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The Coherent Neutrino-Nucleus Interaction Experiment (CONNIE) aims to detect the coher-
ent scattering (CEvNS) of reactor antineutrinos off silicon nuclei using thick fully depleted high-
resistivity silicon CCDs. Two Skipper-CCD sensors with sub-electron readout noise capability were
installed at the experiment next to the Angra-2 reactor in 2021, making CONNIE the first experi-
ment to employ Skipper-CCDs for reactor neutrino detection. We report on the performance of the
Skipper-CCDs, the new data processing, data quality, and event selection for CEvNS interactions,
which enable CONNIE to reach a record low detection threshold of 15eV. The data were collected
over 300 days in 2021-2022 and correspond to exposures of 14.9 g-days with the reactor-on and
3.5 g-days with the reactor-off. The difference between the reactor-on and off event rates shows no
excess and yields upper limits for the neutrino interaction rates, comparable with previous CONNIE
limits from standard CCDs and higher exposures. Searches for new neutrino interactions beyond
the Standard Model improve the previous CONNIE limit on a simplified model with light vector
mediators. A first dark matter (DM) search by diurnal modulation by CONNIE obtains the best
limits on the DM-electron scattering cross-section by a surface-level experiment. These promising
results, obtained using a very small-mass sensor, illustrate the potential of Skipper-CCDs to probe
rare neutrino interactions and motivate the plans to increase the detector mass in the near future.

I. INTRODUCTION off the nucleus as a whole, benefiting from a coherent en-
hancement of the cross-section at low neutrino energies.

Coherent elastic neutrino-nucleus scattering (CEvNS) ~ Despite being predicted in the Standard Model (SM) over
is an interaction process in which the neutrino scatters four decades ago [1], the process was only recently dis-
covered for the first time, thanks to the development of
ultra-sensitive detectors and pulsed sources of neutrinos
from stopped pions. It was first observed by the COHER-
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ENT collaboration at the Spallation Neutron Source us-
ing a CsI[Na] scintillating crystal detector [2] in 2017, and
was also detected later using a single-phase liquid argon
(LAr) detector [3] and with a larger CsI[Na] dataset [4].
The observation of the process has opened up a new realm
of possibilities for exploring neutrino physics at low en-
ergies.

Since the CEvNS interaction cross-section is predicted
with precision in the SM, its measurement can be used
to probe new physics in a number of possible scenarios.
Nonstandard interactions (NSI) of neutrinos [5-7], pre-
dicted by some extensions of the SM, can be explored at
low energies by looking for enhancements of the measured
coherent scattering rate due to additional neutral-current
processes between quarks and neutrinos. Examples of
possible searches include models with light scalar [8, 9]
and vector boson mediators [10, 11], or pseudoscalar
axionlike particles [12, 13], and there is a complemen-
tarity in NSI sensitivity between the measurements of
stopped-pion and reactor experiments [14]. Measure-
ments of CEvNS at short baselines can be used to search
for depletion in the flux due to oscillations into sterile
neutrinos [15-17]. The process can also probe nonstan-
dard neutrino electromagnetic properties, such as mil-
licharge [18] or charge radii [19]. Models with a neutrino
anomalous magnetic moment, in which the neutrino-
nucleus scattering is mediated by a light boson, predict
a significant enhancement of the cross-section at low en-
ergies and could result in a several orders of magnitude
increase in the event rates [20, 21].

The coherent scattering interaction can also be used to
measure the weak mixing angle at low energies [22-24].
It can provide important information on nuclear struc-
ture by measuring the weak form factor, which depends
on the neutron density distribution and can be used to
measure the neutron radius and the neutron skin [25].
The process is also relevant to supernova energy trans-
port and stellar collapse [26, 27] and direct dark matter
detection where it is a limiting background [28, 29]. In
terms of potential applications, in recent years the possi-
bility to apply coherent scattering in noninvasive nuclear
reactor and nonproliferation monitoring using neutrinos
has been investigated [30, 31].

The recent intense developments in coherent scatter-
ing phenomenology and searches for physics beyond the
SM have been accompanied closely by rich and varied
experimental programmes. Detecting CEvNS is very
challenging due to the low neutrino energies involved,
E, < 50 MeV, and the even lower nuclear recoil ener-
gies, typically in the range of tens of eV to few keV.
Only about 10% of the recoil energy contributes to mea-
surable signals such as ionisation, which is reflected in
the quenching factors that quantify the ionisation effi-
ciency. Therefore the experimental efforts have focused
on achieving ever lower energy thresholds and lower back-
ground rates, while striving to maximise the detector
mass and neutrino flux available.

On the one hand, in terms of the experiments using

stopped-pion neutrino sources, the COHERENT collab-
oration is taking data and preparing new detectors [32],
while new CEvNS experiments are also being planned
for the European Spallation Source [33]. On the other
hand, several current and future experiments are using
nuclear reactors as a high-flux neutrino source with the
aim of detecting CEvNS. The reactor experiments em-
ploy a variety of different detection technologies: high-
purity germanium crystal detectors in the CONUS [34],
nuGEN [35], NCC-1701 [36] and TEXONO [37] experi-
ments, liquid noble gas detectors in RED-100 [38], scin-
tillating crystals in NEON [39], cryogenic bolometers and
solid-state detectors in MINER [40], NUCLEUS [41] and
RICOCHET [42], and silicon CCDs (charge coupled de-
vices) in CONNIE and Atucha-II [43].

