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Abstract

The decay rate of the long-lived neut#&lmeson into thete~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 ¢Kr— eTe~ete™) = (3.304+ 0.24gtat+ 0.23syst% 0.10horm) x 1078,
0 2005 Elsevier B.V. All rights reserved.

1. Introduction [1,2] and thus depends on the structure of fie—
y*y* vertex. Phenomenological models include vec-
tor meson dominance of the photon propagd8jr

The K| — eTe"ete™ decay is expected to pro- QCD inspired model§4], intermediate pseudo-scalar
ceed mainly via the intermediate stakg@ — y*y* and vector meson$s] and models based on chi-
ral perturbation theory6]. The probability for both
virtual photons to convert inte*e~ pairs is calcu-
lated to be in the rang€5.89-650) x 10°° [2,7].
1 present address: EP Division, CERN, 1211 Genéve 23, The chiral mfdel _prediCtion 0t7]_ cqrresppnds to
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Council _ _ by only 0.5%.
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main NA48 detector. The sub-detectors which are used More details on the 4-track trigger can be found in
in the K| — ete~ete™ analysis are described be- [12].
low.
A magnetic spectrometer consisting of a dipole
magnet is preceded and followed by two sets of drift 3. Data analysis
chambers. The drift chambers are each comprised
of eight planes of sense wires, two horizontal, two The decay vertex of candidate events was recon-
vertical and two along each of the 4&lirections. structed from the 4-track barycenter position in the
Only the vertical and horizontal planes are instru- transverse direction, calculated as a function of the
mented in the third chamber. The volume between the vertex longitudinal position; each track is weighted by
chambers is filled with helium at atmospheric pres- its momentum to take into account the multiple scat-
sure. The momentum resolutionAsp/p = 0.65% at tering effect. The 4-track vertex longitudinal position
45 GeVjc. was calculated by minimizing the sum of the squared
Two segmented plastic scintillator hodoscope planestransverse distance of each track from the transverse
are placed after the helium tank and provide signals for vertex position; the closest distance of approach of the
the trigger. 4-track vertex is defined as the square root of this sum
A liquid krypton filled calorimeter (LKr) is used  atits minimum.
for measuring the energy, position and time of elec- Events were preselected by requiring two positive
tromagnetic showers. Space and time resolutions of and two negative tracks; each couple of tracks must
better than 1.3 mm and 300 ps, respectively, have beenform a 2-track vertex with distance of closest approach
achieved for energies above 20 GeV. The energy res-smaller than 10 cm and an axial position of the ver-

olution was determined to b&2 = %22 o 200 g tex less than 210 m downstream of the target; each

0.0042, withE measured in GeV. track must be compatible in time with any other within
A hadron calorimeter composed of 48 steel plates, 8 Nns. _

each 24 mm thick, interleaved with scintillator is The tracks extrapolated at the LKr were required to

used in trigger formation and for particle identifica- be in a fiducial area given by an octagon about 5 cm

tion. smaller than the outside perimeter of the calorimeter
A detailed description of the detector can be found and an inner radius of 15 cm; the distance to any dead

