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Overview

Overview — Quantum Sensor Regimes
Through the dark matter lens
More generally

Quantum Calorimetry

Sub-meV Quantum Sensors: the truly quantum regime

Caveats: 
DM motivates much of the quantum sensing universe
My own expertise is primarily in quantum calorimetry and dark matter
Much of the remainder drawn from DOE reports:

Basic Research Needs for Dark Matter Small Projects New Initiatives (2019)
Basic Research Needs for High Energy Physics Detector Research & Development (2020)
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https://www.osti.gov/servlets/purl/1659757
https://science.osti.gov/-/media/hep/pdf/Reports/2020/DOE_Basic_Research_Needs_Study_on_High_Energy_Physics.pdf?la=en&hash=A5C00A96314706A0379368466710593A1A5C4482
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Dark Matter → Quantum Sensors
QS for particle physics driven in large 

part by 2017 US Cosmic Visions New 
Ideas in DM white paper

Seeking to cover Edep ≲ keV inaccessible 
to classic particle DM searches

QS regime includes both wave-like 
(~classical field) and particle-like DM
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SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	
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Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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DOE BRN for HEP Detector R&D

US Cosmic Visions: New Ideas in Dark Matter 2017

Wave-like DM Particle-like DM

Bosonic DM Fermionic DM

https://science.osti.gov/-/media/hep/pdf/Reports/2020/DOE_Basic_Research_Needs_Study_on_High_Energy_Physics.pdf?la=en&hash=A5C00A96314706A0379368466710593A1A5C4482
https://arxiv.org/abs/1707.04591
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Dark Matter → Quantum Sensors

Wave-like Dark Matter

Occupation number ≫ 1: cannot identify 
individual DM particles, sense 
“Collective force from macroscopic 
numbers of particles”

New light scalar (axion-like particle 
(ALP) or vector (dark photon (DP))

Quantum zero-point fluctuations are the 
primary obstacle: a quantum problem
Fundamentally quantum approaches 

needed to circumvent

Particle-like Dark Matter

Occupation number ≪ 1: individual 
particles can be seen*

Scattering of fermionic DM, absorption 
of heavier ALPs, DPs, and

“Quantum” effects:
Direct creation of single quantum (not via 

identifiable particle recoil)
Use of quantum sensors to see the very 

small energy depositions
eV → meV → µeV?
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✻Occupation number > 1 for bosonic DM does not 
imply particle-like absorption is not possible, but it 
makes classical field detection possible.

https://www.osti.gov/servlets/purl/1659757
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ULDM = ultralight dark matter
EDM = electric dipole moment
GW = gravitational waves
DE = dark energy
FSV = fund. symmetry violations
QND = quantum non-demolition
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Regime/ 
Mass Science Target Quantum Sensor Technology Quantum Protocol

QS1 
< 10−12 

eV
ULDM, EDMs, GW,  

DE, FSV

Atomic and molecular spectroscopy, atom 
interferometers, mechanical sensors, clocks, atomic 
magnetometers, nuclear, electronic, and other spins, 
quantum defects in solids

Superposition, entanglement, 
squeezing, coherence

QS2 
10−12 to 
10−6 eV ULDM incl. axions, 

FSV, new forces/
particles

Nuclear, electronic, and other spins, electromagnetic 
quantum sensors, optical cavities, quantum defects in 
solids

Superposition, entanglement, 
backaction evasion, 
squeezing, coherence

QS3  
10−6 to 
10−1 eV

Superconducting and other qubits, nuclear, 
electronic, and other spins, Rydberg atoms, quantum 
defects in solids

Parametric amplifiers, 
superposition, entanglement, 
squeezing, coherence, QND 
photon counting

QS4 
10−3 to  
104 eV

ULDM scattering/
absorption, FSV,  

new forces/particles
Single-photon counters, low-threshold phonon and 
charge detectors, quantum defects in solids

Non-QND photon counting, 
high spatial resolution 
measurements of particle 
tracks

Beyond DM: Quantum Sensor Regimes
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Quantum Calorimeters

Semi-classical picture
Enough quanta produced to treat as 

continuous variable
Quantization not apparent in Eobserved.

Quantum picture
Production of single charges or scintillation 

photons (eV quantization)
Arguable whether sensing single charges or 

photons is really “quantum” (e.g., PMTs)

Innovations that lead to “quantum” regime:
SNSPDs that detect single photons with near 

100% efficiency
Reaching the regime of detection of  

1-few athermal phonons (meV) or  
1-few thermal phonons (µeV)

Energy depositions so small that “quantum” 
techniques must be used to detect
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Kozorezov et al PRB: 75, 094513 (2007)
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where " is a dimensionless electron-phonon coupling con-
stant of order unity. Equation !4" describes the spatial diffu-
sion of the electron cloud and the simultaneous spectral
transformation. However, to find the phonon distribution
function in !2" we need to know only the electron density.
Thus, integrating !4" over all electron energies and assuming
the diffusion coefficient to be independent of electron energy,
we arrive at the diffusion equation describing the density of
the electron cloud during the E1!!#D stage of the down-
conversion cascade. The normalized electron density !in
units of 2N0!" for electrons diffusing within a layer of thick-
ness d with normal along the z axis !!d /2&z&d /2" is given
by
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Here )m,m! is the Kronecker symbol, x= !z ,r", and r= !x ,y" is
the two-dimensional !2D" vector defining the coordinates in
the xy plane, with diffusion starting from x0. Since we are
not interested in the distribution of phonons parallel to the xy
plane we may integrate n!x , t" over x and y to obtain an

averaged phonon distribution Ñ= !1/A"(dr N!# ,x ,x0 , tdc",
where A is the area of the interface. As a result we obtain
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where we denote ,!x"=exp!!x"sinh!x" /x, and define -2

='2Dtdc /2d2, where E is the photon energy, +=3/2'2$3cs
3,

and cs is the mean sound velocity in the superconductor. This
substitution ensures that the energy at the end of the E1
!#D stage remains equal to E, defining . from !3". Note
that the phonon density profile at tdc is sharper than that of
the electrons, since it is the time convolution of the electron
density.

To evaluate tdc we will consider further details of the E1
!E1!!#D stage. Below E1 by definition /ee0/s, where /ee
and /s are the electron-electron !e-e" and electron-phonon
!e-ph" scattering times, respectively. Nevertheless close to E1
each e-e event results in a drop in electron energy by ap-
proximately a factor 2, while in the energy range )E1 ,E1!*
phonon emission results in a much smaller loss of energy
because #D"E1!. Therefore in the spectral interval )E1 ,E1!*
energy relaxation is controlled by the slower e-e interactions,
while the faster e-ph collisions control momentum relaxation
and hence electron diffusion. At energies lower than E1! with
further decrease of the e-e interaction strength, e-ph interac-
tions finally become dominant for both energy and momen-

tum relaxation. During the whole duration of the E1!#D
stage phonons are emitted across the entire spectrum, and
hence the phonon emission time, which determines momen-
tum relaxation, does not depend on the electron energy since
%0#D. In addition the electron group velocity is essentially
constant within this energy range above the Fermi level.
Thus the electron diffusion coefficient D remains constant
and independent of energy, thus justifying the assumptions
made above.

The energy E1! can be evaluated from the condition

/ee!E1!" =
E1!

