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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 

→ Can’t we directly make use of 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
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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

 Dirac CP

S-KEKB

Microwave
R&D

leptoquark

LHeC

Flavor anomalyShortcut!

Waiting for 
good news
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Not in 
today’s talk



Outline
• We need new physics!

• DM axion as classical waves

• Axions at higher mass

• Quantum sensing

• Conclusion
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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

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

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

van Dokkum, et 

al. Nature 555, 629–632 (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

𝐿𝑄𝐶𝐷 ⊃ −
1

4
𝐺𝜇𝜈

𝑎 𝐺
𝜇𝜈𝑎

+
𝑔𝑠

2

32𝜋2
𝜽𝐺𝜇𝜈

𝑎 ෨𝐺𝜇𝜈𝑎

This term generates electric dipole moment in neutron
• Theory: 𝑑𝑛~(2.4 ± 1.0) × 10−3𝜽 efm
• Experiment: 𝑑𝑛 < 1.8 × 10−13 efm

→ 𝜃 < 0.8 × 10−10 ≪ 1

𝑔𝑠
2

32𝜋2
𝜃 +

𝒂

𝐹𝑎
𝐺𝜇𝜈

𝑎 ෨𝐺𝜇𝜈𝑎 → 0 (after SSB)

Introduce a new global chiral U(1) (PQ symmetry) field 𝑎

Quantum Chromodynamics includes

Spontaneous Symmetry Breaking 
→ 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-Day, J. Ellis, D. J. E. Marsh, ”Axion Dark Matter: What is it and Why Now?” arXiv:2105.01406 

𝑚𝑎𝑓𝑎~𝑚𝜋𝑓𝜋
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Axion couples to two 
photons (Primakoff effect)
→ RF/microwaves

PQ Symmetry is explicitly broken
→ 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
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𝑑2𝑎

𝑑𝑡2
+ 3𝐻 𝑡

𝑑𝑎

𝑑𝑡
+ 𝑚𝑎 𝑇 2𝑎 = 0

Hubble parameter: friction → “cooling” down



Outline
• We need new physics!

• DM axion as classical waves

• Axions at higher mass

• Quantum sensing

• Conclusion
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De Broglie wavelength 𝜆𝐵 vs density of DM ത𝑛 

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

• We are moving in the galaxy halo of dark 
matter with speed of 220 km/s → 𝛽~0.07%

WIMP: 
𝑚~1 TeV (Higgsino)
𝜆𝐵~

2𝜋 × 196 MeVfm

0.07% ×  1 TeV
= 1.8 fm

Axions: 𝑚~10 𝜇eV 

𝜆𝐵~
2𝜋 × 196 MeVfm

0.07% ×  10 𝜇eV
= 176 m

• Galaxy halo of dark matter density 𝜌 ~0.45 ΤGeV cm3 

ത𝑛~
0.45 ΤGeV cm3

10 𝜇eV
~1013 cm−3ത𝑛~

0.45 ΤGeV cm3

1 TeV
~10−3 cm−3

𝐸𝑐𝑙
2 =

ത𝑛

𝜆
≫

1

𝜆4
~ 0 ෠𝐸 ⋅ ෠𝐸 0

→ ത𝑛 ≫
1

𝜆3
→ ത𝑛 ≪

1

𝜆3

WIMP behaves 
as a particle

DM axions behave 
as a classical wave 16



Standard model of dark matter axion distribution function

𝑓 𝜔 = 𝑃0𝜃 𝜔 − 𝑚𝑎 2𝜔0

−
3
2

𝜔 − 𝑚𝑎

𝜋
exp −

𝜔 − 𝑚𝑎

𝜔0

DM 𝛾

𝐵

Δ𝑓~10−6 × 𝑚𝑎

Maxwell-
Boltzmann 
distribution

𝑣𝑐 = 220 km/s

Mon Not R Astron Soc, Volume 369, Issue 4, July 2006, Pages 1688–1692, 

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

If 𝑚𝑎 = 10 GHz

Microwaves converted from DM axion 
is very narrow band classical waves

Velocity 
dispersion of 
Milky way 
Galaxy around

17



Wakefield links accelerators & axion dark matter detectors

Jacob Egge PhD thesis

𝛻 ⋅ 𝑫 = 𝜌(𝑡, 𝒓)

