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Abstract
The kaon physics programme, long heralded as a cutting-edge frontier by the
European Strategy for Particle Physics, continues to stand at the intersection
of discovery and innovation in high-energy physics (HEP). With its unpar-
alleled capacity to explore new physics at the multi-TeV scale, kaon research
is poised to unveil phenomena that could reshape our understanding of the
Universe. This document highlights the compelling physics case, with
emphasis on exciting new opportunities for advancing kaon physics not only
in Europe but also on a global stage. As an important player in the future of
HEP, the kaon programme promises to drive transformative breakthroughs,
inviting exploration at the forefront of scientific discovery.

Keywords: kaon physics, flavour physics, hadronic physics
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1. Introduction

The electroweak hierarchy problem and the unexplained hierarchies of the Yukawa cou-
plings of the fermions, the so-called flavour problem, are among the most puzzling features
of the Standard Model (SM), indicating that a more fundamental theory is waiting to be
discovered, which could shed light on these questions. Rare kaon decays provide a very
sensitive and, most importantly, unique probe of such extensions.

As with all indirect probes of heavy new physics (NP), the primary goal is to identify
processes that are both highly suppressed and precisely predictable within the SM, while
being exceptionally sensitive to physics beyond the SM. The ¯K decay modes, along
with specific observables in rare KL,S decays (discussed below), meet these criteria. They are
the only available probes of flavour-changing neutral-current (FCNC) transitions of the type

¯s d and ¯s d (ℓ = e, μ), which are significantly suppressed within the SM fra-
mework and exhibit heightened sensitivity to NP effects. Amongst these, there are gold-
plated channels, which are largely unaffected by long-distance dynamics, enabling their SM
prediction to achieve remarkable theoretical precision.

In any general extension of the SM that addresses the hierarchy and/or the flavour
problem, these transitions might not be suppressed as in the SM. They are, therefore, ideally
suited for the study of violation of low-energy accidental flavour symmetries and obtaining
clues on possible directions for Beyond Standard Model (BSM) physics. The ( ¯ )+ +B K
and ( ¯ )B KL

0 decays are conceptually similar to theoretically clean and precise weak-
scale observables, such as the W mass or the Higgs self-coupling. Similarly to those, rare K
decays probe electroweak dynamics. However, rare K decays probe it in a different and less
tested sector connected to the flavour problem. Not surprisingly, there are many examples of
well motivated BSM scenarios in the literature, fully consistent with present high-energy
data, which would give rise to large deviations from the SM in both decay modes, as can also
be seen in model-independent studies (see, e.g. [1–10]). A further unique aspect of ¯K
decays is that they are sensitive to the interaction of light quarks (s and d) with third-
generation leptons (i.e. ντ). This unique feature enhances their sensitivity to motivated BSM
scenarios shedding light on the origin of the flavour hierarchies (see, e.g. [4, 8, 11]). In
addition to being well motivated, such models can also naturally connect to hints of excesses
in the present data over the SM predictions in heavy-flavour transitions, such as b → cτν and

¯b s transitions (see, e.g. [12]), as measured at the LHCb and Belle(II) experiments.
Loosely speaking, the motivated BSM theories that can be tested via rare K decays fall

into the same categories as those searched for at HL-LHC and, in the future, at FCC-ee, i.e.
theories with new heavy particles in the TeV to tens of TeV regime. Limits on specific exotic
particles, or new contact interactions, from rare K decays can even exceed 100 TeV [13].
Such strong limits apply to new states that violate some of the approximate accidental
symmetries of the SM, lifting most of the suppressions of FCNCs among the first two
generations. These high mass-scale sensitivities are manifestations of the uniqueness of rare
K decays in probing the flavour structure of physics beyond the SM, in ways that are not
possible to test at HL-LHC nor at FCC.

