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Abstract4

There is a strong possibility that the particles making up the dark matter in5

the Universe have a mass below 1 eV and in many important situations exhibit a6

wave-like behavior. Amongst the candidates the axion stands out as particularly7

well motivated but other possibilities such as axion-like particles, light scalars8

and light vectors, should be seriously investigated with both experiments and9

theory. Discovery of any of these dark matter particles would be revolutionary.10

The wave-like nature opens special opportunities to gain precise information on11

the particle properties a well as astrophysical information on dark matter shortly12

after a first detection. To achieve these goals requires continued strong support13

for the next generations of axion experiments to probe significant axion parame-14

ter space this decade and to realize the vision of a definitive axion search in the15

next 20 years. This needs to be complemented by strong and flexible support for16

a broad range of smaller experiments, sensitive to the full variety of wave-like17

dark matter candidates. These have their own discovery potential but can also18

be the test bed for future larger scale searches. Strong technological support not19

only allows for the optimal realization of the current and near future experiments20

but new technologies such as quantum measurement and control can also provide21

the next evolutionary jump enabling a broader and deeper sensitivity. Finally,22

a theory effort ranging from fundamental model building over investigating phe-23

nomenological constraints to the conception of new experimental techniques is a24

cornerstone of the current rapid developments in the search for wave-like dark25

matter and should be strengthened to have a solid foundation for the future.26
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1 Executive Summary63

The search for dark matter (DM) is one of the great undertakings of particle physics and64

cosmology. Dark matter is a critical ingredient in shaping the structure of the universe65

we observe. Yet, we still do not know which new particle it is made from. Candidates for66

dark matter can be roughly categorized by their mass, with an incredible range from ∼67

10−20 eV to above the Planck scale ∼ 1027 eV still being possible. When DM candidates68

masses fall below 1 eV, their interactions become wave-like rather than particle-like. The69

detection techniques are inherently different than traditional particle detectors and they70

are intrinsically quantum in their nature. Advances in quantum sensing and control71

along with the related advancements in cryogenics and superconducting magnets have72

driven an explosion of interests in these candidates.73

The direct detection of any dark matter candidate would clearly be a monumental74

step forward for both cosmology and particle physics and further strengthen the con-75

nection between the two disciplines. But discovery of a wave-like dark matter particle76

would bring with it an especially broad range of opportunities. The nature of most77

experiments searching for wave-like dark matter is such that there is a particularly78

small gap between what is needed for a discovery and what is needed for precision79

measurements of properties (e.g. the mass) of the dark matter particle as well as as-80

trophysical information (e.g. the local dark matter velocity distribution). This could81

start a revolution in particle physics as well as open the field of dark matter astronomy.82

Within wave-like dark matter, there is a broad sea of candidates anchored by the83

highly-motivated QCD axion. An energetic and growing community focused on the84

search for wave-like dark matter has put forward two goals:85

1. Execute a Definitive Search for the QCD Axion The QCD axion is the86

theoretically most-studied and strongest motivated WLDM candidate. Decades87

of experimental work along with advances in quantum measurement technologies88

has put us in the unique position: this decade we can build experiments that are89

sensitive to the most plausible theoretical predictions of QCD axion couplings90

at nominal dark matter densities. The community intends moving from building91

technology demonstrators to building machines designed for a discovery.92

2. Pursue a Theory and R&D program to elucidate the opportunities93

in Scalar/Vector Dark Matter We are in the process of understanding how94

WLDM dark matter candidates beyond the QCD axion can work. There are95

already experimental techniques that promise to reach previously-unexplored pa-96

rameters for scalars and vectors. This snowmass period we would like to see these97

experimental techniques refined, and theoretical studies of new WLDM candi-98

dates to inform the direction of developing experiments and help them target the99

most interesting physics.100

These goals are in-line with those outlined by the larger dark matter community in the101

BRN for Dark Matter New Initiatives (DMNI) report.102

The enthusiasm for the QCD axion stems from its key role in solving the Stan-103

dard Model’s strong CP problem (one of the two severe finetuning problems of the104

Standard Model) while simultaneously being an excellent dark matter candidate. The105

QCD axion encompasses two broad classes of models the KSVZ axion which predicts106
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additional quarks and the DFSZ axion which predicts an expanded Higgs sector. Ad-107

ditional pseudo-scalars called Axion-Like-Particles (ALPs) are a natural consequence108

of many candidates for fundamental extensions of the Standard Model, in particular109

string theory.110

Fundamental theories also motivate additional scalar and vector particles which111

make excellent dark matter candidates. The rich phenomenology of these candidates112

leads to a variety of detection mechanisms and constraints. Like axions, the wave-like113

nature of the candidates demands experiments designed around quantum techniques.114

A discovery of a new scalar or vector would similarly drive a larger high energy physics115

program to understand the nature of the new physics.116

In support of these goals the community has put forward a road map for discovery.117

1. Pursue the QCD Axion by Executing the Current Projects: The ADMX118

G2 effort continues to scan exciting axion dark matter parameter space and the119

experiments identified by the DMNI process DMRadio-m3 and ADMX-EFR are120

prepared to start executing their project plans. These will probe some of the121

presently most exciting mass ranges with excellent chance of discovery if the122

axions make up dark matter.123

2. Pursue Wave-like Dark Matter with a Collection of Small-Scale Experi-124

ments The wave-like nature of these candidates demands the full axion mas range125

be explored by a collection of signficantly different techniques. These techniques126

vary in readiness level, but the entire range needs to be comprehensively explored127

through some combination of them. The DOE DMNI process is the right scale for128

many of these proposed experiments and was effective at identifying those that129

were ready to proceed to full projects.130

3. Support Enabling Technologies and Cross-Disciplinary Collaborations:131

Many of the proposed efforts share needs in ultra-sensitive quantum measurement132

and quantum control, large, high-field magnets, spin ensembles, and sophisticated133

resonant systems. These technologies overlap strongly with other HEP efforts and134

synergies should be exploited both within HEP and beyond.135

4. Support Theory Beyond the QCD Axion: The QCD axion is an important136

benchmark model, but not the only motivated one. Theoretical effort should be137

supported to understand the role of scalars, vectors and ALPs in dark matter138

cosmology and astrophysics.139

The wave-like dark matter experiments enabled by technological advances especially140

in quantum measurement and control are poised for a great discovery. The US is a141

leader in this growing field and now is the time to continue the momentum and move142

this program forward rapidly.143
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2 Introduction144

