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ẍ+

!r

Q

ẋ+
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Technology and Fundamental Physics
2

New technology opens windows into new physics.



What Have We Learned?
3

Dark matter resides in galaxies (including our own).

Few heavy particles or many light particles? 
What is the dark matter mass?
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What Have We Learned?
5

The search for WIMPs has been an incredible success.
What now?

10-22 eV GeV Mpl

DM mass

eV 10-10 M⊙

WIMP



feebly-coupled WIMP

Where are We Going?
6

Maybe the dark matter and hierarchy problem are not solved together.

If so, the space of motivated signals is dramatically enlarged.

This motivates a strong diversification of the experimental program.

The search for WIMPs has been an incredible success.
What now?

10-22 eV GeV Mpl

DM mass

eV 10-10 M⊙
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We can now explore a wide range of previously unaccessible scales.

Quiet and coherent enough to build up a detectable signal.

10-22 eV GeV Mpl

DM mass

eV 10-10 M⊙

feebly-coupled WIMP

precision detectors

Where are We Going?



8

sample

magnetometer
(e.g., SQUID)

NMR

KID-Based Phonon-Mediated Detector/Snowmass IF1  Sunil Golwala/Caltech/2020-08-19

Two Architectures
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1 KID on a gm substrate for NEXUS/LBNL

“piZIP”: Fine-grained phonon sensor enables:
Phonon-based fiducialization in z and r

NR/ER discr. via NTL phonon position

3

a resolution on absorbed energy. A single resonator resolution on absorbed energy can be
converted to �E by appropriate scaling by

p
Nr and ⌘ph. In an 80-resonator device, we

determined �E = 0.36 keV FWHM. The discrepancy with the expected energy resolution of
0.24 keV FWHM is likely due to an overestimation of ⌘ph, which we cannot measure until
we do an absolute energy resolution measurement with a collimated photon source. We are
currently working on performing this measurement and also obtaining an energy resolution
for the 40-resonator device in Figure 2.

4 Efforts to improve our energy resolution

4.1 Decreasing device size

Figure 3: Smaller device design and an

initial prototype of this design

Assuming we keep the number of resonators per
unit area fixed, the resolution will improve as we de-
crease Asub because the (amplifier-limited) energy res-
olution scales as the square root of the number of
resonators. Of the many variables in our energy res-
olution expression, Asub is the most straightforward
to change. To motivate a specific size, the CdZnTe
detectors in NuSTAR were on 2 cm ⇥ 2 cm wafers, so
we will reorient our device design for this implemen-
tation. This factor of 25 in Asub becomes a factor of
5 in our energy resolution.

To this end, toward the end of last year, I designed a device that would fit on this
smaller wafer (Figure 3a). After ordering the lithography mask, I started fabrication of this
new design at the beginning of 2020. Fabrication of our devices occurs in the Microdevices
Laboratory (MDL) at the Jet Propulsion Laboratory (JPL). Over the last six months, I
have worked with MDL collaborator Bruce Bumble and graduate student Yen-Yung Chang
to learn the ins and outs of our device fabrication. This work culminated in the �75 mm
wafer device shown in Figure 2. For the smaller device, we have modified the fabrication
procedure to use a stepper instead of contact mask lithography; this facilitates production
of multiple devices from a single �75 mm wafer and also provides more flexibility for design
tweaks post-mask production. I was trained on the stepper this past month and produced
an initial prototype of this smaller device design (Figure 3b).

4.2 Use a lower Tc material

Lower Tc corresponds to a lower superconducting energy gap �, which means a higher
Bogoliubov quasiparticle yield for a given amount of deposited energy. Instead of Al with
Tc = 1.2 K, we will use AlMn, which has a tunable Tc depending on the ratio of Al to Mn, at
a Tc = 0.3 K, providing a factor of 4 improvement while still being testable at our dilution
fridge baseline temperature of 40 mK. Additional gains may be possible if ⌧qp increases as �
is decreased, as is expected from superconductivity theory [8]. We do not assume this latter
factor, however, because there may be a countervailing increase in creation of quasiparticles
by readout power, rendering our calculation conservative. Fabricating an AlMn device is
straightforward because of similar chemical properties to Al relevant for lithography. MDL,
though not currently equipped with a machine to deposit AlMn films, is planning to buy a
sputter deposition system to do so. In the meantime, we have collaborative agreements with
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the mark, perhaps, although Gould was spot on with his two-
way video wristwatch. Controlling the quantum could be a dif-
ferent story, and we predict that the quantum will ultimately
bring the dark ma!er of the universe into view.

Dramatically improved receivers based on quantum sens-
ing are no panacea for the axion experiment. A parallel chal-
lenge not discussed in this article is the development of inno-
vative microwave cavities satisfying multiple constraints of the
axion experiment. Technologies that are being pursued include
photonic bandgap resonators and the use of metamaterials and
thin-film superconductors. But that’s a story for another time.

The authors gratefully acknowledge support from NSF, the US Depart-
ment of Energy, and the Heising-Simons Foundation. 
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FIGURE 6. A SUPERCONDUCTING “ARTIFICIAL ATOM” QUBIT is an anharmonic LC oscillator (a) that uses the nonlinear inductance of a
Josephson junction. (b) Larger superconducting structures may be attached to the junction to build up millimeter-size antennae (c), which
enable stronger coupling to the electric field of centimeter-wave cavity photons. (d) The qubit is mounted inside a cavity with a dielectric
substrate. The vertically oriented electric field of a single-cavity photon “stretches” the qubit oscillator and exercises its nonlinearity. The
quantum nondemolition photon detection protocol can be phrased as a yes–no question: Has the qubit’s resonant frequency shifted in
response to the appearance of a cavity photon or not? (Photographs courtesy of Akash Dixit and Reidar Hahn/Fermilab.)

