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Disclaimer

Based on arXiv:2104.14831
 Focus only on direct searches

My apologies for not covering
* Indirect searches
» All individual efforts
» Updated information
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Introduction

Axion (dark matter)
Search strategies



Patras2021 SungWoo YOUN

- Strong CP problem H=d-E+u-B | %
Locp O 6= GG P
() ”
d, <107%®e-cm (6 < 10719) E B dex
™~
- PQ mechanism (1977) g8 s
- New global U(1) symmetry w/ scalar field a v

a\ oag =~
Locp 2 (9 B E) 327 Gy G
- Spontaneous breaking: minimum ata =6 - f,

- Dynamic solution to strong CP problem

- Axion (1978)
- (pseudoscalar) Nambu-Goldstone boson

- QCD axion

- mass related to QCD scale: m?f,? ~ m2f?
- cf. axion-like particle (ALP)
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‘i) Invisible axion and dark matter

- Invisible axion (1979) - Cosmic axion (1983)
- Very light axion in early universe ~ * May account for dark matter
at a large energy scale - Cosmological constraint:
1012 GeV f, <1012 GeVv
mg ~ 6 peV f - Astrophysical observation:
‘ SN1987A

- Spanned axion mass range by

many orders of magnitude - Different PQ breaking scenarios

predict different mass ranges

Axion dark matter predictions for different PQ breaking scenarios

pre-inflationary
post-inflationary, Npw =1

post-inflationary, Npw = 3
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;) Axion couplings

AN
O5a2/

- Axion interactions with SM fields

| Photons | Fermions | __nEDMs __

Source JayyaE - B JarrVa- S gEDMa§ -E
Detection Resona.vtor_s n Magnetometers NMR
magnetic fields
ADMX, CAPP, GNOME, QUAX,
Example MADMAX. ... ARIADNE. ... CASPEr, srEDM, ...
- Most commonly rely on EM interaction Y
- Axion dynamics PR
1 ~
L > —Zgawaﬂ-"il-" = —YayyaE - B v
QCDNii(E_ ) ALP o @ 1
Jayy = 277 \§ 1.92 ctf. 94vy T,

- Benchmark models
- KSVZ: E/N=0, 2 (Heavy quarks)
- DFSZ: E/N =8/3  (Higgs doublet)
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or B,

i) Detection principle

\ Y/

- EM interaction mediating axion-photon coupling

- Presence of axion field modifies Maxwell’s equations
- V-E=p—g4,Va-B
* VXB —E = j + goy,(aB + VaxE)
- For invisible axions, Va = 0, aB is in more effect

- Axion-to-photon conversion (1983)
- Axions “borrow” virtual photons from a magnetic field to turn into real photons

e
-
=

Magnet

Sea of (Inverse)
virtual photons Primakoff effect

Classical EM
field
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i) Search strategies

$$$$$$$$

- Haloscope

- DM axions in our galactic halo
- Microwave resonators
- ADMX, HAYSTAC, CAPP. ...

- Helioscope
- Solar axions ' \

- CAST, IAXO,...

+ Photon regeneration (RIS IR Ry
- Light Shining through Wall _leser Tt S | [N A——"—
- Axion production at the lab =_> el [t _’D

detector
HAEEEEEENEN HEEEEENEN
¢ ALPS P magnet string val
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Frequency [Hz]
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7" j

Most parameter space
is unexplored

) 10° 10" 10"
Mass [eV]
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Haloscope Searches

Cavity haloscopes
Dielectric haloscopes
Other haloscopes



Patras2021 SungWoo YOUN

i) Haloscope searches — present
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Frequency [Hz]
1010 1011 1012
CAST
Neut t
QUAX ORGAN
......................................................................................................... KSVZ o,
HAYSTAC
...................................................................................................................................... D
10_2 - - - - -
10° 10° 10 10° 10
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Jxs) Cavity haloscopes
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- Most sensitive approach
- Microwave photon signals from axions in our galactic halo
- Resonant effect w/ a strong magnetic field

- Axion-photon conversion power

* Bayy = 1.0x107# W (0 75) (o 4/5)aGeV) (1 Z(;Iz) (1?)0T)2 (BOVL) (oc.;s) (1%65)

Cavity Q. V,G

- Unknown mass = > scan rate (FOM)
dv . GHz (5 \* (015K 105
rTE 1.0 year (sn_r) ( Tsys ) (Pay)') ( )
- History
- Rochester-Brookhaven-Fermilab & UF

