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We report updated branching fraction measurements of the color-suppressed decays �B0 ! D0�0,

D�0�0, D0�, D�0�, D0!, D�0!, D0�0, and D�0�0. We measure the branching fractions (� 10�4):

Bð �B0 ! D0�0Þ ¼ 2:69� 0:09� 0:13, Bð �B0 ! D�0�0Þ ¼ 3:05� 0:14� 0:28, Bð �B0 ! D0�Þ ¼
2:53� 0:09� 0:11, Bð �B0 ! D�0�Þ ¼ 2:69� 0:14� 0:23, Bð �B0 ! D0!Þ ¼ 2:57� 0:11� 0:14,

Bð �B0 ! D�0!Þ ¼ 4:55� 0:24� 0:39, Bð �B0 ! D0�0Þ ¼ 1:48� 0:13� 0:07, and Bð �B0 ! D�0�0Þ ¼
1:49� 0:22� 0:15. We also present the first measurement of the longitudinal polarization fraction of

the decay channel D�0!, fL ¼ ð66:5� 4:7� 1:5Þ%. In the above, the first uncertainty is statistical and

the second is systematic. The results are based on a sample of ð454� 5Þ � 106 B �B pairs collected at the

�ð4SÞ resonance, with the BABAR detector at the PEP-II storage rings at SLAC. The measurements are the

most precise determinations of these quantities from a single experiment. They are compared to

theoretical predictions obtained by factorization, Soft Collinear Effective Theory (SCET) and perturbative
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QCD (pQCD). We find that the presence of final state interactions is favored and the measurements are in

better agreement with SCET than with pQCD.

DOI: 10.1103/PhysRevD.84.112007 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh

I. INTRODUCTION

Weak decays of hadrons provide direct access to the
parameters of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix and thus to the study of CP violation. Strong interac-
tion scattering in the final state [1] (Final State Interactions,
or FSI) can modify the decay dynamics and must be well
understood.The two-bodyhadronicB decayswith a charmed

final state, B ! Dð�Þh, where h is a light meson, are of great
help in studying strong-interaction physics related to the
confinement of quarks and gluons in hadrons.

The decays B ! Dð�Þh can proceed through the emis-
sion of a W� boson following three possible diagrams:
external, internal (see Fig. 1), or by a W� boson exchange
whose contribution to the decay rate is expected to be
much smaller than the external and internal amplitudes

[2]. The neutral �B0 ! Dð�Þ0h0 decays proceed through
the internal diagrams [3]. Since mesons are color singlet
objects, the quarks from the W� decay are constrained to
have the anticolor of the spectator quark, which induces a
suppression of internal diagrams. For this reason, internal
diagrams are called color-suppressed and external ones are
called color-allowed.

We already discussed factorization models [3–6] in our
previous publication [7].Within that approach the nonfactor-
izable interactions in the final state by soft gluons are
neglected. The matrix element in the effective weak

Hamiltonian of the decay B ! Dð�Þh is then factorized into
a product of asymptotic states. Factorization appears to be
successful in the description of the color-allowed decays [8].

The color-suppressed b ! c decays �B0 ! Dð�Þ0�0 were
first observed by Belle [9] and CLEO [10] with 23:1� 106

and 9:67� 106 B �B pairs, respectively. Belle has also ob-
served the decays D0� and D0! and put upper limits on
the branching fraction (B) of D�0� and D�0! [9]. The

branching fraction of the color-suppressed decays �B0 !
Dð�Þ0�0, Dð�Þ0�, Dð�Þ0!, and D0�0 were measured by
BABAR [7] with 88� 106B �B pairs and an upper limit
was set on Bð �B0 ! D�0�0Þ. Belle updated with 152�
106B �B pairs the measurement of Bð �B0 ! Dð�Þ0h0Þ, h0 ¼
�0, �, ! [11], and �0 [12] and studied the decays �B0 !
D0�0 with 388� 106B �B pairs [13]. In an alternative ap-
proach, BABAR [14] used the charmless neutral B to
K����0 Dalitz-plot analysis with 232� 106B �B pairs,
and found Bð �B0 ! D0�0Þ to be in excellent agreement
with earlier experimental results. BABAR has also per-
formed a preliminary Dalitz-plot analysis of the mode
B0 ! �D0�þ�� with 471� 106B �B pairs [15].
Many of these branching fraction measurements are

significantly larger than predictions obtained within the
factorization approximation [3,16]. But, while the initial
various experimental results demonstrated overall good
consistency, the most recent measurements published by
Belle [11,12] have moved on average towards lower B for

the color-suppressed �B0 ! Dð�Þ0h0 decays, closer to facto-
rization predictions. However, it has been demonstrated
[17] that nonfactorizable contributions are mostly domi-
nant for the color-suppressed charmed �B0 ! D0�0 decay
and therefore cannot be neglected.
Stronger experimental constraints are therefore needed to

distinguish between the different models of the color-
suppressed dynamics like pQCD (perturbative QCD)
[18,19] or SCET (Soft Collinear Effective Theory) [20–22].
Finally,we emphasize the need for accuratemeasurements of

hadronic color-suppressed �B0 ! Dð�Þ0h0 decays to constrain
the theoretical predictions on �Bu;d;s decays to Dð�ÞP and
�Dð�ÞP states, where P is a light pseudoscalar meson such as
a pion or a kaon [23]. Using flavor SUð3Þ symmetry, the
comparison of Bd and Bs decays offers new possibilities to
determine the decay constant ratio fs=fd [23]. These decays
are and will be employed to extract the CKM-angle � and
other angles [24], especially in the context of the B-physics
program at the LHC.
This paper reports improved branching fraction measure-

ments of eight color-suppressed decays �B0 ! Dð�Þ0�0,

Dð�Þ0�, Dð�Þ0!, and Dð�Þ0�0 with 454� 106B �B pairs and
presents for the first time the measurement of the longitudi-
nal polarization for the decay mode to two vector mesons
�B0 ! D�0!, which also constrains QCD models and chal-
lengesHeavyQuark Effective Theory (HQET) (see Sec. VI).

II. THE BABAR DETECTOR AND DATA SAMPLE

The data used in this analysis were collected with the
BABAR detector at the PEP-II asymmetric-energy eþe�
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FIG. 1. External (a) and internal (b) tree diagrams for �B0 !
Dð�Þh decays.
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storage rings operating at SLAC. The BABAR detector is
described in detail in Ref. [25]. Charged particle tracks are
reconstructed using a five-layer silicon vertex tracker
(SVT) and a 40-layer drift chamber (DCH) immersed in
a 1.5 T magnetic field. Tracks are identified as pions or
kaons (particle identification or PID) based on likelihoods
constructed from energy loss measurements in the SVTand
the DCH and from Cherenkov radiation angles measured in
the detector of internally reflected Cherenkov light
(DIRC). Photons are reconstructed from showers measured
in the CsI(Tl) crystal electromagnetic calorimeter (EMC).
Muon and neutral hadron identification is performed with
the instrumented flux return (IFR).

The results presented are based on a data sample of an
integrated luminosity of 413 fb�1 recorded from 1999 to
2007 at the �ð4SÞ resonance with a eþe� center-of-mass
(CM) energy of 10.58 GeV, corresponding to ð454� 5Þ �
106B �B pairs. The equal production rate of B0 �B0 and BþB�
at that resonance is assumed in this paper, as suggested by
the Particle Data Group (PDG) [26]. A data sample of
41:2 fb�1 with a CM energy of 10.54 GeV, below the B �B
threshold, is used to study background contributions from
continuum events eþe� ! q �q (q ¼ u, d, s, c). We call that
latter dataset off-peak events in what follows.

Samples of simulated Monte Carlo (MC) events are used
to determine signal and background characteristics, to
optimize selection criteria and to evaluate efficiencies.
Simulated events eþe� ! �ð4SÞ ! BþB�, B0 �B0,
eþe� ! q �q (q ¼ u, d, s) and eþe� ! c �c are generated
with EvtGen [27], which interfaces to Pythia [28] and

Jetset [29]. Separate samples of exclusive �B0 ! Dð�Þ0h0
decays are generated to study the signal features and to
quantify the signal selection efficiencies. We also use high

statistics control samples of exclusive decays B� !
Dð�Þ0�� andDð�Þ0�� for specific selection and background
studies. We study these control samples both in data and in
the MC, using the same selection criteria. All MC samples
include simulation of the BABAR detector response gen-
erated through Geant4 [30]. The equivalent integrated
luminosity of the MC samples is about 3 times that of
the data for B �B, one time for eþe� ! q �q (q ¼ u, d, s) and
twice for eþe� ! c �c respectively. The equivalent inte-
grated luminosities of the exclusive B decay mode simu-
lations range from 50 to 2500 times the dataset.

III. ANALYSIS METHOD

A. General considerations

The color-suppressed �B0 meson decay modes are recon-

structed from Dð�Þ0 meson candidates that are combined
with light neutral-meson candidates h0 (�0, �, !, and �0).
The Dð�Þ0 and h0 mesons are detected in various possible

decay channels. In total, we consider 72 different �B0 !
Dð�Þ0h0 decay modes.

We perform a blind analysis: the optimization of the
various event selections, the background characterizations

and rejections, the efficiency calculations, and most of the
systematic uncertainty computations are based on studies
done with MC simulations, data sidebands, or data control
samples. The fits to data, including the various signal
regions, are only performed after all analysis procedures
are fixed and systematic uncertainties are studied.

