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My main business: microwave cavities for Present/Future Accelerators

FCCee ttbar protoype

~PIPII @ F N ﬁl‘:@ e s 1
proton driver for neutm

It W|II take tlme very expensive, and very polltlcal ®
- Can’t we directly make use of microwaves (MW) for discovery?




Wakefield links accelerators & ultralight dark matter detectors
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Accelerator as a resonator

Driven by RF source via coupler

Accelerator as an oscillator

Wakefield by high current e-/e+ beam
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How to learn ultralight DM physics

Conventional particle detectors
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Outline of the lecture courses and textbooks

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

e 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
e Axion vs WIMPs

 WIMP: particle; axions: waves
e Particle detection
e Classical wave detection

* Various haloscope experiments
* ADMX families
* Lower masses
* Higher masses

* Non-DM axions
* Light-Shining-Through-a-wall
e Solar axion helioscopes

* Conclusion of part 1



Part 1: overview on axion searches
e Axion vs WIMPs

 WIMP: particle; axions: waves
e Particle detection
e Classical wave detection
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wikipedia
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LEPTONS

Standard Model of Elementary Particles

three generations of matter
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Clear need for new physics: e.g. Dark Matter (DM)

Observations
. from starlight
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Three ways to study dark matter candidates

Production in lab Signal from astrophysics DM from galaxy halo
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SUSY 3y T Y-

FIMP 117 .
- Common techniques: particle detection, reconstruction, PID, etc

e~

WISP S (o

Axions

ALP

DP

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

- Common techniques: magnets & photon or wave science 12




m, , [GeV]

Weakly Interacting Massive Particles (WIMPs)

Accelerator production Indirect search Direct search
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Axions: a byproduct to cancel the strong CP

Quantum Chromodynamics includes -

gluons

uva
Loco 2 =7 GG + 355

This term generates electric dipole moment in neutron
* Theory:d,~(2.4+1.0) x107°0 efm
* Experiment: |d,| < 1.8 X 10713 efm "=
- 0] <08x1071Y% « 1

Naturalness problem without anthropic solution

2
g ~
" 0G%,GH°

) symmefry (ng

| éaxiom (NG boson)
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Introduce a new global chiral U(1) (PQ symmetry) field a

2
Is . (e + 3) G2,GHv® - 0 (after SSB)
321 F,

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



Axion after QCD phase transition  mgf,~my.f;

F. Chadha-Day, J. Ellis, D. J. E. Marsh, "Axion Dark Matter: What is it and Why Now?” arXiv:2105.0140

V(q}). .

Figure 3: “Sombrero” potential of the Peccei-Quinn field ® is shown schematically before (left) and after
(right) the QCD phase transition. The axion corresponds to the angular direction of this potential, shown
by the orange line. The state of the field is given by a point in the potential. Low energy configurations
are favoured. For illustration, the potential on the right is shown for a scenario with a large amount of PQ
symmetry breaking. More details are given in appendix A.2.
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More than just an axion

Pseudo-scalar
Axion

WISP

Mafa~ Nocp
Invisible axion (1979)
Dark matter candidate (1983)

Axion-Like Particle (ALP)

Generic axion w/o solving the
strong CP problem

Mqfa * Agcp

Mili-chaged patrticle

Scalar
Chameleon (2003)
Dark energy candidate

Vector
Hidden photon
Gauge field in hidden sector

Others
Mili-charged particle, ...

Courtesy: SungWoo Youn,
“Axions and WISPs”

e Anything may exist anywhere while the QCD axion is the most motivated from the naturalness of strong QCD

V(p) ~ m?f* |1 - (—)
() =mf cos {7

PQ solution to strong CP problem (1977)

N\
y

¢

For QCD axion: m?*f* = AZCD

2-axion
Rational F r'ienJ ')' Frierzl sl\ir
Resonance Cas‘caale <l oM
P _— — _— “r e
5 \;erc\"s

—

Courtesy: Jedidiah Thompson,
“Friendship in the Axiverse”

e Strong QCD naturalness problem cannot be solved by anthropic principle like gauge hierarchy

