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We deployed the Mobile Skipper Testing Apparatus ~33 m away from the Compact Muon Solenoid
collision point, the first skipper-CCD detector probing low-energy particles produced in high-energy
collisions at the Large Hadron Collider. In this work, we search for beam-related events using data collected
in 2024 during beam-on and beam-off periods. The dataset corresponds to integrated luminosities of
113.3 fb~! and 1.54 nb~! for the proton-proton and Pb-Pb collision periods, respectively. We report
observed event rates in a model-independent framework across two ionization regions: <20e~ and >20e".
For the low-energy region, we perform a likelihood analysis to test the null hypothesis of no beam-
correlated signal. We found no significant correlation during proton-proton and Pb-Pb collisions. For the
high-energy region, we present the energy spectra for both collision periods and compare event rates for
images with and without luminosity. We observe a slight increase in the event rate following the Pb-Pb
collisions, coinciding with a rise in the single-electron rate, which will be investigated in future work. Using
the low-energy proton-proton results, we place 95% confidence level constraints on the mass-millicharge
parameter space of millicharged particles. Overall, the results in this work demonstrate the viability of
skipper-CCD technology to explore new physics at high-energy colliders and motivate future searches with

more massive detectors.

DOI: 10.1103/mm7w-6s2t

I. INTRODUCTION

The search for new physics at the Large Hadron Collider
(LHC) has traditionally focused on high-energy signatures
predicted by various extensions of the Standard Model
[1-3]. However, a complementary and increasingly prom-
ising approach involves probing low-energy particle rem-
nants produced in LHC’s high-energy collisions. This
unexplored regime may reveal subtle signals from weakly
interacting or hidden-sector particles, such as millicharged
particles (mCPs), which are predicted in well-motivated
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theoretical scenarios involving kinetic mixing between
Standard Model and hidden photons [4].

The skipper-CCD technology has already demonstrated
world-leading sensitivity in the search for such particles. Its
unique ability to resolve individual ionization electrons,
combined with its low-energy threshold [5], enables the
detection of faint signatures like those expected from mCP
interactions. The SENSEI experiment at the MINOS cavern
at Fermilab [6] used this technology to set world-leading
constraints on mCPs with masses between 30 and 380 MeV
using the NuMI beam [7]. Also, the CONNIE and Atucha-
IT Collaborations, with skipper-CCD detectors operating at
nuclear power plants in South America, have placed the
strongest exclusion limits for mCPs in the 1 eV to 700 keV
mass range [8]. However, the production of heavier mCPs
is highly suppressed in both of these environments, as the
limited center-of-mass energies available for Drell-Yan
production in fixed-target beams and for Compton-like
production in reactors prevent efficient generation of
heavier mCP pairs.

Published by the American Physical Society
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The 13.6 TeV proton-proton collisions at the LHC open a
new window to probe GeV-mass mCPs. The milliQan
experiment has recently placed world-leading limits for
mCPs with masses above 0.45 GeV [9]. Similar efforts are
ongoing at several locations along LHC [10-13], including
both upgrades to existing detectors and new proposals for
the High-Luminosity LHC (HL-LHC).

To contribute to this program, we deployed MOSKITA
(Mobile Skipper Testing Apparatus) at the LHC, the first
skipper-CCD detector sensitive to low-energy ionization
signals from high-energy collisions. MOSKITA enables the
characterization of both environmental and beam-related
ionization backgrounds, as well as the search for anoma-
lous excesses that could indicate new physics.

In this work, we present the first results from MOSKITA,
using data collected in 2024 during proton-proton colli-
sions, Pb-Pb collisions, and beam-off periods. We provide
details on the detector installation, performance, data
acquisition, and analysis pipeline. We report the observed
event rates in a model-independent framework across two
ionization regions: <20e~ and >20e~. For the low-energy
region, we report p-values and 95% confidence level (CL)
upper limits on the null hypothesis of no beam-correlated
events, based on a profile likelihood analysis. We found no
significant correlation during proton-proton and Pb-Pb
collisions. For the high-energy region, we present the
energy spectra for both collision periods, comparing rates
for images with and without luminosity. We find an
increase in the high-energy event rate following the
Pb-Pb collisions, coinciding with a rise in the single-
electron rate. Finally, using the low-energy results for
the proton-proton collision period, we place constraints
on the mass-millicharge parameter space for mCPs at a
95% CL, and project sensitivities for scenarios with a larger
detector, reduced background, and higher luminosity.

II. MOSKITA AT THE LHC

A. Experimental setup

MOSKITA is a dedicated setup that has been previously
used for testing skipper-CCDs for the Oscura experiment at
FNAL [14,15]. It consists of a stainless steel T-shaped
vacuum vessel, placed inside a 2-inch-thick lead shield,
which can accommodate a CCD sensor. All the hardware
needed for its operation is located on a 1.2 m?> aluminum
pallet.

MOSKITA was shipped to CERN and installed near
LHC Interaction Point 5 in the Compact Muon Solenoid
(CMS) drainage gallery ~70 m underground. This gallery,
in which the milliQan experiment is located [16,17], is
~33 m away from the interaction point, separated by
~17 m of rock that shields the site from high-energy
particles produced in collisions. According to the CMS
coordinate system [18], MOSKITA is placed at an azimu-
thal angle ¢ of 43° and pseudorapidity # of 0.1. Figure 1

FIG. 1.

MOSKITA at the CMS drainage gallery. The packaged
sensor, mounted on a copper tray, hangs from the cold finger inside
the stainless-steel vessel (red box). The lead shield encloses part of
the vessel, fully covering the region where the sensor lies.

shows a picture of MOSKITA installed at the CMS
drainage gallery and Fig. 2 shows a diagram indicating
the setup’s position relative to the CMS detector.

We use as detector a 6.29 MPix p-channel skipper-CCD,
designed by the Lawrence Berkeley National Laboratory
and fabricated at Teledyne-DALSA for the SENSEI
experiment [19]. The sensor’s active area is an array of
1024 rows and 6144 columns of 15 x 15 pm? pixels and
has a thickness of 675 pm, which gives a total mass of ~2.2
grams. This sensor has four floating-gate amplifiers, one in
each corner, that allow it to perform multiple nondestruc-
tive measurements of the charge in each pixel during
readout. The number of measurements taken from the
same charge packet will be referred to as Np,,. The sensor’s
packaging was done at FNAL. In this process, the sensor
and a copper-Kapton flexible cable are glued to a silicon
substrate and wirebonded; then, the whole assembly is
placed inside a copper tray.

