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This review summarizes the kaon experimental results obtained in the last 15 years
on the basis of data collected at the CERN SPS with the participation of JINR physi-
cists. These results contribute essentially to the Standard Model checks and search for
its extension, fundamental symmetry violations and low-energy strong interactions theory
development. A progress in the experimental technique and prospects for the future results
are also discussed.

‚ μ¡§μ·¥ ¶·¥¤¸É ¢²¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ Ë¨§¨±¥ ± μ´´ÒÌ · ¸-
¶ ¤μ¢, ¶μ²ÊÎ¥´´Ò¥ ¢ ¶μ¸²¥¤´¨¥ 15 ²¥É ´  μ¸´μ¢¥ ¤ ´´ÒÌ, § ·¥£¨¸É·¨·μ¢ ´´ÒÌ ´ 
Ê¸±μ·¨É¥²¥ SPS ¢ –…�� ¶·¨ ÊÎ ¸É¨¨ Ë¨§¨±μ¢ �ˆŸˆ. �É¨ ·¥§Ê²ÓÉ ÉÒ ¢´μ¸ÖÉ ¸ÊÐ¥-
¸É¢¥´´Ò° ¢±² ¤ ¢ ¶·μ¢¥·±Ê ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¨ ¶μ¨¸± ¢μ§³μ¦´ÒÌ ¢ÒÌμ¤μ¢ §  ¥¥
¶·¥¤¥²Ò, ¢ ¨¸¸²¥¤μ¢ ´¨¥ ´ ·ÊÏ¥´¨Ö ËÊ´¤ ³¥´É ²Ó´ÒÌ ¸¨³³¥É·¨° ¨ ¢ · §· ¡μÉ±Ê É¥-
μ·¨¨ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ. ’ ±¦¥ μ¡¸Ê¦¤ ¥É¸Ö ¶·μ£·¥¸¸ ¢
Ô±¸¶¥·¨³¥´É ²Ó´μ° É¥Ì´¨±¥ ¨ ¶¥·¸¶¥±É¨¢Ò ¶μ²ÊÎ¥´¨Ö ¢ ¦´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¢ ¡Ê¤ÊÐ¥³.

PACS: 13.20.Eb; 13.25.ES

INTRODUCTION

The physical results discussed here have been obtained on the basis of an
experimental setup initially built for the NA48 experiment [1]. At the next
stages the beamline and detectors have been somewhat modiˇed in order to
solve a series of new physical problems in the experiments NA48/1 [2] and
NA48/2 [3]. For the 2007 run (so-called NA62 RK phase) this setup has been
used in the new modiˇcation for the rare decay studies, which have solved both
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the important physical problem [4] and the series of R&D tasks for the next-
generation experiment NA62 [5], aimed at the super-rare decay K+ → π+ν̄ν
branching measurement.

Detectors. The detector part of the setup (Fig. 1) was not essentially modiˇed
due to its universality, but the beamline has been rebuilt considerably, especially
for the transition from the neutral beams (NA48, NA48/1) to the charged ones
(NA48/2, NA62 RK phase).

Charged particles were measured by the magnetic spectrometer composed
of four drift chambers (DCH1ÄDCH4) ˇlled with helium and a dipole magnet
inducing a transverse momentum-kick of 265 MeV/c for the case of neutral beams.
The spectrometer spatial resolution was 96 μm, and its momentum resolution in
this case was σp/p = ((0.48 ⊕ 0.009)p)%, where momentum p is in GeV/c. For
the case of charged beams (NA48/2) the dipole magnet ˇeld was weakened (the
transversal kick was 120 MeV/c) in order to diminish the charged beams deviation,
and as a consequence the momentum resolution was larger: σp/p = ((1.02 ⊕
0.044)p)%. The average efˇciency per plane was 99.5%, with a radial uniformity
better than 0.2%. The spectrometer was followed by the scintillator hodoscope.
Fast logic was combining the strip signals for use in the different triggers.

Fig. 1. NA48 detector setup (from [6]). KW Å Kevlar window; BP Å vacuum beam
pipe; 1Ä4 Å spectrometer drift chambers; HT Å helium tank; V6, V7 Å the last veto
counters; M Å spectrometer magnet; AW Å aluminium window; HOD Å charged
particles hodoscope; NHOD Å neutral component hodoscope; LKr Å liquid krypton
calorimeter; HAC Å hadron calorimeter; MV Å muon veto; BM Å beam monitor
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A liquid krypton calorimeter (LKr) was placed downstream of the hodoscope.
It was 27 radiation lengths long and fully contained electromagnetic showers with
energies up to 100 GeV. Transverse position of isolated shower 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)% (E is a photon
energy in units of GeV). LKr was segmented into about 13000 cells (each with
2× 2 cm cross section) and was used to reconstruct gamma quanta, electrons and
positrons. Photon showers in the range 3Ä100 GeV were typically used for the
analysis in order to avoid the low-energy nonlinearity. For most of analyses the
electromagnetic shower position was required to be more than 15 cm away from
the beam axis, more than 11 cm away from the outer edges of the calorimeter
and more than 2 cm away from a defective calorimeter channel (≈ 0.4% of the
channels).

LKr was also used, together with the iron-scintillator hadron calorimeter, to
measure the total deposited energy for triggering purposes. Muon veto counters
(used to identify muons) were placed at the end of the beamline.

An aluminium beam pipe of 16 cm outer diameter and 1.1 mm thickness
was traversing all the detector elements, providing the path in vacuum for beam
particles and for the muons from the beam π± decays (in the case of charged
beams). At the beginning of NA48 data taking period, a carbon-ˇber-reinforced
polymer pipe has been used for this purpose, but its accidental destruction in 2000
has caused a costly repairment of drift chambers damaged by the implosion of
helium into vacuum volume.

Neutral Beams. The KL and KS beams (Fig. 2) designed for the neutral
kaon decays asymmetry measurements were produced in two different targets by
protons from the same CERN SPS beam.

The primary proton beam from the CERN SPS accelerator (≈ 2.4 · 1012 pro-
tons per pulse) impinged on the KL target with an incidence angle of 2.4 mrad
relative to the KL beam axes. Then charged particles were removed from the out-
going beam by means of bending magnets. The ˇducial decay volume was starting
126 m downstream of the target, where the beam was dominated by KL, γ, and
neutrons.

The primary protons not interacting in the KL target were directed onto the
bent monocrystal of silicon. A small fraction of them was deviated in order to
produce a collimated beam of ≈ 5 · 107 ppp, which was then directed to the
KS target, located 72 mm above the KL beam axis and 6 m upstream of the
ˇducial region. Two-pion decays from this beam come almost exclusively from
KS decays.

The tagging station (Tagger) was located on the KS proton beam after the
bent crystal. It consisted of two ladders of 12 scintillator strips each, covering
the beam horizontally and vertically.
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Fig. 2. NA48 synchronous KL and KS beams (not to scale, from [6]). 1 Å KL target;
2 Å bent crystal; 3 Å KS tagger; 4 Å deˇning collimator; 5 Å cleaning collimator; 6 Å
KS target; 7 Å last collimator; 8 Å early KS decays veto (AKS); 9 Å decay volume;
10 Å NA48 detector setup

Fig. 3. NA48/2 charged beams (from [7]). TAX 17, 18 Å collimators; DFDF Å focusing
quadrupoles; KABES 1Ä3 Å beam spectrometer stations; DCH 1Ä4 Å drift chambers;
Hodo Å hodoscope; LKr Å electromagnetic calorimeter; HAC Å hadron calorimeter;
MUV Å muon veto. The vertical scales for the beam and the detector regions are
different
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The beginning of the KS decay region was deˇned by the anticounter (AKS),
located at the exit of the KS collimator.

Charged Beams. The beamline of the NA48/2 experiment was speciˇcally
designed to measure charge asymmetries in K± → 3π decays [7, 8]. Two
simultaneous K+ and K− beams were produced by 400 GeV/c protons on a
beryllium target (Fig. 3). Particles of opposite charge with a central momentum
of 60 GeV/c and a momentum band of ±3.8% (rms) (74 GeV/c ±1.9% for NA62
RK phase in 2007) were selected symmetrically by the system of magnets and
collimators which separates vertically the two beams and recombines them again
on the same axis.

Both beams of about 1 cm width were following almost the same path in
the decay volume contained in the 114-m-long vacuum tank. The beams were
dominated by π±, the kaon component was about 6%. The K+/K− 	ux ratio
was about 1.8.

1. FUNDAMENTAL SYMMETRIES AND THEIR VIOLATIONS

Fundamental symmetries, as well as their violations, always attract a special
interest, as they re	ect most general properties of our world. A considerable con-
tribution to their understanding has been provided by kaon experiments performed
at CERN.

1.1. Extraction of the CP Violation Parameter |η+−|. Decay KL → π+π−

was the ˇrst CP-violating phenomenon discovered as early as 1964 by Christen-
son, Cronin, Fitch, and Turlay (BNL) [9]. The measurements of this decay width
deˇnes an available precision of the indirect CP-violation parameter absolute
value

|η+−| =

√
Γ(KL → π+π−)
Γ(KS → π+π−)

=

√
τ(KS)BR (KL → π+π−)
τ(KL)BR (KS → π+π−)

. (1)

In 2007, the NA48 collaboration presented a new precise measurement of
the ratio of these decay rates Γ(KL → π+π−)/Γ(KL → π±e∓ν) = (4.835 ±
0.022stat ± 0.016syst) · 10−3. The analysis was based on the data taken during a
dedicated run in 1999 by the NA48 experiment (see below Subsec. 1.2).

