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Abstract

The search for particle-like dark matter with meV-to-GeV masses has developed
rapidly in the past few years. We summarize the science case for these searches, the
recent progress, and the exciting upcoming opportunities. Funding for Research and
Development and a portfolio of small dark matter projects will allow the community to
capitalize on the substantial recent advances in theory and experiment and probe vast
regions of unexplored dark-matter parameter space in the coming decade.

Endorsers of this whitepaper should submit their author information, along with any
comments and suggestions, on this google form by March 31, 2022. A version 2 will be
uploaded in April.
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The landscape of low-threshold dark matter direct detection in the next decade

Executive Summary

We live in a galaxy filled with dark matter particles left over from the Big Bang. These
particles surround us and continuously stream through us, our laboratories, and the Earth.
Yet dark matter particles have never been detected with terrestrial experiments.

Advanced technologies employed in detectors with extremely low energy thresholds
may be used to search for rare interactions of the dark matter with ordinary matter. These
detectors are surrounded by low-background shielding and placed in underground labora-
tories to avoid backgrounds from cosmic rays. Historically, such “direct detection” exper-
iments have primarily focused on detecting particles with mass of order 1 − 1000 GeV/c2,
but a deeper understanding of dark matter theory suggests that dark matter may be part of
a dark sector and have a mass below the proton. Direct detection experiments play an es-
sential role in determining the particle nature of such dark matter. Moreover, for many of
these theoretical models, such as when dark matter couples to ordinary matter through a
light or massless mediator, direct detection provides the only opportunity for its detection.

This white paper focuses on new experimental approaches to probe lower mass dark
matter ranging from the proton mass to twelve orders of magnitude lighter (i.e. meV/c2 to
GeV/c2 dark matter particle masses).

The total energy density of dark matter is known. Therefore, as the hypothetical mass
of the dark matter particle decreases, the flux of dark matter particles increases in pro-
portion. In addition, the constraints on light dark matter cross-sections with ordinary
matter are currently very weak. As a result, current constraints imply that light dark mat-
ter candidates could be discovered with very small detector target exposures (as small as
1 gram-day), given sufficiently low energy thresholds and background rates.

Because dark-sector dark matter theories exist in which the dark matter interacts 1)
only with nuclei, 2) only with electrons, or 3) only with coherent modes in a target ma-
terial, experiments are needed to probe each of these interactions. In each case, new
parameter space may be probed with cutting-edge experiments that provide lower en-
ergy thresholds and/or lower backgrounds than currently are available. At the same time,
longer-term research and development (R&D) efforts to lower energy thresholds and lower
background rates would allow an even wider range of masses and interaction strengths to
be probed.

The search for low-mass dark matter has progressed enormously in the past few years,
with significant theoretical and experimental advances. By funding R&D towards improved
detector technologies, improved signal and background calibrations and characterizations,
and improved theoretical understanding of dark matter interactions in various materials,
we can build on these exciting recent developments. These improvements can then be
folded into the design of several experiments that are small, relatively inexpensive, and
naturally suited to a suite of small projects allowing particle physicists to probe vast regions
of well-motivated but unexplored dark matter parameter space in the next decade.
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1 Introduction

The search for particle-like dark matter (DM) interactions for DM masses below the proton
(“sub-GeV DM”) is an exciting and relatively new research direction that has made enor-
mous progress in the past few years. In the 2013 Snowmass Community Summer Study,
direct-detection searches for sub-GeV DM received no mention in the Cosmic Frontier sum-
mary report [1] and only a paragraph in the dedicated white paper on direct detection [2].
Furthermore, the sole MeV-to-GeV mass DM limit at the time [3] was based on a reinter-
pretation of data taken by XENON10 in the previous decade [4]. Since then, however,
the number of experimental searches (see Fig. 1) and theoretical studies has sky-rocketed
(see e.g. [3–95]), showing the growing importance of this nascent research field. With
appropriate levels of funding for experiment and theory, we have the exciting opportunity
to capitalize on the recent theoretical and experimental advances and probe vast regions
of unexplored DM parameter space in the coming decade.

The opportunities in low-threshold direct-detection have been explored in several re-
cent community reports, notably the Dark Sectors workshop 2016 [92], the US Cosmic
Visions: New Ideas in Dark Matter 2017 [93], the DOE Basic Research Needs for Dark Mat-
ter Small Projects New Initiatives 2018 [94], and the DOE Basic Research Needs Study on
High Energy Physics Detector Research and Development 2019 [95]. These reports paint a
compelling picture of increased funding for a “small-projects” portfolio and for increased
funding for R&D towards higher-sensitivity (lower threshold) detectors, improved back-
ground reduction, and for improved understanding of materials. At the same time, fund-
ing for theoretical research is crucial to e.g. increase our understanding of DM interactions
in materials, calculate novel background processes, and develop additional science oppor-
tunities for low-threshold detectors. Given the extensive available literature that describe
the science opportunities and instrumental progress in the field of low-threshold DM de-
tection, the purpose of this whitepaper (WP) is modest, aiming to provide a high-level
summary of the science opportunities and basics of low-threshold detection (Section 2), of
the recent experimental advances (Section 3), and of the experimental challenges facing
the sub-GeV DM direct-detection program in the next decade (Section 4).

We conclude the introduction with a short discussion of how this WP fits in with other
solicited WPs. In contrast to CF1 WP1 on “Dark matter Direct Detection to the Neutrino
Floor” [96], which focuses on direct-detection opportunities for DM with masses above
1 GeV, here we focus on sub-GeV particle-like DM down to masses O(meV). We do not
consider wavelike DM, which is covered by CF2. There is also an overlap with CF1 WP3
on “Calibrations and Backgrounds for Dark Matter Direct Detection” [97], which focuses
on backgrounds and calibrations for direct detection; here, we will focus on the efforts
specifically needed for sub-GeV DM direct detection. Finally, our description of the recent
incredible advances and future sensitivity goals of the ultrasensitive detectors needed for
sub-GeV DM detection will be brief to avoid too much overlap with the Instrumentation
Frontier’s WP1 on “Quantum Calorimeters and Single Electronic Excitation Detectors” [98]
and WP2 on “Photon Counting in Visible and near-IR” [99].
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Figure 1: Top left: Current 90% c.l. limits on DM-electron scattering through a heavy mediator from SEN-
SEI [38, 53, 75], CDMS-HVeV [39, 100], DAMIC at SNOLAB [54], EDELWEISS [101], DarkSide-50 [40],
XENON10 [3, 4, 102], XENON100 [103], XENON1T (S2-only (“S2o”) and single-electron (“SE”) analy-
ses) [104, 105], and PandaX-II [106]. Top right: Same as for top left plot but assuming scattering through
an ultralight mediator. Bottom left: Current 90% c.l. limits on DM-nucleon scattering through a heavy me-
diator from searches for elastic DM-nucleus scattering from SuperCDMS-CPD [107] and CRESST-III [108]
(solid lines), and from searches for the Migdal effect from DM-nucleus scattering from the semiconductor
experiments SENSEI [75, 109], CDMSlite [91], CDEX [49], and EDELWEISS [110] (short-dashed lines) and
from the noble-liquid experiments XENON10 [51], XENON100 [51], and XENON1T [56]. Bottom right:
Constraints on dark photon dark matter absorption are from SENSEI (orange) [38, 53, 75], DAMIC (dark or-
ange) [111, 112], EDELWEISS (dark blue) [101], XENON10 (blue), CDMSlite (dark orange) [15], XENON1T
(blue) [104, 105], and the Sun (green) [15, 113, 114]. Not shown are constraints from XENON100 which
are comparable to those of XENON10.
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2 Science Opportunities and Basics of Low-Threshold De-
tection

2.1 Sub-GeV Dark Matter and The Need for New Experiments

The main focus of the direct-detection program in the past few decades has been the search
for Weakly Interacting Massive Particles (WIMPs) (e.g. [115–119]), with masses above the
proton (∼1 GeV). Several experiments have focused on WIMPs and have now reached
multi-ton-scale target masses; a clear path exists for even larger detectors to reach the
neutrino fog (see CF1 WP1 [96]). However, a deeper understanding of DM theory and the
absence of an unambiguous positive laboratory signal suggest that the DM dynamics may
be more complex and that DM may be part of a dark sector, which consists of particles that
are not directly charged under the Standard Model (SM) gauge interactions. DM in a dark
sector can span a vast mass range, including the meV-to-GeV mass range that is the focus
of this whitepaper.

2.1.1 Sub-GeV DM Models

Various “portals”—mediated by dark-sector particles—are possible and allow for several
different types of DM interactions with Standard Model (SM) particles, e.g. [92, 93, 120–
122]. These interactions allow for DM to be produced in the early Universe with the
observed relic abundance through new mechanisms that are distinct from the thermal
freeze-out through electroweak-scale mediators typically associated with WIMPs. Indeed,
many production mechanisms accommodate sub-GeV DM, see e.g. [5, 6, 10, 123–191].
Several specific predictive benchmark models that can be probed by the next-generation
of sub-GeV DM direct-detection experiments discussed in this whitepaper are shown in
Fig. 2 in the parameter space of DM-electron scattering cross section (σe) versus DM mass
(mχ). We emphasize that these predictive target regions are also relevant for DM scatter-
ing with nuclei or DM scattering that produces collective excitations. However, it is also
possible for the DM to interact with the SM through mediators that couple, for example,
only to baryons or only to leptons, necessitating experiments that probe a range of pos-
sible interactions. Moreover, there are many other models that are not as predictive as
those shown in Fig. 2, but could nevertheless have direct-detection signals that are ob-
servable with low-threshold experiments; examples include bosonic DM (dark photons,
pseudoscalars, or scalars) (e.g., [160]).

2.1.2 The need for a broad low-threshold direct-detection program

Direct-detection experiments provide a crucial avenue to understand the particle nature of
DM.

