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How do we detect it?



Detecting dark matter



Detecting dark matter
Weak interactions 

Low density 

Large SM backgrounds



Detecting dark matter
Weak interactions 

Low density 

Large SM backgrounds

Unknown properties



Detecting dark matter
Weak interactions 

Low density 

Large SM backgrounds

We need sensitive probes for a range of DM theories

Unknown properties
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Direct detection of nuclear recoils

DM “wind”
Strong constraints on interaction cross section  

when DM mass comparable to nucleus mass
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15 orders of magnitude weaker than electroweak interactions 
Similar to the effect of Pluto’s gravity relative to Earth’s

DM “wind”
Strong constraints on interaction cross section  

when DM mass comparable to nucleus mass





This is a motivated, but specific range in possible 
particle mass.



This is a motivated, but specific range in possible 
particle mass.

“Ultra-heavy” DM



This is a motivated, but specific range in possible 
particle mass.

“Light” dark matter “Ultra-heavy” DM
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Mass scale of dark matter

10−12
  eV1020 keV GeV

Going after 20 orders of magnitude in mass 
for light+ultralight dark matter
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Mass scale of dark matter

10−12
  eV1020 keV GeV

WIMP

Going after 20 orders of magnitude in mass 
for light+ultralight dark matter
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Mass scale of dark matter

10−12
  eV1020 keV GeV

WIMP Primordial 
black holes

Going after 20 orders of magnitude in mass 
for light+ultralight dark matter
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Mass scale of dark matter

10−12
  eV1020 keV GeV

WIMP``Light” DM

particle DM 
sterile ν 

can be thermal

Primordial 
black holes

Going after 20 orders of magnitude in mass 
for light+ultralight dark matter
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Mass scale of dark matter

10−12
  eV1020 keV GeV

WIMP``Ultralight” DM

bosonic field 
axions 

non-thermal

``Light” DM

particle DM 
sterile ν 

can be thermal

Primordial 
black holes

Going after 20 orders of magnitude in mass 
for light+ultralight dark matter
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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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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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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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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. 

REFERENCES
1. J. H. Smith, E. M. Purcell, N. F. Ramsey, Phys. Rev. 108, 120 (1957).
2. P. Sikivie, Phys. Rev. Lett. 51, 1415 (1983); erratum Phys. Rev. Lett.

52, 695 (1984).
3. P. W. Graham et al., Annu. Rev. Nucl. Part. Sci. 65, 485 (2015).
4. M. Mück et al., Appl. Phys. Lett. 72, 2885 (1998).
5. N. Du et al. (ADMX collaboration), Phys. Rev. Lett. 120, 151301

(2018).
6. B. Brubaker et al., Phys. Rev. Lett. 118, 061302 (2017).
7. C. M. Caves, Phys. Rev. D 26, 1817 (1982).
8. H. Zheng et al., https://arxiv.org/abs/1607.02529v2.
9. M. Malnou et al., Phys. Rev. X 9, 021023 (2019).
10. S. K. Lamoreaux et al., Phys. Rev. D 88, 035020 (2013).
11. S. Gleyzes et al., Nature 446, 297 (2007).
12. B. R. Johnson et al., Nat. Phys. 6, 663 (2010).
13. M. Tada et al., Phys. Lett. A 349, 488 (2006). PT

JUNE 2019 | PHYSICS TODAY 55

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.

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

stage σpt

low-threshold piZIP
current (estimated) 20 eV 240 eV
single-KID optimized 1-7 eV —
increase τqp to 1 ms 0.3-2 eV 80 eV
quantum-limited amplifier 45-360 meV 25 eV
AlMn (Tc in K) 5-70 meV (0.1K) 5 eV (0.2K)
squeezed vacuum/

amplification 0.5-7 meV —

75 mm
x 1 mm

22 mm
x 1 mm

Py
le

N
R

/E
R

 d
is

cr
. d

ow
n 

to
 O

(1
00

) 
M

eV
!

}

Both architectures funded for development.: LBNL QIS + FNAL LDRD for  
low-threshold, DOE HEP DetRnD for piZIP,  grad+postdoc fellowships

TAMU demo!

KIDs

x

y
< SQLatomic clocks/interferometersSRF cavities

• Add a tunable lumped-
element resonator to ring up 
the magnetic fields sourced 
by local dark matter

• Tune DM Radio over 
frequency with insertible
dielectric (sapphire)

26

One-pole resonator implementation: hidden photon
LC circuitsSNSPDs

pump

SPDC

nonlinear optics optically levitated dielectrics skipper CCDs
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. 

REFERENCES
1. J. H. Smith, E. M. Purcell, N. F. Ramsey, Phys. Rev. 108, 120 (1957).
2. P. Sikivie, Phys. Rev. Lett. 51, 1415 (1983); erratum Phys. Rev. Lett.

52, 695 (1984).
3. P. W. Graham et al., Annu. Rev. Nucl. Part. Sci. 65, 485 (2015).
4. M. Mück et al., Appl. Phys. Lett. 72, 2885 (1998).
5. N. Du et al. (ADMX collaboration), Phys. Rev. Lett. 120, 151301

(2018).
6. B. Brubaker et al., Phys. Rev. Lett. 118, 061302 (2017).
7. C. M. Caves, Phys. Rev. D 26, 1817 (1982).
8. H. Zheng et al., https://arxiv.org/abs/1607.02529v2.
9. M. Malnou et al., Phys. Rev. X 9, 021023 (2019).
10. S. K. Lamoreaux et al., Phys. Rev. D 88, 035020 (2013).
11. S. Gleyzes et al., Nature 446, 297 (2007).
12. B. R. Johnson et al., Nat. Phys. 6, 663 (2010).
13. M. Tada et al., Phys. Lett. A 349, 488 (2006). PT

JUNE 2019 | PHYSICS TODAY 55

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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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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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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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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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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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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For keV-scale DM, at the time of matter-radiation equality  
vDM ∼ TSM/mDM ∼ 0.01
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If dark matter was ever in thermal equilibrium with the SM 
or produced from the SM plasma, it inherits  .pDM ∼ TSM

16 Simulation from Lovell et al. 2011

Cold dark matter Warm dark matter (2 keV)

Challenging for thermal(ish) candidates to have mass below ~ 10 keV

For keV-scale DM, at the time of matter-radiation equality  
vDM ∼ TSM/mDM ∼ 0.01
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⇢today� = m�Yfos�,today
<latexit sha1_base64="6WRG9UXNeAEYW+KIW96QIR/tLS4="></latexit>

