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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

ü 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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My main business: Radio Frequency cavities for accelerators
HIE-ISOLDE@CERN
Heavy ion

ESS@Lund
Proton Linac for neutrons

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

FCC Higgs Factory

ILC Higgs Factory

Pros: any present and future accelerators would include superconducting RF cavities
Cons: Timeline (decades?) costs (>>BEUR?) still no promise for new physics

à Can’t we directly make use of RF for discovery?



Radiofrequency

Superconductivity

accelerator

Dark matter

Gravitational waves

SC magnet

NCRF
Amplifiers
oscillators

Transmon
Qubit

Ion trap
spectroscopy

Photon 
sensor

neutrino

New 
materials

(My PhD: positronium hyperfine)

RF 
cavity
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Microwave photons may address fundamental physics

S. Ellis

Inverse Primakoff effect Inverse Gertsenshtein effect

R.E. Shrock / Dirac and Majorana neutrinos 363 

imp l i e s  tha t  

FV'A(  m, , m,,)  j = FV'A(  m~,, m,j)}*, (2.14)  

Thus ,  in the  d i a g o n a l  case, CP invar iance ,  t oge the r  wi th  hermi t i c i ty ,  impl ies  that  

FzA(q2),  = O, (2 .15a)  

F3V( q2 ) ,  = O. (2 .15b)  

T h e  g raphs  that  c o n t r i b u t e  at the o n e - l o o p  level  to the e l e c t r o m a g n e t i c  ve r tex  of  a 
D i r a c  n e u t r i n o  in the  s t a n d a r d  t heo ry  are  s h o w n  in fig. 1, whi le  those  for  the 
SU(2)L  × SU(2)R × U(1)  t heo ry  are  g iven  in fig. 2. Each  g raph  r ep resen t s  a sum ove r  
all  £~ ,  and  the  g raphs  of  fig. 2 a lso  invo lve  a sum over  k f r o m  1 to 2. 

T h e r e  a re  two  k i n e m a t i c  cases o f  in teres t :  
(i) i - j ,  q2 = 0; this case  gives the  s ta t ic  m o m e n t s ,  and  
(ii) i =~j, q2 = 0; this case  desc r ibes  the  decay  u~ --* ~Dy. 

3," 

+ 

vi J o  uJ ui u;j 
W ÷ 

(o) (b) 

Fig. 1. Graphs contributing at the one-loop level, in U-gauge, to the general electromagnetic vertex of a 
Dirac neutrino in the standard SU(2)L × U(1) theory. Each graph is understood to be a sum over a from 
a = 1 to a = n. (The graphs involving unphysical Higgs scalars were included in the R~ gauge calculation 

of ref. [2] but are not shown here.) 
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Fig. 2. Same as fig. I, but for an SU(2)L × SU(2)R X U(I) theory. Each graph represents a double sum 
over a from a = 1 to a = n and over k from k = 1 to k = 2. See caption to fig. 4 for the Majorana case. 

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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Axions: a byproduct to cancel the strong CP

𝐿!"# ⊃ −
1
4
𝐺$%& 𝐺

$%& +
𝑔'(

32𝜋(
𝜽𝐺$%& -𝐺$%&

This term generates electric dipole moment in neutron
• Theory: 𝑑)~4.5×10*+,𝜽 ecm
• Experiment: 𝑑) < 2.9×10*(- ecm

à 𝜃 < 0.7×10*++ ≪ 1

𝑔!"

32𝜋"
𝜃 +

𝒂
𝐹#

𝐺$%# *𝐺$%# → 0 (after SSB)

Introduce a new global chiral U(1) field 𝑎

Quantum Chromodynamics (theory of strong force)

SSBà A pNG boson appears as a byproduct = axion

gluons

𝑚 &
( 𝑓&
( =
Λ !
"#.Naturalness without anthropic solution
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Axion as dark matter

Stefan Knirck PhD thesis

Co & 
Harigaya

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

Misalignment 
mechanism

Remaining coherent  
oscillation = DM

Inflation < PQ Inflation > PQ

Naturalness problem 
in DM abundance 
(initial value dependence)

Two possible 
scenarios 
related to the 
energy scale of 
inflation

Annihilating axion 
string = DM

Natural solution to 
DM abundance
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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

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

à Common techniques: magnets & photon science

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

MADMAX
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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

à Common techniques: magnets & photon science

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

DM
Sun

𝛾 𝛾

𝐵𝐵

𝑎
laser

𝛾

𝐵

𝛾

𝐵
Today’s 
talk
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De Broglie wavelength 𝜆! vs density of DM "𝑛

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 à 𝛽~0.07%

WIMP: 𝑚~1 TeV (?)

