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Superfluid Helium as Ideal Acoustic Medium
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Superfluid Helium as Ideal Acoustic Medium
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Superfluid Helium as Ideal Acoustic Medium
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Superfluid Gravitational Wave Detector "
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[1]

o

Normalized pressure

Mode| fm [Hz] pn/M Ac/A Mode| fm [Hz] pn/M Ac/A

[0,1] | 1618 0.16 0 [2.2] | 6381 041 0.04
[1-1] | 1769 0.19 0.47

[1.1] | 3179 047 0.21 3-3] | 8619 027 0.07
0,2] | 4692 026 0 [4.-4] | 11800 0.15 0.03
[2-2] | 5253 021 0.27 [5.-5] | 14770 0.12 0.02

[1] V. Vadakkumbatt, M. Hirschel, ]. Manley, T.]. Clark, S. Singh & J. P. Davis, PRD 104, 082001 (2021).
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Superfluid Gravitational Wave Detector "
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Superfluid Gravitational Wave Detector "
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Superfluid Gravitational Wave Detector "
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Superfluid Gravitational Wave Detector "
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Ultralight Dark Matter (UDM)
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Ultralight Dark Matter (UDM)
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Ultralight Dark Matter (UDM)

QCD Axion WIMPs

Wave — like

v
A

«

< — @ Particle — like ——

0=0.4 GeV/cm? n\d > 1 n\’ <1

G| UNIVERSITY OF
ALBERTA



Ultralight Dark Matter (UDM)
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[1] Snowmass 2021 “New Horizons”, D. Antypas et al., arXiv, 2203.14915 (2022).
[2] A. Derevianko, PRA 97, 042506 (2018).
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Ultralight Dark Matter (UDM)
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Ultralight Dark Matter (UDM)
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Ultralight Dark Matter (UDM)
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Mechanical Signature of UDM

Scalar Boson S=0 Vector Boson S =1
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Mechanical Signature of UDM

Scalar Boson S=0 Vector Boson S =1

Scalar field -
Couplingtoe /vy (I)(t) ~ by COS(UJt)
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Mechanical Signature of UDM

Scalar Boson S =0 Vector Boson S =1
Scalar field -~
Couplingtoe /vy (I)(t) ~ by COS(UJt)
Isotropic .
strain [1.2] h(t) = —d hy cos(wt)

N ~

_ RN

[1] J. Manley, D. J. Wilson, R. Stump, D. Grin & S. Singh, PRL 124, 151301 (2020).
[2] A. Arvanitaki, S. Dimopoulos & K. Van Tilburg, PRL 116, 031102 (2016).

G| UNIVERSITY OF
ALBERTA



Mechanical Signature of UDM

Scalar Boson S=0 Vector Boson S =1
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[1] J. Manley, D. J. Wilson, R. Stump, D. Grin & S. Singh, PRL 124, 151301 (2020).
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Mechanical Signature of UDM

Scalar Boson S=0 Vector Boson S =1

Scalar field - Vector field T T
Couplingtoe /y (I)(t) ~ o cos(wt) CouplingtoB-L /B A(t) ~ Ay COS(wt)
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[1] J. Manley, D. J. Wilson, R. Stump, D. Grin & S. Singh, PRL 124, 151301 (2020).
[2] A. Arvanitaki, S. Dimopoulos & K. Van Tilburg, PRL 116, 031102 (2016).
[3] J. Manley, M. Dey Chowdhury, D. Grin, S. Singh & D. J. Wilson, PRL 126, 061301 (2021).
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Superfluid UDM Detector

Odd
COM modes

Even
breathing modes
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[1] M. Hirschel, V. Vadakkumbatt, N. P. Baker, F. M. Schweizer, ]. C. Sankey, S. Singh & J. P. Davis, PRD 109, 095011 (2024).
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Superfluid UDM Detector
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[1] M. Hirschel, V. Vadakkumbatt, N. P. Baker, F. M. Schweizer, ]. C. Sankey, S. Singh & J. P. Davis, PRD 109, 095011 (2024).
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Superfluid UDM Detector

< 20 mK

[1] M. Hirschel, V. Vadakkumbatt, N. P. Baker, F. M. Schweizer, J. C. Sankey, S. Singh & J. P. Davis, PRD 109, 095011 (2024).
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Superfluid UDM Detector

< 20 mK

[1] M. Hirschel, V. Vadakkumbatt, N. P. Baker, F. M. Schweizer, J. C. Sankey, S. Singh & J. P. Davis, PRD 109, 095011 (2024).

