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V. Brigljević,33 D. J. Lange,33 K. van Bibber,33 D. M. Wright,33 A. J. Bevan,34 J. R. Fry,34 E. Gabathuler,34 R. Gamet,34

M. George,34 M. Kay,34 D. J. Payne,34 R. J. Sloane,34 C. Touramanis,34 M. L. Aspinwall,35 D. A. Bowerman,35

P. D. Dauncey,35 U. Egede,35 I. Eschrich,35 G.W. Morton,35 J. A. Nash,35 P. Sanders,35 D. Smith,35 G. P. Taylor,35

J. J. Back,36 G. Bellodi,36 P. Dixon,36 P. F. Harrison,36 R. J. L. Potter,36 H.W. Shorthouse,36 P. Strother,36 P. B. Vidal,36

G. Cowan,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

F. Jackson,39 G. D. Lafferty,39 A. J. Lyon,39 N. Savvas,39 J. H.Weatherall,39 J. C. Williams,39 A. Farbin,40 A. Jawahery,40

V. Lillard,40 D. A. Roberts,40 J. R. Schieck,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 H. Staengle,41 S.Willocq,41 B. Brau,42 R. Cowan,42 G. Sciolla,42 F. Taylor,42

R. K. Yamamoto,42 M. Milek,43 P. M. Patel,43 F. Palombo,44 J. M. Bauer,45 L. Cremaldi,45 V. Eschenburg,45 R. Kroeger,45

J. Reidy,45 D. A. Sanders,45 D. J. Summers,45 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 J. M. LoSecco,49

J. R. G. Alsmiller,50 T. A. Gabriel,50 J. Brau,51 R. Frey,51 M. Iwasaki,51 C.T. Potter,51 N. B. Sinev,51 D. Strom,51

E. Torrence,51 F. Colecchia,52 A. Dorigo,52 F. Galeazzi,52 M. Margoni,52 M. Morandin,52 M. Posocco,52 M. Rotondo,52

F. Simonetto,52 R. Stroili,52 C. Voci,52 M. Benayoun,53 H. Briand,53 J. Chauveau,53 P. David,53 Ch. de la Vaissière,53

L. Del Buono,53 O. Hamon,53 Ph. Leruste,53 J. Ocariz,53 M. Pivk,53 L. Roos,53 J. Stark,53 P. F. Manfredi,54 V. Re,54

V. Speziali,54 L. Gladney,55 Q. H. Guo,55 J. Panetta,55 C. Angelini,56 G. Batignani,56 S. Bettarini,56 M. Bondioli,56
281802-1 0031-9007=02=89(28)=281802(7)$20.00  2002 The American Physical Society 281802-1



VOLUME 89, NUMBER 28 P H Y S I C A L R E V I E W L E T T E R S 31 DECEMBER 2002
F. Bucci,56 G. Calderini,56 E. Campagna,56 M. Carpinelli,56 F. Forti,56 M. A. Giorgi,56 A. Lusiani,56 G. Marchiori,56

F. Martinez-Vidal,56 M. Morganti,56 N. Neri,56 E. Paoloni,56 M. Rama,56 G. Rizzo,56 F. Sandrelli,56 G. Triggiani,56

J. Walsh,56 M. Haire,57 D. Judd,47 K. Paick,57 L. Turnbull,57 D. E. Wagoner,57 J. Albert,58 N. Danielson,58 P. Elmer,58

C. Lu,58 V. Miftakov,58 J. Olsen,58 S. F. Schaffner,58 A. J. S. Smith,58 A. Tumanov,58 E.W. Varnes,58 F. Bellini,59

G. Cavoto,58,59 D. del Re,59 R. Faccini,14,59 F. Ferrarotto,59 F. Ferroni,59 E. Leonardi,59 M. A. Mazzoni,59 S. Morganti,59

