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Abstract

The decay rate of the long-lived neutral K meson into the ete~eTe™ final state has
been measured with the NA48 detector at the CERN SPS. Using data collected in
1998 and 1999, a total of 200 events has been observed with negligible background.
This observation corresponds to a branching ratio of Br(Ky, — eTe eTe™) =
(3.30 & 0.24g¢a¢ £ 0.235y5 + 0.100rm) x 1078,

1 Introduction

The K;, — et e et e decay is expected to proceed mainly via the intermediate
state K1, — v*y* [1, 2] and thus depends on the structure of the K1, — ~v*y* vertex.
Phenomenological models include vector meson dominance of the photon propagator [3],
QCD inspired models [4], intermediate pseudo-scalar and vector mesons [5] and models
based on chiral perturbation theory [6]. The probability for both virtual photons to convert
into eTe™ pairs is calculated to be in the range (5.89 —6.50) x 107> [2, 7]. The chiral model
prediction of [7] corresponds to Br(Ky, — et e~ et e™) = 3.85x 1078 including the effect of
a form factor, which increases the width by 4%. The interference term due to the identity
of particles has been calculated to change the branching ratio by only 0.5%.

The decay was first observed by the CERN NA31 experiment [8] based on 2 observed
events and has been confirmed by later measurements [9]. Here we report the result
obtained from the 1998 and 1999 data taking periods by the NA48 experiment at the
CERN SPS.

2 Experimental Setup and Data Taking

The NA48 experiment is designed specifically to measure the direct CP violation
parameter Re(€'/€) using simultaneous beams of Kj, and Ks. To produce the Kp, beam,
450 GeV/c protons are extracted from the accelerator during 2.4 s every 14.4 s and
1.1 x 10'2 of these are delivered to a beryllium target. Using dipole magnets to sweep away
charged particles and collimators to define a narrow beam, a neutral beam of 2 x 107 K,
per burst and divergence +0.15 mrad enters the decay region. The fiducial volume begins
126 m downstream of the target and is contained in an evacuated cylindrical steel vessel
89 m long and 2.4 m in maximum diameter. The vessel is terminated at the downstream
end by a Kevlar-fiber composite window of a thickness corresponding to 3 x 10~3 radiation
lenght and is followed immediately by the main NA48 detector. The sub-detectors which
are used in the K7, — e e~ e’ e~ analysis are described below.

A magnetic spectrometer consisting of a dipole magnet is preceded and followed
by two sets of drift chambers. The drift chambers are each comprised of eight planes of
sense wires, two horizontal, two vertical and two along each of the 45° directions. Only the
vertical and horizontal planes are instrumented in the third chamber. The volume between
the chambers is filled with helium at atmospheric pressure. The momentum resolution is
Ap/p = 0.65% at 45 GeV /c.

Two segmented plastic scintillator hodoscope planes are placed after the helium
tank and provide signals for the trigger.

A liquid krypton filled calorimeter (LKr) is used for measuring the energy, position
and time of electromagnetic showers. Space and time resolutions of better than 1.3 mm and
300 ps, respectively, have been achieved for energies above 20 GeV. The energy resolution

was determined to be ”(5) = 0\'9%2 @ 290 ¢ 0.0042, with F measured in GeV.




A hadron calorimeter composed of 48 steel plates, each 24 mm thick, interleaved
with scintillator is used in trigger formation and for particle identification.

A detailed description of the detector can be found in [10].

The data used in this analysis were recorded in the 1998-1999 data taking period.
Candidate events were selected by a two-stage trigger. At the first level, a trigger requiring
adjacent hits in the hodoscope is put in coincidence with a total energy condition (>
35 GeV), defined by adding the energy deposited in the hadronic calorimeter with that
seen by the trigger in the LKr calorimeter. The second level trigger uses information from
the drift chambers to reconstruct tracks and invariant masses. For the 4-track part of the
trigger, the number of clustered hits in each of the first, second, and fourth drift chamber
had to be between 3 and 7. All possible 2-track vertices were calculated online. At least
two vertices within 6 m of each other in the axial direction had to be found. In order to
determine the efficiency of the 4-track trigger, downscaled events that passed a trigger
based just on the total energy condition were recorded (the downscaling factor changed
from 100 to 60 depending on the data taking period). More details on the 4-track trigger
can be found in [12].