𝛻 × 𝑯 − ሶ𝑫 = 𝑱 𝑡, 𝒓
𝛻 ⋅ 𝑩 = 0

𝛻 × 𝑬 + ሶ𝑩 = 0

𝛻 ⋅ 𝑫 = 𝜌(𝑡, 𝒓) − 𝑔𝑎𝛾𝑩𝑒 ⋅ ∇𝑎

𝛻 × 𝑯 − ሶ𝑫 = 𝑱 𝑡, 𝒓 + 𝑔𝑎𝛾 ሶ𝑎𝑩𝑒 − 𝑬𝑒 × ∇𝑎

𝛻 ⋅ 𝑩 = 0
𝛻 × 𝑬 + ሶ𝑩 = 0

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) 𝐭𝐚𝐧 𝜷 𝒎𝒂



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

Δ𝜙Δ𝑛 > 1

𝑅𝐹 𝑡 = 𝐼 𝑡 cos 𝜔𝑡 + 𝑄 𝑡 sin 𝜔𝑡

→ 𝑃 𝜔 = ሚ𝐼2 𝜔 + ෨𝑄2 𝜔

𝑃 𝑡 = 𝑛 × ℏ𝜔 ∝ 𝑉𝐴𝐷𝐶  (𝑡)

From 
wikipedia

AM et al, ANNALEN DER 
PHYSIK 2023, 536, 2200619

Digital processing
Poissonian
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Axion Dark Matter eXperiment (ADMX)
Signal to Noise Ratio is the key for discovery
• Signal is a narrow peak ( Τ𝑓 Δ𝑓 ~106) from axion

𝑃𝑆 = 1.0 × 10−22 W  

×
𝑉

136L

𝐵

6.8T

2 𝐶

0.4

𝑔

0.97

2 𝜌

0.45 ΤGeV cm3

𝑓

650 MHz

Q

50000

• Johnson Nyquist noise power

𝑃𝑁 = 𝑘𝐵𝑇𝑠 = 1.4 × 10−23
𝑇𝑠

1K
 ΤW Hz

ൗ𝑆
𝑁 =

𝑃𝑠

𝑃𝑁

𝑡

𝑏

arXiv:2010.00169

• Dicke’s radiometer formula

𝑡: integration time
𝑏: measurement bandwidth 22
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So far

From now

Buschmann, et al. Nat 
Commun 13, 1049 (2022)

Heavier → 
higher frequency

24



Issue of high-frequency resonators for dark matter search

25

An RF cavity (ADMX-type) becomes 𝑉~𝑓−3 An over-sized cavity cancels the signal
+ + + + + +

+

− − − − − −
Photon mode

Dark 
matter 
mode

The dark matter is cold → De Broglie wavelength is long

Spatial integral is cancelled!

c

𝐿

Dark 
matter 
modePhoton mode

Signal: ∝ 𝑉𝑄

The signal is lost by higher frequency

→ We 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 = 2.2⇥10− 27 W m− 2

✓
Be

10T

◆2

Caγ
2 ·β2

β2: power emitted by booster / power emitted by single mirror (✏= 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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MADMAX: multiple dielectric disks

• Avoid the negative overlap with dielectric disks
• Many disks to boost the signal
• Dipole magnet is mandatory

Frequency tuning by 
moving disks with piezo

28

Courtesy  of Alex Millar Jr.



Current status and prospect of 

29

MADMAX collaboration, PRL 135, 041001 (2025)

MADMAX collaboration, PRL 135, 041001 (2025)
MADMAX collaboration, PRL 134, 15, 151004 (2025)

MADMAX collaboration, PRL 134, 15, 151004 (2025)

Scaling up

https://journals.aps.org/prl/abstract/10.1103/c749-419q
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.151004


Another approach: axion-plasmon mixing in a cavity

30

𝜔𝑝
2 =

𝑛𝑒𝑒2

𝑚𝑒𝜖0

For example, 𝑟 = 0.5 mm, 𝑎 = 5 mm gives
Τ𝜔𝑝 2𝜋 ~16 GHz

Free from the size of the cavity itself

𝜔𝑝
2 =

2𝜋

𝑎2 log( Τ𝑎 𝑟)

Photon gains effective 
mass in plasma (plasmon) 
→ momentum mismatch 

is solved!

