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HFGWs free of Standard Model Backgrounds

Contrast with PTAs...
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107z _ Cheaper small-scale detectors
- commercially-motivated sensors
- Repurpose BSM searches

/

\
/ x /\ \ 10"%Hz
/

- ———
[ 4

100 Hz
—~ High Frequency GWs
10*Hz and above

4]

S—

10 kpc ~ 1029 m

0.01 Au~ 10°m A e - @ Tabletop~m

v

4 -

-

L
- —h
[F‘

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER
1824

The University of Manchester

Late Universe
e.g. transient

stochastic

Sources

Early Universe

stochastic

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER Early Universe Sources
1824

The University of Manchester

DMRadio-GUT DAL !

-

—
LF IAXO-SPD

Energy spectrum of grav. waves h?Qaw

107° nflation-scalar pert. osmic strings E
¥
10_12 Inflation-EFT 3| Preheating o 10 :Z
10” O — &= % E10°
107 % Inflation-extra species & P @ p107"
10—16 Q;x : 10—16
-18 Ny r 18
10 &, E10
107% Current exp. -® Astrophysical bounds 1072
-2 r -22
18_24 = Exp. in development (solid: broad, dotted: res.) === Potential stochastic signals : 18_24
¥
10728 Proposed exp. (solid: broad; dotted: res.) Aggarwal etal. 2025 E 1072
107%® 02
10" 10 10® 10" 10° 10° 10" 10® 10° 10" 10" 10" 10™ 10™ 10" 10" 10" 10" 10™

GW frequency f [Hz|

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER. Late Universe Sources
1824
The University of Manchester

© SR

Tsukada et al, 20

waw & 24

-~ BBH merger
Franciolini et al 2205.02153 @

© NS/NS mergers

Casalderrey et al. 2210.03171

Standard Model

~ Hyperbolic encounters of PBH

Garcia Bellido & S. Nesseris 1706.0211 | o T

Slide: GravNet Collaboration Meeting

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER

Standard Model

10720

10-23 CAST

10726

BabylAXQ------

. Ve
1072 %y, IAXO™"""

10732

1073
CGMB

10-38|-10° GeV< Typax <10'°GeV

Solar gravitational waves

1074

10744

FT T T TT T T T T T T T T T T T T T T T T T

L)
e I 0 O O B B

107471 | 1 1 1 T e Y

Ringwald, Garcia-Cely, 2024

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER

1524 Growing Community

The University of Manchester

Ultra-high frequency gravitational waves: where to next ?
4 Dec 2023, 09:00 = 8 Dec 2023, 19:00 Europe/Zurich Excellent Talks All Online

@ 4/3-006 - TH Conference Room (CERN) https://indico.cern.ch/event/1257532/

G ravNet COI I d boratio nM eeti ng A Global Network for the Search for High Frequency Gravitational
Waves

26-27 Jun 2025
HIM H I hd
| » . I

HELMHOLTZ
Helmholtz-Institut Mainz

Quantum Sensing Meets Ultra-high
Frequency Gravitational Waves

June 30 - July 11, 2025

@ https://indico.mitp.uni-mainz.de/event/405

Jamie McDonald - University of Manchester - Axions in Stockholm 2025


https://indico.cern.ch/event/1257532/
https://indico.cern.ch/event/1257532/
https://indico.cern.ch/event/1257532/

MANCHESTER _ _
o Growing Community

The University of Manchester

Challenges and Opportunities
of Gravitational Wave Searches above 10 kHz

Nancy Aggarwal® - Odylio D. Aguiar’ - Diego Blas®¢ -
Andreas Bauswein® - Giancarlo Cella - Sebastian Clesse? -

Adrian Michael Cruise” - Valerie Domcke** - Sebastian Ellis/* -

Daniel G. Figueroa® - Gabriele Franciolini®* -

Camilo Garcia-Cely* - Andrew Geraci® - Maxim Goryachev' -
Hartmut Grote™ - Mark Hindmarsh™° - Asuka Ito?? -
Joachim Kopp"™* - Sung Mook Lee"* - Killian Martineau® -
Jamie McDonald! - Francesco Muia* - Nikhil Mukund® -
David Ottaway" - Marco Peloso®? . Krisztian Peters® -
Fernando Quevedo“® . Angelo Ricciardone/* -

Andreas Ringwald? - Jessica Steinlechner”-%¢ .

