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Axions and ALPs: where do they come from, how to detect them?

L{!tt {ŎƘƻƻƭ άbŜǳǘǊƛƴƻǎ ŀƴŘ 5ŀǊƪ aŀǘǘŜǊέ- Bad Liebenzellς2024 

Dark Matter Axion and ALPs
Where do they come from?

Å CP violation in QCD
Å The strong CP problem
Å Peccei Quinn symmetry breaking & the axion
Å Axion production in the early universe
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CP violation in the quark sector

╚ ╚ ἛἻἫἱἴἴἩἼἱἷἶvia quark mixing
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For Kaons (negative parity):

ὅȿ╚ȟ▬ ȿ╚ȟ▬

ὖȿ╚ȟ▬ ȿ╚ȟ▬ and   ὖȿ╚ȟ▬ ȿ╚ȟ▬

Thus:

ὅὖȿ╚ȟ▬ ȿ╚ȟ▬ and   ὅὖȿ╚ȟ▬ ȿ╚ȟ▬

Thus there are two CP Eigenstates:

ȿ╚Ⱦ ȟ▬ ȿ╚ȟ▬ ȿ╚ȟ▬

With

ὅὖȿ╚Ⱦ ȟ▬ ȿ╚Ⱦ ȟ▬

╚ ALWAYS has to decay into states with CP=1

╚ ALWAYS has to decay into states with CP=-1

CP violation in the quark sector
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Experimentally two states observed:

╚╢ᴼⱫⱫ and ╚╛ᴼⱫⱫⱫ

CP violation in the quark sector

corresponding to (CP states) 

╚╛ ╚ and╚╢ ╚

1964: Christenson, Cronin, Fitch and Turlayat 
Brookhaven national Lab also observed:

Ą╚╛ᴼⱫⱫ

This is a CP violating decay! 
(similar CP violating decays appear in b-
mesons: BELLE/Babar)

ĄNobel Prize 1980
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╚ ╚ ἛἻἫἱἴἴἩἼἱἷἶ

CP violation in the quark sector
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CP violation in the QCD vacuum

QCD gauge group SU(3)c is a non-Abelian: 
gauge transformations of the Lie group are not commutative!

/ƻƴǎŜǉǳŜƴŎŜΥ v/5 Ƙŀǎ άƭŀǊƎŜ ƎŀǳƎŜ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴǎέΣ ǿƘƛŎƘ ŎƻƳŜ ǿƛǘƘ 
gauge in-equivalent ZERO energy states ȿἃ▪, separated by potential barrier. 

ĄNo single ȿἃὲ (including ȿἃπ) can be a stable vacuum state due to quantum tunelling

Physical ground state of QCD vacuum is defined by 
gauge invariant superpositionof vacuum states:

ȿⱣἃ В▪▄
░▪Ᵽȿἃ▪

For couplings this means: bŜŜŘ ǘƻ ŜǾŀƭǳŀǘŜ άǇƻǎǎƛōƭŜ ŀƳǇƭƛǘǳŘŜǎέ

Ą NEEDto add a general CP violating term to the QCD Lagrangian: 

♪▼
Ⱬ
╖Ⱨⱨ╪╖╪

Ⱨⱨ
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Ą There are two INDEPENDENT sources for CP violation in QCD. 

Physically only one CP violating phase will appear:

— Ӷ— — ὴὬὥίὩέὪὅὑὓάὥὸὶὭὼ)

leading to additional CP violating term in the QCD Lagrangian:

♪▼
Ⱬ
╖Ⱨⱨ╪╖╪

Ⱨⱨ

With ‌ the strong coupling constant and 
Ὃ and Ὃ the gluon field and its dual.

