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SUMMARY

• Dark Matter? 

• Dark matter QCD axion motivation (The short story) 

• The Strong CP Problem (For experimentalists) 

• Relic axions as dark matter 

• Haloscopes: Dark matter axion detection 

• The CAST-RADES experiment (RADES is born) 

• RADES search with high temperature superconductors 

• Present and future of RADES
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THE DARK MATTER PUZZLE
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DARK MATTER (DM) 

Large scale of the Universe and its evolution is given by:

• Einstein’s equations of General Relativity

• Matter-Energy content split into:


• 5% Ordinary matter

• 27% Cold dark matter

• 68% Dark energy

After decades of astronomical observations we 
have accumulated evidence of DM:


• Flatness of galaxy rotation curves

• Missing mass on galaxy mergers

• CMB Anisotropies

• …

ΛCDM Model
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DARK MATTER PUZZLE
The Standard Model of particle physics does not provide a viable candidate for DM
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DARK MATTER PUZZLE
The Standard Model of particle physics does not provide a viable candidate for DM

However... Different extensions of BSM physics offer several candidates

Main focus of 
this talk

Talks 
tomorrow and 

Friday

More on this in 
the next talk
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QCD AXION DARK MATTER
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STRONG CP PROBLEM
The existence of a  θ-vacuum term for QCD has observational implicationsMain idea: 
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Implies: |dn| ' 4.5 ⇥ 10�15 ✓̄ e cm P-T Violation

Direct experimental test: Electric dipole moment for neutron

STRONG CP PROBLEM
The existence of a  θ-vacuum term for QCD has observational implicationsMain idea: 

<latexit sha1_base64="SHPuRoqcMGH13I7SLkXqVJTOGAs="></latexit>
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Implies: 

Experimental limit:

|dn| ' 4.5 ⇥ 10�15 ✓̄ e cm

|dn| < 2.9 ⇥ 10�26 e cm

Limit on ✓̄ < 10�11 Why is    so small?✓̄

P-T Violation

Direct experimental test: Electric dipole moment for neutron

STRONG CP PROBLEM
The existence of a  θ-vacuum term for QCD has observational implicationsMain idea: 

<latexit sha1_base64="SHPuRoqcMGH13I7SLkXqVJTOGAs="></latexit>
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Implies: 

Experimental limit:

|dn| ' 4.5 ⇥ 10�15 ✓̄ e cm

|dn| < 2.9 ⇥ 10�26 e cm

Limit on ✓̄ < 10�11 Why is    so small?✓̄

P-T Violation

Direct experimental test: Electric dipole moment for neutron

STRONG CP PROBLEM
The existence of a  θ-vacuum term for QCD has observational implicationsMain idea: 

<latexit sha1_base64="SHPuRoqcMGH13I7SLkXqVJTOGAs="></latexit>
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PECCEI-QUINN SOLUTION

3) This new field a (the Axion) is a pseudo scalar that corresponds to the pseudo Nambu-Goldstone 
boson of a U(1)PQ extra symmetry of the QCD lagrangian.

Energy scale at which U(1)PQ is 
spontaneously broken

Axion decay 
constant : (Above the electroweak scale)

We are left with a new particle, the axion, and a new energy scale
<latexit sha1_base64="6BGLu5oQS9arSN3qA+9T+tAz+OE=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgQkpSSnVZdKHLCvYBTQiT6SQdOpOEmYlQQhdu/BU3LhRx60e482+ctFlo64ELh3Pu5d57/IRRqSzr2yitrW9sbpW3Kzu7e/sH5uFRT8apwKSLYxaLgY8kYTQiXUUVI4NEEMR9Rvr+5Dr3+w9ESBpH92qaEJejMKIBxUhpyTOrgYegE4aw0WxB5xw6HKmx4NkN6c08s2bVrTngKrELUgMFOp755YxinHISKcyQlEPbSpSbIaEoZmRWcVJJEoQnKCRDTSPEiXSz+RMzeKqVEQxioStScK7+nsgQl3LKfd2Z3yiXvVz8zxumKrh0MxolqSIRXiwKUgZVDPNE4IgKghWbaoKwoPpWiMdIIKx0bhUdgr388irpNep2q966a9baV0UcZVAFJ+AM2OACtMEt6IAuwOARPINX8GY8GS/Gu/GxaC0Zxcwx+APj8wc5w5aX</latexit>

fa � 246GeV

1)     is promoted from a parameter into a dynamical field:

