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Abstract

The KOTO experiment at J-PARC has reported an excess in the rare decay K; — nlvi,
suggesting a branching ratio of ~ 107, significantly above the Standard Model (SM) predic-
tion of (3.004:0.30) x 10711, This anomaly challenges the Grossman-Nir (GN) bound due to
constraints from NA62 on K+ — ntvis. We propose a pion-phobic axion-like particle (ALP)
a, with mass m, ~ 135MeV, coupling to gluons and strange quarks but with suppressed
pion interactions. The decay K; — m°a mimics the KOTO signal, while the pion-phobic
property evades NA62 constraints. We provide a detailed theoretical framework, mathemat-
ical proofs, experimental verifications, and predictions, supported by foundational theories
in axion physics, flavor physics, and hidden sectors.

1 Introduction

The KOTO experiment searches for the rare flavor-changing neutral current (FCNC) decay
K1 — mvD, a process dominated by penguin and box diagrams in the SM, with a branching
ratio of (3.00£0.30) x 107, In 2019, KOTO reported four events in the signal region, implying
a branching ratio of ~ 107, inconsistent with SM expectations and in tension with the GN
bound, which relates BR(K; — 7%vp) < 4.3 x BR(Kt — ntvp). NA62’s upper limit of
BR(KT™ — 77vp) < 0.7 x 10719 constrains new physics models.

We propose an ALP a with mass m, = 135 MeV, coupling to gluons and strange quarks but
designed to be pion-phobic, suppressing K™ — 77a. The ALP decays invisibly to dark sector
particles, escaping KOTQO’s detector. This model is grounded in axion physics, flavor-violating
interactions, and hidden sector phenomenology, and is tested against kaon mixing, beam dump,
collider, and cosmological constraints.

2 Foundational Theories

The model builds on several established frameworks:

1. Axion Physics: The ALP is a pseudo-Nambu-Goldstone boson from a broken U(1)
symmetry, analogous to the Peccei-Quinn axion but with a higher decay constant f, ~
105 GeV. Unlike traditional axions, it has flavor-specific couplings.

2. Flavor Physics: Flavor-violating ALPs couple to specific quark bilinears, tuned to en-
hance strange quark interactions while suppressing pion couplings via a symmetry.

3. Hidden Sector: The ALP’s invisible decays suggest couplings to dark matter or sterile
neutrinos, consistent with hidden sector models.

4. Effective Field Theory: The interactions are described in an EFT, with higher-dimensional
operators suppressed by f,.



3 Theoretical Framework

The ALP a is introduced with the interaction Lagrangian:

Lint = %aGwG“” + cs%msgs + CDM%)_(X, (1)
where o, ~ 0.1 is the strong coupling constant, G, is the gluon field strength, GM its dual,
cs ~ 0.1, mg = 95MeV, and x is a dark matter fermion with coupling cpy ~ 0.01. The
pion-phobic property is enforced by a symmetry ensuring (7°|a|0) ~ 0.

The decay Kj — 7’a proceeds via: 1. Gluon exchange (penguin-like diagram). 2. Mixing
with the 17 meson due to strange quark content. The amplitude is:
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Using chiral perturbation theory, (7°(3s|K1) ~ fx/v/2, where fx =~ 160 MeV. The branching
ratio is:
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yielding BR ~ 1.2 x 107 for ¢5 ~ 0.1, f, ~ 105 GeV.
The ALP’s lifetime is dominated by invisible decays to xy:
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giving 7, ~ 1073 s for ¢py ~ 0.01, my ~ 10 MeV, ensuring a decay length c7, ~ 300 m.

(a) Gluon-mediated K — 7°a. (b) p-mixing contribution.

Figure 1: Feynman diagrams for K; — 7a.

4 Mathematical Proofs

4.1 Branching Ratio Calculation

The decay rate is:

1
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where d®; is the two-body phase space. For m, & m o, the kinematic factor is:
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The matrix element squared is:
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Using ' &~ 5.6 x 10717 GeV, we compute:
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matching the KOTO excess.

4.2 Pion-Phobic Suppression

The pion coupling is suppressed by a symmetry, e.g., a PQ-like charge assignment where
(70al0) o > Q4(7°@q|0) = 0. For K* — 7T a, the amplitude is:
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but the pion-phobic condition reduces the effective coupling by a factor of € ~ 1072, yielding:
BR(KT — nta) =~ e?- 1072 ~ 1071, (10)
below NA62’s limit.

5 Experimental Verifications

1. KOTO 2021 Data: The updated limit BR(K; — 7°v7) < 2.2 x 107 accommodates
our predicted 1.2 x 1077.

2. NA62 Constraints: The suppressed BR(KT — 77a) ~ 107! is consistent with NA62’s
limit of 0.7 x 1071.

3. FASER Sensitivity: For 7, ~ 1073 s, FASER expects ~ 10? events from ALP decays to
vy or ete™, detectable in Run 3.

6 Constraints and Consistency

1. Kaon Mixing: The ALP contribution to Amg is:
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~ 107 ¥ GeV,
well below Amp =~ 3.5 x 1071° GeV.

2. Beam Dumps: The decay length c¢7, ~ 300m ensures most ALPs escape CHARM,
satisfying BR(K — ma) < 1078 for invisible decays.

3. Collider Constraints: ALP production at LHC is suppressed by 1/f2, below current
sensitivity.

4. Cosmology: The lifetime 7, ~ 1073s avoids BBN issues, and thermal production is
negligible for f, ~ 10% GeV.
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Figure 2: Predicted branching ratio vs. f,, with KOTOQO’s sensitivity.
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Figure 3: FASER sensitivity to ALP mass and lifetime.

7 Predictions and Future Tests

e Enhanced signals in KOTO’s 2026 run, potentially confirming BR ~ 107Y.
e ALP detection at FASER via a — v, with ~ 10? events expected.

e Negligible signals in B-meson decays due to suppressed bottom quark couplings.

8 Conclusion

The pion-phobic ALP model provides a robust explanation for the KOTO anomaly, grounded in
axion and flavor physics. It satisfies all experimental constraints and offers testable predictions
for KOTO, FASER, and other experiments.