abundance

Yfo ⇡ eV

m�
<latexit sha1_base64="04/ox6vkZ7M+I9X3/z1v9oLgj24="></latexit>

Obtain the correct relic abundance if
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<latexit sha1_base64="m98816wTtsRrkrHWlsTbO/XZPzI=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCF0sigh6LXjxW6Be0IWy2k3bpbhJ2N2IN+StePCji1T/izX/jts1BWx8MPN6bYWZekHCmtON8W6W19Y3NrfJ2ZWd3b//APqx2VJxKCm0a81j2AqKAswjammkOvUQCEQGHbjC5nfndB5CKxVFLTxPwBBlFLGSUaCP5drXlZwMpcCgBnuA8TnXu2zWn7syBV4lbkBoq0PTtr8EwpqmASFNOlOq7TqK9jEjNKIe8MkgVJIROyAj6hkZEgPKy+e05PjXKEIexNBVpPFd/T2REKDUVgekURI/VsjcT//P6qQ6vvYxFSaohootFYcqxjvEsCDxkEqjmU0MIlczciumYSEK1iatiQnCXX14lnYu669Td+8ta46aIo4yO0Qk6Qy66Qg10h5qojSh6RM/oFb1ZufVivVsfi9aSVcwcoT+wPn8ABcWUaw==</latexit><latexit sha1_base64="m98816wTtsRrkrHWlsTbO/XZPzI=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCF0sigh6LXjxW6Be0IWy2k3bpbhJ2N2IN+StePCji1T/izX/jts1BWx8MPN6bYWZekHCmtON8W6W19Y3NrfJ2ZWd3b//APqx2VJxKCm0a81j2AqKAswjammkOvUQCEQGHbjC5nfndB5CKxVFLTxPwBBlFLGSUaCP5drXlZwMpcCgBnuA8TnXu2zWn7syBV4lbkBoq0PTtr8EwpqmASFNOlOq7TqK9jEjNKIe8MkgVJIROyAj6hkZEgPKy+e05PjXKEIexNBVpPFd/T2REKDUVgekURI/VsjcT//P6qQ6vvYxFSaohootFYcqxjvEsCDxkEqjmU0MIlczciumYSEK1iatiQnCXX14lnYu669Td+8ta46aIo4yO0Qk6Qy66Qg10h5qojSh6RM/oFb1ZufVivVsfi9aSVcwcoT+wPn8ABcWUaw==</latexit><latexit sha1_base64="m98816wTtsRrkrHWlsTbO/XZPzI=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCF0sigh6LXjxW6Be0IWy2k3bpbhJ2N2IN+StePCji1T/izX/jts1BWx8MPN6bYWZekHCmtON8W6W19Y3NrfJ2ZWd3b//APqx2VJxKCm0a81j2AqKAswjammkOvUQCEQGHbjC5nfndB5CKxVFLTxPwBBlFLGSUaCP5drXlZwMpcCgBnuA8TnXu2zWn7syBV4lbkBoq0PTtr8EwpqmASFNOlOq7TqK9jEjNKIe8MkgVJIROyAj6hkZEgPKy+e05PjXKEIexNBVpPFd/T2REKDUVgekURI/VsjcT//P6qQ6vvYxFSaohootFYcqxjvEsCDxkEqjmU0MIlczciumYSEK1iatiQnCXX14lnYu669Td+8ta46aIo4yO0Qk6Qy66Qg10h5qojSh6RM/oFb1ZufVivVsfi9aSVcwcoT+wPn8ABcWUaw==</latexit><latexit sha1_base64="m98816wTtsRrkrHWlsTbO/XZPzI=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCF0sigh6LXjxW6Be0IWy2k3bpbhJ2N2IN+StePCji1T/izX/jts1BWx8MPN6bYWZekHCmtON8W6W19Y3NrfJ2ZWd3b//APqx2VJxKCm0a81j2AqKAswjammkOvUQCEQGHbjC5nfndB5CKxVFLTxPwBBlFLGSUaCP5drXlZwMpcCgBnuA8TnXu2zWn7syBV4lbkBoq0PTtr8EwpqmASFNOlOq7TqK9jEjNKIe8MkgVJIROyAj6hkZEgPKy+e05PjXKEIexNBVpPFd/T2REKDUVgekURI/VsjcT//P6qQ6vvYxFSaohootFYcqxjvEsCDxkEqjmU0MIlczciumYSEK1iatiQnCXX14lnYu669Td+8ta46aIo4yO0Qk6Qy66Qg10h5qojSh6RM/oFb1ZufVivVsfi9aSVcwcoT+wPn8ABcWUaw==</latexit>
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<latexit sha1_base64="m98816wTtsRrkrHWlsTbO/XZPzI=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCF0sigh6LXjxW6Be0IWy2k3bpbhJ2N2IN+StePCji1T/izX/jts1BWx8MPN6bYWZekHCmtON8W6W19Y3NrfJ2ZWd3b//APqx2VJxKCm0a81j2AqKAswjammkOvUQCEQGHbjC5nfndB5CKxVFLTxPwBBlFLGSUaCP5drXlZwMpcCgBnuA8TnXu2zWn7syBV4lbkBoq0PTtr8EwpqmASFNOlOq7TqK9jEjNKIe8MkgVJIROyAj6hkZEgPKy+e05PjXKEIexNBVpPFd/T2REKDUVgekURI/VsjcT//P6qQ6vvYxFSaohootFYcqxjvEsCDxkEqjmU0MIlczciumYSEK1iatiQnCXX14lnYu669Td+8ta46aIo4yO0Qk6Qy66Qg10h5qojSh6RM/oFb1ZufVivVsfi9aSVcwcoT+wPn8ABcWUaw==</latexit><latexit sha1_base64="m98816wTtsRrkrHWlsTbO/XZPzI=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCF0sigh6LXjxW6Be0IWy2k3bpbhJ2N2IN+StePCji1T/izX/jts1BWx8MPN6bYWZekHCmtON8W6W19Y3NrfJ2ZWd3b//APqx2VJxKCm0a81j2AqKAswjammkOvUQCEQGHbjC5nfndB5CKxVFLTxPwBBlFLGSUaCP5drXlZwMpcCgBnuA8TnXu2zWn7syBV4lbkBoq0PTtr8EwpqmASFNOlOq7TqK9jEjNKIe8MkgVJIROyAj6hkZEgPKy+e05PjXKEIexNBVpPFd/T2REKDUVgekURI/VsjcT//P6qQ6vvYxFSaohootFYcqxjvEsCDxkEqjmU0MIlczciumYSEK1iatiQnCXX14lnYu669Td+8ta46aIo4yO0Qk6Qy66Qg10h5qojSh6RM/oFb1ZufVivVsfi9aSVcwcoT+wPn8ABcWUaw==</latexit><latexit sha1_base64="m98816wTtsRrkrHWlsTbO/XZPzI=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCF0sigh6LXjxW6Be0IWy2k3bpbhJ2N2IN+StePCji1T/izX/jts1BWx8MPN6bYWZekHCmtON8W6W19Y3NrfJ2ZWd3b//APqx2VJxKCm0a81j2AqKAswjammkOvUQCEQGHbjC5nfndB5CKxVFLTxPwBBlFLGSUaCP5drXlZwMpcCgBnuA8TnXu2zWn7syBV4lbkBoq0PTtr8EwpqmASFNOlOq7TqK9jEjNKIe8MkgVJIROyAj6hkZEgPKy+e05PjXKEIexNBVpPFd/T2REKDUVgekURI/VsjcT//P6qQ6vvYxFSaohootFYcqxjvEsCDxkEqjmU0MIlczciumYSEK1iatiQnCXX14lnYu669Td+8ta46aIo4yO0Qk6Qy66Qg10h5qojSh6RM/oFb1ZufVivVsfi9aSVcwcoT+wPn8ABcWUaw==</latexit><latexit sha1_base64="m98816wTtsRrkrHWlsTbO/XZPzI=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCF0sigh6LXjxW6Be0IWy2k3bpbhJ2N2IN+StePCji1T/izX/jts1BWx8MPN6bYWZekHCmtON8W6W19Y3NrfJ2ZWd3b//APqx2VJxKCm0a81j2AqKAswjammkOvUQCEQGHbjC5nfndB5CKxVFLTxPwBBlFLGSUaCP5drXlZwMpcCgBnuA8TnXu2zWn7syBV4lbkBoq0PTtr8EwpqmASFNOlOq7TqK9jEjNKIe8MkgVJIROyAj6hkZEgPKy+e05PjXKEIexNBVpPFd/T2REKDUVgekURI/VsjcT//P6qQ6vvYxFSaohootFYcqxjvEsCDxkEqjmU0MIlczciumYSEK1iatiQnCXX14lnYu669Td+8ta46aIo4yO0Qk6Qy66Qg10h5qojSh6RM/oFb1ZufVivVsfi9aSVcwcoT+wPn8ABcWUaw==</latexit>

neqDM

DM

Freeze-out

Freezeout when DM is nonrelativistic gives small abundance Y

1

10−9
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<latexit sha1_base64="m98816wTtsRrkrHWlsTbO/XZPzI=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCF0sigh6LXjxW6Be0IWy2k3bpbhJ2N2IN+StePCji1T/izX/jts1BWx8MPN6bYWZekHCmtON8W6W19Y3NrfJ2ZWd3b//APqx2VJxKCm0a81j2AqKAswjammkOvUQCEQGHbjC5nfndB5CKxVFLTxPwBBlFLGSUaCP5drXlZwMpcCgBnuA8TnXu2zWn7syBV4lbkBoq0PTtr8EwpqmASFNOlOq7TqK9jEjNKIe8MkgVJIROyAj6hkZEgPKy+e05PjXKEIexNBVpPFd/T2REKDUVgekURI/VsjcT//P6qQ6vvYxFSaohootFYcqxjvEsCDxkEqjmU0MIlczciumYSEK1iatiQnCXX14lnYu669Td+8ta46aIo4yO0Qk6Qy66Qg10h5qojSh6RM/oFb1ZufVivVsfi9aSVcwcoT+wPn8ABcWUaw==</latexit><latexit sha1_base64="m98816wTtsRrkrHWlsTbO/XZPzI=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCF0sigh6LXjxW6Be0IWy2k3bpbhJ2N2IN+StePCji1T/izX/jts1BWx8MPN6bYWZekHCmtON8W6W19Y3NrfJ2ZWd3b//APqx2VJxKCm0a81j2AqKAswjammkOvUQCEQGHbjC5nfndB5CKxVFLTxPwBBlFLGSUaCP5drXlZwMpcCgBnuA8TnXu2zWn7syBV4lbkBoq0PTtr8EwpqmASFNOlOq7TqK9jEjNKIe8MkgVJIROyAj6hkZEgPKy+e05PjXKEIexNBVpPFd/T2REKDUVgekURI/VsjcT//P6qQ6vvYxFSaohootFYcqxjvEsCDxkEqjmU0MIlczciumYSEK1iatiQnCXX14lnYu669Td+8ta46aIo4yO0Qk6Qy66Qg10h5qojSh6RM/oFb1ZufVivVsfi9aSVcwcoT+wPn8ABcWUaw==</latexit><latexit sha1_base64="m98816wTtsRrkrHWlsTbO/XZPzI=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCF0sigh6LXjxW6Be0IWy2k3bpbhJ2N2IN+StePCji1T/izX/jts1BWx8MPN6bYWZekHCmtON8W6W19Y3NrfJ2ZWd3b//APqx2VJxKCm0a81j2AqKAswjammkOvUQCEQGHbjC5nfndB5CKxVFLTxPwBBlFLGSUaCP5drXlZwMpcCgBnuA8TnXu2zWn7syBV4lbkBoq0PTtr8EwpqmASFNOlOq7TqK9jEjNKIe8MkgVJIROyAj6hkZEgPKy+e05PjXKEIexNBVpPFd/T2REKDUVgekURI/VsjcT//P6qQ6vvYxFSaohootFYcqxjvEsCDxkEqjmU0MIlczciumYSEK1iatiQnCXX14lnYu669Td+8ta46aIo4yO0Qk6Qy66Qg10h5qojSh6RM/oFb1ZufVivVsfi9aSVcwcoT+wPn8ABcWUaw==</latexit><latexit sha1_base64="m98816wTtsRrkrHWlsTbO/XZPzI=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCF0sigh6LXjxW6Be0IWy2k3bpbhJ2N2IN+StePCji1T/izX/jts1BWx8MPN6bYWZekHCmtON8W6W19Y3NrfJ2ZWd3b//APqx2VJxKCm0a81j2AqKAswjammkOvUQCEQGHbjC5nfndB5CKxVFLTxPwBBlFLGSUaCP5drXlZwMpcCgBnuA8TnXu2zWn7syBV4lbkBoq0PTtr8EwpqmASFNOlOq7TqK9jEjNKIe8MkgVJIROyAj6hkZEgPKy+e05PjXKEIexNBVpPFd/T2REKDUVgekURI/VsjcT//P6qQ6vvYxFSaohootFYcqxjvEsCDxkEqjmU0MIlczciumYSEK1iatiQnCXX14lnYu669Td+8ta46aIo4yO0Qk6Qy66Qg10h5qojSh6RM/oFb1ZufVivVsfi9aSVcwcoT+wPn8ABcWUaw==</latexit>

neqDM
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Freeze-out
1

10−9

Freezeout set by annihilation cross section Γ
H

∼
nχ⟨σv⟩

H
∼ 1
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Freeze-out

Decreasing ⟨σv⟩
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10−9

Freezeout set by annihilation cross section Γ
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∼
nχ⟨σv⟩

H
∼ 1
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For weak interactions

 is too small and  
sub-GeV dark matter is overproduced 

[Lee-Weinberg bound]