The search for Dark Matter has been a main driver for High Energy Physics (HEP)145

for several decades. Wave-like dark matter candidates have masses less than 1 eV.146

In the local environment with a typical dark matter density (ρdm ∼ 0.45MeV/cm3),147

this corresponds to wavelengths on the order 1 km(0.2µeV/m) and large occupation148

numbers ∼ 2 × 1034(0.2µeV/m)4. These candidates have been relatively unexplored149

even though the highly motivated QCD axion is among their number. The wave-like150

behavior itself has been the limiting factor because it requires detection mechanisms151

that are significantly different than traditional High Energy Physics (HEP) or WIMP152

direct detection experiments. It also means that we have crossed the wave-particle153

divide and these experiments are intrinsically quantum in their nature.154

Advances in quantum measurement, control, and other enabling technologies in-155

cluding large, high-field magnets, spin ensembles, and sophisticated resonant systems156

have opened up a new candidates and parameter space to explore. This has inspired157

a growing community to harness these advancements for HEP and the search for Dark158

Matter. The community has embraced the Snowmass process and submitted over 86159

Letters of Interest and came together to write two community white papers:160

• Axions Dark Matter [1]161

• New Horizons: Scalar and Vector Ultralight Dark Matter [2]162

They form a complete report on all efforts, from the ongoing DOE Project ADMX-G2163

to demonstration-scale experiments to critical R&D on quantum sensing.164

In this Cosmic Frontier topical group (CF2) report we will reiterate (drawing heavily165

on the above mentioned white papers) the strong motivation for these candidates and166

build the case for why the goals of this community to167

1. Execute a Definitive Search for the QCD Axion168

2. Pursue a Theory and R&D program to elucidate the opportunities in169

Scalar/Vector Dark Matter170

should resonate across high energy physics with a focus on the complementary to the171

Energy, Rare & Precision Measurement, and other efforts on the Cosmic Frontier. But172

there are further strong synergies with Instrumentation Frontier and even with the173

Accelerator Frontier.174

We will review the strong motivation of the QCD axion and highlights of its role in175

both particle physics and cosmology in Sec. 3, and do the same for scalars and vector176

wavelike dark matter in Sec. 4.177

The current “big” projects are briefly discussed in Sec. 6, whereas the role and178

importance of a diverse range of small projects is stressed in Sec. 7. Both big and small179

projects will benefit from a wide range of enabling technologies as well as a broad and180

vigorous theory program, Secs. 8 and 9. We make our final conclusions in Sec. 10.181
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Figure 1: (Left) Sensitivities of current and near future axion searches (labelled outlines)
compared to the couplings expected for the QCD axion (yellow band) and already
excluded areas (grey). Figure by A. Berlin. (Right) Timeline for the experiments.
Figure by L. Winslow

3 Definitive Search for the QCD Axion182

3.1 Axions in Particle Physics and Cosmology: Motivation183

and Role184

Axions take an outstanding role amongst the dark matter candidates as they are moti-185

vated by an intrinsic problem of the Standard Model, the strong CP problem, that exists186

independently from the need for DM. The strong CP is one of two severe fine-tuning187

problems of the Standard Model (the other being the smallness of the Higgs vacuum188

expectation value compared to the Planck scale). To be consistent with constraints189

on the neutron electric dipole moment [3] the CP violating dipole moment requires a190

tuning of 1 in ∼ 1010 of the so-called θ angle. In contrast to other fine-tunings in the191

SM this problem is unique as it cannot be addressed by anthropic reasoning. We could192

almost certainly exist in a form very similar to our present one even for a θ ∼ 0.1 [4].193

This tuning problem is solved by the famous Peccei-Quinn mechanism [5, 6] that is194

an important early example of solving a fine-tuning problem by dynamical relaxation.195

The θ-parameter is turned into a dynamical field that then over the cosmological evolu-196

tion relaxes to its potential minimum located at the CP conserving value that ensures a197

vanishing electric dipole moment of the neutron. The crucial observable consequence of198

θ being dynamical is that its excitations correspond to particles, i.e.axions [7, 8]. An im-199

portant aspect of the PQ solution is that it still fully addresses the fine-tuning problem.200

This is in contrast to proposed solutions of the electroweak hierarchy problem, such as,201

e.g. supersymmetry, where experimental constraints have led to the reemergence of a202

sizable amount of tuning (cf., e.g. [9–11]).203

In the range fa ∼ (1010 − 1013)GeV the misalignment mechanism [12–16] provides204

a good way for axions to be the cold dark matter in the Universe. This mechanism205

is an automatic consequence of the dynamical relaxation of the θ-angle. If the initial206

