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P. Chang,27 Y. Chao,27 K.-F. Chen,27 B. G. Cheon,40 R. Chistov,13 S.-K. Choi,7 Y. Choi,40 A. Chuvikov,35 M. Danilov,13

M. Dash,53 L. Y. Dong,11 A. Drutskoy,13 S. Eidelman,2 V. Eiges,13 C. Fukunaga,48 N. Gabyshev,9 T. Gershon,9

B. Golob,20,14 A. Gordon,22 R. Guo,25 J. Haba,9 C. Hagner,53 T. Hara,32 N. C. Hastings,9 H. Hayashii,24 M. Hazumi,9

I. Higuchi,45 L. Hinz,19 T. Hokuue,23 Y. Hoshi,44 W.-S. Hou,27 H.-C. Huang,27 Y. Igarashi,9 T. Iijima,23 K. Inami,23 R. Itoh,9

H. Iwasaki,9 M. Iwasaki,46 Y. Iwasaki,9 H. K. Jang,39 J. H. Kang,55 J. S. Kang,16 N. Katayama,9 H. Kawai,3

T. Kawasaki,30 H. Kichimi,9 D. W. Kim,40 H. J. Kim,55 Hyunwoo Kim,16 S. K. Kim,39 K. Kinoshita,5 S. Korpar,21,14
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We report results of a study of charmlessB meson decays to three-bodyKpp, KKp andKKK final states.
Measurements of branching fractions forB decays toK1(0)p1p2, K1K1K2, K0K1K2, K1KS

0KS
0 and

KS
0KS

0KS
0 final states are presented. The decaysB0→K0K1K2, B1→K1KS

0KS
0 andB0→KS

0KS
0KS

0 are observed
for the first time. We also report evidence forB1→K1K2p1 decay. For the three-body final states
K0K1p2, KS

0KS
0p1, K1K1p2 and K2p1p1, 90% confidence level upper limits are reported. Finally, we

discuss the possibility of using the three-bodyB0→KS
0K1K2 decay forCP violation studies. The results are

obtained with a 78 fb21 data sample collected at theY(4S) resonance by the Belle detector operating at the
KEKB asymmetric energye1e2 collider.

DOI: 10.1103/PhysRevD.69.012001 PACS number~s!: 13.25.Hw, 14.40.Nd
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I. INTRODUCTION

Studies of three-body charmless hadronic final states a
natural extension of studies of two-body final states. Som
the final states considered so far as two-body~for example
rp, K* p, etc.! are, in fact, quasi-two-body since they pr
duce a wide resonance state that immediately decays, in
simplest case, into two particles producing a three-body fi
state. Multiple resonances occurring nearby in phase sp
will interfere and a full amplitude analysis is required
extract correct branching fractions for the intermediate qu
two-body states.B meson decays to three-body charmle
hadronic final states may also provide new possibilities
CP violation searches. For example, a new method to ext
the weak anglef3 from isospin analysis and measurement
time dependent asymmetry in the decayB0→KS

0p1p2 has
been recently suggested in Ref.@1#. Charmless decays ofB
mesons are also important in current searches for phy
beyond the standard model~SM!. Among three-body charm
less final states, theB1→K1K1p2 andB1→K2p1p1 de-
cays, which proceed viab→ssd̄ and b→dds̄ transitions,
respectively, provide a good opportunity to search for n

*On leave from Nova Gorica Polytechnic, Nova Gorica.
01200
a
of

he
al
ce

i-
s
r
ct
f

cs

physics. The SM prediction for the branching fraction of t
decayB1→K1K1p2 is of order 10211 and even smaller for
the K2p1p1 final state@2#. However, there are extension
of the SM where these branching fractions can be enhan
up to 1027 @2,3#. Upper limits on branching fractions fo
these final states can be used to constrain parameters in
extensions of the SM@4#.

B meson decays toK1(0)p1p2 and K1K1K2 final
states have already been observed by the Belle, BaBar
CLEO experiments@5–7#. For the other three-body charm
less hadronic final states considered in this paper only up
limits have been reported so far@8#. In this paper, we presen
updated results on a study ofB meson decays to three-bod
Kpp, KKp andKKK final states. We also describe an iso
pin analysis of the decays ofB mesons to three-kaon fina
states and discuss the use of theB0→KS

0K1K2 three-body
decay forCP violation measurements.

The analysis is based on a 78 fb21 data sample, which
contains 85.0 millionBB̄ pairs, collected with the Belle de
tector operating at the KEKB asymmetric-energye1e2 col-
lider @9# with a center-of-mass~c.m.! energy at theY(4S)
resonance. The beam energies are 3.5 GeV for positrons
8.0 GeV for electrons. For the study of thee1e2→qq̄ con-
tinuum background we use 8.3 fb21 of data taken 60 MeV
below theY(4S) resonance. The results presented here
1-2
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STUDY OF B MESON DECAYS TO THREE-BODY . . . PHYSICAL REVIEW D69, 012001 ~2004!
clude the previous data and supersede the results on t
body charmless hadronic final states reported in Ref.@5#.

