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• previous calculaUons used implementaUon of weak currents in the chiral 
Lagrangian. “Real“ branching raUo is  Umes larger ∼ 37

2

Low-energy weak processes impose some of the most stringent “parUcle bounds” on 
ALP couplings. Here focus on  : K → πa

• has been studied for a long Ume, starUng with Georgi, Kaplan & Randall in 1986

• strongest parUcle constraint on ALP couplings to gluons and light quarks for   
 MeVma < mK − mπ ∼ 354

Looking for ALPs with flavor

[Bauer, Neubert, Renner, Schnubel (2021)]
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• previous calculaUons used implementaUon of weak currents in the chiral 
Lagrangian. “Real“ branching raUo is  Umes larger ∼ 37

2

Low-energy weak processes impose some of the most stringent “parUcle bounds” on 
ALP couplings. Here focus on  : K → πa

• has been studied for a long Ume, starUng with Georgi, Kaplan & Randall in 1986

• strongest parUcle constraint on ALP couplings to gluons and light quarks for   
 MeVma < mK − mπ ∼ 354

Only LO calculaUon in PT. What happens at NLO?  χ

- Inclusion of the ALP in the QCD and weak chiral Lag. at LO and NLO 
- Some details on the calculaUon 
- Discussion of the results 

In this talk: 

Looking for ALPs with flavor

[Bauer, Neubert, Renner, Schnubel (2021)]
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Effective ALP Lagrangian at low energies

3

Start from the ALP+SM effecUve Lagrangian around  GeV.μχ = 4πFπ ∼ 1.6
Only light flavors: q=(u,d,s). [Georgi, Kaplan, Randall (1986)]

derivaUve couplings to fermions

anomalous couplings to gauge fieldssok breaking of shik symmetry a → a + c

alp decay constant f >> v
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Effective ALP Lagrangian at low energies

3

Start from the ALP+SM effecUve Lagrangian around  GeV.μχ = 4πFπ ∼ 1.6
Only light flavors: q=(u,d,s). [Georgi, Kaplan, Randall (1986)]

derivaUve couplings to fermions

anomalous couplings to gauge fieldssok breaking of shik symmetry a → a + c

alp decay constant f >> v

A chiral transformaUon can be used to remove the ALP-gluon coupling:

<latexit sha1_base64="Q+fR0h4uOUDT8GLf60/dyl82FTo="></latexit>

q(x) ! e�icGG
a
f q�5q(x)

[Srednicki (1985); Georgi, Kaplan, Randall (1986); Krauss, Wise (1986); Bardeen, Peccei, Yanagida (1987)]

The  must drop out of physical predicUons!κq
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Below  GeV, the light pseudo-scalar mesons   take the place of 
quarks and gluons.  We describe them using Chiral Perturba?on Theory ( PT ).

μχ = 4πFπ ∼ 1.6 π, η, K
χ

• Dofs    

meson decay constant F ≃ Fπ = 130 MeV

• Power counUng λ ∼
p

4πF
Σ0 ∼ 1 (∂μΣ0)n ∼ λn ∼ pn

 gauge symmetry,     for :  Gχ = SU(3)L × SU(3)R mq → 0 Σ0 → gL Σ0 g†
R

<latexit sha1_base64="U03cO2dJ2THV3pE/nnmWq4THqtg="></latexit>

L(p2)
QCD =

F 2

8
h(Dµ⌃0) (D

µ⌃†
0)i

The most general Lagrangian invariant under  isGχ

• Symmetries 

QCD chiral Lagrangian at O(p2)
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Below  GeV, the light pseudo-scalar mesons   take the place of 
quarks and gluons.  We describe them using Chiral Perturba?on Theory ( PT ).

μχ = 4πFπ ∼ 1.6 π, η, K
χ

• Dofs    

meson decay constant F ≃ Fπ = 130 MeV

• Power counUng λ ∼
p

4πF
Σ0 ∼ 1 (∂μΣ0)n ∼ λn ∼ pn

 gauge symmetry,     for :  Gχ = SU(3)L × SU(3)R mq → 0 Σ0 → gL Σ0 g†
R

<latexit sha1_base64="U03cO2dJ2THV3pE/nnmWq4THqtg="></latexit>

L(p2)
QCD =

F 2

8
h(Dµ⌃0) (D

µ⌃†
0)i

The most general Lagrangian invariant under  isGχ

Quark masses break  in a specific way: incorporated as spurions. Gχ

<latexit sha1_base64="1AYPvYLL96M7T0iYaFirUhwhlZ4="></latexit>

+
F 2

8
h�⌃† + ⌃�†i

<latexit sha1_base64="2dL9w72raGrpyZyK/TebWF43W1s=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwVJIi6kUo9eKxgv2ANoTNdtMu3U3i7kYpsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMCxLOlHacb2tldW19Y7OwVdze2d3bt0sHLRWnktAmiXksOwFWlLOINjXTnHYSSbEIOG0Ho+up336gUrE4utPjhHoCDyIWMoK1kXy71CNDhq5QFdV9Bwn/Hvl22ak4M6Bl4uakDDkavv3V68ckFTTShGOluq6TaC/DUjPC6aTYSxVNMBnhAe0aGmFBlZfNTp+gE6P0URhLU5FGM/X3RIaFUmMRmE6B9VAtelPxP6+b6vDSy1iUpJpGZL4oTDnSMZrmgPpMUqL52BBMJDO3IjLEEhNt0iqaENzFl5dJq1pxzyvu7Vm5Vs/jKMARHMMpuHABNbiBBjSBwCM8wyu8WU/Wi/VufcxbV6x85hD+wPr8ATbfkgg=</latexit>