⟨σv⟩
mV = mW ,↵� = ↵w
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Even without this argument, direct 
detection would be suppressed for 
sub-GeV DM by  and from 

collider bounds (e.g. Z )
m2

χ /m2
V

→ χχ
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Portals to the Standard Model

vector portal

�

�

X

dark 
photon photon

kinetic mixing
✏
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SU(3) SU(2) x U(1)
g W Z 𝜸

e  νe  u  d  
quarks leptons

h

c  s  

t  b  

μ  νμ  

𝝉  ν𝝉  
Electroweak interactionsStrong interactions

U(1)’
Z’

Dark Force

𝜒    𝜒’            

Possible  
dark sector

Standard Model

22

May include: 
dark gauge forces, dark higgs, 
inelastic splittings, composite 
sector, very light particles, …
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Sub-GeV thermal relics
The existence of light mediators (and other light, very 

weakly-coupled particles) opens up new possibilities for 
achieving relic abundance.
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Sub-GeV thermal relics
The existence of light mediators (and other light, very 

weakly-coupled particles) opens up new possibilities for 
achieving relic abundance.
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Sub-GeV thermal relics
The existence of light mediators (and other light, very 

weakly-coupled particles) opens up new possibilities for 
achieving relic abundance.
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More processes depleting the dark matter number density:

Sub-GeV thermal relics
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More processes depleting the dark matter number density:

annihilation to 
light mediators

Z’

Z’DM

DM
e.g. Boehm and Fayet 2003,  

Pospelov et al. 2007,  
Feng and Kumar 2008

Sub-GeV thermal relics
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More processes depleting the dark matter number density:

co-annihilation 
and co-scattering
�

Z’

Z’

e.g. Griest and Seckel 1991  
D’Agnolo et al. 2017 
Izaguirre et al. 2017
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More processes depleting the dark matter number density:
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and co-scattering
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e.g. Boehm and Fayet 2003,  

Pospelov et al. 2007,  
Feng and Kumar 2008

3 to 2 annihilation

DM

DMDM

DM

DM

e.g. Carlson et al. 1992 
Hochberg et al. 2014, 2015 

Kuflik et al. 2015 
Farina et al. 2016
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Indirect detection constraints

25

101 102 103 104

m¬ [GeV]

10°27

10°26

10°25

10°24

10°23

10°22

hæ
v
i=

f°
1

eÆ
m

¬
p a

n
n

[c
m

3
s°

1
]

Thermal cross-section

Excluded by CMB

Fermi Galactic center excess

AMS anti-proton excess

Fermi/HESS e°e+

AMS/PAMELA positron fraction

e+e°

µ+µ°

ø+ø°

qq̄

cc̄

bb̄

tt̄

W+W°

Z0Z0

gg

∞∞

hh

Thermal relic DM with s-wave annihilation to SM states (except νν) 
is strongly constrained by CMB + indirect bounds for  < 10 GeVmχ

Target annihilation cross section for thermal freezeout

A
nn

ih
ila

tio
n 

cr
os

s s
ec

tio
n



• Secluded sectors: annihilate 
 within dark sector 
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• Velocity-suppressed annihilation 

• Small inelastic splittings (but this can hurt direct detection)
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FIG. 7. (left) A secluded sector with a very low mass mV ⌧ eV, where the relic abundance is determined
by the annihilation process �̄� $ V V . (right) A secluded sector where the vector V decays to ⌫̄D⌫D, with
m⌫D ⌧ eV. The relic abundance depends on both diagrams, where the dominant process depends on the
couplings.

during freezeout. Let us call the temperature ratio between the two sectors ⇠:

⇠ ⌘
Td

T�

, (54)

where this quantity is time-dependent. In order for the freezeout story to be more or less unmodified,
the DM must interact with a relativistic thermal bath. If mV ⌧ m�, then the thermal population
of V itself could play this role. An alternative simple extension is to introduce an additional light
species ⌫D in the dark sector, where m� > mV � m⌫D

. The annihilation processes for these two
possibilities is shown in Fig. 7.

? Exercise: How are the estimates of relic abundance modified for this secluded sector? As
part of this exercise, determine how the relic abundance calculation changes when ⇠ 6= 1.

The excess entropy and energy density in the dark sector must go somewhere, however. Suppose
V is stable, as in the first scenario in Fig. 7. Then V is a component of the total dark matter relic
density, with a number density proportional to ⇠3T 3. Assuming that ⇠ ⇠ O(1), we can use Using
Eq. 26 as a guide for the relic abundance in V . Then if mV � eV, there would be an overabundance
of DM, but for mV on the order of eV there would be a non-negligible quantity of hot DM. As a
result, it must be that mV << eV. (For more quantitative bounds on specific hot DM scenarios, see
for example Ref. [80].) It is then the case that V behaves as an additional component of radiation
during the early universe.

The presence of additional radiation during BBN or recombination leaves an imprint on the light
element abundances and the CMB power spectrum. Any free-streaming radiation not contained
in the photon bath is usually encapsulated in the quantity Neff, the effective number of relativistic
degrees of freedom. At leading order, the relevant quantity is the energy density in this relativistic
species, so let us write down the total energy density in radiation, including neutrinos while they
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BBN
If DM or mediator is in equilibrium with the SM photons/
electrons during BBN, this can further modify abundances
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FIG. 8. For a real (complex) scalar degree of freedom in equilibrium with electrons/photons, we compare
the results of Ref. [57] with the updated measurements of the BBN abundances of helium (Yp) and deuterium
(D/H) from Ref. [62, 63]. We show the central values of the measurements (solid blue lines) along with 1� and
2� bands.

D. Results

Motivated by the combination of cosmological, astrophysical, and terrestrial constraints discussed
above, we consider two regimes (similar to the hadrophilic scalar) which are demarcated according to
whether the mediator is very light or massive:

• m� ⌧ m� and ye . 10�15, where the bound on ye arises from stellar constraints. The dark sector
is never in equilibrium with the standard model and SIDM constraints provide the strongest
bounds on y� (see Fig. 4), if � is the dominant component of the dark matter. The available
parameter space in this scenario is shown in the left hand panel of Fig. 9, where we included
the expected DAMIC and SuperCDMS G2+ reach as representative examples for semiconductor
targets, as well as the reach for Dirac materials and superconductors. We find that this scenario
is not accessible with existing proposals, in agreement with earlier findings [46].

We also show the case where � is 5% of the total dark matter density, in the right hand panel of
Fig. 9, assuming that SIDM constraints are lifted and setting y� = 1. Similar to the hadrophilic
model, here we take � to be a complex scalar with an asymmetric relic abundance. The symmet-
ric component of the � abundance is then rapidly depleted through ��̄ ! �� annihilation. The
�ēe coupling remains challenging even in this case, and only superconductors are expected to
have sensitivity. It is however conceivable that the stellar constraints could be lifted or weakened
in a more sophisticated model, and that reach for Dirac materials or semiconductor targets could
be recovered.

• m� & 10MeV and m� & me, and m� = m� > 5, both with ye & 5⇥ 10�10: For these couplings,
the mediator and the dark matter are in equilibrium with the SM in the early universe, but
disappear from the thermal bath sufficiently early to satisfy BBN constraints (in particular from
the deuterium abundance). Fig. 10 shows the resulting parameter space in this massive mediator
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(D/H) from Ref. [62, 63]. We show the central values of the measurements (solid blue lines) along with 1� and
2� bands.

D. Results

Motivated by the combination of cosmological, astrophysical, and terrestrial constraints discussed
above, we consider two regimes (similar to the hadrophilic scalar) which are demarcated according to
whether the mediator is very light or massive:

• m� ⌧ m� and ye . 10�15, where the bound on ye arises from stellar constraints. The dark sector
is never in equilibrium with the standard model and SIDM constraints provide the strongest
bounds on y� (see Fig. 4), if � is the dominant component of the dark matter. The available
parameter space in this scenario is shown in the left hand panel of Fig. 9, where we included
the expected DAMIC and SuperCDMS G2+ reach as representative examples for semiconductor
targets, as well as the reach for Dirac materials and superconductors. We find that this scenario
is not accessible with existing proposals, in agreement with earlier findings [46].

We also show the case where � is 5% of the total dark matter density, in the right hand panel of
Fig. 9, assuming that SIDM constraints are lifted and setting y� = 1. Similar to the hadrophilic
model, here we take � to be a complex scalar with an asymmetric relic abundance. The symmet-
ric component of the � abundance is then rapidly depleted through ��̄ ! �� annihilation. The
�ēe coupling remains challenging even in this case, and only superconductors are expected to
have sensitivity. It is however conceivable that the stellar constraints could be lifted or weakened
in a more sophisticated model, and that reach for Dirac materials or semiconductor targets could
be recovered.

• m� & 10MeV and m� & me, and m� = m� > 5, both with ye & 5⇥ 10�10: For these couplings,
the mediator and the dark matter are in equilibrium with the SM in the early universe, but
disappear from the thermal bath sufficiently early to satisfy BBN constraints (in particular from
the deuterium abundance). Fig. 10 shows the resulting parameter space in this massive mediator
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(D/H) from Ref. [62, 63]. We show the central values of the measurements (solid blue lines) along with 1� and
2� bands.

D. Results

Motivated by the combination of cosmological, astrophysical, and terrestrial constraints discussed
above, we consider two regimes (similar to the hadrophilic scalar) which are demarcated according to
whether the mediator is very light or massive:

• m� ⌧ m� and ye . 10�15, where the bound on ye arises from stellar constraints. The dark sector
is never in equilibrium with the standard model and SIDM constraints provide the strongest
bounds on y� (see Fig. 4), if � is the dominant component of the dark matter. The available
parameter space in this scenario is shown in the left hand panel of Fig. 9, where we included
the expected DAMIC and SuperCDMS G2+ reach as representative examples for semiconductor
targets, as well as the reach for Dirac materials and superconductors. We find that this scenario
is not accessible with existing proposals, in agreement with earlier findings [46].

