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.v/;‘\%

PRIMORDIAL

BLACK HOLES

ULTRALIGHT
DARK MATTER
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I Mass range

~1to ~30
solar masses

Mass range
~10-22 gV to ~10-6 eV

Experiments

LIGO/Virgo
Experiments

CASPEr, MAGIS-100

Mass range
~1 GeV to ~1 TeV

What Could
Dark Matter

Experiments

WISP &

XENONNT,
Be? PandaX-4T,
LZ, CRESST, DAMA,
COSINE-100

106 "\
@O AXIONS /. SUB-GeV
OQ?O Mass range /f DARK MATTER
~1076 &V to ~10-3 eV / —m
Experiments A ~1 keV to ~1 GeV

?
ADMX, MADMAX, 10

QUAX, CAPP

Experiments
SENSEI, TESSERACT

Samuel Velasco/Quanta Magazir
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A Pseudo-scalar

WISP A Axion
A PQ solution to strong CP problem (1977)

a @x ¥
A Invisible axion (1979)
A Dark matter candidate (1983)

A Axion-Like Particle (ALP)

A Generic axion w/o solving the
strong CP problem

a Qé v

Mili-chaged particle
Jr=0"

ALP

A Scalar
A Chameleon (2003)
A Dark energy candidate

AVector
A Hidden photon
A Gauge field in hidden sector

Hidden
photon

A Others
AMii-charged particl e,
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Chandra, NuSTAR,

P Fermi, Planck,
o INTEGRAL
XMM-Newton

© [ SuperMAG, ©ROSITA, COBE,

GNOME
(Globe)

HINODE, LISA,
MICROSCOPE
(Space)

"z EDELWEISS ———— 7\ C
olm.lrmns// | "ABRACADABRA 4
DarkE-fieldRadio /' / - & LAMPOST

BACON ' ALPH ued‘\i"f'mx

HAWC

SPT, BICEP

(Antarctica) = &
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i) Axion dark matter

A Solution to Strong CP problem Absence o =DM
A PQ mechanism (1977) | Vs
A U(1) global symmetry and scalar field
A SSB => axion field (1978) O 00 1 w0
AQCD axion: & "QDé& "Q (cf. ALP) oc” Qjoc”

Spontaneous Symmetry Breaking

ACosmological implication
A Accounting for dark matter (1983)

AAXxion models S
QCD anomaly SM ferminons BSM fermions
Spont. breaking 2 Higgs 2Higgs+singlet Higgs+singlet
n Standard - . .
Qscale (v ) Invisible (Q] 0 )

Remark Ruled out Benchmark
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‘i) Interactions and detection

AAxion coupling

| Photns | Fermions | ___nEDMs___

Hamiltonian Q ot | NORNNAT 4 Q OV
Observable Photon Spin precession Oscillating EDM
Detection method Power spectrum, Magnetorr]e,ter, NMR, NMR, pol ari me
photon counter, éé
¥ (G G
@--=-=-=---- <,w/4 a-------- év”’fspu a-------- oG /2
gl (03 G
Power Spectrum 3
. l' Yo Nuc!ear
] K L soins T~ 4l

0- Field



CAU-BSM 2025 Axion search

) Axionscopes

AAXion source

Dark matter ADMX, CAPP, QUAX, QUAX-ae, GNOME, CASPEr-electric,
MADMAX, DM Radio,.. @CASPErgr adi ent , «EDM, ¢&
Solar CAST, IAXO
Laboratory ALPS (1) ARIADNE

AAXion mass
A Different PQ breaking scenarios

- Post inflation Ny = 1

0, > m Sub dominant

0(—91'

Lumped element 5" force

Theoretical scenarios
Photon coupling
Fermion/gluon coupling

Astrophysical observations

LY SLNLAUARLLLL EUSLRALLY B |||||I1| UL SR |||||IT| (SURALLY SUSLALRLLLL SURALLY URRLAL SLLL AL |
1079 10 1w0®% 107 1wr® 10° 10* 107 102 107! 10° 10! 102 10°
: m, [eV]: o _
Quasistatic regime . Cavity regime | Radiation regime
1#Tib $ E 1#1‘ iXD$ 1#'l'i'B $
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Axion-photon coupling
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i) Most popular choice

