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Abstract
Rare meson decays are among the most sensitive probes of both heavy and
light new physics. Among them, new physics searches using kaons benefit
from their small total decay widths and the availability of very large datasets.
On the other hand, useful complementary information is provided by hyperon
decay measurements. We summarize the relevant phenomenological models
and the status of the searches in a comprehensive list of kaon and hyperon
decay channels. We identify new search strategies for under-explored signa-
tures, and demonstrate that the improved sensitivities from current and next-
generation experiments could lead to a qualitative leap in the exploration of
light dark sectors.
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1 Introduction

Precision measurements of rare kaon decays are among the most powerful probes of physics Beyond the
Standard Model (BSM), with present and next generation kaon and hyperon factories set to significantly
improve on the sensitivities achieved so far. However, there are still a number of signatures that have
received little or no experimental attention, a situation that can be readily rectified as we highlight below.
On the theoretical side, there is a dichotomy between the descriptions of effects due to heavy and light
new physics. While the theoretical framework for interpreting the experimental results in terms of bounds
on heavy new physics is well established, the situation for light new physics is more complex. For heavy
new physics the BSM contributions to the various kaon branching ratios can be systematically encoded
in an Effective Field Theory (EFT) Lagrangian, in a very similar way as the Standard Model (SM)
contributions [1]. The prime examples are the precisely predicted branching ratios for K+ → π+νν̄ and
KL → π0νν̄ decays [2]. The present manuscript attempts to fill the gap in the literature and perform a
systematic analysis for the case of light new physics, i.e., for new physics models with new degrees of
freedom lighter than the kaon mass.

The main complication in a systematic treatment of light new physics scenarios is that these are
not captured by the general EFT analysis and lead to a variety of model-dependent signals. This poses
the theoretical challenge of systematizing the possible signatures together with the new physics scenarios
producing them, allowing a fair comparison with complementary probes from cosmology, astrophysics
and accelerators other than kaon factories. This challenge is accompanied by the more practical tension
between our desire as a community to “leave no stone unturned” and the necessity to focus resources and
time on the measurements that are likely to lead to the most insightful results, even if resulting solely in
new bounds. To address this challenge, we provide in this manuscript a comprehensive overview of what
can be learned about (light) new physics from kaon and hyperon decays. This also clarifies the most
pressing experimental challenges for the present and the future.

Concretely, we: i) classify the possible signals in kaon and hyperon decays, ii) explore a wide
range of light new physics models that can feature these signals, reviewing the results in the literature
and complementing them with new ones, and iii) compare the reach of future measurements at kaon and
hyperon facilities with other experiments, including astrophysical and cosmological constraints.

For completely generic flavor structures, we demonstrate that kaon experiments have typically the
greatest sensitivities for new light particles in the mass range from a few MeV to a few hundred MeV,
where the lower bounds on the couplings are typically set by cosmological constraints. In this mass
range, new particles typically escape the detector before decaying, leading to signatures with missing
energy and momentum. The same signatures are also motivated by light new particles much below
the MeV scale, which circumvent the cosmological bounds by the fact that they are so long-lived and
so weakly coupled to the SM to become good dark matter candidates. Likewise, light new physics
particles promptly decaying to SM final states are also a phenomenologically viable possibility both in
minimal and non-minimal new physics scenarios, generically with flavor aligned or minimally flavor
violating couplings. In fact, there is a rich structure of possible models, leading to a variety of signatures
characterized by resonant or non-resonant multi-lepton/photon final states, which can be completely
probed experimentally in the near future. A summary of the signatures is given in Table 9.

The theoretical promise of new physics searches in rare kaon and hyperon decays is mirrored by
the active experimental program. The two currently operating kaon experiments are NA62 at CERN and
KOTO at J-PARC with their main trigger lines designed for the K+ → π+νν̄ and KL → π0νν̄ decays,
respectively. The NA62 pre-scaled control and multi-track trigger lines, and the KOTO multiple photon
triggers, are inclusive enough to make the collected data samples sensitive to a variety of new physics
scenarios. One of the goals of this review is to explore to what extent the coverage of the existing triggers
is sufficient to explore the variety of light new physics scenarios.

A new proposal for a continuing ultra-rare kaon decay experiments at CERN, including exper-
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iments with high-intensity K+ and KL beams, is in preparation [3, 4] and a new experimental setup
for KOTO has been proposed [5, 6]. We comment throughout the paper on how these proposals could
ameliorate the reach on light new physics.

Interestingly, the LHCb experiment using pp collisions at LHC offers a complementary program
with leading sensitivity for decays of short-lived strange particles (KS and hyperons) into final states
with charged particles. We also consider the impact of hyperon searches at the BESIII experiment at
BEPCII [7] as well as at future super charm-tau factories [8–10].

The paper is structured as follows. In Section 2 we provide a list of models that can lead to
interesting signatures in rare kaon and hyperon decays, and perform the phenomenological study of
present and future constraints in the relevant parameter regions. Section 3 contains a brief description
of present and future experimental facilities, followed by a comprehensive discussion of experimental
signatures and expected reach in kaon decays in Section 4. Section 5 discusses the signatures that are
unique to hyperon decays and can give complementary probes of new physics. Section 6 distills the
detailed analyses given in the bulk of paper into a set of flagship measurements that would most probably
have a high impact on the BSM phenomenology. Section 7 contains conclusions.

7



2 Representative models
We start by reviewing the different BSM models featuring light new states that can be produced in rare
hyperon and kaon decays. For each of the model we recast the current experimental constraints and
comment briefly on the future reach, with a more detailed discussion of experimental issue relegated to
Section 4. Whenever possible, we set well-motivated target branching ratios, explore their phenomeno-
logical implications, and comment on the implication of kaon and hyperon measurements on new physics
scenarios addressing the shortcomings of the SM.

2.1 Higgs portal scalar
Authors: Gori, Egana-Ugrinovic, Homiller, Knapen, Meade1

The Higgs portal is the minimal extension of the SM by one additional singlet scalar particle,
S [11–15]. In addition to its simplicity, the Higgs portal has received considerable attention both because
it can serve as a simple, renormalizable dark sector portal [16, 17] and because it is similar to UV-
motivated models with light dilatons or radions [18–27]. The Lagrangian for the minimal Higgs portal
model is given by

L = LSM +
1

2
∂µS∂

µS − V (S,H). (1)

The full potential V (S,H) can be found e.g. in Ref. [28]. For rare kaon and hyperon decays the only
relevant feature is that the potential gives rise to mixing in the mass matrix between the singlet S and the
CP-even, neutral scalar component of the Higgs doublet,H . The resulting mass eigenstates are identified
as the 125 GeV Higgs boson h, and a new scalar boson φ with mass mφ. The couplings of φ to the SM
fields are equal to the SM Higgs couplings up to a multiplication by a universal mixing angle θ (or rather
by sin θ ≃ θ). Therefore, both the production and decay rates of the scalar are each proportional to θ2.
Despite its simplicity, the Higgs portal scalar has interesting phenomenology — in particular at beam
dumps, meson factories and other low energy experiments — since its decay is governed by very small
inherited couplings proportional to the SM electron and muon Yukawa couplings, while its production is
governed by inherited couplings to heavier quarks.2

At kaon factories, the new scalar would be produced in the two-bodyK+ → π+φ andKL → π0φ
decays via its coupling to up-type quarks and gauge bosons in SM-like penguin diagrams [29–31]. The
corresponding branching ratios for mX < 300 MeV are approximately equal to

B(K+ → π+φ) = 1.7× 10−3 sin2 θ, B(KL → π0φ) = 5.7× 10−3 sin2 θ, (2)

and decrease for largermX values (for the explicit formulae, see Eqs. 4.4 and 4.5 of Ref. [31]). Contours
of constant B(K+ → π+φ) are shown in Fig. 1.

In the mφ < mK regime relevant for kaon experiments, decays of the new scalar particle to
charged lepton and pion pairs (e+e−, µ+µ−, π+π−, π0π0) should be considered, above the correspond-
ing thresholds. Their partial decay widths are given by [32]

Γ(φ→ ℓ+ℓ−) = sin2 θ
m2

ℓmφ

8πv2

(
1− 4m2

ℓ

m2
φ

)3/2

, Γ(φ→ ππ) = sin2 θ
3|Gπ(m

2
φ)|2

32πv2m2
φ

(
1− 4m2

π

m2
φ

)1/2

,

(3)
where v = 246 GeV is the electroweak scale, the ππ decay width is computed using chiral perturbation
theory, and the relevant form factor is Gπ(x) =

2
9x+

11
9 m

2
π. The φ→ γγ decay is always subdominant

and can be neglected in practice.
1For each section we list the contributing authors, with the corresponding author underlined.
2The potential V (H,S) also leads to couplings between the new singlet and the SM-like Higgs, leading for instance to

exotic Higgs decays to a pair of scalars. Searches for these decays may be relevant for heavier singlets, but on general ground it
can be shown that a large amount of fine-tuning would be required to have sizeable B(h → φφ) for a singlet in the mass range
of interest for rare kaon decays [27].
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LHCb

KTEV

MicroBooNE

PS191
CHARM

E949

LSND

NA62 (2021)

KOTO (2020)

BBN

BR(K+→ π+φ) = 2 × 10-11

BR(K+→ π+φ) = 2 × 10-12

BR(K+→ π+φ) = 2 × 10-13

Fig. 1: Constraints on the Higgs portal scalar in the mixing angle vs mass plane. The NA62 and E949 limits
extend down to mφ = 0 with almost no deterioration.

For 2me < mφ < 2mµ, the scalar decays primarily to electron-positron pairs and is long-lived
with a lifetime cτ = O(10−2 m/ sin2 θ), therefore being largely invisible and experimentally indistin-
guishable from the K → πνν̄ decays. Above the di-muon threshold, φ→ µ+µ− becomes the dominant
decay mode and lifetime drops to cτ = O(10−6 m/ sin2 θ). Above the di-pion threshold, φ → ππ take
over as the dominant decay modes, and the lifetime drops by another order of magnitude. As a result,
the rest-frame decay length reaches 10.4 m for mφ = 300 MeV and sin θ = 10−4. Further discussion of
the lifetime and decay branching fractions can be found in Ref. [32].

Experimental constraints on the Higgs portal are aggregated in the sin θ vs mφ plane in Fig. 1.
Constraints from K → πXinv searches obtained by the NA62, KOTO and E949 experiments are dis-
cussed in Section 4.1 where Xinv represents a particle invisible in each detector, while the prospects
for searches for visible scalar decays (φ → µ+µ−) are discussed in Section 4.6. Constraints from the
CHARM beam dump experiment at the SPS [33] are recast following Ref. [34], including the effects
of absorption in the target [15], geometric efficiency and η decay contributions. A similar but slightly
weaker constraint from the NuCal/U70 experiment [35–37] is omitted for clarity. In a similar fashion
to beam dumps, complementary limits can be placed using neutrino experiments by searching for the
visible decays of φ. Taking advantage of the large number of kaon decays at rest at the NuMI absorber,
the MicroBooNE collaboration set strong limits on θ with a dedicated search for φ → e+e− [38]. Sim-
ilar limits were obtained with a rescast of LSND [39] as well as of PS191 data [40]. Although not
shown explicitly in the figure, T2K can marginally improve on the latter by using the existing search
for HNLs [41]. Constraints arising from searches for displaced vertices in B → φ(µ+µ−) decays at
LHCb [42, 43], adapted from Ref. [15], are the strongest in the mφ > 2mµ range. Searches in B decays
from Belle [44] and BaBar [45], as well as constraints from the KL → π0µ+µ− decay at KTeV [46] are
sub-leading in the parameter space considered. Finally, the proposed SHiP experiment [47] is expected
to be able to cover much of the parameter space for mφ > 2mµ down to mixing angles sin θ ∼ 10−5,
and reach a sensitivity of sin θ ∼ 10−4 for smaller masses [15].

There are also cosmological and astrophysical constraints on light scalars. If the singlet lifetime
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is too large, the decay of scalars after nucleosynthesis spoils the light element abundances. The resulting
Big Bang nucleosynthesis (BBN) constraint adapted from Ref. [48] is shown in Fig. 1. The BBN con-
straint is sensitive to the metastable abundance of singlets, set via thermal interactions with the SM bath
at temperatures above an MeV. This introduces a very mild dependence with the singlet-higgs quartic
S2H†H , which is in one-to-one correspondence with the h → φφ branching ratio. The shaded region
indicates the weakest constraint from Ref. [48] at a given mass, while the dot-dashed line indicates the
constraint for B(h→ φφ) = 10−3, which allows the singlet mass to not be fine tuned. For even smaller
values of the mixing angle, there are also constraints from the observation of SN1987a neutrinos, which
sets a bound on the amount of energy that could have been carried away by scalars produced in the core.
An older calculation of this limit in Refs. [16, 17] was recently revisited in Ref. [49], finding substantial
disagreement. The SN1987a constraints are sub-leading to the BBN bounds in the entire parameter space
shown, and are not included in Fig. 1.

Thus far we have focused on the minimal Higgs portal scenario, when the scalar inherits all its
couplings via mixing with the Higgs. In many well-motivated UV scenarios, however, dimension-5
couplings between the scalar and gauge bosons (in particular, the photon) can arise. This is the situation
in models of light radions or dilatons, or in theories where there are additional vector-like fermions
charged under the SM gauge group. These dimension-5 couplings can compete with the small, inherited
couplings of the scalar to light fermions, and significantly change the phenomenology, especially the
decay patterns, of the scalar. While the minimal Higgs portal for mφ < 2mµ is long lived, with only a
percent-level branching ratio to γγ compared to e+e−, more general scalars could decay predominantly
to γγ and have much shorter lifetimes that significantly change the constraints from beam dump and
fixed-target experiments. While the underlying models in the scalar case are very different from the
general pseudoscalar (or axion-like particle, ALP) case, the phenomenological signatures at kaon and
hyperon experiments are virtually identical. We thus leave a detailed discussion of light particles with
varying couplings to photons to the next section.

In case φ is a pure scalar, the K → ππφ is generically suppressed compared to K → πφ and the
search in this channel can be ignored. If φ is not purely CP even, as is the case in some well motivated
theories [50], then K → ππφ probes a different chiral structure of the light scalar couplings to the SM.
This will be discussed in detail in Sec. 2.2.1.3.

2.2 QCD axion and axion-like particles (ALPs)
Authors: Alonso-Alvarez, Alves, Bauer, Datta, Gori, Kvedaraitė, Martin Camalich, Neubert, Redigolo,
Renner, Schnubel, Soreq, Thamm, Tobioka, Ziegler

Axion-like particles (ALPs) are ubiquitous in BSM models. Whenever an approximate global
symmetry is spontaneously broken, there is an associated pseudo Nambu-Goldstone boson (pNGB)
which is often called an ALP in the recent literature. Being a pNGB, the ALP mass can naturally be
much lighter than the UV scale of symmetry breaking. As such they are the phenomenologically inter-
esting remnants of the high scale new physics dynamics, potentially accessible at experiments. Arguably
the most motivated example of an ALP is the QCD axion, which can simultaneously solve the strong
CP problem [51–53] and account for the observed dark matter abundance [54–56]. Already early on, in
the early 1980s, it was realized that the QCD axion paradigm strongly motivates searches for massless
ALPs at kaon factories [57], and even more so if it is connected to a model of flavor [58, 59] (for earlier
discussions of flavor-violating axions see Refs. [60–71]). When experimental searches are performed,
however, one should keep an open mind and not needlessly limit the potential of such searches. For
instance, non-minimal implementations allow for the strong CP problem to be solved by heavier axions
than one might naively expect [72–91]. Moreover, other theoretically motivated scenarios such as low
scale supersymmetry, composite Higgs models, models of dark matter freeze-out, and models of elec-
troweak baryogenesis may contain light ALPs (see for instance [22, 92–95]). The plethora of diverse
theory motivations calls for a wide experimental exploration of the accessible ALPs masses and their
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couplings to the SM particles.

Let us assume that a global U(1) symmetry is spontaneously broken by a condensate of size fa
(such as the vacuum expectation value of a scalar field) and results in an ALP at low energies. The
effective Lagrangian describing ALP interactions with the SM at lower energies is given by

LALP =
(∂a)2

2
− m2

aa
2

2
+ LALP-gauge + LALP-F . (4)

The interactions with the SM fields, LALP-gauge, LALP-F, are of dimension 5, and are obtained after the
heavy fields with masses of the order ΛUV ∼ 4πfa are integrated out. The ALP interactions include in
general couplings to all the SM gauge bosons: the gluons, Ga, the SU(2)L gauge bosons, W i, and the
hypercharge boson, Bµ,

LALP-gauge =
N3αs

8πfa
aGa

µνG̃
aµν +

N2α2

8πfa
aW i

µνW̃
iµν +

N1α1

8πfa
aBµνB̃

µν . (5)

Here G̃aµν = 1/2ϵµνρσGa
ρσ, with ϵ0123 = 1, and similarly for W̃ iµν , B̃µν . The Ni coefficients are scale

independent since they are related to the mixed ’t Hooft anomalies involving the spontaneously broken
global U(1) symmetry and the SM gauge group.3 In general, these receive contributions from both the
SM fermions and from the heavy fermions that were integrated out at ΛUV. After electroweak symmetry
breaking the couplings to W i and Bµ gauge bosons result in ALP couplings to photons

LALP-photon =
α

8πfa
CγγaFµνF̃

µν , (6)

with Cγγ = N1 +N2, see also Eq. (11) below.

The ALP couples derivatively to the SM fermions,

LALP-f =
∂µa

2fa
f̄iγ

µ(CV
fifj

+ CA
fifj

γ5
)
fj , (7)

where f = u, d, e, and the sum over repeated generational indices, i, j = 1, 2, 3, is implied. CV,A
fifj

are
hermitian matrices in flavor space which we take to be real for simplicity. Because of gauge invariance
CV
didj

− CA
didj

= V ∗
ukdi

(CV
ukul

− CA
ukul

)Vuldj
, so that in total the ALP interactions with the charged SM

fermions and gauge bosons are specified by 33 parameters. Below we also use the notation F V/A
fifj

≡
2fa/C

V/A
fifj

.

For kaon decays the s → da transition is the dominant ALP production mode even if the flavor
violating couplings, CV/A

sd , are highly suppressed compared to the flavor diagonal ones. The dominant
kaon decay channels resulting in ALP production are thus

K → πa, K → ππa. (8)

The two-body (three-body) decays probe the vectorial (axial) ALP coupling CV
sd (CA

sd), as can be easily
shown using the parity conservation of QCD interactions.

If we take the couplings in Eq. (7) to be defined at the EW scale, µW = O(MZ), the renormal-
ization group (RG) evolution from ΛUV to µW should be taken into account and can be extracted from
Refs. [96–99]. The one loop corrections generate the CKM-suppressed flavor violating ALP couplings

3In the QCD axion literature the N3 coefficient is often absorbed in the definition of the decay constant fa, fa/N3 → fa,
so that LQCD axion =

αs
8πfa

aG
a
µνG̃

aµν . We keep the N3 factor explicit.
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at the EW scale, even if the ALP couplings in the UV are flavor diagonal. The log-enhanced contribu-
tion, which dominates the one loop correction for ΛUV ≫ MZ , follows from the anomalous dimension
controlling the RG running and is given by

CA,V
ds (MZ) =

y2t

16π2
V ∗
tdVtsC

A
tt log

ΛUV

MZ
≃ 2× 10−6CA

tt log
ΛUV

MZ
. (9)

The above leading-log expression for CA,V
ds (MZ) is of only limited phenomenological importance. Due

to the numerically large CKM suppression the current experiments probe the loop induced CA,V
ds (MZ)

only for values of fa relatively close to the weak scale. The finite loop corrections are therefore of similar
size as the leading log term in Eq. (9); note that ΛUV can be at most 4πfa. The complete expression for
CV
ds(MZ), including finite corrections, is given in Eq. (14).

ALP decays
To be produced in rare kaon decays, the ALP needs to be lighter than mK −mπ ≈ 350 MeV. This has
phenomenological implication for the ALP total width, possible decay channels and parameter space in
general. The most important decay channels are a→ γγ, and, if kinematically allowed, the decay modes
a→ ℓ+ℓ−, ℓ = e, µ. The corresponding decay widths are given by

Γ(a→ γγ) =
α2m3

a

256π3f2a
|Ceff

γγ |2 , Γ(a→ ℓ+ℓ−) =
mam

2
ℓ

8πf2a

(
CA
ℓℓ

)2 (
1− 4m

2
ℓ

m
2
a

)1/2
, (10)

where the effective coupling of the ALP to photons is [99, 100]

Ceff
γγ(ma) = N1 +N2 +

∑
q

6Q2
q C

A
qq(µ0)B1(τq) + 2

∑
ℓ

CA
ℓℓ B1(τℓ)

− (1.92± 0.04)N3 −
m2

a

(m2
π −m2

a)

[
N3

md −mu

md +mu
+ CA

uu − CA
dd

]
.

(11)

The loop function B1(τf ) depends on τf ≡ 4m2
f/m

2
a, and is B1 ≃ 1 for light fermions (mf ≪ ma)

while it decouples as B1 ≃ −m2
a/(12m

2
f ) for heavy fermions (mf ≫ ma). The explicit form of B1(τ)

can be found in Ref. [99]. We neglected the threshold corrections coming from W -loops since these are
negligible for ma ≪ mW . The second line in Eq. (11) encodes the leading order chiral perturbation the-
ory (ChPT) contribution of N3 to the ALP di-photon coupling. Similarly, the ALP coupling to electrons
is generated at one-loop from the ALP couplings to gauge bosons [100]. A common notation in axion
literature is also gγγ = Ceff

γγα/(2πfa).

For ma < 2me, ALP decays are dominated by a→ γγ, and the decay length is given by

cτa ≈ 2.9× 107meters

(
fa
TeV

)2(1MeV

ma

)3
(

1

|Ceff
γγ |

)2

. (12)

For heavier ALPs, the decay channel to lepton pairs opens up and typically dominates over the diphoton
decay mode, as long as CA

ℓℓ ≳ Ceff
γγma/GeV. We can then estimate the ALP decay length as

cτa ≈


1.9 meters

(
fa
TeV

)2(10MeV

ma

)(
1

CA
ee

)2

, 2me < ma < 2mµ,

1.5× 10−6 meters
(
fa
TeV

)2(300MeV

ma

)(
1

CA
µµ

)2

, 2mµ < ma.

(13)

12



The above scalings show that an ALP lighter than the di-electron threshold is unlikely to decay promptly
on detector scales, while a heavier ALP can be decaying promptly for fa ≲ TeV.

The hadronic ALP decay modes are typically negligible. The a → 3π decay is kinematically
forbidden, if rare kaon decays with an ALP in the final state are kinematically allowed. The a → ππγ
decay could be important in scenarios where the ALP mixes with η′, due to B(η′ → ππγ) ≈ 30%.
In practice, however, the a − η′ mixing is suppressed by (ma/mη

′)2, and for ma < mK − mπ the
a → ππγ decay channel is always subdominant compared to a → γγ [101, 102]. The remaining
kinematically allowed decay modes are a → µ±e∓, which is lepton flavor violating (Section 2.10.1),
and a→ π0e+e−, which is CP violating and hence expected to be highly suppressed.

ALP production in kaon decays

The decay amplitudes for charged and neutral kaon decays into a pion and an ALP receive an IR contri-
bution at energies µ < 2 GeV from the matching of the ALP to the ChPT Lagrangian [103,104], and UV
contributions which are encoded in CV

ds. The latter can be induced at tree level [58,59] or at one-loop via
ALP couplings to the up-quarks [99, 105, 106] or to the W -boson [107]. The value of CV

ds at the charm
threshold, µc = 2 GeV, is therefore given by

CV
ds(µc) = CV

ds(ΛUV) +
∑
F=t,c

y2FV
∗
FdVFsC

A
FF

16π2

(
log

ΛUV

µF
− fF (xF )

)
− g42N2

256π4
V ∗
tdVtsfW (xt), (14)

where µt =MZ , while xF = m2
F /m

2
W for F = t, c. The loop functions are

fF (x) =
3 (1− x+ log x)

2(1− x)2
+

1

4
, fW (x) =

3x [1− x+ x log x]

2(1− x)2
. (15)

All the Wilson coefficients on the r.h.s. of Eq. (14) are defined at the scale ΛUV. The log enhanced
term in Eq. (14) is the RGE contribution already discussed in Eq. (9), where we used the fact that
no resummation of electroweak logs is needed. The other two contributions are the finite threshold
corrections from the top, charm and the W boson running in the loop, with the ALP either coupling to
the quark or the W , respectively. In concrete UV completions, the UV threshold corrections might also
be important [105, 106]. For simplicity we assume these to be subdominant. Note that only the diagonal
axial couplings to quarks contribute to the one loop correction of CV

ds.

Numerically, the sizes of the different contributions in Eq. (14) are given by (dropping the trivial
UV contribution)

CV
ds ⊃−10−6

[
(2 + i)CA

tt

(
log

ΛUV

µt
+ 0.02

)
+0.08CA

cc

(
log

ΛUV

µc
+ 11

)
− (4 + 2i)10−3N2

]
. (16)

If the UV ALP couplings are flavor diagonal, the FV coupling CV
ds, relevant for the kaon decays,

is highly suppressed by the product of loop and CKM factors. This means that in the case of UV flavor
universality, the K → πa decays probe significantly lower values of fa than for the case of flavor
violating UV ALP couplings. Interestingly, the Yukawa suppression of the charm contribution relative
to the top gets partially compensated by the less severe CKM suppression, so that the two terms can be
of similar numerical size.

Following Refs. [103, 104], we can write down the K → πa decay amplitudes. The decay widths
are given by Γ(K → πa) = |A(K → πa)|2 /16πmK , ignoring the phase space factor due to nonzero
pion and ALP masses. Furthermore, for KL decays the K0 and K̄0 decay amplitudes interfere, since
KL =

[
(1 + ϵ)K0 + (1 − ϵ)K̄0]/[2(1 + |ϵ|2)

]1/2. At leading order in the ChPT expansion, the decay
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amplitudes are given by

iA(K− → π−a) =
N8

4fa

[
8N3m

2
K−πξa +

(
4CA

ss + 6ξaC
A
uu+dd−2ss

)
m2

a

+ CA
2uu+dd+ssm

2
K−π−a + CV

dd−ssm
2
K+π−a

]
− m2

K−π

2fa
CV
ds ,

(17)

−i
√
2A(K̄0 → π0a) =

N8

4fa

[(
8N3ξa + CA

3dd+ss

)
m2

K−π +
(
CA
2uu−dd−ss − 2ξaC

A
uu+dd−2ss

)
m2

a

− 2CA
uu−ddm

2
a
m2

K−a

m2
π−a

+ CV
dd−ssm

2
K+π−a

]
− m2

K−π

2fa
CV
ds,

(18)

while the K0 → π0a decay amplitude is obtained via the replacement A(K0 → π0a) = −A(K̄0 →
π0a)

∣∣
C

V
ds→C

V ∗
ds =C

V
sd

. Above, we use the shorthand notation, CV
c1uu+c2dd+c3ss

= c1C
V
uu + c2C

V
dd + c3C

V
ss,

and similarly for CA
i , for instance, CA

2uu−dd−ss = 2CA
uu − CA

dd − CA
ss, with all the Wilson coefficients

defined at µc = 2 GeV. We also defined m2
M1−M2

= m2
M1

−m2
M2

, m2
K±π−a = m2

K ±m2
π −m2

a, and
ξa = (m2

K −m2
a)/(4m

2
K −m2

π − 3m2
a). The overall prefactor multiplying the first terms in Eqs. (17),

(18), is given by
N8 = −GFV

∗
udVusg8f

2
π/

√
2 ≃ −1.5× 10−7 . (19)

If the K → πa transitions are induced by the flavor diagonal couplings of ALP to quarks, with no
large hierarchies between the couplings, then the ALP couplings to light quarks and gluons (the terms
proportional to N8) in Eqs. (17), (18) and the contributions generated via EW loops from ALP coupling
to top, charm and W , Eq. (16), are of roughly similar sizes. A more quantitative comparison is shown
in Fig. 2, where the branching ratios for K → πa decays are plotted as functions of the ALP mass for
a number of benchmark scenarios, in each of which only one ALP coupling at a time is taken to be
nonzero, as indicated.

For a massless ALP we can write the K+ → π+a branching ratio as

B(K+ → π+a) = 1.1× 107
(

TeV
fa

)2 [
(CV

ds)
2 + 2N8C

V
dsÑ3 +N2

8 Ñ
2
3

]
, (20)

where we neglected mπ and defined Ñ3 = N3 +
(
CA
2uu+dd+ss + CV

dd−ss

)
/2. The form of Eq. (20)

motivates us to distinguish two limiting cases.

– If CV
ds(ΛUV) is nonzero this implies strong limits on the symmetry breaking scale fa. For CV

ds ∼
O(1) the value of fa ∼ 107 GeV would imply very large modifications of kaon decay branching
ratios, B(K → πa) ∼ O(1). As discussed in Section 2.2.1, much larger decay constants fa
are already probed by the experiments, thanks to the fact that the irreducible SM background of
K+ → π+a is K+ → π+νν̄ which is highly suppressed in the SM. In this scenario, the ALP is
naturally long-lived and, if light enough, can be the Dark Matter.

– IfCV
ds(ΛUV) = 0 then B(K+ → π+a) ∼ 10−6−10−7 for fa ∼ TeV. In this scenario the ALP can

decay promptly into the SM particles, a possibility discussed further in Section 2.2.2. Intriguingly,
for ma < mK −mπ the region where the ALP decays promptly can be fully probed in the near
future.

2.2.1 Long-lived ALPs from kaon decays
Flavor-violating ALP decays obey the generalized Grossman-Nir bound [108, 109]

B(KL → π0a) ≤ 4.3 · B(K+ → π+a). (21)
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Fig. 2: Branching ratios of the K+ → π+a (left) and KL → π0a (right) decays as functions of the ALP mass,
taking only a single coupling in the ALP Lagrangian (5), (7) to be nonzero as shown by the labels, and setting
fa = 1 TeV and ΛUV = 4πfa. For a different value of the ALP decay constant, the branching ratios should be
rescaled by 1/f2a .

The main effect in the numerical factor is due to the kaon lifetime ratio τL/τ+ = 4.1. This makes the
K+ → π+a decay more sensitive to invisible ALPs than the KL → π0a decay (which is also more
challenging experimentally). In the remainder of this section we therefore focus on ALP production in
the K+ → π+a decays. Note however that the above rule does not apply generally. Certain new physics
models feature an enhanced signal in rare KL and not K+ decays, as discussed in Section 2.7.

2.2.1.1 Experimental status and projections

The experimental status and prospects of K → πX searches, with X escaping the detector or decaying
invisibly, are discussed in Section 4.1. For the K+ case, the upper limits of B(K+ → π+X) at 90% CL
as a function of mX up to the kinematic endpoint mK − mπ = 354 MeV are shown in Fig. 3. Three
distinct kinematic regions are determined by the experimental conditions.

– The regions 1 and 2 of the K+ → π+νν̄ search (results shown as red shaded areas). The largest
background comes from the ultra-rare K+ → π+νν̄ decay, leading to very stringent bounds on
B(K+ → π+a). The deterioration of the bound at very low ma masses owes to the definition of
the K+ → π+νν̄ signal region.

– The K+ → π+π0 region, where the results are obtained from a dedicated search for the π0 decays
into a fully invisible final state (results shown as a blue shaded area).

– The region ma > 260 MeV, where the background is dominated by the K+ → π+π+π− decays.
This region serves as a control region for the K+ → π+νν̄ measurement (and thus is not masked
during analysis), and has not yet been explored by the experiments.

The constraints in Fig. 3 can be re-interpreted as bounds on the ALP couplings entering the K+ → π+a
decay amplitude, see Eq. (17). This is usually done either in specific UV completions or by assuming
that only a single coupling is nonzero (a conventional approach for obtaining bounds on couplings in the
effective field theory). As illustrative benchmarks we consider two limiting cases:

– Flavor Anarchy: The FV couplings are of the same order as the diagonal ones. In numerical
estimates we set at the UV scale Csd(ΛUV) = 1, and similarly for the diagonal couplings, CV

qq =

CA
qq = N3 = 1.
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Fig. 3: Constraints on B(K+ → π+X) with the X particle decaying invisibly or escaping the detector as a func-
tion of X mass up to the kinematic endpoint (vertical dotted line). Red regions are excluded by the NA62 search
for K+ → π+X [110], the blue region by π0 → inv [111], and grey regions by the BNL E949 experiment [112].

– Minimal Flavor Violation: The FV couplings vanish at the UV scale, Csd(ΛUV) = 0. For flavor
diagonal couplings we take CV

qq = CA
qq = N3 = 1 at µ = ΛUV.

The resulting constraints on the axion decay constant fa from the NA62 searches are shown for the flavor
anarchic and minimal flavor violating benchmarks in Fig. 4, overlaid with the SN1987A constraints. In
the case of nonzero flavor-violating couplings the most stringent constraints arise mainly from Supernova
(SN) cooling through hyperon decays [97, 113], while for the flavor-conserving benchmark the main
cooling mechanism is via nucleon bremsstrahlung [114, 115]. For the flavor anarchic benchmark the SN
cooling constraints are roughly comparable with the constraints from K − K̄ mixing due to tree level
ALP exchanges [97]. These constraints are UV sensitive, since UV dependent dimension-6 operators
suppressed by the UV scale ΛUV ∼ 4πfa are expected to give contributions of the same parametric size
as the IR contribution from ALP exchanges. The constraints from K − K̄ mixing in Fig. 4 should thus
be viewed with this caveat in mind.

Fig. 4 (left) illustrates the fact that for generic ALP couplings, with no peculiar flavor structure, the
strongest constraints on the axion decay constant are provided by NA62 and are fa ≳ 1012 GeV for ALP
couplings of O(1). Remarkably, the NA62 constraints are the leading ones in the phenomenologically
very interesting region where ma ≲ O(keV), and the ALP can be cold DM produced through the
misalignment mechanism. Most importantly, the ALP lifetime in this region, τa ≳ 1026 s, is sufficiently
long to satisfy the stringent bounds on decaying DM. In this context, see also the more detailed discussion
of the QCD axion in Section 2.2.1.2.

For the minimal flavor violation benchmark (Fig. 4, right), the bounds on fa are a factor of
O(10−5) less stringent. This is a direct consequence of the CKM suppression required for the flavor
violating transition, cf. Eq. (16). In this case the constraints from K+ → π+a decays are relevant ex-
actly in the SN trapping regime (fa ≲ 106 GeV) where SN cooling through ALP emissions is no longer
possible, since ALPs get trapped inside the proto-neutron star. At low masses (ma ≲ 1 MeV) this region
is excluded by cosmological constraints coming from CMB and BBN [116–118]. At higher masses, a
detailed study of the BBN constraints for the ALP couplings considered here is still lacking. However,
as an indication of roughly where the BBN constraint are expected to be applicable we delineate in Fig. 4
with the solid line the region below which the ALP lifetime is τ < 1 s. This as a plausible guess of
the parameter space that would survive the BBN constraints without invoking extremely small reheating
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Fig. 4: Constraints on the axion decay constant fa for the flavor anarchic (left) and minimal flavor violation (right)
benchmarks. The constraints from NA62 are showed as colored regions, cf. Fig. 3. The SN1987A constraints (grey
region) are taken from Ref. [114] for SN cooling through nucleon bremsstrahlung NN → NN + inv, and from
Ref. [97] for cooling via hyperon decays Λ → n+inv. TheK−K̄ mixing constraints assume that the dimension-6
UV contributions are small. Also shown in the right panel are the contour lines below which the ALP is no longer
long-lived (cτa < 1 m) and above which its lifetime is stringently constrained by cosmology (τa > 1 s).

temperatures or other highly non-standard cosmologies. See Ref. [118] for a careful assessment of the
dependence of BBN constraints on the cosmological history.

2.2.1.2 Consequences for the QCD axion

The prototypical example of a light ALP is the QCD axion addressing the strong CP problem in the SM.
As a consequence, the mass of the QCD axion predominantly arises from its couplings to SM gluons
even though exceptions are possible in more elaborate models. In minimal scenarios the QCD axion
mass can be directly related to the axion decay constant [119] (redefining fa → N3fa one recovers the
standard QCD axion notation):

ma = 5.7 µeV

(
N3

1012 GeV

fa

)
. (22)

Phenomenological constraints in explicit models usually imply fa ≫ 106 GeV, so that the QCD axion
is essentially massless and stable for collider purposes. By definition the QCD axion couples to glu-
ons, N3 ̸= 0, while couplings to fermions are model dependent. Flavor-violating couplings generically
arise when Peccei-Quinn (PQ) charges are flavor non-universal. This possibility is especially well mo-
tivated if the PQ symmetry is (partially) responsible for explaining the hierarchies in the SM Yukawa
couplings [58, 59].

In Fig. 5 we compare the most stringent constraints on the QCD axion couplings at µ = µc. As
illustrative examples we consider three distinct cases: i) only the FV vector coupling CV

sd is nonzero, ii)
only the FV axial-vector coupling CA

sd is nonzero, and iii) the combination of flavor-diagonal couplings
Cqq ≡ N3 = CV

qq = CA
qq are all nonzero. For all three cases we show the constraints both from SN

cooling (“SN1987A”) as well as the constraints from the laboratory experiments (“Lab”). The SN cooling
constraints are due to hyperon decays (for flavor-violating cases) and from nucleon bremsstrahlung (for
the flavor-diagonal scenario). For nucleon bremsstrahlung the constraints come from observations of the
SN neutrino flux, implying that proto-neutron star (PNS) did not have effective non-standard cooling
mechanisms. The bounds from SN cooling apply for values above fa ≳ 15 TeV, since otherwise axions
become trapped inside the PNS [115]. Note that the constraints from axion production through hyperon
decays do not have a trapping regime [97] and therefore are valid also in the large coupling (small fa)
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Fig. 5: Laboratory and astrophysiccal constraints on the inverse axion couplings for the case of a massless ALP,
ma = 0. These apply unchanged also to the standard QCD axion. The SN1987A bounds are taken from Ref. [97]
for the case of CV

sd and CA
sd (cooling via hyperon decays) and from Ref. [115] for the case of Cqq (cooling via

nucleon bremsstrahlung). In contrast to the bounds from hyperon decays the nucleon bremsstrahlung has a trapping
regime for smaller values of fa. These values are excluded by Kamiokande constraints [127], leaving an open
parameter space only for very small values of fa, outside the plotted range. The laboratory bounds for CV

sd and
Cqq (K → π decays) are discussed in the main text, while the bounds on CA

sd (K → ππ decays) [97] are from the
ISTRA+ experiment [120].

regime. The laboratory constraints are due to the bounds on K+ → π+Xinv for the CV
sd and Cqq cases,

and from K+ → π+π0Xinv for the CA
sd case [97], using the results of the ISTRA+ experiment [120].

