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Community effort between Ex and Th
[mainly on kaon physics, RF6 Dark Sector Studies at High Intensities]

• Letter of Interest by 4 people  
for new light particles at kaon factories.  
 
 
 
 

• Essential to integrate experimentalists and theorists  

• Joined by 60 experts, including people from NA62, KOTO, LHCb, BESIII, 
KLEVER experiments  

• Include topics beyond kaon, such as hyperon and BESIII. 
2

Letter of Interest:
Probing the Dark Sector at Kaon Factories

Evgueni Goudzovski1, Diego Redigolo2, Kohsaku Tobioka3,4, and Jure Zupan5

1School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham,
B15 2TT, United Kingdom

2CERN, Theory Division, CH-1211 Geneva 23, Switzerland
3Department of Physics, Florida State University, Tallahassee, FL 32306, USA

4High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801, Japan
5Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221, USA

May 10, 2022

Abstract

Measurements of rare kaon branching ratios are crucial probes of light dark sectors, and
are set to be improved by the currently running kaon experiments NA62 and KOTO, and in
future by KLEVER. In this letter we summarize the status of searches for kaon decays to
light dark sectors, and discuss the experimental challenges and opportunities.
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Kohsaku Tobioka, Florida State University 

Precision Measurements
As a probe of heavy new physics via EFT

• Many BSM models biased heavy 
particles above ~TeV. Driven by 
hierarchy problem & WIMP DM 

• Then, precision measurements, 
such as meson decay, are to probe 
the heavy new physics indirectly. 
Compatible with EFT approach. 
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Feebly Interacting Light Particles 
New DoF. EFT is invalid. Need model-dependent approach. 

• Possibility of feebly interacting light 
particles (X) ∈ light dark sectors,   
with various motivation 
Light DM, hierarchy problem, strong CP, ν mass, 
baryogenesis, (g-2)μ anomaly…  

• X can be directly produced,  
but EFT approach won’t work
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• Signal strongly depends on nature of 
X. Model dependent signal/strategy. 

• In each scenario, investigate  
what is allowed/interesting region 
⇒target channel and BR 
e.g.(g-2)μ anomaly⇒ BR(K→μ+inv)
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Why kaon decay for new light particles?
High precision, complementary to astro/cosmology and beam-dump exp. 
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• limited decay modes to SM (γ, e, μ, 
maybe π) for mX <O(100)MeV
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• Can be long-lived (X~invisible),  
complementary to beam dump 
experiments and cosmological 
limit (τX>1sec)   

• mX ~O(10-100)MeV is unique.  
mX <O(1)MeV can be constrained 
by astrophysics (SN, start cooling) 
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Why kaon decay for new light particles?
High precision, complementary to astro/cosmology and beam-dump exp. 

• 3 Regions depending on  
flavor violation of X couplings 
→enhance .K/Λ → SM + X
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1. visible 
X

2. invisible  
X

3. invisible  
X

1.visible X decaying to SM.   
X is flavor conserving.  

2.invisible X beyond beam-dump.  
Flavor conserving 

3.invisible X beyond BBN and 
cosmology probes. 
X has FV coupling(ΔS=1).
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What to look for?

9

parent 
kaon

detectable 
objects

NA62 K+ charged SM, γ, 
missing

KOTO 
KLEVER

KL γ, missing

LHCb KS charged SM, γ

BESIII Hyperon various objects.

• Study each model 
Motivated parameter space? Other bounds?

• What are the interesting channel? 
Specific target BR?

Repeat, model1, 2, 3… 

• Categorize by signature 
 
[possibly at NA62, KOTO/KLEVER, LHCb, BESIII]



Decay \ Model 2.1 Higgs 2.2 ALP 2.3 Heavy 2.4 Dark 2.5 Leptonic 2.6 Strongly 2.7 GN 2.8 Two dark 2.9 Dark 2.10 More 2.11 Heavy
portal Neutral Lepton Photon Force (X) Int. Neutrino Violation sector particles Baryons exotic New Physics

4.1 K ! ⇡+inv X X � X � X X X � � X
4.2 K ! ⇡⇡+inv CP viol. axial coupl. � Xeven massless � � � � � � �

4.3 K ! ⇡�+inv possible in possible in � Xeven massless � � � � � � �extensions extensions
4.4 K ! 2⇡�+inv � � � ⇡0 ! �A0 � � � � � possible �

