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Abstract

The NOvA (NuMI Off-Axis electron neutrino Appearance) experiment is a
long-baseline neutrino oscillation experiment composed of two functionally
identical detectors: a 300-ton Near Detector and a 14-kton Far Detector, sep-
arated by 809 km and placed 14 mrad off the axis of the NuMI neutrino beam
created at Fermilab. This configuration enables NOvA’s rich neutrino physics
program, which includes measuring neutrino mixing parameters, determin-
ing the neutrino mass hierarchy, probing CP violation in the leptonic sector,

studying neutrino cross sections, searching for sterile neutrinos, and more.

In this thesis I will present two independent analyses developed within the
NOvVA experiment. The first is a search for light sterile neutrino oscillations
in the 341 framework using v,-CC and NC samples from the NOvA Near and
Far Detectors. Light sterile neutrinos are hypothetical neutral leptons that
do not participate in the weak interactions but can mix with the three known
active neutrinos: v, v, and v;. Anomalous results, such as v, /Pe appearance
in a v, (7,) beam observed by the MiniBooNE and LSND experiments, can

be explained by the existence of sterile neutrinos. Thus, proving the existence



of this type of neutrino is essential. The latest results of these searches in the

NOVA experiment, along with contributions to this effort, will be presented.

The second is the first measurement of the pion energy response using data
from the NOvA Test Beam experiment. The NOvA Test Beam experiment,
deployed at Fermilab, uses a scaled-down 30-ton NOvA detector to analyze
tagged beamline particles. The beamline can select and identify electrons,
muons, pions, kaons, and protons with momenta ranging from 0.4 to 1.4
GeV/c. Pions are an important component of the hadronic system in neutrino
interactions, and understanding how the detector responds to these particles is
crucial for the validation of the simulation and the reduction of detector cali-
bration uncertainties, which remain one of the largest systematic uncertainties

in NOvA analyses.
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shown for (a) Am?2, vs. sin?fyy, (b) Am?2, vs. sin®f34, and
(c) Am3, vs. sin®260,,. Allowed regions and exclusion contours
from other experiments are included, with areas to the right
of open contours indicating excluded regions. In (a), closed
contours for SciBooNE/MiniBooNE, CCFR, and CDHS also
denote exclusion regions. For Super-Kamiokande, a single value
of each mixing angle is reported at Am3, > 0.1 eV2 In (b),
arrows indicate constraints on sin? f34 at a specific Am2, value,
while in (c), OPERA NH/IH contours overlap for Am3, > 1072
eV

Diagram of the NOVA tertiary beamline components and NOvA

detector, particle beam moves from right to left (Top). Panoramic

view of the NOVA Test Beam experiment (Bottom). . . . . .
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An Aerial view of the Fermilab Test Beam Facility (FTBF) is
shown. FTBF has hosted numerous test beam experiments,

including NOvA, MINERvVA and LArIAT, among others. . . .

Technical drawing (side view) of the secondary beamline (MC6).
The beamline instrumentation is tuned to focus 64 GeV/c par-
ticles for the NOvA Test Beam experiment. The proton beam

enters from the left. . . . . . . . . . . ...

Technical drawing of the MC7 enclosure (top view) showing the

NOvA Test Beam experiment and target location. . . . . . . .

Top view of the copper target and downstream iron collimator.
The collimator includes an aperture aligned at 16°, allowing
only particles exiting the target at that angle to pass and pre-
venting secondary particles from being collinear with the ter-

tlary beam. . . . ..o Lo

(Left) Front view of the NOvA Test Beam wire chamber. (Right)
Side view representation of wire chamber with its key compo-

nents (Right) . . . . ... .. o

Picture of dipole magnet in the tertiary beamline for the NOVA
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Test Beam experiment, the arrow shows the direction of the beam.138

Effective Magnetic field (B.ss) as a function of input current
(I), the red curve shows the fitted model, whereas the blue

points represent the measured data [22]. . . . . ... ... ..
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5.12

5.13

5.14
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Diagram and dimensions of the Cherenkov counter . . . . ..

Pressure threshold curves for Cherenkov light emission as a
function of particle momentum for different particle species.
The dashed black line marks the operating pressure of 1 atm,
chosen to reliably tag electrons within the NOvA Test Beam

momentum range, shown by the red arrow. . . . . .. .. ...

Reconstructed hits for each of the four wire chambers, each hit
represents a particle traversing the wire chamber detectors in
the tertiary beamline, each hit position was determined by the

DBSCAN algorithm. . . . . ... ... ... ... ... ...

Side view representation of a particle passing through the mag-

net, the image shows the relationship between pr and p.

Top view representation of a particle passing through the mag-
net, the image shows the relationship between R, L, 6;, and

Oout- + o o e

Time of flight distributions for pions, protons, and electrons. A
Gaussian fit was performed on the data and the resulting curves
can be seen in orange, the resolutions are given by the sigma in

each plot. . . . . . . . ...
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5.16 Event display of a pion candidate entering the NOvA Test Beam

6.1

6.2

6.3

detector (from left to right). The reconstructed prong (blue)

and vertex (yellow cross) are also shown. . . . . ... ... ..

Layout of the NOvA Test Beam experiment as implemented in
the G4Beamline simulation. The simulation includes all com-
ponents of the tertiary beamline and the NOvA detector, in-
cluding the Cu target, dipole magnet, time-of-flight (ToF) de-
tectors, multi-wire proportional chambers (MWPCs), and the

Cherenkov counter. . . . . . . . . ...

Top view of a Mode 1 G4Beamline simulation showing 10 pro-
tons with 64 GeV/c momentum interacting with the copper
target. The simulation illustrates the resulting particle showers
and beam propagation through the tertiary beamline toward

the NOvVA detector. . . . . . . . . . . . . . . . ...

Examples of magnetic field distributions derived from magnet
current data (positively charged particles in period 4) for differ-
ent magnet current configurations (black), with corresponding
Gaussian fits (blue). These fits were used to sample magnetic
field values in the G4Beamline simulation for each magnet po-

larity and setting. . . . . .. ..o
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6.4

6.5

6.6

6.7

Top view of a Mode 2 G4Beamline simulation showing 100 7+
with a momentum of approximately 1 GeV/c. In this mode,
the pion source is placed downstream of the collimator to simu-
late tertiary beam particles without modeling the proton-target

Interaction. . . . . . . L

Beam profiles on the front face of the NOvA detector in 2020
(left) and 2022 (right), showing the impact of additional shield-
ing in reducing beam-induced background. In the 2020 data, a
clear background hotspot is visible in the top west corner of the
detector. Two low-occupancy horizontal cells, caused by under-
filled detector modules, are also present in the earlier data and

were corrected before final data collection (period 3 and period

).

The plots show simulated beam profiles on the front face of
the NOvA detector. The simulations were conducted using
a full secondary and tertiary beamline model with 10° pro-
tons on the primary target. The top plot represents the initial
beamline configuration, while the bottom plot shows the effect
of added shielding. The white box indicates the approximate
cross-section of the active detector volume. The darker regions
are defined by the shielding within the NOvA beamline (colli-

mators, dipole magnet, Cherenkov, etc.). . . . . . . ... ...

NOvVA Test Beam Event Display showing the top and side view

of the detector, the shut-offs can be seen as blank regions in the

166
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171

detector. The tertiary beam direction is indicated by the arrow. 172
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6.8

6.9

6.10

6.11

Event Display showing a pion candidate affected by pile-up.
Alongside the pion track, a second particle enters the detector
from below, depositing additional hits in the same slice, distort-

ing the event reconstruction and energy estimation. . . . . . .

Event displays from a simulated pion used to study pile-up.
The left Event Display shows a clean single-pion interaction,
while the right Event Display shows the same event with pile-
up overlays added, this illustrates how additional activity may

alter the detector response. . . . . . . . .. .. ... ... ...

Reconstructed energy (Left) and reconstructed number of hits
(Right) in the slice. The red distribution represents single-
particle (SP) generated pion events whereas the blue distribu-
tion shows single-particle generated pions plus overlays (pile-
up). A clear bias is observed in the sample containing pile-up

compared to the one without pile-up. . . . . . . .. ... ...

Plot showing the distribution of the last number of planes with
activity in the slice for single-particle (SP) simulated pions and
single-particle simulations with pile-up overlays. A distinct
peak around planes 61 to 63 indicates clear signs of muons ex-
iting the detector and contributing to pile-up. The dashed red

line shows the region used to veto these events. . . . . . . ..

xXxXxil

175

176

176



6.12

6.13

6.14

6.15

The diagram shows the two-view representation of a pile-up
event in the NOvA Test Beam detector including a tertiary
beam particle and a secondary muon. The orange regions are

tuned and used to identify and reject pile-up events. . . . . . .

Reconstructed Momentum versus time-of-flight for all beamline
events in Period 3 and Period 4 data with no selection cuts
applied. The Z axis represents the accumulation of events in
parameter space. The reconstructed time-of-flight versus mo-
mentum data reveals several structures. Horizontal structures
spaced by 18.83 ns correspond to signal pairs from light particles
in different Main Injector bunches and do not represent phys-
ical particles. Repeating sloped structures around 1000 MeV
are identified as protons from different bunches. Additionally,
diffuse structures at approximately 21 ns and 42 ns likely result
from a light particle and a proton originating from separate

bunches. . . . . . ..

Time-of-Flight vs Momentum curves for different particle types.
Here, the distance traveled by the particles is 9.71 m (Period 3

and Period 4 particle path length). . . . .. ... ... .. ..

Reconstructed Momentum vs time-of-flight for beamline events
passing the loose PID cuts, the Z axis represents the accumu-
lation of events in parameter space, the resulting sample shows

the characteristic shape expected by the calculated curves.
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6.16

6.17

6.18

6.19

6.20

Stacked Histogram: Reconstructed particle mass for beamline
events. Three distributions are observed: Left distribution (elec-
trons, muons, and pions); middle distribution (kaons); and right

distribution (Protons). . . . . . . ... ... L.

Reconstructed momentum versus time-of-flight for all beamline
events in period 3 and period 4 data after particle mass se-
lection. Particle labels are shown in the plot along with the
theoretical curves. The Z-axis represents the accumulation of

events in parameter space. . . . . . . . ... ...

Time-of-flight (staked histogram) for all beamline events in pe-
riod 3 and period 4 data after beamline selection. Particle 1D

labels are shown in the plot. . . . . . . . ... ... ... ...

Reconstructed Momentum (stacked histogram) for all beamline
events in period 3 and period 4 data after beamline selection.

Particle ID labels are shown in the plot. . . . . . . ... ...

Momentum fraction between WC4 and the NOvA detector for
different magnet current settings. Each distribution shows a
double-peak structure, corresponding to particles that hit or
missed the downstream TOF 2 detector. It is also observed
that lower energy (lower current) particles have a largest con-
tribution for particles that missed DS TOF 2 (right peak of the
distribution) . . . ...
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6.21

6.22

6.23

Diagram showing two possible pion trajectories through the
beamline. In the top case, the particle misses the downstream
TOF 2 detector, whereas in the bottom case, the particle hits
it. This helps visualize how particles can be classified as miss-
ing or hitting DS TOF 2 based on their trajectories a direct

consequence of pion scattering. . . . . ... .. ... ...

Momentum fraction as a function of true beamline momentum
for simulated 7 (left) and 7~ (right). Red and blue curves
are the results of the interpolation and correspond to particles
that missed and hit the DS ToF 2, respectively. Higher mo-
mentum fractions for missed events reflect reduced energy loss.
Both charge types show the same behavior, as energy loss is
dominated by ionization. Note that the y-axis range starts at

05%. «

Reconstructed beamline momentum distributions for simulated
7~ (left column) and 77* (right column) at four different magnet
current settings: 500 A, 750 A, 1000 A, and 1250 A. The blue
histograms represent the uncorrected reconstructed beamline
momentum (Preco), while the red histograms show the corrected
momentum (p.) after applying the momentum correction. A
small shift of approximately 7 MeV /c in the mean momentum

is observed after correction. . . . . . . . . . . . ... ... ..
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6.24

6.25

6.26

Projected beamline track positions on the front face of the
NOvVA detector in G4Beamline, Mode 1 simulation. The ma-
genta box represents the geometric region corresponding to the
location and size of the DS TOF 2. Tracks with projections
inside this region are classified as having hit DS TOF 2, while

those outside are considered to have missed it. . . . . . . . ..

Projected beamline track positions on the front face of the
NOvVA detector for events where the pions hit DS TOF 2 (left)
and missed DS TOF 2 (right). The red box represents the geo-
metric region corresponding to the physical location of the DS
TOF 2 detector, used to classify events based on reconstructed
projections. The spread and overlap at the edges illustrate the
limitations of the method, as interactions upstream can bias the

projected track positions and lead to misclassification. . . . . .

Decay probability density % as a function of distance from
the target, for charged pions with momenta from 400 MeV/c
to 1400 MeV/c. The curves follow an exponential distribution
with decay length Lqecay = %CT, showing that lower-momentum
pions are more likely to decay near the target, while higher-
momentum pions decay more gradually along the beamline.
The plot covers the 16.7 m distance to the NOvA Test Beam

Detector. . . . . .
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6.27

6.28

7.1

7.2

7.3

Fraction of muons relative to the total number of same-sign
charged particles as a function of magnet current. The left
panel shows the p~ to (7~ + =) ratio, and the right panel
shows the u* to (7™ + p™) ratio. In both cases, the muon
contamination decreases significantly with increasing magnet
current, indicating effective pion selection at higher magnetic

settings. . . . . . .

Fraction of muons from pion decay in the selected sample as
a function of momentum, based on G4Beamline simulation in
mode 1. The top panel shows the ratio of =~ to (7~ + ™), and
the bottom panel shows the ratio of 4 to (7t +p*). The muon
content is highest at low momentum and becomes negligible at

higher momenta. . . . . .. .. .. ... ... ...

Incident energy (left) and reconstructed energy (right) distribu-
tions for negatively charged pions in data and simulation, shown

for incident energy ranges from 0.45 to 0.725 GeV.. . . . . . .

Incident energy (left) and reconstructed energy (right) distribu-
tions for negatively charged pions in data and simulation, shown

for incident energy ranges from 0.725 to 0.85 GeV.. . . . . . .

Incident energy (left) and reconstructed energy (right) distribu-
tions for negatively charged pions in data and simulation, shown

for incident energy ranges from 0.85 to 1.15 GeV. . . . . . ..
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7.4

7.5

7.6

7.7

7.8

Incident energy (left) and reconstructed energy (right) distribu-
tions for negatively charged pions in data and simulation, shown

for incident energy ranges from 1.15 to 1.4 GeV. . . . . . . ..

Incident energy (left) and reconstructed energy (right) distribu-
tions for positively charged pions in data and simulation, shown

for incident energy ranges from 0.45 to 0.725 GeV.. . . . . ..

Incident energy (left) and reconstructed energy (right) distribu-
tions for positively charged pions in data and simulation, shown

for incident energy ranges from 0.725 to 0.85 GeV.. . . . . . .

Incident energy (left) and reconstructed energy (right) distribu-
tions for positively charged pions in data and simulation, shown

for incident energy ranges from 0.85 to 1.15 GeV. . . . . . ..

Incident energy (left) and reconstructed energy (right) distribu-
tions for positively charged pions in data and simulation, shown

for incident energy ranges from 1.15 to 1.4 GeV. . . . . . . ..
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7.9

7.10

7.11

Mean energy response as a function of incident energy for neg-
atively charged (top) and positively charged (bottom) pion and
muon samples. The data points are shown in black and com-
pared to simulated predictions in blue, with the shaded bands
indicating systematic uncertainties. For 7~ + u~, the data gen-
erally follow the simulation trend but show some disagreement
at higher energies. In contrast, the 7™ + pu* response differs

more noticeably from the simulation across most of the energy

Mean energy response as a function of incident energy for nega-
tively charged (top) and positively charged (bottom) pion sam-
ples. The data points are shown in black and compared to
simulated predictions in blue, with the shaded bands represent-
ing systematic uncertainties. For 7~, the data closely follow
the simulation with some deviation at higher energies. In con-
trast, the 7+ sample exhibits a more consistent overestimation
of the response in data relative to simulation across much of the

ENETZY TANEE. . .« v v e e e e e

Mean energy response for pion-only and pion-+muon samples as
a function of incident energy, for negatively charged (top) and
positively charged (bottom) particles. Subtracting the muon
background reduces the response in both cases. While the 7~

response remains consistent across samples, the 7+ sample still
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shows a significant data—simulation discrepancy after subtraction.224
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7.13

7.12

7.14

Mean ratio of reconstructed momentum between the ” Projected
corrected samples” and the ”Perfect corrected samples” as a
function of beam momentum. The ratios are computed over
the 1o range of each distribution to minimize the impact of sta-
tistical fluctuations in the tails. A maximum deviation of 0.4%
is observed across all settings. This value is taken as the sys-
tematic uncertainty on the corrected beamline momentum and
is used to shift the momentum up and down in single particle

simulations to assess its impact on the pion energy response.

Comparison of reconstructed momentum distributions for “Per-
fect corrected samples” (blue) and “Projected corrected sam-
ples” (black) for four beam settings: 500 A (top left), 750 A
(top right), 1000 A (bottom left), and 1250 A (bottom right).
The perfect correction uses true simulation information to clas-
sify whether pions hit or missed DS TOF 2, while the projected
correction relies on detector geometry and projected track in-
formation, emulating the procedure used in data. The lower
panels show the ratio between the two methods. The recon-
structed momentum means agree to within less than 1 MeV,

validating the projected correction approach . . . . . .. . ..

Test Beam dipole Magnet and rotating coil. In this picture the

rotating coil is placed within the magnet’s air gap along the z
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7.15

7.16

7.17

7.18

Integrated magnetic field as a function of current, measured
with a rotating coil during current ramp-up (lower curves) and

ramp-down (upper curves), showing the hysteresis effect. The

zoomed panels show the deviations at different current settings. 231

Relative difference between the integrated magnetic field during

current ramp-up and ramp-down, calculated as ( — 1). The

_up_
down

red dashed line marks the assigned 1% systematic uncertainty

within the NOvA magnet’s operating range (500 A to 1250 A).

Impact of +1 mm hit position shifts in each wire chamber
(WC1-WC4) on the reconstructed beam momentum. The dis-
tributions show the momentum shift (dp) for positive (blue) and
negative (red) displacements. The measured mean shifts were
used to estimate a combined uncertainty of 11 MeV/c on the

beamline momentum [23]. . . . ... ... L.

Impact of beamline-related systematics on the energy response
for negative (left) and positive (right) pions. The shaded blue
band shows the total uncertainty due to wire chamber misalign-
ment, pion energy loss, and magnetic field variations, combined
in quadrature. The ratio is shown with respect to the nominal
response. The total effect reaches a maximum of 2.3% for 7~
and 2.8% for n* at low energies, decreasing to 1.2% and 1.3%

respectively at higher energies. . . . . . . . . . ... ... ...
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7.20

7.21

7.22

Impact of the muon background normalization uncertainty on
the energy response for negative (left) and positive (right) pions.
The shaded band shows the residual variation in the energy
response after scaling the nominal muon background up and
down using its statistical normalization uncertainty. The effect
is more prominent at lower energies, reaching a maximum of

0.5% for 7~ and 0.4% for 7. The uncertainty vanishes above

1 GeV due to the absence of muon contamination in that region. 236

Impact of the Cherenkov efficiency uncertainty on the energy
response for negative (left) and positive (right) pions. This sys-
tematic accounts for uncertainties in the modeling of Cherenkov
light production and detection. The overall effect is small,

reaching a maximum variation of 0.4%. . . . . ... ... ...

