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W. Kozanecki,64 G. Vasseur,64 Ch. Yèche,64 M. Zito,64 M. T. Allen,65 D. Aston,65 R. Bartoldus,65 J. F. Benitez,65

PHYSICAL REVIEW D 80, 011101(R) (2009)

RAPID COMMUNICATIONS

1550-7998=2009=80(1)=011101(7) 011101-1 � 2009 The American Physical Society



R. Cenci,65 J. P. Coleman,65 M.R. Convery,65 J. C. Dingfelder,65 J. Dorfan,65 G. P. Dubois-Felsmann,65 W. Dunwoodie,65

R. C. Field,65 M. Franco Sevilla,65 A.M. Gabareen,65 M. T. Graham,65 P. Grenier,65 C. Hast,65 W.R. Innes,65

J. Kaminski,65 M.H. Kelsey,65 H. Kim,65 P. Kim,65 M. L. Kocian,65 D.W.G. S. Leith,65 S. Li,65 B. Lindquist,65 S. Luitz,65

V. Luth,65 H. L. Lynch,65 D. B. MacFarlane,65 H. Marsiske,65 R. Messner,65,* D. R. Muller,65 H. Neal,65 S. Nelson,65

C. P. O’Grady,65 I. Ofte,65 M. Perl,65 B.N. Ratcliff,65 A. Roodman,65 A.A. Salnikov,65 R. H. Schindler,65 J. Schwiening,65

A. Snyder,65 D. Su,65 M.K. Sullivan,65 K. Suzuki,65 S. K. Swain,65 J.M. Thompson,65 J. Va’vra,65 A. P. Wagner,65

M. Weaver,65 C.A. West,65 W. J. Wisniewski,65 M. Wittgen,65 D.H. Wright,65 H.W. Wulsin,65 A.K. Yarritu,65

C. C. Young,65 V. Ziegler,65 X. R. Chen,66 H. Liu,66 W. Park,66 M.V. Purohit,66 R.M. White,66 J. R. Wilson,66

P. R. Burchat,67 A. J. Edwards,67 T. S. Miyashita,67 S. Ahmed,68 M. S. Alam,68 J. A. Ernst,68 B. Pan,68 M.A. Saeed,68

S. B. Zain,68 A. Soffer,69 S.M. Spanier,70 B. J. Wogsland,70 R. Eckmann,71 J. L. Ritchie,71 A.M. Ruland,71

C. J. Schilling,71 R. F. Schwitters,71 B. C. Wray,71 B.W. Drummond,72 J.M. Izen,72 X. C. Lou,72 F. Bianchi,73a,73b

D. Gamba,73a,73b M. Pelliccioni,73a,73b M. Bomben,74a,74b L. Bosisio,74a,74b C. Cartaro,74a,74b G. Della Ricca,74a,74b

L. Lanceri,74a,74b L. Vitale,74a,74b V. Azzolini,75 N. Lopez-March,75 F. Martinez-Vidal,75 D.A. Milanes,75 A. Oyanguren,75

J. Albert,76 Sw. Banerjee,76 B. Bhuyan,76 H. H. F. Choi,76 K. Hamano,76 G. J. King,76 R. Kowalewski,76 M. J. Lewczuk,76

I.M. Nugent,76 J.M. Roney,76 R. J. Sobie,76 T. J. Gershon,77 P. F. Harrison,77 J. Ilic,77 T. E. Latham,77

G. B. Mohanty,77 E.M. T. Puccio,77 H. R. Band,78 X. Chen,78 S. Dasu,78 K. T. Flood,78 Y. Pan,78 R. Prepost,78

C. O. Vuosalo,78 and S. L. Wu78

(BABAR Collaboration)

1Laboratoire d’Annecy-le-Vieux de Physique des Particules (LAPP), Université de Savoie, CNRS/IN2P3,
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27Harvard University, Cambridge, Massachusetts 02138, USA
28Universität Heidelberg, Physikalisches Institut, Philosophenweg 12, D-69120 Heidelberg, Germany

29Humboldt-Universität zu Berlin, Institut für Physik, Newtonstr. 15, D-12489 Berlin, Germany
30Imperial College London, London, SW7 2AZ, United Kingdom

31University of Iowa, Iowa City, Iowa 52242, USA
32Iowa State University, Ames, Iowa 50011-3160, USA

