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ABSTRACT

The K1, — ntn ete” and Ks — nTn eTe™ decay modes have been studied in de-
tail using the NA48 detector at the CERN SPS. Based on the data collected during the
1998 and 1999 run periods, a sample of 1#2 — 77 eTe~ candidates has been
observed with an expected background leveBeH events, yielding the branching ra-

tio measuremenBR(K, — 777~ eTe™)=(3.08 & 0.20) x 10~". The distribution of
events in thesing cos¢ variable, wherep is the angle between the" 7~ and thee™e™

decay planes in the kaon centre of mass, is found to exhibit a large CP-violating asym-
metry with the valued,=(14.2 + 3.6)%. For theKs — 7" n~eTe~ decay channel, 621
candidates have been identified in the 1999 data sample with an estimated background
contribution of0.7 event. The corresponding branching ratio has been determined to be
BR(Ks — ntm ete™) = (4.71 £ 0.32) x 107°. The combined value of this measure-
ment with the published 1998 resultBR (Ks — 7 7 eTe™) = (4.69 & 0.30) x 107°.

No asymmetry is observed in this decay mode. Our results are in good agreement with the-
oretical predictions based on a phenomenological description of radiative kaon decays. The
form factor parameters; /a; andgy; in the K, — 77~ ete™ direct emission process

as well as the value of th&° charge radius have been extracted from the data.



1 Introduction

It was recognized long ago that radiative decays of neutral kaons provide an interesting
ground for the study of CP non-invariance [1, 2, 3, 4]. In 1967, Dolgov and Ponomarev [4]
pointed out that in the case of thH€" — ntn~7* — 7fr~ete™ decay, large effects due to
CP violation could be observed in the polarization of the photon. First attempts to compute the
matrix element of this decay led to crude estimates ofAfhg — n"n ete™ partial decay
widths [5, 6]. More recently, Sehgal and Wanninger [7] and Heiliger and Sehgal [8] performed
a detailed analysis of th&;, — 77~ ete™ differential decay rate. They showed that the an-
gular correlation of the™e~ and7* 7~ planes contains an explicit CP-violating term which is
sensitive to the interference between amplitudes of opposite CP.

The K7, — ntn~ete™ decay amplitude is dominated by two competikig — 77— ~*
components: one from the CP-violating bremsstrahlung process in whichitltecays into

~ where one of the pions radiates a virtual photon, the other from the CP-conserving di-

rect emission process associated with a magnetic dipole transition. The interference of the CP-
even and CP-odd amplitudes produces a CP-violating circular polarization of the virtual photon
which gives rise to an asymmetry in the distribution of the angletween thete~ and the
77~ planes, in the kaon centre-of-mass system:

7 &de — [T, Lde

Ay = — = (1)
Sy Sdo+ [T, $5do
whered¢ isthe K1, — n"n—ete™ differential decay rate, which can be written in the general
form
dr )
d¢ = I';co8%¢ + Dysin®¢ + T'ssing cose . (2)

The coefficientl’s of the asymmetric terming cos¢ in EqQ. 2 contains the contribution
from interferences between amplitudes of opposite CP values. A non-zero valiecoh-
stitutes therefore an unambiguous signature of CP violation that can be reached through the
measurement afl;. This asymmetry, which originates mostly froli® — K0 mixing, is pre-
dicted to be as large d4% in K;, — n*n~eTe™ decays [7, 8]. The contribution td, from CP
violation in the short-distance Z-penguin and W-box diagrams was also considered by several
authors [8, 9, 10], but was found to be negligible. Present estimates éfithes 77 ete™
branching ratio are approximatedyx 10~7 [7, 8].

In the case of the short-lived neutral kaon, the decay amplitude is largely dominated by the
CP-even inner bremsstrahlung component. Thus, no significant asymmetryjiuligteibution
is expected in thé(s — w7 ete™ decay. The branching ratio for this decay mode can be
related to the one of th&;, — w7 ete inner bremsstrahlung contribution [7, 8] and is
predicted to be about two orders of magnitude larger thankthe— 77~ e¢te™ branching
ratio.

Only recently, with the advent of intense neutral kaon beams and of high-rate capa-
bility trigger and data acquisition systems, has the studkpf — ntn eTe™ decays be-
come accessible to experiment. The first measurement ofithe~ 7+tn~ete™ branching
ratio was reported in 1998 by the KTeV E799 collaboration [11] which obtained the value
BR(Ky, — 7tn ete™) = (3.2 £ 0.64a & 0.45ys) X 1077, This result is based on a sam-
ple of 46 candidates with a background level of 9.4 events, repres&¥ingf the data col-
lected in 1997. The subsequent analysis of the entire KTeV E799 data led to the observa-
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tion of 1811 K, — 7wfwn ete™ events and to the measurement of a CP-violating asymme-
try of (13.6 & 2.54a¢ £ 1.24,5)% in the sing cos¢ variable [12]. Takeuchi et al. [13] pub-
lished the valueBR(K, — 7frn ete™) = (4.4 £ 1.3 & 0.54) x 1077 from a sam-

ple of 13.5 + 4.0 signal events observed at KEK. More recently, the NA48 collaboration at
CERN [14] reported the first observation of th& — 77 eTe~ mode and measured the
valueBR(Kg — w1 ete™) = (4.5 & 0.7gat + 0.45ys) X 1075, using a sample of 56 events.

The possibility to probe CP violation effects through the polarization of the photon in
the K — 7T7—~* process as well as the recent experimental progress achieved in this field
have aroused considerable theoretical interest [9, 10, 15, 16, 17, 18, 19, 20, 21] and stimulated
several calculations based on chiral perturbation theory [22, 23]. We present in this paper the
results from a study of th&;, — 7tn eTe” and Ks — w7 ete” decay modes performed
by the NA48 experiment at the CERN SPS. Measurements of the branching ratio and asym-
metry A, for both channels have been obtained with data samples collected in 1998 and 1999,
concurrently with thee’ /= run. A special 2-day test dedicated in 1999 to the investigation of
rare decays with an intendés beam allowed the statistics on th& — 7t7 e¢*e™ mode to
be increased significantly.

2 The NA48 neutral kaon beams

The NA48 experiment uses a 450 Geyfoton beam from the CERN Super Proton Syn-
chroton which delivers 2.38 s long spills every 14.4 s [24]. The long- and short-lived neutral
kaon beams are produced from two different targets, located respectively 126 m and 6 m up-
stream of the beginning of the decay region. The simultanégquand Ks beams used for the
¢’ /e programme as well as the high-intensity beam set-up are briefly described below.

