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My main business: microwave cavities for Present/Future 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 microwaves (MW) for discovery?

Courtesy: F. Bouly

FCCee ttbar protoype



Wakefield links accelerators & ultralight 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)



How to learn ultralight DM physics
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Conventional particle detectors Ultralight DM axion detectors



Outline of the lecture courses and textbooks

• Part 1: overview on axion searches
• Axion vs WIMPs
• Various experiments
• Non-DM axions

• Part 2: classical detection scheme
• Boundary conditions
• Microwave resonators
• Analog and digital system 
• Data processing and noise

• Part 3: quantum detection scheme
• Quantum coherent states
• Glauber’s theorem
• Thermal noise and Standard Quantum Limit
• Squeezing and photon counting
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Part 1: overview on axion searches
• Axion vs WIMPs

• WIMP: particle; axions: waves

• Particle detection

• Classical wave detection

• Various haloscope experiments
• ADMX families

• Lower masses

• Higher masses

• Non-DM axions
• Light-Shining-Through-a-wall

• Solar axion helioscopes

• Conclusion of part 1
8
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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?
Modified gravity?
Primordial black holes?

van Dokkum, et 

al. Nature 555, 629–632 (2018)
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Three ways to study dark matter candidates

WIMP 
SUSY
FIMP
DP

WISP
Axions
ALP
DP

Production in lab Signal from astrophysics DM from galaxy halo

LHC-CMS
AMS

LZ

ALPSII CAST

full knowledge in source uncertainty in astrophysical models Uncertainty in cosmological models

→ Common techniques: magnets & photon or wave science

→ Common techniques: particle detection, reconstruction, PID, etc

MADMAX
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Weakly Interacting Massive Particles (WIMPs)

13T. Totani arXiv:2507.07209

!?

PDG2022

Direct searchIndirect searchAccelerator production

DM DMDM

DM

DM

DM
SM 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

14

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



More than just an axion

Courtesy: SungWoo Youn, 
“Axions and WISPs”

Courtesy: Jedidiah Thompson, 
“Friendship in the Axiverse”

• Anything may exist anywhere while the QCD axion is the most motivated from the naturalness of strong QCD
• Strong QCD naturalness problem cannot be solved by anthropic principle like gauge hierarchy



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



Axion, mesons to Higgs: (peudo-)scalars and photons…same?

ℎ

𝛾

𝛾

𝛾

𝛾

𝑡

𝑡

𝑡

ℎ 𝑊

𝑊

𝑊

𝜋0

𝛾

𝛾

𝑢, 𝑑

𝑢, 𝑑

𝑢, 𝑑

𝑎

𝛾

𝛾

𝑓

𝑓

𝑓

135 MeV 125 GeV??? µeV

ATLAS

ADMX PRL 124, 101303 (2020)

𝑚𝑐2 = 𝐸 = ℏ𝜔



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/Wino)

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
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WIMP behaves 
as a particle

DM Axions behave 
as a wave

J.J. Sakurai



> keV photon physics: -ray spectroscopy

20

NaI (Tl)
or Ge

DC amp.



qADC

60Co

Δ𝐸 = 70 keV

Δ𝐸 = 2 keV

Elementary process
- Photoelectric effect
- Compton scattering
- Pair creation Energy resolution via particles Τ𝐸 Δ𝐸 ~14 − 500



Frequency (and phase) measurement

21

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

cavity

RF amp

LO mixer

Electromagnetic 
waves

I/Q ADC

FFT

Digital processing

Elementary process
- Voltage of the microwave moves 

electrons in the circuit

Energy resolution via frequency Τ𝐸 Δ𝐸 = Τ𝜈 Δ𝜈 > 109

Is photon particle or wave?