33Johns Hopkins University, Baltimore, Maryland 21218, USA

B. AUBERT et al. PHYSICAL REVIEW D 80, 011101(R) (2009)

RAPID COMMUNICATIONS

011101-2
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59cScuola Normale Superiore di Pisa, I-56127 Pisa, Italy
60Princeton University, Princeton, New Jersey 08544, USA

61aINFN Sezione di Roma, I-00185 Roma, Italy
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We describe searches for B0 meson decays to the charmless final states �0K0
SK

0
S, �K

0
SK

0
S, and �

0K0
SK

0
S.

The data sample corresponds to 467� 106 B �B pairs produced in eþe� annihilation and collected with the

BABAR detector at the SLAC National Accelerator Laboratory. We find no significant signals and

determine the 90% confidence level upper limits on the branching fractions, in units of 10�7, BðB0 !
�0K0

SK
0
SÞ< 9, BðB0 ! �K0

SK
0
SÞ< 10, and BðB0 ! �0K0

SK
0
SÞ< 20.

DOI: 10.1103/PhysRevD.80.011101 PACS numbers: 13.25.Hw, 12.15.Hh, 11.30.Er

The observation of mixing-induced CP violation in
B0 ! J=cK0

S decays [1], as well as in the charmless

penguin-diagram dominated B0 ! �0K0 decays [2], and
of direct CP violation both in the neutral kaon system [3]
and in B0 ! Kþ�� decays [4], are in agreement with
predictions of the standard model (SM) of electroweak
interactions [5]. Further information about CP violation
and hadronic B decays can be provided by the measure-
ment of branching fractions and time-dependent CP asym-
metries in B decays to three-body final states containing
two identical neutral spin zero particles and another CP
eigenstate spin zero particle [6]. CP violating asymmetries
have already been measured in B0 decays to K0

SK
0
SK

0
S [7]

and to �0�0K0
S [8], and a search has been performed in

B ! �0�0K [9]. Other examples, in which study of time-
dependent CP violation asymmetry might be particularly
interesting, are the B0 decays to �0K0

SK
0
S, �K

0
SK

0
S, and

�0K0
SK

0
S. There are no theoretical estimations for the

branching fractions of these SM-suppressed decay modes.
Contributions from physics beyond the SM may appear in
these decays.

Among B meson decays to final states containing two
kaons and an additional light meson, only Bþ !
KþK��þ has been observed, with a branching fraction
of ð5:0� 0:5� 0:5Þ � 10�6 [10]. In this analysis an un-
expected peak was observed around 1:5 GeV=c2 in the
KþK� invariant-mass spectrum. Studies of decays with
two neutral or charged kaons in the final state, such as those
presented herein, may help to elucidate the nature of this
structure [11].

We present the results of searches for neutral B decays to
charmless final states �0K0

SK
0
S, �K0

SK
0
S, and �0K0

SK
0
S,

which are studied for the first time. The results are based
on data collected with the BABAR detector [12] at the PEP-
II asymmetric-energy eþe� collider located at the SLAC
National Accelerator Laboratory. We use an integrated
luminosity of 426 fb�1, corresponding to 467� 106 B �B
pairs, recorded at the �ð4SÞ resonance (center-of-mass
energy

ffiffiffi
s

p ¼ 10:58 GeV) and, for the study of the back-
ground, 44 fb�1 collected 40 MeV below the resonance
(off-peak).

Charged particles from the eþe� interactions are de-
tected, and their momenta measured, by a combination of
five layers of double-sided silicon microstrip detectors and
a 40-layer drift chamber. Both systems operate in the 1.5 T
magnetic field of a superconducting solenoid. Photons and
electrons are identified with a CsI(Tl) crystal electromag-
netic calorimeter. Charged particle identification is pro-
vided by the average energy loss (dE=dx) in the tracking
devices and by an internally reflecting, ring-imaging
Cherenkov detector covering the central region (DIRC).
A K=� separation of better than 4 standard deviations (�)
is achieved for momenta below 3 GeV=c. Detector details
may be found elsewhere [12].
The B daughter candidates are reconstructed through

their dominant decays: � ! �� (���), � ! �þ���0

(�3�) where �
0 ! ��, �0 ! ��þ�� (�0

���) where � !
��, and �0 ! �0� (�0

��) where �
0 ! �þ��. We require

the laboratory energy of the photons to be greater than
30 MeV for �0 in �3�, 50 MeV for ��� in �0

