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Motivations for axions and ALPs

       • Axion: solution to the strong CP problem

• Pseudo Nambu-Goldstone Bosons of a spontaneously broken symmetry 
• Plausible Dark Matter candidates with several production mechanisms

Misalignment
Freeze- In



ALP with Flavor-Violating Couplings
Consider an ALP model with flavor-violating (FV) couplings to SM

fermions 𝑓 

Features:
• Free parameters:  ALP mass 𝑚𝑎 , the scale 𝑓𝑎 and the FV couplings 𝐶𝑞𝑖,𝑞𝑗

𝑉,𝐴  .

• Anomaly-free:  No couplings to gluons or EW gauge bosons                  Crucial for DM Pheno.

• Leptons: DM scenario considered in arxiv:2209.03371, Panci et al.

• Quarks This talk.



ALP with Flavor-Violating Couplings: why? 

Theory Misalignment between the U(1) PQ charges 𝑋𝐿,𝑅 and the Yukawa matrix
 

Phenomenology Potentially interesting experimental signatures, for 
example…

Colliders                                                Supernovae

Indirect probes of high-energy scales  𝑓𝑎 (up to 1012 GeV)

arxiv: 2012.11632, 

Camalich et al.



ALP with Flavor-Violating Couplings: how?

What about the 𝑈𝐿,𝑅 matrices? Who knows…

A Benchmark case:       two-flavor scenario 

Suitable rotation in a plane

In this way, 3 parameters only

𝑚𝑎           α 𝑓𝑎

𝑏 − 𝑠



ALP Dark Matter - Stability

Extremely light axion, 𝑚𝑎 < ΛQCD                    χPT needed                   

• Decay into pions: 𝑎 → πππ
• Decay into photons: 𝑎 → γγ

𝑚𝑎 ≳ 3𝑚π

Excluded by X-ray searchesτγγ ≳ 1030 sec

(𝑖 = 𝑐, 𝑏, 𝑡)



ALP Dark Matter – Production  I

Large 𝑓𝑎                                         DM produced out of equilibrium from the early Universe thermal bathSmall couplings

DM freeze-in

𝑞𝑖 → 𝑞𝑗𝑎 

 

𝑞𝑖 ഥ𝑞𝑖 → 𝑔𝑎,  𝑞𝑖 g → 𝑞𝑖𝑎



ALP Dark Matter – Production  II

Freeze-In under control? The non-ren. operator

Introduces a dependence   on  𝑇𝑅 (unknown)
arxiv:0911.1120, Hall et al. 

𝑞𝑖ℎ → 𝑞𝑗𝑎

Dominant IR contribution for 
Scenarios involving the top quark have 

UV Dominated



Astro Bounds – Lyman-α

DM produced with large free-streaming length

For lower DM masses the large free streaming length suppresses 
the matter power spectrum

Conflicts with structure formation: constraints from Ly-α data

arxiv:2012.01446, 
D’Eramo, Lenoci



Astro Bounds - Supernova

Axion emission through nucleon scattering N′ =  𝑛, 𝑝

Careful matching 
               with
Nucleon Chiral Lagrangian

Plus emittivity constraint from SN 1987A:

arxiv:1906.11844, 
Carenza et al. 



Astro Bounds – X-ray Searches + CMB

From arxiv:2209.03371, Panci 

et al.

Decay rate + Ωh2 ≈ 0.12 to fix fa



Collider Bounds

arxiv:2209.03371

from arxiv:2303.13353, Ziegler



d-type scenarios



u-type scenarios



Conclusions

• Axions and ALPs are interesting candidates from a phenomenological point of view.

• An ALP that is also a DM candidate meets specific requirements , especially from 

Cosmology.

• Flavor Violating couplings to fermions: more parameters but also more pheno.

• For ALPs coupled to quarks, QCD dynamics improves DM stability: weaker constraints.

• Less testable than ALP coupled to leptons. Can future collider and X-ray searches 

cover more parameter space?



Backup Slides



A chiral Lagrangian for ALP and Mesons

with

Effective symmetry



ALP Dark Matter – Production III

Non thermal mechanisms are also allowed

Misalignment

In our mass range, onset of oscilations prior to reheating: diluted mis. contribution.

Negligible



Additional Bounds? Too weak!

• Collider Bound for the Top Scenario: 

arxiv: 2002.04623

Camalich et al.

Combined with NA62 is only able to probe 𝑓𝑎 ≈ 107 GeV

• Supernova Bound: Λ → 𝑛 𝑎 is only able to probe 𝑓𝑎 ≈ 103 GeV

arxiv: 2012.11632, 

Camalich et al.
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