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A / introduction to Axions

QCD has a CP problem:

0> -
r S_ (e (Hvsa
- 3272 HY

Term violates CP — leads to neutron EDM
d, ~ 1071%) ¢ cm
Experimental limit:

d*P < 107%° e cm

h <10~
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A / introduction to Axions

Solution: U(1)pq symmetry anomalous under QCD:
PNGB after instanton breaking — QCD axion!

a — 2 Peccei & Quinn (1977)
£ D I 9 GCL G'L“/ & Weinberg (1978)
fa 327’(’ Wilczek (1978)

Potential for axion generated by confinement:

~o N 1/2
4m., m a v
_ _n2 f2 1 ulltd . 9 |
Y mﬂff( (my +ma)? <2fa 2>>

Minimised: (a) = —0f,

Axion mass related to QCD scale: m?2 f2 ~ m2 f?

s
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A / introduction to Axions

Axion-like particles (ALPs)

1
Latp D §mga2 + Lint

Generic shift-symmetric P-odd scalar field w/ derivative
couplings to SM fields

Mass unrelated to QCD scale: m?2 2 m?2 f2

Motivations: a) One of ~few concrete predictions from known String

Svrcek & Witten (2006)

compactifications (string axiverse) Arvanitaki et al (2009)

b) ALPs as Dark Matter from misalignment Stott et al (2017)
. Halverson & Langacker
c) Technology to search for ALPs exists (2018)
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ALPs as Dark Matter: Misalignment

Axion EoM in FRW Universe: d+3Ha+m2a =0

SH >m,, a=ag

H = 3m,
3H < my, a:ao(a( Ma)
a(t)

DM energy density: ppy ~ T Teq

3/2
) cos(mgt + @)

Recall: Pa ~ Mmoag T ~ (H*m3)'/*

Maq

T2 mS 1/2
Relic abundance: a; = ( =l P) ao = Vo fa
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Axions as Dark Matter: Targets

frequency = mg /21

9 uHz mHz Hz kHz MHz GHz
Galactic structure
tensions 10_10 o
10-11 SN1987A vy 1 [ Misalignment +
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| 1014 oq P independen —
O My isalignment 19 2
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Axion couplings to photons

1 ~
LD _Zgav”yaFF

QCD axion inevitably has such a coupling

QCD oY 1 E 1 92 DFSZ:
ga”ﬁ’ o VT fa (N \ KSVZ:

Anomaly coefficients Mixing w/ pion

ALP has coupling to photons introduced “by hand”

_8
3

Zlm =

~ ] 0 neutral VLQs
12 +1 charged VLQs

ALP _ @
T = ot
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Axion couplings to photons

frequency = mg /21

uHz mHz Hz kHz MHz GHz
CAST
_ e 108

1012 1N -
— 10_13 — 1010
n 14
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§ 4-1-0--" S e S
m 10_17 g ~~~~~~~ »""‘ ) 1014
h{ M (e ~ 1) ........ "’
10_18 AL?D .'~-._7§?0‘_\ _____ _
&
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Resonant Axion Searches

Axion electrodynamics: £ D gaf aFF=—g,aE B

VOE:’O_QGJ’Y’YB.V& Maxwell’ d
v X B p— 8tE _|_ J _ ga/')/"y (E % va . Bata,) improved Equations

\/2
Axion dark matter: a(t) ~ WfDM cos(mqt + )

Jeft(t) ~ Garyy Bo(t) /Poy COSMat => Bg(t) oc Jog(t)
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Resonant Axion Searches

Axion-induce magnetic field induces an EM.F: &, ~ V2/3 o: B,

2
Py~ % min(l, E) ~ w2 Bngin ( @ : Qa)

Ty o6 Wsig Mg

1/7_a ~ ma<v2> 1/7_1‘ ™~ wSig/QI‘ Qa ~ 1/<”U2>

Maximise: wsig, Bq, V

/Y\ WARNING

QUANTITIES
OFTEN LINKED
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Resonant Axion Searches