in [10]. calorimeter cell (about 80 out of 13500) had to exceed

The data used in this analysis were recorded in the 2 ¢cm. The separation between each track extrapolated
1998-1999 data taking period. Candidate events wereat LKr entry face was required to be greater than 5 cm.
selected by a two-stage trigger. At the first level, a trig- The momentum of each track, measured by the mag-
ger requiring adjacent hits in the hodoscope is put in netic spectrometer, was required to exceed 2 GeV, well
coincidence with a total energy condition 85 GeV), above the detector noise of 100 MeV per cluster in the
defined by adding the energy deposited in the hadronic LKT.
calorimeter with that seen by the trigger in the LKr Electron candidates were identified by requiring
calorimeter. The second level trigger uses information that cluster centers in the LKr be within 1.5 cm of the
from the drift chambers to reconstruct tracks and in- €xtrapolation of each track (the rms width of electro-
variant masses. For the 4-track part of the trigger, the magnetic showers in LKr is 2.2 cm). To reject pion
number of clustered hits in each of the first, second, showers, the ratio of cluster energy to track momen-
and fourth drift chamber had to be between 3 and 7. tum E/p was required to be greater than 0.9. Track-
All possible 2-track vertices were calculated online. associated clusters with/p < 0.8 were classified as
At least two vertices within 6 m of each other in the pions.
axial direction had to be found. In order to determine ~ The fiducial volume was defined by the axial po-
the efficiency of the 4-track trigger, downscaled events Sition of the vertex being between 127.5 and 210 m
that passed a trigger based just on the total energy con-downstream of the target. Within this volume, 4-track
dition were recorded (the downscaling factor changed Vertices were determined with a typical longitudinal
from 100 to 60 depending on the data taking period). resolution of 0.5 m, as estimated by the Monte Carlo
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simulation. The total energy had to be within 50 and
200 GeV.

3.1. Selection ok — eTe~ete™ candidates and
background rejection

Candidate events for the dec&y — ete eTe™
with all tracks identified as electrons were selected.
The following four classes of background sources
were relevant:

e Events with two decayk| — mev occurring
at the same time and for which the pions were
misidentified as electrons. Being due to two co-
incident kaon decays the invariant mass of the
system could be around and above the nominal
K, mass. These events were largely rejected by
requiring a good vertex quality: the 4-track ver-
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tex closest distance of approach (defined above) Fig. 1. Correlation ok*e~ete™ invariant mass with the squared
had to be smaller than 5 cm. Because of miss- transverse momentup of the reconstructed kaon. The box is the

ing transverse momentum in this and most other
background decays, we required the square of
the transverse momentup? of the reconstructed
kaon with respect to the line joining the de-
cay vertex and thek| target to be less than
0.0005 (GeV/c)2. 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. L The Monte Carlo simulation indicates
that 8.3% of the signal events were lost by the
requirement orptz. In addition, as already men-
tioned 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

negligible.

e Eventsk| — 7979, 707070

70, where ther% un-

signal region.

ton conversion to @ e~ pair. Each pair of op-
positely charged tracks was therefore required to
be separated by more than 2 cm in the first drift
chamber. According to the Monte Carlo simu-
lation, there was no remaining background with
converted photons.

Eventsk| — ntm~ete™ [11,12] with the pions
misidentified as electrons. Due to the misidenti-
fication probability of 0.59413] this background
was found to be negligible.

The invariante™e~e*e™ mass distribution result-
shows that the background from this source was ing from this selection is shown ikig. 2 Note the

slightly asymmetric shape of th§_ mass peak, which
is due to photons radiated off the electrons in the final

dergo single or double Dalitz decays or photons state.

Finally, a mass window of 475MeM? <
positive and 2 negative electrons are detected. Duem(eTe~ete™) < 515 MeV/c? was set to define the
to the missing photons, the invariant mass of the final sample. In total, 200 candidate events were se-

convert in the material of the detector, so that 2

eTe~eTe™ systemis below the nomin&l_ mass.
e Eventsk, — yy and K. — ete~y, with con-
version of the photons in the material upstream

around the nominalk; mass. The conversion
probability in the material of the NA48 detector
is of similar magnitude as that for internal pho-

lected, 62 from the 1998 data period and 138 from the
1999 one.

The Monte Carlo simulation of the background
of the spectrometer also yield invariant masses shows that the contribution fromi. — 7+ 7~ 78,

