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Plan

This lecture: Theory of Axions and Axion-Like Particles

Lecture 2: Axion Dark Matter

Lecture 3: Astrophysical searches for axions
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Further Reading

Anson Hook TASI lectures: 1812.02669

Axion dark matter: What is it and why now?: 2105.01406

Axion dark matter: How to see it?: 2104.14831

Ciaran O’Hare on Axion Cosmology: 2403.17697
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Lecture plan

1 The Strong CP Problem

2 The Axion Solution

3 Axion-Like Particles
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The Strong CP Problem

The QCD Lagrangian

L = L0 + Lθ − LM

L0 = − 1

2g 2
Tr (GµνGµν) + iψ(/∂ + i /A)ψ,

G = ∂µAν − ∂νAµ + i [Aµ,Aν ] ,

Lθ = θ
1

32π2
Tr (GµνGρδ) εµνρδ = θ

1

32π2
GG̃

LM = ψRMψL + h.c.
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The Strong CP Problem

The QCD Lagrangian

We can rotate to a basis with a diagonal quark mass matrix:
Mab = maδabe

iρ

The phase ρ cannot be rotated away.

This phase of the quark mass matrix is CP-violating.

Charge transformation - exchange particles and antiparticles
Parity transformation - x→ −x
Time transformation - t → −t
Every relativistic quantum field theory is invariant under CPT.
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The Strong CP Problem

The QCD Lagrangian

The CP-violating term Lθ = θ 1
32π2 Tr (GµνGρδ) εµνρδ is a total

derivative:

Lθ = ∂µK
µ,

Kµ = θ
1

32π2
εµαβγAaα

[
Gaβγ −

g

3
fabcAbβAcγ

]
.

Sθ =

∫
d4xLθ =

∫
S

d3x nµK
µ
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The Strong CP Problem

The QCD Lagrangian

Lθ contributes as a boundary term in the action:∫
d4x

1

32π2
GG̃ = n1 − n2. (1)

n1 = winding number at infinity n2 = winding number at origin
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The Strong CP Problem

The U(1)A Anomoly

At the classical level, QCD with massless quarks is symmetric under a
U(1)A transformation:

ψ → eiεγ5

ψ

This symmetry is spontaneously broken by quark condensates
< ψψ >6= 0.
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The Strong CP Problem

The U(1)A Anomoly

The U(1)A symmetry is anomalous i.e. it is broken at the quantum
level as the path integral measure is not invariant under U(1)A.

Under a U(1)A transformation ψ → eiεγ5
ψ, we must change our

effective Lagrangian as:

L → L+ ε
Ng 2

32π2
GG̃
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The Strong CP Problem

The U(1)A Anomoly

The QCD Lagrangian is invariant under the spurious symmetry:

ψ → eiεγ5

ψ,

θ → θ + Nε,

ρ→ ρ− ε,

where θ is the strong CP angle and ρ is the phase of the quark mass
matrix.

The physical combination θ = θ + arg detM is invariant under the
spurious symmetry.
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The Strong CP Problem

The Chiral Lagrangian

At low energies, QCD is described by chiral perturbation theory:

U(x) = exp

(
2iπa(x)σa

fπ

)

L = f 2π Tr ∂µU∂
µU† + af 3π TrMU + bf 4π detU + h.c.
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The Strong CP Problem

The Chiral Lagrangian

L = f 2π Tr ∂µU∂
µU† + af 3π TrMU + bf 4π detU + h.c.

The CPT Lagrangian must obey the spurious U(1)A symmetry:

U → eiεU

M → e−iεM

θ → θ + Nε
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The Strong CP Problem

The Chiral Lagrangian

L = f 2π Tr ∂µU∂
µU† + af 3π TrMU + bf 4π detU + h.c.

The spurion symmetry requires b = |b|e−iθ or b = |b|eiρ.

b = |b|e−iθ - neutron EDM

b = |b|e−iρ - no neutron EDM?