Sebastian Steinlechner”? . Sichun Sun¢ - Carlos Tamarit” -

Michael E. Tobar! - Francisco Torrenti” - Caner Unal’* .
Graham White#

hitps://arxiv.org/pdf/2501.11723 - update to 2021 review

Jamie McDonald: University of Manchester Axions in Stockholm 2025



https://arxiv.org/pdf/2501.11723

MANCHESTER

1834 Search Methods

The University of Manchester

Mechanical Sensing

GW

NNV

g

1
4-.-»
§

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER

1824 Search Methods

The University of Manchester
Electromagnetic Sensing

Axions High-Frequency Gravitational Waves
1
$= [dte va (Lo )
Lint —&ﬂnguyF’“’ 4 py Sof

--%- Ou v_jeff

C D W)L

“Gertsenshtein”

y

Jaxion = OudF" jow = 0y ( h F*V + hV, F% — " de)



h
MANCHESTER pv i

1524 Cavities AAAAAAAN AN

The University of Manchester

Fsig = Qe ; ‘4:53443 (7n ho 30)2 B

A

Jy X B Gy

F
Il

A2 ([, d3x |Egf2) "

cav

Berlin, etal, PRD 105 (2022) 11, 116011

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER

1524 Cavities

The University of Manchester

TE11p TE11p

} fv dx E;'l ) 5+,><

cav

M =
N2 (f, dx [Baf2)"

180° 180°

270°

Ty B

180°

270° 270°

Berlin, et al, PRD 105 (2022) 11, 116011

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER
1824

The University of Manchester

Cavities

Projected Sensitivities of Axion Experiments

ADMX -

HAYSTAC

CAPP

ORGAN -

SQMS params. —

wg /27 € [0.65,1.02] GHz
Q~8x10% Byg=175T
Vca_v == 136 L, Tsys ~ 0.6 K

wg /27 € [5.6,5.8] GHz
Q~3x10% Bp=9T
Vcav - 2 L, Tsys ~ 0.13 K

wg /27 € [1.6,1.65] GHz
Q~4x10% Bp=73T
Vcav = 347 L, Tsys ~ 1.2 K

wy /2T = 26.531 GHz
Q~13x10% By=7T

Veav ~ 0.0078 L, Tays ~ 4 K

wg/2m € [1,2] GHz
4 T 4

—

10~

Berlin, et al, PRD 105 (2022) 11, 116011

1 T II[IIII T

10—23

IIIIIII] 1 III[IIII T

1 0—22 10 —21
Strain Sensitivity hg

U IIII[]I U

24 10—20

Jamie McDonald - University of Manchester - Axions in Stockholm 2025

—  tint = 2 min
tint — 4 daV
T



Inspiral

MANCHESTER

e A Cavities
The University of Manchester )

Incomplete Ring-up
< > 31g Qe 2 1/(:2143 (nn h’O BO)Z

Qeff = IIliIl(Q, Ncycles)

e B FLASH,0.2GHz | f? M —5/3 f —5/3
(3] \ Nnalve =< ~
B BabyIAXO,0.3 GHz cveles — f (2.2 x 10-5 MQ) (200 MHZ)
B ADMX EFR, 3 GHz kpe\ [ mpgn \7S( f \ 7/
h(f) =2 x 103" sec = ) )
B HAYSTAC,5GHz D J\ 1012 Mg GHz
B ALPHA, 40 GHz
Mg

s 107¢ w0 10 ml 100 1w’ fisco = 4400 Hz —=
Mgy [M;]