G. Piredda,59 F. Safai Tehrani,59 M. Serra,59 C. Voena,59 S. Christ,60 G. Wagner,60 R. Waldi,60 T. Adye,61 N. De Groot,61

B. Franek,61 N. I. Geddes,61 G. P. Gopal,61 S. M. Xella,61 R. Aleksan,62 S. Emery,62 A. Gaidot,62 P.-F. Giraud,62

G. Hamel de Monchenault,62 W. Kozanecki,62 M. Langer,62 G.W. London,62 B. Mayer,62 G. Schott,62 B. Serfass,62

G. Vasseur,62 Ch. Yeche,62 M. Zito,62 M.V. Purohit,63 A.W. Weidemann,63 F. X. Yumiceva,63 I. Adam,64 D. Aston,64

N. Berger,64 A. M. Boyarski,64 M. R. Convery,64 D. P. Coupal,64 D. Dong,64 J. Dorfan,64 W. Dunwoodie,64 R. C. Field,64

T. Glanzman,64 S. J. Gowdy,64 E. Grauges,64 T. Haas,64 T. Hadig,64 V. Halyo,64 T. Himel,64 T. Hryn’ova,64 M. E. Huffer,64

W. R. Innes,64 C. P. Jessop,64 M. H. Kelsey,64 P. Kim,64 M. L. Kocian,64 U. Langenegger,64 D.W. G. S. Leith,64 S. Luitz,64

V. Luth,64 H. L. Lynch,64 H. Marsiske,64 S. Menke,64 R. Messner,64 D. R. Muller,64 C. P. O’Grady,64 V. E. Ozcan,64

A. Perazzo,64 M. Perl,64 S. Petrak,64 H. Quinn,64 B. N. Ratcliff,64 S. H. Robertson,64 A. Roodman,64 A. A. Salnikov,64

T. Schietinger,64 R. H. Schindler,64 J. Schwiening,64 G. Simi,64 A. Snyder,64 A. Soha,64 S. M. Spanier,64 J. Stelzer,64

D. Su,64 M. K. Sullivan,64 H. A. Tanaka,64 J. Va’vra,64 S. R. Wagner,64 M. Weaver,64 A. J. R. Weinstein,64

W. J. Wisniewski,64 D. H. Wright,64 C. C. Young,64 P. R. Burchat,65 C. H. Cheng,65 T. I. Meyer,65 C. Roat,65

R. Henderson,66 W. Bugg,67 H. Cohn,67 J. M. Izen,68 I. Kitayama,68 X. C. Lou,68 F. Bianchi,69 M. Bona,69 D. Gamba,69

L. Bosisio,70 G. Della Ricca,70 S. Dittongo,70 L. Lanceri,70 P. Poropat,70 L. Vitale,70 G. Vuagnin,70 R. S. Panvini,71

S.W. Banerjee,72 C. M. Brown,72 D. Fortin,72 P. D. Jackson,72 R. Kowalewski,72 J. M. Roney,72 H. R. Band,73 S. Dasu,73

M. Datta,73 A. M. Eichenbaum,73 H. Hu,73 J. R. Johnson,73 R. Liu,73 F. Di Lodovico,73 A. Mohapatra,73 Y. Pan,73

R. Prepost,73 I. J. Scott,73 S. J. Sekula,73 J. H. von Wimmersperg-Toeller,73 J. Wu,73 S. L. Wu,73 Z. Yu,73 and H. Neal74

(BABAR Collaboration)

1Laboratoire de Physique des Particules, F-74941 Annecy-le-Vieux, France
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54Università di Pavia, Dipartimento di Elettronica and INFN, I-27100 Pavia, Italy
55University of Pennsylvania, Philadelphia, Pennsylvania 19104
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281802-3
We present measurements of branching fractions and CP-violating asymmetries for two-body neutral
B meson decays to charged pions and kaons based on a sample of about 88� 106 ��4S� ! BB decays.
From a time-independent fit we measure the charge-averaged branching fractions B�B0 ! ����� �
�4:7� 0:6� 0:2� � 10�6, B�B0 ! K���� � �17:9� 0:9� 0:7� � 10�6, and the direct CP-violating
charge asymmetry AK� � �0:102� 0:050� 0:016 	�0:188;�0:016
, where the ranges in square
brackets indicate the 90% confidence intervals. From a time-dependent fit we measure the B0 !
���� CP-violating parameters S�� � 0:02� 0:34� 0:05 	�0:54;�0:58
 and C�� � �0:30� 0:25�
0:04 	�0:72;�0:12
.

