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Dark Matter ??

*Models of dark matter 
interacting with Standard 
Model particles.


*Convert dark matter to 
standard model particles


*Use precision measurement 
to search for dark matter?



*General Relativity rests on the Einstein Equivalence 
Principle (EEP) which consist of three parts


*Universality of Free Fall (UFF), also called the Weak 
Equivalence Principle 


*Local Lorentz Invariance (LLI) which implies the local 
validity of Special Relativity


*Local Position Invariance (LPI), which implies the 
universality of the gravitational red shift

Does Realtivity Break Down?

Is there a Theory of Quantum Gravity?

Approach: 

Test Relativity with Precision 

Measurement



http://www.physics.indiana.edu/~kostelec/

STANDARD MODEL EXTENSION: General 
Framework for Studying Local Lorentz Violations

• Photon Sector

• Matter Sector

• Gravity Sector



Does Gravity Modify Quantum Mechanics?

Is there a Theory of Quantum Gravity?

*Does mass modify the 
position and momentum 
commutator relations?


*QG theories predict a 
nonlinear correction to the 
canonical commutation 
relation between x, and p.


*Can test with precision 
opto-mechanics

Quantum Mechanics 
Possible with 

Macroscopic Masses



Outline
Experimental Techniques

Dark Matter Experiments

Lorentz Invariance with Phonons

HFGW

Quantum Gravity

(Clock Zoo)

(UC Berkeley)

(FZ Jülich, U Maastricht)

(U Glasgow, FEMTO-ST)

(Wave Like Dark Matter; Axions; Acoustic Oscillators)

(Search for violations of Lorentz Invariance)

(Tests of Generalised Uncertainty principle)

(Fermi Lab)

(Search for high frequency GW)



Frequency Metrology
PHONONS

SAW

BAW

Structures

MAGNONS/SPINS

Bulk

Spin-Torque

PHOTONS

LC-circuits

Metallic Cavities

Dielectric Cavities

ATOMS

Electron transitions

Nuclear transitions

Hyperfine transitions

Spin Ensembles

WIDE RANGE OF PHYICAL PHENOMENA



Searching for Putative Wave-Like Dark Matter

Generic Experiment
Wave like Dark Matter 

Design Physics Package:  

-> Sensitive to the type of Dark Matter of Interest


-> Axion, Dilaton etc. (bosonic)


-> Theory interacts with Experiment: How Dark Matter 
interacts with Standard Model Particles, Optimise Signal


-> Reduce Noise, Fundamental Limit is Quantum Noise    


-> Surpass Quantum Limit: Quantum Metrology


-> Broadband and resonant searches via cavities, circuit 
oscillators, NMR etc



WAVE LIKE DARK MATTER PROGRAM  @ UWA
(1) Axion Dark Matter eXperiment (ADMX) Project run by Fermilab, run out of Seattle at 
Washington University. UWA Officially a group member  since 2019.  PI Gray Rybka


(2) Oscillating Resonant Group AxioN experiment (ORGAN). The first Axion 
experiment at UWA, will test Axion Cogenesis in 2021, arXiv:2006.04809 [hep-ph]


(3) Searches for axions through coupling with electron spins; Magnon-Cavity UWA


(4) Low mass detectors for axions with LCR Circuits, ADMX-SLIC  (Superconducting 
LC-circuit Investigating Cold axions) UF (Sikivie and Tanner) and Broadband Electrical 
Action Sensing Technique (BEAST) UWA


(5) AC Halloscope with Low  Noise Oscillators (UPconversion Loop Oscillator Axion 
Detector (UPLOAD) UWA


(6) Light Scalar Dark Matter  (Dilaton) Clock  Comparisons, Acoustic Detectors  UWA



(2) ORGAN: Cavity Haloscope in DC B-field
(4) LCR Circuits in DC Magnetic Field

(5) UPLOAD: Two Modes in one Cavity

(6) SCALAR DARK MATTER: Includes Phonons



Searching for Scalar Dark matter from Oscillating 
Fundamental Constants



* Frequency range: 1-1000 MHz

* Three mode family types: 2 transverse and 1 longitudinal 

* Piezoelectric Coupling

* Established technology (>70 years for time keeping applications)

* Record high Quality factors ~ 1010

BAW Cavities
Photons (Electromagnetic) vs Phonons (Acoustic)

Scientific Reports  Vol. 3, 2132 (2013)



PLL loop filter

Delay line: Δφ ~ 76 deg at 5 MHz

Attenuator

Power combiner

Room Temperature Resonator-Oscillators 
using Quartz BAWs

LNA (1.3 dB NF)

10 dB 
coupler

PLL mixer

Mixer of readout system

Isolation/
booster

amplifier

Q~106

5 MHz Oscilloquartz



Phase Noise Spectrum of 5 MHz Oscilloquartz 
oscillator

Mixer

+

~  2 V
FM 
port

α16 dB 

LO

RF 30 dB DVM

5"MHz""X-tal"osc

5"MHz""X-tal"osc

FFT

◆
◆ ◆ ◆ ◆

Used to test fundamental Physics - LLI, Dark Matter

Can we Improve Using a Cryogenic Oscillator???



