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Abstract

We report on recent progress in the search for dark matter particles with masses from

1 MeV c�2 to 1 GeV c�2. Several dark matter candidates in this mass range are expected

to generate measurable electronic-recoil signals in direct-detection experiments. We fo-

cus on dark matter particles scattering with electrons in semiconductor detectors since

they have fundamentally the highest sensitivity due to their low ionization threshold.

Charge-coupled device (CCD) silicon detectors are the leading technology, with signifi-

cant progress expected in the coming years. We present the status of the CCD program

and briefly report on other efforts.
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1 Introduction

Weakly interacting massive particles (WIMPs) [1–3] with masses m� > 1 GeV c
�2 have been

the leading dark matter (DM) candidate for many decades. Direct searches for their scat-
tering with atomic nuclei in underground detectors have progressed significantly through-
out this time, without any discovery. Although the WIMP direct detection program continues
unabated [4], a fraction of the scientific community has recently turned its attention to the
possibility that DM particles are significantly lower in mass than previously considered [5].
Theoretical studies have uncovered several well-motivated scenarios where DM particles with
m� < 1 GeV c

�2 can be created in the early universe and detected today in the laboratory.
This has spurred a number of experimental searches with existing detector technologies, and
motivated the development of novel technologies with improved sensitivity to the low-energy
depositions from light DM particles. The leading new technology of skipper charge-coupled
devices (CCDs) is reaching maturity with the deployment of the first sizable detectors un-
derground, which are expected to improve in sensitivity to light DM particles by orders of
magnitude in the coming years.
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differences typically occur for a massive mediator and
higher detector threshold, where the effects in some cases
can be more than an order of magnitude (especially for Ge).
For the case of a massless mediator and lower detection
threshold, the differences with previous literature are much
smaller and mostly due to the inclusion of in-medium
effects.
In Fig. 12 we show the contribution to the binned rate

from each of the four transition types, for a 1 GeV DM. We
see that valence to conduction (v → c) has a higher peak
than the other three transition types, except for the Ge,
heavy mediator case, where core to conduction (c → c) has
the highest peak. For comparison, Refs. [10,11] compute
the valence to conduction rates with DFT, including also
the 3d states in Ge, but without AE reconstruction. As
expected, we find a lower rate at the lowest energy
depositions due to the inclusion of in-medium screening,
and a much higher rate at high ω due to AE reconstruction
and inclusion of core states.
The impact of these observations on the reach depends on

the energy threshold. Assuming charge readout (e.g., via a
CCD), the relevant quantity is the number of electron-hole

pairs, Q, produced in an event. For an energy deposition ω,
this is given by

Q ¼ 1þ
!
ω − Eg

ε

"
; ð4:1Þ

where the values for ε are 3.6 eVand 2.9 eV for Si and Ge
respectively. In Fig. 13, we show the total rate as a function
of the DM mass, for Q ≥ 1, 5, 10. The threshold only
affects the v → c rate, as the other three transition types
involve energy depositions corresponding to Q > 10, and
are therefore always fully included. We see that for Q ≥ 1,
the valence to conduction (v → c) contribution dominates
the total rate with the exception of the Ge, heavy mediator
scenario, where core to conduction (c → c) is dominant
for mχ ≳ 30 MeV. Higher thresholds significantly cut out
v → c contributions in all cases, and render c → c more
important for Ge, even in the light mediator scenario.
For Si, on the other hand, the total rate is still dominated
by v → c because the core states are much deeper and
contribute a lower rate. We also see that v → f and c → f
contributions are subdominant in all cases.

