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New technology opens windows into new physics
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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.)

baryonic
dark

How can developments in quantum sensing be 
steered to make the biggest impact  

on fundamental physics?

There is an opportunity to explore new physics  
at previously unaccessible scales with developing technology.

What is the nature of dark matter?



~few % of the observable universe

Millenium Simulation



Resides in galaxies (including our own)

Few heavy particles or many light particles? 
What is the dark matter mass?
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The search for WIMPs has been an incredible success.
What now?
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What Have We Learned?

We can now explore a wide range of previously unaccessible scales.
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feebly-coupled

quantum precision detectors
Quiet and coherent enough to build up a detectable signal.
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QIS for dark matter physics 
(QuantISED)
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Two Architectures
Low-threshold: 

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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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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pseudo-Goldstone bosons are naturally light and weakly-coupled

large scale
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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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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 ma ⇠ 10

�22
eV� 10

�6
eV ⇠ 100 nHz�GHz (209)

ma ⇠ month
�1

�GHz (210)

⌧a ⇠
1

ma v
2
DM

⇠ 1 ms� 10
5
yrs L ⇠ ga�� aF F̃ ⇠ ~Ja ·

~A (211)

9

!0 ⇠ 1/Rexp , ma , !LC ⌧ 1/Rexp , !cav ⇠ 1/Rexp , !0 +ma , ẍ+
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!r

Q
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!res

Q
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What are concrete examples of static-field and heterodyne resonators?
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axion emf drives  
power into circuit

Static-Field Resonators
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!r

Q
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very difficult to build LC resonators  
and read out signal below ~ kHz 
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for kHz axion frequencies
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Heterodyne/Oscillating-Field Resonators

“Frequency Conversion” between two ~ GHz cavity modes 

(resonant cavity)



Heterodyne/Oscillating-Field Resonators
χ

χ

γ

axion background
cosmat

E0

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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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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loud driven mode quiet signal mode 
(different profile and frequency)



Heterodyne/Oscillating-Field Resonators
χ

χ

γ

axion background
cosmat

E0

B0TM030

E1

B1

TE021

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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Ja

loud driven mode quiet signal mode 
(different profile and frequency)

heterodyne?

Goal 2: 
better scaling

Goal 1: 
smaller masses

Goal 3: 
smaller couplings✓ ✓

“Frequency Conversion”  
between two ~ GHz cavity modes 
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driven damped oscillator
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0 x = Daxion cos!t+Dnoise (205)
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9

axion emf  
on resonance

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

resonant mode of a cavity → harmonic oscillator 
axion effective current → driving term
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axion emf  
on resonance

SRF cavities are the most efficient engineered oscillators, commonly employing 
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resonant mode of a cavity → harmonic oscillator 
axion effective current → driving term



1. most efficient engineered oscillators  
(long coherence ⟹ 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



DarkSRF (FNAL)

• sub-Hz frequency wobble 
• degenerate modes 
• resolved thermal noise 
• plan for a week run

SRF Cavities 

emitter
cavity

receiver
cavity

shield

longitudinal
hidden!photon

wave
power in

signal out

Eem Erec

(“light-shining-through-wall”)

arXiv:1407.4806

dark  
E&M



Noise
(Large Q does more than enhance signal)

driven mode

signal mode

leakage noise

frequency

power

Handles 
• modes are separated by many bandwidths (large Q) 
• modes are spatially distinct

Large Q also mitigates noise (leakage noise = oscillator, mechanical, …)

~GHz/Q

axion mass



Noise
(Large Q does more than enhance signal)

driven mode

signal mode

enhanced 
 leakage noise

frequency

power

Handles 
• modes are separated by many bandwidths (large Q) 
• modes are spatially distinct

axion mass

~GHz/Q

Large Q also mitigates noise (leakage noise = oscillator, mechanical, …)



Noise
(Large Q does more than enhance signal)

Handles 
• modes are separated by many bandwidths (large Q) 
• modes are spatially distinct

frequency

power

driven mode

signal mode

axion mass

larger Q

narrower bandwidth

less leakage noise~GHz/Q

Large Q also mitigates noise (leakage noise = oscillator, mechanical, …)
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Goals

Goal 2: 
better scaling

Goal 1: 
smaller masses
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large Q-factors  
of SRF cavities
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dark matter

existing constraints
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closing the gap in QCD axion coverage

thermal noise limited

CASPER 
(QCD coupling)

QCD axion gap

SRF

existing constraints



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

Takeaway
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SRF

Technology originally driven by  
accelerator physics and now by  
quantum technology is ideally  

suited to discover axion  
dark matter. 

existing constraints

Unique coverage to: QCD axion,  
cosmo-motivated parameters, and 

astrophysically long-ranged  
“fuzzy” dark matter.