𝑎𝑝

𝑎𝑞

𝑎
𝑝′
†

𝑎
𝑞′
†

1

2

3

4

Quantum field Number (energy) states

projection

𝜌 =෍

𝑛

𝑐𝑛 ۧ|𝑛 |𝑛ۦ

Wave (field) states

projection

෡ℇ~ො𝑎 exp +𝑖𝜔𝑡 − ො𝑎† exp(−𝑖𝜔𝑡)
ො𝑛 = ො𝑎† ො𝑎

ො𝑛| ۧ𝑛 = 𝑛| ۧ𝑛

Revisit wave-particle duality (→ part 3)

Eigenstate of the 
number operator

ො𝑎| ۧ𝛼 = 𝛼| ۧ𝛼

Eigenstate of the 
annihilation operator

𝜌 = න𝑑𝛼2𝑃(𝛼)| ۧ𝛼 |𝛼ۦ 𝜌
• Typical particle physics focuses on number states
• We count numbers and measure energy NOT field
• We are not familiar with coherent states



Quantum to classical field: more detail
arXiv:2408.04696 

ො𝜌𝑡ℎ ≡
exp Τ−෡𝐻0 𝑘𝐵𝑇

𝑍
=

1

1 + ത𝑛𝑡ℎ
෍

𝑛=0

∞
ത𝑛𝑡ℎ

1 + ത𝑛𝑡ℎ

𝑛

| ۧ𝑛 |𝑛ۦ = න𝑑2𝛼
exp Τ− 𝛼 2 ത𝑛𝑡ℎ

𝜋ത𝑛𝑡ℎ
| ۧ𝛼 |𝛼ۦ

→ Incoherent mixed state with max entropy (thermal equilibrium)→ Stefan Boltzmann, Planck law

ො𝑎| ۧ𝛼 = 𝛼| ۧ𝛼
Coherent state

Quantum 
field

classical 
field

A bosonic field of a high occupation number becomes classical chaos field

Part 3



Cf) classical chaos waves
Key concept: classical coherence time 𝝉𝒄



DM axion distribution function and coherence time

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

25

𝜏𝑐~
1

Δ𝑓



Part 1: overview on axion searches
• Axion vs WIMPs

• WIMP: particle; axions: waves

• Particle detection

• Classical wave detection

• Various haloscope experiments
• ADMX families

• Lower masses

• Higher masses

• Non-DM axions
• Light-Shining-Through-a-wall

• Solar axion helioscopes

• Conclusion of part 1
26



Energy momentum mismatch
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DM 𝛾

𝐵

Courtesy  of Alex Millar Jr.

𝐸2 = 𝑝2 +𝑚2 𝐸2 = 𝑝2
Cold DM

In real space: zero overlap integral

− + + −



A resonant cavity breaks translational symmetry
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+

Microwave cavity

𝑎

𝑑

𝐸𝑧

𝐻𝜙

ℏ𝜔010 =
1

𝜇𝜀

𝑗01
𝑎

2

+
0 ⋅ 𝜋

𝑑

2

~
2.405

𝑎 𝜇𝜀
~
2.405

Τ𝑎 𝑐
~𝑚𝑎𝑐

2

Resonant frequency of the fundamental mode TM010



Classical MW cavity is a mean to hunt DM axions

Courtesy: Gray Rybka, PATRAS2022

Skivie haloscope

Axions modify 
Maxwell equation

29



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

30

Part 3 Part 2



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 31

Fake signal



Conventional resonant cavity-based experiments (not all…)

32

HAYSTAC QUAX

KAIST/CAPPRADES

darkSRF

ORGAN

• Resonator concepts are similar but different materials 
(normal conducting, superconducting, dielectric) → Part 2

• Installation of quantum detection scheme → Part 3

And others!



Lower masses?

33

𝑎

𝑑

𝐸𝑧

𝐻𝜙

ℏ𝜔010 =
2.405

Τ𝑎 𝑐
~𝑚𝑎𝑐

2

• A resonant cavity becomes impractically 
huge (>> 1 m) below 100 MHz not to fit any 
magnets

• RF resonators can be expressed as a LC 
equivalent circuit
→Why not simply use LC real circuit

• Axion mass lower than ADMX (700 MHz) is 
motivated from the mis-alignment mechanism



LC-circuit approach: DMRadio
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Courtesy: 
Jessica Fry, 
Patras2025

ADMX-
family



Axion heterodyne: magnetic field → pump MW

35

A. Berlin et al. PRD 104 L111701 (2021)

arXiv:2507.
0773

NC cavity
at SLAC

Initiative in 
CERN and 
FNAL with 
SC cavities



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

Heavier →
higher frequency

36

Higher 
masses



Issue of high-frequency resonators for dark matter search
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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 to address 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
FUNK, DOSUE (DP) 38



ADMX (Washington University → Fermilab)

