WAVES IN A BOX:
RESONANT CAVITIES FOR AXION AND
GW DETECTION
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Largest from Astrophysics
(Chandrasekar bound)
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GRAVITATIONAL WAVE DETECTION

Projected Sensitivities of Axion Experiments

wg /21 € [0.65,1.02] GHz

Q~8x10% Bg=75T
ADMX cav — 136 L, Tsys Y 0.6 K

wg/2m € [5.6,5.8] GHz
HAYSTAC H|Q@~3x10% By=9T

Vcav = 2 L, Tsys ~ 0.13 K

wgy/2m € [1.6,1.65] GHz

Q~4x10% Byp=73T
CAPP Vcav — 347 L, TSYS N 12 K

wg /2™ = 26.531 GHz

Q~13x10% Byp=7T
ORGAN Vcav i 00078 L, TSYS ~ 4 K
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Dark Matter Particles in a de Broglie Volume Today

eV
Galaxy: Npn ~ 10°
mMpM
Universe:  Npy ~ 107° eV

mMpwMm




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
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ULTRALIGHT

*  Minimal Extension of
what we know 1o exist

* Simple and predictive
cosmology

*  Solve another big
oroblem in parficle
ONYSICS




Neutronf = () Neufron 6 # 0

Electric
Dipole

|(9 | 5 10_10 Experimentally




Introduce a new global symmetry at fa

GG

At the minimum

<CL> = —0/q




QCD Phase Transition
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ULTRALIGHT
*  Minimal Extension of
what we know 1o exist

* Simple and predictive
cosmology

*  Solve another big
oroblem in parficle
ONYSICS




Dark Matter Particles in a de Broglie Volume Today










Classical Equation of Motion
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ULTRALIGHT
*  Minimal Extension of
what we know to exist
* Simple and predictive
cosmology

*  Solve anofther big
oroblem in parficle
ONYSICS
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ALP DARK MATTER DETECTION
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ALP DARK MATTER DETECTION
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ALP DARK MATTER DETECTION

Background

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




Astro & Lab Constraints
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MANKIND'S EXPERIMENTAL PRECISION

My personal rule of thumb




AXION DARK MATTER DETECTION

Cavity




AXION DARK MATTER DETECTION

Cavity
/y Resondance
R R QVAVE 1
m, =2 E

Background




Astro & Lab Constraints
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AXION DETECTION

Cavity

+— m-0lcm ——

Low nolse electronics
High quality factors




Astro & Lab Constraints
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DM RADIO AND ABRACADABRA

[Kahn, Safdi, Tahler '16][Chauduri, Irwin, Graham, Mardon '18-19]

Cavity RLC Circuit
I
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AXION DETECTION
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HETERODYNE DETECTION

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







With a different geometry,
viable also for gravitational waves!
Radicati, Pegoraro, Picasso /8

symmetrical level
h U - ws

Wa
~
antisymmetrical w R
)| level We

W= Wq transition induced by
3 the gravitational wave

MAGO ‘05




Loading ports
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Readout ports




LEAKAGE NOISE

1
5 G%d S¢(w — wo)

Sphase (W)

Cavity Response




LEAKAGE NOISE

10MHz 3 OT SC-Cut

phase_noise (dBc/Hz)

'ltll] ' o '1K
offset_frequency (Hz)



LEAKAGE NOISE

Vibrations

Field Emission §

From MAGO
and other similar cavities
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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
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A.Berlin, RTD, S. Ellis, K. Zhou 2007.15656

uHz mHz Hz
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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]



THREE PROTOTYPES [~ 1 YEAR]

1l A h NATIONAL L, 3 .
SLAL <o 3¢ Fermilab
2507.07173 ArXiv:2207.11346

TMoyo, f=1411.2 MHz TEqy,, f=1410.2 MHz
E - Field e ° °
Cylindrical Concept
Ey (TEgy)) By (TEq))
H - Field

Mode-1E

HE11
polatization-1 (E,B)

Guide-Based Concept

0.5 B-field
0.4

0.3
0.2
0.1

200 E-field

Mode-2 E

— K
—

HE11
polatization-2 (B,E)

Clear drive/signal mode separation. Detection volume=2.5L
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Exp: S. Calatroni, Z. Li, C. Nanfista, J. Nielson, M. Oriunno, S. Tantawi
Th: R.T. D’Agnolo, S. Ellis, P. Schuster, N. Toro, K. Zhou

