
Joint Institute for Nuclear Research

Analysis and interactive

visualization of neutrino event

topologies registered in the

OPERA experiment.

International Remote Student Training at JINR

Instructor

Dr. Sergey Dmitrievsky

Student

Macari Magdy Fayez

Dec, 2023

Convolutional Neural Network
in application to Slow Magnetic Monopole
           in the NOvA Experiment.

       Dr. Oleg Samoylov

Omnia Abdel Raouf Mohamed

Dec, 2024



Contents

1 Introduction 2

2 Abstract 3

3 OPERA Experiment 4

3.1 About Opera Experiment . . . . . . . . . . . . . . . . . . . . . . 4
3.2 Neutrino Production . . . . . . . . . . . . . . . . . . . . . . . . . 5
3.3 The Detector at Gran Sasso . . . . . . . . . . . . . . . . . . . . . 6

4 Task 1 9

4.1 Calculation of the flight lengths of charmed hadrons . . . . . . . 9
4.1.1 Impact Parameter Analysis of Daughter Tracks . . . . . . 9

5 Task 2 12

5.1 Analysis of Charged Particle Multiplicity in Pb Interactions
with OPERA emulsion data . . . . . . . . . . . . . . . . . . . . . 12
5.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 12
5.1.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . 12
5.1.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . 13
5.1.4 Muon Track Angle Analysis . . . . . . . . . . . . . . . . . 13

6 Task 3 15

7 Aknowledgment 19

1

NOvA Experiment3
Overview of the NOvA Experiment
Magnetic Monopoles in Particle Physics .   .  .   .   .  .   .   .  .   .   .   .  .   .   .   .  .   .
  Relevance of the Detector for Monopole Detection  .   .  .   .   .  .  .   .  .   .  .   .

Linear Fit Approach for Monopole Detection

Comparative Analysis of R2  Metrics .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    125.1



Introduction

The enigmatic nature of neutrinos, which are fundamental particles with
low interaction cross-sections, has long intrigued physicists. Their significance
in elucidating the fundamental structure of the universe and their potential to
unveil new physics beyond the Standard Model serve as ongoing motivations for
scientific investigation.

This study explores the captivating realm of neutrinos using an innovative
approach: leveraging the extensive dataset available on the CERN Open Data
Portal and employing sophisticated programming techniques. The OPERA ex-
periment achieved noteworthy outcomes by observing the oscillation of muon
neutrinos into tau neutrinos.

The experiment’s meticulous data collection and preservation are now acces-
sible through the CERN Open Data Portal, providing a distinctive resource for
further exploration. This study specifically focuses on analyzing these datasets,
particularly the detailed CSV files containing information on registered neutrino
events. To examine the intricacies of these events, we utilized the robust ca-
pabilities of the C++ programming language. By designing tailored programs,
we extract and analyze crucial features of neutrino event topology, revealing
concealed patterns and relationships within the data.

Subsequently, we employ the powerful ROOT data analysis framework to
visualize these findings, transforming abstract data points into interactive his-
tograms and graphs. However, our exploration extends beyond static visualiza-
tions[3]. This study also explores the potential of web technologies for dynamic
event display. By harnessing the power of HTML, CSS, and JavaScript libraries
such as THREE.js and D3.js, we develop interactive 2D and 3D visualizations
that breathe life into neutrino events.

This innovative approach holds the promise of enhancing comprehension
and fostering deeper engagement with the data. This study transcends mere
technical exercise; it represents a journey to the forefront of neutrino research.
By amalgamating open data, advanced programming techniques, and creative
visualization methodologies, our objective is to illuminate the mysteries sur-
rounding these enigmatic particles and contribute to our comprehension of the
fundamental building blocks of the universe.
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confirming extensions of Maxwell's equations.

Magnetic monopoles, first theorized by physicist Paul Dirac in 1931 [1], are
hypothetical particles that carry isolated magnetic charge. Unlike common dipole
magnets,  which always have north and south poles, magnetic monopoles exist as single
poles, either north or south. Their discovery would revolutionize fundamental physics,

Despite decades of searches, these elusive particles remain undetected. Among the
experimental platforms seeking monopoles, the NOvA experiment provides a unique
opportunity due to its high segmentation and advanced capabilities for tracking particle
interactions.