II. THE BELLE DETECTOR

The Belle detector@10# is a large-solid-angle magneti
spectrometer based on a 1.5 T superconducting sole
magnet. Charged particle tracking is provided by a thr
layer silicon vertex detector and a 50-layer central d
chamber ~CDC! that surround the interaction point. Th
charged particle acceptance covers the laboratory polar a
betweenu517° and 150°, corresponding to about 92%
the full solid angle in the c.m. frame. The momentum re
lution is determined from cosmic rays ande1e2→m1m2

events to bespt
/pt5(0.30% 0.19pt)%, where pt is the

transverse momentum in GeV/c.
Charged hadron identification is provided bydE/dx mea-

surements in the CDC, an array of 1188 aerogel Cˇ erenkov
counters~ACC!, and a barrel-like array of 128 time-of-fligh
scintillation counters~TOF!; information from the three sub
detectors is combined to form a single likelihood rat
which is then used in kaon and pion selection. At large m
menta (.2.5 GeV/c) only the ACC and CDC are used t
separate charged pions and kaons since here the TOF
vides no additional discrimination. Electromagnetic show
ing particles are detected in an array of 8736 CsI~Tl! crystals
that covers the same solid angle as the charged particle tr
ing system. The energy resolution for electromagnetic sh
ers issE /E5(1.3% 0.07/E% 0.8/E1/4)%, whereE is in GeV.
Electron identification in Belle is based on a combination
dE/dx measurements in the CDC, the response of the A
and the position, shape and total energy deposition~i.e.,
E/p) of the shower detected in the calorimeter. The elect
identification efficiency is greater than 92% for tracks w
plab.1.0 GeV/c and the hadron misidentification probabili
is below 0.3%. The magnetic field is returned via an ir
yoke that is instrumented to detect muons andKL

0 mesons.
We use a GEANT-based Monte Carlo~MC! simulation
to model the response of the detector and determine ac
tance@11#.

III. EVENT SELECTION

Charged tracks are selected with a set of track qua
requirements based on the average hit residual and on
distances of closest approach to the interaction point~IP!. We
also require that the track momenta transverse to the bea
greater than 0.1 GeV/c to reduce the low momentum com
binatorial background. For charged kaon identification,
impose a requirement on the particle identification variab
which has 86% efficiency and a 7% fake rate from misid
tified pions. Charged tracks that are positively identified
electrons or protons are excluded. Since the muon identifi
tion efficiency and fake rate vary significantly with the tra
momentum, we do not veto muons to avoid additional s
tematic errors.

Neutral kaons are reconstructed via the decayK0(K̄0)
→p1p2. The invariant mass of the two pions is required
be within 12 MeV/c2 of the nominalK0 mass. The displace
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ment of thep1p2 vertex from the IP in ther-f plane is
required to be greater than 0.1 cm and less than 20 cm.
direction of the combined pion pair momentum in ther-f
plane must be within 0.2 rad of the direction from the IP
the displaced vertex.

We reconstructB mesons in three-bodyKpp, KKp and
KKK final states, whereK stands for a charged or neutr
kaon, andp for a charged pion. The inclusion of the charg
conjugate mode is implied throughout this paper. The can
date events are identified by their c.m. energy differen
DE5(( iEi)2Ebeam, and the beam constrained mass,Mbc

5AEbeam
2 2(( i pW i)

2, whereEbeam5As/2 is the beam energy

in the c.m. frame, andpW i andEi are the c.m. three-moment
and energies of the candidateB meson decay products. W
select events withMbc.5.20 GeV/c2 and 20.30,DE
,0.50 GeV. For subsequent analysis, we also define aMbc

signal region of uMbc2MBu,9 MeV/c2.
To determine the signal yield, we use events withMbc in

the signal region and fit theDE distribution with the sum of
a signal and a background function. TheDE signal is param-
etrized by the sum of two Gaussian functions with the sa
mean. The widths and the relative fractions of the two Ga
sians are determined from the MC simulation. We find th
the signal MC events have a 10% narrowerDE width than
seen in the data. To correct for this effect, we introduce
scale factor that is determined from the comparison of
DE widths for B1→D̄0p1 events in MC and experimenta
data. TheDE shape of theBB̄ produced background is de
termined from MC simulation, as described below. The ba

ground from e1e2→ qq̄ (q5u, d, s and c quarks! con-
tinuum events is represented by a linear function.

IV. BACKGROUND SUPPRESSION

An important issue for this analysis is the suppression
the large combinatorial background, which is dominated

qq̄ continuum events. We suppress this background us
variables that characterize the event topology. A more
tailed description of the background suppression techni
can be found in Ref.@5#.