All slides from: Z. Li and M. Oriunno
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Exp: S. Calatroni, Z. Li, C. Nanfista, J. Nielson, M. Oriunno, S. Tantawi
Th: R.T. D’Agnolo, S. Ellis, P. Schuster, N. Toro, K. Zhou

HE11 mode
» Corrugated wave guide
* Both E and B field transverse to the direction of propagation
* Both E and B field concentrated around the center of the cavity
* High Q
- Very low field on the outer wall
- Most of EM loss on the ends
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1/4 wavelength fins on the endplates

E B
X-polarization - -
~
E B
— - Y-polarization
~
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Tunable mode coupler

Fixed mode coupler
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Tuner
membra

Unit: mm

Tuner
/gap

Membrane deformation




‘ h NATIONAL

. ACCELERATOR

QHI-\V | ABORATORY

| ‘ ’ I I < ! I A: Quarter Vacuum Thin
=) Total Deformation 2
o e Type: Total Deformation
A Unit: mm
b |

Tuner

Membrane deformation

gap =-1mm
f ~2.8564 GHz

gap = +1mm
f ~2.8445 GHz
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ppl-weiml ST

(*) Q ~ 3.5 x 10*

0.48 % 0.46 x 0.46) m® e~ 2 S NRL o

T ~ 300 K

€14 ~ 1077

w ~ 3 GHz
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— n-16 |
§ 10 €1q=107°
10—18 _
e1q=10""
1020 (em 0 ) -
| | | | | | | | |
10~14 10~12 10~10 10~8 1076 10~



2= Fermilab

Parameters based on informal conversations
VERY PRELIMINARY!

2 .
'Al' : uarl:*-., £ il [ -
- — | AL 1
e/ Q ~ 10" (loaded)
antenna gy, P £ g’
TEO11 Port3J Port2 8 ¢! i’
| o —I—g V ~10 L
| ” ' e o Port1 ”
| Pick-up E— wWo > GHZ
antenna depth ™

’

TM020 T ~ 4K

€d ~"/

The potential sensitivity is beyond current bounds




W. L. Millar, L. Balocchi, D. Barrientos, J. Bremer, S. Calatroni, S. A. R. IIis
R.T. D’Agnolo, A. Grudiev, T. Koettig, N. Koss, A. Macpherson, S. Vallecorsa

Slides from: W. L. Millar

3. Cryogenic Stages

A staged upgrade of the cryogenic system is
planned to support the programme, with the
ultimate target, a set of week-long sub-Kelvin
data-taking runs throughout 2028.

Phase A: Facility Check
+* Helium-4 bath at 1.5 K—for standard

submerged measurements.
¢ Control/acquisition cross-checks over a
six-month period from January 2026.

Phase B: Prototype Run

*»» Cavity maintained at ~1.55 Kin an inner
vacuum chamber (IVC).

*»* Estimation of heat loads (1 W RF target).

*» Targeting Q1 2027.

Phase C (shown right): Data Taking Run

\/

¢ 3He pot (condensed) in an inner vacuum
chamber with thermal links.

¢ Full readout chain and tuning scheme in
place =2 final commissioning of DAQ.

*»» Target: 800 mK operation through 2028.

E L L. N T )=y

— 4He (~5 mbar)

From *He Pump

SHe (~3 mbar)
Vacuum
R SRR E Connection

l i
—F_ -
| [ " —— Cryostat

4‘He Recovery — 4 4

4He Transfer Lines |

o 4.2 K Bath
t
1.6 K Pot : :
| il | IVC
0.8 K Pot = | ! 20 K Thermal
V| feavit] | ! Screen

100 K Thermal
Screen

Mitigate thermal noise (P = kg T - Af)

High-Q operation =2 enhanced
sensitivity.

Integration of low-noise amplification
stage.

