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pseudo Goldstone Bosons
- Global symmetry spontaneously broken 
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The lighter the more weakly interacting
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4 hints

Strong CP problem /  PQ solution Anomalous Star cooling / ALP emission

Dark matter / vacuum realignment -ray transparency / photon regeneration�

Giannotti 2016

N 6= 0

ga� , gap, gan 6= 0

gae ⇠ 10�13

(fa . 109GeV)

ai ⇠ 1012GeV

✓
meV

ma

◆1/4

. fa

QCD axion fA ⇠ 109GeV

ga� ⇠ 10�11GeV�1

ma . 10�9eV

(fa ⇠ 108GeV)

mA =

p
�

fA
= 5.7meV

109GeV

fA

Many other production mechanisms



10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1

mA[eV]

RD µ0 = 2.155

RD µ0 2 (0.1, 3)

RD µ0 2 (10°3, 3.14)

Kination µ0 2 (0.1, 3.0), TRH 2 (5, 5 £ 103) MeV

Matter Decay µ0 2 (0.1, 3.0), TRH 2 (5, 5 £ 103) MeV

Buschmann 2021

Villadoro 2020

Buschmann 2019

Moore 2017

Redondo 2016

Moore 2015

Kawasaki 2014

Kawasaki 2012

Shellard 2010

Sikivie 2000
Villadoro 2020 (NDW = 6)

Saikawa 2015 (NDW = 10)

Saikawa 2015 (NDW = 9)

Stochastic Graham 2018

Kinetic mis/Parametric resonance Co 2020

Pre-inflation  
(misalignment)

Post-inflation N=1 
(mis.+topological defects)

Post-inflation N>1 
(mis.+topological defects)

- Early-Universe and axion-model dependent!

Predicting the DM mass
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Direct Detection of ALPs : 5 key experiments



Lab experiments 2011

ALPS, DESY

OSQAR, CERN

CAST, CERN

BMV, Toulouse

ADMX, Wash. U

ADMX-HF, Yale

PVLAS, Legnaro

GammeV, Fermilab



Lab experiments 2022 (a selection ...)

OSQAR, CERN

IAXO

ARIADNE, Reno

ADMX, Wash. U

ABRACADABRA,-Radio 
Yale,MIT,Stanford

ADMX,-HF Yale
CASPER, Mainz

ALPS-II, DESY

CAST, CERN

MADMAX

QUAX
QUAXgsgp

CAPP

ORGAN, UWA,Perth

BMV, Toulouse
PVLAS, Legnaro

ADMX+, Fermilab

- cannot cover them all ... 



Natural sources
- Axions and ALPs are very weakly interacting... advantageous to use already produced (natural) axions but add extra uncertainties 
- We want to explore purely - lab experiments as welll 



the ANY-Light-Particle-Search

Basic Light shining through walls

Boosted version : Emission cavity recicles photons + Resonant regeneration in the receiving cavity



ALPS IIc reach
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STAX, ALPS III and beyond



Long-range forces between macroscopic bodies

Pseudoscalar^2 forces are spin-spin ... very hard to measure! (EM background, polarised bodies...)

Wilzcek ’84, Geraci 14
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Scalar couplings are number-number ... coherent over macroscopic bodies ... strong!
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ḡaN
Compete with gravity 
Violations of Equivalence principle...  
Very much constrained



Long-range forces between macroscopic bodies

Pseudoscalar^2 forces are spin-spin ... very hard to measure! (EM background, polarised bodies...)
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Long-range forces between macroscopic bodies

Pseudoscalar^2 forces are spin-spin ... very hard to measure! (EM background, polarised bodies...)

Wilzcek ’84, Geraci 14
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Scalar couplings are number-number ... coherent over macroscopic bodies ... strong!
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ARIADNE, University of Nevada in Reno

p-coupling, ficticious B-field coupled to spin 

Use asymmetric rotating body as source of a 
detect the spin-force with ultra sensitive NMR!
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The Sun is a copious emitter of ALPs!

