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My vision in superconducting RF accelerators
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From superconductivity 
to particle physics 
through huge MW & 
cryogenic infrastructure



My main business: Radio Frequency cavities for accelerators

ESS@Lund
Proton Linac for neutrons

LHC@CERN
proton collider 
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PIPII@FNAL
proton driver for neutrino

FCCee/ FCChh

ILC / LC facility

It will take time, very expensive, and very political L

Ą /ŀƴΩǘ ǿŜ ŘƛǊŜŎǘƭȅ ƳŀƪŜ ǳǎŜ ƻŦ RF for discovery?

Courtesy: F. Bouly



Microwave photons may address fundamental physics

S. Ellis

Inverse Primakoff effect Inverse Gertsenshtein effect

Axions Neutrinos Gravitational waves

Cosmic neutrino background

Minimal extension of SM Extension of SM and/or SM Solution of general relativity

5



non-relativistic Higgs mechanism

Nonequilibrium superconductivity

Superconducting cavities

New physics

Relativistic Higgs mechanism

Gravitational wave

FCCee/eh/hh/CEPC

EIC

QCD

Testing gauge theory

Cosmology

Accelerator projects

ILCMuCol CLIC/C3

Plasma

3 TeV Supersymmetry
axions

n Dirac CP

S-KEKB

Microwave
R&D

leptoquark

LHeC

Flavor anomalyShortcut!

Waiting for 
good news
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J-PARC-HyperK / PIPII-DUNE

Not in 
ǘƻŘŀȅΩǎ ǘŀƭƪ



Outline
ÅWe need new physics!

ÅDM axion as classical waves

ÅAxions at higher mass

ÅQuantum sensing

ÅConclusion
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From 
wikipedia
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Clear need for new physics: e.g. Dark Matter (DM)

NASA/CXC/M. Weiss- Chandra X-Ray 
Observatory: 1E 0657-56

X-ray 
image

gravity 
image

By Mario De Leo - Own work, CC 
BY-SA 4.0, 
https://commons.wikimedia.org
/w/index.php?curid=74398525

V Hypothetical new particles 
linked to intrinsic issues in 
the Standard Model?

Neutrino?
Dark astrophysical objects?
Modified gravity?
Primordial black holes?

van Dokkum, et 

al. Nature555,629ς632 (2018)
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Weakly Interacting Massive Particles (WIMPs)

11T. Totani arXiv:2507.07209

!?

PDG2022

Direct search Indirect search Accelerator production

DM DM DM

DM

DM

DMSM SM

SM

SM

SM

SM

Y. Sasaki PhD thesis



Axions: a byproduct to cancel the strong CP
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This term generates electric dipole moment in neutron
ÅTheory: ὨͯςȢτ ρȢπ ρπⱣ ŜŦƳ
ÅExperiment: Ὠ ρȢψ ρπ  ŜŦƳ
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Introduce a new global chiral U(1) (PQ symmetry) field ὥ

Quantum Chromodynamics includes

Spontaneous Symmetry Breaking 
Ą A Nambu-Goldston boson appears as a byproduct = axion

gluons

Naturalness problem without anthropic solution
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SciPost Phys. Lect. 

Notes 45 (2022)



Axion after QCD phase transition

F. Chadha-5ŀȅΣ WΦ 9ƭƭƛǎΣ 5Φ WΦ 9Φ aŀǊǎƘΣ έAxionDark Matter: What is it and WhyNowΚέ ŀǊ·ƛǾΥнмлрΦлмплс 

ά Ὢ άͯ Ὢ
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Axion couples to two 
photons (Primakoff effect)
Ą RF/microwaves

PQ Symmetry is explicitly broken
Ą Axion gains (light) mass



Axion as dark matter (PQ scale > inflation)

Co & 
Harigaya

Axion loses kinetic energy non-thermally by coherent oscillation in the PQ potential

Misalignment 
mechanism

14

Ὠὥ

Ὠὸ
σὌὸ

Ὠὥ

Ὠὸ
ά Ὕ ὥ π

Hubble parameter: friction Ą άŎƻƻƭƛƴƎέ Řƻǿƴ



Outline
ÅWe need new physics!

