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*On leave f
We report the first observation of a number of decay modes of the B meson, namely B0 ! D���5���,
B� ! D���4����, and B� ! D�0�5���, where �n�� implies the combination of n charged pions. The
analysis is based on a 140 fb�1 data sample collected at the ��4S� resonance with the Belle detector at
KEKB. We measure B�B0 ! D���5���� 	 �4:72
 0:59
 0:71� � 10�3, B�B� ! D���4����� 	
�2:56
 0:26
 0:33� � 10�3, and B�B� ! D�0�5���� 	 �5:67
 0:91
 0:85� � 10�3. We also provide
improved measurements of the branching fractions for the decay modes B0 ! D���3���, B� !
D�0�3���, and B0 ! D�0�4��0.

DOI: 10.1103/PhysRevD.70.111103 PACS numbers: 13.25.Hw
A large fraction ( � 35%) of B meson decays is due to
decay modes which are still unknown. While a sizable
fraction of B’s decay into semileptonic final states ( �
24%) [1], decays into hadronic final states are dominant.
At present, however, only half of these final states corre-
spond to measured exclusive hadronic decays.

On average, B mesons decay into a large number of
particles: the mean charged particle multiplicity in had-
ronic B decay is measured to be 5:8
 0:1 [2]. Decay
products of D mesons make a significant contribution,
but B decays to charmed states with a large number of
accompanying pions, B! D����n��, where the � are
charged pions and n 	 3; 4, have already been observed
[3]. The invariant mass distribution of the multipion sys-
tem, and the resonant decomposition for such decays, are
important for the study of factorization [4].

In this paper, we present a study of inclusive B!

D�0����n�� final states, where n 	 3; 4, and 5, and measure
branching fractions for six decay modes. Inclusion of
charge conjugate modes is implied throughout this paper.

The analysis is based on a 140 fb�1 data sample at the
��4S� resonance (10.58 GeV) and a 16 fb�1 data sample
60 MeV below the ��4S� peak (referred to as off-resonance
data), collected by the Belle detector [5] at the asymmetric
e�e� collider KEKB [6]. The data sample contains 152�
106BB events.

The Belle detector is a general purpose magnetic spec-
trometer with a 1.5 Tesla magnetic field provided by a
superconducting solenoid. Charged particles are measured
using a 50 layer Central drift chamber (CDC) and a three
layer double sided silicon vertex detector (SVD). Photons
are detected in an electromagnetic calorimeter (ECL) con-
sisting of 8736 CsI(Tl) crystals. Exploiting the information
acquired from an array of 128 time-of-flight counters
(TOF), an array of 1188 silica aerogel Čerenkov threshold
rom Nova Gorica Polytechnic, Nova Gorica.
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counters (ACC) and dE=dx-measurements in the CDC we
derive particle identification likelihoods L�=K. A kaon
candidate is identified by a requirement on the likelihood
ratio LK=�LK �L�� such that the average kaon identifi-
cation efficiency is �90% and the pion fake rate is �9%.
Similarly charged pions are selected with an efficiency of
�91% and the kaon fake rate is �10%. We select charged
pions and kaons that originate from the region j�rj<
0:2 cm and j�zj< 4cm with respect to the run dependent
interaction point, where �r, �z are the distances of closest
approach of �=K tracks to the interaction vertex in the
plane perpendicular to the beam axis and along the beam
axis, respectively. All tracks compatible with the electron
hypothesis ( � 0:2% fake rates from pion/kaon) are elim-
inated. No attempt is made to identify muons, which
represent a background of about 2.7% to the pion tracks.
Candidate �0 mesons are identified as a pair of isolated
ECL clusters with invariant mass in the window
118 MeV=c2 <M�� < 150 MeV=c2. The energy of each
photon is required to be greater than 30 MeV in the barrel
region, defined as 32� < �� < 128�, and greater than
50 MeV in the endcap regions, defined as 17� < �� �

32� or 128� < �� � 150�, where �� denotes the polar
angle of the photon with respect to the direction opposite
to the e� beam. A mass constrained fit is applied to obtain
the 4-momenta of �0’s.

