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We present the first results from a dark matter search using six Skipper-CCDs in the SENSEI
detector operating at SNOLAB. We employ a bias-mitigation technique of hiding approximately
46% of our total data and aggressively mask images to remove backgrounds. Given a total exposure
after masking of 100.72 gram-days from well-performing sensors, we observe 55 two-electron events,
4 three-electron events, and no events containing 4-10 electrons. The two-electron events are con-
sistent with pileup from one-electron events. Among the 4 three-electron events, 2 appear in pixels
that are likely impacted by detector defects, although not strongly enough to trigger our “hot-pixel”
mask. We use these data to set world-leading constraints on sub-GeV dark matter interacting with

electrons and nuclei.
I. INTRODUCTION

Abundant astrophysical evidence indicates that a sub-
stantial fraction of the matter in our universe is com-
posed of non-baryonic dark matter (DM). While many
candidate particles with the required properties have
been proposed, DM has yet to be detected in the lab-
oratory. DM candidates with a mass of less than a
proton (“sub-GeV DM”) are well-motivated and have
increasingly been the target of experimental efforts in
the last decade [I, 2]. To date, the strongest direct-
detection probes of DM with ~eV-to-O(100) MeV masses
are searches for electron recoils from DM-electron scat-
tering [3], DM-nucleus scattering through the Migdal ef-
fect [4] and bremsstrahlung [5], and DM absorption on
electrons [6HI0].

The Skipper Charge-Coupled Device (Skipper-CCD)
technology can measure single-electron signals in a pix-
elated silicon target with high precision [I1]. A par-
ticle interaction in silicon can excite an electron from
the valence band to the conduction band in one of the
pixels of the Skipper-CCD, which, given enough energy,
can in turn create additional electron-hole pairs (below,
simply referred to as “electrons” and denoted as “e~").
The charge in each pixel is then moved pixel-to-pixel
to readout stages located in the corners of the Skipper-
CCD, where the pixel charge is measured repeatedly and
nondestructively to sub-electron precision. This tech-
nology paved the way for the development of SENSEI
(Sub-Electron Noise Skipper-CCD Experimental Instru-
ment). The single-electron sensitivity corresponds to
energy depositions of O(1 eV), which are kinematically
well-matched to the signals generated by the sub-GeV
DM models described above. As a result, SENSEI [12}-
T4] has begun to carve away at the allowed DM parame-
ter space, as has DAMIC-M based on the same technol-
ogy [15].

In this letter, we present the first results from a
search for DM-electron scattering, DM-nuclear scatter-
ing through the Migdal effect, and dark photon DM ab-
sorption with the SENSEI apparatus operating in the
SNOLAB underground laboratory, based on data taken
from September 9, 2022 to April 10, 2023. Supplemental
Materials (SM) contain additional details [16].

I1II. THE SENSEI EXPERIMENT AT SNOLAB

Data were collected using six science-grade Skipper-
CCDs designed at LBNL and fabricated at Teledyne
DALSA Semiconductor. These Skipper-CCDs, which
were used in [I7], 18], were fabricated on the same sil-
icon wafers as those used in the previous SENSEI re-
sult [I4] and have an identical design, except that their
overall dimensions and packaging are slightly different.
The standard thickness is 675 um, which, after repolish-
ing, gives a thickness of 665 um [19]. The active area of
one CCD is 6144 x 1024 pixels of 15 x 15 um?, for an
active mass of 2.19 g. In normal operation, each CCD is
read out through four amplifiers, each of which reads a
“quadrant” of 512 rows by 3072 columns. The CCD and
a copper-Kapton flex circuit are glued to a silicon sub-
strate and wirebonded. T'wo such modules are placed in
a copper tray, which secures and cools the modules using
a copper leaf spring (left panel in Fig. [1)).