� = 2B0mq
<latexit sha1_base64="xrRCmc87GnlY8SKJa13HjhWcmZ4=">AAACDHicbVC7TsMwFL3hWcqrwMhiUSExVFWCEDBWsDAwFEQfUhMqx3FSq44T2Q5SVfUDWPgVFgYQYuUD2Pgb3DYDtFzJ0rnnnKvre/yUM6Vt+9taWFxaXlktrBXXNza3tks7u02VZJLQBkl4Its+VpQzQRuaaU7bqaQ49jlt+f3Lsd56oFKxRNzpQUq9GEeChYxgbahuqeySHkOuTlDUvUZuZdpWTHd77wY4iqhExmVX7UmheeDkoAx51bulLzdISBZToQnHSnUcO9XeEEvNCKejopspmmLSxxHtGChwTJU3nBwzQoeGCVCYSPOERhP298QQx0oNYt84Y6x7alYbk/9pnUyH596QiTTTVJDpojDjyNw+TgYFTFKi+cAATCQzf0WkhyUm2uRXNCE4syfPg+Zx1TmtOjcn5dpFHkcB9uEAjsCBM6jBFdShAQQe4Rle4c16sl6sd+tjal2w8pk9+FPW5w/EnJmM</latexit>

� ! gL � g†R

• Symmetries 

QCD chiral Lagrangian at O(p2)
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QCD chiral Lagrangian at O(p2), with arbitrary sources

5

Any interacUon of quarks & gluons can be wriren in terms of  sources

<latexit sha1_base64="devTv69eZdetbc9MSnkO33L7Jto=">AAAB/HicbVDLSsNAFJ3UV62vaJduLhahIpSkiLoRSt24rGAf0IYwmU7aoZMHMxMhhPorblwo4tYPceffOG2z0NYDFw7n3Mu993gxZ1JZ1rdRWFvf2Nwqbpd2dvf2D8zDo46MEkFom0Q8Ej0PS8pZSNuKKU57saA48DjtepPbmd99pEKyKHxQaUydAI9C5jOClZZcs1yHpmtBVcI5MIjPAG7ANStWzZoDVomdkwrK0XLNr8EwIklAQ0U4lrJvW7FyMiwUI5xOS4NE0hiTCR7RvqYhDqh0svnxUzjVyhD8SOgKFczV3xMZDqRMA093BliN5bI3E//z+onyr52MhXGiaEgWi/yEg4pglgQMmaBE8VQTTATTtwIZY4GJ0nmVdAj28surpFOv2Zc1+/6i0mjmcRTRMTpBVWSjK9RAd6iF2oigFD2jV/RmPBkvxrvxsWgtGPlMGf2B8fkDhdyRdw==</latexit>

2B0(s+ ip) =

These break  in a specific way,  
and can be treated as spurions by assigning them transformaUon properUes under :  

Gχ

Gχ
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QCD chiral Lagrangian at O(p2), with arbitrary sources

5

Any interacUon of quarks & gluons can be wriren in terms of  sources

<latexit sha1_base64="devTv69eZdetbc9MSnkO33L7Jto=">AAAB/HicbVDLSsNAFJ3UV62vaJduLhahIpSkiLoRSt24rGAf0IYwmU7aoZMHMxMhhPorblwo4tYPceffOG2z0NYDFw7n3Mu993gxZ1JZ1rdRWFvf2Nwqbpd2dvf2D8zDo46MEkFom0Q8Ej0PS8pZSNuKKU57saA48DjtepPbmd99pEKyKHxQaUydAI9C5jOClZZcs1yHpmtBVcI5MIjPAG7ANStWzZoDVomdkwrK0XLNr8EwIklAQ0U4lrJvW7FyMiwUI5xOS4NE0hiTCR7RvqYhDqh0svnxUzjVyhD8SOgKFczV3xMZDqRMA093BliN5bI3E//z+onyr52MhXGiaEgWi/yEg4pglgQMmaBE8VQTTATTtwIZY4GJ0nmVdAj28surpFOv2Zc1+/6i0mjmcRTRMTpBVWSjK9RAd6iF2oigFD2jV/RmPBkvxrvxsWgtGPlMGf2B8fkDhdyRdw==</latexit>

2B0(s+ ip) =

These break  in a specific way,  
and can be treated as spurions by assigning them transformaUon properUes under :  

Gχ

Gχ

In presence of a  source,θ

 transforms non-linearly under , insteadθ G′ χ  is a singlet of G′ χ
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For the ALP, the sources are

<latexit sha1_base64="IsQ0LxgMyiGuDVsBteECr5SudWk=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCi6HMiKgboejGZQX7gM4wZNJMG5pkxiQjlKFu/BU3LhRx61+4829M21lo64HAuefcy809Ucqo0q77bS0sLi2vrJbWyusbm1vb9s5uUyWZxKSBE5bIdoQUYVSQhqaakXYqCeIRI61ocD32Ww9EKpqIOz1MScBRT9CYYqSNFNr7Cl5CHt77jgN9x3dgamrXVKFdcavuBHCeeAWpgAL10P7yuwnOOBEaM6RUx3NTHeRIaooZGZX9TJEU4QHqkY6hAnGignxywQgeGaUL40SaJzScqL8ncsSVGvLIdHKk+2rWG4v/eZ1MxxdBTkWaaSLwdFGcMagTOI4DdqkkWLOhIQhLav4KcR9JhLUJrWxC8GZPnifNk6p3VvVuTyu1qyKOEjgAh+AYeOAc1MANqIMGwOARPINX8GY9WS/Wu/UxbV2wipk98AfW5w9j45Oj</latexit>

s = mq , p = 0 ,

So the QCD chiral Lagrangian at  including the ALP is:𝒪(p2)

The ALP as a source
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,  and  undergo both mass & kineUc mixing. As a consequence*,π0 a η8

• non-perturbaUve contribuUon to ALP mass (also for ma,0 ≠ 0) [Bardeen et al. (1978);  
Shifman et al. (1980); 
Di Veccia, Veneziano (1980)]

