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⚫ General QCD Lagrangian

⚫ QCD 𝜃-vacuum: 𝜃 = σ𝑛∈ℤ 𝑒
𝑖𝜃𝑛 𝑛 , 𝜃 ∈ 0,2𝜋

Topological charge: dependent on pure-gauge configuration

Equivalent to adding the 𝜃-term 

in QCD Lagrangian

⚫ 𝜃-term violates P and CP ҧ𝜃 = 𝜃 + Tr 𝜃𝑞

𝜃-term

True observable CPV parameter:

ҧ𝜃 contributes to nEDM: ቐ
𝑑𝑛 = 2.4 1.0 × 10−16 ҧ𝜃 𝑒 cm

𝑑𝑛 < 3.0 × 10−26 𝑒 cm (90% CL)

ҧ𝜃 < 10−10

⚫ Strong CP problem: Why ҧ𝜃 is so small?

𝑚𝑢 = 0 (excluded)

PQ mechanism

⋯

Pendlebury, 2015

Pospelov, 2000
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⚫ PQ mechanism Additional global U 1 PQ symm. ቐ
explicitly broken by the SU 3 𝐶 anomaly

spontaneously broken at the scale 𝑣𝑎 Axion

Axion decay constant 𝑓𝑎 ∼ 𝑣𝑎

The axion potential is minimized at 
𝑎

𝑓𝑎
+ ҧ𝜃 = 0, dynamically solves the strong CP problem.

⚫ General axion couplings below 𝑣𝐸𝑊, up to dim-5

𝑔𝑎𝛾𝛾
0 =

𝐸

𝑁

𝛼𝑒𝑚

2𝜋𝑓𝑎
       PQ current 𝐽𝑃𝑄

𝜇
 is composed of PQ-charged SM d.o.f.

𝑁 and 𝐸 are model-dependent anomaly coefficients, 𝑁 ≠ 0 demanded by solving strong CP problem.

Model-independent operator

Peccei and Quinn, 1977

Weinberg, Wilczek, 1978

Vafa and Witten, 1984

Di Luzio, 2020
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𝑔𝑔 𝑎𝑔𝜋𝜋 𝜋𝑎, ℓ±𝛾 ℓ±𝑎,⋯

⚫ Axion thermalization and decoupling
Δ𝑁eff contributed by thermal axion population

Hadronic and leptonic 

contributions

Important to 

determine the bound

 Axion thermalization rate contributed by

𝑎𝐺 ෨𝐺 coupling induces model-independent hadronic contribution,

• dominated by 𝑎𝜋 𝜋𝜋 reaction below 𝑇𝑐 Questioning in the presence of dynamical enhancement

Planck 2018 results

Chang and Choi, 1993

assumed by all previous calculation
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⚫ Γ𝑎 𝑇 contributed by 𝑎𝐾 𝜋𝐾 reaction?

Boltzmann suppressed compared to the 𝑎𝜋 channel by 
𝑛𝐵 𝑚𝜋

𝑛𝐵
𝑚𝜋+𝑚𝐾

2

2

≃ 2%

⚫ Effective Lagrangian 𝑁𝑓 = 3

Dynamical enhancement?

⚫ 𝑎𝜋 → 𝜋𝜋 violates G-parity

𝑎𝜋0 → 𝜋+𝜋−, 𝜋0𝜋0

𝑎𝜋± → 𝜋±𝜋0

𝑎𝐾+ → 𝜋+𝐾0, 𝜋0𝐾+

𝑎𝐾− → 𝜋− ഥ𝐾0, 𝜋0𝐾−

𝑎𝐾0 → 𝜋0𝐾0, 𝜋−𝐾+

𝑎ഥ𝐾0 → 𝜋0ഥ𝐾0, 𝜋+𝐾−

IB coupling IB and IC couplings

𝑇 ≃ 110 MeV
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⚫ Lowest order chiral Lagrangian for axion and mesons

⚫ Leading order scattering amplitudes

other amplitudes by crossing…
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⚫ Coupled-channel unitarized amplitude

𝒪 𝑝2  meson 

scattering
𝒪 𝑝4 LECs 

part

= diag 𝐺1, 𝐺2, …

Im𝐺 = 𝜌

 Partial waves

 Unitarized amplitudes including FSIs

5 subtraction constants & 8 LECs

fitted by meson scattering data

✓ Chiral symm. & unitarity

✓ Mesonic resonances generated dynamically

Oller J. A., Oset E. and Pelaez J. R, 1999

⚫ Axion rate from 𝑎𝜋 𝜋𝜋 reaction

covers broad energy region
Requires going beyond the chiral expansion!

Di Luzio, et al, 2023
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⚫ Fitting results

𝜋𝜋 & 𝐾ഥ𝐾 𝜋𝐾 & 𝜂𝐾

𝜋𝐾 & 𝜂𝐾

Up to 𝑠 = 1.2 GeV
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⚫ Cross sections

Four times larger at the squared-amplitude level

constructively in 𝐼𝐽 =
1

2
1 sector

destructively in 𝐼𝐽 =
1

2
0 sector.

➢In 𝑎𝐾+ channels, 𝐶3 and 𝐶8 contributions interfere 

➢In 𝑎𝐾0 channels, 𝐶3 and 𝐶8 contributions interfere 
constructively in 𝐼𝐽 =

1

2
0 sector

destructively in 𝐼𝐽 =
1

2
1 sector.
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⚫ Axion rate and bound

can not be ignored 

below 𝑇𝑐

𝒪 30%  correction
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Summary

⚫ Axion thermalization rate below 𝑇𝑐 constitutes a crucial input to determine the current 

cosmological bound on hot axion. Focusing model-independent contribution:

 The 𝑎𝜋 → 𝜋𝜋 and 𝑎𝐾 → 𝜋𝐾 scattering amplitudes are calculated consistently in a coupled-

channel unitarization framework.

 Accounting for resonant enhancement properly, 𝑎𝐾 → 𝜋K contribution becomes comparable to 

𝑎𝜋 → 𝜋𝜋 at 𝑇 ≃ 110 MeV and is therefore non-negligible. 

Thank you for your listening
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