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PRD 3: Detect galactic dark matter waves using advanced, ultra-sensitive detectors with 
emphasis on the strongly motivated QCD axion. 1 
 

 
 
Recent technological and theoretical advances finally allow the detection of dark matter in wave form 
over the entire 20 orders of magnitude of the ultralight mass range, previously inaccessible to 
observation.  Discovery of these dark matter waves with advanced quantum sensors would provide a 
glimpse into the earliest moments in the origin of the universe and the laws of nature at ultrahigh 
energies and temperatures, far above what can be created in terrestrial laboratories. 
 
 
The three PRDs represent a comprehensive program of small projects to explore dark matter from 
below the mass of the proton down to the smallest possible mass for dark matter.  Together, all three 
directions cover the key range of possibilities for dark matter across this mass range (G2 program range 
included for comparison).  All three PRDs are needed to achieve broad sensitivity and, in particular, to 
reach different key milestones. 
 

 
 
Successfully unravelling the nature of dark matter, its interactions, and its origin in the universe can only 
be achieved by combining results from projects spanning these new initiatives.  In the event of a 
discovery, each provides a unique and essential piece of the puzzle. 

                                                           
1 The QCD axion is a highly motivated dark matter candidate.  It is a solution to the strong CP problem and arises in 

many frameworks of physics beyond the Standard Model of particle physics, including grand unified theories and 
string theory. 
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a resolution on absorbed energy. A single resonator resolution on absorbed energy can be
converted to �E by appropriate scaling by

p
Nr and ⌘ph. In an 80-resonator device, we

determined �E = 0.36 keV FWHM. The discrepancy with the expected energy resolution of
0.24 keV FWHM is likely due to an overestimation of ⌘ph, which we cannot measure until
we do an absolute energy resolution measurement with a collimated photon source. We are
currently working on performing this measurement and also obtaining an energy resolution
for the 40-resonator device in Figure 2.

4 Efforts to improve our energy resolution

4.1 Decreasing device size

Figure 3: Smaller device design and an

initial prototype of this design

Assuming we keep the number of resonators per
unit area fixed, the resolution will improve as we de-
crease Asub because the (amplifier-limited) energy res-
olution scales as the square root of the number of
resonators. Of the many variables in our energy res-
olution expression, Asub is the most straightforward
to change. To motivate a specific size, the CdZnTe
detectors in NuSTAR were on 2 cm ⇥ 2 cm wafers, so
we will reorient our device design for this implemen-
tation. This factor of 25 in Asub becomes a factor of
5 in our energy resolution.

To this end, toward the end of last year, I designed a device that would fit on this
smaller wafer (Figure 3a). After ordering the lithography mask, I started fabrication of this
new design at the beginning of 2020. Fabrication of our devices occurs in the Microdevices
Laboratory (MDL) at the Jet Propulsion Laboratory (JPL). Over the last six months, I
have worked with MDL collaborator Bruce Bumble and graduate student Yen-Yung Chang
to learn the ins and outs of our device fabrication. This work culminated in the �75 mm
wafer device shown in Figure 2. For the smaller device, we have modified the fabrication
procedure to use a stepper instead of contact mask lithography; this facilitates production
of multiple devices from a single �75 mm wafer and also provides more flexibility for design
tweaks post-mask production. I was trained on the stepper this past month and produced
an initial prototype of this smaller device design (Figure 3b).

4.2 Use a lower Tc material

Lower Tc corresponds to a lower superconducting energy gap �, which means a higher
Bogoliubov quasiparticle yield for a given amount of deposited energy. Instead of Al with
Tc = 1.2 K, we will use AlMn, which has a tunable Tc depending on the ratio of Al to Mn, at
a Tc = 0.3 K, providing a factor of 4 improvement while still being testable at our dilution
fridge baseline temperature of 40 mK. Additional gains may be possible if ⌧qp increases as �
is decreased, as is expected from superconductivity theory [8]. We do not assume this latter
factor, however, because there may be a countervailing increase in creation of quasiparticles
by readout power, rendering our calculation conservative. Fabricating an AlMn device is
straightforward because of similar chemical properties to Al relevant for lithography. MDL,
though not currently equipped with a machine to deposit AlMn films, is planning to buy a
sputter deposition system to do so. In the meantime, we have collaborative agreements with
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the mark, perhaps, although Gould was spot on with his two-
way video wristwatch. Controlling the quantum could be a dif-
ferent story, and we predict that the quantum will ultimately
bring the dark ma!er of the universe into view.

Dramatically improved receivers based on quantum sens-
ing are no panacea for the axion experiment. A parallel chal-
lenge not discussed in this article is the development of inno-
vative microwave cavities satisfying multiple constraints of the
axion experiment. Technologies that are being pursued include
photonic bandgap resonators and the use of metamaterials and
thin-film superconductors. But that’s a story for another time.

The authors gratefully acknowledge support from NSF, the US Depart-
ment of Energy, and the Heising-Simons Foundation. 
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FIGURE 6. A SUPERCONDUCTING “ARTIFICIAL ATOM” QUBIT is an anharmonic LC oscillator (a) that uses the nonlinear inductance of a
Josephson junction. (b) Larger superconducting structures may be attached to the junction to build up millimeter-size antennae (c), which
enable stronger coupling to the electric field of centimeter-wave cavity photons. (d) The qubit is mounted inside a cavity with a dielectric
substrate. The vertically oriented electric field of a single-cavity photon “stretches” the qubit oscillator and exercises its nonlinearity. The
quantum nondemolition photon detection protocol can be phrased as a yes–no question: Has the qubit’s resonant frequency shifted in
response to the appearance of a cavity photon or not? (Photographs courtesy of Akash Dixit and Reidar Hahn/Fermilab.)
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is decreased, as is expected from superconductivity theory [8]. We do not assume this latter
factor, however, because there may be a countervailing increase in creation of quasiparticles
by readout power, rendering our calculation conservative. Fabricating an AlMn device is
straightforward because of similar chemical properties to Al relevant for lithography. MDL,
though not currently equipped with a machine to deposit AlMn films, is planning to buy a
sputter deposition system to do so. In the meantime, we have collaborative agreements with
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the mark, perhaps, although Gould was spot on with his two-
way video wristwatch. Controlling the quantum could be a dif-
ferent story, and we predict that the quantum will ultimately
bring the dark ma!er of the universe into view.

