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

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

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

W. Dunwoodie,69 R. C. Field,69 T. Glanzman,69 S. J. Gowdy,69 M. T. Graham,69 V. Halyo,69 C. Hast,69 T. Hryn’ova,69

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

D. B. MacFarlane,69 H. Marsiske,69 R. Messner,69 D. R. Muller,69 C. P. O’Grady,69 V. E. Ozcan,69 A. Perazzo,69 M. Perl,69

T. Pulliam,69 B. N. Ratcliff,69 A. Roodman,69 A. A. Salnikov,69 R. H. Schindler,69 J. Schwiening,69 A. Snyder,69

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

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

C. C. Young,69 P. R. Burchat,70 A. J. Edwards,70 S. A. Majewski,70 B. A. Petersen,70 C. Roat,70 L. Wilden,70 S. Ahmed,71

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

M. Krishnamurthy,72 S. M. Spanier,72 R. Eckmann,73 J. L. Ritchie,73 A. Satpathy,73 C. J. Schilling,73 R. F. Schwitters,73

J. M. Izen,74 X. C. Lou,74 S. Ye,74 F. Bianchi,75 F. Gallo,75 D. Gamba,75 M. Bomben,76 L. Bosisio,76 C. Cartaro,76

F. Cossutti,76 G. Della Ricca,76 S. Dittongo,76 L. Lanceri,76 L. Vitale,76 V. Azzolini,77 F. Martinez-Vidal,77 Sw. Banerjee,78

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

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

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

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

(BABAR Collaboration)

1Laboratoire de Physique des Particules, F-74941 Annecy-le-Vieux, France
2Facultat de Fisica Dept., Universitat de Barcelona, ECM, E-08028 Barcelona, Spain

3Dipartimento di Fisica and INFN, Università di Bari, I-70126 Bari, Italy
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61Dipartimento di Fisica, Scuola Normale Superiore and INFN, Università di Pisa, I-56127 Pisa, Italy
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Using 65� 106 ��4S� ! B �B events collected with the BABAR detector at the PEP-II e�e� storage ring
at the Stanford Linear Accelerator Center, we measure the color-favored branching fractions B� �B0 !
D���� � �2:55� 0:05� 0:16� � 10�3, B� �B0 ! D����� � �2:79� 0:08� 0:17� � 10�3, B�B� !
D0��� � �4:90� 0:07� 0:22� � 10�3 and B�B� ! D�0��� � �5:52� 0:17� 0:42� � 10�3, where
the first error is statistical and the second is systematic. With these results and the current world average
for the branching fraction for the color-suppressed decay �B0 ! D���0�0, the cosines of the strong phase
difference � between the I � 1=2 and I � 3=2 isospin amplitudes are determined to be cos� �
0:872�0:008�0:031

�0:007�0:029 for the �B! D� process and cos� � 0:924�0:019�0:063
�0:017�0:054 for the �B! D�� process.

Under the isospin symmetry, the results for cos� suggest the presence of final-state interactions in the
D� system.

DOI: 10.1103/PhysRevD.75.031101 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh

The �B! D� and �B! D�� processes provide very
good opportunities to test the theories of hadronic
B-meson decays due to their clean and dominant hadronic
decay channels. With the development of heavy quark
effective theory (HQET) [1,2] and soft collinear effective
theory (SCET) [3,4], the theoretical description for these
hadronic decays has improved considerably, and the facto-
rization hypothesis in heavy quark hadronic decay has been
put on a more solid basis. The three decay amplitudes A
for �B! D� can be expressed in terms of two isospin
amplitudes, A1=2 and A3=2, under the isospin symmetry of
the strong interaction:

 A � �B0 ! D���� �
��������
1=3

p
A3=2 �

��������
2=3

p
A1=2; (1)

 

���
2
p

A� �B0 ! D0�0� �
��������
4=3

p
A3=2 �

��������
2=3

p
A1=2; (2)

 A �B� ! D0��� �
���
3
p
A3=2; (3)

where isospin amplitudes A1=2 and A3=2 correspond to the
transitions into D� final states with pure I � 1=2 and I �
3=2 isospin eigenstates [5,6]. An identical decomposition
holds for �B! D�� decays. The isospin amplitudes are not
necessarily the same in the �B! D� and �B! D�� sys-
tems. In the context of QCD factorization [6], A1=2 and
A3=2 for �B! D� (similarly for �B! D��) are related by

 

A1=2���
2
p
A3=2

� 1�O��QCD=mb�; (4)

where mb is the b-quark mass and �QCD is the QCD scale.
The deviation of the ratio A1=2=�

���
2
p
A3=2� from unity is a

measure of the departure from the heavy-quark limit. The
QCD factorization implies that the relative phase � of A1=2

and A3=2 is O��QCD=mb�. Final-state interactions (FSI) in
the I � 3=2 and I � 1=2 channels can lead to a nonzero �.
A large value of � will substantially suppress the destruc-
tive interference for the color-suppressed decay �B0 !

