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Axion dark matter search = Microwave cavity search

10— =
w
10-7 CROWS [\ 1 ps| Q‘.\\/
— ABRA OSQAR
107 B Sol SN1987A
_ olar v )
1077 CAST ()
S 1010 SR Globular clusters — Diffuses
Fermi-SNe : WSTH  HsT '-"'-’\
|> 10711 H}'dm : lf\‘}: \\"‘*}P WINERE E § .im
M7 o : as & = E' = h : t . I d
Q) 10—12 Chandra > z g 3 g. T% W I e o u neXp Ore
§ eS| (} =
== 1013 : 4 colored : excluded
>~ 1014
S0t g to date
50 10715 4 &
10—16 é
10-17 é
—18 . XMM-Newt
1075 o e
~19 7 INTEGRAL
10 AL BRUUALLLLL SRR BLSULLLLY ALY BBUALLLLLY SR WAL SURLELL BRLALLLLLY SUARLLL BRI WAL RLALLLY NLRLL BN AL

O 9 % 1 6 5 _ L o Q D 5 o Vi
107307107007 40407 407 407407407407 407 A0 A0 AT AT AT 40 AT 4O

my [eV]



i KOREA UNIVERSITY
i) SEJONG CAMPUS

Axion dark matter search = Microwave cavity search
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yellow band :
(QCD) axion,

a natural solution
of the strong CP
problem in the
Standard Model
(SM)
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Axion dark matter search = Microwave cavity search
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Upper limit by SN 1987A

Observation associated
with neutrino events is
consistent with the
expectations assuming that
the collapsed supernova
core cools solely by
neutrino emission.

If the core also cools by the
axion emission, the neutrino
burst is excessively reduced.

m, < O(meV)



sKE%EEQM%HSNERSITY ’[/\(/rf ((7e— kyffwf/w

Axion dark matter search = Microwave cavity search
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Axion dark matter search = Microwave cavity search
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Microwave cavity Is a crucial ingredient
n accelerators and axion dark matter searches

accelerating gradient
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Microwave cavity Is a crucial ingredient

n accelerators and axion dark matter searches
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Axion as a solution of the Strong CP problem in the Standard Model

L U(l) y problem } oS. Weinberg, m,, < \/gmﬁ ~ 240 MeV from the perturbed QCD, nominal m,, =958 MeV > m, =938 MeV
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Axion as a solution of the Strong CP problem in the Standard Model

L U(l) y problem } oS. Weinberg, m,, <~/3m, ~ 240 MeV from the perturbed QCD, nominal m,, = 958 MeV > m, =938 MeV

2
' . g LV . . '
Adler-Bell-Jackiw *G. "t Hooft, U(1),, is not a symmetry 6., ETy) GG succeeded to derive the nominal 7" mass

wuva?’

anomaly

2
Gocp 357(;;”(;#” is CPodd '~ G/"G,,, ~E*-B* and 0,., is a parameter,
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Axion as a solution of the Strong CP problem in the Standard Model

U(l) y problem oS. Weinberg, m,, < \/gmﬁ ~ 240 MeV from the perturbed QCD, nominal m,, =958 MeV > m, =938 MeV

2
' . g LV . . '
Adler-Bell-Jackiw *G. "t Hooft, U(1),, is not a symmetry 6., 227 GG succeeded to derive the nominal 7" mass

wuva?’

2
anomaly - s N _
Oocp 3927 G,"G,,18sCPodd GG, ~E"-B"and 6,., is a parameter,
od ~0, g —g +0. with non-zero quark masses
n SM > Ysir =Ycp T Vew qu
No neutron m,+m,

electric dipole moment | however, measured 6, <107 — very small, just putting 8, to 0 is not unnatural. The matter is

(EDM) zero 0, means CP is a good symmetry in the SM, but now know CPV in the kaon and B systems, and

that in the kaon system at the time — unnatural cancellation in 6, ., & 6,,, — Strong CP problem in the SM

oCD
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Axion as a solution of the Strong CP problem in the Standard Model

U (1) y problem oS. Weinberg, m,, < \/gmﬁ ~ 240 MeV from the perturbed QCD, nominal m,, =958 MeV > m, =938 MeV

wuva?’

