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High-level Summary

Search for weakly-coupled signals in a loaded SRF cavity

Oscillating background B-field: heterodyne up-conversion approach decouples input w,, from V,

frequency = mg/2n
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Axion Dark Matter
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Axion, ALPs and Axion Electrodynamics

—16
Axion introduced to solve strong CP problem dp ~ 10 f e cm
d®P < 107° e cm
Peccei & Quinn (1977) T ~

a -\ g2 -
L: D I 9 S 5 GG’VG'MV7GJ Weinberg (1978) _
fa 397 H Wilczek (1978) _@_M 0

Mixing w/ pion or from full theory:

LD 9@477 a FF = —Ggarv~ 0 E - B

V-E=p—g.,-B-Va
VxB=0E+J—- g4y (EXxVa—Boa)

Maxwell’s new and

improved Equations
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Axions and Cavities

FoM:
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Axions and Cavities

FoM:

~

=

Maximise: Wsig, B, V)
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Axions and Cavities

FoM:

Maximise: Wsig, Bg, V

Minimise: P,

N[ )
N
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Axions and Cavities

FoM:

Maximise: Wsig, Bg, V

Minimise: P,

N[ )
N
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New Approach

Heterodyne Superconducting Radio-Frequency Resonator:

C Enhances wsig)

JHEP 07 (2020) 088, hep-ph/1912.11048
A. Berlin, R. T. D’Agnolo, SARE, P. Schuster, N. Toro,
C. Nantista, J. Neilson, S. Tantawi, K. Zhou

PRD 104 (2021) 11, L111701, hep-ph/2007.15656
A. Berlin, R. T. D’Agnolo, SARE, K. Zhou

Decouples axton mass from detector volume

6 Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cauvities London, 22 March, 2024



New Approach

Heterodyne Superconducting Radio-Frequency Resonator:

C Enhances Wwg;j g)

Q-factor > 10"

~ JHEP 07 (2020) 088, hep-ph/1912.11048
A. Berlin, R. T. D’Agnolo, SARE, P. Schuster, N. Toro,

Applications elsewhere, C. Nantista, J. Neilson, S. Tantawi, K. Zhou

e.g. Quantum Computing:

PRD 104 (2021) 11, L111701, hep-ph/2007.15656
see e.g. quant-ph/2304.09345

A. Berlin, R. T. D’Agnolo, SARE, K. Zhou

( Enhances B, )

Decouples axton mass from detector volume
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Heterodyne Resonator

W1 = wo + ow

Wo GHz

My ~ OW
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Heterodyne Resonator

W1 = wo + ow

axion
Wo GHz Mg ~ 0w

My ~ OW
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Heterodyne Resonator

W1 = wo + ow

axion
Wo GHz Mg ~ 0w

My ~ OW
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Tunability

ow <K GHz

A: Thin endcap
Total Deformation
Type: Total Deformation ° °
&7 deformability:
Time: 1 Y
1.4504 Max
1.2892

Courtesy: Marco Oriunno (SLAC)
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All Noise Sources

Loading ports

Readout ports

See backup for details on each noise source
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All Noise Sources

e Thermal noise: requires cryo

Loading ports

o*
.
L3
.
.
o*
.

Readout ports

See backup for details on each noise source
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All Noise Sources

e Thermal noise: requires cryo

o Field Emission: careful design
& limits peak B-field

Field Emission ¥
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Readout ports

See backup for details on each noise source
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All Noise Sources

Vibrations e Thermal notse: requires cryo

o Field Emission: careful design

& limits peak B-field
Field Emission ¥

° . design to reduce

microphonics, isolation, cryo
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Readout ports

See backup for details on each noise source
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All Noise Sources

Vibrations Loading e Thermal noise: requires cryo

&

Readout e Flield Emsission: careful design

& limits peak B-field
Field Emission ¥

o . design to reduce

microphonics, isolation, cryo

e Loading/Readout € Phase:

design to improve coupling to

pump & signal modes. Low
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See backup for details on each noise source
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Signal to Noise
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Signal to Noise