’ G
e
~ToAeid




W. L. Millar, L. Balocchi, D. Barrientos, J. Bremer, S. Calatroni, S. A. R. Ellis,
R.T. D'Agnolo, A. Grudieyv, T. Koettig, N. Koss, A. Macpherson, S. Vallecorsa

Slides from: W. L. Millar

Cylindrical Concept

Eo (TEo11) By (TEq)) Frequency Split [Hz]

109 102 104 10° 108

10-10

SN1987A y

coco00
_-NWSASEULO

Guide-Based Concept

0.5 B-field
0.4

0.3
0.2
0.1

200 E-field

x10™> 10-18

st
- w—

1015 1072 ) ] 1077 103

.‘_,O'-‘NLH&U‘O\\I

Clear drive/signal mode separation. Detection volume =2.5L
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ELECTROMAGNETIC

MECHANICAL




ELECTROMAGNETIC




GW AXION

jg = Ou | 5 B F™ + 1Y FO" — b, P jig = €70, (aF,y)

Not a covariant vector




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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HAYSTAC H|Q@~3x10% By=9T

Vcav = 2 L, Tsys ~ 0.13 K

wgy/2m € [1.6,1.65] GHz

Q~4x10% Byp=73T
CAPP Vcav — 347 L, TSYS N 12 K

wg /2™ = 26.531 GHz

Q~13x10% Byp=7T
ORGAN Vcav i 00078 L, TSYS ~ 4 K

wg /2w € [1,2] GHz
v e
SQMIS params. o
10—%4 10—23 10—%2 10—4 10—40 10~

Strain Sensitivity hg

am2C"lIN. Blas, D'Agnolo, Ellis, Harnik, Kahn, Schutte-Engel "21



Mechanical Mode

MECHANICAL

0; -
t Q — Mcav

F,, ~ Riemann

[Caves 78], [Radicati, Pegoraro, Picasso 78]




Mechanical Mode

MECHANICAL

W, F.
9 - Q Or +wny, ) tm = Mooy

F,, ~ Riemann

[Caves 78], [Radicati, Pegoraro, Picasso 78]




Mechanical Mode

MECHANICAL

<1/L

min .,
w,. ~ kHz

Niobium ~0.5 m cavity

[Caves 78], [Radicati, Pegoraro, Picasso 78]




MONOCHROMAITIC SIGNAL
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EXISTING PROTOTYPE
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INTRINSIC DIMENSION

10

MSSNV
MSSNV
MSSNV

-3, parton, NNID
-3, detector, NNID
-3, detector unclustered, NNID

MSSNV

-3, parton, r;

MSSM-3, detector, r;
MSSM-3, detector unclustered, r;

0.95

0.50

0.75

1.00

1.95 1.50 1.75

Nominal onssm/osm |70]

'.-M

2.00






SUPERRADIANCE

Signal from:[Arvanitaki, Geraci '12]



PRIMORDIAL BHSs

NcyCIes N (GHZ>5/3 (109M@>5/3 Q — ]_06

Q fg MpPBH

1~ 10-26 ( 1PS megr \ ( Wg )2/3
D 10_9M@ GHZ

f they are DM and are all in binaries (1 year) D ~ 107" pc

f they are DM D~ 10 "'PBH
P (10—9M@




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]



AXION SNR

High Mass

SNR ~ Pom V'

mg Wi
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GW SNR

High Mass
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Noise Power [W]

frequency = m, /21 frequency = m,/2r
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Signal and Noise PSDs: Scanning Signal and Noise PSDs: Non-Scanning
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VIBRATIONAL NOISE
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ALP DARK MAITER IN THE LAB

a(t) ~ V2D

cos(wqt + @)
Mg

Maq

10-° eV
1079 eV

Frequency: w, ~ GHz

Coherence: T,
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ALP DARK MAITER IN THE LAB

Produced Colder than the SM (even if not via misalignment)

E, ~m,




ALP DARK MAITER IN THE LAB

Produced Colder than the SM (even if not via misalignment)

E, ~m,

't acquires a small velocity dispersion from virialization in the Milky Way




ALP DARK MAITER IN THE LAB

Produced Colder than the SM (even if not via misalignment)

E, ~m,

't acquires a small velocity dispersion from virialization in the Milky Way

Oopny =~ 1072

Lots of axions in each frequency bin that we can resolve
(even more in a De Broglie volume):

—14 2
opmV 10 eV year V
- AN, ~ : — 10% —
S matint UpM mg tint 11




MADMAX and LAMPOST
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Mirror Dielectric Disks Receiver




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

a —
H ~ o-F
mea

SQUID T Bext
pickup
loop
e

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




CASPER
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H ~ o-F
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loop
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= sin (2uBextt)
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