Impact of the light level systematic uncertainty on the energy
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certainty reflects the effect of the detector threshold for produc-
ing a hit. The total impact on the energy response is negligible,

with a maximum variation of 0.06%. . . . . . . . . . .. ...
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Chapter 1

Neutrinos

The history of neutrinos begins with the discovery of radioactivity. In 1896,
Henri Becquerel found that certain materials spontaneously emit radiation
without any external energy source. This was followed by the work of Marie
and Pierre Curie, who discovered highly radioactive elements like polonium
and radium. These early observations led to the identification of different

types of radiation.

In 1899, Ernest Rutherford classified these emissions and identified /3 radiation,
now known as 8~ decay, where a nucleus with N neutrons and charge Z decays

into another of charge Z + 1 and N — 1 neutrons plus an electron:

AN, Z) - AN=-1,Z+1)+e". (1.1)

In such a two-body decay, the electron should have a monochromatic energy



spectrum. In 1914, James Chadwick was the first to observe that the spectrum
is actually continuous. His conclusions were controversial due to the fact that

the process was violating spin statistics along with conservation of energy.

In a desperate solution to preserve these conservation principles, Wolfgang
Pauli proposed in 1930 the existence of a new particle that he called neutron
[25]. This neutral fermion, light and with a large penetration length, solved

the problem, but Pauli thought that this new particle was undetectable.

Two years later, James Chadwick discovered the neutron we know today [26],
and Enrico Fermi renamed the Pauli particle neutrino ”the little neutral one”.
Incorporating it in his 1934 formulation of a new theory of 5 decay, which was

also the first theory of weak interactions [27].

The next section will dive into the experiments that lead to the v., v, and v,

discovery.

1.1 The First Neutrino (v,)

More than 20 years after Fermi’s theory, the neutrino now known to be an
electron antineutrino (7,) was discovered by Fred Reines and Clyde Cowan
in 1956 using a water target in which CdCI2 (cadmium chloride) has been
dissolved [1]. The experiment was located near the Savannah River nuclear
reactor, and measured the inverse § decay reaction. A sketch of the detector
can be seen in Figure 1.1. In this process, electron antineutrinos produced in

the reactor core are captured by protons in the detector as:



ve+p—e+n (1.2)

The positron produced in the neutrino interaction annihilates immediately
with an electron, emitting a pair of gamma rays, that are detected in two
liquid scintillator tanks. The resulting neutron combines with a proton in
the cadmium after ~ 10 us of flying time. From this interaction a deuterium

nucleus is created, and a photon with energy 2.2 MeV is emitted:

n+p—=>d+ry (1.3)

These two processes are reconstructed as an electron antineutrino signal, which
is the primary signal used in a wide range of experiments today. Their ex-
periment marked the first direct detection of neutrinos and confirmed their
existence, more than two decades after the particle had been theoretically
proposed. Frederick Reines was awarded the Nobel Prize in Physics in 1995

for this work.

1.2 The Second Neutrino (v,)

In 1962 Jack Steinberger, Leon Lederman, and Melvin Schwartz discovered a
new type of neutrino in interactions involving muons. As a consequence, they
called it the muon neutrino (v,). An experiment to detect these neutrinos was

deployed at Brookhaven National Laboratory where pions created in proton-
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Figure 1.1: Sketch of detectors inside their lead shield. The detector tanks
marked 1, 2, and 3 contained liquid scintillator solution which was viewed
in each tank by 110 5-in. photomultiplier tubes. The white tanks contained
the water-cadmium chloride target, and in this picture are some 28 cm deep.
These were later replaced by 7.5-cm deep polystyrene tanks, and detectors 1
and 2 were lowered correspondingly [1].



target collisions decay into muons and muon neutrinos [28]:

=t +, (1.4)

The resulting beam was directed trough a thicker layer of shielding material
to absorb all the particles except neutrinos, the muon neutrino beam then

interacted in a spark chamber detector via the process:

v, +n — p+ hadrons (1.5)

Since a muon was one of the products of this interaction, it demonstrated that
neutrinos produced by pion decay were not the same as the electron neutrinos
produced in beta decay experiments. For this reason, it was clear at that point
that there were at least two types of neutrinos, each associated to a different

lepton.

This discovery was an important milestone, as it proved the existence of a
second lepton family (v, and p). The concept of lepton families is an essential
feature of the Standard Model, which organizes the fundamental particles that

exist in our universe.

Their work laid down the foundations for techniques we use today to produce
neutrino beams, which have served to conduct detailed studies of the weak
interaction and neutrino oscillations. They were awarded the Nobel Prize in

Physics in 1988.



1.3 Neutral Currents and The Third Neutrino

(vr)

1.3.1 Discovery of Neutral Currents

In 1973, the electroweak neutral current (NC) was discovered at CERN in
the Gargamelle bubble chamber experiment. The bubble chamber was 4.8 m
long and 2 m in diameter. It weighed 1 kton and held nearly 12 cubic meters
of heavy-liquid freon (CF3Br). The freon used in the Gargamelle detector
made it possible to detect charged particles produced by neutrino interac-
tions, indirectly revealing the neutrinos themselves. The observations came
from neutrino-nucleon and neutrino-electron scattering events that involved

the exchange of a neutral Z° boson [29][30]:

vu(7,) + N — v,(7,) + hadrons (1.6)

vu(Dy) +e7 = (D) + e (1.6)

These neutrino interactions, in which neutrinos do not convert into its charged
lepton partner in the final state, provided the first evidence for neutral weak
currents as predicted by the electroweak theory. It supported the model de-
veloped by Abdus Salam, Sheldon Glashow, and Steven Weinberg [31][32][33],
particularly the structure of weak interactions described by the V' — A frame-

work. A NC interaction in the Gargamelle bubble chamber can be seen in



Figure 1.2.

Figure 1.2: Observation of the first leptonic NC interaction. A muon
antineutrino scatters off an electron, ejecting it upward, producing a distinct
electromagnetic shower with electron—positron pairs [2].

1.3.2 Z Boson Decay Width and the Number of

Neutrino Flavors

The discovery of neutral currents in the Gargamelle experiment confirmed
that neutrinos interact via the weak neutral force. However, it did not reveal
how many neutrino types exist. That came later from high-energy collider
experiments at CERN, where precise measurements of the Z boson’s decay
width showed that only three light neutrino flavors contribute to its invisible

decay channels.

In the 1990s, experiments at the Large Electron—Positron Collider (LEP) at
CERN provided a precise measurement of the total decay width of the Z°



boson [3]. This width is sensitive to all possible invisible decay channels of the

ZY including decays into neutrinos.

The total decay width I';; of the Z° boson was measured via the reaction:

et +e = 2% = ff,

where f represents any fermion.

The LEP experiments scanned a range of center-of-mass energies around the
Z boson mass (~91 GeV/c?) and measured the cross sections for various visi-
ble final states, such as hadrons and charged leptons. The resulting resonance
curve, described by a Breit—Wigner distribution [34], allowed precise extraction
of the Z boson’s mass and total width. The hadronic cross-section measure-

ment is shown in Figure 1.3.

By subtracting the measured partial widths of the visible channels from the
total width, the invisible width I'y,, was determined. Assuming each neutrino
flavor contributes equally to I'j,,, the number of light active neutrino species

(N,) was extracted:

where I', is the theoretically predicted width for a single neutrino species.

The LEP experiments found:

N, = 2.9840 £ 0.0082,

in good agreement with the Standard Model prediction of three neutrino fam-
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Figure 1.3: Measurements of the hadronic production cross section op.q as
a function of center-of-mass energy FE., around the Z boson resonance at
LEP. The data points represent the average measurements from the four LEP
experiments (ALEPH, DELPHI, L3, and OPAL). The colored curves show
theoretical predictions for two, three, and four light neutrino species. The
best agreement is found with the Standard Model prediction of three neutrino
flavors. Figure adapted from [3]



ilies.

This result ruled out the existence of additional active neutrinos (those that

interact via the weak interactions), confirming the 3-flavor framework.

1.3.3 Discovery of v;

The third neutrino flavor, the tau neutrino (), had been implied from the
discovery of the tau lepton in the 1970s [35]. Direct observation of v, interac-
tions happened much later with the DONUT (Direct Observation of the NU
Tau) experiment at Fermilab, whose results were published in 2000 [36] and
final results in 2008 [37]. The experiment consisted of a beam of high-energy
neutrinos directed onto a nuclear emulsion detector. Nine events consistent
with tau neutrino interactions were observed, displaying the production and
subsequent decay of tau leptons, thus providing clear evidence for the direct

detection of v, .

This completed the experimental confirmation of all three neutrino flavors

predicted by the Standard Model and measured at the LEP experiments.

1.4 The Solar Neutrino Problem

Nuclear fusion in the Sun produces electron neutrinos v, in the energy range
from 0.1 to 15 MeV. The expected v, energy and neutrino flux along with the

energy sensitivity for different experiments can be seen in Figure 1.4.

10



The primary process of hydrogen burning in the Sun, known as the pp cycle,

occurs in three main stages [38]:

p+p—=D+et +u,,
D+p—>3He—|—’y,

SHe + 3He — "He + p + p.

Since the binding energy of the deuteron (D) is only 2.2 MeV, the neutrinos
from the reaction p +p — D + e + v, have low energies (F, < 0.5 MeV) and
are difficult to detect. As a result, experiments often focus on higher-energy
solar neutrinos from rarer processes. The most energetic neutrinos originate

from the 3-decay of ®B, which is produced through the following reactions:

sHe +3 He — Be + v,

iBe+p—:B+1.

This is followed by the 3-decay of ®B:

iB — iBe* + et + v,

which produces neutrinos with energies reaching up to 15 MeV.

11
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Figure 1.4: Energy spectra of neutrino fluxes from the pp chain, as predicted
by the BP04 Standard Solar Model (SSM) [4]. The top axis indicates the
energy ranges covered by various solar neutrino experiments. For continuous
sources, the differential flux is given in units of cm™2 s=! MeV~!; for line
sources, in cm~2 s~!. The line sources include two "Be lines from the electron
capture reaction ‘Be + e~ — "Li + v,, and the pep line from the reaction
p+e” +p — 2H+v,. Percentages indicate the uncertainties in the flux values.
Figure taken from [5].

Solar neutrinos can be detected by radiochemical reactions, Cherenkov detec-
tors, and liquid scintillators. The detection of solar neutrinos revealed the

so-called solar neutrino problem: the observed electron neutrino flux was only

about one-third of the value predicted by the Standard Solar Model (SSM).

The first indication of this discrepancy came from Ray Davis’ Homestake Solar
Neutrino experiment [6]. It was designed to detect neutrinos via inverse (

decay in the radiochemical reactions

12



Ve T Cl =% Ar + e, (1.7)

The energy threshold for this reaction is E®* = 0.814 MeV. The detector was a
large steel tank filled with 615 tons of liquid perchloroethylene (CyCly), located
deep underground in the Homestake Gold Mine in Lead, South Dakota. After
25 years of operation, the experiment reported an average solar neutrino rate

of R =2.56 4+ 0.23 SNU. The solar neutrino unit (SNU) can be expressed as:

R=) ®0; [10"cm>s™"] x [107*0 em?] = 10705 (1.8)

So, 1 SNU corresponds to 1073¢ interactions per target atom per second. The
Standard Solar Model predicted a rate of R = 8.5+1.8 SNU, about three times
higher than the Homestake result, highlighting a major discrepancy. Results

are shown in Figure 1.5.

There were three other radiochemical experiments (gallium experiments): GALLEX
[39], GNO [7], and SAGE [8], all of which observed similar deficits. These ex-

periments detected neutrinos through the reaction:

ve+ 'Ga— "Ge+e,

The GALLium EXperiment (GALLEX) used 101 tons of a liquid gallium chlo-
ride solution (GaCl3-HCl), containing 30.3 tons of gallium. GALLEX was lo-

cated in the Laboratori Nazionali del Gran Sasso, in Italy. It operated from

13
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Figure 1.5: Results from 108 solar neutrino measurements recorded by the
Homestake chlorine experiment between March 1970 and February 1994 [6].

1991 to 1997 and was followed by the Gallium Neutrino Observatory (GNO),
which operated from 1998 to 2003 using the same detector, but with upgraded

extraction equipment.

The average neutrino rate reported by GALLEX and GNO was R = 69.3 + 5.5 SNU
Figure 1.6. The prediction of the SSM for this experiment is 128 SNU. This

result shows a discrepancy of about half compared to the SSM prediction.

The Soviet-American Gallium Experiment (SAGE) is located 3.5 km inside
Mount Andyrchi at the Baksan Neutrino Observatory in the northern Cau-
casus. The underground lab sits about 2000 m below the mountain’s peak,
with 4700 mwe of shielding that reduces the cosmic muon flux by a factor of
107. The experiment uses approximately 50 ton of liquid gallium, distributed

across seven chemical reactors. Additional shielding suppresses neutron and

14



100

-100

B 1 i 1 L 1 i 1 1 1 i 1 1 L l 1 L 1 i L 1 1 i 1 1 1
1892 1994 19396 1888 2000 2002 2004
Year

Figure 1.6: Results from individual runs of the GNO and GALLEX experi-
ments. The plot shows the net solar neutrino production rate in SNU [7].

gamma backgrounds.

The experiment operated from 1990 to 1997. The results are shown in Fig-
ure 1.7. The average neutrino rate reported by SAGE is 65.475 5 SNU. This
result shows a discrepancy of about half compared to the SSM prediction,

which is consistent with the value reported by GALLEX/GNO.

Later, Cherenkov water detectors confirmed the same reduction in the solar
neutrino flux. Water Cherenkov detectors can observe neutrino interactions
by detecting fast charged particles they create. When one of these particles
moves faster than the speed of light in water, it gives off Cherenkov light in
a cone shape around the direction of the motion of the particles. The most
prominent of them are the Super-Kamiokande (SK) and the Sudbury Neutrino
Observatory (SNO) experiments.

15
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Figure 1.7: Combined SAGE results shown year by year. The shaded region
represents the best-fit value and its uncertainty over the full dataset. Vertical
error bars reflect statistical uncertainties [8].

The SK detector contains 50,000 tons of ultra-pure water inside a stainless
steel tank measuring 39.3 meters in diameter and 41.4 meters in height. It is
equipped with 11,146 20-inch photomultiplier tubes (PMTs) in the inner de-
tector and 1,885 8-inch PMTs in the outer detector. It is situated 1000 meters
underground (2700 mwe equivalent) at the Kamioka Observatory, within the
Kamioka mine in Gifu Prefecture, Japan. The experiment is sensitive to B
solar neutrinos. SK determined the solar neutrino flux by observing elastic

scattering primarily through the reaction:

Vet+e —ve+e, (1.9)

with E'™ > 4.7 MeV. Figure 1.8 presents the SK results of the angular dis-
tribution of solar neutrino candidates relative to the Sun’s direction. A clear
forward peak, caused by elastic scattering of solar neutrinos in the SK detector,

can be observed. The peak’s width results from both multiple scattering of

16



the recoil electrons and the detector’s angular resolution. The shaded (dotted)

region indicates background contributions.
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Figure 1.8: Angular distribution of solar neutrino candidates. The shaded
region highlights the elastic scattering peak, while the dotted area represents
background contributions [9].

The flux of solar neutrino measured by SK is:

OSK = (2.35 + 0.08) x 10° cm 251,

Where the expected neutrino flux given by the SSM is 5.05 x 10° (1f8:%g). The

observed neutrino flux by SK is smaller than half of the SSM.

Finally, the heavy water detector SNO in Ontario, Canada, provided the key
result that resolved the problem [11]. Similar to SK, SNO is sensitive to *B

solar neutrinos. SNO used 1,000 tons of heavy water (Dy0O) contained in a

17



12-meter-diameter vessel, monitored by 9,600 photomultiplier tubes (PMTs).
The detector is located at a depth of 2,092 meters. The cosmic ray muon

background at this depth is about 65 events per day.

The main advantage of the deuterium (D20O) is its low nuclear energy binding
(~ 2.2 MeV). This provides SNO with a sensitivity to both NC and charged
current (CC) neutrino events in addition to the elastic scattering (ES) events.
The main reactions produced by neutrino interactions in the SNO detector

are:

ve+d — p+p+e (CC),
Vo+d — p+n+v, (NC),

Vot+e — vo+e  (ES),

Due to the deuteron’s low binding energy, the (CC) interaction

Vet+d—p+pt+e

is kinematically allowed at solar neutrino energies. The emitted electron gen-
erates a Cherenkov ring, but because the neutrino energy is much smaller
than the deuteron mass, the electron’s angular distribution is nearly isotropic.
Therefore, this interaction offers little directional information about the Sun

and is sensitive only to the electron neutrino flux:

CC rate o ¢(v,) (1.10)

18



Neutrinos of all flavors can interact with deuterons via NC interactions, break-
ing the nucleus and producing a detectable Cherenkov signal. Since NC in-
teractions are flavor-independent, the interaction rate depends on the total

neutrino flux:

NC rate «x ¢(ve) + ¢(v,) + ¢(v-) (1.11)

Neutrinos also scatter off electrons through ES. For electron neutrinos, both
CC and NC processes contribute, while for muon and tau neutrinos only NC
interactions are important. Therefore, the ES process is sensitive to all flavors,

but with enhanced sensitivity to v,:

ES rate o< ¢(ve) + 0.1559 [ (v,) + &(v7)] . (1.12)

Here, the factor 0.1559 represents the ratio between the elastic scattering cross
sections of v, ; and v,. The resulting fluxes measured by the SNO experiment

for each interaction type are:

poc = 17679398 (stat.)To0e (syst.) x 10% cm =257
dus = 2.39702% (stat.) "0 12 (syst.) x 105 cm 257!

dne = 5.097044 (stat.) 7055 (syst.) x 10% em™2s71

Using Equation 1.10, Equation 1.11 and Equation 1.12 the contributions for

19



each flavor content is calculated:

P(ve) = 17650702 (stat.)F0:00 (syst.)

H(vur) = 3417533 (stat.) T3 (syst.).

The combined measurements are inconsistent with the hypothesis that the
8B flux is composed entirely of v,, but are consistent with a composition of
approximately 1/3 v, and 2/3 v, and/or v,. Figure 1.9 shows the constraints
on the v, flux versus the combined v, and v, fluxes, determined from the

measured CC, ES, and NC interaction rates.

Based on the SNO results, it is understood that the deficit of solar neutrinos
is due to v, adiabatic flavor conversion in matter with varying density (MSW
effect [40][41][42]) in the Sun. As it will be explained in section 1.7, the three
active neutrino flavors are a mixture of the mass eigenstates vy, v5, and v3, and
inversely, the mass eigenstates are a mixture of the three flavor ones (3-flavor
paradigm). Since solar neutrinos are produced in the Sun’s core, where the
density of electrons is very high (matter effect is strong), the v, produced in
weak interactions effectively corresponds to the matter eigenstate v5*. As the
neutrino propagates outward through the Sun, the electron density decreases
slowly, and the neutrino remains in the same matter eigenstate. This adiabatic
evolution causes 14" to gradually become the vacuum mass eigenstate v5. The
mass state v, is a mixture of almost equal amounts of v., v,, and v,, providing
roughly equal detection probability for each neutrino flavor when measured on

Earth.
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Figure 1.9: Flux of ®B solar neutrinos of p or 7 flavor versus the flux of
electron neutrinos, as determined from the three neutrino interaction channels
measured by SNO. The diagonal bands represent the total B flux predicted by
the BP2000 SSM [10] (dashed lines) and the flux measured via the NC channel
in SNO (solid band). The intersections of these bands with the axes correspond
to the +10 uncertainties. The overlap of the bands at the best-fit values for
¢ and ¢, indicates consistency with neutrino flavor transformation.[11].

