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What is Quantum Sensing?

Quantum Sensors:

Height

Time

Atom Interf. Atomic Clock

Sichanugrist,

Cosmo/Astro

Wednesday telescopes
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What is Quantum Sensing?

Quantum Sensors:

Time

Qubit Cavity Atom Interf. Atomic Clock

Sichanugrist, Cosmo/Astro

Wednesday telescopes

And more, w/ applications summarised in:

Quantum Sensing for Fundamental Physics
A. Chou et al, hep-ex/2311.01950
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What is Quantum Sensing?

Quantum Noise: Goiz(T) = (x(7)2(0))

ng(T) = (x(0)x(0)) cos Q7
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What is Quantum Sensing?

Quantum Noise: Goiz(T) = (x(7)2(0))
ng(T) = (x(0)x(0)) cos Q7 G2 (1) = (x(0)x(0)) cos Q7 ]\419 (p(0)z(0)) sin Q7
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What is Quantum Sensing?

Quantum Noise: Goiz(T) = (x(7)2(0))
GS (1) = (x(0)x(0)) cos Q7 G2 (1) = (2(0)z(0)) cos Q7 ]\419 (p(0)x(0)) sin Q7
Quantum Measurement:
O >{P A, ..} OR>{N,, S;, axal,...}

+ techniques: e.g. squeezing, entanglement, non-demolition, ...
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Accelerator Technology In the Quantum Age

Quantum Sensing Needs Resonant cavities

4 Sebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing PASCOS 2024, Quy Nhon, July 11th



Accelerator Technology In the Quantum Age

Quantum Sensing Needs Resonant cavities

Detection of Coherence

ultra-low
threshold

events

to enhance

sensitivity

Ultra-low

noise
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Accelerator Technology

Quantum Sensing Needs

- :
etection of Coherence

ultra-low
threshold

events

to enhance

sensitivity

Ultra-low

noise

Sebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing

In the Quantum Age

Resonant cavities

Large/

Large @)

coherent
means long

background
EM fields

coherence

Fits on a
table™

PASCOS 2024, Quy Nhon, July 11th



The Dark Matter Bestiary

Gravitational Waves i,

Freeze-in Primordigl Black Holes

Thermal freeze-out
107*2 eV pueV ~ meV keV. MeV  GeV  TeV PeV  EeV 107%°My107"M 107° Mg

5/0//0 (aH)™ '~ X
z
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The Dark Matter Bestiary

Gravitational Waves i,

Freeze-in Primordigl Black Holes

Thermal freeze-out
107*2 eV pueV ~ meV keV. MeV  GeV  TeV PeV  EeV 107%°My107"M 107° Mg

5/0//0 (aH)™' ~ X
z

Variations in X, X minor
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The Dark Matter Bestiary

Gravitational Waves i,

Freeze-in Primordigl Black Holes
Bosonic DM Thermal freeze-out
107*2 eV pueV ~ meV keV. MeV  GeV  TeV PeV  EeV 107%°My107"M 107° Mg

5,0/,0 (aH)™ '~ X
z

shielded deflector

o @ — | Eger e’
®00 |,
P N
Variation in a Variations in X, X minor
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The Dark Matter Bestiary

Gravitational Waves i,

Freeze-in Primordigl Black Holes
Bosonic DM Thermal freeze-out
107*2 eV pueV ~ meV keV. MeV  GeV  TeV PeV  EeV 107"My1071"M 107° Mg

5,0/,0 (aH)™ '~ X
z

shielded deflector

Variation in a Variations in X, X minor Variation in h,,,

5 Sebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing PASCOS 2024, Quy Nhon, July 11th



VARIATION IN X

A. Berlin, R. T. D’Agnolo, SARE, P. Schuster, N. Toro
U lt Ir'a- IOW ﬁ PRL. 124 (2020) 1, 011801



Accelerator for Millicharged DM: 5 ~ 107

oy, SJ s ”UX/R ~ MHz x (R/meter)_l quasi-static limit!
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Accelerator for Millicharged DM: 5 ~ 107

d @

X+ €
_ 0
€ e
o ®
%0
R
oy, SJ s ”UX/R ~ MHz x (R/meter)_l quasi-static limit!

[ Sebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing PASCOS 2024, Quy Nhon, July 11th



Accelerator for Millicharged DM: 5 ~ 107

d @

X+ €
- > Q@ oy
€ e
o ®
%0
R
oy, SJ s ”UX/R ~ MHz x (R/meter)_l quasi-static limit!

[ Sebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing PASCOS 2024, Quy Nhon, July 11th



Accelerator for Millicharged DM: 5 ~ 107

d @

X:t @ .
- > Q@ oy
@9
Uy 3 ® Ix
€
R
oy, SJ s ”UX/R ~ MHz x (R/meter)_l quasi-static limit!
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Accelerator for Millicharged DM: 5 ~ 107

Think magnetic horn (only electric)

d @

X:t @ .
- > Q@ oy
@9
Uy 3 ® Ix
€
R
oy, SJ s ”UX/R ~ MHz x (R/meter)_l quasi-static limit!
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Millicharged DM Waves

Effect vanishes in limit where Uwind — 0

Uwind : R ]
,OX(X) N pgebye(R) V:;On @

Charge Density (p, / p)]?ebye)
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Millicharged DM Waves

Effect vanishes in limit where Uwind — 0

px(x) ~ PV (R) (U“’md)z ( a )3 Detecting them?

Vo M

Charge Density (p, / p)]?ebye)
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Millicharged DM Waves

Effect vanishes in limit where Uwind — 0

px(x) ~ PV (R) (U“’md)z ( a )3 Detecting them?

Vo M

Charge Density (p, / p)]?ebye)

Since E-field signal dominant, capacitative pickup optimal
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Millicharged DM Waves

Effect vanishes in limit where Uwind — 0

px(x) ~ PV (R) (U“’md)z (‘Z)B Detecting them?

Vo

Charge Density (p, / p)]?ebye)

Since E-field signal dominant, capacitative pickup optimal

1
- S US:/_€E2
| v 2

Effective volume of capacitor/antenna — bounded by shielded volume
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Millicharged DM Waves

Effect vanishes in limit where Uwind — 0

px(x) ~ PV (R) (U“’md)z ( a )3 Detecting them?

Vo M

Charge Density (p, / p)]?ebye)

Since E-field signal dominant, capacitative pickup optimal

1
- I US:/_€E2
| v 2

Effective volume of capacitor/antenna — bounded by shielded volume

We want EM resonator, but could use e.g. ton traps
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Experimental Sensitivity

10_7 T TTI T T T T T T T T T T T T T T AT, ] |r|||||| rTTTITE
S . XENON1g
108 SN1987A : tint = 1 yr
10~ : ‘
1010 stellar cooling 4 w =100 kHz
i 10-11 % (Egef) = 10 kV /cm
\Q_) 10_12 _ 7~
W - : 12
~ FE. ~
10713 D e~ 10 Z‘V/ o
oy eff
;{j' 10—14 X (10—10)
15 7/12 ~1/4 X (&)_2
107 g Qofr (reach) o Vs_h / TL/C Q_l/ 4 keV
) : V, =10m’, T;n=4K, Q=10 1O7 =3
107" (TI: V= 10w, Ty = 100 mK, Q = 1077 "X 10" m
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Experimental Sensitivity

10~

T TTTT T TTTT T TTTTH] T TTTT T TTTT I I)IIIII|: I IrIIIII| T TTTTE

P . |XENON1G
10-8 SN1987A - - : / ting = 1 yr
107 - o /
110 stellar cooling P \/q&\ o> / _~3 w =100 kHz
101 y g\o/ﬁ&o ; A0 ' lﬁeeze—i (Eder) = 10 kV /cm
~ AN AT I
R\

Accelerator induces collective effects in DM!

