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ALPs, generally
Any dynamics with a spontaneously broken approximate 

global symmetry will produce light spinless particles 

Analogy: QCD pions

⇤QCD

<latexit sha1_base64="NoUngXRiaSeffJxy6dBuakbsHaI=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokU1F2xLly4aME+oAlhMpm0QycPZm7EGoK/4saFIm79D3f+jdM2C209MHA451zuneMlnEkwzW9taXlldW29tFHe3Nre2dX39jsyTgWhbRLzWPQ8LClnEW0DA057iaA49DjteqPGxO/eUyFZHN3BOKFOiAcRCxjBoCRXP7RvVdjHbmYDfYCs1bjOc1evmFVzCmORWAWpoAJNV/+y/ZikIY2AcCxl3zITcDIsgBFO87KdSppgMsID2lc0wiGVTja9PjdOlOIbQSzUi8CYqr8nMhxKOQ49lQwxDOW8NxH/8/opBBdOxqIkBRqR2aIg5QbExqQKw2eCEuBjRTARTN1qkCEWmIAqrKxKsOa/vEg6Z1WrVr1s1Sr1q6KOEjpCx+gUWegc1dENaqI2IugRPaNX9KY9aS/au/Yxiy5pxcwB+gPt8wesWpVk</latexit>

⇡

<latexit sha1_base64="TO3ZC+xTp4Yzup8jDp3bomGXqsk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSQy/h/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wvb6vVeo3eRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AFTnY3Z</latexit>

m⇡

<latexit sha1_base64="H+Si1rndCjo/V43Wj5A1q0lzEUM=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXis4LaFdinZNNuGJtmQZIWy9Dd48aCIV3+QN/+NabsHbX0w8Hhvhpl5seLMWN//9kpr6xubW+Xtys7u3v5B9fCoZdJMExqSlKe6E2NDOZM0tMxy2lGaYhFz2o7HdzO//US1Yal8tBNFI4GHkiWMYOukUPR7ivWrNb/uz4FWSVCQGhRo9qtfvUFKMkGlJRwb0w18ZaMca8sIp9NKLzNUYTLGQ9p1VGJBTZTPj52iM6cMUJJqV9Kiufp7IsfCmImIXafAdmSWvZn4n9fNbHId5UyqzFJJFouSjCObotnnaMA0JZZPHMFEM3crIiOsMbEun4oLIVh+eZW0LurBZf3m4bLWuC3iKMMJnMI5BHAFDbiHJoRAgMEzvMKbJ70X7937WLSWvGLmGP7A+/wB1X+OuQ==</latexit>

p, n, ...

<latexit sha1_base64="uoVVbbUNmxhcp5a1+P/XPOSK1Zw=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBQ1l2paDeil48VrAf0i4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXphwpo3nfTuFtfWNza3idmlnd2//oHx41NJxqghtkpjHqhNiTTmTtGmY4bSTKIpFyGk7HN/O/PYTVZrF8sFMEhoIPJQsYgQbKz0mVSSryHXdfrniud4caJX4OalAjka//NUbxCQVVBrCsdZd30tMkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPODp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQUZk0lqqCSLRVHKkYnR7Hs0YIoSwyeWYKKYvRWREVaYGJtRyYbgL7+8SloXrl9zr+9rlfpNHkcRTuAUzsGHS6jDHTSgCQQEPMMrvDnKeXHenY9Fa8HJZ47hD5zPH20BjuA=</latexit>

Pions are pseudo goldstone bosons of an 
approximate spontaneously broken symmetry

⇤UV
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ALP is a pseudo-goldstone boson (PNGB)

Mass much below scale of BSM physics

BSM physics

Pseudoscalar gauge singlet

Many motivated explicit models: e.g. QCD axion, dark sector models, flavon models, composite Higgs models, ....  

∼ GeV ≳ TeV
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ALPs, generally II

All new particles are heavy ( )?  m ≫ v

One or more light ( ) BSM particles?  m ≲ v

If we are hunting for new particles beyond the Standard Model, a few options…

SM EFT (or similar)

spin 0 spin 1/2 spin 1
RH neutrino/heavy 

neutral lepton
Dark photon/Z′￼

ALP

(Goldstone boson 
explains lightness)

spin 3/2
e.g. gravitino/
composite dark 

sector resonance

+ possibly higher 
spin... 

