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What I normally do these days...
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What | think you might want me to do in the next 30 mins...
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Theory Behind Axion Searches

Axions in the Early Universe _\|>—
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Sensitivity/Axion Electrodynamics
Superconductors

Stochastic processes/signhal synthesis
Condensed matter/materials

Open quantum systems/cavity QED

——
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Fundamental Theory
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Practical Theory



Axions

———
Solve strong CP problem in QCD aa. P 3
(why neutron EDM so small?) ﬁ a‘L
Peccei & Quinn (1977) - (l?
— Uy
L= To7z 0wt v

d, ~ $EZNNEANN | [N} 5(10716)§ ¢ cm
Anlm My

Leading candidates to explain dark matter
(mDM ~ 10_6eV << GeV)

Dine & Fischler (1983), Abbott & Sikivie (1983), Preskill, Wise & Wilczek (1983).
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b = |CI)| eia/fa
0=alf,

(Slide courtesy of Malte Buschmann)

Axion Symmetry Breaking
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Axion field
after breaking the PQ symmetry:

(field takes values between O and )

6

axion



Symmetry Breaking (Before) Inflation

6(x) = a(x)/faq

Axion field
after breaking the PQ symmetry:

PQ broken before inflation:

axion

Observable Universe

Dark matter abundance

Two free parameters: 7
P Jas 0o No fine-tuning of 6

(Slide courtesy of Malte Buschmann) Qg ~ Og/ff - m, ~ uev
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Symmetry Breaking (after) Inflation
PQ broken after inflation:

Requires us to understand the
cosmological evolution of
the axion field

axion

One free parameter: f,
Qg ~ <02>/ f a2

axion strings

(Slide courtesy of Jamie McDonald | University of Manchester



supercomputer simulations of axion strings

2\ 2 2
Lpg = 90| — A(|<D|2 —&) M op

2) 3

Buschmann et al Nature Communications
volume 13, Article number: 1049 (2022)

(Slide courtesy of Malte Buschmann)
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https://www.nature.com/ncomms

Theory predictions for axion mass

30 GHz (124 peV)

102

101 /6 /2 m—01 =6
I | | ...
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Pre-inflation

108 GeV

|
107 GeV

= max (“fITIV (Isocurvature)

Post-inflation

Models:

Lattice/x(T):

Strings:

Strings+Walls:

Npw > 1:

SMASH, 2016

Cogenesis, 2020

VISHv, 2022

Wantz, 2009

Berkowitz, 2015
Bonati, 2016 s

Borsanyi, 2016

Dine, 2017 —

inf, 2024

Benabou, 2024 wem

Saikawa, 2024

Gorghetfo, 2020

Kawasaki, 207 2} s
Kawasaki, 2014
Fleury, 2015
Klaer, 2017 wm
Benabou, 2024

Kawasgki, 2014 Beyer 2023
Gorghetto, 2020
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Plot Courtesy: Ciaran O’Hare
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Axion Electrodynamics

r = Yayy

aF,, F"=gg,,aE.B

Axions Photons
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Axion Electrodynamics

V:D=-g,y7B-Va
VXB—I.)zgaWc'LB—gaWExVa
V-B=0

B+VXE=0

Maxwell’s Equations + axions
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Axion Electrodynamics
—V*E+V(V-E) - w?e.E =94, w°aB

/

Light Axion field
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Axion Dark Matter Detection 4 - gfw Y

Biab

B-field —>

Axion -~

Vpoy ~ 200 km/sec

Power

p = 0.45 GeV /cm3
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Axion Dark Matter Searches 26— 40 GHz

Frequency [MHz] Manchester
103 104_, PR
1077
CAST
10710 Neutron JPars
L g ayy F F 13, SN1987A
= | Pulsars 2 g
3 > 1012 - Al
°9
S —(— 1n-13_ 1
s ;10 E AR
E & ’ o & & :
_ s e -
io 10—14 = B & E é
s /
E po = 0.45 GeV cm ™
1T 1 1] T T T
106 10°° 10~
mg [eV]
, Dark Matter Mass
Plot Courtesy: Ciaran O’Hare 15

Jamie McDonald | University of Manchester



Theory Behind Sensitivity of Axion Experiments

min(Qc, Uq)

d B* v2C?
4

(a story through a formula)
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Sensitivity of Axion Experiments

d B* v2C?
4

Y o 25 min(Qe, Qo)

SYS

(Jav EBap)° s Q.= deV|H|2
“vBZ Jav gz Ye~ 10 “ R[dSInxH|?+tané [ dV|H|?
T T

Surface Resistance Losses from bulk materials

high Q factor

amplitude

low Q factor

-

frequency / Hz
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Sensitivity of Axion Experiments

if |BYvacz |
Y B 1hin(Qe, 0a)
SYys

Manchester Sheffield
~ 1072 gain in scan rate

Initial Magnet at Sheffield |

~ few cm bore 20 cm bore
~ 3 Tesla field 8 T field

Jamie McDonald | University of Manchester
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Sensitivity of Axion Experiments

df B*Vv?4C?