10" 7 1010
10—15

Gege (reach) o V3 /21y Q1A

1016 (L V, =5 wf, T = 4K, Q = 10 A
IV, =10n?, Ty = 4K, Q = 10 . 3
-17 sh >~ LC / Ny ~ 10" m
= _ _ _ 7
10 (I V, = 10 w?, Ty = 100 mK, Q = 107 X

——/
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VARIATION IN A, X MINOR

Emitter Recelver

A. Berlin, R. T. D’Agnolo, SARE, J. Radkovski
ﬁ I~ 1 JHEP 08 (2023) 017



Light-Shining-Through-Walls

Search for Dark Photons (not DM)

J. Jaeckel, A. Ringwald (2008)

Emitter Recelver

P. Graham, J. Mardon, S. Rajendran, Y. Zhao (2014)
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Light-Shining-Through-Walls

Search for Dark Photons (not DM)

J. Jaeckel, A. Ringwald (2008)

Emitter Recelver

P. Graham, J. Mardon, S. Rajendran, Y. Zhao (2014)
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First Experiment: CROWS
M. Betz, F. Caspers et al (2013)
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Dark Photon Searches w/ Cavities

Ongoing experiment @ FNAL: DarkSRF

A. Romanenko et al (2023)
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Dark Photon Searches w/ Cavities

Ongoing experiment @ FNAL: DarkSRF

12

Leverage high-()
SRF cavities
developed at
Superconducting
Quantum Materials &

Systems

A. Romanenko et al (2023)
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Dark Photon Searches w/ Cavities

Ongoing experiment @ FNAL: DarkSRF
Q, = 4.5x 10"

Leverage high-()
SRF cavities
developed at

S uperconducting
Quantum Materials &

Systems

A. Romanenko et al (2023)
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Dark Photon Searches w/ Cavities

Ongoing experiment @ FNAL: DarkSRF
Q, = 4.5x 10"

Leverage high-()
SRF cavities
developed at

S uperconducting

Quantum Materials &
_ 10
Systems Oy = 3.0x 10

A. Romanenko et al (2023)
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Dark Photon Searches w/ Cavities

Ongoing experiment @ FNAL: DarkSRF

12

Leverage high-()
SRF cavities
developed at
Superconducting
Quantum Materials &

Systems

1

107°

1077

1078

Frequency (Hz)
0’ 108 10°

= Dark SRF

- Pathfinder Run

I I | 1 lllllll

1077 10°° 107>

m, (eV) A. Romanenko et al (2023)
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Dark Photon Searches w/ Cavities

Ongoing experiment @ FNAL: DarkSRF
Q, = 4.5x 10"

Frequency (Hz)
108

107 10°

107°

Leverage b

SRF c What else can we do with the same setup7

developec T : G *
¢ | CROWS - | _

Superconducting . i old cavityy \

107 Dark SRF _
Quantum Materials & - gghdthiinder Run :

S@MS- 1

Systems - QO

'I 0—9 Lol ] ] Lo s o

1077 10°° 107>

m, (eV) A. Romanenko et al (2023)
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Millicharged DM at LSW Experiments

Emitter Recelver

A. Berlin, R. T. D’Agnolo, SARE, J. Radkovski
JHEP 08 (2023) 017
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Millicharged DM at LSW Experiments

A. Berlin, R. T. D’Agnolo, SARE, J. Radkovski
JHEP 08 (2023) 017

Emitter Receiver

Tl (eqe;;i”x) o R VW> B, <“IE§ZX) i &
| q T lo
— \ I
Eem WWS Piig X Qreclin
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T :
PSig & QreC|Jrec

Millicharged DM at LSW Experiments @M%wm@@

e =1, n, =10°cm™" e’ =1, m, =10MeV

Collider 10?

