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G. W. London,65 B. Mayer,65 G. Vasseur,65 Ch. Yèche,65 M. Zito,65 M. V. Purohit,66 A. W. Weidemann,66 J. R. Wilson,66

F. X. Yumiceva,66 T. Abe,67 M. T. Allen,67 D. Aston,67 R. Bartoldus,67 N. Berger,67 A. M. Boyarski,67 O. L. Buchmueller,67

R. Claus,67 M. R. Convery,67 M. Cristinziani,67 J. C. Dingfelder,67 D. Dong,67 J. Dorfan,67 D. Dujmic,67 W. Dunwoodie,67

S. Fan,67 R. C. Field,67 T. Glanzman,67 S. J. Gowdy,67 T. Hadig,67 V. Halyo,67 C. Hast,67 T. Hryn’ova,67 W. R. Innes,67

M. H. Kelsey,67 P. Kim,67 M. L. Kocian,67 D. W. G. S. Leith,67 J. Libby,67 S. Luitz,67 V. Luth,67 H. L. Lynch,67

H. Marsiske,67 R. Messner,67 D. R. Muller,67 C. P. O’Grady,67 V. E. Ozcan,67 A. Perazzo,67 M. Perl,67 B. N. Ratcliff,67

A. Roodman,67 A. A. Salnikov,67 R. H. Schindler,67 J. Schwiening,67 A. Snyder,67 J. Stelzer,67 J. Strube,54,67 D. Su,67

M. K. Sullivan,67 K. Suzuki,67 S. Swain,67 J. M. Thompson,67 J. Va’vra,67 M. Weaver,67 W. J. Wisniewski,67 M. Wittgen,67

D. H. Wright,67 A. K. Yarritu,67 K. Yi,67 C. C. Young,67 P. R. Burchat,68 A. J. Edwards,68 S. A. Majewski,68

B. A. Petersen,68 C. Roat,68 M. Ahmed,69 S. Ahmed,69 M. S. Alam,69 J. A. Ernst,69 M. A. Saeed,69 M. Saleem,69

F. R. Wappler,69 S. B. Zain,69 W. Bugg,70 M. Krishnamurthy,70 S. M. Spanier,70 R. Eckmann,71 J. L. Ritchie,71

A. Satpathy,71 R. F. Schwitters,71 J. M. Izen,72 I. Kitayama,72 X. C. Lou,72 S. Ye,72 F. Bianchi,73 M. Bona,73 F. Gallo,73

D. Gamba,73 M. Bomben,74 L. Bosisio,74 C. Cartaro,74 F. Cossutti,74 G. Della Ricca,74 S. Dittongo,74 S. Grancagnolo,74

L. Lanceri,74 P. Poropat,74,† L. Vitale,74 F. Martinez-Vidal,75 R. S. Panvini,76,† Sw. Banerjee,77 B. Bhuyan,77

C. M. Brown,77 D. Fortin,77 K. Hamano,77 R. Kowalewski,77 J. M. Roney,77 R. J. Sobie,77 J. J. Back,78 P. F. Harrison,78

T. E. Latham,78 G. B. Mohanty,78 H. R. Band,79 X. Chen,79 B. Cheng,79 S. Dasu,79 M. Datta,79 A. M. Eichenbaum,79

K. T. Flood,79 M. Graham,79 J. J. Hollar,79 J. R. Johnson,79 P. E. Kutter,79 H. Li,79 R. Liu,79 B. Mellado,79 A. Mihalyi,79

Y. Pan,79 R. Prepost,79 P. Tan,79 J. H. von Wimmersperg-Toeller,79 J. Wu,79 S. L. Wu,79 Z. Yu,79

M. G. Greene,80 and H. Neal80

1Laboratoire de Physique des Particules, F-74941 Annecy-le-Vieux, France
2IFAE, Universitat Autonoma de Barcelona, E-08193 Bellaterra, Barcelona, Spain
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46Università di Milano, Dipartimento di Fisica, Italy and INFN, I-20133 Milano, Italy

47University of Mississippi, University, Mississippi 38677, USA
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49Mount Holyoke College, South Hadley, Massachusetts 01075, USA
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We report on the search for the rare decays B� ! D����K0
S in approximately 226� 106 ��4S� ! B �B

decays collected with the BABAR detector at the PEP-II asymmetric-energy B factory at SLAC. We do
not observe any significant signal and we set 90% confidence-level upper limits on the branching
fractions, B�B� ! D�K0�< 0:5� 10�5 and B�B� ! D��K0�< 0:9� 10�5.