Since the twoB mesons produced from anY(4S) decay
are nearly at rest in the c.m. frame, their decay products
uncorrelated and events tend to be spherical. In contrast,

rons from continuumqq̄ events tend to exhibit a two-je
structure. We useu thr , which is the angle between the thru
axis of theB candidate and that of the rest of the event,
discriminate between the two cases. The distribution
ucosuthru, shown in Fig. 1~a!, is strongly peaked nea
ucosuthru51.0 for qq̄ events and is nearly flat forBB̄ events.
We requireucosuthru,0.80 for all three-body final states; thi
eliminates about 83% of the continuum background and
tains 79% of the signal events.

After imposing the cosuthr requirement, the remainingqq̄

and BB̄ events still have some differences in topology th
1-3
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FIG. 1. Distribution of~a! ucosuthru and~b! Fisher discriminant for theB1→K1p1p2 signal MC events~histogram!, B1→D̄0p1 events

in data~open circles! andqq̄ background in below-resonance data~filled circles!.
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are exploited for further continuum suppression. A Fish
discriminant@12# is formed from 11 variables: nine variable
that characterize the angular distribution of the moment
flow in the event with respect to theB candidate thrust axis
@13#, the angle of theB candidate thrust axis with respect
the beam axis, and the angle between theB candidate mo-
mentum and the beam axis. The discriminant,F, is the linear
combination of the input variables that maximizes the se
ration between signal and background. The coefficients
determined using below-resonance data and a large s
B1→K1p1p2 signal MC events. We use the same set
coefficients for all three-body final states. Figure 1~b! com-
pares theF distributions for theB1→K1p1p2 signal MC

events, B1→D̄0p1 events in data andqq̄ background
events in below-resonance data. The separation betwee
mean values of the discriminant for the signal and ba
ground is approximately 1.3 times the signal width. For
Kpp and KKp final states we impose a requirementF
.0.8 on the Fisher discriminant variable that rejects ab
90% of the remaining continuum background and reta
54% of the signal. The continuum background in the thr
kaon final states is much smaller and a looser requirem
F .0 is imposed to retain the efficiency. This requireme
rejects 53% of the remainingqq̄ background and retain
89% of the signal.

We also consider backgrounds that come from otheB
decays. We subdivide this background into two types. T
first type is the background from decays that are domina
b→c tree transition. The description of these decays is ta
from an updated version of the CLEO group event gener
@14#. The other potential source of background is charml
B decays that proceed viab→s(d) penguins orb→u tree
transitions. We studied a large set of potentially serious ba
grounds from two-, three-, and four-body final states. Sin
the background from otherB decays is substantially mod
dependent, we give a detailed description of this type
background for each final state in the following sections.
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V. B¿„0…\K¿„0…p¿pÀ

We find that the dominant background to theK1(0)p1p2

final states from otherB decays is due to theB→Dp, D
→Kp decays and due toB1→J/c@c(2S)#K1 decays,
where J/c@c(2S)#→m1m2. To exclude the B→Dp
events, we apply the requirement on theKp invariant mass
uM (Kp)2MDu.0.10 GeV/c2, whereMD is the world aver-
age value for mass of theD0(1) meson@8#. To suppress the
background due top/K misidentification in theK1p1p2

final state, we also exclude candidates if the invariant m
of any pair of oppositely charged tracks from theB candidate

is consistent with theD̄0→K1p2 hypothesis within 15
MeV/c2 (;2.5s), independently of the particle identifica
tion information. Modes with aJ/c@c(2S)# in the final state
contribute due to muon-pion misidentification; the contrib
tion from theJ/c@c(2S)#→e1e2 submode is found to be
negligible ~less than 0.5%! after the electron veto require
ment. We exclude J/c@c(2S)# signals by requiring
uM (h1h2)2MJ/cu.0.07 GeV/c2 and uM (h1h2)2Mc(2S)u
.0.05 GeV/c2, whereh1 andh2 are pion candidates@15#.
Finally, we also reject candidates if thep1p2 invariant
mass is within 50 MeV/c2 of the world averagexc0 mass@8#.
The most significant background from charmlessB decays is
found to originate from theB1(0)→h8K1(0) followed by
h8→p1p2g decays. Another contribution comes from th
B1→r0p1 final state, where one of the final state pions
misidentified as a kaon. There is also a background fr
two-body charmlessB→Kp decays. Although this back
ground is shifted by about 0.2 GeV from theDE signal re-
gion, it is important to take it into account to estimate co
rectly the background fromqq̄ continuum events.