Once MOSKITA was fully assembled at the LHC in
March 2024, we installed the packaged sensor inside the
vessel. The sensor’s active area is perpendicular to the
ground and is not oriented toward any specific direction.
During operations, the vessel holds a vacuum of
~107* Torr, and the sensor is cooled down to ~140 K
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To surface

FIG. 2. MOSKITA’s location relative to CMS.

using a Sunpower CryoTel cryocooler to minimize
thermally-generated charge. We use a low-threshold
acquisition board [20] to bias and read out the sensor.
The temperature is monitored at two locations: on the
sensor’s copper tray (CCD temperature) and on the cry-
ocooler’s cold head, next to the heater used to keep the
sensor’s temperature constant (heater temperature). The
pressure is monitored using a MicroPirani vacuum gauge.

The sensor’s performance was previously evaluated at
FNAL, where three out of the four amplifiers, located in the
output stages labeled 2, 3 and 4 in Fig. 3, were working as
expected under operating conditions. Physically, the sensor
has two serial registers, which are the last rows of pixels
used to transfer the charge from the active area to the output
stages. In this sensor, output stages 1 and 4, as well as 2 and
3, share a serial register. After installing the sensor in
MOSKITA at the LHC, we found that half of the serial
register next to output stage 2 presented problems in
transferring charge with the usual operating voltages, as
shown in Fig. 4. During data acquisition, each amplifier
read out one quarter of the CCD (quadrant); hence, the only
useful quadrants, named 1 and 2 from now on, are those
read out through amplifiers in output stages 3 and 4,
respectively.

1 4
| |
quadrant 2
quadrant 1
[ | N
2 3
FIG. 3. Diagram of the CCD installed in MOSKITA (not to

scale). The two serial registers (blue) and the four output stages
(red) are shown. The useful quadrants, when the CCD is read out
through all four amplifiers, are labeled as quadrants 1 and 2.

FIG. 4. Image taken in MOSKITA at the LHC, rearranged as in
Fig. 3. Itis a 3.5-h exposure with a 15-min readout through output
stages 3 and 4. The charge transfer problem in the half of the
serial register next to output stage 2 is clear.

B. Data acquisition (DAQ) and operating conditions

The data acquisition cycle for one image consists of two
phases: cleaning and readout. During the cleaning phase,
charge in the active area of the CCD is transferred and
discarded through the output stages 1 and 2 for 10 min.
Thus, the readout begins with a “clean” CCD. Immediately
after cleaning, we start the pixel-by-pixel readout through
the four amplifiers. Each amplifier reads 515 rows and
3200 columns of pixels, measuring Ny, times the charge
in each pixel.

Of the 515 rows, 512 correspond to the active area, that is
pixels within the physical array. The remaining three
correspond to the vertical “overscan” area, which consists
of pixels that extend beyond the physical array clocked
towards the output stage. Of the 3200 columns, the first
eight correspond to the “prescan” area, which arises from
eight extra physical pixels in the serial register connecting
to the output stage. The next 3072 columns correspond to
the active area, followed by 20 columns of horizontal
overscan. The remaining 100 columns correspond to the
horizontal “reverse overscan” area, that is pixels beyond the
physical array clocked away from the output stage. The
entire serial register is clocked to discard charge before
each row of pixels in the active area is vertically transferred.

In each readout, data are stored as a two-dimensional
Flexible Image Transport System (FITS) image with 515
rows and (3200 x Np,,) columns, referred to as a “raw”
image, to which a consecutive “image ID” number is
assigned. In this image, every Ny, consecutive pixels in
the same row correspond to the N, measurements of the
charge in the same pixel, and their values are in analog-to-
digital units (ADUs). It takes ~3.2 (4.8) h to acquire one
raw image with N, = 169(256) samples/pixel, resulting
in a nonuniform exposure across pixels that increases
linearly with the pixel readout time. Given this readout
time frame, the image DAQ is independent of beam
activity. Raw images are processed afterward for monitor-
ing and analysis, as will be described in the following
section. The pixel distributions of the processed images
form a set of Gaussian peaks centered on integer multiples
of the gain, a parameter that relates ADUs to the number of
generated electron-hole pairs.

MOSKITA at LHC has been taking data continuously
since March 2024. We divide the DAQ period into “runs,”
each consisting of a set of images acquired under the same
conditions. In this analysis, we use data from the first year
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TABLE L. Runs during DAQ period. V5 g refer to the sensor’s
operating voltages used in each run. Thermal cycles are indicated
with red horizontal lines.

Run Dates No. of images  Conditions

1 March 15-May 22 462 Va5 Ngmp = 169
2 May 22-July 31 500 Vi Nymp = 169
3 August 4-September 14 293 Vg; Nomp = 169
4 September 14—October 17 159 Vi; Nymp = 256
5 October 19—December 9 236 Vi; Nymp = 256
6 December 21-31 50 Vg5 Nomp = 256

of operations, whose information is summarized in Table I.
In Run 1, the sensor’s operating voltages caused pixel
saturation at ~1400 e~ in quadrant 2. For subsequent runs,
we changed the voltage applied to one of the gates in the
sensor’s output stage to achieve pixel saturation at typical
levels, i.e., 28000 e~ since a lower saturation value could
impact event reconstruction at high energies. System
thermal cycles to temperatures above 200 K were per-
formed after Runs 2, 4, and 5. The operating conditions of
the setup during each run were stable, maintaining a sensor
temperature of 140 K and a pressure below 1 x 10~* Torr;
this is shown in Fig. 5.

We continuously monitor the readout noise, gain, and
single-electron rate (SER) of each acquired image. These
parameters are obtained from a three-Gaussian fit to the
first three peaks of the pixel distributions of the processed
images, corresponding to pixels with 0, 1, and 2 e~.
Assuming the Gaussian fitted to the k e~ peak has
parameters (ay, oy, py) corresponding to its amplitude,
standard deviation, and mean, respectively, we define the
gain as (4 — Ho)/2, the SER as a;/ag, and the readout
noise as oy.

