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Abstract

From a sample of about 160k Z!�+�� candidates collected with the ALEPH
detector at LEP between 1991 and 1995, � lepton decays involving K0

S ! �+��

are studied. The K0
SK

0
L associated production in � decays is also investigated.

The branching ratios are measured for the inclusive decay B(��!K0
SX

��� ) =
(9:70�0:58�0:62) � 10�3, where X� can be anything, and for the exclusive decays

B(��!K
0
���� ) = (8:55�1:17�0:66) � 10�3,

B(��!K
0
���0�� ) = (2:94�0:73�0:37) � 10�3,

B(��!K
0
K��� ) = (1:58�0:42�0:17) � 10�3,

B(��!K
0
K��0�� ) = (1:52�0:76�0:21) � 10�3.

The decays ��!K0
SK

0
L�

��� is studied for the �rst time, giving a branching ratio

B(��!K0

SK
0

L�
��� ) = (1:01�0:23�0:13) � 10�3:

The channels �� ! K0

SK
0

S�
��� , �� ! K0

SK
0

S�
��0�� , �� ! K0

SK
0

L�
��0�� ,

��!K
0
���0�0�� , �

�
!K0K��0�0�� and �

�
!K0h+h�h��� are also investigated.

In addition, mass spectra in the K0

Sh
� and K0

Sh
��0 �nal states are analysed to

provide information on the intermediate states produced in the decays.

(To be submitted to European Physics Journal C)
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1 Introduction

Semileptonic � decays o�er a rather clean environment for investigating the hadronic weak

current. In recent years, a special interest in the experimental study of � lepton decays into

�nal states containing one or more kaons has developed. In view of the precision reached in

the study of � hadronic decays [1, 2], these modes should be measured in order to provide

completely exclusive decay rates. Moreover, the decays with a KK pair appear to play

a signi�cant role for understanding the vector and axial-vector component in low-energy

QCD studies [3], and those with only one kaon give access to the study of the strange

sector of � decays [3]. Since the dynamics of these decay channels is complicated by the

presence of several hadrons in the �nal states with di�erent possible resonance production,

several models have been proposed, either based on SU(3) symmetry breaking [4], or on

chiral Lagrangians [5, 6, 7, 8].

In ALEPH, there are three ways to distinguish kaons from pions in � decays. Charged

kaons are identi�ed by the dE/dx measurement and neutral kaons are identi�ed according

to their two components: K0

S and K
0

L. The K
0

S decay into �
+�� is reconstructed by means

of a vertex �nding algorithm, and the K0

L's are isolated by analyzing an excess of hadronic
energy as measured in the calorimeters.

In this paper, K0

S production in � decays is studied to measure branching ratios for the
inclusive mode and the exclusive modes with one or two kaons. The analysis is arranged as

follows. First, � decays containing K0

S's are selected. This allows the measurement of the
inclusive branching ratio for �� ! K0

SX
��� where X

� can be anything (charge conjugate
states are implied throughout this paper). Then, candidates are classi�ed according to the

number ofK0

S's, together with the number of accompanying �0's and charged hadrons. K0

L

components merged in the �nal states classi�ed as K0

Sh
��� and K0

Sh
��0�� are extracted

from �ts to the hadronic energy excess distributions. Similarly, the ratios for charged kaon
components in the K0

Sh
��� and K

0

Sh
��0�� channels are obtained from the analyses of the

accompanying primary charged hadron (h�), using the dE/dx information as described

in Ref. [9]. The study for the exclusive decays is performed in the order dictated by the
respective background subtraction, giving the branching ratios for �� ! K0

SK
0

S�
�(�0)�� ,

�� ! K0

SK
0

L�
�(�0)�� , �

�

! K0

Sh
+h�h��� , �

�

! K0

SK
��0�0�� , �

�

! K0

S�
��0�0�� ,

�� ! K0K�(�0)�� and �� ! K
0
��(�0)�� . Finally, mass spectra in the K0

SK
�,

K0

SK
0

L�
�, K0

S�
� and K0

S�
��0 �nal states are investigated to understand the relevant

decay dynamics.

The � decays with three kaons, like �� ! K
0
K0K��� , will not be taken into account

because of the strong suppression by both the Cabibbo angle and the available phase

space, which has already been con�rmed by investigating the isospin symmetry related

state �� ! K�K+K��� in Ref. [9]. Consequently, the remaining particles in the channels

with two kaons are treated as pions in this analysis.

2 Detector and Data Sample

A detailed description of the ALEPH detector can be found elsewhere [10]. The features

relevant for the present analysis are briey mentioned in the following.

1



Charged particle momenta are measured by a magnetic spectrometer operating in an

axial magnetic �eld of 1.5 T and consisting of three di�erent detectors: a precision silicon

vertex detector (VDET), a cylindrical inner drift chamber (ITC) with eight drift layers,

and a large time projection chamber (TPC) that provides up to 21 space points. The

transverse momentum resolution is �pT =pT = 6 � 10�4pT�0:005 (pT in GeV/c). The TPC

provides also up to 338 samples of ionization loss that are used for particle identi�cation.

The energy of photons and electrons is measured in the electromagnetic calorimeter

(ECAL), a lead/wire-chamber sampling device of thickness 22 radiation lengths. The

resolution is �E=E = 0.18/
q
E(GeV) � 0:009. It is read out by cathode pads organized

in projective towers subtending a solid angle of 0:9� � 0:9�; the �ne granularity of this

detector is particularly suited for �0 reconstruction.

The 1.2 m thick iron return yoke is interleaved with 23 layers of streamer tubes and

acts as a hadron calorimeter (HCAL) giving an energy resolution of about 0.85/
q
E(GeV).

Finally, two double layers of streamer tubes outside the HCAL act as a muon detector.

The present analysis uses data collected by the ALEPH detector during the 1991-1995

running periods at LEP; this corresponds to about 200,300 produced � pairs at a centre

of mass energy around the Z peak.

One million Monte Carlo � pairs, generated with KORALZ [11], are used to evaluate

the relevant selection e�ciencies and study the backgrounds from other � decay channels.
The background from non-� events is estimated by means of 5.8 million Monte Carlo
Z ! q�q events, generated with JETSET 7.4 [12]. Background from the two-photon

process is totally negligible in this analysis.

3 Event selection and reconstruction

3.1 General selection criteria

The general �+�� selection criteria described in Ref. [1] have been applied to the data sets

with VDET information, selecting a sample of 159,281 events in the �ve data acquisition

periods with an estimated background from non-� events of (0:85� 0:10)%.

A primary charged hadron is de�ned as having at least four TPC coordinates, a

momentum exceeding 300 MeV/c, an impact parameter less than 2 cm in the plane

perpendicular to the beam axis and 10 cm in the direction parallel to it, and being not

identi�ed as an electron [13]. In this analysis, since the K0

S may decay far from the

interaction point, the requirements on the impact parameter for the possible daughter

charged hadrons (de�ned as the secondary charged hadrons) are relaxed to a distance
of closest approach to the beam axis smaller than 100 cm. Because nuclear interactions

in the ITC and TPC walls can produce many charged tracks, the number of secondary

charged hadrons should not be more than four in the inclusive sample. In the exclusive

modes, the candidate events should not contain any secondary charged hadron except for

those used for the K0

S reconstruction.