—>



Axion as dark matter (PQ scale > inflation)

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

)

Co &
Harigaya

e

3
)
~

axion potential energy

axion field
Misalignment d2a da

. 2
mechanism =7 + 3 T +m, (T)?a =0

Hubble parameter: friction = “cooling” down
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Power (DFSZ Units)

Excess

Axion, mesons to Higgs: (peudo-)scalars and photons...same?
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De Broglie wavelength Ag vs density of DM n

* We are moving in the galaxy halo of dark 40— 77 AL

matter with speed of 220 km/s =2 £~0.07%

* Galaxy halo of dark matter density p ~0.45 GeV/cm’ [ QD

WI M P "M~ 1 TeV (H|gg5|nO/W| nO) Axi ons: m~ 1 O Mev https://www.symmetrymagazine.org/article/wimps-in-the-dark-matter

-wind Artwork by Sandbox Studio, Chicago with Corinne Mucha
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WIMP behaves DM Axions behave Eq =
as a particle as a wave




T AE = 2 keV
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Energy resolution via particles E /AE ~14 — 500 o



Frequency |
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Elementary process
- Voltage of the microwave moves
electrons in the circuit
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Is photon particle or wave? (1’ 2")



Revisit wave-particle duality (= part 3)

Wave (field) states Quantum field Number (energy) states

~@ exp(+iwt) — aT exp(—iwt) 5 atg

éi|a) — C(lC() projection 1 p 3 projection ~
filn) = n|n)
Eigenstate of the

Eigenstate of the @«
annihilation operator number operator

Cl /
p = fdazP(a)|a)(a| p ! p = zcn [n)(n|

* 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

n dsk 1 A —ik-x AT ik-x ~ A A
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Quantum classical k
field field

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



The

Cf) classical chaos waves

Key concept: classical coherence time 7,
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DM axion distribution function and coherence time

Velocity
dispersion of
Milky way
Galaxy around
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Part 1: overview on axion searches

* Various haloscope experiments
* ADMX families
* Lower masses
* Higher masses



Energy momentum mismatch

DM 14

- - - - > ANV
Ez=p2+’m2 E2=p2 .
B
In real space: zero overlap integral P
I O O A A A A O O O O A
Magnetic Field
Ax1n Photon

Courtesy of Alex Millar Jr.
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A resonant cavity breaks translational symmetry
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Magnetic Field

2 Py Py
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Photon

B Microwave cavity

Resonant frequency of the fundamental mode TM,
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Classical MW cavity is a mean to hunt DM axions
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Axions modify {09, "™~
Maxwell equation

Amplify
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144

Power

Power Spectrum

This axion lineshape
has been '
exaggerated. A real
signal would hide

. beneath the noise in

a single digitization.
An axion detection
requires a very cold
experiment and an

ultra low noise
receiver-chain.

Frequency

Unknown axion mass !
- requires a tunable resonator |

Courtesy: Gray Rybka, PATRAS2022



Photon (energy) detection vs wave detection
Part 3 S Part 2

w =
a = 0064 + 0.004

photons Electromagnetic
RN waves \_
W , ~
cavity cavity
SeNsor | broadband RF amp
;; DC amp LO mixer wikipedia

w =0.138 £ 0002

/Q ADC | N
Poissonian v L \ /\ | /
Digital processing | \ | \]/ eeeee x\/

(Flash) ADC

d S~ FFT £ jov. AMet al, ANNALEN DER
- h V t ’g 108 PHYSIK 2023,/536, 2200619

P(t) =n X hw X Vypc (t) RF(t) = I(t) cos(wt) + Q(t) sin(wt) z°.
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Axion Dark Matter eXperiment (ADMX)

Signal to Noise Ratio is the key for discovery
* Signal is a narrow peak (f/Af ~10°) from axion

arXiv:2010.00169

Ps = (1.0 x 10722 W)
1% B \*(C g \2 p f Q
% (136L) (6.8T) <0.4> (0.97) (0.45 GeV/cm?’) <650 MHZ) (500QQ|)Free ——