FIG. 12. DM-electron scattering rate binned in energy deposition (withΔω ¼ 1 eV) for 1 GeV DM, light (top row) and heavy (bottom
row) mediators, from all four transition types: valence to conduction (v → c), valence to free (v → f), core to conduction (c → c), and
core to free (c → f). We assume σ̄e ¼ 10−40 cm2, and take Zeff ¼ 1 for all effective charges in the Fermi factor. Note that the c → c and
c → f transitions involve semianalytic treatment of 2p (3d) states and below in Si (Ge), which has been validated with DFT calculations
including AE reconstruction; see Fig. 3. We also overlay the binned rate from Ref. [11] which computed the v → c contribution using
QEdark (treating 3d states in Ge as valence, without including AE reconstruction effects).
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Figure 1: Deposited-energy (!) spectra by a 1 GeV c
�2 DM particle scattering with

electrons in silicon via an ultra-light (a) or heavy (b) mediator. An ionization signal
of Q = 5 e

� corresponds to ! ⇠ 20 eV. Calculated with the EXCEED-DM code. Figures
adapted from Ref. [19].

2 Direct detection signals from low-mass DM particles

For DM with m� < 1 GeV c
�2, the traditional approach to search for the energy deposited

in the target by nuclear recoils from DM scattering becomes limited because the mismatch
between the mass of the DM particle and the nucleus does not allow for efficient transfer of
energy. Recently, other direct-detection mechanisms have been proposed to extend sensitivity
to lower DM masses. The first is to search for electrons or photons emitted in the DM-nucleus
interaction, which can carry a significant fraction of the DM particle’s kinetic energy and ap-
pear above the detection threshold. The “Migdal effect” [6] is the process where an electron
from the recoiling atom is emitted, with a probability in silicon of O(10�5) [7]. The proba-
bility of photon emission (the “Bremsstrahlung” process) is significantly smaller [8]. Another
possibility is to look directly for the scattering of low-mass DM particles with electrons in the
target [9,10]. Atomic electrons are lighter than nuclei and, since they have a momentum dis-
tribution, there are regions of phase space where the electron can take a significant fraction
of the DM particle’s kinetic energy. DM-e interactions naturally arise in hidden-sector vector-
portal DM theories [11], where the DM-e scattering is mediated by a “hidden photon.” The
hidden photon itself could also constitute the DM and be absorbed by atomic electrons [12–14].
Since all these DM signals are electronic recoils in the target, several experiments have placed
exclusion limits on sub-GeV DM from their measured electronic-recoil spectra [15–18].

The kinetic energy of a DM particle in the galactic halo is EK ⇠ 10�6
m� c

2. Most often, only
a fraction of EK is transferred to the electron, with the predicted deposited-energy spectrum
highly peaked at the lowest energies. Fig. 1 shows the spectrum from a 1 GeV c

�2 DM particle
scattering with electrons in silicon predicted by the EXCEED-DM code [19]. Most of the spec-
trum—even at 1 GeV c

�2—is below 10 eVee, which corresponds to only a few ionized charges
in silicon. Thus, detectors capable of counting single ionized electrons (already achieved in
semiconductor and noble-element direct-detection technologies) are needed to perform sen-
sitive searches for low-mass DM-e interactions. Semiconductor detectors have a fundamental
advantage since the ionization threshold is ⇠1 eV compared to >10 eV for noble elements.
Furthermore, the momentum distribution of the electrons in the semiconductor valence band
are better “kinematically matched” to the DM flux [10]. For this reason, the current sensitiv-
ity of silicon CCD detectors to DM-e scattering surpasses that of noble liquids for most of the
parameter space (specially for smaller DM masses and lighter mediators) even though their
target exposures are orders of magnitude smaller (O(g·day) vs. O(tonne·day)).
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Figure 2: a) A 50⇥50 pixels segment of a CCD image from an exposure in the surface
lab. Different types of particles (labeled) can be distinguished by their topology. The
orientation of the muon track in z can be reconstructed from the fact that the track
is less (more) diffuse through the point where it crosses the front (back) surface of
the CCD. b) Pixel-value distribution of a DAMIC-M skipper CCD, which demonstrates
the capability to count charges per pixel with high resolution.

