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Quantum Sensing: new windows into fundamental physics
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Quantum Sensing for Fundamental Physics
* Quantum sensing: the use of quantum properties of light or matter to enhance
sensitivity of measurements.

» Sensing effort is driven by applying our SRF cavities and quantum devices

towards Ehysms goals:

— Probing Dark sectors:
* New light particles: Dark photons and axions.
» Either as the dark matter, or as “just” new particle.
« A multi-search goal. Our most engaging science goal.
— Precision tests:
» Tests of the standard model (electron g-2, Euler-Heisenberg)
» Tests of quantum mechanics
— Gravitational waves:
« Expanding the frequency for GW detection beyond LIGO/VIRGO.
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Why SRF cavities for quantum sensing?
SRF cavities are the most efficient engineered

oscillators

) 1014
Chou et al, Science (2010)

Al-Mg atomic clock

Niobium superconducting RF cavities Q-factor

Romanenko et al, Appl Phys Lett (2014)

Crystalline optical resonator

1010
Grudinin et al, Phys Rev A (2006)

Devoret & Schoelkopf, Science (2013)
Best superconducting qubits

Optical whispering-gallery resonator
Yang et al, Nat Photon (2018)

Quartz clock, High-Q Copper RF/MW cavity

Best pendulum clock

energy stored
/—Ga//’/eo’s pendulum Q=27 9y
energy loss per cycle
<100 y
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SRF cavities in new regimes: low field and low T research

! Temperature range
:explored in SRF
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SRF cavities in new regimes: low field research
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SRF cavities in new regimes: low field research
| L
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New research field: we carry out the v -

R&D on the SRF cavities and use them »a
as high sensitivity detectors for
searches for new physics!
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Theorists and experimentalists working closely. Experts
Stanford in HEP, materials, SRF, sensing, QIS, RF engineering.
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Quantum Sensing: new windows into fundamental physics

Fermilab Dark SRF

Experiment

[1] Artwork by Sandbox
Studio Chicago with A. Kova
symmetrymagazine.org

4 N
: Dark Sector - :
B Dark Matter B o - R “Just” new particles |
J V i i 9 - "
Gravitational Precision
Waves Measurements
Q
9 B. Giaccone | Dark Matter and Gravitational Waves Experiments with SRF Cavities

S
N e SUPERCONDUCTING QUANTUM
! ’ MATERIALS & SYSTEMS CENTER



Dark Sector

* New light particles are theoretically well motivated. ~ ENERGY DISTRIBUTION
OF THE UNIVERSE

e.g. DARK

ENERGY

« Axion like particles (including the QCD axion)
« Dark photons

DARK
MATTER

NORMAL MATTER

« For such light particles two hypotheses can be
tested:
Dark matter (nanew particee): New particle:

dark photons? dark photons?
axions? ) axions?
long range force?
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Quantum Sensing: new windows into fundamental physics
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Haloscope Searches for Dark Matter
Looking for < 1072* W signal over wide range of frequencies.