θ-angle is non-vanishing, this corresponds to a non-vanishing energy density. This207
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energy density is diluted by the cosmic expansion, reducing the θ-angle to its potential208

minimum at 0. It is straightforward to check that this energy density behaves exactly209

as one would require for cold dark matter. Therefore the axion is a natural dark matter210

candidate in the sense that unless tuning of the initial value, or a strongly non-standard211

cosmology is applied it inevitably yields an amount of dark matter roughly of the order212

of he observed size1. Moreover, this dark matter is automatically (very) cold, as required213

by structure formation.214

3.2 Axion DM discovery: What can we learn? - Particle215

Physics216

The discovery of a new fundamental particle is in any case an enormous step forward217

for physics. For the axion this would be especially true. The axion is automatically218

connected to an energy scale fa ≳ 107GeV. Thereby its pure existence gives a glimpse219

at fundamental physics at scales more than 1000 times larger than those directly acces-220

sible at colliders such as the LHC. But even beyond that, its nature as wave-like dark221

matter would allow for high precision measurements soon after discovery that will give222

important information both for fundamental particle physics (this subsection) as well223

as astrophysics and cosmology (next subsection).224

Let us briefly consider a few of the measurements that would be possible relatively225

soon after an initial discovery, the insights that can be gained from them, as well as226

their connection to other areas of particle physics.227

The currently most sensitive axion dark matter search experiments use the wave-228

like nature and in particular the intrinsically long coherence length of the axion wave229

to achieve a resonance between the oscillations of the axions with a frequency ma and230

suitable resonator, e.g. a cavity. In this way the detection of axions is enhanced by231

a factor of the quality factor of the resonator up to Q ∼ 1/v2 ∼ 106. Of course, this232

enhancement only applies within the resonance width ∼ 1/Q, i.e. a mass within a233

window ∆ma ∼ ma/Q around the known eigenfrequency of the resonator, ωres = ma.234

Therefore, essentially the detection itself automatically yields a measurement of the235

axion mass with an up to 10−6 precision.236

For a standard QCD axion, measuring the mass immediately implies a measurement237

of the corresponding axion decay constant, i.e. fa, via the relation [7, 8, 38]2,238

fa ≈ 1010GeV

(
0.6meV

ma

)
. (1)

We would therefore get direct evidence for a new large energy scale in particle physics.239

This could open connections to a wide range of fundamental structures. For example,240

in string theories the axion scale fa is usually directly linked to the string scale [39–241

47], but its size is also suggestive of a scale suitable for the see-saw scale in neutrino242

models as made explicit, e.g. in the SMASH model [48]. Measuring the properties and243

1Additional contributions of a similar size may arise from topological defects in the case that the
final Peccei Quinn symmetry breaking happens after inflation [17–37]. These affect the argument only
on a quantitative level.

2The precision in the expression being limited by the precision of the underlying QCD/chiral per-
turbation calculation. Consequently, improvements in the relevant QCD input could also make this
more precise, giving also a first example of the synergy between the two areas.
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couplings of the axion will give information on which option is realized in nature, with244

significant implications for theoretical model building.245

A next step would be to actually demonstrate that the discovered dark matter246

particle, seen, e.g., in an experiment targeting the axion photon coupling (cf., e.g.,247

the experiments discussed in Sec. 6), is indeed a QCD axion. To achieve this requires248

establishing the defining gluon coupling. This could be done by an experiment directly249

targeting this coupling, e.g. by searching for an oscillating electric dipole moment of250

nuclei as done by CASPEr [49, 50]. Such a measurement would be strongly facilitated by251

already knowing the precise mass of the axion, as this eliminates the need for scanning,252

speeding up the experiment by a factor of up to Q ∼ 106. Or, more importantly253

in this case, allowing for a significant increase in the measurement time at the given254

frequency, allowing an experiment that would otherwise not be sensitive to a QCD255

axion to nevertheless make a detection.3256

The photon coupling is usually determined by a the combination of a model de-257

pendent electromagnetic anomaly plus a model independent contribution from pion258

mixing [51–53]. A sufficiently precise determination may allow to infer if the axion in259

question is a (sufficiently simple) DFSZ [54, 55] or KSVZ [56, 57] type axion. Even260

assuming that the axion constitutes all of the dark matter, the local axion density is261

at present not sufficiently well known to make this distinction. However, this may be262

different if also a detection in a helioscope [58] such as IAXO [59, 60] is achieved. Alter-263

natively such a distinction can be made if either IAXO or a direct detection experiment264

such as QUAX [59, 60] measure a sizable coupling to electrons, which is expected only265

in DSFZ type models. This would have crucial implications for collider searches, as266

DFSZ models feature two Higgs doublets that typically should not be too heavy. They267

would therefore be within reach of collider searches possibly even of LHC.268

3.3 Axion DM discovery: What can we learn? - Cosmology269

and Astrophysics270

A crucial question for any dark matter candidate is whether it contributes all or only271

a part of the dark matter. For an axion haloscope, the signal is proportional to the272

product ∼ g2aγγρa and so the coupling and local density are degenerate with only a273

single detection. Fortunately are at least two options to experimentally disentangle274

them. If a haloscope detection can be combined with a search for a candidate in an275

experiment that is independent of dark matter, e.g. the helioscope [58], IAXO [59, 60],276

whose signal strength is ∼ g4aγγ this can be used to infer the local axion dark matter277

density ρa which can then be compared with the expected dark matter density ρCDM ∼278

(300−450)MeV/cm3. If we also have a detection via the gluon coupling/electric dipole279

moment, we can also use that in this case the size of the coupling is uniquely related to280

the mass. Knowing the mass we can therefore directly infer the local dark matter density281

from the strength of the signal amplitude ∼ gagg
√
ρa. The precision with which this282

comparison can be achieved in both cases also provides a nice synergy to astrophysical283

observation and structure formation simulations that give predictions for the local dark284

matter density. Moreover, precise predictions for a relation between the axion gluon285

3For the same reason it is likely that several experiments targeting the discovery coupling could
confirm the discovery relatively shortly after an initial discovery.
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coupling and the resulting oscillating electric dipole moment require theory input from286