The DE distributions for selectedB1(0)→K1(0)p1p2

candidates that pass all the selection requirements are sh
in Fig. 2. A significant enhancement in theB signal region is
observed for both final states. Results of the fits are show
open histograms in Fig. 2 and hatched histograms repre
1-4
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FIG. 2. DE distributions for~a! B1→K1p1p2 and~b! B0→K0p1p2. Points with error bars represent data, the open histogram is

result of the fit, and the hatched histogram shows the total background level. The straight line indicates theqq̄ continuum background
contribution.
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the background. While fitting the data we fix the shape of
BB̄ background and allow its normalization to float. F
background from charmlessB decays we fix the normaliza
tion as well. Both the normalization and the slope of theqq̄
background are floated during the fit. There is a large
crease in the level of theBB̄ related background in theDE
,20.15 GeV region that is mainly due toB→Dp, D
→Kpp decays. This decay mode produces the same fi
state as the studied process plus one extra pion that is
included in the energy difference calculation. The decayB
→Dp, D→Kmnm also contributes due to muon-pion mis
01200
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dentification. The shape of this background is well describ
by MC simulation. The signal yields from fits are given
Table I.

VI. B\KKK

The dominant background from otherB decays to the
three-kaon final states is fromB→Dh decays, whereh
stands for a charged pion or kaon. To suppress this ba
ground, we reject events where the two-particle invari
mass is consistent within 15 MeV/c2 (;2.5s) with
D0→K1K2 for the K1K1K2 final state and withD1
y decay
re

ns
tion
TABLE I. Summary of results forB meson decays to three-body charmless hadronic final states. The table lists the three-bod
modes, the correspondingDE resolution for the core (s1) and the tail (s2) Gaussian functions, the fraction of the signal in the co
Gaussian, three-body reconstruction efficiency, the signal yield extracted from theDE fit and branching fractions. The branching fractio
and 90% confidence level~C.L.! upper limits~UL! are quoted in units of 1026. For the modes with neutral kaons the quoted reconstruc
efficiencies include the intermediate branching fractions. Two values for theB→Dp efficiency and signal yield correspond toF .0.8
(.0) requirement on the Fisher discriminant.

Three-body
mode

DE resolutions1 /s2

~MeV!
Fraction Efficiency~%! Signal Yield

~events!
B or 90% C.L. UL

(1026)

K1p1p2 17.3/35.0 0.85 21.560.48 845646 53.663.165.1
K0p1p2 15.2/40.0 0.85 5.8560.11 209621 45.465.265.9

K1K1K2 14.5/40.0 0.85 23.560.50 565630 32.861.862.8
K0K1K2 14.0/40.0 0.85 7.2060.17 149615 28.363.364.0
K1KS

0KS
0 14.3/40.0 0.85 6.7860.19 66.569.3 13.461.961.5

KS
0KS

0KS
0 14.7/40.0 0.85 3.9860.17 12.223.8

14.5 4.221.3
11.660.8

K1K2p1 15.5/40.0 0.85 13.860.31 94623 (,130) 9.362.361.1 (,13)
K0K1p2 14.7/40.0 0.85 4.5360.16 27617 (,55) ,18
KS

0KS
0p1 15.0/40.0 0.85 5.3160.15 21.867.7 (,11) ,3.2

K2p1p1 17.0/40.0 0.85 17.060.37 21618 (,51) ,4.5
K1K1p2 15.5/40.0 0.85 14.260.30 6.569.6 (,22.3) ,2.4

D̄0p1 14.5/30.0 0.80 17.860.43 (28.860.57) 2470651 (4000666)

D2p1 14.9/40.0 0.80 5.1060.11 (8.2460.14) 300616 (451625)
1-5
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FIG. 3. DE distributions forB→KKK three-body final states. Points with error bars are data; the open histogram is the fit resu

hatched histogram is the background. The straight line shows theqq̄ continuum background contribution.
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→K̄0K1 for the K0K1K2 final state. To suppress the bac
ground due top/K misidentification in theK1K1K2 final
state, we also exclude candidates if the invariant mass of
pair of oppositely charged tracks from theB candidate is
consistent withD0→K2p1 within 15 MeV/c2 (;2.5s),
independently of the particle identification information. F
the K0K1K2 final state we exclude candidates if theKS

0h6

invariant mass is consistent withD1→K̄0p1 within 15
MeV/c2. We also reject events with aK1K2 invariant mass
that is consistent withxc0→K1K2 within 50 MeV/c2. We
do not find any charmlessB decay modes that produce
significant background to the three-kaon final states. T
feed-across betweenK1(0)p1p2 and K1(0)K1K2 final
states is also found to be negligible.