2
Cover all bases: allow all couplings



ALP pheno at a glance

m

c/f

 MeV1  GeV1  GeV100

Decay modes & decay length depend on mass and coupling(s)

 eV1

1 TeV  −1

1 GeV  −1

10  TeV  −3 −1

long-lived 
(detector 
scales)

prompt

γγ

hadrons
leptons

γZ
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ALP pheno at a glance

m
 MeV1  GeV1  GeV100

Production modes depend on mass

Meson/lepton decays

 eV1

Beam dumps

Colliders

LSW

h/Z decay

c/f

1 TeV  −1

1 GeV  −1

10  TeV  −3 −1

γγ

hadrons
leptons

γZStars/supernovae
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ALP pheno at a glance
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Where can measurements of flavour-changing processes play a role?

m
 MeV1  GeV1  GeV100

Meson/lepton decays

 eV1

Beam dumps

Colliders

LSW

h/Z decay

c/f

1 TeV  −1

1 GeV  −1

10  TeV  −3 −1

γγ

hadrons
leptons

γZStars/supernovae

ASTRO FLAVOUR COLLIDER



Outline

ALP effective field theories

The importance of renormalisation group running of the couplings

ALPs in quark flavour processes & how they constrain the parameter space

Lepton flavour violating ALPs
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ALP effective field theories
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Don't need to know the details of the UV physics to study ALP phenomenology

ΛUV
heavy new physics

}Particle content is SM+ALP 
Physics is described by an 
effective field theory

Conditions on EFT Lagrangian:

1) Invariant under symmetries of the theory

2) ALP is pseudoscalar under CP

3) Invariant under ALP shift symmetry 

, broken only by ALP mass terma → a + σ



ALP effective field theories
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Don't need to know the details of the UV physics to study ALP phenomenology

ΛUV
heavy new physics

mW

ΛQCD

} Full SM + ALP

SU(3)c × SU(2)L × U(1)Y

} SM  + ALP−h, W, Z, t
SU(3)c × U(1)em

} Chiral Perturbation theory + ALP

Conditions on EFT Lagrangian:

1) Invariant under symmetries of the theory

2) ALP is pseudoscalar under CP

3) Invariant under ALP shift symmetry 

, broken only by ALP mass terma → a + σ



From the EFT to observables

ΛUV

mW

mb

SM + a 

SM - ( , , h, t) + a W Z

ΛQCD
SM - ( , , h, t,b) + a W Z

hadrons + a 

ALP couplings determined by physics at ΛUV

To make connection with observables, need to 
run and match to scale of measurement

Choi, Im, Park, Yun, 1708.00021

Chala, Guedes, Ramos, Santiago 2012.09017

Bauer, Neubert, SR, Schnubel, Thamm, 2012.12272

Bonilla, Brivio, Gavela, Sanz 2107.11392
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ALP EFT above the EW scale
ALP-SM couplings begin at dimension 5 

Then the ALP pheno depends on 

hermitian matrices in flavour space

ΛUV = 4πf

F = Q, u, d, L, e

SMEFT at dim 6: + ALP at dim 6: 

+ caH(H†H)(∂μa)(∂μa)2499 parameters (for B 
and L conserving)

Also a series of higher 
dimensional operators:

ma, f, cF, cXX, cϕ

+ dim 7, 8, …
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Fermion 
couplings:

RGEs for the lepton 
couplings are analogous

No running for gauge couplings Chetyrkin, Kniehl, Steinhauser, 
Bardeen 1998

Yukawa interactions

q = u, d

1 loop RG above EW scale

Important because produces 
effects in RGEs of all diagonal 
fermionic couplings, with large 

coefficients 

Important for flavour changing effects!

