
Quantum sensing for  
particle and astrophysics

Physics in LHC and Beyond 
May 14, 2022 

Tatsumi Nitta (University of Tokyo, ICEPP) 

Enabling new “new physics search” with quantum sensors



Quantum Sensor
2

“A device, the measurement capabilities of which are enabled by  
our ability to manipulate and read out its quantum states. ” M. Doser

Quantum states ~ basically low energy 
 -> ideal for application to the low energy measurement

sensors Quantum sensors enable us to search:  
- new physics in unprecedented sensitivity  
- new physics which we’ve never searched

Quantum sensors
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Superconducting device 
Magnetometer: SQUID (ABRACADABRA) 
Amplifier: JPA, TWPA (ADMX, HAYSTAC, etc) 
Photon counting: Transmon (FNAL/Chicago),  
                          Rydberg Atom (CARRACK, Yale),  
                          SNSPD, TES, MKID, QCDet, etc

Atom Interferometer

Optomechanical sensors
MAGIS-100, AION, MIGA, ZAIGA

Wind chime



An example: Axion haloscope
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scalar axion field and ga�� is the model-dependent axion-
two photon coupling constant. The two primary models
for axion-to-photon coupling are known as KSVZ (Kim-
Shifman-Vainshtein-Zakaharov) [14] [15] and DFSZ
(Dine-Fischler-Srednicki-Zhitnisky) [16]. KSVZ couples
only to hadrons, whereas DFSZ couples to both hadrons
and leptons. These have values �0.97 and 0.36 respec-
tively. DFSZ couplings are about a factor of 3 weaker
than KSVZ couplings, so require greater experimental
e↵ort to detect. Therefore, reaching the DFSZ sensitiv-
ity has been a long sought after goal of axion experi-
ments. The application of inhomogeneous magnetic field
provides a new channel for axions to decay into a pho-
ton, whose frequency is given by, f = E/h where E corre-

sponds to the total energy of the axion with contributions
primarily from the rest mass energy and a small kinetic
energy term and “h” is the Plack’s constant. This is
known as the Inverse Primako↵ E↵ect. The conversion
is expressed by a Feynmann diagram in (Fig. 1).

In 1983, Pierre Sikivie introduced the axion haloscope,
which uses a large density of virtual photons from a
strong static magnetic field to allow the galactic axions
to convert into real photons inside a microwave cavity.
When the axion’s frequency matches the resonance fre-
quency of the microwave cavity, the conversion rate is
enhanced to detectable levels. The power deposited in
the cavity due to this conversion is given by,
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FIG. 1. Feynman diagram of the inverse Primako↵ e↵ect. An
axion a converts into a photon � by interacting with a virtual
photon �

0
in a static magnetic field B through fermionic loop.

The coupling constant is denoted by ga�� .

Here, V is the volume of the cavity, B is the magnetic
field, Cnlm is the form factor of the cavity, ⇢a is the local
dark matter density, fa is the frequency of the photon
and Q is the loaded quality factor of the cavity. The form
factor is defined as the integral of the overlap between the
electric field of the cavity transverse magnetic mode and
the external magnetic field generated by the magnet [17].
For any given mode in an empty cylindrical cavity, the
TM010 mode has the highest form factor and the cavity
radial dimension corresponds to approximately one-half
of the photon wavelength. In practice, the geometry of
the cavity is more complicated because of the presence
of tuning rods, so simulation is necessary to understand
the form factor.

From Eq. 5, it is clear that experimentalists have sev-
eral handles which can be used to optimize the power
extracted by the receiver. Cavity volume, magnetic field
and quality factor can all be maximized, whereas the re-

maining parameters (g� , ⇢a) are fixed by nature. The
signal-to-noise ratio (SNR) is defined by the Dicke ra-
diometer equation [18]:

S

N
=

Paxion

kBTsys

r
t

b
. (6)

Here S is the signal, N is the noise, Paxion is the power
that would be deposited in the cavity in the event of
an axion signal, kB is the Boltzmann constant, Tsys is
the system noise temperature, t is the integration time,
and b is the measurement frequency bandwidth. The
total system noise temperature Tsys is composed of cav-
ity blackbody noise and amplifier noise, which should be
minimized to achieve the highest possible SNR.

III. THE DETECTOR

ADMX is located at the Center for Experimental Nu-
clear Physics and Astrophysics (CENPA) at the Univer-
sity of Washington, Seattle. The ADMX detector con-
sists of several components collectively referred to as “the
insert” shown in Fig. 2. The insert is lowered into the
bore of a superconducting solenoid magnet, which is op-
erated typically at just under 8 T, for data-taking op-
erations. The cylindrical insert (0.59 m diameter, 3 m
height) contains the microwave cavity, motion control
system for the antenna and cavity tuning rods, cryogenic
and quantum electronics, a dilution refrigerator, a liquid
4He reservoir, a bucking magnet and the Sidecar cav-
ity and electronics. The insert is designed such that the
field sensitive quantum amplifiers, switches and circula-
tors are housed in a field free region, with a volume 0.22
m height by 0.15 m diameter, provided by a bucking coil.
The cavity is inserted concentrically in the magnet bore
to maximize the form factor. The insert also involves

Digitize FFT

Background

axion,
Dark Photon,
etc

P. Sikivie, Phys. Rev. Lett. 51, 1415 (1983) 

mac2/h ∼ fγ [Hz]
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∇ × B = ∂tE + J + gaγγ(B∂ta − E × ∇a)

 ma = 𝒪(1) μeV/c2

λ = 𝒪(100) m
≫ dDM

Pa ∼ O(10−28) W

Resonator
Pa ∼ O(10−24) W

Pa ∼ O(10−8) W

(classical wave)

Quantum  
Sensor/Amp

Pa ∼ O(10−21) W

Axion DM
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Detection Axion Photon Conversion
In a Static B Field • Static magnetic field drive Jeff

• Inductive pickup couples to induced E&B fields
• Transfers power out of the axion field into 

amplifier to readout
• Adding a resonator amplifies the axion 

conversion power
• Can ring up the signal power by ~6 orders 

of magnitude
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PRL 127, 081801 (2021) 
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SQUIDwith volume as V5=6, roughly independent of ma until the
size of the experiment approaches λC [15]. This scaling is
important, because the expected coupling gaγγ is smaller at
lower masses, requiring ever-more-sensitive experiments to
achieve a detection. ABRACADABRA is an experimental
program designed to detect axions at the grand unification
scale using a strong toroidal magnetic field [15].
ABRACADABRA is part of a suite of ADM experiments
which together aim to probe the full QCD axion parameter
space [19–27]. The experiment we report on here,
ABRACADABRA-10 cm, is a prototype for a larger
ADM detector that would be sensitive to the QCD axion.
This Letter presents data collected in 2020 that is up to an
order of magnitude more sensitive than our previous results
[28] and places strong limits on ADM in the 0.41–8.27 neV
range of axion masses.
ABRACADABRA-10 cm detector.—TheABRACADABRA-

10 cm detector is built around a 12-cm-diameter, 12-cm-
tall, 1 T toroidal magnet fabricated by Superconducting
Systems Inc. [29]. The axion interactions with the toroidal
magnetic field B0 drive the effective current, Jeff , which
oscillates parallel to B0 and sources a real oscillating
magnetic field through the toroid’s center. The oscillating
magnetic flux is read out with a two-stage dc super-
conducting quantum interference device (SQUID) via a
superconducting pickup in the central bore. Unlike other
axion detector designs, this novel geometry situates the
readout pickup in a nominally field-free region unless
axions are present [15]. The detector can be calibrated by
injecting fake axion signals (i.e., ac currents) through a wire
calibration loop that runs through the body of the magnet.
The detector, illustrated schematically in Fig. 1, is located
on MIT’s campus in Cambridge, Massachusetts.
In 2019, we performed several detector upgrades from

the run 1 configuration in order to improve our sensi-
tivity [28,31]. In this Letter, we report the results of the
subsequent data campaign (run 3), collected after the
detector upgrade. Run 3 data consist of ∼430 h of data
collected from June 5 to June 29, 2020.
Before the upgrades were complete, we took additional,

uncalibrated data (run 2), which is not presented here. A
subset of that data was instead used to develop our data
analysis procedure in order to run a blind analysis on the
run 3 data, as described in detail below.
The total expected axion power A coupled into our

readout pickup is related to the axion-induced flux Φa as

A≡ hjΦaj2i ¼ g2aγγρDMG2V2B2
max; ð2Þ

where G is a geometric coupling, V is the magnetic field
volume, Bmax is the maximum value of jB0j, and the angle
brackets denote the time average [15,32]. Run 1 utilized a
4.02-cm-diameter pickup loop made from a 1-mm-diameter
wire, giving G ≈ 0.027. In 2019, we replaced this read-
out with a 10-cm-tall, 5.1-cm-diameter superconducting

cylinder pickup centered in the toroid bore. This consisted
of a 150-μm-thick Nb sheet wrapped around a polytetra-
fluoroethylene cylinder. This design yields a stronger
geometric coupling to Jeff of G ≈ 0.031 and decreases
the inductance of the pickup [15]. We compute G using
electromagnetic simulations in the COMSOL MULTIPHYSICS

package [31,33].
To amplify our signal, Φa is coupled into the readout

SQUID through the pickup circuit (see Fig. 1) yielding a
transformer gain Min=LT , where Min is the input coupling
to the SQUID and LT ≡ Lp þ Lin þ Lwires is the total
inductance of the pickup circuit, with Lp the pickup
cylinder inductance, Lin the input inductance of the
SQUID package, and Lwires the parasitic inductance,
dominated by the twisted pair wiring. The SQUID, manu-
factured by Magnicon [34], is read out using Magnicon’s
XXF-1 SQUID electronics operating in closed feedback
loop mode. The run 1 sensitivity was limited by parasitic
inductance in the NbTi wiring of this circuit that placed a
lower limit on LT ≳ 1.6 μH. During the upgrade, we
replaced this wiring, moving the SQUIDs closer to the

FIG. 1. Top: schematic of ABRACADABRA-10 cm showing
the effective axion-induced current (blue), sourced by the toroidal
magnetic field, generating a magnetic flux (magenta) through the
pickup cylinder (green) in the toroid bore. Bottom: simplified
schematic of the ABRACADABRA-10 cm readout (full circuit
diagram in Supplemental Fig. S1 [30]). The pickup cylinder Lp is
inductively coupled to the axion effective current Jeff . The power
spectrum of the induced current is read out through a dc SQUID
inductively coupled to the circuit through Lin. An axion signal
would appear as excess power above the noise floor at a
frequency corresponding to the axion mass.

PHYSICAL REVIEW LETTERS 127, 081801 (2021)

081801-2

Sensitive to axion DM having mass below 1μeV

DM-radio collaboration is aiming to reach DFSZ 
axions with m^3 size detector

ABRACADABRA-10cm

LC resonator

Utilize Josephson relations
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ADMX-sidecar
arXiv:2110.10262 (2021)

Since those axion-photon couplings are expected to be
small, Oð10−17–10−12Þ GeV−1, axions predicted by the
models are called “invisible” axions [27].
To date, only the Axion Dark Matter eXperiment

(ADMX) [28–33] has attained a sensitivity to the DFSZ
model, which is a particularly well-motivated model
because it can be grand unified. ADMX is a haloscope
experiment [1,27,34] searching for axions within the local
halo with a cold resonant cavity immersed in a static
magnetic field. Maxwell’s equations modified to include
the axion-photon interaction imply that an oscillating axion
field (ϕ) in a static magnetic field (B⃗) induces an oscillating
electric current, j⃗a ¼ gaγγB⃗∂tϕ, where gaγγ is the coupling
of the axion to two photons. The electric current j⃗a
oscillates with a frequency E=h, where E is the sum of
the mass (m) and kinetic energy of dark matter axions and h
is the Planck’s constant. E=h ≈mc2=h because halo axions
are nonrelativistic. The induced currents resonantly drive
electromagnetic modes of the cavity with a resonant
frequency equal to the frequency E=h of axion field
oscillations. This signal is extracted by an antenna, ampli-
fied by several amplifiers, and sampled by a digitizer.
Because the power from the axion signal is extremely small
due to the minuscule axion-photon coupling, physical
temperatures, and electronic noise from the amplifiers need
to be as low as possible.
Previous reports by the ADMX collaboration have

excluded masses over 2.7–3.3 μeV for the DFSZ model
[32,33]. This Letter reports results of the search for axions
in the 3.3–4.2 μeV mass range.
The ADMX experimental apparatus consists of a 136l

cylindrical copper-plated stainless steel microwave cavity
in a 7.5 T superconducting magnet. Two movable bulk
copper rods inside the cavity tune its resonant frequency. A
variable depth antenna at the top of the cavity picks up rf
signals inside the cavity. The coupling to the cavity is kept
in a critically or overcoupled state by varying the insertion
depth of the antenna to maximize the sensitivity to axion
signals. A simplified rf diagram for the ADMX apparatus is
shown in Fig. 1. The rf signals extracted from the cavity
pass through two circulators and are amplified by the first
stage amplifier, a Josephson parametric amplifier (JPA)
[35]. The JPA achieves parametric amplification using the
four-wave mixing produced by the nonlinearity of its
SQUID (superconducting quantum interference device)
loops. The JPA exhibits ultralow noise performance, just
above the quantum limit, by adding noise only from the
thermal population of the mode at the idler frequency [36].
The JPA is operated in a phase-preserving mode with a
static current run through a nearby flux loop to bias the
SQUIDs and a pump tone offset by 300 kHz from the
resonant frequency of the cavity. Because the circulators
and the JPA are sensitive to external magnetic fields, they
are placed in a magnetic-field-free region generated by a

bucking coil magnet designed to cancel the stray magnetic
field from the main superconducting magnet. Empirically,
we found that for a fixed bucking coil current, variations
smaller than 0.2 A in the main magnet produced no signi-
ficant changes in the JPA performance. Additionally, the
JPA is inside a three-layer μ-metal shield to attenuate any
remaining fields. By fine-tuning the bias current and pump
power, we achieved a power gain of 15–30 dB across the
frequency range. Amplified rf signals propagate through
two circulators and are further amplified by the second
stage amplifier, a heterostructure field effect transistor
amplifier, model number LNF-LNC0.6_2A [37], placed
at the 4 K stage. At room temperature, these rf signals are
amplified by a heterostructure field effect transistor ampli-
fier, mixed down to 10.7 MHz, and sampled by the
digitizer. The resonant modes of the cavity and the antenna
coupling are monitored by a vector network analyzer via
the weak port and cavity bypass rf lines. A dilution
refrigerator maintained an approximate temperature of
110 mK at the mixing chamber, enabling temperatures
of 150 mK at the cavity and 120 mK at the JPA and
circulators. Further details can be found in Ref. [38].
The power from axion conversion inside the

cavity [27] is

FIG. 1. The ADMX rf diagram. C1, C2, and C3 are circulators.
The JPA is connected with a pump power line via a directional
coupler. The gray-colored rectangular boxes denote cryogenic
attenuators. The switch is connected to the cavity during data
taking, the bypass for the hot load is used for system noise
calibrations.

