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Axion-like particles (ALPs)

pseudo Goldstone Bosons
- Global symmetry spontaneously broken

- massless Goldstone Boson @ Low Energy 
shift symmetry
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- small symmetry breaking               small mass

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

- O(100) candidates in compactification

- “decay constant” ,  string scale

- masses from non-perturbative effects

- HE decay constant,  Ms
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electron couplingphoton coupling

Low-energy effective action

- Shift symmetry allows some generic types of interactions

- SS breaking terms induce mass + new interactions (one example ... 
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4 hints

Strong CP problem /  PQ solution

Trostski 2017
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Hints and constraints (photon coupling example)
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Recipes for Axion hunters

Axion models to explain stellar cooling anomalies (White dwarf, Red Giant, GC’s, CAS A...)

Gianotti 1708.02111

- KSVZ model � = ⇢ei✓ y�Q̄LQR + h.c. electron coupling too small+ extra quark

http://arxiv.org/abs/arXiv:1708.02111
http://arxiv.org/abs/arXiv:1708.02111
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SMASH : “minimal model” of particle physics and cosmology 

- A/J model + non-minimal coupling of scalars to gravity + Higgs portal coupling

- New complex scalar:  - Inflation (mixed direction with Higgs, small non-minimal coupling -> unitarity ok!) 
- Reheating calculable (high TR)
- Cures Higgs potential instability (threshold stabilisation mechanism)
- Strong CP problem (with new Quark)
- RN Majorana masses -> seesaw
- Leptogenesis (slightly resonant)



SMASH : “minimal model” of particle physics and cosmology 

- A/J model + non-minimal coupling of scalars to gravity + Higgs portal coupling

- New complex scalar:  - Inflation (mixed direction with Higgs, small non-minimal coupling -> unitarity ok!) 
- Reheating calculable (high TR)
- Cures Higgs potential instability (threshold stabilisation mechanism)
- Strong CP problem (with new Quark)
- RN Majorana masses -> seesaw
- Leptogenesis (slightly resonant)

- Very clear predictions : CMB : r > 0.004 ns = 0.9645± 0.0015 �N e↵
⌫ ' 0.03

↵ ⇠ �7⇥ 10�4

Axion Dark Matter (scenario I: post inflation) :  ma ⇠ 100µeV , miniclusters
Neutrinos : majorana, typically M2 ⇠ M3 top mass : mt < 175GeV
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Direct Detection of ALPs



Experiments

OSQAR, CERN

IAXO, DESY?

ARIADNE, Reno

ADMX, Wash. U

ABRACADABRA, Yale

ADMX,-HF Yale CASPER, Mainz

ALPS-II, DESY

CAST, CERN

MADMAX

QUAX
QUAXgsgp

CAPP

ORGAN, UWA,Perth

BMV, Toulouse
PVLAS, Legnaro

ADMX+, Fermilab

DM Radio, Stanford

BRASS DESY

KLASH, LNF

TASTE, Troitsk



The Sun is a copious emitter of ALPs!

Helioscopes (search solar ALPs) Sikivie PRL 1983
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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)

Recent Ideas for a smaller intermediate version (baby IAXO and TASTE)
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the ANY-Light-Particle-Search

Light shining through walls

Resonant regeneration in the receiving cavity (see later)



ALPS IIc reach

Str
on

g C
P pr

ob
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

but much earlier than IAXO ... 



ALPS IIc reach

Str
on

g C
P pr

ob
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

but much earlier than IAXO ... 



ALPS IIc reach

Str
on

g C
P pr

ob
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

but much earlier than IAXO ... 



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



- wiggles in the vacuum (particles)
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Detecting Dark Matter



Obs. DM density

Scenario A
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Axion dark matter
- The amount of axion DM produced depends on      AND on the initial conditionsfa

After PQ phase transition, theta IC conditions 
no-correlation beyond causal horizon

average over initial conditions! -> prediction!
⇡fa

⇡fa

large fa, small acceleration, energy stored longer

V (a)

V (a)

but which one???   no prediction!

Inflation after PQ phase transition... 
one domain stretched beyond our horizon! 

✓I =?



Most important constraints
- PQ breaking after inflation
-> DM inhomogeneous, Axion miniclusters

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

DM
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~ 0.1 comoving pc 

Microlensing

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

DM minicluster fraction <0.1

Marsh 1707.03310 
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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)

HI

10�7M�?

HI

http://arxiv.org/abs/arXiv:1707.03310
http://arxiv.org/abs/arXiv:1707.03310
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Non-zero velocity in galaxy -> finite width
! ' ma(1 + v2/2 + ...)
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ma

Non-zero velocity in galaxy -> finite width
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Non-zero velocity in galaxy -> finite width
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Non-zero velocity in galaxy -> finite width
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Atomic transitions

Mirrors+ Cavities

LC-circuit

Spin precession

e-spin precession



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
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- Mainz (D. Budker’s group) & Berkeley
- B-field, coherence time, sensitivity to m < neV
- Mass range limited by B-field strength

Graham 2012
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B-field

Axion DM in a B-field
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B-field

Axion DM in a B-field

LI = �Ca�
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source

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

- Four different techniques: 

DM Radio Cavities Dielectric haloscope Dish antenna
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DM Radio
- Toroidal axion-induced E-field generates oscillating B-field along z
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ABRACADABRA (MIT)
10 cm, 1m , 4m ...

Sikivie PRL 112 (2014)
Chaudhuri PRD92 (2015)
Kahn PRL 117 (2016)



Resonant cavities: haloscopes

 P. Sikivie

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

Scanning over frequencies

P
out

⇠ Q|Ea|2V ma

B ⇠ 10T- B-fields 

- Temperature T ⇠ 0.2� 4K

- System T ~ Quantum limited (SQUID, JPA)

- Volume ⇠ 1/m3
a (typically a few liters)

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

- Cavity quality factor Q ⇠ 105
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Dish antenna

P/Area ⇠ |Ea|2 ⇠ 2⇥ 10�27
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◆2 Watt

1m2

- Detect radiated power from a huge (                       )   magnetised dishAm2
a � 106

- Broadband, no resonance enhancement; Only detector needs to be at T~mK (high reflectivity dish)
- Magnetise Area with permanent-magnets, photon counting?

FUNK experiment (KIT)
BRASS @ Hamburg



Dielectric haloscope : MADMAX
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- Hybrid system, large area + multiple emitters + a bit of resonant enhancement

MADMAX: MAgnetised Disk and Mirror Axion eXperiment: MPP Munich, Hamburg Uni, DESY, Saclay, Zaragoza U
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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!