The Coherent Neutrino-Nucleus Interaction Experi-
ment (CONNIE) seeks to detect the coherent scattering
of reactor antineutrinos off silicon nuclei using thick fully
depleted high-resistivity silicon CCDs. The detector is
operating in a ground-level laboratory adjacent to the
reactor dome of the Angra 2 nuclear reactor near Rio
de Janeiro, Brazil, at a position about 30 m from the
core of the 3.95 GW thermal power reactor, where the
estimated antineutrino flux is 7.8 x 10'27/cm?/s [44].
The experiment had an initial engineering run in 2014
for commissioning and background characterisation [45],
before installing 14 scientific CCDs in 2016. The analy-
sis of 20162018 data resulted in an upper limit on the
CEvNS rate of about 40 times the SM expectation for the
lowest energy region starting from 75 eV [44], which led
to competitive limits on simplified NSI models with light
scalar and vector mediators [46]. A readout improvement
in 2019 data enabled us to lower the detection threshold
to 50 eV and obtain new CEvNS limits [47].

In 2021, two Skipper-CCDs [48] were installed in the
CONNIE detector with the aim of further decreasing the
detection threshold. The resulting improvement in sen-
sitivity at low energies is employed to search for CEvNS,
as well as rare processes beyond the SM. This work
reports the first results from the CONNIE experiment
with Skipper-CCDs, based on an analysis of the dataset
recorded in 2021 and 2022. The text is organised as fol-
lows. Section II describes the CONNIE experiment de-
tector with Skipper-CCDs and the dataset, Section III
outlines the data processing and calibration procedures,
and Section IV shows the detector performance, event
selection and the resulting energy spectra with the re-
actor on and off. These are applied in three searches
for rare processes in Section V: the SM coherent elastic
neutrino-nucleus scattering, neutrino NSIs mediated by
a light vector particle, and dark-matter diurnal modula-
tions. The concluding remarks and prospects are given
in Section VI.



II. THE CONNIE DETECTOR WITH
SKIPPER-CCDS

In order to achieve the sensitivity to low energies re-
quired for detecting CEvNS, it is essential to minimize
the readout noise and, consequently, reduce the detec-
tion energy threshold of the sensors as much as possi-
ble. The recently developed Skipper-CCDs [48] operate
with a nondestructive output readout stage that can sam-
ple multiple times the charge in each pixel. In this way,
the readout noise which is added by the output ampli-
fier is reduced to sub-electron levels and sensitivity to
individual electrons is achieved, allowing to count the
exact number of electrons in each pixel. Skipper-CCD
sensors are employed to search for dark matter by the
SENSEI [49], DAMIC-M [50] and Oscura [51] experi-
ments, in the SOAR spectrograph instrument [52], at the
Atucha reactor [43] and in precise studies of silicon prop-
erties [53, 54]. In 2021 two Skipper-CCDs were installed
in the CONNIE detector, making it the first experiment
to employ these novel sensors for reactor neutrino detec-
tion.

II.1. Experimental setup and commissioning

The CONNIE sensors are two identical fully depleted
silicon Skipper-CCDs of 675 um thickness, designed at
LBNL in collaboration with FNAL during the R&D
phase of the SENSEI experiment [49] and fabricated
at Teledyne DALSA Semiconductor. They are made
from high-resistivity (~18kQ-cm) n-type silicon sub-
strate, with a p-type buried channel implant. They do
not have any backside processing and thus present a
thin backside layer with high dopant concentration where
partial charge collection occurs, similar to the previous
CONNIE CCD sensors [47]. Each sensor is segmented
into 1022 x 682 pixels of 15 x 15 um? size, giving an area
of 1.57cm? and a mass of 0.247 g.

The sensor is connected to a dedicated Kapton flex-
cable with microwire bonds, glued to a 7 x 7 cm? silicon
substrate and packaged in a two-piece copper tray, iden-
tical to the ones used for the CONNIE standard CCDs,
as shown in the left photo of Fig. 1. The two Skipper-
CCD packages were installed in the lowest slots of the
copper box that holds the sensors in the detector, while
the 14 standard CCDs from the previous CONNIE setup
remained in their original positions (Fig. 1 center). The
Skipper-CCD flex cables connect through new dedicated
second-stage flex circuits with signal preamplification to
the vacuum side of a newly designed vacuum-interface
board (Fig. 1 right), which transfers the signals from the
two Skipper-CCDs and two standard CCDs. From the
air-side of the interface, the signals are taken to four Low-
Threshold-Acquisition (LTA) readout boards [55] using
long flat cables.

The rest of the detector setup is unchanged with re-
spect to the previous operations [44, 47]. The sensors

operate in a vacuum of 10~7 torr and are cooled to
below 100K (measured at the cold finger) to minimise
thermally generated dark current without loss of charge-
transfer efficiency. The detector is surrounded by passive
shielding, including 15 cm of lead to absorb photons and
two 30-cm layers of high-density polyethylene to shield
against cosmogenic neutrons. After the installation, the
experiment took data for commissioning from mid-July
to early November 2021, when the full passive shield-
ing was assembled. Since then, the data acquisition has
been continuous until the end of 2023, with short inter-
ruptions due to technical issues, on-site interventions or
power cuts.

