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M. Bischofberger,28 A. Bondar,1,35 A. Bozek,32 M. Bračko,24,16 T. E. Browder,8 Y. Chao,31 A. Chen,29 K.-F. Chen,31

P. Chen,31 B.G. Cheon,7 C.-C. Chiang,31 I.-S. Cho,52 Y. Choi,41 J. Dalseno,25,44 M. Danilov,15 Z. Doležal,2 Z. Drásal,2
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We present improved measurements of the branching fractions for the decays B0 ! Dþ
s �

� and �B0 !
Dþ

s K
� using a data sample of 657� 106 B �B events collected at the �ð4SÞ resonance with the Belle

detector at the KEKB asymmetric-energy eþe� collider. The results are BðB0 ! Dþ
s �

�Þ ¼ ð1:99�
0:26� 0:18Þ � 10�5 and Bð �B0 ! Dþ

s K
�Þ ¼ ð1:91� 0:24� 0:17Þ � 10�5, where the uncertainties are

statistical and systematic, respectively. Based on these results, we determine the ratio between amplitudes

of the doubly Cabibbo suppressed decay B0 ! Dþ�� and the Cabibbo favored decay B0 ! D��þ,
RD� ¼ ½1:71� 0:11ðstatÞ � 0:09ðsystÞ � 0:02ðtheoÞ�%, where the last term denotes the theory error.

DOI: 10.1103/PhysRevD.82.051103 PACS numbers: 13.25.Hw, 12.15.Hh, 11.30.Er

In the standard model (SM), CP violation occurs due to
a single irreducible phase appearing in the quark-flavor
mixing matrix, called the Cabibbo-Kobayashi-Maskawa
(CKM) matrix [1], which relates the weak interaction
eigenstates to those of mass. Unitarity of the CKM matrix
yields relationships between its elements that can be de-
picted as triangles in the complex plane [2]. B meson
decays offer a variety of ways to measure the angles and
sides of the unitarity triangle (UT), formed from elements
in the first and third columns of the CKM matrix, and,
hence to verify the CP violation mechanism of the SM.

Of particular interest is the decay B0 ! Dþ
s �

�, which is
dominated by the tree level b ! u transition shown in
Fig. 1(a). Assuming SU(3) flavor symmetry, one can use
this decay channel to determine the ratio between ampli-
tudes of the doubly Cabibbo suppressed decay B0 !
Dþ�� and the Cabibbo favored decay B0 ! D��þ [3]

RD� ¼ tan�C
fD
fDs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðB0 ! Dþ

s �
�Þ

BðB0 ! D��þÞ

s
; (1)

where �C is the Cabibbo angle, fDðfDs
Þ is theDðDsÞmeson

decay constant, andBðB0 ! Dþ
s �

�Þ andBðB0 ! D��þÞ
are the branching fractions of B0 ! Dþ

s �
� and B0 !

D��þ. In Figs. 1(b) and 1(c) we show the dominant
Feynman diagrams for the decays B0 ! D���. The ratio
RD� is an important input for the determination of the UT

angle �3, since the measurement of time-dependent CP
violation in B0 ! D��� [4] determines only the quantity
RD� sinð2�1 þ�3Þ=ð1þ R2

D�Þ, where �1 is the most pre-
cisely measured angle of the UT [5,6]. Furthermore, it has
also been suggested [7] that the CKMmatrix element jVubj
(related to one of the sides of the UT) can be extracted from
the measured branching fraction of B0 ! Dþ

s �
�.

The decay �B0 ! Dþ
s K

� occurs via the internal
W-exchange diagram [see Fig. 1(d)]. Potential contribu-
tions arising from rescattering effects [8] could enhance its
branching fraction. Recent studies [9], however, find the
rescattering contribution to be negligible. Furthermore,
the calculation of RD� in Ref. [3] assumes that the size
of the W-exchange amplitude in B0 ! D��� [Figs. 1(e)
and 1(f)] is small compared to the corresponding tree
amplitude. One can verify this hypothesis with an accurate
measurement of Bð �B0 ! Dþ

s K
�Þ. In the absence of re-

scattering the exchange diagram is the sole contributor to
�B0 ! Dþ

s K
�, and hence it provides a measure of the

W-exchange contribution in B0 ! D���.
The decay channels B0 ! Dþ

s �
� and �B0 ! Dþ

s K
�

have been previously studied by the Belle [10] and
BABAR [11] collaborations. In this paper, we present im-
proved measurements of the branching fractions BðB0 !
Dþ

s �
�Þ and Bð �B0 ! Dþ

s K
�Þ based on a data sample of

657� 106 B �B decays, which is close to 8 times the size of
the one used in our earlier result [10]. The data were
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collected with the Belle detector at the KEKB asymmetric-
energy eþe� collider [12]. A detailed description of the
Belle detector can be found elsewhere [13].