D���0�0, thereby increasing the associated branching
fraction.

Recent experimental results on the color-suppressed
decay �B0 ! D���0�0 [7–9] provide evidence for a sizable
relative strong interaction phase between color-favored
and color-suppressed �B0 ! D���� decay amplitudes. It
has been suggested [5] that improved measurements of
the color-favored hadronic two-body decay of the Bmeson
will lead to a better understanding of these QCD effects.
Further experimental results on the color-favored decay
�B! D� suggest the presence of final-state interactions in
the �B! D� process [10]. This paper presents new mea-
surements of the branching fractions of B� ! D���0�� and
�B0 ! D������ (charge conjugation is implied throughout
this paper) and of the relative phase �.

This analysis uses �65:2� 0:7� � 106 B �B pairs collected
at the ��4S� resonance with the BABAR detector [11] at the
PEP-II asymmetric-energy storage ring during the 2001–
2002 data taking period. Charged tracks are detected by a
5-layer silicon vertex tracker and a 40-layer drift chamber.
Hadrons are identified by measuring the ionization energy
loss dE=dx in the tracking system and the opening angle of
the Cherenkov radiation in a ring-imaging detector.
Photons are identified by an electromagnetic calorimeter.
These systems are mounted inside a 1.5-T solenoidal
superconducting magnet.

Kaon and pion candidates are selected from charged-
particle tracks using dE=dx and the Cherenkov light sig-
nature. Each charged track, except the track used as the soft
pion to reconstruct D�� ! D0��, is required to have at
least 12 hits in the drift chamber and a transverse momen-
tum greater than 100 MeV=c. D0 and D� candidates are
reconstructed in the K��� and K����� channels, re-
spectively. In each case, D meson candidates are required
to have a mass within 3� of the mean reconstructed mass
value, where the mass resolution � is approximately
7 MeV=c2 for D0 and 6 MeV=c2 for D�. A vertex fit is
performed on D0 (D�) candidates with the mass con-
strained to the nominal value [12]. A D0 candidate is
combined with a low momentum �� or �0 to form a
D�� or D�0 candidate, where the �0 candidate is formed
from two photon candidates and must have an invariant
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mass between 120 and 145 MeV=c2. Combinations with
an invariant mass difference �M � mD0� �mD0 between
143 and 148 MeV=c2 for D�� and between 138 and
146 MeV=c2 for D�0, corresponding to �3� about the
�m peak, are retained. Each B meson candidate is recon-
structed using the selected D or D� candidate and an
additional charged track that is not consistent with the
kaon hypothesis.

To reject jetlike continuum background events, the nor-
malized second Fox-Wolfram moment R2 [13], computed
with charged tracks and neutral clusters, is required to be
less than 0.5. We also require j cos�T j to be less than 0.85,
where �T is the angle between the thrust axis of the B
candidate and the thrust axis of the rest of the event in the
e�e� center-of-mass (CM) frame.
B candidates are identified using the beam-energy-

substituted mass mES �
������������������������������
�
���
s
p
=2�2 � p�2

q
and energy dif-

ference �E � E� �
���
s
p
=2, where E� and p� are the energy

and momentum of the reconstructed B candidate and
���
s
p

is
the total energy in the e�e� CM frame. B signal candidates
have mES 	mB, the B meson mass, and �E ’ 0, within
their respective resolutions. The resolution in �E, ��E, for
various Bmodes ranges from 15.7 to 18.1 MeV. We require
that j�E� h�Eij< 3��E. For events with more than one
B candidate, a �2 is defined with the D mass mD, �m and
their resolutions as

 �2 �

�
mD � hmDi

�mD

�
2
�

�
�m� h�mi

��m

�
2

(5)

and the candidate with the smallest �2 is chosen.
The event yield n for each mode of �B! D����� is

extracted by fitting the mES distribution of the selected B
candidates with an unbinned extended maximum likeli-
hood fit. The mES distribution is fit to the sum of a signal
component, modeled as a Gaussian, and a background
shape. The background shape is parameterized as the
sum of a Gaussian, representing the peaking background
events that peak in mES, and a phase space parameteriza-
tion function [14] representing nonpeaking combinatorial
background and continuum events. The parameters de-
scribing the background shape, including the relative nor-
malization of the peaking component, are determined by
fitting Monte Carlo (MC) simulated samples, with the
signal events removed. The total signal and background
event yields, as well as the shape parameters describing
signal events, are free parameters in the fit. The fitted mES

distributions for each of the B meson decay modes are
presented in Fig. 1. The peaking background yield npb is
about (2–4)% of the observed B signal yield, as shown in
Table I.