The stronger constraints on KL → π0π0Xinv decays from E391a [121] do not apply to the ma = 0 case.

Fig. 5 shows that NA62 searches are sensitive to the QCD axion (or more generally, a very light
invisible ALP) if it has sizable flavor-violating vector couplings. For flavor-violating axial couplings
or the flavor-diagonal case the constraints from SN1987A are instead stronger than the NA62 reach by
several orders of magnitude. This model-independent observation allows to test the way Peccei-Quinn
U(1) symmetry is embedded in the SM flavor group. In particular, if this abelian symmetry is identified
with the symmetry explaining the Yukawa textures à la Froggatt-Nielsen then the resulting QCD axion
could be probed simultaneously as DM by the cavity experiments such as ADMX and via theK+ → π+a
decays at NA62 [58, 59]. If U(1)PQ is part of a non-abelian flavor group such as U(2) [122–126] the
flavor-violating axion couplings can instead be strongly suppressed [125].

The NA62 sensitivity in the (ma, gaγγ) plane obtained setting CV
sd = 1 is shown in Fig. 6. In this

scenario NA62 can provide constraints on the axion decay constant fa of the order of 1012 GeV, which
is about two orders of magnitude more stringent than the astrophysical bounds from white dwarf (WD)
cooling (for CA

ee = 1) and SN1987 (for CN = 1), and about four orders of magnitude stronger than the
constraints from CAST/HB stars (for N1 = N2 = 0). Therefore NA62 can potentially constrain the
region in the parameter space for which the QCD axion yields the observed DM abundance via misalign-
ment in the pre-inflationary scenarios, complementing the standard axion searches with haloscopes.

2.2.1.3 Probing axial flavor violating ALP couplings

Three-body decays K+ → π+π0a and KL → π0π0a are crucial laboratory probes of the axial FV
coupling of the ALP. Assuming for simplicity ma ≪ mπ, the decay widths are given by [97]

dΓ(K+ → π+π0a)

ds
=

(CA
sd)

2

f2a

(m2
K

+ − s)3

6144π3m5
K

+

β(F 2
p + β2G2

p + 2βFpGp), (23)
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Fig. 6: Constraints on the QCD axion in the ma(fa)–gaγγ plane. Shown in gray are the usual constraints from
existing and planned halo- and helioscopes and from HB star cooling, overlaid is the standard QCD axion band in
yellow. In addition, we show the constraints on ma/fa for various couplings of order unity; displayed in blue are
the HB/CAST bounds [128, 129] for N1 = N2 = 0 (i.e. the “hadronic axion” which couples to photons through
its mixing with π0), the bounds from star cooling via nucleon bremsstrahlung in SN1987A for CN = 1 [115], and
via electron bremsstrahlung in white dwarfs (WD) for CA

ee = 1 [130]. Red solid (dashed) lines show the present
(future) constraints from NA62 for CV

sd = 1. In orange we indicate the values of ma (and fa) for which the QCD
axion can fully account for the observed dark matter abundance, depending on whether the PQ symmetry is broken
before or after inflation (taken from Ref. [131]).

dΓ(KL → π0π0a)

ds
=

(CA
sd)

2

f2a

(m2
KL

− s)3

4096π3m5
KL

βF 2
s , (24)

where s = (pπ1
+ pπ2

)2, β = 1 − 4m2
π/s, and the functions Fs, Fp and Gp can be extracted from the

K+ → π+π−e+ν decay form factors. The decay widths satisfy a generalized Grossman-Nir bound

B(KL → π0π0a) < 31 · B(K+ → π+π0a), (25)

where the numerical factor on the r.h.s. is enhanced compared to the two-body generalized Grossman-Nir
bound, Eq. (21), by phase space effects and form factors.

The experimental status is summarized in Section 4.2. The strongest limit on the massless ALP
comes from the ISTRA+ experiment [120]:

B(K− → π−π0a) < 0.9× 10−5 ⇒ 2fa/C
A
sd > 3.6× 107 GeV. (26)

This is expected to be improved with the NA62 Run 1 dataset. The projected NA62 reach would still be
below the nominal bounds from the SN cooling due to hyperon decays [97] (Fig. 5). However the SN
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cooling bounds carry an important caveat that they are likely affected by large systematic uncertainties
related to the SN modeling (it is even possible to argue that the bound may be completely absent [132]).
In addition to the above bound on the K− decay, there is a phenomenologically interesting experimental
bound on B(KL → π0π0a) from the E391a experiment [121], which is set to be improved by KOTO.
This bound does not cover the massless ALP (see Section 4.2), while it leads to 2fa/C

A
sd ≳ 1.7×107 GeV

for a light, yet still massive, ALP [97].

For massive ALP, the expressions for the decay widths in Eqs. (23), (24) need to be modified, and
include a new form factor that cannot be extracted from data (see Appendix C in Ref. [97]). While a
prediction for this form factor can be made using chiral perturbation theory [133, 134], understanding of
theoretical errors for the massive ALP case could benefit from further studies. In summary, experimental
exploration of the axial flavor violating coupling of the ALP calls for updates on the experimental and
on the theoretical fronts, both of which can be achieved in the near future.

2.2.2 Prompt ALPs from kaon decays
Experimentally distinct phenomenology is obtained if ALPs decay promptly within the instrumented
volume of a kaon experiment. This requires relatively low values of the ALP decay constant fa. For ma

in the MeV to GeV range the ALP decay constant should be within a few orders of magnitude of the EW
scale, fa ∼ O(100 GeV). In this range of couplings the ALP is in a thermal equilibrium in the early
Universe, and its mass is bounded to be heavier than roughly 1 MeV by BBN constraints on the number
of relativistic degrees of freedom [118].

Depending on the specific model, different ALP decays are allowed. For light ALPs, the a → γγ
or a → e+e− decays dominate, with at most one loop factor hierarchy between the electron and the
photon couplings. At one loop, the ALP-electron and ALP-photon couplings mix, cf. Eq. (11). If
kinematically allowed, the a→ µ+µ− decay should also be considered.

Promptly decaying ALPs can be produced in kaon decays via their couplings to gluons,W -bosons,
or light quarks. ALP flavor violating couplings can be safely ignored in this context because FCNC
constraints from K − K̄ mixing require fa ≳ 107 GeV and hence imply an invisible ALP on detector
scales (see Section 2.10.1 for further discussion). Flavor diagonal couplings with a small enough decay
constant would change appreciably the total kaon decay width. Summing the measured K+ exclusive
branching ratios gives a model-independent bound at 95% CL4

B(K+ → SM + new physics) ≲ 3× 10−3. (27)

This provides a lower bound on the ALP decay constant that is independent of the ALP decay mode, and
only depends on the production mechanism. For instance, for the ALP that couples only to gluons this is
denoted with a dark green shaded exclusion region in Fig. 7 (left).

As we will see below, dedicated experimental searches on exclusive channels already exclude
significant parts of the prompt ALP parameter space. However, certain regions of parameter space still
remain unexplored and deserve further attention. Typically, the parameter space corresponding to cτa ≳
10 cm is constrained by the beam-dump experiments (even though a complete study of the implications of
these measurements on the ALP parameter space is still lacking), while for shorter lifetimes the searches
for rare K+ and KL decays become relevant. It is in the latter parameter region that the searches for
visible ALP signatures at kaon experiments can make significant improvements, potentially completely
covering the parameter space left unexplored at small decay constant.

4The PDG performs a constrained fit to K
+ branching ratios that includes the total decay width and also the requirement

that the SM channels sum up to one, giving B(K+ → SM) = (100.00 ± 0.15)%. Ignoring that a constrained fit was used
this would imply B(K+ → SM + new physics) < 2.9× 10

−3 at 95% CL. We expect that repeating the PDG fit, but without
imposing the constraint, would give a constraint of a similar size. Until such a fit is performed the constraint in (27) should be
viewed as only indicative.
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Fig. 7: Left: Bounds on the ALP coupling only to gluons (N3(ΛUV) ̸= 0 only) scenario. The coupling of ALP
to photons is induced at one loop, cf. Eq. (11), allowing for the a → γγ decays. The Babar bound was derived
assuming ΛUV = 1 TeV. Right: Bounds on the ALP coupling to only SU(2)L gauge bosons (N2(ΛUV) ̸= 0 only)
scenario [135]. In this case a → γγ is generated already at tree level. In the parameter space region below the
dashed line in both plots, the ALP has proper lifetime longer than a second, and is therefore disfavoured by Big
Bang Nucleosynthesis considerations. The red dashed lines on the right-hand plot trace the points at which the
ALP has an average lab frame decay length of 100 m and 10 m at NA62. These illustrate why the K+ → π+X
bound where X is invisible in the laboratory does not extend to larger couplings, since the ALP becomes too
prompt for the search to be sensitive.

2.2.2.1 ALP promptly decaying to γγ

Light ALPs with couplings to gluons and quarks can be produced in kaon decays, with the decay am-
plitudes given in Eqs. (17) and (18). Such an ALP then subsequently decays into photons, electrons or
muons. If the ALP couples only to gluons or first-generation quarks at tree level, sizeable couplings to
photons are generated at loop level, cf. Eq. (11), such that the ALP decays predominantly to photons.
For large enough couplings, for which the ALP decay is prompt, the ALP parameter space can be con-
strained by the K → πγγ measurements (Section 4.5). In contrast, if the couplings are small enough,
the ALP can be sufficiently long-lived to escape the detector, in which case K → πX searches with a
missing energy signature (Section 4.1) become relevant.

In the following we consider four distinct limiting cases where a single coupling of ALP to the
SM dominates at the scale µ = ΛUV = 4πfa:

(a) coupling to gluons, N3 ̸= 0, only [101, 103, 104, 135], shown in Fig. 7 (left);

(b) coupling to W i-bosons, N2 ̸= 0 only [104, 107, 135], shown in Fig. 7 (right);

(c) CA
uu only: tree level coupling to only the first generation up quarks, shown in Fig. 8 (left);

(d) CA
dd only: tree level coupling to only the first generation down quarks, shown in Fig. 8 (right).

In each of the above four scenarios the ALP couplings to leptons are generated only through two loop
radiative corrections and, if prompt, the ALP decays almost exclusively to photons so that we can take
B(a → γγ) ≃ 1. The experimental constraints for the four scenarios in the plane of ALP mass and
relevant coupling are shown in Figs. 7, 8. For large fa (small ALP couplings), the ALP becomes long-
lived, and the bounds on B(K → πXinv) apply (Section 4.1). For smaller fa (larger ALP couplings),
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Fig. 8: Bounds on flavor-diagonal pseudoscalar quark couplings of ALP to the first generation quarks: coupling
to up quarks (left) and down quarks (right). In each case, it is assumed that only the relevant coupling is nonzero in
the EFT Lagrangian. The coupling to photons is induced at loop level through Eq. (11), allowing the ALP to decay
to two photons. In both plots, the ALP has proper lifetime longer than a second in the parameter space region
below the dashed line, and is therefore disfavoured by Big Bang Nucleosynthesis.

the ALP decays promptly to photons, and thus the bounds on B(K → πγγ) apply (Section 4.5). If ALP
couples to charm or top quarks, the flavor violating K → πa decay is induced at one loop via the one
loop generated flavour changing coupling, see Eq. (14) and Fig. 2. In this case, a large one-loop coupling
to electrons is also induced [97–99], so that the ALP decays predominantly to electrons. Consequently,
this scenario is already strongly constrained, as discussed below, in Section 2.2.3. More exotic scenarios,
such as the lepton flavor violating ALP decays, are discussed in Section 2.10.

In many of the ma < mK scenarios discussed here, the dominant constraint at small decay con-
stant fa is the model independent bound on B(K+ → SM + anything), cf. Eq. (27). Complemen-
tary bounds from other collider probes such as LEP [136, 137], CDF [138], GlueX [139, 140] and B-
factories [101,107,141–143]5 can also be relevant. For the large decay constant, the ALPs are long-lived,
so different bounds associated with the long lifetime should be considered: i) from beam dump experi-
ments, ii) K → π+inv bounds, iii) supernova cooling bounds, iv) BBN bounds. For an ALP coupled to
gluons we present the bound from CHARM [144] and NuCal [35] derived in Ref. [145] by considering
only the production mode through meson-ALP mixings. We expect a similar bound to hold for the first
generation up and down quark couplings. For an ALP coupled to EW gauge bosons we take the results
from Ref. [146].

In the window of intermediate fa the ALP decays promptly to photons, and thus the limits on
B(K → πγγ) apply. The experimental status of these searches is discussed in Section 4.5. As shown in
Figs. 7 and 8, the visible signature of the ALP in K → πa(→ γγ) is essential to close the gap between
the model independent bound in Eq. (27) and the invisible searches. We assume the ALP resonance is
narrow for simplicity.6 To set target sensitivities for the future experiments, we evaluate in each scenario

5The Babar search for B → Ka(→ γγ) excludes the large parameter space for the cases (a) and (b). The bound for (a)
N3 ̸= 0 is derived based on the calculation of [141] which assumes ΛUV = 1 TeV, not 4πfa. The bound will be stronger if
ΛUV = 4πfa because the RGE effect is enhanced. The projection of this channel at Belle II is discussed in Ref. [143].

6However, the signal is broadened when the ALP decays with a significant displacement. For example, in K
+ → π

+
γγ

search, the diphoton invariant mass shifts to a lower value than the ALP mass as mγγ ≃ ma(1− d/L) where L is the distance
from the K

+ decay point to the ECAL, and d is the displacement of ALP decay. Similar issue was discussed in the context of
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Fig. 9: Target branching ratios for K+ → π+a(→ γγ) (left) and KL → π0a(→ γγ) (right) decay searches for
four different benchmark scenarios: the ALP coupling only to gluons (scenario (a), black dashed line), only to
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orange dashed line). In each case the regions below the dashed lines are excluded by the beam-dump constraints.
The shaded regions are excluded by prompt searches, as indicated.

the value of the K → πa(→ γγ) branching ratio corresponding to the boundary of the region already
excluded by the beam dump experiments. These target branching ratios forK+ andKL decays are shown
in Fig. 9. Forma ≲ 100 MeV, the promptly decaying ALP that couples predominantly to either gluons or
to electroweak gauge bosons (scenarios (a) and (b)) is already excluded by the search at BNL-E949 [147].
For ma ≳ 230 MeV, an ALP coupling to gluons is excluded by the K+ → π+γγ measurement at
NA48/NA62 [148, 149], while a 10−10 sensitivity in the branching ratio is necessary for a definitive test
of the electroweak scenario. Note that the recent Babar analysis excludes the large paramater space in
a mass range 175 ≲ ma ≲ 260 MeV for the gluon and electroweak scenarios [142, 143]. Similarly,
reducing the bounds on B(KL → π0γγ) to ∼ 10−10 at KOTO or KLEVER would test the scenarios (a)
and (b) for ma ≳ 170 MeV.

A particularly difficult mass window to cover is the mass region 100 MeV < ma < 200 MeV,
where theK → πa(→ γγ) searches are affected by theK → 2π background. This mass interval is char-
acterized by large mixing between the ALP and the pion which could be in tension with measurements
of the neutral pion lifetime. For this reason a tiny mass window around the neutral pion mass is shaded
in the plots. A more detailed theoretical study of this window would be required to properly assess the
experimental chances of closing it. Interestingly, B meson decays might close this mass window for an
ALP coupled to gluons or electroweak gauge bosons by using the lifetime information to separate the
ALP from the pion. Conversely, for an ALP coupled solely to up or down generation quarks the b → s
transition will be highly suppressed and the 100 MeV < ma < 200 MeV window will have to be closed
by kaon experiments.

2.2.2.2 ALP promptly decaying to di-leptons

Measurements of K+ → π+e+e− [150, 151] and K+ → π+µ+µ− [152, 153] decays, dedicated
peak searches in the mee [154] and mµµ [155] spectra of these decays, and searches for the KL →
π0e+e− [156] and KL → π0µ+µ− [157] decays lead to constraints on the ALP parameter space. The
details and prospects for these measurements are discussed in Section 4.6. To obtain the corresponding
constraints on ALP production and decay, we use the two sigma upper range on the total number of
measured events in the measurements and searches of Refs. [150,151,156,157], and use the peak-search
results from Refs. [154, 155]. The ALP lifetime tends to exceed 10 ps, especially for ma < 2mµ. To

B
± → K

±
a(→ γγ) [142, 143].
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Fig. 10: Left: Bounds on the coupling of an ALP to gluons for a scenario in which only the couplings to gluons
and to leptons are nonzero in the Lagrangian. The coupling to leptons is set by CA

ll = N3 and is lepton universal.
The coupling to photons is induced at loop level through equation (11), allowing the ALP to decay to two photons.
Right: Bounds on the coupling of an ALP to SU(2)L gauge bosons for a scenario in which only this coupling and
the coupling to leptons are nonzero in the Lagrangian [135]. The coupling to leptons is set by CA

ll = N2 and is
lepton universal. The ALP decay to photons occurs at tree level through the N2 coupling.
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Fig. 11: Target branching ratios for K+ → π+a(→ e+e−) (left) and KL → π0a(→ e+e−) (right) decay
searches for two different benchmark scenarios: the ALP couplings to gauge bosons, either N2 or N3, where the
ALP also couples (diagonally and flavour-universally) to leptons. In each case, the regions below the dashed lines
are excluded by the beam-dump searches. The shaded regions are excluded by prompt decay searches, as indicated.
Due to the displacement of the ALP decay, there is sometimes a discrepancy between the bound assuming prompt
decay and the effective bound on each scenario. The dotted lines show the effective bounds for the N3 = CA

ll

scenario of K+ → π+e+e−, and the N2 = CA
ll scenario of KL → π0e+e−.

estimate the fraction of ALP decays that pass the event selections we assume that the ALP energy is half
of the mean kaon energy, and keep the ALP signal that has a displacement less than 1m at KTeV and
NA48/2 (1.4 cm at BNL E865).

In Fig. 10 we show two scenarios in which at ΛUV in addition to the ALP couplings to gauge
bosons, either N2 or N3, the ALP also has a (diagonal and flavour-universal) coupling to leptons, CA

ℓℓ =
N2,3, large enough to dominate the ALP decay width. In the two scenarios, the ALP branching ratio to
photons (a→ γγ) is reduced compared to Fig. 7 due to the availability of the leptonic decay channels.
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In Fig. 11 we show the targetK → πa(→ e+e−) branching ratios for future experiments, required
to reach the lower boundary of the parameter space already excluded by the beam dump experiments
(while the constraints from kaon invisible searches are weaker). The sensitivity of the K → πa(→
e+e−) searches offered by the currently available samples is potentially sufficient to cover the gap to
the region of parameter space in which ALPs have very displaced decays and where ALPs thus appear
mainly as missing momentum in the experiments. In previous experimental analyses, the decay products
were assumed to originate from a single prompt decay vertex, which reduces the acceptance to the
actual signal events that comprise of displaced a → e+e− decay vertices. The effective bounds for the
N3 = CA

ll scenario from K+ → π+e+e− decays and for the N2 = CA
ll scenario from KL → π0e+e−

searches (shown as dotted lines in Fig. 11, with regions above the lines excluded) take the reduced
acceptance into account, and differ significantly from the bounds that assume prompt decays (shaded
regions in Fig. 11). The unexcluded parameter space above the beam-dump constraints (dashed lines
in Fig. 11) corresponds to ALP decays with large vertex displacements. Future searches with rare kaon
decays would therefore optimally relax the decay vertex requirement, and perform scans in both ALP
mass and lifetime.

Note that beam-dump constraints weaken above the di-muon threshold, thus the K → πa(→
µ+µ−) searches represent a unique opportunity to cover the unexplored parameter space for ma >
210 MeV. In Fig. 10 we show the present bounds from B → Ka(γγ) derived in Ref. [141] and we
expect searches for B → Ka(e+e−) and B → Ka(µ+µ−) to also have an impact on this parameter
space. Currently, we include the B0 → K0∗a(→ µ+µ−) search at LHCb [158], which is one of the
leading constraints for ma > 2mµ.

2.2.3 A simplified model of prompt ALP decays to ℓ+ℓ− final states
Prompt leptonic ALP decays (with cτa ≲ O(m)) are only possible for sufficiently low decay constants
fa/C

A
ee ≲ O(TeV), see Eq. (13). Such low fa values face stringent constraints. Most notably, the flavor

off-diagonal couplings CA
qiqj

(i ̸= j) must be strongly suppressed to be compatible with bounds on flavor
violation, see Fig. 4. In this case, it is natural to express the flavor-diagonal ALP couplings in the Yukawa

basis with the ALP appearing as a phase of the fermion masses in the form eiQ
PQ
f a/famf ff

c, whereQPQ
f

is the PQ charge of the fermion species f . Such flavor alignment without flavor universality could be
achieved, for instance, in UV completions where only right-handed SM fermions are charged under PQ
symmetry. Performing a chiral rotation of the right-handed fermions f c, these couplings can be mapped
into the basis in Eqs. (5–7) to yield CV

fifj
= CA

fifj
= δij Q

PQ
f , N3 = N3

∣∣
UV

+
∑6

i=1Q
PQ
qi , N2 =

N2

∣∣
UV

, N1 = N1

∣∣
UV

− 2
∑3

i=1

(
QPQ

ℓi
+ 4

3 Q
PQ
ui

+ 1
3 Q

PQ
di

)
.

Strong constraints apply to this ALP parameter space for the mass range 2me <∼ ma <∼ 2mµ.

– A PQ charge for the top quark larger than
∣∣QPQ

t

∣∣ ≈ fa/(100TeV) would lead to experimentally
excluded rates for b→ sa and s→ da transitions via one loop penguin diagrams.

– The PQ charges of charm and bottom quarks,QPQ
c andQPQ

b , are significantly constrained by bounds
on axionic decays ofB,D, Υ and J/Ψ mesons, as well as their contributions to ALP-pion mixing.

– ALP-pion mixing is strongly constrained by bounds on B(π+ → e+ν (a → e+e−)) [159] and by
the observed value of B(π0 → e+e−) [160], which require the a−π0 mixing angle

∣∣θaπ∣∣ ≲ 10−4.
At LO in ChPT, θaπ is given by:

θaπ ≈ −(muQ
PQ
u −mdQ

PQ
d )

(mu +md)

fπ
fa

− 1

2

(
QPQ

s +N3

∣∣
UV

)
(mu −md)

(mu +md)

fπ
fa

+ O
(
mu,d

ms

)
fπ
fa
, (28)

where fπ = 92 MeV and we assume ma ≪ mπ0 . ALP-pion mixing could then be made compati-
ble with experimental bounds if QPQ

u = 2QPQ
d = O(1) and N3

∣∣
UV

= QPQ
s = 0 [161].
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Fig. 12: Order-of-magnitude range of B(K+ → π+a) (left purple axes), B(KL → π0a) (left cyan axes),
B(K+ → µ+νa) (left red axis), and contours of B(K+ → π+π0a) (orange curves), and B(KL → π0π0a) (green
curves) in the parameter space of ALP mass (ma) vs inverse decay constant (1/fa) for the prompt a → e+e−

benchmark scenario (29). Contours of ALP lifetime are shown as dotted black curves. Shaded regions are ex-
cluded by the indicated searches. Expected upper limits on B(K+ → π+(π0)a) from the full NA48/2 dataset
are shown as dashed dark (light) red curves. In the left axes we ignore the ∼ 30% (factor of ∼3) variation of
B(K → πa) (B(K+ → µ+νa)) with ma. For K → πa decays we show the estimated branching ratios with and
without the assumption of ∆S = 1 octet-enhancement of these amplitudes (see main text and Ref. [162]).

The suppression of θaπ combined with poorly determined O(1) corrections to a − η and a − η′

mixing at second order in the chiral expansion imply that the naive LO ChPT estimation of hadronic
ALP couplings is not reliable [161]. Therefore, in this subsubsection we consider a simplified model
in which we parametrize the low energy hadronic ALP couplings via a generalized Bardeen-Tye current
[60, 161, 162], which is defined by the ALP-meson mixing angles θaπ, θaηud , and θaηs .

Axionic kaon decay amplitudes can then be calculated via A(K → aX) =
∑

ϕ θaϕ A(K →
ϕ∗X)

∣∣
p
2
ϕ=m

2
a
, with ϕ = π0, ηud, ηs (the SM amplitudes can be found in [162]). As illustrative target

benchmarks for experimental searches, we take∣∣QPQ
e

∣∣ = 1 ,
∣∣θaπ∣∣ ∼ O

(
50 keV
fa

)
,

∣∣θaηud∣∣ ∼ ∣∣θaηs∣∣ ∼ O
(

MeV
fa

)
, (29)

in anticipation that improved ChPT predictions will map these low energy couplings into a nonvanishing
region of the UV parameter space.

The resulting branching ratio predictions can still show significant variation due to the possibility
of interference between the amplitudes A(K → ϕ∗X). Therefore in plotting order-of-magnitude esti-
mates for the various axionic kaon decay channels in Fig. 12 we assume the following branching ratios,
consistent with (29):

B(K+ → π+a) ≃
(

GeV
fa

)2 |p⃗a|
|p⃗π+| ×

{
3.6× 10−5 (octet-enhanced),

10−7 (non octet-enhanced),
(30a)

B(KL → π0a) ≃
(

GeV
fa

)2 |p⃗a|
|p⃗π0| ×

{
10−9 (octet-enhanced),
10−11 (non octet-enhanced),

(30b)

B(K+ → µ+νa) ≃ 3× 10−8

(
GeV
fa

)2

× Φ(ma)/Φ(ma = 10 MeV), (30c)

where Φ(ma) is the Dalitz phase-space integral. The predictions for B(K+ → π+a) and B(KL → π0a)
differ in whether ∆S = 1 octet-enhancement (a.k.a. ∆I = 1/2 enhancement) is assumed to arise at
O(p2) (octet-enhanced) or at O(p4) (non-octet-enhanced) in ChPT power counting (see [161, 162] for
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Fig. 13: Order-of-magnitude ranges of axionic kaon decays in the parameter space of ALP mass (ma) vs inverse
decay constant (1/fa) assuming dominance of the prompt a → µ+µ− channel. Shaded regions are excluded.
Contours of ALP lifetime are shown as dotted black curves. Contours for B(K+ → π+a), B(KL → π0a)
and B(K+ → µ+νa) are shown as dashed purple, solid cyan, and solid red curves, respectively (see text for
assumptions). For K+ → π+a, we show the estimated branching ratios with and without the assumption of
∆S = 1 octet-enhancement of the decay amplitude (see [162] for details).

details). Fig. 12 shows branching ratio contours for the three-body decays K → ππa, where we assume
the same relative sign for θaπ, θaηud and θaηs , and we neglect the contributions of non-octet-enhanced
amplitudes.

Sensitivity projections at 90% CL for B(K+ → π+a) and B(K+ → π+π0a) from the NA48/2
analyses of K+ → π+e+e− [163] and K+ → π+π0e+e− [164] are also shown in Fig. 12 (see Sec-
tions 4.6, 4.7). These projections assume that: (i) the signal acceptance for K+ → π+(a → e+e−) is
the same as in Fig. 4 of Ref. [163]; (ii) the signal acceptance for K+ → π+π0(a → e+e−) is the same
as the acceptance for the IB decay shown in Fig. 3 of Ref. [164]; and (iii) the expected backgrounds are
accounted for using the full background simulations in Refs. [163, 164]. KTeV also placed a bound on
the SM decay B(KL → π0π0e+e−) < 6.6 · 10−9 at 90% CL [165] (see Section 4.7). However, due to
the low signal efficiency resulting from background rejection cuts, recasting this analysis into bounds on
B(KL → π0π0a) would require a dedicated simulation of the ALP signal.

We turn next to the ALP mass range 2mµ < ma < mK −mπ and consider the case of prompt
a → µ+µ− decays. If the ALP couples to heavy (top and/or bottom) quarks, constraints from B →
K(a → µ+µ−) decays are severe enough to preclude any viable parameter space in the prompt region.
Therefore we restrict our discussion to a special region of parameter space for which QPQ

t = QPQ
b = 0.

On the other hand, O(1) ALP couplings to GG̃ and second generation quarks are still viable as long as
constraints on θaπ can be evaded, which can be obtained by setting QPQ

e = 0. With these assumptions,
we have:

∣∣QPQ
µ

∣∣ = 1 ,
∣∣θaπ∣∣ ∼ ∣∣θaηud∣∣ ∼ ∣∣θaηs∣∣ ∼ O

(
fπ
fa

)
. (31)

In Fig. 13 we show existing constraints on the prompt a → µ+µ− parameter space derived from
NA48/2 measurements (Refs. [152, 155]; Section 4.6), as well as K → πa and K+ → µ+νa branching
ratio contours. The same considerations and caveats for the discussion of a → e+e− apply in this case:
the estimated range of branching ratios can vary significantly due to possible constructive or destructive
interference between amplitudes. For the contours in Fig. 13, we assume the following branching ratios
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consistent with Eq. (31):

B(K+ → π+a) ≃
(
fπ
fa

)2 |p⃗a|
|p⃗π+| ×

{
32.2 (octet-enhanced),

0.072 (non octet-enhanced),
(32a)

B(KL → π0a) ≃ 0.72× 10−3

(
fπ
fa

)2 |p⃗a|
|p⃗π0| (octet-enhanced), (32b)

B(K+ → µ+νa) ≃ 3.36

(
fπ
fa

)2

× Φ(ma)/Φ(ma = 10 MeV), (32c)

where Φ(ma) in (32c) is the ma-dependent integral over the Dalitz phase-space.

2.3 Heavy neutral leptons
Authors: Fox, Hostert, Kelly

The existence of heavy neutral leptons (HNLs) has been proposed as one possible solution to
the smallness of the observed neutrino masses. In these scenarios, the observed neutrino masses are so
small due to one of several “seesaw” mechanisms, where a heavier neutrino drives the mass well below
that of the charged fermions of the Standard Model. While these heavy neutral leptons can span orders
of magnitude in masses, we are interested here in those below the kaon mass to produce observable
signatures in kaon factories.

If one or more heavy neutral leptons N exist, they can interact with the other fields of the SM via
the Lagrangian

−L ⊃ −yN (LH)N + h.c., (33)

along with a Majorana mass term generating a mass for the heavy neutral lepton. The existence of
the Yukawa coupling yN , along with this mass, will generate mixing between the heavy, mostly-sterile
state and the light, mostly-active neutrino states. The mixing, in the case where one N is assumed, is
parameterized in terms of the elements of an extended, 4 × 4 leptonic mixing matrix: |UeN |2,

∣∣UµN

∣∣2,
and |UτN |2 (see, e.g., Refs. [166–168] for constraints on these angles as a function of N mass). In
most phenomenological studies, one of these mixing angles is taken to be nonzero at a time, however,
combinations of two or three can yield less trivial signatures.

In this minimal “mass plus mixing” scenario, the N can be produced in any process that yields
SM neutrinos, as long as its mass is small enough to be kinematically accessible in the process. At kaon
factories, this leads to the two most relevant channels for HNL searches [169, 170]:

K+ → ℓ+N, ℓ = e, µ. (34)

The rates of the above decays are proportional to |UℓN |2, with explicit expressions available e.g. in
Ref. [171]. In most of the parameter space of interest, N is long-lived on detector timescales and so
the signature is a single charged lepton and missing mass. The HNL lifetime (for mN < mK) exceeds
10−4/|U4|2 µs, where |U4|2 is the largest of the three mixing parameters |UℓN |2, ℓ = e, µ, τ [172].

The HNLs can modify the early Universe evolution, either by contributing excessively to the
energy density of the Universe or through decay products. In particular, if HNLs are sufficiently long
lived to survive until the time of BBN, the decays to SM particles can modify the precisely-measured
abundance of light elements by altering the proton to neutron ratio [173–177]. This leads to an upper
bound on the HNL lifetime τ0 < 0.1 s (or τ0 < 0.023 s when the HNL can decay to pions [178]),
which then sets lower limits on the mixings of HNLs with the SM neutrinos. The BBN limits are
complementary to laboratory searches. The combination of the two covers extensively the parameter
space below the kaon mass, with some parameter space still open in particular due to weak constraints
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Fig. 14: Experimental constraints on electron-coupled (left) and muon-coupled (right) heavy neutral leptons as
functions of their mass and the mixing |UℓN |2, along with the naïve seesaw target (grey bands).

on |Uτ4|2 [179]. It should be noted, however, that the BBN limits are model-dependent, and can be
avoided in models where HNLs decay through forces other than the weak force [41]. In such models
both the decay-in-flight as well as the BBN constraints are modified, depending on the new branching
ratios and lifetimes of the HNLs, while the kaon constraints remain largely unchanged (see Sec. 2.8 for
some examples).

The NA62 collaboration has performed world-leading searches for HNL production in kaon de-
cays, leading to some of the most stringent limits on |UeN |2 and

∣∣UµN

∣∣2 in the mN < mK regime [171,
180]. These constraints are shown as red excluded regions in Fig. 14, compared to other experimen-
tal searches for the minimal “mass plus mixing” scenario. The grey bands in each panel correspond
to the naïve target for a seesaw solution to the light neutrino masses. These are calculated assum-
ing a simple one-light-one-heavy-neutrino scenario, where the light neutrino acquires a mass equal to

mν = |Uα4|2mN , where we take mν =

√
∆m2

21 ≈ 9 meV and
√

|∆m2
31| ≈ 50 meV from neutrino

oscillation measurements [181] as the minimum mass of two of the three light-neutrino eigenstates in
nature. When considering a three-light-two-heavy-neutrino scenario (the minimum required to explain
oscillation results in a seesaw mechanism), additional mixing parameters break the simple dependence
between light-neutrino masses, heavy-neutrino masses, and mixing, making this target broader. Experi-
mental details and future prospects of the K+ → ℓ+N measurements are discussed in Section 4.14.

Depending on the HNL mass, the branching ratio of the K+ → π0ℓ+N decay can be comparable
to that of the K+ → ℓ+N decay, both of which are proportional to |UℓN |2. This is particularly true for
the electron-coupled final state with mN ≲ 20 MeV [182–184]. If experiments can constrain B(K+ →
π0e+N) at comparable levels as B(K+ → e+N ), then smaller |UeN |2 can be probed. However the
currently available datasets only offer a limited sensitivity (Section 4.16).

In the minimal Type-I seesaw model N is a Majorana fermion with a mass term that violates
lepton number by two units. After production in kaon decays, the charged-current decays of N would
lead to lepton number violating final states [185–188], such as K+ → ℓ+N , N → ℓ+π−. Therefore
searches for signatures such as K+ → π−(π0)ℓ+1 ℓ

+
2 represent a unique probe of LNV in kaon facilities

(Section 4.18).

Beyond the minimal scenarios, there is also the possibility that N has additional interactions, for
instance, if it is gauged under a new U(1)′ symmetry [189–192]. This can lead to short-lived N which
decay within the detector into, for instance, a neutrino and a charged lepton pair:

K+ → µ+N, N → νe+e−. (35)
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With the additional interactions considered, HNL lifetime becomes effectively an additional free param-
eter. Peak searches in this three-track signature (Section 4.15) could constrain neutrino mixing directly
under different HNL lifetime assumptions. More exotic HNL production channels are discussed in Sec-
tion 2.8.4.

2.4 Dark photon
Authors: Dobrescu, Fabbrichesi, Gabrielli, Kvedaraitė, Martin Camalich, Terol-Calvo

The dark photon is a gauge boson of a secluded U(1)d gauge group under which the dark sector
states are charged. If the U(1)d symmetry is exact, the dark photon is massless. If the symmetry on
the other hand is either spontaneously broken by the Higgs mechanism or explicitly broken, as in the
Stueckelberg Lagrangian, the dark photon is massive.

The dark photon interacts with SM particles via kinetic mixing with the photon [193], or via
dipole-like operators [194]. The most general kinetic part of the U(1)em×U(1)d Lagrangian is given by

L0 = −1

4
Fem,µνF

µν
em − 1

4
FdµνF

µν
d − ε

2
FdµνF

µν
em , (36)

where the term proportional to ε introduces the mixing. The gauge boson Aµ
em couples to the ordinary

electromagnetic matter current Jµ, while Aµ
d couples to the dark-sector matter current J ′

µ,

L = e JµA
µ
em + e′J ′

µA
µ
d , (37)

with e and e′ the respective gauge couplings.

For a massless dark photon, the kinetic terms in Eq.( 36) can be conveniently diagonalized by a
rotation and a field redefinition of the gauge fields such that the interaction Lagrangian takes the following
form [193]

Lint = e′J ′
µA

′µ +
1√

1− ε2

(
−εe′J ′

µ + eJµ
)
Aµ . (38)

The redefined dark photon A′µ then does not couple to the SM matter, while Aµ couples to the SM and
represents the ordinary photon. As a result, the dark sector particles carry electric charges, which are
small (“milli-charges”) for ε≪ 1, being proportional to εe′/e.

For a massive dark photon, the physical states are obtained through a field redefinition that both
diagonalizes the kinetic term and leaves the mass matrix diagonal. This implies that the ordinary photon
does not couple to the dark sector, while the dark photon couples to the electrically-charged SM fermions,
proportionally to the mixing parameter ε:

L′
int = − ε e√

1− ε2
JµA

′µ ≃ −ε e JµA′µ. (39)

Although the massless dark photon (also referred to as the “photon-prime" [194]) does not interact
at tree level with the SM, such interactions can be generated radiatively if the full UV theory contains
messengers coupled to the SM and also to states charged under U(1)d. At low energies the interactions
of the dark photon with the SM fermions are described by higher-dimensional operators, starting with
the dimension-5 dipole operators [194, 196, 197]:

Ldim−5 =
1

Λ
ψ̄iσ

µν
(
Dij
M + iDij

Eγ5

)
ψjF

′
µν , (40)

where σµν = i/2 [γµ, γν ], ψ
i are the SM fermions with i = 1, 2, 3 labeling the generations, and F ′

µν

is the dark photon field strength. The effective couplings DM (DE) multiplying the magnetic (electric)
dipole moment depend on the parameters of the underlying UV model and are proportional to e′. They
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Fig. 15: Experimental limits on the kinetic mixing ε as a function of the dark photon mass formA
′ > 1 MeV [195].

are suppressed by the scale Λ, representing the typical mass of the dark sector states. Note that for
i ̸= j the neutral current transitions induced by (40) are flavor violating. Such flavor violating dipole
transitions are possible also for massive dark photon. This is in contrast to the tree-level couplings of
the massive dark photon to the SM which are proportional to the electromagnetic SM current, and thus
flavor diagonal. For s → d transitions the measured kaon mass mixing imposes a strong constraint on
the parameters of the UV model and therefore on the scale Λ suppressing the dipole operator (40).