The DE distributions for all three-kaon final states a
shown in Fig. 3, where data~points with error bars! are
shown along with the expected background~hatched histo-
grams!. The BB̄ background inKKK final states is much
smaller than that in theK1(0)p1p2 final states and has n
prominent structures. The results of fits to theDE distribu-
tions are summarized in Table I. While fitting the data for
three-kaon final states we fix not only the shape but also
normalization of theBB̄ related background. The statistic
01200
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significance of theB0→KS
0KS

0KS
0 signal, in terms of the num-

ber of standard deviations is 4.3s. It is calculated as
A22ln(L0 /Lmax), whereLmax andL0 denote the maximum
likelihood with the nominal signal yield and with the sign
yield fixed at zero, respectively. The significance of the s
nal in all other three-kaon final states exceeds 10s.

VII. B¿„0…\K¿„0…KÀp¿, KS
0KS

0p¿, K¿K¿pÀ AND KÀp¿p¿

The signals in theK1(0)K2p1 and KS
0KS

0p1 channels
are, in general, expected to be much smaller since the do
nant contributions to these final states are expected to c
from theb→u tree andb→dg penguin transitions, while the
B1(0)→K1(0)p1p2 and B→KKK decay channels are
dominantly b→sg penguin transitions. As for theB1

→K1K1p2 and B1→K2p1p1 decays, the SM predicts
exceedingly small branching fractions for these decays~as
mentioned above!.

The background from otherB meson decays to these fin
states is mainly due toB→Dh decays, whereh represents a
charged pion or kaon. We suppress this background by
jecting events where the two-particle invariant mass is c
sistent within 15 MeV/c2 (;2.5s) with D0→K1K2, D0
1-6
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→K2p1, D1→K̄0p1 or D1→K̄0K1. Because of the smal
expected signal to background ratio for these final state
different technique for signal yield extraction is used. W
subdivide theDE region into 20 MeV bins and determine th
signal yield in each bin from the fit to the correspondingMbc
spectrum. TheMbc signal shape is parametrized by a Gau
ian function. The width of theMbc signal is primarily due to
the c.m. energy spread and is expected to be the sam
each decay channel; in the fit we fix it at th
valuesMbc

53.0 MeV/c2 determined from theB1→D̄0p1,
D̄0→K1p2 events in the same data sample. The ba
ground shape is parametrized with the empirical funct

f (Mbc)}xA12x2exp@2j(12x2)#, wherex5Mbc/Ebeam and
j is a parameter@16#. We fix thej value from a study of data
taken below theY(4S) resonance. The signal yield from th
Mbc fit as a function ofDE is used in the subsequent anal
sis. Since theqq̄ background does not peak in theMbc dis-
tribution, this technique allows an effective subtraction of t
qq̄ background. In contrast, theBB̄ background can easily
produce a signal-like distribution in theMbc variable. The
same procedure is applied to theBB̄ MC events to determine
the background shape and level. The resulting continu
background-subtractedDE distributions are fit with the sig-
nal yield as the only free parameter. Figure 4 shows
results of the fit, along with the expected contributions fro
genericBB̄ decays and the feed-down due to particle m
dentification from theB→Kpp andB→KKK decay modes.
For theK2p1p1 final state, shown in Fig. 4~a!, the only
background from charmlessB decays is due toB̄0→K2p1

two-body decay. For theK1K2p1 final state, shown in Fig
4~c!, we observe an excess of events in the signal region w
statistical significance of 4s. For all other final states pre
sented in Fig. 4, the experimental points are consistent w
the background expectations.

VIII. BRANCHING FRACTION CALCULATION

To determine branching fractions, we normalize our
sults to the observedB1→D̄0p1, D̄0→K1p2 and B0

→D2p1, D2→K0p2 signals. This reduces the systema
errors associated with the charged track reconstruction
ciency, particle identification efficiency, the event shape v
ables and uncertainty due to the possible nonuniform d
taking conditions during the experiment. We calculate
branching fraction forB meson decay to a particular fina
statef via the relation

B~B→ f !5
Nf

NDp

«Dp

« f
3B~B→Dp!B~D→Kp!, ~1!

whereNf and NDp are the number of reconstructed sign
events for the final statef and that for theDp reference
process, and« f and«Dp are the corresponding reconstructio
efficiencies determined from MC. TheB→Dp and D
→Kp branching fractions are the world average values fr
the PDG@8#.
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To selectB→Dp events, we require that theKp invari-
ant mass be consistent within 3s with theD meson nominal
mass@8#. The DE distributions for the reference process

B1→D̄0p1, D̄0→K1p2 and B0→D2p1, D2→K0p2

are shown in Fig. 5. The results of the fits are given in Ta
I. Since, in the analysis ofKpp (KKp) and KKK final
states, different requirements on the Fisher discriminant
applied, we determine theB→Dp signal yields for these
two cases.