Thermal noise dominated:

DM V
SNR ~ 2o YV (0o Bo)? (

Mg W1

Qa Qint te 12
1

9 Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cauvities London, 22 March, 2024



Signal to Noise

Thermal noise dominated:

DM V a ¢1in te 1/2
SNR N P (ga’y’y 0 BO)2 Q Q t

m,, Wi 1

Comparison with LC resonator:

SNR_ wp (%) (TLC> i ( Ba )2
SNR* Mg QLc 1 B
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Signal to Noise

Thermal noise dominated:

DM V a ¢1in te 1/2
SNR N P (ga’y’y 0 BO)2 Q Q t

m,, Wi 1

Comparison with LC resonator:

SNR N Wo = Mgy (Qint ) 1/2 (TL(3>1/2 ( B() >2
SNR““ Mg QLC 1 BLc
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Signal to Noise
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Sensitivity

Jayy [Gev_l |

JHEP 07 (2020) 088, hep-ph/
1912.11048

A. Berlin, R. T. D’Agnolo, SARE, P.
Schuster, N. Toro, C. Nantista, J. Neilson,
S. Tantawi, K. Zhou

PRD 104 (2021) 11, L111701, hep-
ph/2007.15656

A. Berlin, R. T. D’Agnolo, SARE, K.
Zhou
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SenSitiVity frequency = mg/2n

kHz MHz GHz
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Sensitivity

SC Prototype to probe
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Current Status

Physics .
eyond.
oIhders

QUANTUM
TECHNOLOGY
INITIATIVE

Giaccone et al [hep-ex/2207.11346]

e Single-cell SRF

SARE contact w/ A.MacP since 2019

e PBC since ~2021
e QTT since Jan. 2024

LDRD led by S. Tantawi

e Copper prototype
e Input from PBC

See Bianca’s talk
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Axion Summary

» Axion: good DM candidate & can solve strong CP

» Heterodyne detector enables low-mass searches
Ongoing efforts at SLAC, SQMS @QFNAL & CERN QTI

» Noise level above Standard Quantum Limit

» Quantum techniques promise to improve scan rate

Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cauvities

London, 22 March, 2024



Gravitational Waves




High-Frequency Gravitational Waves
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High-Frequency Gravitational Waves

4 )
Cosmological GWs

Wy 4 Torigin

1073% 10710 107%s 1s 300,000 yr 1 Gyr 14 Gyr

102t eV 10MeV 108 eV 103 eV 0.3eV 1073 eV 1074 eV
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High-Frequency Gravitational Waves

4 R
Cosmological GWs

Wg < Torigin % /\‘

Astrophysical GWs

1073% 10710 107%s 1s 300,000 yr 1 Gyr 14 Gyr

Wy N4 Aorigin

102t eV 10MeV 108 eV 103 eV 0.3eV 1073 eV 1074 eV
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PRD 108 8, 084058 hep-ph/2303.01518
A. Berlin, D. Blas, R. T. D’Agnolo, SARE, R.
Harnik, Y. Kahn, J. Schiitte-Engel, M. Wentzel

15 Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities London, 22 March, 2024



MAGO 2.0

w ~ GHz

16
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Aw ~ (a/R)*
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T 6w
........... ws ~ GHz — Aw N
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Aw ~ (a/R)’

I
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................. .0“‘ Aw N (a/R)3
EEN FGW
............ ws ~ GHz — Aw ‘ T

LLLLLL L e
LLLLLLL

2. Resonant with beat frequency
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EM and Mechanical signals
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EM and Mechanical signals

Parametrics of the EM signal: E;;M) ~ Qeom (Wyq L%W)2 Wit E,

17 Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cauvities London, 22 March, 2024



EM and Mechanical signals

Parametrics of the EM signal: ES(I_;M) ~ Qeom (Wyq LCEW)2 Wit E,
2
Mechanical signal: Es(geCh) ~ Qo b1 Ey min (1 , el fcav)
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EM and Mechanical signals