For many years, experimental studies of kaon decays have played a unique role in
propelling the development of the SM. As in other branches of flavour physics, the con-
tinuing experimental interest in the kaon sector derives from the possibility of conducting
precision measurements, particularly of suppressed or rare processes, which may reveal the
effects of NP. Because of the relatively small number of kaon decay modes and the relatively
simple final states, combined with the relative ease of producing intense kaon beams, kaon
decay experiments are in many ways the quintessential intensity-frontier experiments.
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The NA62 experiment at CERN is dedicated to studies of K+ decays and is foreseen to
conclude in 2026. After achieving in 2024 the first observation at 5σ of the ultra-rare decay

¯+ +K with a partial dataset, the entire NA62 dataset will allow one to reach 15%
precision in the measurement of its branching ratio. The decay-in-flight technique success-
fully established by NA62, when combined with recent detector and DAQ advancements,
would allow to build a follow-up experiment to reach 5% precision, matching the theory
uncertainty. After 2026, the KOTO experiment at J-PARC will remain the only experiment
worldwide dedicated to study rare kaon decays. With its entire dataset, KOTO will reach the
SM sensitivity for the branching ratio of the ultra-rare decay KL → π0νν by its conclusion in
this decade. A much-upgraded experiment, KOTO II, is planned, still at J-PARC, that can
reach a 5σ observation for the first time. Thanks to further modifications of the setup,
measurements of other rare KL decays, most notably KL → π0ℓ+ℓ−, will also become possible
for the first time.

Detection of ultra-rare kaon decays is extremely challenging experimentally and therefore
requires a technology advancement in multiple directions. Dedicated experiments like NA62
that are of a scale smaller than for example LHC experiments, allow one to push detector
technology that later could serve larger enterprises, with what can be seen as prototypes of
innovation. Examples were the Gigatracker and the STRAW tracker detectors at NA62. The
next-generation kaon experiments could serve as testing ground for the technologies needed
for FCC experiments.

The rest of this document focuses on the channels which are the cleanest and most
sensitive to BSM and that can potentially be probed experimentally in the next decades.
Sections 2 and 3 are about FCNC K+ and KL decays, respectively, while Section 4 is about
KS − KL interference. These sections have a theoretical part, summarising our theoretical
understanding within the SM, and an experimental part where experimental prospects are
provided. Section 5 highlights the specific potential for SM tests and BSM searches. The
document then concludes with the main recommendations.

2. FCNC K+ decays

2.1. Theory

The current SM prediction for the branching ratio of ¯+ +K semileptonic rare decay is
( ¯ ) ( )( )( )= ×+ +B K 8.38 17 25 40 10 11 [14–17], where the uncertainties correspond to

short-distance contributions [18–22], long-distance contributions [23, 24], and parametric
inputs, respectively. Hence, the dominant uncertainty is parametric, primarily arising from
CKM inputs, especially from the value for |Vcb|. Significant improvements are expected in
the next 5–10 years, both on the extraction of the CKM elements [25] and on first-principle
predictions for long-distance effects from lattice QCD simulations [17, 26–29]. This will
reduce the current total uncertainty of ∼6% to ∼2%, which is, as illustrated in the next
section, well below the precision of designs for next-generation experiments. This process
also provides a rare opportunity to compare and test different theoretical methods used to
predict the branching fraction of ¯+ +K . Such methods comprise Lattice QCD [30–33],
chiral perturbation theory, and dispersive analysis. The interplay of these techniques offers a
unique way to deepen our understanding of non-perturbative QCD effects and assess the
robustness of current theoretical methods.

Given this excellent theoretical status and prospects, the ¯+ +K decay probes not
only electroweak interactions but also fundamental aspects of the flavour problem in the
weakly explored s → d transitions. The very suppressed prediction in the SM enhances the
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¯+ +K sensitivity to possible contributions from NP, allowing it to probe energy scales
ranging from a few TeV up to hundreds of TeV, on par with or even superior to current
energy-frontier collider experiments, or heavy-flavour experiments at the intensity frontier
[13, 34]. In fact, in high-energy experiments at pp colliders, it is difficult to tag the strange
jets. At future colliders like FCC-ee it would be possible to access flavour-changing s → d
couplings, but never in combination with neutrinos. In general, the geometry of collider
experiments also limits the reach for long lived particles like kaons.

