Quantum Sensing for Fundamental Physics
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HEP - Quantum Interface

O Particle physics was always wherently quantum, Duh,
O A new freld of Quantum physics ts rapidly emerging, QIS.

O The nferface 15 growtng, but still small -
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QIS spans many technologies.
Very seusitive (and cool) devices!
The goal 15 fo mantpulate information tn quantum ways.

SC qubits

SC cavities

Integrated photonics Atom interferometers
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Quantum algorithms



Takeway and Plan

Takeaway: we can bridge the gap b/w these fields
0 HEP, QIS share a common fFoundation - Quanfum Field Theory.
These fields are vot as distant as we sometimes think,

0 We have new opportfunities to explore Nature with quantum techuology.
Plan:
O Talk about quantum devices tn HEP language. (EFT)

O Examples.
O Talk about BSM models tn a QIS anguage.

O Examples

O Examples of searches for BSM with sensors



Particle physics and its mysteries:

O The Standard modal(s): a menu of particles & interactions + an energy budget,
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Particle physics and its mysteries:

O The Standard modal(s): a menu of particles & interactions + an energy budget,

DARK
ENERGY
+ % DARK
0,
26% MATTER
5%
NORMAL MATTER

+ a whole lof of mystertes.

There (s more. BSM, More fields! We'll get back to that!



Particle physics and its mysteries:

O The Standard modal(s): a menu of particles & interactions + an energy budget,

1 2Ill
ul\lcllt]l v
£ v ?,/ H DARK
- ENERGY
Sld|| S| bl|wt
aaaaaaaaa caty ) W boson 69%
_____________ + o DARK
(& ( ILL ) T ) ZO g 26% MATTER
8 o,
2| uecion o |1 || Zoosn 2 5%
[—} (-]
HIY 1% v s
= e T g i} 1 NORMAL MATTER
‘‘‘‘‘‘‘‘‘‘‘‘‘‘ il | + Gravity
\ lectron / muon / \



Particle physics and its mysteries:

O The Standard modal(s): a menu of particles & interactions + an energy budget,
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Quantum Field Theory

O At the heart of QFT (s a mode expansion,
We get to pick the modes. Something (ike -
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Quantize: a, at are operators,

Statify: [ak,act] =8k

O This is sometimes referred fo as  second quantization” . For HEP its first!



Quantum Fields in Small Devices

O [n this big Universe, frelds sometimes get localized fo a finite regioms,
Either “naturally” or tn a lab.
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Quantum Fields in Small Devices

O [n this big Universe, frelds sometimes get localized fo a finite regioms,
Either “naturally” or tn a lab.
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Quantum Fields in Small Devices

O Cousider the low energy EFT of the discrefum, Often tn terms of a, af

1
¢j(Tu) = \/TTu

(agu (@)e™" + alu,”(@)(e )

O [n these EFTs, modes separate from the conttnuum, Quantum Mechauics shines:
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Atoms Defacts Artificial Atoms Ophca& Superconducting Electromagnetic
(particle in trap) waveguiaz circutts Cavities



New phases

0 BTW: (nferesting quantum effects sometimes happen even without boundary conditions

O New phases, gaps, band structures, nontrivial dispersiont+ :
O Superconductors

O Superfluds

O Semiconductors
Dirac semimetal Weyl semimetal

O Semi-metals

Por®
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breaking

O Spin glasses

O Topological phase

OFf course, these phases are sometimes used to tmpose boundary conditions, and



New phases

0 BTW: (uteresting quantum effects sometimes happen even without boundary conditions

O New phases, gaps, band structures, nontrivial dispersiont+ :

O Superconductors - il m—
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O Semi-metals

O Spin glasses (mm _ . ]
(bj Zw( les for over-simplifying a field that s not mine.

O Topological phase .

o ...