II.2. Data acquisition

The best operational configuration of the 2 Skipper-
CCDs in terms of the quality of the acquired images was
achieved by measuring half of each sensor using one of
the 4 output amplifiers located in its corners. The data
acquisition cycle consists of two phases: cleaning and
readout. During cleaning, a procedure to reduce surface
dark current is performed, in which the sensor surface
voltages are reversed [56]. Then, after reverting the volt-
ages to their default values, the charge in the CCD active
area is clocked and discarded for 10 minutes (equivalent
to reading out the entire sensor about 15 times with only
one sample per pixel), ensuring that the readout starts
with a “clean” CCD. The readout is done sequentially by
alternating the phasing of the vertical clocks, so that the
charge in the row of pixels adjacent to the serial register is
first moved into it. Subsequently, the entire row of pixels
is retrieved as the charge is sequentially shifted through
the amplifier in the serial register, guided by another set
of three voltages known as the horizontal clocks.

Both sensors are read out simultaneously with
Ngkp = 400 samples per pixel, taking approximately
2 hours to acquire a raw image and resulting in a nonuni-
form exposure in different pixels. The data-taking peri-
ods are divided into runs, typically of ~500 images ac-
quired under stable detector configuration and operating
conditions. New runs are also started after interruptions,
to ensure clear segmentation and traceability of the data.

The current dataset contains 300 days of data, col-
lected between November 2021 and December 2022, from
which 243 days were taken with the reactor on. There
were two periods when the reactor was off: from June
12 to July 25, 2022 and from November 10 to 29, 2022,
during which a total of 57 days of reactor-off data were
collected.

III. DATA PROCESSING

The raw data are two-dimensional FITS images [57] in
which each group of Ny, consecutive pixels in a row
corresponds to Ngg, measurements of the charge of a



FIG. 1.

CONNIE: (Left) packaged Skipper-CCD, (center) copper cold box with 14 standard CCDs and 2 Skipper-CCDs

installed in the bottom positions, and (right) vacuum interface board on top of the copper vacuum vessel.
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FIG. 2. Distribution of charge up to one hundred electron
peaks in the data from one run.

single pixel. The first processing step constructs a two-
dimensional image assigning to each pixel the average of
the Ng.p charge measurements, in analog-to-digital units
(ADU). The horizontal baseline is then computed for
each row of the processed image as the median of the pix-
els in the overscan (unexposed) region, while the vertical
baseline is obtained for each column as the median of the
first 100 pixels in the column. The horizontal and vertical
baselines are subtracted from each row and column, re-
spectively. The images subsequently undergo energy and
size-to-depth calibrations, as well as masking of defects
and spurious charges, before the events corresponding to
energy depositions in the sensors are extracted.

IT1.1. Energy calibration

Due to the Skipper-CCD readout noise achieved with
Nskp = 400 samples/pix reaching a fraction of an electron
(as detailed in Section IV.1), the consequent charge dis-
tribution of the images is a sequence of Gaussian peaks
with the means centered on multiples of the electron
charge, as shown in Fig. 2. This individual electron res-
olution of the sensors [48] is used to calibrate the image
from ADU to number of electrons.

In order to establish a precise calibration for all the
images in a run, the distributions of charges per pixel
are obtained for all images in a run, resulting in samples
of sufficient size. This is shown in Fig. 2 for the first 100
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FIG. 3. Size-to-depth calibration curve from a sample of 45
muons in one Skipper-CCD.

peaks of one sample, which are then fitted with indepen-
dent Gaussian functions. A linear fit is performed to the
obtained Gaussian means to derive the global gain from
the slope and the baseline residual correction from the
intercept. The nonlinearity obtained with this method
in the energy range of interest is less than 1%, in good
agreement with previous works [53].

The gain of each image is also monitored throughout
the data taking by performing a simplified fit to the first
two Gaussian peaks in the charge distribution, in order
to test the gain stability. Images with outlier values of
the gain are excluded from further analysis.

II1.2. Size-to-depth calibration

When a pointlike energy deposition within the sensor
volume produces a number of charge carriers (holes), the
electric field present in the bulk causes them to drift to-
wards the potential wells at the pixel top surface of the
CCD where they are collected. As they drift, the holes



diffuse laterally in the plane perpendicular to the drift
direction (z). As shown in Ref. [58], the lateral spread is
Gaussian with a variance that depends on the time the
holes diffuse before being collected, which is proportional
to the depth of the ionisation event. Holes produced close
to the CCD back side have more time to diffuse before
being collected and, therefore, they spread more than the
holes produced close to the collection wells.

The size-to-depth calibration curve is determined from
muon tracks using the same procedure as in standard
CCDs [47]. Cosmogenic muons pass through the CCD
leaving a straight track which is narrow at the entry point
at the top of the CCD and widens as it progresses towards
the back surface, where it exits. A sample of muon tracks
perpendicular to the horizontal register is used to deter-
mine the lateral spread as a function of depth, ensuring
an unambiguous depth assignment along the track and
resulting in a clean and ubiased size-depth calibration,
despite the reduced sample size. Since the muon trajec-
tory is straight, a depth can be assigned to each muon
slice and therefore to each value of the lateral spread,
hence composing the calibration curve.

The behaviour of the size-to-depth relation from a
sample of 45 muons in one sensor and one typical run
is plotted in Fig. 3. FEach point is a measurement
of the size and depth of one slice of a muon track.
The fitted curve f(z) = /aln(l — Bz) with parame-
ters a = —212 pm?, B = 1.02 x 10~ 3um~', shown by
the red dashed curve, gives the spread in pm, with vari-
ations of up to 4% between sensors and runs. Deviations
of the fit at small depths reflect the limited reconstruc-
tion resolution at small event widths and do not bias
the fit parameters in the remaining fit range. The event
size depends on the energy deposit per pixel, and muon-
based calibration curves slightly overestimate the event
size for low-energy interactions due to the more spatially
spread muon signals caused by charge repulsion, whereas
neutrino-induced deposits undergo diffusion only; this
difference is below 7% in the low-diffusion regime and
decreases with increasing diffusion, and is therefore ne-
glected [58, 59].