Parametrics of the EM signal: ES(I_;M) ~ Qom (W Lcav)2 i TT E,
Mechanical signal: Es(ifgech) ~ Oun K™ Ey min (1 Y CLcav
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EM and Mechanical signals

Parametrics of the EM signal: ES(I_;M) ~ Qom (W Lcav)2 i TT E,
Mechanical signal: Es(ifgech) ~ Oun K™ Ey min (1 Y CLcav
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Noise in MAGO 2.0
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NB: only showing mechanical signal
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Noise in MAGO 2.0
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Noise in MAGO 2.0
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Noise in MAGO 2.0
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Noise in MAGO 2.0

10—15

Loading/Readout

MiniGRAIL

‘\~¢Lev1tatedStack

Oscillator

o

o _
3@ 10—20
o
= —21
= 10
N
N— 10_22

10-23

LIGO-Virgo
10—24
10° 104 10° 10°

w, [Hz|

Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cauvities

*
*
*
*
*

scanning (thermal)

NB: only showing mechanical signal

107 108 10°

London, 22 March, 2024



19

Gravitational Waves

» HFGWs provide insight into early universe/BSM

» Reaching anticipated stochastic sources difficult

» Broadband sensitivity of MAGO 2.0: age D) |
ongoing collaboration w/ DESY €6 SQMS @FNAL

See Bianca’s talk
» Improve scan rate for resonant searches w/ Quantum

techniques
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Axion Dark Matter BACKUP
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Comparison of approaches

Static-field RF Frequency

LLC Resonator
Haloscope Conversion

Jor |oc B3 cos(mgt) | oc BEPYC cos(mgt) | oc BEY cos(wo %+ ma )t

ga X ma/wsig ~ 1 X mavl/?’ SJ 1 X (w() T ma)/wsig ~ 1

Psig JZ%Vmin (Qr | Q“) J2m2V5/3min (QLC, Q“) Jgffvmin< Csre Q“)
Mg Mg Mg Mg Wo T Mg Mg
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Axion Signal

Signal Power Spectral Density (PSD):

W 2 w? duw’ I N2 / .
SSig(w) — Ql (ga’)”)’ 7o BO) |4 (wg _w%)g + (le/Ql)Q / (27_‘_)2 (Cd (U) Sbo(w )Sa(w w)
Axion PSD: <a( ) > — (27T)2 W a(w) — mg

Background magnetic field PSD:

b, () = 72 (8( — ) + 6(e + ) ) + ST 4 Gl

NB: Bz-:\/vjav [ B Bt =Bi@)h
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Axion Signal

Signal Power Spectral Density (PSD):

2

d / / / /
Saule) = gy (e o B0V o e / mp ¢~ Sl Sale — )

Signal Power (resonant):

1 o Q1/w1 Da o L
~(q, B V % a Q1
4 (Jary M0 Bo)” Po {WQa/ma Za > Al

Psig ~
Qa Ql 7
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Standard Noise Sources: Thermal Noise

Power Spectral Density:

_ Ql 47TT(ww1/Q1)2
Qint (W? —wi)? + (ww1/Q1)?

Sth (w)

Thermal
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Non-standard Noise Sources: Phase Noise

Loading

&
Readout

Power Spectral Density:
1
Sphase (W) —5 €1d Se(w — wo)

(wwl/Q1)2 wol1 D
(W? —wi)? 4+ (ww1/Q1)? wi1Qo

X
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Non-standard Noise Sources: Vibrations

Vibrations -
Wn Wm B - B — % (w,,% + w?n) E,, - Efﬁb} +O(AV?) (VI CV)
o B - B, = w2 By - B | + O(AV?) (Vv
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Power Spectral Density:

Vibrations

4

Non-standard Noise Sources:

Vibrations

S = B P Y s G O B oAy

7,()1

Displacement PSD:

1 St (W)

Squ(w): M2 (wg_w%n)g
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Non-standard Noise Sources: Vibrations mixing

Power Spectral Density:

Vibrations

2 ‘C{n‘QS(Jm (w o wO)