Natural plasma is too hot (10,000 K) → thermal noise, non-tunable plasma density, etc

✓ Wire metamaterial plasma provides effective 1D plasma along the wire

In reality, this is similar to drift chambers

Courtesy  of Alex Millar Jr.



Status and prospect of
With wires 6x6

Courtesy of Gagandeep Kaur

31

PRD107, 055013, 2023

9T 20 cm

Courtesy  of Alex Millar Jr.
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Johnson Nyquist Thermal Noise
𝑇

Any conductor at temperature 𝑇

V

𝑃𝑁 =
𝑉2

4R

𝑉

𝑡

Voltage fluctuates

𝑉2 Δ𝜈~4𝑅Δ𝜈
ℎ𝜈

𝑒 Τℎ𝑣 𝑘𝐵𝑇 − 1

h𝜈≪𝑘𝐵𝑇
 4𝑅𝑘𝐵𝑇Δ𝜈

J. B. Johnson Phys Rev 32 97 (1928): 
Experimental discovery of the relation
H. Nyquist Phys Rev 32 110 (1928): 
Thermodynamics + statistical mechanics 
of bosonic modes

Rayleigh Jeans

Noise PSD: 𝑁 =
𝑉2

4RΔ𝜈
~𝑘𝐵𝑇 [W/Hz]

“Blackbody radiation” of electromagnetic waves inside a 1D conductor

ത𝑛 =
1

𝑒 Τℎ𝜈 𝑘𝐵𝑇 − 1

Average number of thermal photons

was derived by Planck via quantum 
statistics

Corresponding classical waves are 
incoherent chaos waves



Standard Quantum Limit from the Kennard inequality

S.K. Lamoreaux et al Phys Rev D 98 035020 (2013)
C. M. Caves PRD 26 8 1817 1982

cavity

RF amp

LO mixer

I/Q ADC

FFT

Digital processing

Gain 𝐺

𝑝𝑖 , 𝑞𝑖 =
𝑖ℏ

2
= 𝑝𝑓 , 𝑞𝑓

𝑞𝑖 𝑝𝑖

𝑞

𝑝

𝑞𝑓 𝑝𝑓

𝑝𝑓 , 𝑞𝑓 = 𝐺𝑝0, 𝐺𝑞0 + 𝑝𝑔 , 𝑞𝑔 =
𝑖𝐺2ℏ

2
+ 𝑝𝑔 , 𝑞𝑔 =

𝑖ℏ

2

→ 𝑝𝑔 , 𝑞𝑔 =
𝑖 1 − 𝐺2 ℏ

2
→ Δ𝑝𝑔

2 Δ𝑞𝑔
2 ≥

𝐺2  − 1 ℏ2

4

𝑝, 𝑞 =
𝑖ℏ

2
→ Δ𝑝2 Δ𝑞2 ≥ 𝑝, 𝑞 2 =

ℏ

4
(Kennard)

: before and after the amplifier chain

𝑃𝑆𝑄𝐿 = ℎ𝜈 : standard quantum limit

Ex) ℎ × 1 GHz = 6.6 × 10−25 W/Hz

𝑞𝑓 = 𝐺𝑞𝑖 + 𝑞𝑔

Amplifier uncertainty principle

𝑝𝑓 = 𝐺𝑝𝑖 + 𝑝𝑔

𝑃 ≥
1

𝐺2

𝐺2ℎ𝜈

2
+

𝐺2 − 1 ℎ𝜈

2

𝐺≫1
2 ×

ℎ𝜈

2
= ℎ𝜈

34



Single photon sensors can overcome SQL

S.K. Lamoreaux et al Phys Rev D 98 035020 (2013)