This explains why experiments like Homestake and SK (which are sensitive
primarily to CC or ES processes respectively) measured a deficit in the so-
lar neutrino flux. The breakthrough came with SNO, which was capable of
detecting solar neutrinos through CC interactions (sensitive only to v,), NC
interactions (equally sensitive to all active flavors), and ES. SNO observed that
while the CC event rate was suppressed by about two-thirds, the NC event
rate matched the total flux predicted by SSMs.
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One may be tempted to say that this observed effect is due to neutrino os-
cillations, but this is not the case, since a 15 exiting the Sun does not have
the ability to interfere (you need at least two mass states to produce inter-
ference), and therefore no oscillations occur. What SNO discovered was the
adiabatic flavor transformation of solar neutrinos, which explains the measure-
ments stated before, solving the solar neutrino problem. A detailed description

of the process is found in [43].

1.5 Atmospheric Neutrinos

Another plentiful source of neutrinos is our atmosphere. High-energy heavy
nuclei, such as protons or helium nuclei coming from outer space, collide with
the upper atmosphere, creating particle showers that travel and interact all the
way to the Earth’s surface. The final particle products, such as pions, decay
into muons and neutrinos. In the same manner, muons decay into electrons,
muon neutrinos, and electron antineutrinos. The schematic illustration of a
cosmic ray interaction and neutrino production can be seen in Figure 1.10. As
a result of this decay chain, we expect roughly twice as many muon neutrinos

as electron neutrinos.

£~ (1.13)

We can calculate the ratio of the number of v, over the number of v, comparing
theoretical predictions and experimental measurements, using the following

expression:
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Figure 1.10: Schematic illustration of atmospheric neutrino production. A
cosmic ray interacts with nuclei in the upper atmosphere, producing charged
pions (7). These pions decay into muons (x) and muon neutrinos (v,). The
muons subsequently decay into electrons (e), electron neutrinos (v,), and ad-
ditional muon neutrinos (v,). The resulting neutrinos can travel to detectors
on the Earth. Image taken from [12].

exp
RexP L2
— pe Ve

R= Rtheo - theo *
pe Yu
(V&)

(1.14)

Here R is the ratio-of-ratios. Experiments such as SK, Soudan-2, and IMB
measured the neutrino fluxes of v, and v, as a function of the zenith angle 0.,
which ranges from 0 (downward-going neutrinos, arriving from directly from
the atmosphere) to 7 (upward-going neutrinos, having traversed the Earth
before reaching the detector). In the absence of oscillations, the ratio-of-ratios

would be expected to be equal to 1 and remain constant across all zenith
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angles. Any deviation from this behavior indicates an anomaly between the

data and the no-oscillation prediction.

In atmospheric neutrino experiments, the fluxes of different neutrino flavors
are inferred by detecting the charged leptons produced in neutrino—nucleon

interactions:

v+ N — 0+ X, v+ N—= 1"+ X, (0=e, p,T). (1.15)

The IMB (Irvine-Michigan—Brookhaven) detector was a 24m x 18 m x 19m
water tank filled with approximately 8000 tons of water, with a fiducial mass of
3300 tons. It was located 610 m underground in the Morton Thiokol salt mine
near Cleveland, Ohio (USA), under an overburden of 1570 mwe, and operated

from 1982 to 1991.

The IMB experiment observed an anomaly in low-energy events (below 1.5 GeV),
while no anomaly was found in upward-going muon events with energy above

0.95GeV. The anomaly reported by IBM by the ratio-of-ratios was [44]:

R =0.54+0.05+0.11. (1.16)

Later, the SK experiment presented their measurements in 1998 for sub-GeV
and multi-GeV indicated a deficit on data for upward-going neutrino fluxes

[13]:
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R =0.63+0.03 (stat.) £ 0.05 (sys.) sub-GeV

R =0.65+ 0.05 (stat.) & 0.08 (sys.) multi-GeV
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Figure 1.11: Zenith angle distributions of u-like and e-like events from sub-GeV
and multi-GeV data samples. Upward-going particles correspond to cos © < 0,
while downward-going particles have cos © > 0. Sub-GeV data are divided into
two momentum ranges: p < 400 MeV /c and p > 400 MeV /c. For multi-GeV
e-like events, distributions are shown for p < 2.5 GeV/c and p > 2.5 GeV/ec.
Multi-GeV p-like. The hatched regions represent the Monte Carlo expectation
assuming no oscillations, normalized to the detector live-time and including
statistical uncertainties. The bold curve indicates the best-fit prediction as-
suming v,, <+ v, oscillations, with the total flux normalization treated as a free
parameter [13].

SK observed fewer upward-going muon neutrinos, which came from zenith an-
gles that required the neutrinos to travel through the Earth, than downward-
going neutrinos produced in the atmosphere approximately 20 kilometers above
the detector. The depletion of muon neutrino events was attributed to v, os-

cillating into v,. For this transformation to occur, neutrinos must have mass.

25



This observations provided the solution to the atmospheric neutrino problem.

The SOUDAN-2 experiment, provided an independent measurement, confirm-
ing the results observed by SK. SOUDAN-2 was located 710 m underground
in the Soudan Mine State Park in Minnesota (USA), with an overburden of
2070 mwe. Its main detector was an iron tracking calorimeter functioning as
a time projection chamber. The detector had a total mass of 963 tons and a
fiducial mass of 770 tons, and was surrounded by an active shield of aluminum

proportional tubes. The experiment collected data from 1989 to 2001.

SOUDAN-2 measured the ratio-of-ratios for sub-GeV events as [14];

R =0.69=£0.10 £ 0.06, (1.17)

indicating a disappearance of muon neutrinos for energies below about 1 GeV.
The zenith-angle distribution of upward-going muons also showed a deficit

consistent with muon neutrino disappearance as show in Figure 1.12.

So far, we have discussed the different experiments that were able to explain
the anomalies observed in the solar and atmospheric neutrino problems. The
two effects can be explained either by adiabatic neutrino flavor conversion in
matter, in the case of solar neutrinos, or by neutrino oscillations, in the case of
atmospheric neutrinos. The next section will provide an overview of neutrino
interactions relevant to oscillation experiments such as NOvA, discuss the
theory of neutrino oscillations, and address the effects that led to adiabatic

neutrino flavor conversion in matter.
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Figure 1.12: Angular distributions for e-flavor events (plots (a) and (c)) and p-
flavor events (plots (b) and (d)). Plots (a) and (b) show the cosine of the zenith
angle, and plots (c¢) and (d) the azimuth angle. The points with error bars are
the data. The dashed histograms are the sum of the predicted unoscillated
neutrino distribution plus the fitted rock background contribution (neutrons
and gamma rays produced by muon interactions on the surrounding rock).
The solid histograms are the same but with the neutrino distribution weighted
by the oscillation probability. The dotted histograms are the contribution of
the rock background. Downward-going events have cosf, = +1.0. Note the
depletion of p-flavor events at all but the highest value of cos6, [14].

27



1.6 Neutrino Interactions

Besides exceedingly small gravitational effects, neutrinos interact exclusively
through the weak interaction, mediated by exchange of the charged W= bosons
for CC interactions or the neutral Z° boson for NC interactions. Depending on
energy and the internal structure of the target, interactions are typically clas-
sified as elastic scattering, quasi-elastic scattering, meson exchange currents

(MEC), resonant production, and deep inelastic scattering (DIS).

1.6.1 Elastic Scattering

In ordinary matter, neutrinos interact via elastic scattering with electrons and
nucleons. These processes are mediated by the weak interaction and proceed
either through exchange of a neutral Z° boson (NC) or a charged W boson
(CC), depending on the neutrino flavor.

NC elastic scattering processes include Equations 1.18 — 1.21, for all £ =

€ W, T.

ve+e —uyte, (1.18)
te = ippte, (1.19)
vw+N—-vy+N, N=pn, (1.20)
v+ N —>v,+N, N=pn. (1.21)
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These interactions preserve the identities of the incoming particles and do not
produce new final-state leptons. Since the final state is the same as the initial
one, elastic scattering has no energy threshold. It results in a redistribution

of energy and momentum between the neutrino and the target.

Elastic scattering on electrons provides a clean experimental signature due to
the relatively large recoil of the electron, while scattering on nucleons is more
difficult to detect because of the nucleon’s larger mass. The corresponding

Feynman diagrams for these NC processes are shown in Figure 1.13.

For v, and 7., the elastic scattering with electrons receives an additional con-
tribution from the CC processes, as shown in Equations 1.22 — 1.23 and the

diagrams in Figure 1.14:

Vete —ve+e (1.22)

UVet+e —Ue+e (1.23)

These processes have the same external particles as the NC channels, but
involve the CC mediators (W). The total amplitude for v, and 7, elastic scat-
tering on electrons receives contributions from both NC and CC diagrams,
leading to interference. As a result, the cross sections for v, and 7, are en-

hanced relative to other flavors in matter.
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Figure 1.13: NC elastic scattering diagrams for neutrinos and antineutrinos
with electrons and nucleons.
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Figure 1.14: CC elastic scattering diagrams for neutrinos and antineutrinos
with electrons.

1.6.2 Quasi-Elastic (QE) Interactions

Quasi-elastic (QE) interactions occur when neutrinos interact with individual

nucleons within a nucleus, resulting in a charged lepton and a recoiling nucleon
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in the final state. These processes are governed by the weak interactions
mediated by the W* and Z° bosons. Unlike elastic scattering, the identity
of the incoming neutrino changes due to the lepton emission, and energy is

transferred to break the nucleon binding.

The typical CC QE reactions are given in Equations 1.24-1.25:

ve+n—0 +p, (1.24)

v+p—It+n, (1.25)

where ¢ = e, u, 7. These interactions form the primary detection mechanism
in many low-energy neutrino experiments, such as reactor-based or accelerator-

based detectors.

The corresponding Feynman diagrams for CC QE processes are shown in Fig-
ure 1.15. The flavor of the produced charged lepton matches that of the

incoming neutrino, ensuring lepton flavor conservation.

Vg A Vi 0~

W+ W=

vp+p—LT+n vi+n—4£4"+p

Figure 1.15: Feynman diagrams of CCQE interactions for neutrinos and an-
tineutrinos.
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1.6.3 Resonant (RES) Interactions

In resonant interactions, a neutrino excites a nucleon into a baryon resonance,
typically a A, which decays into a nucleon and a pion. Resonant single pion

production occur in CC interactions via the following channels:

I/g+p£>€*+p+7r+, (1.26)
Vg+n£>€’+p+7ro, (1.27)
Vg+nA—+>€_+n+7r+. (1.28)

The corresponding Feynman diagram for Equation 1.26 is shown in Figure 1.16.

Vu 0
|
W at
|
A—H—
p
p

Figure 1.16: CC resonant pion production: v,+p — p~ +ATt =y~ +p+nt.

1.6.4 Deep Inelastic Scattering

In deep inelastic scattering (DIS) interactions, the neutrino has sufficient en-

ergy to interact with individual quarks in a nucleon, as shown in Figure 1.17.
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The interaction breaks apart the nucleon, producing many hadrons in the final
state (X). At high neutrino energies, DIS becomes the dominant interaction

mode.

Vi I~
\\/w/
\\ !
N q
q
X
N

Figure 1.17: Diagram of a CC Deep Inelastic Scattering interaction.

1.6.5 Meson Exchange Current (MEC)

When a neutrino interacts with two nucleons, it can knock both out of the
nucleus, leaving behind two holes. These types of events are called two-
particle-two-hole (2p2h). In addition, the two ejected nucleons interact in
a correlated way by exchanging a meson (typically a 7), which is why the
name Meson Exchange Current (MEC) is used. This interaction plays an es-
sential role in the region between QE and RES, but it is still poorly understood

and modeled.
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1.6.6 Coherent Pion Production

A neutrino can interact with an entire nucleus in a coherent way, leaving the
nucleus intact and producing a pion in the final state as shown in Figure 1.18.
These interactions have a very forward-going pion and small four-momentum

transfer to the nucleus.

Vi I~

—

N N

Figure 1.18: Diagram of coherent pion production: vy + N — (= + N + 7.

Up to this point, the most common types of neutrino interactions in exper-
iments such as NOvA have been discussed. The next section will cover the

theory of neutrino oscillations

1.7 Neutrino Oscillations

Neutrino oscillations is a quantum mechanical phenomena proposed by Pon-
tecorvo In 1957 [45][46]. He was inspired by the known kaon oscillation process

K° — K9 and speculated that a similar transition, such as v, — 7., could
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also occur. At that time, only the existence of the electron neutrino had been
confirmed. After the discovery of the muon neutrino, Maki, Nakagawa, and
Sakata extended the idea by suggesting that neutrinos could oscillate between

different flavors [47].

For neutrino oscillations to take place, neutrinos must have finite mass, and
the flavor eigenstates v,, v, v, must differ from the mass eigenstates v, v, v3.

These two sets of states are related by a unitary mixing matrix U.

Let us consider the simplest approach using plane waves. In this framework,

the flavor basis can be expressed as:

va(t)) = ZUL |vi(t)) (1.29)

The massive neutrino states |v;) are eigenstates of the Hamiltonian,
H|VZ> = E’ ‘VZ> )

with energy eigenvalues

By =/p* +m7.

The energy eigenstates evolve as (using units where i = ¢ = 1):

() = e B

v;(0)) (1.30)

and the transition probability to the flavor state 5 can be expressed as:
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2

Amij
P(ve — vp) Z UaiUUs;Ugje " 728 - (1.31)

with Am7; = m;—m3, and assuming the ultra-relativistic approximation where

L ~t.

The phase of neutrino oscillations depends on the source—detector distance L
and the neutrino energy F, and is given by
AmZ;L
(I)ij _ .
2F

This phase is governed by the mass-squared differences Am?., which are physi-

'Lj Y
cal constants. The amplitude of the oscillations is determined by the elements

of the mixing matrix U, which are also fundamental constants of nature.

Neutrino oscillation experiments provide precise information on the squared-
mass differences Amw, but not on the absolute masses of neutrinos. However,
the observation of oscillations confirms that at least two neutrinos have non-

zero masses, and that their squared masses differ by more than |Am?j .

1.7.1 Two-Flavor Neutrino Oscillations

In the two-flavor scenario (v, v,), the U matrix is parametrized using a single

mixing angle 6:
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cosf sind
U= (1.32)
—sinf cosf

The probability for an electron neutrino to transform into a muon neutrino is

given by:

Am2, L
P(v, — v,) = sin®(20) sin L o (1.33)
4F
The survival probability is:
P(ve —»v.)=1—Pv. > v,) (1.34)

With physical units, the appearance probability becomes:

(1.35)

2
P(v, — v,) = sin®(20) sin <1.27 Amy L Gev)

eVZ: km E
Therefore, the transition probability between these two types of neutrinos can

be described using two oscillation parameters: sin®(26) and Am?2,.

1.7.2 Three-Flavor Neutrino Oscillations

For the three active neutrinos v, v, and v, the unitary mixing matrix known

as the PMNS (Pontecorvo-Maki-Sakata—Nakagawa) matrix U contains three
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mixing angles and one CP-violating phase: 65, 93, 613, and §. This matrix

takes the form:

0

C12C13 $12C13 S13€
_ 0 0
U= —512C23 — C12513523€ C12C23 — 512513523€ C13523 (1'36)
" "
512823 — C12513C23€" —C12523 — $12513C23€" C13C23

where ¢;; = cosf;; and s;; = sin6,;. Atmospheric neutrino oscillations are pri-
marily governed by a3 and AmZ,, whereas solar neutrino oscillations depend
on 615 and Am?,. CP violation in the lepton sector would occur if § is neither

0 nor .

The primary goal of the NOvVA experiment is to measure v, appearance. In

this case, the transition probability in vacuum is written as:

P<Vu — Ve) = Patm + Psol + Pint (137)

Here, P,y is governed by the atmospheric oscillation parameters:

Paim = sin? g sin? 2613 sin? Ay, (1.38)

and, for simplicity,

Amg‘L) (1.39)

A= 1.27( "
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Py, is governed by the solar oscillation parameters:

P, = 08?615 cos? Oy sin? 26015 sin® Ay (1.40)

The interference term P, includes both solar and atmospheric contributions as

well as CP-violating effects. For neutrino (—) and antineutrino (+) channels:

Py = J [cos 6 cos Agy sin Az sin Agy F sin § sin Agg sin Agy | (1.41)

where J is the Jarlskog invariant:

J = cos 13 sin B sin 03 sin Go3 (1.42)

CP violation in neutrinos is important because it could explain why the uni-
verse has more matter than antimatter. The Big Bang should have produced
both in equal amounts, but today we only see matter with the ratio of baryonic
matter to radiation being 2 ~ 6 x 1071, One way to create this imbalance
is through CP violation. If neutrinos and antineutrinos oscillate differently, it

would be evidence of CP violation in the lepton sector.

NOvVA is designed to test this. It measures how often muon neutrinos turn
into electron neutrinos, and how often muon antineutrinos turn into electron

antineutrinos. If there’s a difference, it means CP is violated.

In addition, NOVA is also sensitive to Am32, and 3. These oscillation param-
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eters, including dcp are currently a focus of major study to determine their
precise value. As we will discuss in section 1.9, the sign of Am3, parameter is
still unknown. The sign determines if m3 > m32 > m? (positive sign for Am3,)
or m3 > m3 > m? (negative sign for Am2, ), known as Normal Ordering (NO)
and Inverted Ordering (IO). A graphical representation of the mass ordering,

sometimes also referred to as mass hierarchy, can be seen in Figure 1.19.

AmZ, is sensitive to matter effects (see discussion in section 1.8). In atmo-
spheric neutrino experiments and Long-Baseline experiments, such as NOvA,
neutrinos travel through the earth experiencing matter effects that alter the

oscillation probability and provide a handle to measure the sign of Am3,.

Normal Inverted
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©
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v I ;I
//
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Ve Vyu Vi

Figure 1.19: Possible neutrino mass hierarchies. Left, Normal Hierarchy and
right, Inverted Hierarchy. The size each of color square represents the inter-
action probability for different flavor states (ve, v, and v;).

The determination of the mass hierarchy can shed light on different unsolved
questions. For example, determine if neutrinos are Dirac or Majorana (neu-
trinos are the same as antineutrinos). This is currently explored by neutrino

double beta decay experiments. In these experiments the rate is proportional
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to the effective Majorana mass, mgg (mgs = |Uer[*my + |Uea|*ma + |Ues|*ms3).
For the IH, the lower bound for mgg is mgs > 14 meV and for NH mgg = 0
meV is possible. Here, the IH favors the hypothesis of Majorana neutrinos. In
addition, it can also disentangle the degeneracy for the measurements of dcp
and provide more information about the bounds of the total neutrino mass

> m; from Cosmological measurements.

For the mixing angle #,3, the octant has not been determined yet. 93 controls
the mixing between muon and tau neutrinos and determines the strength of
v, <+ v, oscillations. It is currently the less precisely known of the three

mixing angles

The three possible values of 93 are:

e Maximal (A3 = 45°), suggesting symmetry between muon and tau fla-

vors: v, and v, components are equal in v3

e In the lower octant (fa3 < 45°), suggesting more tau-like component for

V3

e Or in the upper octant (fa3 > 45°), suggesting more muon-like compo-

nent for vs.

The values of Am3,, 615 and 6,3 have been determined precisely by solar and
reactor neutrino experiments. The Am3, sign is known to be positive, this

implies my > mq, and the 615 and 63 are ~ 33.4° and = 8.57° respectively.
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1.8 Neutrino Oscillations in Matter

While oscillations in vacuum come from differences in mass and mixing an-
gles, the picture changes when neutrinos propagate through matter. In dense
environments, such as the Sun, a supernova, or even the Earth, electron neu-
trinos undergo coherent forward scattering with electrons via CC interactions,
while muon and tau neutrinos do not (matter does not contain muons or taus).
This asymmetry introduces an additional effective potential for electron neu-
trinos, modifying their propagation. The resulting phenomenon is known as

the Mikheyev—Smirnov—Wolfenstein (MSW) effect [40][41][42].

The additional potential experienced by electron neutrinos is given by

Vee = £V2GEN,, (1.43)

where G is the Fermi constant, NV, is the local electron number density, and
the positive sign is for neutrinos and negative sign for antineutrinos. This po-
tential alters the effective Hamiltonian describing neutrino evolution in matter.

