New techniques to search for wave-like dark matter and test
fundamental physics using precision low-energy measurements.
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Motivation: Fundamental Physics

General Relativity

Quantum gravity Dark Matter

High frequency gravitational waves

Lorentz invariance violations Minimum length

Metrology helps us search for physics beyond the standard model

The standard model

Science of precise measurement - Physics at low energies
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Resonant Axion Haloscopes @ UWA
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JPLOAD AXION FIELD
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* Twisted ANYON Cavity
« Upconversion limit m, = of

. z i [N
PHYSICAL REVIEW D 108, 052014 (2023)

Searching for ultralight axions with twisted cavity resonators of anyon
rotational symmetry with bulk modes of nonzero helicity

J. F. Bourhill, E. C. 1. Paterson®, M. Goryachev, and M. E. Tobar

Quantum Technologies and Dark Matter Labs, Department of Physics, University of Western Australia,
35 Stirling Highway, 6009 Crawley, Western Australia

Helicity: Single Mode with

non-zero JBP(?),E;(;’W Acts as both
background and
output mode
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Electromagnetic Helicity in Twisted Cavity Resonators

E. C. I. Paterson,! J. Bourhill,! M. Goryachev,! and M. E. Tobar!

' Quantum Technologies and Dark Matter Labs, Department of Physics,
University of Western Australia, 35 Stirling Hwy, 6009 Crawley, Western Australia.
(Dated: September 19, 2024)

By introducing mirror-asymmetry (chirality) to the conducting boundary conditions of an equila-
terial triangular cross-section electromagnetic resonator through left- or right-handed twisting, we
generate eigenmodes with non-zero electromagnetic helicity as a result of the mixing of near degen-
erate TE;j(p4+1) and TM11, modes. This can be interpreted as an emergence of magneto-electric
coupling, which in turn produces a measurable shift in resonant mode frequency as a function of
twist angle. We show that this coupling mechanism is equivalent to introducing a non-zero chirality
material parameter kK.g or axion field f.g to the radiation. Our findings demonstrate the potential
for real-time, macroscopic manipulation of chirality.



Electromagnetic Helicity in Twisted Cavity Resonators

E. C. I. Paterson,! J. Bourhill,! M. Goryachev,! and M. E. Tobar!

' Quantum Technologies and Dark Matter Labs, Department of Physics,

University of Western Australia, 35 Stirling Hwy, 6009 Crawley, Western Australia.
(Dated: September 19, 2024)

By introducing mirror-asymmetry (chirality) to the conducting boundary conditions of an equila-
terial triangular cross-section electromagnetic resonator through left- or right-handed twisting, we
generate eigenmodes with non-zero electromagnetic helicity as a result of the mixing of near degen-
erate TE;1(p4+1) and TMi1, modes. This can be interpreted as an emergence of magneto-electric
coupling, which in turn produces a measurable shift in resonant mode frequency as a function of
twist angle. We show that this coupling mechanism is equivalent to introducing a non-zero chirality
material parameter k.g or axion field f.g to the radiation. Our findings demonstrate the potential
for real-time, macroscopic manipulation of chirality.



Twisted “anyon” microwave cavitie:
Dark matter detection thanks to helicity il

® Due to the helicity, ultra-light dark matter
axions, whose mass range falls within the
cavity bandwidth will amplitude modulate
the cavity mode

® Apply Poynting Theorem + Rotating Wave Sensitivity ~ | Z | (8,,, + 8.8
Approximation - e
Axion-Photon Chiral Extra coupling if high
® Calculate that the frequency of the AM anomaly coupling energy monopole exists
sidebands -> proportional to the axion mass ,
P — /Bde _ 4Bp P
PT B 41 (1+B,)2 "
2 2
R Z():Re C Pam_mgmpp_ 2 4ﬂp Wa 2 (6o) 2
=_P P — Pz'nc— Pinc —Qp1‘|‘ 2( ) 8 P
ﬁp Re — Z) — Re ( /Bp) Wp
— 105 \* /3
o —— 9ar~Bp| 7| Qp ( Wa ) PaC”