2) This new field exhibits a minimum at and so it relaxes to the CP preserving value.
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The energy scale      plays a role in the mass and the couplings 
<latexit sha1_base64="kagpjVhnJFsE25sUIq90sLZ6PFI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh7BP++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwA8lo3J</latexit>
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1) The mass and energy scale are related

2) Axion-photon coupling dependency
<latexit sha1_base64="VbNv/iuSKfaDBDgGW2WHhl7xnnc=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSiJSXRbduKxgH9CEcDOdtENnkjAzEUrIB7jxV9y4UMStH+DOv3HSZqGtBwYO55zLnXuChDOlbfvbWlldW9/YrGxVt3d29/ZrB4ddFaeS0A6JeSz7ASjKWUQ7mmlO+4mkIAJOe8HkpvB7D1QqFkf3eppQT8AoYiEjoI3k1+ojPwPsjkAIyLGbyDjRMXZDCSRz8iz0Ia+alN2wZ8DLxClJHZVo+7UvdxiTVNBIEw5KDRw70V4GUjPCaV51U0UTIBMY0YGhEQiqvGx2TI5PjTLEYSzNizSeqb8nMhBKTUVgkgL0WC16hfifN0h1eOVlLEpSTSMyXxSmHJt7i2bwkElKNJ8aAkQy81dMxmCK0Ka/ogRn8eRl0j1vOM1G8+6i3rou66igY3SCzpCDLlEL3aI26iCCHtEzekVv1pP1Yr1bH/PoilXOHKE/sD5/AGpxmzs=</latexit>
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3) Same suppression for other couplings
<latexit sha1_base64="NhBPuMxuSiICWjedhwMr63AQ/lI=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBVZkRqS6LblxWsA/olCGTZtrQTBKSjFCG2bjxV9y4UMSt/+DOvzFtZ6GtBwKHc+7l5pxIMqqN5307pZXVtfWN8mZla3tnd8/dP2hrkSpMWlgwoboR0oRRTlqGGka6UhGURIx0ovHN1O88EKWp4PdmIkk/QUNOY4qRsVLoHg/DDMU5DKQS0ggYxArhzM+zOER56Fa9mjcDXCZ+QaqgQDN0v4KBwGlCuMEMad3zPWn6GVKGYkbySpBqIhEeoyHpWcpRQnQ/m6XI4alVBjAWyj5u4Ez9vZGhROtJEtnJBJmRXvSm4n9eLzXxVT+jXKaGcDw/FKcM2rjTSuCAKoINm1iCsKL2rxCPkO3B2OIqtgR/MfIyaZ/X/HqtfndRbVwXdZTBETgBZ8AHl6ABbkETtAAGj+AZvII358l5cd6dj/loySl2DsEfOJ8/2qeY0g==</latexit>
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<latexit sha1_base64="5f5xLjlYAG3vGz2NnernCZNPpj4=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBVZkRqS6LblxWsA/olCGTZtrQTBKSjFCG2bjxV9y4UMSt/+DOvzFtZ6GtBwKHc+7l5pxIMqqN5307pZXVtfWN8mZla3tnd8/dP2hrkSpMWlgwoboR0oRRTlqGGka6UhGURIx0ovHN1O88EKWp4PdmIkk/QUNOY4qRsVLoHg/DDPEcBlIJaQQMYoVw5udZHKI8dKtezZsBLhO/IFVQoBm6X8FA4DQh3GCGtO75njT9DClDMSN5JUg1kQiP0ZD0LOUoIbqfzVLk8NQqAxgLZR83cKb+3shQovUkiexkgsxIL3pT8T+vl5r4qp9RLlNDOJ4filMGbdxpJXBAFcGGTSxBWFH7V4hHyPZgbHEVW4K/GHmZtM9rfr1Wv7uoNq6LOsrgCJyAM+CDS9AAt6AJWgCDR/AMXsGb8+S8OO/Ox3y05BQ7h+APnM8f53+Y2g==</latexit>
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(fermions) (neutrons)