Following Ref. [1], �0's are de�ned as: (i) \resolved �0" with a pair of photons

constrained with the �0 mass; and (ii) \unresolved �0" with a high energy �0 leading
to a single cluster in the ECAL, where the two photons are reconstructed through a

2



cluster moment analysis. Events containing residual photons as de�ned in Ref. [1] are

not used in the study of exclusive modes because of more background involved, as in

particular from fake photons generated by hadronic interactions (including from K0

L's) in

ECAL.

3.2 K
0
S ! �

+
�
� reconstruction

The decay K0

S ! �+�� is reconstructed by pairing two oppositely charged hadrons in

the same hemisphere de�ned by the thrust axis. Accidental pairings with primary tracks

are strongly reduced by requiring no VDET hits on the pair of tracks, thus imposing a

minimum K0

S decay length of 11 cm in the plane transverse to the beam.

A three-dimensional vertex �t without kinematic constraint is performed to reject

background and improve the K0

S momentum resolution. A good K0

S candidate must

satisfy the following conditions: (i) �2=ndf � 25; (ii) the corresponding decay length Lxy

in the plane perpendicular to the beam axis is required to be longer than 11 cm but shorter

than 150 cm, where the lower limit corresponds to the external radius of the VDET, while

the upper one is chosen to allow the tracks to have a minimum of four TPC coordinates;

(iii) the impact parameter dK
0

of the K0

S candidate in x-y plane must be smaller than
2 cm; (iv) cos�, where � is the angle between the K0

S momentum and the direction from

the intersection point to the K0

S decay vertex, must be greater than 0.995, in order to
ensure further the pointing of the K0

S to the interaction point. This last cut also discards
the wrong solution from the vertex �nding algorithm. In case two good vertices are found

with one common track, the solution with the longer Lxy is retained.

The distributions of �2=ndf , Lxy and d
K
0
are shown in Fig. 1 for data and Monte Carlo.

The distribution of cos� in data is given in Fig. 2. A good K0

S signal always corresponds

to cos� very near 1.

Events with two K0

S's are selected by tagging one K0

S with the requirements described
above and the other K0

S with looser cuts: the VDET veto is not applied and the range of
allowed Lxy is extended down to 2 cm.

Finally, all events are classi�ed into the inclusive K0

S sample irrespectively of the

accompanying primary particles, and into the exclusive K0

S samples according to the
number of K0

S's, the number of charged hadrons and the number of �0's as follows:
K0

SK
0

Sh
�, K0

SK
0

Sh
��0, K0

Sh
+h�h�, K0

Sh
��0�0, K0

Sh
� and K0

Sh
��0. To be consistent

with a � decay, the total hadronic invariant mass in all the exclusive modes is required to

be smaller than 1.8 GeV/c2, where the pion mass is assigned to the accompanying primary

charged hadron. Contamination from the K0

S production due to the nuclear interactions
in the ITC and TPC walls is estimated to be at a level of 10�3 in the exclusive modes and

is therefore ignored in the following analysis, while the inuence on the inclusive mode

will be discussed in the section relevant to the systematic uncertainty.

4 Determination of the inclusive branching ratio

The invariant mass for the selected K0

S signal is shown in Fig. 3. The mass resolution is
found to depend strongly on the momentum; in fact, at higher momenta, the tracks tend

3



1

10

10 2

10 3

0 5 10 15 20 25 30 35 40 45 50

χ2/ndf

E
nt

rie
s/

2.
0

↓

(a) ALEPH

1

10

10 2

10 3

0 20 40 60 80 100 120 140 160

LXY (cm)

E
nt

rie
s/

3.
5 

cm (b)↓

↓

1

10

10 2

10 3

0 2 4 6 8 10 12 14 16 18 20

dK
0 (cm)

E
nt

rie
s/

1.
0 

cm (c)↓

Figure 1: Distributions of (a) �2=ndf , (b) decay length Lxy and (c) impact parameter dK
0

for neutral vertices, in which the K0

S mass windows described in Section 5, a 3 GeV/c

minimum K0

S momentum and all other vertex cuts have already been applied, except for

the quantity under study. The black points, open and shaded histograms are data, Monte

Carlo predictions for all the neutral vertices, and the true K0

S signal. The last two plots

are normalized to the same luminosity as in data. The corresponding cuts are indicated

by the vertical arrows.
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Figure 2: cos� distribution for data (black points). Monte Carlo predictions for all the

neutral vertices and the true K0

S signal are shown in the open and shaded histograms,

which are normalized to the same luminosity as in data. The cut is indicated by the

vertical arrow. The inset plots correspond to the neutral vertices with the correct (positive

cos�) and wrong (negative cos�) solutions in the K0

S �nding algorithm.
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pK0

S

(GeV/c) N(K0

S) q�q background � (%) Bi(K
0

SX
�) (10�3)

0�5 68:3� 15:3 27:5� 5:7 26:39� 3:15 0:39� 0:15

5�10 203:1� 19:5 16:7� 5:7 30:53� 0:75 1:52� 0:17

10�15 312:2� 21:6 9:1� 3:6 24:87� 0:51 3:04� 0:22

15�20 160:9� 19:4 7:0� 3:4 20:46� 0:53 1:88� 0:24

20�25 94:8� 20:5 2:0� 1:0 18:18� 0:76 1:27� 0:28

25�30 43:7� 9:6 4:0� 2:0 15:62� 0:91 0:63� 0:16

�30 45:8� 11:0 6:9� 2:5 10:00� 0:78 0:97� 0:28

Table 1: K0

S momentum range, number of K0

S's from the �ts, estimated background from

q�q, selection e�ciency and partial branching ratio in each momentum slice. Errors are

statistical only.

to be more overlapped and their lengths are, on average, shorter. To avoid any possible

bias due to imperfect detector simulation and to increase the e�ciencies, especially for the

channels involving high momentum K0

S's, the number of K
0

S's is estimated by �tting the
mass spectrum in di�erent momentum slices. The signal is represented by two Gaussians

and the accidental background is described by a linear term.

The �t results for the inclusive mode are listed in Table 1, and the sum of �ts to

the K0

S mass spectrum in each momentum slice is shown in Fig. 3. Since the � decaying
into inclusive K0

S's involves a priori unknown dynamics, the analysis performed with the
sample split into momentum slices can reduce the systematic uncertainty on the e�ciency,

giving the opportunity for comparing the K0

S mass resolution between data and Monte
Carlo. Some discrepancy is observed and a corresponding correction is applied to the
simulated K0

S mass resolution as a function of momentum, and used in the estimates of

relevant e�ciencies. The branching ratio for the inclusive mode is computed via

B(�� ! K0

SX
��� ) =

1

2N��

X

i

Ni(K
0

S)�Ni(q�q)

�i
; (1)

where Ni(K
0

S), Ni(q�q), �i are the number of K
0

S's from the �ts, the estimated background

of K0

S's from q�q and the signal e�ciency for the i-th momentum bin as taken from Table 1.

