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Abstract. NA48 has searched for CP violation and rare neutral-kaon decays in data collected in 1998-
2002. Results for the decays KL,S → π+π−e+e− and KS → π0e+e− , and for the measurement of the
KL → πeν charge asymmetry, are presented.

PACS. 11.30.Er Discrete symmetries – 13.20.Eb Decays of K mesons – 14.40.Aq Properties of K mesons

1 Introduction

The NA48 experiment was originally designed to measure
direct CP-violation effects in neutral-kaon decays to two
pions. The experimental layout, described in detail else-
where [1], includes a spectrometer (drift chambers and
a dipole magnet), an electromagnetic calorimeter, and ar-
rangements of scintillators for vetoing photons outside the
calorimeter acceptance.

The KL → π+π−e+e− data, the KL → πeν data, and
a fraction of the KS → π+π−e+e− data were taken using
simultaneous KL and KS beams during running periods
in 1998, 1999 and 2001. Most of the KS → π+π−e+e−
data were collected during a short high-intensity KS run
in 1999. The KS → π0e+e− data were recorded during the
high-intensity KS run in 2002.

2 KL,S → π+π−e+e− decays

The decay KL → π+π−e+e− is expected to proceed via an
intermediate state with a virtual photon: KL → π+π−γ∗
→ π+π−e+e−. The decay amplitude has two components:
one from CP-conserving direct emission, the other from
the CP-violating decay KL → π+π−, with inner brems-
strahlung. The interference of the two amplitudes causes
the virtual photon to have a circular polarization, lea-
ding to an asymmetry A(φ) in the angle, φ, between the
π+π− plane and the e+e− plane in the kaon centre-of-mass
frame [2,3]. Only the CP-conserving inner-bremsstrahlung
process contributes to KS → π+π−e+e− , so no asym-
metry is expected. Two main background sources have
been identified: KL → π+π−π0

D decays, which are rejec-
ted by strong kinematical cuts against events with mis-
sing particles; and fragments of two KL → πeν decays,
which are minimised by time constraints and cuts on ver-
tex quality. The distribution of the ππee invariant mass
for the selected events is shown in Fig. 1. From the 1998
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Fig. 1. ππee invariant-mass distribution for the vertices pas-
sing selection cuts

and 1999 data, 1162 KL → π+π−e+e− candidates and 621
KS → π+π−e+e− candidates are found, with respectively
(3.2 ± 0.5)% and (0.1 ± 0.2)% of background in the sel-
ected mass interval. The corresponding branching ratios
have been determined to be

B (KL → π+π−e+e− ) =
(3.08 ± 0.09stat ± 0.15sys ± 0.10norm) × 10−7

B (KS → π+π−e+e− ) =
(4.71 ± 0.23stat ± 0.16sys ± 0.15norm) × 10−5.

The last uncertainty refers to the uncertainty in the bran-
ching ratio of the normalisation channel. The asymmetry
measured from the KL → π+π−e+e− data is

A(φ) = (14.2 ± 3.0stat ± 1.9sys)%,
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Table 1. Contributions to the systematic uncertainty for the
measurement of the KL → πeν charge asymmetry

Source 10−5

Trigger +26.2 ± 6.0
Punch through −1.4 ± 3.5
Pion ID −17.1 ± 2.4
Acceptance 0 ± 0.5
Background 0 ± 0.5

Total +7.7 ± 7.2

which strongly indicates CP violation in the KL channel,
and is in good agreement with the theoretical predictions.
As expected, the angular asymmetry for the KS decay
is consistent with zero to within the experimental uncer-
tainty.

3 KL → πeν charge asymmetry

The charge asymmetry in semileptonic KL decays is an
observable of CP violation. For KL → πeν decays it is
defined as

δL(e) =
Γ (KL → π−e+ν) − Γ (KL → π+e−ν)
Γ (KL → π−e+ν) + Γ (KL → π+e−ν)

,

and is equal to twice Re(ε′/ε) assuming CPT symmetry.
In the 2001 run period, about 2 × 108 KL → πeν decays
were collected by NA48. During the data taking, the di-
rection of the magnetic field was inverted several times to
reduce possible systematic biases. All backgrounds have
been estimated to be negligible. The main systematic un-
certainties arise from asymmetries in the detection effi-
ciency and in the pion identification, as shown in Table 1.
Both of these effects are strongly momentum dependent,
and a correction is applied using data from control samples
of KS → π+π− and KL → π+π−π0. After the correction,
no momentum dependency is left, as shown in Fig. 2. The
preliminary measurement of the KL → πeν charge asym-
metry is

δL(e) = (3.317 ± 0.070stat ± 0.072sys) × 10−3

in good agreement with the recent KTeV measurement [4].