𝜆)~
196 MeVfm
0.7 GeV

= 0.3 fm

Axions:𝑚~10 𝜇eV

𝜆)~
2×10*+ eVm

7 neV
= 28 cm

• Galaxy halo of dark matter density 𝜌 ~0.45 ⁄GeV cm/

F𝑛~
0.45 ⁄GeV cm,

10 𝜇eV
~10-, cm*,F𝑛~

0.45 ⁄GeV cm,

1 TeV
~10*, cm*,

𝐸!"# =
2𝑛
𝜆
≫

1
𝜆$
~ 0 9𝐸 ⋅ 9𝐸 0

→ F𝑛 ≫
1
𝜆,

→ F𝑛 ≪
1
𝜆,

WIMP behaves 
as a particle

DM Axions behave 
as a wave 13



Standard model of dark matter axion distribution function
𝑓 𝜔 = 𝑃!𝜃 𝜔 −𝑚" 2𝜔!

#$% 𝜔 −𝑚"

𝜋 exp −
𝜔 −𝑚"

𝜔!

DM 𝛾

𝐵

Δ𝑓~10*:×𝑚#

Maxwell-
Boltzmann 
distribution

𝑣& = 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 𝑚# = 10 GHz

Microwaves converted from DM axion 
is very narrow band classical waves

Velocity 
dispersion of 
Milky way 
Galaxy around

14



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 > 0

𝑅𝐹 𝑡 = 𝐼 𝑡 cos 𝜔𝑡 + 𝑄 𝑡 sin 𝜔𝑡

→ 𝑃 𝜔 = V𝐼" 𝜔 + *𝑄" 𝜔

𝑃 𝑡 = 𝑛×ℏ𝜔 ∝ 𝑉ABC (𝑡)

From 
wikipedia

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

Digital processing
Poissonian
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From 
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AM et al, ANNALEN DER 
PHYSIK 2023, 536, 2200619

Digital processing
Poissonian

Standard in DM axion se
arch

es
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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 18



Axion Dark Matter eXperiment (ADMX)
Signal to Noise Ratio is the key for discovery
• Signal is a narrow peak ( ⁄𝑓 Δ𝑓 ~10:) from axion

𝑃% = 1.0×10&##W

×
𝑉

136L
𝐵
6.8T

# 𝐶
0.4

𝑔
0.97

# 𝜌
0.45 ⁄GeV cm'

𝑓
650 MHz

Q
50000

• Johnson Nyquist noise power

𝑃D = 𝑘)𝑇! = 1.4×10*",
𝑇!
1K

⁄W Hz

I𝑆 𝑁 =
𝑃'
𝑃c

𝑡
𝑏

arXiv:2010.00169

• Dicke’s radiometer formula

𝑡: integration time
𝑏: measurement bandwidth 19



Jonsson Nyquist Noise
𝑇

Any conductor at temperature 𝑇

V

𝑃' =
𝑉%

4R

𝑉

𝑡

Voltage fluctuates

𝑉" Δ𝜈~4𝑅Δ𝜈
ℎ𝜈

𝑒 ⁄LM N!O − 1
P%≪N!O 4𝑅𝑘)𝑇Δ𝜈

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 power spectral density 𝑃c =
d!

