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1) Spinsinsolids (dressed
states of photons and spins)

2. Na wmmy
1) Clocks, Oscillators, low fr\
noise detection ‘ '

Opto-Mechanics ->
Macroscopic Mass at the
qguantum limit

2) ACES Mission

3) Fundamental Physics
Tests Low noise quantum limited

Peadouts




POPULAR DARK MATTER CANDIDATES: WISP or WIMP?

Classic WIMP Searches: Expensivei.e. LHC
WISP Searches: Cheaper Precision Low Energy Experiments

Axion: Highly Motivated: ADMX Washington Seattle tune High-Q
RF cavity (Radio receiver on steroids)

-> ADMX mass range 2-20 peV

-> UWA: Search new mass ranges never searched before on the
budget of an ARC grant (mass range 50-200 peV)

-> Funded for research and developmentthrough ARC Centre of
Excellence in Engineered Quantum Systems

-> Need Infrastructure, Dedicated Dil Fridge at Large Magnet (14
Tesla)



ORGAN Collaboration: EQuS2 funded

7

THE UNIVERSITY OF  Tobar, Ivanov, Goryachev: Built prototype already, expert
WESTERN in precision test of fundamental physics using microwaves
Sam? AUSTRALIA

Arkady Fedorov, Warwick Bowen, Michael Drinkwater:

THE UNIVERSITY  quantum Josephson Parametric Amplifier technology to
Ay OF QUEENSLAND enable improvement in sensitivity beyond the quantum

AUSTRALIA limit, i.e. squeezing techniques and QND.

v

Tom Volz: Techniques to beat the quantum limit:
Jason Twamly, Gavin Brennan: Develop models that

could lead the infrastructure to be implemented for
more sensitively.

MACQUARIE
UNIVERSITY

e e Andrew Doherty, David Reilly Develop mK cryogenically

‘%ﬂ SYDNEY cooled HEMT amplifiers with UWA: Develop models that

could lead the infrastructure to be implemented more
sensitively.

Paul Altin Daniel Shaddock: Data analysis with FPGAs,
huge problem! Speed of data collection essential for
large scans. Liquid Instruments technology to be used.




Lief Grant to gain infrastructure necessary

to test well known Axion models
No

L Sy | ‘

14 T Magnet (6 cm bore) p—

Wiing damber fonge

Currently we have 7 T magnet, and borrowing Dil Fridge
From other projects. For serious attempt these items are
essential

Dedicated dilution Fridge



Articdie Tak Read Eda  Je

WIKIPEDIA Axion

The Feee Encyclopedia

From Wkipeda, the free encyciopeda
Man page For other uses, see Axion (disambiguation).
Cortents
Featsod contert The axion is a hypothetical slementary particie postulated by the Pecce-Quinn theory in 1977 1o resolve the strong
Current evonts CP problem n guantum chromodynamecs (QCD). If axions exist and have low mass within a spedfic range, they are
Random ariclo of inlerest as & possibie component of cok! dark matter,

* Manifested as neutron EDM of 10* e cm

Effective periodic strong CP violating term, ©, S B i
appears as a Standard Model input - _—
* Expect fl to be order 1
P | P

* Experiments limit neutron EDM <3 * 10%* e cm EOM  MOM EOM MOM EDM  MDM
* 10'° discrepancy! No neutron EDM so no violation, ©->0, why?
Possible detection (et -> promote to a field (Axion)

Axions may have been detected through irregularities in X-ray emission due % inleraction of the Earth’s magnetc fiekd with radiation streaming from the Sun.
Studying 15 years of dala by the Eurcpean Space Agency’s XMM-Newion observatory, a research group at Leicester University noticed a seascnal variation for
which no conventional explanation could be found. One potential explanation for the varnation, described as “plausible” by the senior author of the paper, was
X-rays produced by axions from the Sun's core, ™

A 1erm analogous 10 the one that must be acced 1o Maxwel's aquations ™ also apPears n recent heoretical models for topokogical nsulators ™' This term leads
% several meresting precicled properbes at the mterface between topological and normal insulators. ™ In this stuabion the fieki 8 descrbes something very
ditlerent from s use n high-eneegy physics. ™ In 2013, Chvistan Beck suggested that adons might be detectable in Josephson junctions; and in 2014, he

that a sgnature, conssient with 8 mass ~110peV, had in fact been cbsarved in several preexisting W‘B.m"