Of course, these phases are sometimes used to tmpose boundary conditions, and -



Examples

Optical Devices (2.9. integrated optics)

Superconducting circutts and cavities



Si0, /SiON Si core
ovefcladding 460 x 200 nm

Optical Devices noiae 2o

N 7
-

Si0, cladding

O Optics s the low energy EFT of (ight in matter.

. ' . Si0, claddin
O We can control the dispersion relation: k = nw. ol

Useful for localization.

0 A waveguide admits a 1D EFT w/ modes quantized

in Fransverse direction.

O Transverse wave function affects longitudinal
dispersion relation (a la KK modes!)

Linear Optics: H = EZ + BZ = € hw(afa + V5)

“lutegrated photonics”



Nonlinear Devices
O Like any EFT, 1 a quantum device there ts a UV cutoff.

O We can add higher dim operators. For example, in optics

Dim-b: Hgppc :/ t ld?’f (Xﬁ)zEjEkEz>
crysta

Dl.l'\/\—gi H4-Wave — / ) 1d3f (ngl?lE]EkElEm)
crysta




Nonlinear Devices
O Like any EFT, 1 a quantum device there ts a UV cutoff.

O We can add higher dim operators. For example, in optics

Dim-b: Hsppo :/ t ld3f (Xg-i)zEjEkEz)
crysta

Dl’“"“g: H4-Wave — / ) ldgf (XEZZ:)ZE]EkElEm)
crysta

D / . D . . .
We can estimate ¥ s tn naive dimensional analysis:

When the field is set to that (n an atom, we set (Dim-4 ~ Dim-b ~ Dim-8):
0 . Vit

5/2m2 X =0
e
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FEatom ~ e/4ma? (fay comPariSow,  vacuuim 3 207 )
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Superconducting Cavities & Circuits
O Cavities: Light tn a box. A discrefum of states. |

O Separation from the confinuum 1s parametrized by Q.

Q ~ 1070 (s wow routine. (Thank you accelerators! )

O LC Circuits: quantized current/Flux.

O Coutrol frequency with L & C, (w?=1/LC).

Both are harmonic. Equally spaced [evels. Huode = hw(ata + V5)



Nonlinear Devices

O Here oo, we can arrange for a UV cutoff with higher dim operators,

O 2.9. making L a function of afa.

H = hw(afa + ¥5) + k(afa)?

O Level spacing is nonuniform,

0 Generically, k < w. (“Naturalness” :-)

O This allows for control of tndividual [evels
of a given mode!
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Quantum ContrOI 3?4 Transmon
O Within the device EFT, we can control the quantum state. %2 Tt
g\l
O Pluses of light can tnduce oscillation between states At rdo

- -T0/2 0 /2 ™
Superconducting phase,¢

O Occupation number, say, can store information & be read out,

Qubit: [d> = alO> + BIT>
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Quantum Control 54 Transmon
0 Within the device EFT, we can control the quantum state. éz . 1 /\
| g § -
O Pluses of light can tnduce oscillation between states 0 Ug{

-T -T2 0 /2 T
Superconducting phase,qb

O Occupation number, say, can store information & be read out,

Qubit: [> = «[0> + B[1>
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By the way *--
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O Superconducting devices are a central player n QIS.

O A (imiting factor in their performance is loss (Finite Q) & decoherance.
2.9. prepare a qubit, «lO> + Bl1>, after a while [0> —> [T

For modern qubits, a while ~ msec

O Fermilab, and other labs, had already developed ultra-high-Q
cavities fo accelerate particles! Lifetimes of O(sec)!

O The SQMS center ts using this technology and materials know-how
For QIS.

O Achieving record coherence times in 2D and 3D systems, and
understanding decoherence effects.







Quantum Simulation

O Famously, confrol of quantum states change the game.
Quantum computers! (Shor's algorithm, efc).

O For HEP, quantum computers may tackle open computational challenges:

O Real-time simulation of HEP (.. of hadrowization) on classical computers
converge prohibitively slowly due to rapidly rotating phases (sign problem).

