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i) Axion dark matter

- Strong CP problem Absence of nEDM
- PQ mechanism (1977) [
- U(1) global symmetry and scalar field © 0 Vs.
- SSB => axion field (1978)
- QCD axion: m2f? ~ m2f? (cf. ALP %s _a)] as .
Q - . mg fq mz fr ( ) 01 puy Locp 26 327_[66 = [0 A 327_[GG
- Invisible axion (1979): m, ~ 10~%eV
fa Spontaneous Symmetry Breaking

- Cosmological implication
- Accounting for dark matter (1983)

f, (GeV)
104 1012 1010 108 106 104 102 1
—————— T

Hot DM / CMB / BBN
- Telescope / EBL

Globular clusters (g,,)

i
ADMX [ | ADMX-II
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Annu. Rev. Nucl. Part. Sci. 65 485 (2016)
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- Axion coupling to SM
—mm

Hamiltonian / 9ayyaE - B JasfVa-S 9epmaS - E
\
Observable ( Photon I Spin precession Oscillating EDM
\

/
\ Power spectrum, ,  Magnetometer, NMR,
Photon counter,..”.

» Axion models - Paww  DFSZ  KsvZ

Detection NMR, polarimeter, ...

v SM ferminons BSM fermions
a--»- 2 Higgs 2Higgs+singlet Higgs+singlet
Standard (f, ~ vgw) Invisible (f , > vgw)
Ruled out Benchmark

- Detection principle 3 - ;
. Sikivie effect (1983) ' ST =

- Macroscopic Primakoff - -
Bo

_ Sea of (Inverse)
Clas?I;clsl EM " \irtual photons Primakoff effect
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i) Search strategies

\?'-

‘lﬂ

/.
A2\ ®,
&

- Haloscope
- Dark matter halo in our galaxy

ity (V. y
Magnetic field (Bg)

* Payy = 91072 W (‘Zzyg)z (0_;;%3") (1.1ngz) (1(52 T)2 (3'17/L) (OC.‘6) (1%65)

~100 photons/sec cc

- Helioscope
- Solar axion

. Pa—>y ~ 2.6)(10_17( Yayy )2 ( By )2( L )2 F F= 2(1H—cos qlL)

10710 Gey—1 10T 10m (qL)?
~10 photons/day
Production Cavity (PC) Regeneration Cavity (RC)
- Light shinning through a wall i el 4 ‘H—’D
- Axion production at lab | I

Magnet String

. Ny =~ 4X10_5HZ( Jayy )4 (Plaser) ( bL ) (BPC ( Pre ~1 photon/day

10710 Gey—1 40W 560 Tm/ \5000 40000
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;i) Cavity haloscope

- Most sensitive for DM axion search in ueV region
- Resonant conversion of axions into microwave photons >

Amplifier (T)

- Axion-photon conversion power (a—Vy)

—-23 Jayy\? Pa fa

Payy ~ 9x10723 W (2421) ( Gev)( )

0.36 0.45——) \1.1 GHz
(~100 photons/sec) cc

() (72 (62 ()

- Signal-to-noise ratio (SNR)

Magnetic field (By)

System noise (in temperature)
Tsys = Tinr + Taaa
ex) 0.2 K ~3x10722 W
(~4000 photons/sec)

SNR = Psignat _ 1 Payy At
Pnoise 4 kp (Tsys/o-2 K) | Qqa/10°

- Unknown mass = > scanning rate (F.O.M.)

2 2 2 5
d GHz ( 5 02K P 10 _
a ( ) ( ary ) ( ) ~ B&V2C2Q,TH2
dt year \SNR Tsys 1x10~22 W Q. y
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o

i) Cavity haloscope — in a nutshell

o2

- Enhancing the scan rate by improving experimental parameters

Cryogenics T Quantum noise
limited amplifier T

d
—f~B4VZCZQLTS;ft P

dt

/ P~10-2 W m e[ = =
Signal amplification w/

-

\‘\_/ minimal noise added

Tunable High-Q resonator

Lowering thermal noise a

High field Magnet B

All are advanced
and well mature!

