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ABSTRACT

Precision measurements in long-baseline neutrino oscillation experiments require a de-
tailed understanding of both detector-related backgrounds and neutrino—nucleus interaction
physics. In experiments such as NOVA, systematic uncertainties arising from cosmic-ray
induced backgrounds and nuclear modeling directly impact neutrino energy reconstruction
and, consequently, the determination of oscillation parameters. Neutrino detectors such as
NOVA also provide opportunities to study cosmic-ray properties and search for particles
like dark matter, magnetic monopoles, etc.

This thesis presents two studies based on the data collected by the NOvA Near Detector
(ND). The first study investigates the seasonal variation of cosmic ray-induced multiple-
muon events observed in the ND. While the seasonal modulation of single-muon events
is characterized by a summer maximum and winter minimum and is well understood, pre-
vious measurements by the MINOS experiment reported an unexpected inverted seasonal
behavior for multiple-muon events, with a winter maximum, for which no conclusive ex-
planation was established. Using nearly four years of NOvA ND data, this work confirms
the inverted seasonal behavior of multiple-muon events with high statistical significance.
A robust event-rate extraction technique based on Erlang probability distributions is em-
ployed to mitigate detector and data-acquisition effects. The observed multiple-muon rate is
found to be strongly anti-correlated with the effective atmospheric temperature. To explain
this behavior, detailed CORSIKA simulations incorporating realistic atmospheric profiles
and detector geometry are performed. The results demonstrate that the interplay between
seasonal atmospheric density variations, high-energy air-shower development, and the fi-
nite geometry of the detector leads to the observed phase reversal. This study provides
the first comprehensive, simulation-backed explanation of the long-standing multiple-muon
seasonal anomaly.

The second part of the thesis focuses on neutrino—nucleus interaction modeling, specifi-
cally charged-current quasi-elastic (CCQE) interactions, which play a central role in NOvVA
oscillation analyses. An advanced nuclear model based on the Hartree-Fock Continuum
Random Phase Approximation (HF-CRPA) framework is studied and implemented to as-

sess its impact on oscillation measurements. By incorporating realistic nuclear ground-state

X



descriptions and long-range nuclear correlations, HF-CRPA provides an improved treat-
ment of CCQE interactions compared to traditional models. This work evaluates the ef-
fects of HF-CRPA on CCQE kinematics, reconstructed neutrino energy distributions, and
oscillation sensitivities within the NOvA analysis framework, demonstrating that nuclear
modeling uncertainties constitute a non-negligible systematic effect.

Together, these studies enhance the understanding of both atmospheric backgrounds and
neutrino interaction systematics in NOvA, contributing to improved precision in current and

future neutrino oscillation measurements.
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Summary

This thesis presents two complementary studies using the NOvA Near Detector (ND), ad-
dressing key sources of systematic uncertainty in long-baseline neutrino oscillation exper-
iments. In such experiments, precise determination of oscillation parameters relies on an
accurate understanding of both detector-related backgrounds and neutrino—nucleus inter-
action physics. In addition to their primary role in neutrino measurements, detectors like
NOVA also provide valuable opportunities to study cosmic-ray phenomena.

The first part of this thesis focuses on cosmic-ray induced muons and their seasonal
variation. Atmospheric muons, produced in cosmic-ray air showers, constitute an important
background in neutrino detectors while also serving as probes of high-energy interactions
in the atmosphere. Using multi-year NOvA ND data, the behavior of multiple-muon events
is investigated to improve the understanding of atmospheric effects influencing their rate.
Simulation studies are used alongside data to interpret the observed trends and to explore
the role of atmospheric conditions and air-shower development.

The second part of the thesis examines neutrino—nucleus interaction modeling, with a
focus on charged-current quasi-elastic interactions that are central to neutrino energy re-
construction. Accurate modeling of these interactions is essential for reducing biases in
oscillation analyses. This work studies an advanced nuclear model based on the Hartree-
Fock Continuum Random Phase Approximation (HF-CRPA), incorporating more realistic
descriptions of nuclear structure and dynamics. The impact of this model is evaluated within
the NOVA analysis framework to understand its influence on reconstructed observables and
oscillation measurements.

Together, these studies address two important and complementary aspects of neutrino
experiments: atmospheric backgrounds and nuclear interaction effects. By improving the
understanding of these contributions, this work supports ongoing efforts to enhance the

precision and reliability of current and future neutrino oscillation measurements.
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Chapter 1

Introduction

Understanding the fundamental constituents of matter and the interactions that govern them
has been a central goal of modern physics. Over the past century, a large body of experimen-
tal discoveries has led to the development of the Standard Model of particle physics. The
Standard Model of particle physics is the theoretical framework that describes the funda-
mental particles and their interactions through the electromagnetic, weak, and strong forces.
In this model, matter is composed of elementary fermions, while interactions between these
particles are mediated by gauge bosons associated with the underlying gauge symmetries
of the theory.

The fermions of the Standard Model are divided into two categories: quarks and lep-
tons. These particles are arranged in three generations, each containing two quarks and two
leptons. The first generation consists of the up and down quarks together with the electron
and the electron neutrino. The second generation contains the charm and strange quarks,
the muon, and the muon neutrino. The third generation contains the top and bottom quarks,
the tau lepton, and the tau neutrino. Particles in higher generations have the same quantum
numbers as those in the first generation but possess larger masses.

Interactions among fermions are mediated by gauge bosons. The electromagnetic in-
teraction is carried by the photon, the weak interaction is mediated by the charged W+
bosons and the neutral Z° boson, and the strong interaction is mediated by gluons. In ad-
dition to these particles, the Standard Model includes the Higgs boson, which arises from
the mechanism responsible for electroweak symmetry breaking and provides masses to the

fundamental particles.
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Standard Model of Elementary Particles
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Figure 1.1: The particles of the Standard Model showing the three generations of quarks
and leptons together with the gauge bosons and the Higgs boson. Image adapted from [§].
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A summary of the particle content of the Standard Model, including the three genera-
tions of fermions and the force-mediating gauge bosons, is shown in Fig. 1.1. Although the
Standard Model successfully explains a wide range of experimental observations, it does
not account for several important phenomena, including neutrino masses, dark matter, and
the matter—antimatter asymmetry of the universe.

Among the particles described by the Standard Model, muons and neutrinos play partic-
ularly important roles in experimental studies of fundamental physics. Muons are charged
leptons with properties similar to electrons but with a mass approximately two hundred
times larger. Because of their relatively long lifetime and high penetrating power, muons
can traverse large amounts of material and are readily detected in particle detectors. Neutri-
nos, in contrast, are electrically neutral particles that interact only through the weak inter-
action and gravity. Their extremely small interaction cross sections make them difficult to
detect, but they also allow neutrinos to travel vast distances through matter without signif-
icant attenuation. As a result, neutrinos provide unique probes of astrophysical processes

and fundamental particle interactions.

1.1 Seasonal variation of cosmic muon

One of the primary sources of muons observed at the Earth’s surface and underground detec-
tors is the interaction of high-energy cosmic rays with the Earth’s atmosphere. Cosmic rays
consist mainly of protons and atomic nuclei that originate from astrophysical sources such
as supernova remnants and other energetic environments in the universe. When these par-
ticles collide with atmospheric nuclei, they produce cascades of secondary particles known
as extensive air showers. Among the particles produced in these interactions are charged
mesons, primarily pions and kaons, which subsequently decay into muons and neutrinos.

These muons can travel through large amounts of rock and reach detectors located deep
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underground.

The flux of atmospheric muons observed in underground detectors depends not only on
the energy spectrum of the primary cosmic rays but also on the properties of the atmosphere
in which the air showers develop. In particular, the production and decay of mesons in the
upper atmosphere are sensitive to atmospheric temperature and density profiles. Seasonal
variations in atmospheric conditions therefore lead to measurable variations in the rate of
cosmic-ray induced muons detected at the Earth’s surface or underground. Studying these
variations provides valuable insight into the physics of cosmic-ray interactions, the devel-
opment of air showers, and the propagation of secondary particles through the atmosphere.

Large detectors designed for neutrino experiments are also capable of detecting large
numbers of cosmic-ray muons. Their large volumes and fine-grained tracking capabilities
allow detailed reconstruction of particle trajectories, making them well suited for studying
both neutrino interactions and cosmic-ray induced phenomena. The NOvA (NuMI Off-axis
v, Appearance) experiment is one such detector system. NOVA is a long-baseline neutrino
oscillation experiment that uses an intense neutrino beam produced at Fermilab and two
functionally identical detectors located at different distances from the source. The Near
Detector measures the properties of the neutrino beam close to its production point, while
the Far Detector measures the neutrino spectrum after the beam has traveled approximately
810 km. By comparing observations in the two detectors, NOvVA performs precision mea-
surements of neutrino oscillations.

The first part of this thesis focuses on the study of atmospheric muons detected in the
NOvVA Near Detector. In particular, the seasonal variation of cosmic-ray induced muon
rates is investigated using several years of detector data. While the seasonal modulation of
single muons has been observed in many underground experiments, the behavior of events
containing multiple muons originating from high-energy cosmic-ray air showers exhibits

a different seasonal pattern that is not yet fully understood. This thesis presents a detailed
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study of both single-muon and multiple-muon events observed in the NOvA Near Detector
and investigates the physical mechanisms responsible for the observed seasonal variations

using comparisons with air-shower simulations.

1.2 Neutrino—nucleus interaction modeling

In addition to studies of cosmic-ray muons, the NOvA experiment is designed to measure
neutrino oscillations with high precision. Neutrino oscillations arise from the mixing be-
tween neutrino flavor eigenstates and mass eigenstates, causing neutrinos to change flavor
as they propagate. Measurements of neutrino oscillation parameters rely on accurate re-
construction of the neutrino energy spectrum. In accelerator-based experiments such as
NOVA, neutrinos are detected through their interactions with nuclei in the detector mate-
rial. However, the interpretation of these interactions is complicated by nuclear effects such
as nucleon motion, binding energy, and correlations between nucleons within the nucleus.
These effects influence the observed kinematics of the final-state particles and introduce
uncertainties in the reconstructed neutrino energy.

Charged-current quasi-elastic scattering is one of the dominant neutrino interaction pro-
cesses in the energy range relevant for long-baseline neutrino oscillation experiments. Al-
though the fundamental interaction between a neutrino and a nucleon is relatively simple,
the nuclear environment in which it occurs introduces significant theoretical challenges.
Various models have been developed to describe these nuclear effects, including approaches
that incorporate detailed nuclear dynamics such as the Hartree—Fock continuum random
phase approximation (HF—CRPA). Understanding the impact of these interaction models
on oscillation analyses is essential for reducing systematic uncertainties in neutrino oscil-
lation measurements.

The second part of this thesis investigates the impact of neutrino interaction modeling
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on oscillation measurements in the NOVA experiment. In particular, the study examines
how alternative descriptions of quasi-elastic neutrino scattering based on the HF—CRPA
framework affect the predicted event spectra and the extraction of oscillation parameters.
By propagating modified interaction predictions through the oscillation analysis framework,
the study evaluates the sensitivity of oscillation measurements to uncertainties in neutrino—
nucleus interaction modeling.

Together, these studies demonstrate the versatility of the NOvVA detectors in addressing
a broad range of physics topics. The analysis of cosmic-ray muons provides insight into
atmospheric particle production and detector response, while the investigation of neutrino
interaction models contributes to reducing systematic uncertainties in precision neutrino
oscillation measurements.

The remainder of this thesis is organized as follows. Chapter 2 describes the NOVA ex-
periment, including the NuMI neutrino beamline and the design and operation of the Near
and Far detectors. Chapter 3 introduces the physics of cosmic rays and atmospheric muon
production. Chapter 4 presents the analysis of seasonal variation of cosmic-ray muons
observed in the NOvA Near Detector. Chapter 5 reviews the theoretical framework of
neutrino oscillations and neutrino interactions with nuclei. Chapter 6 discusses models of
quasi-elastic neutrino scattering and presents a study of the impact of the HF—CRPA inter-
action model on oscillation measurements. Finally, Chapter 7 summarizes the results and

conclusions of this thesis.
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Chapter 2

The NOvA Experiment

The NuMI Off-Axis v, Appearance (NOvVA) experiment is a long-baseline neutrino project
based at Fermilab in Illinois, USA. Its primary objective is to investigate neutrino oscillation
parameters and determine the neutrino mass ordering by examining both the appearance of
electron neutrinos and the disappearance of muon neutrinos in a beam initially composed
of muon neutrinos. The neutrino beam used in the experiment originates from Fermilab’s
Neutrinos at the Main Injector (NuMI) facility. NOvA utilizes a two-detector setup: the
Near Detector (ND), situated on the Fermilab site, and the Far Detector (FD), located near
Ash River, Minnesota. The FD is positioned approximately 810 kilometers from the NuMI
beam source.

Apart from studying neutrino oscillations, the NOvA experiment also explores a wide

range of physics topics, including:
» Neutrino—nucleus scattering cross sections
* Searches for sterile neutrinos
* Investigations of non-standard interactions

» Searches for exotic and astrophysical phenomena, such as:

Seasonal variations in cosmic ray muon rates

Slow and fast magnetic monopoles

Dark matter signatures

Neutrino magnetic moments
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2 The NOvA Experiment

— Multi-messenger astrophysics

2.1 The NuMI Beam

The NOvVA experiment is an accelerator-based neutrino experiment that receives its neutrino
beam from the Neutrinos at the Main Injector (NuMI) facility at Fermi National Accelerator
Laboratory (Fermilab). The beam is produced by accelerating protons and directing them
onto a graphite target, where their collisions generate a stream of secondary particles that
subsequently decay into neutrinos. Several other experiments, such as MINOS, MINERVA,
MicroBooNE, ICARUS, and SBND, have also utilized, or previously utilized, the NuMI
beam.

The NuMI beam production process begins with the generation of a 35keV H~ ion
beam. This beam is produced in pulses of 100 us duration at a repetition rate of 15 Hz. The
beam first passes through solenoids for transverse focusing and is then chopped using an
Einzel lens. At this initial low-energy stage, the Coulomb repulsion between particles is
significant; therefore, the kinetic energy is rapidly increased to minimize this effect. This
is achieved using a Radio-Frequency Quadrupole (RFQ), which accelerates the beam from
35keV to 750 keV.

The 750keV H~ beam is then injected into the linear accelerator (Linac), which in-
creases the energy to 400 MeV in two stages: the Low-Energy Linac and the High-Energy
Linac. The Linac has a total length of approximately 150 m. At its exit, the beam is again
chopped using an Einzel lens to select specific portions of the beam pulse. It then passes
through a stripping foil that removes the electrons, producing a proton beam.

This proton beam is injected into the Booster synchrotron, where it is further accelerated
to 8 GeV at the same 15 Hz repetition rate. The Booster has a circumference of 474.2 m.

From the Booster, the beam is transferred to the Recycler Ring, located in the same enclo-
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2 The NOvA Experiment

sure as the Main Injector (MI). The MI sits on the lower level of the enclosure, while the
Recycler is positioned 47 inch above it.

In the Recycler, an RF manipulation process called slip-stacking is employed. This
involves injecting pairs of proton batches into the Recycler and merging each pair to form
double-intensity batches at a fixed energy of 8 GeV. Up to twelve batches can be injected,
merged into six high-intensity batches, and then transferred to the Main Injector.

The Main Injector, with a circumference of 3.3 km, accelerates the beam from 8 GeV
to 120 GeV using a combination of dipole magnets, quadrupole magnets, and RF cavities.
The acceleration follows a cycle known as a ramp. Initially, the magnetic field is held
constant at the 8 GeV setting during the injection process. Once the injection is complete,
the magnetic field gradually increases, initially at a slow rate and then more rapidly, as the
beam is accelerated. When the beam reaches 120 GeV, the magnetic field is held constant
while the beam is extracted to the NuMI target. Following extraction, the field is reduced
back to the 8 GeV level in preparation for the next cycle. A complete ramp, such as one

delivering a 120 GeV beam to NuMI, takes approximately 1.33s.

2.2 Neutrino from proton beam

Once the proton beam is accelerated to an energy of 120 GeV, it is directed onto a graphite
target at the NuMI beam facility. The interaction of protons with the target produces a cas-
cade of secondary hadrons, which subsequently decay into charged leptons and neutrinos.
Maximizing the neutrino yield requires that a large fraction of the incident proton beam
interacts within a compact target volume, thereby reducing additional interactions of the
secondary mesons. This constraint motivates the use of a narrow transverse target geometry.
The NuMI graphite target is therefore constructed from 47 thin fins, each 20 mm long in the

beam direction and separated by a gap of 0.3 mm, giving a total target length of 95 cm.
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Figure 2.1: Overview of Fermilab Accelerator complex [9]

The hadrons produced in these interactions are subsequently directed using two mag-
netic focusing horns, which act as pulsed toroidal lenses. These horns increase the flux of
mesons in the desired momentum range and allow tuning of the neutrino spectrum. Both
the separation between the target and Horn 1, as well as the distance between Horn 1 and
Horn 2, can be adjusted to optimize the focusing. Particles emerging close to the beam axis
pass essentially unaffected, while those properly focused by Horn 1 generally continue un-
altered through Horn 2. However, mesons that are either over- or under-focused by the first
horn can be corrected by the second, thereby improving the overall focusing efficiency by
nearly 50%. By reversing the polarity of the horn current, the system can be switched be-
tween neutrino-dominated and antineutrino-enhanced modes. In the Forward Horn Current
(FHC) configuration, positively charged mesons are focused, yielding a beam rich in neu-
trinos, whereas in the Reverse Horn Current (RHC) mode, negatively charged mesons are
selected, producing an antineutrino-enhanced flux. The horn setup is illustrated in Fig. 2.2.

After passing the horns, the hadrons enter the decay region. The NuMI decay pipe
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10 meters

Figure 2.2: Schematic of the magnetic horn focusing system. Mesons are focused to control
the energy spectrum and composition of the neutrino beam (FHC or RHC). While the figure
shows a 10 m separation between the two horns, this distance is adjustable. The figure is
taken from [10].

begins 46 m downstream of the target and extends for 675 m with a diameter of 2 m, enclosed
within a larger evacuated tunnel (see Fig. 2.4). Its role is to provide an environment where
mesons can decay into tertiary hadrons, charged leptons, and neutrinos with minimal re-
interactions. To reduce scattering and absorption, the decay pipe is filled with helium,

chosen for its long interaction length.

Horn current Decay mode Branching ratio
FHC Tt = ut+u, 0.9999
Kt —ut+v, 0.6356
RHC (S VR 0.9999
K™ —pu +v, 0.6356

Table 2.1: Major meson decay modes producing neutrinos and their branching ratios [?].
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2 The NOvA Experiment

Figure 2.3: The NuMI Decay pipe tunnel before the decay pipe was installed. The wall is
for the concrete shielding. The figure is taken from [10].

The NuMI absorber, located just downstream of the decay pipe, is a large compos-
ite structure made of aluminum, steel, and concrete designed to stop the remaining beam.
Roughly one-sixth of the original beam power reaches the end of the decay pipe as a mix-
ture of particles. The dominant component, about 80%, consists of primary protons that
have not undergone interactions. The rest is mainly composed of undecayed mesons, sec-
ondary protons, and a small fraction of neutrons, electrons, and photons. These particles
lose energy primarily through ionization as they traverse the absorber, whereas muons and
neutrinos contribute little to no energy deposition.

The muons remaining in the NuMI beam after the decay pipe and absorber are ranged
out in the muon shield, which consists of approximately 240 m of solid dolomite rock. Nev-

ertheless, a small fraction of muons pass through the shield and subsequently decay via

wo—rv,te + ..
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The resulting electron neutrinos constitute an irreducible background to the v, appearance

analysis. Additional sources of electron neutrinos arise from kaon decays, such as

K2—>7T_—|—6+-|—I/e, Kt 5 r'+ef 4.

Muon Monitors

Target Hall DECEILpiIJe Absorber
~
Target ’
Protons from \
—_— e

Main Injector

10m 30m 575 m u
5m

. 12 18 210
Hadron Monitor " " "

Figure 2.4: Schematic of the NuMI beamline, illustrating the progression from the primary
proton beam to the production of neutrinos [10].

2.2.1 Off-axis design

Both NOvVA detectors are positioned 14.6 mrad off-axis with respect to the NuMI beam
direction. This off-axis angle is optimized to produce a narrow-band neutrino beam centered
around the medium-energy region. The optimization can be understood from the kinematics
of two-body pion decay.

For the decay 7* — u* + v, the conservation of four-momentum gives

Pr=Py+TP» = Pu=Pr— P (21)

where p, p,,, and p,, denote the four-momenta of the pion, muon, and neutrino, respectively.

Squaring both sides yields
P, = P> + P, — 2P.Po. (22)
Assuming the neutrino mass m, >~ 0, we obtain
mj, = m2 — 2B, B, + 2, - i, (2.3)

25



2 The NOvA Experiment

where m, and m,, are the pion and muon masses, respectively. Rearranging,
2E.E, = m2 —m., + 2|px||p;| cos 0, (2.4)

with 0 being the angle between the pion and neutrino momenta. Since E, = |p, |, this can

be written as
2 2 2 2
mz —m, mz —my, 2.5)

b, = = :
2(E; —prcos®) 2E.(1— [cosh)

For small angles and in the highly relativistic limit,

62 1 B2 1
1-BeosOml—p(1-2)=—"3+Z ~ 47 2.6
f3 cos B( 2) 272+ 5 272+2 (2.6)
which gives
2 2 2
Er

E]/ - mTr 2 (1 - Tnj’s) = 2 <1 - Tn/s) : (2‘7)

) g U

Finally, the neutrino energy as a function of pion energy and decay angle can be ex-
pressed as
By —p (1= ") 3)
v m2 ) 1+ 6242 '
Substituting the known pion and muon masses, Eq. 2.8 becomes

L, = fjif& (2.9)

Eq. 2.9 is illustrated in Fig. 2.5 for several off-axis angles, including the NOvVA config-
uration at 14.6 mrad. At this angle, the medium-energy pion decays yield a narrow-band
neutrino energy spectrum, which is ideal for oscillation studies. The narrow band of recon-

structed neutrino energy peaking around 2 GeV for 14.6 mrad off-axis is very clear from

the simulation of beam as shown in Fig. 2.6.
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Figure 2.5: Neutrino energy as a function of pion energy for several values of the angle
between the pion and neutrino directions. The NOVA off-axis angle of 14.6 mrad is high-
lighted.

2.3 The NOvVA detectors

In order to study neutrino properties and oscillations, two key requirements must be satis-
fied: (i) the ability to correctly identify the charged leptons (muons and electrons) produced
in neutrino interactions and accurately measure their energies for neutrino energy recon-
struction, and (ii) the ability to efficiently suppress backgrounds, particularly those from
neutral current (NC) interactions.

Both of these goals can be achieved by constructing detectors from low-~Z materials. To
measure the energies of the outgoing particles, a finely segmented calorimeter is required.
In the NOVA detectors, this segmentation is realized using polyvinyl chloride (PVC) cells,
which are primarily composed of carbon (a low-Z material). Each PVC cell is filled with

liquid scintillator and instrumented with a wavelength-shifting fiber that guides the light

27



2 The NOvA Experiment

25

10° v, CC/6E20 POT /kton/0.1 GeV
&

FLUKALL

T
On-Axis

7 mrad Off-Axis

— 14.6 mrad Off-Axis (NOVA)

21 mrad Off-Axis

E, [GeV]

10

15

v, CC/6E20 POT / kton /0.1 GeV

15

10

&)

FLUKALL

E, [GeV]

(—
On-Axis

— 7 mrad Off-Axis
——— 14.6 mrad Off-Axis (NOVA) {
21 mrad Off-Axis

10

15

Figure 2.6: Reconstructed neutrino energy flux at four different angles including NOvA’s
off-axis angle (14.6 mrad) in the ND (left) and FD (Right). Figures are taken from [11]

to photodetectors. Cells are placed side by side to form planes, and alternating planes are
oriented orthogonally to provide three-dimensional event reconstruction.