Choi, Im, Park, Yun (2017)
Martin Camalich, Pospelov, Vuong, Ziegler, Zupan (2020)

Bauer, Neubert, SR, 
Schnubel, Thamm

2012.12272
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1 loop RG above EW scale: summary

Flavour-diagonal 
quark couplings


(especially to tops)

Flavour changing 
quark couplings

Couplings to 
gauge bosons

If running over a large enough scale, resummation causes multiple hops

Flavour-diagonal 
fermion couplings

Flavour-diagonal 
fermion couplings

(especially to tops)

Flavour-diagonal 
fermion couplings

t

t

b

s

e−

e+

t

t

e−

e+
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Example: ALP with couplings only to tops at high scale

Heavy ALPs

Limits from an ATLAS resonance search

Bonilla, Brivio, Gavela, Sanz 2107.11392

(see also Bruggisser, Grabitz, Westhoff 2308.11703)

Light ALPs: constraints from loop-
induced electron coupling
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Flavour effects
Inevitably generate quark flavour changing effects

ΛUV

mW

mb

SM + a 

SM - ( , , h, t) + a W Z

ΛQCD
SM - ( , , h, t,b) + a W Z

hadrons + a 

di

dj

t
t

di

dj

W

W

di

dj

G, W, B t

t( (

+finite matching contributions

Starting from flavour universal couplings at  TeV:Λ = 4π
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ALPs in quark flavour processes
Meson decays

a

Long lived ALP: missing energy, monoenergetic final state meson/photon

Decaying ALP: narrow resonance in decay products

Meson mixing
B ! K(⇤)a
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B0
s,d $ B̄0

s,d
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On-shell signatures:

RG and matching calculations allow:  

> calculate all observables in terms of fundamental lagrangian coeffs at high scale 
> plot other constraints & regions of interest in same parameter space

K → πa

a a
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K → πa
By including the ALP consistently in chiral perturbation theory, can calculate decay rate  K → πa

Georgi, Kaplan, Randall 1986; Srednicki 1985; Bardeen, Peccei, Yanagida 1987;... 

explicit s-d-
ALP coupling

flavour change through weak interactions  s → ūud
Two mechanisms for a flavour diagonal coupling 
to contribute to :K → πa

a) contributing to flavour-diagonal 
parts of the diagram (flavour change 

through SM weak interactions)

b) running into an s-d-ALP coupling

These two mechanisms give different CKM dependences:

K+ → π+a
∝ V*tsVtd

∝ V*usVud

∝ Im[V*tsVtd] ∼ 0.4 |V*tsVtd |

∝ ϵV*usVud ∼ 10−3V*usVud
KL → π0a

Depending on which mechanism is more important for any particular coupling, get different hierarchies of branching ratios! 

Bauer, Neubert, SR, Schnubel, Thamm, 2102.03112

Cornella, Galda, Neubert, Wyler 2308.16903
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Constraints from kaon decays

c W
W

/(
2f

)

c G
G

/(
2f

)

If light ALPs are produced in 
, can either: K → πa

- escape detector (missing energy signature )

- decay sufficiently promptly (final states such as )

K → πX
K → πγγ

Simplified 
scenarios: only 
one coupling to 
WW or GG at 

 TeVΛUV = 4π

Ratio 
K+ : KL ∼ |V*tsVtd | : Im[V*tsVtd]

Ratio 
 K+ : KL ∼ 1 : ϵ

2.2 × 10−3

2201.07805

Recent study of future 
prospects at KOTO:

2303.01521
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All flavour constraints: coupling to SU(2) gauge bosons

Flavour 
change: 

Decays:
�
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l+

<latexit sha1_base64="tCUf0iUJOzgKsdkzgvwbXAHpXpg=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aysrq1vbBa2its7u3v7pYPDpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mHGCfkQHkoecUWOle/F43iuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHpFG0I3uLLy6R5UfGqleu7arlWzeMowDGcwBl4cAk1uIU6NIDBAJ7hFd4c4bw4787HvHXFyWeO4A+czx/uZo2L</latexit>

l�

<latexit sha1_base64="F0YDtOYRt+TfIKWfyGMorMVNaD8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSRSUG8FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSvXg875XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdK8qHjVyvVdtVyr5nEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3rri5DNH8AfO5w/xbo2N</latexit>