QCD and nuclear physics, giving another important synergy area.287

Important astrophysical/cosmological information, in particular on the dark matter288

distribution and therefore on small scale structure formation will be available already289

shortly after an initial discovery. Resonant experiments such as ADMX, ABRA and290

others (see Secs. 6 and 7) measure an amplitude of the signal and are able to perform291

a high precision spectral analysis. Due to the wave-like nature of axion dark matter292

this spectrum directly corresponds to the energy spectrum of the axions converted in293

the detector. In that way we can obtain a precise measurement of the kinetic energy,294

i.e. velocity squared, distribution of axion in our location of the Galaxy. A ∆v2 ∼ 10−9
295

resolution of the velocity squared distribution compared to a typical v2 ∼ 10−6 is296

feasible in most discovery experiments without any modification and within a timescale297

of weeks []. Observing daily and annual modulations of the resulting spectrum can298

even give first information on the full vectorial distribution [61]. This may be further299

enhanced by exploiting the (small) intrinsic directionality of several of the detection300

schemes (e.g., MadMax [62], ADMX [63]).301

Additional astrophysical information may be gleaned if IAXO is also able to detect302

axions4. In this case the axion may, e.g. also serve as a probe of the solar composition303

(e.g. metalicity, elemental abundances) [64].304

These examples demonstrate that discovery of wave-like axion dark matter would305

open a new window of “dark astronomy”.306

3.4 Beyond QCD Axions: Axion-like particles - Motivation307

and Discovery308

While the axion is the most prominent wave-like dark matter candidate it is by far309

not the only one. An important generalization are so-called axion-like particles, loosely310

defined as particles sharing crucial features of the axion (e.g. (pseudo-)scalar, low311

mass, weak couplings) but not solving the strong CP problem. In field theory they312

can be imagined as pseudo-Nambu Goldstone bosons arising from the spontaneous313

breaking of approximate global symmetries. In string theory they can originate as the314

imaginary part of moduli fields [65, 40–47, 66–68]. Both are rather generic features of315

extensions of the Standard Model and therefore we would them to be quite common in316

many extensions of the Standard Model. Indeed, axion-like particles could also arise in317

models for the flavor structure of the Standard Model (they are then often also dubbed318

familons) [69] and in string theory there has been plenty of discussion on the existence319

of axion-like particles including the possibility to have a sizable number of them a so-320

called string axiverse [41]. Similar to axions they can be wave-like dark matter via the321

misalignment mechanism [12–16, 70].322

The mass of axion-like particles is not determined by QCD effects as is the case323

for QCD axions. Therefore, a much wider range is possible. Moreover, a possible324

strong temperature dependence [70], an enlarged field range [71] or coupling enhancing325

effects [72–76] may allow couplings to be much stronger than that expected for the326

simplest QCD axions. This gives true discovery potential also to experiments that do327

not (yet) reach the QCD axion band.328

4For this axions do not need to be dark matter.
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As is the case for the QCD coupling to the Standard Model proceeds via higher329

dimensional operators (typically derivative couplings). Therefore, as in the case of the330

QCD axion a discovery would indicate a clear scale for new physics. Any such discovery331

would therefore essentially give rise to a no-loose theorem for experiments that explore332

this new scale with a broad reach. Axion-like particles are often less constrained than333

QCD axions. In particular the couplings could often still be stronger than those of QCD334

axions, indicating a lower physics scale that could be within reach of other experiments.335

Moreover, a stronger coupling could also put them into the reach of other experiments,336

e.g. IAXO, that are independent of dark matter.337

Most of the precise post-discovery measurements that could be performed with a338

dark matter axion (see previous subsections) are likely to be also possible with an axion-339

like particle. Therefore, an axion-like particles would open a similar level of access to340

a wealth of information both on the underlying fundamental particle physics model as341

well as new insights into astrophysics and cosmology.342

10
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4 Wave-like DM scalars and vectors: A New Hori-343
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Figure 2: Overview of experimental techniques and the mass ranges they target, for
scalars (pink) and vector (green and blue). Figure taken and caption adapted from [2].

While axions (and axion-like particles) are an important benchmark scenario for345

wave-like dark matter they are far from the only well-motivated candidates. As wave-346

like dark matter must be bosonic to avoid the Pauli principle we in general have the347

possibility to have very light scalars or vectors. Indeed they are amongst the simplest348

possible extensions of the Standard Model, by a single scalar and by a simple U(1)349

gauge factor in the case of vectors.350

4.1 Scalars and Vectors in Particle Physics - Motivation351

A central motivation for scalars and vectors is that they are the only bosonic particles352

that can interact with the Standard Model via renormalizable “portals”. For scalars353

(ϕ) via the “Higgs-portal” [77–81] (κϕ + λϕ2)|H|2 and in the vector (Xµ) case via354

“kinetic mixing” [82–84] χBµνX
µν where Bµν is the hypercharge field strength (at low355

energy it’s essentially the electromagnetic field strength) and Xµν that of the new356

vector field. The portal interactions are special in that they are not suppressed by357

some (very) high energy scale. As such they can be generated at a very high energy358

scale while still leaving observable traces in low energy experiments. However, due to359

the exceptional sensitivity of many low-energy experiments searching for scalars and360
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vectors, also additional interactions (that are suppressed by a high energy scale) can361

be accessed.362

Scalars and vectors are also abundant in extensions of the Standard Model based363

on string theory. Indeed, string theory usually features plenty of scalars in the form364

of moduli (the real part), and brane constructions of the Standard Model generically365

contain extra U(1) gauge factors giving rise to vector bosons (cf., e.g., [65, 40–47, 66–366

68, 85–97]).367

Scalars also feature in models to address the hierarchy problem (e.g. the relax-368

ion [98]) (synergy with theory), and may also play a role in dark energy (e.g. quintessence [99,369