Importantly, based on the analysis of currently available experimental data, large
deviations from SM predictions remain possible in various NP scenarios [1–8, 12]. Fur-
thermore, ¯+ +K decays test interactions of light quarks with third-generation leptons
[4, 8, 11, 12, 35] and provide insights into the origin of flavour. The missing-mass spectrum,
in particular, can constrain the nature of light-quark-neutrino interactions [36–38]. In
addition, light NP scenarios such as decays into QCD axions can be tested. If flavour-
violating couplings are present [39–43], decays of charged kaons of type K → πa will probe
the vectorial axion couplings to s and d quarks beyond a scale of ∼1012 GeV. Furthermore, a
measurement of the CP violating KL → π0a will provide an additional constraint on the
imaginary part of the axion coupling to s and d quarks.

The precision measurement of this golden charged-kaon decay will deepen our under-
standing of the fundamental laws of nature and the origin of flavour. It will inform future
theoretical activities and guide experimental efforts. Beyond this highlighted decay, addi-
tional precision measurements such as K+ → π+ℓ+ℓ−, will stringently test the CKM
mechanism, lepton flavour universality, and potential signatures of new light particles and
scalar contributions [10, 44].

2.2. Experiments

Experimental investigations of ¯+ +K rare decays require dedicated setups, as the
typical size and environment prevent multi-purpose collider experiments to select statisti-
cally significant clean samples of these processes. Systematic studies of K+ rare decays date
back to the 1990s and continued in the first years of this century with the experiments E777/
E851/E865/E787/E949 at BNL [45–47], KLOE at Frascati [48], and NA48/2 at CERN
SPS [49]. Started in 2016, NA62, the successor of NA48/2, is performing the most com-
prehensive experimental survey of the K+ rare decays to date. However, the ¯+ +K
decay is experimentally challenging, and the goal of the NA62 experiment was to go beyond
the mere observation of the BNL experiments, providing a precise measurement that was
achieved in [50].

In contrast to BNL, NA62 has adopted a decay-in-flight technique to make use of the high
energy protons of the SPS. High energy has the key advantages to increase the K+ yield per
proton, to limit the geometrical acceptance to forward regions and to soften the requirements
on low-energy photon rejection. This last feature is crucial to avoid the otherwise over-
whelming K+ → π+π0 background and exploits the Lorentz boost-driven correlation
between energy and direction of the two photons from π0. High energy has some drawbacks.
First, the experimental layout has a length of the order of 200 m that could fit only in the
ECN3 cavern at CERN. Then, kaons cannot be separated in the secondary hadron beam from
pions and protons, the amount of which is ten times that of K+. This second point has led 20
years ago to the design of the Gigatracker, the first silicon pixel detector able to measure time
with 100 ps resolution and to withstand hadron rates of 0.5 GHz. The technique of NA62 has
proven to be successful. After reporting evidence of the ¯+ +K decay from data col-
lected from 2016 to 2018 [51–53], the experiment has recently obtained the first 5σ
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observation of this decay by the analysis of the data taken until 2022 [50]. With this result
NA62 has measured a ¯+ +K branching ratio equal to ×+13.0 103.0

3.3 11. NA62 is
scheduled to run until LS3 and foresees to collect a factor of 3 more data than those analyzed
so far. Such a statistics could push the relative uncertainty of the branching ratio down to
15%, assuming the same measured central value. While the NA62 technique has shown the
advantages of using a high-energy environment to reject background photons and muons, the
accidental background from beam-related activities turns out to be predominant and has
required some hardware modification from the original design to keep it under control.
Eventually, NA62 has obtained a signal over background ratio, S / B, of the order of 1, with
the accidental background accounting for 3/4 of the total. The effect of this background is a
reduction of the pure statistical power of a factor of /+ B S1 . Dedicated data analyses
have shown that the signal yield depends non linearly on intensity in a non paralyzable dead
time-like manner. Starting from August 2023, NA62 runs at the optimal intensity condition.
This corresponds to a pace of the order of 15–20 selected ¯+ +K candidates per year,
where a year is 500K spills and the candidates are counted after background subtraction.