O Buf, even if quanfum computers were fault tolerant today, we are not ready!

e\ e\ \\ON @ w
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O ldentifying efficient mappings of a lattice QFT to a QC, and i pu—
the algorithm for simulation (s an active area of research! U'i o
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Quantum Simulation

O Famously, confrol of quantum states change the game.
Quantum computers! (Shor's algorithm, efc).

O For HEP, quantum computers may tackle open computational challenges:

O Real-time simulation of HEP (.. of hadrowization) on classical computers
converge prohibitively slowly due to rapidly rotating phases (sign problem).

O Buf, even if quanfum computers were fault tolerant today, we are not ready!

O ldentifying efficient mappings of a lattice QFT to a QC, and i pu—
the algorithm for simulation (s an active area of research! a|i gl
‘ L Ip2) {X |—&—
2,3)

But not the focus of my talk. ¢ ¢ s} 1]
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Quantum Sensing

O The tsolation of modes, and the ability to control them enables feeble
effects to lead to dramatic consequences:

O Appearance of mode occupation (Haloscope, [ight shining tHhough wall)
O Removal of mode occupation/ phase tramsitions (TES, Nanowires: SC to normal)

O Time evolution of ultra sensitive (entangled?) states

10) — |+) CZ Cz 5 ®)
H H A
_D ’l‘ a(f") | | L b a0
Chen et al, 2311.10413 [Uowml 7 . _ ) Distributed squeezing:
Ito et al 2311.11632 — :I: am Lol 1 | aoo Brady, RH, et al, PRX
' ol—1I> _ W . W Quantum 3 (2022) 3,

030333




BSM - for Quantum Mechanics



New Physics — New Fields
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Ok. For concretfeness,

(and because QIS is often about controlling light)

(ets assume the new Freld couples to photons.

Linear or nonlinear?



Dark Photons - a Linear Extension

O [£ something mixes (tnearly with the photoun, 1t must

have the same quanfum numbers:

O The dark Photon effective Hamiltoutan:

%3%Q€D+855+BB WAV

Quarks

Leptons

(awo( dark photon also has a mass, and a longitudinal Pofarl'zafl'ow.’)

(OFC, a dark photow, if it exists, would teach us profound [essous!

New force of nature. Grand Unification, efc. )
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Dark Photons - a Linear Extension

O [£ something mixes (tnearly with the photoun, 1t must
have the same quanfum numbers:

O The dark Photon effective Hamiltoutan:

}fD}fQED+£éé+BB AVAVAVAV. Prr

Quarks

Leptons
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(awo( dark photon also has a mass, and a longitudinal Pofarl'zafl'ow.’)

(OFC, a dark photow, if it exists, would teach us profound [essous!

New force of nature. Grand Unification, etc. )
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Dark Photons - a Linear Extension

Hidden Higgs (my, ~m,")

non—Thermal DM i

|

N
ADMX ulya

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

. ic_(li'—'g)' -
tiickelberg uckelberg_qufﬂﬂp,
nisotropic §t. -7

Ciaetew. | U

R

—-12

—H-15

LogymaleV]

~ KLOE.

Ay20 favored

x2S APEX/MAMI
El4] Test Runs
Orsay
u70
CHARM
E137

BaBar

| L
1072

my (GeV)




Pecci and Quinn (77)

Axions - A nonlinear extension of QED

O A noulinear tnuteraction, naively, would mvolve 2 photons & T new freld.

) (CRWAVAVAVAVAVL STEEEELE a
£ > % Fwf,, = % 8% WV\%

. B
O Axion phenomenology:

‘ o ' : [Sikivie]

O Axion mixing w/ photons polarized along background B freld. o
[Berlin et al (2019)]

O Axion can be absorbed by photon -> up conversion, [Gao, RH (2020

. . . . [PVLAS]

a AX!OM QXCI/\CWIQQ -> PI’\OILOM MOVI{IWQQYHLH lh vacuuma, [e.g. Bogorad, Hook, Kahn, Soreq (2020)]

(OF course, the discovery of an axion will be a profound insight! Strong CP. etc.)