We also show the case where � is 5% of the total dark matter density, in the right hand panel of
Fig. 9, assuming that SIDM constraints are lifted and setting y� = 1. Similar to the hadrophilic
model, here we take � to be a complex scalar with an asymmetric relic abundance. The symmet-
ric component of the � abundance is then rapidly depleted through ��̄ ! �� annihilation. The
�ēe coupling remains challenging even in this case, and only superconductors are expected to
have sensitivity. It is however conceivable that the stellar constraints could be lifted or weakened
in a more sophisticated model, and that reach for Dirac materials or semiconductor targets could
be recovered.

• m� & 10MeV and m� & me, and m� = m� > 5, both with ye & 5⇥ 10�10: For these couplings,
the mediator and the dark matter are in equilibrium with the SM in the early universe, but
disappear from the thermal bath sufficiently early to satisfy BBN constraints (in particular from
the deuterium abundance). Fig. 10 shows the resulting parameter space in this massive mediator
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• BBN (He, D abundances) and Neff measurements 

• Accelerator constraints on new light mediator 

• Stellar cooling constraints on new light mediator 

• DM self-interactions
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• Dirac fermion dark matter, coupled to a kinetically mixed dark photon or a B �L gauge boson.
Because of strong constraints from BBN, we consider only the case of a light mediator with
sufficiently small couplings that it does not thermalize with the SM. As has been noted elsewhere
[41, 48], and shown explicitly in Fig. 11, scattering via a kinetically mixed dark photon is
consistent with all current bounds in the 10 keV - 1 GeV mass range. For m� . 1 MeV, such
DM can be probed with Dirac materials and superconductors, although in the latter case the
reach is substantially reduced due to in-medium effects. For m� > 1 MeV various other targets
have sensitivity, in particular semiconductors. For the B �L gauge boson, there are strong fifth
force and stellar constraints, as can be seen in Fig. 13. Scattering of sub-MeV DM through such
a mediator would be detectable by either a superfluid helium or a Dirac material target, but
only for sub-component DM that evades self-interaction constraints, shown in Fig. 13.

This paper is organized to consider each of these models in turn: scalar DM coupling to a hadrophilic
scalar mediator in Section II, to a leptophilic scalar mediator in Section III, and DM scattering via
a vector mediator in Section IV. We summarize the results in Section V. We emphasize that current
prospects are often dictated by the capabilities of particular target materials for detection of sub-MeV
dark matter – in the case of nucleon couplings, superfluid helium and in the case of electron couplings,
superconductors and Dirac materials. The general considerations studied in this paper motivate the
search for materials with even stronger sensitivity to light dark matter.

II. HADROPHILIC SCALAR MEDIATOR

In our first model we assume a hadrophilic scalar mediator � has couplings exclusively to the SM
hadrons, specifically pions and nucleons. The coupling to nucleons is the most consequential for direct
detection and the majority of the constraints, and we therefore parametrize the model in terms of the
low energy effective Lagrangian

L � �1

2
m2

��2 � 1

2
m2

��
2 � 1

2
y�m���2 � yn�nn, (6)

where � is a real scalar that composes all or part of the DM. On its own, this potential has runaway
directions, but these can be stabilized by adding in quartic couplings for the scalars without affecting
the dark matter phenomenology. One may further verify that with the normalization in Eq. (6), the
perturbativity condition is y� . 4⇡ for m� ⌧ m�, although we will conservatively require y� < 1.
This will be relevant for the light mediator regime, where we will consider sub-component dark matter
such that the self-interaction constraints are relaxed. We further elaborate on unitarity and vacuum
stability in Appendix A.

In order to account for both the heavy and light mediator limits, we will parametrize the direct
detection cross section on nucleons as

�n ⌘
y2ny2�
4⇡

µ2
�n

(m2
� + v2DMm2

�)
2
, (7)

where µ�n is the DM-nucleon reduced mass, and m�vDM is a reference momentum transfer with
vDM = 10�3. The dark matter scattering “form factors” (as defined, for example, in Ref. [40]) in the
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For simplicity, consider all scalars
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• Dirac fermion dark matter, coupled to a kinetically mixed dark photon or a B �L gauge boson.
Because of strong constraints from BBN, we consider only the case of a light mediator with
sufficiently small couplings that it does not thermalize with the SM. As has been noted elsewhere
[41, 48], and shown explicitly in Fig. 11, scattering via a kinetically mixed dark photon is
consistent with all current bounds in the 10 keV - 1 GeV mass range. For m� . 1 MeV, such
DM can be probed with Dirac materials and superconductors, although in the latter case the
reach is substantially reduced due to in-medium effects. For m� > 1 MeV various other targets
have sensitivity, in particular semiconductors. For the B �L gauge boson, there are strong fifth
force and stellar constraints, as can be seen in Fig. 13. Scattering of sub-MeV DM through such
a mediator would be detectable by either a superfluid helium or a Dirac material target, but
only for sub-component DM that evades self-interaction constraints, shown in Fig. 13.

This paper is organized to consider each of these models in turn: scalar DM coupling to a hadrophilic
scalar mediator in Section II, to a leptophilic scalar mediator in Section III, and DM scattering via
a vector mediator in Section IV. We summarize the results in Section V. We emphasize that current
prospects are often dictated by the capabilities of particular target materials for detection of sub-MeV
dark matter – in the case of nucleon couplings, superfluid helium and in the case of electron couplings,
superconductors and Dirac materials. The general considerations studied in this paper motivate the
search for materials with even stronger sensitivity to light dark matter.

II. HADROPHILIC SCALAR MEDIATOR

In our first model we assume a hadrophilic scalar mediator � has couplings exclusively to the SM
hadrons, specifically pions and nucleons. The coupling to nucleons is the most consequential for direct
detection and the majority of the constraints, and we therefore parametrize the model in terms of the
low energy effective Lagrangian
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where � is a real scalar that composes all or part of the DM. On its own, this potential has runaway
directions, but these can be stabilized by adding in quartic couplings for the scalars without affecting
the dark matter phenomenology. One may further verify that with the normalization in Eq. (6), the
perturbativity condition is y� . 4⇡ for m� ⌧ m�, although we will conservatively require y� < 1.
This will be relevant for the light mediator regime, where we will consider sub-component dark matter
such that the self-interaction constraints are relaxed. We further elaborate on unitarity and vacuum
stability in Appendix A.
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Scattering in direct detection:

• Dirac fermion dark matter, coupled to a kinetically mixed dark photon or a B �L gauge boson.
Because of strong constraints from BBN, we consider only the case of a light mediator with
sufficiently small couplings that it does not thermalize with the SM. As has been noted elsewhere
[41, 48], and shown explicitly in Fig. 11, scattering via a kinetically mixed dark photon is
consistent with all current bounds in the 10 keV - 1 GeV mass range. For m� . 1 MeV, such
DM can be probed with Dirac materials and superconductors, although in the latter case the
reach is substantially reduced due to in-medium effects. For m� > 1 MeV various other targets
have sensitivity, in particular semiconductors. For the B �L gauge boson, there are strong fifth
force and stellar constraints, as can be seen in Fig. 13. Scattering of sub-MeV DM through such
a mediator would be detectable by either a superfluid helium or a Dirac material target, but
only for sub-component DM that evades self-interaction constraints, shown in Fig. 13.

This paper is organized to consider each of these models in turn: scalar DM coupling to a hadrophilic
scalar mediator in Section II, to a leptophilic scalar mediator in Section III, and DM scattering via
a vector mediator in Section IV. We summarize the results in Section V. We emphasize that current
prospects are often dictated by the capabilities of particular target materials for detection of sub-MeV
dark matter – in the case of nucleon couplings, superfluid helium and in the case of electron couplings,
superconductors and Dirac materials. The general considerations studied in this paper motivate the
search for materials with even stronger sensitivity to light dark matter.

II. HADROPHILIC SCALAR MEDIATOR

In our first model we assume a hadrophilic scalar mediator � has couplings exclusively to the SM
hadrons, specifically pions and nucleons. The coupling to nucleons is the most consequential for direct
detection and the majority of the constraints, and we therefore parametrize the model in terms of the
low energy effective Lagrangian
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y�m���2 � yn�nn, (6)

where � is a real scalar that composes all or part of the DM. On its own, this potential has runaway
directions, but these can be stabilized by adding in quartic couplings for the scalars without affecting
the dark matter phenomenology. One may further verify that with the normalization in Eq. (6), the
perturbativity condition is y� . 4⇡ for m� ⌧ m�, although we will conservatively require y� < 1.
This will be relevant for the light mediator regime, where we will consider sub-component dark matter
such that the self-interaction constraints are relaxed. We further elaborate on unitarity and vacuum
stability in Appendix A.

In order to account for both the heavy and light mediator limits, we will parametrize the direct
detection cross section on nucleons as

�n ⌘
y2ny2�
4⇡

µ2
�n

(m2
� + v2DMm2

�)
2
, (7)

where µ�n is the DM-nucleon reduced mass, and m�vDM is a reference momentum transfer with
vDM = 10�3. The dark matter scattering “form factors” (as defined, for example, in Ref. [40]) in the

6

For m� & 500 keV, we require that the dark matter � does not thermalize with �, consistent with
BBN bounds, and as explained in the previous section. We present the direct detection prospects in
Fig. 6 for two benchmarks, where we fix y� by saturating the �-� thermalization and SIDM constraint,
whichever is strongest. The various contours indicate the terrestrial and astrophysical constraints on
yn discussed above. Since the self-interaction constraints are less stringent than the �-� thermalization
condition in this scenario, we do not find substantially different results for sub-component dark matter.
The turn-on of the � ! �� decay mode at m� = m�/2 is clearly visible, and in practice we find that
accessible cross sections are excluded whenever this decay is open. Then, if one allows for a somewhat
large �Neff ⇡ 0.57, we find that there is available parameter space for m� > 100 keV with yn between
the meson constraints and the supernova trapping window; these cross sections could be probed by
experiments such as the nuclear recoil mode (m� > 1 MeV) in He, color centers, SuperCDMS and
NEWS.