2.1 The simultaneousK;, and Kg beams

The primary proton beam, with a nominal flux bfy x 10'? particles per spill, impinges
on a 40 cm long, 2 mm diameter beryllium target, at a downward angle of 2.4 mrad to produce
the K1, beam. The charged component of the outgoing particles produced at the target is swept
away by bending magnets. The neutral beam, composed mainly of photons, neutrons and long-
lived neutral kaons, is defined by a set of defining and cleaning collimators. The exit face of the
last collimator is located 126 m downstream of the target, at the entrance of the fiducial kaon
decay region. The primary protons which have not interacted in the target are deflected towards
a bent silicon crystal [25]. A small fraction of these protons is channeled by the crystal and
deflected back onto th&;, beam line. The resulting low intensity proton beam3 x 107/spill)
is then transported towards a second beryllium target, similar to the first, for the production of
the K5 beam. The protons directed to th& target are detected by a tagging station which is
used to identify the origink’s or K1, of the final decay products.

The K target is positioned 7.2 cm above thg beam axis and 120 m downstream of the
K, target. TheK5 collimator selects secondary neutral particles at a 4.2 mrad production angle
with a divergence oft375 purad. Its exit face coincides longitudinally with the one of thig
final collimator. TheKg beam enters the fiducial decay volume 6.84 cm abovesthdeam.
The beginning of the decay region is precisely defined orfidieeam line by an anti-counter,
called AKS, which detects alks decays occuring further upstream. The axes of the two beams
cross at the position of the electromagnetic calorimeter with a convergence angle of 0.6 mrad.

The total flux per spill ofK7, in the K7, beam entering the fiducial region is abaut 107
and the one of{s in the K5 beam abou? x 102. Fig. 1 shows a schematic view of the NA48
beam layout.
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2.2 The high intensity Ks beam

High intensity beams of short-lived neutral kaons can be obtained by sending the 450 GeV/
primary protons directly to th&'s target. In this configuration, th€;, target is removed whereas
the bent crystal together with the tagging station are by-passed. In addition, the proton beam is
attenuated and collimated to the desired intensity, far upstream éfdtarget. During a 2-day
run in 1999, the intensity of the proton beam hitting fiigtarget was set t6 x 10°/spill yield-
ing a K flux about 200 times larger than the one obtained with the standard beam setup used
for the direct CP violation measurement. The instantaneous rates in the various NA48 detector
elements were nevertheless similar to the ones measuredsdfy thevo-beam configuration.

3 The NA48 detector

The NA48 detector has been designed to measure the direct CP violation parameter
Reg'/¢) in K° — 27 decays with high precision [26, 27]. It is located downstream of the
kaon decay volume which lies inside a large, 90 m long, vacuum tank terminated bya 0.3
radiation lengths thick Kevlar window. 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 Fig. 2.

3.1 The magnetic spectrometer

The detection of charged particles i, s — 77 eTe™ decays is performed using
a high resolution magnetic spectrometer which consists of a dipole magnet with a horizontal
transverse momentum kick of 265 Me\Vdnd a set of four drift chambers [28]. 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 filled with helium in order
to reduce multiple scattering. Each chamber contains 8 planes of sense wires oriented in four
different direction$)° (X,X’), 90° (Y,Y’), —45° (U,U’) and+45° (V,V’), orthogonal to the beam
axis. In the drift chamber located just downstream of the spectrometer magnet, only horizontal
and vertical wire planes are instrumented. The momentum determination of a track is achieved
with a resolution given by

I
p

The space resolution in each transverse coordinate igr98nd the average efficiency
per plane is better than 99%.

(%) =0.480.009p (pin GeV/c). (3)

3.2 The scintillator hodoscope

The precise time reference of tracks is provided by a scintillator hodoscope located down-
stream of the helium tank. It is composed of two planes segmented in horizontal and vertical
slabs and arranged in four quadrants. The time resolution achieved is about 200 ps per track.
Each quadrant also provides signals which are combined in a fast logic to be used in the first
level of the trigger for charged events.

3.3 The electromagnetic calorimeter

Thee /7 identification 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 [29]. 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
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with a+48 mrad accordion geometry. The 13212 readout cells each have a cross-sexi@n of
cn? 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 40 MHz
FADCs. The energy resolution of the calorimeter is

"_EE(%) — 3_\/% ® % ©0.42 (Ein GeV). (4)

The time and space resolutions achieved for 20 GeV photons are better than 300 ps and
1.3 mm, respectively.

3.4 The hadronic calorimeter and muon counters

Behind the LKr electromagnetic calorimeter, a 6.7 nuclear interaction lengths thick calorime-
ter made of iron and scintillator is used to provide the energy of hadrons for the trigger. It is
followed by a set of three planes of 25 cm wide scintillation counters shielded by 80 cm thick
iron walls for the identification of muons.

3.5 The AKS and AKL veto counters

The Ky anti-counter or AKS is composed of a converter consisting of a 3 mm thick irid-
ium crystal, followed by three scintillation counters. It is located at the exit ofstheollimator
to veto all upstream decays from the short-lived beam, thus providing the precise definition of
the beginning of thé(s decay region. The time resolution obtained with the AKS is about 160 ps
and the inefficiency for detecting charged particles is aboutl0—3. During the high intensity
Kg test run, the converter was removed to minimize particle interactions in the AKS material.
The K anti-counter was still very efficient in rejecting charged particles from upstream decays
or interactions in the final collimator.

The fiducial region of the NA48 experiment is surrounded by an ensemble of seven annu-
lar iron-plastic scintillator veto counters, called AKL, to identify photons escaping the accep-
tance of the main detector. The time resolution of these counters is about 400 ps.

3.6 The proton tagging station

The proton tagging detector, located after the silicon crystal [30, 31], is made of two
arrays of thin scintillation counters. This device is used to Aagdecays by measuring very
accurately the time difference 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 40 MHz. The
signals of the tagging detector are digitized by 960 MHz FADCs. The proton time resolution
obtained at a proton rate of 28 MHz is about 120 ps and the double-pulse separation is 4 ns.

4 The 4-track trigger

In order to select events compatible with decays into four charged patrticles, a specific
algorithm was implemented in the Level 2 charged trigger (L2C), concurrently with' the
trigger [32, 33]. The L2C trigger performs a fast tracking of charged particles in the spectrom-
eter. It receives signals from the earlier Level 1 (L1) trigger stage which requires a minimum
number of hits in the most upstream drift chamber and in the scintillator hodoscope, compatible
with at least two tracks, together with a total energy seen in the electromagnetic and hadronic
calorimeters greater than 35 GeV. The output rate of the L1 stage during the 1998 and 1999 run
periods varied between 100 and 120 kHz. The measured efficiency of the L1 charged trigger for
4-track events of energy greater than 40 GeWid + 0.1%.
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The L2C trigger used 200 MHz processors in 1998 and was upgraded with 300 MHz ones
in 1999, allowing complex events to be treated more efficiently. The 4-track trigger requires at
least three reconstructed space-points in each of the drift chambers 1, 2 and 4 and at least two
compatible 2-track vertices within a given distance along the longitudinal kaon direction. The
latter requirement was set to 9m in 1998 but was reduced to 3m in 1999 without significant
loss of efficiency. No condition on the invariant mass of the selected 4-track candidates was
imposed. Depending on the run conditions, the output rate of the L2C trigger varied in the 0.5-
1kHz range, representirigs to 10% of the total Level 2 rate of the experiment. The dead time
of the L2C trigger logic wag.9% in 1998 and).7% in 1999.

