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why kaons?
• an extremely sensitive probe of NP

• e.g. assuming dim 6 NP ops:  ∼ (s̄γμdL)2/Λ2

2
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The future: how far can we reach?
Physics Briefing Book, 1910.11775
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outline

• searching for heavy new physics

• SM predictions crucial

• searching for light new physics

• increased sensitivity to UV 

3



heavy new physics
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SM theory - ϵK
• in the last few years a qualitative jump in precision of theory 

prediction for 

• the CKM unitarity  ( ) 
can be used to organize perturbative series in two ways

• old:  
 
 

• new:  
 
 

• dramatically improves calculation of  by removing 
spurious long distance charm contrib.

ϵK

λu + λc + λt = 0 λi = V*isVid

λu = − λc − λt

λc = − λu − λt

ϵK

5

Brod, Gorbahn, Stamou 
(+Kvedaraite, Polonsky, Youssef)

1911.06822, 2108.00017, 2207.07669
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SM theory - ϵK

• leads to a qualitative jump in precision of theory prediction for ϵK
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SM theory - ϵK

• leads to a qualitative jump in precision of theory prediction for ϵK
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could be improved by:
-three-loop QCD corrections to 
top quark contribs.
- NLO scheme conversion from  
RI/SMOM to  MS
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new short  
distance probes

• precision probe of UV physics from  
 
 
 
 
 
 

• from  can measure  from interf.

• is CP violating, short distance, precisely calculable

• very small remaining intrinsic uncertainty 
 

• can be used to search for new physics

• e.g., leptoquarks or charged Higgs with nontrivial flavor structure can 
saturate the present bounds from 

KS → μ+μ−

Γ(K → μ+μ−)(t) BR(KS → (μ+μ−)ℓ=0)

BR(KS → μ+μ−)
7

Dery et al, 2104.06427
D’Ambrosio, Kitahara, 1707.06999 

measureable 
 ,   

interference
KS KL

Brod, Stamou, 2209.07445

mix.
A(KS → (μ+μ−)ℓ=0)

A(KL → μ+μ−) (µ+µ�)`=0

<latexit sha1_base64="uWVQZwyHYkK8InWfjWZBSFTK0GI=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEilhmpKIboejGZQX7gM44ZNK0hiaZIckIZSj4K25cKOLW73Dn35hpZ6GtB+7lcM695OaEMaNKO863VVhYXFpeKa6W1tY3Nrfs7Z2WihKJSRNHLJKdECnCqCBNTTUjnVgSxENG2uHwOvPbj0QqGok7PYqJz9FA0D7FSBspsPcqHk/uj7N2chSkHmHs0hkHdtmpOhPAeeLmpAxyNAL7y+tFOOFEaMyQUl3XibWfIqkpZmRc8hJFYoSHaEC6hgrEifLTyfljeGiUHuxH0pTQcKL+3kgRV2rEQzPJkX5Qs14m/ud1E92/8FMq4kQTgacP9RMGdQSzLGCPSoI1GxmCsKTmVogfkERYm8RKJgR39svzpHVadWvVs9tauX6Vx1EE++AAVIALzkEd3IAGaAIMUvAMXsGb9WS9WO/Wx3S0YOU7u+APrM8f0JyUww==</latexit>

KS

<latexit sha1_base64="CfYke53JCackmJaror+BPFuKmuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL4KXSMwDkiXMTnqTIbOzy8ysEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/loxkn6Ed0IHnIGTVWqt/36r1iyS27c5BV4mWkBBlqveJXtx+zNEJpmKBadzw3Mf6EKsOZwGmhm2pMKBvRAXYslTRC7U/mp07JmVX6JIyVLWnIXP09MaGR1uMosJ0RNUO97M3E/7xOasJrf8JlkhqUbLEoTAUxMZn9TfpcITNibAllittbCRtSRZmx6RRsCN7yy6ukeVH2KuXLh0qpepPFkYcTOIVz8OAKqnAHNWgAgwE8wyu8OcJ5cd6dj0VrzslmjuEPnM8f/TONnQ==</latexit>

KL
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Dery, Ghosh, 2112.05801 

see also Dery, 2211.06446
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kaonic null tests 
• golden kaonic quartet

•  , ,  ,  

• for first two active experimental program at NA62, KOTO

• all precisely calculable, parametric uncertainty dominated by CKM ( )

• factoring out  dependence  SM sum rules involving (almost) just kaon sector 
observables

• null test of the SM, require only kaons+

• two ratios with very small theory errors  and   
 
 
 
 
 