Boosting a—yy conversion Resonant frequency tuning
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is) Cavity tuning and signal
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i) Haloscope searches

Frequency [GHz]
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CAPP-9T CAPP-12TB CAPP-12T CAPP-8T CAPP-8TB



2024 KSHEP Search for QCD Axions in CAPP

| 4y72 2 5
ﬂoS ) Equipment @ EVCUT
Refrigerators Magnets Experiments
e =L
BlueFors
(BF3) D400 CAPP-12T
BlueFors
(BF4) D400 10
: HE-3- Cryo
Janis SSV 300 Magnetics 9 125 CAPP-9T
Syl L D400 10 AMI 8 125 CAPP-8T
(BF5) -
ML D400 10 AMI 8 165 CAPP-8TB
(BF6) -
Oxford Kelvinox 30 SUNAM 18 70 CAPP-18T
Leiden DRS1000 5 Oxford 12 320 CAPP-12TB

Conducting parallel experiments targeting different mass regions!
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R&D in CAPP
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i) High-quality factor

Search for QCD Axions in CAPP

- Minimal energy loss under a high magnetic field

A Normal state

i

C

High critical field B,
&

High depinning frequency fy,
A
ReBCO-based

Vortex depinning
(high dissipation)

Jap

Vortex pinning
(low dissipation)

High-Temperature Superconductor (HTS)

- ReBCO HTS

- Biaxially-textured 2D tapes (commercially available)

Stabilizer (Cu) 20 um

Protection layer (Ag) 2 u

¥ Superconducting

ayer (GdBCO) 2 um
4

Buffer layer (MgQO) 0.7 um

y Substrate [Hastelloy) 50 um

GdBCO HTS tape

Tapes on 2D pieces

_»
°

Assembly

3D SC cavity
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Material
Manufacturer
Volume [L]
Freq. [GHz]
Q-factor@ 8T
Application

YBCO
AMSC
0.3
6.9
0.3 M
Demonstration

GdBCO EuBCO + APC
Theva Fujikura
1.5 1.5 0.2
2.3 2.2 5.4
0.5M 35M 13 M
Axion search AQN search Axion search

cf. Q, ~ 10°
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Qbs HTS cavities Y pvicr?

dt

- Uniquely developed and mature production technique

37-L HTS cavity o '
: Qo =1.0M :

- Integration with HF cavity designs [ Co TOIy O -
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) Quantum amplification  Z-svcers,

- Flux-driven Josephson parametric amplifiers (JPAs)

Coil current (pA)
-282.3 -120.1 421
2.30 < - ,
4 / _
So25. 8 & g | R AE Frequency tuning
% * *x 0 A nd
X of0 . I = IC.cos (—)
W » Cc c
2.20- oo 2 @,
-n T
2.287 2.288 2289 e . . .
i i f (GHz) Parametrlc ampl/f/cat/on
’ -0.5 0.0 0.5 112
®/¢o L() = 1+ ==
2m 1 21¢ SST 34085013 (2021)
/"A’:’: """ 0
0.6 i
i &"'—‘—‘ef
0.5 o~~~ A v=10kHz
11 ¥ v=30 kHz
g 04 O v=50kHz
K03 0.12 0.18
T (K)
0.2
175 T ettt
Standard quantum limit
0030  —100 0 100 200
v (kHz)
Best performance

in axion search application

U. of Tokyo & RIKEN
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Pe c \;\ . . d
(s) Quantum amplification ~ Z-svicrars, (e

- Flux-driven Josephson parametric amplifiers (JPAs)

Coil current (LA)
-282.3 -120.1 42.1 _
2.30 ! : , Noise Temperature vs. Frequency
4 o Data / 160 - A1

N225{ %% ey | MWK o ~30 chips
oot e|e .
o @© 0 ol® £ 1o
- 1" . ~ / e

2201 .o L v " o

-n . hd =] L : 6‘\
. 2287 2288 2289 = Qo®
f (GHz) « 100 - - —_ < A
2.15 ' : . ] -y 0
-0.5 0.0 0.5 Q ™ N
d/do E 80 / e\‘\‘
& h (\0\6
° 20
Pump S 4 / s Waiting for test
“n~
20 -"* —-——$¥=¥L

1 2 3 4 5 6 7

Frequency (GHz)

But, ... narrow bandwidth!