- ADMX, HAYSTAC
- CAPP, ORGAN, QUAX, ...
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Axion haloscopes

T. Nitta (Mon), A. Hipp (Wed), B. Jois ( Thu).g

- Axion Dark Matter eXperiment (UW)

- 7.6T SC solenoid
180 liter copper plated cavity

\I

QNLA (MSA/JPA) ~ 200 mK
DFSZ sensitivity for up to 1 GHz

Axion Mass (peV)
2.6 2.8 3.0 3.2 34 3.6 38 4.0 4.2
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Single photon detector
(a)

Readout

Smgle cavity 14-cavity Storage
array
w/ (b) . . .
Qubit Excited State Probablllty
large rods 1.0
n=2 n= 1
| l
Frequency (GHz) 0.5 - —
105 1 2 4 6 8 10 '
’ o.o -
10-10 4.746 4,748 4.750
Frequency (GHz)
10-11 Initial Cavity State 5
oww e e 10 w
il 10-12 * P(no = 0) : ’g\
g I \F- P(ng =1) 10 E
g ~13 0 S
& 10 u.,““.“ 'IO.7 :
10—14 o'........ 107 <
, u..””“ 10-14§
10-15 | oW ‘ s =
- . ; lopment 0 10 20 30
e I progress QSR Number of Parity
10718 e Measurements (N)
Axion Mass (eV) . Repeated NDM

 Noise reduction: —15.6 dB
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CDM

9T SC solenoid

127 mK + JPA (~500 mK)
Sensitive to ~5 GHz axions
First result in 2017

Josephson Parametric Photonic band gap Multi-rod
amplifiers structure tunable cavity
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is) HAYSTAC
- Quantum enhanced search Nature 590, 238

© Squeezed-state receiver (SSR) Wider bandwidth => Doubling scan rate

............................................ .
: A o - N, f=2,Qoff

oz, ----- N,B=28Qoff ||
of 5 —— N_,p=7.1,8Qon |4
> — N,4=7.1,8Qon

Two JPA system .
. . bt l 4.l8
SQJPA: squeezing a quadrature Tt
2017-2018
Axion: displacing the state S " E—
G roof BEAOMX_ o keve BTt
—9“' ————————————————————————

AMP JPA: unsqueezing +
amplifying the displacement

102




Axion haloscopes SungWoo YOUN

B a1
5]

AL

CAPP-9T MC CAPP-12TB CAPP-PACE CAPP-8TB
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1. CAPP-8TB 2. CAPP-9T MC 3. CAPP-PACE
e 8T/165mm e 9T/127mm o 8T/127Tmm

* Tony ~50mK * Toy~2K * Tony ~40mK
e HEMT~1K e HEMT~1.5K e HEMT~1K
e 1.6 GHz e >3GHz e 2.5GHz

First result * Pizza cavity ~300 MHz

Frequency [GHz]
10° 1010

107°

10—11

ORGAN
QUAX-ay

QCb axion
'HAYSTAC -

/
ﬂ

. Rev. Lett. 124, 101802 (2020)
Phys. Rev. Lett. 125, 221302 (2020)
Phys. Rev. Lett. 126, 191802 (2021)

10-6 105 104
m, [eV]

pand

3

9 10—13,
=

(o))

10—15,
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i) IBS-CAPP

D. Ahn (Tue)

J. Jeong (Thu)
Vo
O, A v

CAPP-12TB
DFSZ sensitive

[ | (Imf[] "o =

JPA

S 7 o) \ S f=1~6GHz fregz;%l:;cy
SC cavity (Q>1M) (T 12;4%\?
10° 1010

107°

101
9‘ 10—13
, . 1 ~8 GHz DFSZ ( 5 years)
1‘ ey b 8~25 GHz DFSZ (10 years)
mm ier . .
(5:6MJ) | Q> 10° | FENTRGUINIEYS _Examining for pa < pou

m, [eV]
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i) Other cavity haloscopes

+- .‘
: EFTEL S

- QUAX-ay A. Rettaroli (Wed) « ORGAN B. Mcallister (Thu)
L. Kuzmin (Thu)

SC (NbTi) cavity B=14T
0=2x10°@2T  f,=26.5GHz
f,=9 GHz m, = 110 ueV

—
e ———

- CAST-CAPP M. Maroudas (Wed) « RADES S. Cuendis (Fri)
CAST dipole magnet (97) CAST dipole magnet (97)
Phase-matching Array of small cavities

ctangular cavities Microwave filter
m, ~ 20 ueV m, ~ 34 ueV

dipole-magnet bore

Ly

electrical-discharge machining —H
of a copper rectangular cavity
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is) Dielectric haloscopes

- Periodic planes for short wavelength
- Non-vanishing form factors

AL

NIV

= WVUTVTUYY

Form factor vanishes w/ a
static B field

2

) UEC-EOdV

" e|E.