CP violation in QCD
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Nonzero EDMs imply P and T (and CP) violation if the system has a 
non-degenerate ground state. This can be seen as follows:

ᴆὨ ᴆὨ ĄЎὉ ᴆὨ ɇ%

ὖ ᴆ„ɇ% ᴆ„ɇ%

Ὕ ᴆ„ɇ% ᴆ„ɇ%

EDM energy Eigenstates are neither P nor T conserving 

ĄConsequence of non-vanishing cp violating Ӷ—:

Finite electric dipole moment (EDM) of elementary particles

Electric Dipole Moment (EDM) 

Ą Together with CPT theorem:

Non vanishing dipole moment is CP violating!
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CP violation in QCD should induce EDM in neutron 
▀▪ Ᵽɇ ▄╬□

Experimental limit: Ὠ<σɇρπ ÅÃÍ

Ą ἩἺἯἬἭἼ╜▲

The strong CP problem:

Why do two INDEPENDENT sources for CP  violation 
eliminate each other to 1 in 1010?

Anthropic principle does not help!

Universe would look the same with ͯ Ȣ
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άaŀƪŜ ŀ ŦƛŜƭŘ ǘƘŀǘ ƛǎ ŘȅƴŀƳƛŎŀƭƭȅ ŘǊƛǾŜƴ ǘƻ лέ 

Introduce U(1) symmetry with the complex phase 

Potential is degenerate in █╪

ĄMassless Nambu-Goldsonte-Boson Ἡὀ ◙●ɇ█╪

U(1) symmetry is sponatneouslyborkenat PecceiQuinn scale █╪
(█╪also sometimes called axiondecay constant)

The PecceiQuinn mechanism
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α¢ƻǇƻƭƻƎƛŎŀƭ ǎǳǎŎŜǇǘƛōƛƭƛǘȅάof QCD vacuum : 

dependence of term ╖Ⱨⱨ╪╖╪
Ⱨⱨ

on 

Ą Dependence of field potential on : 

Ą Potential minimum at ╥ ŘǳŜ ǘƻ άInstantonŘȅƴŀƳƛŎǎέ

☻╠╒╓

█╪

Ą Explicit symmetry breaking during QCD phase transition

Potential develops minimum: 

ĄMassive pseudo Nambu-Goldsonte-Boson

The PecceiQuinn mechanism
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““ ɡ

☻╠╒╓
Equivalent Equivalent

ς“ ς“

Instanton

The PecceiQuinn mechanism
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Axionas massive pseudo Nambu-Goldsonte-Boson

Ą generation of mass by chiral symmetry breaking
(mass: second derivative of potential at minimum)

□╪ Ȣ А▄╥
█╪

Correlated to █╪by QCD 

Chiral symmetry breaking is process giving its mass!!
Ąaŀǎǎ ƎŜƴŜǊŀǘƛƻƴ ōȅ άƳƛȄƛƴƎ ǿƛǘƘ ƳŜǎƻƴǎΗέ

Ą Axionmixes with Pion! ‎

‎

Coupling to Photons: ▌╪♬♬θ Ⱦ█╪
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AxionPhoton mixing

Coupling to Photons: ▌╪♬♬θ Ⱦ█╪

Ą Axionphoton conversion in external B-field

Inverse Primakoff
effect

In general: Presence of axionŦƛŜƭŘ ƳƻŘƛŦƛŜǎ aŀȄǿŜƭƭΩǎ ŜǉǳŀǘƛƻƴǎΥ

14
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☻╠╒╓

█╪

Axionsin the early universe

After phase transition: axionfield oscillations: 
frequency proportional to axionmass

Quantization of oscillations Ą huge particle density
Ą Ideal cold Dark Matter candidate

Axionsare produces as NON-THERMAL local field oscillations, 

Ą particle population without initial momentum ĄNON RELATIVISTIC!
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☻╠╒╓

█╪

Axionsin the early universe

Axionsare produces as NON-THERMAL local field oscillations, 

Ą particle population without initial momentum ĄNON RELATIVISTIC!

Energy stored, i.e. particle number density:

depends on initial alignment of ░after symmetry breaking.
Assume: Axionsmake up all dark matter: 
If we can calculate axionrelic density  Ą prediction for their mass!
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Axionrelic densitydepends on: 

Å Initial misalignment ░

Å Damping of oscillation amplitude due to Hubble expansion of universe 
during QCD phase transition: 
Damping: proportional to ratio between Hubble expansion rate and axion 
field oscillation frequency (mass)

Å Energy scale of █╪: Peccei-Quinn symmetry breaking before or after 
inflation?