Peccel-Quinn solution

» Introduces new hidden U(1),_ symmetry

* Broken at f, scale

- Symmetry breaking forces A to zero

- Generates new boson: the axion
« Weinberg and Wilczek

0.01GeV?
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The PQWW Axion

« fa associated with Weak scale (~200 GeV)
« AXxion mass expected to be 1 keV to 10 MeV

Not detected in
beam dump

searches: no
PQWW axion

P — &




Non-PQWW AXxions

* New f_scale physics
detaches PQ mechanism
from the Weak scale

>

GeV

" Invisible
Axions

-

 Two benchmark models:

"Hadronic” KSVZ model

« Stronger coupled to
photons

“Leptonic” DFSZ model

« Weaker coupling to
photons
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Axions and WISPs

Weakly Interacting Slim Particles Axion Like Particles

Axions constituting our local galactic halo
Slim = sub-eV would have huge number density ~1014 cm3

Weakly interacting, small mass,
so offers compelling solutionsto:

Dark Matter (i.e. Axions, hidden photons)

Dark Energy (i.e. Chameleons) Axions

Low energy scale dictates precision experimental
approach (i.e. don’t need a particle collider)

WISP searches are complementary to WIMP searches



More Theoretical Motivations

» Any theory with both supersymmetry and field-dependent
gauge couplings has axions.

» This is always true of string compactifications: 'string theory
has no free parameters: all is dynamical’.

» Conclusion: every gauge field in every string compactification
has an associated axion.

» Axion masses depend sensitively on non-perturbative effects
and may take a wide range of values.

Joseph Conlon (Oxford University)
Patras Axions/WIMPs/WISPS Meeting, Durham
July 13, 2009



Selected Axion couplings
& the important two-photon coupling

~Q /0 e
& k4 .
/ ' A process with small model
Yo ; Joee uncertainty

Exploited in certain terrestrial
searches

Easily calculable

0
”, . e

Loop Correction

In contrast:
T A process with large model
P uncertainty
8 Can occur, €.g., in the Sun
N g Contains unknown U(1)pq charge
! of electron
- W

Bremsstrahlung



Pierre Sikivie’s RF-cavity idea (1983):
Axion and electromagnetic fields exchange
energy: WISP-Photon Coupling

WISP-photon coupling provides very importantexperimentaland
observational access (with minimal model dependence).

1 - 11y Primakoff Conversion

Ea'}vly — _Z gﬂ}’ aF,_tvF — ga-}, a E : B T
N
J(E* /2
( Py )—E°(V><B)=gayél(E°B)

B field can act as 2" virtual photon
to induce axion-photon conversion

Axion mass dictates photon frequency

Want to test / bound g,,,
What values of f, make sense for axion dark matter?



Axion Mass / Photon Coupling

Microwaves

& mm-waves \

Jayy (GEV)

Overclosure

240 MHz
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Axion Dark Matter eXperiment (ADMX) and ADMX-
High Frequency collaboration

Lawrence Lj s
Gianpaolo Carosi, Darrell Carter, Jaime Ruz Armendariz
niversity of Washington — main experiment moved here in 2010.
Leslie Rosenberg, Gray Rybka, Michael Hotz, Andrew Wagner, Doug Will, Dmitry Lyapustin,
ristian Boutan, Jim Sloan, Ana Malagon, Rich Ottens, Hannah LeTourneau, Cliff Plagive

David Tanner, Pierre Sikivie, Neil Sullivan, Jetf Hoskins, Jungseek Hwang, Catlin Martin,
lan Stern, Nicole Crisosto
National Radio Astronomy Observatory

wersity of California, Berkeley
Karl van Bibber,Tim Shokair, John Clarke, Jaben Root, John Norton, Ben Clemens,
Maria Simanovskaia, Kelly Backes, Isabella Urdinaran
Fermilab seatlzioined

Aaron Chou, Will Wester, Andrew Sonnenschein,
Sheffield University

Edward Daw
Yale University (ADMX-HF - NSF sponsored)

Steve Lamoreaux, Yulia Gurevich, Ben Brubaker, Sidney Cahn
University of Colorado (ADMX-HF — NSF sponsored)
Konrad Lenhert, Memhet Ali, Dan Palken

wapan Chatopadhyay




ADMX Gen 2 Science Prospects: Year 1 (0.5 -1 GHz)