III. LEPTOPHILIC SCALAR MEDIATOR

Analogous to the model in the previous section, here we take real scalar dark matter � interacting
with leptons via a scalar mediator. As long as the couplings of � do not induce large lepton flavor-
violation (e.g. with MFV couplings), the direct detection cross section and the bulk of the constraints
depend only on the coupling to the electron. The effective Lagrangian is written as

L � �1

2
m2

��2 � 1

2
m2

��
2 � 1

2
y�m���2 � ye�ee. (42)

The discussion relating to vacuum stability of the scalar potential and perturbativity is identical to
that in Section II and Appendix A, and we take y� < 1 everywhere. Again, we consider real scalar
dark matter for simplicity, but our results also hold for fermion DM modulo important differences in
the effects on BBN. To account for the massive and massless mediator limits, we define a reference
direct detection cross section,

�̄e ⌘
y2�y2e
4⇡

µ2
�e

(m2
� + ↵2m2

e)
2

(43)

with µ�e the DM-electron reduced mass. For electron scattering, the momentum transfer scale is set
by the typical in-medium electron momentum q ⇠ ↵me. As a result, here we define the light mediator
limit by m� ⌧ ↵me. The leptophilic scalar model can be probed by superconductors [45, 46], Dirac
materials [48], liquid xenon [42, 110], graphene [43], scintillators [44], and semiconductor detectors [40,
41, 111, 112], among others [55].

The constraints on the scalar mediator with electron coupling are shown in Fig. 7, and described
in more detail in the remainder of this section. Note that these constraints have significant overlap
with Higgs mixing models, which were considered recently in the context of thermal dark matter with
m� > 1 MeV [56]. The similarities are mostly in the very stringent stellar constraints on electron
couplings of light scalars, which in Higgs mixing models dominate over nucleon couplings despite the
Yukawa coupling suppression. Important differences arise in the context of terrestrial constraints,
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• Dirac fermion dark matter, coupled to a kinetically mixed dark photon or a B �L gauge boson.
Because of strong constraints from BBN, we consider only the case of a light mediator with
sufficiently small couplings that it does not thermalize with the SM. As has been noted elsewhere
[41, 48], and shown explicitly in Fig. 11, scattering via a kinetically mixed dark photon is
consistent with all current bounds in the 10 keV - 1 GeV mass range. For m� . 1 MeV, such
DM can be probed with Dirac materials and superconductors, although in the latter case the
reach is substantially reduced due to in-medium effects. For m� > 1 MeV various other targets
have sensitivity, in particular semiconductors. For the B �L gauge boson, there are strong fifth
force and stellar constraints, as can be seen in Fig. 13. Scattering of sub-MeV DM through such
a mediator would be detectable by either a superfluid helium or a Dirac material target, but
only for sub-component DM that evades self-interaction constraints, shown in Fig. 13.

This paper is organized to consider each of these models in turn: scalar DM coupling to a hadrophilic
scalar mediator in Section II, to a leptophilic scalar mediator in Section III, and DM scattering via
a vector mediator in Section IV. We summarize the results in Section V. We emphasize that current
prospects are often dictated by the capabilities of particular target materials for detection of sub-MeV
dark matter – in the case of nucleon couplings, superfluid helium and in the case of electron couplings,
superconductors and Dirac materials. The general considerations studied in this paper motivate the
search for materials with even stronger sensitivity to light dark matter.

II. HADROPHILIC SCALAR MEDIATOR

In our first model we assume a hadrophilic scalar mediator � has couplings exclusively to the SM
hadrons, specifically pions and nucleons. The coupling to nucleons is the most consequential for direct
detection and the majority of the constraints, and we therefore parametrize the model in terms of the
low energy effective Lagrangian

L � �1

2
m2

��2 � 1

2
m2

��
2 � 1

2
y�m���2 � yn�nn, (6)

where � is a real scalar that composes all or part of the DM. On its own, this potential has runaway
directions, but these can be stabilized by adding in quartic couplings for the scalars without affecting
the dark matter phenomenology. One may further verify that with the normalization in Eq. (6), the
perturbativity condition is y� . 4⇡ for m� ⌧ m�, although we will conservatively require y� < 1.
This will be relevant for the light mediator regime, where we will consider sub-component dark matter
such that the self-interaction constraints are relaxed. We further elaborate on unitarity and vacuum
stability in Appendix A.

In order to account for both the heavy and light mediator limits, we will parametrize the direct
detection cross section on nucleons as

�n ⌘
y2ny2�
4⇡

µ2
�n

(m2
� + v2DMm2

�)
2
, (7)

where µ�n is the DM-nucleon reduced mass, and m�vDM is a reference momentum transfer with
vDM = 10�3. The dark matter scattering “form factors” (as defined, for example, in Ref. [40]) in the
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For m� & 500 keV, we require that the dark matter � does not thermalize with �, consistent with
BBN bounds, and as explained in the previous section. We present the direct detection prospects in
Fig. 6 for two benchmarks, where we fix y� by saturating the �-� thermalization and SIDM constraint,
whichever is strongest. The various contours indicate the terrestrial and astrophysical constraints on
yn discussed above. Since the self-interaction constraints are less stringent than the �-� thermalization
condition in this scenario, we do not find substantially different results for sub-component dark matter.
The turn-on of the � ! �� decay mode at m� = m�/2 is clearly visible, and in practice we find that
accessible cross sections are excluded whenever this decay is open. Then, if one allows for a somewhat
large �Neff ⇡ 0.57, we find that there is available parameter space for m� > 100 keV with yn between
the meson constraints and the supernova trapping window; these cross sections could be probed by
experiments such as the nuclear recoil mode (m� > 1 MeV) in He, color centers, SuperCDMS and
NEWS.

III. LEPTOPHILIC SCALAR MEDIATOR

Analogous to the model in the previous section, here we take real scalar dark matter � interacting
with leptons via a scalar mediator. As long as the couplings of � do not induce large lepton flavor-
violation (e.g. with MFV couplings), the direct detection cross section and the bulk of the constraints
depend only on the coupling to the electron. The effective Lagrangian is written as

L � �1

2
m2

��2 � 1

2
m2

��
2 � 1

2
y�m���2 � ye�ee. (42)

The discussion relating to vacuum stability of the scalar potential and perturbativity is identical to
that in Section II and Appendix A, and we take y� < 1 everywhere. Again, we consider real scalar
dark matter for simplicity, but our results also hold for fermion DM modulo important differences in
the effects on BBN. To account for the massive and massless mediator limits, we define a reference
direct detection cross section,

�̄e ⌘
y2�y2e
4⇡

µ2
�e

(m2
� + ↵2m2

e)
2

(43)

with µ�e the DM-electron reduced mass. For electron scattering, the momentum transfer scale is set
by the typical in-medium electron momentum q ⇠ ↵me. As a result, here we define the light mediator
limit by m� ⌧ ↵me. The leptophilic scalar model can be probed by superconductors [45, 46], Dirac
materials [48], liquid xenon [42, 110], graphene [43], scintillators [44], and semiconductor detectors [40,
41, 111, 112], among others [55].

The constraints on the scalar mediator with electron coupling are shown in Fig. 7, and described
in more detail in the remainder of this section. Note that these constraints have significant overlap
with Higgs mixing models, which were considered recently in the context of thermal dark matter with
m� > 1 MeV [56]. The similarities are mostly in the very stringent stellar constraints on electron
couplings of light scalars, which in Higgs mixing models dominate over nucleon couplings despite the
Yukawa coupling suppression. Important differences arise in the context of terrestrial constraints,
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FIG. 2. Diagrams generating B ! K� (left) and K ! ⇡� (right).

The partial width for B ! K� is given by (e.g. [73]),

�B!K� =
|Csb|2f0(m�)2

16⇡m3
B

⇣
m2

B�m2
K

mb�ms

⌘2
⇠(mB, mK , m�)

Csb = 3mbm2
tV

⇤
tsVtb

16⇡2v3 ✏ ⇠(a, b, c) =
p

(a2 � b2 � c2)2 � 4b2c2

f0(q) = 0.33(1� q2/38GeV2).

(16)

where f0(q) parametrizes the hadronic form factor [74].
The width for K ! ⇡� follows the same expression, with the appropriate substitution of the masses

and CKM matrix elements. The form factor for this process is well approximated by f0(q) ⇡ 1 in the
low q limit [75]. For each scenario, the resulting bounds on ✏ can then be converted to a bound on yn.
For m� ⌧ m⇡, the strongest bounds come from the K ! ⇡� process:

yn . 4.2⇥ 10�8 (top coupling) (17)

yn . 9.3⇥ 10�6 (vector-like generation). (18)

The constraints are shown in green on Figure 1.

2. 5th force constraints

For mediator masses below ⇠ 100 eV, various 5th force experiments become relevant (see e.g. [68, 76]
for recent reviews.). This is important in particular for the cosmological fate of �: at least for values
of yn that can give rise to detectable values of the direct detection cross section, 5th force constraints
prevent � from being light enough to behave as dark radiation at late times [45, 60]. We will comment
more on the cosmology in Section II C.

At low energies, the presence of the massive, scalar mediator introduces an attractive Yukawa
potential between two macroscopic objects, of the form

V (r) = � y2n
4⇡

1

r
e�m�r (19)

per nucleon pair. 5th force constraints are conventionally parametrized in terms of a modification to
the gravitational potential

V (r) = �GN
m1m2

r

�
1 + ↵e�m�r

�
(20)

10
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FIG. 10. Direct detection cross section as function of the dark matter mass for � being all the dark matter, for
two different massive mediator benchmarks. y� is fixed by saturating the self-interaction constraint. The various
lines indicate the reach for SuperCDMS-G2+, SENSEI-100g, DAMIC-1K [55], an aluminum superconducting (Al
SC) target [46], or a Dirac material [48], assuming kg-year exposure in all cases. See Ref. [55] for other proposals
that could probe this parameter space. Current bounds from Xenon10 and Xenon100 are also shown [42, 110].
Note that the constraint from beam dumps in the right panel (for masses of MeV to 100 MeV) can be lifted if
� decays to invisible states.
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DM masses below MeV are strongly constrained by 
BBN measurements of ΔNeff.