Single photon sensors may be a solution in the future
→Although one loses phase information, zero background at cold may be better
→ Lower noise in higher frequency → where is the cross-over? 10 GHz? 100 GHz?? 35

Noise power of wave detection

ത𝑛 =
1

𝑒 Τℎ𝜈 𝑘𝐵𝑇 − 1

𝑄𝑐: cavity quality factor
𝜂: quantum efficiency of the sensor

𝑃𝑙 = ℎ𝜈 ത𝑛 + 1
Δ𝜈

𝑡
∝ 𝜈

Noise power of photon detection

𝑃𝑠𝑝 = ℎ𝜈
𝜂 ത𝑛𝑄𝑐

2𝜋𝜈𝑡
∝ 𝜈

Τ
𝑃

𝑙
𝑃 𝑠

𝑝
30 GHz X. Fan et al, PRL129, 

261801, 2022

F. Paolucci et al Phys Rev Appl. 14 034055 (2020)



Question: classical → quantum 

Classical 
axion

Classical 
microwaves

Quantum 
detection

What is the quantum statistical 
distribution of detected photons?
→ Goal: Monte Carlo

• Can we obtain quantum statistical distribution without 
assuming quantum nature in the source?

• Can we assume a Poisson distribution?
36



Glauber’s theorem: classical → quantum

Classical current generates quantized 
photons in a quantum coherent state
→ Let’s apply this to classical axions 37



Exact solution 
without 
perturbation 

| ۧ0

| ۧ𝛽
axion

Any classical axion generates photons in a quantum coherent state

෡𝐻 = ℏ𝜔 ෠𝑏† ෠𝑏 +
1

2
+  ℏ 𝑓 𝑡 ෠𝑏† + 𝑓∗(𝑡)෠𝑏

Quantum state of photons from axions
Quantized photon states of a 
single mode inside a resonant 
cavity

෠𝑏†| ۧ𝑛 = 𝑛 + 1| ۧ𝑛 + 1

෠𝑏| ۧ𝑛 = 𝑛| ۧ𝑛 − 1

෠𝑏, ෠𝑏† = 1

෠𝑏, ෠𝑏 = ෠𝑏†, ෠𝑏† = 0

𝑓 𝑡 = 𝑔𝑎𝛾𝛾𝑎(𝑡) න(𝑬(𝑥) ⋅ 𝑩0)𝑑3𝑥

𝑬(𝒙)

ො𝑛| ۧ𝑛 ≡ ෠𝑏† ෠𝑏| ۧ𝑛 = 𝑛| ۧ𝑛

෡𝐻0
෠𝑉𝐼 | ۧ𝜓 𝑡 = exp −𝑖𝐶1 𝑡 ෡𝐷 𝛽 𝑡 exp( Τ−𝑖𝐻0𝑡 ℏ) | ۧ𝜓 0

𝛽 𝑡 = 𝐶2 𝑡 exp(−𝑖𝜔𝑡)

| ۧ𝛽 = ෡𝐷 𝛽 | ۧ0

෡𝐷 𝛽 = exp(𝛽 ෠𝑏† − 𝛽∗ ෠𝑏)

Classical axion 
~ displacement 
operator (x phase)

𝑩𝟎

𝐶2 𝑡 = න
0

𝑡

𝑑𝑡′𝑓 𝑡′ exp(𝑖𝜔𝑡′)

𝐶1 𝑡 = −
𝑖

2
න

0

𝑡

𝑑𝑡′𝑓∗ 𝑡′ exp(𝑖𝜔𝑡′) න
0

𝑡′

𝑑𝑡′′𝑓 𝑡′′ exp(𝑖𝜔𝑡′′)

Only linear 
operators

Derived by Ayuki Kamada U Warsaw
Any classical 
axion field

38



Schrödinger, E. (1926). "Der stetige Übergang von der
Mikro- zur Makromechanik". Die
Naturwissenschaften 14 (28)

39



Quantum coherent state: Schrödinger’s wave packet

𝛹 𝑥1 =
1

2𝜋
𝑒− 𝑥1−𝛼 cos 𝜔𝑡 2

𝛼𝛹 𝑥1 = 𝑥1 +
1

2

𝑑

𝑑𝑥1
𝛹 𝑥1

By Ashton Bradley Aspir8 (talk) -
Own work, CC BY-SA 4.0, 
https://commons.wikimedia.org/w
/index.php?curid=149671045

