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F. Le Diberder,33 V. Lepeltier,33 A. M. Lutz,33 T. C. Petersen,33 S. Plaszczynski,33 M. H. Schune,33 L. Tantot,33

G. Wormser,33 V. Brigljević,34 C. H. Cheng,34 D. J. Lange,34 D. M. Wright,34 A. J. Bevan,35 J. P. Coleman,35 J. R. Fry,35

E. Gabathuler,35 R. Gamet,35 M. Kay,35 R. J. Parry,35 D. J. Payne,35 R. J. Sloane,35 C. Touramanis,35 J. J. Back,36

P. F. Harrison,36 H.W. Shorthouse,36 P. Strother,36 P. B. Vidal,36 C. L. Brown,37 G. Cowan,37 R. L. Flack,37

H. U. Flaecher,37 S. George,37 M. G. Green,37 A. Kurup,37 C. E. Marker,37 T. R. McMahon,37 S. Ricciardi,37

F. Salvatore,37 G. Vaitsas,37 M. A. Winter,37 D. Brown,38 C. L. Davis,38 J. Allison,39 R. J. Barlow,39 A. C. Forti,39

P. A. Hart,39 M. C. Hodgkinson,39 F. Jackson,39 G. D. Lafferty,39 A. J. Lyon,39 J. H. Weatherall,39 J. C. Williams,39

A. Farbin,40 A. Jawahery,40 D. Kovalskyi,40 C. K. Lae,40 V. Lillard,40 D. A. Roberts,40 G. Blaylock,41 C. Dallapiccola,41

K.T. Flood,41 S. S. Hertzbach,41 R. Kofler,41 V. B. Koptchev,41 T. B. Moore,41 S. Saremi,41 H. Staengle,41 S. Willocq,41

R. Cowan,42 G. Sciolla,42 F. Taylor,42 R. K. Yamamoto,42 D. J. J. Mangeol,43 P. M. Patel,43 A. Lazzaro,44 F. Palombo,44

J. M. Bauer,45 L. Cremaldi,45 V. Eschenburg,45 R. Godang,45 R. Kroeger,45 J. Reidy,45 D. A. Sanders,45 D. J. Summers,45

H.W. Zhao,45 S. Brunet,46 D. Cote-Ahern,46 C. Hast,46 P. Taras,46 H. Nicholson,47 C. Cartaro,48 N. Cavallo,48,†

G. De Nardo,48 F. Fabozzi,48,† C. Gatto,48 L. Lista,48 P. Paolucci,48 D. Piccolo,48 C. Sciacca,48 M. A. Baak,49 G. Raven,49

J. M. LoSecco,50 T. A. Gabriel,51 B. Brau,52 K. K. Gan,52 K. Honscheid,52 D. Hufnagel,52 H. Kagan,52 R. Kass,52

T. Pulliam,52 Q. K. Wong,52 J. Brau,53 R. Frey,53 C.T. Potter,53 N. B. Sinev,53 D. Strom,53 E. Torrence,53 F. Colecchia,54
141801-1 0031-9007=04=92(14)=141801(7)$22.50  2004 The American Physical Society 141801-1



P H Y S I C A L R E V I E W L E T T E R S week ending
9 APRIL 2004VOLUME 92, NUMBER 14
A. Dorigo,54 F. Galeazzi,54 M. Margoni,54 M. Morandin,54 M. Posocco,54 M. Rotondo,54 F. Simonetto,54 R. Stroili,54