° Amplify
Q Digitize
2 >
1
(aa] n :
~~~~~ P € tr > This axion lineshape
hie ™ ower spectrum has been i
A AN exaggerated. A real
& Ly < aXi, | €<— signal would hide |
= 5 P On beneath the noise in |
& NJOO ~~~~~~ a single digitization. |
‘op, ] An axion detection |
g requires a very cold
___________________________________________ as experiment and an
- Axion to photon | ultra low ';10'_59
| production | |EEEEECAEINNN NN | 00 [ [ e receiver-cnain.
. < EeB

Frequency

Unknown axion mass
. requires a tunable resonator

B- Field

Boutan, "A piezoelectrically tuned RF-cavity search for dark matter axions" (2017)
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SRF Cavities for Dark Matter Searches

- Compared
~ to state-

Credit: N. Du

SQS > Q_z 1010 ADMX — Q = 8 x 10*

High Q allows for larger signal and lower noise floor.
Possibly factor 10° increase in instantaneous scan rate.
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QUAX
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,1.3GHz Cavity SQMS 4-7 GHz
“ Cavity Projection

10713
10718

I 1 1 1 1 1 ] 1 1
2x10® 10°  Dark photon mass [eV]
Cervantes et al., arXiv:2208.03183v3 (2022)

DPDM search with 1.3 GHz cavity with Q; ~ 101°,
Deepest exclusion to wavelike DPDM by an order of magnitude.
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Deepest sensitivity: Ultrahigh Q for Dark photon DM

107°
10710
x
.§’10‘11 é‘
E 1072
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£ 10714 <
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L e L Gz 10776 . —— . -
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i ? il Cervantes et al., arXiv:2208.03183v3 (2022)

DPDM search with 1.3 GHz cavity with Q; =~ 101Y.

Deepest exclusion to wavelike DPDM by an order of magnitude.
Next steps:

« Tunable DPDM search from 4-7 GHz (“low hanging fruit”)

* Implement photon counting to subvert SQL noise limit.
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Progress towards high Q cavities for Axion Searches

* First measurements of
high Q cavity in tesla
5 scale magnetic fields

' * Further optimizations
with cavity treatment,
magnetic field
alignment, and

‘ geometry
optimization.
Implement tuning.
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Progress towards hlgh Q caV|t|es for AX|on Searches
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Posen et al., arXiv:2201.10733v2 (2022)

First measurements of
high Q cavity in tesla
scale magnetic fields

Further optimizations
with cavity treatment,
magnetic field
alignment, and
geometry
optimization.
Implement tuning.
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Progress towards hlgh Q caV|t|es for AX|on Searches
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Posen et al., arXiv:2201.10733v2 (2022)

First measurements of
high Q cavity in tesla
scale magnetic fields

Further optimizations
with cavity treatment,
magnetic field
alignment, and
geometry
optimization.
Implement tuning.

« Explore other SC materials like commercial HTS

tapes See work by: D. Ahn et al., arXiv:2002.08769v4 (2020), and reported Q, of
le7 with HTS tapes, fixed frequency @ PATRAS2022, not published yet
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Heterodyne Axion DM search

One SRF cavity, no
applied B

Modes TEy,; and TMy,,
used to search for axion
DM — mgyion = Af
 Enables to search for
small masses without
using prohibitively large
cavities!

dP

dw

(a) Cartoon of cavity setup. (b) Signal parametrics.

Berlin et al., Journal of High Energy Physics 2020.7 (2020)
Giaccone et al., arXiv:2207.11346 (2022)
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Heterodyne Axion DM search

wi
m, {
wo

 oon * One SREcawty, no
=t =) applied B

v

;1 .. * Modes TEy;; and TMg,,
L . < ) . used to search for axion
(a) Cartoon of cavity setup. (b) Signal parametrics. D M max Lon Af

foquency = mafon « Enables to search for
A A small masses without
using prohibitively large
cavities!

Gayy [GeVT!]

, g , Berlin et al., Journal of High Energy Physics 2020.7 (2020)
L (U (U Giaccone et al., arXiv:2207.11346 (2022)

m, [eV]
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Dark SRF: Light-Shining-through-Wall search
/\w
A
)
J s /\/\/\)(\/\(/\—l MML
v 0 o

£

Graham et al., Phys Rev D90, 075017 (2014)
Romanenko et al., Phys. Rev. Lett. 130, 261801 (2023)
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Dark SRF: Light-Shining-through-Wall search
/\w
A

c
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w Graham et al., Phys Rev D90, 075017 (2014)

Romanenko et al., Phys. Rev. Lett. 130, 261801 (2023)
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Advantage of using high Q cavities

1025 SM
SC wall
photons — T

£ £

& /

Emitter cavity, Receiver cavity,

in the accelerator in the low field regime
regime, high field

High Q,: enhances probability
of detecting power excess
due to dark photons