DOI: 10.1103/PhysRevD.72.011102 PACS numbers: 12.15.Hh, 11.30.Er, 13.25.Hw
Meson decays in which neither constituent quark ap-
pears in the final state are expected to be dominated by
annihilation diagrams, in which the two quarks interact
directly. Such processes provide interesting insights into
the internal dynamics of B mesons and need to be under-
stood to make precise predictions on Bmeson decays. Such
diagrams cannot be calculated by assuming factorization
since both the quarks play a role. These amplitudes are
expected to be suppressed with respect to amplitudes
where one of the two quarks is a spectator by a factor
�fB=mB � 0:04 (fB � 200 MeV and mB 	 5:28 GeV=c2

are the Bmeson decay constant [1] and mass, respectively).
This factor represents the amplitude for the two quark
wave functions overlapping, a necessary condition in an-
nihilations. So far no process relying entirely on annihila-
tion has been observed and the assumption that these types
of diagrams can be neglected is frequently used in theo-
retical calculations. Perturbative QCD calculations [2] pre-
dict for these decays branching fractions as small as 10�6,
but some studies [3] indicate, though, that processes with a
spectator quark can contribute to annihilation-mediated
decays by rescattering if the final state is reached in two
steps: a decay into two mesons that can occur with a
spectator quark, and a subsequent strong interaction be-
tween the two mesons which produces the final state of
interest. Figure 1 shows the Feynman diagram for the
decays B� ! D����K0

S and B� ! D�
s 


0 [4], and the
hadron-level diagram for the rescattering. Strong rescatter-
ing could then mimic large contributions from annihilation
diagrams to the level of not being negligible any more.

The decays B� ! D����K0
S are particularly suited to

study annihilations because of their relatively clean experi-
mental signature and because their branching fractions are
expected to be at the level of the current sensitivity (10�5)
if large rescattering occurs, or 3 orders of magnitude below
if not [3]. Moreover the branching fraction of these decays
can be used to constrain the annihilation amplitudes in the
phenomenological fits [5] that allows to translate the mea-
b

u

W+

c

s

d

d

b

u

W+

ihilation diagram for the decay B� ! D����K0
S (lef

possible rescattering contribution to B� ! D����K0
S v

011102
surement of the amplitude of B� ! D0K� into estimates
of the Cabibbo-suppressed decay B0 ! D0K0 needed in
some CP measurements [6]. Neither of the modes studied
here has been observed so far, and a 90% confidence-level
upper limit on the branching fraction B�B� ! D��K0�<
9:5� 10�5 has been established by CLEO [7].

In this paper we present the results of the search for
B� ! D����K0

S decays in �225:9
 2:5� � 106 ��4S� !
B �B decays, collected with the BABAR detector [8] at the
PEP-II asymmetric-energy B factory at SLAC. We use a
Monte Carlo (MC) simulation of the BABAR detector
based on GEANT4 [9] to validate the analysis procedure,
estimate efficiencies, and to study the relevant back-
grounds. We also use 12:4 fb�1 of data collected at a
center-of-mass energy approximately 40 MeV below the
��4S� mass.

Candidates for D� mesons are reconstructed in the
modes D� ! K�
�
� and D� ! K0

S

�. Candidates

for D�� mesons are reconstructed in the mode D�� !
D0
�, where the D0 subsequently decays to one of the
four modes K�
�, K�
�
0, K�
�
�
�, or K0

S

�
�.

K0
S candidates are reconstructed from two oppositely-

charged tracks with an invariant mass 491<m
�
� <
504 MeV=c2 (corresponding to a 
2 standard deviations,
�, window around the mean value in control samples). The
�2 of the 
�
� vertex fit must have a probability greater
than 0.1% and the K0

S flight distance from the primary
vertex in the plane transverse to the beam axis in the event
must be greater than 2 mm. Kaons and pions coming from
the D are required to have momentum in the laboratory
frame greater than 200 MeV=c and 150 MeV=c, respec-
tively, except in the decays D0 ! K�
� (K�
�
0)
where the momentum threshold for both the tracks is 200
(150) MeV=c. To identify charged kaons we use a selection
with an efficiency of 95% and a 12% pion misidentification
probability. 
0 candidates are reconstructed combining
two photons with invariant mass 120<m�� <
150 MeV=c2 (corresponding to a 
2� window around
u

u

c

s B+ K*0
D(*)+

K0

Ds
+

π0

t), tree diagram for B� ! D����
s 
0 (center), and hadron-level

ia B� ! D����
s 
0 (right).
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the mean value estimated on control samples) and a mini-
mum total energy in the laboratory frame of 200 MeV. For
the D0 ! K�
�
0 decay we select the dominant resonant
contributions with a requirement on the Dalitz density
distribution [10].

