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Summary. — The availability of a kaon beam in the CERN SPS North Area gives
a unique possibility of making tests of the Standard Model in the flavour physics
sector. The HIKE programme has been presented at CERN to study rare decays
of charged and neutral kaons with unprecedented precision. The realization of this
programme will allow for tests of lepton flavour universality and lepton number
conservation, as well as other precision measurements in the kaon sector and exotic
particle searches.
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1. – Scientific context

Rare kaon decays, which proceed at the loop level in the Standard Model (SM),

have typical branching ratios (BRs) below 10−7. Figure 1 shows schematically how kaon
physics, thanks to such decays, can constrain the unitarity triangle independently of B
and D meson physics.

K → πνν decays are dominated by short distance physics, and, as such, they are
calculated very precisely in the SM and they are very sensitive to the physics beyond
the SM [1]. The uncertainty on the theoretical prediction of their BRs is dominated by
the CKM parameters: the SM expectations without

∣
∣Vcb

∣
∣ uncertainties are BR(K+ →

π+νν) = (8.60 ± 0.42) × 10−11 and BR(KL → π0νν) = (2.94 ± 0.15) × 10−11 [2]. The
latest measurement of BR(K+ → π+νν) is from the NA62 experiment [3], while the

current upper limit on BR(KL → π0νν) has been set by the KOTO experiment [4].

Similarly, KL → π0 �+�− are theoretically clean decay modes. The sign of the
interference of direct and indirect CP violation contributions to their BRs is un-
known. The SM predictions are BR(KL → π0 e+e−) × 1011 = 3.54+0.98

−0.85

(
1.56+0.62

−0.49

)
and

BR(KL → π0μ+μ−) × 1011 = 1.41+0.28
−0.26

(
0.95+0.22

−0.21

)
in case of constructive (destructive)

interference [5]. The most stringent upper limits on these BRs have been given by the
KTeV experiment [6, 7].

2. – The NA62 experiment

NA62 is a fixed target experiment at CERN SPS, whose primary goal is to measure
BR(K+ → π+νν). Its experimental layout, schematically shown in fig. 2, is based
on the decay-in-flight technique. The primary 400GeV SPS proton beam impacts on
a beryllium target; a secondary 75GeV unseparated hadron beam is extracted. The
secondary beam has an intensity of about 750MHz, of which 6% are K+ mesons. In
order to overcome the experimental challenge of measuring such a rare decay, NA62
employs a high-performance detector and TDAQ system [9, 10], which also allow for
the study of a broad physics programme, including precision measurements and direct
searches for new physics. Recent results were also presented in a dedicated contribution
to this conference [11].

Fig. 1. – Relation between rare kaon decays and the unitarity triangle. [8]
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Fig. 2. – Schematic top view of the NA62 experimental layout. [3]

The experimental signature of the K+ → π+νν decay is extremely weak: the signal
must be discriminated against all the other kaon decays (most importantly K+ → μ+ν,

K+ → π+π0 , K+ → 3π, K+ → π+π−e+ν), and decays and beam interactions that
happen upstream of the fiducial volume. To this aim, a signal region is defined in terms
of m2

miss = (PK − Pπ)
2, which is kept blinded until completion of the analysis and gives

a factor O(104) rejection of the background from kaon decays. This is complemented

by an O(107) muon rejection and O(107) π0 rejection, which rely on timing between
subdetectors of O(100 ps). The estimation of the backgrounds is data-driven. Data
collected from 2016 to 2018 has led to a single event sensitivity of

(
0.839± 0.053syst

)
×

10−11: having observed 20 events, and expecting 10.01 ± 0.42syst ± 1.19ext SM signal

events with 7.03+1.05
−0.82 background events, NA62 produced the measurement BR(K+ →

π+νν) =
(
10.6+4.0

−3.4

∣
∣
stat

± 0.9syst
)
× 10−11 [3], the most precise so far for this BR.

NA62 has started its second physics run in 2021, and has been approved for data
taking until the Long Shutdown 3. Improvements in the beamline and detector, as well
as in the reconstruction and analysis, are being made, in order to reach the goal of
measuring BR(K+ → π+νν) at 15% precision by the end of the data taking.

3. – The HIKE programme

The HIKE (High Intensity Kaon Experiments) programme is an important opportu-
nity to study rare kaon decays, both charged and neutral, at the SPS North Area, where
fixed-target runs are foreseen after LS3 through the FCC era. It includes multiple phases;
a proposal for Phases 1 and 2 has been submitted to the CERN SPSC [8]. The phases
will have similar experimental setup, which will make it possible to reuse any detector
that is upgraded at any point for later stages.

Phase 1: a multi-purpose K+ decay experiment . – The primary goal for the first phase
is to measure BR(K+ → π+νν) at O(5%). The K+ beam, with mean momentum of

75GeV/c, will be produced by the primary SPS beam of 13 × 1012 protons per pulse

(ppp) at 400GeV/c (to be compared to the nominal intensity of NA62, 3.3× 1012 ppp),
impinging at zero angle on the target. The experimental layout for Phase 1, shown
schematically in fig. 3, follows the same structure as the NA62 layout, as its success has
proven that its technique is suitable for a precision measurement of BR(K+ → π+νν).
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Fig. 3. – Experimental layout for HIKE Phase 1, with an aspect ratio of 1:10. [8]

The vast NA62 experience [12-21] shows that it will be well within the possibilities
of such a detector to use kaon decays to also test lepton universality, lepton number and
flavour conservation, and low-energy QCD, and to search for hidden-sector mediators in
K+ decays. Also, by collecting data in a short data-taking period with low intensity
and a minimum-bias trigger, HIKE Phase 1 could give an important contribution to the
debate around the CKM first row unitarity and to the knowledge of the main K+ decay
modes.