G| UNIVERSITY OF

@ ALBERTA



Superfluid UDM Detector

< 20 mK

[1] M. Hirschel, V. Vadakkumbatt, N. P. Baker, F. M. Schweizer, J. C. Sankey, S. Singh & J. P. Davis, PRD 109, 095011 (2024).
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Superfluid UDM Detector
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HeLlOS — First Prototype

20 mK
70—170 mbar
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HeLlOS — First Prototype
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HeLlOS — First Prototype
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HeLlOS — First Prototype
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HeLlOS — First Prototype
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HeLlOS — First Prototype
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HeLlOS — First Prototype
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HelLIOS — Next Generation fj&{(/

Scalar Boson S=0

Size Matters
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HelLIOS — Next Generation

Scalar Boson S=0

Size Matters
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Vector Boson S = 1
Material Matters
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HelLIOS — Next Generation

20.3 cm Total mass: 9.7 kg

A

Transducer Assembly
Aluminum

Lid
Brass
In-sealed to cell and transducer

I <= = = Bucket
| | Brass
0.90 liter helium capacity

n x ~1kHz [0,0,z]-modes

Coupling Mass
Lead, 13 lbs (5.9 kg)
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HelLIOS — Network J/EEG/;J
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HelLlOS — Network
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HelLlOS — Network
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[1] M. I. Hollister et al., IOP Conf. Ser.: Mater. Sci. Eng. 278, 012118 (2017).
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Dilution refrigerator

Shielding SNOBOX -

* SUPER

CDMS

C-Stem Seismic platform

[1] M. I. Hollister et al., IOP Conf. Ser.: Mater. Sci. Eng. 278, 012118 (2017).
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Dilution refrigerator (Leiden CF-2100-Maglev-2PT)

(eDMS

[1] M. I. Hollister et al., IOP Conf. Ser.: Mater. Sci. Eng. 278, 012118 (2017).
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Helium-3 Dark Matter Detection

*He 1.4
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: 1
| Solid (bcc) 3He [1]
I 3l
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“é’ A phase
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1 L
0.92 mK Gas
D 1 _.-=r"‘"f’.. i L -

0.0001  0.001 0.01 0.1 1 10 100
Temperature (K)

[1] Encyclopedia of Condensed Matter Physics 3, 51-67 (2024).
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Helium-3 Dark Matter Detection
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[1] Encyclopedia of Condensed Matter Physics 3, 51-67 (2024).
[2] C. Gao, W. Halperin, Y. Kahn, M. Nguyen, . Schiitte-Engel, and ].W. Scott, PRL 129, 211801 (2022).
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Helium-3 Dark Matter Detection
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Helium-3 Dark Matter Detection
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[1] Encyclopedia of Condensed Matter Physics 3, 51-67 (2024).
[3] A.J. Shook, V. Vadakkumbatt, P. Senarath Yapa, C. Doolin, R. Boyack et al., PRL 124, 015301 (2020).
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ZERO POINT
CRYOGENICS

9773 45 Avenue | Edmonton, AB | Canada

> Dilution refrigerators (10mK), continuous
0.5K / 1K systems, handcrafted in Canada

>Founded in 2017, 25 employes

> Vertically-integrated facility — highest quality
standard, minimal costs and production times

>Highly customizable solutions




Resonant Mass Detector

Resonant mass for detection of small periodic forces

Pressure /
stress [a.u.]

Sea ={[Xml|(S7; + ST + 5K |

Displacement

\ field [a.u.]
82h th 4]{IBTILLCU
fs=4q ﬁ Sff — 0 "
Signal Thermal noise
4k‘BT/,b

., SE, > ——
hh — Qq2w3

Strain sensitivity
thermal limit

1960s: Weber Bar (Joseph Weber)

[1] S. Gottardo, Substantia 1, 61-67 (2017).
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Superfluid Gravitational Wave Detector n