Axion Coupling Ig,,, | (GeV™)
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Gen 2 ADMX Projected Sensitivity

Cavity Frequency (GHz)
10 100

Current Cavity
Two offset tuning rods
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Axion Mass (ueV)




ADMX Gen 2 Science Prospects: Year 1 (0.5 -1 GHz)

Axion Coupling Ig,,, | (GeV™)
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ADMX Gen 2 Science Prospects: Year 2 (1 -2 GHz)

Axion Coupling Ig,,, | (GeV™)
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Reconfigure current cavity
2015 Add several more tuning rods
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ADMX Gen 2 Science Prospects: Year 3 (2 -4 GHz)

Axion Coupling Ig,,, | (GeV™)
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ADMX Gen 2 Science Prospects: Year 4 (4 — 8 GHz)

Axion Coupling Ig,,, | (GeV™)
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ADMX Gen 2 Science Prospects: Year 5 (8 — 10 GHz)

Axion Coupling Ig,,, | (GeV™)
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ADMX Gen 2 Science Prospects: Year 5 ( < 0.5 GHz)

Axion Coupling Ig,,, | (GeV™)
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We propose high frequency cavity axion
searches not currently under investigation
(support from ADMX)

Gen 2 ADMX Projected Sensitivity
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What frequencies are we best at measuring at UWA......



Phys. Rev. D92.034507 - E. Berkowitz, M. Buchoff, E. Rinaldi arXiv:1505.07455
The Over-Closure Bound As It Stands Today

Cavity Frequency (GHz)
1 10 100

Lattice SU(3)

> Pure Glue o N0 SUPRIMOVA BQUNGS
0 » "
€ o1 Late PQ Breaking //“\J/“"’{
s .M “aM
o e //a
£ 1™ P
g -
g AR —
4 fa < (4.10+0.04) 10" GeV UWA
Mma > (14.6+0.1) peV
10 100 1000
Axion Mass (}lGV) Couttesy GP Caros:, ADMX

Caveats -> Assumes PQ breaking occurs after inflation, study pure Yang-Mills (gluons only)
and not yet full QCD. So still important to testlow mass
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High Frequency Haloscope Design

High frequency haloscope at UWA (-26 GHz), known asORGAN
Multi-stage project:

-Direct test of Beck result

-Wider scan at high frequency

-Novel resonators

Designing a haloscope at high frequency is difficult

.TM Mode frequency inversely proportional to cavity size
+ Lower volume

+ Lower sensitivity
< Lossier material

Quantum noise limit increases

Harder to tune, and couple to modes




Signal strength

Power from the cavity is

_ . |4 By 2 G~y \ 2
P=4-10"2W|_—— 5 ( % ) .
(2()() () (8 Tosla) Cn 0.97

Pa ( Tea ) min(Qr, Qa)
0.5-10-24 g/cm® ) \1 GHz 1 x 105

Where C,, is form factor, p, is the halo density, m, the
axion mass, and

Q_ ~ 70000(GHz/f )2B (ASE); Q, ~10° are quality factors

g, ~ 0.97 (KSVZ); g, ~ 0.36 (DFSZ) are coupling
strengths

We use DFSZ; look for ~10-22 Watts power



Microwave Cavity Parameters 10

consider

Maximize Volume inside B-Field
— Axion conversion power goes as B?V.

o  d3zE,, - Bo|?
Maximize Form Factor: |C},,,, = v i f)'{
B(Q)V fv d3ze|Ey, |2

Ii/(l)a%(imize Quality Factor = freq/Afreq (up to Q, ™

Tunability = must be able to shift resonant .
frequency over an appreciable range to scan axion
masses.

Ability to distinguish that you are on the correct
mode (one that couples to axions)



Optimization of Axion Haloscope Cavity

9,2 \? p, :
Po= (Jt 3 —VB;QC, Define CVG
/ dV.E. 3 %|[dV.%B, '<:i’|->
2 CVG - I[ C*¢ + ¢ o 2 _
N w#Of'H‘ d'VC (’)fdv lE IZ 2[(1V(|B(|"
a 2
flﬁ‘ dS. Cgy = Ce ;— Cs my()j |H| dV.
=Q x R,. [|H| ds.
C | [dV, E,. 5\2
=

2V, de€|E|2

(1)

CB:

2vc [ dVC 11B_]2
* Hr

(Always equal, good to calculate both to check complicated structures)
McAllister, Parker, Tobar PRL 117, 159901 (2016)



ORGAN

.Cavity dimensions:

—~1 cm radius

-~5 c¢m length

.TM_,, Mode frequency ~26.5 GHz
First “path-finding run” complete
-Stationary frequency, single cavity
~Traditional HEMT amplification

4 K

-7

~-Commercial FFT

.Successful test of entire system, ready for tunable run

.Scale up sensitivity

¥ WESTERN
7 AUSTRALIA




Bragg Resonators

)

Lonfne modes, vartual boundary
condibons

Jmprove Q factor

LNIYE T O

WESTERN
AUSTRALIA




THE ORGAN CONCEPT

Brute force solution: Compensate for loss
in volume at high frequencies by looking
at multiple frequencies simultaneously
(Like an Organ!).

Alternative to power- (& S
summing at one

frequency and dealing El

with keeping all the s (X) C >

cavities frequency- Microwave

tuned / locked | P SiemiSoure
N o

w First Stage Amplifiers



ORGAN

Oscillating Resonator Group Axion coNvertor: Australian consortium
Project funded by the ARC CoE for Engineered Quantum Systems

-> ARC LIEF Application 14 Tesla Magnet (~ B?) plus dedicated Dil Fridge for
multiple year operation etc.

Oscillating Resonator Group Axion coNvertor Pathflnder ProjEct (ORGAN PIPE)

| | e
Start with 1 cavity... @ @8 y
= e

1) Check Detection Claim y 4
2) Show proof of concept =

at higher masses S M
3) Test novel noise Microwave

reduction and signal o .1 Signal Source

enhanCing techniques \\&L—/i First Stage Amplifiers



JHeck result: potential signal of axions at ~26.6 GHz (~10~-4 ¢V)

Higher frequency than typical haloscopes., .or easily accessible
Lonssdered a spunous result by many

Heck's hypothesis:
Shapiro step-like features in Josephson Junctions could be as a result of axions

Passiblo resonance effect of axionic dark matter in Josephson junctions

Cheistian Bleck
donee Newton Insttnte M Nathoatund Svnine, Usarviy of Combvsdys,
N (Nrhaon Nowd, Combdeadys TN PN, XK. wd
Sohowd of Mabomabond Sovvncen, oo Uary (umerwiy of Fonvdion, ke Fnd Rawd, Landhm ¥ ENN LN

Voo prnneds Ut ot ol e gronetts tha dath st aaime Mo the gala the hdi 1hat jasss thouug)
e vt il wwp gowenwte o sl ol b siganl e memat SN Raapdunn jonctionns. The o
Pageadag erethn jpeowes b il m snkpeonas of U pasge avar et s Aeapioes pluse
s amaiede 30 asd w pruletel Froehaes & seand g ;A-plhr Tosimm mithond wrsrs ol
spod ot miotumnre retalion when U Limeghoam Sedparin'y ondmtion Sl the avion e A s
maney. el of a0 far wrkrvars ampm ohsoryed O He@®eaas o0 sl FHE T 3RS0 N) LAY
o venenr wTLh or Uhenry aa cal B mmeepentad I8 terms of a8 achen e ot w0 1 Ty
st & hooal galaotic axionie dark matter Sonsry of B05 GoV /o, W Sacuw feties axpariametal
rhavis b conlrm the darhoonstter st wte of (e wdmmrved wgeal

DOU:http://de doi.ore/10.1103/PhysRevl et 111.23180]

No direct test of this candidate signal has been performed - seems like as good a place as any to start
looking
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Beck's Proposal: Axion entering WL region, transport of excess Cooper pairs
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ORGAN PIPE
A 110 peV (26.6 GHz) Axion Haloscope Search

First experiment 80 days ->
1 cavity to cover M, = 110 +/- 2 yeV or

26.6 +/- 0.5 GHz
(maybe use two cavities to reduce scan time?)

Increase field 7-14 Tesla -> sensitivity increase x 4,
Search time reduced by 16,
Huge benefit (5 days!)