107
T
_ 10
.
<
<
103
< —
10! 42 e
= S
10!
106 10-5 10~ 10-3
m, [MeV] A. Berlin, R. T. D'Agnolo, SARE, J. Radkovski Goff

JHEP 08 (2023) 017
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T :
PSig & QreC|Jrec

Millicharged DM at LSW Experiments @@%ng

e =1, n, =10°cm™ e’ =1, m, = 10MeV

Collider 10?

Pinfold, earlier

107
T
_ 10
.
<
<
103
< —
10! 42 e
= S
10!
106 10-5 10~ 10-3
m, [MeV] A. Berlin, R. T. D'Agnolo, SARE, J. Radkovski Goff

JHEP 08 (2023) 017
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VARIATION IN a

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

A. Berlin, R. T. D’Agnolo, SARE, K. Zhou
Phys.Rev.D 104 (2021) 11, L111701



Signal In a Resonator
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Signal In a Resonator

Axion-induced magnetic field induces an E.M.F'.: ga ~ VQ/ . 0tBa
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Signal In a Resonator

Axion-induced magnetic field induces an E.M.F'.: ga ~ VQ/ . 0tBa
Qr Qa>

7
Wsig Tlgq,

Qa ~ 1/(v%)

2 2 -
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Signal In a Resonator

Axion-induced magnetic field induces an E.M.F'.: ga ~ VQ/ . 0tBa
Qr Qa>

7
Wsig Tlgq,

Qa ~ 1/(v%)

2 2 -

Maximise: Wgig , Ba, V
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Signal In a Resonator

Axion-induced magnetic field induces an E.M.F'.: ga ~ VQ/ . 0tBa

Fsig ~ wSQigB?LVmin ( @ , Qa)

Wsig Tlgq,

Qa ~ 1/(v%)

[N\ WARNING

Maximise: Wgig , Ba, V

QUANTITIES
OFTEN LINKED
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Signal In a Resonator

Heterodyne Resonator:

Axion-induced magnetic field induces an E.M.F'.: ga ~ VQ/ . 0tBa
Qr Qa>

7
Wsig Tlgq,

Qa ~ 1/(v%)

Wsig ™~ Wo I Mg ~ Y13

2 2 -

Maximise: Wsig Ba, V

QUANTITIES
O FT E N LI N K E D A BerlanI-IiEl'Jl'Oz)(Az‘gigl)ooiisz-shéil?lllsztelrm;i; Toro, C.

Nantista, J. Neilson, S. Tantawi, K. Zhou

Also: R. Lasenby Phys.Rev.D 102 (2020) 1, 015008
hep-ph/1912.11056
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How Does it Work?

W1 = wo + Aw

Wo GHz
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How Does it Work?

16

W1 = wo + Aw

axion
Wo GHz ma — Aw
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16

it Work?

W1 = wo + Aw
axion
wWo ~~ GHz ma — Aa)

Probe many axion masses

requires scanning A
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How Does it Work?

16

W1 = wo + Aw
axion

Wo GHz m, = Aw

Probe many axion masses

requires scanning A

Sebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing

Tunability
Aw < GHz

A: Thin endcap
Total Deformation
Type: Total Deformation ° °
ctormability:
Time: 1 °
1.4504 Max
1.2892

~Imm

Courtesy: Marco Oriunno (SLAC)
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it Work?