Courtesy: Gray Rybka, “Current Status and Future Plans of ADMX”

Multiple 
cavities to 
address 
heavier axions

@Fermilab

ADMX-EFR

Challenge: phase lock of all the cavities (S. Knirck)
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CAST-CAPP @ CERN
Piezo-actuator Coupler

T-sensor LNA

Locking device

Locomotive mechanism

→Multiple cavity option with a recycled magnet

Courtesy: Marios Maroudas, “LATEST RESULTS ON DARK MATTER AXIONS WITH CAST-CAPP”

40



Dish antenna: mismatch between metal and vacuum

Horns et al, arXiv:1212.2970,
JCAP04(2013)016

• Axion-photon conversion at the metal-vacuum interface
• Signal enhancement by larger area
• Challenge: parallel B-field on the large area of a metal surface

Courtesy: Le Hoang Nguyen, “Development, Calibration and Current Status of the BRASS-p Experiment”

Emitted EM wave

𝑩

metal

𝑬𝒂

Courtesy: Stefan Knirck, “BREAD: Broadband Reflector Experiment for Axion Detection”
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BRASS-p (DESY)

Courtesy: Le Hoang Nguyen, “Development, Calibration and Current Status of the BRASS-p Experiment”

Array of permanent magnets to make effective 
parallel B-field on the conversion panel



BREAD (Fermilab)

in solenoid 
magnet (e.g., MRI)

Courtesy: Stefan Knirck, “BREAD: Broadband Reflector Experiment for Axion Detection”

Innovative antenna design inspired by lighthouse mirrors



Dielectric disks concept
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Courtesy  of Alex Millar Jr.

𝑃𝑆 ∝
𝑉

136L

𝐵

6.8T

2 𝐶

0.4

Q

50000

𝑃𝑆 ∝
𝐴

1m2

𝐵

10 T

2 𝛽2

50000

𝑚𝑎 > 40 μeV (10 GHz) is motivated (post-inflationary scenario, kinetic misalignment, etc) but…

− −+ − +

→ 𝜆𝛾 = 1.5 cm ≪ 𝜆𝐵 = 22 m

Challenging to keep overlap 
integral 𝐶 nonzero while keeping 
the detector size 𝑉 large

+
+ + +

→ Insert dielectric disks to cancel 
the negative overlaps!

(Dipole)

Caldwell et al., PRL 118, 091801 (2017)

Mismatch in wavelength!

Rev. Sci. Instrum. 
92 124502 (2021)



MADMAX overview (my current project)
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spacing~15 mm @ 40 µeV

m
ir
ro
r

Horn antenna 
to collect MW

Ellipsoidal 
mirror to 
focus MW

Resonance inside 
the dielectric disks



Technical milestones
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MADMAX collaboration, 2024 JINST 19 T11002

MADMAX collaboration, 

2024 JINST 19 T11002

Lorin et al., IEEE TAS 33 (2023) 1

Lorin et al., IEEE TAS 33 (2023) 1

✓ Piezo worked at 5 K + 5.3 T
✓ Disk motion with piezo-

motor was successfully 
tested at 4K or 1.6 T

✓ Cable-in-Conduit 
Conductor

✓ MACQU Demo Coil
✓ Dipole feasible!
➢ Fabrication ($$$)

Boost factor 𝛽2≠ cavity Q → before large scale experiments…small setups!
✓ Boost factor determination & first physics runs without piezo-tuning & existing dipole

https://iopscience.iop.org/article/10.1088/1748-0221/19/11/T11002
https://doi.org/10.1109/TASC.2023.3273734


Boost 𝛽 in dielectric disks ≠ resonance Q in a cavity

𝑃𝑆 = 1.0 × 10−22 W ×
𝑉

136L

𝐵

6.8T

2 𝐶

0.4

𝑔𝑎𝛾
0.97

2 𝜌

0.45 ΤGeV cm3

𝑓

650 MHz

Q

50000

𝑃𝑆 = 2.2 × 10−27 W ×
𝐴

1 m2
𝛽2

𝐵

10 T

2

𝐶𝑎𝛾
2

Resonant cavity search including plasma haloscope

Dielectric-disk haloscope:

Q: microwave property in a cavity
→ In-situ measurement observable

simulation

→ Indirect calibration and reconstruction via microwave 
measurements and noise resonance (fitting data with simulation)