'S

Cryogenic — {>_
environment [}

[P o

Membrane )
Side
piezo
_\
.
Opposite piezo@ J

[1] V. Vadakkumbatt, M. Hirschel, ]. Manley, T.]. Clark, S. Singh & J. P. Davis, PRD 104, 082001 (2021).
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[1] V. Vadakkumbatt, M. Hirschel, ]. Manley, T.]. Clark, S. Singh & J. P. Davis, PRD 104, 082001 (2021).
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Superfluid Gravitational Wave Detector n
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- environment
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[1] V. Vadakkumbatt, M. Hirschel, ]. Manley, T.]. Clark, S. Singh & J. P. Davis, PRD 104, 082001 (2021).
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Superfluid Gravitational Wave Detector
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Superfluid Gravitational Wave Detector -
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[1] V. Vadakkumbatt, M. Hirschel, ]. Manley, T.]. Clark, S. Singh & J. P. Davis, PRD 104, 082001 (2021).
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Superfluid Gravitational Wave Detector
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[1] V. Vadakkumbatt, M. Hirschel, ]. Manley, T.]. Clark, S. Singh & J. P. Davis, PRD 104, 082001 (2021).
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Superfluid Gravitational Wave Detector "
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[1] V. Vadakkumbatt, M. Hirschel, ]. Manley, T.]. Clark, S. Singh & J. P. Davis, PRD 104, 082001 (2021).
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Superfluid Gravitational Wave Detector "

; a
]. 10 “'.' """ ‘ ? """ i"'"""."""""‘""""; """""""""""""""""""""""""""" =
A A
Al
E : y !
9’ 3.10° _‘ ............................ AN -
1] ;
i~
E T e T S R -
g i i
= Only He

3.10% L...[1,—1] Mode
[2, —2] Mode

1-10% | | i i i
15 30 60 120 240 480

Temperature [mK]

[1] V. Vadakkumbatt, M. Hirschel, ]. Manley, T.]. Clark, S. Singh & J. P. Davis, PRD 104, 082001 (2021).
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Superfluid Gravitational Wave Detector "
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UDM Lineshape

! Dark Matter Halo e 1]
’\. HDM Wind” "“"-
— ’
December

[1] M. Schumann, J. Phys. G: Nucl. Part. Phys. 46, 103003 (2019)
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UDM Lineshape
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UDM Lineshape
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UDM Lineshape

mq)’Uz

2h

Doppler shifted frequency: W:IJ = W¢ +

G| UNIVERSITY OF
ALBERTA



UDM Lineshape

mq)’Uz

2h

Doppler shifted frequency: W:IJ = W¢ +

Single detector spectrum

0.20:. — : (1]

Linewidth:
we/ 100

[1] A. Derevianko, PRA 97, 042506 (2018).
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UDM Lineshape

. / mqﬂJz
Doppler shifted frequency: Wy = We + o7
Single detector spectrum Two detectors, same time, different location
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[1] A. Derevianko, PRA 97, 042506 (2018).
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UDM Lineshape
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Mechanical Sensors for UDM

Scalar Boson S=0 Vector Boson S =1
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Mechanical Sensors for UDM

Scalar Boson S=0 Vector Boson S =1

AURIGA [1]

[1] A. Branca, M. Bonaldi, M. Cerdonio et al., PRL 118, 021302 (2017).
[2] S.M. Vermeulen, P. Relton, H. Grote et al., Nature 600, 424—428 (2021).
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Mechanical Sensors for UDM

Scalar Boson S=0 Vector Boson S =1

AURIGA [1]

GEO600 [2]

[1] A. Branca, M. Bonaldi, M. Cerdonio et al., PRL 118, 021302 (2017).
[2] S.M. Vermeulen, P. Relton, H. Grote et al., Nature 600, 424—428 (2021).
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Mechanical Sensors for UDM

Scalar Boson S=0 Vector Boson S =1

Compton frequency wam/2m [kHz]
1 2 3 5 7 10

Scalar coupling constant d,,,

AURIGA
5 7 10 20 30 50
Scalar boson mass mam, [peV]

[1] A. Branca, M. Bonaldi, M. Cerdonio et al., PRL 118, 021302 (2017).
[2] S.M. Vermeulen, P. Relton, H. Grote et al., Nature 600, 424—428 (2021).
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Mechanical Sensors for UDM

Scalar Boson S=0 Vector Boson S =1

Compton frequency wam/2m [kHz]
1 2 3 5 7 10

: ' SiN Membrane
[3]

Scalar coupling constant d,,,

AURIGA
5 7 10 20 30 50
Scalar boson mass mam, [peV]