Equipment — Dilution Fridges from other

projects has allowed proof of concept of e U S
Australian path finder test




Magnet & readout e JUS

ARC CENTRE OF EXCELLENCE FOR
ENGINEERED QUANTUM SYSTEMS

LNF Cryo HEMTS
~10 K Noise temp (15 — 29 GHz)
Need to develop JPA’s at high frequency

-

iy 1 it
7 T Magnet (10 cm bore) 2-channel digitizer - l' -

") S

Keysight U5303A |



" ® Firstrun complete

TMyo0 mode

sampling frequency of the digitizer is 1GHz, the

- N 26.54GHz

A\ ! \

\‘ B
‘ " :.“ ' . ,\ A ,".-‘ - —

' ! - A — . J ) 1 - _.‘
Al (il = % v
L= e a . eyt
» e B s B e

Pgee 11 ONGAN confpuration. The copper mbmosws csnty botng ssed s e i
maperimend v sl & rervend OTRICAN Avdews dapran e bomm |




T —— e e e e G —— e et e et e Y

§ D001

A
e
'L
2w

TR0 & W 3 akR e 0 S AR T D RO Y S e

Fowyuerncy (1)
o

305107 ,

: | ' 4 raug .

! L - c

g 2w )ge-; ?;%{
! "
: o ' ";ﬁ
Ty Lo B\

296107 ,-.{;_.-,‘.

| %
29%10"

100 18etd' A0 asstd  paesd
Frequercy (He)



Now Some Ways to
Improve SNR



UNIVERNITY OF

WESTERN
AUSTRALIA

A

Cross-correlation techniques

High frequency Cavities very small
+ Would ke to combine multiple cavitses

Lross-correlate signals from two cavites AR A % 8 % e I®

+ Regect the uncorrelated thermal cavity noise and ampifier noese
+ Retain correlated xaon signal
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Cross-correlation techniques

LDefine SNR a3 signal devided Dy spread of background notse, 1or purpose of scheme Comparison

JWith cross-correlation spread (standard deviation) of badkground noise goes down proportional to *2%;-

Lompared with for single channel

23
Vi

l . .
‘ a
‘
| .
bam™ b
A “ .- - -
Tear ! b oo

+Factor of 2 reduction in background spread, same improvement as doubling signal power by combining two
i

LDownside: need two readouts, amps etc
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Cross-correlation techniques
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Signal to Noise Ratio

Cross-correlating two cavities —
measurements

20

15

10

10 100
Number of Averages, m

1000

Fit to data points:
Single-channel = 0.44*rt(m)
Cross-spectrum = 0.46*rt(2m)

Starting SNRs are “small”
(less than 1)
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Cross-correlation techniques

Joeal benefit achieved when synchronizing, Larger rumbers of Cavites
Lan compute “averaged cross spectrum”

Jor n cavities we can compute n(n-1)/2 independent cross spectra
Averaging these cross-spectra produces a new spectrum

+ WISP signal of interest retaned

-+ Mean of thermal nosse reduced

+ Standard deviation of thermal noise reduced

Achieve 2 - Jn (n — 1)/2 reduction in spread of background noise, compared with n from power
binsing

[y
T Ay

Ao e




Cross-correlation techniques

Fave
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Cross-correlation techniques

This is not magic or free = We have a tonne more data/readouts, this is all post-processing
JNe need n readouts, rather than one

N digitization channeds
o Umes as much data

Lquivalent to averaging a Wilkinson system for longer in termes of data, but we do it simultaneously

*
.t
|
.
.
‘
4
.
!

— CC
~— Wilkinson

2 4 6 8 10 12 14 16
Number of cavities




UNIVERNITY O

WESTERN
AUSTRALIA

A

Cross-correlation techniques

Synchronizing 4+ cawties is a long term goal of ORGAN
Lross-correlation has other uses than increasing SNR:

~Power summation of multiple cavities is difficult

LCavities need to be inside same system, in phase

JLOC measurements can be performed with cavities spatially well separated
~Charactenae WISP signals ¢.g. coberence length

See arXiv:1510.05T75v2 for more information on these techniques, update forthcoming




Circumventing quantum noise in axion dark
matter searches

ADMX-HF team
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Future of search

« ARC CoE funding for 7 years, can scale up experiment
ARC Centre of Excellence for Engineered Quantum Systems ( EQuS) - Consortium

Need 14 T magnet and dedicated dilution fridge

Multiple cavity search

LQuantum or near-quantum limited amplification (JPAs, NQL HEMTs)

JOther areas we are exploring:

-Signal processing techniques FPGAs with ANU and Liquid Instruments
-Methods to increase Q factor (superconductivity, 3D printing, Bragg resonators)