The ALP as a source
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,  and  undergo both mass & kineUc mixing. As a consequence*,π0 a η8

• non-perturbaUve contribuUon to ALP mass (also for ma,0 ≠ 0) [Bardeen et al. (1978);  
Shifman et al. (1980); 
Di Veccia, Veneziano (1980)]

• Field redefiniUons needed to work with physical fields: 

*all expressions in the isospin-conserving limit mu = md

 dependence must drop  
in physical amplitudes!
κq

The ALP as a source
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QCD chiral Lagrangian at O(p4)

Gasser & Leutwyler constructed the O(p4) QCD chiral Lagrangian in 1985, under the 
assumpUon . θ = ⟨aμ⟩ = ⟨vμ⟩ = 0

[Herrera-Siklody et al. (1997)] 

Building 
blocks

With an ALP, these assumpUons no longer hold: need to extend the basis including 
operators containing  ,  in the invariant combinaUon  !θ ⟨aμ⟩ Dμθ

q̄LγμqL

mq(q̄LqR + q̄RqL)
imq(q̄LqR − q̄RqL)
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low-energy constants (LECs) anomalous dimensions (all known!)

No esUmates for  exist.Lθ
i,r

There are esUmates for some  
at  from fits to low-energy 
data & laxce, with 10 - 100%

Li,r
μ = mρ

σ ∼
[Bijnens et. al (2014); HPQCD  (2012)]

[HPQCD (2012)]

QCD chiral Lagrangian at O(p4)
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Non-leptonic weak chiral Lagrangian at O(p2)

10

To build the chiral Lagrangian for non-leptonic weak decays, start from the  
WET Lagrangian and classify its operators in reps of . 

ΔS = 1
Gχ

[see e.g. Pich (1985), (1990)]

NeglecUng em penguins, one has operators transforming as (8L, 1R) or (27L, 1R) of . Gχ
Their chiral representaUon is: [Cronin (1967), Bernard et al. (1985)]

•   selects   transiUonsλ+ = 1/2 (λ6 + i λ7) s → d

• ,  represent the currents  and  Lμ S q̄LγμqL mq(q̄LqR + q̄RqL)

• “weak mass term”  unobservable in the SM⟨λ+S⟩ [Bernard, Draper, Soni, Politzer, Wise (1985);  
Crewther (1986); Leurer (1988)]

<latexit sha1_base64="+ra3gYgLORyIzf2vEFKUQGEIeGc="></latexit>

Gi = �GFp
2
V ⇤
udVus gi• proporUonal to Fermi constant: 
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Non-leptonic weak chiral Lagrangian at O(p2)

11

To build the chiral Lagrangian for non-leptonic weak decays, start from the  
WET Lagrangian and classify its operators in reps of . 

ΔS = 1
Gχ

[see e.g. Pich (1985), (1990)]

NeglecUng em penguins, one has operators transforming as (8L, 1R) or (27L, 1R) of . Gχ
Their chiral representaUon is: [Cronin (1967), Bernard et al. (1985)]

And with the ALP? • weak mass term is no longer unobservable

• new octet operator  !∝ Dμθ
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Non-leptonic weak chiral Lagrangian at O(p2)

12

To build the chiral Lagrangian for non-leptonic weak decays, start from the  
WET Lagrangian and classify its operators in reps of . 

ΔS = 1
Gχ

[see e.g. Pich (1985), (1990)]

NeglecUng em penguins, one has operators transforming as (8L, 1R) or (27L, 1R) of . Gχ
Their chiral representaUon is: [Cronin (1967), Bernard et al. (1985)]

• from :K → ππ octet strongly enhanced: 
 selecUon rule ΔI = 1/2

•  , : don’t enter processes without ALP, hence unknowngθ
8 g′ 8

Gi = −
GF

2
V*udVus gi
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Interpreting the new octet operator 

13

<latexit sha1_base64="m3sDV0A0eH9uoaq/ksnenq61MGk="></latexit>

F 2

4
(Dµ✓)h�+L

µi  ! 2 c̃GG(µ�)
(@µa)

f
d̄L�

µsL .

The new octet operator is the chiral representaUon of

It accounts for the gluon-induced interacUons of the ALP with FCNCs:

Formally a two-loop effect,  
but can be enhanced at low 
energies:

ceff
γγ ≈ cγγ − (1.92 ± 0.04) cGG

[Villadoro et. al (2016)]
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Because of the large enhancement of the octet 
with respect to the 27plet, we only include octet 
operators at O(p4).

Started from the basis of Ecker, Kambor & Wyler (1993),  

Non-leptonic weak chiral Lagrangian at O(p2)

obtained from the redundant basis of Kambor, 
Missimer, Wyler (1989) via eoms, Cayley-Hamilton, IBP.

• only 19 out of 37 ops. are needed because
FL

μν = ∂μlν − ∂μlμ − i[lμ, lν] ∼ ∂μ∂νa − ∂ν∂μa = 0
(same for )FR

μν

• …but the Ecker basis is derived for .θ = ⟨aμ⟩ = 0
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Non-leptonic weak chiral Lagrangian at O(p2)

We find that the extension to 
general case requires 9 addiUonal 
operators!