Intermediate particles of the decays �B0 ! Dð�Þ0h0 are
reconstructed by combining tracks and/or photons for the
decay channels with the highest decay rate and detection
efficiency. Vertex constraints are applied to charged daugh-
ter particles before computing their invariant masses. At
each step in the decay chain we require that the candidate
mesons have masses consistent with their assumed particle
type. If daughter particles are produced in the decay of a
parent meson with a natural width that is small relative to
the reconstructed width, we constrain the mass of this
meson to its nominal value, except for the ! and the �0

[26]. The �B0 mass is computed using the constraint of the
beam energy (see Sec. III C 1). This fitting technique im-
proves the resolution of the energy and the momentum of
the �B0 candidates as they are calculated from improved

energies and momenta of the Dð�Þ0 and h0.
Charged particle tracks are reconstructed from measure-

ments in the SVT and/or the DCH, and they are assigned
various particle identification probabilities by the PID
algorithms. Extrapolated tracks must be in the vicinity of
the eþe� interaction point, i.e. within 1.5 cm in the plane
transverse to the beam axis and 2.5 cm along the beam axis.
The charged tracks used for the reconstruction of � !
�þ���0 and �0 ! �þ���ð! ��Þ must in addition
have a transverse momentum pT larger than 100 MeV=c
and at least 12 hits in the DCH. When a PID positive
identification is required for a track, the track polar angle
� must be in the DIRC fiducial region 25:78� < �<
146:10�. Photons are defined as single clusters of energy
deposition in the EMC crystals not matched to a track, and
with shower lateral shape consistent with photons. Because
of the high machine background in the very forward part of
the EMC, we reject photons detected in the region � <
21:19�. We assume that the production point of the photons
is the reconstructed primary vertex of each eþe� collision.
The selections applied to each meson (�0, �, !, �0, D0,

and D�0) are optimized by maximizing the figure of merit

S=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

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

number of background events. The numbers S and B are
computed from simulations, and the branching ratios used
to evaluate S are the present world average values of color-
suppressed decay modes [26]. Each particle mass distribu-
tion is fitted with a set of Gaussian functions or a so-called
modified Novosibirsk empirical function [31], which is
composed of a Gaussian-like peaking part with two tails
at low and high values. Particle candidates are then re-
quired to have a mass within�2:5� around the fitted mass
central value, where � is the resolution of the mass distri-
bution obtained by the fit. For the decays D0 ! K��þ�0
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and D�0 ! D0�, the lower bound is extended to 3� be-
cause of the photon energy losses in front of and between
the EMC crystals, which makes the mass distribution
asymmetric with a tail at low values.

B. Selection of intermediate particles

1. �0 selection

The �0 mesons are reconstructed from photon pairs.
Each photon energy E� must be greater than 85 MeV for
�0 produced directly from B0 decays, and greater than
60 MeV for �0 from �, !, or D0 meson decays. Slow
neutral pions originating from D�0 ! D0�0 decays must
satisfy E�> 30 MeV. The �0 reconstructed mass resolu-
tion ranges 6:5–7:0 MeV=c2 for �0 from �, !, and D0

mesons decays, and 7:0–7:5 MeV=c2 for �0 produced in
D�0 or B0 decays.

2. � selection

The �mesons are reconstructed in the �� and �þ���0

decay modes, accounting for about 62% of the total decay

rate [26], and may originate from �B0 ! Dð�Þ0� or �0 !
�þ��� decays.

The � ! �� candidates are reconstructed by combining
two photons that satisfy E�> 200 MeV for �B0 daughters
and E�> 180 MeV for �0 daughters. As photons originat-
ing from high momentum �0 mesons may fake a � ! ��
signal, a veto is applied. The� ! �� candidate is rejected if
either photon combined with any other photon in the event
withE�> 200 MeV has an invariantmass between 115 and
150 MeV=c2. Such a veto retains 93% of the signal while
reducing the background of fake � mesons candidates by a
factor of 2. The resolution of the � ! ��mass distribution
is approximately 15 MeV=c2, dominated by the resolution
on the photon energy measurement in the EMC.

For � candidates reconstructed in the decay channel
�þ���0, the �0 is required to satisfy the conditions
described in Sec. III B 1. The mass resolution is about
3 MeV=c2, which is better than for the mode � ! ��,
thanks to the relatively better resolution of the tracking
system and the various vertex and mass constraints applied
to the � and �0 candidates.

3. ! selection

The ! mesons are reconstructed in the �þ���0 decay
mode. This mode accounts for approximately 89% of the
total decay rate. The�0 is required to satisfy the conditions
described in Sec. III B 1 and the transverse momenta of the
charged pions must be greater than 200 MeV=c. The natu-
ral width of the ! mass distribution � ¼ 8:49 MeV [26] is
comparable to the experimental resolution�� 7 MeV=c2,
therefore the ! mass is not constrained to its nominal

value. We define a total width �tot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 þ �2=c4

p ’
11 MeV=c2 and require the ! candidates to satisfy

jm! ��m!
j< 2:5�tot (where �m!

is the mean of the !

mass distribution).

4. �0 selection

The �0 mesons originate from �0 ! �0� and are recon-
structed in the �þ�� decay mode. The charged tracks
must satisfy pTð��Þ> 100 MeV=c, where pT is the trans-
verse component of the momentum with respect to the
beam axis. We define the helicity angle ��0 as the angle

between the direction of the momentum of one of the two
pions and that of the �0 both evaluated in the �0 center-of-
mass frame. Because the �0 is a vector meson, the angular
distribution is proportional to sin2��0 for signal, and is flat

for background. The �0 candidates with j cos��0 j> 0:73

are rejected. Because of the large �0 natural width � ¼
149:1 MeV [26], the mass of the �0 candidate must lie
within 160 MeV=c2 around the nominal mass value and no
mass constraint is applied.

5. �0 selection
The �0 mesons are reconstructed in the �þ���ð! ��Þ

and �0� decay modes. These modes account for approxi-
mately 46.3% of the total decay rate.
Only the � ! �� submode is used in the �þ���

reconstruction due to its higher efficiency. The selection
is described in Sec. III B 2. For candidates reconstructed in
the �0� decay channel we select �0 candidates as de-
scribed in Sec. III B 4, and the photons must have an energy
larger than 200 MeV. As photons coming from �0 decays
may fake signal, a veto as described in Sec. III B 2 is
applied. The �0 mass resolution is about 3 MeV=c2 for
�þ��� and 8 MeV=c2 for �0�.

6. K0
S selection

The K0
S mesons are reconstructed through their decay to

two charged pions (���þ) which must originate from a
common vertex, with a 	2 probability of the vertex fit that
must be larger than 0.1%. We define the flight significance
as the ratio L=�L, where L is the K0

S flight length in the

plane transverse to the beam axis and �L is the resolution
on L determined from the vertex fit. The combinatorial
background is rejected by requiring a flight significance
larger than 5. The reconstructed K0

S mass resolution is

about 2 MeV=c2 for a core Gaussian part corresponding
to about 70% of the candidates and 5 MeV=c2 for the
remaining part, depending on the transverse position of
the K0

S decay within the tracking system (SVT or DCH).

7. D0 selection

The D0 mesons are reconstructed in the K��þ,
K��þ�0, K��þ���þ, and K0

S�
þ�� decay modes.

These modes account for about 29% of the total decay
rate. All D0 candidates must satisfy p�ðD0Þ> 1:1 GeV=c,
where p� refers to the value of the momentum computed in
the �ð4SÞ rest frame. That requirement is loose enough so
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that various sources of background can populate the side-
bands of the signal region.

For the decay modes reconstructed only with tracks, we
require that the charged pions originating from the D0

candidates fulfill pTð��Þ> 400 MeV=c for K��þ,
pTð��Þ> 100 MeV=c for K��þ���þ, and pTð��Þ>
120 MeV=c for K0

S�
��þ.

The charged tracks must originate from a common
vertex, therefore the 	2 probability of the vertex fit must
be larger than 0.1% for the decay channelK��þ and larger
than 0.5% for the other modes with more abundant back-
ground. Because of the increasing level of background
present for the various decay modes, the kaon candidates
must satisfy from looser to tighter PID criteria for the
modes K��þ, K��þ���þ, and K��þ�0 respectively.
For K0

S�
þ��, the K0

S candidates must satisfy the selection

criteria described in Sec. III B 6.
For the decay D0 ! K��þ�0 the combinatorial back-

ground can significantly be reduced by using the parame-
trization of the K��þ�0 Dalitz-plot distribution as
provided by the Fermilab E691 experiment [32]. This
distribution is dominated by the twoK� resonances (K�0 !
K��þ and K�� ! K��0) and by the �þð�þ�0Þ reso-
nance. Therefore we select only D0 candidates that fall in
the enhanced region of the Dalitz plot as determined by the
above parametrization. The �0 must satisfy the selections
described in Sec. III B 1.

The reconstructedD0 mass resolution is about 5, 5.5, 6.5,
and 11 MeV=c2 for the decay modes K��þ���þ,
K0

S�
þ��, K��þ, and K��þ�0 respectively.

8. D�0 selection
The D�0 mesons are reconstructed in the D0�0 and D0�

decay modes. The �0 and D0 candidates are requested to
satisfy the selections described in Sec. III B 1 and III B 7
respectively. The photons fromD�0 ! D0�must fulfill the
additional condition E�> 130 MeV and must pass the �0

veto as described in Sec. III B 2.
The resolution of the mass difference �m �

mD�0 �mD0 is about 1:3 MeV=c2 for D0�0 and
7 MeV=c2 for D0�.

C. Selection of B-meson candidates

The B candidates are reconstructed by combining aDð�Þ0

with an h0, with the Dð�Þ0 and h0 masses constrained to
their nominal values (except when h0 is an !). One needs
to discriminate between true B signal candidates and fake
B candidates. The fake B candidates originate from com-
binatorial backgrounds, from other specific B modes, or
from the cross-feed events between reconstructed color-
suppressed signals.

1. B-mesons kinematic variables

Two kinematic variables are commonly used in BABAR
to select B candidates: the energy-substituted mass mES

and the energy difference �E. These two variables use
constraints from the precise knowledge of the beam ener-
gies and from energy conservation in the two-body decay
�ð4SÞ ! B �B. The quantitymES is the invariant mass of the
B candidate where the B energy is set to the beam energy in
the CM frame:

mES ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
s=2þ ~p0: ~pB

E0

�
2 � j ~pBj2

s
: (1)

The variable �E is the energy difference between the
reconstructed B energy and the beam energy in the CM
frame:

�E ¼ E�
Dð�Þ þ E�

h �
ffiffiffi
s

p
=2; (2)

where
ffiffiffi
s

p
is the eþe� center-of-mass energy. The small

variations of the beam energy over the duration of the run
are corrected when calculating mES. For the momentum ~pi

(i ¼ 0, B) and the energy E0, the subscripts 0 and B refer to
the eþe� system and the reconstructed B meson, respec-
tively. The energies E�

Dð�Þ and E�
h are calculated from the

measured Dð�Þ0 and h0 momenta.
For the various decay channels of theB signal events, the

mES distribution peaks at the B mass with a resolution of
2:6–3 MeV=c2, dominated by the beam energy spread,
whereas �E peaks near zero with a resolution of 15–
50 MeV depending on the number of photons in the final
state.