3 CCDs to search for DM

Charge-coupled devices (CCDs) are monolithic solid-state silicon imaging devices that measure
the free charges generated in their fully-depleted active target. Particles generate free charges
(e-h pairs) in the CCD active region by ionization, with a minimum energy to ionize an e-h pair
of 1.2 eV and one e-h pair generated on average for every 3.8 eV of kinetic energy deposited
by a recoiling electron. The free charges are then drifted by an electric field toward the pixel
array. Since charge diffuses laterally with time as it drifts, the spread of the charge cluster in
the image (x-y plane) is positively correlated to the depth (z) of the interaction. Thus, CCDs
can, in principle, provide the deposited energy and (x , y, z) location of particle interactions in
the bulk silicon. In reality, the spatial resolution may be limited in one or more axes depending
on the readout mode and event energy. Fig. 2a shows sample particles tracks from an image
exposure in the surface laboratory.

All CCDs currently used for DM searches were developed by Berkeley Lab’s Microsystems
Laboratory and fabricated by Teledyne DALSA. The devices feature a rectangular array of pix-
els, each of size 15⇥15µm2, with a total area of O(10 cm2) and a fully-depleted active region
of 675µm. Other details of the CCD design and fabrication process can be found in Ref. [20].

CCDs are the most promising technology in the search for dark-sector DM from their in-
teractions with electrons for two main reasons. The first is the extremely low readout noise
(⇠0.05 e

�) of “skipper” CCDs, first demonstrated by the SENSEI Collaboration [21], which al-
lows the devices to count with high resolution the number of charges collected by every pixel
(Fig. 2b). The second was the demonstration by the DAMIC Collaboration [22, 23] that siz-
able exposures (⇠10 kg·day) with extremely low backgrounds from leakage current (few e

�

per mm2·day [16]) and ionizing radiation (few events per keVee·kg·day [24]) can be acquired
with a CCD array shielded deep underground. The combination of the unprecedentedly low
ionization threshold with low background in sizable exposures provides CCD detectors with
the current best sensitivity to MeV-scale DM particles.

Dark matter searches are performed by comparing the charge (energy) distributions of in-
dividual pixels or pixel clusters against a background model that includes instrumental noise
and ionizing backgrounds. Ionizing backgrounds include charged particles from natural ra-
dioactivity that deposit their kinetic energy in the bulk silicon, and the photoelectric absorption

001.3

https://scipost.org
https://scipost.org/SciPostPhysProc.12.001


SciPost Phys. Proc. 12, 001 (2023)

of optical and near-infrared photons [25]. To construct the signal and background models
for DM searches, detailed studies have been performed on the response of CCDs to ioniza-
tion [24,26–29], and on instrumental effects that may generate charges in CCDs [30].

4 The DAMIC program and other CCD detectors

DAMIC pioneered the search for DM with CCDs, deploying detectors at the SNOLAB un-
derground laboratory since 2012, with the final installation of seven 16 Mpix CCDs (40 g
silicon target) in 2017. These detectors featured CCDs with conventional readout, which
achieved a pixel noise of 1.6 e

� R.M.S. Details of the DAMIC setup at SNOLAB are presented
in Refs. [22,24]. DAMIC made steady progress in the reduction and understanding of ionizing
backgrounds in the detector, including an extensive radioassay program of all detector compo-
nents [24], a measurement of the cosmogenic activation of silicon [31], and the development
of data analysis techniques to identify sources of background. Of particular relevance are the
measurements of radiocontaminants in the CCDs, e.g., surface/bulk 210Pb and bulk 32Si, by
searching for spatio-temporal correlations between decays [32]. The identification of these
isotopes—with characteristic time between decays of ⇠10 days—is only possible because of
the high spatial resolution and solid-state target of CCDs. DAMIC’s efforts in the mitigation
of background resulted in a total (bulk) background in the final detector of 10 (5) events per
keVee·kg·day. The understanding of backgrounds culminated with the construction of the first
complete radioactive background model for a DM search with a CCD detector [24].

DAMIC performed in an 11 kg·day exposure the most sensitive direct search for weakly
interacting massive particles (WIMPs) with masses in the range 1–9 GeV c

�2 scattering with
silicon nuclei [33]. The background model describes the data remarkably well above 200 eVee
but there is a statistically significant (3.7�) excess of events at lower energies, which is well
described by a spatially uniform population of events with a rate of a few per kg·day and an ex-
ponential spectrum down to the analysis threshold of 50 eVee. The measured spectrum—with
calibrated nuclear-recoil energy scale [26]—is inconsistent with the standard WIMP interpre-
tation of a previous excess of nuclear recoils reported by the CDMS-II Si experiment [34], and
directly constrains other DM interpretations.