PHYSICAL REVIEW LETTERS 127, 261803 (2021)
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HAYSTAC
PRL 118, 061302 (2017)
Nature 590, 238-242 (2021)

Amplifier only adds idler temperature 
~ 200 mK ~ 10−24 W/Hz

JPA (Josephson Parametric Amplifier) 

TWPA (Traveling Wave Parametric Amplifier) 

Broadband amplification 
~ O(GHz) (but less gain)

works at GHz 
30 dB gain
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JPA/TWPA itself Single Photon Detection

I
Q

: ~30 mK@1GHz,  

                   ~300 mK@10GHz

ΔnΔϕ ≥
1
2

Standard quantum amplifiers’ performance is limited by SQL

Quantum 
Squeezing

I

Q

TAMA/LIGO/ 
Virgo/KAGRA 
HAYSTAC

Rydberg Atom 
Superconducting Qubit 
etc

Quantum Limited Amps Defeating SQL

Phys. Rev. D 23, 1693 (1981)
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HAYSTAC
Nature 590, 238-242 (2021)

LIGO
Nature 7, 613-619 (2013)
PRL 123, 231107 (2021)

nonlinear 
device

γ

γsqueezed

2 dB improvement against SQL 4 dB improvement against SQL
nonlinearity: PPKTP crystal (OPO) nonlinearity: Josephson Junction (JPA)
LIGO HAYSTAC

Loss of intermediate device 
limits their squeezing quality 
ϵγsqueezed + (1 − ϵ)γcirculator
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FIG. 1. Superconducting transmon qubit dispersively

coupled to high Q storage cavity. a, Schematic of pho-
ton counting device consisting of storage and readout cavities
bridged by a transmon qubit [28]. The interaction between
the dark matter and electromagnetic field results in a photon
being deposited in the storage cavity. b, Qubit spectroscopy
reveals that the storage cavity population is imprinted as a
shift of the qubit transition frequency. The photon number
dependent shift is 2� per photon.

photons [22]. Here, we develop a detector that is sensitive
in the microwave regime and has a low dark count proba-
bility commensurate with the small signal rates expected
in a dark matter experiment.

Qubit based photon counter

In order to construct a single photon counter, we
employ quantum non-demolition (QND) techniques pi-
oneered in atomic physics [23, 24]. To count photons, we
utilize the interaction between a superconducting trans-
mon qubit [25, 26] and the field in a microwave cavity,
as described by the Jaynes-Cummings Hamiltonian [27]
in the dispersive limit (qubit-cavity coupling ⌧ qubit,
cavity detuning): H/h̄ = !ca†a + 1

2
!q�z + 2�a†a 1

2
�z.

The Hamiltonian can be recast to elucidate a key fea-
ture: a photon number dependent frequency shift (2�)
of the qubit transition (Fig. 1(b)).

H/h̄ = !ca
†a+

1

2
(!q + 2�a†a)�z (1)

We use an interferometric Ramsey measurement of the
qubit frequency to infer the cavity state [29]. Errors in
the measurement occur due to qubit decay, dephasing,
heating, cavity decay, and readout infidelity, introduc-
ing ine�ciencies or worse, false positive detections. For
contemporary transmon qubits, these errors occur with
much greater probability (1-10%) than the appearance
of a dark matter induced photon, resulting in a measure-
ment that is limited by detector errors. The qubit-cavity
interaction (2�a†a 1

2
�z) is composed solely of number op-

erators and commutes with the bare Hamiltonian of the
cavity (!ca†a) and qubit ( 1

2
!q�z). Thus, the cavity state

collapses to a Fock state (|0i or |1i in the n̄ ⌧ 1 limit)
upon measurement, rather than being absorbed and de-
stroyed [30–33]. Repeated measurements of the cavity
photon number made via this QND operator enable us
to devise a counting protocol, shown in Fig. 2(a), insen-
sitive to errors in any individual measurement [34–36].

This provides exponential rejection of false positives with
only a linear cost in measurement time.
In this work, we use a device composed of a high qual-

ity factor (Qs = 2.06 ⇥ 107) 3D cavity [37, 38] used to
accumulate and store the signal induced by the dark mat-
ter (storage, !s = 2⇡ ⇥ 6.011GHz), a superconducting
transmon qubit (!q = 2⇡ ⇥ 4.749GHz), and a 3D cavity
strongly coupled to a transmission line (Qr = 1.5⇥ 104)
used to quickly read out the state of qubit (readout,
!r = 2⇡ ⇥ 8.052GHz) (Fig. 1(a)). We mount the de-
vice to the base stage of a dilution refrigerator at 8mK.
To count photons, we repeatedly map the cavity pop-

ulation onto the qubit state by performing a cavity num-
ber parity measurement with Ramsey interferometry, as
depicted in Fig. 2(a). We place the qubit, initialized ei-
ther in |gi or |ei, in a superposition state 1p

2
(|gi ± |ei)

with a ⇡/2 pulse. The qubit state precesses at a rate of
|2�| = 2⇡ ⇥ 1.13MHz when there is one photon in the
storage cavity due to the photon dependent qubit fre-
quency shift. Waiting for a time tp = ⇡/|2�| results in
the qubit state accumulating a ⇡ phase if there is one
photon in the cavity. We project the qubit back onto the
z-axis with a �⇡/2 pulse completing the mapping of the
storage cavity photon number onto the qubit state. We
then determine the qubit state using its standard disper-
sive coupling to the readout resonator. For weak cavity
displacements (n̄ ⌧ 1), this protocol functions as a qubit
⇡ pulse conditioned on the presence of a single cavity
photon [29]. If there are zero photons in the cavity, the
qubit remains in its initial state. If there is one photon
in the cavity, the qubit state is flipped (|gi $ |ei). More
generally, this protocol is sensitive to any cavity state
with odd photon number population.

Hidden Markov model analysis

In order to account for all possible error mechanisms
during the measurement protocol, we model the evolu-
tion of the cavity, qubit, and readout as a hidden Markov
process where the cavity and qubit states are hidden vari-
ables that emit as a readout signal (see Fig. 2(b)). The
Markov chain is characterized by the transition matrix
(T) (Eqn. 2) that governs how the joint cavity, qubit
hidden state s 2 [|0gi , |0ei , |1gi , |1ei] evolve, and the
emission matrix (E) (Eqn. 3) which determines the prob-
ability of a readout signal R 2 [G,E ] given a possible hid-
den state.
The transition matrix captures the possible qubit (cav-

ity) state changes. Qubit (cavity) relaxation |ei ! |gi
(|1i ! |0i) occurs with a probability P #

eg = 1 � e�tm/T q
1

(P10 = 1 � e�tm/T s
1 ). The probability of spontaneous

heating |gi ! |ei (|0i ! |1i) of the qubit (cavity) to-
wards its steady state population is given by P "

ge =

n̄q[1 � e�tm/T q
1 ] (P01 = n̄c[1 � e�tm/T s

1 ]). n̄c is set to
zero in the model in order to penalize events in which a
photon appears in the cavity after the measurement se-
quence has begun. This makes the detector insensitive

2
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coupled to high Q storage cavity. a, Schematic of pho-
ton counting device consisting of storage and readout cavities
bridged by a transmon qubit [28]. The interaction between
the dark matter and electromagnetic field results in a photon
being deposited in the storage cavity. b, Qubit spectroscopy
reveals that the storage cavity population is imprinted as a
shift of the qubit transition frequency. The photon number
dependent shift is 2� per photon.

photons [22]. Here, we develop a detector that is sensitive
in the microwave regime and has a low dark count proba-
bility commensurate with the small signal rates expected
in a dark matter experiment.

Qubit based photon counter

In order to construct a single photon counter, we
employ quantum non-demolition (QND) techniques pi-
oneered in atomic physics [23, 24]. To count photons, we
utilize the interaction between a superconducting trans-
mon qubit [25, 26] and the field in a microwave cavity,
as described by the Jaynes-Cummings Hamiltonian [27]
in the dispersive limit (qubit-cavity coupling ⌧ qubit,
cavity detuning): H/h̄ = !ca†a + 1
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!q�z + 2�a†a 1
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The Hamiltonian can be recast to elucidate a key fea-
ture: a photon number dependent frequency shift (2�)
of the qubit transition (Fig. 1(b)).

H/h̄ = !ca
†a+

1

2
(!q + 2�a†a)�z (1)

We use an interferometric Ramsey measurement of the
qubit frequency to infer the cavity state [29]. Errors in
the measurement occur due to qubit decay, dephasing,
heating, cavity decay, and readout infidelity, introduc-
ing ine�ciencies or worse, false positive detections. For
contemporary transmon qubits, these errors occur with
much greater probability (1-10%) than the appearance
of a dark matter induced photon, resulting in a measure-
ment that is limited by detector errors. The qubit-cavity
interaction (2�a†a 1

2
�z) is composed solely of number op-

erators and commutes with the bare Hamiltonian of the
cavity (!ca†a) and qubit ( 1

2
!q�z). Thus, the cavity state

collapses to a Fock state (|0i or |1i in the n̄ ⌧ 1 limit)
upon measurement, rather than being absorbed and de-
stroyed [30–33]. Repeated measurements of the cavity
photon number made via this QND operator enable us
to devise a counting protocol, shown in Fig. 2(a), insen-
sitive to errors in any individual measurement [34–36].

This provides exponential rejection of false positives with
only a linear cost in measurement time.
In this work, we use a device composed of a high qual-

ity factor (Qs = 2.06 ⇥ 107) 3D cavity [37, 38] used to
accumulate and store the signal induced by the dark mat-
ter (storage, !s = 2⇡ ⇥ 6.011GHz), a superconducting
transmon qubit (!q = 2⇡ ⇥ 4.749GHz), and a 3D cavity
strongly coupled to a transmission line (Qr = 1.5⇥ 104)
used to quickly read out the state of qubit (readout,
!r = 2⇡ ⇥ 8.052GHz) (Fig. 1(a)). We mount the de-
vice to the base stage of a dilution refrigerator at 8mK.
To count photons, we repeatedly map the cavity pop-

ulation onto the qubit state by performing a cavity num-
ber parity measurement with Ramsey interferometry, as
depicted in Fig. 2(a). We place the qubit, initialized ei-
ther in |gi or |ei, in a superposition state 1p

2
(|gi ± |ei)

with a ⇡/2 pulse. The qubit state precesses at a rate of
|2�| = 2⇡ ⇥ 1.13MHz when there is one photon in the
storage cavity due to the photon dependent qubit fre-
quency shift. Waiting for a time tp = ⇡/|2�| results in
the qubit state accumulating a ⇡ phase if there is one
photon in the cavity. We project the qubit back onto the
z-axis with a �⇡/2 pulse completing the mapping of the
storage cavity photon number onto the qubit state. We
then determine the qubit state using its standard disper-
sive coupling to the readout resonator. For weak cavity
displacements (n̄ ⌧ 1), this protocol functions as a qubit
⇡ pulse conditioned on the presence of a single cavity
photon [29]. If there are zero photons in the cavity, the
qubit remains in its initial state. If there is one photon
in the cavity, the qubit state is flipped (|gi $ |ei). More
generally, this protocol is sensitive to any cavity state
with odd photon number population.

Hidden Markov model analysis

In order to account for all possible error mechanisms
during the measurement protocol, we model the evolu-
tion of the cavity, qubit, and readout as a hidden Markov
process where the cavity and qubit states are hidden vari-
ables that emit as a readout signal (see Fig. 2(b)). The
Markov chain is characterized by the transition matrix
(T) (Eqn. 2) that governs how the joint cavity, qubit
hidden state s 2 [|0gi , |0ei , |1gi , |1ei] evolve, and the
emission matrix (E) (Eqn. 3) which determines the prob-
ability of a readout signal R 2 [G,E ] given a possible hid-
den state.
The transition matrix captures the possible qubit (cav-

ity) state changes. Qubit (cavity) relaxation |ei ! |gi
(|1i ! |0i) occurs with a probability P #

eg = 1 � e�tm/T q
1

(P10 = 1 � e�tm/T s
1 ). The probability of spontaneous

heating |gi ! |ei (|0i ! |1i) of the qubit (cavity) to-
wards its steady state population is given by P "

ge =

n̄q[1 � e�tm/T q
1 ] (P01 = n̄c[1 � e�tm/T s

1 ]). n̄c is set to
zero in the model in order to penalize events in which a
photon appears in the cavity after the measurement se-
quence has begun. This makes the detector insensitive
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FIG. 3. Detector characterization. a, After a variable
initial cavity displacement, 30 repeated parity measurements
of cavity photon state are performed and a threshold �thresh

is applied to determine the cavity population. Detector ef-
ficiency (⌘) and false positive probability (�) are determined
from the fit in orange. The dashed red line corresponds to the
standard quantum limit, which results in the noise-equivalent
of one photon occupation. b, The e�ciency corrected false
positive probability (�/⌘) vs threshold (�thresh) curve asymp-
totes at high thresholds, indicating qubit errors are now a
subdominant contribution to the total detector false positive
probability. c, Histograms of log likelihood ratios of all events
for two di↵erent injected mean photon numbers. The his-
togram y-axis is cut o↵ at 4 counts to view the rare events at
high log likelihood ratios. The dashed grey line corresponds to
�thresh = 105 used in a. The unexpected photon events when
very small photon numbers are injected with log likelihood
ratios are from a photon background occupying the storage
cavity rather than detector error based false positives.

ability � = 4.3± 1.1 ⇥ 10�4 at threshold �thresh = 105

with goodness of fit �2

fit
= 0.0048.