SC qubit

ion traps

New Sensors for BSM physics 

a single catch-all experiment → multitude of bang-for-buck experiments

+…

Where are We Going?
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FIGURE 6. A SUPERCONDUCTING “ARTIFICIAL ATOM” QUBIT is an anharmonic LC oscillator (a) that uses the nonlinear inductance of a
Josephson junction. (b) Larger superconducting structures may be attached to the junction to build up millimeter-size antennae (c), which
enable stronger coupling to the electric field of centimeter-wave cavity photons. (d) The qubit is mounted inside a cavity with a dielectric
substrate. The vertically oriented electric field of a single-cavity photon “stretches” the qubit oscillator and exercises its nonlinearity. The
quantum nondemolition photon detection protocol can be phrased as a yes–no question: Has the qubit’s resonant frequency shifted in
response to the appearance of a cavity photon or not? (Photographs courtesy of Akash Dixit and Reidar Hahn/Fermilab.)

SC qubit

ion traps

What is the role of a theorist?

Creative repurposing of existing detectors. 
Motivating/conceiving/designing new small-scale experiments. 

This is especially crucial in emerging fields.  

New Sensors for BSM physics 

a single catch-all experiment → multitude of bang-for-buck experiments

Where are We Going?
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I. Axion Dark Matter



pseudo-Goldstone bosons are naturally light and weakly-coupled

large scale

existence of galaxies ⟹ sub-eV dark matter must be a boson, “a”
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generic and detectable
explains the smallness of the  

neutron’s electric dipole moment

How to think about axions dynamically?

Sub-eV Axion Dark Matter
12
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ẋ+ !

2
r x = Daxion cos!t+Dnoise (205)

|! � !r| . !r/Q , (⇠ Q oscillations) (206)

v� ⇠ 10
�3

, E� e
i!t

, tuned to !LC ' ! ⇢± e
i!t

⇢± / m
2
D /

charge
2

m2
� v2�

(207)

=) e↵ective DM charge ⇠ mixing⇥ dark charge mixing !0/ma ⇠ GHz/ma ⇠ 10
�15

� (208)

L ⇠
@µa

fa
J
µ
SM ⇠

a

fa
GG̃+

a

fa
FF̃ + · · · a / cosmat (209)

9

wave properties

a
a

aa

Sub-eV Axion Dark Matter
13

1

L ⇠ �

Mpl

⇣
de Fµ⌫F

µ⌫
+ dme me ēe
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ẋ+ !

2
res x = Daxion cos (!0 ±ma)t+Dnoise (205)

|!res � (!0 ±ma)| . !res/Q , (⇠ Q oscillations) (206)

v� ⇠ 10�3
, E� e

i!t
, tuned to !LC ' ! ⇢± e

i!t
⇢± / m

2
D /

charge2

m2
� v2�

(207)

=) e↵ective DM charge ⇠ mixing⇥ dark charge mixing !0/ma ⇠ GHz/ma ⇠ 10�15
� (208)

L ⇠
@µa

fa
J
µ
SM ⇠

a

fa
GG̃+

a

fa
FF̃ + · · · a / cosmat ma ⇠ 10�22 eV� 10�6 eV ⇠ 100 nHz�GHz (209)

ma ⇠ month�1
�GHz (210)

⌧a ⇠
1

ma v
2
DM

⇠ 1 ms� 105 yrs L ⇠ ga�� aF F̃ ⇠ ~Ja ·
~A Ba / cosmat (211)

axion-induced emf: Ea / (!0 ±ma) cos (!0 ±ma)t static applied field =) !0 = 0 LC resonant frequency ⇠ ma (212)

Static-Field Resonators (!0 = 0) Oscillating-Field/Heterodyne Resonators (!0 6= 0) (213)

small axion masses =) suppressed emf =) signal power ⇠
detector size

axion Compton wavelength
⌧ 1 (214)

signal power independent of axion mass for ma ⌧ !0 resonator frequency ⇠ !0 +ma ⇠ !0 (215)

ma ⌧ !0 signal ⇠
detector size

axion Compton wavelength
⇠ 10�6 signal mode frequency ⇠ !0 +ma ⇠ 1/detector size (216)

signal ⇠ detector size⇥GHz ⇠ 1 Psig / min (⌧res, ⌧a) ⌧res ⇠
Q

!res
, ⌧a ⇠

1

ma v
2
DM

⇠
106

ma
, ⌧res & ⌧a =) Q & !res

ma
⇥ 106 (217)

Q & 1010 (!0 = 0 , resonator frequency = ma) (!0 6= 0 , resonator frequency = !0 +ma) (218)

⇢± /

✓
charge

m� v�

◆2

resonant bandwidth ⇠ !0/Q (ma ⌧ !0) (219)

✓ ~dn =
X

q ~r dn ⇠ 10�16
⇥

p
1� cos ✓ e cm dn . 10�26

e cm ✓ . 10�10 (220)

V ⇠ �⇤4
QCD cos

a

fa
(221)

V ⇠ �⇤4
QCD cos ✓ (222)

L ⇠ ✓
↵s

8⇡
GG̃ L ⇠

a

fa

↵s

8⇡
GG̃ ! L ⇠

↵em

2⇡fa
a F F̃ (223)

(energy minimized for ✓ = 0) (a relaxes EDM to minimum) a/fa (ma ⇠ ⇤2
QCD/fa) (224)

dn /
p
1� cos ✓ ✓ ⇠ axion field/large energy scale axion coupling to normal matter ⇠

1

large symmetry breaking scale
(225)

⇠ cos!0t ⇠ cosmat ⇠ cos (!0 +ma)t (226)

9

signal EM field

!0 ⇠ 1/Rexp , ma , !LC ⌧ 1/Rexp , !cav ⇠ 1/Rexp , !0 +ma , ẍ+
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resonant cavities (ADMX, …)
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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resonant cavities
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Below ~Micro-eV
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Above ~Micro-eV
20

arXiv:2203.14923

Resonant Cavity (ADMX-EFR)
Dielectric/Plasma 

(MADMAX, LAMPOST, ALPHA)

