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amm Introduction
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» The axion is the most convincing solution of the
strong CP problem

» WISPs (weakly interacting slim particles) are a
possible solution of DM problem

» The ALPS can solve some astrophysical problem
o Trasparency of the universe at Ultra High Energy photons
o Anomalous stellar cooling

» Different experimental techniques targeting at
different mass ranges
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‘amm Axions theory
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» Strong CP problem: —
o Unavoidable (in case of 6 massives QTT“ VoW
quarks) 0 term — A

o Prediction > dy =(5.2-1071%¢-cm)é ™

o Measurement 2 dy < 107%%e-cm %

o Peccei-Quinn mechanism (1977):
o New scalar field to cancel out the 6 term:
L:(@—ﬁ) %S _E o Fev
fo)32m2 H#
o Spontaneous breaking of the U(1)> a=10"-f,

o The axion is the pseudoscalar Nambu_Goldstone

boson - relation between mass and couplinm
.




smm Dark matter candidates

Mass, in elactron velts (V)

ULTRALIGHT : ' Mass range
DARK MATTER v : ~1to ~30
v | : : solar masses

Mass range

~10-22 ¢V to ~10-4 eV
Experiments

CASPEr, MAGIS-100

Experimenis
LIGO/Virgo

WIMPs

4 Mass range
|

=1 GeV to -1 TeV

Experimanits
XENONRNT,
FandaXx=4T,

LZ, CRESST, DAMA,
COSINE-100

AXIONS - W SUB-GeV
= DARK MATTER
HEE r-:mge

% . / . . [ ; '
~10-% gV to ~10-3 gV - v/ = M

Qss range

Experiments \ ' & . ; -1 keV to -1 GeV

ADMX, MADMAX, Experiments
QUAX, CAPP e e SEMNSEI, TESSERACT
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amm WISP -
) — -

o WISP: Weakly Interacting Slim Particle

WISP o Pseudo-scalar

o Axion: solution of strong
CP problem

o Axion-like particle (ALP):
generic axion no relation
between mass and
coupling

o Scalar
o Chamaleon: dark energy

o Vector
o Dark photon: new

interaction
s
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_._ How to dete_ct axions ?

(Nouwy’N) F* +i

Lagrangian

Observable
Detection

Examples

.JaNN
2mN

Photons
gayyaE) ) §
Photon

Power Spectrum, photon
counter, resonator in magnetic
field

ADMX, CAPP,
MADMAX, ...

d,a (N’y y N)—I—sz

Fermions
gaffVa c 5'

Spin preces.

Magnetometer, NMR...

GNOME QUAX,
ARIADNE, ...

d.a (67“756) +Gayyall-B

nEDMs
gEDMag - E

Oscillating EDM
NMR, polarimeter...

CASPEr, srEDM,




-iHOW to detect aX|ons? | = ol

» Most common search with EM interaction

aem
i < oy = 5 (N - 192(4))

f\f\/\f’y

» Coupling inversely proportional to U(1) breaking
scale

o The effective coupling is model dependent:
» E/N=0 in KSVZ, E/N=8/3 DFSZ model
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1074
T 10 Stellar physics:
Laboratory 0-© Primakoff process in stars yZe 2 a
experiments & ot Laboratory Ze.
o Constraints on stellar lifetime or
Detection of 102 energy-loss rates: Sun, HB.
axions from the 107 o Cosmology:
Sun (Elioscopes) 10_1: e No DM a = yy decays seen in
1313 s : th.e visible region frolm galaxies
. _ » with telecopes. Similar
DM axion detection__-6™" searches with X-rays and
(Haloscopes) 10_1: | extragalactic background light
1317 7‘%,;,{_;) (EBL) or H ionization.
vo-1s Bl ol Al
107 107 1077 107% 10=* 107! 10 10% 108 107 10°
mg(eV)

Ringwald et al. PDG 2017

Irastorza Redondo arxiv:1801.08127 ‘
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Experimental searches