From this result the branching ratio of the CP-violating decay KL → π+π−

and the CP-violating parameter |η+−| have been calculated. Excluding the
CP-conserving direct photon emission component KL → π+π−γ, the follow-
ing ˇnal results have been obtained: BR(KL → π+π−) = (1.941± 0.019) · 10−3

and |η+−| = (2.223 ± 0.012) · 10−3 [10].
These results were in contradiction with the PDG values published in 2004 [11]

BR(KL → π+π−) = (2.090±0.025) ·10−3 and |η+−| = (2.288 ± 0.014) · 10−3,
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Fig. 4. Comparison of the NA48 |η+−| result [10] with the most recent other experimental
results [12Ä14] and with the last PDG ˇt output [15]

but there was a good agreement with the most recent results of KTeV [13]
BR(KL → π+π−) = (1.975 ± 0.012) · 10−3, |η+−| = (2.228 ± 0.010) · 10−3

and KLOE [14] BR(KL → π+π−) = (1.963 ± 0.021) · 10−3, |η+−| = (2.219 ±
0.013) · 10−3 (see Fig. 4).

The current PDG value [15] of Γ(KL → π+π−)/Γ(KL → π±e∓ν) =
(4.849 ± 0.020) · 10−3 is mainly deˇned by the NA48 result [10] as well as by
the last KTeV measurement [13].

1.2. Direct CP Violation in Neutral Kaon Decays. The effect discovered in
1964 is caused by the mixing of states with a different CP parity leading to the
transitions between states during the relatively slow evolution of wave functions.
It cannot affect the very short initial phase of the Universe emergence. So for the
explanation of the predominance of matter over antimatter it was very important
to obtain the proofs of existence of another CP-violating mechanism Å direct
violation right in the weak decay process.

As the indirect CP violation is caused only by the mixing of two CP states,
it does not distinguish properties of the ˇnal states apart from their CP parity.
In particular, indirect CP violation conserves the equality between two ratios:

η+− =
〈π+π−|H |KL〉
〈π+π−|H |KS〉

; η00 =
〈π0π0|H |KL〉
〈π0π0|H |KS〉

. Any voilation of the equation

η+− = η00 is a signature of nonmixing contribution to CP violation. In particular,
the deviation of the double ratio

R =
|η00|2
|η+−|2 =

Γ(KL → π0π0)
Γ(KS → π0π0)

Γ(KS → π+π−)
Γ(KL → π+π−)

(2)
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from 1 may happen only due to the properties of the direct process of decay, and
it is called a direct CP violation.

Due to the isotopic symmetry of two-pion ˇnal states, it is convenient to
express the difference between K0 → π+π− and K0 → π0π0 amplitudes in
terms of special parameter ε′ in such a way that η+− ≈ ε + ε′; η00 ≈ ε − 2ε′,
where ε is the above parameter of indirect CP violation in kaon decays. Then
one can write the relation

R ≈
1 − 2

(
ε′∗

ε∗
+

ε′

ε

)

1 +
(

ε′∗

ε∗
+

ε′

ε

) =
1 − 4Re

(
ε′

ε

)

1 + 2Re
(

ε′

ε

) ≈ 1 − 6Re
(

ε′

ε

)
(3)

that may be used in order to measure the direct CP-violation intensity.
In the NA48 experiment [6,16], four decay modes entering (2) were collected

simultaneously and in the same decay region, which minimizes the sensitivity of
measurement to the variations in beam intensity and detection efˇciency. KL and
KS decays were provided by two almost collinear beams with similar momentum
spectra, converging to the center of the main detector. KL decays were weighted
by the function of their proper lifetime in order to make the KL decay distribution
very similar to that of KS . To be insensitive to the small beam momentum spectra
differences, the analysis has been performed in bins of kaon energy.

In such a way, the acceptances almost cancel in the double ratio R, and only
small remaining effects of the beam geometries have been corrected using Monte
Carlo simulation. KS decays are distinguished from KL ones by a coincidence
between the decay time and the time of protons producing the KS beam. The
measured double ratio is sensitive only to the differences in misidentiˇcation
probabilities between the two decay modes.

1.2.1. Event Reconstruction and Selection. K → π0π0 decays were triggered
requiring LKr energy deposit > 50 GeV, a center of energy to the beam axis
distance smaller than 25 cm, and a decay vertex less than 5KS lifetimes from the
beginning of the decay volume. Four showers from the π0π0 decay were within
±5 ns of their average time. Event was rejected if there was an additional cluster
of energy above 1.5 GeV and within ±3 ns of the kaon decay candidate (in order
to reduce the background from KL → 3π0 decays).

The distance D from the decay vertex to LKr was computed as D =√
ΣjΣi<jEiEj((xi − xj)2 + (yi − yj)2)/mK . Here Ei, xi, yi are the energy and

position of the ith cluster. The average resolution on D was about 55 cm, and
the resolution on the kaon energy was ≈ 0.5%. The invariant masses m1 and
m2 of the two photon pairs were computed using D and then compared to the

nominal π0 mass (mπ0 ) using the variable χ2 =
[
(m1 + m2)/2 − mπ0

σ+

]2

+
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(m1 − m2)/2

σ−

]2

. Here σ+ and σ− are the corresponding resolutions parame-

terized from the data as a function of the lowest photon energy. The minimal χ2

photons pairing was kept for each candidate and a cut χ2 < 13.5 was applied.

The π+π− decays were triggered using the scintillator hodoscope and a fast
vertex reconstruction. A vertex position was calculated of	ine for each pair of
tracks with opposite charge. The longitudinal vertex position resolution was about
50 cm, whereas the transverse resolution was around 2 mm. Since the beams
were separated vertically by about 6 cm, an identiˇcation of the beam by the
vertex position was applicable for the π+π− decays, while it was impossible for
the π0π0 ones. The tracks with momenta > 10 GeV/c and not closer than 12 cm
to the center of each chamber were accepted. The tracks closest approach for the
vertex was required to be less than 3 cm. The tracks were required to be within
the acceptance of LKr calorimeter and muon veto system.

The kaon energy was computed from the opening angle θ of the two tracks
and from the ratio of their momenta p1 and p2, assuming K → π+π− de-

cay: EK =
√

ρ

θ2
(m2

K − ρm2
π), where ρ =

p1

p2
+

p2

p1
+ 2. In order to reject

Λ → pπ− decays, a cut was applied to the asymmetry A = |p1 − p2|/|p1 + p2|:
A < min (0.62, 1.08− 0.0052× EK), where EK is in GeV.

In order to suppress the background from semileptonic KL decays, events
with a muon veto hits near the track impact point as well as events with
EoP = ELKr/pDCh > 0.8 (for one of the tracks) were rejected. Here pDCh

is a momentum of a track, and ELKr is the energy of the LKr cluster, associated
with the track.

The reconstructed kaon mass mππ resolution was typically 2.5 MeV/c2. An
energy-dependent cut at ±3σm was applied at the reconstructed mass value. The
variable p′T is deˇned as the kaon momentum component orthogonal to the line
joining the production target and the impact point of the kaon on the ˇrst drift
chamber plane. It was used to reduce further semileptonic decays background by
means of the cut p′T < 2 · 10−4 GeV2/c2.

A decay was recognized as the KS one if a coincidence was found within
a ±2 ns interval between the event time and a proton time measured by the
Tagger. The tagging inefˇciency (1.12 ± 0.03) · 10−4, as well as the accidental
mistagging probability (8.115±0.010) ·10−2, was directly measured in the π+π−

mode. The difference of these probabilities between the π0π0 and π+π− cases is
calculated using the 3π0 decays from KL beam, as well as with the side tagging
time windows technique.

1.2.2. Corrections and Systematic Uncertainties. A small inefˇciency of the
π0π0 trigger is found to be KS−KL symmetric and no correction to R needs to
be applied. For the π+π− case the correction was estimated and applied.
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The kaon proper time used to count events is chosen to be 0 < τ < 3.5τS ,
where τ = 0 is deˇned at the position of the AKS counter and τS is KS mean
lifetime. For KL events, the proper time cut was applied on reconstructed τ , while
for KS events the cut at τ = 0 was applied using the AKS. The correction for the
veto inefˇciency difference between π0π0 and π+π− cases has been estimated
and implemented.

The background to the π0π0 mode comes uniquely from KL → 3π0 decays.
It was estimated from the KL and KS distributions of χ2 using the Monte Carlo
simulation to take into account the non-Gaussian tails in the calorimeter resolution.

The residual Ke3 and Kμ3 backgrounds in π+π− mode were estimated by
deˇning two control regions in the mππ − p′T plane, populated by the two kinds
of π+π− background events with a different ratio.

In the KL beam the p′T cut (applied only in the π+π− mode) was stronger
than the extrapolated kaon impact point radius cut (the last one is almost sym-
metrical between the π+π− and π0π0 modes). It leads to the excess of the
collimator scattered events in the π0π0 mode that is taken into account by means
of corresponding correction.

The KS and KL acceptances are made very similar in both modes by weight-
ing KL events according to their proper decay time. A small difference remains
due to the differences in the beam sizes and directions. This residual correction
is computed using a large-statistics Monte Carlo simulation.

The LKr absolute energy scale is checked using the data taken during special
runs with a π− beam striking two thin targets located near the beginning and
the end of the ˇducial decay region, producing π0 and η with the known decay
positions.