M

Gatti, Visinelli, Zantedeschi PRD 110 (2024) 2, 023018

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER

= Cavities

The University of Manchester

Sensmvmes to PBHs

B FLASH LowT
B BabylAXO

B ADMX EFR

{  ® HAYSTAC
~25/ ' B ALPHA

log [ho]

~30! | ~E 1 ~ 1eventper year

85 90 95 100 105
31g Qe 0 Vgi(;g (ﬁn h() BO)2 logl{} [f/HZ]

Gatti, Visinelli, Zantedeschi PRD 110 (2024) 2, 023018

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER

The University of Manchester

Binary distance d [pc]

PBH Mergers

™ R ™ g0 w™® WY wE 4wt wE wE Wt 1wt wE et 40

10’ 10’
10° 10°
10° 10°
10* 10*
10° = 10°
102 _— 10°
1 100% DM 1
10 10
10° 10°
107 107
1072 1072
107 107
107 / \ - 107
107° / tEls |3 107°
[0)
7= B CIENE
107 77 £ 215 T2 107°
kS = |S s
1077 = QT o 1077
10_8 1 LI ALY | LR ALY | LR | LR | LB RALL | rrram LERLELLRALL) | J LRRRLL | LB RLL | LERLELRLL | LLRRLAL | LILERALL) ) LELLARLY | LRI | 10_8
10" 0" 10" WM 100 0 w0 07 w® 10° 0t 10 02 W' 10°

Chirp Mass M, M|

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER
1824

The University of Manchester

I GraviEl

.g‘au - Single Photon Detectors (false counts)

—>

Schmieden, Schott gr-wc/2023

Jamie McDonald - University of Manchester - Axions in Stockholm 2025

€
@

coincidence Reduced Effective
Dark Count
Time Stamp




Beijing (CN): Magnetometer; Hz

Chicago (US): OLS; 100 kHz

Milan (EU-IT): BAW; 1 MHz
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Mainz (EU-DE): RF Cavity, Magnetom.; Hz,10 GHz
Frascati (EU-IT): RF Cavity; 100 MHz ,10 GHz
Legnaro (EU-IT): RF Cavity, e-spin; 10 GHz
Bonn (EU-DE): RF Cavity; 10 GHz

Tenerife (EU-ES): Dielectric: 10 GHz, 30 GHz
Manchester (GB): RF Cavity: 30 GHz

Abu Dhabi (AE): Dielectric; 300 THz

Slide from GravNet Collaboration Meeting (courtesy Blas, Budker, Gatti, Schott)



Beijing (CN): Magnetometer; Hz

Chicago (US): OLS; 100 kHz

Milan (EU-IT): BAW; 1 MHz

Perth (AU): BAW, RF Cavity; 1 MHz, 10 GHz

Mainz (EU-DE): RF Cavity, Magnetom.; Hz,10 GHz

Frascati (EU-IT): RF Cavity; 100 MHz ,10 GHz

Legnaro (EU-IT): RF Cavity, e-spin; 10 GHz i
Bonn (EU-DE): RF Cavity; 10 GHz MANCHEEiER
Tenerife (EU-ES): Dielectric: 10 GHz, 30 GHz The University of Manchester
Manchester (GB): RF Cavity: 30 GHz

Abu Dhabi (AE): Dielectric; 300 THz

Slide from GravNet Collaboration Meeting (courtesy Blas, Budker, Gatti, Schott



MANCHESTER

o Magnetic Weber Bars

The University of Manchester

AC Magnetic Field

o

Magnet

Domcke, S. Ellis, Rodd PRL 134 (2025) 23, 231401

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER

o Magnetic Weber Bars

The University of Manchester

AC Magnetic Field

Domcke, S. Ellis, Rodd PRL 134 (2025) 23, 231401

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER

ol Magnetic Weber Bars

The University of Manchester

CoNee—

® 6 6 6 6 0 O
® 6 6 ¢ 6 ¢ O
Magnet
® 6 6 ¢ 6 ¢ O
® 6 6 6 6 ¢ O
® 6 6 6 6 ¢ ©
Domcke, S. Ellis, Rodd PRL 134 (2025) 23, 231401 Gravitational Waves