2. Rejection of eþe� ! q �q background

The continuum background eþe� ! q �q, where q is a
light quark u, d, s, or c, creates high momentum mesons

Dð�Þ0, �0, �ð0Þ, ! that can fake the signal mesons originat-

ing from the two-body decays �B0 ! Dð�Þ0h0. That back-
ground is dominated by c �c processes and to a lesser extent
by s�s processes. Since the Bmesons are produced almost at
rest in the �ð4SÞ frame, the �ð4SÞ ! B �B event shape is
isotropically distributed. By comparison, the q �q events
have a back-to-back jetlike shape. The q �q background is
therefore discriminated by employing event shape varia-
bles. The following set of variables was found to be opti-
mal among various tested configurations:
(i) The thrust angle �T defined as the angle between the

thrust axis of the B candidate and the thrust axis of
the rest of event, the thrust axis being the axis on
which the sum of projected momentum is maximal.
The distribution of j cos�Tj is flat for signal and
peaks at 1 for continuum background.

(ii) Event shape monomials L0 and L2 defined as

L0 ¼
X
i

j ~p�
i j; L2 ¼

X
i

j ~p�
i jcos2��i ; (3)

with ~p�
i being the CM momentum of the particle i

that does not come from the B candidate, and ��i is
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the angle between ~p�
i and the thrust axis of the B

candidate.
(iii) The polar angle ��B between the Bmomentum in the

�ð4SÞ frame and the beam axis. With the �ð4SÞ
being vector and the B mesons being pseudoscalar,
the angular distribution is proportional to sin2��B for
signal and roughly flat for background.

These four variables are combined into a Fisher dis-
criminant built with the TMVA [33] toolkit package. An
alternate approach employing a multilayer perceptron ar-
tificial neural network with two hidden layers within the
same framework was tested and showed marginal relative
gain, therefore the Fisher discriminant is used.

The Fisher discriminantF shape is trained with signal MC

events and off-peak data events. In order to maximize the

number of off-peak events all the �B0 ! Dð�Þ0h0 modes are
combined. We retain signal MC events with mES in the
signal region 5:27–5:29 MeV=c2 and off-peak data events
with mES in the range 5:25–5:27 MeV=c2, accounting for
half of the 40 MeV CM energy-shift below the �ð4SÞ
resonance. The training and testing of the multivariate
classifier are performed with nonoverlapping data samples
of equal size obtained from a cocktail of 20 000 MC
simulation signal events and from 20 000 off-peak events.
The obtained Fisher formula is

F shape¼2:36�1:18�jcos�Tjþ0:20�L0

�1:01�L2�0:80�jcos��Bj: (4)

The q �q background is reduced by applying a selection cut
on F shape. The selection is optimized for each of the 72

signal decay channels by maximizing the statistical sig-
nificance with signal MC against generic MC eþe� ! q �q,
q � b. This requirement for the various decay modes
retains between about 30% and 97% of B signal events,
while rejecting between about 98% and 35% of the back-
ground from light q �q.

3. Rejection of other specific backgrounds

The ! mesons in �B0 ! D0! decays are longitudinally
polarized. We define the angle �! [7,34] as the the angle
between the normal to the plane of the three daughter pions
in the ! frame and the line-of-flight of the �B0 meson in the
! rest frame. This definition is the equivalent of the two-
body helicity angle for the three-body decay. To describe
the three-body decay distribution of ! ! �þ���0, we
define the Dalitz angle �D [7] as the angle between the �0

momentum in the ! frame and the �þ momentum in the
frame of the pair of charged pions.

The signal distribution is proportional to cos2�! and
sin2�D, while the combinatorial background distribution
is roughly flat as a function of cos�! and cos�D. These two
angles are combined into a Fisher discriminant F hel built
from signal MC events and generic q �q and B �BMC events:

F hel¼�1:41�1:01�jcos�Djþ3:03�jcos�!j: (5)

We require �B0 ! D0! candidates to satisfy F hel >�0:1,
to obtain an efficiency (rejection) on signal (background)
of about 85% (62%).
We also exploit the angular distribution properties in the

decay D�0 ! D0�0 to reject combinatorial background.
We define the helicity angle �D� as the angle between the
line-of-flight of theD0 and that of the �B0, both evaluated in
theD�0 rest frame. The angular distribution is proportional
to cos2�D� for signal and roughly flat for combinatorial
background. Although in principle such a behavior could
be employed for �B0 ! D�0�0, D�0�, and D�0�0, a selec-
tion on j cos�D� j significantly improves the statistical sig-
nificance for the �B0 ! D�0�0 mode only. Therefore D�0
candidates coming from the decay �B0 ! D�0�0 are re-
quired to satisfy j cos�D� j> 0:4 with an efficiency (rejec-
tion) on signal (background) of about 91% (33%).
A major B �B background contribution in the analysis of

the �B0 ! Dð�Þ0�0 decay channel comes from the color-

allowed decay B� ! Dð�Þ0��. If the charged pion (mostly
slow) from the decay �� ! ���0 is omitted in the recon-

struction of the �B0 candidate, B� ! Dð�Þ0�� events can

mimic the Dð�Þ0�0 signal. Moreover, the decay modes

BðB� ! Dð�Þ0��Þ are 30–50 times larger than those of

the �B0 ! Dð�Þ0�0 modes, and are poorly known:�B=B ¼
13:4%–17:3% [26]. A veto is applied to reduce this back-

ground. For each �B0 ! Dð�Þ0�0 candidate, we combine
any remaining negatively charged track in the event to

reconstruct a B� candidate in the decay mode Dð�Þ0��. If
the reconstructed B� candidate satisfies mESðB�Þ>
5:27 GeV=c2, j�EðB�Þj<100MeV, and jm�� �mPDG

�� j<
250 MeV=c2, then the initial �B0 candidate is rejected.
For the analysis of the decay mode �B0 ! D0�0 (B� !
D�0�0), the veto retains about 90% (82%) of signal and
rejects about 67% (56%) of B� ! D0�� and 44% (66%)
of B� ! D�0�� background.

4. Choice of the ‘‘best’’ B candidate in the event

The average number of �B0 ! Dð�Þ0h0 candidates per
event after all selections ranges between 1 and 1.6 depend-
ing on the complexity of the subdecays. We perform all the

72 �B0 ! Dð�Þ0h0 decay mode analyzes in parallel. Such
that each possible decay channel is selected with a dedi-
cated analysis, for a given decay mode one B candidate
only is kept per event. The chosen B is that with the
smallest value of

	2
B ¼

�mD0 ��m
D0

�m
D0

�
2 þ

�mh0 ��m
h0

�m
h0

�
2
; (6)

for D0h0 modes, and
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	2
B¼

�mD0 ��m
D0

�m
D0

�
2þ

�mh0 ��m
h0

�m
h0

�
2þ

�
�m���m

��m

�
2
;

(7)

for the D�0h0 modes. The quantities �m
D0

and �m
h0
(�m

D0

and �m
h0
) are the resolution (mean) of the mass distribu-

tions. The quantities ��m and ��m are, respectively, the
mean and resolution of the �m distributions. These quan-
tities are obtained from fits of the mass distribution of
simulated candidates selected from signal MC simulations.

The probability of choosing the true �B0 candidate in the
event according to the above criteria ranges from 71 to
100%. The cases with lower probabilities correspond to the

Dð�Þ0h0 modes with high neutral multiplicity.

5. Selection efficiencies

The branching fractions of the �B0 ! Dð�Þ0h0 decays is
computed as

B ð �B0 ! Dð�Þ0h0Þ ¼ NS

NB �B 	 E 	Bsec

; (8)

where Bsec is the product of the branching fractions asso-

ciated with the secondary decays of the Dð�Þ0 and h0

mesons for the each of the 72 decay channels considered
in this paper [26]. NB �B is the number of B �B pairs in data
and NS is the number of signal events remaining after all
the selections. The quantity E is the total signal efficiency
including reconstruction (detector and trigger acceptance)
and analysis selections. It is computed from each of the 72
exclusive high statistics MC simulation samples.

The selection efficiency from MC simulation is slightly
different from the efficiency in data. The MC efficiency
and its systematic uncertainty therefore has to be adjusted
according to control samples. For the reconstruction of
�0=�, the efficiency corrections are obtained from detailed
studies performed with a high statistics and high purity
control sample of �0 mesons produced in 
 ! �ð��0Þ�


decays normalized to 
 ! ��
, to unfold tracking effects.
Such corrections are validated against studies performed
on the relative ratio of the number of detected D0 mesons
in the decays D0 ! K��þ�0 and D0 ! K��þ, and pro-
duced in the decay of D�þ mesons from eþe� ! c �c
events. The relative data/simulation efficiency measure-
ments for charged tracks are similarly based on studies of
track misreconstruction using eþe� ! 
þ
� events. On
one side the events are tagged from a lepton in the decay

� ! l� ��l�
 and on the other side one reconstructs two or
three tracks from the decay 
þ ! �þ��hþ ��
. The simu-
lated efficiency of charged particle identification is com-
pared to the efficiency computed in data with control
samples of kaons from D�þ ! D0ðK��þÞ�þ produced
in eþe� ! c �c events. The efficiency for K0

S candidates is

modified using a data sample of K0
S, mainly arising from

the continuum processes eþe� into q �q.

The efficiency corrections for the selection criteria ap-

plied to Dð�Þ0 candidates and on the Fisher discriminant
(F hel) for the continuum q �q (q � b) rejection are obtained

from studies of a B� ! Dð�Þ0�� control sample. This
abundant control sample is chosen for its kinematic simi-

larity with �B0 ! Dð�Þ0h0. The corrections are computed
from the ratios Erel:ðdataÞ=Erel:ðMCÞ, where the relative
efficiencies Erel: are computed with the signal yields as

obtained from fits to mES distributions of B� ! Dð�Þ0��
candidates in data and MC simulation, before and after
applying the various selections. The obtained results are

checked with the color-allowed control sample B� !
Dð�Þ0��, which has slightly different kinematics due to
the relatively higher mass of the ��, and therefore vali-

dates those corrections for the modes such as Dð�Þ0�0.
The reconstruction efficiency of �B0 ! D�0! depends on

the angular distribution, which is not yet known (fL �
0:5–1). To evaluate this efficiency we combine a set of
properly weighted fully longitudinally and fully trans-
versely polarized MC samples, according to the fraction
of longitudinal polarization that we measure in this paper
(see Sec. VI).

