WAVES IN A BOX:
RESONANT CAVITIES FOR AXION AND
GW DETECTION
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Dark Matter Particles in a de Broglie Volume Today

eV
Galaxy: Npum =~ 10° (m )
DM

Universe:  Npy ~ 107° ( eV )

mpwm
m*
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ALP DARK MAITER IN THE LAB

INn each experimental bin we are summing over a multitude of plane waves
with different phases

a9




ALP DARK MAITER IN THE LAB

INn each experimental bin we are summing over a multitude of plane waves
with different phases

a9

a1

a(t) = ag -COS (ma (1 | vj) t + ¢1) + cos (ma (1 | Uj) t -+ ¢2> +

~ ag cos(mgt + @) [cos(dwat + @) + ...]
10°

Effectively: very slow modulation of an
approximately monochromatic field

MmN\




ALP DARK MATTER DETECTION

Background

but you know exactly the waveform
and the signal is always there




AXION DARK MATTER DETECTION

Cavity
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Astro & Lab Constraints
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HETERODYNE DETECTION

[Berlin, RTD, S. Ellis, C. Nantista, J. Nielson, P. Schuster, S. Tantawi, N. Toro, K. Zhou‘19]
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LEAKAGE NOISE
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Cavity Response
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LEAKAGE NOISE

Vibrations

From MAGO
and other similar cavities




TWO PROTOTYPES [~ 1 YEAR]
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depends on the background field in the laboratory
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MECHANICAL VS ELECTROMAGNETIC
RESONANCE




MONOCHROMAITIC SIGNAL

10—12
10—14
10716

10—18

—’-
—-
-

hO 10—20

-
-
-
-
-

-
”’
-
-
-

107%

H Thermal Vibrations

Sy |
10—24 peI'I'adlaHCe BAW

1026 ; LVK

103 104 10° 109 107 108 10?
w, |Hz]

Berlin, Blas, D'Agnolo, Ellis, Harnik, Kahn, Schutte-Engel, Wentzel ‘23
arXiv:2303.01518



EXISTING PROTOTYPE

2= Fermilab

R. Ballantini, A. Chincarini, S. Cuneo, G. Gemme,* R. Parodi, A. Podest a, 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 |.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

MAGO 05







RESONANT frequency = my /2 e
Hz kHz MHz GHz

SIN1987TA y

10-10 CAST

I
fo [GeV]




RESONANT frequency = m, 7k
Hz kHz MHz GHz

e1qg=10"1

€1q =103

€1q=107°

e1q=10""
i Demonstrated (le = 107 s )
for a different geometry,
but same setup | | | | | |
Class.Quant.Grav. - , gr-qc/ — — —_ —
I | :} 20 (2003) 3505 352i \g} qc/0502054 1 O 10 1 O 8 1 O 6 1 O 4



RESONANT frequency = 1m, F
Hz kHz MHz GHZ

SIN1987A vy

10—10 CAST

10-12 2
¢rms = 107 ym
| o—
™
| _
>,
&
—16
> 10
S
-
1071 10~ 1
drms = IMLIT)
- ‘ €14 = 10
~ N te — 107 S
10 Demonstrated \_ J
Injsimilar cavities | | | | | |
https://indico.physics.lbl.gov/indico/event/939/contributions/4371/ 1 O 8 6 4
attachments/2162/2812/Dark SRF-Aspen.pdf — — — —
tt tl/z\lj /2812/DarkSRF d 10 10 10 10 10

m, |eV]


https://indico.physics.lbl.gov/indico/event/939/contributions/4371/attachments/2162/2812/DarkSRF-Aspen.pdf
https://indico.physics.lbl.gov/indico/event/939/contributions/4371/attachments/2162/2812/DarkSRF-Aspen.pdf

RESONANT frequency = a e
Hz kHz MHz GHZ

SIN1987A vy

10~ 10

10~ 12

10~ 14

1016

Gayy [GeV™]

10~ 18

10—20

m, |eV]



A.Berlin, RTD, S. Ellis, K. Zhou 2007.15656

uHz mHz Hz

109

10-10 CAST
10-11 SN1987A v
€ = 10_3
1012 _7 10
e=10 Qint = 10
10-13 Qint = 1012 tint = 1 day

lint = o years

10~ 14 <A e=10""?
o Qint = 1010

tint = 10 days

Jayy [Gev_l |

10-17 &
10-18 ;_ mechanical noise
10_19 B
10722 10~20 10716 10714 10712 10710 108 106 10~4

mqg [eV]



