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Axions as dark matter 
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• Proposed solution for strong CP problem: not 
observed charge and parity violations in strong 
interactions, as it is predicted by SM. 

• Viable dark matter candidate. 

• Conversion into photons via inverse Primakoff effect: 

C. O’Hare 



Axions as dark matter 
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Haloscopes 
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Haloscope: a resonant cavity immersed in a magnetic field for galactic dark matter 
axion conversion into microwave photons.  

Haloscope experiments → ADMX, HAYSTAC, CAPP, 
QUAX, MADMAX, RADES, … 

ADMX collab. 

DOI:10.1146/annurev-nucl-102014-022120 

https://doi.org/10.1146/annurev-nucl-102014-022120
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Haloscopes 
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• Problematic:  

higher ma  lower V  lower sensitivity 

 

 

 

 

 

• R&D to go to: 

• Higher B magnets 

• Larger instrumented volumes 

• Lower noise sensors 

• Higher Q cavities  

 

 

 

Very active R&D in many groups! 
 

• More powerful magnets 
 

• Multicell structures: 
• Phase-matched 
• Filter-like  
• Dielectric loading 
• Photonic bandgap 
• Dielectric layers/mirrors 

(dielectric haloscopes) 
• … 

 
• SC deposited cavities 

 
• Lowering T with cryogenics and 

novel sensing techniques  

CAST-CAPP project 

In the CAST magnet 

QUAX at LNL 

“Pizza cavity” 

at CAPP 

 2008.10141 



RADES colaboration 
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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 



RADES previous projects 
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• Born at CERN in CAST helioscope. 

• Exploring haloscope technologies (HTS coatings, multicavities…) 

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

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

• ERC Synergy Grant 2023: Dark Quantum (Irastorza, Kontos, Paraoanu, Wernsdorfer) 

CAST - Rades SM18 - Rades 

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

DarkQuantum 

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


High temperature superconductors 
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DOI: 10.1109/TASC.2022.3147741 

 
Top Adaptor 

New press 

Pressure  
homogenizer 

New press 

• REBCO (Rare-earth barium copper oxide) tape covering the surface. 
• Increase Q factor in magnetic fields.  
• Challenges: cover non flat surfaces, bubbles, big cavities… 

https://doi.org/10.1109/TASC.2022.3147741


RADES haloscope at MPP Munich 
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See https://doi.org/10.22323/1.474.0044 

• First RADES setup at ~10 mK 
• Mechanical tuning via vertical cut: 

García-Barcelo et al. 2607.28883 

• TWPA-based readout being implemented 
• 12T solenoidal magnet 



DarkQuantum project 
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ERC Synergy grant: DarkQuantum  

PI researchers: 

• Igor G. Irastorza (Unizar, Zaragoza) 

• Takis Kontos (LPENS, Paris) 

• Sorin Paraoanu (Aalto University, Helsinki) 

• Wolfgang Wernsdorfer (KIT, Karlsruhe) 

Enhance haloscope searches with quantum techniques. 
 
• Low frequency range: 200-500 MHz (1-2 µeV). 

Quantum-limited linear amplifiers 
 

• High frequency range:  8-18 GHz (30-75 µeV). 
Quantum readout to surpass Standard Quantum Limit. 

Collaborators: 

• MPP (Munich) ​ 

• Universidad Politécnica de Cartagena (Region de Murcia) ​ 

• DESY (Hamburg) ​ 

• Laboratorio subterráneo de Canfranc (Huesca) ​ 

• ICMAB (Barcelona) ​ 



DQLF: RADES - BabyIAXO 
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Low frequency range: 200-500 MHz (1-2 µeV) 
 
DarkQuantum enhances the readout chain of 
the RADES-BabyIAXO proposal  

Baseline proposal: 
• 4 cavities, 5m long 
• Tuning slabs. 
• 2 x 70cm diameter bores 
• 2T magnet 
• mK temperatures 

J.M. García-Barceló 



DQLF 1m prototype 
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Antenna at φ ~ 90 

Simulations Experimental characterization 

Work done at Karlsruhe Institute of Technology and Universidad Politécnica de Cartagena 

1m long prototype is being developed within the RADES collaboration 



DQLF 1m prototype 
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TE111X 

TE111Y  = 90 

Plate angle  (deg) 