U. of Tokyo & RIKEN
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KUTE OF 555
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Jr) Quantum amplification g ~stvierers, {e=
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- Flux-driven Josephson parametric amplifiers (JPAs)

Parallel-Serial configuration

Source M@-W@-«A—} Read- Noise Temperature vs. Frequency
160 1 — — 1
| l | | o ~30 chips /
JPA 1] JPA 2 JPA 3 JPA 4 JPA 5 JPA 6 E 140
| | | [ Ul - _ oe®
2 - = = e
1 O 100 y - —_ = - \Sal
¥] & | - o
E =0 - = = \\((\
2
2 (\0\6
Pump © 601
0.200 ‘ —_ - ¥ 'g -
—e 1306 x > w0f - Waiting for test i
0175 J=¢ 1356 | | | | %
—e | 1.406 " 20l _#-:F_
- 1.45G ! } ; : v T
0.150 1"~ 1,506 [ [ [ [ [ [ 1 2 3 4 5 6 7
- = 1.55G Frequency (GHz)
~ 0.125 A T
3 0100 X - S .
: e N {g@& J But, ... narrow bandwidth!
3 0.075 - - s > X il
S N I AN SRS Eb bbby
00504=""T T
0.025 A
0.000

1.20 1.'25 1.I30 1.1’:5 1.;10 1.'45 1.'50

Frequencies (Hz) 1e9 U. of Tokyo & RIKEN
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i) Searches vs. predictions

Frequency [GHz]

) . 102
CAST
Z.
- | |
21 e |
; il z L':/[J\ -\-‘/3
xSV
Gl i
| I;‘/z\':—«&/:’.

Higher Large

—————
.
-

Strategy pursued by ADMX

O = xx
CAPP confirmed the methodology
Astropart. Phys. 97, 33 (2018)