Nonlinearities in the energy response are studied using special runs data and
Ke3 decays, where the electron energy is measured in calorimeter as well as in
the drift chamber. The uniformity of the calorimeter response over its surface is
optimized using Ke3 decays and special runs data. The uncertainties due to the
photons positions error and non-Gaussian tails in the energy response were also
taken into account.

The uncertainty from the π+π− decays reconstruction takes into account the
possible detector geometry deviations simulated by means of dedicated Monte
Carlo code.

The overlap of accidental activity with a good event in the detectors may
result in the net event loss effect in the reconstruction or the selection. This
effect is cancelled with a good precision in double ratio R due to the simultaneous
collection of data in the four channels and due to the very similar illumination of
the detector by the KL and KS beams.

The possible residual effect can be separated into the two components. The
ˇrst one (intensity difference effect) is given by ΔR = Δλ × ΔI/I , where Δλ
is the difference between the mean losses in π+π− and π0π0 modes, and ΔI/I
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is the difference in the mean KL beam (the main source of accidental decays)
intensity as seen by KL and KS events. The second component of the accidental
effect (illumination difference) has been estimated from the overlay samples,
computing separately the losses for KS and KL events. It has been performed
using both data and Monte Carlo original events.

1.2.3. Result. The ˇnal NA48 result, obtained on the basis of 1997, 1998,
1999, and 2001 runs [16], after the recalculation of double ratio R to the direct
CP-violation parameter (3) is the following:

Re
(

ε′

ε

)
= (14.7 ± 2.2) · 10−4. (4)

This measurement of NA48 is one of the most precise ones (see Fig. 5). Together
with the KTeV collaboration ˇnal result [17] Re (ε′/ε) = (19.2 ± 2.1) · 10−4 and
earlier measurements of E731 [18] (7.4 ± 6.0) · 10−4 and NA31 [19]
(23.0 ± 6.5) · 10−4, it deˇnes the current knowledge on the direct CP-violation
size in two-pion decays of neutral kaons.

Fig. 5. Comparison of the NA48 ˇnal result [16] with other experimental results [17Ä19]
and with the current PDG ˇt output [15]

1.3. Search for Direct CP Violation in Charged Kaon Decays. In kaon
physics, besides the direct CP violation in two-pion decays of neutral kaons, a
promising complementary observable may be an asymmetry between K+ and
K− decays to three pions.

The K± → 3π matrix element can be parameterized by a polynomial expan-
sion in two Lorentz-invariant variables U and V :

|M |2 ∝ 1 + gU + hU2 + kV 2 + . . . , (5)
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where |h|, |k| 	 |g| are the slope parameters. Here U = (s3 − s0)/m2
π+ , V =

(s2 − s1)/m2
π+ and si = (PK −Pi)2, i = 1, 2, 3; s0 = (m2

K+ + 2m2
π0 + m2

π+)/3.
Here Pi are the ith pion four-momenta and i = 3 is assigned to the odd pion
(other two pions have the same charge).

The parameter of direct CP violation for 3-pion decays of charged kaons is
usually deˇned as AG = (g+ − g−)/(g+ + g−), where g+ is the linear coefˇcient
in (5) for K+ and g− Å for K−. Deviation of Ag from zero would be a clear
indication of the direct CP violation.

The NA48/2 experiment at the CERN SPS was designed to search for direct
CP violation in the decays of charged kaons into three pions, and collected data
in 2003 and 2004. In order to reach a high accuracy in the measurement of the
charge asymmetry parameter Ag , the highest possible level of charge symmetry
between K+ and K− was a main requirement in the choice of beam and strategy
of data taking and analysis.

Charged beams for this experiment are described in Introduction. Frequent
inversion of the magnetic ˇeld polarities in all the beamline elements provides
a high level of intrinsic cancellation of the possible systematic effects in the
beamline.

In order to minimize the effect of beam and detector asymmetries, the
ratio R4(u) has been used, deˇned as a product of four N+(u)/N−(u) ∝
(1 + g+U + hU2)/(1 + g−U + hU2) ratios obtained with diffrerent polarities
of beamline and polarities of spectrometer.

The quadruple ratio R4(u) method complements the procedure of magnet
polarity reversal. It allows a three-fold cancellation of systematic biases: beamline
biases cancel between K+ and K− samples in which the beams follow the same
path; the effect of local nonuniformities of the detector cancels between K+ and
K− samples in which charged pions illuminate the same parts of the detectors;
and as a consequence of using simultaneous K+ and K− beams, time-dependent
charge asymmetries cancels between K+ and K− samples.

In total, 3.11 · 109 K± → 3π± and 9.13 · 107 K± → π±π0π0 decays have
been selected for analysis. Final results for the combined 2003 and 2004 data
sets are [8]

Ac
g = (−1.5 ± 1.5stat ± 0.9trig ± 1.3syst) · 10−4,

An
g = (1.8 ± 1.7stat ± 0.6syst) · 10−4,

correspondingly for K± → 3π± and K± → π±π0π0 decay modes. The results
are one order of magnitude more precise than previous measurements and are
consistent with the predictions of the SM, in particular, with the next-to-leading
order ChPT calculation [20] (Ac

g = (−1.4± 1.2) · 10−5, An
g = (1.1± 0.7) · 10−5).

Current PDG values (Ac
g = (−1.5 ± 1.5stat ± 1.6syst) · 10−4, An

g = (1.8±
1.8) · 10−4) [15] are deˇned mainly by the above NA48/2 results. The only
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preceding result that is also used currently for PDG average, An
g = (2± 18stat ±

5syst) · 10−4, is published in 2005 [21].
Selected data sample of K± → 3π± events has also been used for the

measurement of the Dalitz plot parameters entering into (5). The following slope
values have been obtained [22]: g = (−21.134±0.017)%, h = (1.848±0.040)%,
k = (−0.463±0.014)%. An order of magnitude precision improvement has been
achieved, and this was the ˇrst measurement of nonzero value of quadratic slope
parameter h. The measured slopes are in good agreement with the next-to-leading
order computation [20]. Current PDG values of these slopes [15] are deˇned by
the NA48/2 result, as the earlier measurements made in the seventies are based
on much smaller statistics.

2. LOW-ENERGY QCD

2.1. Pion Scattering in the Final State of K± → π±π0π0 Decay. The
S-wave ππ scattering lengths (multiplied by mπ±) for states with isospin I = 0
(a0

0) and isospin I = 2 (a2
0) are the most important parameters for the low-

energy scattering amplitudes calculation. In the framework of Chiral Perturbation
Theory (ChPT) the length a0

0 is connected with the size of chiral condensate and
is predicted to have a value of a0

0 = 0.220 ± 0.005, while a2
0 = −0.0444 ±

0.0010 [23].
During the analysis of NA48/2 collaboration 2003 data, a sharp change of the

slope in the π0π0 invariant mass (M00) distribution for K± → π±π0π0 decays
has been observed near the point of M00 = 2m+, where m+ is the π± mass [24].

The existence of this threshold anomaly as a result of the charge exchange
scattering process π+π− → π0π0 in K± → π±π+π− decay was ˇrst predicted
in 1961 [25]. But in the absence of experimental veriˇcation this early theoretical
article has not attracted attention of physicists.

A ˇrst interpretation of the effect experimentally observed by NA48/2 in
terms of ππ rescattering in the ˇnal state has been made by N.Cabibbo [26],
and then a second-order calculation [27] has provided the collaboration with a
formula suitable for the experimental data ˇt. Another theoretical approach, based
on the effective ˇelds model, has been developed in [28, 29] with another set of
parameters for data distributions approximation. In both approaches the isospin
symmetry-breaking correction was applied in the formulae connecting a0

0 and a2
0

to the ˇve ππ → ππ rescattering amplitudes with different charges of the pions.
The study of cusp effect is based on the data collected in 2003 and 2004 by the

NA48/2 experiment. Nearly 60 · 106 K± → π±π0π0 events were selected using
the electromagnetic calorimeter data to reconstruct the photons from π0 decays
and the magnetic spectrometer for charged pion tracks measurement (Fig. 6).

Matrix elements formulae from [27], as well as from [28, 29], were used in
order to ˇt the experimental M2

00 distribution taking into account the acceptance
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Fig. 6. a) Distribution of M2
00, the square of the π0π0 invariant mass; b) a narrow region

of distribution centred at M2
00 = (2m+)2 (from [30])

and resolution effects calculated by means of Monte Carlo simulation. Differences
between the ˇt results obtained with the two theoretical formulations are taken
into account as theoretical errors of the scattering lengths measurement.

The following results for ππ scattering lengths have been obtained [30]:

(a0
0 − a2

0)m+ = 0.2571± 0.0048stat ± 0.0025syst ± 0.0014ext,

a2
0m+ = −0.024 ± 0.013stat ± 0.009syst ± 0.002ext.

In addition to the statistical, systematic, and external errors, a theoretical uncer-
tainty is found to be 0.0088(3.4%) for (a0

0 − a2
0)m+ and 0.015(62%) for a2

0m+.
From the measurement of pionium lifetime by the DIRAC experiment at the

CERN PS [31], a value of |a0
0−a2

0|m+ = 0.264+0.033
−0.020 was deduced which agrees

with NA48/2 result. Previous determinations of the ππ scattering lengths have
also relied on the measurement of K± → π+π−e±νe (Ke4) decay. Figure 7
compares the cusp ˇt results with the results from the analysis of a large sample
of Ke4 decays, also collected by the NA48/2 collaboration [30] (see Subsec. 2.2).