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER

ol Magnetic Weber Bars

The University of Manchester

Mechanical Resonance
@ @I@ @@ TI@
@@ @10 @@ TIN@®
@I @@ @@ T@
@@ @y @@

O @@ @@ TIe®

Ve VAVAVAY

Gravitational Waves

Magnet

Domcke, S. Ellis, Rodd PRL 134 (2025) 23, 231401

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER

ol Magnetic Weber Bars

The University of Manchester

® 6 6 6 6 0 O
® 6 6 ¢ 6 ¢ O
Magnet
® 6 6 ¢ 6 ¢ O
® 6 6 6 6 ¢ O
® 6 6 6 6 ¢ ©
Domcke, S. Ellis, Rodd PRL 134 (2025) 23, 231401 Gravitational Waves

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER

) Noise Sources

The University of Manchester

Loop SQUID

\

—34
—36 1 — th. mech.
PRNPS ®i® ~ _38 — th. loop.
=
o —40 -
=3
@ —42 7]
£
(< L 44
g0
[N 2 _46 -‘J
Magnet —48° \
—50 ————— S —_— N
Domcke, S. Ellis, Rodd PRL 134 (2025) 23, 231401 102 103 10* 10° 108

[ He]

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER Real Experiments

The University of Manchester

DMRadio-50L it i o DMRadio-m®

10~

-11 ;
Resonator 10 ABRACADABRA Dilution
Sheath/\ _ " ‘ Refrigerator
S 1
\ .
> i DMRadio-50L Low field region for
g 10-1% |~ capacitor and SQUIL
= i Superconducting
g . Bucking Coils
S 10 B 20mK Copper
Magnet 58 - Coaxial Pickup
Superconducting
i | Solenoid Magnet
10—21
peV neV neV

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER. ADMX Extended Frequency Range (ERF)

1824

The University of Manchester

1010 T
|- CAST Limit
i |
10711 {
g
1 ORGAN
10-12 o ADMX
T 1
z ] { |
g 10—13; i i HAYSTAC
— ] [
< ECIE ' KSVL
— .
S : 1 —Couphin®
10-141 ADMX SEREDAENA DVIX-EF R ocD Aol
f iEiRunZA' projected D‘FS’L
! = i
10-1% i ' -
/ Sl ‘r! / Threshold
10-16 /A'['): VX Objective |

10~ 105 10~
Axion Mass (eV)

Jamie McDonald - University of Manchester - Axions in Stockholm 2025



MANCHESTER
1824

The University of Manchester

1012
1014
— 10716
1018
= 10720

1072

S.107%
107

HZ—1/2

noise

1072
107

_ ; oy, g
i 3 “ie g
1w k3 s
| 4qg -
- MWB-EFR Broad. - . [ . if . i
n MWB-DMR Broad. - : MAGO Res.
s T T Nl E b T M )
41 LIGO WBDMRRGS
a Qmech """"""""""" QLC
— Magnetic Weber Bar Sensitivity
— ADMX-EFR: By = 10T, T = 4K, R, = 0.4m, Quee = 10°
— DMRadio-GUT: By = 16 T, T = 0.02K, R, = 3m, Qumech = 107

' LR LR | L L L ' e
102 103 10* 10° 108 107 108

J [Hz]