Finally, the D� and D0 candidates are required to have
an invariant mass within 2� of the mean values. The D�

and D0 mass resolutions are mode-dependent and range
between 5 and 8 MeV=c2. We form D�� candidates by
combining D0 candidates with charged tracks. The mass
difference between the D�� and the D0 candidates is
required to be within 2� of the mean value as estimated
on control samples. The resolution is mode-dependent,
approximately 0:6 MeV=c2 in all cases. We combine D�

or D�� candidates with a K0
S to form B� candidates. To

improve the resolution on the four-momentum of all the
intermediate composite particles we apply a kinematic
fitting technique that constrains their masses to the nominal
value [11] and their charged daughters to come from the
same vertex.

We only accept events with a reconstructed candidate
and a total measured energy greater than 4.5 GeV, deter-
mined using all charged tracks and neutral clusters in the
electromagnetic calorimeter with energy above 30 MeV.
The remaining background comes predominantly from
continuum q �q production. This background is suppressed
using variables that characterize the topology of the event.
We require the ratio of the second and zeroth order Fox-
Wolfram moments [12] to be less than 0.5. We compute the
angle �T between the thrust axis of the B-meson candidate
and the thrust axis of the rest of the event. The thrust axis is
defined as the direction that maximizes the sum of the
longitudinal momenta of the particles in the center-of-
mass (c.m.) frame. In this frame B �B pairs are produced
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S signal MC (histograms) and the
off-resonance data (dots).
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approximately at rest and have a uniform j cos�T j distribu-
tion. In contrast, q �q pairs are produced back-to-back,
which results in a j cos�T j distribution that peaks at unity.
To further suppress backgrounds we use a Fisher discrimi-
nant F constructed from the scalar sum of the c.m. mo-
menta of all tracks and photons, excluding the B candidate
decay products, flowing into nine concentric cones cen-
tered on the thrust axis of the B candidate [13]. The more
spherical the event, the lower the value of F . Figure 2
shows the distribution of F and j cos�Tj on signal MC and
on off-resonance data, which contain exclusively contin-
uum q �q production events. We also exploit the charge
correlation between the B and the leptons and kaons pro-
duced in its decays to classify the events in three mutually
exclusive categories with different levels of contamination
from continuum background: events with at least one
lepton with charge opposite to the B candidate, events
with no lepton and at least one kaon among the tracks
that do not form the B candidate but have opposite charge,
and all the other events. The optimization of the selection is
performed separately for each decay mode and for the three
categories by maximizing the ratio of signal efficiency,
estimated with MC, over the square root of the expected
number of background events, estimated in data sidebands:
the maximum allowed value of j cos�T j ranges between 0.8
to 1.0 (i.e. no cut) and the maximum allowed value for F
varies from 0.1 to 0.7.

We extract the signal using the kinematic variables

mES 	
������������������������������
E�2
b � �

P
ip

�
i �

2
q

and �E 	
P

i

��������������������
m2

i � p�2
i

q
�E�

b,
where E�

b is the beam energy in the c.m. frame, p�
i is the

c.m. momentum of daughter particle i of the B meson
candidate, and mi is the mass hypothesis for particle i.
For signal events, mES peaks at the B meson mass with a
resolution of about 2:5 MeV=c2 and �E peaks near zero,
indicating that the B candidate’s total energy is consistent
with the beam energy in the c.m. frame. The �E signal
band is defined as j�Ej< 2:5� and within it we define the
signal region as 5:2725<mES < 5:2875 GeV=c2 and the
mES sideband region as 5:2000<mES < 5:2725 GeV=c2.
The �E resolution � is mode-dependent and approxi-
mately 18 MeV. We also define the �E sideband region
TABLE I. Efficiencies for the B� ! D����K0
S candidate recon-

struction in each subdecay mode. The branching fraction of the
D���� decay chains considered [11] are also shown.

D mode "i (%) B (%)

D� ! K0
S


�; K0
S ! 
�
� 17.3 0:97
 0:06

D� ! K�
�
� 17.7 9:2
 0:6

D�� ! D0
�;
D0 ! K�
� 18.5 2:57
 0:06
D0 ! K�
�
0 6.4 8:8
 0:5
D0 ! K�
�
�
� 10.1 5:05
 0:21
D0 ! K0

S

�
�; K0

S ! 
�
� 10.6 1:37
 0:08
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TABLE II. The number of candidates in the signal region in
data (Ncand), the corresponding expected combinatorial back-
ground (Ncomb), the peaking background (Npeak), the probability
(Pbkgd) of the data being consistent with the background fluctu-
ating up to the level of the data in absence of signal, and the 90%
confidence-level upper limit. Systematic uncertainties are in-
cluded.