• Discovering a new particle at an underground direct-detection experiment would con-
stitute evidence that such a particle constitutes all or at least part of the DM.
• It is important to note that the interactions between DM and the SM sector depend
on the DM and dark-sector properties. It is therefore imperative to pursue a range of

3
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Figure 2: Specific target regions in the DM-electron cross section versus DM mass plane in which DM is produced
with the observed relic abundance. For these benchmark models, DM interacts with both nuclei and electrons.
When applicable, we show existing direct-detection bounds (light gray) (see Fig. 1 and [181]) and constraints
from stellar cooling and the effective number of relativistic species (Neff) (darker gray) (see e.g. [10, 32, 173,
181, 192]). There are no existing collider bounds in these parameter spaces except in the top left plot, but
the constraints are model dependent and not shown (but see e.g. [10, 93, 94, 158]). Top left: DM-electron
scattering via a heavy mediator, leading to a DM form factor (FDM = 1). (i) A complex scalar produced through
thermal freeze-out via s-channel annihilation through a massive dark photon off-resonance [10, 123, 124, 126,
158] (red solid line) or near resonance [167] (red dashed lines (εR is related to the kinetic energy needed to be
on resonance); (ii) a Dirac fermion produced through an initial particle-antiparticle asymmetry and interacting
with the SM through a massive dark photon [10, 147] (orange region/line); (iii) a strongly interacting massive
particle (SIMP) produced through 3 → 2 interactions while remaining at the SM-sector temperature through
elastic scattering with SM particles [153, 154] (blue region); (iv) an elastically decoupling relic (ELDER) whose
abundance is determined by its elastic scattering off SM particles [159, 168] (blue dashed line); (v) a Majorana
fermion produced via thermal freeze-out through a vector mediator (cyan line); and (vi) a scalar DM particle
produced by inelastic scattering against a lighter particle from the thermal bath (“coscattering”) [172] (green
line). Top right: DM-electron scattering via an ultralight dark photon (FDM = (αme/q)

2); the observed relic
abundance is obtained via freeze-in along the orange line [5, 10, 145, 174, 181]. Bottom left: DM-electron
scattering through an electric dipole moment (FDM = αme/q), the observed relic abundance is obtained via
freeze-in along the colored lines for different re-heating temperatures TRH [181]. Bottom right: Same as
bottom left plot but for a magnetic dipole moment interaction [181]. Here FDM is non-trivial [63, 181].
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direct-detection concepts and technologies that allow us to probe DM interactions with
both nucleons (quarks) and with electrons in order to elucidate fully the DM properties.
The community has proposed several ideas that probe both types of interactions.
• It is important to have a strong program for DM that includes direct-detection exper-
iments in addition to accelerator-based probes. Indeed, while there are several dark-
sector models that can be investigated with both accelerator-based probes and direct-
detection experiments, which would allow for an exciting investigation of the DM prop-
erties from multiple angles, there are some models that can only be discovered with
one of these probes. Dark-sector models that contain velocity-suppressed interactions
between the DM and SM or consist of multiple dark-sector states in which the DM in
DM-SM scattering is required to up-scatter into a heavier state are best probed with
accelerators, while dark sectors in which the DM-SM interaction is mediated by a very
light or massless particle (leading to a scattering cross section that is enhanced at low
momentum transfer) are best probed by direct-detection experiments. For example,
direct-detection experiments provide the only possibility to test the freeze-in benchmark
model shown in Fig. 2 (top right). In particular, although the DM was never in ther-
mal equilibrium with ordinary matter in this scenario and the interactions between DM
and SM particles are therefore necessarily tiny, a light mediator (� keV) leads to a large
enhancement of the direct-detection cross section at low momentum transfers. Schemat-
ically, this cross section is given by

σe ∼ 4παDε
2α
µ2
χ,e

q4
, (1)

where the momentum transfer q is at most qmax ∼ µχ,evχ, ε is the kinetic mixing pa-
rameter, α (αD) is the usual (dark) fine-structure constant, and µχ,e is the DM-electron
reduced mass. The small momentum transfer in direct-detection experiments provide
a parametric enhancement relative to higher energy experiments, providing a unique
probe of this scenario.
• The interactions between sub-keV bosonic DM and the SM are already strongly con-
strained to avoid an anomalously large stellar cooling rate. The remaining viable param-
eter space can only be constrained by direct-detection experiments.

2.2 Basics of Direct Detection

2.2.1 DM scattering and DM absorption

There are two main types of interactions between the DM and a detector target material,
which depend on the DM properties, and lead to a drastically different signal shape: ab-
sorption and scattering. If the DM is a boson and has a direct coupling to SM particles,
it can be absorbed (by, e.g., a target electron); if instead the DM interacts with the SM
particles through a new mediator, the DM (either a boson or a fermion) can scatter off
the target material. For the absorption process, the entire rest-mass energy of the (non-
relativistic) DM is deposited into the target material (usually absorbed by an electron),
and the electron recoil spectrum consists of a delta-function smeared by the detector reso-
lution. For the scattering process, only a fraction of the DM’s kinetic energy is deposited,

5



The landscape of low-threshold dark matter direct detection in the next decade

and the signal shape is often much harder to calculate correctly. Current technologies can
probe DM absorption for DM masses as low as mχ ∼ 1 eV (the silicon band gap) and DM
scattering as low as mχ ∼ 500 keV (for which the kinetic energy is 1

2
mχv

2
χ ∼ 1 eV) (see

Fig. 1). Detection concepts exist that could allow future technologies and experiments to
probe DM absorption for masses as low as ∼1–10 meV and DM scattering as low as ∼1–
10 keV (see Fig. 4). The kinematics of the absorption process are straightforward, but we
will discuss in more detail the scattering process.

2.2.2 Kinematics of sub-GeV DM Scattering

WIMP direct-detection experiments typically search for nuclear recoils from elastic DM-
nucleus scattering. Indeed, for many DM models, DM-nucleus scattering is the dominant
interaction between the DM and SM sector. This is because there is often a coherent
enhancement across the nucleons or protons so that the DM scattering cross section scales
as Z2 or A2. Although the expected DM flux increases for lower DM masses, inversely
proportional to the DM mass,

DM flux ∼ 7× 109 cm−2s−1

(
1 MeV

mχ

)
, (2)

the DM’s kinetic energy Ekin,

Ekin . 10 eV
( mχ

6 MeV

)
, (3)

decreases for lower DM masses (here we took the DM speed to be the galactic escape
velocity, ∼544 km/s). Moreover, in elastic scatters only a small fraction of the DM’s kinetic
energy is transferred to the recoil energy ENR of the nucleus for DM masses mχ � 1 GeV,

ENR . 5 eV ×
( mχ

100 MeV

)2
(

130 GeV

mN

)
, (4)

where we took the maximum relative speed between the DM and detector to be the galac-
tic escape velocity plus the Earth velocity (vesc + vmean ∼ (544 + 220) km/s) to estimate the
maximum nuclear recoil energy. We see that the energy transfer to a nucleus, as the DM
mass is lowered below the GeV scale, quickly falls below the threshold of the most sensitive
current generation DM experiments. Still, several ideas exist to enhance the signal from
elastic sub-GeV DM-nucleus scatters, which we will discuss in Sec. 3. These are important
to pursue, since in general searches for nuclear recoil signals have lower radioactive back-
grounds (since the dominant radioactive background sources produce electronic recoils).
The kinetic energy and maximum nuclear recoil energies are shown in Fig. 3 for various
target materials.

In contrast to elastic DM-nucleus scatters, processes in which the DM scatters inelasti-
cally with a detector target material allow for the transfer of a large fraction of the DM’s
kinetic energy to the target material. Examples of inelastic processes are (i) DM scattering
with bound electrons, (ii) DM scattering with nuclei through the Migdal effect or accom-
panied by a photon from bremsstrahlung, and (iii) DM-target scattering that produces a
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Figure 3: Illustration of regions of DM mass kinematically accessible with different detection concepts, detec-
tor target materials, and technologies. Elastic nuclear recoils will have an energy that lies in the “Elastic NR”
band (the width of the band is set by scattering off hydrogen and xenon, respectively). In contrast, inelastic
scattering allow for the extraction of an O(1) amount of the DM kinetic energy, that lies along the lines
labelled “Maximum Energy” and “Mean Energy” corresponding to DM moving at the galactic escape velocity
vesc ∼ 544 km/s or the mean velocity vmean ∼ 220 km/s, respectively. Recently developed technologies can
probe DM masses as low as ∼1 MeV, while novel detectors are needed to achieve sensitivity to DM down to
near the fermionic DM bound at 10 keV.

collective excitation. For these processes to occur, the DM’s kinetic energy must be larger
than the energy needed to create the desired excitation, which depends on the properties
of the target material. For example, the binding energy of the least-bound electron in
atoms (e.g. Xe) is of O(10 eV), in insulators (e.g. diamond, NaI) of O(5 eV), in semicon-
ductors (e.g., Si, Ge, GaAs) of O(1 eV), and in low-gap materials (Dirac materials, doped
semiconductors, and superconductors) of O(few meV). This allows DM as light as 6 MeV
(O(keV)) to excite an electron in an atom (low-gap material) (see Eq. (3)). In addition,
solid-state targets (e.g., Si, Ge, GaAs) and superfluid He have phonon modes of O(meV)
that could be excited by the scattering of DM as light asO(keV). Fig. 3 shows several target
materials, their excitation energy thresholds, and the DM kinetic energy.

It is important to note that the “kinematic matching” for the inelastic processes is ex-
cellent in several materials, allowing DM to produce the excitation with a large rate. As an
example, we consider DM with masses in the MeV-to-GeV range that scatters off an elec-
tron in a semiconductor. While the electron momentum is not fixed, its typical momentum
is of O(αme) ∼ few keV. Since the electron is lighter and moving much faster than the
DM (ve ∼ O(α) versus vχ ∼ 10−3), the momentum transfer from the DM to the electron is
also ∼ αme, and hence the recoil energy of the electron is ∼ αmevχ ∼ few eV. This recoil
energy is above the semiconductor band gap O(eV), and hence there is no suppression in
the rate from, e.g., requiring the initial electron momentum to be different from its typical
momentum. The same argument is often applicable also to lower-gap materials and also
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to DM creating collective excitations in several materials.

2.2.3 Signals from Sub-GeV DM Scattering and Absorption

The signal from sub-GeV DM scattering off electrons, individual nuclei (possibly with a
bremsstrahlung photon or a Migdal electron), or a condensed-matter system consists of
one or a few electrons, one or a few photons, or a collective excitation (such as phonons,
rotons, plasmons, or magnons). In Sec. 2.3 and Sec. 3, we discuss recent progress in
detecting these small signals.