 = 0 

356.8 MHz  

(without  

plates) 

331.5 MHz  

(without  

plates) 

TE111X TE111X 

TE111Y 

Mode map (same direction) 

Simulations by J. R. Navarro-Madrid, A. M. Uran  

TE111Y 

Tuning characterization 



DQLF 1m prototype 
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same direction opposite direction 

same 

opposite 

TE111Y  

TE111X  

Experimental measurements 



DQLF 1m prototype 
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Characterization of 1m long prototype at KIT: 

• Q factor tested (26k in simulations, 10k in measurements at RT) 

• Better behaviour with opposite rotating plates 

• Different materials for plates being tested 

• Optimization of antenna coupling 

• Full readout chain in operation 

 

This allows to plan the first data taking campaign in a magnetic field: 

M1 magnet at CERN 



DQLF plans at CERN 
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J.M. García-Barceló 

• Proposal submitted and strong support from Magnets team at CERN. 
• Meaningful physics results already achievable with a 1m long cavity. 

Measurements during 
Long Shutdown 3 in a 3T, 
80cm wide magnet. 
 
mK dilution refrigerator 
designed for this cavity. 



Microstrip SQUID amplifier (MSA) 
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Adapted from presentation by Sean O’Kelley,  
Clarke Group, University of California, Berkeley (LLNL, 2018) 

• Quantum limited readout at hundreds of MHz. 
• Standard SQUIDs very low gain for these frequencies. 
• Microstrip SQUIDs well suited for higher frequencies (MHz/GHz) 

MSA: source connected to 
one end of the coil and 
SQUID ground plane, the 
other end is left open. 



SQUID readout 
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-30 dB 

HEMT 
RT amp. 

-63 dB VNA port2 / 
Spectrum analyzer 

VNA port1 / 
Signal generator 

Input between  

-20dBm to -10 dBm MSA 

T = 30 MK 
T = 30 MK T = 4 K T = 4 K 

-3 dB -3 dB 

Rb Ib 

Rφ Iφ 

Gain measurements at 30 mK: 

• Homogeneous gain of 20 dB (at 280-360 MHz). 

• sensitive to small external field noise, flux trapping 

 needs perfect shielding & ‘zero-field’.   

• Noise temperature characterization ongoing 

(measured added noise <200mK, target 50mK)  

 



DarkQuantum-HF 
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DarkQuantum high frequency: 

 

• 8-18 GHz (30-75 µeV).  

• Qubits as quantum sensors 

• Tests in Underground Laboratory of 
Canfranc (LSC) 

• Main challenge: Superconducting 
qubit in a magnetic field 

DarkQuantum 

ERC Synergy Grant 2023 



Overcome standard quantum noise limit 

Linear receiver:  

Standard quantum limit:  

Single photon counter (SPC) 

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

Quantum sensors for haloscopes 
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(f=5 GHz, Q=10^6, t=1s) 

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


Measuring power 

Move from measuring IQ conjugate variables to Nf and measure only one of them 

Quantum readout of  an haloscope 
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I 

Q 
Axion conversion induces 
a displacement in IQ plane 



Measuring power 

Move from measuring IQ conjugate variables to Nf and measure only one of them 

Quantum readout of  an haloscope 
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I 

Q 
Axion conversion induces 
a displacement in IQ plane. 
 
Acual displacement could 
be tiny compared to noise. 



Measuring power (IQ) 

Counting photons (N) 

Move from measuring IQ conjugate variables to Nf and measure only one of them. 

Quantum readout of  an haloscope 
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Measuring phase (f) 



Measuring power 

Counting photons 

Move from measuring IQ conjugate variables to Nf and measure only N 

Quantum readout of  an haloscope 
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Measuring phase (f) 

 

Microwave single photon counter 



Measuring power 

Counting photons 

Move from measuring IQ conjugate variables to Nf and measure only N 

Quantum readout of  an haloscope 
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I 

Q 

Measuring phase (f) 

 

Microwave single photon counter Phase resolved haloscope 



Working principle 

Dixit et al. Searching for dark matter with a 
superconducting qubit, Phys. Rev. Lett. 126 

Characteristic qubit frequency changes when a 
photon appears in the storage cavity. 
 