Pecci and Quinn (77)

Axions - A nonlinear extension of QED
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New Particle vs Dark Matter Searches

0 We can test two distinct hypothesaes:

O Axion/Dark photons are new fields we can source tn a lab.
O They also make up the (cold) dark matter of the Universe.

Lab search DM search
Emitter Receiver .
Receiver . 2
N PRt 0 o
* .......... > * *
AN

2.9. Light Shining through wall. Frequency ts set by DM mass
Frequancy 15 knoww, and 15 unknown. Need to scan!



Examples

Cavities
Optics
Qubits
Atoms

| probably have more example than we have time for...



Dark SRF: cavity-based search for the Dark Photon

Look for linear model with near devices:
A (ight-shining-through-wall experiment.

Phase 1: Pathfinder run n LHe.

Demoustrated enormous potential for SRF

baSQd S'QQYCL]'QS' Frequency (Hz)
104}07 108 10°

1072

ni uayz Aq 101d

= Dark SRF

r Pathfinder Run

O ] I Lol I L
10 1077 1076 107°

my (eV)
Romanenko et al., Phys.Rev.Lett. 130 (2023) 26, 261801 =G QM S s e sveren coten

1078




Dark SRF: cavity-based search for the Dark Photon

Look for linear model with near devices:
A (ight-shining-through-wall experiment.

Phase 1: Pathfinder run n LHe. Phase 2: DR,

Demonstrated enormous potential for SRF | receiver at ~mk, iu

based searches. . quantum regime.
104 1 0 [mproved frequency

stability. Photon

)
107 E counting and/or
¢ E phase sensitive
‘™% Dack SEF (& | readout
|
R s o [ucreased reach.

my (eV) g
Romanenko et al., Phys.Rev.Lett. 130 (2023) 26, 261801 =G QM S s e sveren coten




Axion searches with Cavities

0 We can (ook for nounlinear effects.

0 DM search: Turu on a B freld™, or up conversion of

' ' [Sikivie]
pump mode photon tnto a nearby signal mode. S0

O Lab search: look for nonlinearity between modes (<.9.

2 pumps, one Slgha{. [e.g. Bogorad, Hook, Kahn, Soreq (2020)]

O Condensed matter connection: n many cases, the inherent
nonltnearity of SC, nonlinear-Meinser,
[J. A. Sauls, Prog. Theor. Exp. Phys. 2022, 033103 (2022)]

O A double cavity sefup (ikely needed. cao, rH (020)

* Turning one a strong B field n a
SC cavity and keeping high Q is an

open research challenge,

S@M S~
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Can we do better?



Emitter Receiver

\\‘
* """"" > * g Can we do better?
) 2 Z

CMS, ATLAS: ):j\x MX >W{



Estrada et al. PRX Quantum 2 (2021) 3, 030340
RH in prepration.

Nonlinear Optics with Dark States

0 SPDC: a workhorse th quantum optics. pump M&l
VA VEAN N
" . TN NN
. . idler
O Pump -> signal + 1dler (a “decay”) SPDC e

O A particle physicist may think such a decay has not phase space.

O Recall: pump, signal and idler can have different n's!

S 2¢
Wp = W + W and \¥ <.

O Presence of idler 15 tnferred. Might as well be visible!



Estrada et al. PRX Quantum 2 (2021) 3, 030340
RH in prepration.

Nonlinear Optics with Dark States
Rate oc €2 (vs €% for LSW)

0 Dark SPDC:
colinear dSPDC
pump signal
NN\
axion or
dark SPDC dark photon

Non-colinear dSPDC

Pump photon

Pump -> signal + axton or dark photon,

Note: the axton or dark
photon have index of
refraction of 1 (and a
mass).

dSPDC has significantly
different phase
matching conditions.
Different kinematcs.

