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B. Aubert,1 M. Bona,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 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 M. Battaglia,6 D. N. Brown,6 J. Button-Shafer,6 R. N. Cahn,6 E. Charles,6 M. S. Gill,6 Y. Groysman,6

R. G. Jacobsen,6 J. A. Kadyk,6 L. T. Kerth,6 Yu. G. Kolomensky,6 G. Kukartsev,6 D. Lopes Pegna,6 G. Lynch,6 L. M. Mir,6

T. J. Orimoto,6 M. Pripstein,6 N. A. Roe,6 M. T. Ronan,6 W. A. Wenzel,6 P. del Amo Sanchez,7 M. Barrett,7 K. E. Ford,7

T. J. Harrison,7 A. J. Hart,7 C. M. Hawkes,7 A. T. Watson,7 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 W. N. Cottingham,9 D. Walker,9 D. J. Asgeirsson,10

T. Cuhadar-Donszelmann,10 B. G. Fulsom,10 C. Hearty,10 N. S. Knecht,10 T. S. Mattison,10 J. A. McKenna,10 A. Khan,11

P. Kyberd,11 M. Saleem,11 D. J. Sherwood,11 L. Teodorescu,11 V. E. Blinov,12 A. D. Bukin,12 V. P. Druzhinin,12

V. B. Golubev,12 A. P. Onuchin,12 S. I. Serednyakov,12 Yu. I. Skovpen,12 E. P. Solodov,12 K. Yu Todyshev,12 D. S. Best,13

M. Bondioli,13 M. Bruinsma,13 M. Chao,13 S. Curry,13 I. Eschrich,13 D. Kirkby,13 A. J. Lankford,13 P. Lund,13

M. Mandelkern,13 W. Roethel,13 D. P. Stoker,13 S. Abachi,14 C. Buchanan,14 S. D. Foulkes,15 J. W. Gary,15 O. Long,15

B. C. Shen,15 K. Wang,15 L. Zhang,15 H. K. Hadavand,16 E. J. Hill,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 D. Kovalskyi,17 J. D. Richman,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 C. H. Cheng,19

A. Dvoretskii,19 F. Fang,19 D. G. Hitlin,19 I. Narsky,19 T. Piatenko,19 F. C. Porter,19 G. Mancinelli,20 B. T. Meadows,20

K. Mishra,20 M. D. Sokoloff,20 F. Blanc,21 P. C. Bloom,21 S. Chen,21 W. T. Ford,21 J. F. Hirschauer,21 A. Kreisel,21

M. Nagel,21 U. Nauenberg,21 A. Olivas,21 W. O. Ruddick,21 J. G. Smith,21 K. A. Ulmer,21 S. R. Wagner,21 J. Zhang,21

A. Chen,22 E. A. Eckhart,22 A. Soffer,22 W. H. Toki,22 R. J. Wilson,22 F. Winklmeier,22 Q. Zeng,22 D. D. Altenburg,23

E. Feltresi,23 A. Hauke,23 H. Jasper,23 J. Merkel,23 A. Petzold,23 B. Spaan,23 T. Brandt,24 V. Klose,24 H. M. Lacker,24

W. F. Mader,24 R. Nogowski,24 J. Schubert,24 K. R. Schubert,24 R. Schwierz,24 J. E. Sundermann,24 A. Volk,24

D. Bernard,25 G. R. Bonneaud,25 E. Latour,25 Ch. Thiebaux,25 M. Verderi,25 P. J. Clark,26 W. Gradl,26 F. Muheim,26

S. Playfer,26 A. I. Robertson,26 Y. Xie,26 M. Andreotti,27 D. Bettoni,27 C. Bozzi,27 R. Calabrese,27 G. Cibinetto,27

E. Luppi,27 M. Negrini,27 A. Petrella,27 L. Piemontese,27 E. Prencipe,27 F. Anulli,28 R. Baldini-Ferroli,28 A. Calcaterra,28