Beam gas events are rejected using the requirements
jPzj< 2 GeV=c and 0:5<Evis=

���
s

p
< 1:25, in the ��4S�

rest frame, where Pz and Evis are the sum of the longitu-
dinal momentum and the energy of all reconstructed par-
ticles, respectively, and

���
s

p
is the sum of the beam energies

in the ��4S� rest frame.
The D0 meson is reconstructed through its decay to

K���. A vertex constrained fit is performed and the
invariant mass is required to be within 17 MeV=c2 ( �
3:5�) of the nominal D mass. D��’s are then reconstructed
by combining theD0 with a slow charged pion with j�rj<
2:0 cm and j�zj< 10:0 cm with respect to theD vertex (D
-2
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FIG. 1. �E distributions for six D��n�� combinations:
(a) B0 ! D���3���, (b) B� ! D���4����,
(c) B0 ! D���5���, (d) B� ! D�0�3���, (e) B0 ! D�0�4��0,
and (f) B� ! D�0�5���. Points with error bars are the observed
events in data, solid lines are the results from the fit and dashed
lines represent the background components.
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vertex resolutions are�r � 0:026 cm and�z � 0:016 cm).
The signals of B! D�0�n�� are reconstructed through the
decay chain D�0 ! D0�0. Candidate D�� (D�0) are se-
lected when the reconstructed mass difference between D�

and D0 is within 2:0 �2:4� MeV=c2 of the nominal mass
difference �M, which corresponds to �3:5�3:0�� resolu-
tion on �M. A kinematic fit with the nominal D� mass is
applied to obtain the 4-momenta of the D� candidate.

The D� candidate is then combined with n pions to
reconstruct the B meson. All n pions in this combination
are required to satisfy j�rj< 0:2 cm and j�zj< 0:8 cm
with respect to the D vertex. Continuum (e�e� ! qq,
where q 	 u; d; s; c) events are suppressed with the crite-
rion j cos�thrustj< 0:8, where �thrust is the angle between
the thrust axis of the B candidate daughters and the thrust
axis of the remaining tracks and isolated ECL clusters.

The signal can then be identified by two kinematic
variables calculated in the ��4S� rest frame. The first is
the energy difference, �E 	 ED� �

Pn
i	1 E�i � Ebeam,

where ED� is the energy of the D� candidate, E�i is the
energy of the ith pion in the n� system and Ebeam 	

���
s

p
=2

(Fig. 1). The second variable is the beam-energy con-

strained mass, Mbc 	
��������������������������������������������������������
E2
beam � j ~PD� �

Pn
i	1

~P�i j
2

q
, where

~PD� and ~P�i are momentum vectors of the D� candidate,
and the ith pion in the n� system. Typical resolutions for
these variables are 8.5 MeV and 2:7 MeV=c2, respectively.
In the extraction of the signal yield, we require
5:273 GeV=c2 <Mbc < 5:288 GeV=c2 and Mbc >
5:27 GeV=c2 for D���n�� and D�0�n��, respectively,
and we fit the �E distribution from �150 MeV to
150 MeV. In many B decay analyses, the �E distribution
includes peaks or other structures due to related B decays
with an additional particle, one particle less than in the
mode under study or misidentification of a particle from a
topologically similar decay mode. In this case, we do not
observe such structures within our fitting range. We do not
use the Mbc distribution to obtain signal yields, because
peaking backgrounds in that distribution cannot be distin-
guished from signal. Selected events contain multiple B
candidates with a multiplicity depending on the signal
channels, which varies from 1.2 to 1.8. For each event we
choose a unique B candidate, taking the combination re-
sulting in the minimum value of ��Mbc �MB�=�Mbc

�2 �

��MD=�MD
�2 � ��MD�=�MD�

�2, where �MD��MD� � is
the difference of the reconstructed and nominal mass of
D�D��, and �Mbc

; �MD
, and �MD�

are resolutions in
Mbc;MD and MD� , respectively.

We have studied continuum events and other B decays as
possible sources of background. Background due to con-
tinuum events is studied by analysing the 16 fb�1 off-
resonance data and there we do not find any peak near
�E 	 0.
B decays (both signal and background due to other

decay modes) are studied with Monte Carlo (MC) event
111103
samples. MC events are generated using the QQ event
generator [7] with a phase space distribution for the n�
system, and the response of the Belle detector is simulated
by a GEANT3-based program [8]. The simulated events
are then reconstructed and analysed with the same proce-
dure as is used for the real data.