NOISE

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

Signal and Noise PSDs: Scanning
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BROADBAND

Signal and Noise PSDs: Non-Scanning
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Proper Detector Frame (PDF) Vs Transverse Traceless (TT) Frame

(Fermi Normal Coordinates)




(tTT, xTT, YTT, 2TT)

1 1 .
trT ~t 4wg(x2—y2) , zTT:x—§$(1—zwgz)h+e

zwgt

. 1w Z W
yTT =Y 29(1—zwgz)h+e 7 2rT 2 4wg($2—92)h+6 gt




T gauge = comoving with the wave g
(tTT, TTT, YT T, 2TT)

Wrong Conclusion

Theorem: jg}f,TT =0 No signal

Doubly Wrong:

]. Impossible to prepare a uniform B-field in the TT frame
2. Even it you could do it, there would still be a signal (wire moving)

mk



GRAVITATIONAL WAVE DETECTION

Projected Sensitivities of Axion Experiments
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SUPERRADIANCE

Signal from:[Arvanitaki, Geraci '12]



PRIMORDIAL BHSs
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POWER FROM THE SUN

Power i ~ Cconst
dFE |

d_r N i Numlber of

dE 1D gravitons

Signal from:[Weinberg ‘65]



POWER FROM THE SUN

' ~ exp

Blog(E/A)

B <1

Signal from:[Weinberg ‘65]



POWER FROM THE SUN

Signal
P~ 1014 L8 L 1011 o2 | | |
tot =2 0 X 10 A 0°" eV Total emitted power (in gravitons)
Proxp = 012 oV? Power reaching a m-sized

experiment on Earth (in gravitons)

Signal from:[Weinberg ‘635]



POWER FROM THE SUN

Signal

Ptot ~ 0 X 1014 =

S

~ 10! eV?

Pexp = 1012 eV*?

Noise

T
Py, ~TAw ~ eV~ 7

Total emitted power (in gravitons)

Power reaching a m-sized
experiment on Earth (in gravitons)

Thermal Noise In the bandwidth
of the signal (in photons)

Signal from:[Weinberg ‘635]



Noise Power [W]
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Signal and Noise PSDs: Scanning Signal and Noise PSDs: Non-Scanning
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Figure from PDG and C. O'Hare

https://doi.org/10.5281/ zenodo0.3932430.
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Figure from PDG and C. O'Hare

https://doi.org/10.5281/ zenodo0.3932430.
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CASPER
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loop
e

Without the axion you have a magnetisation component
- precessing around B (Larmor frequency)




CASPER

a —
H ~ o-F
mea

SQUID Bext
pickup
loop
2

Sin - ( 2H’Bexth_"na,C

g‘U'Bext — Mg C?
h

2) t
= sin (2uBextt)

M(t) =~ npuE"egd,




CASPER

H ~

a

mea

F .

E

SQUID Bext
pickup
loop
A*
n E* D Tz Max. Bext
Phase 1{10%* —5 |3 x 10°-21107°|1ms| 10T
Phase 2 1 1s 20T




DANCE
Obata, Fujita, Michimura, ‘18

10-10 L CAST o
________________ e O - J P
Sl ML
M87 -.'\. ............ T -
10-12 H N ‘—’,a:
> y G ey il 1802.07273
V - (L,F,P)=(1m,10%,10° W) . ]
O tandard, F= 100, 1 MW)
i
X 1n-14L i
g- 10
o
10-16} (L,F,P)=(10m,10%,10° W) ABRACADABRA .
~~~~~~~ (Broad, 1 meter)
10-18 1 | ] | 1 |
10-17 10—15 10-13 10—11




ALP DARK MAITER IN THE LAB

INn each experimental bin we are summing over a multitude of plane waves
with different phases

a9




ALP DARK MAITER IN THE LAB

INn each experimental bin we are summing over a multitude of plane waves
with different phases

a9

a1

a(t) = ag -cos (ma (1 | vj) t + ¢1) + cos (ma (1 | UE) t -+ ¢2) +

~ ag cos(mgt + @) [cos(dwat + @) + ...]

6
1 10 Effectively: very slow modulation of an
my approximately monochromatic field




,I .

R
e .y..
;-.-...o .




Loading ports

1SS101

Vibrations

Field Em

P
.
.
.
.
.
.
.
.
P
P

.

Oscillator

Readout ports




LEAKAGE NOISE
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LEAKAGE NOISE
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