[CC, Galda, Neubert, Wyler (2023) ]
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[Ecker et. al (1993)] [CC, Galda, Neubert, Wyler (2023)]

Anomalous dimensions

Ecker (1993)

we determined* them requiring poles cancellaUon in K → πa

weak LECs

unknown

…also pracUcally unknown

Non-leptonic weak chiral Lagrangian at O(p2)
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On the weak mass term

17

<latexit sha1_base64="ajhpe31OoDnQhONqgBSRIAibxOw="></latexit>

L(p2)
weak

���
G0

8

=
F 4

4
G0

8h�+Si

can be removed with the redefiniUon
<latexit sha1_base64="WjtOmmXfCY/5N7PVhBX6FriYesY=">AAACF3icbZC7SgNBFIZnvcZ4W7W0GQyChYRdEbURgjYWFvGSC2STZXZyshkys7vMzAoh5C1sfBUbC0VstfNtnCRbaOKBgY//P4cz5w8SzpR2nG9rbn5hcWk5t5JfXVvf2LS3tqsqTiWFCo15LOsBUcBZBBXNNId6IoGIgEMt6F2O/NoDSMXi6F73E2gKEkaswyjRRvLtonfHQkE8HU+g5SWSCTgP/evMOQz925bXJmEIEvt2wSk648Kz4GZQQFmVffvLa8c0FRBpyolSDddJdHNApGaUwzDvpQoSQnskhIbBiAhQzcH4riHeN0obd2JpXqTxWP09MSBCqb4ITKcguqumvZH4n9dIdeesOWBRkmqI6GRRJ+VYx3gUEm4zCVTzvgFCJTN/xbRLJKHaRJk3IbjTJ89C9ajonhTdm+NC6SKLI4d20R46QC46RSV0hcqogih6RM/oFb1ZT9aL9W59TFrnrGxmB/0p6/MHy+OfrQ==</latexit>

⌃ ! ⌃0 = gL⌃ g†R
<latexit sha1_base64="qZUYsRCLPpnmrxr+CVLLzcPUWHs="></latexit>
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8F
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<latexit sha1_base64="tQxinbwJ43OCe0iLqLbc/JM0gI4="></latexit>

↵R = G0
8F
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✓
ms +md

ms �md
� ms �md

ms +md

◆
�7

<latexit sha1_base64="9xXtd2NNhUJh5vaiqHuyqGDHPWI=">AAACIHicbVDJSgNBEO2JW4xb1KOXwiAIhjAjYrwIQS8ePMRgFsiEUNPpJE16lnT3CCHkU7z4K148KKI3/Ro7y0ETHxS8fq+KrnpeJLjStv1lJZaWV1bXkuupjc2t7Z307l5FhbGkrExDEcqah4oJHrCy5lqwWiQZ+p5gVa93PfarD0wqHgb3ehCxho+dgLc5RW2kZjoPAJ3mLVyCAyfAXRRRF83bzWbB7fdjbI390pxfgmY6Y+fsCWCRODOSITMUm+lPtxXS2GeBpgKVqjt2pBtDlJpTwUYpN1YsQtrDDqsbGqDPVGM4OXAER0ZpQTuUpgINE/X3xBB9pQa+Zzp91F01743F/7x6rNsXjSEPolizgE4/ascCdAjjtKDFJaNaDAxBKrnZFWgXJVJtMk2ZEJz5kxdJ5TTnnOecu7NM4WoWR5IckENyTBySJwVyQ4qkTCh5JM/klbxZT9aL9W59TFsT1mxmn/yB9f0DhteeUQ==</latexit>

gL = 1 + i↵L , gR = 1 + i↵R

<latexit sha1_base64="9xXtd2NNhUJh5vaiqHuyqGDHPWI=">AAACIHicbVDJSgNBEO2JW4xb1KOXwiAIhjAjYrwIQS8ePMRgFsiEUNPpJE16lnT3CCHkU7z4K148KKI3/Ro7y0ETHxS8fq+KrnpeJLjStv1lJZaWV1bXkuupjc2t7Z307l5FhbGkrExDEcqah4oJHrCy5lqwWiQZ+p5gVa93PfarD0wqHgb3ehCxho+dgLc5RW2kZjoPAJ3mLVyCAyfAXRRRF83bzWbB7fdjbI390pxfgmY6Y+fsCWCRODOSITMUm+lPtxXS2GeBpgKVqjt2pBtDlJpTwUYpN1YsQtrDDqsbGqDPVGM4OXAER0ZpQTuUpgINE/X3xBB9pQa+Zzp91F01743F/7x6rNsXjSEPolizgE4/ascCdAjjtKDFJaNaDAxBKrnZFWgXJVJtMk2ZEJz5kxdJ5TTnnOecu7NM4WoWR5IckENyTBySJwVyQ4qkTCh5JM/klbxZT9aL9W59TFsT1mxmn/yB9f0DhteeUQ==</latexit>

gL = 1 + i↵L , gR = 1 + i↵R

Without external sources, the weak mass term
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On the weak mass term

17
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<latexit sha1_base64="9xXtd2NNhUJh5vaiqHuyqGDHPWI=">AAACIHicbVDJSgNBEO2JW4xb1KOXwiAIhjAjYrwIQS8ePMRgFsiEUNPpJE16lnT3CCHkU7z4K148KKI3/Ro7y0ETHxS8fq+KrnpeJLjStv1lJZaWV1bXkuupjc2t7Z307l5FhbGkrExDEcqah4oJHrCy5lqwWiQZ+p5gVa93PfarD0wqHgb3ehCxho+dgLc5RW2kZjoPAJ3mLVyCAyfAXRRRF83bzWbB7fdjbI390pxfgmY6Y+fsCWCRODOSITMUm+lPtxXS2GeBpgKVqjt2pBtDlJpTwUYpN1YsQtrDDqsbGqDPVGM4OXAER0ZpQTuUpgINE/X3xBB9pQa+Zzp91F01743F/7x6rNsXjSEPolizgE4/ascCdAjjtKDFJaNaDAxBKrnZFWgXJVJtMk2ZEJz5kxdJ5TTnnOecu7NM4WoWR5IckENyTBySJwVyQ4qkTCh5JM/klbxZT9aL9W59TFsT1mxmn/yB9f0DhteeUQ==</latexit>

