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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

A. K. Mohapatra,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 A. Soha,67 J. Stelzer,67 J. Strube,54,67

D. Su,67 M. K. Sullivan,67 J. M. Thompson,67 J. Va’vra,67 S. R. Wagner,67 M. Weaver,67 W. J. Wisniewski,67 M. Wittgen,67

D. H. Wright,67 A. K. Yarritu,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 W. Bugg,70

M. Krishnamurthy,70 S. M. Spanier,70 R. Eckmann,71 H. Kim,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,‡ G. Vuagnin,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 P. D. Jackson,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

(BABAR Collaboration)

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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27Università di Ferrara, Dipartimento di Fisica and INFN, I-44100 Ferrara, Italy
28Laboratori Nazionali di Frascati dell’INFN, I-00044 Frascati, Italy
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49Mount Holyoke College, South Hadley, Massachusetts 01075, USA
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58Università di Perugia, Dipartimento di Fisica and INFN, I-06100 Perugia, Italy
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We measure the branching fraction and the CP-violating asymmetry of B0 ! K0
S�

0 decays with 227
million ��4S� ! BB events collected with the BABAR detector at the PEP-II asymmetric-energy e�e�

collider at SLAC. We obtain a branching fraction B�B0 ! K0�0� � �11:4 � 0:9 � 0:6� � 10�6 and
CP-violating asymmetry parameters CK0

S
�0 � 0:06 � 0:18 � 0:03 and SK0

S
�0 � 0:35�0:30

�0:33 � 0:04, where
the first error is statistical and the second systematic.

DOI: 10.1103/PhysRevD.71.111102 PACS numbers: 13.25.Hw, 11.30.Er
CP violation effects in decays of B mesons that are
dominated by penguin b! sqq (q � u; d; s) transitions
are potentially sensitive to contributions from physics be-
yond the standard model (SM) [1]. The B-factory experi-
ments have explored time-dependent CP-violating (CPV)
asymmetries in several such decays [2], namely B0 !
�K0

S [3,4], B0 ! �0K0
S [3,5], B0 ! K�K�K0

S [3,6], B0 !
f0K0

S [7] and B0 ! K0
S�

0 [8]. Within the SM these asym-
metries are expected to be consistent with the measurement
of sin2� in charmonium modes originating from the tree-
level b! ccs transition. These comparisons must take
into account possible deviations for each mode, within
the SM, due to contributions of other diagrams with differ-
ent phases and rescattering effects. At this point none of the
modes above shows a significant deviation from the SM
expectation [9]. A major goal of the B-factory experiments
is to reduce the experimental uncertainties of these mea-
surements in order to improve the sensitivity to beyond-
the-standard-model effects.

In this paper we present improved measurements of the
CPV asymmetry in the decay B0 ! K0

S�
0, using data

collected with the BABAR detector at the PEP-II
asymmetric-energy e�e� collider, amounting to 226:6 �
2:5 million ��4S� ! BB decays. In the SM this decay is
dominated by a top-quark-mediated b! sdd penguin am-
plitude. If other contributions, such as the CKM suppressed
b! suu tree amplitude, are ignored, the CPV asymmetry
is governed by sin2� [10], where � 

arg��VcdV

�
cb=VtdV

�
tb and V is the Cabibbo-Kobayashi-

Maskawa (CKM) quark mixing matrix [11]. The bound
on the deviation from sin2� due to SM contributions with a
different weak phase is about 0:2 from SU(3) flavor sym-
metry [12] and about 0:1 in model-dependent QCD calcu-
lations [13]. We also present an update of our measurement
of the branching fraction of B0 ! K0�0 [14], which, when
combined with measurements of other B! K� branching
fractions, can be used to extract the CKM angle � 

arg��VudV

�
ub=VcdV

�
cb [15].

The BABAR detector, fully described in [16], provides
charged-particle tracking through a combination of a five-
layer double-sided silicon micro-strip detector (SVT) and a
40-layer drift chamber (DCH), both operating in a 1.5 T
111102
magnetic field. Charged-kaon and -pion identification is
achieved through measurements of specific energy-loss
(dE=dx) in the tracking system and of the Cherenkov angle
(�c) in a detector of internally reflected Cherenkov light
(DIRC). A CsI(Tl) electromagnetic calorimeter (EMC)
provides photon detection and electron identification.
Finally, the instrumented flux return (IFR) of the magnet
allows discrimination of muons from pions. For event
simulation we use the Monte Carlo event generator
EVTGEN [17] and GEANT4 [18].