The q�q background in each momentum slice is estimated from Monte Carlo within the

mass region (0:3 � 0:7) GeV/c2. The result is obtained by adding the ratios in all the
momentum slices, yielding

B(�� ! K0

SX
��� ) = (9:70� 0:58stat:)� 10�3: (2)

The momentum distribution of K0

S candidates in � decays is shown in Fig. 4, together

with the Monte Carlo prediction. The relative contributions of various exclusive decay

channels are �xed in the simulation to the values of the exclusive branching ratios obtained

in this analysis. The simulation agrees with the data.
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K0

Sh
��� K0

Sh
��0��

Mode � (%) �dE=dx (%) �K0

L

(%) � (%) �dE=dx (%) �K0

L

(%)

K0

S�
� 19:93� 0:42 � � 0:20� 0:04 � �

K0

SK
� 21:69� 0:84 13:30� 0:58 � 0:46� 0:14 0:33� 0:10 �

K0

S�
��0 1:89� 0:24 � � 13:36� 0:59 � �

K0

SK
��0 2:63� 0:35 1:26� 0:34 � 8:89� 0:46 4:62� 0:25 �

K0

SK
0

L�
� 16:10� 0:57 � 14:30� 0:46 2:90� 0:18 � 2:58� 0:16

K0

SK
0

S�
� 6:10� 0:49 � � 3:45� 0:34 � �

K0

SK
0

L�
��0 2:52� 0:33 � 2:39� 0:31 8:98� 0:63 � 8:78� 0:61

K0

SK
0

S�
��0 0:60� 0:24 � � 3:50� 0:59 � �

K0

S�
��0�0 0:24� 0:10 � � 2:48� 0:32 � �

K0

SK
��0�0 0:55� 0:09 0:30� 0:07 � 3:36� 0:22 1:92� 0:16 �

Table 2: E�ciencies for the studied � channels classi�ed in the K0

Sh
�(�0)�� topologies.

The global e�ciency � does not involve any K0

S mass window cut, while those e�ciencies

for �dE=dx and �K0

L

include the K0

S mass windows. Errors are statistical only. See text for

details.

5 The e�ciency matrix for exclusive modes

The � Monte Carlo samples are generated by the standard KORALZ generator [11], where
the form factors for two-meson and three-meson � decays are derived from Ref. [6, 7].

Since any discrepancy in the resonance structure between the model prediction and the
data may cause a systematic bias, the e�ciency matrix is corrected according to the total

hadronic mass spectra as described in Sections 9 and 10. For the four-meson � decays, a
phase space generator 2 is used. Table 2 gives the relevant e�ciencies for the topological
K0

Sh
�(�0)�� samples. The global e�ciency � is de�ned for tagging a true K0

S without

involving any cut on the K0

S mass. For the purpose of studying the K0

SK
0

L�
�(�0) and

K0

SK
�(�0) modes, individualK0

Sh
� andK0

Sh
��0 candidates are further selected by means

of K0

S mass windows (see Table 3), which tend to both remove non-K0

S background and

avoid secondary systematic uncertainty due to the imperfect simulation of the K0

S mass
resolution. Consequently, two speci�c e�ciencies, �dE=dx and �K0

L

are introduced for the

channels with one charged kaon and with oneK0

L. In order to compute the e�ciency �dE=dx,
the de�nition of Ref. [9] for the charged kaon track with a reliable dE/dx measurement

is used. The e�ciency �K0

L

is only a�ected by the K0

S mass cuts. The e�ciencies for the

K0h+h�h� and the K0h��0�0 �nal states will be given in the relevant section.

6 Calorimetric determination of K
0
L production

6.1 Hadronic energy calibration

In the K0

Sh
� and K0

Sh
��0 samples, channels involving K0

L are found to have a sizeable

contribution because of the unreconstructed K0

L. Following Ref. [1], a variable measuring

2as used in TAUOLA [11] for the 4� channel with the V -A matrix element.
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pK0

S

(GeV/c) 0�5 5�10 10�15 15�20 20�25 �25

mK0

S

(GeV/c2) 0.48�0.52 0.47�0.53 0.45�0.55 0.42�0.58 0.4�0.6 0.4�0.75

Table 3: K0

S mass windows used for the di�erent K0

S momentum in the study of K0

SK
�(�0)

and K0

SK
0

L�
�(�0).

the hadronic energy excess from a K0

L contribution is de�ned as

�E =
ECAL � (E�0)� �iP

i
Ch

�
; (3)

where ECAL is the energy deposited in all calorimeters within a 30� cone along the thrust

axis, E�0 is the �
0 energy in the K0

Sh
��0 mode, �iP

i
Ch is the sum of all charged hadron

momenta and � is taken as the square root of the sum of the charged hadron momenta in

GeV/c. With this de�nition, the mean of �E for the decay �� ! K0

Sh
�(�0)�� is expected

to be zero. The presence of the K0

L component in the decay �� ! K0

SK
0

Lh
�(�0)�� shifts

the mean of �E to around 2, which makes it possible to statistically isolate the K0

L signal.

Samples of �� ! h+h�h��� and �� ! h+h�h��0�� decays are used to calibrate the
�E according to (i) the period of data acquisition; (ii) the polar angle of the jet; (iii) the

sum of the momenta of the charged tracks. To minimize the K0

L contamination in the
h+h�h� mode, the invariant mass of the 3h system (computed with the assumption that

the three hadrons are pions) is required to be greater than 1.1 GeV/c2. Corrections to
the mean value of �E and its resolution are applied to the Monte Carlo samples to match
the data. These corrections are then applied to the K0

Sh
� and K0

Sh
��0 modes separately.

6.2 Fitting the K0
L fractions

For the K0

SK
0

L�
�(�0)�� channels, the kinematics require the invariant mass of the

K0

S�
�(�0) system to be less than (m� �mK0

L

). In practice, the mass is required to be less

than 1.3 GeV/c2. This cut enhances the K0

L component in the K0

Sh
�(�0) samples. The

numbers of surviving candidates are 467 and 77 for the K0

Sh
� and the K0

Sh
��0 samples,

respectively.

The shapes of the �E distributions for the K0

Sh
�(�0) modes are �rst taken from Monte

Carlo � decays, including the backgrounds. The e�ects of imperfect detector simulation

are then corrected as stated above. A binned maximum likelihood �t is then performed

to extract the K0

L fractions (see Table 4). It is noted that the K0K
0

���� channel can feed

into the K0

Sh
��0 sample, when one of the K0's mainly interacts in the ECAL, resulting

in a fake �0 reconstructed due to part of the K0 shower. Since the energy of this \�0" is
subtracted from the hadronic energy, the remaining energy, according to the simulation,

gives a smaller mean of �E (� 0:85) in the analysis of K0

SK
0

L�
��0. This small e�ect is

taken into account in the �t to the K0

Sh
��0 sample. Fig. 5 illustrates the K0

L contributions
in both modes.

9



Sample fK0

L

(%) NK0

L

�2=ndf

K0

Sh
� 14:6� 2:7 68� 13 25.1/31

K0

Sh
��0 13:9� 5:8 11� 4 10.5/18

Table 4: Results from the �ts to �E distributions. The fraction of K0

L (fK0

L

) and the

corresponding number of K0

L's (NK0

L

) are given with statistical uncertainties only. The �2

gives an indication of the quality of the likelihood �ts.
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Figure 5: Hadronic energy excess distributions for (a) the K0

Sh
� and (b) the K0

Sh
��0

samples, where the K0

S's are selected with the mass windows. Data are shown as points

with error bars, while Monte Carlo predictions are given by open histograms. The shapes

for the K0

Sh
�(�0) samples and the K0K

0
�(�0) signals are shown in dashed and shaded

separately.
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Mode M.C. �x�(K) M.C. ��(K) fK (%) NK �2=ndf

K0

Sh
�

�1:92 � 0:05 1:09 � 0:03 11:9� 2:7 46� 11 18.8/34

K0

Sh
��0 �1:69 � 0:11 1:15 � 0:08 12:6� 6:0 15� 7 9.1/12

Table 5: Results from the �ts to the x� distributions for the primary charged hadrons in

the K0

Sh
� and K0

Sh
��0 �nal states. The fraction of charged kaon content fK and the

number of charged kaons NK are given with statistical uncertainties only. The �2 gives

an indication of the quality of the likelihood �ts.