[3] . Manley, M. Dey Chowdhury, D. Grin, S. Singh & D. J. Wilson, PRL 126, 061301 (2021).
[4] LIGO, Virgo & KAGRA collaborations, PRD 105, 063030 (2022).
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Mechanical Sensors for UDM

Scalar coupling constant d,,,
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Compton frequency wam/2m [kHz]
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Vector Boson S =1

o

5
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Scalar boson mass mam, [peV]

[3] . Manley, M. Dey Chowdhury, D. Grin, S. Singh & D. J. Wilson, PRL 126, 061301 (2021).
[4] LIGO, Virgo & KAGRA collaborations, PRD 105, 063030 (2022).
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Mechanical Sensors for UDM

Scalar Boson S =0 Vector Boson S =1
Compton frequency wam/2m [kHz] Compton frequency wam /27 [kHz]
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[3] . Manley, M. Dey Chowdhury, D. Grin, S. Singh & D. J. Wilson, PRL 126, 061301 (2021).
[4] LIGO, Virgo & KAGRA collaborations, PRD 105, 063030 (2022).
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Scalar UDM Searches
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Vector UDM Searches
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Mechanical Detection of Scalar UDM

PHYSICAL REVIEW LETTERS 124, 151301 (2020)

Searching for Scalar Dark Matter with Compact Mechanical Resonators

Jack Manley ,1 Dalziel J. Wilson ,2 Russell Stump ,1 Daniel Grin,3 and Swat Singhl"*

Vo [HZ]
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[
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J Y 10 -  Helium
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[1] J. Manley, D. J. Wilson, R. Stump, D. Grin & S. Singh, PRL 124, 151301 (2020).
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Scalar UDM Coupling

d(r,t) ~ t—k-
(T ) o cos(w r)
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HeLlOS — First Prototype

Simulated Measured [l [1]
Mode |f [Hz] u/M g [gem] — Bi2fi2 f [Hz] Q [10°]

933 0.50 2.97 4.20 x 1072 998  0.26 "
1854 0.49 495 1.63x107° 1864 2.2 1

[0,0,3]

0,0, 1]

0,0, 2]

0,0,3]| 2785 0.47 1.26 1.44 x 10~2 2800 3.7 1854 Hz 2785Hz | 2
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0,0,5]] 4648 0.42 255 0.90 x 1072 4668 2.2 &

0,0,6]] 5589 0.40 103 2.38 x 107 5605 2.6 : 2
0.0.4] [ 0.5] 006 |E
3712 Hz 4648 Hz 5589 Hz | Z

s == fﬂ [ (22) |2 d’z
= [pun(x)  zd’x
Bn.j = fj a-u,(x) dgm/ fmz |ﬂ'n(:’13)|2d3$

[}
[—

[1] M. Hirschel, V. Vadakkumbatt, N. P. Baker, F. M. Schweizer, ]. C. Sankey, S. Singh & J. P. Davis, PRD 109, 095011 (2024).
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HelLIOS Microwave Optomechanical Transducer
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HelLIOS Microwave Optomechanical Transducer
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HelLIOS Microwave Optomechanical Transducer
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Superfluid UDM Detector
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Superfluid UDM Detector

N
[ ol )
i (‘-, g ' Vibration
Noah Baker solation
_/

[1] M. de Wit, G. Welker, K. Heeck, F. M. Buters et al., Rev. Sci. Instrum. 90, 015112 (2019).
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Superfluid UDM Detector
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[2] M. Hirschel, V. Vadakkumbatt, N. P. Baker, F. M. Schweizer, ]. C. Sankey, S. Singh & . P. Davis, PRD 109, 095011 (2024).
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HeLlOS — First Prototype

Amplitude [pV]
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[1] M. Hirschel, V. Vadakkumbatt, N. P. Baker, F. M. Schweizer, ]. C. Sankey, S. Singh & J. P. Davis, PRD 109, 095011 (2024).
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HeLlOS — First Prototype
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HeLlOS — First Prototype
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HelLIOS — Next Generation

Superfluid valve [1]

- .
N’ ZERO POINT = >
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[1] Dotsenko & N. Mulders, J. Low Temp. Phys. 134, 443-446 (2004).
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Parametric Amplification
(Thermomechanical Noise Squeezing)
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Parametric Amplification
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