���, and

100 MeV for �0
��, and for �0 and ��� produced directly

from the B decay. We impose the following requirements
on the invariant mass (in MeV=c2) of the candidate final
states: 120<mð��Þ< 150 for �0, 510<mð��Þ< 585
for ��� produced directly from the B decay, 490<

mð��Þ< 600 for ��� in �0
���, 538<mð�þ���0Þ<

558 for �3�, 945<mð�þ���Þ< 970 for �0
���, 930<

mð�þ���Þ< 980 for �0
��, and 470<mð�þ��Þ< 980

for �0. Tracks from � and �0 candidate decays are rejected
if their particle identification signatures from the DIRC and
dE=dx are consistent with those of protons, kaons, or
electrons. Candidate K0

S decays are formed from pairs of

oppositely charged tracks with 486<mð�þ��Þ<
510 MeV=c2, a decay vertex �2 probability larger than
0.001, and a reconstructed decay length greater than 3
times its uncertainty.
We reconstruct the B meson candidate by combining

two K0
S candidates and a �0, �, or �0 candidate. From the

kinematics of the �ð4SÞ decays we determine the energy-

substituted mass mES ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4 s� p2

B

q
and the energy differ-

ence �E ¼ EB � 1
2

ffiffiffi
s

p
, where ðEB;pBÞ is the B meson 4-
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momentum vector, and all values are expressed in the
�ð4SÞ rest frame. The resolution is 3:0 MeV=c2 for mES

and in the range (12–32) MeV for �E, depending on the
decay mode. We require 5:25<mES < 5:29 GeV=c2 and
j�Ej< 0:2 GeV.

Backgrounds arise primarily from continuum eþe� !
q �q events (q ¼ u, d, s, c). We reduce these with a require-
ment on the angle �T between the thrust axis of the B
candidate in the�ð4SÞ rest frame and that of the rest of the
charged tracks and neutral calorimeter clusters in the event
[13]. The distribution is sharply peaked near j cos�Tj ¼ 1
for q �q jet pairs and is nearly uniform for B meson decays.
The requirement is j cos�Tj< 0:9. For the �0 decays we
also use j cos��j where the helicity angle �� is defined as

the angle between the momenta of a daughter pion and the
�0, measured in the �0 meson rest frame. For ��� decays

we use j cos��j where the decay angle �� is defined as the

angle between the momenta of the most energetic daughter
photon and the B0 meson, measured in the � meson rest
frame. We require j cos��ð�Þj< 0:9. Events are retained

only if they contain at least one charged track in the decay
products of the other Bmeson (Btag) from the�ð4SÞ decay.
This requirement improves the precision of the determi-
nation of Btag thrust axis. The B0 ! �0K0

SK
0
S decay has

background from B0 ! �D0K0
S, with

�D0 ! �0K0
S, which

has the same final state as the signal mode. In order to
suppress this background, we definemð�0K0

SÞ as the closer
of the two invariant-mass combinations to the nominal D0

mass [14]. By requiring mð�0K0
SÞ to be outside the range

1:815–1:899 GeV=c2, we veto 80% of this background.
We obtain the signal event yields from unbinned ex-

tended maximum likelihood (ML) fits. The observables
used in the fit are �E, mES, and a Fisher discriminant F .
The Fisher discriminant F [15] is a linear combination of
four event shape variables and jT j, the absolute value of
the continuous output of a flavor tagging algorithm [16].
The event shape variables used for F are the angles, with
respect to the beam axis, of the B momentum and the B
thrust axis in the �ð4SÞ frame, and the zeroth and second
angular moments, L0;2, of the energy flow about the B
thrust axis [17]. The moments are defined by Lj ¼

P
ipi �

j cos�ijj, where �i is the angle, with respect to the B thrust
axis, of track or neutral cluster i, and pi is its momentum.
The sum excludes the B candidate daughters. We use a
neural network based technique [16] to determine the
flavor at decay of the Btag.