.ef%
~𝑘g𝑇

H. B. Callen and T. A. Welton Phys Rev 1 34 (1951)

𝑃! =
ℎ𝜈
2
+

ℎ𝜈
𝑒 ⁄#$ %!& − 1

[W/Hz]

Quantum mechanical derivation

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

àCooling down reveals 
fundamental noise floor  

Zero-point energy

𝑃RST = ℎ𝜈 : standard quantum limit

Ex) ℎ×1 GHz = 6.6×10*"U W/Hz20



Classical: amplifier based on transistors

𝑇

Any conductor at temperature 𝑇

V

𝑃' =
𝑉%

4R

𝑉

𝑡

Voltage fluctuates

• Amplification of microwaves (typically >×100) via electron or hole current in the transistors
• Noise sources
• Resistance’ thermal noise
• Shot noise of currents (dominating)

àThe effective noise temperature is always limited by a certain value
àOne cannot reach standard quantum limit by cooling down 𝑘)𝑇RST = ℎ𝜈 < 𝑘)𝑇! L 21



Semi-classical: Parametric Amplifier (in ADMX)

• Amplification of microwave signal at 𝜔! via pump 
microwaves at 𝜔V

• Nonlinear optics (Kerr effect) for frequency 
mixing

• No real electron/hole current
à Free from the noise source of transistors
àOne can reach 𝑘)𝑇RST = ℎ𝜈 by cooling down

arXiv:2010.00169
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Implementation: Josephson Parametric Amplifier

• The nonlinearity is induced 
from Josephson junctions 
inside SQUID

• Although SQUID is a 
superconducting quantum 
device, microwave‘s behavior 
is classical (à semi-classical)

arXiv:2010.00169
23



Another use of JPA: Squeezed state (not in ADMX)

𝑥(

𝑥%

Quantum 
fluctuation

X𝑥( =
1
2 X𝑎 + X𝑎)

X𝑥% =
1
2𝑖 X𝑎 − X𝑎)

1/2

1/2

| ⟩0

| ⟩𝛼

𝑥(

𝑥%

Quantum 
fluctuation

⁄𝑒#* 2 < 1/2

Same area 1/4

i𝐻 = k𝑎^ k𝑎 +
1
2
ℏ𝜔 + ℏ

𝐸∗

2
k𝑎" +

𝐸
2
k𝑎^" Nonlinear term added by 

parametric oscillation

9𝑏
9𝑏(

= cosh 𝑟 𝑒#)* sinh 𝑟
𝑒&#)* sinh 𝑟 cosh 𝑟

l𝑎
l𝑎(

i𝐻 = ℏ𝜆n𝑏^ n𝑏 +
𝜆 − 𝜔
2

𝜆 = 𝜔% − 𝐸 %

𝑟 =
1
2
tanh#(( ⁄𝐸 𝜔)

𝑒%+, = ⁄𝐸 𝐸

⁄𝑒* 2 > 1/2

Axions search is entering a quantum regime24



HAYSTAC reduces one of the noises via squeezing
Squeezed State Receiver

Courtesy: Michael Jewell, “Updated Results from HAYSTAC's Quantum-Enhanced Search for Dark Matter Axions”

à Currently ×2 (finite loss in circuit)
à potentially >×20

Single quadrature read-out & reduced 
external noise from squeezed read-out line

25



Single photon sensors (?)

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

Δ𝜈 =
1 kHz

Δ𝜈
=
1

Hz

Δ𝜈
=
1

m
Hz

Δ𝜈
=
1
µHz

Single photon sensors may be a solution in the future
àAlthough one loses phase information, zero background at cold may be better
à Lower noise in higher frequency à where is the cross-over? 10 GHz? 100 GHz?? 26

Noise power of wave detection

2𝑛 =
1

𝑒 ⁄,- .!/ − 1
𝑄!: cavity quality factor
𝜂: quantum efficiency of the sensor

𝑃" = ℎ𝜈 2𝑛 + 1
Δ𝜈
𝑡
∝ 𝜈

Noise power of photon detection

𝑃01 = ℎ𝜈
𝜂2𝑛𝑄!
2𝜋𝜈𝑡

∝ 𝜈

⁄
𝑃 v

𝑃 '
w

30 GHz X. Fan et al, PRL129, 
261801, 2022

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

From now

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

Heavier à
higher frequency

28



Issue of high-frequency resonators for dark matter search

29

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

+

− − − − − −
Photon mode

Dark 
matter 
mode

The dark matter is cold à De Broglie wavelength is long

Spatial integral is cancelled!