See Ai, Cruz, Garbrecht & Tamarit, 2001.07152
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The Strong CP Problem

The Neutron Electric Dipole Moment

H = −d · E

Francesca Chadha-Day (IPPP) Lecture 1: Axions and ALPs NExT 2024 16 / 28



The Strong CP Problem

The Neutron Electric Dipole Moment

Aside: Neutron EDM from CP violating in the CKM matrix -
dn ∼ 10−32 ecm.

(Image by Peter Fierlinger.)
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The Strong CP Problem

The Neutron Electric Dipole Moment

Neutron EDM from Strong CP Violation:

Reproduced from Anson Hook’s TASI lectures, 1812.02669
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The Axion Solution

The Strong CP Problem

The Standard Model contains a constant phase, θ̄. Symmetry
specifies no preferred value.

The neutron electric dipole moment is given by
|d | = 3.6× 10−16θ̄e cm.

Null measurements of the neutron EDM require θ̄ . 10−10.

The axion theory introduces a new field, a(t, x), such that
θ̄ ∝ a(t, x), and for which the value a = 0 is energetically
favourable.

(But see Ai, Cruz, Garbrecht & Tamarit, 2001.07152 ).
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The Axion Solution

The Peccei-Quinn Solution

The behaviour of particles is determined by symmetries of the
theory.

To add the axion to the Standard Model, introduce a new
symmetry - the Peccei-Quinn (PQ) symmetry.

The PQ symmetry is a global axial U(1) symmetry.

‘Global’ - the symmetry transformation is the same everywhere
for all time.

‘Axial’ - the symmetry transformation acts differently on
left-handed and right-handed particles.

U(1) - the symmetry transformation is mathematically
equivalent to a rotation about a single axis.
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The Axion Solution

The Peccei-Quinn Solution

The PQ symmetry is spontaneously broken at low enough
temperatures.
The axion is the Nambu-Goldstone boson of the spontaneously
broken PQ symmetry.
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The Axion Solution

The Peccei-Quinn Solution

The PQ symmetry is also explicitly broken by the QCD phase
transition.
This gives a small mass to the axion, and ensures the axion field
takes a value leading to a null neutron EDM.
The axion is therefore a naturally light pseudo-scalar particle.
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The Axion Solution

The Vafa-Witten Theorem

“In parity-conserving vector-like theories such as QCD,
parity conservation is not spontaneously broken.”

Dynamical parity violating terms have zero vacuum
expectation value.
(Vafa and Witten, 1984)
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The Axion Solution

The Peccei-Quinn solution

Promote θ to a dynamical variable - the QCD axion:
L ⊃ (θ + ξa

fa
) g2

32π2G
µνG̃µν

The Vafa-Witten theorem guarantees that the total θ term is
zero in the ground state.

A potential is generated for the axion such that the total
coefficient of GµνG̃µν is zero.
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Axion-Like Particles

String ALPs

Axion-like particles (ALPs) are light pseudo-scalar particles.

ALPs do not necessarily couple to gluons or solve the neutron
EDM problem.

String theory compactificiations typically give rise to many ALPs
at a range of masses.
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Axion-Like Particles

Interactions

L =
1

2
∂µa∂

µa − 1

2
m2

aa
2 + gaggaGG̃ − gaγγ

4
aF F̃ + gaff Ψf γ

µγ5Ψf ∂µa

g ∼ 1
fa

QCD axion: mafa ∼ mπfπ

String ALP: ma and fa are free parameters.
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Axion-Like Particles

Interactions

H = gaγγ

∫
aE · BdV + gaff∇a · Ŝ + gEDMaŜ · E

g ∼ 1
fa

QCD axion: mafa ∼ mπfπ

String axion: ma and fa are free parameters.

These pseudo-scalar couplings are much harder to detect than
scalar couplings to the masses of matter particles and to
E2 − B2.
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Axion-Like Particles

Interactions

We know fa & 1010GeV. To detect such small couplings, we can:

Measure things very carefully

Exploit resonance

Arrange for very big numbers
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