2#D
/s. !7"

Since an electron with energy E1! takes on average the same
time to lose half its initial energy whether in a single e-e
process, or by emitting several E1! /2#D phonons !with the
emission of each of those phonons taking time /s", we obtain
from !7"

E1! = 21/3E1
2/3#D

1/3 + #D% E1

#D
&2/3

# #D. !8"

In arriving at this result we assume that for %0#D e-e scat-
tering is not affected by disorder and scales as /ee

!1,%2. To
summarize, a phonon bubble is generated during the E1
!#D stage. The first substage E1!E1! is the faster with an
estimated duration of /ee!E1!"!1/4+1/16+ ¯ "=/ee!E1!" /3.
The second substage E1!!#D takes time /ee!E1!" /2 from E1!
to E1! /2 because there are two equally contributing channels
each with the rate /ee!E1!"!1, and a further /ee!E1!" /2 for pho-
non emission to relax the electron energy from E1! /2 to #D.
Thus our result for the duration of the E1!#D stage is

tdc =
4
3

/s%E1

E1!
&2

=
1
3
%4E1

#D
&2/3

/s. !9"

This parameter is important in determining the distance from
an interface over which phonon loss can occur, as discussed
in Sec. III. The whole down-conversion process is summa-
rized in Fig. 1.

FIG. 1. Schematic picture of photoelectron energy down-
conversion in a superconductor.

ELECTRON ENERGY DOWN-CONVERSION IN THIN… PHYSICAL REVIEW B 75, 094513 !2007"

094513-3

“Logical conclusion” of existing solid-state modalities for sensing phonons, ionization, and 
scintillation
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(typical semiconductors)

Single phonon excitations
(typical crystals)
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Figure 1. Illustration of kinematic regimes probed via the three detection channels considered
in this paper. For an incoming DM particle with velocity v = 10!3, the momentum transfer q and
energy deposition ! are bounded by ! ! qv " q2/2m!, shown by the shaded regions for three DM
masses. Nuclear recoils require ! = q2/2mN for a given type of nucleus, shown by the solid lines for
helium and several elements in existing or proposed crystal targets. Standard calculations assuming
scattering o! individual nuclei break down below a few meV (a few hundred meV) for superfluid He
(crystal targets), where we truncate the lines. Electron transitions can be triggered for ! above the
band gap, which is O(eV) for typical semiconductors, as shown by the dashed line. The end point
at q # 10 keV corresponds to a few times "me, above which valence electron wavefunctions are
suppressed, and only (semi-)core electrons can contribute (which requires ! to be much higher than
the band gap). Single phonon excitations are relevant for ! ! O(100meV) in typical crystals, as
shown by the dotted line. The momentum transfer can be up to q # $

mN!ph # O(100 keV) with
!ph the phonon energies, above which the rate is suppressed by the Debye-Waller factor. We see that
a GeV-mass DM can be probed by all three channels; a 10MeV DM is out of reach in conventional
nuclear recoil searches, but can be searched for via electron transitions in semiconductors and single
phonon excitations in crystals; a sub-MeV DM cannot even trigger electron transitions in eV-gap
materials, but can still be detected via single phonon excitations.

exist simple materials with large anisotropies. As an example, we consider boron nitride

(BN) with a hexagonal crystal structure, and O(eV) band gap, and show that the ex-

pected rate can vary by ±(10 - 40)% during a day as the DM wind enters from di!erent

directions. Such daily modulation signals have been pointed out previously for electron

transitions in graphene [46], carbon nanotubes [47] and Dirac materials such as ZrTe5 and

BNQ-TTF [37, 38], and for single phonon excitations in sapphire [44] where they help

distinguish signal from background. Here we show that also O(eV) band gap three dimen-

– 3 –

Quantum Calorimeters:  
Kinematics and Scattering Modes
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Energy-momentum transfer of galactic DM  
scattering kinematically limited by max vDM

Nuclear recoils follow lines
Truncated where scattering with single nucleus  

invalid, q < (lattice constant)−1

Direct single phonon creation via coherent multi- 
site interaction valid for lower q

Also: coherent photon scattering w/nucleus

Electron recoils

FEG = free electron gas, valid for E > binding energy
superconductor gap, semiconductor/insulator bandgap

Band gap (e.g. Si) shows energies accessible 
by e-h pair creation in semiconductors/insulators
Suppressed for high q because wavefunction too large

Blue shaded region: plasmons
Mostly outside allowed region except for  

heavy f materials (e.g. URu2Si2)

Light/Dark Photon absorption
Coupling to unit cell dipole moment in polar materials

1 K = 86 µeV 
300 K = 25 meV 
Tdebye ~ 10s to 100s of K (2200K for diamond)
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Quantum Calorimeters: Interaction vs. Creation vs. Sensing

Interaction modalities
DM

Nucleus scattering
single-site
multi-site

Electron scattering
single-site
multi-site 

(dielectric absorption function)

Neutrinos
Nucleus scattering

single-site
multi-site

Photons
Electron scattering

single-site
multi-site 

(dielectric absorption function)

Cavity or antenna mode creation
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Creation modalities
Single e-h pair creation

Single scintillation photon 
creation

Single optical phonon creation

Single acoustic phonon 
creation

Single Cooper pair breaking

Single plasmon creation

Exotic quanta
Dirac materials, magnons, …

Single conversion photon 
creation

Sensing Modalities: 
mostly cryogenic

Transition-Edge Sensors 
(TESs)

Kinetic Inductance Detectors 
(KIDs)

Skipper CCDs

Superconducting Nanowire 
Single Photon Detectors 

(SNSPDs)

Parametric amplifiers 
for squeezing

Quantum non-demolition 
(QND) photon detectors
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Quantum Calorimeters Today
Calorimeters based on Transition-Edge Sensors

TESs provide very sharp resistance vs. T curve
Electothermal feedback can be used to stabilize
Electrical signal measures received energy

Coupled to calorimetric substrate via athermal phonon collectors

Now approaching the quantum regime
Large bias voltage provides amplification via Neganov-Trofimov-Luke 

phonons: enables single e-h pair detection
But subject to significant leakage currents: single eh pair detection unreliable

Native resolution ~ 3 eV achieved
Reduced Tc, improved design expected to yield sub-eV resolutions, 

eventually approaching 10 meV
Single eh pair detection without leakage
Single phonon detection
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findings of this paper in Section VIII.

II. QET PHONON DETECTORS

Superconducting phonon calorimeters employ large
target volumes coupled to smaller volume superconduc-
tors to channel energy into a small heat capacity that can
be read out at high signal to noise ratio. Our design uses
a parallel array of Quasiparticle-trap-assisted Electro-
thermal-feedback Transition-edge sensors (QETs) [19] for
each readout channel. As shown in Fig. 1, a QET-based
detector consists of three components: (1) a macroscopic
substrate as the particle-sensing target (a Si crystal in
this case), (2) a superconducting thin film as a phonon
collector (the Al fins), and (3) a Transition-Edge Sensor
(TES) [20].

The TES is made of W with a critical temperature
tuned to ⇠65 mK in the devices described in this pa-
per. On a microscopic level, phonon energy in the target
from particle interactions is converted to superconduct-
ing quasi-particles in the Al fin phonon collectors. The
Al fins employ their small superconducting gap energy
(⇠350 µeV for Al) to separate athermal phonons from the
residual thermal phonons at low temperature (⇠ 1 µeV at
10 mK), thus providing a relatively fast sensor response.
The Al/W overlap region has a lower gap than the Al
bulk, forming a quasiparticle trap which funnels quasi-
particles into the much smaller TES volume as they shed
energy via the emission of phonons.

The TESs connected to these traps are operated in
their superconducting transition with a voltage bias, pro-
ducing an electro-thermal feedback e↵ect [20]. They con-
vert the phonon energy into a current change which can
be sensed using cryogenic amplifiers. The parallel ar-
ray of QET cells are spread out over the crystal surface,
with the number of cells, coverage pattern, and individual
QET design all a↵ecting the performance of the device.