To determine the efficiency of the 4-track trigger, downscaled events that passed the L1
condition were recorded with a control trigger. The trigger inefficiency from the L2C algorithm
itself, measured with the abundant samplé&@f— 77~ 7)) — 77 ~e*e v events, was found
to be2.8% in 1998 andl.9% in 1999. The main contribution to this inefficiency is attributed to
drift chamber wire inefficiencies.

Another source of inefficiency of the L2C trigger is due to the maximum latency of
102.4us allocated to process the events. In 19984 of good 4-track events were affected by
this limitation. To study possible biases introduced by these event losses2atioot charged
triggers which exceeded the available processing time were recorded. In 1999, the fraction of
events exceeding the allocated processing time was reduced to leg$tbanng to the use of
faster processors.

An additional contribution o8 — 12% to the trigger inefficiency comes from high-
multiplicity events in the spectrometer which are produced to a large extent by accidental elec-
tromagnetic showers generated upstream of the drift chambers. Such events generate an over-
flow condition which resets the front-end readout buffers when more than 7 hits per plane are
present within a 100 ns time interval [34]. The fraction of accidental high-multiplicity events,
measured with pseudo-random triggers collected proportionally to beam intensity, was found to
be in the 21-2% range for the 1998 + 1999/¢ run conditions, and abodd% during the high
intensity Ks run.

The efficiency of the 4-track trigger, for events recorded in the presence of high multi-
plicities in the drift chambers was typicalp%, due to missing information in the read-out
buffers. The overall 4-track trigger efficiency, taking into account the above effect§>iain
1998 and 88% in 1999.

5 Data samples

A large part of the data used for the study of thgs — ntn ete” decay modes
was collected during the 1998 and 1999 SPS running periods devoted to the measurement of
ReE’/¢). The use of simultaneous], and Kg beams allowed botlk;, — #f7~ete” and
Ks — mtm~ete” samples to be recorded concurrently. The number of 4-track triggers col-
lected wa.2 x 10® in 1998 and3.8 x 108 in 1999. The short test run performed in 1999 with a
high intensityKs beam provided an additional factor of more than 3 in the number of available
K decays, corresponding to abaut x 107 recorded 4-track triggers during that short period.

The Ky, — nfr ete” andKs — n" 7 eTe™ branching ratios are determined relative to
that of the well-knownk, — 7+ 77" mode, followed by the Dalitz decay of the neutral pion
() — e*e ). This choice for the normalization has the advantage that inefficiencies in the
trigger or in the event reconstruction largely cancel in the ratio.

The analysis of thé<, s — nTn ete” decay modes is essentially based on samples
of 4-track triggers. Control or random triggers are however used to determine the trigger in-
efficiencies, the kaon energy spectra and to study accidental effects. In order to minimize as
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much as possible biases in the trigger or in the offline reconstruction, events having a read-
out overflow condition in a-312.5ns time window around the event time are discarded. No
effect on the measurement of the branching ratio is expected due to this rejection criterion if
the accidental rate of high-multiplicity events in the drift chambers is the same for signal and
normalization events. This condition has been verified to better @tigh by simulating the
overflow appearance mechanism in the presence of accidental activity.

In the analysis discussed below, data from both 1998 and 1999 runs have been used for the
study of theK;, — ntn ete™ decays. As far as thEs — 77 ete™ channel is concerned,
more tham0% of the total statistics originates from data recorded during the 1999 runs. The
results obtained from the 1998 data have been published elsewhere [14]; they are combined
with the ones of 1999, presented in this paper.

6 Event selection and background rejection

The selection ofK1, 5 — w7 ete” and K, — 7 7 7P decays relies mostly on the
tracking performed in the magnetic spectrometer and also on the information obtained from the
LKr calorimeter for the:/7 separation and?, reconstruction.

The offline selection of both signal and normalization events requires a set of four tracks
fully contained in the spectrometer and forming a vertex located in the fiducial kaon-decay
region, defined along the beam direction between the AKS position (z=0) aichz=The
computation of the track and vertex parameters from the hits measured in the drift chambers
is based on the linear Kalman filter method [35]. The reconstruction takes into account the
measured field map of the spectrometer magnet as well as multiple scattering in the Kevlar
window, in the drift chambers and in helium. In addition, small track deviations due to a residual
magnetic field ( Bdl = 20G-m) in the kaon decay volume, are taken into account in the
reconstruction program to improve the accuracy of the measured kaon decay parameters.

Electromagnetic showers in the LKr calorimeter are found by using the digitized pulses
from individual cells and by summing the energy deposited within a radius of 11 cm. The shower
position is derived from the energy-weighted sur g8 cells while the shower time is obtained
from the two most energetic cells. Several corrections, obtained from electron beam se¢ans or
tracks fromK 3 decays, are applied at the reconstruction level to take into account second order
effects: dependence of the response on the impact point inside a cell, calorimeter projectivity,
overlapping showers, space charge, energy loss in the material in front of the calorimeter and
residual energy non-linearity.

The following subsections describe the criteria imposed offline for the selectign of—
ntr ete” andKy, — T n 7 decays.

6.1 Selection ofKy, s — wTw~ete™ decays

The identification ofK,s — 7tm~ete™ candidates requires four tracks reconstructed
inside the fiducial volume of the NA48 detector. An 11 cm minimum radius cut around the
centre of the beam pipe at the first chamber position is imposed on particles entering the spec-
trometer. In addition, all four tracks are required to impinge on the electromagnetic calorimeter
sufficiently far from the beam pipe and the outer edge (15ciiy k, < 120cm) to ensure ef-
ficient electron identification with negligible energy losses. Tracks with an impact point closer
than 2cm to a dead calorimeter cell are rejected. For precise timing purposes, each track is
required to have at least one associated hit in the scintillator hodoscope located in front of the
LKr calorimeter and to lie within 8 ns of the event time.

Electrons are identified by requiring Efp 0.85 while tracks are designated as pions if
they have E/p< 0.85 and no associated hit in coincidence in the muon veto counters. In order
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to further reject pion decays occuring inside the spectrometer and to suppress fake tracks due to
accidental hits in the chambersyAvalue smaller than 30 is required as a track quality cut. We
require also that both the electron and pion pairs have two particles of opposite charge and that
the reconstructed momentum be above 2 @ddf electron candidates, and above 5 Geféf

pions.

A vertex made of four tracks passing the above cuts is formed if each of the six combina-
tions of pairs of tracks has a distance of closest approach smaller than 10 cm and a reconstructed
vertex located upstream of the Kevlar window. The rejection of fake vertices made of two over-
lapping decays is obtained by imposing, as a vertex quality cyt, walue smaller than 50.

