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The QCD (QuantumChromoDynamics) axion emerged as one of the best-motivated dark matter

candidates. In 2018, the Axion Dark Matter eXperiment (ADMX), one of the U.S. Department of
Energy's \Gen 2" °agship dark-matter projects, demonstrated ¯rst sensitivity to the highly

plausible “DFSZ” dark matter axion couplings over a small frequency range. We anticipate this

development marks the ¯rst step in constructing yet more powerful experiments that can explore

large swaths of the axion parameter space at high sensitivity and result in a discovery. But,
realizing this requires advances in both our understanding of the theory and experiment design.

Between 25 January and 27 January 2021, the \Axions BeyondGen 2Workshop" was held, where

selected members of the community discussed our broad understanding of the QCD axion and

charted a course for future experiments having sensitivity andmass reach well beyond the current
\Gen 2" experiments. These proceedings are summaries of the topics presented and discussed.

Keywords: Axions; QCD axions; axion production; axion cosmology; dark matter; axion
detectors
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1. Introduction

The QCD (Quantum ChromoDynamics) axion emerged as one of the best-motivated

dark matter candidates. In 2018, the Axion Dark Matter eXperiment (ADMX), one of
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the U.S. Department of Energy's \Gen 2" °agship dark matter projects, demonstrated

¯rst sensitivity to the highly plausible \DFSZ" dark matter axion couplings over a

small frequency range. We anticipate this development marks the ¯rst step in con-

structing yet more powerful experiments that can explore large swaths of the axion

parameter space at high sensitivity and result in a discovery. But, realizing this

requires advances in both our understanding of the theory and experiment design.

Between 25 January and 27 January 2021, the \Axions Beyond Gen 2 Workshop"

was held, where selected members of the community discussed our broad under-

standing of the QCD axion and charted a course for future experiments having

sensitivity and mass reach well beyond the current \Gen 2" experiments. These

proceedings are summaries of the topics presented and discussed. The topics are

arranged with the following questions in mind:

. Axion Theory What theories underlie the standard QCD axion? What are the

preferred masses and couplings for experiments to target?

. Cosmology and Astrophysics What is the distribution of axion dark matter

near our location in the galaxy? What astrophysical measurements in°uence ter-

restrial experiment design?

. Current Dark Matter Axion Searches What is the progress made by the

current generation \Gen 2" style experiments?

. Non-Dark Matter Axion Searches What are the prospects for axion searches

that do not depend on axions being the local dark matter for in°uencing dark

matter experiments?

. New Ideas and Developing Technologies What are the critical technologies

to enable future axion dark matter searches? What advancements could funda-

mentally change the design of future experiments?

The limitations of time and space, as well as the considerable challenges related to

holding an online workshop during the COVID-19 pandemic, would not allow

complete answers to any of these questions. However, the presentations and dis-

cussions summarized in the following sections show that signi¯cant progress has been

made and there are paths to a future discovery.

2. Axion Theory

The standard QCD (or PQWW ��� Peccei{Quinn{Weinberg{Wilczek) axion is

expected to be largely produced nonthermally in the early universe through the

\misalignment mechanism", with very approximate axion masses around 1�eV.

Axions with these masses yield the density of dark matter observed today. At this

workshop, we discussed a number of extensions to this cosmological model, with

particular focus on tying the axion production mechanism to the observed mat-

ter{antimatter asymmetry in the universe. Additional production mechanisms were

proposed that could push the axion dark matter mass higher (or lower), though

Axions beyond Gen 2
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considerable phenomenological uncertainty remains and it is uncertain whether

axions with masses considerably higher or lower than the original PQWW axion can

be a dominant component of dark matter.

2.1. New roles of the QCD axion in dark matter

and baryogenesis (Raymond T. Co)

We propose a paradigm where the QCD axion's unexplored cosmological evolution, a

rotation in the ¯eld space, gives rise to the observed dark matter and baryon

asymmetry of the Universe.

The rotation is initiated by explicit Peccei{Quinn (PQ) symmetry breaking ef-

fective in the early Universe. Such explicit PQ breaking from higher dimension

operators is expected because it is believed that quantum gravity does not respect

global symmetries. This e®ect is typically negligible in the present day because of the

large separation between the decay constant and the cuto® scale of the theory.

However, in the early Universe, the value of the PQ breaking ¯eld, which is the decay

constant, can be as large as the cuto® scale of the theory, e.g. due to its interaction

with the in°aton physics. In this case, a rotation is initiated by the axion mass from

explicit PQ breaking at the onset of the motion.

The axion rotation can lead to a larger axion abundance, via the kinetic mis-

alignment mechanism,1,2 than from the conventional misalignment mechanism.3{5

As long as the axion ¯eld velocity is much larger than its mass �
:
� ma, the axion

continues to run over the potential barriers. For a su±ciently fast rotation, this

motion continues past the time when the mass is equal to Hubble, then the axion

kinetic energy �
:
2f 2

a is much larger than the maximum possible potential energy

�2

im
2
af

2
a in the conventional case, and thus the abundance is enhanced.

The observed cosmological excess of matter over antimatter can also originate

from the axion rotation. The Uð1Þ charge associated with the rotation is transferred

to the baryon asymmetry via the Standard Model sphaleron processes and other

processes that violate B� L.

A correlated prediction of the axion mass and coupling strength can be made

from the rotation necessary to produce the observed abundances of axion dark

matter via kinetic misalignment and of the baryon asymmetry via mechanisms

discussed below.

Due to the presence of the strong anomaly for the QCD axion, the strong spha-

leron processes transfer the rotation into the quark chiral asymmetry, which is then

reprocessed into the baryon asymmetry via the electroweak sphaleron processes.

Such a scenario, called axiogenesis,7 predicts the QCD axion with a mass around

Oð0:1� 100ÞmeV, i.e. toward the upper end of the yellow bands in Figs. 1 and 2. If

the QCD axion or ALP has an electroweak anomaly, then the rotation can directly

produce the baryon asymmetry by the electroweak sphaleron processes.6 The sce-

nario for ALPs is called ALP-cogenesis and predicts the axion coupling to be in the

green bands in Figs. 1 and 2.

G. Rybka et al.
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In the presence of a neutrino Majorana mass term, which violates the lepton number,

the transfer of the asymmetries can be more e±cient. In this scenario, named lepto-

axiogenesis,8 when a lepton number is created at high temperatures, a nonzero B� L

number is created, which is preserved by the electroweak sphaleron processes. Since the

production of B� L at high temperatures depends on whether the lepton number

violating interactions are in equilibrium, the determination of the ¯nal baryon number is

sensitive to the full cosmological evolution. Ultimately, in the concrete models considered

in lepto-axiogenesis,8 the QCD axion is predicted to lie within a similar mass and coupling

range as that in axiogenesis. Despite the similar predictions in axion parameter space,

lepto-axiogenesis and axiogenesis make other qualitatively di®erent predictions, such as

the electroweak phase transition temperature and the mass of the PQ breaking ¯eld.

In summary, we have presented a novel possibility for the QCD axion and the

ALPs to simultaneously solve multiple open questions in particle physics. Most ex-

citingly, this paradigm makes predictions for the axions that are within the reach of

current and planned experiments.

2.2. Production of axions in the early universe (Ken'ichi Saikawa)

The axion produced via nonthermal processes in the early Universe is regarded as a

strong candidate for cold dark matter (CDM).3,5,9 Since its relic abundance depends

Source: From Ref. 6.

Fig. 1. (Color online) The prediction for the axion-like particle (ALP)-photon coupling is shown by the

green band in the left panel. The predictions for the QCD axion and for ALP dark matter from the
conventional misalignment mechanism are shown in the yellow and gray bands. Other shaded regions

denote the existing experimental constraints, while various lines show the sensitivity of future experiments.

Axions beyond Gen 2
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on the unknown parameter, the axion decay constant or axion mass, the estimation

of the relic abundance can be used to predict the value of axion mass that can

account for CDM. In order to obtain a precise theoretical estimate of the axion dark

matter mass, it is thus crucial to understand its production mechanisms.

A well-known mechanism is the so-called misalignment mechanism,3,5,9 which can

be straightforwardly applied to the case where the PQ symmetry has been broken

before in°ation and is never restored. On the other hand, if the PQ symmetry has

been restored and broken after in°ation, topological defects (strings and domain

walls) are formed, and could have an important role in the calculation of the axion

relic abundance.10 In this post-in°ationary PQ symmetry breaking scenario, the

axion mass prediction can also depend on the numberNDW of CP-conserving minima

after the QCD phase transition, and hence on the ultraviolet completion of the axion

model: If NDW ¼ 1, the network of string-wall systems decays soon after the QCD

phase transition, leading to a prediction for the axion dark matter mass of

Oð10� 100Þ�eV. The case with NDW > 1 is basically excluded since the string-wall

network is stable, but there is a possibility to avoid the problem if there exists a small

energy bias that breaks the degeneracy of vacua. In that case, the axion could

Source: From Ref. 6.

Fig. 2. (Color online) The prediction for the axion-like particle ALP-nucleon coupling is shown by the

green band in the right panel. The predictions for the QCD axion and for ALP dark matter from the

conventional misalignment mechanism are shown in the yellow and gray bands. Other shaded regions

denote the existing experimental constraints, while various lines show the sensitivity of future experiments.

G. Rybka et al.
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account for CDM at higher mass ranges.11 The axion dark matter mass ranges

predicted by various di®erent early universe scenarios are summarized in Fig. 3.

Recently, several groups have been working on simulations of axion production in

the post-in°ationary scenario to obtain a more reliable estimate of the axion abun-

dance from strings. The fundamental challenge is that one cannot simulate the

physically relevant regime of axion strings due to the fact that the string tension

acquires a large logarithmic correction, which is associated with a huge hierarchy

between the PQ scale and axion mass at the QCD epoch. One possible approach is to

calculate the axion production e±ciency at the large-log regime directly by using an

e®ective description, the result of which points to the axion dark matter mass of

26:2� 3:4�eV.12 However, this result was challenged by another approach relying on

an extrapolation from the scaling solution,13 which found that the axion production

could be more e±cient than the standard misalignment calculation. The latter ap-

proach predicts a higher mass of � 500�eV,13 which is strongly discrepant with the

former one.a

The above discrepancy should be attributed to our limited knowledge of the

spectrum of axions around the QCD epoch, and a more careful study of the low

momentum axion distribution with improved dynamical ranges would be highly

motivated. The ongoing large-scale simulations comprise up to 10;0003 lattice

points,15 which enable us to reach the value of the logarithmic parameter log . 8:5.

aMore recently, a new large scale simulation was performed based on the adaptive mesh re¯nement

method.14 The extrapolation of its outcome leads to a mass prediction of 40� 180�eV, which is discrepant

with the results of Refs. 12 and 13.

Fig. 3. Axion dark matter mass range. Courtesy of Ken'ichi Saikawa.

Axions beyond Gen 2
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This value is still far from the realistic value (log � 70), but very close to the critical

point, log � 9� 10 suggested by Ref. 13, where the axion spectrum would change

its shape from the ultraviolet-dominated to the infrared-dominated form, for which

the axion ¯eld distribution could be nonlinear. Hence it would be interesting to

investigate the behavior of axion strings around this critical point on near-future

supercomputers. Con¯rming or excluding such a possibility of the nonlinear regime

by use of direct numerical simulations should considerably improve our under-

standing of the axion production e±ciency and reduce the uncertainty in axion

dark matter mass prediction.

2.3. Axion quark nuggets and matter{antimatter asymmetry

as two sides of the same coin: Theory, observations

and future experimental searches (Ariel Zhitnitsky)

2.3.1. Axion quark nuggets (AQN) model basics

The matter{antimatter asymmetry and dark matter are known to be the two most

challenging problems of the modern cosmology. It is commonly assumed that there are

two stories here. The ¯rst is called the baryogenesis, which explains the mat-

ter{antimatter asymmetry in the Universe. The second is the presence of dark matter

in our Universe. It has been advocated in Ref. 16, that these two fundamental pro-

blems could be two sides of the same coin in which case the dark matter density �DM

and the baryonic matter density �visible will automatically assume the same order of

magnitude �DM � �visible without any ¯ne tuning, and irrespective to any speci¯c

details of the model, such as the axion mass ma. This is because both components are

proportional to the same fundamental �QCD scale, and both components are formed

during the same QCD transition, see recent review in Ref. 17 for details.