Phase 2: a multi-purpose KL decay experiment . – The second phase will employ a
neutral beam, with a production angle of 2.4mrad and a 0.4mrad opening angle [22].

With an intensity of 20 × 1012 ppp (6 times the NA62 intensity), 3.8 × 1013 KL decays
per year are expected, with a mean momentum of 45GeV/c. A sketch of the beamline
and detector is shown in fig. 4. The adjustments to the detector with respect to Phase 1
include removal of KTAG, beam tracker and RICH, and shortening of the spectrometer,
with a reduction of the spectrometer magnetic field of about 20%.

The main goal of Phase 2 will be the first observation and measurement of KL →
π0 �+�− decays, improving on the current KTeV single event sentivities by two orders of
magnitude [6, 7]. The main backgrounds are the Greenlee decays KL → γγ�+�− [23],
which are irreducible, and are suppressed exploiting the different kinematics. This will
require an excellent energy resolution of the electromagnetic calorimeter to reconstruct
the π0 mass peak in the signal decay.

Precision measurements and searches for rare and forbidden KL decays will also be
possible, such as the measurement of BR(KL → μ+μ−), the potential first measurement
of BR(KL → e+e−), the search for KL → μ±e∓, the measurement of BR(KL → γγ).

Fig. 4. – Experimental layout for HIKE Phase 2, with an aspect ratio of 1:10. [8]
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HIKE-dump. – During Phases 1 and 2, there will be the possibility to periodically
run in a special beam-dump mode. This allows to perform direct searches for long-lived,
feebly-interacting particles (FIPs), similarly to what is already currently possible to do
at NA62 [25], but at a substantially higher intensity, which is foreseen to increase the
statistics by a factor 50 compared to the NA62 beam-dump dataset. The switch between
the kaon mode and the beam-dump modes can be done with ease, allowing for specific
online calibration procedures and flexibility in data taking scheduling. HIKE-dump will
complement the SHADOWS experiment, which will searching for FIPs off-beam-axis by
running concurrently with HIKE [26].

Phase 3: KLEVER. – A later third phase, also known as KLEVER, is being considered
for the long term future, with the specific aim of measuring BR(KL → π0νν) [24]. Such
an experiment is designed to be complementary to KOTO, in that the beam energy
would be significantly larger. As a consequence, boosted photons from KL decays are
easier to veto, but on the other hand a 150m beamline extension is needed in order to
suppress backgrounds from KS and Λ decays.

4. – HIKE detectors

The increase of intensity with respect to NA62 implies the challenge of maintaining
the same detector performance, and in particular the loss of signal events from acciden-
tal coincidence (around 35% at NA62), at acceptable levels: this will require the time
resolution of all the detectors to improve accordingly. Most of the detectors will need
therefore need rebuilding, or, if the detector technology is intrinsically sufficiently fast,
an upgrade of the readout will be required.

Beam tracker . – The NA62 beam tracker (GigaTracker, GTK) will need to be up-
graded for the usage in Phase 1, as the time resolution for a single hit will have to
scale according to the intensity, from less than 200 ps to below 50 ps; the radiation hard-
ness should also improve by a factor 4 or more and the pixel efficiency should be kept
larger than 99%. A strong option is the TimeSPOT project [27], which is developing
hybrid 3D-trenched pixels, in which the pixel electrode geometry is optimized for timing
performance.

Spectrometer . – A downstream spectrometer analogous to the NA62 straw tracker
will have to be built: straws with diameter smaller than 5mm will be used. A new
optimization of the geometric placement of the straws in a single view, consequent to
the smaller diameter, has been performed, resulting in a choice of 8 straws per view: in
order to reduce the detector material budget, the straw thickness will be reduced from
36 μm to less than 20 μm.

Main Electromagnetic Calorimeter . – Multiple options are being considered. The
LKr calorimeter, built for the NA48 experiment and currently used at NA62, meets
the HIKE requirements for the efficiency and energy resolution, but not for the time
resolution: studies are being performed in order to understand whether it is possible to
upgrade its readout electronics to reach the required time resolution, which, for Phase 1,
is 4 times better than the current one.

Meanwhile, more studies are ongoing about building a new electromagnetic calorime-
ter: the baseline option is a shashlyk calorimeter based on the PANDA calorimeter [28],
in turn based on the KOPIO calorimeter [29], which consists in alternating layers of lead
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absorber and injection-moulded polystyrene scintillator with a resulting radiation length
of 3.80 cm and a sampling fraction of 39%; scintillation light would be read by either
SiPMs or new generation metal-package PMTs. “Spy tiles”, optically-isolated scintilla-
tor bricks located at key points in the longitudinal shower development, can be used to
provide additional information for PID purposes, especially to be used in Phase 2 for γ/n
separation. Less conventional choices for the light emitter or for the matrix material are
also being taken into account in synergy with the AIDAinnova project NanoCal, which
could provide fast and bright signals, or good radiation hardness.

5. – Conclusion

HIKE proposes a broad and long-term programme of high energy physics at the in-
tensity frontier. It will allow for measurement of important flavour physics observables
at an unprecedented level of precision, by using cutting-edge detector technologies. In-
novative R&D is already ongoing to build the HIKE detectors. The CERN North Area
is the only place worldwide where such a comprehensive programme of kaon physics may
be addressed experimentally, which gives a unique and timely opportunity to address a
strongly motivated physics case.
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