100]) giving a synergy with CF4-6.370

It is noteworthy that very light scalars and vectors can often be tested to an amazing371

precision, often at a level that is at or even below gravitational strength (see [2] for a372

wide variety of examples). This gives access to truly fundamental effects at the highest373

imaginable energy scales.374

4.2 Scalar and Vector DM - Cosmology375

For both types of particles their role as wave-like dark matter is supported by the exis-376

tence of suitable production mechanisms that can generate sufficient amounts to explain377

the full observed dark matter abundance. The mechanisms include the misalignment378

mechanism [12–16, 101, 70] already discussed in the case of axions, but there are also379

mechanisms that are based on resonant/tachyonic decays [102–106], inflationary and380

gravitational production [107] as well as the decay of topological configurations such as381

strings [108].382

4.3 Scalar and Vector DM - Detection and Discovery383

From the experimental side the search for scalars and vectors is driven from two di-384

rections. One is that experiments searching for axions are often also directly sensitive385

to vectors5 (indeed the search is often simpler, e.g. by not requiring a superstrong386

magnetic field to be present). A second equally important driver are a wide diver-387

sity of ultra-precise measurements using an amazing range of experimental techniques388

and technologies ranging from atomic physics measurements, atomic clocks, ultrasensi-389

tive mechanical sensing, optical and atom interferometry to observations of the cosmic390

microwave background and black holes (e.g. via gravitational waves). All these of-391

ten employ and further develop cutting edge technologies such as, in particular also392

quantum technologies.393

As in the case of axions, opportunities go far beyond the discovery of a new particle394

and dark matter. Indeed in most cases the post-discovery measurements discussed395

above for the case of axions are based on the wave-like nature and can also be done in396

the case of scalars and vectors. Therefore, in this case, too, unprecedented information397

on particle physics as well as cosmology would be within reach.398

5In some cases a small modification would also allow access to certain types of scalars.
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5 QCD Axion Coverage399

One of our goals for the wavelike dark matter community is to ”execute a definitive400

search for the QCD axion”. We will define a ’definitive search’ as sensitivity to QCD401

axions with DFSZ coupling if they make up the majority of our local dark matter402

density. We believe this is achievable, but it should be noted that it is not exhaustive;403

as describe in Sec. 9 it is conceivable that axions have smaller couplings or make up a404

minority fraction of the local dark matter density. In the event of no discovery, such405

considerations can be addressed in the next Snowmass period.406

Achieving this goal is not tenable by any one experiment. Different energy scales407

require different technologies. The applicability of current ant future projects over the408

QCD axion mass range is shown in Fig. 3.409

Figure 3: Axion mass ranges explored by different experiments. Running experiments
are shown in green. The proposals based on the axion-photon coupling are shown in
red, those targeting other couplings in blue. Figure taken and caption adapted from [1].

Here we have divided coverage into existing limits, current ongoing experiments, and410

future projects. The relevant QCD axion masses are bounded from above by stellar411

astrophysics, and from below by the non-observation of axion superradiance effects on412

black hole spins. A beachhead into the QCD axion couplings in the µeV has already413

been established by the ADMX G-2, HAYSTAC, and CAPP cavity haloscopes, demon-414

strating their effectiveness. Experiments currently funded will expand this explored415

region as described in Sec. 6. A complete exploration of the QCD axion mass range416

will require supporting R&D to establish a suite of experiments in the near future as417

described in Sec. 7.418
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6 The Current Projects419

6.1 ADMX-G2420

The ADMX program has led the axion community for many decades. The current421

stage of the program ADMX-G2 has been running since 2015. It is the first experiment422

to reach the sensitivity to search for QCD axions at typical DFSZ coupling making423

up the bulk of the local dark matter density[109]. The experiment is built around a424

large (8.5 Tesla) high inductance (540 Henry) NbTi Superconducting Solenoid magnet425

with a 60 cm inner diameter and a height of 112 cm. The induced axion signal the426

couples to a cavity and is readout with quantum amplifiers. It has performed three427

runs ([109],[110],[111]). Each run used slightly different cavity geometries to provide428

sensitivity to increasing frequencies. The quantum amplifier technology has been key.429

Run 1A used a Microstrip SQUID Amplifier but subsequent runs used Josephson Para-430

metric Amplifiers (JPAs) for amplification. The final run will combine 4 frequency431

locked cavities coherently to take advantage of the axions coherent signal to make up432

for the volume lost by operating a single cavity. This is scheduled to complete its scan433

as the DMNI project ADMX-EFR completes its construction and commissioning, as434

indicated in Figure 1. ADMX-G2 will have succeeded in search approximately two oc-435

taves of parameter space from 2µeV to -8µeV. Figure 3 shows in green the current the436

ADMX-G2 accomplishments and the current status of demonstrator-scale experiments437

HAYSTAC and CAPP which are now probing QCD axions at near-KSVZ sensitivity.438

6.2 DMNI Project: ADMX-EFR439

The ADMX collaboration aims to push to the higher frequency range of 2–4 GHz with440

the Extended Frequency Range (EFR) experiment. The goal is to achieve DFSZ sensi-441

tivity across this frequency range, which corresponds to an axion-mass range of 8.3–16.5442

µeV. ADMX plans to overcome the sensitivity loss due to the decreasing volume of the443

cavity operating an array of eighteen cavities. Further sensitivity improvements come444

from increased magnetic field strength from an existing 9.4T MRI magnet, increased445

quality factor by coating cavities with superconducting films or low-loss dielectrics and446

finally reduced amplifier noise enabled by squeezed state amplifiers or single photon447

counting techniques that evade the Standard Quantum Limit. The experiment is ready448

to make great inroads into critical parameter space as soon as the DMNI projects are449

given the green light. The ideal funding scenario would have the run start in 2024450

completing 2027.451

6.3 DMNI Project: DMRadio-m3
452

The DMRadio-m3 experiment aims to search for the QCD axion over the mass range453