For each studied B decay mode of �B! D����, the
branching fraction is calculated as

 B � �B! D����� �
n

2fNB �B"B�D
����

: (6)

Here NB �B is the total number of B �B pairs; " is the effi-
ciency determined from signal Monte Carlo events; f
represents f�� or f00, the charged or neutral B meson
production ratios at the ��4S�, which we assume to be
f�� � f00 � 0:5; and B�D���� is the branching fraction of
D or D� decaying to its reconstructed final state [12]. The
branching fractions we obtain are reported in Table I.

The final states D���� selected by this analysis are, in
general, accompanied by some small amount of final-state
radiation (FSR). We model final-state radiation in our
experiment with PHOTOS [15], which predicts that 6%–
7% of our selected events, varying slightly with decay
mode, are accompanied by an average FSR energy of about
17 MeV. Approximately two-thirds of this energy is pro-
duced in the initial B decay, while the remainder is gen-
erated in the D��� decay.

We summarize systematic uncertainties on the measure-
ments from various sources in Table II. �NB �B is the
uncertainty on the total number of B �B pairs in data. The
error on the efficiency, �", is due to signal Monte Carlo
sample statistics. The uncertainty from combinatoric back-
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FIG. 1 (color online). Fit of mES distributions for the B!
D���� candidates in data: (a) �B0 ! D���, (b) �B0 ! D����,
(c) B� ! D0��, (d) B� ! D�0��. The fit is shown as a solid
line and is described in the text. The background component
(including peaking background) is shown as a dashed line.

TABLE I. Yield of signal (n) and peaking background (npb),
efficiency ("), and branching fraction (B) for each �B! D����
decay mode.

Mode n npb " (%) B (� 10�3)

�B0 ! D��� 3593� 63 114� 14 22:8� 0:2 2:55� 0:05� 0:16
�B0 ! D���� 1411� 39 28� 6 30:2� 0:2 2:79� 0:08� 0:17
B� ! D0�� 4606� 70 89� 14 37:9� 0:2 4:90� 0:07� 0:22
B� ! D�0�� 1297� 39 51� 8 15:5� 0:1 5:52� 0:17� 0:42
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ground is estimated as the difference in the B yields
obtained when fixing and floating the nonpeaking back-
ground parameters in the mES fit. The uncertainty from
peaking background is estimated as the B yield change by
varying the peaking background parameters and the ratio
of peaking background to nonpeaking background within
their errors in the mES fit. The uncertainties due to the
differences in D��� masses and �E between data and
Monte Carlo samples are estimated by comparing the
efficiencies using their resolutions and means from data
and Monte Carlo samples in the event selection. The
uncertainty due to D vertexing is estimated by comparing
vertexing performance in data and Monte Carlo samples.
The uncertainties in tracking, particle identification, and
�0 reconstruction efficiencies are due to potential residual
inaccuracies in the Monte Carlo simulation, after correct-
ing for known differences. The dominant uncertainty is
from the D��� branching fractions B�D���� and the tracking
efficiency.

With the branching fractions of the four color-favored
decay modes �B0 ! D������ and B� ! D���0��, as well
as the two color-suppressed modes �B0 ! D���0�0, one can
calculate cos�. Following Ref. [16] (equations have been
modified to use the notation from Ref. [5]), cos� for �B!
D� (similarly for �B! D��) can be expressed as

 cos� �
3��D���� � ��D0��� � 6��D0�0�

6
���
2
p
jA1=2A3=2j

; (7)

 jA3=2j
2 � 1

3��D
0���; (8)

 jA1=2j
2 � ��D���� � ��D0�0� � 1

3��D
0���: (9)

Using the measured branching fractions in this analysis,
the ratio of the B lifetimes ��B��=�� �B0� � 1:071� 0:009
[12], and the branching fractions B� �B0 ! D0�0� �
�0:291� 0:028� � 10�4 and B� �B0 ! D�0�0� �
�0:27� 0:05� � 10�4 [12], we calculate cos� and
jA1=2=�

���
2
p
A3=2�j for �B! D� and �B! D�� decays.