A future experiment able to improve significantly over NA62 could use the same concept,
but with upgraded detectors to shift the saturation point of the signal yield towards higher
intensities [54]. This experimental approach would offer numerous advantages. First, the
experiment would work in a quasi-linear regime at the intensity of NA62, allowing an
increase of signal yield already without rise of intensity. Second, the signal yield could
benefit from an additional intensity increase towards the optimal working point. Finally, the
ten-year experience of NA62 would guarantee robustness of the experimental projections.
Again the ¯+ +K decay could lead to developments of cutting-edge detector technol-
ogies like in the past. An example is a Gigatracker-like detector with 20 ps time resolution,
that would be the first step towards a next generation ¯+ +K experiment. Nowadays this
type of technology exists, albeit in R&D phase [55]. Similar timing improvements would be
required for the detectors measuring the π+, a task provided, for example, by modern
photomultipliers.

Significantly higher kaon flux can be realised even without increased primary-proton-
beam intensity. A possible way could be opening the momentum spread of the secondary
kaon beam that is limited to 1% in NA62. With some modification of the beamline and with
detectors able to stand higher rates, a momentum spread of 2% would be viable and would
allow a factor of two increase in intensity. Preliminary studies suggest that the above would-
be experiment could improve the projected final statistical uncertainty of NA62 in 4 years of
data-taking by more than a factor of two. This precision could allow a 5σ significance
rejection of the SM hypothesis, if NA62 eventually confirmed the presently observed slight
excess of ¯+ +K candidates. Besides the main topic of ¯+ +K , the NA62
experience indicates that an upgraded K+ experiment would significantly increase the sen-
sitivity to a vast suite of NP measurements and searches spanning from lepton-number/
flavour violation, to lepton-flavour universality, to feebly interacting particles produced in
K+ decays.

3. FCNC KL decays

3.1. Theory

Rare semileptonic ¯KL
0 decay is the theoretically most pristine channel to search for

physics beyond the SM, and therefore constitutes a flavour probe that is conceptually
comparable to EW observables like the W mass and the Higgs self-coupling in probing EW
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physics. The SM prediction is ( ¯ ) ( )( )( )[ ( )( )( )]= ×B K 2.87 7 2 23 2.78 6 2 29 10L
0 11

[17], based on UTfit [56] [CKMfitter [57]] input, where the uncertainties are from short-
distance, long-distance and parametric effects, respectively. The dominant uncertainties,
currently at the level of 10%, are, hence, parametric in nature, and mainly due to the
uncertainty in the determination of the CKM parameters |Vcb| and ¯ [16, 17]. Long-distance
effects can be determined from Kℓ3 decays.

The rare semileptonic KL → π0ℓ+ℓ− decay is a unique laboratory for studies of CP violation.
Experimental bounds on the branching ratio [58, 59] are still about an order of magnitude
above the expected SM value of order 10−11. The SM prediction comprises a calculable direct
CP-violating contribution [60, 61], an indirect CP-violating term that requires input for
KS → π0γ∗ form factors [62, 63], and, for the muon channel, a CP-conserving two-photon
correction [64]. While, at present, the experimental errors dominate, neither channel having
been observed, improved SM predictions will become possible if the KS → π0ℓ+ℓ− spectra can
be measured in the LHCb KS programme, to infer improved input for the KS → π0γ∗ form
factors. Lattice QCD calculations of K → πγ∗ transitions are also being developed [33, 65],
proving particularly challenging for the KS channel. Finally, the KL → π0γ∗γ∗ matrix element,
required for the calculation of two-photon corrections, could be improved with similar methods
as KL → γ∗γ∗ for KL → ℓ+ℓ− [66]. The latter decay is indeed dominated by the two-photon cut,
and due to its CP-conserving nature provides access to couplings that are otherwise only
accessible in the ¯+ +K channel [67]. At present, the uncertainty in the SM prediction is
still dominant, but significant improvement has been achieved recently by leveraging addi-
tional input from KL → π+π−γ decays and the asymptotic behaviour of KL → γ∗γ∗ in a
dispersive approach [66]. Further improvements are possible in case of additional data input
and/or in combination with calculations in lattice QCD [68].

3.2. Experiments

For ¯KL
0 decay, discriminating it from abundant backgrounds from other decays (such

as KL → π0π0, with two lost photons), relies heavily on vetoing the presence of additional
final-state particles. First efforts to obtain experimental bounds on the branching ratio date
back to 1989 [69] and later at KTeV [70] triggered ideas for dedicated experimental efforts
with significant progress in conceptualising experimental techniques and developing detector
technology [71, 72]. After the first dedicated ¯KL

0 experiment E391 at KEK achieved
an upper limit on the branching ratio of 2.6 × 10−8 at 90% CL [73], the KOTO experiment at
J-PARC, which started in 2013, obtained an upper limit on the branching ratio of 2.2 × 10−9

[74] in 2024 by using data taken in 2021, now aiming at reaching an ultimate sensitivity of
10−10 or better in this decade, falling just short of the predicted SM branching ratio, 3 × 10−11.

