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Overview

- Strong CP problem

- Axions and ALPs

- Dark matter

- Dark matter experiments

- Lab experiments



Parity and Time reversal



in particle physics (electroweak interactions)

P-violation (Wu 56)
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... but not in the strong interactions



many theories based on SU(3)c (QCD)
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Neutron EDM

Most important P, T violating observable dn ⇠ ✓ ⇥O(10�15)e cm

EDM violates P,T



The theta angle of the strong interactions
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Roberto Peccei and Helen Quinn 77



QCD vacuum energy minimised at theta = 0
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ain’t you forgetting something?

P. Higgs



F. WiczekS. Weinberg

and a new particle is born ...
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generated by QCD!

Field Excitations around
the vacuum are particles 

it’s a higgslet!

clears the 
strong CP problem 

like my favorite soap 



and a new particle is born ... the axion
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and a new scale sets the game, fa
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generated by QCD!

- kinetic term for     requires a new energy scale, ✓
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Axion couplings at low energy

- From    -term, axion mixes with eta’ and the rest of mesons✓
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     The lighter the more 
weakly interacting

hadrons, Photons

Leptons (in some models)

Axion couplings at low energy



Axion Landscape

Reactors
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models
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Axion-like particles (ALPs)

stringy axions
- Im parts of moduli fields (control sizes)

- O(100) candidates in compactification

- “decay constant” ,  string scale

- masses from non-perturbative effects

Ms

pseudo Goldstone Bosons
- Global symmetry spontaneously broken

- massless Goldstone Boson @ Low Energy 
shift symmetry

✓(x) ! ✓(x) + ↵

- small symmetry breaking               small mass

- HE decay constant,  

�(x) = ⇢(x)ei✓(x)

Lkin =
1

2
(@µ✓)(@

µ✓)f2

f = h⇢i

- Couplings,                 ,  MASS                               , different relation than QCD axions/ 1/f ⇠ ⇤2
breaking/f



Axion, ALP parameter space

- Coupling vs Mass, QCD axions in a band
- Important example: photon coupling
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Dark Matters



- axion field relaxes to minimum & oscillates (DARK MATTER!), damping due to expansion of the Universe

Axions and dark matter
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Two scenarios
- Consider axion as a Goldstone boson: exists only below spontaneous symmetry breaking (PQ symmetry)

- PQ breaking after inflation - PQ breaking before inflation

High T phase
PQ symmetry restored
no axion

Low T phase
PQ symmetry spontaneous broken 
axion = Goldstone boson (angle)
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our Universe

One misalignment angle singled out

PQ Before inflation, one patch stretched to be our Universe



Obs. DM density

Scenario A
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Axion dark matter

- The amount of axion DM produced depends on fa



Momentum distribution

dn

dp
vacuum misalignment/ strings  (Cold Dark Matter) 

Thermal population (HOT DM or DR)

p ⇠ H p ⇠ T



- Axion DM scenarios

Excluded (too much DM) ok sub Excluded

What value of       for                              ?    
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Dark Matter
huge parameter space!
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Most important constraints
- PQ breaking after inflation
-> DM inhomogeneous, Axion miniclusters

- PQ breaking before inflation
* Axion fluctuations during inflation -> CMB isocurvature
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Microlensing

Mass ~ M ⇠ 10�12M�
Merging to heavier masses?

DM minicluster fraction <0.1
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- Planck sees no Isocurvature fluctuations, strong limit!

Depends on Hubble rate 
during inflation ... 

- If        is measured by next generation CMB Polarisation
  axion DM is excluded (avoided in some models)
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Detecting Axion Dark matter

⇢aDM = 0.3
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Local Dark Matter density
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Cavities Mirrors LC-circuit

Spin precession Atomic transitions Optical



CASPER: Cosmic Axion Spin Precession exPERiment
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Graham 2012



CASPER : Spin precession
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Static EDM, effects cancel in a period
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Oscillating EDM, effects add up, 
transverse magnetisation grows 
if ma = ! = µ| ~B
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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 2016, Phase II physics results
- Mass range limited by B-field strength

Mainz, Berkeley



Future sensitivity
Mainz, Berkeley
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In the big picture

osc. EDM
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- Axion DM,                         , in a B-field is a source in Maxwell’s eq. 
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 DM Axion Photon conversion

In a constant B-field ... ADM 
generates an oscillating E-field 
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Radiation from a magnetised mirror

E(t) =
c�↵✓0B
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In a magnetised medium

E|| = 0
Boundary conditions!