The results of the three-body branching fraction measu
ments are presented in Table I. To determine the reconst
tion efficiencies forK1K1K2 andK0K1K2 final states, we
use a simple model@5# that takes into account the nonun
form distribution of signal events over the Dalitz plot. Th
three-body signal in this model is parametrized by afK
intermediate state and af XK state, wheref X is a hypothetical
wide scalar state. Another model is used for theK1(0)p1p2

final states to account for the nonuniform distribution of s
nal events over the Dalitz plot and determine the reconst
tion efficiencies@5#. The three-bodyK1(0)p1p2 signal in
this model is parametrized by the following set of quasi-tw
body intermediate states:r0K, f 0(980)K, K* (892)p,
K0* (1430)p and f 0(1370)p. For the K2p1p1,
K1KS

0KS
0 , KS

0KS
0KS

0 and allKKp final states, the reconstruc
tion efficiency is determined from MC simulated events th
are generated with a uniform~phase space! distribution over
the Dalitz plot. For theB1→K1K2p1 decay the statistica
significance of the signal barely exceeds 4s and as a final
result we set a 90% confidence level upper limit on
branching fraction, though the central value is also given
Table I. Since we do not observe a statistically significa
signal in any of theK2p1p1, K1K1p2, K0K1p2 and
KS

0KS
0p1 final states, we place 90% confidence level upp

limits on their branching fractions@17#. These limits are
given in Table I. To take into account the systematic unc
tainty, we reduce the reconstruction efficiency by one st
dard deviation of the overall systematic error.

The dominant sources of systematic error are listed
Table II. For the B1(0)→K1(0)p1p2 and B1(0)

→K1(0)K1K2 final states, we estimate the systematic unc
tainty due to variations of reconstruction efficiency over t
Dalitz plot by varying the relative phases of quasi-two-bo
states in the range from 0 to 2p and their amplitudes within
620%. For all other final states we make a conservat
estimate of this type of systematic uncertainty. F
each three-body final state the Dalitz plot is subdivided in
GeV2/c4 wide slices inM2(hh) @for exampleM2(K2p1)
for the K1K2p1 final state#, and the reconstruction effi
ciency is determined in each bin. The same procedure is
applied for the second Dalitz plot projection@M2(K1K2)
for theB1→K1K2p1 decay#. The maximal variation in the
reconstruction efficiency for all bins is taken as the syste
atic error. The uncertainty due to the particle identification
estimated using high purity samples of kaons and pions fr
theD0→K2p1 decays, where theD0 flavor is tagged using
D* 1→D0p1 decays. The systematic error due to unc
tainty in theKS

0 reconstruction efficiency is estimated fro
the comparison of the relative yields of inclusiveKS

0’s in
1-7
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FIG. 4. Results of the fit~open histogram! to theMbc distributions inDE bins. The data~points with error bars! are compared with the

BB̄ MC expectation~hatched histogram!. The feed-down fromKKK andKpp final states is shown by filled histograms.
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off-resonance data andqq̄ MC with variation of theKS
0 se-

lection criteria. We estimate the uncertainty due to the sig
DE shape parametrization by allowing the width of the ma
Gaussian function to float and varying other parameters
rthe fitting function within their errors. The uncertainty in th
background parametrization is estimated by varying the r
tive fractions of the background components and parame
of theqq̄ background shape function within their errors. T
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overall systematic uncertainty for the three-body branch
fractions varies from 9% to 18%, as given in Table II.

IX. IMPLICATION FOR CP VIOLATION STUDY

An important check of the standard model would be p
vided by measurements of the sameCP-violating parameter
in different weak interaction processes. A good example
1-8
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FIG. 5. DE distributions forB1→D̄0p1, D̄0→K1p2 ~left! and B0→D2p1, D2→K0p2 ~right! events. Points with error bar

represent data withF .0, the open histogram is the fit result and the hatched histogram is the background. The straight line showqq̄
continuum background contribution.
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the comparison of the measurement of the coefficient of
CP-violating sin(Dmdt) term in the time dependent analys
of neutralB meson decays. InB0→(cc̄)K0 decays@where
(cc̄) denotes a charmonium state# this coefficient is sin2f1.
Precise measurements of sin2f1 ~also referred to as sin2b)
have recently been reported by the Belle and BaBar exp
ments@18#. The best known candidates forb→s penguin-
dominated processes, where this quantity can be meas
independently, areB0→fK0 and B0→h8K0 decays. How-
ever, the branching fractions for these decay modes ar
order 102621025 ~including secondary branching fraction!
and very large numbers ofB mesons are required to perfor
these measurements. This is especially true for thefK0 final
state. The large signal observed in the three-bodyB0

→KS
0K1K2 decay mode, where thefKS

0 two-body interme-
diate state gives a relatively small contribution@5,19#, would
significantly increase the available statistics if these eve
could be used. Two complications are involved:~i! the b
→u tree contributions may introduce an additional we
phase in theB0→KS

0K1K2 amplitude and complicate th
interpretation of any observedCP violation. Theb→u con-
tribution in B0→fKS

0 is expected to be negligible~sincef is

almost a puress̄ state!, which is not necessarily the case f
the three-bodyKS

0K1K2 final state.~ii ! In contrast to the
fKS

0 state, which has fixedCP-parity, theCP-parity of the
three-bodyKS

0K1K2 final state is nota priori known. If the
fractions ofCP-even andCP-odd components are compa
rable, the use of theKS

0K1K2 decay mode in aCP analysis
will be complicated. Although in this case an analysis of t
proper time distribution would not be useful forCP violation
measurement, the analysis of the time evolution of the Da
plot may still provide useful information onCP violation in
theKS

0K1K2 final state. In what follows we discuss the po
sibility of using the three-bodyB0→KS

0K1K2 decay mode
for CP violation measurements@20,21#.