Fig. 3(b) shows the e�ciency corrected false posi-
tive probability (�/⌘) initial decrease for low likelihood
thresholds �thresh, indicating a suppression of qubit and
readout based false positives. Leveling o↵ at larger
thresholds indicates that the dominant source of false
positives is no longer detector errors, but rather a back-
ground of real photons.

False positives that occur when qubit errors are highly
suppressed (at large �thresh) are due to a photon back-
ground in the storage cavity. In experiments with no pho-
tons injected into the cavity, we observe events with high
likelihood ratios comparable with those seen in experi-
ments with injected photons (Fig. 3(c)). The detector
thus correctly identifies real photons which set the back-
ground for dark matter searches. We measure the back-
ground cavity occupation to be n̄c = 7.3± 2.9 ⇥ 10�4,
corresponding to a temperature of 39.9± 2.2mK.

Because the measured cavity photon temperature is
greater than the physical 8mK temperature of the de-

vice there must be coupling to extraneous baths. One
contribution, arising from coupling to quasiparticles via
qubit dressing of the cavity [44], results in a photon
population of n̄q

c = 1.8± 0.1 ⇥ 10�4 (see Supplemen-
tal Material). Suppression of quasiparticle production
could be achieved by enhanced infrared filtering, exten-
sive radiation shielding, gap engineering, and quasiparti-
cle trapping [45–47]. Other sources of background pho-
tons could include blackbody radiation from higher tem-
perature stages of the dilution refrigerator, poorly ther-
malized or insu�ciently attenuated microwave lines, or
amplifier noise [48, 49].

Hidden photon dark matter exclusion

By counting photons with repeated parity measure-
ments and applying a Markov model based analysis, we
demonstrate single photon detection with background
shot noise reduced to �10 log

10

p
n̄c = 15.7± 0.9 dB be-

low the quantum limit. We use this detection technique
to conduct a narrow band hidden photon search. We col-
lect 15,141 independent measurements where the injected
n̄ is well below the background population n̄c and the
time between measurements is much longer than either
cavity or qubit timescale. Each measurement consists
of integrating the signal (for the cavity lifetime, T s

1
=

546 µs) and counting the number of photons in the cavity
with 30 repeated parity measurements (30⇥tm = 300µs).
The total search time is 15,141⇥ (546+ 300)µs = 12.81 s
with a duty cycle of 546µs

846µs = 65% (8.33 s of integration).

We apply a detection threshold of �thresh = 105, such
that the qubit and readout errors are suppressed below
the background photon probability ( 1

�thresh+1
< n̄c). We

count 9 photons in 15,141 measurements. Accounting for
the systematic uncertainties of the experiment (statistical
uncertainties are dominant, see Supplemental Material
for full treatment of all systematics [50, 51]), a hidden
photon candidate on resonance with the storage cavity
(m�0c2 = h̄!s), with mixing angle ✏ > 1.68 ⇥ 10�15 is
excluded at the 90% confidence level. Fig. 4 shows the
regions of hidden photon parameter space excluded by
the qubit based search, assuming the hidden photon com-
prises all the dark matter density (⇢DM = 0.4GeV/cm3).
The detector is maximally sensitive to dark matter can-
didates with masses within a narrow window around the
resonance frequency of the cavity. This window is set
by the lineshape of the dark matter [52] (QDM ⇠ 106)
such that the sensitivity falls to half the maximum (-3dB
point) 3 kHz away from the cavity resonance. Addition-
ally, sensitivity to o↵ resonant candidates occurs in re-
gions where the photon number dependent qubit shift is
an odd multiple of the dispersive shift 2� (see Supplemen-
tal Material for calculation of hidden photon constraints
[53]).
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quality factor (Q) should be as high as possible and also
the conversion efficiency of axions into photons in the
cavity should be as high as possible in order to make the
efficiency of axion detection high enough.

γ
axion

laser

e

g

strong magnetic field
free from
magnetic field

selective
field
ionization
detector

electron
detector

conversion cavity detection cavity − V

0
e

ion

Bext
Rydberg 
atoms

gαγγ

FIG. 1. Principle of the present experimental method to
search for cosmic axions with Rydberg atoms in cooled reso-
nant cavities. The axions are converted into photons in the
conversion cavity permeated by a strong magnetic field, and
then the converted photons are absorbed by the Rydberg
atoms in the detection cavity which is free from the mag-
netic field. Only the excited Rydberg atoms are ionized and
detected with the selective field ionization method. The cavi-
ties are cooled down to ∼ 10 mK with a dilution refrigerator.

A pilot experimental apparatus of this line called CAR-
RACK1 has been developed and is being used to search
for dark matter axions at around 2.4 GHz (axion mass
of 10 µeV). To realize the above mentioned requirements
actually, two single-mode cylindrical TM010 cavities are
coupled through a ring-shape hole between them. One
component of the coupled cavity is made of copper which
is permeated by the strong magnetic field produced with
a superconducting magnet and the other component is
made of niobium to expel out the external magnetic field
with the Meissner effect. Specifically the cavity system
is attached to the bottom plate of the mixing chamber
of a dilution refrigerator (DF) and thus the whole cavity
and the adjacent detector components are cooled down
to 10 mK range in order to reduce the thermal blackbody
photons in the cavity. The cavity resonant frequency is
tunable over ∼ 15% by moving dielectric rods inserted in-
dependently in both cavity components along the cylin-
drical symmetry axis. In due course of the development,
much attention has been especially paid to cool the sys-
tem down to 10 mK range and also to get high Q cavities.
Although the present cavity system was constructed

exclusively to be dedicated to search for dark matter ax-
ions, we believe that the underlying development of such
system will also be useful to other kind of applications in
general. In this note, the design principle and the actual
apparatus of the present cavity system are described in
sections 2 and 3. Then the characteristics and the per-
formance of the system is presented and discussed in sec-
tions 4 and 5 with possible improvements in future. Sec-
tion 6 is devoted to summarize the results of the present
investigation.

II. DESIGN PRINCIPLE

A. General

Assuming the dark matter of our own galaxy (dark
halo) consisting of axions, the number density of axions
is given by

n̄a = 3.0× 1013
( ρa
0.3GeVcm−3

)

(

10−5eV

ma

)

, (2.1)

where ma is the mass of axion and the energy density of
the cosmic axions ρa is taken to be equal to that of the
galactic dark halo ρhalo # 0.3GeVcm−3.
In the following we will firstly estimate the signal-to-

background ratio (s/n) of axion detection in a very crude
approximation without taking into account the quantum
nature of the Rydberg-atom cavity detector. The pseu-
doscaler axion of spin-parity 0− is converted to a photon
in the strong magnetic field with the Primakoff process.
The conversion rate in a resonant cavity is approximately
given by [6]

R =

(

ε0
h̄2

)

g2aγγω
−1
c QcB

2
0G

2, (2.2)

where gaγγ , ωc, Qc, B0, and G are the axion-photon cou-
pling constant, the cavity resonant angular frequency,
the cavity quality factor, maximum magnetic flux den-
sity and the geometric form factor of the cavity of order
unity as described later in detail, respectively.
Taking into account the volume of the cavity, to be

of order 103 cm3 for axions with mass of 10 µeV, the
number of converted photons produced by the Primakoff
process is estimated to be of order 0.1 to 1 from the above
equations with conventionally available superconducting
magnet. While this number seems to be significant, yet
the background thermal photon number is much larger
than this number even at 4 K temperature: In fact the
mean number of thermal blackbody radiations n̄c present
in a resonant single-mode cavity is given by

n̄c =
(

eh̄ωc/kBTc − 1
)−1

. (2.3)

From this mean number, the number of background
photons detected by a detector with effective Q value of
Qdet is given by

Nd = n̄cγc

(

Qdet

Qc +Qdet

)

, (2.4)

where γc is the dumping factor of the cavity given by

γc ≡
ωc

Qc
= 6.6× 105

(

fc
2.4GHz

)(

3× 104

Qc

)

. (2.5)

The s/n ratio in a second is thus given approximately
by

2
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FIG. 4: Transition frequency vs principal quantum
number. The y�axes are equivalent and only di↵erent
in units. The most sensitive Rydberg states for
ma = 40 µeV ⇡ 10 GHz are 70S (or 101S), 87C, and
95D3/2. The fine structure splitting within nP is on the
order of 0.5 µeV. However, the resulting di↵erence in
transition frequency is not resolved in this plot.

Since the frequency of the axion-converted photon we
wish to detect is equal to ma, a suitable transition for a
given axion mass target should be as close to the axion
mass as possible to increase the probability of absorp-
tion. There are potentially many suitable transitions con-
necting di↵erent initial and final states. Their transition
frequencies can be calculated using the Alkali Rydberg
Calculator (ARC) [42]; using the default parameters in
ARC, quantum defects and ionization energy used to de-
termine state energies are based on Ref.[24]. Fig. 4 shows
the transition frequency vs principal quantum number
for dipole transitions starting from three types of ini-
tial states. nS and nD3/2 are readily accessible via the
two-photon excitation scheme used in this work. nC are
representative of high-l states, which have much longer
lifetimes and larger transition dipole moments compared
to low-l states. Preparing them require an additional
transferring step, known as the adiabatic rapid passage
(ARP) [43], after the two-photon optical excitation.
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FIG. 2. Projected BREAD sensitivity by sensor technology (bold labels, see Table I) for dark photons A0 (left) and axions a
(right). This assumes signal-to-noise ratio SNR = 5 (significance Z = 5 for photocounters), signal e�ciency ✏sig = 0.5, and
dish area Adish = 10 m2. Blue shading shows existing constraints from Ref. [91]. Benchmark axion predictions include QCD
axion models [111] (green band), cogenesis [67] (green dots), KSVZ [78, 79] and DFSZ [76, 77] (green lines). Sensitivity scaling
assumes background-limited operation where signal-power limits scale as

p
�t for runtime �t and linearly with improved NEP.

for mA0 & 0.1 eV. Extending runtime to �t = 103 days
enables  sensitivity to reach six (four) decades beyond
existing constraints for mA0 ⇠ 0.4 (200) meV.

Axion sensitivity is illustrated in Fig. 2 (right). Ex-
isting constraints [91] additionally include the CAST
helioscope [142, 143], telescopes [144, 145], neutron
stars [146–148], alongside ORGAN [149] QUAX [150,
151] RADES [152] and URF [43–45] haloscopes. While
challenging with commercial devices, 10 day runtimes
using KID/TES sensors with NEP ⇠ 10�19 W Hz�1/2

could surpass CAST sensitivity for ma . 10 meV.
Longer runtimes could test cogenesis predictions for the
ca�� = 1 benchmark [67]. Increasing Adish (Bext) beyond
10 m2 (10 T) is financially unfavorable, requiring custom
cryostats and magnets. Thus practically probing QCD
axion models [111] requires longer runtime and lower sen-
sor noise. Coupling sensitivity scales slowly with runtime
gsensa�� ⇠ (�t)�1/4, i.e. halving gsensa�� requires 16⇥ longer
runtimes. For �t = 103 days, reaching KSVZ [78, 79]
(DFSZ [76, 77]) demands 1 (0.2)⇥10�22 W Hz�1/2 NEP.
Achieving this NEP for wide spectral ranges is chal-
lenging and a key science driver for sensor develop-
ment. This may be attainable above 0.1 meV for pho-
tocounters, e.g. SNSPDs, motivating dedicated measure-
ments in preparation, and next-generation bolometers at
lower masses given a recent TES-based device reports
8 ⇥ 10�22 W Hz�1/2 electrical NEP [153]. Maintaining
signal e�ciency when upgrading Adish = 0.7 ! 10 m2

requires quadrupling the active sensor width. Overcom-
ing these challenges promises significant scientific payo↵
given the multidecade improvements in search coverage
that has long eluded cavity haloscopes. Post discovery,

the DM signal will always persist, enabling cross checks
with resonant techniques and measurements to elucidate
its particle physics and astrophysical properties [70, 91].

