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Abstract

The decay rate of Kg — mev relative to the rate of K; — mwer has been measured by
the NA48 collaboration in a neutral Kaon beam originating from 400 GeV proton-Be
interactions at the CERN SPS. The result is 0.993£0.026 514¢ £0.022,5;, compatible
with 1 in agreement with the Standard Model prediction at tree level. It implies
BR(Kg — mev) = (7.05 & 0.18514¢. & 0.165y5.) x 1074

1 Introduction

The purpose of the present measurement is to check the prediction of the Standard
Model concerning the neutral kaon semileptonic decays mwev by fitting the rate of decays
occurring in a neutral beam originating from hadronic interactions, as a function of the
distance from the production target.

For K° mesons produced as strangeness eigenstates, the proper time distribution
of semileptonic decays to a specific (7Te"7, m-etv) charge state can be written [1] as
the sum of exponential decay terms, with the Kg and the K lifetimes, and Kg/K}
interference terms:

(%)i — N(K®)[Tsse ™ + Tpae 7t + Lu(1)] (1)
(), =Nt 4o 120 .

If the rates to the two charge states are summed, the relative contribution of the

interference terms can be neglected because their sum is of the order of the CP violation
Pgy+Ts— Fsi+Ts-

parameter Re(e) and of opposite sign for initial K° or K. The ratios T Tt

are equal if CPT violation is neglected. V) Their common value

Doy +0s- T +Te |
= ===l (3)
e+ Ty +T0-
is predicted to be 1 according to the standard model. In case AS = —AQ contributions
were present

[n]* =1+ 4Re(x) (4)

where x; = F(FO — 7 ") /T(KY — 77l Tv).
Finally, with these approximations

dN/dt(mev) o |n|?e7t/s) 4 (/) (5)

Experimentally the value of |n|? in the expression (5) is determined by fitting the number
of predicted to the number of measured events as a function of the distance Z, between the
average position of kaon production within the target and the reconstructed decay vertex.
The predicted distribution is obtained by a Monte Carlo simulation which takes into
account the independently determined kaon energy production spectrum, the acceptance
and the procedure of event reconstruction to translate the proper time to Z, distribution.

D' A contribution to these ratios from a non zero value of the parameter Re(A), describing CPT violation
in kaon mixing, which appears again with opposite sign for initial Ky and Ky, is limited on the basis
of a CPLEAR measurement [2] to a value smaller than our experimental sensitivity.
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Experimental apparatus and trigger
The NA48 detector [3] was designed to measure direct CP violation in the neutral

K system [4]. A K, beam was produced at the same time as a neutral K beam originating
from a target located a short distance before the beginning of the fiducial decay region.
The measurement presented in this paper uses only the data taken in 2002 during a high
intensity run with no K beam.
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The experimental components relevant for this measurement include the following:
A Be production target (40 cm long, 2 mm diameter) on which 400 GeV protons
impinge at 4.2 mrad relative to the (z) axis of the neutral beam, as defined by a
collimator ending 6.23 m after the center of the target.

An 87-m long evacuated decay volume, terminated by a thin (0.003X,) Kevlar
window. The beam continues in a 16 cm diameter vacuum pipe throughout the
following detector elements.

Anti-counter rings veto events with photons or charged particles outside the solid
angle covered by the detectors.

A magnetic spectrometer measures the momentum of charged particles with a res-
olution o(p)/p = (0.48 & 0.009 x p)% where p is in GeV/c. It consists of four drift
chambers (DCH), each with 8 planes of sense wires along 4 directions angled 45 de-
grees relative to each other. The volume between the chambers is filled with helium
at atmospheric pressure. The spectrometer magnet is a dipole with a field integral
of 0.85 Tm placed after the first two chambers. The direction of the field was in-
verted several times during runs to equalize the average acceptance for particles of
opposite sign. The distance between the first and last chamber is 21.8 m.

A hodoscope of plastic scintillation counters placed downstream of the last drift
chamber whose signals are used for fast pre-trigger. The offline time resolution for
2-tracks events is 200 ps.

An electromagnetic calorimeter (LKr), a quasi-homogeneous liquid Krypton ioniza-
tion chamber with 13248 longitudinal 2 cm X 2 cm read-out cells (27 Xj). The
LKr energy resolution for electromagnetic showers is o(E)/E = (3.2/vVE®9.0/E ®
0.42)% where FE is in GeV, and the shower time resolution is better than 500 ps.
Trigger and readout systems. For this analysis only events selected by a minimum
bias trigger are used. The minimum bias trigger requires at least one hit in the ho-
doscope in coincidence with hits in the first DCH consistent with at least two tracks.
Its simplicity allows the efficiency to be as high as 99%. This trigger was downscaled
and used as a control for efficiency studies of more restrictive requirements. Its use
here implies a reduction of available statistics but has the advantage of allowing a
straightforward simulation of acceptance as a function of the proper time of decays.

