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Kaons at CERN: recent results and prospects
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Abstract. The NA48/2 and NA62 experiments at CERN study rare kaon decays using
the decay in ﬂight technique. In this paper two selected topics will be presented: new
measurements performed by the two experiments of the K ± → π± γγ decay which represents a stringent test of the Chiral Perturbation Theory and the measurement of the
Branching Ratio of the very rare decay K + → π+ νν at 10% level, that will provide a test
of the Standard Model and possible extensions beyond it.

1 Introduction
The study of kaons has always been an important source for the investigation of the ﬂavour sector of
fundamental interactions and for the understanding of the symmetries of nature.
Since the discovery of CP violation in 1964 in K 0 → π+ π− [1] kaons remain a privileged observatory for ﬂavour physics phenomena where all the features of ﬂavour physics are present: kaons are
a rather simple system of the lightest mesons containing a quark ﬂavour of a generation beyond the
ﬁrst, they have rather long lifetimes and are produced in large quantity. In the era of the high energy
frontier, the ﬂavour sector can probe the high energy scale exploiting the precision frontier, complementary to the high energy one. In addition, processes that are suppressed in the Standard Model
(SM) are very sensitive to New Physics (NP), therefore the study of rare kaon decays can provide a
deeper insight in fundamental physics.
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2 The K ± → π± γγ decay
The Chiral Perturbation Theory (ChPT) provides a systematic approach to the intrinsically nonperturbative nature of the strong interactions in kaon physics. Radiative non-leptonic kaon decays
provide a crucial test of this theory and can give information on the structure of hadronic interactions
at low energy. The contributions of the chiral lagrangian to this decay [2] appear at O(p4 ), where only
the ΔI = 1/2 invariant amplitudes A(z) and C(z),with z = m2γγ /m2K ± , contribute. The decay rate and
the spectrum strongly depend on a single parameter ĉ predicted to be O(1). The invariant mγγ distribution is favored above 2mπ+ and exibits a cusp at 2mπ+ threshold. Calculations at O(p6 ) [3] show
that unitarity correction modify the decay spectrum signiﬁcantly, leading, in particular, to non-zero
diﬀerential decay rate at zero di-photon invariant mass .
The ChPT predictions for the decay spectra for values of ĉ = −2; 0; 2 are shown in Fig. 1 for O(p4 )
and O(p6 ) parametrization: the diphoton mass spectra exhibit a characteristic cusp at twice the pion
mass due to the dominant pion loop amplitude.
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Figure 1. ChPT predictions for K ± → π± γγ diﬀerential rate in terms of z = m2γγ /m2K ± for O(p4 ) (left) and O(p6 )
(right) parametrization [3].

On the experimental side, there is only one published result by the BNL E787 experiment [4],
based on 31 K ± → π± γγ candidates, in the kinematic region 100MeV/c < p∗π < 180MeV/c (p∗π is the
π+ momentum in the K + frame).
2.1 Beam, detector and data taking

The NA48/2 and NA62 experiments used the same beam line and detector. However beam line parameters and spectrometer magnet transverse momentum kick were signiﬁcantly diﬀerent. Simultaneous
K + and K − beams were produced by 400 GeV/c primary SPS protons impinging on a beryllium target.
Charged particles were selected by an achromatic system of four dipole magnets, which split the two
beams in the vertical plane and recombined them on a common axis. The resulting beam momenta
were of (60 ± 3) GeV/c for NA48/2 and (74 ± 1.4) for NA62. The momenta of K ± decay products
were measured by a magnetic spectrometer, housed in a tank ﬁlled with helium at nearly atmospheric
pressure, located downstream of the decay vacuum tank. The spectrometer consisted of four drift
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chambers (DCH) with a transverse width of 2.9 m: DCH1, DCH2 located upstream and DCH3,
DCH4 downstream of a dipole magnet that provided a horizontal transverse momentum kick of 120
MeV/c (265 MeV/c) and a momentum resolution for the decay products of σ p /p = (1.02⊕0.044· p)%
(σ p /p = (0.048 ⊕ 0.009 · p)%), where p is expressed in GeV, for NA48/2 (NA62).
A hodoscope (HOD) consisting of two planes of orthogonal plastic scintillator strips, with each
plane arranged in four quadrants, was placed after the spectrometer. The HOD provided trigger signals
and time measurements of charged particles with a resolution of about 150 ps. Further downstream
a liquid krypton electromagnetic calorimeter (LKr) with an active volume of 7 m3 of liquid krypton,
27 X0 deep, segmented transversally into 13248 projective 2 ×√2 cm2 cells and with no longitudinal
segmentation. The LKr energy resolution was (σE /E = (3.2/ (E) ⊕ 9/E ⊕ 0.42)%) and its spatial
resolution for
√ the transverse coordinates x and y of an isolated electromagnetic shower was (σ x =
σy = (4.2/ (E) ⊕ 0.6) mm.
A detailed description of the detector can be found in [5].
The preliminary results presented in this paper are based on data collected in two diﬀerent runs: a
3-day NA48/2 special run in 2004 and a 3-month NA62 run in 2007. The two data sets are comparable
in size, since a downscaling factor of ∼ 20 on the trigger was active in 2007. Events have been selected
in the region z = m2γγ /m2K ± >0.2 in order to minimize the K ± → π± π0 background. We observed 149
(175) decay candidates in the 2004 (2007) data set with a 10% (7%) background contamination.
Fig. 2 shows the K ± → π± γγ spectra for the invariant mass and the z variable (data and MC
expectations) for signal and background for 2004 data set; the cusp at 2mπ+ threshold is evident, as
expected by the ChPT predictions. The 2007 data set shows similar results.

