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Abstract

During my internship at Fermilab, | contributed to the commission-
ing of the Cosmic Ray Tagger (CRT) system for the Short-Baseline
Near Detector (SBND), part of the Short-Baseline Neutrino (SBN)
Program. The CRT is a crucial component for identifying and ve-
toing cosmic ray events, improving the purity of neutrino data.
My work primarily focused on the assembly and commissioning
of the upper CRT layers (CRT Top Low and CRT Top High),
where | tested and validated the cable delays and signal integrity,
ensuring accurate time synchronization across the system. | also
engaged in software activities, analyzing data from the CRT, in-
cluding debugging the West Wall's anomalous high cosmic ray
rate and validating the time signals in the Top High layer. Fur-
thermore, | calculated the CRT's veto efficiency, which reached
approximately 98%, demonstrating the system’s excellent perfor-
mance in detecting cosmic ray events during neutrino interactions.
This experience provided hands-on training in both hardware and
data analysis, solidifying the operational integrity of the CRT for
SBND.

1 The Short-Baseline Neutrino Program

The Short-Baseline Neutrino (SBN) Program is a comprehensive
experimental initiative based at Fermilab, aimed at investigating
some of the most fundamental questions about neutrinos physics.
The SBN Program uses the Booster Neutrino Beam (BNB) at
Fermilab, which produces a beam of neutrinos by colliding protons
with a target, creating pions and kaons that decay into neutrinos.
These neutrinos then travel through a series of detectors placed
at different distances along the beamline (see figure [1]), enabling
precise measurements of neutrino - Argon interactions.

There are three detectors in the SBN Program, all using liquid
argon time projection chamber (LArTPC) technology, known for
its excellent capability to reconstruct detailed images of particle
interactions® These detectors are:

e SBND (Short-Baseline Near Detector), located 110 meters
from the neutrino source, designed to study the beam’s com-
position before any oscillations occur.

e MicroBooNE, placed 470 meters from the source, which has
been operational since 2015 and focuses on understanding
neutrino interactions in liquid argon.

e ICARUS, the farthest detector at 600 meters, which was pre-
viously used in the Gran Sasso Laboratory in Italy and was
refurbished for this experiment.

Together, these three detectors are arranged along the same
beamline to provide a way to look for neutrino oscillations, i.e.
changes in neutrino flavor as they travel, which would be indicative
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of new physics. By comparing the number of neutrinos detected
at each stage, the program seeks to observe whether neutrinos
are disappearing or transforming into other types, which would
signal an anomaly beyond the current Standard Model of particle
physics.m

Short-Baseline Neutrino Program at Fermilab

Target SBND

MicroBooNE ICARUS

Figure 1: Layout of the three liquid argon time projection cham-
bers (LArTPCs) in the Short-Baseline Neutrino Program: SBND
(closest to the neutrino source), MicroBooNE, and ICARUS.

As a matter of fact, the primary scientific goal of the SBN Pro-
gram is to resolve the LSND anomaly, a past observation sug-
gesting the existence of a sterile neutrino. By studying the rate
at which neutrinos oscillate between different flavors, the SBN
Program hopes to provide definitive answers. The use of three
detectors at varying distances from the source enables a sensitive
search for such oscillations over a short baseline, optimizing the
chances of identifying any deviations from the expected neutrino
behavior.

In addition to its primary goal of searching for sterile neutrinos,
the SBN Program will contribute to a broader understanding of
neutrino physics. It will gather valuable data on neutrino inter-
actions with matter, improve techniques for neutrino detection,
and provide insights that could be applied to future neutrino ex-
periments, such as the Deep Underground Neutrino Experiment
(DUNE).

2 Short Baseline Near Detector

The Short-Baseline Near Detector (SBND) is the closest of the
three detectors in the SBN Program at Fermilab, located just 110
meters from the neutrino source. lts primary role is to measure the
unoscillated composition of the Booster Neutrino Beam, providing
essential data on the beam’s flux and interaction characteristics
before neutrino oscillations can occur.

SBND consists of three main subsystems that allow it to cap-
ture and analyze neutrino interactions with unprecedented preci-
sion (see figure |2)).