Displacement PSD:

e 1 St (W)
2o ) A TE R (@] Q)
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Non-standard Noise Sources: Field Emission

Power Spectral Density:

Field Emission % 1 synchrotron

S(Wl) Ptot 6 -
T ~ 01 W X < 10 transition

107° Bremsstrahlung

Limits max B-field ~ 0.2 T
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All Noise Sources

B=01T, T=2K, w =27 GHz, V = 0.05m3
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Technology Requirements

Q-factor & B-field:
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Technology Requirements

Mode rejection:

gr-qc/0502054 Ballantini, ..., Calatroni et al

iy :
e = 107" achieved physics /0004031 Bernard, Gemme, Parodi, Picasso
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Technology Requirements

Mode rejection:
Original MAGO collaboration

gr-qc/0502054 Ballantini, ..., Calatroni et al

_7 :
e = 107" achieved physics /0004031 Bernard, Gemme, Parodi, Picasso
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Mode rejection:

e = 10~/ achieved

Aw/w~ 3§~ 1071
DarkSRF (2020)

Low-irequency

seismic noise:

dB (relative to 1 (m/s?)*/Hz)

Scientific Reports 8, 15324 (2018) Rosat & Hinderer

Technology Requirements
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Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

Original MAGO collaboration

gr-qc/0502054 Ballantini, ..., Calatroni et al

physics /0004031 Bernard, Gemme, Parodi, Picasso

ZH/(,S/wu)

London, 22 March, 2024


https://indico.physics.lbl.gov/event/939/contributions/4371/attachments/2162/2915/DarkSRF-Aspen-2.pdf

Resonant Axion Resonant Frequency Conversion

34

frequency = my/2n

B=02T, T=2K, w,=1GHz
uHz mHz Hz kHz MHz GHz
1079
10~11 109
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~ 014
% 10_15 1012
S 6
> L —7
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10—18 1nt |
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1019 11016
—20 i
10 Thermal noise limited
10_21 ............... — 1018
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10722 10720 10718  10-16 1014 10712 10-10 108 106 104
mq [eV]
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Resonant Axion Resonant Frequency Conversion

34

frequency = my/2n

B=02T, T=2K, w, =1 GHz
uHz mHz Hz kHz MHz GHz
1079
10~11 109
10-12
1013 1010
~ 014
% 10_15 1012
S 6
> L —7
g 10_17 €1d = 10 — 1014
S Qint = 1012
10—18 1nt |
Az = 0.1 nm
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Resonant parameter variations: Q-factor

B=02T, T=2K, w,=1GHz frequency = mg /21

uHz mHz Hz kHz MHz GHz

10~9

1071 CAST
10~H SN1987A y "
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p— 10 Qint=1 010 Qint=109 10
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EE 10~19 18
2 10—16 _ 9
3 -
s 10717 1o =
> 18
10~ _
1019 1
~920 _
10 Thermal noise limited
10—21 ................... ) 1018
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10722 10720 10718 10716 g4 g0712 g0710 908 1076 104

mqg [eV]
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Resonant parameter variations: mode rejection

B=02T, T=2K, w =1GHz frequency = mq/2n
puHz mHz Hz kHz MHz GHz
1079
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n 10—14 d ;
= 10715 12 =
O 16 . <)
S S
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1019 1016
—20 _
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10722 10720 10718 10716 0714 10712 10710 1078 1070 1074

mqg [eV]
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Resonant parameter variations: mode rejection

B=02T, T=2K, w, =1 GHz frequency = mq/2n
uHz mHz Hz kHz MHz GHz
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—~ 10714 4 —
% 10_15 _ 1012 O
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s 10717 €1q = 107 —{1014 =
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L 12
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10~19 11016
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Gravitational Waves BACKUP




MAGO 2.0 sensitivity to coherent GWs
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Why SRF Cavity as a Weber Bar?
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Why SRF Cavity as a Weber Bar?

Thermal mechanical noise smaller for larger mass g 2@;\}5
p
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Why SRF Cavity as a Weber Bar?

