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Figure 1: Combined Spin-independent dark-matter nucleon scattering cross section space.
Currently-excluded space is shaded gray [8–17] (data points taken from [18]). Dashed
lines represent projected 90% confidence level exclusion sensitivity of new experiments.
Because not all experiments used the same methodology in estimating limits (e.g., single-
sided upper likelihood vs two-sided), exact sensitivities may not be directly comparable.
The neutrino fog for a xenon target is presented in the blue contour map as described in
Section 2. At contour n, obtaining a 10⇥ lower cross section sensitivity requires an increase
in exposure of at least 10n. The n = 2 fog contour for argon is also shown in the black
wide-dashed line. LZ: 15 ton-year, one-sided upper limit. XENONnT: 20 ton-year with
two-sided interval. PandaX-4T: 5.6 ton-year. DarkSide-20K: 200 ton-year. SuperCDMS:
combined result of detector types; SuperCDMS upgrade refers to scenario C in Ref. [19].
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We present a summary of future prospects for direct detection of dark matter within

the GeV/c2 to TeV/c2 mass range. This is paired with a new definition of the neutrino
fog in order to better quantify the rate of diminishing returns on sensitivity due to ir-
reducible neutrino backgrounds. A survey of dark matter candidates predicted to fall
within this mass range demonstrates that fully testing multiple well-motivated theo-
ries will require expanding the currently-funded generation of experiments down to
and past the neutrino fog. We end with the status and plans for next-generation exper-
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Fig. 1.— Microlensing detection efficiency for
the 5.7-year MACHO data, as a function of event
timescale t̂ . The solid line shows the photometric
efficiency computed for cut set A, with the additional
constraint that t̂ > 150 days. The dashed line (from
A2000a) is the same but without the additional con-
straint.

Fig. 2.— Number of long duration events expected vs.
lens mass for halo model S. The dashed lines drawn
at N = 3 and N = 4.6 indicate the 95% c.l. and the
99% c.l. limit respectively. Masses above these lines
are ruled out at their respective confidence limits.

Fig. 3.— Halo fraction upper limit as a function of
lens mass for model S. The region above the line is
ruled out at 95% c.l. This model contains 4×1011M!

within 50 kpc, so a less model dependent result can
be found by reading the ordinate as “Halo mass in
MACHOs/(4× 1011 M!)”.

6

– 23 –

Fig. 9.— Halo fraction upper limit (95% c.l.) for the combined spike and standard analyses

and with t̂ < 20 days.

Alcock et.al. 1996 
arXiv:astro-ph/9604176

Alcock et.al. 2000 
arXiv:astro-ph/0011506
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Figure 1: Combined Spin-independent dark-matter nucleon scattering cross section space.
Currently-excluded space is shaded gray [8–17] (data points taken from [18]). Dashed
lines represent projected 90% confidence level exclusion sensitivity of new experiments.
Because not all experiments used the same methodology in estimating limits (e.g., single-
sided upper likelihood vs two-sided), exact sensitivities may not be directly comparable.
The neutrino fog for a xenon target is presented in the blue contour map as described in
Section 2. At contour n, obtaining a 10⇥ lower cross section sensitivity requires an increase
in exposure of at least 10n. The n = 2 fog contour for argon is also shown in the black
wide-dashed line. LZ: 15 ton-year, one-sided upper limit. XENONnT: 20 ton-year with
two-sided interval. PandaX-4T: 5.6 ton-year. DarkSide-20K: 200 ton-year. SuperCDMS:
combined result of detector types; SuperCDMS upgrade refers to scenario C in Ref. [19].