The core of SBND is its 112-ton active volume liquid argon
time projection chamber. LArTPC technology is renowned for
its ability to produce high-resolution 3D images of particle tracks.
When neutrinos interact with argon atoms inside the detector, they
produce charged particles that ionize the argon. These ionization



Figure 2: Internal structure of SBND, showing the liquid argon
time projection chamber at the core, surrounded by the photon
detection system, and encapsulated by the Cosmic Ray Tagger.

electrons drift through the chamber under the influence of an elec-
tric field, and their signals are captured by wire planes at the end
of the chamber. The anode wire planes in SBND’s LArTPC are
composed of three planes of wires, each arranged at different an-
gles relative to each other. This configuration enhances the ability
to precisely reconstruct the three-dimensional tracks of particles.
The wire planes are arranged as follows:

e the first plane is oriented at +60° relative to the vertical,
e the second plane is oriented at -60° relative to the vertical,
e the third plane is aligned vertically

When the ionization electrons reach the wire planes, they induce
signals on the wires. These signals are read out to provide 2D pro-
jections of the particle tracks. By combining the signals from all
three wire planes, a full 3D image of the particle trajectories can be
reconstructed. This system allows for detailed event reconstruc-
tion with high spatial resolution, crucial for distinguishing different
particle types and interaction modes.

SBND is equipped with a sophisticated photon detection system
to complement the LArTPC. When neutrinos interact in liquid ar-
gon, they not only ionize the atoms but also produce flashes of light
(scintillation). The PDS is designed to detect this light, allowing
for accurate timing information of each interaction. The photon
detection system in SBND is composed of two main components:
photomultiplier tubes, PMTs and X-ARAPUCA light collectors.
PMTs are placed behind the anode planes and are responsible for
detecting the fast scintillation light that is produced almost instan-
taneously when a neutrino interacts with the liquid argon. PMTs
are highly sensitive detectors that convert light into electrical sig-
nals via the photoelectric effect, amplifying the signal to provide
precise timing information. The scintillation light serves as a tim-
ing reference, allowing for accurate reconstruction of the drift time
of ionization electrons, which is essential for determining the lo-
cation of the interaction within the LArTPC. This also helps in
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identifying background events and distinguishing neutrino interac-
tions.

The X-ARAPUCA is an advanced light-collection technology that
complements the PMTs. X-ARAPUCAs are placed within the de-
tector to capture and enhance the detection of scintillation light.
The system works by trapping photons inside a small, highly re-
flective cavity. It uses a dichroic filter that allows light to enter
but not escape, effectively capturing photons and guiding them
towards a silicon photomultiplier (SiPM). This setup increases the
efficiency of light collection, particularly for the scintillation light in
the vacuum ultraviolet (VUV) range produced by liquid argon. X-
ARAPUCASs are extremely efficient in collecting light over a large
area, ensuring that even low-energy events are captured, which
improves the detector’s overall sensitivity and timing resolution.
Being located near the Earth's surface means that SBND is ex-
posed to a significant flux of cosmic rays, which can mimic neutrino
interactions and lead to background noise in the data. To mitigate
this, SBND is equipped with a comprehensive cosmic ray tagger
(CRT) system [2.I]. The CRT surrounds the detector and acts as
a veto system, identifying cosmic rays as they pass through or near
the detector. By tagging and excluding these cosmic events, the
CRT helps ensure that the data collected is predominantly due to
neutrino interactions, thereby improving the overall purity of the
dataset. This is particularly important for enhancing the sensitivity
of the search for neutrino oscillations2

SBND's position just 110 meters from the BNB source is a sig-
nificant advantage. Due to its proximity, the detector experiences
a very high neutrino flux, meaning a large number of neutrino
interactions occur within the detector each year. This high in-
teraction rate allows SBND to gather large amounts of data in
a relatively short period of time, significantly reducing statistical
uncertainties in measurements. Moreover, since SBND is located
before neutrino oscillations have taken place, it provides a “base-
line” measurement of the beam composition, which is essential
for comparing with the results from the downstream detectors,
MicroBooNE and ICARUS. It is estimated that the detector will
observe approximately 1.5 million neutrino interactions per year.
This high event rate is crucial not only for studying the detailed
characteristics of neutrino interactions but also for serving as a
reference point for oscillation analyses. By comparing SBND's
measurements with those from the farther detectors, researchers
can precisely study how the neutrino composition changes as the
neutrinos travel.