DOI: 10.1103/PhysRevLett.89.281802 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh
parameter sin2
 reported by the BABAR [1] and Belle [2]
Collaborations established CP violation in neutral B de-
cays. These results are consistent with the standard model

magnitudes of the elements of the Cabibbo-Kobayashi-
Maskawa (CKM) [3] quark-mixing matrix. However, a
full test of the CP violation mechanism in the SM,
Recent measurements of the CP-violating asymmetry
 (SM) expectation based on indirect constraints on the
281802-3
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through a single complex phase in the CKM matrix, will
require additional direct constraints on the angles (�, 
,
and �) of the unitarity triangle [4].

The time-dependent CP-violating asymmetry in the
decay B0 ! ���� is related to the angle �, and ratios
of branching fractions for various �� and K� decay
modes are sensitive to the angle �. In this Letter we
present results for branching fractions and CP-violating
asymmetries in B0 ! ����, K���, and K�K� decays
[5] using a sample of 87:9� 1:0� 106 BB pairs. A de-
tailed description of the BABAR detector is presented in
Ref. [6], and more details on the analysis technique are
given in Ref. [7], which describe our previous measure-
ments of these quantities. Other measurements of the
branching fractions and the charge asymmetry in B0 !
K��� have been performed by the CLEO and Belle
Collaborations [8]. More recently, the Belle Collabo-
ration reported a measurement of the time-dependent
CP asymmetry in B0 ! ���� [9].

We reconstruct a sample of neutral B mesons (Brec)
decaying to the h�h0� final state, where h and h0 refer to
� or K. Signal yields are determined with a maximum
likelihood fit including kinematic, topological, and
particle identification information. For the K��� com-
ponents, the yield is parametrized as NK��� �
NK��1�AK��=2, where NK� is the total yield and
AK�  �NK��� � NK����=�NK��� � NK���� is the
CP-violating charge asymmetry. The asymmetry arises
from interference between the b! s penguin and b! u
tree amplitudes and is predicted [10,11] to be less than
20% in the standard model. However, a larger asymmetry
could be induced by new particles, such as charged Higgs
bosons or supersymmetric particles, contributing to the
penguin amplitude.

In order to extract the CP asymmetry parameters in
B0 ! ���� decay, we examine each event in the Brec
sample to determine whether the second B meson (Btag)
decayed as a B0 or B0 (flavor tag) and reconstruct the
difference �t between the proper decay times of the Brec
and Btag decays. The decay rate distribution f� �f�� when
h�h0� � ���� and Btag � B0 �B0� is given by

f���t� �
e�j�tj=�

4�
	1� S�� sin��md�t�

� C�� cos��md�t�
; (1)

where � is the mean B0 lifetime and �md is the mixing
frequency due to the eigenstate mass difference. The
parameters S�� and C�� are defined as

S�� 
2Im�

1� j�j2
and C�� 

1� j�j2

1� j�j2
; (2)

and vanish in the absence of CP violation. If the decay
proceeds purely through the b! u tree amplitude, the
complex parameter � is given by
281802-4
��B! ����� �

�
V�
tbVtd
VtbV

�
td

��
V�
udVub
VudV

�
ub

�
: (3)

In this case C�� � 0 and S�� � sin2�, where � 
arg	�VtdV�

tb=VudV
�
ub
. In general, the b! d penguin am-

plitude modifies both the magnitude and phase of �, so
that C�� � 0 and S�� �

������������������
1� C2��

p
sin2�eff , where �eff

depends on the magnitudes and relative strong and weak
phases of the tree and penguin amplitudes. Several ap-
proaches have been proposed to obtain information on �
in the presence of penguins [10,12].