In summary, we proposed BREAD to improve sub-eV-
mass DM reach by several decades. We introduced the
novel coaxial design optimized for embedding in stan-
dard solenoids and cryostats, in contrast to existing dish
antennas, then detailed numerical optics simulation and
examined photosensor candidates. Realizing BREAD
into a cornerstone DM experiment will catalyze synergies
across quantum technology and astroparticle physics.
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FIG. 1. (a) BREAD reflector geometry: rays (yellow lines) emitted from the cylindrical barrel, which is parallel to an external
magnetic field Bext from a surrounding solenoid (not shown) and focused at the vertex by a parabolic surface of revolution.
(b) Radial intensity distribution rI(r) expected from DM velocity e↵ects in the xy plane at the focal spot using ray tracing,
for the BREAD geometry as in (a) with R = 20 cm (blue) and for a conventional plane-parabolic mirror setup used in
other experiments [69–73] with the same emitting surface area (gray). (c) Full field simulation at around 15 GHz including a
preliminary coaxial horn design. (d) Electric (blue) and magnetic (orange) field distribution and time-averaged Poynting flux
along the z direction in the xy plane at the focal spot. (e) Schematic setup in cryostat for pilot dark photon searches.

density ⇢DM, which we assume to be 0.45 GeV cm�3 [75].
We consider scenarios where either axions or dark pho-
tons exclusively saturate the halo DM. The DM-photon
interaction augments the Ampère-Maxwell equation with
an e↵ective source current JDM [9]

r ⇥ B � @tE = JDM. (1)

A nonzero JDM induces a small EM field that causes a
discontinuity at the interface of media with di↵erent elec-
tric permittivity, such as a conducting dish in vacuum.
To satisfy the Ek = 0 boundary condition parallel to the
dish surface, a compensating EM wave with amplitude
|E0| must be emitted perpendicular to the surface. These
waves transmit PDM = 1

2 |E0|
2Adish of power for dish area

Adish. For axions with ga�� coupling to photons, the cur-

rent is Ja = ga��
p

2⇢DMBk
ext cos(mat) given an external

magnetic field Bk
ext with nonzero component parallel to

the plate, resulting in Pa = 1
2⇢DM(Bk

extga��/ma)2Adish

emitted power [68]. QCD axion models [76–80] relate
ga�� to the mass by ga�� ⇠ 10�13(ma/meV) GeV�1,
giving ma-independent power. For dark photons with
A0-SM kinetic mixing  and polarization n̂, the cur-
rent is JA0 = mA0

p
2⇢DMn̂ cos(mA0t), yielding PA0 =

1
2⇢DM2Adish↵2

pol power. The factor ↵pol =
p

2/3 aver-
ages over A0 polarizations [68]. PA0 is mA0 -independent
and persists even when Bext = 0. Signal emission occurs
independent of frequency in principle, allowing searches
across several mass decades in single runs.

Practically, DM-detection sensitivity also depends on
the signal emission-to-detection e�ciency ✏s, photosensor
noise equivalent power (NEP), and runtime �t. NEP is

defined as the incident signal power required to achieve
unit signal-to-noise ratio (SNR) in a one Hertz band-
width. We estimate sensitivity to ga�� and  (squared) as
the SNR exceeding five SNR = (✏sPDM

p
�t)/NEP > 5,

where we assume sensors have su�ciently fast readout
bandwidth O(100 kHz):
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10�21 W/
p
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⇢DM
. (2)

At high masses, shot noise is relevant due to insu�cient
signal photons Nsignal = (✏sPDM�t)/mDM < 5. For the
nominal Adish = 10 m2, Bext = 10 T configuration, QCD
axions induce a few 1 eV photons week�1 so month-long
runtimes render shot noise subdominant for mDM . 1 eV.

In photon-counting regimes, sensors with dark count
rate DCR detect photons emitted at rate RDM =
PDM/mDM. We use the counting-statistics significance
Z = Nsignal/

p
Nnoise = (✏sRDM�t)/

p
DCR�t > 5 to es-

timate sensitivity in the background-limited regime. In
the background-free photon-counting limit, the coupling
sensitivity scales faster gsensa�� / (�t)�1/2. With nominal
photoconversion rates down to 1 photon per day, scal-
ing as R� ⇡ 10�5(1 eV/ma) Hz, the photosensors con-
sidered are background limited. We thus constrain our
projections to this scenario, where appendix 1 discusses
requirements of background-free experiments.
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FIG. 2. Projected BREAD sensitivity by sensor technology (bold labels, see Table I) for dark photons A0 (left) and axions a
(right). This assumes signal-to-noise ratio SNR = 5 (significance Z = 5 for photocounters), signal e�ciency ✏sig = 0.5, and
dish area Adish = 10 m2. Blue shading shows existing constraints from Ref. [91]. Benchmark axion predictions include QCD
axion models [111] (green band), cogenesis [67] (green dots), KSVZ [78, 79] and DFSZ [76, 77] (green lines). Sensitivity scaling
assumes background-limited operation where signal-power limits scale as

p
�t for runtime �t and linearly with improved NEP.

for mA0 & 0.1 eV. Extending runtime to �t = 103 days
enables  sensitivity to reach six (four) decades beyond
existing constraints for mA0 ⇠ 0.4 (200) meV.

Axion sensitivity is illustrated in Fig. 2 (right). Ex-
isting constraints [91] additionally include the CAST
helioscope [142, 143], telescopes [144, 145], neutron
stars [146–148], alongside ORGAN [149] QUAX [150,
151] RADES [152] and URF [43–45] haloscopes. While
challenging with commercial devices, 10 day runtimes
using KID/TES sensors with NEP ⇠ 10�19 W Hz�1/2

could surpass CAST sensitivity for ma . 10 meV.
Longer runtimes could test cogenesis predictions for the
ca�� = 1 benchmark [67]. Increasing Adish (Bext) beyond
10 m2 (10 T) is financially unfavorable, requiring custom
cryostats and magnets. Thus practically probing QCD
axion models [111] requires longer runtime and lower sen-
sor noise. Coupling sensitivity scales slowly with runtime
gsensa�� ⇠ (�t)�1/4, i.e. halving gsensa�� requires 16⇥ longer
runtimes. For �t = 103 days, reaching KSVZ [78, 79]
(DFSZ [76, 77]) demands 1 (0.2)⇥10�22 W Hz�1/2 NEP.
Achieving this NEP for wide spectral ranges is chal-
lenging and a key science driver for sensor develop-
ment. This may be attainable above 0.1 meV for pho-
tocounters, e.g. SNSPDs, motivating dedicated measure-
ments in preparation, and next-generation bolometers at
lower masses given a recent TES-based device reports
8 ⇥ 10�22 W Hz�1/2 electrical NEP [153]. Maintaining
signal e�ciency when upgrading Adish = 0.7 ! 10 m2

requires quadrupling the active sensor width. Overcom-
ing these challenges promises significant scientific payo↵
given the multidecade improvements in search coverage
that has long eluded cavity haloscopes. Post discovery,

the DM signal will always persist, enabling cross checks
with resonant techniques and measurements to elucidate
its particle physics and astrophysical properties [70, 91].

In summary, we proposed BREAD to improve sub-eV-
mass DM reach by several decades. We introduced the
novel coaxial design optimized for embedding in stan-
dard solenoids and cryostats, in contrast to existing dish
antennas, then detailed numerical optics simulation and
examined photosensor candidates. Realizing BREAD
into a cornerstone DM experiment will catalyze synergies
across quantum technology and astroparticle physics.
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Fig. 1. a) Photograph of a section of the chip, taken from the backside of the wafer where the lens array will be mounted, showing the MKIDs seen
through the sapphire substrate. Also visible is the TiN mesh layer, with the holes to allow the antenna beams to couple e�ciently to the lenses.
Note that all meandering resonators have a slightly di↵erent length to allow them to be read out at di↵erent frequencies. b) Zoom-in on a single
MKID detector, photographed from the front side of the chip. We see the NbTiN layer and the lithographic bridges used to balance the feedline
ground planes. c) Photograph of the chip-lens array assembly in its holder, with the lens array clearly visible. In operation we place a polariser and
set of bandpass filters on the circular aperture and mount the assembly inside the light-tight box of the cryostat, which is cooled to 120 mK. As a
result we can only illuminate a fraction of the pixels of the array. d) A zoom-in of panel b) showing the antenna at the shorted end of the MKID
resonator. e) Schematic diagram of the cross section of the assembled detector array with lens array, chip and the positions of the MKIDs and the
TiN mesh stray-light absorbing layer. f) The transmission of the feedline around a single MKID measured from contact 1 to 2 in panel b). The
MKID traces a resonance dip which changes upon radiation absorption: the blue line is the equilibrium case, and the red curve corresponds to the
MKID absorbing radiation. The two dots indicate the change in response of the forward scattering parameter (S21) when reading out the device
with a readout tone at F0.

becomes broader and shallower. We read out this response using
a single readout tone close to F0 for each resonator. The length
and width of the narrow NbTiN-Al line are designed to give
>95% radiation absorption and negligible radiation loss within
the limits of the contact lithography used in the device fabrica-
tion. Additionally, the length is minimised to reduce the device
TLS noise (Gao et al. 2008a). We use aluminium for the radia-
tion absorption due to its superior intrinsic sensitivity as demon-
strated by de Visser et al. (2014).

E�cient radiation coupling to the MKID antennas is
achieved by using a large monolithic lens array of elliptical
Si lenses mounted on the chip backside and aligned so that
each MKID antenna is located at the focus of an individual
lens (Filipovic et al. 1993). The lens array is made commer-
cially using laser ablation of high-resistivity Si (⇢ > 5 k⌦ cm)
and equipped with a �/4 anti-reflection coating made from
parylene-C (Ji et al. 2000). The lens-antenna design is optimised
for detection in a 170-GHz band centered around 850 GHz.
All MKIDs in the array are coupled to a single feedline as in-
dicated in Figs. 1a,b. The feedline is a CPW with a central
linewidth= 20 µm and a gap = 10 µm equipped with bond-
pads at either end for connecting the chip to the readout cir-
cuit. To prevent excess inter-pixel crosstalk we need to connect
the two ground planes of the feedline (Yates et al. 2014), which

is achieved by placing two aluminium bridges in between each
pair of MKIDs, isolated from the central line by a polyimide
stub. The polyimide stub is created by spin-coating, baking and
a photolithographic step to define the stub locations. A three-
hour 250� C cure under nitrogen atmosphere is done to make the
polyimide stubs chemically resistant to further processing steps.

The spatial encoding of the MKID resonant frequencies on
the array is based on the scheme presented in Yates et al. (2014):
F0 = Fc +M ⇥ dF, with dF = 1.6649 MHz, Fc = 5 GHz and
M a 2D matrix constructed from a spiral 1D array with inter-
leaving indices and an index gap in its centre as shown by the
insert in Fig. 1a. The result is that nearest-frequency MKIDs are
separated by one extra detector, but never more. This separation
is enough to mitigate EM cross coupling (Yates et al. 2014), but
is kept small to be less sensitive to thickness variations of the
NbTiN film (Thoen et al. 2017).

A key parameter in the design is the bandwidth of each res-
onator, which is defined by the coupling structure and denoted
as the coupling Q factor Qc. We design the resonators to have
Qc = 1 ⇥ 105, which is a compromise between high dynamic
range (requiring a lower Q factor) and a low probability of
overlapping resonance features, resulting in a better pixel yield,
which requires a high Q factor. The rule of thumb, obtained using
statistical simulations of the resonator resonant frequency scatter
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to ν ε= h PNEP 2 /D , where h is Planck’s constant, ν is the radiation 
frequency (1.5 THz) and ε is the optical efficiency to be obtained 
from the fit. (Here, we have omitted the photon bunching term, 

which is negligible for the very low optical powers of this experi-
ment.) The plotted P is the power from the blackbody described in 
the Methods, including the reduction due to the non-ideal absorber 
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extract new bounds on DM interactions with electrons, both
in scattering and absorption processes. Our projections for
the future reach of superconducting nanowires into the DM
parameter space follow. We conclude with a discussion of
impact, remaining issues, and possible future work.
Concept.—Superconducting nanowires are a rapidly

developing technology with applications ranging from space
communications [25,26], to LIDAR [27,28], to quantum-
information science [29]. With sub-eV energy sensitivity
[24], ∼10−4 counts=s dark count rates for a device with area
56 μm2 [23], and spatial discrimination ability [30], super-
conducting-nanowire single-photon detectors (SNSPDs)
provide an excellent candidate for detecting DM. SNSPDs
are fabricated by using superconducting films a few nano-
meters thick on a variety of substrates, with widths between
30 and 200 nm using electron-beam lithography and reactive
ion etching. SNSPDs are typically fabricated into planar
meander structures covering tens to hundreds of square
micrometers [31]. The device operating principle is straight-
forward: when cooled below the superconducting transition
temperature and biased with a sufficiently high current, the
energy deposited by an incident particle can cause the
transition of a portion of the nanowire into the normal
(resistive, nonsuperconducting) state. This appearance of a
resistive region in the current-biased nanowire results in
voltage pulseswith typical amplitudes of∼1 mV(depending
on the amplifier’s input impedance) and durations of a
few to tens of nanoseconds. A schematic depiction of the
device operation is shown in Fig. 1(a). These detectors have
demonstrated dark count rates as low as 1 × 10−4 counts=s
[23], making them particularly interesting for sensing rare
events.
We therefore propose the use of SNSPDs for direct

detection of DM. They can be used as both the target
material withwhich theDM interacts, aswell as the sensitive
sensor measuring this interaction. Large target mass can be
achieved via large arrays combined with multiplexing [32],

without disturbing the excellent energy threshold of these
devices nor their low-noise character.
A useful rule of thumb regarding the connection between

the energy threshold of the device versus the DM mass that
it can probe is as follows. In a DM scattering process off a
target, the maximal energy deposited is the entire kinetic
energy the particle is carrying ∼mDMv2DM, where mDM and
vDM are the DM mass and velocity, respectively. Since the
DM velocity around us is of order 10−3 in natural units
(where c ¼ ℏ ¼ 1), a given system sensitive to energy
deposits of ED or larger can probe DM masses 106 larger
than ED via the scattering process, Escat

D ∼ 10−6mDM. If
instead the DM particle is absorbed by the target, it deposits
its entire mass energy, meaning that the same target system
is sensitive to Eabs