2-4 GHz ~ 8-16 μeV

combine signal from 18 smaller cavities

γ
A’

MADMAX/LAMPPOST: dielectric stacks 

ALPHA: wire metamaterial 

modify photon’s dispersion relation

arXiv:1901.07401, arXiv:2110.01582, arXiv:1904.11872 
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Opportunities in Axion Detection
23

EM-coupled DM at ma ~ meV ~ THz QCD-coupled DM at ma > μeV ~ GHz

10
°12

10
°11

10
°10

10
°9

10
°8

10
°7

10
°6

10
°5

10
°4

10
°3

10
°2

10
°1

10
0

ma [eV]

10°20

10°19

10°18

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

|g
a∞

∞
|[

G
eV

°
1 ]

ADMX

SRF-m 3

ALPHA

MADMAX

BREAD

existing bounds

IAXO

ALPS-I P
V
LA

S

OSQAR

CROWS

Fermi-SNe

DSNALP

Hydra

M87

Mrk 421

Fermi
St

ar

cl
us

te
rs

MWD X-rays

MWD Pol.

SN1987A (∞)

SN1987A
(∫)

M
U

S
E

V
IM

O
S

XMM-Newton

Leo
T

THESEUS

eROSITA

standard ALP DM cosmology

QCD axion

CASPEr

D
M

R
a
d
io

-G
U

T

D
M

R
a
d
io

-m
3

ALPS-II

th
e de

fin
iti

ve
ax

ion
sea

rch



II.I.

Axion Dark Matter Superconducting Cavities

resonant cavities 
LC circuits 

dielectrics/plasmas 
NMR, …

Outline

axions 
dark photons 

millicharged particles 
gravitational waves, …

II. Superconducting Cavities

Developing even a single technology opens up a 
versatile array of new physics opportunities.



Driven Damped Harmonic Oscillator
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9

axion signal  
on resonance

Larger Q means a longer time to resonantly drive power into a resonant detector

SRF cavities are the most efficient  
engineered oscillators, Q > 1011. 
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1. most efficient engineered oscillators  
Q ~ 1011 

long coherence for quantum computation 

2. large oscillating fields  
(0.2 T, ~GHz)  

3. precisely manufactured and operated  
(nm-precision) 

4. already used for new physics searches  
(experimentalists) 

SRF Cavities 

Why superconducting RF cavities?

RF Penetration Layer drives the performance

3/9/18 Alexander Romanenko | NPQI Workshop ANL7

RF fields

Helium cooling

RF currents
~100 nm 

Niobium 
~3 mm

RF fields

Image from linearcollider.org

<0.1% of 
thickness

Engineering the surface layer is crucial to 
performance
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Heterodyne Detection of Axion Dark Matter
27



“Frequency Conversion” between two ~ GHz cavity modes 

(resonant cavity)

28

Heterodyne Detection of Axion Dark Matter
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B0TM030

type !signal B Q T

ADMX, DM Radio static field ma 10 T 10
4
� 10

6
10 mK � 100 mK

SRF cavity oscillating field GHz 0.2 T 10
10

� 10
12

2 K

Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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2. Axion dark matter resonantly transfers a small amount of power to mode     .

1. Prepare the cavity with a large amount of power at mode     . 

3. Scan over frequency-splittings (axion masses) by slightly deforming the cavity. 
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loud driven mode

“Frequency Conversion” between two ~ GHz cavity modes 
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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(under construction @ FNAL)

signal is always read out at ~ GHz 

Directly benefit from Q ~ 1011 
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High-Frequency Gravitational Waves (MAGO)

transition between symmetric and antisymmetric modes

tunable  
aperture

strain sensitivity ~ 10-23 for kHz - MHz frequencies

Gravitational wave transfers power  
from driven mode to quiet mode.

36

Heterodyne Detection of Gravitational Waves
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
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<latexit sha1_base64="iRdJJiCIvlwsHxJ60ESf4jpRDTQ=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKW3bH1ZubX1jcyu/XdjZ3ds/KB4edVSUSAptGvFI9nyigDMBbc00h14sgYQ+h64/vc787j1IxSJxq2cxeCEZCxYwSrSRWmRYLNnly3q14laxXbbtmlNxMlKpuRcudoySoYRWaA6L74NRRJMQhKacKNV37Fh7KZGaUQ7zwiBREBM6JWPoGypICMpLF4fO8ZlRRjiIpCmh8UL9PpGSUKlZ6JvOkOiJ+u1l4l9eP9FB3UuZiBMNgi4XBQnHOsLZ13jEJFDNZ4YQKpm5FdMJkYRqk03BhPD1Kf6fdCplx/CWW2pcreLIoxN0is6Rg2qogW5QE7URRYAe0BN6tu6sR+vFel225qzVzDH6AevtEyN9jSc=</latexit><latexit sha1_base64="iRdJJiCIvlwsHxJ60ESf4jpRDTQ=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKW3bH1ZubX1jcyu/XdjZ3ds/KB4edVSUSAptGvFI9nyigDMBbc00h14sgYQ+h64/vc787j1IxSJxq2cxeCEZCxYwSrSRWmRYLNnly3q14laxXbbtmlNxMlKpuRcudoySoYRWaA6L74NRRJMQhKacKNV37Fh7KZGaUQ7zwiBREBM6JWPoGypICMpLF4fO8ZlRRjiIpCmh8UL9PpGSUKlZ6JvOkOiJ+u1l4l9eP9FB3UuZiBMNgi4XBQnHOsLZ13jEJFDNZ4YQKpm5FdMJkYRqk03BhPD1Kf6fdCplx/CWW2pcreLIoxN0is6Rg2qogW5QE7URRYAe0BN6tu6sR+vFel225qzVzDH6AevtEyN9jSc=</latexit><latexit sha1_base64="iRdJJiCIvlwsHxJ60ESf4jpRDTQ=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKW3bH1ZubX1jcyu/XdjZ3ds/KB4edVSUSAptGvFI9nyigDMBbc00h14sgYQ+h64/vc787j1IxSJxq2cxeCEZCxYwSrSRWmRYLNnly3q14laxXbbtmlNxMlKpuRcudoySoYRWaA6L74NRRJMQhKacKNV37Fh7KZGaUQ7zwiBREBM6JWPoGypICMpLF4fO8ZlRRjiIpCmh8UL9PpGSUKlZ6JvOkOiJ+u1l4l9eP9FB3UuZiBMNgi4XBQnHOsLZ13jEJFDNZ4YQKpm5FdMJkYRqk03BhPD1Kf6fdCplx/CWW2pcreLIoxN0is6Rg2qogW5QE7URRYAe0BN6tu6sR+vFel225qzVzDH6AevtEyN9jSc=</latexit><latexit sha1_base64="iRdJJiCIvlwsHxJ60ESf4jpRDTQ=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKW3bH1ZubX1jcyu/XdjZ3ds/KB4edVSUSAptGvFI9nyigDMBbc00h14sgYQ+h64/vc787j1IxSJxq2cxeCEZCxYwSrSRWmRYLNnly3q14laxXbbtmlNxMlKpuRcudoySoYRWaA6L74NRRJMQhKacKNV37Fh7KZGaUQ7zwiBREBM6JWPoGypICMpLF4fO8ZlRRjiIpCmh8UL9PpGSUKlZ6JvOkOiJ+u1l4l9eP9FB3UuZiBMNgi4XBQnHOsLZ13jEJFDNZ4YQKpm5FdMJkYRqk03BhPD1Kf6fdCplx/CWW2pcreLIoxN0is6Rg2qogW5QE7URRYAe0BN6tu6sR+vFel225qzVzDH6AevtEyN9jSc=</latexit>