G. Tiozzo,54 C. Voci,54 M. Benayoun,55 H. Briand,55 J. Chauveau,55 P. David,55 Ch. de la Vaissière,55 L. Del Buono,55

O. Hamon,55 M. J. J. John,55 Ph. Leruste,55 J. Ocariz,55 M. Pivk,55 L. Roos,55 J. Stark,55 S. T’Jampens,55 G. Therin,55

P. F. Manfredi,56 V. Re,56 P. K. Behera,57 L. Gladney,57 Q. H. Guo,57 J. Panetta,57 C. Angelini,58 G. Batignani,58

S. Bettarini,58 M. Bondioli,58 F. Bucci,58 G. Calderini,58 M. Carpinelli,58 V. Del Gamba,58 F. Forti,58 M. A. Giorgi,58

A. Lusiani,58 G. Marchiori,58 F. Martinez-Vidal,58,‡ M. Morganti,58 N. Neri,58 E. Paoloni,58 M. Rama,58 G. Rizzo,58

F. Sandrelli,58 J. Walsh,58 M. Haire,59 D. Judd,59 K. Paick,59 D. E. Wagoner,59 N. Danielson,60 P. Elmer,60 C. Lu,60

V. Miftakov,60 J. Olsen,60 A. J. S. Smith,60 H. A. Tanaka,60 E.W. Varnes,60 F. Bellini,61 G. Cavoto,60,61 R. Faccini,15,61

F. Ferrarotto,61 F. Ferroni,61 M. Gaspero,61 M. A. Mazzoni,61 S. Morganti,61 M. Pierini,61 G. Piredda,61

F. Safai Tehrani,61 C.Voena,61 S. Christ,62 G.Wagner,62 R.Waldi,62 T. Adye,63 N. De Groot,63 B. Franek,63 N. I. Geddes,63

G. P. Gopal,63 E. O. Olaiya,63 S. M. Xella,63 R. Aleksan,64 S. Emery,64 A. Gaidot,64 S. F. Ganzhur,64 P.-F. Giraud,64

G. Hamel de Monchenault,64 W. Kozanecki,64 M. Langer,64 M. Legendre,64 G.W. London,64 B. Mayer,64 G. Schott,64

G. Vasseur,64 Ch. Yeche,64 M. Zito,64 M.V. Purohit,65 A.W. Weidemann,65 F. X. Yumiceva,65 D. Aston,66 R. Bartoldus,66

N. Berger,66 A. M. Boyarski,66 O. L. Buchmueller,66 M. R. Convery,66 D. P. Coupal,66 D. Dong,66 J. Dorfan,66

D. Dujmic,66 W. Dunwoodie,66 R. C. Field,66 T. Glanzman,66 S. J. Gowdy,66 E. Grauges-Pous,66 T. Hadig,66 V. Halyo,66

T. Hryn’ova,66 W. R. Innes,66 C. P. Jessop,66 M. H. Kelsey,66 P. Kim,66 M. L. Kocian,66 U. Langenegger,66

D.W. G. S. Leith,66 S. Luitz,66 V. Luth,66 H. L. Lynch,66 H. Marsiske,66 R. Messner,66 D. R. Muller,66 C. P. O’Grady,66

V. E. Ozcan,66 A. Perazzo,66 M. Perl,66 S. Petrak,66 B. N. Ratcliff,66 S. H. Robertson,66 A. Roodman,66 A. A. Salnikov,66

R. H. Schindler,66 J. Schwiening,66 G. Simi,66 A. Snyder,66 A. Soha,66 J. Stelzer,66 D. Su,66 M. K. Sullivan,66 J. Va’vra,66

S. R. Wagner,66 M. Weaver,66 A. J. R. Weinstein,66 W. J. Wisniewski,66 D. H. Wright,66 C. C. Young,66 P. R. Burchat,67

A. J. Edwards,67 T. I. Meyer,67 B. A. Petersen,67 C. Roat,67 S. Ahmed,68 M. S. Alam,68 J. A. Ernst,68 M. Saleem,68

F. R. Wappler,68 W. Bugg,69 M. Krishnamurthy,69 S. M. Spanier,69 R. Eckmann,70 H. Kim,70 J. L. Ritchie,70

R. F. Schwitters,70 J. M. Izen,71 I. Kitayama,71 X. C. Lou,71 S. Ye,71 F. Bianchi,72 M. Bona,72 F. Gallo,72 D. Gamba,72

C. Borean,73 L. Bosisio,73 G. Della Ricca,73 S. Dittongo,73 S. Grancagnolo,73 L. Lanceri,73 P. Poropat,73,x L. Vitale,73

G. Vuagnin,73 R. S. Panvini,74 Sw. Banerjee,75 C. M. Brown,75 D. Fortin,75 P. D. Jackson,75 R. Kowalewski,75

J. M. Roney,75 H. R. Band,76 S. Dasu,76 M. Datta,76 A. M. Eichenbaum,76 J. R. Johnson,76 P. E. Kutter,76 H. Li,76 R. Liu,76

