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Overview

• Dark Matter

• Axions as Dark Matter

• Axion Interactions and Constraints

• Axions in the Lab 

 
 
 

• (Complementary probes)



DARK MATTER
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Everything, Everywhere, All at Once

Time

Size
Temperature
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Dark Matter in Cosmology
Cosmic Microwave 

Background (CMB)

[Planck (including IFCA), 
1502.01589]TCMB = 2.73 K

ΔT

https://arxiv.org/abs/1502.01589
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Dark Matter in Cosmology
Cosmic Microwave 

Background (CMB)
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Dark Matter in Cosmology
Cosmic Microwave 

Background (CMB)

[Planck (including IFCA), 
1502.01589]TCMB = 2.73 K

ΔT

Proton

Dark Matter

Credit: ESA/Planck Collaboration

https://arxiv.org/abs/1502.01589
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Everything, Everywhere, All at Once
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[Video available here] 

https://www.youtube.com/watch?v=Fim6dWJhxz4
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Galaxies in Simulations

[IllustrisTNG simulation - 2101.12373]

Dark matter has become an integral part of the standard cosmological model - the  Cold Dark 
Matter ( CDM) Model. DM plays a key role in our understanding of how Galaxies form, their 
properties and distributions.

Λ
Λ

[E.g. 1609.05917  vs 1610.07663]

Cosmological simulations can now produce realistic (and beautiful) Galaxies.

Warning: Galaxy formation is messy and non-linear and still not fully understood

[See also e.g. Auriga 
Simulations - 1610.01159]

https://arxiv.org/abs/2101.12373
https://arxiv.org/abs/1609.05917
https://arxiv.org/abs/1610.07663
https://arxiv.org/abs/1610.01159
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Dark Matter in Galaxies

<latexit sha1_base64="1Nk5bhsJOpkUBSGczWZCZNzrnoc="></latexit>

vrot(r) =

r
GMenc(r)

r

) Menc(r) =
rv2rot(r)

G

Rotational velocity  of stars (and gas) in 
disk galaxies allows us to infer (in principle) the 
enclosed mass distribution.

vrot(r)

<latexit sha1_base64="IOV/03BfY2gOTItrmz7a88CRYMI=">AAAB6HicdVDLTgJBEOzFF+IL9ehlIjHxtJlFQLgRvXiERB4JbMjsMAsjs4/MzJoQwhd48aAxXv0kb/6Ns4CJGq2kk0pVd7q7vFhwpTH+sDJr6xubW9nt3M7u3v5B/vCoraJEUtaikYhk1yOKCR6yluZasG4sGQk8wTre5Dr1O/dMKh6Ft3oaMzcgo5D7nBJtpKYc5AvYrpXxRamGsF3FDsYpcYqlCsbIsfECBVihMci/94cRTQIWaiqIUj0Hx9qdEak5FWye6yeKxYROyIj1DA1JwJQ7Wxw6R2dGGSI/kqZCjRbq94kZCZSaBp7pDIgeq99eKv7l9RLtV90ZD+NEs5AuF/mJQDpC6ddoyCWjWkwNIVRycyuiYyIJ1SabnAnh61P0P2kXbadil5ulQv1qFUcWTuAUzsGBS6jDDTSgBRQYPMATPFt31qP1Yr0uWzPWauYYfsB6+wQ5VI09</latexit>r

Extent of disk[Rubin, Ford & Thonnard (1980)]

Rotation curves flatten at large radii, which 
cannot be explained by mass of observed gas 
and stars (expect Keplerian  at 
large radii).

vrot(r) ∝ 1/ r

https://ui.adsabs.harvard.edu/abs/1980ApJ...238..471R
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Dark Matter in Galaxies

<latexit sha1_base64="1Nk5bhsJOpkUBSGczWZCZNzrnoc="></latexit>

vrot(r) =
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GMenc(r)
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) Menc(r) =
rv2rot(r)
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[2004.11688]

Milky Way
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Extent of disk

Rotational velocity  of stars (and gas) in 
disk galaxies allows us to infer (in principle) the 
enclosed mass distribution.

vrot(r)

<latexit sha1_base64="IOV/03BfY2gOTItrmz7a88CRYMI=">AAAB6HicdVDLTgJBEOzFF+IL9ehlIjHxtJlFQLgRvXiERB4JbMjsMAsjs4/MzJoQwhd48aAxXv0kb/6Ns4CJGq2kk0pVd7q7vFhwpTH+sDJr6xubW9nt3M7u3v5B/vCoraJEUtaikYhk1yOKCR6yluZasG4sGQk8wTre5Dr1O/dMKh6Ft3oaMzcgo5D7nBJtpKYc5AvYrpXxRamGsF3FDsYpcYqlCsbIsfECBVihMci/94cRTQIWaiqIUj0Hx9qdEak5FWye6yeKxYROyIj1DA1JwJQ7Wxw6R2dGGSI/kqZCjRbq94kZCZSaBp7pDIgeq99eKv7l9RLtV90ZD+NEs5AuF/mJQDpC6ddoyCWjWkwNIVRycyuiYyIJ1SabnAnh61P0P2kXbadil5ulQv1qFUcWTuAUzsGBS6jDDTSgBRQYPMATPFt31qP1Yr0uWzPWauYYfsB6+wQ5VI09</latexit>r

DM density at Earth:
<latexit sha1_base64="BEg4QrAlBWHXbgVFQHklxf+U2Vw="></latexit>

⇢� ⇠ 5⇥ 10�25 g/cm3

⇠ 0.3 GeV/cm3

⇠ 0.008 M�/pc
3

[1404.1938]