As detailed in Refs. [20–22], the intrinsic energy resolu-
tion of a TES microcalorimeter can be written in terms
of the detector bandwidth (expressed as the time con-
stant ⌧BW), the e�ciency of phonon energy collection ✏,
the thermal conductance G between the TES and the
crystal (and associated power-law constant n), and the
calorimeter operating temperature T0 as

�ph =
1

✏

q
2GkbT

2
0 ⌧BW, (1)

where kb is the Boltzmann constant. For a TES with a
narrow transition width, T0 can be reasonably approxi-
mated by the critical temperature Tc of the TES.

For these devices the G is set by the volume of the TES
and its electron-phonon coupling. The thermal power be-
tween the TES and the crystal is described by the equa-
tion

P0 = ⌃
vTES

⇣TES
T

n
c

✓
1 �


Tb

Tc

�n◆
(2)

FIG. 1. Overview of QET energy transport (top) and de-
sign geometry (bottom). Athermal phonons generated by
events in the substrate propagate with high e�ciency to the
Al/substrate interface, where they are either transmitted or
reflected. The transmitted phonons break Cooper pairs in the
Al creating free, athermal quasiparticles (QPs), which di↵use
through the fin from the initial event. When these QPs en-
counter the lower-gap energy region of the Al/W quasiparticle
trap, they convert most of the initial gap energy to phonons,
heating the TES.

such that, when linearized around Tc, the thermal con-
ductance is

G ⇡ n⌃
vTES

⇣TES
T

n�1
c ⇡ nP0

Tc

����
Tb<<Tc

, (3)

where ⌃ is the electron-phonon coupling constant for a
W TES, ⇣TES is the fraction of the W volume contained
in the TES length, vTES is the total TES volume and n

is the thermal conductance power-law exponent for the
power equation, nominally taken to be n ⇠ 5 for electron-
phonon coupling [23]. Tb is the base temperature of the
cryostat, also known as bath temperature. Because there
is a strong thermal conductance between the crystal and
the bath in our set up, we refer to the crystal temperature
also as Tb when the system is at equilibrium. This allows
us to substitute G in the resolution scaling, giving

�ph ⇡ T
3
c

✏

r
2n⌃

vTES

⇣TES
kb (⌧ph + ⌧�), (4)

where the bandwidth has been broken into phonon col-
lection time ⌧ph and e↵ective TES response time ⌧� (see

Transition-edge sensor (TES)

Superconducting transition

� = dlogR
dlogT

Tc

Temperature
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dTR
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Typically, 10 < � < 1000
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Hilton

~0.1 mm
1-10 cm

Data reconstruction and calibration.—The full data set
was separated into series of 10 000 events. For each series,
noise spectra and phonon pulse templates were computed
from the first and second halves of the digitized traces,
respectively, with the trigger point located in the second
half of the trace. The pulse amplitude and start time were
estimated using the optimal filter formalism (e.g.,
Ref. [23]). We reconstructed amplitudes for individual
channels and their sum in order to quantify signal position
dependence and channel noise covariance. We observed
time variation in the noise spectra and the pulse amplitude
but not in the shape of the templates. Thus, a single
averaged pulse template was generated from laser calibra-
tion events taken over the entire science exposure.
The laser calibration showed that the detector energy

response was nonlinear, requiring a quadratic correction to
convert from the pulse height to an absolute energy scale as
discussed in Ref. [14]. Additionally, the change in the
overall energy scale caused by temperature variations was
corrected by aligning the laser spectral peaks with equal
e!h! pair quanta. The temperature correction was observed
to be linear in energy throughout our analysis region of
0–10 e!h! pairs. Finally, we compared laser events with
events from periods with an elevated surface leakage near
the outer edge of the detector to determine the relative
calibration gain factor between the inner and outer QET
channels. This resulted in a 30% increase in the outer
channel amplitude. The calibrated total energy is thus
position and temperature independent.
The calibrated detector was characterized by varying the

crystal bias voltage and laser intensity while triggering on
the laser coincidence signal. Figure 1 shows the reduced
fill-in between laser peaks as compared to the previous
result in Ref. [14] due to the reduced SGIR. There is still a
population of fill-in events, which is well fit by an impact-
ionization model with 3% ionization probability across the
4 mm crystal thickness [24]. As with Ref. [14], the bias
scans showed linear signal scaling and constant power
noise with increasing voltage (demonstrating ideal NTL
amplification [20,21,25]).
Charge leakage.—Large electric fields used for signal

amplification can autoionize impurities within the crystal
and cause charge carriers to tunnel into the crystal at the
surface, which, along with SGIR, produce background
events within the region of interest for DM searches.
Consequently, we carefully studied the total charge leakage
rate as a function of the bias voltage. In these diagnostic
studies, the acquisition system was configured to trigger on
the laser coincidence signal, with the laser pulsed at 100 Hz
and ! " 2. The Si crystal bias was varied in a staggered
manner, increasing by 20 V and then decreasing by 10 V.
Data were acquired at both the increasing and decreasing
steps after allowing the detector to stabilize for 1 min. This
staggering enabled the study of a 10 V prebias on the
charge leakage of the detector. The energy spectrum of the

charge leakage was determined by scanning the first half of
each trace for pulses using the optimal filter. The resulting
charge leakage spectrum is thus independent of the physical
trigger threshold.
The measured event rate above 0.8 e!h! pairs as a

function of the crystal bias, largely dominated by non-
quantized SGIR at lower voltages, is shown in Fig. 2. The
event rate was #2 Hz up to "140 V ("120 V) for
prebiased (nonprebiased) data. This event rate is 10 !
smaller than achieved previously, demonstrating the effi-
cacy of our SGIR mitigations. Above this voltage, the
quantized leakage rate increased, indicative of increased
surface tunneling at the electrodes (as opposed to auto-
ionization in the bulk). Full breakdown occurred around
180 V, corresponding to a field strength of #450 V=cm in
the crystal bulk and in excess of #1 kV= cm near the
electrode plane.
For the science exposure, the detector was prebiased to

!160 V for 5 min and then biased to !140 V for a minute
prior to data collection to allow the detector to settle. The
prebias was performed after each data series was acquired
to ensure low charge leakage throughout the acquisition. As
shown in Fig. 2, the event rate varied between 0.2 and 3 Hz
above 0.8 e!h! pairs.
Data selection.—From the initial 27.4 hr of raw exposure

at a detector bias voltage of !140 V, a science exposure of

FIG. 1. Laser calibration data showing a resolution of #0.07
e!h! pairs for a short laser-triggered acquisition at 150 V. In the
series shown in this figure, a lower DR temperature allowed for a
30% improvement in energy resolution as compared to the
average value during the science exposure. Both the between-
peak event rate and the energy resolution are significantly
improved compared to the previous result in Ref. [14]. For this
calibration series, the mean photon number (!) was 1.0 to increase
statistics near zero in the short acquisition, while the science
exposure used ! " 2 to cover the full energy range of interest. The
model curve is a maximum likelihood fit of photon distribution
and charge transport parameters, with results described in the text
and Ref. [14].

