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We present constraints on the existence of weakly interacting massive particles (WIMPs) from
an 11 kg d target exposure of the DAMIC experiment at the SNOLAB underground laboratory.
The observed energy spectrum and spatial distribution of ionization events with electron-equivalent
energies >200 eVee in the DAMIC CCDs are consistent with backgrounds from natural radioactivity.
An excess of ionization events is observed above the analysis threshold of 50 eVee. While the origin
of this low-energy excess requires further investigation, our data exclude spin-independent WIMP-
nucleon scattering cross sections σχ−n as low as 3×10−41 cm2 for WIMPs with masses mχ from 7
to 10GeV c

−2. These results are the strongest constraints from a silicon target on the existence
of WIMPs with mχ<9GeV c

−2 and are directly relevant to any dark matter interpretation of the
excess of nuclear-recoil events observed by the CDMS silicon experiment in 2013.

The DAMIC experiment at SNOLAB employs the bulk
silicon of scientific charge-coupled devices (CCDs) to
search for ionization signals produced by interactions of
particle dark matter from the Milky Way halo. Weakly
interacting massive particles (WIMPs) are leading can-
didates to constitute the cold dark matter in the Uni-
verse [1]. WIMPs would have characteristic speeds of
hundreds of km s−1 and would scatter elastically with
nuclei to produce nuclear recoils [2, 3], which generate
ionization signals in detector targets. By virtue of the
low noise of the CCDs and the relatively low mass of
the silicon nucleus, DAMIC is particularly sensitive to
WIMPs with masses mχ in the range 1–10GeV c−2.
In 2013, the CDMS Collaboration reported an ex-

cess of nuclear-recoil events observed above their back-
ground model in their silicon detectors [4], which
could be attributed to the scattering of WIMPs with
mχ∼9GeV c−2. Although null results from multiple ex-
perimental searches are in tension with this interpre-
tation [5, 6], detailed analyses demonstrate the large
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sensitivity to theoretical assumptions in the comparison
of WIMP search results between different nuclear tar-
gets [7]. In this Letter, we explore with the same nu-
clear target the parameter space that corresponds to the
CDMS event excess.

Throughout 2017–2018, DAMIC acquired data for its
dark matter search with a tower of seven 16-megapixel
CCDs (6.0 g each) in the SNOLAB underground labora-
tory. Each CCD is held in a copper module that slides
into slots of a copper box that is cooled to ∼140K inside
a cryostat. The top module (CCD 1) was made from
high-radiopurity copper electroformed by Pacific North-
west National Laboratory [8], and is shielded above and
below by two 2.5-cm-thick lead bricks. The other mod-
ules (CCDs 2–7), made from commercial copper, popu-
late the bottom segment of the box. The box is shielded
on all sides by ∼20 cm of lead and 42 cm of polyethylene
to stop environmental γ rays and neutrons, respectively.
The innermost 5 cm of the lead shield and the bricks in-
side the box are ancient (smelted more than 300 years
ago) and have reduced radiation from 210Pb (τ1/2=22 y)
contamination. Boiloff from a liquid nitrogen dewar is
used to purge the volume around the cryostat from radon,
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whose level is continuously monitored. The overburden of
the laboratory site (6010m water equivalent) suppresses
cosmic-muon backgrounds to a negligible level. Details
of the DAMIC infrastructure can be found in Ref. [9].

The DAMIC CCDs were developed by Lawrence
Berkeley National Laboratory MicroSystems Lab [10].
The CCDs are 674±3µm thick with an active thickness
of 665±5µm that is fully depleted by a bias of 70V ap-
plied to a back-side planar contact. Ionizing radiation
produces free charges (electron-hole pairs) in the active
bulk. The holes are drifted along the direction of the
electric field (−ẑ) and collected on an array of 4116×4128
pixels of size 15×15µm2 (z=0 plane). Because the drift-
ing charge diffuses with time, there is a positive corre-
lation between the lateral spread (σxy) of the collected
charge on the pixel array and the depth of the interac-
tion (z). After a user-defined exposure time, the charge
collected in every pixel is transferred serially into a low-
noise output node for measurement. A CCD readout
where columnwise segments of 100 pixels were grouped
in a single charge measurement results in an image with
4116×42 pixels. The image contains a two-dimensional
stacked history (projected on the x-y plane) of all ioniza-
tion produced throughout the exposure. For details on
the readout of DAMIC CCDs see Ref. [11].

The DAMIC detector was commissioned in the summer
of 2017 with a red (780 nm) light-emitting diode installed
inside the cryostat. Images were acquired with varying
light exposures to confirm the efficient charge transfer
and to calibrate the output signal of each CCD in units
of eV electron equivalent (1 e−=3.8 eVee) following the
procedure in Ref. [11].

For the dark matter search, data images were acquired
with 3×104 s or 105 s exposures, immediately followed by
“blank” images whose exposure is solely the 130 s read-
out time. Image quality was monitored throughout data
acquisition, including visual inspections. Images with
visible gradients from transients of leakage current af-
ter restarting the electronics or caused by temperature
changes, or with visible patterns from readout noise, were
discarded before processing. Images acquired when there
was a measurable level of radon (>5Bqm−3) around the
cryostat were also excluded because they have an in-
creased background from penetrating γ rays emitted by
short-lived radon daughters. A total of 5607 images from
801 exposures, together with their corresponding blanks,
were considered for this analysis, with an integrated ex-
posure time of 308.1 d.