The coefficients of F are chosen to maximize the sepa-
ration between the signal and the continuum background.
They are determined from studies of Monte Carlo (MC)
[18] simulated signal data and off-peak data. Signal MC
events are distributed uniformly across the Dalitz plot.
Correlations among the ML input observables are below
10%. The average number of candidates found per selected
event is between 1.13 and 1.22, depending on the final
state. We choose the candidate with the highest B vertex �2

probability, determined from a vertex fit that includes both
charged and neutral particles [19]. From simulated events
we find that this algorithm selects the correct candidate in
(92–98)% of the events containing multiple candidates,
depending on the final state, and introduces negligible bias.
We use a MC simulation to estimate backgrounds from

other B decays, including final states with and without
charm. These contributions are negligible for the �0

���

mode. In all the other modes we introduce a non-peaking
B �B component in the fit. In the �0K0

SK
0
S analysis we also

introduce a B �B background component that peaks in mES

and �E, to take into account the main contribution to
background from B0 ! K0

SK
0
SK

0
S decay mode. We consider

three components in the likelihood fit: signal, continuum,
and B �B background. We have studied the possibility of
misreconstruction of our B candidates. We divide signal
events into two subcomponents: correctly reconstructed
(COR) signal and self cross feed (SCF) signal, where at
least one B candidate daughter has been exchanged with a
particle from the rest of the event. The signal component is
split according to this classification. The fractions of SCF
events are fixed in the fit to the values found in MC
simulated events, which are in the range (10–21)%, de-
pending on the final state. For the �0K0

SK
0
S decay mode,

which has the lowest SCF fraction (6.6%), we use one
signal component, comprising COR and SCF events.
For each event i and component j, we define the proba-

bility density function (PDF)

P i
j ¼ P jðmi

ESÞP jð�EiÞP jðF iÞ (1)

and the likelihood function

L ¼ e�ðP njÞ YN
i¼1

�X
j

njP i
j

�
; (2)

whereN is the number of reconstructed events and nj is the

number of events in component j which is returned by the
fit. We determine the PDF parameters from MC simulation
of the signal and B �B backgrounds, while we use mES and
�E sideband data (5:25<mES < 5:27 GeV=c2, 0:1<
j�Ej< 0:2 GeV) to model the PDFs of continuum
background.
We parameterize P ðmESÞ as a Chrystal Ball function

[20] for the COR and SCF signal subcomponents, an
ARGUS function [21] for continuum and non-peaking
B �B background components, and by an ARGUS function
plus an asymmetric Gaussian distribution for peaking B �B
background. The P ð�EÞ distribution is described by an
asymmetric Gaussian distribution plus an exponential tail
(AGT) [22] for the COR signal subcomponent, an asym-
metric Gaussian distribution plus a linear Chebyshev poly-
nomial or an AGT for the SCF, and Chebyshev
polynomials for continuum and B �B background compo-
nents. The distribution of F is described with an asym-
metric Gaussian distribution plus a Gaussian distribution
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for the COR signal subcomponent, an AGT function for
SCF signal events, an asymmetric Gaussian distribution
plus a linear Chebyshev polynomial for continuum, and an
asymmetric Gaussian distribution for B �B background
subcomponents.

We allow the continuum background PDF parameters to
float in the fit. Large control samples of B� !
D0ðK0

S�
þ���0Þ�� decays are used to verify the simu-

lated �E and mES resolution. Any bias in the fit, which
mainly arises from neglecting the correlations among the
discriminating variables used in the likelihood function
definition, is determined from a large set of simulated
experiments. For each experiment, the q �q background
and non-peaking B �B background are drawn from the
PDFs, and we embed the expected number of peaking
B �B background and signal events taken randomly from
fully simulated MC samples.

In Table I we show, for each decay mode, the fitted
signal yields and their fit biases in numbers of events, the
detection efficiencies, the product of daughter branching
fractions, the significance S, and the measured branching
fractions. The detection efficiency is determined as the
ratio of selected events in simulation to the number gen-
erated. The significance is given in units of �. We deter-
mine the corrected signal yields from the fitted signal
yields and their fit biases, estimated using simulations.
We use these values, detection efficiencies, daughter
branching fractions, and number of produced B mesons,
assuming equal production rates of charged and neutral B
meson pairs, to compute the branching fractions. The
statistical error on the signal yield is the change in the
central value when the quantity �2 lnL increases by one
unit from its minimum value. The significance is the square
root of the difference between the value of �2 lnL (with
systematic uncertainties included) for zero corrected signal
yield and the value at its minimum. We combine results
from different subdecay modes by adding the values of
�2 lnL. In order to account properly for systematic un-
certainties when combining results from different subde-
cays, we convolve the L of each subdecay mode with a