Given the current constraints on sub-GeV DM, exposures of O(gram-day) can probe
new parameter space if backgrounds are under control. In addition, near-term experiments
will likely probe parameter space in which the DM interaction with ordinary matter is
sufficiently large to allow for DM to scatter in the Earth before reaching the detector; this
leads to a diurnal modulation in the signal rate (see, e.g., [193–195] and the DMSQUARE
experiment [196]), and could help distinguish a DM signal from backgrounds.

It is also worth noting that it may be possible to exploit the anisotropies of condensed
matter systems to allow directional detection of sub-GeV DM [5, 17, 26, 28, 45, 66, 68,
69, 86, 89], which would also lead to a daily modulation, again potentially helping to
distinguish a DM signal from backgrounds.

While the majority of efforts in sub-GeV particle DM detection are focusing on detecting
electrons, photons, or collective excitations from DM, other novel possibilities exist. Since
sub-GeV DM needs to interact with ordinary through new light mediators, it is possible for
it to have long-range interactions if the mediator is sufficiently light (this is the case for,
e.g., the freeze-in benchmark scenario). These interactions could lead to novel signals [65].

2.3 Recent Progress and Next Goals

2.3.1 Recent Progress in Sensor Development

The past few years has seen rapid progress in detectors capable of sensing such small en-
ergy depositions. In particular, devices capable of detecting single electrons include two-
phase xenon and argon time projection chambers (TPCs, used by XENON10/100/1T/nT,
LUX/LZ, DarkSide, and PandaX), silicon Skipper-charged-coupled-devices (Skipper-CCDs,
used by SENSEI, DAMIC-M, and Oscura), and high-voltage charge amplification with tran-
sition edge sensor (TESs, used by SuperCDMS HVeV) or neutron- transmutation-doped
(NTD, used by EDELWEISS) readout, with TESs and NTDs also capable of sensing low-
energy heat deposition from DM scattering (SuperCDMS CPD, CRESST-III, and EDEL-
WEISS). These technologies have led the first experimental searches for sub-GeV DM and
have produced so far the leading set of constraints on sub-GeV DM interactions shown
in Fig. 1. Some of these technologies are actively being scaled up to increase the target
mass and exposure. Another technology capable of sensing single electrons are depleted
p-channel field effect transistors (DEPFETs). Single photons can be detected with, e.g.,
TESs or superconducting nanowire single photon detectors (SNSPDs). An active R&D pro-
gram exists to push the TES technology to eventually sensing even single phonons. We will
discuss some of these technologies further in Sec. 3.

8



The landscape of low-threshold dark matter direct detection in the next decade

Figure 4: Figures are adapted and updated from BRN report [94]. Top left: Current 90% c.l. constraints on
DM-electron scattering through a heavy mediator from direct-detection experiments (including bounds on
the solar-reflected DM component) (beige, as in Fig. 1 and from [197], but see also [198, 199]) together
with approximate regions in parameter space that can be explored in the next ∼5 years (“near-term”, green)
and on longer timescales (“far-term”, blue). Orange regions labelled “Key Milestone” represent concrete
dark-matter benchmark models and are the same as in the BRN report [94]. Along the dotted line DM
would produce about three events in an exposure of 100 gram-year, assuming scattering off electrons in
a hypothetical target material with zero threshold. Top right: As for left plot, but assuming DM-nuclear
scattering; direct-detection bounds are from [50, 51, 56, 200, 201], while the cosmic-ray accelerated DM
bounds are from [42, 59]. Bottom left: As for top-left plot, but assuming scattering through an ultralight
mediator. Direct-detection bounds are as in Fig. 1, while other bounds are collected in [10, 57, 198]. Green
region at large cross section values is allowed for a subdominant DM component [57]. Bottom right: As for
top-left plot, but for the case of dark-photon dark matter absorption (bounds are as in Fig. 1).

Besides the phenomenal improvements in the sensors, significant progress has also
been made in characterizing and understanding potential low-threshold backgrounds. We
will discuss this further in Sec. 4.
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2.3.2 The Next 10 Years

The goals of the low-threshold direct-detection program over the next ∼10 years are mul-
tifold. Several experiments are attempting to scale up the target mass and/or reduce
and understand low-energy backgrounds. US-funded experiments specifically designed to
search for sub-GeV DM include SENSEI, DAMIC-M, and SuperCDMS, while LZ, XENONnT,
and DarkSide-20k are also expected to probe sub-GeV DM. The recent DoE Basic Research
Needs workshop on small-scale DM experiments funded the R&D, engineering, and project
development of Oscura (using Skipper-CCDs) and TESSERACT (using TES readout for var-
ious targets that include superfluid He, GaAs, sapphire, and silica).

Several collaborations have ongoing R&D efforts in sensor development, in reducing
backgrounds, as well as in characterizing and calibrating the expected DM signal and
backgrounds [94, 95]. Assuming funding is forthcoming, the next few years should see
significant progress in probing DM scattering down to DM masses of about 1 MeV and DM
absorption down to DM masses of 1 eV. At the same time, the development of improved
sensors to low energy depositions should allow us to probe DM well below these masses
in the latter part of this decade. Continued funding is needed in sensor development,
background reduction and calibration, material characterization, and in the theoretical
characterization of DM signals and backgrounds; this also includes interdisciplinary re-
search between particle theory and experiment, condensed matter theory and experiment,
AMO physics, and quantum sensor technologies. The outcome of this would be the ex-
ploration of many orders of magnitude of well-motivated and unexplored DM parameter
space, as shown in Fig. 4.

3 Detection Techniques

In general, technology development for Sub-GeV DM searches centers on detector improve-
ment. Depending on where the improvement is made (i.e., in threshold or discrimination
power), the subsequent yield will change by different amounts for different DM search
channels. Current detector R&D for sub-GeV DM searches can generally be placed in one
of 3 categories based on the energy threshold of the detector: 20 eV scale, eV-scale, and
meV-scale, and we will break down this section in accordance with these thresholds. The
particular mapping onto “electron recoils” (ER) or “nuclear recoils” (NR) DM sensitivity
will then depend both on the nature of the interaction with the target, and on the sensitiv-
ity of the readout. The former is covered in Sec. 2, and we note that sensitivity to ER also
implies sensitivity to DM-nucleus interactions via Bremsstrahlung and the Migdal effect. In
the last section, we cover interactions that are collective in nature or rely on non-traditional
paradigms, including deflection of dark matter and single phonon emission in collective
media. In this section we focus on developments that enable lower thresholds or improved
event discrimination and discuss the implications of R&D on these developments.

To guide the discussion in this section, we refer the reader to Table 1, which lists the
threshold regimes, the minimum mass that can be probed, and the relevant techniques
discussed in the subsequent sections. Fig. 3 shows the breakdown of mass reach versus
threshold to help map specific technologies onto science goals discussed in Sec. 2.
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Section Threshold Lowest DM
Mass Probed

Relevant Techniques, Technolo-
gies, and Materials

3.1 20 eV 20 MeV (ER)
100 MeV (NR)

Noble Elements (TPCs & SPCs)
Solid-State Charge Detectors
Phonon Detectors
Threshold Detectors

3.2 500 meV 1 MeV (ER/NR)
500 meV (Abs.)

Semiconductor Detectors
Athermal Phonon Detectors
Scintillators
NIR Photon Detectors

3.3 5 meV 10 keV (CE)
5 meV (Abs.)

Superconductors
Low-Gap Materials
Athermal Phonon Detectors
Polar Materials
Superfluids
FIR Photon Detectors
Magnetic Bubble Chambers
Other new ideas

Table 1: Overview of main sub-GeV thrusts categorized by energy threshold. The three thresholds correspond
very roughly to current thresholds for liquid Noble TPCs and G2 experiments (20 eV); next-generation de-
tector thresholds, including single-charge semiconductor detector and athermal phonon detectors (0.5 eV);
and the lowest threshold required to probe down to the bound on Fermionic DM (5 meV, required to probe
10 keV scattering). These are based on an experiment’s potential to exclude DM candidates; in many cases,
discovery potential near the lowest masses will require further improvements in energy threshold. We have
also listed relevant technologies for each regime. In the column “lowest mass probed,” we list the lowest
mass achievable assuming Electron Recoils (ER), Nuclear Recoils (NR), Absorption (Abs.), and a catch-all
for other processes we refer to as collective excitations (CE). The mass bounds are based on the assumption
that the given target can extract the maximum kinetic energy of the DM at galactic escape velocity; real
mass bounds for specific techniques are not likely to achieve these exact targets but will in principle be well
matched enough with the DM to come within an order of magnitude. The time-line for technologies that go
below 5 meV in threshold are beyond a decade and we do not consider them in this whitepaper.
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3.1 20 eV Thresholds and Higher

As described in CF1 WP1 [96], the current slate of DOE-funded G2 experiments and
their counterparts plan to explore the parameter space for spin-independent galactic DM-
nucleon couplings to within an order of magnitude of the neutrino fog for DM masses
above the proton. These mature detector technologies have the potential to reach into the
sub-GeV DM mass range given additional dedicated R&D at the relevant energy scales. A
natural benchmark for these detectors is energy thresholds near the ∼ 20 eV-scale, which
corresponds to the energy required to produce single quanta in many of these target ma-
terials, and therefore the fundamental limit that they can probe. These detectors have the
potential to explore many of the key milestone models highlighted in Fig. 4.

Significant strides have been made in recent years to enhance sensitivity in this mass
range, but as energy thresholds decrease, many detectors lose their ability to discrimi-
nate against backgrounds, necessitating novel detector ideas, more stringent radiopurity
requirements, dedicated calibration experiments, and an improved understanding of in-
trinsic detector backgrounds. Additionally, these improvements must be maintained as
experiments scale to larger target masses. This section will highlight the current status of
detector technologies capable of improving sensitivity to DM masses above 20 MeV for ERs
and 100 MeV for NRs.