Axion-induce magnetic field induces an EM.F: &, ~ V2/3 o: B,

2
P ~ % min(l, E) ~ W2 Bngin ( @ : Qa)

oS Ty o6 Wsig Mg

ADMX and other cavities: Wsig = Mq Ba ~ Jeff/wsig Wsig ™ y—1/3

Difficult to reach small axion masses — cavity has to be huge!
LC resonators: Wsig = Mg By ~ JogV1/3

Able to access small masses, but length-ratio suppressed
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Different approach: Resonant Axion Searches

2
Pl % min(l, E) ~ w2 B2V min ( @ : Qa)

Ty o6 Wsig Mg

Heterodyne resonator: Wsig = Wo £ Ma  Ba ~ Jeft [ wsig
OSC.
. gC(L ) Wo = Mgy Wo
Gain: (static) ~ -
o mg Mg

Noise & exp. parameters
not discussed yet
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Resonant Approaches

Static-field Haloscope: LC Resonator: Heterodyne Resonator:

e.g. ADMX
—1/3

_ _ L —1/3
Wsig =— Mg ™~ V Wsig = Mg — WLC Wsig ™~ Wo " Mg ™~ V /

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

Also: R. Lasenby hep-ph/1912.11467
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Allowed mode transitions

Cylindrical cavity modes:  TM,,,,, TE np

Axion allowed transitions: 1 X / Eik ' BO 7é 0
V

MAXIMISE
spin-0: Mg = M

pseudoscalar: pg + p1 = odd

Tanp — Tanp

1

I e ==l [/ S

1/2
L w(p? — p?
mode degeneracy: — = | — (71 ]7 g)
R xmno — & mni
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Broadband Axion Resonant Frequency Conversion

Superconducting RF Cavity
Wo — W1 ~~ GHz

Qint ~ 107 = 1015

*
Requirement: dw; < w;/Q);

*
hep-ph/2007.15656 Demonstrated by DarkSRF @ FNAL

A. Berlin, R. T. D’Agnolo, SARE, K. Zhou
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https://arxiv.org/abs/2007.15656

Scanning Axion Resonant Frequency Conversion

Superconducting RF Cavity

A < : R>__ wozwleHz

{ 9 . 13
i {——WO ant Y ].O Te ].O
Tunability:
. ow S MHz piezos
b Lo ow = MHz fins
Degeneracy:
1/2
2 2
L w(pi—p5)
- 2 12
R xmno L mmnni
JHEP 07 (2020) 088, hep-ph/1912.11048 Broadband:
A. Berlin, R. T. D’Agnolo, SARE, P. Schuster, N. hep-ph/2007.15656
Toro, C. Nantista, J. Neilson, S. Tantawi, K. Zhou A. Berlin, R. T. D’Agnolo, SARE, K. Zhou
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https://arxiv.org/abs/2007.15656

Axion Signal

Signal Power Spectral Density (PSD):

w? dw’ . ,
Susl0) = S Gy M0 BV gz [ 755 (6 = ) S () Sl — )
. 2 1 Powm
Axion PSD: (a(t)”) = (22 /dw Sa(w) = m?

S, (w) = 7 (5(w —w;) + 0(w + wz)> - Séfhase) + Séjnech)
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Axion Signal

Signal Power Spectral Density (PSD):

w2 dw’

2+ (wwi/Q1)? / (27)2 (W' = W)™ Sy (') Sa(w — ')

Ssig(w) Ql (gcwv 110 BO) |4 ( 5

w? — w?)

Signal Power (resonant):

1

P, ~ - (q, By)? V x
g 4(9 vy 1110 0)” Pou {WQa/ma m>>ﬂ

Widths:  Awg ~ mg/Qq
wr = w1/Q1
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Standard Noise Sources: Thermal Noise

Power Spectral Density:

_ (1 Al (Ww1/Q1)2
Qint (W? — w%)Q + (ww1/Q1)?

Sth (w)
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Non-standard Noise Sources: Phase Noise

Loading

&
Readout

Power Spectral Density:

1
Sphase(w) 25 G%d SSO (w - CU())
X (ww1/@1)° ""Ole‘ep

(W2 —wi)? + (ww1/Q1)? W1Qo:§: .
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Non-standard Noise Sources: Wall Vibrations

Vibrations Power Spectral Density:
E%d wo
Smech(w) ZT @ Pin><
Sgm (@ = w0) /VP/3) (wn/ Q) wh o
Z ( q

et (W2 — w2)? + (Wwn/Qn)?]| [(wd —w2)? + (wown/Qn)?]