Figures 6(a)-6(c) show the evolution of these parameters
in each working quadrant over time, with the SER and the
noise scaled by the gain. The gain remains stable over time,
with a smaller spread during Runs 4, 5, and 6 due to
improved fits resulting from the reduced noise at higher
Ngmp- Similarly, the SER is stable overall in each run, with a
slight increase observed toward the end of Runs 2 and 5. As
expected, the mean SER in Runs 4, 5, and 6 is higher due to

Pressure

— CCD temperature
[K] — Heater temperature

[mTorr]

200
150 e
100

50
May 1 June 1 July 1

August 1 September 1 October 1 November 1 December 1 Jan 1

FIG.5. Pressure and temperature of the experimental setup over
eight months within the DAQ period. Spikes in the CCD
temperature correspond to system thermal cycles.

240
3 Run:l Run2 Run3 Run4 Run5 Run 6 Quadrant:
235F : ;
é 230 ;..' é‘é
=] - B
A -
< 3
= 225F i
£ - o
© 3 !
220 F
215 — e : :
March1 May 1l  Julyl August31 October 31 December 31
Date
(a)
35 %107 _
-~ Runl Run2 _ Run3Run4 Run5 Run 6Quadrant:
3 2 -1
- -2
— 25F
% -
& F
S 2F
5 =
n 15k
1=
0.5 —— - - - -
March1 May 1l  Julyl August31 October 31 December 31
Date
(b)
0.28
- Run:1l Run2  Run3Run4 Run5 Run 6 Quadrant:
0.26 1
024 F 7;\ "2
& : /ﬁ ™
v, 0.22
=2 = ——
- P \
2 02 2 e '/ ) ey
Z - VG A
0.18 | =228
3 T —
0.16 -

0.14 : : - : .
March1 May 1l Julyl August31 October 31 December 31
Date

(©)

FIG. 6. Evolution over time of (a) gain, (b) single-electron rate,
and (c) readout noise during the DAQ period. Run periods are
highlighted.

the longer image readout time associated with the increased
Ngmp; however, the SER in Run 6 is 17% higher than in
Runs 4 and 5. In contrast, the readout noise shows
significant variations over time exhibiting the highest
variation during Run 2, with 2.8% for quadrant 1 and
3.5% for quadrant 2. The mean value of each parameter,
along with its standard deviation, obtained for each run
are shown in Tables II and III for quadrants 1 and 2,
respectively.
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TABLE II.  Gain, single-electron rate, and readout noise mean
values for quadrant 1 in each run.

Run  Gain [ADU/e~] SER [1073 ¢~ /pix] Noise [e7]
1 2304+ 1.5 1.44+0.2 0.204 £ 0.001
2 2300+ 1.9 1.5+0.3 0.214 £ 0.006
3 2304+ 1.5 1.44+0.2 0.208 £+ 0.001
4 2294+ 0.8 20+0.3 0.166 £+ 0.001
5 229.6 £0.8 2.1+£03 0.169 £+ 0.001
6 230.2+0.8 24403 0.167 £ 0.001
TABLE III.  Gain, single-electron rate, and readout noise mean
values for quadrant 2 in each run.

Run  Gain [ADU/e~] SER [1073 e~ /pix] Noise [e7]

1 223.1+14 1.24+0.2 0.212 £ 0.001
2 2229+ 1.7 1.24+0.2 0.227 £+ 0.008
3 2227+ 1.7 1.24+0.2 0.229 + 0.001
4 2219409 1.74+0.2 0.183 £+ 0.003
5 2220+1.0 1.84+0.2 0.200 =+ 0.006
6 2224 +0.8 2.1+0.3 0.190 £+ 0.001

1. The LHC beam during DAQ

DAQ occurred during Run 3 of the LHC. In its 2024 run,
the LHC conducted a proton run from March to October,
followed by a lead-ion run that concluded in November.
Proton-proton collisions at an energy of 13.6 TeV began on
March 14, 2024. After achieving stability, the beam
intensity steadily increased, reaching its maximum at the
end of April with a recorded instantaneous luminosity of
~2.12 x 10** cm™2s~!'. At full intensity, the LHC beam
consisted of 2352 bunches separated by 25 ns, each
containing 1.6 x 10!" protons. The beam operates in
periods of ~10 h, during which the instantaneous lumi-
nosity maintains its initial peak for ~4 h before decaying
exponentially until the beam is dumped. The proton run
concluded on October 16, 2024, delivering a final inte-
grated luminosity of 124.4 fb=! to the CMS experiment.
After the proton run, a 6-day period of proton-proton
collisions at 5.36 TeV took place for calibration for the
lead-ion run. Pb-Pb collisions at 5.36 TeV began on
November 6, 2024. Full intensity was achieved on
November 10, 2024, with 1240 bunches per beam sepa-
rated by 50 ns. During this run, the beam operated in
periods of ~6 h, maintaining its initial luminosity peak for
about one hour before exponentially decaying until being
dumped. The lead-ion run concluded on November 23,
2024, delivering a final integrated luminosity of 1.9 nb~! to
the CMS experiment. Since the DAQ is not synchronized
with the beam periods, we associate to each acquired image
the integral of the instantaneous luminosity over its readout
time. Figure 7 shows the LHC beam instantaneous lumi-
nosity recorded by the CMS detector during the 2024 run.
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FIG. 7. Instantaneous luminosity of the LHC beam recorded by

the CMS detector during the 2024 run for proton-proton (black)
and Pb-Pb (blue) collisions. For reference, the time periods of
MOSKITA DAQ runs are highlighted.