{ dler-Bell-Jackiw } G. 't Hooft, U(1),, is not a symmetry 6., 3§ G"VG succeeded to derive the nominal 7" mass
a

nomal -

Y Opcp § > G’”G . i8sCPodd GG, ~ E*-B" and O,ycp 18 @ parameter,

m, m, B
» 04, =0,cp T 0, with non-zero quark masses
No neutron +m,

electric dipole moment | however, measured 0, <107 — very small, just putting &,,, to 0 is not unnatural. The matter is

(EDM) zero 0, means CP is a good symmetry in the SM, but now know CPV in the kaon and B systems, and

that in the kaon system at the time — unnatural cancellation in 6, ., & 6,,, — Strong CP problem in the SM

0CD
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g v g w
eby Peccei and Quinn (P 9 G G , > ——| 0y, +— |G G
{ 0,,, promoted to } Y Q *Q, M 327 [ Mor )

a dynamic variable /. 1s the axion decay constant oc 1/ m, —> the only unknown

2
a
g 2 G”VG . which is CP even with pseudoscalar axion field

27,
Axion advent as a natural solution of the Strong CP problem in the SM B
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Axion models : KSVZ vs. DFSZ invisible axion models
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Axion models : KSVZ vs. DFSZ invisible axion models
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Axion production : Misalignment mechanism

Figure: D. S. Gorbunov

eaxion produced with PQ symmetry breaking before the inflation

eaxion at 6, w.r.t. the minimum — called misalignment production
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Axion born as cold

Figure: D. S. Gorbunov

eaxion produced with PQ symmetry breaking before the inflation

eaxion at 6, w.r.t. the minimum — called misalignment production
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Figure: G. Raffelt
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Axion as cold dark matter

eaxion produced with PQ symmetry breaking before the inflation

eaxion at 6, w.r.t. the minimum — called misalignment production
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Figure: G. Raffelt
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epotential tilted by QCD — axion rolls down and starts small coherent

oscillation around the minimum — the oscillation energy makes up
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a sizeable fraction of the energy density of our Universe
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relative to the axion mass
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axion Kinetic energy (Hz)

the v distribution follows the Maxwell-Boltzmann
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Axion as cold dark matter

eaxion produced with PQ symmetry breaking before the inflation

eaxion at 6, w.r.t. the minimum — called misalignment production
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Axion detection

* Use axion—photon conversion
@ B-field
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Axion detection

* Use axion—photon conversion
@ B-field
 resonant conversion with a cavity

1’ n signal

20
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Axion detection

ayy 2 2 2
.1)a ocga;/;/B Va)TMOIOQcavitya /IUO

* Use axion—photon conversion
@ B-field
 resonant conversion with a cavity

n signal R |
 frequency tuning with a tuning

rod due to unknown axion mass
and the resonant conversion
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Axion detection

ayy 2 2 2
.1)a ocga;/;/B Va)TMOIOQcavitya /IUO

* Use axion—photon conversion
@ B-field
 resonant conversion with a cavity

n signal R |
 frequency tuning with a tuning

rod due to unknown axion mass
and the resonant conversion

« typical heterodyne receiver

e signal processing with a fast
digitizer

digitizer

22
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Axion detection

a ary
.})a 7 oc gcf}/;/BZI/C()TMOlOQcavitya2 //LlO — SNR — })a

Bwise = kBAfY;ys9 ]; = T +T GP

noise
) cavity chain

* Use axion—photon conversion
@ B-field
 resonant conversion with a cavity

n sighal R |
_.[>  frequency tuning with a tuning
rod due to unknown axion mass

and the resonant conversion

« typical heterodyne receiver

e signal processing with a fast
digitizer

digitizer

* cryogenic to suppress the noise
cryostat temperature from the cavity and
receiver chain 23