We select B0 ! Dþ
s �

� and �B0 ! Dþ
s K

� decay candi-
dates [14] from events that have four or more charged
tracks. Each track is required to be well measured in a
tracking system that consists of a silicon vertex detector
and a central drift chamber (both operating in a 1.5 T
magnetic field), and to originate from the interaction point
(IP). Track candidates must have a minimum transverse
momentum of 100 MeV=c, and a distance of closest ap-
proach with respect to the IP less than 0.2 cm in the r-�
plane, which is perpendicular to the z axis, and less than
4.0 cm along the z axis, where the z axis is defined by the
direction opposite to the eþ beam. Charged pions and
kaons are identified by combining particle identification
(PID) information obtained with various subdetectors: ion-
ization energy loss from the drift chamber, time-of-flight
information from an array of scintillation counters, and the
number of photoelectrons from an aerogel Cherenkov
counter system. We distinguish kaons from pions using a
likelihood ratio, RK=� ¼ LK=ðLK þL�Þ, where LK

(L�) is the likelihood value for the kaon (pion) hypothesis.
We require RK=� to be greater than 0.6 for kaon candi-

dates, while tracks failing this requirement are classified
as pions. The efficiency for kaon (pion) identification
ranges between 84% to 98% (92% to 94%) depending on
the track momentum with a pion (kaon) fake rate of about
8% (16%).

We reconstructDþ
s mesons in three decay modes:Dþ

s !
��þ, �K�0Kþ, and K0

SK
þ. The � ( �K�0) mesons are formed

from KþK� ðK��þÞ pairs having invariant masses that lie
within 14 MeV=c2 (75 MeV=c2) of the nominal � ( �K�0)
mass [15]. Note that for kaons originating from a � decay
we relax the RK=� requirement to 0.1 due to the small

background contribution. To reduce combinatorial back-
ground, we require j cos�Hj> 0:3 for the Dþ

s ! ��þ
(Dþ

s ! �K�0Kþ) mode, where �H is the angle between
decay products of the � ( �K�0) and the flight direction of
the Dþ

s meson in the rest frame of the � ( �K�0). We recon-
struct K0

S mesons through the channel K0
S ! �þ��, where

we require the invariant mass of two oppositely charged
tracks (with the pion mass hypothesis assumed) to be within
10 MeV=c2 of the nominal K0

S mass [15]. The K0
S candi-

dates must also satisfy momentum-dependent selection cri-
teria based on their vertex topology and flight length in the
r-� plane [16]. We select Dþ

s mesons in a wide mass
window (1:92 GeV=c2 <MDþ

s
< 2:02 GeV=c2), common

to the three decay modes, for further studies. Finally we
combine each Dþ

s candidate with an oppositely charged
pion or kaon to form a neutral B meson.
For the reconstruction of B candidates we utilize two

kinematic variables: the center-of-mass (CM) energy dif-
ference, �E ¼ EB � Ebeam, and the beam-constrained

mass, Mbc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam � ~p2

B

q
, where Ebeam is the beam en-

ergy, EB and ~pB are the energy and momentum of the B
candidate measured in the CM frame, respectively (c ¼ 1
is assumed). The Mbc distribution for signal events peaks
near the B mass, while the �E distribution peaks at zero.
We retain B candidates with 5:27 GeV=c2 <Mbc <
5:30 GeV=c2 and �0:1 GeV<�E< 0:2 GeV. An asym-
metric �E requirement is imposed to suppress background
contributions from B decays, such as B0 ! D�þ

s �� and
�B0 ! D�þ

s K�, at negative �E values.
About 5% of the selected B0 ! Dþ

s �
� and �B0 !