3.1.1 Noble Elements

Noble liquid detectors, particularly liquid argon (LAr) and liquid xenon (LXe) time pro-
jection chambers (TPCs), have historically been powerful probes for DM candidates with
masses in the range of a few MeV/c2 to 10 GeV/c2, with efforts concentrated in several
science collaborations. This includes ArDM [202], DarkSide-50 [203], DEAP-3600 [204],
and MiniCLEAN [205] in the LAr community, which have recently come together to form
the Global Argon Dark Matter Collaboration (GADMC), and PandaX [206], LZ [207], and
XENON/DARWIN [208] in the LXe community. The members of the LZ and XENON/
DARWIN have signaled their intent to work together on a next-generation LXe experi-
ment [209].

To date, the lowest energy thresholds achieved by dual-phase noble liquid TPCs were
obtained in studies focusing solely on the ionization signal (S2), rather than the scintil-
lation signal (S1), as shown in Fig. 1. Due to the large amplification of the S2 signal
in such detectors, individual electrons can be detected with high efficiency, resulting in
energy thresholds below 1 keVnr, approaching the single quanta limit of this technology.
Achieving such thresholds by analyzing only S2 signals comes with drawbacks, includ-
ing the loss of discrimination between ERs and NRs, loss of time resolution, and a class
of pathological single- and few-electron backgrounds that dominate the lowest energy
bins [105, 210, 211]. Still, this class of detector has the lowest demonstrated background
rate per unit target mass, even in S2-only mode, allowing the most stringent DM cross-
section limits to date over a wide range of DM masses and interaction models (see Fig. 1).

By scaling up noble liquid detector mass or reducing single electron backgrounds, there
is the opportunity to probe lower DM cross-sections through the S2-only channel. Chal-
lenges associated with scaling a noble liquid experiment are fairly well-understood, due
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in large part to the current generation of tonne-scale TPCs, but methods for reducing the
background rates and the detector response at the relevant energies have not been com-
prehensively studied. The loss of discrimination between ERs and NRs in S2-only analyses
elevates the importance of mitigating electromagnetic backgrounds that arise from beta-
emitters in the bulk liquid and gamma-emitting impurities within detector materials, which
leads to more stringent requirements on the radiopurity of detector components and the
liquid targets. Another major contribution is spurious electron backgrounds, which are
likely due to some combination of delayed re-emission of electrons captured on trace elec-
tronegative impurities, photoionization of detector components, and charge buildup at
the liquid-gas interface [105, 211–218]. These processes are sensitive to trace levels of
chemical impurities in the bulk liquid, outgassing, and the electric field configuration.
Dedicated studies of spurious electron backgrounds could lead to mitigation techniques,
including optimizations of drift and extraction fields and improved methods for removing
electronegative impurities. Even with background improvements, significant uncertainties
in the ionization yields of noble liquids to low-energy ERs and NRs hinder the analysis of
data at very low energies. Significant R&D to tackle many of the issues outlined here has
been proposed and is being pursued, as detailed in [219], [220], and [78].

If current and future generations of TPCs can combine the benefits of a mature, scal-
able technology with the low-energy sensitivity gained through these improvements, they
will be capable of competitive sensitivity to a wide variety of existing low-mass models,
including the ER and relatively less-studied absorption channels. Suggestions for these
studies can be found in [221], [222], and [223].

Finally, the sensitivity of noble liquid detectors can be extended by doping the target
medium. At low concentrations, additives with low ionization energies can increase the
scintillation and ionization yield by allowing energy that would otherwise be lost as heat to
translate into additional ionization and excitation. At higher concentrations, additives with
low-A nuclei can serve as targets with stronger kinematic couplings to light DM particles,
and additives with odd-A nuclei offer sensitivity to spin-dependent interactions. To pursue
this route, dedicated calibration experiments are needed to measure yields and intrinsic
distributions with the inclusion of these dopants. These ideas, as well as the requisite R&D
to bring them to fruition, are described further in [219] and [224].

The NEWS-G collaboration searches for sub-GeV mass particles using spherical pro-
portional counters (SPCs) filled with light gases, including neon, methane, and helium.
Similar to their liquid counterparts, SPCs must continue to lower background rates as they
scale to larger mass. Highlighted in [225], the goal of the NEWS-G collaboration is the con-
struction of DarkSPHERE, a 300 cm diameter SPC made from electroformed copper that
would operate at the Boulby underground laboratory. DarkSPHERE would hold up to 5-
bar of helium/iso-butane (10%) mixture, increasing exposure, lowering backgrounds, and
using a lighter target nucleus than the current SNOLAB NEWS-G experiment. Addition-
ally, the use of a novel multi-anode sensor within a low-pressure gas target could allow for
directional measurement of nuclear recoils, enabling powerful event discrimination and a
path into the neutrino fog.
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3.1.2 Solid-State Charge Detectors

Echoing the continuing evolution of noble liquid TPCs described above, charge detectors
have seen substantial improvements over the last several years, resulting in significantly
reduced energy thresholds. Solid-state charge detectors, including charge-coupled devices
(CCDs) and semiconductor crystals, can now efficiently detect single ionized electrons with
the potential to push nuclear recoil sensitivity down to DM masses near 1 MeV, approxi-
mately an order of magnitude lower in mass than noble liquid detectors. These detectors
must contend with a similar set of background issues, most notably internal radiological
backgrounds, external gamma-rays, and dark currents, and methods for minimizing these
will become increasingly critical as these detectors scale in target mass.

CCDs have low noise, a small bandgap, and can be assembled within a low-background
package, making them excellent targets in which to detect single charges produced by DM
interactions. The DAMIC experiment has deployed an array of Si CCDs, achieving com-
petitive sensitivity for GeV-scale WIMPs [111]. CCD detector performance can be further
improved by performing repeated, non-destructive readout of charges from a single pixel,
a technology known as skipper-CCDs [24]. These skipper-CCDs have significantly reduced
readout noise, allowing for precise charge counting of single electrons. Planned and fu-
ture experiments employing skipper-CCDs, including SENSEI, DAMIC-M, and Oscura, are
described in Section 3.2. A significant uncertainty in applying these techniques to NRs is
the calibration of ionization yield from NRs below keV energies, which is an active area of
research [97].

The previous generation of DM experiments at the GeV-scale also employed the NTL
effect [25, 226–228] to convert charge to phonon energy, which can then be read out with
a conventional phonon detector. Upcoming experiments SuperCDMS SNOLAB [229] and
EDELWEISS [230] will use 20 eV (Si/Ge) and 100 eV (Ge) resolution phonon detectors,
equivalent to 0.1 – 1 electron-hole pair at 100 V bias. The fiducial mass of these detec-
tors will be O(kg), making them competitive with DAMIC-M and SENSEI in charge-only
channels at higher thresholds. Both experiments will also operate a comparable mass of
detectors in low-voltage mode with slightly higher phonon resolutions in conjunction with
discrete charge electronics, which will allow for ER/NR discrimination, as well as in-situ
measurement of the charge yield of backgrounds relevant to sub-GeV DM searches. More
detail on phonon-based charge-readout R&D is described in Section 3.2.

Large-area silicon photomultipliers (SiPM) arrays with low dark count and cross-talk
rates, such as those developed by the GADMC [231], could be re-purposed as stand-alone
DM detectors as described in [232]. In standard SiPMs, the sensitive volume is a shallow
depletion region that extends 5-10 µm from the sensor surface. In back-side illuminated
SiPMs (B-SiPMs), the depletion zone extends across the full thickness of the silicon sub-
strate, with typical thicknesses on the order of 10-50 µm and the possibility of developing
B-SiPMs with thicknesses up to 500 µm. A B-SiPM-based detector using a 1 kg radio-pure
silicon target operating immersed within a liquid neon veto bath, which dramatically re-
duces the dark count rate in the detector, and read-out with integrated CMOS electronics
could achieve a threshold of ≈150 eV and exposure comparable to CCDs. While the ul-
timate energy threshold of this techniques is limited, thanks to the considerable pace of
SiPM development, the low number of readout channels per wafer, and the relatively low
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cost of wafer production, this technology is potentially rapidly scalable.

3.1.3 Phonon Detectors

Large-mass, cryogenic crystalline phonon detectors are a proven technology currently de-
ployed by several experimental collaborations, including SuperCDMS [233], EDELWEISS [101],
and CRESST [108]. These detectors generally consist of a crystal target outfitted with a
temperature sensor capable of detecting the temperature rise that follows a particle inter-
action. These detectors must operate at cryogenic temperatures, generally below 50 mK,
and are typically read out via one of two techniques:

• Thermal readout - the temperature of the crystal is precisely monitored, and devia-
tions from the base temperature with timescales consistent with particle interactions
are interpreted as discrete events. Neutron Transmutation Doped (NTD) Ge thermis-
tors are one technology commonly used in this approach. Transition edge sensors
(TES) can also be used to monitor crystal temperature. Thermal readout has a res-
olution scaling with crystal volume, and thus achieving thresholds much below the
20 eV scale has not been proposed.

• Athermal readout - phonons are collected in superconducting sensors before they can
thermalize. TES-based QETs employ superconducting fins to collect phonons, effec-
tively increasing the sensitive area of the sensor[234, 235]. The last several years
have seen significant improvements in the detector resolution and energy thresholds
of this technology, as described in detail in Section 3.2.

The status of current-generation experiments is described below.
The SuperCDMS experiment will operate 24 detectors in a 15 mK cryostat at SNO-

LAB. The detectors are fabricated from either Si or Ge in one of two configurations. iZIP
detectors are sensitive to both ionization and phonons, allowing for ER discrimination,
which is advantageous for NR searches. HV detectors have no ionization sensors, and
therefore no ER discrimination, but are operated at ∼100 V bias to take advantage of the
Luke-Neganov effect to amplify the phonon signal as described in the previous section. Su-
perCDMS SNOLAB expects to have sensitivity to NR masses between 0.5-5 GeV to within
a decade of the neutrino fog, and to electron scattering of MeV-scale DM and/or absorp-
tion of eV-scale dark photons and/or axion-like particles (ALPs). The current experiment
expects to be background limited by cosmogenically activated isotopes, 3H and 32Si, 210Pb,
and dark counts. SuperCDMS has established paths to upgrade the experiment, with pro-
visions for several scenarios, including a positive detection by another G2 experiment. The
SuperCDMS collaboration is undertaking a multi-stage program to improve detector per-
formance, as described in [233], and discussed in more detail in Section 3.2. The current
generation of detectors is expected to achieve resolutions on the order of 10–20 eV based
on initial demonstrations [233].