Rotation curves flatten at large radii, which 
cannot be explained by mass of observed gas 
and stars (expect Keplerian  at 
large radii).

vrot(r) ∝ 1/ r

https://arxiv.org/abs/2004.11688
https://arxiv.org/abs/1404.1938
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Dark Matter properties
Dark Matter Shopping List

[0711.4996]

✴ Non-baryonic

✴ ‘Neutral’

✴ ‘Cold’ (i.e. slow 

moving)

✴ Produced in 

sufficient amounts

Non-baryonic: Dark Matter cannot consist of baryonic matter 
(protons, neutrons, etc). In particular, it cannot participate in 
Big Bang Nucleosynthesis (BBN) at T > 1 MeV, t < 3 mins

Observed primordial 
abundances

Neutral: Dark Matter cannot be charged*, 
otherwise it would couple to photons, affecting 
CMB anisotropies. It would also be able to 
dissipate energy (form visible stars/galaxies?)

*Strictly speaking, the Dark Matter cannot have a large 
charge-to-mass ratio (it could for example have a 
millicharge, much smaller than the electron charge). 

Cold relic: It has to be produced in the correct abundance, with the correct ‘temperature’ in order to 
explain the observed distribution of structure in the Universe…

https://arxiv.org/abs/0711.4996
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Very light DM ( ) 
has wave-like properties on 
astrophysical scales, 
spoiling galactic structure

≲ 10−22 eV

[Schive et al (2014), 1406.6586] 

https://arxiv.org/abs/1406.6586
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DM lighter than ~1 keV must 
be bosonic (fermions cannot 
be packed to high enough 
densities in galaxies)

https://link.aps.org/doi/10.1103/PhysRevLett.42.407
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scales, spoiling galactic 
structure

≳ 103 M⊙Very light DM ( ) 
has wave-like properties on 
astrophysical scales, 
spoiling galactic structure

≲ 10−22 eV

[Tremaine & Gunn (1979)]

DM lighter than ~1 keV must 
be bosonic (fermions cannot 
be packed to high enough 
densities in galaxies)

https://link.aps.org/doi/10.1103/PhysRevLett.42.407
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Charge-Parity Symmetry
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Charge-Parity Symmetry
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<latexit sha1_base64="COrd58LxCXH2y61mr8Kksx0dqSU="></latexit>

LQCD � ✓̄
1

32⇡2
Ga

µ⌫G̃
µ⌫
a
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The Strong CP Problem

CP violation would give rise, for example, to a neutron electric dipole 
moment . However, there is no evidence of CP 
violation in Strong interactions.

dn ∼ 10−16 θ̄ e cm
d

d

u

Neutron

<latexit sha1_base64="GHEXjGif08Y1x474Kpo4/bxfkZU=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy2k3bpZhN2J0IJ/RtePCji1T/jzX/jts1Bqw8GHu/NMDMvTKUw6LpfTmltfWNzq7xd2dnd2z+oHh51TJJpDm2eyET3QmZACgVtFCihl2pgcSihG05u5373EbQRiXrAaQpBzEZKRIIztJLvh0znPo4B2WxQrbl1dwH6l3gFqZECrUH10x8mPItBIZfMmL7nphjkTKPgEmYVPzOQMj5hI+hbqlgMJsgXN8/omVWGNEq0LYV0of6cyFlszDQObWfMcGxWvbn4n9fPMLoOcqHSDEHx5aIokxQTOg+ADoUGjnJqCeNa2FspHzPNONqYKjYEb/Xlv6RzUfca9cb9Za15U8RRJifklJwTj1yRJrkjLdImnKTkibyQVydznp03533ZWnKKmWPyC87HN3G6kfg=</latexit>

✓̄

Quantum Chromodynamics (QCD), the theory of the strong force, could 
have a large Charge-Parity (CP) violating term:

Much worse: the Weak Interactions do violate CP and this can be transferred to the Strong sector 
through non-perturbative effects related to the quark masses: θWeak = Arg |Mq | ∼ 𝒪(1)

In QCD alone, the value of  is just a parameter of the theory,  
- it could in principle be !

θ̄ θQCD
𝒪(1)

<latexit sha1_base64="R+a9MtEBqE75yXF/xnASZCekq5I="></latexit>

dn . 10�26 e cm ) ✓̄ . 10�10

Gluon field strength

Strong CP Problem: why is  so small?!θ̄ = θQCD + θWeak
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Peccei-Quinn (PQ) Mechanism: introduce a new complex scalar field , 
charged under a new global symmetry, 

φ
UPQ(1)
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Solving the Strong CP Problem

[Vafa & Witten (1984)]

In fact, this CP violating term has an associated vacuum energy: 

<latexit sha1_base64="0JR5ngNoW5cjMzjSW+UA0gzA/OY=">AAACD3icbVA9SwNBEN3zM8avqKXNYlBiE+5EomVQBMsIxgi5EOY2m2Rx9+7YnQuEI//Axr9iY6GIra2d/8a9eIUaHww83pthZl4QS2HQdT+dufmFxaXlwkpxdW19Y7O0tX1jokQz3mSRjPRtAIZLEfImCpT8NtYcVCB5K7g7z/zWiGsjovAaxzHvKBiEoi8YoJW6pYOLrq8Ah1qlI2AT6huhqM8iU/ED0KmPQ44wOeyWym7VnYLOEi8nZZKj0S19+L2IJYqHyCQY0/bcGDspaBRM8knRTwyPgd3BgLctDUFx00mn/0zovlV6tB9pWyHSqfpzIgVlzFgFtjO73fz1MvE/r51g/7STijBOkIfse1E/kRQjmoVDe0JzhnJsCTAt7K2UDUEDQxth0Ybg/X15ltwcVb1atXZ1XK6f5XEUyC7ZIxXikRNSJ5ekQZqEkXvySJ7Ji/PgPDmvztt365yTz+yQX3DevwAmSpy/</latexit>