D. Fit procedure and data distributions

We present the fits used to extract the branching frac-

tions B. For each of the 72 possible �B0 ! Dð�Þ0h0 sub-
decay modes, using an iterative procedure (discussed in
Sec. III D 5), we fit the�E distribution in the range j�Ej<
280 MeV for mES > 5:27 GeV=c2 to get the signal (NS)
and background yields. The fit of the �E distribution
allows us to model and adjust the complex noncombina-
toric B background structure without relying completely
on simulation.
The data samples corresponding to each �B0 decay mode

are disjoint and the fits are performed independently for
each mode. According to their physical origin, four cate-
gories of events with differently shaped �E distributions
are considered: signal events, cross-feed events, peaking
background events, and combinatorial background events.
The event (signal and background) yields are obtained
from unbinned extended maximum likelihood (ML) fits.
We write the extended likelihood L as

L ¼ e�n

N!
nN

YN
j¼1

fð�Ejj�; nÞ; (9)

where � indicates the set of parameters which are fitted
from the data. N is the total number of signal and back-
ground events for each subdecay mode, and n ¼ P

iNi is
the expectation value for the total number of events. The
sum runs over the different expected number Ni of signal
and background events in the various i categories. The total
probability density function (PDF) fð�Ejj�; nÞ is written
as the sum over the different signal and background
categories,
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fð�Ejj�; nÞ ¼
P

i Nifið�Ejj�Þ
n

; (10)

where fið�Ej�Þ is the PDF of category i (signal or back-
ground component). Some of the PDF component parame-
ters are fixed from the MC simulation (see details in the
following sections).

The individual corresponding branching ratios are com-
puted and then combined as explained in Sec. V.

1. Signal contribution

All of the 72 possible reconstructed �B0 decay channels
contain at least one photon. Because of the possible energy
losses of early showering photons in the detector material
before the EMC, the�E shape for signal is modeled by the
modified Novosibirsk PDF [31]. A Gaussian PDF is added
to the modes with a large �E resolution to describe mis-
reconstructed events. The signal shape parameters are
estimated from a ML fit to the distributions of simulated
signal events in the high statistics exclusive decay modes.

2. Cross-feed contribution

We call ‘‘cross feed’’ the events from all of the recon-

structed Dð�Þ0h0 modes, except the one under considera-
tion, that pass the complete selection. The cross-feed
events are a non-negligible part of the �E peak in some
of the modes, and the signal event yield must be corrected
for these cross-feed events. As the various decay channels
are studied in parallel, we use an iterative procedure to
account for those contributions in the synchronous mea-
surements (see Sec. III D 5).

The dominant cross-feed contribution to �B0 ! D0h0

comes from the companion decay channel �B0 ! D�0h0,
when the �0=� from the D�0 decay is not reconstructed.
Such cross-feed events are shifted in �E by approximately
the mass of the �0 (� 135 MeV), with a long tail from
D�0ð! D0�Þh0 leaking into the signal region. Similarly,
the decay channel �B0 ! D�0h0 receives a cross-feed con-
tribution from the associated decay mode �B0 ! D0h0 and
there is a cross-contamination between the D�0 ! D0�0

and D�0 ! D0� decay channels.
The remaining cross-feed contributions, i.e. from other

�B0 ! Dð�Þ0h0 color-suppressed decay modes, were studied
with the generic MC simulation. They were found to be
highly negligible and represent at most 1% of the signal, in
the region j�Ej< 100 MeV. Therefore they are accounted
for by the generic MC simulation, whose generated
branching fractions were taken from the PDG [26].

3. Peaking B �B background contributions

The major background in the reconstruction of �B0 !
Dð�Þ0�0 comes from the decays B� ! Dð�Þ0�� (see
Sec. III C 3). Their contribution is modeled by histogram-
based PDFs built from the high statistics exclusive signal
MC simulation samples. The individual distributions of the

two backgrounds B� ! D0�� and B� ! D�0�� that pass

the �B0 ! Dð�Þ0�0 selections, including the specific veto
requirement as described in Sec. III C 3, cannot be distin-
guished. As a consequence, given the large uncertainty
on their branching fractions, the overall normalization of

B� ! Dð�Þ0�� PDF is left floating but the relative ratio
NðB� ! D�0��Þ=NðB� ! D0��Þ of the PDF normaliza-
tion is fixed. The value of this ratio is extracted directly from

the data by reconstructing exclusively each of the B� !
Dð�Þ0�� modes rejected by the veto requirements. Those

fully reconstructed B� mesons differ from the B� !
Dð�Þ0��, that pass all the �B0 ! Dð�Þ0�0 selections, by the
additional selected slow charged � originated from the ��
meson. The relative correction on that ratio for events sur-
viving the veto selection is then computed using the MC

simulation for generated B� ! Dð�Þ0�� decays. A system-
atic uncertainty on that assumption is assigned (see Sec. IV).

In the cases of �B0 ! Dð�Þ0!=�ð! �þ���0Þ modes,
additional contributions come from the B decay modes

Dð�Þn��ð0Þ, where n ¼ 1, 2, or 3, and through intermediate
resonances such as ! and ��

3 ð1690Þð! !��Þ. These

peaking backgrounds are modeled by a first-order polyno-
mial PDF plus a Gaussian PDF determined from the ge-
neric B �BMC simulation. The relative normalization of that
Gaussian PDF component is left floating in the fit, since
some of the branching fractions of the B decay modes

Dð�Þn��ð0Þ are not precisely known [26].

4. Combinatorial background contribution

The shape parameters of the combinatorial background
PDFs are obtained from ML fits to the generic B �B and
continuum MC, where all signal, cross feed and peaking
B �B background events have been removed. The combina-
torial background from B �B and q �q (q � b) are summed
and modeled by a second-order polynomial PDF.

5. Iterative fitting procedure

We fit the �E distribution using the PDFs for the signal,
for the cross feed, for the peaking background, and for the
combinatorial background as detailed in the previous sec-
tions. The normalization of the signal, the peaking B �B
backgrounds, and the combinatorial background compo-
nents are allowed to float in the fit. The mean of the signal

PDF is left floating for the sum ofDð�Þ0 subdecays. For each
D0 submode, the signal mean PDF is fixed to the value
obtained from the fit to the sum ofD0 submodes. Those free
parameters are extracted by maximizing the unbinned ex-
tended likelihood to the �E distribution defined in Eqs. (9)
and (10). Other PDF parameters are fixed from fit results
obtained with MC simulations, when studying separately
each of the signal and background categories.
In the global event yield extraction of all the various

�B0 ! Dð�Þ0h0 color-suppressed signals studied in this pa-
per, a given mode can be signal and cross feed to other
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modes at the same time. In order to use the B computed in
this analysis, the yield extraction is performed through an
iterative fit on D�0h0 and D0h0. The normalization of

cross-feed contribution from Dð�Þ0h0 is then fixed to the
B measured in the previous fit iteration. For the cross-feed
contributions, the PDG branching fraction [26] values are
used as starting points. This iterative method converges
quickly to stable B values, with a variation of less than
10% of the statistical uncertainty, in less than 5 iterations.

We check the absence of biases in our fit procedure by
studying pseudoexperiments with a large number of differ-
ent data-sized samples for thevarious signals. The extraction
procedure is applied to these samples where background
events are generated and added from the fitted PDFs. The
signal samples are assembled from nonoverlapping samples
corresponding to the exclusive high statistics MC signals,
with yields corresponding to the MC-generated value of the
branching fraction. No significant biases are found.

6. Data distributions and event yields from summed
subdecay modes

The fitting procedure is applied to data at the very last
stage of the blind analysis. Though the event yields and B
measurements are performed separately for each of
the 72 considered subdecay modes, we illustrate here,
in a compact manner, the magnitude of the signal and

background component yields, and the statistical significan-

ces, of the various decay channels �B0 ! Dð�Þ0h0, summing
together all the D0 submodes. The fitted �E distributions,
for the sum of D0 submodes, are given in Figs. 2–4,
for, respectively, the �B0 ! D0h0, D�0ð! D0�0Þh0, and
D�0ð! D0�Þh0 modes.
The signal and background yields obtained from the fit

to the summed submode data for the �B0 ! Dð�Þ0h0 are
presented in Table I, with the corresponding statistical
significances. The signal and background yields are com-
puted in the signal region j�Ej< 2:5� (where � is the
signal resolution). In the same range we calculate the
statistical significance of the various signals from the cu-
mulative Poisson probability p to have a background
statistical fluctuation reaching the observed data yield,

p ¼ Xþ1

k¼Ncand

e��

k!
�k; (11)

where Ncand is the total number of selected candidates in
the signal region and � the mean value of the total expected
background, as extracted from the fit. This probability is
then converted into a number of equivalent one-sided
standard deviations Sstat,

S stat ¼
ffiffiffi
2

p
erfcInverseðp=2Þ: (12)
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FIG. 2 (color online). Fits of �E distributions in data for modes �B0 ! D0�0 (a), �B0 ! D0! (b), �B0 ! D0�ð��Þ (c), �B0 !
D0�ð���0Þ (d), �B0 ! D0�0ð���Þ (e), and �B0 ! D0�0ð�0�Þ (f). The data points with error bars are measurements in data, the curves
are the various PDF components: the solid (blue) fitted total PDF, the dotted (red) signal PDF, the dotted-dashed (black) cross-feed
PDF, the double dotted-dashed (brown) B� ! Dð�Þ0�� PDF, and the long dashed (blue) combinatorial background PDF.
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FIG. 3 (color online). Fits of �E distributions in data for modes �B0 ! D�0�0 (a), �B0 ! D�0! (b), �B0 ! D�0�ð��Þ (c), �B0 !
D�0�ð���0Þ (d), �B0 ! D�0�0ð���Þ (e), and �B0 ! D�0�0ð�0�Þ (f), where the D�0 mesons decay into the signal mode D0�0. A
detailed legend is provided in the caption of Fig. 2.
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FIG. 4 (color online). Fits of �E distributions in data for modes �B0 ! D�0�0 (a), �B0 ! D�0! (b), �B0 ! D�0�ð��Þ (c), �B0 !
D�0�ð���0Þ (d), and �B0 ! D�0�0ð���Þ (e), where the D�0 mesons decay into the signal mode D0�. The unfitted �E distribution of
�B0 ! D�0ðD0�Þ�0ð�0�Þ candidates is also displayed (f). A detailed legend is provided in the caption of Fig. 2.
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The function erfcInverse is the inverse of the com-
plementary error function (see statistics review in [26]).