Figure 2. Results for the 2004 data set. Left: the K ± → π± γγ invariant mass spectrum with MC expectations
for signal and background. Right: the z = m2γγ /m2K ± spectrum with MC expectations for signal and background.
Arrows indicate the signal region.

The preliminary 2004 and 2007 results and the combined result, that takes into account the correlation of the systematic uncertainties between the two data sets, are reported in Table 1.
The results are in agreement with the BNL E787 ones; the O(p4 ) and O(p6 ) models cannot be
discriminated within the current experimental sensitivity.
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Table 1. Preliminary results of the ﬁts to the ChPT parametrization. The model dependent BR values are
computed on the full kinematic range.

ĉ, O(p4 ) ﬁt
ĉ, O(p6 ) ﬁt
BR, O(p6 ) ﬁt

2004 data
1.36 ± 0.33stat ± 0.07syst
1.67 ± 0.39stat ± 0.09syst
(0.94 ± 0.08) × 10−6

2007 data
1.71 ± 0.29stat ± 0.06syst
2.21 ± 0.31stat ± 0.08syst
(1.06 ± 0.07) × 10−6

combined
1.56 ± 0.22stat ± 0.07syst
2.00 ± 0.24stat ± 0.09syst
(1.01 ± 0.06) × 10−6

A model-independent measurement of the z spectrum in the kinematic range z > 0.2 has been
performed for the NA48/2 data set. The partial branching fractions in bins of the z variable have been
measured and a model-independent BR has been computed by summing over the z bins:
BR MI (z > 0.2) = (0.877 ± 0.087stat ± 0.017syst ) × 10−6

3 The K + → π+ νν decay
The rare decays K + → π+ νν and KL → π0 νν are extremely attractive processes to study the physics of
ﬂavour mixing since both are exceptionally clean modes. These decays are strongly suppressed in the
SM, dominated by short-distance dynamics and top quark loop contributions. Moreover, the shortdistance amplitude is governed by one single semileptonic operator whose hadronic matrix element
can be determined experimentally using the semileptonic kaon decay; therefore the main hadronic
uncertainties can be eliminated by experimental data. The two "golden" rare kaon modes oﬀer unique
opportunities for testing the Standard Model and deepening our knowledge of the CKM matrix, complementary to those in B decays. Furthermore, they are extremely sensitive to possible new degrees
of freedom beyond the Standard Model. At the quark level the two processes arise from the s → dνν
process, which in the SM originates from a double W ± exchange (the ﬁrst graph in Fig. 3) and a
combination of Z 0 penguins (the second and third graph in Fig. 3).

Figure 3. Graphs for s → dνν̄ in the Standard Model
−11
The SM prediction [6] for the K + → π+ νν channel is BR = (7.81+0.80
. The error
−0.71 ± 0.29) × 10
comes mainly from the uncertainty in the CKM matrix elements, while the irreducible theoretical
uncertainty amounts to less than 2%. The extreme theoretical cleanness of these decays remains also
in new physics scenarios like Minimal Flavour Violation (MFV)[7] or non-MFV models[8] and even
not large deviations from the SM value (for example around 20%) can be considered signals of new
physics.
From the experimental side, the decay K + → π+ νν has been observed by the experiments E787
and E949 at the BNL, using a stopping kaon technique. The combined result from the two experiments
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for branching ratio is BR = 1.731.15
[9]. The measured central value is about twice as large as,
1.05 × 10
but still compatible with the SM expectations within the errors. It is clear that only a measurement of
the branching ratio with at least 10% accuracy can be a signiﬁcant test of the validity of the SM and
of the possible existence of new physics. This is the main goal of the NA62 experiment at CERNSPS[10]. It aims to collect order of 100 K + → π+ νν events in about two years of data taking, keeping
a background contamination around 10%.