For a two-flavor system (v, v, ), the Hamiltonian in the flavor basis becomes

1 [—=Am?cos20+ A Am? sin 26

Hm = 3~ 5
2E Am? sin 20 Am?cos20 — A

(1.44)

with A = 2¢/2G rN E. This leads to modified oscillation parameters in matter,
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including a new effective mixing angle 6,,, given by

sin 20
\/(cos 20 — Aimz)Q + sin? 26

sin 26,, =

(1.45)

Note here that the mixing angle in matter can become maximal (6,, = 7/4)

even when the vacuum angle 6 is small. This occurs at the resonance condition

Am? cos 20 = 2v/2Gp N, E. (1.46)

This resonant enhancement was essential to resolve the solar neutrino prob-
lem, as discussed in section 1.4. The flavor evolution caused by the MSW
effect leads to a suppressed probability of detecting solar electron neutrinos
at Earth, consistent with observations from experiments such as SNO and

Super-Kamiokande

As mentioned previously, neutrinos experience matter effects when they tra-
verse the earth. In the case of the NOvA experiment, the source of neutrinos
produced at Fermilab (v,s) can transition from v, to v.. The first-order tran-

sition probability for v, — 1., including matter effects is:

sin? [(1 — A)A]
P, 4574555 (1= A

sin(AA) sin [A(1 — A)]
A(l - A)

cos(A +6cp), (1.47)

+ 8€12512C23523513¢¢
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where

_ Am3, L A 2EV _Am3,

A= (1.48)

Figure 1.20 illustrates the impact of matter effects on v, — v, oscillations
at NOvA-relevant baseline (L) and energies (E). These effects are inverse be-
tween neutrinos and antineutrinos, and between the normal and inverted mass
hierarchies, which are distinguished by the sign of Am3,: positive for normal,

negative for inverted.

T T T
8+ sin’20,,=0.085  — 8
1Am2,1=2.44x10%eV?

sin“26, =0.085 -
1AM, |=2.44x 10 *eV*

sin’6,,=0.5 1 o 8in‘0,,=0.5

B 6} & 6
[N 3
>
T 4 T -
3 o a L
> | ‘I>
% 1 2 3 4 5 % 4 2 3 4 5
Neutrino energy (GeV) Neutrino energy (GeV)

Figure 1.20: Oscillation probabilities v, (7,) — v, (7,) for a fixed baseline (L=
810 Km). The black curves represent the transition probability in the vacuum,
while the blue curves and red curves represent the oscillation probability in
matter for NH (blue) and IH (red) mass hierarchies. The shaded regions shows
different variations of dcp. Left, neutrinos. Right, antineutrinos. An inverse
effect for the mass hierarchy is observed for neutrinos and antineutrinos. The
figure is taken from [15].

1.9 Current Status of the Neutrino Oscillation

Parameters

Neutrino oscillation experiments have established that neutrinos have mass

and that the flavor eigenstates (v.,v,,v;) are superpositions of three mass
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eigenstates (v, s,v3). The oscillation probabilities depend on three mixing

angles, two independent mass-squared differences, and one CP-violating phase.

While there are three possible mass-squared differences,

2 _ 2 2 2 _ 2 2 2 _ 2 2
Amy =my —my, Amg =ms—my, Amzy =ms—my, (1.49)

only two are independent because they are related by:

Am3, = Am3, + Am3,. (1.50)

Thus, the full three-flavor oscillation framework is described by:

e Two mass-squared differences: Am3, (solar), Am2, (atmospheric)
e Three mixing angles: 69, 013, 023,

e One CP-violating phase: dcp.

Experiments studying neutrinos produced in the Sun are sensitive to 615 and
Ams3,. For example, the latest SK results [48] find:
Am2, = (6.10709%) x 107° eV? and sin? 1, = 0.306 & 0.013 (615 ~ 33.6°).

Antineutrinos (7.s) produced un reactor experiments have an extraordinary
sensitivity to the 63 mixing angle due to their short baselines (in the order
of 1 km) and small neutrino energy production (MeV). The Daya Bay reactor
experiment recently released its results [49] imposing a tight constraint on 6;3.

The value reported for Daya Bay is sin?(26;3) = 0.0851 4= 0.0024 (03 ~ 8.5°).
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As mentioned in subsection 1.7.2; fa3, Am3, and dcp are the least understood
paramters. Atmospheric and Long-Baseline Oscillation experiments such as
NOvVA and T2K are leading the efforts to measure these parameters. NOvA
latest results [50] (more details in subsection 4.1.5) provide the measurements
of Am2, = 24241008 x1073 eV?, while sin 3 = 0.557008 (a3 ~ 47.7°)
and dcp/m = 0.88. The measurements slightly favor NH and Upper Octant,

and have no preference for CP violation.

On the other hand, the latests results of T2K [51], find
Am2, = 2467555 x 1073 eV?, while sin? fy3 = 0.537 0055 and dcp /7 = —0.55.
The measurements slightly favor NH and Upper Octant, and have a slight

preference for CP violation.

The tension on the value of dcp between NOvA and T2K has been of great
interest for the scientific community. A joint effort was conducted between
the two collaborations to perform a joint analysis of the two experiments. The
results of this effort yielded a strong constraint of

Am2, = 2.47740.035x 107 eV? and a mild preference for the Inverted Order-
ing (depending of the constraints applied on 6;3) and it favors dcp violation,
more in [50].

As we have shown, extraordinary efforts have been made to measure the os-
cillation parameters using different experiments involving different collabora-
tions around the world. The future generation of neutrino experiments such
as DUNE and Hyper-Kamiokande will shed light on the answers to the most
important questions about neutrinos. That includes the precise measurement

of dcp, the determination of the A3 octant, and the neutrino mass ordering.
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1.10 Anomalies in the Three-Flavor Picture

Short-baseline neutrino oscillation experiments have observed an anomalous
excess of v, (7,) events in v, (7,) beams at low energies. This behavior is
inconsistent with standard oscillations between the three active neutrino fla-
vors. These signals are often referred to as “anomalies” because they imply

the existence of a new Am? value beyond the three-flavor mixing framework.

The Liquid Scintillator Neutrino Detector (LSND) experiment, conducted at
the Los Alamos Neutron Science Center from 1993 to 1998, was one of the first
to report such an anomaly. In this experiment, an intense 798 MeV proton
beam was directed onto a target, producing pions. Most of the neutrinos
originated from pion and muon decays at rest. LSND was specifically designed
to study v, — 7, transitions. The 7, events were detected through inverse beta
decay:

Uo+p—n+et

The LSND data covered the energy range from 20 to 60 MeV with a 30-
meter baseline and showed a 3.80 excess of r.-like events [16]. This result
was consistent with Am? > 1eV?, suggesting a new mass-squared splitting
that would require the existence of at least one light sterile neutrino (see

section 1.11). The anomalous result can be seen in Figure 1.21.

This anomaly was further investigated by the MiniBooNE experiment at Fer-
milab, which began in 2002. In MiniBooNE, neutrinos are produced by 8 GeV
protons from the Fermilab Booster striking a beryllium target, creating pions,

which decay in flight. These pions are focused using magnetic horns whose
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Figure 1.21: Distribution of the LSND anomalous events as a function of
L/E, shown for the subset of selected events in the energy range of 20 <
E. < 60MeV. The blue shaded region represents the best-fit two-neutrino
oscillation hypothesis with parameters sin?26 = 0.003 and Am? = 1.2¢eV?
[16].

polarity can be inverted to select charge. The detector is located 541 meters
downstream from the target and consists of a tank filled with 818 tons of pure
mineral oil, equipped with 1,520 photomultiplier tubes to detect Cherenkov
light.

MiniBooNE covers an energy range from 200 MeV to 3 GeV. Initially, no excess
over background was observed, resulting in a 98% exclusion of the LSND-like
excess at similar L/E. However, an excess of electron-like events was observed
below the 475 MeV analysis threshold. Most of this low-energy region lies
outside the L/E range explored by LSND, suggesting that the MiniBooNE
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low-energy excess may have a different origin.

According to MiniBooNE’s 2018 results [17], this low-energy excess is best
described by an effective Am? = 0.041 eV?, which differs significantly from the
LSND anomaly.The energy spectrum including the anomalous event excess for

MiniBooNE can be seen in Figure 1.22.
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Figure 1.22: Reconstructed EQE distributions from MiniBooNE neutrino-
mode data. Shown are v, CCQE candidate events (points with statistical
uncertainties) and estimated background (histogram with systematic uncer-
tainties). The dashed curve represents the best-fit result assuming a two-
neutrino oscillation model [17].
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1.11 Light Sterile Neutrinos

Light sterile neutrinos are hypothetical neutral leptons that mix with the or-
dinary active neutrinos but do not participate in standard weak interactions.
Since they are invisible to current detectors, their existence can only be in-
ferred through the effects of their mixing. A sterile neutrino with a mass
around 1 eV can modify neutrino oscillation probabilities, introducing an ad-
ditional mass eigenstate and a new mass-squared splitting. Searching for such
effects is important for our understanding of Nature, as sterile neutrinos could

open the door to physics beyond the Standard Model.

1.11.1 The 4th Flavor v,: 3+1 Sterile Neutrino
Oscillations Model

One can extend the active neutrino flavor basis from 3 to 3+1. This model
includes a light sterile neutrino, and the unitary matrix U becomes a 4 x 4
matrix. The U matrix can be parametrized in terms of six mixing angles and

three Dirac CP-violating phases.

It is convenient to express U as the product of the following rotation matrices:

U= 034‘/24‘/14023‘/13012 (151>

Here, O;; denotes a real rotation involving the angle 0;;, and V;; represents a

K

rotation with a complex phase:
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10 O 0 1 0 0 0
01 0 0 0 Cou 0 324e—i524
O34 = , Vou = (1.52)
0 0 C34 S34 0 0 1 0
0 0 — S34 C34 0 — 824€i624 0 Coq

Under the approximation Ay < Agy, Ay, the transition probability for v, —

Vs in vacuum can be written as:

P(v, — vs) = 4Uu|?|Uss|? sin® Ayy + 4|U,3]%|Uss|? sin® Agy
+ 8 RG[UZ4US4UM3U*3] COS A43 sin A41 sin Agl (153>

S

+ 8 Im[U;4US4UM3U*3] sin A43 sin A41 sin Agl

S

where the terms are defined as:

1 . . .
Im[U;,UaU,3UZG] = 1033034334 sin(260s3) sin(2634) sin(day)

RG[U;4U54U;L3U:3] = — C13C24C34523524 (34523524 + C23534 COS(024)]
Ual® = 34634 (1.54)
’Uu4’2 = C33534CT5 + CaShsCauCis

1
+ 58240%3 Sil’l(2923) Sin<2¢934) sin((524)

Here, 614, 024, and 634 are the new mixing angles with the fourth state, and
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014, 024 are two new CP-violating phases.

While the three-flavor neutrino model explains most experimental observa-
tions, some results remain unexplained. The excesses reported by short-
baseline experiments such as LSND and MiniBooNE suggest the possible ex-

istence of a light sterile neutrino, which is not part of the Standard Model.

Whether these anomalies point to new physics or unresolved experimental is-
sues is still unknown. This highlights the need for precise measurements to
test the limits of the three-flavor framework and to search for possible devia-
tions. The NOvA experiment was built to study the three-flavor framework

in detail and to look for signs of physics beyond it.
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Chapter 2

NOvVA Neutrino Experiment

NOvA (NuMI Off-Axis v, Appearance) is a long-baseline neutrino oscillation
experiment designed to study the properties of neutrinos, the most elusive and
abundant particle in the universe. In this experiment, neutrinos produced at
Fermilab travel 810 km through the earth from Fermilab, home of the 310
kton Underground Near Detector, to the Far Detector (FD) in Ash River,

Minnesota.

Over the years, NOvA has made significant progress in measuring neutrino
oscillation parameters, searching for evidence of CP violation in the lepton
sector, determining the neutrino mass hierarchy, and searching for sterile neu-
trinos. NOvA also contributes to the study of neutrino cross sections, detection

of exotic cosmic phenomena, and other areas of particle physics.

The following sections of this chapter will explain how the NOvA experiment

works, beginning with the creation of the Neutrinos at the Main Injector
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(NuMI) beam at the Fermilab Accelerator Complex, in addition, they will
cover the NOVA detector layout and construction, as well as the key compo-

nents of the NOvA Data Acquisition (DAQ) system.

2.0.1 Fermilab Accelerator Complex

Neutrino production begins in the Fermilab Accelerator Complex with the
Linac (Linear Accelerator) [52], which accelerates H™ ions using the RFQ In-
jection Line (RIL) to 400 MeV. These ions are then transferred to the Booster,
a circular accelerator that removes the electrons, converting the ions into pro-
tons and increasing their energy to 8 GeV [52]. The protons are grouped into

1.6 us long batches with a 53 MHz bunch spacing.

Next, the proton beam is directed to the Recycler Ring, a 2-mile-circumference
storage ring optimized to increase beam intensity. Since the Recycler is seven
times larger than the Booster, it can store up to six Booster batches. Us-
ing the slip-stacking technique, an additional six batches are merged, further

enhancing beam intensity [52].

Finally, the accumulated proton batches are extracted and accelerated to 120
GeV in the Main Injector, the proton beam is extracted to different Fermilab
experiments and facilities including the Test Beam facility, and high energy
neutrino experiments where the NuMI beam facility is located. Figure 2.1
shows the conceptual illustration of the Fermilab Accelerator complex and its

main components.
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Figure 2.1: conceptual illustration of the Fermilab Accelerator Complex, it is
composed of four interconnected particle accelerators and storage rings: the
Linac, Booster, Recycler, and Main Injector. The complex provides high-
intensity proton beams to several experiments and research programs [18].

2.0.2 NuMI Beamline

The NuMI facility impinges 120 GeV protons from the Main Injector on a
graphite target, creating an enormous quantity of hadrons, primarily charged
pions that are focused and charge-selected using magnetic horns. The focused

hadrons eventually decay into neutrinos and muons in a 615 m decay pipe

filled with helium.
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The resulting muons are monitored and absorbed by the surrounding rock,
while neutrinos continue traveling 1 km downstream and 14.6 mrad off-axis
from the beam toward the NOvA Near Detector (Figure 2.2). Ultimately, the
oscillated and non-oscilalted neutrinos are detected 809 km further away in

the Far Detector in Minnesota.

Over the years, the NuMI facility and the Fermilab Accelerator Complex have
undergone improvements that have significantly increased the beam power
from 400 kW during initial operations to up to 900 kW. In June of 2024, the
highest power beam recoded was 1 MW, making it one of the most powerful

neutrino sources in the world.

Absorber Muon Monitors

Graphite

Target \| Target Hall Decay Pipe

—_—

120 GeV
Proton Beam
From 20m
Main Injector 675m

Hadron Monitor 2m  18m  210m

Figure 2.2: Diagram of the NuMI beam showing the target, magnetic horns,
decay pipe, and absorbers [19].

2.1 The Off-Axis Concept

The NOvA detectors are strategically positioned 14.6 mrad Off-Axis from the
beam. The off-axis placement results in a narrow neutrino energy flux that
peaks around 2 GeV, as shown in Figure 2.3a. At this energy, the neutrino

oscillation probability is near its maximum at the 810 km distance where the
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NOvA Far Detector is located.

The relationship between neutrino energy and the off-axis angle arises because
the neutrino energy spectrum depends explicitly on the angle between the
pions and kaons created in the NuMI beam and the neutrinos in which they

decay, this relationship can be expressed as Equation 2.1.

m2
<1 — " ) Er i
K

LB

v = 1+ 262

(2.1)

Here, the energy of the neutrino is given by E,, 6 is the angle between pions
or kaons and the neutrino v = E; /My i, M, is the mass of the pion and mg
the mass of the Kaon. The neutrino energy as a function of the pion energy

for several choices of 6 is shown in Figure 2.3b.

The optimization of the energy-angle relationship provides a narrow beam at
1.6 GeV, which is close to the oscillation maximum at 810 km, and removes
NC feed-down from higher energies of an on-axis setting. This configuration
is paramount for the NOvA physics goals involving the determination and un-

derstanding of the neutrino oscillation parameters.
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Figure 2.3: Neutrino flux versus neutrino energy in the FD (Left); Neutrino
energy versus pion energy (Right).

2.2 NOvVA Detectors

The NOvA detectors are identical tracking calorimeters composed of PVC
extrusions (NOvA cells), arranged in alternating vertical and horizontal planes.
Each cell contains liquid scintillator and a wavelength-shifting fiber, which
connects to an Avalanche Photodiode (APD). This design allows NOvVA to

reconstruct neutrino interactions in three dimensions within the detector.

The experiment includes three detectors: the ND, FD, and Test Beam Detector
as shown in Figure 2.4. The ND is located 105 m underground at Fermilab and
consists of 214 planes, this includes a muon catcher at the back of the detector
(subsection 2.2.10), the total mass of the detector is 290 tons. the FD is
placed on the surface at Ash River, Minnesota, 809 km away from the ND,
and comprises 892 planes with a mass of 14 kilotons. Lastly, the Test Beam
detector located at the Fermilab Test Beam Facility (FTBF), containing 63

planes with a mass of 30 tons.
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The ND and FD form the primary array of detectors dedicated to studying
neutrino interactions and oscillations. In contrast, the Test Beam detector
was specifically designed to study charged particle interactions from a well-
characterized beam source. More details about the Test Beam detector are
provided in Chapter 5. The following sections describe the main components

and construction of the NOvA detectors.

Far Detector:

896 Planes

14 kton

60mx 15.6 mx 15.6 m.

Near Detector:
214 Planes
290 ton

16mx4.1mx4.1m.

Test Beam Detector:
63 planes

30 ton
42mx2.6mx2.6m.

Figure 2.4: Diagram showing the size comparison of the FD, ND and Test
Beam Detector. The muon catcher is also observed at the back of the ND.

2.2.1 The NOvA Cell

The NOvA cell is the fundamental building block of the NOvA detectors.
Each cell is made of rigid plastic PVC and has a rectangular shape. It is
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filled with liquid scintillator and contains a looped wavelength-shifting fiber,

as illustrated in Figure 2.5.

The interior width (W) of the cell is 3.8 c¢m, positioned perpendicular to the
beam, while the interior depth (D) is 5.9 c¢cm along the beam direction. The
length (L) of the cell varies depending on the detector: in the FD, the cells
are the longest at 15.6 m; in the ND, they measure 3.9 m in the fully active
region and 2.6 m in the muon catcher region. More details about these two

regions are provided in subsection 2.2.10.

\ Charged Particle
\ trajectory
\

S

< )’

-
v

Figure 2.5: Tllustration of the NOvA cell. The image shows a charge particle
producing light inside of the cell that is capture by a looped wavelength-shifting
fiber in green.

When a charged particle traverses the cell, it produces scintillation light in
the liquid scintillator. This light reflects off the PVC walls an average of eight
times before being captured by the wavelength-shifting fiber.

The light survival inside the cell depends on the reflectivity of the PVC ma-
terial. To enhance reflectivity, the PVC cells are coated with more titanium

dioxide (TiOg) than commercially available PVC. This coating can achieve a
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reflectivity as high as 92 %, which is near the peak of scintillation emission.

2.2.2 Extrusion Module

The cells are grouped into sets of 16 cells to form rigid PVC extrusions as
seen in Figure 2.6. Two types of extrusions were designed based on the cell

orientation: One with horizontal cells and another with vertical cells.

The extrusion with horizontal cells has an exterior wall thickness of 3 mm and 2
mm thick between cells. In contrast, the extrusion with vertical cells features a
4.4 mm thick exterior walls and 3 mm thick interior webs. Despite the interior

differences, both extrusion types have an overall extrusion thickness of 6.6 cm.