PHYSICAL REVIEW LETTERS 121, 051301 (2018)

051301-3

PRL 121: 0513401 (2018)
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Quantum Calorimeters Today

Energy resolution: 
sub-eV → meV 
thresholds w/o HV
Direct sensitivity to  

pair-breaking phonons
Large resonators obviate 

phonon collectors

Gapped density of states
Thermal quasiparticles  

exponentially suppressed

Fundamentally non-dissipative
Amenable to QIS techniques  

(e.g. squeezing, QND)

Noise is limited by
quasiparticle population  

fluctuations
amplifier noise

Multiplexing: 
KIDs are Q>105 resonators 

→ Readout many with one 
cryo line/amplifier; most 
electronics at 300K

→ Highly position-resolved 
phonon detection
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MKIDsCALTECH

Advantages of MKIDs

• Relative ease of fabrication:

! Sensor is a single layer of a 

well-understood material e.g. 

aluminum

• Powerful multiplexing strategy:

! Many detectors are coupled to 

a single feedline

! Microwave readout means lots 

of bandwidth per detector

• Readout electronics resides outside 

the cryostat

! Interchangeability

! Simplified development

these detectors have generally been used with individual preampli-
fiers and wiring for the output signals, which is clearly impractical
for large arrays. Instead, a multiplexed readout approach is needed,
in which preamplifiers and signal wiring are shared among multiple
detectors. Multiplexing schemes are now being developed for
transition-edge sensors15,16, but will require complex, custom-
designed superconducting electronics, located close to the detector
array. Our detector concept17 is based on the microwave measure-
ment of the complex impedance of a thin superconducting film, and
allows a simple frequency-domain approach to multiplexing. This
results in a dramatic simplification of the detector array and
associated cryogenic electronics, and harnesses the rapid advances
in wireless communications electronics. The results we present
include the demonstration of single X-ray photon detection with
a high signal-to-noise ratio and a measurement of the detector
noise. Although much work remains to be done to optimize the
performance, and to produce and use practical detector arrays, the
devices already achieve very interesting levels of sensitivity.
In order to explain the operation of our detector, wemust quickly

review the electrodynamics of superconductors18. As its name
implies, a superconductor has zero resistance for d.c. electrical

current. This supercurrent is carried by pairs of electrons, known
as Cooper pairs. Cooper pairs are bound together by the electron–
phonon interaction, with a binding energy 2D < 3.5kBTc, where Tc

is the superconducting transition temperature. However, supercon-
ductors have a nonzero impedance for a.c. currents. An electric field
applied near the surface of a superconductor causes the Cooper
pairs to accelerate, allowing energy storage in the form of kinetic
energy. Because the supercurrent is non-dissipative, this energy may
be extracted by reversing the electric field. Similarly, energy may be
stored in the magnetic field inside the superconductor, which
penetrates only a short distance, l < 50 nm, from the surface.
The overall effect is that a superconductor has a surface inductance
L s ! m0l, due to the reactive energy flow between the super-
conductor and the electromagnetic field. The surface impedance
Zs ! Rs " iqLs also includes a surface resistance Rs, which describes
a.c. losses at angular frequency q caused by the small fraction of
electrons that are not in Cooper pairs, which are called ‘quasipar-
ticles’. For temperatures Tmuch lower than Tc, Rs ,, qLs.

Photons with sufficient energy (hn . 2D) may break apart one or
more Cooper pairs (Fig. 1a). The absorption of a high-energy
photon creates Nqp < hhn/D quasiparticles; the excess quasiparti-

Figure 1 An illustration of the detection principle. a, Photons with energy hn . 2D are

absorbed in a superconducting film cooled to T ,, Tc, breaking Cooper pairs and

creating a number of quasiparticle excitations Nqp ! hhn/D. In this diagram, Cooper

pairs (C) are shown at the Fermi level, and the density of states for quasiparticles18, Ns(E ),

is plotted as the shaded area as a function of quasiparticle energy E. b, The increase in
quasiparticle density changes the (mainly inductive) surface impedance Zs ! R s " iq Ls
of the film, which is used as part of a microwave resonant circuit. The resonant circuit is

depicted schematically here as a parallel LC circuit which is capacitively coupled to a

through line. The effect of the surface inductance L s is to increase the total inductance L,

while the effect of the surface resistance Rs is to make the inductor slightly lossy (adding a

series resistance). c, On resonance, the LC circuit loads the through line, producing a dip
in its transmission. The quasiparticles produced by the photons increase both L s and R s,

which moves the resonance to lower frequency (due to L s), andmakes the dip broader and

shallower (due to R s). Both of these effects contribute to changing the amplitude

(producing power change dP ) (c) and phase (d) of a microwave probe signal transmitted
though the circuit. The definition of the phase angle used here is explained in Fig. 3. The

amplitude and phase curves shown in this illustration are actually the data measured for

the test device (Fig. 2) at 120mK (solid lines) and 260mK (dashed lines). This choice of

circuit design, which has high transmission away from resonance, is very well suited for

frequency-domain multiplexing, because multiple resonators operating at slightly

different frequencies could all be coupled to the same through line.

Figure 2 A microscope photograph of the device tested. Light and dark regions are the

aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)

through line used for excitation and readout. B, Meandered quarter-wavelength resonator

section, with an overall length of 3 mm, and resonance frequency around 10 GHz. C,

coupling capacitor. D, short-circuit termination. The coupling region is magnified in the

inset; the diagram shows the equivalent circuit. Both CPW lines have a 50Q characteristic

impedance, and are fabricated from a single 2,200-Å-thick aluminum film (T c ! 1.23 K)

using standard contact photolithography. The centre conductor of width 3 mm is

separated by 2-mm gaps from ground planes on either side. The fraction a of the total

inductance per unit length contributed by the surface inductance of the aluminium film

can be written as a sum of centre strip and ground plane terms, a ! acentre " aground.

These are calculated to be acentre < 0.04 and aground < 0.02 using a finite-element

method26, assuming an effective penetration depth l ! 50 nm. The measured resonator

quality factor Q ! f0 /Df is 52,500 at low temperatures T ,, Tc (Fig. 1). This device is

mainly sensitive to photon events in the centre strip (V ! 2,000mm3) of the CPW line

rather than in the ground plane, because the microwave current in the ground plane is

concentrated near the edge of the CPW line; quasiparticles generated in the ground plane

near the edge of the CPW line can easily diffuse away. Similarly, the device is more

sensitive to centre strip events occurring near the short-circuited end, where the

standing-wave pattern of the microwave current reaches a maximum. Quasiparticles

generated in the centre strip may also diffuse out of the short-circuited end; the peak

response therefore occurs roughly one diffusion length (,1mm) from this end. Photon

events in the through line are not seen, because there is no resonant enhancement of the

surface impedance effect.

letters to nature

NATURE |VOL 425 | 23 OCTOBER 2003 | www.nature.com/nature818

Day

Kinetic Inductance Detectors (KIDs)
Superconductors have an AC inductance due to inertia of Cooper pairs

KID = superconducting film incorporated into LC resonator to sense change in L

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

22 mm
x 1 mm

75 mm
x 1 mm
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Quantum Calorimeters Today
Skipper CCDs

CCD with two readout innovations
High-frequency differencing to reduce  

impact of 1/f amplifier noise
Non-destructive multiple read cycles to  

reduce electronics noise by √N

Provides similar single-eh pair sensitivity

Currently being applied for DM searches, 
low-light-level astronomy

Superconducting Nanowire Single  
Photon Detectors (SNSPDs)
Threshold detector for single photons

Very narrow (~100 nm) superconducting  
meander biased close to transition

Absorption of photon drives normal

ps timing resolution

Provides high-efficiency, high-fidelity photon  
counter for QIS applications

WSi demonstrated with 100 meV threshold

Very low dark count rate demonstrated,  
applicable for DM searches
But very small volume
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FIG. 1. Single-electron charge resolution using a Skipper
CCD with 4000 samples per pixel (bin width of 0.03 e�). The
measured charge per pixel is shown for pixels with low-light
level illumination (top) and stronger illumination (bottom).
Integer electron peaks can be distinctly resolved in both
regimes contemporaneously. The peak at 0 e� has rms noise
of 0.068 e� rms/ pix while the peak at 777 e� has rms noise of
0.086 e� rms/ pix. The Gaussian fits have �2 = 22.6/22 and
�2 = 19.5/21, respectively. The two measurements demon-
strate the single-electron sensitivity over a large dynamical
range.