In summary, SBND is a critical component of the SBN Program, its
LArTPC provides high-resolution imaging of neutrino interactions,
the photon detection system adds precise timing information, and
the cosmic ray tagger ensures data purity by filtering out back-
ground events. With its close proximity to the BNB, SBND's high
neutrino flux enables it to collect extensive data, making it an in-
valuable asset in the search for new physics beyond the Standard
Model.

2.1 Cosmic Ray Tagger

The Cosmic Ray Tagger (CRT) of SBND consists of seven scin-
tillator modules, arranged with six in a cube formation around the
detector and an additional layer on top. Each of these modules is
made up of two perpendicular layers, referred to as the X and Y
layers (see figure [3)).

These layers are composed of scintillator slabs, within which
there are 16 scintillator strips. Each strip is read out by 32 silicon
photomultipliers (SiPMs). A signal is produced when at least two



75m

Figure 3: The figure above shows the geometric arrangement
of the seven SBND CRT modules. Each module contains two
perpendicular layers X and Y, as shown in the figure below.

of the SiPMs in a slab detect a signal above a preset threshold.

To confirm that a particle has passed through the detector, the
system requires a coincidence between the signals from the X and
Y layers within a short time window. This process ensures that
the event corresponds to an actual particle crossing the detector
rather than background noise [

The signals from each module are read by front-end electronic
boards (FEBs), which are responsible for processing and forwarding
the data. Each FEB receives four timing pulses: TO, i.e. the
reference time from a GPS system known as PPS, T1, i.e. a signal
alerting the detector when a neutrino beam is incoming, Ti, and
Tout, i.e. the input and output signals that allow the daisy-chaining
of multiple modules (as shown in figure |5]).

This coincidence system is crucial for reducing background noise,
ensuring that the detected signals are genuinely related to the pas-
sage of a particle, rather than false signals from environmental or
instrumental noise. The modular design and layered arrangement
allow for efficient cosmic ray detection, providing valuable data for
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Figure 4: lllustration of signal production in the SBND CRT: when
a particle passes through, two channels in one module register a
signal, and a corresponding signal is detected in the perpendicular
module, confirming the particle’s trajectory through coincidence.
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Figure 5: lllustration of the daisy chain connection between the X
and Y layers of the SBND Cosmic Ray Tagger (CRT): each mod-
ule's perpendicular layers are interconnected via the daisy chain,
transmitting timing signals (Tin and Tou) and ensuring coordinated
signal readout across the system for accurate particle detection.

the SBND experiment.

3 Hardware activities

A significant part of my internship at Fermilab was focused on
hardware activities, particularly in assembling and commissioning
the upper layers of the Cosmic Ray Tagger. Specifically, | worked
on the CRT Top Low and CRT Top High layers. This involved
hands-on participation in the integration and placement of scin-
tillator modules, ensuring that the detection system was properly
aligned and functioning. Additionally, | collaborated with other
members of the CRT group to connect all the cables between the
modules and properly ground them to the detector ground.

3.1 CRT Top Low commissioning

In the initial weeks of my internship, my role primarily involved
verifying the proper delay of all cables that were later installed,
utilizing an oscilloscope and a waveform generator to ensure that



the signal waveform was not altered. Once each cable was tested,
it was labeled to indicate its installation location, and colored tape
was applied to differentiate the cables corresponding to the four
different time signals. On August 13th, the installation and val-
idation of the CRT Top Low were completed (see figure E[) As
refernce, in figure [7] is shown the apparatus status before the in-
stallation of the CRT Top Low and Top High layers.

Figure 6: Image showing the Top Low layer of the Cosmic Ray
Tagger.