Displacement PSD:

oading ports e - M2 ((.4)2 - w,?n)Q _|_ (wmw/Qm)Z
wq
— <
>
Wr
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Non-standard Noise Sources: Field Emission

Power Spectral Density:

synchrotron
S (w 1) Prot

~ X
4T 0.1 W

Field Emission Y 10~°% transition

107> Bremsstrahlung,

Limits max B-field ~ 0.2T
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All Noise Sources

Vibrations
GHz

Field Emission ¥

Readout ports
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Sebastian A. R. Ellis —Axion Dark Matter

All Noise Sources

2,.3

W, .

2 ¢2+0
PmechN€1d5

fractional wall disp. 0

Wi

Qint

Py, ~ T

Wi
Pphase ~ G%dscp (ma)—
Qint

Pin

Noise Power [W]

and Gravitational Wave

frequency = m, /21

Detection in an SRF Cavit
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Experimental precedent

. . B 1.3GHz
Q-faCtOr & B'fleld ® 2.6 GHz
12 A 5GHz
10 - -0 b " Iy 1.3 GHz- after heat treatment|
) <« 5 GHz - after heat treatment

Q~4x101 @ B~0.1T ——bf

Ll | P
10" .h. -
- -- .-..-. :
: "ngy
O I ﬂﬁ-
@
10°F AAAMA“: ‘ E
: arXiv: 1810.03703 Romanenko et al. ]
14K < T < 1.5K
109 | 1 | L | L | L | 1 | L | L | 1 |
0 5 10 15 20 25 30 35 40
E_.. (MV/m)
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Experimental precedent

Mode rejection:

€ =107 achieved

gr-qc/0502054 Ballantini et al.
physics/0004031 Bernard, Gemme, Parodi, Picasso

-140 10*
L _f B = 1604\ N 1 L10?
OW-Trequency Aw/w ~ § ~ 10710 3 | ‘ /
X -180 - [ . NN =)
: : . DarkSRF (2020) £ ’\/—17‘*\“\ 3
Selsmlc nOISeo "; _200;: ‘é 10-2 EN
- | I
Sl SEY e
O a;!'* 'Q"Vi ----- noise ager ?gal r;duction det
° ome . HE : noise after tides pressure reauction 5
Scientific Reports 8,15324 (2018) Rosat & Hinderer 20 Ak L
Hz
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https://indico.physics.lbl.gov/event/939/contributions/4371/attachments/2162/2915/DarkSRF-Aspen-2.pdf

Signal to Noise: readout & overcoupling

Readout:

28 Hamburg, June 4, 2021
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Signal to Noise

Roughly: (SNR)® == tin /OOO dw ( SSig(w)))Q

S noise (w

Thermal noise dominated:

Ppm i 2
SNR ~ —/— a B
o (9 v~ 110 0)

QaQintte t/2
()

Comparison with LC resonator:
SNR  wp +ma (Qim>1/2 (@)”Q ( By )2
SNRMC Mg QLc T Byc
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Resonant Axion Resonant Frequency Conversion

B=0.2T, T=2K, wo=1GHz frequency = mq/2r

uHz mHz Hz kHz MHz GHz
1079
10-10 CAST
Lo-11 SN1987A y BE —10°
10~12 : N -
_ .9 {1410
0 13 = 10
T 10 = - —
% 10~19 % L —{ 1012 ?D)
= 1016 ea=10"" : P « ] =
§ 10-17 B Qint = 10" ) .............. —{ 1014 3
Az = 0.1 oy -
1018 ' nm e DM Y ’ i
10_19 "."-’ — 1016
10—20 . o P . e |
al noise limited et o°
10_21 . Thern.‘ --------- el emr & — 1018
10722
10722 10720 10718 10716 1914 10712 10710 108 1076 1074
JHEP 07 (2020) 088, hep-ph/1912.11048 mq [eV]
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Resonant Axion Resonant Frequency Conversion