Evac ⇠ cos(✓̄)

But the parameter  is static so this doesn’t help us…θ̄ Make  dynamical!θ̄

[Peccei & Quinn, 1977]

°2º °º 0 º 2º
µ̄

E
va

c

At low energy, the couplings of  with the Standard Model introduce a 
new (dynamical) contribution to the CP violating term:

φ
The `colour anomaly’      depends 
on exactly how the Standard 
Model is coupled to the new PQ 
symmetry (e.g. KSVZ, DFSZ)

<latexit sha1_base64="gfGSRCBiblUYmqzYIHEg3xV1l3I=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi1WWxG5cV7AOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/ndLG5tb2Tnm3srd/cHhUPT7pGpVqyjpUCaX7ITFMcMk6wEGwfqIZiUPBeuG0lfu9J6YNV/IRZgkLYjKWPOKUgJX8QUxgQonIWvNhtebW3QXwOvEKUkMF2sPq12CkaBozCVQQY3zPTSDIiAZOBZtXBqlhCaFTMma+pZLEzATZIvIcX1hlhCOl7ZOAF+rvjYzExszi0E7mEc2ql4v/eX4K0W2QcZmkwCRdfhSlAoPC+f14xDWjIGaWEKq5zYrphGhCwbZUsSV4qyevk+5V3WvUGw/XteZdUUcZnaFzdIk8dIOa6B61UQdRpNAzekVvDjgvzrvzsRwtOcXOKfoD5/MHduqRZA==</latexit>

C

<latexit sha1_base64="aoUG4lJaZD07II4lwNfDoNCiWuc="></latexit>

LQCD � ✓̄
1

32⇡2
GG̃+C✓ 1

32⇡2
GG̃

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.53.535
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.38.1440
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.53.535
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Peccei-Quinn (PQ) Mechanism

<latexit sha1_base64="jpgLSnvaQA5ulrPoLlVFJGJw3yM=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyxC3ZQZkeqy6MZlFfuAzlAyaaYNTTJDkinUofgrblwo4tb/cOffmGlnoa0HAodz7uWenCBmVGnH+bYKK6tr6xvFzdLW9s7unr1/0FJRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GN1kfntMpKKReNCTmPgcDQQNKUbaSD37yONIDyVP78m04o2RjIf0rGeXnaozA1wmbk7KIEejZ395/QgnnAiNGVKq6zqx9lMkNcWMTEteokiM8AgNSNdQgThRfjpLP4WnRunDMJLmCQ1n6u+NFHGlJjwwk1lWtehl4n9eN9HhlZ9SESeaCDw/FCYM6ghmVcA+lQRrNjEEYUlNVoiHSCKsTWElU4K7+OVl0jqvurVq7e6iXL/O6yiCY3ACKsAFl6AObkEDNAEGj+AZvII368l6sd6tj/lowcp3DsEfWJ8/h3WVSQ==</latexit>

Re(')

<latexit sha1_base64="/q9YRkvPT0DVyibKNEYoTGVCFWA=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyxC3ZQZkeqy6EZ3FewDOkPJpJk2NMkMSaZQh+KvuHGhiFv/w51/Y6adhbYeCBzOuZd7coKYUaUd59sqrKyurW8UN0tb2zu7e/b+QUtFicSkiSMWyU6AFGFUkKammpFOLAniASPtYHST+e0xkYpG4kFPYuJzNBA0pBhpI/XsI48jPZQ8vePTijdGMh7Ss55ddqrODHCZuDkpgxyNnv3l9SOccCI0ZkipruvE2k+R1BQzMi15iSIxwiM0IF1DBeJE+eks/RSeGqUPw0iaJzScqb83UsSVmvDATGZZ1aKXif953USHV35KRZxoIvD8UJgwqCOYVQH7VBKs2cQQhCU1WSEeIomwNoWVTAnu4peXSeu86taqtfuLcv06r6MIjsEJqAAXXII6uAUN0AQYPIJn8ArerCfrxXq3PuajBSvfOQR/YH3+AIXelUg=</latexit> Im
('

)
T > fa

T

At high energy (i.e. high temperatures in the early Universe), the  symmetry is preserved 
and the field  is fixed to zero.

UPQ(1)
φ

The  symmetry is the symmetry of a circle.UPQ(1)
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Peccei-Quinn (PQ) Mechanism

T > fa
T

At high energy (i.e. high temperatures in the early Universe), the  symmetry is preserved 
and the field  is fixed to zero.