gL = 1 + i↵L , gR = 1 + i↵R

<latexit sha1_base64="9xXtd2NNhUJh5vaiqHuyqGDHPWI=">AAACIHicbVDJSgNBEO2JW4xb1KOXwiAIhjAjYrwIQS8ePMRgFsiEUNPpJE16lnT3CCHkU7z4K148KKI3/Ro7y0ETHxS8fq+KrnpeJLjStv1lJZaWV1bXkuupjc2t7Z307l5FhbGkrExDEcqah4oJHrCy5lqwWiQZ+p5gVa93PfarD0wqHgb3ehCxho+dgLc5RW2kZjoPAJ3mLVyCAyfAXRRRF83bzWbB7fdjbI390pxfgmY6Y+fsCWCRODOSITMUm+lPtxXS2GeBpgKVqjt2pBtDlJpTwUYpN1YsQtrDDqsbGqDPVGM4OXAER0ZpQTuUpgINE/X3xBB9pQa+Zzp91F01743F/7x6rNsXjSEPolizgE4/ascCdAjjtKDFJaNaDAxBKrnZFWgXJVJtMk2ZEJz5kxdJ5TTnnOecu7NM4WoWR5IckENyTBySJwVyQ4qkTCh5JM/klbxZT9aL9W59TFsT1mxmn/yB9f0DhteeUQ==</latexit>

gL = 1 + i↵L , gR = 1 + i↵R

Without external sources, the weak mass term

With the ALP, the redefiniUon leaves a remnant:
<latexit sha1_base64="M7A/ShhdCE9GYSQa+c3/n85DH1E="></latexit>

L(p2)
���
G0

8

=
F 2

4
h[i↵L, lµ]L

µ + [i↵R, rµ]R
µi

vanishes for flavor universal ALP!

<latexit sha1_base64="oa2qy8jkE3lmBGfxUQnd5Fi4zSc="></latexit>

/ @µa

f

h�
[kQ]ss � [kQ]dd

�
�6 +Re [kQ]sd (

p
3�8 � �3)

i

We use the weak mass term in its transformed form to get rid of tadpoles at O(p2).
Important: need to perform the redefiniUon also in the QCD O(p4) Lagrangian! 
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Depending on the origin of the  transiUon, disUnguish:s → d

18

We work to first order in  and .1/f GF

<latexit sha1_base64="Xy07zp3+c0dLbZ4pzSY9KCLCOa4=">AAACKnicbZDLSsNAFIYnXmu8RV26GSyCYCmJiLoRWgvisoK9QBPLZDpph04uzEyEEvI8bnwVN10oxa0P4qTNorb9YeDnO+cw5/xuxKiQpjnR1tY3Nre2Czv67t7+waFxdNwUYcwxaeCQhbztIkEYDUhDUslIO+IE+S4jLXdYy+qtN8IFDYMXOYqI46N+QD2KkVSoa1RtH8kBRiypplCHEN7DOfKa2NyHj80UXq7AtRTapVLXKJplcyq4bKzcFEGuetcY270Qxz4JJGZIiI5lRtJJEJcUM5LqdixIhPAQ9UlH2QD5RDjJ9NQUnivSg17I1QsknNL5iQT5Qox8V3Vm+4rFWgZX1Tqx9O6chAZRLEmAZx95MYMyhFlusEc5wZKNlEGYU7UrxAPEEZYqXV2FYC2evGyaV2Xrpmw9XxcrD3kcBXAKzsAFsMAtqIAnUAcNgME7+ARf4Fv70MbaRPuZta5p+cwJ+Cft9w8OwaU1</latexit>

A = AFV +AFC ,

 at O(p2)K → πa

 (neglect contribuUons with both)

“direct” contribuUon: 
 flavor-violaUng ALP coupling to s,d  

  “indirect” contribuUon:  
GF x flavor-conserving ALP couplings 



June 2024 || Capri Claudia Cornella || JGU Mainz

Depending on the origin of the  transiUon, disUnguish:s → d

18

We work to first order in  and .1/f GF
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A = AFV +AFC ,

 at O(p2)K → πa

 (neglect contribuUons with both)

“direct” contribuUon: 
 flavor-violaUng ALP coupling to s,d  

  “indirect” contribuUon:  
GF x flavor-conserving ALP couplings 

depends on a single ALP coupling (at ~ ): 

 

μχ

cv
sd = [kq + kQ]sd
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 (neglect contribuUons with both)

“direct” contribuUon: 
 flavor-violaUng ALP coupling to s,d  
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GF x flavor-conserving ALP couplings 

depends on a single ALP coupling (at ~ ): 

 

μχ

cv
sd = [kq + kQ]sd

<latexit sha1_base64="7PPaqeu4TJ34/D8qIsq3em8GZS8="></latexit>

AFC =
X

cALP, G

GF 2
⇡ m2

K cALP

2f
AG, cALP

<latexit sha1_base64="ECNyAhwrOfrIgyMwkjKSErKM364="></latexit>

G 2
�
G8, G

✓
8, G

0
8, G

1/2
27 , G3/2

27

 

<latexit sha1_base64="N307kb+cq3v6hl89hgaprmL8dk8="></latexit>

cALP 2
�
c̃GG, c

a
uu, (c

a
dd + cass), (c

a
dd � cass), (c

v
dd � cvss)
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A = AFV +AFC ,

  and  are not individually conserved in presence of weak interacUons 
 flavor-diagonal ALP vector couplings are observable in FCNCs!  

d̄γμd s̄γμs
→

 at O(p2)K → πa

 (neglect contribuUons with both)

“direct” contribuUon: 
 flavor-violaUng ALP coupling to s,d  

  “indirect” contribuUon:  
GF x flavor-conserving ALP couplings 

depends on a single ALP coupling (at ~ ): 

 

μχ

cv
sd = [kq + kQ]sd

<latexit sha1_base64="7PPaqeu4TJ34/D8qIsq3em8GZS8="></latexit>

AFC =
X

cALP, G

GF 2
⇡ m2

K cALP

2f
AG, cALP

<latexit sha1_base64="ECNyAhwrOfrIgyMwkjKSErKM364="></latexit>

G 2
�
G8, G

✓
8, G

0
8, G

1/2
27 , G3/2

27

 