7 Identi�cation of charged kaons by dE/dx

In this analysis, dE/dx measurement is applied to separate K0

SK
�(�0) from K0

S�
�(�0).

The dE/dx calibration used in Ref. [9] can be applied, since most of the K0

Sh
�(�0) modes

(90%) with K0

S ! �+�� are in the selected 3h� and 3h��0 �nal states. The same

technique of statistical particle identi�cation is used to extract the charged kaon content
and measure the branching ratios for the decays K0

SK
��� and K0

SK
��0�� . For each

charged track accompanying a K0

S, the measured ionization loss R is compared to the

expected value R� for pions using the estimator

x� =
R� R�

��
; (4)

where �� is the expected resolution for pions. The pion dE/dx response and the x�(�)
parameters (namely, �x� and ��) are the same as used in Ref. [9]. By means of Monte

Carlo simulation, the x�(K) parameters are determined speci�cally for the K0

SK
� and

K0

SK
��0 modes. To enhance the kaon fraction, a cut at 1:8 GeV/c2 is imposed on the

invariant mass K0

Sh
�(�0), assuming a kaon mass for the primary charged hadron. The �t

results are given in Table 5. Fig. 6 shows the x� distributions for both K
0

Sh
� and K0

Sh
��0

candidates. A kaon signal can be seen in the low x� tail of the distribution.

8 Determination of the exclusive branching ratios

All exclusive branching ratios involving one or two K0

S's are determined in this section.

Since the measurements on these channels are correlated as shown in Table 2, the simplest
way of proceeding is to start with the channels involving the least background.

8.1 Channels involving two K0
S's

A study of �� ! K0

SK
0

S�
�(�0)�� is performed �rst. The relaxed selection criteria

described in Section 3 are applied. For the K0

SK
0

S�
� mode, 6 candidates with a negligible

background (< 0:2) are found within the �100 MeV/c2 K0

S mass box (see Fig. 7). The

number of events outside the K0

S mass box is 3, in agreement with the 2.2 expected from
the simulation of the background. No candidate is observed in the K0

SK
0

S�
��0 sample.
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Sh
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Sh
��0 sample, where the K0

S's are selected by the mass windows. The

points with error bars correspond to data, the dashed curves show the �tted K component

distributions, and the dotted curves show the expected � component distributions.

The e�ciencies are estimated to be (5:86 � 0:38)% and (3:6 � 0:30%) for the K0

SK
0

S�
�

and the K0

SK
0

S�
��0 modes. The branching ratios are

B(�� ! K0

SK
0

S�
��� ) = (0:26� 0:10stat:)� 10�3; (5)

and

B(�� ! K0

SK
0

S�
��0�� ) < 0:20� 10�3 (95% C:L:): (6)

8.2 Channels involving a K0
SK

0
L pair

The channels K0

SK
0

L�
��� and K0

SK
0

L�
��0�� are investigated. The background from the

decay K0

SK
0

LK
�(�0)�� can be neglected, while the q�q background contributes 1:4 � 1:0

events to the K0

Sh
� sample with large �E. The K0

L contributions are obtained from �ts

to the �E distribution (see Table 4), yielding the branching ratios

B(�� ! K0

SK
0

L�
��� ) = (1:01� 0:23stat:)� 10�3; (7)

and

B(�� ! K0

SK
0

L�
��0�� ) = (0:31� 0:11stat:)� 10�3: (8)

In the computation of the branching ratio B(�� ! K0

SK
0

L�
��� ), a correction of

(�0:10 � 0:04) � 10�3 is applied to account for those K0

SK
0

S�
��� events in which one

of the K0

S's does not decay inside the �ducial tracking volume but interacts in the HCAL,

thus behaving like a K0

L. Also, if the �0 in K0

SK
0

L�
��0�� is lost in the reconstruction,

12
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Figure 7: Scatter plots for the invariant K0

S masses in the K0

SK
0

S�
� mode: (a) data, (b)

Monte Carlo predictions for signal are shown. The box indicates the K0

S mass window for

isolating the signal.

this channel becomes a background in the decay K0

SK
0

L�
��� and gives almost the same

distribution of �E as that for K0

SK
0

L�
��� . A correction of (�0:05 � 0:02)� 10�3 for the

branching ratio is therefore applied in obtaining B(�� ! K0

SK
0

L�
��� ).

8.3 Channels involving a K0
S and three accompanying mesons

A search for K0

Sh
+h�h� and K0

Sh
��0�0 hadronic states is also performed. In order to

reduce the combinatorial background, the K0

S mass window is restricted to be 0:45� 0:55

GeV/c2. The numbers of K0

S candidates are 6 and 12 for the two modes separately.
The backgrounds are estimated to be 3:0 � 0:3 (dominated by K0

SK
0

S�
�) and 4:6 � 1:0

events (with 1:4 � 0:6 events from the combinatorial background, 1:4 � 0:5 events from

the K0

S�
��0 mode and 1:8 � 0:6 events from the K0

SK
0

S�
� mode). Since events with

high multiplicity may su�er contamination from the nuclear interactions in the detector

material, a check on the Lxy is done. No peak is observed in the positions corresponding
to the ITC and TPC walls, the background being strongly suppressed by the cuts on the

K0

S mass and the total hadronic invariant mass. Three di�erent decay channels contribute

to the K0

Sh
+h�h��� �nal state: K

0

SK
+������ , K

0

SK
��+���� and K

0

S�
��+���� . There

is no way to separate them because of low statistics. Assuming that all three channels

contribute equally, giving a mean e�ciency of (6:60� 0:36)%, the K0

Sh
+h�h� branching

ratio is estimated

B(�� ! K0h+h�h��� ) = (0:23� 0:19stat:)� 10�3: (9)
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The dE/dx analysis of the charged track in the K0h��0�0 sample is done after requiring

an invariant mass cut M(K0

SK
��0�0) � 1:8 GeV/c2, reducing the number of candidates

down to 6 events, in which 5 have a dE/dx measurement. A maximum likelihood �t to

the x� distribution, yields 0� 1:0 events for the K0

SK
��0�0 mode. The e�ciency �dE=dx

is estimated to be (2:10� 0:20)% for K0

SK
��0�0, giving

B(�� ! K0K��0�0�� ) < 0:39� 10�3 (95% C:L:): (10)

The e�ciency for the decay mode �� ! K0

S�
��0�0�� is (6:36 � 0:48)%, yielding a

branching ratio

B(�� ! K0���0�0�� ) = (0:58� 0:33stat:)� 10�3; (11)

where the uncertainty from K0

SK
��0�0�� is included.