Haloscopes

ADMX
CAPP
HAYSTAC
RADES
TASEH
QUAX
ORGAN

Stars

Spin resonance

Casper
Quax-ae

Detector
(Signal =« My)

Nuclear
Spins

|

Fifth force experiments

Quax gpgs
Ariadne

Gamma ray transparency

source

Light shining through wall experiments

ALPS Photon
STAX rectors
OSQAR
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Matched Fabry-
Perot cavities

Polarization experiments
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‘amm Search Strategies
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» Haloscope @
o Axions in galactic halo - R
o Based in microwave resonators B T |E
(RF cavities) i
» ADMX, HAYSTAC, CAPP, ... I
. B. = » Helioscope
S ’W* » Axions produced in the solar core
- B . o CAST, IAXO, ...
» Photon regeneration - —

» Light Shining Through Wall S i i
o Axions produced at the lab k \

» ALPS, OSQAR, ...
-




‘amm Haloscopes: Detection principle | B Com
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o The axion field modifies the Maxwell’s equations

o The axions allow to turn virtual photons from a magnetic field in
real photons

o Resonant cavity modes are excited by axion field

B antenna coupling to cavity

hg 63 6 1 V cavity volume
Psig (gy 5 Pa X BQVCmleL « C,,, mode factor (0.6 for TMy,)

A4 1 + 5 QL cavity «loaded» quality factor

gy
e & |

- Y

-
I -
=

Sea of (Inverse)
Glaszg.:lgl EM virtual photons Primakoff effect

Sikivie Phys. Rev. D 32,11 (1985)
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Modern haloscope

Cryogenic
o Lowering termal noise

High magnetic field

o Increase rate production

Quantum noise limited amplifiers
o Minimal noise added

High Q resonator (tunable)

o Increase photons in cavity

Cryogenic Amplifier (noise at SQL)

Resonant cavity

Room Temperature Amplifiers

o,

frequency

Power Spectrum

Dilution Refrigeretor T<100 mK

SC magnet (~10T)
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PHYSICAL REVIEW LETTERS 120, 151301 (2018)

ADMX - Axion Dark Matter Experiment

ADMX 800 MHz
Volume 136 L

Qo 200,000
B 75T
Thoise 600 mK

Field-Free Region

Quantum Amplifier

Package

Antennas

Mixing
Chamber

Microwave
Cavity

Tuning Rods

"Magnet

Washington University

4K

100-250 mK
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ADMX recent results

Axion Mass (ueV)

2.8 3.0 3.2 3.4 3.6 3.8 4.0

-------

ADMX (this work)

\] YMX (2019) ] N-body
B Maxwellian

650 700 750 800 850 900 950
Frequency (MHz)

PHYSICAL REVIEW LETTERS 127, 261803 (2021)
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Frequency [MHz]
104

Neutron Stars

HAYSTAC ADM

CAPP ' _TASEH




CAPP - Center of Axion and precesion Physics

South Korea
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, 127 Volume | 3.47L Volume | 1.12L Volume | 0.65L 187 GHz
o LS | 1 Q, 90,000 Q, 90,000 Q, 60,000 velms | Ik
<
g Q, 90,000 - e e Q, 70,000
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Frequency [MHz]
10*

103

Neutron Stars

HAYSTAC ADM

‘ CAPP ' _TASEH

o SC cavity
o Pizza cavity
o 18 T magnet

o JPA
KNZ
DS °
_5/3

PHYSICAL REVIEW LETTERS 124, 101802 (2020
PHYSICAL REVIEW LETTERS 125, 221302 (2020

—_
3
=)}

PHYSICAL REVIEW LETTERS 126, 191802 (2021

PHYSICAL REVIEW LETTERS 128, 241805 (2022
arXiv:2207.13597

(2020)
(2020)
(2021)
(2022)




