
PHYSICAL REVIEW D 72, 051106(R) (2005)

RAPID COMMUNICATIONS
Search for the rare decay B0 ! D�0�

B. Aubert,1 R. Barate,1 D. Boutigny,1 F. Couderc,1 Y. Karyotakis,1 J. P. Lees,1 V. Poireau,1 V. Tisserand,1 A. Zghiche,1

E. Grauges,2 A. Palano,3 M. Pappagallo,3 A. Pompili,3 J. C. Chen,4 N. D. Qi,4 G. Rong,4 P. Wang,4 Y. S. Zhu,4 G. Eigen,5

I. Ofte,5 B. Stugu,5 G. S. Abrams,6 A. W. Borgland,6 A. B. Breon,6 D. N. Brown,6 J. Button-Shafer,6 R. N. Cahn,6

E. Charles,6 C. T. Day,6 M. S. Gill,6 A. V. Gritsan,6 Y. Groysman,6 R. G. Jacobsen,6 R. W. Kadel,6 J. Kadyk,6 L. T. Kerth,6

Yu. G. Kolomensky,6 G. Kukartsev,6 G. Lynch,6 L. M. Mir,6 P. J. Oddone,6 T. J. Orimoto,6 M. Pripstein,6 N. A. Roe,6

M. T. Ronan,6 W. A. Wenzel,6 M. Barrett,7 K. E. Ford,7 T. J. Harrison,7 A. J. Hart,7 C. M. Hawkes,7 S. E. Morgan,7

A. T. Watson,7 M. Fritsch,8 K. Goetzen,8 T. Held,8 H. Koch,8 B. Lewandowski,8 M. Pelizaeus,8 K. Peters,8 T. Schroeder,8

M. Steinke,8 J. T. Boyd,9 J. P. Burke,9 N. Chevalier,9 W. N. Cottingham,9 M. P. Kelly,9 T. Cuhadar-Donszelmann,10

C. Hearty,10 N. S. Knecht,10 T. S. Mattison,10 J. A. McKenna,10 D. Thiessen,10 A. Khan,11 P. Kyberd,11 L. Teodorescu,11

A. E. Blinov,12 V. E. Blinov,12 A. D. Bukin,12 V. P. Druzhinin,12 V. B. Golubev,12 V. N. Ivanchenko,12 E. A. Kravchenko,12

A. P. Onuchin,12 S. I. Serednyakov,12 Yu. I. Skovpen,12 E. P. Solodov,12 A. N. Yushkov,12 D. Best,13 M. Bondioli,13

M. Bruinsma,13 M. Chao,13 I. Eschrich,13 D. Kirkby,13 A. J. Lankford,13 M. Mandelkern,13 R. K. Mommsen,13

W. Roethel,13 D. P. Stoker,13 C. Buchanan,14 B. L. Hartfiel,14 A. J. R. Weinstein,14 S. D. Foulkes,15 J. W. Gary,15 O. Long,15

B. C. Shen,15 K. Wang,15 L. Zhang,15 D. del Re,16 H. K. Hadavand,16 E. J. Hill,16 D. B. MacFarlane,16 H. P. Paar,16

S. Rahatlou,16 V. Sharma,16 J. W. Berryhill,17 C. Campagnari,17 A. Cunha,17 B. Dahmes,17 T. M. Hong,17 A. Lu,17

M. A. Mazur,17 J. D. Richman,17 W. Verkerke,17 T. W. Beck,18 A. M. Eisner,18 C. J. Flacco,18 C. A. Heusch,18

J. Kroseberg,18 W. S. Lockman,18 G. Nesom,18 T. Schalk,18 B. A. Schumm,18 A. Seiden,18 P. Spradlin,18 D. C. Williams,18

M. G. Wilson,18 J. Albert,19 E. Chen,19 G. P. Dubois-Felsmann,19 A. Dvoretskii,19 D. G. Hitlin,19 I. Narsky,19 T. Piatenko,19