Helioscopes (search solar ALPs) Sikivie PRL 1983

photon coupling

electron coupling

gae = 10�13

ga� = 10�12
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convert into X-rays focus detect
The Sun is a copious emitter of ALPs!

Helioscopes (search solar ALPs) Sikivie PRL 1983

photon coupling

electron coupling

gae = 10�13

ga� = 10�12
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International AXion Observatory

-NGAG paper JCAP 1106:013,2011 
-Conceptual design report IAXO 2014 JINST 9 T05002 
-LOI submitted to CERN, TDR in preparation 

-Possibility of Direct Axion DM experiments (cavities,ABRACA)  

Large toroidal 8-coil magnet L = ~20 m  
8 bores: 600 mm diameter each 
8 x-ray optics + 8 detection systems 
Rotating platform with services 

Transverse B-field (peak 5T, average 2.5T)



babyIAXO
IAXO is too expensive... scale slowly IAXO collaboration 2010

- 10 m long racetracks, 2 bores 
- 70cm diameter bores (!) 
- B-field ~3 T 
- Astronomical mount, 50% day tracking 
- Dedicated X-ray telescopes 
- Dedicated ultra-low-background dets.

Expected commisioning 2026



IAXO detectors

Goal background level for IAXO: 

- Small Micromegas-TPC chambers: 
Shielding 
Radiopure components 
Offline discrimination 

Already demonstrated:                          (in CAST 2014 result)                        (underground  at LSC) 

- Gridpix/InGrid,                                             - MMC                                              - Low noise CCDs

10�7 ! 10�8

keV cm2 s

8⇥ 10�7

keV cm2 s
10�7

keV cm2 s



IAXO reach

Str
on

g C
P p

rob
lem

DARK MATTER

STAR COOLING

TRANSPA

SN1987a

SN γ-burst

FERMI HESS

BBN

EBL
X-Rays

Telescopes

CMB

xion

HB
CAST Global Sun

DAMA

KS
VZ
ax
ion

ASP
Υ(1S)

Beam
Dump

LEP 2/3γ
LHC

LSW

PVLAS

A
D
M
X

U
F/
R
B
F

-10 -5 0 5 10

-15

-10

-5



IAXO reach

Str
on

g C
P p

rob
lem

DARK MATTER

STAR COOLING

TRANSPA

SN1987a

SN γ-burst

FERMI HESS

BBN

EBL
X-Rays

Telescopes

CMB

xion

HB
CAST Global Sun

DAMA

KS
VZ
ax
ion

ASP
Υ(1S)

Beam
Dump

LEP 2/3γ
LHC

LSW

PVLAS

A
D
M
X

U
F/
R
B
F

-10 -5 0 5 10

-15

-10

-5



IAXO reach

Str
on

g C
P p

rob
lem

DARK MATTER

STAR COOLING

TRANSPA

SN1987a

SN γ-burst

FERMI HESS

BBN

EBL
X-Rays

Telescopes

CMB

xion

HB
CAST Global Sun

DAMA

KS
VZ
ax
ion

ASP
Υ(1S)

Beam
Dump

LEP 2/3γ
LHC

LSW

PVLAS

A
D
M
X

U
F/
R
B
F

-10 -5 0 5 10

-15

-10

-5



IAXO reach

Str
on

g C
P p

rob
lem

DARK MATTER

STAR COOLING

TRANSPA

SN1987a

SN γ-burst

FERMI HESS

BBN

EBL
X-Rays

Telescopes

CMB

xion

HB
CAST Global Sun

DAMA

KS
VZ
ax
ion

ASP
Υ(1S)

Beam
Dump

LEP 2/3γ
LHC

LSW

PVLAS

A
D
M
X

U
F/
R
B
F

-10 -5 0 5 10

-15

-10

-5



In mode detail



IAXO, ARIADNE and stelar hints

M. Giannotti et al JCAP10(2017)010 

f_a [GeV]

Example DFSZ axion model, 1-free parameter tanbeta 



- wiggles in the vacuum (particles)
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- Axions in Galaxy are non-relativistic 

Detecting Dark Matter
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Tiny local amplitude !!!
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tiny amplitude but long 
coherence time, use resonant 

detection!