High Q,: increases
number of photons

. . . . . ) SUPERCONDUCTING QUANTUM
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Advantage of using high Q cavities

1025 SM
SC wall
photons — T

£ £

& /

| Emitter cavity, Receiver cavity,
in the accelerator in the low field regime
regime,‘high field
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Cavity tuning
« LCLS Il double lever tuner to tune “transmitter” cavity
« Tuner mounted on emitter cavity and preloaded

— Stepper motor: coarse tuning with Ax=2mm or Af=5MHz, and §x=5nm or
6f=12Hz resolution

52— Piezo: fine tuning, Ax=3um or Af=8KHz, and §x=0.05nm or §f=0.1Hz resolution

Piezo-actuator for
fine/fast tuning

Stepper motor for
) coarse/slow tuning

Pischalnikov et al., doi:10.18429/JACoW-SRF2019-TUP085
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Dark SRF: phase 1 — results
Frequency (Hz)

Thermal run vs Search run 107 108 109
Search run conducted at 10°
6.2 MV/m (= 0.6 J stored energy)

-151r Amplification=37 dB
Qo=3.0x1010 1077 CMB

& ~la: Q=1.3x10'° -
S 153 -
[ —— Search Run B
% € -
E;J i S Thermal Run r
D
g —155 -8
= 10 s Dark SRF

~1567 - Pathfinder Run

f=fo (Hz) i
]O-9||\|r‘ L I N R R

1077 107° 107
Leak of thermal photon
from receiver input line my (eV)

Romanenko et al., Phys. Rev. Lett. 130, 261801 (2023)
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PHYSICAL REVIEW LETTERS

Highlights Recent Accepted Collections Authors REEICEES Search Press About Editorial Team N

Open Access

Search for Dark Photons with Superconducting Radio Frequency
Cavities

A. Romanenko, R. Harnik, A. Grassellino, R. Pilipenko, Y. Pischalnikov, Z. Liu, O. S. Melnychuk, B. Giaccone, O.
Pronitchev, T. Khabiboulline, D. Frolov, S. Posen, S. Belomestnykh, A. Berlin, and A. Hook

Phys. Rev. Lett. 130, 261801 — Published 26 June 2023
< More
Article References No Citing Articles ﬂ

e
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Dark SRF: phase 2 — 2.6GHz cavities in DR

» Deploy Dark SRF in dilution refrigerator
(DR) to reduce thermal background

« Emitter cavity on additional 4K plate,
receiver on mK plate with JPA on P, o

» Modifications of experimental setup for DR: TTH i SO AR

[ By K A
j IR 1l

v' Change cavity frequency to 2.6GHz due to
size limitation

Modify tuner system (piezo only!)

Verify frequency matching and stability with
new tuner See WEPWB109 and

WEPWB133 by
Reduce crosstalk C. Contreras-Martinez

Move entire setup to dilution refrigerator

ENERN

J
J
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SRF cavities for gravitational waves searche

31

SQMS theorists have laid the formalism for GW-EM cavity /,
interaction.

Two types of signals: EM and mechanical.

Current axion experiments have sensitivity to GHz Gravity
waves.

A dedicated cavity experiment, e.g. MAGO, has significant
reach at MHz. o

New collaboration with INFN and DESY to revive
MAGO!

10—18 -
) 1 | T, B -
0 109-20 _\\
10—22 _~\< Chsca
) scanning (thermal)
10-24 § HI S"""rad,'m,c(, BAW
10—26 -
o Sensitivity of MAGO-like setup
‘ y 10_28 REARN | y I LR R | USLELAERR] | LI 2,221 | K LRLS
/ 4 - | | v 10° 10 10° 106 107 108 10°
w, [Hz]
Ballantini et al., Class. Quantum Grav. 20,2003, 3505-3522 (2003) Berlin et al., Phys. Rev. D 105, 116011 (2022)
Ballantini et al., arXiv:gr-qc/0502054 (2005) Berlin et al., arXiv:2303.01518v1 (2023)
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c

Kinetic mixing

Conclusions
- Haloscope searches: deepest sensitivity to wavelike DPDM

— Next: Tuneable plunger cavity in Dil. Fridge, Single photon counting
for readout

» Dark SRF: Realized 1st proof of concept SC cavity-based LSW experiment
— extended dark photon exclusion limit in broad range of m,. and ¢

— Dark SRF 2.6GHz: Emitter on 4K plate, receiver on mK plate with JPA on P,.
New tuner system (piezo only). Freseny 2]

]0_;07 108 10°
Frequency [GHZ]
10~1 10° 10!

10-°
10 10 g DOSUE 107715
10711 N » [4 E
10—12 £
10-13 10®%-Dark SRF
10714 r__Pathfinder Run

s pom = 0.45GeV ecm™ ADMX-2ADMX-3 109l L P R ‘
10~ — - ——— - —_—— 1077 107 1075

106 10-5 10~
Dark photon mass[eV] my (eV)

Romanenko et al., Phys. Rev.

Lett. 130, 261801 (2023)
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Conclusions
Haloscope searches: deepest sensitivity to wavelike DPDM

— Next: Tuneable plunger cavity in Dil. Fridge, Single photon counting
for readout

Dark iperiment

— ext ‘and €

— Dar .on P,.
New

WISPPD VX 3 . 2 2 3 €
¢ 5 w g £
| I 5 = 8|
ML 3 g g o 10" Dark SRF
| T i Pathfinder Run
S sQMs47GHz S QM-S _
PDM =045GeV cm~— : ‘avi z Cavity Projection ]0—9‘ PRRTN | L N | L L Ly iy l )
T T 10 5 T L .1.0.75 T T .1.0.7‘ 107 1076 10°5 MAGO (INFN)

my (eV)
Romanenko et al., Phys. Rev.
Lett. 130, 261801 (2023)
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Dark photon mass[eV]
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Thank you!
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