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Goal

Set a robust and conservative upper bound on the QCD 
axion mass using cosmological datasets (Planck, DESI-Y1) 
and primordial abundances.
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The QCD axion

G̃μν = 1
2 ϵμνρσGρσ

θ → θ̄ = θ − Arg[Det(MuMd)]

ℒQCD ⊃ q̄(i∂μγμ − mq eiθqγ5)q − 1
4 Ga,μνGa

μν + θ
αs

8π
Ga,μνG̃a

μν

|dn | ≃ 2.4 ⋅ 10−16θ̄ e ⋅ cm < 1.8 ⋅ 10−26 e ⋅ cm implying | θ̄ | ≲ 10−10

Neutron EDM
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The QCD axion

ℒ ⊃ ℒQCD + 1
2 (∂μa)(∂μa) + αs

8π
a
fa

Ga,μνG̃a
μν + ℒint(∂μa, q, ℓ)

A theorem by Vafa and Witten (1984)

e−V4E(θ̄) = ∫ δ[ϕ]e−S0+iθ̄Q = ∫ δ[ϕ]e−S0+iθ̄Q

implies that the axion will relax to the minimum of the 
potential

≤ ∫ δ[ϕ] e−S0+iθ̄Q = e−V4E(0)

a(x) → a(x) + κ fa

The shift symmetry

can be used to remove the  termθ̄

ℒ ⊃ (θ̄ + κ) αs

8π
Ga,μνḠa

μν + αs

8π
a
fa

Ga,μνḠa
μν
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Early Universe axion production

Non-thermal production Thermal production

T≫ΛQCD

ä+ 3Hȧ+m
2
a(T )fa sin

✓
a

fa

◆
= 0

Thermal bath particles 
(gluons, pions, …)

a

The axion behave similarly to neutrino 
and contributes to dark radiation. 

It can only be a small fraction of the 
dark matter.  

ka ≪ T

ka ∼ T ≫ ma
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Thermal production

ℒ ⊃ 1
2 (∂μa)(∂μa) + αs

8π
a
fa

Ga,μνG̃a
μν

a

ππ

π

[Chang+ 93, …, Di Luzio+ 
21,  Notari+ 23, Di Luzio+ 23] [Masso+ 02, Salvio+ 

14]QCD cross-over

TEW0.150 T [GeV]

?

Γ(T ) ∼ T3/f2
a

Γ(T ) ∼ T5/( f2
a f2

π)
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Thermal production

Td
T

Γ(T ) ∼ T3 /f2a

H(T ) ∼ T2 /MPl
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Thermal production

Γ(T ) ∼ T3 /f2a

H(T ) ∼ T2 /MPl

Td

Td ∼ f2
a

MPl
∼ ΛQCD ( fa

108 GeV )

T

Efficient production 
makes the axion in 

thermal equilibrium with 
the SM bath

Axion decoupled 
from the SM, free 

streaming like 
neutrinos
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Thermal production

Γ(T ) ∼ T3 /f2a

H(T ) ∼ T2 /MPl

Td

Td ∼ f2
a

MPl
∼ ΛQCD ( fa

108 GeV )

T

ΔNeff = Neff − Nν = 8
7 ( 11

4 )
4
3

( ρa

ργ )
CMB

Efficient production 
makes the axion in 

thermal equilibrium with 
the SM bath

Axion decoupled 
from the SM, free 

streaming like 
neutrinos
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Thermal production
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4 )
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3
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Pion bath Quark-Gluon Plasma

d
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Thermal production

ΔNeff = 8
7 ( 11

4 )
4
3

( ρa

ργ )
CMB

≃ 0.027 ( 106.75
g*,s(Td) )

4/3

Pion bath Quark-Gluon Plasma

dY
d log x

= (Yeq − Y) Γ
H (1 − 1

3
d log g*S

d log x )

Solve Boltzmann 
equations
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Thermal production

ΔNeff = 8
7 ( 11

4 )
4
3

( ρa

ργ )
CMB

≃ 0.027 ( 106.75
g*,s(Td) )

4/3

dY
d log x

= (Yeq − Y) Γ
H (1 − 1

3
d log g*S

d log x )

Solve Boltzmann 
equations This formula may not be precise enough: 

1. if the cross section depends on momentum, 
since different momenta will decouple at 
different times; 

2. if the number of degrees of freedom decrease 
rapidly, higher momenta will be less diluted, 
leading to spectral distortions; 

3. because production may be never in thermal 
equilibrium.