VNA

𝛽 is defined uniquely for axion interaction not for microwaves
→ Not a direct observable of microwave measurement

47

Part 2



𝜷𝟐 determination in close booster setup

48

Modelling the TE11 booster with free parameters (𝜀, 
thickness, spacing, mismatch, etc)

MW measurement data
• Reflection data
• Noise power resonance

boost factor 𝛽2

1) Fit to 
determine 
parameters

Model-based approach

• Monte-Carlo approach to propagate the errors in 
parameters

• Limitation of the modelling (3D effect, etc) well 
included in the uncertainty

• In-situ monitoring of the booster resonance 
during physics run via noise power 

→ 𝛽2 determined with ~15% errors

2) Calculation 
with determined 
parameters



𝜷𝟐 determination in open booster setup

49

Lorentz reciprocity approach

Boost factor can be determined via electric field 
of MW excited from outside

Electric field can be obtained through the beads-pulling method

JCAP 04 (2023) 064

JCAP 04 (2024) 005

𝑃𝑠𝑖𝑔 =
1

2
Re න

𝑆

𝑬𝑎 ×𝑯𝑎
∗ ⋅ 𝑑𝑆 ∝ න

𝑉

(𝑬𝑅 ⋅ 𝑩0)𝑑𝑉

2

𝛽2 =
𝑃𝑠𝑖𝑔
𝑃0

∝ න
𝑉

𝐸𝑅𝑑𝑉

2

Unknown 
axion fields

Measurement 
observable!

ΔΓ ∝ 𝐸𝑅
2

→ 𝛽2 determined with ~15% errors



Current status and prospect of 
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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


Axion-plasmon mixing in a cavity (my former project)
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𝜔𝑝
2 =

𝑛𝑒𝑒
2

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
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PRD107, 055013, 2023

9T 20 cm

Courtesy  of Alex Millar Jr.
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• ADMX families
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DM axion is strongly model dependent

54

• Isocurvature
problem

• Naturalness 
problem in DM 
abundance

• PQ restoration 
after inflation

• Domain wall 
problem

• Over-abundance

• Even the local DM density 𝜌𝐷𝑀 = 0.3 − 0.45 ΤGeV cm3 is uncertain
• Axion is anyway motivated as a solution of strong CP problem

→ Non-DM axion search is also motivated



Three ways to study dark matter candidates

WIMP 
SUSY

WISP
axions

Production in lab Signal from astrophysics DM from galaxy halo

LHC-CMS
AMS

LZ

ALPSII CAST
MADMAX

full knowledge in source uncertainty in astrophysical models Uncertainty in cosmological models

→ Common techniques: magnets & photon science

→ Common techniques: particle detection, reconstruction, PID, etc

DM

Sun

𝛾 𝛾

𝐵𝐵

𝑎
laser

𝛾

𝐵

𝛾

𝐵
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Experiment purely on the earth to be free from DM models

https://www.independent.co.uk/news/science/old-fashioned-light-bulbs-
could-be-set-comeback-after-light-recycling-breakthrough-a6806446.html

https://tomroyreleased.files.wordpress.com/2016/12/wp-1481922375633.jpeg

axion
photon

Light Shining through a Wall (LSW)

Very intense light

× 𝑔2 ≪ 1 × 𝑔2 ≪ 1
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Major difference from DM: Δ𝜈𝑎 is under control
Dark matter: Passive detection

ADMX is this type

ൗS N =
𝑃𝑠𝑖𝑔

𝑘𝐵𝑇

Δ𝑡

Δ𝜈𝑎

LSW: Active detection

Lock-in

LSW can be this type if we can lock-in the signal

ൗS N =
𝑃𝑠𝑖𝑔

𝑘𝐵𝑇

Δ𝑡

Δ𝜈𝑟
=
𝑃𝑠𝑖𝑔

𝑘𝐵𝑇
Δ𝑡

The setup in the laboratory 

7 

(A) Emitting cavity 
(B) Detecting cavity 
(C)  EM. Shielding enclosure, containing the signal receiver 
(D) Custom feed-trough filter for 230 V mains 

Hidden photons 

From power 
amplifier 

To signal 
analyzer 

The sensitivity can be increased over the coherence timeNo way to control Δ𝜈𝑎 itself 