Image processing started with the pedestal removal
and correlated-noise subtraction procedures of the
DAMIC analysis pipeline described in Refs. [11] and [12],
respectively. We used the images for this analysis and im-
ages from higher-temperature data runs acquired in early
2017 to identify spatially localized regions of high leak-
age current due to lattice defects and generated “masks”
following the procedure in Ref. [11]. Additionally, pix-
els on the edges of the CCDs with coordinate x≤128 or
x>3978, which exhibit transient leakage current following
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FIG. 1. Data cluster in the WIMP search energy region. The
black markers show the pixel values along the row while the
red histogram is the result of the best-fit Gaussian function.
Cluster variables are given in the inset.

the restart of the electronics, were included in the masks.
The application of the masks removed 7% of pixels and
results in a distribution of pixel values centered at zero
and dominated by white noise with σpix∼1.6 e−. Only
29 of the processed images have readout noise that is in-
consistent with white noise, having at least one negative
pixel with value <−5σpix, and were discarded.

For the low-energy events of interest, the range of the
ionizing particles is much smaller than the CCD pixel
size and diffusion dominates the distribution of charge
on the pixel array. Because the charge was read out in
columnwise segments 100 pixels high, information on the
distribution of charge along the y axis was lost. Hence,
the pattern on the image can be described by a Gaussian
distribution along a row, whose amplitude is proportional
to the deposited energy E, mean µx is the x coordinate
of the interaction, and σx is the spatial width in the x
dimension. We identified clusters of charge using both
a “fast” algorithm, which groups contiguous pixels with
signal larger than 4σpix, and a “likelihood” algorithm,
which performs a statistical test in a moving window
along a row to search for the preference of a Gaussian
template over baseline white noise. In addition, for the
likelihood clusters we computed ∆LL, the result of a like-
lihood ratio test between the best-fit Gaussian function
and a flat baseline, such that more negative values cor-
respond to a higher statistical significance of the cluster.
Figure 1 shows an example of an identified low-energy
cluster and the corresponding best-fit Gaussian function.
The clustering algorithms, and the accuracy and preci-
sion of event reconstruction are described in Ref. [11].

The relation between σx and the z coordinate of an
energy deposition in the CCD active region can be mod-
eled as σ2

x=−A ln |1 − bz|. The values A=285±24µm2

and b=(8.2±0.3)×10−4 µm−1 were obtained from fits to
straight cosmic-muon tracks acquired when the CCDs
were characterized on the surface before deployment at
SNOLAB. The details on the diffusion model and the
specifics of the calibration can be found in Ref. [11].
A comparison between the observed maximum diffusion
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Nacional Autónoma de México (Programa de Apoyo
a Proyectos de Investigación e Innovación Tecnológica
Grants No. IB100413 and No. IN112213); STFC Global
Challenges Research Fund (Foundation Awards Grant
No. ST/R002908/1).

[1] E. W. Kolb and M. S. Turner, Front. Phys. 69, 1 (1990);
K. Griest and M. Kamionkowski, Phys. Rep. 333, 167
(2000), hep-ph/9506380; K. M. Zurek, Phys. Rep. 537,
91 (2014), arXiv:1308.0338 [hep-ph].

[2] M. W. Goodman and E. Witten, Phys. Rev. D 31, 3059
(1985).

[3] J. Lewin and P. Smith, Astropart. Phys. 6, 87 (1996).
[4] R. Agnese et al. (CDMS Collaboration), Phys. Rev. Lett.

111, 251301 (2013), arXiv:1304.4279 [hep-ex].
[5] E. Aprile et al. (XENON Collaboration), Phys. Rev.

Lett. 121, 111302 (2018), arXiv:1805.12562; R. Agnese
et al. (SuperCDMS Collaboration), Phys. Rev. Lett. 120,
061802 (2018), arXiv:1708.08869.

[6] P. Agnes et al. (DarkSide Collaboration), Phys. Rev.
Lett. 121, 081307 (2018), arXiv:1802.06994; R. Ag-
nese et al. (SuperCDMS Collaboration), Phys. Rev.
D 99, 062001 (2019), arXiv:1808.09098; C. Amole
et al. (PICO Collaboration), Phys. Rev. D 100, 022001
(2019), arXiv:1902.04031; A. H. Abdelhameed et al.
(CRESST Collaboration), Phys. Rev. D 100, 102002
(2019), arXiv:1904.00498; E. Aprile et al. (XENON
Collaboration), Phys. Rev. Lett. 123, 251801 (2019),
arXiv:1907.11485.

[7] S. J. Witte and G. B. Gelmini, J. Cosmol. Astropart.
Phys. 05, 026 (2017), arXiv:1703.06892.

[8] E. W. Hoppe et al., Nucl. Instrum. Methods Phys. Res.
A 764, 116 (2014).

[9] A. Aguilar-Arevalo et al. (DAMIC Collaboration), J.

Instrum. 10, P08014 (2015), arXiv:1506.02562 [astro-
ph.IM].

[10] S. E. Holland, D. E. Groom, N. P. Palaio, R. J. Stover,
and M. Wei, IEEE Trans. Electron Devices 50, 225
(2003).

[11] A. Aguilar-Arevalo et al. (DAMIC Collaboration), Phys.
Rev. D94, 082006 (2016), arXiv:1607.07410.

[12] A. Aguilar-Arevalo et al. (DAMIC Collaboration),
Phys. Rev. Lett. 118, 141803 (2017), arXiv:1611.03066;
Aguilar-Arevalo et al. (DAMIC Collaboration), Phys.
Rev. Lett. 123, 181802 (2019), arXiv:1907.12628.

[13] J. Allison et al., Nucl. Instrum. Methods Phys. Res. A
835, 186 (2016).

[14] J. Da Rocha, Ph.D. thesis, Sorbonne Université (2019);
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