d
<latexit sha1_base64="ANwwD9hBK/RHUqx/kjjzPqX1y2w=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgqiQxtHVXdOOyBfuANpTJZNKOnTyYmQgl9AvcuFDErZ/kzr9x0lZQ0QMXDufcy733eAlnUpnmh1FYW9/Y3Cpul3Z29/YPyodHXRmngtAOiXks+h6WlLOIdhRTnPYTQXHocdrzpte537unQrI4ulWzhLohHkcsYAQrLbX9UbliVi8bNdupIbNqmnXLtnJi150LB1layVGBFVqj8vvQj0ka0kgRjqUcWGai3AwLxQin89IwlTTBZIrHdKBphEMq3Wxx6BydacVHQSx0RQot1O8TGQ6lnIWe7gyxmsjfXi7+5Q1SFTTcjEVJqmhElouClCMVo/xr5DNBieIzTTARTN+KyAQLTJTOpqRD+PoU/U+6dtXSvO1UmlerOIpwAqdwDhbUoQk30IIOEKDwAE/wbNwZj8aL8bpsLRirmWP4AePtEygJjSo=</latexit><latexit sha1_base64="ANwwD9hBK/RHUqx/kjjzPqX1y2w=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgqiQxtHVXdOOyBfuANpTJZNKOnTyYmQgl9AvcuFDErZ/kzr9x0lZQ0QMXDufcy733eAlnUpnmh1FYW9/Y3Cpul3Z29/YPyodHXRmngtAOiXks+h6WlLOIdhRTnPYTQXHocdrzpte537unQrI4ulWzhLohHkcsYAQrLbX9UbliVi8bNdupIbNqmnXLtnJi150LB1layVGBFVqj8vvQj0ka0kgRjqUcWGai3AwLxQin89IwlTTBZIrHdKBphEMq3Wxx6BydacVHQSx0RQot1O8TGQ6lnIWe7gyxmsjfXi7+5Q1SFTTcjEVJqmhElouClCMVo/xr5DNBieIzTTARTN+KyAQLTJTOpqRD+PoU/U+6dtXSvO1UmlerOIpwAqdwDhbUoQk30IIOEKDwAE/wbNwZj8aL8bpsLRirmWP4AePtEygJjSo=</latexit><latexit sha1_base64="ANwwD9hBK/RHUqx/kjjzPqX1y2w=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgqiQxtHVXdOOyBfuANpTJZNKOnTyYmQgl9AvcuFDErZ/kzr9x0lZQ0QMXDufcy733eAlnUpnmh1FYW9/Y3Cpul3Z29/YPyodHXRmngtAOiXks+h6WlLOIdhRTnPYTQXHocdrzpte537unQrI4ulWzhLohHkcsYAQrLbX9UbliVi8bNdupIbNqmnXLtnJi150LB1layVGBFVqj8vvQj0ka0kgRjqUcWGai3AwLxQin89IwlTTBZIrHdKBphEMq3Wxx6BydacVHQSx0RQot1O8TGQ6lnIWe7gyxmsjfXi7+5Q1SFTTcjEVJqmhElouClCMVo/xr5DNBieIzTTARTN+KyAQLTJTOpqRD+PoU/U+6dtXSvO1UmlerOIpwAqdwDhbUoQk30IIOEKDwAE/wbNwZj8aL8bpsLRirmWP4AePtEygJjSo=</latexit><latexit sha1_base64="ANwwD9hBK/RHUqx/kjjzPqX1y2w=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgqiQxtHVXdOOyBfuANpTJZNKOnTyYmQgl9AvcuFDErZ/kzr9x0lZQ0QMXDufcy733eAlnUpnmh1FYW9/Y3Cpul3Z29/YPyodHXRmngtAOiXks+h6WlLOIdhRTnPYTQXHocdrzpte537unQrI4ulWzhLohHkcsYAQrLbX9UbliVi8bNdupIbNqmnXLtnJi150LB1layVGBFVqj8vvQj0ka0kgRjqUcWGai3AwLxQin89IwlTTBZIrHdKBphEMq3Wxx6BydacVHQSx0RQot1O8TGQ6lnIWe7gyxmsjfXi7+5Q1SFTTcjEVJqmhElouClCMVo/xr5DNBieIzTTARTN+KyAQLTJTOpqRD+PoU/U+6dtXSvO1UmlerOIpwAqdwDhbUoQk30IIOEKDwAE/wbNwZj8aL8bpsLRirmWP4AePtEygJjSo=</latexit>