Event reconstruction and selection criteria
After the standard NA48 procedure reconstructing tracks in the DCH and clusters

in the LKr, geometrical cuts have been applied to transverse coordinates and to time of
occurrence to properly define the limits of the acceptance.

Only events with two tracks of opposite charge and one or two clusters are accepted.

In addition, to select good events while rejecting backgrounds, the following criteria had
to be satisfied :

— the tracks are compatible with coming from a common vertex positioned along the

neutral beam within the fiducial region between 6.0 m and 50.0 m from the target
center;



— the ratio of the track momenta is in the range 0.4-2.5;
— for the candidate electron:

e the extrapolation of the track to the LKr matches the position of a cluster

within 5 cm;

e  the ratio between the energy of this cluster and the track momentum (E/p) is

between 0.95 and 1.05;
e  the energy is greater than 20 GeV;
— for the candidate pion:

e  the track is unassociated with any clusters or has E/p < 0.8;

e  the energy is greater than 10 GeV;

— the sum of the electron and pion energies is between 60 to 180 GeV.

The invariant mass of the two charged particles is then calculated for the mass
assignments (a) me, (b) 7, and (c) pr. Events are accepted only if the invariant mass:

— is less than or equal to My for assignment (a), and
— differs by more the 35 MeV from My for assignment (b), and
— differs by more than 16 MeV from M, for assignment (c).

Assuming that the matrix elements for Kg and K}, decaying to mer are equal, these
selection criteria do not bias the relative K¢ and K acceptance.

Due to the missing longitudinal momentum of the undetected neutrino, a kaon decay
can be assigned two different values F1, Es of energy. Only events for which both F; and
E5 are within the range 60 < F < 180 GeV are retained in order to reduce uncertainties
in the Monte Carlo simulation. Two samples of data were taken with opposite magnetic
field direction and with equal total number of events (2 x 204000). The Z, distribution
for the sum of these two samples is shown in Fig. 1. The shaded histograms correspond
to expected Kg and K, decay spectra obtained with the Monte Carlo procedure outlined
in the following section.

4 Monte Carlo simulation

The acceptance of the apparatus has been evaluated using a GEANT based Monte
Carlo simulation [5]. The geometry of the beam and detector, the active and passive prop-
erties of each component (e.g. multiple scattering, hadronic interactions, bremsstrahlung,
photon conversion, delta rays) and the time variations of the detection efficiencies have
been taken into account. Samples of wer events, of possible backgrounds and other decays
of interest have been produced with adequate statistical significance. About 3 x 10¢ wev
events were used, after reconstruction and selection.

The energy distribution of the neutral kaons produced within the beam acceptance
is a critical input to the simulation. The simulated production energy of the neutral
kaon has been tuned such that it reproduces the data for the reconstructed energy of
Kg — 77% and K} — 37° events (see Fig. 2 and Fig. 3).

Using the same matrix element for Kg and K, and including radiative correc-
tions [6], the probability that a mer decay satisfies the selection criteria and is recon-
structed with an energy and vertex position within the appropriate acceptance range has
been evaluated with Monte Carlo samples much larger than the data sample. This proba-
bility distribution is convoluted with the production energy spectrum and with the Kg, K,
exponential decay factors N|n|?exp(—t/7s) and Nexp(—t/7r) (where N is a normalisation
factor and t = Z, X My /\/E% — ¢>M3 is the proper time, Z, being the reconstructed
vertex and Fx being the kaon energy). Relevant kinematic distributions from the simu-
lation are then compared with those from the experimental data. A good agreement was



found for all distributions. As an example, the distributions of visible energy in data and
simulation are shown in Fig. 4.

5 Background evaluation

Background contamination of the signal at the few per mille level will not affect the
significance of our determination of |n]?.

The major source of background is the decay K¢ — 77—, when one of the pions
loses more than 95% of its energy in the LKr and the invariant mass of the pion pair is
badly reconstructed, thus satisfying the semi-leptonic acceptance criteria. To evaluate the
background contribution, both effects were studied in detail. The E/p distribution for pi-
ons was studied using a sample of mer candidate events selected omitting the requirement
that E/p < 0.8 for one of the two tracks. As it can be derived from the data of Fig. 5, the
fraction of pions with 0.95 < E/p < 1.05, meeting the electron identification requirement,
is 2.7 x 1073, The probability of invariant mass mis-reconstruction was studied with a
simulated sample of Kg — 777~ events. The cut at [m,, —mgo| > 35 MeV missed 0.25%
of such events.