The resolutions obtained on the transverse and longitudinal positions of the vertex are typically
1.8 mm and 55 cm, respectively.

To identify the origin /&, or K, of the decay, the momentum vector of the 4-track eventis
extrapolated upstream to the exit face of the final collimator, where itis required to be contained
within a well-defined region around th€;, or the K5 collimator holes. The angular resolution
on the direction of the reconstructed kaon momentum vector is 8bouad (rms). Radius cuts
of 4cm and 2.5cm are applied around the two nominal beam centres, at the final collimator
longitudinal position, fork}, and Ks decays, respectively. Data taken duringdhe run were
collected with simultaneou&’;, and K5 beams. In order to help removing unwanted events in
the K5 sample due to decays originating from the high intens&itybeam, a 1 ns consistency
cut on the time difference between the event and the closest signal iy ttag)ging detector is
applied. This analysis cut removes less thahof good events but provides an extra factor of
20 in the background suppression from tkig beam.

To remove events from beam scattering in the collimators or in the AKS, we require the
centre-of-energy of the four tracks, extrapolated to the LKr calorimeter position, to lie well in-
side the beam pipe. For th€;, sample, a radius cut of 5cm around the beam axis is applied,
whereas for thels sample, this requirement is extended to 8 cm. These cuts are chosen rel-
atively wide compared to th&’;, and K5 beam spot radii of 3.6 cm and 4.6 cm, respectively.
Events having hits in coincidence in the AKS counter are also rejected. In the case of the data
taken during the high intensiti{s run, the latter cut turns out to be very effective in removing
interactions and photon conversions produced in the final collimator.

KLs — ntn ete” candidates are accepted if the kaon energy is larger than 40 GeV,
above the threshold value set in the trigger. In the caskEptlecays, events are required to
have, in addition, a reconstructed kaon energy less than 190 GeV. This offline cut ensures that
background fromKs — w7~ eTe~ decays due to energetic neutral kaons produced at the
K, target is kept at a negligible level. Conversely, to reduce background contributions from
K;, — ntn~ete™ decays in the(s sample Ky — ntn~ete™ candidates are required to have
their reconstructed vertex position in the:20 m range.

Background events coming frodi;, s — nt7~~ decays followed by a photon conver-
sion in the Kevlar window or in the first drift chamber are suppressed by imposing a 2cm
separation between the two electron tracks in the first drift chamber. This requirement also al-
lows the events originating from &;, — 777" decay followed by the external conversion
of one of the two decay photons of thé to be rejected.

In order to suppress background from accidental overlags,of — 77~ decays and
photon conversions in the collimators or the detector material in front of the first chamber,
events are eliminated if the reconstructedr— invariant mass is found to lie between 490.7 and
504.7 MeV£E2. Moreover, the measured time of a pion pair is required to be compatible within
1.5 ns with the time measured for the lepton pair. Accidental background infhotmd Kg
samples is further reduced by rejecting events with an extra track measured in the spectrometer
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within 1.5ns of the event time. In th&}, beam, a residual source of accidental background
comes from two quasi-simultaneofs; decays with opposite pion (electron) charge. In order
to reduce such a contribution, we require, for decays originating fronkthearget, therte~
andrw~e™ vertices to have their relative vertex times withir-4.5 ns coincidence window.

Possible background contributions frath — Ax?%, decays can be suppressed by remov-
ing events compatible with& — pr decay. Four-track candidates with the two hadrons having
apr invariant mass within 4 Me\¢ of the A mass value are eliminated.

A potentially important source of background to thig s — 7" 7~ e*e™ channels comes
from K, — ntn~ 7 decays when the photon from thé€ Dalitz decay escapes detection.
This is particularly true in the case of tfi& mode sinces; — nt7 7% decays occur at a rate
which is almost four orders of magnitude larger thanke— 7+t7~e™e™ one. ForKg decays,
the situation is more favourable owing to the larger branching ratio ofsthe— 77 ete™
channel and the smaller decay length for the long-lived neutral kaons producedsattdrget
station.

6.1.1 K;, — nrnete”

In the K7, sample, a large fraction of events with a missing particle are suppressed by
requiring that the square of the total transverse momentuf phe observed decay products
relative to the line of flight joining the centre of thé;, target to the parent kaon decay point
be less tham x 10~* GeV2/c. The resolution obtained ort gis about9d x 10~° GeV/c? for
K1, — ntm~ete decays. This condition, when applied after the centre of gravity cut, removes
about70% of the remainingky, — 7~ 7Y decays, while more tha®8% of good events are
kept. Moreover, events associated with a hit in one of the scintillator pockets (AKL) around the
detector are rejected.

In order to further suppress events frdiy, — 77 7 decays, the well-known kine-
matic variable § [36] is used in the offline analysis:

1
12 2 2 2 2
Py = M —1\/[7r —MM
0 4(M%ﬂ+(pi)m>{< K ’ )

_4M72r0M72r7r - 4(pi)ﬂ'7rM%(} . (5)

In the equation above, M and (p. ). are, respectively, the invariant mass and the transverse
momentum of ther "7~ pair, M= 497.7 MeV£? is the kaon mass and M=135.0 MeVE? the
neutral pion mass. In the;, — 77~ 7° hypothesis, the/3 variable represents the square of the
longitudinal momentum of the kaon in the reference frame where the longitudinal momentum of
themr* 7~ pair is zero. Except for resolution effect$?(is greater than zero fdk;, — 77 )
decays while it is mostly negative féf;, — 7t7~eTe~ events. The requirement that candidates
have a f* value below—6 x 10~* GeV?/c* removes more than 99of the remaining unwanted
events but keeps abot% of good K7, — nn~ete™ events.

Finally, we require the invariant mass, M. of the four track candidates to be compatible
with the kaon mass value. In order to keep the background to signal ratio at a level of a few
percent in thek;, sample, we restrick;, — 77~ e*e~ candidates to lie in the 4857 M ..
< 507.7 MeV£E? range. Fig. 3 shows the invariant mass, M distribution forK;, — 77 ete”
events after all other selection criteria have been applied. The total number of candidates in the
signal region is 1162. Their distribution, which exhibits a non-gaussian tail in the low-mass side
of the peak due to radiative effects, is well reproduced by the Monte Carlo simulation.
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The distribution of events in the,pvariable is shown in Fig. 4 after all other selection
cuts are applied. The steep rise close to zero is due to resiftuab 7= 7~ 72 background
events. Below ¥ = —6 x 1072 Ge\?/c?, K;, — m "~ ete™ events are cleanly identified.