4.5 K ! ⇡��
negligible Xprompt � � � � lifetime � � � �(Xdilaton) loophole

4.6 K ! ⇡`↵`↵ Xprompt Xprompt � X � � lifetime � � �loophole

4.7 K ! ⇡⇡`↵`↵ CP viol. axial coupl. � X � � � � � � �& prompt

4.8 K ! ⇡`↵`↵`�`� � � � � � �
A0,

� � �MeV axion, also
K ! ⇡2`↵2`�inv

4.9 KL ! �+inv � � � X � � � � � � �
4.10 K ! ⇡�, 3� � � � � � � � � � Lorentz viol. �
4.11 KL ! ��+inv � � � � � � X(Table 2) � � � �
4.12 KS,L ! `+`�+inv � � � � � � possible possible � � KS ! µµ
4.12 KS,L ! 2`2� � � � � � � possible possible � � �
4.13 K0 ! 4` � � � � � � possible possible � � �
4.14 K+ ! `++inv � � X � X(X !inv) X � � � � �
4.15 K+ ! 3`+inv � � possible � X(X ! ``) � � U(1)+HNL � � �

4.16 K+ ! `��+inv � � K+ ! ⇡0`+N � possible possible � possible � � �
(mN . 20 MeV) (X ! 2�)

4.17 LFV � � � � � � � � � FV ALP, Z 0 FV ALP

4.18 LNV � � X(K+ ! `+N , � � � � � � � X(Maj. HNL)
N ! ⇡�`+ )

4.19 Rare KS decays KS ! ⇡(⇡)2`
KS ! ⇡(⇡)2`, � KS ! A0� � � � KS ! 4` � KS ! 2�+inv KS ! µµ! ⇡(⇡)2� ! A0�⇡

4.20 Dark Shower � � � � � � � � � X �

5 Hyperon B1 ! B2'
Table 8 � Table 1 � � � Table 4 � �

B1 ! B2a B1 ! B2A
0 B ! �/M+inv

Table 9: Summary of different models that can lead to new physics signatures in rare kaon and hyperon decays.
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1. visible X region

12
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set by beam dump exp. 

Similar study for K→πl+l-

10-9 for NA62 10-9-10-10 for KOTO, KLEVER
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Leptonic force, Heavy Neutral Lepton, Higgs Portal 
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(vector)
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MV = 3MDM
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gDM = 0.03

2. Invisible X region

• Leptonic force 
g-2 target, light DM (H0 problem)

• BR( )~10-9(10-7) 
[currently 10-7]

K+ → μ+νX

• HNL. neutrino mass 
with type I seesaw

• BR( )~10-10 

[currently 10-9]
K+ → e+X

*BBN bound not shown

• BR( ) 
>10-10(-9) 
[kaon>beam dump exp]

K+(KL) → π+(π0)X

• Higgs portal 
vs BBN

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
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QCD axion w/ flavor violation
3. invisible X region
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• QCD axion with generic 
quark coupling,  
K→πX(inv) is the best 
probe >>SN,BBN

• Improve as much as 
possible. 
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Dark photon w/ ΔS=1 dipole operator
Signatures across K+, KL, and hyperons 
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Kaons Hyperons
Decay mode Max branching ratio Decay mode Max branching ratio

K+ ! ⇡+⇡0A0
1.3 ⇥ 10

�7 �
7.8 ⇥ 10

�11�
⇤ ! nA0

1.4 ⇥ 10
�5 �

8.0 ⇥ 10
�9�

K+ ! ⇡+�A0
3.2 ⇥ 10

�8 �
1.9 ⇥ 10

�11�
⌃

+ ! pA0
8.3 ⇥ 10

�7 �
4.9 ⇥ 10

�10�

KL ! ⇡0�A0
5.9 ⇥ 10

�8 �
3.4 ⇥ 10

�11�
⌅

0 ! ⌃
0A0

5.2 ⇥ 10
�6 �

3.0 ⇥ 10
�9�

KL ! ⇡+⇡�A0
5.6 ⇥ 10

�7 �
3.2 ⇥ 10

�10�
⌅

0 ! ⇤A0
2.4 ⇥ 10

�6 �
1.4 ⇥ 10

�9�

KL ! �A0
6.8 ⇥ 10

�5 �
4.0 ⇥ 10

�8�
⌅
� ! ⌃

�A0
6.1 ⇥ 10

�6 �
3.6 ⇥ 10

�9�

KL ! inv. 1 ⇥ 10
�4 �

6.5 ⇥ 10
�10�

⌦
� ! ⌃

�A0
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 ! dA0 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 [190].

Kaon and hyperon decays induced by the d ! sA0 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
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 [198, 199]. 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 [200, 201]: 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. [202])6. 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 semileptonic B 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 [204]

RK(1.1 < q2 < 6.0 GeV
2
) = 0.846

+0.044
�0.041, (41)

differing from the SM prediction of by ⇠ 3.1�. This measurement could indicate new interactions
coupling preferably to leptons of the second and third generation. In many models proposed to

6We 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 [203].
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• Beyond kinetic mixing, UV physics can generate dipole operator w/ s→d 

Fig. 15: Experimental limits on the kinetic mixing " as a function of the dark photon mass for mA
0 > 1 MeV [186].