Dark photons can be searched for in various experiments and observational data. The current
limits on Λ/Dij for the massless dark photon are shown in Fig. 16, where Dij ≡

(
(Dij

M )2+(Dij
E)

2)1/2 is
the effective dipole coupling to leptons or light quarks. Even though some of the limits are as stringent
as Λ/Dij ≳ 1010 GeV, the effective dipole coupling may be small enough to allow the new particles
charged under U(1)d to have masses at the TeV scale [194]. In the next subsection we discuss in details
the different probes of dipoles interactions of the massless dark photon.

For the massive scenario, the current limits on the photon-dark photon mixing are shown in Fig. 15,
with mA

′ ≃ 1 MeV delineating the regions where the dark photon decays into either “visible” SM
particles (for larger masses). As we see from the figure, rare kaon decays play an important role in
constraining the massive dark photon in the region between 10 and 100 MeV. The current best limit are
set by the NA48 experiment [198], looking for π0 → A′γ with the dark photon A′ further decaying into
e+e− pairs. The pion dataset is collected from identified kaon decays (e.g. K± → π±π0,K± → π0µ+ν
and the dark photon yield is controlled by the mixing squared ∼ ε2. Similarly, one could hunt for the dark
photon at NA62 in all the channels containing SM photons, performing a bump hunt on the dielectron
spectrum of the collected data. For instance one could estimate

B(K+ → µ+νA′(e+e−)) ∼ 10−3 × ε2, (41)

which should yield a competitive bound on the dark photon mixing angle.

2.4.1 Searches for dark photons dipoles in kaon and hyperon decays
Flavor-changing neutral current (FCNC) processes involving the dark photon are induced by off-diagonal
magnetic- and electric-like dipole operators in Eq. (40). In particular, the ∆S = 1 transitions provide the
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Fig. 16: Experimental limits on the parameter space of the massless dark photon, with Λ the new physics scale
and D the effective dipole coupling (adapted from Refs. [113], [195]).

leading contribution to the gauge-invariant FCNC interactions with SM quarks, for both massless and
massive dark photon scenarios.

– Dark photon production in charged kaon decays: The K+ → π+γA′ and K+ → π+π0A′ de-
cays induced by the dipole operators (40) are analyzed for the massless dark photon in Refs. [197,
199]. The bounds on allowed NP contribution to ∆MK in kaon mixing, assuming no cancellations
with other UV contributions, limit the branching ratios to be at most B(K+ → π0π+A′) <∼ 1.6×
10−7 and B(K+ → π+γA′) <∼ 1.1 × 10−8 for the UV model and hadronic inputs of [197] with
αD ≡ e′2/4π = 0.1. Using the same UV model and αD but the hadronic inputs of [199] one ob-
tains, instead, the upper limits B(K+ → π0π+A′) <∼ 1.3× 10−7 and B(K+ → π+γA′) <∼ 3.2×
10−8. These branching ratios are within the reach of the NA62 experiment (Sections 4.2, 4.3).
Similar results are expected to apply for a massive dark photon in the limit of small mass. The
K+ → π+A′ decay is not allowed by angular momentum conservation for a massless dark photon,
while being allowed for a massive dark photon (Section 4.6), with a branching ratio expected to be
of the same order as for K+ → π+π0A′. Production of multiple dark photons in kaon decays is
discussed in Section 2.8.

– Dark photon production in neutral kaon decays: Dark photon emission in FCNC decays of
KL and KS have been explored for the massless case [113, 199], in particular in the KL → γA′,
KL → π0γA′ and KL → π+π−A′ processes and their KS counterparts. The KL decays have
larger branching ratios compared toKS because of the longer lifetime of the decaying state. Using
upper bounds on ∆MK from kaon mixing, and assuming a vanishing electric-dipole contribu-
tion in the s → dA′ transitions, the upper limits on branching ratios are expected to be [199]:
B(KL(S) → γA′) < 6.8(1.2) × 10−5(−7), B(KL(S) → π0γA′) < 5.9(1.0) × 10−8(−10),

B(KL(S) → π+π−A′) < 5.6(9.7)× 10−7(−10). These KL → (π0)γA′ decay rates are within the
sensitivity reach of the KOTO experiment (Sections 4.3, 4.9).

– Dark photon production in hyperon decays: FCNC dipole operators may mediate s → dA′

transitions, which induce hyperon decays into dark photons such as Λ → nA′, Σ+ → pA′,
Ξ(0,−) → Σ(0,−)A′, and Ω− → Σ−A′. These can be used efficiently to search for dark pho-
tons [97, 200].
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Kaons Hyperons
Decay mode Max branching ratio Decay mode Max branching ratio

K+ → π+π0A′ 1.3× 10−7 (7.8× 10−11) Λ → nA′ 1.4× 10−5 (8.0× 10−9)
K+ → π+γA′ 3.2× 10−8 (1.9× 10−11) Σ+ → pA′ 8.3× 10−7 (4.9× 10−10)
KL → π0γA′ 5.9× 10−8 (3.4× 10−11) Ξ0 → Σ0A′ 5.2× 10−6 (3.0× 10−9)
KL → π+π−A′ 5.6× 10−7 (3.2× 10−10) Ξ0 → ΛA′ 2.4× 10−6 (1.4× 10−9)
KL → γA′ 6.8× 10−5 (4.0× 10−8) Ξ− → Σ−A′ 6.1× 10−6 (3.6× 10−9)
KL → inv. 1× 10−4 (

6.5× 10−10) Ω− → Σ−A′ 6.1× 10−5 (3.6× 10−8)
Table 1: Upper bounds on the branching ratios for different radiative kaon and hyperon decay channels
using the maximal s → dA′ dipole transition allowed by ∆MK from kaon mixing. If the stronger SN
constraints apply, the maximal branching ratios are those listed in the parentheses. For the hadronic
inputs we have used [199].

– Dark photon production in π0 decays: Kaon factories serve as the principal tools for studies of
rare π0 decays. The main source of tagged π0 mesons in K+ experiments is the K+ → π+π0

decay with a branching fraction B ≈ 21%. Searches for the π0 → γA′ decay followed by either
invisible (Section 4.3) or prompt visible (Section 4.6; see Ref. [201] for a review) dark photon
decays have been performed in kaon experiments.

– Decays into invisible states: The rare FCNC decays K+ → π+νν̄ and KL → π0νν̄ are pro-
cesses that may be mimicked by dark photon production followed by an invisible decay [202].
For instance, a tree-level exchange of a virtual dark photon can mediate K+ → π+QQ̄ and
KL → π0QQ̄ decays, where Q are dark fermions which escape the detector, resulting in the
missing energy signature. Due to the long-distance nature of the dark-photon mediated FCNC
interactions, the GN bound on B(KL → π0QQ̄) set by the constraint on B(K+ → π+QQ̄), cf.
Section 2.7, can be seemingly violated by the asymmetric effect of the different kinematic cuts
enforced by the NA62 and KOTO experiments, allowing for a branching ratio for KL → π0QQ̄
within the reach of the KOTO sensitivity [202]. The KL → invisible decay can be searched for
by the NA64 experiment up to the 10−6 level [203, 204]. The KL → QQ̄ decay would be an
example of such process, with K − K̄ mixing bounds still allowing branching ratios well above
the projected reach of NA64 [205].

– Dark photon production via hyperon decays in supernovae: The proto-neutron star created
right after the supernova explosion contains a thermal population of Λ hyperons. The Λ → nA′

decays can cool the proto-neutron star via a flux of escaping dark photons, modifying the observed
SN1987A neutrino flux. This sets the most stringent bound on the strength of the s → dA′

dipole operator, Λ/
∣∣Dsd∣∣ ≳ 1.2 × 1010 GeV [97, 113]. The above limit can be taken as a useful

benchmark for the sensitivity that one would like to achieve by the next generation of experiments.
Note however that the bound does rely on the validity of the standard core-collapse interpretation
of the SN1987 A and thus may potentially even not apply at all (see refs. [132, 206] for recent
discussions). It does not apply also in the case of a massive dark photon with mA

′ > 1 MeV
because of its decay into electron pairs and the re-absorption of its energy.

Kaon and hyperon decays induced by the d → sA′ dipole transition, and upper limits on their
branching ratios set by ∆MK and the SN1987A cooling constraints, are listed in Table 1.

2.5 Leptonic force mediators
Authors: Datta, Krnjaic, Marfatia, Redigolo, Shuve
A leptonic force involves a scalar or vector mediator that couples predominantly to leptons. Due to
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stringent constraints from experiments with electron initial states, the most interesting viable leptonic
mediator scenarios couple predominantly to muons, taus, and/or their neutrinos. Such models lead to
signatures that are distinct from canonical hidden sector scenarios for dark photons and dark scalars, and
are motivated by:

– Muon g − 2: One of the leading motivations for leptonic forces is the longstanding discrepancy
between the predicted and measured (g − 2)µ values [207, 208]. If this discrepancy is indeed the
result of new physics, then we expect new states coupled to muons. The new physics models are
of two types [209, 210]: if the chirality flip in (g − 2)µ is due to the external muon leg, the NP
needs to be light, while NP can be heavy if the chirality flip is due to the states running in the loop.
Rare kaon decays can shed light on the light NP models. Direct searches exclude the simplest
hidden sector scenarios, such as dark Higgs bosons and dark photons, from accounting for the
observed muon g − 2 assuming the mediator decays either invisibly or to pairs of SM fermions
(for a recent summary, see Ref. [211])7. If, however, the new particles have an enhanced coupling
to muons relative to electrons and quarks, many of the direct searches can be evaded. For a point
of reference, if there exists a 100 MeV leptonic mediator, the coupling to muons needed to account
for (g − 2)µ is approximately 6× 10−4 for a scalar and 1× 10−3 for a vector.

– B anomalies: Several measurements in charged current and neutral current semileptonicB decays
differ from the standard model predictions. An observable which has received much attention is
RK ≡ B(B+ → K+µ+µ−)/B(B+ → K+e+e−) as this is a clean test of lepton universality with
tiny hadronic corrections. There are measurements of similar ratios with a K∗ in the final state.
The latest LHCb measurement of RK is [213]

RK(1.1 < q2 < 6.0 GeV2) = 0.846+0.044
−0.041, (42)

differing from the SM prediction of by ∼ 3.1σ. This measurement could indicate new interactions
coupling preferably to leptons of the second and third generation. In many models proposed to
address the muon g − 2 measurement, FCNC (Flavor Changing Neutral Current) decays of the
b quark are generated with the involvement of either SM particles [214, 215] or new particles
[216–220]. These new FCNC contributions may resolve the B anomalies in the measurement of
the semileptonic b→ sℓℓ decays.

– Dark matter: Viable GeV-scale thermal dark matter models predict the existence of new, low-
mass mediators that allow for efficient DM annihilations at temperatures T ≲ MDM. In the
simplest models, the mediators have minimal “portal” couplings, such as mixing with the Higgs
boson in the case of a scalar or mixing with the photon in the case of a vector. In recent years,
there have been extensive tests of the minimal portals at accelerators, colliders, and beam dump
experiments, and these tests are expected to constrain dark matter models coupled through such
portals [211].

Leptonic force mediators serve equally well as conduits between the DM and SM, but are much
less studied. As a result, for a conclusive test of thermal DM models at or below the GeV scale, it
is important to test also leptonic mediators [221].

Kaon factories are ideal experiments for probing low-mass leptonic mediators as the dominant charged
kaon decay mode isK+ → µ+ν. Thus the dominant leptonic mediator production mode is through final-
state radiation off the muon or muon neutrino,K+ → µ+νX . In this section we argue that kaon factories
can be sensitive to promising regions of parameter space that are favored by the above motivations.

7We remark, however, that scenarios where a dark photon undergoes cascade or semi-visible decays could still be viable
candidates for the muon g − 2 anomaly [212].
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2.5.1 Models
Flavor non-universal gauge boson:

Low-mass vectors can couple directly to SM leptons if lepton flavor symmetries are embedded in gauge
symmetries. The model is UV complete if the gauge symmetry is anomaly free. A simple example
of this is gauged differences of lepton flavor number, such as Lµ − Lτ or Le − Lµ [222, 223]. Since
vectors coupled to electron number face stringent constraints from B-factories and other experiments
with electron initial states, we focus on Lµ − Lτ as a representative model with Z ′ mediator (Ref.
[224] showed that only small deviations from the Lµ − Lτ model are phenomenologically allowed). Its
interaction Lagrangian is

L = −g′Z ′
α

(
µ̄γαµ− τ̄ γατ + ν̄µLγ

ανµL − ν̄τLγ
αντL

)
. (43)

For all Z ′ masses, there is an appreciable invisible branching fraction due to its coupling to neutri-
nos. Between the dimuon and ditau thresholds, the Z ′ has an approximately equal branching fractions
to muons and invisible products, while below the dimuon threshold the invisible branching fraction is
approximately 100%. For masses mZ

′ ≳ 210 MeV, the model is constrained by direct searches at
BaBar [225], and indirect constraints from neutrino trident processes [226]. However the model is rela-
tively unconstrained below the dimuon threshold, which is precisely the region of greatest sensitivity for
kaon experiments [221].

Leptophilic scalar:

A leptophilic scalar, ϕ, couples predominantly to leptons with suppressed or absent quark couplings [227,
228]:

L = −yij ℓ̄iϕℓj + h.c.. (44)

To evade stringent constraints from charged lepton flavor violation experiments, we only consider flavor-
diagonal couplings, yij = yiδij . There are several possible textures for the Yukawa couplings:

– Mass proportional coupling, yi ∝ mi/v. This interaction occurs in models with leptophilic Higgs
sectors: for example, in two-Higgs doublet models where one of the doublets gives mass exclu-
sively to the leptons [228]. Mixing between the leptophilic doublet and a low-mass singlet scalar,
ϕ, gives rise to this structure of interactions. In this case, the scalar ϕ couples predominantly
to τ leptons and gives suppressed coupling to electrons, allowing the model to evade stringent
constraints from accelerators and e+e− colliders.

– Muonphilic scalar, ye = yτ = 0. This can arise in a model with a new weak-scale vectorlike
lepton, Ψ, with the same gauge charges as the SM RH muons [227]. The couplings ϕΨ̄µR and
H∗Ψ̄µL generate the ϕµ̄µ coupling when the vectorlike leptons are integrated out. This scenario
can account for (g − 2)µ with a minimum of couplings to other SM leptons.

– Generic texture. This can arise in models with multiple vectorlike leptons. The principal require-
ment is that ye ≪ yµ, yτ to avoid constraints from experiments with electron initial states.

2.5.2 Branching fraction benchmarks
Because the production of leptonic mediators X predominantly arises from muon FSR in K+ → µ+νX
decays, the branching fraction is determined by the coupling to muons. The same coupling determines
the X contribution to (g − 2)µ, therefore it is possible to map the models that account for (g − 2)µ to
specific kaon branching fractions. The only model dependence arises in the spin of X , since the scalar
and vector FSR rates are different.

There is more ambiguity in mapping the DM parameter space to the kaon branching fraction. Even
assuming that DM thermalizes with the SM and its abundance is determined through thermal freeze-out,
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Fig. 17: Branching fraction benchmarks for K+ → µ+νµX , where X is a leptonic force mediator for (left)
mX < 225 MeV; (right) mX ≥ 225 MeV. The red (green) band shows the branching fraction consistent with the
observed discrepancy in (g− 2)µ for a vector (scalar) X . The grey shaded range indicates the preferred parameter
space for the DM relic abundance for a vector mediator, with a mediator that is three times heavier than DM
and with a coupling of 0.03. The band indicates the parameter space spanned by models where DM is a scalar,
Majorana fermion, or Dirac fermion [221].

the specific process that sets the relic abundance depends on the mediator/DM mass hierarchy. If the
mediator is lighter than DM (the “secluded scenario” [229]), then DM annihilates predominantly into
the mediator and the muon coupling plays no role in establishing the DM abundance. Conversely, if the
mediator is heavier than DM, then with specific assumptions about the magnitude of the DM-mediator
coupling we can determine the coupling to muons needed for viable DM8. In determining the range of
parameters consistent with DM, we consider a vector mediator coupled to three possible types of DM
(scalar, Majorana, and pseudo-Dirac).

Using the results of Ref. [221], we derive the target branching fractions motivated by (g − 2)µ
and DM, showing our results in Fig. 17. Obtaining a sensitivity to branching fractions ≥ 10−9 would
cover the most interesting parameter space for both DM and (g − 2)µ. For masses smaller than 10
MeV, thermal DM models can run into constraints from ∆Neff , the number of additional light degrees of
freedom in the early universe, while for larger mediator masses near the kinematic endpoint, Belle II and
other higher-energy experiments can provide complementary sensitivity to kaon factories. Even a null
result is interesting: since leptonic mediators are among the last viable models explaining (g − 2)µ at
low masses, branching fraction exclusions of order 10−9 would decisively exclude these light mediator
models.

Model-dependent constraints from a BaBar search for a leptonic scalar produced in association
with τ leptons and decaying to e+e− already rules out nearly the entire (g − 2)µ parameter space in the
case that the scalar couples mass proportionally to leptons [230], but these constraints do not apply if the
mediator has a reduced coupling to taus.

2.5.3 Signatures
The predominant production mode for the leptonic force mediator is K+ → µ+νX . The experimental
signatures are driven by the decay mode of X , and the best-motivated decay modes are the following.

– X → µ+µ− (Section 4.15): because the X coupling to muons is always present for leptonic
mediators, this decay mode is always present at some level. It is the dominant decay mode in
models where X is lighter than all other hidden sector particles, and 2mµ ≤ mX ≤ mK −mµ.

8For the mass range probed at kaon factories, the coupling to taus is unimportant because taus are largely absent from the
early-universe plasma at temperatures of O(100 MeV).
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The dimuon decay is typically prompt for the couplings accessible at kaon factories. The projected
sensitivity of NA62 in this channel has been derived in Ref. [221].

– X → inv (Section 4.14): this decay mode is present if X couples to neutrinos, and dominates
if X can decay into invisible dark matter states. This decay mode is also relevant if X does not
couple to electrons: while X → γγ proceeds at one loop, the lifetime can be long enough that X
typically decays outside of the detector. Another option is X decaying to neutrinos, discussed in
more detail in Section 2.6.

– X → γγ (Section 4.16): this loop-induced decay mode dominates if X does not couple to elec-
trons and is lighter than the dimuon threshold. The partial width depends on the UV completion
of the model and can lead to prompt or displaced diphoton decays. If X is a scalar that couples
only to muons, the proper decay length to diphotons in the unexcluded parameter space below the
dimuon threshold is in the 1 cm–1 m range [221] if the photon coupling is generated purely from
muon loops. However further UV contributions to the photon coupling could sensibly change this
prediction so that a comprehensive range of lifetimes should be searched for experimentally.

– X → e+e− (Section 4.15): while not present in every leptonic mediator model, this decay mode
dominates below the dimuon threshold in models with mass-proportional couplings of X . This
is therefore an important channel for discovering or constraining leptonic mediators. Searches for
both prompt and displaced decays are of interest, with proper decay lengths in the 0.1–10 cm range
predicted in models with mass-proportional couplings of X [228, 230].

2.6 Strongly interacting neutrinos
Authors: Datta, Marfatia, Zupan

Sterile neutrinos interacting with light particles have been proposed as an explanation for the
anomalies in neutrino experiments such as the low energy MiniBoone excess, see e.g. [189, 190, 192,
231, 232].9 Similar interactions/models have been used to explain the XENON1T electron excess [235].
The light mediator would also induce neutrino self-interactions that can potentially explain the Hubble
tension [236–242] or allow for sterile neutrino dark matter [243, 244]. The mediator that is light enough
would be produced in rare kaon decays, K+ → µ+νX , via bremsstrahlung of X off the final state
neutrino, so that rare kaon decays offer a unique opportunity to test for such neutrino interactions (similar
signatures where X is radiated off the charged lepton are discussed in Section 2.5).

The phenomenology depends on whether the SM neutrinos are Majorana or Dirac, and on the
properties of the mediator. The two popular choices for a light mediator are a light vector boson, Vµ, or
a (pseudo-)scalar, ϕ. If the SM neutrinos are Majorana, the interactions with the scalar mediator take the
form [238, 245]

LS =
1

2
gαβϕ ν̄cLανLβϕ+ h.c., (45)

with the summation over generational indices α, β = 1, 2, 3 understood. The couplings gαβϕ are not
necessarily related to neutrino masses and can be sizable. This is the case, for instance, if ϕ is the Majoron
from the inverse see-saw model where the lepton number breaking vev is small. The MiniBoonE low
energy excess could be explained for geαϕ = O(1) or gµαϕ = O(1) and mϕ = O(50 MeV). However
such large couplings are already excluded by the upper bounds of the B(K+ → ℓ+νXinv) decay rates
(Section 4.14) [245, 246]. Improvements on B(K+ → ℓ+νXinv), on the other hand, could probe the
self-interacting neutrino explanation of the Hubble tension [238]. The possibility of ϕ coupling to only
electron neutrino is excluded (Fig. 18, left), while an improvement of a factor of a few on B(K+ →

9The goal of the MiniBooNE experiment was to address the 3.3σ LSND anomaly in electron-like events seen in the ν̄e
channel [233]. After 15 years of data taking the MiniBoone dataset itself now shows a 4.8σ excess in the low energy part of
electron spectra in both the neutrino and antineutrino channels [234], possibly not inconsistent with the LSND anomaly.
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Fig. 18: Bounds (purple shaded regions for constrains from τ and rare meson decays, red for BBN constraints) on
light neutrino-coupled mediators with flavor- specific couplings to either νe (left) or νµ (right). The bands labeled
MIν and SIν are the regions in the gϕ −mϕ plane preferred by the Hubble tension. If neutrinos are Dirac, their
right-handed components equilibrate before BBN above the dashed black line. Plots taken from [238].

µ+νXinv) would probe fully the preferred region in the case of ϕ coupling exclusively to the muon
neutrinos (Fig. 18, right). The possibility of coupling to tau neutrinos remains wide open, and is not
probed by rare kaon decays. The SM neutrinos in (45) can also be replaced by light, MeV or keV, sterile
neutrinos,Ni, if these couple to light scalars (see also discussion on HNLs in Section 2.3). The couplings
of Ni to ϕ are in general only very weakly constrained.

Similar considerations apply to the Dirac neutrinos. The coupling between ϕ and the SM neutrinos
can be generated from the ϕ interactions with sterile neutrinos, L = −gDϕν̄DνD + . . . , if the sterile
neutrinos mixes with the lighter SM neutrinos. The phenomenology can be more involved, if ϕ mixes
with the Higgs, and resembles the phenomenology of the Higgs portal scalar in Section 2.1, but with the
large couplings of ϕ to neutrinos allowed. In particular, the B(K → ℓνℓϕ) can be followed by decays
to visible SM particles as well as by decays to neutrinos, with the relative branching ratios controlled
by the size of gD and the mixing angles. A UV complete realization of such a model was discussed in
Refs. [215, 228, 247], where a light scalar singlet was added to a two-Higgs-doublet model. In addition
decays through either on-shell or off-shell sterile neutrino, such as K+ → ℓν̄D → ℓν̄ϕ with ϕ decaying
to visible/invisible final states are possible.

The phenomenology of the light vector mediator also follows the above considerations in broad
strokes. The light Z ′ can couple to either left-handed or right-handed neutrino components. For instance
if the sterile neutrino carries a hidden U(1) gauge charge, with Z ′

µ the corresponding gauge boson, the
interaction Lagrangian is given by LV ⊃ g′Z ′

µν̄Dγ
µνD = g′Z ′

µ (ν̄DLγ
µνDL + ν̄DRγ

µνDR). The sterile-
active neutrino mixing then leads to couplings of Z ′ to the SM neutrinos, with similar phenomenology
to the one for the scalar mediator discussed above (see also Section 2.8.4 for more complex decays
involving HNLs). An explicit model of a light Z ′ coupling predominantly to neutrinos can be found
in [248].

2.7 Grossman-Nir violating models
Authors: Grossman, Hostert, Kitahara, Pospelov, Tobioka

There is a robust theoretical relation between B(KL → π0νν̄) and B(K+ → π+νν̄), valid in
any model that satisfies some mild assumptions: isospin symmetry between KL and K+ decays, the
dominance of the ∆I = 1/2 amplitude, and the smallness of CP violation in the decay [108]. From this
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one obtains

Γ(KL → π0νν̄)

Γ(K+ → π+νν̄)
≃
∣∣pA− qĀ

∣∣2∣∣√2A
∣∣2 =

|p|2
2

|1− λ|2 = |p|2
2

(
1 + |λ|2 − 2Reλ

)
≃ sin2

[
Arg(λ)

2

]
≤ 1 ,

(46)

where KL = pK0 − qK̄0, A = ⟨π0νν̄|H|K0⟩, Ā = ⟨π0νν̄|H|K̄0⟩, and λ = (q/p)(Ā/A). In the
approximation in the first line the isospin breaking effects are discarded and ∆I = 1/2 dominance
is assumed. The approximation in the second line assumes that CP violation is negligible and thus
|p| = |q| = 1/

√
2 and |λ| = 1. The last inequality in (46) translates into a Grossman-Nir (GN) bound,

B(KL → π0νν̄) ≤ 4.3 · B(K+ → π+νν̄), (47)

where summation over different neutrino species is understood [249,250]. The numerical factor accounts
for the difference in the KL and K+ total decay widths, the isospin breaking effects, and QED radiative
corrections [2, 251]. Since the SM satisfies all of the above assumptions, the SM branching ratios fulfill
the GN bound [2, 252].

The latest NA62 analysis of Run 1 data set results in the definitive measurement of this branching
ratio: B(K+ → π+νν̄) = (10.6+4.0

−3.4|stat ± 0.9syst) × 10−11 [110]. The most stringent limit from the
KOTO experiment is B(KL → π0νν̄) < 3.0×10−9 at 90% CL [253], while the standard GN bound (47)
indicates B(KL → π0νν̄) < 7.7× 10−10.

Similarly to theKL → π0νν̄ case, a generalized version of the GN bound holds for the production
of light NP state(s) X ,

B(KL → π0X) ≤ 4.3 · B(K+ → π+X), (48)

if the assumptions are satisfied for the NP decay (for K → ππX see [254]). The inequality can be
saturated in case X is a CP-even scalar [29]. If X is a single neutral particle, the current NA62 limit
is B(K+ → π+Xinv) < O(10−11), where the exact numerical value has a strong dependence on the
particle mass mX , as well as on its lifetime τX when it decays into visible SM particles [110]. The
generalized GN bound (47) then leads to B(KL → π0Xinv) < O(10−10).

Because of the inequality (48) rare K+ decays set stronger constraints on the parameter space of
most NP models, compared to the rare KL decays. Nevertheless, there exist also NP models that violate
the assumptions of the (generalized) GN bound, for instance,KL can mix directly with dark sector states,
while the charged K+ cannot. In such cases the KL decays place stronger constraints. The violation of
the generalized GN bound may be a fundamental feature of the NP sector, or it can just be due to the
experimental loopholes.

The interest in NP models violating the generalized GN bound increased after the KOTO experi-
ment observed three events in their signal region [255], where the initial preliminary background estimate
was 0.05 events, later revised to 1.22±0.26 after the unblinding. Since KOTO is not able to measure the
γγ invariant mass and is, therefore, unable to determine if they come from a π0 or not, the GN violation
can also be just apparent, from enhanced KL decays to γγ + inv final states, without intermediate π0.
Besides the interest in the KOTO excess, which might end up being explained by an underestimated
background, we will try to emphasize the different physics mechanisms that were put forward. The latter
typically points to new signals, or different analysis to be performed at kaon factories. Also, as we will
show below, reasonable scenarios require the existence of new light particles, which is in accord with the
concept of this review.

There are five known ways in which the generalized GN violation is achieved in the NP scenarios:

(i) CP violation in the decay;
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(ii) ∆I = 3/2 dominance;

(iii) exploiting charge conservation in the decay;

(iv) exploiting mass difference;

(v) effective violation due to experimental loopholes.

The first four items in the above list violate the GN bound fundamentally, in the sense that the
correspondingK+ decay is either absent or does not obey the relation in Eq. (48). The effective violation
can avoid Eq. (48) by exploiting loopholes in the experimental searches. We consider both the cases of
heavy (ΛNP ≫ mW ) and light (ΛNP < mK) NP. If the GN violation is fundamental, the heavy new
physics is implausible, and instead light new states are favored. For the effective violation, we only need
one light dark state, which would also be testable with improved K+ analyses.

2.7.1 Fundamental Violation
(i) CP violation in the decay
CP violation in the decay, in particular, that implies |λ| ≫ 1 in Eq. (46), can significantly violate the GN
bound. In that case, we also have large CP violation in the charged mode, that is, the K+ and K− decay
rates are different. Since NA62 measures only one type of charge (K+), this idea is not experimentally
ruled out. It can be tested in principle by measuring the charged modes also with K−.

Theoretically, this idea requires both strong and weak phases to be present, and the strong phases
from QCD are generically expected to be suppressed as the final states involve neutrinos (or other SM
singlets). Thus, this idea cannot work with heavy NP. In principle, light NP can generate a strong phase
via intermediate particles that are on-shell. We are unaware of any realistic model that can do it, but that
might be due to the fact that no investigation in this direction was made, and we cannot conclude that it
is impossible.

(ii) ∆I = 3/2 dominance
The GN bound assumes ∆I = 1/2 dominance. Without new light states, making the ∆I = 3/2 tran-
sition dominant is the only known way to violate the GN bound [256–258]. The SMEFT operators that
can violate the GN bound are required to contain at least all the relevant fermions (four quarks and two
neutrinos), and are thus at least of dimension nine. While the numerical coefficient of the GN bound in
Eq. (47) can be brought from 4.3 → 20, the suppression scale of the SMEFT operators needs to be as
low as few GeV [256] and hence naively incompatible with the SMEFT framework. Therefore, it seems
implausible the GN bound can be appreciably violated only using heavy new physics.

The ∆I = 3/2 transition may become dominant more easily if the SM neutrinos in the final state
are replaced with a new light singlet state, S [258]. The dimension of the ∆I = 3/2 operator is then
reduced by two, and even for the suppression scale as high as a TeV, the GN bound is still significantly
relaxed,

B(KL → π0S) ≤ 51 · B(K+ → π+S). (49)

The singlet scalar is expected to be invisible in kaon experiments. The current NA62 limit on B(K+ →
π+Xinv) is at the O(10−11) level [110] (Fig. 3 and Section 4.1), which implies that B(KL → π0Xinv) ≲
5× 10−10 for these types of NP models, well within reach of future KOTO and KLEVER sensitivities.

(iii) Exploiting Charge Conservation in the Decay
Without relying on ∆I = 3/2 dominance, one can violate the generalized GN bound if there are new
light dark sector particles in the sub-GeV mass range. The basic idea is to exploit the charge difference
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KL decay Model
KL → γγ + inv

search strategy

K+ → π+ + inv

implication
Other predictions

→ π0X

(d) [259]

current π0Xinv

SM-like K0–K̄0 mixing
X1,2 at beam-dump

∆I = 3
2 [258] B(KL → π0X)

≤ 51B(K+ → π+X)
None

→ π0X1X1

(c) [260]

current π0νν̄

B(KL → π0X1X1)
∼ 4(4π)2B(K+ → π+XiXj)
if mXi

+mXj
< mK −mπ

B → K(π0)XX (in MFV)
X2 at beam dumps

(e) [259] SM-like K0–K̄0 mixing
X2 at beam-dump

→ γγX1

(a) [135]
optimize γγ

selection

B(KL → γγX1)
∼ 4(4π)2B(K+ → π+γγX1)
∼ 4(4π)2B(K+ → π+X1X1)
if mXi

+mXj
< mK −mπ

B(KL → π0XX)
∼ 10−2B(KL → γγX)

(a) [260] B → K(X2 → γγ)X1 (in MFV)
X2 at beam dumps

→ γγX1X1 (b) [260] optimize γγ
selection

B(KL → γγX1X1)
∼ 4(4π)2B(K+ → π+γγX1X1)

if mX1
+mX2

< mK −mπ

B → K(γγ)XX (in MFV)
X2 at beam dumps

Table 2: The NP scenarios that lead to violations of the generalized GN bound at the fundamental level.
In all cases X1(X) is an invisible particle. Some of the K+ decays are kinematically allowed only for
2mX < mK −mπ.

between KL and K+. The dark sector particles Xi can only couple to electromagnetic neutral operators
of the SM, such as s̄d, meaning that operators likeXiXj s̄d would lead to neutral kaon decays to the dark
sector without necessarily predicting analogous decays in charged kaons. These types of scenarios are
discussed in Refs. [135, 260].

Typically, these models require at least two states in order to generate the GN-violating KL →
π0/γγ + inv decays. After the direct decay of KL to the dark sector via KL → X2X1,2, the dark states
ought to transition back to pion-like final states. This can easily be achieved through subsequent decays
such as X2 → γγ, X2 → X1γ, or X2 → X1π

0, where X1 is stable and invisible. These scenarios can
be categorized as follows,

(a) π0 impostor [135, 260] KL → X2X1 & X2 → γγ, (50)

(b) dipole portal [260] KL → X2X2 & X2 → X1γ, (51)

(c) π0 production [260] KL → X2X1 & X2 → X1π
0. (52)

In Ref. [260], UV completions for all of the above scenarios are provided using either a Higgs or a
Z ′ portal, all the while assuming Minimal-Flavor-Violation (MFV). If this assumption holds, b → s, d
transitions will also be sensitive to potential signals in KL decay. Of particular relevance is the process
B → KX2X1,2, which can be searched for at Belle-II, with B → K + inv constituting the most
promising channel when X2 particles decay outside the detector. Another model example is provided
by Ref. [135], which introduces a complex scalar with a half strangeness whose real and complex parts
correspond to X1 and X2, respectively. This generates the diphoton signal in scenario (a) of Eq. (50) via
the X2FF̃ coupling, which is responsible for X2 → γγ decays.

Another way to exploit the charge difference is through the mixing of X2 with light neutral
mesons. If there is only a linear coupling X2s̄d, both K+ → π+X2 and KL → π0X2 are allowed and
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the generalized GN bound holds. However, if X2 is heaver than mK −mπ and couples to another light
dark sector particleX1, such asX1X

2
2 (X2

1X
2
2 ), the authors of [259] pointed outKL → π0X1(π

0X1X1)
has a contribution from mixing:

(d) Model 1 [259] KL → X∗
2 → X1π

0, (53)

(e) Models 2&3 (scalar or fermion X1) [259] KL → X∗
2 → X1X1π

0, (54)

while K+ → π+X1(π
+X1X1) does not have a similar mixing contribution. The prediction of this

scenario is X2d̄d operator for X2–π0 mixing, and K+ → π+X1(π
+X1X1) is not kinematically forbid-

den. The violation of the GN bound is achieved if a diagram with mixing between the neutral mesons
(K0, π0) and X2 dominates in the neutral kaon decay. The X2 cannot be too heavy because the mixing
contribution decouples fast as m−8

X2
. As long as the intermediate scalar is light enough, the correction to

KL → π0 + inv can be orders of magnitude above the SM while the correction to K+ → π+ + inv is
order one of the SM branching ratio. Since the mixing between X2 and K0 is essential, K0–K̄0 oscil-
lation sets some stringent constraint, but viable parameter space still exists. Another essential coupling,
X2d̄d, predicts signals from X2 production or double X1 production at beam-dump experiments.

So far we only discussed models where the NP couples to flavor-non-diagonal operators. This
need not be the case, as pointed out in [260], as X particles could be produced from flavor-diagonal
couplings to the first generation of quarks. This can happen via long-distance (∆S = 1) induced KL

transitions to virtual unflavored mesons (π0, η, and η′), which in turn couple to the dark sector in a flavor
diagonal fashion (π0X1X2, for instance). The decaysX2 → X1π

0 are then unavoidable, if kinematically
allowed, and will naturally lead to scenario (c) in Eq. (50).

The scenarios discussed above are categorized in the experimental perspectives in Table 2. At
KOTO/KLEVER, the standard γγ+inv analysis assumes that the two photons are from a π0, so the origin
of two photons is one criterion. Another criterion would be the number of the invisible particles. The
scenarios (c,d,e) and ∆ = 3/2 dominance scenario will be well tested by the standard KL → γγ + inv
search, however the standard searches are not optimized for scenarios (a,b). While in scenario (a) it
would be possible to adapt the searches to different values of mγγ , in scenario (b) the two gammas are
uncorrelated and will be selected by the standard analyses much less often. Nevertheless, the efficiencies
for all cases will be nonzero, depending on the masses, and are shown in the left panel of Fig. 12 of
Ref. [135] and in Fig. 8 of Ref. [260].

We emphasize that in all of the scenarios discussed above, K+ → π+XX would be allowed only
if 2mX1

< mK −mπ, and the branching fraction would be smaller when compared to KL → X1γγ due
to the reduced phase space and the three-body nature of the decay.

The models presented here, with simple modifications, can predict other neutral kaon decay pat-
terns, while still having new physics effects in K+ decays either suppressed or forbidden. For example,
ifX2 in scenario (a) can decay through a dilepton channel, the model then predicts theK0 → ℓ+ℓ−+inv
signature. Instead, ifX1 is unstable and decays to leptons, then theK0 → ℓ+ℓ−γγ signature is predicted.
The experimental searches of these channels are discussed in Section 4.12. If both X1 and X2 decay to
leptons this gives theK0 → ℓ+α ℓ

−
α ℓ

+
β ℓ

−
β signature, with the experimental status discussed in Section 4.13.

See also Section 2.8 for more concrete realizations of such models.