The event selection and Brec reconstruction used in this
analysis are similar to those used in Ref. [7]. Hadronic
events are selected based on charged particle multiplicity
and event topology. Candidate Brec decays are recon-
structed from pairs of oppositely charged tracks forming
a good quality vertex, where the Brec four-momentum is
calculated with the pion mass assumed for both tracks.

Signal decays are identified kinematically using
two variables, the difference �E between the center-of-
mass (c.m.) energy of the Brec candidate and

���
s

p
=2,

and the beam-energy substituted mass mES ������������������������������������������������������
�s=2� pi � pB�2=E2i � p2B

q
, where

���
s

p
is the total c.m.

energy, and the Brec momentum pB and the four-
momentum of the initial state �Ei;pi� are defined in the
laboratory frame. For signal decays �E and mES are
Gaussian distributed with resolutions of 26 MeV and
2:6 MeV=c2, respectively. For ���� decays �E peaks
near zero, while for decays with one or two kaons the �E
peak position is parametrized as a function of the kaon
momenta in the laboratory frame, with an average shift of
�45 MeV and �91 MeV, respectively. The distribution
of mES peaks near the B mass. We require 5:20<mES <
5:29 GeV=c2 and j�Ej< 0:15 GeV.

Identification of h�h0� tracks as pions or kaons is
accomplished with the Cherenkov angle measurement
�c from a detector of internally reflected Cherenkov light.
We construct charge-dependent double-Gaussian proba-
bility density functions (PDFs) from the difference be-
tween measured and expected values of �c for the pion or
kaon hypothesis, normalized by the error ��c . The PDF
parameters are measured in a sample of D�� ! D0��,
D0 ! K��� decays, reconstructed in data. The typical
separation between pions and kaons varies from 8��c at
2 GeV=c to 2:5��c at 4 GeV=c.

We have studied potential backgrounds from other B
decays and find them to be negligible. Backgrounds from
the process e�e� ! q "qq �q � u; d; s; c� are suppressed by
their topology. In the c.m. frame we define the angle �S
between the sphericity axis of the B candidate and the
sphericity axis of the remaining particles in the event,
and require j cos�Sj< 0:8, which removes 83% of
this background. For these particles we also define a
Fisher discriminant F � 0:53� 0:60�

P
i p

�
i � 1:27�P

i p
�
i j cos��

�
i �j

2 where p�i is the momentum of particle i
and ��i is the angle between its momentum and the Brec
281802-4
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thrust axis in the c.m. frame. The shapes of F for signal
and background events are included as PDFs in the maxi-
mum likelihood fit.

We use a multivariate technique [13] to determine the
flavor of the Btag meson. Separate neural networks are
trained to identify primary leptons, kaons, and soft pions
from D� decays, and high-momentum charged particles
from B decays. Events are assigned to one of five mutu-
ally exclusive tagging categories based on the estimated
mistag probability and the source of the tagging infor-
mation (Table I). The quality of tagging is expressed in
terms of the effective efficiency Q �

P
k %k�1� 2wk�2,

where %k and wk are the efficiencies and mistag proba-
bilities, respectively, for events tagged in category k.
Table I summarizes the tagging performance measured
in a data sample Bflav of fully reconstructed neutral B
decays to D�������; '�; a�1 �. The assumption of equal
tagging efficiencies and mistag probabilities for signal
����, K���, and K�K� decays is validated in a de-
tailed Monte Carlo simulation. The background hypothe-
sis has separate tagging efficiencies.

