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Abstract. NA48/2 results contributing to ChPT testing are presented. A sam-

ple of 1663 events of the rare decay K± → µ±νe+e− has been selected with a

minimum e+e− effective mass of 140 MeV. The measured model independent

decay rate is in agreement with ChPT predictions. The branching ratio of the

K± → π±π0e+e− decay, never observed so far, has been obtained from a sam-

ple of about 5000 candidates with less than 6% background, also in agreement

with ChPT predictions. In addition, a most precise measurement of the charged

kaon semileptonic form factors has been obtained from 4.4 million Ke3 and 2.3

million Kµ3 events collected in 2004.

1 The NA48/2 beam and detector

The NA48/2 experiment at the CERN SPS was designed to search for direct CP violation

in K± decays to three pions [1]. The detector and beam of the experiment are described in

details in [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 (see Fig. 1). Particles

of opposite charge with a central momentum of 60 GeV/c and a momentum band of ±3.8%

(rms) 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.

Tracks of the charged particles from K± decays were measured by a magnetic spectrom-

eter consisting of four drift chambers (DCH1–DCH4) and a dipole magnet located between

the second and third chamber. Each chamber consisted of four staggered double planes of

sense wires measuring the coordinates transverse to the beam axis along the 0◦, 90◦ and ± 45◦
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Figure 1. Sketch of the NA48/2 beam line, decay volume and detectors

directions. The spectrometer was located in a tank filled with helium at nearly atmospheric

pressure.

The spatial resolution of each chamber was ∼90 µm, and the momentum resolution was

σp/p = (1.02 ⊕ 0.044 · p)% (momentum p in Gev/c). The spectrometer was followed by a

scintillator hodoscope (HOD) with a time resolution of ∼150 ps, whose signals were used to

trigger the readout of events with at least one charged track

A liquid krypton calorimeter (LKr) was located behind the hodoscope and used to mea-

sure the position and energy of electrons and photons. It is an approximately homogeneous

ionization chamber with an active volume of 7 m3 of liquid krypton, 27 X0 deep, segmented

transversally into 13248 projective cells, 2 × 2 cm2 each. The transverse position of isolated

showers was measured with a spatial resolution σx = σy = (0.42/
√

E ⊕ 0.06) cm. Energy

resolution for photons and electrons was σE/E = (3.2/
√

E ⊕ 9.0/E ⊕ 0.42)% (energy E in

GeV). Another hodoscope (NHOD) consisting of a plane of scintillating fibers, was located

inside the LKr calorimeter for triggering purposes.

The LKr was followed by a hadronic calorimeter with a total iron thickness of 1.2 m.

The muon system MUV, consisting of three scintillator planes and 80 cm thick iron walls,

was used for muon identification. A 15.8 cm diameter evacuated aluminium tube of 1.1 mm

thickness traversing the centre of the main detectors allowed the undecayed beam particles

and the muon halo from beam pion decays to continue their path in vacuum.

2 Study of the K
±
→ µ

±
νe
+
e
− decay

The radiative leptonic decay K± → µ±νγ∗(γ∗ → e+e−) proceeds via two different mecha-

nisms. The main contribution is the Inner Bremsstrahlung (IB) from the final state muon, that

can be calculated from QED. The virtual γ∗ can also be radiated off at the weak vertex of the

intermediate state. This Structure Dependent (SD) contribution depends on the form factors

that can be calculated in the framework of ChPT and becomes dominant at large e+e− mass

values Mee > 140 MeV/c2. This is the most interesting region of the decay phase space with

a small contribution to the total branching ratio. Therefore a large amount of kaon decays is

needed to make a precision measurement in this part of the phase space.

The analysis is based on the reconstruction of three-track vertices. One of the tracks is

required to be identified as a muon according to LKr and MUV information, while the two
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others are to be identified as an electron and a positron using LKr and DCH. The abundant

K± → π±π+π− (K3π) decay is used for normalization. Reconstructed momenta of selected

tracks are required to be in the range (3–50) GeV/c, and the total vertex momentum to be

< 66 GeV/c.

