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Abstract

We present the �rst observation of the decay KS ! �+��e+e� based upon the

data collected in 1998 by the NA48 experiment at CERN. We have identi�ed a

clean sample of 56 events with negligible background contamination. Using KL !

�+���0D decays as normalization sample, the branching ratio is measured to be

BR(KS ! �+��e+e�) = [4:5 � 0:7(stat) � 0:4(syst)] � 10�5. This result is in

good agreement with the theoretical expectations from the mechanism of inner

bremsstrahlung.
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1 Introduction

The study of neutral kaon decays into the �+��e+e� �nal state has recently

aroused considerable interest from both the theoretical and the experimen-

tal points of view. The KL;S ! �+��e+e� decays are expected to proceed

through a virtual photon intermediate state KL;S ! �+��� ! �+��e+e�

[1,2]. In the case of the long-lived neutral kaon, the amplitude for this decay

is dominated by two components: one from the CP-conserving direct emission

process (DE) associated with a magnetic dipole transition (M1), the other

one from the CP-violating KL ! �+��e+e� decay with inner bremsstrahlung

(IB). The interference of the CP-even and CP-odd amplitudes produces a

CP-violating circular polarization of the virtual photon which gives rise to

a large asymmetry in the distribution of the angle � between the �+�� and

e+e� planes in the kaon centre of mass system. The observation of such a large

asymmetry has been reported recently [3,4] and found to be in agreement with

theoretical predictions. In the case of the short-lived neutral kaon, the decay

amplitude is largely dominated by the CP-even inner bremsstrahlung compo-

nent. Thus, no signi�cant asymmetry in the � distribution is expected in the

KS ! �+��e+e� decay. The branching ratio value for the KS ! �+��e+e�

process can be related to the one of theKL ! �+��e+e� inner bremsstrahlung

contribution [1,2] and is predicted to be about two orders of magnitude larger

than the recently measured KL ! �+��e+e� branching ratio [5].

We present in this Letter a �rst determination of the branching ratio of the

KS ! �+��e+e� decay based upon the 1998 data collected by the NA48

experiment at CERN during a 120 day long run dedicated to the measurement

of Re("0=").

2 The NA48 kaon beams and detector layout

The principle of the NA48 experiment relies on the use of simultaneous and

almost collinearKL and KS beams. Both neutral kaon beams are produced by

450GeV/c protons extracted from the CERN SPS. The primary proton beam,

with a nominal ux of 1:5� 1012 particles per SPS pulse (ppp), impinges on a

Be target at a downward angle of 2.4mrad to produce theKL beam. Part of the

non-interacting primary protons are deected towards a bent Si crystal [6]. A

small fraction of these protons are channeled by the crystal and deected back

onto the KL beam line. The resulting low intensity proton beam (� 3 � 107

ppp) is then transported towards a second 40 cm long, 2mm diameter, Be

target for the production of the KS beam.

The KS target is positioned 7.2 cm above the KL beam axis and 120m down-
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stream of the KL target. The KS collimator selects secondary neutral particles

at a 4.2mrad production angle with a divergence of �375�rad. The KS beam

enters the �ducial decay volume 6.84 cm above the KL beam. The axes of

the two beams cross at the position of the electromagnetic calorimeter with a

convergence angle of 0.6mrad. The total ux per pulse of KL in the KL beam

entering the �ducial region is about 2� 107 and of KS in the KS beam about

2� 102.

The protons directed to theKS target are detected by a tagging detector made

of two arrays of thin scintillation counters after the Si crystal [7]. This device

is used to tag KS decays by measuring very accurately the time di�erence

between a proton in the tagging detector and an event in the main detector.

Both times are reconstructed relative to a common clock running at 40MHz.

The signals of the tagging detector are digitized by 960MHz FADCs. The

proton time resolution obtained at a proton rate of 28MHz is about 120 ps

and the double-pulse separation is 4 ns.

The decay volume lies inside a large, 90m long, vacuum tank terminated by

a 0.3% radiation lengths thick Kevlar window. The beginning of the decay

region is precisely de�ned on the KS beam by an anti-counter (AKS) which

detects all KS decays occuring further upstream. Starting at the centre of the

Kevlar window, a 16 cm diameter vacuum beam pipe traverses all the detector

elements to let the neutral beam pass through vacuum.