Purely coherent 
axions ~𝛿(𝜔 − 𝑚𝑎)

The galaxy 
determines 
Δ𝜈𝑎~10

−6𝜈
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Another physical difference from DM axion

58

One can define your operating momentum
• ALPS, STAX → relativistic
• CROWS → nonrelativistic (evanescence)
• Heliocsope → relativistic



Transition Edge Sensor

Optical heterodyne

In 
competition

Present flagship of LSW: ALPS-II (DESY)

Courtesy: Gulden (Joule) Othman, “Status of the ALPS II Experiment”



CROWS: GHz-based LSW
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M. Betz, et al. PRD 88 075014 (2013)

Superconducting version
→ darkSRF for dark photons A. Romanenko et al PRL 130 261801 2023 



STAX: LSW at even higher frequency (my own project)

WR28 waveguide 
(7.1mmx3.55mm)

20 cm

R300

20 cm

20 cm

blank window on 
the cryostat

E-field of TE10

conversion
E-field of TEM00

Dark 

photons

reconversion
E-field of TEM00

pick-up 
antenna 
(coax)

• Finesse ℱ = Τ2𝜋 (1 − 𝑅𝑒𝑅𝑓) = 3300

• Loaded Q 𝑄𝐿 = ℱ × Τ𝐿 𝜆 = 6.6 × 104

• Band-width of the cavities: 𝐵𝑊 = Τ𝑓 𝑄𝐿 = 0.45 MHz
• Spatial resonance width: 𝛿𝐿 = Τ𝜆 2ℱ = 1.5 µm

refl. Re refl. Rf

→ to detectors

photons

preliminary Dark photons
𝒎𝜸′ = 𝟎. 𝟐𝝎
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Lock-in amplifier method in Light-Shining-Through-a-Wall

ൗS N =
𝑃𝑠𝑖𝑔

𝑘𝐵𝑇

Δ𝑡

Δ𝜈𝑟
=
𝑃𝑠𝑖𝑔

𝑘𝐵𝑇
Δ𝑡

Locked

Unlocked

A. Miyazaki et alCERN-ACC-NOTE-2021-0032
F. Caspers, S. Federmann, and D. Seebacher, CERN-BE-Note-2009-026
F. Caspers, J. Jaeckel, and R. Ringwald, arXiv:0908.0759, published in JINST

Lock-in!

(So far) Dark photon search

Opportunity for the future



The sun can generate axions (astrophysical LSW)

Courtesy: Tobias Schiffer, “Status update of the axion helioscope BabyIAXO”

helioscope



CAST (CERN) → BabyIAXO (DESY) → IAXO (?)

Micromegas for 
X-rays

magnet

Courtesy: Tobias Schiffer, “Status update of the axion helioscope BabyIAXO”
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Conclusion of part 1
• Axion vs WIMPs

• Axion is a solution of strong CP problem (SM model of particle physics) and dark matter puzzle (mystery in 
cosmology and astronomy)

• Unlike WIMPs/FIMPs, axion dark matter behaves like a wave due to its long de Broglie wavelength and large 
occupancy

• Inverse Primakoff effect converts axions into photon inside a static magnetic field but naïve thought on 
photon detection is a trap!

• The DM-axion-induced photons are supposed to be classical microwaves with a finite coherent time due to 
the motion of the Milky Way Galaxy 

• Various haloscope experiments
• One needs to resolve the energy-momentum mismatch → translational symmetry
• ADMX and similar experiments (HAYSTAC, QUAX, RADES, KAIST/CAPP, darkSRF, etc) established RF-cavity 

based search around 1 GHz
• Cavity-based approach is not suitable for lower masses → LC-circuit approach (DMRadio)
• Higher masses →multiple cavities (ADMX-EFR, CAST-CAPP), dish antenna (BRASS, BREAD), dielectric disks 

(MADMAX), wire metamaterial (ALPHA)

• Non-DM axions
• DM axions are strongly model dependent but non-DM axions are also motivated
• Light-Shining-Through-a-wall: ALPS for IR 1000 nm (photon vs waves), CROWS for 1 GHZ, STAS for > 10 GHz 
• Solar axion helioscopes: CAST, (baby-)IAXO for X-rays from the Sun, here is really photons
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