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Recent results from searches for rare kaon decays with the NA62 experiment at CERN are reported,
together with the future prospects. A future experiment HIKE, to go beyond NA62, has been
proposed to push kaon physics to an unprecedented frontier. The HIKE timescale and expected
performance are described. Among the NA62 results, the measurement of the branching ratios of
the flavour changing neutral current K* — n*u*u~ and the radiative non leptonic K* — #tyy
decays are reported, upper limits are given for lepton flavor and lepton number violating decays
K* — u~ve*et and K* — n~nle*e*. A search for new physics in the branching ratio of the
decay K* — ntete”e*e is presented.
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Status of searches for rare kaon decays at NA62 & HIKE

1. The NA62 experiment

With the main goal to measure the branching ratio (BR) of the ultra-rare K* — n*vv decay with
a precision similar to the theoretical predictions, the NA62 experiment started to take physics data in
2016 and collected the world’s largest data sample of K* decays. The NA62 experiment is located
at the CERN SPS and is operating with a 75 GeV/c hadron beam with a 6% K* component. A
schematic view of the NA62 detector layout in the XZ plane is shown in Fig. 1, a detailed description
of the detector and the beamline can be found in [1]. Simultaneously with the trigger conditions
required for the K* — " vv analysis [2] a few additional trigger lines are used [3] to select different
event topologies. The incoming Kaons are identified by a differential Cherenkov counter (KTAG)
with o ~ 70 ps time resolution and the kaon momenta are measured by a three-station silicon
pixel beam-spectrometer (GTK). A magnetic spectrometer (STRAW) measures the momenta and
directions of charged particles produced in K* decays in a 75 m long fiducial volume, from 105 to
180 m downstream of the target. A Ring Image Cherenkov detector (RICH) provides a trigger time
with o ~ 70 ps time resolution and is optimized for the identification of positively charged particles
[4]. The presence of signals in the quadrants of the CHOD (Charged particle Hodoscope) is used
as a trigger condition. Particle identification is also provided by a quasi-homogeneous calorimeter
(LKr) and a muon detector (MUYV). A photon veto system includes the LKr and twelve ring-shaped
lead-glass detectors (LAV 1-12), together with two small angle shashlik calorimeters, IRC and SAC.
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Figure 1: Schematic view of the NA62 detector layout in XZ plane.

2. Search for K* — 7*u*u~ and K* — nyy decays

The dominant contributions to the flavour-changing neutral current decays such as K* —
atutu~ are mediated by a virtual photon exchange (K= — n¥y* — a*{*{™) and involve long-
distance hadronic effects described by a vector interaction form factor. Studies of the decay form
factors contribute to experimental tests of lepton flavour universality [5][6][7]. A sample of 2.8x10*
K* — n*u*u~ candidates with negligible background was selected from the 2017-2018 NA62 data
set (Fig.2 left). K* — n*n*n~ candidates from the same data sample are used for normalization.
The model-independent branching fraction is measured to be BR(K ;) = (9.15£0.08) x 1078[8],

a factor three more precise than the previous measurement (Fig.2 right). The size of the K, data



Status of searches for rare kaon decays at NA62 & HIKE

sample is the main factor limiting the precision of this analysis. The decay form factor is presented
as a function of the squared dimuon mass. A measurement of the form factor parameters and their
uncertainties is performed[8] using a description based on Chiral Perturbation Theory at O(p9).
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Figure 2: Left: reconstructed mass distributions m(mwuu) of events satisfying the signal selection for data
(black markers) and simulated background and signal samples (filled areas). The arrows indicate the selected
mass regions. The contribution from the simulated K, decays is scaled according to the PDG branching
fraction [9]. Right: comparison with earlier measurements of the K, branching fraction, with the PDG
[9] average shown as a shaded band.
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Figure 3: Left: distribution of z = m2,/m% kinematic variable for selected K* — n*yy candidates, for
data (black markers) and simulated background and signal samples (filled areas). For the signal fit procedure
ChPT O(p®) assumption is adopted. The arrows mark the selected region. Right: summary of the branching
fraction measurements in the ChPT O(p®) framework. The error bars do not include uncertainties due to the
external parameters of the ChPT fit.

Experimental studies of radiative non-leptonic kaon decays test chiral perturbation theory
(ChPT), which describes low-energy QCD processes. For the K* — x*yy decay, the ChPT
description has been developed at both leading and next-to-leading orders [12][13][14]. A sample
of 3984 candidates of the K* — n*yy decay, with an estimated background of 291 + 14 events, was
selected from the 2017-2018 NA62 data set (Fig.3 left). The abundant K* — n*7¥ decay followed
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by the prompt 7° — 37y decay is used for normalisation. In order to describe the observed di-photon
mass spectrum, the next-to-leading order contribution in ChPT was found to be necessary. The
decay branching ratio in the full kinematic range is measured to be BR(K ) = (9.61+0.17) X 1077
[10] (Fig.3 right). For the ChPT test with K* — 7%*vy decay search at NA62 see [11].