The SENSEI apparatus at SNOLAB was installed in
2021. The experiment is contained in a vacuum vessel,
which is separated into two sections. The upper section
holds a “CCD box” with capacity for up to 12 CCD trays
(middle panel in Fig. . The CCD box is cooled through
a cold finger, the temperature of which is maintained in a
range of 125-145 K by a cryocooler. The cooling power of
the cryocooler declined with time, and was periodically
recovered by warming the system to room temperature.
All major components of the upper section, including a
6-inch shield between the CCD box and the lower sec-
tion, are made of oxygen-free high conductivity (OFHC)
copper. The lower section of the vacuum vessel holds the
cryocooler and readout preamplifiers. The vacuum vessel
(right panel in Fig.|1)) is shielded by a 2-inch inner layer of
OFHC copper, a 3-inch middle layer of low-background
lead [20], and a 42-inch outer layer of water tanks and
polyethylene (originally built for [21]). The resulting rate
of background events in the energy range from 500 eV to
10 keV is 140 events/kg/day /keV (see SM).

Each CCD is biased and read out by the Low Thresh-
old Acquisition (LTA) readout electronics [22]. In order
to reduce the “spurious charge” previously seen in these
CCDs [14] 23], RC filters are used to shape the volt-
age waveforms applied to the CCD [24]. We collect 300
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FIG. 1. The SENSEI detector at SNOLAB. Left: Two CCD
modules in their copper tray. Middle: Copper CCD box
and trays deployed inside the vessel. Right: Closed SENSEI
vacuum vessel, before installing the outer copper, lead, and
poly-water shields.

samples per pixel, with a single-sample readout time of
48.8 us.

We refer to one full readout of all six Skipper-CCDs
as an “image,” and collect each image following the pro-
cedure outlined in [23]. To prepare the CCD we adjust
the bias voltages to erase the CCD and suppress dark
current [25], then repeatedly and rapidly (in 0.4 sec-
onds/image) shift charge out of the CCD for three hours
to remove charge released by long-lived traps [26]. Then
we expose the CCD for 20 hours, and read out every
quadrant in parallel in 7.69 hours, which includes a pres-
can of 8 columns, an overscan of 120 columns, and a
vertical overscan of 8 rows. Images are alternately desig-
nated as “commissioning” or “hidden” (either one com-
missioning followed by one hidden, or two commissioning
followed by two hidden), restarting with a commission-
ing image after interruptions. A total of 129 images (70
commissioning and 59 hidden) were collected. Only com-
missioning images are used to develop the analysis and
data quality cuts.

III. DATA RECONSTRUCTION AND
SELECTION

The averaging of Skipper samples, baseline subtrac-
tion, and clustering are performed as in [I4]. We define a
pixel to have a thresholded charge of (1e~, 2e~, X e™) if
it has a measured charge in the range ((0.7, 1.63], (1.63,
2.5], (X —0.5, X +0.5]) e, respectively. Given a pixel, a
“neighboring” pixel is one of the eight adjacent pixels. A
“cluster” or “event” is defined as a contiguous group of
one or more neighboring pixels, each possessing a nonzero
thresholded charge. The cluster charge is the sum of the
thresholded pixel charges.

Of the 24 total CCD quadrants, 12 were rejected based
on their performance in the commissioning data. Three
have low readout gain or high readout noise that pre-
vents single-electron resolution. Seven have high densi-
ties of single-electron events (> 5 x 10~%e~ /pix) after
applying all analysis cuts discussed in Section [[V] and

averaging over all images, indicating poor CCD perfor-
mance. Two have multiple events in the 4-10 electron
range after cuts, which can be linked to charge transfer
inefficiencies that impact these quadrants. The remain-
ing 12 “good” quadrants have readout noises in the range
0.131-0.153 e~ and single-electron event densities in the
range (1.44-3.43)x10~* e~ /pix.

We observe that images collected during periods
of higher cold-finger temperature have correspondingly
higher densities of single-electron events. To remove
these images, we apply a “hot image” selection in two
stages, looking only at regions of good quadrants that
remain after applying the analysis cuts described in Sec-
tion[[V] First, we treat each quadrant independently, and
iteratively determine the set of images in which it is hot.
A quadrant is marked hot in a given image if, consider-
ing the number of remaining pixels in this quadrant and
image, as well as the density of single-electron events in
this quadrant across all non-hot images, the Poisson p-
value meets a threshold such that if charge was uniformly
distributed in time, the expected number of images with
a good quadrant marked “hot” would be 0.5. Second,
an image is considered “good” if no more than one of its
quadrants is marked hot. 82 good images (45 commis-
sioning and 37 hidden) survive this selection.