Beyond 2026, KOTO II at J-PARC in Japan [75] represents the only planned facility
worldwide dedicated to rare kaon decays, and specifically to ¯KL

0 . KOTO II, proposed as
a follow-up to KOTO, has been designed to improve on the KOTO sensitivity by two orders of
magnitude and observe several tens of SM ¯KL

0 signal events with a signal to back-
ground ratio S/B ≈ 1, leading to the discovery of this decay with significance exceeding 5σ
assuming the SM rate. In a scenario of NP providing a 40% deviation of the branching ratio from
the SM prediction, the KOTO II measurement would exclude the SM prediction at 90% CL.

The ongoing search for the ¯KL
0 decay at the KOTO experiment at J-PARC has

established an upper limit of 2.2 × 10−9 at 90% CL on the decay branching ratio, which is not
limited by the background [74], and is expected to reach a sensitivity below 10−10 by the end
of the decade. It must be emphasised that the recent KOTO result demonstrates the essential
validity of the KOTO technique: the background levels in current KOTO data have been
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reduced to the point where at most only a modest improvement is needed in order to guarantee
the background rejection required for KOTO II. The principal improvements needed for
KOTO II involve moving from a neutral-beam production angle of 16°–5° to increase the KL
flux by a factor of 2.6, significantly enlarging the detector to increase the signal acceptance by
a factor of 3, and slashing the losses from accidental vetoes by improving the timing per-
formance of the detectors with modern technology. In this regard, KOTO II builds not only on
the solid foundations of the KOTO experiment, but also profits from more than two decades of
detector development dedicated to the study of ¯KL

0 , initially for experiments like
KOPIO and more recently for HIKE [54]. The significant contingent of European and
American kaon physicists joining the KOTO II proposal demonstrates both that the interest in
the physics programme is lively and that there is an avenue for the incorporation of detector
concepts developed for other experiments to improve the KOTO II design.

Relative to the existing KOTO detector, KOTO II will have significantly enhanced
capabilities for charged-particle tracking, allowing for ( )+B KL

0 measurements in a
second phase of operation. The expansion of the physics programme will allow KOTO II to
obtain complete information on FCNC decays in the KL sector, enhancing the potential for
the discovery and understanding of any NP present. All phases of KOTO II operation will
provide opportunities for concomitant measurements of other rare kaon decays, including
searches for new particles such as dark photons and axion-like particles.

A European perspective for a measurement of ¯KL
0 with sufficient sensitivity for

discovery and a measurement of the branching ratio at CERN has also been developed. The
projections within this set-up are that the decays KL → π0e+e− and KL → π0μ+μ− could be
observed at the 5σ-level for the first time, and branching ratios could be measured to 18%
and 12%, respectively. The project that also includes an extension of the programme to
measuring ( ¯ )B KL

0 to 20% [76] is technically feasible provided an initial KL beam.

4. KL − KS interference

4.1. Theory

A promising avenue for the extraction of short-distance physics parameters from kaon
physics is the study of KL − KS interference effects in the decay K → μ+μ− [77–80]. In
many ways similarly to the ¯KL

0 mode, the CP violating mode in K → μ+μ− is an
extremely clean probe of BSM physics in the kaon sector, constraining the Wolfenstein
parameter ¯ with theory uncertainty of ( )O 1% (non-parametric). In terms of theory uncer-
tainty, the short-distance contribution to K → μ+μ− is even cleaner than ¯KL

0 , since
the only hadronic parameter needed for its prediction is the kaon decay constant.