R. de Sangro,28 G. Finocchiaro,28 S. Pacetti,28 P. Patteri,28 I. M. Peruzzi,28,* M. Piccolo,28 M. Rama,28 A. Zallo,28

A. Buzzo,29 R. Contri,29 M. Lo Vetere,29 M. M. Macri,29 M. R. Monge,29 S. Passaggio,29 C. Patrignani,29 E. Robutti,29

A. Santroni,29 S. Tosi,29 G. Brandenburg,30 K. S. Chaisanguanthum,30 C. L. Lee,30 M. Morii,30 J. Wu,30 R. S. Dubitzky,31

J. Marks,31 S. Schenk,31 U. Uwer,31 D. J. Bard,32 W. Bhimji,32 D. A. Bowerman,32 P. D. Dauncey,32 U. Egede,32

R. L. Flack,32 J. A. Nash,32 M. B. Nikolich,32 W. Panduro Vazquez,32 P. K. Behera,33 X. Chai,33 M. J. Charles,33

U. Mallik,33 N. T. Meyer,33 V. Ziegler,33 J. Cochran,34 H. B. Crawley,34 L. Dong,34 V. Eyges,34 W. T. Meyer,34 S. Prell,34

E. I. Rosenberg,34 A. E. Rubin,34 A. V. Gritsan,35 A. G. Denig,36 M. Fritsch,36 G. Schott,36 N. Arnaud,37 M. Davier,37
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60Università di Perugia, Dipartimento di Fisica and INFN, I-06100 Perugia, Italy
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We present measurements of the time-dependent CP-violation parameters S and C in B0 ! �0K0

decays. The data sample corresponds to 384� 106 B �B pairs produced by e�e� annihilation at the ��4S�.
The results are S � 0:58� 0:10� 0:03 and C � �0:16� 0:07� 0:03. We observe mixing-induced CP
violation with a significance of 5.5 standard deviations in this b! s penguin dominated mode.

DOI: 10.1103/PhysRevLett.98.031801 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh

Measurements of time-dependent CP asymmetries in B0

meson decays through Cabibbo-Kobayashi-Maskawa
(CKM) favored b! c �cs amplitudes [1] have provided
crucial tests of the mechanism of CP violation in the
standard model (SM) [2]. Decays of B0 mesons to charm-
less hadronic final states such as �0K0 proceed mostly via a
single loop (penguin) amplitude. In the SM the penguin
amplitude has approximately the same weak phase as the
b! c �cs transition, but it is sensitive to the possible pres-
ence of new heavy particles in the loop [3]. The measure-
ment of CP asymmetries in B0 ! �0K0 thus provides an
important test for such effects.

Within the SM, CKM-suppressed amplitudes and mul-
tiple particles in the loop introduce additional weak phases
whose contribution may not be negligible [4–7]. The time-
dependent CP-violation parameter S [defined in Eq. (1)
below] measured in the decay B0 ! �0K0 is compared
with the value of sin2� from measurements of time-
dependent CP violation in B decays to states containing
charmonium and a neutral kaon. The deviation �S � S�
sin2� has been estimated in several theoretical ap-
proaches: QCD factorization (QCDF) [6,8], QCDF with
modeled rescattering [9], soft collinear effective theory
[10], and SU(3) symmetry [4,5,11]. These models estimate
j�Sj to be of the order 0.01, and with uncertainties give
bounds j�Sj & 0:05.

The time-dependent CP asymmetry in the decay B0 !
�0K0

S has been measured previously by the BABAR [12]
and Belle [13] Collaborations. In this Letter we update our
previous measurements using an integrated luminosity of
349 fb�1, corresponding to �384� 4� � 106 B �B pairs, re-
corded at the ��4S� resonance (center-of-mass energy���
s
p
� 10:58 GeV). Belle has since updated their results

[14]. Our data were collected with the BABAR detector
[15] at the PEP-II asymmetric-energy e�e� collider. In
addition to the B0 ! �0K0

S decays used previously, we now
also include the decay B0 ! �0K0

L.
Charged particles from e�e� interactions are detected,

and their momenta measured, by a combination of five
layers of double-sided silicon microstrip detectors and a
40-layer drift chamber, both operating in the 1.5 T mag-
netic field of a superconducting solenoid. Photons and
electrons are identified with a CsI(Tl) electromagnetic
calorimeter (EMC). Charged particle identification is pro-
vided by the average energy loss in the tracking devices
and by an internally reflecting ring imaging Cherenkov
detector covering the central region. The instrumented
flux return (IFR) of the magnet allows the identification
of muons and K0

L mesons.