The layout of the main detector is shown in Figure 1. Only those elements

relevant to the analysis presented here are described below. The detection of

the KS ! �+��e+e� decays is performed using a high resolution magnetic

spectrometer which consists of a dipole magnet with a horizontal transverse

momentumkick of 265MeV/c and a set of four drift chambers [8]. Two of them

are located upstream of the magnet for the measurement of the decay vertex

position whereas the other two, located downstream of the magnet, are used

for the bending angle determination of the tracks. The magnetic spectrometer

is contained inside a tank �lled with helium in order to reduce multiple scat-

tering. Each chamber contains 8 planes of sense wires oriented in four di�erent

directions 0� (X,X0), 90� (Y,Y0), �45� (U,U0) and +45� (V,V0), orthogonal to

the beam axis. In DCH3, only horizontal and vertical wire planes are instru-

mented. The space resolution in each transverse coordinate is 90�m and the

average e�ciency per plane is better than 99%. The momentumdetermination

of a track is achieved with a resolution given by

�p

p
(%) � 0:5 � 0:009 p(GeV=c): (1)

The precise time reference of tracks is provided by two planes of a scintillator

hodoscope located downstream of the last drift chamber. The time resolution
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Fig. 1. Layout of the NA48 detector

is about 200 ps per track.

The e=� identi�cation is obtained by comparing the momentum p of a track

measured by the magnetic spectrometer with the energy E deposited in a

quasi-homogeneous liquid krypton (LKr) calorimeter [9]. This detector has

a 127 cm long projective tower structure which is made of copper-beryllium

ribbons extending between the front and the back of the calorimeter with a

�48 mrad accordion geometry. The 13212 readout cells each have a cross-

section of 2 � 2 cm2 at the back of the active region. The initial value of the

current induced on the electrodes by the drift of the ionisation is measured

using 80 ns FWHM pulse shapers digitized with 40MHz FADCs. The energy

resolution of the calorimeter is

�E

E
(%) �

3:2
p
E
�
10:0

E
� 0:5 (E inGeV): (2)

The time and spatial resolutions achieved for 20GeV photons are better than

300 ps and 1.3mm, respectively.

Behind the LKr calorimeter, a 6.7 nuclear interaction lengths thick calorime-

ter made of iron and scintillator is used to provide the energy of hadrons in

the trigger. Finally, a set of three planes of 25 cm wide scintillation counters

shielded by 80 cm thick iron walls is used to veto muons.

In 1998, a speci�c algorithm was implemented in the Level 2 charged trigger

(L2C) to select events compatible with decays into four charged particles, con-

currently with the "0=" trigger [10]. The L2C trigger performs a fast tracking of
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charged particles in the spectrometer. It receives signals from the earlier Level

1 (L1) trigger stage which demands a minimum number of hits in DCH1 and

in the scintillator hodoscope compatible with at least 2 tracks, together with

a total energy seen in the electromagnetic and hadronic calorimeters greater

than 35GeV.

The 4-track trigger requires at least two compatible 2-track vertices within

9m along the longitudinal kaon direction and at least three reconstructed

space-points in each drift chamber 1, 2 and 4. No requirement on the invari-

ant mass of the selected events is made. In order to determine the e�ciency

of the 4-track trigger, downscaled events that passed the L1 condition were

recorded with a control trigger. The trigger ine�ciency due to the algorithm

itself is 3%. However, about 25% of good 4-track events were lost owing to the

maximum latency of 102.4�s allocated to process the events. In addition, an

extra 10% contribution to the trigger ine�ciency comes from accidental elec-

tromagnetic showers generated upstream of the drift chambers that produce

high multiplicity events in the spectrometer. Such events generate an overow

condition which resets the front-end readout bu�ers when more than 7 hits

per plane are present within a 100 ns time interval [11]. The overall 4-track

trigger e�ciency during the 1998 run was about 65%. The output rate of the

4-track trigger was 1k events per SPS cycle, representing about 5% of the total

data ow of the experiment.

3 Event selection and background rejection

The o�ine selection of KS ! �+��e+e� candidates requires four in time

tracks from particles hitting the LKr calorimeter to allow for particle iden-

ti�cation. All four tracks are required to impinge on the detector su�ciently

far from the beam pipe and the outer radius (15 cm < RLKr < 120 cm) to en-

sure e�cient electron identi�cation with negligible energy losses. In addition,

tracks with an impact point closer than 2 cm from a dead calorimeter cell are

rejected. Electrons are identi�ed by requiring 0.85 � E=p < 1.15 while tracks

are designated as pions if they have E=p < 0.85 and no associated hit in coinci-

dence in the Muon Veto detector. We demand also that both the electron and

pion pairs have two particles of opposite charge and that the reconstructed

momentum of each track be above 2GeV/c.

A vertex made of four tracks passing the above cuts is formed if each of the six

combinations of pairs of tracks has a distance of closest approach smaller than

10 cm and a reconstructed vertex located upstream of the Kevlar window.