4

Submitted to the Proceedings of the US Community Study
on the Future of Particle Physics (Snowmass 2021)

Snowmass2021 Cosmic Frontier
Dark Matter Direct Detection to the Neutrino Fog

D.S. Akerib22,23, P. B. Cushman *21, C. E. Dahl5,6, R. Ebadi14,15, A. Fan22,23, R. J. Gaitskell †24,
C. Galbiati ‡17, G. K. Giovanetti18, Graciela B. Gelmini8, L. Grandi19,20, S. J. Haselschwardt7,

C. M. Jackson1, R.F. Lang2, B. Loer §1, D. Loomba13, M. C. Marshall16, A. F. Mills13,
C. A. J. O’Hare11,12, C. Savarese17, J. Schueler10, M. Szydagis4, Volodymyr Takhistov9,
Tim M. P. Tait3, Y.-D. Tsai3, S. E. Vahsen10, R. L. Walsworth14,15, and S. Westerdale17

1Pacific Northwest National Laboratory, Richland, WA, USA
2Department of Physics and Astronomy, Purdue University, West Lafayette, IN 47907, USA

3Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA
4The University at Albany, The State University of New York, Albany, NY 12222-0100, USA

5Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208, USA
6Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA

7Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA
8Department of Physics and Astronomy, University of California, Los Angeles, Los Angeles, California, 90095-1547, USA

9Kavli Institute for the Physics and Mathematics of the Universe (WPI), UTIAS, The University of Tokyo, Kashiwa, Chiba 277-8583,
Japan

10Department of Physics and Astronomy, University of Hawai‘i, Honolulu, HI 96822, USA
11The University of Sydney, School of Physics, NSW 2006, Australia

12ARC Centre of Excellence for Dark Matter Particle Physics, Sydney, Australia
13Department of Physics and Astronomy, University of New Mexico, NM 87131, USA

14Department of Physics, University of Maryland, College Park, Maryland 20742, USA
15Quantum Technology Center, University of Maryland, College Park, Maryland 20742, USA

16Time and Frequency Division, NIST, Boulder, Colorado 80305, USA
17Department of Physics, Princeton University, Princeton, NJ 08544, USA
18Physics Department, Williams College, Williamstown, MA 01267, USA

19Department of Physics, The University of Chicago, Chicago, Illinois 60637, USA
20Kavli Institute for Cosmological Physics, Chicago, Illinois 60637, USA

21School of Physics and Astronomy, University of Minnesota, Minneapolis, MN 55455, USA
22SLAC National Accelerator Laboratory, Menlo Park, CA 94025-7015, USA

23Kavli Institute for Particle Astrophysics and Cosmology, Stanford University, Stanford, CA 94305-4085, USA
24Department of Physics, Brown University, Providence, RI 02912, USA

Abstract
We present a summary of future prospects for direct detection of dark matter within

the GeV/c2 to TeV/c2 mass range. This is paired with a new definition of the neutrino
fog in order to better quantify the rate of diminishing returns on sensitivity due to ir-
reducible neutrino backgrounds. A survey of dark matter candidates predicted to fall
within this mass range demonstrates that fully testing multiple well-motivated theo-
ries will require expanding the currently-funded generation of experiments down to
and past the neutrino fog. We end with the status and plans for next-generation exper-
iments and novel R&D concepts which will get us there.

*corresponding author: cushman@umn.edu
†corresponding author: richard gaitskell@brown.edu
‡corresponding author: galbiati@princeton.edu
§corresponding author: ben.loer@pnnl.gov

1

ar
X

iv
:2

20
3.

08
08

4v
1 

 [h
ep

-e
x]

  1
5 

M
ar

 2
02

2

Akerib et.al. 2022 arXiv:2203.08084

 

Fig. 1.— Microlensing detection efficiency for
the 5.7-year MACHO data, as a function of event
timescale t̂ . The solid line shows the photometric
efficiency computed for cut set A, with the additional
constraint that t̂ > 150 days. The dashed line (from
A2000a) is the same but without the additional con-
straint.

Fig. 2.— Number of long duration events expected vs.
lens mass for halo model S. The dashed lines drawn
at N = 3 and N = 4.6 indicate the 95% c.l. and the
99% c.l. limit respectively. Masses above these lines
are ruled out at their respective confidence limits.