;

Big role in 
axion 

detection

QCD AXION

[ Source: https://github.com/cajohare/AxionLimits]

One parameter region for 
searching for QCD axions
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The theta vacuum relaxes 
to              radiating axions
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RELIC AXIONS AS CDM CANDIDATES

Do axions fulfil the requirements for being CDM?

1) Having mass Laxion =
1

2

�
(@µa) (@

µa)�m2
aa

2
�

2) Weakly interacting with SM particles
<latexit sha1_base64="odZw/4K2XnYhUEt0FCELu9eX8Ws=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VbC20oWy2k3bpZhN3N4US8ju8eFDEqz/Gm//G7cdBWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVDqhGwSU2DTcC24lCGgUCH4PR7dR/HKPSPJYPZpKgH9GB5CFn1FjJ74aKsszLs7BH81654lbdGcgq8RakAgs0euWvbj9maYTSMEG17nhuYvyMKsOZwLzUTTUmlI3oADuWShqh9rPZ0Tk5s0qfhLGyJQ2Zqb8nMhppPYkC2xlRM9TL3lT8z+ukJrz2My6T1KBk80VhKoiJyTQB0ucKmRETSyhT3N5K2JDaHIzNqWRD8JZfXiWti6pXq9buLyv1m0UcRTiBUzgHD66gDnfQgCYweIJneIU3Z+y8OO/Ox7y14CxmjuEPnM8fAgmSRg==</latexit>

1

fa
suppression

3) Production mechanisms for cold relic density
Decay of topological defects
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HALOSCOPES
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AXION-PHOTON CONVERSION
• Axion-photon coupling appears in the EFT below QCD energy scale

Probably the most relevant of axion properties for detection purposes. 

Most axion detection strategies are based on the axion-photon coupling

■ Axion-photon conversion in the presence of an 
electromagnetic field (Inverse Primakoff effect)
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HALOSCOPES

• For CDM axions the most common detection scheme relies on 
coherent conversion under a strong static B-field

Z

Extremely small

[Irastorza 2021, https://www.nature.com/articles/d41586-021-00295-6]

• Axion-photon signal can be enhanced inside of a resonator

If the induced E-field matches one of the 
resonator eigenmodes: its energy is 
stored, and the signal is enhanced

Sa
tu

rn
al

ia
 2

02
5,

 Z
ar

ag
oz

a 
- D

ec
em

be
r 

16
th

https://www.nature.com/articles/d41586-021-00295-6


Te
V

PA
 2

02
5,

 V
al

en
ci

a 
- 

N
o

ve
m

b
er

 3
rd

 2
02

5

￼18

HALOSCOPE SENSITIVITY

Signal 
power

(For a single mode m)

Geometric factor

Quality factor of the 
resonator

Resonator coupling Resonant 
mode of 

the cavity
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HALOSCOPE SENSITIVITY

Signal 
power

(For a single mode m)

Geometric factor

Quality factor of the 
resonator

Resonator coupling Resonant 
mode of 

the cavity

• With thermal background noise, the signal to noise ratio (SNR) is

acquisition time

(Johnson thermal noise)

SNR =
Ps

√
∆νt

PN ∆ν acquisition  
bandwidth
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HALOSCOPE SENSITIVITY