CRESST-III operated an array of CaWO4 cryogenic scintillating calorimeters, capable of
simultaneously measuring scintillation photons and phonons via TES, at the LNGS through
early 2018. CRESST achieved 30 eVnr thresholds in a 23.6 g crystal, resulting in a sensitiv-
ity down to NR masses of 160 MeV [108] (see Fig. 1). The background rate in this crystal

15



The landscape of low-threshold dark matter direct detection in the next decade

increases significantly near the detector threshold, and the origin of these events is under
active study[236, 237]. Similarly, the EDELWEISS collaboration operated a 33.4 g high
purity Ge crystal as an ionization and Luke-Neganov enhanced phonon detector with sen-
sitivity to eV-scale electron signals [101] and a phonon resolution of 60 eV. This detector
demonstrated the potential of cryogenic Ge detectors for sub-GeV ER searches (see Fig. 1).

3.1.4 Threshold Detectors

Bubble chambers operate by super-heating a target fluid to a point where the localized
energy deposition from a nuclear recoil creates a single bubble in the chamber, while
the more diffuse energy depositions from electron recoils do not, making these detec-
tors effectively blind to the electron recoil backgrounds that dominate other DM detec-
tion techniques [238]. A noble liquid bubble chamber extends the sensitivity of bubble
chambers to sub-keV thresholds, maintaining the electron recoil insensitivity and 3D-event
re-construction capabilities of operating detectors while adding a scintillation channel that
can be used to discriminate higher energy nuclear recoils from fast neutrons. A 10 kg
scintillating bubble chamber that will be used for calibration measurements is currently
under construction at Fermilab. This could be followed by increasingly large chambers on
the path towards a multi-tonne detector. Noble liquid bubble chambers present a scalable,
affordable, and background-free method to search for GeV-mass DM to the solar neutrino
fog [239].

A pure liquid can also be placed into a meta-stable state below the freezing point. A
particle interaction can then create a nucleation site, and the resulting freezing creates a
signature increase in temperature and dielectric constant. This technique is similarly insen-
sitive to electron recoil backgrounds, providing a path into the coherent neutrino scatter-
ing fog. A super-cooled liquid detector should intrinsically possess lower-energy thresholds
than needed for ionization [240] and super-cooled water could achieve keV-scale energy
thresholds. Dedicated measurements are needed to demonstrate these energy thresholds
and fully characterize electron recoil discrimination capabilities of a super-cooled detector
at these energies.

3.2 500 meV-Scale Thresholds

A significant technological transition occurs below the 20 eV scale, first when DM scatter-
ing energies become comparable to the ionization energy of liquid nobles, and then when
the available DM scattering energy is not sufficient to produce ionization events in a liquid
noble detector. The maturity of technologies in this regime also varies significantly across
different DM searches; charge and photon sensing detectors are mature at eV-scale thresh-
olds, with multiple experiments achieving sensitivity down to the bandgap in Si/Ge, but
athermal phonon detectors, and detectors focused on detection of nuclear recoils, are still
an order of magnitude in sensitivity from maturity at these energy scales. In this section,
we will review technologies of various maturity that can probe all DM candidates down to
eV-scale energies. The energy threshold for this section has been set at 0.5 eV, roughly the
bandgap of Ge, as a reflection of the maturity of Ge as a DM detector.
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The mature detectors in this energy regime are R&D improvements to technologies that
have been used in DM for over a decade.

3.2.1 Low-Threshold Athermal Phonon Detectors

All of the experiments with a heritage of thermal and athermal phonon detection over
the last few decades are engaged in active R&D to lower phonon detection thresholds.
These are based on thermal phonon readout, in which crystal temperature is monitored
and abrupt temperature changes due to radiation events are identified, as well as ather-
mal phonon readout, in which phonons are collected by superconducting sensors before
they can fully thermalize. Most experiments are on the cusp of achieving sub-eV resolu-
tion, with detectors optimized to trigger below 20 eV. Ref. [237] gives a recent overview
of DM searches with eV-scale energy resolutions based on R&D detectors from CRESST,
EDELWEISS, SuperCDMS, and MINER.

SuperCDMS has developed 10 g [241] and 1 g [235] Si detectors with 3 eV resolution,
and demonstrated 10 eV thresholds with offline triggering algorithms [235], based on W-
TES athermal phonon sensors. Both have placed limits on DM models that extend into
the eV-scale energy range [100, 107] in NR and ER channels, though resolutions are still
more than an order of magnitude from the 0.5 eV target for probing NR DM down to
the ionization limit. Additional R&D has demonstrated noise performance equivalent to
200 meV resolution [234], close to 1 eV thresholds. Si is well-matched to ERDM down
to 2 MeV, and is competitive for elastic NR searches with other light elements such as
sapphire (Al2O3) and CaWO4. SuperCDMS is planning near-term tests with 1 g detectors
similar to the Si HVeV with comparable baseline resolution at the eV scale [233].

CRESST, in collaboration with the νCLEUS coherent neutrino program, has achieved
19 eV thresholds in Al2O3 (sapphire) [242] and 30 eV in CaWO4 (calcium tungstate) [108]
crystals, respectively, and is engaged in R&D to pursue lower thresholds with smaller de-
tectors for next-generation particle detectors. As discussed in the previous section, the
CRESST-III result [108] sets the best current constraints down to ∼200 MeV on sub-GeV
DM scattering elastically off nuclei.

Several experiments have near-term plans to expand to using novel substrates for
phonon detection. SPICE, part of the TESSERACT program, is building on TES-based
phonon sensor work in conjunction with SuperCDMS and MINER to expand to SiO2 (quartz)
and sapphire substrates [243]. SuperCDMS is expanding work to diamond [58] and
SiC [70] substrates, with both substrates expected to achieve gains in phonon resolution
due to higher phonon quality and low electronic backgrounds due to higher band gaps
(3-5 eV). CRESST has demonstrated a diamond detector with 70 eV resolution [244] on a
CVD substrate, and is also planning near-term R&D to achieve sub-Gev reach in diamond.
While diamond is targeted primarily at NR detection in this energy range, the remain-
ing substrates are polar, which opens low-mass detection windows through dark photon
mediated interactions with optical phonons [61].

While NTDs and TES-based sensors have dominated phonon-readout for the last decade,
new superconducting technologies are poised to broaden options of phonon readout. Ki-
netic Inductance Detectors (KIDs) are superconducting thin-film absorbers constructed as
an LC resonator. The breaking of Cooper pairs due to phonon absorption within the film

17



The landscape of low-threshold dark matter direct detection in the next decade

changes their surface impedance — an effect that can be measured and related to the ini-
tial deposition energy via an RF tone. Current energy resolutions of <20 eV have been
demonstrated, with a roadmap down to the eV-scale [245]. Improved fabrication tech-
niques such as “tile-and-trim” and “post-measurement lithographic correction”, and new
readout techniques like “bandwidth recycling” are calculated to allow fabrication of over
a million KID pixels on a single 6-inch wafer, exploiting the simple RF multiplexability of
these devices [246].

Magnetic Microcalorimeters (MMCs) are another superconducting technology that are
being developed for sub-GeV DM detection via athermal-phonon sensing and phonon-
pulse shape discrimination [247–249]. They use thin metallic-magnetic films deposited
on the surface of semiconducting or scintillating crystals for fast collection and sensing of
athermal phonons with timescales on the order of microseconds, which enables phonon-
pulse shape discrimination to reduce low energy backgrounds from electron-recoils in NR
searches. Near-term advances to optimize for energy resolution are anticipated to achieve
O(eV) energy thresholds, and tests are planned for sapphire and diamond, specifically
targeting sub-GeV DM searches.

3.2.2 Single-Charge Semiconductor Detectors

As described in Sec. 3.1, silicon CCDs have recently come to the forefront of low-mass DM
detection, and have become even more powerful with the advent of the skipper-CCD tech-
nology, which enables repeated, non-destructive readout of charges from a single pixel.
This method has been shown to reduce readout noise to 0.068 e−rms/pix [24], allow-
ing for precise charge counting down to single electrons. The first effort utilizing these
skipper-CCDs for DM searches is the SENSEI experiment, which has reported sensitivity
down to the expected ∼1 MeV and whose goal is to deploy about 100-g of skipper-CCDs at
SNOLAB [38, 53, 75]. The DAMIC-M collaboration will also employ skipper-CCDs, aiming
for a 1 kg target mass [250].

Looking ahead, the SENSEI and DAMIC-M collaborations have joined to propose Os-
cura [90], a 10 kg skipper-CCD experiment that will have significant physics reach for
both DM with masses &1 MeV scattering off electrons and DM with masses &1 eV being
absorbed by electrons. Due to the ability to clearly resolve single electrons, the energy
detection threshold is already at its fundamental limit. Instead, the ultimate sensitivity of
these experiments will be limited by overall exposure, as well as a detailed understand-
ing of low-energy physics phenomena and detector effects. Thus, the technological R&D
challenges are more related to scaling the detector size rather than detector threshold, and
include fabrication of CCDs, low-noise readout of many channels, and reduction of back-
grounds coming from detector materials. There has been recent progress in understanding
the single- and few-electron events [81, 251], but more work is needed.

Semiconducting crystals read out by TES-based phonon sensors have a long history in
DM searches, but were recently demonstrated to have single electron resolution in silicon
by the SuperCDMS (Si HVeV) and EDELWEISS (Ge) collaborations, showing RMS noise
equivalent to 0.03 [235] and 0.53 [101] electron-holes pairs, respectively. As the band
gaps in Si and Ge are similar, these experiments demonstrate similar reach for DM–electron
scattering and absorption processes as skipper-CCD experiments. Their true power comes
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from the ability to detect sub-Eelec
bind energy deposits in the form of phonons, allowing for a

significant extension in DM mass reach. As much of the required technical R&D is driven
by this detection channel, as described in [233], details are left to Sec. 3.3.

In addition to the NR reach through phonon-only detection discussed earlier, diamond
and silicon carbide are also useful as substrates for single charge detection[58, 70, 252].
While these materials have higher band gaps, which limit the mass reach of ionization-
based searches to ≥5 MeV, they also ensure deeper impurity traps, making detectors made
from these materials less susceptible to absorption of infrared photons, which are known to
cause excess charge backgrounds. Their high dielectric strength will allow kV-scale voltage
biases, which translates to charge resolution of better than 10−3 e−. Work on phonon-
mediated charge readout as well as direct single-charge readout have been proposed. More
details are discussed in [233, 253].