One can use the theoretical connection between two scattering lengths [23] in
order to extract a0

0−a2
0 with a better precision. With the ChPT constraint applied,

the result is (a0
0−a2

0)m+ = 0.2633±0.0024stat±0.0014syst±0.0019ext. Theoret-
ical uncertainty affecting the value of a0

0 − a2
0 is estimated to be ±2% (±0.0053).
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Fig. 7. 68% conˇdence level ellipses of the NA48/2 cusp analysis results (small solid line
ellipse: ˇt with the ChPT constraint; large solid line ellipse: ˇt using a0

0 − a2
0 and a2

0 as
independent parameters) and from Ke4 decay analysis [30] (dashed line ellipses). Vertical
lines: DIRAC result [31]. ChPT constraint is shown between the dotted curves. From [30]

The 68% conˇdence level ellipses corresponding to the results with ChPT con-
straint are also shown in Fig. 7, together with a ˇt to the Ke4 data which uses the
same ChPT constraint.

On the basis of the same K± → π±π0π0 decay analysis, a new empiri-
cal parameterization of this decay Dalitz plot has been proposed and ˇtted to
experimental data [32]. The square of the matrix element can be written as

d|M |2
dUdV

∝
[
1 +

gU

2
+

hU2

2
+

kV 2

2
+ a(Ut − U)qH(Ut − U)+

+ b(U − Ut)qH(U − Ut)
]2

(1 + pwδ(U − Ut)),

where H is the Heaviside step function, while U, V are deˇned in Subsec. 1.3.
The constant w is equal to 0.00015 (GeV/c2)2 and Ut = (4m2

π+ − s0)/m2
π+ .

Near the cusp point U = Ut this approximation is only valid if the s3

distribution is averaged over bins which are wider than the width of the peak
expected from π+π− bound states and other electromagnetic effects [33], all
decaying to π0π0. This electromagnetic peak is much narrower than the bin
width w used here, which is of the order of the experimental resolution.
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The following parameter values for this empirical parameterization are ex-
tracted from the data analysis:

g = 0.672 ± 0.001stat ± 0.011syst,

h = −0.027 ± 0.001stat ± 0.011syst,

k = 0.0081± 0.0002stat ± 0.0005syst,

a = −0.130 ± 0.003stat ± 0.007syst,

b = −0.038 ± 0.003stat ± 0.009syst,

p = 0.07 ± 0.01stat ± 0.03syst,

q = 0.45 ± 0.02stat ± 0.05syst.

2.2. Ke4 Decays and Pion Scattering. 2.2.1. K+−
e4 Decay. The kinematics of

the K± → π+π−e±ν (K+−
e4 ) decay is described by means of the ˇve CabibboÄ

Maksymowicz variables [34]: the square of dipion invariant mass Sπ, the square
of dilepton invariant mass Se, the angle θπ of the π± 	ight in the dipion rest
frame with respect to the 	ight direction of dipion in the kaon rest frame, the
angle θe of the e± in the dilepton rest frame with respect to the 	ight direction of
dilepton in the kaon rest frame, and the angle φ between the dipion and dilepton
planes in the kaon rest frame.

The decay amplitude is the product of the leptonic weak current and (V −A)
hadronic current, that can be described in terms of three (F, G, R) axial-vector
and one (H) vector complex form factors (for Ke4 decay the sensitivity of decay
matrix element to R form factor is negligible due to the small mass of electron).
These form factors may be developed in a partial wave expansion with respect to
the variable cos θπ:

F = Fs eiδfs + Fp eiδfp cos θπ + Fd eiδfd cos2 θπ + . . . ,

G = Gp eiδgp + Gd eiδgd cos θπ + . . . ,

H = Hp eiδhp + Hd eiδhd cos θπ + . . .

Limiting the expansion to S- and P-waves and considering a unique phase
δp for all P-wave form factors in the absence of CP-violating weak phases, one
will obtain the decay probability that depends only on the form factor magnitudes
Fs, Fp, Gp, Hp, a single phase δ = δs − δp and kinematic variables.

The form factors can be developed in a series expansion of the dimensionless
invariants q2 = (Sπ/4m2

π) − 1 and Se/4m2
π [35]. Two slope and one curvature

terms are sufˇcient to describe the measured Fs form factor variation within the
available statistics (Fs = fs(1+ f ′

s/fsq
2 + f ′′

s /fsq
4 + f ′

e/fsSe/4m2
π)), while two

terms are enough to describe the Gp form factor (Gp/fs = gp/fs +g′p/fsq
2), and

two constants to describe the Fp and Hp form factors.
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Normalized K+−
e4 hadronic form factors in the S- and P-wave and their

variation with energy have been obtained from the study of 1.13 million decays
with a low relative background (0.6%) collected in 2003Ä2004 [36].

Reconstructed events were distributed in 10 × 5 × 5 × 5 × 12 equally pop-
ulated bins in the (Sπ , Se, cos (θπ), cos (θe), φ) space. Ten independent ˇts (one
per Sπ bin) of ˇve parameters (Fp, Gp, Hp, δ, and a normalization constant that
absorbs Fs) were performed in four-dimensional space using the acceptance and
resolution information from Monte Carlo simulation. The value of the phase
difference δ was extracted from the measured asymmetry of φ distribution as a
function of Sπ.

The phase shift measurements can be related to the ππ scattering lengths
using the analytical properties and crossing symmetry of amplitudes (Roy equa-
tions [37]). In such a way the new precise measurements have been performed
for the scattering lengths with a correction for isospin breaking mass effects:

a0
0 = 0.2220± 0.0128stat ± 0.0050syst ± 0.0037th,

a2
0 = −0.0432± 0.0086stat ± 0.0034syst ± 0.0028th.

Using constraints based on analyticity and chiral symmetry [23], a more precise
value for a0

0 has been obtained: a0
0 = 0.2206±0.0049stat±0.0018syst±0.0064th.

Combining both Ke4 and cusp results from the two independent NA48/2
analyses with different sensitivities and using the constraint from ChPT [23],
most precise experimental values have been obtained [36]:

a0
0 = 0.2196± 0.0028stat ± 0.0020syst,

a0
0 − a2

0 = 0.2640± 0.0021stat ± 0.0015syst,

corresponding to a2
0 = −0.0444± 0.0007stat ± 0.0005syst ± 0.0008ChPT.

These last values can be used to estimate the phase of the direct CP-violating
parameter ε′, giving φε′ = (42.3 ± 0.4) deg at the MK0 energy of pions [36].

The best preceding ππ scattering lengths experimental result of BNL E865
collaboration [38] based on the Ke4 analysis

a0
0 = 0.228 ± 0.012stat ± 0.004syst

+0.012
−0.016th,

a2
0 = −0.0365± 0.0023stat ± 0.0008syst

+0.0031
−0.0026th

is in reasonable agreement with the above ˇnal NA48/2 values. As an example
of earlier measurements of a0

0 one can consider the CERN S118 collaboration
value [39] published in 1977: a0

0 = 0.28 ± 0.05.
The K+−

e4 normalized (divided by fs) form factor parameters have been
obtained by NA48/2 concurrently with the phase difference between the S- and
P-wave states. But the absolute values measurement of the form factor parameters
requires a branching fraction value. The corresponding K+−

e4 branching fraction
measurement of the NA48/2 experiment has been published in [41].
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Events selection for this purpose was rather close to the phase difference
analysis one [36], but it was somewhat improved and modiˇed for the maximum
similarity to the selection of normalization channel K± → π+π−π± (K+−

3π ).

A track with p > 2.75 GeV and 0.9 < E/p < 1.1 was identiˇed as e±, while
the track with p > 5 GeV and E/p < 0.8 was regarded as π±. A dedicated
linear discriminant variable based on shower properties has been applied to reject
events with one misidentiˇed pion.

K+−
e4 candidates were selected among the vertices with a single e± candi-

date and a pair of π+π−. To suppress K+−
3π background, the vertex invariant

mass M3π in the π+π−π± hypothesis and its transverse momentum pt were re-
quired to be outside an ellipse centered at PDG kaon mass [42] and zero transverse
momentum, with semi-axes of 20 and 35 MeV/c, respectively.

The square missing mass of K± → π±X decay was required to be larger than
0.04 (GeV/c2)2 in order to reject π±π0 decays with a subsequent π0 → e+e−γ
process. The invariant mass of any possible e+e− system was required to be
more than 0.03 GeV/c2 to suppress the photon conversions.

For K+−
e4 events, the reconstruction of the kaon momentum assuming a

four-body decay with the undetected neutrino was implemented, and the solution
closest to 60 GeV/c was assigned to kaon momentum. For the normalization
channel K+−

3π the vertex was required to be composed of three charged pions.
M3π and pt were inside the ellipse with semi-axes 12 and 25 MeV/c, respectively.

Events with reconstructed kaon momentum between 54 and 66 GeV/c were
kept for the further analysis. A total sample of about 1.1 million K+−

e4 candi-
dates and about 19 million prescaled K3π candidates were selected from the data
recorded in 2003Ä2004.

There are two main background sources for the signal of K+−
e4 : K± →

π+π−π± decays with a subsequent π → eν decay or a pion misidentiˇed as
an electron; and K± → π0(π0)π± with a subsequent π0 → e+e−γ decay with
undetected photons and an electron misidentiˇed as a pion. The background
contribution below 1% level has been reached.

A detailed GEANT3-based [43] Monte Carlo simulation was used to take
into account full detector geometry, DCH alignment, local inefˇciencies and beam
properties. The resulting K+−

e4 branching fraction is found to be BR(K+−
e4 ) =

(4.257 ± 0.004stat ± 0.016syst ± 0.031ext) · 10−5, which is 3 times more precise
than the PDG value available at that time [42]. External error, caused by the
uncertainty of the normalization channel branching fraction, is dominant in the
total error of the measurement.