F. Di Lodovico,76 A. Mihalyi,76 A. K. Mohapatra,76 Y. Pan,76 R. Prepost,76 S. J. Sekula,76

J. H. von Wimmersperg-Toeller,76 J. Wu,76 S. L. Wu,76 Z. Yu,76 and H. Neal77

(BABAR Collaboration)

1Laboratoire de Physique des Particules, F-74941 Annecy-le-Vieux, France
2 Dipartimento di Fisica and INFN, Università di Bari, I-70126 Bari, Italy
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We present a study of the decay B� ! D�0K�� based on a sample of 86� 106 ��4S� ! BB decays
collected with the BABAR detector at the PEP-II asymmetric-energy B Factory at SLAC. We measure
the branching fraction B�B� ! D�0K��� � �8:3	 1:1�stat� 	 1:0�syst��� 10�4, and the fraction of
longitudinal polarization in this decay to be �L=� � 0:86	 0:06�stat� 	 0:03�syst�.

DOI: 10.1103/PhysRevLett.92.141801 PACS numbers: 13.25.Hw, 11.30.Er
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Following the discovery of CP violation in B-meson
decays and the measurement of the angle 
 of the uni-
tarity triangle [1], focus has turned towards the measure-
ments of the angles � and �. Measurement of all three
angles overconstrains the triangle and constitutes a strin-
gent test of the standard model. A precise determination
of � requires larger samples of B decays than are cur-
rently available, and is likely to be based on information
from several decay modes. Decays of the type B!
D���K��� are expected to play a leading role in this pro-
gram [2]; among these modes, those with a K� have
distinct advantages in some of the proposed methods
[3]. Decay modes into two vector mesons present unique
opportunities due to interference between helicity ampli-
tudes. It has been suggested that angular analysis of

B� ! D�0
���

K�� can yield information on � without exter-
nal assumptions [4]. More generally, such a study would
be sensitive to T-violating asymmetries that probe physics
beyond the standard model [5].

The previously available information on B� !
D�0K�� is based on a sample of 15 events [6]. Here we
present an improved measurement of the branching
fraction and the first measurement of the polarization in
this decay.

Results are based on �85:8	 0:8� � 106 ��4S� ! BB
decays (NB �BB), corresponding to an integrated
luminosity of 79 fb�1, collected between 1999 and 2002
with the BABAR detector [7] at SLAC. A 9:4 fb�1 sample
of off-resonance data, recorded at e
e� center-of-
mass (c.m.) energy 40MeV below the ��4S�mass, is
used to study ‘‘continuum’’ events, e
e� ! q �qq (q �
u; d; s, or c).

We reconstruct B� ! D�0K�� in the following modes:
D�0 ! D0�0 and D0�; D0 ! K��
, K��
�0, and
K��
�
��; K�� ! KS�

�; KS ! �
��; �0 ! ��
(charged conjugate decay modes are implied throughout
this Letter). The optimization of the event selection was
based on studies of off-resonance data and simulated B �BB
events. A key feature of the analysis is the use of a sample
of 4500 B� ! D�0�� events to determine efficiencies
and resolutions. The event yield in this mode is consistent
with expectations based on its known branching fraction
and our acceptance calculation.

We select KS candidates from pairs of oppositely
charged tracks with invariant mass within 9 MeV (3�)
of the known [8]KS mass. Each KS candidate is combined
with a negatively charged track to form a K�� ! KS�

�

candidate. We retain K�� candidates with mass within 75
MeV of the known K�� mass. The KS vertex must be
displaced by at least 3 mm from the K�� vertex. This
last requirement rejects combinatorial background and is
96% efficient for real KS decays.

Photon candidates are constructed from calorimeter
clusters with lateral profiles consistent with photon show-
ers. Neutral-pion candidates are formed from pairs of
141801-4
photon candidates with invariant mass between 115 and
150 MeV. The �0 mass resolution is 6.5 MeV.

