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Rare kaon decays

Rare Kaon decays take place via s→ d FCNC and are strongly suppressed in the SM
● Historical tools to study FCNC
● Interesting probe of New Physics   →  Requires reliable prediction in the SM

 SD dominated 
● K+ → π+ ν ν   and  KL → π0 ν ν  (golden channels)

 LD dominated
● KL →μμ,  KS → μμ , K+ → π+ ℓ ℓ

and  KL  → π0  ℓ ℓ, ...  

Weak effective Hamiltonian:

+ other operators



K+→π+νν 

[D’Ambrosio, Iyer, Mahmoudi, SN ‘22] [NA62 Coll., Cortina Gil et al. ‘21]

Lepton flavour universal
New Physics effects:

[NA62 Coll., J. Swalllow talk at CERN]

https://arxiv.org/abs/2209.02143
https://arxiv.org/abs/2103.15389
https://indico.cern.ch/event/1447422/attachments/2933457/5151932/CERNSeminar_240924_NA62_JSwallow_vP.pdf


K+→π+νν 

[D’Ambrosio, Iyer, Mahmoudi, SN ‘22] [NA62 Coll., Cortina Gil et al. ‘21]

New Physics effects:
[NA62 Coll., J. Swalllow talk at CERN]

Lepton flavour universality violation

https://arxiv.org/abs/2209.02143
https://arxiv.org/abs/2103.15389
https://indico.cern.ch/event/1447422/attachments/2933457/5151932/CERNSeminar_240924_NA62_JSwallow_vP.pdf


KL→ π0 νν 

[D’Ambrosio, Iyer, Mahmoudi, SN ‘22] [KOTO Coll., Ahn et al. ‘18]

[KOTO Coll., J. Redeker talk at ICHEP24]
New Physics effects:

Lepton flavour universal

https://arxiv.org/abs/2209.02143
https://arxiv.org/abs/1810.09655
https://indico.cern.ch/event/1291157/contributions/5896367/attachments/2898931/5083214/JRedeker_ICHEP_2024_KLpi0nunu.pdf


LFUV in K+ → π+ ℓ ℓ  sf

K+ → π+ ℓ ℓ is long distance dominated, mediated by single photon exchange K+→ π+γ* 

LD >> SD precise SM prediction not yet possible

aee≠ aμμ  indicates LFUV NP: 

E865 ‘99 and  NA48/2 ‘09 comb.

NA62 Coll. ‘22

[D’Ambrosio, Greynat, Knecht ‘18]

z = m2(ℓℓ) / MK
 2   

 [Crivellin et al. ‘16]

form factors  loop term 

LFU predicts the same a for ℓ = e, μ and similarly for b 

https://arxiv.org/abs/hep-ex/9907045
https://arxiv.org/abs/0903.3130
https://arxiv.org/abs/2209.05076
https://arxiv.org/abs/1812.00735
https://arxiv.org/abs/1601.00970


KL→π0ℓℓ sf

[Mescia, Smith, Trine ‘06]

[KTeV ‘00 and ‘03][D’Ambrosio, Iyer, Mahmoudi, SN ‘22]

[Dambrosio et al. ‘98;Isidor et al. ‘04;Mescia, Smith, Trine ‘06]

                                                                                                                                                                   ⋅ 10−12 

https://arxiv.org/abs/hep-ph/0606081
https://arxiv.org/abs/hep-ex/0001006
https://arxiv.org/abs/hep-ex/0309072
https://arxiv.org/abs/2209.02143
https://arxiv.org/abs/hep-ph/9808289
https://arxiv.org/abs/hep-ph/0404127
https://arxiv.org/abs/hep-ph/0606081


KL → μ μ sf

KL → μ μ  is long distance dominated, mediated by two photons via KL → γ* γ* 

● Prediction depends on the sign of A(KL→ γγ) contribution

● Uncertainty highly asymmetric

LD >> SD

[D’Ambrosio et al. ‘86 ‘97  Isidori, Unterdorfer ‘03;D’Ambrosio et al. ‘17]

[D’Ambrosio, Iyer, Mahmoudi, SN ‘22]

https://doi.org/10.1016/0370-2693(86)90724-0
https://arxiv.org/abs/hep-ph/9708326
https://arxiv.org/abs/hep-ph/0311084
https://arxiv.org/abs/1711.11030
https://arxiv.org/abs/2209.02143