D ∼mDM via absorption processes.
For DM scattering with electrons in the SNSPDs,

devices with eV-scale thresholds can thus probe DM mass
of MeV and above. In this mass range, several proposed
other targets exist in the literature (see, e.g., Ref. [33] for a
recent community report). The reach of the SNSPDs can be
comparable to or better than these other targets, depending
on exposure size and duration, and is complementary to
other approaches. The SNSPDs, however, offer the advan-
tage of possible directionality of the signal: with energy
deposits of a few eV and above, the electrons are likely to
be ejected from the material and could then hit multiple
layers of SNSPD arrays. If it is found that the ejected
electron from the superconductor tracks the direction of the
incoming DM particle [34], then reproducing the direction
of the outgoing electron via the stacked geometry and the
SNSPD’s spacial discrimination power would inform us
about the directionality of the signal. This could also
help discriminate signal from background. Similar use of
directionality from a stacked configuration has been sug-
gested for use in graphene targets [5].
As the threshold of the device is lowered to sub-eV

energies, lower DM masses can be probed, with OðmeVÞ
energy deposits above the superconducting gap corre-
sponding to OðkeVÞ DM masses. Indeed, nanowires that
exhibit sensitivity to 5 μm wavelength photons, corre-
sponding to an energy threshold of ∼250 meV, have been
demonstrated [24], and it is likely that further technology
developments could push the energy sensitivity to 10 μm
(∼125 meV energies) or even beyond. As we will show, the
reach of the SNSPDs into the sub-MeV DM mass range is
substantial and can provide excellent results even with very
small target masses, which can be constructed on relatively
short timescales.
Additionally, as we will show, absorption of DM in the

sub-eV and above mass range is similarly possible via
SNSPDs, providing an important complementary probe to,
e.g., existing stellar constraints.
Existing prototype device.—Having presented the basic

concept of detection via SNSPDs, we now describe an
existing prototype device and how measurements of its

(a) (b)

FIG. 1. (a) Schematic depiction of the operating principle of
SNSPDs: (i) The detector is biased at a current close to the critical
value. (ii) When the energy is absorbed by the nanowire, the
electrons depart from equilibrium and diffuse out of the formed
hot spot. A resistive region formed across the nanowire then leads
to a measurable voltage pulse in the readout. (b) The SEM image
of the prototype WSi device after fabrication. The active area is
400 × 400 μm2. Nanowires are consistently connected to two
contact pads.
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Since those axion-photon couplings are expected to be
small, Oð10−17–10−12Þ GeV−1, axions predicted by the
models are called “invisible” axions [27].
To date, only the Axion Dark Matter eXperiment

(ADMX) [28–33] has attained a sensitivity to the DFSZ
model, which is a particularly well-motivated model
because it can be grand unified. ADMX is a haloscope
experiment [1,27,34] searching for axions within the local
halo with a cold resonant cavity immersed in a static
magnetic field. Maxwell’s equations modified to include
the axion-photon interaction imply that an oscillating axion
field (ϕ) in a static magnetic field (B⃗) induces an oscillating
electric current, j⃗a ¼ gaγγB⃗∂tϕ, where gaγγ is the coupling
of the axion to two photons. The electric current j⃗a
oscillates with a frequency E=h, where E is the sum of
the mass (m) and kinetic energy of dark matter axions and h
is the Planck’s constant. E=h ≈mc2=h because halo axions
are nonrelativistic. The induced currents resonantly drive
electromagnetic modes of the cavity with a resonant
frequency equal to the frequency E=h of axion field
oscillations. This signal is extracted by an antenna, ampli-
fied by several amplifiers, and sampled by a digitizer.
Because the power from the axion signal is extremely small
due to the minuscule axion-photon coupling, physical
temperatures, and electronic noise from the amplifiers need
to be as low as possible.
Previous reports by the ADMX collaboration have

excluded masses over 2.7–3.3 μeV for the DFSZ model
[32,33]. This Letter reports results of the search for axions
in the 3.3–4.2 μeV mass range.
The ADMX experimental apparatus consists of a 136l

cylindrical copper-plated stainless steel microwave cavity
in a 7.5 T superconducting magnet. Two movable bulk
copper rods inside the cavity tune its resonant frequency. A
variable depth antenna at the top of the cavity picks up rf
signals inside the cavity. The coupling to the cavity is kept
in a critically or overcoupled state by varying the insertion
depth of the antenna to maximize the sensitivity to axion
signals. A simplified rf diagram for the ADMX apparatus is
shown in Fig. 1. The rf signals extracted from the cavity
pass through two circulators and are amplified by the first
stage amplifier, a Josephson parametric amplifier (JPA)
[35]. The JPA achieves parametric amplification using the
four-wave mixing produced by the nonlinearity of its
SQUID (superconducting quantum interference device)
loops. The JPA exhibits ultralow noise performance, just
above the quantum limit, by adding noise only from the
thermal population of the mode at the idler frequency [36].
The JPA is operated in a phase-preserving mode with a
static current run through a nearby flux loop to bias the
SQUIDs and a pump tone offset by 300 kHz from the
resonant frequency of the cavity. Because the circulators
and the JPA are sensitive to external magnetic fields, they
are placed in a magnetic-field-free region generated by a

bucking coil magnet designed to cancel the stray magnetic
field from the main superconducting magnet. Empirically,
we found that for a fixed bucking coil current, variations
smaller than 0.2 A in the main magnet produced no signi-
ficant changes in the JPA performance. Additionally, the
JPA is inside a three-layer μ-metal shield to attenuate any
remaining fields. By fine-tuning the bias current and pump
power, we achieved a power gain of 15–30 dB across the
frequency range. Amplified rf signals propagate through
two circulators and are further amplified by the second
stage amplifier, a heterostructure field effect transistor
amplifier, model number LNF-LNC0.6_2A [37], placed
at the 4 K stage. At room temperature, these rf signals are
amplified by a heterostructure field effect transistor ampli-
fier, mixed down to 10.7 MHz, and sampled by the
digitizer. The resonant modes of the cavity and the antenna
coupling are monitored by a vector network analyzer via
the weak port and cavity bypass rf lines. A dilution
refrigerator maintained an approximate temperature of
110 mK at the mixing chamber, enabling temperatures
of 150 mK at the cavity and 120 mK at the JPA and
circulators. Further details can be found in Ref. [38].
The power from axion conversion inside the

cavity [27] is

FIG. 1. The ADMX rf diagram. C1, C2, and C3 are circulators.
The JPA is connected with a pump power line via a directional
coupler. The gray-colored rectangular boxes denote cryogenic
attenuators. The switch is connected to the cavity during data
taking, the bypass for the hot load is used for system noise
calibrations.
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Cosmic axion background (CaB)
Axion does not necessary to be DM (nonrelativistic) 
-> it can be relativistic dark radiation 

High Frequency  
Gravitational Wave (~GHz)

This provides an experimental target which we will denote
by “H0 Preferred” throughout.
A simplified representation of the CaB landscape dis-

cussed in this work, is provided in Fig. 1. The black dashed
curves show the differential axion energy density, ΩaðωÞ (a
precise definition is provided below), as a function of the
energy, ω, for the CaB variants discussed in this work. The
colored and shaded regions show the reach of two existing
(solid curves) and future (dotted curves) instruments in this
same space. We will explain this figure in more detail later
in the introduction, but already we emphasize that dark-
matter searches will probe interesting CaB parameters,
particularly at lower frequencies. In Fig. 1, and throughout
this work, we will focus on the axion-photon coupling,

L ⊃ −
gaγγ
4

aF̃μνFμν ¼ gaγγaE · B: ð1Þ

In general, the coupling of the axion to the Standard Model
(SM) is highly uncertain and there exist experiments
targeting a number of different axion-SM couplings (for
a review, see e.g., [20,21]). While we restrict our discussion
to gaγγ , many aspects of the CaB extend to more general
couplings.

At present, there are two primary classes of searches for
axion backgrounds using the coupling in (1). The two
strategies are broadly distinguished by where the axions are
produced: a relativistic population produced in the cores of
compact astrophysical objects or a nonrelativistic dark-
matter population. For existing relativistic searches, the
axions are produced in compact objects, such as stars like
the Sun, which act as a bright source of axions with
energies in the ∼keV range. Avoiding excess cooling of
these objects from axion emission already puts a stringent
bound on gaγγ [22] with comparable limits obtained by
directly searching for the emitted axions in helioscopes [23]
or absorption in direct detection experiments [24]. Together
these searches, which we collectively refer to as “star-
emission” bounds, are able to set strong bounds on axions
with ma ≲ 1 keV, with the strongest limits across this full
range given by gaγγ ≲ 0.66 × 10−10 GeV−1 as determined
by theCASThelioscope [25] and observations ofHorizontal
Branch stars [26,27]. Forma ≲ 10−10 eV, these bounds can
be strengthened by x-ray searches from conversion of axions
emitted by SN-1987A [28] (assuming the supernova rem-
nant is a proto-neutron star [29]), NGC 1275 [30], and
super star clusters [31], reaching gaγγ ≲ 3.6 × 10−12 GeV−1.

FIG. 1. A representative depiction of the landscape of the CaB, showing the differential axion energy density, given in (2), as a
function of energy. The black dashed curves show four different realizations of the CaB, corresponding to thermal production (with
Ta ¼ T0, the CMB temperature), a Gaussian distribution representative of parametric-resonance production (with ρa ¼ ργ ,
ω̄ ¼ 0.3 μeV, and σ=ω̄ ¼ 0.1), dark-matter decay (χ → aa), and cosmic-string production (fa ¼ 1015 GeV, Td ¼ 1012 GeV). For
the dark-matter decay distribution the parameters are set to parameters already accessible to ADMX, as justified later in this work. In
particular, we take mDM ≃ 5.4 μeV and τ ≃ 2 × 103tU , with tU the age of the universe. While the thermal distribution will always peak
roughly where shown and the cosmic-string production is dominant at lower frequencies, the parametric resonance and dark-matter
decay signals can populate the full energy range shown. In all cases we set the axion photon coupling to the largest allowed value
consistent with star-emission bounds over this energy range, gSEaγγ ¼ 0.66 × 10−10 GeV−1. The colored regions denote the sensitivity in
this same space that could be obtained by reanalyzing existing ADMX and HAYSTAC data, or with the future sensitivities of DMRadio
and MADMAX. In determining the sensitivities, we have assumed that the CaB axion-photon coupling saturates star-emission bounds.
We show the region of parameter space where the CaB could partially alleviate the Hubble tension, labeled H0 Preferred. Finally, the
gray dotted line depicts the approximate boundary, to the left of which the CaB has sufficient number densities to be treated as
a classical wave.
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FIG. 2. A heuristic sketch of our experimental setup in the PD and the TT frames, as well as the transformations between

them. The EM signal arises from a GW-induced e↵ective current in the PD frame, where the external magnetic field B0 is

static. In the TT frame the e↵ective current vanishes for specific B-field geometries, but there is nonetheless a signal from an

O(h) oscillating correction to B0. To avoid these gauge artifacts, we work entirely in the PD frame, which corresponds to the

experimental situation where the EM fields are set up in a frame where the detector and the applied B-field are static.

above, in that the applied magnetic field B0 is defined to be spatially uniform and static in the PD frame (instead

of the TT frame). In this case, in the TT frame the e↵ective current vanishes for a GW propagating in the direction

of B0, and instead the signal arises from the transformation of the background EM fields between the PD and TT

frames. Previous studies have neglected the latter contribution by taking the background EM field in the TT frame

to be the same as in the laboratory; in this case, one is led to mistakenly conclude that the signal vanishes for a

magnetic field aligned with the GW’s direction of propagation (see, e.g., Refs. [76–78]).

For a more general geometrical configuration, the signal in the TT frame has contributions both from the e↵ective

current and the transformation of EM fields between frames. On the other hand, for a rigid detector in the PD frame

the signal solely arises from the e↵ective current, since the background EM fields are defined with respect to the

laboratory. Since the isolation of the e↵ective current as a source simplifies the analysis for more general geometries,

we work solely in the PD frame for the remainder of this work. In the next section, we develop this formalism further,

by evaluating je↵ and the resulting signal for an experimental setup consisting of a static magnetic field inside a

cylindrical cavity.

To conclude, we note that the main lesson from our toy example is simple and well-known: we can measure only

gauge-invariant quantities. Above, we computed two quantities, Jµ
sig and fµ

sig, which are frame-independent at O(h).

Going beyond this, the Lorentz force, for instance, projected onto the 4-velocity of an observer fµ
sig Uµ = Fµ⌫ J⌫ Uµ is

frame-independent to all orders in h. In the remainder of the paper, we implicitly compute gauge-invariant observables,

with the contraction with Uµ understood. Appropriate probes in the laboratory (and so in the PD frame), such as

test-currents J⌫ and observers Uµ, are sensitive to the di↵erent Fµ⌫ components that we compute below.

III. RESONANT EXCITATION OF CAVITIES

In this section, we calculate the EM signal that arises in a resonant cavity immersed in a magnetic field B0. As

emphasized above, in a realistic experimental setup, B0 is static and spatially uniform in the PD frame. Note that

this is essentially the reverse of the toy example discussed above, where B0 was instead taken to be static in the TT

frame. By contrast, our calculational setup, as illustrated in Fig. 2, corresponds to the physical situation of turning

on a static and spatially-uniform magnetic field in the PD frame.

We begin in Sec. III A by discussing the general form of the signal for an arbitrary cavity, which admits a decom-

position of the EM fields into resonant modes [79]. We continue in Sec. III B by focusing on cylindrical cavities that

are already employed in searches for axion dark matter. In this case analytic expressions for the cavity modes are

tractable, and considerations of the EM signal greatly simplify if the external magnetic field is oriented along the

symmetry axis of the cavity.

PBH merger or  
PBH superradiance 
may makes GHz GW
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Figure 2. Sensitivity of MAGIS-100 to ultralight dark matter fields coupled to the electron mass
with strength dme (a) and the fine structure constant with strength de (b), shown as a function of
the mass of the scalar field m„ (or alternatively the frequency of the field - top scale) [13]. The
blue sensitivity curve assumes a shot noise limited phase resolution and corresponds to 1 year of
data acquisition (1000 ~k atom optics, 10´4 rad{

?
Hz phase resolution). We assume a density of

0.3 GeV{cm3 for each candidate dark matter field. The gray bands show existing bounds, derived
from equivalence principle (EP) and fifth force (5F) tests [13], as well as the MICROSCOPE satellite
EP experiment [116]. The green curve is the projected sensitivity of a future kilometer-scale detector.

time-dependent e�ects that can be searched for using quantum sensors. These e�ects arise
because as the classical dark matter field oscillates, the properties of the sensor (such as the
quantum energy level and spin) also change, leading to time-dependent signals. The fact that
the dark matter signal oscillates at a frequency set by fundamental physics (the mass of the
dark matter) serves as a powerful discriminant against a variety of noise sources, enabling
high precision searches for the ultra-weak e�ects of dark matter.