III. DATA PROCESSING

We perform a two-step image processing. The first step
is applied to each raw image, where we build its corre-
sponding “processed” image by assigning the average of its
N¢mp measurements, excluding the first one which is
noisier, to each pixel. As a result, the processed image
has N, times fewer columns compared to the raw image.
Additionally, the processed image includes a row-by-row
subtraction of the horizontal baseline, computed as the
median of the horizontal reverse overscan pixels in the row,
which are considered to have zero charge. The pixel values
in the processed images are in ADUs. A second processing
step is applied to each processed image, where we first
perform a column-by-column subtraction of the vertical
baseline, computed as the median of all pixels in the
column, and then we build its corresponding “calibrated”
image by dividing each pixel value by the absolute gain per
quadrant. Pixel values in the calibrated images are in units
of electrons.

A. Energy calibration

For each run and quadrant, we sum the pixel distributions
of all processed images and perform a Gaussian fit to each of
the first 850 peaks. Figure 8 shows the fitted pixel

Peak No.
% 5(?0 51‘0 5%0 5%0 54‘&0 55'0
a 400 -
«' 300
o
g 200
£
= \
114000 116000 118000 120000 122000 124000
Pixel value [ADU]
FIG. 8. Pixel distribution corresponding to quadrant 1 in Run 1

in ADUs. The peak number is equivalent to the number of
collected charge carriers.
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TABLE IV. Average gain in ADU/e™ and the highest percent-
age variation in energy calibration due to nonlinearity for each
quadrant in each run.

Gain [ADU/e™] Nonlinearity [%]

Run  Quadrant 1  Quadrant 2 Quadrant 1 ~ Quadrant 2
1 226.2 214.7 1.8 4

2 226.3 214.8 1.7 4

3 226.3 214.8 1.9 4

4 226.3 214.7 1.3 34

5 226.4 214.8 1.5 34

6 226.8 215.1 1.7 3.6

distribution corresponding to quadrant 1 in Run 1, between
peak numbers 500 and 550. We plot the mean value of each
of those fits against its corresponding peak number and
perform a linear fit; the slope extracted from this fit
corresponds to the average gain for each quadrant in each
run. We find this gain to be essentially constant over time.
These values are used for calibration and are shown in
Table IV. To estimate the nonlinearity (N.L.) in the energy
calibration, we compare the mean of each Gaussian fit,
divided by the average gain for each quadrant in each run, to
its corresponding peak number and extract the highest
percentage variation. These values represent upper limits
on the energy calibration nonlinearity, which are below
1.9% for quadrant 1 and 4% for quadrant 2 in all runs; see
Table I'V. The gain values obtained previously are consistent
with this method when taking into account the nonlinearity.

IV. EVENT RECONSTRUCTION

From the calibrated images, we reconstruct events. We
define an event as a group of neighboring pixels with
charges exceeding the 1 ¢~ detection threshold, computed
per image. The total charge of an event is computed as the
sum of the integer charges of its constituent pixels.

A. Detection threshold

The minimum amount of charge that a pixel must have to
be considered as nonempty, i.e., the 1 ¢~ detection thresh-
old, strongly depends on the noise and the single-electron
rate of the image. During the data acquisition period, the
SER remained stable, but the noise exhibited some varia-
tions, as discussed during the data acquisition section. To
select the 1 e~ detection threshold accounting for these
variations, we proceed as follows. We model the 0 ¢~ and
1 e~ pixel distributions of each image as two Gaussians
centered at 0 and 1, respectively, with the same standard
deviation determined by the image noise value in units of
electrons. The amplitude ratio of the 1 e~ Gaussian to the
0 e~ Gaussian equals the image SER in e~ /pix. We
compute the F1 score for the 1 ¢~ signal as a function
of the threshold value. We define the optimal threshold for
each image as the one that maximizes the F1 score. Figure 9

09 C Runl Run2 Run3Run4 Run5 Run 6 Quadrant

— o F Iy —
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A i
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0.65 :
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FIG. 9. Optimal 1 e~ detection threshold per image for
quadrant 1 (cyan) and 2 (purple) in each run.

shows the optimal detection threshold for each image of
each quadrant over the DAQ period.

V. EVENT SELECTION

We use masks, created from the calibrated images, to
exclude events from known sources. The masking algorithm
is based on the approach used in dark matter searches [6,19].
Low-energy events, with charge <20 e~, are rejected if any
of their constituent pixels are masked by any of the masks,
while high-energy events, with charge >20 e~, are rejected if
their energy-weighted pixel centroid is masked by the border,
hot-column or serial-register-event masks.

We apply an additional selection cut to the low-energy
events, beyond the masking-rejection criterion, to exclude
single-row events. This cut targets events likely happening
near the sensor surface, primarily causing single-pixel
events, and artifacts from serial-register hits or charge-
transfer inefficiencies in the output stage, which manifest as
one-row multiple-pixel events.

The impact of the masks and the selection cut on the
detection of low-energy events is incorporated as an effi-
ciency, calculated for each energy bin. This efficiency is
computed from simulated image, and accounts for various
effects that affect the event reconstruction, including:

(1) Diffusion: events may split into multiple clusters
when diffusing, or part of their charge may fall into
masked regions, resulting in only a fraction of the
true deposited charge being reconstructed.

(2) Noise: per-pixel fluctuations can result in events
being reconstructed with a charge differing from the
actual deposited charge.

(3) Single-electron rate: multielectron events can form
from pileup, and events overlapping with 1 e~
events from the SER may be reconstructed with a
charge higher than originally deposited.

A. Masking algorithm

We developed and optimized a masking algorithm using
only images from Run 1, in order to avoid any bias, and
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then applied it to the full dataset for the final analysis.
A brief discussion of the masks used in this analysis is
presented here:

Border mask: this mask removes events near the image
borders, as their measured energy may only be a fraction of
the total energy deposited due to their proximity to the
edge. Additionally, low-energy events near the borders can
originate from depositions occurring outside the active area
of the sensor. We mask ten pixels from the top, bottom, and
left edges in the images.

Hot-column mask: this mask removes columns with an
excess of 1 e~ events produced by defects in the sensor’s
active area. For each run, a single mask is generated by
combining the hot-column mask of the two useful quad-
rants. To create the mask of each quadrant, the 1 e~ event
rate for each column is computed using all processed
images from that run, after removing all events with a
charge greater than 20 ¢~ and a halo of five pixels around
them. A smoothing filter is applied to the rate, the baseline
is removed, and columns with a rate exceeding five median
absolute deviations, along with their neighboring columns,
are masked. As an example, we show in Fig. 10 the 1 e~
event rate per column for each quadrant (top) together with
the hot-column mask for Run 2 (bottom).