Jamie McDonald - University of Manchester - Axions in Stockholm 2025

QLc




MANCHESTER

o Plasma Haloscopes

The University of Manchester

Resonant axion conversion

2 _ 2

Lawson et al PRL 123 (2019) 14, 141802
Millar et al PRD 107 (2023) 5, 055013

ALPHA Collaboration
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Resonant Mode

dmaxvecos. = m/(2w) R

Dyox w = km — arcsin (zﬁCOS(W/Nd)>

1+e

Resonant HFGW Conversion
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The University of Manchester
Domcke, Ellis, Kopp 2024 PRD 111, 035031

Resonant Mode

Resonant Mode

dmaxvecos b, = w/(2w)

2 N,
D, w = k7 — arcsin ( Ve cos(r/ d))
1+ €

Hybrid

Broadband
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Dielectric Haloscopes

resonant operation
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« Amplifiers/Single Photon Counting/Squeezing

* Magnets

* Fridges
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Summary Plot of Sensitivities
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Interactive web applications for visualizing and analysing sensitivity curves for GW experiments
Francesco Muia, Andreas Ringwald, Carlos Tamarit,

“High frequency gravitational wave plotter: Noise-equivalent strain”, https://doi.org/10.5281/zenodo.15720342
“High frequency gravitational wave plotter: Stochastic signals”, https://doi.org/10.5281/zenodo.15720443
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Capdevilla, Harnik, Kim, Krokotsch (May 2025) Lars Fischera et al 2024 First Experimental Results!
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>

50 Years of R&D

Weber Bars Modern GW Interferometry

“such detectors [laser interferometers] have so low sensitivity that they are of little experimental interest ”
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Signal and noise:

s(f) = Tn(f) h(f) n(f) = T (f) (f)
/ \ Ve N
Signal induced by GW, Gravitational wave Noise induced in the Raw noise,
e.g. phase shift ¢ in LIGO (Fourier transform) signal observable, e.g. thermal, shot noise,...

e.g. phase shift ¢ in LIGO

Signal transfer/response function, e.g. Noise transfer function

O(1) wy L sinc(wgw L)
Noise-equivalent strain power spectral density: (X(NHX*() = Sx(fHo(f = f)
PSD convention. X =h, n, s, ...
Snmse( ) S ( f) |T ( )| Noise power spectrum Characterization of
‘Th( ) | in units of GW strain detector sensitivity
Signal-to-noise ratio: lin _ | = Su(f) 17 Detector linear in h
g SNR — 2 At df oz o s
o Spoe(f)
gNRauad _ _2 At/ i ( Sn(f) )2] 1/2 Detector quadratic in h
/ " e T ASpEE(f) ’
o) ‘% Ti Lale and frequency regime Slide Courtesy:
hich signal and detector overlap
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The University of Manchester

However, such GW signals are highly transient near the ISCO, as the frequency of the emitted GW evolves in time
according to dw,/dt o< (My/r3)''/6, which can limit the sensitivity of resonant experiments. In particular, GWs from
the merger of light binaries can typically only resonantly excite a cavity for a short amount of time that decreases
for heavier masses. This is quantified by the number of orbital cycles Ny a binary spends emitting GWs within the
resonator bandwidth w,/Q, given by Neye ~ 1073 x (1076 Mg /Mj)5/3 (10°/Q) for w, ~ GHz. Requiring that a typical
cavity is fully rung up by the GW signal, i.e., Neye 2 Q ~ 10°, requires that M, < 107! M, which, amusingly, is
a scenario where PBHs could constitute an O(1) fraction of the cosmological dark matter abundance [92-95]. The
expected strain from inspirals at a distance D from Earth is

5/3 2/3
ho ~ 102 x [ LEC M, Pl _we )Y (26)
D )\10-1 g 1GHz)

The best case strain can be estimated under the assumption that the PBHs are 100% of the dark matter and all

PBHs are paired in binaries. In this case we get D = 10~2 pc and hence a best case sensitivity of hg ~ 10726,

Berlin et al PRD 105 (2022) 11, 116011
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d(tswiping) [kPC]

d(t = lyear)

Jamie McDonald: University of Manhester Axions in
Stockholm 2025
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