The majority of the decay channels present clear
and significant signals. In particular, the modes
D0�0ð���ð��ÞÞ and D0�0ð�0�Þ are observed for the first
time.

Before performing the final unblinded fits on data,
among the various 72 initial possible decay channels,
several subdecay modes have been discarded. The decision
to remove those submodes have been taken according to
analyses performed on MC simulation, as no significant
signals are expected. The eliminated decay channels

are: �B0 ! Dð�Þ0�0 and D�0ðD0�Þ�ð���0Þ, where D0!
K0

S�
þ��, D�0ðD0�Þ�0ð���Þ, where D0!K��þ���þ,

as well as the whole decay channel D�0ðD0�Þ�0ð�0�Þ.

These are submodes with poor signal efficiency, caused
by large track multiplicity or modestD0 secondary branch-
ing fractions, such that the expected signal yields are very
low. In addition, they have large background contributions.
We concluded that adding such decay channels in the
global combinations would degrade the B measurements.
These choices based on a Monte Carlo simulation only
studies have been confirmed in data (see, for example,
Fig. 4 (bottom right)).

IV. SYSTEMATIC UNCERTAINTIES ON
BRANCHING FRACTIONS

There are several possible sources of systematic uncer-
tainties in this analysis, which are summarized in Table II.

TABLE I. Numbers of signal events (NS), combinatorial background (Ncombi), cross feed (Ncf), and B� ! Dð�Þ0�� (ND�) events
computed from the �E fits to data and counted in a signal box j�Ej< 2:5�, together with the statistical significances in numbers of
standard deviations Sstat (see text). The quoted uncertainties are statistical only.

�B0 ! ðdecay channelÞ NS Ncombi Ncf ND� Statistical significance Sstat

D0�0 3429� 123 2625� 75 97� 3 700� 14 41

D0�ð��Þ 1022� 55 532� 14 13� 1 - 36

D0�ð���0Þ 411� 29 191� 6 2� 0 - 23

D0! 1374� 120 886� 25 18� 2 - 38

D0�0ð���ð��ÞÞ 122� 13 41� 3 - - 14

D0�0ð�0�Þ 234� 40 1253� 17 1� 0 - 7.4

D�0ðD0�0Þ�0 883� 40 268� 21 39� 2 175� 5 34

D�0ðD0�Þ�0 622� 47 469� 33 295� 23 602� 20 17

D�0ðD0�0Þ�ð��Þ 338� 25 201� 9 17� 1 - 19

D�0ðD0�Þ�ð��Þ 187� 24 254� 12 85� 11 - 8.7

D�0ðD0�0Þ�ð���0Þ 123� 15 90� 4 5� 1 - 11

D�0ðD0�Þ�ð���0Þ 88� 14 65� 4 16� 3 - 7.6

D�0ðD0�0Þ! 806� 48 1365� 18 33� 2 - 20

D�0ðD0�Þ! 414� 44 1290� 19 132� 14 - 10

D�0ðD0�0Þ�0ð���Þ 45� 8 18� 2 2� 0 - 8.5

D�0ðD0�Þ�0ð���Þ 12� 5 8� 1 5� 2 - 3.2

D�0ðD0�0Þ�0ð�0�Þ 115� 25 487� 11 3� 1 - 5.4

TABLE II. Combined contributions to the branching fraction Bð �B0 ! Dð�Þ0h0Þ relative systematic uncertainties (%).

Sources �B=Bð%Þ for the �B0 decay

D0�0 D0�ð��Þ D0�ð���0Þ D0! D0�0ð���Þ D0�0ð�0�Þ D�0�0 D�0� D�0! D�0�0

�0=� detection 3.5 3.5 3.6 3.6 3.7 2.3 6.2 5.5 5.7 5.8

Tracking 0.9 0.9 1.6 1.7 1.6 1.6 0.9 1.1 1.6 1.6

Kaon ID 1.0 1.1 1.1 1.1 1.2 1.1 1.1 1.1 1.1 1.2

K0
S reconstruction 0.7 0.7 0.6 0.8 0.6 0.6 0.4 0.3 0.5 -

Secondary B 1.6 1.6 2.0 1.8 2.3 2.4 5.1 5.7 5.5 5.1

B �B counting 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1

MC statistics 0.1 0.2 0.3 0.2 0.4 0.4 0.2 0.2 0.3 0.3

Particles selection 0.3 0.4 0.2 1.0 0.3 1.0 0.2 0.1 0.1 1.2

�E fit 2.1 2.2 1.3 2.1 1.1 2.1 1.0 0.6 1.4 0.5

Combinatorial background 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Dð�Þ0�� background 1.8 - - - - - 5.6 - - -

D�0! polarization - - - - - - - - 1.4 -

Total 5.1 4.9 4.9 5.3 5.1 4.7 9.6 8.2 8.5 8.2
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The categories ‘‘�0=� detection’’ and ‘‘Tracking’’ ac-
count, respectively, for the systematic uncertainties on the
reconstruction of �0=� and for charged particle tracks, and
are taken from the efficiency corrections computed in
the studies of 
 decays from eþe�!
þ
� events (see
Sec. III C 5).

Similarly, the systematic uncertainties on kaon identifi-
cation and on the reconstruction of K0

S mesons are esti-

mated from the MC efficiency corrections computed in the
study of pure samples of kaons and K0

S mesons compared

to data (see Sec. III C 5).
The uncertainty on the secondary branching fraction

results from our limited knowledge of the Dð�Þ0 and h0

submode branching ratios [26] (including secondary de-
cays into detected stable particles). Correlations between
the different decay channels were accounted for.

The uncertainty related to the number ofB �B pairs and the
limited availableMC-sample statistics when computing the
efficiency of various selection criteria are also included.

Systematic uncertainties due to the intermediate parti-
cles mass selections are computed as the relative difference
of signal yield when the values of the mass means and mass
resolutions are taken from a fit to the data. Systematic

effects from the q �q (q � b) rejection and the Dð�Þ0 selec-
tions are obtained from the study performed on the control

sample B� ! Dð�Þ0�� and are estimated as the limited
confidence on the efficiency correction ratio:
Erel:ðdataÞ=Erel:ðMCÞ, including the correlations between
the samples before and after selections (see Sec. III C 5).
The effects of the cuts on �0 and D0! helicities are
obtained by varying the selection cut values by �10%
around the maximum of statistical significance. All uncer-
tainties on intermediate particle selections are combined
into the category ‘‘Particles selection’’.

The uncertainty quoted for ‘‘�E Fit’’ gathers the changes
due the limited knowledge on the shapes of signal and
backgroundPDFs, and on the cross-feed branching fraction.

For example, the modes Dð�Þ0�0=�ð��Þ have high or low
momentum � in the final state. The difference between data
and MC simulation in energy scale and resolution for
neutrals is estimated from a study of the high statistics
control sample B�!D0ðK��þÞ��ð�0��Þ, which yields
the difference between data and MC simulation,
’ 5:7 MeV, for the mean and ’ 3:3 MeV, for the resolu-
tion. This study was cross-checked against another one
performed with the high statistics and very pure control
sample B� ! D0ðK��þ�0Þ��. With that control sample
we find a difference between data and MC simulation of
respectively ’ 1:7 MeV, for the mean and’ 0:04 MeV, for

the resolution. For the modes �B0 ! Dð�Þ0�0=�ð��Þ, the
uncertainty due to the signal shape is obtained by varying
conservatively the signal PDF mean by�5:7 MeV and the
width by �3:3 MeV. For the other �B0 signal modes, each
PDF parameter is varied within �1� of its MC simulation
precision, and the relative difference on the fitted event

yield is taken as a systematic incertitude. The various
parameters are varied one at a time, independently. The
relative differences while varying the �E PDF parameters
are then summed up in quadrature. This sum is taken as the
systematic doubt on the �E shapes.
The uncertainty on the combinatorial background shape

(including bothB �B and q �q (q � b) events) is evaluated from
the comparison of genericMCsimulation and data in themES

sidebands: 5:24<mES < 5:26 GeV=c2. The observed dif-
ference between data and simulation has then been used as a
systematics. When a Gaussian is added to the combinatorial
background shape, to model additional peaking B �B back-
ground contributions (see Sec. III D 3), the related effect is
computed by varying its means and resolution by�1�.
We account for possible differences in the PDF shape of

the B� ! Dð�Þ0�� background that is modeled by a non-
parametric PDF. As above, it is obtained by shifting and
smearing the PDF mean and resolution by �5:7 MeV and
�3:3 MeV respectively. The nonparametric PDF is convo-
luted with a Gaussian with the previously defined mean and
width values. The quadratic sum of the various changes on
the signal event yield is taken as the systematic uncertainty.
The relative ratio of the B� ! D�0�� and B� ! D0��

backgrounds for the studies of the modes �B0 ! Dð�Þ0�0 has

been fixed to the selected B� ! Dð�Þ0�� events of the data
control sample, for rejected B� events with the veto de-
scribed in Sec. III C 3. The effect of such a veto on that ratio
is then computed from MC simulation. We assign as a
conservative systematic uncertainty half of the difference
between the nominal result and the result from the MC

simulation assuming the PDG branching ratios of B� !
Dð�Þ0�� [26].
The acceptance of �B0 ! D�0! is computed from the

sum of purely longitudinally (fL ¼ 0) and transversely
(fL ¼ 1) polarized MC simulation signals, weighted by
our measurement of fL (see Sec. VI). The systematic
limited knowledge of the efficiency due to the unknown
fraction of D�0! longitudinal polarization is then esti-
mated by varying fL by �1� in the estimation of the
signal acceptance. This contribution is slightly larger
than 1%, while it is expected to be about 10.5% if the
fraction fL were unknown. This is one of the motivations
for measuring the polarization of the decay channel �B0 !
D�0! (see Sec. VI).
The most significant sources of systematic uncertainties

come from the �0=� reconstruction, the �E fits, and the
uncertainties on the world average branching fractions of
the secondary decay channels. In the case of the modes
�B0 ! Dð�Þ0�0, the contributions from B� ! Dð�Þ0��
backgrounds are also not negligible.

V. RESULTS FOR THE B MEASUREMENTS

The branching fractions measured in the different sec-
ondary decay channels reconstructed in this analysis are
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given in Table III (for missing entries in the Table; see the
discussion on discarded submodes in Sec. III D 6).