Dramatically improved receivers based on quantum sens-
ing are no panacea for the axion experiment. A parallel chal-
lenge not discussed in this article is the development of inno-
vative microwave cavities satisfying multiple constraints of the
axion experiment. Technologies that are being pursued include
photonic bandgap resonators and the use of metamaterials and
thin-film superconductors. But that’s a story for another time.

The authors gratefully acknowledge support from NSF, the US Depart-
ment of Energy, and the Heising-Simons Foundation. 
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FIGURE 6. A SUPERCONDUCTING “ARTIFICIAL ATOM” QUBIT is an anharmonic LC oscillator (a) that uses the nonlinear inductance of a
Josephson junction. (b) Larger superconducting structures may be attached to the junction to build up millimeter-size antennae (c), which
enable stronger coupling to the electric field of centimeter-wave cavity photons. (d) The qubit is mounted inside a cavity with a dielectric
substrate. The vertically oriented electric field of a single-cavity photon “stretches” the qubit oscillator and exercises its nonlinearity. The
quantum nondemolition photon detection protocol can be phrased as a yes–no question: Has the qubit’s resonant frequency shifted in
response to the appearance of a cavity photon or not? (Photographs courtesy of Akash Dixit and Reidar Hahn/Fermilab.)
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a resolution on absorbed energy. A single resonator resolution on absorbed energy can be
converted to �E by appropriate scaling by

p
Nr and ⌘ph. In an 80-resonator device, we

determined �E = 0.36 keV FWHM. The discrepancy with the expected energy resolution of
0.24 keV FWHM is likely due to an overestimation of ⌘ph, which we cannot measure until
we do an absolute energy resolution measurement with a collimated photon source. We are
currently working on performing this measurement and also obtaining an energy resolution
for the 40-resonator device in Figure 2.

4 Efforts to improve our energy resolution

4.1 Decreasing device size

Figure 3: Smaller device design and an

initial prototype of this design

Assuming we keep the number of resonators per
unit area fixed, the resolution will improve as we de-
crease Asub because the (amplifier-limited) energy res-
olution scales as the square root of the number of
resonators. Of the many variables in our energy res-
olution expression, Asub is the most straightforward
to change. To motivate a specific size, the CdZnTe
detectors in NuSTAR were on 2 cm ⇥ 2 cm wafers, so
we will reorient our device design for this implemen-
tation. This factor of 25 in Asub becomes a factor of
5 in our energy resolution.

To this end, toward the end of last year, I designed a device that would fit on this
smaller wafer (Figure 3a). After ordering the lithography mask, I started fabrication of this
new design at the beginning of 2020. Fabrication of our devices occurs in the Microdevices
Laboratory (MDL) at the Jet Propulsion Laboratory (JPL). Over the last six months, I
have worked with MDL collaborator Bruce Bumble and graduate student Yen-Yung Chang
to learn the ins and outs of our device fabrication. This work culminated in the �75 mm
wafer device shown in Figure 2. For the smaller device, we have modified the fabrication
procedure to use a stepper instead of contact mask lithography; this facilitates production
of multiple devices from a single �75 mm wafer and also provides more flexibility for design
tweaks post-mask production. I was trained on the stepper this past month and produced
an initial prototype of this smaller device design (Figure 3b).

4.2 Use a lower Tc material

Lower Tc corresponds to a lower superconducting energy gap �, which means a higher
Bogoliubov quasiparticle yield for a given amount of deposited energy. Instead of Al with
Tc = 1.2 K, we will use AlMn, which has a tunable Tc depending on the ratio of Al to Mn, at
a Tc = 0.3 K, providing a factor of 4 improvement while still being testable at our dilution
fridge baseline temperature of 40 mK. Additional gains may be possible if ⌧qp increases as �
is decreased, as is expected from superconductivity theory [8]. We do not assume this latter
factor, however, because there may be a countervailing increase in creation of quasiparticles
by readout power, rendering our calculation conservative. Fabricating an AlMn device is
straightforward because of similar chemical properties to Al relevant for lithography. MDL,
though not currently equipped with a machine to deposit AlMn films, is planning to buy a
sputter deposition system to do so. In the meantime, we have collaborative agreements with
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the mark, perhaps, although Gould was spot on with his two-
way video wristwatch. Controlling the quantum could be a dif-
ferent story, and we predict that the quantum will ultimately
bring the dark ma!er of the universe into view.

Dramatically improved receivers based on quantum sens-
ing are no panacea for the axion experiment. A parallel chal-
lenge not discussed in this article is the development of inno-
vative microwave cavities satisfying multiple constraints of the
axion experiment. Technologies that are being pursued include
photonic bandgap resonators and the use of metamaterials and
thin-film superconductors. But that’s a story for another time.

The authors gratefully acknowledge support from NSF, the US Depart-
ment of Energy, and the Heising-Simons Foundation. 
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FIGURE 6. A SUPERCONDUCTING “ARTIFICIAL ATOM” QUBIT is an anharmonic LC oscillator (a) that uses the nonlinear inductance of a
Josephson junction. (b) Larger superconducting structures may be attached to the junction to build up millimeter-size antennae (c), which
enable stronger coupling to the electric field of centimeter-wave cavity photons. (d) The qubit is mounted inside a cavity with a dielectric
substrate. The vertically oriented electric field of a single-cavity photon “stretches” the qubit oscillator and exercises its nonlinearity. The
quantum nondemolition photon detection protocol can be phrased as a yes–no question: Has the qubit’s resonant frequency shifted in
response to the appearance of a cavity photon or not? (Photographs courtesy of Akash Dixit and Reidar Hahn/Fermilab.)
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a resolution on absorbed energy. A single resonator resolution on absorbed energy can be
converted to �E by appropriate scaling by

p
Nr and ⌘ph. In an 80-resonator device, we

determined �E = 0.36 keV FWHM. The discrepancy with the expected energy resolution of
0.24 keV FWHM is likely due to an overestimation of ⌘ph, which we cannot measure until
we do an absolute energy resolution measurement with a collimated photon source. We are
currently working on performing this measurement and also obtaining an energy resolution
for the 40-resonator device in Figure 2.