B=0.2T, T=2K, wo=1GHz frequency = mq/2n

uHz mHz Hz kHz MHz GHz
1079
10-11 108
10-12
10_13 1010
—~ 10714 _
% 10715 012 =
S s S
o~ -
g 10_17 1014 S—
()
10_19 1016
10_21 1018
10722
10722 10720 q10-18 10716 1014 10712 1010 108 106 104
JHEP 07 (2020) 088, hep-ph/1912.11048 mq [eV]
31 Hamburg, June 4, 2021

Sebastian A. R. Ellis —Axion Dark Matter (and Gravitational Wave) Detection in an SRF Cavit



Resonant parameter variations: Q-factor

B=0.2T, T=2K, wo=1GHz frequency = mq/2n

uHz mHz Hz kHz MHz GHz

1079

10-10 CAST
10-11 SN198TA y 108
10712 Qint=1010 Qint=10° .
10_13 : — 1010
N _ Qint=1012
—~ 10714 - =
% 10715 — 1012 <
2 10—16 €1d = 10_7 ] —
)
10~18 i
10_19 - 1016
10—20 o i
[ noise limited RE
10_21 . Tber.m.a ------- o mw — 1018
10-22
10722 10720 10718 1016 qo-14 1012 10-10 108 106 10~4
JHEP 07 (2020) 088, hep-ph/1912.11048 mq [eV]
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Resonant parameter variations: mode rejection

B=0.2T, T=2K, wo=1GHz frequency = mq/2n

uHz mHz Hz kHz MHz GHz
10~
10-10 CAST
10-11 SN198TA y 108
10-12 €=10-5 €=103 _
10_13 - 1010

— € =10

—~ 10714 - =

% 10_15 | 1012 8

U -

— 10_16 int — 1012 .’. 7 —
g 10—17 A.T = O]. nm N —— /0 a 1014 &'3
)

10~18 |

10_19 — 1016
10=20 : 4 _

al noise I|m|ted T SN
10-21 E: _Therma noi>= 5. et & —1018
10-22
1022 10720 10718  10-16  q0-14 1012 10-10 108 106 1074
JHEP 07 (2020) 088, hep-ph/1912.11048 mq [eV]
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Resonant parameter variations: mode rejection

B=0.2T, T=2K, wo=1GHz frequency = mq/2n

uHz mHz Hz kHz MHz GHz

1079

10-10 CAST
L0-11 SN1987A y 108
10—12 i
10_13 — 1010
—~ 10714 - =
% 10_15 _ 1012 8
U 4
e 10—16 * S . . _ —
S 10-17 int = 10 /“‘jﬂ Jip14 =
)
10~18 i
10_19 - 1016
10—20 . : i .
al noise limited T 9°
10-21 E: _Thermal nOJ>E LN S et & —1018
10-22
10722 10720 10718 1016 qo-14 1012 10-10 108 106 10~4
JHEP 07 (2020) 088, hep-ph/1912.11048 mq [eV]
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Noise Sources: Broadband search

Leveraging non-zero excitement of signal mode off-resonance

1 | 1 |1(|)_| IBLILILLLL B U L R AR BRI IR EILL RN LI L UL L L L R R

- << mHz N 0- s 2 mHz | 10 mHyz | - _

102 ™ | 130 mHz "

- leakage noism__ 1 | | 7 ~

1074 N g8 | SR (phigse) — —

— —E — | | -

mN — E 10—10 - - —]

— 100 — 12 | — _

E s - /Eg Lo-14 L signal | i _

3 i T 10710 leachgle mech.) -

N 1010 p 3 w0t | — N

— = ol wo/Q1 ]

~ N th ] N i

10712 - 2 10722 — | | —

- 10724 |- amplifier \ I ‘\ ]

10_14 — 10—26 - | . //Ql | —]

- 28 _

10-16 SR Rt SRR FRRITT RRTT

102 10022 10721 10720 1019 10718 10-17 10716 10~15 1014 10713 10022 10~ 10710 1079

hep-ph/2007.15656

w—wqo [mHz]

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

35

ma [eV]

Hamburg, June 4, 2021

Sebastian A. R. Ellis —Axion Dark Matter

and Gravitational Wave

Detection in an SRF Cavit


https://arxiv.org/abs/2007.15656

Broadband Signal to Noise

s tint Awgiz = max(Awg, Awg)