8.4 Channels involving a K0
SK

� pair

The combinatorial background from the K��+��(�0)�� and K�K+��(�0)�� channels

can be neglected in the K0

Sh
� and K0

Sh
��0 modes. Also, the contamination from

q�q events becomes negligible when requiring a total invariant mass smaller than 1.8

GeV/c2. Therefore, the K0

SK
��� , K

0

SK
��0�� and K0

SK
��0�0�� modes are the only

ones contributing charged kaons in the K0

Sh
� and the K0

Sh
��0 samples. The �ts to the

corresponding x� distributions yield the charged kaon numbers listed in Table 5, providing

the measurements

B(�� ! K0K��� ) = (1:58� 0:42stat:)� 10�3; (12)

and
B(�� ! K0K��0�� ) = (1:52� 0:76stat:)� 10�3: (13)

8.5 Channels involving a K0
S�
� pair

In each of the K0

Sh
� and K0

Sh
��0 �nal states, the dominant branching ratios of the

K0

S�
�(�0)�� channels can be extracted using the full statistics, not requiring the dE/dx

information for the accompanying primary charged particle or imposing the K0

S mass

windows. As done for the inclusive mode, the numbers of K0

Sh
�(�0) are taken directly

from the �ts to the invariant mass of K0

S candidates. Since K0

S candidates in the K0

Sh
�

mode have a broad momentum spectrum, they are divided into two parts: one with

K0

S momenta below 15 GeV/c and the other one above 15 GeV/c, in order to simplify

the parametrization of the resolution of the K0

S signal. The corresponding K0

S mass

distributions are �tted to give a number of 509 � 40 candidates in the K0

Sh
� sample,

in which Monte Carlo predicts 5 � 2 of the q�q background. For the K0

Sh
��0 mode, the

number of K0

S's is found to be 142 � 13 from the global �t and the q�q contamination

is estimated to be 2 � 1. Taking into account the measured K0

SK
�(�0), K0

SK
0

L�
�(�0),

K0

SK
0

S�
� and K0

S�
��0�0 branching ratios, the q�q backgrounds, and the e�ciencies listed

in Table 2, the branching ratio for K0

S�
� can be obtained by the expression

B(�� ! K0

S�
��� ) =

N(K0

Sh
�)�Nq�q(K

0

Sh
�)

2N�� �(K
0
S�

�)
�

X
i

B(i)
�(i)

�(K0
S�

�)
; (14)
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where N is the number of K0

S events from the �ts, B(i) is the i-th relevant � branching

ratio and �(i) is the corresponding e�ciency given in Table 2, without involving any dE/dx

measurement or the K0

S mass windows. A similar expression is also used for deriving the

branching ratio for K0

S�
��0. The results are

B(�� ! K
0
���� ) = (8:55� 1:17stat:)� 10�3; (15)

and

B(�� ! K
0
���0�� ) = (2:94� 0:73stat:)� 10�3: (16)

9 Systematic uncertainties

The main sources of systematic uncertainties listed in Table 6 come from the event

selection, the K0

S selection criteria, the dE/dx measurement, the hadronic energy excess

measurement, the evaluation of the background, the Monte Carlo statistics and the decay

dynamics.

9.1 Selection e�ciency

General � -pair selection uncertainties are studied in Ref. [1]. In particular, for the

h+h�h��� and h+h�h��0�� modes, the uncertainties due to the requirement of three
charged hadrons and the handling of fake photons are addressed in Ref. [9]. However,

the situation in K0

Sh
��� and K0

Sh
��0�� is slightly di�erent because of the less stringent

requirement for the tracks from K0

S decay. A factor 1:009 � 0:009 is determined for the
overestimation of the track reconstruction e�ciency in simulated K0

Sh
�(�0)�� decays,

while for the channels involving �ve charged tracks, the factor is found to be 1:03� 0:03.
The e�ciency overestimation due to fake photons produced by hadron interactions in

ECAL is the same as used in Ref [9] except for the decay involving two �0's, where the
correction is reduced since the loss of decays caused by the validation of an extra photon
is partially compensated by the accidental reconstruction of a �0 due to the presence of

a fake photon. The corresponding factor is found to be 1:006� 0:018.

The e�ciencies in Table 2 are already corrected by the above three factors.

9.2 K
0
S selection criteria

About 20% of the K0

S vertices are lost inside the �ducial volume because one of the

two tracks has less than four associated TPC coordinates. A study performed on
a sample of three-prong events enriched in conversions, shows that track losses are

correctly reproduced by the Monte Carlo to within 0:4%. A similar study performed

on �� ! 3h��� decays shows an agreement within 0:7%, which is assigned to the

corresponding systematic uncertainty.

Interactions on the ITC and TPC walls can also produce hadrons, which a�ect the
inclusive and the exclusive modes di�erently. In the inclusive mode, to avoid too many

fake combinations between these hadrons, no more than four secondary good charged
hadrons are permitted. In the simulation, at most four secondary good charged hadrons
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are produced in good events, essentially in the K0

SK
0

S�
� mode; Monte Carlo shows that

the possible loss due to this cut can be neglected. However, in the data, the �t to the K0

S

mass spectrum for hemispheres with more than four secondary charged hadrons shows

a possible loss of K0

S's amounting to a 0:7% of the total signal, which is taken as the

systematic uncertainty for the inclusive channel, related to this cut.

In the study of the exclusive modes the presence of any secondary good charged hadron

produced by the interactions results in the loss of decay candidates. In order to study the

systematic uncertainty connected to this e�ect, test samples of h�(�0) and h+h�h�(�0)

events are selected according to the prescriptions of Ref. [1]; the cut on the number of

secondary good charged hadrons is then removed and the variation in the number of

selected events is studied in both data and Monte Carlo. The Monte Carlo predictions

agree with data to within 1:5%, which is assigned as systematic error to the K0

Sh(�
0)

and the K0

Sh�
0�0 channels. For the �nal states involving �ve charged hadrons, a 1:0%

uncertainty is estimated to the K0

SK
0

S�
� and the K0

S3h
� modes.

Other sources of systematic e�ects are the secondary vertex �nding algorithm which

involves the VDET hit veto, the particle identi�cation (PID) and the vertex �t. About 4%

of the K0

S's satisfying all other requirements are rejected because of a wrong association

of a VDET hit to one of the two charged tracks. It is therefore important to study the
correct reproduction of this e�ect in the simulation. For this purpose, the vertices with
VDET hits and Lxy > 11 cm are investigated. The observed numbers of �tted K0

S's

between data and Monte Carlo are in agreement within 2:5%, which is thus quoted as the
systematic uncertainty due to the VDET veto.

Particle identi�cation is used to veto the electrons from photon conversions. It is
found that pions erroneously identi�ed as electrons account for about 3% ine�ciency on
the total signal; if no particle identi�cation is required, a maximum relative variation of

2% is observed in the main branching ratios, and this is taken as the related systematic
uncertainty.

Monte Carlo shows that 2% of the K0

S ! �+�� are lost due to non-convergence of the
vertex �t. Since there is no direct way to check this prediction in the data, this number

is entirely taken as the systematic uncertainty for all the modes.

Systematic e�ects due to the �2, Lxy, d
K
0

and cos� cuts are also investigated. Of

prime interest is the study of the Lxy cut, which removes about 25% of the K0

S's. For this

purpose, decay candidates are selected both in data and Monte Carlo, without imposing
the Lxy cut, but still keeping the VDET veto. Their Lxy distributions show a sharp rise

corresponding to the VDET radial position, smeared by the e�ect of resolution. The
e�ective VDET external radius and the Lxy resolution found in �ts to these distributions

in data and Monte Carlo are in a good agreement; the observed deviations are used

to estimate systematic uncertainties on the e�ciencies, yielding 2:0% and 0:6% for the
e�ective radius and the resolution, respectively.