F. C. Porter,19 A. Ryd,19 A. Samuel,19 S. Yang,19 R. Andreassen,20 S. Jayatilleke,20 G. Mancinelli,20 B. T. Meadows,20

M. D. Sokoloff,20 F. Blanc,21 P. Bloom,21 S. Chen,21 W. T. Ford,21 U. Nauenberg,21 A. Olivas,21 P. Rankin,21

W. O. Ruddick,21 J. G. Smith,21 K. A. Ulmer,21 J. Zhang,21 A. Chen,22 E. A. Eckhart,22 J. L. Harton,22 A. Soffer,22

W. H. Toki,22 R. J. Wilson,22 Q. Zeng,22 B. Spaan,23 D. Altenburg,24 T. Brandt,24 J. Brose,24 M. Dickopp,24 E. Feltresi,24

A. Hauke,24 V. Klose,24 H. M. Lacker,24 E. Maly,24 R. Nogowski,24 S. Otto,24 A. Petzold,24 G. Schott,24 J. Schubert,24

K. R. Schubert,24 R. Schwierz,24 J. E. Sundermann,24 D. Bernard,25 G. R. Bonneaud,25 P. Grenier,25 S. Schrenk,25

Ch. Thiebaux,25 G. Vasileiadis,25 M. Verderi,25 D. J. Bard,26 P. J. Clark,26 W. Gradl,26 F. Muheim,26 S. Playfer,26 Y. Xie,26

M. Andreotti,27 V. Azzolini,27 D. Bettoni,27 C. Bozzi,27 R. Calabrese,27 G. Cibinetto,27 E. Luppi,27 M. Negrini,27

L. Piemontese,27 A. Sarti,27 F. Anulli,28 R. Baldini-Ferroli,28 A. Calcaterra,28 R. de Sangro,28 G. Finocchiaro,28 P. Patteri,28

I. M. Peruzzi,28 M. Piccolo,28 A. Zallo,28 A. Buzzo,29 R. Capra,29 R. Contri,29 M. Lo Vetere,29 M. Macri,29 M. R. Monge,29

S. Passaggio,29 C. Patrignani,29 E. Robutti,29 A. Santroni,29 S. Tosi,29 S. Bailey,30 G. Brandenburg,30

K. S. Chaisanguanthum,30 M. Morii,30 E. Won,30 R. S. Dubitzky,31 U. Langenegger,31 J. Marks,31 S. Schenk,31 U. Uwer,31

W. Bhimji,32 D. A. Bowerman,32 P. D. Dauncey,32 U. Egede,32 J. R. Gaillard,32 G. W. Morton,32 J. A. Nash,32

M. B. Nikolich,32 G. P. Taylor,32 M. J. Charles,33 G. J. Grenier,33 U. Mallik,33 A. K. Mohapatra,33 J. Cochran,34

H. B. Crawley,34 V. Eyges,34 W. T. Meyer,34 S. Prell,34 E. I. Rosenberg,34 A. E. Rubin,34 J. Yi,34 N. Arnaud,35 M. Davier,35
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FIG. 1. W-e
D�0� decay i
from any qua
We report on a search for the rare decay B0 ! D�0�, which in the standard model is dominated by
W-exchange. The analysis is based on a data sample comprising 87:8� 106 BB pairs collected with the
BABAR detector at the PEP-II asymmetric-energy B Factory at SLAC. No significant signal is observed,
and an upper limit on the branching fraction of 2:5� 10�5 at the 90% confidence level is obtained.

DOI: 10.1103/PhysRevD.72.051106 PACS numbers: 12.39.St, 13.20.He
Within the standard model (SM), the rare decay B0 !
D�0� [1] is dominated by the W-boson exchange process.
One of the leading SM contributions to the decay is illus-
trated in Fig. 1. SimilarW-exchange transitions are present
in other decays. For example, they contribute to the decay
B0 ! �0� along with the leading electromagnetic-penguin
process [2]. The branching fraction B�B0 ! D�0�� is esti-
mated to be of order 10�6 [2–4], but the presence of a large
qqg (color octet) component in the wave function of the
Bmeson may reduce the color-suppression enough to raise
the branching fraction by a factor of about 10 [4]. A search
for B0 ! D�0�, published by the CLEO collaboration [5],
resulted in a limit of B�B0 ! D�0��< 5:0� 10�5 at the
90% confidence level (C.L.).