(iv) Exploiting isospin dependence of light meson masses

Within the SM, radiative corrections produce a mass difference between charged and neutral mesons. As
a result, the difference between K and π masses is different between the charged and neutral modes. If
a new particle Q satisfies the following mass relation:

m
K

+ −m
π
+ = 354MeV < 2mQ < mKL

−m
π
0 = 363MeV, (55)
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the three-body kinematics maximally violates the isospin symmetry and the generalized GN bound [202].
While KL → π0QQ̄ remains open, K+ → π+QQ̄ is kinematically forbidden. However, the predicted

π0 momentum is pπ
0

T < 60MeV, and in most the events the pions are expected to decay down the beam
hole and remain unobservable in the current design of the KOTO setup. In addition, for the decays

that do get reconstructed, the measured pπ
0

T will lie much below current signal selection cuts, where
backgrounds, such as KL → γγ, are expected to be large.

2.7.2 Effective violation due to experimental loopholes
We move on to discuss effective violation of the GN bound due to the specific experimental setups of the
NA62 and KOTO experiments. We have identified several possibilities, discussed below.

(v-i) π0 blind spot
An additional neutral state X is fundamentally constrained by the generalized GN bound in Eq. (48).
However this bound can be effectively violated by resorting to differences in experimental efficiency and
background levels. When one considers the case of mX ≈ m

π
0 , with X decaying invisibly, constraints

from K+ → π+Xinv searches at the E949 and NA62 experiments are significantly loosened due to the
K+ → π+π0 background [261], leading to the π0 blind spot. Even under these circumstances, an upper
bound on B(π0 → inv) in the K+ → π+π0 channel,

B(π0 → inv) < 4.4× 10−9 (90%CL), (56)

has been adapted to constrain B(K+ → π+X) for the case with mX = m
π
0 as done recently by the

NA62 collaboration [111]:
B(K+ → π+X) ≲ 10−9 (τX = ∞). (57)

Compared to the current NA62 limit of B(K+ → π+Xinv) < O(10−11) for τX = ∞ at 90% CL [110],
the GN bound is weakened by two orders of magnitude at the π0 blind spot. This simple idea can be
applied to a wide range of new physics models. The experimental aspects are discussed in Section 4.1.

(v-ii) Lifetime gap
The generalized GN bound (48) is changed when the invisible particle X is unstable and can decay into
the visible particles such as photons. Then, the photons fromX decay are vetoed or go to different search
categories where the bound on branching ratio is significantly weaker due to large SM contributions of
KL(K

+) → π0(π+)π0 or π0(π+)γγ [262–264]. In this NP scenario, the signal efficiency is determined
by X lifetime τX . A crucial point is that the efficiency also depends on the boost factor pX/mX and the
effective detector size L of the experimental setup. The efficiency from the finite X lifetime gives [109]

B(K → πXinv; detector) = exp

(
− L

cτX

mX

pX

)
B(K → πX), (58)

where L and pX depend on the experimental setup. By substituting this into the GN bound (48), one
obtains the following inequality

B(KL → π0Xinv; KOTO) ≤ 4.3 exp

[
mX

cτX

(
L
∣∣
NA62

pX
∣∣
NA62

−
L
∣∣
KOTO

pX
∣∣
KOTO

)]
B(K+ → π+Xinv; NA62).

(59)

Since the NA62 has a large decay volume [L(NA62) ≫ L(KOTO)], the above parenthesis is always
positive and the GN bound is amplified by an exponential factor. For KOTO, the exponential factor is
evaluated through a dedicated MC simulation using the selected event samples in the signal region [109].
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To a good approximation, one can useL(NA62) = 150m, pX(NA62) = 37GeV andL(KOTO) ≃ 3m,
pX(KOTO) ≃ 1.5GeV.

As a reference input value, when mX = 50MeV and τX = 0.1 ns are taken, the relation between
the effective branching ratios becomes

B(KL → π0Xinv; KOTO) ≲ 130 · B(K+ → π+Xinv; NA62). (60)

In this way, the GN bound can be violated effectively by orders of magnitude. Detailed studies based on
this mechanism have been done in Refs. [34,109,247,265]. Furthermore, such a light long-lived particle
[mX = O(100)MeV and τX = O(0.1) ns] is a good target for the FASER experiment [266].

(v-iii) Kinematics
Finally, the GN bound can effectively violated by change of the decay particle distributions. Such a situa-
tion occurs when the NP sector contains very light invisible mediator. In Ref. [202], a virtual dark photon
production followed by the invisible decay is considered: K+ → π+QQ̄ and KL → π0QQ̄, where Q
are dark fermions (see Section 2.4 for details) and the dark photon has a negligible mass. This light dark
photon provides a long-distance contribution to K → πQQ̄. One cannot distinguish the πQQ̄ and πνν̄
final states, however the decay particle distributions deviate from the standard Dalitz distributions. If the
signal efficiency of KOTO analysis is enhanced by the change of the decay distributions relative to that
of NA62 analysis, an effective violation of the GN bound could be realized. This possibility is confirmed
numerically: a slight violation of the GN bound is possible when the dark-fermion mass is only around
128 MeV. Quantitatively, the effective violation of the GN bound turns out to be limited compared to
what has been estimated in Ref. [202].10

2.8 Models leading to production of two dark sector particles
Authors: Pospelov, Hostert, Shuve

Dark sectors may contain a rich spectrum of particles, which brings the question of whether s→ d
transitions in the SM may also lead to the production of not one, but multiple dark sector states. This
is the case when, for example, a mediator particle couples to the SM FCNC and to pairs of lighter
particles in the dark sector. If the mediator is heavier than the kaon, it may be integrated out to generate
higher-dimensional operators that are responsible for the direct production of the lighter dark degrees of
freedom in kaon decays. This is discussed in Section 2.7 in the context of GN violating models, where
K → X1X2 → γγ+inv decays are generated by scalar or vector boson mediators [260]. On the other
hand, if the mediator is sufficiently light to be produced on-shell, it may decay to lighter dark states via
a cascade of fast decays in the dark sector. This cascade could eventually result in decays to visible SM
particles, resulting in a high multiplicity of visible final states in kaon decays, typically much larger than
discussed in the previous sections. Decays with multi-lepton final states, for instance, could then be a
more interesting strategy to search for these dark sectors than existing searches for missing mass or for a
single visible resonance [267].

Although several SM extensions can lead to the production of more than one new particle, we
focus on specific examples which are both minimal and theoretically appealing. As a general rule, these
can be categorized according to how the pair production of new particles takes place: i) via a mediator
particle, or ii) via non-linear couplings of the new states to the SM. The latter scenario includes examples
such as K → πXX from contact interactions, see Section 2.7, as well as the more exotic possibility of
new pseudo-scalars that mix with the light SM mesons, such as an MeV axion [161]. For the production
via mediator particles, we restrict the discussion to mediators coupled to the sd transitions (as opposed
to the emission of mediators from the final state leptons, discussed in Sections 2.5 and 2.6).

10We had a private discussion with the authors of Ref. [202] and the source of discrepancy in our findings can be tracked
back to their overestimate of the signal efficiency for the dark-photon contribution in the KOTO detector.
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2.8.1 Higgsed U(1)′

One of the simplest extensions of the SM that predicts multiple dark particle production is a higgsed
dark U(1)d which couples to the SM both via kinetic mixing and scalar mixing. The Lagrangian is given
by [268, 269]

LDS = |DµΦ|2 − 1

4
Fµν
d Fdµν −

ε

2
Fµν
d Fµν − µ2(Φ†Φ)− λ(Φ†Φ)2 − λd(Φ

†Φ)(H†H), (61)

where Fd is the field strength tensor of the dark photon, ε is the kinetic mixing parameter, and λd the
mixed quartic coupling of the scalars. After spontaneous symmetry breaking Φ and the SM Higgs boson
mix with a mixing angle θ ≃ λdvd/λvEW. Similarly to Section 2.1, the dark scalar φ can be produced in
K → πφ decays by mimicking the Higgs-mediated FCNC in the SM. If the dark photon is lighter than
mφ/2, then φ → A′A′ decays proceed promptly, followed by two individual A′ → e+e− decays. The
latter decays are prompt even for small kinetic mixing,

cτ0
A

′ ≃ 70 µm ×
(
2× 10−4

ε

)2

×
(
30 MeV
mA

′

)
. (62)

The final signature is that of K → πφ→ π2(e+e−) as shown in the leftmost panel of Fig. 19. The total
invariant mass of the four leptons reconstructs the φ mass and the two individual invariant masses of the
pairs reconstruct the dark photon mass for a given combination.

Note that the constraints shown in Fig. 1 for the case of an invisible dark scalar mixed with the
Higgs do not apply as shown. For the parameter space relevant for this section, both the scalar and
the dark photon decays are much faster than the decays of the dark Higgs in the minimal Higgs-portal
model. These decays, therefore, do not run into problems with BBN, even for very small mixing angles
θ. For the same reason, limits from decay-in-flight searches at beam dump and neutrino experiments
are no longer relevant since the scalars decay well before reaching the detector. The LHCb constraints
on φ → µ+µ− are also modified as φ decays predominantly to dark photons, which may or may not
decay back to muons, depending on their mass. Regarding the remaining constraints from K → πφ, we
note that the scalar and the subsequent dark photon decays lead to additional energy deposition in the
kaon detectors. In the current searches, these multi-lepton final states are mostly vetoed, depending on
the detector acceptance, and thus the bounds are relaxed compared to the minimal Higgs-portal model.
Even though no complete analysis of the relevant parameter space of the higgsed dark U(1)d model, Eq.
(61), has been performed, mixing angles θ as large as O(10−3) are not excluded. Naturally, this section
is concerned with the searches for such additional visible signatures.

With the largest allowed values of θ, we find kaon decay branching ratios of [267]

B
(
KL → π02(e+e−)

)
≃ 2× 10−7 ×

(
sin θ

5× 10−3

)2

, (63)

B
(
K+ → π+2(e+e−)

)
≃ 5× 10−8 ×

(
sin θ

5× 10−3

)2

. (64)

The branching ratio for the corresponding KS decay is suppressed by the ratio of neutral kaon lifetimes,
τKS

/τKL
≃ 1.8 × 10−3, B

(
KS → π0φ

)
=
(
τKS

/τKL

)
B
(
KL → π0φ

)
. As long as the dark photon

decays promptly, the branching ratio is only sensitive to the scalar potential parameters. The prompt
decay assumption is clearly valid in the region of mA

′ = O(100) MeV and ε = O(10−4), which is very
challenging to probe experimentally (Fig. 15). These decay modes are also discussed in the multi-axion
processes of Section 2.8.3. The experimental prospects are discussed in Section 4.8.

2.8.2 Super-renormalizable Higgs portal in the higgsed U(1)′ sector
Generically, the mixed quartic coupling in the Higgs portal model is strongly constrained by h → φφ
decays. It can be shown that Higgs to invisible constraints preclude any signatures in KS,L → A′A′
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Fig. 19: Kaon decay diagrams in minimal and extended U(1)d dark sectors, as well as in the MeV QCD axion
model. The subsequent prompt decays of A′ = γd and φ = hd lead to observable four-lepton signatures.

in a purely dimension-4 Higgs portal model. Nevertheless, super-renormalizable portals can avoid such
strong constraints provided no direct hφ†φ coupling is present. A simple extension of the higgsed U(1)′

model above by a dark charge-neutral scalar S can avoid that. Consider, for instance, and extension of
(61) by the Lagrangian

LS = ∂µS∂
µS −m2

SS
2 −AHH

†HS −AϕΦ
†ΦS. (65)

In the limit λd → 0, the only portals between the SM and the dark sectors are kinetic mixing ϵ in
(61), which guarantees fast A′ → e+e− decays, and the super-renormalizable portals of S, namely the
couplings AH and Aϕ in (65). The AH,ϕ couplings mediate the production of dark photons in kaon
decays without violating h → φφ or h → SS constraints. The kaon decay mode into two dark photons
is showed in the second panel of Fig. 19. More specifically, neglecting the mass of A′ in Higgs decays,

B(KL → A′A′) ≃ 5× 10−8 ×
(B(h→ A′A′)

10%

)
×
(

m4
K

(m2
K −m2

S)
2 +m2

SΓ
2
S

)
× f

(
mA

′

mK

)
, (66)

where f(x) = (1− 4x2 + 12x4)
√
1− 4x2. For masses of mS = O(1) GeV, we obtain experimentally

interesting branching ratios of O(10−9). As long as mA
′ < 2mµ, the dark photon decays to e+e− pairs

100% of the time. For KS decays, the rate is enhanced but the branching ratio is smaller,

B(KS → A′A′)

B(KL → A′A′)
≃
(
ReV ∗

tsVtd
ImV ∗

tsVtd

)2

×
(
τKS

τKL

)
≃ 9× 10−3. (67)

Compared toK → πX decays, the complete kaon annihilation into dark sector particles allows for
the production of heavier X particles. For example, decays into four muons KS,L → 2(A′ → µ+µ−)

are kinematically allowed, as opposed to K → π2(A′ → µ+µ−), which are not. As a benchmark
point for the dark photon in the super-renormalizable portal model, we may take mA

′ = 230 MeV and
mS = 800 MeV, enhancing the kaon decay rates by the fact that mS is close to mK . For the above
parameter values, considering that B(A′ → e+e−) = 0.78 and B(A′ → µ+µ−) = 0.22, we expect

B(KL → e+e−e+e−) ≃ 3.2× 10−9, B(KS → e+e−e+e−) ≃ 2.9× 10−11, (68)

B(KL → e+e−µ+µ−) ≃ 8.9× 10−10, B(KS → e+e−µ+µ−) ≃ 8.0× 10−12, (69)

B(KL → µ+µ−µ+µ−) ≃ 2.5× 10−10, B(KS → µ+µ−µ+µ−) ≃ 2.2× 10−12. (70)

The µ+µ− decays are expected to be smaller than or comparable to the e+e− ones. These decays are
constrained experimentally by the measurements of the analogous process KL → e+e−e+e− at KTeV
and NA48 leading to a PDG averaged branching ratio of (3.56 ± 0.21) × 10−8 [270], and the KTeV
measurement of B(KL → e+e−µ+µ−) = (2.69±0.27)×10−9 [271]. The experimental status is further
discussed in Section 4.13: in general, the experimental sensitivity to KL decays is at the O(10−10) level.

46



These measurements can be considered as an upper limit for annihilation to dark sector particles that
decay to a total of four leptons. Finally, we note that a measurement of the SM rates for these channels
is also of theoretical interest in order to constrain the sign of amplitude M(KS,L → γγ) and improve
the predictions for KS,L → µ+µ− [272, 273].

2.8.3 Non-linear interactions of MeV axions
New particles may also be pair-produced if they couple non-linearly to the SM mesons, for instance, in
MeV-scale QCD axion models. As argued in Refs. [161, 162], a QCD axion is possibly still allowed to
have MeV masses, if it is electron-philic and pion-phobic, see also Section 2.2.3. In this case the axion
decays promptly, cτ = O(10−6) meters, and predominantly into e+e− pairs. For ma ≃ 17 MeV it may
also explain the anomalous results by the ATOMKI experiment [274].

While in these models the axion-pion mixing θaπ is small, other terms involving the SM light
mesons and higher-order terms of the axion field will not be. For instance, even for θaπ → 0, the terms

L ⊃ m2
a

4F 2
π

aaπ0π0 +
m2

a

2F 2
π

aaπ+π− +
1

6

m2
a

Fπfa
a3π0, (71)

are still present and have their coefficient fixed for any given QCD axion mass. For a 17 MeV axion with
fa = 1 GeV decay constant the non-linear interactions are rather strong. Analogous terms with the η
mesons are not shown but are also present.

By virtue of the non-linear interactions above, the axion can be pair produced in kaon decays [267]
in the decay modes showed in Fig. 19. For a 17 MeV axion with fa = 1 GeV the axion pair production
in association with a final state pion has large branching ratios,

B(KL → π0aa→ π02(e+e−)) ≃ 7× 10−5, (72)

B(K+ → π+aa→ π+2(e+e−)) ≃ 1.7× 10−5. (73)

Closing the pion lines in K → ππ gives a one-loop generated KS,L → aa decays. Taking into account
only the absorptive part of the amplitude gives

B(KS → aa→ 2(e+e−)) ≃ 2.6× 10−7, (74)

for the 17 MeV axion. These modes are all within reach of current experiments and may conclusively
rule out or confirm the QCD MeV axion models, including its explanation of the ATOMKI anomaly.
It should be noted that even if K − π mixing generated by the ∆S = 1 chiral Lagrangian were to be
anomalously small, the measured K → 3π amplitude would still generate the decays above at loop-level
at an appreciable rate.

2.8.4 Dark fermions
We now return to the U(1)d models, this time considering also the production of dark fermions. In
particular, if some of these fermions eventually decay back to SM particles, then their production in kaon
decays can lead to exotic final states. Two examples of U(1)d extensions of the SM with unstable dark
fermions include dark seesaw models [192, 232] as well as co-annihilating dark matter particles [275].
The main difference between these lies in whether or not these fermions mix with SM neutrinos. If they
do, they can be produced in charged-current (CC) kaon decay processes via neutrino mixing and the
lightest stable fermion produced in the decay chains will correspond to an SM neutrino. In addition,
they may also decay via CC (e.g. N → π±ℓ∓). For the purposes of this section, however, these can
be safely ignored as their width is much smaller than those generated by the U(1)d interactions. If CC
decays were to dominate, then, given current experimental constraints, the HNL would be too long-lived
to decay inside the detector and the HNL would constitute an invisible particle.
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Fig. 20: Kaon decays to heavy neutral leptons with multi-lepton final states. All dark sector particles, N ,
A′ = γd, and φ = hd, are produced on shell. Experimental reconstruction of the dark sector masses is
possible for the first two diagrams. The flavor indices α and β can be e or µ, depending on the process.

Consider, for instance, an extension of the higgsed dark U(1)′ model by a pair of neutral fermions,
one of which is charged under the new symmetry [192],

LDS−ν = NRi/∂NR +NLi /DNL + ydNLφNR ++yNLH̃NR). (75)

If multiple generations of N particles exist, the heaviest states can decay down to the lightest ones by
emission of on- or off-shell mediators, N ′ → NA′ or N ′ → Nφ. As the notation implies, N can also
mix with SM neutrinos and generate light neutrino masses through the inverse seesaw mechanism. For
all purposes, we assume that at low energies there are one or multiple generations of N particles that
interact with SM neutrinos as described in Section 2.3.

We start by discussing the production of the mediators. When they are heavier than the dark
fermions N , they will decay to pairs of N . For example, if mA

′ < mN < mφ/2, we can expect the
following decays

KS,L → π0
(
φ→ NN → 2(νA′) → 2(νe+e−)

)
, (76)

K+ → π+
(
φ→ NN → 2(νA′) → 2(νe+e−)

)
, (77)

with branching ratios as in Eqs. (63), (64) provided that the dark sector decay chain has a branching
ratio of 1. The multiple invisible particles in the final states above make for a challenging experimental
signature. For multiple generations of N particles, decays of the type φ → N ′N ′ → 2(NA′) →
4(νe+e−) can also take place, illustrating how fast the multiplicity of leptons can grow in more elaborate
dark sectors. IfN has sizeable mixing with SM neutrinos, it can be produced in CC kaon decays, K+ →
ℓ+N , with ℓ = e or µ, depending on the hierarchy of the electron and muon mixing. If N is long-lived,
the signature is identical to that discussed in Section 2.3: a single invisible peak in m2

miss = (pK − pℓ)
2.

However, if the HNL is heavier than the dark mediators, it subsequently rapidly decays as N → νA′

or N → νφ. These two channels have comparable branching ratios as a consequence of symmetry
breaking.

The resulting cascade process may be searched for due to the leptonic decays of the mediators as
follows:

K+ → ℓ+N, N → νA′ → νℓ+ℓ−, (78)

K+ → ℓ+N, N → νφ→ νA′A′ → ν2(e+e−). (79)

The former decay chain results in three charged tracks (similarly to the muonic force mediator model
discussed in Section 2.5), while the latter decay chain leads to a total of five charged tracks (Fig. 20).
Since only a single particle in the process is invisible, it is possible to experimentally constrain the masses
of all dark particles involved. The HNL emission produces a peak in the missing mass, while the dark
scalar and dark photon masses appear as resonances in combinations of the lepton four-momenta. No
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Fig. 21: The mixing of the HNLs with muon neutrinos as a function of the HNL mass (left) and the dark
photon mass (right) for a given choice of dark sector parameters [192]. We show the NA62 sensitivity
to K+ → µ+νe+e− as well as K+ → µ+νµ+µ− decays arising from CC kaon decays followed by
prompt HNL decays N → ν(A′ → ℓ+ℓ−).

searches for these processes have been performed to date; future experimental prospects are discussed in
Section 4.8.

The three-track signature is particularly interesting and is in general always present whenever the
five-track process is possible. It also provides a direct test of dark-neutrino explanations to the Mini-
BooNE excess [189, 190, 192, 231, 232, 276–278], where HNLs are produced in muon neutrino interac-
tions inside the detector due to the exchange of a new force. A slice of the dark sector parameter space
is shown in Fig. 21 together with the NA62 sensitivity to K+ → µ+(N → νℓ+ℓ−) decays [192]. Anal-
ogous decays with positrons are also possible, K+ → e+N , providing sensitivity to |UeN |2 instead of
|UµN |2. Depending on the dark sector couplings, the HNL lifetime can be larger than a few picoseconds,
and therefore may lead to displaced decays. Further discussion of the experimental sensitivity can be
found in Section 4.15.

2.9 Dark-baryon models

Authors: Alonso-Alvarez, Elor, Escudero, Fornal, Grinstein, Martin Camalich

The energy density of cold dark matter and of baryons in the Universe is remarkably similar,
Ωcdm/Ωb ≃ 5.38 [279]. This similarity suggests that there could be a direct connection between the dark
sector and baryon number, thus motivating the existence of dark sector particles charged under U(1)B
with masses at the GeV scale, see Refs. [280, 281] for reviews. Recently, the idea of (anti)baryonic
dark sectors has been further motivated by an anomaly in the measurements of the neutron lifetime
which could be resolved if the neutron decays into dark states carrying baryon number with a branching
fraction ∼ 1% [282]. In addition, dark baryons play a key role in the newly proposed B-Mesogenesis
mechanism, in which baryogenesis and dark matter production arise from the CP-violating oscillations
and subsequent decays of B mesons in the early Universe [283–285].

The studies [283–285] (see also [286–289]) have highlighted that hadrons could have rather large
branching fractions into final states containing light dark baryons, which would appear as missing energy
in a detector. It is quite remarkable that, in the light of current data, branching fractions as large as
1% for the neutron and 0.5% for the B meson are allowed if the decays occur into states in the dark
sector which carry baryon number. Given this possibility, it is timely to explore the possible reach of
current and upcoming experiments to similar decays in the hyperon sector. In fact, in the models of [282]
and [283–285], one generically expects all hadrons to decay into these types of modes at a non-negligible

49



Kaon decay Model Branching ratio Additional resonances

KS → 2(e+e−) U(1)d + S 2× 10−10 −
KS → (µ+µ−)(e+e−) U(1)d + S 8× 10−12 −
KS → 2(µ+µ−) U(1)d + S 2× 10−12 −
KL → 2(e+e−) U(1)d + S 2× 10−8 −
KL → (µ+µ−)(e+e−) U(1)d + S 9× 10−10 −
KL → 2(µ+µ−) U(1)d + S 2× 10−10 −
KL → π0 2(e+e−) U(1)d 2× 10−7 m4e = mφ

KL → π0 2(νe+e−) U(1)d+HNL 2× 10−8 −
K+ → π+ 2(e+e−) U(1)d 5× 10−8 m4e = mφ

K+ → e+ν e+e− U(1)d+HNL 6× 10−8 mee = mA
′ , mνee = mN

K+ → µ+ν e+e− U(1)d+HNL 9× 10−7 mee = mA
′ , mνee = mN

K+ → e+ν 2(e+e−) U(1)d+HNL 6× 10−8 m4e = mφ, mν4e = mN

K+ → µ+ν 2(e+e−) U(1)d+HNL 9× 10−7 m4e = mφ, mν4e = mN

K+ → π+ 2(νe+e−) U(1)d+HNL 5× 10−9 m2ν4e = mφ

Table 3: Multi-lepton kaon decays channels with branching ratios in several representative new physics
models. For decays into electrons we take for the dark sector model parameters, sθ ∼ 5 × 10−3, mφ =
100 MeV, mA

′ = 30 MeV, and mS = 0.8 GeV. For channels involving muons, we assume instead
mA

′ = 230 MeV. For the dark sector models with heavy neutral leptons, we take |Uµ4|2 ∼ 10−6,
|Uµ4|2 ∼ 10−7, and mN = 150 MeV. In all new physics scenarios, mee = m′

ee = mA
′ . In the last

column we show additional kinematical conditions that may be explored in experimental searches.

rate. Therefore, hyperons offer the opportunity to test, in a precise manner, the existence of such particles,
which could very well be linked to dark matter or the origin of the baryon asymmetry of the Universe.
In what follows, we address the minimal particle content and interactions needed to trigger such decays.
We identify the decay channels that appear more amenable for experimental searches, find theoretically
motivated benchmarks, and put the parameter space into perspective by also considering LHC and flavor
mixing constraints on the mediators needed to trigger the decay. We refer to [290] for further details and
precise calculations of the decay rates.

2.9.1 Lagrangian, interactions and particle content
Let us consider a new heavy-colored boson which couples to two quarks, as well as to a quark and a dark
baryonic fermion χ. There are three realizations of this scenario, given by

L1 ⊃ −ydadbϵijkΨ
idjRad

k
Rb − yχuc

Ψ∗
iχu

i
Rc + h.c., (80)

L2 ⊃ −yuadb
ϵijkΦ

iujRad
k
Rb − yχdcΦ

∗
iχd

i
Rc − yQaQb

ϵijkϵαβΦ
iQjα

LaQ
kβ
Lb + h.c., (81)

L3 ⊃ −yQadb
ϵijkϵαβX

iα
µ Q

jβ
Laγ

µdkRb − yχQc
X†iα

µ Qiα
Lcγ

µχ+ h.c., (82)

where uR, dR and QL denote the SM quark fields, i, j and k the color indices, a, b and c the generation
indices and α and β the SU(2)L indices. Note that in L1 the two dR quarks belong to different families
due to the antisymmetry of the color indices. The field χ is a SM singlet Dirac fermion with baryon
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number Bχ = 1. The possible new heavy colored mediators are color triplet scalars Ψ = (3, 1) 2
3

and
Φ = (3, 1)− 1

3
, and a color triplet vector Xµ = (3, 2) 1

6
, where the first (second) number in parenthesis

indicates the SU(3)c (SU(2)L) representation and the subscript the hypercharge. The latter two particles
carry the quantum numbers of leptoquarks and as such one must impose baryon number conservation
in order to forbid proton decay. In the first model, couplings inducing proton decay are not allowed by
gauge invariance.

Direct LHC searches for new colored states place a lower bound M ≳ 1.2 TeV on the Ψ, Φ and
Xµ masses [291, 292]. Therefore, at low energies, the heavy colored states can be integrated out leading
to the following effective Lagrangian:

Leff ⊃ CR
ud,dOR

ud,d + CL
ud,dOL

ud,d

+CR
ud,sOR

ud,s + CR
us,dOR

us,d + CL
ud,sOL

ud,s + CL
us,dOL

us,d

+CR
us,sOR

us,s + CL
us,sOL

us,s.

(83)

The operators in the first, second and third line correspond to ∆S = 0, 1, and 2 strangeness changing
transitions, respectively, with

OR
uda,db

= ϵijk(u
i
Rd

j
aR)(χRd

k
bR), OL

uda,db
= ϵijk(u

i
Ld

j
aL)(χRd

k
bR). (84)

the corresponding Wilson coefficients are parametrically suppressed by CR(L)
uda,db

∼ 1/M2. We have used
Fierz relations to express the operators produced by the exchange of Ψ (model 1) and Xµ (model 3) in
terms of the scalar operators in this Lagrangian [55, 290, 293]. The contributions of the three models
to this effective Lagrangian can be found in [290]. Note that Leff exhausts the possible dimension-six
operators that couple the SM fields to the singlet χ in an SU(2)L × U(1)-invariant way.

On top of the effective couplings in Eq. (83), the dark particle χ may have interactions with addi-
tional dark sector particles. A minimal model for such a scenario is provided by including the Lagrangian
term

L ⊃ yξϕ χ̄ξϕ + h.c. , (85)

where ξ is a Dirac fermion and ϕ is a scalar, both singlets under the SM gauge group. We shall assume
baryon number conservation which implies Bϕ + Bξ = 1. In addition, assuming a Z2 symmetry under
which ξ and ϕ are odd and all other particles are even assures that either ξ, ϕ, or both are stable, making
them good dark matter candidates.

2.9.2 Hyperon decays
The hyperon decays induced by the above effective Lagrangians are summarized in Table 4. The three
simplest types of decay with different final state particles are:

1. Missing energy + pion: B1 → χ+ π, for mχ < mB1
−mπ.

2. Missing energy + photon: B1 → χ+ γ, for mχ < mB1
.

3. Missing energy only: B1 → ξ + ϕ, for mξ +mϕ < mB1
.

The states χ, ξ, and ϕ are inert and do not interact with the detector. Above, B1 denotes any initial
hyperon. Importantly, lighter baryons including the proton could undergo similar decays as well. Given
the stringent limits on the proton lifetime, τp ≳ 1029 years [294], we restrict our study to sufficiently
heavy dark baryons, mχ > mp−me, and mξ+mϕ > mp−me ≃ 937.76MeV, for which proton decay
is kinematically forbidden.
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Initial state Final state Max[mχ] (MeV) B ×
[
C

R(L)
uda,db

/(0.5TeV−2)
]2

BESIII limit

Λ0 (uds) χ+ γ 1116 3.5× 10−6 –

Λ0 (uds) ξ + ϕ 1116 5.0× 10−4 y2ξϕ < 7× 10−5 [295]

Λ0 (uds) χ+ π0 981 1.1× 10−3 –

Σ+ (uus) χ+ π+ 1050 1.6× 10−3 –

Σ− (dds) χ+ π− 1058 1.2× 10−3 –

Ξ0 (uss) χ+ γ 1315 1.5× 10−5 –

Ξ0 (uss) ξ + ϕ 1315 3.7× 10−4 y2ξϕ –

Ξ0 (uss) χ+ π0 1180 6.2× 10−3 –

Ξ− (dss) χ+ π− 1182 7.1× 10−3 –

Table 4: The most relevant hyperon decay channels into dark sector states: initial and final state par-
ticles, maximum masses of the dark sector states that can be probed, and theoretical expectations for
the branching fraction for mχ = 1.0 GeV (mχ = 0.95 GeV for Λ0 → χπ0), mϕ = 0.95 GeV and
mξ = 0.04 GeV. For decay channels to which several effective operators in Eq. (83) can contribute, we
show the prediction for the operator that gives the largest branching ratio. The predictions are normalized
to the largest possible values of the Wilson coefficients given the LHC constraints on colored mediators.
We also display the current limit on Λ → inv from BESIII [295]. See also Section VIA in [290] and
Section 5 in this review for qualitative discussion of expected sensitivities for these decay modes.

In Table 4, we list the most relevant decay modes of hyperons into dark sector states as triggered
by the effective operators in Eq. (83). The rate for each of these decays has been calculated in [290] by
matching these to the SU(3) chiral Lagrangian [296]. All the necessary hyperon-decay transition matrix
elements can be predicted in terms of known strong and electromagnetic properties of the baryons and of
the proton decay constants that have been calculated on the lattice [297]. The detailed expressions and
predictions can be found in [290].

The Wilson coefficients involved in these decays, CR(L)
uda,db

in Eq. (83), are constrained by direct
searches for the colored mediators at the LHC. ATLAS [291] and CMS [292] SUSY searches for pair-
produced squarks decaying into a neutralino and a quark rule out the existence of this kind of strongly
interacting bosons in the mass region below 1.2 TeV with the current 139 fb−1 of data. For masses of
the mediator in the range 1.2 TeV < M < 7 TeV, searches for resonantly singly produced colored
states decaying into quark pairs (dijet) or a quark and a dark baryon (jet+MET) can be used to place
constraints on the Wilson coefficients for such masses. Although the limits depend on the exact flavor
structure of the operator, an illustrative average value of the constraints on the Wilson coefficients is
C

R(L)
uda,db

< 0.5 TeV−2 [290]. In what follows, we normalize the branching ratios for the exotic hyperon

decays to CR(L)
uda,db

= 0.5 TeV−2 in order to highlight the relevant window of parameter space in which
hyperon searches can test uncharted regions of parameter space given LHC constraints. In addition, we
note that some of the decay modes shown in Table 4 are subject to astrophysical constraints arising from
the observed neutrino signal from SN1987A, see [290] for the constraints.

In Table 4 and in Figs. 22, 23 we show the predictions for the branching fractions for the B1 →
χπ, B1 → χγ, and B1 → ξϕ decays for different hyperons B1. To calculate the decay rates we set
C

R(L)
uda,db

= 0.5TeV−2 for a particular flavor choice uda, db as denoted in the figures, while setting all
the other Wilson coefficients to zero. In the table we only show the largest possible branching ratio
after marginalizing over the possible operators that can contribute to each decay mode. For the purely
invisible hyperon decays B1 → ξϕ, the predictions are given for some benchmark masses of the final
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Fig. 22: Branching ratios for hyperon decays to a dark baryon χ, and a pion as a function of the dark baryon mass,
mχ. The Wilson coefficients in (83) are set to CR(L)

uda,db
= 0.5TeV−2, which roughly saturates the LHC constraints

on the mediators, see the main text. The color coding corresponds to different initial hyperons as labeled, and the
different line styles denote different flavor combinations in the Wilson coefficients as indicated. The branching
fractions for the other values of the Wilson coefficients follow from rescaling B ∝ |CR(L)

uda,db
|2.
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Fig. 23: Branching ratios for neutral hyperon decays to a dark baryon χ and a photon (left) and a purely invisible
final state (right) as functions of dark baryon mass mχ. The dark sector particle masses and couplings are set in
the right panel to mϕ = 0.95mχ, mξ = 0.04mχ and yξϕ = 1. Colors and line styles are the same as in Fig. 22.

state particles, mϕ = 0.95mχ and mξ = 0.04mχ. The branching ratios quoted in Table 4 are obtained
for a representative value of the dark baryon mass mχ = 1 GeV, while mχ is varied in Figs. 22, 23.

Within the same class of decays, i.e., the decays induced by a nonzero value of a single Wilson
coefficient CR(L)

uda,db
, the various decay channels have different sensitivities to this Wilson coefficient.

For instance, the Σ− → χπ− and Σ+ → χπ+ differ by a factor of a few when induced by the same
C

R(L)
ud,s operator (Fig. 22). There are also differences between predictions for CR(L)

uda,db
and the Wilson

coefficient with swapped flavor indices, CR(L)
udb,da

, to the extreme that some decay channels are induced
by one operator but not the other (which can be qualitatively understood using isospin symmetry). The
resonant enhancement ofB1 → ξϕ at the end of the phase space (Fig. 23, right) is due to the intermediate
χ becoming on shell. Note that the radiative decaysB1 → γχ are suppressed by αem. This explains why
one typically needs to probe two orders of magnitude lower branching fractions than inB1 → πχ decays
in order to have the same sensitivity to the CL/R

uda,db
operators. However, radiative decays allow to test
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largermχ, as near the endpoint region theB1 → πχ decay is kinematically suppressed or even forbidden.
Finally, dark-baryon Σ0 decays are not considered since their branching ratios are very suppressed due
to the large width of the Σ0 in the SM [290].

Decay signatures with multi-body final states such asB1 → ℓ+ℓ−χ,B1 → ππχ orB1 → ℓ+ℓ−πχ
can be predicted in the same way as the two-body decays illustrated above. For light enough χ the
B1 → ππχ is dominated by the quasi-two-body decay, B1 → ρχ. The corresponding branching ratio is
thus expected to be roughly of the same size as forB1 → πχ, albeit somewhat smaller due to the smaller
available phase space. For heavier mχ the B1 → ππχ becomes a genuine three body decay and thus
carries a larger phase space suppression. The same comment applies to the case of the leptonic modes,
but with an extra suppression by the αem factor. In spite of this, the leptonic decays could be interesting
if the experiments are more efficient at detecting these modes than the others above. For instance, a
decay such as B1 → ℓ+ℓ−πχ produces a vertex that could enable a search at LHCb (see Section 5.3.2
for projections).

2.9.3 Discussion: relevance for the neutron decay anomaly and B-mesogenesis
Recently, it has been shown that the existence of a neutron dark decay channel, e.g., n→ χγ or n→ ξ ϕ,
with a branching ratio ∼ 1% can resolve the discrepancy in neutron lifetime measurements between
bottle and beam experiments [282]. Phenomenologically consistent theories of this type are based on
Models 1–3 in Eqs. (80)–(82), with a minimally extended dark sector [298–300]. Various experiments
have searched for signatures of neutron dark decay, probing parts of the available parameter space [301–
305] (for a review, see [306]). Within the framework of Model 2, Eq. (81), the dark decay branching ratio
B(n→ χγ) = 1% corresponds to

CR
ud,d ≈ 2.7× 10−5 TeV−2 . (86)

The natural mass scale for Φ is MΦ ∼ O(100 TeV). However, if |yud yχd| ≪ 1, the mass of Φ required
to explain the neutron decay anomaly is much smaller, and the LHC constraint MΦ > 1.2 TeV becomes
relevant. For the benchmark MΦ = 7 TeV, the required combination of couplings is |yud yχd| ∼ 10−3.
For the pure dark decay channel n→ ξ ϕ, the 1% branching ratio is achieved when

CR
ud,d · |yξϕ| ≈ 2× 10−8 TeV−2 . (87)

If ξ is the dark matter particle, the coupling yξϕ ≈ 0.04 allows for the annihilation ξξ → ϕϕ∗

at a rate consistent with the observed dark matter relic density. Again, the natural scale for Φ is high,
MΦ ∼ O(1000 TeV). In order to have MΦ = 7 TeV, the couplings need to be |yud yχd| ∼ 10−6. Since
in Model 2 the interaction of Φ with second generation quarks is independent of yud and yχd, no concrete
predictions for hyperon decays can be made, but a sizable hyperon decay rate is possible. The situation
is different for Model 1, for which the allowed branching ratio for n→ χγ is smaller than ∼ 10−6 [288].
This is due to the antisymmetric nature of the Yukawa coupling which forbids interactions of Ψ with only
first generation quarks, and the stringent flavor constraints from kaon mixing: |yχs yχd| ≲ 10−3 MΨ

1.5TeV
and |yus yud| ≲ 10−3 MΨ

1.5TeV [285]. This implies that in the parameter region for which the Ψ particle
could be detected at the LHC, MΨ ≲ 10TeV, the expected signal from hyperon decays is too weak to
be measured. On the other hand, if MΨ is sufficiently large, then a measurable B(Λ → χγ) is expected.
Those constraints on Model 1 do not apply to the pure decay channel n → ξ ϕ, for which a measurable
signal both at the LHC and in hyperon factories (such as BESIII) is possible.