The other cuts remove less than 5% of remaining signal and thus do not introduce
any signi�cant systematic uncertainty. Conservatively, an uncertainty of 1% is assigned

to each of them.

The estimates of the K0

S mass window e�ciencies depend on how well the corrected

Monte Carlo reproduces the K0

S mass resolution. This is studied by applying the mass

windows used in the K0

SK
�(�0), K0

SK
0

L�
�(�0), and K0

SK
��0�0 analyses to the inclusive
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Source � sel K0

S sel dE/dx �E bkg MC stat Dynam Total

K0

SX
� 1.5 4.8 � � 3.5 1.4 1.2 6.4

K
0
�� 1.2 4.9 � � 5.4 2.1 0.4 7.7

K
0
���0 2.0 4.9 � � 8.5 4.4 6.3 12.6

K0K� 1.2 5.1 6.2 � 0.4 4.4 5.1 10.6

K0K��0 2.0 5.1 9.7 � 0 5.4 5.3 13.5

K0

SK
0

L�
� 1.2 5.1 � 9.2 0 3.2 5.6 12.4

K0

SK
0

S�
� 13.5 5.7 � � 3.3 6.5 6.0 17.4

K0

SK
0

L�
��0 2.0 5.1 � 11.2 0 6.9 10 17.4

K
0
���0�0 13.6 4.9 � � 13.3 7.5 10 23.3

K0h+h�h� 13.5 5.7 � � 21.6 5.5 18 32.2

Table 6: Summary of systematic errors. A breakdown of the systematic uncertainties for

K0

S selection is presented in Table 7. All are relative in percent.

Mode K0X��� K0h��� K0h��0�� K0

SK
0

S�
��� K0h+h�h��� K0h��0�0��

Track loss 0.7 0.7 0.7 0.7 0.7 0.7

Interaction 0.7 1.5 1.5 1.0 1.0 1.5

PID 2.0 2.0 2.0 2.0 2.0 2.0

VDET 2.5 2.5 2.5 2.5 2.5 2.5

Vertex �t 2.0 2.0 2.0 2.0 2.0 2.0

�2 1 1 1 1 1 1

Lxy 2.1 2.1 2.1 2.1 2.1 2.1

dK0 1 1 1 1 1 1

cos� 1 1 1 1 1 1

MK0

S

� � � 3.0 3.0 �

total 4.8 4.9 4.9 5.7 5.7 4.9

Table 7: Contributions to the systematic error on K0

S selection (relative, in percent). See

text for an explanation of the sources.

sample; (94:3� 0:7)% of the data and (93:6� 0:3)% of the Monte Carlo events are kept
by this cut. The two numbers agree within an accuracy of 1:5%, which is assigned to

be the systematic error due to the K0

S mass cut. For the above mentioned channels this

error is combined with the �nal one reported in Table 7 for the K0

Sh
�, the K0

Sh
��0 and

the K0

Sh
��0�0 modes to give the uncertainties listed in the second column of Table 6.

For the K0

SK
0

S�
� and the K03h� modes, di�erent K0

S mass window cuts are applied. An

uncertainty of 3:0% is assigned to both decay modes.

9.3 dE/dx measurement

The uncertainties associated with particle identi�cation by dE/dx arise from pion dE/dx
calibration, the dE/dx track e�ciency, and the x�(K) parameters. Since the K0

Sh
� and

K0

Sh
��0 samples are very similar to the h+h�h�(�0) �nal states studied in Ref. [9], the

same method is used to study the systematic uncertainties, yielding a 0:15% absolute
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error on the charged kaon fraction due to the �rst two systematic uncertainties. This

uncertainty is propagated into the channels involving a charged kaon and gives 1:3% for

�� ! K0

SK
��� and 1:2% for �� ! K0

SK
��0�� . The dE/dx track e�ciency depends on

the angle between the primary charged track and the other two tracks from K0

S decay.

To simplify the procedure of estimating the systematic e�ect, an investigation of the

invariant mass of the charged hadron system is performed as in Ref. [9]. The dE/dx

sample e�ciencies for data and Monte Carlo in the total three-prong sample agree and

show a slight dependence on the invariant mass. Assuming the primary charged hadron

to be a pion, the means of M(�+����) for K0

SK
� and K0

SK
��0 are found to be about

1.2 GeV/c2 and 0.9 GeV/c2, respectively. The di�erence in the means between data and

Monte Carlo invariant masses corresponds to systematic uncertainties on the e�ciencies

of 3:8% for K0

SK
� and 5:4% for K0

SK
��0. For the x�(K) parameters, changing the values

within one standard deviation listed in Table 5 gives the uncertainties due to the statistical

errors of the x�(K) parameters: 4:7% for the K0

SK
� mode and 7:9% for the K0

SK
��0

mode.

9.4 Hadronic energy excess

In the extraction of the branching ratios involving a K0

L, the �E distribution for K0

Sh
�(�0)

events is used, taking into account the corrections derived from the observed di�erence
between data and Monte Carlo in the h+h�h�(�0) mode as stated in Section 6.2. The

e�ect of these corrections is a 7:1% variation of the K0

L fraction in the K0

SK
0

L�
��� sample,

and 9:0% in the K0

SK
0

L�
��0�� one. A systematic uncertainty equal to these variations is

thus associated to the two respective branching ratios. There is still another systematic
source which can a�ect the �E distribution for K0

Sh events. In the K0

Sh sample, about
3:5% of the events are due to K0

Sh
��0 decays in which the shower of the �0 overlaps

with one produced by a charged particle. This e�ect is taken into account in the �t to
the K0

Sh
� sample. However, from the 15% uncertainty on the K0

Sh
��0 branching ratio,

a 5:8% uncertainty on the K0

L fraction for the K0

SK
0

L�
� mode is derived. Similarly, the

dominant background channels for K0

SK
0

L�
��0 are K0K

0

�� (in which K0

S ! �0�0) and
K0h��0�0, and the resulting uncertainty is estimated to be 6:7%

9.5 Background subtraction

Since the non-K0

S backgrounds in the K0

SX
��� and K0

Sh
�(�0)�� modes are directly

measured in the mass �t to data, the corresponding statistical errors are already taken
into account. Also, the statistical uncertainty in the evaluation of the backgrounds are

absorbed into an overall statistical error. Generally, the background in the channels
involving a charged kaon is small and is ignored. The main e�ect of the background in

the channels involving a K0

L is a change in the shape of the relevant �E distributions,

which is taken into account in Section 9.4. Systematic uncertainties on branching

ratios for all the background channels are propagated into K
0

��(�0) because of the

background subtraction, weighting the relevant e�ciency matrix in Table 2. The

systematic uncertainties are found to be 5:4% for K
0
�� and 8:5% for K

0
���0.
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The uncertainty in the q�q background a�ects only the inclusive mode signi�cantly.