The interior difference is necessary due to structural requirements. Horizontal
extrusions rely on vertical extrusions for support, while the vertical extrusions

bear the load and transfer it to the floor.

63.5cm

oot (T T T T L)

Figure 2.6: Diagram shows the top view of a PVC extrusion. Each PVC
extrusion is formed by 16 cells with an exterior thickness of 6.6 cm.

The extrusion modules are created by gluing two PVC extrusions, each con-
taining 16 cells, together side-by-side to form a 32-cell extrusion module as-

sembly. Inside each cell, a looped wavelength-shifting fiber is placed. One end

61



of the extrusion assembly is sealed with a PVC plate, while the other end fea-
tures a PVC manifold that routes the two fiber ends to an optical connector.

The complete module assembly is shown in Figure 2.7.

manifold cover

electronics box

7l

,,\NM«W‘\‘H\W“\W; M |

0

Figure 2.7: The NOvVA extrusion module consists of two 16-cell PVC extrusions
placed side by side and sealed at both ends to contain the liquid scintillator.
One end includes a manifold that organizes the 64 fiber ends and directs them
to a coupling interface connected to the electronics [20].

" end plate

2.2.3 Liquid Scintillator

The liquid scintillator held inside the extrusion modules is composed primarily

of mineral oil with 4.1 % pseudocumene (1, 2, 4-Trimethybenzene) as scintil-
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lant, light produced by charge particles interacting with these components has

a wavelength in the range of 360 - 390 nm (ultra-violet).

In addition, The liquid scintillator contains chemical additives such as PPO (2,
5-diphenyloxazole) bis-MSB (1, 4-dimethylstyryl benzene). The scintillation
light produced by the mixture shifts from the UV wavelength to the range
of 400 - 450 nm (blue light), which is optimal for capture by the wavelength
shifter fiber [20].

2.2.4 Wavelength Shifting Fiber

Each cell extrusion contains a loop of fiber that is 0.7 mm in diameter. The
fiber’s core is made of polystyrene mixed with 300 parts per million of R27
dye, which acts as the wavelength shifter. Additionally, to enhance internal

light reflection, two outer layers with lower refractive indices were added.

The first layer is a thin acrylic coating (PMMA, or polymethylmethacrylate),
while the second is a fluor-acrylic layer. Both layers account for approximately
3 % of the fiber’s diameter. The fiber captures blue light in the 400-450
nm range from the scintillator and shifts its wavelength to green light in the

490-550 nm range [20].

The absorption and emission spectra of the dye in the fiber can be seen in
Figure 2.8a. Due to the overlap of the two spectra, light emitted below 500 nm
is severely attenuated. In particular, wavelengths below 490 nm are completely
absorbed after passing through 0.5 m of fiber. Figure 2.8b shows the resulting

emission spectra for different attenuation distances. The emitted green light
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is then captured by the Avalanche Photodiodes.
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Figure 2.8: Absorption and emission spectra (a). Emission spectra for different
attenuation distances (b) [20].

2.2.5 Avalanche Photodiodes (APDs)

The NOvA photodetector system employs Avalanche Photodiodes (APDs)
manufactured by Hamamatsu. These APDs achieve a high quantum efficiency
of 85% for detecting light in the 520-550 nm wavelength range. The APDs
operate with a gain of 100 under an applied voltage of approximately 375
volts. To minimize thermal noise, they are cooled to -15 °C using thermo-
electric (TE) coolers operating via the Peltier effect. The heat generated by

the TE coolers is managed with a water cooling system.

To prevent condensation at the cooled APD—fiber interface, a dry gas system is
implemented. The dry gas circulates around the APD electronics, maintaining
the local environment below the dew point and preventing condensation that

could damage the electronics or degrade the signal.
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When light produced by the fibers enters the APD’s collection region, it is
absorbed, causing the generation of electron-hole pairs. These pairs are sep-
arated by the applied electric field where the electrons are moved toward the
p-n junction. At this junction, the electric field is strong, leading to a process

called avalanche multiplication.

The APDs are organized into arrays of 32 pixels, each array mounted onto a
carrier board substrate. This design enables two fiber ends to fit onto a single
pixel. Each of the 32 pixels in the array directly corresponds to one of the 32

cells in a single PVC extrusion module [20].

2.2.6 Front End Boards (FEBs)

The Front End Boards (FEBs) process signals from the 32 APD channels. Each
FEB is equipped with an Application Specific Integrated Circuit (ASIC), an
Analog-to-Digital Converter (ADC), and a Field Programmable Gate Array
(FPGA). These components work together to initiate the data acquisition

process, ensuring that signals from the APDs are captured and processed.

The process begins with signal shaping, performed by the ASIC. The shaping
defines the rise and fall times of the analog signals, preparing them for digi-
tization. The ADC then converts the analog signals into digital signals. The
digitized signals are passed to the FPGA, which extracts information such as
the time and amplitude of the signals. The system is programmed to identify
and forward only those signals, or “hits,” with an amplitude above a predefined

threshold.
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In addition, the FEB is responsible for integrating the APD information into
data packets. These packets contain critical details such as the amplitude,
timing, and channel information for each valid signal. The FEB then transmits

these data packets to the Data Acquisition (DAQ) system [20].

2.2.7 Data Acquisition (DAQ) system

The Data Acquisition (DAQ) system is responsible for collecting, process-
ing, and storing data from the APD channels. The main goal of the system
is to consolidate data into a single stream for analysis and archiving. To
achieve this, the DAQ system buffers data temporarily, allowing it to deter-
mine whether the data should be recorded or discarded. Additionally, online
trigger processors are employed to analyze time-stamped data and identify sig-
nificant clusters of hits that indicate good events. Other functionalities include

flow control, monitoring, system operations, and alarms.

The FEBs operate in an untriggered mode, continuously digitizing, time-
stamping, and processing data. This data is saved for up to 20 seconds
while awaiting a spill trigger message. Once a spill occurs, data from a 30-
microsecond window centered around the 11-microsecond spill is recorded for
further processing, saving approximately 190 GB per year. For calibration and
monitoring purposes, additional off-spill data is collected at a much higher rate,
storing 18 TB per year. This higher rate is created by cosmic ray muons, which

occur at a frequency of approximately 180 kHz at the FD.

The DAQ system is composed of several components, including a timing

and command distribution system, an array of Data Concentrator Modules
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(DCMs), a Gigabit Ethernet network, and a buffer farm for data storage.
Timing synchronization and command packets are handled by a Master Timer
Unit and Timing Distribution Units (TDUs). Digitized data from up to 64
front-end boards is routed via CAT5 cables to the DCMs. These modules then
send the data to the buffer farm nodes, where it is stored and managed using
the Gigabit Ethernet network. The entire system, including the buffer farm
and DCMs, is controlled by a central Run Control Computer. A Diagram of
the DAQ system for the FD can be seen in Figure 2.9.

11520 FEBs
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Data Output Data

200 Buffer Nodes
(3200+ Compute Cores!

Trigger Broadcast
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Figure 2.9: Diagram of the FD DAQ components with inclusion of a data
driven triggering system [21].

2.2.8 Triggering
In NOvA, data is saved only when a trigger is received, with three types of

triggers ensuring efficient data collection. A single trigger is sufficient to record

data, each serving a specific purpose:
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e Beam Spill Trigger: This trigger records interactions from beam neu-
trinos. A timestamp of the beam spill is sent from the accelerator and
compared to the data timestamps stored in the buffer. Although a beam
spill lasts only 10 microseconds, data within a 500-microsecond window
around the spill is saved. This buffer window accounts for timing drift
and enables the analysis of out-of-spill backgrounds. For these triggers,
the neutrino time-of-flight (~ 3 milliseconds at the far detector) is also

considered to ensure precise data alignment.

e Cosmic Ray Trigger: Operating at 10 Hz frequency, this trigger saves
500 microseconds of data for each event. Its main purpose is to capture

cosmic ray interactions, which are crucial for calibration of the detector.

e Data-Driven Triggers (DDTs): The DDT identifies and saves events
with specific properties. These triggers focus on capturing data for vari-
ous rare or exotic phenomena, such as magnetic monopoles, dark matter,

or supernova neutrinos.

2.2.9 Assembly of NOvA Detectors

The NOvVA detectors share an identical structure, constructed from alternat-
ing layers of vertical and horizontal PVC extrusions as described in subsec-
tion 2.2.2. These layers are organized into planes enabling efficient particle
tracking from neutrino interactions within the detector and 3D particle recon-

struction.

The extrusion module is enclosed with an end plate and additional center and
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side plates to prevent leakage. A manifold cover on top guides the fibers to
the snout, which directs them to the APD pixel array. The snout also includes
ports for filling and venting liquid scintillator. An electronics box attached to

the snout contains the APD and FEB components.

2.2.10 Near Detector

The NOvA Near Detector (ND) is located at Fermilab, positioned 105 m
underground and 1.015 km downstream from the NuMI target. It consists of
two primary sections: an active region and a muon catcher. The active region
is composed by 192 planes, each formed by 3 extrusion modules (or 96 cells).
Each plane measures 3.9 m in height and width, and the entire full active

region spans a length of 12.9 m.

The muon catcher is located at the back of the detector, its main goal is to
contain muons produce during v, interactions. It contains 22 planes with a
101.6-mm-thick iron plate inserted between each PVC plane. Unlike the full
active region, each PVC plane in the muon catcher is formed by two extru-
sion modules, making them 2.6 m wide. This difference in size is due to the
constraints on the available iron size plates during construction. Pictures of
full active detector and the muon catcher are shown in Figure 2.10. The Near
Detector (ND) of the NOvA experiment uses approximately 631 Front-End
Boards (FEBs). Each FEB reads out 32 channels, giving a total of 20,192

readout channels for the detector.
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Figure 2.10: Top view images of the ND. The left picture shows the front of
the ND showing the full active region, the right picture shows the back of the
detector showing the muon catcher.

2.2.11 Far Detector

The Far Detector (FD) is located at Ash River, Minnesota, 810 km away from
the NuMI beam. It is placed on the Earth’s surface with a rock overburden
of 3.6 meters water equivalent (m.w.e.). Since the detector is on the surface,
it is exposed to a cosmic background at a rate of 150 MHz, as discussed in
subsection 2.2.8. A fraction of this background is saved and used for calibrating

the detector and estimating the background in neutrino oscillation analyses.

The FD consists of 896 planes, with each plane containing 12 extrusion mod-
ules. This results in a total of 384 cells per plane, where each cell is 15.5 m

long. The width and height of the detector are 15.5 m, and its total length is
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60 m. Pictures of the FD in the Ash River hall can be seen in Figure 2.11.
The Far Detector uses around 10,752 FEBs, with 32 channels each, resulting
in 344,064 channels.

Figure 2.11: Far Detector photographs. The left picture shows the front of
the FD, the right picture shows a section of the detector depicting the NOvA
planes (in black), the FEBs (in gold) and the DCMs (silver).
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Chapter 3

NOvVA Software

Understanding and analyzing the data of our detectors play a crucial role
in achieving NOvA’s physics goals, requiring substantial efforts to develop
and improve software for the simulation, reconstruction and identification of

neutrino events.

This chapter begins with an overview of the Monte Carlo simulations used in
NOvVA, explaining how they model neutrino interactions and detector behav-
ior. It then briefly covers the calibration process, which ensures the energy
measurements remain reliable. Finally, it will touch on the reconstruction
methods applied to both real and simulated data, which are essential for iden-

tifying and interpreting neutrino events in the detectors.
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3.1 NOvVA Simulation

Simulating the flux of neutrinos produced in the NuMI beamline, along with
the types of neutrino interactions, particle transport within the detector, detec-
tor electronics response, and accurate modeling of backgrounds are all crucial

for the NOvVA oscillation analyses.

These simulations ensure reliable results when compared with experimental
data, which is essential since most analyses are blind, meaning the data is
only accessed after the analysis is mature. The following sections provide de-
tailed information about the simulation chain employed in the NOvA neutrino

oscillation analyses.

3.1.1 Neutrino Flux

The NOvVA neutrino flux is simulated using G4NuMI [53] which is based on
Geant4 [54]. The simulation begins with 120 GeV protons striking a graphite
target producing a shower of particles composed mainly of kaons and pions,
with the hadrons eventually decaying into neutrinos. The simulated geometry
includes essential components, such as the cooling material, support structures,

and magnetic horns, providing a full simulation of the NuMI beamline.

The particle interactions are modeled by a standard physics lists FTFP_BERT.
The Fritiof (FTFP) model [55] describes high energy hadronic interaction
above energies of 4 GeV, on the other hand, the Bertini cascade model (BERT)

[56] simulates hadronic interaction in the lower energy region (<5GeV).
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The complexity of simulating hadronic interactions leads to imperfections in
the resulting simulated flux. NOvA applies corrections to the simulated flux
using the Package to Predict Flux (PPFX) framework [57]. PPFX adjusts
for mismodeling by including data from different experiments assigning cor-
rection weights to hadronic interaction in the 12-120 GeV range. To account
for uncertainties, a multi-universe approach is implemented, where parameters
are varied and simulations are rerun multiple times. The resulting beam flux

energy spectra for neutrinos and antineutrinos are shown in Figure 3.1.
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Figure 3.1: The PPFX-corrected NuMI beam flux at the Near Detector, il-
lustrating the various components in (left) neutrino beam mode and (right)
antineutrino beam mode.

3.1.2 GENIE Event Generator

Once the flux is determined, GENIE [58] simulates neutrino interactions on
nuclei in the detector and its surroundings using cross-section data and dif-
ferent interaction types including Charge-Current Quasi-Elastic (CCQE) and
Two-Particle-Two-Hole (2p2h) interactions [59] [60]. The Resonance and Co-

herent Pion Production is simulated using the Berger-Sehgal model [61]. Deep
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Inelastic Scattering (DIS) interactions are simulated based on the Bodek-Yang
model [62]. To account for how particles interact inside the nucleus before ex-
iting, a Final State Interactions (FSI) model is also implemented using the hN

semi-classical intranuclear cascade model [63].

Even after the implementation of these interactions and models, discrepancies
exist between data and simulation, thus, NOvA tunes the FSI model and
the 2p2h interaction contributions to improve the disagreement. The FSI
model is calibrated by tuning the model parameters using different 7 on
1200 scattering experiments. For 2p2h, NOvA produces weights to modify the
shape and normalization of the v,-CC interactions in simulation. This is done
by applying weights in energy and three-momentum transfer space (|q], o)
(q is the four-momentum transfer) using a model based on two 2D Gaussian

distributions. These tunings improve ND data and simulation agreement.

3.1.3 Detector Simulation

After GENIE simulates the final-state particles from neutrino interactions, the
particles are passed to Geant4 to track them as they traverse the detector. To
achieve this, Geant4 uses detailed information about the detector’s geometry,

materials, and atomic composition.

Geant4 simulates several processes, including the trajectories of particles, their
energy deposition in detector materials, the production of scintillation light,

and scattering interactions.
GEANT4 is capable of simulating scintillation light in the detectors, but op-
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tical photon tracking would be computationally expensive to use in full simu-
lations. Since the detector cells are identical, a ray-tracing simulation is run
once using measured properties like scintillator emission, PVC reflectivity, and

fiber attenuation.

This produces templates for photon collection and timing based on hit position.
These are reused in the main simulation to estimate the light collected by the
APDs. The mean number of photons collected in this step is calculated for
each energy deposit and adjusted for transport losses and the APD quantum

efficiency.

The electronics simulation takes these photoelectron distributions and converts
them into digital signals, replicating the response of the detector’s FEBs. Pulse
shaping is modeled using a CR~-RC circuit, and noise is added using Gaussian
Markov chains tuned to pedestal data. The shaped signal is digitized, a base-
line is applied, and zero suppression is performed to identify signals above

threshold, simulating the actual DAQ.

For cells without energy deposits, real unclustered hits from data are overlaid
instead of simulating noise, which reduces computation time. The output is
formatted like raw detector data, enabling direct comparison with real events

[64].

In addition, Cherenkov light is added by computing the number of UV photons
produced at each GEANT4 particle step based on particle velocity and a fitted
refractive index model. These photons are not tracked directly but folded into
the light yield using a fixed efficiency factor and combined with scintillation

light during photon transport.
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The NOvVA detector simulation uses different physics models, known as “physics
lists”. Specifically, NOvA uses the QGSP_BERT_HP_EMZ physics list, which
combines four models. The QGSP model [65][66] simulates high-energy hadronic
showers, such as those produced in interactions above several GeV. The BERT
model (Bertini Cascade) [56] is used for intranuclear cascades in particles with
low energies. The HP (High Precision) model [67] provides highly accurate
cross-sections for neutron interactions, particularly for energies below 20 MeV.
Lastly, the EMZ model [68] provides the best set of electromagnetic physics

models selected from the low energy and standard packages.

3.1.4 Background Simulation

The ND background is primarily caused by neutrinos for which the interac-
tion vertex is in the surrounding rock of the underground cavern, referred to
as "rock events”. The simulation of these events is time-consuming, therefore
rock events are used multiple times in simulation to reproduce the expected
background rate. At the FD, the measured cosmic data mentioned in subsec-
tion 2.2.11 is overlayed onto simulated neutrino events to produce a realistic

cosmic background.

3.2 Detector Calibration

The detector calibration involves transforming the ADC output generated by
hits in the detector into the physical quantity of energy deposits in GeV. This

transformation is accomplished through a two-step procedure: relative cali-
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bration and absolute calibration. The relative calibration ensures that ADC
readings are consistent on all regions within the detector, whereas the abso-
lute calibration converts these corrected readings into physical energy units,

measured in GeV.

3.2.1 Relative Calibration

Charged particles produce light when they traverse the detector. This scin-
tillation light is captured by the fibers and collected by the APDs producing
ADC counts. Using a scaling factor, the ADC counts are converted into Photo
Electrons (PE). However, as light travels through the fiber, it suffer losses due
to attenuation. This means that the number of PE decreases as the distance

from the readout increases.

The relative calibration process aims to account for these attenuation effects,
so that the energy deposits along the cells reflect the true energy deposited by
the particles. To achieve this, trough-going cosmic muons are used, avoiding
the sharp energy deposits at the end of the muon track, ideal for this step in

the calibration.

The calibration process is done by estimating the path length of the muons
along the cell by using the tri-cell hit method that uses the adjacent hits in
the two neighboring cells, as shown in Figure 3.2, to determine the particle

path length inside the cell using Equation 3.1:

(3.1)



Particle

7

e

Figure 3.2: Diagram illustrating the determination of the particle path length d
through a scintillator cell using the angle 6 between the particle trajectory and
the vertical. The vertical cell height is h, and the path length is calculated
as d = 2 This geometry is used in the tri-cell hit method for relative

cosf”
calibration using through-going cosmic muons.

Using the path length from the tri-cell method, the PE and PE/cm quantities
are calculated. The next step requires finding W, which is the distance along
the cell. Here, W=0 represents the center, while higher values indicate close-
ness to the read-out electronics. The value of W is obtained by analyzing hits
in adjacent detector planes. For example, to estimate the position of a hit in

a vertical cell, the neighboring horizontal planes on either side are used.

Once the average signal per unit of length (PE/cm) and W are determined,
thresholding and shadowing corrections are applied to PE/cm in function of
W. Thresholding corrections account for light signals that fall below detection
threshold. This is specially important for interactions happening at the far end

of the fiber. Meanwhile, shadowing corrections factor in the distance traveled
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by the muons inside the detector, since muons traversing long distances are
subjected to a larger energy loss variation leading to an energy bias. The

correction factor (T) for these two effects is obtained using Equation 3.2.