Roughly: SNR ~

Sn (wsig) Awsig (external oscillator has finite width)

. ow masses:

Qint
SNR ~ p. ., (gaw mt) Vtint Awg

wWo €

High masses:

Awr (gaq/w BO ) 2 tint
Samp (Wsig) Mg, Awa

SNR ~ p ., Veav

Intermediate masses:

Aw.\ 2 A 2 5202
2 r Wy '
(e Mg Wmin Qm
phase-dominated mechanical-dominated
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Broadband Axion Resonant Frequency Conversion

B=0.2T, T=2K, wo=100MHz [requency = ma/2r

uHz mHz Hz kHz MHz GHz
1079
10~10 CAST
1011 SN1987A y
-3
-12 e =10
10 e=10"" Qint = 1010
T 10_13 Qint = 1012 tint = 1 day
> tint = b years
D)
O 10714 s
o~ 15 Qint = 1010
§ 10~ tint = 10 days
1016
1 0_1 8 mechanical noise
10719
10722 10720 10718 10716 10-14 10712 10710 108 10~6 10~4
hep-ph/2007.15656 mg [eV]
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https://arxiv.org/abs/2007.15656

Gravitational Waves?

P interferometers R magnetic conversion
levitated sensors —>
+——>

bulk acoustic wave

1071° -

50 — Neutron stars
1077 —
— Primordial BHs

/)

< Exotic compact objects
—25
1077 - — Superradiance annihilation
—— Superradiance decay
10730 - Stochastic
. interferometers . magnetic conversion
10 35 I I I | I 1 | s N levita‘ted_scinsors «—
103 108 10° 1012 1018 0%} S 0 ... BBN bound
f (HZ) — Inflation (extra-species)
— Inflation (effective field theory)
Coherent 10-30 | — Scalar perturbations
< — Preheating
Oscillons
107 —— Phase transitions

—— Cosmic strings

—— Metastable strings
10—4()

103

— (Gauge textures
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Comparing with Axion

. Ma Wsig
Axion electrodynamics: £2 —ga’f 0FF = g4y aE-B  woveveaan,
w02 Bo(?)
V'E:p_ga’y'yB'va
VxB=0E+J—- g4 (EXxVa—-Boa)
g gl

GW — photon mixing (Gertsenshtein effect)

B(x,1t)
Qv 14 1 V T 1 uv [V nle7 % Vol
O " = —=Jg | 1+ 5h + ho Jgy — O, th — h " F* +h, F

Maxwell’s new and
improved Equations

39 Hamburg, June 4, 2021

Sebastian A. R. Ellis —Axion Dark Matter (and Gravitational Wave) Detection in an SRF Cavit



GW interaction w/ Cavity Walls

Indirect effect: GWs perturb cavity walls Ax

Cavity modes dependent on geometry

Small perturbations: w. — we(1 + f(Ax))

Proper detector frame, effect of GW is
that of Newtonian force on a test mass:

Fi ~ —hgij
2

Passing gravitational wave will move walls, spreading power in frequency space

Focus of MAGO collaboration @ CERN in early 2000s — e.g. gr-qc/0502054
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Reach — Monochromatic source™”

**ultra-preliminary

we 1 T NY2row Y1 (107 Hz\?
hmin ~ 73 7 276 10 -
wa \ w1 Kt EoV7/ Ve

10712 N~ T T T T T
Byp=02T
V =1m’>

10—14 N BE
s T=14K ]
10710k .
pMC 10-18 &
3 Uk -EH Dergers ;
10—20 é_ = - !;.
O ~
10—24 | | | | L1 11 | | | | | L1 11 | | | | | | 1 11 | | | | | | [lec ] |§
103 104 10° 100 107
wa [Hz] *not very monochromatic
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Outlook

Radio-Frequency up-conversion approach

Wsig — Wo = Mg

Parametric gain for small axion masses vs. LC Resonator

SNR  wp =+ my <Qim>1/2 (@)1/2 (ﬂf
SNRLC Mg QL T Byc
SLAC group seeking internal
funding