KL → μ μ sf

KL → μ μ  is long distance dominated, mediated by two photons via KL → γ* γ* 

● Prediction depends on the sign of A(KL→ γγ) contribution

● Uncertainty highly asymmetric

LD >> SD

[D’Ambrosio et al. ‘86 ‘97  Isidori, Unterdorfer ‘03;D’Ambrosio et al. ‘17]

[D’Ambrosio, Iyer, Mahmoudi, SN ‘22]
[PDG]

https://doi.org/10.1016/0370-2693(86)90724-0
https://arxiv.org/abs/hep-ph/9708326
https://arxiv.org/abs/hep-ph/0311084
https://arxiv.org/abs/1711.11030
https://arxiv.org/abs/2209.02143
https://pdglive.lbl.gov/BranchingRatio.action?desig=6&parCode=S013&home=MXXX020


All observables / Global fit

Lighter / darker purple region: 68% / 95% CL of global fit

Fit with SuperIso (considering positive LD+ for KL → μμ   and positive interference for K+→ π+ ℓℓ)   

We assume:

● only vectorial and axial NP contributions 

● NP contributions of the charged and neutral 
leptons related to each other by the SU(2)L 
gauge symmetry and we work in the chiral basis

http://superiso.in2p3.fr/


 

Some issues to consider for SuperIso



● How to treat asymmetric uncertainty inputs

● How to treat asymmetric uncertainty for a calculated observable

● Is there a meaningful way of considering asymmetric uncertainties in fits 



Loop functions

[Seidel '04]

https://arxiv.org/abs/hep-ph/0403185


Loop functions



Logarithm and the Dilogarithm have a branch cut: 

When s>1 for small ϵ >0:
● Im[Li2(s +  ± iϵ)] = ∓ π Log(s) 
● Log(1– s + ± iϵ)] = Log(s−1) ± i π 

⟹  Im[Li2(s +  ± iϵ) + Log(s +  ± iϵ)Log(1– s + ± iϵ)] 

        = ∓ π Log(s) + Log(s) (± π) = 0 

But they must be treated in the same way

+...



● Care needs to taken when dealing with log and DiLog, etc. functions

● For future calculations one might need them for non-physical regions q2 ≡ s < 0 



Backup



KL→ π0 νν 

[Grossman, Nir ‘97]

Matrix elements of KL → π0 νν and K+ → π+ νν are related via isospin resulting in the 
Grossman-Nir bound 

valid in the presence of most NP models

Considering the 2021 results of NA62 for BR(K+ → π+ νν)  

[SN, Symmetry 2024, 16(8), 946]

https://arxiv.org/abs/hep-ph/9701313
https://www.mdpi.com/2073-8994/16/8/946/pdf?version=1721815610


KL→ π0 νν 

[Grossman, Nir ‘97]

Matrix elements of KL → π0 νν and K+ → π+ νν are related via isospin resulting in the 
Grossman-Nir bound 

valid in the presence of most NP models

Considering the 2024 results of NA62 for BR(K+ → π+ νν)  

https://arxiv.org/abs/hep-ph/9701313


Backup

Asymmetric theoretical uncertainty of KL → μμ 



Backup

Asymmetric theoretical uncertainty of KL → π0 ℓℓ  



KS → μ μ 

 [Ecker, Pich ‘91]

The long-distance contribution is cleaner, as the leading O(p4) chiral contribution of KS  → π+ π− → γγ → μ+μ− 
is theoretically under better control

[LHCb '20]

[D’Ambrosio, Iyer, Mahmoudi, SN ‘22]

 

● KS → μμ not very sensitive to axial currents  

● Sensitive to new physics scenarios involving scalar and 
pseudoscalar contributions

https://doi.org/10.1016/0550-3213(91)90056-4
https://arxiv.org/abs/2001.10354
https://arxiv.org/abs/2209.02143


Scalar and pseudoscalar contributions in KS → μ μ 

Adding scalar contributions

[Chobanova et al. ‘17] 

● KS → μμ measurement currently two orders of magnitude above SM 

● What does current data of other modes say about scalar and pseudoscalar contributions?