The contamination in the signal region fralf}, — 77~ 7 decays has been evaluated
using a Monte Carlo simulation. For this purpo3es 10®% K1, — 7" 7~ 7 decays have been
generated in the fiducial decay region and all selection criteria described above applied to the
reconstructed events. The number of background events in the 488.7.. < 507.7 MeVt?
region is found to b&2.9 4+ 5.0. OverlappingK.3; decays contribute mostly in the high mass
region of theK;, — w7~ ete™ spectrum. In order to evaluate their contribution, samples of ac-
cidental 4-track events having same pion and same electron chargesq e orr~ 7 efe")
have been investigated. The contamination from doéRleto the signal region is estimated to
be 4.0 + 2.0 events. Backgrounds due f6;, — w7 radiative decays followed by photon
conversion in the Kevlar window or t;, — 77~ decays with an accidental photon conver-
sion in the detector are found to be negligible. The total number of background events from the
different sources described above is estimated ®6lset 5.9 in the signal region. The relative
contributions of the two main sources, thg — 77— 7Y and the overlapping.; decays, are
shown in Fig. 3.

6.1.2 Kg — nrmeTe”

In the K5 sample, where the background level frdtq — 777 decays is strongly
reduced, looser offline cuts in thé @nd f? variables are used. Since the distance between the
production target and the measured kaon decay point is much small€ fiman for K, the
precision on the P determination is expected to be significantly worse. Kgr— 77 eTe™
events, the resolution obtained oh {3 about3 x 1072 GeV?/c?. Candidates in th&s sample
are rejected if p is greater thag x 10~2 GeV?/c? or p,? aboveb x 10~* GeV?/c?. Furthermore,
we impose the condition 4777 M ... < 512.7 MeV£t? on the remaining candidates.

The distribution of K5 — 777~ ete™ events in the § vs. M, region, after having
applied all other analysis cuts, is shown in Fig. 5(a) . The very good separatifiip, ot
ntr~ 7Y decays allows thé&;, — 77 eTe™ events to be clearly identified. The total number
of candidates observed in the signal region is 621. Fig. 5(b) shows their invariant mass M
distribution. Background contamination in the signal region dukto— 77~ 73 events has
been evaluated by Monte Carlo simulation and amountsitg) 7 event.

6.2 K — wtw—np decays

The selection ofk;, — 777 events originating from théy, or the K targets is
very similar to the one for thé&(;, s — 77~ eTe™ events. We require, in addition to the four
identified charged particles, the presence of an isolated cluster in the LKr calorimeter, within
4 ns of the 4-track event and with an energy greater than 2 GeV, well above the detector noise
of 100 MeV per cluster. The distance of the cluster to any dead cell is required to be greater
than 2cm and the distance to any of the four impact points of the charged particles on the
LKr to be greater than 15cm. Candidates are accepted if the reconsteteted invariant
mass is in the 110-150 Me® range, compatible with the® mass value. The origin of the
K1, — ntr—nl is assigned in a similar way to ti§, — n 7 ~e*e™ selection, by extrapolating
the total momentum vector of the" 7~ e*e ™~ state to the final collimator exit face. Moreover,
depending on the origirf;, beam orK's beam, of the event, identical analysis cuts as the ones
applied to theK, s — n"n~ete” samples have been imposed on thier—e* e~ final state
for the centre of gravity, b and invariant mass variables.



After all selection criteria have been applied, the total numbétpf— 7772 events
originating from thek7, target is found to be.83 x 10°. Background due to th&y, — 77— 7°
decays followed by a photon conversion in the Kevlar window has been estimated to be less
than0.2%. The corresponding number &f;, — 7" 7 7Y candidates in thés beam, adding
samples from both 1999/< and high intensity<s runs, is 1403. For the data collected with the
two-beam configuration, the contamination in thig sample of K, — 77~ 73 decays origi-
nating from thek(, target has been estimated to be 3.4 from the study of the accidental
activity in the tagging detector.

Theete vy andrt 7~ ete v invariant mass distributions for identifiddy, — 7 7~ 79
decays are shown in Fig. 6. The measured mass resolutions are respectively 20 Mel/
1.5MeV/2. Fig. 7 illustrates the clean separation obtained in the-¥ .., plane of the decay
vertex position fork, s — ntr eTe™ andKy, — 77} events produced at th€;, and Kg
targets. For kaons produced at tkig target, the beginning of the decay region is defined by the
AKS veto signal. Thus, due to resolution effects, a small fraction of good eventsifstheam
are found to lie at negative values of the reconstructed longitudinal vertex position (Fig. 7(b)
and (d)). For events in th&, beam, a cut at £, = 0 is used instead (Fig. 7(a) and (c)). The
difference in the proper decay time distribution betwégn— 77~ 7% andKg — 7FreTe™
events originating from th&’s target is shown in Fig. 8.

7 Acceptance calculation

The acceptances for the, s — 7 7 ete” and Ky, — 777~ 7Y, decay channels have
been computed using a detailed Monte Carlo program based on GEANT [37]. Patrticle interac-
tions in the detector material as well as the reponse functions of the different detector elements
are taken into account in the simulation. In particular, the drift chamber wire inefficiencies
measured during data taking are introduced before the event reconstruction. Shower libraries
for photons, electrons and charged pions are used to describe the response of the calorimeters.

Kaon decays in the detector fiducial region are generated using production spectra at
the K1, and K5 targets which have been determined from the analysis of the abufgant
ntr—rd and Ks — 77~ samples, respectively. The kaon momentum spectrum used for the
acceptance calculation stretches between 40 Gawd 190 Ge\ for the K1, beam, while for
kaons originating from thé(s target, all momenta above 40 Ge\dre considered. We have
implemented the PHOTOS code [38] in the simulation program to take into account radia-
tive effects in the acceptance calculation for both the signal and the normalization channels.
This algorithm provides the corrections from QED bremsstrahlung in the leading-logarithmic
approximation with the proper soft photon behaviour taken into account. A cut-off value of
1 MeV in the rest frame of the parent of the radiating charged particle has been used for the
emitted photon. As a check of the method, we have applied the PHOTOS code to simulated
70 — ete v decays and verified the consistency of the results with existing calculations of
radiative corrections for this process [39].

The value of the acceptance depends on the decay matrix element of the process inves-
tigated. For the normalization channel, we have used the current experimental values of the
K1, — ntn~7° decay parameters and of the electromagnetic form factor [40]. After all se-
lection criteria discussed in the previous section have been applied to the reconstructed Monte
Carlo events, the acceptances 6 — 777 decays originating from thé&7, and the
K targets are found to be80 % and1.85 %, respectively. The relative uncertainties on these
values, due to the statistical precision of the Monte Carlo samples, are better than 4 per mille.