To reduce backgrounds, tracks from D0 ! K��
�0

and D0 ! K��
�
�� must have momenta above
150MeV. The K	 candidate track must satisfy particle
identification criteria that provide a rejection factor of
about 30 against pions. The efficiency of these criteria
averaged over all kinematically allowed momenta and
polar angles is 90%. For each D0 ! K��
�0 candidate,
we compute the square of the decay amplitude (jAj2) from
the kinematics of the decay products and the known
properties of the Dalitz plot for this decay [9]. We retain
candidates if jAj2 is greater than 5:5% of its maximum
possible value. This requirement selects mostly the K�
region of the Dalitz plot. It rejects 40% of the back-
grounds, with an efficiency of �76	 1�%, as measured
in the D�0� control sample. The invariant mass of D0

candidates must be within 2:5� of the D0 mass.
We select D�0 candidates by combining D0 candidates

with a �0 or photon candidate. The �0 must have mo-
mentum between 70 and 450MeV in the c.m. frame. The
photon must have energy above 100MeV in the labora-
tory frame. We reject photons consistent with originating
from �0 decay when paired with another photon of
energy greater than 100 MeV. We require the mass differ-
ence �m � m�D�0� �m�D0� to be between 138.7 and
145.7 (130.0 and 156.0) MeV for D�0 ! D0�0 (D�0 !
D0�). The �m resolution is 1.1 (6.4) MeV for the D0�0

(D0�) mode.
Finally, we select B� candidates by combining

D�0 and K�� candidates. A B�candidate is charac-
terized by the energy-substituted mass mES �����������������������������������������������������
�12 s
 ~pp0 
 ~ppB�

2=E2
0 � p

2
B

q
and energy difference �E �

E�
B �

1
2

���
s

p
, where E and p are energy and momentum, the

asterisk denotes the c.m. frame, the subscripts 0 and B
refer to the ��4S� and B candidate, respectively, and s is
the square of the c.m. energy. For signal events, mES �
MB within the resolution of about 3 MeV, whereMB is the
known B� mass.

We require j�Ej � 40MeV for B� candidates with a
D0 ! K��
�0, and j�Ej � 27:5 MeV for the other
modes. The �E resolution is approximately 19 MeV in
the K��
�0 mode and 10 MeV in the other modes.

To reduce continuum backgrounds, we use the ratio of
the second to zeroth order Fox-Wolfram [10] moments
(R2 < 0:4), and the angle !�T between the thrust axes of
the B� candidate and the remaining tracks and clusters in
the event (j cos!�T j< 0:85). We also make requirements on
the polar angle !�B of the B� candidate (j cos!�Bj< 0:9),
and the energy flow in the rest of the event.We construct a
Fisher discriminant F based on the energy flow in nine
concentric cones around the direction of the B� candidate
[11]. We select candidates consistent with an isotropic
event energy flow by requiring F < 0:40 �0:28� for B�

candidates with a D�0 ! D0�0 �D0��. The energy
141801-4



TABLE I. Summary of the elements of the branching fraction calculation. NmES
is the yield from the mES fit; Npk is the number of

peaking background events; (iMC is the event selection efficiency for the ith mode; Bi � BK�� 
BKS 
B
i
D�0 
BiD0 is the product of

branching fractions for the K�, KS, D�, and D decays in the ith mode.

D�0 mode D0 mode NmES
Npk

P
�(iMC �Bi���10�3� B�B� ! D�0K�����10�4�

All All 121	 15 6:8	 3:4 1:6	 0:2 8:3	 1:1	 1:0

D�0 ! D0�0 All 96	 12 4:8	 2:4 1:0	 0:1 10:2	 1:3	 1:3
D�0 ! D0� All 24	 8 2:0	 1:0 0:6	 0:1 4:4	 1:7	 0:8