The total exposure before cuts, in good quadrants and
good images, is 534.89 g-days (293.53 commissioning,
241.35 hidden).

IV. DATA ANALYSIS

After determining good quadrants and good images,
we select a clean sample of events by removing clusters
from known background sources or with characteristics
inconsistent with DM events by applying a series of anal-
ysis cuts (‘masks’). Each mask flags specific pixels in each
image for removal; unless otherwise specified, a masked
pixel or cluster is still considered when computing each
mask. Each mask was developed to target a particular
background source exclusively using the commissioning
data, and was subsequently applied uniformly to both
the commissioning and hidden data. Additionally, many
of the masks are designed with specific statistical thresh-
olds to remove only the most anomalous data, reducing
the impact of bias.

We apply crosstalk, edge, serial register hit, bleeding
zone, and halo mask algorithms that were previously used
in [T4], but their parameters have been re-tuned for this
analysis (see SM). Here we discuss the masks that are
new or substantially different from [14]:

e Readout Noise. We observe time periods with a high
level of readout noise from a source external to the
CCD. We mask rows where >6% of pixels have mea-
sured charge more than 20 away from an integer value,
where o is the typical readout noise for the quadrant

(see SM).



e Bad Pixels and Columns. Defects causing charge
leakage or severe charge transfer inefficiency can create
excess charge in specific pixels or columns, while ampli-
fier light [23] can create a charge excess in columns near
the readout amplifier. We stack all images to identify
and mask blocks of pixels and columns with a statisti-
cally improbable excess of charge. See SM for further
discussion of block sizes and statistical tests.

e Full-Well Mask. We mask all pixels in the same row
as pixels whose charge is near the maximum capacity of
the pixels (“full-well events”), as this results in severe
charge trapping.

e Low-Energy Cluster. After all other analysis masks,
we still observe regions with excess charge due to am-
plifier light or inadequate masking. We therefore mask
pixels within R; = 30 pixels of any cluster, but not
the cluster itself. Note that this removes all pairs of
clusters less than Ry apart from the analysis. Detailed
studies using data and simulations show that this mask
is consistent with removing events in regions contain-
ing higher event densities from understood but inad-
equately masked detector backgrounds, without sup-
pressing the density of DM-like events (see SM). This
mask also prevents double-counting of DM events in
non-contiguous pixels.

The fraction of pixels that survive masking ranges from
8.6-30.8% across the good quadrants, and is 19.0% over-
all. The total exposure of unmasked pixels (referred to
as the “pixel exposure”) is 100.72 g-days (55.13 commis-
sioning, 45.59 hidden). See SM for cut efficiency and
resulting pixel exposure for each subsequent mask.

Clusters are removed from the dataset if they have any
pixel that has been masked. We bin remaining events by
cluster charge and pixel count; 2e~ events are addition-
ally binned by the spatial orientation of the cluster.

The 1e~ channel is not used to constrain DM. Our
data collection procedure was optimized for clusters
containing 2e~—-10e™~, where 10e™ is chosen arbitrar-
ily above the point where our sensitivity becomes non-
competitive with other experiments for all models we in-
vestigate. We used the same exposure duration for all
images and also did not independently measure exposure-
independent sources of le~ events such as spurious
charge (as we did in [I4] 23]), and therefore we cannot
isolate the fraction of the le™ event density that cor-
responds to an event rate. Naively dividing counts by
exposure for the quadrant with the lowest event density
yields an upper bound on the rate of (1.459 £ 0.020) x
10~* e~ /pix/day, or (419 £6) e~ /g-day.