The generation of(;, s — nt7 e*e™ events is based on the phenomenological model
developedin Ref. [8]. In the case &%, the only contribution comes from the inner bremsstrahlung
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process which can be related to the well-measufed— 77~ decay rate. The computed ac-
ceptance for théks — 77 eTe™ decay channel i$3.51 + 0.014,,) %. Fig. 9 shows the
comparison between data and Monte Carlo of the Bhd M., spectra forKs — 77 ete™
decays. These distributions exhibit a shape characteristic of the inner bremsstrahlung process.
As far as theK;, — ntn~eTe™ decay is concerned, the main contributions to the decay
matrix element are the CP-violating inner bremsstrahlung term and the CP-conserving ampli-
tude associated with the emission of an M1 photon atrthe™ decay vertex. In the model of
Ref. [8] the latter contribution is described by the couplig. It has been shown recently,
however, that a form factor, similar to that used to describdsthe- =+ 7~ decay, is required
in the M1 direct emission amplitude in order to describe the measured virtual photon energy
spectrum ink7, — 77~ ete™ decays [12]. This energy-dependent coupling, which takes into
account they vector meson intermediate state, has the form:

&1/&2
(M2 — M%) + 2MgEz |~

where M, = 769.3 MeV£? is the mass of thg meson, E is the energy of the virtual photon
in the kaon centre of mass aggl; anda, /a, are parameters to be determined experimentally.
The KTeV experiment [12] has performed a detailed analysi&pf— w7 eTe~ decays
and extracted from the data the valugga, = (—0.720 % 0.028,¢ + 0.0094) GeV? and
g1 = 1.3570%0 e & 0.044,. More recently, the study of th&;, — 77—~ direct emission
vertex by the same collaboration [41] has yielded the valye, = (—0.737 + 0.034) Ge\?,

in close agreement with their previous measurement.

A third contribution to thek; — n*7—ete™ amplitude, associated with tHé° charge
radius process, is also included in the matrix element. It is described by the pargmeter
—% < R? >xo M% which has the valugr = 0.15 in Ref. [8]. The charge radius term repre-
sents, however, only a few percent of the tdta] — 7t7~e*e™ branching ratio. Amplitudes
describing the CP-violating E1 direct photon emission or direct CP violation have been turned
off in the model as they give negligible contributions to the decay rate.

We have determined experimentally the parameters, andgy; involved in the form
factor for the M1 direct emission process as well as ghecoupling by fitting thekK;, —
mtn~eTe” data using the following log-likelihood function:

F =g |1+ (6)

N A(B) dr(fgi’a)
InL = | . 7
nL(a) ; n fsﬁ A(ﬁ)%@’a)dﬁ (7)

In the equation above, ) is the acceptance function that depends on the five indepen-
dent kinematical variable§ = {M, Mec, ¢, 0+, 0+ }, and 132 is the differential decay
rate expressed as a function@®faind the parameters = {a;/as, gu1, gp}. The other model
parameters entering the computation of the decay rate are taken from Refs. [8] and [40]. As in
Ref. [8], 0.+ is defined as the angle between theand ther* 7~ direction in thee™e™ centre-
of-mass system, an@l.+, as the angle between the€ and theete™ direction in ther ™7~
centre-of-mass reference. The expression inside the brackets in Eqg. 7 represents, for a given
event, the product of the decay probability and the acceptance, normalized over the entire phase
spaces.

To reduce possible biases due to residual background or non-Gaussian tails; only
ntr~eTe” events having a reconstructed invariant mass.Mn a4+ 4 MeV/c? interval around
the K, mass are used in the fitting procedure. This requirement removes 12.1% of the events but
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Table 1: Systematic uncertainties on the extraeated,, g\;; andgp parameters.

Source ai/as 8w gp
(GeV?)

Model parameters 0.001 0.010 0.002
MC normalization 0.003 0.007 0.002
Background 0.013 0.013 0.007
Resolution effects 0.011 0.044 0.003
Radiative corrections 0.017 0.049 0.017

Total 0.024 0.068 0.019

improves the signal to background ratio by more than a factor of 3. The search for the maximum
likelihood for the considered data set has been carried out using the MINUIT code [42]. The ac-
ceptance function in Eq. 7 is provided by a samplé.8f x 10° Monte Carlo events contained in

the detector acceptance and generated with the initial parameteris-0.72 GeV?, 1.35, 0.15}.

No radiative correction has been applied to this normalization sample. During the iteration pro-
cedure, each event is properly re-weighted according to the current setadfies to ensure
proper normalization of the likelihood function.

The maximum likelihood is found at the values/a, = —0.81700:GeV?, gy =
0.99702% andgp = 0.19 4 0.04, where the uncertainties are purely statistical. A high correla-
tion coefficient of 0.979 between the/a, andgy; parameters is obtained in the determination
of the form factor. Our result is consistent with the valuesaofi, andg,;; measured by the
KTeV experiment. The average value of the form factor for the data#s> =—0.78 £0.05, in
agreement with the constant couplijagi;| = 0.76 used in the model of Heiliger and Sehgal [8].

Fig. 10(a) shows the measured.Mspectrum forK;, — 77~ ete™ decays after back-
ground subtraction. It is compared to the Monte Carlo prediction obtained with the fitted pa-
rameters together with calculations using the parameters of Refs. [8] and [12]. As expected, the
inclusion of an energy-dependent term in the M1 direct emission amplitude improves signif-
icantly the agreement between data and Monte Carlo. The corresponding distributions in the
M.. variable are shown in Fig. 10(b).

Different sources of systematic uncertainties that can affect the determination of the
a1/ag, Ey1 andgp parameters have been investigated. Biases due to background contamination
in the event sample have been evaluated by changing the selection criteria to vary the fraction
of unwanted events. Similarly, samples of simulakgd— 77~ ete™ events with and without
background contamination have been used in the fitting procedure to check the stability of the
results.

Since resolution effects can also spoil the determination cith&,, g\; andgp param-
eters, the corresponding systematic uncertainties have been evaluated by re-fitting the data sam-
ple several times, after smearing the five kinematical variables according to resolution functions
determined by Monte Carlo. The sensitivity of the extracted parameters to radiative corrections
has been calculated by comparing results from fits of Monte Carlo samples generated with and
without the inclusion of radiative effects in the final state.

Contributions from the limited statistical precision of the Monte Carlo sample used for
normalization of the log-likelihood function as well as systematic effects attributed to the uncer-
tainty in the model input parameters, like BRs — 77~ ), the CP violation parametefs, _ |
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Table 2: Signal and normalization yields with the corresponding acceptances for gamnple.
Data sample Nt NL o AL AL |

mTITee 71'7'(71'D TTee 71'7'(71'D

(10%) (&) (%)

1998¢' /¢ 303.4 0.738
3.49 1.80

1999¢' /e 821.7 2.088

Table 3: Signal and normalization yields with the corresponding acceptances o #ample.

The differences in the acceptance values between the 1998 and 1999 samples are mainly due to
the implementation in 1999 of an 11 cm minimum radius cut at the first chamber position, and

to the rejection in 1998 ok, — 777 events having Y, < 4cm.