We search for the decay B0 ! D�0� in data collected
using the BABAR detector operating at the Stanford Linear
Accelerator Center (SLAC) PEP-II asymmetric-energy
e�e� collider. The collider runs with a center-of-mass
(CM) energy of 10.58 GeV at the peak of the ��4S�
resonance, which decays into B�B� and B0B0 pairs. The
analysis is based on 87:8� 106 BB pairs, corresponding to
an integrated luminosity of 79:9 fb�1. The BABAR detector
is described in detail in Ref. [6]; here we introduce briefly
the detector systems important for the present analysis.
Tracks of charged particles and their momenta are mea-
sured in a vertex tracker, consisting of five layers of
double-sided silicon microstrip detectors, and a 40-layer
drift chamber. Both systems are located within a 1.5-T
solenoidal magnetic field and provide dE=dx measure-
ments for particle identification (PID). A Cherenkov ring
imaging detector adds measurements for PID by recording
Cherenkov light emitted from charged particles traversing
transparent quartz bars. Photons are identified by an elec-
b

d

c

u

W

γ

0 D*0

xchange is the leading contribution to the B0 !
n the standard model. The photon may be emitted
rk line or the W.

051106
tromagnetic calorimeter consisting of 6580 CsI(Tl)
crystals.

Event samples from Monte Carlo (MC) simulations are
used to optimize the event selection criteria and to estimate
the signal efficiency and background. The detector re-
sponse is simulated using GEANT4 [7]. The MC sample
for the signal B0 ! D�0� contains 328 000 events. We use
MC samples of similar size for several exclusive B-decay
background modes. The color-suppressed hadronic decay
B0 ! D�0�0, with branching fraction �2:7� 0:5��
10�4 [8], is the largest contributor among them. Other
backgrounds originate from BB modes with incompletely
or incorrectly reconstructed particles, and from random
combinations of particles from two different B mesons or
from qq pairs. For these, we use MC samples of generic
BB events and continuum qq (q � u; d; s; c) events corre-
sponding to about 200 fb�1 and 110 fb�1, respectively.

The D�0 candidates are reconstructed in six submodes,
with D�0 ! D0��0; �� and D0 ! �K���; K����0;
K��������. The event selection criteria are optimized
by using the MC samples to maximize S2=�S� B�, where
S (B) is the number of signal (background) events. A signal
branching fraction of 10�6 is assumed during the optimi-
zation. The most important selection requirements are
described below.

The photon from the decay B0 ! D�0� is emitted with
an energy of about 2.3 GeV in the CM frame (‘‘hard
photon’’). Although this high energy leads to a relatively
clear signal, care must be taken that remnants of �0 decays
are not mistaken as the signal photon. The ‘‘�0 veto’’
rejects a hard photon candidate if its combination with any
other photon with laboratory energy larger than 30 MeV
yields an invariant mass in the range 	110; 155
 MeV=c2.
A similar veto for � decays rejects a photon candidate if its
combination with any other photon of laboratory energy
larger than 250 MeV yields an invariant mass within
	508; 588
 MeV=c2. Hard photon candidates must also
pass a calorimeter shower-shape requirement designed to
exclude irregularly shaped showers caused, for example,
by overlapping photons from �0 decay. Background is
further suppressed by requiring a hard photon candidate
to be isolated from all other showers and tracks by at least
50 cm in the calorimeter.