B-mesogenesis can explain the asymmetry between visible matter and antimatter and also the ori-
gin and nature of dark matter provided thatB mesons decay into dark sector antibaryons with a branching
fraction> 0.01% [283,285]. In any of the Models 1, 2, 3 the decay of theB meson is controlled by cou-
plings to the b quark but we expect couplings to other quarks to be present and could lead to non-standard
hyperon decays. In particular, a combination of couplings that leads to an understanding of the origin of
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matter and dark matter of the Universe is [285] ydb = 0.3, yχu = 2, and MΨ = 3TeV within Model 1.
This corresponds to B mesons decaying with a branching fraction of B(B → χ+ hadrons) ≃ 0.03%.
Since we know that consistency with B-Meson oscillations requires |ydb y⋆sd| ≲ 0.2 MΨ

1.5TeV , we expect
that the Wilson coefficients controlling hyperon decays could be as large as

CR
ud,s = −CR

us,d ≲ 0.02TeV−2. (88)

By comparing this interaction strength with the decay Σ− → χ + π− in Table 4, we can see that
one could expect a branching fraction as large as ∼ 10−5, which could well be tested at the upcoming
experiments. In addition, within B-Mesogenesis hyperons decaying fully invisibly are also expected. In
this setting the yξϕ coupling should be sizeable in order to maintain the ξ and ϕ populations coupled in
the early Universe. For yξϕ = 1, which would maintain the ξ and ϕ populations in thermal equilibrium
until the temperature of the early Universe is T = 2MeV, this would induce a decay rate for Λ → ξ + ϕ
at the level of ≲ 10−6, which should be compared with the recent constraint from BESIII [295], B(Λ →
inv) < 7 × 10−5 at 90% CL. These examples thus demonstrate that searches at BESIII could represent
a relevant test of B-Mesogenesis in a way that is complementary to the LHC searches for resonant jets
and missing energy at TeV energies, and direct searches to dark decays of b-flavored hadrons [307,308].

2.10 Other (more exotic) scenarios
Authors: Bansal, Gori, Grossman, Shuve, Sumensari, Tammaro, Zupan

In this section we collect several further, somewhat exotic possibilities for signals of new physics
in the rare kaon or hyperon decays. The first possibility is a light NP particle that has flavor violating
couplings to both quarks and leptons which induces K → πµe decays. We give two such examples, a
flavor violating ALP (Section 2.10.1), and a light Z ′ (Section 2.10.2). A possible more complex dark
sector which can give rise to dark jets is discussed in Section 2.10.3.

2.10.1 Flavor violating ALP decays
In principle, flavor violating couplings of ALP to the SM fermions, Eq. (7), can be relevant not only
in the ALP production (Section 2.2) but also in ALP decays. As we will see below, this is possible
in a particular range of ALP parameters, giving rise to the K → πµe decay, a somewhat more exotic
signature of a flavor violating ALP compared to the signatures discussed in Section 2.2. Nevertheless
it is interesting that despite the strong constraints from K − K̄ mixing and rare muon decays, there is
still the possibility of a NP discovery through such decays. ALPs can also contribute at tree-level to the
KL → µ±e∓ decays. Present experimental bounds on the K+ → π+µ±e∓ and KL → µ±e∓ decay
branching fractions are O(10−11), as detailed in Section 4.17.

The K+ → π+µ±e∓ differential decay rate is given by [309]

dΓ

dm2
eµ

=
mKm

2
µ

32(4π)3f4a

m2
eµλ

1/2
K f0(m

2
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2
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2
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µ

m2
eµ

)2(
1− m2

π

m2
K

)2[
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eµ|2

]
|CV

sd|2, (89)

where ma and Γa are the ALP mass and total decay width, while the coefficients CV/A
ij and the axion

decay constant fa are defined in Eq. (7). The K → π scalar form factor f0(m
2
eµ) [310] is a function of

the di-lepton invariant mass squared, m2
eµ, while λK =

[
m2

eµ − (mK −mπ)
2][m2

eµ − (mK +mπ)
2].

Similar expressions hold for the decays KL → π0e−µ+ and KS → π0e−µ+, after the replacements
|CV

sd|2 → Im[CV
sd]

2 and |CV
sd|2 → Re[CV

sd]
2, respectively. For the KL → µ−e+ decays, the most general

expression reads [309]
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An analogous expression can be obtained for KS → µ−e+ by replacing Re[CA
sd]

2 → Im[CA
sd]

2.

There are three regimes for the ALP mass, leading to distinct phenomenological features:

– Light ALP (ma < mµ +me). For such light ALPs the K → πµe transition is mediated by an
off-shell ALP since the a→ µe decays are kinematically forbidden. Numerically,

B(KL → π0µ+e−) ≃ 9.4 · 10−22 |CV
eµ|2 + |CA

eµ|2(
10−3)2 ∣∣∣ ImCV

sd

∣∣∣2(106 GeV

fa

)4

, (91)

B(K+ → π+µ+e−) ≃ 2.1 · 10−22 |CV
eµ|2 + |CA

eµ|2(
10−3)2 ∣∣∣CV

sd

∣∣∣2(106 GeV

fa

)4

, (92)

obtained from the differential decay rates in (89) form2
eµ ≫ m2

a, and choosing CV
sd/fa (CV/A

eµ /fa)
at roughly the maximal value allowed by K − K̄ mixing [97] (by using B(µ → ea) bounds,
in the conservative case where a escapes the detector [311]). Under the same assumptions, the
KL → µ−e+ branching fraction reads

B(KL → µ−e+) ≃ 5× 10−20 |CV
eµ|2 + |CA

eµ|2(
10−3)2 ∣∣∣ReCA

sd

∣∣∣2(106 GeV

fa

)4

. (93)

Therefore for light ALPs, the LFV kaon branching fractions are constrained to be well below
the reach of NA62 and KOTO and planned future experiments for both K+ and KL decays, and
BESIII for hyperon decays. The same conclusions apply to rates of decays with µ−e+ in the final
state, which can be obtained from the above expressions by replacing µ↔ e.

– Intermediate ALP (mµ +me < ma < mK −mπ). In this case the decays K+ → π+a followed
by a→ µ±e∓ are considered. The decay width is given by

Γ(K+ → π+a) =
κKm

3
K

64πf2a

∣∣∣CV
sd
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V
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)2
, (94)

Γ(KL → π0a) =
κKm

3
K

64πf2a

∣∣∣ ImCV
sd

∣∣∣2 ⇒ B(KL → π0a) ≃ 3.0× 10−11
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12
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fa/C
V
sd

)2
, (95)

where we collected the kinematical and form factor dependences in a single factor

κK = f0(m
2
a)

2(1− r2π)
2[(1− (ra + rπ)

2)(1− (ra − rπ)
2)]1/2, (96)

with rP = mP /mK , and show the numerical value for ma = 200 MeV. Note that the K −
K̄ mixing bound, fa/|CV

sd| ≳ 106 GeV is much weaker than the sample values chosen above.
Branching ratios of the above magnitude could be probed by NA62, KOTO and the future CERN
KL experiment (Section 3.2), as long as ALP decays are dominated by the a → µ±e∓ channel,
while the a→ e+e−, γγ and invisible decays are subleading. The ALP decay width is given by

Γa =
mam

2
µ

16πf2a

(
1− m2

µ

m2
a

)2(
|CV

eµ|2 + |CA
eµ|2

)
, (97)

which gives, for ma = 200 MeV,

cτa ≃ 8.5cm

(
fa

105GeV

)2 1∣∣CV
eµ

∣∣2 + ∣∣CA
eµ

∣∣2 . (98)

The K+ → π+a(→ µe) signature therefore requires CV/A
eµ ≳ 107CV

sd, i.e., much stronger cou-
plings to leptons than quarks. For further discussion of the present experimental constraints and
future projected sensitivities, see Section 4.17.
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Fig. 24: Constraints on the plane CA
eµ/fa vs. CV (A)

sd /fa derived from B(K+ → π+µ+e−) < 1.3× 10−11 [314]
(orange) and B(KL → µ∓e±) < 4.7 × 10−12 [315] (blue) for three values of ALP mass: (i) ma = 20 MeV
(left), (ii) ma = 200 MeV (center) and ma = 2 GeV. For simplicity, we assume that CV

sd = CA
sd, as predicted

by a left-handed operator. We superimpose in the same plot constraints derived from µ → e + inv [311] (gray),
∆mK [97] (red) and muonium-antimuonium oscillation [312, 313] (green).

– Heavy ALP (ma > mK − mπ). In this case the ALP is off-shell, and thus K → πµe is again
a genuine three-body decay. The decay widths are the same as in the light ALP case, but taking
ma ≫ mK −mπ. The main phenomenological difference to the light ALP case is the absence of
the µ → ea constraints. There are still important muonium-antimuonium constraints constraints
[312, 313], shown in Fig. 24. Parametrically, the branching ratios are given by

B(KL → π0µ+e−) ≃ 3.9 · 10−12
(
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eµ|2

)∣∣ ImCV
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, (99)
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)4

, (100)

where we have chosen the values ofCV
sd/fa that are not yet excluded byK−K̄ mixing constraints,

and CV/A
eµ /fa that are still allowed by the muonium-antimuonium oscillations. For the leptonic

kaon decay, the branching fraction is given by

B(KL → µ+e−) ≃ 2.9 · 10−9
(
|CV

eµ|2 + |CA
eµ|2

) ∣∣CV
sd

∣∣2(
10−3)2(102 GeV

fa
· 10 GeV

ma

)4

, (101)

which is larger than for the three-body decays in this ma range.

2.10.2 Light flavor violating Z′

The observed hierarchy of masses in the SM charged fermion sector could have a dynamical explanation.
For instance, the hierarchical SM fermion masses could be a consequence of a spontaneously broken
horizontal U(1)FN symmetry [316]. If the horizontal U(1)FN is gauged the associated Z ′ has flavor
violating couplings and can be searched for in FCNC processes. Which FCNC transition is the most
sensitive depends on the value of Z ′ mass, mZ

′ = g′vf , where g′ is the horizontal U(1) gauge coupling,
and vf the vev that breaks the U(1)FN. A heavy Z ′ can be discovered through its tree level off-shell
contributions to the meson mixings, with the K − K̄ mixing typically leading to the most stringent
constraints. For small values of the gauge coupling, on the other hand, the Z ′ can be light enough to be
produced on-shell in rare K, B and D decays, which then give the most sensitive constraints [317]. A
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Fig. 25: Constraints on Z ′ flavor-violating couplings to quarks, gsd, and leptons, geµ. Orange and blue lines
represent the bounds from current limits on B(K+ → π+µ−e+) and B(KL → µ±e∓), respectively (Section 4.17).
Red and green regions show the exclusions from K − K̄ and M − M̄ mixing, respectively. The dark grey region
in the central plot shows the range of geµ values that could include displaced Z ′ vertex decays.

particularly striking signature in this mass regime is the K → πZ ′ → πeµ decay, which is kinematically
allowed when the Z ′ mass is in the window mZ

′ ∈ [mµ +me,mK −mπ].

The main difference between the dark photon, discussed in Section 2.4, and the light flavor violat-
ing Z ′ is that the latter has renormalizable flavor violating couplings. For Z ′ the low energy Lagrangian
is therefore given by

Lint = Z ′
µ

∑
f,i,j

[
gVfifj

(
f̄iγ

µfj
)
+ gAfifj

(
f̄iγ

µγ5fj
)]
, (102)

where f runs over the SM fermions, i, j are generational labels, and in general the complex parameters
g
V/A
fifj

= g
V/A
fjfi

∗ are nonzero also for i ̸= j. In gauged horizontal U(1)FN the gV/Afifj
receive contributions

both from the gauge charges of the SM fermions as well as from the flavor diagonal kinetic mixing of
Z ′ with the SM hypercharge. From low energy perspective the gV/Afifj

can be treated as free parameters.

We focus on the case where gV/Asd and gV/Aeµ dominate, while for other benchmarks motivated by the
horizontal symmetry see Ref. [317].

Fig. 25 shows the bounds on flavor-violating Z ′ couplings, geµ ≡
(
|gVeµ|2 + |gAeµ|2

)1/2 and a
sample choice gsd ≡ gVsd = gAsd taking it to be real, for three illustrative Z ′ masses, and setting all
the other couplings to zero. The muonium – antimuonium (M − M̄ ) oscillations bound larger values
of geµ (green region), while large values of gsd are excluded by the K − K̄ oscillations (red shaded
region). The remainder of the parameter space is then first probed by KL → µe (blue solid line) or
K+ → π+µ+e− decays (orange solid line). For light Z ′ (Fig. 25 left with mZ

′ = 20 MeV, but more
generally for mZ

′ < mµ +me) and for heavy Z ′ (Fig. 25 right with mZ
′ = 2 GeV, but more generally

for mZ
′ > mK − mπ) the K+ → π+µe decay proceeds through an off-shell Z ′ and thus the mixing

constraints are in general more important then the constraint from the rare decay. In the intermediate mass
regime, on the other hand, theK+ → π+µ+e− decay is due to a two-body decayK+ → π+Z ′, followed
by Z ′ → µ+e−. This leads to very stringent constraints on gsd (in Fig. 25 center we assume 100%
branching ratio for Z ′ → µ+e−). For intermediate Z ′ masses the Z ′ becomes long lived for very small
geµ couplings, cτZ′ ≃ 6.3m

(
10−7/geµ

)2, and thus the K+ → π+Z ′ decay is seen as K+ → π++inv in
the detector. The transition region would require special attention to recast the experimental constraints,
and would include also decays with displaced vertices, which was not attempted in drawing Fig. 25
(right). Similar constraints are obtained if instead gµe is taken to be nonzero, but from K+ → π+µ−e+

decays. In the numerical analysis we used the expressions for decay widths and the numerical inputs
from Ref. [317].
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Experimental bounds on rare kaon decays branching fractions are reported in Section 4.17. Two
more processes are relevant for this study: K − K̄ mixing and muonium - antimuonium (M − M̄ )
oscillations. These are more relevant for light Z ′, as the oscillation probability goes as ∼ g4/m4

Z
′ , where

g = gsd (geµ) for K − K̄ (M − M̄ ) mixings. In the case of K − π transitions only the vector part of the
Z ′ current, Vµ, enters in the hadronic part of the matrix element ⟨π(p′)|Vµ|K(p)⟩, and is parametrized
by two form factors, f+,0(q

2) = f+,0(0)
(
1 + λ+,0q

2/m2
π

)
. In the plots we use the central values for the

parameters from [318].

2.10.3 Dark jets
If a dark sector contains several relatively light states, the production of dark sector particles can result in
dark jets with some of the dark sector particles decaying back to SM particles. Such decays are possible
even if the interactions with the SM are very weak, i.e. the dark sector is in a “hidden valley” [319].
A well motivated example is a dark sector that contains “dark quarks” qdark charged under a confining
force SU(Ndark). In this case the production of dark sector particles mimics the production of QCD jets
in the SM, but potentially with a much lower confining scale than ΛQCD.

Light dark quarks can be produced in rare kaon decays, either at tree level through flavor violating
couplings between the dark sector mediator and the SM down quarks, or at loop-level through flavor
conserving couplings to the top quark. The s → dqdarkq̄dark transitions such as K+ → π+qdarkq̄dark,
K0 → π0qdarkq̄dark, Λ/Σ0 → nqdarkq̄dark, Σ+ → pqdarkq̄dark would be followed by the emission of
“dark gluons” splitting into other dark quarks. This decay chain thus results in two jets of dark particles.
The dark gluons and dark quarks confine into dark mesons such as πdark, ρdark, . . ., and dark baryons,
such as ndark, n

∗
dark, and others. The dark mesons decay to the SM states, because the dark quarks have

feeble interactions with the SM. The lightest dark baryon is often assumed to be stable and escapes the
detector.

The phenomenology of dark jets depends on the details of the dark sector model, both on the
confining group, as well as on the dark sector field content and their masses (see Ref. [320] for some
benchmarks in the case of heavier dark quarks). In general, the pattern of decays into SM particles
depends on the flavor structure of the portal interactions, leading to such signatures as lepton jets [321–
323], semi-visible jets [324–326], jet substructure from dark sector showers [327], and emerging jets
[328]. This complicated phenomenology simplifies significantly in the case of rare kaon decays, since
kinematically only πdark → e+e−, γγ (possibly with extra invisible final states) and ndark → e+e− +
inv, . . ., are possible for dark states that are light enough to form dark jets.

If the decays of dark sector particles are prompt, this results in a shower of visible particles in
the detector. Experimentally even more challenging is the possibility that the decays lead to displaced
vertices. In this case the dark jets originate from many dark particles with varying decay times, resulting
in a collection of displaced decays that appear in the detector as emerging jets forming far away from the
interaction point [328].

2.10.4 Lorentz violation
Rare kaon decays can be used to test fundamental symmetries. Lorentz symmetry, for instance, forbids
K → πγ and K0 → 3γ decays (for a massless photon), while these decays would be allowed in
the presence of Lorentz symmetry breaking. A particular realization of Lorentz symmetry breaking
is the noncommutative extension of the SM [329–332], which implements the SM gauge group on a
noncommutative space-time using the Seiberg-Witten map [333, 334]. The size of Lorentz breaking is
encoded in the constant antisymmetric tensor θµν = cµν/Λ2

NC, where cµν are dimensionless coefficients
assumed to be O(1), while ΛNC is the scale of non-commutativity. In this framework one expects
B(K+ → π+γ) ≃ 0.8 · 10−16(1 TeV/ΛNC

)4 [335], and a similar result for the KS,L → π0γ decays.
The present experimental bounds (Section 4.10) then lead to a rather weak bound ΛNC > 20 GeV, to
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be compared with ΛNC > 141 GeV for noncommutative QED from e+e− collisions [336], and ΛNC >
several TeV from LHC [337–339]. Significantly more stringent constraints on non-commutativity at the
level of 1011 GeV or higher arise from several different low energy observables [340, 341] (assuming
that θ is constant at large distance and equal to the value at scale ΛNC).

In general, due to experimental challenges the searches for Lorentz violating neutral kaon decays,
such as KS,L → πγ, will yield less stringent constraints on ΛNC than their charged counterparts. The
situation can be reversed, if there are new charge neutral light degrees of freedom, such as a new light
(pseudo-)scalar, X . Lorentz violating decay, KL → γX , followed by e.g. X → γγ, would then not
have a charged kaon equivalent, making KL → 3γ the leading experimental signature. See Section 4.10
for the experimental prospects.

2.11 Heavy new physics

Authors: Brod, Dery, Gorbahn, Grossman, Schacht, Stamou

In this section we briefly summarize the SM predictions for some of the key rare kaon decays, and
discuss possible contributions from new particles that are heavier than the electroweak scale.

2.11.1 The SM prediction

In the SM, the rare decays K+ → π+νν̄ and KL → π0νν̄ are induced by Z-penguin and box diagrams.
Since there is no photon-penguin contribution this results in a hard (powerlike) GIM suppression of low-
energy contributions to the amplitude. The effective weak Hamiltonian for these decay modes can be
written as [342]

Heff =
4GF√

2

α

2π sin2 θw

∑
ℓ=e,µ,τ

(
λcXℓ + λtXt

)
(s̄LγµdL)(ν̄ℓLγ

µνℓL) + h.c., (103)

where λi = V ∗
isVid comprises the CKM factors, and Xℓ and Xt are functions of the mass ratios xc ≡

m2
c/M

2
W , xτ ≡ m2

τ/M
2
W and xt ≡ m2

t /M
2
W [342]. The former is strongly CKM suppressed for the CP-

violating mode KL → π0νν̄ and can be neglected in this case. These functions have been calculated up
to NNLO in QCD and NLO in electroweak corrections [343–346]. The SM predictions for the branching
ratios are exceptionally clean since the requisite hadronic matrix elements can be extracted from the well
measured Kℓ3 modes, including higher-order chiral corrections [251]. Using the above SM predictions
and input parameters from the PDG [270], we find [252]:

B(K+ → π+νν̄) = 7.73(16)(25)(54)× 10−11, (104)

B(KL → π0νν̄) = 2.59(6)(2)(28)× 10−11. (105)

The errors in parentheses correspond to the remaining short-distance, long-distance, and parametric un-
certainties.

The weak Hamiltonian for the SD contribution to the leptonic mode KL → µ+µ− has a similar
form

Heff =
4GF√

2

α

2π sin2 θw

(
λcYNL + λtYt

)
(s̄LγµdL)(µ̄Lγ

µµL) + h.c., (106)

with different loop functions YNL = YNL(xc) and Y = Y (xt). Also here, NNLO QCD and NLO elec-
troweak corrections are known [347–349]. A precise SM prediction of the branching ratio is complicated
due to the presence of poorly known long-distance contributions. However, the K → µ+µ− decay can
still be used to probe the SM in a clean way [350, 351], if the time evolution of a beam made out of a
different number of kaons and anti-kaons is measured. We discuss this possibility next.
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2.11.2 Clean SM test with K → µ+µ− decays
Under the well-motivated assumption that the long-distance contribution toK → µ+µ− is CP-conserving,
the CP-violating amplitude, |A(KS → µ+µ−)ℓ=0|, is a pure short-distance quantity (here, ℓ denotes the
orbital angular momentum of the dimuon state). A measurement of |A(KS → µ+µ−)ℓ=0| would pro-
vide a theoretically clean independent determination of | Imλt|, and thus represents a sensitive probe of
physics beyond the SM. In the measurement of B(K → µ+µ−) the two possible final state configura-
tions, l = 0, 1, add incoherently. Because of that, a measurement of B(KS → µ+µ−) does not allow the
extraction of the short-distance l = 0 amplitude alone. However, under certain assumptions, the same
information can be extracted from the time dependent decay rate of a K0 or K̄0 beam, as we discuss
below.

The short-distance amplitude within the SM, resulting from the effective Hamiltonian of Eq. (106),
does not contribute to the ℓ = 1 final state. The same is true for any SM extension in which the leptonic
operator is vectorial rather than a scalar. This implies that within these models,

A(KL → µ+µ−)ℓ=1 = 0, (107)

leaving four non-vanishing theoretical parameters:

|A(KL)ℓ=0|, (108a)

|A(KS)ℓ=0|, (108b)

|A(KS)ℓ=1|, (108c)

and
φ0 ≡ arg

(
A(KL)

∗
ℓ=0A(KS)ℓ=0

)
. (109)

The complete system can be determined from the time-dependent decay rate, which in general is a sum
of four functions of time: (

dΓ

dt

)
= Nff(t), (110)

where Nf is a time-independent normalization factor, and

f(t) ≡ CLe
−ΓLt + CS e

−ΓSt + 2 [Csin sin(∆mt) + Ccos cos(∆mt)] e
−Γt. (111)

For a K0 (K̄0) beam, the experimental coefficients, {CL, CS , Csin, Ccos} are given in terms of the
theoretical parameters as

CL = |A(KL)ℓ=0|2, (112a)

CS = |A(KS)ℓ=0|2 + β2µ|A(KS)ℓ=1|2, with βµ ≡
(
1− 4m2

µ/m
2
K

) 1
2
, (112b)

Ccos = ±|A(KS)
∗
ℓ=0A(KL)ℓ=0| cosφ0, (112c)

Csin = ±|A(KS)
∗
ℓ=0A(KL)ℓ=0| sinφ0 . (112d)

A measurement of the four coefficients is equivalent to the determination of all four theory parameters.
In particular, the pure short-distance amplitude, |A(KS)ℓ=0|, can be extracted using

|A(KS)ℓ=0|2 =
C2
cos + C2

sin

CL
≡ C2

int.

CL
. (113)

It follows that the branching ratio can be determined from experimental observables via

B(KS → µ+µ−)ℓ=0 = B(KL → µ+µ−)× τS
τL

×
(
Cint.

CL

)2

. (114)
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The key ingredient is the sensitivity to the interference terms, represented by C2
int. = C2

cos + C2
sin.

The SM prediction arising from the Hamiltonian of Eq. (106), is given by

B(KS → µ+µ−)ℓ=0 =
βµ τS
16πmK

∣∣∣∣GF√
2

2α

π sin2 θw
mKmµYt × fK × Imλt

∣∣∣∣2
≈ 1.64 · 10−13 ×

∣∣∣∣∣ Imλt

(A2λ5η̄)best fit

∣∣∣∣∣
2

,

(115)

where we used in the numerical evaluation (A2λ5η̄)best fit = 1.33× 10−4. The only hadronic uncertainty
in this theory prediction comes from the decay constant, fK , which can be related to the well-measured
decay constant of charged kaons via isospin, introducing an uncertainty of O(1%). Eqs. (114), (115)
demonstrate how a measurement of the interference terms in the time dependent rate of a beam with an
unequal number ofK0 and K̄0 particles amounts to a very clean independent probe of | Imλt| from kaon
physics.

2.11.3 Constraining heavy new physics
The power-like GIM mechanism together with the structure of the CKM matrix makes the rare kaon
decays extremely sensitive to contributions of heavy new particles. To make this explicit let us set the
scale of new physics to ΛNP = 100 TeV and parametrise the contribution of heavy new physics through
the effective interaction

Heff ⊃
C

(1),sd
lq

(100TeV)2

∑
ℓ=e,µ,τ

(s̄LγµdL)(ν̄ℓLγ
µνℓL) + h.c. (116)

Adding the current experimental and theoretical uncertainties in quadrature, we can constrain physics

up to a scale of 1/
√
C

(1),sd
lq ≃ 2 in units of 100 TeV. A measurement of B(K+ → π+νν̄) with a 10%

uncertainty would test scales up to 1/
√
C

(1),sd
lq ≃ 4 in units of 100 TeV.

This sensitivity can result in observable deviations from the SM prediction in a wide class of
models of New Physics. See Ref. [352] for a combined EFT and flavour symmetry approach and Ref.
[353] for effects that are generated from vector-quarks at tree-level. Even at loop-level sizeable effects
are possible in e.g. the Littlest Higgs model with T-parity, the MSSM or in models with an extra Z ′

and vector-quarks [354–356]. While the analysis of tree-level contributions is relatively simple, loop
effects are understood to be highly model dependent. In the SM, the (short-distance contributions to) the
branching ratios are dominated by the gauge-invariant combination of penguin and box diagrams,Xt and
Yt, involving the top quark. These loop functions can be generalized to include the contributions of any
renormalizable model, while maintaining the properties of being finite and gauge independent. These last
two properties can be shown with the help of coupling constant sum rules that are derived from Slavnov-
Taylor identities which, in turn, encode the renormalizability of the considered model. This procedure
can, in fact, be carried out for generic models involving heavy scalars, fermions, and vectors, without
specification of the symmetry breaking mechanism that gives rise to the vector masses [357, 358]. This
results in analytic expressions that specialise to the above model dependent result for the particle content
of the respective model.
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3 Present and future rare kaon and hyperon decay facilities
Authors: Dettori, Döbrich, Goudzovski, Kupsc, Lanfranchi, Martinez Santos, Massri, Moulson, Nanjo,
Spadaro, Tung, Wang

3.1 The NA62 experiment at CERN
The main goal of the NA62 experiment at CERN is the measurement of the K+ → π+νν̄ decay rate
to a 10% precision using the decay in flight technique. The experiment operates a high-intensity K+

beam with a momentum of 75 GeV/c derived from primary 400 GeV/c protons extracted from the SPS
accelerator, and kaon decays in a long vacuum tank are detected [359]. The NA62 Run 1 dataset collected
in 2016–2018, corresponding to 2.2 × 1018 protons on target, has led to the first observation of the
K+ → π+νν̄ decay based on 20 candidate events [110]. Several auxiliary trigger lines were in operation
during Run 1 in addition to the main K+ → π+νν̄ trigger line, with downscaling factors applied due
to the overall trigger bandwidth limitation. The principal NA62 Run 1 kaon decay datasets correspond
approximately to the following numbers of K+ decays in the fiducial decay region [360]:

– the main K+ → π+νν̄ trigger line: NK ≈ 6× 1012;

– the di-muon trigger line: NK ≈ 3× 1012;

– di-electron and electron-muon pair trigger lines: NK ≈ 1012 each;

– the minimum bias trigger providing a suitable dataset for all searches: NK ≈ few × 1010.

NA62 Run 2 started in July 2021, and is approved until Long Shutdown 3 (LS3). The goal of
Run 2 is to increase the total dataset to an equivalent of 100 SM candidate K+ → π+νν̄ events [361].
One can expect the auxiliary trigger lines listed above to be in operation throughout Run 2, with similar
downscaling factors to those employed during Run 1. The proposed future K+ decay program at CERN
is discussed in Section 3.2.

In 2003–2004, the NA48/2 experiment at CERN collected a dataset corresponding to 2 × 1011

charged kaon (K±) decays in flight with the main trigger designed for collection of three-track ver-
tices [362] originating from both negatively and positively charged kaons. In 2007, an early phase of
the NA62 experiment collected a dedicated dataset with the primary goal of lepton universality test in
K+ → ℓ+ν decays [363]. Due to the smaller longitudinal extent of the apparatus with respect to NA62
and the absence of three-track trigger downscaling, NA48/2 offers comparable or better sensitivity with
respect to the NA62 Run 1 dataset for certain K+ decays to multiple charged tracks.

The predecessors of the above experiments include NA48/1 which collected a sample of about
3× 1010 KS decays using a high-intensity beam in 2002, and NA48 which published a number of KS,L

rare decay measurements based on the 1997–2001 datasets [364]. Many of the rare kaon and hyperon
measurements performed by these experiments are still world-leading.

3.2 The future kaon program at CERN
A plan for a comprehensive program to further study the rare decay modes of both K+ and KL mesons
is currently taking shape [3], to be carried out after LS3 with high-intensity kaon beams from the CERN
SPS in multiple phases, including the following:

– an experiment to measure B(K+ → π+νν̄) at the 5% level (∼ 400 SM signal events) with a
primary beam of intensity four times that of NA62;

– an experiment to measure B(KL → π0νν̄) at the 20% level (∼ 60 SM signal events) with a
primary beam of intensity six times that of NA62;

63



– a hybrid phase, with the neutral beam for the KL phase and the downstream tracking and par-
ticle identification detectors for the K+ phase, to allow measurements of KL decays to charged
particles, most importantly the very rare KL → π0ℓ+ℓ− decays.

This plan relies on the availability of a high-intensity, slow-extracted 400-GeV proton beam from
the SPS to the current NA62 experimental hall, which is ideally suited for the next-generation kaon
experiments. Up to 1019 protons on target per year will be required. Many of the existing detectors
would be used in all of the program stages (especially the main calorimeter and photon vetoes), and new
detectors will be developed to meet the specifications of the entire program.

The KL → π0νν̄ phase, known as KLEVER, has been extensively discussed within the context
of the Physics Beyond Colliders initiative at CERN [4]. The boost from the high-energy neutral beam
facilitates the rejection of background channels such as KL → π0π0 by detection of the additional
photons in the final state. Background from Λ → nπ0 decays must be kept under control, and recent
work has focused on the possibility of a beamline extension and other adaptations of the experiment
to ensure sufficient rejection of this channel. The layout also poses challenges for the design of the
small-angle vetoes, which must reject photons from KL decays escaping through the beam exit. Given
the additional complexity implied by the beamline extension, together with the desirability of gaining
experience with the neutral beam in earlier phases of the experiment, either the K+ phase or the hybrid
phase will most likely be the first to run after LS3.

3.3 The KOTO experiment and the future program at J-PARC
The main goal of the KOTO experiment at J-PARC is a search for theKL → π0νν̄ decay. An intenseKL

beam is generated with 30-GeV protons hitting a production target in the J-PARC Hadron Experimental
Facility. Two collimators in a 20-m long beam line shape the beam in a solid angle of 7.8 µsr at an
extraction angle of 16◦, which provides KL beam with a peak momentum of 1.4 GeV/c in a 8 × 8 cm2

cross-section at the beam line exit. The contamination of short-lived and charged particles in the beam
is suppressed with the 20-m long beam line and a sweeping magnet, while the photon flux is reduced
using a 7-cm long lead absorber. The KOTO detector and the decay volume are located downstream of
the beam line. To identify the KL → π0νν̄ signal, the two observable particles in the final state are the
photons from the π0 → γγ decay. These are detected with a calorimeter, and the π0 decay vertex is
reconstructed assuming that the two are emitted from a π0 decay, and the the decay vertex is located on
the beam axis. The reconstructed vertex position and transverse momentum of the π0 are used to define
the signal region. The KL → 2γ decay is suppressed by requiring a high transverse momentum of the
reconstructed π0. Other backgrounds from KL decays involving charged particles or additional photons
are reduced using the charged particle counter upstream and the hermetic veto system surrounding the
decay region.

The KOTO experiment started data collection from 2013, and collected a data sample equivalent
to 3.8 × 1011 KL decays. corresponding to 5.3 × 1019 protons on target, in 2015–2018. KOTO has
established an upper limit of 3 × 10−9 on the branching ratio of the KL → π0νν̄ decay at 90% CL
with the data collected in 2015 [253], and has achieved a single event sensitivity of 7.8 × 10−10 with
the data collected in 2016–2018 [255]. The target single event sensitivity of the KOTO experiment is
O(10−11), to be achieved by 2025. The next generation KOTO step-2 experiment with a target single
event sensitivity of O(10−13) has been discussed in Ref. [5, 6]. Higher KL flux and harder momentum
spectrum for step-2 will be provided by a new beam line with a 5◦ extraction angle. A longer decay
region and a larger diameter calorimeter will be used to increase the data sample.

3.4 The LHCb experiment at CERN
The LHCb experiment has collected a dataset corresponding to an integrated luminosity of about 9 fb−1

during Run 1 in 2010–2012 and Run 2 in 2015–2018. This dataset provides the leading sensitivity for
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Year 22–24 25–27 28–30 31 32–34 35 36–39
LHC status Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6

LHCb peak lum. (cm−2s−1) 2× 1033 2× 1033 2× 1034 2× 1034

LHCb Integrated lum. (fb−1) 50 300

Table 5: Data collection plans of the LHCb upgrade (2022–2030) and the proposed Phase-II upgrade
(2032–2039). For a wider experimental landscape see [365].

decays of short-lived strange particles, i.e. KS and hyperon decays. Therefore LHCb is complementary
to the dedicated K+ and KL decay experiments described in Sections 3.1, 3.2, 3.3. Generically, final
states with missing energy are difficult to tag in the LHCb environment, making the exploration of light
weakly coupled new physics quite challenging. The biggest potential of LHCb in kaon and hyperon
physics lies in the measurement of rare decays into opposite-sign muon pairs (KS → µ+µ−, Σ →
pµ+µ−). This owes to the dedicated trigger, which had an efficiency of about 15% during Run 2, and is
expected to reach an efficiency close to 100% from Run 3 onward. The experiment is set to collect large
datasets in future. The timeline for operation and upgrades of the LHCb experiment in the coming years,
including the proposed Phase-II upgrade, is presented in Table 5.

3.5 Kaon decays in beam-dump experiments
Kaon factories typically obtain their beams as secondaries from primary protons striking a thin target.
On the other hand, sizable kaon fluxes can be obtained from proton beams impinging on thick targets, i.e.
with kaon factories operating in the beam dump mode. This offers an opportunity of searching for exotic
kaon decays to hidden sector particles, which in turn decay to visible final states. Beam-dump data have
been collected by past and current experiments: CHARM collected 2.4 × 1018 protons on target (pot);
NA62 collected 3 × 1016 pot in Run 1 and 1.5 × 1017 pot in optimised conditions in 2021, aiming for
collection of 1018 pot by the end of Run 2 [361]; KOTO has collected 2.2× 1017 pot so far.

Production of hidden-sector particles in kaon decays in thick-target experiments results from two
competing effects. Firstly, due to no kaon momentum selection in the beam dump mode, a large initial
number of kaons is produced, e.g. about 0.9 per proton for the 400 GeV beam used by CHARM and
NA62 [366]. However only a small fraction of these kaons are relevant for hidden-sector searches.
Namely, only a small fraction of kaons decay before they are re-absorbed in the target material, since the
hadronic absorption length lH ≃ 15 cm is much smaller than the typical beam dump targets thickness.
For example, the probability for 75-GeV kaon decaying within the first absorption length of the target,
before re-absorption, is ΓlH/γ ∼ 10−5. This large effect has been identified recently [15] but omitted in
much of the previous literature. The determination of the reach of a beam dump experiment for exclusive
rare decay searches thus requires a detailed analysis in order to convert experimental observations to the
new physics parameter space. Benefits of beam dump operation include the production of new states
from B decays (with about 10−7 B mesons produced per proton on target) allowing to probe higher
masses, or direct production of hidden-sector particles in proton collisions. Examples of constraints on
exotic kaon decays obtained in beam-dump experiments include those on the Higgs portal scalar from
the CHARM experiment (Fig. 1) and HNLs from the T2K experiment (Fig. 14).

3.6 The BESIII experiment
The BEPCII e+e− collider is a charm-tau factory with a peak luminosity of 1.0 × 1033 cm−2s−1 run-
ning at the center of mass energy in the 2–5 GeV range, the unique features of which allow for a rich
physics program [367]. BESIII is a hermetic detector with a geometrical acceptance of 93% (out of the
complete 4π) in a 1 T solenoid [368]. It has accumulated world’s largest datasets of 1.0 × 109 J/ψ
events (corresponding to 3.1 fb−1 integrated luminosity) [7], 3× 109 ψ(3686) events, and 2.9 fb−1 inte-
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grated luminosity at ψ(3773), all of which are produced directly from the e+e− collisions. A number of
searches for rare decays and physics beyond the SM have been performed by BESIII, utilizing the clean
experimental environment [369, 370].