ÅDM axion as classical waves

ÅAxions at higher mass

ÅQuantum sensing

ÅConclusion
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De Broglie wavelength ‗ vs density of DM ὲ 

https://www.symmetrymagazine.org/article/wimps-in-the-dark-matter
-wind Artwork by Sandbox Studio, Chicago with Corinne Mucha 

ÅWe are moving in the galaxy halo of dark 
matter with speed of 220 km/s Ą ‍ͯ πȢπχϷ

WIMP: 
ά ρͯ 4Å6 (Higgsino)
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πȢπχϷ ρ 4Å6
ρȢψ ÆÍ
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WIMP behaves 
as a particle

DM axions behave 
as a classical wave 16



Standard model of dark matter axion distribution function
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Maxwell-
Boltzmann 
distribution
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Mon Not R Astron Soc, Volume 369, Issue 4, July 2006, Pages 1688ς1692, 

NASA/JPL-Caltech/R. Hurt (SSC/Caltech)

If ά ρπ GHz

Microwaves converted from DM axion 
is very narrow band classical waves

Velocity 
dispersion of 
Milky way 
Galaxy around
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Wakefield links accelerators & axion dark matter detectors

Jacob Egge PhD thesis
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Accelerator as a resonator

Accelerator as an oscillator

Driven by RF source via coupler

Detector as a resonator

Driven by MW 
source via antenna

detector as an oscillator

Wakefield by 
dark matter 
axionsWakefield by high current e-/e+ beam

(crucial in FCCee collider) ἼἩἶ♫ □╪



Classical electrodynamics is the mean to hunt axions

Courtesy: Gray Rybka, PATRAS2022

Skivie haloscope

Axions modify 
Maxwell equation

A microwave is 
generated and resonated 
inside a cavity 19



Photon (energy) detection vs wave detection 

cavity

sensor

DC amp

photons

broadband

(Flash) ADC

cavity

RF amp

LO mixer

Electromagnetic 
waves

I/Q ADC

FFT
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From 
wikipedia

AM et al, ANNALEN DER 
PHYSIK2023, 536, 2200619

Digital processing
Poissonian
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Axion Dark Matter eXperiment (ADMX)
Signal to Noise Ratio is the key for discovery
Å Signal is a narrow peak (ϳὪɝὪͯ ρπ) from axion
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arXiv:2010.00169

Å5ƛŎƪŜΩǎ radiometer formula

ὸ: integration time
ὦ: measurement bandwidth 22
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So far

From now

Buschmann, et al.Nat 
Commun13, 1049 (2022)

Heavier Ą 
higher frequency
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Issue of high-frequency resonators for dark matter search

25

An RF cavity (ADMX-type) becomes ὠͯ Ὢ An over-sized cavity cancels the signal

Photon mode

Dark 
matter 
mode

The dark matter is cold Ą De Broglie wavelength is long

Spatial integral is cancelled!

c

ὒ

Dark 
matter 
modePhoton mode

Signal: θ ὠὗ

The signal is lost by higher frequency

ĄWe have needed an idea to keep the resonator size reasonable 
with high frequency without having polarity changes



Four ideas toward heavier axion dark matter

Multiple small cavities Dielectric disks Wire metamaterial

Axions Detect ion Idea Out look

The MADMAX Idea

Mirror Dielectric  Disks Receiver 

Be 

P/ A = 2.2ᶏ10ī27 W mī2

ṉ
Be

10T

2

Caɔ
2 ·ɓ2

ɓ2: power emitted by booster / power emitted by single mirror (ṅ= 1 )

Stefan Knirck | MADMAX - Foundat ions 8/ 14

MADMAX @ DESY

ALPHA @ SU+Ylae+UCB
New projects rising

ORGAN @ Australia
ADMX-Orpheus @ US

ADMX-EFR @ FNAL

CAST-CAPP @ CERN

Dish antenna

BRASS @ DESY
BREAD @ Uchicago
DAWA@CEA
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