4 Efforts to improve our energy resolution

4.1 Decreasing device size

Figure 3: Smaller device design and an

initial prototype of this design

Assuming we keep the number of resonators per
unit area fixed, the resolution will improve as we de-
crease Asub because the (amplifier-limited) energy res-
olution scales as the square root of the number of
resonators. Of the many variables in our energy res-
olution expression, Asub is the most straightforward
to change. To motivate a specific size, the CdZnTe
detectors in NuSTAR were on 2 cm ⇥ 2 cm wafers, so
we will reorient our device design for this implemen-
tation. This factor of 25 in Asub becomes a factor of
5 in our energy resolution.

To this end, toward the end of last year, I designed a device that would fit on this
smaller wafer (Figure 3a). After ordering the lithography mask, I started fabrication of this
new design at the beginning of 2020. Fabrication of our devices occurs in the Microdevices
Laboratory (MDL) at the Jet Propulsion Laboratory (JPL). Over the last six months, I
have worked with MDL collaborator Bruce Bumble and graduate student Yen-Yung Chang
to learn the ins and outs of our device fabrication. This work culminated in the �75 mm
wafer device shown in Figure 2. For the smaller device, we have modified the fabrication
procedure to use a stepper instead of contact mask lithography; this facilitates production
of multiple devices from a single �75 mm wafer and also provides more flexibility for design
tweaks post-mask production. I was trained on the stepper this past month and produced
an initial prototype of this smaller device design (Figure 3b).

4.2 Use a lower Tc material

Lower Tc corresponds to a lower superconducting energy gap �, which means a higher
Bogoliubov quasiparticle yield for a given amount of deposited energy. Instead of Al with
Tc = 1.2 K, we will use AlMn, which has a tunable Tc depending on the ratio of Al to Mn, at
a Tc = 0.3 K, providing a factor of 4 improvement while still being testable at our dilution
fridge baseline temperature of 40 mK. Additional gains may be possible if ⌧qp increases as �
is decreased, as is expected from superconductivity theory [8]. We do not assume this latter
factor, however, because there may be a countervailing increase in creation of quasiparticles
by readout power, rendering our calculation conservative. Fabricating an AlMn device is
straightforward because of similar chemical properties to Al relevant for lithography. MDL,
though not currently equipped with a machine to deposit AlMn films, is planning to buy a
sputter deposition system to do so. In the meantime, we have collaborative agreements with
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the mark, perhaps, although Gould was spot on with his two-
way video wristwatch. Controlling the quantum could be a dif-
ferent story, and we predict that the quantum will ultimately
bring the dark ma!er of the universe into view.

Dramatically improved receivers based on quantum sens-
ing are no panacea for the axion experiment. A parallel chal-
lenge not discussed in this article is the development of inno-
vative microwave cavities satisfying multiple constraints of the
axion experiment. Technologies that are being pursued include
photonic bandgap resonators and the use of metamaterials and
thin-film superconductors. But that’s a story for another time.

The authors gratefully acknowledge support from NSF, the US Depart-
ment of Energy, and the Heising-Simons Foundation. 
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FIGURE 6. A SUPERCONDUCTING “ARTIFICIAL ATOM” QUBIT is an anharmonic LC oscillator (a) that uses the nonlinear inductance of a
Josephson junction. (b) Larger superconducting structures may be attached to the junction to build up millimeter-size antennae (c), which
enable stronger coupling to the electric field of centimeter-wave cavity photons. (d) The qubit is mounted inside a cavity with a dielectric
substrate. The vertically oriented electric field of a single-cavity photon “stretches” the qubit oscillator and exercises its nonlinearity. The
quantum nondemolition photon detection protocol can be phrased as a yes–no question: Has the qubit’s resonant frequency shifted in
response to the appearance of a cavity photon or not? (Photographs courtesy of Akash Dixit and Reidar Hahn/Fermilab.)
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a resolution on absorbed energy. A single resonator resolution on absorbed energy can be
converted to �E by appropriate scaling by

p
Nr and ⌘ph. In an 80-resonator device, we

determined �E = 0.36 keV FWHM. The discrepancy with the expected energy resolution of
0.24 keV FWHM is likely due to an overestimation of ⌘ph, which we cannot measure until
we do an absolute energy resolution measurement with a collimated photon source. We are
currently working on performing this measurement and also obtaining an energy resolution
for the 40-resonator device in Figure 2.

4 Efforts to improve our energy resolution

4.1 Decreasing device size

Figure 3: Smaller device design and an

initial prototype of this design

Assuming we keep the number of resonators per
unit area fixed, the resolution will improve as we de-
crease Asub because the (amplifier-limited) energy res-
olution scales as the square root of the number of
resonators. Of the many variables in our energy res-
olution expression, Asub is the most straightforward
to change. To motivate a specific size, the CdZnTe
detectors in NuSTAR were on 2 cm ⇥ 2 cm wafers, so
we will reorient our device design for this implemen-
tation. This factor of 25 in Asub becomes a factor of
5 in our energy resolution.

To this end, toward the end of last year, I designed a device that would fit on this
smaller wafer (Figure 3a). After ordering the lithography mask, I started fabrication of this
new design at the beginning of 2020. Fabrication of our devices occurs in the Microdevices
Laboratory (MDL) at the Jet Propulsion Laboratory (JPL). Over the last six months, I
have worked with MDL collaborator Bruce Bumble and graduate student Yen-Yung Chang
to learn the ins and outs of our device fabrication. This work culminated in the �75 mm
wafer device shown in Figure 2. For the smaller device, we have modified the fabrication
procedure to use a stepper instead of contact mask lithography; this facilitates production
of multiple devices from a single �75 mm wafer and also provides more flexibility for design
tweaks post-mask production. I was trained on the stepper this past month and produced
an initial prototype of this smaller device design (Figure 3b).