E. N. Ivanov and M. E. Tobar, "Noise Suppression with Cryogenic Resonators," in IEEE Microwave and Wireless Components Letters, doi: 10.1109/LMWC.2021.3059291 , 2021.

CA Thomson, BT McAllister, M Goryachev, EN Ivanov, ME Tobar, “Upconversion Loop Oscillator Axion Detection Experiment: A Precision Frequency Interferometric Axion Dark Matter Search with a Cylindrical Microwave Cavity,” 
Phys. Rev. Lett., vol. 126, 081803, 2021.

Cryogenic Version Under development < -180 dBc/Hz.
Sapphire Low Noise Oscillators under Development at UWA

https://ieeexplore.ieee.org/document/9356459
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.081803


Searching Scalar Dark Matter with Oscillators



Bulk Acoustic Wave (BAW) Oscillator Fundamental Constant Dependence

Quartz Oscillator Limits the Experiment Stability: 10-13 to 10-16 possible

vis the speed of sound in the material 

L resonator length parameter 

n is a constant. 



Scalar Dark Matter





Next Generation Experiment? Cryogenic BAW (4K) ->Q~1010


4 orders better than room temp

Frequency 
counter

~

Out

FM-port: 
50 Hz/V

Lock-in 
amplifier

α
VCA

+

Power control loop

Frequency control loop

fosc ~ 116. 166 633 200 MHz
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Uref
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-30 dBm
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Keysight
33600A
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Frequency Stability Measurements

~

Mixer

Out

In

Sine outFM-port
φ

AM-index control

BVA 5.6K

G ~ 20 dB

-10dB

-10dB -10dB

Lock-in 
amplifier

�

α 22 dB

Frequency
counter

10 MHz
from H-maser

RF oscillator & Frequency Counter:
Power incident on resonator ~ -30 dBm

NB
1. There  is no noticeable frequency drift despite the use of 
room temperature detection system.

2. Frequency stability improves by ~ 10% when LA sensitivity 
increases from 20 to 5 mV

Allan deviation of fractional frequency 
fluctuations averaged over time τ



Cryogenic Quartz Oscillator: Power-to-Frequency Conversion: Duffing Nonlinearity

dfres /dPres ≈ - (3 ... 5)Hz /μW

This is more than 1000 times 
bigger than at 296 K !

Power incident on cryogenic BVA 
resonator (blue) and oscillator 

frequency (red) vs time

Oscillator frequency vs power



Uref
6 dB

~
~ 120 MHz & - 4.5 dBm 

DVM

α

RPD

6 dB

α
VCA

�

α

+

5 V
T = 296 K

Modulation signal

Agilent 8257D

 - 1 dBm 

Pdet ~  - 13 dBm 

Oscillator Frequency Stability due to Power Fluctuations

σu
ext

Oscillator fractional frequency stability due to power fluctuations Pdet = - 10 dBm
Pres = - 30 dBm
dfres /dPres ≈ - (3 ... 5)Hz /μW
du /dPdet ≈ 1000 mV /mW

σuext ( 1 ... 30 s) ≈ 2× 10-6

Oscillator parameters:

σy (1 ... 30 s) ≈ 5 ... 7× 10-13

σy =
1
fres

dfres
dPres

η
σu

ext

�SAD
in-loop�2 + �SADext�2

η = Pres / Pdet ≪ 1

Allan deviation of fractional 
voltage fluctuations at the 
output of out-of-loop detector  

Power-to-Voltage conversions of amplitude detectors (see next slides)







Can use Passive Bulk Acoustic Wave Resonators at Low Temperatures

* Avoid the non-linear regime

* Measuring Thermal Noise; Continuous; ~ 1 year

* Search: GWs; Scalar Dark Matter; Test Quantum Gravity

20 mK



Scalar Dark Matter



Scalar Dark Matter

(dDM)min
≈

c2

8πGρDM
ωnhmin



AXION as Dark Matter
Two most popular classes of phenomenologically viable invisible axion models:

 - Hadronic or Kim-Shifman-Vainshtein-Zakharov (KSVZ) model

 - Dine-Fischler-Srednicki-Zhitnitskii (DFSZ) model



ORGAN: Oscillating Resonant Group AxioN Experiment
Covers 15-50 GHz range

Promising theoretical models point to high mass 
ranges:

- Lattice QCD Simulations

- Encompassing theories like “SMASH” - SM Axion 
Seesaw Higgs Portal Inflation

- Strange experimental observations in Josephson 
Junctions (albeit quite controversial)

- Mature experiments already covering large 
portions of the lower mass range

with higher frequencies everything gets more complicated!