Fig. 3.— Halo fraction upper limit as a function of
lens mass for model S. The region above the line is
ruled out at 95% c.l. This model contains 4×1011M!

within 50 kpc, so a less model dependent result can
be found by reading the ordinate as “Halo mass in
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The Axion: advantage and opportunity
Simultaneous solution of two fundamental 
problems: CP violation and the origin of dark matter

QCD “favoured” regions from 10-6 eV to 10-3 eV

Weak axion photon coupling  implies long 
lifetimes (> 1033 years) but axion can be 
“stimulated” to decay via a magnetic field (Primakoff 
effect) Sikivie 1983, PhysRevLett.51.1415

gaγγ

Resonant (cavity, plasma)            
conversion of axions as well as                                             
non-resonant (vacuum) conversion         

F ∼ B2

F ∼ B2(ka)

Axion mass              
                       

human sized resonant cavities 
∼ 10−6eV → λCompton ∼ 1m

Axion energy                                  
240 MHz - 240 GHz photons                                   
= Radio Astronomy opportunity 

∼ 10−6eV − 10−3eV

Most of the parameter space above the model 
predictions (orange) will be covered in less than 10 
years
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Figure 21: Current (opaque) and projected (transparent) constraints on the axion-photon
coupling. All existing constraints are described in the preceeding sections. The esti-
mated sensitivities of several proposed and in-construction haloscopes are shown including
(from low to high masses, roughly): DANCE [502], ADBC [503], aLIGO [504], SRF cav-
ity [261], WISPLC [505], DM-Radio [235], FLASH [506], ADMX [507], ALPHA [207],
MADMAX [508], ORGAN [509], BRASS [510], BREAD [511], TOORAD [512], and LAM-
POST [216]. We also show projections for IAXO [513] and ALPS-II [514]. Finally, we
have displayed forecasted sensitivity to heavy dark matter ALP decays to X-rays using
eROSITA [515] and THESEUS [516], as well as a projection for a Fermi-LAT observation
of a galactic supernova [420]. Plotting scripts and data available at Ref. [421].

[7] J. A. Tyson, G. P. Kochanski and I. P. Dell’Antonio, Detailed mass map of
CL0024+1654 from strong lensing, Astrophys. J. 498 (1998) L107
[astro-ph/9801193].

[8] SDSS Collaboration, M. Tegmark et al., Cosmological parameters from SDSS and
WMAP, Phys. Rev. D 69 (2004) 103501 [astro-ph/0310723].

[9] D. Clowe, M. Bradac, A. H. Gonzalez, M. Markevitch, S. W. Randall et al., A direct
empirical proof of the existence of dark matter, Astrophys. J. 648 (2006) L109
[astro-ph/0608407].
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University of Washington
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Figure 2. This 2D Fourier Transform represents the spatial

and temporal modes of a non-static inhomogeneous mag-

netic field represented by two momentum modes and a µs
pulse. An axion converting in such a field will produce real

photons with two distinct frequencies, defined by the en-

ergy of the magnetic field modes contributing to the interac-

tion. We saw that only those modes with �E = mac
2
will

conserve both energy and momentum, allowing us to deter-

mine the contribution made by the field and the properties

of the real photons. The frequency of the real photons pro-

duced will be 522.6MHz and 783.9MHz based on an axion of

mass 2.05µeVc
�2

and momentum modes with k�0 = 7.7 and

11.5m�1
.

of the spectral line is defined only by the velocity dis-
tribution of the axion. However, in the astrophysical
environment conversion occurs in a remote region where
it is more di�cult to assess the magnetic field’s motion
with respect to the observer. We believe the most con-
servative position, that neither the dark halo nor the
magnetic field display net rotation with respect to the
rest frame of the Galaxy, is the most appropriate to
take for the purposes of of our initial investigations. In
such a frame the CDM velocity distribution is given by
va < 300kms�1 and the all-sky signal will display a
broadening of ⇠ 200kHz due to the orbit of the Sun
around the Galactic Centre.
By assuming a simple NFW profile (Navarro et al.

1997) for the CDM density, and a magnetic field strength
of 50µG at the Galactic Centre dissipating radially as
(rkpc)�1 along the Galactic disk, we can estimate the
all-sky flux at a central frequency of 495MHz to be
⇠ 3.2µJy. In determining this flux we have assumed
that the magnetic field is turbulent on small scales and
that the resulting signal is spread across the surface of
a sphere of radius d, the distance from the point of con-
version to the observer.