4.2 Use a lower Tc material

Lower Tc corresponds to a lower superconducting energy gap �, which means a higher
Bogoliubov quasiparticle yield for a given amount of deposited energy. Instead of Al with
Tc = 1.2 K, we will use AlMn, which has a tunable Tc depending on the ratio of Al to Mn, at
a Tc = 0.3 K, providing a factor of 4 improvement while still being testable at our dilution
fridge baseline temperature of 40 mK. Additional gains may be possible if ⌧qp increases as �
is decreased, as is expected from superconductivity theory [8]. We do not assume this latter
factor, however, because there may be a countervailing increase in creation of quasiparticles
by readout power, rendering our calculation conservative. Fabricating an AlMn device is
straightforward because of similar chemical properties to Al relevant for lithography. MDL,
though not currently equipped with a machine to deposit AlMn films, is planning to buy a
sputter deposition system to do so. In the meantime, we have collaborative agreements with
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the mark, perhaps, although Gould was spot on with his two-
way video wristwatch. Controlling the quantum could be a dif-
ferent story, and we predict that the quantum will ultimately
bring the dark ma!er of the universe into view.

Dramatically improved receivers based on quantum sens-
ing are no panacea for the axion experiment. A parallel chal-
lenge not discussed in this article is the development of inno-
vative microwave cavities satisfying multiple constraints of the
axion experiment. Technologies that are being pursued include
photonic bandgap resonators and the use of metamaterials and
thin-film superconductors. But that’s a story for another time.
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FIGURE 6. A SUPERCONDUCTING “ARTIFICIAL ATOM” QUBIT is an anharmonic LC oscillator (a) that uses the nonlinear inductance of a
Josephson junction. (b) Larger superconducting structures may be attached to the junction to build up millimeter-size antennae (c), which
enable stronger coupling to the electric field of centimeter-wave cavity photons. (d) The qubit is mounted inside a cavity with a dielectric
substrate. The vertically oriented electric field of a single-cavity photon “stretches” the qubit oscillator and exercises its nonlinearity. The
quantum nondemolition photon detection protocol can be phrased as a yes–no question: Has the qubit’s resonant frequency shifted in
response to the appearance of a cavity photon or not? (Photographs courtesy of Akash Dixit and Reidar Hahn/Fermilab.)
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5.3 Dark Energy 11

Figure 5-2. Cartoon (not to scale) of the gains in sensitivity enabled by the search strategy outlined in this
report (from light to dark gray shaded regions). Regions where dark matter typically manifests as a wave are
shaded in red, whereas regions where it manifests as individual particles are blue. Broad, logarithmic gains
in coverage are attainable through a range of newly developed techniques, which will require an ambitious
and significantly expanded program of mid- and small-scale experiments as well as novel cosmic probes using
existing and planned survey instruments (shaded green). See Section 5.5 for details.

to understand the physics of cosmic acceleration — the explanation for which must clearly lie Beyond the
Standard Model.
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5.3 Dark Energy 11

Figure 5-2. Cartoon (not to scale) of the gains in sensitivity enabled by the search strategy outlined in this
report (from light to dark gray shaded regions). Regions where dark matter typically manifests as a wave are
shaded in red, whereas regions where it manifests as individual particles are blue. Broad, logarithmic gains
in coverage are attainable through a range of newly developed techniques, which will require an ambitious
and significantly expanded program of mid- and small-scale experiments as well as novel cosmic probes using
existing and planned survey instruments (shaded green). See Section 5.5 for details.

to understand the physics of cosmic acceleration — the explanation for which must clearly lie Beyond the
Standard Model.
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From CF1 white paper 
 “Landscape of low-threshold detection”