The NOvA (NuMI Off-Axis Electron Neutrino Appearance) experiment, primarily
designed to study neutrino oscillations, consists of two massive segmented liquid
scintillator detectors— a near detector close to the source of the neutrino beam and a
far detector located 810 km away in northern Minnesota. The far detector’s high
resolution and sensitivity make it a promising tool for identifying slow-moving
magnetic monopoles.  Unlike relativistic particles, slow monopoles (with velocities in
the range of 10⁻⁴ to 10⁻² times the speed of light) interact with matter primarily  through
ionization, leaving distinct, highly ionizing tracks in the detector.

The current state-of-the-art analysis for monopole detection in the NOvA
experiment relies on linear fitting algorithms applied to track reconstructions.  These
methods, while effective, have limitations when applied to complex and noisy data.
The rapid advancements in machine learning, particularly in convolutional neural
networks (CNNs), present an exciting opportunity to improve monopole detection by
 leveraging image-based classification and segmentation techniques.

This project explores the application of convolutional neural networks to improve
the detection and identification of slow magnetic monopoles in the NOvA experiment.
The work is divided into three primary tasks. Through these tasks, this project not only
aims to cross-check and refine the existing monopole analysis but also seeks to
demonstrate the potential of  deep learning techniques in advancing particle physics.



Abstract

The elusive nature of neutrinos, subatomic particles barely interacting with
matter, has captivated physicists for decades. This report delves into their se-
crets through a unique approach: analyzing the OPERA experiment’s rich data
from CERN’s Open Data Portal using advanced programming and visualization
techniques.

We leverage the meticulously collected OPERA data, stored in detailed CSV
files, to extract and analyze crucial features of neutrino events. Custom C++
programs will unlock hidden patterns and relationships within the data, while
the powerful ROOT framework will transform them into interactive histograms
and graphs.

But our exploration transcends static visualizations. We harness the power
of HTML, CSS, and JavaScript libraries like THREE.js and D3.js to develop dy-
namic 2D and 3D visualizations, bringing neutrino events to life in an immersive
and engaging way.
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This project explores the application of Convolutional Neural Networks (CNNs) in

The search for slow-moving magnetic monopoles is a critical endeavor in particle
physics, offering insights into the fundamental properties of matter and the universe.

the NOvA experiment to detect and classify slow magnetic monopoles with velocities
significantly below the speed of light (β ≃ 10⁻⁴–10⁻²).

The analysis builds upon existing linear fit techniques while leveraging modern
machine learning approaches to improve detection efficiency and accuracy.  Three
main tasks were undertaken: reproducing linear fit results, performing CNN-based
analysis, and calculating efficiency plots to evaluate performance.

This work demonstrates the potential of deep learning in advancing particle
identification and supports ongoing efforts in the NOvA experiment to identify exotic
particles like magnetic monopoles.



OPERA Experiment

3.1 About Opera Experiment

Revealing the Secrets of Neutrinos: An In-Depth Exploration of the OPERA
Experiment at CERN

Neutrinos, enigmatic particles with weak interactions with matter and po-
tential implications beyond the Standard Model, have captivated physicists for
a considerable time. At the forefront of this pursuit, the OPERA experiment
conducted at CERN has pushed the boundaries of neutrino physics.

Initiated in 2001, the primary objective of OPERA was to make definitive
observations of tau neutrinos, a rare and elusive variant of the more prevalent
muon neutrinos. This entailed directing a beam of muon neutrinos from CERN
in Switzerland to the Gran Sasso National Laboratory in Italy, spanning a dis-
tance of 730 kilometers. At Gran Sasso, an advanced detector was awaiting
deployment, specifically designed to capture distinct characteristics indicative
of tau neutrino interactions.

The OPERA detector represented a remarkable feat of engineering. It em-
ployed a combination of lead plates and photographic emulsion film, forming a
composite structure capable of accurately recording the tracks left by charged
particles generated from neutrino interactions. This unique design facilitated
unprecedented resolution, enabling precise differentiation between various types
of neutrinos.

Following years of meticulous data collection and analysis, OPERA achieved
a seemingly insurmountable feat: in 2013, the experiment announced the first-
ever observation of oscillation from muon neutrinos to tau neutrinos. This
groundbreaking discovery corroborated a long-standing theory, affirming that
neutrinos can alter their "flavor" during their journey.

