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- Axion dark matter
- Theoretical background
- Experimental search strategies

CAST

- Axion research at IBS-CAPP
Ongoing experiments

. Search highlights |
- R&D efforts ’ '
- Prospects | LU T Bl y i
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- Summary



10-2 Mass, in electron volts (eV)

.'/;‘\“0

ULTRALIGHT
DARK MATTER

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

Experiments

102551 Dark Matter XENONNT,
8 e ’,) PandaX-4T,
LZ, CRESST, DAMA,
COSINE-100

10f \
ANIONE . / SUB-GeV
Mass range /f DARK MATTER
~1076 &V to ~10-3 eV —m
Experiments A ~1 keV to ~1 GeV

ADMX, MADMAX,
QUAX, CAPP

Experiments
SENSEI, TESSERACT

55

Samuel Velasco/Quanta Magazine
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i) Strong CP problem and axion

- Strong CP problem t
. CPV -
Locp 2 0 -Gy CY = d,<107%°cm-e (0 <1071 e B/
Theory: CPVin QCD vs. Experiment: no nEDM 9 ’T
T £
- PQ mechanism (1977) Spontaneuous v
- U(1) symmetry w/ scalar field a(x) symmetry breaking

_ 2\ % pa Gapv
Locp 2 (6 fa) 2 G4,G
- SSB at energy scale f,

- Dynamic solution to strong CP problem

- Axion (1978)
- (pseudo-scalar) Nambu-Goldstone boson

- QCD axion
- Mass related to QCD scale: m2f2 ~ m2f?
- cf. axion-like particle (ALP)
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- Invisible axion (1979) - Cosmological implication
- Very light axion (1983)

- SSB at a very large f, (i.e. - May account for dark matter
produced in early universe) - 106eV <m, < 102eV
my, ~ 6 eV 10'2 Gev - Cosmological constraints

Ja - Astrophysical observations

. Dark matter axion ?

John PRESKILL ', Mark B. WISE ?
Lyman Laborstory of Physics, Harvard Untversity, Cambridge, MA 02138, USA

= 5 1 15
ra vz Volume 1208, cumbes 1.2.3 PHYSICS LETTERS © Jamuary 1983 ]I lﬂl II:}I ][)I ]{IFO fa (G-E‘.'v}
S - 10° I jos 0 ke

e ZZA DO e
it P U S Accelerator Sn 1987a Cosmology
- searches i
mwdmwnlm.m ;
sl srmlin e Open Axion

mass range
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’1 ) Couplings and models

- Axion couplingto SM _ _

_m

I \
CEENEIE : Photon I Spin precession Oscillating EDM
(measurable) \ l'
: \ Power spectrum, 7/ Magnetometer, NMR, polarimeter,
Detection \ /
photon counte:; .. NMR, ...
- Axion models
U(l)PQ X SU(3)02 From R. Ziegler

Origin of QCD anomaly: SM fermions BSM fermions
Spontaneous PQ breaking: 2Higgs  2Higgs+singlet  Higgs+singlet

PQWIT DFSZ KSVZ

Peccei, Quinn, Dine-Fischler- Kim-Shifman-

Wilczek, Weinberg ~ Srednicki-Zhitnitsky Vainshtein-Zakharov
(1978) (1980) (1980)



DSU 2022

Foor Dasis
St
4 R
i . .\'g'; 1
LTS
PN %
& %

N XES

Search strategies

- Detection principle

Searches for axion dark matter at IBS-CAPP

- Sikivie effect (1983) IB' _ m?v - . Y
—_—

(Inverse)

Classical EM Sea of

field virtual photons

- Detection methods
- Haloscope

- Dark matter halo B
- ADMX, CAPP. MADMAX, DM radio, ... =

- Helioscope
- Solar axions
- CAST, IAXO

- Light shining through walls
- Lab production o —
- OSQAR, ALPS (II)

[RNARNRNNRN RN

Primakoff effect

production cavity (PC)
=l=]=l=]=lsl= ==l

s ol v s ) i v
magnet string

regeneration cavity (RC)
BEHEEpOEEEa

wall
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Axion searches
Frequency [Hz]
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) Haloscope searches

Frequency [GHz]

RADES

QUAX

CAST
1 .

ORGAN

Mass [eV]

10
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5) Cavity haloscope —in a nutshell ==}

- Most sensitive for ueV axions

Quantum noise

Cryogenlcs T df limited amplifier T
R o~ BT [

P~1028W

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

Lowerlng thermal noise

Tunable High-Q resonator
High field Magnet B

Small-scale experiments!

