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Abstract: In the early 1980s, axions and WIMPs were identified as promising dark matter candidates. The last forty years have seen a spec
successful experimental program attempting to discover the WIMPs, with sensitivity that has by now improved by many orders of magi
compared to the earliest results. The parallel program to search for axions has made less progress and has reached the necessary sensitivit:
a very limited mass range. However, progress has recently accelerated, with the invention of many new axion detection techniques tr
eventually provide a definitive answer to the question of whether the dark matter is made of axions. | will review some of these new develoy
with emphasis on Fermilab's program, including ADMX- Extended Frequency Range and Broadband Reflector Experiment for Axion Dete
(BREAD).

Zoom link: https://pitp.zoom.us/j/97234421735?pwd=UGNIRWxYMKErRmdwWSnJiwTdoOFNazZz09
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Next Generation Searches for Axion Dark Matter

Andrew Sonnenschein, Fermilab

Perimeter Institute
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* WIMPs and WIMP-like

« Dramatic progress in attempted WIMP * Axions and ALPs
detection over last decade- many models * Previous experiments not sensitive enough to test most

previously considered promising are now important models.
excluded. Relatively few experiments.

Direct searches will become background New techniques needed to reach required sensitivity.
limited by neutrinos over next 10 years.
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Diversity of Techniqgues- Many New Ones

Solar Axions
(CAST, IAXO)

Dish antenna “Light Shining Through Walls” (ALPS)
(BREAD, BRASS)

Resonant Cavity (ADMX, HAYSTAC, CAPP)

Dielectric Radiators (MADMAX,
ORPHEUS)

Superconducting

M-i »d oscillatis
DM-induced oscillating pickeup cofl

magnetic flux

(&80

SQUID

Toroidal magnet
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Axion Electrodynamics

Axions interact weakly with photons.

Besides the normal electric field E(x,t) and magnetic field B(x,t), there is an axion field a(x,t).
Maxwell’s equations modified with new terms to include effects of a.

The new field is always multiplied by the very small axion — photon coupling g4,

V-E = gayyB-Va

* There are plane wave solutions for the a(x, t), oscillating with a frequency corresponding to the axion
mass (w, = mgc</h).

a(x,t)c /ppm cos(wyt — kx)
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Large Background Magnetic Field

* First step to discover axions: get a big magnet

* In the presence of a static magnetic field B,, the axion field sources an
effective oscillating electric current /,

da
Ja = GayyBo FT
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Oscillating Fictitious Current

* Will produce the same electromagnetic response as a normal electric current.
* Oscillates at frequency w, determined by axion mass

Ja(®)

]

Pirsa: 22110049 Page 7/63




Electric and Magnetic Field Response

* There is also an oscillating electric field in the axial direction
* Relative strength of the oscillating electric and magnetic fields depends on boundary
conditions & and size of apparatus compared to axion wavelength

Ja(t)
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Axion Detection Through Magnetic Flux

* Collect the magnetic flux sourced by J, with a transformer coil and measure

induced current with a SQUID.
* Works for solenoidal magnets (ADMX-SLIC, DMRADIO) or toroidal (ABRACADABRA,

SHAFT)
* Sensitive to light axions with wavelength big compared to magnet size.

pickup coil
calibration loop

permeability sensing coi

ADMX- SLIC
Sikivie, Sullivan and Tanner, 2014

Gramolin et al., Nature Physics 17, 79-84, 2021
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Emission of Electromagnetic Wave From Conducting Surface

Insert a conducting surface into the magnet bore.
Currents will appear in the conductor driven by the axion induced electric field

oscillations.
A traveling electromagnetic wave is emitted from the surface to satisfy boundary

conditions.

EHZO
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“Dish Antenna” Experiments

Arrange for the axion induced surface emission to be focused
onto a detector.

Signal is very weak. Only around 1026 watts for a big magnet.
detector

2 i Bl V(__pow Bayy 2 (1 peV\’
Piignat = 8.27- 10 -°w.( . )( ) ( ’ (—) ( )
s 102\ 10 Tesla) \0.3 GeV/iem?J\3.92-10-1% GeV-') \ m, |

More on this later...

