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Why axion like particles (ALPs)?

Any dynamics with a spontaneously broken approximate global 
symmetry will produce light spinless particles 

Analogy: QCD pions

⇤QCD
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Pions are pseudo goldstone bosons of 
an approximate spontaneously broken 

symmetry

⇤UV
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ALP is a pseudo-goldstone boson

Mass much below scale of BSM physics

BSM physics
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CP-odd gauge singlet

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

∼ GeV ≳ TeV

MODEL-BUILDING MOTIVATIONS: 

(see Adrian Carmona's talk)



Why ALPs? Motivations II

All new particles are heavy (� )?  m ≫ v

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

MODEL-INDEPENDENT MOTIVATIONS: 

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... 
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ALP effective Lagrangian

Then the parameter space of the model depends on 

Don't need to know the details of the UV physics to study the ALP

hermitian matrices in flavour space

F = Q, u, d, L, e

ma, f, cF, cXX

�ΛUV
heavy new physics

} Here particle content is SM+ALP 
1) ALP is pseudoscalar under CP, and its interactions 

preserve CP

2) Invariant under ALP shift symmetry, � , broken only 
by ALP mass term

a → a + σ
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�ΛUV = 4πf



ALP pheno at a glance
All ALP interactions come with a factor of � , �  small couplings, long lifetimes1/f ⟹

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
All ALP interactions come with a factor of � , �  small couplings, long lifetimes1/f ⟹

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

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 COLLIDERFLAVOUR

Where can measurements of flavour-changing processes play a role?
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From the EFT to observables

ALP couplings determined by physics at �ΛUV

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

Flavour pheno: focus on ALPs in MeV-GeV mass 
range


(below an MeV already strongly constrained by astro/cosmology)

Choi, Im, Park, Yun, 1708.00021 
Chala, Guedes, Ramos, Santiago 2012.09017 

Bauer, Neubert, SR, Schnubel, Thamm, 2012.12272 

�ΛUV

mW

mb

SM + a 

SM - (� ,� , h, t) + a W Z

ΛQCD
SM - (� ,� , h, t,b) + a W Z

hadrons + a 
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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 
diagrams

Starting from flavour universal couplings at �  TeV:Λ = 4π

Largest effects for coupling to tops
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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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B(s,d) ! µµ
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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
+
!
⇡ +
��

�Z

h ! aa

as Bs � B̄s mixing

Bs ! µ�µ+

B ! K⇤⌫̄⌫

K+ ! ⇡+⌫̄⌫

J/ 
! �a

(µµ
)

B ! K⇤a(µµ)

⌥
!

�
a(
⌧
⌧
)

K
L
!

⇡
0
µ
+
µ
�

K
L !

⇡ 0
��

B+ ! K+a(µµ)

B+ ! ⇡+µ+µ�

dBr/dq2(B ! K⇤ee)

⌥ ! �a(µµ)

B
!

K
⌧
+
⌧
�

K+ ! ⇡+��

⌥ ! � + inv.

K+ ! ⇡+e+e�

KL ! ⇡0⌫̄⌫

KL ! ⇡0e+e�

Bd � B̄d mixing
Bd � B̄d mixing

B+ ! K+
a(��)

Simplified scenario: coupling to SU(2) gauge bosons

Flavour 
change: 

Decays:
�
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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)

high scale �  TeVΛUV = 4π

K+ → π+a (inv) BaBar, 
2111.08100
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Bauer, Neubert & Thamm, 1708.00443

Comparison with photonic constraints

Bauer, Neubert, SR, Schnubel, Thamm, 2110.10698

(NB new constraints in this region 
from ATLAS/CMS! See Mateusz 

Dyndal'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 connections between LFV and flavour conserving processes

ALPs mediating �  decaysτ → μ Contribution to �(g − 2)μ

τ → 3μ

τ− μ−

μ−

μ+
τ τ

μμ

heavy �  in the 
loop enhances 

effect

τ

⟹
τ μ

τ τ

τ → μγ

LFV ALP can explain �  if �  and flavour conserving couplings are not too large(g − 2)μ ma > mτ