L
<latexit sha1_base64="MmIIBTYNgsS5mNV0WaIjOxjB3FI=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MWDhxZsK7ShbLaTdu1mE3Y3Qgn9BV48KOLVn+TNf+OmraCiDwYe780wM8+POVPatj+s3Mrq2vpGfrOwtb2zu1fcP+ioKJEU2jTikbz1iQLOBLQ10xxuYwkk9Dl0/cll5nfvQSoWiRs9jcELyUiwgFGijdS6HhRLdvm8Xq24VWyXbbvmVJyMVGrumYsdo2QooSWag+J7fxjRJAShKSdK9Rw71l5KpGaUw6zQTxTEhE7ICHqGChKC8tL5oTN8YpQhDiJpSmg8V79PpCRUahr6pjMkeqx+e5n4l9dLdFD3UibiRIOgi0VBwrGOcPY1HjIJVPOpIYRKZm7FdEwkodpkUzAhfH2K/yedStkxvOWWGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsEA6mNEg==</latexit><latexit sha1_base64="MmIIBTYNgsS5mNV0WaIjOxjB3FI=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MWDhxZsK7ShbLaTdu1mE3Y3Qgn9BV48KOLVn+TNf+OmraCiDwYe780wM8+POVPatj+s3Mrq2vpGfrOwtb2zu1fcP+ioKJEU2jTikbz1iQLOBLQ10xxuYwkk9Dl0/cll5nfvQSoWiRs9jcELyUiwgFGijdS6HhRLdvm8Xq24VWyXbbvmVJyMVGrumYsdo2QooSWag+J7fxjRJAShKSdK9Rw71l5KpGaUw6zQTxTEhE7ICHqGChKC8tL5oTN8YpQhDiJpSmg8V79PpCRUahr6pjMkeqx+e5n4l9dLdFD3UibiRIOgi0VBwrGOcPY1HjIJVPOpIYRKZm7FdEwkodpkUzAhfH2K/yedStkxvOWWGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsEA6mNEg==</latexit><latexit sha1_base64="MmIIBTYNgsS5mNV0WaIjOxjB3FI=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MWDhxZsK7ShbLaTdu1mE3Y3Qgn9BV48KOLVn+TNf+OmraCiDwYe780wM8+POVPatj+s3Mrq2vpGfrOwtb2zu1fcP+ioKJEU2jTikbz1iQLOBLQ10xxuYwkk9Dl0/cll5nfvQSoWiRs9jcELyUiwgFGijdS6HhRLdvm8Xq24VWyXbbvmVJyMVGrumYsdo2QooSWag+J7fxjRJAShKSdK9Rw71l5KpGaUw6zQTxTEhE7ICHqGChKC8tL5oTN8YpQhDiJpSmg8V79PpCRUahr6pjMkeqx+e5n4l9dLdFD3UibiRIOgi0VBwrGOcPY1HjIJVPOpIYRKZm7FdEwkodpkUzAhfH2K/yedStkxvOWWGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsEA6mNEg==</latexit><latexit sha1_base64="MmIIBTYNgsS5mNV0WaIjOxjB3FI=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MWDhxZsK7ShbLaTdu1mE3Y3Qgn9BV48KOLVn+TNf+OmraCiDwYe780wM8+POVPatj+s3Mrq2vpGfrOwtb2zu1fcP+ioKJEU2jTikbz1iQLOBLQ10xxuYwkk9Dl0/cll5nfvQSoWiRs9jcELyUiwgFGijdS6HhRLdvm8Xq24VWyXbbvmVJyMVGrumYsdo2QooSWag+J7fxjRJAShKSdK9Rw71l5KpGaUw6zQTxTEhE7ICHqGChKC8tL5oTN8YpQhDiJpSmg8V79PpCRUahr6pjMkeqx+e5n4l9dLdFD3UibiRIOgi0VBwrGOcPY1HjIJVPOpIYRKZm7FdEwkodpkUzAhfH2K/yedStkxvOWWGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsEA6mNEg==</latexit>