Dþ
s K

� events contain multiple B candidates. In such cases
we choose the one with the Mbc value closest to the
nominal B0 mass [15]. In order to determine the back-
ground reduction criteria (described below), signal and
background yields are estimated in the signal region with
the requirements that j�Ej< 30 MeV and that MDþ

s
be

within 13 MeV=c2, 15 MeV=c2, and 17 MeV=c2 of the
nominal Dþ

s mass for ��þ, �K�0Kþ, and K0
SK

þ, respec-
tively. These requirements roughly correspond to a �3�
window in resolution.
Continuum eþe� ! q �q (q ¼ u, d, s, and c quarks)

events are the dominant background. To discriminate the
jetlike continuum background from signal we use modified
Fox-Wolfram moments [17] that are combined into a
Fisher discriminant. We further combine the Fisher output
with the cosine of the angle between the B flight direction
in the CM frame and the z axis, to form a likelihood
ratio R ¼ Lsig=ðLsig þLq �qÞ. Here, Lsig and Lq �q are the

FIG. 1. Feynman diagrams for (a) B0 ! Dþ
s �

�; (b) the
Cabibbo favored decay B0 ! D��þ; (c) the doubly Cabibbo
suppressed decay B0 ! Dþ��; and the color suppressed
W-exchange contribution to (d) �B0 ! Dþ

s K
�, (e) B0 ! D��þ,

and (f) B0 ! Dþ��.
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likelihood functions for signal and continuum events
obtained with Monte Carlo (MC) simulations [18]. We
impose separate requirements on R for the three decay
modes in both B0 ! Dþ

s �
� and �B0 ! Dþ

s K
�. These re-

quirements are obtained by maximizing a figure of merit,

S=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where S and B are the number of signal and q �q

events expected in the signal region, calculated using MC
simulated events. The requirements on R remove 92%
(78%) of continuum background while retaining 75%
(86%) of signal events for B0 ! Dþ

s �
� ( �B0 ! Dþ

s K
�).

A large MC sample of B �B events is used to determine
possible backgrounds that can contaminate our signal re-
gion. The decay �B0 ! Dþ��, Dþ ! K��þ�þ including
Dþ ! �K�0�þ and K�0

0 ð1430Þ�þ, where a pion is misiden-

tified as a kaon, poses a particular challenge for the B0 !
Dþ

s �
� channel. This decay mode has a large branching

fraction; its reconstructed invariant-mass spectrum peaks
near the Dþ

s peak while its �E distribution is shifted by
about 70 MeV from zero. The �B0 ! Dþ�� background is
more prominent in Dþ

s ! �K�0Kþ compared to Dþ
s !

��þ because of the wider invariant-mass requirement.
To suppress this background, we reject event candidates
that are consistent with the Dþ ! K��þ�þ mass hy-
pothesis within 16 MeV=c2 (�3�) when the two same-
sign particles in theDþ

s candidate are assigned to be pions.
For the Dþ

s ! K0
SK

þ mode there is a similar background

from �B0 ! Dþ��, Dþ ! K0
S�

þ. Here we exclude candi-
dates consistent within 20 MeV=c2 with the Dþ ! K0

S�
þ

mass hypothesis. The channel �B0 ! Dþ
s K

� has a similar
reflection background from �B0 ! DþK�, Dþ !
K��þ�þ. We apply the same rejection criteria, as inB0 !
Dþ

s �
�, to the invariant mass of the K��þ�þ system. Our

invariant-mass veto requirements also reduce a similar
background from �B0 ! D�þ��, D�þ ! Dþ�0.

Another B �B background arises from charmless decays
such as B0 ! K0

SK
��þ, K0

SK
þK�, �K�0KþK�, and

�K��þ. These events peak at �E ¼ 0 as the final state
is the same as signal, but have a broad nonpeaking Dþ

s

mass distribution due to the absence of a Dþ
s in the final

state. Finally, there is a crossfeed contribution from �B0 !
Dþ

s K
� (B0 ! Dþ

s �
�) to B0 ! Dþ

s �
� ( �B0 ! Dþ

s K
�) due

to a kaon (pion) faking a pion (kaon), which also needs to
be considered.

To determine the branching fractions of B0 ! Dþ
s �

�
and �B0 ! Dþ

s K
�, we perform an unbinned extended maxi-

mum likelihood fit to the candidate events found in the
selected regions of Mbc, �E, and MDþ

s
(described above).

The probability density functions (PDFs) are functions of
�E and MDþ

s
. The extended likelihood function is

L ¼ e
�
�P

j;m
Yjm

�

N!