=i KOREA UNIVERSITY
() SEJONG CAMPUS

Axion detection

Kf/rf ‘/(‘72—' Ft/f’h/f Fa

ayy 2 2 2
.})a ocgaWB Va)TMOIOQcavitya /ILlO

Bzoise = kBAfY;ys9 T; = T +T

VS cavity

chain

— Figure of merit

use axion—photon conversion

resonant conversion with a cavity

frequency tuning with a tuning
rod due to unknown axion mass
and the resonant conversion

typical heterodyne receiver
sighal processing with a fast

cryogenic to suppress the noise

. dV gj B4V2Qcavit a4
—> scanning rate oo S
dt noise

@ B-field

E[s>ig; hal
digitizer

digitizer
cryostat

temperature from the cavity and
receiver chain 24
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Axion dark matter detection
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Axion experiment at |BS-CAPP—DU“S’|hiHQ the experimental parameters to extreme
agnet

dv,, B4V2QC

010

avity

escanning rate

— Figure of merit

dt
d Instruments (Ol) Magnet parameters | Values
EINHH T |
Central field 12 T@4.2 K

Magnet bore 320 mm
Operating current 266 A
Inductance 161 H
Stored energy 5.7 MJ

geomagnetic field there
- ~8x102! for the scanning rate N
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Axion experiment at |BS-CAPP—DUSFh_i39 the experimental parameters to extreme
riage

dVTM B4V2Qcavily

010
2

dt noise

—> Figure Of merit T;wise — T'cavily + T;hain

escanning rate

Dilution fridge from Leiden Cryogenlc B.V.

e _ly/ p 0.30
j ---- Cavity top
FZ: LIW\ 71caw‘zy ~30 mK
0.06 '_L—‘ |

0.034 e

00073515 12:30 12:45 13:00 13:15 13:30 1345

Time

* base temperature 5.4 mK
without load
cooling power measured to be
1T mW at 90 mK

dilution insert unit
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Axion experiment at IBS—-CAPP—pushing the experimental parameters to extreme
Readout electronics

41,2
dV 010 B V Qcavity

. ™ . .
escanning rate 7 o > — Figure of merit L gise = Tcavﬂy + 1 hain
t

noise o
Image Rejection Mixer
IRM0622B

IF=10.7 MHz

300 K

"\,

Pump Waak Bypase Strong Ciudput
L Aok Amplifier Band Pass Filter
! ZRL-2400LN+ ) BPF-F100+
___________________________ Circulator Circulator
Z"\i 4K PE83CR1000 PE83CR1000
[ HEMT I 4 K
amplifier
............. - s
(-*D fast N
iy ot digitizer | 3
IgItizer
Cad) iy 9
Band Pass Amplifier Band Pass Amplifier
) Filter ZX-60-100VH+ Filter ZX-60-6013E-S+
: SBP-10.7+ SBP-10.7+

S [] e
il 25 mK

Attenuator

Directional coupler
E 50 (2 termination

wetva 3
O ceovtetor -
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Axion experiment at IBS—-CAPP—pushing the experimental parameters to extreme
Readout electronics

dv,, BV? 0.

. 't . . _
escanning rate d = 2 — — Flgure Of merit T;aoise o ]::avizy + ]-;hain
4 .
noise
300 K
j‘. %’ 0.15
- [ 4K ' é i é : _0.14
b
] Josephson Parametric Amplifier _?g
(JPA) € 013
i :
Source W@—W Readout % 0.12
g
i 0.11
-25 mK JPA A / o d bk .f“
5 o il 010

"771.090 1.095 1.100 1.105 1.110
Frequency (Hz) 1e9

=

Directional coupler Pump 3 \
[~] 500 temination periodic standing and squatting \

@ Circulator
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Axion experiment at IBS—-CAPP—pushing the experimental parameters to extreme
Tunable microwave cavity

dv,, B4V2QC

010
2

avity

escanning rate — Figure of merit

dt

tuning rod tuning axle

OFHC copper
ID=262 mm, h=560 mm

noise

(a)
24-tooth
gears

piezoelectric
motor

200-tooth
gears

105 14 14s
v (GHz)

tuning mechanism by
piezo and gear combination
reduction ratio 69.4:1

tunable TMy;, USing
the tuning rod (OD=64 mm)
1.0~1.2 GHz

Q measurement at ~4 K
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Axion experiment at IBS-CAPP—pushing the experimental parameters to extreme
fast DAQ
dvyy, B4V2Qcaw.ly

escanning rate L Epyo : — Figure of merit

noise

dt

-

2] -
= using a fast digitizer,
commercial spectrum analyzer developed a novel algorithm for online FFT
orovides online FFT > easy to use - realized a DAQ efficiency of ~100%
DAQ efficiency at best ~47% (2022 JINST 17 P05025)

This is huge because you can finish your
experiment twice faster.