Relic abundance from dark sectors
Significant theory progress in mechanisms for DM genesis.
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For , targets in DM-electron scattering:keV ≲ mχ ≲ GeVThe landscape of low-threshold dark matter direct detection in the next decade
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Figure 2: Specific target regions in the DM-electron cross section versus DM mass plane in which DM is produced
with the observed relic abundance. For these benchmark models, DM interacts with both nuclei and electrons.
When applicable, we show existing direct-detection bounds (light gray) (see Fig. 1 and [181]) and constraints
from stellar cooling and the effective number of relativistic species (Ne↵) (darker gray) (see e.g. [10, 32, 173,
181, 192]). There are no existing collider bounds in these parameter spaces except in the top left plot, but
the constraints are model dependent and not shown (but see e.g. [10, 93, 94, 158]). Top left: DM-electron
scattering via a heavy mediator, leading to a DM form factor (FDM = 1). (i) A complex scalar produced through
thermal freeze-out via s-channel annihilation through a massive dark photon off-resonance [10, 123, 124, 126,
158] (red solid line) or near resonance [167] (red dashed lines (✏R is related to the kinetic energy needed to be
on resonance); (ii) a Dirac fermion produced through an initial particle-antiparticle asymmetry and interacting
with the SM through a massive dark photon [10, 147] (orange region/line); (iii) a strongly interacting massive
particle (SIMP) produced through 3 ! 2 interactions while remaining at the SM-sector temperature through
elastic scattering with SM particles [153, 154] (blue region); (iv) an elastically decoupling relic (ELDER) whose
abundance is determined by its elastic scattering off SM particles [159, 168] (blue dashed line); (v) a Majorana
fermion produced via thermal freeze-out through a vector mediator (cyan line); and (vi) a scalar DM particle
produced by inelastic scattering against a lighter particle from the thermal bath (“coscattering”) [172] (green
line). Top right: DM-electron scattering via an ultralight dark photon (FDM = (↵me/q)2); the observed relic
abundance is obtained via freeze-in along the orange line [5, 10, 145, 174, 181]. Bottom left: DM-electron
scattering through an electric dipole moment (FDM = ↵me/q), the observed relic abundance is obtained via
freeze-in along the colored lines for different re-heating temperatures TRH [181]. Bottom right: Same as
bottom left plot but for a magnetic dipole moment interaction [181]. Here FDM is non-trivial [63, 181].
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Figure 2: Specific target regions in the DM-electron cross section versus DM mass plane in which DM is produced
with the observed relic abundance. For these benchmark models, DM interacts with both nuclei and electrons.
When applicable, we show existing direct-detection bounds (light gray) (see Fig. 1 and [181]) and constraints
from stellar cooling and the effective number of relativistic species (Ne↵) (darker gray) (see e.g. [10, 32, 173,
181, 192]). There are no existing collider bounds in these parameter spaces except in the top left plot, but
the constraints are model dependent and not shown (but see e.g. [10, 93, 94, 158]). Top left: DM-electron
scattering via a heavy mediator, leading to a DM form factor (FDM = 1). (i) A complex scalar produced through
thermal freeze-out via s-channel annihilation through a massive dark photon off-resonance [10, 123, 124, 126,
158] (red solid line) or near resonance [167] (red dashed lines (✏R is related to the kinetic energy needed to be
on resonance); (ii) a Dirac fermion produced through an initial particle-antiparticle asymmetry and interacting
with the SM through a massive dark photon [10, 147] (orange region/line); (iii) a strongly interacting massive
particle (SIMP) produced through 3 ! 2 interactions while remaining at the SM-sector temperature through
elastic scattering with SM particles [153, 154] (blue region); (iv) an elastically decoupling relic (ELDER) whose
abundance is determined by its elastic scattering off SM particles [159, 168] (blue dashed line); (v) a Majorana
fermion produced via thermal freeze-out through a vector mediator (cyan line); and (vi) a scalar DM particle
produced by inelastic scattering against a lighter particle from the thermal bath (“coscattering”) [172] (green
line). Top right: DM-electron scattering via an ultralight dark photon (FDM = (↵me/q)2); the observed relic
abundance is obtained via freeze-in along the orange line [5, 10, 145, 174, 181]. Bottom left: DM-electron
scattering through an electric dipole moment (FDM = ↵me/q), the observed relic abundance is obtained via
freeze-in along the colored lines for different re-heating temperatures TRH [181]. Bottom right: Same as
bottom left plot but for a magnetic dipole moment interaction [181]. Here FDM is non-trivial [63, 181].
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Figure 2: Specific target regions in the DM-electron cross section versus DM mass plane in which DM is produced
with the observed relic abundance. For these benchmark models, DM interacts with both nuclei and electrons.
When applicable, we show existing direct-detection bounds (light gray) (see Fig. 1 and [181]) and constraints
from stellar cooling and the effective number of relativistic species (Ne↵) (darker gray) (see e.g. [10, 32, 173,
181, 192]). There are no existing collider bounds in these parameter spaces except in the top left plot, but
the constraints are model dependent and not shown (but see e.g. [10, 93, 94, 158]). Top left: DM-electron
scattering via a heavy mediator, leading to a DM form factor (FDM = 1). (i) A complex scalar produced through
thermal freeze-out via s-channel annihilation through a massive dark photon off-resonance [10, 123, 124, 126,
158] (red solid line) or near resonance [167] (red dashed lines (✏R is related to the kinetic energy needed to be
on resonance); (ii) a Dirac fermion produced through an initial particle-antiparticle asymmetry and interacting
with the SM through a massive dark photon [10, 147] (orange region/line); (iii) a strongly interacting massive
particle (SIMP) produced through 3 ! 2 interactions while remaining at the SM-sector temperature through
elastic scattering with SM particles [153, 154] (blue region); (iv) an elastically decoupling relic (ELDER) whose
abundance is determined by its elastic scattering off SM particles [159, 168] (blue dashed line); (v) a Majorana
fermion produced via thermal freeze-out through a vector mediator (cyan line); and (vi) a scalar DM particle
produced by inelastic scattering against a lighter particle from the thermal bath (“coscattering”) [172] (green
line). Top right: DM-electron scattering via an ultralight dark photon (FDM = (↵me/q)2); the observed relic
abundance is obtained via freeze-in along the orange line [5, 10, 145, 174, 181]. Bottom left: DM-electron
scattering through an electric dipole moment (FDM = ↵me/q), the observed relic abundance is obtained via
freeze-in along the colored lines for different re-heating temperatures TRH [181]. Bottom right: Same as
bottom left plot but for a magnetic dipole moment interaction [181]. Here FDM is non-trivial [63, 181].
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Figure 2: Specific target regions in the DM-electron cross section versus DM mass plane in which DM is produced
with the observed relic abundance. For these benchmark models, DM interacts with both nuclei and electrons.
When applicable, we show existing direct-detection bounds (light gray) (see Fig. 1 and [181]) and constraints
from stellar cooling and the effective number of relativistic species (Ne↵) (darker gray) (see e.g. [10, 32, 173,
181, 192]). There are no existing collider bounds in these parameter spaces except in the top left plot, but
the constraints are model dependent and not shown (but see e.g. [10, 93, 94, 158]). Top left: DM-electron
scattering via a heavy mediator, leading to a DM form factor (FDM = 1). (i) A complex scalar produced through
thermal freeze-out via s-channel annihilation through a massive dark photon off-resonance [10, 123, 124, 126,
158] (red solid line) or near resonance [167] (red dashed lines (✏R is related to the kinetic energy needed to be
on resonance); (ii) a Dirac fermion produced through an initial particle-antiparticle asymmetry and interacting
with the SM through a massive dark photon [10, 147] (orange region/line); (iii) a strongly interacting massive
particle (SIMP) produced through 3 ! 2 interactions while remaining at the SM-sector temperature through
elastic scattering with SM particles [153, 154] (blue region); (iv) an elastically decoupling relic (ELDER) whose
abundance is determined by its elastic scattering off SM particles [159, 168] (blue dashed line); (v) a Majorana
fermion produced via thermal freeze-out through a vector mediator (cyan line); and (vi) a scalar DM particle
produced by inelastic scattering against a lighter particle from the thermal bath (“coscattering”) [172] (green
line). Top right: DM-electron scattering via an ultralight dark photon (FDM = (↵me/q)2); the observed relic
abundance is obtained via freeze-in along the orange line [5, 10, 145, 174, 181]. Bottom left: DM-electron
scattering through an electric dipole moment (FDM = ↵me/q), the observed relic abundance is obtained via
freeze-in along the colored lines for different re-heating temperatures TRH [181]. Bottom right: Same as
bottom left plot but for a magnetic dipole moment interaction [181]. Here FDM is non-trivial [63, 181].
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Figure 4-7: Open parameter space for galactic dark matter scattering off electrons that can be probed with 
advanced detectors with demonstrated or near-term technologies (solid lines) and with either medium-term 
(dashed lines) to longer-term (dotted lines) R&D.  The readout technique is indicated in parentheses below the 
target material.  Dark matter interacting with electrons through a heavy mediator is assumed. 
 