Gaussian distribution with mean equal to zero and width
equal to the uncorrelated systematic uncertainty of that
decay mode. For the combined measurements we report
the branching fractions, the statistical significances and the
90% confidence level (CL) upper limits. The 90% CL
upper limit is taken to be the branching fraction below
which lies 90% of the total likelihood integral in the
positive branching-fraction region.
Figure 1 shows projections of �0K0

SK
0
S, �K

0
SK

0
S, and

�0K0
SK

0
S candidates onto mES and �E for the subset of

candidates for which the signal likelihood (computed with-
out the variable plotted) exceeds a mode-dependent
threshold.
The main sources of systematic error include uncertain-

ties in the detection efficiencies, the PDF parameters, and

TABLE I. Fitted signal yield in events and fit bias in events (ev), detection efficiency � (%), daughter branching-fraction productQ
Bi, significance S, and measured branching fraction B with statistical error for each decay mode. For the combined measurements

(in bold) we give S (with systematic uncertainties included) and the branching fraction with statistical and systematic uncertainties
with the 90% CL upper limit in parentheses.

Mode Yield (ev) Fit bias (ev) � (%)
Q

Bi (%) Sð�Þ Bð10�7Þ
�0K0

SK
0
S 11:7þ16:2

�14:5 þ1:0� 0:7 17.5 47.9 0:7 2:7þ4:2
�3:7 � 0:6 (< 9)

���K
0
SK

0
S 3:2þ9:0

�7:2 þ1:1� 0:7 17.5 18.8 0.3 1:4þ5:9
�4:7

�3�K
0
SK

0
S 2:2þ5:5

�3:6 þ0:2� 0:6 12.0 10.9 0.5 3:3þ9:0
�5:9

�K0
SK

0
S 0:5 2:1þ4:7

�3:8 � 1:2 (< 10)

�0
���K

0
SK

0
S 2:4þ4:7�3:4 þ0:1� 0:4 12.6 8.4 0.6 4:6þ9:5

�6:9

�0
��K

0
SK

0
S 13:4þ16:1

�14:1 þ4:7� 1:1 15.9 14.1 0.6 8:3þ15:4
�13:5

�0K0
SK

0
S 0:8 5:7þ8:0

�6:5 � 3:4 (< 20)
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FIG. 1 (color online). B0 candidate mES and �E projections
for �0K0

SK
0
S [(a), (b)], �K

0
SK

0
S [(c), (d)], and for �

0K0
SK

0
S [(e), (f)]

with the subdecay modes combined. Points with errors represent
the data, solid curves the full fit functions, and dashed curves the
background functions. These plots are made with a requirement
on the likelihood in order to enhance signal to background ratio.
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the maximum likelihood fit bias. We assign systematic
uncertainties (13–20%) on the detection efficiencies due
to nonuniformity of the efficiencies over the Dalitz plot.
This contribution is taken to be the ratio between the
standard deviation of the efficiency distribution over the
Dalitz plot to its mean value. For the signal, the uncertain-
ties in the PDF parameters are estimated by comparing MC
and data control samples. Varying the signal PDF parame-
ters within these uncertainties, we estimate the yield un-
certainties of 0–2 events, depending on the mode. The
uncertainty from the fit bias is taken as the sum in quad-
rature of one-half the correction (1–3 events) plus the
statistical uncertainty on the correction itself. We assign
a systematic error of 0.1–0.4 events, depending on the
mode, due to nonuniformity of the SCF fraction over the
Dalitz plot. Uncertainties of the efficiency found from
auxiliary studies include 0:8%� Nt where Nt is the num-
ber of tracks in the B candidate. A systematic uncertainty
of 1.8% and 3.0% is assigned to the single photon and
�0=��� meson reconstruction efficiencies, respectively.

There is a systematic error of 0.9% for the reconstruction
efficiency of each K0

S. The uncertainty on the total number

of B �B pairs in the data sample is 1.1%. Uncertainties on the
B daughter branching-fraction products (3.5–4.9)% are
taken from Ref. [14].
In conclusion we have searched for the B0 decay modes

to �0K0
SK

0
S, �K

0
SK

0
S, and �0K0

SK
0
S with a sample of 467�

106 B �B pairs. We find no significant signals and set
90% CL upper limits for the branching fractions: BðB0 !
�0K0

SK
0
SÞ< 9� 10�7, BðB0 ! �K0

SK
0
SÞ< 10� 10�7,

and BðB0 ! �0K0
SK

0
SÞ< 20� 10�7.
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