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Axion and Axion-like review
Yannis K. Semertzidis
IBS-CAPP & KAIST
Within the next ten years, a large fraction of the axion
interesting parameter space will be explored. Very exciting!
Axion dark matter search or weighing the vacuum using:
•
•
•
•

High-field, high-volume magnets; high-frequency cavities
Low temperature (<50mK)
High-quality (Q > 1M) resonators, and
Quantum-noise-limited RF amplifiers.

Dark Matter and Isaac Newton
(1642-1726)

Isaac Newton unified the Physics phenomena:
falling of an apple with the planet/moon/star/sattelite/comet
motions, under Gravity!
He clarified the view of Heavens for Humanity!

He also gave us the ability to see what cannot be seen with ordinary methods. Looking from
deviations from his rules we are able to sense the presence of Dark Matter.
The axion dark matter community is now close to be able to answer in a definitive way
whether axions, one of the leading DM candidates, is behind it all.
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Dark Matter
 Gravitational law applied to the planets: by measuring the planet
velocity and its distance from the center, we can estimate the enclosed
mass.
1915, Einstein’s General Relativity
Resolved the issue with Mercury’s precession

1846, Adams and Le Verrier suggested
the existence of Neptune: First discovery of “Dark Matter”
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Eric Charles, Fermi-LAT collaboration
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Cosmological inventory
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We Have Discovered Dark Matter!

…but what is it?
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Axions: A leading Dark Matter
Candidate
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Strong CP-problem and neutron EDM
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The QCD Lagrangrian contains a theta-term violating
both P-parity and T-time reversal symmetries.
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Strong CP-problem and neutron EDM
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~1fm

Dimensional analysis (naïve) estimation of the neutron EDM:

mu md
e m*
-17
dn (q ) ~ q
~ q × 6 ´10 e × cm, m* =
mn LQCD
mu + md

(

)

dn (q ) » -d p (q ) » 3.6 ´10-16q e × cm

M. Pospelov,
A. Ritz, Ann. Phys.
318 (2005) 119.

Exp.: dn < 3 × 10 −26 e⋅ cm →θ < 10 −10
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?
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Strong CP-problem
 Peccei-Quinn: θQCD is a dynamical variable (1977), a(x)/fa.
It goes to zero naturally
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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)
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GeV
−6
ma ≈ 6 × 10 eV
fa
 Axions: pseudoscalars,
light cousins of neutral pions
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Axion mass, model dependent
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Axion dark matter search
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Axion Dark Matter: ADMX has reached DFSZ sensitivity

ALPs:
Axion
Like
Particles
Axions in yellow band solve the strong CP-problem

Yannis K. Semertzidis, IBS-CAPP and KAIST
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Axion Couplings
 Gauge fields:
 Electromagnetic fields (microwave cavities)
! !
g aγγ
µν !
Lint = −
aF Fµν = g aγγ aE ⋅ B
4

 Gluon Fields (Oscillating EDM: CASPEr, storage ring
EDM)
a
µν

Lint =

fa

Gµν G!

 Fermions (coupling with axion field gradient,
pseudomagnetic field, ARIADNE; GNOME)
∂µ a
Lint =
Ψ f γ µγ 5 Ψ f
fa
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ADMX results, 2110.06096
Collaboration established since 1990

Where to look? ADMX
• Below 1 GHz there is a “sweet” spot
chosen by ADMX:
• Large volume, with large B2V including a
low-cost low temperature superconducting
(LTS) magnet.
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• Low noise Microstrip SQUID Amplifier
(MSA)
• Dilution refrigerators became readily
available (reducing labor cost)
Yannis K. Semertzidis, IBS-CAPP and KAIST
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Yannis K. Semertzidis, IBS-CAPP and KAIST

Where to look? IBS-CAPP
• Under (a brighter) lamp-post with microwave
resonators
• LTS, Nb3Sn magnets: 1-8 GHz
• HTS, ReBCO magnets: for 8-25 GHz
• Superconducting cavities in strong B-fields
• Quantum noise limited RF-amplifiers
•…
• Monopole-dipole interactions (ARIADNE)
• 25 GHz - 2,500 GHz with International
Collaboration
• Together with the storage ring proton EDM it
can detect or exclude axions in the 25 GHz to
Yannis K. Semertzidis, IBS-CAPP and KAIST
2,500 GHz.
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IBS-CAPP looked at all possible parameters
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1. B-field, maximum value of magnetic field (8T, 9T, 12T,
18T, and working on finishing 25T)
2. Cavity volume, V, especially for high-frequencies (37l,12T)
3. Cavity quality factor, Q0 (4.7×106, 1.5l)
4. System noise temperature, T (~100-150 mK, 1.1 GHz)
5. Geometrical factor, C (keep it high >0.6 with special
techniques)