There are several additional elements in the AQN model in comparison with

previous constructions. First, there is an additional stabilization factor provided by

the axion domain walls, which are copiously produced during the QCD transition.

Another crucial additional element of the AQN proposal is that the nuggets could be

made of matter as well as antimatter during the QCD epoch. Both new elements play

an important role in the axion search experiments to be discussed below.

2.3.2. Broadband axion searches and the daily modulations

This goal is to highlight the basic ideas developed in Refs. 18 and 19 on possible

strategies to search for the AQN-induced axions. The most important feature of the

AQN-induced axions is that they will be released with relativistic velocities with av-

erage value hvAQN
axioni ’ 0:6c. This feature should be contrasted with conventional ga-

lactic nonrelativistic axions vaxion � 10�3c. The large velocities of the emitted axions

by AQNs dramatically changes the entire strategy of axion searches. This is because

the axions are characterized by broadband distribution with ma.!a. 1:8ma.

Therefore, the corresponding axion detectors must be some kind of broadband

instruments.

G. Rybka et al.
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A novel element that may dramatically increase discovery potential is the pres-

ence of daily modulations (unique for AQN model) when the AQN-induced axion

density varies with time during the day:

�AQN
a ðtÞ � h�AQN

a ðR�Þi½1þ �ðdÞ cosð�dt� �0Þ�; ð1Þ

where �0 is the phase shift, which can be assumed to be constant on the scale of a

season. However, it actually slowly changes during a year due to the variation of the

direction of dark matter wind with respect to the Earth.

Therefore, the idea is to collect the signal for each hour of the day during the same

season of the year in broad frequency band �! 2 ð1� 1:8Þma, and ¯t to the modu-

lation formula (1) to extract parameter �ðdÞ. The recording of the daily modulations in

terms of �ðdÞ 	 ð10� 20Þ% would be a very strong support for the AQN model as any

weakly interacting massive particle models predict negligible e®ect on a level of . 0:1%.

One should also add that any axion search instruments presently operating can, in

principle, analyze the daily modulations along the lines described above. This obviously

may include all previously collected data sets. In particular, the CAST-CAPP collab-

oration is presently analyzing their existing data from all cavities to search for possible

daily modulations. There are a number of consistency checks that dramatically di-

minish the spurious signals. First, the modulation (�ðdÞ 6¼ 0) must manifest itself in a

single frequency band, and must not be present in other frequency bands. The modu-

lation must also be absent at zero ¯eld. One more consistency check is the study of the

phase �0, which must demonstrate the drift with a season during a year.

3. Cosmology and Astrophysics

The existence of axions would a®ect a number of astrophysical processes: for instance

stellar evolution, cooling of neutron stars, and the neutrino °ux from supernova.

Lack of these observed signatures provide stringent limits for axion couplings and

masses, independent of whether axions are a primary component of dark matter. At

the workshop, a relatively new axion-related astrophysical observable was discussed:

the e®ect of axions on black hole spin and gravitational waves; this observable can

constrain low-mass axions with surprising sensitivity.

Another outstanding issue discussed at the workshop was how to relate our global

theories of axion production cosmologically to the local phase-space structure of

axions near Earth given the large amount of new information from recent galactic

surveys. There is also the long-standing question of whether axion dark matter is

smoothly distributed or is clumped into subhalos. These are important questions for

predicting signals of interest in terrestrial detectors.

3.1. Dark matter in the milky way and implications for axion

searches (Ciaran O'Hare)

All experiments seeking to directly detect axions in the vicinity of the Earth are

confronted by an unavoidable astrophysical uncertainty. The two main quantities

Axions beyond Gen 2
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that we need when predicting signals are (1) the dark matter density �DM and (2) the

velocity distribution fðvÞ. Assuming we make some measurement of the axion ¯eld

over many coherence times (T & 106 m�1
a ), we can write a generic relationship be-

tween these astrophysical quantities and some power spectrum extracted from the

¯eld oscillations

Pð!Þ/��DMfð!Þ; ð2Þ

where the unwritten constants of proportionality will depend on the speci¯cs of the

experiment.

We have written the lab-frame dark matter speed distribution as a function of the

axion frequency by changing variables to ! ¼ mað1þ v2=2Þ. The constant � is an

exponentially distributed number that arises from the stochastic variations in the

Fourier amplitudes of the axion ¯eld and contribute to the measured power at a

given frequency.20 Assuming there are no phase correlations between Fourier modes,

then at every value of ! in the discrete Fourier transform of some time-series data, a

di®erent value of � is drawn. For experiments that measure the ¯eld over times that

are long compared to the coherence time, this stochasticity can be suppressed by

stacking power spectra together. However, if the coherence time is very long, then

these random amplitudes can signi¯cantly impact the expected signal statistics.21

The baseline assumption for the Milky Way's dark matter halo is the Standard

Halo Model (SHM), which results in a Maxwellian form for fðvÞ (shown as �fð!Þ, in

Fig. 4). The SHM is isotropic in the galactic rest frame, but we observe fðvÞ after a

boost into the experiment's rest frame by the velocity of the laboratory. The orbit of

the Earth will cause this velocity to oscillate, making fð!Þ sharper in December and

broader in June,22 as can be seen along the time axis in Fig. 4. The function fð!Þ can

be thought of as the line shape of the axion signal, as measured by any experiments

Fig. 4. The axion line shape fð!Þ as a function of frequency ! relative to the axion mass,ma. The typical

width of the lineshape for a Maxwellian speed distribution is around Q ¼ ma=�! ’ 106, which sets the
e®ective quality factor of the signal. The annual modulation of the Earth's velocity acts to vary the width

of the lineshape over the course of the year (the central plot covers a duration of two years). To the left and

right of the central line shape plot, we show two potentially interesting modi¯cations that are discussed in

the text. Left: The e®ect of distinct accreted substructures that would contribute additional peaks to the
lineshape. Right: The e®ect of anisotropy in the dark matter velocity distribution. An isotropic halo would

generate a perfectly sinusoidal modulation signal, whereas any anisotropy would generate nonsinusoidal

features. Courtesy of Ciaran O'Hare.

G. Rybka et al.

2330012-12

In
t.

 J
. 
M

o
d
. 
P

h
y
s.

 A
 2

0
2
3
.3

8
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 w

w
w

.w
o
rl

d
sc

ie
n
ti

fi
c.

co
m

b
y
 U

N
IV

E
R

S
IT

Y
 O

F
 S

H
E

F
F

IE
L

D
 o

n
 0

2
/2

0
/2

4
. 
R

e-
u
se

 a
n
d
 d

is
tr

ib
u
ti

o
n
 i

s 
st

ri
ct

ly
 n

o
t 

p
er

m
it

te
d
, 
ex

ce
p
t 

fo
r 

O
p
en

 A
cc

es
s 

ar
ti

cl
es

.



reliant on axion-photon conversion. It therefore serves as a signal model for the

majority of both resonant and broadband haloscopes. Notable exceptions include

experiments that are sensitive to length scales larger than the axion's coherence

length,23 and experiments that couple to the gradient of the axion ¯eld,23,24 for which

velocity (i.e. directional) e®ects are important.

The simplest astrophysical ingredient to Eq. (2) is the dark matter density, which

simply scales the amplitude of the signal power independent of frequency. We have a

number of observational handles on the amount of dark matter in the solar neigh-

borhood that rely on either the kinematics of nearby stars, or the construction of a

global mass model for the galaxy (see Ref. 25 and references therein). Results from

the two approaches are in broad but not exact agreement since they are still domi-

nated by systematic uncertainties. With the recent map of 1.8 billion nearby stars

collected by the Gaia mission,26 the next few years will likely bring further

improvements to our understanding of dark matter around us. For now, a recom-

mended range of values is �DM ’ 0:3� 0:5GeV cm�3.25

While it is expected under a purely cold dark matter scenario that there should not

be signi¯cant ¯ne-grained °uctuations in the local density on the milli-pc scales probed

by experimental campaigns,27 it remains to be robustly shown if this is also true for

axionic dark matter. In particular, the astronomical-unit-scale clustering of axions seen

generically in simulations of the post-in°ationary scenario28,29 could radically alter the

simple picture of a smooth dark matter distribution.30,31 Unlike dark matter density,

we have no direct methods of measuring the velocity distribution. We can only make

educated guesses about its general properties using simulations and the Milky Way's

stellar halo as guides. The spherically symmetric and isothermal assumptions that

form the basis of the SHM are reasonable starting points for devising a simple

benchmark model, but are unlikely to be accurate in detail.32

There are several ways in which the true dark matter distribution could be more

complex. One of the most interesting of these in the context of axion experiments is the

possibility of substructure. Elongated and kinematically cold streams of stars are

observed abundantly around the MilkyWay,33 and our inner halo seems to be rife with

accreted stars.34,35 It is natural to expect then that a fraction of our local population of

dark matter might mirror these substructures. Two interesting features of the local

halo that have been discovered and rediscovered using several independent data sets

and substructure-¯nding techniques, are the so-called Sequoia36,37 and Helmi

streams.38The Sequoia is a high-energy, retrograde feature, whereas the Helmi streams

are largely prograde. If we were to make the assumption that the stellar material in

these substructures can serve as a rough guess as to the kinematics of their dark matter

components, then these two streams would show up as additional peaks in the axion

line shape at high and low frequencies, respectively (shown in Fig. 3-1, left). The peak

from the Helmi streams in particular would coincide with the maximum of the main

axion line shape, so would potentially enhance experimental sensitivities. However,

incorporating these substructures into a signal model would be premature without

further dedicated simulations to understand their potential dark matter components.

Axions beyond Gen 2
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Another post-Gaia revolution in our understanding of the Milky Way's formation

is the discovery of a huge population of stars brought in during a signi¯cant merger

around 8{10 billion years ago. This event, and the ancient dwarf galaxy it is asso-

ciated with, were dubbed variously the Gaia-Enceladus39 or Gaia-Sausage,40 with

amalgamated names like Gaia-Sausage-Enceladus (GSE) becoming increasingly

popular. The debris of this collision is observed today as a population of halo stars in

a triaxial ¯gure41 out to around 20 kpc42 from the galactic center, and on highly

radial (i.e. eccentric) orbits. This event likely brought in additional dark matter as

well, meaning that part of the velocity distribution of axions around the Earth would

also be strongly anisotropic in the galactic radial direction (i.e. a wider distribution

along an axis perpendicular to the dark matter wind). Evidence from simulations,43

as well as halo-shape arguments,32 both hint that around 20% of the Milky Way's

dark matter was brought in by the GSE. At the level of the instantaneous axion line

shape, the impact of the GSE would be very minor since directional information is

integrated over. However, it would lead to measurable distortions to the annual

modulation. The SHM has a perfectly sinusoidal time dependence, whereas any level

of anisotropy would generate frequency-dependent nonsinusoidal features,32 as

shown in Fig. 4 (right).

The conclusion for now seems to be that our understanding of the local dark matter

halo is su±cient for running axion experiments with con¯dence. Certainly this is the

case for the pre-in°ationary axion, although understanding the late-time consequences

of miniclusters formed in the post-in°ationary scenario should be a priority. Line

shapes that are sharper are easier to detect. So to remain conservative with regard to

astrophysical uncertainties, experiments should not assume dark matter densities

higher than, say, 0:5GeV cm�3, or speed distributions that are substantially colder

than the SHM, which has a width of �v ¼ 167 km s�1. The recent Gaia survey is

revolutionizing our understanding of the Milky Way's halo, and there are many

exciting features that are being unravelled. The possibility that one day an axion

observatory could contribute to this ongoing astronomical revolution by measuring the

dark counterpart of the Milky Way's halo is, therefore, rather exciting.