Figure 3. The sensitivity of SKA-mid shows considerable

improvement on the pre-cursor telescopes, the Australian

SKA Pathfinder (ASKAP) and the Karoo Array Telescope

(MEERKAT). In this Figure we show the coupling strength

that could be probed by observing the Interstellar Medium

across the frequency range accessible to ASKAP, MEERKAT

and SKA-mid. The system temperature of the SKA is min-

imised between ⇠ 2�7GHz, corresponding to an axion mass

of ⇠ 8.26 � 28.91µeVc
�2

and providing a good opportunity

for detection of both the KSVZ and DFSZ axion.

The higher CDM density and magnetic field strengths
at the Galactic Centre make this an obvious choice of
observations within the Milky Way, and with the den-
sity and magnetic field strength both dissipating radi-
ally one would expect the flux at the central frequency of
495.6MHz to dominate the all-sky signal. There are also
additional characteristics of the Galactic Centre that
may enhance this flux further. Maxwell’s equations re-
quire that r ·B = 0 which, when applied to Equation 1,
constrains the momentum vector of the virtual photon,
~k�0 , to be perpendicular to the direction of the classi-
cal magnetic field vector. It is then trivial to see that
in taking ~ka ⇡ 0, the direction of propagation of the
real photon is perpendicular to the direction of the mag-
netic field vector. With the Galactic Centre displaying
coherent fields in azimuthal and z directions, this could
further enhance the flux as compared to that observed
along the spiral arms.
When observing such coherent fields that are perpen-

dicular to the radial vector with Earth, in addition to
the flux being maximised, the polarisation of the real
photon should trace the direction of B as we saw in Sec-
tion 2.1. Critically, this polarisation is perpendicular to

Kelley and Quinn 2017 (1708.10399)
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Figure 21: Current (opaque) and projected (transparent) constraints on the axion-photon
coupling. All existing constraints are described in the preceeding sections. The esti-
mated sensitivities of several proposed and in-construction haloscopes are shown including
(from low to high masses, roughly): DANCE [502], ADBC [503], aLIGO [504], SRF cav-
ity [261], WISPLC [505], DM-Radio [235], FLASH [506], ADMX [507], ALPHA [207],
MADMAX [508], ORGAN [509], BRASS [510], BREAD [511], TOORAD [512], and LAM-
POST [216]. We also show projections for IAXO [513] and ALPS-II [514]. Finally, we
have displayed forecasted sensitivity to heavy dark matter ALP decays to X-rays using
eROSITA [515] and THESEUS [516], as well as a projection for a Fermi-LAT observation
of a galactic supernova [420]. Plotting scripts and data available at Ref. [421].
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Early Universe possibilities
Resonant Primakoff conversion   

 

Universe acts like a tuneable cavity 

 at some  

10-6 eV - 10-3 eV axions   

Photons are heavily Compton scattered 
(thermalized) and add  to CMB 

a → γ

ωplasma ∼ ne ∼ (1 + z)3/2

ωa = ωplasma z = za > zrecombination

za ∼ 105 − 107

ΔT

kΔTa ∼ EaB2g2
aγγδt ≠ f(za)

6
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Non-Primakoff conversion    

Axion 2 photon decay lifetime 
 

 

  (Caputo et.al. 2019, 1811.08436)

 

  

 

Spectral contribution rises to lower frequencies 
unlike CMB in Rayleigh-Jeans domain

a → 2γ

τa ∼ E−3
a g−2

aγγ > > tHubble

# decays m−3 ∼ na

τa
∼ (1 + z)3

τa → τa

Σ
ΣCMB = density of states = 2 (e

Ea
6k(1 + z) − 1)

−1

ΔE → ΔTCMB z > zrecomb

ΔE → spectrum z < zrecomb
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New experiments
New generation EoR detectors in the 
40-90 MHz band could provide 
interesting constraints on possible low 
frequency CMB distortions for the 
decay of axions in the 10-3 eV range 
( ) 

GINAN (Global Imprint from Nascent 
Atoms to Now) project 2023 (Ravi 
Subrahmanyan et.al.) 40 - 230 MHz 

ν0 < 108 Hz

7

Shaped Antenna measurement of the background RAdio Spectrum

SARAS 3


Raghunathan et.al. 2021 (2104.03522)