𝑥 = 𝑥1 𝑝 =
𝜕𝐻

𝜕𝑥
= 𝑥2

𝛹(𝑥1) ≡ 𝑥1 𝛼

ො𝑥1, ො𝑥2 =
𝑖

2
→ 𝑥1 ො𝑥2 𝑥1 ≡

1

2𝑖

𝑑

𝑑𝑥1

𝑥1 ො𝑥1 𝑥1 = 𝑥1

𝑎| ۧ𝛼 = 𝛼| ۧ𝛼

ො𝑎 ≡ ො𝑥1 + 𝑖 ො𝑥2

𝛼: eigenvalue of annihilation 
operator

Hints for derivation

40



Modern representation of wave packet: coherent state

| ۧ𝛼 = 𝐷(𝛼)| ۧ0

𝑥1

𝑥2

Quantum 
fluctuation

ො𝑥1 =
1

2
ො𝑎 + ො𝑎†

ො𝑥2 =
1

2𝑖
ො𝑎 − ො𝑎†

1/2

1/2

| ۧ0
𝐷(𝛼)

𝐷 𝛼 ≡ exp(𝛼 ො𝑎† − 𝛼∗ ො𝑎)

Displacement operator

𝐸 ≡ 𝛼 መℰ 𝒓, 𝑡 𝛼 = 𝑖
ℏ𝜔

2𝜖0𝑉
𝛼𝑒−𝑖 𝜔𝑡−𝒌⋅𝒓 − 𝛼∗𝑒+𝑖 𝜔𝑡−𝒌⋅𝒓

𝑃 𝑛 = 𝑛 𝛼 2 =
𝛼 2 𝑛

𝑛!
𝑒− 𝛼 2

| ۧ𝜓 𝑡 = | ൿ𝛼𝑒−𝑖𝜔𝑡

| ۧ𝛼 = 𝑒− Τ𝛼 2 2 ෍

𝑛=0

∞
𝛼𝑛

𝑛!
| ۧ𝑛

መℰ 𝒓, 𝑡 = 𝑖
ℏ𝜔

2𝜖0𝑉
ො𝑎𝑒−𝑖 𝜔𝑡−𝒌⋅𝒓 − ො𝑎†𝑒𝑖 𝜔𝑡−𝒌⋅𝒓

: Plane wave solution of Maxwell equation

: Poisson distribution

Electric field operator
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→ Axion via amplifier

→ Axion via photon counting



Outline
• We need new physics!

• DM axion as classical waves

• Axions at higher mass

• Quantum sensing

• Conclusion
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Conclusion
• We need new physics!

• SM does not include DMs: WIMPs or others?

• RF technology is the key for the next accelerator: wakefield in FCCee → 2HDM tan 𝛽

• RF will be also useful for direct detection of DMs: axion DM → 𝑚𝑎

• DM axion as classical waves
• Axion solves the strong CP problem in SM and can be a light DM candidate

• Light dark matter → long de Broglie wavelength → classical waves

• Axion DM → Maxwell equation → classical microwaves

• Axions at higher mass
• Higher mass axions are motivated if inflation scale is higher than PQ

• Momentum mismatch to microwaves → dish antenna, dielectric, wire metamaterial

• Quantum sensing
• Classical microwave sensing reaches SQL → photon counting

• Classical axions generate microwave photons in a quantum coherent state
43



More pedagogical lectures of mine
• 90 min x 3 lectures on axions in Nagoya University

• https://indico.kmi.nagoya-u.ac.jp/event/15/overview

• 1-week lectures + hands-on about RF for axions in Hamburg University
• https://indico.desy.de/event/50207/

• CERN Summer Student Lecture about superconducting cavities
• https://indico.cern.ch/event/1508891/

• Introduction to accelerators technology at Université Paris Saclay
• https://indico.ijclab.in2p3.fr/event/11923/

• Textbooks (we do not have established textbook for axions ):
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