SRF group @ CERN interested
In making preliminary noise

measurements
snowmass LOI CF2 & AF5 ey
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https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF2_CF0-AF5_AF0_Kevin_Zhou-035.pdf
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Backup




Power comparison with static LC resonator

Power for monochromatic background field:

1

2 Ql/Wl Ta << 2l
PSig — Z (ga’)”)’ o BO) Pbm VX { -y

@)
mQa/Ma  G* > G-,

Power for LC resonator:

PS(IEC) (gavaLC)Q Ppm V5/3 min(QLCv QCL) m

Ratio:

2 2 (w1/Q1) My w1
Hig (O.Q T) X {(Ql/Qa) (ma/@a)  Qa S Q1

a Ql
Py 4T (w1/ma)” e
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Potential Sensitivity

frequency = m,/2n
Hz kHz MHz GHz
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10-10 CAST

Jayy [Gev_l |

Hamburg, June 4, 2021

Sebastian A. R. Ellis —Axion Dark Matter (and Gravitational Wave) Detection in an SRF Cavit



Potential Sensitivity dependences —Qinut

frequency = m,/2n
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Potential Sensitivity dependences — geom. factor

frequency = m,/2n
Hz kHz MHz GHz
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Broadband Axion Resonant Frequency Conversion

frequency = m,/2n
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frequency = m,/2n
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Potential Sensitivity dependences — e-fold time

frequency = m,/2n
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Statistical treatment

Both signal and noise exponentially distributed:
o—dil?/(Ss(wi)+Sn (wi))

Ld) = H m(Ss(wi) + Sn(wi))

1

Test statistic: .
L(QCL’Y’WH 9”)

L(Gay~, és, én)

Q(ga'm/) —2 log ( ) @(ggq/q/ o §62L"}/"y)

For tine > 7, Wilks’ theorem implies

A 2
- ga'yfy)\ (9 ) -~ tint /OO SS(w) ? . >
o) = 2 ( o ) Tk VS PN frat > 7a) 2
For t;ny << 7, axion signal in single DFT bin
0 92 As + Ay < 8
0935 8) =2 % § gy — L HIOE T A S8 gk A+ A SNR(tint < 7o) 2
9121’}"7 >‘SS+>\n o i—i_log n+ - S< )\n

51

1.3 90% C.L.

1.6 95% C.L. ,
5.6  90% C.L.
12.5 95% C.L.

Hamburg, June 4, 2021

Sebastian A. R. Ellis —Axion Dark Matter (and Gravitational Wave) Detection in an SRF Cavit



GW interaction w/ EM strategy: venerable history

Braginskii & Menskii, 1971 JETP LETTERS VOLUME 13, NUMBER 11 5 JUNE 1971

HIGH-FREQUENCY DETECTION OF GRAVITATIONAL WAVES

V. B. Braginskii and M. B. Menskii

Physics Department, Moscow State University
Submitted 18 March 1971

ZhETF Pis. Red. 13, No. 11, 585 - 587 (5 June 1971)

J. Phys. A: Math. Gen., Vol. 11, No. 10, 1978. Printed in Great Britain

Pegoraro, Picasso & Radicati, 1978

On the operation of a tunable electromagnetic detector for
gravitational waves

F Pegorarot, E Picassof and L A Radicati$

*Scuola Normale Superiore, Pisa, Italy
ICERN, Geneva, Switzerland

Received 6 December 1977, in final form 20 April 1978

Pegoraro, Radicati, Bernard & Picasso, 1978 ELECTROMAGNETIC DETECTOR FOR GRAVITATIONAL WAVES
’ ’ ’ F. PEGORARO, L.A. RADICATI
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Framing the question

Proper detector frame

inert. acc.  grav. redshift rotation t-dilate

ds® ~ — dt? (1 +2a-x+ (a- X)2 — (2 x X)2 + ROinxixj)

~ / Sagnac effect 9 ' . . 1
+ 2dtdz’ (eijkﬂja’;k — gRojikaﬁa’;k> + dx*dx’ (52-3- — gRikﬂxkxl>

Gravitational wave in TT gauge

o0,h" =0, hu” =0, hogg=hog; =0
Riemann takes simple form

 [p—
Roioj = —5hy
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Framing the question