SNR =
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Twisted “anyon” microwave cavities 4. -~
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Twisted “anyon” microwave cavities

Dark matter detection in a single mode thanks to helicity Hz bz e

® Accesses an axion mass range very difficult
to search

® No external magnetic field needed
® Ability to use superconducting materials

® Allows high Q-factors and improved
sensitivity

® Next: Optimising Q-tactors and minimising
read-out amplitude modulation noise for a
detection run
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UPLOAD Cryogenic

1) DUAL MODE Operation

2) Low-Noise Oscillator as test
bed for the ANYON
experiment
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If Magnetic Charge Can Exist at High Energy Axion-photon coupling parameter space
. ] ] _ IS expanded from one parameter to three
-> Further Modifications to Axion Electrodynamics . :

-> Can test the existence of Magnetic Charge through Axions Sayy ™ (ga;/y’ 8aEM> 8amm)

V-E = gaWCBO° Va @Eo‘ Va go_lpel,

o
g physik
der y
Research Article (&) Open Access @ @ //l()_lv X E)l — GOatfl + jel

Generic Axion Maxwell Equations: Path Integral Approach + 84/ CEG <_7a < E’O _ ataﬁ())

Anton V. Sokolov ¥ Andreas Ringwald

— — —
2
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High Energy Physics - Phenomenology
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Electromagnetic Couplings of Axions < =
+gaEM<Va>< E,+ 6taBED

Anton V. Sokolov, Andreas Ringwald
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Form Factors for Resonators
-> Static and Time varying Background E + B Fields

RESEARCH ARTICLE =z nhysik

Sensitivity of Resonant Axion Haloscopes to Quantum
Electromagnetodynamics

Michael E. Tobar,* Catriona A. Thomson, Benjamin T. McAllister, Maxim Goryachey, Form Factors
Anton V. Sokolov, and Andreas Ringwald ( E’ Re(E NV 2 ? Re(B.)\dV 2
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Form Factors for Resonators
-> Static and Time varying Background E + B Fields
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Sensitivity of Resonant Axion Haloscopes to Quantum
Electromagnetodynamics
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PHYSICAL REVIEW D 107, 112003 (2023)

8aEM Suppressed

Searching for low-mass axions using resonant upconversion

Catriona A. Thomson®,"" Maxim Goryache:v,1 Ben T. McAllister, Eugene N. Ivanov,’
Paul Altin,3 and Michael E. Tobar®""'

'Quantum Technologies and Dark Matter Labs, Department of Physics, University of Western Australia,
35 Stirling Highway, Crawley, Western Australia 6009, Australia
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Reactive Experiment with Static Background Electric and Magnetic Field ->

PHYSICAL REVIEW D 108, 035024 (2023)

arXiv:2306.13320 [hep-ph]

Searching for GUT-scale QCD axions and monopoles with a high-voltage capacitor

Michael E. Tobar ,1’* Anton V. Sokolov ,2 Andreas Ringwald ,3 and Maxim Goryachev1

'Quantum Technologies and Dark Matter Labs, Department of Physics, University of Western Australia,
35 Stirling Highway, Crawley, Western Australia 6009, Australia
2Deparzmem‘ of Mathematical Sciences, University of Liverpool, Liverpool, L69 7ZL, United Kingdom
Deutsches Elektronen-Synchrotron DESY, Notkestraf3e 85, 22607 Hamburg, Germany

® (Received 20 June 2023; accepted 2 August 2023; published 17 August 2023)



Axion Generated Magnetic Field-> Magnetic Circuit Readout Sensitive to g /1,
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Low-Mass Sensitivity to the QCD Axion ~ 10 cm Scale Assumed
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The Axion-MonoPole-Detection | ;///////%// )
(AMPD) Experiment el N )
Initial Prototype ~ 4cm - 3 § §\\ § §
Purchased Standard Ferrite Core ! k\\\\\\§§\\\>\4\04
@43-1.4  BPhil (Hons) Honours Dissertation

High High
\ Impedance
Impedance Amplifier
Amplifier PlTe

S 3>
V(@) V(1)