Beyond this seminal observation, the impact of OPERA extends far and
wide. The experiment’s extensive dataset, now accessible through the CERN
Open Data Portal, presents a valuable resource for further scientific investiga-
tions. Researchers continue to delve into this data, aiming to uncover novel
insights into the behavior of neutrinos and the fundamental nature of the uni-
verse.

Here are some key takeaways from the OPERA experiment:
First observation of muon neutrino to tau neutrino oscillation. Pioneering
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NOvA Experiment

Overview of the NOvA  Experiment

The NOvA experiment is one of the forefront efforts in particle physics aimed at
understanding neutrino oscillations, a phenomenon critical to studying the properties
of neutrinos and the imbalance between matter and antimatter in the universe. Situated
primarily in northern Minnesota and Illinois, the NOvA detectors are designed to capture
particle interactions over long baselines using the NuMI beam (Neutrinos at the Main
 Injector).

The experiment comprises two primary components: the Near Detector, located at
Fermilab, and the Far Detector, positioned 810 kilometers away in Ash River, Minnesota.
Both detectors are constructed using segmented liquid scintillator cells, which enable
precise reconstruction of particle trajectories and energy deposition. This high
segmentation and sensitivity make NOvA particularly suitable for studying rare particles,
such as slow-moving magnetic monopoles.

The theoretical prediction of magnetic monopoles as carriers of magnetic charge
has been a subject of interest since Dirac’s proposition in the 1930s. In the context of
the NOvA experiment, slow magnetic monopoles are expected to produce distinct
ionization tracks due to their low velocities (10⁻⁴–10⁻² times the speed of light) and
unique energy loss mechanisms. The Far Detector, with its extensive granularity and
large fiducial volume, offers a promising platform for detecting such rare signals.

This project seeks to enhance the analysis pipeline of monopole detection in the
NOvA experiment by integrating deep learning techniques. The CNN-based framework
enables robust feature extraction from high-resolution image projections of detector
data, including charge and time distributions. By addressing the limitations of
conventional linear fit algorithms, this work provides a path forward in isolating
monopole-like signatures from complex backgrounds.



detector technology with unmatched resolution. Open data sets fuel further re-
search and discovery. Contributions to understanding neutrino properties and
the Standard Model. OPERA’s legacy is a testament to the power of collabo-
ration and cutting-edge technology in advancing our understanding of the uni-
verse’s fundamental mysteries. By peering into the world of neutrinos, OPERA
has opened doors to exciting new avenues in physics research, paving the way
for future discoveries that may rewrite our understanding of the cosmos.

3.2 Neutrino Production

Muon Neutrino Production

The Oscillation Project with Emulsion-tRacking Apparatus (OPERA) is a
particle physics experiment designed to study neutrino oscillations. Neutrinos
are elusive subatomic particles that come in three flavors: electron neutrinos
(νe), muon neutrinos (νµ), and tau neutrinos (ντ ). Neutrino oscillation is the
phenomenon where neutrinos change from one flavor to another as they travel
through space, which implies that they have mass.

Muon neutrinos (νµ) are one of the three types of neutrinos. They are
produced in various astrophysical processes and particle interactions. To explain
the process of muon neutrino production, we need to consider some of the sources
and interactions where muon neutrinos are generated.

1. Muon Decay: One of the most common sources of muon neutrinos is
the decay of muons. Muons are unstable particles with a relatively short
lifetime. When a muon decays, it can produce a muon neutrino and an
electron or antimuon and electron antineutrino pair. The decay process
can be represented as:

µ− → e− + νµ + νe (muon decay)

µ+ → e+ + νµ + νe (antimuon decay)

In these processes, muon neutrinos (νµ) are produced.

2. Pion Decay: Muon neutrinos can also be generated in the decay of
charged pions (π+ and π−). Pions are mesons, and their decay can produce
muon neutrinos and antineutrinos:

π+ → µ+ + νµ

π− → µ− + νµ

In both cases, muon neutrinos are created along with muons.
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         The outcomes of this study have implications not only for monopole detection
but also for broader applications in particle physics, where advanced machine learning
techniques are reshaping data analysis methodologies.