Boosting a—yy conversion rate Resonant frequency tuning
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CAPP-9T CAPP-12TB CAPP-18 CAPP-PACE CAPP-8TB
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’u)sf Equipment at CAPP

Refrigerators Magnets Experiments
Bore
Manufacture Model Manufacture Brnax Name
[T] | [mm]
BlueFors
(BF3) L D400 CAPP-12T
BlueFors
(BF4) LD400 10
: HE-3- Cryo
Janis — 300 Magnetics 125 CAPP-9T
AR LD400 10 AMI 8 125 CAPP-8T (PACE)
(BF5)
AR LD400 10 AMI 8 165 CAPP-8TB
(BF6)
Oxford Kelvinox 30 SuUNAM 18 70 CAPP-18T
Leiden DRS1000 5 Oxford 12 320 CAPP-12TB

Conducting parallel experiments targeting different mass regions!
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e f CAPP-9T
' | (9T/125mm)

Multiple-cell cavity
PRL 125 221302
(2020)

CAPP-PACE
(8T/125mm)

Pilot experiment
PRL 126 191802
(202

10 "

B .

[ NV - |
i TR T L TR |

—5
CAPP-8TB 10 CAPP-18T

(8T/165mm) Mass [eV]  (18T/70mm)
Pilot experiment HTS + JPC
PRL 124 101802 PRL 128 241805

(2020) (2022)
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i) Search highlight — to be publish

CAPP-8TB

. | (8T/165mm)

- - 8-cell pizza cavity
[ Frequency [ 3pA (~400 mK)

KSVZ

CAPP-12TB

(12T/320mm)
Flagship experiment CAPP

Teay < 30 MK e X
~3 MHz/day @ DFSZ CAPP-PACE

DFSZ club! EE (12T/320mm)

arXiv:2210.10961 JPA w/ QLN (~200 mK)
HTS SC cavity (Q ~ 0.5 M)
KSVZ

arXiv:2207.13597
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Jr) R&D efforts needed ;7f~B“VZCZQ T /“"‘

TR

Frequency [GHZz]
10 )

CAST
1

ORGAN

RADES

QUAX

e

10

Mass [eV]
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i) High-field magnets

CAPP-12TB CAPP-18T CAPP-25T

Manufacturer
B @ 4K
Bore (clear)
SC material

Delivery
Frequency
Sensitivity

U

Oxford
12T

320 mm

Nb;Sn
2020

>1 GHz

DFSZz

e i e Foesiu=toes v | VB Y
L a3 3 3 3 3 1

SuNAM
18T
70 mm
GdBCO
2017
>4 GHz
KSVZ

IBS-BNL
25T
100 mm
YBCO
?
>3 GHz
DFSZzZ
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DSU 2022

1fi I d 4y 722 - )
QNL amplification @T{~B viciqTy: (e

- Flux-driven Josephson parametric amplifiers

4 " Bagy S

:_}-)‘L’ - \P\J;.fL

[2/ ® Vo

b= I\I 1l§ f.l )

)
wy 8T

o
j& -%‘R

Coil nt QuA) _ ——— SST 34 085013 (2021)
-282.3 -120.1 42.1 Frequency tuning 4.0 A — T=0060K
2.30 ~ - , Td 3.5 {1\ --- T,=0.120K
J— ; ]
Wi Vi A=
° ta —~ ' .
N2251 e o -t [ E N5 i/ T%o
o e o b E ; ;l |*|’
) olé =] o €20 !4 3\'\-\
- i .. . . . a ‘ ‘
220 T ks : . Parametric amplification £ 151
2.287 2,288 2289 e
i ’ £ (GH2) | B 117 B b, 1.0
' ~05 0.0 05 L) =1Ly|1 +EI_2 Lo = Sl 05 o
/o c c &b .
. e
0.6 e O
] &’ ,,,,, o
0.5 o~~~ A v=10kHz
1 ¥ v=30 kHz
g 04 O v=50KkHz
0.3 ( 0.12 0.18
T (K)
0.2
175 ettt
Standard quantum limit
0030 100 0 100 200
v (kHz)

« >25 JPAs covering 1 to 6 GHz
(U. of Tokyo & RIKEN)
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~B*V*CQ T-

