
üThis decade belongs to axion dark matter experiments!

The question to answer:

Are axions a significant part of the local dark matter?

Axion dark matter searches
Yannis K. Semertzidis, IBS/CAPP & KAIST



The Strong CP-problem, 
Axion parameters, 

Dark Matter
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Strong CP-problem and neutron EDM

The QCD Lagrangrian contains a theta-term violating 
both P-parity and T-time reversal symmetries. 

LQCD,θ =θ g 2

32π 2 Gµν
a !Gaµν



Strong CP-problem and neutron EDM
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Dimensional analysis (naïve) estimation of the neutron EDM:
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In simple terms:  the theory of strong interactions demands a 
large neutron EDM.  Experiments show it is at least ~9-10 orders 
of magnitude less!  WHY?

€ 

Exp.:  dn < 3 ×10−26e⋅ cm →θ <10−10

LQCD,θ =θ g 2

32π 2 Gµν
a !Gaµν



Strong CP-problem
� Peccei-Quinn: θQCD is a dynamical variable (1977), a(x)/fa.  It 

goes to zero naturally

The Pool-Table Analogy with Axion 
Physics, Pierre Sikivie
Physics Today 49(12), 22 (1996);
http://dx.doi.org/10.1063/1.881573
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Strong CP-problem
� Peccei-Quinn: θQCD is a dynamical variable (1977), a(x)/fa.  It 

goes to zero naturally

� Wilczek and Weinberg: axion particle (1977)

� J.E. Kim: Hadronic axions (1979)

� Axions: pseudoscalars,

light cousins of neutral pions

€ 

ma ≈ 6 ×10−6  eV 1012  GeV
fa



Axion parameters range

G. Raffelt, Space Science 
Reviews 100: 153-158, 2002



Axion coupling vs. axion mass
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Axions here solve the
Strong CP-problem

ALPs:
Axion
Like
Particles



Axion Dark matter
� Dark matter: 0.3-0.5 GeV/cm3

� Axions in the 1-300µeV range: 1012-1014/cm3, classical 
system.

� Lifetime ~7×1044s (100µeV / ma)5

� Cold Dark Matter (v/c~10-3), Kinetic energy ~10-6ma, 
very narrow line in spectrum.



Axion Dark matter

� Velocity range: <10-3c (bound in galaxies)

� Mass range: >10-22eV (size of galaxies)

� Coherence length (De Broglie wavelength):

lDB ≈1m × 1meV
ma

⎛

⎝⎜
⎞

⎠⎟



Axion Couplings

� Gauge fields: 
� Electromagnetic fields
�

� Gluon Fields (Oscillating EDM,…)

� Fermions (coupling with axion field gradient, 
pseudomagnetic field)

Lint = −
gaγγ
4
aF µν !Fµν = gaγγ a

!
E ⋅
!
B

Lint =
a
fa
Gµν
!Gµν

Lint =
∂µa
fa

Ψ fγ
µγ 5Ψ f



Major Axion activities
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IBS/CAPP

DESY

Florida

CAST
HAYSTACADMX

UWA



>>100 participants, 12th Patras Workshop on AXIONs, WIMPs, and WISPs, 
Jeju Island/Korea, 20-24 June, 2016.



>>100 participants, 13th Patras Workshop on AXIONs, WIMPs, and WISPs, 
Thessaloniki, Greece, 15-19 May, 2017.



>150 participants, 14th Patras Workshop on AXIONs, WIMPs, and WISPs, 
DESY/Hamburg, Germany, 18-22 June, 2018.



Major activities
� ADMX (UW, microwave cavity)

� HAYSTAC (Yale, microwave cavity)

� IBS/CAPP (CULTASK, multiple microwave cavities)

� ORGAN (UWA, high frequency)

� KLASH (KLOE magnet in Frascati, microwave cavity) 

� MADMAX (DESY, dielectric interfaces)

� ALPs (DESY, coupled FP resonators)

� CAST-CAPP (CERN, rectangular cavities-TE modes)

� ABRACADABRA (MIT, toroidal)

� Dark Matter RADIO (Looking for collaborators w/ large 
magnet…) 16



Major activities

� CASPEr electric (Boston Univ.)