IBS-CAPP’s axion dark matter research
1. LTS, Nb3Sn 12T magnet: 1-8 GHz (delivered and commissioned)
2. HTS, ReBCO 25T magnet: for 8-25 GHz (discussions to finish)
3. Quantum-noise-limited RF-amplifiers (JPA) with Tokyo Univ./RIKEN
(operational, world’s best)
4. Super-conducting cavities in strong B-fields (latest result Q>4.5M, first &
unique in the world)
5. “Pizza-cavities” and meta-materials, novel techniques for efficient
volume utilization at high-frequencies (operational, best in the world)
6. Phase-match several axion dark matter experiments (in progress)
7. Efficient and low dark count single photon detector (started, with KAIST)

FIG. 1: Polygon shape cavity design. a, The red arrows are electric field lines of the polygon cavity TM010 mode from the
eigenmode simulation (COMSOL). The yellow arrows are magnetic field lines of the same cavity TM010 mode. The color map
inside of the cavity represents the amplitude of the electric field of the TM010 mode. Bext is the direction of the applied DC
magnetic field in the axion cavity experiment. b, The color map on the surface represents the inner surface current distribution
due to the TM010 mode. The current flows in the direction of the blue arrows. The surface loss is concentrated in the middle
of the cavity. c, Six aluminum cavity pieces to each of which a YBCO tape is attached. d, Twelve pieces (two cylinder halves)
are assembled to make a whole cavity.

Superconducting cavity (SC) in large B-field!
arXiv:2002.08769v1 [physics.app-ph] 19 Feb 2020
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FIG. 2: The measurement results of the 12-piece polygon cavities a, The schematic of the experimental setup. The
components inside the blue dashed line are in 4 K which is controlled by a pulse tube. The YBCO cavity is placed inside
the bore of an 8 Tesla superconducting magnet which is represented by two white boxes right next to the cavity. The dark
blue area shows that the cavity is at the magnetic field center. The range of field strength is zero to 8 Tesla. The red circled
”T” represents a temperature sensor installed at the bottom of the cavity. The sensor is connected to the temperature sensor
reader. The two tiny white rectangles with line segments on the top of the cavity are the antennae which are weakly coupled to
the TM010 mode. The Q factor is measured by the vector network analyzer with two coaxial cables which are connected to the
two antennae. b, The Q factor vs. temperature from 4.2 K to 100 K. The black dots are for the YBCO cavity and the red dots
are for the copper cavity with the same polygon geometry. The inset plot is the resonant frequency vs. temperature from 80 K
PACS numbers:
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Superconducting radio-frequency (SRF) science and
technology involves the application of superconducting
properties to radio frequency systems. Due to the ultralow electrical resistivity, which allows an RF resonator to
obtain an extremely high quality (Q) factor, SRF resonant cavities can be used in a broad scope of applications
such as particle accelerators [1, 2], material characterization [3, 4], and quantum devices [5, 6]. However, the
presence of an external magnetic field will destroy the
superconducting state above the critical field, which limits scientific productivity in many areas such as high energy particle accelerators [7, 8], and axion dark matter
research [9–12]. In particular, the axion dark matter detection scheme utilizes a resonant cavity immersed in a
strong magnetic field, by which the axions are converted
into microwave photons [13, 14]. Maintaining a superconducting cavity in a strong magnetic field will profoundly
impact the way axion dark matter experiments are performed. It will substantially increase the searching speed
for axions [15] with an expected quality factor of about
106 [16] and will permit the study of detailed axion signal structures in the frequency domain. Furthermore,
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A high Q-factor microwave resonator in a high magne
of applications, from accelerator design to axion dark ma
for the superconducting cavity to be placed in a high
(HTS) with high critical field (>100 T) and high depin
however, of a high-quality, grain-aligned HTS film on
challenging. As a technical solution, we introduce a poly
YBa2 Cu3 O7 x (YBCO) tapes covering the entire inne
K at 6.93 GHz as a function of an external DC magneti
Q-factor of the superconducting YBCO cavity was ab
cavity and showed no significant degradation up to 8 T
applications of HTS technology to the research areas r
at high radio frequencies.