In the search for hidden-sector DM particles interacting with electrons, DAMIC and SEN-
SEI have been leapfrogging past each other in the last five years. In 2017, DAMIC was the
first experiment to search for DM interactions that produce as little as a one e-h pair in silicon,
resulting in the first exclusion limit on the absorption of hidden photons with masses as small
as 1.2 eV c

�2 [23]. SENSEI released the first results on DM-e scattering with data from a 0.1 g
prototype skipper CCD operating on the surface at Fermilab in 2018 [35], constraining the exis-
tence of DM particles with masses as small as 0.5 MeV c

�2. The results were improved in 2019
by operating the device with significantly reduced background in the shallow underground site
of the MINOS cavern at Fermilab [36]. DAMIC followed with world-leading exclusion limits
on DM-e scattering later in 2019 [16], made possible by leveraging its lower leakage current
and larger exposure to make up for the higher noise of CCDs with conventional readout. These
results were greatly surpassed in 2020 by SENSEI after operating a 2 g scientific skipper CCD
(with comparable leakage current to DAMIC) in the MINOS cavern, finally demonstrating the
potential of skipper technology [18].

Throughout 2021, skipper-CCD detectors with significant target mass (⇠20 g) were de-
ployed deep underground by the DAMIC-M and SENSEI Collaborations. DAMIC-M, the succes-
sor of DAMIC, deployed its first skipper CCD detector in the Modane Underground Laboratory
(LSM) in France. Fig. 3a shows the two 24 Mpix large-format skipper CCDs (9 g each) in the
Low Background Chamber (LBC). This setup produced the preliminary DAMIC-M exclusion
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Figure 3: a) Two 24 Mpix CCDs installed in their copper box before deployment in
DAMIC-M’s Low Background Chamber (LBC). b) Prototype DAMIC-M module with
four preproduction CCDs on a pitch adapter at the University of Washington. c) Pro-
posed arrangement of the 52 CCD modules of the final DAMIC-M detector.

limits for DM-e scattering shown in Fig. 4, which were presented by D. Norcini at IDM 2022
(this conference). The LBC will also serve as a testbed to decrease ionizing backgrounds from
natural radioactivity from the current level of 10 events per keVee·kg·day to DAMIC-M’s goal
of 0.1 events per keVee·kg·day. SENSEI installed 10 smaller skipper CCDs (⇠25 g) in a new
detector at SNOLAB, with a first science run starting in summer 2022. SENSEI’s final goal is
a 100 g target with a background of 5 events per keVee·kg·day to realize the forecast in Fig. 4.
Two more DAMIC-M large-format skipper CCDs were deployed in the existing DAMIC cryostat
at SNOLAB with the specific task of performing a more precise measurement that could shed
light on the origin of the event excess reported in Refs. [24,33]. Skipper CCDs will allow for a
spectral measurement with a lower threshold of 15 eVee, and higher resolution in z for better
discrimination between bulk and surface events. The science run started in March 2022, with
first results expected in early 2023. This is a collaborative effort between DAMIC-M and SEN-
SEI since, if unaddressed, this background will dominate the low-energy spectrum of future
CCD DM detectors.

The ultimate goal of the DAMIC-M program is the deployment of a large array of 52 skipper-
CCD modules at LSM to accrue kg·year exposures with a 2 or 3 e

� threshold. Fig. 3b shows
a prototype DAMIC-M module with four 9 Mpix CCDs (13.5 g of silicon per module), while
Fig. 3c shows a preliminary design of the arrangement of the 52 modules in the cryostat.
Improvements in detector design and construction are needed to meet the stringent back-
ground requirements of the detector. These include: i) development and fabrication of low-
radioactivity flex cables, ii) the use of ultra-pure copper electroformed underground for the
CCD holders, iii) the use of shielded containers throughout CCD fabrication to mitigate cos-
mogenic activation, and iv) the assembly of the CCD modules underground in a radon-free
environment to mitigate surface contamination. Two preproduction CCD runs to confirm the
quality of the devices were already completed, with final production of DAMIC-M CCDs start-
ing in late 2022. The detector design is in its final stages with detector construction expected
throughout 2023 and detector commissioning in 2024.