2

— — — —— — —

L A

= VAW
IR RN W

|



Transformer Core

T—F -
| g ——
L s

C itor —
ol === I =
I—; -;
ol —
H—1 =‘
H—L ——

Signal Generator

L =309 mH

Amplifier

Vout

Impedance (Ohms)

10°

10°

10°

-
4

10°

-
<

Electrical tape coil off core

Abddl

Addal

- Measured impedance
- Theoretical impedance

10! 10¢ 10° 10¢ 10°
Frequency (Hz)

10°

107

Impedance (Ohms)

10° +

10°

10°

Electrical tape coil on core fit

1: - Measured data

{ = Fitted model
10° +

10° 10¢ 10°
Frequency (Hz)

10° 10¢




ABRA

SHAFT

ek

3
—
-’

Astrophysics

e
- OI
I
—_ —
N —_—

ek

3
el
(O}

Resonant

.........................................

e ped ped e
|

—_ —_ — —_ —

oS N o)) Ul N

1011 1071° 10-° 10°% 107 10°® 10> 10~% 103 102
Axion mass [eV]

Axion-photon coupling [GeV ']



PHYSICAL REVIEW LETTERS 126, 071301 (2021)

Searching for Scalar Dark Matter via Coupling to Fundamental Constants with

Photonic, Atomic, and Mechanical Oscillators

*

William M. Campbell®, Ben T. McAllister, Maxim Goryachev, Eugene N. Ivanov®, and Michael E. Tobar
ARC Centre of Excellence for Engineered Quantum Systems and ARC Centre of Excellence for Dark Matter Particle Physics,
Department of Physics, University of Western Australia, 35 Stirling Highway, Crawley, Western Australia 6009, Australia
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Quartz Bulk Acoustic WWave Resonators

Acoustic analogue to a Optical Fabry-Perot cavity.
Already a well established technology

Gram scale mode mass, macroscopic resonator

Extraordinarily high quality factors at cryogenic temperatures
(~1010)

Impressive short - mid term frequency stability

Piezoelectric coupling provides excitation & readout

High density of modes from 1-1000 MHz




The Multimode Acoustic
4 Gravitational Wave
Experiment: MAGE
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Cryogenic Resonant Bar Gravity Wave Detectors % Photons

* Ponons

-> Ultra precise optomechanical position measurement %  Spins
-> Low phase noise read-out and pump oscillator

J. Phys. D: App. Phys, 26, 2276-2291, 1993
J.Phys D: App. Phys, 28, 1729-1736, 1995
Phys. Rev. Lett, 74, 1908, 1995

Rev. of Sci. Instrum., 67(7), 2435-2442, 1996 Attached to Choke
Resonant Antenna
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Gravitation Wave Instrument Sensitivity
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t Comparing Instrument Spectral Sensitivity of Dissimilar SpeCial Issue

SvImmelry Electromagnetic Haloscopes to Axion Dark Matter and High . , . . .

y y Frequency Gravitational Waves The Dark Universe: The Harbinger of a Major Discovery
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MAGE — Searching for new physics

Quartz BAW coupled to a DC SQUID amplifier

Se($)

B, +TA|B,1 + @B = —¢* R,()J_/‘dl’EU'(X)XJ

PHYSICAL REVIEW D 90, 102005 (2014)

Primary target:

Gravitational wave detection with high frequency phonon
trapping acoustic cavities

High frequency gravitational waves Maxim Goryachey and Michael E. Tobar’

(M H Z) ARC Centre of Excellence for Engineered Quantum Systems, School of Physics,

University of Western Australia, 35 Stirling Highway, Crawley,

Western Australia 6009, Australia
(Received 25 September 2014; published 24 November 2014)



MAGE — Searching for new physics

Quartz BAW coupled to a DC SQUID amplifier Highly sensitive resonant mass antenna
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MAGE — Searching for new physics

Quartz BAW coupled to a DC SQUID amplifier Highly sensitive resonant mass antenna
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MAGE — Searching for new physics

Quartz BAW coupled to a DC SQUID amplifier - Highly sensitive resonant mass antenna
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MAGE — Searching for new physics