* Johnson Nyquist noise power

Quantum Amplifier

I e
— S ackage
Py =kpT.=14x%x 10723 — Hz
N Bts
1K Antennas
* Dicke’s radiometer formula —
Fake signal LARMEEF
B 10 : ] Microwave
Cavi
S/ _ L | z g l !
o 7 ’ ’ Tuning Rods
N Py N b 0
?\.‘.?-l'plll .\f.'.‘;riﬂ ~ ‘,}.,H N '-.,3(. R -;, I8 \q:;)“ "Magnet
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t: integration time

b: measurement bandwidth Rybka - August 2022
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Conventional resonant cavity-based experiments (not all...)

Frequency [MHZz]

HAYSTAC QUAX  darkSRF - 10° 10°
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SN1987A
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—12 | E
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* Resonator concepts are similar but different materials
(normal conducting, superconducting, dielectric) = Part 2
 Installation of quantum detection scheme = Part 3

32

And others!



Lower masses?

CROWS

107 ALPS-I
10—8 ?EI}A OSQAR
* Axion mass lower than ADMX (700 MHz) is 10~ casT | oolary i
. . . . 1010 e Globular clusters
motivated from the mis-alighnment mechanism . . -
Q0 LSS ' q E : 2 §=§
=00 Q@
;-10—14 . QJ A
5g 1071 g
T qp-16
1017
1018
10719 VV URLALLALL BUALLLLY WAL | wlﬁ;wlr“[E?(Il?AL
10030 W 1010710 407470 T 10 Pt AT A0 AT AT 480 AT (& 4d
DA g > my [eV]
* A resonant cavity becomes impractically Transmission ne ~~ ——>
. «<
huge (>> 1 m) below 100 MHz not to fit any Zo,q, B ) g m
magnets = ]
 RF resonators can be expressed as a LC ~E nout 3 £ ve g ” —
. . . generator coupler
equivalent circuit N L] R |c
- Why not simply use LC real circuit _




LC-circuit approach: DMRadio

<
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/ LC Resonator
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Courtesy:
Jessica Fry,
Patras2025
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Axion heterodyne: magneticfield-—=2 pump MW

A. Berlin et al. PRD 104 L111701 (2021) frequency = m,/2n
\ 0 uHz mHz Hz kHz MHz GHz
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Initiative in 1913
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axion potential energy

Higher =
Masses — .«

axion field

Pre-Inflation

Cosmic axion
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Post-Inflation

Our Universe:
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Issue of high-frequency resonators for dark matter search

An RF cavity (ADMX-type) becomes V~f 3 An over-sized cavity cancels the signal
+ + + 4+ + +
Dark ﬂ | ﬂ ﬁ
matter _t ‘~\\\

Photon mode mode matter
mode

VUV

[

Photon moge
Signal: < VQ The dark matter is cold = De Broglie wavelength is long

The signal is lost by higher frequency Spatial integral is cancelled!

- 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 Dish antenna Dielectric disks Wire metamaterial
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ADMX-EFR @ FNAL  BRASS @ DESY ORGAN @ Australia ALPHA @ SU+Ylae+UCB
CAST-CAPP @ CERN BREAD @ UChicago  Apmx-Orpheus @ US  New projects rising
DAWA@CEA MADMAX @ DESY
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ADMX (Washington University =2 Fermilab)
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~ 5 X scan speed of current ADMX

Challenge: phase lock of all the cavities (S. Knirck)

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



Piezo-actuator Coupler Locking device

CAST-CAPP @ CERN

CAST EVOLUTION . .
Locomotive mechanism
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Dish antenna: mismatch between metal and vacuum

metal

Emitted EM wave

E, 111 ]/\A/\/ o

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

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

Parabolic

strength is approx 0.9 Tesla
Mirror

Conversion Panel 2
(24 x 0.25m2)

Frequency [MHz]
10*

|8ay| [GeV]

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

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

m, [eV]



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

m, > 40 peV (10 GHz) is motivated (post-inflationary scenario, kinetic misalignment, etc) but...
Mismatch in wavelength! — A, = 15cm K 1z =22 m
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Challenging to keep overlap
integral C nonzero while keeping
the detector size V' large