Tunabilit
w1 = wo + Aw Y
: Aw < GHz
axion
wWo GHZ m = A ) deformability:
e a ~1lmm

Probe many axion masses

requires scanning A

Courtesy: Marco Oriunno (SLAC)

Resonant with beat frequency of applied EM field and axion signal
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Sensitivity

17

=S@V-S-

Q)

QUANTUM
TECHNOLOGY
INITIATIVE

Jayy [Gev_l |

frequency = mg/2n

kHz MHz GHz

109

10-10 CAST
iy
10-11 SN1987A y ﬁ_.x 108
-
10—12 a
1013 50L prototype — 1019
~14 , _ >
10 cubic meter 5
10-15 — 1012 —
=
10—16 —
10~ . standard ALP dark matter — 1014
10—18 = -
10-19 'E SRFE upconversion —10%
10—20 L1 1 1iit L1 IIIIII| L1 1111t L1 IIIIII| L1 IIIIII| L1 IIIIII| L1 IIIIII| L1 11IIH
10—12 10—10 10~8 10~ 104
mq [eV]
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SenSitiVity frequency = mg/2n

kHz MHz GHz

SC Prototype to probe CAST

New param. space SN1987A y ﬁj\ 108

! 50L prototype 1010

=S@V-S-

10-14

cubic meter

fa 1GeV]

QUANTUM 1()—15 — 1012
IQ) TECHNOLOGY
INITIATIVE
10—16 -
1017 — 1014

standard ALP dark matter

10-18 k& i
10-19 _E SRFE upconversion —{10!¢
O 20 | L1y | IIIIIII| L 1L L1y | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| L L 11 1ILE
10—12 10—10 10=8 10~6 104
mq [eV]
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SenSitiVity frequency = mg/2n

kHz

MHz GHz New sensitivity to

SC Prototype to probe CAST QCD axion
New pararn. Space SN1987A v ﬁjx 108
' o 1010
, mA S50L prototype
~14 , § =
10 cubic meter 5
10 ) 10-19 10
INITIATIVE 10_16 B Ql\
10_17 — 1014

ard ALP dark Attel g™ .

stand

1018

10-19 Eq_6_|_ OoM ALP DM—EEplipconversion —| 10t
10—20 IR T AN T T O 1 1 S A A A 11 AN A A I N 111 N S AN W 0171 M ||:||||| Lol

10—12 10—10 10~8 10~6 104

mq [eV]
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VARIATION IN h,,,

‘ .

A. Berlin, D. Blas, R. T. D’Agnolo, SARE, R. Harnik, Y. Kahn, J. Schiitte-Engel
Phys.Rev.D 105 (2022) 11, 116011

A. Berlin, D. Blas, R. T. D'Agnolo, SARE, R. Harnik, Y. Kahn, J. Schiitte-Engel, M. Wentzel
Phys.Rev.D 108 (2023) 8, 084058



Gravitational Waves

Angular momentum:

differs from axion by index
structure

19
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Gravitational Waves

Angular momentum:

differs from axion by index
structure

19
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Gertsenshtein (1962)
Zeldovich (1973)
Raffelt & Stodolsky (1988)
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Gravitational Waves

Angular momentum:

differs from axion by index

structure Gertsenshtein (1962)
Zeldovich (1973)

Raffelt & Stodolsky (1988)

Effective interaction:

1
it =8, (§hFW + hY ot — thO‘”>

PRD 105 116011 hep-ph/2112.11465
A. Berlin, D. Blas, R. T. D'Agnolo, SARE, R. Harnik, Y.
Kahn, J. Schitte-Engel

See also PRL 129 4, 041101 hep-ph/2202.00695
V. Domcke, C. Garcia-Cely, N. L. Rodd
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Axion Experiments x Gravitational Waves

Existing Axion Experiments:

PRD 105 116011 hep-ph/2112.11465
A. Berlin, D. Blas, R. T. D'Agnolo, SARE, R. Harnik, Y.
Kahn, J. Schiitte-Engel
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Axion Experiments x Gravitational Waves