� CASPEr axion-wind (MAINZ)

� Oscillating neutron-EDM (PSI)

� Axion-EDM (JEDI at Juelich)
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Major activities

� GNOME (Axion domain walls, stars; International 
network)

� ARIADNE (Axion-mediated long-range forces; No 
dark matter needed)
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Axion detection method
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Nice overview: Irastorza, Redondo 1801.08127v2



Figure of merit in various experiments
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R. Battesti et al., Phys. Rep. (2018)



Measure nothing but frequency!
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Axion (Higgslet) dark matter: Imprint on 
the vacuum since soon after the Big-Bang!

Animation by Kristian Themann22



Animation by Kristian Themann
J. Hong, J.E. Kim, S. Nam, YkS
hep-ph: 1403.157623

Axion dark matter is partially converted to 
a very weak flickering Electric (E) field in 

the presence of a strong magnetic field (B).

DC magnetic field: 
Mixing electric field with axion field



P. Sikivie’s method: Axions convert into 
microwave photons in the presence of a 
DC magnetic field (Primakov effect)
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Need to tune the cavity over a vast 
frequency range
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The conversion power on resonance
a g  ®  
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If you don’t know the axion mass 
need to tune

Scanning rate:

T = TN +Tph
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SQUID Amplifier Noise (ADMX)

10-26 W



Axion dark matter search
� The axion mass is unknown, like any number in a phone book.  

The way we look for it:

• Once it’s discovered, anyone will be able to dial 
in… and talk to it.



Figure 2

The first-generation axion-dark-matter experiment 
Rochester Brookhaven Fermilab, at BNL – 1980’s

W. Wuensch et al., Phys. Rev. 
D40 (1989) 3153

First PhD Thesis
Joe Rogers
(1957-2004)



RBF axion dark matter search
� The RBF-dark matter axion group, circa 1990

� Support from BNL

� Questions often asked: existence of DM and axions!



Axion dark detection mechanism
� Sikivie invented a method to detect the “invisible” 

axions utilizing the inverse Primakoff effect









ADMX, longest in the game

Particle Physics at DESY  |  Patras Workshop  |  18 June 2018  |  J. Mnich



The ADMX-dark matter axion group, 2012

Axion Dark Matter eXperiment



ADMX results

Particle Physics at DESY  |  Patras Workshop  |  18 June 2018  |  J. Mnich



The full ADMX receiver



Axion Dark Matter eXperiment

� Cryogenics (0.1K)

� Superconducting magnet 
(>7.5 T)

� Large volume cavity (140l)

� Low noise amplifiers
� From 12K to 1K
� Currently SQUID and JPA 

(<1K)





ADMX results

Particle Physics at DESY  |  Patras Workshop  |  18 June 2018  |  J. Mnich



ADMX results

Particle Physics at DESY  |  Patras Workshop  |  18 June 2018  |  J. Mnich



IBS/CAPP at Munji Campus, KAIST, January 2017.



Woohyun Chung’s slide



Woohyun Chung’s slide



CAPP’s base plan
� Microwave cavities 0.7-20 GHz, using 25T/10cm and 12T/32cm 

magnets

� Combine the two magnets to obtain 37T

� Phase-lock two or more axion dark matter exps.

� Open resonators R&D for higher frequency

� GNOME

� Wide band axion-mass network…



CAPP’s base plan
� Delivery of 25T/10cm and 12T/32cm magnets in 2020 (funding 

limited).

� In the meantime, we are getting ready for it:
� Quantum noise limited SQUID-amplifiers
� Cryo-expertise, reach lowest physical temperature (down to 

<50mK)
� Demonstrate efficient high-frequency, high-volume operation
� Efficient DAQ
� Prepare systems for large magnets



Potential shown based on single cavities
Possible to extend to >10GHz





Haloscope axion searches
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FOM = B4V2Q/T2



Haloscopes using spins!
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Resonance:

Nuclear Magnetic Resonance (NMR)
Dima Budker, CASPEr
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SQUID
pickup
loop

Larmor frequency = axion mass � resonant enhancement

CASPEr

axion “wind”
OR

SQUID measures resulting transverse magnetization

Example materials: liquid 129Xe, ferroelectric PbTiO3

Dima Budker



The experimental reach of CASPEr
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GUT scalePlanck 
scale

phase II:
• optically enhanced spin polarization
• 5 cm sample size,
• 14T magnet, homogeneity 100 ppm
• tuned SQUID circuit?