Caveats
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Thermal production

ΔNeff = 8
7 ( 11

4 )
4
3

( ρa

ργ )
CMB

≃ 0.027 ( 106.75
g*,s(Td) )

4/3

dY
d log x

= (Yeq − Y) Γ
H (1 − 1

3
d log g*S

d log x )
Momentum-dependent 

Boltzmann equation

Solve Boltzmann 
equations This formula may not be precise enough: 

1. if the cross section depends on momentum, 
since different momenta will decouple at 
different times; 

2. if the number of degrees of freedom decrease 
rapidly, higher momenta will be less diluted, 
leading to spectral distortions; 

3. because production may be never in thermal 
equilibrium.

Caveats

IDM24 - 10/07/2024 G. Grilli di Cortona



8

Hot axions from pions

ℒaπ ⊃ Caπ

fa fπ
∂μa (2∂μπ0π+π− − π0∂μπ+π− − π0π+∂μπ−)

ππ

πa

LO: ∑ |ℳLO |2 = ( Caπ

fa fπ )
2

9
4 (s2 + t2 + u2 − 3m4

π)

NLO:

[Chang, Choi 1993]

breaks down at T~60 MeV
[Di Luzio, Martinelli, Piazza 2021]

How do you fix this issue?
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Hot axions from pions

ππ

π

[Notari, Rompineve, Villadoro 2023]

Inverse amplitude method

tI
ℓ(s) =

tI(2)
ℓ (s)

1 − tI(4)
ℓ (s)/tI(2)

ℓ (s)

[Di Luzio, Camalich, Martinelli, Oller, Piazza 2023]

[Truong 1988]

π0 = cos(θaπ) π0
phys + sin(θaπ) aphys

ℳaπi→π jπk = θaπ ℳπ0πi→π jπk + 𝒪 ( m2
π

s )

≃ π0
phys + θaπ aphys

LO
NLO
IAM

ℒ ⊃ q̄ (i∂μγμ + c0
2fa

∂μγμaγ5) q − q̄LMaqR + h . c .

Ma ≡ (mu 0
0 md) ei a

2fa (1+c3σ3)
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How to constrain light axions?

T [eV]1060.3Late Universe

recombination BBN

Early Universe

IDM24 - 10/07/2024 G. Grilli di Cortona



9

Results

ma ≤ 0.2 eV at 95 % probability

[Bianchini, , Valli 2023]G2dC

fa ≥ 2.8 × 107 GeV
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…and BBN?

T [eV]1060.3Late Universe

recombination BBN

Early Universe

[Yeh, Shelton, Olive, Fields 2022]
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Results

ma ≤ 0.17 eV at 95 % prob
fa ≥ 3.4 × 107 GeV at 95 % prob

We use PRyMordial [Burns, Tait, 
Valli 2023] to obtain a likelihood 
for , D/H and  as a 
function of  and . 

Yp He3/H
Neff ΩB
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…and large multipole?
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[Bianchini, , Valli 2023]G2dC
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Results

ma ≤ 0.16 eV at 95 % prob
30% improvement with 

respect to [Notari, 
Rompineve, Villadoro 2023]

fa ≥ 3.6 × 107 GeV at 95 % prob
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Robust bound on  from up-to-date measurements of CMB, 
ground-based telescopes and abundances from BBN 

 

Forecast for future surveys (Simons Observatory  
and CMB-S4) in the  vs  plane  
competitive with current constraints from  
astrophysics. 

ma

ma ≤ 0.16 eV at 95 % CL

ma ∑ mν

12

Conclusions
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