3.2. Black holes and axions: From gravitational waves

to axionic beacons (Masha Baryakhtar)

If ultralight axions exist, fast-spinning black holes will superradiate: lose energy and

angular momentum to exponentially growing bound-states of axions.44 Rotating

black holes thus source `clouds' of weakly coupled bosons, independently of cosmo-

logical abundance. The fastest growth rates occur when the particle's Compton

wavelength is comparable to the black hole radius; stellar mass black holes could

probe axions in the range 10�14{10�10 eV.45{50

The large energy density in the axion cloud can act as a source of gravitational and

axion waves, which are approximately monochromatic with frequency set by (twice)

the axion mass.45,46,51 For very weakly coupled particles, including the QCD axion, the

G. Rybka et al.
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axion cloud depletes on long timescales through gravitational wave (GW) emission;

signals can range from long (103{109 years), which are weak and only detectable from

our galaxy, to short (days to months), and may be observable from black hole rem-

nants of compact object mergers.49 These signals ¯t into the general framework of

continuous gravitational wave searches at LIGO/Virgo, and GW searches are

ongoing.52{55 The expectation is that multiple galactic black holes would source de-

tectable signals, clustered at frequency around twice the axion mass.49,54

If axion self-interactions are important, new processes arise.45,56{59 Black hole

energy sources the cloud through superradiance, which then evolves through self-

interactions, a range of dynamics for di®erent axion self-interactions with di®erent

observational implications. At ¯xed mass, from weakest to strongest interactions,

there are four distinct behaviors.58 (1) Gravitational superradiance: the cloud forms

through black hole superradiance and is depleted through gravitational waves. The

signatures are black hole spindown and gravitational waves at twice the axion mass.

(2) Small self-interactions: black hole sources the initial cloud; further axion levels

populate through self-interactions. The signatures are gravitational waves at twice

the axion mass and lower frequency gravitational waves emitted from transitions

between levels, and black hole spindown. (3) Moderate self-interactions: axion

interactions dominate energy loss in the cloud (emission into black hole and to

in¯nity), resulting in reduced occupation numbers. The signatures are weak gravi-

tational waves, slower spindown and axion waves. (4) Large self-interactions:

emission to in¯nity and into black hole leads to quasi-equilibrium of two levels; a

smaller axion cloud parametrically slows the spindown of the black hole. There is no

spindown on lifetimes of the age of the Universe, but there are long-lasting, mono-

chromatic axion waves.

Source: From Ref. 58.

Fig. 5. Constraints on axion parameter space from black hole spin measurements in X-ray binaries. The

\ALP DM" band corresponds to the range of quartic couplings that allow the observed dark matter
abundance to be produced by the misalignment mechanism. The darker middle band corresponds to Oð1Þ

values of the initial misalignment angle (� 2 ð1; 	� 1Þ), while the lighter bands above and below corre-

spond to \tuned" initial values (� 2 ð10�1; 	� 10�6Þ).

Axions beyond Gen 2
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Existing measurements of black hole spins and masses are used to constrain axion

parameter space (see Fig. 5). As self-interactions increase, spin extraction from the

black hole slows, resulting in a weaker bound.

The axion wave signal is similar to axion dark matter; the nonrelativistic

(v=c � 0:01� 0:1), coherent axion waves are emitted at constant amplitude

throughout the black hole lifetime. If axions couple to the Standard Model particles,

the waves can be detected directly. Although the signals are weaker than those of

axion dark matter, they can be enhanced for derivative axion couplings due to the

larger velocity, they are more coherent and do not rely on axions being the dark

matter.58 Signal detection requires di®erent data analysis strategies; open axion

parameter space can give many potential signals, including from known rapidly

rotating black holes (see Fig. 6).

4. Current Dark Matter Axion Searches

Experimental axion searches, especially based on the axion haloscope design, have

enjoyed a renaissance over the last decade. The ADMX detector demonstrated the

¯rst sensitivity to DFSZ (Dine{Fischler{Srednicki{Zhitnitsky)-coupled dark matter

axions, and a number of similar haloscopes have begun operating with sensitivity to

the KSVZ (Kim{Shifman{Vainshtein{Zakharov)-coupled dark matter axions. More

searches are being built or planned. New ideas about resonator design are opening up

new mass ranges, both higher and lower, for exploration. Simultaneously, compli-

mentary searches probing axion{nucleon and axion{electron couplings are also being

developed. The status and prospects of these experiments dominated the prepon-

derance of discussions during the workshop. Time constraints limited the presenta-

tions to only a representative sample of each technology among the currently

operating searches.

Source: From Ref. 58.

Fig. 6. Axion waves signal amplitude in a nuclear-magnetic-resonance-type experiment from nearby

black holes.

G. Rybka et al.
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4.1. Probing the axion{electron and axion{photon couplings

with the QUAX haloscopes (Caterina Braggio)

We describe recent results obtained within the QUAX (QUaerere AXions) collabo-

ration, for the development of haloscopes based on the axion{electron (QUAXae)

and axion{photon (QUAXa
) interactions. Planned activities for 2021{2025 years at

the LNL and LNF National INFN laboratories (Italy) are also mentioned.

Introduction

The most sensitive instruments to explore the parameter space of the QCD axion are

the haloscopes, which rely on axion-to-photon conversion within microwave cavities

under multi-Tesla ¯elds.60 Since the axion mass is unknown, all possible mass ranges

need to be explored, and experimental e®orts are made to enhance the speed at which

haloscopes can scan through parameter space at some ¯xed axion-to-photon coupling

g
 . Interaction of the axion with the electron spin has also been analyzed in QCD

axion models, but it is harder to exploit for detection as it is weaker than the

axion{photon coupling. Based on the work by Barbieri et al.61 in 2017, we proposed a

ferrimagnetic haloscope that can probe the axion-electron parameter space with the

required sensitivity, provided some experimental requirements are satis¯ed.62 This is

a challenging experiment as it concerns both the magnetic material properties and

signal readout. Here, we report the most relevant results obtained with the dem-

onstrator we built. In addition, we describe the current experimental e®orts to realize

haloscopes based on the axion{photon conventional approach in the 8.5{11GHz

frequency range.

The QUAXae haloscope

The axion{electron interaction can be expressed in terms of an e®ective magnetic

¯eld interacting with the electron,61 with amplitude Ba and frequency �a:

Ba ’ 5
 10
�23

ma

50�eV
T; �a ’ 12

ma

50�eV
GHz;

where ma is the axion mass in eV.

To detect the ¯eld Ba, a magnetic material with highest spin density ns and

narrow linewidth (i.e. long spin{spin relaxation time) is devised, such as yttrium iron

garnet (YIG). The uniform magnetization mode is coupled to a microwave cavity

mode to realize the optimal transducer.63,64 The power deposited in the hybrid res-

onator is collected with an antenna and readout with a conventional heterodyne

receiver, possibly with a Josephson Parametric ampli¯er as the ¯rst stage of am-

pli¯cation to minimize electronic noise.

While secondary issues have been addressed, including ppm level uniformity and

high stability of the 2T magnetic ¯eld, current experimental challenges are: (1) the

required sample volume of about 100 cm3 has to be hosted in high frequency cavities

(40{50GHz); and (2) the ferrimagnetic resonance linewidth should be as low as

150 kHz, corresponding to a relaxation time of 2�s. The best value we obtained up to

Axions beyond Gen 2
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now is of 0.3�s, improving on previous realizations thanks to a procedure we devel-

oped to get high quality YIG spheres.65 This scheme, which has excellent prospects for

model discrimination in the event of discovery, has been used for a preliminary axion

dark matter search based on a photon{magnon hybrid system consisting of 10 small

spheres of YIG (Fig. 7(a)) coupled to a cylindrical cavity mode.66 To improve on the

reported limit of the axion{electron coupling constant, not only signi¯cant R&D ac-

tivities are required on magnetic materials and hybrid magnon{photon systems, but

capability of single-magnon readout based on superconducting transmon qubits is also

necessary.

QUAX a° haloscopes

As for the axion{photon haloscope, we address the challenging high-frequency

range 8.5{11GHz. The LNL and LNF-INFN laboratories will work in synergy,

operating in complementary mass ranges on di®erent cavity resonator technologies.

At LNL, a dielectric resonator will be used67 for 9.5{11GHz, whereas in LNF a

multicavity experiment is devised to probe the 8.5{10GHz range. The QUAXa


collaboration has recently published the results of the last-run data analysis, with

sensitivity to axion{photon coupling only a factor 5 from KSVZ benchmark

models73 at 37�eV mass (9.08GHz frequency). A copper resonator coated with a

Nb{Ti ¯lm produced by magnetron sputtering has been used for this search (see

Fig. 7(b)), whose quality factor under the applied magnetic ¯eld of 2 T was ¯ve

times higher than in copper.69

Source: Adapted from Ref. 73.

Fig. 7. (a) Cavity hosting the magnetic material used in the QUAXae experiment. Courtesy of Caterina

Braggio. (b) Dielectric resonator (from Ref. 67) and (c) superconducting (NbTi ¯lm) hybrid cavity used for

the QUAXae haloscopes (from Ref. 73).

G. Rybka et al.
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4.2. Wavelike dark matter on the horizon: Searching

for the DFSZ axion with the ADMX haloscope

(Chelsea Bartram)

The QCD axion is an appealing dark matter candidate for its unique ability to

simultaneously account for the missing mass and solve the strong-CP problem.

Pierre Sikivie ¯rst proposed a method for detecting the QCD axion called the

resonant haloscope, and searches have been ongoing since. Notable among these is

the ADMX detector. Recent developments in quantum science and cryogenics have

enabled ADMX to greatly lower noise and become the only resonant haloscope

sensitive to the DFSZ axion over a wide axion-mass range.

Details from the prior ADMX run (680{790MHz) were presented, including

results from an in-depth analysis and instrumentation paper (see Fig. 8). Preliminary

results from ADMX included scanning progress through the 800{1020MHz fre-

quency range, demonstration of a traveling wave parametric ampli¯er (TWPA) for

higher frequency wide-band operation, and testing of a resonant feedback setup on a

prototype cavity located within the ADMX insert.

In the near term, ADMX plans to implement a low-volume cavity with a larger

tuning rod. Following this, scanning of higher frequencies will require a series of

multicavity array searches. The ¯rst will use a four-cavity array located at the

University of Washington (see Fig. 9). The next will be sited at Fermilab and enable

frequencies up to 4GHz to be searched. Research and design work for forthcoming

axion search concepts are propelled by ADMX collaborators at various institutions.

A variety of options are under consideration for future ADMX searches, including

single-photon counting with qubits (Fermilab), broadband microwave antenna

Source: From Ref. 70.

Fig. 8. \Limit plot" showing DFSZ exclusion limit at 100% dark matter density for prior two data-taking

runs.
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designs (Fermilab), and the implementation of programmable ¯lters on ¯eld-pro-

grammable gate array boards in resonant feedback systems (University of She±eld).

To the extent that it is possible, some concepts for future searches were deployed and

tested within the current insert, such as the TWPA, piezo motors and prototype of

the resonant feedback system on the ADMX sidecar cavity.

4.3. Lumped-element searches for low-mass axion dark matter

(Chiara P. Salemi)

Axions were hypothesized several decades ago as a part of the solution to the strong

CP problem and have long been known to be an excellent dark matter

candidate.4,5,71,72,79{81 Despite their long-standing strong theoretical motivation,

laboratory experiments have probed only small portions of their possible mass range.

Recent theory work has further motivated searches over a wide range of masses,

10�12.ma. 10�1 eV.73{75

At the lower end of this mass range (ma. 1�eV), the axion wavelength is long

relative to a reasonable detector size, motivating a lumped-element detection scheme

to search for axion{photon interactions.76 This method is based on an LC circuit

where the individual components can be treated as lumped-circuit elements under

the magneto-quasistatic approximation. In this circuit picture (see Fig. 10), the

axion signal can intuitively be thought of as an e®ective current,

Jeff ¼ ga


ffiffiffiffiffiffiffiffiffiffiffiffi

2�DM

p

cosðmatÞB ð3Þ

that can inductively couple into a pickup structure. Note that the e®ective current

oscillates with frequency ma and is proportional toB, the magnetic ¯eld that sources

the axion interaction. An oscillating real current induced on the pickup can then be

Source: From Ref. 78.

Fig. 9. Rendering of the 1.4{2 GHz multicavity array to be sited at the University of Washington.