The cell size is chosen to be sufficiently small (high granularity) in order to distinguish
the topological features of different particle types. Showering particles such as electrons
and photons can then be separated from non-showering particles such as muons and pions.
The use of low-Z material is particularly advantageous in distinguishing between electrons
and photons, which is essential for reducing NC backgrounds in the v, appearance analysis.

In NC interactions, neutral pions (7°) are often produced. While the 7 itself does not
leave a direct signal in the detector, it decays almost immediately into two photons, which
give rise to electromagnetic (EM) showers. In many cases, the two photon showers overlap,
mimicking the signature of a single electron. However, a key difference exists: in a true
v, charged-current (CC) interaction, the electron track begins directly at the primary inter-
action vertex, whereas for a 7°, the photon-induced shower originates some distance away
from the vertex. The ability to resolve this displacement requires both fine segmentation
and the use of low-Z materials, which provide a longer radiation length and hence better
spatial separation of the shower development.

The only differences are their size and their placement relative to the Earth’s surface.

28



2 The NOvA Experiment

The ND has a mass of about 300 t and is located approximately 100 m underground, whereas

the FD has a mass of 14 kt and is located on the surface.

2.3.1 Detector design

The two detectors, the ND and the FD, are functionally identical, both using polyvinyl
chloride (PVC) cells as the basic unit of the detector, which is called a cell. Illustration
of the NOvVA detectors and their basic detection principle is shown in 2.7. Each cell is
filled with liquid scintillator and equipped with a looped wavelength-shifting (WLS) fibre.
Charged particles traversing the scintillator produce light, which is captured by the fibre

and transported to the readout system after undergoing a wavelength shift.

155m

Figure 2.7: The NOvA ND and FD are shown side by side, along with the scale comparison
to an average person. The detection principle is also illustrated, showing the PVC cells filled
with liquid scintillator and the collection of scintillation light by the Avalanche Photodiode
(APD). The picture is taken from [12].

Cells are produced through an extrusion process in groups of sixteen. Each cell has a
cross-sectional size of approximately 3.8 x 5.9 cm. The length of the extrusions differs
significantly between the two detectors: the cells in the FD are approximately 15.6 m long,
whereas those in the ND are about 3.9 m long. Because of this difference in length, light

traveling through the fibre experiences greater attenuation in the FD. To improve light col-
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lection efficiency, the PVC material used in the cells is designed to be highly reflective. On
average, scintillation photons undergo several reflections before reaching the fibre, meaning
that even small improvements in reflectivity significantly enhance the overall light yield.

Two sets of 16-cell extrusions are bonded together to form a 32-cell unit referred to as
a module. These modules are arranged into planes that are oriented perpendicular to the
direction of the neutrino beam. Successive planes are rotated by 90° relative to each other,
creating an alternating structure.

Approximately 35% of the detector mass is contributed by the PVC structure, while the
remaining 65% consists of the active detection medium: liquid scintillator contained inside
the cells. The detailed chemical composition of the scintillator is summarized in Tab. 2.2.
Mineral oil serves as the primary solvent, while pseudocumene acts as the main scintillating
component. When excited by charged particles, pseudocumene produces ultraviolet light
with wavelengths typically between 360 and 390 nm. To better match the optical properties
of the WLS fibres, additional wavelength-shifting compounds are included in the mixture

to convert this ultraviolet light into the 400—450 nm range.

Componnent Purpose Mass Fraction
Mineral Oil Solvent 95.8%
Pseudocumene Scintillant 4.1%
2,5-Diphenyloxazole (PPO) Wavelength shifter 0.091%
bis-MSB Wavelength Shifter 0.0013%
Stadis-425 Antistatic agent 0.0003%
Tocopherol Antioxidant 0.0010%

Table 2.2: The chemical composition of the NOvA liquid scintillator [27].

Other additives are also incorporated into the scintillator mixture. A small quantity of
tocopherol functions as an antioxidant, helping to preserve the light yield by preventing
oxygen contamination from degrading the scintillator performance. Additionally, an anti-

static agent is included in small amounts to prevent the accumulation of electrical charge
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during the filling of the PVC cells. This additive has negligible impact on the scintillation
light production. In total, roughly three million gallons of scintillator are required to fill the
FD, while the ND requires about thirty thousand gallons.

Each detector cell contains a looped wavelength-shifting fibre responsible for collect-
ing the scintillation light and transporting it to the photodetector. The looped configuration
significantly improves the light collection efficiency compared to a single fibre with a re-
flective end, since photons can propagate toward the readout from either direction along the
fibre. The fibre itself consists of a polystyrene core surrounded by two cladding layers with
progressively lower refractive indices. This structure enhances total internal reflection and
allows efficient transmission of light over long distances. The overall diameter of the fibre
is approximately 0.7 mm, with the cladding layers accounting for about 12% of the total
thickness.

The scintillation light captured by the fibre is ultimately detected using avalanche pho-
todiodes (APDs). These devices exhibit higher quantum efficiency at longer wavelengths.
To better match the spectral response of the APDs, the fibre core contains a fluorescent
dye that shifts the absorbed blue light (400-450 nm) to green wavelengths in the range of
approximately 490-550 nm. Because the emission and absorption spectra of the dye par-
tially overlap, light with wavelengths below roughly 500 nm is strongly attenuated as it
propagates through the fibre.

NOvVA employs avalanche photodiodes (APDs), manufactured by Hamamatsu, as the
photodetectors for collecting the scintillation light transported by the wavelength-shifting
fibres. These devices were selected primarily because of their high quantum efficiency in
the wavelength range of approximately 520-550 nm, which corresponds well to the green
light emitted from the fibre ends. The APDs are arranged in arrays consisting of 32 pixels,
providing a one-to-one correspondence with the 32 detector cells that form a module. Each

pixel receives light from both ends of the looped fibre contained within a single cell.
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APDs convert incoming photons into an electrical signal through the photoelectric ef-
fect. When a photon is absorbed in the semiconductor material, it produces an electron—hole
pair. An applied electric field separates these charge carriers and accelerates them through
the device. If the electric field is sufficiently strong, the accelerated carriers can generate
additional electron—hole pairs through impact ionization. This process repeats, producing
an avalanche multiplication that amplifies the initial photocurrent and enables the detection
of very small amounts of light.

Thermal generation of charge carriers can introduce noise in the detector signal. To
minimize this effect, the APDs are operated at a reduced temperature of approximately
—15°C using thermoelectric cooling systems. Maintaining this low operating temperature
is particularly important for the FD, where scintillation light produced near the far end of a
long cell is significantly attenuated before reaching the photodetector.

The electrical signals produced by the APDs are processed by a Front End Board (FEB),
which houses several key electronic components including an Application Specific Inte-
grated Circuit (ASIC), an Analogue-to-Digital Converter (ADC), and a Field Programmable
Gate Array (FPGA). The FEB forms the first stage of the data acquisition system. Initially,
the ASIC performs signal shaping, producing pulses with characteristic rise and fall times.
These shaped analogue signals are then digitized by the ADC. The digitized data are sub-
sequently processed by the FPGA, which extracts the timing and amplitude information
associated with each signal. Only signals exceeding a predefined threshold are identified
as valid “hits” and forwarded for further processing.

Because each module contains 32 cells, a single APD array is used to read out the light
from all fibres within that module. At the top of each module, the fibres are guided through
dedicated channels known as fibre raceways and routed toward an optical connector. This
connector contains 32 precisely aligned openings that couple the fibre ends directly to the

corresponding pixels of the APD array. The fibre routing system is enclosed by a manifold
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cover, while the optical connector itself is positioned within a structure known as the snout.
These components are fabricated from black injection-molded plastic in order to suppress
stray light reflections and reduce optical cross-talk between adjacent fibres.

Each APD is paired with a dedicated FEB, and the APD-FEB assemblies are housed
within an electronics enclosure located on the detector. In addition to signal amplification
and digitization, the FEB is responsible for formatting and time-stamping the data before
transmitting it to a Data Concentrator Module (DCM). The FEB also hosts the circuitry

required to regulate and maintain the operating temperature of the APD.
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Figure 2.8: Schematic illustration of the particle detection mechanism in the NOvVA detector
and the reconstruction of a 3D track from two 2D tracks originating from two perpendicular
detector planes. The picture is taken from [13].

At a larger scale, modules are arranged side-by-side to form detector planes. Each plane
therefore contains 32 parallel cells. Successive planes are rotated by 90° relative to one
another, allowing the detector to reconstruct particle trajectories in three dimensions. The

full detector is built from structural units known as blocks, where each block consists of 32
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planes assembled together in alternating vertical and horizontal orientations, as illustrated
in Fig. 2.8.

In the data acquisition chain, every APD-FEB pair reads out 32 cells. A single Data
Concentrator Module collects data from 64 FEBs, corresponding to a total of 2,048 detector
cells. The DCM aggregates the incoming data streams and forwards them to buffer nodes,
where the information is organized into subruns and written to disk for storage and further

analysis.

2.3.2 Near Detector

The NOvVA ND is located at Fermilab, approximately 1 km downstream from the NuMI
neutrino production target. It is situated roughly 100 m underground, close to the location
previously occupied by the MINOS ND. The ND became fully operational in August 2014
and serves as a crucial component of the experiment for measuring the unoscillated neutrino
beam spectrum and constraining systematic uncertainties in oscillation analyses.

The detector is divided into two main sections: the Active Region and the Muon Catcher.
The Active Region forms the upstream portion of the detector and consists entirely of scin-
tillator planes, which act as the primary interaction and tracking volume for neutrino events.
Downstream of this section lies the Muon Catcher, which is designed to enhance the detec-
tor’s ability to contain and measure high-energy muons produced in neutrino interactions.
In this region, planes of scintillator are interleaved with steel absorber plates approximately
10 cm thick. These steel layers increase the stopping power of the detector and improve the
probability that long muon tracks are fully contained within the ND.

Within the Active Region, each detector plane is constructed from three PVC modules,
leading to a total of 96 scintillator cells per plane. The geometry of the Muon Catcher differs
slightly from that of the Active Region. In this section, vertical planes still consist of three

modules (corresponding to 96 cells), while horizontal planes contain only two modules,
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resulting in 64 cells per plane. This asymmetric arrangement reflects the mechanical and
structural constraints associated with the integration of steel absorber plates.

Overall, the ND contains 192 scintillator planes in the Active Region and an additional
22 planes in the Muon Catcher. The latter region also includes steel absorber layers placed
after every two scintillator planes, giving a total of ten steel plates. Combining all sections,
the detector contains 20,192 scintillator cells.

The Active Region is further organized into structural units known as diblocks, each
consisting of 64 detector planes. This subdivision arises from the structure of the data ac-
quisition system. Specifically, each Data Concentrator Module (DCM) handles the readout
from a group of detector modules corresponding to two detector blocks along the beam di-
rection. Although the Muon Catcher contains only 22 planes, it is still treated as a single
diblock within the readout architecture, with some DCM input channels remaining unused.

In terms of its physical dimensions, the ND is approximately 4 m wide, 4 m tall, and
15.6 m long. The detector contains about 132 tons of liquid scintillator, 78 tons of steel
absorber material, and roughly 83 tons of PVC structure. These components give the ND a
total mass of approximately 293 tons [28, 29, 30]. A summary of these detector parameters

is provided in Tab. 2.3, and two photographs are shown in Fig. 2.9.

2.3.3 Far Detector

The NOVA FD is located in Ash River, Minnesota, approximately 809 km from the ND
at Fermilab. Construction of the detector was completed in July 2014. Similar to the ND,
the FD is positioned 14.6 mrad off the central axis of the NuMI beam in order to receive a
narrow-band neutrino energy spectrum optimized for oscillation studies. However, unlike
the ND, which is located underground, the FD is built near the surface at an altitude of about
380 m. This configuration exposes the detector to a significant flux of cosmic-ray particles,

posing additional challenges for both data acquisition and offline event reconstruction.
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Figure 2.9: Recent photographs of the NOvA ND. The left panel shows the front view of
the detector, while the right panel shows the detector electronics located at the top.

The FD is substantially larger than the ND. It consists of 896 scintillator planes arranged
perpendicular to the beam direction. Each plane is composed of 12 PVC modules, resulting
in a total of 344,064 readout cells. The detector structure is organized into 28 blocks, which
were assembled and positioned using a specialized block pivoter during construction. These
blocks form 14 diblocks, each containing 64 detector planes.

The full detector presents an active area of approximately 15.6 m x 15.6 m to the incom-
ing neutrino beam and extends about 60 m along the beam direction. The total mass of the
detector is roughly 14 kt, with about 65% of the mass consisting of active liquid scintillator
and the remaining portion primarily made of PVC structural material [31].

Because the FD operates on the surface, cosmic-ray backgrounds represent an important
consideration. To reduce the rate of cosmic particles entering the detector, the building is

covered with an overburden consisting of approximately 1.2 m of concrete together with an
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Quantity Near Detector Far Detector
Modules per plane 3 12
Total number of diblocks 4 14
Total number of planes 214 + 10 (steel) 896
Total number of cells 20192 344064
Detector Dimensions (NuMI Coordinate System)
x (cm) [-200, 200] [-758, 768]
y (cm) [-200, 200] [-749, 765]
z (cm) [0, 1560] [0, 5962]
Mass (metric tons)
Total 293 14
Scintillator 132 9
PVC 83 5
Steel 78 -

Table 2.3: Summary of the main design parameters and material composition of the NOvA
Near Detector and Far Detector [28, 29, 30, 31].

additional 0.15 m layer of barite rock. This shielding corresponds to roughly 14 radiation
lengths and significantly reduces the flux of electromagnetic particles reaching the active
detector volume.

Despite this shielding, the FD still experiences a high cosmic-ray rate of about 150 kHz.
Although most of these events are unrelated to neutrino interactions, a fraction of the col-
lected cosmic-ray data is retained. These events are useful for detector calibration and are
also used to estimate the contribution of cosmic-ray backgrounds in neutrino oscillation
analyses.

Tab. 2.3 summarizes the main design parameters of the NOvA FD, and photographs are

shown in 2.10.

2.4 Data Acquisition and Triggering System

The NOVA experiment employs a data acquisition system (DAQ) designed for continuous

readout of detector signals. Instead of recording data only when a trigger occurs, the front-
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Figure 2.10: Photographs of the NOvA FD. Pictures are taken from [14, 15]

end electronics continuously digitize signals from the detector and temporarily store them in
intermediate buffers. A global triggering framework subsequently analyzes these buffered
data and determines which portions should be written to permanent storage.

Each detector module, consisting of 32 scintillator cells, is read out using an Avalanche
Photodiode (APD) coupled to Front End Boards (FEBs). The APD converts scintillation
light collected by the wavelength-shifting fibers into an electrical signal. The FEB then
amplifies, digitizes, formats, and assigns a timestamp to the signal before forwarding the
processed data to the higher-level readout system.

The digitized signals are transmitted to Data Concentrator Modules (DCMs). A single
DCM receives input from up to 64 FEBs. The DCM aggregates incoming data over short
time intervals and forms data packets known as microslices, each representing approxi-
mately 50 us of detector activity. These microslices are subsequently grouped into larger
time segments. Multiple microslices are combined into a millislice representing 5 ms of
data, which is then transferred through an Ethernet network to a set of buffer nodes.

The buffer nodes form a distributed memory pool where data are temporarily stored

while trigger decisions are evaluated. The system operates in a round-robin fashion: each
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5 ms block of data from all DCMs is sent to a particular buffer node, ensuring that each
node holds a complete snapshot of the detector activity during that time window. This unit
of data is often referred to as a milliblock. Once stored, the milliblock is examined by the
triggering system to determine whether the data contain information relevant for physics

analyses or detector monitoring. A schematic flowchart of NOvA DAQ system is shown in

Fig. 2.11.
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Figure 2.11: Schematic diagram of the NOvVA data acquisition system showing the flow
of information from the APDs and front-end electronics to the buffer nodes and long-term
storage. The diagram is taken from [13].

The readout architecture is closely connected to the detector segmentation. Each DCM
reads out modules belonging to planes of a single view and spans a region corresponding

to two consecutive detector blocks, commonly referred to as a diblock. Because of this
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arrangement, the readout system is organized in terms of diblocks rather than the physical
block structure of the detector. In total, the ND is instrumented with 16 DCMs, while the

much larger FD requires 168 DCMs to handle its readout.

2.4.1 Timing Synchronization

Precise timing synchronization across the entire experiment is essential for identifying neu-
trino interactions associated with the NuMI beam spills. To achieve this, NOvA employs
a dedicated timing distribution system linked to a Global Positioning System (GPS) refer-
ence. A Master Timing Distribution Unit (MTDU) receives the GPS signal and establishes
a global reference clock, commonly referred to as “NOvVA time”. The MTDU distributes
this clock to multiple Slave Timing Distribution Units (STDUs), which in turn synchronize
the timing of individual DCMs and front-end electronics.

The MTDU is also connected to the accelerator timing network. Whenever a NuMI
beam spill occurs, the accelerator timestamp is translated into the NOvA timing framework,
allowing the experiment to identify and record the detector activity corresponding to the

neutrino beam window.

2.4.2 Triggering System

Given the continuous readout of the detector and the high data rate, it is not feasible to store
all recorded information permanently. The triggering system therefore plays a crucial role
in selecting relevant portions of the data stream for long-term storage.

Two main categories of triggers are used in the experiment:

* Clock-Based Triggers: These triggers select data around predefined time intervals.
A primary example is the NuMI trigger, which records detector activity around the
beam spill. For each spill, approximately 550 us of data are stored, centered on

the ~ 10 us duration of the beam pulse. Another example is the cosmic pulser
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trigger, which periodically records detector data (typically at a frequency of about
10 Hz). These cosmic events are widely used for detector calibration and for estimat-

ing cosmic-ray backgrounds in oscillation analyses.

* Data-Driven Triggers (DDT): Unlike clock-based triggers, data-driven triggers an-
alyze the detector activity itself to determine whether a physics signature of interest is
present. These triggers operate on the buffered data and search for specific patterns
or clusters of hits. Examples include triggers designed to identify rare phenomena
such as supernova neutrino bursts or magnetic monopole candidates. In such cases,
the duration of the stored data window is determined by the observed time structure

of the detected signals.

Whenever a trigger condition is satisfied, the selected data segment is validated by the
global trigger system and forwarded to the data logger. The data logger organizes the infor-
mation into structured files divided into runs, subruns, and events before transferring them

to the permanent storage system for further offline processing and analysis.
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Chapter 3

Cosmic Ray Physics

Cosmic rays [32, 33] are highly energetic particles of extraterrestrial origin that continu-
ously bombard the Earth. The primary cosmic-ray flux is dominated by fully ionized atomic
nuclei, with protons (hydrogen nuclei) forming the largest component. This predominance
reflects the primordial abundance of hydrogen produced during Big Bang nucleosynthe-
sis. Helium nuclei constitute the second most abundant component, followed by heavier
nuclei such as carbon, oxygen, and other intermediate-mass elements synthesized through
stellar nucleosynthesis. Iron, being the heaviest element that can be efficiently produced
in stellar fusion processes, represents a significant contribution to the high-mass end of the
cosmic-ray composition. The approximate elemental composition of primary cosmic rays

at GeV-TeV energies is summarized in Tab. 3.1.

Table 3.1: Composition of primary cosmic rays at GeV-TeV energies [16].

Component Fraction of total flux (%)
Protons (H) ~79

Helium (He) ~20

Other (C, N, O, Fe etc.) ~I1

The experimental discovery of cosmic rays is credited to the Austrian physicist Victor
Hess in 1912 [34, 35]. At that time, the origin of the ionizing radiation detected by ground-
based electroscopes was unclear. To investigate this, Hess performed a series of balloon
flights to study the variation of ionization with altitude. Early flights in 1911, reaching alti-

tudes of about 1100 m, showed no substantial decrease in radiation relative to ground level.
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On 17 April 1912, Hess carried out a balloon ascent to approximately 5300 m during a near-
total solar eclipse. The absence of any reduction in ionization during the eclipse, together
with a clear increase in radiation intensity at higher altitudes, ruled out both terrestrial and
solar origins. Hess concluded that the radiation must be entering the atmosphere from outer
space, providing the first direct evidence for cosmic rays as a natural source of highly pen-
etrating, high-energy particles. In recognition of this fundamental discovery, Victor Hess

was awarded the 1936 Nobel Prize in Physics, shared with Carl D. Anderson [36] [37].

3.1 Acceleration of Cosmic Rays

Understanding the origin of cosmic rays requires identifying both the astrophysical sources
that supply the necessary energy and the physical mechanisms responsible for accelerating
particles to relativistic energies. Candidate sources must satisfy stringent energetic con-
straints, as the power required to sustain the observed Galactic cosmic-ray population is of
the order

Leg ~ 10 ergs™!. (3.1)

This requirement restricts viable accelerators to highly energetic astrophysical environ-
ments such as supernova remnants, active galactic nuclei, and gamma-ray bursts.

The most widely accepted acceleration mechanism is Fermi acceleration, in which charged
particles gain energy through repeated, collisionless interactions with moving magnetized
plasma. The energy change experienced by a particle depends on the relative velocity be-
tween the particle and the scattering centers embedded in the plasma.

Fermi’s original idea of stochastic acceleration was proposed in the late 1940s [38]. The
modern formulation of diffusive shock acceleration, which naturally leads to a power—law
spectrum, is reviewed by Blandford and Eichler [39]. The Hillas criterion, which constrains

the maximum energy reachable in an astrophysical accelerator, is discussed in [40].
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In second-order Fermi acceleration, particles scatter off randomly moving magnetic ir-

regularities, leading to a mean fractional energy gain per interaction given by

2
GE)- ()

where V' is the characteristic velocity of the scattering centers and c is the speed of light.
Since V' < c for typical interstellar turbulence, this process is relatively inefficient and
contributes primarily at lower energies.

A more efficient mechanism is first-order Fermi acceleration, also known as diffusive
shock acceleration, which occurs at astrophysical shock fronts such as those produced by
supernova explosions. Particles gain energy by repeatedly crossing the shock boundary
and scattering off magnetic irregularities on either side. In this case, the average fractional

energy gain per acceleration cycle scales linearly with the shock velocity,

AE Ven

where V, denotes the shock velocity. This first-order dependence makes shock acceleration
significantly more efficient than stochastic acceleration in turbulent media.
Diffusive shock acceleration naturally leads to a power-law energy spectrum for the

accelerated particles,

ﬁ X E_’Y, (34)

where the spectral index « depends on the shock compression ratio. For strong, non-
relativistic shocks, the theory predicts v ~ 2, which is consistent with the observed cosmic-
ray spectrum after accounting for propagation effects in the interstellar medium.

The maximum energy attainable in an astrophysical accelerator is limited by the size
R of the acceleration region and the strength B of the magnetic field. This constraint is

commonly expressed by the Hillas criterion,

B ~ ZeBR, (3.5)
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where Z is the particle charge number, e is the elementary charge, and 5 = V'/c charac-
terizes the velocity of the scattering region. This criterion provides a useful framework for
evaluating the capability of different astrophysical objects to accelerate cosmic rays to the

highest observed energies.