0.0 0 0 0
K'— — 7T Dalitz " Dalitz andk > TDalitz”" Dalitz decays
in the signal region was negligible (less than 0.1% at
90% C.L.). As a cross-check in the data, we defined
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w 107 o . .
2 L L In addition, at least one extra cluster in the calorime-
*E i K —eee'e ter with energy larger than 2 GeV, separated by more
=L K, > nhr th.an 15cm from eagh extr.apolated trgck was required,
i 0 0 o with a time compatible within 3 ns with the average
w2l — KL TEpTp track time.
® Data The invariant mass of thete™y system was re-
quired to be in the range of 120-140 M&? and the
invariant mass of the +z ~x 3., system had to be in

the range of 475-515 Me\¢?. Monte Carlo studies
showed that background froki, — 7tz ~7C with
one of the external photons converting in the mater-
ial 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 neg-
s s ligible. After applying all s%lection criteria, a total of
m,,, (GeV/cd) 2.988x 10 {(L — ntn~nl,, decays were found
(0.822x 1P in the 1998 data sample andlB6 x 10°

Fig. 2. Invariant mass of the" e —¢+ ¢~ system. The data are shown  in the 1999 one).
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.

10 ¢

3.3. Acceptance determination and systematic
uncertainty

a control region M010< p? < 0.0020(GeV/c)? and

475 MeV/c? < m(ete—ete™) < 515 MeV/c2, where For the simulation of th&, — ete~ete™ accep-

0 events were found: assuming an upper limit of 2.30 tance, the matrix element was taken from Reéf,
events (90% C.L.), the extrapolation from the high taking into account the direct and exchange graph but
control region to the lowp, signal region was made us- neglecting the interference term; the decay form fac-
inga02<m(ete ete™) <04 GeV/c2 interval for tor was assumed to be a constant. The distribution of
normalization; the upper limit on the background in the angle spanned by the decay planes of theetieo

the signal region turned out to be 0.8%. Varying the Pairs corresponds to & which is assumed to be en-
control and normalization region limits we obtained tirely CP= —1. The PHOTO§15] package was used
an upper limit on the background of 1% that was used simulate final state radiation both for the signal and

as the systematic uncertainty for the background. normalization channels. The simulation is based on
the GEANT 3.21 packagg.6]. It includes a detailed
3.2. Normalization description of the spectrometer and a GEANT-based
shower library for the calorimeter response.
The four-track decayk, — 7T+7T—778alitz* with The 4-track trigger efficiency for the normalization

channel was studied using a large sample of fully re-
é:onstructedKL — n+n—n8amz events that was col-
lected with the down-scaled control trigger. The effi-
ciency of the 4-track trigger algorithm relative to the
first level trigger was measured to (89.04+0.2)% in
1999 and69.4 + 0.4)% in 199818

ngamz — ete~y, was used for normalization. Events
that passed the same trigger as the signal events wer
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 elec-

tron/positron and each pion had to be greater than m-track trigger used 200 MHz processors in 1998 and was
10 cm on the tracks extrapolated to the LKr, due to ypgraded with 300 MHz ones in 1999, allowing complex events to
the size of the pion hadronic shower. be treated more efficiently.
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The difference between signal and normalization Table 1
trigger efficiency should cancel when computing the Systematic uncertainty contributions to(&f. — e*e~e*e™)
decay rate. We cross-checked this assumption by com-source

paring the 4-track trigger efficiency as a function of rigger efficiency +2.0%
4-track total energy (instead of the kaon energy) with Background estimation +1.0%
the signal spectrum. We also used a partially biased not £/p cut efficiency +2.0%
. . . 0,
downscaled trigger based only on LKr information to Détector acceptance +3.0%
. . . . . Radiative corrections +5.6%