3.2.3 Single Photon Detectors with Low Dark Counts

A particularly fruitful area of collaboration between HEP, astrophysics, and photonics has
been in the domain of single photon counting. In the optical and NIR regime, many of the
technologies discussed in this whitepaper are closely tied to developments aimed at survey
science, such as the skipper-CCDs, which are closely related to the focal planes developed
for DES and DESI. This synergy has also motivated the use of other optical imaging tech-
nologies not only as secondary readout, but as the primary DM scattering target as well.
For electron-recoil targets, the main drivers are effective energy threshold, fiducial mass,
and dark counts. Achieving dark count rates of O(mHz/g) or lower in the optical, and
(kHz/g) in the NIR, are required for any potential technology to compare favorably to
the state of the art. The requirement for high fill factor and quantum efficiency for fu-
ture UVOIR focal planes will naturally make many technologies suitable for DM detection
provided the dark counts can be effectively minimized. The equivalent comparison for a
100 µm pixel pitch and 500 µm in a Si detector in ambient conditions is 10−2 counts/px/s,
assuming it can achieve at least 10−5 counts/px/s or lower if run in a low-background
facility.

One example of this synergy is the use of superconducting nanowire single-photon de-
tectors (SNSPDs) directly as the active target to probe DM that scatters off electrons in
the SNSPDs and bosonic DM that is absorbed in the SNSPDs [254, 255]. Using different
materials, energy thresholds of 0.8 eV and 0.25 eV have been demonstrated, which would
extend the mass reach of of DM detectors beyond the current ∼1 MeV limits, and may be
reduced further through subsequent R&D. A benefit of this approach is that for larger en-
ergy deposits, above the eV-scale, these devices may also have sensitivity to directionality,
opening a new window on background discrimination. As noted above, a key challenge to
overcome as this technology matures will be fabricating them at a scale that is useful for
DM experiments. Existing experiments rely on established WSi nanowire technology for
DM detection at optical and near-IR wavelengths; longer-term R&D to extend this reach
lower is discussed in the next section.
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3.2.4 Scintillating Detectors

Many crystals scintillate at optical to UV wavelengths, and a number of crystal scintilla-
tors have been proposed as DM detection targets. The majority of these have not been
demonstrated with low backgrounds at the single photon level or with photon efficiency
adequate to detect single scintillation events. For example, CRESST has used scintillation
from calcium tungstate crystals for ER/NR discrimination, but the low light yield from
events at low energy precludes the use of this detection mode below 100 eV [242]. Thus,
materials which primarily scintillate as a means of energy relaxation are needed, both to
allow them to be used as primary detectors and to ensure high single photon detection
efficiency correlates to thresholds at the scintillation photon energy.

Organic scintillators are promising targets for sub-GeV DM detection with electron scat-
tering [68, 89]. Aromatic organic compounds are naturally anisotropic due to planar car-
bon rings, with the lowest-energy electronic wavefunctions well-approximated by linear
combinations of 2pz orbitals. The typical energy of the lowest excited state is a few eV,
comparable to 1 eV bandgap of silicon detectors. Organic compounds have long been used
as scintillation detectors for high-energy particles [256], which allows the excitation to be
detected through emission of a photon. In organic crystals in particular, intermolecular
forces are weak enough that the electrons are localized to each molecule, preserving the
anisotropy, in contrast to the delocalized electrons in semiconductors. Ref. [89] found
that trans-stilbene had the same total rate per unit mass as silicon for mχ & 5 MeV, and
featured a peak-to-trough modulation amplitude of ∼25% for mχ & 10 MeV with light me-
diator exchange (and ∼10% for heavy mediators). The modulation increases to ∼200%
for mχ = 2 MeV when the maximum DM kinetic energy approaches the 4.2 eV scintillation
threshold of trans-stilbene. Such detectors have strong synergy with the skipper-CCD pro-
gram, because a large-mass organic scintillator target can be coupled to a few CCDs with
appropriate light focusing; the energy of the scintillation photon lies between the 1- and
2-electron bins, providing some protection against dark rate backgrounds.

The TESSERACT project, part of the Dark Matter New Initiatives (DMNI) program,
builds a program around coupling TES-based phonon detectors to other novel detector
materials, including superfluid helium, gallium arsenide, sapphire, and silica. HeRALD
(Helium Roton Apparatus for Light Dark Matter) is part of the TESSERACT program and
proposes to instrument a vessel of superfluid 4He for scintillation, triplet excimer, phonon,
and roton detection [257, 258], such that the ratios of signals may be used for discrimi-
nation. The TESs can be used to detect scintillation photons and the quenching of triplet
excimers. Alternatively, ionizing the ejected atom and then accelerating them with an
electric field, the ejected ions can be calorimetrically detected by the release of the heat of
adsorption. For further discussion of the phonon and roton channels, refer to Sec. 3.3.1.
In any case, signals from the evaporated helium atoms may be collected into multiple
detectors, allowing coincidence-based rejection of instrumental backgrounds.

Crystal scintillators have also been identified as excellent target materials for probing
DM-electron interactions, with gallium arsenide (GaAs) perhaps being the most promis-
ing [13]. TESSERACT is developing GaAs as their primary target for electromagnetically-
interacting DM due to the fact that it has a bandgap at 1.42 eV, giving it a similar intrinsic
reach to Si, and has the added benefits of intrinsic radio-purity and the capability to grow
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it commercially in large crystals. The phonon detectors will then be sensitive to the 1.33 eV
scintillation photons produced by interactions in the crystal, while coincident detection of
phonon signals enables discrimination of electronic recoil signals from nuclear recoil and
heat-only backgrounds. GaAs also seems to have little to no afterglow [259, 260].

A similar proposal is given in [261], and also offers the option to instrument the GaAs
with SNSPDs described in the previous section. In both cases, R&D will be required to
optimize the crystal size, surface roughness, and dopant density in order to maximize
photon production and collection in the sensor. R&D is also necessary in the case of either
sensors choice: the energy threshold of TESs would need to be lowered from the current
limit of ∼3eV down to the requisite 1.33 eV, and SNSPDs must be scaled up from their
current mm2-scale size to cm2 and beyond.

3.3 meV-scale thresholds

Target energy thresholds of O(meV) to probe sub-GeV DM require new approaches to
go beyond the eV-scale ionization and scintillation thresholds fleshed out in the previous
sections. Though some of the prior discussed technologies can be extended down in sen-
sitivity, the difference in DM kinematics and now comparable inter-atomic length scale
necessitates thinking about interactions as occurring collectively with the excitations them-
selves rather than with a single nucleus or electron.

From a detector perspective, this improved sensitivity requires accessing quanta at the
meV level. A non-exhaustive list of studied and proposed physical mechanisms are:

• Athermal phonons: Phonons are excited states of vibrational modes in a lattice—with
commonly considered crystalline targets like Si, Ge, NaI, CsI, and CaWO4. Phonons
here come in two flavors: acoustic, in which lattice sites move together and are
gapless in energy, and optical, where they move oppositely. A relevant scale for in-
teractions directly coupling to phonons rather than individual nuclei or electrons and
then shedding their energy, is the Debye energy (O(10) meV in the aforementioned
crystals). Phonons also exist in superfluid materials, like 4He.

• Superfluid Rotons: High-momentum excitations of the superfluid are called rotons
(though they possess no angular momentum). Importantly there is a regime in which
these superfluid phonons and rotons are kinematically forbidden from decaying, re-
sulting in ballistic propagation with macroscopically large mean-free paths and life-
times [257, 262]. The phonons and rotons may then carry information from the
initial track, potentially allowing discrimination against instrumental backgrounds.

• Cooper-pair quasiparticles: In superconductors, the paired Cooper-electrons can be
broken due to energy deposits, resulting in quasiparticles. These quasiparticles can
propagate macroscopic distances in high-quality crystals and cyclically convert to
phonons as well. Cooper-pair breaking energies are approximately related to the su-
perconducting transition temperature Tc as ∆ ≈ 1.76/kB/TC , with common materials
like aluminium and aluminum-based alloys demonstrating pair-breaking energies of
O(10–100) µeV.
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• Far infrared photons: The vibrational modes of molecules often lie at theO(100) meV,
implying that excited molecular states can decay to produce a Far-Infrared (FIR) pho-
ton spectrum following the absorption or scattering of DM (see e.g. [263]).

• Magnetic domains: These are similar to phonons in that they are lattice excita-
tions but are instead spin ordering waves—of electron-spin, nuclear-spin, or even
molecular-spin—in magnetically ordered materials, with characteristic energies around
the Bohr magneton, of O(10) µeV. These excitations can be important for DM inter-
actions with a spin-dependent coupling, with preliminary calculations done by [60].

• Low bandgap and novel materials: Engineered materials, like graphene (falling un-
der the umbrella of Dirac materials, possessing unique linear rather than parabolic
dispersion relations) can have electronic bandgaps ofO(meV) allowing for ionization
detectors with much reduced thresholds. The energy scale for these materials largely
arises from higher-order couplings such as spin-orbit or magnetic couplings between
and within unit cells, which produce semi-metals in compounds which would not
ordinarily have a bandgap (see e.g. [264]).

• Plasmons and EM couplings: Plasmons are collective oscillations of charges within a
bulk. In contrast to DM interacting with individual electrons, the DM here couples to
the electron density within the detector. The parameter of interest for these couplings
is the complex dielectric function of the target which encodes the material’s response
to perturbations of its charge density [72].

• Millicharge Effects: In general if the DM is charged, or mixes kinematically with
the photon, one can expect sensitive probes of electric or magnetic field strength
modulation to reveal signatures of DM interaction as detection of a millicharged
particle. These searches have been described in detail in collider literature but have
only recently been explored in the context of direct detection[65].

Technologies, techniques, and proposed experiments that exploit a few of the above
mechanisms are briefly explored below.