12    
See Julie Pagès's talk for connections between (g-2) and LFV in models of heavy new physics



Summary

Down-type quark flavour changing effects inevitably generated 
within ALP EFTs by running and matching

Main signature: ALPs with mass below �  can be produced 
directly in meson decays

mb

Often best place to look for ALPs in MeV-GeV mass range 
(between astrophysics and collider)

13    





Backup



Higgs decays to ALPs

Limits depend strongly on decay modes of the ALP

Bauer, Neubert & Thamm, 1708.00443

Almost model independent BSM width < 0.34

Invisible width < 19%

From FIPS2020 talk by Maria Cepeda:

e.g. for h ! Za

<latexit sha1_base64="xV4tKxN6HT/WEfdv3uJJPEz0fe8=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsxIQd0V3LisYB/YDiWTZtrQTGZM7ghl6E+4caGIW3/HnX9j2s5CWw8EDufcS+45QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOqMexuSB0H654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fze6fkzCoDEsbaPoVkrv7eyGhkzCQK7GREcWSWvZn4n9dNMbzyM6GSFLlii4/CVBIbchaeDITmDOXEEsq0sLcSNqKaMrQVlWwJ3nLkVdK6qHq16vVdrVKv5XUU4QRO4Rw8uIQ63EIDmsBAwjO8wpvz6Lw4787HYrTg5DvH8AfO5w86cI9q</latexit>

can apply limits from a dedicated h ! �� + ��

<latexit sha1_base64="QZVt3nAvlwKJ+QGgx30yvax1pk0=">AAACC3icbVDLSgMxFL1TX7W+Rl26GVoEQSgzUlB3BTcuK9gHdIaSSTNtaJIZkoxQhu7d+CtuXCji1h9w59+YtiPY1gshJ+fcy805YcKo0q77bRXW1jc2t4rbpZ3dvf0D+/CopeJUYtLEMYtlJ0SKMCpIU1PNSCeRBPGQkXY4upnq7QciFY3FvR4nJOBoIGhEMdKG6tnloa9jxx8gztHvdb747tkVt+rOylkFXg4qkFejZ3/5/RinnAiNGVKq67mJDjIkNcWMTEp+qkiC8AgNSNdAgThRQTbzMnFODdN3oliaI7QzY/9OZIgrNeah6eRID9WyNiX/07qpjq6CjIok1UTg+aIoZY6xPw3G6VNJsGZjAxCW1PzVwUMkEdYmvpIJwVu2vApaF1WvVr2+q1XqtTyOIpxAGc7Ag0uowy00oAkYHuEZXuHNerJerHfrY95asPKZY1go6/MHSvOZ6w==</latexit>
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as Bs � B̄s mixing

Bs
! µ

� µ
+

B ! K⇤⌫̄⌫

K+ ! ⇡+⌫̄⌫

J/ ! �a(µµ)

B ! K⇤a(µµ)

⌥
!

�
a(
⌧
⌧
)

K
L
!

⇡
0
µ
+
µ
�

⌥ ! �a(µµ)

h ! aa

h ! Za

�Z

K
L
!

⇡
0
e+

e�

B+ ! K+a(µµ)

⌥
!

�
+
h
ad

ro
n
s

⌥ ! � + inv.

K +

!
⇡ +
��

B
!

K
⌧
+
⌧
�

µ̂t

K+ ! ⇡+e+e�

KL ! ⇡0⌫̄⌫

as Bs � B̄s mixing

K
L
!

⇡
0
�
�

BBBBd � B̄d mixing

B
+
!

K
+
a(
�
�
)

Simplified scenario: coupling to LH quark doublet

Flavour 
change: 

10−3

0.1

10−3

0.1



Fermion 
couplings:

RGEs for the lepton couplings are highly analogous!