Data sample N®___ NimOD AS_ . Af’m%
e) (%)
1998//c[14] 55.7 1035 3.70 156
1999¢' /e 96.9 247.7
3.51 1.85

1999 HI K 523.4 1148.0

and¢, _, or the pion-pion phase-shiftg andé;, have also been estimated. The contributions
from these different effects are summarized in Table 1. The total systematic uncertainties on the
ay/as, & andgp parameters are, respectively).02 GeV?, +0.07 and+0.02, yielding:

a1/ag = (—0.81700% sar £ 0.02 1) GeV?

g1 = 0.997055 star £ 0.07 gyt

gp = 0.19 = 004101 £ 0.024 . (8)

From thegp value above, we obtain a measurement of the charge radius of the neutral
kaon:

< R? > o= —0.090 £ 0.021 fm?, 9)

not inconsistent with existing measurements obtained from coherent regeneration of short-lived
neutral kaons by atomic electrons [43, 44, 45].

Using the fitted values of; /a,, gv; andgp as input parameters to the Monte Carlo
simulation, the acceptance féf;, — 77 ete” decays is found to bé3.49 + 0.014.,) %.
Tables 2 and 3 summarize, for thg, and K5 data samples respectively, thér—ete™ and
K1, — ntr ) yields after background subtraction, together with the corresponding accep-
tances.
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8 BR(KLs — ntm~ete™)
The branching ratios ok, s — 7*7~e*e~ decays normalized to the one of thg, —
ntr—m) channel can be written as:

L,S
BR<KL,S - 7T+7T_€+€_) _ Ng;rsee AWWTOD RL’S RL,S 10
BR(KL — 7T+7T77T]0)> n NL7S 0 A}r‘;rsee ‘ Ko ( )

7'('71'7TD

where N.... and N0 are, respectively, the signal and normalization yields obtained after
background subtraction,A.. and A, .o are the corresponding acceptances=R o €Enmee

is the relative normalization to signal trigger efficiency, andiRthe ratio, between normaliza-

tion and signal channels, of kaons decaying in the fiducial region. The superscripts L,S denote
the corresponding kaon production targets.

For the K1, mode, R: is equal to 1. FoiKs data, the fraction of<y, to decayingKs in
the fiducial region depends on both the kaon production spectrum anfd;the K lifetime
difference. Based on a Monte Carlo calculation, the fractions of kaons decaying in the fiducial
region with respect to those produced at figtarget are estimated to be 26% for K5 and
3.46% for K1, yielding the value R = 0.133 & 0.002. The uncertainty ok}, is mainly due to
the error in the kaon spectrum determination.

Since the topologies a1, s — 7 n ete” and Ky, — 77 7)) events in the magnetic
spectrometer are very similar, the difference in trigger efficieNey= €, ;.0 — €. is expected
to be small. To a good approximatidR, ~ 1 + Ae/ewm%. As discussed in Sect. 4, the 4-track
trigger efficiency has been measured using the aburfdant: 7+ 773 events. The algorithm
trigger efficiency, averaged over the 1998 and 1999 run perio@$7.$+ 0.1)%, in excellent
agreement with the value 88.0% obtained from the trigger simulation. As the numbers of
K.s — mtn~ete” decays recorded with the downscaled control triggers are too small to
provide an accurate measurement of the 4-track trigger efficiency, we rely on the simulation to
extractAe. We obtain the valuede® = (—0.340.1)% for the data taken with th&7, beam, and
Aé® = (0.5 + 0.1)% for the K5 data sample. Taking into account additional uncertainties due
to trigger dead-time and the limited computation time available, we find=R).997 + 0.010
and R = 1.005 + 0.003.

The value of BRK;, — 7'm 7)), computed from the existing measurements of
BR(Ky, — ntr~n%) and BR7? — eTe ) [40], is (1.505 £ 0.047) x 1073. Using the yields
and acceptances given in Tables 2 and 3, together with the valueg @nB R discussed
above, the branching rati®R(K;, — 7" ete™) is found to be(3.08 & 0.09.:) x 10~7 for
the 1998 + 1999 data, while for th€s mode, the valuBR(Ks — nfnete”) = (4.71 £
0.234:) X 1072 is obtained for the 1999 data. The quoted uncertainties reflect the statistics of
the signal and normalization samples only.

Several additional sources of systematic uncertainties in the determination of the branch-
ing ratios have been investigated. Effects from accidental activity in the detectors have been
studied by using Monte Carlo events overlaid with random triggers recorded proportionally to
beam intensity during the various run periods. The comparison of overlaid events with the orig-
inal ones allows the amount of gains and losses after event reconstruction to be estimated in
both the signal and the normalization channels. To take properly into account possible biases
generated by accidental high-multiplicity events in the spectrometer, the mechanism of over-
flow appearance in the drift chamber read-out has also been simulated. The overall systematic
uncertainty coming from these effects is estimated ta-b&% for the K, data andt0.6% for
the Kg data.

The sensitivity of the branching ratio measurements to the acceptance and selection cri-
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Table 4: Contributions to the relative systematic uncertaintid3RiK;, — ntr ete) and
BR(Ks — ntr efe).

Source K, Kg
(%) (%)

MC statistics +04 +0.6

Background +0.6 +0.3

Accidental activity +05 +0.6
Model and form factor + 4.1 -
Acceptance +22 +£3.0

Trigger +1.0 +0.3
Kaon spectrum +01 +1.5
Total +48 +35

BR(Ky, —» nrn 7)) +£31 +3.1

teria has been checked by varying moderately the geometry and analysis cuts. Systematic un-
certainties in the branching ratio ef2.2% and £3.0% have been estimated for th¢;, —
rtr ete” andKy — mtn ete” decay modes, respectively. Inthe case ofthe— ntr ete™
channel, a large fraction of the total systematic uncertainty is due to the uncertainties in the form
factor parameters. Th&8.3% CL likelihood contour in they, /a, - g\; plane corresponds to a
+4.0% variation in the A.... acceptance value. Contributions from the uncertainppiand in
the other parameters of the model are found to be lessitfian

Table 4 summarizes the contributions from the various sources of systematic uncertainties
in the determination dBR(K, — ntn~ete”) andBR(Ks — 7 n~eTe™). Their sums, taken
in quadrature, give total systematic uncertainties=¢f8% for the K1, mode and of:3.5% for
the K5 mode. The uncertainty in the BR}, — nt7~7%) value brings an additional contribu-
tion of +3.1%.