(iMC Bi

D�0 ! D0�0 D0 ! K��
 26	 5 1:7	 0:9 �6:5	 0:6�% �0:54	 0:03�% 8:0	 1:8	 0:9
D�0 ! D0�0 D0 ! K��
�0 39	 8 1:7	 0:9 �2:1	 0:3�% �1:85	 0:15�% 10:9	 2:4	 1:7
D�0 ! D0�0 D0 ! K��
�
�� 31	 7 1:4	 0:7 �2:9	 0:4�% �1:06	 0:07�% 11:6	 2:6	 1:6
D�0 ! D0� D0 ! K��
 11	 4 0:1	 0:1 �5:7	 0:5�% �0:33	 0:03�% 6:8	 2:7	 1:0
D�0 ! D0� D0 ! K��
�0 11	 5 1:7	 0:9 �1:9	 0:2�% �1:14	 0:12�% 5:3	 2:9	 1:0
D�0 ! D0� D0 ! K��
�
�� 0	 5 0:2	 0:1 �2:5	 0:3�% �0:65	 0:07�% �0:2	 3:3	 0:4
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flow, !�T , and !�B are computed in the c.m. frame. These
requirements remove about 80% of the continuum
backgrounds and are 79% (74%) efficient for signal in
the D0�0 (D0�) mode.

In the 16% of the events with multiple B� candidates,
we pick the best candidate based on a "2 algorithm that
uses the measured values, known values, and resolutions
of the D0 mass and �m.

We extract the yield of B� ! D�0K�� events from a
binned maximum likelihood fit to themES distribution of
B� candidates. The signal distribution is parametrized
as a Gaussian and the combinatorial background as a
threshold function, f�mES� / mES

��������������
1� x2

p
exp��%�1�

x2��, where % is a fit parameter, x � 2mES=
���
s

p
. The pa-

rameters of the Gaussian are determined from the B� !
D�0�� sample. The total signal yield is 121	 15 events.
Fits to the �E distribution for events with mES >
5:27 GeV give consistent results (140	 21). The third
column of Table I lists the yields for the individual
D�0=D0 modes. Figure 1 shows the mES distribution of
B� candidates overlaid with the fit model.
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FIG. 1 (color online). Distributions ofmES for B� ! D�0K��:
(a) all modes; (b) D�0 ! D0�0 modes; (c) D�0 ! D0� modes.
The dashed lines represent the combinatorial background.
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The yield from the mES fit includes contributions from
‘‘peaking’’ backgrounds (those with mES near MB). The
main modes contributing to these backgrounds are B� !
D�0KS�

�, �BB0 ! D�
K��, and B� ! D0K��. From a
Monte Carlo simulation we estimate that they contribute
6:8	 3:4 events to the signal yield, where the uncertainty
reflects the limited knowledge of the branching fractions
for these modes. The predicted amount of B� !
D�0KS�� background (2:7	 2:7 events) is consistent
with the observed m�KS��� distribution.

The branching fraction B�B� ! D�0K��� is calculated
from

B �
NmES

� Npk

NB �BB 
BK�� 
BKS 

P
i
�(iMC 
B

i
D�0 
BiD0�

;

where NmES
is the event yield from the mES fit, Npk is the

peaking background, BK�� and BKS are the branching
fractions for K�� ! KS�

� and KS ! �
��, the index i
runs over the six D�0=D0 modes, (iMC is the event selec-
tion efficiency, and BiD�0 (BiD0) is the D�0 (D0) branching
fraction for the ith mode. This calculation assumes
B���4S� ! B
B�� � B���4S� ! B0 �BB0�. The Monte
Carlo efficiency determination uses the value of the po-
larization reported in this Letter.

The inputs to this calculation are shown in Table I.
Combining the six D�0=D0 modes, we find

B�B� !D�0K��� � �8:3	 1:1�stat�	 1:0�syst��� 10�4:

We list the uncertainties on B in Table II. The largest
systematic errors, the uncertainty in the reconstruction
efficiencies for photons (2.5% per photon) and charged
tracks (0.8% per track), are determined from independent
control samples. The efficiencies of most requirements are
measured with the large B� ! D�0�� sample.

Table I also shows the branching fractions for
the D�0 ! D0� and D�0 ! D0�0 modes separately.
Though the latter is somewhat larger than the former,
we find agreement for the same quantities in the
141801-5
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B� ! D�0�� sample, where theD�0 is reconstructed with identical techniques. Thus, we ascribe the difference between
the two modes to statistical fluctuations.

