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Motivation

axion-like particles (ALPs) are well motivated and naturally arise in many 
extension of the SM:

● QCD axion/strong CP problem

● dark matter

● portal to dark sector

● ‘axiverse’

● composite models

● supersymmetry
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Motivation

Flavor Probes of ALPs

● flavor and CP violation are suppressed in the SM

● flavor violating & CP violating observables are very sensitive to small 

BSM contributions

● charged kaon decays place strong bounds on axions
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e.g. Bauer et al. 2110.10698
Camalich et al. 2002.04623

NA62 2103.15389
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Motivation

Flavor & CP Probes of ALPs

● neutral kaon decays are unique probes of CP-violation (CPV) in 

BSM sector

● for ALP couplings, CPV and FV are related 
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SM Yukawa’s 
only source 

of FV
(minimal flavor violation - MFV)

no additional 
CP

violation in ALP
couplings

additional
sources of FV 

additional CP
violating phases
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Motivation

Flavor & CP Probes of ALPs

● goal: study 3-body decays of neutral kaons:
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SM:
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Plan

I. Theory: focus on FV and EW contributions

(R. Balkin, S. Gori, CS: 2507.01947)

II. Application using KOTO calibration data

(R. Balkin, S. Gori, D. Robinson, CS: 2508.08402)
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Flavor violating ALP couplings - from UV to IR
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Flavor violating ALP couplings - from UV to IR
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in MFV:

real coefficients!
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Flavor violating ALP couplings - from UV to IR

above the QCD scale: 
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with

mass basis matching 
contribution
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Flavor violating ALP couplings - from UV to IR
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with

mass basis matching 
contribution

above the QCD scale: 

in MFV:
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Flavor violating ALP couplings - from UV to IR
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with

mass basis matching 
contribution

above the QCD scale: 

RGE evolution
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Flavor violating ALP coulings - from UV to IR

below confinement scale: chiral Lagrangian 
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Flavor violating ALP coulings - from UV to IR

below confinement scale: chiral Lagrangian 
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Kinetic term:
- FV interactions proportional to 

off-diagonal ALP couplings 
- kinetic mixing
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Flavor violating ALP coulings - from UV to IR

below confinement scale: chiral Lagrangian 
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Kinetic term:
- FV interactions proportional to 

off-diagonal ALP couplings 
- kinetic mixing

Mass term:
- mass mixing
- flavor preserving interactions



Christiane Scherb                                                           KEK Theory Meeting

Flavor violating ALP coulings - from UV to IR

below confinement scale: chiral Lagrangian 

15

Kinetic term:
- FV interactions proportional to 

off-diagonal ALP couplings 
- kinetic mixing

Mass term:
- mass mixing
- flavor preserving interactions

Weak-mediated term:
- flavor violating interactions 

proportional to diagonal ALP 
couplings

- kinetic mixing (neutral and charged 
meson, neutral and ALP mixing)
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Kaon decay amplitudes

1) move to physical basis (remove all mixings)

2) sum up all relevant 4-point contact terms   

3) sum up all relevant factorizable contributions

16



Christiane Scherb                                                           KEK Theory Meeting

Kaon decay amplitudes 
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“direct” “indirect”

calculated for 
the first time!
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FV and CPV - some numbers
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Kaon decay amplitudes
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Ratio of rates 
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Scenarios

1. maximal flavor violation

2.  minimal flavor violation 

“directly mediated”

“mix”

“indirectly mediated”
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Minimal flavor violation - neutral 
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“indirectly mediated”

“mix”

“directly mediated”



Christiane Scherb                                                           KEK Theory Meeting

Minimal flavor violation - neutral 
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“indirectly mediated”

“mix”

“directly mediated”

What do we do with this now?
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Minimal flavor violation - neutral 
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“indirectly mediated”

“mix”

“directly mediated”

What do we do with this now?
We sweep some chimneys!
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Look at some data!

25
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KOTO 

KOTO measures photon energies and positions

to reconstruct kaon mass: 

1. use opening angle between any pair of photons to find potential kaon decay vertex

2. choose photon pairing combination that minimizes 

3. reconstruct photon momenta and pion and kaon mass
4. choose events with 
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2
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How would that look for ALPs?
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one photon pair originates 
from an ALP

ALP mass must be close to 
pion mass to be selected 
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Fits and limits

KOTO signal contains detector backgrounds that we can’t simulate!
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Fits and limits

KOTO signal contains detector backgrounds that we can’t simulate!

use lineshape fit instead

construct likelihood ratio
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fit residuals of 
lineshape - KOTO data

fit residuals of
re-fitted lineshape - 

(KOTO data + ρ ALP 
contribution)
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Results

30
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Beyond the chimney

for small ALP masses, ALPs become long-lived

alternative selection: 

- only require two photon pairs to reconstruct kaon vertex

(now 45 possible combinations of photon pairs)

- ALP momentum coplanar to kaon-two-pion momentum

plane and plane of kaon vertex and last two photons

- introduce displacement parameter in ALP momentum, so that

31
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Results

32
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Summary

● first calculation of ALPs in 3-body neutral kaon decays, probing the CP 

properties of ALP couplings

● in some scenarios, 3-body decays are the dominant channel for 

neutral kaon decays

● can potentially provide the strongest probe in some part of the 

parameter space, e.g. in the pion chimney using 

KOTO                                data 
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Backup

34

34
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35

35
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Classification of decay amplitudes in terms of CP and P
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Residuals
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Validity of ChPT
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Modified reconstruction
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