A test on the q�q background is performed by requiring pK0

S

� 5 GeV/c and the K0

S

hemisphere being with at least two accompanying hadrons. With these requirements, K0

S

production from � decays is reduced to a negligible level while most of the q�q background

is preserved. The predicted 21 � 4 K0

S's from the q�q background is consistent with the

obtained 22 � 7 K0

S's from the �t to data. This direct test involves only one third of

the estimated q�q contamination dominated by K0

S production in the low multiplicity

fragmentation of u�u and d �d primary pairs. The remaining higher K0

S momentum

contribution comes mostly from s�s and should be more safely predicted by the Monte Carlo

simulation. A total relative uncertainty of 40% is �nally quoted for the q�q contamination

in the inclusive sample, yielding a 2:9% relative uncertainty on the branching ratio. The

e�ect due to the q�q background is much reduced in the exclusive modes because of the

hadronic mass cut and the track multiplicity requirement.

In the K0

SK
0

S�
��� channel, the Monte Carlo predicts no background event inside

the chosen mass window, with an uncertainty of 0.2 event; this translates into a 3:3%

systematic uncertainty in the evaluation of the branching ratio. The dominant background

for K0

Sh
+h�h��� is the K0

SK
0

S�
��� channel, in which both K0

S's decay into �+��,

introducing a 19% uncertainty. For theK0

S�
��0�0�� channels, the backgrounds are mainly

from the combinatorial background, the K0

S�
��0 mode and the K0

SK
0

S�
� mode with one

K0

S decaying into two �0's, giving a 8:8% uncertainty for K0

S�
��0�0�� .

Since K0

S's can be produced via nuclear interactions on the detector material, this
e�ect is also investigated. The Monte Carlo predicts about 1% of K0

S's in the inclusive
mode produced in this way. To check this e�ect between data and Monte Carlo, the

numbers of primary charged hadrons and the secondary charged hadrons are required
to be one and at least three, in order to emphasize the K0

S's from nuclear interactions
(yielding additional charged tracks) with respect to the primary ones. The agreement

allows to assign a systematic uncertainty of 2% on the inclusive branching ratio for this
e�ect.

Finally, fake K0

S's due to nuclear interactions are also investigated for the K0

Sh
�h+h�

and K0

Sh
��0�0 modes. In these two modes, low statistics forbids the separation of the

signal from mass combinations accidentally falling into the K0

S mass window. Since these
fake K0

S's are mostly produced at the positions of the ITC and TPC walls, the study of

the Lxy distribution gives a chance to address this e�ect. The K0

S candidates in data are

consistent with an exponential shape in the Lxy distribution and an uncertainty of 10%

is assigned to both K0

Sh
�h+h� and K0

Sh
��0�0 modes.

9.6 Monte Carlo statistics and dynamics

The uncertainties due to Monte Carlo statistics are estimated using the errors given in

Table 2. The dynamics of the decays can also a�ect the e�ciencies, because of the

momentum dependence of the K0

S acceptance shown in Fig. 4. In the measurement of the

inclusive mode, the analysis in momentum slices minimizes the e�ect of uncertainties in

dynamics. The remaining uncertainty due to the bin width is estimated by computing
the deviation from data in each momentum slice, yielding a 1:2% uncertainty.

The dynamics of the K0

S�
� mode is dominated by K��(892) production. Since
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some small discrepancies are observed in the mass spectrum (see Section 10.1), a 0:4%

uncertainty is estimated from the study of the slight mass dependence of the e�ciency.

For the K0

SK
� mode, the model [7] used in the simulation assumes this decay proceeds

through the high energy tail of the �(770). However, data show a (+100 � 35) MeV/c2

shift in the hadronic mass distribution of these decays, compared to the prediction of

this model. The e�ciencies in Table 2 reect a relative +8:8% correction for this shift;

the uncertainty due to this correction brings about a 4:7% error for this decay mode. In

addition, the dynamics can also a�ect the x�(K) parameters through the track overlap.

A 1:9% uncertainty is estimated by varying the mean of the invariant hadronic mass and

observing the change in the x�(K) parameters.

For the K0h�0 modes, the decay dynamics not only a�ect the K0

S momentum, but

also the �0 momentum distributions. By examining the e�ciency variation as a function

of the total invariant mass, one can estimate the systematic uncertainties corresponding

to possible mass shifts, which depend on the relevant dynamics for the K�� and KK�

modes. In view of isospin invariance, one can directly use the result of the total invariant

mass study in the purely charged modes [9], in which total hadronic mass corrections for

both decay modes are applied. The corrected e�ciencies are listed in Table 2 and the
variation of e�ciencies due to the corrections are treated as the systematic uncertainties,
which are estimated to be 6:3% for K0

S�
��0, 5:0% for K0

SK
��0 and 6:0% for K0

SK
0

S�
�.

The shape of the �E distribution for the events with a K0

L component depends on the
distribution of the K0

L momentum. For K0

SK
0

L�
�, the dynamics should be the same as

for K�K+��, which is investigated in Ref. [9]. In the K�K+�� mode, the uncertainty
on the mean kaon momentum is 1 GeV/c, corresponding to an uncertainty of 0.15 on �E.
By shifting the mean of �E by this amount for the K0

L shape and repeating the procedure

used for �tting the K0

L component, a 5:6% of uncertainty is estimated for the K0

SK
0

L�
�

channel. Since B(�� ! K0

SK
��0�� ) involves the dE/dx measurement, a 1:7% is estimated

for K0

SK
��0, accounting for the e�ect of unknown dynamics in the determination of the

x� parameters.

Finally, a 10% relative uncertainty is assigned to each of the channels producing a
K0

S and three hadrons, for which the e�ciencies are estimated by means of a phase-space

generator. However the limited available phase space in these decays is the dominant e�ect

on their e�ciencies. An additional uncertainty of 15% is introduced for the K0h+h�h�

mode to take into account the unknown composition of the �nal state.

10 Investigation of mass spectra

The mass spectra in the K0

Sh
� and K0

Sh
��0 modes are investigated in this section. For

this purpose, samples are selected with the K0

S mass windows used in the analysis of

K0

SK
�(�0) and K0

SK
0

L�
�(�0) decays. Setting a cut on the x� variable allows one to

partially separate the states with accompanying charged kaons from those with charged

pions. Similarly, a minimum requirement on �E enhances the channels containing a K0

L.
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Figure 8: Invariant mass distributions of (a) K0

SK
� for the selected �� ! K0

SK
��� events

and (b) K0

S�
� for the selected �� ! K0

SK
0

L�
��� are shown for data (points with error

bars) and for Monte Carlo prediction (open histograms). The backgrounds are given in

the shaded histograms and the model predictions [6, 7] are indicated by the dashed lines.

10.1 Mass spectra in the K0
Sh
� sample

The decay �� ! K0

SK
��� is selected from the K0

Sh
� sample by requiring x� � �2 and

pK � 5 GeV/c, yielding a purity of about 70%. Backgrounds mostly contaminate the low
mass region, as shown in Fig. 8; from the same �gure one can see that the observed K0

SK

invariant mass distribution does not agree with the predictions based on the � ! K �K

model [7]. A signi�cant shift of the mean value of the Monte Carlo distribution is observed,
resulting in a systematic e�ect discussed in Section 9.6.

The decay �� ! K0

SK
0

L�
��� can also be selected by requiring �E � 2, enhancing

the signal up to about 70% purity. The corresponding K0

S�
� invariant mass spectrum

is also shown in Fig. 8. A K��(892) signal is observed. However, after subtraction of

the contribution from K0

S�
�, the statistics of the data does not allow a conclusion to be

drawn on the dominance of K��(892) in the K0

SK
0

L�
� mode, in which a K��(892) can be

formed either by K0

S�
� or K0

L�
�.