- Insert dielectric disks to cancel
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Ellipsoidal
mirror to
focus MW
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Technical milestones
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Boost factor B%# cavity Q = before large scale experiments...small setups!
v’ 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 [ in dielectric disks # resonance Q in a cavity

Resonant cavity search including plasma haloscope
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% determination in close booster setup
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ﬁz determination in open booster setup

Lorentz reciprocity approach ® wessurement &,
2 =k Dlgconvoluted E’
Pgiy = Re f (E, x H}) -dS « (Ep - By)dV _ iR
Unknown VMeasurement = 10 L Y
axion fields observable! 2 dli \
Boost factor can be determined via electric field p. 2 s AR AR
of MW excited from outside B2 = ; 9 f ErdV N TrE
O V ‘ ° \..760 765 : 770 \775 .780 785 .
Electric field can be obtained through the beads-pulling method (b) 4o MAx T f":”:", e amrmr] LA
dv~A/2 » -
' AT o« Ef | BL i [3.50 -
Fl\(/)lcusmg R m_jﬂ ~ 10 - 3 N
irror cad\ | G C . -
__________ € | o F 1 1325 £
""""""""""" /IR S Ll ] ~
/ ___________________________________________________ z 5102 E 3 B0
" N 1 ln2
Disk  Mirror - | \/ 2.50 2
Antenna Booster  JCAP 04 (2023) 064 :»\ |
JCAP 04 (2024) 005 100 /n '/ pad g b b b g 225
. . 19.25 19.50 19.75 20.00 20.25
9 ﬁz determlned Wlth ~15% errors Frequency U[GHZ]



Current status and prospect of /A0 ) ax

MADMAX collaboration, PRL 135, 041001 (2025) MADMAX collaboration, PRL 134, 15, 151004 (2025)
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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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v" Wire metamaterial plasma provides effective 1D plasma along the wire
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Free from the size of the cavity itself

In reality, this is similar to drift chambers
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Part 1: overview on axion searches

* Non-DM axions
* Light-Shining-Through-a-wall
e Solar axion helioscopes



axion potential energy

DM axion is strongly model dependent

Pre-Inflation e Isocurvature Post-infiation

problem

Our Universe:
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* Even the local DM density ppy = 0.3 — 0.45 GeV/cm? is uncertain
 Axion is anyway motivated as a solution of strong CP problem
- Non-DM axion search is also motivated o4



Three ways to study dark matter candidates

Production in lab Signal from astrophysics DM from galaxy halo

- QJV“‘!’ ﬂj‘-“£§=ﬁﬂ

LHC-CMS

WIMP
SUSY

WISP
axions

full knowledge in source

uncertainty in astrophysical models | Uncertainty in cosmological models

— Common techniques: magnets & photon science 55




Experiment purely on the earth to be free from DM models

nght Sh|n|ng through a WaII (LSW)
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Major ditference from DM: Av, is under control

Dark matter: Passive detection LSW: Active detection

Purely coherent
axions ~6(w —my,)

The galaxy
determines
Av,~10"%y

ADMX is this type

No way to control Av,, itself The sensitivity can be increased over the coherence time



Another physical difference from DM axion
1 P A e R .............. I R e — ]

One can define your operating momentum
o ALPS, STAX = relativistic
« CROWS = nonrelativistic (evanescence)
* Heliocsope -2 relativistic

=0 1
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Optlcal heterodyne

Present flagship of LSW: ALPS-II (DESY)..
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CROWS: GHz-based LSW
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(a) Overview

(b) Zoom on test tone signal

(c) Zoom on WISP signal
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STAX: LSW at even higher frequency (my own project)
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Lock-in amplifier method in Light-Shining- Through -a- WaII
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The sun can generate axions (astrophysical LSW)

helioscope

X-ray detector

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



CAST (CERN) = BabylAXO (DESY) = IAXO (?)

Courtesy: Tobias Schiffer, “Status update of the axion helioscope BabylAXO”
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Part 1: overview on axion searches

* Conclusion of part 1



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 naive 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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