To reject fake vertices made of two overlapping decays, a �2 value smaller

than 50 was required as a vertex quality cut. Background events coming from

KS ! �+�� decays followed by a gamma conversion in the Kevlar window
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are further suppressed by imposing a 2 cm separation between the two electron

tracks in the �rst drift chamber.

Events originating from decays in the KL beam are separated by requiring

the 4-track vertex transverse position to be more than 4 cm above the KL

beam axis. The resolutions on the transverse and longitudinal positions of the

4-track vertex are typically 1.8mm and 55 cm, respectively.

KS ! �+��e+e� candidates are accepted if the kaon energy is larger than

40GeV and if its momentum vector, extrapolated upstream to the exit face

of the �nal collimator, is contained within a 2.5 cm radius around the KS

collimator hole. In order to help to remove unwanted events due to decays in

the high intensity KL beam, a �1 ns cut on the time di�erence between the

event and the signal from the KS tagging detector is applied. This analysis

cut removes less than 1% of good events but provides an extra factor of 20 in

the background suppression from the KL beam.

To remove events fromKS scattering in the collimators or the AKS, we require

the centre of energy of the four tracks, extrapolated at the LKr calorimeter

position, to lie within 8 cm of the beam axis. This cut is chosen relatively wide

compared to the 4.6 cm KS beam spot radius. Moreover, events having hits in

coincidence in the AKS counter are rejected.

Events from the dominant KS ! �+�� decay mode in time with gamma

conversions in the collimators or the detector material in front of the �rst

chamber are eliminated if the �+�� invariant mass is measured to be between

490.7 < M�� < 504.7 MeV/c2. Accidental background is further reduced by

rejecting events with an extra track measured in the spectrometer within 1 ns

around the event time.

Since equal amounts of KS and KL are produced at the target, a potential

source of background to KS ! �+��e+e� comes from KL ! �+���0D decays

where the extra photon from the �0 Dalitz decay (�0 ! e+e�), denoted

�0D here, is not detected. Most events with a missing particle are suppressed

by demanding that the square of the total momentum P 2
?

of the observed

decay products relative to the line of ight of the parent kaon be less than

0.02GeV2/c2.

Finally, rejection of �0 ! ��0D decays is obtained by removing events compat-

ible with a �! p� decay. Four-track candidates with the two hadrons having

a p� invariant mass within 4MeV/c2 around the � mass value are eliminated.

The invariant mass distribution M��ee of the remaining candidates, after all

the above selection criteria have been applied, is shown in Fig. 2. The number

of accepted KS ! �+��e+e� events which are required to lie in the 477.7 <

M��ee < 512.7 MeV/c2 range is found to be 56. The background contamination
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KS→π+π-e+e-

KL→π+π-π0

|→e+e-(γ)

56 events
in

signal region

↓ ↓
Fig. 2. Measured invariant mass distribution M��ee for KS ! �+��e+e� event

candidates (solid dots). The solid line is the predicted Monte Carlo distribution of

KS ! �+��e+e� events, normalized to the number of good events observed in the

data. The arrows indicate the accepted mass region for good events. The dashed

line is the Monte Carlo prediction for KL ! �+���0D events, after normalization

to the ux of KL decays from the data sample (see text).

due to KL ! �+���0D decays with a missing photon is negligible and has been

estimated to be 0.3 � 1.0. The e+e� invariant mass Mee distribution for the

signal events is shown in Fig. 3. It exhibits a steep variation at low mass values

as expected from the mechanism of inner bremsstrahlung.

To determine the KS ! �+��e+e� branching ratio, KL ! �+���0D decays

from KL produced in the KS target are used as normalization. Although the

expected number of such events in the decay region is only a factor of two

larger than the signal one, this choice for the normalization has the advantage

that ine�ciencies in the trigger or in the event reconstruction cancel to �rst

order. However, due to the very di�erent lifetimes of the short- and long-lived

neutral kaons, the relative KS to KL ux in the �ducial decay region of the

experiment has to be determined precisely.

The selection of KL ! �+���0D events is very similar to the one done for the

KS ! �+��e+e� events.We demand, in addition to the four identi�ed charged

particles, the presence of an isolated cluster in the LKr calorimeter, in time

with the event and with an energy greater than 2GeV, well above the detector

noise of 100MeV per cluster. The transverse distance of the cluster to a dead
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cell is required to be greater than 2 cm and the distance to any of the four

impact points of the charged particles on the LKr to be greater than 15 cm.