3 Data Analysis

The decay vertex of candidate events was reconstructed from the 4-track barycen-
ter position in the transverse direction, calculated as a function of the vertex longitudinal
position; each track is weighted by its momentum to take into account the multiple scat-
tering effect. The 4-track vertex longitudinal position was calculated by minimizing the
sum of the squared transverse distance of each track from the transverse vertex position;
the closest distance of approach of the 4-track vertex is defined as the square root of this
sum at its minimum.

Events were preselected by requiring two positive and two negative tracks; each
couple of tracks must form a 2-track vertex with distance of closest approach smaller
than 10 cm and an axial position of the vertex less than 210 m downstream of the target;
each track must be compatible in time with any other within 8 ns.

The tracks extrapolated at the LKr were required to be in a fiducial area given
by an octagon about 5 cm smaller than the outside perimeter of the calorimeter and an
inner radius of 15 cm; the distance to any dead calorimeter cell (about 80 out of 13500)
had to exceed 2 cm. The separation between each track extrapolated at LKr entry face
was required to be greater than 5 ¢cm. The momentum of each track, measured by the
magnetic spectrometer, was required to exceed 2 GeV, well above the detector noise of
100 MeV per cluster in the LKr.

Electron candidates were identified by requiring that cluster centers in the LKr be
within 1.5 c¢m of the extrapolation of each track (the rms width of electromagnetic showers
in LKr is 2.2 cm). To reject pion showers, the ratio of cluster energy to track momentum
E/p was required to be greater than 0.9. Track-associated clusters with E/p < 0.8 were
classified as pions.

The fiducial volume was defined by the axial position of the vertex being between
127.5 m and 210 m downstream of the target. Within this volume, 4-track vertices were
determined with a typical longitudinal resolution of 0.5 m, as estimated by the Monte
Carlo simulation. The total energy had to be within 50 GeV and 200 GeV.



3.1 Selection of K7, — ¢t e~ eT ¢~ Candidates and Background Rejection

Candidate events for the decay Ki, — e™ e~ e™ e~ with all tracks identified as elec-
trons were selected. The following four classes of background sources were relevant:

— Events with two decays Ki — mer occurring at the same time and for which the
pions were misidentified as electrons. Being due to two coincident kaon decays the
invariant mass of the system could be around and above the nominal Kj, mass.
These events were largely rejected by requiring a good vertex quality: the 4-track
vertex closest distance of approach (defined above) had to be smaller than 5 cm.
Because of missing transverse momentum in this and most other background decays,
we required the square of the transverse momentum p? of the reconstructed kaon
with respect to the line joining the decay vertex and the K target to be less
than 0.0005 (GeV/c)?. We chose not to cut harder in order to include most signal
events with final state radiation. The position of the cut is indicated in Fig. 1. The
Monte Carlo simulation indicates that 8.3% of the signal events were lost by the
requirement on p?. In addition, as already mentioned in the preselection, it was
required that each track be compatible in time with any other within 8 ns. A study
of sidebands in this time distribution shows that the background from this source
was negligible.

— Events K;, — 7%7% 7%79%7° where the 7% undergo single or double Dalitz decays
or photons convert in the material of the detector, so that 2 positive and 2 nega-
tive electrons are detected. Due to the missing photons, the invariant mass of the
ete ete” system is below the nominal K, mass.

— Events K;, — vy and K;, — eTe™ vy, with conversion of the photons in the material
upstream of the spectrometer also yield invariant masses around the nominal K7,
mass. The conversion probability in the material of the NA48 detector is of similar
magnitude as that for internal photon conversion to a ete™ pair. Each pair of
oppositely charged tracks was therefore required to be separated by more than 2 cm
in the first drift chamber. According to the Monte Carlo simulation, there was no
remaining background with converted photons.

— Events K1, — ntnete [11, 12], with the pions misidentified as electrons. Due
to the misidentification probability of 0.5% [13] this background was found to be
negligible.

The invariant ete~ete™ mass distribution resulting from this selection is shown in
Fig. 2. Note the slightly asymmetric shape of the K7, mass peak, which is due to photons
radiated off the electrons in the final state.

Finally, a mass window of 475 MeV/c? < m(ete ete™) < 515 MeV /c? was set to
define the final sample. In total, 200 candidate events were selected, 62 from the 1998
data period and 138 from the 1999 one.