A photon candidate from the decay D�0 ! D0� (‘‘soft
photon’’) must satisfy the same shower-shape requirement
-4

http://dx.doi.org/10.1103/PhysRevD.72.051106


)2 (GeV/cESm
5.2 5.22 5.24 5.26 5.28

E
 (

G
eV

)
∆

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

FIG. 2. Distribution of data events in the �E-mES plane. The
lines indicate the regions of the signal box and of the grand
sideband.
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and � veto that are applied to hard photons. In the �0 veto
the minimum energy for the other photon is raised to
80 MeV and the invariant mass range is restricted to
	115; 150
 MeV=c2. In addition, the CM energy of the
soft photon candidate has to be at least 110 MeV.

The mass of the �0 in the decay D�0 ! D0�0 and of the
�0 in the decay D0 ! K����0 is required to be within
11 MeV=c2 of the true �0 mass (which corresponds to a
cut at about 1:7�, where � is the �0 mass resolution).
Photons from�0 decay need a minimum energy of 30 MeV
and have to pass a similar, but slightly less stringent,
shower-shape requirement as the hard and soft photons.

The charged K and � tracks are required to originate
from the interaction point and have to pass likelihood-
based particle identification selections using dE=dx and
Cherenkov light measurements. The K track in the D0 !
K������� decay is in addition required to have a trans-
verse momentum larger than 0:1 GeV=c and at least 12 hits
in the drift chamber. A vertex fit is applied to the D0

candidates. They are required to have masses close to the
known D0 mass: within 12 MeV=c2 (� 1:8�) for D0 !
K���, within 23 MeV=c2 (� 1:9�) for D0 ! K����0,
and within 12 MeV=c2 (� 2:3�) for D0 ! K�������.
Additional selection requirements are applied to D0 can-
didates decaying into K����0. The laboratory energy of
the �0 must be at least 250 MeV, and onlyD0 ! K����0

candidates that appear in the Dalitz plot close to known
resonances [9] are accepted. The difference between the
D�0 and D0 mass has to be within 2 MeV=c2 (� 2�) for
D�0 ! D0�0 and within 9 MeV=c2 (� 1:8�) for D�0 !
D0� of the known value of Ref. [8].

The D�0 helicity angle ��H is defined in the D�0 CM
frame as the angle between the direction of the D0 and the
direction opposite to the B momentum. For the D�0 !
D0�0 modes, cos��H is distributed as sin2��H for signal,
but as cos2��H for background from B0 ! D�0�0.
Optimization leads to the requirement j cos��Hj< 0:75.
No such condition is imposed for D�0 ! D0� modes.

Several selection requirements reduce the number of
fake decays from qq continuum background. The angle
��B is defined as the angle between the B candidate mo-
mentum in the ��4S� CM frame and the beam axis. In qq
background events the distribution is uniform in cos��B,
while for real B mesons it follows a sin2��B distribution.
We require that j cos��Bj< 0:8. The angle ��T is the angle
between the thrust direction of the B candidate and the
thrust direction computed from the other photons and
tracks in the event. For signal events the distribution of
j cos��T j is flat, while for continuum events the distribution
has a maximum at j cos��Tj � 1 due to their jetlike nature.
We require that j cos��Tj< 0:75.

The candidates are subsequently characterized with two
kinematic quantities, mES and �E. For the ‘‘energy-
substituted mass’’ mES, the energy of the B candidate is
substituted by precisely known beam parameters:
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mES �
���������������������������������������������������������������
�s=2� c2p0 � pB�2=E2

0 � c
2p2

B

q
; (1)

where s is the square of the total CM energy, E0 and p0 are
the energy and momentum of the initial ��4S� in the
laboratory frame, and pB � pD�0 � p� is the momentum
of the B candidate, also taken in the laboratory frame. The
quantity �E is defined as the difference between the en-
ergy of the B candidate E� and the beam energy, both taken
in the CM system:

�E � E� �
1

2

���
s
p
: (2)

Requirements of j�Ej< 0:34 GeV and 5:2<mES <
5:29 GeV=c2 are applied at this point.

If an event contains more than one B0 ! D�0� candi-
date passing all selection criteria, the selection is made
based on a �2 function that uses the measuredD0 mass and
D�0-D0 mass difference, the measured resolutions, and
known mass and mass-difference values from Ref. [8].
This selection is sufficient, as the ambiguity is never due
to the presence of two hard photon candidates.