Observed event counts are shown in Table [l We give
event counts for both the hidden data and the combined
commissioning+hidden data, since the hidden data was
not statistically different from the commissioning data:
a two-sided E-test [27] finds that the event rates in the
commissioning and hidden data for each shape are consis-
tent, with the smallest p-value being p = 0.24 for 2-pixel
diagonal events. In the range 11-100 e~, we observe one

Combined data Hidden data Reco. efficiencies
Bin Ev.|Bkgd. | Expo. |Ev.|Bkgd. | Expo. | Shape/ID/Geom.
2e2p, h || 10 | 10.66 | 13.58 | 6 | 4.75 | 6.12 | 0.15/0.96/0.94
2e2p, v || 131 12.65|16.21| 6 | 5.61 | 7.36 | 0.18/0.96/0.94
2e2p, d || 32|25.31 |16.82 | 18 | 11.22| 7.65 | 0.19/0.96/0.93
2e, all || 55 |48.62(46.61| 30 [21.57|21.13| 0.51/0.96/0.94
3e2p 3 | 0.01 |30.87| 2 | 0.01 |14.01| 0.33/0.98/0.96
3e3p 1 |0.06 2684 | 0 | 0.03 |12.21| 0.31/0.94/0.90
3e, all || 4 | 0.07 |[57.71| 2 | 0.03 |26.22| 0.64/0.96/0.93
4e2p 0 | 0.00 [19.51| O | 0.00 | 8.85 | 0.21/0.98/0.96
4e3p 0 | 0.00 |27.60| O | 0.00 | 12.55| 0.31/0.96/0.92
4edp 0 | 0.00 [15.93| 0 | 0.00 | 7.25 | 0.19/0.93/0.88
4e, all 0 | 0.00 |{63.03| 0 | 0.00 |28.66|0.71/0.96/0.92
5e, all 0 | 0.00 |65.56| 0 | 0.00 |29.84 | 0.75/0.95/0.91
6Ge, all 0 | 0.00 |67.31| 0 | 0.00 | 30.63 | 0.78/0.95/0.90
Te, all 0 | 0.00 |68.53| 0 | 0.00 |31.19| 0.80/0.95/0.89
8e, all 0 | 0.00 [69.52| 0 | 0.00 |31.67| 0.82/0.95/0.89
9e, all 0 | 0.00 |70.30| O | 0.00 | 32.02| 0.84/0.94/0.88
10e, all || O | 0.00 | 70.89 | O | 0.00 |32.30 | 0.85/0.94/0.88

TABLE I. Observed events after masking, expected back-
ground, and effective exposure for the combined data and
the hidden portion only, as well as reconstruction efficien-
cies. Events are binned by charge (the number preceding “e”)
and pixel count (the number preceding “p”); 2e~ events are
further binned by spatial orientation (horizontal, vertical or
diagonal). Totals for 2 —4 e~ events are given for the reader’s
convenience and not used in the extraction of the exclusion
limit. Observed events (“Ev.”) and expected background
(“Bkgd.”) are counts; effective exposures (“Expo.”) are in
gram-days. The reconstruction efficiency is decomposed into
cluster shape (“Shape”), misidentification (“ID”), and geo-
metric (“Geom.”) factors.

26-e¢~ event in the hidden data, consistent with the ex-
pected Compton-scattering background given the event
rate in the 101-800 e~ range.

We compute the expected number of 2e~, 3e™, and
4 e~ background events due to pileup of 1e~ events in
each quadrant of each image. These values are given for
each bin in Table [l This calculation is done by taking
the Poisson probability of an N-fold coincidence given the
density of 1e~ events and the number of allowed cluster
shape permutations, and multiplying by the number of
unmasked pixels. This underestimates the pileup rate
and gives a conservative limit if the 1 e~ event density is
not uniform within an image (see SM). Our calculation
is subject to fluctuations in the number of 1e~ events
and the resulting relative uncertainty on the expected
background is 0.9% in the worst case (for diagonal 2e~
events).