I11.3. Masking

Due to the sub-electron noise, an order of magnitude
lower than standard CCDs, the Skipper-CCD sensors
have a high image resolution, making it possible to in-
vestigate artifacts of charge smearing and defective pixels
that can mimic low-energy events from diffusion-limited
hits and become a background source. To eliminate these
features, a masking procedure to flag these background
events in the images was developed using reactor-off data
and empty images formed by reading out serial registers
without movement of pixel charges, and was applied prior
to the event extraction.

The features known as serial-register events (SRE)
manifest in the images as charge deposits along a sin-

gle row, originating from charge diffusion in the inactive
silicon region that extends to the serial register. They
frequently occur in clusters of adjacent pixels and oc-
casionally in more dispersed arrangements along a single
row. The latter may include isolated pixels reconstructed
independently from the group of pixels associated with
a single SRE, leading to potential misidentification as a
diffusion-limited hit mimicking a neutrino event.

Consequently, for each image, an individual mask is
generated in which entire rows with SRE candidates are
marked for exclusion. The selection requires the presence
of at least two pixels in the same row, each with a min-
imum charge of 1.5e™, not separated by more than two
pixels, and with no adjacent pixels above and below with
a charge greater than 1.5e~. This threshold value was
chosen to exclude single-electron events, such as spuri-
ous charges or dark current [60]. The SRE identification
algorithm was tested on images containing only serial-
register events. The resulting masks correctly identified
more than 99% of the SREs in these images.

In addition to the SRE, another common background
source in CCDs consists of hot pixels that produce bright
columns or rows, or appear as individual hot pixels.
These are identified by searching the image regions with-
out particle tracks for rows or columns with more than
12 unmasked pixels with a charge greater than 0.6e™.
The value of 12 was chosen based on the observed distri-
bution of pixels exceeding this threshold. To exclude hot
features that appear recurrently throughout a run, a sin-
gle mask per run is built containing the flagged columns
and rows that were found hot in more than 5% of the
images, since this fraction marks the appearance of clear
outliers in the frequency distribution of such events. Sim-
ilarly, individual pixels that have charges above 2.56 e~
(16 times the readout noise) in more than 10% of the
images are flagged as bad pixels. Merging the two hot
pixel masks and the SRE individual masks results in an
individual global mask for each image in a run.

The average fraction of pixels that were flagged in the
global masks corresponds to 8% of the Skipper-CCD ar-
eas (6% for one sensor and 10% for the other). The im-
pact of the masking, concentrated on a few hot columns
and rows, is a reduction by almost two orders of magni-
tude in the total measured charge.

II1.4. Event extraction

Once the images are calibrated and masked, an event
extraction procedure is applied to identify the pixel clus-
ters associated to energy depositions and to create an
event catalog for each image. The event extraction algo-
rithm is the same as the one described in Ref. [44], but
uses a charge threshold of 1.6e~ (100 above the noise
level) for the seed pixel and of 0.64 e~ (40) for its adjacent
pixels. These values were chosen in order to reconstruct
the total event charge. A cluster is formed by group-
ing the seed pixel and its neighbouring pixels (including



diagonal connections) until no additional adjacent pix-
els above threshold are found. A catalog containing the
properties of all reconstructed clusters is saved for each
image.

Additional event size and shape variables computed
in the extraction algorithm are the event widths o, and
oy, obtained from a two-dimensional Gaussian fit to the
cluster charge spatial distribution. The coordinates of
the barycenter position of the event in the image are also
calculated. The subsequent data selection is performed
on the image catalogs containing the event variables.

IV. SELECTION AND ENERGY SPECTRUM

IV.1. Data quality criteria

To establish a set of data quality criteria, the perfor-
mance of three parameters was analysed: the readout
noise, the single-electron event rate and the number of
flagged pixels in the global mask. The analysis was per-
formed using only reactor-off data in order to avoid ex-
perimenter’s bias.

The readout noise is the fluctuation added by the out-
put amplifiers, while the single-electron events [60] cor-
respond to charges caused by a combination of different
processes such as spontaneous thermal emission or dark
current, Cherenkov and recombination photons [61] or
clock-induced charge or spurious charge [60]. Both the
noise and the rate of single-electron events of each image
are calculated during the data processing and continu-
ously monitored, together with the gain.

The procedure to compute the noise and single-
electron rate is analogous to the one in the analysis of
standard CCDs [47], and calculates the two parameters
independently from the overscan and active regions, re-
spectively. In addition to applying the SRE mask, all
pixels with more than 5e~ and their 10 adjacent pixels
in all directions are excluded from the active region in
the calculation, leaving contributions from mostly pixels
with 0 and 1 electron.