The requirement Mee > 140 MeV/c2 suppresses background from decay chains with a π0

Dalitz decay to e+e−γ, while requiring the muon-neutrino invariant mass Mµν > 170 MeV/c2

suppresses background from K± → π±e+e− followed by π± → µ±ν decay.

The particle identification is based on LKr and MUV. The minimum distance between

the different electromagnetic showers in LKr associated with the charged tracks have to be at

least 20 cm to avoid showers overlapping effects. The ratio ELKr/PDCH of the energy deposit

in LKr ELKr and the momentum measured by the spectrometer PDCH is used to distinguish

muons, pions and electrons. Muon is required to have ELKr/PDCH < 0.2 and an assiciated

MUV signal. For electrons we require 0.95 < ELKr/PDCH < 1.05 and a linear discriminant

variable which makes use of the different shape and depth of the created showers. This

discriminant provides almost complete suppression of pions from K3π and K± → π+π−e±νe
decays.

The residual background comes from K± → π±π+π− and K± → π+π−e±ν decays followed

by a pion decay and/or pion misidentification and from K± → π±π0π0 followed by the Dalitz

decay π0 → e+e−γ (π0
D

) of both neutral pions. The total background is evaluated from the

selected Wrong Sign events (containing a reconstructed same sign e+e+ or e−e− pair forbidden

in Standard Model), coming from the above sources with a scaling factor defined by the

possible charge combinations.

Figure 2. Left plot: missing mass squared distribution after the final selection. Vertical lines show the

signal region. Right plot: z distribution after the final selection. The results of signal MC simulation

for the full MC model and for the IB contribution only are scaled to the total number of experimental

events after background subtraction.

A sample of 1663 signal candidates is selected with an estimated background of 54 ± 11

events in an exposure to 1.56 × 1011 kaon decays in 2003–2004 (see Fig.2 left plot for the

missing mass spectrum). The spectrum of the variable z = (Mee/MK)2 shown in the right

plot of the Fig.2 is compatible with the prediction of ChPT [4]. The signal simulation result

obtained only with the IB contribution demonstrates that the data are clearly more compatible

with ChPT calculation.
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The partial branching ratio is computed in each bin of z and includes radiative correc-

tions as implemented using the PHOTOS package. The sum of these contributions repre-

sent a model-independent branching ratio for Mee > 140 MeV/c2 : BR(K± → µ±νe+e−) =

(7.84 ± 0.21stat ± 0.08syst ± 0.06ext) × 10−8. The systematic uncertainty is dominated by the

contributions related to radiative corrections and background while the external error is due

to the normalization branching ratio uncertainty [3].

The result is compatible with the theoretical prediction [4] and with the earlier measure-

ments [5, 6]. It is the first measurement of this mode performed with the radiative corrections

taken into account. The resulting uncertainty of the measured branching ratio is improved by

the factor of 1.5 with respect to the most precise previous measurement [5].

3 First observation of the K
±
→ π

+
π

0
e
+
e
− decay

The radiative decay K± → π+π0e+e− proceeds via a similar mechanisms, K± → π+π0γ∗(γ∗ →
e+e−) as the previous one and has not been observed so far. The signal events are selected

concurrently with the normalization events K± → π±π0 followed by neutral pion Dalitz decay

π0 → γe+e− (π0
D

).

Figure 3. 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.

Both signal and normalization candidates are reconstructed from three-track vertices with

the track reconstructed momenta in the range (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.

The radial distance between the track and the beam axis monitored by fully reconstructed

K± → π±π+π− decays should be larger than 12 cm in all the drift chambers. Any track-to

track distance at DCH1 should be larger than 2 cm to suppress photons conversions to an e+e−

pair in the upstream material. Events with all three tracks hitting the same HOD quadrant are

rejected for trigger efficiency.