E mln(QC: Qa)

Quantum Noise Limited amplifiers

Jamie McDonald | University of Manchester
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Sensitivity of Axion Experiments
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Cavity Searches for Axion Dark Matter

Cavity Modes

TMOlO 210 M310

™ T
<>, QD
@

flmn

(eigenfrequencies)
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Cavity Searches for Axion Dark Matter

Cavity Modes

Magnet ™
axion L

‘@

a_ - ~y ~y - ~y
4 fOlO 1/rc Vaxion mg
(eigenfrequencies)

B
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Frequency

Mode Crowding

31.0
30.8
30.6
30.4
30.2
30.0

298¢

296

0 20 40 60 80 100 120
Cavity Height [mm]

Jamie McDonald | University of Manchester 23



Volume Challenge
L~1/m, ~1/v

1 GHz

Magnet

20 cm V Pa X gany Q C'

Jamie McDonald | University of Manchester

30 GHz
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Volume Challenge
L~1/m,~1/v

L

+—>

Repeated Structures

Recover Larger Volume
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Volume Challenge

Resonant axion conversion

2

— 2

Repeated Structures

Wires

Lawson etal PRL 123 (2019) 14, 141802

Jamie McDonald | University of Manchester
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Volume Challenge

Repeated Structures

IRRRRRAAN

11111 s,

- —P

YYyYyvyvYYYYYYYVYYY

Mirror Dielectric Disks

MADMAX - concept (Caldwell et al PRL 118, 091801 (2017))

Jamie McDonald | University of Manchester

Receiver
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Volume Challenge
L~1/m, ~1/v

Multi-Cavity Arrays

Magnet

See also: ORGAN, ADMX-ERF, CAPP < 20cm .

A

Jamie McDonald | University of Manchester
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d B* v2C?
Y«

Jamie McDonald | Un
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Signhal Synthesis
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Question: how do | model a given power spectrum as a stochastic process ?

Power Spectrum (PSD) Stationary Time-Domain Process (Stochastic)
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Let’s consider a line signal

Characteristic Voltage:

S(w)=[dtR®)e'“" R@) =<al®)a(t+1)> V.(f) = [S(H]V?
Power Spectral Density
Sw) V(0) = [ do ' tV.(f)
""""""""""" 06”
’ 0.4} Zn/% n ﬂ
’ 0.2}
’ £ oof
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1 -0.4 U U
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Synthesizing the Signal

Voynen(£) = Vo (8) * W(t) = JduV.(t + W) =X, V(t +u)W () (linear filter*)
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20

15

Double Check:
Do we Recover the PSD from this synthesized signal?

20 ‘
— Synthesied Original Spectrum -
Original Spectrum 151 Synthesied
l 3 10
[ m
"\Mh X
_*,.ﬁ‘-‘fﬂ’ . lh’ih...s.._. . ol— —t . = .
0.6 0.8 1.0 1.2 1.4 0.6 0.8 1.0 1.2 1.4
w/ma w/mg
Re-bin
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dt

Back to sensitivity

df B*Vv?C* .
— - m1n Q,)
Sys

Jamie McDonald | University of Manchester
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Theory of Losses (copper)

Copper

1 1 1E+01
Zw/ (,(JL|H|2 + €|E2) av
s\ 2 2
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R, / |H,|?dS
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Theory of Losses (superconductors)

Type |l Superconductors

=

Jamie McDonald | University of Manchester
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Theory of Losses (superconductors)

A

not(t, z) = eu” (t, z) — kpu(t, z) 4 yeos(wt)e >/

AP) o
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Theory of Losses (superconductors)

Jav | H|?

= TdsR| e Surface Resistivity: R « B.n
n X

Type Il Superconductors don’t like B fields o .
Surface Resistivity Gets Worse at High Frequency
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Theory of Losses (superconductors)

Surface Resistivity: R « B.n

» Cigar Nb Snincr. | . . Cigar
o <« Cigar NbSSn decr. "‘5’
| o TESLANDb,Sn d,w?

B_(T) (not clear how to tune)

Posen et al (Fermilab group)
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R/B, (MQ/T)
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Theory of Losses (superconductors)
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Back to sensitivity

4 A2
ar o m e, in(Q., Q)
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Modelling the C Factor
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Magnetic Solenoid
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c Field

anchester

C =

2

/ E.(x) - By(x)dV
| %

BV /V e(x)|B.(x)|* dV
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Conclusions

- Axion theory predicts a broad range of masses
should look everywhere.

- Post-inflationary scenario (e.g., strings) motivates higher
axion mass searches.

- Lots of maths underlying the understanding of
axion experiments and how to increase their sensitvity

Jamie McDonald | University of Manchester
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Backup: Axion mechanism

R )\ & S,
gaxion — anaaﬂa+ (9+ af: ) 39 72 Fjvfwva
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