The preceding results for this branching fraction, entering into the current
PDG ˇt ((4.254±0.032) ·10−5 [15]), are the S118 value (4.03±0.18) ·10−5 [39]
and the E865 one (4.11 ± 0.01 ± 0.11) · 10−5 [40].
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K+−
e4 form factor results comparison. In the E865 ˇt f ′

e = fp = 0 is assumed

NA48/2 [36, 41] E865 [38]

fs 5.705 ± 0.003stat ± 0.017syst ± 0.031ext 5.75 ± 0.02 ± 0.08

f ′
s 0.867 ± 0.040stat ± 0.029syst ± 0.005norm 1.06 ± 0.10 ± 0.40

f ′′
s −0.416 ± 0.040stat ± 0.034syst ± 0.003norm −0.59 ± 0.12 ± 0.40

f ′
e 0.388 ± 0.034stat ± 0.040syst ± 0.002norm Å

fp −0.274 ± 0.017stat ± 0.023syst ± 0.002norm Å

gp 4.952 ± 0.057stat ± 0.057syst ± 0.031norm 4.66 ± 0.05 ± 0.07

g′
p 0.508 ± 0.097stat ± 0.074syst ± 0.003norm 0.67 ± 0.10 ± 0.04

hp −2.271 ± 0.086stat ± 0.046syst ± 0.014norm −2.95 ± 0.19 ± 0.20

The measured branching fraction has been used to extract fs normalization
form factor, which completes the full description of hadronic form factor pa-
rameterization. For the comparison to the preceding result [38], see the table.
Currently only NA48/2 result is used to deˇne the PDG values of K+−

e4 normal-
ized form factor parameters [15].

2.2.2. K00
e4 Decay. For the case of K± → π0π0e±ν (K00

e4 ) decay, due to the
restrictions of symmetry, matrix element does not depend on θπ and φ angles. It
may be parameterized in terms of the only form factor Fs, that in general case
depends on Sπ and Se.

The K00
e4 rate is measured relative to the K± → π0π0π± (K00

3π) normalization
channel. These two modes are collected using the same trigger and with similar
event selections.

Events with at least four γ, detected by LKr, and at least one track, recon-
structed from spectrometer data, were regarded as K00

e4 or K00
3π candidates. Every

combination of four reconstructed γ's with energies E > 3 GeV was considered
as a possible pair of π0 decays. Reconstructed longitudinal positions Z1 and Z2

of both π0 → 2γ decay candidates were required to coincide within 500 cm, with
their average position Zn = (Z1 + Z2)/2 in the ˇducial volume 106 m long.

Decay longitudinal position Zch, assigned to the track, was deˇned by the
closest distance approach between the track and the beam axis. Combined vertex,
composed of four LKr clusters and one charged track with momentum p > 5 GeV,
was required to have the difference |Zn − Zch| less than 800 cm. If several

combinations satisfy the vertex criteria, the case of minimum

(
Z1 − Z2

σn

)2

+(
Zn − Zch

σc

)2

has been chosen, where σn and σc are the Zn-dependent widths

of corresponding distributions.
A track was preliminarily identiˇed as e±, if it has an associated LKr cluster

with E/p between 0.9 and 1.1, otherwise π± was assumed at the ˇrst stage.
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Further suppression of pions misidentiˇed as electrons is obtained by means of
discriminant variable which is a linear combination of E/p, shower width and
energy weighted track-to-cluster distance at LKr front face.

K00
e4 and K00

3π decays were discriminated by means of elliptic cuts in the
(Mπ0π0π± , pt) plane, where Mπ0π0π± is the invariant mass of combined vertex

in the K0
3π hypothesis, and pt is the transverse momentum. Elliptic cut separates

about 94 million K00
3π normalization events from about 65000 K00

e4 candidates.
Residual fake-electron background is about 0.65% of K00

e4 amount. Background
from K00

3π with the subsequent π± → e±ν is 0.12% of the signal, and the
accidental-related background is about 0.23%. It gives in total 1% of background
admixture.

For the case of K± → π0π0e±ν (K00
e4 ) decay, due to the presence of two

identical particles in dipion, it cannot be in antisymmetric (l = 1) state, so
form factors cannot include P-terms. In the ˇrst approximation, only S-wave
contributes, and the matrix element is parameterized in terms of the only form
factor Fs, which may depend on Sπ and Se. Form factor Fs was extracted from
the ˇt of events distribution on (Se, Sπ) plane, taking into account the acceptance,
calculated from MC simulation.

The following empirical K00
e4 form factors parameterization has been proposed

for the ˇrst time:

Fs

fs
= 1 +

(
f ′

s

fs

)
q2 +

(
f ′′

s

fs

)
q4 +

(
f ′

e

fs

)
Se

4m2
π

for q2 > 0,

Fs

fs
= 1 + d

√∣∣∣∣ q2

(1 + q2)

∣∣∣∣ +
(

f ′
e

fs

)
Se

4m2
π

for q2 < 0.

The results of the ˇt published in [44] are in good agreement with the above
NA48/2 K+−

e4 analysis:

f ′
s

fs
= 0.149 ± 0.033stat ± 0.014syst,

f ′′
s

fs
= −0.070 ± 0.039stat ± 0.013syst,

f ′
e

fs
= 0.113 ± 0.022stat ± 0.007syst,

d = −0.256 ± 0.049± 0.016syst.

Below the threshold of Sπ = (2mπ±)2 the measured K00
e4 decay form factor

shows some deˇcit of events with respect to the polynomial approximation, which
is well described by the used empirical parameterization (Fig. 8). It looks similar
to the cusp effect of π+π− → π0π0 rescattering in K± → π0π0π± decay.
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Fig. 8. K00
e4 normalized form factor squared as a function of q2. The line corresponds to

the adopted empirical ˇt. The arrow points to the 2mπ threshold. From [44]

The obtained form factor was used to obtain the ˇnal result of branching frac-
tion measurement [44]: BR(K00

e4 ) = (2.552± 0.010stat ± 0.010syst ± 0.032ext)×
10−5. Systematic error includes the contributions from background, simulation
statistical error, sensitivity to form factor, radiation correction, trigger efˇciency
and beam geometry. External error comes from uncertainty of normalization

channel K00
3π branching fraction.

This result is 10 times more precise than the last PDG value (2.2 ± 0.4) ×
10−5 [15], still deˇned mainly by the early measurements [45] (BR(K00

e4 ) =
(2.54 ± 0.89) · 10−5) and [46] (Γ(K00

e4 )/Γ(π0e−νe) = (4.2+1.0
−0.9) · 10−4).

2.3. Kl3 Decays Form Factors. Semileptonic kaon decays K → πlν offer
the most precise determination of the CKM matrix element |Vus|. The hadronic
matrix element of these decays is usually described in terms of two form factors
(vector f+(t) and scalar f0(t) ones), both depending on t = (pK − pπ)2.

Since the measurement of the matrix element overall normalization is a sepa-
rate experimental task with its speciˇc systematic uncertainties, normalized decay
form factors f̄+,0(t) are usually deˇned in such a way that f̄+,0(0) = 1. Histori-
cally, the ˇrst set of parameterizations for these functions was the quadratic one:

f̄+,0(t) = 1 + λ′
+,0

t

m2
π

+
1
2
λ′′

+,0

t2

m4
π

.

The NA48/2 experiment with the charged kaon beams provides a largest
events statistics, collected in 2003 and 2004, for precision measurement of both

K± → π0μ±ν (K±
μ3) and K± → π0e±ν (K±

e3) semileptonic decay form factors.
At least one track in spectrometer and two clusters in the electromagnetic

calorimeter were required by the event selection procedure. The track had to be in
the geometrical acceptance of the relevant detector elements (DCH, LKr, MUV).

For electron tracks a proper timing and a momentum p > 5 GeV/c were
required. For muons the momentum needed to be greater than 10 GeV/c to en-
sure proper efˇciency of the MUV system. To identify the track as a muon, the
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presence of associated hit in the MUV system and E/p < 0.2 were necessary.
Here E is the energy measured by LKr (in GeV) and p is the DCH track momen-
tum (in GeV/c). For electrons a range of 0.95 < E/p < 1.05 and the absence of
associated hit in the MUV system were required.

Two LKr clusters with energies E > 3 GeV were regarded as a candidate to
π0 decay, if both of them were well isolated from any track hitting the calorimeter,
and both were in time with the selected charged track. An absolute value of
missing mass squared of the reconstructed K±

l3 event with an undetected neutrino

was required to be less than 0.01 (GeV/c2)2.
For K±

μ3, the background from K± → π±π0 events with the subsequent
π± → μ±ν decay was suppressed by means of combined cut of the invariant
mass mπ±π0 (under π± hypothesis) and π0 transverse momentum. Residual
background contamination is 0.5%.

Another source of background is due to K± → π±π0π0 events with the
π± decay and a lost π0. The corresponding estimated contamination amounts to
about 0.1%. It is a small contribution, but it introduces a slope in the Dalitz plot.
So the corresponding correction has been applied at the ˇnal analysis stage.

For K±
e3, only the background from K± → π±π0 with π± misidentiˇed as

electron signiˇcantly contributes to the signal. A cut in the transverse momentum
of the event reduced this background to less than 0.1%.