B1e
i!1t +B2e

i!2t
<latexit sha1_base64="W3VJBp3cyWgGeXddCcSjV9zO5HY=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpduOygn1AE8NketMOnTyYmQgl9GPc+CtuXPjAhRu/xUmbRW09MHDmnHu59x4/4Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAt41RQaNGYx6LrEwmcRdBSTHHoJgJI6HPo+KNG7nceQUgWR/dqnIAbkkHEAkaJ0pJnXjshUUM/yG4mno3hIWNOHMKA6I+a4HM8Z9fm7Zq2PbNiVa0p8DKxC1JBBZqe+eH0Y5qGECnKiZQ920qUmxGhGOUwKTuphITQERlAT9OIhCDdbHrkBJ9qpY+DWOgXKTxV5zsyEko5Dn1dme8sF71c/M/rpSq4cjMWJamCiM4GBSnHKsZ5YrjPBFDFx5oQKpjeFdMhEYQqnWtZh2AvnrxM2rWqrfndRaXeKOIooWN0gs6QjS5RHd2iJmohip7QC3pD78az8Wp8Gl+z0hWj6DlCf2D8/AKsx6Qx</latexit><latexit sha1_base64="W3VJBp3cyWgGeXddCcSjV9zO5HY=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpduOygn1AE8NketMOnTyYmQgl9GPc+CtuXPjAhRu/xUmbRW09MHDmnHu59x4/4Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAt41RQaNGYx6LrEwmcRdBSTHHoJgJI6HPo+KNG7nceQUgWR/dqnIAbkkHEAkaJ0pJnXjshUUM/yG4mno3hIWNOHMKA6I+a4HM8Z9fm7Zq2PbNiVa0p8DKxC1JBBZqe+eH0Y5qGECnKiZQ920qUmxGhGOUwKTuphITQERlAT9OIhCDdbHrkBJ9qpY+DWOgXKTxV5zsyEko5Dn1dme8sF71c/M/rpSq4cjMWJamCiM4GBSnHKsZ5YrjPBFDFx5oQKpjeFdMhEYQqnWtZh2AvnrxM2rWqrfndRaXeKOIooWN0gs6QjS5RHd2iJmohip7QC3pD78az8Wp8Gl+z0hWj6DlCf2D8/AKsx6Qx</latexit><latexit sha1_base64="W3VJBp3cyWgGeXddCcSjV9zO5HY=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpduOygn1AE8NketMOnTyYmQgl9GPc+CtuXPjAhRu/xUmbRW09MHDmnHu59x4/4Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAt41RQaNGYx6LrEwmcRdBSTHHoJgJI6HPo+KNG7nceQUgWR/dqnIAbkkHEAkaJ0pJnXjshUUM/yG4mno3hIWNOHMKA6I+a4HM8Z9fm7Zq2PbNiVa0p8DKxC1JBBZqe+eH0Y5qGECnKiZQ920qUmxGhGOUwKTuphITQERlAT9OIhCDdbHrkBJ9qpY+DWOgXKTxV5zsyEko5Dn1dme8sF71c/M/rpSq4cjMWJamCiM4GBSnHKsZ5YrjPBFDFx5oQKpjeFdMhEYQqnWtZh2AvnrxM2rWqrfndRaXeKOIooWN0gs6QjS5RHd2iJmohip7QC3pD78az8Wp8Gl+z0hWj6DlCf2D8/AKsx6Qx</latexit><latexit sha1_base64="W3VJBp3cyWgGeXddCcSjV9zO5HY=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpduOygn1AE8NketMOnTyYmQgl9GPc+CtuXPjAhRu/xUmbRW09MHDmnHu59x4/4Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAt41RQaNGYx6LrEwmcRdBSTHHoJgJI6HPo+KNG7nceQUgWR/dqnIAbkkHEAkaJ0pJnXjshUUM/yG4mno3hIWNOHMKA6I+a4HM8Z9fm7Zq2PbNiVa0p8DKxC1JBBZqe+eH0Y5qGECnKiZQ920qUmxGhGOUwKTuphITQERlAT9OIhCDdbHrkBJ9qpY+DWOgXKTxV5zsyEko5Dn1dme8sF71c/M/rpSq4cjMWJamCiM4GBSnHKsZ5YrjPBFDFx5oQKpjeFdMhEYQqnWtZh2AvnrxM2rWqrfndRaXeKOIooWN0gs6QjS5RHd2iJmohip7QC3pD78az8Wp8Gl+z0hWj6DlCf2D8/AKsx6Qx</latexit>

E1e
i!1t +E2e

i!2t
<latexit sha1_base64="LIacn0rY52ZjmvPw1B9ZWCKzBYo=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpFMFlBfuAJobJ9KYdOnkwMxFK6Me48VfcuPCBCzd+i5M2i9p6YODMOfdy7z1+wplUlvVtrKyurW9slrbK2zu7e/vmwWFbxqmg0KIxj0XXJxI4i6ClmOLQTQSQ0OfQ8UeN3O88gpAsju7VOAE3JIOIBYwSpSXPvHZCooZ+kN1MPBvDQ8acOIQB0R81wed4zq7N2zVte2bFqlpT4GViF6SCCjQ988PpxzQNIVKUEyl7tpUoNyNCMcphUnZSCQmhIzKAnqYRCUG62fTICT7VSh8HsdAvUniqzndkJJRyHPq6Mt9ZLnq5+J/XS1Vw5WYsSlIFEZ0NClKOVYzzxHCfCaCKjzUhVDC9K6ZDIghVOteyDsFePHmZtGtVW/O7i0q9UcRRQsfoBJ0hG12iOrpFTdRCFD2hF/SG3o1n49X4NL5mpStG0XOE/sD4+QW2rqQ3</latexit><latexit sha1_base64="LIacn0rY52ZjmvPw1B9ZWCKzBYo=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpFMFlBfuAJobJ9KYdOnkwMxFK6Me48VfcuPCBCzd+i5M2i9p6YODMOfdy7z1+wplUlvVtrKyurW9slrbK2zu7e/vmwWFbxqmg0KIxj0XXJxI4i6ClmOLQTQSQ0OfQ8UeN3O88gpAsju7VOAE3JIOIBYwSpSXPvHZCooZ+kN1MPBvDQ8acOIQB0R81wed4zq7N2zVte2bFqlpT4GViF6SCCjQ988PpxzQNIVKUEyl7tpUoNyNCMcphUnZSCQmhIzKAnqYRCUG62fTICT7VSh8HsdAvUniqzndkJJRyHPq6Mt9ZLnq5+J/XS1Vw5WYsSlIFEZ0NClKOVYzzxHCfCaCKjzUhVDC9K6ZDIghVOteyDsFePHmZtGtVW/O7i0q9UcRRQsfoBJ0hG12iOrpFTdRCFD2hF/SG3o1n49X4NL5mpStG0XOE/sD4+QW2rqQ3</latexit><latexit sha1_base64="LIacn0rY52ZjmvPw1B9ZWCKzBYo=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpFMFlBfuAJobJ9KYdOnkwMxFK6Me48VfcuPCBCzd+i5M2i9p6YODMOfdy7z1+wplUlvVtrKyurW9slrbK2zu7e/vmwWFbxqmg0KIxj0XXJxI4i6ClmOLQTQSQ0OfQ8UeN3O88gpAsju7VOAE3JIOIBYwSpSXPvHZCooZ+kN1MPBvDQ8acOIQB0R81wed4zq7N2zVte2bFqlpT4GViF6SCCjQ988PpxzQNIVKUEyl7tpUoNyNCMcphUnZSCQmhIzKAnqYRCUG62fTICT7VSh8HsdAvUniqzndkJJRyHPq6Mt9ZLnq5+J/XS1Vw5WYsSlIFEZ0NClKOVYzzxHCfCaCKjzUhVDC9K6ZDIghVOteyDsFePHmZtGtVW/O7i0q9UcRRQsfoBJ0hG12iOrpFTdRCFD2hF/SG3o1n49X4NL5mpStG0XOE/sD4+QW2rqQ3</latexit><latexit sha1_base64="LIacn0rY52ZjmvPw1B9ZWCKzBYo=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpFMFlBfuAJobJ9KYdOnkwMxFK6Me48VfcuPCBCzd+i5M2i9p6YODMOfdy7z1+wplUlvVtrKyurW9slrbK2zu7e/vmwWFbxqmg0KIxj0XXJxI4i6ClmOLQTQSQ0OfQ8UeN3O88gpAsju7VOAE3JIOIBYwSpSXPvHZCooZ+kN1MPBvDQ8acOIQB0R81wed4zq7N2zVte2bFqlpT4GViF6SCCjQ988PpxzQNIVKUEyl7tpUoNyNCMcphUnZSCQmhIzKAnqYRCUG62fTICT7VSh8HsdAvUniqzndkJJRyHPq6Mt9ZLnq5+J/XS1Vw5WYsSlIFEZ0NClKOVYzzxHCfCaCKjzUhVDC9K6ZDIghVOteyDsFePHmZtGtVW/O7i0q9UcRRQsfoBJ0hG12iOrpFTdRCFD2hF/SG3o1n49X4NL5mpStG0XOE/sD4+QW2rqQ3</latexit> !s

