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Abstract

Axions and other very light axion-like particles appear in many extensions of the Stancard
Moadel, and are leading candidates to enompase part or all of the missing matter of the Universe.
They also appear in models of inflation, dark radiation. or even dark energy, and could solve some
long standing astrophysical anomalies. The physics case of these particles nas been considerably
developed in recent years, and there are now useful guidelines and powerful motivations to attempt
experimental detection. Admittedly, the lack of a positive signal of new phvsics at tze high energy
frontier, and in underground detectors searching for weakly interacting massive particles, i1s also
contributing, to the increase of interest in axion searches. The experimental landscape is rapidly
evnlving, with many novel detection concepts and new experimenta’ propesals. Anupdated acconnt
of those initiatives is lacking in the literature. Tn this review we attempt to provide such an npdate.
We will focus on the new experimentsl approsches and their complementarity, but will also review
the most relevant recent results from the consolidated strategies and the prospects of new generation
experinenls under consideration in the held. We will also brielly review Lhe lalest developments
of the theory. cosmology and astrophysics of axions and we will discuss the prospects to probe a
large fraction of relevant parameter space in the coming cecade.



The strong CP “issue”

- CP violation in QCD sector: CKM angle 0,3 = 1.2 + 0.1 rad AND flavour-neutral phase 0 = Oqcp + N¢d
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quark phase redefinition shifts between quark mass phase and QCD vacuum because of the axial anomaly

-The @-angle produces flavour-neutral CP violation like Electric Dipole Moments ... never observed!
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Driving ¢ dynamically to zero with BSM physics

CP Conservation in the Presence of Pseudoparticles™

R. D. Peccei and Helen R. Quinnt
Institute of Theovetical Physics, Depaviment of Physics, Stanford University, Stanford, California 91305
(Received 31 March 1977)

We give an explanation of the CF conservation of strong interactions which includes the
effects of psecudoparticles. We find it is a natural result for any theory where at least
one flavor of fermion acquires its mass through a Yukawa coupling to a scalar field which
hus nonvanishing vacuum expectation value.
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OCD vacuum energy is minimised at 0 = (!

- Any theory promoting ¢ to a dynamical field, & (¢, x ) ,will automatically set 6 — O after some time...
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- PQ Mechanism: Global U(1) axial sym spontaneously broken-> Goldstone boson
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Models old and new, ALPs

- Axions and axion-Llike particles are generic in BSM (not necessarily guaranteed!)

pseudo Goldstone Bosons stringy axions

- Global symmetry spontaneously broken - Im parts of moduli fields (control sizes)
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- 0(100) candidates in typical compactifications
- masses from non-perturbative effects

- NGB models, hadronic, 2HDMs, families, axi-majorons...
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- Shift symmetry allows some generic types of interactions
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- Color anomaly breaks explicitly shift symmetry -> axion mass + interactions (EDM+...)
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what do we know about fA

Less interacting @¢——————————————]-  More interacting
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- Naturally produced axions could be quite copious, save production and focus on detection!

Axion Energy density
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Search for Axions : Natural sources

Irastorza 2018
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Axion DM in the lab

V(0)
— T

time
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TR G(t) = O cos(mat

Local Dark Matter density™

6, = 3.6 x 107




Detecting Axion Dark Matter

- 0, = 3.6 x 10~ is a very small number but, oscillations allow for coherent detection!

- Axion spectrum is not exactly monochromatic, non-zero velocity of DM in the galaxy -> finite width

frequency w ~ mg (1 +v?/2 +...) coherence time

M,V 1 10-5
- ow = — 5t ~ — ~ 0.13ms ( L eV)
\ ow Ma
— ow

\E — ~ 107

| W coherence length

\ 5T, 1 ~ 90m 10~°eV
/ op My



Oscillating EDM

Ferromagnetic resonance
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CASPER : oscillating EDM with NMR
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Oscillating EDM, effects add up,
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- EDM + Large E-fields in PbTiO3

- Scan over frequencies, with Bext

- Mainz (D. Budker’s group) & Berkeley
- Phase I starts in 2017, Phase Il physics results ...
- Mass range limited by B-field strength

Mainz, Berkeley




Axion DM in a B-field

- Axion photon coupling in a strong B-field becomes a source of E-field
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DM Radio