G. Rybka et al.
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detected using high-precision sensors such as superconducting quantum interference

devices (SQUIDs). The pickup can be entirely inductive for a broadband readout or,

with the addition of a tunable capacitor, can operate as an LC resonator that can

scan over the possible axion masses. Operating in resonant mode provides an en-

hancement of the signal strength by the resonator quality factor, ultimately im-

proving the overall experimental sensitivity for a given run-time.77

Three ¯rst-generation lumped-element axion experiments have demonstrated the

viability of this technique and have set world-leading limits on low-mass axions,

shown in Fig. 11. Two of these, ABRACADABRA-10 cm and SHAFT, used a

Fig. 10. Circuit diagram for a lumped-element axion detector. In the presence of an external magnetic

¯eld, the axion ¯eld acts as an e®ective current source. A pickup structure can inductively couple to this

e®ective current, generating a real current that can be detected with high-precision sensors such as

SQUIDs. By including a tunable capacitor in the detection circuit, the signal strength can be magni¯ed by
the Q-value of the resulting tunable LC resonator. Courtesy of Chiara P. Salemi.

Fig. 11. Recent limits on the axion{photon coupling using the lumped-element detection method. Also

shown are the sensitivity projections from two upcoming experiments, DMRadio-50L and DMRadio-m3,

the latter of which will probe the QCD axion band at DFSZ sensitivity. Courtesy of Chiara P. Salemi.
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toroidal magnet to source the e®ective axion current. The toroidal geometry provides

a ¯eld-free region in the central hole for the inductive pickup structure and readout

electronics. Both experiments opted to use a broadband readout for their ¯rst-gen-

eration setup. SHAFT and ABRACADABRA-10 cm have together excluded axion-

like particles over a wide range of masses, 10�11.ma. 10�8 eV, with axion{photon

couplings ga

 & 10�11 GeV�1.82{84

The third ¯rst-generation experiment, ADMX-SLIC, used a solenoid magnet,

which su®ers from a high ¯eld in the region of interest, but is easier to build. SLIC

also used a superconducting resonant readout, allowing it to reach a high sensitivity,

ga

 & 10�13, over a narrow range of masses, ma 	 10�7 eV.5

These experiments have paved the way for future, large-scale, lumped-element

axion searches. The next-generation experiment is DMRadio-50L, which is about to

start construction. It will use a resonant readout with a �50 L toroidal magnet and

will search for axion-like particles over a much larger parameter space, shown in

Fig. 11. Another larger experiment, DMRadio-m3, is currently being designed and is

expected to probe DFSZ axions at slightly higher masses, ma 	 10�7 � 10�6.

DMRadio-m3 will also be a resonant experiment and will likely be a solenoid design

to avoid parasitic resonances that appear at higher frequencies with the toroid. In

addition, R&D e®orts are underway with the goal of eventually building an exper-

iment that would reach DFSZ sensitivities down to ma < 1 neV.

A recent set of ¯rst-generation experiments have demonstrated that the lumped-

element method is a viable and promising technique for axion detection. Building on

these successes, new experiments are underway to probe the interesting and so far

unexplored parameter space of light axion-like particles and QCD axions. Lumped-

element detection at low masses is a vital component of the larger program to search

for axion dark matter over its entire mass range.

4.4. Axion search activities at IBS/CAPP (Soohyung Lee)

The Center for Axion and Precision Physics Research of the Institute for Basic

Science (IBS/CAPP) runs several axion search experiments. It has four systems for

the experiments: two dry-type dilution refrigerators equipped with 8T super-

conducting magnets of 125mm (referred to as \8T/125mm") and 165mm (referred

to as \8T/165mm") clear bores, a wet-type dilution refrigerator equipped with a

12T superconducting magnet of 320mm clear bore (referred to as \12T/320mm"),

and a wet-type refrigerator with a 9T superconducting magnet of 125mm clear bore

(referred to as \9T/125mm").

With three systems among them, prototype experiments with high-electron mo-

bility transistor ampli¯ers were done: the 8T/165mm scanned an axion frequency

range of 1.60{1.65GHz at 4
 gKSVZ
a



86 where gKSVZ
a

 is the axion{photon coupling for

the KSVZ axion134; the 8T/125mm searched 2.457{2.749GHz at 9
 gKSVZ
a

 and

2.5903{2.5918GHz at gKSVZ
a



87; and the 9T/125mm explored 3.14{3.36GHz at

10
 gKSVZ
a



135 with realizing the ¯rst multiple-cell microwave resonant cavity.93

G. Rybka et al.
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The 12T/320mm system is dedicated for the °agship experiment to search for

axion frequency range of 1{4GHz at the sensitivity for the DFSZ axion,88gDFSZ
a

 . The

experiment employs a microwave resonant cavity of 30 L and Josepson-junction

parametric ampli¯er (JPA).89 In the ¯rst year of the experiment, it will scan

1.0{1.4GHz at below gKSVZ
a

 sensitivity, and it will reach gDFSZ

a

 for 1.0{2.0GHz. It

will also expand to 2{4GHz at gDFSZ
a

 later on.

A breakthrough to maximize the cavity volume for the prototype systems scan

rate90 is the phase matching,91 which integrates the systems with more bene¯t than

a statistical integration. For this integration, the 9 T/125mm system will be

replaced with a dry-type dilution refrigerator with a 12 T superconducting magnet

of 96mm clear bore. Combining those, the total e®ective volume of the experiment

is expected to be 6.2 L. Individual experiments are being built for 5.5{6.0 GHz

targeting gKSVZ
a

 with six- and eight-cell cavities for 8 T/125mm and 8T/165mm,

respectively. The phase-matching experiment will eventually cover 4{6GHz at

gKSVZ
a

 . Even further, a realization of a superconducting cavity92 will be another

breakthrough to achieve gDFSZ
a

 .

The IBS/CAPP is now one of the players in the axion search race. It pursues to

search 1{8GHz at gDFSZ
a

 with microwave resonant cavities and other breakthroughs

such as JPA, phase-matching and superconducting cavity. The frequency range will

be extended to even higher frequencies with realizing a single-photon detector in the

future.

4.5. Axion program at the University of Western Australia

(Michael E. Tobar)

4.5.1. ORGAN

In recent years, interest has grown in searching the high mass (>� 50�eV) range for

dark matter axions.94 The interest is due to a range of promising theoretical pro-

posals96,149 suggesting axions could exist in this range. Despite this, there are few

experiments that propose to scan this range, owing in part to a host of technical

di±culties associated with conducting axion detection experiments at higher fre-

quencies. The ORGAN Experiment is a high-mass, (Sikivie-style) axion haloscope

hosted at the University of Western Australia. Since 2016 we have conducted R&D,

prototyping, path-¯nding, planning and commissioning for the ORGAN Experi-

ment, which will probe this range.136 This work culminated in the ¯rst experiment in

this mass region in 2017. Subsequently, we have undertaken future planning for the

experiment, and have already commenced long-term operation in 2021.

The experiment will run for 7 years, from 2021 to 2027, with the axion mass range

of interest of �60{200�eV, corresponding to roughly 15{50GHz in photon fre-

quency. To overcome the signi¯cant technical challenges associated with operating a

traditional resonant cavity haloscope, we pursue four avenues of research and de-

velopment. First, we consider novel resonator designs based on higher-order modes in

resonant cavities and dielectric materials, to increase form factors and volumes at

Axions beyond Gen 2
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high frequency.136,137 Second, we investigate novel schemes for combining multiple

resonators, such as cross-correlation,97 to increase e®ective detector volume. Third,

we consider high critical ¯eld superconducting coatings to increase quality factors of

resonators.98,99 Finally, we propose to implement promising single-photon counting

technologies and/or subquantum limited linear ampli¯cation.100 The experiment will

consist of two phases, each broken into stages. Phase 1 will consist of two targeted

scans at 15{16 and 26.1{27.1GHz, whereas Phase 2 will consist of the entire

15{50GHz region, broken into 5GHz stages.

All phases of the run plan will operate at mK temperatures, in a 14T (or higher)

magnetic ¯eld, at the University of Western Australia. The scans will use a signal-to-

noise ratio of 4 as the target for searching, and will achieve di®erent levels of sensitivity

depending on success of various aspects of R&D during the 7 years of the experiment.

4.5.2. UPLOAD

The UPLOAD-MC (UPconversion Loop Oscillator Axion Detection with a Micro-

wave Cavity) experiment is similar to traditional haloscopes. It is the ¯rst in a new

class based on frequency metrology,101,102 instead of power detection. Most halo-

scopes attempt to create photons by interacting axions with a virtual photon source,

but the Primako® process also generates products in the presence of real photons, as

¯rst noted by Sikivie in 2010.103 AC haloscopes based on the two-photon process are

capable of detecting axions near the sum and di®erent frequencies of two photonic

oscillators. The method implemented here allows detection via precision frequency

measurements causing modulations as opposed to photon generation.103{105 More-

over, precision oscillators of the type proposed here have been used in the past for

some of the best tests of fundamental physics, including variations in fundamental

constants and local position invariance,106,107 as well as tests of Lorentz invariance

violation,113 with proven long-term performance of up to eight years,109 and if

designed properly the sensitivity will be determined by the white noise frequency

°oor of the frequency stabilization system.110 In particular the University of Western

Australia team members leading this project are world experts in developing low-

noise microwave and radio-frequency oscillators111,115 based on low-noise phase de-

tection,112 and using them to test fundamental physics.108{110,113,114,116,117 This is

evidenced by the fact that the technology developed in their lab is now present in all

of Raytheon's defence radar.118

4.5.3. BEAST

When axions, aðtÞ, mix with an applied photonic degree of freedom (
), a photon of

di®erent frequency will be produced via a second photonic degree of freedom (
0)

through the inverse Primako® e®ect, given by 
 þ a ! 
0. From the view point of the

second photon degree of freedom, 
0, this is a nonconservative electrodynamical

process due to the creation of photons from an external nonelectromagnetic source

(namely the ¯rst photonic degree of freedom mixing with the axion). If the ¯rst

G. Rybka et al.
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photonic degree of freedom is an applied DC B
!

-¯eld, the modi¯ed axion electro-

dynamical equations become similar to the electrodynamics of an AC voltage source,

producing an AC electromagnetic action (or emf, EaðtÞ) oscillating at the Compton

frequency of the axion. As in standard electrodynamics, EaðtÞ may be modeled as an

oscillating e®ective-impressed magnetic-current boundary source. This boundary

source is present in the axion{photon electrodynamical equations119,120; however, the

relevant term is usually approximated to equal zero, so only a derivative axion{

photon coupling remains, consistent with a zero total derivative. In the low-mass

limit where the Compton wavelength of the axion is greater than the dimensions of

the experiment (quasi-static limit), this approximation is no longer valid and the

boundary source terms are the dominant e®ect. The end result is the realization of

new Broadband Electrical Action Sensing Techniques (BEAST), with a sensitivity

linearly proportional to the axion{photon coupling.119{121

Contrary to what has been published by others,122{124 we have subsequently shown

our sensitivity calculations are consistent, and calculate that the electric ¯eld produced

by the axion current in the low-mass limit is suppressed. Our technique does not detect

this suppressed axion-induced electric ¯eld, E
!

aðtÞ, but directly detects EaðtÞ from the

nonconservative process. This is a much more sensitive technique because it is not

suppressed by the mass of the axion and puts axion{photon coupling low-mass

experiments on a similar footing to axion{gluon coupling experiments,125,138 such as

the CASPEr100,132 and Sussex-RAL-ILL nEDM experiments,127 which are not sup-

pressed by the axion mass and have also been projected to be sensitive enough to

detect QCD axions at low mass ranges below 10�8 eV. This result may be considered

controversial, but no one has yet shown how this calculation is wrong. To fully con-

sider this e®ect in axion electrodynamics, the electrodynamics of standard impressed

sources that convert external energy to electromagnetic must be fully under-

stood.128{131 Adding the impressed source is similar to standard electrodynamics where

the vector curl of a polarization vector is nonzero, this is also consistent with applying

the Minkowski Poynting vector to the problem,132,133 otherwise applying the Abraham

Poynting vector applied to this case will miss the e®ect of EaðtÞ as an impressed source.

This work was funded by the ARC Centre of Excellence for Engineered Quantum

Systems, CE170100009, and Dark Matter Particle Physics, CE200100008.