. PE Etrue

T = : 3.2
)\ EMIP ( )

where PE is the number of simulated photoelectrons recorded at the readout, A
is the number of simulated photons that would be seen at the readout without
statistical fluctuations, Fj.. is the true energy deposit in the cell, and Ey;;p is
the expected energy for a minimum ionizing particle based on the path length.
After applying this correction, an attenuation curve is obtained for PE/cm vs

W. The attenuation fit is done by Equation 3.3.

—L+W

y:c+A@¥+gﬁr). (3.3)

Here, y represents PE/cm, L is the cell length, and C, A, and X are fit param-
eters. The second exponential term accounts for the light traveling down the
cell and looping back up to the readout. The fit is performed for values of W

that are 50cm away from the end of the cell.

The remaining ranges are known as the ”roll-off” regions, these fits are con-
ducted using the LOcally WEighted Scatter plot Smoothing (LOWESS) method
[ref]. An example of the fit curves for attenuation and the full fit including

LOWESS in a ND cell can be observed in Figure 3.3.

The resulting fit is applied as a correction factor resulting a new unit called
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Figure 3.3: Attenuation curve showing the mean PE/cm as a function of
distance from the center of the cell in ND cosmic data (plane 48, horizontal,
cell 81). The red curve represents the attenuation fit described by Equation
3.3, capturing light loss along the cell. The blue curve corresponds to the full
fit including attenuation and roll-off corrections, with the latter fitted using the
LOWESS method. This accounts for light reflections and statistical variations
near the cell ends.

81



PEcorr. To validate the calibration procedure, the ratio of true energy to the
reconstructed energy is analyzed. An example of this can be seen in Figure 3.4
comparing the ratios before and after calibration.
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Figure 3.4: Validation of the calibration procedure by comparing the mean
ratio of reconstructed to true energy as a function of W (distance from the
readout electronics) for energy deposits greater than 15 MeV in simulation.
The uncalibrated data (red) show a strong W-dependence, while the calibrated
data (blue), using the correction factor from the attenuation fit (PEcorr), yield
a uniform response closer to unity across the cell.

3.2.2 Absolute Calibration

The absolute calibration consists of transforming PECorr, obtained from the
relative calibration, into GeV units. To achieve this, the ”tri-cell” method is

also used; however, instead of through-going muons, stopping muon samples
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are used. This is motivated by how muons lose energy in the detector, as stop-
ping muons have a well-defined minimum ionizing particle (MIP) region, where
the energy deposition is assumed to be linear, an important characteristic of
the Bethe-Block curve. For stopping muons traversing the NOvA detectors,
the MIP region is located between 100 to 200 cm from the end of the muon
track. Hits from muons in this region are selected in both data and simulation.
To complete the conversion, Muon Energy Units (MEU) are defined. In data,
MEU is set as the mean value of the PECorr/cm, while in simulation is defined
as the mean of MeV/cm also referred to as the true MEU. The calorimetric
energy scale is then obtained by taking the ratio of these two values, as shown
in Equation 3.4. The full calibration procedure is performed for each detector,

data collection period, and for both data and simulation.

MEUy,
Calorimetric Energy Scale = WT;;}:. (3.4)

3.3 NOvVA Reconstruction

Reconstruction is a fundamental process in which raw detector signals are
transformed into meaningful physics information. When particles interact in
the detector due to neutrino interactions, they leave behind traces of their
passage in the form of electronic signals (“hits”). However, these hits alone
are not meaningful; they must be carefully processed and interpreted to re-
construct the particle trajectories, measure their energy, and identify the type

of particle traversing the detector.
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Neutrino signatures in the NOvA detectors vary depending on their interac-
tion type (see section 1.6), as shown in the event displays in Figure 3.5. The
v, CC interaction is relatively easy to characterize due to its unique topology,

where a long muon track is accompanied by a short proton track.
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Figure 3.5: Example of neutrino topologies observed in the NOvA detector.
Top: v, CC interaction, middle: v, CC interaction, Bottom: NC interaction.

The v, CCQE interaction produces a proton and an electron. The electron
experiences bremsstrahlung as it travels, emitting photons that quickly decay
into ete™ pairs, which then emit more photons, creating an electromagnetic
shower in the detector. This shower-like structure is a defining characteristic

of v, CC interactions and plays a crucial role in their identification.
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Finally, the NC interaction shown produces a pion and a 7, in the final state.
The 7y decays into two photons, leaving an electromagnetic shower similar to
that of a v, CC interaction. However, due to the low-Z composition of the
detector, resulting in a 36 cm radiation length, the electromagnetic shower
produced by the 7y decay develops further away from the neutrino interaction
vertex. This distinction is important for correctly identifying NC interactions,
as their topology can be similar to that of v, CC interactions. Distinguishing
these types of interactions is crucial and can be assessed by implementing

efficient and accurate reconstruction tools.

The NOvA collaboration has developed several algorithms to reconstruct neu-
trino events in the detector. These algorithms are improved and maintained
over time, and new ones are created to either replace the existing ones with
something more efficient and reliable, or to focus on a specific analysis goal.
The following sections will convey the steps and tools used by NOvVA to re-

construct neutrino events.

3.3.1 Clustering

In NOvA, the reconstruction process begins by clustering hits that are corre-
lated in space and time, this a technique known as slicing. The primary goal
of slicing is to separate events of interest, such as neutrino interactions, from
background noise. The method employed to conduct the slicing is called Time
Density Slicer or "TDSlicer” [69][70]. This technique consists of three main
steps:
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1. Identifying Centroids: The algorithm starts by analyzing the density
of hits in space and time. Each hit’s density is determined by counting

nearby hits within a specific distance and time window.

e Each hit is assigned an isolation score based on how far it is from

a denser hit.

e Hits that are both dense and isolated are identified as centroids—key

points that will serve as the seeds for clustering.

2. Forming 3D Clusters: Once centroids are identified, nearby hits are
grouped together to form clusters. This is done separately in two differ-

ent views:
e One set of clusters is built in the zzt view (spatial coordinates x
and z, plus time t).
e Another set is built in the yzt view (spatial coordinates y and z,

plus time ¢).

Hits are added to a cluster if they are within a certain distance of a hit
already in the cluster. This step ensures that related hits are grouped

properly before merging.

3. Merging into 4D Clusters: The final step is to combine the two 3D

cluster sets (xzt and yzt) into 4D clusters in zyzt.

e Clusters from both views are matched and merged based on their

average z-position and time values.

e This step reconstructs the full event interaction in both space and

time

86



To illustrate the performance of the slicer, Figure 3.6 shows a complete 500
pus window around the beam trigger for a FD event display before any slicing,
where a large number of cosmic particles traverse the detector in different di-
rections and at different times. Figure 3.7 presents the same FD event after
slicing is applied, with colors representing different slices produced by the TD-
Slicer algorithm. Finally, Figure 3.8 displays a slice that contains a neutrino

candidate.
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Figure 3.6: This figure shows how cosmic rays are distributed over the 550 us
time window in the Far Detector, along with the charge distribution of the
raw hits.

3.3.2 Vertexing

Neutrino interactions produce leptons and hadrons that propagate in the detec-

tor, the geometrical point where these particles originate is called the neutrino
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Figure 3.7: This example illustrates the distribution of cosmic rays over the
550 us time window in the Far Detector. The reconstructed slices (Slicer4D)
are shown.
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Figure 3.8: An example of a filtered slice in the Far Detector, showing a
neutrino candidate.
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vertex. Determining the vertex point is a crucial step in reconstruction since
it allows us to accurately estimate the particle trajectories and the energy

deposits.

The vertex reconstruction begins with a Hough transform with a modified
voting scheme [71]. The Hough transform is performed in the x-z and y-z views
separately and produces lines for each pair of hits in a slice, the transformed
space uses the polar coordinates p and 6, for each point in the transformed
space a ”vote” value is assigned. The highest vote value determines the Hough

line that most accurately represents the particle trajectories in the slice.

Once the Hough lines are found, they are used to seed an elastic arms al-
gorithm [72]. This algorithm is in charge of searching for the most optimal
location of the vertex by minimizing an ”energy function” to find the best set
of lines (arms) that better describe the hits in the slice [73]. An event dis-

play showing the Hough lines and the vertex location can be seen in Figure 3.9.

3.3.3 Prong Formation with Fuzzy k-Means

Once the global event vertex is identified using the Elastic Arms method,
the next step is to assign each detected hit to a prong. In NOvA, a prong
represents a particle track or shower. This is achieved using a probabilistic
fuzzy-k means algorithm [74], which allows hits to have partial membership
in multiple prongs and does not require a predefined number of prongs. This
flexibility enables the algorithm to classify hits while treating isolated hits as

noise.
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Figure 3.9: An example of a filtered slice in the Far Detector, showing a
neutrino candidate. The golden lines represent the reconstructed Hough lines,
while the red cross marks the reconstructed Elastic Arms vertex.

The algorithm operates by transforming hits into a one-dimensional angular
space around the vertex. It identifies dense regions (prong centers) and assigns
membership values based on a hit’s angular distance and uncertainty. Initially,
the algorithm assumes a single prong and iteratively refines its center. If
additional dense regions are detected, they are added as new prongs, and the
process repeats until all hits are assigned or a maximum number of prongs is

reached.

Since clustering is done separately for each detector view, the final step is to
match prongs across views. A temporary track is formed for each possible
match, and the cumulative energy distribution along the track is compared
using a Kuiper metric [75]. This ensures that the best-matching clusters are

paired, refining the reconstruction of particle tracks and showers in the detec-
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tor. An event display showing the prongs associated with a neutrino interac-

tion is shown in Figure 3.9.

3.3.4 NOvVA Tracking Algorithms

NOvVA uses three tracking algorithms to reconstruct particle trajectories: Cos-
mic tracking [76], Kalman tracking [77][78], and Breakpoint Fitting (BPF) [79]
[80]. Each method operates separately in each detector view before combining

results into a three-dimensional (3D) track.

e Cosmic Tracking

The cosmic tracker identifies cosmic muons, which typically follow straight-
line paths and often appear vertical in the detector. It uses a sliding
window tracking algorithm, starting with a window of n planes and fit-
ting a straight line to the hits. Hits matching this fit are added to a
two-dimensional (2D) track, and the window moves forward, incorporat-
ing new hits that align with the initial fit. This process continues until
all planes in both views are examined. Finally, 2D tracks are matched

to create a 3D cosmic track.

e Kalman Tracking

The Kalman tracker reconstructs non-showering charged particles, such
as muons from neutrino interactions. It follows three steps: track finding,
track fitting, and view matching. The algorithm starts by selecting two
hits within four cells and estimating the track slope. It then predicts the
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location of new hits, iteratively updating the slope and direction as hits
are added. Once 2D Kalman tracks are identified in each view, they are

matched to form a 3D Kalman track.

e Breakpoint Fitting (BPF) Tracking

BPF tracking accounts for Coulomb scattering, improving reconstruc-
tion for heavier particles like protons and pions. Using a Fuzzy-k prong
as input, it calculates radiation lengths along the track and places break-
points where the particle has traveled a multiple of the radiation length
or where the scattering angle is significant. BPF then reconstructs the
trajectory, repeating the process three times, assuming the particle is a

muon, proton, or charged pion, to improve particle identification.

0 2 6 100§
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Figure 3.10: An example of a filtered slice in the Far Detector, showing a neu-
trino candidate. The blue, green, and red regions represent the reconstructed
Fuzzy-k prongs, while the red cross marks the reconstructed Elastic Arms ver-
tex.
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3.3.5 Neutrino and Particle Event Classification

The NOvVA experiment employs machine learning techniques, particularly con-
volutional neural networks (CNNs), to classify both neutrino events and indi-
vidual particles within those events. These trained models, known as Convo-
lutional Visual Networks (CVN) [81], analyze pixel maps images of detected

hits to determine neutrino interactions and particle types.

At the event level, CVN assigns a score between 0 and 1, estimating the
likelihood that an event belongs to one of several categories: v,-CC, v,-CC,
v-CC, NC, or cosmic activity. NOvA trains its CVN models using simulated

neutrino interactions and cosmic ray data.

In addition to event-level classification, NOvA also employs prongCVN [82],
which focuses on classifying individual reconstructed particles (prongs) within
a slice. While its architecture is similar to event-level CVN;, it further analyzes

XY and YZ pixel maps for each particle separately.

Similar to the event CVN, prongCVN outputs scores that indicate how likely
a prong corresponds to an electron, photon, muon, pion, or proton. This
classification is particularly useful for electron neutrino energy estimation. By
applying both event-level and particle-level classification, the use of CVNs
enhances NOvA'’s ability to accurately identify neutrino interactions while

also distinguishing individual particles within those events.
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Chapter 4

NOvVA Oscillation Results

This chapter presents the summary of the three-flavor oscillation and ster-
ile neutrino searches in NOvA. These results demonstrate the efforts of the
NOvVA collaboration over the years in generating lading physics measurements

essential to advancing knowledge in the wider community.

The first section will cover the three-flavor analysis where the main focus is to
determine the atmospheric oscillation parameters Am3, and 6,3 using the v,
and 7, and disappearance channels and the CP violating phase, using the v,

and 7, appearance channels.

The second part of this chapter touches on the sterile neutrino searches, where
we look for anomalies in the neutrino event rate at the ND and FD for the NC
and the v, disappearance channels that may be consistent with a new fourth

neutrino, the sterile neutrino v,.
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The two analyses share similar strategies to look for neutrino oscillations, but
differ in the way that systematic uncertainties are treated and how the fit to

determine oscillation parameters is performed.

4.1 Three-Flavor Analysis

This analysis uses the largest data sample collected by NOvA during ten years
of operations, including 26.6 x 102° Protons on Target (POT) of neutrino beam

exposure and 12.5 x 10?° POT of antineutrino beam.

4.1.1 Selection

The selection criterion for the analysis ensures that only events of interest are
kept in the samples. These include v, v, v., and v, CC events. NC neutrino
interactions and cosmic events are the leading sources of contamination. The
selection cuts can be divided into four main categories: quality, containment,

cosmic rejection, and neutrino event selections.

o Quality Cuts

Quality cuts ensure that only well-reconstructed events are included in
the analysis. These cuts filter out slices with an excessive or insufficient
number of hits, a lack of reconstructed prongs or tracks, or unusually
high-energy slices. In addition, the selection makes sure that events

with only good beam conditions get selected. This includes making sure
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that the current and polarity in the magnetic horns, the beam intensity,
and beam spot position and size comply with the optimal operation
requirements. Runs that do not pass these beam quality checks are

discarded.

For the v, event reconstruction, different conditions are required. A
muon track with non-zero energy must be reconstructed using the Kalman
tracking algorithm, and the neutrino event must have deposited twenty
hits or more in the slice and show activity in at least four planes in the
detector. In addition, only events with reconstructed energy below 5
GeV are selected, since higher energy events do not contribute to the

oscillation measurements.

For the v, event reconstruction, the quality cuts ensure that only events
with an identified vertex and at least one prong are reconstructed. In
addition, a specific cut removes events with too many reconstructed hits

within the plane.

Containment Cuts

Containment cuts ensure that the energy in the selected slices is well
contained in the detector. This is important because neutrino interac-
tions near the edges of the detector can result in particles escaping before

their energy is fully measured, biasing the event reconstruction.

Cosmic Rejection

As mentioned in previous chapters, the FD is placed on the Earth’s

surface with a small rock overburden of approximately 3.6 m.w.e. For
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this reason, the F'D is constantly bombarded by a high rate of 150 MHz.
So, it is important to be able to reject as much as possible cosmic events
that can potentially contaminate the neutrino samples. To achieve this,

NOVA uses two different rejection algorithms.

The first algorithm uses the direction and position of tracks to identify
cosmic ray events, which typically enter the detector from above and
travel vertically, in contrast to neutrino beam events that enter hori-
zontally. Events matching the cosmic ray pattern are removed from the

sample. In NOvA, this is known as the ”Cosmic Rejection Veto.”

The second algorithm uses a CNN-based method (also called Cosmic
CNN), it uses raw pixel maps of the full detector over a 16 ps time
window to identify cosmic-muon like topologies in the detector. Higher
scores (close to 1) are used to reject cosmic contamination effectively up

to 95% while keeping neutrino candidates with about 99% efficiency.

Lastly, Boosted Decision Trees for cosmic events (Cosmic BDTs) were
trained to further reduce the remaining cosmic contamination in neutrino
samples. The training inputs for these BDTs included key characteristics
such as the number of hits, track length, momentum, starting and ending
positions, and the track’s angle relative to both the beam direction and

the vertical axis.

Rock Events Rejection

Rock events are produced by neutrino or cosmic rays interacting in the

surrounding rock of the ND. This events can mimic v,-CC events or
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undergo bremsstrahlung radiation or decay-in-flight that can result in a
similar signal as v,-CC in the detector. These events are usually filtered
out by the containment cuts, since their interaction points are very close
to the edge of the detector, but there may be cases where rock events go
through the PVC (dead material) for some distance before interacting in
the scintillator. To remove these events, a cut is implemented to reject
slices where the reconstructed elastic arm vertex is less than 20 cm from

each edge of the detector.

v, Selection

v.-CC interactions occur very rarely at the FD. For that reason, it is
important to keep as many events as possible without sacrificing the pu-
rity of the sample. Instead of applying strict cuts that would reduce the
sample size, events are classified into three groups: Core, Peripheral, and
Low-Energy samples, using a combination of a CNN (or CVN mentioned

in subsection 3.3.5), containment, and background rejection.

The Core Sample includes well-contained events and passes the back-
ground rejection criteria. It is further divided by CVN scores, specif-
ically to identify v.-CC events into High PID, which consists of high-
purity v.-like events, and Low PID, which includes lower-purity events
but contributes to increased statistics. This separation ensures that the
High PID sample remains impactful while still benefiting from additional
data from the Low PID one.

The Peripheral Sample consists of events that fail containment, but

still pass other selection requirements. These events tend to be more
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background-like, so a separate Cosmic BDT is used, along with a strict
CVN > 0.97 cut. This allows for the inclusion of additional events while

controlling background contamination.

The Low-Energy Sample (specific to the neutrino mode) includes events
that do not pass the core selection but fall within a lower energy range.
A dedicated BDT is applied to ensure that only high-quality, low-energy
events are retained, improving sensitivity in this region without compro-

mising purity.

v, Selection

Similar to v,-CC events, the selection of v,-CC events is based on a
CVN. In addition, events must be well-contained and pass background
rejection. Since many events occur in the dip region of the FD energy
spectrum, where oscillation effects are most pronounced, the selection
criteria are optimized to maximize the sensitivity to oscillation parame-

ters in this range.

This optimization is achieved through two main techniques. First, the
energy bin widths are adjusted so that bins near the dip region are finer,
while regions with minimal oscillations have coarser bins. Second, the
v, sample is divided into four quantiles based on the hadronic energy
fraction, which is the portion of neutrino energy carried by the hadronic
system. Events with higher hadronic energy fractions generally have

poorer energy resolution and more background contamination.
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4.1.2 Extrapolation in NOvA analyses

The NOvVA experiment employs a near-to-far extrapolation technique to pre-
dict the expected signal at the Far Detector (FD) based on data collected
at the Near Detector (ND). This method is crucial for neutrino oscillation
studies, allowing for corrections based on ND data to refine FD predictions.
The extrapolation process is used for both muon neutrino (v,) disappearance
and electron neutrino (v,) appearance, but the implementation slightly differs

between the two.
Muon Neutrino Disappearance Extrapolation

In the muon neutrino disappearance analysis, the goal is to determine how
many v, neutrinos disappear as they travel from the ND to the FD. NOvA
observes two survival channels: v, — v, and 7, — 7,, to infer neutrino
disappearance. Since ND detects many v, events, this data is used to predict

what should be observed at the FD.