No running for 
gauge couplings

Chetyrkin, Kniehl, 
Steinhauser, Bardeen 1998

Yukawa interactions

Gauge interactions 2 loop diagram included because it 
can be of the same order as the 1 

loop diagram

q = u, d

1 loop RG above EW scale
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(g-2) �  from an ALP: no flavour violationℓ

Le↵ = c`i`i
@µa

f
¯̀
i�µ�5`i + ce↵��

↵

4⇡

a

f
Fµ⌫ F̃

µ⌫

<latexit sha1_base64="EWCV8EZo+OIHl7aFNG9R05/3FAQ="></latexit>

�a`i = �
m2

`i
c2`i`i

16⇡2f2

"
h1(xi) +

2↵

⇡

ce↵��
c`i`i

 
ln

⇤2

m2
`i

� h2(xi)

!#

<latexit sha1_base64="OnzwhN+iTxyMv+JVs/V+dXvMeDY="></latexit>

There are loop contributions to the 
photon coupling from light leptons:

Lagrangian

⌧`i = 4m2
`i/m

2
a

<latexit sha1_base64="nwONTQjOGkvyQkXFeUFEDhbb+CY="></latexit>

B1(0) = 1

<latexit sha1_base64="tR24MVA3K4sweEeRqFde5jtTPfY="></latexit>
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Figure 5: Diagrams contributing to LFV electromagnetic form factors.

magnetic moments of leptons is therefore negligible. The contribution of �(Z ! a�) to the
total Z width results in the constraint |cdd|/⇤ & 442/TeV. The excluded parameter space is
shown gray in Figure 4. Higgs decays are strongly suppressed for ALP couplings to down-type
quarks, because the amplitudes are directly proportional to the Yukawa coupling of the b
quark.

4 Probes of flavor-changing ALP couplings to leptons

[Add a new plot and/or discussion of the case where all diagonal and o↵-diagonal cou-
plings are 1, and plot constraints on Lambda?]

In the SM, lepton flavor violating (LFV) couplings are not present, because in the absence
of neutrino masses the SM respects an exact lepton flavor symmetry. E↵ects from MFV-
type ALP couplings in the lepton sector are therefore absent or proportional to neutrino
masses. Even if ALP tree-level couplings are lepton flavor violating, from eq.(8) it follows that
these couplings are suppressed by the lepton masses. Given the large hierarchy in charged
lepton masses, loop e↵ects can be important if the lepton in the loop is heavier than the
external lepton(s). In observables probing lepton flavor-violating decays like µ ! e�, µ ! 3e
or tau decays, the contributions from electromagnetic form factors may dominate over LFV
four fermion interactions. ALPs contribute to the electromagnetic form factors through the
diagrams shown in Figure 5. The associated calculations are presented in full in Appendix B.

The diagrams on the left and in the center of Figure 5 allow only for a single lepton
flavor change, whereas for the diagram on the right of Figure 5, both ALP-vertices can change
the lepton flavor, such that the heaviest lepton in this loop becomes the largest scale in the
calculation. We use the same symbols for the form factors independent of the external leptons;
the correct meaning should become clear from the context.

In the following we discuss constraints from lepton flavor changing observables. The con-
straints from various measurements on tree-level LFV couplings are collected in Table 2 and
shown in Figure 9, 11 and Figure 12 for a single LFV coupling. In the following subsections
we provide formulae and details on how these constraints were derived.
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these couplings are suppressed by the lepton masses. Given the large hierarchy in charged
lepton masses, loop e↵ects can be important if the lepton in the loop is heavier than the
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diagrams shown in Figure 5. The associated calculations are presented in full in Appendix B.

The diagrams on the left and in the center of Figure 5 allow only for a single lepton
flavor change, whereas for the diagram on the right of Figure 5, both ALP-vertices can change
the lepton flavor, such that the heaviest lepton in this loop becomes the largest scale in the
calculation. We use the same symbols for the form factors independent of the external leptons;
the correct meaning should become clear from the context.

In the following we discuss constraints from lepton flavor changing observables. The con-
straints from various measurements on tree-level LFV couplings are collected in Table 2 and
shown in Figure 9, 11 and Figure 12 for a single LFV coupling. In the following subsections
we provide formulae and details on how these constraints were derived.
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Loop functions are positive

xi = m2
a/m

2
`i
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h1,2(xi) > 0
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�aµ > 0
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�ae < 0
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or first diagram dominates

Bauer, Neubert, Thamm JHEP 12 (2017) 044� =ALP decay constant, related to BSM scale (�  )f Λ = 4π f