Currently running at experiment with KSVZ
sensitivity using a SC with Q~0.5M

Latest results of SC
TM010 quality factor: Q=4.7 M, 2.3 GHz

CAPP-12TB, CAPP’s flagship experiment
based on the LTS-12T/320mm magnet
 Axion to photon conversion power at 1.15 GHz
 KSVZ: 5.1×10-22 W or ~103 photons/s generated
 DFSZ: 0.7×10-22 W or ~102 photons/s generated

 With total system noise of 0.3K, Q0=105, eff. = 0.80
 KSVZ: 50 GHz/year
 DFSZ: 1 GHz/year
 With total system noise of 0.2K (0.25K), Q0=105
 KSVZ: 130 GHz/year (80 GHz/year)
 DFSZ:

2.5 GHz/year (1.5 GHz/year)

 With total system noise of 0.1K (0.15K), Q0=105
 KSVZ: 500 GHz/year (200 GHz/year)
 DFSZ:

9 GHz/year

(4 GHz/year, or 300MHz/2-months)

CAPP-12TB, CAPP’s flagship experiment
based on the LTS-12T/320mm magnet
 Axion to photon conversion power at 1.15 GHz
 KSVZ: 5.1×10-22 W or ~103 photons/s generated
 DFSZ: 0.7×10-22 W or ~102 photons/s generated

 With total system noise of 0.3K, Q0=105, eff. = 0.80
 KSVZ: 50 GHz/year
 DFSZ: 1 GHz/year
 With total system noise of 0.2K (0.25K), Q0=105
 KSVZ: 130 GHz/year (80 GHz/year)
 DFSZ:

2.5 GHz/year (1.5 GHz/year)

 With total system noise of 0.1K, Q0=106
 DFSZ:

3 GHz/year for 20% of axions as dark matter

IBS-CAPP at eight-years
and beyond
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By 2020
2021 and beyond

FIG. 4. The CAPP-PACE exclusion limit at 90% confidence level (Red area). Vacancy between the Rochester-BrookhavenFermilab (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 efficiency when the virialized
axion signal has a larger bandwidth than the bin size.
The overlapping methods can partially o↵set the loss in
efficiency [37]. The SA uses a fixed overlapping ratio
of 50%, resulting in ⇠ 70% efficiency 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

heat generation, and a low-noise HEMT amplifier.
The cavity was successfully maintained near 40 mK
for all experimental runs, achieving the lowest physical temperature among all the axion experiments to date.

• Cu cavities are assumed
• W/ SC cavities, down to 10% of axion
dark matter content can be probed

We expect to reach DFSZ sensitivity even for a fraction of axion content in the local
dark matter halo. Target sensitivity: 10% axions in DM halo.
This work is supported in part by the Institute
for Basic Science (IBS-R017-D1-2021-a00), and Jihn
E Kim is supported in part by the National Research
Foundation (NRF) grant NRF-2018R1A2A3074631.
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Haloscopes using spins
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Dima Budker, CASPEr
Nuclear Magnetic Resonance (NMR)

Resonance:
28

Dima Budker
CASPEr

SQUID
pickup
loop
axion “wind”
OR
Larmor frequency = axion mass ➔ resonant enhancement
SQUID measures resulting transverse magnetization
Example materials: liquid 129Xe, ferroelectric PbTiO3
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Dima Budker
The experimental reach of CASPEr
CASPEr-now at BU:
• thermal spin polarization,
• 0.5 cm sample size,
• 9T magnet, homogeneity 1000 ppm
• broadband SQUID detection
phase II:
• optically enhanced spin polarization
• 5 cm sample size,
• 14T magnet, homogeneity 100 ppm
• tuned SQUID circuit?
phase III:
• hyperpolarization by optical pumping
• 10 cm sample size,
• 14T magnet, homogeneity 10 ppm
• tuned SQUID circuit?

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

Planck
scale

GUT scale

Slide by Alex Suskov (adapted)
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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 θQCD with high-sensitivity.
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GNOME
 Global network of GPS-synchronized optical magnetometers
 Sensitive to localized dark matter: domain walls, axion stars, …
 Multi-messenger astronomy
Nature Physics, V. 17, 1396-1401, Dec. 2021

• Fictitious magnetic field Bfic:
4 𝑓%&
𝜎+
𝐵!"# =
𝑚) 𝑐 *
cos 𝜓+
𝜇$ 𝑓"'(
𝑔,,+
• Optically pumped atomic
magnetometer detects Bfic
• Direct detection of local dark
matter with network detector

ARIADNE
Axion source: nuclear mass. The axion field gradient acts on fermion spins

𝑩𝟎
Source mass

Experimental scheme
• Fictitious magnetic field Bfic:
ℏ𝑔+ 𝑔.
2𝜋
1
𝐵!"# =
𝜎⃗ ⋅ 𝑟̂
+ * 𝑒 /*01/3! 𝑟̂
8𝜋𝛾. 𝑀.
𝜆) 𝑟 𝑟
• Spin system resonantly enhance Bfic