The process begins by converting the reconstructed energy of ND v, events into
true energy using a 2D matrix transformation. A far/near energy ratio is then
calculated to adjust for differences in detector acceptance and size. The data is
modified using oscillation probabilities, reflecting how neutrinos are expected
to transform. Finally, a second transformation converts the predicted true
energy spectrum at the FD back into reconstructed energy, ensuring that it
aligns with what the FD would actually measure. The diagram of this method

can be seen in Figure 4.1.
To improve accuracy, each v, quantile sample is divided into three bins of
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transverse lepton momentum, pr (12 pr bins in total), which are extrapolated
from the ND to the FD. The lepton transverse momentum is measured rela-
tive to the NuMI beam in an energy range of 0 to ~1.5 GeV. This binning
technique accounts for kinematic differences between the ND and FD due to
different containment capabilities in each detector. This method improves the
extrapolated prediction and reduces systematic uncertainties, with a greater
impact on cross-section systematics [83][84]. The extrapolation process is re-
peated for each of these bins. At the end of this extrapolation process, the
bins are merged back together at the FD.

Since backgrounds are relatively minor in the v, disappearance analysis, the
background predictions are taken directly from Monte Carlo (MC) simulations
rather than being extrapolated from ND data. This simplifies the process while

maintaining accuracy.
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Figure 4.1: Diagram of the v, extrapolation procedure, starting with
ND Data/MC in the top left, through Reco—True, near—far, oscillations,
true—reco, to the adjusted FD prediction in the top right

Electron Neutrino Appearance Extrapolation
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The electron neutrino appearance analysis searches for v, events at the FD that
originated as v, at the ND due to oscillations. Unlike in the disappearance
analysis, for which the same type of neutrino is measured at both detectors,
the appearance analysis involves identifying a different flavor at the FD than

was measured at the ND.

To predict the v, signal at the FD, NOvA applies the v, — v, oscillation
probability to ND v, events. The same transformation steps as in the disap-
pearance analysis are applied: ND reconstructed energy is converted to true
energy, transported to the FD using a far/near ratio, and then modified us-
ing oscillation probabilities. Finally, the true energy prediction at the FD is
converted back into reconstructed energy. The diagram of this method can be

seen in Figure 4.2.
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Figure 4.2: Diagram of the v, extrapolation procedure, starting with ND
Data/MC in the top left, through Reco—True, near—far, oscillations,
true—reco, to the adjusted FD prediction in the top right

Unlike in the v, disappearance case, backgrounds in the v, appearance analysis
are significant and require constraints. Instead of being extrapolated directly,
the ND v, sample is decomposed into its true background components: in-

trinsic beam v, (from meson decays in the NuMI beam), misidentified v,-CC
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interactions, and NC events that mimic v, signals.

To constrain these backgrounds at the FD, a ratio of the ND background be-
fore and after decomposition is calculated. This ratio serves as a correction
factor that is applied to the FD simulated background components. The pro-
cess modifies both the normalization (total expected background events) and
the shape (energy distribution of the background). The final FD background

prediction is obtained by summing the individually corrected components.

In addition to these major background components, there are minor back-
ground contributions that are not constrained using the ND decomposition
process. Instead of using decomposition and scaling, these minor backgrounds
are taken directly from FD simulations, similar to the background treatment
in the v, disappearance analysis. Since their contribution is small, constrain-
ing them with ND data would have little impact, making direct simulation a

more efficient approach.

Like in the v, disappearance analysis, the same pr extrapolation procedure is
conducted to correct for kinematic differences between the ND and FD. Since
in this analysis the v, sample is not split into quantiles, the total number of
pr bins is three. This binning helps ensure that the predicted v, signal at the

FD is as accurate as possible.

4.1.3 Estimation of Cosmic Backgrounds

Cosmic ray events significantly impact the FD, with rates around 130 kHz. As

described in subsection 2.2.8, They are measured using a 500 us data window
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around the 10 us beam spill and a 10 Hz trigger without the beam spill. Timing
sidebands help estimate cosmic ray rates but have low statistics. To improve
accuracy, the 10 Hz trigger determines the energy distribution shape, which
is then scaled using sideband data. After extrapolation, cosmic ray events
are included in the FD prediction, with uncertainties modeled using a Poisson

distribution due to the low event rate.

4.1.4 Systematic Uncertainties

NOvVA’s neutrino oscillation analysis includes many components, each affected
by systematic uncertainties. Over 100 uncertainties are considered, mainly
related to neutrino interactions, beam flux, and calibration. Some are easily
handled by adjusting energy spectra, while others require modifying recon-
structed data to properly reflect their impact. The most complex systematic
uncertainties affect fundamental aspects of simulations and calibrations, re-

quiring additional simulated events to fully capture their effects.

e Detector Response and Calibration

Calibration uncertainties are accounted for by resimulating ND and FD
samples with modified systematic parameters. These uncertainties in-
clude relative and absolute energy scales, calibration shape, detector

drift, Cherenkov light emission and light level.

The uncertainty in overall energy response is determined by differences
between data and simulation for proton candidates in the ND, with a dis-

crepancy of about 5 %, which is larger than for other particles or standard
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calibration metrics like Michel electrons and my mass peaks. To assess
this calibration systematic, nominal simulated samples are reused while
adjusting the absolute calibration constants up and down by 5 % be-
fore reconstruction. Additionally, to address variations in reconstructed
and true energies near the detector edges, a separate calibration shape

uncertainty is included.

The detector drift systematic reflects the gradual aging of the detectors,
modeled as a steady decrease in light output over time. This reduction
is estimated at around 4.5 % per year, based on observed changes in
the number of hits per event and chosen to match the shifts seen in the
data. Because the detector response decreases over time, only positive
variations of this systematic are considered. Additionally, the effect is

assumed to be fully correlated between the ND and FD.

Uncertainties also exist in the Cherenkov light collection efficiency, which
is determined through light level tuning. In the current simulation, this
efficiency is estimated to vary by approximately 6.2 %. In addition to
Cherenkov, there is a systematic uncertainty on the light level, which is

tuned using a similar method and estimated at 5 %.

Cross Section Systematics

Neutrino cross-section uncertainties are one of the largest categories of
systematics in NOvA’s oscillation analysis. These are evaluated by re-
weighting the nominal simulation event rates, adjusting how often differ-
ent types of interactions occur. This approach modifies the simulation to

account for uncertainties in quasi-elastic scattering, multi-nucleon inter-
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actions (2p2h-MEC), resonance (RES) production, deep inelastic scat-
tering (DIS), and final-state interactions (FSI).

For quasi-elastic scattering, the primary uncertainty comes from the ax-
ial form factor, implemented in GENIE using the z-expansion model.
Systematic uncertainties affect both its shape and normalization, with
shifts of —20% to +15%. Since GENIE does not enforce correlations
between these uncertainties, NOvA applies custom weight functions to
ensure proper treatment. Additionally, a central value correction based

on MINERvVA data is used to refine the quasi-elastic model.

NOvA applies several uncertainties related to 2p2h-MEC interactions.
The MEC shape uncertainty modifies the simulation to make events
appear more QE-like or RES-like, followed by a refitting of the MEC
Gaussian parameters. Another uncertainty accounts for neutrino energy
dependence by comparing different MEC models (SuSA and Martini)
to NOvA’s default Valencia model. A function describing the variation

between these models defines the 1o error.

For RES production, NOvVA corrects an excess of low-Q? events observed
in the nominal simulation. MINOS encountered a similar issue and ap-
plied a functional weight to improve agreement between simulation and
data. NOvA adopts the same method, which successfully improves the

simulation’s accuracy in the low-Q? region.

Beam Flux Systematics

Beam flux uncertainties originate from hadron production corrections in
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the PPFX and variations in beam transport, such as horn current and
position. The PPFX applies data-driven corrections to the G4NuMI
simulation, with uncertainties incorporated through event re-weighting.
The main sources of uncertainty include horn current (£2 kA), horn
positions in x and y (+3 mm), measured beam position on target in x
and y (£1 mm), beam spot size in x and y (£0.2 mm), horn cooling
water layer thickness (1 mm), target z position (£7 mm), and beam
divergence (+54 prad). Refining the horn geometry had a negligible

impact on beam flux.

To estimate hadron production uncertainties, NOvA employs Principal
Component Analysis (PCA) using the PPFX framework [85]. A statisti-
cal ensemble of randomly generated universes is created, each incorporat-
ing different variations in proton-target cross sections based on external
data uncertainties. A covariance matrix is constructed from the gen-
erated universes, which is then diagonalized to obtain eigenvectors and
eigenvalues, representing the principal components used as systematic

shifts.

Other Systematics Unceranties

NOVA incorporates a systematic uncertainty related to the cosmic con-
tent at the FD, which arises from statistical uncertainty in the cosmic

ray sample used for background predictions.

A new systematic was also introduced to evaluate neutron interactions by
incorporating an alternative neutron-carbon interaction model, MENATE

(86, 87]. While NOVA typically uses Geant4 for neutron simulations, this
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systematic assesses the impact of replacing it with the MENATE model.

Geant4Reweight [88] is another systematic that allows modifications to
Geant4 hadron interaction modeling without requiring full re-simulation.
It assigns event weights based on adjusted cross-sections for different in-
teraction types. For pions, these include absorption, quasi-elastic scat-
tering, and charge exchange. Geant4Reweight includes 11 systematic
knobs—five for 7—, five for 7, and one for protons—while the neu-
tron knob was excluded due to incomplete understanding of its effects.
These systematics are incorporated into NOvA’s three-flavor analysis

using Principal Component Analysis (PCA).

In addition to these, several other systematics are considered. Normal-
ization systematics account for multiple small effects, including uncer-
tainties in POT, differences in detector masses, and event pile-up in the
ND. Other systematics include Michel electron tagging, which affects
the identification of muon decays, FD rock systematics, which account
for uncertainties in interactions occurring in the surrounding rock, and
matter density systematics, which address variations in Earth’s density

along the neutrino path.

4.1.5 Three-Flavor Oscillation Results
This section presents the most recent three-flavor oscillation results shown at

Neutrino 2024. The fits were performed by comparing FD predictions to the

data to determine the best-fit oscillation parameters.
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The best fit spectra and data at the FD for 1,-CC samples are shown in
Figure 4.3. Similarly, the best fit spectra and data at the FD for v.-CC

samples are shown in Figure 4.4.

The extraction of oscillation parameters was performed using a frequentist >
minimization method with a profiled Feldman-Cousins technique [89] to ac-
count for low statistics and physical boundaries and a Bayesian Markov Chain
Monte Carlo technique [90]. At the time of writing this thesis, the frequentist

analysis provides the Am32, and sin®fy3 only fits.
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Figure 4.3: Best fit predictions at the FD for v, (left) and 7, (right), the data
is shown in black and the 1-o systematic uncertainty band in magenta.

The resulting fit contours for AmZ, vs sin® fy3 and sin®fo3 vs dop are shown

in Figure 4.5 at 90% and 68% Confidence Level (CL) respectively.

The best-fit value for Am2, is 2.424739% x 1073 eV?, while sin? fy3 is 0.557) 0.

The CP-violating phase d¢p is constrained to two possible regions: 0.9301)250

and 0.1501) 150 7.

The results indicate a 76% preference for the normal mass ordering. This
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Figure 4.4: Best fit predictions at the FD for v, (left) and 7, (right), the data
is shown in black and the 1-0 systematic uncertainty band in magenta.

measurement represents the most precise determination of Am3, from a sin-

gle experiment. A more detailed discussion of these results can be found in [50].
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110



4.1.6 Impact of Systematic Uncertainties

Figure 4.6 illustrates the impact of various systematic uncertainties on two
oscillation parameters at the Frequentist best-fit point. Detector calibration

remains NOvA’s largest source of uncertainty.

For sin®#,3, the detector calibration uncertainty is significantly larger than
other systematic contributions, with the error bar pulling predominantly to
the left, favoring the lower octant. However, statistical uncertainty remains

the dominant source overall.

For Am3,, the uncertainties are more symmetric, and detector calibration is
less dominant compared to other systematic groups. Here, systematic uncer-

tainties have a relatively larger effect than statistical uncertainty.
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Figure 4.6: Uncertainty Estimates for Oscillation Parameters at the Frequen-
tist Best-Fit Point for sin® 63 and Am2,.

One of the main goals of this thesis is to provide the tools to improve the de-
tector calibration systematic, particularly the detector response component,
which has the largest impact (subsection 4.1.6). To achieve this, a Test Beam

experiment was conducted at Fermilab (see Chapter 5) to study the energy
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response of single charged particles, including electrons, protons, and pions.
In this work, the pion energy response is specifically studied and presented in
Chapter 7. Within the three-flavor framework, the pion Test Beam data will
provide valuable resources to validate the NOvA simulation and reduce the cal-
ibration systematic that directly impacts the measurements of the oscillation

2
parameters, such as 63 and Ams,.

4.2 Sterile Neutrino Analysis

As mentioned in section 1.10, experiments such as LSND and MiniBooNE have
reported an anomalous excess of v.(7%) events in vu(r,) beams. This result
deviates from the expected behavior of three-flavor neutrino oscillations. One
possible explanation is mixing with the existence of a fourth neutrino, known

as the sterile neutrino.

Sterile neutrinos can be probed in long-baseline neutrino experiments such as
NOvA. If they exist, their presence would lead to deviations from the stan-
dard three-flavor predictions, such as a depletion of NC and v, events and
a possible excess of v, events in the detectors. This effect would be espe-
cially noticeable in NC interactions, as these are not influenced by standard

three-flavor oscillations.

The UC neutrino group, as part of the NOvA collaboration, has been leading
efforts in these searches. First analyses [91, 92] compare the observed event
rates at the FD to predictions based on the standard three-flavor oscillation

model using NC samples in the 341 neutrino paradigm. The new analysis
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recently published in PRL [93] uses NC and v,-CC samples. Unlike the three
flavor analysis, and previous sterile neutrino searches at NOvA, the fit is per-
formed using the samples at the two detectors with systematics uncertainties

encoded in a covariance matrix.

This analysis uses the neutrino beam data collected up to 2020 with a total
FD exposure of 13.6 x 10?° POT and the ND dataset exposure of 11 x 10%
POT. The next sections will present the analysis strategy along with my con-

tributions and final results.

4.2.1 1,~-CC and NC Sample Selections

The selection criteria for the v,-CC sample follows the same standards as in the
three-flavor analysis. However, due to computational constraints, the sample
is not subdivided into hadronic energy fraction quantiles, nor are transverse

momentum extrapolated samples used.

Similarly, NC interaction events, which are characterized by hadronic activity
and an outgoing neutrino that is not detected, must pass quality and con-
tainment cuts. In particular, all NC events must have a reconstructed vertex,
at least one reconstructed particle, and activity in at least three contiguous
planes. A CVN is also applied here where optimal scores are used to reject
background events from the NC sample. Figure 4.7 shows the CVN score
quantity used to reject backgrounds from the FD NC sample. A cut was set
to include all events with a CVN > 0.1.
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Figure 4.7: The top plot shows the CVN score used to reject background
events from the FD NC sample. A cut is applied to include all events with a
CVN score greater or equal than 0.1.

4.2.2 Background Rejection

As stated before, the three-flavor and sterile neutrino analyses share many
techniques in selection, the same can be said about the background rejection
techniques. In the case of beam backgrounds, samples of no interest can
be rejected using machine learning techniques. The other main sources of

background are cosmic and rock events.

The rejection of cosmic events in the v,-CC and NC samples follows the same
principle explained in subsection 4.1.1, where a combination of a BDT and a

CNN is used to reject cosmic-like events in both samples.
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Similarly, rock events are removed using topological cuts in the detector to
discard events consistent with neutrinos or cosmic muons interacting in the

surrounding rock at the ND.

4.2.3 Data Quality Checks

Data quality checks are an essential part of the analysis, helping ensure that
the selected event sample is reliable. They allow us to verify that all events
are classified correctly and that the right selection criteria have been applied.
I performed these checks for NC events and found that the data and Monte
Carlo (MC) simulations were in good agreement. 4.8 shows examples of data

quality variables for the NC selection in the FD.
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Figure 4.8: Plots comparing the predicted spectrum of neutral current events
in the FD to data. Blue and gray histograms show the background component,
whereas the orange histograms show the NC component. Number of Hits in
the events (Left), neutrino vertex position in the x axis (Right)
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4.2.4 Side Band Studies

Sidebands are typically regions of the spectrum where the signal of interest is

not expected to appear or a set of events that fail a specific selection.

Studying sidebands helps identify potential issues in event selection by com-
paring data with Monte Carlo (MC) simulations. Ensuring a good agreement
between the two is especially important in neutrino analyses, which are con-

ducted blindly to avoid bias in important signal regions.

In this analysis, I examined the unselected portion of NC events in the FD,

focusing on the energy deposited in the detector. 4.9 illustrates this distribu-

tion.
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Figure 4.9: Side band plot for unselected NC events in the energy deposit
spectrum, where we observe a good level of agreement between data and MC.
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4.2.5 Estimation of Cosmic Backgrounds

The estimation of these events is well described in subsection 4.1.3, and the
same technique is used for both v,-CC and NC events. For this analysis, I
was responsible for verifying that the estimated cosmic background content in
the NC sample at the FD is consistent with the background estimated in the
sidebands. If the two samples agree, it confirms that the estimation procedure
was performed correctly. The result of this study is shown in Figure 4.10,

which demonstrates good agreement between the two.
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Figure 4.10: Estimated cosmic background content in the NC sample at the
FD (Cosmic Trigger Data) and background estimated in the sidebands (NuMI
Out-Of-Time Data), where we observe a good level of agreement between the
two samples.
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4.2.6 Systematic Uncertainties

The systematic uncertainties in this analysis are largely based on those from
the three-flavor study, fully discussed in subsection 4.1.4, with a few differ-
ences. These differences arise primarily from the fact that no ND/FD extrap-

olation is applied here.

The uncertainties from beam flux and hadron production are the same as in the
three-flavor analysis. However, because extrapolation is not used, we handle
uncertainty bands differently. Instead of adjusting them based on changes in
the far-to-near spectra in true energy, we evaluate their effects on the FD and

ND spectra separately

Similarly, the three-flavor analysis accounts for calibration uncertainties by
considering the ND and FD energy scale uncertainties as either fully correlated
or fully anti-correlated to capture the possible range of effects. In this analysis,
since each detector is fit independently, it is more appropriate to treat their

energy scale uncertainties as uncorrelated.

Finally, two new sources of uncertainty were introduced: a kaon beam par-
ent normalization uncertainty, and an uncertainty related to meson exchange

current (MEC) interactions. These are discussed in more detail below.

e Kaon Systematic Uncertainty

Many of the NC neutrino candidates selected for this analysis come from
kaon decays. In previous studies, the beam kaon component was assigned

a 30% normalization uncertainty in addition to the PPFX uncertainties
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due to limited hadron production data. Instead of keeping this large
uncertainty, we used samples outside the main analysis to better estimate

it.

To do this, we analyzed horn-off data, which allows us to study hadron
production uncertainties without the effects of the focusing horns, and a
sample of uncontained high-energy v, events, which provides insight into
the focused kaon peak. This study examined ND horn-off data passing

NC, v,, and v, selections, as well as the uncontained v, sample.

We then fit the kaon flux normalization while accounting for possible
sterile neutrino oscillations. The best fit was at 1, with small variations
within 10%. Since the changes were minor, we reduced the kaon flux

uncertainty from 30% to 10%, which are applied in our final analysis.

Cross Section Systematics

As mentioned before, the three flavor oscillation analyses use extrapola-
tion, where the ND is assumed to have no oscillations. This means that
any differences between data and simulation are treated as mismodeling
in the simulation. To correct for this, we adjust the cross-section models
in the ND simulation to better match the ND data, producing updated

central values and uncertainties.

However, in a sterile neutrino search, oscillations could occur in the
ND, so differences between data and simulation cannot simply be due
to cross-section miss-modeling. Because of this, we do not apply the
cross-section tuning and instead use the original, untuned simulation

and uncertainties.
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The Meson Exchange Current (2p2h-MEC) component of the simulation
is not well constrained. To account for this, we introduce shape and

normalization uncertainties based on differences between the Valencia,

SuSA, and GENIE empirical MEC models.