We reconstruct a B0 decaying into the CP eigenstate
�0K0

S or �0K0
L (BCP). From the remaining particles in the

event we also reconstruct the decay vertex of the other B
meson (Btag) and identify its flavor. The difference �t �
tCP � ttag of the proper decay times tCP and ttag of the CP
and tag B mesons, respectively, is obtained from the mea-
sured distance between the BCP and Btag decay vertices and
from the boost (�� � 0:56) of the e�e� system. The �t
distribution is given by
 

F��t� �
e�j�tj=�

4�
f1	 �w� �1� 2w�

� 
��S sin��md�t� � C cos��md�t��g (1)

where � is the CP eigenvalue of the final state (� 1 for
�0K0

S, �1 for �0K0
L). The upper (lower) sign denotes a

decay accompanied by a B0� �B0� tag, � is the mean B0

lifetime, �md is the mixing frequency, and the mistag
parameters w and �w are the average and difference,
respectively, of the probabilities that a true B0 is incorrectly
tagged as a �B0 or vice versa. The tagging algorithm has six
mutually exclusive tagging categories and a measured
analyzing power of �30:4� 0:3�% [16]. A nonzero value
of the parameter C would indicate direct CP violation.

We establish the event selection criteria with the aid of a
detailed Monte Carlo (MC) simulation of the B production
and decay sequences, and of the detector response [17].
These criteria are designed to retain signal events with high
efficiency while removing most of the background.

The B-daughter candidates are reconstructed through
their decays �0 ! ��, �! �� (���), �! �����0

(�3�), �0 ! ����
��� ��0��������, �0 ! �3��

���

��0��3�����, �
0 ! �0� ��0���, where �0 ! ����, K0

S !

���� (K0
����) or �0�0 (K0

�0�0). Only the �0������� mode
is used for the �0K0

L sample. The requirements on the
invariant masses of these particle combinations are the
same as in our previous analysis [12]. The list of all decay
modes used in the current analysis can be seen in Table I.
Signal K0

L candidates are reconstructed from clusters of
energy deposited in the EMC or from hits in the IFR not
associated with any charged track in the event [18]. From
the cluster centroid and the B0 decay vertex we determine
the direction (but not the magnitude) of the K0

L momentum
pK0

L
.

For �0K0
S decays we reconstruct the B-meson candidate

by combining the four-momenta of the K0
S and �0 with a

vertex constraint. We also constrain the �, �0, and �0

masses to world-average values [19]. From the kinematics

PRL 98, 031801 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
19 JANUARY 2007

031801-4

http://dx.doi.org/10.1103/PhysRevLett.98.031801


of ��4S� decays we determine the energy-substituted mass

mES �
���������������������������������������������������
�12 s� p0 � pB�2=E2

0 � p2
B

q
and the energy differ-

ence �E � E
B �
1
2

���
s
p

, where (E0, p0) and (EB, pB) are the
laboratory four-momenta of the ��4S� and the B candidate,
respectively, and the asterisk denotes the ��4S� rest frame.
The resolution is 3 MeV in mES and 20–50 MeV in �E,
depending on the decay mode.

For �0K0
L candidates we obtain �E and pK0

L
from a fit

with the B0 and K0
L masses constrained to world-average

values [19]. To make a match with the measured K0
L

direction we construct the missing momentum pmiss from
p0 and all charged tracks and neutral clusters other than the
K0
L candidate. We then project pmiss onto pK0

L
, and require

the component perpendicular to the beam line, pproj
miss?, to

satisfy pproj
miss? � pK0

L?
>�0:5 GeV. This value was

chosen to minimize the yield uncertainty in the presence
of background.

For �0K0
S we require 5:25<mES < 5:29 GeV and

j�Ej< 0:2 GeV, for �0K0
L we require �0:01<�E<

0:04 GeV, and for all decays j�tj< 20 ps, and, for the
error on �t, ��t < 2:5 ps.

Background events arise primarily from random combi-
nations of particles in continuum e�e� ! q �q events (q �
u, d, s, c). We reduce these with requirements on the angle
�T between the thrust axis of the B candidate in the ��4S�
frame and that of the rest of the charged tracks and neutral
calorimeter clusters in the event. In the fit we discriminate
further against q �q background with a Fisher discriminant
F that combines several variables that characterize the
production dynamics and energy flow in the event [20].
For the �0�� decays we require j cos��decj< 0:9 to reduce
the combinatorial background. Here ��dec is the angle be-
tween the momenta of the �0 daughter �� and of the �0,
measured in the �0 rest frame.