The effective exposure is calculated via Monte Carlo
sampling for each bin, and can be thought of as the pixel
exposure (which is calculated after masking) multiplied
by the efficiency to reconstruct a cluster of the size and
shape of the given bin. The simulation takes into ac-
count three effects that impact the reconstruction effi-
ciency, which are described in subsequent paragraphs.

The first effect is cluster shape, which is heavily im-
pacted by diffusion of charge through the CCD. Diffu-
sion is simulated using the same model and parameters
as in [I4], since the CCD properties and bias voltage



are identical. Due to the charge dependence of the dif-
fusion width [28], this model, fitted on muon tracks, is
known to overestimate diffusion. Using high-energy clus-
ters from SNOLAB data, we measure the maximum ob-
served spread, omax, as a function of cluster charge and
confirm that our model overestimates o, by at most
5% for low-energy clusters. This results in a conserva-
tive underestimate for the efficiency of low-energy DM
events to produce contiguous pixels by 2-3%, which was
confirmed with simulations.

Using this diffusion model, we simulate events with
a uniform depth distribution and determine which re-
main contiguous. Of the contiguous events, we remove
several specific shapes due to high background levels.
We observe 9 (21) single-pixel 2e~ events in commis-
sioning (combined) data, which is a significant excess
over the pileup expectation of 3.52 (6.33) events. We
do not observe an excess of two-pixel 2e™~ events. The
source of this excess is unknown, but we speculate that
it may be associated with unmasked hot pixels, ampli-
fier light (multiple photons emitted in bursts, or single
photons above the 2e~ threshold), or other stray pho-
tons above the 2 e~ threshold that are absorbed near the
CCD frontsideﬂ To avoid such possible backgrounds, we
remove all single-pixel multi-e™ eventsﬂ We also ob-
serve an excess of 2e~ and 3e~ “horizontal” clusters in
two of the good quadrants across several images (178
2 e~ -events versus 1.99 expected from pileup, and 6 3e~
events versus ~0 expected), where several pixels next to
each other in the same row contain 1e~. These are likely
associated with charge transfer inefficiencies when drain-
ing charge from the readout amplifier. We remove all
horizontal clusters in these two quadrants, and all hori-
zontal clusters with 3e™ or above in any quadrant.

We call the combination of diffusion and specific shape
removal the “cluster shape efficiency,” i.e. the probability
to obtain a contiguous cluster that passes the additional
cluster shape cuts, given an initial event charge.

We use a Monte Carlo sampling technique to estimate
the total exposure across the CCD, where each pixel has
a unique exposure due to different readout times. Simu-
lated events are uniformly injected in all images, and the
particular exposure contribution for each event (based on
the pixels that it lands in) is weighted by the analytical
probability for every pixel of the event to have its charge
correctly reconstructed (the “misID efficiency”). This ef-
ficiency calculation is a conservative underestimate since
it assumes a misreconstructed event is removed or lost,
when in fact it merely changes the cluster charge. We
then sum the weighted exposure from each event that
survives masking and normalize by the total number of
pixels in the CCD and original number of events, result-

1 The 5 single-pixel 2 e~ events observed in [I4] were also in excess
of the pileup expectation.

2 We note, however, that we do not observe any single-pixel events
containing more than 2e™ in the entire dataset.

ing in the effective exposure. In this way, we can define
the “geometric efficiency”, meaning the probability for an
event whose center is unmasked to have no pixels over-
lapping with a masked region [51].

Following the calculation of effective exposure, we can
back out the impact of each effect that was simulated,
resulting in our reconstruction efficiencies. The effective
exposure and reconstruction efficiencies for each bin are
given in Table[] The statistical uncertainty of these sim-
ulations contribute a relative uncertainty to the effective
exposure of 0.7% in the worst case (for horizontal /vertical
2e” events).