• one ratio that only depends on well known  
 

Br(K+ → π+νν̄) Br(K0 → π0νν̄) BR(KS → (μ+μ−)ℓ=0) ϵK

Vcb

Vcb ⇒

β

≈ 4 % ≈ 1.6 %

λ, mt

8

Buras, Venturini, 2109.11032



light new physics
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the case for light new 
physics searches

• explored only part of the NP parameter space

• light particles: a window to high UV dynamics

10

NP mass

N
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the case for light new 
physics searches

• explored only part of the NP parameter space

• light particles: a window to high UV dynamics

10

NP mass
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light mass &  
small coupling region 

a window to 
(very) high scales 
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light new physics  
FCNC probes

• parametric gain in sensitivity to UV scale

• SM decay widths small for weak decays 

• if light NP couples through dim 5 ops. supp. by  

•  

• similar for other mesons, leptons  which wins depends on 
flavor structure of NP

Γ ∝ m5/m4
W

1/fa
⇒ Br(K → πφ) ∝ (m2

W /famK)2

⇒

11
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many modes
• many modes/possible NP searches 

possible at kaon&hyperon factories

12

Goudzovski et al, 2201.07805
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• in the rest of the talk will focus on 
ALPs/light scalars

• a selection of other examples in backup 
slides

13
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ALPs

• generic in NP scenarios : whenever global U(1) 
spontaneously broken  pNGB

• celebrated example: QCD axion

• in general flavor violating couplings

• from low energy perspective the EFT starts at dim 5

⇒

14

Alonso-Alvarez et al, 2201.07805
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flavor structure

• two phenomenologically very different regimes 

• if FV in the UV:  

• very stringent constraints on    does not decay in 
the detector

•  decay results in  signature

• if FV only from the SM: 

•  coupling from RG  much weaker constraints 
 

•  decaying inside detector possible 

CA,V
ds (ΛUV) ≠ 0

fa ⇒ a

K+ → π+a K+ → π+ + inv

CA,V
ds (ΛUV) = 0

s → da ⇒

a

15
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2201.07805

prompt alps

• searches for prompt ALPs in 

• either  or 

• the bounds depend on what exactly the couplings are

• several examples for  at 

• coupling to only gluons:  

• coupling to  only: 

• only 

• only 

K → πa
a → γγ a → e+e−

CV,A
ij μ = ΛUV = 4πfa

N3 ≠ 0
W, Z N2 ≠ 0

CA
uu ≠ 0

CA
dd ≠ 0

16
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2201.07805

prompt alps

• searches for prompt ALPs in 

• either  or 

• close the gap to constraints from 
beam dump searches 

•  either discovery or only  
signature remains

K → πa
a → γγ a → e+e−

⇒ K → πainv

17
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flavor violating  
QCD axion

• QCD axion with FV couplings to quarks

• solves the strong CP problem

• can be a cold DM candidate

• effectively massless in FV transitions

• stringent constraints from , 
 where  invisible 

• can be a discovery mode

K → πa
K → ππa a

18

Alonso-Alvarez et al, 2201.07805
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flavor violating  
QCD axion

Alonso-Alvarez et al, 2201.07805
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many other FV searches 
for QCD axion

20

Martin Camalich, Pospelov, Vuong, Ziegler, JZ, 2002.04623
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light scalars

• above general analysis valid for pNGBs with 
pseudoscalar and scalar couplings

• what changes for scalars with dim-4 couplings?

• usual benchmark light Higgs mixed scalar

• parameter space reduced to , 

• note: not the most general possibility

• especially for couplings to light quarks since 
Higgs yukawas very suppressed

sin θ mϕ

21
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higgs mixed scalar
• for two to three orders of magnitude larger datasets 

•  could close the gap for Higgs-mixed scalar all 
the way to the BBN floor 
⇒

22

2201.07805
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Delaunay, Karr, Kitahara, Koelemeij, Soreq, JZ, 2210.10056

proton charge 
 radius puzzle+

• important to stress how sensitive are rare kaon decays
• compare with sensitivity of spectroscopic probes

• hydrogen/deuterium+muonic hydrogen/deuterium data 

• several ~3  anomalies in obs. related to proton charge radius and 
mass

• exp+th errors under-appreciated?  CODATA 2018

• NP? : global analysis of SM + light scalar  consistent 
description

• light Higgs mixed scalar excluded by NA62  
search

σ

⇒
⇒

K+ → π+ + inv

23
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K+ → π+ + inv.
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proton charge  
radius puzzle+ 

• possible to (almost) evade NA62  bound

• scalar that couples only to , ,  + dark sector

• note: only flavor diagonal couplings, still very strong 
constraint from 

K+ → π+ + inv .
u e μ

K → π + inv

24

Delaunay, Karr, Kitahara, Koelemeij, Soreq, JZ, 2210.10056
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conclusions

• golden kaonic quartet

•
•
•  

•
• searches for rare kaon decays to light new 

physics  enhanced sensitivity to UV

Br(K+ → π+νν̄)
Br(K0 → π0νν̄)
BR(KS → (μ+μ−)ℓ=0)
ϵK

⇒

25



backup slides
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first row unitarity
• persistent anomaly at  level

• a hint of right handed currents?