Fig. 9. 68% conˇdence level contours for the Kl3 combined quadratic ˇt results (from [48]):
1 Å KTeV (K0, [49]); 2 Å KLOE (K0, [50]); 3 Å Istra+ (K−, [51, 52]); 4 Å NA48
(K0, [53]); 5 Å NA48/2 (K±, preliminary result [48]). The FlaviaNet group ˇt results [54]
are shown as gray areas. From [48]
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As a result, 2.5 · 106K±
μ3 and 4.0 · 106K±

e3 decays were selected. The recon-
structed Dalitz plot was corrected for remaining background, detector acceptance
(simulated by means of Monte Carlo program based on GEANT3 package [43])
and distortions induced by radiative effects. The radiative effects were simulated
by using a special Monte Carlo generator developed by the KLOE collabora-
tion [47]. To extract the form factors, a two-dimensional ˇt to the Dalitz plot
density was performed in space of the lepton and pion energies in the kaon center
of mass.

The Kl3 quadratic parameterization ˇt combined results of recent experiments
are shown in Fig. 9. The 68% conˇdence level contours are plotted for both
neutral K0

l3 (KLOE, KTeV, and NA48) and charged K±
l3 decays.

The preliminary NA48/2 results [48] are the ˇrst high-precision measurements
done with both K+ and K− mesons jointly. The obtained form factors are in
agreement with the other measurements (except K0

μ3 one from NA48 [53]) and
compatible with the FlaviaNet combined ˇt [54].

2.4. Rare Kaon Decays. The NA48 and NA48/2 data collected for their
primary goals of CP-violation measurement also provide a large sample of pre-
cisely measured kaon decays of many rare modes. These data are still used in
order to improve our knowledge about the strong interactions at low energies. As
an example we will discuss here just a few recent analyses of the rare decays
performed in the NA48/2 experiment.

2.4.1. K± → π±π0γ Decay. The total amplitude of the K± → π±π0γ decay
consists of two terms: the inner bremsstrahlung (IB) associated with the K± →
π±π0 decay (K±

2π) and a photon emitted from the π±, and the direct emission
(DE) in which the photon is emitted from the weak vertex. The IB branching

ratio could be evaluated from the QED corrections. It is suppressed because K±
2π

is suppressed by the ΔI = 1/2 rule, resulting in a relative enhancement of the
DE contribution.

Direct photon emission can occur through both electric (E) and magnetic (M)
dipole transitions. The E transition can interfere with the IB amplitude giving rise
to an interference term (INT), which can have CP-violating contribution. In ChPT
calculations DE arises only at the order of O(p4) and cannot be evaluated in a
model-independent way. The M part consists of two amplitudes: one reducible
and another expected to be small.

An experimental measurement of both DE and INT terms allows the deter-
mination of both the E and M contributions. The properties of K± → π±π0γ
decay can be described in terms of two variables: T ∗

π Å kinetic energy of π± in
the kaon rest frame, and W 2 = (PK · Pγ)(Pπ · Pγ)/(mKmπ)2, where PK , Pπ ,
Pγ are 4-momenta of K±, π± and γ, respectively.

The implemented selection criteria (see [55]) allowed one to select 600k
K± → π±π0γ decays in the range of 0 < T ∗

π < 80 MeV with the background
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level < 10−4. The DE term is proportional to W 4 and the INT term is propor-
tional to W 2. This allows one to decouple two term contributions comparing the
obtained W spectrum with the MC simulation and to measure the ratios [55]:

FracDE(0 < T ∗
π < 80 MeV) =

BRDE

BRIB
= (3.32 ± 0.15stat ± 0.14syst) · 10−2,

FracINT(0 < T ∗
π < 80 MeV) =

BRINT

BRIB
= (−2.35 ± 0.35stat ± 0.39syst) · 10−2.

This is the ˇrst observation of an interference term (INT) in the K± → π±π0γ
decay.

In addition, an asymmetry of branching ratios has been measured: AN =
(N+ − RN−)/(N+ + RN−), where N+ and N− are the numbers of K+ →
π+π0γ and K− → π−π0γ decays, respectively, and R is the ratio of the num-
bers of K+ and K− in the beam. This asymmetry, indicating a possible CP

violation in decay, has been obtained to be less than 1.5 · 10−3 at the 90% C.L.
A measured asymmetry of W spectra gives another upper limit for CP violation:
AW = (−0.6 ± 1.0stat) · 10−3. The current PDG value [15] of this experimental
asymmetry (9±33)·10−3 is based on the late seventies' results (8±58)·10−3 [56]

and (10 ± 40) · 10−3 [57].

2.4.2. K± → π±l+l− Decays. The FCNC processes K± → π±l+l−

(l = e, μ) are induced at one-loop level in the Standard Model. Their decay
rates are dominated by the long-distance contribution via one-photon exchange,
and have been described by the Chiral Perturbation Theory (ChPT). Recent pre-
cise measurements of these decays based on the data collected by the NA48/2
experiment have been reported in the papers [58,62].

The decay is supposed to proceed through single virtual photon exchange,
resulting in a spectrum of the z = (Mee/MK)2 kinematic variable sensitive to
the form factor W (z) [63]:

dΓ
dz

=
α2MK

12π(4π)4
λ3/2(1, z, r2

π)

√
1 − 4

r2
l

z

(
1 + 2

r2
e

z

)
|W (z)|2, (6)

where rl = ml/MK , rπ = mπ/MK , and λ(a, b, c) = a2+b2+c2−2ab−2ac−2bc.
The following parameterizations of the form factor W (z) are considered in the
NA48/2 analysis:

1. Linear: W (z) = GF M2
Kf0(1 + δz) with free parameters f0 and δ.

2. Next-to-leading order ChPT [63]: W (z) = GF M2
K(a+ + b+z) + W ππ(z)

with free parameters (a+, b+) and an explicitly calculated pion loop term W ππ(z).
3. Combined framework of ChPT and large-Nc QCD [64]: the form factor

is parameterized as W (z) ≡ W (w̃, β, z) with free parameters (w̃, β).
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4. ChPT parameterization [65] involving meson form factors: W (z) ≡
W (Ma, Mρ, z). The resonance masses (Ma, Mρ) are treated as free parame-
ters in the present analysis.

2.4.3. K± → π±e+e− Decay. The K± → π±e+e− decay rate is measured
by NA48/2 relative to K± → π±π0

D normalization channel (where π0
D → e+e−γ

is the Dalitz decay) [58]. A large part of the selection is common to signal and
normalization modes. Three-track vertices were reconstructed by extrapolation
of track segments from the spectrometer into the ˇducial decay volume. The
tracks measured momenta were in the range of 5 < p < 50 GeV/c. Track
separations exceeded 2 cm in DCH1 plane to suppress γ conversions, and 15 cm
in LKr front plane to minimize effects of shower overlaps. The three-track
vertex was required to be composed of one π candidate (E/p < 0.85) and a
pair of oppositely charged e± candidates (E/p > 0.95). For the normalization
channel an LKr cluster from γ with E > 3 GeV was required additionally. The
reconstructed kaon total momentum was accepted within the beam nominal range:
54 < |�pπee| < 66 GeV/c, while the transverse momentum with respect to the beam
trajectory (measured using the concurrently acquired K± → 3π±) was less than
0.5 · 10−3 (GeV/c)2.

In the case of signal K± → π±e+e− mode, the π±e+e− invariant mass was
required to be inside the range of 470 < Mπee < 505 MeV/c2. The lower limit
corresponds to an Eγ < 23.1 MeV cutoff for the energy of a single directly unde-
tectable soft IB photon. In order to avoid a large background from K± → π±π0

D ,
the signal decay was analyzed only in the region of z = (Mee/MK)2 > 0.08,
which leads to a loss of ∼ 30% of the signal sample. The reconstructed π±e+e−

invariant mass spectrum is presented in Fig. 10, a. Background contamination is
measured to be (1.0 ± 0.1)%.

For the K± → π±π0
D normalization mode candidates, an e+e−γ invariant

mass compatible with a π0
D decay was required: |Meeγ −Mπ0 | < 10 MeV/c2, as

well as the reconstructed kaon invariant mass compatible with its expected value:
475 < Mπeeγ < 510 MeV/c2.

The Coulomb factor and radiative corrections are taken into account; they
are crucial for the extrapolation of the branching ratio from the limited Mπee

signal region.

The z spectrum of the data events in the visible region z > 0.08 are presented
in Fig. 10, b. The values of dΓπee/dz in the centre of each i-bin of z are
computed as

(
dΓπee

dz

)
i

=
Ni − NB

i

Nn

An(1 − εn)
Ai(1 − εi)

1
Δzi

�

τK
BRn. (7)
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Fig. 10. a) Reconstructed spectrum of π±e+e− invariant mass: data (dots) and MC simu-
lation (ˇlled area). b) dΓπee/dz and ˇt results according to the four considered models.
From [58]

Here Ni and NB
i are numbers of K± → π±e+e− candidates and background

events in the ith bin; Nn is the number of the normalization channel K± → π±π0
D

events (background subtracted); Ai and εi are geometrical acceptance and trigger
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inefˇciency in the ith bin for the signal sample (computed by MC simulation);
An and εn are those for K± → π±π0

D events; Δz is the bin width set to 0.02.
The external inputs are the kaon lifetime τK and normalization branching ratios

entering BRn = BR(K± → π±π0) · BR(π0
D).

The values of dΓπee/dz and results of the ˇts to the four models are presented
in Fig. 10. Each of the considered models provides a reasonable ˇt to the data.
The differences between model-dependent branching fractions come from the
region z < 0.08.

