
Weighing the vacuum using: 

• High-field, high volume magnets; microwave cavities
• Low temperature (<50mK)
• High quality resonators, and 
• Quantum-noise-limited RF amplifiers.
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Axion dark matter search



Axion Dark Matter:
a Cosmic MASER
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“Field” Dark Matter
DM at long deBroglie wavelength 

useful to picture as a “coherent” field:

signal frequency = DM mass = m

⇠ mv2spread by DM kinetic energy

galactic virial velocity                   ➜ line widthv ⇠ 10�3 ⇠ 10�6m

➜ coherence time,                periodsQ ⇠ 106

particle DM

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

⎛

⎝⎜
⎞
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Axion Couplings
� Gauge fields: 

� Electromagnetic fields (cavities)

�

� Gluon Fields (Oscillating EDM; storage ring EDM)

� Fermions (coupling with axion field gradient, 
pseudomagnetic field, ARIADNE; GNOME)

Lint = −
gaγγ
4
aF µν !Fµν = gaγγ a

!
E ⋅
!
B

Lint =
a
fa
Gµν
!Gµν
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∂µa
fa
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CAPP’s magnets

� Establish a facility to take immediate advantage of currently 
available technology
� HTS and 
� LTS (NbTi, and Nb3Sn) magnets

� NI-HTS, 18T, 70mm diam. Delivered Summer 2017 

� NI-HTS, 25T, 100mm diam. (funding limited). On hold.

� LTS (Nb3Sn), 12T, 320mm diam. Delivered and commissioned 
in 2020. Currently operational.
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CAPP’s plan

� High-frequency, high-efficiency microwave (pizza) cavities

� Low temperature, high quality resonators à Superconducting 
cavities (currently, Q near 1M)

� Quantum-noise limited RF-amplifiers (currently, JPAs near 
quantum noise level)

� Single photon RF-detectors (>8GHz), plan. 
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International collaborations

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

� ARIADNE (Axion-mediated long-range forces; No 
dark matter needed. Probes high-mass axions.)

� Storage ring EDM for direct low mass axion-like exps., 
probing of theta_QCD with high-sensitivity
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CAPP’s International activities status

� GNOME (axion stars, domain walls,…). CAPP is operational 
and reporting.

� ARIADNE (axion mediated long-range monopole-dipole 
interactions).  Funded by NSF, great technical progress.

� Storage ring proton electric dipole moment experiment (pEDM) 
Part of Snowmass process.
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EXP

BF3 & BF4 for 
testing RF, QA and 
cavities

CAPP-MC

CAPP-PACE

CAPP-8TB

CAPP-12TB 
and
CAPP-25T

Woohyun Chung’s slide 9



Liquid helium type superconducting magnet system at CAPP

Yannis K. Semertzidis, IBS & KAIST
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Figure 6.  Recent picture of the LTS-12T/320mm magnet in its final form at the Oxford Instruments 

laboratory. Its total energy content is 5.652 MJ, a powerful magnet that requires respect and caution 

when energized.  The system is to undergo its final tests before its scheduled shipment to IBS-CAPP 

by March 2020. 

LTS-12T/320mm 
from 

Oxfrod Instruments
� Based on Nb3Sn and NbTi

� Persistent mode switch

� Delivered and commissioned in 2020

� The dilution fridge, >1mW at 120mK

has been delivered and commissioned

� Low temp dil. fridge base 5.5mK

� Cavity: 37 liter cavity, <100mK



LTS-12T/320mm from Oxfrod 
Instruments

� Commissioned in 2020 delivering 12T max field (5.6MJ)



The CAPP-12TB, our 
flagship experiment

� Axion to photon conversion power at 1 GHz
� KSVZ: 4.3×10-22 W or ~650 photons/s generated
� DFSZ: 5.9×10-23 W or ~90photons/s generated

� With total system noise of 0.1K, Q=105
� KSVZ: 100GHz/year
� DFSZ: 2GHz/year

� With total system noise of 0.4K, Q=105
� KSVZ: 7GHz/year
� DFSZ: 0.15GHz/year

� With total system noise of 1.2K, Q=105
� KSVZ: 0.7GHz/year
� DFSZ: 0.015GHz/year



Short term goals (5 years)

� Prototype experiments running at KSVZ level 
sensitivity (currently two are running and two more 
are coming online soon)

� Flagship experiment at DFSZ level sensitivity with 
12T, 37 liter-cavity

� Next five years: 1-8 GHz at DFSZ level.

� Subsequently: probe axions in the 1-8 GHz for 10% of 
axions as dark matter with SC cavities, better noise.
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FIG. 4. The CAPP-PACE exclusion limit at 90% confidence level (Red area). Vacancy between the Rochester-Brookhaven-
Fermilab (RBF) results (mint color gamut) [13] is filled with this work. The inset shows this work along with other axion
searching results in the extended axion mass range [13–18, 44].