The time difference �t is obtained from the known
boost of the e�e� system and the measured distance
between the z positions of the Brec and Btag decay vertices.
A detailed description of the algorithm is given in
Ref. [14]. We require j�tj< 20 ps and ��t < 2:5 ps,
where ��t is the error on �t. The resolution function
for signal candidates is a sum of three Gaussians, identi-
cal to the one described in Ref. [13], with parameters
determined from a fit to theBflav sample (including events
in all five tagging categories). The background �t distri-
bution is modeled as the sum of an exponential convolved
with a Gaussian, with two additional Gaussians to account
for tails. Common parameters are used to describe the
background shape for all tagging categories. We find that
96% of background events are described by an effective
lifetime of approximately 0.7 ps.

We use an unbinned extended maximum likelihood fit
to extract yields and CP parameters from the Brec sample.
The likelihood for candidate j tagged in category k is
obtained by summing the product of event yield Ni,
TABLE I. Average tagging efficiency %, average mistag frac-
tion w, mistag fraction difference �w � w�B0� � w�B0�, and
effective tagging efficiency Q for signal events in each tagging
category. The quantities are measured in the Bflav sample.

Category % �%� w �%� �w �%� Q �%�

Lepton 9:1� 0:2 3:3� 0:7 �1:6� 1:3 8:0� 0:3
Kaon I 16:6� 0:2 9:5� 0:7 �2:8� 1:3 10:7� 0:4
Kaon II 19:8� 0:3 20:6� 0:8 �5:3� 1:3 6:7� 0:4
Inclusive 20:1� 0:3 31:7� 0:9 �2:6� 1:4 2:7� 0:3
Untagged 34:4� 0:5

Total Q 28:4� 0:7
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tagging efficiency %i;k, and probability P i;k over the eight
possible signal and background hypotheses i (referring to
����, K���, K���, and K�K� decays). The extended
likelihood function for category k is

Lk � exp

 
�
X
i

Ni%i;k

!Y
j

"X
i

Ni%i;kP i;k� ~xxj; ~��i�

#
: (4)

The probabilities P i;k are evaluated as the product of
PDFs for each of the independent variables ~xxj �
fmES;�E;F ; �

�
c ; �

�
c ;�tg, where ��c and ��c are the

Cherenkov angles for the positively and negatively
charged tracks. We use separate PDF parameters for ��c
and ��c to account for possible systematic differences. The
total likelihood L is the product of likelihoods for each
tagging category, and the free parameters are determined
by maximizing the quantity lnL. The fitted sample con-
tains 26 070 events.

Signal yields are determined from a fit excluding tag-
ging or �t information. There are 16 free parameters,
including signal and background yields (6 parameters);
K� asymmetries (2); and parameters for the background
shapes inmES (1),�E (2), and F (5). Table II summarizes
signal yields, total efficiencies, charge-averaged branch-
ing fractions, and AK�. In the efficiency calculation we
neglect possible effects due to final state radiation from
the Brec decay products. The significance of AK� is 2.0,
where significance is defined as the square root of the
change in �2 logL when AK� is fixed to zero. These
results are consistent with our previous measurements [7]
and with measurements from other experiments [8]. For
the decay B0 ! K�K� we measure a yield of only 1� 8
events and so compute a Bayesian 90% confidence level
(C.L.) upper limit on the branching fraction. Reference [7]
gives a detailed description of the method used.

The dominant sources of systematic error on the
branching fraction measurements are from possible fit
bias (determined in large samples of Monte Carlo simu-
lated events), uncertainty in track and �c reconstruction
efficiencies, and imperfect knowledge of the PDF shapes.
The calculation of selection efficiencies using Monte
Carlo simulated decays has been checked against control
samples in data and residual uncertainties are included in
the systematic error on branching fractions. For AK� the
systematic error is dominated by the �c PDF shape and
possible charge bias in track reconstruction. The total
systematic error is computed as the sum in quadrature
of the individual uncertainties.