UPQ(1)
φ

The  symmetry is the symmetry of a circle.UPQ(1)
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Peccei-Quinn (PQ) Mechanism
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 is no longer the minimum-energy configuration. The field must choose some initial angle , 
but all angles are equally likely.
φ = 0 θi

As the Universe cools below the PQ scale , the PQ symmetry is spontaneously broken.fa

T < fa
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Peccei-Quinn (PQ) Mechanism

<latexit sha1_base64="jpgLSnvaQA5ulrPoLlVFJGJw3yM=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyxC3ZQZkeqy6MZlFfuAzlAyaaYNTTJDkinUofgrblwo4tb/cOffmGlnoa0HAodz7uWenCBmVGnH+bYKK6tr6xvFzdLW9s7unr1/0FJRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GN1kfntMpKKReNCTmPgcDQQNKUbaSD37yONIDyVP78m04o2RjIf0rGeXnaozA1wmbk7KIEejZ395/QgnnAiNGVKq6zqx9lMkNcWMTEteokiM8AgNSNdQgThRfjpLP4WnRunDMJLmCQ1n6u+NFHGlJjwwk1lWtehl4n9eN9HhlZ9SESeaCDw/FCYM6ghmVcA+lQRrNjEEYUlNVoiHSCKsTWElU4K7+OVl0jqvurVq7e6iXL/O6yiCY3ACKsAFl6AObkEDNAEGj+AZvII368l6sd6tj/lowcp3DsEfWJ8/h3WVSQ==</latexit>

Re(')

<latexit sha1_base64="/q9YRkvPT0DVyibKNEYoTGVCFWA=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyxC3ZQZkeqy6EZ3FewDOkPJpJk2NMkMSaZQh+KvuHGhiFv/w51/Y6adhbYeCBzOuZd7coKYUaUd59sqrKyurW8UN0tb2zu7e/b+QUtFicSkiSMWyU6AFGFUkKammpFOLAniASPtYHST+e0xkYpG4kFPYuJzNBA0pBhpI/XsI48jPZQ8vePTijdGMh7Ss55ddqrODHCZuDkpgxyNnv3l9SOccCI0ZkipruvE2k+R1BQzMi15iSIxwiM0IF1DBeJE+eks/RSeGqUPw0iaJzScqb83UsSVmvDATGZZ1aKXif953USHV35KRZxoIvD8UJgwqCOYVQH7VBKs2cQQhCU1WSEeIomwNoWVTAnu4peXSeu86taqtfuLcv06r6MIjsEJqAAXXII6uAUN0AQYPIJn8ArerCfrxXq3PuajBSvfOQR/YH3+AIXelUg=</latexit> Im
('

)

T > fa T < fa T < TQCD

<latexit sha1_base64="16C6EUiuf9LIxExw7eLPzHdS414=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AEl6JAP</latexit>

✓i
<latexit sha1_base64="Cskaygb4oBvANcLCo0N4wd938sU=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRKR6rLoxmUF+4AmlMl00gydZMLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVLBNTjOt7W0vLK6tl7aKG9ube/s2nv7LS0zRVmTSiFVJyCaCZ6wJnAQrJMqRuJAsHYwvJ747XumNJfJHYxS5sdkkPCQUwJG6tmHHkQMCPYUH0RAlJIP2OnZFafqTIEXiVuQCirQ6NlfXl/SLGYJUEG07rpOCn5OFHAq2LjsZZqlhA7JgHUNTUjMtJ9Prx/jE6P0cSiVqQTwVP09kZNY61EcmM6YQKTnvYn4n9fNILz0c56kGbCEzhaFmcAg8SQK3OeKURAjQwhV3NyKaUQUoWACK5sQ3PmXF0nrrOrWqrXb80r9qoijhI7QMTpFLrpAdXSDGqiJKHpEz+gVvVlP1ov1bn3MWpesYuYA/YH1+QMd5pUF</latexit>

✓ ! 0

T

Once the Universe cools below the QCD phase transition, interactions with the Standard Model

become important and induce a (dynamical) CP violating term:

The pseudoscalar field 

is the QCD axion!

a

Strong CP problem can be solved dynamically! The vacuum energy

can be minimised by sending 
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Axions as Dark Matter

Below the QCD phase transition, the axion obtains a mass through its interactions with QCD:

In general, if  is very large, then axions are very light, very weakly coupled and very long-lived!fa

Perfect DM Candidates!

[1510.07633]

Below the QCD phase transition, the axion field evolves to give , but the initial misalignment 
angle can take a random value .

θ → 0
θi = a /fa ∈ [0, 2π]

The energy density stored in the axion field at this initial 
value  is converted into coherent oscillations of the 
axion field about the minimum — behaves as cold 
collisionless matter

V(θi)

[1910.14152]
Misalignment Mechanism

<latexit sha1_base64="tZusrG098N4bRZRH3tEifmr5ohA="></latexit>

ma ⇡ f⇡m⇡/fa ⇡ 5.7

✓
1012 GeV

fa

◆
µeV

https://arxiv.org/abs/1510.07633
https://arxiv.org/abs/1910.14152
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Pre- and post-inflationary axions

[2403.17697]

If the PQ symmetry is broken before cosmic 
inflation, then a small patch of the Universe 
with a given  is inflated to become our 
observable Universe.

θi

<latexit sha1_base64="CfMF6fyrn1MnYwTMut6qXrb4goA="></latexit>

fDM = ⇢a/⇢DM

⇡
✓

✓i
2.155
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The axion abundance can be calculated 
as:

…depends on the unknown parameter θi

https://arxiv.org/abs/2403.17697
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Pre- and post-inflationary axions

[2403.17697]

If the PQ symmetry is broken after cosmic 
inflation, then nearby patches of the 
Universe will have different initial 
misalignment angles.

Average misalignment angle  is known 
so the axion abundance depends only on 
the axion mass.