Axionsin the early universe
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Pre-inflationary scenario:Peccei Quinn symmetry breaking occurred before inflation:░

the same everywhere in the observable universe Ąπ ░ “

Axionsin the early universe

Post-inflationary scenario: Observable universe consists of many patches not in causal 
contact during Peccei Quinn symmetry breaking 

Ą Today we see average of all░from many patches now in causal contact 

Ą ░ “ͯȾς! 

Problem: Topological defects lead to additional axionpopulation Ą large uncertainties
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Axion Like Particles (ALPs)

Any spontaneously broken U1 symmetry with explicit symmetry breaking:
Pseudo NambuGoldstone Boson
Ą Axionlike particle

For axion: 
mass correlated by QCD to spontaneous symmetry breaking energy scale Ὢ

█╪
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Many other pNGBs:
Ą The Axiversefrom string theory arising from compactification of 
dimensions (Calabi-Yaumanifold of extra dimensions)!
Ą No correlation between energy scale of spontaneous symmetry breaking 

and mass, but coupling to photon suppressed by energy scale of 
spontaneous symmetry breaking 

Ą Same mechanism of ALP photon mixing and Primakoffeffect!
Ą Axion searches also good for ALP searches

Axion Like Particles (ALPs)
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Dark Matter Axion and ALPs
How to detect them?

ÅAxion couplings and sources
ÅCavity experiments
ÅDielectric haloscopes
ÅLC circuits
ÅNMR experiments
ÅSolar axionsearch
ÅLight shining through the wall
ÅSome astrophysical constraint
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Excluded by 
astrophysical 
arguments
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☻╠╒╓

█╪

Axion production in the early universe

Axionsare produces as NON-THERMAL local field oscillations, 

Ą particle population without initial momentum ĄNON RELATIVISTIC!

Ą Production by misalignment as relic-oscillation of ░

○╓╜ ╬
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Axionas massive pseudo Nambu-Goldsonte-Boson

Ą generation of mass by chiral symmetry breaking
(mass: second derivative of potential at minimum)

□╪ Ȣ А▄╥
█╪

Correlated to █╪by QCD 

Chiral symmetry breaking is process giving its mass!
Ąaŀǎǎ ƎŜƴŜǊŀǘƛƻƴ ōȅ άƳƛȄƛƴƎ ǿƛǘƘ ƳŜǎƻƴǎΗέ

Ą Axionmixes with Pion! ‎

‎

Coupling to Photons: ▌╪♬♬θ Ⱦ█╪
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Other axioncouplings θ Ⱦ█╪:

Axion Bremsstrahlung

Axioelectrifeffect

Ą
⸗Ᵽ

⸗◄
leads to ▀▪

Ą Spin coupling θ Ɑẗ╔

▀▪ Ᵽɇ ▄╬□

Oscillating EDM

Couplings:
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AxionPhoton mixing

In general: Presence of axionŦƛŜƭŘ ƳƻŘƛŦƛŜǎ aŀȄǿŜƭƭΩǎ ŜǉǳŀǘƛƻƴǎΥ

Oscillation of axionfield

Gradient in axionfield

Ą Sources E ςfield oscillation!
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B-Field
x

a
Real photon
ʴ

︡
‌

ς“
ὅ
ὥὸ

Ὢ
╔ɇ║

Ὁ άὧ Ὤⱨ

Béla Majorovits: Axionenund ALPs

PrimakoffEffect:

ὅ ᶿὫ ẗὪ
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Higher air pressure:
Ą strongercouplingto air

αCƛŜƭŘ of water waves
couplesά to air

Ą Sound!