The distribution of mES versus �E is shown in Fig. 2 for
the data taken at the ��4S� resonance. While the combi-
natorial qq background is smoothly distributed over
this plane, the signal should peak around �E � 0 and
mES � 5:28 GeV=c2. The borders of the signal box are
given by 5:275<mES < 5:285 GeV=c2 and �0:1<
�E< 0:08 GeV, extending to about 1.7 (1.9) times the
resolution ofmES (�E) of signal events. The �E constraint
is asymmetric to account for the energy leakage from the
calorimeter for the hard photon candidates. The area with
mES ranging from 5:2 GeV=c2 to 5:27 GeV=c2 is called the
‘‘grand sideband.’’

The contributions to the systematic uncertainties in the
signal reconstruction efficiencies are listed in Table I. The
overall relative uncertainties range from 16.5% to 19.8%,
depending on the reconstruction mode (see Table II). The
-5



TABLE I. Maximal and minimal relative systematic uncertain-
ties in the efficiency for the individual reconstruction modes.

Systematic uncertainty
in % of the efficiency

� and �0 reconstruction 5.0 to 12.5
Hard � separation 2.0
Shower shape 1.0 to 2.5
�0, � veto 1.5 to 3.0
Track finding efficiency 2.6 to 5.9
Kaon PID 3.0
D0 mass 2.3 to 4.4
D�0-D0 mass difference 2.5 to 6.7
Dalitz structure 0.0 to 5.0
Helicity angle ��H 0.0 to 3.8
Thrust angle ��T 5.5 to 7.3
B0 angle ��B 3.0 to 3.8
�E 8.6 to 12.0
mES 2.3 to 4.0
Simulation statistics 2.0 to 4.7

Sum 16.5 to 19.8
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major contributors are described here in more detail. The
uncertainties in the photon reconstruction due to efficiency,
energy scale, and energy resolution uncertainties are
studied with control samples and result in an uncertainty
of 2.5% per photon (5% per �0). Studies of the track
finding efficiency using control samples result in uncer-
tainties of 2.6% to 5.9% depending on the mode. The size
of the uncertainty in the �E and mES selection is obtained
by varying the selection according to observed differences
between data and MC simulation. For the thrust angle ��T ,
the B0 angle ��B, and the helicity angle ��H, the size of the
uncertainties is obtained by shifting the selection require-
ment by�0:05 in the cosine of each angle. The uncertainty
due to possible discrepancies between data and MC simu-
lation in the D0 mass and the D�0-D0 mass difference is
estimated by comparing these distributions for events in
TABLE II. Results for individual modes and all mode

Branching fraction
of mode [8]

Relative systematic
uncertainty

Sig
effici

Mode (in %) (in %) (in

D�0 ! D0�0

D0 ! K��� 2.3 16.5 4:2�
D0 ! K����0 7.9 19.8 1:2�
D0 ! K������� 4.6 17.3 2:0�

D�0 ! D0�
D0 ! K��� 1.4 17.3 3:8�
D0 ! K����0 4.9 19.6 0:9�
D0 ! K������� 2.8 17.7 1:7�

All modes combined 23.9 16.8 1:8�
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the grand sideband. Data and Monte Carlo simulation
agree sufficiently well, and the size of the systematic
uncertainty in the efficiency is obtained from the uncer-
tainty on the fits to the mass and mass-difference plots.

Several correction factors are applied to the signal effi-
ciency based on comparison studies on data and Monte
Carlo simulations: a tracking efficiency factor of 0.992 for
the kaon in the decayD0 ! K�������, a factor 0.95 for
the decayD0 ! K����0 due to the selection requirement
involving the Dalitz structure, and factors from 0.89 to 0.95
depending on the reconstructed mode due to photon re-
construction. The overall selection efficiencies for the six
signal modes are listed in Table II. The uncertainties on
the efficiencies include all contributions from systematic
effects on the efficiencies. The combined efficiency
(weighted by the branching fractions of the individual
modes and taking correlations in the uncertainties between
the six submodes into account) is �1:8� 0:3�%. In the
determination of the B0 ! D�0� branching fraction re-
sults, a 1.1% uncertainty on the number of BB pairs in
the data sample is included as well as the contribution by
the D0 (D�0) branching fraction uncertainties [8].

