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NA48/2 results related to ChPT testing are presented. The most pre-
cise measurement of the charged kaon semileptonic form factors has been
obtained from 4.4 × 106 the K± → π0e±νe (K±e3) and 2.91 × 106 the
K± → π0µ±νµ (K±µ3) events collected in 2004. In addition, the branching
ratio of the K± → π±π0e+e− decay, that has not been observed so far,
has been obtained from a sample of 4919 decay candidates with 4.9% back-
ground. The branching ratio in the full kinematic region is measured to be
(4.24± 0.15)× 10−6, which is in agreement with ChPT predictions.
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1. Introduction

The NA48/2 experiment at the CERN SPS was designed to search for
direct CP violation in K± decays to three pions [1, 2]. Two simultaneous
beams of charged particles containing nearly 6% of K± were produced by
400 GeV/c protons impinging on a beryllium target. Particles of opposite
charge with a central momentum of 60 GeV/c and a momentum band of
±3.8% (r.m.s.) were selected by a system of magnets and collimators. Two
resulting beams, each ≈ 1 cm wide, were superimposed in the decay volume
inside a 114 m long vacuum tank.

The main components of the NA48/2 detector were a magnetic spec-
trometer, composed of four drift chambers (DCH1–DCH4) and a dipole
magnet. The spectrometer was followed by a scintillator hodoscope (HOD)
which provided time measurements for charged particles with a resolution
of ∼ 150 ps. Further downstream was a liquid krypton electromagnetic
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calorimeter (LKr). The energy resolution of LKr for photons and electrons
was σE/E = (3.2/

√
E⊕9.0/E⊕0.42)% (E is in GeV). A muon veto (MUV),

made of 3 scintillator planes and iron, aimed at tagging muons.

2. Measurement of the Kl3 form factors

Semileptonic kaon decays K± → π0l±ν (Kl3, l = µ, e) offer the most
precise determination of the CKM matrix element |VUS | [3] that require
both a branching ratio and a form factors (FFs) experimental measurement.
New NA48/2 Kl3 precision FFs measurement result is presented in [4].

In the approximation of negligible electromagnetic effects, the Kl3 dif-
ferential rate as a function of the lepton and pion energies in the kaon rest
frame can be parameterised [5] in terms of the vector f+(t) and scalar f0(t)
FFs, where t = (PK − Pπ)2

d2 Γ
(
K±l3

)
dEl dEπ

= ρ(El, Eπ) ∝
(
A |f+(t)|2 +B f+(t)f−(t) + C |f−(t)|2

)
, (1)

here, El and Eπ are the lepton and pion energies in the kaon rest frame;
f−(t) = (f0(t) − f+(t))(m2

K − m2
π0)/t; mK and mπ0 are the K± and π0

masses [6]. The kinematic factors are A = mK(2ElEν −mK(Emax
π −Eπ)) +

m2
l ((E

max
π − Eπ)/4− Eν), B = m2

l (Eν − (Emax
π − Eπ)/2), C = m2

l (E
max
π −

Eπ)/4. Here, Emax
π = (m2

K +m2
π−m2

l )/(2mK) (ml is the lepton mass), and
Eν = mK − El − Eπ is a neutrino energy in the kaon rest frame. For Ke3,
the terms B and C are negligible due to small e± mass, so in this case, only
the vector FF contributes to ρ(El, Eπ).

Three Kl3 FF parameterizations were used: (1) Taylor expansion [6]
(f+(t) = 1+λ′+t/m

2
π+ 1

2λ
′′
+(t/m2

π)2, f0(t) = 1+λ′0t/m
2
π), (2) pole [7] (f+(t) =

m2
V

(m2
V−t)

, f0(t) =
m2

S

(m2
S−t)

), (3) dispersive [8] (f+(t) = exp( (Λ++H(t))t
m2
π

, f0(t) =

exp( (ln[C]−G(t))t
(m2

K−m2
π)

), where mπ is the mass of charged pion. The external func-
tions H(t), G(t) of the dispersive parameterization are taken from [8].