Figure 1 shows distributions of mES and �E after
selecting on probability ratios to enhance the signal pu-
rity. The solid curve in each plot represents the fit projec-
tion after correcting for the efficiency of the additional
selection (52% for ��, 79% for K�).

The parameters S�� and C�� are determined from a
second fit including tagging and �t information, where
the Bflav sample is included to determine the signal
281802-5



TABLE II. Summary of results for total detection efficiencies, fitted signal yields NS, charge-averaged branching fractions B, and
AK�. Branching fractions are calculated assuming equal rates for ��4S� ! B0B0 and B�B�. The upper limits for NK�K� and
B�B0 ! K�K�� correspond to the 90% C.L.

Mode Efficiency (%) NS B�10�6� AK� AK� 90% C.L.

���� 38:0� 0:8 157� 19� 7 4:7� 0:6� 0:2
K��� 37:5� 0:8 589� 30� 17 17:9� 0:9� 0:7 �0:102� 0:050� 0:016 	�0:188;�0:016

K�K� 36:2� 0:8 1� 8 �<16� <0:6
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parameters describing tagging information and the �t
resolution function. The �t PDF for signal ���� decays
is given by Eq. (1), modified to include wk and �wk for
each tagging category and convolved with the signal
resolution function. We also take into account possible
differences in reconstruction and tagging efficiencies be-
tween B0 and B0 mesons. The �t PDF for signal K���

events takes into account B0-B0 mixing based on the
charge of the kaon and the flavor of the Btag.

A total of 76 parameters are varied in the fit, including
the values of S�� and C�� (2); signal and background
yields (5); K� charge asymmetries (2); signal and back-
ground tagging efficiencies (16) and efficiency asymme-
tries (16); signal mistag fraction and mistag fraction
differences (8); signal resolution function (9); and pa-
rameters for the background shapes in mES (5), �E (2),
F (5), and �t (6). We assume zero events from B0 !
K�K� decays and we fix �B0 and �md to their world
average values [15]. As a means of validating the analysis
technique, we determine � and �md in the Brec sample
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FIG. 1. Distributions of mES and �E for events enhanced in
signal (a),(b) ���� and (c),(d) K��� decays. Solid curves
represent projections of the maximum likelihood fit, dashed
curves represent q "qq and ��$ K� cross-feed backgrounds.
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and find � � �1:56� 0:07� ps and �md � �0:52�
0:05� ps�1.

The combined fit to the Brec and Bflav samples yields

S�� � 0:02� 0:34�stat� � 0:05�syst�	�0:54;�0:58
;

C�� � �0:30� 0:25�stat� � 0:04�syst�	�0:72;�0:12
;

where the range in square brackets indicates the 90% C.L.
interval taking into account the systematic errors. The
correlation between S�� and C�� is �10%. The signal
yields determined in this fit are within 3% of the yields
obtained from the time-independent fit. Systematic un-
certainties on S�� and C�� are dominated by imperfect
knowledge of the PDF shapes and possible fit bias.We also
evaluate multiplicative systematic errors (0.015), which
are calculated at 1 standard deviation and summed in
quadrature with the additive systematic uncertainties.
Figure 2 shows distributions of �t for events with Btag
tagged as B0 or B0, and the asymmetry as a function of�t
for tagged events enhanced in signal �� decays.

In summary, we have presented updated measurements
of branching fractions and CP-violating asymmetries in
B0 ! ����,K���, andK�K� decays. These results are
consistent with and supersede our previous measurements
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FIG. 2. Distributions of �t for events enhanced in signal ��
decays with Btag tagged as (a) B0 (NB0 ) or (b) B0 (NB0 ), and
(c) the asymmetry 	NB0 � NB0 
=	NB0 � NB0 
 as a function of
�t. Solid curves represent projections of the maximum like-
lihood fit, dashed curves represent the sum of q "qq and K�
background events.
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[7]. We do not observe large mixing-induced or direct CP
violation in the time-dependent asymmetry of B0 !
���� decays, as reported in [9].
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