Projected Sensitivity (first phase)
Plan
• Now in R&D of sub-components
• First Prototype measurement in
2022

• Scan broad axion mass range from one measurement. • Full scale exp. In 2024

Storage ring proton/deuteron EDM
 Oscillating EDMs, Graham & Rajendran, PRD88, 035023, 2013
 Resonance: axion dark matter and g-2 frequencies (PRD99, 083002, 2019
and EPJ C80, 107, 2020). First run spring 2019 at COSY/Juelich/Germany.
 Storage ring probe of DM and DE (PRD103, 055010, 2021)
 New method with RF-Wien…, On Kim (PRD104, 096006, 2021), great
advantage on systematic errors

The RF-Wien filter is NOT
operating at the g-2
frequency, avoiding spin
dynamics systematic error!
It can be fully implemented
in the present muon g-2 ring
by injecting polarized
protons and/or deuterons
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Solar axions
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Solar Axions
R. Battesti et al., Phys. Rep. (2018)
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Solar axion spectrum
1801.08127v2

37

Solar Axions
FOM =

B2l2A

=

B2Vl

1801.08127v2
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Solar Axions

CAST: LHC prototype
magnet
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Solar Axions

Future IAXO
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CAST and planned axion
Helioscopes
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Axions with lasers and dipole
magnets
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ALPS

For sufficiently small
axion mass
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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 2022
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ALPS

1801.08127v2
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Haloscopes with dielectrics
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Axion dark matter: open resonators,
1801.08127v2
MADMAX
Dielectrics for high frequency-short wavelength
Dielectrics to
suppress negative
E-field

Reverse direction
of B-field
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MADMAX: Physics at the
interface

MADMAX – search for dark matter axions

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

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

B. Majorovits

Experimental approaches: Effect of Dielectric
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
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D. Horns, J. Jaeckel, A.
Lindner, A. Lobanov, J.
Redondo and A. Ringwald
JCAP 1304 (2013) 016
[arXiv:1212.2970].
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Axion dark matter: MADMAX
1801.08127v2
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MAgnetized Disc and Mirror Axion eXperiment
Mirror

80 adjustable
dielectric
discs
⊘: ~1m

~2m

10 T dipole
magnet

Parabolic
Mirror

Horn
antenna
(+ receiver)

Separate
cryogenic
volume
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Actively planned axion exps.

Irastorza, Redondo 1801.08127v2
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Summary
 Within the next five years we will probe 1-8 GHz with DFSZ
sensitivity assuming axions as 100% of the local dark matter density.
 Within the next ten years we will probe 1-25 GHz with DFSZ
sensitivity even if axions are only 10% of the local DM density.
 ARIADNE and storage ring proton EDM will probe axions in the
>25GHz range, MADMAX is making great progress

 Planned (Dark-Matter radio) and ongoing (CASPEr) experiments will
cover a large region below 100MHz
 ALPSII and BabyIAXO are going on at full speed at DESY
Yannis K. Semertzidis, IBS-CAPP and KAIST
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Summary (Cont’d)
• Within the next ten years, we will know whether axions or
ALPs are part of the dark matter mystery for a very large
fraction of the available frequency spectrum.

• The discovery of axion as dark matter will revolutionize the
view of Cosmos for humanity.

• It will be at the level of the legacy left to us by Isaac
Newton!
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Extra Slides
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Dark matter: the Bullet Cluster

q

Comments by J.O. Bennett (U. of Colorado, Boulder), M.O. Donahue (Michigan State U.), N. Schneider
(U. of Colorado, Boulder), and M. Voit (Space Telescope Science Institute)
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A Galaxy without Dark Matter,
effectively confirming
Dark Matter!
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ARIADNE

Projected Sensitivity

IBS-CAPP main contributions that improve sensitivity

1. Low noise SQUID based second order coaxial planar gradiometer
2. Superconducting thin film shield
3. Source mass geometry optimization

Liquid phase ARIADNE
only sensitivity

Axion Dark matter
“Field”

Dark Matter
Axion Dark Matter:
ange: <10 c (bound in galaxies)
DM at long deBroglie wavelength
ge: >10 eV (sizea
of galaxies)
Cosmic
MASER
useful
to
picture
as a “coherent” fiel
le DM
-3
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e length (De Broglie wavelength):

lDB

⎛ 1meV ⎞
≈ 1m × ⎜
⎟
m
⎝
a ⎠
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David Tanner

Yannis K. Semertzidis, IBS & KAIST

Axion coupling vs. axion mass
ALPs:
Axion
Like
Particles
Axions here solve the
Strong CP-problem
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Yannis K. Semertzidis, IBS & KAIST

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
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