For B0 ! �0K0
L candidates we require that the cosine of

the polar angle of the total missing momentum in the
laboratory system be less than 0.95, to reject very forward
q �q jets. The purity of the K0

L candidates reconstructed in

the EMC is further improved by a requirement on the
output of a neural network (NN) that takes cluster-shape
variables as inputs. The NN was trained on MC signal
events and data events in the region 0:02< �E<
0:04 GeV. We check the performance of the NN on data
withK0

L candidates in the larger B0 ! J= K0
L data sample.

The average number of candidates found per selected
event is between 1.08 and 1.32, depending on the final
state. In the case of events with multiple candidates we
choose the candidate with the smallest value of a 	2

constructed from the deviations from expected values of
one or more of the daughter resonance masses, or with the
best decay vertex probability for the B, depending on the
decay channel. Furthermore, in the �0K0

L sample, if several
B candidates have the same vertex probability, we choose
the candidate with the K0

L information taken from, in order,
EMC and IFR, EMC only, or IFR only. From the simula-
tion we find that this algorithm selects the correct-
combination candidate in about two-thirds of the events
containing multiple candidates.

We obtain the common CP-violation parameters and
signal yields for each channel from a maximum likelihood
fit with the input observables �E, mES, F , and �t. The
selected sample sizes are given in the first column of
Table I. We estimate from the simulation a contribution
to the input sample of less than 1.1% of background from
other charmless B decay modes. These events have final
states different from the signal, but similar kinematics, and
exhibit broad peaks in the signal regions of some observ-
ables. We find that the B �B background component is
needed only for the channels with �0��. We account for
these with a separate component in the probability density
function (PDF). For each component j (signal, q �q combi-
natorial background, or B �B background) and tagging cate-
gory c, we define a total probability density function for
event i as

 P i
j;c � P j�m

i
ES� � P j��E

i� � P j�F
i� � P j��t

i; �i�t; c�;

(2)

except for �0K0
L for which P j�mi

ES� is omitted. The fac-
tored form of the PDF is a good approximation since linear
correlations are small.

We write the extended likelihood function for all events
of the decay mode d as

 L d �
Y
c

exp��nc�
YNc
i

�X
j

njfj;cP i
j;c

�
; (3)

where nj is the yield of events of component j, fj;c is the
fraction of events of component j for each category c, nc �
nsigfsig;c � nq �qfq �q;c � nB �BfB �B;c is the number of events
found by the fitter for category c, and Nc is the number
of events of category c in the sample. When combining
decay modes we form the grand likelihood L �

Q
Ld. We

fix both fsig;c and fB �B;c to fBflav;c, the values measured with

TABLE I. Results of the fits. Subscripts for �0 decay modes
denote �0������� (1), �0�� (2), and �0��3���� (3).

Mode # events Signal yield S C

�01K
0
���� 664 224� 16 0:61� 0:23 �0:26� 0:14

�02K
0
���� 11 943 566� 30 0:56� 0:14 �0:24� 0:10

�03K
0
���� 177 73� 9 0:89� 0:35 0:14� 0:25

�01K
0
�0�0 490 52� 9 0:84� 0:42 �0:26� 0:36

�02K
0
�0�0 13 915 133� 24 0:56� 0:41 0:15� 0:27

�0K0
S 0:62� 0:11 �0:18� 0:07

�01K
0
L 4199 204� 24 0:32� 0:28 0:08� 0:23

�0K0 0:58� 0:10 �0:16� 0:07
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the large sample of fully reconstructed B0 decays into
flavor eigenstates (Bflav sample) [18].

The PDF P sig��t; ��t; c�, for each category c, is the
convolution of F��t; c� [Eq. (1)] with the signal resolution
function (sum of three Gaussians) determined from the
Bflav sample. The other PDF forms are the following: the
sum of two Gaussians for P sig�mES� and P sig��E�; the sum
of three Gaussians for P q �q��t; c� and P B �B��t; c�; an
asymmetric Gaussian with different widths below and
above the peak for P j�F � [a small ‘‘tail’’ Gaussian is
added for P q �q�F �]; a linear dependence for P q �q��E�
and a fourth-order polynomial for P B �B��E�; for
P q �q�mES� and P B �B�mES� the function

x
��������������
1� x2
p

exp
�
�1� x2��, with x � 2mES=
���
s
p

and 
 a
free parameter [21] and the same function plus a
Gaussian, respectively.