<latexit sha1_base64="N307kb+cq3v6hl89hgaprmL8dk8="></latexit>
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�
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a
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a
dd + cass), (c

a
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v
dd � cvss)
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• the  dependence cancels exactly  

• Isospin-breaking correcUons are below 1%, it’s safe to neglect them at NLO

κq

T1 T2 T3 T4

T5

1

K π

a QCD p2<latexit sha1_base64="HqyUW6pFeAABFgJOWALOahkHqDo=">AAACA3icbVDLSsNAFJ3UV62vqDvdBIvgxpAUX8uiG5cV7APSUCbTm3boZBJmJtISCm78FTcuFHHrT7jzb5y2WWjrgcs9nHMvM/cECaNSOc63UVhaXlldK66XNja3tnfM3b2GjFNBoE5iFotWgCUwyqGuqGLQSgTgKGDQDAY3E7/5AELSmN+rUQJ+hHuchpRgpaWOedAWKQPv1K7A0M9c+xyG47x1zLJjO1NYi8TNSRnlqHXMr3Y3JmkEXBGGpfRcJ1F+hoWihMG41E4lJJgMcA88TTmOQPrZ9IaxdayVrhXGQhdX1lT9vZHhSMpRFOjJCKu+nPcm4n+el6rwys8oT1IFnMweClNmqdiaBGJ1qQCi2EgTTATVf7VIHwtMlI6tpENw509eJI2K7V7Y7t1ZuXqdx1FEh+gInSAXXaIqukU1VEcEPaJn9IrejCfjxXg3PmajBSPf2Ud/YHz+AGoTlr0=</latexit>

<latexit sha1_base64="t7SoNJCy+OVRKcsqKeA3/diIf3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMF+wFtKJvtpF262YTdiVBKf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXplIY8rxvp7C2vrG5Vdwu7ezu7R+UD4+aJsk0xwZPZKLbITMohcIGCZLYTjWyOJTYCkd3M7/1hNqIRD3SOMUgZgMlIsEZWanVDTMpkXrlilf15nBXiZ+TCuSo98pf3X7CsxgVccmM6fheSsGEaRJc4rTUzQymjI/YADuWKhajCSbzc6fumVX6bpRoW4rcufp7YsJiY8ZxaDtjRkOz7M3E/7xORtFNMBEqzQgVXyyKMulS4s5+d/tCIyc5toRxLeytLh8yzTjZhEo2BH/55VXSvKj6V1X/4bJSu83jKMIJnMI5+HANNbiHOjSAwwie4RXenNR5cd6dj0VrwclnjuEPnM8fegmPqg==</latexit>•
QCD p4
weak p2

weak p4

Legend 

-

T1 T2 T3 T4

T5

1

 at O(p2)K → πa

direct contribuUon 

  “indirect” contribuUon 
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We do not consider neither O(p4) correcUons to the 27-plets, 
nor isospin-breaking terms.

<latexit sha1_base64="Br+se+9NzUL8xPFVjG4Jq7/O0xo="></latexit>

ANLO = (
p

Z⇡ZK � 1)ALO +A(p4
)

�m2
i ,�F⇡

+A(p4
)

1-loop
+A(p4

)

tree

The NLO amplitude takes the standard form:

1PI 1-loop diagrams 
with O(p2) inserUons,  
at most 1 weak vertex

D3 D4 D5 D6

D7 D8 D9 D10

D11 D12 D13 D14

D15 D16 D17 D18

D19 D20 D21

1

 tree diagrams with 
one O(p4) inserUon  

-

C2 C3 C4

C5 C6 C7

C8 C9 C10

1

C2 C3 C4

C5 C6 C7

C8 C9 C10

1

p4  shiks of masses 
& decay constant  

<latexit sha1_base64="ehhv9SooE4k2UHREA5030YV9+gM="></latexit>

Zi = 1� d⌃i(p2)

dp2

����
p2=m2

i

1

external leg 
correcUons 

QCD p2<latexit sha1_base64="HqyUW6pFeAABFgJOWALOahkHqDo=">AAACA3icbVDLSsNAFJ3UV62vqDvdBIvgxpAUX8uiG5cV7APSUCbTm3boZBJmJtISCm78FTcuFHHrT7jzb5y2WWjrgcs9nHMvM/cECaNSOc63UVhaXlldK66XNja3tnfM3b2GjFNBoE5iFotWgCUwyqGuqGLQSgTgKGDQDAY3E7/5AELSmN+rUQJ+hHuchpRgpaWOedAWKQPv1K7A0M9c+xyG47x1zLJjO1NYi8TNSRnlqHXMr3Y3JmkEXBGGpfRcJ1F+hoWihMG41E4lJJgMcA88TTmOQPrZ9IaxdayVrhXGQhdX1lT9vZHhSMpRFOjJCKu+nPcm4n+el6rwys8oT1IFnMweClNmqdiaBGJ1qQCi2EgTTATVf7VIHwtMlI6tpENw509eJI2K7V7Y7t1ZuXqdx1FEh+gInSAXXaIqukU1VEcEPaJn9IrejCfjxXg3PmajBSPf2Ud/YHz+AGoTlr0=</latexit>