TECHNICAL DESCRIPTION

CCD detector

The detector studied here is a p-channel CCD fabri-
cated on high resistivity (⇠10 k⌦ cm) n-type silicon that
was fully depleted at a substrate voltage of 40 V. The sen-
sor is 200 µm thick and composed of 15µm⇥15µm square
pixels arranged in a 4126⇥866 array. The characteristics
of the Skipper CCD are collected in Table I. To reduce
the number of electrons promoted to the silicon conduc-
tion band by thermal fluctuations (“dark current”), the
sensor is operated at low temperatures. Here we operate
the sensor at 140 K, but this could be lowered to ⇠ 100 K
before charge-transfer e�ciency is significantly reduced.
As we discuss further below, the dark current may be
the limiting factor for some applications though signifi-

TABLE I. Skipper CCD Detector Characteristics

Characteristic Value Unit

Format 4126⇥ 866 pixels

Pixel Scale 15 µm

Thickness 200 µm

Operating Temperature 140 Kelvin

Number of Amplifiers 4

Dark Currenta < 10�3 e�/ pix/day

Readout Time (1 sample) 10 µs/pix/amp

Readout Noise (1 sample) 3.55 e� rms/ pix

Readout Noise (4000 samples) 0.068 e� rms/ pix
a The upper limit on dark current comes from measurements on
a similar CCD used by the DAMIC experiment [13].

cant investment has been made to minimize it [14, 15].
Figure 2 shows a simplified diagram of the Skipper

CCD output stage. At t0, all the charge is drained from
the sense node (SN) to Vdrain by applying a pulse to
the dump gate (DG), and the SN voltage is restored
to Vref with a pulse to the reset gate (RG). At t1, the
summing-well gate (SG) phase is raised to transfer the
charge packet to the SN and conclude the readout of the
first sample. To take the second sample, the output gate
(OG) and SG phase are lowered at t2, moving the charge
packet in the SN back under the SG phase and the ref-
erence voltage of the SN is restored applying a pulse to
the RG. This cycle can be repeated to sample the same
charge packet multiple times. A more detailed descrip-
tion of the Skipper output stage can be found in [11].
The CCD is divided into four rectangular regions of

2063⇥433 pixels, each of which is read by an independent
amplifier possessing a distinct readout design. The most
important di↵erence between the readout designs tested
is the size of the floating gate. Smaller floating gates
have smaller capacitance and higher gain, but can be

FIG. 2. Simplified diagram of the Skipper CCD output stage.
H1, H2 and H3 are the horizontal register clock phases. MR
is a switch to reset the sense node to Vref . M1 is a MOSFET
in a source follower configuration. Due to its floating gate,
the Skipper readout performs a non-destructive measurement
of the charge at the SN.
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FIG. 1. Single-electron charge resolution using a Skipper
CCD with 4000 samples per pixel (bin width of 0.03 e�). The
measured charge per pixel is shown for pixels with low-light
level illumination (top) and stronger illumination (bottom).
Integer electron peaks can be distinctly resolved in both
regimes contemporaneously. The peak at 0 e� has rms noise
of 0.068 e� rms/ pix while the peak at 777 e� has rms noise of
0.086 e� rms/ pix. The Gaussian fits have �2 = 22.6/22 and
�2 = 19.5/21, respectively. The two measurements demon-
strate the single-electron sensitivity over a large dynamical
range.

TECHNICAL DESCRIPTION

CCD detector

The detector studied here is a p-channel CCD fabri-
cated on high resistivity (⇠10 k⌦ cm) n-type silicon that
was fully depleted at a substrate voltage of 40 V. The sen-
sor is 200 µm thick and composed of 15µm⇥15µm square
pixels arranged in a 4126⇥866 array. The characteristics
of the Skipper CCD are collected in Table I. To reduce
the number of electrons promoted to the silicon conduc-
tion band by thermal fluctuations (“dark current”), the
sensor is operated at low temperatures. Here we operate
the sensor at 140 K, but this could be lowered to ⇠ 100 K
before charge-transfer e�ciency is significantly reduced.
As we discuss further below, the dark current may be
the limiting factor for some applications though signifi-

TABLE I. Skipper CCD Detector Characteristics

Characteristic Value Unit

Format 4126⇥ 866 pixels

Pixel Scale 15 µm

Thickness 200 µm

Operating Temperature 140 Kelvin

Number of Amplifiers 4

Dark Currenta < 10�3 e�/ pix/day

Readout Time (1 sample) 10 µs/pix/amp

Readout Noise (1 sample) 3.55 e� rms/ pix

Readout Noise (4000 samples) 0.068 e� rms/ pix
a The upper limit on dark current comes from measurements on
a similar CCD used by the DAMIC experiment [13].

cant investment has been made to minimize it [14, 15].
Figure 2 shows a simplified diagram of the Skipper

CCD output stage. At t0, all the charge is drained from
the sense node (SN) to Vdrain by applying a pulse to
the dump gate (DG), and the SN voltage is restored
to Vref with a pulse to the reset gate (RG). At t1, the
summing-well gate (SG) phase is raised to transfer the
charge packet to the SN and conclude the readout of the
first sample. To take the second sample, the output gate
(OG) and SG phase are lowered at t2, moving the charge
packet in the SN back under the SG phase and the ref-
erence voltage of the SN is restored applying a pulse to
the RG. This cycle can be repeated to sample the same
charge packet multiple times. A more detailed descrip-
tion of the Skipper output stage can be found in [11].
The CCD is divided into four rectangular regions of

2063⇥433 pixels, each of which is read by an independent
amplifier possessing a distinct readout design. The most
important di↵erence between the readout designs tested
is the size of the floating gate. Smaller floating gates
have smaller capacitance and higher gain, but can be

FIG. 2. Simplified diagram of the Skipper CCD output stage.
H1, H2 and H3 are the horizontal register clock phases. MR
is a switch to reset the sense node to Vref . M1 is a MOSFET
in a source follower configuration. Due to its floating gate,
the Skipper readout performs a non-destructive measurement
of the charge at the SN.
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Quantum Calorimeters in the Future
Single optical phonon creation/detection

Polar materials:
> 1 atom/unit cell → optical phonons (10s of meV)
polar → unit cell EDM can couple to dark photons

Optical phonon creation provides access to 
electron scattering down to few keV mDM

Single acoustic phonon creation/detection
DM interacting with many nuclei coherently

Requires meV-100 meV thresholds

Eventual reach down to few keV mDM
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Figure 1. Projected reach from single phonon excitations (dashed) and electron transitions (solid) for DM scattering mediated
by a kinetically mixed light dark photon (the smallest-gap target InSb su↵ers from slow convergence in the electronic transition
calculation at m� < 1MeV, for which we show results of the two most accurate runs with solid and dotted curves, see
Appendix A 1 for details). Nuclear recoils (not shown) can also probe this model, but the conclusion on which targets are
superior is the same as for the light hadrophilic mediator model. A detector threshold of 1meV is used for the phonon
calculations, and all transitions with energy deposition greater than the band gaps are included in electron excitations. The
freeze-in benchmark is taken from Refs. [12, 79], corrected by including plasmon decay for sub-MeV DM [80]. Stellar constraints
are from Ref. [81] and direct detection constraints are from DAMIC [61], DarkSide-50 [82], SENSEI [62], SuperCDMS [68],
XENON10 [14, 21], and XENON100 [82, 83].