4 KS → π0e+e− decay

Decays of the type KL → π0ll̄ are of considerable inte-
rest because of their sensitivity to direct CP violation [5].
However, in KL → π0e+e− decays, CP-conserving and in-
direct CP-violating amplitudes also contribute. The CP-
conserving contribution can be evaluated by measuring
the low-mγγ component of the decay KL → π0γγ [6]. The
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Fig. 2. KL → πeν charge asymmetry as a function of pion
momentum

Table 2. Contributions to the background for KS → π0e+e−

Source Control region Signal region

KS → π0
Dπ0

D 0.03 0.007
KL → e+e−γγ 0.11 0.075
π±e∓ν + (π0π0(π0)) 0.19 0.069

Total 0.33 0.15

direct and indirect CP violating (CPV) contributions in-
terfere, and their contribution to the branching ratio can
be written as [7]

B (KL → π0e+e− )CPV × 1012 �
15.3 a2

S − 6.8 aS
Im(λt)
10−4 + 2.8

(
Im(λt)
10−4

)2
,

where λt = V ∗
tsVtd is the relevant combination of CKM ma-

trix elements describing the short distance CP violation.
The parameter aS describes the strength of the indirect
CP violating component in the decay KL → π0e+e− , and
is related to B(KS → π0e+e− ) via [7]

B(KS → π0e+e− ) = 5.2 × 10−9 a2
S .

From dimensional analysis in chiral perturbation theory,
aS ∼ O(1). A precise measurement of the KS → π0e+e−
branching fraction is clearly important for placing a bound
on the indirect CP violating term in the KL decay.

A search for KS → π0e+e− has been made using the
2002 data, taken with a high-intensity KS beam. For the
analysis of the data, signal and control regions were defi-
ned as:

signal : |mγγ − Mπ0 | < 2.5 × σγγ

|meeγγ − MK | < 2.5 × σeeγγ

control : 3 × σγγ < |mγγ − Mπ0 | < 6 × σγγ

3 × σeeγγ < |meeγγ − MK | < 6 × σeeγγ

where σγγ = 1 MeV/c2 and σeeγγ = 4.7 MeV/c2. These
regions were masked while cuts to reject the backgro-
und were tuned, using both experimental data and si-
mulated events. A large number of possible sources of
background has been studied, taking into account single
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Fig. 3. Scatter plot of meeγγ versus mee for
KS → π0e+e− events. The mee > 165 MeV/c2 cut is
shown. The regions at 3σK and 6σK are indicated
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Fig. 4. Scatter plot of meeγγ versus mγγ for
KS → π0e+e− events. The boxes at 3σ and 6σ in (mK , mπ0)
are indicated. The inset shows an enlargement of the signal
box

kaon and hyperon decays and fragments from two de-
cays accidentally coincident in time. The background con-
tribution was minimised by imposing the requirements:
meγ > mπ0 + 30 MeV/c2, to reject events where two pho-
tons from different π0s converted; and mee > 165 MeV/c2,
to reject events where one or more photons from a single
π0 converted. In addition, the background from Ξ0 and Λ0

decays was reduced to a negligible level by exploiting the
large momentum asymmetry. The main residual backgro-
und contributions were from KS → π0

Dπ0
D, KL → e+e−γγ

and π±e∓ν+(π0π0(π0)) decays, and the total background
was estimated to be 0.15+0.10

−0.04 events (Table 2).
When the signal region was unmasked, 7 events were

found (Fig. 3 and Fig. 4), corresponding to a signal of
6.85+3.8

−1.8. The number of KS decays in the fiducial volume
was evaluated by counting KS → π0π0

D decays. The accep-
tance for the KS → π0e+e− channel was calculated using
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Fig. 5. Branching fraction of KL → π0e+e− as a function of
Im(λt)

the amplitude [7] predicted by Chiral Perturbation Theory
and a unit form factor. A preliminary measurement of the
branching ratio was then obtained:

B (KS → π0e+e− , mee > 165 MeV/c2) =
(3.0+1.5

−1.2(stat) ± 0.1(syst)) × 10−9

B (KS → π0e+e− ) =
(5.8+2.8

−2.3(stat) ± 0.8(syst)) × 10−9.

The systematic uncertainty includes the uncertainty on
the flux measurement and on the acceptance. The para-
meter |aS | was derived from B(KS → π0e+e− ) to be

|aS | = (1.06+0.26
−0.21(stat) ± 0.07(syst)).

This measurement of |aS | allows the KL branching ratio
to be calculated as a function of Im(λt), with a sign ambi-
guity (Fig. 5). Taking the value Im(λt) = (1.30 ± 0.12) ×
10−4 [8] from a global fit to b-decays, the CP-violating
part of B(KL → π0e+e− ) can be predicted to be:

B (KL → π0e+e− )CPV �
(17.2indirect ± 9.4interference + 4.7direct) × 10−12,

where the direct CP violation is small compared with the
indirect component.
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