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Why	ALP?
v Axion-like particles (ALPs) are compelling dark matter candidates because

Pseudo-Goldstone bosons of Peccei-Quinn like Symmetry broken at high scales

light

f! ≳ 10"	GeVm! ≲ 𝒪(MeV)

v Stable on Cosmological time scales

v Easy to Produce in the Early universe via freeze-in, freeze-out, misalignment, etc.

decoupled

These ALPs are great DM candidates but they are invisible!

SM singlet

Neutral
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Why	anomaly-free	and	flavor	violating?	
At 𝐸	 ≪ 	Λ!" ∝ 𝑓#, The most general axion coupling to SM is described by the following EFT 

Ziegler 2303.13353
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Then, the most general EFT for a leptophobic anomaly-free ALP is

Then, the most general EFT for a leptophobic anomaly-free ALP is

• Relic Abundance

• Precision Flavor Experiments

•  SN1987A bound

Axions in SM decays

𝑏 → 𝑠𝑎	, Λ → 𝑛𝑎, 𝑒𝑡𝑐

https://arxiv.org/abs/2303.13353
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Benchmarks
We have considered two classes of models:

“two-flavor scenario”
a single flavor transition at a time

only two flavors charged under PQ,

6 possible scenarios, e.g. “b-s” scenario

“CKM-scenario” 
the unitary flavor rotations are given by the CKM

All quark flavors are charged.

possible scenarios are “CKMdR” and “CKMQL”

Free	Parameters:				𝑚! , 𝑓! , 𝛼 Free	Parameters:				𝑚! , 𝑓! , 𝑋
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ALP	Production
Due to the large decay constant 𝑓! 	≥ 10" GeV, the ALP was never in thermal equilibrium with the SM bath. 
Therefore, it must be produced non-thermally:

1. Misalignment Mechanism

2. Flavor violating decays: 𝑞# 	→ 𝑞$	𝑎

3. 2 to 2 Scatterings: 𝑞#	𝑔 𝛾 → 𝑞$	𝑎; 	 𝑞# 𝑞#	 → 𝑔 𝛾 	𝑎
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Chiral	Perturbation	theory	Remark
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For the leptophobic ALPs in our mass range the 
main decay channel is into photons (𝑎 → 𝛾𝛾)

Stability
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Results

Credit: Ziegler, 2303.13353
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https://arxiv.org/abs/2303.13353
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Summary

• For a DM ALP, we don’t need to start with an anomalous PQ symmetry
• The most general axion EFT possesses non-diagonal coupling to SM fermions
• These FV couplings not only produce the observed relic abundance of DM but also makes the invisible 

ALP more “Visible!”

• They can be probed by current and future flavor experiments
• NA62: up to 1012 GeV
• Belle II: up to 1010 GeV

• The next generation X-ray observatories provide a complementary probe
• GECCO
• XGIS-X
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Leptophobic ALPs with off-diagonal couplings to SM 
quarks are great DM candidates!
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Back	up	slides
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ALP	Stability	–	Light	Quarks
At energies below a few GeV, the effective Lagrangian for the three light quarks Ψ = 𝑢, 𝑑, 𝑠 ,
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Results:	More	toy	models
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Constraints:	Flavor	Physics	vs	CMB

Credit: D’Eramo and Yun, 2111.12108