20 neV ≲ ma ≲ 800 neV, achieving DFSZ sensitivity over the range 120 neV ≲ ma ≲454

800 neV with a 5 year total scan time. This mass range begins to probe the top of the455

GUT-scale QCD axion masses, in addition to testing a wide swath of interesting ALP456

parameter space. In this mass and frequency range (30MHz to 200MHz), the axion457

signal starts behaving like a current, so the experiment can started to be modelled458

as lumped element circuit components, hence these experiments are referred as the459
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lumped element experiments in comparison to the cavity experiments like ADMX. Like460

ADMX-EFR, DMRadio-m3 is ready to search a wide complementary parameter space.461

In the ideal funding scenario, construction starts in 2024 with the physics data taking462

from 2026-2031.463

6.4 Current Demonstrators and Future Projects464

As will be described in Section 7, the nature of wave dark matter detection requires465

an evolution of techniques as a function of frequency and candidate. For axion physics466

we outline in Figure 1 many of the efforts that are demonstrating many of the key467

technologies and techniques outlined in Section 8 that will be critical for the definitive468

search for the axion. We highlight in blue the techniques that are pursuing the mea-469

surements of the alternative couplings which will be particularly critical in the event of470

a detection.471
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7 Importance of Small Projects472

The wave-like nature of candidates in the sub-1 eV mass range leads to detection mecha-473

nisms that are inherently quantum and require detection schemes that are very different474

than standard particle detectors. The wave-like nature also demands experiments op-475

timized for the frequency range of interest. Much intuition can be gleamed from our476

understanding of the detection of electromagnetic radiation, the techniques for mea-477

suring radio waves are very different than visible light. For this reason the search for478

wave-like dark matter demands a suite of experiments not one monolithic detector.479

This suite of experiments requires a strong program of experiments at different scales480

from R&D, see Section 8 to demonstrators to Small Projects.481

7.1 Demonstration-Scale Experiments482

The current suite of experiments has a healthy mix of experiments. Having a range of483

demonstration-scale experiment has been key and in light of the huge mass/coupling484

range that needs to be tackled it will be very important to also have strong support485

for new initiatives at this level. In axions, demonstration-scale Experiments on the or-486

der of ∼$100k to ∼$1M such as ABRACDABRA, DMRadio-Pathfinder, ADMX-SLIC,487

ADMX-Sidecar and HAYSTAC provided key results that proved readiness to move to488

full projects. These were funded as a combination of Foundation money and grants489

to individual institutions. Support of demonstrators continues to be key part of the490

pipeline, establishing new approaches and technologies. We highlight experiments like491

CASPEr to measure the nuclear couplings and HAYSTAC which continue to innovate492

in quantum sensor readout. A variety experiments in scalar/vector that will move from493

table-top R&D to demonstrators and we should be poised to embrace these opportuni-494

ties.495

7.2 DMNI Process and Small Projects496

In 2018, the dark matter community came together to write a Basic Research Needs497

Report (BRN) for Dark Matter New Initiattives (DMNI). This outlined general goals for498

the field. This was followed by a DOE funding call to provide funds for the development499

of project execution plans for full proposals. The selected experiments,DMRadio-m3
500

and ADMX-EFR, were described in Section 6.501

The current DMNI experiments are ready to progress to construction and will com-502

mence operations in the next five years. To keep an active pipeline, a new DMNI call503

for proposals to prepare projects should come concurrently with the current experiment504

proceeding to construction.505

7.3 Axion Facility506

For axion experiments, much of the infrastructure to host experiments could be com-507

mon. This includes electromagnetic shielding, cryogenic systems and low noise warm508

electronics with well-characterized grounding schemes. This infrastructure may be ap-509

propriate for scalar/vector searches depending on the details of the detection technique.510

The magnet is the cost-driver for many of the experiments. It may also be possible511
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for the experiments in the > GHz regime to share one smaller bore high-field magnet512

while in the < MHz regime share a large magnet with slightly more modest fields. The513

community is interested in coming together to produce a conceptual design for 1-2 such514

facilities in support of future small projects.515

7.4 Work Force Development516

Demonstrator-Scale experiments and Small Projects are incredibly good for training517

the next generation of experimentalists. In such experiments, students and postdocs518

get experience in all aspects of the experiment. The training of instrumentalists has519

been highlighted as a strategic need for the field. Wave dark matter experiments are520

particularly valuable training grounds since the enabling technologies including quan-521

tum sensing and control, as described in Section 8, have been identified as national522

priorities. For these reason, wave dark matter experiments are particularly critical as523

drivers for work force development.524
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Figure 4: Principles of beyond the standard quantum limit amplification. (Left) The
goal is to push the quantum noise out of the experimental observable. (Right) The
source of quantum noise changes as a function of frequency and therefore the techniques
change. Figure by L. Winslow with A. Chou and K. Irwin

8 Enabling Technologies525

The small projects described in Section 7 are enabled by a strong R&D program. In this526

section, we highlight the technologies that are at the heart of searches for wave-like dark527

matter. This is not exhaustive as many new techniques are constantly emerging beyond528

the horizon of axions, ALPs, scalars and vectors summarized in Figures 1, 2, 3. We529

emphasize that these are very much interdisciplinary activities involving cross frontier530

topics such as magnet and cavity development, but also groups that may classically be531

atomic physicists who bring key experience in quantum control and measurement.532