Even though there are a wide variety of theoretical dark matter candidates, there are
only four dominant experimental signatures of this oscillating classical field. The oscillating
field can induce currents in circuits, exert accelerations on test masses, cause precession
of spins, and change the values of fundamental constants [54]. Multiple experiments are
currently searching for the first of these e�ects. With its unique sensitivity to accelerations,
spin and atomic energy levels, MAGIS-100 would be sensitive to the three other dominant
e�ects of a component of dark matter in the mass range 10´22 eV – 10´15 eV [13, 14, 115]. In
fact, three separate dark matter searches can be performed using this quantum sensor.

First, dark matter that a�ects fundamental constants, such as the electron mass or
the fine structure constant, will change the energy levels of the quantum states used in
the interferometer, causing them to oscillate at the Compton frequency of the candidate
dark matter particle. This e�ect can be searched for by comparing two simultaneous atom
interferometers separated along the MAGIS-100 baseline (see Section 3). The sensitivity to
several such dark matter candidates is shown in Figure 2.

Matter-wave Atomic Gradiometer Interferometric Sensor (MAGIS-100) 7

Figure 1. (a) Projected gravitational wave strain sensitivity for MAGIS-100 and follow-on detectors.
The solid blue line shows initial performance using current state of the art parameters (Table 2,
initial). The dashed line assumes parameters improved to their physical limits (Table 2, final). LIGO
low frequency calibration data (gray) is shown as an estimate for the state-of-the-art performance
in the mid-band frequency range [75]. An estimate of gravity gradient noise (GGN) at the Fermilab
site is shown as an orange band (see Section 5.12). (b) Estimated sensitivity of a future km-scale
terrestrial detector (MAGIS-km, green) and satellite-based detector (MAGIS-Space, brown) using
detector parameters from Table 2. The detector can be switched between both broadband (black,
solid) and narrow resonant modes (black, dashed). The resonant enhancement Q can be tuned by
adjusting the pulse sequence [11]. Two example resonant responses are shown targeting 0.03 Hz
(8~k atom optics, Q “ 9) and 1 Hz (1~k atom optics, Q “ 300). The brown curve is the envelope of
the peak resonant responses, as could be reached by scanning the target frequency across the band.
Sensitivity curves for LIGO [76] and LISA [77] are shown for reference. Also shown are a selection
of mid-band sources including neutron star (NS) and white dwarf (WD) binaries (blue and purple)
as well as a black hole binary already detected by LIGO (red). The GGN band (orange) is a rough
estimate based on seismic measurements at the SURF site [78].

to new unexpected discoveries. Since gravitational waves are a fundamentally new way to
observe the universe, perhaps the most important discovery could be something we do not
expect. For this reason alone it is important to build detectors in all frequency bands.

In addition, the mid-band may be optimal for observing signals of cosmological origin.
This frequency range is above the white dwarf “confusion noise” but can still extend low
enough in frequency to see certain cosmological sources [11]. This band can also be an
excellent place to search for gravitational waves from inflation and reheating, and certain
models such as axion inflation may give signals large enough to be detected by future versions
of MAGIS [11]. Furthermore, thermal phase transitions in the early universe at scales above
the weak scale [79–87], or quantum tunnelling transitions in cold hidden sectors [88], or
networks of cosmic strings [89], or collapsing domain walls [90], or axion dynamics in the
early universe [91, 92], may produce detectable gravitational wave signals in this band. In

2⟩
1⟩

ωa ωa + δω+ =
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Figure 7. MAGIS-100 detector layout. (a) CAD model of the 100 m interferometer region installed
in the MINOS shaft. The detector is attached to the wall of the 6.7 m diameter underground vertical
shaft (shown here in cross section). (b) Close-up of the MINOS building at ground level. The atom
interferometry lasers and frequency comb are housed in a temperature-controlled laser lab. Two
in-vacuum relay lenses in a 4f configuration are used to deliver the interferometry laser beam to
the top of the shaft. A short, single-mode optical fiber removes residual pointing jitter and provides
initial spatial filtering. Afterwards, the interferometry laser beam undergoes further spatial filtering
via in-vacuum, free space propagation and is magnified by a 1 : 30 telescope (see Section 4.3 for
details). (c) CAD model of the MAGIS-100 modular sections. A total of 17 sections span the length
of the shaft and are connected end to end. Each 5.3 m long module is mounted to the shaft wall
and contains a section of vacuum pipe, vacuum pumps, magnetic shielding, and coils for magnetic
field control.

avoid axial gaps. The magnetic circuit requires good contact between the individual sheets
that make up the shield, and this is provided by a set of brackets and corresponding clamping
plates that squeeze the sheets together every 30 cm along the shield. This shield design was
validated by extensive 2D and 3D FEA modeling work.

Each module also has a set of vertical magnetic coil bars that run along its length to
provide a 1 G horizontal bias field. In order to maximize the uniformity of the bias field in
the center of the vacuum chamber, the positions of the current-carrying bars were numerically
optimized to take advantage of image currents in the shield [155]. A set of four coil bars is
su�cient for this purpose, and ensures that the bias field uniformity is compatible with the
1 mG field homogeneity requirement. For redundancy, the design includes an additional set
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Figure 5. Clock gradiometer. (a) Two dilute clouds of Sr atoms (blue dots) are initially launched
from positions z1 and z2, and are freely falling in vacuum under the influence of gravity. Laser light
(dark and light gray arrows) propagates between the atoms from either side, creating a symmetric
pair of atom interferometers at opposite ends of the baseline. (b) Space-time diagram of the
interferometer trajectories based on single-photon transitions between ground (blue) and excited
(red) states driven by laser pulses from both directions (dark and light gray). In contrast to Figure 4,
the pulse sequence shown here features an additional series of fi-pulses (light gray) traveling in the
opposite direction to illustrate the implementation of LMT atom optics (here n “ 2).

such as MAGIS, the laser pulses are derived from a single laser and both interferometers
are driven by nominally identical laser pulses (see Figure 5). Thus, clock gradiometry in
principle enables superior common-mode rejection of laser frequency noise compared to what
is possible with two-photon transitions in a single-baseline configuration12.

The measurement concept described here is closely related to recent proposals to detect
gravitational waves and dark matter using two optical lattice clocks separated over a baseline [7,
62]. Optical lattices circumvent the need to account for phase shifts associated with the
motion and the recoil of the atoms. However, in contrast to freely-falling atoms, those trapped
in optical lattices do not intrinsically serve as well-isolated inertial references since they are
rigidly connected to the sensor frame by the optical lattice trapping potential. Instead, these
proposals require an auxiliary inertial reference that can be realized by, for example, placing
the optical lattice clocks on drag-free satellites [7].

4. MAGIS-100 Detector Design

The MAGIS-100 detector is a long-baseline atom interferometer, interrogating ultracold atoms
in free fall along a 100 m baseline with a vertically propagating laser. The operation of the
12 With two-photon atom optics, it is possible to achieve su�cient rejection of laser frequency noise by using
multiple baselines [5, 133].

GW search
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FIG. 1. Schematic of a single-sided cavity optomechanics search for ultralight DM. Photons reflected o↵
the suspended mirror pick up phases proportional to the mirror’s position x(t). This information is then
read out via standard interferometry. The ultralight DM produces an essentially monochromatic force with
wavelength much longer than the size of the sensor; the presence of this force can then be inferred by reading
out the cavity light. In this setup with a single sensor, the fixed reference mirror and movable sensor mirror
should be made from di↵erent materials, as discussed near equation (4).

weakly interacting massive particles (WIMPs), which manifest as a dilute gas of single particles.
See [32] for a general review of dark matter properties, and [8, 33] for reviews of ultralight dark
matter.

Suppose the dark sector consists of a single bosonic field of mass m�. Bosonic dark matter is
required to have m� & 10�22 eV so that its de Broglie wavelength does not exceed the core size of
a dwarf galaxy and to satisfy Lyman-↵ constraints [7, 34–36] (note that recent evidence indicates
that the constraints may be a few orders of magnitude stronger than this [36–38]). Dark matter
this light is necessarily bosonic as fermionic dark matter with a mass . keV would not fit inside
of a dwarf galaxy due to the Pauli exclusion principle [39]. Assuming that the DM has virialized
to the galaxy, it will be moving with a typical speed v ⇠ 105 m/s due to the viral theorem, and
thus have de Broglie wavelength of order � = 1/m�v.1

Consider the number of DM quanta in a typical cell of phase space. If nDM = ⇢DM/m� is the
number density of DM, the phase space occupancy is given by

�3nDM =
⇢DM

m4
�
v3

⇠ 1015
✓

1 meV

m�

◆4

, (1)

where the observed value of the local dark matter density ⇢DM ⇠ 0.3 GeV/cm3. Thus for any m� .
0.1 eV, this occupancy is huge, indicating that the dark matter can be treated as a classical field,
essentially a superposition of many di↵erent plane waves. These waves have velocities following a
Boltzmann distribution. The phases in these plane waves are uncorrelated from each other. Their
propagation directions (and polarization vectors, for vectorial fields) are distributed isotropically
as long as DM has fully virialized. Superposing a large number of such waves will produce an
overall time-dependent waveform with frequency ! ' m� and frequency spread �! ⇡ v/� = v2m�.
This frequency spread leads to a coherence time Tcoh ⇡ 1/�! ⇡ 106/!. For a time duration smaller
than Tcoh, the DM background field can be approximately treated as a coherent sinusoidal wave
with signal angular frequency and wavelength

!� ' 1012 Hz ⇥
⇣ m�

1 meV

⌘
, � ' 1 m ⇥

✓
1 meV

m�

◆
. (2)

1
In this paper we use natural units ~ = c = 1 in equations, but will quote experimentally-relevant numbers in SI

units for ease of comparison with experimental work.

We take ðcq − cNÞ ≈ ð1 − cNÞ ≈ 1, and ðcB − cNÞ ≈ 0.1.
For example, with Al/Be test masses, the difference in
binding energies dominates (EB1

− EB2
¼ 1.87 MeV), and

ΔϕjHj2 ≈ 2 × 10−4. On the other hand, for 85Rb=87Rb test
masses, the second term is larger, and ΔϕjHj2 ≈ 7 × 10−6.
The comparison between the DM-induced signal and the

static effect generated by the Earth is now

ΔaDM
Δastatic

≃ v
ffiffiffiffiffiffiffiffiffi
ρDM

p
"
cN

b
m2

h
m2

Plg
#−1

∼
10−16 eV

b
: ð15Þ

Thus, the DM force is stronger when the coupling (and on
the naturalness line, the mass) is smaller than 10−16 eV.
Again, Eöt-Wash tests of static EP violation receive an
extra relative suppression of ∼103 on top of this estimate,
because they are only sensitive to the horizontal force from
the center of the Earth [63]. Using the numbers given
above, the static bounds on a B − L coupled vector of
Ref. [63] can be converted into bounds on the scalar using

b≡ 2.6 × 1013gB−L
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔB−L=ΔϕjHj2

q
, where ΔB−L ¼ 0.037

and ΔϕjHj2 ¼ 4 × 10−4 give the degree of EP violation for
the Al/Be test mass combination used to set the limits.

D. Scalar coupled to electron mass

As an example of an alternate coupling of scalar DM, we
also consider a dilaton-like coupling only to the electron
mass operator,

L ⊃ yϕeeϕee: ð16Þ

For naturalness the scalar’s mass should satisfy (schemati-
cally)m≳ yϕeeΛ=4π, whereΛ is the scale at which electron
loops are cut off, and we assume Λ≳ TeV.
The static EP violation sourced by the Earth is related to

that in the B − L case by

Δ~ajϕee;static ¼ y2ϕeeNe;source

"
Z1

A1mN
−

Z2

A2mN

#
r̂

4πr2

¼
y2ϕee
g2B−L

Ne;source

Nn;source
× Δ~ajB−L;static: ð17Þ

Since the Earth has Ne ≈ Nn, we can therefore just use
yϕee ≡ gB−L when comparing bounds from static EP tests.
The time-varying EP violation caused by a DM ϕ field is

related to that in the B − L case by

Δajϕee;DM ¼ yϕee∇ϕ
"

Z1

A1mN
−

Z2

A2mN

#

≈
yϕeev
gB−L

× ΔajB−L;DM: ð18Þ

We can therefore use yϕee ≡ gB−L=v when comparing the
reach of DM searches, with v ≈ 10−3.

V. EXPERIMENTAL OPTIONS

We consider three ways to measure these EP-violating
forces from dark matter. The methods are distinguished by
the nature of the test bodies used to perform the measure-
ment. In Sec. VA, we consider torsion pendulums, with
laboratory-scale macroscopic masses whose relative accel-
erations are measured through optical interferometers. In
Sec. V B, we consider ballistic atoms as test masses, with
their relative accelerations measured through atom inter-
ferometry. Finally, in Secs. V C and V D the test masses are
celestial objects—the Moon and pulsars. In Sec. V E we
summarize our projections and discuss other bounds. Our
results are plotted in Figs. 2, 3 and 4. We note that our
projections are intended to illustrate the likely reach of
future experiments, and neglect details of signal analysis
that will have an Oð1Þ effect on the limits.