YN
i¼1

�X
j

YjmP jmð ~xiÞ
�
; (2)

where Yjm is the yield of event category j for Dþ
s decay

modem (��þ, �K�0Kþ, orK0
SK

þ),N is the total number of

candidate events in three Dþ
s modes, and P jmð ~xiÞ is the

PDF evaluated for the variables ~x � ð�E;MDþ
s
Þ measured

for event i. To constrain the three Dþ
s modes to have a

common branching fraction, we express the signal (j ¼ 1)
yield as

Y1m ¼ NB �BBBm�m; (3)

where NB �B is the number of B �B events, B is the branching
fraction of B0 ! Dþ

s �
� (or, �B0 ! Dþ

s K
�), Bm is the

branching fraction of the Dþ
s decay mode m [15], and �m

is the detection efficiency of the corresponding decay
mode. Finally to account for crossfeeds between the two
signal channels, they are simultaneously fitted, with the
�B0 ! Dþ

s K
� signal yield in the correctly reconstructed

sample determining the normalization of the crossfeed in
the B0 ! Dþ

s �
� fit region, and vice versa.

There are four PDF components, each denoting an event
category, for the Dþ

s decay modes considered: signal,
crossfeed, combinatorial, and charmless backgrounds.
The signal �E PDF shape is modeled with the sum of
two Gaussian functions with a common ratio of the narrow
component to the total for the three Dþ

s modes. We pa-
rametrize the signalMDþ

s
distribution using the sum of two

Gaussians with a common mean and ratio of areas for all
the Dþ

s modes, and use the same PDF for both the Dþ
s �

�
and Dþ

s K
� channels. We use an asymmetric Gaussian to

model the �E distribution of the Dþ
s �

� (Dþ
s K

�) cross-
feed, that contributes to the �B0 ! Dþ

s K
� (B0 ! Dþ

s �
�)

signal. Combinatorial background arises when a random
track is combined with a correctly reconstructed or mis-
reconstructed Dþ

s candidate. This background is mostly
from generic B �B and continuum q �q processes. To model
misreconstructedDþ

s candidates we use a linear function to
describe the MDþ

s
distribution, while the signal MDþ

s
PDF

shape is used for the combinatorial background that con-
tains correctly reconstructed Dþ

s candidates. The �E dis-
tribution in both cases is parametrized with a linear
function. Charmless background events are characterized
by a linear MDþ

s
distribution and a peaking �E, which is

modeled with the signal PDF shape. For both signal and
background PDF parametrizations, we obtain shape pa-
rameters from the corresponding MC samples.
We calibrate various PDF shape parameters obtained

from MC events using a large-statistics control sample of
�B0 ! Dþ��; Dþ ! ��þ, �K�0Kþ, and K0

SK
þ. The peak

positions and widths are adjusted based on the difference
between data and MC simulations observed in the control
channel. We find the measured branching fraction of the
control sample is in agreement with the current world-
average value. We also cross-check our analysis procedure
by applying it to a data sample enriched with the Cabibbo
suppressed decay �B0 ! DþK�, where the Dþ decays to
��þ, �K�0Kþ, and K0

SK
þ. The measured branching frac-

tion is found to be consistent with the world-average value.
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Our fit in total has 32 free parameters. They are the
branching fractions of both the decay channels (2); the
yields of the charmless background (6), the combinatorial
background with correctly reconstructed Dþ

s candidates
(6), and the pure combinatorial background (6); and the
slopes of the linear functions representing the nonpeaking
�E shape (6), and the nonpeakingMDþ

s
shape (6). Figure 2

shows results of the simultaneous fit for both the signal
channels, projected onto �E and MDþ

s
. For �E (MDþ

s
)

projections we apply the MDþ
s
(�E) signal region require-

ment, as described earlier. In Table I we summarize
the fit results. The signal significance is calculated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�2 lnðL0=LmaxÞ
p

, whereLmax is the maximum likelihood
value for the nominal data fit, and L0 is the corresponding
value with the signal yield fixed to zero. Including system-
atic errors (described below), which impact only the signal
yield, into the statistical likelihood curve, through a
Gaussian convolution, we determine the significance to
be 8.0 and 9.2 standard deviations for B0 ! Dþ

s �
� and

�B0 ! Dþ
s K

�, respectively.
Systematic uncertainties that affect our measurement are

summarized in Table II. The dominant one is the error on
the current world-average values of theDþ

s decay branching
fractions [15]. The remaining sources of systematic error
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FIG. 2 (color online). Projections of the simultaneous fit to (a, c) B0 ! Dþ
s �

� and (b, d) �B0 ! Dþ
s K

�. (a, b) correspond to �E and
(c, d) are the Dþ

s mass distributions. Points with error bars show the data, the blue solid curves are the total fit result, the red solid
curves are the signal component, the magenta filled curves represent the crossfeed contribution, the green dotted curves are the
combinatorial background, and the blue dashed curves correspond to the charmless B background.

TABLE I. Efficiency (�), signal yield (Nsig), charmless background yield (Nchmls), and branching fraction (B) from fits to the data
obtained individually in the threeDþ

s modes as well as from the simultaneous fit. Individual branching fraction results (statistical errors
only) are consistent with each other and with that from the simultaneous fit, where the systematic error and signal significance (S) are
also quoted.

B mode Dþ
s mode � (%) Nsig Nchmls Bð10�5Þ Sð�Þ

�ðKþK�Þ�þ 21.6 64� 10 0� 8 2:08� 0:34
B0 ! Dþ

s �
� �K�0ðK��þÞKþ 11.2 33� 9 �7� 17 1:71� 0:49

K0
SK

þ 15.7 24� 9 �4� 13 2:21� 0:83
Simultaneous fit result 1:99� 0:26� 0:18 8.0

�ðKþK�Þ�þ 22.0 61� 10 14� 10 1:97� 0:31
�B0 ! Dþ

s K
� �K�0ðK��þÞKþ 11.1 39� 9 27� 14 2:04� 0:47

K0
SK

þ 14.9 19� 11 31� 12 1:20� 0:68
Simultaneous fit result 1:91� 0:24� 0:17 9.2
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are the fixed PDF shapes, for which we vary the correction
factors (applied to the peak positions and widths) in accor-
dance with their errors obtained from the control sample
�B0 ! Dþ��; MC statistics; the efficiencies of tracking,
PID, and K0

S reconstruction; the error on NB �B, assuming

equal production of B0 �B0 and BþB� pairs at the �ð4SÞ;
requirements onR, evaluated using the control sample; and
the fit bias. We estimate the systematic error due to fit bias
as a linear sum of the bias itself and the statistical error on it,
using ensembles of simulated experiments.

We obtain the branching fractions BðB0 ! Dþ
s �

�Þ ¼
ð1:99� 0:26� 0:18Þ � 10�5 and Bð �B0 ! Dþ

s K
�Þ ¼

ð1:91� 0:24� 0:17Þ � 10�5, where the uncertainties are
statistical and systematic, respectively. These results are
consistent with, and constitute a significant improvement
over, our previous results [10]. Using our measurement of
B0 ! Dþ

s �
� in conjunction with the value of Cabibbo

angle [15], tan�C ¼ 0:2314� 0:0021, the lattice QCD
calculation of fDs

=fD ¼ 1:164� 0:011 [19], and the

branching fraction BðB0 ! D��þÞ ¼ ð2:68� 0:13Þ �
10�3 [15], we obtain RD� ¼ ½1:71� 0:11ðstatÞ �
0:09ðsystÞ � 0:02ðtheoÞ�%, where the last term accounts
for the theory uncertainty in the fD=fDs

estimation.

Uncertainties due to other possible SU(3) breaking effects
[20], which are of order (10–15)%, are not included in the
quoted theory error. This constitutes the most precise
measurement of RD� to date. The measured value of
Bð �B0 ! Dþ

s K
�Þ can be understood in terms of a pure

W-exchange contribution, which is in agreement with our
recent measurement of �B0 ! D�þ

s K� [21].
To conclude, using a data sample of 657� 106 B �B pairs

collected by Belle, we report the most precise measure-
ment of branching fractions for the B0 ! Dþ

s �
� and �B0 !

Dþ
s K

� decays. This improves the precision of the parame-
ter RD�, and thus will also improve determinations of the
UT angle �3 from CP violation measurements in B0 !
D��� decays. One can use the B0 ! Dþ

s �
� result to

calculate the CKM matrix element jVubj following the
prescription laid out in Ref. [7]. Our results supersede the
previous Belle measurement [10].
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