⟨θ2
i ⟩

In principle, we can calculate the value of 
the axion mass required to explain all of the 
DM!

https://arxiv.org/abs/2403.17697
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Axions, Strings and Walls [2412.08699]

In practice, the calculation is very difficult… so the precise value of the axion mass is not known yet.

https://arxiv.org/abs/2412.08699
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Axion Miniclusters
In the post-inflationary scenario, initial 
overdensities in the axion field act as 

‘seeds' for the growth of “axion 
miniclusters” (AMCs)

[Kolb & Tkachev, astro-ph/9403011]

[Buschmann et al., 1906.00967]

[See also Zurek et al., astro-ph/0607341; Vaquero et al., 1809.09241; Eggemeier et al., 1911.09417]

[2212.00560]

Axion density in between these AMCs 
could be <10% of the smooth average

Born with masses  but grow 
hierarchically to be much heavier!


10−12 M⊙

https://arxiv.org/abs/astro-ph/9403011
https://arxiv.org/abs/1906.00967
https://arxiv.org/abs/astro-ph/0607341
https://arxiv.org/abs/1809.09241
https://arxiv.org/abs/1911.09417
https://arxiv.org/abs/2212.00560
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Axion Mass [cajohare.github.io/AxionLimits/]

https://cajohare.github.io/AxionLimits/
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Axion Mass [cajohare.github.io/AxionLimits/]

https://cajohare.github.io/AxionLimits/


AXION INTERACTIONS  
AND CONSTRAINTS

28
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Axion Interactions [2003.01100]

Axions couple to Standard Model:

Axion-Gluon Axion-Photon

*More model-dependent couplings to

nucleons and electrons are also possible
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https://arxiv.org/abs/2003.01100
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Axion Interactions [2003.01100]

Axions couple to Standard Model:

Axion-Gluon Axion-Photon

*More model-dependent couplings to

nucleons and electrons are also possible
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Axion Interactions [2003.01100]

Axions couple to Standard Model:

Axion-Gluon Axion-Photon

*More model-dependent couplings to

nucleons and electrons are also possible
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Leads to Primakoff process: the inter-
conversion of axions and photons in a 
strong EM field:
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4⇡

a(x)E ·B

<latexit sha1_base64="ZH6k2kmf08ThK5TBTfLb9jyJBLc="></latexit>

~r · ~E = ⇢

~r · ~B = 0

~r⇥ ~E = �@~B

@t

~r⇥ ~B =
@~E

@t
+ ~J

https://arxiv.org/abs/2003.01100
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Axion (and ALP) Landscape

Post-inflationary

Pre-inflationary

ALPs: Axion like-particles
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Hertzsprung-Russell diagram
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Hertzsprung-Russell diagram
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Surface temperature (‘colour’)
[0906.5036]

Globular Cluster M68

https://arxiv.org/abs/0906.5036
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Hertzsprung-Russell diagram
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Surface temperature (‘colour’)
[0906.5036]

Globular Cluster M68

https://arxiv.org/abs/0906.5036
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Stellar Emission [Krauss, Moody & Wilczek (1984)]

[1406.6053, 2109.10368] 

In the electric fields of plasma in stars, photons can be converted to axions via the Primakoff process*:

E

γ

a

This provides an extra energy loss mechanism, allowing stars to cool more efficiently, which can delay the 
Helium Flash. Stellar population studies (especially in Globular clusters) constrains gaγγ ≲ 5 × 10−11 GeV−1

*if axion couples to electrons, other energy 
loss mechanisms are also possible

https://www.sciencedirect.com/science/article/abs/pii/0370269384912851
https://arxiv.org/abs/1406.6053
https://arxiv.org/abs/2109.10368
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CERN Axion Solar Telescope (CAST) [1705.02290, 2406.16840]

2 keV ≈ 2 × 107 K
Non-observation of X-rays 
from the Sun constrains:


gaγγ ≲ 6 × 10−11 GeV−1

https://arxiv.org/abs/1705.02290
https://arxiv.org/abs/2406.16840
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Axion Landscape



HALOSCOPES:

Axions in the lab

36
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Axion-induced Electric Field
Dark Matter in the Milky Way is non-relativistic, with v ∼ 220 km/s ∼ 10−3 c

where we have made use of the fact that the axion Compton wavelength is: λdB =
2πℏ
mav

≈ (μeV/ma) ⋅ 2 km

λdB

<latexit sha1_base64="qI+u/Qb1n4tJOazuuLwuf5niUwE="></latexit>

a(r, t) = a0 exp [�i (mat� pa · r)] ⇡
p
2⇢DM

ma
exp (�imat)
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Axion-induced Electric Field
Dark Matter in the Milky Way is non-relativistic, with v ∼ 220 km/s ∼ 10−3 c

where we have made use of the fact that the axion Compton wavelength is: λdB =
2πℏ
mav

≈ (μeV/ma) ⋅ 2 km

λdB

<latexit sha1_base64="qI+u/Qb1n4tJOazuuLwuf5niUwE="></latexit>

a(r, t) = a0 exp [�i (mat� pa · r)] ⇡
p
2⇢DM

ma
exp (�imat)

B0

Axion-induced electric field oscillates at a frequency:  
<latexit sha1_base64="dWXK0+8mvtKOcWCc4JzHtukHHVM="></latexit>

f = ma/(2⇡) ⇡ (ma/µeV) 0.242GHz

Ea

<latexit sha1_base64="kTlwQDX/LyYS3E83D5q8bqDO7jY="></latexit>

Ea(t) = �1

✏
ga��a(t)B0
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Cavity Haloscopes

Immerse a resonant cavity in the magnetic field. If the resonant frequency of the cavity matches the 
mass of the axion, conversion can be resonantly enhanced by the quality factor  of the cavity.Q0 ≳ 103

L � �1

4
ga��aFµ� F̃µ�

= �1

4
ga��aE · B

<latexit sha1_base64="4DnsBb0FH4NxL2TSd7R5YiFtCxY="></latexit>

<latexit sha1_base64="hUGbLDzpJ5m0dTuJMX4jn9/bqCc="></latexit>

Pa!� ⇡ g2a��
⇢a
ma

B2CV Q0 . 10�21 W

<latexit sha1_base64="Df7RgKB2eApIavwLwwklM5Cta8E="></latexit>

C =

��R dV B0 ·Emnp

��2

B2
0V

R
dV ✏ |Emnp|2
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Axion Dark Matter Experiment (ADMX)

[2010.00169]

~1m

~0.4m

Use tuning rods to ‘scan’ resonant 
frequency in the range 580 MHz 
to 890 MHz.