in the Fourier transformed spectrum and significantly
reduces the averaging e�ciency when the virialized
axion signal has a larger bandwidth than the bin size.
The overlapping methods can partially o↵set the loss in
e�ciency [37]. The SA uses a fixed overlapping ratio
of 50%, resulting in ⇠ 70% e�ciency compared to ideal
uniform windowed data [46].
The SNR target was set at 5� with 90% confidence

level for all runs. We had 81 candidates above 3.718 �
for the 9KSVZ runs, and none for the KSVZ run. Each
candidate was re-scanned for 30 minutes and none of
them survived. Fig. 4 shows the excluded axion mass
range of 10.7126-10.7186 µeV with close to KSVZ axion
coupling sensitivity and 10.16-11.37 µeV with 8-10 times
KSVZ coupling at 90% confidence when we assumed
a virialized axion line shape [25]. The faintly visible
gaps around 2.48 GHz are due to Bluetooth interference
during the experiment. The gaps in 2.5-2.6 GHz and
near 2.74 GHz, correspond to TE mode crossing.
We reported here the data establishing the first

high sensitivity limits around 10.7 µeV axions, which
has never been previously explored. In this pilot
experiment, an 8 T superconducting magnet was used
together with relatively small volume microwave cav-
ities. Nevertheless, the axion scanning sensitivity was
maintained at a high level by using a powerful dilution
refrigerator, stable and high quality factor microwave
cavities, a flawless frequency tuning system with low

heat generation, and a low-noise HEMT amplifier.
The cavity was successfully maintained near 40 mK
for all experimental runs, achieving the lowest physi-
cal temperature among all the axion experiments to date.
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[21] Çağlar Kutlu et al., to be submitted (2021).
[22] D. Kim et al., J. Cosmol. Astropart. Phys. 2020 (03),

066.
[23] J. I. Read, J. Phys. G 41, 063101 (2014).
[24] B. M. Brubaker, Ph.D. thesis, Yale University (2018),

https://arxiv.org/abs/1801.00835.
[25] M. S. Turner, Phys. Rev. D 42, 3572 (1990).
[26] R. H. Dicke, Rev. Sci. Instrum. 17, 268 (1946).
[27] H. T. Friis, Proceedings of the IRE 32, 419 (1944).
[28] For the case ⌫ = 2.6 GHz and Tcav = 40 mK, h⌫/2kB =

63 mK and Tphy = 68 mK.
[29] Bluefors Oy, https://bluefors.com, The described cooling

power is given by Bluefors after installation.
[30] The magnetic fringe field at the SC cable location is es-

timated to be less than 0.1 T.
[31] The cavity temperature was measured using a calibrated

RuO2 thermometer made by Lake Shore Cryotronics Inc.,
https://www.lakeshore.com.

[32] American Magnetics Inc.,
http://www.americanmagnetics.com.

[33] Low noise factory AB,
https://www.lownoisefactory.com.

[34] M. Le↵el and R. Daniel, Tech. Rep. (Rohde & Schwartz,
2011).

[35] Raditek Inc, https://raditek.com/raditek-circulator.
[36] The most commonly used cavity mode in axion haloscope

searches because it has the highest form factor.
[37] G. Heinzel, A. Rudiger, and R. Schilling, Tech. Rep.

(Max-Planck-Institut für Gravitationsphysik, 2002).
[38] The loss tangent of sapphire is less than 10�6 at cryogenic

temperatures [47].
[39] Attocube systems AG, https://www.attocube.com.
[40] B. M. Brubaker, L. Zhong, S. K. Lamoreaux, K. W.

Lehnert, and K. A. van Bibber, Phys. Rev. D 96, 123008
(2017).

[41] C. E. Shannon, Proceedings of the IEEE 86, 447 (1998).
[42] Rohde & Schwartz FSV 7 model, https://www.rohde-

schwarz.com.
[43] S. Lee, Journal of Physics: Conference Series 898, 032035

(2017).
[44] V. Anastassopoulos et al. (CAST Collaboration), Nature

Phys. 13, 584 (2017).
[45] R. W. Schafer, Tech. Rep. (HP Laboratories, 2010).
[46] Estimated using Monte-Carlo simulation.
[47] J. Krupka, K. Derzakowski, M. Tobar, J. Hartnett, and

R. G. Geyer, Meas. Sci. Technol. 10, 387 (1999).

O. Kwon et al., Phys. Rev. Lett. 126, 191802 PRL (2021)



Long term goals (~10 years)

� Single photon detector, 8-25 GHz with micr. cavities

� ARIADNE, could provide axion evidence for higher mass

� Storage ring EDM with 10-29e-cm sensitivity. Three orders 
of magnitude in theta_QCD improvement

� Storage ring EDM direct search for low mass axion-like 
experiments. 17



Summary
• Axion-dark-matter efforts are becoming interesting: High field 

magnets, High volume-high frequency sensitivity, quantum-
noise limited detectors, SC cavities,…

• We have accomplished all R&D goals. All efforts on data taking 
mode.

• Aiming for <10% axion dark matter sensitivity with a ten-year 
time-span, possibly shorter.

• 1-8 GHz (five years, 100% ADM) and 1-25 GHz (ten years, 
10%ADM)
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Axion coupling vs. axion mass

Axions here solve the
Strong CP-problem

ALPs:
Axion
Like
Particles

Yannis K. Semertzidis, IBS & KAIST
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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.

IPMU, table-top DM exps., Yannis K. Semertzidis, IBS & KAIST 22



Yes, with ARIADNE: 
Axion Resonant InterAction 

DetectioN Experiment

Can we experimentally check 
the axion physics?

and proton/neutron EDM!

Yannis K. Semertzidis, IBS & KAIST
23



Unique: probing axion physics
with ARIADNE and p/nEDM
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