Heterodyne Detection of Axion Dark Matter
In SRF Cavities

Sebastian A. R. Ellis 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.
Département de Physique Théorique Zhou
Université de Geneve Phys.Rev.D 104 (2021) 11, L111701,

hep-ph/2007.15656
A. Berlin, R. T. D’Agnolo, SARE, K. Zhou

SLAC LDRD Technical Document: Pl Sami Tantawi

Gravitational Waves:

/271 UNIVERSITE Swiss Nati | 221X XXXXX
«z/ DE GENEVE ‘A{Iss ationa . A. Berlin, D. Blas, R. T. D’Agnolo, SARE, R. Harnik, Y. Kahn, J. Schiitte-Engel, M. Wentzel
Science Foundation

FACULTE DES SCIENCES



https://arxiv.org/abs/2007.15656

and Gravitational Waves

Heterodyne Detection of Axion Dark Matter"
In SRF Cavities

Sebastian A. R. Ellis 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.
Département de Physique Théorique Zhou
Université de Geneve Phys.Rev.D 104 (2021) 11, L111701,

hep-ph/2007.15656
A. Berlin, R. T. D’Agnolo, SARE, K. Zhou

SLAC LDRD Technical Document: Pl Sami Tantawi

Gravitational Waves:

g " UNIVERSITE Swiss National 221X.XXXXX
«z/ DE GENEVE ‘A{Iss ationa . A. Berlin, D. Blas, R. T. D’Agnolo, SARE, R. Harnik, Y. Kahn, J. Schiitte-Engel, M. Wentzel
Science Foundation

FACULTE DES SCIENCES



https://arxiv.org/abs/2007.15656

High-level Summary

Oscillating background B-field: Radio-Frequency up-conversion approach

Wsig — WO =

C g

Parametric gain for small axion masses vs. static searches

Y

SNRMC Ma QLC

Prototype:

— design underway @ SLAC, Pl Sami Tantawi
— commissioned by FNAL SQMS: hep-ex/2207.11346
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High-level Summary

Oscillating background B-field: Radio-Frequency up-conversion approach

Wsig — WO =

C g

Parametric gain for small axion masses vs. static searches  trequency = mo/2n
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Same tech. for Gravitational Waves!
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Axion, ALPs and Axion Electrodynamics

Axion introduced to solve strong CP problem 6
d,, ~ 107 "°0 e cm

d*P < 107*° e cm
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Axion, ALPs and Axion Electrodynamics

Axion introduced to solve strong CP problem 6
d, ~ 107 "0 e cm

CL — gg ~ Peccei & Quinn (1977) dexp < 1 O — 26
»C D I 9 Ga G,uu,a Weinberg (1978) n ~ e CI
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Axion, ALPs and Axion Electrodynamics

Axion introduced to solve strong CP problem 6
d, ~ 107 "0 e cm

2
a Y ~ Peccei & Quinn (1977) exp —206
£ D I 9 gS GCL G,UJ/,CL Weinberg (1978) drn 5 ]-O € CIN
fa i Wilczek (1978)

3272 )
00—

Mixing w/ pion: £ D ga£7 a FF = —gayy 0 B - B

V-E=p—g.,~B-Va
VXB:@E—FJ—QCLW(EXVa—B@ta,)

Maxwell’s new and
improved Equations
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Resonant Axion Searches

Presence of axion dark matter ~ effective current
Jet (1) ~ Gary Bo(t) /Poy COsmat = Ba(t) o< Jogg (1)
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Resonant Axion Searches

Presence of axion dark matter ~ effective current
Jet (1) ~ Gary Bo(t) /Poy COsmat = Ba(t) o< Jogg (1)

Axion-induced magnetic field induces an EIM.F: &, ~ V2/3 0: B,
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21U % min(l, T—a> ~ W2 BCZLV min ( Qr , Qa)

Ty oS Wsig Mg

1/7'a ~ ma<02> 1/Tr ™~ wsig/Qr Qa ~ 1/<U2>
Maximise: wsig, Bg, V

4 Physics Beyond Colliders Annual Workshop, Nov. 9 2022
Sebastian A. R. Ellis — Heterodyne Detection of Axion Dark Matter in SRF Cavities




Resonant Axion Searches

Presence of axion dark matter ~ effective current
Jeft(t) ~ Gary Bo(t) /P cOSMat = Bg(t) o< Jeg (t)

Axion-induced magnetic field induces an EIM.F: &, ~ V2/3 0: B,

2
P % min(l, E) ~ w2 B?LV min ( @ , Qa)

S18 Ty oS Wsig Mg

1/7'a ~ ma<02> 1/7_r ™~ wsig/Qr Qo ~ 1/<U2>

[N\ WARNING

Maximise: Wsig, Bg, V

QUANTITIES
OFTEN LINKED
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Resonant Approaches
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Resonant Approaches