The decays ofB mesons to three-bodyKhh final states
can be described byb→u tree-level spectator andb
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→s(d)g one-loop penguin diagrams. Although electrowe
penguins,b→u W-exchange, and annihilation diagrams c
also contribute to these final states, they are expected t
much smaller and we neglect them in the following discu
sion. B meson decays to final states with odd numbers
kaons (s-quarks! are expected to proceed dominantly via t
b→sg penguin transition since, for these states, theb→u
tree contribution has an additional CKM suppression. In c
trast,B decays to three-body final states with two kaons p
ceed via theb→u tree andb→dg penguin transitions with
no b→sg penguin contribution. This allows us to make
rough estimate of theb→u tree contribution to final state
with three kaons via the analysis ofKKp final states. This is
illustrated for theB1→K1K1K2 decay in Fig. 6, where the
dominantb→s penguin graph is shown in Fig. 6~a!. The b
→u tree graph@Fig. 6~b!# has an additional Cabibbo sup
pression from theW1→ s̄u vertex. The corresponding dia
gram without Cabibbo suppression (W1→d̄u) shown in Fig.
6~d! is expected to be the dominant contributor to t
K1K2p1 final state. Assuming factorization, a quantitati
estimate of the fraction of theb→u tree amplitude is then
provided by the ratio

F[
uA b→u

KKKu2

uA total
KKKu2

;
B~B1→K1K2p1!

B~B1→K1K1K2!
3S f K

f p
D 2

3tan2uC , ~2!

whereA total
KKK is the total amplitude for theB1→K1K1K2

decay andA b→u
KKK is its b→u tree contribution. The (f K / f p)2

factor, wheref p5131 MeV andf K5160 MeV are the pion
and kaon decay constants, respectively, takes into acc
corrections for SU~3! breaking effects in the factorizatio
approximation. uC is the Cabibbo angle (sinuC50.2205
60.0018) @8#. Using the results forB1→K1K2p1 and
B1→K1K1K2 branching fractions from Table I, we obtai
F'0.02260.005. Similarly, forB0 decays toK0K1K2 and
K0K1p2 final states we findF'0.02360.013 (,0.037),
1-9
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where the value in brackets is obtained using the upper l
for the B0→K0K1p2 branching fraction. Thus, the contr
bution of theb→u tree transition is expected to be at th
level of a few percent in branching fraction or at the level
10–15 % in amplitude. In contrast to two-body deca
where the magnitude of the interference term depends o
on the relative phase between two amplitudes, in three-b
decay, for the interference term to be maximal not only m
the relative phase between the two amplitudes be 0~180!
degrees at any point of the phase space, but these two
plitudes should also have identical behavior over the ph
space. It seems unlikely that all these conditions will be s
isfied sinceb→s penguin andb→u tree amplitudes are
quite different in nature. We conclude that the above valu
a rather conservative estimate of theb→u contribution.

Let us now consider theCP content of theKS
0K1K2 state

in neutralB decays. TheCP-parity of theKS
0K1K2 three-

body system is (21)l 8, wherel 8 is the orbital angular mo-
mentum of theK1K2 pair relative to the remaining neutra
kaon. Since the total angular momentum of theK0K1K2

system is zero,l 8 is equal to the relative orbital angula
momentum,l, of the two charged kaons. Thus, the relati
fraction ofCP-even andCP-odd states in theKS

0K1K2 final
state is determined by a fraction of states with even and
orbital angular momenta in theK1K2 system. This fraction
could be determined by amplitude analysis of theB0

→KS
0K1K2 Dalitz plot. Such an analysis requires high st

tistics and cannot be performed with the available data.
stead, we use isospin relations between the different th
kaon final states to determine the relative fraction
CP-even andCP-odd states. Noting that the dominantb
→sg penguin transition is an isospin conserving proce
and neglecting the isospin violatingb→u tree andb→dg
penguin contributions, we can write the following relation

B~B0→K0K1K2!5B~B1→K1K0K̄0!3
tB0

tB1

; ~3!