AHaloscope
A Dark matter halo in our galaxy

Magnetic field (B,)

5 e e o) () E) (=) (H)E)E)

~100 photons/sec

AHelioscope
A Solar axion

AV o C® pn(

~10 photons/day

ALight shinning through a wall i = H*”
A Axion production at lab rereeeen B

51 p o) () () () ()
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1 GHz =4.2 ueV

107° 107 107" 10° 10’ 10° 10 10 10°

\ADMX SLIC

om

N Helioscope (solar axion)

{ _’D X-ray optics
S Detector o L .
OCO00OODO0000 axion 4}
Magnet String Wal flux | it |
LSW (axion atlab) - = : paul 1
e | y |
e ; _,—"/’ E N X-ray detectors
10 | ,—"‘/“. —————— Movable platform I | Shielding
1o -
1070+ 5 - : - - |
107 10" 107 10 107 107" 10°

Magnetic field (B,)

Haloscope (DM axion)
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Axion-photon coupling
(Haloscopes)
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i) Cavity haloscope i in a nutshell

AMost sensitive for microwave photons

Quantum noise
limited amplifier T

B4V2C2QLT : J — | —

Cryogenlcs T df

dt

‘\"I (fmf] 777m m
Signal amplification w/
minimal noise added

Lowerlng thermal noise

Tunable High-Q resonator
High field Magnet B

Small-scale
Boosting a Y 2 conversion rate experiments! Resonant frequency tuning
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Haloscope searches
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.ix) Cavity haloscopes

]
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Axion Mass (ueV)
2.6 2.8 3.0 3.2 34 3.6 3.8 4.0 4.2

ADMX (this work) Run 1A-C Run 2
ADMX (2019 BN N-body
| ) ) ) ) ) - ! qum:llian
650 700 750 800 850 900 950 1000
Frequency (MHz)

MRI (9.8T, 80cm)
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Searches for Axions and ALPs

1.2

KSVZ

2.4

v, [GHZ]
3.6

PRD 107 072007 (2023)
4.8

6.0

5] 55774
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i) IBS-CAPP
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CAPP-9T CAPP-12TB CAPP-12T CAPP-8T CAPP-8TB
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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 _ 5
Paper in preparation CAPP-12TB
CAPP-12T . (12T/320mm)
(12T/96m) —d f>1GHz, V=37L, Ty <250 mK
3-cell + JPA df/dt ~ 2 MHz/day @ DFSZ

PRL 130 071002 (2023)

Extended scan (Y3120 MHz)
PRX 14 031023 (2024)

Ready for 300-MHz run w/ SC cavity

(5.3 GHz, 400 mK)
KSVZ sensitivity

NM algorithm
PRL 133 211803 (2024) |
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Research
Centers

Research Outcomes

Mathematics

Center for Theoretical Physics of
the Univarse(Particle Theory
and Cosmology Group)

Center for Theoretical Physics of
the Universe(Cosmology, Gravity
and Astroparticle Physics
Group)

Center for Exotic Nuclear
Studios

Dark Matter Axion Group

Center for Atificial Low
Dwmensional Electronic Systems

Canter for Underground Physics

+ Center for Axion and
Precision Physics Research

Center for Axion and Precision Physics Research

& Home > Research Centers - Center for Axion and Precision Physics Research

Searching for dark matter
axians to axnlain the farmation

2013.10 ~ 2024.12

(#)

Research
Centers

Research Outcomes

Mathematics

Center for Theoretical Physics of
the Universe(Particie Theory
and Cosmology Group)

Center for Theoretical Physics of
the Universe(Cosmology, Gravity
and Astroparticle Physics
Group)

Center for Exotic Nucleat
Studies

« Dark Matter Axion Group

Center for Artificial Low
Dimensional Electronic Systems

Center for Underground Physics

Center for Axion and Precision
Physics Research

Dark Matter Axion Group

& Home » Research Centers » Dark Matter Axion Group

IBS Dark Matter Axion Group

2025.01 ~
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QUAX (LNF)

1\

Dielectric cavity PRApplied 17 054013 (2022)

x10°

FINUDA

4 6 8 B=1.1T

B (T) R=14m
TWPA

PRD 108 062005 (2023)
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Frequency [GHz]
6.14 6.19 6.24 6.29 6.34
1011 1 I 1 1 L