Figure 7: Photo of the initial state of the detector before the
installation of the Top Low and Top High layers of the Cosmic
Ray Tagger.

3.2 CRT Top High commissioning

In the second part of my internship, | focused on the commissioning
of the Top High layer of the CRT. The activities involved were
the same as those required for the installation of the CRT Top
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Low, including testing the cable delays and signal shapes, labeling
each cable with colors and tags. Unlike the Top Low layer, the
installation of the cables for the CRT Top High also required the
use of a basket (as shown in figure , operated by specialized
personnel, to access the FEBs in the central, north, and south
regions of the CRT.

Figure 8: Photo of me working from the basket to ground the
modules of the CRT Top High.

In addition to connecting the cables to the various FEBs,
grounding of the different modules was also performed. The instal-
lation of the layer was completed one month after the installation
of the CRT Top Low, on September 13th (see figure E[)

Figure 9: Photo of the completed CRT Top High layer.

4 Software and data analysis activities

Alongside my hardware activities during the internship, | also had
the opportunity to analyze some of the data from SBND. Specifi-



cally, | focused on three main tasks: first, | worked on resolving the
issue related to the rate of the West Wall, which required direct
intervention on the connections of the FEBs; second, | validated
the time signals from the initial runs of the CRT Top High ac-
quisition to ensure that the installation of all the cables had been
executed correctly; and finally, | calculated the veto efficiency of
the CRT in a contained neutrino event. For these tasks, | wrote
scripts in ROOT, accessing the trees of the experiment to extract
and analyze the relevant data.

4.1 Debugging of the West wall

During the first weeks of my internship, an unusually high rate
of cosmic rays was observed in the West Wall, which had already
been installed and validated. A possible cause for this anomaly
could be a wrong connection between the Ti, and T cables in
the daisy chain of the wall. If these two cables are reversed, in-
stead of obtaining two separate daisy chains, only a single chain is
formed. The first step to verify this behavior involved using four
spare FEBs and a multimeter to measure the resistance between
the two FEB chains, both in the correct connection scenario and in
the case where the wires were inverted. Upon checking the actual
impedance recorded between the ends of the two chains in the West
Wall of the CRT, we found a value consistent with the situation
where the cables were incorrectly connected, resulting in a single
daisy chain instead of two separate ones. To definitively confirm
that the intervention was correct, three different runs were acquired
before and after the cables were properly connected. Specifically,
two plots were generated for each run: one showing the rate of
recorded events and another displaying the ratio of space points to
strip hits. Space points are generated only when there is an actual
coincidence between the two perpendicular layers, while strip hits
are signals associated with any signal generated in a given module,
regardless of whether there is a coincidence in the perpendicular
module. For a properly functioning system, we expect the ratio of
space points to strip hits to be approximately 1.

The figure [10 shows that with subsequent interventions, the rate
recorded by the individual modules has indeed decreased, ap-
proaching a value similar to that recorded by the other walls. Ad-
ditionally, the ratio of space points to strip hits has converged
towards 1. In the first run, due to the lack of separation between
the two daisy chains, the modules of the perpendicular layers were
not properly coupled, resulting in the absence of space points.

Flag =3 1 rte (un 15671)

Flag =3 | 1 ate (run 15672) Flag=3 | 1 rate (run 15854) Flag =3 | 1 rate (run 15858)

Spacepoiisvs Salots

Figure 10: The top row displays the trend of the cosmic ray
rate across the different modules of the West Wall throughout the
various interventions. The second row shows the measured ratio
between space points and strip hits.

As can be seen by observing the plot in the top row, the rate
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of observed cosmic rays decreases to a value more similar to that
recorded by the other walls. Additionally, it can be noted that
the distribution of rates reflects the physical arrangement of the
modules.

In the first four bins, as well as in the second four, an increasing
distribution can be observed: these modules correspond to the two
groups of horizontal modules, starting with the one lower down,
which records a lower rate, gradually increasing to the one posi-
tioned higher up.