CASPEr-now at BU:
• thermal spin polarization,
• 0.5 cm sample size,
• 9T magnet, homogeneity 1000 ppm
• broadband SQUID detection

phase III:
• hyperpolarization by optical pumping
• 10 cm sample size,
• 14T magnet, homogeneity 10 ppm
• tuned SQUID circuit?

[Phys. Rev. X 4, 021030 (2014)]

Slide by Alex Suskov (adapted)

Dima Budker



Solar Axions
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R. Battesti et al., Phys. Rep. (2018)



Solar axion spectrum
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1801.08127v2



Solar Axions
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FOM = B2l2A = B2Vl1801.08127v2



Solar Axions
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CAST: LHC prototype 
magnet



Solar Axions
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Future IAXO
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CAST and planned axion 
Helioscopes



ALPS
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For sufficiently small 
axion mass



Light shining through walls

Particle Physics at DESY  |  Patras Workshop  |  18 June 2018  |  J. Mnich

Irastorza, Redondo 1801.08127v2



ALPS II at DESY, Start data taking 2020
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ALPS
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1801.08127v2



Axion dark matter: open resonators, 
MADMAX
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1801.08127v2

Dielectrics for high frequency-short wavelength
Dielectrics to 
suppress negative
E-field

Reverse direction 
of B-field



MADMAX: Physics at the 
interface

MADMAX – search for dark matter axions

Particle Physics at DESY  |  Patras Workshop  |  18 June 2018  |  J. Mnich

MADMAX (dark matter)
• Site in HERA hall north being prepared
• Magnet studies by Bilfinger-Noell and

CEA Saclay, aim for magnet decision in 
late 2018

MADMAX collaboration
• Founded at DESY in 2017



Mixing of axion with photon in extrenal B-field
à Sources oscillating E-field
At surfaces with transition of ε: Discontinuity of E-field
à Emission of photons 

D. Horns, J. Jaeckel, A. 
Lindner, A. Lobanov, J. 
Redondo and A. Ringwald
JCAP 1304 (2013) 016 
[arXiv:1212.2970].

Experimental approaches: Effect of Dielectric
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B. Majorovits



Axion dark matter: MADMAX
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1801.08127v2



MAgnetized Disc and Mirror Axion eXperiment

Mirror

Parabolic
Mirror

10 T dipole
magnet

Horn 
antenna

(+ receiver)

80 adjustable
dielectric
discs
⊘:	~1m

Separate 
cryogenic
volume

~2m
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Actively planned axion exps.
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Irastorza, Redondo 1801.08127v2
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Optical range
with photonic crystals

J. Huang, Perimeter Institute
1803.11455



Summary
• Axion-dark-matter efforts are becoming very exciting

• A discovery can be announced at any moment (depending on the 
frequency number!)

• Within the next five to ten years we may very well know 
whether axions are 100% of the dark matter… 
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Extra Slides
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Projected, preliminary

De Broglie wavelength >1km, whole ring within axion-field coherence



The right machine for the resonance method!
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A new road to axion dark matter detection?

Béla Majorovits (MPI für Physik)
for the collaboration

Ø Axions and ALPs as DM candidates
Ø The axion detection method
Ø Dielectric haloscope
Ø MADMAX status and plans



Collaboration forming at DESY, Hamburg

8 Institutes from France, 
Germany, Spain

Site: DESY Hamburg, 
hall north 
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David Tanner

Particle Physics at DESY  |  Patras Workshop  |  18 June 2018  |  J. Mnich



David Tanner

Particle Physics at DESY  |  Patras Workshop  |  18 June 2018  |  J. Mnich



KLASH
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Superconducting materials
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Superconducting materials
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Superconducting materials
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18 T no insulation magnet

1st coil 
for 25 T magnet

1/28

44 double pancake coils

B2V=0.6T2m3

B2V=1.7T2m3



Axion mass target and technique
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Microwave cavities

Open 
resonators

Monopole-Dipole 
Interactions, No dark 
matter assumed 
(ARIADNE)



CASPEr-Electric, CASPEr-Wind
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1801.08127v2



Daniel Grin, Patras2018 workshop
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