These branching fractions are combined using the so-
called Best Linear Unbiased Estimate (BLUE) technique
[35], that accounts for the correlation between the various
modes. In the BLUE method the average value is a linear
combination of the individual measurements,

B ¼ Xt
i¼1

ð�i 	BiÞ; (13)

where each coefficient �i is a constant weight, not neces-
sarily positive, for a given measurement Bi. The conditionP

t
i¼1 �i ¼ 1 ensures that the method is unbiased. The set

of coefficients � ¼ ð�1; �2; . . . ; �tÞ is calculated so that
the variance of branching fraction is minimal,

� ¼ E�1U

UTE�1U
; (14)

where U is a t-component vector whose elements are all 1
(UT is its transpose) and E is the (t� t) covariance matrix.
The variance of branching fraction is then given by

�2 ¼ �TE�: (15)

The covariance matrix E is evaluated for each source of
systematics. Its matrix elements are, for two modes i and j,

Eij ¼ �ij�i�j; (16)

where �i and �j are the systematic uncertainties for the

modes i and j, and �ij is their correlation coefficient. We

distinguish several types of systematic uncertainties ac-
cording to their correlations between the modes:
(i) full correlation, j�ijj � 1: neutrals (but uncertainties

for �0 and single � are independent), PID, tracking,
number of B �B, BðD�0Þ, D�0! polarization in that
mode,

(ii) medium correlation: BðD0Þ, Bðh0Þ, whose correla-
tions are taken from the PDG [26] and range from

2% to 100%,Dð�Þ0�� background in �B0 ! Dð�Þ0�0,
(iii) negligible correlation, j�ijj � 0: statistical uncer-

tainties, PDF systematics, selection of intermediate
particles, MC statistics.

The total covariance matrix E is then the sum of the
covariance matrices for each source of uncertainty, plus
the covariance matrix associated to statistical uncertainties.
The systematic (statistical) uncertainty on the combined
value of branching fraction computed by using Eq. (15)
where the error matrix includes only the systematic (sta-
tistical) uncertainties.
The combined branching fractions in data are given in

Table IV with the 	2 of the combination, the number of
degrees of freedom of the combination (ndof), and the
corresponding probability (p-value). The individual
branching fractions together with the combined value are
displayed in Figs. 5 and 6 and they are compared to the
previous measurements by CLEO [10], BABAR [7,14], and
Belle [11,12].
The results of this analysis, based on a data sample of

454� 106B �B pairs, are fully compatible with our previous
measurements [7,14], and also with those of CLEO [10].
They are compatible with the measurements by Belle

TABLE III. Branching fractions of the decay channels �B0 ! Dð�Þ0h0 measured in the different secondary decay modes. The first
uncertainty is statistical and the second is systematic. The cells with ‘‘-’’ correspond to decay channels that have been discarded after
the analysis on simulation, and confirmed with data, as no significant signal is expected or seen for them.

Bð �B0 !Þð�10�4Þ D0 ! K� D0 ! K3� D0 ! K��0 D0 ! K0
S�

þ��

D0�0 2:49� 0:13� 0:16 2:69� 0:15� 0:17 2:97� 0:15� 0:25 2:90� 0:28� 0:23
D0�ð��Þ 2:46� 0:18� 0:14 2:56� 0:19� 0:16 2:37� 0:20� 0:20 2:62� 0:37� 0:21
D0�ð���0Þ 2:59� 0:27� 0:12 2:65� 0:30� 0:14 2:48� 0:29� 0:20 2:28� 0:54� 0:18
D0! 2:59� 0:18� 0:20 2:34� 0:19� 0:15 2:42� 0:20� 0:21 3:17� 0:39� 0:24
D0�0ð���ð��ÞÞ 1:40� 0:25� 0:07 1:37� 0:26� 0:08 1:34� 0:27� 0:11 1:30� 0:50� 0:12
D0�0ð�0�Þ 1:58� 0:42� 0:09 1:79� 0:57� 0:10 1:91� 0:54� 0:15 1:55� 0:89� 0:16
D�0ðD0�0Þ�0 2:95� 0:25� 0:30 2:95� 0:29� 0:33 3:52� 0:29� 0:43 2:32� 0:56� 0:24
D�0ðD0�Þ�0 3:49� 0:40� 0:83 2:25� 0:50� 0:63 3:02� 0:50� 0:90 3:53� 1:14� 0:99
D�0ðD0�0Þ�ð��Þ 2:52� 0:32� 0:26 2:57� 0:33� 0:29 2:41� 0:32� 0:32 4:09� 0:74� 0:49
D�0ðD0�Þ�ð��Þ 2:62� 0:45� 0:33 2:81� 0:49� 0:35 2:87� 0:55� 0:39 2:75� 0:78� 0:36
D�0ðD0�0Þ�ð���0Þ 2:27� 0:50� 0:20 2:60� 0:55� 0:24 1:93� 0:46� 0:22 1:21� 0:87� 0:13
D�0ðD0�Þ�ð���0Þ 2:93� 0:71� 0:32 2:55� 0:80� 0:29 1:94� 0:81� 0:24 -

D�0ðD0�0Þ! 5:07� 0:45� 0:47 4:00� 0:49� 0:36 4:38� 0:51� 0:51 5:02� 0:98� 0:53
D�0ðD0�Þ! 3:66� 0:64� 0:41 4:46� 0:80� 0:56 4:59� 0:87� 0:57 4:28� 1:71� 0:57
D�0ðD0�0Þ�0ð���ð��ÞÞ 1:09� 0:38� 0:09 1:67� 0:44� 0:15 1:34� 0:49� 0:15 -

D�0ðD0�Þ�0ð���ð��ÞÞ 0:75� 0:49� 0:24 - 1:19� 0:69� 0:39 -

D�0ðD0�0Þ�0ð�0�Þ 2:10� 0:82� 0:23 1:21� 0:90� 0:14 1:45� 0:95� 0:18 -

D�0ðD0�Þ�0ð�0�Þ - - - -
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[11,12] for most of the modes, except for �B0 ! Dð�Þ0�,
D�0!, and D�0�0, where our results are larger. Those four
branching fractions are from 2.5 to 3.7 standard deviations
(including systematic uncertainties) away from the latest
measurements by Belle [11,12]. Our measurements are the

most precise determinations of the Bð �B0 ! Dð�Þ0h0Þ from
a single experiment. They represent significant improve-
ments with respect to the accuracy of the existing PDG
averages [26].

As a cross check we also perform the branching frac-
tions measurements with the subdata set of 88� 106B �B
pairs that we previously studied [7]. When studying the
same decay modes we find values compatible with that of
Ref. [7] with both statistical and systematic uncertainties
lowered by significant amounts. In addition to the benefit
from improved procedures to reconstruct and analyze the
data, this updated analysis incorporates new decay modes,
higher signal efficiency, and better background rejection
and modeling. We use additional control data samples and

measure directly in the data the relative ratio of the B� !
Dð�Þ0�� backgrounds. This analysis employs better fitting

techniques and uses more sophisticated methods to com-
bine the results obtained with the various subdecay modes.

VI. POLARIZATION OF �B0 ! D�0!

The polarization of the vector-vector (VV) decay �B0 !
D�0! has never been measured. Until now, it was supposed
to be similar to that of the decay B� ! D�0��, based on
HQET and factorization-based arguments [36]. The angu-
lar distributions for the decay �B0 ! D�0! are described by
three helicity amplitudes: the longitudinal H0 amplitude
and the transverse Hþ and H� amplitudes. In the factori-
zation description of B ! VV decays, the longitudinal
component H0 is expected to be dominant, leading to the
fraction of longitudinal polarization, defined as

fL � �L

�
¼ jH0j2

jH0j2 þ jHþj2 þ jH�j2
; (17)

predicted to be close to unity [3,37–39].
Significant transverse polarizations were measured in

B ! 
K� (see the review in [26]) and investigated as
possible signs of New Physics [40], but could also be the
result of nonfactorizable QCD effects [41]. Similar effects
were studied in the context of SCET [22], and are expected
to arise in the �B0 ! D�0! decay, in particular, through
enhanced electromagnetic penguin decays [42], leading to
significative deviation of fL from unity. It has also been
argued in SCET studies that nontrivial long-distance con-
tributions to the �B0 ! D�0! amplitude may allow a sig-
nificant amount of transverse polarization of similar size to
the longitudinal polarization, leading to a value fL � 0:5.
Apart from the motivation of these phenomenological

questions, the uncertainty on the angular polarization of
�B0 ! D�0! affects the kinematic acceptance of this decay
channel and therefore would be the dominant contribution
to the systematic effects for its B measurement. Hence we
measure the fraction of longitudinal polarization for this
decay mode. The analysis is performed with �B0 ! D�0!
candidates selected with the same requirements as for the
B analysis described in the previous sections. We consider
the subdecays D�0 ! D0�0 and D0 ! K��þ, K��þ�0,
K��þ���þ, and K0

S�
þ��.

A. Description of the method

The differential decay rate of �B0 ! D�0! for the sub-
decay D�0 ! D0�0 is [43]

d3�

d cos�D�d cos�!d	
/ 4jH0j2cos2�D�cos2�! þ ½jHþj2 þ jH�j2 þ 2ðReðHþH��Þ cos2	� ImðHþH��Þ

� sin2	Þ
sin2�D�sin2�! þ ðReðHþH�
0 þH�H�

0Þ cos	� ImðHþH�
0 �H�H�

0Þ sin	Þ
� sin2�D� sin2�!; (18)

TABLE IV. Branching fractions of decay channels �B0 !
Dð�Þ0h0, where the branching fraction measured in each D0

modes are combined. For the modes with h0 ¼ �, �0, we give
the combination (comb.) of the branching fraction computed
with each submodes of �ð0Þ. The first uncertainty is statistical and
the second is systematics. The quality of the combination is
given through the value of 	2=ndof, with the corresponding
probability (p-value) given in parenthesis in percents.