From a sample of 7253 K± → π±e+e− decay candidates with 1.0% back-
ground contamination, the branching ratio in the full kinematic range, which in-
cludes a model-dependence uncertainty, has been measured to be BR = (3.11 ±
0.04stat ± 0.05syst ± 0.08ext ± 0.07model) · 10−7. It is in reasonable agree-
ment (see Fig. 12) with the previous measurements: (2.7 ± 0.5) · 10−7 (GenevaÄ
Saclay [59]), (2.75±0.23stat±0.13syst) ·10−7 (E777 [60]) and (2.94±0.05stat±
0.13syst ± 0.05model) · 10−7 (E865 [61]).

The direct CP-violating charge asymmetry of decay rates has been mea-
sured for the ˇrst time: Δ(K±

πee) = (BR+ − BR−)/(BR+ + BR−) = (−2.2 ±
1.5stat±0.6syst)·10−2, corresponding to an upper limit of |Δ(K±

πee)| < 2.1 ·10−2

at 90% CL.

2.4.4. K± → π±μ+μ− Decay. The K± → π±μ+μ− decay (Kπμμ) rate has
been measured by NA48/2 relative to K± → π±π+π− normalization channel
(K3π) [62]. Charged tracks were selected with momenta > 10 GeV/c to ensure
high muon identiˇcation efˇciency. One of the tracks was required to have
E/p < 0.85 and no in-time associated hits in MUV, which one could expect
for charged pion. For Kπμμ case both tracks were required to be compatible
with muons (E/p < 0.2 and associated hits in the ˇrst two planes of MUV),
while for K3π selection for these two tracks there was no particle identiˇcation
requirements. In both cases the corresponding reconstructed kaon mass was
selected within ±8 MeV/c2 around PDG value (Fig. 11, a).

The values of dΓπμμ/dz in small z bins have been extracted from data
according to (7) with the corresponding normalization channel K± → π±π+π−.
The effective zi values, at which (dΓπμμ/dz)i are evaluated, are corrected for
the distribution nonlinearity following [66]. The resulting distribution is plotted
in Fig. 11, b together with the linear ˇt result. The ˇts to the other models are
very similar and are not shown. The model-independent BR is evaluated by
integration of the spectrum [64] normalized to the full K± decay width �/τK .

From a sample of 3120 K± → π±μ+μ− decay candidates with a (3.3±0.7)%
background contamination, the model-independent branching fraction has been
measured to be BR = (9.62± 0.21stat ± 0.11syst ± 0.07ext) · 10−8, and the form
factor that characterizes the decay has been evaluated in the framework of four
models. The branching fraction result is in agreement with the previous results
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Fig. 11. a) Reconstructed spectrum of π±μ+μ− invariant mass: data (dots), K± →
π±μ+μ− MC simulation and K± → 3π± background estimate (ˇlled areas).
b) dΓπμμ/dz and ˇt result with a linear form factor parameterization. From [62]

(9.8±1.0±0.5) ·10−8 (HyperCP [67]) and (9.22±0.6±0.49) ·10−8 (E865 [68]),
but disagrees with the earliest result (5.0 ± 0.4 ± 0.6 ± 0.7) · 10−8 (E787 [69]),
see Fig. 12.
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Fig. 12. a) Comparison of the NA48/2 BR(K± → π±e+e−) result [58] with the other
experimental results [59Ä61] and with the last PDG ˇt output [15]. b) Comparison of the
NA48/2 BR(K± → π±μ+μ−) result [62] with [69, 68, 67] and with the last PDG ˇt

Separate measurements of the BR for K+ and K− decays allow the evalu-
ation of the CP-violating charge asymmetry of the decay rate that has been
measured to be (1.1 ± 2.3)%. It is an essential improvement in precision with
respect to the previous measurement (−2 ± 11 ± 4)% [67]. Apart from that, a
90% CL upper limit of 2.3% for the decay rate forwardÄbackward asymmetry
has been established by NA48/2 for the ˇrst time.

Also an upper limit of 1.1 · 10−9 for the branching fraction of the lepton-
number-violating K± → π∓μ±μ± decay has been obtained. This is an improve-
ment by almost a factor of 3 with respect to the best previous limit 3 · 10−9 [70].

2.4.5. K± → π±γγ Decay. In the ChPT framework, the K± → π±γγ decay

receives two noninterfering contributions at lowest nontrivial order O(p4): the
pion and kaon loop amplitude depending on an unknown O(1) constant ĉ repre-
senting the total contribution of the counterterms, and the pole amplitude [71].

New measurements of this decay have been performed using data collected
during a 3-day special NA48/2 run in 2004 and a 3-month NA62 run in 2007.
The Kπγγ decay rate has been measured with respect to the normalization decay

chain: K± → π±π0 decay followed by π0 → γγ.

For both signal and normalization modes, only one reconstructed charged
particle track with the closest distance of approach (CDA) to beam axis less
than 3.5 cm and with the momentum p between 8 and 50 GeV/c was required.
The ratio of corresponding LKr cluster energy to the track momentum, measured
by means of spectrometer, was E/p < 0.8. Two LKr clusters with energies
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Fig. 13. a) NA62 (RK phase) reconstructed spectrum of π±γγ invariant mass: data
(dots), signal MC simulation and background estimate (ˇlled areas). b) Reconstructed
z = (mγγ/mK)2 spectrum for selected Kπγγ candidates compared to the simulated signal
and background distributions. Signal region is indicated with vertical arrows. From [72]
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E > 3 GeV/c in time with the track (±15 ns), but separated by at least 25 cm
from the track impact point on LKr front plane were considered as γ candidates.
An energy-dependent upper limit was imposed on the cluster lateral width to
suppress the contribution of cases with cluster merging.

Signal events are selected in the region of z = (mγγ/mK)2 > 0.2 to reject
the K± → π±π0 background peaking at z = 0.075 (see Fig. 13). For K2π as a
normalization channel, 0.064 < z < 0.086 was required. 149 (232) decays candi-
dates are observed in the 2004 (2007) data set, with backgrounds contaminations
of 10.4% (7.5%) from K± → π±π0(π0)(γ) decays with merged photon clusters
in the electromagnetic calorimeter.

The values of ĉ in the framework of the ChPT O(p4) and O(p6) parame-
terizations [73], as well as branching ratio, have been measured using likelihood
ˇts to the data. The main systematic effect is due to the background uncertainty.
Uncertainties related to trigger, particle identiˇcation, acceptance and accidental
effects were found to be negligible. The ˇnal combined results based on 2004
and 2007 runs data [72, 74] are: for O(p4) ˇt, ĉ = 1.72 ± 0.20stat ± 0.06syst;
for O(p6) ˇt, ĉ = 1.86 ± 0.23stat ± 0.11syst; for O(p6) ˇt, branching fraction
BR(Kπγγ) = (1.003 ± 0.056) · 10−6. The model-independent branching ratio
for z > 0.2 is equal to (0.965 ± 0.063) · 10−6. New results are in agreement
with the earlier (based on 31 events) BNL E787 [75] ones: ĉ = 1.8 ± 0.6, total
BR(Kπγγ) = (1.1 ± 0.3stat ± 0.1syst ± 0.12model) · 10−6.

3. STANDARD MODEL AND POSSIBLE EXTENSIONS

3.1. Ratio of the Charged Kaon Leptonic Decay Rates. In the Standard
Model (SM) the decays of pseudoscalar mesons to light leptons are helicity
suppressed. Although the SM predictions for the leptonic decay rates are limited
by hadronic uncertainties, their speciˇc ratios can be computed very precisely.
In particular, the SM prediction for the ratio RK = Γ(Ke2)/Γ(Kμ2) of kaon
leptonic decay widths inclusive of internal bremsstrahlung (IB) radiation is [76]

RSM
K =

(
me

mμ

)2 (
m2

K − m2
e

m2
K − m2

μ

)2

(1 + δRQED) = (2.477± 0.001) · 10−5, (8)

where δRQED is electromagnetic correction due to the IB and structure-depen-
dent effects.

Within certain two Higgs doublet models (2HDM of type II), including
the minimal supersymmetric model (MSSM), RK is sensitive to lepton-	avour-
violating (LFV) effects appearing at the one-loop level via the charged Higgs bo-

son (H±) exchange representing a unique probe into mixing in the right-handed
slepton sector [77Ä79].

A new experimental result for RK based on the dedicated data collected
in 2007 by the NA62 collaboration was published in 2013 [4]. The measure-
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ment method is based on counting the numbers of reconstructed Ke2 and Kμ2

candidates collected concurrently. RK evaluation is performed independently in
10 bins of lepton momentum covering the range of 13−65 GeV/c for four statisti-
cally independent data samples (collected for two different detector conˇgurations
and two kaon charge signs). Acceptances were calculated by means of Monte
Carlo simulation, but the particle identiˇcation, trigger and readout efˇciencies
were measured directly from the experimental data.

Due to the topological similarity of Ke2 and Kμ2 decays, a large part of the
selection conditions is common for both decay modes: (1) exactly one recon-
structed positively charged particle compatible with that originating from a beam
K decay; (2) its momentum 13 < p < 65 GeV/c (the lower limit is due to the
10 GeV LKr energy deposit trigger requirement); (3) extrapolated track impact
points in subdetectors are within their geometrical acceptances; (4) no LKr energy
deposition clusters with energy E > 2 GeV not associated to the track, to sup-
press background from other kaon decays; (5) distance between the charged track
and the nominal kaon beam axis CDA < 3 cm, and decay vertex longitudinal
position within the nominal decay volume.