 
Figure 4-8: Open parameter space for galactic dark matter scattering off electrons that can be probed with 
advanced detectors with demonstrated or near-term technologies (solid lines) and with either medium-term 
(dashed lines) to longer-term (dotted lines) R&D.  The readout technique is indicated in parentheses below the 
target material.  Dark matter interacting with electrons through either a heavy mediator an ultralight mediator is 
aƐƐƵŵed͘  The ŽƌaŶge ƌegiŽŶƐ ;ůabeůůed ͞KeǇ MiůeƐƚŽŶe͟Ϳ ƉƌeƐeŶƚ a ƌaŶge Žf ŵŽdeů eǆaŵƉůeƐ iŶ ǁhich daƌk ŵaƚƚeƌ 
obtains the observed relic abundance from its thermal contact with Standard Model particles (regions are as in 
͞US Cosmic Visions͟ report, Ref. 8. 
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Opportunity to probe DM targets with a 
variety of small-scale detector concepts

Basic Research Needs report: 
 “Dark Matter Small Projects New Initiatives”

Lines assume O(kg-yr) exposure
DM-electron interactions for mDM ≳ keV
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Figure 4-5: Open parameter space for galactic dark matter scattering off nuclei (through a heavy mediator) that 
can be probed with advanced detectors with demonstrated or near-term technologies (solid lines) and with either 
medium-term (dashed lines) to longer-term (dotted lines) R&D.  The readout technique is indicated in parentheses 
below the target material.  Neutrinos begin to dominate the rate below the gray dotted line.  A modest exposure of 
100 g-years can probe extremely low cross sections as long as the detector has the requisite energy sensitivity and 
sufficiently low backgrounds (black dotted line).  
 

 
Figure 4-6: Open parameter space for galactic dark photon dark matter being absorbed by electrons or other 
excitations that can be probed with advanced detectors.  The parameter H is the kinetic mixing parameter of the 
dark photon. 
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excitations that can be probed with advanced detectors.  The parameter H is the kinetic mixing parameter of the 
dark photon. 

DM-nucleon interactions 
mDM ≳ keV
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Detection concepts for particle-like DM
Utilize diversity of excitation modes in nature and advances in 

neighboring fields including materials science, quantum sensing.
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ΔE ≳ 10 eV, q ≳ 100 keV
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ΔE ∼ 0.1 − 1 eV, q ≲ 10 − 100 keV
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ΔE ≳ 10 eV, q ≳ 100 keV
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Bosonic (wave-like) dark matterReport of the Topical Group on Wave Dark Matter for Snowmass 2021

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 and possible common axion facility. Figure by L. Winslow

3 Definitive Search Program for the QCD Axion

3.1 Axions in Particle Physics and Cosmology: Motivation and Role

Axions take an outstanding role amongst the dark matter candidates as they are motivated by an intrinsic
problem of the Standard Model, the strong CP problem, that exists independently from the need for DM.
The strong CP is one of two severe fine-tuning problems of the Standard Model (the other being the smallness
of the Higgs vacuum expectation value compared to the Planck scale). To be consistent with constraints
on the neutron electric dipole moment [3] the CP violating dipole moment requires a tuning of 1 in ⇠ 1010

of the so-called ✓ angle. In contrast to other fine-tunings in the SM this problem is unique as it cannot be
addressed by anthropic reasoning. We could almost certainly exist in a form very similar to our present one
even for a ✓ ⇠ 0.1 [4].

This tuning problem is solved by the famous Peccei-Quinn mechanism [5, 6] that is an important early ex-
ample of solving a fine-tuning problem by dynamical relaxation. The ✓-parameter is turned into a dynamical
field that then over the cosmological evolution relaxes to its potential minimum located at the CP conserving
value that ensures a vanishing electric dipole moment of the neutron. The crucial observable consequence of
✓ being dynamical is that its excitations correspond to particles, i.e.axions [7, 8]. An important aspect of the
PQ solution is that it still fully addresses the fine-tuning problem. This is in contrast to proposed solutions
of the electroweak hierarchy problem, such as, e.g. supersymmetry, where experimental constraints have led
to the reemergence of a sizable amount of tuning (cf., e.g. [9, 10, 11]).

In the range fa ⇠ (1010 � 1013) GeV the misalignment mechanism [12, 13, 14, 15, 16] provides a good
way for axions to be the cold dark matter in the Universe. This mechanism is an automatic consequence
of the dynamical relaxation of the ✓-angle. If the initial ✓-angle is non-vanishing, this corresponds to a
non-vanishing energy density. This energy density is diluted by the cosmic expansion, reducing the ✓-angle
to its potential minimum at 0. It is straightforward to check that this energy density behaves exactly as
one would require for cold dark matter. Therefore the axion is a natural dark matter candidate in the sense
that unless tuning of the initial value, or a strongly non-standard cosmology is applied it inevitably yields an
amount of dark matter roughly of the order of he observed size1. Moreover, this dark matter is automatically
(very) cold, as required by structure formation.