Energy clusters in LKr without associated track, in time within 5 ns with the vertex time

are identified as the photon candidates. The minimum photon energy should be 2 GeV. The

photon momenta are reconstructed assuming the decay position defined by the 3-track vertex.

The two-photon invariant mass of a signal events (γe+e− for normalization events) is

required to be within ±15 MeV/c2 from the π0 PDG mass [3], and the reconstructed kaon
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mass to be within ±45 MeV/c2 from the K± PDG mass. The total momentum is required to

be in the range (54–66) GeV/c.

The correlation between the reconstructed π0 and kaon masses defines a kinematic con-

straint |Mπ0 −0.42MK +73.2| < 6 MeV/c2 (see Fig. 3) allowing particle identification without

using ELKr/PDCH requirements, therefore increasing acceptance of low momentum tracks.

The two main background sources are K± → π±π0π0
D

(with a lost photon) and K± →
π±π0

D
(with an extra accidental photon combined with the Dalitz decay photon 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, the 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±νπ0
D

and K± → e±νπ0
D

misreconstructed events where the pion mass is

assigned to the lepton candidate.

Figure 4. Reconstructed e+e− invariant mass distributions for the normalization π±π0D candidates (left)

and for the signal π±π0e+e− events (right). Full dots correspond to data candidates. Stacked histograms

on the left plot are, from bottom to top, the expected Kµ3D and Ke3D backgrounds and the normalization

distribution. Stacked histograms on the right plot are, from bottom to top, the expected K3πD and K2πD

backgrounds and the signal IB simulation result.

Samples of 5076 signal candidates and 16.8 × 106 normalization K2πD candidates have

been selected from an exposure to 1.7 × 1011 kaon decays in 2003–2004. The background

contamination estimated from simulation is about 5.7% in the signal mode and 0.15% in the

normalization mode. Reconstructed e+e− invariant mass distributions for the normalization

and signal candidates are shown in the Fig. 4. Expected background, normalization and

signal histograms, normalized to the number of observed candidates, show a good agreement

with the data distributions.

The preliminary result for the branching ratio is BR(K± → π+π0e+e−) = (4.22±0.06stat ±
0.04syst ± 0.13ext) × 10−6, where the systematic error includes uncertainties related to accep-

tances, trigger efficiencies and radiative corrections. The external error is due to the normal-

ization mode branching ratio uncertainty [3]. The obtained result is in agreement with the

theoretical prediction [7] of 4.10 × 10−6 (obtained including isospin corrections but without

radiative corrections).
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4 Measurement of the K
±

l3
form factors

In the approximation of negligible electromagnetic effects, the Kl3(l = µ, e) differential rate

as a function of the lepton and pion energies in the kaon rest frame (Dalitz plot) may be

parameterised [8] in terms of the vector f+(t) and scalar f0(t) form factor functions of t =

(PK − Pπ)
2:

d2 Γ(K±
l3

)

dE∗
l

dE∗π
= ρ(E∗l , E

∗
π) ∝

(

A1 | f+(t)|2 + A2 f+(t) f−(t) + A3 | f−(t)|2
)

, (1)

where E∗
l

and E∗π 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 charged kaon and neutral pion masses [3]. The Kl3

form factors participate in the determination of the |Vus| CKM matrix element [9] trough the

phase space integrals of the differential rates. The kinematic factors are

A1 = mK

(

2 E∗l E∗ν − mK(E∗,max
π − E∗π)

)

+ m2
l

(

(E∗,max
π − E∗π)/4 − E∗ν

)

, (2)

A2 = m2
l

(

E∗ν − (E∗,max
π − E∗π)/2

)

,

A3 = m2
l (E∗,max

π − E∗π)/4.

Here E
∗,max
π = (m2

K
+m2

π0 −m2
l
)/2 mK , ml is the charged lepton mass, and E∗ν = mK − E∗

l
− E∗π

is the neutrino energy in the kaon rest frame. In the case of Ke3 decay, the scalar form factor

terms become negligible due to the small electron mass.