Selection conditions for missing mass were dependent on lepton momentum
and on the missing mass resolution for the speciˇc decay mode. Particles with
0.95 < E/p < 1.1 (E/p < 0.85) were identiˇed as positrons (muons).

At high lepton momentum, the Kμ2 decay with a misidentiˇed muon
(E/p > 0.95) is the largest background source. The dominant process leading
to misidentiˇcation of the muon as a positron is a ©catastrophicª bremsstrahlung
in or in front of LKr leading to signiˇcant energy deposit in LKr. The muon
misidentiˇcation probability Pμe has been measured as a function of momen-
tum. To collect a muon sample free from the positron contamination, a 9.2X0

thick lead (Pb) wall covering ≈ 20% of the geometric acceptance was installed
approximately 1.2 m in front of the LKr calorimeter.

To evaluate the correction factor fPb = Pμe/PPb
μe , a dedicated MC simulation

based on Geant4 (version 9.2) has been developed to describe the propagation
of muons downstream of the last DCH, involving all electromagnetic processes
including muon bremsstrahlung [80].

A ˇt to the measurements of RK in the 10 lepton momentum bins (see Fig. 14)
for four data samples collected in different experimental conditions has been
performed, taking into account the bin-to-bin correlations between the systematic
errors. The result is

RK = (2.488 ± 0.007stat ± 0.007syst) · 10−5. (9)

It is in agreement with the most precise previous measurement result of KLOE
RK = (2.493 ± 0.025stat ± 0.019syst) · 10−5 [81]. Current PDG value 2.488 ±
0.009 [15] is the average of these two results.
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Fig. 14. RK measurements in lepton momentum bins. From [4]

This measurement of lepton-	avour-violation parameter RK is consistent
with the SM expectation, and can be used to constrain multi-Higgs [77] and
fourth-generation [82] new physics scenarios.

3.2. Search for the Dark Photon. Charged kaons represent a source of tagged
neutral pion decays, mainly via K± → π±π0 decay. Therefore, high-intensity
kaon experiment provide opportunities for precision studies of π0 decay physics.
The large sample of neutral pions produced and decaying in vacuum collected
by NA48/2 allows for a high-sensitivity search for the dark photon (DP, A′), a
hypothetical gauge boson appearing in hidden sector of new physics models with
an extra U(1) gauge symmetry.

Dark Photon (DP) is characterized by a priori unknown mass mA′ and mixing
parameter ε deˇning the interaction of DP with the visible sector. It may be
registered via the chain of decays: K± → π±π0, π0 → γA′, A′ → e+e−, with
three charged particles and a photon in the ˇnal state.

For kinematical and theoretical reasons, with a good precision one can expect
BR(A′ → e+e−) ≈ 1. Its mean path in the NA48/2 conditions does not exceed
10 cm and can be neglected in the ˇrst approximation. So the three-track vertex
topology can be used without signiˇcant acceptance loss. Dalitz decay π0

D →
e+e−γ represents an irreducible background and determines the sensitivity.

In the NA48/2 experiment a dedicated two-level trigger was in operation to
collect three-track decays with an efˇciency of about 98%. A sample of about
4.7 · 106 reconstructed π0

D decay candidates in the e+e− invariant mass range
mee > 10 MeV/c2 with a negligible extra background has been selected. The
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candidates mainly originate from K± → π±π0
D decays (K2πD), with 0.15%

coming from the K± → π0
Dμ±ν decays (Kμ3D).

The reconstructed e+e− invariant mass (mee) spectrum of the K2πD can-
didates does not display any narrow peaks that would be a signature of a dark
photon produced in π0

D decay and decaying promptly to e+e−.

A search for the DP assuming different mass hypotheses with a variable mass
step has been performed. In total, 398 DP mass hypotheses have been tested in
the range 10 < mee < 125 MeV/c2.

For all of them the statistical signiˇcance of DP signal S = (Nobs −
Nexp)/

√
(δNobs)2 + (δNexp)2 (where Nobs and Nexp are the observed and ex-

pected number of events, correspondingly) does not exceed 3.5, meaning that no
signiˇcant signal is observed.

The upper limits at 90% CL on BR(π0 → γA′) as well as the upper limits
on the mixing parameter ε2 value calculated from these branching fraction limits
for each of the mass hypotheses are published in [83].

In Fig. 15, the NA48/2 upper limits for ε2 are shown together with the con-
straints from the SLAC E141 and FNAL E774 [84Ä86], KLOE [87], WASA [88],
HADES [89], A1 [90], APEX [91], and BaBar [92] experiments. Also shown
is the band where the discrepancy between the measured and calculated muon

Fig. 15. Upper limits obtained by NA48/2 at 90% CL on the mixing parameter ε2 versus
dark photon mass, compared to other published exclusion limits (see text for references).
From [83]
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(g − 2) values falls into the ±2σ range due to the dark photon contribution, as
well as the region excluded by the electron (g − 2) measurement [93Ä95].

The region of dark photon mass m(A′) < 10 MeV/c2 is excluded at 90% CL
by the electron beam dump experiments [86], while the lowest upper limits
for m(A′) > 60 MeV/c2 are currently provided by the A1 [90], APEX [91],
and BaBar [92], typically at the ε2 order of magnitude of 10−6. The NA48/2
collaboration has established the upper limit below ε2 = 10−6 for the dark
photon mass between 10 and 90 MeV/c2. This result represents a considerable
improvement over the existing data in the mass range 10−60 MeV/c2.

3.3. Prospects for the K+ → π+νν̄ Decay Study in the NA62 Experiment.
NA62 is a kaon decay in ˇght experiment at the CERN SPS. Its primary aim
is to measure the branching ratio of the ultrarare decay K+ → π−νν̄ (expected
branching ratio is of the order of 10−10) with 10% precision by collecting about
100 signal events [5].

This decay is a Flavour Changing Neutral Current process, which in the
Standard Model is forbidden at tree level. The hadronic matrix element entering
the decay amplitude can be determined from semileptonic data. As a result, for
this decay there is a theoretically clean dependence of probability on the CKM
matrix elements Vts · Vtd. Due to suppression in the framework of the Standard
Model the K+ → π+νν̄ decay is a very sensitive probe of new physics.

The current experimental status of this decay is deˇned by the E787 and
E949 experiments at BNL. Both experiments identiˇed K+ → π−νν̄ decays by
detecting the outgoing pion from kaon decays at rest. They have registered a
combined total of seven events, which leads to the branching ratio measurement

BR(K+ → π−νν̄) = 1.73+1.15
−1.05 · 10−10 [96].

Large statistics in NA62 will be achieved by using a high-intensity kaon
beam. Protons from SPS beam will produce a secondary positively charged beam
with a central momentum of 75 GeV/c, consisting of kaons, protons, and pions.
The total beam rate will be 750 MHz, resulting in 4.5 · 1012 K+ decays per year.

The signal signature is a single K+ upstream matched with a single positive
track downstream and no other particles detected. Most backgrounds to the
signal decay come from other kaon decays with similar decay signatures when
one or more of the decay products is misidentied or not detected. Experimental
strategy combines high-resolution particle tracking and momentum measurement
with particle identiˇcation in order to achieve a signal/background ratio of the
order of 10.

Accidental coinciding of decay products with another beam kaon will be
suppressed by tagging the kaon before it decays. Kinematical background sup-
pression is based on the different missing mass m2

miss = (pK − pπ)2 distributions
of signal and background modes. It requires a good momentum resolution both
for charged kaon and for outgoing charged pion.
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Fig. 16. The NA62 detector layout (from [97]). See the text for notations

The NA62 setup (Fig. 16) is using K+ decaying in 	ight from the unseparated
(75 ± 1) GeV/c charged beam. The 65-m-long decay volume is contained in a
vacuum in order to keep the scattering-related background below the level of
1 event/year.

GigaTracker spectrometer based on silicon pixel detectors is used to measure
the kaon momentum and direction with a resolution of σ(p)/p = 0.2% and
σ(θ) = 16 μrad.

Straw tracker (STRAW in Fig. 16) made of four straw chambers and a dipole
magnet providing the transverse momentum kick of pt = 270 MeV/c is used to
measure the decay charged products momenta and position in space. Its expected
momentum resolution is σ(p)/p = ((0.32 ⊕ 0.008)p)%.

The CEDAR, a Cherenkov differential counter, is used to identify kaons in
the unseparated beam with 95% efˇciency and time resolution below 100 ps at a
rate of 45 MHz. Charged hodoscope CHOD will be used for triggering. Muon

veto system (MUV) made of iron-scintillator calorimeters will veto K+ → μ+ν
decays at the 105 rejection level.

RICH is a ring-imaging Cherenkov counter that is used to provide an addi-
tional π−μ separation and for the additional pion time measurement.

The photon veto system will reduce the background caused by many kaon
decay modes, including the dominating π+π0 decay. The requirement on the
π+ momentum p < 35 GeV/c guarantees the ˇnal-state gamma quanta total energy
of about 40 GeV. Three groups of veto detectors will provide an angular coverage
up to 50 mrad: the Large Angle Vetoes (LAV) made of rings of lead-glass blocks,
LKr electromagnetic calorimeter and the small angle vetoes system that consists
of the intermediate ring calorimeter (IRC) and the small-angle calorimeter (SAC).

All the detector elements implemented together should guarantee the rejection
factor for generic kaon decays of the order of 1012, as well as the possibility to
measure efˇciencies and background suppression factors directly from the data.
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CONCLUSIONS

Even in the modern era of high-energy colliders the physics of kaon decays
working on the particle physics intensity frontier is one of the most important
sources of new knowledge on the fundamental properties of Nature.
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