We have investigated the possibility of reconstructing
B! D���0��n0���m�0� channels as D���0��n�� due to the
loss and/or addition of pions, where n 	 3; 4 or 5, n0 	 n,
n
 1, and m 	 0 or 1 and here we observe a linear
background without any structure around �E 	 0. We
have also studied B! D�0 ( ! D0�)�n�� MC events
reconstructed as B! D�0 ( ! D0�0) �n�� and
D���0��n�� events reconstructed as D�0����n��. In each
case, we find a �E distribution peaked at zero, but with a
larger width than the corresponding signal distribution. We
also consider backgrounds due to B! D0�n�� and B!
D0�n���0 with n � 4. Such decays are not yet observed.
-3
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Assuming branching fractions equal to those of the corre-
sponding B! D�0�n�� and B! D�0��n� 1��� modes,
respectively, we find a small background to D���n�� for
n 	 3; 4, and a negligible contribution to the other final
states. Finally, we fit MC signal distributions without and
with contributions from the various feed-across back-
grounds. The ratio of those two signal yields (Fr) depends
on the signal channels and varies from 0.99 to 0.87.
Observed signal yields are corrected with the correspond-
ing Fr when extracting branching fractions.

The following six B decay modes are studied: B0 !
D���3���, B� ! D�0�3���, B� ! D���4����, B0 !
D�0�4��0, B0 ! D���5���, and B� ! D�0�5���.
Figure 1 shows the �E distributions for these decay modes.
Statistically significant structures near �E 	 0 are ob-
served. We have also checked the corresponding �E dis-
tributions for events in the Mbc sideband region
(5:23 GeV=c2 <Mbc < 5:26 GeV=c2): no structure is ob-
served. For all the decay modes under study, backgrounds
are fitted with a linear function. The signal shape is mod-
eled with a sum of two Gaussian distributions for B!
D���n��. The D�0�n�� signal is parametrized as a sum of
the crystal ball lineshape (CB) [9],

F��E� 	 A � exp
�
�0:5 �

�
�E
��E

�
2
�

for �E � �!��E

	 A � exp��0:5 � !2� �

�
1�

!
n
�
�E
��E

�
!2

n

�
�n

for �E<�!��E;

and a Gaussian. The n and ! parameters of the CB and the
fractional area of the second Gaussian are fixed from fits to
the MC sample. Signal yields obtained from the fit are
summarized in Table I.

The signal efficiency depends on the invariant mass
(Mn�) of the n� system. Signal efficiencies are calculated
from MC event samples in 100 MeV=c2 bins of Mn�.

In order to obtain the signal yield in each Mn� bin, we
perform a fit to �E distributions in each bin to avoid the
possible uncertainty due to different background shapes in
signal and sideband regions of Mbc. Efficiency corrected
Mn� spectra are shown in Fig. 2. Invariant mass distribu-
tions of the 3� system (M�3��) in B! D��3�� decays
TABLE I. Measured signal yields and branching fractions.

Channel Signal yield B� 103

B0 ! D���3��� 2554.9 
 58.4 6.81 
 0.23 
 0.72
B� ! D���4���� 445.9 
 31.7 2.56 
 0.26 
 0.33
B0 ! D���5��� 449.6 
 32.0 4.72 
 0.59 
 0.71
B� ! D�0�3��� 1728.4 
 52.9 10.55 
 0.47 
 1.29
B0 ! D�0�4��0 280.6 
 36.5 2.60 
 0.47 
 0.37
B� ! D�0�5��� 341.2 
 40.6 5.67 
 0.91 
 0.85
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show clear evidence for the presence of a1 [Fig. 2(a) and
2(d). The M4� distributions in Fig. 2(b) and 2(e) do not
show any resonant structure. M5� distributions in Fig. 2(c)
and 2(f)show a peak around 2 GeV=c2 which, however,
does not correspond to any known resonance. We also
search for narrow resonances in theM5� distributions, after
the subtraction of �E sidebands. Apart from a peak due to
the D�

s , no narrow structure is observed.
Inclusive branching fractions obtained for the six modes