3.1 Experimental strategy

The measurement of the K + → π+ νν Branching Ratio is very challenging due to the weak experimental signature (only one charged track in the ﬁnal state) and huge background.
The two undetectable neutrinos in the ﬁnal state require the design of an experiment with redundant measurement of the event kinematics and hermetic vetoes to achieve a background rejection
S /B  10. Particular care has to be taken to suppress the two-body decays K + → π+ π0 and K + → μ+ ν
which have branching ratios up to 1010 times larger than the expected signal and can mimic the signal
signature if a muon is misidentiﬁed as a pion or in case of loss of the photons from the π0 decay.
Backgrounds from K + three- and four-body decays are also potentially dangerous. The most frequent
K + decay modes are listed in Table 2.
Table 2. The most frequent K + decay channels.

Decay mode
K + → μ+ ν
K + → π+ π0
K ± → π± π+ π−
K + → π0 eν
K + → π0 μν
K ± → π+ π− π0

Branching Ratio
63.5 %
20.7 %
5.6 %
5.1 %
3.3 %
1.8 %

In order to achieve the design goal, high statistic is needed, keeping at the same time the systematic
uncertainties and background at low level. Assuming a 10% signal acceptance and the SM decay rate,
at least 1013 decays in the ﬁducial volume are required. This translates in the choice of a high intensity
kaon beam: the same extraction line of the CERN SPS used for the NA48 experiment will deliver a
75 GeV/c charged kaon beam, fully adequate for NA62.
The NA62 guiding principles can be summarized as follows. The high rate environment demands
high resolution timing. In addition, high resolution and fast tracking is needed to measure the momenta of the incoming kaon and of the daughter particles in order to exploit kinematic rejection by
cutting on the missing mass at the decay. The rejection of decays with electrons and muons in the
ﬁnal state requires an eﬃcient particle identiﬁcation (PID) of all charged particle, namely the positive
non-destructive identiﬁcation of the parent kaon and PID of daughter particles (electrons, muons and
pions) and also of muons not coming from the decay. To reject decay modes with π0 and radiative
photons in the ﬁnal state, hermetic, high eﬃcient γ vetoing is required from 0 to 50 mrad. Furthermore
redundancy of information will help to reach the goal.
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3.2 Kinematic rejection

The only measurable quantities for the decay under study are the momentum of the incoming kaon,
PK , the momentum of the outgoing pion, Pπ , and the angle between the mother and the daughter
particles, θπK . The kinematic of the decay is schematically sketched in Fig. 4.

Figure 4. Kinematics of the K + → π+ νν decay.

It is convenient to use the squared missing mass variable, m2miss , deﬁned under the hypothesis that
the detected charged particle in the ﬁnal state is a pion:
|Pπ |
|PK |
2
(1)
) + m2π (1 −
) − |PK ||Pπ |θπK
|PK |
|Pπ |
In Fig. 5 the m2miss for the signal and the kaon decays with the largest branching ratios are shown
for PK = 75 GeV/c. If resolution eﬀects are ignored, the K + → π+ π0 decay is constrained to a line
at m2miss = m2π0 ; the m2miss of the three-pion decays shows a lower bound. The m2miss of K + → μ+ ν
does not appear as a line at m2miss = 0 because it is wrongly evaluated, under the assumption that the
track is a pion. In conclusion, about 92% of the background events can be separated from signal by
kinematic cuts (see Fig. 5, left). For the remaining (see Fig. 5, right), the background events extend in
the signal region and kinematic cannot help for the separation. The suppression, hence, has to rely on
the photon veto systems and particle identiﬁcation.
m2miss  m2K (1 −

Figure 5. Squared missing mass for background decays that can be separated from the signal using kinematic
cuts (left) and for decays where kinematics cannot be used (right). The backgrounds are normalized according to
their branching ratios; the signal is multiplied by a factor 1010 .

