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Axion dark matter 

David Díez Ibáñez, 20th Patras, Tenerife, September 2025 

• Axions from astronomical sources (Baby IAXO from Sun) 

 

 

• Axions produced on lab (ALPS II) 

 

 

 

 

 

 

 

• Axions in the galactic halo as dark matter 
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Diagram of  the Primakoff  effect (a-γ coupling) 

 

Axion dark matter with haloscopes 
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Axion mass in the 𝜇𝑒𝑉 range  
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KIT, Aalto U., MPP, Zaragoza U., 

CERN, Barcelona U., Cartagena 

U., LPENS, IFIC, ICMAB, IFAE, 

ITA, Bonn U., DESY, … 

Expertise in: 

• Cryogenics 

• Cavities and MW filters 

• Particle physics 

• Quantum devices 

• Magnetic materials 

• … 

The team 
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 projects 

• Exploring haloscope technologies (HTS, multicavities…) 

• Munich setup in commissioning (dilution fridge with 12T magnet) 

• Experience with several data taking campaigns (CAST, SM18) 

• ERC Synergy Grant 2023: Dark Quantum 

CAST - Rades SM18 - Rades 

Arguedas, Golm et al. JHEP (2021) 
Arguedas, Golm et al. JHEP (2025)   
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Dark Quantum 

ERC Synergy Grant 2023 

https://link.springer.com/article/10.1007/JHEP10(2021)075
https://link.springer.com/article/10.1007/JHEP04(2025)113
https://link.springer.com/article/10.1007/JHEP10(2021)075
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ERC Synergy Grant 2023: Dark Quantum 

Dark Quantum 

ERC Synergy Grant 2023 

Igor G. Irastorza (Unizar, Zaragoza) 

Takis Kontos (LPENS, Paris) 

Sorin Paraoanu (Aalto University, Helsinki) 

Wolfgang Wernsdorfer (KIT, Karlsruhe) 

 

  + 

MPP (Munich) 

Universidad Politécnica de Cartagena (Murcia) 

DESY (Hamburg) 

Laboratorio subterráneo de Canfranc (Huesca) 

ICMAB (Barcelona) 
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 projects 

Low frequency High frequency 
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Dark Quantum low frequency:  

• BabyIAXO magnet (2T, 8𝑚3) 

• 200-500MHz 

• Four 5m long cavities  

• 440 days in 2 runs (only 1 bore) 

• 1m long section to be tested in a magnet 

Cryogenics + quantum-limited readout 

Dark Quantum 

ERC Synergy Grant 2023 
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 projects 
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Dark Quantum high frequency: 

 

• 8-18 GHz 

• Microwave Single Photon Counter 

• Qubit as quantum sensor 

• Tests in Underground Laboratory of  

Canfranc (LSC) 

• Main challenge: Superconducting 

qubit in a magnetic field 

Dark Quantum 

ERC Synergy Grant 2023 
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 projects 

Single photon counter in a magnetic field 
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I 

Q 

Quantum + 

thermal noise 

[I,Q]=i 

Measuring power 

‘No Click’ 

Qubit 0 Qubit 1 

axion 

‘Click’ 

[N,f]=i 

Counting photons 
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Microwave single photon counter 

Cavity + linear amplifier Cavity + qubit 
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Overcome standard quantum noise limit 
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Linear receiver:  

Standard quantum limit:  

Single photon counter 

Lamoreaux et al. Phys. Rev. D 88, 035020 (2013) 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.035020
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.035020
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.035020
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.035020
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.035020
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Working principle 
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Dixit et al. Searching for dark matter with a 
superconducting qubit, Phys. Rev. Lett. 126 

12 

Characteristic qubit frequency changes 

when there is a photon in the cavity. 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141302
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Ingredients for a microwave SPC 
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Transmon 
Double cavity 

(Readout + Storage) 

(Optical microscope) 

Cold! 