4.6. Post-in°ationary axion dark matter search with

a dielectric haloscope (Chang Lee)

The QCD axion is an ideal candidate for CDM139 and a solution to the strong CP

problem.71 Recent lattice QCD calculations predict a mass heavier than 26�eV if

axions are generated after cosmic in°ation.140 Unfortunately, this range is slightly

beyond the reach of current-generation axion search experiments that use axion's

coupling to a resonant cavity's fundamental mode.141,150

The MADMAX collaboration proposes to probe post-in°ationary QCD axion

using a dielectric haloscope.142{144 A dielectric haloscope measures traveling waves

Axions beyond Gen 2
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induced by the axion ¯eld at boundaries of di®erent media. The signal power

increases when the impedance of a receiver matches that of a mirror surface via

dielectric layers. A low-re°ecting taper or antenna collects the signal. The taper or

antenna re°ects very little and supports fewer unwanted standing wave modes. The

traveling wave detection structure, what we call the \leaky resonator," distinguishes

a dielectric haloscope from cavity detectors136,145,151 that detect standing-wave

modes between re°ecting boundaries.

A small proof-of-principle dielectric haloscope is in development. It consists of a

copper mirror and three sapphire disks (100mm in diameter), as shown in Fig. 12.

The dielectrics boost the axion-induced traveling wave power at 19GHz, more than

2000 times that of the single metallic mirror alone. The metallic spacing rings and the

gold coating on the disks' rims de¯ne lateral boundaries. A parabolic taper146

transforms the TE11 mode of the booster to that of the waveguide. Figure 13 shows

that room-temperature re°ectivity measurement agrees with simulation. A similar

measurement at liquid helium temperature is ongoing. Assuming 11K system tem-

perature, 90% e±ciency, and a signal-to-noise ratio of 5, a 7-day measurement can

probe hidden photon kinetic mixing � below 10�13 within a bandwidth of 20 MHz

around 19 GHz, corresponding to a hidden photon mass of 78.85�eV.

The MADMAX (Magnetized Disc and Mirror Axion Experiment) collaboration is

preparing a series of larger dielectric haloscopes. The prototype is an R&D platform

that aims to test the system at a cryogenic temperature and in the 1.6 T magnetic

¯eld of the MORPURGOmagnet147 at CERN. The full MADMAX is planning to use

a 9T, 1.3-m bore magnet and probe the QCD axion at 40{400�eV.

Source: From Ref. 148.

Fig. 12. (Color online) Left: The proof-of-principle dielectric haloscope consists of a copper mirror (brown
disk) and three sapphire disks (transparent disks). Interchangeable aluminum rings set the distances

between the disks. A parabolic taper (top) collects traveling waves exiting the resonator. Right: The

assembled setup is seen from the mirror side. The mirror is not included in the assembly.

G. Rybka et al.
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4.7. What is up, CASPEr? (Dmitry Budker for

the CASPEr collaboration)

The Cosmic Axion Spin-Precession Experiment (CASPEr) program that originated

with the proposal95 aims at the detection of galactic axions or ALPs via their cou-

plings to nuclear spin. One such \gluon" coupling induces an electric dipole moment

of nucleons, and the other results in nuclear spin precession in the gradient of the

axion (ALP) ¯eld. Both e®ects are described by a time-dependent interaction os-

cillating near the Compton frequency of the particle and are searched for via

nuclear magnetic resonance techniques. CASPEr is presently a multi-institution

Source: From Ref. 148.

Fig. 13. Dielectric haloscope's room-temperature re°ectivity is compared against simulation. The top

and bottom plots show re°ectivity magnitude and group delay against frequency. The main resonance

appears at 18.95GHz. Surface current through the disks' rims yields loss higher than simulated. Mode-

crossing inside the taper yields other peaks.

Source: Adapted from Ref. 95.

Fig. 14. Principles of CASPEr-Boston.

Axions beyond Gen 2
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international collaboration, with experimental activities concentrated at Boston

University (USA) and Helmholtz Institute, Johannes Gutenberg University, Mainz

(Germany).

In recent years, it has produced several constraints on the ALP parameter space

in both couplings, in the mass range from 1022 to 1:7
 107 eV, with the most recent

one described. Figure 14 illustrates the principles of this experiment, while the results

and projections of CASPEr are shown in Fig. 15. It should be pointed out that there

are a number of spino® experiments, either complementing CASPEr or looking for

other couplings or other kinds of ultralight bosonic dark matter. Among these are the

SHAFT experiment,83 searches for oscillating fundamental constants in atomic

(a)

(b)

Source: Adapted from Ref. 95.

Fig. 15. Summary of the results and future projections of the CASPEr program.

G. Rybka et al.
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spectroscopy,152 hybrid networks cross-correlating the data from di®erent types of

dark matter sensors, dark matter searches with masers153 and spin ampli¯ers,174 as

well as indirect searches via detection of exotic (\¯fth-force") interaction induced by

virtual particles whose real counterparts could constitute some of the dark matter.

5. Non-Dark-Matter Axion Searches

It is possible that the axion exists, yet only makes up a small fraction of the cos-

mological dark matter. In this case, direct observation becomes much more chal-

lenging because the local density of dark matter cannot be relied upon as a copious

axion source. Regardless, techniques do exist that may be able to detect the axion in

this case. Detecting signatures of axions produced in the Sun, prospects for the so-

called light-shining-through-wall technique and detecting axion-mediated forces

between spin polarized objects were discussed at this workshop.

5.1. The status of solar axion searches and the international

axion observatory (IAXO) (Julia Vogel)

Axions are neutral psuedo-scalar particles originally predicted to exist as a conse-

quence to the PQ solution for the strong CP problem.71,80 They may be detected by

their interactions to two photons through a loop of virtual particles. This interaction,

known as the \inverse Primako® e®ect", can allow for axions to be converted into

detectable photons. Axions can be either primordial in nature (direct dark matter

searches) or generated initially from intense photon sources such as lasers or stellar

objects like the Sun. Axion of the latter type can be studied using the helioscope

technology, which was developed by Pierre Sikivie,60 and relies on axions to be

produced in the intense photon ¯elds of the Sun where they carry the kinetic energy

of the Sun's thermal environment, which boosts their energies to keV scales. These

axions would then stream out of the Sun and can be collected in a large dipole ¯eld on

Earth where they can reconvert to detectable X-ray photons.

The ¯rst-generation helioscope was the Rochester{Brookhaven experiment that

used a few hours of data using a 2.2 Tesla 1.8m long magnet that took about 15min

of data a day while pointed at the Sun.154 It was followed by the SUMICO second-

generation experiment with a 4 Tesla, 2.3m long magnet on a platform that could

follow the Sun for about 12 h a day155 and took data under vacuum as well as with

helium gas in the magnetic ¯eld region. The helium gas enables the restoration of

the coherence condition under which axions and photons are in phase and can re-

convert into X-ray photon at higher axion masses, thereby extending the mass

reach of the solar axion search. A third generation experiment, the CERN Axion

Solar Telescope (CAST157,158), was built using a decommissioned Large Hadron

Collider prototype magnet (10 Telsa magnetic ¯eld over a 9.2m length) and was

able to follow the Sun for 3 h a day. This experiment operated with several advanced

low-noise detectors, including a low-background Micromegas detector, along with a

Axions beyond Gen 2
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complementary set of X-ray-focusing optics coupled to a charged-coupled device

camera, both °ight spare instruments from di®erent ESA space missions. It set

broadband world-leading limits ruling out axions with mass below ma < 0:2 eV and

coupling above ga
 < 0:66
 10�10 GeV�1.156

The International Axion Observatory (IAXO159,160,184) is a fourth-generation

experiment that will have 1{1.5 order of magnitude higher sensitivity to axion

couplings than CAST. Its current design calls for a toroidal magnet design, similar

to that of ATLAS, with peak ¯eld of 2.5 T. It will allow for eight bores that are 20m

long. The lower magnetic ¯eld relative to CAST is more than compensated

by 2:3m2 aperture from its 8 bores of 60 cm diameter each, which corresponds to

a factor of 793 larger area than that of CAST. The system will be placed on a

moving platform to allow operations 12 h a day following the Sun. A full design

study of IAXO can be found in Ref. 184. An intermediate experiment, dubbed

Source: From Refs. 184 and 161.

Fig. 16. Sketches of the IAXO and BABY IAXO precursor experiment.

G. Rybka et al.
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BabyIAXO,161 is in the near-term planning phase (the experiment is entering its

construction phase in 2022) and is expected to consist of two 70 cm diameter bores

of a 10m long magnet and will allow testing of a variety of detector systems ahead

of the full IAXO system (see Fig. 16) while at the same time signi¯cantly extending

the physics reach over CAST (Fig. 17).

5.2. ALPS II (Aaron Spector)

The Any Light Particle Search II (ALPS II) is a light-shining-through-a-wall experiment

taking place at DESY in Hamburg, Germany, that will search for axion-like

particles with masses below 0.1meV down to a coupling strength between axions

and two photons of 2
 10�11 GeV�1. These experiments use a high-power light

source propagating through a dipole magnetic ¯eld to generate a beam of ALPs

that travel through a wall and blocks the light. On the other side of the wall

another strong magnetic ¯eld will reconvert a few of the ALPs back to photons.

To reach the targeted sensitivity, ALPS II will utilize two strings of 12 super-

conducting dipole magnets to generate an integrated magnetic ¯eld length of

560T �m before and after the wall, along with high-¯nesse 122m optical cavities that

will increase the reconverted photon rate by up to 9 orders of magnitude. An

Source: From Ref. 161.

Fig. 17. IAXO and BABY IAXO expected sensitivities.
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ampli¯ed nonplanar ring oscillator (NPRO) is used to seed the cavity before the wall

with up to 50W of laser light at a wavelength of 1064 nm. With these parameters, an

axion-like particle with a coupling of 2
 10�11 GeV�1 would then generate a photon

rate of roughly a single photon per day. This will be measured by two independent

single-photon detection schemes, a heterodyne detection system,163 and a transition

edge sensor counting single photons.162

The operation of the high-¯nesse cavities requires that the laser light is free to

propagate between the cavity mirrors while incurring optical losses below around

50 ppm. Since the magnets were formerly used to steer protons around the arcs of the

HERA particle accelerator, they have a curvature that limits their free aperture to

37mm. Therefore, all of the magnets underwent a straightening procedure that

produced free apertures between 46 and 51mm, su±cient to limit the losses from

clipping on the magnet string to less than 1 ppm. The expected scattering losses from

the mirrors that will be used in the initial science run were expected to be between 20

and 30 ppm per mirror, however initial results suggest they are roughly twice that

amount. An optics upgrade is also planned after the ¯rst science run that will im-

plement mirrors aiming at an even higher surface quality to further reduce the losses

and increase the regenerated photon rate.

A sophisticated optical system must be used to maintain the coherence and the

spatial overlap between the cavities before and after the wall in order to successfully

boost the reconverted photon rate.164 A series of phase-lock loops will be imple-

mented that allow us to monitor any di®erential length changes between the cavities

and ensure that the axion ¯eld is resonant in the cavity after the wall. This system

relies on a central optical bench (COB), on which we interfere the transmitted ¯elds

from the cavities with a reference laser. This must be done while also preventing any

stray light with power levels on the order of 1 photon per day from coupling between

the cavities. The COB will also play a critical role in maintaining the alignment of

the cavity optics. The mirrors at the center of the experiment are mounted directly to

it, limiting the relative alignment drift between them. The COB also houses position

sensors capable of monitoring the alignment noise of the mirrors at the end stations

of the experiment.

Figure 19 shows a photo of the magnet string. All 24 magnets have now been

installed, cooled-down and operated at full current, while the clean rooms that house

the lasers and optics of the experiment are fully operational. While this work was

being done, preliminary work was performed on the optical system using the full

magnet-beam tube. This involved shining a HeNe laser through the 240m magnet

string to serve as an alignment reference for the optical system as is shown in Fig. 18.

Since then the COB has been fully assembled and installed in its vacuum chamber

in the central station of the experiment. The cavity after the wall has also been fully

commissioned and can be operated with a laser held on its resonance for inde¯nite

periods of time. In addition to this, the full control system that stabilizes the fre-

quency of the 50W laser with respect to this cavity has been demonstrated and in

November of 2022 light from this laser was measured in transmission of the cavity for

G. Rybka et al.
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the ¯rst time. Stray light is currently being investigated before implementing the

cavity before the wall as this allows us to couple a factor of 50 more power to the

COB, making light leaks signi¯cantly easier to ¯nd. Nevertheless, the collaboration

will use this opportunity to perform an initial science run at a reduced sensitivity

without this cavity. Data taking for this run is expected to begin in February 2023.