Recently, a measurement of the form factor parameters has been performed by the

NA48/2 Collaboration [11] for Ke3 and Kµ3 decay modes. Results of the joint Kl3 analy-

sis from the paper are presented here. Three Kl3 form factor parameterizations were used:

• Taylor expansion [3] ( f+(t) = 1 + λ′+t/m2
π +

1
2
λ′′+(t/m2

π)
2, f0(t) = 1 + λ′

0
t/m2

π),

• Pole [10] ( f+(t) =
M2

V

(M2
V
−t)

, f0(t) =
M2

S

(M2
S
−t)

),

• Dispersive [12] ( 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 functions H(t),G(t) of the Dispersive

parameterization depend on five extra parameters, that are fixed with some precision from

other experimental data and theoretical considerations [12].

For the semileptonic decays reconstruction and selection, LKr energy clusters and

charged particle tracks are reconstructed as described in [1]. An event is considered as a Kl3

candidate, if there is at least 2 LKr clusters consistent with photons of reconstructed energy

above 3 GeV, and the sum of their energies is above 15 GeV, ensuring high trigger efficiency.

The distances between the selected cluster and impact points at the LKr front plane of each

in-time (within ±10 ns) track should be larger than 15 cm. Photon candidates are required

to be at least 8 cm away from the LKr edges. The decay vertex longitudinal position Zn is

reconstructed from the photon energies and positions at LKr under the assumption that they

are produced in the decay of a π0 of PDG mass value [3].

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 electrons

(positrons), otherwise the muon identification hypothesis was tested using MUV information.

The transverse position of the decay vertex is defined by the track coordinates at Zn. A wide

Zn-dependent cut is applied to the distance between the vertex and the beam axis (< 11 cm)

to include most events produced in the decay of a 3% beam halo component. The kaon mo-

mentum PK is computed under the assumptions of the kaon line of flight along the beam axis
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Figure 5. Distributions of the kinematic variables used for K± → π±π0 background suppression for

MC simulated signal K±
µ3

(left) and background K± → π±π0 (right) samples. The selection criteria are

indicated by solid lines.

and a massless missing neutrino. From the two possible PK solutions, P1 and P2, the one

closest to the beam momentum central value is chosen.

The K± → π±π0π0 (π0 → γγ, π0 → γγ) decays contribute to the background if one of

the π0 mesons is not detected, and the π± either decays or is misidentified. This background

affects mainly the K±
µ3

sample, and is reduced by requiring |P1 − P2| < 60 GeV/c in this case.

The K± → π±π0 background in the K±
e3

sample arising from π± misidentification is char-

acterized by small total transverse momentum and is reduced by requiring pν,⊥ > 30 MeV/c.

The K± → π±π0 background to K±
µ3

decays arises from π± misidentification and π± → µ±ν
decay. The former process is suppressed by requiring the π0l± mass, reconstructed in the π+

mass hypothesis for the lepton candidate, to be m(π±π0) < 0.475 GeV/c2, which is below

the K+ mass considering the resolution of 0.003 GeV/c2. The latter process is suppressed by

requiring the reconstructed µ±ν invariant mass to be m(µν) > 0.16 GeV/c2, which is above

the π+ mass considering the resolution of 0.004 GeV/c2. Additionally, it is required that

m(π±π0) + pπ0,⊥/c < 0.6 GeV/c2, where pπ0,⊥ is the π0 transverse momentum component

with respect to the beam axis. The selection conditions, illustrated in Fig. 5, lead to 17%

signal loss and reject 99.5% of the K± → π±π0 background.

Samples of 4.4 million Ke3 (2.3 million Kµ3) events with less than 1 per mille (∼2 per

mille) background have been selected from the NA48/2 data recorded in 2004 during a four-

day long data taking period with reduced beam momentum spread, low intensity and using a

minimum bias trigger. Dalitz plots for the both semileptonic modes are shown in the Fig. 6.