Zdvﬂﬁo “dv

(0RO T T

Suppressing negative E field
(dielectric planes)

Fabry-Perot %%
Mirror

Electric Tiger

Producing alternating B field
(wire planes)

Wire Planes
Reflector

Waveguide Output

ORPHEUS
PRD 91, 011701 (2015)
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- MAgnetized Disk-and-Mirror Axion eXperiment

WALV 8 P

= 1.6x107%2 W B ( 4 )
electromag. wave emission <\/\/\/\/\/\/\/\/\/\V\ANVWNV‘> ayy — - 5)(104 1 mZ

scaledA 2

) () ()
10T 1 0.45 GeVecm™3

strength
a
E
Frequency: distance b/w disks
40—400 ueV (10—100 GHz)
Suitable for high mass searches

Discontinuity

Boosting factor 8
10% pr———r————r—————r—

tHEtTt s,

T T T T T 13
— Ayz =200 MHz

— Ayg =50 MHz 1

Avz =1 MHz

@ 102}

Mirror  Dielectric -
. Disks 'Antenna 10"

~—

Booster




Axion haloscopes
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- Full scale experiment

metal disc

10T magnet

~10K cryogenic
enviroment

discs €=24 |for 10-100GHz boost

~2m
e dielectric |spacing ~cm

receiver

parabolic mirror

« 2m/ 10T dipole magnet
« 80 1m?dielectric disks (e~25)
* 40—-400 ueV (10—100 GHz)

« C. Krieger (Fri)

* Proof of principle booster setup

» < 5 sapphire disks

v, [(GHz]
1 10 102
3 I I TTTTTT I IIIIIII| I T TTTTT
10° =9 o 15 2 25 331314 =
:I T T Il TR URE AT TTTTTTTT T T T T =
102 & -
g }f) Dielectric 3
o 10: = Haloscope -
ro = = . —
= 80 disks 3
i = 8 ( ) 3
1? L |
I:HIIII | L L 1 IJ:
10! 102 10" 10
= fa [GeV] 3
—IH| | | II[\I\‘ | | \IHI\‘ | L1117
10°6 1075 1074
mq [eV]

A -
Precision
Motors
—

Parabolic
Mirror

K Band
# Horn Antenna
) "

, to VNA
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.i») Plasma haloscope

- Resonance w/ plasma frequency

2
0= ne 21

»“m, s’log(s/d)

w, dependson s &d
* S:inter space
* d: wire radius

M. Lawson (Fri)

Large conversion volume
at high frequencies

v, [GHz]
10 10
|9 LI llllll 1 L llllll‘?‘:% 1 LI IIIII

7 Periodic structure 10
v
Meta-material g 10
r m (bulk plasmon) = MADMAX
B dv) i |
2
0] i1 [ITNN | 11
—1_ p 10~} 1012 101 102
€, 1 2 12 . fa [GeV]
a) _k _Ia)r Ill 1 L i 1 L 1 { o e i |
Z
\ 1076 1075 1074

mg [eV]
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Jv) Other haloscopes st
- QUAX-ae - TOORAD D. Marsh (Fri)
- Ferromagnetic haloscope - Axion quasiparticles (AQs) in

topological insulators (Tl)
- Hybridizes with E field
- Resonance leading ton < 1
- Enhancing E field inside Tl
- Internal reflection
- Boosting E field signal
- Proposal for m, ~ meV (f, ~ THz)

E[Eo]

- Axion-electron coupling

- Photon-magnon system

- Series of YIG spheres

- TM,o of a cylindrical cavity
- Upgraded with JPA

- Best limit near m, ~ 43 ueV

Microwave
Detector

Microwave cavity

Magnetized sample
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i) Haloscope searches — present
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Frequency [Hz]
1010 1011 1012
CAST
Neut t
QUAX ORGAN
......................................................................................................... KSVZ o,
HAYSTAC
...................................................................................................................................... D
10_2 - - - - -
10° 10° 10 10° 10