1
Additional contributions of a similar size may arise from topological defects in the case that the final Peccei Quinn symmetry

breaking happens after inflation [17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37]. These a↵ect the

argument only on a quantitative level.

6

From CF2 “Wave-like DM” report
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Scalar DM with mDM ≳ 10−21eV
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FIG. 12. Summary plot for dme , the scalar DM coupling to the electron, defined in Eq. (2), assuming only
dme 6= 0. Experiments which search for EP violation, represented by the gray shaded region, provide strin-
gent constraints over the mass scale shown in the figure [30, 42, 451, 452, 454, 673]. Bounds from the
comparison of a H-maser with a Si cavity are denoted by the lavender region [311], comparisons of a bulk
acoustic wave quartz oscillator with a H-maser and a cryogenic sapphire oscillator are shown by the peach-
orange line [438], and comparison of a Cs clock with a cavity are shown by the brown [439] region. The
dark yellow line represents bounds from molecular I2 experiments [44], whereas the cherry-red shaded re-
gion represents bounds from the AURIGA experiment [472]. Optical interferometry bounds from GEO600
(dark blue) [444], DAMNED (lilac) [446] and Fermilab Holometer (light turquoise) [445] experiments are
also shown. We show the projected sensitivities of the MAGIS experiments by dashed purple and dashed
dark green lines [412], as well as the projected sensitivities of microwave-optical atomic clock compari-
son (dashed dark red line) [11], SrOH molecular clock spectroscopy (dashed lime-green line) [343], Sr+
clock-cavity comparison (dashed magenta line) [60], and cavity-cavity comparison (dashed red line) [432]
experiments. We also show projections from various proposed mechanical resonators by cyan (superfluid
4He), light green (sapphire), blue (pillar) and mauve (quartz bulk acoustic wave) circles [473]. We have
shown the red giant cooling bounds by the horizontal orange line [274]. The vertical solid (dashed) lines
show various current (projected) lower bounds on the DM mass coming from astrophysical considera-
tions [19, 21, 22, 24, 145, 230, 239]. Natural values of dme for the cut-offs ⇤Nat = 10 TeV and ⇤Nat = me

lie below the black and gray dashed lines, respectively.
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ϕēe



From Snowmass white paper on  
“Scalar and Vector Ultralight Dark Matter“

13

Scalar DM with mDM ≳ 10−21eV

AURIGA
Cavity-cavity

Sup
erf luid

 4 H
e

Sapphire

Quartz 
BAW

DAMNED
Cs-cav

ity
Sr+ -cav

ityHolometer

Iodine

GEO600

MAGIS-1
00

Microw
ave-

optical

SrOH

H/Quartz
Quartz/Sapphire

EP
Pillar

Astrophysical bounds

Red giant cooling

MAGIS-k
m

H-cavity

FIG. 12. Summary plot for dme , the scalar DM coupling to the electron, defined in Eq. (2), assuming only
dme 6= 0. Experiments which search for EP violation, represented by the gray shaded region, provide strin-
gent constraints over the mass scale shown in the figure [30, 42, 451, 452, 454, 673]. Bounds from the
comparison of a H-maser with a Si cavity are denoted by the lavender region [311], comparisons of a bulk
acoustic wave quartz oscillator with a H-maser and a cryogenic sapphire oscillator are shown by the peach-
orange line [438], and comparison of a Cs clock with a cavity are shown by the brown [439] region. The
dark yellow line represents bounds from molecular I2 experiments [44], whereas the cherry-red shaded re-
gion represents bounds from the AURIGA experiment [472]. Optical interferometry bounds from GEO600
(dark blue) [444], DAMNED (lilac) [446] and Fermilab Holometer (light turquoise) [445] experiments are
also shown. We show the projected sensitivities of the MAGIS experiments by dashed purple and dashed
dark green lines [412], as well as the projected sensitivities of microwave-optical atomic clock compari-
son (dashed dark red line) [11], SrOH molecular clock spectroscopy (dashed lime-green line) [343], Sr+
clock-cavity comparison (dashed magenta line) [60], and cavity-cavity comparison (dashed red line) [432]
experiments. We also show projections from various proposed mechanical resonators by cyan (superfluid
4He), light green (sapphire), blue (pillar) and mauve (quartz bulk acoustic wave) circles [473]. We have
shown the red giant cooling bounds by the horizontal orange line [274]. The vertical solid (dashed) lines
show various current (projected) lower bounds on the DM mass coming from astrophysical considera-
tions [19, 21, 22, 24, 145, 230, 239]. Natural values of dme for the cut-offs ⇤Nat = 10 TeV and ⇤Nat = me

lie below the black and gray dashed lines, respectively.

56

dme

me

2Mpl

ϕēe
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FIG. 14. Current bounds and projections on the strength of the kinetic mixing parameter ✏ between the SM
photon and a dark photon, defined in Eq. (8). In blue we show the bounds on dark photons as dark matter,
set using cosmological data [10, 675–678], whereas the bounds from stellar cooling arguments are shown
in green [280]. The stellar bounds in particular are sensitive to the mass generation mechanism for the
dark photon—the standard Stueckelberg case is shown in dark green, and the alternative Higgs mechanism
case is shown in lighter green [278, 281]. All bounds with the exception of these stellar bounds assume
that the dark photon comprises all of the dark matter. In red we show experimental limits set by dedicated
dark-photon searches, namely: SHUKET [679], WISPDMX [680], SQuAD [491], Dark E-field Radio [492],
LAMPOST [502], MuDHI [681], FUNK [495], and three Tokyo-based dish antennae [496–498]. In purple
we show reinterpreted bounds from axion haloscopes, namely ADMX [512, 682–685], HAYSTAC [615, 686],
and CAPP [687–689]. These have been recasted using the procedure outlined in Ref. [511] that accounts
for the dark photon’s unknown polarization state. The transparent regions bounded by dashed lines are all
projected limits for proposed experiments: DM-Radio [690], Dark E-field Radio [492], ALPHA [503, 504],
MADMAX [499], BREAD [500], LAMPOST [501], and SuperCDMS [567]. Plots and limit data files available
at Ref. [691].
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5.5 Dark Matter 31

Dark Matter Candidates
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Figure 5-12. Waves of ultra-light bosonic dark matter can be probed through a range of experimental
and observational approaches including cavity experiments, quantum sensing technologies, AMO techniques,
and cosmic probes. Assembled from the CF2 and CF3 reports [2, 3].

amplifiers, and squeezed state receivers. The ability to finally begin testing the QCD axion dark matter model
has renewed both experimental and theoretical interest in the field of ultralight dark matter detection with
several new techniques proposed to cover nearly the entire range of allowed QCD axion dark matter masses.
These experiments would concurrently provide sensitivity to large areas of model-independent parameter
space for more general axion-like particles and dark photons.