αWaveson water surfaceά

Béla Majorovits: Axionenund ALPs
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Axionsin persepctive
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Axion and ALPs experiments: 
categorization in source of axions

DM axions: Haloscopes
Detect axionsfrom galactic DM Halo 

Model dependence: 
ĄAssume axions make up DM (100%) 
ĄHalo density distribution
ĄVelocity distribution 

Solar axions: Helioscopes
Production of axions/ALPs in the sun: 
Inverse Primakoffeffect Ą thermal distribution depends on solar modeling 

Production in lab: Laboratory experiments 
Use photon sources (lasers) to measure effects
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‗
Ὤ

ὴ
ͯ

Ὤ

ά ὺ
ͯ

Ὤ

Ὤ’
ὧ
ρπὧ

ρπ
ὧ

’

σɇρπάȾί

’

σππάɇ
ρὋὌᾀ

’
χͯυάɇ

АὩὠȾὧ

ά

Axion "size":

Ą Experiment fits into particle!

ὺ ρπὧ

Local DM velocity distribution

‗
Ὤ

ὴ

De Broglie wavelength:
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ά
Ὤ’

ὧ
ὺ ρπὧ

Ὠὸͯ
‗

ὺ
ͯ
σππά

ρπὧ
ɇ
ρὋὌᾀ

’
ρπίɇ

ρὋὌᾀ

’

▀◄ɇⱨ╪ͯ

Axion-experiment "coherence time":

Interaction time of axions for experiment determined by  ‗ : 

ĄNumber of oscillation phases during propagation through experiment: 

axionmass vs. frequencyLocal DM velocity distribution

ĄMany oscillations periods during transition
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” πͯȢσ
ὋὩὠȾὧ

ὧά

ὔ
”

ά
πȢσ

ὋὩὠȾὧόȾά

ὧά

πȢσ
ὋὩὠȾὧόȾАὩὠȾὧ

ὧά

ρАὩὠȾὧ

ά

σɇρπ

ὧάύ

АὩὠȾὧ

ά

σɇρπ
АὩὠȾὧ

ά

τɇρπ

‗

АὩὠȾὧ

ά
ͯ
ⱦ▀▄║►▫▌■░▄

А▄╥Ⱦ╬

□╪

Axion local DM number density:

ĄHighly degenerate Bose-Einstein condensate!

Local DM density

‗ χͯυππὧάɇ
АὩὠȾὧ

ά

‗ τͯɇρπὧάɇ
АὩὠȾὧ

ά

ρὧά ςͯȢυɇρπ ‗ ɇ
ά

АὩὠȾὧ

De Broglie wavelength:
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ĄUseof
resonanceeffects! 

Axion-Photon Coupling:

Oscillations of E-Field!
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High Q-factor cavities in strong B-field: 
Ą Coherent E-field oscillation 
Ą LŦ ŀǘ ǊŜǎƻƴŀƴǘ ŦǊŜǉǳŜƴŎȅΥ ŎŀǾƛǘȅ ƛǎ άǇǳƳǇŜŘέ 
Ą Power can be detected 

Cavity HALOSCOPES 

ὗ
ὉὲὩὶὫώὭὲὧὥὺὭὸώ

ὉὲὩὶὫώὨὭίίὭὴὥὸὩὨὭὲύὥὰὰί
ὗ

ὧὩὲὸὩὶὪὶὩήόὩὲὧώ

ὪὶὩήόὩὲὧώὦὥὲὨύὭὨὸὬ
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Cavity HALOSCOPES 
Total power expected from resonant DM axionto photon conversion:

╟▼░▌▌╪♬
ⱬ╪
□╪

║╥╠╛╒ ὅ
᷿ ὨὼὉ’ɇὄ

᷿ Ὠὼ‐Ὁ’

ὠ: Volume of cavity, ὗὒ: Loaded Quality factor of cavity (if axionsignal width 
narrower), ὅ: Overlap integral of B-field with axioninduced E-field of mode 
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Cavity HALOSCOPES 
Total power expected from resonant DM axionto photon conversion:

╟▼░▌ ɇ ╦
А▄╥Ⱦ╬ό

□╪

║

╣

╥

■

╠╛ ╒

Ȣ

ὠ: Volume of cavity, ὗὒ: Loaded Quality factor of cavity (if axionsignal width 
narrower), ὅ: Overlap integral of B-field with axioninduced E-field of mode 

ⱨ

ⱨ
ͯ

ὺ ρπὧ
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Cavity HALOSCOPES 

ⱨ

ⱨ
ͯ

ὺ ρπὧ

Sensitivity of experiment: Use "Dickesradiometer equation": 

╢

╝

╟▼░▌

▓╫╣▼◐▼

◄▼╬╪▪
ⱨ

╢

╝
ͯ ◄▼╬╪▪ͯ ▼▄╬╣▼◐▼ͯ Ȣ╚

roughly 5̀  
Dilution fridge + 

noise temp receiver 

Many individual 
measurements! 

