
Axions, and the Strong CP-problem 
Yannis Semertzidis, CAPP/IBS and KAIST 

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, mu2e, etc. 
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http://www.ibs.re.kr/eng.do 
Young Scientist program: 5y program 
Senior Scientist program: 3y program 

Y. Semertzidis, CAPP/IBS, KAIST 

South Korea: New Institute with emphasis in basic science, $0.5B/year 



CAPP’s 
Model 





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

 

Center for Axion and Precision Physics (CAPP) 

5 
CAPP / IBS, October 2014 



CAPP / IBS, May 2015 



CAPP plan in circles 



CAPP/IBS axion plan 
•  Build strong collaborations 

– CULTASK (CAPP Ultra-Low-Temp. Axion Search in 
Korea) 

– ADMX-CAPP/IBS 
– CAST-CAPP/IBS 

•  Major sensitivity improvements 
– High field, high volume, high quality factor cavities 
– Toroidal geometry, large volume 
– Toroidal geometry, large B-field 

•  ARIADNE, GNOME 



CAPP/IBS axion improvement plan 

•  Major improvement elements: 
– High field solenoid magnets: B 
– High volume magnets/cavities: V 
– High quality factor of cavity: Q 
– Low noise amplifiers: TN 
– Low physical temperature: Tph 

 



CAPP research plan 

CULTASK 

CAST-CAPP/IBS 



Plans: Munji campus Bldg. (KAIST) 
Refurbish an existing building 
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Creation Hall 
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Creation Hall 
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Plans for lab-building 
3-storey bldg., w/ 7 pits, vibr. Isol., 

2-with Magnetic shielding 
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Harry Themann at CAPP 



Axions, Dark Matter 



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 

•  Narrow line, kinetic energy ~10-6ma 



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 ~10 meV axion mass. 
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Axions with High Field 
Solenoid Magnets 



(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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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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Axions, High Volume 



  

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. 



Axions, High Quality 
Q-Factor Cavity 



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 



  

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 



CAPP:	
  Proposal	
  of	
  Cryogenic	
  STM	
  Research	
  Group	
  
(Prof.	
  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	
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Axions with Toroids:  
High Volume, 

High Quality Factor Cavity 



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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Toroidal cavity 

Copper wall + 
copper ring 

Slide 3 Simulation by Doyu Lee 



Toroidal cavity 

Copper wall + 
dielectric ring 

Slide 5 



Axions with SQUIDS: 
Quantum Limited Noise 

Amplifiers 



CAPP: SQUID amplifiers 
Five year contract with KRISS:  

Korea Research Institute of Standards and Science 
(Yong-Ho Lee’s group) 

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. 37 



SQUID 
amplifiers 



SQUID amplifiers from KRISS 

Physical temperature: aiming for 30mK. Quantum 
noise limit: 50mK at 1GHz, proportional to 
frequency… 39 

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



CULTASK 
CAPP Ultra Low Temperature Axion 

Search in KOREA 



CULTASK: 
 

The coldest 
(<50mK) axion 

dark matter 
experiment. 

Freq.: ~6 GHz 

Woohyun Chung 



f0 

0.85f0 

1.15f0 



CAPP: CULTASK at KAIST 
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Axions, CAST-CAPP/IBS 



γ	



B
X
γvirtual 

Axions 

CAST: CERN Axion Solar Telescope 



Lino Miceli’s/CAPP: at the 
CAST-CAPP Axion DM proposal 
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Lino Miceli’s/CAPP: at the 
CAST-CAPP Axion DM proposal 
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Lino Miceli’s/CAPP: at the    CAST-
CAPP/IBS Axion DM proposal 
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Mode localization issues 



Axions: Timeline and Goals 



Cryo Development plan 
(Yonuk Chong, KRISS) 

50 



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: Lab 
design and preparation 
 

Occupation 
 

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 
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ADMX goals and CAPP plan 

Current  
plan,  
low T 

B-field 

High-Q 

B-field 
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Axions with ARIADNE: Axion 
Resonant InterAxion 
DetectioN Experiment 



Axion mediated long range forces 

54 

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

Yun-chang Shin, 
Dong Ok, Ph.D. Student 



Spin-dependent forces 

Monopole-Dipole axion exchange 
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Coupling constants 

effB⋅≡ µ

•  Different than ordinary B field 
•  Does not couple to angular momentum 
•  Unaffected by magnetic shielding 

A. Geraci 



Resonant enhancement method 

)cos(eff tBB ω⊥=

↑〉|

↓〉|
!

ext2 BN ⋅=
µ

ω

extBU ⋅= µ

Spin ½ 3He Nucleus 

Bloch Equations 

BM
dt
Md !!
!

×= γ

Time varying Axion Beff drives spin precession 
à produces transverse magnetization 

Oscillate the mass at  
Larmor frequency 

Amplitude is resonantly enhanced  
by Q factor ~ ωT2. 

extB

Can be detected with a SQUID 

Beff 

A. Geraci 



Experimental parameters 
11 segments 
100 Hz nuclear spin precession frequency 
2 x 1021 / cc 3He density 
10 mm x 3 mm x 150 µm volume 
Separation 200 µm 
Tungsten source mass (high nucleon density) 
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A. Geraci 



Total noise of (65) commercially available 
SQUID gradiometers at KRISS 
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From YongHo Lee’s group 



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

Current nEDM 
limit 

EW CPV phase, ϑ~10-16 



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



The Storage Ring Proton EDM experiment at 10-29e�cm 
 

Proton EDM 

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

•  Projected future sensitivity: <10-30 e�cm 

•  Improvement on ϑ by more than four orders of 
magnitude 61 



Yannis Semertzidis, CAPP/IBS, KAIST 

Storage ring proton EDM method:        
A revolution in statistics. 

E 

E E 

E 
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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. 



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 
•  Toroidal cavity geometry: Volume ~10,  

collaboration opportunities 

•  Detect axions in the 1-100µeV even at 10% DM 
•  Monopole-dipole forces sensitive to large range 

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

•  Proton EDM at 10-29-10-30 e�cm, ~4 orders in ϑ. 



Extra slides 
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