‘amm Haystac -

Yale’s Wright Lab

c v, (GHz)
1.2 2.4 3.6 4.8 6.0
10¢ T E
HAYSTAC
2017-2018
%Dﬁ;;. .Inu —————————————— TrlsESL.‘l—t.—————_é
5> -k-M---—-—"-"-"—""—-""-""" e ————_———_———— 3
Quantum squeezing Nature 590 238 (2021)]
10-2 1 1 1 ]
5 10 15 20 25
m,c? (ueV)
Frequency [MHz]
10% 104

Neutron Stars

| é HAYSTAC | 5 GHz
Volume | 15L
Q. 30,000
B 8T
Troieo 120 mK
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Upgrade (2023 -> 2025)
o LNF

o Superconducting cavity
Qy>2x10°

o B=9T
o Multicavity

o LNL

o Dielectric cavity Q,>10°
o B=14T
o Single cavity
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QUAX - LNL 10 GHz
Volume 0.08 L
Qo 80,000
B 8T

noise 1K
QUAX - LNF 8.5 GHz
Volume 0.14 L
Q 100,000
B 9T
Thoise oK
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KLASH & FLASH

Search of galactic axions in the
mass range 0.5-1.5 ueV

Large volume RF cavity (4 m>3)
Moderate magnetic field (1.1 T)
Copper cavity Q=500000
T=4.5 K

KLASH CDR arxiv:1911.02427
Flash CDR in preparation




FLASH: sensitivity to High Frequency Gravitational Waves o

Mode Resonant Q factor 3 C TEy
“Ip

Frequency (@4°K)
I L S

. 1800 Bt

TEII ] 150.4 - 711e3

TEN2 2635 87led

TE2I 186.9 735e3

hy

TEap -

s T Ty T

180*

270" -

arXiv:2112.11465 and D.Blas’s Talk

Projected Sensitivities of Axion Experiments
— - —

. i/ 2m .65, 1.02] GHz
ADMX |9~ x10% B =751

HAYSTAC [g~ 3108 5 =o't

Veav =2 L, Tays ~ 0,13 K

wy/2m € [1.6,1.65] GHz

v J@~a4x10, Bp=73T
CAPP ¥~ L% i P, Sk

ORG:‘-\:I\' _ ? ~L3x10%, By=7T

v ~ 00078 L, Ty ~ 4 K

SQMS paranis. ; V/A E-;f::“ru:{{] (‘{’i-v 1K ; ///////

L | b LI | L |
S0~ 1028 10722 - 10~ R -1
: - - -+ Strain Sensitivity -hy - C
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~ A, Berlin et al. Phys. Rev. D 105,/ 116011



=1 [
1 B H :
TR
—~ (=] [ . £
7 = /i -
an C m x.. Z .
= 5 i
gi i
P A
it
o =
P -
> — a
_ 1 M lllllllll &= "a u
- 5 : tE3
H = : _“5_ h
e __E___Nvo¥o  : =
> L e B WF n =
2 / Pl
m lllllllll Iw _._- : m M
.wl. ||||||||||| = lq_ ||||||.n..|_|.l l— _4._—- “
5 S , . S 3
o l 5 “ " S S
O Lo | ' 2
o “% XYINGYIN -
w ST MdeEnﬂE “
= 5
i
o -
Sl
O il
= T
(© —_ 7
- O H g
= 3B m a
(=) : |
Ry - - -~~~ a9
U - |
o |
|
| e | : -
(7)) =F _
9 A=
a iE N
m R S SO L =
(7)) o = |
= = = = T
O s o =2 g =2 = o
© - =
T k)

esld £¢0c/c/L} — £€CISdeN — euueweT'




G.Lamanna — NePSi23 - 17/2/2023 Pisa

‘amm Microwave photon detector =

- IEEE TASC * 2850019 (2018) * - PRL 126 141302 (2021) -
» Several techniques under ] (®) g g
investigation | —— “
o HEMT
o JPA
o TWPA
o Transmons

o Nano-TES

» Power detection with
amplifiers vs single photon
detector

- gyl Quantum limited
Transistor-based (Tsou ~ 50 mK x f [GHz])




amm LSTW
oy |
o Light Shining Through Wall
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o ALPs are produced in the
production cavity and seen in the
regeneration cavity

o No cosmological assumption

o Reduction of uncertainty (better
noise control)

o Can be done at various light
frequencies

o Two process - fourth power of
coupling
o OSQAR, CROWS, ALPS, ALPSII,...

