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ÅWIMPs may be down, but not out

Where is dark matter?
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Samuel Velasco/Quanta Magazine

WISP

WIMP



ÅAxion
ÅPQ solution to strong CP problem (1977)

ά Ὢͯɤ

ÅInvisible axion (1979)

ÅDark matter candidate (1983)

WISP zoo
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ÅOthers
ÅMili-charged particle, é

ÅAxion-Like Particle (ALP)
ÅGeneric axion w/o solving the 

strong CP problem

ά Ὢḕɤ

ÅScalar
ÅChameleon (2003)

ÅDark energy candidate

ÅVector
ÅHidden photon

ÅGauge field in hidden sector

Chame

leon
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Jp = 0ï
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Mili-chaged particle
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Hidden 

photon

J = 1

ÅPseudo-scalar



Experiment map
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C. OôHare (2020)



ÅSolution to Strong CP problem

ÅPQ mechanism (1977)

ÅU(1) global symmetry and scalar field

ÅSSB => axion field (1978)

ÅQCD axion: ά Ὢ Ḑά Ὢ (cf. ALP)

ÅCosmological implication

ÅAccounting for dark matter (1983)

ÅAxion models

Axion dark matter
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Model PQWW DFSZ KSVZ

QCD anomaly SM ferminons BSM fermions

Spont. breaking 2 Higgs 2Higgs+singlet Higgs+singlet
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ÅAxion coupling

Interactions and detection
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Photons Fermions nEDMs

Hamiltonian Ὣ ὥ╔ẗ║ Ὣ ♩ὥẗ▼ Ὣ ὥ▼ẗ╔

Observable Photon Spin precession Oscillating EDM

Detection method
Power spectrum, 

photon counter, é

Magnetometer, NMR, 

é
NMR, polarimeter, é



Axionscopes
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Theoretical scenarios

Photon coupling

Fermion/gluon coupling

ÅAxion source

ÅAxion mass

ÅDifferent PQ breaking scenarios

Source Photons Fermions nEDMs

Dark matter
ADMX, CAPP, QUAX, 

MADMAX, DM Radio, ..

QUAX-ae, GNOME,

CASPEr-gradient, é

CASPEr-electric, 

srEDM, é

Solar CAST, IAXO

Laboratory ALPS (II) ARIADNE

Quasistatic regime

ʇ#ÏÍÐḻ$
Cavity regime

ʇ#ÏÍÐͯ$
Radiation regime

ʇ#ÏÍÐḺ$



Axion-photon coupling
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ÅHaloscope

ÅDark matter halo in our galaxy

Åὖ ω ρπ ὡ
Ȣ Ȣ Ȣ Ȣ Ȣ

ÅHelioscope

ÅSolar axion

Åעᴼ ςȢφ ρπ ȟꞈ ꞈ

ÅLight shinning through a wall

ÅAxion production at lab

Åὔ τ ρπὌᾀ

Most popular choice
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~100 photons/sec

~10 photons/day

~1 photons/day



Current status
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Helioscope (solar axion)

LSW (axion at lab)

Haloscope (DM axion)

1 GHz = 4.2 ueV



Axion-photon coupling

(Haloscopes)
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ÅMost sensitive for microwave photons 

Cavity haloscope ïin a nutshell
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High field Magnet B

Cryogenics T

Tunable High-Q resonator

V, Q, C, ȹf

Quantum noise 

limited amplifier T

		

df

dt
~ B4V2C2Q

L
T

syst

- 2

Boosting aŸɔɔconversion rate

Signal amplification w/ 

minimal noise added

Lowering thermal noise

Resonant frequency tuning

Small-scale 

experiments!

