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Strong CP-Problem 
•  Axion dark matter search:  

•  State of the art axion dark matter experiment in 
Korea.  State of the art axion search. 

•  Collaborate with ADMX, CAST… 
•  Proton Electric Dipole Moment Experiment 

•  Storage ring Proton EDM (probe NP ~103 TeV) 
•  Muon g-2, COMET, etc. 
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Strong CP-problem and neutron EDM 

dn θ( ) ≈ −dp θ( ) ≈ 3.6×10−16θ  e ⋅cm

→θ ≤10−10

Order of magnitude estimation of the neutron EDM: 

dn θ( ) ~θ e
mn

m*
ΛQCD

~θ ⋅ 6×10−17( )e ⋅cm,   m* =
mumd
mu +md

M. Pospelov, 
A. Ritz, Ann. Phys. 
318 (2005) 119. 
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Why is theta so small? à PQ symmetry 

Experiment: dn < 3.6×10−26e ⋅cm



Strong CP-problem 
•  Peccei-Quinn: θQCD is a dynamical variable 

(1977), a(x)/fa.  It roles to zero naturally 
•  Wilczek and Weinberg: axion particle (1977) 
•  J.E. Kim: Hadronic axions (1979) 

•  Axions: pseudoscalars, 
   light cousins of pions 

 

€ 

ma ≈ 6 ×10−6  eV 1012  GeV
fa



Named by Frank Wilczek (Nobel 
Prize) as axions “cleaned up” 



Strong CP-problem: level of 
pool table to <1 nrad! 

•  Pool table is too carefully aligned! 
 

The Pool-Table Analogy with Axion  
Physics, Pierre Sikivie 
Physics Today 49(12), 22 (1996); 
http://dx.doi.org/10.1063/1.881573 



Peccei-Quinn solution of Strong 
CP-problem 

•  Dynamic alignment mechanism! 
 



Peccei-Quinn solution of Strong 
CP-problem 

•  Axions: oscillation of the system.  Frequency of 
oscillation is the axion mass. 

 



Axion coupling to ordinary matter 

•  Couple to hadrons 
(hadronic axions) 

•  Electrons (leptonic) 
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τ a→γγ( ) =1049s fa
1012GeV
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gaγγ = 1.3 ×10−15  GeV−1( ) ma

10−5  eV



Axions decay to two 
photons with very 
long lifetime.  In a 
strong Electric or 

Magnetic field they 
can convert to one 

photon.   
Two photons can 

also produce 
AXIONS, which can 

escape the sun 
easier than photons. 



Stars: producing huge amounts of 
radiation 

The epitome  
of dynamic  
equilibrium 



The sun shines!  Photons take: 

Sun à earth (150 million km): 8 minutes 
 
Sun’s center à sun’s surface (0.7 million km):   
10 million years! Radiation pressure… 
 
Hence: the photons keep the sun alive!! 
Otherwise it would crash in its own weight fast 
 
Dynamic equilibrium, lasts ~10 billion years, 
unless too many axions are produced and stream 
out… 



Prof. Jihn Kim: “Invisible” Axions, 1989 
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CAST: CERN Axion Solar Telescope 



Axions are a leading Dark Matter Candidate 
with a worldwide Experimental Effort 



Dark Matter 
•  Gravitational law applied to the planets: 



Dark matter: the great mystery 
•  Our solar system moves with velocity: 220 km/s   

~0.1% of speed of light! 



Our position in our galaxy 

It takes ~250 
million years for 
one turn around 
our galaxy: 4.5 
Billion years 
means 4.5 Billion/
0.250 = 18, i.e. we 
are all 18 
(Galactic) years 
old! 



Dark Matter 

•  First pointed out by Fritz Zwicky 
(1932) after studying the 
velocities of distant galaxies.  
He wasn’t taken seriously… 





Dark Matter smoking gun 

•  Two galaxies colliding  
•  The regular matter (red) interacts, i.e., collides 

(friction) with each other 
•  The dark matter (blue) moves unaffected… 



•  Two galaxies colliding  
•  The regular matter (red) interacts, i.e., collides 

(friction) with each other 
•  The dark matter (blue) moves unaffected… 

Dark Matter smoking gun 



We Have Discovered Dark Matter 

…but what is it? 