For the Kl3 event selection, LKr energy clusters and charged particle
tracks are reconstructed as described in [1]. An event is considered as a Kl3

candidate, if there are at least 2 LKr clusters consistent with γ, the energy
being above 3 GeV, and the sum of their energies above 15 GeV, ensuring
high trigger efficiency. The distances between a photon cluster and the track
impact point at the LKr front plane of each in-time (within ±10 ns) track
should be larger than 15 cm. The γ candidates are required to be at least
8 cm away from the LKr edges. The Zn position of the π0 → γγ decay
vertex is computed from photon candidate positions and energies assuming
the nominal π0 mass [6].
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At least one charged track is required with a minimum momentum of
5 GeV/c (10 GeV/c) for the Ke3(Kµ3) selection. Tracks with ELKr/PDCH >
0.9 are identified as e±, otherwise the µ± identification hypothesis is checked
using MUV information. The transverse position of the decay vertex is
defined by the track coordinates at Zn. A loose Zn-dependent cut is applied
to the distance between the vertex and the beam axis. The kaon momentum
PK is computed under the assumptions of the kaon line of flight along the
beam axis and a massless missing neutrino. From the two possible PK
solutions, the one closer to the beam momentum central value is chosen.

The background contribution has been estimated using the Geant3-based
[9] Monte Carlo (MC) simulation. For Ke3, the background from K± →
π±π0 (2π) significantly contributes to the signal. ForKµ3 selection, essential
background may come from 2π decays with a subsequent π± → µ±ν̄ decay.
For both Kµ3 and Ke3 samples, the K± → π±π0π0 decays can contribute
to the background. Samples of 4.4 × 106 Ke3 (2.3 × 106 Kµ3) events with
less than 1 per mille (∼2 per mille) background have been selected.

Monte Carlo Kl3 samples have been simulated using the KLOE gener-
ator [10] modified for Ke3 according to the model-independent (universal)
radiative correction proposed in [11]. The concept of universal radiative
correction assumes the extraction of effective FFs that absorb all the high-
order interplay between the QED and QCD effects. For the Kµ3 mode, no
considerable disagreement was found between the generator [10] output and
universal correction [11]. The Kµ3 generator is found to conform universal
correction from [11] within the precision defined by statistics, so for this
mode, no universal radiative corrections were applied.

TABLE I

FF results of the joint K±l3 analysis. The correlations include both statistical and
systematic uncertainties. The units of λ′+, λ′′+, λ0, Λ+ and lnC values and errors
are 10−3. The units of mV and mS values and errors are MeV/c2.

λ′+ λ′′+ λ0 mV mS Λ+ lnC

Central values 24.24 1.67 14.47 884.4 1208.3 24.99 183.65
Stat. error 0.75 0.29 0.63 3.1 21.2 0.20 5.92
Syst. error 1.30 0.41 1.17 6.7 47.5 0.62 14.25
Total error 1.50 0.50 1.32 7.4 52.1 0.65 15.43

Corr. coefficient −0.934 (λ′+/λ′′+) 0.374 0.354
0.118 (λ′+/λ0)
0.091 (λ′′+/λ0)

χ2/NDF 979.6/1070 979.3/1071 979.7/1071
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The Kl3 form factors were fitted by means of simulated events reweight-
ing [4] for each iteration of the fit minimizing the simulated Dalitz plots
deviation from the corresponding data plots. The fit is performed separately
for the Ke3 and Kµ3 Dalitz plots or jointly by extending the deviation esti-
mator Ξ2 summation over both Dalitz plots and using a common set of fit
parameters. The joint Kl3 form factor results are shown in Table I.

3. First observation of the K± → π±π0e+e− decay

The radiative decay K± → π±π0e+e− proceeds via a mechanism K± →
π+π0γ∗(γ∗ → e+e−) and has not been observed so far. The first observation
is presented here and published in [12]. Signal events are selected concur-
rently with normalization events K± → π±π0 followed by π0 Dalitz decay
π0 → γe+e− (π0D).

Both signal and normalization candidates are reconstructed from three-
track vertices with the track reconstructed momenta in the range of
2–60 GeV/c. The tracks are required to be in time within 5 ns of each
other using the HOD time associated to each of the considered tracks. Any
track-to-track distance at DCH1 should be larger than 2 cm to suppress
photon conversions to an e+e− pair in the upstream material. Events with
all three tracks hitting the same HOD quadrant are rejected by the trigger
algorithms.