cross-check directly the signal trigger efficiency, ob-
Total +7.0%

taining results in agreement with the previous method.
We assigned a systematic uncertainty of 2% to the
4-track trigger efficiency. the momentum dependence of thép cut efficiency
In order to be insensitive to the real kaon energy were taken into account. The correction induced by the
spectrum, the acceptance correction was applied to £/p cut decreases the branching ratio by a factor of
the data in bins of kaon energy (5 GeV wide) and 0.944-+ 0.020 where the error is systematic.
the corresponding averagé. — ete~ete™ /KL — In Table 1the different contributions to the system-
n+n_n8amz acceptance ratio was evaluated to be atic uncertainty are listed.
2.89. The average acceptance fr — eTe eTe™
was 5.67% and 2.03% fdf, — = "7~ n3,;,, decays,
for events generated in the range 50 GeVEk, < 4. Results and discussion
200 GeV and 12B m < zyertex < 210 m. The 3% dif-
ference between the binned acceptance ratio and the \We used for the normalization channel the value
ratio of the average acceptances was used as systemf14]:
atic uncertainty on the acceptance correction.
The inclusion of radiative corrections in the Monte BR(KL — 77~ 7))
Carlo generator decreased the acceptance by 8.8% for _ BR(KL — 7T+7T—7T0) « BR(nO —etey)
the signal and 3.4% for the normalization. The 5.6% (12594 0.19% x (1198 0.032%
net effect on the branching ratio was used as system- =12 19% x (1. -032%
atic uncertainty on radiative corrections. = (15.0840.46) x 10,
The E/p cut, either for the signal or for the nor-
malization channel, is not well simulated by the Monte
Carlo and its efficiency was calculated using the data.
Pions were tagged by a sampleiof — 7T+7T_7T8a|itz Br(KL —eteete)
¥vhere 3 out of 4 tracks are posm\éelg |den0t|f|ed, while — (3.30 0.2zt .23yt 0. 10hom) X 10-8
or electrons, a sample & — 7°7p i, 7Dait, WAS
also used. The requirement of 3 identified tracks in was obtained, where the statistical and systematic un-
these samples could slightly bias ti#& p cut effi- certainties as well as the uncertainty in the —
ciency for the fourth track due to the energy shar- ”+”_”8antz branching ratio are given separately.
ing among clusters; in order to control this effect, a A study of the stability of the branching ratio deter-
measurement of th& /p cut efficiency was also per- mination was made as a function of the cuts applied:
formed on samples ok, — 77~ n3,, or KL — the variation is within the estimated systematic un-
7078 i, Saii, dECAYS Without any request on the certainty. Both the 1998 and 1999 data samples gave
identification of the tracks: these samples were not consistent results within one standard deviation.
completely background free and, in case of very low In addition, K| — ”O”Santz”lgamz has been used as
E/p for more than one track, were also affected by a normalization channel obtaining a result in agreement
lower calorimetric trigger efficiency; nevertheless they with the above one.
gave aE/p cut efficiency in agreement with the first As shown in[9], the angle¢ between the two
method within 2%. The different electron momentum planes spanned by eaefie™ pair can be used to de-
spectrum in the signal and in the control sample and termine theCP value of thekK| meson. In the limit of

+

From the numbers given above for the entire 1998
and 1999 data sample, a branching ratio of
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Fig. 3. The acceptance correctgdistribution of the data (dots with
error bars) in arbitrary units. The result of the fit wigap andycp
as free parameters is shown as a solid line; the fit ywth =0 is
also shown (dashed line).

no directCP violation, the angular distribution i# is
given by[17,18]

dn .
— o 1+ BcpCOS 2 + ycpSin2p,

de
with

1—|er|? 2 Reer)
ﬂCP=mB7 VCP=m )

and the parameter of indirect CP violation and the
ratior of the amplitudes fok; and K> decaying into
theete~eTe™ final state. In the limit of no indirect
CPviolation, the term in sin@ vanishes and the clas-
sical formula by Kroll and Wada is obtained, with the
constantB = +0.20 for CP = £+1 coming from inte-

gration over phase space. At the moment no calcula-

tion exists forC.

For the measurement of the anglethe ambigu-
ity in the eTe~ pairing was resolved by choosing the
combination that minimized the product of invariant

A. Lai et al. / Physics Letters B 615 (2005) 31-38

0.03systandycp = 0.13 £ 0.10stat £ 0.035yst Clearly,

the obtained precision on the parametéss andycp

is limited by the event statistics. The main sources for
the systematic uncertainties are thelependence of
the detector acceptance and the effect of wrong pair-
ings. By imposingycp = 0, the fitted value ofscp is
—0.13+£ 0.10stat+ Our result is consistent with the hy-
pothesis of &P = —1 amplitude as expected from a
K| decay.
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