8.1 Quantum Measurement and Control533

There has been a national initiative to increase investment in quantum technology and534

to build the quantum workforce of the future []. By definition the search for wave-535

like dark matter sits at the transition from particles behaving like particles and them536

behaving like waves, therefore the detection techniques are inherently quantum and537

quantum measurement and control is a key enabling technology.538

8.1.1 Moving Beyond the Standard Quantum Limit539

For the detection of wave-like dark matter, the experiment ultimately couples to an540

electromagnetic sensor. As the temperature of the experiment is reduced below a few541

hundred milli-kelvin, the sensitivity of the experiment is dominated by quantum noise542

rather than thermal noise. To improve sensitivity, the sensor needs to push beyond this543

standard quantum limit. This is achieved by pushing the noise out of the signal being544

measured as indicated in Figure 4. The details of how to achieve this are frequency545

dependent. Below about 1GHz, the noise is quantum back action and the corresponding546

techniques is back action evasion using devices such at quantum upconverters. Above547
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1GHz the statistics of the photons dominates and techniques such as quantum squeezing548

can be used to evade the standard quantum limit. Quantum squeezing was successfully549

demonstrated by the HAYSTAC collaboration to achieve a quantum advantage gain of550

about 2.5. Single photon counting promises an even larger quantum advantage [112]551

and a superconducting qubit-based single photon detector was recently used in a dark552

photon search using a fixed frequency cavity [113]. These devices must be coupled with553

high Q resonators or cavities (Q > 5× 105).554

8.1.2 Engineering Spin Ensembles555

Quantum engineering of spin ensembles are used in experiments searching for all types556

of wave-like dark matter. These include experiments such as CASPEr which can search557

for EDM and gradient interactions induced by both axions and scalar dark matter558

candidates [114]. The goal is to observe spin ensemble dynamics at the level of spin559

projection noise and then use spin squeezing and more generally spin ensemble corre-560

lations to further increase sensitivity. The spin ensemble is ultimately coupled to an561

electromagnetic sensor so the techniques developed above will find application here.562

The other key R&D activity is engineering to optimize the materials that host these563

spin ensembles to increase the sensitivity to the EDM and gradient interactions of564

ultra-light dark matter [115].565

8.1.3 Atomic Clocks566

There are many novel and interesting techniques in development for the search for scalar567

and vector dark matter, see Figure 2. We highlight here atomic clocks as due to its568

broad application. In the last ∼ 15 years, optical atomic clocks have improved by more569

than three orders of magnitude in precision,reaching a fractional frequency precision570

below 10−18 [116]. The interaction of scalar dark matter can lead to the oscillation of571

fundamental constants such as the fine-structure constant α or proton-to-electron mass572

ratio. If these vary in space or time then atomic, molecular or nuclear will vary as will573

the clock frequencies that use them. Such an oscillation signal would be detectable574

with atomic clocks for a large range of DM masses (m ≲ 10−13 eV) and interaction575

strengths. Clock DM searches are naturally broadband, with mass range depending on576

the total measurement time and specifics of the clock operation protocols (see [117] for577

details). A multidisciplinary team is needed to continue to develop atomic clocks as a578

tool for dark matter searches.579

8.2 Magnets580

Magnets are at the heart of all axion experiments and can be used in some searches for581

scalar-type dark matter. Advances in superconducting materials for the construction of582

magnets are enabling larger, higher-field magnets. The development of production and583

quality of rare-earth barium copper oxide (REBCO) tapes is particularly promising and584

harnesses key technology that overlaps with other industries including fusion power.585

The DMNI experiments are based on conventional large magnet technology based586

on Nb3Sn and/or NbTi technology. To move to higher masses, 30–50 µeV range, it587

is proposed to design a high-temperature superconducting (HTS) insert to create a588
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maximum central magnetic field strength of 32 T over a 15 cm diameter. The National589

High Magnetic Field Laboratory (MagLab) has been developing higher field REBCO590

inserts with current designs reaching a maximum field of 45 T [? ] and future designs591

aiming for even higher field strengths across smaller bore diameters. To move to smaller592

axion masses, proposals like DMRadio-GUT [] require more modest fields but large593

volumes and large bores. More complicated geometries may be advantageous in some594

measurements. Advances in HTS technology and the corresponding cryogenics are595

critical for the entire field.596

R&D efforts in this area will allow for the development of cost-effective large-volume597

high-field magnet designs that will benefit many axion detection experiments and be-598

yond. We seek to establish a framework by which experiments can create optimized599

magnetic field profiles based on the individual experimental needs, minimizing signal600

losses/leakage while still maximizing the science potential of axion searches in the high-601

est possible magnetic field. We are interested in partnering with experts at national602

labs and industry in order to design, construct and then successfully implement these603

next generation of magnets for use in the search for wave-like dark matter.604

8.3 Resonant Systems605

The detection of wave-like dark matter often relies on resonant readout to amplify the606

wave-like signal. Cavities with sophisticated geometry and tuning mechanisms have607

long been used to allow scanning across frequencies corresponding to axion masses608

greater than 1µ-eV. The move to higher frequency and masses results in smaller cavity609

volumes and lower quality factors for ordinary metals. The move to higher frequency610

requires cavities to leverage new ideas from both accelerators and quantum information611

sciences [118].612

For axion searches below 1µ-eV, the transition to a lumped element detection model613

requires the development of high quality factor resonant circuits that allow tuning at614

cryogenic temperatures. The fundamental limits on the quality factors of such circuits615

is a subject of active research [].616

Resonant systems are not unique to axion searches. In particular, dark photon617

searches rely on similar resonant circuit and cavity readouts. This is fundamental R&D618

which is important for wave dark matter searches but will find application in related619

fields including accelerator development.620

8.4 Cross-Disciplinary Collaborations621

A strong R&D program grows from harnessing technological advancements for applica-622

tion in particle detectors. This process needs expertise from a broad range of disciplines.623

The technologies that are needed for wave dark matter searches range from novel mate-624

rials to fabrication of complex devices. A particular need in the search for wave-like dark625

matter are interdisciplinary collaborations with experts in quantum measurement and626

control. Nurturing broad cross-disciplinary collaborations is key to a strong program627

searching for wave dark matter and high energy physics more broadly.628
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9 Strong Theory Program629