are listed in Table I, where the first error is statistical and
the second error is systematic. This is the first measure-
ment of the branching fractions of B� ! D���4����,
B0 ! D���5���, and B� ! D�0�5���. The branching
fractions for the decay modes B0 ! D���3���, B� !
D�0�3���, and B0 ! D�0�4��0 are measured with better
precision than in previous studies [1]. We do not exclude
contributions from exclusive channels B! D�D�

s , B!
D�D��, B! D�D�, B! D�D��KS etc. The largest con-
tributions of this type to inclusive D��3�� and D��5�� are
expected to come from D�D�

s , with D�
s ! �3��� (B 	

1:01
 0:28% [1]) and D�
s ! �5��� (B 	 0:65
 0:18%

[1]), respectively. We conduct a search for these modes by
fitting invariant mass distributions of n�, Mn�, for signal
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FIG. 2. Efficiency corrected n� invariant mass spectra for
(a) B0 ! D���3���, (b) B� ! D���4����,
(c) B0 ! D���5���, (d) B� ! D�0�3���, (e) B0 ! D�0�4��0,
and (f) B� ! D�0�5���.
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TABLE II. Contributions of systematic uncertainties (in %).

D�� D�0

2–7 3� 4� 5� 3� 4� 5�

Track finding 8.7 11.0 12.7 5.4 6.6 7.9
Slow �0 – – – 7.0 7.0 7.0
K/pi selection 4.9 5.0 4.8 5.0 5.2 5.3
Branchings 2.5 2.5 2.5 5.3 5.3 5.3
Feed-across 0.8 1.0 2.0 0.9 1.4 2.2
Fitting 0.5 1.2 1.4 2.4 4.0 5.5
Selection 2.5 3.7 4.9 3.3 5.7 4.7
MC 0.8 0.8 2.2 1.2 1.1 1.7
NBB 0.5 0.5 0.5 0.5 0.5 0.5

Total 10.6 13.0 15.0 12.3 14.1 15.0
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events (j�Ej< 30 MeV) and find yields of 27:8
 7:7,
15:6
 5:4, 8:4
 3:9, and 11:3
 5:4 in B0 !
D���3���, B� ! D�0�3���, B0 ! D���5���, and B� !
D�0�5��� channels, respectively. Within the statistical
errors, these results are consistent with PDG expectations.
The expected contribution from other modes are smaller
than B! D�D�

s by a factor �4.
The systematic uncertainty is obtained from a quadratic

sum of nine terms, which are shown in Table II. The
uncertainty in track finding efficiency ranges from 1%
per track for high momentum tracks to 8% per track for
80 MeV/c pions, calculated from partially reconstructed
D�� ! D0�! KS�! ������������ events and a track
embedding study; the uncertainty in the �0 finding effi-
ciency is 7%. Kaon and pion selection efficiencies are
determined using D�� ! D0�! K������ events. The
uncertainties in the branching fractions of D�� ! D0��,
D�0 ! D0�0, and D0 ! K��� are also taken into ac-
count. Uncertainty in the feed-across from other decay
modes is determined by changing the relative branching
fractions of backgrounds and signal by 1 standard devia-
tion in their errors, and repeating the fits to extract signal
yields.

Uncertainty due to the fitting procedure is determined by
fitting Delta E distributions with a single Gaussian (CB),
modified Gaussian (CB) with the exponent changed from
two to 1.4, asymmetric Gaussian, modified Gaussian (CB)
plus an extra Gaussian term, and asymmetric Gaussian
with an extra Gaussian term, and comparing the yields in
each fit. (In each case, the term in parentheses applies for
D�0�n��.) The remaining three uncertainties are due to the
selection criteria, calculated by varying those criteria by 1
standard deviation in their errors; limited MC statistics;
and estimation of the total number of BB events, (NBB).
111103
In summary, we observe for the first time the decay
channels B0 ! D���5���, B� ! D���4����, and B� !
D�0�5��� using 152� 106 BB events. We measure inclu-
sive branching fractions for these three decay modes. The
branching fractions for the decay channels B0 !
D���3���, B� ! D�0�3���, and B0 ! D�0�4��0 are
measured with better precision.
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