Enhanced sensitivity to axion 
dark matter whose Compton 
wavelength is many orders of 

magnitude larger  
than the cavity.

A Brief Aside: 
Broadband as a first step.



Broadband
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• A simple setup (fixed geometry, degenerate modes): Broadband sensitivity to new physics within minutes. 

• Signal and noise both roll off away resonance ⟹ sensitive to a large mass range.
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II.I. III.

Ways 
Forward

10-22 eV

particles with small charges

superconducting cavities LC circuits Future

long wavelength axions

A. Berlin, R. D’Agnolo, S. Ellis, P. Schuster, N. Toro, Phys. Rev. Lett. 2020

Discovering the Dark Universe
This idea of using new technology to open up a window into new scales  

is not unique to one specific technology. 



The visible universe is governed by a rich spectrum of forces and particles. 
What particle physics governs most of the matter in the universe?

Generic to expect that dark matter couples to new long-ranged forces. 
Do they couple to normal matter?

arXiv:1909.00696 
arXiv:0512356

(small millicharges from, e.g., radiatively induced mixing)

New Long-Ranged Forces
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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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at low-energy and laboratory-distances:
χ

χ

γ

How is this cosmologically viable/motivated?

“freeze-in” 
DM produced from feeble interactions with normal matter

New Long-Ranged Forces

“millicharged”

charge ≪ 1
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SuperCDMS

Millicharged Dark Matter

the target for future direct detection

• new scattering targets 
• new read-out technologies 
• same philosophy
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amount of kinetic energy
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charge

How do we access small masses without relying on  
the tiny amount of associated kinetic energy?



Direct Deflection

Direct Deflection 
A large number density implies more than just large flux, it enables 

inducing enhanced collective effects into the classical DM fluid.  
This is easier to do for smaller masses.

Inducing and detecting collective “ripples” in the dark matter “fluid” 
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(similar to “light-shining-through-wall” experiments)
wind-blowing



Direct Deflection

shielded deflector shielded detector

�±

DM wind

!0 ⇠ 1/Rexp , ma , !LC ⌧ 1/Rexp , !cav ⇠ 1/Rexp , !0 +ma , ẍ+
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!0

Q
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(similar to “light-shining-through-wall” experiments)
wind-blowing

oscillating DM  
charge densities

oscillating electric field

wave train of DM 
charge densities
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~Debye screening

no kinematic barrier, 
small momentum enhancement

oscillating electric field

wave train of DM 
charge densities
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!res

Q
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~ DM Radio with fixed frequency and electric pickup
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New parameter space within reach (ultimate sensitivity) for  
0.1 (10) m3 volumes, 103 (107) Q-factors, and 4 K (100 mK) temperatures.

charge
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charge

Technology driven by 
quantum sensing is ideally 

suited to detect small 
collective effects in  
the dark matter 

background. 

Direct Deflection opens up 
entirely new ways to look 

for dark matter whose 
kinetic energy is well below 
the threshold of traditional 

setups.

Unique coverage to:  
sub-MeV cosmo-motivated 

parameter space and 
ultralight millicharged 

dark matter.
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SRF Cavities 

• “Frequency Conversion” from high-frequency gravitational waves. 

• New physics for free at DarkSRF: Standard Model photon mass, 
ultralight millicharges, strongly-coupled relics.

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

Such as:
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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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(current physics, current setup)
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New Physics for Free at DarkSRF: SM Photon Mass

(new* physics, current setup)

a longitudinal mode is a longitudinal mode
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New Physics for Free at DarkSRF: Ultralight Millicharges

(new physics, current setup)

Schwinger pair-production of millicharged particles

(best laboratory sensitivity to light millicharges by > five orders of magnitude)
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(new physics, slightly modified setup)

Above the direct detection “ceiling,” where traditional direct detection is useless 
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Direct Deflection

Only lab setup able to look for millicharged particles emitted from the solar interior.