3.2 Energy spectra

The intensity of cosmic rays observed at Earth decreases rapidly with increasing particle
energy. Over a wide range of energies, the all-particle cosmic-ray spectrum is well described
by an approximate power-law behavior, extending from a few GeV up to beyond 10%° eV.
As a result, low-energy cosmic rays are abundant, whereas ultra—high-energy cosmic rays
are extremely rare.

The differential energy spectrum of primary cosmic rays can be parameterized as [32]

E == k‘Ei’y, (36)

where k is a normalization constant and + is the spectral index, which varies with energy.
The flux is typically expressed in units of m=2sr~!s~! GeV~!.

At energies of order ~ 10 GeV, the cosmic-ray flux at the top of the atmosphere is ap-
proximately 1 particle cm~2 s~! [32]. In contrast, at energies approaching 10%° eV, the flux
decreases dramatically to roughly one particle per square kilometer per century [16]. This
enormous dynamic range poses a significant experimental challenge, requiring detectors
with very large effective areas and long exposure times in order to study the highest-energy
cosmic rays.

The all-particle spectrum exhibits several characteristic features that reflect changes in
the dominant acceleration mechanisms and/or propagation effects. Up to energies of about
E ~ 10' eV, the spectrum follows a power law with spectral index v ~ 2.7. Near this

energy, known as the knee, the spectrum steepens to v ~ 3.0 [41, 16], which is commonly
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interpreted as evidence for the maximum energy reachable by typical Galactic accelerators,
such as supernova remnants.

A second steepening, referred to as the second knee, occurs around £ ~ 107 eV. Be-
yond this region, the spectrum gradually hardens again, forming a feature known as the
ankle at approximately £ ~ 10'% eV. The ankle is often interpreted as marking the transi-

tion from cosmic rays of predominantly Galactic origin to those of extragalactic origin.
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Figure 3.1: All-particle cosmic-ray energy spectrum compiled by the Particle Data
Group [16]. It shows measurements of the cosmic-ray intensity (including both charged
and neutral components) multiplied by the square of the particle kinetic energy.

At the highest energies, cosmic rays are expected to lose energy through interactions
with the cosmic microwave background (CMB). This phenomenon, known as the Greisen—

Zatsepin—Kuz’min (GZK) suppression, arises primarily from photopion production and
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electron—positron pair production during cosmic-ray propagation over cosmological dis-

tances. The characteristic energy scale of this suppression is given by
Egzx ~ (5-6) x 10" eV. (3.7)

As a consequence, the Universe becomes increasingly opaque to cosmic rays with energies
above this threshold unless they originate from nearby sources.

Measurements performed by large air-shower experiments, such as the HiRes experi-
ment and the Pierre Auger Observatory [42, 43], have observed a suppression of the cosmic-
ray flux consistent with the GZK prediction. Nevertheless, rare events with energies ex-
ceeding 10'? eV have been reported, motivating continued experimental and theoretical ef-
forts to understand the nature of ultra—high-energy cosmic-ray sources and their propagation
through intergalactic space.

Fig. 3.1 shows the all-particle cosmic-ray energy spectrum compiled by the Particle Data
Group, illustrating the power-law behavior over many decades in energy and highlighting

the knee, ankle, and GZK suppression features.

3.3 Cosmic Air Shower

When a high-energy cosmic-ray particle enters the Earth’s atmosphere, it undergoes an
inelastic collision with an atmospheric nucleus at altitudes of several tens of kilometers.
This initial interaction initiates a cascade of secondary particles that propagates toward the
ground and is collectively known as an extensive air shower (EAS). Through successive
interactions and decays, the shower multiplies rapidly, distributing the primary particle’s
energy among a large number of secondaries over a wide lateral area that can extend to
several square kilometers.

Hadronic interactions dominate the early stages of the shower development. The pri-

mary cosmic ray produces secondary hadrons, mainly charged and neutral pions and kaons,
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which in turn interact with air nuclei to generate further hadrons as well as leptons and pho-
tons. This hadronic component drives the longitudinal development of the shower until the
particle energies fall below the threshold for further particle production and the cascade is

eventually absorbed in the lower atmosphere or at the Earth’s surface.
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interaction

second interaction

[C) 1999 K. Bernlého

Figure 3.2: Developement of cosmic air showers produced from a interaction of a primary
particle with the atmosphere [17].

In addition to the hadronic component, electromagnetic sub-showers arise primarily
from the decay of neutral pions into photon pairs. These photons initiate electromagnetic
cascades through pair production and bremsstrahlung processes, leading to large numbers
of electrons, positrons, and photons. Although the microscopic origins differ, the particle
distributions observed at ground level from hadron- and gamma-induced showers can ap-
pear similar to surface detector arrays. The development of cosmic air showers after the
first interaction is shown in Fig. 3.2.

Extensive air showers play a crucial role in cosmic-ray studies because the flux of ultra-
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high-energy primary particles is extremely low. Direct detection of such primaries is im-
practical due to their small interaction probability, whereas the large spatial footprint of an
EAS provides an observable signature that can be sampled by ground-based detectors. This
amplification mechanism enables indirect measurements of primary cosmic rays at energies
far exceeding those accessible by man-made accelerators.

The secondary pions and kaons produced in hadronic showers are unstable and typically
decay on short timescales if they do not undergo further interactions. The dominant decay

channels are

™= = pF + v, (1), (3.8)
™= 5+7, (3.9)
K* = u* + v, (7,), (3.10)

where photons from neutral pion decay feed the electromagnetic component of the shower,
while charged meson decays produce muons and neutrinos. At sufficiently low energies,

muons further decay according to
1 = e® + v (Ue) + 7, (1) (3.11)

At higher energies, however, time dilation suppresses muon decay in flight, and neutrino
production is dominated by the decay of kaons rather than muons.

Muons constitute a particularly important component of extensive air showers. Due to
their relatively large mass and weak interaction cross section, muons lose energy primarily
through ionization and radiative processes and are far less likely than electrons to initiate
secondary electromagnetic cascades. As a result, muons can traverse the atmosphere with
minimal energy loss and reach the Earth’s surface with a substantial fraction of their initial
energy.

High-energy muons are capable of penetrating significant depths underground, where

they continue to lose energy through interactions with matter. This penetrating power
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makes them an effective probe of high-energy cosmic-ray interactions and provides a nearly
background-free signal for underground detectors. Since the overwhelming majority of
muons observed at the Earth’s surface originate from cosmic-ray interactions in the atmo-
sphere, muon measurements offer a powerful indirect method for studying the properties of

primary cosmic rays.

3.4 Seasonal variation of cosmic muon flux

Primary cosmic rays interacting with nuclei in the upper atmosphere initiate extensive
air showers (EAS), producing cascades of hadronic and electromagnetic particles. The
hadronic component of these showers is dominated by secondary mesons, primarily charged
pions and kaons, which play a central role in the generation of atmospheric muons. Muons
arise mainly from the weak decays of these mesons, with the channels 7+ — p*v, and
K* — p*v, providing the dominant contribution to the observable muon flux.

The production and survival of muons in the atmosphere are strongly influenced by the
conditions under which their parent mesons propagate. In particular, the competition be-
tween meson decay and hadronic interaction depends on both the meson energy and the
density of the surrounding atmosphere. At higher altitudes, where the atmospheric density
is lower, mesons are more likely to decay before interacting, leading to an enhanced produc-
tion of high-energy muons. Conversely, in denser atmospheric layers, secondary mesons
have a higher probability of interacting before decaying, which suppresses the resulting
muon flux.

Atmospheric density profiles are not static but vary with time, primarily due to temper-
ature variations. While short-term temperature fluctuations are most pronounced in the tro-

posphere and stratosphere, the temperature structure of the upper atmosphere evolves more

gradually over seasonal timescales. Since temperature and density are inversely related,
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seasonal changes in atmospheric temperature effectively modulate the decay probability of
mesons produced in cosmic-ray interactions.

As a result, the flux of atmospheric muons observed at the underground detector is ex-
pected to exhibit a seasonal dependence. During warmer periods, the atmosphere expands,
reducing the density at a given altitude and increasing the likelihood that mesons decay
into muons. During colder periods, the opposite effect occurs, leading to a reduced muon
flux. Because the primary cosmic-ray flux is approximately isotropic and stable over these
timescales, the observed seasonal modulation of muons can be attributed primarily to at-
mospheric effects rather than changes in the incident cosmic-ray intensity.

This seasonal variation of the cosmic muon flux provides a valuable probe of the inter-

play between cosmic-ray interactions and atmospheric dynamics.

3.4.1 Muon intensity produced in atmosphere

The determination of the muon intensity at an underground detector begins with the calcu-
lation of the differential muon intensity at the Earth’s surface. Muons that reach the under-
ground detector originate predominantly from the decay of secondary mesons produced by
the interaction of primary cosmic rays with atmospheric nuclei.

The production rate of these mesons decreases with atmospheric slant depth X approx-
imately as an exponential attenuation factor e~ X/AN  where Ay represents the effective
interaction length of the primary nucleon in air. The total differential muon intensity at
ground level is obtained by integrating the muon production spectrum over the entire atmo-

spheric column:

dIH —

dEu_/o PL(X,E,)dX. (3.12)

Here, P (X, E,,) accounts for muons originating from the two-body decays M — v,
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with M = 7, K. Explicitly,

e /EH/TM M'(X,E)dE

P/(X,E,) = _— (3.13)
p p M;K Xcost(1—ry) /g, E E

where 73, = m?,/m3, and M'(X, E) denotes the meson production spectrum.

The meson spectrum can be expressed as

Z [e'e) X/ 6]\/1/(ECOS‘9) X/ X/
M'(X,E) = e—X/AMNME—W“)/ () ex ( - ) ax’.
( ) AN 0 X P Ay An

(3.14)
In this expression: Ay, and Ay are the attenuation lengths for mesons and nucleons, Ay
is the nucleon interaction length, 7y, is the spectrum-weighted moment of the inclusive
production cross section, 7 is the spectral index of the muon energy spectrum, €;; is the
critical energy of meson M.
The critical energy e, represents the energy at which decay and interaction probabilities
are equal, and is given by
muyc?H(T)

ey = ——~. (3.15)
CTym

For standard atmospheric conditions, one obtains approximately ¢, ~ 115 GeV and ey ~
850 GeV.

Solving Eq. 3.12,

dl Al 0.635 Al
— ~ AEOFD s + K , (3.16)
dE, K 14+ 1.1E,co80/e, 1+ 1.1E,cosf/ex
where
7 1— v+1
Al = A=y ) (3.17)
(I=ra)(y+1)
Using standard parameter values, this reduces numerically to
al, 1 0.054 muons
1 x~0.14 ;0D . (318
dE, a 1+1.1E,cos0/ex * 14+ 1.1E,cos60/ex ) cm?srGeV (3-18)

52



3 Cosmic Ray Physics

The total surface muon intensity above a threshold energy Ey, is then

> dl
1L,(Ew) = —LdE,. A
B = [ b, (.19)

Substituting Eq. 3.16 and integrating yields

1 n 0.054
v+ (y+ 1)1.1Egcos0/e, v+ (v+ 1)1.1Ey cosf/ek

I, ~BE;" ( > , (320)

where B is a normalization constant. The quantity E, cos @ corresponds to the vertical

surface energy required for a muon to reach a given underground depth.

3.4.2 Relation of muon intensity with atmospheric temperatures

The dependence of the muon intensity on atmospheric temperature arises through the critical
energies €7, which are proportional to the atmospheric scale height H(7T'). Since the real
atmosphere is not strictly isothermal and meson production occurs over a broad range of
altitudes, a direct treatment using 7'(X) is complex.

To address this, an effective atmospheric temperature T is introduced. This parameter
represents the temperature of an equivalent isothermal atmosphere that would reproduce
the observed muon intensity ).

Define the fractional temperature deviation as

T(X)-—T.
2(x) = 24 % T (3.21)
eff
so that the critical energy becomes
en(X) = ey [1+n(X)], (3.22)

with €}, corresponding to 7' = Ty
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A perturbation in temperature modifies the meson production spectrum and therefore

the differential muon intensity. The resulting variation can be written as

A <d]“> = > aM(X)AT(X )7 (3.23)

dE T.
H M=mK eff

where the temperature correlation coefficient is

o0 Al E7(7+1)67X/A1\4
an(X) = M dE,, 3.24
W0 = || e .
with
B%J _ (7 + 3)(1 — T’JYV}H) (3.25)
(v+ 1)L =13/)
(1 — X/Ay)
K(X)= ; , 3.26
R T (20
and
1 1 1
=— - —. 3.27
Ny Av Ay (3-27)
Integrating over atmospheric depth gives the total variation in intensity:
o AT(X)
Al, = (X dx. 3.28
p Z/OO‘M()TCH (3.28)

M=n,K

Requiring A, = 0 when T'(X') = Ty leads to the effective temperature definition

(X X)dX
Ty = 2ot o T(X)ear(X)dX (3.29)
> oum fo an(X)dX
For discrete atmospheric data,
T — 22 T(X0) [Wr(Xi) + Wi (X3)]AX; (3.30)
) YolWa(Xi) + Wi (Xp)]AX;
where
1 o 1 \2 —X/A]u

v+ (y+ 1)By,K(X)(Encos0/en)?
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An effective temperature coefficient is defined as

ar = — ap(X)dX. (3.32)

Relation Between Muon Intensity and Measured Muon Rate

In practice, underground experiments do not measure the muon intensity directly. Instead,
what is recorded is the muon counting rate. The intensity must therefore be related to mea-
surable detector quantities.

The muon intensity /,, is defined as the flux per unit area, per unit solid angle, per
unit time. For a detector with effective area A, solid angle acceptance €2, and detection

efficiency &, the measured muon rate RR,, is related to the intensity through

R
I, = £ 3.33
" A 339
Since the rate is defined as the number of detected muons per unit time,
N,
R, = -~ 3.34
1 At ) ( )
we can rewrite Eq. 3.33 as
N, /At
I, =t 3.35
* 7 A (339

To study seasonal variations, we consider relative changes with respect to the long-term

average values. Let the deviation of the intensity from its average value be

AL, =1,-1° (3.36)

and similarly for the rate,

AR, =R, — (R,). (3.37)
Using Eq. 3.35, the fractional variation of the intensity becomes
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Ni N,
AL 5 At
= 3.38
T N (338)
At

where N fl is the number of muons counted during a shorter time interval ¢ within the total
exposure period At.

Recognizing that R!, = N/ /6t and (R,) = N,,/At, we obtain

AI, AR,

L (Ry)

(3.39)

This result shows that the fractional variation of the measured muon rate is identical to the
fractional variation of the muon intensity. Detector-specific quantities such as efficiency,
effective area, and solid angle acceptance cancel in the ratio.

Combining Eq. 3.39 with the temperature—intensity relation derived previously,

Al, ATy
=« ) 3.40
10~ T T (3.40)
leads to the experimentally useful expression
A AT,
B g Ster (3.41)

(Ry) " (Tu)
Eq. 3.41 establishes the direct proportionality between seasonal variations in the un-
derground muon rate and variations in the effective atmospheric temperature. The propor-
tionality constant o is referred to as the effective temperature coefficient and encodes the

sensitivity of the detector to atmospheric changes.

3.4.3 Theoretical Prediction of the Effective Temperature Coefficient

A theoretical estimate of the effective temperature coefficient ar can be obtained from

the definition of the relative variation of the muon intensity with respect to temperature.

56



3 Cosmic Ray Physics

Starting from the general relation between intensity variations and temperature variations,

one may write

T,

[T (3.42)

ar

At first glance, Eq. 3.42 suggests that the muon intensity must be expressed explicitly
as a function of temperature. However, in the semi-analytic treatment developed in the
previous subsection, the temperature dependence does not appear directly in /,,. Instead, it
enters implicitly through the meson critical energies €;,, which depend on the atmospheric
scale height and therefore on temperature.

To obtain a more practical expression, one exploits the fact that a variation in tempera-
ture effectively shifts the competition between meson decay and interaction, which in turn
modifies the energy dependence of the muon intensity. Using this property, the temperature
derivative may be recast as an energy derivative, yielding the equivalent form [44]

Ey, 01
ap = ——hZHh (3.43)

where Fy, is the vertical threshold energy required for a muon to reach the detector depth
and ~ is the muon spectral index.
Substituting the approximate expression for the integral muon intensity (Eq. 3.20) to-

gether with the differential spectrum (Eq. 3.16) into Eq. 3.43, one obtains

1 D.\?1
AL [ Z=)
1 €K + K <DK> [

o = E i R Al & i s (3.44)
€K K\ Dk ) e
where the quantities D, and Dy are defined as
D, = —1 Em, K (3.45)

= 1.
’ 7+11.1Eth0059+
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The parameter AL encodes the relative contribution of kaon decays to the total muon in-
tensity. If one neglects the kaon component and considers only pion-induced muons, the
above expression simplifies considerably. Setting A} = 0 yields

-1

Y €r
L= 1l . 3.46
(o) v+ 11.1FEy cosd + ( )

This limiting case illustrates that the effective temperature coefficient increases as the
detector threshold energy becomes large compared to the pion critical energy. In deep un-
derground experiments, where Ey;, cos ) > €., ar approaches unity, reflecting the domi-

nance of meson decay over interaction at high energies.

3.5 Overview and history of measurements of cosmic muon
flux modulation

The variation of muon flux as a function of month of the year is quite well measured phe-
nomenon and it has been reported by several experiments placed underground and on the
Earth surface. In this section, I will briefly describe historical measurements of seasonal
variation with the brief description of the experiment. Results are separated based on the
number of muons detected in the detector from same primary: single muon measurements
(if a single muon is detected from a single primary) and multiple muon measurements (if

more than one muon is detected from same primary).

3.5.1 Single muon measurements

One of the earliest measurements was performed by the MACRO detector at the Gran Sasso
National Laboratory in Italy [18]. The detector was located under an overburden of about
3100 mwe and consisted of a large liquid scintillator and tracking system with approximate
dimensions of 77 x 12 x 9 m®. Using data collected between 1991 and 1994, the exper-

iment observed a clear annual modulation of the underground muon rate correlated with
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Figure 3.3: Seasonal variation of the underground muon intensity measured by the
MACRO experiment together with the corresponding effective atmospheric temperature
variation [18].

atmospheric temperature variations, as shown in Fig. 3.3. This study reported one of the
first measurements of the effective temperature coefficient.

The AMANDA detector at the South Pole also studied the seasonal behavior of cos-
mic muons [19]. The detector consisted of optical modules embedded deep in Antarctic
ice at depths between approximately 1500 m and 2000 m. Using about 225 days of data
collected in 1997, the experiment observed a strong correlation between the muon rate and
atmospheric temperature, yielding a temperature coefficient of ar = 0.86 &+ 0.05. The
correlation between the muon rate and the effective atmospheric temperature is shown in
Fig. 3.4.

The Large Volume Detector (LVD), also located at the Gran Sasso underground labo-
ratory, is a 1 kton liquid scintillator detector designed primarily to detect neutrinos from
supernova explosions [20]. The detector consists of 840 scintillation counters arranged in
three modular towers. Muon data collected between January 2001 and December 2008,
corresponding to about 2907 live days, showed a clear seasonal modulation in the under-

ground muon intensity consistent with the expected atmospheric temperature dependence,
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Figure 3.4: Seasonal variation of the underground muon intensity and the corresponding
atmospheric temperature variation measured by the AMANDA experiment [19].
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Figure 3.5: Seasonal variation of the underground muon intensity measured by the LVD
experiment together with the corresponding atmospheric temperature variation [20].
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as illustrated in Fig. 3.5.
Seasonal variations of muon rates have also been studied using the IceCube neutrino
observatory at the South Pole [21]. IceCube instruments a cubic kilometer of Antarctic

ice with arrays of photomultiplier tubes deployed on vertical strings. Using data collected
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Figure 3.6: Seasonal variation of the underground muon intensity and the corresponding
effective atmospheric temperature measured by the IceCube experiment [21].

between 2007 and 2009, the experiment observed a strong correlation between the muon
rate and the effective atmospheric temperature, as shown in Fig. 3.6, reporting a temperature
coefficient of approximately ar =~ 0.90.

The Borexino experiment at the Gran Sasso National Laboratory has also measured sea-
sonal variations of cosmic-ray muons [22]. Although the detector was primarily designed
to study low-energy solar neutrinos, its large liquid scintillator target and surrounding wa-
ter Cherenkov veto system provide excellent sensitivity to cosmic muons. Data collected
between 2007 and 2011 showed a clear annual modulation in the muon flux with a mea-
sured temperature coefficient of ap = 0.93 = 0.04. The variation of the muon rate and its
correlation with atmospheric temperature are shown in Fig. 3.7.

Seasonal variation measurements have also been performed in reactor neutrino exper-
iments such as the Double Chooz experiment in France [23]. The experiment operates
two liquid scintillator detectors located approximately 400 m and 1050 m from the reac-
tor cores, with overburdens of about 120 mwe and 300 mwe, respectively. Analysis of

several years of data revealed a measurable seasonal modulation of the muon flux, with
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Figure 3.7: Seasonal variation of the underground muon intensity and the corresponding
atmospheric temperature measured by the Borexino experiment [22].

temperature coefficients of ar = 0.212 + 0.013 (stat) = 0.011 (syst) for the ND and
ar = 0.355 £+ 0.002 (stat) £ 0.017 (syst) for the FD. The comparison between the muon
rate variation and the effective atmospheric temperature is shown in Fig. 3.8.

The MINOS experiment, designed to study neutrino oscillations, operated two detec-
tors: a ND at Fermilab and a FD located 731 km away in the Soudan Underground Mine
in Minnesota [24]. The FD, situated under an overburden of about 2100 mwe, was used to
study the seasonal variation of cosmic-ray muons. Using data collected between 2003 and
2008, the experiment observed a clear annual modulation of the underground muon rate
that was strongly correlated with variations in the effective atmospheric temperature. The
seasonal variation of the muon rate and the corresponding temperature variation are shown

in Fig. 3.9.
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Figure 3.8: Seasonal variation of the underground muon intensity and the corresponding
atmospheric temperature measured by the Double Chooz experiment [23].
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Figure 3.9: Seasonal variation of the underground muon intensity measured by the MINOS
experiment [24]. The left panel shows the variation of the muon rate with time, while the
right panel shows the corresponding effective atmospheric temperature variation.
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3.5.2 Multiple muon measurements

The MINOS experiment first reported an unexpected winter maximum in multiple-muon
events, contrasting with the well-established summer peak observed for single muons. This
effect was observed in both the ND [45], located at 225 meters water equivalent (mwe), and
the FD [45], located at 2100 mwe underground. The strength of the seasonal variation was
found to depend on the spatial separation of muons in an event, with closely spaced muons
exhibiting a winter maximum while widely separated muons followed the expected summer
maximum behavior. The MINOS study proposed that secondary hadronic interactions in
the atmosphere played a key role in this effect, though a definitive explanation remained
unresolved.

Based on this, the NOvA ND [46], located at the same depth as the MINOS ND but with
a different detector design, confirmed the winter peak in multiple-muon events in an inde-
pendent dataset spanning 2015-2017. The NOvA FD [47], situated at the surface with min-
imal overburden, further reinforced this anomaly by detecting a strong seasonal dependence
in multiple-muon showers, with a 30% stronger winter maximum at higher multiplicities
and a 20% stronger effect for showers arriving from near the horizon.