Energy clusters in LKr without associated track, in time within 5 ns with
the vertex time are identified as the photon candidates. The photon energy
should be above 2 GeV.

The γγ invariant mass Mπ0 of signal events (γe+e− for normalization
events) is required to be within ±15 MeV/c2 from the π0 PDG mass [6], and
the Mπ±π0e+e− invariant mass denoted as MK to be within ±45 MeV/c2
from the K± PDG mass. The total momentum is required to be in the
range of 54–66 GeV/c.

The correlation between theMπ0 andMK defines a kinematic constraint
|Mπ0 − 0.42MK + 73.2| < 6 MeV/c2 (see Fig. 1) allowing particle iden-
tification without using ELKr/PDCH requirements, therefore increasing the
acceptance of low momentum tracks.

Main background sources are K± → π±π0π0D (with a lost γ) and K± →
π±π0D (with an extra accidental γ combined with the Dalitz decay γ leading
to imitation of a π0 → γγ decay). The first background is additionally
suppressed by requiring the squared invariant mass of the π±π0 system to
be larger than 0.12 GeV2/c4. To reject further the second background source,
both possible invariant masses Meeγ are required to be more than 7 MeV/c2
away from the π0 PDG mass. The 0.15% background to normalization is
due to K± → µ±νπ0D and K± → e±νπ0D misreconstructed events, where the
pion mass is assigned to the lepton candidate.
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Fig. 1. Left plot: normalization simulated candidates in the plane of reconstructed
masses (Mπ±π0D, Mπ0D). Right plot: signal simulated candidates in the plane of
reconstructed masses (Mπ±π0e+e− , Mπ0). The vertical lines and the slanted bands
correspond to the selection constraints.

Samples of 4919 signal candidates and 16.3 × 106 normalization K2πD

candidates have been selected from an exposure to 1.7 × 1011 kaon decays
collected in 2003–2004. The background contamination estimated from sim-
ulation is 4.9% in the signal mode and 0.11% in the normalization mode.
Reconstructed e+e− invariant mass distributions for the normalization and
signal candidates are shown in Fig. 2. Expected background, normalization
and signal histograms, normalized to the number of observed candidates,
show a good agreement with the data distributions.

Fig. 2. Reconstructed e+e− invariant mass distributions for the normalization
π±π0D candidates (left) and for the signal π±π0e+e− events (right).

The final result for the branching ratio is BR(K± → π+π0e+e−) =
(4.23 ± 0.06stat ± 0.03syst ± 0.13ext) × 10−6, where the systematic error in-
cludes uncertainties related to acceptances, trigger efficiencies and radiative
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corrections. The external error is due to the normalization mode branching
ratio uncertainty [6]. The obtained result is in agreement with the theoretical
prediction [13].

Study of the kinematic space of the decay has been performed to ex-
tract information on the fraction of magnetic M and interference inner
bremsstrahlung and electric IB–E contributions with respect to inner
bremsstrahlung IB. The relative contribution, (M)/IB= (1.14 ± 0.43stat) ×
102, is found consistent with the theoretical expectation. The (IB–E)/IB=
(0.14±0.36stat)×102 is also in agreement with the theoretical prediction [14].
Several CP-violating asymmetries and a long-distance P-violating asymme-
try [13] have been evaluated and found to be consistent with zero.

4. Conclusion

Kl3 FFs measurement is performed by NA48/2 on the 4.4 × 106 (K±e3)
and 2.3 × 106 (K±µ3) selected events. The obtained precision is competitive
with the previous measurements for the Kµ3 mode, and is improved for Ke3,
resulting in the most precise combined Kl3 result [4].

The decay K± → π±π0e+e− was observed for the first time. Based on
4919 candidates with 4.9% background contamination, the branching ratio is
measured to be (4.24±0.15)×10−6, in good agreement with ChPT-based the-
oretical predictions. The ratios (M)/IB and (IB–E)/IB were measured and
found to be consistent with theoretical predictions. The CP-violating asym-
metries and a long-distance P-violating asymmetry [13] have been found to
be consistent with zero.
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