Thus materials having low energy optical phonon modes
are desirable to search for light dark matter; CsI, for
example, has particularly low-lying optical phonon exci-
tations, and its sensitivity to the lightest DM masses is
seen in Fig. 1.

We can also see that at higher masses, single optical
phonon production rates vary widely between materials.
This can be understood analytically. Consider first the
simplest case of a diatomic polar crystal (e.g. GaAs).
The dominant contribution to the q integral in Eq. (20)
is well within the 1BZ and therefore we can set G = 0,
Wj ' 0, and g(q,!) / q�1. Approximating Z⇤

j
' Z⇤

j
1,

and noting that Z⇤
1
= �Z⇤

2
⌘ Z⇤, we see that the rate

is dominated by the longitudinal optical (LO) mode, for
which one can show ✏LO,k,1 and ✏LO,k,2 are anti-parallel,
and |✏LO,k,j | =

p
µ12/mj in the limit k ! 0, where µ12 is

the reduced mass of the two ions. Further approximating
the phonon dispersion as constant and "1 ' "1 1, the

rate simplifies to

R /
q4
0

mcell

⇢�
m�

�e

"21!LO

Z⇤2

µ2
�e
µ12

log
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m�v20
!LO

◆

/
Z⇤2

A1A2"21
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meV

!LO

◆
⌘ Q . (25)

We call Q a quality factor, since it is the combination
of material-specific quantities that determines the direct
detection rate. A higher-Q material has a better reach
in the high mass regime. More concretely, we find

R '
1

kg yr

✓
Q

10�7

◆✓
me

m�

◆✓
m2

e

µ2
�e

◆✓
�e

10�39 cm2

◆

⇥ log

✓
qmax

qmin

◆
. (26)

Note that although we have focused on the special case
of diatomic polar crystals in order to derive analytic esti-
mates, similar considerations apply for more complicated
crystals. For example, it is not surprising that larger
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Figure 16. Same as Fig. 3, but with di↵erent materials. For reference, gray lines are CsI, Si, and Al2O3 taken from Fig. 3.

Figure 17. Same as Fig. 3, but with di↵erent materials. For reference, gray lines are CsI, Si, and Al2O3 taken from Fig. 3.
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Bosonic DM Fermionic DM

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈
GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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DOE BRN for HEP Detector R&D

US Cosmic Visions: New Ideas in Dark Matter 2017

Wave-like DM Particle-like DM

Sub-meV Quantum Sensors (→ Wave-like DM)

13

Natural limit for quantum calorimeters  
set by smallest available gapped excitation:  

superconductor pair-breaking energy ~ 0.1 meV. 

Smaller gap materials could push 
quantum calorimetry 1-2 more decades  

to thermal limit set by  
dilution refrigerators, 

5-10 mK ~ 1 µeV. 
Perhaps metamaterials can have  

spectrum with smaller gap.

https://science.osti.gov/-/media/hep/pdf/Reports/2020/DOE_Basic_Research_Needs_Study_on_High_Energy_Physics.pdf?la=en&hash=A5C00A96314706A0379368466710593A1A5C4482
https://arxiv.org/abs/1707.04591
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Wide range of techniques depending on coupling and mass: EM, QCD, spin, other

Same approaches amenable to fifth-force/light-shining-through-walls experiments

Sub-meV Quantum Sensors (→ Wave-like DM)
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Sub-meV Quantum Sensors: ULDM via EM Coupling

> 1 µeV (240 Hz) mass range
< 240 Hz impractical for photon conversion given EM-saturated environment

Classic quantum-limited photon detection problem

practical limit of commercial dilution refrigerators ≈ 5-10 mK 
→ Smallest thermal energy per mode accessible ~ 1 µeV ~ 240 MHz 
→ Two regimes:
1 µeV to 100 meV (240 MHz to 24 THz, QS3)

Detection modality can be placed in quantum ground state
e.g., resonant cavity with no thermally generated photons, only 1/2 photon vacuum fluctuation

1 peV to 1 µeV (240 Hz to 240 MHz, QS2)
Thermal state for detection modality unavoidable
Upconvert to GHz for readout to make use of established techniques for sub-SQL amplification
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Sub-meV Quantum Sensors: ULDM via EM Coupling
1 µeV to 100 meV (240 MHz to 24 THz, QS3) example: HAYSTAC axion search ( )

Classical amplifier approach:
Standard quantum limit (SQL): a phase-insensitive amplifier adds 1/2 photon noise in each quadrature

due to internal modes that enable gain in both quadratures

Quantum sensing approach:
Phase-sensitive amplification (Caves, 1982) circumvents this

Attenuate one quadrature while amplifying the other, preserving uncertainty area in quadrature phase space.  
No fundamental limit to noise in amplified quadrature; practical limit set by parasitic losses, 0.01-0.1xSQL achievable

Phase-sensitive amplification applied to vacuum can attenuate vacuum fluctuations in one quadrature 

SQ = vacuum squeezer, AMP = phase-sensitive amplifier

a) vacuum state before SQ

(b)-(d) w/SQ and AMP:
b) vacuum state after SQ: noise squeezed 

in X quadrature, amplified in Y
c) state after addition of signal from cavity
d) state after phase-sensitive amplifier:  

amplify in X, attenuate in Y, without  
adding significant noise

w/o SQ:
Add 1/2 photon vacuum noise in each quadrature

w/o AMP (i.e., a standard amplifier)
Add 1/2 photon amplifier noise in each quadrature

gaγγ
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enabled. We demonstrate that the SSR accelerates the scan
rate at constant sensitivity to axionlike signals by a factor of
2.12! 0.08. Equipping the SSR to a dark matter detector
such as HAYSTAC [11,23] or ADMX [10] will mark the
transition of searches for physics beyond the standard
model to the subquantum limited noise regime.

II. THEORY OF SQUEEZING-ENHANCED
SCAN RATE

Figure 1 shows a representative experimental apparatus
in which a resonant cavity is coupled to a SSR comprising a
pair of JPAs. We start by considering the cavity, whose
internal mode (frequency !c) has Hamiltonian Ĥ "
!!c#X̂2 $ Ŷ2%=2, where X̂ and Ŷ are the noncommuting
quadratures of the cavity field, obeying &X̂; Ŷ' " i. This
cavity is modeled as exchanging energy with three ports.
First, a measurement port couples the cavity mode to the
propagating modes of a transmission line with power decay
rate "m. Along this line, a microwave circulator spatially
separates incoming and outgoing propagating modes.
Second, a loss port, connected to a fictitious transmission
line, models the cavity’s internal energy dissipation at

rate "l. Third, the cavity’s coupling to the signal of interest
at rate "a is modeled as occurring through another fictitious
transmission line; the signal itself is modeled as a micro-
wave generator characterized by its frequency !a, spectral
width !a, and amplitude Ea. We assume Ea ! 1, implying
that the displacement of the cavity mode by the signal is
classical (i.e., the contribution of the signal to the cavity’s
quantum fluctuations can be neglected in comparison
to those coming from the loss and measurement ports).
We also assume a narrow band signal (!a " f"l; "mg) so
weakly coupled (E2