c

𝐿

Dark 
matter 
modePhoton mode

Signal: ∝ 𝑉𝑄

The signal is lost by higher frequency

à 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 Detection Idea Outlook

The MADMAX Idea

Mirror Dielectric  Disks Receiver 

Be 

P/A = 2.2⇥ 10�27Wm�2

✓
Be

10T

◆2

Ca�
2 · �2

�2: power emitted by booster / power emitted by single mirror (✏ = 1)

Stefan Knirck | MADMAX - Foundations 8/14

taking this as a conservative upper limit, and requiring at
least ∼300 evenly spaced wires, we find an interwire
spacing of 3 cm and a corresponding lower frequency
limit of 8.8 GHz.
Third, the spacing between the wires must be tunable

while retaining a relatively high level of spacing homo-
geneity. However, tuning may be more easily realized than
it seems at first glance. While, for simplicity, we have
focused on isotropic wire arrays, this condition is not
necessary; anisotropically spaced wires still give an iso-
tropic effective medium [39]. As the plasma frequency
comes from the mutual inductance between the wires, the
medium acts isotropically as long as the wires are arranged
such that each wire feels the same mutual inductance as
every other wire.
Thus, one very appealing geometry for tuning the plasma

frequency is a series of planes of wires, with spacing
adjusted in a single direction. We leave a full investigation
of such mechanics to a technical design study. Assuming a
tuning system which can cover more than a few percent of
the total frequency range of the experiment is realized, one
could fabricate multiple inserts which could then be used
for specific ranges of frequencies. Given that the overall
size of the structure is largely independent of the operating
frequency, such inserts could all be identical in external
dimension, facilitating relatively fast swapping into and out
of the magnet, electronic, and cryogenic systems.
Depending on the details, such a tuning mechanism may
further limit the high frequency range.
Figure 2 shows a schematic representation of the

essential features of the proposed experimental realization.
An external magnetic field of order 10T is applied to an

array of parallel wires with tunable interwire spacing. In the
presence of the magnetic field, axions can induce bulk
plasmons when the plasma frequency (set by the spacing)
matches the axion frequency. As a result, there will be a
roughly uniform axial electric field oscillating sinusoidal in
time. Antennas or pickup loops inside the structure can be
used to detect this oscillating electric field. An ultra-
low-noise microwave amplifier then amplifies the voltage
produced by the antenna. The wire assembly is electro-
magnetically shielded and cooled to cryogenic temper-
atures to reduce noise.
Projected reach.—To estimate the parameter space that

could be explored by a plasma haloscope, we must first
calculate the power. In general, the power that can be
extracted from the plasma is related to the loss rate of the
plasma. For a Drude plasma, for small Γ, the loss rate is
given by P ¼ ΓU, where U is the stored energy. This
corresponds to a quality factor Q ¼ ω=Γ. Assuming a
signal coupling efficiency factor κ, on resonance, we can
write the power in a form similar to that used for cavity
haloscopes [11],

P ¼ κGV
Q
ma

ρag2aγB2
e; ð8Þ

where

G ¼ ϵ2z
a20g

2
aγB2

eV
1

2

Z !∂ðϵzωÞ
∂ω jEj2 þ jBj2

"
dV: ð9Þ

The local axion dark matter density is denoted ρa, with
0.45 GeV=cm3 being the typical value used. In G, we have
defined a kind of “geometry factor,” however, unlike a
traditional cavity haloscope, G → 1 as R → ∞. Further, as
gaγ ∝ ma for the QCD axion the power actually increases at
higher masses, given constant Q. Thus, the primary
advantage over traditional cavity haloscopes comes from
the dramatically increased measurement volume, meaning
that much more energy is stored in the system. Because of
this feature, plasma haloscopes will be most useful in the
high frequency regime.
To calculate a scan rate, the signal to noise ratio (S=N)

is given by Dicke’s radiometer equation, S=N ¼
ðP=TsysÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δt=Δνa

p
, where the system noise temperature

is Tsys and the axion signal line width Δνa ∼ 10−6νa. The
measurement time is denoted Δt, covering a frequency
range ∼ω=Q. Assuming that the tuning mechanism allows
for rapid tuning and so can be neglected, it is simple to
estimate the projected reach of a given experiment.
Parametrizing the measurement time as Δt ¼ Aνp, where
A and p are independent of ν and given by Eq. (8), we can
integrate Dicke’s formula between some frequencies ν1, ν2
to get the total scanning time

