100%, we obtain B�B0 !
a�1 �

��< 61� 10�6 �90%C:L:�. This upper limit corre-
sponds to a significant improvement over the previous
bound and is compatible with theoretical expectations
[10]. This result is a significant improvement in constrain-
ing an important B background contribution in B! ��
decays.
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FIG. 2 (color online). The � ln�L=Lmax� distribution from the
fit to data with fL � 1:0 (fixed). This distribution has been
corrected for fit bias. The solid curve is for statistical errors
only, and the dashed curve includes systematic errors.

TABLE III. The systematic uncertainties on Nsig (events).

Source Uncertainty on Nsig

PDF parameterisation �27
�30

Fit bias �11
B-background yields �29

�42
SCF fraction �7
Neglecting B! a1a1 modes in fit �6
a�1 line shape �10
a�1 width �9
Fisher data/MC comparison �6
Total �45

�56
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