- Toroidal axion-induced E-field generates oscillating B-field alongz ~ Siivie PRL712(2014)

Chaudhuri PRD92 (2015)
< ducti Kahn PRL 117 (2016)
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Resonant cavities: haloscopes

- Boost the axion-generated E-field in a tuned resonant cavity

1
Pout ~ Q|Ea’2vma P.Sikivie

- Cavity quality factor () ~ 10°
-B-fields B ~ 10T
-Volume ~ 1/ m‘z (typically a few liters)

-Temperature 7'~ 0.2 - 4K

- System T ~ Quantum limited (SQUID, JPA)

Frowuency (HHs)
¥ ¢ &8 § # d i

1 ) 1 ) 1
a 79 168 1% 200 258 949 999
Rad Masition <Angle’

- At high freq. limited by small volume and high noise
- At low freq. by getting a large enough B-field



- Physical dimensions L ~ 1/m,
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Projected optimistic sensitivities
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- Need larger magnet volume -Need >10 T, sub QL detection,0~10"6

- or combine many cavities ...



Dish antenna

- Detect radiated power from a huge (Am? > 10°) magnetised dish
- Broadband, no resonance enhancement; Only detector needs to be at T~mK (high reflectivity dish)
- Magnetise Area with permanent-magnets, photon counting?

B Cy, ) ? Watt

P/Area ~ |E4|* ~ 2 x 107"
[Area ~ |E,| x 10 <5T 5 ™y

Correlator/
Spectral
analyzer

Recaiver
E module :}

Magnetized Surface Magnetized Surface
.. (Hallbach array, ~1T) (Hallbach atray, ™1 1) e
Sphetical reflector e & spherizal reflecto’
D~8m,f~12.5m D~8m,f~125n
Detector Room
I =4K
Detection Chamber Detection Chamboer
T = 300K T > 300K

BRASS @ Hamburg

FUNK experiment (KIT)



Dielectric haloscope : MADMAX

- Hybrid system, large area + multiple emitters + a bit of resonant enhancement
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Helioscopes
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Axions from the Sun

Hadronic axions (KSVZ)
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The Sun is a copious emitter of axions! convertinto X-rays ~ focus  detect
X-ray optics
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Past and the future

Cryostat Inclination System

Support Frame
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In more detail
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On the landscape
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The meV frontier

- Some stars seem to be cooling too fast; could be a sign for axion core emission!
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- Axion interpretation suggests axion-electron coupling (DFSZ?)

Giannotti 2017
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1.3 - Purely lab experiments




the ANY-Light-Particle-Search

Light shining through walls
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Resonant regeneration in the receiving cavity
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STAX, ALPS lll and beyond

ALPS with optical lasers, STAX with Microwave cavities ... not so good for QCD...
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Long-range forces

Long-range forces between macroscopic bodies

p-p forces are spin-spin...very hard to measure!

In some case a tiny s-coupling can lead to a larger effect

s-p forces are number-spin ... much easier

gs

Wilzcek’84, Geraci 14




ARIADNE reach

Arvanitaki, Geraci 14
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Flavoured axions

- Axions related to flavour/family symmetries induce Flavour violating decays

Sadm fo 2 X 75101 GeV,
BR(nta) < 7.3 x 107 (E787, £949) i

model dependent coefficient

(NA62,0RKA,KOTO improvement by ~ 70 on BR )

BR(BT — Kta) <107 ~107°% (Belle2?)




1 - Experiments
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- Axion DM inhomogeneous at ~ pc scales -> first structures format = 2 zcq-~ 4000

Typical minicluster
M~1012 M,
R~1012¢m




On the landscape

Microlensing miniclusters
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Microlensing

- Subaru HSC dedicated search of Primordial Planck hole events along M31
- 107 stars, t~2 min sampling rate Mppy [M)]
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Axion photon conversion...

Radio signals from DM axions falling into neutron stars
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A sort of landscape
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Conclusions

- Axions might be hinted by the tiny EDM of hadrons (strong CP problem!)

- Some axion dark matter is unavoidable
- Laboratory tests:
Direct DM experiments: cavities in the GHz (microeV)
Solar axions with IAXO0
Long range forces
Flavour
- Cosmological probes
Microlensing, decay
- New experimental techniques, loads of R&D