<latexit sha1_base64="t7SoNJCy+OVRKcsqKeA3/diIf3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMF+wFtKJvtpF262YTdiVBKf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXplIY8rxvp7C2vrG5Vdwu7ezu7R+UD4+aJsk0xwZPZKLbITMohcIGCZLYTjWyOJTYCkd3M7/1hNqIRD3SOMUgZgMlIsEZWanVDTMpkXrlilf15nBXiZ+TCuSo98pf3X7CsxgVccmM6fheSsGEaRJc4rTUzQymjI/YADuWKhajCSbzc6fumVX6bpRoW4rcufp7YsJiY8ZxaDtjRkOz7M3E/7xORtFNMBEqzQgVXyyKMulS4s5+d/tCIyc5toRxLeytLh8yzTjZhEo2BH/55VXSvKj6V1X/4bJSu83jKMIJnMI5+HANNbiHOjSAwwie4RXenNR5cd6dj0VrwclnjuEPnM8fegmPqg==</latexit>•
QCD p4
weak p2

weak p4

Legend 

-

 at O(p4)K → πa
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C2 C3 C4

C5 C6 C7

C8 C9 C10

1

D3 D4 D5 D6

D7 D8 D9 D10

D11 D12 D13 D14

D15 D16 D17 D18

D19 D20 D21

1

QCD p2<latexit sha1_base64="HqyUW6pFeAABFgJOWALOahkHqDo=">AAACA3icbVDLSsNAFJ3UV62vqDvdBIvgxpAUX8uiG5cV7APSUCbTm3boZBJmJtISCm78FTcuFHHrT7jzb5y2WWjrgcs9nHMvM/cECaNSOc63UVhaXlldK66XNja3tnfM3b2GjFNBoE5iFotWgCUwyqGuqGLQSgTgKGDQDAY3E7/5AELSmN+rUQJ+hHuchpRgpaWOedAWKQPv1K7A0M9c+xyG47x1zLJjO1NYi8TNSRnlqHXMr3Y3JmkEXBGGpfRcJ1F+hoWihMG41E4lJJgMcA88TTmOQPrZ9IaxdayVrhXGQhdX1lT9vZHhSMpRFOjJCKu+nPcm4n+el6rwys8oT1IFnMweClNmqdiaBGJ1qQCi2EgTTATVf7VIHwtMlI6tpENw509eJI2K7V7Y7t1ZuXqdx1FEh+gInSAXXaIqukU1VEcEPaJn9IrejCfjxXg3PmajBSPf2Ud/YHz+AGoTlr0=</latexit>

<latexit sha1_base64="t7SoNJCy+OVRKcsqKeA3/diIf3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMF+wFtKJvtpF262YTdiVBKf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXplIY8rxvp7C2vrG5Vdwu7ezu7R+UD4+aJsk0xwZPZKLbITMohcIGCZLYTjWyOJTYCkd3M7/1hNqIRD3SOMUgZgMlIsEZWanVDTMpkXrlilf15nBXiZ+TCuSo98pf3X7CsxgVccmM6fheSsGEaRJc4rTUzQymjI/YADuWKhajCSbzc6fumVX6bpRoW4rcufp7YsJiY8ZxaDtjRkOz7M3E/7xORtFNMBEqzQgVXyyKMulS4s5+d/tCIyc5toRxLeytLh8yzTjZhEo2BH/55VXSvKj6V1X/4bJSu83jKMIJnMI5+HANNbiHOjSAwwie4RXenNR5cd6dj0VrwclnjuEPnM8fegmPqg==</latexit>•
QCD p4
weak p2

weak p4

Legend 

-

D1 D2 C1

1

21 + 10 topologies 
89 + 11 disUnct diagrams 

 at O(p4)K → πa
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<latexit sha1_base64="t7SoNJCy+OVRKcsqKeA3/diIf3I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMF+wFtKJvtpF262YTdiVBKf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXplIY8rxvp7C2vrG5Vdwu7ezu7R+UD4+aJsk0xwZPZKLbITMohcIGCZLYTjWyOJTYCkd3M7/1hNqIRD3SOMUgZgMlIsEZWanVDTMpkXrlilf15nBXiZ+TCuSo98pf3X7CsxgVccmM6fheSsGEaRJc4rTUzQymjI/YADuWKhajCSbzc6fumVX6bpRoW4rcufp7YsJiY8ZxaDtjRkOz7M3E/7xORtFNMBEqzQgVXyyKMulS4s5+d/tCIyc5toRxLeytLh8yzTjZhEo2BH/55VXSvKj6V1X/4bJSu83jKMIJnMI5+HANNbiHOjSAwwie4RXenNR5cd6dj0VrwclnjuEPnM8fegmPqg==</latexit>•
QCD p4
weak p2

weak p4

Legend 

-

D1 D2 C1

1

21 + 10 topologies 
89 + 11 disUnct diagrams 

We removed  and  mixing at LO, but 
both appear again at NLO.  

We treat these terms as interacUons!

aπ0 aη8

 at O(p4)K → πa
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The result saUsfies two important consistency checks:

• UV divergences cancel.  

• again, the  dependence cancels κq

As a byproduct, the explicit  dependence of the remaining (finite) result is cancelled 
by the  dependence of the various LECs.

μ
μ

 at O(p4)K → πa
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The result saUsfies two important consistency checks:

• UV divergences cancel.  

• again, the  dependence cancels κq

- poles with FV ALP couplings canceled by the QCD 
counterterms given in the literature 

- for  and  , the poles of the indirect 
contribuUon are canceled by the weak CTs of Ecker

θ = ⟨aμ⟩ = 0 G′ 8 = 0

Consistency with the literature

As a byproduct, the explicit  dependence of the remaining (finite) result is cancelled 
by the  dependence of the various LECs.

μ
μ

 at O(p4)K → πa
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- for  and  , the poles of the indirect 
contribuUon are canceled by the weak CTs of Ecker

θ = ⟨aμ⟩ = 0 G′ 8 = 0

Consistency with the literature

…and some new informaUon: cancellaUon of the remaining poles   ,  
&  gives condiUons on the anomalous dims of 

∝ G8 c̃GG Gθ
8 c̃GG

G′ 8 Wθ 8
1−3

Surprisingly,  the amplitude has no absorp?ve part, in contrast with , 
where a strong rescarering phase is generated at NLO. 

KS → π+π−

As a byproduct, the explicit  dependence of the remaining (finite) result is cancelled 
by the  dependence of the various LECs.