However, none of these studies explains the inconsistency between single- and multiple-
muon seasonal trends and it remained an open question. The MINOS study explored four
possible explanations for this effect [45], including the altitude geometry effect, but ul-
timately discarded it based on the spatial separation among muons at the detector level.
However, this conclusion was influenced by the size of the detector itself. According to
MINOS, a +2% variation in atmospheric temperature leads to a £2% variation in the alti-
tude of muon production, which was deemed insufficient to significantly affect the number
of multiple-muon events. However, when considering the true separation of muons at the

Earth’s surface, which has a mean distance of ~ 130 m, this effect becomes more signifi-
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cant. A £2% change in separation at the surface could cause many multiple-muon events
to be misidentified as single-muon events by the time they reach the detector, particularly
in surface-based or shallow underground experiments.

In this thesis, I extended the analysis of reference [46] with four additional years of
NOvVA ND data and, for the first time, present a CORSIK A-based simulation of the seasonal
effects in the NOvA ND.
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Chapter 4

Analysis of Seasonal Variation of Cosmic
Muon

This chapter presents a analysis of the seasonal modulation of cosmic-ray muons observed
in the NOvA ND. The primary objective is to quantify the correlation between atmospheric
temperature variations and the underground muon flux, and to interpret the results within
the theoretical framework of meson production and decay in the atmosphere.

The first step of the analysis is the simulation of extensive air showers using CORSIKA,
which provides a description of primary interactions and secondary particle production in
the atmosphere. The simulated muons are then propagated to detector depth, randomized
over the detector surface, and processed through the detector simulation.

Subsequently, the reconstruction procedure is applied to both simulated and experimen-
tal data. This includes hit clustering, track reconstruction using the Multi-Hough algo-
rithm, removal of spurious tracks, and merging of two-dimensional projections into three-
dimensional muon tracks. Event selection criteria are then defined to distinguish between
single-muon and multimuon events.

An important component of the seasonal analysis is the determination of the effective
atmospheric temperature. Temperature profiles are obtained from atmospheric data, and
the effective temperature is calculated by weighting different atmospheric layers accord-
ing to their contribution to muon production. This allows a comparison between temporal
variations in atmospheric temperature and fluctuations in the observed muon rate.

The seasonal behavior of the muon flux is first presented using experimental data. The

modulation amplitude and phase are extracted and compared with theoretical expectations.
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The same analysis is then performed using Monte Carlo simulations to validate the interpre-
tation and to assess systematic effects. Finally, the observed behavior is discussed in terms
of the competition between meson decay and interaction processes in the atmosphere, pro-
viding a physical explanation for the measured correlation.

Through this approach, the chapter establishes a connection between atmospheric dy-

namics, air-shower physics, and the underground muon flux measured in the NOvA ND.

4.1 Cosmic Ray Simulation

A realistic modeling of the cosmic-ray muon flux is essential for interpreting the seasonal
modulation observed in the NOvA ND. In the standard NOvA framework, cosmic-ray back-
grounds are frequently simulated using the CRY [48] Monte Carlo generator. CRY produces
secondary particles at a predefined altitude according to parameterized distributions derived
from experimental measurements. While computationally efficient, this approach does not
simulate the full development of an extensive air shower initiated by a primary cosmic ray.

In particular, CRY generates particles independently according to empirical distribu-
tions and does not model the initial primary interaction nor the correlated hadronic cascade
that follows. As a consequence, correlations among secondary particles originating from the
same primary are not preserved. This limitation becomes critical when studying multiple-
muon events, since such events arise from a single primary cosmic ray producing several
correlated secondaries in the same air shower. Because CRY lacks this capability, it is not
suitable for analyses involving muon multiplicity and inter-particle correlations.

For this reason, we employ the CORSIKA [49] (COsmic Ray SImulations for KAs-
cade) Monte Carlo framework. CORSIKA provides a detailed simulation of extensive air
showers in the Earth’s atmosphere, beginning with the interaction of primary cosmic rays

and tracking all relevant secondary particles through subsequent hadronic and electromag-
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netic processes. The program includes multiple interaction models appropriate for different
energy ranges and provides a realistic description of meson production, decay, and propa-
gation.

In this work, Corsika-v77410 was used with the default high-energy hadronic interac-
tion model QGSJET and the low-energy model GHEISHA. These models together describe

particle production and interactions over the full energy range relevant to this analysis.

RUNNR 1 run number

EVINR 1 number of first shower event

NSHOW 2000000 number of showers to generate

PRMPAR 14 particle type of prim. particle

ESLOPE -2.7 slope of primary energy spectrum
(E” (-gamma) )

ERANGE 200 1.E6 energy range of primary particle (GeV)

THETAP 0. 90. range of zenith angle (degree)

PHIP -180. 180. range of azimuth angle (degree)

SEED 1 0 O seed for 1. random number sequence

SEED 2 0 O seed for 2. random number sequence

QGSJET T O

QGSSIG T

OBSLEV 190.E2 altitude of observation level (cm)

MAGNET 19.2733 49.7109 earth magnetic field at Fermilab
(micro tesla)

HADFLG 0 O O O O 2 flags hadr.interact.&fragmentation

ECUTS 50 50 1.E3 1.E3 energy cuts (GeV) for particles

(for hadrons, muons, electrons,
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photons)
MUADDI T additional info for muons
MUMULT T muon multiple scattering angle
ELMFLG T T em. interaction flags (NKG,EGS)
STEPFC 1.0 mult. scattering step length fact.
RADNKG 200.E2 outer radius for NKG lat.dens.distr.
ARRANG O rotation of array to north
MAXPRT 1 max. number of printed events

ATMFILE /home/amit/corsika/Ana/ATM012017.txt atmospheric file for Fermilab

DIRECT /home/amit/corsika/data/ output directory

DATDIR ./

USER apal user

DEBUG F 6 F 1000000 debug flag and log.unit for out
EXIT terminates input

Table A: Input parameters for cosmic ray simulation

4.1.1 Primary Composition and Energy Spectrum

The cosmic-ray flux incident on the Earth’s atmosphere consists predominantly of protons,
which account for approximately 79% of primaries. Helium nuclei contribute roughly 20%,
while heavier nuclei such as carbon, silicon, and iron form the remaining component. Since
heavier nuclei produce air showers with different multiplicities and energy distributions, it
is important to include representative species in the simulation.

Accordingly, primary showers were generated for protons, “He, 12C, and *°Fe nuclei.

The differential energy spectrum of primaries was modeled as a power law:
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dN
— x E,” 4.1
dEO (8 0 » ( )

where F, denotes the primary energy and <y is the spectral index. Experimental measure-
ments indicate v &~ 2.68 4 0.02 below 10' eV [13]. For simplicity and consistency with
previous studies, a value of v = 2.7 was adopted.

The primary energy range was chosen between 200 GeV and 10° GeV. The lower bound
is motivated by the depth of the NOvA ND, which is located approximately 110 m under-
ground. A muon must possess a minimum energy of about 54 GeV to penetrate the rock
overburden and reach the detector [46]. Simulations indicate that primary energies below

200 GeV do not produce multimuon events at detector depth.

=
o

True multiplicity
[y N w S U"! (2] ~ oo ©

= [ 2

GE‘HmH\HwH‘mumumumumumu‘ 0 o b e b o o Lo
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Primary energy (in GeV) Primary energy (in GeV)

Figure 4.1: Muon multiplicity (left) and muon energy (right) as a function of primary energy
for 100200 GeV primaries. No multimuon events are observed in this range.

To verify this threshold, five million proton showers were simulated in the energy range
100-200 GeV with a muon cutoff of 50 GeV. Although 5539 muons satisfied the energy re-
quirement, no multimuon events were observed. This confirms that multimuon production
becomes significant only above 200 GeV. The upper bound of 10° GeV ensures coverage
of high-energy primaries capable of generating large muon multiplicities, even though such

events are rare due to the steep F~27 spectrum. The flux falls by approximately a factor of
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10 in the energy range of 200 to 10° GeV.

# of events
# of events

y =-2.742 + 0.001
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0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 0 10 20 3 40 5 60 70 8 9 100
Primary particle energy (GeV) Number of muons

Figure 4.2: Primary energy distribution (left) and corresponding muon multiplicity (right)
from simulated proton showers.

Primary directions were generated isotropically, with azimuthal angles in the range

[—180°, 180°] and zenith angles between 0° and 90°.

4.1.2 Energy Thresholds and Observation Conditions

Since the primary focus of this analysis is muons, tracking thresholds were chosen to op-
timize computational efficiency while preserving physical accuracy. Muons and hadrons
were tracked down to 50 GeV to allow hadronic decays into muons to be properly simu-
lated. In contrast, electrons and photons were assigned a high cutoff energy of 10 GeV to
suppress electromagnetic shower development, which is not relevant for the present study.

The Earth’s magnetic field influences the propagation of charged particles in the atmo-
sphere. The geomagnetic field at Fermilab (41.84°N, 88.25°W) was included using NOAA
values [50], with horizontal and vertical components of 19.27 T and 49.71 uT, respec-
tively. The observation level in CORSIKA was set to the Fermilab altitude of approximately
190 m above sea level.

The CORSIKA binary output files contain detailed information about run parameters,

event headers, and all particles reaching the observation level. These files were converted
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Figure 4.3: True muon multiplicity as a function of primary energy.

into ROOT ntuples to facilitate further analysis.

The fitted primary spectrum yields an index of —2.742+0.001, consistent with the input
value. As expected, the average muon multiplicity increases with primary energy (Fig. 4.3),
reflecting the larger number of secondary mesons produced in high-energy interactions.

Fig. 4.4 shows that multimuon events originate from significantly higher-energy pri-

maries compared to single-muon events.

4.1.3 Muon Kinematics and Production Mechanisms

The kinematic properties of simulated muons are shown in Figs. 4.5 and 4.6. The COR-
SIKA coordinate system was transformed into the NOvA convention, where the Y -axis is
vertically upward. Since only downward-going muons are relevant for seasonal studies, the
Y -component of the momentum is negative, while X and Z components are symmetric.

Approximately 94.7% of muons originate from pion decays, with a smaller fraction
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Figure 4.4: Primary energy distributions for single- and multimuon events.

from kaon decays. Most muons are produced at altitudes around 20 km, corresponding to

the typical decay height of mesons in the upper atmosphere.
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Figure 4.5: Muon energy, particle identification, and momentum components in NOvA
coordinates.
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Figure 4.6: Muon parent particle, production altitude, zenith angle, and azimuthal angle
distributions.

4.1.4 Spatial Randomization of Muons

CORSIKA simulates extensive air showers at a fixed reference position and provides the
positions and momenta of particles at the observation level. However, in reality, cosmic-
ray showers occur uniformly over the Earth’s surface. To reproduce the correct geometric
acceptance of the NOvA ND, it is therefore necessary to randomize the spatial positions of
simulated muons before passing them to the detector simulation.

The simplest approach would be to distribute muons uniformly across the top surface
of the detector. However, this would underestimate the contribution from inclined tracks

entering through the sides of the detector. Muons with sufficiently large zenith angles can
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intersect the detector volume even if their vertical projection lies outside the physical foot-
print of the top surface. Consequently, the randomization region must extend beyond the
detector boundaries.

To accommodate such trajectories, an enlarged rectangular region in the XZ plane was

defined. The coordinates were chosen as

—3200 cm < X < 3200 cm, —3000 cm < Z < 4600 cm.

This extension corresponds to approximately 3000 cm beyond the detector dimensions
in each horizontal direction. The asymmetry in the Z-range arises from the NOvA coordi-
nate definition, where the Z-axis spans 0 to 1600 cm within the detector while the X-axis is

centered symmetrically about zero.

Figure 4.7: Tllustration of the extended randomization region relative to the detector geom-
etry. Inclined muons entering through the detector sides are accounted for by enlarging the
injection area.

The maximum zenith angle for which a muon can still enter the lowest portion of the

detector from the side is approximately

3000
Omax = tan™ ! { = | ~ 82.4°,
an ( 400 )
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By extending the randomization region accordingly, we ensure that muons with zenith an-
gles up to roughly 83° are properly included in the acceptance.

For single-muon events, the muon position is drawn uniformly within this extended
region. For multimuon events, the first muon is randomized uniformly, while subsequent
muons retain their relative spatial separation and angular configuration as determined by
CORSIKA. This procedure preserves the intrinsic shower geometry while embedding the

event into a realistic detector acceptance.

hXZ
— It
£ d Enties 624124
; =8 Mean x -5671)
| Mean y 800.2
Std Dew x 1882
StdDevy 2233 |

4092000 73000 -2000 ~1000 0 1000 2000 30 ( 4(;00
cm

Figure 4.8: Muon impact positions in the XZ plane after randomization. The black rectangle
denotes the detector footprint, while the shaded region represents the extended injection
area.

The resulting spatial distribution of muons in the XZ plane is shown in Fig. 4.8. While

most muons fall within the defined randomization region, some extend beyond it in multi-
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muon events due to preserved shower geometry.
This randomization procedure ensures that the simulated flux accurately reproduces the

angular acceptance and geometrical exposure of the detector.

4.1.5 Energy Scaling Through Rock Overburden

The NOVA ND is located approximately 110 m underground. Muons reaching the detector
must therefore traverse a substantial thickness of rock before entering the active volume.
Simulating this overburden directly within the GEANT [51, 52, 53] framework would sig-
nificantly increase computational cost. Instead, a semi-analytic treatment of muon energy
loss in rock is employed.

The average rate of energy loss of a muon traversing matter is given by [?]

—ddl?” =a+bE,, 4.2)
where [ denotes the thickness of material (expressed in g/cm?), a represents ionization en-
ergy loss, and b, accounts for radiative processes including bremsstrahlung, pair produc-
tion, and photonuclear interactions.

This first-order differential equation can be integrated to relate the muon energy at the

surface (£, o) to the energy after traversing a thickness :
E,=(E.o+ e)e_bl — €, (4.3)

where
a
€=~
b
is the critical energy below which ionization losses dominate over radiative processes.
For standard rock, € ~ 500 GeV and b~! ~ 2.5x 10° g/cm? [16]. Using these parameters

and the known overburden thickness, the residual muon energy at detector depth can be

calculated analytically.
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Figure 4.9: Muon energy loss after traversing 110 m of rock. Only muons above approxi-
mately 50 GeV at the surface can reach the detector.

The energy loss depends on the effective path length through rock, which increases
with zenith angle as [ o< 1/ cosf. Consequently, highly inclined muons experience larger
attenuation. However, as shown in the zenith distribution (Fig. 4.6), the flux decreases
toward large angles because of their large path length and the rapidly falling of flux (£~37),
limiting the overall impact of extreme path lengths.

Since the seasonal analysis focuses on flux variations rather than detailed angular de-
flections, multiple Coulomb scattering within the rock is neglected. This approximation is
justified because scattering effects are not expected to introduce seasonal biases.

This energy scaling procedure provides an efficient and physically well-motivated ap-
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proximation of underground muon propagation.

4.1.6 Simulation of Event Timing

After spatial randomization and energy scaling, the final muon information is stored in
HEPEVT format for input to the detector simulation. In real data, the classification of
events into single- and multimuon categories depends on the temporal separation between
reconstructed tracks. Specifically, if an additional muon is detected within a 50 s window
following the first, the event is classified as a multimuon event.

In CORSIKA simulations, the multiplicity of each event is intrinsically known, since
all secondaries from a given primary are generated together. However, the GEANT-based
detector simulation requires explicit time stamps for each particle in order to model detector
response and readout windows correctly.

To emulate realistic timing conditions, each muon is assigned a random time uniformly
distributed between 0 and 50 ps. This interval matches the DDActivityl readout window
used in data acquisition. By assigning random times within this window, we ensure com-
patibility with detector simulation requirements while preserving the physical multiplicity
information provided by CORSIKA.

The resulting HEPEVT file is processed through the TextFileGen module (configured
via prodtextgen. fcl), which injects the muons into the full GEANT detector simulation.
This step models the response of both the active detector volume and the muon catcher
system, producing simulated raw data comparable to experimental observations.

An example of a simulated two-muon event is shown in Fig. 4.10, where the color scale
corresponds to the recorded ADC values.

This completes the chain from primary cosmic-ray generation in the atmosphere to a
fully simulated detector response, providing a consistent framework for studying seasonal

variations in muon flux.
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Figure 4.10: Event display of a simulated two-muon event. Color indicates the recorded
ADC signal.

4.2 Modeling of Seasonal Variation in CORSIKA

Seasonal modulation of the underground muon flux originates from temperature-dependent
changes in the atmospheric density profile. Since the development of an extensive air
shower (EAS) depends sensitively on the density of the medium through which secondary
particles propagate, an accurate modeling of the atmosphere is essential for any quantitative
study of seasonal effects.

When a primary cosmic ray interacts with an atmospheric nucleus, typically in the up-
per stratosphere, it initiates a cascade of secondary hadrons and electromagnetic particles.
The subsequent evolution of the shower is governed by the amount of matter traversed
by the secondaries before decaying or interacting. This quantity is characterized by the
atmospheric depth, which represents the integrated column density of air above a given

altitude [54].
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The atmospheric depth X (h) at altitude A is defined as

Xw%:AmMHMH, (4.4)
where p(h') is the atmospheric density at height 4. Physically, X (h) corresponds to the
total mass per unit area above altitude h. It is typically expressed in units of g/cm?.

The probability that a secondary meson decays before interacting depends on the com-
petition between its decay length and interaction length, both of which depend on the local
density. Therefore, seasonal changes in atmospheric temperature—which modify the den-
sity profile—directly affect the meson decay probability and, consequently, the resulting

muon flux at detector depth.

Atmospheric Parameterization in CORSIKA

CORSIKA models the atmosphere as a layered medium composed primarily of nitrogen

(N3), oxygen (Os), and argon (Ar), with volume fractions of 78.1%, 21.0%, and 0.9%,

respectively. The vertical density profile is approximated using five atmospheric layers.
For the first four layers (A < 100 km), the mass overburden is parameterized by an

exponential form:

X(h) = a; + be ", (4.5)

where a;, b;, and ¢; are layer-dependent parameters.
For the fifth layer (h > 100 km), the mass overburden decreases linearly with height:
h

<mm=%—mg. (4.6)

The parameter c; has a direct physical interpretation: it is related to the atmospheric scale

height and depends on temperature through
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kT

Mo (4.7)

C; =

where £ is the Boltzmann constant, 7" is the atmospheric temperature, M is the mean molec-
ular mass of air, and ¢ is the acceleration due to gravity.

Thus, ¢; increases with temperature, reflecting the expansion of the atmosphere during
warmer periods. As temperature rises, the atmosphere becomes less dense at a given alti-
tude but extends to greater heights. The parameters a; and b; are chosen such that X (h)
remains continuous across the boundaries between adjacent layers. Because temperature
varies seasonally, these parameters change accordingly, leading to a seasonal modulation
of the atmospheric depth profile.

Most high-energy muons detected underground originate from the decay of charged pi-
ons and kaons produced in the upper atmosphere, typically between 10 and 40 km above sea
level. In this region, the competition between meson interaction and decay is particularly
sensitive to density variations.

Accurately reproducing this density variation in simulation is therefore essential for

modeling the seasonal behavior observed in data.

Atmospheric Models in CORSIKA

CORSIKA includes several predefined atmospheric models, such as the U.S. Standard At-
mosphere, monthly models for Central Europe, and monthly models for the South Pole.
However, these default parameterizations do not include monthly atmospheric profiles spe-
cific to the Fermilab location.

To obtain realistic atmospheric profiles for Fermilab (41.84°N, 88.25°W), we use data
from the Global Data Assimilation System (GDAS) [55]. GDAS provides global atmo-
spheric profiles as a function of time, including temperature, pressure, and density at mul-

tiple altitudes.
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The gdastool script included in CORSIKA (located in src/utils/) allows automatic
extraction of atmospheric data from the GDAS database and converts it into CORSIKA-

compatible format. The output file contains:

ATMLAY: atmospheric layer boundaries,

* ATMA: parameters a;,

* ATMB: parameters b;,

* ATMC: parameters c¢;,

* refractive index profile as a function of altitude.

An example atmospheric file generated using gdastool is shown in Fig. 4.11. The first
row specifies the altitude ranges of the five layers, followed by rows containing a;, b;, and
c;. The lower section provides the refractive index profile.

E atmospheric parameters ATMLAY, A, B, C respectively
0.00000000E+00 3.57100049E+05 9.1B40184BE+05 2.62664147E+06
-1.76494084E+01 -1.19258722E+02 8.32049076E-01 5.76602088E-04
1.07057266E+03 1.16100574E+03 1.22133018E+03 1.11578929E+03
8.16709396E+05 9.36735836E+05 6.78458212E+05 7.00635217E+05

# atmospheric height [m] and refractive index columns
1.00025332E+03 1.000349261805015E+00

1.00000000E+07
1.12829200E-02
1.00000000E+00
1.00000000E+09

.99253315E+02
.98253315E+02
.97253315E+02
.96253315E+02
.95253315E+02
.94253315E+02
.93253315E+02
.92253315E+02
.91253315E+02
.90253315E+02
.89253315E+02
.88253315E+02
.87253315E+02
.86253315E+02
.85253315E+02
.84253315E+02

1,
7,
1,
1,
i,
1,
1,
1,
1,
1,
1,
1,
7,
1,
1,
i,

.000349219043119E+00
.000349176286458E+00
.000349133535033E+00
.000349090788841E+00
.000349048047884E+00
.000349005312159E+00
.000348962581667E+00
.000348919856406E+00
.000348877136376E+00
.000348834421577E+00
.000348791712008E+00
.000348749007668E+00
.000348706308556E+00
.000348663614672E+00
.000348620926015E+00
.000348578242585E+00

Figure 4.11: One example of the atmospheric file: The first row provides a range of atmo-
spheric layers in cm, and the next three give a;, b;, and ¢; parameters for those five layers.
After that, it shows atmospheric height and its corresponding refractive index.
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Since GDAS uses longitudes defined between 0° and 360°, the Fermilab longitude of
88.25°W must be converted to 360° — 88.25° = 271.75°.

Atmospheric files for each day of 2017 were extracted using the command:
python gdastool -t 1483282800 -¢ 41.84 271.75 -0 ATMOS012017.DAT

Daily atmospheric parameters within each month were averaged to produce a single
representative monthly atmospheric file. These files were then supplied to CORSIKA us-
ing the ATMFILE keyword, allowing shower simulations to incorporate realistic seasonal

atmospheric conditions.

4.3 Track Reconstruction

In the NOVA detector, a recorded event consists of a collection of cell hits stored following
a trigger issued by the data acquisition (DAQ) system. These hits represent localized energy
depositions in the detector and form the basic input for event reconstruction. The first task
in the reconstruction chain is to identify geometrical patterns within this collection of hits,
particularly straight-line trajectories characteristic of cosmic-ray muons.

Because a through-going muon produces approximately linear patterns in both orthog-
onal detector views (XZ and YZ), a line-finding technique is well suited for this purpose.
For this analysis, a modified Hough Transform [56, 57] algorithm is employed. The Hough
Transform is a well-established method in image analysis for identifying parametric shapes,
especially straight lines, in a set of discrete points. Its robustness against noise makes it par-

ticularly effective for cosmic-ray reconstruction in a scintillator-based detector.

Hough Transform Formalism

Instead of describing a line in slope-intercept form, which cannot represent vertical lines,

the Hough Transform uses a polar parameterization. In this representation, a straight line
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in the (z, y) plane is expressed as

p(0) = xcosf + ysinb, 4.8)

where p is the perpendicular distance from the origin to the line, and 6 is the angle between
this perpendicular direction and the x-axis.