Lol

iy [peV]

|8ayy| [GeV ]

[ |

ORGAN'Q 0a = 045GeV em ™2
10_13 T T T T T T
254 25.6 25.8 26.0 26.2
mg [peV]

62.0 62.9 63.7 64.5 65.3 66.2 67.0

ALP cogenesis

104Sci. Adv. 8 abq3765 (2022) ALP genesis + SMASH

15.0 15.2 15.4 156 15.8 16.0 16.2
Frequency (GHz)
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Cavity reglme
AT T I AHOl
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Radiation regime
Yai i b $

ADielectric power booster  pre 118001501
[NRRRRRARARARRES

scaled -

field
strength N
: /A A i i
E 1
\_/ N I
By =Ejz2 g

e=1e=4

Proof-of-concept

Mirror Dielectric Disks Receiver

_ Suitable for 10~100 GHz
Full scale experiment

Prototype (2024)

~B80 dielectric | spacing ~cm
discs €=24 |for 10-100GHz boost

it /% Preliminary Frequency [GHz]
metal disc ! 18.51 18.53 18.55 18.57 19.17 19.19 19.21 19.23

receiver

10-10 4

95% CL upper limit ~ se,y |
- = expected median limit

101 9rXiv:2409.11777 -+ 16% to 84% limit range
oz
76.55 76.60 76.65 76.70 76.75 76.80 79.30 79.35 79.40 79.45 79.50 79.55
Axion Mass m, [peV]

10T magnet

Axion-Photon Coupling |ga,| [GeV~']

parabolic mirror
enviroment
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Radiation regime
Yai i b $

APlasma haloscope PRL 123 141802 (2019)
A Wire metamaterial => bulk plasmon

R

ELNEEN

O 0 0O O O

(.

A 7 Independent of the detector size
A Large conversion volume at high frequencies

Resonant conversion when o 1

Physics data
in 2026

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



IBS-IFT2024 Searches for Axions and ALPs 26
D M R d i Quasistatic regime
a IO l.iib $

ALumped element haloscope
A Broadband low mass (<1 ueV) search

A Sensitive to pre-inflationary scenario DM Radio-m3
Solenoidal goemetry

m PRD 106 103008 (2022)

Frequency Frequency

/'..- 3 2

_‘_.?f{‘r{P
%
)
'n
|
\ o
WY oy
\ 4%
o 2

kHz MHz GHz

= O
-
[ ]

ABRACADABRA-10cm
PRL 127 081801 (2021)

pling |gg (GeV'®:
=

1n-16

Sheath /_\

DM Radio-50L
Toroidal goemetry
(under construction)
arXiv:2210.07215

peV

Axion Mass m, (V)

Magnet
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.is) Other haloscopes

v

ARecent
A CAST-CAPP: phase-matched cavities, ~20 ueV Nat. Comm. 13, 6180 (2022)
A RADES: microwave fiber, ~34 ueV JHEP 2021 75 (2021)
A Grenoble Axion Haloscope arxiv:2110.14406
A 14T/52mm magnet, ~26 ueV
A Taiwan Axion Search Experiment with Haloscope PRL 129 111802 (2022)

A 4.7 GHz, 11 x g,,,<SV?

A Broadband Reflector Experiment for Axion Detection  prL 132 131004 (2024)
A Parabolic reflector, THz region

AProposed
A Canfranc Axion Detection Experiment JCAP 11 044 (2022)
A 90 GHz (W-band), Kinetic inductance detectors
A Superconducting axion search arxiv:2308.08337
A SC cavity, 14T, 8.4 GHz (under construction)
A GrAHal-CAPP Front. Phys. 12:1358810 (2024)

A 9T/800mm magnet, SC cavity, 1~3 ueV
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Axion-photon coupling
(Helioscope, LSW)
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Sunrise
system

Black-body photon (keV)
to axion
in
dense stellar plasma

Reconversion into X-ray
in
laboratory magnetic fields

Shielding
X-ray detector

AV o C® pTt ( ) ( ) ( ) A A A — 5 ~10 photons/day
A History ~ 107
A BNL => SUMICO => CAST => IAXO 2 1o
A International AXion Observatory S
A 8 dipoles (5.4 T, 20 m, 600 mm) 107
AGoal:"Q x pmm "O® 107"g
A Diverse physics over wide range 10"~
A QCD axions / ALP miracle / astrophysical hints, -
A Baby-IAXO (DESY) o
A First step towards full IAXO 10