3.3.1 Phonons and Quasiparticles

Presently, the two devices used to sense athermal phonons are TESs [265] and KIDs [245,
246], both patterned on the surface of a crystal, sensitive to quasiparticle production
through phonon energy deposits. Ballistic phonon propagation within a bulk is ultimately
limited by surface contact and reflection, leading to surface mediated down-conversion [266],
which is dependent on the target material, film thickness, and acoustic impedance mis-
match between target and sensor to name a few long-term concerns.

Direct quasiparticle trapping from a superconducting target to sensor is another avenue
explored in the literature [12]. The energy resolution of TES detectors is primarily driven
by the superconducting transition temperature, motivating search for low Tc materials
with sharp transition features. The lower bound on KID sensitivity is set by Generation-
Recombination noise (which is the quasiparticle fluctuation due to the thermal Cooper-
pair breaking) and Two-Level System noise due to defects and dangling bonds etc. in the

22



The landscape of low-threshold dark matter direct detection in the next decade

dielectric-film interface. Both sets of devices will benefit, in amplifier limited operation,
from quantum limited parametric amplifiers and lower gap materials, with eventual goals
of O(10) meV resolving sensors [245, 265].

If DM is coupled to the standard model electromagnetic current (like a dark photon
kinetically mixing with an ordinary photon) then the DM will couple via a dipole moment
to an ionic crystal, like Al2O3 (sapphire), quartz (SiO2), or SiC (silicon carbide), producing
optical phonons [30, 70]. This mechanism allows for enhanced probing of dark photon
parameter space by optimizing the dielectric properties of the target. Complementarily,
crystals with high sound speeds like diamond, silicon carbide (SiC), and silicon oxide
(SiO2) can be sensitive to scalar interactions that produce O(meV) acoustic phonons [58,
70, 252].

Major ongoing & proposed experiments in the DM crystalline phonon coupling world
have been discussed in the previous sections. Future techniques to sense athermal phonon
signatures include coupling superconducting qubits to a target to sense phonons, with
one example being Quantum Capacitance Detectors [267], which have been successfully
demonstrated as single quasiparticle counting photon detectors. Phonon-induced deco-
herence is a significant challenge facing superconducting quantum computing, and further
study of phonon coupling mechanisms also promises to expand their use as phonon sen-
sors [268].

The HeRALD program, as previously noted in Sec. 3.2.4, is part of the TESSERACT ex-
periment. For energy depositions below the lowest-energy atomic excitation, the available
signals are phonons and rotons. By instrumenting the superfluid with TESs, these excita-
tions, down to the 1 meV level, can be detected, as the ballistic phonons and rotons, once
incident on the vacuum-liquid interface (which has a 0.62 meV evaporation threshold) can
eject a 4He atom which are sensed by TES-based detectors above. As these are long-lived
and carry information away from the event site, the momentum distribution of the excita-
tions (measured through the pulse shape observed in helium atom quantum evaporation)
can be used to discriminate against instrumental background [257]. For DM of especially
low mass, momentum and energy may be efficiently transferred to virtual excitations of
the superfluid helium which then decay to phonon modes. This can in principle enable
detection down to keV-scale DM masses [269].

Alternatively, a novel technique is being developed for sensing phonons and rotons in
liquid helium based on nano-mechanical resonators with ultra-high force sensitivity [270].
This requires building resonators adapted to operate within superfluid helium and capa-
ble of sensing individual excitations within the liquid caused by a particle interaction.
Preliminary calculations show that an array of such devices can adequately instrument a
large volume of liquid helium, potentially achieving a sensitivity a factor of ten better than
approaches being pursued by other groups. The experimental design also necessitates
theoretical and numerical analysis of the interaction mechanisms of low-mass DM with
helium and the subsequent process of generating the detectable excitations to understand,
from first principles, the scientific reaches, limitations and overall design of a liquid helium
low-mass DM detector [271].

Another experimental proposal suggests introducing a 3He layer to the top of either 4He
or a standard crystal (i.e. Si, SiO2, YIG) target, depending on the required DM coupling. At
O(100) mK temperatures, the 3He will form Andreev bound states that will reside on the
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surface and phonons in the crystal or superfluid bulk will eject the 3He in similar fashion
to the previously described 4He atoms, to be read out by an envisioned qubit system [272].

3.3.2 Far-IR Single Photon Detectors as Targets

Continuing the theme from the previous section, we note that many meV-eV ERDM detec-
tion technologies directly map onto requirements for new FIR photon detectors. Many of
the technological challenges inherent to expanding detector sensitivity to the 10s of mi-
crons, and eventually the THz regime, require reducing thresholds and operating detectors
at lower temperatures to minimize dark counts. There is substantial synergy between de-
velopment of large FIR and THz focal planes with low dark counts and expansion of both
dark photon and scattering searches into the sub-eV regime, given the lack of competing
technologies in these areas. The majority of existing FIR sensors are based on avalanching
technology, which tends to trade long-wavelength sensitivity for increased dark counts and
smaller fiducial volumes.

For example, a possible expansion to the skipper-CCD DM program is by heavy degen-
erate doping of CCDs to reduce the effective bandgap. Dopants in semiconductors at small
concentration create new energy levels of electrons that lieO(10−100) meV below (above)
the conduction (valence) band. Therefore, doped semiconductors are sensitive to energy
deposit of O(10 − 100) meV, which can be used to detect light DM with O(10 − 100) keV
masses via DM-electron scattering process or O(10 − 100) meV masses via absorption. It
has been demonstrated that doped semiconductors have a broader sensitivity compared
to many other proposed targets, and can probe the freeze-in benchmark, along which
the correct relic abundance of DM is obtained, with a modest exposure [273]. Moreover,
since doped semiconductors are easy to fabricate and widely used in industries, one of the
attractive features of this proposal is that they could be readily realized with near-term
technologies. Studies of tradeoffs between dark rate, dopant concentration, quantum effi-
ciency, and operation temperature are needed to understand the viablility of this approach.

There is also a roadmap for expanding SNSPD DM sensitivity beyond that demonstrated
in [255]. Moving from WSi to lower-Tc materials, such as NbTi and Al, will allow for lower
energy sensitivity due to the lower bandgap of the nanowire material. SNSPDs have been
demonstrated down to thresholds of 125 meV [274], which along with their flat stackable
geometry make them attractive for low threshold directional detection [254]. Growth of
nanowires to increase fiducial mass per nanowire, and expansion of total mass through
multiplexed arrays of nanowires, is a promising avenue to build gram-scale superconduct-
ing targets for DM searches.

In addition, it has been reported in [275] that achieving yet another order of magni-
tude in mass reach, from 1 keV to 0.1 MeV, is possible through the use of graphene-based
Josephson junction (JJ) single-photon detectors as the active target. Through a coupling
to electrons, DM can scatter off free electrons in the graphene, transferring some fraction
of its incoming kinetic energy. The recoiling electron heats up and thermalizes with nearby
electrons, triggering the JJ and allowing the detection of 0.1 meV energy deposits. This
sensitivity has already been demonstrated, and DM search results from a pathfinder de-
tector may be available shortly. If this program moves forward, as with other detection
schemes using novel materials, a major R&D challenge will be fabrication and readout of

24



The landscape of low-threshold dark matter direct detection in the next decade

the target material at scale.

3.3.3 Low-Gap and Novel meV-Scale Materials

Molecular vibrational modes of 100 meV can be excited by DM-nucleus interactions, for
both spin-dependent and spin-independent cases, able to probe masses down to 100 keV
(0.2 eV) for scattering (absorption). Proposals have investigated carbon monoxide (CO),
hydrogen fluoride (HF), and scandium hydride (ScHx) as the gaseous targets with emit-
ted photons in the ∼150 to 500 meV range [276]. In addition, experiments based on
hydrogen-rich crystals with known excitations in the mid-IR have also been proposed [263].
These types of targets will require targeted programs to determine which are suitable for
low-background searches, and to characterize the lifetime and collection efficiency of their
excitations. Depending the interaction, the de-excitation can lead to either a single or
multi-photon cascade, detectable by SNSPDs, KIDs/TESs or any other technology.

In addition to materials currently used as mid-IR photon sensors, there are a number of
new materials with tunable bandgaps, produced through magnetic ordering. SPLENDOR,
an effort to use the narrow gap semiconductors La3Cd2As6 and Eu5In2Sb6 [264] read out
via low-threshold cryogenic charge amplifiers [253, 277, 278], has been funded for FY22-
24 by the Los Alamos National Laboratory LDRD program. This supports growth of novel
substrates, characterization of electronic response with electron loss spectroscopy, and
development of conventional amplifiers as well as amplifiers based on charge-sensitive
qubits and related structures [279, 280]. These materials have O(10 meV) bandgaps, and
the tunability though application of an external field may also allow these materials to have
their gaps varied in-situ to achieve lower gaps than those present at zero field, allowing
for further lowering of thresholds for charge producing events.

Finally, Dirac materials can exhibit electron band structures that are linear, with gap-
less dispersion relations, and vanishing density of states at the Fermi surface. By carefully
engineering and/or doping the crystalline structure, O(meV) band-gaps can be gener-
ated. A relevant example of this class of material is bi-layer graphene [281], with tun-
able band-gaps depending on applied voltages or zirconium-pentatelluride (ZrTe5) with a
35 meV bandgap [282]. Depending on the material, DM signals can manifest as either
long-lived athermal phonons signals read out by traditional TESs or KIDs (thanks to disfa-
vored electron-phonon thermalization) or ionized electrons overcoming the material work
function—to be externally collected and measured.

3.3.4 Novel Detection Schemes

In addition to advances in well-established detection methodologies, the challenge of de-
tecting meV-scale excitations has also begun to inspire work in new methods of particle
detection. This may be the area of direct detection that expands the most over the next
decade, and requires ingenuity to identify systems that are be well-suited to this challenge.
These techniques will fall into two categories: novel systems with meV-scale binding en-
ergies, or techniques that make use of the higher particle density of DM at low masses to
make classical scattering measurements of the DM fluid. Two examples are given here.
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Single molecular magnets (SMMs) are molecules that are effectively non-interacting
nano-scale magnets. A crystalline preparation of SMMs, aligned with an external magnetic
field will exist in a meta-stable state. DM interactions depositing as little as 1 meV can form
a localized hot-spot and trigger a spin-flip cascade in the crystal, leading to a macroscop-
ically detectable change in crystal magnetization potentially readable by SQUIDs or other
techniques. Recent work by [283] investigated the behaviour of various transition metal
and lanthanide SMMs for DM search applicability.