Strongly-Coupled Relics

Helioscope

Other Types of Interactions
drive voltage  
of outer shell

spin-coupled 
spinning sample of polarized spins 

(~ARIADNE)
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II.I.

superconducting cavities LC circuits

New Physics with SRF Cavities

New Physics with Direct Deflection

New Questions

Discovering the Dark Universe

III.

Future

Ways 
Forward



Cosmic Neutrino Background

Variety of Axion Couplings

overcoming B-field challenges at > 100 MHz with new techniques 

polarized spins coupled to E&M detectors: 
1) axion induces oscillating electric dipole  
2) oscillating polarization density 
3) oscillating displacement current coupled to E&M

arXiv:1711.08999 
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Can we detect the small amount of kinetic energy?
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8

Can we detect the neutrino-induced torque?

(L. Stodolsky 1975)
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eq�E , E � Ecr =) p� � m� , �dB . Rcav =) p� & ! =) eq� & !
2
/E ⇠ 10

�14
(189)

tacc ⇠ p�/eq�E ⇠

q
2⇡/eq�E , overlap prob. ⇠ (eq�E)

2
tacc �

3
dB . 1 , tacc ⌧ !

�1
, j� ⇠ sin

2
!t sign(sin!t) ⇠ sin!t (190)

!L(scalar) ⇠ eq�B/m� , !L(fermion) ⇠ O(↵em q
2
�) (191)

energy ⇠ mass + kinetic energy ⇠ ma +ma/10
6

, (vDM ⇠ 10
�3

c) , !0 6= 0 , !
�1
0 (192)

Psig / Rexp/�C ⇠ ma Rexp ⌧ 1 , Psig / !0 Rexp � ma Rexp ,

Z

Vcav

~E1 ·
~Ja /

Z

Vcav

~E1 ·
~B0 ⇠ 1 (193)

SNR
2
/

Z
d!

✓
Sres(!)

Sres(!)nth(!, T ) + 1

◆2

, T/! � 1 =) large

p

N thermal fluctuations (194)

SX,Y (!) ⇠ Sres(!)(nth + 1/2 + nBA) + Simp.(!) , SX(!) ⇠ Sres(!)(nth + 1/2 + nleak) + Simp.(!) (195)

SY (!) ⇠ Sres(!)(nth + 1/2 + nBA) + Simp.(!) (196)

100 kHz ⇠ µK ⌧ T (197)

ma v
2
DM ⇠ ma/10

6
(198)

Psig / min (⌧r, ⌧a) (199)

⌧r ⇠
Q

!sig
, ⌧a ⇠

1

ma v
2
DM

⇠
10

6

ma
, ⌧r & ⌧a =) Q & !sig

ma
10

6
(200)

�1  w  �0.95 , ' , w '
'̇
2
/2� V

'̇2/2 + V
2 [�1,�0.95] , m' . 10

�33
eV , L ⇠

@µ'

f'
f̄�

µ
�
5
f +

'

f'
FF̃ , '̇ . meV

2
(201)

L ⇠ GF ⌫̄�
µ
⌫ ē�

µ
�
5
e , H ⇠ GF (n⌫ � n⌫̄) (~ve · ~�e) , SRF cavities regularly employ Q & 10

10
(202)

(!LC ' ma ⌧ 1/Rexp) , (!cav ' ma ⇠ 1/Rexp) , (!0,!1 ⇠ 1/Rcav , !1 � !0 ' ma ⌧ 1/Rexp) (203)
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What is Next?

Direct Detection of Dark Energy



We are now beginning to explore physics beyond 
the Standard Model at scales currently 
unaccessible with previous technology. 

Outlook

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

fundamental physics?

Superconducing cavities can explore axion dark matter 
with Compton wavelengths many orders of magnitude 
larger than terrestrial scales and energy scales near 

that of Grand Unified Theories.

Superconducting cavities

LC circuits can detect the small effects from 
collective excitations of very light particles, 

corresponding to masses well below the kinematic 
thresholds of traditional detectors.

LC circuits Exciting Opportunities Ahead

physics BSM for DarkSRF, 
variety of axion couplings, 

high-frequency gravitational-waves, 
cosmic neutrino background…

Now is an important time