At the ��4S� resonance time-dependent CPV asymme-
tries are extracted from the distribution of the difference of
the proper decay times, �t 
 tCP � ttag, where tCP refers
to the decay time of the signal B (BCP) and ttag to that of the
other B (Btag). The �t distribution for BCP ! f follows

P ���t� �
e�j�tj=�

4�
�1 � Sf sin��md�t�

� Cf cos��md�t�; (1)

where the upper (lower) sign corresponds to Btag decaying
as B0 (B0), � is the B0 lifetime and �md is the mixing
frequency. The coefficients Cf and Sf can be expressed in
terms of the B0-B0 mixing amplitude and the decay am-
plitudes for B0 ! f and B0 ! f [19]. For decays to a CP
eigenstate, likeK0

S�
0,Cf vanishes unless there is direct CP

violation. If B0 ! K0
S�

0 proceeds purely through a top-
quark penguin, CK0

S
�0 � 0 and SK0

S
�0 � sin�2�� 2�s�,

where �s 
 arg��VtsV
�
tb=VcsV

�
cb is small.

We search for B0 ! K0
S�

0 decays in BB candidate
events selected using charged-particle multiplicity and
event topology [20]. We reconstruct K0

S ! ���� candi-
dates from pairs of oppositely charged tracks. The two-
track combinations must form a vertex with a �2 consis-
tency greater than 0:001 and a���� invariant mass within
11:2 MeV=c2 of the nominal K0

S mass [21]. We form �0 !
�� candidates from pairs of photon candidates in the EMC,
each of which is isolated from any charged tracks, carries a
minimum energy of 50 MeV, and has the expected lateral
shower shape. Candidates for B0 ! K0

S�
0 are formed from

K0
S�

0 combinations and constrained to originate from the
e�e� interaction point using a geometric fit. We require
-4
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that the consistency of the �2 of the fit, which has 1 degree
of freedom, be greater than 0:001. We extract the K0

S decay
length LK0

S
and the �0 ! �� invariant mass from this fit

and require 110<m�� < 160 MeV=c2 and LK0
S

greater
than 5 times its uncertainty.

For each B candidate we compute two kinematic varia-
bles, namely, the invariant mass mB and the missing mass

mmiss �
�����������������������������
�qe�e� � ~qB�2

p
, where qe�e� is the four-

momentum of the initial e�e� system and ~qB is the four-
momentum of the B0 ! K0

S�
0 candidate after a mass con-

straint on the B0 is applied. By construction the linear
correlation coefficient between mmiss and mB vanishes.
Compared to the kinematic variables �E � E�

B �
1
2

���
s

p

and mES �
�������������������
1
4 s� p�2

B

q
(where s � q2

e�e� and the asterisk

denotes the e�e� rest frame), which were used in our
previous analysis of this mode [8], the present combination
of variables leads to a smaller correlation and a better
background suppression for modes containing a high-
momentum �0 or photon. From simulation studies we
determine the signal resolution for mB to be about
40 MeV=c2. The distribution exhibits a lowside tail from
energy leakage out of the EMC. The signal resolution
for mmiss, about 5 MeV=c2, is dominated by the
beam-energy spread. We select candidates with mB
within 150 MeV=c2 of the nominal B0 mass [21]
and with 5:11<mmiss < 5:31 GeV=c2. The region
mmiss < 5:2 GeV=c2 is devoid of signal and used for back-
ground characterization.

To suppress background from continuum e�e� ! qq
(q � u; d; s; c) events, we exploit differences in both pro-
duction and decay properties. We require j cos��Bj< 0:9,
where ��B is the angle between the B-candidate momentum
and the e� momentum in the e�e� rest frame. For true B
mesons the distribution of cos��B is proportional to 1 �
cos2��B, whereas for continuum events it is nearly flat. To
exploit the jetlike topology of continuum events, we cal-
culate the ratio L2=L0 of two Legendre moments defined as
Lj 


P
ijp�

i jj cos��i j
j, where p�

i is the momentum of parti-
cle i in the e�e� rest frame, ��i is the angle between p�

i and
the thrust axis of the B candidate and the sum runs over all
reconstructed particles except for the B-candidate daugh-
ters. We require L2=L0 < 0:55, which suppresses the back-
ground by more than a factor 3 at the cost of approximately
10% loss in signal efficiency. After all selections are
applied the average candidate multiplicity in events with
at least one candidate is approximately 1:007. When there
are multiple candidates, we select the candidate with a
reconstructed �0 mass closest to the expected value.

For each B0 ! K0
S�

0 candidate we examine the remain-
ing tracks in the event to determine the decay vertex
position and the flavor of Btag. Using a neural network
based on kinematic and particle identification information
[22] each event is assigned to one of five mutually exclu-
sive tagging categories, designed to combine flavor tags
111102
with similar performance and �t resolution. We parame-
terize the performance of this algorithm in a data sample
(Bflav) of fully reconstructed B0 ! D������=$�=a�1
decays. The average effective tagging efficiency obtained
from this sample is Q �

P
c'
c
S�1 � 2wc�2 � 0:299 �

0:005, where 'cS and wc are the efficiencies and mistag
probabilities, respectively, for events tagged in category
c � 1; 2; . . . 5. For the background, the fraction of events
('cB) and the asymmetry in the rate of B0 versus B0 tags
in each tagging category are extracted from a fit to the
data.