Experiments can investigate the coupling of charged DM with the SM, with common ex-
amples being Dark Photons or millicharged particles. One proposed experimental pathway
to hunt for millicharged DM is a ‘deflection’ experiment [65]. The DM population passes
through a shielded region, effectively a capacitor, with an applied AC EM field. As the DM
passes through, it is ‘deflected’ into positively and negatively charged particles, creating a
train of alternating millicharge densities that themselves induce small oscillating EM fields
detectable by a resonant structure like an antenna in the far-field. This is novel approach
to detecting sub-GeV DM that applies some principles from detecting wave-like DM but in
a strictly classical scattering sense, and has not yet been explored from a practical stand-
point. If it can be proven to be a viable experiment it is complementary to the techniques
discussed here in that the medium is a classic field rather than a large mass, and it is thus
limited by the volume of the field that can be actively monitored.

4 Experimental Challenges

For the success of new experimental techniques designed to search for low-mass DM, new
experimental challenges must be faced and overcome. Two of these essential challenges
are 1) the mitigation and characterization of backgrounds and 2) the quantification of
signals.

Backgrounds: The scientific reach of a given experiment is determined by both its
DM signal strength and its backgrounds. Although proposals for new experiments tend to
focus on the DM-induced signals that might be detected, in practice all experiments are
limited by backgrounds, and searching new DM parameter space entails understanding
and reducing these backgrounds as much as possible. This is a complex undertaking, and
different experimental techniques are limited by different sets of background sources. For
WIMP searches, most backgrounds arise from nuclear physics processes, but for experi-
ments looking for signals in the eV scale and below, new backgrounds sources become
relevant. Intimate understanding and effective mitigation of backgrounds from chemical
physics, condensed matter physics, and atomic physics processes becomes essential.

Calibration: In order to demonstrate DM sensitivity, any DM direct detection experi-
ment must quantitatively characterize the signal that might be expected from a DM par-
ticle interacting with its target material. For traditional WIMP searches for nuclear recoil
(NR) signals, this has largely been accomplished using MeV-scale neutrons, such as might
be produced with neutron generators or neutron sources. But with the wide variety of
signal types in sub-GeV DM experiments, nuclear recoil, electronic recoil, and collective
excitation calibrations must be performed, at very low energies. This necessitates the de-
velopment of a new set of calibration techniques.
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In the subsections below, experimental challenges particular to sub-GeV DM detection
are summarized, with emphasis on phenomena in the meV to tens of eV energy range.
A broader treatment of background and calibration topics (including phenomena at keV
energies and above) may be found in [97].

4.1 Backgrounds

In practice, DM direct detection experiments are operated until they are background-
limited, and then improved or upgraded so as to reduce backgrounds. Reduction of back-
grounds in DM direct detection experiments is therefore a constant activity. All current
experiments are limited by backgrounds, and background reduction is an area of constant
innovation. New ideas for experiments owe their strength not only to their possible DM
signatures, but also to their ability to reduce or actively reject backgrounds.

4.1.1 Radioactive backgrounds specific to meV-eV scales

The radioactive backgrounds endemic to WIMP detectors—gamma-rays, x-rays, fast neu-
trons, alpha and beta decays—still create backgrounds of relevance for sub-GeV DM detec-
tion; without a sophisticated shield and extremely low-background materials, it is difficult
to reach radioactive background rates below 1 events/keV/kg/day. But because the charac-
teristic energies of these backgrounds are much higher than those of the DM interactions,
radioactive backgrounds are often less significant than many other sources of background.
One exception is the Thomson and Delbrück scattering of gamma rays, which can produce
low-energy nuclear recoils as well as a phonon signal [21, 88]. Another concern is epither-
mal neutrons: fast neutrons may lose most of their energy in one part of the apparatus and
then create energy deposits in the DM detector before escape or capture, thus producing
an excess of events at very low energy. Reduction of these backgrounds requires careful
detector design to prevent gamma-rays and epithermal neutrons from reaching the active
detector. Use of active neutron or gamma-ray vetoes can also be effective.

4.1.2 Dark current

Any experiment for which charge is a signal will have backgrounds due to dark current.
While this is dominated by single electrons, pile-up of single electrons can lead to multiple-
electron backgrounds, as can multiplication of electrons in high-field regions of the detec-
tor. These backgrounds may be reduced through some combination of improving single-
electron resolution, reducing leakage current, improved detector speed so as to reduce
electron pileup, and limiting any high-field regions where electrons might multiply.

4.1.3 Low-energy thermal and athermal backgrounds

For detectors that collect phonon signals, fluctuations near threshold can result in back-
grounds. This background source includes vibration-induced heat backgrounds. An active
area of R&D is the reduction of vibrational backgrounds.
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4.1.4 Environmental photon backgrounds

Photons produced around and in the detectors can create unwanted backgrounds. These
include infra-red radiation, Cherenkov radiation, and transition radiation [81]. These
can be reduced through a combination of cold infra-red shielding and the reduction of
insulating materials around the DM detector. A modeling of this background is possible by
carefully characterizing the materials in and around the sensor.

4.1.5 Backgrounds arising from other solid-state or chemical effects

At the eV scale or below, low-energy backgrounds that were of little importance for WIMP
searches begin to be relevant. These include chemical backgrounds such as relaxation
of metastable states and afterglow production of single photons, as well as solid state
“little earthquake” backgrounds from the release of mechanical stress (including stresses
produced when cooling the detector). Reduction of these backgrounds is another area
of active R&D. One mitigation technique is to avoid stressing the detector; another is to
keep the detector in a state that cannot easily relax. Use of materials with little chemical
or solid-state processes in the energy range of interest may allow background reduction,
as may experimental techniques in which signal in a low-background target is sensed in
coincidence by multiple detectors.

4.2 Calibrations

4.2.1 Neutron scattering

Production of eV-scale nuclear recoils is a particular challenge, requiring keV-scale or lower
energy neutron sources. In addition it is advantageous for the neutrons to be monoener-
getic, so that the resulting nuclear recoil energy spectrum may be more effectively analyzed
to produce an energy-dependent signal model. One approach is to use an accelerator to
produce a nuclear reaction (such as 7Li(p, n) or 51V (p, n)) yielding monoenergetic neu-
trons. A second approach is to use a photoneutron source. A third approach is to filter
neutrons using a material that passes only a selected neutron energy. In some cases, like
an iron-filtered SbBe source, two methods may be used simultaneously to enable a portable
source with lower intrinsic backgrounds.

4.2.2 Low-energy ionization and scintillation yields

Neutron sources as described above may be used to determine the ionization and scin-
tillation response at very low nuclear recoil energies relevant to sub-GeV DM detection.
Because of the small number of ionization and scintillation quanta, these calibrations can
be difficult. In particular, a key experimental question is the existence of a “kinematic
cutoff” (perhaps in line with the Frenkel defect energy [284], which is the energy needed
to dislocate an atom from its site, of O(10) eV in Si and Ge.) below which no ionization
signal can be expected, curtailing ionization detector sensitivity even if nominally of lower
threshold. This motivates multi-channel detector development, as one might still expect a
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populated phonon or other excitation spectrum from such interactions. In addition, cali-
brations at the low energies comparable to electron binding energies are needed to explore
signals expected from electronic recoils from sub-GeV DM particles. All told, these mea-
surements are critical for quantifying and thereby justifying claimed DM sensitivity for any
experiments making use of light or charge signals.

4.2.3 Thomson and Delbrück gamma-ray scattering

In principle, these processes (where a gamma-ray elastic scatters with a nucleus) may be
used for nuclear recoil calibration. Advantages include the higher and better-collimated
fluxes that may be achieved with gamma rays, and the naturally low energies deposited.
The main challenge is distinguishing these nuclear recoils from the significantly higher
rate of Compton scatters, which must be distinguished through energy deposition and
event type discrimination.

4.2.4 Low-energy Compton spectrum

Understanding the response of detectors to low-energy Compton scatters is important for
understanding background spectra in detail, particularly around the binding energies of
the target, where step-like spectral features exist and present measurements deviate from
calculations [285, 286]. Detailed gamma-ray calibration experiments are needed to gen-
erate accurate background models of this type.

4.2.5 X-ray scattering and absorption

X-rays are highly effective for mono-energetic electronic recoil calibration, and well suited
for determining energy scale and resolution at 100 eV to tens of keV energies. An area
of active R&D is the implementation of x-ray sources that may be exposed to a detector
or removed on demand, which can be a challenge since x-rays are easily absorbed by
intervening material. X-ray sources may also be created through neutron activation, thus
allowing a source that provides early calibration, but decays away to allow low background
operation as the experiment proceeds.

4.2.6 Laser and LED photon calibration

For eV scales or lower, lasers and LEDs are essential for probing detector response. In gen-
eral these must either be implemented next to the detector (thus creating potential sources
of radioactive or other local backgrounds) or must be guided to the detector through op-
tical fiber or through windows (potentially creating backgrounds guided through the fiber
or window into the DM detector). Experimental design must take into account the calibra-
tion needs, as well as ensure that calibration sources do not create undue backgrounds.
Another consideration is the need to calibrate a detector in its bulk, rather than only on
its surface, which can require a careful choice of excitation wavelength. A photon calibra-
tion source that can scan over a detector may also be employed, so as to characterize its
uniformity of response.
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4.2.7 Measurement of the Migdal effect

The Migdal effect, in which sudden nuclear acceleration upon scattering can lead to di-
rect ionization of atomic electrons, can be used to significantly improve the sensitivity of
direct detection experiments to sub-GeV DM particles. Though yet to be confirmed exper-
imentally, this process can be calculated for both isolated atoms and in condensed media.
Experimental validation of the Migdal effect rates and electron spectra would allow de-
tailed comparison of data to quantum mechanical calculations, and determine if there are
any departures from expectation.

4.3 Conclusion

For new experiments searching for event-by-event sub-GeV DM interactions, a new energy
regime (meV to eV scales) must be rigorously controlled for backgrounds and precisely
quantified for potential DM signals. Many techniques are being developed for this new
experimental challenge. New methods for calibration or background reduction can often
applied across multiple experiments, enabling a broad impact.
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