Each detector hit at position (x, y) corresponds to a curve in the (p, #) parameter space.
If multiple hits lie on the same physical line, the corresponding curves intersect at a common
point (pg,6p). Therefore, identifying regions of high intersection density in the Hough
parameter space allows one to determine the best candidate lines in the original coordinate

system.

Modified Hough Implementation in NOvA

For the ND, the Hough Transform is applied independently to each detector view [58, 59].
Instead of mapping single hits, the implementation considers all possible hit pairs and de-
termines the parameters (py, fy) corresponding to the line connecting each pair.

Each candidate line contributes to the Hough accumulator using a Gaussian-weighted

smearing:

o (1) gy (O, “)

p

with resolutions defined as

3 cm
o, =", 4.10
P12 (4.10)

3 cm
dv6’

where d denotes the spatial separation between the two hits forming the pair, and the factor

0p = 4.11)

of 3 cm corresponds to the detector cell width.

86



4 Analysis of Seasonal Variation of Cosmic Muon

To reduce computational overhead and suppress unphysical solutions, two geometric

constraints are imposed:

* Only hit pairs separated by d < 1/15000 cm are considered.

* For hit pairs aligned horizontally within a view, a minimum separation of 0.25+/15000 cm

is required.

The latter condition mitigates artificial accumulation of horizontal Hough solutions aris-

ing from detector geometry rather than true particle trajectories.
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Figure 4.12: Five-muon event recorded in the NOvA ND. The colored lines represent track
candidates identified by the Multi-Hough algorithm in each detector view [13].

Fig. 4.12 illustrates an example multi-muon event together with the reconstructed Hough

lines in both views.

Iterative Multi-Hough Procedure

To reconstruct multiple tracks within the same event, the Hough procedure is applied itera-

tively. After identifying the strongest peak in the Hough map, the hits associated with that
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line are removed from the event. A new Hough map is then constructed using the remain-
ing hits. This process continues until either no peak exceeds a predefined threshold or a

maximum number of iterations is reached.

2D Track Formation

Following the iterative Hough procedure, final 2D tracks are constructed by selecting hits
whose perpendicular distance from a given Hough line does not exceed 10 cm. The resulting

2D tracks in each detector view are ordered by decreasing number of associated hits.

Removal of Spatially Isolated Hits

A genuine charged-particle trajectory produces hits that are contiguous in space. Spurious
noise hits may appear far from the main cluster and must be rejected. The maximum allowed

gap between consecutive hits depends on the track inclination and is defined as

ATmax = dgap + dgap SIN G, (4.12)

where dg,, = 70 cm and 0 represents the reconstructed track angle. This parameterization

allows larger tolerances for shallow tracks, with
70 cm < Arpax < 140 cm.

Suppression of Rogue 2D Tracks

Spurious 2D track candidates may arise due to noise or partial overlaps with true trajectories.
To suppress such solutions, tracks within a given view are examined pairwise.

A boolean matrix H of dimension k£ x k is constructed, where k is the number of re-
constructed 2D tracks in that view. Tracks are ordered by decreasing hit multiplicity. For

each pair (n, m) with n < m, overlap is tested by comparing all hit combinations. If
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AZ =|Z} — ZJ| < 10 cm, (4.13)

for any pair of hits, the shorter track is flagged as overlapping and considered non-physical.
The longest track is always retained. Additional tracks are accepted only if they exhibit

no overlap with previously accepted tracks. This ensures that:

+ At least one reconstructable track exists per triggered event,
* The most significant track is preserved,

» Multiple tracks in genuine multi-muon events remain spatially separated.

Any residual false 2D tracks typically fail the subsequent 3D merging stage.

2D Track Merging into 3D Tracks

After cleaning both views independently, remaining 2D tracks are compared between XZ
and YZ views. Since hit timing is not sufficiently reliable to determine directionality, hits
are ordered by increasing Z coordinate.

For a candidate pair (trackX?, track)?), merging occurs if the following conditions

are simultaneously satisfied:

AstartZ = |Z3%(n) — Z3#(m)| < 50 cm, (4.14)
AendZ = |ZpF(n) — ZEZ(m)| < 50 cm, (4.15)
NXZ(n) + NLZ(m) > 6. (4.16)
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When these criteria are met, the two 2D tracks are combined to form a 3D track, and nei-
ther can participate in further combinations. The procedure terminates when no valid pairs
remain.

Finally, the reconstructed 3D track endpoints are defined from the ordered hit list.
The starting point is assigned to the hit with the larger Y coordinate, corresponding to a
downward-going muon assumption. Upward-going muons are not considered in this anal-

ysis.

4.4 Selection Cuts

After reconstruction, additional quality requirements are imposed to define a clean and well-
understood sample of single- and multi-muon events. Although the reconstruction algo-
rithm identifies candidate tracks, not all reconstructed objects correspond to well-measured
through-going muons. Detector edge effects, limited geometric sampling, and accidental
temporal overlaps can introduce ambiguities in classification.

To suppress these effects and improve the purity and angular resolution of the selected

sample, three additional selection criteria are applied. These are summarized in Tab. 4.1.

4.4.1 Fiducial Volume Cut

The first requirement is a fiducial volume constraint. Cosmic muons traversing the rock
above the detector may produce secondary low-energy electrons via bremsstrahlung. These
particles can enter the detector near its boundaries and create short tracks parallel to the
muon that contaminate the muon sample.

To reduce such edge-related backgrounds, each reconstructed track is required to begin
and end at least 50 cm inside the detector boundaries. This ensures that only well-contained
tracks are selected and removes ambiguities associated with partially contained or external

activity.
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The effect of this cut on the spatial distribution of tracks is shown in Fig. 4.13. The XY

and YZ projections demonstrate the removal of tracks close to detector edges.
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Figure 4.13: XY (left) and YZ (right) projections of muon tracks after applying the fiducial
volume cut. The sharp truncation ND boundaries reflects the removal of edge-associated
tracks.

The fiducial volume cut removes 16.91% of the data and 15.6% of the MC sample,

indicating consistent modeling of boundary effects.

4.4.2 Number of Planes Cut

The second selection addresses reconstruction quality. The NOvA detector consists of alter-
nating planes oriented along orthogonal directions. Reliable track reconstruction requires
sufficient sampling across multiple planes.

Tracks traveling nearly parallel to the Y-axis or horizontally along the X-axis intersect
only a small number of planes. As illustrated in Fig. 4.14, such tracks produce very few
hits and are difficult to reconstruct accurately.

This insufficient geometric constraint leads to discrepancies between true and recon-
structed direction cosines, particularly near zero values, as shown in Fig. 4.15.

These poorly reconstructed tracks also cause noticeable differences between data and

MC before quality cuts, as shown in Figs. 4.19 and 4.20.
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NOVA - FNAL E929
Run: 12714/8
Event: 25 / DDActivityl
UTC Mon Apr 30, 2018
15:40:10.090201504

Figure 4.14: Event display for run 12714, event 25. The track passes through only four
planes, making reconstruction unreliable.
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Figure 4.15: True vs reconstructed direction cosine in X (left) and Z (right). The discrep-
ancy near zero arises from tracks crossing too few planes.
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To improve angular resolution and remove reconstruction artifacts, a minimum require-
ment of

Nplanes > 10

is imposed. After applying this cut, the mismatches near zero in the direction cosine distri-
butions are significantly reduced.

The number-of-planes distribution and applied threshold are shown in Fig. 4.16.
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Figure 4.16: Distribution of the number of crossed planes for data and MC. The dashed line
indicates the applied threshold at nyjanes = 10.

This cut removes 19.5% of data and 22.6% of MC events.

4.4.3 Time Cut

The final selection ensures proper classification of multi-muon events. In rare cases, two
independent single-muon events occurring close in time may be recorded within the same
trigger window and incorrectly reconstructed as a multi-muon event.

An example is shown in Fig. 4.17, where two sequential single-muon events are stored
as a double-muon topology.

To prevent such misclassification, the time difference between the first reconstructed

track and any subsequent track in the same event is required to satisfy:
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Figure 4.17: Two sequential events reconstructed as a double-muon topology but originat-
ing from distinct primaries.

At < 100 ns.

The distribution of this time difference is shown in Fig. 4.18. The threshold removes

accidental coincidences at large time separation.
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Figure 4.18: Distribution of time difference between the first track and subsequent tracks
within the same event. The dashed line indicates the applied cut at 100 ns.

The time cut removes only 0.06% of data and does not affect MC events, as simulated

events do not contain overlapping independent primaries.
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Criteria Value
Number of planes | 7pjanes > 10
Fiducial volume d > 50 cm
Time separation | At < 100 ns

Table 4.1: Analysis selection criteria

4.4.4 Data—MC Comparison

A critical validation step in the analysis is verifying that the Monte Carlo simulation ac-
curately reproduces detector observables. Data—MC comparisons are therefore performed
both before and after applying the selection cuts.

Fig. 4.19 and 4.20 show comparisons prior to cuts. Noticeable discrepancies appear in
direction cosines, number of planes, and related reconstruction-dependent variables. These
differences are primarily driven by poorly reconstructed tracks and edge effects.

After applying all selection criteria, the comparisons shown in Fig. 4.21 and Fig. 4.22
demonstrate significantly improved agreement across spatial distributions, angular vari-
ables, track length, number of hits, and deposited energy. Both data and MC are normalized
to unit area to emphasize shape agreement.

The excellent post-cut agreement confirms that the simulation reliably reproduces the
detector response and that the selected muon sample is well understood. This validated

sample is then used for the extraction of seasonal modulation parameters.

4.5 Multiple Muon Rate Calculation

Once multiple-muon events are identified and selected, the next step is to determine their
rate as a function of time. A straightforward approach would be to divide the number of
selected events in a given time interval by the elapsed live time of that interval. However,
this naive method introduces several subtle complications.

First, the numerator (event count) may include residual background events or misre-
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Figure 4.19: Data-MC comparison before cuts - Top three rows: the start (left) and end point
(right) of muon tracks in the X, Y, and Z directions. The bottom rows: direction cosines in
X and Z directions.
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Figure 4.20: Data-MC comparison before cut - for every reconstructed muon, the top row:
direction cosine in Y direction (left) and cosine of zenith angle (right), next row: the number
of hits (left) and track length (right), then in the next row: its number of planes (left) and
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Figure 4.21: Data-MC comparison after cut - Top three rows: the start (left) and end point
(right) of muon track in the X, Y, and Z directions. The bottom row: direction cosines in X
and Z directions.
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Figure 4.22: Data-MC comparison after cut - for every reconstructed muon, the top row:
direction cosine in Y direction (left) and cosine of zenith angle (right), next row: the number
of hits (left) and track length (right), then in the next row its number of planes (left) and
total energy deposited by the track (right), a&g the bottom row: azimuthal angle in the XZ
plane with 0° corresponding to the +X direction.



4 Analysis of Seasonal Variation of Cosmic Muon

constructed tracks. Second, the denominator (live time) can be affected by unaccounted
detector dead time or data acquisition (DAQ) interruptions. Furthermore, NOvA data files
are not stored strictly in chronological order on disk. As a result, events that physically
occurred in one time interval may be written into neighboring files, leading to distortions
in simple count-based rate estimates.

To avoid these issues, a method based on interarrival time statistics is employed. This
approach relies on the fundamental property that independent cosmic-ray showers arrive
according to a Poisson process. For a Poisson process with rate A, the time difference
between two consecutive events follows an exponential distribution. This provides a statis-
tically robust way to extract the event rate without explicit dependence on file boundaries

or live-time bookkeeping.

4.5.1 Erlang Distribution in the Time Domain

For a Poisson process with rate A, the waiting time until the k-th event follows an Erlang
distribution [60] with integer shape parameter k and rate parameter A\. The probability
density function (PDF) is

)\k

fT(t7 k, )\) = m tkilei)\t, t Z 0. (417)

In the present analysis, we are interested in the time difference At between two con-
secutive multiple-muon events. This corresponds to the £ = 1 case, reducing the Erlang

distribution to a simple exponential law:

fr(At) = e At At > 0. (4.18)

Therefore, extracting the rate A reduces to fitting the interarrival time distribution to an

exponential function.
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The interarrival times span several orders of magnitude due to occasional dead time
and statistical fluctuations. To improve visualization and fitting stability, the distribution is

expressed in terms of

x = log,,(At), (4.19)
so that
At = 10”. (4.20)
The Jacobian of the transformation is
d(At)
= In(10) 10”. 421
o =In(10) (421)

The probability density in x is then obtained using the change-of-variable formula:

d(At
x
Substituting Eq. 4.18 gives
fx(z) =A™ . (In(10) 107) (4.23)
= (In10) A 107 0", (4.24)
Defining a normalization constant
A = In(10), (4.25)
and absorbing possible bin-width factors into A, the fitting function becomes
fx(x) = AXN10% e MO, (4.26)

This is the functional form used to extract the multiple-muon event rate from the log,,(At)

distribution.
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Since At is computed in milliseconds, the fitted \ has units of ms~* and is subsequently
converted to Hz.

Prior to constructing the At distribution, all selected multiple-muon events are reordered
chronologically based on their arrival times. The time difference between event ¢ and event
(¢ + 1) is then calculated.

A representative fit for one day of data is shown in Fig. 4.23. The central region of
the distribution follows the expected exponential behavior, while deviations appear at very

small and very large At.
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Figure 4.23: Logarithm (base 10) of the time difference (in ms) between consecutive
multiple-muon events from one day of data. The red curve shows the Erlang (kK = 1)
fit in the range 1.5 to 4.7. The extracted rate for this day is 0.144 4+ 0.003 Hz.

Very small At values (left side of the plot) may arise from split tracks or DAQ double
triggers. Very large At values (right side) can result from detector dead time or temporary
data acquisition interruptions. Because the fit is performed only in the central region where

the distribution follows the exponential hypothesis, these pathological regions do not bias
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the extracted rate.

The goodness-of-fit for weekly binned data is summarized in Fig. 4.24. The y*/NDF
distribution demonstrates that the exponential model provides an excellent description of
the data over time, confirming that multiple-muon arrivals are consistent with a Poisson

process.
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Figure 4.24: \*/NDF distribution of Erlang fits for weekly multiple-muon data. The good
agreement indicates that the Poisson hypothesis remains valid over the entire dataset.

The principal advantage of this method is its robustness against irregularities in the data
stream. Occasional dead time or file-boundary effects only distort the extreme tails of the
At distribution. Since the rate is extracted from the central region where the exponential
law holds, the result is insensitive to such distortions.

In contrast to the naive “event count divided by live time” approach, this method does
not rely explicitly on accurate live-time accounting within individual files. Instead, it uses
only the statistical structure of the arrival process itself. Consequently, the uncertainty on
A arises purely from counting statistics in the fit, minimizing systematic biases in both

numerator and denominator.
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This statistically robust extraction of the multiple-muon rate forms the basis for the

subsequent seasonal modulation analysis.

4.6 Atmospheric Temperature Extraction and Effective Tem-
perature Calculation

As discussed in previous sections, the seasonal modulation of the underground muon rate
is driven by temperature-dependent changes in the atmospheric density profile. Variations
in temperature alter the competition between meson decay and interaction in the upper at-
mosphere, thereby modifying the flux of muons that reach detector depth.

However, muons are produced over a wide range of altitudes, primarily between 10 and
40 km. Since the exact production altitude of each muon is unknown, it is not sufficient to
correlate the muon rate with temperature at a single atmospheric level. Instead, one must
consider the full vertical temperature profile and construct a suitably weighted average that
reflects the altitude-dependent probability of meson decay. This motivates the introduction
of the effective temperature, T,g, which encapsulates the relevant atmospheric information
into a single parameter suitable for correlation studies.

Temperature data used in this analysis are obtained from the European Centre for Medium-
Range Weather Forecasts (ECMWF) [61]. The details of the data extraction procedure are

described below.

4.6.1 ECMWF and ERAS Reanalysis Data

The ECMWEF is an intergovernmental organization that provides global weather forecasts
and climate reanalysis products. Forecasts are generated using ensemble-based numerical
weather prediction models, in which multiple simulations are performed with slightly varied
initial conditions to account for uncertainties in atmospheric measurements. This ensemble

framework provides probabilistic predictions across various timescales.
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For long-term atmospheric studies, ECMWF provides reanalysis datasets. Reanalysis
combines historical observational data with modern numerical weather models to produce
a temporally consistent and spatially complete dataset. The resulting product incorporates
the laws of atmospheric physics to ensure internal consistency across time.

In earlier NOVA analyses [46], temperature data from the ERA-Interim reanalysis [62]
were used. In the present work, the newer ERAS reanalysis [63] is adopted. ERAS is
the fifth-generation ECMWF reanalysis product and provides improved spatial resolution,
better model physics, and reduced systematic uncertainties. It covers the period from 1940

onward and supersedes ERA-Interim.

4.6.2 Extraction of Temperature Profiles

For this analysis, ERAS temperature data were extracted for the NOvA ND location. The

extraction parameters are summarized in Tab. 4.2.

Table 4.2: Parameters and options used to extract ECMWF temperature data at the NOvA
ND location

Parameter Selection
Product type Reanalysis
Variable Temperature
Pressure levels 1-1000 hPa (all 37 levels)
Years 2017-2022
Months January—December
Days 1-31
Times 00, 06, 12, 18 UTC
Geographical area | (41°N, 87°W) to (42°N, 88°W)

The pressure levels available in ERAS are non-uniformly spaced and include 37 discrete
levels between 1 and 1000 hPa. These levels provide fine resolution in the lower atmosphere
and adequate coverage of the stratosphere, where most meson production occurs.

ERAS provides temperature data on a 0.25° x 0.25° latitude—longitude grid. For the

NOvVA ND region, four grid points surrounding Fermilab are selected. At each pressure
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level and time, the four corresponding temperature values are averaged to obtain a repre-
sentative temperature for the detector location.

Temperature data are stored in GRIdded Binary (GRIB) format [64], the standard format
adopted by the World Meteorological Organization for meteorological datasets. Decoding
of GRIB files is performed using the ECMWF ecCodes interface [65]. Temperatures are

extracted using:
grib_get -P dataDate, hour,level -1 ’latitude,longitude’ file.grib

The resulting temperature profile as a function of pressure level and time is shown in

Fig. 4.25 for the years 2017-2022.
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Figure 4.25: Temperature profile of the Fermilab region at different pressure levels. The
color scale represents temperature in Kelvin.

Since meson production and decay are typically discussed in terms of altitude or atmo-

spheric depth, pressure levels are converted to altitude using the barometric relation:
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(4.27)

P(h) = Pyexp <—hM9> ,

kgT
where P(h) is the pressure at altitude i, Py = 1010 hPa is the surface pressure, M is the
molar mass of dry air, g is the acceleration due to gravity, and kp is the Boltzmann constant.

This relation follows from hydrostatic equilibrium and the ideal gas law.

4.6.3 Effective Temperature

Although temperature varies significantly with altitude, not all atmospheric layers con-
tribute equally to the production of underground muons. The dominant contribution arises
from regions where pions and kaons are produced and subsequently decay before interact-
ing, typically between 10 and 40 km.

To account for this altitude-dependent sensitivity, an effective temperature 7 is defined

as a weighted average of the atmospheric temperature profile:

T — Yo T(XG) [Wr(X5) + Wk (X5)] AX;
T (X)) + Wk(X)]AX,

(4.28)

Here:

« T'(X;) is the temperature at atmospheric depth (or pressure level) X,

* W, and Wy are weighting functions describing the contribution of pion and kaon

decays to the muon flux,

* AX; represents the non-uniform spacing between pressure levels.

The weighting functions incorporate the probability of meson production, interaction,
and decay at each atmospheric layer, and depend on parameters such as attenuation lengths,
critical energies, and the muon energy threshold. These parameters follow the formalism

described in [45, 66].
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Figure 4.26: Average temperature profile (solid line) and normalized weighting function
(dashed line) used in the calculation of 7.

The total weight W, = W, + Wi is shown in Fig. 4.26 together with the mean tem-
perature profile. The weighting function peaks in the stratospheric region, reflecting the
altitude range most relevant for muon production.

The effective temperature is calculated at 00, 06, 12, and 18 UTC for each day in the
dataset. Daily and monthly effective temperatures are then obtained by averaging the cor-
responding six-hour values.

Fig. 4.27 shows the resulting effective temperature time series in both daily and monthly
binning. This T.¢ will be used in the next section to quantify the correlation between atmo-

spheric temperature and multiple-muon rate.
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Figure 4.27: Effective temperature as a function of time: for three different binnings: daily
(top), weekly (middle), and monthly (bottom). The dashed line in every plot shows the
average effective temperature for the full temperature dataset.
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4.6.4 Seasonal variation in ND data

The seasonal modulation of the multimuon rate observed in NOvA ND data is shown in
Fig. 4.28, 4.29, and 4.30 for daily, weekly, and monthly binnings, respectively. In each
case, the percentage variation is computed relative to the mean rate over the full data-taking
period.

A clear annual modulation is observed. Most importantly, the variation of the multi-
muon rate is found to be opposite in phase to that of the effective atmospheric temperature.
While the effective temperature peaks during summer, the multimuon rate reaches its max-
imum during winter.

To quantify this periodic behavior, both the multimuon rate variation and the effective

temperature variation are fitted with a sinusoidal function of the form

2
f(t) =Vo+ Vcos {;(f — ¢)] , (4.29)
where V} is the mean offset, 1/ is the amplitude of modulation, 7" is the period, and ¢ is the
phase.
Daily Weekly Monthly
V(%) -0.06 £ 0.002 | -0.04 + 0.002 -0.02 £ 0.003
Amplitude 2.15+£0.03 2.143 +0.04 2.11 £ 0.04
Time period (day) | 355.9 +0.77 352 +0.02 3558+0.8
Phase 1217 £0.69 | -1.337 0227 | -1.270 2023 7

Table 4.3: Best fitted parameters for the sinusoidal fit of percentage variation of multimuon
rate

The best-fit parameters for the effective temperature are summarized in Tab. 4.4, while
the corresponding parameters for the multimuon rate are listed in Tab. 4.3. In all binnings,
the fitted period is consistent with one year, confirming that the modulation is seasonal in

origin.
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Figure 4.28: Seasonal variation for the daily bin: (top) the percentage variation of rate of
multimuon data and a sinusoidal best fit (solid blue line), (middle) the percentage variation
of effective temperature and a sinusoidal best fit (solid blue line), (bottom left) the mul-
timuon rate percentage variation as a function of the percentage variation effective and a
linear best fit (solid blue line), and (bottom right) the same as the bottom left but in the form
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Daily Weekly Monthly
V(%) 0.003 £+ 0.0002 | 0.003 £ 0.0006 | -0.01 £ 0.001
Amplitude 1.12 £ 0.003 1.089 £+ 0.01 1.082 £+ 0.02
Time period (day) | 364.52 £0.16 354.7 £0.01 365.8 £0.85
Phase 2587 +0057 | 2277 +£0.127 | -2.617 £+ 0.247

Table 4.4: Best fitted parameters for the sinusoidal fit of percentage variation of the effective
temperature of the atmosphere

The amplitude of the multimuon modulation is approximately 2.1%, which is larger
than the ~ 1.1% modulation observed in the effective temperature. The phase difference

between the two confirms their anticorrelated behavior.
Correlation with Effective Temperature

The strength of the correlation between the multimuon rate and the effective temperature is
quantified using the temperature correlation coefficient oy, defined through a linear fit of

the form

AR ATy,
R Ly

. (4.30)

The fitted values of ar for different time binnings are presented in Tab. 4.5. The neg-
ative values of a clearly demonstrate the anticorrelation between the multimuon rate and

the effective temperature.