Horns, Jaeckel, Lindner, Lobanov, Redondo and Ringwald, 2012
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Signal Enhancement in a Resonant Cavity

Build a metal box (cavity) inside the magnet
The conducting cavity walls emit radiation
Cavity will resonate at discrete frequencies when integer number of

wavelengths fit inside.
Resonance condition when  @cavity = @axion =2~ ™  Power enhancement!
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Pumped Cavity Mode

Power buildup occurs when cavity resonance frequency is matched to

axion mass.
Signal Power ~10-22-1022 W at 1 GHz for typical cavity and magnet

parameters.
Three orders of magnitude more than a non-resonant dish antenna.

Experiments
RBF (1980s)

U Florida
ADMX
HAYSTAC
CAPP/CULTASK
KLASH

CAST- RADES

Pierre Sikivie,
“Experimental Tests of
the Invisible Axion”
1983 PRL
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Complementarity of Detection Techniques
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ADMX Collabora_‘g_ion______”‘_
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Magnet: 8- Tesla Solenoid with 60 cm bore

Resonant Cavity with Tuning Rods
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Signal Power

* Signal power:

- ’ ‘r r B 2 (—, TMOlU mOde TMDll mOde
Pl'-cion = 1.7 X ]-[]_2 )\ — — C ~0.69
s £ (13(3 r) (7> T) (0.4) S

v ( 94 ) Pa i - Qr ) 3
~\0.36 0.45 GeV/ee ) \ 1 GHz / \ 80,000/ tt

Form Factor C,, overlap of cavity mode E - B

Dark Matter Density p,

Axion Mass m,

Resonator Quality Factor Q,_ ~10°

Axion velocity dispersion Q, ~10°

Couplings to Photon g, ~0.97 for KSVZ model
g, ~0.36 for DFSZ

Xx Epp ey NN

R A O
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Low Noise Amplifiers

* To reach sensitivity of DFSZ axion models requires noise levels
that were beyond state-of-the-art a few years ago.

System noise temperature of 300-500 mK typical in ADMX since
introduction of Microstrip Squid Amplifier in 2016- order of
magnitude lower then previous generation.

Possible because of developments in Quantum Information
Science community for applications such as Qubit readout:
Microstrip Squid Amplifiers (Clarke group @ UC Berkeley)

Josephson Parametric Amplifiers (Siddigi group @ UC
Berkeley, Buckley & Murch @Washingto U.).

Traveling Wave Parametric Amplifiers (MIT Lincoln Labs).
Wide instantaneous bandwidth- up to an octave.

Post amplification at 4 Kelvin using commercially available HFET
technology.

Cold RF system needs capability for in-situ calibration and
diagnostic functions.
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Josephson Parametric Amplifiers

* LC oscillator with nonlinear inductance
provided by Josephson Junctions.

Geometric capacitance SQUID Josephson Junction

| [Q)
. Non-linear
» Power transfer from pump tone to signal o . U\/\/WW\)
tone. e

* Nearly lossless amplification in principle—can

approach quantum limit of added noise. .
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Josephson Parametric Amplifiers

* LC oscillator with nonlinear inductance
provided by Josephson Junctions.

Geometric capacitance SQUID Josephson Junction

inductance

{ mpump
o Non-linear
» Power transfer from pump tone to signal

Medium
tone.

* Nearly lossless amplification in principle—can AVAVAVAVAVAVAVAVER
approach quantum limit of added noise.

msignal
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Now
commercially
available!
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Wide-Band Josephson
Parametric Ampli flgr-
(WB-JPA)

Superconducting Low-Noise i
Amplifier for Quantum Computing

Raythenn BBN's WB-JPA

BBN WB-JP
quired th

Key Capabilities

Benefits

Gain Measured at 15 mk

Fast and
high-fidelity
qubit
readout

in the
microwave
domain
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Noise reduction by averaging

World’s Most Sensitive RF Receiver

&
3
g

1 RF photon
per minute
30 days
. _ . of inregratjo !
1.5 3.0 4.5 6.0 7.5 9.0
log (N)

We are systematics-limited for signals of 1026 W
— 0.1% of DFSZ axion power!
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Operating Procedure Calibration Signal

‘xltl*“ candidate: 896.448 MHz
5F

The cavity frequency is scanned over a region
until the desired SNR is achieved.

Convolve with filter matched to expected axion
line shape.

~106 independent measurements on each axion
linewidth, averaged to reduce noise by v10°

Examine combined power spectrum for excess
power.