Fig. 18. Photo of initial alignment laser hitting its target after passing through the 240m beam tube.

Courtesy of Aaron Spector.

Fig. 19. Photo of the ALPS II magnet string. Courtesy of Aaron Spector.
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5.3. Searching for the QCD axion with ARIADNE (Andrew A. Geraci)

The axion is a hypothetical particle that arises as a consequence of the PQ mecha-

nism to solve the strong CP problem of QCD71 which is also well motivated as a dark

matter candidate.134 Axions can also mediate novel short-range spin-dependent

interactions between fermions which are violating P and T symmetry.165{167

Depending on the model, monopole and dipole couplings, gs and gp, respectively, can

occur for either electrons or nuclei. Although the couplings are extremely small for

the interaction between single particles, a macroscopic object with �1023 atoms can

produce a coherent ¯eld that can be detectable with a sensitive experiment.168 Prior

experimental tests of this interaction have been done with polarized gases,169{171,176

and in many cases combined laboratory measurements taken in parallel with as-

trophysical data have produced the most stringent constraints on the products of the

coupling constants gs and gp.
173

The Axion Resonant InterAction DetectioN Experiment (ARIADNE) aims to

detect axion-mediated interactions between an unpolarized source mass and a spin-

polarized 3He low-temperature gas.172,177 The potential of interest is given by

UspðrÞ ¼
�h2gN

s g
N
p

8	mf
ð 1

ra
þ 1

r2
Þe�

r
a ð�̂ � r̂Þ, where mf is the mass of the fermion, �̂ is the

Pauli spin matrix, r
!

is the vector between them and a ¼ h=mAc is the axion

Compton wavelength. For the QCD axion, the scalar and dipole coupling constants

to nucleons, gN
s and gN

p , respectively, are correlated to the axion mass. Since it

couples to �̂, which is proportional to the nuclear magnetic moment, the axion

potential can be treated as generating a ¯ctitious \magnetic ¯eld" Beff . This ¯cti-

tious ¯eld is used to resonantly drive spin precession in a laser-polarized cold 3He gas.

This is accomplished by spinning an unpolarized tungsten mass sprocket near the
3He vessel. As the teeth of the sprocket pass by the sample at the nuclear larmor

precession frequency, the magnetization in the longitudinally polarized 3He

gas begins to precess about the axis of an applied ¯eld. This precessing transverse

magnetization is detected with a SQUID. The 3He sample acts as an ampli¯er

to transduce the small ¯ctitious magnetic ¯eld into a larger real magnetic ¯eld

detectable by the SQUID. Assuming sources of systematic error and noise can

be mitigated, the approach is expected to be spin-projection noise limited,177 and

in principle allows several orders of magnitude improvement, yielding su±cient

sensitivity to detect the QCD axion (Fig. 1).

Several components of the experiment are undergoing fabrication and testing.

Samples of hyperpolarized 3He have been produced above a test cryostat using

metastability exchange optical pumping,175 with preliminary results of over 30

percent polarization on the few second timescale as shown in Fig. 2(a). We estimate

that with improved external magnetic ¯eld homogeneity this can be improved by at

least a factor of 2. Superconducting shielding is needed around the sample to screen it

from ordinary magnetic ¯eld noise, which would otherwise limit the sensitivity of the

measurement. Background magnetic ¯eld signals and noise are expected due to

several mechanisms including Johnson noise, magnetic impurities and the magnetic

G. Rybka et al.
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susceptibility of the tungsten sprocket. We have experimentally measured the

magnetic noise in the sprocket185 and veri¯ed that their level is such that the ex-

periment can reach ultimate design sensitivity with a superconducting shielding

factor of approximately 108. Experimental tests suggest that such shielding factors

can be achieved using a combination of thin ¯lm Nb and Pb foil shielding sur-

rounding the quartz 3He sample enclosure, as shown in Fig. 2(b).

Following its commissioning phase, the experiment will probe QCD axion masses

in the higher end of the traditionally allowed axion window of 1�eV to 6meV, which

are not accessible by any existing experiment including dark matter haloscopes such

as ADMX. Thus ARIADNE ¯lls an important gap in the search for the QCD axion in

this important region of parameter space. The experiment sources the axion in the

lab, and can explore all mass ranges in our sensitivity band simultaneously, unlike

experiments that must scan over the allowed axion oscillation frequencies (masses)

by tuning a cavity or magnetic ¯eld.

When combined with other promising techniques,82,94,95,184,186 and existing

experiments135,150,187 already at QCD axion sensitivity, ARIADNE could allow in

principle the QCD axion to be searched for over its entire allowed mass range.

6. New Ideas and New Technologies

A comprehensive exploration of the allowed dark matter axion mass range at DFSZ

sensitivity requires the development of new detection techniques and new technol-

ogies to enhance the sensitivity and mass reach of existing detectors. Of particular

Fig. 20. Setup: A sprocket-shaped source mass is rotated so its \teeth" pass near a nuclear magnetic

resonance sample at its resonant frequency. Courtesy of Andrew A. Geraci.
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Source: Adapted from Refs. 177 and 171; courtesy of Andrew A. Geraci.

Fig. 21. (Color online) Projected reach for monopole{dipole axion mediated interactions. The band

bounded by the red (dark) solid line and dashed line denotes the limit set by transverse magnetization

noise, depending on achieved T2. Current constraints and expectations for the QCD axion also are shown.

(a)

(b)

Fig. 22. (a) Preliminary hyper-polarization results for 3He above a test cryostat using metastability

exchange optical pumping.175 (b) Testing of magnetic shielding factor of sputtered thin ¯lm Nb and Pb

foils applied to a quartz tube substrate. Courtesy of Andrew A. Geraci.
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interest at this workshop were the use of quantum-sensing techniques involving

state-squeezing and photon counting, along with increased magnet stored energy to

enhance the sensitivity of axion haloscopes. Additional techniques using synthetic

cavity resonances, quasiparticle interactions and broadband detectors were also

discussed to probe axion masses outside the range accessible to current haloscopes.

6.1. Broadband axion searches with coaxial dish antennas

(Andrew Sonnenschein)

In a background of axion dark matter, a conducting surface becomes a source of

electromagnetic radiation when there is a surface parallel magnetic ¯eld component.

This nonresonant conversion mechanism is the basis of \dish antenna" axion search

experiments.188,189 The available signal power in this type of experiment is orders of

magnitude lower than in typical resonant cavity experiments such as ADMX with

Psignal ¼ 8:3 � 10�26 W �
A

10m2

� �

Bjj

10Tesla

� �

2

�
�DM

0:3GeV=cm3

� �

ga



3:92 � 10�16 GeV�1

� �

2 1�eV

ma

� �

2

:

Here, A is the surface area of the emitter, Bjj is the magnetic ¯eld component parallel

to the surface, ga

 is the axion{photon coupling,ma is the axion mass and �DM is the

local dark matter density. While the signal power of dish antenna experiments is very

low, no tuning of the detector to match the axion mass is required and dish antennas

can be scaled to large size with relative ease. Dish antennas are particularly appro-

priate for axions searches for masses above 20�eV , where it becomes increasingly

impractical to build large-volume resonant cavity systems due to the small dimen-

sions of the resonant structures.

Aside from the extremely low signal power, previously proposed experiments of

this type su®er from di±culties related to the use of spherical or parabolic focusing

elements, which are not well matched to the cylindrical geometry of solenoid mag-

nets. Since solenoids are the easiest to engineer and most cost-e®ective type of large,

high-¯eld magnet, we propose instead to use the novel \coaxial dish re°ector" ge-

ometry shown in Fig. 23. This design incorporates an axially symmetric inner re-

°ector which focuses radially converging electromagnetic waves. As in a conventional

re°ecting optical system, the path lengths for all rays arriving at the focus are equal

and the focus location is independent of wavelength. This geometry is particularly

appropriate for experiments using subkelvin cryogenic sensors, where the dish and

photosensor must both be cooled to achieve the highest possible sensitivity.

In Fig. 24, we illustrate the performance requirements for photosensors that

would be needed to discover axions or ALPs in a system based on a solenoid with

inner surface area 10m2 at a ¯eld of 10 Tesla (magnets of this scale are already

available with existing technology). Discovery of axions with KSVZ- or DFSZ-level

couplings requires sensors with noise-equivalent power or photon counting rates far
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below the current state of the art. The future development of sensors capable of

photon counting at dark current rates below a few counts per day would enable axion

discovery over a very wide frequency range. More details are given in a forthcoming

publication.190

This paper has been authored by Fermi Research Alliance, LLC under Contract

No. DE-AC02-07CH11359 with the U.S. Department of Energy, O±ce of Science,

O±ce of High Energy Physics.

Fig. 23. Illustration of wideband axion detector concept. (Left) A parabolic surface of revolution is used

to focus light rays emitted in the radial direction from a cylindrical emission surface inserted in the barrel of

a solenoid magnet. The rays are focused near the tip of the inner re°ector after two re°ections. (Right) Ray
trace of this optical geometry showing that all rays emitted along the barrel of the solenoid ¯nd a common

focus. Courtesy of Andrew Sonnenschein.

Fig. 24. Sensitivity of generic dish antenna experiments of three types: (1) heterodyne detection using a

linear ampli¯er with noise temperature hf=KB (the Standard Quantum Limit); (2) a bolometer experi-
ment with noise-equivalent power of 10�20 W=Hz1=2 and (3) a photon counting experiment with a dark

count background of one event per day. In all cases, an emitter area of 10m2, a magnetic ¯eld of 10 Tesla

and an integration time of 100 days were assumed. Courtesy of Andrew Sonnenschein.
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6.2. Axion quasiparticles for axion dark matter detection (David Marsh)

It has been suggested that certain antiferromagnetic topological insulators contain

axion quasiparticles (AQs),204 and that such materials could be used to detect axion

dark matter.178,205

AQs have not been detected in experiments yet; however, several material can-

didates204,206 and search strategies204 have been suggested. One of the search

strategies is to shine a THz source onto the AQ material candidate. The existence of

AQs in the materials then leads to small transmission coe±cients around the AQ

mass, which can me measured using time domain spectroscopy as in other anti-

ferromagetic resonance measurements.210 We have explicitly calculated the trans-

mission coe±cient by carefully taking into account the correct boundary conditions

and modeling material losses. By comparing our calculations to future experiments

one will be able to discover AQs. Furthermore, we show that after an AQ discovery

the comparison of the measured transmission coe±cient to our calculations enables

one to fully characterize the AQ material parameters.

AQ materials can also be used to detect dark matter axions in the meV range. In

addition to the original proposal in Ref. 205, we now present a more detailed cal-

culation, which again takes into account the boundary conditions at the material

surfaces as well as material losses. We further model the magnetic ¯eld dependence of

the resonance assuming the AQ is a longitudinal, rather than transverse, antiferro-

magnetic excitation, which is consistent with theoretical expectations.194,206

The topological Chern{Simons coupling between the AQ and the electromagentic

¯eld causes the AQ to hybridize with the photon in the presence of an applied

magnetic ¯eld, forming an axion{polariton with a mass-gap determined by the

strength of the applied ¯eld. This mass gap causes the axion dark matter, AQ, and

photon to resonantly mix and signi¯cantly enhances the dark matter induced photon

signal. We use the boost factor � to describe how much the emitted photon signal is

boosted in comparison to the signal that would be emitted by a dish antenna with the

same cross-sectional area. In Fig. 25, we calculated the boost factor for di®erent

material losses with respect to the AQ material thickness d. The colored bands

represent the variation of refractive index ranging from n ¼ 3 to n ¼ 7. Depending

on the material losses, a boost factor � on the order of 100:5 � 102:5 can be reached.

Losses lead to a skin depth, and correspondingly the boost factor is maximized at

some optimal ¯nite thickness, d. The optimal thickness lies in the mm range, where

the exact value for the optimal thickness depends on the speci¯c material losses.