3. Search for K* — u~vete* and K* — 7~ n%*e* decays

The K* — u~ve*e™ decay is forbidden in the SM by either lepton number (LN) or lepton
flavor (LF) conservation, depending on the flavour of the emitted neutrino. Strong evidence for the
Majorana nature of the neutrino would be provided by the observation of lepton number violating
(LNV) processes, including kaon decays [15, 16]. Furthermore, lepton flavour violating (LFV) kaon
decays are expected in new physics models involving flavour violating Axion-like particles (ALPs)
and Z’ particles [17, 18]. A search for the forbidden decay K™ — u~ve*e™ has been performed
using the 2016-2018 NA62 data (Fig.4 left). The background in the signal region is estimated to be
Np = 0.26+0.04, where the uncertainty is dominated by the MC statistical contribution. The signal
acceptance evaluated with simulations, assuming a uniform phase space distribution of signal events,
is Ayyee = 0.0144. The uncertainty in A, is negligible for the purpose of the signal search. The
single event sensitivity, defined as the branching fraction of the K,;,... decay corresponding to the
observation of one signal event, is found to be Bsgs = (Nk - A,,,,ee)‘1 = (3.53£0.12) x 1071,
No data events are observed in the signal region after unmasking. An upper limit on the signal BR
is evaluated using the quantity Bsgs and the numbers of expected background events and observed
data events using the CLg method [19]: BR(K* — u~ve*e*) < 8.1 x 107! at 90% CL [20].
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,Zniss spectra for the data (black dots) and MC background samples (filled

areas) obtained with the K* — p~ve*e* selection. The signal mass region is indicated by vertical arrows.
Right: reconstructed m .. spectra of the data and simulated backgrounds obtained using the K* —
Optet selection. The K* — n*nle*e™ contribution is the smallest, and is not shown. The shaded
vertical band indicates the signal m .. region masked during the analysis.

Figure 4: Left: reconstructed m

T

The existing experimental limits on K* — 7~ ¢*¢* decays lead to stringent constraints on
active-sterile mixing angles amongst Majorana neutrinos. Below the kaon mass, these constraints
are competitive with those obtained from neutrinoless double beta decays [21-23]. A search for
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the forbidden decay K* — n~n’e*e* has been performed using the 2016-2018 NA62 data set
(Fig.4 right). One data event is observed in the control region, in agreement with the background
expectation. The total expected background in the signal region is found to be Ng = 0.044 + 0.020,
where the uncertainty is dominated by the statistical error in the pileup background estimate.
After unmasking, no data events are found in the signal region. The signal acceptance evaluated
with simulation assuming a uniform phase space distribution is ALNY = (0.271 + 0.003)%. The
uncertainty is due to the 7° — 3y decay reconstruction. The single event sensitivity is evaluated as
Bsgs = (Nk - BRy,, - ALNY)™1 = (3.68 £ 0.12) x 1070, where BR,, is the n° — yy branching
fraction[25]. An upper limit on the signal branching fraction is evaluated using the CLg method:
BR(K* — 7~ n%*e*) < 8.5 x 10710 at 90% CL[24]. This result represents the first experimental

limit on this decay rate.

4. Search for K* — n*e*e e*e” decay
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Figure 5: Left: reconstructed five-track mass spectra for data (black dots) and simulated samples (filled
areas) after the Km4e selection. The signal region is shown with pairs of vertical arrows. Right: upper limit
at 90% CL of the branching ratio of the prompt decay chain K* — ntaa,a — e*e™ as a function of the
assumed axion mass.

Dark-sector models provide plausible dark-matter candidates and represent a compelling new-
physics direction to explore [26, 27]. In the kaon sector, the process of particular interest is
K — nXX followed by prompt X — e*e™ decays, leading to characteristic multi-electron final
states. Since this process has not been studied experimentally so far, O(107°) sensitivity to its
BR is sufficient to improve existing constraints on dark-sector models. With the 2017-2018 data
set, NA62 performed the first search for ultra-rare decay K* — ntete " e*e™ (Fig.5 left). The
BR of the process is predicted in the Standard Model to be (7.2 + 0.7) x 107!, The estimate of
the total background in the signal region, validated by agreement of the data with simulation in
the control regions, is Ng = 0.18 + 0.14. No data events are observed in the signal region after
unmasking. Upper limits at 90% CL on the signal branching ratio is computed using the CLg
method: BR(K* — ntete ete™) < 1.4 x 1078 [28]. With this result, upper limits at 90% CL
are obtained at the level of 10~ for the BR of two prompt decay chains involving pair production
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of hidden sector mediators: K* — n*aa(a — e*e™), K* —» 7*S(§ — A’A’, A’ — e*e™) (Fig:5
right).

5. HIKE experiment for future Kaon Physics
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Figure 6: Schematic layout of the HIKE experimental setup during phase 1 (charged kaon beam).
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Figure 7: Schematic layout of the HIKE experimental setup during phase 2 (neutral kaon beam).

NAG62 will take data till the long shutdown of 2026, in 2023 the proposal to extend Kaon
physics at CERN to a new level of sensitivity has been published as the new High Intensity Kaon
Experiment (HIKE)[29]. An integrated program with multiple phases: phase 1 with charged K*
beam and phase 2 with K neutral beam, exploiting the high intensity beam line in the CERN North
Area. HIKE phase 1 is estimated to start in 2031 after major beamline upgrades with a maximum
possible beam intensity of 1.2 x 10'3 POT/spill, which is 4 times the NA62 nominal intensity. This
will result in a total of 2 x 10'3 kaon decays in fiducial volume per year. With the final data sample
expected to be 8 times larger than that of NA62 the main goal to measure BR(K* — nfvy) at
5% precision will be reached. Appropriate modifications to the current setup to cope with higher
intensity have been designed, a 4 times improvement in the time resolution with respect to NA62
is required. A schematic layout of HIKE phase 1 is shown in Fig.6. Technological solutions exist
for all detectors and the challenges are aligned with HL-LHC projects and future flavor/dark matter
experiments. In the HIKE phase 2, a neutral beam will be realized through a major upgrade to
the NA48 beam line. The maximum possible beam intensity is expected to be 2 x 10'3 POT/spill
corresponding to about 3.8 x 10'3 K; decays in the fiducial volume per year. The main HIKE phase
2 physics goal is the measurement of the BR(K; — #%¢*£~) at 20% precision. For the neutral
phase the beam tracker will be removed and some detectors reconfigured, the schematic layout is
shown in Fig.7.
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