A. Torsion Balances

1. Dark matter detection strategy

Torsion balances are currently the most sensitive instru-
ments for measuring static, EP-violating forces [80]. Here
we consider using torsion-balance pendulums to detect the
time-oscillating, EP-violating forces induced by light
bosonic dark matter, as illustrated in Fig. 1.
Torsion balances configured for EP tests carry test bodies

of different materials. An EP-violating force would apply
different accelerations to the different materials, producing

FIG. 1. A torsion pendulum for dark matter direct detection
(figure adapted from Ref. [81]). The dark matter field directly
induces an equivalence-principle-violating acceleration on the
test masses, resulting in an oscillating twist in the pendulum. The
twist angle is measured by observing the deflection of a laser
reflected from the mirror.
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FIG. 4. Sensitivity coverage on the dark matter coupling for various search strategies, using same sensor
parameters as in figure 3, using the vector B�L model for illustration. We assume a reference mirror made
of iron and moveable mirror made of silicon for concreteness (again based on the setup in [19]), leading to
a di↵erential acceleration coe�cient � ⇡ 0.03. Top left: sensitivity curves for the simple search strategy,
with a single fixed laser power. Top right: idealized search strategy with sensor tuned to reach the SQL
for each target frequency, with fixed mechanical frequency !s. The jagged curve represents our binned
search strategy described in the text. Bottom panel: fundamental limit on detection reach, scanning over
resonance frequencies !� = !s. In all plots, we only allow for realistic laser powers PL . 1 W as described
in appendix B. Coupling strengths in the greyed-out region are already excluded by Eotvos torsion balance
experiments [9–11].

We note that to scan for signals in bins in this fashion will require some use of template matching
algorithms, similar to waveform matching used by LIGO. In particular, with su�ciently long
integration times, templates will be required to take into account long-wavelength features like the
rotation of the sensing setup with respect to the dark matter direction. While this can present
computational challenges with long integration times, it also enables a mechanism for rejection of
backgrounds which do not share the same temporal shape as the expected DM signal.

In the following, we consider three basic search strategies:
Single shot search. The simplest “strategy” would be to simply assume a fixed laser power and

integrate for Tint. This produces a sensitivity curve which is best at some particular DM mass m�,
i.e. a particular signal frequency !�, namely the frequency at which this laser power corresponds
to the SQL. For DM masses away from this particular frequency, the resulting sensitivity curve is
non-optimal. Some examples are given in figure 4(a).

SQL scan at fixed mechanical frequency. To do better, one should scan over dark mat-
ter masses by scanning over various values of the laser power, achieving the SQL frequency-by-

10 mK
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Can detect force produced by wavelike DM  
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having B-L interaction



measurement noise is the dominant factor setting their
sensitivity. Here we study the extent to which this funda-
mental noise floor would allow for gravitational direct
detection of dark matter.
In order to maximize the signal from the passing dark

matter, we suggest an array of gram-scale devices spaced at
centimeter-scale distances. At these scales, we find that
with well-isolated systems (e.g., at high vacuum and/or
dilution refrigeration temperatures), quantum noise at the
SQL dominates over thermal noise. This calls for the use of
advanced measurement techniques which can evade the
SQL, as we detail below. However, assuming the use of a
sufficiently noise-evading measurement protocol, we find
that an array of around 108–109 sensors could in principle
detect any DM candidate with mass heavier than around
mPl ∼ 1019 GeV.
There are many viable models of DM in our window of

detectability. Some examples include WIMPzillas [19–22],
Grand Unified Theory (GUT)-scale coannihilating particles
[23], Planckian interacting DM [24], composite “nuclear”
DM with large occupation numbers [25–28], dark quark
nuggets [29–34], Planckian relics from evaporated black
holes [35,36], or even small extremal black holes [37] (see
Fig. 1). While there are some recent proposals to detect the

nongravitational interactions of specific ultraheavy DM
candidates [38–40], most viable DM candidates in this
mass range have extremely feeble nongravitational inter-
actions with visible matter. A mature realization of our
concept can robustly test all such models without invoking
any nongravitational interaction.
We note two recent works looking to detect DM

gravitationally [41,42]. Both suggest using a single sensor
without a noise-evading measurement protocol, leading to
comparatively limited detection reach and lack of back-
ground event rejection.

II. DETECTOR PARADIGM

We begin by giving an overview of the detector concept
and methods for estimating its sensitivity to DM candidates
of various masses. The primary goal is to derive the
requirements on the detector such that it has nontrivial
detection reach to sufficiently heavy dark matter. We will
see that achieving this goal will require overcoming a
number of technical challenges, which are discussed in
detail in Sec. IV.
The essential idea is to continuously monitor a three-

dimensional array of mechanical sensors. Each sensor has
its position (or momentum) read out continuously, as done,
for example, in LIGO. When a heavy object passes through
the array, for example, a heavy dark matter particle, it will
exert a small gravitational force on each sensor, causing
slight deviation in the sensor motions. The sensors which
are nearest this passing object will have the largest
deviation, forming a track through the array. See Fig. 2
for some visualizations of this process.
Before discussing the array, we begin by studying the

interaction of a passing DM particle with a single sensor.
See Fig. 2 for a diagram of the kinematics. We are
interested in the Newton force FN ¼ GNmχmsr̂=r2

between a sensor of mass ms and DM particle of mass
mχ . A lab at rest on Earth sees the DM pass by with average
“wind speed” v ≈ 220 km=s. Thus, the DM imparts

FIG. 1. Broad classification of viable dark matter models
according to mass. In this work, we focus on dark matter
candidates around mpl ∼ 1019 GeV and above.

FIG. 2. Left: kinematics of the DM-sensor scattering event, viewed from above the scattering plane. Center left: schematic of (a cross
section of) the detector array, with suspended pendula used as mechanical resonators. As the DM passes through the array, it produces a
correlated impulse on the sensors nearest its track. This diagram suppresses the readout mechanism (see Fig. 4), for which there are
many potential implementations. Center right: simulation of an event on a 50 × 50 plane of sensors. The colors represent impulses; blue
are impulses to the left while red are to the right. The track of yellow red corresponds to the signal. Right: cartoon of single-sensor data
stream, with an event.

CARNEY, GHOSH, KRNJAIC, and TAYLOR PHYS. REV. D 102, 072003 (2020)

072003-2

Wind chime
17

Search for Planck scale DM 
with gravitational interaction 

Phys. Rev. D 102, 072003

6

level of the SQL is substantially larger than the ther-
mal noise (which, in such an environment, is minis-
cule). This means that to achieve thermally-limited
detection, one needs to go below the SQL. Numeri-
cally, with the same detector parameters, we would need
10 log10 �ISQL/�IT ⇡ 35, 45 dB reduction in the mea-
surement noise for the case of a suspended or free-falling
detector, respectively. This is a fundamental problem for
achieving our desired sensitivities. Fortunately, there are
known ways to lower the measurement-added noise to
levels below the SQL.

One option is “squeeze” the quantum state of the read-
out light [9–11]. Without any squeezing, the shot noise
in the probe light is limited by the light’s vacuum fluc-
tuations. By putting the light in a squeezed state, the
variance in one of its canonical variables is reduced (at
the expense of an increase in the conjugate variable, as
required by Heisenberg uncertainty). Performing mea-
surements with this squeezed degree of freedom can thus
enable measurements below the SQL. This technique is
now used in many applications, including gravitational
wave detection [12] and searches for axion dark matter
with microwave cavities [53, 54]. In practice, squeezing
has so far been limited to about 20 dB, typically due to
optical losses.

Another method to reduce measurement noise, which
can be used in tandem with squeezing, is a back-action
evading or “quantum non-demolition” measurement [13–
18]. Here, instead of modifying the state of the probe
light, we choose to couple it to an operator of the me-
chanical system which enables noise reduction. In stan-
dard optomechanical sensing, the optical field is coupled
to the position variable of the oscillator. However, one
could instead try to couple to the momentum variable.
For a su�ciently fast signal (such as the rapid impulse
from a passing dark matter particle), the slow mechan-
ical sensor is essentially a free particle over the course
of a given event, and so its Hamiltonian commutes with
p. Thus the measurement adds no noise to a subsequent
measurement, i.e. the measurement is “non-demolition”.

It was realized long ago that back-action evasion could
be used to reduce measurement noise below the SQL in
a mechanical system [13]. See figure 4 and [51] for a
detailed momentum sensing protocol which in principle
should exhibit around 30 dB of noise reduction below the
SQL with the sensor parameters and signal considered in
this paper. Experimental demonstrations of backaction-
evasion exist (eg. [15]), and LIGO-scale prototypes are
under current development [18]. The noise reductions
achieved have so far been modest, and again are typi-
cally limited by optical loss. However, utilization of this
technique is substantially unexplored, particularly in the
sub-kg scale devices considered here, so we hope that our
proposal can provide impetus for new developments.

To summarize: the fundamental technical noise floor in
a high-precision mechanical sensing protocol is set by the
irreducible coupling of the sensors to their thermal envi-
ronments. However, continuous quantum measurements

time
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FIG. 4. Top: Circuit diagram depicting a backaction-evading
velocity measurement. A pulse �1 imprints the mechanical po-
sition x onto the light (described by its amplitude and phase
quadratures X,Y ). This is done twice, with opposite phase
and a time delay td, leading to a velocity measurement. A
second pulse �2 then enables a measurement of the impulse
�I. Inset: Concrete realization of a single velocity measure-
ment, using a pair of optical ring cavities with a suspended
mirror as the detector [14, 18, 51]. The output light is read
out via interferometry. Since the photon imprints a momen-
tum +p in the first cavity and �p in the second, there is no
net forcing of the mechanics: the measurement produces no
quantum backaction.

also induce a sizable source of noise. With the scale of
devices considered in this paper, substantial reduction of
the measurement-added noise will be required, at least
a few orders of magnitude beyond what has currently
been demonstrated. This presents the key challenge to
realizing our proposal (besides the large number of de-
vices). Although di�cult, there is no reason in principle
to believe that these noise levels cannot be achieved.

C. Correlated noise between sensors

So far, we have assumed that the noise on a given sen-
sor is independent of the noise on other sensors, i.e., there
are no sensor-sensor correlations. More precisely, we as-
sumed the uncorrelated noise dominates over correlated
noise. Here we make some simple estimates justifying
this assumption.

Given the macroscopic nature of our sensors and small
spacings, the most important e↵ect to worry about is
coming from electromagnetic potentials which couple the
sensors to each other. The most important such poten-
tials come from “patch potentials” (surface imperfections
which carry charge) and van der Waals/Casimir forces.
In fact, this is the key reason we chose our spacings to be

4

FIG. 3. Detectable DM event rates, with a variety of detec-
tor configurations. Thick lines correspond to number of events
per year, assuming all DM particles have mass m�. The 1/m�

fallo↵ in the rate is due purely to number flux (see equation
(8)); by construction, all DM candidates passing through the
detector are detected with 5� confidence. Solid lines are la-
beled by the array lattice spacing (mm, cm, or 10 cm) of the
detector and individual sensor masses (milligram in blue or
gram in red). Dashed lines labeled by temperature (4 K or
10 mK) demonstrate the increased sensitivity of our scheme
with improved environmental isolation. Here we are assuming
background gas-limited environmental noise with the same
fiducial parameters as in (7).

the following estimates for the SNR:

SNR2 =
G

2
Nm

2
�

v

L

d4

ms

kBT�

⇡ 10 ⇥
✓

m�

1 mg

◆2 ✓
ms

1 mg

◆✓
1 mm

d

◆4 (6)

in the case of detectors mechanically coupled to a support
structure, and
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for freely-falling detectors. Here for simplicity we as-
sumed a cubical array of side length L (so that the num-
ber of sensors nearest the DM path is N ⇠ L/d and the
total number of sensors Ntot = (L/d)3) with L = 1 m,
and assumed dilution fridge temperatures T = 10 mK,
helium ion-pump vacuum pressures P = 10�10 Pa, ma =
4 u [45], mechanical damping � = 10�8 Hz [46], and typ-
ical solid density ⇢s ⇠ 10 g/cm3 for the detectors.

The signal-to-noise ratios (6), (7) represent our funda-
mental detection sensitivities. Crucially, the detection is
deterministic: if a su�ciently heavy DM particle passes

through the detector, and we demand our detector pa-
rameters are such that SNR > 5, it will always will be
detected with 5� confidence. The number of DM events
we have per year is then entirely determined by the num-
ber density of the DM. The observed local DM density
⇢� ⇡ 0.3 GeV / cm3 [47] means that, for a detector array
of total cross-section Ad, the rate of DM passing through
the detector is

R =
⇢�vAd

m�
⇠ 1

year

✓
mPl

m�

◆✓
Ad

1 m2

◆
. (8)

In figure 3, we plot our predicted event rates with a va-
riety of detector geometries, with 109 detectors. With
a billion detectors at the gram scale, Planck-scale grav-
itational DM detection is achievable. Reaching heavier
masses can be achieved with a sparser array.

The above estimates should be interpreted as a long-
term target subject to further possible developments.
There are a number of technical challenges which need
to be overcome to realize these estimates, which we dis-
cuss in detail in section IV. Our central message is really
that the rules of measurement in quantum mechanics al-
low for the required sensitivities: it is not inconceivable
that one could build an appropriate apparatus and per-
form gravitational direct detection searches of heavy dark
matter.

We note also that there are numerous ways one can
imagine improving the situation from that considered
here. Advanced measurement techniques involving co-
herent readout [48] or error correction [49, 50] can signif-
icantly improve the detection sensitivity. One can also
relax the need for 5� detection of each individual track
event and look for statistics to build up over a long time
(say, a few years of exposure) for the evidence of tracks,
analagous to statistical evidence for WIMP events in a
heavy noble detector. Pursuing these types of techniques
is a subject of active work, beyond the scope of this in-
troductory paper.

III. IMPLICATIONS FOR THE DM
LANDSCAPE

Before moving on to discuss technical issues in the ex-
perimental realization of these ideas, we make some brief
comments on the implications for such an experiment
in the broader search for dark matter. As emphasized
above, the scheme relies only on the gravitational cou-
pling of DM to visible matter, so if the required sensitiv-
ity can be achieved, the experiment would either discover
or rule out any dark matter candidate in the appropriate
range of mass.