<latexit sha1_base64="qxXsYSngoISKtWXnUOSR+jqLoSs=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjoRePFewHtEvJprNtaDZZk6xQSv+EFw+KePXvePPfmLZ70NYXAg/vzJCZN0oFN9b3v73CxubW9k5xt7S3f3B4VD4+aRmVaYZNpoTSnYgaFFxi03IrsJNqpEkksB2N6/N6+wm14Uo+2EmKYUKHksecUeusTk8lOKR90y9X/Kq/EFmHIIcK5Gr0y1+9gWJZgtIyQY3pBn5qwynVljOBs1IvM5hSNqZD7DqUNEETThf7zsiFcwYkVto9acnC/T0xpYkxkyRynQm1I7Nam5v/1bqZjW/DKZdpZlGy5UdxJohVZH48GXCNzIqJA8o0d7sSNqKaMusiKrkQgtWT16F1VQ0c319XavU8jiKcwTlcQgA3UIM7aEATGAh4hld48x69F+/d+1i2Frx85hT+yPv8AR3tkAI=</latexit><latexit sha1_base64="qxXsYSngoISKtWXnUOSR+jqLoSs=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjoRePFewHtEvJprNtaDZZk6xQSv+EFw+KePXvePPfmLZ70NYXAg/vzJCZN0oFN9b3v73CxubW9k5xt7S3f3B4VD4+aRmVaYZNpoTSnYgaFFxi03IrsJNqpEkksB2N6/N6+wm14Uo+2EmKYUKHksecUeusTk8lOKR90y9X/Kq/EFmHIIcK5Gr0y1+9gWJZgtIyQY3pBn5qwynVljOBs1IvM5hSNqZD7DqUNEETThf7zsiFcwYkVto9acnC/T0xpYkxkyRynQm1I7Nam5v/1bqZjW/DKZdpZlGy5UdxJohVZH48GXCNzIqJA8o0d7sSNqKaMusiKrkQgtWT16F1VQ0c319XavU8jiKcwTlcQgA3UIM7aEATGAh4hld48x69F+/d+1i2Frx85hT+yPv8AR3tkAI=</latexit><latexit sha1_base64="qxXsYSngoISKtWXnUOSR+jqLoSs=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjoRePFewHtEvJprNtaDZZk6xQSv+EFw+KePXvePPfmLZ70NYXAg/vzJCZN0oFN9b3v73CxubW9k5xt7S3f3B4VD4+aRmVaYZNpoTSnYgaFFxi03IrsJNqpEkksB2N6/N6+wm14Uo+2EmKYUKHksecUeusTk8lOKR90y9X/Kq/EFmHIIcK5Gr0y1+9gWJZgtIyQY3pBn5qwynVljOBs1IvM5hSNqZD7DqUNEETThf7zsiFcwYkVto9acnC/T0xpYkxkyRynQm1I7Nam5v/1bqZjW/DKZdpZlGy5UdxJohVZH48GXCNzIqJA8o0d7sSNqKaMusiKrkQgtWT16F1VQ0c319XavU8jiKcwTlcQgA3UIM7aEATGAh4hld48x69F+/d+1i2Frx85hT+yPv8AR3tkAI=</latexit><latexit sha1_base64="qxXsYSngoISKtWXnUOSR+jqLoSs=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjoRePFewHtEvJprNtaDZZk6xQSv+EFw+KePXvePPfmLZ70NYXAg/vzJCZN0oFN9b3v73CxubW9k5xt7S3f3B4VD4+aRmVaYZNpoTSnYgaFFxi03IrsJNqpEkksB2N6/N6+wm14Uo+2EmKYUKHksecUeusTk8lOKR90y9X/Kq/EFmHIIcK5Gr0y1+9gWJZgtIyQY3pBn5qwynVljOBs1IvM5hSNqZD7DqUNEETThf7zsiFcwYkVto9acnC/T0xpYkxkyRynQm1I7Nam5v/1bqZjW/DKZdpZlGy5UdxJohVZH48GXCNzIqJA8o0d7sSNqKaMusiKrkQgtWT16F1VQ0c319XavU8jiKcwTlcQgA3UIM7aEATGAh4hld48x69F+/d+1i2Frx85hT+yPv8AR3tkAI=</latexit>
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3

a resolution on absorbed energy. A single resonator resolution on absorbed energy can be
converted to �E by appropriate scaling by

p
Nr and ⌘ph. In an 80-resonator device, we

determined �E = 0.36 keV FWHM. The discrepancy with the expected energy resolution of
0.24 keV FWHM is likely due to an overestimation of ⌘ph, which we cannot measure until
we do an absolute energy resolution measurement with a collimated photon source. We are
currently working on performing this measurement and also obtaining an energy resolution
for the 40-resonator device in Figure 2.