Transfer-gate-trap mask: we identified a horizontal “tail”
of low-energy events following high-energy events with at
least one pixel in column 2952 of quadrant 1. We attribute
the origin of the events forming the tail to charge emission
from a charge trap in the sensor’s transfer gate in column
2952. This gate enables charge transfer from the last pixel
in that column to the serial register; therefore, a trap in this
gate can capture charge and release it later into the serial
register. To reject events originating from this trap, we mask
the pixels with charge greater than 1 ¢~ in column 2952,
along with all pixels to their right in the same row, in all
images from quadrant 1. Figure 11 shows this mask for an
image of quadrant 1.

Serial-register-event mask: this mask, created for each
image, removes primarily horizontal, single-row events,
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— 2
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FIG. 10. Top: 1 e~ event rate per column for quadrants 1 (cyan)
and 2 (purple). Bottom: hot-column mask for Run 2.
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FIG. 11. Transfer-gate-trap mask for an image of quadrant 1.

Events containing a high-energy pixel in column 2952 show a
deferred charge tail. The mask (cyan) is shown superimposed on
the image, and nonempty pixels inside the masked region
(yellow) are highlighted.

which arise from charge depositions either directly within
the serial register or diffusing into it from the surrounding
inactive silicon. After applying the hot-column and the
transfer-gate-trap masks, we flag events as serial-register
events based on two criteria: (1) their size, and (2) the
distance between events. For the size-based criteria, events
are flagged if they meet either of the following conditions:
(@) [, = 1 pixel and I, > 4 pixels, or (b) [, = 2 or 3 pixels
and [, > 7 pixels, where [, and [, are the event sizes in the
horizontal (row) and vertical (column) directions, respec-
tively. These conditions are based on the event sizes of
pointlike charge depositions occurring on the backside of
the sensor, computed from simulations using the diffusion
model described in Ref. [6]. Figure 12 shows the horizontal
size distributions of simulated events with [, =1 pixel
(top) and [, = 2 or 3 pixels (bottom), with varying charge
values.

The distance-based criteria for flagging an event with
I, <3 pixels as a serial-register event are as follows: (1)
non-single-pixel events must have a shape consisting of a
single row with [, > 1 pixel and immediate upper and
lower rows with [, <1 pixel, and be within a horizontal
distance of 30 pixels from another event with /, < 3 pixels;
and (2) single-pixel events require three or more of such
events in the same row within a 60-pixel window. These
criteria are based on the distance between events in
simulated images containing uniformly distributed sin-
gle-pixel events, with their total number matching the
observed events with [, <3 pixels in Run 1 images.
Figure 13 (top) shows the probability of finding at least
one event at a given horizontal distance from a randomly
chosen reference event, computed from the simulated
images, with the 30-pixel criterion corresponding to a
~5% probability. Figure 13 (bottom) shows the number of
single-pixel events in one-row 60-pixel windows for the
simulated and Run 1 images. Once an event is flagged as a
serial-register event, we mask the entire row(s) associated
with it.

Crosstalk mask: electronic crosstalk between amplifiers
can cause a small signal to leak from one channel with a
strong signal to another. To remove events caused by
crosstalk, we create a mask for each image that flags a
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FIG. 12. Horizontal size distributions of simulated events with
different charge values and vertical sizes: [, = 1 pixel (top) and
[, =2 or 3 pixels (bottom). For the plots, 10° events were
simulated per charge value.

pixel if it was read at the same time as another pixel with a
charge higher than 1000 e~. This threshold was set based
on the crosstalk level measured from Run 1 images
(~1.4 x 10™* ¢7), which would induce signals comparable
to the readout noise.

Bleeding-zone mask: this mask, created for each image,
removes spurious events from horizontal and vertical
charge-transfer inefficiencies. For each pixel with a charge
exceeding 20 e¢~, we mask 100 pixels to the right and
30 pixels above. These values were determined by analyz-
ing the SER in Run 1 images after applying the hot-column,
serial-register-event, transfer-gate-trap, and crosstalk
masks. The chosen values correspond to the number of
masked pixels beyond which the SER remained constant.

Halo mask: high-energy events correlate with an
increased rate of low-energy events in nearby pixels,
associated with secondary radiation. This mask, created
for each image, flags all pixels within a 25-pixel radius of
those with charges exceeding 20 e~. The radius was
determined similarly to the parameters in the bleeding-
zone mask, based on the radius at which the SER stabilized
after applying the hot-column, serial-register-event, trans-
fer-gate-trap, crosstalk, and bleeding-zone masks.

1.01 — Simulated images
---- 0.05 probability

0.8

i

= 0.6
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©
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10! 102 103
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Number of events in one-row 60-pixel window
FIG. 13. Top: probability of finding an event as a function of the

horizontal distance from a reference event in simulated images
(blue). The 30-pixel criterion for non-single-pixel events corre-
sponds to a ~5% probability (dashed red). Bottom: number of
single-pixel events in 60-pixel windows along one row for
simulated (red) and Run 1 (blue) images. Events to the right
of the dashed black line are flagged as serial-register events.

Hot-zone mask: after applying all the previously dis-
cussed masks to a set of images, the combined event
distribution is expected to be spatially uniform. However,
when plotting the spatial distribution of the remaining
unmasked 1 e~ events per quadrant for all images in Run 1,
we identify regions in the sensor with an excess of events,
referred to as “hot zones.” Figure 14 shows the combined
spatial distribution of the remaining unmasked 1 e~ events
from all Run 1 images for quadrant 1 (top) and quadrant 2
(bottom). Masked regions were defined from the column-
projected distributions. Columns with a moving-average
1 e~ rate exceeding the 90th percentile are masked, and
broader regions with an overall 1 e~ event excess are
masked if their rate consistently exceeds two standard
deviations above a baseline estimated from areas where the
rate is minimal and nearly flat. In Fig. 14, the masked hot
zones correspond to columns with most bins above ~70
events.