To estimate the systematic error on cos� for �B! D�
(and, similarly, �B! D��), we use a Monte Carlo tech-
nique [10]. We simulate 106 experiments, varying the
measured branching fractions, the used color-suppressed
decay branching fraction, and ��B��=�� �B0� about their
central values according to Gaussian distributions where
their errors are taken as the sigmas of the Gaussian dis-
tributions, to calculate the cos�. The correlation of the
systematic errors between the two color-favored decay
modes in the cos� calculation is taken into account. We
assume the errors are uncorrelated between the color-
favored and color-suppressed modes. The statistical error
on cos� is estimated in a similar fashion, with only the
statistical errors on the branching fractions of color-
favored modes are used in the procedure. The resulting
normalized distribution of cos�, i.e., the estimated like-
lihood function of cos�, is obtained. Figure 2 shows the
likelihood function of cos� from the described experiments
in which both the statistical and systematic errors are taken
into account.

We define �1� confidence interval of cos� as the
integral of its likelihood function over the region around
the nominal value of cos�, which is calculated from the
central values of the branching fractions, to 68.27% (half
below and half above the nominal value) of the total area.

 

  δcos
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Li
ke

lih
oo

d 
   

0

(a)

   δcos
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Li
ke

lih
oo

d 
   

0

(b)

FIG. 2 (color online). Likelihood function (arbitrary unit in
vertical axis) of cos� obtained from the ensemble of 106

Monte Carlo experiments described in the text for process
(a) �B! D� and (b) �B! D��. The shaded area in the plots is
68.27% of the total area.

TABLE II. Relative systematic errors in the branching fractions of �B! D���� decays from different sources.

Systematic error �B0 ! D��� �B0 ! D���� B� ! D0�� B� ! D�0��

�NB �B 1.1% 1.1% 1.1% 1.1%
B�D���� 3.6% 2.0% 1.8% 5.0%
�f 1.6% 1.6% 1.6% 1.6%
�" 1.0% 0.5% 0.5% 0.7%
Nonpeaking background shape 2.8% 0.5% 1.9% 1.3%
Peaking background shape 0.4% 0.4% 0.3% 0.6%
Data/MC difference of mD, �m 0.2% 1.3% 0.4% 2.9%
Data/MC difference of �E 0.5% 0.2% 0.6% 0.7%
D� and D0 vertexing 0.2% 0.1% 0.1% 0.1%
Particle identification efficiency 2.0% 2.0% 1.5% 1.5%
Tracking efficiency 3.2% 4.9% 2.4% 2.4%
�0 reconstruction efficiency — — — 3.0%
Total 6.3% 6.2% 4.4% 7.6%
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The results are
 cos� � 0:872�0:008�0:031

�0:007�0:029 (10)

for the �B! D� system and
 cos� � 0:924�0:019�0:063

�0:017�0:054 (11)

for the �B! D�� system, where the first error is statistical
and the second is systematic. These results correspond to
j�j � 29:2


�0:8
�3:3

�0:9
�3:8
 and j�j � 22:5


�2:4
�6:1

�3:1
�9:9
 , for the

�B! D� system and the �B! D�� system, respectively.
By comparing the likelihood function integral of cos� in
region [0,1] with the full range integral, we exclude
cos� � 1 at a probability of 99.9% for the �B! D� system
and 85.7% for the �B! D�� system.

Similarly, we obtain

 

��������
A1=2���
2
p
A3=2

��������� 0:655�0:015�0:042
�0:014�0:042 (12)

and

 

��������
A1=2���
2
p
A3=2

��������� 0:624�0:027�0:065
�0:026�0:063 (13)

for the �B! D� and �B! D�� system, respectively, where
the first error is statistical and the second is systematic. The
likelihood function from the simulated experiments, with
both statistical and systematic errors are taken into ac-
count, is shown in Fig. 3.

In summary, we have measured the branching fractions
for the color-favored �B0 ! D������ and B� ! D���0��

decays. Using these measurements together with the cur-
rent world averages for B� �B0 ! D0�0� and B� �B0 !
D�0�0�, we extract the cosines of the relative strong phase
� in the D� and D�� systems, and the ratios of the I �
3=2 and I � 1=2 isospin amplitudes. Our results for the
�B! D���� branching fractions, except for B� ! D�0��,

are consistent with the current world average values [12]

but have a better precision. The branching fraction of
B� ! D�0�� from this measurement is greater than the
world average by about 2�. Our results for cos� differ
from unity by about 4:3� for �B! D� decays and 1:1� for
�B! D�� decays. The result of cos� for �B! D� decays
is consistent with the result in Refs. [9,10], and under the
isospin symmetry it suggests the presence of final-state
interactions in �B! D� decays.
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FIG. 3 (color online). Likelihood function (arbitrary unit in
vertical axis) of AR � jA1=2=

���
2
p
A3=2j obtained from the en-

semble of 106 Monte Carlo experiments described in the text
for processes (a) �B! D� and (b) �B! D��. The shaded area in
the plots is 68.27% of the total area.
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