31
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Axion experiment at |BS-CAPP—DU_ShiHQ the experimental parameters to extreme
put it together
Source —vwwv-l : : '—m‘m’mr—- Readout
JPA
’| % Scan 20 MHz in 18 days
e 4 | Pump Rate > 1 MHz/day maintaining
o }I Frequency (GI2) DFSZ sensitivity
=T E : P " eegw 1] ™ bestscanning rate ever
: - o 2nd experiment sensitive to
& & : T 1 DFSZ axions
£ - followed by ADMX (Axion Dark
& Matter eXperiment) at
09 U. of Washington
352 759 o 756 158

NbTi + NbsSn
Superconducting magnet

PRL 130, 071002 (2023),
assuming axions make up 100% of the local dark matter density 30
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Axion experiment at IBS—-CAPP—pushing the experimental parameters to extreme
put it together

Dilution refrigerator |

Main Dewar

ove

8Sliding seal
4K plate
1K pot '
Still plate

HEMT package

Microwave isolator
Cold plate

3573 mm

| MXC extensi
MXC L xlension

Ve
Still shield 4
LHe | thermalization rods

Piezoactuators

NbTi + NbsSn
Superconducting magnet )
T=42K

[ | [

JPA1 JPA2 JPA3

JPA4 |

JPAS

JPAE

I J I

-0

Pump

Scan > 100 MHz
Very non-trivial

|9a7| [GEV ]

v, [GHz)

05 1 2 3 4 5 6 7 8
Global Cluster [ CAST . CAPP TASEH

mmm Neutron Stars . ADMX B CAST-CAPP W GrAHal
RBF & UF Bm HAYSTAC CAPP18T
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PRX 14, 031023 (2024),
assuming axions make up 100% of the local dark matter density ,,
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Energy budget of the Universe
mass: 2.2"
charge: 2/3
spin: 1/2
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ary Matter 4.9%

Dark Energy 68.3%
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electron muon
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e SM governs ~5% of the Universe
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neutrino neutrino
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Energy budget of the Universe

125,180
0

0
Higgs boson

Dark Energy €8.3%

« We govern all matter (~32% of the Universe)
together with axion dark matter
- promotion of the SM ?
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Dark Matter Candidates

Year invented

i Solve technical problem
Original purpose i in theory of strong

nuclear force

tecta L Turn into photons in
De ble use they i strong magnetic fields

:  Solve more than one
Pros i problem; allow for
decisive test

Provide few models and
one means of detection

Cons

Science, Vol 342, 1 Nov. 2013

Explain dark matter

Bounce off atomic nuclei

Flow naturally from
supersymmetry; provide
many models and multiple
avenues of detection

Resist decisive testing;
haven't shown up in
decades of looking
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Hall probes for the factory test

cancellation coil : NbTi only

Tl cancellation region : <100 G
over 100 mm (D) x100 mm (h)

main coil : nested coils
with NbsSn (600mm, inner) and
= NbTi (800mm, outer)

Courtesy of Ol
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3He pump and purification

T 1 1 \——Q e
77K 1K bath pump @ . . * . Nitrogen bath
%®

b 42K .T. Helium bath
* % 4He ¢ 3':e
Normal fluid *He/*He ' Condenser |
J 1K bath .

Main impedance % *
~870 mK * .| stirheater

Heat exchanger\ e Still I_
L]

600mK

2.0

Fermi liquid *He
in superfluid “He

Secondary impedance

Temperature (K)
o

P &< 3He is diluted from the concentrated
phase to the diluted phase
through the phase boundary

0.5F

Forbidden region

«— Phase separation >\ Phase boudary

0 25 50 75 100 20mK

3He concentration (%)
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Haus-Caves theorem

V)=V, ()A(l (1) cos w,t + )2'2 (#)sin a)ot)
A . 1 A AT ~ _ 1 ~ AT
quadratures X, —§(a+a ) and X, —E(a—a )

[)A(l,f(z] :% and [d,dq =1
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Axion quality problem

Quantum-gravity effects at the Planck scale
spoil the PQ solution to the strong CP problem