Signal 
power

(For a single mode m)

Geometric factor

Quality factor of the 
resonator

Resonator coupling Resonant 
mode of 

the cavity

• With thermal background noise, the signal to noise ratio (SNR) is

• And the sensitivity for axion-photon coupling (for QCD axions) is given by:

width of axion signal 
(based on halo model)

acquisition time

(Johnson thermal noise)

SNR =
Ps

√
∆νt

PN ∆ν acquisition  
bandwidth
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HALOSCOPE SENSITIVITY

Sa
tu

rn
al

ia
 2

02
5,

 Z
ar

ag
oz

a 
- D

ec
em

be
r 

16
thGOAL: Maximizing the sensitivity (Reach lower values of g)

Options: • Reduce Tsys


• Increase acquisition time


• Increase the quality factor


• Increase the volume

Advanced cryogenic systems

Very stable acquisition system and 
well understood background
Maximizing conductivity of cavities
Needs clever ideas not to compromise 
the resonant frequency
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HALOSCOPE SENSITIVITY
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thGOAL: Maximizing the sensitivity (Reach lower values of g)

Options: • Reduce Tsys


• Increase acquisition time


• Increase the quality factor


• Increase the volume

Advanced cryogenic systems

Very stable acquisition system and 
well understood background
Maximizing conductivity of cavities
Needs clever ideas not to compromise 
the resonant frequency

Extra complication:
The requirement of a mass scanning implies the need of 

implementing a tuning mechanism
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HALOSCOPE SENSITIVITY

[ Source: https://github.com/cajohare/AxionLimits]

Larger resonators: 
Need large magnets

Smaller resonators: 
Small signal

Need for 
alternative 
approach Sa
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SUMMARY

• The CAST-RADES experiment (RADES is born)

* * You will get the 
real deal on Javier 
Redondo’s plenary 
on Thursday! 
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SUMMARY

• The CAST-RADES experiment (RADES is born) 

• RADES search with high temperature superconductors

* * You will get the 
real deal on Javier 
Redondo’s plenary 
on Thursday! 
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SUMMARY

• The CAST-RADES experiment (RADES is born) 

• RADES search with high temperature superconductors 

• Present and future of RADES: DQLF and DQHF

* * You will get the 
real deal on Javier 
Redondo’s plenary 
on Thursday! 
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THE CAST-RADES EXPERIMENT
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THE CAST-RADES EXPERIMENT

OUR INITIAL APPROACH

RADES experiment basis:

Increasing the frequency at which the 
structure resonates, decreases the 

volume of the cavity.

Strong inconvenience:  
The figure of merit for detection 
experiments involving haloscopes 

depends on B2VQ1/2

Filter-like structures
A series of cavities connected by 

irises can behave as a single 
resonating cavity with all sub-
cavities resonating coherently

 Axion Searches with Microwave Filters: the 
RADES project

A. Alvarez Melcon et al. (arXiv:1803.01243)
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THE CAST-RADES EXPERIMENT
In 2017 we installed our first cavity inside the CAST magnet for the 2017/2018 data taking campaign

CAST Helioscope

First RADES limits with a multi cavity published in 2021

Sa
tu

rn
al

ia
 2

02
5,

 Z
ar

ag
oz

a 
- D

ec
em

be
r 

16
th

(More about Helioscopes on Maria's talk this Thursday!)
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THE CAST-RADES EXPERIMENT
In 2017 we installed our first cavity inside the CAST magnet for the 2017/2018 data taking campaign

CAST Helioscope

First RADES limits with a multi cavity published in 2021
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(More about Helioscopes on Maria's talk this Thursday!)

Conclusion: Obtaining very competitive results is possible but tuning is very difficult
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HTS COATED CAVITIES
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HTS COATED CAVITIES
• To compensate decreasing the volume one can increase the Q-factor

• Can we use superconductors?