10−3

0.1

Bauer, Neubert, SR, Schnubel, Thamm, 2110.10698

NA62, 2103.15389 & 
2010.07644

LHCb, 
1612.07818

LHCb, 
1508.04094

see also: Gavela, Houtz, Quilez, del Rey, Sumensari (2019) 
Izaguirre, Lin, Shuve (2016); Gori, Perez, Tobioka (2020)

Babar, 2021

 TeVΛUV = 4π

18

See Michele Gallinaro’s 
talk yesterday, or CMS 
search for 

2208.01469

Limits 

h → aa → 4γ

∼ 10−2

}



Comparison with photonic constraints

Bauer, Neubert & Thamm, 1708.00443 Bauer, Neubert, SR, Schnubel, Thamm, 2110.10698

19

N.B. new LHC light-by-light and 
higgs decay constraints in this area, 

see Michele Gallinaro’s talk

}



What about leptons?
ALPs may also have lepton flavour violating (LFV) couplings

e.g.

SM is lepton flavour conserving  unlike quark case, LFV cannot be created from RG alone⟹

But there can still be loop level connections between LFV and flavour conserving processes

ALPs produced in  decaysμ → e Contribution to , (g − 2)μ (g − 2)e

μ → ea

e−μ−

⟹
µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

20



aa

cij ⌘
q
|(ke)ij |2 + |(kE)ij |2

<latexit sha1_base64="c4NdqYa8qipPoHA8I2614YEtfWg=">AAACGnicbVBNS0JBFJ1nX2ZfVss2QxIYgbwnQrWTImhpkB+g9pg3XnVy3ocz8wR5+jva9FfatCiiXbTp3zQ+JUo7MHDuOfdy5x4n4Ewq0/wyEkvLK6tryfXUxubW9k56d68i/VBQKFOf+6LmEAmceVBWTHGoBQKI63CoOr3LiV8dgJDM927VMICmSzoeazNKlJbstEXtiN2PG9AP2QA3ZF+oaJTt2XAc66O7/MmkvPopx3Y6Y+bMGHiRWDOSQTOU7PRHo+XT0AVPUU6krFtmoJoREYpRDuNUI5QQENojHahr6hEXZDOKTxvjI620cNsX+nkKx+rviYi4Ug5dR3e6RHXlvDcR//PqoWqfNSPmBaECj04XtUOOlY8nOeEWE0AVH2pCqGD6r5h2iSBU6TRTOgRr/uRFUsnnrELu/KaQKV7M4kiiA3SIsshCp6iIrlEJlRFFD+gJvaBX49F4Nt6M92lrwpjN7KM/MD6/Ad3EoWE=</latexit>

LLFV
e↵ =

@µa

f

�
¯̀
i(kE)ij�µPL`j + ¯̀

i(ke)ij�µPR`j
�

<latexit sha1_base64="V0HAbfBBUO7CY3cvTV0sfvsdeM0="></latexit>

Effect of flavour conserving couplings

i ≠ j

ALP production:

ALP decay:

Simple scenario with only leptonic couplings at tree level 

e−

e+

γ

γ

21

Bauer, Neubert, SR, Schnubel, Thamm, 2110.10698



Mass dependence
ALP can be produced on 

shell in  decaysμFor ALP masses too heavy to be 
produced in muon decays,  and 

 can still be constraining
μ → eγ

μ → 3e

All* LFV bounds depend on choice for 
flavour-conserving couplings, chosen to 

be consistent with other bounds:

*except muonium-
antimuonium oscillations!

⟹

Projected limits: MEGII  μ → e + inv MEGII  μ → eγ
Mu3E  μ → 3e

*
Optimistic limits. Could be improved with a 
forward calorimeter, see 2006.04795 22