Dilution refrigerator: 10-20 mK 
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Double cavity 
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Dimensions 

Frequencies 
Aluminum Copper 
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Transmon: superconducting qubit 
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Josephson junction 

𝑇1 = 16.7 𝜇𝑠 
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Parity sequence: (𝜋/2 + Wait 𝑡𝑝 + −𝜋/2 + Readout) x N times 

Parity measurement 

Parity measurement 

𝑡𝑝 

N times 

𝜋

2
 pulses 

Readout 

pulse 

Photon in 

storage cavity 

Interferometric measurement. 

Precession of  qubit state in the Bloch sphere 

dependent on photon content. 
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N = 21 

Injecting photons 
Not injecting photons 

Parity sequence 
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Hidden Markov Model 

Bayesian method to assign probabilities to each 

sequence. 

 

Flat prior + forward/backward method. 
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Probabilities of  hidden states 

Photon in storage cavity No photon in storage cavity 
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Distributions of  likelihood test 

Calibrations 

Likelihood test: 

Background 

Injecting photons in 

the storage cavity 

Likelihood threshold: Chosen value to discriminate the presence of  a photon. 
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Π/𝟐 𝑡𝒑 −Π/𝟐 Readout Delay 𝑡𝒎 Total time (N=21) 

Run 1 52 ns 88 ns 52 ns 800 ns 100 ns 1092 ns 22.932 us 

Run 2 52 ns 88 ns 52 ns 800 ns 100 ns 1092 ns 22.932 us 

First  runs in Aalto University 

Two runs with 10000 parity sequences each.  

Same parameters in both runs. 
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𝜂 =  
𝑐𝑜𝑢𝑛𝑡𝑠

10000
 

Calibrations 

Backgrounds 

Results: counts and efficiencies 



Background rate 

23 David Díez Ibáñez, 20th Patras, Tenerife, September 2025 

Background rate estimation 

10000 measurements 
𝑇1
𝑠 = 20 𝜇𝑠 

𝜆𝑡𝑕 = 4 × 104 

𝜆𝑡𝑕 
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Comparison with previous works 

Chicago group (D. Schuster) Background (Hz) Efficiency Live time (s) 

Searching for dark matter with a 
superconducting qubit 

1.1 40% 8.33 

A flux-tunable 
cavity for dark matter detection 

64 15% 135201.75 (37.5 h) 

𝝀𝒕𝒉 = 𝟒 × 𝟏𝟎𝟒 Background (Hz) Efficiency Live time (s) 

Run 1 77.94 25.7% 0.2 

Run 2 87.35 28.6% 0.2 

https://arxiv.org/pdf/2008.12231
https://arxiv.org/pdf/2008.12231
https://arxiv.org/pdf/2501.06882
https://arxiv.org/pdf/2501.06882
https://arxiv.org/pdf/2501.06882
https://arxiv.org/pdf/2501.06882
https://arxiv.org/pdf/2501.06882
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• RADES ongoing efforts: bigger cavities for BabyIAXO 

and develop a quantum sensor. 

• First single photon counter successfully tested. 

• Next prototype for magnetic tests. 

• Transmon properties relevant but no critical. 

• Room to optimize the readout protocol. 

• Increase Q factor of  storage cavity. 



Exploring axion dark matter with quantum sensors in the RADES collaboration 
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Parameters of  the 

single photon counter 
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• Prepare state 

• Readout pulse 

• Plot in IQ plane 

• Set threshold value 

Readout fidelity 
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Other tests with higher delay between parity 

measurements.  

They can be too long for N=21 parity measurements, 

photons decay always while measuring. 
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Pulse sequence to inject a photon in the storage cavity 

ω𝑔𝑒
2π = 4.629 GHz 

ω𝑒𝑓
2π =  4.357 GHz 

ω𝑓0−𝑔1
2π = 3.935 GHz 

𝑇1
𝑠 = 20 𝜇𝑠 
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Linear receiver:  

Standard quantum limit:  

Single photon counter 
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Blue: No photon in the 

storage cavity. 

Red: A photon in the 

storage cavity. 

 

Black circle: the spot 

selected for parity 

measurements. 

Different behavior with 

respect to photon 

content. 

Calibrate the pulse sequence 

Backup 
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2χ𝑠 = 4.6MHz 
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Readout Storage 
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