Contributions to the background from other K¢ and K decays, such as m7y and
aTn~ 0 or 7w with subsequent m — ev, have been estimated to be less than one part per
thousand, and therefore are neglected. The possible background from A decays has been
rejected applying a cut on the ratio of products momenta and vetoing an interval of 3%
around the A mass; the remaining contribution to the background is negligible.

6 Result and estimate of systematic uncertainties

To check the prediction of the Standard Model within the accuracy allowed by the
statistics of the available experimental sample, the distributions of the number of events
as a function of the decay vertex position Z,, integrated over different intervals of “visible
energy” E, + E, were examined, since they are sensitive to |n|2.

Because its decay length is much greater than the Z, range, the K component of
the distribution should be nearly flat, neglecting acceptance effects. On the other hand,
the Kg contribution, which is proportional to |n|?, decreases almost exponentially with
Z,. The relative fraction of Kg to K decays used to determine |n|? is therefore sensitive
to the Z, range used. Various ranges were used, from 750 cm to 5000 cm and increasing
the minimum value in steps of 100 cm. The measurement of |n|? is consistent with being
invariant with respect to the chosen fiducial range. The minimum value of 750 cm has
been chosen to avoid effects related to the vicinity of the final collimator, ending at 623
cm.

Several other sources of systematics effects have been studied, including tests on
the quality of the acceptance simulation. It was shown that the actual distribution of
calorimeter dead cells has a negligible effect on this measurement. Test were done to
address the effect of a difference between data and MC kaon energy distributions: variation
of the minimum electron energy cut causes changes in the fit value of only about 10% of
the statistical error.

The main contributions to the systematic uncertainty are:

— The uncertainty related to the average longitudinal production point in the target.
Movement of the transverse position of the proton beam can produce a shift in the
average position of p-Be interactions inside the target. A Monte Carlo simulation of
this effect has been performed, taking into account the different attenuation lengths



of protons and kaons: an effective shift of + 5 em induces a change of + 1.6% in

n|>.

— The uncertainty in the decay form factor. Changing the coefficient A of the ¢? term
in the matrix element (1 + Ag?/m?2) by £ 1 standard deviation from its central
value [8] results in a change of £1% in ||

— The uncertainty due to radiative corrections. The PHOTOS [6] generator and the
reweighting of the events with Ginsberg [7] corrections have been used to generate
extra photons; including these |n|? changes by (1.0 4 1.0)%.

— The uncertainty due to CP violation in kaon mixing. The effect of neglecting this is
found to be insignificant.

The total systematic uncertainty is thus estimated to be +2.2%.

The final result is |n]? = 0.993 £ 0.02644; + 0.0224,, which is in agreement with the
Standard Model expectation at tree level of 1 . The x? for the fit is x*/ndf = 80.5/83 =
0.97.

Using the following values from [8] for BR(K — mer = 0.4053 + 0.0015, 7, =
(5.114 4+ 0.021) x 107% s, and 75 = (0.8958 4 0.0006) x 107! s, the branching ratio for
Kg — mev is extracted: BR(Kg — mev) = (7.046 +0.18 444; £0.164,5,) x 1074, in excellent
agreement with the recent measurement from the KLOE collaboration of BR(Kg —
mev) = (7.046 £ 0.091) x 1074 [9].

The above value of ||? can be translated, neglecting possible CPT non invariance
to a value for Re(z;) = (=2 4+ 10) x 1073, The CPLEAR experiment [10] has obtained
Re(x;) = (=1.8 +£6.1) x 107 and KLOE Re(x;) = (0.5 £+ 3.6) x 1073.

A relevant feature of the present result, compared with the other quoted experiment
is the fact that it is independent of any tagging procedure and is extracted from the shape
of the decay length distribution, with no need of knowledge of the absolute detection
efficiency.
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—— Experimental data
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Figure 1: Distribution of the longitudinal coordinate of the kaon vertex, Z,, for data
selected as K ¢ — mev (crosses) compared to Monte Carlo predictions (solid lines, K7,
in yellow and Kg in green).
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Figure 2: Kaon energy distribution for Kg — 7%7° events (data in black, Monte Carlo in

red).
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Figure 3: Kaon energy distribution for K — 37Y events (crosses represent data, while
the histogram represents the Monte Carlo).
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Figure 4: Kaon visible energy distribution for K¢ — mer events, for events with electron
energy greater than 30 GeV (crosses represent data, while the histogram represents the
Monte Carlo).

210°
g 0.95<E/p <1.05
@
B 10*
T
@ =
.E -
Z10°E v
“E
= Ieieiy
st
B I
10 S
et
e
et
1 -
gy rhprby gy i ey Sl ]
0 0.2 0.4 0.6 0.8 1 EIP

Figure 5: Pion E/p distribution for mer events; the arrows indicate the region in which
the pion fakes the electron requirement.