Projected Sensitivities of Axion Experiments

wg/2m € [0.65,1.02] GHz

Q~8x10% Byg=75T
VC&V — 136 L, Tsys ~ 06 K

wg /27 € [5.6,5.8] GHz

(Already using quantum techniques HAYSTAC {|%~ iéﬁ?ﬁ@fjf 013 K

wg /27 € [1.6,1.65] GHz

Q~4x10% Bg=73T
Veav = 347 L, Tays ~ 1.2 K

Existing Axion Experiments:

wg /2T = 26.531 GHz

Q~13x10% Byg=7T
Vcav ~/ 0.0078 L, Tsys ~/ 4 K

wg /2w € [1,2] GHz

( Likely quantum tech. |SQMS params. - V/A%; 1_061059 L T 1 KW/ /

10—24 10—23 10—22 10~ 21 10~ 20 10~ 19
Strain Sensitivity hg

PRD 105 116011 hep-ph/2112.11465
A. Berlin, D. Blas, R. T. D'Agnolo, SARE, R. Harnik, Y.
Kahn, J. Schiitte-Engel
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Axion Experiments x Gravitational Waves

Projected Sensitivities of Axion Experiments

(Already using quantum techniques

HAYSTAC —

Existing Axion Experiments:

(Likely quantum tech.

SQMS params. —

More? To appear w/ V. Domcke € J. Kopp

wg/2m € [0.65,1.02] GHz

Q~8x10% Byg=75T
VC&V — 136 L, Tsys ~ 06 K

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

wg /27 € [1.6,1.65] GHz

Q~4x10% Bg=73T
Veav = 347 L, Tays ~ 1.2 K

wg /2T = 26.531 GHz

Q~13x10% Byg=7T
Vcav ~/ 0.0078 L, Tsys ~/ 4 K

wg /2w € [1,2] GHz

V Q ~ 109, BO:ST
Veav = 100 L, Tyys ~ 1 K

10—24

10—23

10—22 10~ 21
Strain Sensitivity hg

10~ 20

10~ 19

PRD 105 116011 hep-ph/2112.11465
A. Berlin, D. Blas, R. T. D'Agnolo, SARE, R. Harnik, Y.
Kahn, J. Schiitte-Engel
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MAGO 2.0: Mechanical and EM Signals

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
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MAGO 2.0: Mechanical and EM Signals

On the operation of a tunable electromagnetic detector for
gravitational waves

F Pegorarot, E Picassoi and L A Radicatif$§

tScuola Normale Superiore, Pisa, Italy
$CERN, Geneva, Switzerland

Received 6 ' i1 1978
eceived 6 December 1977, in final form 20 April 19 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

21 Sebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing PASCOS 2024, Quy Nhon, July 11th



MAGOQO 2.0: Mechanical and EM Signals

On the operation of a tunable electromagnetic detector for
gravitational waves

F Pegorarot, E Picassof and L A Radicatif$§

tScuola Normale Superiore, Pisa, Italy
$CERN, Geneva, Switzerland

Recei i il 197
eceived 6 December 1977, in final form 20 April 1978 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

Microwave Apparatus for Gravitational Waves Observation

R. Ballantini, A. Chincarini, S. Cuneo, G. GemmeB R. Parodi, A. Podesta, and R. Vaccarone
INFN and Universita degli Studi di Genova, Genova, Italy

Ph. Bernard, S. Calatroni, E. Chiaveri, and R. Losito
CERN, Geneva, Switzerland

R.P. Croce, V. Galdi, V. Pierro, and I.M. Pinto
INFN, Napoli, and Universita degli Studi del Sannio, Benevento, Italy

E. Picasso
INFN and Scuola Normale Superiore, Pisa, Italy and
CERN, Geneva, Switzerland
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MAGOQO 2.0: Mechanical and EM Signals

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

readout
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MAGOQO 2.0: Mechanical and EM Signals

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

readout

a theorist's view...