Bin size | Best fitted o | Y*/NDF
Daily | -0.376 + 0.024 6.02

Weekly | -0.983 + 0.03 24.5

Monthly | -2.495 + 0.076 43.4

Table 4.5: Multimuon a7 fitted values according to different time binnings. The error
comes from the straight-line fitting.

Although a linear trend is visible (see lower panels of Fig. 4.28, 4.29, and 4.30), the large

Y%/NDF values indicate that a simple linear model does not fully capture the underlying
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behavior. This suggests that additional physical effects beyond a purely temperature-driven
mechanism are contributing to the observed modulation.

Overall, the data establish three key observations:

* A clear annual modulation of the multimuon rate.

» A phase opposite to that of the effective temperature.

* A strong but non-ideal linear anticorrelation with temperature.

These features motivate a detailed comparison with Monte Carlo simulations.

4.6.5 Seasonal variation from CORSIKA

To understand the origin of the observed behavior, dedicated CORSIKA simulations were
performed using monthly atmospheric profiles obtained from the GDAS database for the
year 2017. Cosmic-ray showers were generated for proton, helium, carbon, and iron pri-

mary particles using the configuration described in Section 2.
Surface-level behavior

The seasonal variation of single- and multimuon rates at the Earth’s surface, assuming an
infinitely large detector, is shown in Fig. 4.31.

For proton primaries, both single and multimuon rates peak in summer and reach a
minimum in winter.

This indicates that primary composition influences the seasonal modulation at the sur-

face, but it does not yet explain the detector-level behavior observed in data.
Detector-level behavior

When the simulated surface muons are propagated through the NOvA ND geometry, the

seasonal behavior changes significantly. As shown in Fig. 4.32, the detector-level multi-
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Figure 4.31: Seasonal variation of single (left) and multimuon (right) event rates for in-
finitely sized detector at the Earth’s surface from proton (top row), *He (next row), '2C
(next row) primaries

muon rate now peaks in winter and reaches a minimum in summer, reproducing the trend

observed in data.
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Figure 4.32: Seasonal variation of single and multimuon event rates at the NOvA ND from
proton primary

This inversion demonstrates that the effect is not solely determined by the production

rate of muons in the atmosphere, but is strongly influenced by detector geometry and event

topology.
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Figure 4.33: This shows how the radial spread of muons increases with increasing temper-
ature. In summer, the atmosphere expands, so the muon birth altitude (h = DF) increases
compared to that in winter (hy = DE), and hence the radial spread also increases in summer
(r) compared to winter (r() (figure from Ref. [25]).
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Figure 4.34: Production altitude distribution of multiple-muon events from CORSIKA with
muon threshold energy of 54 GeV. Three winter months (December—February) and three
summer months (June—August) are compared. Vertical lines represent the mean muon birth
altitude for summer (red dashed line) and winter (black solid line).

4.7 Explanation
4.7.1 The altitude-geometry explanation

The total mass of the atmosphere remains approximately constant throughout the year, but
seasonal temperature differences cause vertical expansion of atmosphere in summer and
contraction in winter. Under the assumption of an isothermal atmosphere, the ideal gas law
PV = nRT implies that a £2% change in absolute temperature results in a corresponding
+2% shift in altitude for a given pressure level. As shown in Fig. 4.33 [25], for a shower
origin at fixed pressure, the increased altitude (point F) in summer leads to a broader lateral
spread of muons at the detector. In contrast, during winter, the lower altitude (point E)

results in a more concentrated footprint.
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Figure 4.35: Muon separation distribution of multiple-muon events from CORSIKA with
muon threshold energy of 54 GeV. Three winter months (December—February) and three
summer months (June—August) are compared. Vertical lines represent the mean muon sep-
aration for summer (red dashed line) and winter (black solid line).
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We use the events generated with the CORSIKA simulation to study the altitude and
muon separation variation during summer and winter. Fig. 4.34 shows the mean birth al-
titude of muons in the upper atmospehere from multiple muon events is higher in summer
than in winter. As a result, the separation among muons for those events also increases
in summer compared to winter, as shown in the Fig. 4.35. It is instructive to consider the
typical transverse momentum of mesons in hadronic showers, and how that impacts the sep-
aration distribution of muons reaching a detector. The opening angle between a secondary
pion and the primary cosmic ray direction in an air shower is approximately proportional
to p;/pi, where p; is the pion’s transverse momentum and p; ~ E, ~ E* is its longitudinal
momentum. Consequently, the typical lateral separation between the two muons originating

from different pions in the same shower can be expressed as
V23 h x (p/ EM), (4.31)

where £ is the altitude at which the pions decay. Since only higher-energy muons can reach
deeper underground detectors, the required E* increases with depth, leading to smaller
lateral separations between muons for such underground detectors. To illustrate how the
altitude-geometry effect depends on detector depth and muon energy, Table 4.6 shows the
typical lateral separation of muons at various underground depths, calculated using Eq. 4.31
for pions decaying at an altitude of 20 km and a typical pion p; of 300 MeV/c. The corre-
sponding minimum muon energies to reach the detector are calculated assuming standard
rock with a density of 2.8 g/cm® and a minimum ionizing energy loss of 2 MeV/(gcm™2).
The muon separation decreases with increasing the energy (required to reach deeper detec-
tors) and with increasing depth due to energy-dependent selection of muons closer to the
shower core.

For the NOvA or MINOS underground near detectors, with an energy threshold close

to 50 GeV, the typical muon separation is 170 m which is much larger than the detector size.
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Depth E".. Muon
(m)  (GeV) Separation (m)
18 10 850
80 50 170
180 100 85
800 500 17
1800 1000 8.5

Table 4.6: Typical lateral separation of muons as a function of underground detector depth
and muon energy threshold, calculated using Eq. 4.31. The separation indicates the typical
transverse spread of muons from a cosmic ray shower at the detector level.

We can use Table 4.6 to determine whether any underground detector with a particular depth
and area (z X z) exhibits a winter or summer maximum. If the separation is much smaller
than x or z, a summer maximum will be seen. If the separation is larger or comparable, a
winter maximum will be observed. However, the single muon rate remains unaffected by
the altitude-geometry effect. For every single muon that misses a finite-sized detector be-
cause it starts at a higher altitude in the summer, another muon that would miss the detector
in the summer now hits it.

The role of summer/winter differences in the origin altitude of muons in an air shower,
and its effect on shower containment in a finite detector, was also considered before by MI-
NOS [45]. However, the conclusion in the paper was based on the distributions of observed
muon separation in the detectors, instead of the true separation between muons. That ref-
erence based its conclusion on the measured muon separation distribution, assuming that it
was the true distribution.

The dependence of the altitude—geometry effect as function of detector depth can also
explain the seasonal behaviors observed in other experiments. For deeper detectors that
require higher muon energy (TeV) thresholds, the altitude—geometry effect is minimal. The
surface area of the MACRO experiment [67] is 76 mx12m and the threshold energy re-

quired for an atmospheric muon to reach the detector is 1.3 TeV. The average separa-
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tion among muons in this case, is smaller than the size of the detector. Hence, MACRO
observed a summer maximum for multiple-muon events [68]. In the MINOS FD [45],
the typical muon separation from an air shower is comparable to the size of the detector.
So, the observed muon separation determines whether there is a summer maximum or a
winter maximum. Calculations by members of the IceCube collaboration based on the
altitude-geometry effect seemed to explain the MINOS and NOvA multiple-muon seasonal
data [69, 70]. The altitude-geometry effect was considered responsible for the seasonal re-
sults of the DECOR experiment [71], which measured muons close to the surface of the
Earth. For those muons, with an energy typically of a few GeV, other effects such as pres-

sure changes and muon decay are important, as discussed further in Sec. 4.7.2.

4.7.2 Other seasonal explanation

The MINOS result in Ref. [45] disfavored dimuon decays or temperature effects as con-
tributing to the explanation of multiple-muon variation. However, it considered the anti-
correlation between the primary meson interaction and decay as the most plausible expla-
nation for the observed phenomenon. According to this hypothesis, higher temperatures in
summer increase the decay probability of mesons, leaving fewer mesons available to inelas-
tically scatter and produce additional secondaries in subsequent generations of the hadronic
shower. To test this independently of CORSIKA, E. Guan used a simulation of hadronic
showers in the atmosphere with densities corresponding to summer and winter [72]. She
followed the meson and muon content in the hadronic shower as subsequent generations
of both mesons and nucleons interacted, as a function of primary cosmic ray energy. The
simulation showed that a shower produces more muons when the primary meson decays
rather than interacts, contrary to the hypothesis favored by MINOS [45]. In addition, this
explanation would predict a winter maximum in an infinite detector, in contradiction with

the CORSIKA result in Fig. 4.31.
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E, (GeV) N/Ny (%) N/N, (%) Difference (%)
(winter) (summer)

5 62.05 61.46 0.59
50 95.34 95.25 0.09
500 99.52 99.51 0.01

Table 4.7: Analytic calculation of the percentage of muons that reach sea level before they
decay as a function of muon energy. [, is the muon energy, N is the initial number of
muons, and N is the number of muons that survive. The summer/winter altitude difference
is assumed to be 2%.

Another potential explanation for the observed seasonal pattern of multiple muons is
muon decay, which was not discussed in Ref. [45]. Due to relativistic effects, muon decay
is more significant at lower muon energies, and thus its impact is expected to be largest for
detectors located at or near the surface. An analytical estimate of the seasonal modulation
due to muon decay for various energy thresholds is summarized in Tab. 4.7. Surface de-
tectors such as the NOvA FD [47], DECOR [71, 73], and GRAPES [74], all with muon
thresholds near 5 GeV, can exhibit a 0.6% excess of events during the winter. In contrast,
detectors such as the NOvA ND and MINOS ND, which have muon thresholds close to
50 GeV, would only show a smaller 0.09% excess in winter, which is much smaller than
the observed winter excess, and also inconsistent with Fig. 4.31. Muon decay is even less

important for the MINOS FD and MACRO.
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Chapter 5

Neutrino Oscillation and Interaction

Neutrinos are elementary fermions belonging to the lepton sector of the Standard Model
(SM). Their existence was first proposed by Wolfgang Pauli in 1930 [75] to explain the
continuous energy spectrum observed in nuclear beta decay, thereby restoring energy con-
servation. Enrico Fermi later incorporated the particle into his theory of weak interactions
and introduced the name neutrino [76], meaning “little neutral one.”

In the Standard Model, neutrinos are electrically neutral, spin-% particles that interact
exclusively via the weak interaction. They appear in three flavour states associated with the
charged leptons:

Ve, Vuy  Vr. (5.1)

Due to the absence of electric charge and strong interactions, neutrinos interact very
weakly with matter. Their interaction cross sections at GeV-scale energies are typically
of order 1073% cm?, making them extremely penetrating particles. The first experimental
detection of neutrinos was achieved in 1956 by Reines and Cowan [77] using reactor an-
tineutrinos.

Originally, neutrinos were assumed to be massless within the Standard Model. How-
ever, the experimental discovery of neutrino oscillations [78, 79] demonstrated that neu-
trinos possess non-zero masses and that flavour states are quantum superpositions of mass

eigenstates. This discovery requires physics beyond the minimal Standard Model.
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5.1 Neutrino Oscillation

Neutrino oscillation [2, 80] is a direct consequence of the fact that neutrino flavour eigen-
states are not identical to neutrino mass eigenstates. Neutrinos are produced and detected
in flavour eigenstates through weak interactions, whereas their propagation in vacuum is
governed by the free Hamiltonian whose eigenstates are mass eigenstates.

Let |va) (o = e, u, 7) denote the flavour eigenstates and |v;) (i = 1,2, 3) denote the
mass eigenstates with masses m;. The two bases are related through a unitary transforma-

tion [81, 82]:

|Ver) Z ailvi), (5.2)

where U is the 3 x 3 PMNS mixing matrix satisfying

Ul =uU =1. (5.3)

Because U is unitary, the inverse relation is

i) = Y Usilvg). (5.4)

B=e T

Consider a neutrino produced at spacetime point
on(t:O,f:O)

in a definite flavour state |v,). Using Eq. (5.2), the initial state is

PAQ Z ). (5.5)

Each mass eigenstate evolves independently under the free Hamiltonian. The relativistic

plane-wave solution of the Klein—Gordon (or Dirac) equation can be written as
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v (t, @)) = e " Et=prD)|) (5.6)

where

E; = /|72 + m2. (5.7)

After propagation to spacetime point X = (¢, Z), the state becomes

va(X)) =Y Unie D)1y, (5:8)
Substituting Eq. (5.4) into Eq. (5.8), we express the propagated state in the flavour basis:

Va(X)) =D Y Uz Usie D). (5.9)
8 i

This shows explicitly that a neutrino initially produced in flavour o becomes a coherent
superposition of all flavour states during propagation.
The probability amplitude for detecting the neutrino as flavour /3 at position X is ob-

tained by projection:

Aap(X) = (vs[va(X)). (5.10)

Using orthonormality, (v3|v,) = 3, we obtain

Aasp(X) =D UnUgie " Ft=mD), (5.11)

The transition probability is

Possp = | Aassl®. (5.12)
Substituting Eq. (5.11),
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Py s = Z UC’:Z_UBZ.UajU;je*i[(Eij)t*(ﬁrﬁj)-f]' (5.13)
1,7

Neutrinos in experiments are ultra-relativistic [2], i.e.

Assuming that all mass eigenstates have approximately equal momentum, |p;| ~ p, we

expand the energy:

E; = \/p? +m2. (5.14)

Using a binomial expansion:

m? m? m?
E, = 1 S 1 L) = L, 5.15
i =Dy +p2 p( +2p2> p+ o (5.15)

Since for ultra-relativistic particles £/ =~ p,

E,~F . 5.16
+ 5F (5.16)
Therefore,
g—p =" Ay 5.17
T 2E T 2E (517

where L is the baseline (distance between production and detection). Thus the phase dif-

ference becomes
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Substituting into Eq. (5.13):

Pasrs = S UnUsiUnU _Amil 5.19
a—B = aiVBiVajlp; €XP ? oF . (5.19)
4]

Separating real and imaginary parts and using trigonometric identities, the probability can

be written in the standard form:

Am?. L
) (5.20)

Pacsp =00 =4y _Re (UnilU5,Uz;Up;) sin® ( 4];]
i>J

Am?,L
* * . 1]
+2 Zlm (UaiU3,U,Us;) sin ( o > .
1>
The final term in the oscillation probability expression contains the imaginary part of the
product of PMNS matrix elements and represents CP-violating effects. For antineutrinos,

the mixing matrix elements are replaced by their complex conjugates,
U— U,

which reverses the sign of the CP-odd (imaginary) contribution while leaving the CP-even
terms unchanged. Consequently, a difference between P(v, — vg) and P(v, — Up)
signals CP violation in the lepton sector. This asymmetry vanishes if the Dirac CP phase
dcp is equal to O or 7.

Several additional properties of the oscillation probability are noteworthy:

* The probability depends on combinations of the form U,;Uj,U;;Ug;. If neutrinos
are Majorana particles, additional Majorana phases appear as overall phase factors
multiplying columns of the PMNS matrix. However, these phases cancel in the above
products. Therefore, neutrino oscillation experiments are insensitive to Majorana
phases. Probing these phases requires processes such as neutrinoless double beta

decay.
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* The oscillation probability depends explicitly on the mass-squared differences,
2 2 2
Amij =m; —m;.

For oscillations to occur, at least one neutrino mass must be non-zero, and the masses
must not be degenerate. Additionally, non-zero mixing angles are required; if the
mixing matrix were diagonal, flavour conversion would not occur even if the masses

were distinct.

* The dependence on the ratio L/ E/ implies a sinusoidal behavior of the transition prob-
ability. As a neutrino propagates, the probability of detecting a different flavour
varies periodically with baseline and energy. This periodic variation is what is re-

ferred to as neutrino oscillation.

* When « # j3, the probability describes an appearance channel. When o = j3, it cor-
responds to a survival or disappearance channel. In the survival case, the imaginary
(CP-violating) contribution vanishes identically due to the symmetry of the interfer-
ence terms. As a result, disappearance measurements are insensitive to the complex
CP-violating phase d¢p and primarily constrain mixing angles and mass-squared dif-

ferences.

5.1.1 Two Flavor Oscillation in Vacuum [1, 2]

The two-flavor approximation is obtained by assuming that only two neutrino states con-
tribute to oscillations. This limit is valid when one mass-squared difference dominates the
oscillation scale, and mixing with the third state can be neglected.

In this case, the mixing matrix reduces to

—sinf cos6

U_ < cosf 51n9) 7 (521)
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and there is only one independent mass-squared difference,

Am? = m3 —m?. (5.22)

Substituting this reduced mixing structure into Eq. (5.20), the summation over ¢ > j con-
tains only one term corresponding to (i,7) = (2,1).

For the appearance channel (o # [3), the relevant product is
Un2Up U1 Upy . (5.23)
Using the explicit form of the mixing matrix, one finds
* * 1 =2
Re (UagUﬁ2 a1U/31) =1 sin”(20), (5.24)

while the imaginary part vanishes identically since the matrix contains no complex phase.

Substituting into Eq. (5.20), the appearance probability becomes

Am?L
P(vy — vg) = sin2(20) sin® [ =) . (5.25)
4F
Similarly, for the survival probability (o = ),
Am2L
P(va = va) = 1 — sin?(20) sin? | =~ ) . (5.26)
4F
Expressed in practical units, this becomes
Am?2(eV?) L(km
P(v, = vp) = sin2(29) sin? (1.27 m ée(\(/}gv)( )> (5.27)

The probability therefore depends only on the ratio L/F and exhibits a sinusoidal be-

havior characteristic of quantum interference.
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5.1.2 Three-Flavor Neutrino Oscillations in Vacuum [3]

In the three-flavor case, neutrino mass eigenstates are (i, j = 1, 2, 3), hence the independent
pairs are

(1,7) =(2,1), (3,1), (3,2). (5.28)

Therefore, Eq. (5.20) becomes

Pas = 8o — 4 [Re(xgg) sin® Agy + Re(X3}) sin® Agy + Re(X™) sin? A32]

+ 2|[Im(X2L) sin 2A9; + Im(X3}) sin 2A5; + Im(X3%) sin 2A3, |, (5.29
af af af
where
XYy = UaiU5UUs;. (5.30)

PMNS Matrix [3]

The lepton mixing matrix is parameterized as

C12C13 $12C13 s1ze”0cr
i6 i6
U = | —S12¢C23 — C12823513€"°°"  C12C23 — S12823513€"°°F $23C13 ) (5.31)
i6 i
512823 — C12C23513€"°CF  —C12893 — 512C23513€"°°F  Ca3C13
with
Ci; = COS eij; Sij = sin Qij.

Muon to Electron Appearance Probability

Setting a =y and 8 = e, and substituting the PMNS elements into Eq. (5.29), one obtains

after algebraic simplification [83]:
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2 2 (142
PVH‘)VE - 4513523 sSm Agl

2 2 2 o2
+ 4ci5579C53 sIn” Agy

+ 8513812012823023C13 COS(A31 + (50p) sin Agl sin Agl.

The three terms correspond to:
* Atmospheric term: sin? As;
« Solar term: o sin® Aoy
* Interference (CP-sensitive) term

For antineutrinos, cp — —dcp.
Muon Neutrino Disappearance Probability

For a« = 8 = p, the imaginary terms vanish and we obtain:

PVH«HVAL =1- 4’UH1|2|UN2’2 Sil’l2 A21
— 4|U#1|2|U#3|2 sin2 Agl

2 2 52
—4’U“2‘ |U/L3’ Sin Agg.
To leading order in Ay,
P, ~ 1 — sin® 20,53 sin® A
vu—y, ~ L — S 23 SI° Ag3;.

Muon to Tau Appearance Probability

Fora=pand 8 = 7:

132

(5.32)

(5.33)

(5.34)



5 Neutrino Oscillation and Interaction

_ 4 .2 2 -2
£ 02
— 457,585,354 5in° Ay

2 2 2 2 2
— 4¢74579553C5 SIN” Agy

— 8813812012523023013 COS(A31 + 50]3) sin Agl sin Agl. (535)
To leading order,
P, s, = cos* 05 sin” 2043 sin® A (5.36)
0.12
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Figure 5.1: Oscillation probability as a function of neutrino energy for fixed baseline
(810 km). The oscillatory behavior reflects quantum interference between mass eigenstates.

Fig. 5.1 shows the three-flavor vacuum oscillation probability as a function of neutrino
energy for a fixed baseline. The dominant oscillation frequency is governed by Am3,,

while the smaller Am3; introduces a slow modulation. The interference term containing
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dcp modifies the height and shape of the appearance peak. Fig. 5.2 shows the oscillation

probability as a function of baseline at fixed energy.

I
.
00 M éa 50600 o0 600 '7' '8 iy 00

Distance (Normalized)

Figure 5.2: Oscillation probability as a function of baseline.

5.1.3 Oscillation in Matter

Up to this point, neutrino oscillations were derived assuming propagation in vacuum. In
realistic long-baseline experiments, however, neutrinos travel through matter before reach-
ing the detector. In the case of NOvVA, neutrinos propagate through approximately 810 km
of the Earth’s crust.

Because ordinary matter consists primarily of electrons, protons, and neutrons, electron
neutrinos experience additional coherent forward scattering with electrons via charged-
current W -boson exchange. Muon and tau neutrinos do not have this interaction. This
modifies the effective Hamiltonian governing neutrino propagation.

This phenomenon is known as the Mikheyev—Smirnov—Wolfenstein (MSW) effect [84,
?].
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Matter Potential

The charged-current forward scattering generates an effective potential

V. = £V2GpN,, (5.37)
where
* (G is the Fermi constant,
* N, is the electron number density,
* the + sign applies to neutrinos,
* the — sign applies to antineutrinos.

Neutral-current interactions contribute equally to all flavors and therefore introduce

only an overall phase, which does not affect oscillation probabilities.
Two-Flavor Approximation in Matter

To illustrate the impact of matter, consider first the two-flavor system (v, v,,).

The time evolution equation becomes

d (v _ % 0 i V. 0 Ve
Zdt<uu>_[U<o 7;5>U+ o o)) (5.38)

where U is the two-flavor mixing matrix with vacuum mixing angle 6.

After rotating to the flavor basis and subtracting an irrelevant trace term, the effective

Hamiltonian becomes

Am? [—cos20 + A sin 20
Hy = AE ( sin 20 cos 20 — A> ’ (5.39)
where
2EV,
A= c. 5.40
N (5.40)
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Effective Mixing in Matter

Diagonalizing the Hamiltonian yields modified effective parameters in matter:

in 26
§in 20, — S , (5.41)
\/(cos 20 — A)? + sin® 20
Am3, = Am2\/ (cos 20 — A)? + sin® 20. (5.42)
Thus, the oscillation probability retains the vacuum form:
Am?, L
P = sin? 2, sin’ ( Zlgf ) . (5.43)
In the limit N, — 0, A — 0, and the vacuum result is recovered.
MSW Resonance
Resonant enhancement occurs when
A = cos 20, (5.44)
for which
T
Oy = 1 (5.45)

This corresponds to maximal mixing in matter, even if the vacuum mixing angle is small.
The resonance condition depends on the sign of Am?, making matter effects sensitive to

the mass ordering.
Three-Flavor Oscillations in Matter

In the three-flavor framework, the Hamiltonian in flavor basis becomes
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0 0 0 V., 00
1 e
Hy=55=U |0 Am2, 0 |U'+{0 00 (5.46)
0 0 Am3 0 00

The diagonalization is algebraically complex, but the qualitative result is the same: mat-
ter modifies effective mixing angles and mass splittings.
For long-baseline experiments such as NOvA, the dominant modification affects 63

and Am3,.
Appearance Probability in Matter

To leading order in « = Am3, /Am3,, the v, — v, appearance probability in matter with

constant density can be approximated as:

Vy—le

4F

+ interference terms involving dcp. (5.47)

Am2, L
. . . 31,M
P~ sin® 03 sin® 2014 sin® (

The effective mixing angle in matter is

sin2 2913

(cos 2015 — A)2 4 sin® 205

sin? 20M = (5.48)

Thus, matter enhances or suppresses the appearance probability depending on:

 Neutrino vs antineutrino,
« Sign of Am3, (mass ordering),

* Energy.