‎

‎*

ὥ



Haloscope searches
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Cavity haloscopes
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ADMX QUAX HAYSTAC

CAPP 

Cavity regime

ʇ#ÏÍÐͯ$

ORGAN



ADMX
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ADMX

PRL 127 261803 (2021)

MRI (9.8T, 80cm)



HAYSTAC
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HAYSTAC

Quantum squeezing (TN < TSQL ) 

Nature 590 238 (2021)
PRD 107 072007 (2023) 



IBS-CAPP
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CAPP-8TCAPP-12TB CAPP-8TBCAPP-9T CAPP-12T



IBS-CAPP
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CAPP-12TB
(12T/320mm)

f > 1 GHz, V = 37 L, Tsys < 250 mK 

df/dt ~ 2 MHz/day @ DFSZ 
PRL 130 071002 (2023)

Extended scan (ЎὪ~120 MHz)
PRX 14 031023 (2024)

Ready for 300-MHz run w/ SC cavity

CAPP-12T
(12T/96m)

3-cell + JPA 

(5.3 GHz, 400 mK)

KSVZ sensitivity

NM algorithm
PRL 133 211803 (2024)

CAPP-8T
(8T/125mm)

HTS SC cavity + JPA 

(2.3 GHz, Q ~ 3.5 M)

AQN search
Paper in preparation

CAPP-8TB
(8T/165mm)

8-cell + JPA 

(5.9 GHz, 400 mK)

Near KSVZ sensitivity
Paper in preparation



CAPP to DMAG
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2013.10 ~ 2024.12 2025.01 ~



QUAX

CAU-BSM 2025 Axion search 21

QUAX (LNF)QUAX (LNL)

PRApplied 17 054013 (2022)Dielectric cavity

PRD 99 101101 (2019)

SC (NbTi) cavity

TWPA

PRD 108 062005 (2023) FLASH

FINUDA

B = 1.1 T

R = 1.4 m



ORGAN
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Sci. Adv. 8 abq3765 (2022) ALP genesis + SMASH

ORGAN



Cavity haloscope
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ADMX QUAX HAYSTAC

CAPP 

ORGAN

Cavity regime

ἍἷἵἸͯἎἭὀἸ



ÅDielectric power booster PRL 118 091801 

MADMAX
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Full scale experiment
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) Morpurgo (1.6T)

3 disks

arXiv:2409.11777

Radiation regime

ʇ#ÏÍÐḺ$



ÅPlasma haloscope PRL 123 141802 (2019) 

ÅWire metamaterial => bulk plasmon

Resonant conversion when ά ‫

ALPHA
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Physics data 

in 2026

‫ὴ
ς

Å ‫ὴindependent of the detector size

Å Large conversion volume at high frequencies

PRD 107 055013 (2023)

Prototypes (10x10 & 16x16) array (11.4 GHz)

Radiation regime

ʇ#ÏÍÐḺ$



ÅLumped element haloscope

ÅBroadband low mass (<1 ueV) search 

ÅSensitive to pre-inflationary scenario 

DM Radio
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DM Radio-m3

Solenoidal goemetry

PRD 106 103008 (2022) 

DM Radio-50L

Toroidal goemetry 

(under construction)

arXiv:2210.07215

Quasistatic regime

ʇ#ÏÍÐḻ$

ABRACADABRA-10cm

PRL 127 081801 (2021) 

▒ Ὣ ς”ÃÏÓά ὸ║



ÅRecent

ÅCAST-CAPP: phase-matched cavities, ~20 ueV

ÅRADES: microwave fiber, ~34 ueV

ÅGrenoble Axion Haloscope 

Å14T/52mm magnet, ~26 ueV

ÅTaiwan Axion Search Experiment with Haloscope

Å4.7 GHz, 11 x garr
KSVZ

ÅBroadband Reflector Experiment for Axion Detection

ÅParabolic reflector, THz region 

ÅProposed

ÅCanfranc Axion Detection Experiment

Å90 GHz (W-band), Kinetic inductance detectors

ÅSuperconducting axion search 

ÅSC cavity, 14T, 8.4 GHz (under construction)

ÅGrAHal-CAPP

Å9T/800mm magnet, SC cavity, 1~3 ueV

Other haloscopes
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PRL 129 111802 (2022)