The proper-time difference is extracted from the sepa-
ration of the BCP and Btag decay vertices. The Btag vertex is
reconstructed inclusively from the remaining charged par-
ticles in the event [20]. To reconstruct the BCP vertex from
the single K0

S trajectory we exploit the knowledge of the
average interaction point (IP), which is determined on a
run-by-run basis from the spatial distribution of vertices
from two-track events. We compute �t and its uncertainty
from a geometric fit to the ��4S� ! B0B0 system that
takes this IP constraint into account. We further improve
the sensitivity to �t by constraining the sum of the two B
decay times (tCP � ttag) to be equal to 2�B0 with an uncer-
tainty

���
2

p
�B0 , which effectively constrains the two vertices

to be near the ��4S� line of flight. We have verified in a
Monte Carlo simulation that this procedure provides an
unbiased estimate of �t.

The per-event estimate of the uncertainty on �t reflects
the strong dependence of the �t resolution on the K0

S flight
direction and on the number of SVT layers traversed by the
K0
S decay daughters. In about 60% of the events both pion

tracks are reconstructed from at least 4 SVT hits, leading to
sufficient resolution for the time-dependent measurement.
The average �t resolution in these events is about 1:0 ps.
For events which fail this criterion or for which
)��t�> 2:5 ps or j�tj> 20 ps, the �t information is not
used. However, since Cf can also be extracted from flavor
tagging information alone, these events still contribute to
the measurement of Cf.

We extract the signal yield, Sf and Cf from an unbinned
maximum-likelihood fit to mB, mmiss, L2=L0, cos��B, �t
and the flavor tag variables. By exploiting sideband regions
in data for the background and simulated events for the
signal, we have verified that with the selection presented
above these observables are sufficiently independent that
we can construct the likelihood from the product of one-
dimensional probability density functions (PDFs). The
PDFs for signal events are parameterized from simulated
events or from the Bflav sample. For background PDFs we
select a functional form that describes the data in the
sideband regions of the other observables, in which back-
grounds dominate. We include these regions in the fitted
sample and simultaneously extract the parameters of the
background PDFs along with the signal yield and CPV
asymmetries.
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We obtain the PDF for the �t of signal events from
the convolution of Eq. (1) with a resolution function
R�+t 
 �t� �ttrue; )�t�. The resolution function is pa-
rameterized as the sum of two Gaussians with a width
proportional to the reconstructed )�t, and a third
Gaussian with a fixed width of 8 ps [20]. The first two
Gaussians have a nonzero mean, proportional to )�t, to
account for the small bias in �t from charm decays on the
Btag side. We have verified in simulation that the parame-
ters of R�+t; )�t� for B0 ! K0

S�
0 events are similar to
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FIG. 1 (color online). Signal and background (inset) distributions,
mB (a) and mmiss (b), cos��B (c) and L2=L0 (d). The curves represen
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those obtained from the Bflav sample, even though the
distributions of )�t differ considerably. We therefore ex-
tract these parameters from a fit to the Bflav sample. We
assume that the background consists of prompt decays only
and find that the �t distribution is well described by a
resolution function with the same functional form as used
for signal events. The parameters of the background func-
tion are determined in the fit.

To extract the yield and the CPV asymmetries we max-
imize the logarithm of the extended likelihood
L�Sf; Cf; NS; NB; fS; fB; ~.� � e��NS�NB�
Y
i2I

�NSfS'
c
SP S� ~xi; ~yi; Sf; Cf� � NBfB'

c
BP B� ~xi; ~yi; ~.�

�
Y
i2II

�NS�1 � fS�'
c
SP

0
S� ~xi;Cf� � NB�1 � fB�'

c
BP

0
B� ~xi; ~.�;
where I (II) is the subset of events with (without) �t
information. The probabilities P S (P 0

S) and P B (P 0
b) are

products of PDFs for signal (S) and background (B) hy-
potheses evaluated for the measurements ~xi �
fmB;mmiss; L2=L0; cos��B; tag; tagging categoryg and ~yi �
f�t; )�tg. Along with the signal yield NS and the coeffi-
cients Sf and Cf, the fit extracts the background yields NB,
the fractions of events with �t information fS and fB, and
the remaining parameters, collectively denoted by ~..
These include all parameters of background PDFs and
some parameters of the signal PDFs, such as the mean
values of mB and mmiss.

