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➢ The thermal axion scenario, constrained by Δ𝑁𝑒𝑓𝑓, provides an important and independent bound on axion coupling.

➢ Below the QCD crossover (𝑇𝑐 ≃ 150 MeV), the hadronic contribution to axion thermalization rate has long 

been estimated by only taking 𝑎𝜋 ⟷ 𝜋𝜋 reaction into account,

This approximation ignores the dynamical enhancement due to the reaction amplitudes. 

➢ We reexamine this assumption in the KSVZ axion model, focusing on 𝑎𝐾 ⟷ 𝜋𝐾 (vs. 𝑎𝜋 ⟷ 𝜋𝜋).

while the other channels, such as 𝑎𝐾 ⟷ 𝜋𝐾, 𝑎𝑁 ⟷ 𝜋𝑁, etc., are neglected because of Boltzmann suppression.
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➢ We calculated the LO scattering amplitudes for 𝑎𝜋 → 𝜋𝜋 and 𝑎𝐾 → 𝜋𝐾 processes in SU(3) ChPT.
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➢ Unitarization recipe accounting for the hadron resonances in both 𝑎𝜋 → 𝜋𝜋 and 𝑎𝐾 → 𝜋𝐾:

meson-meson PW scattering matrix

𝑎𝑃1 → 𝑃2𝑃3 PW scattering amplitudes

𝑇𝐼𝐽
4 LECs: polynomial parts with 𝒪 𝑝4  LECs

important for 𝑃-wave sector

[Oller, 1997]

Two-point one-loop function matrix

[Truong, 1988][Dobado, 1993]

• Coupled channels • Fix the meson-meson FSIs using the scattering data up to 𝑠 = 1.2 GeV.



➢ Cross sections of axion reaction processes

The 𝑎𝐾+ → 𝜋+𝐾0 process exhibits a particularly large cross section — about four times greater than that of 𝑎𝜋+ → 𝜋+𝜋0, 

challenging the assumption that 𝑎𝜋 → 𝜋𝜋 process is the dominant hadronic axion thermalization channel below 𝑇𝑐.



𝑎𝜋 𝜋𝜋 channel contribution   VS.  𝑎𝐾 𝜋𝐾 channel contribution (large amplitudes with Boltzmann-suppressed)

begins to account for more than 40% of the total rate at temperatures above 110 MeV

surpasses the 𝑎𝜋 𝜋𝜋 contribution around 130 MeV
⚫ The 𝑎𝐾 𝜋𝐾 channel 



✓ Confronting to the current upper limit on Δ𝑁eff, the lower bound on 𝑓𝑎 is tightened by approximately 30% 

after 𝑎𝐾 𝜋𝐾 channel is included.
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