Figure 4 shows the readout noise and single-electron-
event rate distributions of one Skipper-CCD. The mean
readout noise of the reactor-off dataset is measured to
be (0.150 £ 0.007)e~. In order to exclude the outlier
noisy images, only those with noise below 0.17e~ are re-
tained in the subsequent analysis. The single-electron
rate is obtained as (0.045 + 0.021) e~ /pix/day. Since
single-electron events can interfere significantly in the
background rates, images are required to have single-
electron rate of less than 0.14e~ /pix/day. Lastly, to
ensure a good spatial coverage, images with more than
25% of masked pixels in the active region were excluded
from the analysis. The effect of the data quality cuts is
a reduction of 2.9% (5.6%) in the reactor-off (on) data
sample.

IV.2. Event selection and exposure

After the data quality requirements, event selection
criteria are applied similarly to the previous analysis [47],
based on the event positions within the active region and
their shapes, in order to search for neutrino interactions
in the sensor volume. First, the image borders of 10 pixels
in the active region are excluded, in order to avoid edge
effects in the morphology of reconstructed events [62].
This results in a reduction of around 8% in the effective
area of the sensor and is reflected in the calculation of
the total exposure.

Then a selection is applied based on the size of the
events. The events are required to have widths o, and o,
smaller than 0.95 pixels to exclude charge deposits that
are very spread or come from the back CCD layer which
has only partial charge collection and can produce fake
low-energy events [63]. In addition, a lower limit of 0.2
pixels is set on the widths, considering the sensitivity of
the reconstruction algorithm. These requirements result
in rejecting about half of all previously selected events.

Since the Skipper-CCDs do not have an exposure time
prior to the readout stage, a single pixel in the sensor
is only exposed during the sequential readout of other
pixels before it in the readout line. This is taken into ac-
count to calculate the effective exposure of each image.
A time map is built assigning to the n-th pixel an expo-
sure time texp = tro(n — 1)/(Npix — 1), where t,, is the
total image readout time and Npix is the total number
of pixels in the image. After removing all the regions ex-
cluded in the geometrical border cut and the individual
global mask, the image exposure time is calculated as the
average exposure time of the remaining pixels in the time
map.

IV.3. Detection efficiency

The detection efficiency determination uses the same
methodology as in previous analyses [44, 47] by simulat-
ing 40 neutrino-like events per image from the reactor-off
period, with a uniform probability in the active volume
and a uniform energy distribution between 5 and 2005 eV,
using the depth-size calibration. Comparing the energy
and three-dimensional position of the simulated events
before and after the image processing and event extrac-
tion, the total extraction acceptance was found to be
98.7%. The remaining small fraction of simulated events
was flagged by the masking routine due to their similarity
to serial-register events, Section II1.3.

The overall detection efficiency, shown in Fig. 5, ac-
counts for the event extraction acceptance and the se-
lection procedure. Compared to the previous runs with
standard CCDs, the new sensors extend their efficient op-
eration to lower energies and reach full efficiency around
100 eV, representing a significant improvement. Based
on this, the energy threshold for rare event searches was
reduced to 15eV. This value was chosen based on the lim-
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FIG. 5. CONNIE Skipper-CCDs detection efficiency (red), accounting for the event extraction acceptance and the selection
cuts. The CONNIE standard CCD efficiencies from 2016-18 [44] (blue) and 2019 [47] (grey) are shown for reference. (Left)
Efficiency up to energies of 0.5keV and (right) a zoom into the low-energy region.

itation of the current understanding of the background
at very low energies, where artificial events are not yet
fully characterised or efficiently rejected, leading to an
increase in the observed background levels. With this
threshold, the experiment achieves the lowest-energy sen-
sitivity among all current CEvNS searches, improving
over the previous best limit of 50eV also obtained by
CONNIE [47].

IV.4. Energy spectrum

All the processing, data quality and event selection
criteria were fixed before unblinding the reactor-on data.
The total effective exposures of the data samples after all
selection requirements were determined to be 3.5 g-days
with the reactor off and 14.9 g-days with the reactor on.

The event-rate distributions of the energy spectra for
the selected events over the two periods, accounting for
their effective exposure, are shown in Fig. 6 (details in
Appendix A). The mean event rates are comparable at
approximately 4 kdru, and are consistent with the previ-
ous analyses [44, 45, 47].

The difference between the reactor-on and off energy
spectra is also shown, demonstrating no significant ex-
cess. The p-values for the null (background only) hy-
pothesis are estimated using the statistical prescription
of Ref. [64] for the first three bins to be equal to 0.82,
0.26 and 0.65, respectively. These values do not allow
to reject the null hypothesis at the 90% confidence level.
Nevertheless, due to the low energy threshold and the
low single-electron-event rates, the current dataset can
be employed to search for rare processes in and beyond
the SM.

V. SEARCHES FOR RARE PROCESSES

Search for coherent elastic neutrino-nucleus
scattering

V.1.

In order to obtain the expected neutrino rates at the
detector, the SM neutrino coherent interaction rates are
corrected for the effects of selection efficiency and resolu-
tion, obtained from simulation, as well as for the quench-
ing factor that represents the fraction of nuclear recoil



Measured Energy |Sarkis (2023) rate| Chavarria rate |Observed 95% CL |Expected 95% CL
[keVee] kg 'd 'keV'] |[kgT'd keV ]| kg d TkeVa!] | [kgTtd T ke VL
0.015 — 0.215 29.3 155 17.743.3 2.24x10% 3.18 x10°
0.215 — 0.415 27113 2.20 £0.21 7.36x10° 4.77 x10°
0.415 — 0.615 0.43 1038 0.36 & 0.04 3.41x10? 3.31 x10°

TABLE I. Expected CEvNS event rates for different ionisation efficiency models considering the efficiency and resolution for
Skipper-CCDs. In the last column the observed and the expected limit at 95% CL are tabulated.
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FIG. 6. (Top) CONNIE Skipper-CCD reactor-on and reactor-
off spectra and (bottom) their difference.

energy that creates ionisation. Here a similar procedure
is used as the one in Ref. [65].