Our detector concept is capable of searching for DM
candidates around and above the Planck mass. At this
scale, DM is presumably not a fundamental particle.
Viable options include composite objects like dark nu-
clei or dark quark nuggets [25–34], extended objects like
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Quantum sensors enable us to search:  
- new physics in unprecedented sensitivity  
- new physics which we’ve never searched
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FIG. 2. A heuristic sketch of our experimental setup in the PD and the TT frames, as well as the transformations between

them. The EM signal arises from a GW-induced e↵ective current in the PD frame, where the external magnetic field B0 is

static. In the TT frame the e↵ective current vanishes for specific B-field geometries, but there is nonetheless a signal from an

O(h) oscillating correction to B0. To avoid these gauge artifacts, we work entirely in the PD frame, which corresponds to the

experimental situation where the EM fields are set up in a frame where the detector and the applied B-field are static.

above, in that the applied magnetic field B0 is defined to be spatially uniform and static in the PD frame (instead

of the TT frame). In this case, in the TT frame the e↵ective current vanishes for a GW propagating in the direction

of B0, and instead the signal arises from the transformation of the background EM fields between the PD and TT

frames. Previous studies have neglected the latter contribution by taking the background EM field in the TT frame

to be the same as in the laboratory; in this case, one is led to mistakenly conclude that the signal vanishes for a

magnetic field aligned with the GW’s direction of propagation (see, e.g., Refs. [76–78]).

For a more general geometrical configuration, the signal in the TT frame has contributions both from the e↵ective

current and the transformation of EM fields between frames. On the other hand, for a rigid detector in the PD frame

the signal solely arises from the e↵ective current, since the background EM fields are defined with respect to the

laboratory. Since the isolation of the e↵ective current as a source simplifies the analysis for more general geometries,

we work solely in the PD frame for the remainder of this work. In the next section, we develop this formalism further,

by evaluating je↵ and the resulting signal for an experimental setup consisting of a static magnetic field inside a

cylindrical cavity.

To conclude, we note that the main lesson from our toy example is simple and well-known: we can measure only

gauge-invariant quantities. Above, we computed two quantities, Jµ
sig and fµ

sig, which are frame-independent at O(h).

Going beyond this, the Lorentz force, for instance, projected onto the 4-velocity of an observer fµ
sig Uµ = Fµ⌫ J⌫ Uµ is

frame-independent to all orders in h. In the remainder of the paper, we implicitly compute gauge-invariant observables,

with the contraction with Uµ understood. Appropriate probes in the laboratory (and so in the PD frame), such as

test-currents J⌫ and observers Uµ, are sensitive to the di↵erent Fµ⌫ components that we compute below.

III. RESONANT EXCITATION OF CAVITIES

In this section, we calculate the EM signal that arises in a resonant cavity immersed in a magnetic field B0. As

emphasized above, in a realistic experimental setup, B0 is static and spatially uniform in the PD frame. Note that

this is essentially the reverse of the toy example discussed above, where B0 was instead taken to be static in the TT

frame. By contrast, our calculational setup, as illustrated in Fig. 2, corresponds to the physical situation of turning

on a static and spatially-uniform magnetic field in the PD frame.

We begin in Sec. III A by discussing the general form of the signal for an arbitrary cavity, which admits a decom-

position of the EM fields into resonant modes [79]. We continue in Sec. III B by focusing on cylindrical cavities that

are already employed in searches for axion dark matter. In this case analytic expressions for the cavity modes are

tractable, and considerations of the EM signal greatly simplify if the external magnetic field is oriented along the

symmetry axis of the cavity.

This provides an experimental target which we will denote
by “H0 Preferred” throughout.
A simplified representation of the CaB landscape dis-

cussed in this work, is provided in Fig. 1. The black dashed
curves show the differential axion energy density, ΩaðωÞ (a
precise definition is provided below), as a function of the
energy, ω, for the CaB variants discussed in this work. The
colored and shaded regions show the reach of two existing
(solid curves) and future (dotted curves) instruments in this
same space. We will explain this figure in more detail later
in the introduction, but already we emphasize that dark-
matter searches will probe interesting CaB parameters,
particularly at lower frequencies. In Fig. 1, and throughout
this work, we will focus on the axion-photon coupling,

L ⊃ −
gaγγ
4

aF̃μνFμν ¼ gaγγaE · B: ð1Þ

In general, the coupling of the axion to the Standard Model
(SM) is highly uncertain and there exist experiments
targeting a number of different axion-SM couplings (for
a review, see e.g., [20,21]). While we restrict our discussion
to gaγγ , many aspects of the CaB extend to more general
couplings.

At present, there are two primary classes of searches for
axion backgrounds using the coupling in (1). The two
strategies are broadly distinguished by where the axions are
produced: a relativistic population produced in the cores of
compact astrophysical objects or a nonrelativistic dark-
matter population. For existing relativistic searches, the
axions are produced in compact objects, such as stars like
the Sun, which act as a bright source of axions with
energies in the ∼keV range. Avoiding excess cooling of
these objects from axion emission already puts a stringent
bound on gaγγ [22] with comparable limits obtained by
directly searching for the emitted axions in helioscopes [23]
or absorption in direct detection experiments [24]. Together
these searches, which we collectively refer to as “star-
emission” bounds, are able to set strong bounds on axions
with ma ≲ 1 keV, with the strongest limits across this full
range given by gaγγ ≲ 0.66 × 10−10 GeV−1 as determined
by theCASThelioscope [25] and observations ofHorizontal
Branch stars [26,27]. Forma ≲ 10−10 eV, these bounds can
be strengthened by x-ray searches from conversion of axions
emitted by SN-1987A [28] (assuming the supernova rem-
nant is a proto-neutron star [29]), NGC 1275 [30], and
super star clusters [31], reaching gaγγ ≲ 3.6 × 10−12 GeV−1.

FIG. 1. A representative depiction of the landscape of the CaB, showing the differential axion energy density, given in (2), as a
function of energy. The black dashed curves show four different realizations of the CaB, corresponding to thermal production (with
Ta ¼ T0, the CMB temperature), a Gaussian distribution representative of parametric-resonance production (with ρa ¼ ργ ,
ω̄ ¼ 0.3 μeV, and σ=ω̄ ¼ 0.1), dark-matter decay (χ → aa), and cosmic-string production (fa ¼ 1015 GeV, Td ¼ 1012 GeV). For
the dark-matter decay distribution the parameters are set to parameters already accessible to ADMX, as justified later in this work. In
particular, we take mDM ≃ 5.4 μeV and τ ≃ 2 × 103tU , with tU the age of the universe. While the thermal distribution will always peak
roughly where shown and the cosmic-string production is dominant at lower frequencies, the parametric resonance and dark-matter
decay signals can populate the full energy range shown. In all cases we set the axion photon coupling to the largest allowed value
consistent with star-emission bounds over this energy range, gSEaγγ ¼ 0.66 × 10−10 GeV−1. The colored regions denote the sensitivity in
this same space that could be obtained by reanalyzing existing ADMX and HAYSTAC data, or with the future sensitivities of DMRadio
and MADMAX. In determining the sensitivities, we have assumed that the CaB axion-photon coupling saturates star-emission bounds.
We show the region of parameter space where the CaB could partially alleviate the Hubble tension, labeled H0 Preferred. Finally, the
gray dotted line depicts the approximate boundary, to the left of which the CaB has sufficient number densities to be treated as
a classical wave.
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Matter-wave Atomic Gradiometer Interferometric Sensor (MAGIS-100) 7

Figure 1. (a) Projected gravitational wave strain sensitivity for MAGIS-100 and follow-on detectors.
The solid blue line shows initial performance using current state of the art parameters (Table 2,
initial). The dashed line assumes parameters improved to their physical limits (Table 2, final). LIGO
low frequency calibration data (gray) is shown as an estimate for the state-of-the-art performance
in the mid-band frequency range [75]. An estimate of gravity gradient noise (GGN) at the Fermilab
site is shown as an orange band (see Section 5.12). (b) Estimated sensitivity of a future km-scale
terrestrial detector (MAGIS-km, green) and satellite-based detector (MAGIS-Space, brown) using
detector parameters from Table 2. The detector can be switched between both broadband (black,
solid) and narrow resonant modes (black, dashed). The resonant enhancement Q can be tuned by
adjusting the pulse sequence [11]. Two example resonant responses are shown targeting 0.03 Hz
(8~k atom optics, Q “ 9) and 1 Hz (1~k atom optics, Q “ 300). The brown curve is the envelope of
the peak resonant responses, as could be reached by scanning the target frequency across the band.
Sensitivity curves for LIGO [76] and LISA [77] are shown for reference. Also shown are a selection
of mid-band sources including neutron star (NS) and white dwarf (WD) binaries (blue and purple)
as well as a black hole binary already detected by LIGO (red). The GGN band (orange) is a rough
estimate based on seismic measurements at the SURF site [78].

to new unexpected discoveries. Since gravitational waves are a fundamentally new way to
observe the universe, perhaps the most important discovery could be something we do not
expect. For this reason alone it is important to build detectors in all frequency bands.

In addition, the mid-band may be optimal for observing signals of cosmological origin.
This frequency range is above the white dwarf “confusion noise” but can still extend low
enough in frequency to see certain cosmological sources [11]. This band can also be an
excellent place to search for gravitational waves from inflation and reheating, and certain
models such as axion inflation may give signals large enough to be detected by future versions
of MAGIS [11]. Furthermore, thermal phase transitions in the early universe at scales above
the weak scale [79–87], or quantum tunnelling transitions in cold hidden sectors [88], or
networks of cosmic strings [89], or collapsing domain walls [90], or axion dynamics in the
early universe [91, 92], may produce detectable gravitational wave signals in this band. In

The shape of the detected background is primarily
determined by two factors: the shape generated by the
room temperature receiver and the JPA standing wave due
to the imperfect isolation of circulators, C1 and C2. The
former is time independent and was removed by a reference
shape measured at the beginning of data taking. The latter
varies when the bias current of the JPA is changed and was
removed by a six-order Padé-approximant performed for
each spectrum. The flattened spectra were scaled by the
estimated Tsys=ϵ to obtain the correct power scale and were
convolved with the expected axion shape to improve the
sensitivity to axions. The spectra were coadded into a
“grand spectrum” to make use of all recorded spectra.
Typically, Oð10Þ candidates are found within a nibble
because of statistical fluctuations and calibration SAGs.
The criteria to select candidates are described in Ref. [41].
Accordingly, the candidates were scanned further, a rescan,
to check whether they are persistent. The rescan data are
later included in the analysis, and a Monte Carlo study
indicates that this procedure may induce a small bias of less
than 3% on the resulting extracted axion-photon coupling

limits in specific circumstances. After the first rescan, the
calibration SAGs were turned off and the second rescan
was performed to confirm whether the candidates were
SAGs or true signals. If all SAGs were identified and there
was no candidate left, then the data-taking moved on to the
next nibble. However, if there still remained one or more
candidates, more rigorous tests were performed as
described below.

FIG. 3. Electric field distribution as a heat map for TM010 (left)
and TM011 (right) modes simulated with COMSOL Multiphysics
[42]. Electric field for the mode and impressed magnetic field are
shown as red and black arrows, respectively. Calculated form
factors with CST Magnetic Field Solver are 0.455 and < 0.001
for TM010 and TM011 modes, respectively. The overlap between
the TM010 electric field and the magnetic field is large and
consistent across the volume, while the overlap between the
TM011 electric field is of opposite sign in the top and bottom of
the cavity, leading to cancellations in the cavity response to the
spatially uniform dark matter axion field.

FIG. 4. 90% C.L. upper limits on gaγγ as a function of axion
mass. The gray-, blue-, and yellow-colored areas represent
previous ADMX limits reported in Refs. [28,32,33]. The red-
colored area shows the limits of this work. We ruled out KSVZ
(DFSZ) axions in the 3.3–4.2ð3.9–4.1Þ μeV mass range.

TABLE I. A list of candidates remaining after turning off
calibration SAGs. The 896.448 MHz candidate was a blinded
SAG. “Persistence” is checked when the candidate exists in all
the scans with similar powers. “At same frequency” is checked
when the candidate was at the given frequency #300 Hz. “Not in
air” is flagged if the candidate could not be observed with a
spectrum analyzer attached to an external antenna at the exper-
imental site. “Enhanced on resonance” is flagged when the
integral of the signal power was scaled as a Lorentzian function.
“×” denotes tested but not passed.

Frequency
[MHz] Persistence

At same
frequency

Not in
air

Enhanced on
resonance

839.669 ✓ ✗ ✓ ✗
840.268 ✓ ✓ ✓ ✗
860.000 ✓ ✓ ✗ ✗
891.070 ✓ ✓ ✓ ✗
896.448 ✓ ✓ ✓ ✓
974.989 ✗ ✓ ✓ ✗
974.999 ✗ ✓ ✓ ✗
960.000 ✓ ✓ ✗ ✗
980.000 ✓ ✓ ✗ ✗
990.000 ✓ ✓ ✗ ✗
990.031 ✗ ✓ ✓ ✗
1000.000 ✓ ✓ ✗ ✗
1000.013 ✗ ✓ ✓ ✗
1010.000 ✓ ✓ ✗ ✗
1020.000 ✓ ✓ ✗ ✗

PHYSICAL REVIEW LETTERS 127, 261803 (2021)
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Introduced some use-cases of quantum sensors: 
- Classical to quantum sensing isn’t jump but step-by-step. 
- Each step will have great science result.

Stay tuned for the development of quantum sensors! 
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The predicted axion DM signal/noise ratio plummets as the 
axion mass increases à SQL readout is not scalable.  

13
Aaron S. Chou, U.Tokyo workshop, March 9, 2022
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Already reported ~15 dB better than  
SQL for Dark Photon search 
(Phys. Rev. Lett. 126, 141302) 

This eventually enable to search 
- axion dark matter even if it composes  
  3% of total dark matter 
-  or 5x smaller coupling than DFSZ 
-  or 1000x faster scan speed