The QCD axion emerges from the Peccei-Quinn (PQ) solution to the strong CP problem – the 70-year-old
mystery of why the neutron has a vanishing electric dipole moment despite being made up of a Fermi-sized
collection of charged quarks. The PQ model begins with a standard wine-bottle phase transition in which
a global U(1) symmetry is broken at some high energy scale fa which results in a massive Higgs mode and
a massless Goldstone mode called the axion. This axion field is coupled to the gluons of QCD and thus
identified with a dynamical CP-violating angle. Later, during the QCD phase transition at energy ⇤QCD,
a gluon instanton condensate slightly tilts the wine-bottle potential, causing the axion vacuum expectation
value to roll to its minimum potential energy. At this true minimum, the CP-violating angle vanishes and
thus zeroes out the neutron electric dipole moment. The axion gains a tiny mass ma = ⇤2

QCD/fa via this
see-saw mechanism between the QCD scale and the PQ scale. Furthermore, during this vacuum relaxation
process, the potential energy associated with the original CP-violating value of the misaligned vacuum axion
field is released as ultracold dark matter.

Community Planning Exercise: Snowmass 2021

Detection concepts for wave-like DM

From Snowmass white paper on  
“Scalar and Vector Ultralight Dark Matter“



Progress in the past decade
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The landscape of low-threshold dark matter direct detection in the next decade
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Figure 1: Top left: Current 90% c.l. limits on DM-electron scattering through a heavy mediator from SEN-
SEI [38, 53, 75], CDMS-HVeV [39, 100], DAMIC at SNOLAB [54], EDELWEISS [101], DarkSide-50 [40],
XENON10 [3, 4, 102], XENON100 [103], XENON1T (S2-only (“S2o”) and single-electron (“SE”) analy-
ses) [104, 105], and PandaX-II [106]. Top right: Same as for top left plot but assuming scattering through
an ultralight mediator. Bottom left: Current 90% c.l. limits on DM-nucleon scattering through a heavy me-
diator from searches for elastic DM-nucleus scattering from SuperCDMS-CPD [107] and CRESST-III [108]
(solid lines), and from searches for the Migdal effect from DM-nucleus scattering from the semiconductor
experiments SENSEI [75, 109], CDMSlite [91], CDEX [49], and EDELWEISS [110] (short-dashed lines) and
from the noble-liquid experiments XENON10 [51], XENON100 [51], and XENON1T [56]. Bottom right:
Constraints on dark photon dark matter absorption are from SENSEI (orange) [38, 53, 75], DAMIC (dark or-
ange) [111, 112], EDELWEISS (dark blue) [101], XENON10 (blue), CDMSlite (dark orange) [15], XENON1T
(blue) [104, 105], and the Sun (green) [15, 113, 114]. Not shown are constraints from XENON100 which
are comparable to those of XENON10.
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Figure 5. Allowed parameter space for hidden photon cold dark matter (HP CDM) (for details see
text). The exclusion regions labelled “Coulomb”, “CMB”, “ALPS”, “CAST” and “Solar Lifetime”
arise from experiments and astrophysical observations that do not require HP dark matter (for a
review see [38]). We also show constraints on the “cosmology of a thermal HP DM”. Note that
only constraints on HPs with masses below twice the electron mass are shown since otherwise the
cosmological stability condition requires unreasonably small values of the kinetic mixing, �. The
four constraints that bound the allowed region from above, “⌧2 >1”, “CMB distortions”, “N e↵

⌫ ” and
“X-rays” are described in the text.

Similar to the ALP case one may also wonder about constraints from photon and cos-
mic ray propagation. Photon propagation is essentially una↵ected by a HP dark matter
background since the combined photon-HP equations of motion are still linear and conse-
quently the superposition principle holds. In other words photons pass right through the HP
background without interacting.

Cosmic rays on the other hand could scatter of the HPs via Compton scattering, q+�
0
!

q + �. However, for the relevant values of the kinetic mixing parameter the cross section is
too small to have a significant e↵ect.

4.4 Direct experimental and observational constraints on HPs

In Fig. 5 we have also displayed the existing experimental bounds on the existence of HPs
which do not rely on HPs being DM. The bounds labelled “Solar lifetime” and “CAST”,
coming from the non-observation of HP emission from the Sun, exclude a large portion of
parameter space [91]. It is clear that improving the sensitivity of future searches of solar HPs
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quently the superposition principle holds. In other words photons pass right through the HP
background without interacting.

Cosmic rays on the other hand could scatter of the HPs via Compton scattering, q+�
0
!

q + �. However, for the relevant values of the kinetic mixing parameter the cross section is
too small to have a significant e↵ect.

4.4 Direct experimental and observational constraints on HPs

In Fig. 5 we have also displayed the existing experimental bounds on the existence of HPs
which do not rely on HPs being DM. The bounds labelled “Solar lifetime” and “CAST”,
coming from the non-observation of HP emission from the Sun, exclude a large portion of
parameter space [91]. It is clear that improving the sensitivity of future searches of solar HPs
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Extra



Bosonic (wave-like) dark matter

Plot  by A. Berlin20

QCD axion DM and axion-like particles (ALPS)