The angular distributions for the decays are expressed in terms of three amplitudes H0 (longitudinal), H
, and H�

(transverse), and three angles, !D, !K, and " [12]. The angle !D (!K) is the angle of the D0 (KS) with respect to the B�

direction in the D�0 (K��) rest frame; " is the angle between the decay planes of the D�0 and the K�� in the B� rest
frame. Since the acceptance is nearly independent of ", we integrate over ", obtaining

d2�
d cos!Dd cos!K

/ 4jH0j
2cos2!Dcos

2!K 
 �jH
j
2 
 jH�j

2�sin2!Dsin
2!K;

d2�
d cos!Dd cos!K

/ 4jH0j
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for D�0 ! D0�0 and D�0 ! D0�, respectively.
The longitudinal polarization fraction �L=�, given by

�L
�

�
jH0j

2

jH0j
2 
 jH
j

2 
 jH�j
2 ;

is extracted from an unbinned maximum likelihood fit to
the data distribution D�!D; !K� for events with mES >
5:27 GeV. This distribution is fit to the sum of those for
longitudinally (L) and transversely (T) polarized signal
events, and combinatorial background events (C):

D�!D;!K� � a 
L�!D;!K�
b 
T�!D;!K�
 c 
C�!D;!K�:

Here c is the fraction of background, combinatorial and
peaking, determined from the mES yield fit and simula-
tion, respectively, and b � 1� a� c. Thus, a is the only
free parameter in the fit.

The distributions of L and T are obtained from simu-
lations, including detector acceptance effects. The distri-
bution of C is estimated from data candidates in a
sideband of mES (5:20<mES < 5:27 GeV) and has
been verified to describe the angular distributions
of both combinatorial and peaking backgrounds. We ex-
clude from the fit (!D; !K) regions where the efficiency
TABLE II. Uncertainties for B�B� ! D�0K���.

Source Uncertainty

Statistical 13.1%

�0 and � efficiency 6.0%
Tracking efficiency 4.5%
mES fitting assumptions 3.8%
Event selection criteria 3.8%
D�0 and D0 branching fractions 3.2%
Peaking background estimates 3.0%
Kaon identification efficiency 2.0%
KS efficiency 1.9%
Polarization uncertainty 1.8%
Monte Carlo statistics 1.7%
NB �BB 1.1%

Total systematics 11.7%

141801-6
changes rapidly: cos!K <�0:9 and, in the D0� mode,
cos!D > 0:85.

We find longitudinal polarization fractions �L=� �
0:87	 0:07�stat� 	 0:03�syst� and 0:80	 0:14�stat� 	
0:04�syst� from fits to the D�0 ! D0�0 and D�0 ! D0�
samples, respectively. Figure 2 shows projections of the
�!D; !K� distributions for the event sample. Combining
these two results, we find �L=� � 0:86	 0:06�stat� 	
0:03�syst�. The systematic uncertainty reflects the accu-
racy of the simulation ( 	 0:017), the uncertainty on c
�	0:017�, the finite statistics of the simulation and side-
band data ( 	 0:010), the uncertainties related to the fit
assumptions ( 	 0:010), and the assumption that the ac-
ceptance is independent of " ( 	 0:004). As a consistency
check, we fit the !D distribution in the B� ! D�0��

sample. We find �L=� � 1:00	 0:01, in agreement
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FIG. 2 (color online). Distributions of (a) cos!D and (b)
cos!K for D�0 ! D0�0. Distributions of (c) cos!D and (d)
cos!K for D�0 ! D0�. The solid line represents the full fit
model, the dashed line represents the transverse component,
and the shaded region represents the combinatorial background
component.
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with the expectation �L=� � 1 from angular momentum
conservation.

In summary, we have measured B�B� ! D�0K��� �
�8:3	 1:1�stat� 	 1:0�syst��� 10�4. Our measurement is
2.5 times more precise than the previous result. It is in
agreement with predictions based on the measured B� !
D�0�� branching fraction [13], and the value of the
Cabibbo angle. We have also measured the longitudinal
polarization fraction in this decay to be �L=� � 0:86	
0:06�stat� 	 0:03�syst�. This last result is consistent with
expectations [14] based on factorization, heavy quark
effective theory, and the measurement of semileptonic
B-decay form factors, assuming that the external specta-
tor amplitude (b! cW��; W�� ! K��) dominates in
B� ! D�0K��. This study represents a first step towards
a measurement of � from an analysis of B� ! D�0

�CP�K
��

as described in [4].
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