KL ! �+���0D candidates are accepted if the reconstructed e+e� invariant

mass is between 110 and 150 MeV/c2 and if the �+��e+e� invariant mass

lies in the 477.7 to 512.7 MeV/c2 range. The P 2
?

value of the reconstructed

�+��e+e� �nal state is required also to be less than 0.02GeV2=c2. A total of

105 KL ! �+���0D events with a kaon energy greater than 40GeV have been

identi�ed in the �ducial region comprised between the AKS position (z=0)

and z=84m. The contamination from KL ! �+���0D decays in the KL beam

has been estimated to be 1.5 � 0.2 from the study of the accidental activity

in the tagging detector. Fig. 4 shows the comparison of the proper decay time

distributions for the signal and the normalization events.

KS→π+π-e+e-

Data

MC

Fig. 3. Invariant mass distribution Mee for KS ! �+��e+e� events (solid dots).

The solid line is the Monte Carlo prediction.

4 Branching ratio determination

The branching ratio for KS ! �+��e+e� normalized to the one from KL !
�+���0D decays can be written as

BR(KS ! �+��e+e�)

BR(KL ! �+���0D)
=

N��ee

N���0
D

A���0
D

A��ee

����0
D

���ee

�L

�S
; (3)
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(a)

KS→π+π-e+e-

(b)
KL→π+π-π0

|→e+e-γ

Fig. 4. Proper decay time distribution �=�S in units of the KS lifetime �S for (a)

the KS ! �+��e+e� mode and (b) the KL ! �+���0D mode. The histograms are

the Monte Carlo distributions normalized to the corresponding observed numbers

of events.

where N��ee and N���0
D

are respectively the number of signal and normaliza-

tion events after background subtraction, A��ee and A���0
D

are the correspond-

ing acceptance corrections, ���ee and ����0
D

the trigger e�ciencies, and �S and

�L are, respectively, the fractions of KS and KL with energy above 40GeV

decaying in the �ducial region. The branching ratio BR(KL ! �+���0D) =

[1:505� 0:047]� 10�3 has been obtained from the existing data on BR(KL !
�+���0) and BR(�0 ! e+e�) [12].

In order to determine the kaon decay probabilities �S and �L, an analysis

of the kaon production spectrum has been performed using the abundant

KS ! �+�� sample measured with the downscaled L1 triggers. Taking into

account the KS and KL lifetime values, �S and �L are found to be 26.2% and

3.46% respectively.

The detector acceptances have been estimated using a detailed Monte Carlo

simulation based on GEANT [13]. For the generation of KS ! �+��e+e�

events, the model of Ref. 2 for the inner bremsstrahlung contribution has been

used after taking into account the correct Mee dependence of the di�erential

decay rate and keeping the electron mass terms in the matrix element [14].

Radiative corrections, for both the signal and the normalization channels, have

been included in the acceptance calculation using the PHOTOS code [15]. The
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acceptances for KS ! �+��e+e� and KL ! �+���0D are determined to be

3:70% and 1:56% respectively.

The trigger e�ciency ����0
D

for the normalization channel has been studied

using the large sample of fully reconstructed KL ! �+���0D events seen in

the KL beam line that was collected with the downscaled control trigger. The

measured e�ciency of the trigger algorithm is found to be 0.97 � 0.02 in good

agreement with the result of 0.98 obtained from the trigger simulation. For

the signal channel, the limited statistics do not permit to measure directly

the e�ciency of the trigger. We rely instead on the simulation of the trigger

algorithm. Possible di�erential losses in the trigger due to accidental high

multiplicity events creating overows in the drift chambers have also been

investigated using the more abundant KL ! �+��e+e� and KL ! �+���0D
decays in the KL beam. Such e�ects have been found to be smaller than 5%.

The relative trigger e�ciency ratio ����0
D

=���ee between the normalization and

signal channels has been determined to be 1:01 � 0:05.

Using the above corrections, we obtain a branching ratio of

BR(KS ! �+��e+e�) = [4:5� 0:7(stat)� 0:4(syst)]� 10�5: (4)

The stability of the branching ratio determination with respect to moderate

changes of the selection criteria is found to be about 5%. Other contributions

to the systematic error are due to the uncertainties on the kaon spectra, beam

uxes and acceptances (6%), on the trigger ine�ciencies (5%), and on the

branching ratio BR(KL ! �+���0D) (3%). The total systematic error on

the measured branching ratio has been obtained by adding in quadrature the

above contributions.

Our result translates into a value of BR(KL ! �+��e+e�)=[1:4� 0:2]� 10�7

for the inner bremsstrahlung component of the KL ! �+��e+e� decay, in

good agreement with theoretical predictions [1,2,14].
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