For the signal and B �B background components we de-
termine the PDF parameters from simulation. We study
large control samples of B decays to charm final states of
similar topology to verify the simulated resolutions in �E
and mES, adjusting the PDFs to account for any differences
found. The q �q background parameters are free to vary in
the final fit. Thus, for the six channels listed in Table I, we
perform a single fit with 93 free parameters: S, C, signal
yields (6), �0��K0 B �B background yields (2), continuum
background yields (6) and fractions (30), background �t,
mES, �E, F PDF parameters (47). The parameters � and
�md are fixed to world-average values [19].

We test and calibrate the fitting procedure by applying it
to ensembles of simulated experiments with q �q events
drawn from the PDF into which we have embedded the
expected number of signal and B �B background events
randomly extracted from the fully simulated MC samples.
We find negligible bias for C. For S we find and apply
multiplicative correction factors for bias from dilution due
to cross-feed from B �B background to signal events equal to
1.03 in the final states �0��K

0
���� , �0�������K

0
L, and

�0��K
0
�0�0 .

Results from the fit for the signal yields and the CP
parameters S and C are presented in Table I. In Fig. 1 we
show the projections onto mES and �E for a subset of the

data for which the ratio between the likelihood of signal
events and the sum of likelihoods of signal and background
events (computed without the variable plotted) exceeds a
mode-dependent threshold that optimizes the sensitivity. In
Fig. 2 we give the �t and asymmetry projections of the
events selected as for Fig. 1. We measure a correlation of
3.2% between S and C in the fit.

We perform several crosschecks of our analysis tech-
nique including time-dependent fits for B� decays to the
charged final states �0�������K

�, �0��K�, and
�0��3����K

�; fits removing one fit variable at a time; fits
without B �B PDFs; fits with multiple B �B components; fits
allowing for nonzero CP information in B �B events; fits
with C � 0. In all cases, we find results consistent with
expectation. The value S � 0:62� 0:11 for �0K0

S differs
from our previous measurement S � 0:30� 0:14 [12] due
to the improved event reconstruction (with a contribution
of�0:08) and selection (� 0:12) and to the additional data
collected (� 0:12). With a model of the data sample
changes introduced by our revised event reconstruction
and new data, we find that our current result has a statistical
probability of 35% (50%) for an assumed true value of S of
0.61 (0.70).

We have studied the systematic uncertainties arising
from several sources (in decreasing order of magnitude):
variation of the signal PDF shape parameters within their
errors, modeling of the signal �t distribution, use of �t
signal parameters from the Bflav sample, interference be-
tween the CKM-suppressed �b! �uc �d amplitude and the
favored b! c �ud amplitude for some tag-side B decays
[22], B �B background, SVT alignment, and position and
size of the beam spot. The Bflav sample is used to determine
the errors associated with the signal �t resolutions, tagging
efficiencies, and mistag rates. We take the uncertainties in
�B and �md from published measurements [19]. Summing
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FIG. 1 (color online). Distributions projected (see text) onto
(a) mES and (b) �E for �0K0

S candidates, and (c) �E for �0K0
L

candidates. The solid lines shows the full fit result and the dashed
lines show the background contributions.
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FIG. 2 (color online). Projections (see text) onto �t for
(a) �0K0

S and (c) �0K0
L of the data (points with error bars for

B0 tags in solid circles and �B0 tags in empty rectangles), fit
function (solid and dashed lines for B0 and B0 tagged events,
respectively), and background function (shaded regions). We
show the asymmetry between B0 and �B0 tags for (b) �0K0

S and
(d) �0K0

L; the lines represent the fit functions.
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all systematic errors in quadrature, we obtain 0.03 for S and
0.03 for C.

In conclusion, we have used a sample containing
1252� 50 flavor-tagged �0K0 events to measure the
time-dependent CP violation parameters, S � 0:58�
0:10� 0:03 and C � �0:16� 0:07� 0:03. This sample
is 2.1 times as large as that of our previous measurement
[12]. Our result for S is consistent with the world average
of sin2� measured in B0 ! J= K0

S [19]. We observe
mixing-induced CP violation in B0 decays to �0K0 with
a significance (systematic uncertainties included) of 5.5
standard deviations. Our result for direct-CP violation is
2.1 standard deviations from zero.
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