Assuming ``heavy’’ mediator mϕ ≳ mχv
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FIG. 5. Direct detection cross section as function of the dark matter mass, where the mediator mass is
m� = 10�3m�. We show the case that � is all the dark matter (left) and where � composes 5% of the dark
matter (right). In the former case y� is fixed by saturating the self-interaction constraint, while in the latter
case we take y� = 1 and assume � is a complex scalar with an asymmetric relic abundance. The blue lines
indicate the projected reach with superfluid helium in the multi-phonon and nuclear recoil modes [50], assuming
that the nuclear recoil mode includes energies from 3 meV up to 100 eV. We also show projected reach for color
centers [39], where in this case we show their sensitivity for the massless mediator limit.
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FIG. 6. Constraints and detection prospects in the direct detection cross section vs m� plane, for the heavy
mediator regime. We scan over yn and fix y� by demanding that the dark matter does not thermalize with �

for m� < m⇡. For m� > m⇡, the self-interaction constraint is used instead. We show the projected reach for
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FIG. 1. The left (right) panel shows constraints on the axion-nucleon coupling gp (gn) in the plane of the mediator ma or m�

arising from (20). The main bounds are from flavor observables in rare meson decay experiments [39] (grey), the beam-dump
experiment CHARM [40, 41] (green), the electron beam-dump experiment E137 [42] (purple), horizontal branch (HB) stars [43]
(blue) and supernova SN1987A [44, 45] (yellow). The horizontal dashed red line shows the value of the axion-nucleon coupling
required for the spin-0 mediator to fall out of equilibrium with the pions at a decoupling temperature of 70 MeV [46]. Above
this line and for a massless mediator, the mediator contributes �Ne↵ > 0.36 after e

+
e
� annihilation. The sloping dashed red

lines show the lifetime needed (⌧a�� . 104 s) to evade BBN constraints on late-time energy injection. The region enclosed
between the 1s and 104s lines indicate the region where the �/a could contribute to Ne↵ during BBN and recombination. The
dashed cyan line denotes the bound in (29) from the presence of heavy colored fermions, coming from UV completing the
e↵ective interaction (20) in a KSVZ model (see (28)).

obtain from [44, 45]. The bound relies on the emitted
luminosity into the a/� particles, which depends on a
quadratic combination of gp and gn, given as a fitting
formula in Eq. (11) of [44]. We apply this for the cou-
plings in (21) and (23), interpolating over the coe�cients
of the fitting formula. In our model, for ma ⌧ m⇡, the
ratio gp/gn � 1 so that the bound appears stronger on
gn than on gp. For ma > m⇡, then gp/gn . 1 causing the
bound on gp to become stronger than that on gn. We em-
phasize that the SN1987A bound has O(1) uncertainties,
as discussed in detail in [45].

For masses ma . 0.5 MeV, we show the cooling bound
from horizontal branch stars, whereby the cooling mech-
anism induced by the a-photon coupling would reduce
the ratio of horizontal branch stars to red giant branch
stars in globular clusters [43]. In our model, the a-photon
coupling is proportional to cGG and thus maps directly
to constraints on the a-nucleon couplings gp and gn.

For 100 keV . ma . 100 MeV, there currently is a nar-
row range of allowed couplings 2⇥10�6 . gp . 7⇥10�6,
in between the meson and supernova bounds in Fig. 1,
and similarly for the neutron coupling. Here the mediator
cannot free stream out of the proto-neutron star, which is
why the SN1987A cooling bound cuts o↵. We will refer to
this region as the “trapping window”. This window will
prove to be important because it allows for larger direct

detection cross sections, but we caution that this parame-
ter space may be subject to additional bounds from both
cosmology and astrophysics, which require more detailed
study. For instance, it is possible that future work on
di↵usive energy transport by axion-like particles would
strengthen the supernova bounds to the extent that the
trapping window will be closed. (See [52] for such an
analysis for axion-like particles which only couple to pho-
tons.)

Next, we discuss the cosmology. In the trapping win-
dow, the coupling is large enough that the mediator is
still thermalized with the SM bath after the QCD phase
transition, until a decoupling temperature of Td ' 20
MeV. This implies that the mediator would contribute to
the e↵ective number of neutrinos (�Ne↵). However, the
mediator also decays to two photons a ! �� through the
photon coupling. As long as the decay time is less than
104 s, it is not subject to constraints on late-decaying
particles from photodissociation of light elements [53].
However, even if the decay is in the range 1 s to 104 s, it
still occurs during BBN, thus dumping energy back into
the photons. This will reduce �Ne↵ , eventually reach-
ing a constant negative value once the decay comes fully
into thermal equilibrium. Thus, the mediator could still
modify the expansion rate during BBN, impacting BBN
abundances as well as contributing to �Ne↵ during re-
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FIG. 1. The left (right) panel shows constraints on the axion-nucleon coupling gp (gn) in the plane of the mediator ma or m�

arising from (20). The main bounds are from flavor observables in rare meson decay experiments [39] (grey), the beam-dump
experiment CHARM [40, 41] (green), the electron beam-dump experiment E137 [42] (purple), horizontal branch (HB) stars [43]
(blue) and supernova SN1987A [44, 45] (yellow). The horizontal dashed red line shows the value of the axion-nucleon coupling
required for the spin-0 mediator to fall out of equilibrium with the pions at a decoupling temperature of 70 MeV [46]. Above
this line and for a massless mediator, the mediator contributes �Ne↵ > 0.36 after e

+
e
� annihilation. The sloping dashed red

lines show the lifetime needed (⌧a�� . 104 s) to evade BBN constraints on late-time energy injection. The region enclosed
between the 1s and 104s lines indicate the region where the �/a could contribute to Ne↵ during BBN and recombination. The
dashed cyan line denotes the bound in (29) from the presence of heavy colored fermions, coming from UV completing the
e↵ective interaction (20) in a KSVZ model (see (28)).

obtain from [44, 45]. The bound relies on the emitted
luminosity into the a/� particles, which depends on a
quadratic combination of gp and gn, given as a fitting
formula in Eq. (11) of [44]. We apply this for the cou-
plings in (21) and (23), interpolating over the coe�cients
of the fitting formula. In our model, for ma ⌧ m⇡, the
ratio gp/gn � 1 so that the bound appears stronger on
gn than on gp. For ma > m⇡, then gp/gn . 1 causing the
bound on gp to become stronger than that on gn. We em-
phasize that the SN1987A bound has O(1) uncertainties,
as discussed in detail in [45].

For masses ma . 0.5 MeV, we show the cooling bound
from horizontal branch stars, whereby the cooling mech-
anism induced by the a-photon coupling would reduce
the ratio of horizontal branch stars to red giant branch
stars in globular clusters [43]. In our model, the a-photon
coupling is proportional to cGG and thus maps directly
to constraints on the a-nucleon couplings gp and gn.

For 100 keV . ma . 100 MeV, there currently is a nar-
row range of allowed couplings 2⇥10�6 . gp . 7⇥10�6,
in between the meson and supernova bounds in Fig. 1,
and similarly for the neutron coupling. Here the mediator
cannot free stream out of the proto-neutron star, which is
why the SN1987A cooling bound cuts o↵. We will refer to
this region as the “trapping window”. This window will
prove to be important because it allows for larger direct

detection cross sections, but we caution that this parame-
ter space may be subject to additional bounds from both
cosmology and astrophysics, which require more detailed
study. For instance, it is possible that future work on
di↵usive energy transport by axion-like particles would
strengthen the supernova bounds to the extent that the
trapping window will be closed. (See [52] for such an
analysis for axion-like particles which only couple to pho-
tons.)

Next, we discuss the cosmology. In the trapping win-
dow, the coupling is large enough that the mediator is
still thermalized with the SM bath after the QCD phase
transition, until a decoupling temperature of Td ' 20
MeV. This implies that the mediator would contribute to
the e↵ective number of neutrinos (�Ne↵). However, the
mediator also decays to two photons a ! �� through the
photon coupling. As long as the decay time is less than
104 s, it is not subject to constraints on late-decaying
particles from photodissociation of light elements [53].
However, even if the decay is in the range 1 s to 104 s, it
still occurs during BBN, thus dumping energy back into
the photons. This will reduce �Ne↵ , eventually reach-
ing a constant negative value once the decay comes fully
into thermal equilibrium. Thus, the mediator could still
modify the expansion rate during BBN, impacting BBN
abundances as well as contributing to �Ne↵ during re-
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FIG. 1. The left (right) panel shows constraints on the axion-nucleon coupling gp (gn) in the plane of the mediator ma or m�

arising from (20). The main bounds are from flavor observables in rare meson decay experiments [39] (grey), the beam-dump
experiment CHARM [40, 41] (green), the electron beam-dump experiment E137 [42] (purple), horizontal branch (HB) stars [43]
(blue) and supernova SN1987A [44, 45] (yellow). The horizontal dashed red line shows the value of the axion-nucleon coupling
required for the spin-0 mediator to fall out of equilibrium with the pions at a decoupling temperature of 70 MeV [46]. Above
this line and for a massless mediator, the mediator contributes �Ne↵ > 0.36 after e

+
e
� annihilation. The sloping dashed red

lines show the lifetime needed (⌧a�� . 104 s) to evade BBN constraints on late-time energy injection. The region enclosed
between the 1s and 104s lines indicate the region where the �/a could contribute to Ne↵ during BBN and recombination. The
dashed cyan line denotes the bound in (29) from the presence of heavy colored fermions, coming from UV completing the
e↵ective interaction (20) in a KSVZ model (see (28)).

obtain from [44, 45]. The bound relies on the emitted
luminosity into the a/� particles, which depends on a
quadratic combination of gp and gn, given as a fitting
formula in Eq. (11) of [44]. We apply this for the cou-
plings in (21) and (23), interpolating over the coe�cients
of the fitting formula. In our model, for ma ⌧ m⇡, the
ratio gp/gn � 1 so that the bound appears stronger on
gn than on gp. For ma > m⇡, then gp/gn . 1 causing the
bound on gp to become stronger than that on gn. We em-
phasize that the SN1987A bound has O(1) uncertainties,
as discussed in detail in [45].

For masses ma . 0.5 MeV, we show the cooling bound
from horizontal branch stars, whereby the cooling mech-
anism induced by the a-photon coupling would reduce
the ratio of horizontal branch stars to red giant branch
stars in globular clusters [43]. In our model, the a-photon
coupling is proportional to cGG and thus maps directly
to constraints on the a-nucleon couplings gp and gn.