This introduces an asymmetry between neutrinos and antineutrinos, often referred to as

“fake CP violation.”
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Disappearance Probability in Matter

For the v, — v, disappearance channel, matter effects are smaller but not negligible.
To leading order,

Prater o~ 1 — sin? 264 sin® ( (5.49)

V=

Am%LML
4F ’

where the effective mass splitting Am3, ,, includes matter corrections.

Because 6.3 is not directly modified by the matter potential, the disappearance channel
is less sensitive to matter effects than the appearance channel.

For NOvA, with . = 810 km and F ~ 2 GeV, the matter parameter A is non-negligible.

Matter effects:
* Enhance v, — v, probability for normal ordering,
» Suppress it for inverted ordering,
* Produce opposite behavior for antineutrinos.

This sensitivity enables NOVA to probe the neutrino mass hierarchy.

5.2 Neutrino Interactions [4, 5]

As discussed in the previous sections, neutrino oscillation experiments determine oscilla-
tion parameters by measuring interaction rates and reconstructing neutrino energies at de-
tectors. The observed event spectrum is effectively a convolution of the incident neutrino
flux ®(E,) and the interaction cross section o(F, ). Since both quantities depend strongly
on neutrino energy, precise knowledge of neutrino interaction cross sections is essential for
oscillation measurements.

At energies relevant to long-baseline experiments such as NOvA, the uncertainties in

neutrino—nucleon cross sections remain at the level of 20—-30%. These uncertainties arise
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from both limited experimental data and incomplete understanding of nuclear dynamics. A

realistic prediction of neutrino event rates therefore requires two essential ingredients:

A reliable description of neutrino scattering on free nucleons.

* A realistic model of the nuclear medium in which nucleons are bound.

In this section, we review the theoretical framework of neutrino interactions, beginning
with weak interaction theory at the nucleon level, followed by a discussion of different

interaction regimes and nuclear medium effects relevant for accelerator-based experiments.

5.2.1 Weak Interaction Framework

Neutrino interactions are mediated by the charged (WW¥) and neutral (Z°) weak gauge

bosons. The weak interaction Lagrangian density can be written as [85]

weal 9 -CC g NC
crek — I (00t 4 pe)— d  iNOgn 5.50
nt 2\/§ (ju + C ) 2COS QWJH ( )

where g is the weak coupling constant and 8y is the Weinberg angle.

The weak mixing angle satisfies

sinfy = <, (5.51)
g

and the coupling constants are related to the Fermi constant G through

G 2
7; - 8]{’%. (5.52)

The first term corresponds to charged-current (CC) interactions, while the second describes

neutral-current (NC) interactions.
For oscillation measurements in NOvA, charged-current interactions are of primary im-

portance. In CC processes, the outgoing lepton carries electric charge and can be directly

139



5 Neutrino Oscillation and Interaction

detected, allowing identification of the neutrino flavor. In contrast, neutral-current interac-
tions produce a neutrino in the final state, making flavor identification impossible.

Fig. 5.3 illustrates the fundamental weak interaction vertices for CC and NC processes.

11 11

Figure 5.3: Schematic representation of weak interaction vertices. Left: charged-current
interaction mediated by W *. Right: neutral-current interaction mediated by Z°.

5.2.2 Interactions on Free Nucleons

Depending on the neutrino energy, different interaction mechanisms dominate. In the few-

GeV energy region relevant to NOvVA, three primary charged-current processes contribute:

* Charged-Current Quasielastic (CCQE)
* Charged-Current Resonance Production (CCRES)

* Charged-Current Deep Inelastic Scattering (CCDIS)

We first describe these processes assuming scattering from a free nucleon.
Charged-Current Quasielastic (CCQE) Scattering

In CCQE interactions, the neutrino scatters from a single nucleon via W+ exchange:

vi+n—1" +p, (5.53)
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v +p—I1T+n, (5.54)

wherel = e, u, T.
Let k£ and £’ denote the four-momenta of the incoming neutrino and outgoing lepton,
and p and p’ the four-momenta of the initial and final nucleon. The four-momentum transfer

is

g=k—-F, Q" =-¢. (5.55)

The leading-order matrix element is

G
M= 7; cos O 1,,J", (5.56)

where 0c is the Cabibbo angle, [, is the leptonic current,

e = a(K)3(1 = 5 )u(k), (5.57)

and J* is the hadronic current.

The differential cross section can be expressed in terms of the Mandelstam variables [86]:

S—Uu

s—u (s —u)?
WE

M7

do G3M?cos® O

iQ? 87 E2 +0(@)

A(Q*) F B(Q% (5.58)

where the upper (lower) sign corresponds to neutrinos (antineutrinos).
The hadronic current is parameterized using vector and axial form factors. The axial

form factor is commonly modeled using a dipole form [87]:

Fa(Q*) =—94 (5.59)

141



5 Neutrino Oscillation and Interaction

where g4 is the axial coupling constant and M 4 is the axial mass.

Global analyses of deuterium and electroproduction data yield

M, ~ 1.03 GeV. (5.60)

Alternative parameterizations such as the z-expansion have been proposed to reduce

model dependence.

n(p) p(p’) p(p) n(p’)

(k) () Ak) ()
Figure 5.4: Feynman diagrams for charged-current quasielastic scattering of neutrinos (left)
and antineutrinos (right).

Charged-Current Resonance Production

At higher neutrino energies, the interaction can excite the nucleon to a baryon resonance
state. The dominant contribution in the few-GeV region arises from the A(1232) reso-
nance [88].

The produced resonance subsequently decays, typically emitting a pion:

v+p—=UT+ATT s I ot (5.61)

v4+n—1+AT 1" +p+a°, (5.62)
and analogous channels for antineutrinos.
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The cross section depends on vector and axial transition form factors C} (Q?) and

CH(Q?).

Charged-Current Deep Inelastic Scattering

At sufficiently high energies (£, > my), neutrinos interact with individual quarks inside

the nucleon:

u+ NI+ X,

171+N—)l++X.

The relevant kinematic variables are the Bjorken scaling variables:

=
S

2
1’: Q s y:
2p-q D

o

The double differential cross section is [89]

2 _CC 2 2
d*o _ Gws - Q2
dxdy 21 M,

5.2.3 Nuclear Medium Effects [6, 7]

)_2 [xy2F1 +(1—y)Fy+ay (1 - %) Fg] .

(5.63)

(5.64)

(5.65)

(5.66)

Inrealistic detectors, nucleons are bound inside nuclei and are not free or stationary. Nuclear

effects significantly modify both the interaction rate and the observed final state topology.

Important nuclear effects include:

* Fermi motion of bound nucleons

* Nuclear binding energy

* Pauli blocking

143



5 Neutrino Oscillation and Interaction

» Long-range correlations (RPA effects)

* Short-range correlations

* Meson-exchange currents (2p2h processes)

Final State Interactions (FSI)

These effects alter reconstructed kinematics and can cause misidentification of interac-

tion channels.

5.2.4 Final State Interactions

After the primary interaction, hadrons propagate through the residual nucleus. They may
undergo rescattering, charge exchange, absorption, or secondary particle production.

Final State Interactions alter the observable final state, modifying both particle multi-
plicity and energy reconstruction. Accurate modeling of FSI is therefore crucial for reliable

neutrino energy estimation and oscillation measurements.

5.3 Quasielastic Interaction Models

As discussed in the previous section, CCQE scattering plays a dominant role in neutrino
interactions at energies of a few GeV, which are relevant for long-baseline experiments
such as NOvA. In this interaction, a neutrino scatters from a nucleon inside the nucleus
through charged-current weak interaction and produces a charged lepton and a nucleon in
the final state.

However, the interpretation of CCQE events in nuclear targets is complicated due to
nuclear medium effects such as Fermi motion, nucleon correlations, Pauli blocking, and
meson-exchange currents. Therefore, accurate modeling of quasielastic scattering requires

sophisticated nuclear models.
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In this work, two different quasielastic interaction models are considered:

* Valencia 1plh model with z-expansion axial form factor

* Hartree-Fock Continuum Random Phase Approximation (HF-CRPA)

These models differ in their treatment of nuclear dynamics and correlations, and there-
fore lead to different predictions for neutrino cross sections and reconstructed neutrino en-

ergy distributions.

5.3.1 Valencia 1p1h Model with z-Expansion Axial Form Factor

The Valencia model [7, 90] is a microscopic nuclear model developed by the Valencia group
to describe neutrino interactions with nuclei in the quasielastic regime. It includes a detailed
treatment of nuclear medium effects within the framework of a Local Fermi Gas (LFQG)
model and incorporates long-range correlations through the Random Phase Approximation
(RPA).

In the quasielastic process, the neutrino interacts with a single nucleon inside the nucleus
as shown in Eq 5.53 ( 5.54). Since only one nucleon participates in the interaction, this

process is commonly referred to as the one-particle one-hole (1p1h) excitation.
Local Fermi Gas Description

In the Valencia approach, nucleons inside the nucleus are described using the Local Fermi
Gas model. In this model, nucleons occupy momentum states up to the local Fermi mo-

mentum pp(7), which depends on the nuclear density:

pr(r) = (37%p(r)"*, (5.67)

where p(r) represents the nuclear density distribution.

The differential cross section for quasielastic scattering can be written as
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d*o G% cos? Oc |K/|
- Wiy wm 5.68
dQdE" 1672 k| " (5.68)

where

* L, is the leptonic tensor

» WH is the hadronic tensor describing the nuclear response

The hadronic tensor contains the nuclear response functions that depend on the momen-

tum transfer and nuclear structure.
RPA Corrections

The Valencia model incorporates long-range nucleon correlations through the RPA [7].
These correlations arise from nucleon-nucleon interactions inside the nuclear medium and
modify the nuclear response functions.

The RPA correction effectively modifies the weak interaction propagator through particle-

hole excitations:

g
Why Wo
R

= 5.69
PAT 1 — Voull(q) (5.69)

where

« W{" is the bare nuclear response
* V,, represents the particle-hole interaction

» II(q) is the polarization propagator

These corrections generally suppress the cross section at low momentum transfer.
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z-Expansion Axial Form Factor

Traditionally, the axial form factor was parameterized using the dipole form

ga
(14 Q%/M3)*

However, this parameterization introduces model dependence. A more model-independent

FA(Q%) = (5.70)

approach is the z-expansion method, which is based on analytic properties of form factors.

In this method, the axial form factor is expanded as [91]

o

FA(Q*) = apz(Q)F, (5.71)
k=0
where the conformal variable z is defined as

_ \/tc+Q2_ \/tc_tO
Vie+ Q2+ /t.— 1y

with ¢, representing the threshold for particle production.

2(Q?) (5.72)

The z-expansion allows a flexible description of the axial form factor without imposing

a specific functional form.

5.3.2 Hartree-Fock Continuum Random Phase Approximation (HF-
CRPA)

The Hartree-Fock Continuum Random Phase Approximation (HF-CRPA) model [92, 93,
94] provides a more sophisticated description of quasielastic neutrino scattering in nuclei.
Unlike the Local Fermi Gas approach, this model uses a mean-field description of nuclear

structure and explicitly treats nucleon wavefunctions within the nuclear potential.
Hartree-Fock Mean Field

In the Hartree-Fock framework, nucleons move independently in an average nuclear po-

tential generated by all other nucleons. The single-particle wavefunctions are obtained by
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solving the Hartree-Fock equation:

Hypipi = Eqp;, (5.73)

where H ur 1s the Hartree-Fock Hamiltonian and 1); represents the nucleon wavefunctions.
This approach provides a realistic description of nuclear shell structure and nucleon

momentum distributions.
Continuum Random Phase Approximation

The CRPA framework includes long-range correlations between nucleons through particle-
hole excitations in the continuum.

The nuclear response function can be written as

R(g) =~ m[[1(g,)], (5.74)

where I1(¢, w) represents the polarization propagator describing particle-hole excitations in
the nuclear medium.

The CRPA equations can be written schematically as

Herpa = o + HoVIlcrpa, (5.75)
where
* Il is the bare particle-hole propagator

* V 1s the residual nucleon-nucleon interaction

This formalism allows the inclusion of collective nuclear excitations that modify the
neutrino scattering cross section. Compared to simpler nuclear models, HF-CRPA provides

several improvements:
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Realistic nuclear shell structure

* Proper treatment of nucleon wavefunctions

* Inclusion of long-range correlations

* Improved description of low momentum transfer interactions

These features make HF-CRPA particularly suitable for describing quasielastic neutrino
interactions in the few-GeV energy range.

The different treatments of nuclear dynamics in the Valencia and HF-CRPA models
lead to differences in predicted cross sections and reconstructed kinematic distributions.
These differences can affect neutrino energy reconstruction and, therefore, the extraction of
oscillation parameters.

In the next chapter, we present a detailed analysis comparing these two models and

measure the impact on the oscillation parameters.
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Chapter 6

Cross-section modeling for Quasi-Elastic
Interaction

Precision measurements of neutrino oscillation parameters require accurate modeling of
neutrino—nucleus interactions. In long-baseline experiments such as NOvA, the recon-
structed neutrino energy — the primary observable used in oscillation fits — depends di-
rectly on the assumed interaction model. Therefore, any modification to the cross-section
model can propagate to the extracted PMNS parameters.

CCQE interactions play a central role in the NOVA energy regime (£, ~ 1-3 GeV), par-
ticularly in events with low hadronic energy. The HF-CRPA model provides an improved
treatment of long-range nuclear correlations compared to the NOvA nominal model. This
may modify both the normalization and kinematic distributions of QE events. This model

has been incorporated in GENIE quite recently [95].

6.1 Cross-Section Comparison

The NOvVA base simulation sample was generated using GENIE [96] version 3.0.6 (N18 10j
_00_000), which employs the Valencia quasielastic interaction model with the standard
1p1h description.

To study the impact of improved nuclear modeling, an alternative simulation sample was
generated using GENIE G21_11a 00 000, which includes the CRPASuSAv2Hybrid-QEL
model incorporating the Hartree—Fock Continuum Random Phase Approximation (HF-
CRPA) framework. This model provides a more detailed treatment of nuclear dynamics,

particularly long-range nucleon correlations, which are expected to modify the quasielastic
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cross section especially at low momentum transfer.

Fig. 6.1 shows a comparison of the CCQE cross sections predicted by the two models
for different neutrino flavors: v, v, v, and 7.

The HF-CRPA model predicts a systematic enhancement in the cross section relative
to the NOVA base simulation. Across the relevant neutrino energy range, the cross section
is increased for all flavors. This enhancement originates from the improved treatment of

nuclear medium effects and long-range correlations included in the HF-CRPA framework.
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Figure 6.1: Comparison of CCQE cross sections predicted by the NOvA base simulation
(GENIE v3.0.6) and the HF-CRPA implementation (GENIE G21 11a_00_000) for different
neutrino flavors.

151



6 Cross-section modeling for Quasi-Elastic Interaction

6.2 Comparison of Truth-Level Distributions

Using the cross-section inputs described in Section 2, a total of 6.5 million events were gen-
erated for each neutrino flavor for both interaction models. The generated events were then
normalized using their corresponding cross sections in order to allow a direct comparison
between the predictions of the two models.

Fig. 6.2-6.5 show the comparison between the NOVA base simulation and the HF-CRPA
model for different neutrino flavors. The distributions are shown as a function of several

kinematic variables:
* neutrino energy (F),),
+ angle between the outgoing lepton and the incoming neutrino,
* energy transfer (qp),
¢ three-momentum transfer (¢3),
» squared four-momentum transfer (Q?).

These variables provide important information about the underlying interaction dynam-
ics and nuclear effects.

Across all neutrino and antineutrino flavors, a consistent trend is observed between
the two models. The HF-CRPA model predicts an enhancement of events primarily in
the region of low energy transfer (gy) and low momentum transfer (g3). This behavior is
consistent with the improved treatment of long-range nuclear correlations and collective
nuclear effects incorporated in the HF-CRPA framework. Similar enhancements are also
reflected in the low-(Q? region of the distributions.

The concentration of the HF-CRPA enhancement at low momentum transfer is related

to the different treatment of nuclear effects in the two models. The HF-CRPA calculation

152



6 Cross-section modeling for Quasi-Elastic Interaction

incorporates long-range correlations in the nuclear response, which modify the strength
and distribution of the quasielastic interaction, particularly in the low-energy- and low-
momentum-transfer region. Thus, the difference between the two models is primarily a
redistribution of the predicted CCQE strength across the kinematic phase space rather than
a uniform increase in the interaction rate.

The HF-CRPA model predicts an enhancement of event strength primarily in the low-
g0 and low-q3 region. This difference reflects the modified nuclear response arising from
the treatment of long-range correlations in the HF-CRPA framework. For example, in the
lowest q0 interval, the predicted event an enhanced by approximately 20-40%. In contrast,

in the higher-q0 region, the ratio is almost close to 1.

6.3 Ratio-Based Modification

To incorporate the HF-CRPA nuclear effects into the NOvA base simulation, a ratio-based
reweighting approach is employed. The idea is to compute the ratio of the HF-CRPA pre-
diction to the NOVA base model in the (¢, ¢3) phase space and apply this ratio as an event
weight to the NOvA simulation. The event reweighting procedure can be written formally

as

anr-crea(do, 43) (6.1)

w{qo,43) = )
(O 3) UNOvA(Q07Q3)

where w(qo, ¢3) is the weight applied to each event in the NOvA base simulation, and
onr-crea (9o, g3) and onova (o, ¢3) represent the differential cross sections predicted by the
HF-CRPA and NOVA interaction models respectively in the (qo, g3) phase space.

For each simulated NOVA event, the corresponding (qo, ¢3) bin is identified and the
event weight is multiplied by w(qo, ¢3). In this way, the NOVA base simulation can be

modified to reproduce the kinematic distributions predicted by the HF-CRPA model while
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Figure 6.2: Comparison of truth-level kinematic distributions for v, charged-current
quasielastic interactions predicted by the NOvA base simulation and the HF-CRPA model.
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Figure 6.3: Comparison of truth-level kinematic distributions for v, charged-current
quasielastic interactions predicted by the NOvA base simulation and the HF-CRPA model.
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Figure 6.4: Comparison of truth-level kinematic distributions for 7, charged-current
quasielastic interactions predicted by the NOvA base simulation and the HF-CRPA model.
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Figure 6.5: Comparison of truth-level kinematic distributions for 7, charged-current
quasielastic interactions predicted by the NOvVA base simulation and the HF-CRPA model.
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preserving the underlying event structure of the original simulation.

Fig. 6.6 shows the (qo, ¢3) distributions for the v, flavor predicted by the NOVA base
model and the HF-CRPA model. It can be observed that the HF-CRPA model opens up
additional phase space in the kinematically allowed region, particularly at very low values
of qo. As a result, significant activity appears in the lowest ¢y bins compared to the NOvA

base simulation.
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Figure 6.6: (qo, g3) phase-space distribution for v, charged-current quasielastic interactions
predicted by the NOvVA base simulation and the HF-CRPA model.

The ratio of HF-CRPA to the NOvA prediction in the (qo, g3) phase space is shown in
Fig. 6.7. Due to the enhanced population in the lowest ¢y bins for the HF-CRPA model,
very large ratios appear near the boundaries of the kinematically allowed region.

When this ratio was directly applied to reweight the NOvA events, significant fluctua-
tions appeared in the resulting distributions. In particular, sharp structures were observed in
the reweighted spectra, as illustrated in Fig. 6.8a. The sudden drop around ¢3 ~ 300 MeV
arises from the rapid transition between a very large ratio and a much smaller ratio in the
adjacent 3 bin, as seen in Fig. 6.8b. This behavior is mainly caused by limited statistics in
the lowest gy bins of the NOvA simulation.

To mitigate this issue, a modified ratio scheme was introduced. For the first four bins in
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qo, if the number of events in the NOvA simulation is very small or if the HF-CRPA/NOvA
ratio exceeds 200, the events in that bin are merged with the subsequent gy bin for both
the HF-CRPA and NOvVA samples before computing the ratio. This procedure effectively
smooths the ratio in the low-¢qq region and reduces large statistical fluctuations.

After applying this modification, the reweighted distributions show significantly im-

proved agreement in both shape and normalization, as demonstrated in Fig. 6.9.
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Figure 6.9: Truth-level kinematic distributions comparing the NOvA base simulation and
the HF-CRPA reweighted events after applying the modified ratio scheme.
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6.4 Event Selection

The identification of neutrino interactions in the NOvA detectors requires efficient rejec-
tion of background events while maintaining high signal efficiency. Backgrounds in the v,
and v, selections arise from two main sources: cosmic-ray induced events and beam-related
neutrino interactions. Cosmic backgrounds are particularly relevant for the far detector be-
cause it operates at the surface. Since neutrinos do not deposit energy in the detector prior to
interacting, cosmic-ray events often have reconstructed vertices close to the detector bound-
aries. This property is used to suppress cosmics through fiducial-volume and containment
requirements. In addition, events must be consistent with the direction of the NuMI beam
in order to be considered beam-related interactions.

Fig. 6.10 illustrates the overall event selection strategy for both v, disappearance and

v, appearance channels used in the oscillation analysis [97].

6.4.1 v, Disappearance Selection

The v, charged-current (CC) sample provides the primary constraint for the v, — v, disap-
pearance measurement. This sample is relatively pure because the outgoing muon typically
produces a long, well-defined track in the detector.

The selection begins with a set of basic quality requirements ensuring sufficient detec-
tor activity, including the presence of a reconstructed track and a minimum number of hits
distributed across several detector planes. Events clearly identified as cosmic rays, such as
tracks entering or exiting through detector walls, are rejected using dedicated veto criteria.
Additional containment requirements ensure that the interaction vertex and reconstructed
prongs are sufficiently far from detector boundaries, particularly the top surface where cos-
mic contamination is largest.

Following these geometric selections, several particle-identification (PID) algorithms
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Figure 6.10: Schematic overview of the NOVA event selection procedure for v, and v,
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are applied. A convolutional neural network classifier (EventCVN) provides a probability
that the event corresponds to a v, CC interaction. Additional multivariate classifiers, in-
cluding a boosted decision tree (BDT) and the RemID algorithm, further suppress cosmic-
ray and neutral-current backgrounds using track and event-level variables. The final PID

thresholds are optimized to maximize the signal sensitivity of the v/, sample.

6.4.2 1, Appearance Selection

The v, appearance selection targets charged-current v, interactions produced through the
oscillation v, — v,. Compared to the v, sample, this selection is more challenging due to
the smaller signal rate and the presence of several backgrounds. Beam-related backgrounds
include neutral-current interactions, misidentified v, CC events, and intrinsic v, present in
the neutrino beam.