Excess power regions can be statistical
fluctuations, synthetically injected signals, RF
interference, or axions

Excess power regions are rescanned to see if they
persist

2.0640 B.9642 89644 BO646 8.9648 B.9650
frequeney [Hz) x10%
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You might have an axion if the signal...

Can’t be seen in the room outside of the magnetic Frequency At Same  Not Enhanced
ﬁeld Persistence Frequency in Air on Resonance
Persists all the time
Blind
signal
injection

Follows the Lorentzian lineshape of the cavity
Is suppressed in non TM,, modes e
974.999

Was not a synthetic axion signal injected by the i

calibration team
Scales with the B2 of the magnet

Has an annual frequency modulation 1000.000
1000.013

1010.000
1020.000

v
v
v
v
v
v
v
v
v
‘/
v
v
v

We haven’t seen any candidates which pass all
these tests.

Bartram et al., Arxiv 2010.00169

Pirsa: 22110049 Page 26/63




New results from 2020-2021 running

‘ . Axion Mass (peV)
Axion Mass (ueV) 10!
3.2 3.4 3.6 3.8 )

ADMX (this work)
N-bady
N Maxwellian

700 750 800 850 900 950 1000
Frequency (MHz)

Frequency (MHz)

Most recent: Bartram et al., Arxiv 2010.00169
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End of run— broken helium liquifier Preparations for new run
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 Effective scan rate of ADMX =~ 1 MHz/ day
* As we move up in frequency f,
* Volume per cavity decreases as 1/f
* Resonator quality factor decreases as 1/f2/3

* Noise power from Standard Quantum Limit increases as f.

* Need to increase number of cavities, magnetic field, Q to maintain
signal power as frequency increases.
Scan Rate Vs Frequency & other parameters

d f - . ‘g, ) 4 7 f ) 2 7 0 ) 2
— &~ 1.68 (“' z/vear e - e /
g 108 GHz/yea (l_l..‘:i(i : (1 GHz, (l).-;l:"i GeV/ec,

9

r B " ,*4 .17 2 __;_.‘.:_ : 5 02 K 2
e ) o) G ()

Higher Q:
Superconducting
or Dielectric
Resonators

Stronger Magnet
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Magnets

* Current ADMX magnet

» 8.5-Tesla x 60 cm solenoid (normally
operated at 7.6 Tesla)

* Nb-Ti superconductor at 4 Kelvin
e 25 years old-- Manufactured in 1993
by Wang NMR, Livermore CA.
* A step up to higher field requires different
superconductor technology.
NbTi -> 10 Tesla
Nb,Sn -> 15 Tesla

BI-2212, YBCO -> 30 Tesla or more,
but technology is not yet mature.

30 mm diameter magnet x 30 tesla at
National High Magnetic Field Lab
(Tallahassee) in 2019.

Meter scale 20-tesla magnet
demonstrated by Commonwealth
Fusion Systems in Fall 2021.
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Next ADMX Magnet

Surplus MRI magnet at University of lllinois Chicago.

Being acquired by Fermilab for next generation of
ADMX: ADMX Extended Frequency Range

9.4 Tesla peak field with 800 mm warm bore.

Was the world’s highest field MRI magnet in 2003.
Order of magnitude more stored energy than current
magnet.

Current ADMX

Peak Field 76T

Bore diameter 530 mm 800 mm
Magnet length 1117 mm 3100 mm
Cryostat diameter 1295 mm 2580 mm
Stored Energy 16.5MJ 140 MJ
Weight 6 tons 45 tons
Helium consumption 3 liters/ hour 0.35 liters’hour
Current 204 Amps 220 Amps
Persisient current No Yes
Orientation Vertical Horizontal
Manufacturer Wang NMR GE Medical Systems
Manufacture date 1993 2003
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ADMX Extended Frequency Range at Fermilab ~ 2026




Resonators

Hexagonally packed array of 18-
cavities operating in 2-4 GHz range
(8.3-16.5 peV) with sensitivity to
DFSZ axions.

Tuned with piezoelectric actuators.
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ADMX Resonators

2022-2023 2023-2024 2025-20277?

1030-1500 MHz _ 4-Cavity. Array 18-Cavity array for MRl magnet
8 piezoelectric actuators 9300-4000 MHz

Used in 2016-2021 Runs
580-1030 MHz

Large tuning rod
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