Bauer, Neubert, SR, Schnubel, Thamm, 2110.10698

µ+

<latexit sha1_base64="eB3mSMFdddRcxTRoq4XvU0qNXkk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiAfVW8OKxgmkLbSyb7aZdursJuxuhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0o508Z1v53S2vrG5lZ5u7Kzu7d/UD08aukkU4QGJOGJ6kRYU84kDQwznHZSRbGIOG1H49uZ336iSrNEPphJSkOBh5LFjGBjpaAnsseLfrXm1t050CrxClKDAs1+9as3SEgmqDSEY627npuaMMfKMMLptNLLNE0xGeMh7VoqsaA6zOfHTtGZVQYoTpQtadBc/T2RY6H1RES2U2Az0sveTPzP62Ymvg5zJtPMUEkWi+KMI5Og2edowBQlhk8swUQxeysiI6wwMTafig3BW355lbQu655fv7n3aw2/iKMMJ3AK5+DBFTTgDpoQAAEGz/AKb450Xpx352PRWnKKmWP4A+fzB3lnjnE=</latexit>

e�

<latexit sha1_base64="ng8lsPZiF98G7LYQA9+OsRQwTAI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSRSUG8FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e90plt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqID7FgqaYTaz2anTsipVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6RRuCt/jyMmleVLxq5fquWq5V8zgKcAwncAYeXEINbqEODWAwgGd4hTdHOC/Ou/Mxb11x8pkj+APn8wfmxI2G</latexit>

e+
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Summary

Axion-like particles are a generic option for light new physics, and can 
be studied independently of their UV completion via EFTs  

Thank you!

Through running and matching from the UV scale, new couplings e.g. 
flavour changing effects can generically arise

The appropriate EFT depends on the scale of the observable 
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Flavour changing observables have good discovery potential for ALPs in 
MeV-GeV mass range





Which scale to run from?
Can imagine that within the EFT, . How much does this change things? Λ < 4πf

Running from  TeV:Λ = 4π

Running from  TeV:Λ = 4π × 1012

Not much!



Lepton flavour violating ALPs
F = Q, u, d, L, e

ΛUV = 4πf

Zooming in on the fermionic couplings…

LLFV
e↵ =

@µa
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ℓ̄i

ℓj

(kE + ke)ij

if , only pseudoscalar couplingi = jLFV ALPs can naturally arise as PNGBs of symmetries addressing

- the strong CP problem (DFSZ axion)

- the flavour problem (familon)

- neutrino masses (majoron) Chikashige, Mohapatra, Peccei 1981, Schechter  & Valle 1982, Garcia-Cely & Heeck 1701.07209, Heeck & Patel 1909.02029

Calibbi, Redigolo, Ziegler, Zupan, 2006.04795

Linster, Ziegler 1805.07341, Calibbi, Redigolo, Ziegler, Zupan 2006.04795

4

γ5

Cornella, Paradisi, Sumensari, 1911.06279

Bauer, Neubert, SR, Schnubel, Thamm, 1908.00008
Bjorkeroth, Chun, King, 1806.00660



By doing ALP-dependent field redefinitions on the effective Lagrangian, can eliminate some operators 

charge (matrix) under  symmetries of SM U(1)

If we do the redefinitions: 

Then the dimension 4 (SM) Lagrangian is unchanged 

At dimension 5, all ALP 
couplings are shifted: 

Five global symmetries of the SM Lagrangian  5 redundant parameters⟹

In particular, can use hypercharge transformation to eliminate ALP-Higgs operator:

operator removed if 
c = 2cϕ

Symmetries and redundancies
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Theory at GeV scale
We have run down to the GeV scale, now we only have u,d,s quarks

General Lagrangian can be written as

Values of all couplings are given at the low scale  

(but can be found in terms of UV couplings via all the equations shown till now) 

μ ∼ GeV

Now want to match to a chiral Lagrangian written in terms of meson fields 
Georgi, Kaplan, Randall 1986; Srednicki 1985; Bardeen, Peccei, Yanagida 1987;... 

q = (
u
d
s)
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Spurion analysis

Ignoring the gauge kinetic terms, can rewrite this in terms of spurionic background fields

Now the whole Lagrangian 
has local  
invariance under which: 

U(3)L × U(3)R

Lagrangian 
again:

...if the background fields transform as:

Want to ensure that the chiral lagrangian has all the same symmetry properties
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Chiral Lagrangian
Construct a chiral lagrangian out of the meson octet and the spurions