MAGNET




ALPSII & JURA - '

= f}
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Q 3 TeV Transparency -
P e .. F TN g 1P R - @S QS . E
N =5 £ i
S ] ] =1%
c
g S 5 =1z =In =B - —4 =3 i 2 4 6
N é é Log Mass [eV]
1 S
| Parameter Sensitivity ALPS 1| JURA Rel, sensitivity JURA / ALPS I
Ny T E AL : Magnet aperture 50 mm 100 mm
(%) _ Magnetic field B Bay~ B! 53T 13T 25
% 10° - . Magnetic length L g~ L' 189 m 960 m 5.1
= -10*  10* 107 10 10° 10* 10° 107 - 10" 10° 10 Effective laser power P | g~ P 0.15 MW | 2.5 MW 2.0
I : , Axion Mass m, (eV) : ; Power-built up Q 1/
T (behind the wall) 8~ Q 40,000 | 100,000 13
I~ Detector noise DC g.,~-0C”  |10"1/s | 10°1/s 1.8
© Total sens. increase 56
S
o] Table 1. comparison of experimental parameters of ALPS If at DESY and the JURA proposal.
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Helioscopes - '

o The stars are the main axions producer

o Inverse Primakoff scattering
o Solar axions convert in a strong magnetic field into X-rays

o CAST completed in 2015
N gayyBO : % _ mczl
Payy ( . )sm(z),q—ZEa

X-ray optics
L .
Solar '
axion A
flux A Y
po ‘I‘I — -

....... > N~ aanaa A A A A
i ——— v oAt A G Y
_______ > PIRL R
------- > BEEEE Y 000
Sooooox A Al i
Vil t i
11
18
1
L]
% X-ray detectors
Shieldin,
Movable platform T ¢
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Baby-IAXO and IAXO

International Axions Observatory

Large toroidal 8-coil magnet (5.4 T), L=20 m
8 bores: 600 mm each
8 x-rays telescopes ' ' ' '
Goal: coupling below 10-12
Baby-IAXO: 4T/ 10 m

V. 7

— mEAn

----------------------------

4

107 ;
1075 !
..... g P s 55w g 5 5ol :
= 1 3 :
~14 1 Services Rotadion System
= j -
1
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Other ideas

Nuclear
Spins

PRL 124 171801 (2020)
C AS P E ro ...................
Axion | MicroWave
""" > 'Detector
_____ > | %
_____ > g
----- > g

Wind n Microwave cavity

QUAX-ae

Magnetized sample
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Superconducting
pick-up coil

20

SQUID

IM-induced oscillating
magnetic flu
< < > >

/! ABRACADABRA

Toroidal magnet

Mirror (not visible) MAD MAX

9 T dipole magnet

Cryostati4k) Horn antenna

& receiver system

Separate cryogenic
volume

Booster: 80 adjustable dielectric disks (21.25 m)
Focusing mirror




‘mmm Axion DM searches today
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_._ Axion DM searches in the future
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amm Conclusions
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o

)

)

o

QCD axions are introduced to solve the strong CP

problem
o AXions and ALPS are believable candidates for dark matter

Experimentally challenging

o Very weak coupling
o Unconstrained mass (ALPS)

Different experimental techniques

o only few covered in this talk
o Several innovatives technologies involved

Exciting future

o In the next years a substantial portion of the parameter space

will be covered

-

o B
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