The predicted antineutrino flux at the detector is cal-
culated following the summation method described in
Refs. [66-69], updated with improved antineutrino spec-
tra for the fissile isotopes 235U, 238U, 239Pu and 24! Pu.
The contribution from activation (neutron capture) of
structural and fuel elements relevant for energies below
1.27 MeV was also updated following [70]. The detec-
tion threshold of 15eV, corresponds to a minimum ob-
servable neutrino energy of ~0.44 MeV, according to the
Sarkis et al. quenching factor model [71]. Above this
energy, the updated flux model and the one used pre-
viously [65] agree to within 3% and are thus considered
equivalent in this analysis (details can be found in Ap-
pendix A).

The detection efficiency discussed in Section IV.3 is
used as a multiplicative correction to the expected event
rate as a function of the measured ionisation energy, Ep;.
For the quenching factor, f,(Ey.) = E;/FEyn., with Ef
the ionisation energy, the updated model of Sarkis et
al. [71] is applied, which allows to calculate the ionisa-
tion efficiency for nuclear recoil energies in silicon down

to 0.05keV ;. This model, based on the original ideas by
Lindhard [72], incorporates improved descriptions of the
electronic stopping, interatomic potential and electronic
binding at sub-keV energies, covering the Skipper-CCD
low-energy range (Ey, > 0.240keV,,) corresponding to
Ey > 0.015keVe.. The energy resolution R(E;, Eyr) is
modeled as a Gaussian with variance 02 = 02+ F.E., E;,
where o9 = 3.04 eV, is the readout noise, F, = 0.119 is
the electronic Fano factor, and E.;, = 3.752eV, is the
mean energy to create an electron-hole pair in silicon [73].

The resulting predicted rates for the CEvNS spectrum
for Skipper-CCDs are shown in Table I, for the same bin-
ning as used in the data. A comparison with the Chavar-
ria quenching factor [74], valid for E,, > 0.30keVy,
and out of range for Skipper-CCD data near the thresh-
old, is also given for reference. The uncertainties in the
expected rates take into account systematic variations
due to the quenching factor [71, 74], efficiency (see Ap-
pendix B for details) and reactor budget [68, 75].

Based on the difference between the measured reactor-
on and off event rates in Fig. 6, a 95% confidence-level
(CL) upper limit on the observed CEvNS rate is estab-
lished [76, 77], shown in Table I. The observed limit in
the lowest-energy bin, where the expected rates reach the
highest values, corresponds to 76 times the SM predic-
tion using the Sarkis quenching factor [71]. The expected
limits are also calculated and shown in the last column
of the table. The observed limit obtained with Skipper-
CCDs and the previous result using standard CCDs [47]
are of similar size. This can be explained by the fact
that, on the one hand, the sensitivity of the current limit
is restricted by the large rate uncertainties due to the low
exposures, while on the other hand it benefits from the
significant improvement in detection efficiency at low en-
ergies. This enhanced sensitivity motivates the need to
increase the sensor mass in order to harness the full po-
tential of Skippers-CCDs in the search for CEvNS with
reactor neutrinos.

V.2. Search for new light vector mediator with
CEvNS detection channel

Theories beyond the SM that include light media-
tors are highly motivated by the experimental results
in various fields of particle physics [81-84], including
dark matter and neutrino physics. New mediators can
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FIG. 7. (Left) CONNIE Skipper-CCD exclusion limits (solid lines) at 95% CL from the CEvNS detection channel for a light
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the quenching factor from Sarkis [71] (green) and the standard-CCD [46] (red). For comparison, limits at the 90% CL from
COHERENT (Csl+4Ar) [79] and CONUS (k = 0.16) data [80] are also shown.

be probed under the framework of the so-called “simpli-
fied models” which, accounting only for representative
new particles and interactions, allow to characterise new
physics with a small number of parameters [85]. Reac-
tor neutrino experiments, sensitive to low-energy inter-
actions, have demonstrated their competitiveness in con-
straining new light mediators in the mass region below
~10 MeV [46, 80].

Here, the CONNIE results from the Skipper-CCD run
are employed to constrain the parameter space of a light
vector mediator Z’' in the framework of the simplified
universal model [78], using the CEvNS detection chan-
nel. Considering the lowest energy bin, 15-215eV, the
expected event rate in CONNIE, Rgps4 2/, is computed
when accounting for the presence of the new mediator
in addition to the SM interactions. The exclusion region
in the phase space of the Z’ mass (Mz/) and coupling
(gz) is then calculated as the one in which this rate is
greater than the observed upper limit on the event rate
at 95% CL for the same energy bin.