10"

A4T/10 m=>10 x MEFOMgaer

0—!6 a 1
107 10° 107 10° 10° 10* 10° 107 10" 1 10
m,(eV)
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'Light shining through a wall

A Axion-production/photon-regeneration at the lab

High Power Production Cavity Regeneration Cavity
Laser Magnet n>0.9 Magnet DET
b———Lg=106m — — LB-106m'—|"""""""""| b
Poc=150 kW B,=53T| o K H 70 Bo=53T Bme>10000  H
HWP PC 0~ 0 Bre

Wall

G x g ) () o

A Model independent search

A No need of cosmo./astrophys. source
A History

A BFRT => OSQAR => ALPS => ALPS I

A Any Light Particle Search |l

A 2 x 12 Hera dipoles (8.8 m & 5.3 T)
AHPL/dual FP/TES

AGoal:"Q *x pm "O® below0.1eV

|gay| [GeV™]

A First science run in May 2023
Al0°sdata=>"Q x @ pm OO

101070740 VUV VR VR IR VRS

mg [eV]
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Axion-fermion coupling
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Electron spin

AQUAX-ae
A Ferromagnetic haloscope

A Axion-magnon interaction
A Series of YIG spheres
AG  =>magnon at]
A Axion => magnon excitation
A Relaxation => RF photon
A Cavity resonance (TMy,,)

AT ] ]

A Best limit near m,~ 43 ‘ eV

PRL 124 171801 (2020)

Microwave
Detector

Microwave cavity

Magnetized sample

Axion search

ALACME
A Axion Chiral Magnetic Effect

A Axion => axial chemical potential =>
helicity imbalance => AC current

E=m TP
4

PRD 110 055036 (2024)

o

(b)
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137

L’i.
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i) Nuclear spin

N T

AGNOME AARIADNE
A Topological defects A Fifth-force experiment
A Axion domain walls, axion stars A Axion-mediated spin-dependent
. 9, . <. oy 2QQ7Mp p)\ — .
O =iHnAP Y ) T < ‘ ‘—>Q G, tibu
w e _ L1
A Optical magnetometers k * t6
A Axion-atomic spin A Rotating source mass (gs) and
A Alkali atoms (Rb, K) polarized *He spins (g,)

A Global network A NMR technique

A>dozen stations _ A Potential probe for 0.1~10 meV
A Correlated signals with GPS time A Complementary method

Nature Phys. 17 1396 (2021)

1. Beijing, Ch
eijing, China QCDAxion my in eV
I 103 10 10°°
2. Berkeley, USA
‘Experimental Bounds

3. Daejeon, South Korea

4. Fribourg, Switzerland */\_

5. Hayward, USA

Astrophysical and Experimental Bounds

Signal

6. Hafei, China

7. Krakéw, Poland

9. Mainz, Germany

Quartz block with Nb 0.10
Time magnetic shielding Force Range in cm
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is) Nuclear spin/EDM

ACosmic Axion Spin Precession Experiment

ANMR experiment

C

Nuclear.

Spins \f\’[ |

Amplitude depends on
nuclear spin polarization

When ALP frequency
= Larmor Frequency

A CASPEr-Gradient
A"O Q sty W H
A Dark matter axion

A CASPEr-Electric
AB 0 oy W . s
A QCD axion

Detection sensitivity determined
by magnetometer noise limits

ALP Compton frequency (Hz)
10° 10°

-

ALP nucleon coupling ganN (GeV'1)

10" 10" 10°® 10°®
ALP mass (eV)

axion Compton frequency (Hz)

e
e
P
-

-
-
-
-
-
-
-
-
-
-
b
-

axion QCD coupling g (GeV?)

e
-’
-
-
-
-
-
-
-’
-
-
-
S
-

phase lll

P
-
-
-
P
-

1012 108 10
axion mass (eV)
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A Axion is theoretically well-motivated
but experimentally very challenging

A Tremdous efforts duing the past decade
A Axion community is getting larger
A Next few decades must be crucial/exciting