4 Efforts to improve our energy resolution

4.1 Decreasing device size

Figure 3: Smaller device design and an

initial prototype of this design

Assuming we keep the number of resonators per
unit area fixed, the resolution will improve as we de-
crease Asub because the (amplifier-limited) energy res-
olution scales as the square root of the number of
resonators. Of the many variables in our energy res-
olution expression, Asub is the most straightforward
to change. To motivate a specific size, the CdZnTe
detectors in NuSTAR were on 2 cm ⇥ 2 cm wafers, so
we will reorient our device design for this implemen-
tation. This factor of 25 in Asub becomes a factor of
5 in our energy resolution.

To this end, toward the end of last year, I designed a device that would fit on this
smaller wafer (Figure 3a). After ordering the lithography mask, I started fabrication of this
new design at the beginning of 2020. Fabrication of our devices occurs in the Microdevices
Laboratory (MDL) at the Jet Propulsion Laboratory (JPL). Over the last six months, I
have worked with MDL collaborator Bruce Bumble and graduate student Yen-Yung Chang
to learn the ins and outs of our device fabrication. This work culminated in the �75 mm
wafer device shown in Figure 2. For the smaller device, we have modified the fabrication
procedure to use a stepper instead of contact mask lithography; this facilitates production
of multiple devices from a single �75 mm wafer and also provides more flexibility for design
tweaks post-mask production. I was trained on the stepper this past month and produced
an initial prototype of this smaller device design (Figure 3b).

4.2 Use a lower Tc material

Lower Tc corresponds to a lower superconducting energy gap �, which means a higher
Bogoliubov quasiparticle yield for a given amount of deposited energy. Instead of Al with
Tc = 1.2 K, we will use AlMn, which has a tunable Tc depending on the ratio of Al to Mn, at
a Tc = 0.3 K, providing a factor of 4 improvement while still being testable at our dilution
fridge baseline temperature of 40 mK. Additional gains may be possible if ⌧qp increases as �
is decreased, as is expected from superconductivity theory [8]. We do not assume this latter
factor, however, because there may be a countervailing increase in creation of quasiparticles
by readout power, rendering our calculation conservative. Fabricating an AlMn device is
straightforward because of similar chemical properties to Al relevant for lithography. MDL,
though not currently equipped with a machine to deposit AlMn films, is planning to buy a
sputter deposition system to do so. In the meantime, we have collaborative agreements with
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the mark, perhaps, although Gould was spot on with his two-
way video wristwatch. Controlling the quantum could be a dif-
ferent story, and we predict that the quantum will ultimately
bring the dark ma!er of the universe into view.

Dramatically improved receivers based on quantum sens-
ing are no panacea for the axion experiment. A parallel chal-
lenge not discussed in this article is the development of inno-
vative microwave cavities satisfying multiple constraints of the
axion experiment. Technologies that are being pursued include
photonic bandgap resonators and the use of metamaterials and
thin-film superconductors. But that’s a story for another time.

The authors gratefully acknowledge support from NSF, the US Depart-
ment of Energy, and the Heising-Simons Foundation. 
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FIGURE 6. A SUPERCONDUCTING “ARTIFICIAL ATOM” QUBIT is an anharmonic LC oscillator (a) that uses the nonlinear inductance of a
Josephson junction. (b) Larger superconducting structures may be attached to the junction to build up millimeter-size antennae (c), which
enable stronger coupling to the electric field of centimeter-wave cavity photons. (d) The qubit is mounted inside a cavity with a dielectric
substrate. The vertically oriented electric field of a single-cavity photon “stretches” the qubit oscillator and exercises its nonlinearity. The
quantum nondemolition photon detection protocol can be phrased as a yes–no question: Has the qubit’s resonant frequency shifted in
response to the appearance of a cavity photon or not? (Photographs courtesy of Akash Dixit and Reidar Hahn/Fermilab.)
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FIGURE 6. A SUPERCONDUCTING “ARTIFICIAL ATOM” QUBIT is an anharmonic LC oscillator (a) that uses the nonlinear inductance of a
Josephson junction. (b) Larger superconducting structures may be attached to the junction to build up millimeter-size antennae (c), which
enable stronger coupling to the electric field of centimeter-wave cavity photons. (d) The qubit is mounted inside a cavity with a dielectric
substrate. The vertically oriented electric field of a single-cavity photon “stretches” the qubit oscillator and exercises its nonlinearity. The
quantum nondemolition photon detection protocol can be phrased as a yes–no question: Has the qubit’s resonant frequency shifted in
response to the appearance of a cavity photon or not? (Photographs courtesy of Akash Dixit and Reidar Hahn/Fermilab.)
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We are now beginning to explore physics beyond the Standard 
Model at scales currently unaccessible with previous technology. 

How can technologies coming online be steered to make the 
biggest impact on fundamental physics?

Now is an important time

A shift in our priors has motivated a larger set of signals.  
Many bang-for-buck experiments > single catch-all experiment.

Theory and experiment are evolving together in this effort.  
The role of theorists is crucial in emerging fields.

see “Snowmass2021 Theory Frontier: Theory Meets the Lab” 
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