Hyperons are mainly produced at BESIII via ψ → B1B̄1, where B1B̄1 denotes a polarized,
quantum-entangled hyperon pair. The ψ mesons are produced in the annihilation of unpolarized electron-
positron beams and therefore the spin-density matrix of the ψ depends only on the scattering angle θB
between the electron beam direction and the hyperon momentum. The coherent production ofB1B̄1 pairs
from the decay, with the subsequent weak decays of the B1 and B̄1, therefore constitute a spin-entangled
quantum system where the final state is specified by two global real parameters. These features add an
exciting new dimension to the study of CP violations and could enhance the related new physics search
sensitivity with relatively modest statistics compared with the other hyperon sources. The projections for
BESIII reach for rare and forbidden hyperon decays are reported in Ref. [371].

BESIII is optimizing its data-taking plans over the coming years to accumulate even larger data
sets with an ever-improving understanding of the detector performance. It can continue operation for 8
years or even longer, with a high quality physics program [372]. There is also a plan of increasing the
luminosity and the center of mass energy to expand the physics reach further [373].

3.7 Super charm-tau factories
Super charm-tau factories (SCTFs) are proposed next-generation electron-positron colliders in the charm
energy region with a luminosity two orders of magnitude larger than at BEPCII (Section 3.6), aiming to
collect data samples of more than 1 × 1012 J/ψ events per year of data taking. The two current SCTF
proposals are those in Russia [8, 9] and China [10]. If one of such proposals is accepted, the collected
number of hyperon decays from J/ψ decays will increase by at least a factor of 100 compared to the
BESIII data. This implies an order of magnitude reduction in statistical uncertainties for all processes.
Two improvements are being considered for the SCTF projects [374]: the center-of-mass energy spread
compensation, and the longitudinal polarization of the electron beam.

The first option will allow the center-of-mass energy spread to be less than ∼ 0.9 MeV, which
will better match the J/ψ natural width of Γ = 90 keV. This will effectively increase the number of the
J/ψ events produced for a given integrated luminosity and reduce the out-of-resonance backgrounds,
improving the sensitivity to rare processes. This can be achieved by a collision scheme where electrons
(positrons) with higher momenta collide with positrons (electrons) with lower momenta [375–377].

As far as the second option is concerned, it is estimated that at J/ψ energies an electron beam po-
larization of about 80% can be obtained without reduction in the beam current [378]. Such a polarization
is much larger than the observed natural transverse polarization of the baryon pairs from the J/ψ decays
(which is roughly ∼ 11%) and will increase the sensitivity of some hyperon studies.
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4 Experimental signatures in rare kaon decays
Authors: Dettori, Goudzovski, Martinez Santos, Moulson, Nanjo, Tung

Experimental status and prospects for the rare kaon decay modes of interest for hidden-sector
searches are discussed below. Each class of decay modes is presented in a dedicated subsection, linked
to the relevant models in Section 2.

4.1 The K → π + inv decays

These arise from s → d(φ/a/A′) quark level transitions with light new physics particles escaping the
detector. The relevant models are Higgs mixed scalar, φ, in Section 2.1, ALP, a, in Section 2.2, dark
photon, A′, in Section 2.4, and modified kinematics from emission of light scalars or vectors coupled
to neutrinos in Section 2.6. While not the main topic of Section 2.8, invisible three-body decays can be
a natural signature of the models with two dark sector particles. Models leading to enhanced KL →
π0Xinv with little or no effect on K+ → π+Xinv are discussed in Section 2.7. The SM decay K → πνν̄
is theoretically clean, and represents a well-known probe for heavy new physics (Section 2.11).

Using the complete Run 1 dataset, the NA62 experiment established upper limits on B(K+ →
π+Xinv) at the level of O(10−11) in the mass ranges 0–110 MeV and 154–260 MeV [110, 379], im-
proving on the previous limits from the BNL E949 experiment [112]. The search represents a direct
extension of the K+ → π+νν̄ measurement, which determines the mX range scanned. The event se-
lection requires a K+ from an incoming beam and a π+ in the final state, in the absence of any other
in-time activity in the detector. The largest (and irreducible) background is due to the K+ → π+νν̄
decay. The two-body K+ → π+Xinv decay is characterised by a peak in the reconstructed missing mass
(m2

miss) distribution, with a width of O(10−3) GeV2 determined by the experimental resolution, on top
of the continuousK+ → π+νν̄ spectrum. The upper limits on the decay rate, assumingX to be invisible
or having a lifetime τX ≫ 10 ns [110], are displayed in Fig. 3. Weaker limits, obtained by assuming
visible decays and shorter lifetimes, are presented in Ref. [110]. The upper limit on the decay branching
fraction weakens by up to a factor of two towards mX = 0, due to the m2

miss > 0 selection condition
used to define the signal region for the K+ → π+νν̄ analysis. The resulting constraints on the Higgs
portal and long-lived ALP phase space are discussed in Sections 2.1 and 2.2.1, and shown in Figs. 1 and
4, respectively. Above the di-muon threshold, large values of the Higgs-scalar mixing angle θ are not
excluded since the dark scalar decay length becomes comparable to the length of the experimental setup.

The above search for K+ → π+Xinv with the NA62 Run 1 dataset is almost background-free:
the background is O(1) events in each X mass hypothesis (determined by the experimental resolution),
and decreases as a function of mX . However the background is expected to become significant for the
large future datasets (Sections 3.1, 3.2). The sensitivity to the decay branching fraction can be expected
to improve by up to a factor of four with the NA62 Run 2 data, and by at least another factor of two at the
future CERN high-intensity kaon beam facility. The sensitivity to the Higgs portal and ALP parameters
is determined from the scaling B(K+ → π+X) ∝ θ2 and B(K+ → π+X) ∝ 1/f2a .

The NA62 experiment has also established upper limits on B(K+ → π+Xinv), at the O(10−9)
level in the 110–155 MeV mass range, in the vicinity of the π0 mass, from a dedicated analysis based
on 10% of the Run 1 minimum bias dataset [111] (Figs. 1, 3). An upper limit on the invisible neutral
pion decay rate is also reported: B(π0 → inv) < 4.4 × 10−9 at 90% CL. The sensitivity of this search
is limited by the K+ → π+π0 background with two undetected photons from the π0 → γγ decay. The
search resulted in an observation of 12 candidate events, compared to the expected background of 10+22

−8

events, and was thus consistent with the background-only hypothesis. To improve the sensitivity, the
event selection has been optimised to reduce the probability of missing both photons produced in the π0

decay, where a probability of (2.8+5.9
−2.1)× 10−9 has been achieved. The obtained upper limits weaken as

a function of |mX −m
π
0 | because the same definition of the signal region in terms of the reconstructed

missing mass squaredm2
miss (optimized for the π0 → inv search and centered on the π0 mass) is used for
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each mX value. The analysis procedure can be modified to use a signal region centered on mX for each
mass hypothesis, which would lead to sensitivity that would be improving as a function of |mX −m

π
0 |.

The sensitivity to be obtained with larger datasets is potentially limited by the systematic uncertainties
on the expected K+ → π+π0 background.

A search for theK+ → π+X decay in the 260–350 MeV mass range (above themX values probed
by the beam-dump experiments) is in principle possible with the NA62 data. This mass range is used as a
control region for the K+ → π+νν̄ analysis, therefore a background estimation technique is not readily
available. The sensitivity above the di-pion threshold of 280 MeV is limited by the K+ → π+π+π−

background with two undetected pions (see Fig. 8 of Ref. [110]). Nevertheless, an O(10−9) sensitivity
to B(K+ → π+Xinv) can be reasonably expected. In the Higgs portal scenario, the range of θ values
probed would shrink towards larger mX values (a trend already seen in Fig. 1), due to the dark scalar
decay length and therefore the acceptance of the event selection falling as a function of mX as seen from
Eq. (3). As a result, it is unlikely to obtain limitations on the Higgs portal above the di-pion threshold.
In contradistinction, extension of the search to mX > 260 MeV is highly relevant for the ALP scenario
(Fig. 4). More generally, constraining the transitions to an invisible X final state over the entire mass
range is a crucial probe for dark sectors as the invisible decay might be the dominant one. A possible
search for visible dark scalar decay φ → µ+µ− at NA62, which is possibly competitive with the search
for this decay at LHCb, is discussed in Section 4.6.

Measurements of the KL → π0νν̄ decay naturally provide limits on B(KL → π0Xinv). The
KL → π0νν̄ decay itself is the dominant background to theKL → π0Xinv search, with any backgrounds
to KL → π0νν̄ also contributing to the KL → π0Xinv search. Since no missing mass reconstruction is
performed, there is no significant reduction in the acceptance for X in the π0 mass region. The limits
obtained from KL experiments are therefore complementary to those from the K+ experiments.

The KOTO experiment has reported upper limits of B(KL → π0Xinv) down to 2.4×10−9 at 90%
CL in the mX range 0–260 MeV with the 2015 dataset, without degradation in the π0 mass region [253].
More recently, KOTO has published a search for the KL → π0νν̄ decay with the 2016–2018 dataset,
reporting three signal candidate events for an expected background of 1.22 ± 0.26 events [255]. KOTO
has not updated the KL → π0Xinv decay limits since no improvement on the 2015 dataset was expected
due to the background contribution. However, while still preliminary, the KOTO 2016–2018 analysis
was re-interpreted to derive the B(KL → π0Xinv) limits [109]. Applying the same method to the KOTO
2016–2018 result published in Ref. [255], we obtain the upper limits of O(10−3) on the mixing angle θ
presented in Fig. 1. These limits are very similar to those originally reported by KOTO using the 2015
dataset [253]. KOTO sensitivity is expected to improve in the short term, using datasets with reduced
background to be collected with an upgraded setup.

Future KL → π0νν̄ experiments (KOTO step-2, KLEVER) promise further improvements, how-
ever the sensitivity will be limited by backgrounds. In particular, the KLEVER sensitivity to B(KL →
π0Xinv) for mX < 200 MeV is estimated to be 0.8× 10−11, corresponding to a sensitivity of 4× 10−5

on the Higgs portal mixing parameter θ (Fig. 44 of Ref. [380]). The KOTO step-2 sensitivity can be
expected to be similar.

Fig. 1 shows that a sensitivity of O(10−13) to B(K → πXinv) would cover the entire parameter
space of the Higgs portal scalar below 200 MeV, down to the BBN bound. This sensitivity, however, is
out of reach of the present and planned experiments.

4.2 The K → 2π + inv decays

The quark level transition is s → d(φ/a/A′). Compared to K → πX decays, these probe a different
set of couplings: the CP-violating coupling for the Higgs mixed scalar φ (Section 2.1) and the axial
coupling for ALP (Section 2.2). For the dark photon, K → 2πA′ is one of the major discovery channels
(Section 2.4).
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The strongest constraints to date on the branching ratio of the K+ → π+π0Xinv decay come
from a sample of about 108 K− decays analysed by the ISTRA+ collaboration [120], improving on
an earlier search at the BNL E787 experiment [381]. Upper limits of the decay branching fraction of
approximately 0.9×10−5 are reported in themX range of 0–200 MeV, assumingX to be a pseudoscalar
sgoldstino [382]. These upper limits have only a weak dependence on mX , with the exception of the π0

mass region where the limits degrade by up to a factor of four due to the K− → π−π0π0 background.
These results are used to set a limit on the axial flavor violating ALP coupling (Section 2.2.1.3). The
NA62 Run 1 minimum bias dataset is expected to improve on the ISTRA+ sensitivity by 1–2 orders
of magnitude in the above mX range. The sensitivity will depend on the background contamination,
in particular from decays with undetected photons: K+ → π+π0γ (relevant for low mX ) and K+ →
π+π0π0 (affecting mostly mX hypotheses in the π0 mass region).

The strongest limit on the KL → π0π0νν̄ branching fraction (8.1 × 10−7 at 90% CL) has been
reported at the KEK E391a experiment [121]. Upper limits on the KL → π0π0Xinv branching fraction,
also obtained from this analysis, vary from 7×10−7 formX = 50 MeV to 4×10−5 formX = 200 MeV.
The degradation of sensitivity towards larger mX values is caused by the reduction in acceptance. The
KOTO experiment is conducting a search for KL → π0π0νν̄ and KL → π0π0Xinv decays with a
single event sensitivity of O(10−9), and is expected to extend the search to mX = 0 thereby probing
the massless ALP and dark photon. Future searches at KOTO step-2 and KLEVER might reasonably be
expected to improve this sensitivity by up to two orders of magnitude.

4.3 The K → πγ + inv decays

The quark level transition that leads to this signature is s → dγ(φ/a/A′), where the photon is radiated
either from the initial kaon or final state pion. Other possibilities are: the photon arising from a decay
of a dark sector particles, e.g., s → d(φ/a → γA′), or from the decay of a neutral pion, K → π(π0 →
γA′). Phenomenologically the most important example is the dark photon, see Section 2.4, since the
extra γ in the final state allows for the K → πγA′ transition even in the massless case.

A search for K+ → π+π0, π0 → γA′ decay chain involving an invisible dark photon in the
mass range 30–130 MeV has been performed by NA62 using a fraction of Run 1 dataset corresponding
to fewer than 1011 kaon decays [383]; the trigger chain used for the analysis is not available in the
main NA62 Run 1 dataset. The background from the π0 → γγ decay with an undetected photon limits
the sensitivity for A′ mass below about 40 MeV, while the search is almost background free for higher
mA

′ values. The upper limits on the dark photon coupling parameter ε2 reach the 10−7 level, and
improve on the previous searches at NA64 and BaBar in the 60–110 MeV mass range. An upper limit of
B(π0 → γνν̄) < 1.9×10−7 is also reported from this study. The NA62 sensitivity to theK+ → π+γA′

decay is yet to be established. The above processes could in principle be studied at future high statistics
K+ experiments, most likely using minimum bias datasets.

The KL → π0γA′ decay is being studied by KOTO with a dataset of 2.8 × 1010 pot collected
using a trigger requiring three clusters in the calorimeter, already used for the KL → π0γ search [384].
Two photons from the π0 → γγ decay can be efficiently selected from the three calorimeter clusters
assuming the kinematics of the decay involving a dark photon [199]. The target single event sensitivity
for this search is O(10−7). KOTO step-2 and KLEVER are expected to improve in sensitivity but may
ultimately be limited the KL → π0π0 background.

4.4 The K → 2πγ + inv decays

The simplest example is K → 2π(π0 → γA′), with π0 decay to the dark photon due to the kinetic
mixing with the SM photon (Section 2.4). Other, more exotic transitions, are also possible. These include
a quark level transition s → d(φ/a → γA′) where Higgs-mixed scalar φ has CP-violating couplings,
or ALP a has axial couplings, and in each case the mediator has large couplings to the dark photons.
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A search for production of the invisible dark photon in theK+ → π+π0π0, π0 → γA′ decay chain
is not competitive with the search for the K+ → π+π0, π0 → γA′ process discussed in Section 4.3. The
NA62 sensitivity to the K+ → π+π0γA′ decay is yet to be established, and is expected to be limited by
the K+ → π+π0π0 background, at least for low A′ masses. The minimum bias NA62 Run 1 dataset are
available for this search.

The KL → π0π0γA′ decay is accessible by the KOTO experiment. However the expected sen-
sitivity is limited to O(10−3) due to the KL → 3π0 background, which will also ultimately limit the
sensitivity of the future KOTO step-2 and KLEVER experiments in this channel.

4.5 The K → πγγ decays

The quark level transition is s → d(φ/a → γγ). For Higgs mixed scalar, the φ → γγ decay rate is
negligibly small (Section 2.1) but could be important for more general scalars, for instance a dilaton.
For ALP, the a→ γγ decay can be one of the discovery channels (Section 2.2.2.1). TheK → πγγ decay
channel is important for the examples of GN violating models for which the violation is only apparent
due to experimental loopholes (Section 2.7).

Owing to an experimental signature similar to that of the dominant K+ → π+π0 decay, the
K+ → π+γγ process is typically studied using donwscaled minimum bias datasets. A sample ofK± →
π±γγ decays obtained from minimum bias datasets collected in 2003–2007, corresponding to 2.5× 109

kaon decays in total, has been analysed by the NA48/2 and NA62 experiments [148, 149]. In total, 380
candidates with a 10% background contamination from K± → π±π0γ and K± → π±π0π0 decays are
observed in the kinematic range mγγ > 220 MeV. The combined model-dependent [385] measurement
of the decay rate in the full kinematic range based on the two datasets is reported to be B(K± →
π±γγ) = (1.003±0.056)×10−6 [149]. Below the π0 peak, the BNL E949 experiment has set an upper
limit of B(K+ → π+γγ) < 8.3×10−9 at 90% CL formγγ < 108.5 MeV based on the observation of no
data events in this mass range, compared to the SM expectation of B = (6.10+0.16

−0.12)× 10−9 [147]. This
result is based on O(1012) stopped kaons collected with a dedicated trigger line. None of the experiments
has performed dedicated peak searches on the di-photon mass. Interpretation of these measurements in
terms of searches for ALP decays is discussed in Section 2.2.2.1.

The NA62 Run 1 minimum bias dataset is estimated to contain about 3 × 103 K+ → π+γγ
candidates in the range mγγ > 220 MeV, which is the world’s largest sample by far. Moreover, the mγγ

resolution is improved with respect to the earlier datasets thanks to the beam tracker. A dedicated peak
search at NA62 would improve the sensitivity to ALP decays substantially, and allow for an extension of
the lower limit of the accessible mγγ range below 220 MeV. Due to the absence of a dedicated trigger
line, NA62 is currently unable to improve on the E949 limit below the π0 mass. The larger datasets to
be collected at CERN (Sections 3.1 and 3.2) would improve the sensitivity further, although the search
is already background-dominated.

TheKL → π0γγ decay rate has been measured to a 3% precision by NA48 [386] and KTeV [387]
using samples of O(103) signal candidates. The measured branching ratio of 1.3× 10−6 is in agreement
with the O(p6) chiral perturbation theory prediction. The main background to the SM process comes
from the KL → 3π0 decay with two undetected photons. Neither NA48 nor KTeV searched for peaks in
the di-photon mass spectra. Interpretation of these measurements in terms of searches for ALP decays
is discussed in Section 2.2.2.1. The KOTO sensitivity to the KL → π0γγ decay is limited by the
KL → 3π0 background with the six photons from π0 → γγ decays leading to four calorimeter clusters
due to cluster fusion. In the longer term, both KLEVER and KOTO step-2 should be able to improve on
the precision of the existing measurements. However, a peak search in the diphoton mass spectrum will
be limited by the KL → 3π0 and the KL → π0γγ backgrounds.
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4.6 The K → πℓ+α ℓ−α decays
The quark level transitions are s→ d(φ/a/A′ → ℓ+α ℓ

−
α ), where the flavor of the final state leptons is the

same, while their charges are opposite. The relevant models are the Higgs mixed scalar (Section 2.1),
promptly decaying ALP (Section 2.2) and dark photon (Section 2.4).

Low-background K± → π±e+e− samples of 1.03 × 104 and 0.73 × 104 candidates in the mass
rangemee > 140 MeV have been analyzed by the BNL E865 and CERN NA48/2 collaborations, respec-
tively [150, 151], leading to the PDG average model-dependent branching fraction in the full kinematic
range of B = (3.00 ± 0.09) × 10−7 [270]. No dedicated searches for resonances in the mee spectrum
have been performed by these experiments, while the sensitivity to B(K+ → π+X) assuming prompt
X → e+e− decays is estimated to be O(10−9) . On the other hand, a search for resonances has been
performed at BNL in the mass range mee < 100 MeV, leading to B(K+ → π+X) < 4.5× 10−7 at 90%
CL assuming prompt X → e+e− decays [154]. The above results lead to stringent constraints on ALP
production and prompt decay, presented in Sections 2.2.2.2 and 2.2.3 (Figs. 10 and 12).

The K+ → π+e+e− decay sample collected by the NA62 experiment during Run 1 using the
(downscaled) di-electron trigger is larger than the previous ones [388], and is essentially background
free in both mass ranges, mee < 100 MeV and mee > 140 MeV [389]. In the vicinity of the π0 mass
in the mee spectrum, a large contribution from the K+ → π+π0 decay (followed by π0 → e+e− and
possibly π0D → γe+e−, π0DD → e+e−e+e− decays) is expected. A comprehensive analysis of the mee

spectrum in the full kinematic range is yet to be performed with the NA62 Run 1 dataset, including
a π0 → e+e− measurement competitive with the KTeV one (see Section 4.7). While the blind spot
in the vicinity of the π0 mass can be avoided in the mee resonance search, the sensitivity near the π0

mass would be limited by the enhanced background, and by the uncertainty in the SM prediction of the
π0 → e+e− decay rate [390]. The NA62 dataset also allows for a systematic search for theK+ → π+X ,
X → e+e− process with displaced X decay vertices, providing sensitivity to X lifetimes of up to 10 ns.

Searches for dark photon production and prompt decay K± → π±A′, A′ → e+e− (Section 2.4)
are not competitive with the world data due to the suppression of the K± → π±A′ process [391].
This has been demonstrated by the NA48/2 analysis in the 140–210 MeV mass range [198], leading to
O(10−5) sensitivity to the mixing parameter ε2, to be compared with the limits shown in Fig. 15 (right).

The NA48/2 dataset has been used to obtain a sample of 1.69 × 107 fully reconstructed Dalitz
decays of the neutral pion, π0D → γe+e− decays, produced mainly in the K± → π±π0 process. This
sample has been used to search for a promptly decaying dark photon via the π0 → γA′, A′ → e+e−

decay chain [198]. Upper limits of O(10−6) have been established on the mixing parameter ε2 in the dark
photon mass range of 9–120 MeV (Fig. 15, right). Using a similar analysis technique, a measurement
of the slope of the π0 electromagnetic transition form factor, F (x) = 1 + ax, where x = (mee/mπ0)

2,
has been performed in the time-like momentum transfer region with the π0D → γe+e− decay sample
collected in 2007 using the NA48/2 setup, yielding a = (3.68 ± 0.57) × 10−2 [392]. The NA62 Run 1
sample of fully reconstructed π0D → γe+e− decays is of a similar size to the NA48/2 sample, however
the sensitivity to dark photon production is expected to degrade towards smaller mA

′ values, due to the
highly forward detector geometry.

A low-background sample of 3120 K± → π±µ+µ− candidates has been analyzed by the NA48/2
experiment, including a branching fraction measurement, B = (0.96± 0.03)× 10−7 [152], and a dedi-
cated search for promptly decaying resonances in the mµµ distribution [155]. The trigger logic allowed
for a prompt resonance decay search only, leading to optimal acceptances for lifetimes below 20 ps. For
lifetimes in excess of 100 ps, the sensitivity weakens proportionally to the assumed lifetime. The upper
limits obtained on the product B(K+ → π+X) · B(X → µ+µ−) assuming prompt decay are O(10−9),
limited by the SM background. Similarly to the electron case, these results lead to stringent constraints
on ALP production and prompt decay presented in Sections 2.2.2.2 and 2.2.3 (Figs. 10 and 13), while
the search for dark photon emission and prompt decay (Section 2.4) in this process is not competitive.
Interpretation of these results in terms of Higgs mixed dark scalar production and decay (Section 2.1) is
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not competitive with the LHCb limits (Fig. 1).

A preliminary study of 2.8× 104 K+ → π+µ+µ− candidates obtained from the NA62 Run 1 di-
muon dataset has been reported recently [153]. An extension of this analysis to search for K+ → π+X
followed by prompt or displaced X → µ+µ− decays is yet to be performed. For the prompt decay, we
expect the sensitivity to the product B(K+ → π+X) · B(X → µ+µ−) to improve on average by about a
factor of four with respect to NA48/2. In contrast with NA48/2, the NA62 trigger logic does not inhibit
the displaced vertex search, which is almost background-free and would provide O(10−10) sensitivity
for X lifetimes in the 0.1–10 ns range. This makes NA62 potentially competitive with LHCb in terms of
the dark scalar search via the K+ → π+φ, φ→ µ+µ− decay chain for mφ > 2mµ (Section 2.1, Fig. 1).
The signal yield is proportional to sin4 θ, with two powers due to B(K+ → π+φ) and two powers due to
the finite decay region length, the φ→ e+e− decay rate is negligible, while the sensitivity to φ→ π+π−

(for mφ > 2mπ) is limited by the absence of a dedicated trigger line.

The most sensitive searches to date for the ultra-rare KL → π0ℓ+ℓ− decays with O(10−11) ex-
pected SM branching fractions [393] have been performed by the KTeV experiment. In both cases, the
numbers of candidate events are consistent with the expected background, which is O(1) events for both
searches. The upper limits at 90% CL of the decay branching fraction are reported to be [156, 157]

B(KL → π0e+e−) < 2.8× 10−10, B(KL → π0µ+µ−) < 3.8× 10−10. (117)

The resulting constraints on ALP production and prompt decay, shown in Fig. 10, are similar to or weaker
than those obtained from the K+ → π+ℓ+ℓ− decays. First observation of these decay modes can be
expected within the hybrid phase of the future CERN kaon program (Section 3.2). Unlike dedicated
KL → π0νν̄ experiments, the hybrid phase detector would be equipped with a tracker for measurements
of charged particles produced in KL decays, enabling these and other measurements.

4.7 The K → ππℓ+α ℓ−α decays
The relevant models are a Higgs mixed scalar with CP violating couplings (Section 2.1), ALP with axial
couplings (Section 2.2) and the dark photon (Section 2.4).

First observation and study of the K± → π±π0e+e− decay has been reported by the NA48/2 ex-
periment [164]. Based on 4919 candidates with a 4.9% background contamination, the decay branching
fraction is measured to be B(K± → π±π0e+e−) = (4.24± 0.14)× 10−6. This result has been used to
evaluate the sensitivity to prompt ALP decays (Section 2.2.3, Fig. 12). The NA62 dataset is not expected
to be competitive with NA48/2 due to the highly forward geometry leading to a reduced acceptance, and
the downscaling applied to the di-electron trigger chain.

The KS,L → π+π−e+e− decays have been measured by the NA48 and NA48/1 experiments
from low-background samples of O(104) candidates [394, 395], leading to PDG averaged branching
fractions [270]

B(KS → π+π−e+e−) = (4.79± 0.15)× 10−5, (118)

B(KL → π+π−e+e−) = (3.11± 0.19)× 10−7. (119)

It is expected that the future LHCb Run 3 dataset (Section 3.4) would allow observation of the KS →
π+π−e+e− decay, possibly surpassing the NA48/1 sensitivity [396]. Improvements on the KL →
π+π−e+e− decay are expected within the hybrid phase of the future CERN kaon program (Section 3.2).

Upper limits on the KL → π0π0ℓ+ℓ− decay rates have been set by the KTeV experiment from
background-free analyses, including a search for resonances in the µ+µ− system at the O(10−10) sensi-
tivity level [165, 397]. Sensitivity might be improved within the hybrid phase of the future CERN kaon
program. KTeV has also measured the π0 → e+e− decay branching ratio to be (6.44 ± 0.33) × 10−8

from a sample of 794 KL → π0π0π0ee candidates [398].
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4.8 The K → πℓ+α ℓ−α ℓ+β ℓ−β decays
The quark level transition is s → dXX , with both X decaying visibly, X → 2e, 2µ. In most models
the quark transition is due to a decay chain s → dX

(∗)
heavy, X

(∗)
heavy → 2X . For on-shell Xheavy one

can search for resonances in 2ℓ and 4ℓ mass spectra. The kinematically allowed decays are K → π4e,
K → π2e2µ, where X → e+e− and/or X → µ+µ−. One may also consider the flavor violating
options K → π3eµ, K → πe3µ, which would arise from a combination of X → e+e−, X → µ+µ−

and X → µ±e∓ decays. A related signature is also K → π4ℓ+inv. The models are discussed in
Section 2.8.

The NA62 Run 1 di-electron dataset offers an opportunity for the first search for the K+ →
π+A′A′ decay followed by prompt A′ → e+e− decays, as well as the prompt decay chain including
an intermediate resonance (K+ → π+φ, φ → A′A′, A′ → e+e−), and the SM K+ → π+e+e−e+e−

decay (Section 2.8.1). One can expect single event sensitivities to the decay branching fractions at the
O(10−9) level. The background is likely to be dominated by the K+ → π+π0Dπ

0
D decays (where π0D

denotes the Dalitz decay, π0D → γe+e−) with two undetected soft photons, as well as by coincidences
in time of multiple K+ → π+π+π− decays and possibly other kaon decays. The backgrounds can be
expected to be low but are yet to be evaluated.

Further possibilities of multi-track processes with muons (Section 2.8.1) or missing energy (Sec-
tion 2.8.4) have not been considered by experiments yet, though they could be searched for in principle
with the NA62 Run 1 di-lepton datasets.

4.9 The KL → γ + inv decays
The relevant model is dark photon in Section 2.4.

The KL → γA′ decay to a massless dark photon A′ (Section 2.4.1) is being searched for by
KOTO. A dataset corresponding to 7 × 1016 pot (i.e. about 0.1% of the total KOTO exposure to date)
has been collected requiring a single cluster in the calorimeter. The expected single event sensitivity
is O(10−6), and the main background is caused by the beam neutrons. The KL → γA′ decay also
represents a natural target for KOTO step-2 and KLEVER experiments.

4.10 The K → πγ and KL → 3γ decays
The decays K → πγ and KL → 3γ are forbidden by Lorentz and gauge invariance. Since the obser-
vational bounds on the photon mass are very severe, the relevant models induce such decays through
Lorentz violation in Section 2.10.4.

The BNL E949 experiment has set an upper limit B(K+ → π+γ) < 2.3 × 10−9 at 90% CL,
obtained as a by-product of a search for K+ → π+γγ near the pion momentum endpoint [147]. This
search is based on O(1012) stopped kaons collected with a dedicated trigger line, and is background-
free. In contrast, NA62 has only donwscaled minimum bias datasets available for this search, with an
estimated Run 1 single-event sensitivity at the O(10−9) level.

A search with the KOTO 2016–2018 dataset has led to an upper limit of B(KL → π0γ) <
1.7× 10−7 at 90% CL [384]. This analysis can be extended to searches for Lorentz violating KL → 3γ
decays, for instance due to KL → γX process followed by a prompt X → γγ decay. KOTO step-2 and
KLEVER are expected to improve the sensitivity for both processes.

4.11 The KL → γγ + inv decays
This is an important channel for the GN violating models discussed in Section 2.7. The models can be
grouped into i) the π0 impostor decays, KL → X2X1, X2 → γγ with X1 invisible, ii) dipole portal
transitions KL → X2X2, X2 → X1γ, and iii) the non-standard π0 production, KL → X2X1, X2 →
X1π

0, as well as KL → X∗
2 → X1π

0 or KL → X∗
2 → X1X1π

0.
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A search for the KL → γγ + inv decay can be performed as a by-product of KL → π0νν̄
search in the KOTO experiment [255]. This consideration also applies to the future KOTO step-2 and
KLEVER experiments. The sensitivity to KL → γγ + inv can be improved by optimising the signal
region definitions with respect to the KL → π0νν̄ analysis, according to the decay kinematics.

4.12 The KS,L → ℓ+ℓ−(+inv) and KS,L → ℓ+ℓ−γγ decays

The GN violating models discussed in Section 2.7.1, KL → X2X1, lead also to the KL → ℓ+ℓ−+ inv
signature if X2 → ℓ+ℓ− decay is sizable, with X1 invisible, or to KL → ℓ+ℓ−γγ, if X1 → γγ is
appreciable. The two dark sector models in Section 2.8 can also lead to KL → ℓ+ℓ−(+inv) if dark
photon has an invisible decay mode open. The KS → aa decay for MeV QCD axion discussed in
Section 2.8 can lead to KS → ℓ+ℓ− + inv, KS → ℓ+ℓ−γγ, KS → 4ℓ, if a has also the invisible decay
channel. Measurement of CP violating amplitude A(KS → µ+µ−)ℓ=0 represents a clean probe for
heavy new physics (Section 2.11.2).

The KL → µ+µ− decay rate has been measured to be (7.18 ± 0.17) × 10−9 [399], and the
ultra-rare KL → e+e− decay with an O(10−11) branching fraction has been observed with four signal
candidates [400], by the BNL E871 experiment. The KL → ℓ+ℓ−γγ decays have been observed by
the KTeV experiment [401, 402]. Substantial experimental progress on the KL → ℓ+ℓ−(Xinv) and
KL → ℓ+ℓ−γγ processes can be expected within the hybrid phase of the future CERN kaon program
(Section 3.2). The KS,L → π0ℓ+ℓ− decays are discussed Sections 4.6 and 4.19.

4.13 The KS,L → ℓ+α ℓ−α ℓ+β ℓ−β decays
The relevant models are the GN violating models (Section 2.7), and the production of multiple hidden-
sector particles in models (Section 2.8).

Searches for the KS,L → ℓ+α ℓ
−
α ℓ

+
β ℓ

−
β signatures (here α and β are generational indices) are sen-

sitive to neutral kaon decays completely into dark-sector mediator particles, if these mediators decay
back through visible channels (Sections 2.7.1 and 2.8.2). The expected SM branching ratios for these
decays range from O(10−14) for KS → 2(µ+µ−) to O(10−8) for KL → 2(e+e−) [273], allowing for
low-background searches for new physics.

The KL → 2(e+e−) decay has been measured from clean samples of O(100) candidates by the
KTeV and NA48 experiments [403, 404], giving the PDG averaged branching ratio of (3.56 ± 0.21) ×
10−8 [270]. The KL → µ+µ−e+e− decay has been measured by the KTeV experiment from a clean
sample of 132 candidates, and its branching fraction is reported to be (2.69± 0.27)× 10−9 [271]. Both
measurements are in agreement with the SM predictions [273]. There are no experimental data on the
ultra-rare KL → 2(µ+µ−) decay. Further improvements on the KL measurements are expected to come
from the hybrid phase of the future CERN kaon program (Section 3.2).

The ultra-rare KS → 2(e+e−) and KS → µ+µ−ℓ+ℓ− decays have not been measured yet, and
the latter final state represents a possible future target for the LHCb experiment [405]. The KS,L →
π02(e+e−) decays (Section 2.8.1) have not been searched for.

4.14 The K+ → ℓ+α + inv decays
The quark level transitions are s̄ → ūℓ+αN where N is the heavy neutral lepton (Section 2.3), or s̄ →
ūℓ+α ν ℓ

+
α ν with an extra emission of a/A′ from the either the charged lepton or SM neutrino leg, see

Section 2.5 for leptonic force models and Section 2.6 for strongly interacting neutrino models.

A search for heavy neutral lepton production in K+ → e+N decays, where N is invisible (Sec-
tion 2.3), has been performed with the NA62 Run 1 sample using the main K+ → π+νν̄ trigger line.
Upper limits of O(10−9) are established on the mixing parameter |UeN |2 in the HNL mass range of
144–462 MeV [171], complementing the search in the 62–135 MeV range in π+ → e+N decay [406].
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Searches for the K+ → µ+N decay, with N invisible, have been performed with prescaled
minimum bias datasets since a single muon is the most common K+ decay final state. The BNL E949
and NA62 (Run 1) experiments have established O(10−8) upper limits on |UµN |2 in complementary
HNL mass ranges of 178–300 MeV and 200–384 MeV, respectively [180,407]. The constraints on HNL
mass and mixing parameters |UℓN |2 established by these searches are shown in Fig. 14.

Searches for HNL production in K+ → ℓ+N decays are limited by backgrounds. In particular,
the abundant K+ → µ+ν decay followed by the µ+ → e+νν̄ decay in flight represents an irreducible
background to the K+ → e+N process. Another background source to the K+ → e+N decay is the
π+ → e+ν decay of the beam pions (which are the majority particle in the NA62 beam). The peaking
nature of the K+ → ℓ+N signals in terms of the reconstructed missing mass allows for data driven
background evaluation, reducing the systematic uncertainties in the background estimates. It is expected
that the future high-intensity kaon beam facility at CERN (Section 3.2) would improve the sensitivity to
the mixing parameters |UℓN |2 by up to a factor of five with respect to NA62 Run 1. The sensitivity of
the search for π+ → e+N decays of beam pions at NA62 and its successors is expected to improve on
the PIENU limits [406] in the mass range mN < mπ. The gap in mN can be covered by the search for
K+ → π0e+N decay, although with a limited sensitivity [183].

The first search for the K+ → µ+νXinv decay (Sections 2.5 and 2.6) has been performed by
using the NA62 Run 1 minimum bias data [180]. In contrast to HNL production in two-body decays,
the K+ → µ+νXinv signal has a continuous missing mass distribution. The background evaluation is
therefore based on the full simulation (rather than the sidebands of missing mass spectrum for each mN

hypothesis), leading to larger uncertainties in the estimated background. The irreducible background
due to the K+ → µ+ννν̄ decay is negligible, with expected B(K+ → µ+ννν̄) = 1.62× 10−16 [408].
The sensitivity is limited by the K+ → µ+νγ and K+ → π0µ+ν backgrounds with undetected soft
photons. The background estimate is affected by large systematic uncertainties due to the accuracy
of modelling of non-gaussian tails of missing mass reconstruction, photon veto inefficiency and photon
conversions. To reduce the background, a limited reconstructed missing mass region,m2

miss > 0.1 GeV2,
is analysed. A mass range of 10–370 MeV is considered for a scalar and a vector X particle, and upper
limits on the decay branching fraction ranging from O(10−5) for low mX to O(10−7) for high mX are
established assuming the model of Ref. [221]. An upper limit on the SM decay rate is also established:
B(K+ → µ+ννν̄) < 1.0× 10−6 at 90% CL. These limits are much weaker than the values accounting
for the (g − 2)µ discrepancy (Section 2.5), despite the single event sensitivity of O(10−9) being in the
region of interest. Reduction of systematic uncertainties in the background estimate in order to make
progress towards the region in parameter space of interest for (g − 2)µ is very challenging.

NA62 is expected to able to perform a search for the K+ → e+νXinv decays at the O(10−6)
sensitivity level with the Run 1 minimum bias dataset. The current upper limit B(K+ → e+ννν̄) <
6 × 10−5 [409] is also likely to be improved by NA62 by 1–2 orders of magnitude. Similarly to the
K+ → e+N case, this search would be strongly limited by background.

4.15 The K+→ ℓ+α ℓ−β ℓ+β + inv decays

This signature can arise from K+ → ℓ+α (N → ℓ+β ℓ
−
β ν) decays, where the heavy neutral lepton decays

through a non-standard neutral current interaction such as an extra U(1)d (Sections 2.3 and 2.8), or
from K+→ ℓ+α ν(a/A

′ → ℓ+β ℓ
−
β ), such as in leptonic force models (Section 2.5).