Fitting the data sample of 9726 B0 ! K0
S�

0

candidates, we find NS � 300 � 23 signal decays with
SK0

S
�0 � 0:35�0:30

�0:33�stat� � 0:04�syst� and CK0
S
�0 �

0:06 � 0:18�stat� � 0:03�syst�: The number of signal de-
cays with �t information is fsNs � 186 � 18. The total
detection efficiency for B0 ! K0

S�
0 decays with K0

S !
���� and �0 ! �� is �34:1 � 1:8�%. With the K0

S and
�0 branching fractions taken from [21], taking into account
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obtained with the weighting technique described in the text, for
t the PDFs used in the fit and are normalized to the fitted yield.
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B�K0 ! K0
S� � 1=2 and assuming equal production of

charged and neutral B mesons at the ��4S� resonance,
we obtain a branching fraction B�B0 ! K0�0� � �11:4 �
0:9�stat� � 0:6�syst�� � 10�6: The evaluation of the sys-
tematic uncertainties is described below.

Figure 1 shows the background-subtracted distributions
of mB, mmiss, cos��B and L2=L0 for all B0 ! K0

S�
0 candi-

dates in the fit. The background subtraction is performed
with an event weighting technique [23]. Events contribute
according to a weight constructed from the covariance
matrix for the yields (NS and NB) and the probability P S
and P B for the event, computed without the use of the
variable that is being displayed. The curves represent the
signal PDFs used in the fit. The insets show the correspond-
ing signal-subtracted distributions with the background
PDFs. Figure 2 shows the background-subtracted distribu-
tions of �t for B0- and B0-tagged events, and of the
asymmetry AK0

S
�0��t� � �NB0 � NB0=�NB0 � NB0 as a

function of �t.
The extraction of �t with the IP-constrained fit has been

extensively tested on large samples of simulated B0 !
K0
S�

0 decays with different values of C and S. We have
also exploited a control sample of approximately 1900
observed B0 ! K0

S�
0 decays with J= ! 3�3� and

J= ! e�e�, using the procedure described in [8].
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FIG. 2 (color online). Signal distribution for �t, obtained with the
(top) or B0 (center), and the asymmetry AK0

S
�0��t� (bottom). The
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Based on these studies we assign a systematic uncertainty
of 0:023 on S and 0:014 on C due to the �t reconstruction
and the choice of the resolution function. As a cross-check
we measure the B0 lifetime in B0 ! K0

S�
0 decays in data

and find that it agrees with the world average. We evaluate
the effect of a possible misalignment of the SVT by in-
troducing misalignments in the simulation and assign a
systematic uncertainty of 0:020 on S and 0:007 on C. We
also consider large variations of the position and size of the
interaction region, which we find to have negligible im-
pact. We include a systematic uncertainty of 0:012 on S
and 0:018 on C to account for imperfect knowledge of the
PDFs used in the fit. Using simulated events we estimate a
contribution of 2:3 � 1:7 events from other B decays for
which we assign a systematic uncertainty of 0:019 on S and
0:015 onC. Compared to our previous measurement [8] the
total systematic uncertainty onC is significantly reduced as
a result of a better understanding of the flavor tag asym-
metry in background events.

The detection efficiency for signal events is obtained
from a Monte Carlo simulation. The efficiency of the K0

S
selection is calibrated with a large sample of inclusive
K0
S ! ���� decays. The �0 ! �� efficiency is cali-

brated with e�e� ! ���� events with �� ! $�4�. The
systematic uncertainty associated with the efficiency is
 t (ps)∆
0 2 4 6

 t (ps)∆
0 2 4 6

 t (ps)∆
0 2 4 6

 t (ps)∆
0 2 4 6

 t (ps)∆
0 2 4 6

 t (ps)∆
0 2 4 6

weighting technique described in the text, with Btag tagged as B0

curves represent the PDFs for signal decays in the likelihood fit.
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2:8% forK0
S and 3:0% for�0. We assign additional system-

atic uncertainties of 1:2% for the L2=L0 cut, 2:0% for the
selection on mB and a total of 2:0% for uncertainties in the
signal PDFs. Finally, we include a systematic uncertainty
of 1:4% to account for unknown contributions from other B
decays and a systematic uncertainty of 0:6% due to the
uncertainty in the total number of ��4S� ! BB decays.

In summary, we have reported improved measurements
of the branching fraction and CP-violating asymmetry for
the decay B0 ! K0

S�
0. The measured values of SK0

S
�0 and

CK0
S
�0 are consistent with the Standard Model predictions.

The measured branching fraction is consistent with mea-
surements from other experiments [24]. These results
supersede our previous measurements of the branching
fraction [14] and CPV asymmetries [8], which were based
on a subset of the data presented here.
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