Cosmological inventory 



Dark 
matter 

candidates 





Dark Matter Candidates 

Science, Vol 342, 1 Nov. 2013 



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

•  Axions in the 1-300µeV range: 1012-1014/cm3 

•  Lifetime ~7×1044s (100µeV / ma)5 

•  They condense, kinetic energy ~10-6ma 
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 ALPS / DESY  

CAST  

à ADMX 

“Invisible” axions, excellent  
dark matter candidates 



http://capp.ibs.re.kr/html/capp_en/ 
 

 

Center for Axion and Precision Physics (CAPP) 

30 



 
 

 

CM9: Muon g-2/EDM open collaboration meeting 
and Pre-school  

31 
Photo by Jenny Mikesell   



Axion (Higgslet) dark matter: Imprint on the 
vacuum since soon after the Big-Bang! 

Animation by Kristian Themann 33 



Axions, the CAPP plan 

•  Axion dark matter in the mass range ~1µeV to 
100µeV.  Plan to either detect or exclude 
axions down to 10% of dark matter. 

•  Axion long-range interactions (no dark matter 
requirement), up to ~1meV axion mass. 

32 

ma ≈ 6µeV ⋅ 1012 GeV
fa

#

$
%

&

'
(;  

gaγγ =
αgγ
π fa

;  gγ = 0.97 (KSVZ) or -0.36 (DFSZ) B
!"
0

γa 

X 



Animation by Kristian Themann 
J. Hong, J.E. Kim, S. Nam, YkS 
hep-ph: 1403.1576 
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Axion dark matter is partially converted to a 
very weak flickering Electric (E) field in the 

presence of a strong magnetic field (B). 



P. Sikivie’s method: Axions convert into 
microwave photons in the presence of a 
DC magnetic field (Primakov effect) 
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The conversion power on resonance 
a γ  →  

2
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The axion to photon conversion power is 
very small, a great challenge to 
experimentalists.  
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SQUID Amplifier Noise (ADMX) 

10-26 W 
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Frequency scanning rate 
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What’s there to improve over ADMX? 

•  B2, Q, Ampl. noise/physical temperature, 
volume V. 

•  Magnetic field B:  
– Develop 25T magnet. 

– 35T magnet based on high Tc. 

39 



(CAPP) Axion dark matter plan 

•  We have started an R&D program with BNL for 
new magnets: goal 25T; then 35T.  Currently all 
axion experiments are using <10T. 

•  Based on high Tc cables (including SuNAM, a 
Korean high Tc cable company).  ~5 year 
program. 
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Under development by CAPP 

•  High B-field magnets (started prototype with 
BNL): 

– 25 T, 10cm bore, two to three years from now 

– 35 T, 10cm bore, four to five years from now 
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R. Gupta, BNL 



Magnet Development 
SuNAM cable 

Already signed an agreement for a prototype magnet  
development between CAPP/IBS and BNL.  Duration 1 year. 
Goal: Determine the cable for the final design.  
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Magnet Development 
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Under development by CAPP 

•  Multiple cavities in-phase (tried by ADMX in 
90’s) 

– Using cryo-piezo actuators for large volume, large 
B-field 

– Dr. Youn Sung Woo has received an IBS Young-
Scientist award with CAPP to develop this system  

– Program duration five years. 
46 



CAPP: High quality factor cavities 
 
•  We have started an R&D program to achieve 

large Q in the presence of large B-fields. 

•   Presently: Q~105 for copper cavities. axion Qa: 
~1.5x106 

•  CAPP goal: Q: ~107, potential gain factor: 15.  
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Under development by ADMX 
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Under development by CAPP 
•  High quality factor with SC walls including top/

bottom plates 
– Acquiring the equipment to develop SC cavities 
– Program length two to three years from now 
 

•  Toroidal shape cavity 
– Large volume 
– B-field tangential to cavity walls (<1 mrad) 
– 10-year program 
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CAPP:	  Proposal	  of	  Cryogenic	  STM	  Research	  Group	  
(Jhinhwan	  Lee/KAIST	  and	  CAPP)	  

Enhancement	  of	  the	  High	  Tc	  Superconductors	  by	  Novel	  Vortex	  Engineering	

Lorentz Microscopy 
Visualization of Distributed 
Vortices on BSCCO 	

Special Anodized Alumina 
Masks are to be used 
for Ion Implantation	

Our Idea: Each Ion Implantation Site 
Designed to Hold Multiple Vortices  
for High Field Applications	

50 



CAPP: Toroidal shape cavities 
   Large volume for low frequencies (e.g., 

Tokamaks).  Critical issue is temperature.    
Opportunity for large collaborations. 