Experimental design in progress with Niel Sinclair
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Chen et al, 2311.10413
Ito et al 2311.11632
Bodas, Ghosh, RH, in prep

Quantum Advantage with Qubits

O Can we gef quantum speed-up tn DM detection? Consider n qubits tuteracting with DM:

q1) / O
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Quantum Advantage with Qubits

O Can we gef quantum speed-up tn DM detection? Consider n qubits tuteracting with DM:

Dark matter
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Rate scales as n.
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Quantum Advantage with Qubits

O Can we gef quantum speed-up tn DM detection? Consider n qubits tuteracting with DM:
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Quantum Advantage with Qubits

O Can we gef quantum speed-up tn DM detection? Consider n qubits tuteracting with DM:

Dark matter
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Quantum Advantage with Qubits

O Can we gef quantum speed-up tn DM detection? Consider n qubits tuteracting with DM:

Dark matter Dark matter
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Rate scales as n.
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Quantum Advantage with Qubits

O Can we gef quantum speed-up tn DM detection? Consider n qubits tuteracting with DM:

Dark matter Dark matter
1) —— (/(7 ___________ ) lq1) - o ( SN
= T
— ]z =
4n) — ) qn) A g W

Rate scales as n.



Chen et al, 2311.10413
Ito et al 2311.11632
Bodas, Ghosh, RH, in prep

Quantum Advantage with Qubits

O Can we gef quantum speed-up tn DM detection? Consider n qubits tuteracting with DM:

Dark matter Dark matter

———— qr) oy

=

— !
) — Z) ___________ Y ) -

Rate scales as n. Which qubit interacted?
Amplitude scales as n.

Rate scales as n2 1l

)
)

state preparation
—
transfer gate
I

T 4 — )

O A variety of algorithms for seusing (e.9. quantum phase estimation, work tn progress).
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Quantum Control in Free Space -
2 3
O [magine we take a qubit tn free space and nduce a tramsition: gZ g \ el f
0 We give the atom some energy, but also momentum! e

- -T0/2 0 /2 ™
Superconducting phase,¢
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Quantum Control in Free Space  --
23
O [magine we fake a qubit tn free space and nduce a framsition: 52 g \ s 2
S ARy oV
, J|°2 0
0 We give the atom some energy, but also momentum! w2 0 w2z

Superconducting phase,qb

Wait -+
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O [magine we fake a qubit tn free space and nduce a framsition: 52 g \ s 2
S ARy oV
, J|°2 0
0 We give the atom some energy, but also momentum! w2 0 w2z

Superconducting phase,qb

Wait -+

latom) = |here) + |there)




MAGIS 100

O Now we can do cool things!

(b)

O MAGIS 100:

Position

N
N)

Z;

[nterferometry:

Height

A freely Falling clock”

S P\N\NANNNN NNANNANNNNNNNNN

Time

2
o

L L L L
< ¢ T+e¢ 2T-¢ T T
TOBA 2017
10-12}
LIGO H1 Cal CS Deltal_Externa
10-15} MA-G:I-S:1-O-0- :N;tfl -c:n'-re-n( technology (for reference) |
N
£
<
£ 4078}
@ MAGIS-100 (5 year)
LISA
102k MAGIS-km |
- Atlvanced L|GO
MAGIS-Space ..
1 L o 1
0.001 0.010 0.100 1 10 101
T 2T Frequency [Hz]
Time

MAGIS-100 is under construction in Fermila’s MINOS shaft.
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Summary
0 Quanfum Field theory extends info Foday's quantum devices!
O The tnterface of HEP and QIS (s growing!
0 Quantum simulation of HEP (exciting, but wot foday's Fopic)

O Quanfum senstng

O Quanfum sensors can Probe new hypotheses tn HEP

——~— . _——~ 2& Fermilab
W “”SQM S
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Rates: Dappe ~ _PXeff Wt

TNpNsNi Ae

Motivates long crystals too.