Based on the data collected in 1998 and 1999, the branching ratio & the 7t7 ete™
decay mode is measured toBB (K, — ntn ete™) = (3.082£0.09tat £ 0.15455¢ 0. 10n0rm ) X
10~". Summing in quadrature the statistical, systematic and normalization uncertainties, we
find:

BR(Ky — ntm ete™) = (3.08 4 0.20) x 1077, (11)

in agreement with the predictions of Refs. [7, 8].
For theKs — nfn~ete™ mode, using the 1999 data samples, we meaBRrg<s —
ntrete) = (4.71 £ 0.234a1 £ 0.165ys¢ & 0.15,0:m) X 1077, yielding:

BR(Kg — mtm ete™) = (4.71 £0.32) x 107°. (12)

Combining this result with the published value [14] of the branching BBR¢Ks — 77 eTe™)
measured with the data collected in 1998, we obtain:

BR(Ks — nm ete™) = (4.69 £ 0.30) x 1077 (13)

The latter result can be used to determine the CP violating inner bremsstrahlung part of the
K1, — mTr~ete” branching ratio through the relation:
BR(K{® — rmfn ete™)
BR(Ks — ntm—ete)

i
= Lln, . (14)
Ts
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From Egs. (13) and (14), and using the current experimental values, farandn. _ [40], we
find:
BR(K{® — 777 eTe™) = (1.40 £ 0.09) x 1077, (15)

in accord with theoretical predictions [7, 8]. Similarly, one can determine forkhe—
mTr~ete” process, the ratio of the CP-violating part to the CP-conserving one in the decay
rate:
(K, — ntmete )PV
['(Kp, — ntn—ete)CPC

The measured values BR(K, — ntn ete™) andBR(Ks — nFn ete™) with their
statistical uncertainty are shown in Fig. 11 for the different run periods.

— 0.833 £ 0.066 . (16)

9  AJ° asymmetries
The measurement of the CP-violating asymme-‘(g\f in K1, s — ntn~eTe™ decays can
be obtained from the distribution of events in thep cos¢ variable:

Niree (8in¢ cosp > 0) — N 1ee(sing cosg < 0)

= 17
Ay Nree(8iNg 08¢ > 0) + N oo (sing cosg < 0) (7)

with the quantitying cos¢ defined as
sing cosg = (fiee X Npyr) + Z (Nee * ) - (18)

In Eqg. 18,1, andi,, are respectively the unit vectors normal to the~ and=* =~ planes,
andz is the unit vector in thert7— momentum direction in the kaon centre-of-mass system.
Inspection of Eqg. 18 shows th&h¢ cos¢ changes sign under CP.

In the case of<;, — 7" 7w~ ete™ decays, large CP-violating effects are expected to show
up in the ¢ distribution of events. Using the values of/a, g\; andgp determined from
the data (see Sect. 7), the model of Ref. [8] predicts an asymmet3. % in the sing cosg
variable. The asymmetry, however, is known to vary strongly over the entire phase-space of
the K1, — nTr~ete™ decay. The corresponding asymmetry within the detector acceptance is
computed to be4.4%. Such a significant enhancement results from the fact that the detector
acceptance favours phase-space regions where the interference between the M1 direct emission
and inner bremsstrahlung processes is more important. Fig. 12(a) shows, for the 1998 + 1999
data samples, the distribution &f;, — 7t7 ete™ events as a function ofing cos¢. The
shape of the measured angular distribution is well reproduced by the theoretical model and
exhibits a clear asymmetry between regions m€ap cos¢| = 0.5. The value of the asymmetry
is measured to b@4.9 + 2.9,,:)%, in agreement with the Monte Carlo calculation.

The determination oﬂ‘q;, averaged over the entire phase-space, is obtained by correct-
ing the observed distribution of events with the computed detector acceptance shown in Fig.
12(b). The dependence of the acceptance has a slowly increasing behaviour as a function of
sin ¢ cos¢, consistent with the enhancement of the asymmetry observed in the angular distribu-
tion of events. The measuret); asymmetry, obtained in a model-dependent way by taking into
account the acceptance correction, is found tolde + 3.0,,)% (see Fig. 12(c)).

In the case ofKs — wF7~ete™ decays, no asymmetry is observed in thep cosg
variable. Fig. 13(a) shows the corresponding angular distribution of the events after taking into
account the acceptance correction. Since no interference term is present in the amplitude of this
decay mode, the acceptance is found to be rather uniform over the €ntir@s¢ domain,
exhibiting no asymmetric term in that variable (see Fig. 13(b)). Based on the data collected in
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Table 5: Contributions to the systematic uncertaintie}i{grandAi.

Source K, Ky
(%) (%)

MC statistics +03 +£04

Background +05 £0.3

Accidental activity +03 +04
Model and form factor 4+ 1.2 -
Acceptance +12 +14

Resolution +05 +£05
Total +£19 +16

1999,,45; is measured to b).5 + 4.04.)%. This result demonstrates that the large value of
A{; observed in the(;, — nt7 ete™ decay mode cannot originate from asymmetries in the
detector elements.

The systematic uncertainties affecting the measuremem;éfhave been estimated in
a similar way to that for the branching ratio determination. Their contributions are given in
Table 5 for bothK;, and K5 modes. Fork;, — nt7~ete™ decays, the uncertainty m{; due
to the model and form factor parameters used for the acceptance calculation, is estimated to
be +£1.2%. This value is largely dominated by the statistical accuracy, given by the likelihood
contour at68% CL, in the determination of the, /a, andgy;; parameters. Resolution effects
in the ¢ angle computation have also been taken into account by smearing the track parameters
with resolution functions determined with the Monte Carlo simulation and by studying possible
biases due to the residual magnetic field inside the kaon decay volume. The corresponding
systematic uncertainty is estimated to £6.5% for both K7, and Ks modes. The sums in
quadrature of the various contributions to the systematic uncertainties1a9é; in A{; and
+1.6% in A (see Table 5).

From the data collected in the 1998 and 1999 runs, the asymmetryffjthe 7t7 eTe™
mode isAL = (14.2+ 3.04a £ 1.9)%. Adding in quadrature the statistical and systematic
uncertainties, we obtain:

AL = (1424 3.6)%. (19)
Our result is in agreement with the recent measurement of the KTeV experiment [12] and con-
stitutes a clear signature of the presence of CP-violating effects in the decay Aode
mtr ete.
From the analysis of the 1998 samples, the asymmetry is measured ta@e:
(0.5 £ 4.0t = 1.65y5t) %, yielding the value:

AS = (0.5+4.3)%. (20)

Combining the published sample of 36; — 77 eTe~ events observed in 1998 [14] with
the 1999 statistics, we obtain:

AS = (-1.1+£4.1)%, (21)

consistent with zero.
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10 Conclusions

Using the data collected in 1998 and 1999 with the NA48 detector at CERN, we have per-
formed precise measurements of the branching ratios and asymmetriesigrther " r—ete™
andKs — mtr~ete” decay modes. Our results are in good agreement with theoretical models
based on a phenomenological description of radiative kaon decays. Manifestation of indirect CP
violation in the decay channél;, — 7*7~eTe~ has been confirmed by the measurement of a
large asymmetry in the angular correlation betweertthe™ andete™ decay planes. No such
asymmetry is observed fdis — 77 eTe” decays. The measured values of k& charge
radius and of the form factor parameters in the M1 direct emission procé§s+n mtn ete™
decays are consistent with published results.
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Figure 2: Layout of the NA48 detector.
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