Figure 7 (left) shows the resulting CONNIE limits
from the Skipper-CCD run with the updated Sarkis et
al. quenching factor [71]. For illustration purposes, the
limit corresponding to the Chavarria quenching factor is
also given [74], although recent measurements and cal-
culations suggest it may be less valid at such low en-
ergies. The exclusion regions derived from the CON-
NIE Skipper-CCDs improve slightly the bounds imposed
with the CONNIE standard CCDs using the Chavarria
quenching factor [46], mostly as an effect of the updated
quenching factor at low energies, and to a lesser extent
because the significantly higher Skipper-CCD rate uncer-
tainty is compensated by the lower threshold, which en-
hances sensitivity. A comparison with other experimen-
tal results in Fig. 7 (right) shows that the new CONNIE
limit is less stringent but approaches that based on the

COHERENT experiment CEvNS detection with CsI+Ar
and its own quenching factor measurement [79]. The
limit is more stringent at low mediator masses compared
to the CONUS experiment, which uses germanium detec-
tors and the Lindhard model with a quenching parame-
ter of k = 0.16 [80], thanks to the Skipper-CCD reach to
lower energies.

Figure 7 (left) also shows the 95% CL upper limit pro-
jections assuming a zero difference between the reactor-
on and off rates and a statistical error five times smaller
in the lowest-energy bin. These limits may be achieved if
CONNIE can collect 25 times more data by, for example,
increasing its mass.

V.3. Dark matter search by diurnal modulation

Dark matter (DM) direct detection experiments using
Skipper-CCDs have the best current constraints for light
dark matter candidates interacting with electrons in most
of the energy range of interest (0.5-1000 MeV) [86, 88].
These constraints are limited in the lowest-energy bin by
the single-electron background rates. However, they can
be improved by searching for a diurnal modulation, as
explained in Ref. [89] and summarised below.

Due to the Solar System movement around the galaxy,
there is a preferred direction of arrival of dark matter
particles, which is known as the DM wind. This wind
comes, on average, from the latitude 40° N. In the region
of parameter space to which Skipper-CCDs are sensitive,
DM particles interact with nuclei and electrons inside
the Earth, and therefore can suffer elastic or inelastic
collisions, producing a sidereal day modulation of their
flux at the location of the detector. The “isodetection
angle” is defined as the angle formed between the direc-
tion of the DM wind and the normal to the surface of
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underground.

the Earth at the detector location. Experiments located
at the northern hemisphere scan low isodetection angles,
meaning that the expected modulation is smaller (the
DM particles only traverse the atmosphere and a small
portion of the Earth crust in their trajectory). However,
in the southern hemisphere, the isodetection angle spans
larger angles and the expected modulation becomes big-
ger. CONNIE is located at 23° S, allowing to scan a range
of isodetection angles of roughly [65-161]°.

Stable single-electron-event rates are needed in order
to look for the modulation. To that end, we limited this
analysis to the most stable data-taking run. Each im-
age has an exposure of around one hour, and an average
isodetection angle is assigned to it using the date and
time information. The rates computed for each image
are then binned in the isodetection angle. Simulations
are carried out using DaMaSCUS [90, 91] to calculate the
expected rate for each isodetection angle bin. The sim-
ulations are then compared to the measured rates and a
90% CL constraint for the DM parameters is calculated
using a binned likelihood method.

The results are given in Fig. 8, considering models with
MeV-scale DM, which couple to SM particles via a kinet-
ically mixed dark photon (A’) [92, 93]. The plots show
the DM phase space limits in terms of the DM particle
mass (Mx) and its interaction cross-section with elec-
trons (o.). The DM-electron scattering cross-section de-
pends on the DM form-factor, Fpm = (ame/q)", with
a the fine structure constant, m. the electron mass and
g the momentum transfer, which varies with the medi-
ator mass, M4, [94]. For heavy dark photon mediators
(Mar > ame) n =0 and thus Fpy = 1, while for ultra-
light mediators (M4, < am,), n = 2. The limits for the
heavy and ultralight dark photon mediators are given in
the left and right plots, respectively.

The figure also presents a comparison with other ex-
periments. The plots in solid lines correspond to surface-

level experiments, while dashed lines indicate under-
ground experiments. In the [0.6-10] MeV region, this
analysis establishes the best limits for a surface-level ex-
periment by 1-3 orders of magnitude in the DM-electron
cross-section. The CONNIE limits are not competi-
tive with underground experiments due to the cosmo-
genic background, which introduces extra single-electron
events produced by effects such as Cherenkov radiation
in silicon [61]. However, these are promising results for
future searches in which a better stability of the detector
is accomplished and the backgrounds are better under-
stood.

VI. SUMMARY AND PROSPECTS

CONNIE has successfully installed and commissioned
two Skipper-CCDs in its detector, becoming the first ex-
periment to employ these novel sensors with the aim
to detect reactor neutrinos. The experiment took data
between November 2021 and December 2022, demon-
strating stable operation and low noise, and collecting
a total data exposure of 18.4g-days, after data qual-
ity selection. Despite the low exposure, resulting from
the very low sensor total mass (0.25g), the experiment
achieved excellent sensor performance, with an ultra-
low readout noise of 0.150e™, and a comparatively low
single-electron rate, considering the surface location, of
0.045 e~ /pix/day. This allowed us to greatly improve
the detection efficiency reach at low energies, achieving
a record low threshold among all CEvNS experiments of
15eV.

The collected dataset was employed to look for rare
processes, as a proof of principle for the possibilities of
using Skipper-CCDs for searches within the SM and be-
yond. The sensitivity to CEvNS was extended to lower
energies, where higher rates are expected, and the data



quality selection was improved. The resulting CEvNS
limit, which is dominated by the statistical uncertainties
of the small dataset, it is comparable to our previous re-
sult, obtained using an exposure greater by two orders of
magnitude. The results demonstrate an increased sensi-
tivity to probing CEvNS and new neutrino interactions
at very low energies. For simplified models with new
light vector mediators, the limit in the phase space of the
model represents an improvement to our previous result.
A study of diurnal DM modulation was performed for the
first time by CONNIE and the results represent the best
limits on the DM-electron scattering cross-section, ob-
tained by a surface-level experiment, representing an im-
provement by 1-3 orders of magnitude. These first results
using Skipper-CCD data demonstrate the robustness and
versatility of the sensors, as well as their promising po-
tential to detect CEvNS and probe new physics models
with high sensitivity.