A\

Quartz BAW coupled to a DC SQUID amplifier
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MAGE — Searching for new physics

First Observational Period

Lock-In Amplifier

3.4K
Quartz BAW
Phonon Distribution Iz
2h,
y = X
[ ~_ \
Vaccuum T Electrodes Vv

Cu Enclosure

Vaccuum

PHYSICAL REVIEW LETTERS 127, 071102 (2021)

Rare Events Detected with a Bulk Acoustic Wave High Frequency
Gravitational Wave Antenna

Maxim Goryachev,' William M. Campbell®,' Ik Siong Heng®,” Serge Galliou®,’

Eugene N. Ivanov,' and Michael E. Tobar®"’

Event 1 Event 2
Mode 1: X Mode 1: /
Mode 2: ././ Mode 2: //

Wavefrom Generator

Apr May Jun Jul Aug Sep Oct Nov Dec Jan

2019 RUN1 RUN 2
Mode 1: 5C - 8.392 MHz Mode 1: 3C - 4.993 MHz
Mode 2: 3B - 5.506 MHz )de 2: 3B - 5.506 M

LA/

GEN 1 & GEN 2, 153 days of data, two modes
5\

| ,/5\4/_/ 5.

r Qwa.rh Theemal Noi

Data Analysis:

27/11/2019 20:10:34.2 (UTC)

-4.993 MHz
-4.993 MHz |-
- 5.506 MHz
- 5.506 MHz




MAGE — Searching for new physics

What'’s next ? - Multimode Acoustic Gravitational WWave Experiment
S . 2 X Quartz BAW crystals
RO 2 x DC SQUID amplifiers

FPGA Digitizer

FPGA DAQ

 Cosmic particle veto (coming soon)

Exclude potential sources of events:

— =
( m ) o )
! — J u -
. S-\ﬂ,ss QAOJ&\'\O(\ m}o dL“"Ub
Muon / Cosmic Particle Veto Detector £ vu\‘\g




Limited by SQUID electronics

/f3d3~3 MHz




MAGE — Searching for new physics

»  Multimode Acoustic Gravitational
Wave Experiment

®
>, MAGE

C3'o,o - fc = 4,993 MHz
Lorentzian fit
B3 o0 = fc=5.505 MHz
Lorentzian fit
Cs,0,0 — f-=8.392 MHz

Lorentzian fit
A3'o,0 - fc = 0,456 MHz

Lorentzian fit

X As‘m'p . fc = 15.732 MHZ
~ Lorentzian fit

SQUID Noise

f3d3~3 MHz

=0.75 -0.50 -0.25 0.00 0.25 0.50

f—f. (Hz)

PSD (dBV,ms/V HZ)

Modes up to 20 MHz are still
observable

Frequency (Hz)




Development of FPGAdata acquisition

National Instruments — 5763 Digitizer
LabVIEW

32 Lock-in amplifiers across two inputs

Continuous data streaming & acquisition

In real time w/strict timing & zero data loss

Yet to reach hardware limitation of device

16 modes in each crystal. [MHZz]

4.993050, 5.080854, 5.088263, 5.505426, 5.576835, 8.392272, 9.151802, 9.409902, 9.452381,
5.603804, 6.43206464, 8.297581, 8.400189, 9.224931, 9.246863, 9.526448, 15.731899



MAGE — Searching for new physics

Currently have new data!

Optimal Flltering - Search for transient events corresponding to quartz decay

UTC 17-05-24 23:02:23.916 f = 5.09 MHz Detector 1 SNR of 31.7¢

106 106
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AXION EFFECTS ON CHARGED PARTICLES

An analogue of the Witten effect in axion electrodynamics:

E(L E(L
C — — — — > V:-E, = gayy Ho-Va
— — 66— — —> > /

HM HM
a . . °
\ M / fictitious charge density
O

Magnetic monopole looks like a dyon

No new charged particle states are produced: fictitious charge can only be

generated at distance scales r > w,', and so it is never point-like in a given
axion EFT

Axion shift symmetry 1s preserved since dependence only on Va