Mass [eV]



SungWoo YOUN

Patras2021

O
-
e
-
| E
_
)
)
L
O
q)
o)
/p
o)
Q.
e
O
7p
O
©
1

Frequency [Hz]

10"

1012

1011

CAST
TOORAD

-

DFSZ

haloscope

10 10

10
Mass [eV]




Patras2021 SungWoo YOUN

Low mass axion searches

Lumped element searches
NMR-based searches
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Jv) Lumped element searches e
Ba
- ABRACADABRA
- Toroidal magnetic background
=> time-varying effective current Jef
=> oscillating magnetic field B, E.:\ /
N
- Sensitive to low mass axions i
v=ma/2nt
He kiiz L. &5 Jers = Gay\|2pa cos(myt) By

| |—Broad: Bpx =5T,Vp=1m?
— =Broad: Bpyx =20T, Vg =1m?
-==- Broad: Bpgx =5 T, Vg = 100 m ?

ool (e T ABRACADABRA-10cm

<o~ Res: Bpax =5 T, Vg =100 m 3

-
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Ly

O

Jv) Lumped element searches
- DM Radio R. Henning (Mon) = SHAFT A. Sushkov (Thu)

- Solenoidal version - Ferromagnetic toroidal magnets

- Dual search program (Bo=1.5T)

- Joint w/ABRACADABRA - Two pairs for stacked toroids
o o - Separate pickup coil
- Optimized SC LC circuit - B fields in opposite direction
- 10 peV to ueV - Reduction of correlated
- Series of experiments systematic noise (150 aT /VHz)
. i0- -m3. - _ _
DMRadio-50L, -m3, -GUT . Low mass 10~ to 10~8 eV
- Pathfinder for pre-inflation QCD - : I .. T
axions | | i agoning
Tunable L— Inner superconducting
Capacitor : : magnetic s'hield-
® ® . IR
=T @ ® a;'(ij\zieegrghmoton E i =l ri:;k‘upsggm
@ ® :\:ggﬁ:fic Field @ L— G-10 fibreglass
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Il N

) NMR-based search

—— EFTEE S

7 <t
Ve

~{or Bag,
ViS4
(2 ®

| 1
AL

- CASPEr (Cosmic Axion Spin Precession Experiment)
- Axion dark matter field => oscillating nuclear EDM

* dgpm (t) = gepm~/ 2P cos(mgyt) /my,

- Nuclear magnetic resonance effect
- Larmor frequency (depending on B,,;) = oscillating frequency

- Pick up by SQUID magnetometer
D. Budker and D. Aybas (Thu)

- Highly sensitive to m, < 10 neV frequency (Hz)
2 6 10
10 10 10
1077 SN1987A
o~
i ] _ >
Bext o
= . ~-10
SQUID ’ ’ ’ 3 10 CASPEr-now
pickup Y u¥ e
a
loop f f f § 1071} phase II
/ axion “wind” 7, <
OR E” <
© 0720
Larmor frequency = axion mass => resonant enhancement
SQUID measures resulting transverse magnetization

Example materials: liquid 2°Xe, ferroelectric PbTiOs axion mass (eV)
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Helioscope searches
CAST, IAXO
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P, 2
f,”z-J:\
17 %\
(5 & \al
|
el /el
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\ 2\ S/
AN P> X/
oy
A
S

X 7

Helioscope searches

- Stars are the strongest sources to produce axions
- Primakoff scattering of charged patrticles in the stellar plasma

- Solar axion to X-ray conversion telescope

L=926m

Sunset

- History
- BNL, JAPAN
- CAST completed in 2015
- IAXO in plan ol o A

. This work
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- International AXion Observatory

- Large toroidal helioscope
- 8 magnets w/ L=20 m
- 5.4 T/600 mm bore

- Baby-IAXO approved in 2020 (DESY)
- First step towards full IAXO
- 4T/10 mlong => 10 x CAST v~

eV~

- E. Choliz (Thu) S o-10 \P'%
glo \§§\\§§:§\§§§y
< . & B AN
e t——— \\\\\‘\\\ 9 .
10712 = | \\\ \'¢6«$ EE
C W .
10—13 :E o ?:
wn b <
1071 B e ‘é
10-16 E;. T BT TITY R RS TIT SRR ...”E