Oscillating EDM
Cavities 

DM-Radio

Atomic transitionsFerromagnetic resonance

Dielectric/Plasma haloscopes

Experimental techniques

Mirrors*



CASPER at Mainz

- EDM + Large E-fields in PbTiO3 
- Mainz (D. Budker’s group) & Berkeley 
- B-field, coherence time, sensitivity to m < neV 
- Mass range limited by B-field strength 

Graham 2012



CASPER at Mainz
~Bext

~E⇤

Oscillating EDM, effects add up,  
transverse magnetisation grows  
if ma = ! = µ| ~Bext|

- EDM + Large E-fields in PbTiO3 
- Mainz (D. Budker’s group) & Berkeley 
- B-field, coherence time, sensitivity to m < neV 
- Mass range limited by B-field strength 

Graham 2012



CASPER reach
Graham 2012



- In a static magnetic field, the oscillating axion field generates EM-fields

B-field

- Electric fields 
    
- Oscillating at a frequency 

- B-fields  

- All experiments are sensitive to light dark photon dark matter! (kin. mix)

Axion DM in a B-field
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spherical reflecting dish

Dish antenna experiment?
The Ea-field excites surface electrons coherently
EM radiation from a reflecting surface

P ⇠ |Ea|2Adish ⇠ 10�26

✓
B
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2

◆2 Adish

1m2
Watt

Horns 2012



BRASS, FUNK
Horns/Lobanov

Magnetised surface (Hamburg U.)

FUNK (KIT Karlsruhe) (1711.02961)



(on resonance)

- Haloscope (Sikivie 83) 

P ⇠ Q|Ea|2(V ma)G

- comparison with Dish antenna  (                             )  

Scanning over frequencies

Cavity resonators (Haloscopes)

P ⇠ |Ea|2Adish

extra factor of Q~10^5 
on a m_a/Q band

V ⇠ 1/m3
a



(on resonance)

- Haloscope (Sikivie 83) 

P ⇠ Q|Ea|2(V ma)G

- comparison with Dish antenna  (                             )  

Scanning over frequencies

Cavity resonators (Haloscopes)

P ⇠ |Ea|2Adish

extra factor of Q~10^5 
on a m_a/Q band

V ⇠ 1/m3
a



- ADMX reached DFSZ sensitivity in O(1) band, HAYSTAC, CAPP, QUAX on the way, (RADES, ORGAN @ R&D)

ga� / m7/4
a
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RADES

Experiments and results

Alvarez Melcon 2021
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Prospects, issues, solutions
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- Use HE particle physics tech 
- B-fields and cavities

Prospects, issues, solutions
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- Use HE particle physics tech 
- B-fields and cavities

- 20-30 T fields with HTC superconductors 
- QL detectors, mK Temperatures 
- SC cavities to reach Q~106 
- new photon counters 
- add up signal from many cavities

Prospects, issues, solutions
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- Use HE particle physics tech 
- B-fields and cavities

- 20-30 T fields with HTC superconductors 
- QL detectors, mK Temperatures 
- SC cavities to reach Q~106 
- new photon counters 
- add up signal from many cavities

- Huge volume experiments  
- Photonic band gap 
- Brain cavities 

- new photon counters? 
- ALTERNATIVES 

- Dielectric haloscopes (res. + large Area) 
- Dish antenna (BRASS, BREAD) 
- Plasma Haloscopes (enhace Ea)

Prospects, issues, solutions



Emitted EM-waves from each interface
+ internal reflections ...
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MADMAX concept





Summary plot
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Conclusions

- Beyond the SM with extremely low energies 

- Detect an ALP, new energy scale!  

- Generic interactions 

- hints: Strong CP problem,  DM,  Stellar evolution,  Transparency of Gamma’s 

- Good Experimental ideas 

- Still a lot of parameter space to explore!