B mode Ncand Ncomb Npeak Pbkgd (%) 90% C.L.

D�K0
S 57 56:3
 3:0 4:4
 1:2 69 0:5� 10�5

D��K0
S 28 22:0
 1:8 1:2
 0:6 24 0:9� 10�5

B. AUBERT et al. PHYSICAL REVIEW D 72, 011102 (2005)
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as 2:5�< j�Ej< 0:12 GeV and 5:2<mES <
5:3 GeV=c2. Table I shows the efficiency for each subde-
cay mode estimated with simulated events. Depending on
the mode, in 1.5% to 7% of the events there is more than
one B candidate. We select the B candidate whose D���

candidate’s mass is closest to its nominal mass or, in case
two B candidates are formed by the same the D��� candi-
date, the one with the smallest value of j�Ej.

After the selection described above, two classes of back-
grounds remain. First, there is combinatorial background
in the signal region, coming from random combinations of
tracks in the event. We estimate this background from the
sideband of the mES distribution, describing it with a

threshold function dN=dmES / mES

����������������������������
1�m2

ES=E
�2
b

q
�

exp
���1�m2
ES=E

�2
b ��, characterized by the shape pa-

rameter � [14]. We obtain the parameter � from a fit to
the distributions of mES in data, in the �E sideband region.
The number of combinatorial background events is ob-
tained by scaling the events in the sideband of the mES
distribution into the signal region with the ratio of the
threshold function area in the two regions. Including sys-
tematic errors, we estimate 56:3
 3:0 and 22:0
 1:8
events for the B� ! D�K0

S and B� ! D��K0
S mode, re-

spectively. Second, there is peaking background due to
misreconstructed B meson decays that have an mES distri-
bution peaking near the B mass. We study the peaking
background with MC and we estimate it to be 4:4
 1:2
and 1:2
 0:6 events for the B� ! D�K0

S and B� !
D��K0

S modes, respectively. The dominant contribution
to the peaking background comes from well-known B0 !

D����X� decays (X� 	 
�; ��; a�1 ). As a cross-check, we
also estimate the peaking background using candidates
from the D mass sidebands in data and we find results
consistent with the MC prediction.
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FIG. 3. The mES distribution for the a) B� ! D�K0
S and

b) B� ! D��K0
S candidates within the �E signal band in data

after all selection requirements. Combinatorial (full line) and
peaking (dashed line) backgrounds are superimposed.
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Figure 3 shows the mES distributions in the �E signal
band for the two modes after the selection. The expected
background is superimposed.

To compute the confidence level (C.L.) at which the data
agree with a given hypothesis on B�B� ! D����K0� we
use a frequentist technique [15], which treats properly the
small number of events and includes the systematic errors
directly in the computation of confidence intervals or
limits. The C.L. is defined as the fraction of times a random
number, following the expected distribution of the number
of events in the signal region (Nexp), exceeds the number of
observed events (Ncand in Table II). Nexp is distributed
according to the sum of Poissonian distributions with
mean values � distributed as follows: for a given value
of B�B� ! D����K0� we estimate � as the sum of the
expectation value of the number of events from the com-
binatorial and peaking background ( Ncomb and Npeak,
respectively), and from the signal (Nsig), � 	 Ncomb �

Npeak � Nsig.
We estimate Ncomb by scaling the number of events in

the mES sideband to the signal region and by considering
the Poisson fluctuations of the number of events in the
sideband and the systematic uncertainties on the threshold
parameter �. We estimate Npeak from the MC, taking into
account its limited statistics. Table II reports the mean
values and standard deviations for Ncomb and Npeak.
Finally, for a given value of the branching fraction, Nsig

is obtained as:

Nsig 	 B�B� ! D����K0� � NB � #i iBi; (1)

where the number of B
 mesons (NB) and the product of
the efficiency and the branching fraction of the subdecay
modes (#i iBi) are varied according to Gaussian distribu-
tions within their systematic uncertainties. The systematic
errors on the reconstruction efficiency are shown in
Table III and include the uncertainty due to limited MC
statistics, uncertainty on tracking efficiency, K0

S and 
0

reconstruction, charged-kaon identification, and other se-
lection criteria. They have all been estimated by comparing
the data and simulation performances in control samples.
Also, the uncertainties on NB (1.1%) and on the branching
fraction of the subdecay modes have been taken into
-6



TABLE III. Relative systematic errors on the branching fraction due to, respectively: MC statistics, track reconstruction , Kaon
identification, K0

S and 
0 reconstruction efficiencies, and the data-MC agreement on the signal shapes of �E, cos�T , and F .