Magnetic Monopoles in Particle Physics

Magnetic monopoles, first theorized by Dirac in 1931, represent one of the most
intriguing predictions in theoretical physics. Dirac's work suggested that the existence
of a single magnetic monopole could explain the quantization of electric charge, a
cornerstone of our understanding of electromagnetism. Monopoles are also generically
predicted by Grand Unified Theories (GUTs), which aim to unify the fundamental forces

of nature within a single theoretical framework. These theories suggest monopoles could emerge
naturally during phase transitions in the early universe. While GUT-scale monopoles are often thought to
have extremely high masses (~10¹⁷–10¹⁸ GeV), newer theoretical developments have opened the possibility
for much lighter monopoles, with masses as low as ~10⁷ GeVch for magnetic monopoles has spanned
multiple experiments and energy scales, yet no direct evidence for their existence has been found.

        Underground experiments have set stringent limits on the flux of slow-moving (β < 0.01)
monopoles, effectively ruling out GUT-scale monopoles at such velocities【7†source】

         In this context, the NOvA expevides an exciting new avenue for monopole detection. Its Far Detector
(FD) is located on the Earth's surface, where monopoles with masses exceeding ~10⁸ GeV can reach
without being absorbed by the atmosphere or overburden. NOvA’s ability to detect monopoles arises
unique energy loss mechanism: ionization. As monopoles traverse the NOvA detector, their energy loss
scales with their velocity (β), leaving highly ionizing tracks significantly different from the signatures of
minimum ionizing particles like muons.

One crucial factor in understanding monopole detection is their predicted energy deposition,
quantified as ��/��.  According to theoretical calculations by Ahlen and Kinoshita , the ionization energy
loss of non-catalyzing monopole by:



Detection at Gran Sasso

The journey culminates at the Gran Sasso National Laboratory, where a
specialized detector is located. This detector was able to register all types
of neutrinos in real time using nuclear emulsions and electronic detectors.
Precise ( 100 nanoseconds and even better) time synchronization system
between CERN and Gran Sasso laboratory allowed to associate registered
neutrino events with the corresponding pulses of the SPS proton beam.
Collected statistics of neutrino events and precise study of neutrino topolo-
gies allowed us to distinguish different neutrino flavors, better understand
neutrino properties and discover

νµ → ντ

3.3 The Detector at Gran Sasso

The primary goal of the OPERA experiment was to investigate the phe-
nomenon of neutrino oscillations, a phenomenon that implies neutrinos
changing from one type to another as they travel through the crust of
the earth. Specifically, OPERA aimed to observe the transformation of
muon neutrinos into tau neutrinos, providing essential insights into neu-
trino properties and behavior.

Detector Components

The core of the OPERA neutrino detection system relied on nuclear emul-

sion films. These specialized films consist of multiple layers of a photo-
graphic emulsion containing silver halide crystals. Charged particles, such
as tau leptons produced by neutrino interactions, cause ionization within
these crystals, leaving distinct tracks after development and analysis.

The emulsion films were meticulously arranged in target modules, forming
a series of finely segmented layers. These modules were strategically inter-
spersed with lead plates to enhance the probability of neutrino interactions
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where  Ne is the electron density of the material, and a and b are constants
depending on fundamental constants such as the Planck constant, the speed
of light, and the monopole's magnetic charge. For NOvA's liquid scintillator,
with an electron density of 2.9×1023 cm-3.

       Theoretical uncertainties remain about the exact value of by factors
such as the monopole's charge and potential catalysis of proton decay.
While NOvA assumes monopoles carry the Dirac charge and deposit
energy solely via ionization, alternative scenarios, like catalyzing proton
decay, could lead to higher detection efficiencies or altered track
characteristics .

Relevance of the NOvA Detector for Monopole Detection

The NOvA experime for neutrino oscillation studies, offers unique advantages
for magnetic  monopole detection due to its detector design and location. The
Far Detector (FD) [1],  situated near Ash River, Minnesota, is a 14 kton surface-level
detector segmented into 896 planes of 384 plastic scintillator cells. Each cell
 measures 15.5 m × 4 cm × 6 cm, filled with organic liquid scintillator, and
alternates between xz and yz orientations, enabling 3D trajectory reconstruction.

Figure 3.1:  The Far Detector is located in Ash River, Minnesota. (Credit: Fermilab)



Figure 3.1: Detector at Gran Sasso

within the target material. Neutrino interactions in the target could pro-
duce tau leptons, which subsequently decay, generating secondary charged
particles that traverse the emulsion layers. These particles leave charac-
teristic tracks, allowing for identification and detailed analysis.