The Monte Carlo simulation of the background shows that the contribution from
K, = 77 i Ki = O it oatit, a0 K1, — T 11, Toant, decays in the signal
region was negligible (less than 0.1% at 90% C.L.). As a cross-check in the data, we defined
a control region 0.0010 < p? < 0.0020 (GeV/c)? and 475 MeV/c? < m(ete~ete™) <
515 MeV/c?, where 0 events were found: assuming an upper limit of 2.30 events (90%
C.L.), the extrapolation from the high p; control region to the low p; signal region was
made using a 0.2 < m(ete"ete™) < 0.4 GeV/c? interval for normalization; the upper
limit on the background in the signal region turned out to be 0.8%. Varying the control
and normalization region limits we obtained an upper limit on the background of 1% that
was used as the systematic uncertainty for the background.
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Figure 1: Correlation of ee~ete™ invariant mass with the squared transverse momentum
p? of the reconstructed kaon. The box is the signal region

3.2 Normalization

The four-track decay K1, — 717 7.5, With 79, — €Te 7, was used for norma-
lization. Events that passed the same trigger as the signal events were selected. Since
both the signal and the normalization modes consist of 4-track events, uncertainties due
to tracking tend to cancel in the ratio of acceptances. Selection criteria similar to those
used in the signal mode were applied. The distance between each electron/positron and
each pion had to be greater than 10 cm on the tracks extrapolated to the LKr, due to the
size of the pion hadronic shower.

In addition, at least one extra cluster in the calorimeter with energy larger than 2
GeV, separated by more than 15 cm from each extrapolated track was required, with a
time compatible within 3 ns with the average track time.

The invariant mass of the ete ~y system was required to be in the range of 120 —
140 MeV/c? and the invariant mass of the 7t7 72, system had to be in the range
of 475 — 515 MeV /c?. Monte Carlo studies showed that background from K — 7t7 n°
with one of the external photons converting in the material of the detector was completely
eliminated by the requirement on the minimum distance of the electron tracks in the first
drift chamber being larger than 2 cm. All other backgrounds have been estimated to be
negligible. After applying all selection criteria, a total of 2.988 x 10% K7, — 77 7.1,
decays were found (0.822 x 10° in the 1998 data sample and 2.166 x 10° in the 1999 one).
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Figure 2: Invariant mass of the ete ete™ system. The data are shown as dots with error
bars, the Monte Carlo prediction for the signal and backgrounds, normalized to the data,
is shown as histogram. The position of the mass cut is also indicated.

3.3 Acceptance Determination and Systematic Uncertainty

For the simulation of the K;, — ete et e acceptance, the matrix element was
taken from Ref. [2], taking into account the direct and exchange graph but neglecting the
interference term; the decay form factor was assumed to be a constant. The distribution
of the angle spanned by the decay planes of the two eTe™ pairs corresponds to a K1, which
is assumed to be entirely CP= —1. The PHOTOS [15] package was used to simulate final
state radiation both for the signal and normalization channels. The simulation is based
on the GEANT 3.21 package [16]. It includes a detailed description of the spectrometer
and a GEANT-based shower library for the calorimeter response.

The 4-track trigger efficiency for the normalization channel was studied using a
large sample of fully reconstructed Ky, — ntm 7, events that was collected with the
downscaled control trigger. The efficiency of the 4-track trigger algorithm relative to the
first level trigger was measured to be (89.0 & 0.2)% in 1999 and (69.4 +0.4)% in 1998 V).

The difference between signal and normalization trigger efficiency should cancel
when computing the decay rate. We cross-checked this assumption by comparing the 4-
track trigger efficiency as a function of 4-track total energy (instead of the kaon energy)
with the signal spectrum. We also used a partially biased not downscaled trigger based
only on LKr information to cross-check directly the signal trigger efficiency, obtaining

1) The 4-track trigger used 200 MHz processors in 1998 and was upgraded with 300 MHz ones in 1999,
allowing complex events to be treated more efficiently.



results in agreement with the previous method. We assigned a systematic uncertainty of
2% to the 4-track trigger efficiency.

In order to be insensitive to the real kaon energy spectrum, the acceptance correction
was applied to the data in bins of kaon energy (5 GeV wide) and the corresponding average
K;, — ete ete /Ky, — mhn mD,, acceptance ratio was evaluated to be 2.89. The
average acceptance for K1 — ete et e was 5.67% and 2.03% for K, — 77 7.,
decays, for events generated in the range 50 GeV < FEg, < 200 GeV and 127.5 m <
Zvertes < 210 m. The 3% difference between the binned acceptance ratio and the ratio of
the average acceptances was used as systematic uncertainty on the acceptance correction.

The inclusion of radiative corrections in the Monte Carlo generator decreased the
acceptance by 8.8% for the signal and 3.4% for the normalization. The 5.6% net effect on
the branching ratio was used as systematic uncertainty on radiative corrections.