[ay

106 107° 10~4 1073 1072 107!
mq(eV)
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L. SW searches
ALPS, ALPS ||
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i) LSW searches

&&&&&&&&

- Light Shining through Wall

- ALPs can be sought in lab by photon regeneration
- Combination of a highly intense laser beam and strong magnetic fields

- Characteristics
- Uncertainty reduction on production mechanism
- No cosmological assumption (no dark matter, no solar axion models)
- Two vertices => fourth power of coupling

- History
- BFRT (Brookhaven-Fermilab-Rochester-Trieste)
- OSQAR (LHC dipole at CERN) — most stringent limit
- ALPS (HERA dipole at DESY)

production cavity (PC) regeneration cavity (RC)
1 e o 5 e o e e Y A / A Y
S [ \ .............. SUN
S i = J H_ ................ _’ID %
I e detector B B
EEEEEEEEEE | EEEEEEEEE. /

magnet string /
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- Upgrade featured by L. Wei (Mon)

- Dual optical cavities
- Second Fabry-Perot resonator in the axion production side

91IS AS3Q wody
aul| Jajsueuy sa1uadohu)

- Phase-locking between two cavies ’:if |
- Significant improvement in photon regeneration probability Eé N 3
- Longer and stronger magnetic field :° 8 =
- 2Xx 12 HERA magnets (10 m & 5.3 T)
- Sensitivity improvement by 3 orders of magnitude — ;:3[ 1" ¢
* Jayy > 1071 GeV L up to 0.1 eV siz|l B
a——b o SIRE
PC 150kw RC ?:7. §
@ ij‘ii 5
) g € 3
== common optical cavity axis &{ Piezoactuated mirror :—% g-'§ g r;: g
: ;gg:::::::::,m @@ quadrant photo detector "\ @ @ & 0 g
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Frequency [Hz]
10" o

9 . 15

10 )

CAST

[ ‘ \mu‘ FENC‘“"’" stars

VIMOS

=2 10—3 10_1 101

Mass [eV]
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Business is not done until
assumption p, < ppuy Is tested!

VIMOS

10~ 10!

Mass [eV]

10
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Additional CPV

ARIADNE, srEDM
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i) Additional CPV

- QCD axion - Negative results from both
* Oeps = Ogcp = =0 independent experiments
- n,pEDM =0 - Decisive exclusion of

» . existence of axions

- Additional CPV in nature
¢ n,pEDM i 0 PQ Axion f, in GeV

- Storage ring proton beam [ . e
- Direct probe of EDM 10+
- Sensitivity improvement

- pPEDM ~107%° e - cm

- ARIADNE A. Geraci (Tue)

* O.7¢ # 0 produces axion fields ..

- Can mediate monopole-dipole
interactions -
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i) Storage ring proton EDM

- Independent approach to 0y¢p
- High intense polarized proton beam in a ring

with E bending fields
- Magic momentum locks the spin along the 7
momentum y/ AN
- Non-zero EDM precess the spin out of plane - * A
~/ \
- 3 orders of magnitude improvement / o W T . |\
- NEDM ~1072% ¢ - cm vs. pPEDM ~10%° ¢ - cm\\® @,/
-\ g /

\\\\’ /’//

New hybrid-symmetric lattice
simplifies the experiment

arXiv:2007.10332
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- Axion = new force mediator b/w two fermions # Geraci(lue)

- Monopole-dipole interaction

- b/w unpolarized and polarized fermions
- No cosmological assumption R
- Axion production at the lab o

CASPEr,
DM Radio,
LC circuit

Squid
magnetometer

®
<
[ AOMx_ |

Unpolarized Sprocket
Source Mass

- Particular significance b
- Search for the fifth force aE as
- Covers the missing mass range wigk [f Last
. 0.1meV <m, <10 meV L B
. Additional CPV source BSM i MU g
8 i

- Combination w/ EDM results
=> decisive exclusion

- Potential reach to experimentally allowed axion parameter space

o N e
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- Axion is very charming
- Strong CP problem & dark matter mystery

- Theoretically well motivated but experimentally very

challenging
- Small coupling and unknown mass

- Tremendous search efforts
- Different technologies targeting at different mass ranges

- Axion community is getting larger
- New results and new ideas (during the workshop)

- Next ten years must be critical/exciting
- Covering a substantial portion of the parameter space
- Addressing the fundamental questions
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