Out of the four SM four-lepton rare K+ decay modes [410], all with the exception of K+ →
µ+µ−µ+ν have been measured by the BNL E865 experiment [411, 412]. The NA62 Run 1 dilepton
dataset offers an opportunity to measure all these processes. Due to the excellent resolution on the
vertex position and kinematic variables, NA62 has observed for the first time K+ → µ+µ−µ+ν decay
with the SM branching fraction of 1.35 × 10−8 [410] affected by the background from the abundant
K+ → π+π+π− process followed by pion decays in flight [413].
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Search for the leptonic force mediator (Section 2.5) at NA62 in the prompt K+ → µ+νX , X →
µ+µ− decay chain is promising due to the low background. Assuming the total background to be of the
same order of magnitude as the contribution from the rare K+ → µ+µ−µ+ν decay (which is supported
by the preliminary study of the data [413]), the analysis of Ref. [221] showed that a di-muon search
with the NA62 Run 1 data would completely cover the (g − 2)µ and DM benchmarks for most masses
between the µ+µ− threshold and the kinematic endpoint for X production. The sensitivity of kaon
factories complements the search at BaBar [225], which rules out the (g−2)µ preferred parameter space
for di-muon decays of vectors but not of scalars [228].

Search for the leptonic force mediator in the prompt K+ → µ+νX , X → e+e− decay chain is
expected to have low background in the mass range mX > 140 MeV where the main background is
the K+ → µ+νe+e− decay with the SM branching fraction of 8.5 × 10−8 [410]. The search might
be background-dominated below the π0 mass, where a large contribution from the K+ → π0µ+ν,
π0D → γe+e− decay chain is expected. A search involving a displaced X → e+e− vertices would be
affected by this background to a much smaller degree. These considerations also apply to the searches
for short-lived HNL (Section 2.3) and dark photon (Section 2.4) decays.

4.16 The K+→ ℓ+αγγ + inv decays
This signature can be due to K+→ ℓ+α ν(a → γγ) decays, if the leptonic or neutrino force mediator, a,
decays to photons (Sections 2.5 and 2.6). The other possibility is K+ → ℓ+αN , where the HNL decays
via the N → γγν channel. An example is the N → aν, a → γγ decay chain, see Section 2.3 and
also models in Section 2.8. The two photons may also be a signal of the π0 decay in the K+→ π0ℓ+αN
chain.

The K+ → µ+νX , X → γγ decay chain, involving both prompt and displaced X decay vertices,
allows for a search for the muonic force mediator (Section 2.5). Reconstruction of a visible resonance
improves the sensitivity with respect to the case of an invisible X . The expected single-event sensitivity
(i.e. the sensitivity in the assumption of no background) provided by the NA62 Run 1 minimum bias
dataset is O(10−9). However this search is blind in the region of the π0 mass populated by the K+ →
π0µ+ν background, and is likely to be limited by backgrounds also outside the π0 mass. The expected
background sources are non-gaussian mass tails of the semileptonic K+ → π0µ+ν decay, and K+ →
π+π0(π0) decays, possibly followed by pion decays in flight.

Among the searches for HNL production (Section 2.3), the K+ → π0ℓ+N transition is not com-
petitive in general with the purely leptonic K+ → ℓ+N decays (Section 4.14). The three-body de-
cay is suppressed with respect to the two-body decay (with the exception of mN ≲ 20 MeV in the
positron case), and offers a limited kinematically allowed HNL mass range. The NA62 sensitivity for
the positron channel is further limited by the downscaling of the minimum bias trigger (in contrast to the
K+ → e+N analysis based on the main K+ → π+νν̄ trigger chain) and the radiative K+ → π0e+νγ
background. Nevertheless, the K+ → π0e+N decay uniquely provides the sensitivity to |UeN |2 in
the mass gap 135–144 MeV not currently covered by either the K+ → e+N search [171] (due to the
background conditions) or the π+ → e+N search [406] (due to the kinematic endpoint), as seen in
Fig. 14 (left). The estimated sensitivity to |UeN |2 achievable with the NA62 Run 1 dataset in this mass
range is 2× 10−6 [183].

4.17 Lepton flavor violating kaon decays
The decays are KL → µ±e± and K+ → π+µ±e∓, for instance from s→ da/Z ′ quark level transition,
followed by the flavor violating decay of ALP (light Z ′). The ALP can also be produced off-shell. The
restrictions on such models are discussed in Section 2.10.

NA62 has obtained an upper limit of B(K+ → π+µ−e+) < 6.6 × 10−11 at 90% CL with the
Run 1 di-lepton dataset, under the assumption of uniform phase space distribution [414]. This analysis
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has also led to the upper limit of B(π0 → µ−e+) < 3.2 × 10−10 at 90% CL, using the K+ → π+π0

process as the source of tagged neutral pions. For the K+ → π+µ+e− decay, the strongest limit to date
of 1.3×10−11 at 90% CL comes from the BNL E777/865 experiments [315]. The NA62 Run 1 sensitivity
for this mode is comparable, and a new search with the Run 1 data is not justified. The sensitivity of
NA62 and follow-up experiments (Section 3.2) is expected to improve almost linearly with the size of the
future datasets thereby reaching O(10−12), and searches for displaced X → µ±e∓ vertices are possible
at NA62 in principle. The LHCb experiment is projected to reach a similar O(10−12) sensitivity to the
K+ → π+µ±e∓ decays in the long term [415].

The BNL E871 experiment has established an upper limit of B(KL → µ±e∓) < 4.7 × 10−12 at
90% CL [416]. The KTeV experiment has established the following upper limits at 90% CL: B(KL →
π0µ±e∓) < 7.56× 10−11, B(KL → π0π0µ±e∓) < 1.64× 10−10 [417], and B(KL → e±e±µ∓µ∓) <
4.1× 10−11 [271]. Further improvements on LFV decays of the KL are foreseen at the hybrid phase of
the future CERN kaon program (Section 3.2).

4.18 Lepton number violating kaon decays
If the heavy neutral lepton is a Majorana fermion, then the quark level transition us̄→ ℓ+α (N

∗ → dūℓ+β )

is possible, resulting in the decay K+ → π−ℓ+α ℓ
+
β (see Section 2.3).

NA62 has reported the following upper limits at 90% CL of the decay branching fractions using
Run 1 di-lepton datasets: B(K+ → π−e+e+) < 5.3 × 10−11 and B(K+ → π−π0e+e+) < 8.5 ×
10−10 [388]; B(K+ → π−µ+µ+) < 4.2 × 10−11 [389]; B(K+ → π−µ+e+) < 4.2 × 10−11 [414].
And independent indirect upper limit of O(10−11) on the last process has been derived from the bound
on muon conversion µ− + (Z,A) → e+ + (Z − 2, A) [418]. The above results are based on the full
Run 1 dataset, with the exception of the K+ → π−µ+µ+ bound based on about 30% of the dataset.
The results are obtained under the assumption of uniform phase space distributions, which is customary
for LNV decay searches. The searches are not currently limited by backgrounds, and the sensitivity is
expected to improve in the future almost linearly with the size of the dataset, possibly with the exception
of the K+ → π−µ+µ+ mode. One can expect NA62 and follow-up experiments at CERN (Section 3.2)
to reach the sensitivity of O(10−12) for the branching fractions of the above lepton number violatingK+

decays, as well as the K+ → ℓ−α νℓ
+
β ℓ

+
β modes. The LHCb sensitivity to the K+ → π−ℓ+ℓ+ decays is

expected to be similar in the long term [415].

The NA48/2 experiment at CERN has reported an analysis of the K± → π±µ∓µ∓ final state
including a scan in the π±µ∓ mass, corresponding to the emission and decay of a short-lived Majorana
neutrino (Section 2.3) [155]. The trigger logic allowed for prompt decay search only, leading to optimal
acceptances for lifetimes below 20 ps. The search is background free, and the upper limits of O(10−10)
are obtained on the product B(K+ → µ+N) · B(N → π−µ+) assuming prompt decays. Considering
the low background, NA62 Run 1 can improve on these results by up to an order of magnitude, and the
search can be extended to lifetimes up to 10 ns without significant loss of acceptance using the displaced
vertex approach.

4.19 Rare KS decays
Most of the rare KL decays have their KS counterparts, but with τKS

/τKL
= O(10−3) smaller branch-

ing ratios, which means that significantly more KS decays are required for a similar reach. The sig-
natures with potentially interesting phenomenological reach are KS → π2ℓ that can arise for Higgs
mixed scalar (Section 2.1), promptly decaying ALP (Section 2.2) and dark photon (Section 2.4), as well
as KS → 2ℓ2γ (see also Section 4.12) and KS → 2ℓ (see Section 4.13). The observable specific to KS

is the CP violating amplitudeA(KS → µ+µ−)ℓ=0 which represents a clean probe for heavy new physics
(Section 2.11.2).

The NA48/1 experiment at CERN has reported the first evidence for the rare decays KS →
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π0ℓ+ℓ− using the full dataset collected in 2002, measuring their branching fractions to be [419, 420]

B(KS → π0e+e−) =
(
3.0+1.5

−1.2

)
× 10−9, B(KS → π0µ+µ−) =

(
2.9+1.5

−1.2

)
× 10−9,

in agreement with the SM expectations. In the former case, the measurement is performed in the acces-
sible kinematic range mee > 165 MeV/c2. The LHCb experiment is expected to overtake the NA48/1
sensitivity for KS → π0µ+µ− channel with the future Run 3 dataset [421].

The first observation of the rare KS → π0γγ decay reported by the NA48 experiment based on
the dataset collected in 2000 is also in agreement with the SM expectation [422]:

B(KS → π0γγ) = (4.9± 1.8)× 10−8.

The LHCb experiment has recently reported an upper limit at 90% CL on the KS → µ+µ−

branching fraction using the combined Run 1+2 dataset [423]:

B(KS → µ+µ−) < 2.1× 10−10,

to be compared to the SM prediction of BSM(KS → µ+µ−) = (5.18 ± 1.50) × 10−12 [351, 424]. The
ultimate expected LHCb sensitivity for this decay is close to the SM branching ratio, and is expected to
be limited by the statistical uncertainty on the background subtraction and the signal yield [405].

Further discussion of rare KS decays can be found in Sections 4.7 and 4.13.

4.20 Dark showers
Exotic scenarios are discussed in Section 2.10.

The most likely dark shower (Section 2.10.3) signatures in kaon decays are K → πjℓ and K →
πjℓjℓ, where jℓ denotes a lepton jet consisting of e+e− pairs, photons and potentially missing energy.
Depending on the mediator and final dark sector particle masses and lifetimes, the experimental signature
can deform continuously from the prompt lepton jet signal in the case of short lifetimes all the way to just
missing energy in case the lifetimes are sufficient for the dark sector particles to traverse the detector. A
search for prompt lepton jets can be performed using the NA62 di-electron dataset (Section 3.1). In case
of pure missing energy signal, the results of the K → πXinv searches (Section 4.1) can be reinterpreted
in terms of constraints on the parameters of the more complex dark sector. The intermediate region,
with lifetimes in the dark sector leading to displaced decays, leads to emergent lepton jet signatures,
and would require dedicated analysis techniques to fully exploit the potential reach of the experiments.
Explicit phenomenological models are essential for facilitation and interpretation of these searches.

4.21 Inclusive signatures
For dark-sector scenarios leading to multiple signatures in kaon decays with comparable branching frac-
tions, the sensitivity can be improved by combining searches in several channels. An example is a
possible search for ALP production and prompt decay (Section 2.2.2.2) in the K+ → π+e+e− and
K+ → π+µ+µ− modes at NA62, both collected via dedicated trigger lines (Section 4.6). One could
obtain the bounds on B(K+ → π+a) as functions of ALP mass ma, ALP lifetime τa, and branching
ratios B(a→ e+e−), B(a→ µ+µ−) from a combined analysis. When both a→ e+e− and a→ µ+µ−

channels are have non-zero rates, the limits on the ALP production branching ratio would be stronger
from a combined analysis than from the individual analyses.
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5 Complementary probes in rare hyperon decays
Authors: Dettori, Fornal, Geng, Kupsc, Martin Camalich, Martinez Santos, Shi, Wang

Hyperons are the strange baryonic siblings of the nucleons and can lead to strangeness-changing
decay signatures complementary to those of the kaons. Their lifetimes are O(10−10) s, significantly
shorter than the K+ and KL lifetimes O(10−8) s [270]. If kaonic and hyperonic amplitudes for the
s → dX transition are of similar size (X are “dark sector” particles), we can expect the rare hyperon-
decay to be about two orders of magnitude less sensitive for a given dataset, due to the shorter lifetimes.
On the other hand, hyperons do carry nonzero spin and baryon number, and are as such sensitive to the
new physics interactions that are difficult or impossible to search for using kaons [425]. Furthermore,
non-negligible abundances of hyperons are expected in some stellar systems, such as neutron stars. The
existence of s → dX transitions could then lead to modified stellar cooling dynamics, the absence of
which places stringent astrophysical bounds on these interactions [97, 113]. Experimentally, hyperons
produced in e+e− colliders, such as BESIII, are polarized [426], providing an additional handle to sup-
press the SM backgrounds for the dark-sector searches in hyperon decays.

In this section we investigate the most prominent hyperon-decay signatures: the neutrino modes
B1 → B2νν̄, where B1 (B2) is the initial (final) baryon, induced by the SM (or heavy BSM) s → dνν̄
transition; and the two-body decays of the type B1 → B2X , where X is an axion/ALP or a massless
dark photon. The corresponding models have been discussed in Sections 2.11, 2.2 and 2.4.1. The baryon-
number-violating signatures like B1 → π + inv, B1 → γ + inv and B1 → inv are discussed in detail in
Section 2.9 and in this section we discuss other such signatures that are accessible at the LHCb. In this
report we focus on the transitions between baryons in the lowest-lying 1/2+ baryon octet. There may
be other decays of phenomenological interest, for instance the decays of the spin-3/2 decuplet baryon
Ω−(sss), which however, we do not review here.

5.1 Baryonic matrix elements

Accurate predictions for most of the hyperon decay rates of interest can be made through the use of flavor
SU(3) symmetry, supplemented with data and lattice QCD computations of baryonic (mostly nucleonic)
form factors, along with the calculations of the SU(3)-breaking corrections using chiral perturbation
theory (ChPT). The SU(3)-breaking expansion is particularly useful because it allows for a systematic
expansion of the rates and reduces the number of nonperturbative inputs needed for given desired ac-
curacy [425]. For B1 → B2 decays the phase space factor is given by the mass difference of the two
hyperons, δ = (M1 −M2)/M1, which can be taken as the relevant SU(3)-breaking parameter.

The baryonic matrix elements required for the B1 → B2 decays involving dark sectors are

⟨B2(p
′)|d̄σµνs|B1(p)⟩ = gT ū2(p

′)σµνu1(p), (120)

⟨B2(p
′)|d̄γµs|B1(p)⟩ = ū2(p

′)
[
f1(q

2) γµ + i
f2(q

2)

mB1

σµνq
ν +

f3(q
2)

mB1

qµ

]
u1(p), (121)

⟨B2(p
′)|d̄γµγ5s|B1(p)⟩ = ū2(p

′)
[
g1(q

2)γµ + i
g2(q

2)

mB1

σµνq
ν +

g3(q
2)

mB1

qµ

]
γ5u1(p), (122)

where q = p − p′. The matrix element in the first line (120) is needed for the magnetic dipole moment
(MDM) induced production of the massless dark photon.11 The relevant form factor is therefore evalu-
ated at q2 = 0, and equals the parameter gT , i.e., the tensor coupling of the transition. The vector and
axial-vector form factors in (121) and (122) can be related to the form factors entering the semileptonic
hyperon decay amplitudes, i.e., for theB1 → B2ℓ

−ν̄ transition [427]. As we show explicitly below, only

11The electric dipole moment (EDM) matrix element is obtained via the relation σ
µν

γ5 = i/2ε
µνρσ

σρσ .
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Λ → n Σ+ → p Ξ− → Σ− Ξ0 → Σ0 Ξ0 → Λ

f1 −1.22(6) −1.00(5) 1.00(5) −0.71(4) 1.22(6)

g1 −0.88(2) 0.33(2) 1.22(4) −0.86(3) 0.21(4)

gT −0.73(12) 0.20(4) 0.99(10) −0.70(7) 0.24(4)

Table 6: Hyperon decay form factor values considered in this work. The predictions for the vector
charges, f1, are obtained using flavor SU(3) symmetry, and are protected from O(δ) corrections by the
Ademollo-Gatto theorem [427]. The predictions for the axial charges include the O(δ) corrections cal-
culated in chiral perturbation theory [429,430]. The tensor charges are the SU(3)-symmetric predictions
that follow from the LQCD determination of tensor charges for nucleons [431].

the vector and axial vector charges, f1(0) and g1(0), are needed for our predictions.12 Table 6 collects
the values for the hadronic parameters used in our numerical analyses. The values of f1 = f1(0) and
g1 = g1(0) are accurate up to O(δ2) corrections [427, 429, 430], while the values for gT are obtained
using SU(3) symmetry from the tensor charges of the nucleons that were obtained in Ref. [431] using
lattice QCD. As the momenta carried by the final particles is parametrically also O(δ), we perform the
SU(3)-breaking expansion directly at the level of the decay rates and observables.

5.2 B1 → B2 + inv signatures

Searches for light new physics in the hyperon B1 → B2 + inv decays are complementary to the K →
π(π) + inv decays, discussed in Sections 4.1 and 4.2. The SM background from B1 → B2π

0 decays,
with two missing photons in π0 → γγ decay, reduces the sensitivity to new physics in the kinematic
region p2miss ∼ m2

π
0 , relevant, e.g., for the massive ALP searches. This is analogous to the π0 blind spot

of theK → π+ inv searches. The p2miss ≃ 0 region relevant for the QCD axion and massless dark photon
searches is affected by the SM background from weak radiative B1 → B2γ decays, with an undetected
photon.

The SM backgrounds can be reduced, if hyperons are produced with a certain degree of polariza-
tion, P⃗ . The differential decay rate for the SM decay B1 → B2π

0, as a function of the angle θ between
the polarization vector P⃗ and the recoil direction of the daughter baryon B2, is given by

dΓ

d cos θ
=

Γ

2
(1 + Pαπ cos θ) , (123)

and similarly for the B1 → B2γ decay, with απ → αγ . The parameters απ and αγ describe the interfer-
ence between the parity conserving and parity violating amplitudes. They are decay channel dependent
but well known experimentally [270]. In general, the angular dependence of the SM background decays
will differ from the decays involving dark-sector particles. The differential distributions can thus be used
to discriminate signal from background. Finally, we note in passing that the Ξ0,− → Σ0,−π0 decays
are kinematically not allowed. This means that there is no corresponding SM background in the ALP
searches using the Ξ0,− → Σ0,−+invisible decays.

12The form factors can be expanded in powers of q2/m2
X ∼ δ

2, where mX ∼1 GeV is the hadronic scale related to the mass
of the resonance coupling to a given current [428].
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Predictions/Projections Λ → nν̄ν Σ+ → pν̄ν Ξ− → Σ−ν̄ν Ξ0 → Σ0ν̄ν Ξ0 → Λν̄ν

1013 × B(B1 → B2νν̄)
SM [430] 6.26(16) 3.49(16) 1.10(1) 0.89(1) 5.52(13)

106 × B(B1 → B2νν̄)
BESIII [371] < 0.3 < 0.4 – < 0.9 < 0.8

103 × |CL
νℓ

+ CR
νℓ
|BESIII < 1.6 < 1.7 – < 10 < 1.8

Table 7: SM predictions for B1 → B2νν̄ branching ratios up to NLO in the SU(3) breaking parameter
δ (uncertainty estimates are only due to the missing O(δ2) terms), projected bounds on the branching
ratios achievable by BESIII [371], and the corresponding expected limits on the combination of the
Wilson coefficients |CL

νℓ
+ CR

νℓ
|.

5.2.1 Heavy new physics and the neutrino decay modes
In the presence of heavy NP the dimension-6 weak Hamiltonian for the s → dν̄ν transition is given by
(in the notation of Eq. (103))

Heff =
4αGF√

2
λt

∑
ℓ=e,µ,τ

(
CL
νℓ
(d̄Lγ

µsL)(ν̄ℓγµνℓ) + CR
νℓ
(d̄Rγ

µsR)(ν̄ℓγµνℓ)
)
+ h.c. (124)

This generalizes the weak Hamiltonian in Eq. (103) by allowing for the possibility of NP induced right-
handed currents, CR

νℓ
̸= 0. In the SM the Wilson coefficients are given by

CL
νℓ

=
1

2π sin2 θw
(λcXℓ/λt +Xt) , CR

νℓ
= 0. (125)

The decay width for the B1 → B2ν̄ν decays, expanded up to NLO in the SU(3)-breaking param-
eter δ, is [430]

Γ(B1 → B2ν̄ν) =
∑

ℓ=e,µ,τ

α2G2
F |λt|2f21∆5

60π3

[ (
1− 3

2δ
) ∣∣∣CL

νℓ
+ CR

νℓ

∣∣∣2
+ 3

(
1− 3

2δ
) g21
f21

∣∣∣CL
νℓ
− CR

νℓ

∣∣∣2 +O
(
δ2
)]
,

(126)

where ∆ =M1 −M2. Note that the hyperon decays are sensitive to both the vector, CR
νℓ
− CL

νℓ
, and the

axial-vector, CR
νℓ
+ CL

νℓ
, quark currents.

In Table 7 we show the SM predictions for the branching ratios B(B1 → B2νν̄) for several
hyperon decays (with B1B2 = {Λn,Σ+p,Ξ−Σ−,Ξ0Σ0,Ξ0Λ}), the current sensitivity projections from
BESIII [371], and the corresponding expected limits on the quark-axial combination |CL

νℓ
+ CR

νℓ
| of

the Wilson coefficients, assuming that only this combination is nonzero. A detailed discussion of the
implications of these projections can be found in Ref. [430] (see also [432–434]).

5.2.2 Two-body decays B1 → B2X

We consider two types of new physics models that lead to the two body hyperon decays, B1 → B2X ,
where X is a light ALP or a massless dark photon. The ALP with flavor violating couplings to SM
quarks, Eq. (7), results in a quark level transition s → da. This induces the hyperon decay, B1 → B2a,
with the partial decay width

Γ(B1 → B2a) =
p̄ ω̄2

2π

(
f21

|F V
ds|2

+

(
1− x2a

δ2

)
g21

|FA
ds|2

)
+O(δ2), (127)
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B1 → B2a (ma = 0) B1 → B2a (ma ≃ m
π
0) B1 → B2A

′

Λn 0.40
(

10
6 GeV
|FV

ds|

)2
+ 0.21

(
10

6 GeV
|FA

ds|

)2
0.28

(
10

6 GeV
|FV

ds|

)2
+ 0.06

(
10

6 GeV
|FA

ds|

)2
1.15

(
10

6 GeV
|Λ|

)2
Σ+p 0.22

(
10

6 GeV
|FV

ds|

)2
+ 0.02

(
10

6 GeV
|FA

ds|

)2
0.19

(
10

6 GeV
|FV

ds|

)2
+ 0.02

(
10

6 GeV
|FA

ds|

)2
0.07

(
10

6 GeV
|Λ|

)2
Ξ−Σ− 0.07

(
10

6 GeV
|FV

ds|

)2
+ 0.10

(
10

6 GeV
|FA

ds|

)2
0.02

(
10

6 GeV
|FV

ds|

)2
+ 0.002

(
10

6 GeV
|FA

ds|

)2
0.52

(
10

6 GeV
|Λ|

)2
Ξ0Σ0 0.06

(
10

6 GeV
|FV

ds|

)2
+ 0.08

(
10

6 GeV
|FA

ds|

)2
0.01

(
10

6 GeV
|FV

ds|

)2
+ 0.0006

(
10

6 GeV
|FA

ds|

)2
0.44

(
10

6 GeV
|Λ|

)2
Ξ0Λ 0.66

(
10

6 GeV
|FV

ds|

)2
+ 0.03

(
10

6 GeV
|FA

ds|

)2
0.53

(
10

6 GeV
|FV

ds|

)2
+ 0.01

(
10

6 GeV
|FA

ds|

)2
0.20

(
10

6 GeV
|Λ|

)2
Table 8: Numerical expressions for the branching fractions B(B1 → B2X), where X is an axion/ALP
or a massless dark photon, as functions of the relevant NP scales, assuming the couplings to be equal to
unity. For the ALP case we take ma = 135 MeV for Λn, Σ+p and Ξ0Λ transitions and ma = 120 MeV
for Ξ−Σ− and Ξ0Σ0 transitions.

where xa = ma/M1, while ω̄ (p̄) is the energy (magnitude of the 3-momentum) of the ALP in the parent-
hyperon rest frame. The ALP coupling constants were absorbed into the effective axion decay constant,
F V,A
ds = 2fa/C

V,A
ds , see also Eq. (7).

The decay into massless dark photon are induced by the MDM- and EDM-type flavor violating
interactions given by dimension-5 operators in Eq. (40). The corresponding decay rate is

Γ(B1 → B2A
′) =

4g2T ω̄
3

πΛ2

(
|Dsd

M |2 + |Dsd
E |2
)
. (128)

In Table 8 we show numerical expressions for the branching fractions B(B1 → B2X) as functions
of the relevant NP scales, assuming the couplings to be equal to unity.

5.3 Experimental prospects
5.3.1 Status and prospects at BESIII and SCTFs

At the electron-positron colliders a hyperon-antihyperon pair is produced from J/ψ decays with O(10−3)
branching fractions, meaning that with 1.0 × 106 J/ψ events collected by BESIII [7], considering the
typical detection efficiency, O(106) hyperon-antihyperon pairs could be well reconstructed. This allows
to tag hyperon (antihyperon) production in the process e+e− → J/ψ → B1B̄1 by using common decay
mode of B1(B̄) and to investigate absolute branching ratio of rare decays modes of the B̄1(B1). First
measurements and searches using this method have been performed by BESIII [295, 435–437].

These results were obtained using collisions of unpolarized electron and positron beams at the
center-of-mass energy corresponding to the J/ψ resonance. The baryon-antibaryon pair production
mechanism at electron-positron colliders is symmetric and allows for simultaneous determination of
the decays properties of (anti)hyperons. Two analysis methods are possible: the exclusive (double tag)
method with the decay chains of both baryon and antibaryon fully reconstructed, and the inclusive (single
tag) method with only the decay chain of either the baryon or the antibaryon reconstructed.
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The inclusive method can be readily used for studies of the hyperon decay modes with invisible
signatures, such as the channels listed in Section 5.2. The BESIII projections for B1 → B2ν̄ν decays
are listed in Table 7. These simplified projections from Ref. [371] may be improved upon using several
published results and some preliminary simulations. For example, in the search for the lepton-number-
violating Σ− decays with 1.3× 109 J/ψ events [435], the actual obtained experimental upper limits are
B(Σ− → pe−e−) < 6.7 × 10−5 and B(Σ− → Σ+Xinv) < 1.2 × 10−4, respectively. Given that this
analysis is almost background-free, one would expect from scaling naively with the statistics the bounds
B(Σ− → pe−e−) < 8.7×10−6 and B(Σ− → Σ+Xinv) < 1.6×10−5 from the 1010 J/ψ sample. These
bounds are 14.5 and 16 times less stringent than the simplified estimates of Ref. [371]. The preliminary
simulations of the decay channels Σ+ → p + inv and Ξ0 → Λ + inv also shows similar scale factors
with respect to the estimations obtained in Ref. [371]. Full invisible decays of hyperons are also within
the reach with BESIII. For example, Λ invisible decay is searched for the first time, and its branching
ratio is found to be less than 7.4× 10−5 at 90% CL with the J/ψ sample [295].

Realistic projections for SCTF can be obtained by using BESIII results and scaling to the expected
at least two orders of magnitude data sets.

5.3.2 Status and prospects at LHCb
The LHCb experiment has reported the first evidence for the Σ+ → pµ+µ− decay with Run 1 dataset,
measuring the branching fraction to be [438]

B(Σ+ → pµ+µ−) =
(
2.2+1.8

−1.3

)
× 10−8. (129)

This result is inconsistent with the HyperCP anomaly [439] and excludes the central HyperCP branching
fraction value, while being consistent with the SM expectation. A yield of O(103) candidates per year
is envisaged in the LHCb upgrade, thanks to a more efficient trigger chain [405]. This would lead to
a sensitivity to the decay rate at a few percent level, and allow for a differential and forward-backward
asymmetry measurements. In addition, CP violation can be studied by measuring the difference between
the Σ+ → pµ+µ− and Σ− → p̄µ+µ− rates, and a full angular analysis probing the Lorentz structure in
the s→ dµµ currents is foreseen.

The Σ+ → pe+e− decay is expected to be accessible by LHCb, leading to a lepton flavour uni-
versality test with respect to the muonic channel. Decays violating lepton and baryon number or lepton
flavour conservation, such as Σ+ → p̄µ+µ+ and Σ+ → pµ±e∓ will be possibly probed down to branch-
ing fractions of 10−9 or below, depending on the background level.

The LHCb experiment also has the potential for producing leading measurements of semimuonic
hyperon decays [405]. The collaboration is currently analysing existing data for B(Λ0 → pµ−ν̄)
measurement [440]. The experimental sensitivity of hyperon decays to dark baryons predicted by B-
mesogenesis (Section 2.9) has been evaluated for this paper, using the same fast simulation and method-
ology as done for B decays in Ref. [308]. We conclude that the expected sensitivities are at the 10−6

level for B(Ξ0 → π+π−X), and O(10−10) for B(Ξ− → µ+µ−π−X), where X is a dark sector particle
escaping detection. The latter process is expected to have a very small background, and it is possible that
the search will be statistically limited. The former decay on the other hand could well be systematically
limited, in case a more detailed analysis reveals that the background is difficult to model accurately.
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6 Flagship measurements
The following searches for light dark sectors in kaon and hyperon decays would bring major improve-
ments. Many of these searches can be performed with existing datasets.

– Searches for the K+ → π+Xinv decay (performed with NA62 Run 1 dataset, Section 4.1) should
be extended into the mass rangemX > 260 MeV, and pursued with future datasets. Also desirable
would be the improvement of signal acceptance for mX = 0, which is currently limited at NA62
by the definition of the K+ → π+νν̄ signal and control regions. These measurements represent a
unique probe into the Higgs mixed dark scalar (Section 2.1) and ALP (Section 2.2) phase space,
and other models in which X particle does not decay preferentially to visible states. In particular,
for the Higgs mixed scalar an improvement on B(K+ → π+Xinv) by two orders of magnitude
would close the gap to the BBN excluded region up to mφ = 200 MeV (Fig. 1). A similar
improvement would also close the low mass range of the ALP parameter space, with the caveat that
a comprehensive study of the BBN bounds for different ALP couplings is still missing. Searches
for the KL → π0Xinv decay (performed by KOTO, Section 4.1) should be pursued with future
datasets: they are complementary to the K+ → π+Xinv for mX in the vicinity of the π0 mass.

– Searches for resonances in the mℓℓ spectra of K+ → π+ℓ+ℓ− decays (Section 4.6), and the
mγγ spectrum of the K+ → π+γγ decays (Section 4.5), including scans in the lifetime of the
intermediate particle, should be pursued with the world’s largest samples of these decays collected
by NA62 to advance the study of the ALP phase space. Searches at future experiments would
benefit from the development of dedicated trigger lines. Studies of the KL → π0γγ decays
(Section 4.5) should be pursued with the KOTO dataset and future KL datasets. Improvement
in sensitivity to resonance production by two orders of magnitude would close the gap to the
constraints from beam dump searches for a significant ALP mass range (Figs. 9, 11), thus making
K → πXinv the only phenomenologically viable ALP signature.

– Improvement in sensitivity to the two-bodyK+ → ℓ+Xinv branching ratios by two orders of mag-
nitude would start probing the seesaw neutrino mass models with O(100 MeV) sterile neutrinos
(Fig. 14). Improvement in sensitivity to the three-body K+ → µ+νXinv branching ratio by an
order of magnitude would probe fully the preferred region for self-interacting neutrinos that may
alleviate the Hubble tension (Fig. 18). Progress can be achieved with the future NA62 datasets
(Section 4.14).

– First direct searches for the leptonic force mediator (Section 2.5) in the K+ → µ+νXinv decays,
with X → µ+µ− and X → γγ should be performed with the available NA62 dataset (Sec-
tions 4.15, 4.16). These channels can probe a region of parameter space where these mediators
can explain the muon g − 2 anomaly. Searches at future experiments would benefit from the
development of dedicated trigger lines.

– Searches for emission of multiple dark sector mediators in kaon decays such as the K+ →
π+2(e+e−) should be performed with the NA62 dataset (Section 4.8) as they would be the first
probes of a simple Higgsed U(1)d model for a dark photon in a particular region of parameter
space (Section 2.8).

– The K → ππXinv (Section 4.2) and B1 → B2Xinv (Section 5.2.2) decays of kaons and hyper-
ons probe different couplings to those involved in the K → πXinv transitions, such as the CP
violating couplings in the Higgs-mixed scalar model (Section 2.1) and the axial couplings of the
ALP (Sections 2.2 and 5). The missing energy signature due to the ALP escaping the detector
can also be replaced by the signatures due to a promptly decaying ALP, a → γγ or a → ℓ+ℓ−.
Kaon measurements should be pursued with the available NA62 and KOTO datasets, and hyperon
measurements with the BESIII and LHCb datasets.
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7 Conclusions

Rare kaon decays are among the most sensitive probes of both heavy and light new physics, as a com-
bined consequence of both experimental and theoretical considerations. On one hand, large datasets are
available in the current and future kaon experiments, two to three orders of magnitude larger than the
usable B and D meson datasets at Belle, BaBar and LHCb. At the same time the kaon decay width
is power suppressed, ΓK ∝ m5

K/m
4
W , compared to the B and D mesons, ΓB,D ∝ m5

B,D/m
4
W . For

example, the total K+ decay width is almost four orders of magnitude smaller than for the B+ meson,
Γ
B

+/Γ
K

+ ≃ 7.5× 103.

The small total decay width enhances the sensitivity to NP decay channels, B(K → XNP) =
Γ(K → XNP)/ΓK , so that the sensitivity to the same branching ratio value in reality corresponds to a
sensitivity to a smaller NP partial decay width for rare kaon decays. This is particularly important for
searches for kaon decays to light new physics particles. In models where the NP particles couple to the
SM via renormalizable interactions, and thus dimensionless couplings such as the Higgs-scalar mixing
angle, θ, the NP decay width is Γ(K → πφ) ∝ θ2mK and thus B(K → πφ) ∝ θ2(mW /mK)4. This
is to be compared with heavy meson decays: B(B → Kφ) ∝ θ2(mW /mB)

4. For light new physics
that couples to the SM through dimension-5 operators, such as ALPs, the scaling changes to B(K →
πa) ∝ (m2

W /famK)2, to be compared to B(B → Ka) ∝ (m2
W /famB)

2. Rare kaon decays therefore
represent the most sensitive probes for light new physics (assuming no particular flavor structure for the
light new physics couplings), as long as the decays to light new physics are kinematically allowed.

In this manuscript we provided a comprehensive overview of the new physics models that can
be probed by the rare kaon decays, as well as a model-independent discussion of possible new physics
signatures. Since kaons are relatively light there is only a limited set of final state particles to be consid-
ered: only decays involving photons, electrons/positrons, muons, pions, and missing energy are possible.
These final state building blocks can still result in relatively complex signatures, such as lepton jets, with
many electron positron pairs and missing energy (Section 2.10). Barring such rather exotic possibilities,
the list of possible signatures is rather manageable and is collected in Table 9.

Furthermore, for a number of channels and/or models the improved sensitivities in the next gen-
eration of kaon experiments could lead to a qualitative leap in the phenomenological implications. For
instance, with two to three orders of magnitude larger datasets one could close the gap for Higgs-mixed
scalar all the way to the BBN floor (Fig. 1). The searches for promptly decaying ALPs in K → πa
decays, in either the a → γγ or the a → e+e− channel, could be improved such that the gap to con-
straints from beam dump searches would be closed (Figs. 9, 11). This would either lead to a discovery
of the ALP, or leave K → πainv, where ainv is and ALP that escapes the detector, as the only re-
maining phenomenologically viable possibility. An improvement in sensitivity to B(K+ → ℓ+N) by
two orders of magnitude would start probing the minimal (vanilla) seesaw neutrino mass models for
sterile neutrino masses in the O(100 MeV) regime (Fig. 14). An order of magnitude improvement on
B(K+ → µ+νXinv) would probe fully the preferred region for self-interacting neutrinos that may al-
leviate the Hubble tension (Fig. 18). The KL decays are in general less sensitive to the above models,
since they are experimentally more challenging. In contrast, KL → π0νν̄ is theoretically the cleanest
and would thus provide the highest sensitivity to heavy NP. Furthermore, KL decays can also probe a
number of Grossman-Nir violating models without being excluded by charged kaon decays (Section 2.7).

The experimental limits on rare hyperon decays are less stringent. Even so, the measurements of
rare hyperon decays can well lead to a new physics discovery. This is possible because such decays probe
different couplings than the K → π transitions. For instance, B1 → B2Xinv would probe CP violating
couplings in Higgs mixed scalar model, and axial couplings for ALPs. The other interesting possibility is
offered by searches for decays that are otherwise not kinematically allowed, such as the B → γ/MXinv

decays in the dark baryon models (Section 2.9).