N, -
. - ~. o
~~~~~~~~~~~~~~~~

Single Single Multiple
large cavity small cavity small cavities
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7 "(c;viﬁ;,,' N &5 T
HF . BAV2C20,T-2. [
1 /o) I . lllUItI Ce” C°Q; syst &
\i“éqg’k’f dt o*.g ﬁ.‘g

— = SHHNE

Higher Large Larger Various
N \ requency . W VOlUME ey g volume advantages
! = O | —> 88 -> ->
\‘\\ ’,II' 1 \‘\\ ,/r' ‘\‘\ /Il
"N 2 fTMOlO - E N S el -
Single Single Multiple Multiple-cell cavity Multiple-cell cavity
large cavity small cavity small cavities (pizza cavity) with a gap

- Multiple-cavity
- Inefficient volume usage (< 50%)
- Multiple readout / signal combination / frequency-matching

2.5

- Multiple-cell design

- More effective volume use (>90%)

ormalized electric field, z (1)

- Single readout / tuning structure => simple design .
- Field configuration => In-situ cavity characterization C L Myl |
'22 TM110-/ike i

Ca-vity center

SE®
OOO OO DO PLB 777 412 (2018)

~4 X Fryo1o Pizza with a saver NIMA 1053 168327 (2023)
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HF (I): higher modes e (=

&Bzvcmnp min(Q,,Q )

— 2
1 1 a—=yy _gaw m
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How to tune the frequency?
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higher modes

- Frequency tuning for higher-order modes

Frequency [GHe]

l N5 8.99
o M4 8.20
02 N3 7.22
N N2 7.05
. ‘ NM1.5 6.86
o I
| — =

N 4 . \\ :‘,;//\ \
o Thin

T Thick L \
. / \ Y. \

4 .

<

[

0.99 3

>

£

lative frequency
o o k
© ©
~ 3

6.8 ¥ T - T T T T
095 125 150 175 200 225 250 275
0 5 10 15 20 2 30 Tuning Step

Rod position (deg)
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l) HF (II1): photonic crystal %-svcers, (=)
e 1 oeere ]

TMyqo-like Resonant mode Monopole
~0.9 Form factor C ~0.2
<10° Quality factor Q > 10°
> 3/cm? # density ~ 1/cm?
Challenging COI’)Stl‘UCthI’)’/ Doable
frequency tuning
Wire array Dielectric array
(plasma) o = 6.0x10% S/m, € = 10, tan§ = 1.0x107° (photonic crystal)
——* — -~ — P — 00— 00— 00— 0 —0—0—C—0— 00— 0 107 10
PRL 123 141082 105 l\’\\ /"'j
(2019) 10° 15 g
10 5 >10 X f
Consortium O" 103 =0 —0 —0 — = = = = = == = = == G = @ = @ = =@ = = 104 06
S o 0
O === == @ = = == == === == = & — @ — O — ~§ 103
102 0.4
102
. 10! 0.2
--- Wire array 10!
. —— Dielectric array
Unit cell 105675 100 125 150 175 20010 00

Unit cell

Frequency [GHz]
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Zfor Bas; N\
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8 :
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i) HF (Ill): photonic crystal &-svcers.

- Frequency tuning pstotan T i’"
2D (isotropic) expansion/contraction .
- . . . . s |d
- Kirigami tessellations w/ auxetic behavior o
a
NS

O|0[0|0|0|0]|O
O|0[0|0]|0|0]|O
O|0[0|0]|0|0]|O
O|0[0|0]|0|0]|O
O|0[0|0]|0|0]|O

O|0[0|0|0|0|O
O[O|0|0|0|0|O

Nature materials 18, 999

Rotating regular squares

11.001

10.75+

,_.
o
ol
o

10.251

10.00+

Frequency [GHz]

9.751

- Rotation of the center block osob
. . . ] 10 20 30 40
- Achievable using a single rotator Rotation [deg]
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| 1
\ 2\
&

Foaas

<

_ - :
i) HF (I1l): Demonstration — G-sviceurs, (2=

15 20 25 30 35 40
Rotation angle [deg]

» Extending to a 5x5 array for larger volume
» Experimental seutp for > 10 GHz ongoing
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Axion Searches by CAPP
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i) Search highlight (1)

CAPP-9T
(9T7/127mm)
Frequency [GHz]
101

2-cell pizza (3.2 GHz)
PRL 125 221302 (2020)

\ !MV
.] um
IR x

Z| CAPP-8TB
. RN =
Q 2 Ef (8T/165mm)
Z <) 8-cell + JPA
B[R — | (5.9 GHz, 400 mK)

DFS Near KSVZ sensitivity
E[N= Paper in preparation

CAPP-12T
(127/96m)

3-cell + JPA
(6.3 GHz, 400 mK)
KSVZ sensitivity

NM algorithm
arXiv:2312.11003 (PRL)
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o

%) Search highlight (II)

S
& /
N & o a2

CAPP-8T
(8T/126mm)
Frequency [GHZ] HTS SC cavity + JPA
100 10! (2.3 GHz, Q ~ 3.5 M)
CAPP-8T ' ' AQN search
(81/125mm) Paper in preparation
HTS SC cavity + JPA
(2.3 GHz, Q ~ 0.5 M)
KSVZ sensitivity

Paper in preparation

AST-CAPP

~

QUAX

HAYSTAC ‘_

m, [eV]

C/y
< Q>
Q&e q’?
& %
z 5\
< =)
s a
a I
< =
< (S
>, N
ﬂvo 9,
¢ .
g$ﬂaﬂﬂﬁ
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i) Search highlight (I11)

8 o
CAPP-9T
(9T/127mm)