Figure 3.2: Nuclear Emulsion

Electronic Detectors

In addition to nuclear emulsion, OPERA incorporated electronic detectors
to complement the emulsion-based tracking. Electronic detectors, such as
drift tubes and resistive plate chambers, were placed in alternate layers
with the emulsion films. These detectors helped provide precise timing
information and improved the overall tracking accuracy.
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Each scintillator cell contains a loop of wavelength-shifting fiber connected to
an Avalanche Photo,  which converts scintillation light into electrical signals.
These signals are continuously digitized at a 2 MHz rate, allowing the detector to
capture high-resolution time and energy information for particle interactions .
This fine granularity, combined with the detector's large size, makes it possible to
reconstruct long, straight acteristic of monopoles, even in the presence of high
cosmic-ray background rates (~130 kHz) .

Monopoles traversing the FD would leave distinct ionization tracks due to their high dE/ dX,
 which scales linearly lower velocities (β ≈ 10-3 ), monopoles are expected to have energy
deposition comparable to that of minimum ionizing muons, but their prolonged signal duration
(up to several microseconds) differentiates them from muons, which cross the detector in
nanoseconds. The detector’s surface location, while advantageous for accessing monopoles not
reachable by underground experiments, also introduces challenges such as distinguishing
monopole tracks from the overwhelming cosmic-ray background.

NOvA addresses these challenges through a combination of online triggering algorithms and
advanced offline selection methods. The trigger algorithm identifies candidate monopole tracks
based on their time and spatial correlations across detector planes, while machine learning
techniques, such as Convolutional Neural Networks (CNNs), refine the selection by analyzing
the detailed spatial and energy deposition patterns in detector data.

Figure 3.2: Photo of the NOvA Far Detector

Moreover, simulations play a crucial role in optimizing monopole detection.
Using tools like Geant4,  incorporating both standard particle  physics
interactions and experiment-specific electronics response. These simulations
account for factors such as the detector's reduced sensitivity to slow energy
depositions and the impact of noise and calibration uncertainties, ensuring
realistic estimates of detection efficiency .



Using a huge amount of nuclear emulsion and registering neutrino events in
real-time with the help of electronic detectors allowed OPERA to achieve
its main goal. The high spatial resolution of emulsion films made it possi-
ble to accurately reconstruct particle tracks, which contributed to a better
understanding of the dynamics of neutrino interaction.

Figure 3.3: Tracking particles

Detector Operation

The OPERA experiment primarily focused on the detection of tau neutri-
nos produced by a muon neutrino beam generated at CERN (European
Organization for Nuclear Research) in Geneva, Switzerland. The neutri-
nos traveled through the Earth to the Gran Sasso Laboratory, a distance
of about 730 kilometers.

When a muon neutrino interacted with the OPERA detector, it could
produce a tau neutrino through the process of neutrino oscillation. The
tau neutrino, in turn, could create a tau lepton, which left distinct tracks in
the nuclear emulsion layers. The electronic detectors provided additional
information, such as the time of the interaction.

The sophisticated design of the OPERA detector allowed for the identifi-
cation and reconstruction of rare tau neutrino events, providing valuable
data for the study of neutrino oscillations.

Successful Detection of Tau Neutrinos

Despite the significant technical challenges associated with manipulating
and analyzing nuclear emulsion films, the OPERA experiment successfully
achieved the pioneering result of directly detecting tau neutrinos produced
in νµ → ντ oscillations. This triumph was further highlighted by the ex-
periment’s ability to accurately identify and reconstruct the characteristic
decay topologies of tau leptons in the emulsion layers.
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Detector Operation

The NOvA Far Detector (FD) is uniquely positioned for monopole detection due to
its surface location, segmentation, and operational capabilities. Unlike conventional
 underground detectors optimized for neutrino studies, the NOvA FD has the added
potential to detect exotic particles like magnetic monopoles.

Design and Structure

The NOvA FD is a segmented liquid scintillator detector comprising 14 kilotons of
material. It consists of 896 alternating planes of horizontal and vertical plastic cells
 filled with organic scintillator liquid. Each cell is equipped with wavelength-shifting
optical fibers connected to avalanche photodiodes (APDs), which convert scintillation
light into electrical signals. This design allows for high-resolution particle tracking in
both the XZ and YZ planes, facilitating the reconstruction of particle trajectories in
three dimensions.