For 100 keV . ma . 100 MeV, there currently is a nar-
row range of allowed couplings 2⇥10�6 . gp . 7⇥10�6,
in between the meson and supernova bounds in Fig. 1,
and similarly for the neutron coupling. Here the mediator
cannot free stream out of the proto-neutron star, which is
why the SN1987A cooling bound cuts o↵. We will refer to
this region as the “trapping window”. This window will
prove to be important because it allows for larger direct

detection cross sections, but we caution that this parame-
ter space may be subject to additional bounds from both
cosmology and astrophysics, which require more detailed
study. For instance, it is possible that future work on
di↵usive energy transport by axion-like particles would
strengthen the supernova bounds to the extent that the
trapping window will be closed. (See [52] for such an
analysis for axion-like particles which only couple to pho-
tons.)

Next, we discuss the cosmology. In the trapping win-
dow, the coupling is large enough that the mediator is
still thermalized with the SM bath after the QCD phase
transition, until a decoupling temperature of Td ' 20
MeV. This implies that the mediator would contribute to
the e↵ective number of neutrinos (�Ne↵). However, the
mediator also decays to two photons a ! �� through the
photon coupling. As long as the decay time is less than
104 s, it is not subject to constraints on late-decaying
particles from photodissociation of light elements [53].
However, even if the decay is in the range 1 s to 104 s, it
still occurs during BBN, thus dumping energy back into
the photons. This will reduce �Ne↵ , eventually reach-
ing a constant negative value once the decay comes fully
into thermal equilibrium. Thus, the mediator could still
modify the expansion rate during BBN, impacting BBN
abundances as well as contributing to �Ne↵ during re-
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FIG. 6. Reference cross sections for a signal rate of 3 events/kg-yr, through an interaction mediated by the �-mediator, in
Al2O3 (solid) or GaAs (dashed) with several choices of threshold energy. Existing bounds are shown by grey shaded region, and
the blue line indicates where the bound would be if the supernova trapping window in Fig. 1 were to close. Left: � makes up all
of dark matter (fDM = 1) and is thus subject to the SIDM constraints in Fig. 2. Right: � contributes only a sub-component of
the total dark matter density with fDM = 0.05. The SIDM bounds do not apply and we set g� = 1 to satisfy the perturbative
unitarity condition.

This can be seen most easily from the momentum inte-
grals in (80) and (81). For dark matter that is heavier
than the nuclei in the crystal (m� � mN ), the scattering
rate scales as ⇠ 1/m�.

Finally, we note that we did not attempt to explain or
predict the dark matter’s relic density. In other words,
we have implicitly assumed that the relic density is set
by another mechanism, which is not related to the me-
diators that are needed to observe � in direct detection
experiments. Accounting for a such a mechanism may
lead to further bounds, especially from the BBN and/or
CMB observations. For example, as it freezes out, the
dark matter may dump additional entropy into the me-
diator, which could put the model in tension with the
bounds on the number of relativistic degrees of freedom
in the early universe [83]. See Appendix A for a more
extended discussion.

B. A
0 Mediator

As we showed in Section IV, there exist very stringent
bounds on the A0 mediator, including the requirement
that g� ⇠ gp for a self-consistent theory. These bounds
are especially strong for the light mediator limit, and as a
result all direct detection prospects are ruled out by many
orders of magnitude. We therefore focus our discussion
just on the heavy mediator regime. In Fig. 8, we show
the existing bounds on the heavy mediator A0 model,
as compared to the cross sections needed for a rate of
3 events/kg-year. We see that there are likely no direct
detection prospects for spin-dependent scattering within
the A0 model, even though the operator in (13) is not
suppressed by factors of q. If the condition g� ⇠ gp could
be relaxed, there is potential for viable parameter space,
but constructing consistent models which achieve this is
very challenging (see Appendix C and Appendix D).

Upshot: for scalar/pseudoscalar mediators, strong 
upper bounds on  for σ mχ ≲ 10 − 100 MeV
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Simplest realization with fermion DM and dark photon A’
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<latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit>

X

�
<latexit sha1_base64="KkelpDrsgVEj8vpklG46VkmeBmk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9C6b7sNVo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwBkjjQ=</latexit>

�̄
<latexit sha1_base64="QffNUwCWELMhM8nCTrF2GFdarKE=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RTIxklzA7mU2GzGOZmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KU86M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOjA3lTNKWZZbTTqopFjGnD/HoZuo/PFFtmJL3dpzSSOCBZAkj2DrpMYyxRiEZsl615tf9GdAyCQpSgwLNXvUr7CuSCSot4diYbuCnNsqxtoxwOqmEmaEpJiM8oF1HJRbURPns4Ak6cUofJUq7khbN1N8TORbGjEXsOgW2Q7PoTcX/vG5mk6soZzLNLJVkvijJOLIKTb9HfaYpsXzsCCaauVsRGWKNiXUZVVwIweLLy6R9Vg/O6/7dRa1xXcRRhiM4hlMI4BIacAtNaAEBAc/wCm+e9l68d+9j3lryiplD+APv8wdUCZAX</latexit>


<latexit sha1_base64="18r8yYB2Nzt/s+9vHzWlMOtVkv4=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jGCeUCyhN7JbDJmdnaYmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFSnBjff/bW1ldW9/YLGwVt3d29/ZLB4cNk2aasjpNRapbERomuGR1y61gLaUZJpFgzWh4O/WbT0wbnsoHO1IsTLAvecwpWic1OkNUCrulsl/xZyDLJMhJGXLUuqWvTi+lWcKkpQKNaQe+suEYteVUsEmxkxmmkA6xz9qOSkyYCcezayfk1Ck9EqfalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlUmWWSzhfFmSA2JdPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwUfHvL8vVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbl3ov3rv3MW9d8fKZI/gD7/MHltaPIQ==</latexit>
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Simplest realization with fermion DM and dark photon A’

e+
<latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit>

e�
<latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit>

X

�
<latexit sha1_base64="KkelpDrsgVEj8vpklG46VkmeBmk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9C6b7sNVo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwBkjjQ=</latexit>

�̄
<latexit sha1_base64="QffNUwCWELMhM8nCTrF2GFdarKE=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RTIxklzA7mU2GzGOZmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KU86M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOjA3lTNKWZZbTTqopFjGnD/HoZuo/PFFtmJL3dpzSSOCBZAkj2DrpMYyxRiEZsl615tf9GdAyCQpSgwLNXvUr7CuSCSot4diYbuCnNsqxtoxwOqmEmaEpJiM8oF1HJRbURPns4Ak6cUofJUq7khbN1N8TORbGjEXsOgW2Q7PoTcX/vG5mk6soZzLNLJVkvijJOLIKTb9HfaYpsXzsCCaauVsRGWKNiXUZVVwIweLLy6R9Vg/O6/7dRa1xXcRRhiM4hlMI4BIacAtNaAEBAc/wCm+e9l68d+9j3lryiplD+APv8wdUCZAX</latexit>


<latexit sha1_base64="18r8yYB2Nzt/s+9vHzWlMOtVkv4=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jGCeUCyhN7JbDJmdnaYmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFSnBjff/bW1ldW9/YLGwVt3d29/ZLB4cNk2aasjpNRapbERomuGR1y61gLaUZJpFgzWh4O/WbT0wbnsoHO1IsTLAvecwpWic1OkNUCrulsl/xZyDLJMhJGXLUuqWvTi+lWcKkpQKNaQe+suEYteVUsEmxkxmmkA6xz9qOSkyYCcezayfk1Ck9EqfalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlUmWWSzhfFmSA2JdPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwUfHvL8vVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbl3ov3rv3MW9d8fKZI/gD7/MHltaPIQ==</latexit>

self-interaction 
bounds on this 

coupling
gχ

A A′ 
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Simplest realization with fermion DM and dark photon A’

e+
<latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit>

e�
<latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit>

X

�
<latexit sha1_base64="KkelpDrsgVEj8vpklG46VkmeBmk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9C6b7sNVo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwBkjjQ=</latexit>

�̄
<latexit sha1_base64="QffNUwCWELMhM8nCTrF2GFdarKE=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RTIxklzA7mU2GzGOZmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KU86M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOjA3lTNKWZZbTTqopFjGnD/HoZuo/PFFtmJL3dpzSSOCBZAkj2DrpMYyxRiEZsl615tf9GdAyCQpSgwLNXvUr7CuSCSot4diYbuCnNsqxtoxwOqmEmaEpJiM8oF1HJRbURPns4Ak6cUofJUq7khbN1N8TORbGjEXsOgW2Q7PoTcX/vG5mk6soZzLNLJVkvijJOLIKTb9HfaYpsXzsCCaauVsRGWKNiXUZVVwIweLLy6R9Vg/O6/7dRa1xXcRRhiM4hlMI4BIacAtNaAEBAc/wCm+e9l68d+9j3lryiplD+APv8wdUCZAX</latexit>


<latexit sha1_base64="18r8yYB2Nzt/s+9vHzWlMOtVkv4=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jGCeUCyhN7JbDJmdnaYmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFSnBjff/bW1ldW9/YLGwVt3d29/ZLB4cNk2aasjpNRapbERomuGR1y61gLaUZJpFgzWh4O/WbT0wbnsoHO1IsTLAvecwpWic1OkNUCrulsl/xZyDLJMhJGXLUuqWvTi+lWcKkpQKNaQe+suEYteVUsEmxkxmmkA6xz9qOSkyYCcezayfk1Ck9EqfalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlUmWWSzhfFmSA2JdPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwUfHvL8vVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbl3ov3rv3MW9d8fKZI/gD7/MHltaPIQ==</latexit>
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Stellar and fifth force constraints are much weaker 
for dark photon mediators due to screening

Kinetically-mixed dark photon
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Stellar and fifth force constraints are much weaker 
for dark photon mediators due to screening

Kinetically-mixed dark photon
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Stellar and fifth force constraints are much weaker 
for dark photon mediators due to screening

Kinetically-mixed dark photon
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e+
<latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit>

e�
<latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit>

DM

DM

annihilation

x gχκe

Dark photon portal:

Viable for  
(due to Neff, BBN bounds) 

with 

mχ ≳ 10 MeV

mA′ ≳ 10 MeV

Heavy mediators: freeze-out
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e+
<latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit>

e�
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Freeze-out benchmarks

80% sensitivity band. Cross-checks of the analysis are
included in the End Matter.
Conclusions and outlook—With this search DAMIC-M

establishes the most stringent limits to date on DM particles
interacting with electrons over a large range of DM masses
between 1 and 1000 MeV=c2.
Most notably, these limits make it possible for the first

time to rule out that DM particles interacting feebly with
electrons via an ultralight mediator could have been
produced as a dominant component of DM in the
Universe by the freeze-in mechanism, for DM masses
between 3.5 and 490 MeV=c2. In addition, they also rule
out that any fraction of the DM abundance is made up of
complex scalar particles with masses between 2.9 and
21.5 MeV=c2 that interact with electrons via a mediator
heavier than the DM mass (mA0 ≫ mχ). These would
decouple via freeze-out in the early Universe, with cross
sections below the freeze-out benchmark exceeding the
observed DM density. Taking into account all constraints of
Fig. 2 (right panel), only complex scalar DM particles
with a mass around 25 MeV=c2 remain viable in this
scenario.
Note that the benchmark hidden-sector predictions are

model dependent [12] and smaller cross sections are still
possible in certain scenarios. DAMIC-M, which plans to
collect a kg-year exposure, will probe the freeze-in scenario

beyond the benchmark model up to GeV DM masses as
well as other hidden-sector scenarios with heavy mediators
that match the relic density observed today with smaller
DM-e− cross sections than that of the freeze-out scenario
with scalar particles [12,20].
Constraints on other processes beyond the DM-e−

scattering of Eq. (1) that produce a charge ionization signal
are reported in the End Matter.
These results demonstrate the excellent performance of

the DAMIC-M prototype detector. The CCDs feature
minimal defects and a very low dark current, allowing
for highly efficient pixel selection. With only a few percent
change of the single e− rate over the three months of data
collection, the detector is remarkably stable enabling a
search for daily modulation in the DM signal [26] to be
reported in a forthcoming publication. We expect to
improve these results by orders of magnitude with the full
DAMIC-M apparatus, soon to be installed at the LSM,
which will operate ∼200 CCDs under strict control of
radiogenic and cosmogenic backgrounds.
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FIG. 2. DAMIC-M 90% C.L. upper limits (solid thick black) on DM-electron interactions through a heavy (left) and ultra-light (right)
mediator. Limits based on the QEDark calculations (solid dashed black) are included for comparison with previous results. The
previous DAMIC-M results [25,26] are also shown together with limits from DarkSide-50 [27], PandaX-4T [28], SENSEI [29],
SuperCDMS [30], XENONnT [31], and XENON1T [32] (also reinterpreted in Ref. [64] in terms of “solar-reflected DM”). Theoretical
expectations assuming a DM relic abundance from freeze-in and freeze-out mechanisms are also shown in light blue [21] (the freeze-out
benchmark is valid for the specific scenario of complex scalar DM withmA0 ≫ mχ). At very large cross sections, this search is no longer
sensitive to DM particles as they are slowed or stopped in the overburden above the detector. For the ultra-light mediator, this cross-
section “ceiling” lies above σ̄e ¼ 10−27 cm2 over the mass range of interest. For the heavy mediator, this ceiling ranges from σ̄e ¼
2 × 10−27 cm2 at 1 MeV=c2 to σ̄e ¼ 7 × 10−36 cm2 at 1 GeV=c2 [65]. We note that cross sections above this ceiling are already
excluded by detectors operated on the surface and by other probes [18].
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Figure 2: Schematic picture of the relic abundances due to freeze-in and freeze-out as
a function of coupling strength. The way in which the freeze-out and freeze-in yield
behaviours connect to one another is model-dependent. As we show in detail in Section
5, freeze-in and freeze-out are in fact two of the four basic mechanisms for thermal DM
production, and we sketch the “abundance phase diagrams” of DM depending upon
the strength and type of the DM-thermal bath interaction and the DM mass.

In the simple case that the DM mass m0 is the only mass scale entering �v, we have �v ⇠ �02/m02,
where �0 is the relevant interaction strength, giving a freeze-out yield of

YFO ⇠
1

�02

✓
m0

MPl

◆
. (2.4)

Freeze-in assumes a negligible initial X abundance, but increasing the interaction strength, �,
increases the production from the thermal bath, while freeze-out begins with a full T 3 thermal
number density of DM particles, and reducing the interaction strength, �0, helps to maintain this
large abundance (see Figure 2). Indeed, the yields eqns.(2.2) and (2.4) show inverse dependences
on the coupling and mass, which is stressed by writing

YFI ⇠ �2 mtm, YFO ⇠
1

�02 m0tm0
, (2.5)

where tm ⇠MPl/m2 (t0
m ⇠MPl/m02) is the Hubble time at the epoch of freeze-in (freeze-out). The

freeze-out abundance decreases with tm0 while the freeze-in abundance is increased by occurring
at late times.

Despite these opposite features, freeze-out and freeze-in share crucial common aspects: the final
out-of-equilibrium abundance, given the relevant particle masses and couplings, can be computed
solely from an initial state of bath particles that are in thermal equilibrium, and the resulting
abundance is dominated by IR physics.

For freeze-out the special case �0
⇠ 1 and m0

⇠ v, the scale of weak interactions, gives DM as
“Weakly Interacting Massive Particles”, or WIMPs, with

YFO ⇠
v

MPl
. (2.6)

In practice the cross section may involve more than one mass scale in the TeV domain, so that there
are orders of magnitude spread in the abundance expected from WIMP dark matter. Nevertheless,

5

From Hall, Jedamzik, March-Russell, West 2009
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80% sensitivity band. Cross-checks of the analysis are
included in the End Matter.
Conclusions and outlook—With this search DAMIC-M

establishes the most stringent limits to date on DM particles
interacting with electrons over a large range of DM masses
between 1 and 1000 MeV=c2.
Most notably, these limits make it possible for the first

time to rule out that DM particles interacting feebly with
electrons via an ultralight mediator could have been
produced as a dominant component of DM in the
Universe by the freeze-in mechanism, for DM masses
between 3.5 and 490 MeV=c2. In addition, they also rule
out that any fraction of the DM abundance is made up of
complex scalar particles with masses between 2.9 and
21.5 MeV=c2 that interact with electrons via a mediator
heavier than the DM mass (mA0 ≫ mχ). These would
decouple via freeze-out in the early Universe, with cross
sections below the freeze-out benchmark exceeding the
observed DM density. Taking into account all constraints of
Fig. 2 (right panel), only complex scalar DM particles
with a mass around 25 MeV=c2 remain viable in this
scenario.
Note that the benchmark hidden-sector predictions are

model dependent [12] and smaller cross sections are still
possible in certain scenarios. DAMIC-M, which plans to
collect a kg-year exposure, will probe the freeze-in scenario

beyond the benchmark model up to GeV DM masses as
well as other hidden-sector scenarios with heavy mediators
that match the relic density observed today with smaller
DM-e− cross sections than that of the freeze-out scenario
with scalar particles [12,20].
Constraints on other processes beyond the DM-e−

scattering of Eq. (1) that produce a charge ionization signal
are reported in the End Matter.
These results demonstrate the excellent performance of

the DAMIC-M prototype detector. The CCDs feature
minimal defects and a very low dark current, allowing
for highly efficient pixel selection. With only a few percent
change of the single e− rate over the three months of data
collection, the detector is remarkably stable enabling a
search for daily modulation in the DM signal [26] to be
reported in a forthcoming publication. We expect to
improve these results by orders of magnitude with the full
DAMIC-M apparatus, soon to be installed at the LSM,
which will operate ∼200 CCDs under strict control of
radiogenic and cosmogenic backgrounds.
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FIG. 2. DAMIC-M 90% C.L. upper limits (solid thick black) on DM-electron interactions through a heavy (left) and ultra-light (right)
mediator. Limits based on the QEDark calculations (solid dashed black) are included for comparison with previous results. The
previous DAMIC-M results [25,26] are also shown together with limits from DarkSide-50 [27], PandaX-4T [28], SENSEI [29],
SuperCDMS [30], XENONnT [31], and XENON1T [32] (also reinterpreted in Ref. [64] in terms of “solar-reflected DM”). Theoretical
expectations assuming a DM relic abundance from freeze-in and freeze-out mechanisms are also shown in light blue [21] (the freeze-out
benchmark is valid for the specific scenario of complex scalar DM withmA0 ≫ mχ). At very large cross sections, this search is no longer
sensitive to DM particles as they are slowed or stopped in the overburden above the detector. For the ultra-light mediator, this cross-
section “ceiling” lies above σ̄e ¼ 10−27 cm2 over the mass range of interest. For the heavy mediator, this ceiling ranges from σ̄e ¼
2 × 10−27 cm2 at 1 MeV=c2 to σ̄e ¼ 7 × 10−36 cm2 at 1 GeV=c2 [65]. We note that cross sections above this ceiling are already
excluded by detectors operated on the surface and by other probes [18].
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DAMIC-M 2025

Remarkable progress testing freeze-in above ~few MeV
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Beyond benchmarks

: Dark photon mediatorA′ 

No single prediction for scattering 
rate in this case: can live down to 

neutrino fog easily for mχ ≳ 10 MeV

Secluded annihilation 
when mχ > mA′ 
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Benchmarks assume a particular relic 
density scenario, but there are many. 

These lines assume mA′ = 3mχ
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• For sub-GeV DM, relic density 

motivates the existence of light 
mediators and the existence of 
dark sector

• BBN and CMB Neff limits the 
influence of sub-GeV sectors on 
the SM bath

• Sub-GeV DM searches probe our 
thermal history from ~MeV to GeV
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Detecting dark matter
• New technologies have already 

made substantial progress in 
testing benchmarks.

• We shouldn’t tie ourselves too 
much to simple explanations of 
relic density. Dark matter exists 
and we are surrounded by it!

• We have a unique opportunity to 
continue probing new regimes for 
DM in the keV-GeV scale.