Rates:

2 2
P, Xgﬂ? W W

L

I'sppc ~ :
NN Aot Motivates long crystals too.
(2) 2 P2 T
(A)) m2, PoX, wswarl (axion) pYayyWs
Pasppe ~ € ; Lasppe ~
dSPDC —
W NpNsAefr axionTpTs Aot

AL

< (52) (k) () (G
events 2
Wpr m year

)

events

(axion) g (P
N axion) 40 a’y p
<1o—6 Gev—1> <Watt> (

Dark Photon (m4 = 0.1 V)

Axion-like particle (mq = 0.1 €V)

Current lab limit e<3x1077 Jary <1076 GeV ™!
Example dSPDC setup P,=1W P, =1kW
L=1cm L=10m
I' =10/day I' =10/day
Current Solar limit €< 10710 Gary < 10710 Gev !
Example dSPDC setup P,=1W P, =100 kW
L=10m L =100 m
I' = 10/year I' = 10/year

L

m

)(

tint
year

)



Gravity Waves - A nonlinear extension

O A gravity wave also wteracts w/ two photouns

£ 5 FFu - h(B*B + E-E) +

O Buf often more tmportant:

H=tolafa +15)  with  w~ (T+h)LT
O Axion-(ike phenomenology:
0 GW mixing w/ photouns tn background B field.

0 GW can be absorbed by photon -> up conversion.



Gravitational waves

= Photon up-conversion due to GW.

= Current axion experiments have sensitivity
to GHz Gravity waves [1].

= A dedicated cavity experiment, e.g. MAGO,

From [2]: sensitivity of MAGO-like setup.

has significant reach at MHz [2]. ]
10—144
= MAGO traveled from INFN to DESY to . .
Fermilab for testing . . QO
= A Fermilab KEK collaboration to design " 1071 M%/
new dedicated broadband cavity. SR s ) |
10~ : Z" ll’f*uadjancn BAW
0 10-Virgo
107284 LIT’ T "T”W T T T T T T AL T
10? 10* 10° 106 107 108 10°
wy [He]

[1] Phys.Rev.D 105 (2022) 11, 116011
[2] Phys.Rev.D 108 (2023) 8, 084058 ) Q M S - SupeRconpucTiNG QuaNTUM

MATERIALS & SYSTEMS CENTER

MAGO (INFN)
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Multimode searches

frequency = mg/2n

Jayy [Gev_l ]

kHz

stand

futuristic

10720

cubic meter

Lol 1 sl

SN1987A y

ard ALP dark matter

MHz

CAST

50L prototype

oo &

SRF upconversion —{10

Berlin, et al., JHEP, DOI:10.1007/JHEPO7 (2020) 088
Berlin, et al., arXiv:2203.12714, Snowmass WP (2022)
Giaccone, et al., arXiv:2207.11346 (2022)

GHz
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— 1010
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—1012 CI—DJ
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JoP
' — 104

vl ol

10712

10-10

10-8
mq [eV]

1076 1074

Contacts: Asher Berlin, Bianca Giacone

Snowmass name:
SRF-m3
Asher’s proposal:
SuperRAD
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Dark Matter - Quantum Sensor Network

= A network of cavities can be used to enhance the sensitivity to dark matter.
= How should we distribute quantum resources in the network?

= A distributed quantum sensing protocol for DM searches allows for enhanced
scan rate for DM.

[1]

A new collaboration of HEP and QIS experts from across SQMS:
[1] PRX Quantum 3 (2022) 3, 030333
[2] 2210.07291 [quant-ph]

44 [3] 2210.16180 [quant-ph] (in review by Nature Photonics) =S QM S e

MATERIALS & SYSTEMS CENTER



Multimode searches

Vacuum
flange

Experimental
design for MHz
Axion DM Axion search
search concept

No excitation of the
2.4 GHz resonant

modes detected

Amplitude (dBm)

T T T T 1
45 2414.250 2414275 2414300 2414.325 2414.350
Frequency (MHz)

Bogorad, et al., PRL, DOI:10.1103/PhysRevLett.123.021801
Berlin, et al., JHEP, DOI:10.1007/JHEPO7 (2020) 088