The redefined dark photon A0µ 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 " ⌧ 1, being proportional to "e0/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 ":

L0
int = � " ep

1 � "2
JµA0µ ' �" e JµA0µ. (38)

Although the massless dark photon (also referred to as the “photon-prime" [185]) 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 [185, 187, 188]:

Ldim�5 =
1

⇤
 ̄i�

µ⌫
⇣
Dij

M
+ iDij

E
�5

⌘
 jF

0
µ⌫ , (39)

where �µ⌫ = i/2 [�µ, �⌫ ],  
i are the SM fermions with i = 1, 2, 3 labeling the generations, and F 0

µ⌫

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 e0. They
are suppressed by the scale ⇤, representing the typical mass of the dark sector states. Note that for
i 6= j the neutral current transitions induced by (39) 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 ⇤ suppressing the dipole operator (39).

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

�
(Dij

M
)
2
+ (Dij

E
)
2�1/2 is
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(allowed by SN for mA’<1MeV)allowed by kaon mixing
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Summary
• Light new particles are interesting physics cases. 

• Precision measurements →EFT→New Physics, won’t work for light particles.  
Model dependent appoach needed.  

• Kaon/hyperon is unique playground complementary to astrophysics, cosmology, 
and beam-dump experiments.  

• The contributed paper gives comprehensive overview between models and 
signatures. 

• The paper will serve as input for planning current and future strategies for the 
kaon/Hyperon experiment.
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Thank you!
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What to look for?
Can be more efficient than case-by-case

18

parent 
kaon

detectable 
objects

χ→ inv 
(Higgs portal,  

ALP, dark 

χ→ γγ 
(ALP) Only K0→πχ …

NA62 K+ charged 
SM, γ ongoing possible NA

KOTO KL γ ongoing possible possible

LHCb KS charged 
SM, γ possible? possible? possible

… Hyperon …

Model1 
Model2 
Model3 … 

K→πχ
common prediction χ→inv

χ→γγ
(Model1,2)
(Model1, 3)



Decay \ Model 2.1 Higgs 2.2 ALP 2.3 Heavy 2.4 Dark 2.5 Leptonic 2.6 Strongly 2.7 GN 2.8 Two dark 2.9 Dark 2.10 More 2.11 Heavy
portal Neutral Lepton Photon Force (X) Int. Neutrino Violation sector particles Baryons exotic New Physics

4.1 K ! ⇡+inv X X � X � X X X � � X
4.2 K ! ⇡⇡+inv CP viol. axial coupl. � Xeven massless � � � � � � �

4.3 K ! ⇡�+inv possible in possible in � Xeven massless � � � � � � �extensions extensions
4.4 K ! 2⇡�+inv � � � ⇡0 ! �A0 � � � � � possible �

4.5 K ! ⇡��
negligible Xprompt � � � � lifetime � � � �(Xdilaton) loophole

4.6 K ! ⇡`↵`↵ Xprompt Xprompt � X � � lifetime � � �loophole

4.7 K ! ⇡⇡`↵`↵ CP viol. axial coupl. � X � � � � � � �& prompt

4.8 K ! ⇡`↵`↵`�`� � � � � � �
A0,

� � �MeV axion, also
K ! ⇡2`↵2`�inv

4.9 KL ! �+inv � � � X � � � � � � �
4.10 K ! ⇡�, 3� � � � � � � � � � Lorentz viol. �
4.11 KL ! ��+inv � � � � � � X(Table 2) � � � �
4.12 KS,L ! `+`�+inv � � � � � � possible possible � � KS ! µµ
4.12 KS,L ! 2`2� � � � � � � possible possible � � �
4.13 K0 ! 4` � � � � � � possible possible � � �
4.14 K+ ! `++inv � � X � X(X !inv) X � � � � �
4.15 K+ ! 3`+inv � � possible � X(X ! ``) � � U(1)+HNL � � �

4.16 K+ ! `��+inv � � K+ ! ⇡0`+N � possible possible � possible � � �
(mN . 20 MeV) (X ! 2�)

4.17 LFV � � � � � � � � � FV ALP, Z 0 FV ALP

4.18 LNV � � X(K+ ! `+N , � � � � � � � X(Maj. HNL)
N ! ⇡�`+ )

4.19 Rare KS decays KS ! ⇡(⇡)2`
KS ! ⇡(⇡)2`, � KS ! A0� � � � KS ! 4` � KS ! 2�+inv KS ! µµ! ⇡(⇡)2� ! A0�⇡

4.20 Dark Shower � � � � � � � � � X �

5 Hyperon B1 ! B2'
Table 8 � Table 1 � � � Table 4 � �

B1 ! B2a B1 ! B2A
0 B ! �/M+inv

Table 9: Summary of different models that can lead to new physics signatures in rare kaon and hyperon decays.
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ongoing possible maybe future difficult unknown