Task 1

4.1 Calculation of the flight lengths of charmed

hadrons

Figure 4.1: Decay Length illustration

In neutrino interaction events involving charmed hadron decays, the decay
length measures the distance between the initial interaction point (primary
vertex) and the point of final particle production (secondary vertex). This
distance, representing the decay path in 3D space, is recorded in a .CSV file
with unique event identifiers for each observed decay in the emulsion data.
Figure 4.2 presents our analysis of these decay lengths, while Figure 4.3
represents the histogram of the OPERA paper [1]. The minor differences
can be attributed to gradual data updates by the involved laboratories.

4.1.1 Impact Parameter Analysis of Daughter Tracks

Definition and Calculation

The impact parameter (IP) is an important parameter in neutrino inter-
actions, quantifying the distance between a daughter particle track and
the primary neutrino interaction vertex. It’s calculated as the shortest
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Linear Fit Approach for Monopole Detection

The objective of Task 1 was to reproduce the linear regression results applied to
particle trajectories in the NOvA Far Detector, focusing on slow magnetic
monopoles. These monopoles are hypothesized particles with a magnetic charge,
leaving distinct ionization tracks in the detector. Using a Python-based
implementation of linear regression, we aimed to characterize the monopole
tracks by extracting slope (“a”) , intercept (“b”), and  metrics. This analysis served

monopole simulation data.
as a foundational comparison to the “Standard” approach previously applied to

Figure 4.1: Linear Regression illustration

Reproducing Linear Fit Results

Methodology

The dataset provided for this task included critical variables: time and charge
projections on the XZ and YZ planes, as well as event ID, cell, and plane data.
The study focused on comparing the “Standard” and Python-based approaches



Figure 4.2: Our result

Figure 4.3: Opera results

distance between a point (primary vertex) and a line (daughter track) in
3D space. The formula for IP is:

IP =
|(
−→
X0 −

−→
X1)× (

−→
X1 −

−→
X2)|

|
−→
X1 −

−→
X2|

(4.1)

Data Extraction and Analysis

To analyze the IP distribution, the following steps were performed:

Data Extraction:

Primary vertex coordinates were obtained from the EventIDVertices.csv
file. Daughter track coordinates were extracted from the EventIDTrack-
Lines.csv file, specifically selecting rows where trType equals 10. IP Cal-
culation:

For each daughter track, the IP was calculated using the formula above.
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 to linear fitting, particularly for cases where the Python method demonstrated

enhanced performance. The data was divided into XZ and YZ projections for
independent analysis. Python’s scikit-learn library was used for linear regression,
and the methodology consisted of:

1. Splitting the data into XZ and YZ projections.

2. Applying linear regression to each projection to compute the slope, intercept,
 and  values.

3. Comparing Python-generated  values with those from the Standard method.

4. Identifying events where the Python method provided better fits compared to the
 Standard method.

Figure 4.2: Our Result for Event ID 2



Figure 4.4: Our result
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Figure 4.3: Our Result for Event ID 3

Results and Discussion

The Python-based linear regression demonstrated comparable accuracy to the Standard method.
Key observations include:
1. Values: Median  scores were consistently high (>0.95) for well-fitted tracks in both XZ and YZ
projections.

2. Enhanced Identification: Several events showed higher  scores in Python’s implementation,
highlighting its robustness in identifying linear tracks.

Figures 4.2 and 4.3 illustrate the comparison of  scores between the two methods

Conclusion

This task successfully demonstrated the applicability of Python-based linear regression
for analyzing monopole tracks in the NOvA Far Detector. The results validated its
consistency with the Standard  approach while revealing its potential for improved
monopole detection in challenging cases.



Task 2

5.1 Analysis of Charged Particle Multiplic-

ity in Pb Interactions with OPERA emulsion

data

5.1.1 Introduction

This section studies the multiplicity of charged particles produced in neu-
trino interactions using the OPERA emulsion dataset downloaded from
the CERN Open Data Portal. A dedicated C++ code was developed to
analyze the dataset, focusing on extracting the positions of primary inter-
action vertices and the parameters of secondary charged particle tracks.
Analyzed quantities include multiplicities of all produced charged parti-
cles and angles of muon tracks. The results are presented and compared
with existing literature data to evaluate the accuracy and effectiveness of
the analysis approach[3].

