Particle Tracking Classification in the CONNIE Experiment
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Abstract. The Coherent Neutrino-Nucleus Interaction Experiment (CONNIE)
is a particle physics experiment located at the Angra 2 Nuclear Reactor. Using
silicon Skipper-CCDs, CONNIE aims to identify and investigate coherent elas-
tic neutrino-nucleus scattering (CEvNS). However, background particles from
various sources, combined with the large volume of unlabeled data, present sig-
nificant challenges, making statistical analysis difficult. To address these chal-
lenges, this work investigates and implements machine learning and image pro-
cessing methodologies to classify distinct CONNIE events. A labeled dataset of
real experimental events will also be created using the Annotation Redundancy
with Targeted Quality Assurance method. This approach involves multiple an-
notators labeling the same data, enabling comparison to identify discrepancies,
refine labeling accuracy, and enhance dataset reliability.

1. Introduction

Using silicon detectors, the CONNIE experiment aims to identify and investigate Coher-
ent Elastic Neutrino-Nucleus Scattering (CEvNS), an extremely rare process in which a
neutrino, or antineutrino, weakly interacts with an entire atomic nucleus, causing the nu-
cleus to recoil [Aguilar-Arevalo et al. 2024]. In CONNIE, this interaction occurs between
reactor-produced antineutrinos and the silicon nuclei within the detectors, causing a small
recoil that can be detected by the experiment, as shown in Figure 1.
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Figure 1. A neutrino (v) hits a silicon (Si) nucleus, producing a recoil that
creates electron-hole pairs in a CCD pixel for readout. Extracted from
[Bonifazi 2017].



Located 30 meters from the Angra 2 reactor core of the Amirante Alvaro Al-
berto Nuclear Power Plant in the state of Rio de Janeiro, Brazil, the experiment has been
operating since 2016 [Aguilar-Arevalo et al. 2019]. Initially, it was equipped with 14
charge-coupled devices, or CCDs, each with 4000 x 4000 pixels. Then, in 2021, it was
upgraded with 2 Skipper-CCDs, making CONNIE the first experiment to use this type of
sensor for detecting neutrinos from a nuclear reactor. This upgrade was a significant step,
as Skipper-CCDs are part of a new generation of CCDs with a lower detection threshold
and greater sensitivity, enabling the counting of the exact number of electrons collected
in each detector pixel [Nasteva 2021].

While the CONNIE experiment is designed to detect CEvNS, the presence of
background particles from various sources creates significant challenges. Differentiating
between these background events and neutrino interactions is a key aspect to the experi-
ment’s success, as neutrinos are among the most abundant yet least understood particles
in the universe due to their weak interaction with other matter [Kayser and Parke 2009].
The main cause of background noise is cosmic rays, but additional sources include envi-
ronmental radiation and radioactive contamination of the materials in the detector itself,
as well as spontaneous charge creation in the sensor.

Each particle interacting with the detector sensors leaves a signature that depends
on variables such as type, energy, and angle of incidence [Bartovsky et al. 2011]. For
example, muons produce straight tracks, electrons produce curly or irregular tracks, al-
pha particles produce high-energy blobs, and low-energy electrons or photons produce
dots or blobs [Ventura 2024]. However, identifying particles solely by shape is chal-
lenging, as the same particle can produce different trajectories depending on its crossing
angle [Celko 2021], and particles such as low-energy X-rays and neutrinos may leave
similar signature tracks, further complicating classification. Given these challenges and
the large volume of events, defined as particle interactions or collisions observed by the
detector [Haas 2007], statistical analysis is particularly difficult.

In this context, a few works have explored classifying particles and interactions
detected in the sensors based on the track shape, often using image processing techniques
and deep learning. This approach improves classification accuracy, allowing researchers
to better track particle interactions and properties, furthering their understanding of how
particles interact with detector materials. Additionally, it accelerates data analysis by
making it easier to extract meaningful information from the datasets.

Therefore, the objective of this work is to investigate and implement machine
learning and image processing methodologies to classify distinct CONNIE events that
are detected by the Skipper-CCD sensors. In parallel, a comprehensive database of real
events from the experiment will be created to support this research.

2. Concepts and Related Work

2.1. The CONNIE Experiment

The CONNIE setup (Figure 2a) includes 14 standard CCDs and was later upgraded with 2
Skipper-CCDs installed in a copper box (Figure 2b), surrounded by shielding to minimize
background noise. Each silicon Skipper-CCDs has a thickness of 675 pm, a resolution
of 1022 682 pixels, and a pixel size of 15 x 15 um?, resulting in an area of 1.57 cm?
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