https://arxiv.org/abs/1711.11030


Scalar contributions in K+ → π+ ℓ ℓ  

Looking again into K+ → π+ ℓ+ ℓ− in the presence of scalar contributions

[Chen et al. ‘03, Gao '03]

 

● If assumed SM-like only fV  contributes

● AFB only non-zero in case fS  ≠ 0; for electron mode always suppressed by electron mass

● Both the the various bins of the differential decay width and the integrated (BR) can probe fS   

rℓ = mℓ/mK,

rπ = mπ/mK,

βℓ = √1− 4 rℓ
 2/z, 

λ(z) = 1 + z2 + rπ
 4 − 2(z + rπ

 2 + z rπ
 2) 

https://arxiv.org/abs/hep-ph/0302207
https://arxiv.org/abs/hep-ph/0311253


Scalar and pseudoscalar contributions in KS → μ μ 

[D’Ambrosio, Iyer, Mahmoudi, SN ‘24]

 

● Previous bound on fS via BR(K+ →  π+ e+e−) from E865 data |fS |< 6.6× 10−5  at 90%  CL 

● In the muon mode also AFB be considered  

● ~one order of magnitude stronger bound by analyzing simultaneously BR and dΓ/dz with 

|fS|< 7.9× 10−6  at 90%  CL

https://arxiv.org/abs/2404.03643


 

Prospects for future measurements



Prospects for KOTO-II

     Current situation

Projection A
Observables already measured are kept, others assumed 
to match SM, with target precision of KOTO-II 

Scenario 1

● NA62 final precision for K+ → π+ νν 
● KOTO-II final precision for KL → π0 νν 

Projection B
All measurements give current best-fit point 
with target precision of KOTO-II



Prospects for KOTO-II

Projection A
Observables already measured are kept, others assumed 
to match SM, with target precision of KOTO-II 

Projection B
All measurements give current best-fit point 
with target precision of KOTO-II

     Current situation

Scenario 1

● NA62 final precision for K+ → π+ νν 
● KOTO-II final precision for KL → π0 νν 

[D’Ambrosio, Iyer, Mahmoudi, SN ‘24]

https://arxiv.org/abs/2409.06545


Prospects for KOTO-II

     Current situation

Scenario 2

● NA62 final precision for K+ → π+ νν 
● KOTO-II final precision for KL → π0 νν 
● KOTO-II measurement of KL → π0 e+ e− 

   

Projection A
Observables already measured are kept, others assumed 
to match SM, with target precision of KOTO-II 

Projection B
All measurements give current best-fit point 
with target precision of KOTO-II

[D’Ambrosio, Iyer, Mahmoudi, SN ‘24]

https://arxiv.org/abs/2409.06545


Prospects for KOTO-II

     Current situation

Scenario 3

● NA62 final precision for K+ → π+ νν 
● KOTO-II final precision for KL → π0 νν 
● KOTO-II measurement of KL → π0 e+ e− 
● KOTO-II measurement of KL → π0 μ+ μ− 

  

Projection A
Observables already measured are kept, others assumed 
to match SM, with target precision of KOTO-II 

Projection B
All measurements give current best-fit point 
with target precision of KOTO-II

[D’Ambrosio, Iyer, Mahmoudi, SN ‘24]

https://arxiv.org/abs/2409.06545


Impact of projected measurements

Scenario 1   

Projection A
Observables already measured are kept, others assumed 
to match SM, with target precision of KOTO-II 

[D’Ambrosio, Iyer, Mahmoudi, SN ‘24]

Projection B
All measurements give current best-fit point 
with target precision of KOTO-II

https://arxiv.org/abs/2409.06545


Impact of projected measurements

Scenario 2   

Projection A
Observables already measured are kept, others assumed 
to match SM, with target precision of KOTO-II 

[D’Ambrosio, Iyer, Mahmoudi, SN ‘24]

Projection B
All measurements give current best-fit point 
with target precision of KOTO-II

https://arxiv.org/abs/2409.06545


Impact of projected measurements

Scenario 3   

Projection A
Observables already measured are kept, others assumed 
to match SM, with target precision of KOTO-II 

[D’Ambrosio, Iyer, Mahmoudi, SN ‘24]

Projection B
All measurements give current best-fit point 
with target precision of KOTO-II

https://arxiv.org/abs/2409.06545
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