λ ∼ 0.4 m → f ∼ 750 MHz

https://arxiv.org/abs/2010.00169


10°6 10°5 10°4 10°3

Axion Mass ma [eV]

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

|g
ag

g
|[

G
eV

°
1 ]

H
A

Y
ST

A
C

H
A

Y
ST

A
C

C
A

PP C
A

PP C
A

PP

C
A

PP

C
A

PP

O
R

G
A

N

O
R

G
A

N

O
R

G
A

N

TA
SEH

G
rA

H
al

C
A

ST
-C

A
PP

A
D

M
X

G
ig

aB
R

EA
D

Q
U

A
X

-a
g

R
A

D
ES

M
A

D
M

A
X

0

103 104 105
Frequency [MHz]

QCD Axion

ra = 0.45 GeV cm°3

40

Current Status of Haloscopes
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Current Status of Haloscopes

 
 

Unexplored, but 
theoretically 

motivated

High mass challenge!

Cavity size (and 
therefore sensitive 
volume) decreases with 
increasing mass.

Coherent detection 
(using heterodyne 
amplification) run into 
the Standard Quantum 
Limit (SQL) as the 
frequency increases.
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Dish Antenna Detectors

R = 20 cm

[2111.12103, 2501.17119]

[1212.2970]

Dish antennas are ‘broadband’ (they avoid the need for resonant conversion)

But they need a large area to 
compensate - can be challenging 
to achieve inside a magnetic field

E.g. proposed BREAD Experiment

https://arxiv.org/abs/2111.12103
https://arxiv.org/abs/2501.17119
https://arxiv.org/abs/1212.2970
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Dish Antenna Detectors

R = 20 cm

[2111.12103, 2501.17119]

[1212.2970]

B0

Dish antennas are ‘broadband’ (they avoid the need for resonant conversion)

But they need a large area to 
compensate - can be challenging 
to achieve inside a magnetic field

E.g. proposed BREAD Experiment

https://arxiv.org/abs/2111.12103
https://arxiv.org/abs/2501.17119
https://arxiv.org/abs/1212.2970
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Plasma Haloscopes

[2210.00017, 2306.15734]

[1904.11872]Use wire metamaterials inside the cavity. 

[PATRAS Talk by Max Silva-Feaver]

[PATRAS Talk by Junu Jeong]

e.g. proposed ALPHA Experiment 

Tuneable (?) ~10 - 14 GHz

First ‘plasma haloscopes’ have yet to be demonstrated, and tuning may be challenging.

https://arxiv.org/abs/2210.00017
https://arxiv.org/abs/2306.15734
https://arxiv.org/abs/1904.11872
https://agenda.infn.it/event/46273/contributions/269318/attachments/140078/211435/PATRAS_2025_MSF.pptx
https://agenda.infn.it/event/46273/contributions/269279/attachments/140361/212071/Junu_Patras2025.pdf


CADEx: a novel and challenging experiment to search for dark 
matter axions in the range ma = 330–460 μeV (W-band: 86–110 
GHz). Also sensitive to dark photons. 
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Canfranc Axion Detection Experiment

Originally proposed and accepted by Canfranc Underground 
Laboratory (LSC) under EoI-31-2021 

Novel Design:
• Array of 7 high frequency, 

tuneable resonant cavities

• Superconducting Kinetic 

Inductance Detectors (KIDs)  
 broadband, polarisation 

detectors to go beyond the 
Standard Quantum Limit


• Eventually install and operate 
the CADEx experiment at LSC

→

CADEx as a technology platform!

[JCAP 11 (2022) 044, arXiv:2206.02980]

[Cosmic WISPers 2024 Proceedings]

https://lsc-canfranc.es/wp-content/uploads/2022/01/CADEx_presentation_V0.pdf
https://arxiv.org/abs/2206.02980
https://pos.sissa.it/474/039
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CADEx Team

More than 30 people from 11 institutions
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CADEx Sensitivity Projections

Magnetic field:   

Total cavity volume: 

Cavity quality factor:  

Cavity coupling: 

Cavity form factor: 

𝐵 = 8T
𝑉 = 0.2L

𝑄0 = 2 × 104

β ∼ 1
C ∼ 0.66

𝑃𝑑 =
𝛽

(1 + 𝛽)2
𝑔2

𝑎𝛾
𝜌𝑎

𝑚𝑎
𝐵2𝐶𝑽𝑸
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CADEx Status: Haloscopes

 

 


𝑎 ≈ 1 . 7 mm
𝑏 = 40𝑎
𝑓𝑟 = 90GHz

[Cartagena, IFIC, Yebes]

• Pushing 3D Cavities to the W-band, two cavities have so far been fabricated, coated with superconducting 
NbTiN film to enhance Q.  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CADEx Status: Haloscopes

 

 


𝑎 ≈ 1 . 7 mm
𝑏 = 40𝑎
𝑓𝑟 = 90GHz

M
ag

ni
tu

de
 (d

B)

Qi (16 K)  7420
Qi (11 K)   88150

≈
≈

[Cartagena, IFIC, Yebes]

• Pushing 3D Cavities to the W-band, two cavities have so far been fabricated, coated with superconducting 
NbTiN film to enhance Q.  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CADEx Status: Haloscopes

• Pushing 3D Cavities to the W-band, two cavities have so far been fabricated, coated with superconducting 
NbTiN film to enhance Q.  