μ
μ

 at O(p4)K → πa
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Size of O(p4) effects: direct contribution

NLO correcUon: 

small (<10%) over the enUre 
kinemaUcally allowed mass range

negligible uncertainty, since it 
depends on a single and quite well-
measured LEC,  that entersL5,r ∝ ma

 from Bijnens & Ecker (2014)L5,r
 from HPQCD nf =2+1+1 (2013)L5,r

<latexit sha1_base64="Qy13nfkwiDY0g2OZHJ3Hd9H/WNs="></latexit>

AFV = �(m2
K� �m2

⇡�)
[kd + kD]12

2f
FK!⇡
0 (q2 = m2

a)

<latexit sha1_base64="Aw3hwkiJTahgcxhI1+8CAEcVpAo="></latexit>

FK!⇡
0

(0) = (1LO � 0.023NLO)

LO

LO+NLO

[Leutwyler, Roos (1984)]
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Lots of unknown (mostly weak) LECs appear in the amplitude  
   limitaUon on the predicUve power of our results →

The best we can do is to assume that at “some” scale  the unknown LECs are 
small, so that they can be neglected.

μ0

On theory grounds, one expects a reasonable choice for  to be the scale of 
chiral symmetry breaking,   GeV, where the LECs are free of large logs.

μ0
μχ ≈ 1.6

24

Size of O(p4) effects: indirect contribution
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Lots of unknown (mostly weak) LECs appear in the amplitude  
   limitaUon on the predicUve power of our results →

The best we can do is to assume that at “some” scale  the unknown LECs are 
small, so that they can be neglected.

μ0

On theory grounds, one expects a reasonable choice for  to be the scale of 
chiral symmetry breaking,   GeV, where the LECs are free of large logs.

μ0
μχ ≈ 1.6

Works for QCD with  GeV!μ0 ≈ 1.4

 we assume the unknown LECs to have a similar behaviour:  
• set them to 0 at  GeV 
• vary  by  in both direcUons (1 - 2 GeV) to esUmate model uncertainty

→
μ0 ≈ 1.4

μ0 2

mρ

24
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Size of O(p4) effects: indirect contribution

LO

LO

NLO
LO

NLO

NLO

NLO

LO

Weak dependence from the alp mass, except for ma ≈ mπ
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Bounds on ALP couplings

26

Experimental bound(s) set by NA62:  

<latexit sha1_base64="j39q/3+oOmf3+hx2p8+dOgzHD8Y="></latexit>

B(K+ ! ⇡+X) < (3 – 6)⇥ 10�11
<latexit sha1_base64="44MLw/dK//qdwduN1faPIKX7+S4="></latexit>

mX 2 [0, 110] MeV@90% CL
<latexit sha1_base64="tKV1VWTispU7rG6ypwmf5XoAoWE="></latexit>

mX 2 [160, 260] MeV
<latexit sha1_base64="Bc5tsknA9G1cK8UF1BtTuDXlSyE="></latexit>

B(K+ ! ⇡+X) < 1⇥ 10�11 @90% CL

[NA62 2021]

Switching on one coupling at a Ume, they 
can be translated into a lower bound on 
the effecUve scale .Λeff

i = f / |ci |

The probed NP scales range from few to 
tens of TeV. 

(*) assuming g8θ = 0

Strong bounds on flavor-changing ALP 
couplings call for a flavor symmetry in the UV!
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f = 1 TeV

Consider a  flavor-universal ALP at     .Λ = 4πf

Reminder: flavor violaUng ALP couplings are anyway generated 
at low energies via RGE!

27

Bounds on ALP couplings for a flavor universal ALP
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Consider a  flavor-universal ALP at     .Λ = 4πf

Reminder: flavor violaUng ALP couplings are anyway generated 
at low energies via RGE!

The bound on  instead comes from the 
“indirect” contribu?on, which carries a largish 
theoreUcal uncertainty…. 

 NLO bound 30-40% weaker than LO es?mate  

c̃GG, c̃d

⇒

This “direct” contribu?on dominates the 
bound on .   
NLO correcUon is small & precise… 

 NLO bound is similar to the LO one! 

c̃WW, c̃BB, c̃u

⇒

( assuming  ,   TeV )Gθ
8 = 0 f = 1

SUll,  remains the strongest par?cle-physics probe for  !K → πa ma ≲ 300 MeV
27
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Bounds on ALP couplings to nucleons 

28

 can be used to constrain the ALP couplings to nucleons. 

Competes with several constraints from non-accelerator and astrophysical probes!

K → πa

, currentK → πa

( assuming flavor universal ALP &  )Gθ
8 = 0
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Conclusions

Weak meson decays are some of the most powerful probes of ALPs. 

 is a good example, and I discussed the associated challenges! 

With this rigorous framework at hand, we aim to study other modes, e.g.   
and . 

K → πa
K0 → π0a

π− → e−ν̄ a



Back-up

The cat of Villa Orlandi ©Tiziano Pojer
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Size of O(p4) effects: indirect contribution

Contribu?on propor?onal to G8 (for ma = 0): 

• Moderate NLO correcUons with sizeable uncertainUes due to O(15) unknown 
weak LECs + uncertainty of some of the “measured” LECs, especially   

• Crossed-out terms vanish for a flavor-universal ALP in the UV

L7,r
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Bounds on ALP couplings: dependence on f

Bounds on the  depend logarithmically on f:Λeff
i

(Gθ
8 = 0)

32
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Bounds on ALP couplings: dependence on g8θ

Bounds on the  depend on the (unknown) low-energy coupling .Λeff
c̃GG

, Λeff
c̃d

g8θ

For :c̃GG

33
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Bounds on ALP couplings: dependence on g8θ

f = 1 TeV

Bounds on the  depend on the (unknown) low-energy coupling .Λeff
c̃GG

, Λeff
c̃d

g8θ

For :c̃GG
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