Gao & Harnik, JHEP, DOI:10.1007/JHEPO7 (2021) 053
Berlin, et al., arXiv:2203.12714, Snowmass WP (2022)
Sauls, PTEP, DOI:10.1093/ptep/ptac034 (2022)

Giaccone, et al., arXiv:2207.11346 (2022)

= Axion DM search based on the heterodyne
detection scheme: cavity design is finalized,
contract for cavity fabrication placed (cavity
arrival: Fall 2023)

= |n preparation for search:

= Working on RF experimental set up and
read out system

= Addressing experimental challenges such
as passive dampening of vibrations in LHe
facility

= Multimode feasibility study

; N»SQM S“ /1n», SUPERCONDUCTING QUANTUM
Contacts: Asher Berlin, Bianca Giacone MATERIALS & SYSTEMS CENTER



Ultrahigh Q for Dark Matter

107°
1010 Cervantes et al.,
O 1 11 x arxiv:2208.03183, in
210 < el
= 3 review in Phys. Rev. Lett.
'€ 10712
21073 8
: sQMS :
1.3GHz Cavity SQMS 4-7 GHz No B-Field:
»” Cavity Projection
T _6 1 T T 1 T 1 T [_5 1 T Q>1 010
2x10 10 Dark photon mass [eV]
107 ‘ ‘ ‘
» Cigar NbSSn incr. 108 %10°
108 3 | < Cizar Nb . Sn decr. 7.,_% 90l ’ — L . 4
£| o TESLANDSN | ° 5\ .
< . N aaad 8.5t o - -
. L s With B-Field:
o 6 L\% . “am * 027.5- . Q = 1057
10° e 4o 2 TGN 1 °
[0 20 AN 70F
.Otooocouooooooo £o +
104 ‘ ‘ ‘ ‘ ‘ ‘ 0 2 BA(IT) 6 8
0 1 2 3 4 5 6 7
B, (M Hybrid copper-dielectric cavity (INFN): Di Vora et al.,
Superconducting NbzSn cavity (FNAL): Posen et al., PhysRevApplied.17.054013

46 arxiv:22014.107383, in review in Phys Rev Applied - /v»S Q M S S v



(b)ﬁ micrave inlet
2 M ° cylindrical _- -._
Single Particle Qubit
nickel \@___
rings i
= The most precise theory-experiment comparison in physics: quartz =
spacer elctrode
Electron magnetic moment (g-2).: L : 3em
. . — — =< =1.0011 21 1 1
The quantum state of a single electron in a up 2 - L00115965218059 (13) {013 ppt]
trap is monitored via a QND measurement. Phys. Rev. Lett. 130, 071801 (2023)

Editors choice!
= SQMS joined the effort, contributed to understanding loss sources.

,/2n (GHz)
.20 30 40 50 60 70 100 200 .

T T[] = SQMS bonus: We also found that a single-
ol electron qubit is a sensitive DM search in a

. challenging frequency range!
W10 <" 3

: ¢ 1 = Theory + proof-of-concept!
10‘OW______________________________-_é____ E

Foosoe 1 Phys.Rev.Lett. 129 (2022) 26, 261801

47 1085705 0.2 . ((r)T,‘]seV)O.‘4 0506 1 (a new NU-Stanford-Fermilab CO"abOration) . /\’"SQM S“ - ;l:\:::mgiu:\grsM%u&NNTTu;;



Ultrahigh Q for Dark Matter

107°

10710
210
x
€102
21073

S 1
£10

QUAX |

avnds

SQMS

10715 1.3GHz Cavit SQMS 4-7' GHz
016 #» i Cavity Projection
100

I I I I I 1

T T T T T
2x 100 10  Dark photon mass [eV]
Cervantes et al., arxiv:2208.03183, in review in Phys. Rev. Lett.

DPDM search with 1.3 GHz cavity with o, ~ 0.

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.

SUPERCONDUCTING QUANTUM
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