¥ Photonic crystal (>10 GHz) 102
| ; Ready for physics run ﬂ
CAPP-12T ‘ CAPP-9T
(12T7/96m) (9T/127mm)
. . . \
TMyz + Kirigami + JPA _ TMyy, + Kirigami (5.2 GHz)
(5.1 GHz) 3 Demonstration
lésvlzorgﬂis ongoing d PRL 133 211803 (2024)
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i) Search highlight (V)

o2

Frequency
1 QO

CAPP-18T
(18T/70mm)

HTS magnet + JPC
(4.8 GHz)

KSVZ sensitivity
PRL 128 241805 (2022), 131 081801 (2023)

\

CAST-CAPP

:: _____________________ CAPP'12TB

(127/320mm)
f>1GHz, V=37L, T < 250 mK

df/dt ~ 2 MHz/day @ DFSZ
PRL 130 071002 (2023)
m, [eV Extended scan (Af~120 MHz)
PRX 14 031023 (2024)
Ready for 300-MHz run w/ SC cavity

" . -
T R o ol S R
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G
Jd) Summary

- QCD axions could address fundamental questions .+,
- Strong CP problem & dark matter mystery |

$$$$$$$$

- Haloscope is the most sensitive method
- IBS-CAPP has established a world-leading facility &

- Research and development in CAPP
- High-frequency / HTS cavity / quantum devices

- Substantial improvement for exploring the parameter
space

- Productive scientific results from CAPP

- Experimental searches
- CAPP-9T, -8T, -8TB, -12T, -18T and -12TB

- Groundbreaking R&D products

- Continued contributions are needed
- To advance our understanding of nature
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u ust 4-10

Author
Date Of pa per 526 papers Yannis K. Semertzidis 136
Axions & ALPs in 2023 Georg G. Raffelt 14
Pierre Sikivie 113
Solve the strong CP problem: Konstantin Zioutas 96
R. Peccei, H. Quinn Igor Garcia Irastorza 94
S. Weinberg Karl A. van Bibber 92
F. Wilczek Jihn E. Kim 86
\ Javier Redondo 79
Theopisti Dafni 72
M Thomas Papaevangelou 69

Show 90 more

1977 2024

> Keynote talk will be given

> Axion is an excellent candidate for the . o
by Yannis Semertzidis

long-sought non baryonic Dark Matter.



2024 KSHEP Search for QCD Axions in CAPP

Y 4 \\
/ @ n/ \,‘
// ‘;
\. 1 w ,‘
\ ,,
\ /

Experiment map

INTEGRAL
XMM-Newton
eROSITA, COBE,

- HINODE, LISA,
s (Globe) MICROSCOPE
< 2
pace) ,

T omx BBt
" ORPHEUS
LiGo 3
MAOIS\\ Davkons :

QUALIPHIDE : ; : b
Dark E-field Radio / A\ & , \ ; .
BACON A'-’m oo A""'x MAGIC //' 'QUAX , gy DerkSide " . PandaX——/  , SAPPHIRES

A DAL. = \ . FASI‘ /

PR y . - N MuDHI ] ; .'.IASEH
Ay % o P
R

AXiOI‘I AL POLARBEAR HESS. g 53@&\ . N
. y ' A~ UPLOAD/DOWNLOAD \
Dark photon ey <y oRGAN /wm
(MUSE/VIMOS) : SKA ( %

Scalar/vector ser.sicer

. . Tremendous efforts ongoing WorldW/de/
Next few decades promise to be exciting in this field!
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i) Future of axion research ...

gggggggg

CAPP (2013)

Center for Axion and Precision
Physics Research

L

GAP (2025)
Group for Axion Physics

HAS-GAP
Hearing Axion Sounds through GAP
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N
7S A
\ /

) Axionic chiral magnetic effect

\"/
7.
[s/ ®
| 1
>\

B

- Low temperature Axion Chiral Magnetic Effect

Stellar cooling (TRGB)

axionic CME (B=1T, j=10""*A/m?)

| ABRACADABRA  LAcmE
2
_%gayaF wk 4 Coupling gaeaum/)y”ysl/) -
Effective current . Chemical potential
(vacuum) ey (polarized medium) |
S
. 2 \ A
Jay/ 2Pq cos(mgt) B Jie vFg_ngae\/ 2pg cos(mgt) B J
-200 , : . ‘
E=m?+p? -~ h Log _;r?v /eV] h 0
Hs = Gaen/ 2Pq cOS(Myt) o
us adds p to e~ along S \ pt —/
E=pu
1
s ) - /15 Jae = { O(107* ~ 1073) KSVZ-like models
. . . => :
Helicity imbalance { O(1073 ~ 1072) string-theoretic axions.
current flow —PH| - 5.5
+

—p;‘ Pp
Chiral medium
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e . r;\\
V&S24 N\
15/ @ -\3',' \
L\ 1 L)

\™ &/

N o 2

Power detection vs. photon counting

(w/ amplifiers) (w/ single photon detector)
s 100¢- .
Transistor-based f=10 GHz )
(T ~K) 10 Single photon detector
N
| (SPD)
g T l
gotoop 7 _ Game changer
~ == Total noise . .
oot0p 7 — Bosonic occupation at high frequencies
oootl—" — Standard Quantum Limit ] and low temperatures
s . - Tnoise=Tphy
Quantum limited 107 001 0.010 0.100 1 10 100
(TSQL ~ 50 mK X f[GHZ]) Tony [K] (a)
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Material YBCO GdBCO EuBCO + APC EuBCO + APC
Volume [L] 0.3 1.5 1.5 0.2 37
Freq. [GHz] 6.9 2.3 2.2 5.4 1.2
Q-factor @ 8 T 0.33 M 0.5M 3.5M 13 M 1.1M

- Integration with HF cavity designs

Qurs ~ 10 X Qg
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