�B0 mode Bð�10�4Þ 	2=ndof (p-value %)

D0�0 2:69� 0:09� 0:13 2:81=3 (42.2)

D0�ð��Þ 2:50� 0:11� 0:12 0:45=3 (93.0)

D0�ð���0Þ 2:56� 0:16� 0:13 0:39=3 (94.2)

D0� (comb.) 2:53� 0:09� 0:11 0.95/7 (99.6)

D0! 2:57� 0:11� 0:14 3:19=3 (36.3)

D0�0ð���ð��ÞÞ 1:37� 0:14� 0:07 0:05=3 (99.7)

D0�0ð�0�Þ 1:73� 0:28� 0:08 0:27=3 (96.6)

D0�0 (comb.) 1:48� 0:13� 0:07 1:55=7 (98.1)

D�0�0 3:05� 0:14� 0:28 4:73=7 (69.3)

D�0�ð��Þ 2:77� 0:16� 0:25 4:20=7 (75.6)

D�0�ð���0Þ 2:40� 0:25� 0:21 3:81=6 (70.2)

D�0� (comb.) 2:69� 0:14� 0:23 10:48=14 (72.6)

D�0! 4:55� 0:24� 0:39 4:05=7 (77.4)

D�0�0ð���ð��ÞÞ 1:37� 0:23� 0:13 2:30=4 (68.1)

D�0ðD0�0Þ�0ð�0�Þ 1:81� 0:42� 0:16 0:68=2 (71.2)

D�0�0 (comb.) 1:48� 0:22� 0:13 3:78=7 (80.5)
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FIG. 5 (color online). Bð �B0 ! D0h0Þ (�10�4) for the individual reconstructedD0 and h0 decay channels (blue points) together with
the BLUE combination of this paper measurements (vertical yellow bands and the red points). The previous experimental results from
BABAR [7,14], Belle [11,12], and CLEO [10] are also shown (black points). The horizontal bars represent the statistical contribution
alone and the quadratic sum of the statistical and systematic uncertainty contributions. The width of the vertical yellow band
corresponds to �1� of the combined measurement, where the statistical and systematic uncertainties are summed in quadrature.
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FIG. 6 (color online). Bð �B0 ! D�0h0Þ (�10�4) for the individual reconstructed D0, D�0, and h0 decay channels together with the
BLUE combination of this paper measurements (vertical yellow bands and the red points). The blue squares (triangles) are for
measurements with the subdecay D�0 ! D0�0 (D0�). The previous experimental results from BABAR [7,14], Belle [11,12], and
CLEO [10] are also shown (black points). The horizontal bars represent the statistical contribution alone and the quadratic sum of the
statistical and systematic uncertainty contributions. The width of the vertical yellow band corresponds to �1� of the combined
measurement, where the statistical and systematic uncertainties are summed in quadrature.
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where �D� (�!) is the helicity angle of the D� (!) meson
(see Sec. III C 3 for definitions). The angle 	, called the
azimuthal angle, is the angle between the D�0 and ! decay
planes in the �B0 frame. Since the acceptance is nearly
independent of 	, one can integrate over 	 to obtain a
simplified expression:

d2�

dcos�D�dcos�!
/4jH0j2cos2�D�cos2�!

þðjHþj2þjH�j2Þsin2�D�sin2�!: (19)

This differential decay width is proportional to

4fLcos
2�D�cos2�! þ ð1� fLÞsin2�D�sin2�!; (20)

which is the weighted sum of purely longitudinal (fL ¼ 1)
and purely transverse (fL ¼ 0) contributions.

We employ high statistics MC simulations of exclusive
signal samples of �B0 ! D�0! decays with the two extreme
configurations fL ¼ 0 and 1 to estimate the ratio of signal
acceptance, "0="1, of fL ¼ 0 events to fL ¼ 1 events. The
longitudinal fraction fL, can be expressed in terms of the
fraction of background events (�) and the fraction of fL¼1
events in the observed data sample (�):

fL ¼ �

�þ ð1� �� �Þ 	 "0"1
: (21)

The fraction � is taken from the fit of �E for a signal
region j�Ej< 2:5��E and mES > 5:27 GeV=c2, where
��E is the fitted �E width of the signal distribution,
ranging from 20.8 to 23.3 MeV depending on the mode.
The fraction � is determined from a simultaneous
2-dimensional fit to the distributions of the helicity angles
cos�! and cos�D� , for �B0 ! D�0! candidates selected in
the same signal region. The correlation between cos�! and
cos�D� is found to be negligible.

The signal shapes are described with parabolas (see
Eq. (21)), except for the cos�! distribution of fL ¼ 0
signal events, which is described by a nonparametric
PDF based on the MC simulation. As the signal distribu-
tion of cos�! is distorted around zero because of the
selection cut on pion momentum and on the ! boost (see
Sec. III B 3). The signal PDF parameters are fixed to those
fitted on theD�0! simulations. The shape of the cos�! and
cos�D� background distributions is taken from the
data sideband j�Ej< 280 MeV and 5:235<mES <
5:270 GeV=c2. The consistency of the background shape
was checked and validated for various regions of the side-
bands in data and generic MC simulations. Possible biases
on fL from the fit are investigated with pseudoexperiment
studies for various values of fL from 5 to 95%. No signifi-
cant biases are observed.

An additional study is performed with an embedded
signal MC simulation, i.e. with signal events modeled
from various different fully simulated signal samples and

with a generated value fL ’ 90% (as expected from HQET
[36,44]). A small bias on the fitted value of fL is observed
(�14% of the statistical uncertainty). This bias is due to
the slight difference on the description of the signal shape
for the cos�! distribution and for fL ¼ 0, modeled by a
nonparametric PDF, and that of the actual shape obtained
from the embedded signal MC simulation. This bias is
corrected later on and we assign a systematic uncertainty
on that correction.

B. Statistical and systematic uncertainties

The statistical uncertainty on fL is estimated with a
conservative approach by varying independently the values
of the two fitted parameters � and � by �1� in Eq. (21).
An extended study based on MC pseudoexperiments ac-
counting for the correlations between� and � gave slightly
smaller uncertainty.
The uncertainty due to the signal shape in the simulta-

neous 2-dimensional fit to cos�! and cos�D� is measured
using the control sample B� ! D�0��, withD�0 ! D0�0

andD0 ! K��þ. This modewas chosen for its high purity
and for its longitudinal fraction fL ¼ 1, which enables us to
directly compare its shape to our signal fL ¼ 1. The distri-
bution of the helicity angle of theD�0 is found to bewider in
the data than in theMC, this difference being parameterized
by a parabola. The uncertainty on the signal shape is then
measured by refitting �, with the signal PDF being multi-
plied by the correction parabola. The relative difference is
then taken as the uncertainty.
We assign a systematic effect due to the correction that

we apply for the observed small bias on the value for fL,
when fitting the embedded signal MC simulation (see the
discussion at the end of Sect. VIA).
The uncertainty due to the background shape is mea-

sured by refitting � with the background shape fitted in a
lower data sideband j�Ej< 280 MeV and 5:200<mES <
5:235 GeV=c2. The relative difference is then taken as the
uncertainty.
An uncertainty is assigned to fL due to the assumption

of the acceptance being independent of 	. The acceptance
of the MC simulation signal is measured in bins of 	 and
fitted with a Fourier series to account for any deviation
from flatness. The resulting fitted function is used as a
parametrization of the acceptance dependency to 	 and
multiplied to the decay rate (as written in Eq. (20)). We
then perform in a study based on pseudo-MC simulation
experiments where the events are generated from this new
decay rate. The resulting cos�! � cos�D� distributions are
fitted with the procedure described above. A small bias is
observed and its value is assigned as a systematic effect.
The uncertainty on the efficiency ratio "0="1, from the

limited amount of MC statistics available, is calculated
assuming "0 and "1 to be uncorrelated, while individual
uncertainties on "0 and "1 are calculated assuming a
binomial distribution.
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The various relative uncertainties are displayed in
Table V for the data and are found to be compatible
with those calculated in MC simulations. The dominant
uncertainty is statistical. Among the various systematic

sources, the largest contribution comes from the signal
and background parametrizations, and for some modes
on the assumption of a flat acceptance versus 	.
As a check, the fL measurement is applied in data first

on the high purity and high statistics control sample B� !
D�0��, with D�0 ! D0�0 and D0 ! K��þ. This decay
channel is longitudinally polarized, i.e. fL ¼ 1. The fit of
cos�D� in data yields a value of fL compatible with one, as
expected.

C. Results for the fraction of longitudinal
polarization fL

The fitted data distributions of the cosine of the helicity
angles are given in Fig. 7. The measurements for each D0

decay channel are then combined with the BLUE statistical
method [35] (see Sec. V) with 	2=ndof ¼ 1:01=3 (i.e.: a
probability of 79.9%). The measured values of fL,�, � and
"0="1 are given with the details of the combination in
Table VI and in Fig. 8. The final result is fL ¼ ð66:5�
4:7� 1:5Þ%, where the first uncertainty is statistical and

TABLE V. Total relative uncertainties computed in data on the
measurement of fL in the decay channel �B0 ! D�0!, with
D�0 ! D0�0 and D0 ! K��þ, K��þ�0, K��þ���þ, and
K0

S�
þ��.

Sources �fL=fLð%Þ
K� K3� K��0 K0

S��

Signal PDFs 2.5 2.9 2.4 2.3

Correction of the bias 1.0 1.3 2.0 2.3

Background PDF 0.3 4.2 3.6 4.0

Limited MC statistics 0.1 0.2 0.3 0.3

Flat acceptance vs 	 1.5 1.8 0.5 6.9

Total systematic 3.1 5.6 4.8 8.6

Statistical uncertainty 9.6 16.3 16.3 25.6

Total uncertainty 10.0 17.2 17.0 27.0
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FIG. 7 (color online). Fitted distributions of the helicity cos�D� and cos�! in the decay channel �B0 ! D�0! for the D0 decay modes
K��þ (a) and (b), K��þ�0 (c) and (d), K��þ���þ (e) and (f),and K0

S�
þ�� (g) and (f). The dots with error bars are data, the

curves are the various PDF contributions: the solid blue (blue) is the total PDF, the dash-dot (grey) is the background contribution, the
long dash (blue) is the fL ¼ 1 signal part and the dots (red) is the fL ¼ 0 signal.
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the second systematics. This is the first measurement of the
longitudinal fraction of �B0 ! D�0!, with a relative
precision of 7.4%.

This value differs significantly from the HQET
prediction fL ¼ ð89:5� 1:9Þ% [36,44]. This significant
transverse amplitude in the �B0 ! D�0! decay channel
may arise from the same mechanism as the one that is
responsible for the transverse polarization observed
in B ! 
K�. It however supports the existence of
effects from nontrivial long-distance contributions to the
decay amplitude of �B0 ! D�0! as predicted by SCET
studies [22].