Proper detector frame
1.. o o
ds® ~ — dt? (1 — Qh;l;Tx’xJ) + dx'dx’
Maxwell’s new and improved equations, roughly:

V°E:p(1—h00)—|—v}L00°E

V xB— 6tE =J+ (9t(h00E)

Generation of EM wave from GW and background field:

E = —07(hooEo)
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Experimental context

Proposed sensitivity

Proposed sensitivity

Technical concept Frequency
(dimensionless) VSn(f)
Spherical resonant mass, Sec. 4.1.3 [282]
1020 5-10720Hz "2
Mini-GRAIL (built) [289] 2942.9 Hz )
2.3 10723 (%) 107% Hz™ 2 (x)
- 2.6-10"% 1.1-107 9 Hz "2
Schenberg antenna (built) [286 . v/
& (built) [286] 2.4-107%% (x) 1022 Hz " 2 (%)
Laser interferometers
NEMO (devised), Sec. 4.1.1 [25,272] [1 —2.5] kHz 9.4.107% 10724 Hz 2
100 M 7-10~4 10716 Hz™ 2
Akutsu’s proposal (built), Sec. 4.1.2 [277,328 z
{2ty [ ] 21071 () 1072° Hz™ 2 (#)
[1 —13] MHz 81022 10~2' Hz 2

Holometer (built), Sec. 4.1.2 [279]

Optically levitated sensors, Sec. 4.2.1 [59]

1-meter prototype (under construction)

(10 — 100) kHz

24-1072°-4.2.10"22

(1071 —1072")Hz"~

il
2

100-meter instrument (devised)

(10 — 100) kHz

24-107%2 -4.2.107%#

(1072 —107?%)Hz~

1
2

Aggarwal et al, 2011.12414
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Experimental context

Resonant polarization rotation, Sec. 4.2.4 [307]
Cruise’s detector (devised) [308] (0.1 —10°) GHz h~10""7 X
Cruise & Ingley’s detector (prototype) [309,310] 100 MHz 8.9-107" 10~ Hz 2
Enhanced magnetic conversion
5 GHz h~10"% —1072° X
(theory), Sec. 4.2.5 [311]
Bulk acoustic wave resonators N
(MHz — GHz) 4.2-107%' —2.4.107% 107**Hz™ 2
(built), Sec. 4.2.6 [316,317]
Superconducting rings, (theory), Sec. 4.2.7 [318] 10 GHz ho,n,mono ~ 1073 X
Microwave cavities, Sec. 4.2.8
Caves’ detector (devised) [320] 500 Hz h~2.10"% X
Reece’s 1st detector (built) [321] 1 MHz h~4-10"" X
Reece’s 2nd detector (built) [322] 10 GHz h~6-10"" X
Pegoraro’s detector (devised) [323] (1 —10) GHz h~10"% X
Graviton-magnon resonance L
(8 — 14) GHz 9.1-107*" —-1.1-107% | (107** —10"%°)Hz 2
(theory), Sec. 4.2.9 [324]

Table 1: Summary of existing and proposed detectors with their respective sensitivities. See Sec. 4.3 for details.

Aggarwal et al, 2011.12414
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Signal to Noise GWs

Roughly: (SNR)® == tin /OOO dw ( SSig(w)))Q

S noise (w

- Y(nEgho)*V
.. S;\I/[C W) — Wsig w (77 0/t0 Seo W — W B~ 2V2/3h
Monochromatic: o (W) Quip (2, — )2 + (o) Qi) ( G) 0 ~ w
i 4 E )2V 3H2 Q) (w — W ) ng(w + wo)
. SElat _ Wsig W (T] 0 0 ( GW 0 )
Flat s1g (w> Qsig (wSQig _ w2)2 + (wwsig/Qsig)z 8 (w _ w0)3 T (w + w0)3
QGW ~ %guﬂhgto
Ql 47T (w wl/Q1)2
. . Snoise W) ~ Sth(w) =
DQSlgn params: ( ) th( ) Oint (wg — w%)g i (w Wl/Q1)2
e L (T V2 s\t g2 (107 Hz ?
i G2\ wi Q) Lint E V7/6 wa
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