FIG. 2. A schematic representation of an experimental reali-
zation of the plasma haloscope. An array of wires with variable
interwire spacing is placed in a strong uniform magnetic field.
The array of wires (gray lines) acts as an effective medium with
plasma frequency set (to leading order) by the wire spacing. The
axion field excites a bulk plasmon in the wire metamaterial which
can be detected by an antenna with the appropriate geometry
(here, represented by the red line). The green curve shows the
absolute value of the electric field profile within the wire
metamaterial.

PHYSICAL REVIEW LETTERS 123, 141802 (2019)

141802-4

MADMAX @ DESY

ALPHA @ SU
New projects rising

ORGAN @ Australia
ADMX-Orpheus @ US

ADMX-EFR @ US
CAST-CAPP @ CERN

Dish antenna

BRASS @ DESY
BREAD @ US

30



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”
31



BRASS-p (DESY) & BREAD (Fermilab)

Courtesy: Le Hoang Nguyen, “Development, Calibration and 
Current Status of the BRASS-p Experiment” PATRAS2022

Courtesy: Stefan Knirck, “BREAD: Broadband Reflector 
Experiment for Axion Detection” PATRAS2022 32



MADMAX: multiple dielectric dishes
• Enhance the coherent microwave signal generated at the 

dielectric-vacuum surface (transparent dish antenna)
• Many disks to boost the signal
• Dipole magnet is mandatory

Frequency tuning by moving disks with piezo
33



Booster resonance + whole standing wave

• The resonance inside the booster 
• Standing-wave in the whole structure 
• White noise resonates (Rayleigh Jeans)
• Interference to the booster peak

• Very challenging subject in microwave engineering!
• Enormous mesh in FEM (scale >>>> wavelength)

34



Boost 𝛽 in dielectric disks ≠ resonance Q in a cavity

𝑃% = 1.0×10&##W ×
𝑉

136L
𝐵
6.8T

# 𝐶
0.4

𝑔23
0.97

# 𝜌
0.45 ⁄GeV cm'

𝑓
650 MHz

Q
50000

𝑃% = 2.2×10&#4W ×
𝐴

1 m# 𝛽#
𝐵
10 T

#
𝐶23#

Resonant cavity search including plasma haloscope

Dielectric-disk haloscope:

Q: microwave propery in a cavity
à In-situ measurement observable

simulation

à 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
à Not a direct observable of microwave measurement

35



Direct measurement of boost factor

Measuring field 
distribution via 
bead-pull method

Reconstruct 
boost factor

JCAP04(2024)005

• Direct measurement of microwave field distributions gave 
consistent results with simulations (Lorentz reciprocity)

• Calibration of boost factor for physics run (to be published):
• Modeling the system with parameters
• Fitting reflection data and noise resonance to determine 

parameters
• Calculate boost factor (model dependent)
• was confirmed with this bead-pull method 36



Prototype experiment at CERN NA

https://home.cern/news/news/experiments
/madmax-forefront-search-axions

• First physics papers are being 
prepared

• Dark photon at room 
temperature, dark photon at 
cold, axion at room 
temperature, axion at cold, …

Stay tuned :-) 37



Another approach: axion-plasmon mixing in a cavity

38

𝜔w =
𝑛z𝑒(

𝑚z𝜖{

Drude model

𝜖 = 0 gives and resonance inside a plasma

At the plasma frequency 𝜔V = 𝜔#

In the Drude model From wiki

e–



Cavity filled with 1D wire metamaterial

39

Free electrons inside wires behave as 1D plasma

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

Free from the size of the cavity itself

Changing the spacing 𝑎 tunes the plasma frequency



Cavity filled with 1D wire metamaterial
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Free electrons inside wires behave as 1D plasma