VII. DISCUSSION

A. Isospin analysis

The isospin symmetry relates the amplitudes of the

decays B� ! Dð�Þ0��, �B0 ! Dð�Þþ�� and �B0 !
Dð�Þ0�0, which can be written as linear combinations of
the isospin eigenstates AI;Dð�Þ , I ¼ 1=2, 3=2 [5,45],

AðDð�Þ0��Þ ¼ ffiffiffi
3

p
A3=2;Dð�Þ ;

AðDð�Þþ��Þ ¼ 1=
ffiffiffi
3

p
A3=2;Dð�Þ þ

ffiffiffiffiffiffiffiffi
2=3

p
A1=2;Dð�Þ ;

AðDð�Þ0�0Þ ¼
ffiffiffiffiffiffiffiffi
2=3

p
A3=2;Dð�Þ �

ffiffiffiffiffiffiffiffi
1=3

p
A1=2;Dð�Þ ;

(22)

leading to:

A ðDð�Þ0��Þ ¼ AðDð�Þþ��Þ þ ffiffiffi
2

p
AðDð�Þ0�0Þ: (23)

The relative strong phase between the amplitudes
A1=2;Dð�Þ and A3=2;Dð�Þ is denoted as � for the D� system

and �� for the D�� system. Final state interactions be-

tween the states Dð�Þ0�0 and Dð�Þþ�� may lead to a value

of �ð�Þ different from zero and, through constructive inter-

ference, to a larger value of B for Dð�Þ0�0 than the pre-
diction obtained within the factorization approximation.

One can also define the amplitude ratio Rð�Þ,

Rð�Þ ¼ jA1=2;Dð�Þ jffiffiffi
2

p jA3=2;Dð�Þ j : (24)

In the heavy-quark limit, the factorization model pre-

dicts [46,47] �ð�Þ ¼ Oð�QCD=mbÞ and Rð�Þ ¼ 1þ
Oð�QCD=mbÞ, where mb represents the b quark mass and

where the correction to ‘‘1’’ is also suppressed by a power
of 1=Nc, with Nc the number of colors. SCET [20–22]

predicts that the strong phases �ð�Þ (ratios Rð�Þ) have the
same value in the D� and D�� systems and significantly
differ from 0 (1).

The strong phase �ð�Þ can be computed with an isospin

analysis of the Dð�Þ� system. We use the world average

values provided by the PDG [26] for BðB� ! Dð�Þ0��Þ,
Bð �B0 ! Dð�Þþ��Þ and for the B lifetime ratio


ðBþÞ=
ðB0Þ. The values of Bð �B0 ! Dð�Þ0�0Þ are taken

TABLE VI. Values of � fitted in data, of the background fraction � and of the acceptance ratio
"0="1, with the corresponding values of the longitudinal fraction fL after the bias correction.
The first quoted uncertainty is statistical and the second systematic.

D0 mode �ð%Þ �ð%Þ "0="1 fLð%Þ
K� 33:4� 2:7 52:0� 1:9 1:093� 0:012 64:8� 6:5� 2:1
K3� 18:8� 2:3 71:2� 2:5 1:068� 0:017 60:8� 10:3� 3:6
K��0 19:6� 2:1 76:0� 2:3 1:109� 0:021 76:9� 13:0� 3:8
K0

S�� 24:9� 4:2 66:0� 4:9 1:092� 0:016 66:7� 18:3� 6:2
Combi. fL ¼ ð66:5� 4:7� 1:5Þ%

ω*0 D→
0

B (%) for Lf

0 10 20 30 40 50 60 70 80 90 100

)+π- K→(0D

)+π-π+π- K→(0D

)0π+π- K→(0D

)+π-πS
0 K→(0D

Combination

FIG. 8 (color online). Measurements of fL with the four
D0 modes in data. The yellow band represents the BLUE
combination.
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from this analysis. We calculate the values of �ð�Þ and Rð�Þ
using a frequentist approach [48]:

� ¼ ð29:0þ2:1
�2:6Þ�; R ¼ ð69:2þ3:8

�3:9Þ%; (25)

for D� final states, and

�� ¼ ð29:5þ3:5
�4:5Þ�; R� ¼ ð67:0þ4:8

�4:7Þ%; (26)

for D�� final states.
In both D� and D�� cases, the amplitude ratio is sig-

nificantly different from the factorization prediction Rð�Þ ¼
1. The strong phases are also significantly different from
zero and are equal in the two systems D� and D�� (0� is
excluded at 99.998% and 99.750% of confidence level,
respectively), which points out that nonfactorizable FSI
are indeed not negligible. Those results confirm the
SCET predictions.

B. Comparison to theoretical predictions for
Bð �B0 ! Dð�Þ0h0Þ

Table VII compares theBð �B0 ! Dð�Þ0h0Þmeasured with
this analysis to the predictions by factorization
[3,16,49,50] and pQCD [18,19]. We confirm the conclu-
sion by the previous BABAR analysis [7]: the values

measured are higher by a factor of about three to five
than the values predicted by factorization. The pQCD
predictions are closer to experimental values but are glob-

ally higher, except for the Dð�Þ0�0 modes.
The ratios of the B are given in Table VIII. It should be

noted that the values of these ratios are not computed
directly from those quoted in Table IV, as we take advan-
tage of the fact that common systematic uncertainties
cancel between D0h0 and D�0h0 modes. Therefore the
ratios of the B are first calculated for each subdecays
of D0 and h0, and then combined with the BLUE method.
The ratios Bð �B0 ! D�0h0Þ=Bð �B0 ! D0h0Þ for h0 ¼ �0,

TABLE VII. Comparison of the measured branching fractions B, with the predictions by
factorization [3,16,49,50] and pQCD [18,19]. The first quoted uncertainty is statistical and the
second is systematic.

Bð �B0 !Þð�10�4Þ This measurement Factorization pQCD

D0�0 2:69� 0:09� 0:13 0.58 [16]; 0.70 [3] 2.3–2.6

D�0�0 3:05� 0:14� 0:28 0.65 [16]; 1.00 [3] 2.7–2.9

D0� 2:53� 0:09� 0:11 0.34 [16]; 0.50 [3] 2.4–3.2

D�0� 2:69� 0:14� 0:23 0.60 [3] 2.8–3.8

D0! 2:57� 0:11� 0:14 0.66 [16]; 0.70 [3] 5.0–5.6

D�0! 4:55� 0:24� 0:39 1.70 [3] 4.9–5.8

D0�0 1:48� 0:13� 0:07 0.30–0.32 [50]; 1.70–3.30 [49] 1.7–2.6

D�0�0 1:48� 0:22� 0:13 0.41–0.47 [49] 2.0–3.2

TABLE VIII. Ratios of branching fractions Bð �B0 ! D�0h0Þ=
Bð �B0 ! D0h0Þ and Bð �B0 ! Dð�Þ0�0Þ=Bð �B0 ! Dð�Þ0�Þ. The
first uncertainty is statistical, the second is systematic.

B ratio This measurement

D�0�0=D0�0 1:14� 0:07� 0:08
D�0�ð��Þ=D0�ð��Þ 1:09� 0:09� 0:08
D�0�ð���0Þ=D0�ð���0Þ 0:87� 0:12� 0:05
D�0�=D0� (Combined) 1:03� 0:07� 0:07
D�0!=D0! 1:80� 0:13� 0:13
D�0�0ð���Þ=D0�0ð���Þ 1:03� 0:22� 0:07
D�0�0ð�0�Þ=D0�0ð�0�Þ 1:06� 0:38� 0:09
D�0�0=D0�0 (Combined) 1:04� 0:19� 0:07
D0�0=D0� 0:54� 0:07� 0:01
D�0�0=D�0� 0:61� 0:14� 0:02
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FIG. 9 (color online). Combined ratios Bð �B0 !
D�0h0Þ=Bð �B0 ! D0h0Þ measured in this paper compared to
theoretical prediction by SCET [22] (vertical solid line). The
vertical band represent the estimated theoretical uncertainty
from SCET (for the case where h0 is the ! meson see text).
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�, and �0 are compatible with 1. All are displayed in Fig. 9
together with the theoretical predictions.

Factorization predicts the ratio Bð �B0!Dð�Þ0�0Þ=
Bð �B0!Dð�Þ0�Þ to have a value between 0.64 and 0.68
[49], related to the �� �0 mixing. Those ratios are also
given in Table VIII and Fig. 10 compares the theoretical
predictions with our experimental measurements. The
measured ratios are smaller than the predictions and are
compatible at the level of less than 2 standard deviations.

The SCET gives also a prediction about the ratio Bð �B0 !
Dð�Þ0�0Þ=Bð �B0 ! Dð�Þ0�Þ ’ 0:67, which is similar to the
prediction by factorization.

SCET [20–22] does not predict the absolute value
of the B but it predicts that the ratios Bð �B0 !
D�0h0Þ=Bð �B0 ! D0h0Þ are about equal to one for h0 ¼
�0, � and �0. For h0 ¼ ! that prediction holds only for
the longitudinal component of �B0 ! D�0!, as nontrivial
long-distanceQCD interactionsmay increase the transverse
amplitude. We measure the fraction of longitudinal polar-
ization to be fL ¼ ð66:5� 4:7ðstat:Þ � 1:5ðsyst:ÞÞ%
in the decay mode �B0 ! D�0!, and find that the ratio

Bð �B0 ! D�0!Þ=Bð �B0 ! D0!Þ is significantly higher
than one, as expected by SCET [22].

VIII. CONCLUSIONS

We measure the branching fractions of the color-

suppressed decays �B0 ! Dð�Þ0h0, where h0 ¼ �0, �, !,
and �0 with 454� 106B �B pairs. The measurements are
mostly in agreement with the previous results [7,10–12,14]

and are the most precise determinations of the Bð �B0 !
Dð�Þ0h0Þ from a single experiment. They represent signifi-
cant improvements with respect to the accuracy of the
existing PDG averages [26].
For the first time we also measure the fraction of longi-

tudinal polarization fL in the decay mode �B0 ! D�0! to
be significantly smaller than 1. This reinforces the conclu-
sion drawn from the B measurements on the validity of
factorisation in color-suppressed decays and supports ex-
pectations from SCET.
We confirm the significant differences from theoretical

predictions by factorization and provide strong constraints
on the models of color-suppressed decays. In particular
our results support most of the predictions of SCET on
�B0 ! Dð�Þ0h0 [20–22].
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