Beyond SENSEI and DAMIC-M, there are plans for a larger Oscura detector at SNOLAB,
capable of acquiring a 30 kg·year exposure with a 2 or 3 e

� threshold [37]. Current R&D ac-
tivities focus on scaling up the existing technology, with steadfast progress in the electronics
required for multiplexing and processing the signals from the detector’s 24,000 skipper am-
plifiers. Fig. 4 shows forecasts for the sensitivity of Oscura to DM-e scattering, together with
DAMIC-M and SENSEI.
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Figure 4: Exclusion limits on the DM-e scattering cross section from existing and
planned experiments. The parameter space for scattering via an ultra-light (a) or
heavy (b) mediator are presented. Teal shaded regions correspond to published re-
sults, while the red shaded region is the new parameter space excluded by the pre-
liminary DAMIC-M result from IDM 2022. The solid lines are forecasts for SENSEI,
DAMIC-M and Oscura. Figure adapted from Ref. [37].

5 Other detector technologies

Cryogenic calorimeters operating at mK temperatures with very low noise phonon sensors
have demonstrated low ionization thresholds by operating in “high-voltage” mode, where
the phonon signal is proportional to the number of ionized charges because of the Neganov-
Trofimov-Luke (NTL) effect [38]. With this strategy, a 1 g silicon “HVeV” detector demonstrated
0.03 e

� R.M.S. noise in the ionization signal, with the capability of counting single charges with
high resolution [39], like a skipper CCD. The SuperCDMS Collaboration published exclusion
limits on DM-e scattering from two runs of HVeV detectors that acquired ⇠g·day exposures
in surface laboratories [40, 41]. The EDELWEISS Collaboration operated a larger 30 g ger-
manium detector in HV mode with 0.53 e

� R.M.S. noise in the ionization signal, resulting in
the best exclusion limit on DM-e scattering with a germanium target and with a cryogenic
calorimeter [42]. This was possible despite the higher noise because the larger detector i) al-
lowed for a larger exposure, and ii) had a lower surface-background rate due to its smaller
surface-to-volume ratio. The detector was also operated deep underground in LSM, which
contributed to overall lower backgrounds.

The results from SuperCDMS in 2018 [40] and 2020 [41], and EDELWEISS in 2020 [42]
were competitive with CCD results published at the time [16, 36], but were significantly sur-
passed by the most recent results from SENSEI [18] and DAMIC-M (presented at IDM 2022).
Several challenges remain specific to cryogenic calorimeters. Unlike CCDs, were the readout
noise is decoupled from the overall size of the device, sufficiently low phonon noise for single-
charge resolution in a detector of mass O(10 g) remains to be demonstrated. Furthermore,
phonon sensors are sensitive to “heat-only” events, which constitute a rising spectrum toward
low energies. The origin of these events was the focus of the recent series of EXCESS Work-
shops [43], and likely explanations include phonon bursts induced by stresses in the detector
components [44]. Nevertheless, there is active R&D in the further development of these detec-
tors, with future deployments planned for DM searches by EDELWEISS in LSM and SuperCDMS
in the NEXUS shallow underground facility at Fermilab, and later in SNOLAB [45].
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6 Conclusion

The search for low-energy ionization signals in direct-detection experiments has demonstrated
to be a highly sensitive probe for the existence of sub-GeV DM particles. Semiconductor de-
tectors, which have the lowest ionization thresholds, have progressed dramatically in recent
years. In particular, silicon CCD detectors have moved past the R&D stage with sizable detec-
tors deployed deep underground in 2021. A staged program aims to scale up in target size by
many orders of magnitude in the next decade. The CCD program is poised to uncover large
regions of parameter space for DM particles with masses between 1 MeV c

�2 and 1 GeV c
�2

from their scattering with electrons, with significant potential for discovery.
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