21 Sebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing PASCOS 2024, Quy Nhon, July 11th



EM and Mechanical signals
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EM and Mechanical signals

Parametrics of the EM signal: E;';;W ~ Qom (Wy Leay)* ™ Ey

22 Sebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing PASCOS 2024, Quy Nhon, July 11th



EM and Mechanical signals

Parametrics of the EM signal: E§1§M> ~ Qom (Wy Leay)* ™ Ey

Mechanical signal: Egge‘:h) ~ Qo b1 Ey min (1 ]
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EM and Mechanical signals

i~ Qem (g Leav)” " Eg

Parametrics of the EM signal: By

o o InecC . LCaV 2
Mechanical signal: ES(ig "~ Qem W' Ey min (1 ) -9 )
Cs
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EM and Mechanical signals

Parametrics of the EM signal: EEM L 0. (Wg Leav)® h'+ Eq

sig
Enhanced up to 1/¢Z>1 (/)
2 2 mec . LC&V 2
Mechanical signal: ES(ig YO Qum W'Y Ey min (1 , wgc )
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SQUIDs for quantum sensing of other unlikely Weber Bar? To appear with V. Domcke & N. L. Rodd
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Summary

Glglvitaﬁonal
Waves

Frequency (Hz)

frequency = mg/2n

. 107 108 10° . ¢ =1, ny =10%cm™3 NG MHz GHz
10 UL B 1 01 I L1 O 9 2 A1 I B L1 O MR 10 10~ 10_15 - -
) | AST E g _-
1078 SN1987A - 01 10-10 Cas Lo-16 it
+ 1d Pragis
10-9 P 10-11 SN1987A y % 108 E I ;
stellar cooling - (\ 102 g 1077 f
10-10 { 1012 3 - = i<
103 . % i MiniGRAIL ;=
i 1o-11 TH 10713 50L prototype — 1010 = 10779 _5:
< b - 104 > 14 i ™ ~19 _|
$ 10 - N L = 0 3 10 cubic meter - 10 x-
i 107" = 105 - = 1075 H1012 7= .
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Gy &~ ~ 1 W N e SV VIR e N e S ——
S 107 - S 10-16 «¥ . 3 :
< Dark S RF 1076 | SN1987A < = o a0 U 'é 10721 i scanning (thermal)
-15 —7/1¢ 4 ~_1/4 —17 _ < :
10 Qogt (reach) o Vsh /e Tﬁé:l Q 1/ Pathfinder Run 7 (Ax\ﬁ%fv’, 'j- . 10 standard ALP dark WACL g™ . . 10 \O_)/ 99
i B 1077 - 93 o 4 10721
10-16 I V, =5m’, T =4 K, Q=10 A SO 10718 s N
sh L( S C s futuristic
I: Vg =10 w?, Ty = 4K, Q=100 10-8 poe === TMoio 19 SRF : 016 1072
10717 L Vo = 10 md. Tr o = — 107 T 1 ! 10~ upconversion 1 1
P Vg =10w?, Ty = 100K, Q=108 |oedaetedteeas @499 == — TE LIGO-Virg
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X m, (eV)
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Summary

Age of Quantum for detecting weakly-coupled signals just beginning

Glglvitaﬁonal
Waves

Frequency (Hz)

frequency = mg/2n

1 07 1 08 1 09 e = 1, ny, = 106 em—3 kHz MHz GHz
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- i
" stellar cooling 1072 1 S} 1077 ‘_’;
_ - - N )
10 103 10 g % s MiniGRAIL : %
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j=)] 5 e N :
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Summary

Age of Quantum for detecting weakly-coupled signals just beginning

Sensors classed as “quantum” in various ways

Glglvitaﬁonal
Waves

Frequency (Hz)

frequency = mg/2n

1 07 1 08 1 09 e = 1, ny, = 106 em—3 kHz MHz GHz
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Summ ary

AN ‘e
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Age of Quantum for detecting weakly-coupled signals just beginning

Sensors classed as “quantum” in various ways

Gr.alvitaﬁonal

Accelerator tech can probe wide range of signals: At

Frequency (Hz)

frequency = mg/2n
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For those interested, quantum sensing is a fascinating intersection of classical,

quantum, atomic physics, materials physics, luid dynamics, statistics, GR, QFT...
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