L syst

4.5%10° 700000

: 2.0E+07
4.0x10° i 500000 1.8E+07
35x10°H - L.6E+07
Saoaoh £ e — g 500000 S14E+07
o N = o 5}
& 25x10° Eg;;ﬁ? T 8 400000 FL2E07
> b IS - SL0E+07
= 2.())(105 . ‘::::: :, % 300000 %8.0E+06
& 1ox0E ot S A & 200000 56.0E+06
1.0x10°p 0227 WodoteeTeT 4.0E+06
50 104 |r Magnetic Field (T) 100000 TMO].O
Ox : 2.0E+06 TMO11
0.0 B 0 . . ‘ . 0.0E+00
60 1 2 3 4 5 6 7 8 9 0 2 4 6 8 0 1 2 3 4 5 6 7 8 9
Magnetic Field (T) Magnetic Field (T) Magnetic Field (T)
_ 1st generation 2"d generation 3d generation
Material YBCO GdBCO EuBCO+APC
Substrate NiW Hastelloy Hastelloy
Volume [L] 0.3 15 15 0.2
Frequency [GHZ] 6.9 2.3 2.2 54

Q-factor 0.33 M 0.5M 45 M 13 M
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G df 2 / ﬁ N
._.\qu__,- High freq. approach 5~ EVeAT e
Multiple-cell (pizza) Higher-mode (Wheel) Photonic crystal

PLB 777 412 (2018) mm arxiv:2205.08885 (2022)

™™y 1 1 069
T 36 19 1 005

JPG 47 035203 (2020)

« Larger volume
« Simpler receiver chain

~4 X fry010

+ f o spacing
* ~10 X frmo10
* Boosting effect
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s) Searches at CAPP — projection |

L™ 50‘ = %’-Q

Frequency [GHz]
10 10

CAPP (2024)

107 107 10
Mass [eV]
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(i) Summary
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Nrwel

- Axions could address fundamental questions
- Strong CP problem and dark matter mystery

- Haloscope is the most sensitive method
- Probing theoretical models

- IBS-CAPP is a leading group in axion hunting

- Tremendous effort to build the world’s best infrastructure
- Several haloscopes are ongoing
- DFSZ and KSVZ

- Magnet / JPA / SC cavity / high frequency

- Next a couple of years must be exciting

- Covering a wide range 4-100 ueV (1-25 GHz)
- Uncovering the nature of dark matter
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- Pseudo-scalar
WISP + Axion
- PQ solution to strong CP problem (1977)

mafa"' AQCD
- Invisible axion (1979)
- Dark matter candidate (1983)

- Axion-Like Particle (ALP)

- Generic axion w/o solving strong
CP problem

mafa * AQCD

Mili-chaged particle

JP = 0-

@ALP

Hidden
photon

Jp =0

- Scalar

- Chameleon (2003)
- Dark energy candidate

- Vector

- Hidden photon
- Gauge field in hidden sector

- Others
- Mili-charged patrticle, ...
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‘i) Where are dark matter axions?

- Different PQ breaking scenarios
=> Different mass ranges
=> Different search strategies

Depending on A W.r.t. Dy,

Comp

Theoretical scenarios

. B = 1
hoton couniing © PostinflationNpy > |
Fermion/gluon coupling _DstinﬂaﬁnnNDw: 1

0+ 6, =T Sub dominant
ULLIL DAL LAY IR IIIIIII' IILBLILLLLL B IIIIIII' ILSLILLLL BLLLAALL B ALRALLL UL IIIII|T| | IIIII|T| LA |
107 107 107% 1077 10:—‘5 1072 10:—4 107% 1072 107! 10° 10! 10? 10°
: mg [eV]
. . . | . . 1 . . .
Quasistatic regime  Cavity regime Radiation regime
1

}\Comp > Dexp E)\Comp ~ Dexp: AComp < Dexp



DSU 2022 Searches for axion dark matter at IBS-CAPP

v) Detector of halo axions

- Most sensitive approach in ueV regime
- Microwave photons resonantly converted from axions

- theoretical parameters

- Conversion S|gnal pOWGf (a_’VV) - experimental parameters
a =21
asqy gagg B VC mln(Q Q ) 10 W
Pl a ]; Cavity Q factor .
Coupling constant ] J Effective volume Axion Q factor >
Axion number density Magnetic field _ Amplifier (7)

- Signal-to-noise ratio (SNR)

SNR= Psignal B Pa—>gg tintl Integration time
- p - kT Df Axion bandwidth
ul noise B syst a (~107¢1) Magnetic field (B,)

System noise temperature

o (V[P O
gt ~{snr) LkTJ SV,

B syst L

- Scanning rate (F.O.M.):