Monte Carlo (MC) Kl3 samples have been simulated using the KLOE generator [13] mod-

ified for Ke3 according to the model-independent (universal) radiative correction proposed

in [14]. The concept of universal correction assumes the extraction of effective form factors

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 [13] output and the universal

radiative correction [14].

The Kl3 form factor results are obtained by minimization of a χ2 estimator defined as

the sum of contributions
(Di, j−MCi, j)

2

(δDi, j)2+(δMCi, j)2 over bins(i, j) of the Dalitz plot with at least 20 data
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Figure 6. Dalitz plot distributions after the full selection of reconstructed K±
l3

data events. Left: K±
e3

selection, right: K±
µ3

selection.

events, where Di, j is the background subtracted number of data events; MCi, j is the number of

simulated events in the same bin as obtained from reweighting the MC events for the current

iteration parameter values; δDi, j and δMCi, j are the corresponding errors on Di, j and MCi, j.

The fit is performed separately for the Ke3 and Kµ3 Dalitz plots or jointly by extending the

summation over both Dalitz plots and using a common set of fit parameters.
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Table 1. Form factor results of the joint K±
l3

analysis. The correlations include both statistical and

systematic uncertainties. The units of λ′+, λ′′+ , λ0, Λ+ and ln C values and errors are 10−3. The units of

mV and mS values and errors are MeV/c2.

λ′+ λ′′+ λ0 mV mS Λ+ ln C

Central values 24.24 1.67 14.47 884.4 1208.3 24.99 183.65

Statistical error 0.75 0.29 0.63 3.1 21.2 0.20 5.92

Diverging beam component 0.97 0.35 0.55 1.1 32.2 0.08 9.43

Kaon momentum spectrum 0.00 0.00 0.02 0.1 0.7 0.00 0.19

Kaon mean momentum 0.04 0.01 0.04 0.2 1.7 0.01 0.47

LKr energy scale 0.66 0.12 0.61 4.9 17.4 0.32 5.16

LKr non-linearity 0.20 0.01 0.55 3.1 19.6 0.20 5.77

Residual background 0.08 0.03 0.04 0.1 0.7 0.01 0.16

Electron identification 0.01 0.01 0.01 0.2 0.2 0.01 0.05

Event pileup 0.23 0.08 0.08 0.4 0.2 0.03 0.07

Acceptance 0.23 0.07 0.03 0.7 4.3 0.05 1.11

Neutrino momentum resolution 0.16 0.04 0.04 0.9 3.3 0.06 0.88

Trigger efficiency 0.29 0.13 0.20 1.1 9.9 0.07 2.82

Dalitz plot binning 0.05 0.04 0.06 0.9 1.1 0.06 0.29

Dalitz plot resolution 0.02 0.01 0.03 0.0 1.3 0.00 0.39

Radiative corrections 0.17 0.01 0.57 2.5 20.1 0.16 5.92

External inputs 0.44 2.94

Systematic 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

Correlation 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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Figure 8. One sigma (39.4% CL) contours for the parameters of the Taylor expansion obtained from

the joint analysis together with the combinations of Ke3 and Kµ3 measurements by the KTeV [15],

KLOE [16, 17], NA48 [18, 19], and ISTRA+ [20, 21] Collaborations provided by [22].
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Lepton and pion energy projections of the reconstructed Dalitz plots for the data and the

simulated samples corresponding to the fit results, along with their ratios Data/MC, are shown

in Fig. 7.

The joint Kl3 analysis form factor results are shown in Table 1 and in the Fig. 8. The

systematic errors contributions considered are related to the kaon beam simulation, LKr cal-

ibration, background, trigger efficiency, acceptance, radiative correction as well as to the

external uncertainty introduced by the extra fixed parameters of the Dispersive parameteriza-

tion. The measured form factors represent the most precise current result of a combined Ke3

and Kµ3 analysis.
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