The primary signal signature is an electromagnetic shower produced by the outgoing
electron. Machine-learning techniques are therefore used to distinguish these showers from
hadronic activity or photon conversions originating from neutral-current interactions.

The v, selection is divided into three complementary samples:

* Core sample: This sample forms the main contribution to the oscillation sensitivity.
Events passing basic quality and containment requirements are evaluated using the
EventCVN v, classifier and an additional BDT trained to separate signal from back-
ground. The selected events are further divided into low- and high-PID categories

based on the classifier output.

* Peripheral sample: Events that fail the containment requirement but otherwise sat-
isfy quality criteria are included in the Peripheral sample. Although these events have
higher background contamination, dedicated classifiers are used to recover additional

signal acceptance.
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* Low-energy (LowE) sample: An additional sample targets events at lower recon-
structed energies that may fail the main PID requirements. A separate BDT trained
on event topology and classifier outputs is used to identify these candidates. This cat-
egory increases the sensitivity to oscillation parameters by recovering signal events

near the lower-energy region of the neutrino spectrum.

The combination of these three samples maximizes the signal efficiency for v, appear-

ance while maintaining adequate background suppression.

6.5 Energy Reconstruction

Precise determination of neutrino oscillation parameters requires measuring the event rate
as a function of neutrino energy at a fixed baseline. Therefore, an accurate reconstruction of
the neutrino energy is a crucial component of the analysis. The calibration procedures used
to convert detector signals into deposited energy were described in the previous chapter.
After event reconstruction and particle identification, dedicated energy estimation methods
are applied separately for v, and v, charged-current interactions. These methods exploit the
topology of the final-state particles to achieve better performance than a simple calorimetric

energy sum.

6.5.1 v, Energy Reconstruction

For v, charged-current interactions, the visible energy in the detector arises primarily from
two components: the electromagnetic shower produced by the outgoing electron and the
hadronic activity originating from the recoil system. The reconstructed neutrino energy is
therefore expressed as a function of these two contributions.

The v, energy estimator is parameterized as
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E, = po (p1Eem + p2Fiad + p3Efy + PaEig) » (6.2)

where Fgy and Ey,g denote the energies of the electromagnetic and hadronic components
respectively. These quantities are obtained by summing the calibrated visible energy of
the reconstructed prongs identified as electromagnetic or hadronic using the prong-level
convolutional neural network classifier (ProngCVN).

The coefficients p; are determined from simulation by fitting the parameterization to the
relationship between reconstructed quantities and the true neutrino energy. To avoid bias
toward the region near the beam energy peak, the fitting procedure employs weights that
flatten the true energy spectrum. The calibration is performed separately for FHC and RHC
running conditions. Using this method, the reconstructed v, energy achieves an overall

resolution of approximately 10.8% for FHC data and 8.5% for RHC data.

6.5.2 1, Energy Reconstruction

In v, charged-current interactions, the outgoing muon typically forms a long and well-
defined track in the detector. The muon energy can therefore be estimated from the track
length, which provides a more precise measurement than calorimetric energy deposition
alone. The uncertainty in the reconstructed track length is small compared to the overall
detector energy scale uncertainty, enabling a relatively accurate determination of the muon
energy.

The hadronic component of the interaction is reconstructed by summing the visible en-
ergy of detector hits that are not associated with the muon track. The neutrino energy is

then estimated as

Ey = E,LL + Ehad; (63)
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Figure 6.11: Relationship between reconstructed observables and true particle energies ob-
tained from simulation. The red lines show the linear fits used to calibrate the reconstructed
quantities to the corresponding true energies for FHC (top) and RHC (bottom) beam con-
figurations. The left panels correspond to the muon component, where the reconstructed
variable is the Kalman track length, while the right panels show the hadronic component
based on the visible hadronic energy. The narrower spread observed in the muon distribu-
tions indicates the better energy resolution achievable for the muon component compared
to the hadronic energy. Taken from [26].
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where £, represents the muon energy derived from the track length and E},,q corresponds
to the visible hadronic energy.

Both the muon and hadronic energy estimators are further calibrated using simulated
events. Two-dimensional histograms are constructed relating reconstructed quantities, such
as Kalman track length or visible hadronic energy, to the corresponding true particle ener-
gies. For each bin of the reconstructed variable, the distribution of true energy is examined
and its most probable value is determined after removing small tails of the distribution. A
Gaussian fit is then applied to obtain the mean true energy associated with that bin.

These mean values are subsequently used as points in a linear calibration fit that maps
the reconstructed variable to the true energy. The procedure is illustrated in Fig. 6.11, which
shows the resulting relationships for both the muon and hadronic components in FHC and
RHC modes. The narrower spread of the muon distributions demonstrates the superior

energy resolution achieved for the muon component compared to the hadronic energy.

6.6 Effect on ND Reconstructed Energy

The HF-CRPA model predicts an enhancement of approximately ~ 10% in the CCQE cross
section compared to the NOVA nominal interaction model. However, CCQE interactions
represent only a fraction of the total neutrino interaction rate in the NOvA energy range,
where quasielastic, resonant, and deep inelastic scattering processes all contribute. Conse-
quently, when all interaction channels are considered, the overall change in the event rate
due to the CRPA model is reduced to approximately 3—4% in the true energy distributions.

The v, and v, event selections used in this analysis were described in Section ??. Af-
ter applying these selections to events in the ND, the CRPA reweighting described in the
previous section is applied to study its impact on reconstructed neutrino energy.

Fig. 6.12 shows the reconstructed neutrino energy spectra for the v/, sample at the ND
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for both FHC and RHC running modes. The comparison between the NOvA nominal sim-
ulation and the CRPA-reweighted events indicates that the effect of the CRPA model on
reconstructed energy is smaller than that observed at the truth level. This reduction occurs
because the reconstructed energy combines contributions from both the muon and hadronic
components, which partially smear the differences introduced by the interaction model.

The corresponding ratios of CRPA to the NOvA nominal prediction are also shown. The
largest deviations appear in the lowest energy bins, where the CCQE contribution is most
significant. However, these variations remain within the 1o systematic uncertainty band of
the nominal NOvVA prediction.

A similar comparison for the v, sample is shown in Fig. 6.13. The overall impact of the
CRPA reweighting is again small, with only minor variations observed in the lowest recon-
structed energy bins. As in the v, case, these differences remain well within the systematic

uncertainty envelope of the nominal prediction.

6.7 Extrapolated prediction at the FD

In long-baseline neutrino oscillation experiments such as NOvA, the ND plays a crucial role
in constraining systematic uncertainties associated with the neutrino flux, interaction cross
sections, and detector response. Because the ND and FD are designed to be functionally
identical, measurements at the ND can be used to improve the prediction of the event spectra
at the FD through a procedure known as near-to-far extrapolation.

The goal of the extrapolation procedure is to use the high statistics ND data to correct
the simulated prediction and propagate this information to the FD. This approach allows
many systematic effects that are correlated between the two detectors to be significantly
reduced.

The extrapolation procedure begins by decomposing the ND Monte Carlo (MC) predic-
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Figure 6.13: ND reconstructed neutrino energy distributions for the v, sample comparing
the NOvA nominal simulation with the CRPA-reweighted prediction.
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tion into its individual interaction components, such as charged-current signal and various
background processes. The reconstructed energy spectrum predicted by the simulation is
then compared with the ND data. Any observed difference between data and simulation is
attributed to the individual components according to their fractional contributions.

For each interaction component, a migration matrix relating true neutrino energy to
reconstructed energy is constructed using simulated events. Separate matrices are produced
for the ND and FD detectors. These matrices encode the detector response and allow the
true energy distribution inferred from ND measurements to be translated into the expected
reconstructed energy spectrum at the FD in the absence of oscillations.

The corrected ND information is then propagated to the FD using the far-to-near ratio
derived from simulation. Finally, neutrino oscillation probabilities are applied as weights
to the true energy distributions in order to produce the predicted FD reconstructed energy

spectrum.

— ND data
—— Base Simulation

N

10° ND Events/1 GeV

FD Events/1 GeV

—— Data-Driven Prediction _

True Energy (GeV)
True Energy (GeV)

L T AT T

ol b b b
ol b b b
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ND Reco Energy (GeV) 10° ND Events 10° F/N Ratio Pv,—v,) FD Events FD Reco Energy (GeV)

Figure 6.14: Schematic illustration of the near-to-far extrapolation procedure used in the
NOVA oscillation analysis. The measured energy spectrum at the ND is used to correct
the simulation through a decomposition into interaction components. The corrected distri-
butions are then propagated to the Far Detector using detector response matrices and the
simulated far-to-near ratio. Finally, oscillation probabilities are applied to obtain the pre-
dicted FD reconstructed energy spectrum.

This extrapolation strategy substantially reduces systematic uncertainties that are cor-

related between the ND and FD, including those related to the neutrino flux and interaction
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cross sections. As a result, the oscillation analysis relies primarily on differences between
the ND and FD spectra that arise from neutrino oscillations rather than from common sys-

tematic effects.

6.8 Effect on FD reconstructed neutrino energy

After applying the CRPA reweighting to the ND Monte Carlo sample, the modified pre-
diction was propagated to the FD using the near-to-far extrapolation procedure described
in the previous section. In this procedure, the ND data are used to constrain the prediction
while the CRPA weights modify the interaction model in the simulation.

The resulting FD reconstructed neutrino energy spectra obtained with the CRPA reweighted
MC are compared with the NOVA nominal prediction. The comparison for the v, sample
is shown in 6.15a for the FHC beam configuration and in 6.15b for the RHC configura-
tion. The corresponding ratios of the CRPA prediction to the NOvA nominal prediction are
shown in 6.15c and 6.15d. These comparisons indicate that the largest differences appear in
the low reconstructed energy region, where quasi-elastic interactions contribute most signif-
icantly. However, the CRPA reweighted prediction remains well within the 1o systematic
uncertainty band of the NOvA nominal model across the entire energy range.

A similar comparison was performed for the v, sample, as shown in 6.16. The behavior
observed for v, events is consistent with that seen for v/, events, where the CRPA reweighted
prediction lies within the systematic uncertainty band of the nominal simulation.

To further investigate the dependence of the CRPA effect on the event topology, the FD
sample was divided into four quartiles based on the fraction of hadronic energy in the event.
The first quartile corresponds to events with the smallest hadronic energy fraction, while
the fourth quartile contains events with the largest hadronic energy fraction. Because the

NOVA detector has a relatively poorer resolution for hadronic energy compared to muon
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Figure 6.15: FD reconstructed v, energy spectra comparing the NOvVA nominal prediction

with the CRPA reweighted prediction.
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Figure 6.16: FD reconstructed v, energy spectra for neutrino and antineutrino beam con-
figurations. The events are divided into core and peripheral samples. The core sample is
further categorized into low-purity and high-purity events based on the CVN score. The
CRPA reweighted prediction remains consistent with the NOvA nominal prediction within
the estimated systematic uncertainties.
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energy, events in the first quartile typically have the best reconstructed energy resolution,
whereas events in the fourth quartile have the worst resolution.

Since quasi-elastic interactions generally produce minimal hadronic activity, the CRPA
model primarily affects events in the first quartile. Consequently, the largest deviations
between the CRPA reweighted prediction and the NOvA nominal prediction are observed
in this quartile, while the fourth quartile shows the smallest effect. This behavior can be

seen in Fig. 6.17 for FHC and 6.18 for RHC.

6.9 Oscillation parameter fitting methodology

The determination of neutrino oscillation parameters in the NOvA experiment is performed
using a statistical comparison between the observed event spectra and the predicted spectra
obtained from simulation. In this work, the oscillation parameters are extracted using a
frequentist fitting framework based on a binned likelihood method.

The predicted event rate in each analysis bin depends on the oscillation parameters as
well as various systematic uncertainties associated with neutrino flux, interaction cross sec-
tions, and detector response. The best-fit values of the oscillation parameters are obtained

by minimizing the binned Poisson log-likelihood function

N 0, M 2
—2InL(#,p) = —2 Ei(0,6) — O; + O;1In < o ) = (6.4)
; Ei(‘ga ¢) j=1 5]2,

-

where F;(0, ¢) represents the predicted number of events in analysis bin 4, which depends
on the oscillation parameters 0 and the set of systematic parameters (5 The observed number
of events in bin ¢ is denoted by O;. The second term corresponds to a penalty contribution
that constrains the systematic parameters around their nominal values. Here ¢; denotes the

shift of systematic parameter j from its central value, and o; represents its associated 1o
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Figure 6.17: FD reconstructed v, energy spectra for FHC divided into four quartiles based
on the hadronic energy fraction in the event. The first quartile corresponds to events with
the smallest hadronic energy fraction, while the fourth quartile contains events with the
largest hadronic energy fraction.

176



6 Cross-section modeling for Quasi-Elastic Interaction

V-beam
1 F T ]
4 [ T — Nominal Extrap .
3 Quartile 1 T FD Sim . 1
' Background best resolution E « CRPA Extrap Quartile 2 ]
3 T FD Fake Data 1
1-0 syst. range
[ T I wrong Sign: v,CC ]
2F T [ Cosmic bkgd. 7
> [ I ]
q_) -
o I
— [
o t
— F
(%) 4k I ]
= .
c 3 . Quartile 4
g i Quartile 3 worst resolution
w 3fF I ]
2F T ]

0 1 2 3 4 ] 1 2 3 4 5
Reconstructed Neutrino Energy (GeV)

(a) RHC prediction separated into hadronic-energy quartiles.

V-beam
T T T T I T T T T
[ 1-0 syst. range ) I ]
- Quartile 1 1 . ]
14 3 best resolution 4+ Quartile 2 L
[ e CRPA/Nominal FD Extrap I ]
1.2¢ T ]
0.8f + .
o 0.6fF T ]
5 e
[ : T Quartile 4
14 3 Quartile 3 + worst resolution
1.2F I ]
12 —2*eanne — — T s _srea =
0.8F I E
0.6f T b
1 1 1 1 1 1 1 1
1 2 3 4 1 2 3 4

Reconstructed Neutrino Energy (GeV)

(b) Ratio of CRPA to NOvA nominal prediction for RHC in each quartile.

Figure 6.18: FD reconstructed v, energy spectra for RHC divided into four quartiles based
on the hadronic energy fraction in the event. The first quartile corresponds to events with
the smallest hadronic energy fraction, while the fourth quartile contains events with the
largest hadronic energy fraction.
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uncertainty. This penalty term prevents systematic parameters from varying unphysically
during the minimization.

The prediction of the FD event spectra incorporates the full three-flavor neutrino os-
cillation probability in matter. For the NOvVA experiment, the baseline and average Earth

density used in the oscillation probability calculation are fixed to

L = 810 km, p = 2.74 g/lem®. (6.5)

The oscillation parameters associated with solar neutrino mixing are not strongly con-
strained by NOvVA data and are therefore fixed to the globally measured values reported by

the Particle Data Group (PDG),

Am3, =753 x 107°eV?  sin®6;, = 0.307. (6.6)

The remaining oscillation parameters, Am?2,, sin? fa3, dcp, and sin? 20,5, are allowed to
vary during the fit along with the systematic uncertainties.

The sensitivity of NOVA to sin” 26,5 is limited because its effects can be partially degen-
erate with other oscillation parameters. However, this parameter has been measured with
high precision by reactor neutrino experiments. In particular, the Daya Bay experiment

provides the most precise measurement,

sin? 2615 = 0.0851 % 0.0024. (6.7)

This measurement can therefore be incorporated as an external constraint in the oscil-

lation fit, improving the overall precision of the parameter estimation.

6.9.1 Frequentist fitting approach

Within the frequentist framework, the quantity
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-, —,

X*(0,6) = —2In L(6, ) (6.8)

is treated as the test statistic used to determine the best estimate of the oscillation parameters.
The parameter set that minimizes x? defines the best-fit point, denoted as xZ..

Confidence intervals for the oscillation parameters are constructed using the test statistic

AXZ(Q) - XZ( ) — Xbest (69)

For a given point in the oscillation parameter space, Ax? is computed while minimizing
the likelihood with respect to all remaining oscillation and systematic parameters. This
procedure, commonly referred to as profiling, allows the construction of confidence regions
in the parameter space.

Under the assumption of Gaussian statistics, specific values of Ax? correspond to stan-
dard confidence levels. For example, in the case of two degrees of freedom the 1o, 20, and

30 confidence regions correspond to

Ax? < 2.30, Ax? < 6.18, Ax? < 11.83. (6.10)

However, several aspects of neutrino oscillation experiments deviate from the Gaussian
approximation. In particular, some analysis bins contain relatively small event counts and
are therefore governed by Poisson statistics. In addition, the oscillation parameter space
contains physical boundaries, such as the allowed range 0 < sin® 63 < 1, as well as the
cyclic nature of the dcp parameter. These features can lead to deviations from the ideal
Gaussian behavior of the test statistic.

Despite these complications, the frequentist approach provides a robust and widely
used framework for determining oscillation parameters and constructing confidence regions

based on the comparison between observed data and predicted event spectra.
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6.10 Impact on oscillation parameters

To evaluate the impact of the CRPA interaction model on the oscillation measurement, the
FD predictions obtained with CRPA reweighting were fitted to the observed FD data using
the frequentist fitting framework described in the previous section.
The fit was performed around the best-fit oscillation parameters obtained in the NOvA
ANA2024 analysis, which are
sin? 013 = 0.0850525, dcp = 0.874617,

(6.11)
Am3, = 2.4333 x 1072 eV?, sin? fy3 = 0.545742.

Using these parameters as the reference point, fits were performed for both the NOvVA nom-
inal interaction model and the CRPA reweighted prediction. The resulting best-fit values of
the oscillation parameters are summarized in Tab. 6.1, 6.2, and 6.3 for Am2,, sin® 053 and

dcp respectively for both the normal ordering (NO) and inverted ordering (I1O).

NOvVA nominal | CRPA reweighted
NO | 2.433+0087 24367003
10 | —247473%2 | 2477400

Table 6.1: Best-fit value of Am2, obtained using the NOvA nominal interaction model and
the CRPA reweighted prediction along with their 1-o systematics error.

NOvVA nominal | CRPA reweighted
NO | 0.546750% 0.54410:022
10 | 0.544730%% 0.54179:017

Table 6.2: Best-fit value of sin? 6,3 obtained using the NOVA nominal interaction model
and the CRPA reweighted prediction along with their 1-o systematics error.

To further illustrate the effect of the CRPA model on the oscillation measurement, the

Ax? profiles for the relevant oscillation parameters were evaluated. The profiles for Am2,,
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NOVA nominal | CRPA reweighted
NO | 0.869%92% 0.86070317
10 | 1.48870149 1.49410-154

Table 6.3: Best-fit value of Jop obtained using the NOvA nominal interaction model and
the CRPA reweighted prediction along with their 1-o systematics error.

sin? fy3, and 6 p are shown in Fig. 6.19, 6.20, and 6.21, respectively. Each figure compares
the behavior obtained with the NOVA nominal interaction model to that obtained with the

CRPA reweighted prediction.
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Figure 6.19: Ax? profiles for Am2, obtained with the NOvA nominal interaction model
and the CRPA reweighted prediction for both normal and inverted mass hierarchies.

Overall, the shifts observed in the best-fit oscillation parameters due to the CRPA reweight-
ing are relatively small compared to the current experimental uncertainties. The Ay? pro-
files also indicate that the inclusion of the CRPA model does not significantly alter the
overall shape of the likelihood surfaces for the oscillation parameters. This suggests that,
within the current level of experimental precision, the CRPA modification produces only a

modest impact on the extracted oscillation parameters.
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Chapter 7

Summary

This thesis presents two complementary studies performed using the NOvA ND that address
important questions in cosmic-ray physics and neutrino interaction modeling. Both topics
are relevant for improving our understanding of particle interactions in complex environ-
ments such as the Earth’s atmosphere and atomic nuclei, and they contribute to reducing
systematic uncertainties in precision neutrino measurements.

The first part of this thesis focuses on the study of cosmic-ray induced muons and their
seasonal variation. Cosmic-ray interactions in the Earth’s atmosphere produce secondary
mesons, primarily pions and kaons, which decay into muons and neutrinos. The rate of
atmospheric muons observed in underground or surface detectors is known to vary with
atmospheric temperature due to the competition between meson decay and interaction pro-
cesses. Measuring this variation provides valuable information about high-energy hadronic
interactions in the atmosphere and the propagation of secondary particles.

Using data collected with the NOvA ND over four years of operation, the seasonal mod-
ulation of the cosmic muon rate for multiple muon events was measured with high precision.
This work investigated multiple-muon events originating from high-energy cosmic-ray air
showers. The analysis was extended with simulations using the CORSIKA framework in
order to understand the underlying atmospheric effects responsible for the observed varia-
tions.

The results demonstrate that the seasonal behavior of cosmic muons is strongly influ-
enced by changes in the atmospheric temperature profile, which affects the production and

decay probabilities of secondary mesons. Furthermore, the study provides an explanation

183



7 Summary

for the long-standing observation that single-muon and multiple-muon events exhibit dif-
ferent seasonal phases. The simulations indicate that this difference arises from the geo-
metric altitude distribution of meson production and decay in the atmosphere. These results
improve our understanding of atmospheric cosmic-ray interactions and provide important
inputs for future cosmic-ray and neutrino experiments.

The second part of this thesis investigates the impact of neutrino interaction modeling on
oscillation parameter measurements in the NOvVA experiment. In the energy range relevant
for long-baseline experiments, charged-current quasi-elastic interactions play a central role
in neutrino event reconstruction and energy estimation. However, theoretical uncertainties
in the description of neutrino—nucleus interactions can introduce biases in the reconstructed
neutrino energy and consequently affect the determination of oscillation parameters.

To study these effects, the HF-CRPA model was implemented through event reweight-
ing of simulated neutrino interaction samples. This model provides a more detailed de-
scription of nuclear dynamics by incorporating mean-field effects and long-range nuclear
correlations. The modified interaction model was propagated through the full NOvA oscil-
lation analysis chain using the Near-to-Far extrapolation technique that constrains the FD
prediction using ND data.

Fits to the FD fakedata were performed in order to evaluate the effect of the CRPA

model on the extracted oscillation parameters. The results show for NO:
« Am3,: NOVA nominal: 2.43363, bias due to CRPA: 0.00298 (~0.1%)
* sin?(fy3): NOVA nominal: 0.546967, bias due to CRPA: 0.00232 (~0.4%)
* dcp: NOVA nominal: 0.869513, bias due to CRPA: 0.0095 (~1%)

Similar effect has been observed for IO. So, the inclusion of the HF-CRPA interaction model

introduces small shifts in the best-fit values of Am3,, sin? 03, and dcp. These shifts are
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found to be smaller than the current experimental uncertainties, indicating that the impact of
the CRPA modification on the NOvVA oscillation measurement is modest within the present
statistical precision.

Although the effect observed in this study is small, experiments with high neutrino
flux in the low-energy region (~ a few hundred MeV) are expected to show significant
improvements in the reconstruction of () and neutrino energy. Experiments such as DUNE
and Hyper-Kamiokande are therefore likely to achieve higher sensitivity with this model.

In summary, the work presented in this thesis advances our understanding in two areas
of particle physics. The study of cosmic muon seasonal variation provides new insights into
atmospheric cosmic-ray interactions and resolves important features of the observed modu-
lation patterns. The investigation of neutrino interaction modeling quantifies the influence
of nuclear physics uncertainties on oscillation parameter measurements in the NOvA ex-
periment. Together, these studies contribute to improving the precision and reliability of

measurements in both cosmic-ray and neutrino physics.
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