Electric field simulation of a TM010 mode in a toroidal cavity, 
Lino Miceli, et al. 
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KSTAR Tokamac in Korea 
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KSTAR specs 

•  Major radius: 1.8m 
•  Minor radius:  0.5m 
•  B-field: 3.5T 
•  Field alignment: 0.1mrad 

•  Ideal! 
•  Too busy with ~100 proposals/year 
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Toroidal magnet 
•  Effective use of B2V 
•  Large volume 
•  Super-conducting cavity walls 
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R. Gupta 



Toroidal magnet 

•  Major radius R0:    2m 
•  Minor radius r0:   0.5m 
•  Volume:            9900L 
•  Central B-field:       5T 
•  Cavity loaded Q:   107 
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Where else are they used? 

56 



CAPP: SQUID amplifiers 
Five year contract with KRISS:  

Korea Research Institute of Standards and Science 

We have started a development program with 
KRISS to provide us with (near) quantum noise 
limited SQUID amplifiers in the 1-20 GHz range.  
Evaluate method for higher frequency. 57 



SQUID 
amplifiers 

58 



SQUID amplifiers from KRISS 

Physical temperature: aiming for 30mK. Quantum 
noise limit: 50mK at 1GHz, proportional to 
frequency… 59 

For f>5GHz, sub-micron 
resolution is required! 



Next, at 
CAPP/KAIST: 
The coldest 

(<50mK) axion 
dark matter 
experiment. 

Freq. range:   
4 – 5 GHz 
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f0 

0.85f0 

1.15f0 
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CAPP: Collaboration opportunity 
•  Depending on Temperature (black body 

radiation), single photon detectors, e.g. 
Rydberg atom system, are better than SQUIDS! 
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1 GHz 

2 GHz 

5 GHz 

Integration time: 100s 10 GHz 
15 GHz 

20 GHz 



ADMX goals and CAPP plan 

Current  
plan,  
low T 

B-field 

High-Q 

B-field 
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ADMX measures the full energy (rest mass + kinetic) of the axion signal.  
 This has important consequences, i.e. diurnal & sidereal modulation  

Galactic rest frame 

December 

June 

Annual Modulation Daily Modulation 

M.S. Turner 
PRD (1990) 

(K. Van Bibber) 
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Cryo Development plan 
(Yonuk Chong, KRISS) 
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Axion exp. development plan 
2014 2015 2016 2017 2018 

Magnet Prototype, testing of 
cable characteristics. 

25T, 10cm  
inner bore 
design 

Work on 
35T, 10cm 
inner bore 
construction 

Magnet 
delivery of 
35T, 10cm 
bore 

Lab space Temporary building. 
Design of new build. 

Constr. of new building 
 

Delivery of 
new building 

Axion dark 
matter 

Proc. 
Equipment 
Study res. 
geom.  

Development of high Q 
resonators  

Production of high-Q 
resonators 

Electronics, 
amplifiers 

Establ. 
Collabor. 
w/ KRISS 

Design for 1-10GHz 
Obtain JPAs, test. 
Develop higher freq. 
ampl. 

Ampl. deliveries from KRISS 

Axion cavity 
Exp. 

Design of exp., procure 
a low field magnet 

Experimental setup. First 
test run. 

Swap 
magnets 66 



Axion mediated long range forces 

67 

A. Arvanitaki, A. A. Geraci, arXiv:1403:1290 

Yun-chang Shin at CAPP 



Axion mediated long range forces 
6µeV 60µeV 600µeV 6meV 

Current nEDM 
limit 

EW CPV phase, ϑ~10-16 
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Axion mediated long range forces 
6µeV 60µeV 600µeV 6meV 
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The Storage Ring Proton EDM experiment at 10-29e�cm 
 

Proton EDM 

•  We are in systems development phase for    
10-29 e�cm. 

•  Projected final sensitivity of method: 10-30 e�cm 

•  Improvement on ϑ by more than four orders of 
magnitude 70 



Axion mediated long range forces 
6µeV 60µeV 600µeV 6meV 

Current nEDM 
limit 

EW CPV phase, ϑ~10-16 

pEDM final sensitivity 
              at 10-30e-cm. 
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Summary 
•  Major R&D effort on axion dark matter: 
•  Higher B-field: 25 T and then 35 T 
•  Higher Q-value with B-field present (factor of 

>10 improvement) 
•  Toroidal cavity geometry: Large gain (volume) 
•  Open resonators, for high frequencies 
•  Detect axions in the 1-100µeV even at 10% DM 

by 2018-2020. 
•  Monopole-dipole forces sensitive to large range 

of axion masses well into meV.  No dark-matter 
needed. 72 