B. Detection efficiency for low-energy events

We compute the detection efficiency for events with a
charge between 2 and 20 ¢~ from simulated images.
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FIG. 14. Two-dimensional histograms showing the spatial
distribution of 1 e~ events from all Run 1 images after applying
the border, hot-column, serial-register-event, transfer-gate-trap,
crosstalk, bleeding-zone, and halo masks for quadrant 1 (top) and
quadrant 2 (bottom). Each bin represents 20 x 20 pixels.

To account for variations in noise and SER during the data-
taking period, we construct each simulated image using the
parameters and corresponding mask of a randomly selected
image from all runs.

Each simulated image contains spatially uniform 1 e~
events, with a total number matching the SER of the
selected image, and a single multielectron event with a
charge between 2 and 21 e~, simulated below unmasked
pixels. The deposition depth of the multielectron event is
randomly selected from a uniform distribution along the
sensor depth, and its charge is diffused toward the surface
using the model described in Ref. [6]. To account for
readout noise, the charge in each pixel is adjusted based on
the noise of the selected image. Events are then recon-
structed using the energy threshold corresponding to the
selected image, and the masking-rejection criterion and the
selection cut are applied.

From a set of 50,000 simulated images, the detection
efficiency for each low-energy bin is calculated as the ratio

of the total number of simulated multielectron events with
that energy to the number of reconstructed and nonrejected
multielectron events with the same energy. The dominant
systematic uncertainty in the efficiency calculation arises
from the diffusion model. As reported in previous dark
matter searches using similar skipper-CCDs [19], this
model leads to simulated low-energy clusters that are
slightly wider than those observed in the data, leading to
a conservative 3% underestimate of the efficiency.

VI. EVENT RATES

For the period of proton-proton collisions, we include
images from Runs 1 to 4 and Run 6, resulting in a total
exposure of 116.20 g-day, combining data from both
quadrants, and a luminosity of 113.3 fb~!. For the period
of Pb-Pb collisions, we include images from Runs 5 and 6,
yielding a total exposure of 31.85 g-day, combining data
from both quadrants, and a luminosity of 1.54 nb~!. Note
that images from Run 6 are included in both periods, as
they correspond to a time without collisions. The reported
luminosities are calculated by summing the integrated
luminosity associated with each image in the period, and
are subject to a ~2.5% measurement uncertainty [21].

A. Low-energy region

The total post-masks exposure, €, (ALL), is calculated
from the unmasked regions in the images for each collision
period after applying the full set of masks, yielding
39.32 g-day for proton-proton collisions and 9.45 g-day
for Pb-Pb collisions. The post-masks exposure for images
with zero luminosity, &, (L = 0), is 18.24 g-day for the
proton-proton collision period and 7.65 g-day for the
Pb-Pb collision period.

Results by energy bin are shown in Table V for proton-
proton collisions and Table VI for Pb-Pb collisions. For
each period, we count the number of observed events in
each bin, N, combining data from both quadrants, after
applying the low-energy event selection. These numbers

TABLE V. Results for the period of proton-proton collisions. We expect 271 2 ¢~ events and one 3 e~ event from
the pileup of 1 e~ events, computed considering the SER of the images for the period.

Observed events

Effective exposure [g-day]

p-value Upper limit
Bin [e7] ALL L=0 ALL L=0 Efficiency u=0 95% CL [events]
2 327 161 11.40 5.29 0.29 0.31 5.88
3 17 11 19.27 8.94 0.49 0.20 1.41
4 1 0 23.59 10.94 0.60 0.12 5.20
5 2 0 26.74 12.40 0.68 0.37 3.12
6 0 0 27.92 12.95 0.71 1 2.45
7 1 0 29.10 13.50 0.74 0.23 4.15
8 2 1 29.49 13.68 0.75 0.35 1.41
9 0 0 30.67 14.23 0.78 1 1.81
10 1 0 31.85 14.77 0.81 0.53 3.73
11-20 9 3 33.42 15.50 0.85 0.41 8.17
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TABLE VL

Results for the period of Pb-Pb collisions. We expect fifty-four 2 e~ events from the pileup of 1 e~

events, computed considering the SER of the images for the period.

Observed events

Effective exposure [g-day]

p-value Upper limit
Bin [e7] ALL L=0 ALL L=0 Efficiency u=20 95% CL [events]
2 85 72 2.74 2.22 0.29 0.52 5.80
3 6 5 4.63 3.75 0.49 0.43 2.05
4 0 0 5.67 4.59 0.60 1 1.14
5 2 2 6.43 5.20 0.68 0.57 2.02
6 0 0 6.71 5.43 0.71 1 1.50
7 2 0 6.99 5.66 0.74 0.017 5.74
8 0 0 7.09 5.74 0.75 1 1.74
9 0 0 7.37 5.97 0.78 1 1.46
10 0 0 7.65 6.20 0.81 1 2.30
11-20 6 4 8.03 6.50 0.85 0.71 4.87

are reported in Tables V and VI as total events (ALL) and as
events occurring in images with zero luminosity (L = 0).
Detection efficiencies for each bin, Eff, are also shown in
Tables V and VI. The effective exposures for each bin,
computed as e = Eff x g, are included in these tables.
Note that the event rate, R, can be computed as R = N/e.

To investigate potential correlations between the
observed events and the LHC luminosity, we perform a
likelihood analysis testing the background-only hypothesis
(u =0), as described in the following subsection, for
each energy bin and collision period. As we expect the
low-energy background to be dominated by Compton
scatterings of secondary photons from cosmic radiation
and by instrumental few-electron events, both independent
of luminosity, we use L. = 0 data to estimate the back-
ground for L > 0 data. The corresponding p-values,
po = p(u =0), for each bin are reported in Tables V
and VI for the proton-proton and the Pb-Pb collision
periods, respectively.

For the proton-proton collision period, the results are
consistent with the background-only hypothesis. In the case
of the Pb-Pb collision period, the analysis for the 7 ¢~ bin
yields the lowest p-value, suggesting a possible deviation
from the background-only hypothesis. However, this
deviation may still be attributed to a statistical fluctuation.
According to the “look-elsewhere effect,” the probability of
observing at least one such fluctuation with p-value p* in n
bins is P=1-(1-p*)", which in our case yields
P =0.29.