5.1.2 Methodology

Track Definition and Multiplicity Extraction

In this analysis, a charged particle track is defined by its starting point
(x,y,z) and two slopes, XZ and YZ , representing the tangents of the
track’s angles with the Z axis in ZX and ZY views, respectively. The
C++ code reads the multiplicity associated with each eventID from the
"Vertex.csv" file and stores it in a histogram created using ROOT libraries.
An important consideration is that since multiplicity is an integer, the
histogram cell width must also be an integer to avoid misinterpretations.

Data Processing and Analysis

The analysis procedure involves the following steps:
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Comparative Analysis of R² Metrics

The second task extended the linear regression analysis by focusing on comparing
 the R² metrics between the Python and Standard approaches for monopole trajectory
fits. The aim was to identify and analyze cases where Python outperformed the Standard
 method, specifically when Python achieved an R² ≥ 0.95 while Standard did not.

The steps undertaken in this task included:
1. Calculating the minimum R² values across XZ and YZ projections for both
Python and Standard methods.

2. Identifying events where the Python approach satisfied the condition
ℓmin(R²_XT, R²_YT)ℓ ≥ 0.95 while the Standard method failed.

3. Plotting the differences in R² values for identified cases and visualizing
the corresponding events.



Data Loading: The OPERA emulsion dataset is loaded into the C++ envi-
ronment. Vertex Identification: Primary Neutrino interaction vertices
are identified based on specific criteria. Track Reconstruction: Tracks of
secondary charged particles are reconstructed using their starting points
and slopes. Multiplicity Counting: The number of charged particles as-
sociated with each event is counted and stored. Muon Track Angle Ex-
traction: Angles of muon tracks are extracted and analyzed separately.
Histogram Generation: Histograms are created to visualize the distribu-
tions of charged particle multiplicities and muon track angles.

5.1.3 Results and Discussion

Figure 5.1a presents the histogram of charged particle multiplicities ob-
tained from the OPERA emulsion data analysis [2]. This is compared
with the results of our analysis shown in Figure 5.1b. Both histograms ex-
hibit a similar distribution, demonstrating decent agreement between the
multiplicities extracted from the OPERA data and the published ones.

(a) OPERA emulsion data analysis (b) Our Analysis

Figure 5.1: Comparison of charged particle multiplicity distributions obtained
from the OPERA data analysis and the reference paper

5.1.4 Muon Track Angle Analysis

In addition to multiplicity, the angles of muon tracks were also analyzed
to provide further insights into the interaction properties . This section
details the methodology, results, and observations related to muon track
angles.
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5.1.3 Results and Discussion

The analysis revealed no events where the Python approach succeeded while the Standard
 method failed. Specifically:

• The minimum R² values for both methods were identical across all events.

• No significant differences in R² metrics were observed, as illustrated in Figure 5.1.

Figure 5.1 presents histograms of  differences

This outcome underscores the equivalence of the two approaches in detecting monopole-
like tracks, with Python providing results consistent with the Standard method.



Track Parameter Extraction

The file eventID Tracks.csv contains primary vertex coordinates and track
slopes in XZ and YZ planes for each of the 817 events. These slopes were
used to calculate the corresponding angles with the X or Y axis.

A C++ code was developed to extract these angles from the files and
generate visualizations to analyze their distribution.

Visualization of Track Angles

(a) 2D histogram of muon track angles (b) Track Angle distribution

Figure 5.2: Visualizations of muon track angles from the OPERA emulsion data
analysis.

Figure 5.3: Visualization of the dimuon event 11093039862 from the OPERA
emulsion data (source: Open Data Portal
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Figure 5.2: Events where python passes but standard fails.

Note: No events were found where Python passes but Standard fails.

Conclusion

The comparative analysis confirmed that the Python linear regression algorithm performs on
 par with the Standard approach. The lack of discrepant events reinforces the validity of the
Python implementation for monopole trajectory analysis.



Task 3

Introduction

In this task, the OPERA emulsion dataset focusing on tau neutrino ap-
pearance studies is utilized. The goal is to create a browser-based 3D
event display using the THREE.js graphics library. The provided code is
a simplified version, but some sections are missing and need to be recov-
ered. The objective is to reconstruct and visualize tracks and vertices in
nuclear emulsions related to 10 tau neutrino candidate events.