The challenge in K → μ+μ− lies in the extraction of the CP-violating, short-distance
determined mode. The two time-integrated decay rates, ( )µ µ+B KL and ( )µ µ+B KS ,
are dominated by long-distance contributions and their theoretical predictions have sizeable
uncertainties. The extraction of short-distance information would therefore need to involve
time-dependent observables, or CP asymmetries. The measurement of time dependence is not
ideally suited for any of the current or planned kaon experiments. A hypothetical dedicated
setup shows promise in preliminary studies, see [81]. The study of the CP asymmetry,
ACP(K → μ+μ−), could be carried out at the LHC [82], and its feasibility at LHCb is currently
under investigation [83] (see below for more details on the relevant experimental landscape).

In comparison with the ¯KL
0 and KL → π0ℓ+ℓ− modes, the measurement of CP

violation in K → μ+μ− provides a complementary cross-check of the same SM CKM
combination. It is complementary in the experimental methods required, in the theory inputs
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needed, as well as in its sensitivity to NP. Since it is determined by the same short-distance
contribution within the SM as ¯KL

0 , the ratio, ( ) ( ¯ )/µ µ+
=B BK KS L0

0 is an
extremely clean test of the SM, evading |Vcb|-related uncertainties [84]. In terms of NP
operators, K → μ+μ− is unaffected by tensor operators, and is sensitive to right-handed
currents which would leave ¯KL

0 unchanged [85].

4.2. Experiments

The LHCb experiment at CERN benefits from the huge kaon flux produced by the LHC, of
about 1015 kaons per fb−1 [86], and from its flexible software trigger [87] that allows selecting
low-momentum particles. The LHCb experiment could access KL/KS interference by means of
a tagged analysis, through the reaction pp → K0K−X [78]. Extra processes can be pp → K0π+X
or pp → K0ΛX, but the charged kaon is by far the dominant one. The tagging power can be as
high as ≈20% according to preliminary studies using fast simulation [83, 88]. Such excellent
tagging power relies on the low kaon multiplicity in generic K0 events, and would open the
room for the study of K0 CP asymmetries at LHCb, especially with the proposed Upgrade-II
[89], which aims at collecting 300 fb−1 of integrated luminosity. Some estimates on the
ultimate precision for ACP in different channels are shown in Table 1, assuming a tagging
power of 20%. The ranges of variation in the table reflect different scenarios concerning
improvements in background rejection or electron trigger efficiency.

The precision achieved in K0 → μ+μ− would allow us to determine the sign of Aγγ as well as
the value of ¯ from kaon physics (assuming a measurement of ( )µ µ+B KS is available),
providing an independent cross-check to the planned KOTO II analysis. The precision achieved
in K0 → μ+μ−e+e− would allow us to test the different BSM scenarios proposed in [90].

Studying rare kaon processes in the high-pileup environment of the LHC poses a sig-
nificant experimental challenge. Achieving unprecedented background suppression and
precise characterisation of the experimental conditions is crucial for extracting ACP. To this
end, novel kaon tagging techniques with high tagging power must be developed, unlocking a
wealth of previously inaccessible measurements in strange physics. In particular, a suc-
cessful strategy for measuring ACP in K → μ+μ− decays would mark the observation of the
rarest instance of CP violation to date.

5. BSM reach and complementarity

The kaon physics programme exemplifies the complementarity between different decay
modes and sectors. This strengthens its potential and significance in studying possible
solutions to the flavour puzzle and extensions of the SM that attempt to explain it.

Table 1. Expected uncertainties in ACP for several K
0 decays, assuming a 20% tagging

power is achieved. The ranges shown for K0 → μ+μ− and K0 → μ+μ−e+e− reflect
different assumptions on background rejection. The ranges shown for
K0 → π+π−e+e− reflect different assumptions on electron trigger improvements
at LHCb.

Decay Upgrade-Ia Upgrade-Ib Upgrade-II

K0 → μ+μ− 30%−80% 20%−55% 8.5%−25%
K0 → π0μ+μ− ≈26% ≈18% ≈7.5%
K0 → μ+μ−e+e− 23%−33% 15%−22% 6.5%−9.6%
K0 → π+π−e+e− ≈4.3% 1.8%−2.9% 0.05%−1.2%
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Figure 1(a) illustrates the impact of potential future measurements on NP scenarios in a
model-independent framework where NP effects differ for electrons compared to muons and
taus. This underscores the strong case for measuring KL decays with charged leptons in the
final state, in addition to the pristine neutrino modes [91]. The current experimental data sets
define the purple region, which represents the allowed parameter space. With the projected
sensitivities of 15% from NA62 for ( ¯ )+ +B K and 25% for ( )+B K e eL

0 —as well
as the KOTO II projection of 25% for ( ¯ )B KL

0 , we obtain the pink(red) region at 2(1)
σ. This highlights that these experimental improvements will significantly reshape the
landscape for NP.ZWe also note that the branching ratios of ¯+ +K and ¯KL

0 are
mutually constrained by an inequality, the Grossman–Nir bound [92], which, however, can
be evaded in several BSM scenarios [93, 94].