• Next generation of cavities are about to be machined, with quality factor measurements in the coming months 
(Q4 2025)

• Ultimately aim to develop tuneable cavities to scan 
frequency range 𝑓𝑟 ∈ [86, 111] GHz

[See e.g. McAllister et al., 2309.12098]

[Cartagena, IFIC, Yebes]

https://arxiv.org/abs/2309.12098


Detection by monitoring the 
resonant frequency of the LC 

circuit
48

CADEx Status: KIDs

Kinetic Inductance Detectors (KIDs)

Superconductor

Photon absorbed by superconductor breaks Cooper pairs, 
reducing kinetic inductance

<latexit sha1_base64="Lkf9KZhAfV6m8o51uVGOR7R0T0E=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRLxtSx248JFBfuAJoTJdNIOnUeYmYgl5FfcuFDErT/izr9x0mah1QMDh3Pu5Z45UUKJ0q77ZVVWVtfWN6qbta3tnd09e7/eUyKVCHeRoEIOIqgwJRx3NdEUDxKJIYso7kfTduH3H7BURPB7PUtwwOCYk5ggqI0U2nVfMDyGoc+gnkiW3bbz0G64TXcO5y/xStIAJTqh/emPBEoZ5hpRqNTQcxMdZFBqgijOa36qcALRFI7x0FAOGVZBNs+eO8dGGTmxkOZx7czVnxsZZErNWGQmi4hq2SvE/7xhquOrICM8STXmaHEoTqmjhVMU4YyIxEjTmSEQSWKyOmgCJUTa1FUzJXjLX/5LeqdN76J5fnfWaF2XdVTBITgCJ8ADl6AFbkAHdAECj+AJvIBXK7eerTfrfTFascqdA/AL1sc3Qo2UmQ==</latexit>!LC
 

 

[CAB, University of Cantabria, Yebes, IMDEA]

Sensitivity described by 

Noise-equivalent power (NEP):  

<latexit sha1_base64="Urv51aKAnoOntq77pMTs/9LYa8Q="></latexit>

�P inc
noise =

NEPp
2�t



Detection by monitoring the 
resonant frequency of the LC 

circuit
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CADEx Status: KIDs

Kinetic Inductance Detectors (KIDs)

Superconductor

Photon absorbed by superconductor breaks Cooper pairs, 
reducing kinetic inductance

<latexit sha1_base64="Lkf9KZhAfV6m8o51uVGOR7R0T0E=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRLxtSx248JFBfuAJoTJdNIOnUeYmYgl5FfcuFDErT/izr9x0mah1QMDh3Pu5Z45UUKJ0q77ZVVWVtfWN6qbta3tnd09e7/eUyKVCHeRoEIOIqgwJRx3NdEUDxKJIYso7kfTduH3H7BURPB7PUtwwOCYk5ggqI0U2nVfMDyGoc+gnkiW3bbz0G64TXcO5y/xStIAJTqh/emPBEoZ5hpRqNTQcxMdZFBqgijOa36qcALRFI7x0FAOGVZBNs+eO8dGGTmxkOZx7czVnxsZZErNWGQmi4hq2SvE/7xhquOrICM8STXmaHEoTqmjhVMU4YyIxEjTmSEQSWKyOmgCJUTa1FUzJXjLX/5LeqdN76J5fnfWaF2XdVTBITgCJ8ADl6AFbkAHdAECj+AJvIBXK7eerTfrfTFascqdA/AL1sc3Qo2UmQ==</latexit>!LC
 

 

[CAB, University of Cantabria, Yebes, IMDEA]

Sensitivity described by 

Noise-equivalent power (NEP):  
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KIDs Array [CAB, University of Cantabria, Yebes, IMDEA]

[See also Journal of Low Temperature Physics (2024)]

https://link.springer.com/article/10.1007/s10909-024-03198-8
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KIDs Array [CAB, University of Cantabria, Yebes, IMDEA]

[See also Journal of Low Temperature Physics (2024)]

https://link.springer.com/article/10.1007/s10909-024-03198-8
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CADEx Status: KIDs

• Broadband detection system based on superconducting Kinetic Inductance Detectors

• First demonstrators based on Ti/Al bilayer have been developed and characterized

• Cryogenic response confirms W-band detection. 

• KIDs demonstrated background limited performance (Tbb = 50 K).

• Low background set-up under test

Cross–Polarization 
Ratio = 0.31

Target NEP ≤ 10−19 W/ Hz

[See also Journal of Low Temperature Physics (2024)]

[CAB, University of Cantabria, Yebes, IMDEA]

https://link.springer.com/article/10.1007/s10909-024-03198-8
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CADEx Status: Infrastructure

• IFCA Cryolab: New cryogenic laboratory at IFCA will host 
CADEx technology demonstrator - civil work recently 
completed in Summer 2025*


• Installation of dilution refrigerator now completed


• Cryolab will be a test bed of quantum sensor 
technologies. Pathfinder setup will be used to test, 
compare and optimise detectors 


• Currently tendering for the magnet.