ORGAN: Oscillating Resonant Group AxioN Experiment

KSVZ

DFSZ



ORGAN: Oscillating Resonant Group AxioN Experiment


Phase 1a began in June

Fridge and Magnet (12-14 T) Cryogenic translation stage Detection (GHz SPD)



ORGAN: Oscillating Resonant Group AxioN Experiment

1a 1b

2a 2b
2g

HEMPT or SQL 
Limited Linear 

amplifier

Efficient GHz

SPC

KSVZ

DFSZ

ALP

Cogenesis



First Proposed in 2018 
arXiv:1806.07141 [physics.ins-det]: 
Proposal Published in 2019

QD Heterodyne Detection of Axion Dark Matter in an RF Cavity


Sebastian Ellis

https://arxiv.org/abs/1806.07141


gaγγ


DC B-field

The AC Axion Haloscope Technique

ωa = ωc

agaγγ


ω1

ω2

ωa = ω1 ± ω2

The Axion Haloscope Technique

Lagrangian gives effective strength

Axion-Photon Coupling to Search for Axion

Microwave Cavity

a



Construct Dual-Mode Loop Oscillator with Phase Noise Measurement 
System: What is the Signal to Noise Ratio?



First Realisation: Cylindrical Microwave Cavity
• Tuneable cavity height (lid attached to micrometer)
• TM020 mode frequency fixed by cavity radius
• TE011 mode frequency tuned by cavity height

Down Conversion: fa ≈ f2 + f1 ≈ 18 GHz
Up Conversion: fa ≈ |f2 − f1| → Low Mass

TE011 Bz

TM020 Ez TM020 Bφ

TE011 Eφ

Probe Entry

Micrometer

Tunable Lid

7.5 cm

5.86cm

1

-1

TM Probe

TE Probe



Measure Frequency Noise

Axion Search

via Dual-
Mode


Schematic of  the Experimental Setup

Pump 
Oscillator

Read out 
Oscillator



Oscillator Fractional Frequency Noise

Searching at , Fourier frequencies at the same time 

Next: What is the Signal that the Axion will imprint on the Phase Noise?

±f

fa = f2 + f1 ± f or fa = |f2 − f1| ± f .
Search Fourier Frequency of read out oscillator for axions, 

relation becomes



Sensitivity Limits

•Puts limits 7.44-19.38 neV with 
only 5 positions of cavity tuning 


•New Room Temperature Version 
Under Construction


•Cryogenic Version under Design

•Looking at a few different schemes, injection locking etc. and power measurement schemes

Heterodyne Detection of Axion Dark Matter in an RF Cavity


Sebastian Ellis



Phonon Sector SME Experiments 
at the QDM LAB-UWA



Lorentz Violations in Mass Sector

f(m) → f(X̂, ̂Y, ̂Z) δν
ν

= −
1
2

δm
m

= −
1
2 (2cQ

[xx] + cQ
00)



Lorentz Invariance 

Acoustic analogue of a Fabry-Perot cavity,

The most stable mechanical resonator



Lorentz Invariance 

120 HOURS OF OBSERVATIONS

δν
ν

= (−2 ± 2.4) × 10−15

Level of Frequency Deviations:

Neutron sector coefficient:

c̃n
Q = (−1.8 ± 2.2) × 10−14GeV

This rules out all possibilities for Lorentz violating anisotropies in the inertial mass of neutrons, 
protons, and electron at the ∼10−14 GeV level. A few orders of magnitude improvement over previous 
laboratory test and astrophysical bounds



Current Status: Data taking Finished

-> ~ 2 years of data 

-> Multiple Coefficients, Higher Dimensions



Rotating Bulk Acoustic Wave Oscillators

Experiment Finished: Looking at Data ~2 years data (Higher Dimensions)



Data Spanning MJD 58211 -59047 = 2.3 Years 4/3/18 - 16/7/20

ωR

Fourier Frequency Hz
10−6 10−4 10−2 1 10

2ωR

dB
V

/
H

z



Demodulate, by averaging over an optimum number of rotations





Quantum Gravity



Quantum Gravity
Q

Quantum Technologies and Dark Matter Research Lab

D



Quantum Gravity



Quantum Gravity



High Frequency Gravitational Waves
Q

Quantum Technologies and Dark Matter Research Lab

D



High Frequency Gravitational Waves



High Frequency Gravitational Waves



High Frequency Gravitational Waves

Appl. Phys. Lett. 105, 153505 (2014)



•Neutron star mergers

•Light primordial black hole mergers

•Exotic compact objects

•Black hole superradiance 

•Inflation

•Preheating

•Phase transitions

•Topological defects

•Evaporating primordial black holes


There is a number of theories predicting GW cosmic sources for the frequency 
range 1-1000 MHz, other theories predict GW from the early Universe.

High Frequency Gravitational Waves



First Detection?

153 days of observation
Q

Quantum Technologies and Dark Matter Research Lab

D



First Detection?

Excluded sources:

LIGO/VIRGO event catalogue, weather perturbations, earthquakes, 
meteor events / cosmic showers, FRBs

Possible sources:

Internal solid state processes, internal radioactive events, cosmic ray 
events, HFGW sources, domain walls, WIMPs, dark matter


  

Q
Quantum Technologies and Dark Matter Research Lab

D

https://arxiv.org/abs/2102.05859


THE END

THE 


TEAM QD