The K0

S�
� mass spectrum for the complete K0

Sh
��� sample, assuming the primary

hadron to be a pion, is shown in Fig. 9. The contributions of K0

SK
��� and K0

SK
0

L�
���

are also given, together with the combinatorial background. The K��(892) dominance is

clearly seen. The combinatorial background yields a rather at mass distribution while
K0

SK
��� a�ects the higher mass region. A small mass shift is seen comparing to the

expected K��(892) peak. Some excess at large masses is also observed and a systematic

uncertainty on the branching ratio is estimated accordingly in Section 9.6. The possible
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contribution of higher K�'s cannot be extracted in view of the limited statistics.

10.2 Mass spectra in the K0
Sh
�
�
0 sample

Because of the limited statistics, the channels involving charged kaons cannot be studied

in this analysis. The invariant mass spectra are investigated by requiring pK0

S

> 5 GeV/c

and assuming the accompanying primary charged particle to be a pion (see Fig. 10). A

53% purity for the K0

S�
��0 signal can be achieved. The main expected contributions

are from K0

SK
��0, K

0

K0�� and K
0

K0���0, amounting to 18%, 10% and 8% of the

total selected sample, respectively. No evident K��(892) signal appears in the K0

S�
�

invariant mass spectrum, indicating the suppression of the K���0 intermediate state in

�� ! K
0
���0�� . An obvious discrepancy between data and the model prediction [6]

is observed in the K0

S�
0 invariant mass: data show a K�0(892) signal. It is not clear if

this K�0(892) comes from the K
0
���0�� or the K

0K��0�� channel, although the dE/dx

information for the charged hadrons favours the latter situation, in disagreement with the

model [6] used in the Monte Carlo simulation. This spectrum is thus not well suited to �t

a K�0(892) fraction in the K
0
���0�� �nal state. On the contrary, it is easier to interpret

the ���0 mass spectrum where a clear � signal is seen, while the backgrounds are found
mostly in the low ���0 mass region. Therefore the uncertainty on the background is

reduced in the � region and the �t of this distribution in terms of � and K� components
is more reliable. The determination of the �K fraction follows the method used in the
K��+���� channel [9]. Backgrounds are subtracted according to their branching ratios

and the relevant e�ciencies. The �nal ���0 invariant mass spectrum is �tted with an
incoherent sum of a � Breit-Wigner signal and the shape of the K�� reections obtained

from the simulation. The K
0
�� fraction is found to be (64 � 9 � 10)% (see Fig. 11),

where the last error accounts for the uncertainty on the shape of the mass spectrum

from both K
0
K0�� and K0K��0. The obtained fraction implies a signi�cant K1(1270)

contribution in the decay �� ! K
0

���0�� , since K1(1400) dominantly decays via K��,

unlike K1(1270).

Finally, the K0

S�
��0 invariant mass distribution is also investigated in Fig. 10(d),

showing a rather broad structure around 1.3 GeV/c2. This distribution looks similar to

the three-prong case [9], indicating both K1(1270) and K1(1400) contributions to the

K
0
���0�� decay, unlike the model used in the Monte Carlo generator.

11 Results and discussion

The branching ratios measured by the present analysis are summarized in Table 8. The

sum of all exclusive branching ratios withK0

S's is equal to (9:28�0:65�0:54)�10
�3, which

is in agreement with the inclusive measurement (9:70�0:58�0:62)�10�3. The di�erence
between these two results, �B = (0:42 � 0:21 � 0:41) � 10�3, where the uncertainties

take into account only the uncommon statistics and systematics, leaves little room for the

presence of other signi�cant exclusive modes with K0

S's.

The results for the modes with one K0 are in good agreement with other published
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results [1, 14, 15], as shown in Fig. 12. The relevant exclusive modes are added, yielding

B(�� ! K0h��� ) = (1:01� 0:11� 0:07)%; (17)

and
B(�� ! K0h��0�� ) = (4:46� 0:52� 0:46)� 10�3: (18)

where the correlation between the exclusive modes are taken into account.

The decay �� ! K
0

K0���� is also investigated by studying both �� ! K0

SK
0

L�
���

and �� ! K0

SK
0

S�
��� . The �rst mode is determined for the �rst time and is observed

to dominate the K
0
K0���� channel. For the second mode, a recent CLEO measurement

gives B(�� ! K0

SK
0

S�
��� ) = (0:23�0:05�0:03)�10�3 [14], which is about four standard

deviations lower than the prediction of [7]. The value obtained in the present analysis,

B(�� ! K0

SK
0

S�
��� ) = (0:26� 0:10� 0:05)� 10�3 agrees with the CLEO measurement

and con�rms the trend. Because B(�� ! K0

SK
0

S�
��� ) = B(�� ! K0

LK
0

L�
��� ), a direct

measurement of the branching ratio for �� ! K
0
K0���� is achieved:

B(�� ! K
0

K0���� ) = (1:53� 0:30� 0:16)� 10�3: (19)

This value agrees with that obtained for the charged mode B(�� ! K�K+���� ) =

(1:67 � 0:21 � 0:16) � 10�3 [9], as expected from isospin symmetry in the absence of
second-class currents [16].

The K
0

�� fraction in the decay �� ! K
0

���0�� is determined to be (64 � 9 �
10)%. Assuming that this channel proceeds only via an incoherent superposition of the

intermediate states K� and K��, one obtains

B(�� ! (K
�

�)��� ! K
0
���0�� ) = (1:06� 0:37� 0:32)� 10�3; (20)
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Figure 12: The published branching ratios for �� ! K
0
��(�0)�� and �

�

! K0K�(�0)�� .

The black dots correspond to this analysis. The detected K0 modes are given in parentheses

for each experiment.
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Mode B (10�3)

K0

SX
��� 9:70� 0:58� 0:62

K
0
���� 8:55� 1:17� 0:66

K
0
���0�� 2:94� 0:73� 0:37

K0K��� 1:58� 0:42� 0:17

K0K��0�� 1:52� 0:76� 0:21

K0

SK
0

L�
��� 1:01� 0:23� 0:13

K0

SK
0

L�
��0�� 0:31� 0:11� 0:05

K0

SK
0

S�
��� 0:26� 0:10� 0:05

K0

SK
0

S�
��0�� < 0:20 (95% C.L.)

K
0
���0�0�� 0:58� 0:33� 0:14

K0K��0�0�� < 0:39 (95% C.L.)

K0h+h�h��� 0:23� 0:19� 0:07

Table 8: Summary of branching ratios obtained in this analysis.

and

B(�� ! K
0
���� ! K

0
���0�� ) = (1:88� 0:54� 0:38)� 10�3: (21)

The physics implications of the present results will be discussed in a subsequent paper,

where the recently published results on three-prong � decays with charged kaons [9] and
the forthcoming ALEPH measurements of charged kaons and K0

L's in one-prong � decays

will be also taken into account.

12 Conclusion

The branching ratios for � decays involving K0

S's with up to three accompanying hadrons

in the �nal states are measured. A �rst measurement of the branching ratio for

the decay �� ! K0

SK
0

L�
��� is achieved, which together with the determination of

�� ! K0

SK
0

S�
��� separates the di�erent contributions to the �� ! K

0
K0���� decay.

By exploiting the dE/dx measurement, exclusive decay modes with a charged kaon or

pion are extracted. The results are summarized in Table 8. The measurements which can
be compared to published values are displayed in Fig. 12, showing agreement.
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