In short, measurements of rare kaon and hyperon decay branching ratios, including dedicated
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studies of the differential distributions, represent crucial probes of light dark sectors. In the present
manuscript we provided the status of current searches in the different channels, and identified new search
strategies for under-explored signatures. The impact of current experiments on the parameter space of
various light dark sector scenarios was summarized, and future projections presented.
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[184] A. Abada, D. Bečirević, O. Sumensari, C. Weiland, and R. Zukanovich Funchal, Sterile neutrinos

95

http://dx.doi.org/10.1016/j.physletb.2018.11.046
http://arxiv.org/abs/1809.02873
http://dx.doi.org/10.1103/PhysRevLett.89.211801
http://arxiv.org/abs/hep-ex/0210056
http://dx.doi.org/10.1103/PhysRevD.93.033005
http://dx.doi.org/10.1103/PhysRevD.93.033005
http://arxiv.org/abs/1511.00683
http://dx.doi.org/10.1007/JHEP03(2020)170
http://arxiv.org/abs/1912.03058
http://dx.doi.org/10.1103/PhysRevD.100.073011
http://arxiv.org/abs/1909.11198
http://dx.doi.org/10.1016/0370-2693(80)90235-X
http://dx.doi.org/10.1016/0370-2693(80)90235-X
http://dx.doi.org/10.1103/PhysRevD.24.1232
http://dx.doi.org/10.1016/j.physletb.2020.135599
http://arxiv.org/abs/2005.09575
http://dx.doi.org/10.1007/JHEP11(2018)032
http://arxiv.org/abs/1805.08567
http://dx.doi.org/10.1088/0034-4885/59/12/001
http://dx.doi.org/10.1088/0034-4885/59/12/001
http://arxiv.org/abs/hep-ph/9602260
http://dx.doi.org/10.1016/S0550-3213(00)00566-6
http://arxiv.org/abs/hep-ph/0008138
http://dx.doi.org/10.1088/1475-7516/2012/10/014
http://arxiv.org/abs/1202.2841
http://dx.doi.org/10.1088/1475-7516/2018/02/044
http://arxiv.org/abs/1712.03972
http://dx.doi.org/10.1088/1475-7516/2020/11/056
http://arxiv.org/abs/2006.07387
http://dx.doi.org/10.1103/PhysRevD.104.023517
http://arxiv.org/abs/2008.00749
http://dx.doi.org/10.1007/JHEP07(2021)193
http://dx.doi.org/10.1007/JHEP07(2021)193
http://arxiv.org/abs/2101.09255
http://dx.doi.org/10.1016/j.physletb.2021.136259
http://arxiv.org/abs/2101.12304
http://dx.doi.org/10.1007/JHEP09(2020)178
http://arxiv.org/abs/2007.14792
http://dx.doi.org/10.1007/JHEP02(2020)174
http://arxiv.org/abs/1912.07622
http://dx.doi.org/10.1103/PhysRevD.104.055005
http://dx.doi.org/10.1103/PhysRevD.104.055005
http://arxiv.org/abs/2008.11654


facing kaon physics experiments, Phys. Rev. D 95 (2017) no. 7, 075023, arXiv:1612.04737
[hep-ph].

[185] K. Zuber, New limits on effective Majorana neutrino masses from rare kaon decays, Phys. Lett. B
479 (2000) 33–36, arXiv:hep-ph/0003160.

[186] A. Atre, V. Barger, and T. Han, Upper bounds on lepton-number violating processes, Phys. Rev.
D 71 (2005) 113014, arXiv:hep-ph/0502163.

[187] A. Atre, T. Han, S. Pascoli, and B. Zhang, The Search for Heavy Majorana Neutrinos, JHEP 05
(2009) 030, arXiv:0901.3589 [hep-ph].

[188] A. Abada, V. De Romeri, M. Lucente, A. M. Teixeira, and T. Toma, Effective Majorana mass
matrix from tau and pseudoscalar meson lepton number violating decays, JHEP 02 (2018) 169,
arXiv:1712.03984 [hep-ph].

[189] E. Bertuzzo, S. Jana, P. A. N. Machado, and R. Zukanovich Funchal, Dark Neutrino Portal to
Explain MiniBooNE excess, Phys. Rev. Lett. 121 (2018) no. 24, 241801, arXiv:1807.09877
[hep-ph].

[190] P. Ballett, S. Pascoli, and M. Ross-Lonergan, U(1)’ mediated decays of heavy sterile neutrinos in
MiniBooNE, Phys. Rev. D 99 (2019) 071701, arXiv:1808.02915 [hep-ph].

[191] P. Ballett, M. Hostert, and S. Pascoli, Neutrino Masses from a Dark Neutrino Sector below the
Electroweak Scale, Phys. Rev. D 99 (2019) no. 9, 091701, arXiv:1903.07590 [hep-ph].

[192] P. Ballett, M. Hostert, and S. Pascoli, Dark Neutrinos and a Three Portal Connection to the
Standard Model, Phys. Rev. D 101 (2020) no. 11, 115025, arXiv:1903.07589 [hep-ph].

[193] B. Holdom, Two U(1)’s and Epsilon Charge Shifts, Phys. Lett. B 166 (1986) 196–198.
[194] B. A. Dobrescu, Massless gauge bosons other than the photon, Phys. Rev. Lett. 94 (2005)

151802, arXiv:hep-ph/0411004.
[195] M. Fabbrichesi, E. Gabrielli, and G. Lanfranchi, The Dark Photon, arXiv:2005.01515

[hep-ph].
[196] E. Gabrielli, B. Mele, M. Raidal, and E. Venturini, FCNC decays of standard model fermions into

a dark photon, Phys. Rev. D 94 (2016) no. 11, 115013, arXiv:1607.05928 [hep-ph].
[197] M. Fabbrichesi, E. Gabrielli, and B. Mele, Hunting down massless dark photons in kaon physics,

Phys. Rev. Lett. 119 (2017) no. 3, 031801, arXiv:1705.03470 [hep-ph].
[198] NA48/2 Collaboration, J. R. Batley et al., Search for the dark photon in π0 decays, Phys. Lett. B

746 (2015) 178–185, arXiv:1504.00607 [hep-ex].
[199] J.-Y. Su and J. Tandean, Kaon decays shedding light on massless dark photons, Eur. Phys. J. C 80

(2020) no. 9, 824, arXiv:2006.05985 [hep-ph].
[200] J.-Y. Su and J. Tandean, Searching for dark photons in hyperon decays, Phys. Rev. D 101 (2020)

no. 3, 035044, arXiv:1911.13301 [hep-ph].
[201] J. Alexander et al., Dark Sectors 2016 Workshop: Community Report, 8, 2016.

arXiv:1608.08632 [hep-ph].
[202] M. Fabbrichesi and E. Gabrielli, Dark-sector physics in the search for the rare decays

K+ → π+νν̄ and KL → π0νν̄, Eur. Phys. J. C 80 (2020) no. 6, 532, arXiv:1911.03755
[hep-ph].

[203] S. N. Gninenko and N. V. Krasnikov, Invisible KL decays as a probe of new physics, Phys. Rev.
D 92 (2015) no. 3, 034009, arXiv:1503.01595 [hep-ph].

[204] S. N. Gninenko, Search for invisible decays of π0, η, η′,KS and KL: A probe of new physics and
tests using the Bell-Steinberger relation, Phys. Rev. D 91 (2015) no. 1, 015004,
arXiv:1409.2288 [hep-ph].

[205] D. Barducci, M. Fabbrichesi, and E. Gabrielli, Neutral Hadrons Disappearing into the Darkness,
Phys. Rev. D 98 (2018) no. 3, 035049, arXiv:1806.05678 [hep-ph].

96

http://dx.doi.org/10.1103/PhysRevD.95.075023
http://arxiv.org/abs/1612.04737
http://arxiv.org/abs/1612.04737
http://dx.doi.org/10.1016/S0370-2693(00)00333-6
http://dx.doi.org/10.1016/S0370-2693(00)00333-6
http://arxiv.org/abs/hep-ph/0003160
http://dx.doi.org/10.1103/PhysRevD.71.113014
http://dx.doi.org/10.1103/PhysRevD.71.113014
http://arxiv.org/abs/hep-ph/0502163
http://dx.doi.org/10.1088/1126-6708/2009/05/030
http://dx.doi.org/10.1088/1126-6708/2009/05/030
http://arxiv.org/abs/0901.3589
http://dx.doi.org/10.1007/JHEP02(2018)169
http://arxiv.org/abs/1712.03984
http://dx.doi.org/10.1103/PhysRevLett.121.241801
http://arxiv.org/abs/1807.09877
http://arxiv.org/abs/1807.09877
http://dx.doi.org/10.1103/PhysRevD.99.071701
http://arxiv.org/abs/1808.02915
http://dx.doi.org/10.1103/PhysRevD.99.091701
http://arxiv.org/abs/1903.07590
http://dx.doi.org/10.1103/PhysRevD.101.115025
http://arxiv.org/abs/1903.07589
http://dx.doi.org/10.1016/0370-2693(86)91377-8
http://dx.doi.org/10.1103/PhysRevLett.94.151802
http://dx.doi.org/10.1103/PhysRevLett.94.151802
http://arxiv.org/abs/hep-ph/0411004
http://arxiv.org/abs/2005.01515
http://arxiv.org/abs/2005.01515
http://dx.doi.org/10.1103/PhysRevD.94.115013
http://arxiv.org/abs/1607.05928
http://dx.doi.org/10.1103/PhysRevLett.119.031801
http://arxiv.org/abs/1705.03470
http://dx.doi.org/10.1016/j.physletb.2015.04.068
http://dx.doi.org/10.1016/j.physletb.2015.04.068
http://arxiv.org/abs/1504.00607
http://dx.doi.org/10.1140/epjc/s10052-020-8338-3
http://dx.doi.org/10.1140/epjc/s10052-020-8338-3
http://arxiv.org/abs/2006.05985
http://dx.doi.org/10.1103/PhysRevD.101.035044
http://dx.doi.org/10.1103/PhysRevD.101.035044
http://arxiv.org/abs/1911.13301
http://arxiv.org/abs/1608.08632
http://dx.doi.org/10.1140/epjc/s10052-020-8103-7
http://arxiv.org/abs/1911.03755
http://arxiv.org/abs/1911.03755
http://dx.doi.org/10.1103/PhysRevD.92.034009
http://dx.doi.org/10.1103/PhysRevD.92.034009
http://arxiv.org/abs/1503.01595
http://dx.doi.org/10.1103/PhysRevD.91.015004
http://arxiv.org/abs/1409.2288
http://dx.doi.org/10.1103/PhysRevD.98.035049
http://arxiv.org/abs/1806.05678


[206] D. Page, M. V. Beznogov, I. Garibay, J. M. Lattimer, M. Prakash, and H.-T. Janka, NS 1987A in
SN 1987A, Astrophys. J. 898 (2020) no. 2, 125, arXiv:2004.06078 [astro-ph.HE].

[207] T. Aoyama et al., The anomalous magnetic moment of the muon in the Standard Model, Phys.
Rept. 887 (2020) 1–166, arXiv:2006.04822 [hep-ph].

[208] Muon g-2 Collaboration, B. Abi et al., Measurement of the Positive Muon Anomalous Magnetic
Moment to 0.46 ppm, Phys. Rev. Lett. 126 (2021) no. 14, 141801, arXiv:2104.03281
[hep-ex].

[209] L. Calibbi, R. Ziegler, and J. Zupan, Minimal models for dark matter and the muon g − 2
anomaly, JHEP 07 (2018) 046, arXiv:1804.00009 [hep-ph].

[210] G. Arcadi, L. Calibbi, M. Fedele, and F. Mescia, Muon g − 2 and B-anomalies from Dark
Matter, arXiv:2104.03228 [hep-ph].

[211] J. Beacham et al., Physics Beyond Colliders at CERN: Beyond the Standard Model Working
Group Report, J. Phys. G 47 (2020) no. 1, 010501, arXiv:1901.09966 [hep-ex].

[212] G. Mohlabeng, Revisiting the dark photon explanation of the muon anomalous magnetic moment,
Phys. Rev. D 99 (2019) no. 11, 115001, arXiv:1902.05075 [hep-ph].

[213] LHCb Collaboration, R. Aaij et al., Test of lepton universality in beauty-quark decays,
arXiv:2103.11769 [hep-ex].

[214] B. Batell, M. Pospelov, and A. Ritz, Multi-lepton Signatures of a Hidden Sector in Rare B
Decays, Phys. Rev. D 83 (2011) 054005, arXiv:0911.4938 [hep-ph].

[215] A. Datta, J. L. Feng, S. Kamali, and J. Kumar, Resolving the (g − 2)µ and B Anomalies with
Leptoquarks and a Dark Higgs Boson, Phys. Rev. D 101 (2020) no. 3, 035010,
arXiv:1908.08625 [hep-ph].

[216] K. Fuyuto, W.-S. Hou, and M. Kohda, Z’ -induced FCNC decays of top, beauty, and strange
quarks, Phys. Rev. D 93 (2016) no. 5, 054021, arXiv:1512.09026 [hep-ph].

[217] A. Datta, J. Kumar, J. Liao, and D. Marfatia, New light mediators for the RK and RK
∗ puzzles,

Phys. Rev. D 97 (2018) no. 11, 115038, arXiv:1705.08423 [hep-ph].
[218] A. Datta, B. Dutta, S. Liao, D. Marfatia, and L. E. Strigari, Neutrino scattering and B anomalies

from hidden sector portals, JHEP 01 (2019) 091, arXiv:1808.02611 [hep-ph].
[219] L. Darmé, M. Fedele, K. Kowalska, and E. M. Sessolo, Flavour anomalies from a split dark

sector, JHEP 08 (2020) 148, arXiv:2002.11150 [hep-ph].
[220] B. Dutta, S. Ghosh, P. Huang, and J. Kumar, Explaining gµ − 2 and R

K
(∗) using the light

mediators of U(1)T3R, arXiv:2105.07655 [hep-ph].
[221] G. Krnjaic, G. Marques-Tavares, D. Redigolo, and K. Tobioka, Probing Muonphilic Force

Carriers and Dark Matter at Kaon Factories, Phys. Rev. Lett. 124 (2020) no. 4, 041802,
arXiv:1902.07715 [hep-ph].

[222] X. G. He, G. C. Joshi, H. Lew, and R. R. Volkas, NEW Z-prime PHENOMENOLOGY , Phys. Rev.
D 43 (1991) 22–24.

[223] X.-G. He, G. C. Joshi, H. Lew, and R. R. Volkas, Simplest Z-prime model, Phys. Rev. D 44
(1991) 2118–2132.

[224] A. Greljo, Y. Soreq, P. Stangl, A. E. Thomsen, and J. Zupan, Muonic Force Behind Flavor
Anomalies, arXiv:2107.07518 [hep-ph].

[225] BaBar Collaboration, J. P. Lees et al., Search for a muonic dark force at BABAR, Phys. Rev. D 94
(2016) no. 1, 011102, arXiv:1606.03501 [hep-ex].

[226] W. Altmannshofer, S. Gori, M. Pospelov, and I. Yavin, Neutrino Trident Production: A Powerful
Probe of New Physics with Neutrino Beams, Phys. Rev. Lett. 113 (2014) 091801,
arXiv:1406.2332 [hep-ph].

[227] C.-Y. Chen, H. Davoudiasl, W. J. Marciano, and C. Zhang, Implications of a light “dark Higgs”

97

http://dx.doi.org/10.3847/1538-4357/ab93c2
http://arxiv.org/abs/2004.06078
http://dx.doi.org/10.1016/j.physrep.2020.07.006
http://dx.doi.org/10.1016/j.physrep.2020.07.006
http://arxiv.org/abs/2006.04822
http://dx.doi.org/10.1103/PhysRevLett.126.141801
http://arxiv.org/abs/2104.03281
http://arxiv.org/abs/2104.03281
http://dx.doi.org/10.1007/JHEP07(2018)046
http://arxiv.org/abs/1804.00009
http://arxiv.org/abs/2104.03228
http://dx.doi.org/10.1088/1361-6471/ab4cd2
http://arxiv.org/abs/1901.09966
http://dx.doi.org/10.1103/PhysRevD.99.115001
http://arxiv.org/abs/1902.05075
http://arxiv.org/abs/2103.11769
http://dx.doi.org/10.1103/PhysRevD.83.054005
http://arxiv.org/abs/0911.4938
http://dx.doi.org/10.1103/PhysRevD.101.035010
http://arxiv.org/abs/1908.08625
http://dx.doi.org/10.1103/PhysRevD.93.054021
http://arxiv.org/abs/1512.09026
http://dx.doi.org/10.1103/PhysRevD.97.115038
http://arxiv.org/abs/1705.08423
http://dx.doi.org/10.1007/JHEP01(2019)091
http://arxiv.org/abs/1808.02611
http://dx.doi.org/10.1007/JHEP08(2020)148
http://arxiv.org/abs/2002.11150
http://arxiv.org/abs/2105.07655
http://dx.doi.org/10.1103/PhysRevLett.124.041802
http://arxiv.org/abs/1902.07715
http://dx.doi.org/10.1103/PhysRevD.43.R22
http://dx.doi.org/10.1103/PhysRevD.43.R22
http://dx.doi.org/10.1103/PhysRevD.44.2118
http://dx.doi.org/10.1103/PhysRevD.44.2118
http://arxiv.org/abs/2107.07518
http://dx.doi.org/10.1103/PhysRevD.94.011102
http://dx.doi.org/10.1103/PhysRevD.94.011102
http://arxiv.org/abs/1606.03501
http://dx.doi.org/10.1103/PhysRevLett.113.091801
http://arxiv.org/abs/1406.2332


solution to the gµ-2 discrepancy, Phys. Rev. D 93 (2016) no. 3, 035006, arXiv:1511.04715
[hep-ph].

[228] B. Batell, N. Lange, D. McKeen, M. Pospelov, and A. Ritz, Muon anomalous magnetic moment
through the leptonic Higgs portal, Phys. Rev. D 95 (2017) no. 7, 075003, arXiv:1606.04943
[hep-ph].

[229] M. Pospelov, A. Ritz, and M. B. Voloshin, Secluded WIMP Dark Matter, Phys. Lett. B 662
(2008) 53–61, arXiv:0711.4866 [hep-ph].

[230] BaBar Collaboration, J. P. Lees et al., Search for a Dark Leptophilic Scalar in e+e− Collisions,
Phys. Rev. Lett. 125 (2020) no. 18, 181801, arXiv:2005.01885 [hep-ex].

[231] A. Datta, S. Kamali, and D. Marfatia, Dark sector origin of the KOTO and MiniBooNE
anomalies, Phys. Lett. B 807 (2020) 135579, arXiv:2005.08920 [hep-ph].

[232] A. Abdullahi, M. Hostert, and S. Pascoli, A dark seesaw solution to low energy anomalies:
MiniBooNE, the muon (g − 2), and BaBar, Phys. Lett. B 820 (2021) 136531,
arXiv:2007.11813 [hep-ph].

[233] LSND Collaboration, A. Aguilar-Arevalo et al., Evidence for neutrino oscillations from the
observation of ν̄e appearance in a ν̄µ beam, Phys. Rev. D 64 (2001) 112007,
arXiv:hep-ex/0104049.

[234] MiniBooNE Collaboration, A. Aguilar-Arevalo et al., Significant Excess of ElectronLike Events
in the MiniBooNE Short-Baseline Neutrino Experiment, Phys. Rev. Lett. 121 (2018) no. 22,
221801, arXiv:1805.12028 [hep-ex].

[235] A. Bally, S. Jana, and A. Trautner, Neutrino self-interactions and XENON1T electron recoil
excess, Phys. Rev. Lett. 125 (2020) no. 16, 161802, arXiv:2006.11919 [hep-ph].

[236] F.-Y. Cyr-Racine and K. Sigurdson, Limits on Neutrino-Neutrino Scattering in the Early
Universe, Phys. Rev. D 90 (2014) no. 12, 123533, arXiv:1306.1536 [astro-ph.CO].

[237] C. D. Kreisch, F.-Y. Cyr-Racine, and O. Doré, Neutrino puzzle: Anomalies, interactions, and
cosmological tensions, Phys. Rev. D 101 (2020) no. 12, 123505, arXiv:1902.00534
[astro-ph.CO].

[238] N. Blinov, K. J. Kelly, G. Z. Krnjaic, and S. D. McDermott, Constraining the Self-Interacting
Neutrino Interpretation of the Hubble Tension, Phys. Rev. Lett. 123 (2019) no. 19, 191102,
arXiv:1905.02727 [astro-ph.CO].

[239] I. Esteban and J. Salvado, Long Range Interactions in Cosmology: Implications for Neutrinos,
JCAP 05 (2021) 036, arXiv:2101.05804 [hep-ph].

[240] T. Brinckmann, J. H. Chang, and M. LoVerde, Self-interacting neutrinos, the Hubble parameter
tension, and the cosmic microwave background, Phys. Rev. D 104 (2021) no. 6, 063523,
arXiv:2012.11830 [astro-ph.CO].

[241] A. Das and S. Ghosh, Flavor-specific interaction favors strong neutrino self-coupling in the early
universe, JCAP 07 (2021) 038, arXiv:2011.12315 [astro-ph.CO].

[242] M. Archidiacono, S. Gariazzo, C. Giunti, S. Hannestad, and T. Tram, Sterile neutrino
self-interactions: H0 tension and short-baseline anomalies, JCAP 12 (2020) 029,
arXiv:2006.12885 [astro-ph.CO].

[243] L. Johns and G. M. Fuller, Self-interacting sterile neutrino dark matter: the heavy-mediator case,
Phys. Rev. D 100 (2019) no. 2, 023533, arXiv:1903.08296 [hep-ph].

[244] A. De Gouvêa, M. Sen, W. Tangarife, and Y. Zhang, Dodelson-Widrow Mechanism in the
Presence of Self-Interacting Neutrinos, Phys. Rev. Lett. 124 (2020) no. 8, 081802,
arXiv:1910.04901 [hep-ph].

[245] J. M. Berryman, A. De Gouvêa, K. J. Kelly, and Y. Zhang, Lepton-Number-Charged Scalars and
Neutrino Beamstrahlung, Phys. Rev. D 97 (2018) no. 7, 075030, arXiv:1802.00009

98

http://dx.doi.org/10.1103/PhysRevD.93.035006
http://arxiv.org/abs/1511.04715
http://arxiv.org/abs/1511.04715
http://dx.doi.org/10.1103/PhysRevD.95.075003
http://arxiv.org/abs/1606.04943
http://arxiv.org/abs/1606.04943
http://dx.doi.org/10.1016/j.physletb.2008.02.052
http://dx.doi.org/10.1016/j.physletb.2008.02.052
http://arxiv.org/abs/0711.4866
http://dx.doi.org/10.1103/PhysRevLett.125.181801
http://arxiv.org/abs/2005.01885
http://dx.doi.org/10.1016/j.physletb.2020.135579
http://arxiv.org/abs/2005.08920
http://dx.doi.org/10.1016/j.physletb.2021.136531
http://arxiv.org/abs/2007.11813
http://dx.doi.org/10.1103/PhysRevD.64.112007
http://arxiv.org/abs/hep-ex/0104049
http://dx.doi.org/10.1103/PhysRevLett.121.221801
http://dx.doi.org/10.1103/PhysRevLett.121.221801
http://arxiv.org/abs/1805.12028
http://dx.doi.org/10.1103/PhysRevLett.125.161802
http://arxiv.org/abs/2006.11919
http://dx.doi.org/10.1103/PhysRevD.90.123533
http://arxiv.org/abs/1306.1536
http://dx.doi.org/10.1103/PhysRevD.101.123505
http://arxiv.org/abs/1902.00534
http://arxiv.org/abs/1902.00534
http://dx.doi.org/10.1103/PhysRevLett.123.191102
http://arxiv.org/abs/1905.02727
http://dx.doi.org/10.1088/1475-7516/2021/05/036
http://arxiv.org/abs/2101.05804
http://dx.doi.org/10.1103/PhysRevD.104.063523
http://arxiv.org/abs/2012.11830
http://dx.doi.org/10.1088/1475-7516/2021/07/038
http://arxiv.org/abs/2011.12315
http://dx.doi.org/10.1088/1475-7516/2020/12/029
http://arxiv.org/abs/2006.12885
http://dx.doi.org/10.1103/PhysRevD.100.023533
http://arxiv.org/abs/1903.08296
http://dx.doi.org/10.1103/PhysRevLett.124.081802
http://arxiv.org/abs/1910.04901
http://dx.doi.org/10.1103/PhysRevD.97.075030
http://arxiv.org/abs/1802.00009
http://arxiv.org/abs/1802.00009


[hep-ph].
[246] P. S. Pasquini and O. L. G. Peres, Bounds on Neutrino-Scalar Yukawa Coupling, Phys. Rev. D 93

(2016) no. 5, 053007, arXiv:1511.01811 [hep-ph]. [Erratum: Phys.Rev.D 93, 079902
(2016)].

[247] J. Liu, N. McGinnis, C. E. M. Wagner, and X.-P. Wang, A light scalar explanation of (g − 2)µ
and the KOTO anomaly, JHEP 04 (2020) 197, arXiv:2001.06522 [hep-ph].

[248] M. Berbig, S. Jana, and A. Trautner, The Hubble tension and a renormalizable model of gauged
neutrino self-interactions, Phys. Rev. D 102 (2020) no. 11, 115008, arXiv:2004.13039
[hep-ph].

[249] Y. Grossman, G. Isidori, and H. Murayama, Lepton flavor mixing and K → πνν̄ decays, Phys.
Lett. B 588 (2004) 74–80, arXiv:hep-ph/0311353.

[250] T. Li, X.-D. Ma, and M. A. Schmidt, Implication of K → πνν̄ for generic neutrino interactions
in effective field theories, Phys. Rev. D 101 (2020) no. 5, 055019, arXiv:1912.10433
[hep-ph].

[251] F. Mescia and C. Smith, Improved estimates of rare K decay matrix-elements from Kl3 decays,
Phys. Rev. D 76 (2007) 034017, arXiv:0705.2025 [hep-ph].

[252] J. Brod, M. Gorbahn, and E. Stamou, Updated Standard Model Prediction for K → πνν̄ and ϵK ,
arXiv:2105.02868 [hep-ph].

[253] KOTO Collaboration, J. K. Ahn et al., Search for the KL→π0νν and KL→π0X0 decays at the
J-PARC KOTO experiment, Phys. Rev. Lett. 122 (2019) no. 2, 021802, arXiv:1810.09655
[hep-ex].

[254] C.-Q. Geng and J. Tandean, Probing new physics with the kaon decays K → ππE̸, Phys. Rev. D
102 (2020) 115021, arXiv:2009.00608 [hep-ph].

[255] KOTO Collaboration, J. K. Ahn et al., Study of the KL → π0νν̄ Decay at the J-PARC KOTO
Experiment, Phys. Rev. Lett. 126 (2021) no. 12, 121801, arXiv:2012.07571 [hep-ex].

[256] X.-G. He, G. Valencia, and K. Wong, Constraints on new physics from K → πνν̄, Eur. Phys. J. C
78 (2018) no. 6, 472, arXiv:1804.07449 [hep-ph]. [Erratum: Eur.Phys.J.C 80, 738 (2020)].

[257] X.-G. He, X.-D. Ma, J. Tandean, and G. Valencia, Breaking the Grossman-Nir Bound in Kaon
Decays, JHEP 04 (2020) 057, arXiv:2002.05467 [hep-ph].

[258] X.-G. He, X.-D. Ma, J. Tandean, and G. Valencia, Evading the Grossman-Nir bound with
∆I = 3/2 new physics, JHEP 08 (2020) no. 08, 034, arXiv:2005.02942 [hep-ph].

[259] R. Ziegler, J. Zupan, and R. Zwicky, Three Exceptions to the Grossman-Nir Bound,
arXiv:2005.00451 [hep-ph].

[260] M. Hostert, K. Kaneta, and M. Pospelov, Pair production of dark particles in meson decays,
arXiv:2005.07102 [hep-ph].

[261] K. Fuyuto, W.-S. Hou, and M. Kohda, Loophole in K → πνν̄ Search and New Weak Leptonic
Forces, Phys. Rev. Lett. 114 (2015) 171802, arXiv:1412.4397 [hep-ph].

[262] E949 Collaboration, A. V. Artamonov et al., Search for the decay K+ → π+γγ in the π+

momentum region P > 213 MeV/c, Phys. Lett. B 623 (2005) 192–199,
arXiv:hep-ex/0505069.

[263] KTeV Collaboration, E. Abouzaid et al., Final Results from the KTeV Experiment on the Decay
KL → π0γγ, Phys. Rev. D 77 (2008) 112004, arXiv:0805.0031 [hep-ex].

[264] NA62 Collaboration, C. Lazzeroni et al., Study of the K± → π±γγ decay by the NA62
experiment, Phys. Lett. B 732 (2014) 65–74, arXiv:1402.4334 [hep-ex].

[265] Y. Liao, H.-L. Wang, C.-Y. Yao, and J. Zhang, Imprint of a new light particle at KOTO?, Phys.
Rev. D 102 (2020) no. 5, 055005, arXiv:2005.00753 [hep-ph].

[266] F. Kling and S. Trojanowski, Looking forward to test the KOTO anomaly with FASER, Phys. Rev.

99

http://arxiv.org/abs/1802.00009
http://arxiv.org/abs/1802.00009
http://arxiv.org/abs/1802.00009
http://dx.doi.org/10.1103/PhysRevD.93.053007
http://dx.doi.org/10.1103/PhysRevD.93.053007
http://arxiv.org/abs/1511.01811
http://dx.doi.org/10.1007/JHEP04(2020)197
http://arxiv.org/abs/2001.06522
http://dx.doi.org/10.1103/PhysRevD.102.115008
http://arxiv.org/abs/2004.13039
http://arxiv.org/abs/2004.13039
http://dx.doi.org/10.1016/j.physletb.2004.01.093
http://dx.doi.org/10.1016/j.physletb.2004.01.093
http://arxiv.org/abs/hep-ph/0311353
http://dx.doi.org/10.1103/PhysRevD.101.055019
http://arxiv.org/abs/1912.10433
http://arxiv.org/abs/1912.10433
http://dx.doi.org/10.1103/PhysRevD.76.034017
http://arxiv.org/abs/0705.2025
http://arxiv.org/abs/2105.02868
http://dx.doi.org/10.1103/PhysRevLett.122.021802
http://arxiv.org/abs/1810.09655
http://arxiv.org/abs/1810.09655
http://dx.doi.org/10.1103/PhysRevD.102.115021
http://dx.doi.org/10.1103/PhysRevD.102.115021
http://arxiv.org/abs/2009.00608
http://dx.doi.org/10.1103/PhysRevLett.126.121801
http://arxiv.org/abs/2012.07571
http://dx.doi.org/10.1140/epjc/s10052-018-5964-0
http://dx.doi.org/10.1140/epjc/s10052-018-5964-0
http://arxiv.org/abs/1804.07449
http://dx.doi.org/10.1007/JHEP04(2020)057
http://arxiv.org/abs/2002.05467
http://dx.doi.org/10.1007/JHEP08(2020)034
http://arxiv.org/abs/2005.02942
http://arxiv.org/abs/2005.00451
http://arxiv.org/abs/2005.07102
http://dx.doi.org/10.1103/PhysRevLett.114.171802
http://arxiv.org/abs/1412.4397
http://dx.doi.org/10.1016/j.physletb.2005.07.057
http://arxiv.org/abs/hep-ex/0505069
http://dx.doi.org/10.1103/PhysRevD.77.112004
http://arxiv.org/abs/0805.0031
http://dx.doi.org/10.1016/j.physletb.2014.03.016
http://arxiv.org/abs/1402.4334
http://dx.doi.org/10.1103/PhysRevD.102.055005
http://dx.doi.org/10.1103/PhysRevD.102.055005
http://arxiv.org/abs/2005.00753
http://dx.doi.org/10.1103/PhysRevD.102.015032
http://dx.doi.org/10.1103/PhysRevD.102.015032


D 102 (2020) no. 1, 015032, arXiv:2006.10630 [hep-ph].
[267] M. Hostert and M. Pospelov, Novel multi-lepton signatures of dark sectors in light meson decays,

arXiv:2012.02142 [hep-ph].
[268] M. Ahlers, J. Jaeckel, J. Redondo, and A. Ringwald, Probing Hidden Sector Photons through the

Higgs Window, Phys. Rev. D 78 (2008) 075005, arXiv:0807.4143 [hep-ph].
[269] M. Pospelov, Secluded U(1) below the weak scale, Phys. Rev. D 80 (2009) 095002,

arXiv:0811.1030 [hep-ph].
[270] Particle Data Group Collaboration, P. A. Zyla et al., Review of Particle Physics, PTEP 2020

(2020) no. 8, 083C01.
[271] KTeV Collaboration, A. Alavi-Harati et al., Measurements of the Decay KL → e+e−µ+µ−,

Phys. Rev. Lett. 90 (2003) 141801, arXiv:hep-ex/0212002.
[272] G. Isidori and R. Unterdorfer, On the short distance constraints from KL,S → µ+µ−, JHEP 01

(2004) 009, arXiv:hep-ph/0311084.
[273] G. D’Ambrosio, D. Greynat, and G. Vulvert, Standard Model and New Physics contributions to

KL and KS into four leptons, Eur. Phys. J. C 73 (2013) no. 12, 2678, arXiv:1309.5736
[hep-ph].

[274] A. J. Krasznahorkay et al., Observation of Anomalous Internal Pair Creation in Be8 : A Possible
Indication of a Light, Neutral Boson, Phys. Rev. Lett. 116 (2016) no. 4, 042501,
arXiv:1504.01527 [nucl-ex].

[275] D. Tucker-Smith and N. Weiner, Inelastic dark matter, Phys. Rev. D 64 (2001) 043502,
arXiv:hep-ph/0101138.

[276] B. Dutta, S. Ghosh, and T. Li, Explaining (g − 2)µ,e, KOTO anomaly and MiniBooNE excess in
an extended Higgs model with sterile neutrinos, arXiv:2006.01319 [hep-ph].

[277] W. Abdallah, R. Gandhi, and S. Roy, Understanding the MiniBooNE and the muon g − 2
anomalies with a light Z ′ and a second Higgs doublet, arXiv:2006.01948 [hep-ph].

[278] X. Liu, Y. Li, T. Li, and B. Zhu, The Light Sgoldstino Phenomenology: Explanations for the
Muon (g − 2) Deviation and KOTO Anomaly, arXiv:2006.08869 [hep-ph].

[279] Planck Collaboration, N. Aghanim et al., Planck 2018 results. VI. Cosmological parameters,
Astron. Astrophys. 641 (2020) A6, arXiv:1807.06209 [astro-ph.CO].

[280] K. Petraki and R. R. Volkas, Review of asymmetric dark matter, Int. J. Mod. Phys. A 28 (2013)
1330028, arXiv:1305.4939 [hep-ph].

[281] K. M. Zurek, Asymmetric Dark Matter: Theories, Signatures, and Constraints, Phys. Rept. 537
(2014) 91–121, arXiv:1308.0338 [hep-ph].

[282] B. Fornal and B. Grinstein, Dark Matter Interpretation of the Neutron Decay Anomaly, Phys.
Rev. Lett. 120 (2018) no. 19, 191801, arXiv:1801.01124 [hep-ph]. [Erratum: Phys.Rev.Lett.
124, 219901 (2020)].

[283] G. Elor, M. Escudero, and A. Nelson, Baryogenesis and Dark Matter from B Mesons, Phys. Rev.
D 99 (2019) no. 3, 035031, arXiv:1810.00880 [hep-ph].

[284] A. E. Nelson and H. Xiao, Baryogenesis from B Meson Oscillations, Phys. Rev. D 100 (2019)
no. 7, 075002, arXiv:1901.08141 [hep-ph].

[285] G. Alonso-Álvarez, G. Elor, and M. Escudero, Collider signals of baryogenesis and dark matter
from B mesons: A roadmap to discovery, Phys. Rev. D 104 (2021) no. 3, 035028,
arXiv:2101.02706 [hep-ph].

[286] K. Aitken, D. McKeen, T. Neder, and A. E. Nelson, Baryogenesis from Oscillations of Charmed
or Beautiful Baryons, Phys. Rev. D 96 (2017) no. 7, 075009, arXiv:1708.01259 [hep-ph].

[287] J. Heeck, Light particles with baryon and lepton numbers, Phys. Lett. B 813 (2021) 136043,
arXiv:2009.01256 [hep-ph].

100

http://dx.doi.org/10.1103/PhysRevD.102.015032
http://dx.doi.org/10.1103/PhysRevD.102.015032
http://dx.doi.org/10.1103/PhysRevD.102.015032
http://arxiv.org/abs/2006.10630
http://arxiv.org/abs/2012.02142
http://dx.doi.org/10.1103/PhysRevD.78.075005
http://arxiv.org/abs/0807.4143
http://dx.doi.org/10.1103/PhysRevD.80.095002
http://arxiv.org/abs/0811.1030
http://dx.doi.org/10.1093/ptep/ptaa104
http://dx.doi.org/10.1093/ptep/ptaa104
http://dx.doi.org/10.1103/PhysRevLett.90.141801
http://arxiv.org/abs/hep-ex/0212002
http://dx.doi.org/10.1088/1126-6708/2004/01/009
http://dx.doi.org/10.1088/1126-6708/2004/01/009
http://arxiv.org/abs/hep-ph/0311084
http://dx.doi.org/10.1140/epjc/s10052-013-2678-1
http://arxiv.org/abs/1309.5736
http://arxiv.org/abs/1309.5736
http://dx.doi.org/10.1103/PhysRevLett.116.042501
http://arxiv.org/abs/1504.01527
http://dx.doi.org/10.1103/PhysRevD.64.043502
http://arxiv.org/abs/hep-ph/0101138
http://arxiv.org/abs/2006.01319
http://arxiv.org/abs/2006.01948
http://arxiv.org/abs/2006.08869
http://dx.doi.org/10.1051/0004-6361/201833910
http://arxiv.org/abs/1807.06209
http://dx.doi.org/10.1142/S0217751X13300287
http://dx.doi.org/10.1142/S0217751X13300287
http://arxiv.org/abs/1305.4939
http://dx.doi.org/10.1016/j.physrep.2013.12.001
http://dx.doi.org/10.1016/j.physrep.2013.12.001
http://arxiv.org/abs/1308.0338
http://dx.doi.org/10.1103/PhysRevLett.120.191801
http://dx.doi.org/10.1103/PhysRevLett.120.191801
http://arxiv.org/abs/1801.01124
http://dx.doi.org/10.1103/PhysRevD.99.035031
http://dx.doi.org/10.1103/PhysRevD.99.035031
http://arxiv.org/abs/1810.00880
http://dx.doi.org/10.1103/PhysRevD.100.075002
http://dx.doi.org/10.1103/PhysRevD.100.075002
http://arxiv.org/abs/1901.08141
http://dx.doi.org/10.1103/PhysRevD.104.035028
http://arxiv.org/abs/2101.02706
http://dx.doi.org/10.1103/PhysRevD.96.075009
http://arxiv.org/abs/1708.01259
http://dx.doi.org/10.1016/j.physletb.2020.136043
http://arxiv.org/abs/2009.01256
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