Readout sequence designed to be sensitive to 
storage photon presence and to reduce quantum 
errors through quantum non-demolition 
measurements. 

Single photon counter 
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• Readout cavity: To check the state of the transmon 
• Transmon: Superconducting qubit 
• Storage cavity: dark matter conversion into photons 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141302


Ingredients for a microwave SPC 

Transmon 
Double cavity 

(Readout + Storage) 

(Optical microscope) 

Cold! 

Dilution refrigerator: 10-20 mK 

Single photon counter 
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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. 

Non demolition measurement 
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N = 21 

Injecting photons Not injecting photons 

Parity sequence 

Non demolition measurement 
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Nth measurement Nth measurement 



Probabilities of hidden states: Hidden Markov Model 
Photon in storage cavity No photon in storage cavity 

Non demolition measurement 
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Distributions of likelihood test 
Likelihood test: 

Likelihood threshold: Chosen 𝜆 value to discriminate the presence of a photon. 

Non demolition measurement 
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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. 

Background rate 
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Background rate estimation 

10000 measurements 
𝑇1
𝑠 = 20 𝜇𝑠 

𝜆𝑡𝑕 = 4 × 104 

𝜆𝑡𝑕 

Background rate 
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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 
* Efficiency corrected background 



Exclusion limits 

Dark photon exclusion plot 
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Y.H. Chang et al. Benchmarking dark matter 
search using a parity-check protocol with 
machine-learning optimized pulses, Phys. Rev. D 



Next steps SPC 
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Scale up Tuning sytems  Magnetic field 

• Magnetic resilient qubits: 
Granular aluminium 

• Shielding and counter coils 

• Vertical cut tunning 
• Ferromagnetic tuning (YIG) 

• Increase volume for 
higher sensitivity 

• Test mode clustering 
and qubit couplings 



Phase resolved haloscope 
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Coherent axion signal with coherence time dependent on the linewidth:  

𝜏𝑎 =
𝑄𝑎
𝑓

⇒ 5𝐺𝐻𝑧 𝑎𝑥𝑖𝑜𝑛 → 𝜏𝑎 =
106

5 ∗ 109𝐻𝑧
= 200 𝜇𝑠 

Δ𝜔𝑞 = 𝐾  â 2+ â𝑎𝑥
2 + 2 â â𝑎𝑥 cos 𝜑𝑎𝑥  

Axion phase measured with respect a coherent 
reference tone (â) 

Look for a coherent signal interfering with a known reference tone. 

The random phase of the axion signal makes the 
state rotate in IQ plane due to interference pattern. 
 
Diameter of the rotation proportional to the axion 
signal amplitude. 

I 

Q 



Phase resolved haloscope 
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Pulse sequence:  
• Continous refence tone at detection mode (yellow). 
• Ramsey interferometry pulses (green). 
• Readout tone (red). 

 
Axion weak tone injected for calibration (blue). 
Amplitude and phase of the weak tone vary. 

Varying pahse: circles in IQ plane 
Varying amplitude: diameter of the circles 
Smallest detectable signal: circles become a blob 



Granular aluminium transmons 

38 Durham, September 2026 - David Díez Ibáñez 

Transmon: Granular aluminium with niobium pads. 
Weak anharmonicity K = 200 ± 50 kHz 
This has disadvantages but helps in a high density photon environment (pump). 
Works ongoing to increase anharmonicity 

Rabi oscillations with in-plane B field 

B = 0.15 T B = 0.45 T 

B = 0.6 T B = 0.7 T 

Al grains in a AlO matrix. 
 
Behaves like a chain of 
Josephson junctions. 
 
Superconducting circuit 
consisting in two pads and a 
point-contact union. 