The 95% CL upper limits on the number of signal events
for each energy bin are also listed in Tables V and VI for
both collision periods. Considering the results in the
4-7 e~ energy range, the region used for the mCP search,
the corresponding p-values for testing the null hypothesis
are py = 0.096 for the proton-proton collision period and
po = 0.11 for the Pb-Pb collision period. Combining these
p-values, we get an overall py = 0.059, which approaches
statistical significance (26). Unaccounted low-energy back-
grounds that scale with beam luminosity may contribute to

the observed result. One such potential background is low-
energy neutrons arriving at the detector from secondary
processes from high-energy collisions.

B. Likelihood analysis
The likelihood function is expressed as the product of

Poisson probability distribution functions for the total
number of images, Nip,, [22]

Nimg —(us;+b;) n;
e~ Wit (s, + b;)"

i=1

L(n

; (1)

ni!

where n = (ny,n,,...,ny_) with n; the number of

img

observed events in the i-th image, u is the signal strength,
us; is the expected number of beam-related events in the
i-th image, and b = (b, b», ..., bNimg) with b; the expected
number of background events in the i-th image. The values
of s; and b; are given as

Si:AEXGiXLi and bi:AEXE'l'XRb, (2)

where AE is the energy bin width, ¢; is the effective

exposure of the i-th image, which includes the bin’s

detection efficiency from Tables V and VI, L; is the

luminosity associated to the i-th image, and R, is the

background rate computed from images with L; = 0.
The profile likelihood ratio is given by

3)

where f)(u) is the background that maximizes the like-

lihood function for a given y, while 1 and b are the global
maximum estimators of the likelihood function.
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We evaluate the compatibility of the data with different
signal strengths using Monte Carlo simulations. For a given
u, we perform many pseudoexperiments. In each, we
simulate a full set of images, where the number of events
in each image is sampled from a Poisson distribution

with mean us; + b;(u), and compute the test statistic
t, = —=21InA(u). The pseudoexperiments yield the #, dis-
tribution, f, (), from which we compute the p-value as
plu) = [ (u Ju(D)dE, with tg, (i) the test statistic com-

Lobs
puted from the actual data.

The 95% CL upper limit on the number of events is
defined as the expected number of signal events corre-
sponding to the largest value of x for which p(u) > 0.05,
denoted as pugs. To compute this, we generate many
pseudoexperiments. In each, the number of events per
image is sampled from a Poisson distribution with mean
Uoss;, and the total number of signal events is obtained by
summing over all images. The upper limit is then given
by the mean of these total event counts across all
pseudoexperiments.

C. High-energy region

The high-energy event rates for the proton-proton and
Pb-Pb collision periods are shown in the top panels of
Figs. 15 and 16, respectively. We compare the rates
corresponding to images with luminosity (L > 0) and
without luminosity (L. = 0) in two energy ranges, from 0
to 20 keV (a) and from 0 to 1000 keV (b). In the region
below 20 keV, characteristic x-ray emission peaks are
visible. The most prominent ones at 8§ and 8.9 keV
correspond to the Cu K, and K; emission lines, respec-
tively, from the CCD packaging material. In the spectra up
to 1000 keV, an expected bump at ~220 keV correspond-
ing to cosmic muon events is seen.

The differences in event rates between images with and
without luminosity, i.e., L > 0—L = 0, are shown in the
bottom panels of Figs. 15 and 16 for the proton-proton and
the Pb-Pb collision periods, respectively. These plots show
a higher event rate below ~450 keV for L =0 in both
periods, with a more pronounced difference in the Pb-Pb
collision period. Above 450 keV, where events are pri-
marily associated to cosmic ray muons, the rates between
images with and without luminosity are consistent.

After a more detailed investigation, we observe an
increase in the high-energy event rate beginning after the
Pb-Pb collisions and persisting through the end of Run 6, a
beam-off period. Interestingly, a similar increase is seen
in the single-electron rate over the same time frame; see
Fig. 6(b). These correlated increases may share a common
origin. One possible explanation is the production of
secondary neutrons during the Pb-Pb collisions. Such
neutrons could generate point defects in the CCD Iattice,
creating traps whose emission may contribute to the
increased SER, while also activating surrounding materials
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FIG. 15. Top panels: high-energy event rates for the proton-

proton collision period, for images with L. = 0 (blue) and L > 0
(red). Bottom panels: difference in event rates between images
with and without luminosity (black), i.e., L > 0—L = 0. A higher
event rate below ~450 keV for L = 0 is observed. (a) 0 to 20 keV
and (b) 0 to 1000 keV.

and leading to delayed high-energy events. However, this
remains a hypothesis. The origin of the observed higher rate
will be investigated in future work.

Figure 17 shows the differences in event rates between
images with and without luminosity for both collision
periods, excluding images acquired after the Pb-Pb
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FIG. 16. Top panels: high-energy event rates for the Pb-Pb
collision period, for images with L = 0 (blue) and L > 0 (red).
Bottom panels: difference in event rates between images with and
without luminosity (black), i.e., L > 0—L = 0. A higher event
rate below ~450 keV for L = 0 is observed. (a) 0 to 20 keV and
(b) 0 to 1000 keV.

collisions. In this case, the inconsistency below ~450 keV
vanishes for both periods.

VII. LIMITS ON mCPs

We compute the expected number of mCPs from proton-
proton collisions at 13.6 TeV arriving at MOSKITA,
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FIG. 17. Difference in event rates between images with and

without luminosity, i.e., L > 0—L = 0, from 0 to 1000 keV for
the proton-proton (top) and the Pb-Pb (bottom) collision periods,
excluding images acquired after the Pb-Pb collisions. Here, the
difference is compatible with zero for both periods.

o(e, Exvmx)’ using the PYTHIAS event generator [23],
previously employed by the milliQan collaboration [17].
This simulation models mCP production from hadronic
decays and their propagation through the 17 m of rock to
the drainage gallery, accounting for the CMS magnet’s
magnetic field. It does not include mCP production via
proton bremsstrahlung. For our analysis, we modify the
simulation to reflect a luminosity of 113.3 fb=! and the
geometry of the MOSKITA sensor.