V. DARK MATTER RESULTS

As summarized in Table [I we observe 30 (55) 2e™-
events in the hidden (combined) data and no 4e~ to
10 e~ -events, consistent with pileup background expec-
tations. We do observe, however, two (four) 3 e~ -events,
expecting only 0.03 (0.07) pileup events, in the hid-
den (combined) data. The 3e~ events are unlikely to
arise from Compton scattering [I8, [52] [63] or the par-
tial collection of charge from higher-energy events [54],
as these would also produce many events with higher
charge. They are also inconsistent with any external ori-
gin creating 3 e~ events at either CCD-surface: front-side
events would usually form single-pixel clusters while we
observe none among the rejected events, and a back-side
source would need to first penetrate an opaque layer of in-
situ doped polysilicon. However, two of these 3 e™-events
(both in the hidden data) occur in positions where we see
an excess number of events in stacked images (with prob-
abilities of 2.7x 1072 and 2.0x 107%), albeit not enough to
have triggered the bad-pixel mask, suggesting that they
are due to CCD defects creating localized charge leakage.
Since this was determined only after opening the hidden
data, we do not remove these from our analysis.

Using the data in Table [, we show the 90% C.L. limit
constraints in Fig. |2| (cyan lines/regions) on halo DM that
scatters off electrons for heavy and light mediators [3],
DM that scatters off nuclei through the Migdal effect
for heavy mediators [4], and DM that is absorbed by
electrons [6HIO]. Assuming a dark-photon mediator, we
also show bounds on the “solar-reflected DM” compo-
nent (olive) [33 E5H59]. Solid (dashed) lines use the hid-
den (combined) data, with the dashed lines facilitating
comparison with results that are not based on a hidden
search. Our bounds improve on previous bounds [12-
151 82] [42] [43], [49], [60-75] for a range of DM models, espe-
cially for DM interacting with electrons through a light
mediator and for dark-photon DM absorption, but also
for DM-nuclear interactions below ~30 MeV for heavy
mediators. In the SM, we show the limit on DM that
scatters off nuclei through the Migdal effect for light
mediators, which improves on previous bounds for DM
masses below ~40 MeV.

As in [T4], we use a likelihood-ratio test based on [76]
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and a toy MC to compute the distribution of the test
statistics used for the calculation of the p-value, the one
difference being that we account for the expected pileup
background in each bin as a known background. See SM
for the full statistical treatment.

The DM-electron scattering rates are from QEDark [29]
77]. A comparison to the DM-electron scattering cal-
culations with DarkELF [78], EXCEED-DM [79, B0], and
QCDark [81l B2] is given in the SM. We use the Migdal
rates from [41], which uses input from DarkELF [78], [83],
and the absorption rates from [84][85]. For solar-reflected
DM, we use the simulations from [33] (using [57, 58| [86])
and the DM-electron scattering cross section from [87].
We use the DM halo parameters in [88]. We follow the
ionization model in [89] to compute the number of elec-
trons produced by energy deposits in the CCD. The pre-
vious SENSEI limit [I4] has been recast with these halo
parameters and ionization model.

We also compute model-independent rates of events for
each charge n, R,.- (all following rates are in events/g-
day). The maximum-likelihood Rg.- in the combined
(hidden-only) data is 8.57 x 1072 (3.18 x 107!), and the
90% C.L. upper limit is 3.25x 107! (7.32x 107 1), a factor
of ~14 lower than our previous limit [I4]. The maximum-
likelihood Rs,- in all (hidden) data is 6.85 x 1072 (7.56 x
1072), and the 90% C.L. upper limit is 1.49x 107! (1.97x

my [eV]

10~1). For higher charges where we observe no events,
the maximum-likelihood rate is zero and the upper limit
is 2.30 events divided by effective exposure.

In summary, we presented world-leading constraints
from the SENSEI detector at SNOLAB. The observed
2e” events are consistent with pileup expectations from
le™ events. Four 3e~ events are observed, with two of
them later found to occur in pixels with an excess num-
ber of events in stacked images. The SNOLAB setup
has been upgraded with additional detectors for another
science run. A larger dataset will allow us to further in-
vestigate if the observed 3e™ events are consistent with
excesses in stacked images. A dedicated run will mea-
sure the 1e~ event rate. Further improvements to the
data-taking and analysis based on what was learned after
opening the hidden data are expected to further increase
our sensitivity to low-mass DM.
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