a"a " "l) that the time required to
resolve the displacement is much longer than the signal’s
phase coherence time. Therefore, on average, this displace-
ment yields a small excess power above the vacuum
fluctuations, isotropic in quadrature space (see bottom
panel in Fig. 1). These inequalities are very well satisfied
in the case of the axion field (see the Appendix B).
The SSR itself comprises the two JPAs shown in Fig. 1,

which couple respectively to incoming and outgoing modes
at the cavity’s measurement port. This configuration
exploits the fact that a portion of the vacuum noise exiting
the measurement port arises from vacuum noise incident on
that same port. The first JPA (called SQ) squeezes these
input fluctuations along the X̂ quadrature, reducing the
observable’s variance below vacuum levels: #2X < 1=2
[18,24–27]. To satisfy the uncertainty principle, the oppos-
ing quadrature’s fluctuations exceed vacuum, #2Y > 1=2,
but are not measured. The squeezed input field sub-
sequently enters the cavity, where a small displacement
by the signal would yield a small excess power in both
quadratures. At the measurement port output, the second
JPA (called AMP) noiselessly amplifies only the X̂ quad-
rature with sufficient gain to overwhelm the noise added by
following amplifiers and mixers [20,22,28]. Note that in the
absence of squeezing there is neither a benefit nor a penalty
associated with measuring only one quadrature compared
to the usual two-quadrature case (see Appendix C).
The benefit of squeezing can be understood by analyzing

the microwave network formed by the combination of SSR
and cavity using input-output theory (see Appendix A).
The signal spectral density at the measurement port output
is equal to the signal spectral density at the measurement
port input, weighted by the susceptibility of the measure-
ment port output to the signal port input. Similarly, the
noise density at the measurement port output is a suscep-
tibility-weighted sum of squeezed and unsqueezed noise
from the measurement and loss ports, respectively. In the
absence of transmission losses between the JPAs and the
cavity, the ratio of output signal spectral density to total
output noise spectral density (hereafter called the signal
visibility) is thus
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FIG. 1. Schematic of the SSR and cavity. Two JPAs, SQ and
AMP, respectively, squeeze and read out a microwave field
interacting with a cavity at rate "m. An axionlike field Ea, coupled
to the cavity at rate "a, displaces the cavity state. Energy leaves the
cavity through internal absorption at a rate "l. Bottom panel:
Quadrature representation of a vacuum state detuned from the
cavity resonant frequency, traveling in the SSR. At the SQ’s input
(a) it is Gaussian, azimuthally equiprobable in the #X̂; Ŷ% plane (red
disk). The state is squeezed along X̂ by the SQ (b), displaced along a
random phase within the cavity (c), and amplified along X̂ by the
AMP (d). Comparing to what happens without squeezing (e)–(g),
the size of the signal plus noise (green) relative to the noise (red) in
this quadrature is larger with (d) than without (g) squeezing.
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2.12! 0.08. Equipping the SSR to a dark matter detector
such as HAYSTAC [11,23] or ADMX [10] will mark the
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separates incoming and outgoing propagating modes.
Second, a loss port, connected to a fictitious transmission
line, models the cavity’s internal energy dissipation at
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at rate "a is modeled as occurring through another fictitious
transmission line; the signal itself is modeled as a micro-
wave generator characterized by its frequency !a, spectral
width !a, and amplitude Ea. We assume Ea ! 1, implying
that the displacement of the cavity mode by the signal is
classical (i.e., the contribution of the signal to the cavity’s
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to those coming from the loss and measurement ports).
We also assume a narrow band signal (!a " f"l; "mg) so
weakly coupled (E2

a"a " "l) that the time required to
resolve the displacement is much longer than the signal’s
phase coherence time. Therefore, on average, this displace-
ment yields a small excess power above the vacuum
fluctuations, isotropic in quadrature space (see bottom
panel in Fig. 1). These inequalities are very well satisfied
in the case of the axion field (see the Appendix B).
The SSR itself comprises the two JPAs shown in Fig. 1,
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exploits the fact that a portion of the vacuum noise exiting
the measurement port arises from vacuum noise incident on
that same port. The first JPA (called SQ) squeezes these
input fluctuations along the X̂ quadrature, reducing the
observable’s variance below vacuum levels: #2X < 1=2
[18,24–27]. To satisfy the uncertainty principle, the oppos-
ing quadrature’s fluctuations exceed vacuum, #2Y > 1=2,
but are not measured. The squeezed input field sub-
sequently enters the cavity, where a small displacement
by the signal would yield a small excess power in both
quadratures. At the measurement port output, the second
JPA (called AMP) noiselessly amplifies only the X̂ quad-
rature with sufficient gain to overwhelm the noise added by
following amplifiers and mixers [20,22,28]. Note that in the
absence of squeezing there is neither a benefit nor a penalty
associated with measuring only one quadrature compared
to the usual two-quadrature case (see Appendix C).
The benefit of squeezing can be understood by analyzing

the microwave network formed by the combination of SSR
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port input, weighted by the susceptibility of the measure-
ment port output to the signal port input. Similarly, the
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AMP, respectively, squeeze and read out a microwave field
interacting with a cavity at rate "m. An axionlike field Ea, coupled
to the cavity at rate "a, displaces the cavity state. Energy leaves the
cavity through internal absorption at a rate "l. Bottom panel:
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disk). The state is squeezed along X̂ by the SQ (b), displaced along a
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Sub-meV Quantum Sensors: ULDM via EM Coupling
1 µeV to 100 meV (240 MHz to 24 THz, QS3) example: QND photon counting ( )

Logical limit of squeezing: 
photon counting senses only the amplitude quadrature
insensitive to vacuum fluctuations
quantum non-demolition approach ensures high fidelity to eliminate false positives

e.g., Couple a transmon qubit to axion conversion cavity (Dixit et al 2021)

gaγγ
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Axion induced current 
pumps cavity with photon

Cavity occupation shifts 
qubit transition
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Measure flipped qubit by 
monitoring cavity line shift
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Confirm Qubit Flip w/ Cavity

Measure excited qubit by 
monitoring cavity line shift

� ⇠ 15 MHz

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141302
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Sub-meV Quantum Sensors: ULDM via QCD & Spin Couplings

Exploit the weak coupling between ULDM and nuclear strong charge and/or spin
Axions:

 axion-gluon coupling yields a time-varying nuclear EDM along spin axis

 axion-nuclear-spin coupling causes interaction of nuclear spin with gradient of axion field (axion wind)

In both cases, consider axion to be a classical time-varying field 

Examples:
CASPEr: solid state NMR spin precession when 

Atomic magnetometers, spin-polarized torsion balances suitable for lower frequencies (10-8 to 100 Hz)

gd

gaNN
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~ 50 MHz (100 Hz to 1 MHz) ~ 1 Hz (1 mHz (?) to 100 MHz)

CASPEr 111

sample

magnetometer
(e.g., SQUID)

Fig. 2 Schematic diagram of the CASPEr experiment. When !L ! "a , the nuclear spins in the
sample are tipped away from their initial orientation along B0 due to the axion-induced torque. The
precessing magnetization at!L can be detected with a magnetometer such as a SQUID placed near
the sample

CASPEr Wind. The precessing magnetization can be measured, for example, by
induction through a pick-up loop or with a Superconducting QUantum Interference
Device (SQUID), see Fig. 2.

The amplitude of the NMR signal is proportional to the tilt angle # of the spins
(since under our conditions # " 1), which for CASPEr Electric is given by

#EDM ! dnET2

h̄
! gd

ET2

h̄ma

!
2h̄3

c
$DM , (23)

and for CASPEr Wind is given by

#wind ! µnBaT2

h̄
! gaNN

µnT2

1000h̄2%n

"
2h̄3c3$DM , (24)

where T2 is the spin-precession (transverse) coherence time. The ultimate limit on
T2 is the axion coherence time &a [Eq. (2)], but in many cases T2 is determined by
the material properties of the nuclear spin sample.