An mCP reaching the sensor would interact with
electrons in the silicon according to the cross section [24]

do  8ag? [ 1 1
— = dk{ —Im | —
do /3/ {ﬂ‘( (@ k))

Bl o

where k = |k| is the mCP three-momentum transfer to the
electrons, @ is the mCP energy transfer to the electrons, € is
the mCP charge, f = p,/E, is the mCP three-velocity in
the detector’s rest frame, n, is the number of electrons per
unit volume, « is the fine structure constant, and é(w, k) is
the dielectric function of the medium. For highly-boosted
mCPs, as the ones that could be generated in proton-proton
collisions at the LHC, 8 ~ 1. To calculate the probability of
ionizing a given number of electrons in our sensor, we
convolve the cross section in Eq. (4) with the probability of
a recoiling electron to produce ionized electrons, as
modeled in Ref. [25]; this procedure yields the detection
cross section, o4, The expected number of detected events
from mCP interactions is computed as
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N(e,m,) = eA/gb e.E, ,m,)[1 — e~ eow]dE,, (5)

where A and d are the detector’s area and length, respec-
tively, and € is the effective exposure for the energy range
considered [7,26].

Using Eq. (5), we compute N(e,m,) for the 4-7 e~
energy range, considering € as the mean of the effective
exposures of the corresponding energy bins in Table V. The
selected energy range corresponds to the region where
interactions with bulk plasmons are expected to enhance
the signal [24] and has been previously used for skipper-
CCD mCP searches [7,8,26]. The 95% CL upper limit on
the number of signal events in MOSKITA within this
energy range, for the proton-proton collision period,
computed as previously discussed, is 7.8 events, and the
corresponding p-value for testing the null hypothesis,
p(p = 0), is 0.096. The corresponding 95% CL exclusion
region in the millicharge-mass parameter space is defined
by the condition N(e,m,) > 7.8 events, and is shown in
Fig. 18. Since we do not expect this limit to be competitive
and it is presented mainly to illustrate skipper-CCDs’
sensitivity reach, no statistical treatment of systematic
uncertainties was included. However, as shown in
Refs. [7,8], the impact of systematic uncertainties on the
final limit is strongly reduced due to the &* scaling of the
expected event rate.
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FIG. 18. 95% CL exclusion region on mCPs from MOSKITA

using data collected in 2024 during the LHC proton-proton
collisions (pink). Projected 95% CL exclusion regions for: (1)
MOSKITA collecting 180 fb~! with 3 times less background
(cyan); and (2) a 200 g skipper-CCD detector, with A = 231 cm?
and d = 0.6 cm, collecting 3000 fb~!' with 10 times less back-
ground (red). For comparison, constraints from previous mCP
searches [7,9,17,27-30] (gray) are shown, which include
SENSEI [7], using the same sensor technology, and the most
recent results from milliQan [9], running at the same site. Also,
the projected 95% CL exclusion region for the milliQan full bar
detector collecting 3000 fb~! during the HL-LHC era [16]
(green) is shown.

We also show in this figure the projected exclusion
regions for: (1) MOSKITA collecting 180 fb~! with 3 times
less background, and (2) a 200 g skipper-CCD detector,
with A = 231 cm? and d = 0.6 cm, collecting 3000 fb~!
with 10 times less background. Such an increase in mass is
plausible as larger, i.e., O(100 g), skipper-CCD detectors
operating with subelectron resolution have already been
demonstrated [31]. Similarly, such a background reduction
could be achievable by deploying a multilayered passive
shield targeted for external low-energy backgrounds, par-
ticularly low-energy neutrons, as those used in skipper-
CCD dark matter and reactor experiments [19,32-35].

VIII. CONCLUSIONS

We successfully installed and operated MOSKITA
~33 m from the CMS collision point, the first skipper-
CCD detector at the LHC sensitive to low-energy ionization
signals from high-energy collisions. Data were acquired
throughout 2024, during Run 3 of the LHC, collecting a
total luminosity of 113.3 fb~! during the period of proton-
proton collisions and 1.54 nb~! during the period of Pb-Pb
collisions. Details on the detector installation, performance,
data acquisition, and analysis pipeline are provided.

The event rate observed at MOSKITA is reported in two
energy regions, < 20 ¢~ and > 20 e~, for both collision
periods. In the low-energy region (< 20e™~), we perform a
likelihood analysis to test for correlations between the event
rate and the LHC luminosity. No correlation was found
during the period of proton-proton collisions. In contrast,
during the Pb-Pb collision period, we observe a significant
excess of 7 e~ events correlated with beam activity
(p = 0.017), which may still be consistent with a statistical
fluctuation.

Using the computed 95% CL upper limit on the number
of 4-7 e~ signal events in MOSKITA for the proton-proton
collision period, and comparing it to the expected number
of detected events from mCP interactions, we constrain the
millicharge-mass parameter space. While these constraints
are not competitive due to the low mass (~2.2 g) of the
MOSKITA sensor, we project that the sensitivity reach of a
more massive (~200 g) skipper-CCD detector for the HL-
LHC era would be complementary to those from similar
efforts [10-13,16]. It is worth noting that even though these
constraints were derived under the mCP model, MOSKITA
results could be used to probe other new physics scenarios.

For the high-energy region (> 20 ¢7), we find that the
measured event rates for images with and without lumi-
nosity are inconsistent below 450 keV, for both collision
periods. In particular, we observe a higher event rate after
the Pb-Pb collisions occurred, coinciding with a rise in the
single-electron rate. When excluding images taken after the
Pb-Pb collisions, the high-energy event rates for images
with and without luminosity become consistent. This
increase may be attributed to secondary neutrons produced
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during the Pb-Pb collisions. However, its origin remains to
be investigated in future work.

Overall, the results presented here demonstrate the
potential of the skipper-CCD technology to explore new
physics at colliders. This work establishes a path forward
for future skipper-CCD efforts at high-energy facilities. In
particular at the LHC, extending data collection and/or
developing a larger skipper-CCD detector will be key to
improving sensitivity to rare, low-energy signals.
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