• useful additional measurement: 

∼ 3σ

Kμ3/Kμ2

27Bryman, Cirigliano, Crivellin, Inguglia, 2111.05338

Cirigliano et al, 2208.11707
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relation to golden 
modes- kaonic null tests 

• sum rule involving (almost) just kaon sector observables

• null test of the SM, require only kaons+

• very small theory errors  and   
 
 
 
 
 

• theory predictions for , ,  essential

• improved theory pred.  exponents will change (within errors)

• can turn around and use them to predict Br's

• probably not what most would call the SM prediction for , 
 

• SM prediction = use  that gives best global description assuming SM 
(i.e. from global CKM fits)

β
≈ 4 % ≈ 1.6 %

Br(KL → π0νν̄) Br(K+ → π+νν̄) ϵK

⇒

Br(K+ → π+νν̄)
Br(KL → π0νν̄)

Vcb

28

Buras, Venturini, 2109.11032

approximate numerical 
versions  better to use 

analytic expressions
⇒
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new short  
distance probes

• precision probe of UV physics from  
 
 

• relation valid to all orders in 

• CP violating  does get LD contrib. at  
 
 
 

• correction in principle measurable

• very small remaining intrinsic uncertainty

KS → μ+μ−

ϵK

Br(KS → μ+μ−)ℓ=0 𝒪(ϵK)

29

Dery et al, 2104.06427
D’Ambrosio, Kitahara, 1707.06999 

measureable 
 ,   

interference
KS KL

measureable 
 ,   

interference
KS KL

~8.4

Brod, Stamou, 2209.07445



Aspen Winter, Mar 30, 2023J. Zupan  Kaon theory

supernova bounds

• in neutron star , n, p, e are 
 in equilibrium

•  decays can 
 cool the proto-neutron star

• , n have the same Fermi energy  
 at T=0 Pauli blocking forbids 

  decays

• at finite temperature volume emission 
 rate (in NR limit) 
 
 

• assuming this is below neutrino emission rate 1sec after the collapse of 
SN1987A

• bounds on  and  in the range  GeV 

Λ

Λ → na

Λ
⇒
Λ → na

|FA
sd | |FV

sd | 109 − 1010

30

Λ
n

a

see also Camalich et al, 2012.11632
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FV from running

• numerical solution to RG runnin

31
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Delaunay, Karr, Kitahara, Koelemeij, Soreq, JZ, 2210.10056
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portals

33
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light new physics  
probe of high scales

⇒

• rare decays into a light state, X, e.g.,  
, 

• exquisite probes of UV physics 
• parametric gains compared to  

probing NP through dim-6 ops.

• SM decay width power suppressed: 

• if through dim 5 op. suppressed by  

•  

• similar for dim 4

• no such  enhancement for dim. 6 couplings

•

K → πX

ΓK ∝ m5
K /m4

W

1/fa
⇒ Br(K → πφ) ∝ (m2

W /famK)2

1/mK

Br(K → πe−μ+) ∝ (mW /Λ)4

34

W−
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2201.07805

heavy neutrinos

• two orders improvement in 
 

• start probing minimal see-saw 
neutrino mass models 

• for O(100 MeV)  sterile neutrino 
masses 

Br(K+ → ℓ+N)

35
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self interacting 'sν
• order of magnitude improvement on 

• probe fully self-interacting  explanation of Hubble tension 

Br(K+ → μ+νXinv)
νe,μ

36

2201.07805
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2201.07805

 decaysKL

•  from  less sensitive than 

• still, many  decays with leading sensitivity to NP

•  theoretically the cleanest SM prediction

• will provide higher sensitivity to heavy NP than 

•  decays can probe Grossman-Nir violating 
models

• subleading constr. from  decays
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high sensitivity 
kaons vs. atomic 

• important to stress how sensitive are rare kaon decays

• another example from atomic physics

• precision quickly improving
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