D mode MC (%) Tracks (%) Kaon (%) K0
S (%) 
0 (%) �E (%) cos�T (%) F (%) Total (%)

D� ! K0
S


� 1.4 1.1 � � � 0.3 � � � 0.4 0.4 0.7 2.0
D� ! K�
�
� 0.5 1.1 0.4 0.2 � � � 0.4 0.4 0.7 1.5
D0 ! K�
� 0.9 1.2 0.4 0.2 � � � 0.8 0.4 0.7 1.8
D0 ! K�
�
0 0.3 0.4 0.1 0.1 0.3 0.2 0.1 0.3 0.7
D0 ! K�
�
�
� 0.5 0.9 0.2 0.1 � � � 0.1 0.2 0.4 1.2
D0 ! K0

S

�
� 1.0 1.0 � � � 0.2 � � � 0 0.2 0.4 1.5
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account. The total uncertainty is obtained by adding the
contributions from the individual sources in quadrature.

Calculating the C.L. with the procedure just described
and setting B�B� ! D����K0� 	 0, we estimate the proba-
bility of the background to fluctuate above the observed
number of events to be 69% and 24% for the B� ! D�K0

S
and for the B� ! D��K0

S modes, respectively. In absence
of significant signal we then set the following upper limits
on the values of the branching fractions corresponding to a
C.L. of 90%:

B �B� ! D�K0�< 0:5� 10�5;

B�B� ! D��K0�< 0:9� 10�5:
(2)

We also compute the branching fractions B�B� !

D�K0� 	 ��0:28�0:61
�0:56� � 10�5 and B�B� ! D��K0� 	

�0:28�0:44
�0:41� � 10�5. The errors above include both the sta-

tistical and the systematic uncertainties.
011102
In conclusion, we report on the search for the rare decays
B� ! D����K0

S, which are predicted to proceed through
annihilation diagrams. We do not observe any significant
signal and we set 90% C.L. upper limits on their branching
fractions.

We are grateful for the excellent luminosity and machine
conditions provided by our PEP-II colleagues, and for the
substantial dedicated effort from the computing organiza-
tions that support BABAR. The collaborating institutions
wish to thank SLAC for its support and kind hospitality.
This work is supported by DOE and NSF (USA), NSERC
(Canada), IHEP (China), CEA and CNRS-IN2P3 (France),
BMBF and DFG (Germany), INFN (Italy), FOM (The
Netherlands), NFR (Norway), MIST (Russia), and
PPARC (United Kingdom). Individuals have received sup-
port from CONACyT (Mexico), A. P. Sloan Foundation,
Research Corporation, and Alexander von Humboldt
Foundation.
[1] M. Battaglia et al., Proceedings of the 1st CKM
Workshop, 2002) CERN (Geneva), Yellow-Book Report,
CERN-2003-002-corr (2003), p. 147.

[2] G. L. Song and C. D. Lu, Phys. Rev. D 70, 034006 (2004).
[3] B. Blok, M. Gronau, and J. L. Rosner, Phys. Rev. Lett. 78,

3999 (1997).
[4] Charge conjugation is implied throughout this letter.
[5] A. J. Buras and L. Silvestrini, Nucl. Phys. B569, 3 (2000).
[6] M. Gronau and D. London, Phys. Lett. B 253, 483 (1991).
[7] A. Gritsan et al. (CLEO Collaboration), Phys. Rev. D 64,

077501 (2001).
[8] B. Aubert et al. (BABAR Collaboration), Nucl. Instrum.

Methods Phys. Res., Sect. A 479, 1 (2002).
[9] S. Agostinelli et al. (GEANT4 Collaboration), Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).

[10] P. L. Frabetti et al. (E687 Collaboration), Phys. Lett. B
331, 217 (1994).

[11] S. Eidelman et al. (Particle Data Group), Phys. Lett. B
592, 1 (2004).

[12] G. C. Fox and S. Wolfram, Phys. Rev. Lett. 41, 1581
(1978).

[13] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.
87, 151802 (2001).

[14] H. Albrecht et al. (ARGUS Collaboration), Z. Phys. C 48,
543 (1990).

[15] See for instance Ref. [11], section 32.3.2.
-7


