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2Strong CP & Axion

Strong CP problem

[Anson Hook, 1812.02669]

neutron eDM 

θ̄ ≲ 10−10

ℒ ⊃
θ̄

16π2
Fa

μνF̃μνa

Why such tiny?

Axion ℒ ∼ (θ +
a
fa

)FF̃

Dynamically relaxing

⟨a⟩ = − faθ̄

QCD axion

[PDG, 2025]

Very light

https://arxiv.org/pdf/1812.02669
https://pdg.lbl.gov/2025/reviews/rpp2025-rev-axions.pdf


3A Heavy Axion
What if heavier axions

Feasibility @ exp facilities to be high quality

How to be heavy? Confinement? Small instanton?

A TC sector 

Analogy to QCD

{mq, fπ} → {mTC, f}

TC confinement

Heavy



4Confinement

Grand Color [Valenti et. al., 2206.04077]

To extend QCD to SU(N) Ψ = (q
f)

SM quark

TC fermion
TC to confine properly w heavy axion 

Identical Yukawa structure ℒ ⊃ yΨSHΨD

to share top coupling: yt f3 f3h

Large scalar mixing 

Fine tuning 𝒯 ∼
m2

h

f 2

To reproduce SM Higgs
Heavy axion vs. small tuning: how?

https://arxiv.org/pdf/2206.04077


5Small Instanton

To separate SM & TC fermions

A TC gauge ?Sp(2k)

Small instanton

Λ4
2k ∼ κsp ∫

v−1
Σ

0

2dρ
ρ5

(vΣρ)b2k(
2π
α2k

)2(k+1)e− 2π
α2k ∏

i

(miρ)

Va ⊃ Λ4
2k cos(θ̄2k +

a
fa

)

Fermion zero-mode suppression

[Csaki et. al., 2311.09285]

Itself as mass source!

https://arxiv.org/pdf/2311.09285


6Small Instanton
Suppressed by TC mass Λ2k ∼ (

mTC

vΣ
)Nf /4 vΣ F[α; k]

A heavy axion: large TC mass

TC confinement: no too heavy TC fermions
EW structure

Confinement & Small ins to be heavy, but …

TC, QCD separated

Small mixing y tuning

Large mass for instanton

Small mass to confine

What Wanted

Wants both, so hard to please




7Model
 SU(2k + 3) × Sp(2k)′￼× U(1)′￼Y × SU(2)L × Z4

SU(3)c × Sp(2k)TC × U(1)Y × SU(2)L

Diagonally

to confine
ℒ ⊃ (θ1 +

a1

fa1
)FsuF̃su + (θ2 +

a2

fa2
)FspF̃sp

W 2 axions

Particle content
3 generations

 as TC fermion ψ & ψ′￼

 w only mixing massZ4
ℒm ⊃ M12ψ12ψ′￼12 + M34ψ3ψ′￼4 + M43ψ4ψ′￼3 + h.c.

Anomaly free



8Interaction

Bi-fundamental

SM Yukawa

Small instanton

To close the fermion loop w mixing mass
ℒm ⊃ M12ψ12ψ′￼12 + M34ψ3ψ′￼4 + M43ψ4ψ′￼3 + h.c.

Instanton scale SSB scale vΣ

Mode decouple, when  Mi ≫ vΣ
Only Gen 3: 
M3 = 0.01vΣ

 mattersα2(vΣ) RG running

Large mass for instanton



9RG Running & Small Instanton
Running & matching

Axion potential

TC to confine at 4πf
α2(vΣ , f )
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Large Λ2k

Terminated at fmax

Dilute gas approx
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10Confinement
The  systemΨTC − ψ − ψ′￼

Mass matrix
To give a light eigenstate 

First 2 generations: Ψ − ψ − ψ′￼ Decoupled

Identical to quark mass: MTCi = mqi
, (i = 1, 2)

3rd generation: Ψ − ψ − ψ′￼ MTC3 ∼
M2

3

M2
3 + Y2v2

Σ
mq3

Yukawa via fermion mixing ψ′￼ψ′￼h → θ2
f tth

y = yt
M2

3

M2
3 + Y2v2

Σ Suppressed scalar mixing

Light mass to confine



11Confinement
A benchmark 

Bottom  partner around d mass mTC3 = {
mt

mb
md , md}

Fine tuning 𝒯 ∼
m2

h

f 2
⋅

mb

md
Less tuned 

Confinement 
Dashen alignment μ ∼ (

1
mu

+
2

md
)−1

Axion mass m2
aCF ∼

4πf3μ
f 2

a

Heavy Axion needs large f



12Two Axions
Mass matrix 

M2
a = (

M2
CF M2

CF

M2
CF M2

CF + M2
ins)

M2
CF ∼

4πf3μ
f 2

a
M2

ins =
Λ4

2k

f 2
a

Confinement Small instanton

Eigenstate and mixing angle 



13Axion Masses

1000 104 105 106
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1012 Solid vs. Dashed 

heavy vs. light

 θaa = Arg{aH , asu}

Low :  directionf ±

High : small instantonf

dominantly heavy

Heavier than mQCD
a



14Axion Masses

108 109 1010 1011 1012 1013 1014
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A larger group, the closer masses
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1012 k=6 for illustration 

f = 104 GeV

f = 105 GeV

both heavy



15Summary

Heavy axions with

Less tuning

Proper confinement

Unsuppressed instanton effect

Doable!

Much heavier than QCD axion

More pheno to be updated…