A key to CASPEr’s sensitivity is the coherent “amplification” of the effects of
the axion dark matter field through a large number of polarized nuclear spins. For
example, in the case of CASPEr Wind, the spins tip by an angle #wind during the
coherence time [Eq. (24)]. Consider a spherical sample with a polarized nuclear spin
density of n. The amplitude of the oscillating field B1 generated by the precessing
magnetization that is detected by the magnetometer as shown in Fig. 2 is

B1 !
#
8'
3
µnn

$
#wind !

#
8'
3h̄

µ2
nnT2

$
Ba = (Ba , (25)

where the factor ( is the effective enhancement of the measured oscillating field B1
over the pseudo-magnetic field Ba generated by the axion dark matter field. The

https://science.osti.gov/-/media/hep/pdf/Reports/2020/DOE_Basic_Research_Needs_Study_on_High_Energy_Physics.pdf?la=en&hash=A5C00A96314706A0379368466710593A1A5C4482
https://doi.org/10.1007/978-3-030-43761-9_13
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Sub-meV Quantum Sensors: Other Ideas
Fifth Forces: Replace time-varying cosmological DM 

axion-like particle or dark photon field with one 
created in the lab
e.g. ARIADNE

Apply time-varying ALP fifth force to laser-polarized 3He cell 
via rotating sprocket source mass

NMR measurement of 3He (a la CASPEr)
SQUID magnetometer pickup

Opto-Mechanical Approaches for ULDM
Use laser-interferometric techniques to measure 

position difference between fixed and suspended 
masses composed of different materials
e.g.,  axion-nuclear-spin coupling would result in 

different DM forces on materials of same mass

Can benefit from vacuum squeezing/squeeze 
amplification techniques as used in LIGO 
(and HAYSTAC)

gaNN
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FIG. 16: (left) Setup: a sprocket-shaped source mass is rotated so its “teeth” pass near an NMR
sample at its resonant frequency. (right) Projected reach for monopole-dipole axion mediated
interactions. The band bounded by the red (dark) solid line and dashed line denotes the limit set
by transverse magnetization noise, depending on achieved coherence time T2. Current constraints
and expectations for the QCD axion also are shown, adapted from Ref. [172] .

a fictitious magnetic field Be↵ . This fictitious field is used to resonantly drive spin precession
in a laser-polarized cold 3He gas. This is accomplished by spinning an unpolarized tungsten
mass sprocket near the 3He vessel. As the teeth of the sprocket pass by the sample at the
nuclear larmor precession frequency, the magnetization in the longitudinally polarized He
gas begins to precess about the axis of an applied field. This precessing transverse mag-
netization is detected with a superconducting quantum interference device (SQUID). The
experiment sources the axion in the lab, and can explore all mass ranges in its sensitivity
band simultaneously (Fig. 16). A time scale of 2-3 years for construction followed by a
3-year operating phase is envisioned.

66

Carney et al, arXiv:1908.04797
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Sub-meV Quantum Sensors: Atomic Clocks, Atom Interferometers, 
Entanglement, etc.

Signatures of new physics:  
DM and symmetry violation
time-dependent, equivalence-principle-violating  

accelerations
different DM couplings for different types of atoms  

(e.g., )

symmetry violations yielding different forces on 
different kinds of  atoms

time variation of effective fundamental 
constants
e.g., time-varying atomic transition frequencies

nuclear spin precession

Technical advances in atom interferometers
macroscopic delocalization (~1 m scale)

gradiometer configurations to cancel 
environmental systematics

single-photon atom interferometry

sub-nK cooling

dual species 

Entanglement as a tool
Squeezing is one type of entanglement: 

preparation of a specific type of quantum 
state

Generically, entanglement provides robustness 
against random noise processes, 
decoherence, etc.

Entanglement of distant sensors may provide 
ways to search for dark matter, better 
understand dark energy, and/or do new types 
of astronomical observations

gaNN
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Atom
Interferometry

NMR-based
 sensors

a)

c)b)

Figure 32: Examples of quantum ensembles and sensor networks relevant for fundamental physics.
(Left) Atom-Interferometer sensors. Large wave-packet separations consisting of half-meter-scale coher-
ent quantum superpositions have been achieved, leading to unprecedented sensitivity in atom interferome-
ters [255] (Figure credit: T. Kovachy, Northwestern University). (Right) Examples of NMR-based quantum
spin sensors: (a) Schematic of NMR-based sensor for cosmic axion searches (adapted from [256]). The
axion-gluon coupling induces a time-varying electric dipole moment M parallel to the nuclear spin. The
interaction of M with an e↵ective external electric field, E⇤ causes a torque on the nuclear spin. When the
axion Compton frequency matches the nuclear Larmor frequency, the nuclear spin precesses around Bext

and is measurable with a SQUID magnetometer. (b) Schematic of an NMR-based “fifth-force” axion search
(ARIADNE [105, 257]). The unpolarized mass produces an e↵ective magnetic field via the axion poten-
tial, with a range set by the Compton wavelength of the axion. The rotating sprocket-shaped source mass
modulates this field at the 3He nuclear Larmor frequency, driving 3He spin precession that can be measured
with a SQUID magnetometer. (c) Schematic of a magnetic resonance-based experiment (CASPER [256])
searching for axion-like dark matter using the principle described in (a). The magnetic field created by a
superconducting magnet splits the 207Pb nuclear spin states. The coupling of an axion-like dark matter field
to nuclear spin is proportional to the e↵ective electric field E

⇤in a polarized ferroelectric (Figure credit: A.
Sushkov, Boston University).

the number of interacting spins N , and the polarization fraction p in these approaches. Considering the
interaction energy and the corresponding figure-of-merit for a given experimental platform, we can define a
requirement on the product

p
N⌧ for known experimental techniques for searches for the QCD axion and

for axion-like particles/fifth forces based on the necessary sensitivities discussed in Section 3.3.4.

Thrust 2: Develop atomic clocks and interferometers to search for gravitational waves, wave-
like DM, and other new physics (QS1)

Atomic clocks and interferometers are established tools for searches for new physics and tests of fundamental
symmetries [258, 259], and are also promising techniques to search for gravitational waves, wave-like dark
matter, and other new physics due to weakly-coupled dark sectors [260, 261]. Configurations of atomic
clocks and interferometers have been developed for detecting space-time strains due to gravitational waves
for frequencies below those studied at Advanced LIGO and extending above those predicted to be readily
accessible in future spaced-based interferometers such as LISA (see TR 5.22 in Table 13). As noted earlier
in Section 3.5.5, such gravitational waves themselves can be messengers of heavy or dark sector physics from
the primordial Universe. Furthermore, as noted in Section 3.3.4, a somewhat analogous strain results from
oscillating wave-like dark matter, rendering atomic clocks and interferometers ideal tools for searching for
such e↵ects. Wave-like DM (Section 3.3.4) and other weakly coupled dark sectors (Section 3.5.5) can also
produce variations in fundamental constants, which cause time-varying and material-composition-dependent
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Conclusions

The field of quantum sensors is very broad-ranging, employing a wide 
range of techniques from condensed matter physics, atomic/molecular/
optical physics, and quantum information science

The interaction between particle physicists and these other fields has 
been intellectual exciting and very fruitful

Quantum Sensors are opening up significant new parameter space for 
precision measurement searches for new particle physics, resulting in 
the initiation of a wide range of new experiments
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