The number of events expected in the signal box due to
background is not estimated from data, but from MC
simulation, since the �E-mES distributions of several cat-
egories of BB background peak inside the signal box. After
counting the MC events and scaling the number to
79:9 fb�1, a total of 9:4� 1:7 background events is ex-
pected for all six modes combined. Of those, 2.9 events
originate from B0 ! D�0�0, 5.1 events from other BB
decays, and 1.4 events from qq events. The breakdown
for each channel is given in Table II.

The estimate of the number of background events is
cross-checked by two studies, one based on events in the
grand sideband, and the other based on events in the signal
box using a control sample ofD�0�0 events. The first study
results in ratios of data-to-MC events ranging from 1:0�
0:3 to 1:5� 0:2 for the various D�0 decay modes, and a
ratio of 1:2� 0:1 for all modes combined. Taking the
s combined. The upper limit is given for 90% C.L.

nal
ency

Expected
background

Range of
data-to-MC

Observed in
signal box

Branching fraction
upper limit

%) (events) ratios (events) (� 10�5)

0:7 1:5� 0:7 0.0 to 1.6 1 3:4
0:2 2:0� 0:8 0.0 to 1.3 1 3:5
0:3 0:7� 0:1 0.5 to 2.0 1 3:9

0:7 1:6� 0:4 0.4 to 1.6 2 8:0
0:2 2:4� 1:2 0.1 to 1.2 3 14:8
0:3 1:2� 0:2 0.2 to 1.7 5 20:3

0:3 9:4� 1:7 0.4 to 1.3 13 2.5
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FIG. 4. 1� confidence level versus the assumed branching
fraction. The shaded areas are the 68% and 95% probability
regions. The 90% C.L. is marked with an arrow.
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and MC simulation (shaded histograms). All selection require-
ments are applied including the mES signal box requirement for
the left plot and the �E signal box requirement for the right plot.
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uncertainties into account, data and MC simulation do not
disagree significantly. For the second study, B0 ! D�0�0

events are selected by loosening some selection require-
ments and by inverting the �0 veto: we now keep events in
which a photon combined with the hard photon forms a
reasonable �0 candidate. The number of events seen in the
signal box is usually found to be lower in data than in MC
simulation with data-to-MC ratios from 0:3� 0:3 to 1:2�
0:7 for the various D�0 decay modes and 0:6� 0:2 for all
modes combined.

We observe 13 events in the signal box. Figure 3
presents the �E and mES distributions with all selection
requirements applied. The Monte Carlo simulation is
shown with separate contributions from B0 ! D�0�0,
other BB, and qq events.

The branching fractions are determined in a frequentist-
model approach, modified based on Ref. [10]. Besides
taking the systematic uncertainty in the efficiency and
the statistical uncertainty in the background estimate into
account, the background expectation value is also shifted
by a factor selected from a flat distribution of the range
determined by the data-to-Monte Carlo ratios (see
Table II). When combining all six modes, this shift comes
from the range 0.4 to 1.3 (derived from 0:6� 0:2 and 1:2�
0:1) and is applied coherently for each of the modes.
051106
We assume that 50% of the ��4S� mesons decay into
neutral BB pairs. Figure 4 displays 1� C:L: versus the
assumed branching fraction. The significance of this mea-
surement, i.e., 1� C:L: at branching fraction zero, is 0.86.
The central value of the branching fraction of B0 ! D�0�
is �1:0�1:1

�0:9� � 10�5, which is consistent with zero. The
upper limit on the branching fraction is B�B0 ! D�0��<
2:5� 10�5 at 90% confidence level and is in agreement
with the theoretical expectations.
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