Nat. Comm. 13, 6180 (2022)

PRL 132 131004 (2024)

arXiv:2110.14406

JCAP 11 044 (2022)

JHEP 2021 75 (2021)

Front. Phys. 12:1358810 (2024)

arXiv:2308.08337



Axion-photon coupling

(Helioscope, LSW)

CAU-BSM 2025 Axion search 28



ÅSolar axion telescope

Åעᴼ ςȢφ ρπ ȟꞈ ꞈ

ÅHistory
ÅBNL => SUMICO => CAST => IAXO

ÅInternational AXion Observatory
Å8 dipoles (5.4 T, 20 m, 600 mm)

ÅGoal: Ὣ ͯρπ ὋὩὠ

ÅDiverse physics over wide range
ÅQCD axions / ALP miracle / astrophysical hints

ÅBaby-IAXO (DESY)
ÅFirst step towards full IAXO

Å4 T / 10 m => 10 x MFOMCAST

Helioscope
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Black-body photon (keV) 

to axion

in

dense stellar plasma 

Reconversion into X-ray 

in 

laboratory magnetic fields

~10 photons/day



ÅAxion-production/photon-regeneration at the lab

Åὔ τ ρπὌᾀ

ÅModel independent search
ÅNo need of cosmo./astrophys. source

ÅHistory
ÅBFRT => OSQAR => ALPS => ALPS II

ÅAny Light Particle Search II
Å2 x 12 Hera dipoles (8.8 m & 5.3 T)

ÅHPL / dualꞈFP / TES

ÅGoal: Ὣ ͯρπ ὋὩὠ below 0.1 eV

ÅFirst science run in May 2023
Å105 s data => Ὣ ͯφ ρπ ὋὩὠ

Light shining through a wall
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~1 photons/day



Axion-fermion coupling
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ÅQUAX-ae
ÅFerromagnetic haloscope

ÅAxion-magnon interaction
ÅSeries of YIG spheres

Åὄ => magnon at ‫
ÅAxion => magnon excitation

ÅRelaxation => RF photon

ÅCavity resonance (TM110)

Å‫ ‫ ‫

ÅBest limit near ma ~ 43 ‘eV

Electron spin
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ÅLACME
ÅAxion Chiral Magnetic Effect

ÅAxion => axial chemical potential => 
helicity imbalance => AC current

PRL 124 171801 (2020)

‘ Ὣ ς”ὧέίά ὸ

Chiral medium

PRD 110 055036 (2024)



ÅGNOME
ÅTopological defects
ÅAxion domain walls, axion stars

Ὄ
ᴐ

ὧ
ǶίẗɳÁᴆὶ

ÅOptical magnetometers
ÅAxion-atomic spin

ÅAlkali atoms (Rb, K)

ÅGlobal network
Å> dozen stations

ÅCorrelated signals with GPS time

Nuclear spin
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ÅARIADNE
ÅFifth-force experiment
ÅAxion-mediated spin-dependent

Ὗ ὶ
ᴐὫὫ

ψ“ά

ρ

‗ὶ

ρ

ὶ
Ὡ „ẗǶὶ

ḳ‘ẗὄ

ÅRotating source mass (gs) and 
polarized 3He spins (gp)

ÅNMR technique

ÅPotential probe for 0.1~10 meV
ÅComplementary method

Nature Phys. 17 1396 (2021)



ÅCosmic Axion Spin Precession Experiment 

ÅNMR experiment

ÅCASPEr-Gradient

ÅὌ Ὣ ♩ὥẗ▼ Ⱳ Ⱨ ║

ÅDark matter axion

ÅCASPEr-Electric

Å▀ Ὣ ὥὸ▼ Ⱳ ▀ ╔

ÅQCD axion

Nuclear spin/EDM
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Axion searches ïpresent 
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Summary

Å Axion is theoretically well-motivated

but experimentally very challenging

Å Tremdous efforts duing the past decade

Å Axion community is getting larger

Å Next few decades must be crucial/exciting