Static-field Haloscope:
e.g. ADMX

—1/3

By
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Resonant Approaches

Static-field Haloscope: LC Resonator:
e.g. ADMX e.g. DM Radio

_ —1/3 _ _
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Resonant Approaches

Static-field Haloscope:
e.g. ADMX

—1/3

By
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Heterodyne Resonator: LC Resonator:
e.g. DM Radio

—1/3 _ —
Wsig ™~ WO = T1g |4 / Wsig — Mg — WLC

JHEP 07 (2020) 088, hep-ph/1912.11048
A. Berlin, R. T. D’Agnolo, SARE, P. Schuster, N. Toro, B
C. Nantista, J. Neilson, S. Tantawi, K. Zhou 0

Also: R. Lasenby hep-ph/1912.11467
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Axion Resonant Frequency Conversion

mode-B frequency
tuning gap
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polatization-2 (B,E)
Courtesy: Zenghai Li (SLAC)
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Axion Resonant Frequency Conversion
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All Noise Sources

Loading ports

Readout ports
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All Noise Sources

 Thermal noise: requires cryo

Loading ports
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Readout ports
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All Noise Sources

 Thermal noise: requires cryo

* Field Emission: careful design
& limits peak B-field
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All Noise Sources

Vibrations e Thermal noise: requires cryo

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

Field Emission 'y o : design to reduce

microphonics, seismic

Isolation, cryo
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All Noise Sources

Vibrations e Thermal noise: requires cryo

* Field Emission: careful design
| & limits peak B-field
Field Emission S ° : design to reduce

microphonics, seismic
Isolation, cryo

e oading/Readout & Phase:
design to improve coupling

to pump & signal modes. Low
phase-noise pump & readout
electronics
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Technology Requirements

Q-factor & B-field: Phase noise: BN865-M
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Technology Requirements

Mode rejection:

€ =107 achieved

gr-qc/0502054 Ballantini, ..., Calatroni et al
physics/0004031 Bernard, Gemme, Parodi, Picasso
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More on this...
€ =107 achieved
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Technology Requirements

Mode rejection:

€ =107 achieved

Low-frequency  Aw/w ~ 5~ 1010
DarkSRF (2020)

se|smic noise:

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

Scientific Reports 8,15324 (2018) Rosat & Hinderer
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https://indico.physics.lbl.gov/event/939/contributions/4371/attachments/2162/2915/DarkSRF-Aspen-2.pdf

Signal to Noise
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Signal to Noise

Thermal noise dominated:

v

IODM 2
SNR ~ . B
—— (9 v~y 1110 0) (

Qa Qint te 12
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Signal to Noise

Thermal noise dominated:

v

P 2
SNR ~ . B
—— (9 ~~ 1110 0) (

Qa Qint te 12
fh

Comparison with LC resonator:

SNR.~ wq + mq (th)m (TLC>1/2 ( By )2
SNR™¢ Mg QLc 1 BLc
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Signal to Noise

Thermal noise dominated:
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Signal to Noise
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Prototype R&D FUNDED at SLAC
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Prototype R&D FUNDED at SLAC

[requency = myg/2nm

MHz

SC Prototype to probe IRs&

hew param. space* CAST
“ SN1987A y 108
’T 1013 50L prototype —{ 1010
= ~14 y >
e 10 cubic meter D
O @
— 10715 1012 =
| S
§ 10—16 B R
10~17 atter —{ 1014
standard ALP dark m
1018 _
10719 _E SRF upconversion — 1016
0—20 L1 1111l | IIIIIII| L1 111t | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| L 1 1111
*SC possibly beyond 10-12 10—10 103 106 10—4

current funding level
mq |eV] SLAC Lab-Directed R&D proposal
11

Physics Beyond Colliders Annual Workshop, Nov. 9 2022

Sebastian A. R. Ellis — Heterodyne Detection of Axion Dark Matter in SRF Cavities




Prototype R&D FUNDED at SLAC
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Experimental Context*:
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Develop Technology for GW searches
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Outlook

Oscillating background B-field: Radio-Frequency up-conversion approach

Wsig — W = Tg,

Parametric gain for small axion masses vs. static searches  trequency = mo/2n
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Outlook

Oscillating background B-field: Radio-Frequency up-conversion approach

Wsig — W = Tg,

Parametric gain for small axion masses vs. static searches  trequency = mo/2n
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Same tech. for Gravitational Waves! ma [eV]
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Backup: prototype @ SLAC
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