In contrast, regarding the last groups of 5 bins, it is noted that
within the individual groups, the rate remains fairly constant, while
the rate recorded by the first group is greater than that recorded
by the second. These groups correspond to the vertical modules,
with the group with the higher rate corresponding to the group of
vertical modules arranged in the upper row, while the one with the
lowest rate corresponds to the one in the lower row. For a better
visualization of the arrangement of the modules in space, please

refer to figure

Figure 11: Schematic representation of the arrangement of the
modules in the west wall, front view.

4.2 CRT Top High validation

The second part of my work focused on validating the timing sig-
nals of the CRT Top High after installation. To achieve this, |
analyzed three different runs, each lasting approximately 20 min-
utes. The first run (number 16837) was acquired by sending the
PPS signal to the TO channel, while the fake beam signal—an ini-
tial pulse of about 50 ns within a 900 ns time window—was sent to
the T1 channel. Two additional runs (numbers 16861 and 16903)
were acquired by sending the PPS signal usually sent to TO to T1,
verifying the correct operation of the latter channel as well.

The first quantity analyzed was the value of the flags recorded
during these acquisitions. The flag is an integer between 0 and 15
linked to a binary code: the ___x bit is 1 when the TO signal is valid,
the __x_ bit performs the same role for T1, the x__ bit is 1 when
the event corresponds to a reset signal of the TO channel, and the
X___ bit corresponds to a reset of T1. Therefore, for run 16837, the



expected flags were 0011, 0111, and 1011, thus corresponding to
flag 3, 7 and 11 respectively. While for the swapped-signal runs,
the expected flags were 0010 and 1010, corresponding to flag 2 and
10. The recorded values matched these expectations, as shown in

Figure

Flags (run 16837)

2
Fiags

Flags (run 16803) Flags (run 16861)

Figure 12: Plot of the flag values obtained during the three dif-
ferent runs.

After ensuring that the FEBs were correctly powered, it was
important to verify that the four timing signals worked as expected.
For the reference timing signals TO and T1, two main analysis were
performed. The first was to verify that the temporal distribution
matched the signal sent to the detector. As seen in figures
and [16] [17] [I8] the expected behavior was indeed observed

during the different runs.
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Figure 13: Plot of the TO distribution in run 16837.

Another important quantity to evaluate was the clock drift,
which is the precision with which the FEBs get the reset. To
plot this, only reset events were selected. For run 16837, | chose
TO reset events with flag = 7, while for runs 16861 and 16903,
| selected flag = 2 events for T1 validation. The clock drift was
plotted by subtracting 19 ns (1 second, the expected reset time)
from the time signal. A good clock drift corresponds to a narrow
distribution centered around 0 s, which was observed for the TO
reset signal (Appendix. For T1, however, the drift was narrowly
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Figure 14: Plot of the TO distribution in run 16861.
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Figure 15: Plot of the TO distribution in run 16903.

distributed but not centered at 0, instead showing random positive
and negative values (Appendix .

One possible cause for this behavior is that FEBs might struggle
with the T1 signal if they do not receive a proper TO signal. To
test this hypothesis, a new run was performed where the PPS
signal was sent to TO (which previously had no reference signal)
and a periodic signal, slightly phase-shifted from the PPS, was
sent to T1. In this new configuration, plotting the T1 clock drift
produced the expected zero-centered distribution, confirming the
correct operation also of the T1 channel.

In addition to validating the TO and T1 signals, the proper func-
tioning of the Ti, and T, daisy chains needed to be verified. For
this, | created a plot where each point corresponded to any coin-
cidence in the readout of X and Y modules. In figure [19} distinct
groups can be seen corresponding to the geometrical layout and
overlap of the modules.

Modules with greater overlap (highlighted in green in figure
have a higher rate, partially overlapping modules show a lower rate
(orange, figure , and modules with minimal overlap have the
lowest rate (bordeaux, figure . Black points in the lower part
of the graph represent coincidental readouts from non-overlapping
X and Y modules. This correspondence between rate and module
geometry confirms that the Ti, and Tou chains are functioning
correctly.

Following these analyses, it can be concluded that the Top High
layer of the Cosmic Ray Tagger has been successfully installed and
is operating as expected.
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Figure 16: Plot of the T1 distribution in run 16837.
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Figure 17: Plot of the T1 distribution in run 16861.