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

Free from the size of the cavity itself

Changing the spacing 𝑎 tunes the plasma frequency

TM110 mode in
Natural plasma

Wire 
metamaterial



Prototype wire-filled cavities
Same size, without wires With wires 6x6

Resonance frequency of the lowest TM mode
3.48 GHz à 14.4 GHz

With the artificial plasma by the wire metamaterial

Courtesy of Gagandeep Kaur

41



Frequency tuning

PRD107, 055013, 2023

Baseline: mechanical tuning

• Copper wires
• Prototyping phase
• First physics run in a few years

A. Anthore et al PRL 
90 12 127001 (2003)

Non-mechanical tuning via kinetic inductance
S. Zhao, et al J. Phys. D: Appl. Phys. 53 345301 (2020)

• Superconducting wires + DC current
• Basic R&D for proof-of-principle
• Preliminary studies to be published

𝜔-~
𝑐/𝑎

⁄𝐿. 𝜇! ⁄+𝐿/ 𝜇!
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Outline
• Introduction

• New physics with microwaves
• Axion and axion dark matter
• Particle vs wave 

• State of the art
• ADMX experiment
• Background noise and quantum limit
• Squeezing (HAYSTAC) and photon counting

• New experiments
• Challenge toward higher frequency
• Dish antenna: signal from metal/vacuum interface
• MADMAX: signal boost with dielectric disks
• ALPHA: plasma haloscope with wire metamaterial

• Conclusion
43



Conclusion
• Microwaves are alternative mean to address new physics

• Scientific complementarity and technical synergy with accelerator-driven 
experiments

• Axion can solve both strong CP problem and dark matter mystery
• Relatively high-mass dark matter axions may be free from naturalness problems
• Dark matter axions are treated as classical waves not particles

• Recent dark matter axions searches (< 10 GHz) profit from state-of-the-art 
microwave detector technology
• ADMX reached SQL via JPA
• HAYSTAC introduced phase-sensitive operation of JPA to overcome SQL via squeezing
• Potential in single photon counting (wave à particle)

• One research direction is toward higher frequency
• Challenge in keeping volume constant while increasing the frequency
• BRASS/BREAD gives sensitivity proportional to surface area
• MADMAX boosts the sensitivity via dielectric disks; 1st physics results to be published
• ALPHA employs artificial plasma frequency via wire metamaterial; R&D on-going 

towards physics run 44



backup
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Blackbody radiation
F𝑛 =

1
exp ⁄ℏ𝜔 𝑘)𝑇 − 1

k𝜌pL =
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Solid angle Ω [st]
Sensor area 𝐴 [𝑚"]

sensor

𝑃01 = 𝑄01Δ𝜈
Δ𝜈 = 1 MHz

à Usually, Ω𝐴~𝜆"

Cooling down the system can decrease the noise power 46



ADMX again: 𝑇567 = ⁄ℎ𝜈 𝑘! ~40 mK
Run 1B

arXiv:2010.00169

With a dilution 
refrigerator, the noise 
level is approaching to 
the quantum limit
à Quantum devices 

have been 
developed and 
implemented

à Toward quantum 
microwave optics of 
coherent signals 47



ADMX (Washington University à 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

Magnet

Magnet

Cavity 1

Cavity 2

Cavity 3

Cavity 4

LNA

2K

2K
F
lan

ge

70K

300K

300K
F
lan

ge

RF Switch

Power
Combiner

RF Switch

Spectrum
Analyzer

VNA
Signal

Generator

à Multiple cavity option with a recycled magnet
Courtesy: Marios Maroudas, “LATEST RESULTS ON DARK MATTER AXIONS WITH CAST-CAPP”
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Natural plasma (ionized gas, free e– in metal, etc) in a cylinder

50

Transverse magnetic mode (TM modes) couples to axions at higher frequency
However, natural plasma is
• Not suitable in a cryogenic environment
• 𝜔V is not tunable to scan ma

𝑩𝐞

à Artificial plasma by metamaterial



Influence of cavity quality factor

51
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Skin depth
• Denser wires à Lower Q dominated by wire loss à uniform distribution
• Higher Q à Simpler cavity like behavior



One important lesson from ADMX

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

No limits in a frequency where two modes are degenerated

The same and much severer issues in plasma haloscope52