A. Théry et al. PRB 109, 06450524 (2024)  
C. Fruy et al. PRA, 113 023706 (2026). 

GrAl 25nm constriction 



Magnetic tuning 
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Comsol simulation 
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Experimental measurement 

YIG cylinder: 1 cm long, 5mm diameter 
Resonant frequencies dependent on B field applied. 
Ongoing work: Identification of axion mode and from factor characterization 



YIG simulations 
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Form factor Analytical model 
General trend ok, needs optimizing for details 



Sensitivity prospects 
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For 90% C.L. → SNR = 1.28 

Axion prospects:  

𝑷𝒔𝒊𝒈 = 𝒈𝟐
𝝆

𝒎𝒂
𝑩𝟐𝑽𝑮𝑸

𝜷

𝟏 + 𝜷
 

𝑺𝑵𝑹 =  
𝑷𝒔𝒊𝒈

𝝈𝒏𝒐𝒊𝒔𝒆
=
𝑷𝒔𝒊𝒈

𝑺𝑷
𝒕 

If both branches of YIG resonances can be followed and assuming reachable sensitivity during 
data takings as in the first calibration these are the sensitivity prospects for axion searches: 



Next steps phase haloscope 
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Improve GrAl circuits Background runs w/o B field Phase jamming calibration 

• Calibrating evaporator for 
higher accuracy in oxygen 
pressure and growing rate. 

• Increase anharmonicity 

• Design pulse sequence for 
background run. 

• Data managing in longer 
runs. 

• Test different qubits with 
the same protocol. 

• Develop a 1 kHz source 
• Phase shifts randomly 
• Mimic axion signals better 

than any other calibration 
source. 



DarkQuantum roadmap 
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DarkQuantum-LF 

• Autumn: complete working set up 1m long cavity at KIT 

• Next year 2027 : Dark photons data taking. 

• 2028: Several month data taking campaign at M1 magnet at CERN.  

• Long term: 5m long cavities for BabyIAXO helioscope 

DarkQuantum-HF 

• Now: GrAl qubits to be tested in magnetic field. 

• Autumn: Data taking campaign with the phase resolved haloscope. 

• Autumn: Design of bigger SPC and include tuning. 

• Next year 2027: Operate single photon counters in several laboratories (U. Zaragoza, MPP Munich, IFAE…) 

• Next year 2027: Operate tuning system in a SPC. 

• Next year 2027: REBCO tape in a SPC. 



Enhancing high-frequency axion searches with quantum sensors at RADES  
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Back-up slides 
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Post-inflation QCD axion predictions 
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Axions and ALPs predictions 
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Double cavity 
Frequencies 

Aluminum Copper 

Single photon counter 
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EM simulation: Ansys-HFSS 
Qubit simulation: Black-box superconducting circuit quantization 

S. Nigg et al. Black-box superconducting 

circuit quantization (2012) 

https://arxiv.org/abs/1204.0587


Transmon: superconducting qubit 

Josephson junction 

Single photon counter 
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20 um 

1 mm 



Bloch sphere 
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IQ plane 

52 Durham, September 2026 - David Díez Ibáñez 

• Prepare state 
• Readout pulse 
• Plot in IQ plane 
• Set threshold value 

Readout fidelity 



IQ plane 
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[I,Q]=i [N,𝜙]=i 

Pairs of conjugate variables 

Power measurement 

Coherent state in blue 
Thermal state in red 
Fock state in orange 



Parameters of  the single photon counter 
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Cryostat lines 
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Magnets 
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12 T magnet 
Diameter: 7cm 
Height: 40 cm 

Bluefors LD dilution cryostat at MPP Munich 



Transmon and cavity modes 
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Readout Storage 



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 

Photon injection 
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𝜂 =  
𝑐𝑜𝑢𝑛𝑡𝑠

10000
 

Calibrations 

Backgrounds 

Results: counts and efficiencies 

Background rate 
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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 

Background rate 
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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


Hidden Markov Model 

Bayesian method to assign probabilities 
to each sequence. 
 
Flat prior + forward/backward method. 

Non demolition measurement 
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Transmission 
matrix 

Emission 
matrix 



DQLF 1m prototype 
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Plate angle  (deg) 

Antenna at φ = 0 

Antenna at φ = 90 

Mode map simulation  
(slab same direction rotation) 

TE111X 

TE111Y 

Tuning characterization 



DQLF M1 magnet 
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DQLF @ M1 layout 

• Every component placed according to 
stray field Map & magnetic sensitivity. 

63 



MSA noise calibration 
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• Will be read by quantum-limited 
microstrip SQUID amplifier 

• SQUID gain already characterized (KIT) 

• First noise figure measurements (<200 
mK added noise, target 50 mK) 
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