Radiation from a magnetised mirror

E|| = 0
Boundary conditions! Emitted EM-wave
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Radiation from a magnetised mirror : Power

Emitted EM-wave
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spherical reflecting dish

Dish antenna experiment?
The Ea-field excites surface electrons coherently
EM radiation from a reflecting surface
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Waves interfere constructively and resonate

Signal if tuned

ma = !res

P ! P ⇥Q

- Slow scan over frequencies
- Dominated by thermal+preamp noise

Cavity experiments

- Haloscope (Sikivie 83) 
  “Amplify resonantly the EM field in a cavity”



Cavity experiments
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Signal power in cavity experiments (haloscopes)

Combine MW equations into an oscillator

Expand in eigenmodes of the cavity satisfy (with appropriate boundary conditions)

Equation for the amplitude of one mode

Forced oscillator solution

damping (energy loss by walls and pick up signal) damping (energy loss by walls and pick up signal)

geometric factor ... 
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Off-resonance

On resonance
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but needs tuning!

Power extracted from cavity on resonance P ⇠ �

ma
E2 ⇠ Q|Ea|2

But we do not know axion mass ... need to tune cavity and do different experiments

ma

Scanning over frequencies moving metalic rods (ADMX)

frequency

cavity amplification

signal



Cavity experiments
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(on resonance)

- Haloscope 

- Signal/noise in        of time, t,�⌫a
S

N
=

P
out

P
noise

p
�⌫at

- Signal (V / m�3
a ) P

out

/ V ma ⇠ 1

m2

a

- Noise P
noise

= T
sys

�⌫a / m2

a

- Scanning rate

P ⇠ Q|Ea|2(V ma)G

- Naive ADMX scaling (e.g. an ADMX every octave)

1

ma

d�ma

dt
/

C4
A�

m7
a

Problem at high mass



Conclusions : a developing picture

osc. EDM

CAPP

ADMX



Large freq ... Area vs volume

P ⇠ Q|Ea|2(V ma)G

P ⇠ |Ea|2A

Q ⇠ 104 ⇠ Am2
acomparable if



Mixed scheme?

If we could add the power emitted by many mirrors...



Radiation from a dielectric interface ...

Boundary conditions!
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Radiation from a dielectric interface ...

Emitted EM-wave
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Many dielectrics : MADMAX at MPP Munich

Emitted EM-waves from each interface

+ internal reflections ......

- Emission has large spatial coherence; adjusting plate separation -> coherence
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- Work in progress at Max Planck Institute fur Physik (Conceptual design)



MADMAX (2022?)



MADMAX current setup



MADMAX receiver system



Conclusions : a developing picture

osc. EDM

MADMAX
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Bounds and hints from astrophysics

Tip of the Red Giant branch (M5)

- Axions emitted from stellar cores accelerate stellar evolution
- Too much cooling is strongly excluded (obs. vs. simulations)
- Some systems improve with additional axion cooling!

White dwarf luminosity function

HB stars in globular clusters

Neutron Star CAS A



Axion Landscape
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Detecting Solar Axions : Helioscopes



Flux of Solar axions/ALPs well understood

From axion 2-Photon coupling 

From axion-Electron coupling
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- couplings safe below exclusion bounds
- values typical of meV-mass axions 
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The Sun is a copious emitter of axions! convert into X-rays

Detection with Helioscopes 

focus detect
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CAST Helioscope

CAST (LHC dipole 9.3 m, 9T)
Photon coupling

Electron(production) photon (detection)
- 1~2 h tracking/day (sunset,dawn)
- 3 Detectors (2 bores)

CCD, Micromegas
- X-ray optics

PhaseI

PhaseII

PhaseI



The future : International Axion observatory (IAXO)

-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) 

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

Transverse B-field (peak 5T, average 2.5T)
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the ANY-Light-Particle-Search

Light shining through walls

Resonant regeneration in the receiving cavity (see later)



Axion/ALP  Landscape
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Long-range forces

Long-range forces between macroscopic bodies

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

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

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

Wilzcek ’84, Geraci 14

ARIADNE, University of Nevada in Reno



ARIADNE reach Arvanitaki, Geraci 14

meV 100µeV
meV 100µeV



Axion DM : A developing picture

osc. EDM

5th forces?
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