Thermal mechanical noise smaller for larger mass g 2@;\}5
p
: L L T
Thermal EM noise-limited reach scales as SN o NG
Wolo
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Why SRF Cavity as a Weber Bar?

Thermal mechanical noise smaller for larger mass g 2%‘\’5
p
: L L T
Thermal EM noise-limited reach scales as S 0ol
Wolo

SRF Cavity w/ Q~1010 means better sensitivity
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Noise in MAGO 2.0

Signal and Noise PSDs: Scanning

10—34 o o oD oD oD ot
107 10 10° 10° 107 10° 107
wy [Hz|
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Noise in MAGO 2.0

Signal and Noise PSDs: Scanning
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Noise in MAGO 2.0

Signal and Noise PSDs: Scanning
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Noise in MAGO 2.0

Signal and Noise PSDs: Scanning Signal and Noise PSDs: Non-Scanning
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Noise in MAGO 2.0

Signal and Noise PSDs: Scanning Signal and Noise PSDs: Non-Scanning
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Noise in MAGO 2.0

Signal and Noise PSDs: Scanning Signal and Noise PSDs: Non-Scanning

S0t 108 108 107 108 1
w, |Hz Hz 2
S, 4SFP : g [Hz] S, 1 T S, ~ 4SFp : wy |Hz] S, ~ W,
wg (ML) QWOUO wg (ML) hwo(wQUg)
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Noise in MAGO 2.0

Signal and Noise PSDs: Scanning Signal and Noise PSDs: Non-Scanning

S0t 108 108 107 108 1
w, |Hz Hz 2
S, 4SFP : g [Hz] S, 1 T S, ~ 4SFp : wy |Hz] S, ~ W,
wg (ML) QWOUO wg (ML) hwo(wQUg)
Mech < MHz Mech < MHz Amp > MHz

NB: missing radiation damping effect studied in Lowenberg, Moortgat-Pick: 2307.14379
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Is this good enough to see BSM sources?

Primordial Black Hole binary inspirals

%/\“ﬁw

g
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Is this good enough to see BSM sources?

Primordial Black Hole binary inspirals

%/\“ﬁw

g

Wg = 14 GHz x (10_6 M@/Mb) (TISCQ/Tb)S/Q

dw, /dt o< (My/ry)*/6
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Is this good enough to see BSM sources?

Primordial Black Hole binary inspirals

%/\""Sw

g

Wg = 14 GHz x (10_6 M@/Mb) (TISCQ/T’())S/Q

dw, /dt o< (My/ry) /6

5/3 2/3
b 10-29 « 1 pc M, / Wg /
’ D )\ 1011 M, 1 GHz

42 Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cauvities London, 22 March, 2024




Is this good enough to see BSM sources?

Primordial Black Hole binary inspirals
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Is this good enough to see BSM sources?

Primordial Black Hole binary inspirals
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difficult at GHz, plausible at kHz
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Is this good enough to see BSM sources?

Superradiance (BSM?2)
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Is this good enough to see BSM sources?

Superradiance (BSM?2)
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Is this good enough to see BSM sources?

Superradiance (BSM?2)
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Is this good enough to see BSM sources?

o ]_ X
Superradiance (BSM?2 0<m, < W = "
( ) Mo =T T AGMEH 1+ /1 - 2

©
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Is this good enough to see BSM sources?

o ]_ X
Superradiance (BSM?2 0<m, < W = "
( ) Mo =T T AGMEH 1+ /1 - 2

Mg ~ eV X (10_4 My /Mpgpy)

©
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Is this good enough to see BSM sources?

- 1 Xi
AGMpua 1 + \/1 —X?

Mg ~ eV X (10_4 My /Mpgpy)

Superradiance (BSM?2) 0 < mg < mwy Wy

©
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Is this good enough to see BSM sources?

Superradiance (BSM?2) 0 < my < mw, W 1 Xi

43
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Is this good enough to see BSM sources?

o ]_ X
Superradiance (BSM?2 0<m, < W = "
( ) Mo =T T AGMEH 1+ /1 - 2
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difficult at GHz, plausible at kHz
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