╟▼▄▪▼ͯ ╦
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Cavity HALOSCOPES 

ⱨ

ⱨ
ͯ

ὺ ρπὧ

Sensitivity of experiment: Use "Dickesradiometer equation": 

╢

╝
ͯ ◄▼╬╪▪ͯ ▼▄╬╣▼◐▼ͯ Ȣ╚

roughly 5̀  
Dilution fridge + 

noise temp receiver 

Many individual 
measurements! 

▀□╪
▀◄
ͯ ȢА▄╥Ⱦ◐►

║

╣

╥

■

╠╛
ɇ

Ȣ╚

╣▼◐▼

□╪
Ⱨ▄╥

Scan rate:
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Cavity HALOSCOPE: ADMX 
Scan mass range: need to tune 

Ą Use dielectric low loss tuning rod 
Ą Change resonance frequency of cavity 
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Cavity HALOSCOPE: ADMX 

Sensitivity range: 0.5 ς2.5 GHz Ą ~2 ς10 ˃ Ŝ±
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Cavity HALOSCOPE: ADMX 
individual ~ 100s measurements

With different tuning rod positiond

individual measurements
With different tuning rod positiond

No excess signal found

arXiv:2408.15227

▀□╪
▀◄
ͯ ȢА▄╥Ⱦ◐►

║

╣

╥

■

╠╛
ɇ

Ȣ╚

╣▼◐▼

□╪
Ⱨ▄╥

Scan rate:
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lde Broglie 1m 1mm1km1000km

eVmeVmeV maneV

GHz nɹTHzMHzkHz

lɹ mm µmmkm

╟▼░▌θ║╥╠╬╪○

Volume of cavities & ╠╛
decrease with wavelength

Alternative Approaches:

Couples cavities

Dish Antenna

Dielectric Haloscope
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Cavity HALOSCOPE: ADMX 
individual ~ 100s measurements

With different tuning rod positiond

individual measurements
With different tuning rod positiond

No excess signal found

▀□╪
▀◄
ͯ ȢА▄╥Ⱦ◐►

║

╣

╥

■

╠╛
ɇ

Ȣ╚

╣▼◐▼

□╪
Ⱨ▄╥

Scan rate:
arXiv:2408.15227
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Increase of cavity Q-value: 

Å Avoid high frequency losses:

use superconducting wall lining Problem: Superconductor Ὕὅ(ὄ) 
Ą limits ὄïfield Ą use HTS!

Å Minimize field at cavity walls: Use (low-loss) dielectric cylinders 

Superconducting and dielectric cavities: 

Negative field values 

Ącancellation of coupling 

High field values at walls 

Ą losses 

Coating with high 

Ὕὅsuperconductor 

Q-factors > 107

achieved at 8T!
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Superconducting and multiple cavities: 

Many small cavities

Mode matched

S. Knirck at Patras 2024 workshop

PRL 125, 221302 (2020)
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Effect of Dielectric discontinuity

Discontinuity in ‭
Ą Emission of power Perpendicular to surface 

╟

═
□░►►▫►

ͯ ɇ ╦
□

║ȿȿ

╣
▌╪♬♬□╪
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Dish antenna

Broadband approach

Works independent of 

frequency (axion mass)!