Figure 1(b) demonstrates the complementarity between di-neutrino modes in the kaon
( ¯+ +K ) and beauty ( ¯+ +B K ) sectors within the framework of U(2)5 flavour
symmetry for NP couplings [95]. The current experimental precision (gray bands) shows that
the best-fit region (dark and light red for the 1σ and 2σ contours) is still consistent with this
hypothesis. However, future experimental sensitivities (gray dashed lines) could potentially
invalidate this scenario [12] and can be confronted with a more general scenario in the blue,
dashed lines. This underscores the crucial role of kaon physics, in conjunction with the B
sector, in distinguishing between different NP scenarios. Interestingly, in this case, the
branching ratio of ¯KL

0 is highly sensitive to the alignment of NP phases with those of
the SM. Therefore, combining measurements of ¯+ +B K and ¯+ +K with

¯KL
0 provides crucial insight into CP-violating couplings and reveals potential dif-

ferences between the beauty and kaon sectors. Some NP models also predict correlations
between ¯KL

0 , KS → μ+μ−, ¯+ +K and / [96, 97], which, together with
improved lattice calculations for the latter [98] could provide very strong constraints. We
also note that a clean measurement of ¯KL

0 decay is of paramount importance for
constraining the unitarity triangle from kaon observables alone [24], yielding a precision test
of the SM complementary to the B-physics programme.

Figure 1. The left panel shows the impact of the potential future measurements of ¯KL
0 ,

¯+ +K and KL → π0e+e− [91]. The right panel shows the correlation between di-neutrino
modes in the kaon and beauty sector [12].
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6. Conclusions

The exciting potential of the kaon physics programme, as previously recognised by the Eur-
opean Strategy for Particle Physics, remains highly relevant and complementary to other high-
energy physics experiments. Its unique ability to probe NP at the multi-TeV scale distinguishes
it as an essential priority for future research efforts, both in Europe and globally.

Kaon physics offers unparalleled opportunities to characterise NP couplings for light
generations and achieve theoretical breakthroughs through the combined use of lattice-QCD,
analytical, data-analysis and machine-learning methods. Its precision in rare decays, such as

¯+ +K and ¯KL
0 , provides clean tests of the SM and sensitivity to NP effects that

are inaccessible to current or foreseeable collider experiments. Other channels, like
KL → π0ℓ+ℓ− or KL → μ+μ− offer further enticing opportunities for detailed studies of, e.g.
CP violation, while at the same time challenging the theory community to improve their
control over long-distance effects. The impact of kaon experiments is substantial, even in
scenarios where no NP is observed, as precise null results would significantly constrain
theoretical models. Importantly, no existing or planned experiment duplicates the scope of
the kaon programme, ensuring its unique contribution to advancing particle physics.

The NA62 experiment at CERN has marked a milestone in the history of rare K decays, with
the first observation of the theoretically clean rare di-neutrino modes. Only an upgraded/new
version of the NA62 technique, concentrating on ¯+ +K decays, would allow a continued
fully comprehensive exploration of s → d transitions. The proposed HIKE experiment [54] was
set to fulfill this goal, and should serve as a foundation for future efforts, at present or forth-
coming fixed-target facilities, eg. in the context of a post-LHC hadron facility. Together with the
KOTO II project in Japan, which focuses on KL decays, these initiatives are poised to deliver
unprecedented precision in rare decay measurements and CP violation studies.

In conclusion, the kaon programme is indispensable for exploring NP at scales beyond the
reach of colliders. It must remain a top priority for the global high-energy-physics com-
munity to fully exploit its discovery potential and theoretical implications.
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