[IFCA]

*IFCA cryolab also to be used for e.g. development of the thermal 
monitoring and control system (TMCS) system for the LiteBird 
experiment (CMB polarisation satellite, Cosmology Group)
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CADEx Timeline

Existing EoI with LSC runs throughs through 2026. What does the future look like?

• Design and Demonstration Phase (2 years)
Cryostat acquisition, installation and operation 

Full quasi-optical design

Demonstration of key technology (haloscope and detectors) in the lab.


• Pathfinder Phase (2 years)
First CADEx prototype (pathfinder) to be installed & tested in IFCA Cryolab

First science results in 2027/2028


• Operation Phase (8 years)
Upgrade the experiment to improve the sensitivity

Installation & Commissioning at LSC. Full Operation

2027

Detector system development Pathfi CADEx full operation

20282025 2026 2029+



Complementary Searches

53
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Neutron Stars

[Credit: Casey Reed (Penn 
State University),


Wikimedia Commons]

[For recent modeling developments, see also Battye et 
al., 1910.11907, 2104.08290; Leroy et al., 1912.08815]

NS surrounded by a dense 
plasma which allows ‘resonant’ 
conversion, when axion mass 
matches plasma mass: 
ωp(B0, P) = ma /2π

Young neutron stars can 
have extremely high 
magnetic fields 
( )B0 = 108 − 1011 T

Strong gravitational field 
compresses DM phase 
space, enhancing DM 
density near NS surface

[Search in the Galactic Centre, Foster et al., 2202.08274]

https://arxiv.org/abs/1910.11907
https://arxiv.org/abs/2104.08290
https://arxiv.org/abs/1912.08815
https://arxiv.org/abs/2202.08274
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Radio Transients

If it turns out that most of the axion density is locked up 
in axion miniclusters, one promising way to find it would 
be in radio transients.

[BJK, Edwards, Visinelli, Weniger,

2011.05377, 2011.05378]

aa

γ Expect rates of O(1) per day per galaxy

https://arxiv.org/abs/2011.05377
https://arxiv.org/abs/2011.05378
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Axions in Andromeda

[Walters et al. (including BJK), 2407.13060] 

Andromeda (M31) Green Bank Telescope (GBT)

No axion-like transients observed in X-band (~8-10 GHz)

https://arxiv.org/abs/2407.13060
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• Development of haloscopes, optics and detectors are underway, with installation of the pathfinder 
planned for 2026  first science results expected in 2027/2028→

57

Summary

• Axions are a well-motivated Dark 
Matter candidate, but high-mass 
axions ( ) are 
unexplored.


• CADEx: a novel search for DM axions 
(and more?) using a resonant cavity 
array 

• Substantial technological challenge 
(but also a platform for development 
and testing of new sensors) 

• Complementary to proposed non-
cavity high-frequency axion searches

≳ 100 μeV

Thanks to the CADEx Team. And a special thanks to Ciaran O’Hare and to Igor Irastorza.
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• Development of haloscopes, optics and detectors are underway, with installation of the pathfinder 
planned for 2026  first science results expected in 2027/2028→
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Summary

• Axions are a well-motivated Dark 
Matter candidate, but high-mass 
axions ( ) are 
unexplored.


• CADEx: a novel search for DM axions 
(and more?) using a resonant cavity 
array 

• Substantial technological challenge 
(but also a platform for development 
and testing of new sensors) 

• Complementary to proposed non-
cavity high-frequency axion searches

≳ 100 μeV

Thank you!

Thanks to the CADEx Team. And a special thanks to Ciaran O’Hare and to Igor Irastorza.



Backup Slides
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Axion Landscape (writ large)
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CADEx Status: Science

• Updating sensitivity 
estimates, as design is 
updated and finalised 

• Developing the data analysis 
strategy - broadband 
detection means spectral 
information of signal cannot 
be used to discriminate from 
background!


• Expanding the proposed 
search beyond axion (Dark 
Photons? Scalars? 
Gravitational Waves?)

[IFCA & ICCUB]
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CADEx Status: Optics

• Need to maximize volume  haloscope array!

• Quasi-optical system based on 7 horn antennas apertures focus signal 

going out from the haloscopes to the detection system. 

• Polarization needs to be preserved.

• To be fitted in the 100 mK space within the cryogenic system.

• Filters are mandatory to diminish out-of-band background signal.  

→

[Navarra]

Old design with 16 cavities
(New design is for 7 cavities)

𝑃𝑑 =
𝛽

(1 + 𝛽)2
𝑔2

𝑎𝛾
𝜌𝑎

𝑚𝑎
𝐵2𝐶𝑽𝑸
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Haloscope Coupling 

! = 10%
& = 30%

Port 1 (detection)

Port 2 (monitoring)

Bended waveguides are needed to orient 
the signal to the horn antennas

Coupling screw system 

Needed to recouple the waveguide to the cavity  

- Tx antenna located
at the port 1

- Port 2 in the rear side
in future designs
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Tuneable Cavities

Manufactured sliding wall + gaskets prototype in X-Band (9-10 GHz)

Gaskets

Direction of movement

Compared with theoretical !"

Gaskets maintain 56% of the theoretical !"

Need to test combination of gaskets + stub
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MADMAX

Power boost ~ 2000-2500

[2409.11777]

https://arxiv.org/abs/2409.11777
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Axion Minicluster Streams and Voids

[2311.17367]

https://arxiv.org/abs/2311.17367