• Specifically: A better conductivity of the material translates directly on a better Q-factor
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HTS COATED CAVITIES
• To compensate decreasing the volume one can increase the Q-factor

• Specifically: A better conductivity of the material translates directly on a better Q-factor

Type I superconductors 
performance degrades 
under strong B-fields

• Can we use superconductors?

Type II superconductors (HTS) have been 
proven to work under strong B-fields

J. Golm et al., [arxiv:2110.01296]
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HTS COATED CAVITIES

2021 -> first data taking with a copper 
cavity coated with RebCo tapes

The cavity was installed 
inside a 11.7 T dipole 
magnet at the magnet 
testing facility at CERN.

Sa
tu

rn
al

ia
 2

02
5,

 Z
ar

ag
oz

a 
- D

ec
em

be
r 

16
th



Te
V

PA
 2

02
5,

 V
al

en
ci

a 
- 

N
o

ve
m

b
er

 3
rd

 2
02

5

￼35

HTS COATED CAVITIES

2021 -> first data taking with a copper 
cavity coated with RebCo tapes
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After analysing a dataset of 27 hours we obtained competitive 
results at higher masses than our previous 2018 search
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CURRENT RESEARCH LINES
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Funding currently secured through different 
European grants:


• ERC-Stg


• QUANTERA Project


• Lise Meitner Excellence Program


• ERC-Syg

The RADES Collaboration:

Collaboration Meeting at Valencia last February

~ 30 people from 
different institutes all 

around the world 

Three physics runs so far:
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1st - High frequency multi-cavity

in 2018 at CAST (CERN)

2nd - HTS coated cavity in 2021

in a 12T dipole at CERN

3rd - HTS coated cavity in 2024 in a 12T dipole at CERN
(Ongoing analysis)

JHEP 21 (2020) 075
arXiv:2104.13798 arXiv:2403.07790

RADES AS OF TODAY
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https://arxiv.org/abs/2104.13798
https://arxiv.org/abs/2403.07790
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RADES AT MPP: TUNABLE PROTOTYPE
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RADES AT MPP: mK CRYOSTAT WITH MAGNET
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Technical specifications:

• Dilution fridge with 6.5 mK base temperature

• Cold volume of 294 mm ⌀ below the mixing chamber

• Equipped with a solenoid magnet: 12T, 65 mm ⌀, ~400 mm L

Goals:

• Implementation of quantum noise limited amplifiers

• Exploring new detection schemes, e.g. single photon counting

• Possibility of a first physics run at MPP
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DARK QUANTUM
• ERC Synergy grant awarded on 2023

For developing cryogenics & quantum-limited readout 
for two different quantum-enhanced haloscopes

DQ Low Frequency: 
Longer cavities to be installed in 
the BabyIAXO magnet

DQ High Frequency: 
Superconducting qubits as 
quantum sensors

Sa
tu

rn
al

ia
 2

02
5,

 Z
ar

ag
oz

a 
- D

ec
em

be
r 

16
th



Te
V

PA
 2

02
5,

 V
al

en
ci

a 
- 

N
o

ve
m

b
er

 3
rd

 2
02

5

￼41

SUMMARY AND OUTLOOK

• The QCD axion is a well motivated extension of standard model


• Axions could solve the strong CP problem and be the dark matter 


• Conventional haloscopes are limited for going to both higher and lower masses


• Covering unexplored regions of the parameter space require both innovative approaches and 
the development of cutting edge technologies.


• In the RADES collaboration we have performed three different axion searches at higher 
frequencies


• With more than 30 members from different institutions in Europe we are exploring novel 
technologies for axion detection


• Recently secured funding will allow us to develop technologies for reaching unexplored areas of 
the axion parameter space both at higher and lower masses than conventional haloscopes
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THANKS FOR YOUR ATTENTION AND 
HAPPY HOLIDAYS Sa
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