In Fig. 26, we show the projected sensitivity that could be reached by a scanning

experiment with one layer of AQ material. Scanning di®erent dark matter axions

masses can be achieved by changing the strength of the strong external B-¯eld that is

applied parallel to the AQ material surface, which we assume varies in the range from

1 to 10T. We assume a total scanning time of 3 years for every shown sensitivity

curve, with each frequency scanned for an equal time. Sensitivity curves are shown

for two di®erent AQ material candidates. Material 1 represents the predictions for
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ðBi1�xFexÞSe2, while Material 2 stands for Mn2Bi2Te5 as AQ material. The esti-

mated losses vary between 10�3 and 10�4 meV. The photons that are emitted o® the

AQ material are detected with single-photon detection. We assume a coupling e±-

ciency of � ¼ 1 and dark count rates between 10�3 and 10�5 Hz, see for example

Ref. 203. Our results demonstrate that AQ materials can probe a reasonable fraction

of the QCD axion band (in yellow) in the mass range between 1 and 10meV.

Source: From Ref. 178.

Fig. 25. Boost factor with respect to the AQ material thickness. The bands represent the refractive index

varying from 3 to 7. The optimal thickness of the AQ materials lies in the mm regime.

Source: From Ref. 178.

Fig. 26. Sensitivity forecast to the dark matter axions photon coupling ga
 with respect to the dark

matter axions mass ma. The forecasts are shown for two di®erent AQ materials and various values for the

material losses � ¼ �m ¼ �� and single-photon detection dark count rates d.

G. Rybka et al.
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6.3. Searching for dark matter with a superconducting qubit

(Akash Dixit)

Introduction

In this work, we demonstrate single-photon counting in the context of low-mass dark

matter searches.200 We show an improvement of 15.7 dB over the quantum limit,

leading to a 1300 times speed up of the search relative to a quantum limited am-

pli¯er.179 We apply this novel detector to search for hidden photon dark matter, and

are able to rule out candidates with kinetic mixing angle � > 1:68
 1015 in a band

around 6.011GHz (24:86�eV).

Photon counting with a qubit

We use a high-quality factor microwave cavity made of 99.9999% aluminum to accu-

mulate the dark matter induced signal. We couple a superconducting qubit to the cavity

to detect the presence of dark-matter-induced photons. The qubit cavity interaction is

dispersive, the energy scale of the coupling is much smaller than the di®erence in energies

of the qubit and cavity. In this limit, the interaction can be approximated as a product

of the number operators, Hint=h ¼ 2�a†a 1

2
�z. When the interaction term is grouped

with the qubit term, we see a cavity photon number-dependent shift of the qubit

transition frequency, H=�h ¼ !ca
†aþ 1

2

 ð!q þ 2�a†aÞ�z. The strategy for photon

detection is to monitor the qubit transition frequency using a Ramsey interferometry

measurement to infer the cavity population.

Error mitigation

The main challenges to this protocol are measurement errors such as spurious qubit

excitations, decay or readout errors. To reduce susceptibility to these false posi-

tives, we take advantage of the quantum nondemolition nature of the qubit{cavity

interaction.180,181 Since the interaction is a product of the qubit and cavity number

operators, measuring the cavity state does not destroy the state, but merely pro-

jects it on the Fock basis, which can be measured many times. We make 30 repeated

measurements of the same photon and apply a hidden Markov-model-based anal-

ysis to reconstruct the initial cavity state and exponentially reduce the detector-

based false positives, shown in Fig. 1. We ¯nd a residual population of background

photons occupying the cavity with mean photon number 7:3
 104, corresponding

to an e®ective temperature of 39.9mK. Reducing this background is the next step

in further increasing sensitivity to the extremely small signals expected from dark

matter.

Hidden photon search

The detector is most sensitive to hidden photon dark matter candidates around the

cavity frequency. Additionally, we are sensitive to regions periodically above and

below the cavity frequency due to the nature of the interferometry measurement we

conduct to count photons as seen in Fig. 2. We constrain the kinetic mixing angle

� � 1:68
 1015 around the cavity frequency of 6.011GHz (24:86�eV).
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6.4. Resonant feedback (Ed Daw)

The idea of resonant feedback addresses several shortcomings of the usual ADMX-

style resonant-cavity axion search. In the usual search, only the lowest transverse

magnetic (TM) cavity mode has appreciable couplings to axions, and therefore the

cavity must be mechanically tuned so that the lowest TM mode is at the putative

axion frequency.b These mechanical tuning systems introduce considerable com-

plexity and heat loads. Furthermore, when the metallic tuning elements move

through the magnetic ¯eld, considerable Faraday heating develops. The relative

tuning bandwidth achieved with mechanical tuning is in the neighborhood of 15%.

Searching in frequencies outside this bandwidth requires changing the cavity, tuning

rods or cold radio frequency electronics, thus introducing considerable deadtime. The

ideal form factor of the cavity E-¯eld overlap with the magnetic ¯eld is around 0.4,

considerably smaller than the form factor 1.0 of a uniform E-¯eld aligned with a

uniform B-¯eld. Furthermore, the natural mass-scale of axions in a particular cavity

axion search is set by the magnet-bore diameter. Moving the search to lower or

higher masses in the same bore is challenging, the domain perhaps of \wire-in-cavity"

searches or multicavity searches. Overall, the axion mass-range of a particular cavity

search is relatively narrow, and broadening the range introduces considerable

complexity.

Hence, should you favor extending axion mass (and frequency) beyond that of the

usual QCD axion, a conventional cavity search will encounter severe technical

challenges and would likely take a long time.

Some of these challenges are addressed with the idea of \resonant feedback".

Here, the idea is a resonance created via feedback, di®erent from the intrinsic cavity

resonance. This is an old idea for tuning radio electronics repurposed in axion

searches. In slightly more detail, some of the oscillating electromagnetic signal far

from an intrinsic cavity resonance is extracted from the cavity. The extracted signal

is ampli¯ed and, with appropriate phasing and processing, introduced into the

cavity. In e®ect, the external feedback circuit imposes new resonant boundary con-

ditions on the cavity, where the resonant conditions are controlled parametrically by

external electronics. In particular, the frequencies of the resonances can be adjust-

ed ��� and there may be many such resonances ��� as well as the Q for each.

This idea has a number of advantages. There can be many such simultaneous

resonances. The resonant frequencies are no longer set by the magnet-bore diameter

and can in principle cover a very broad frequency range. The mechanical tuning

mechanism with its tuning rods is then used to shift the cavity intrinsic resonances

to ¯ll in the search at frequencies of the cavity intrinsic resonances; this is ¯ne-tuning

as opposed to the gross-tuning in the usual cavity search and is considerably

less complicated. The quality factor Q of each mode is likewise parametrically

controllable, which allows the Q to optimally match the putative axion lineshape.

b In principle, the resonant frequency could be tuned nonmechanically with an electrically adjustable

reactance loading the cavity, but this idea has not yet transitioned from R&D to a production experiment.

G. Rybka et al.
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The electromagnetic structure within the bore can be more like that of a parallel-

plate capacitor with a near-unity form factor.

The challenge of this idea is to be able to extract electromagnetic power from the

cavity, process the signal and inject it into the cavity while keeping the noise ultra-low.

As a demonstration of this idea, a team from She±eld University and the

University of Washington introduced such a system to the \sidecar" ADMX cavity

Source: From Ref. 200.

Fig. 27. Counting photons with a qubit. Injected photons are counted using 30 repeated parity mea-

surements with an e±ciency of � ¼ 40:9%. The false positive probability, �, is dominated by background

photons.

Source: From Ref. 200.

Fig. 28. Hidden photon exclusion. Large regions of dark matter parameter space can be searched using

qubit-based photon counting.
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in operation during normal data-taking (system cold and magnetic ¯eld on). The

block diagram of the system is shown in Fig. 29. This system introduces narrow-band

resonances on top of the TM010 mode of the sidecar cavity containing one tuning rod.

This intrinsic cavity mode has resonant frequency around 5GHz and Q around

20,000. The electric ¯eld of the cavity mode is critically coupled to the input of a

low-noise ampli¯er chain, which in turn feeds a superheterodyne receiver, with local

oscillators at 10.7MHz and 200 kHz. The output of the mix-down stage is then

digitized by an on-board 490 kHz sampling-rate ADC on a ¯eld programmable gate

array (FPGA). The analog-to-digital converter (ADC) output is then ¯ltered using

a digital resonant ¯lter, then re-converted to analog. The analog signal is then

mixed-up back to the carrier frequency.

Looking at the block diagram, with S3 open, a network analyzer measures the

open-loop gain; the gain is set near 0 dB (unity gain) relative to the resonant peak

induced in the FPGA digital electronics. With S3 closed, the processed signal is

injected into the cavity, thereby closing a feedback loop. In this closed loop, ¯xed-

frequency signals are injected into the cavity, while a conventional receiver acquires

cavity power spectra in the neighborhood of the single digitally induced resonance.

Figure 30 shows swept power for ¯ve di®erent induced narrow-band frequencies

with Q near 107 on top of the broad intrinsic TM010 cavity resonance at 4.9GHz with

Q near 20,000. All ¯ve frequencies were injected at the same power, and you can

observe the developed receiver power is enhanced near the induced resonances in the

same manner as for the intrinsic cavity resonance.

Fig. 29. Resonant feedback block diagram. Courtesy Edward Daw.

G. Rybka et al.
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The current state of this idea is as follows. Inducing resonances in an electro-

magnetic structure is demonstrated in a cavity search. These resonances had Qs near

107, somewhat higher than optimal for the expected lineshape of a virialized halo

axion. The corresponding developed cavity power was enhanced as expected for the Q.

Interestingly, the test system was an ADMX cavity during normal data-taking (cold

and magnetic ¯eld on), so these test data are in principle sensitive to axions.

The near-term development of this idea includes the following. Demonstrate that

the induced Q can be reduced to optimal. Automate the setting of the open-loop gain

to stabilize it near 1 (0 dB) and the loop phase shifts at integer multiples of 2	.

Introduce multiple resonances simultaneously. Characterize the shape of the induced

resonances and ensure they match the model of a cavity resonance feeding the re-

actance of the output transmission line and loads.

The advocates of this idea hope this can be deployed on a production search in the

next year. This is a promising approach to speeding up and expanding the mass-

reach of cavity axion searches.

6.5. High-temperature superconductor magnets for axion dark matter

searches (Yannis K. Semertzidis)

The axion search sensitivity scales with the magnetic ¯eld applied in the axion-

to-photon conversion region and the frequency scanning speed goes with its fourth

power. High ¯eld magnets are especially needed in the high-frequency axion search

requiring resonators with 100{20mm aperture suitable for about 2{10GHz range.

Recently, there are several ideas proposed that can be used to probe high-frequency

Fig. 30. Swept power for ¯ve di®erent induced narrow-band frequencies with Q near 107 on top of the

broad intrinsic TM010 cavity resonance at 4.9GHz with Q near 20 k. Courtesy Edward Daw.
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axions beyond the \natural" size of the magnet aperture,93,135 but with a maximum

scaling factor of about 3 or 4. Even more recent ideas could provide a larger fre-

quency enhancement factor144,182 but these ideas have not produced any signi¯cant

sensitivity in axion dark matter search.

Magnets made solely out of copper can have a large volume and reasonable ¯eld,

but running them for a signi¯cant time is not a®ordable due to immense ohmic losses.

On the other hand, superconducting magnets have two important limitations in

achieving high magnetic ¯elds. First, their critical current density depends on the

magnetic ¯eld value, meaning that magnets made of the common superconducting

cable of NbTi have a maximum useful ¯eld of about 9T, those made of Nb3Sn can go

up to 15{20T, whereas those made out of high-temperature superconductors (HTS)

could theoretically go up to 100T. Second, the hoop stresses due to Lorentz forces are

large, especially at the ends of a solenoid magnet. This means, that once a successful

magnet design with a certain aperture is established, it can theoretically be made

very long to achieve high volume and thus a large energy content, proportional to

B2V . At Brookhaven National Laboratory (BNL), the no-insulation, single layer

conservative geometry was adopted,191,192 with 50�m Hastelloy for rigidity and

20�m Cu for electrical stability, providing 50% margin in both critical current and

hoop forces. It would be advantageous to make the magnet long to provide B2V

twice or even more than the originally intended one, at the cost of the extra material

and labor. Peeling issues that have been observed in other HTS magnets193 are

avoided by paying special attention to the issue. Repeated induced quenches with

both excessive currents and heat on the coils indicated no damage accumulation.