In order to succeed in measuring these rare processes,
CONNIE must increase its active sensor mass, while
maintaining the quality and stability of the performance.
Considering as an example a 1-kg detector with the cur-
rent levels of readout noise, background rate and detec-
tion threshold, it would take only around a month to
detect CEvNS at 90% CL. The perspective for the imme-
diate future is to increase the mass by installing 16 new
sensors, mounted in a compact arrangement on a Multi-
Chip-Module (MCM), designed by Oscura [51]. The plan
is to assemble the MCM inside the current CONNIE de-
tector setup by mounting it in place of the copper box
of the standard and Skipper sensors. The rest of the
detector design and shielding will be kept unchanged,
to ensure minimal disruption to the overall setup and a
speedy commissioning. This upgrade is planned for the
first half of 2024 and will bring a 32-fold increase in sensor
mass to a total of 8 g, thus greatly enhancing the physics
potential of the CONNIE experiment.
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Energy range | Reactor-off | Reactor-on | Difference
keV] rate [kdru] |rate [kdru] | [kdru]
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TABLE II. Observed rates with CONNIE Skipper-CCD
reactor-on and reactor-off data, and the difference between
the two.
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Appendix A: Observed rates and expected neutrino
flux

Table II shows the observed rates in bins of energy
for data with the reactor on and off, and the difference
between the two. The numbers correspond to the plot of
Figure 6.

Figure 9 shows the updated antineutrino flux at the
detector. It was calculated following the summation
method described in Refs. [66-68], updated with im-
proved antineutrino spectra for the fissile isotopes 23°U,
2387, 239Pu and 2*'Pu, as well as with the contribution
from activation (neutron capture) of structural and fuel
elements relevant for energies below 1.27 MeV following
Ref. [70]. The threshold of 15eV,, corresponds to a min-
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FIG. 9. Total reactor antineutrino spectrum per fission in the
reactor per MeV for three models: (black) Wei Eng Ang et
al. [66], (red) Huber et al. [95] and (brown) Wong [96]. The
error band for Wei model is computed according to [68, 75].
The dotted vertical line denotes the neutrino energy threshold
for Skipper-CCDs at CONNIE.

imum observable neutrino energy of ~0.44 MeV, shown
in the figure, according to the Sarkis quenching factor
model [71]. Above this value, the updated flux model and
the one used previously [65] agree to within 3% and are
thus considered equivalent. The main difference between
the new and old flux models appears for E,, < 0.35 MeV,
which is below the minimum observable neutrino energy.

Appendix B: Fitting functions for detection and
ionisation efficiency

To obtain and reconstruct the events registered dur-
ing a Skipper-CCD exposure, a specific set of processing
tools are used. The reconstruction efficiency for these
tools has been evaluated using simulated events as dis-

12

cussed in Section IV.3. This efficiency can be fitted by
the continuous function,

e(Er) = bo(1—by exp(—by(E;)*)—bsexp(—byEy)), (B1)

where by = 0.763599, by = 0.108047, b2 = 51.1075,
b3 = 0.984304 and by = 26.0671 for the central curve
only, with a x? = 20/95, see fig. 10. For the upper
efficiency curve the parameters are, by = 0.813653,
by = 0.115169, by = 19.5823, b3 = 0.955748 and
by = 26.5726. And for the lower efficiency curve
the parameters are, by = 0.717902, b; = 0.122821,
ba = 19.9976, bs = 0.980065 and by = 26.2413.

For the ionisation efficiency we used the first princi-
ples model from Ref. [71], where we fit the continuous
function,

(al(ER — Eo) + CLQ(ER — E())a3 + a4(ER — Eo)a5)

fn(Er) (as(ERr — Eo) + a7(Er — Eo)*)

(B2)
from EFr = 0.08 keV to Er = 10.00 keV such
that the relative error from the exact numeric
tabulated value is less than 1%, see Fig. 10.
The fit parameters for the central curve are,

Ey = 0.0386870 (keV),a; = 1.35347 (1/keV),ay =

—0.794527 (1/keV?3), a3 = 0.982405, a4 =
—0.461248 (1/keV?), as = 0.987530, ag =
—0.911767 (1/keV),a; = 1.64321 (1/keV?), and
ag = 0.946677.

For the upper curve the fit parameters are, Fy =
0.0152147 (keV), a1 = 0.205447 (1/keV), as =
—0.0122554 (1/keV?33), a3 = 0.709046 , a4 =
—0.0274662 (1/keV®), a5 = 0.649680, ag =
—0.0331458 (1/keV), ay = 1.02803 (1/keV?s), and
ag = 0.784991. For the lower curve the fit

parameters are, Fp = 0.0724154 (keV), a3 =
0.526887 (1/keV), as = 0.00140378 (1/keV?3), a3 =
0.283309, a4y = —0.241916 (1/keV?3), a5 = 0.828205,
ag = —0.289727 (1/keV), a7 = 3.05516 (1/keV?#), and
ag = 0.819846.
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