3.3 Experiment and detectors

The experimental setup is schematically depicted in Fig. 6. A 400 GeV/c primary proton beam extracted from the SPS impinges on a beryllium target to produce a secondary hadron beam at 75 GeV/c
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with a momentum bite of ∼ 1%. Only 6% of the hadrons are charged kaons (unseparated beam). It
is crucial to make a positive identiﬁcation of the minority particles of interest, kaons, in the high rate
beam environment before they decay. This is achieved by placing a diﬀerential Cherenkov counter
(KTAG) in the incoming beam; the KTAG is insensitive to pions and protons with minimal accidental
mis-tagging. In addition the KTAG detector is required to achieve a kaon identiﬁcation eﬃciency
of at least 95% and a time resolution of 100 ps, in conjunction with timing information from other
detectors.

Figure 6. Detector layout

To fulﬁll the requirements needed for the kinematic rejection, keeping, at the same time, multiple
scattering as low as possible, a beam tracker along the beam line, named Gigatracker (GTK), and a
low mass spectrometer placed in vacuum downstream the decay region have been chosen. The GTK
will be exposed to an instantaneous rate of ∼ 800 MHz. It consists of three silicon pixel stations,
matching the beam size, placed before the decay volume, with 18000 pixels per station. Results from
beam tests on prototypes [11] show a time resolution of 170 ps for single hits from minimum ionizing
particles, using 200 μm thick silicon sensors, and a momentum resolution of 0.2%, in agreement with
the design requirements.
The direction and the momentum of secondary charged particles originating form the decay region
will be measured by the straw tracker. The spectrometer consists of four chambers and a high aperture
dipole magnet providing a vertical B-ﬁeld of 0.36 T. Each chamber is equipped with 1792 straw tubes,
which are positioned in four views [12].
The Photon Veto system is composed by several detectors, covering diﬀerent angular regions. The
Large Angle Veto (LAV) is made of lead glass blocks arranged in 12 annular rings around the decay
volume. Photons from K + → π+ π0 intercepted by the LAV may have energies from a few tens of MeV
to several GeV’s. In order to detect the π0 ’s with an ineﬃciency of ≤ 10−8 , the maximum tolerable
ineﬃciency in the LAV detectors for photons with energies as low as 200 MeV is 10−4 . In addition,
the LAV detectors must have good time resolution (∼1 ns) and good energy resolution (∼ 10% at 1
GeV) and be compatible with operation in vacuum at 10−6 mbar. A detailed description of the LAV
detector can be found in [13].
The intermediate angular region is covered by a quasi-homogenous calorimeter ﬁlled with liquid
Krypton (LKr), inherited from NA48/2 (see [5]).
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Two small shashlik calorimeters are employed to veto photons at very small angles: the IRC
covering the region around the inner radius of the LKr and the SAC situated behind the experimental
cavern in the prolongation of the non-deviated axis covering the angular region down to zero degree.
A gas based RICH detector will contribute to the π − μ separation with a rejection factor better
than 5 × 10−3 in the momentum range 15-35 GeV/c and will also provide and event time measurement
with a resolution better than 100 ps, in order to minimize wrong matching with the parent particle
measured by an upstream detector. The RICH is a 18 m long segmented tube, 4 m in diameter, ﬁlled
with Ne at atmospheric pressure and room temperature, equipped with a segmented mirror (17 m focal
length) at the downstream end and about 2000 Photomultipliers at the upstream end. Results from the
beam tests are well within the expectations, showing a muon suppression factor of 0.7 %, very close
to the requested 0.5 % and a time resolution below 100 ps [14]. The detector is complemented with
a Charged Hodoscope (CHOD), a Muon Detector (MUV) and a veto detector for charged particles at
small angles (CHANTI).

4 Conclusions and outlook
Kaons oﬀer unique opportunities to exploit precision physics, complementary to high-energy approach, to study the Standard Model and to search for New Physics. The new measurement of the
K ± → π± γγ decay signiﬁcantly improves the precision of the ChPT tests with this channel.
The construction of the NA62 detector is well advanced, installation will be completed by fall
2014. A ﬁrst period of data taking is foreseen for the months of November and December 2014, when
we expect to collect the ﬁrst 10% of the NA62 data set. In the years 2015 and 2016 the remainder of
the data will be collected.
The analysis of the full data set will allow a measurement of the BR(K + → π+ νν) with a precision
of about 10%. Any discrepancy with respect to the predicted value will be a clear signal of physics
beyond the SM and will help to understand its ﬂavour structure.
In addition, the high performances of the detectors can also be the building blocks for a further
physics program.
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