HTS can sustain high B-¯elds of order 100T before the critical current density

collapses, as is the case with ordinary superconductors, and they are the only choice

we are left with when high ¯eld magnets are required. With the BNL Magnet Di-

vision, we have developed a project with a goal to reach 25T in a bore aperture of

100mm using second generation, no-insulator HTS tapes. A total of 28 coils were

required to ¯nish the project, but it was stopped by forces beyond our control when

16 coils were manufactured and successfully tested. This project is ready and should

be restarted to ¯nish the magnet, perhaps even making it longer to make up for the

lost time.

We acknowledge IBS of the Republic of Korea (project system code: IBS-R017-

D1-a00).

6.6. An overview of high ¯eld HTS solenoid technology (Mark D. Bird)

Performance of an axion detector is governed largely by the square of the magnetic

¯eld integrated over the volume of the resonator, which is frequently approximated

as the square of the central ¯eld multiplied by the volume of the resonator: B2

0V . If

the goal is to maximize B2

0V , the fusion community is building large-bore, high ¯eld

magnets such as ITER CS (�12; 000T2m3), but these have bores a few meters in

diameters and would require large resonators, which are typically seen as not being

G. Rybka et al.
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practical. If the goal is to get higher B2

0V than the existing ADMX with modest cost,

securing an ultra-high ¯eld MRI magnet would be a good step. ADMX is now pursuing

a 9.4T MRI magnet built by Magnex/GE and owned by the University of Illinois at

Chicago. This will provide a signi¯cant step forward. The highest ¯eld magnets

worldwide (>30T) have B2

0V <11T2m3. MRI magnets have B2

0V >100T2m3. To

minimize cost, one should build the largest resonator one can plus the highest ¯eld

magnet one can with bore large enough for the resonator to ¯t.

For axion detection, extended periods of time (months) at ¯eld are required.

Direct current magnets are required and the cost of electricity for a resistive

magnet is prohibitive. Superconducting magnets are traditionally built from the

low-temperature superconductors, NbTi and Nb3Sn, which are limited to mag-

netic ¯elds <25T.

If higher ¯eld is required, the HTS (REBCO, Bi-2212 and Bi-2223) are now

enabling higher ¯eld magnets to be realized. The National High Magnetic Field

Laboratory in Tallahassee, Florida, now has the highest ¯eld superconducting

magnet in the world operating at 32T and has initiated development of a 40T

magnet. There are numerous subtleties associated with realizing magnets at these

extreme ¯elds, including the e®ects of screening currents, quench management and

the reproducibility and uniformity of the commercial conductors.

6.7. Enhancing axion detection with quantum squeezing (K. M. Backes

for the HAYSTAC collaboration)

HAYSTAC (Haloscope at Yale Sensitive to Axion Cold dark matter) is a speci¯c

realization of the axion haloscope concept,60 which searches for axions through the

coupling ga

 of the hypothetical axion ¯eld a to E �B through the interaction,

L � ga

aE �B: ð4Þ

A traditional haloscope is composed of a tunable microwave cavity in a large

magnetic ¯eld B. An antenna is inserted into the cavity to extract axion-sensitive

voltage °uctuations and send them to a low-noise ampli¯er. At the output, the axion

would present as a narrowband excised of power emerging from the cavity at a

frequency proportional to the axion mass, �a ¼ mac
2=h, which is resonantly en-

hanced when that frequency falls within the cavity bandwidth.

In order to search for axions within a range of potential masses, we step the

resonance of the microwave cavity through frequency space at a rateR (in Hz/s). For

a haloscope using a linear ampli¯cation scheme, R is fundamentally limited by the

zero-point °uctuations of the cavity mode,194 which create a noise °oor that can only

be overcome using quantum-enhanced measurement techniques.183

HAYSTAC has implemented one such quantum-enhanced measurement technique,

by coupling the cavity to a squeezed state receiver composed of two °ux-pumped

Josephson parametric ampli¯ers (JPAs).194,208 In the full HAYSTAC system, we

demonstrate 4.0 dB of o®-resonant vacuum squeezing as measured at the detector

output, corresponding to a factor of 1.9 scan-rate enhancement.
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The cavity obeys the Hamiltonian

Ĥ ¼
h�c
2

ðX̂2 þ Ŷ
2
Þ; ð5Þ

where X̂ and Ŷ quadratures obey the commutation relation ½X̂ ; Ŷ � ¼ i. The ¯rst

JPA, the squeezer, squeezes the vacuum state at its input, reducing the X̂ quadra-

ture variance below vacuum and amplifying the Ŷ quadrature accordingly.179,207

This state is guided into the cavity where the axion ¯eld would displace the squeezed

state. The squeezed quadrature (X̂) is then near-noislessly ampli¯ed by the second

JPA, the ampli¯er.

Squeezing increases R by improving the bandwidth over which the detector is

sensitive to axions at each tuning step. Widening the cavity bandwidth allows for

larger frequency tuning steps, which allows the cavity to be tuned through frequency

space more quickly. In the absence of squeezing, the tradeo® of going to a higher

bandwidth means we need to integrate disproportionately longer at each frequency,

making an axion search take longer. Squeezing provides a way to increase the

bandwidth without paying that sensitivity penalty. This bene¯t is represented in

Fig. 32. Red shows noise originating in the cavity (Nc), which is where the axion

would manifest, and blue is noise that is generated at the temperature of the fridge

Fig. 31. The ¯rst users of the 32T superconducting magnet. Courtesy of Mark Bird.
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and re°ects o® of the cavity (Nr). In the no-squeezing case, Nc is only dominant over

a small bandwidth. Squeezing Nr increases the range over which Nc is dominant and

allows us to increase our bandwidth by increasing the coupling of the solid-state relay

to the cavity (�).

At the output of the solid-state relay, we collect axion-sensitive voltage °uctua-

tions in the X̂ quadrature and analyze these °uctuations as described in Refs. 202,

196 and 198. Over the course of approximately 100 days, we probed over 70MHz of

well-motivated parameter space.12,199 With these data, we place a constraint on the

axion mass ma within the 16.96{17.12 and 17.14{17.28� �eV=c2 windows at a

coupling of g
  1:38
 gKSVZ

 at 90% con¯dence (Fig. 33). These results mark the

¯rst time that an axion search has been enhanced with quantum squeezing.

Source: From Ref. 202.

Fig. 32. (Color online) Theoretical noise curves for the ideal squeezing (solid lines) and no squeezing

(dotted lines) cases. Each curve shows the power spectral density of Johnson{Nyquist noise normalized to
the vacuum value. Noise re°ected o® of the cavity (Nr) is shown in blue, and noise originating within the

cavity (Nc) is shown in red. Squeezing reduces the re°ected noise and allows the coupling of the receiver to

the cavity (�) to be increased without paying a sensitivity penalty.

Fig. 33. (Color online) Axion haloscope exclusions from Ref. 202. HAYSTAC's recent results202 are

shown here with the results from other axion haloscopes (see Ref. 209). The band representing QCD axion
models201 is shown in yellow. The KSVZ134,195 and DFSZ88,197 models are shown as dashed black lines.
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7. Conclusion

Axion science is a rapidly moving ¯eld, and new developments in theory, cosmology,

astrophysics and experiment continue to appear at a rapid clip. As a result, the topics

covered in these proceedings cover a broad but necessarily incomplete overview of

current research at the time the workshop took place. With apologies to those who

were omitted due to lack of time and space, we can now give partial answers to the

driving questions of the workshop.

With respect to the theory of QCD axions, it seems that axions in the 1{1000�eV

range, with the benchmark couplings down to DFSZ, are still the best motivated

from the simplest theories. However, it is clear that more sophisticated models may

allow or favor masses far below and above this range, and these models should

continue to be investigated.

Regarding the distribution of axion dark matter, the simplest galactic Structure

Formation models predict a smooth distribution of dark matter in our local space

with a density in the �DM ’ 0:3� 0:5GeV cm�3 range.25 However, certain theories

predict signi¯cant dark-matter substructure, and this substructure could drastically

change the signal developed in experimental axion searches. Future experiments

should consider ways of being sensitive to transient signals, in addition to the tra-

ditional time invariant signals, which may be a feature of these new models with

substructure. It has also come to light that interactions of axions with astrophysical

objects such as black holes could lead to new avenues for potential detection, par-

ticularly in gravity waves detected by LIGO and other gravity-wave detectors.

In the past decade, a number of experimental techniques have arisen that probe

nuclear axion couplings. These experiments are making exciting progress, but much

work needs to be done to reach the predicted QCD axion couplings at expected dark

matter densities. Furthermore, unlike the experiments that rely on the axion{photon

coupling, the axion{nucleon coupling introduces considerably more model dependence.

The axion haloscope, probing the axion{photon coupling, is at present still the only

technique that can explore the most theoretically well-motivated axion dark matter

masses and couplings. Yet only a small fraction of this parameter space has yet been

explored and there is a clear need for improvements in experiments to allow a discovery

to happen in a timely manner. Fortunately, as demonstrated in this workshop, there

are promising directions for haloscopes designs beyond the current generation.

In addition to the searches for dark matter axions there are also methods to

directly measure axions produced from strong photon ¯elds, either in the laboratory

in lasers or from astrophysical sources such as the sun. Such techniques su®er from

the challenge arising from the requirement to both produce the axions and then

reconvert them into photons for detection, which requires a ðga

Þ
4 rather than

ðga

Þ
2 for axion detection. The advantage of these techniques is that uncertainties in

the local dark matter density are removed. Upcoming experiments such as ALPS-II

and BabyIAXO will explore some interesting axion models with stronger couplings

than the QCD axion independently of their contribution to dark matter.
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Beyond the axion{photon coupling, new complimentary experiments are being

developed to probe dark matter axions couplings to either electrons or nuclei such as

QUAX and CASPER, respectively. Other techniques include looking for the axion to

serve as a new ¯eld which would be a force mediator for interactions as short dis-

tances (i.e. \Fifth Force" searches). The ARIADNE experiment is an example of

these searches but new ideas are additionally being discussed.

As mentioned, enhancing the ability axion haloscope to probe a larger range of

axion masses at QCD sensitivity is a key path to discovery. There are three

approaches being taken to move this technique forward.

The ¯rst of these approaches is improvements in magnet technology, in which

advancements in High Temperature Superconductors driven by fusion research point

a way to constructing new, very large ¯eld and large volume magnets. This includes

systems up to, say, 32T and development of potential 40T magnet systems.

Another approach is to enhance haloscopes with more sophisticated resonator

design. Improvements on cavity tunability, quality factor and e®ective detector

volume (i.e. the number of multiplexed resonators) are needed to increase sensitivity

and widen the axion mass reach. New broadband or semi-broadband techniques that

rely on focusing axions produced from mirror surfaces in a magnetic ¯eld, such as

proposed by the BREAD and MADMAX experiments could provide an alternative

to relying on the resonance techniques by trading sensitivity for resonator simplicity.

Finally, the implementation of quantum sensing techniques to reduce background

noise will likely be needed to increase the scan rate of haloscope searches. While

thermal noise can be reduced with dilution refrigerators and ampli¯er noise with

sophisticated ampli¯ers, there is a remaining noise contribution, known as the

Standard Quantum Limit (SQL), that limits linear ampli¯er noise performance.

Qubit-based photon counting and squeezing techniques will likely play a role in

evading the SQL in future quantum-enhanced axion searches, thereby greatly im-

proving experiment sensitivity.

It is worth noting that there is likely no one ONE improvement that can single-

handedly achieve QCD sensitivity in the 20{1000�eV range. In other words, just a large

magnetic ¯eld, just the use of multiple cavities, just the use of superconducting cavities,

or just the implementation of novel noise-reducing quantum sensing techniques will be

insu±cient for covering the entire well-motivated axion mass window at DFSZ sensi-

tivity. These individual enhancements, when proven to work in isolation, must then be

made to work in concert in a production experiment. Furthermore, as detector designs

evolve to address sensitivity challenges, they inherently become more complicated. Tools

must be developed to allow high duty-factor operation of detectors with more inter-

connected resonant mode structures and moving parts. The next decade will prove to be

an exciting time as new, well-developed multicavity systems begin to probe further into

plausible dark matter space and exciting new techniques work their way through the

R&D stages and are deployed in fully °edged experiments. As a result we are certainly

closer to discovering (or ruling out) the dark matter axion then ever before.
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