9.1 Direct Impact on Experiments630

A strong collaboration between theory and experiment is one of the hallmarks of the631

wave-like dark matter community. It’s also at the heart of the current and rapid devel-632

opment of the area. This interaction goes far deeper than theorists proposing models633

that are than tested in experiments or experimentalists providing data that is then used634

to constrain models. Indeed theorists often conceptualize the experiments 6 and then635

often closely collaborate in the following stages636

An early, perhaps the earliest example of the strength of this interaction is the637

seminal paper by Pierre Sikivie [58] that outlined the two main approaches to axion638

searches that are still pursued today, the axion helioscope and the axion haloscope,639

and which followed quickly upon the realization that axions are a good dark matter640

candidate [12–14]. This resulted amongst other things in today’s ADMX collaboration641

with which Pierre Sikivie is still connected, cf, e.g. [111].642

More recent examples of this fruitful collaboration are experiments such as CASPr,643

DMRadio, MADMAX and IAXO that arose from theoretical concepts and direct col-644

laboration with experiments [58, 120, 121, 49, 50, 122–124, 59, 60]. Similarly strong645

interactions exist not only for axions, but also for scalar and vector DM, cf. [125–127]646

for some examples and [2] for many more.647

9.2 Astrophysics, Cosmology and Phenomenology648

An important aspect of theoretical support for experiments is also to identify areas that649

are already excluded by other means as well as, more positively, detect areas that are650

especially promising because other experiments or observations have found hints that651

point into the respective area.652

This requires development of meaningful “benchmark scenarios” as well as the in-653

terpretation of a wide range of data from experiments and observation against these654

benchmarks.655

A further, particularly important aspect for the very weakly coupled particles that656

are the subject of the wave-like dark matter community are astrophysical and cosmo-657

logical observations. Due to their weak couplings stars in a broad range of evolutionary658

stages are outstanding probes of these particles and provide the best constraints (see659

the famous book [128] as well as the discussion in [1] where more references can be660

found) as well as intriguing hints (cf., e.g., [129, 130]).661

Cosmology, too, can provide powerful constraints. For example, the first papers662

on the misalignment can be interpreted as a cosmological constraint on the parameter663

space as certain parameter regions may produce too much dark matter inconsistent664

with observations [12–14]. Famously, the lower boundary on the mass of wave-like dark665

matter candidates ∼ 10−22 eV also arises from their impact on cosmological structure666

formation [131, 43].667

An improved theoretical understanding of the cosmological production of dark mat-668

ter may also give crucial information on where as well as how to search for dark matter.669

6Of course there are also very nice examples of this in the wider dark matter community, e.g. [119]
for WIMP detection.
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For example in a scenario where the last Peccei-Quinn symmetry breaking happens670

after inflation (so-called postinflationary scenario), the dark matter density is a definite671

function of the axion mass. Comparing with the rather precisely observed (average)672

density would allow to get a precise prediction for the axion mass. However, this de-673

termination is currently precluded by the insufficient understanding of the production674

that receives possibly significant contributions from topological defects [17–37] in addi-675

tion to the misalignment production. The same scenario also suggests that dark matter676

may be inhomogeneously distributed on very small (e.g. solar system sized) scales, e.g.677

featuring miniclusters [132, 133]. This has direct impact on the experiments (searching678

in resonant vs broadband mode) [134] but also opens the potential for synergies with679

astrophysical observation such as gravitational lensing [135] (see however also [136]). To680

bring this to fruition improvements in the quantitative understanding of the formation681

as well as the survival of these structures [].682

9.3 New Theoretical Target Areas683

Last but definitely not least, fundamental theory research can first of all be the original684

motivation for new (wave-like or other) dark matter candidates. It can open entirely685

new or previously overlooked areas of parameter space. It provides a framework to686

understand and interpret experimental results and makes and highlights meaningful687

connections to other areas of particle physics. Let us look at a few examples of this688

role in the following.689

The first example is clearly the QCD axion itself [5–8]. Motivated by a theoretical690

finetuning problem of the SM (strong CP problem) it led to concrete predictions that691

were soon tested and excluded. This then gave rise to the advent of “invisible” axion692

models [56, 57, 54, 55]. As already mentioned, measurement of an axion electron693

couopling would point to a DFSZ model and therefore an extended Higgs sector that694

can be tested at the LHC or a future collider (cf. [] for some recent model building695

considerations), thereby making a connection that would not be possible without a696

more complete theory model.697

A recent example is the widening of parameter space for QCD axion models. Whereas698

the original models predicted a strict relation between the axion mass and the coupling699

to gluons (and also an order of magnitude relation to that with photons) recent theory700

efforts [137–151] (see also [152–155] for some older works) have led to the realization701

that a wider range of possibilities exist, albeit at the price of some model complications.702

Similarly the relation to the photon coupling was significantly widened [156, 72–76].703

These motivates new experimental searches with a broad range of techniques.704

On the more theoretical side, string theory provides significant motivation for light705

(pseudo-)scalars [65, 40–47, 66–68] as well as vectors [85–97]. The former often arise as706

moduli that feature a scalar and a pseudoscalar “axionic” component.707

String theory models also provides a strong connection to cosmology and the corre-708

sponding observations. An example is the prediction of a significant amount of axionic709

dark radiation arising from moduli decays [157–161]. This provides constraints but can710

be consistent with observations [68] but is also a potential observable in cosmological711

observations as well as experiments such as IAXO [162]. Moreover, string theory also712

opens the opportunity to build more complete models that also include to inflation [68],713

again providing a connection to new observables [].714
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10 Conclusions715

TheWave-like dark mattter community is poised for a great discovery. It will be enabled716

by a series of small projects that grew from a strong program of experiments at different717

scales and R&D in key enabling technologies. This program is flourishing in the US,718

and it is critical that support continues at full strength.719
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