Dataset Overview

The dataset consists of information related to tau neutrino interactions
recorded by the OPERA experiment. This includes data on particle tracks
and interaction vertices within nuclear emulsion layers. The tau neutrino
candidates are crucial for studying neutrino oscillations and advancing our
understanding of fundamental particle physics.

THREE.js Graphics Library

The THREE.js graphics library is employed to create an interactive 3D
visualization of the events. THREE.js is a powerful tool for rendering
three-dimensional graphics in web browsers, making it suitable for dis-
playing complex particle interaction events.

Task Steps

(a) Understanding the Provided Code: Review the existing code-
base to understand its structure, functions, and the specific parts
that are missing.
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Methodology

Convolutional Neural Network (CNN) Analysis
The third task focused on using convolutional neural networks (CNNs) [4] to analyze
 and classify particle interactions in the NOvA Far Detector. The objective was to leverage
the CNN's ability to distinguish monopole events from background activity using 2D
 projections of time and charge data. Unlike linear regression, this approach sought to
 automate the identification of complex features in the detector data, making it particularly
 suitable for handling large datasets and mixed-event overlays.

Dataset Preparation

The dataset comprised several categories of images:

1. Beta (monopoles): Simulated monopoles with varying velocities.

2. Muon (background): Representing cosmic-ray muons.

3. Snews (background): Representing normal NOvA far detector activity over 5 ms.

4. Overlay (test): A mix of monopoles and background events.

Images were divided into time and charge projections, resized to 256x256 pixels,
 and normalized. Time images were scaled by 65535, while charge images were scaled
by 255 . The dataset was split into training (70%),  validation (20%), and test (10%) subsets,
 ensuring balanced representation



(b) Recovering Missing Sections: Identify the missing sections in the
code responsible for crucial functionalities. This may include sections
related to event loading, track reconstruction, vertex positioning, and
camera controls.

(c) Implementing Track and Vertex Reconstruction: Enhance the
code to reconstruct tracks and vertices based on the dataset. Utilize
the information available in the dataset to accurately position and
visualize particle tracks and interaction vertices in the 3D space.

(d) Ensuring Interactivity: Implement interactive features to allow
users to explore and manipulate the 3D visualization. This may
involve adding controls for zooming, panning, and rotating the view.

(e) Testing and Validation: Thoroughly test the recovered and im-
plemented sections to ensure the correctness of the 3D event display.
Validate the results against known events and expected outcomes.

Importance of the Task

(a) Visualization for Analysis: The 3D event display serves as a valu-
able tool for researchers to visually analyze and interpret tau neu-
trino interaction events. It provides a comprehensive view of particle
tracks and their spatial relationships.

(b) Scientific Discovery: Understanding tau neutrino appearance is
fundamental to unraveling mysteries in neutrino physics. The visual
representation aids scientists in gaining insights into the behavior of
these elusive particles.

(c) Educational Tool: The 3D event display can also serve as an edu-
cational tool, allowing students and enthusiasts to explore and learn
about particle interactions in an engaging manner.

Figure 6.1: Event with ID 11113019758
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CNN Architecture

The CNN model adopted a U-Net structure with encoder-decoder architecture.
Key features included:

• Encoder: Successive convolutional and max-pooling layers to extract spatial features.
• Decoder: Transposed convolutions for up-sampling and segmentation.
• Output Layer: Sigmoid activation for binary classification.

Training and Evaluation

The model was trained using binary cross-entropy loss and the Adam optimizer.
 A batch size of 16 and 10 epochs were used. Performance was evaluated using accuracy
 and Intersection over Union (IoU) metrics.

Results and Discussion

Performance on Validation and Test Sets

The CNN achieved:

• Validation Accuracy: 83.16%.

• Test Accuracy: 88.25%.

These metrics highlight the model's capability to classify monopole and background
 events effectively.



Figure 6.2: Event with ID 12254000036

Figure 6.3: Event with ID 9234119599

Some extra Visualizations
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Figure 6.1

Figure 6.2

Figure 6.3



(a) (b)

(c) (d)

Figure 6.4: Extra Visualizations.
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Figure 6.4

Figure 6.5

Importance of the Task

This task underscores the importance of advanced machine learning techniques in high-energy
 physics. CNNs offer a scalable and automated approach to analyzing complex datasets,
 complementing traditional methods like linear regression. The ability to segment and classify
 monopoles from noisy backgrounds is crucial for improving detection efficiency and broadening
 the scope of monopole searches.
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