For axion search: 

Need large area and

Extremely sensitive detector

BRASS @ Uni Hamburg/DESY

BREAD @ Fermilab

B=10 T 
Tsys= 8K 
Psens=10-23W 
ĄA=1.000m² 

Psig ~ B²A
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Dish antenna BREAD experiment

Use ñlighthouseò geometry

Photon emission from cylinder walls 

Ą Fits into solenoid magnet

A=0.5 m², B=3.9 T, Tsys= 400 to 600 K, t ~ 30 days 

Broadband Reflector Experiment for Axion Detection
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Dish antenna BREAD experiment

Taken from G. Hohshino at PATRAS 2024

Beat previous best experimental limit

Broadband results: 8GHz

Using ñsimple setupò

Broadband Reflector Experiment for Axion Detection
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Dielectric haloscopes:

ñQuasi broadbandò approach
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Dielectric haloscopes:

ñQuasi broadbandò approach

Two effects: 

1. Coherent emission from all surfaces 

2. Resonant enhancement of emission at surfaces 

Å Set disk distances to tune resonant effects 

Å Changing distances changes sensitive frequency range 

mean distance ~ⱦѷĄ frequency distance variation Ą ǿƛŘǘƘ αōƻƻǎǘ ŦŀŎǘƻǊά 
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MAgnetizeddisk and Mirror Axion eXperiment

Mirror

Parabolic

Mirror

9T dipole

magnet

Horn antenna

(+ receiver)

Set of adjustable

dielectric disks

Ṩ: ~1.25m

Separate 

cryogenic

volume

assite
The European Physical Journal Cvolume79, 186 (2019)

mass range 

ma~ 100 µeV!

https://link.springer.com/journal/10052
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Prototype booster Ą Obtain boost factor from E-field measurements

Set up a simple three diskopen booster
Fixed distances
Study electromagneticswith αbead-Ǉǳƭƭά 

method

MAgnetizeddisk and Mirror Axion eXperiment
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No signals of unknown origin
Sensitive to dark photon signals ~10-21W
Compute 95%-CI upper limit
Convert to limit on kinematic mixing angle

Measureelectricfield
Calculate boost factor from 
measurement

MAgnetizeddisk and Mirror Axion eXperiment
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Improveexistinglimits by ~3 ordersof magnitude
Resonant and broadbandat the same time

MAgnetizeddisk and Mirror Axion eXperiment

ñSimpleò 3-disk 300mm prototype booster at room temperature:
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MAgnetizeddisk and Mirror Axion eXperiment

ñSimpleò 3-disk 200mm ñclosedò  booster at room temperature:

Closed boundary conditions: finite number of modes
Ą Easier to model
Ą Boost factor can be determined from 1D model
Ą Seperationrings can be exchanged Ą Tune frequency
Ą Use 1.6 T dipole magnet at CERN
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MAgnetizeddisk and Mirror Axion eXperiment

LŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ŎƻǊǊŜŎǘ ƳƻŘŜ ǾƛŜ άōŜŀŘ Ǉǳƭƭ ƳŜŀǎǳǊŜƳŜƴǘǎέ
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arXiv: 2409.11777

MAgnetizeddisk and Mirror Axion eXperiment
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MAgnetizeddisk and Mirror Axion eXperiment

Tuned booster to 5 different 
frequency bands
RF behavior via reflectivity
Data taking: Measure power 
spectrum inside magnet

1D modelling of booster RF behavior
ĄCalculate boost factors
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MAgnetizeddisk and Mirror Axion eXperiment

Improveexistinglimits by factor ~2
Goodunderstandingof boost factor determination:
Measuremet+ Modelling
Ą Proof of concept!
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MAgnetizeddisk and Mirror Axion eXperiment

Mirror

Parabolic

Mirror

9T dipole

magnet

Horn antenna

(+ receiver)

Set of adjustable

dielectric disks

Ṩ: ~1.25m

Separate 

cryogenic

volume

assite
The European Physical Journal Cvolume79, 186 (2019)

mass range 

ma~ 100 µeV!

https://link.springer.com/journal/10052
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MAgnetizeddisk and Mirror Axion eXperiment

Magnet: large bore (1.35m) high-field (9.1 T) dipole magnet needed
Ą Being developed in cooperation with CEA-Itrfu
Ą First of its kind!
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