The E/p cut, either for the signal or for the normalization channel, is not well
simulated by the Monte Carlo and its efficiency was calculated using the data. Pions were
tagged by a sample of Ky, — 77~ 7)., where 3 out of 4 tracks are positively identified,
while for electrons, a sample of K1, — 707D i, a1, Was also used. The requirement
of 3 identified tracks in these samples could slightly bias the E/p cut efficiency for the
fourth track due to the energy sharing among clusters; in order to control this effect, a
measurement of the E/p cut efficiency was also performed on samples of K1, — 77~ 70,1,
or K1, = 707 i, Mo, decays without any request on the identification of the tracks:
these samples were not completely background free and, in case of very low E/p for more
than one track, were also affected by a lower calorimetric trigger efficiency; nevertheless
they gave a E/p cut efficiency in agreement with the first method within 2%. The different
electron momentum spectrum in the signal and in the control sample and the momentum
dependence of the E/p cut efficiency were taken into account. The correction induced by
the E/p cut decreases the branching ratio by a factor of 0.944 4+ 0.020 where the error is
systematic.

In the following table the different contributions to the systematic uncertainty are
listed.

Table 1: Systematic uncertainty contributions to Br(Ky — et e” et e™)

Source

Trigger efficiency +2.0%
Background estimation | +1.0%
E/p cut efficiency +2.0%

Detector acceptance +3.0%
Radiative corrections +5.6%
Total +7.0%

4 Results and Discussion
We used for the normalization channel the value [14]:

BR(Kp — 7t~ 7%) = BR(Kp — ntn~n%) x BR(1° — ete™y) =
= (12.59 £ 0.19)% x (1.198 + 0.032)% = (15.08 + 0.46) x 10~*

From the numbers given above for the entire 1998 and 1999 data sample, a branching
ratio of

Br(Ky — ete et e™) = (3.30 & 0.24g1 & 0.235550 & 0.1050rm) X 1078



was obtained, where the statistical and systematic uncertainties as well as the uncertainty
in the K1, — 7tn~ 7Y ., branching ratio are given separately.

A study of the stability of the branching ratio determination was made as a function
of the cuts applied: the variation is within the estimated systematic uncertainty. Both the
1998 and 1999 data samples gave consistent results within one standard deviation.

In addition, K1, = 77 1;, TS5, NS been used as normalization channel obtaining
a result in agreement with the above one.

B
o

35

30

dn/dd (A.U)

25

20

15

10

ol

o\\\\‘\\\\‘\\\\‘\\\\‘M\\\‘\\\\‘\\\\‘\\\\

20 40 60 80 100 120 140 160 180

® (deg)

o

Figure 3: The acceptance corrected ¢ distribution of the data (dots with error bars) in
arbitrary units. The result of the fit with Bcp and ycp as free parameters is shown as a
solid line; the fit with ycp = 0 is also shown (dashed line).

As shown in[9], the angle ¢ between the two planes spanned by each e*e™ pair can
be used to determine the CP value of the K7, meson. In the limit of no direct CP violation,
the angular distribution in ¢ is given by [17, 18]

d
£ x 1+ Bop cos2¢ + yop sin 29,
1—ler|? 2 Re(er)
ith =— =—
wi /BCP 1+ ‘67"‘2 ) Ycp 1+ |€7"‘2 )

and the parameter € of indirect CP violation and the ratio r of the amplitudes for K;
and K, decaying into the eTe eTe™ final state. In the limit of no indirect CP violation,
the term in sin 2¢ vanishes and the classical formula by Kroll and Wada is obtained, with

7



the constant B = +0.20 for CP = +1 coming from integration over phase space. At the
moment no calculation exists for C.

For the measurement of the angle ¢, the ambiguity in the ete™ pairing was resolved
by choosing the combination that minimized the product of invariant masses of the two
pairs. Monte Carlo studies showed that in 98% of the cases we obtain the correct com-
bination by this method. The remaining wrong pairings are uniformly distributed in ¢.
The acceptance corrected ¢ distribution is shown in Fig. 3. By fitting this distribution we
measured Bcp = —0.13 & 0.1044; = 0.035y5 and yep = 0.13 £ 0.1044; £ 0.03,y5. Clearly,
the obtained precision on the parameters Scp and yop is limited by the event statistics.
The main sources for the systematic uncertainties are the ¢ dependence of the detector
acceptance and the effect of wrong pairings. By imposing v¢p = 0, the fitted value of Scp
is —0.13 % 0.10444. Our result is consistent with the hypothesis of a CP = —1 amplitude
as expected from a K decay.
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