The covariant derivative is Gasser & Leutwyler, 1985

The Lagrangian can be written in terms of these as 

fixed empirically by pion mass

Terms in first line contain mass- and kinetic-mixing between ALP and neutral mesons
19







Matching at the EW scale
Integrating out t, W, Z, h to find EFT coefficients below EW scale

No loop matching contributions to 
gauge couplings for a light ALP∼ m2

a /m2
t , m2

a /m2
W

But one loop matching for 
fermionic couplings

Bauer, Neubert, Thamm 2017
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Running below EW scale
Only from diagrams involving photons and gluons

As for the theory above EW scale, gauge couplings do not run

13

Overall, the most important qualitative RG effects happen above the EW scale, and 
are mostly due to the top Yukawa 

Choi, Im, Kim, Seong 2106.05816

Di Luzio, Mescia, Nardi, Okawa 2205.15326

Di Luzio, Giannotti, Mescia, Nardi, Okawa, Piazza, 2305.11958

These can affect pheno, bounds & model discrimination for the QCD axion, see:



Theory at GeV scale
We have run down to the GeV scale, now we only have u,d,s quarks

General Lagrangian can be written as

Values of all couplings are given at the low scale  

(but can be found in terms of UV couplings via all the equations shown till now) 

μ ∼ GeV

Now want to match to a chiral Lagrangian written in terms of meson fields 
Georgi, Kaplan, Randall 1986; Srednicki 1985; Bardeen, Peccei, Yanagida 1987;... 

q = (
u
d
s)
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Ignoring the gauge kinetic terms, can rewrite the lagrangian in terms of spurionic background fields

Now the whole Lagrangian has local 
 invariance under 

assumptions for how the spurions 
transform

U(3)L × U(3)R



Breaking the symmetry
For ease of matching, we rotate away the gluon coupling via the general chiral rotation

Any choice(*) will work as long as

is a 3x3 matrix

We assume it's diagonal, but keeping the entries of kappa free 
will allow crosschecks of final results

We break the symmetry by setting the spurions to their rotated values 

*but to not break charge, [Q, κ] = 0

By doing this we induce effects proportional to  in other terms in the Lagrangian cGG
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Chiral Lagrangian
Construct a chiral lagrangian out of the meson octet and the spurions

The covariant derivative is Gasser & Leutwyler, 1985

The Lagrangian can be written in terms of these as 

fixed empirically by pion mass

Terms in first line contain mass- and kinetic-mixing between ALP and neutral mesons
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Weak interactions in the chiral picture

where the left handed current  is the thing that couples to the spurion  Lμ

piece from ALP terms in covariant derivative 

(chPT version of )q̄LγμqL

The leading part of the weak interaction Lagrangian is 

≈ 5
This is the  octet operator, there are also 27-plet operators but their coefficients are  suppressed in 

comparison (  rule) 
SU(3)L

ΔI = 1/2

Cirigliano, Ecker, Neufeld, Pich 2004

s → d
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 amplitudeK+ → π+a

explicit s-d-
ALP coupling

General result for an ALP

NA62 upper limit on BR(K+ → π+X) < 6 × 10−11 ⟹
1
f

2cGG + cuu + cdd ≲
1

58 TeV
NA62, 2103.15389 for a light, long-lived ALP

If we assume flavour universal, flavour conserving couplings at low scale:

flavour change through weak interactions  s → ūud

Bauer, Neubert, SR, Schnubel, Thamm 2102.13112
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 in terms of high scale couplingsK → πa
Amplitude on previous slide was written in terms of couplings at the scale μ0 ∼ 2 GeV

What does it mean in terms of couplings defined at  TeV? Λ = 4π

flavour change via 
ALP-s-d interactions

flavour change through 
weak interactions 

 s → ūud

∝ V*tsVtd

K+ → π+a
∝ V*usVud

KL → π0a ∝ Im[V*tsVtd] ∼ 0.4 |V*tsVtd |

∝ ϵV*usVud ∼ 10−3V*usVud

Different hierarchies for different ALP couplings between charged and neutral modes 

Bauer, Neubert, SR, Schnubel, 
Thamm, 2102.03112

22



QCD axion vs ALPs