B~B0→K0K0K̄0!5B~B1→K1K1K2!3
tB0

tB1

, ~4!

where the factortB1 /tB051.09160.02360.014 @22# takes
into account the difference in total widths of charged a
neutralB mesons. Being a mirror reflection of each other
isospin space,B0→K0K1K2 and B1→K1K0K̄0 decays
should have not only equal partial widths@Eq. ~3!#, but also
the same decay dynamics; specifically, the fraction of a c
tain angular momentum state in theK1K2 system in the
K0K1K2 final state should be the same as that for theK0K̄0

system in theK1K0K̄0 final state. TheB1→K1K0K̄0 decay
produces three different observable stat
K1KS

0KS
0 , K1KL

0KL
0 andK1KS

0KL
0 . The relative fractions of

these states depend on the relative fractions of even and
orbital angular momentum states in theK0K̄0 system. Bose
statistics requires that theK0K̄0 wave function be symmetric
~and, therefore,CP-even!, independently of the relative or
1-10
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FIG. 6. Diagrams forB1→K1K1K2 decay:~a! b→s penguin;~b! and ~c! b→u trees, and forB1→K1K2p1 decay:~d! and ~e! b
→u trees;~f! b→d penguin.
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bital angular momentum,l, in the system of neutral kaons
As a result, aK0K̄0 system withl-even can only decay to
KS

0KS
0 or KL

0KL
0 final states~with equal fractions!, while a

K0K̄0 system withl-odd can only decay to theKS
0KL

0 final
state ~with an accuracy up toCP violation effects in the
system of neutral kaons!.

In this analysis we reconstruct only theK1KS
0KS

0 compo-

nent of the K1K0K̄0 final state. Measuring theB0

→K0K1K2 andB1→K1KS
0KS

0 branching fractions and us
ing the isospin relation~3! we can determine the paramet
a2,

a252
B~B1→K1KS

0KS
0!

B~B0→K0K1K2!
3

tB0

tB1

5
NK1K

S
0K

S
0

NK
S
0K1K2

32
«K0K1K2

«K1K
S
0K

S
0

3
tB0

tB1

. ~5!

Here,a2 characterizes the fraction of states with even orb
angular momenta in theK0K̄0 system in the three-bod
K1K0K̄0 final state. Due to isospin symmetry it also giv
the fraction of states with even angular momenta in
K1K2 system for theKS

0K1K2 final state. With the results
given in Table I, we obtaina250.8660.1560.05, where we
use the expression fora2 in terms of signal yields (N) and
reconstruction efficiencies («) instead of branching fraction
to reduce the systematic error due to uncertainty in branch
fractions of the calibration modes. Note that theKS

0K1K2

final state includes thefKS
0 state which isCP-odd. We re-

move B0→fKS
0 events by requiringuM (K1K2)2Mfu

.15 MeV/c2; the number of remainingKS
0K1K2 events is

123614. Thea2 value for the remaining events isanonf
2

01200
l

e

g

51.0460.1960.06. The fact that theanonf
2 value is close to

unity provides evidence for the dominance of theCP-even
component in the three-bodyKS

0K1K2 final state when the
fKS

0 intermediate state is excluded.
From this analysis we conclude that the three-bodyB0

→KS
0K1K2 decay can be useful for the measurement ofCP

violation in b→sg penguin dominated decays. Measur
ments of the time-dependentCP asymmetry in theb→sg
penguin dominated B0→h8KS

0 , B0→fKS
0 and B0

→KS
0K1K2 decays are reported in Ref.@23#.

X. CONCLUSION

In conclusion, we have measured branching fractions
charmlessB meson decays to theK1p1p2, K0p1p2 and
three-kaonK1K1K2, K0K1K2, K1KS

0KS
0 andKS

0KS
0KS

0 fi-
nal states. We also observe 4s evidence for the signal in the
K1K2p1 final state that is expected to be dominated by
b→u tree transition. We do not see any signal inB1

→K2p1p1, B1→K1K1p2, B0→K0K1p2 and B1

→KS
0KS

0p1 decays and present 90% C.L. upper limit f
their branching fractions. All the results on three-bo
branching fractions are summarized in Table I. The res
presented in this work are in good agreement with our p
vious measurements@5# and with those reported by the Ba
Bar @6# and CLEO@7# experiments. This paper does not u
date the results for quasi-two-body states obtained using
simplified technique in our previous analysis@5# because of
the large model error of this technique. The extraction
branching fractions for exclusive quasi-two-body interme
ate states in the observed three-body signals requires a
amplitude analysis of the corresponding Dalitz plots and
currently in progress.

An isospin analysis of the charmlessB meson decays to
1-11
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three-kaon final states suggests the dominance of
CP-even component in the three-bodyKS

0K1K2 final state
when thefKS

0 intermediate state is removed. Using this fin
state increases the statistics available for measuremen
CP violation in b→s penguin dominated decays by a fact
of four compared toB0→fKS

0 .
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