Ts1 distribution (run 16803)

<

Counts
- — ) ) w w &
(=3 v (=3 ) =3 4] =3
=3 (=} (=} =] =3 =3 =3

< T[T IO [ TTT T[T [T T TTTT[TTTE T

<3
=3

T
1200
Ts0 [ns]

o

PR PR P P -
200 400 600 1000

Figure 18: Plot of the T1 distribution in run 16903.

4.3 Measurement of the efficiency of using a CRT veto

in a contained neutrino trigger

The final analysis | conducted involved calculating the CRT veto
efficiency during a contained neutrino event, which is the proba-
bility that the CRT is not triggered during a neutrino event. To
determine this value, the first step was to analyze the time distribu-
tion of events around the trigger signal. | plotted the timestamp
value relative to the TO reference signal, subtracting the trigger
time in run 16906. As shown in Figure [2] the distribution is not
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dent readouts from both the X and Y modules.
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Figure 20: Image showing the correspondence between the rates
and the geometric overlap of the different modules. From top to
bottom, respectively: full, partial, minor partial and tiny overlaps.



uniform but rather trapezoidal in shape. For this reason, to calcu-
late the veto efficiency, | considered only events recorded within a
time window of £15 ms from the trigger signal to ensure all signals
were being captured within a reliable region.
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Figure 21: Time distribution of the signals with respect to the
trigger time.

Next, | plotted the temporal distribution of events within this
selected time window, as shown in figure
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Figure 22: In the top image, the distribution of events correspond-
ing to physical signals (flag = 3 [0011] indicating that the FEBs
are receiving both TO and T1 signals) within a trigger window is
shown, with events clearly grouped into clusters. In the bottom
image, the temporal distribution of events within one cluster is
displayed, revealing that the events are grouped within a 200 ns
window.

The signals appeared clustered into subgroups lasting a maxi-
mum of ~100 ns. Therefore, | treated all signals occurring within
a 200 ns window from the first signal in each subgroup as a single
event. Finally, | counted the 200 ns subgroups detected in each
trigger window. This method allowed me to calculate an accurate
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estimate of the cosmic ray rate impacting the detector, based on
the raw CRT data. Specifically, Figure 23] shows the distribution
of the cosmic ray rate on the south, east, and Top Low walls of
the CRT.
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Figure 23: Distribution of the cosmic ray rate in the south, east,
and Top Low walls of the Cosmic Ray Tagger.

The CRT veto efficiency can then be estimated assuming the
cosmic ray rates on the various walls are as follows:

e South wall: 1150 Hz;
e North wall: 1300 Hz;
e East wall: 1500 Hz;

o West wall: 1500 Hz;



e Bottom wall: 2300 Hz;
e Top Low wall: 5150 Hz;
e Top High wall: 5150 Hz.

The overall cosmic ray rate on the detector results to be approx-
imately 18000 Hz. Given that a neutrino beam spill lasts about
2 us, the CRT veto efficiency, considering all the walls (including
the Top High), is about 98%, demonstrating the high efficiency of
the CRT's veto function.

5 Conclusion

My internship at Fermilab provided invaluable hands-on experience
in both hardware and data analysis, contributing to the successful
commissioning of the Cosmic Ray Tagger (CRT) for the Short-
Baseline Near Detector (SBND). By assembling and validating the
CRT's upper layers and analyzing its time signals, improving the
system’s efficiency and performance. The combination of these ef-
forts resulted in a CRT veto efficiency of approximately 98%, signif-
icantly enhancing SBND's ability to discriminate between cosmic
ray and neutrino events. This work contributes to SBND's goal
of improving the precision in detecting neutrino oscillations and
supports the overall scientific mission of the SBN Program. This
experience not only deepened my understanding of detector tech-
nology and experimental physics but also equipped me with critical
problem-solving skills in a large-scale research environment. It so-
lidified my interest in particle physics and affirmed the importance
of meticulous experimental validation in high-precision physics ex-
periments.
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B T1 clock drift plots
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