4.2.7 PISCES: Analysis Framework

As discussed in section 1.11, sterile neutrino searches can be conducted using
the 3+1 sterile model. This approach provides access to new dcp phases,
mass-squared differences, and mixing angles in addition to the three-flavor

parameters.

By using NC and v,-CC samples in the sterile neutrino context, NOvA can
constrain Am3,, sin? @54, and sin? 05, sterile parameters. This is achieved by
fitting the data from both the ND and FD to the expected predictions for

three-flavor oscillations.

To accomplish this, the UC group has developed a framework known as PISCES.
PISCES stands for Parameter Inference with Systematic Covariance and Ex-
act Statistics. It uses a hybrid test statistic that handles uncertainties in
two ways: Statistical uncertainties are treated using a Poisson log-likelihood
approach, while systematic uncertainties are managed with a Gaussian multi-
variate technique. The framework is outline bellow and the full derivation of

PISCES can be found in [94].

In traditional high-statistics analyses, A Gaussian multivariate technique can

be used, in which statistical and systematic uncertainties and their correlation
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are encoded in a covariance matrix:

Xoow = > (i — ) Vig ' (a5 — 1), (4.1)

ij

where x; and p; are the data and nominal prediction in each bin ¢, respectively,
and Vj; is the total covariance matrix, including both statistical and systematic
uncertainties. This technique is fast since the systematic uncertainties do not
need to be profiled by the fitter. However, this approach does not calculate
the systematic pulls directly, therefore systematic shifts cannot be visualized.
In addition, since this method uses a Gaussian approach, it is not valid when

the data contain bins with very few events.

To address this, a statistically proper approach is to use the Poisson likelihood

to calculate x? between data and the predicted spectrum:

N K
2 _ Li 2
Xpunt = 2 E (mi — x; + x; log E) + E a;j (4.2)
¢ J

where m; = u; + Z]K:l a;s;; is the predicted event rate in bin ¢ including
systematic shifts. Here, o is the fit parameter for the j-th systematic, and
sj; is its corresponding reweight factor in bin ¢. K is the total number of
systematics. Dependencies on oscillation parameters are omitted for simplicity.
This method is statistically robust, but computationally expensive since the

systematic uncertainties are profiled in the fit.

PISCES avoids profiling systematic uncertainties by combining the Poisson
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likelihood with the Gaussian multivariate technique. Leading to:

=2 [sl- — a2 + 2 log (g—)} 305 (50— DEL (55— 1) (4.3)

i ij  af

Here, the covariance matrix encoding only systematic uncertainties is used to
determine the optimal systematic pulls, s,;, for each oscillation channel o and
analysis bin ¢. The observed data are denoted as x;, while the predicted value,
Si, is given by S; = > [taiSai, Where p,,; represents the nominal prediction.
The covariance matrix, Fy;s;, accounts for systematic uncertainties and their

correlations across different oscillation channels («, 3) and analysis bins (3, j).

To perform the fit, at each point in parameter space, first the y? is mini-
mized with respect to the systematic pulls, s,,. These pulls are found by

solving for the minimum x? using iteratively the Levenberg-Marquardt algo-

rithm (LMA) [95].

To determine the minimum, one solves for the roots of the gradient of the
x? with respect to each systematic pull. The gradient vector for each beam

component v, and analysis bin is given by:

% o MN
=2 R LN (50 — 1) F 44
R R e SO Y

The corresponding Hessian matrix of the y? with respect to a pair of systematic

pulls is:
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Here, A is a stabilizing factor introduced in the LMA algorithm, which inter-
polates between gradient descent and Newton’s method. It starts at 0.1 and is
reduced iteratively by a factor of 1.5 as the method converges. When A — 0,

pure Newton’s method is recovered.

The linear system formed by the gradient vector in Equation 4.4 and Hessian
in Equation 4.5 is solved via Cholesky decomposition to obtain the updated
values of systematic pulls. The implementation uses LAPACK routines to

handle the matrix algebra.

If a given bin has data very close to zero, the gradient may drive a pull

below zero, causing instability. To ensure robustness, any bins for which

82X2
0s?

ai | 5,,;,=0

these bins are reintroduced and minimization is repeated, until a stable mini-

< 0 are removed during minimization. Once the system converges,

mum is found.

Once the values of the systematic pulls have been determined, the total x? is

recomputed as the sum of a penalty term and a Poisson likelihood term.

First, the penalty for shifting systematic parameters from their nominal values

is evaluated as:

N M
Xf)enalty = Z Z(sai - 1)Fa_i,éj(sﬁj - ]') (46)

ij  af
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Then, the Poisson likelihood component is calculated for each systematically

shifted bin:

XPoisson = 2 Z [(Z NaiSaz') — & + x;log (%)] (4.7)

a=1 MaiSai

The total test statistic y? is the sum of these two terms:

X2 - X%oisson + X}%enalty (48)
as described in Equation 4.3.

The process is then repeated iteratively: the Hessian matrix and gradient vec-
tor are recalculated, new systematic pulls s;; are determined, and updates
Equation 4.8. This process continues until the change in x? between iterations
is less than 1071 at which point the minimum has been located within the
tolerance specified by the MINUIT fitter, which is used to perform the min-
imization with respect to the oscillation parameters. Convergence typically
occurs within 30 iterations for standard use cases, though more iterations may

be needed when x? is very large.

4.2.8 PISCES: Robustness Of Fit

The fitting technique mentioned in previous section is used to search for sterile
neutrinos in the 3+1 model using NC and v,-CC MC selected samples, the
fitting procedure is performed simultaneously in both detectors over a series

of fake data experiments including Asimov fake data (simulated data where
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systematic uncertainties are assumed to be at their nominal values) and fluc-

tuated pseudo-experiments including statistical and systematics fluctuations.

I conducted extensive work to test the PISCES framework by checking the
robustness of the fit. This is important since some fits can be very difficult
to resolve when statistical and systematic fluctuations are large. The results
of this study provided insight into the challenges we encountered when fitting
different samples and oscillation parameters simultaneously. Examples of these
study for the sin? fy4 vs Am?2, and sin? f34 vs Am?2, parameter space are shown
in Figure 4.11. Ultimately, these studies contributed to the development of a

more sophisticated fitting framework used in the final analysis.
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Figure 4.11: 90 % CL contours, statistical plus systematic fluctuations fit: The
Median contour is represented by the orange contour, Asimov sensitivity with
blue contour, and 200 individual pseudo-experiments with the gray contours.
Left: sin® @y vs Am3,, right: sin® s, vs Am3,.

4.2.9 CMF: Analysis Framework

The Covariance Matrix Framework (CMF) is a complementary fitting tech-

nique developed by the University of Wisconsin-Madison neutrino group. This

125



framework is used for searches of sterile neutrinos in NOvA. Similar to PISCES,
CMF encodes the systematic uncertainties in a covariance matrix, while statis-
tical uncertainties are included in the diagonal of the covariance matrix using

the combined Neyman—Pearson formalism.

4.2.10 Analysis Results

The results presented in this section make use of PISCES (Analysis 1) and
CMF (Analysis 2) to search for sterile neutrinos in the NOvA experiment.

In both analyses, the oscillation parameters 653 and Am3, are varied, with a
loose Gaussian constraint on Am32, to keep the fit within a 3+1 flavor frame-
work. This constraint is centered at [2.51] 4 0.15 x 1072 eV? for both mass
orderings, based on a 2020 global fit to atmospheric neutrino data, and its

width is set conservatively to twice the 30 range.

The sterile parameters Am?2,, 0y, 034, and o4 are allowed to vary freely, while
the remaining sterile parameters are fixed at zero due to constraints from solar

and reactor experiments, as well as unitarity requirements..

The resulting fit spectra comparing data and predictions for the two analyses

are shown in Figure 4.12

The findings show that NOvA data is consistent with three-flavor oscillations
at the 90% confidence level, with limits aligning with sensitivity studies based
on this model (Figure 4.13). These results include the first constraints in cer-

tain regions of phase space and exclude previously allowed parameter space
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from IceCube at 90% confidence. Additionally, this work sets the most strin-
< 3 eV?, including the

~

gent limits on anomalous v, appearance for Am?,

strongest constraints around Amj3, =1 eVZ.

As discussed at the end of the three-flavor analysis, the impact of system-
atic uncertainties can limit how precisely one can measure neutrino oscillation
parameters. In the context of sterile neutrino analysis, systematic uncertain-
ties such as detector calibration can degrade the sensitivity to sterile neutrino
searches. Here, the NOvA Test Beam experiment could potentially reduce the
calibration uncertainty. This is particularly essential for neutrino NC inter-
actions, since the final state of an NC interaction is primarily composed of

hadrons, including pions, which is the topic of this thesis.

4.2.11 Closing Thoughts on Oscillation Results

and Uncertainties

This chapter presented the latest results on neutrino oscillations from the
NOVA experiment. One key takeaway for future studies is the significant im-
pact of statistical and systematic uncertainties on the determination of neu-
trino oscillation parameters, as discussed in Section 4.1.6. While statistical
uncertainties can be reduced by collecting more data, systematic uncertainties
are more challenging to minimize due to various factors, including a better

understanding of neutrino interactions, detector response, and calibration.

As mentioned at the end of each oscillation analysis results. The NOvVA col-

laboration deployed a Test Beam experiment to study the detector response to
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Figure 4.12: Spectra for the four samples used in the sterile neutrino analysis
are presented here. The top plots display the spectra from the Near Detec-
tor, while the bottom plots correspond to the Far Detector. On the left, the
charged-current muon neutrino interactions are shown, while the right-hand
side illustrates neutral-current (NC) interactions. The data points are rep-
resented in black, with the best-fit results from Analysis 1 (PISCES) shown
in orange and those from Analysis 2 (CMF) in blue. The dashed histogram
shows the best fit for PISCES with systematic pulls applied
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Figure 4.13: NOvA’s Feldman-Cousins corrected 90% confidence limits are
shown for (a) Am?2, vs. sin®fy, (b) Am2, vs. sin®fsy, and (c) Am2, vs.
sin® 20,,.. Allowed regions and exclusion contours from other experiments are
included, with areas to the right of open contours indicating excluded regions.
In (a), closed contours for SciBooNE/MiniBooNE, CCFR, and CDHS also
denote exclusion regions. For Super-Kamiokande, a single value of each mixing
angle is reported at Am3, > 0.1 eV2 In (b), arrows indicate constraints on
sin? 0, at a specific Am?2, value, while in (c), OPERA NH/IH contours overlap
for Am3, > 1072 eVZ2.
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individual particles such as protons, pions, and electrons to address one of the
largest systematic uncertainties, detector calibration. The following chapters
will explore the NOvA Test Beam experiment and present the first results on

the pion energy response.
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Chapter 5

The NOvVvA Test Beam

Experiment

The NOvVA Test Beam experiment uses a scaled-down 30-ton NOvA detector
to analyze tagged charged particles. A new tertiary beamline (Figure 5.1) was
deployed at Fermilab to select and identify electrons, muons, pions, kaons and
protons in the momentum range from 0.4 to 1.4 GeV/c . The data from the
NOvVA Test Beam Experiment is providing NOvA with a better understanding
of some of the largest systematic uncertainties impacting NOvA’s analyses,

such as detector response and calibration.
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Figure 5.1: Diagram of the NOvA tertiary beamline components and NOvA
detector, particle beam moves from right to left (Top). Panoramic view of the
NOvVA Test Beam experiment (Bottom).

5.1 The Beamline

The Fermilab Accelerator Complex delivers high-energy protons to multiple

locations, including NOvA and the Fermilab Test Beam Facility (FTBF). The
main Injector provides FTBF (Figure 5.2) with 120 GeV /c protons, the beam

is extracted over 375000 turns of the main injector via resonant extraction and
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consists of about 81 bunches, each space at 53.1 MHz, which corresponds to
18.83 ns between individual bunches. The bunches are grouped into 1.6 us
burst, and the bursts are spaced 11.2 us apart. This pattern is repeated 93750
times over 4.2 s before the next spill begins (1 each minute). Typically, each

spill delivers between 1 x 10° and 1 x 10'° protons to the primary target.

e : ‘ 7‘.- 7 &
Figure 5.2: An Aerial view of the Fermilab Test Beam Facility (FTBF) is

shown. FTBF has hosted numerous test beam experiments, including NOvA,
MINERvVA and LArIAT, among others.

protons extracted from the Main Injector interact with a primary copper target
located upstream of FTBEF in the MC6 enclosure (see Figure 5.3). These inter-
actions generate a secondary beam primarily composed of protons and pions,
with a momentum range spanning 1 to 80 GeV/c. The dipole and quadrupole
magnets deployed in the beamline, along with shielding blocks and collima-
tors in the enclosure, are responsible for focusing and steering the secondary

beam. For the NOvA Test Beam Experiment, the secondary beam was tuned
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to provide particles of 64 GeV /c for optimal tertiary particle production.
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Figure 5.3: Technical drawing (side view) of the secondary beamline (MC6).
The beamline instrumentation is tuned to focus 64 GeV/c particles for the
NOvA Test Beam experiment. The proton beam enters from the left.

The 64 GeV /c beam interacts with the NOvA copper target in the MC7 enclo-
sure (see Figure 5.4), producing a tertiary beam consisting of protons, kaons,
pions muons and electrons. Instrumentation was deployed along the tertiary
beamline to identify and select these particles, the main components of the

tertiary beamline will be presented in the following sections.

NOVA Target
NOvA Test Beam
o

s U7 500
Top View -

Beam
ﬁ Helium pip'e_\

El

—

Figure 5.4: Technical drawing of the MCT7 enclosure (top view) showing the
NOvVA Test Beam experiment and target location.
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5.1.1 Target and Collimator

The first two components of the tertiary beamline are the copper target and
an iron collimator. The target had a rhombohedral shape, 28 cm long, 25 cm
tall, and a maximum width of 3.5 cm (Figure 5.5). Tertiary beam particles
coming out of the target were absorbed and degraded by the iron collimator.
The collimator assembly had an aperture that allowed only particles with a
16° trajectory to exit. The angle of collimation prevented secondary particles

from being collinear with the tertiary beam.

Figure 5.5: Top view of the copper target and downstream iron collimator.
The collimator includes an aperture aligned at 16°, allowing only particles
exiting the target at that angle to pass and preventing secondary particles
from being collinear with the tertiary beam.
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5.1.2 Time Of Flight (TOF) System

The system consists of three scintillator paddles: one located upstream of
the beamline (US TOF) and two downstream (DS TOF1 and DS TOF2).
These paddles provide precise timing information for particles traversing the

beamline.

Two configurations were used during the experiment. In the first year of
operation, the TOF was measured using the DS TOF1 and DS TOF2 paddles.
The dimensions of these paddles were 0.6 x 15 x 15 cm? for the US TOF and
DS TOF2, and 2 x 15 x 15 cm? for DS TOF1. In this setup, particles traveled a
distance of approximately 13.16 meters between the TOF's along the beamline.
It was later found that approximately 40 percent of the reconstructed beamline
particle tracks were missing the DS TOF2 paddle due to scattering in the
beamline material, including the thicker DS TOF1.

To address this, the DS TOF1 paddle was moved upstream to replace the US
TOF and was renamed US TOF. The original US TOF paddle was relocated
downstream and became the new DS TOF1. This new configuration used
the US TOF (formerly DS TOF1) and DS TOF1 (formerly US TOF), with
particles traveling a distance of 9.71 meters between them. The thinner DS
TOF1 paddle, now in the downstream position, was placed between MWPC4
and the Cherenkov detector. This configuration proved effective in recovering
the previously lost particles and was employed for the two subsequent years

of operation.
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5.1.3 Multi-Wire Proportional Chambers (MWPCs)

MWPCs, commonly known as wire chambers, are designed to accurately mea-
sure the position of charged particles, minimize the amount of matter in the
path of the beam, and measure momentum using the dipole magnet. For the
NOvA Test Beam experiment, four wire chambers were placed along the ter-
tiary beamline: two before and two after the dipole magnet, to track particles

before and after magnetic field deflection.

The wire chambers are composed of two sense planes (X, Y), with 128 gold-
tungsten wires per plane, spaced 1 mm apart, where the diameter of each wire
is 10 pm. These sense planes are located between three high-voltage aluminum
cathode planes with a thickness of 12.5 pm. G10 spacers are used to separate
each sense and cathode plane by 3.175 mm. To seal the assembly, 12.7 ym alu-

minum foils were used. Each chamber has an active area of 15.24 x 15.24 cm?.

Cathodes

A T

Incident
particle

P

Anode wires (Xand Y planes)

Figure 5.6: (Left) Front view of the NOvA Test Beam wire chamber. (Right)
Side view representation of wire chamber with its key components (Right)
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Each wire chamber was filled with 85% argon and 15% isobutane gas mix-
ture and operated with a high voltage of ~2.4 kV. This design provides high
efficiency and precision for measuring particle location in both X and Y direc-
tions. A picture and a schematic (side view) representation of a wire chamber

can be seen in Figure 5.6.

5.1.4 Dipole Magnet

The Dipole magnet is used to select the momentum and charge of the tertiary
beamline particles. The active region of the magnet has an aperture of 45.1 cm
(width), 8.9 cm (height) and 106.7 cm (length). It was configured to operate
with currents ranging from 500 A to 1250 A, for both positive and negative

polarities, a picture of the dipole magnet can be seen in Figure 5.7.

Figure 5.7: Picture of dipole magnet in the tertiary beamline for the NOVA
Test Beam experiment, the arrow shows the direction of the beam.
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The relationship between the average magnetic field in the active region of the

magnet (B.s¢) and the current (/) can be expressed as Equation 5.1 [22]:

2
Bejs = —0.0294 + (Y (5.1)
985.3  \3451.2

The parameters in Equation 5.1 were obtained by fitting the curve to the mea-

sure data points shown in Figure 5.8.

Beff for Leff=1 .0668 m

0.00 . « from maps
: - parameterization

~1.50
-1.75

0 500 1000 1500 2000
Current (A)

Figure 5.8: Effective Magnetic field (Bss) as a function of input current (1),

the red curve shows the fitted model, whereas the blue points represent the
measured data [22].
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5.1.5 Cherenkov Counter

In the NOvA Test Beam experiment, the Cherenkov counter plays a crucial
role in distinguishing electrons from other particles by using Cherenkov light.
The system consists of two stainless steel pipes connected to a L-shaped struc-
ture. A mylar mirror focuses light into photomultiplier tube (PMT) mounted
at the short end of the L (Figure 5.9). To produce Cherenkov radiation, the
counter is filled with CO2 at 1 atm pressure and placed downstream the ter-

tiary beamline.

- 115.18

[2925 mm]
-14.75

[375 mm]

- A 98.43 -
[2500 mm] —=—13.00 -
[330 mm]

4130
[1049 mm]

Figure 5.9: Diagram and dimensions of the Cherenkov counter

Cherenkov radiation occurs only when the charge particle’s velocity exceed the
speed of light in a given medium. This velocity threshold is determined by
the ratio of the speed of light in the vacuum (c) to the refractive index (n) of

the medium (¢/n). For CO2, the refractive index depends on the gas pressure
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(P), as described by Equation 5.2:

n=1+ Pk (5.2)

Here k = 4.1 x 107*/atm and P is the gas pressure. The minimum pressure
(Pinreshora) for CO2 to produce Cherenkov light in function of the particle

momentum p is expressed by Equation 5.3:

Vv (me)2 +p? —p (5.3)
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Figure 5.10: Pressure threshold curves for Cherenkov light emission as a func-
tion of particle momentum for different particle species. The dashed black line
marks the operating pressure of 1 atm, chosen to reliably tag electrons within
the NOvA Test Beam momentum range, shown by the red arrow.
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The graphical representation of the pressure threshold in function of particle
momentum in the Cherenkov counter can be seen in Figure 5.10. The rela-
tionship was critical to determine the optimal pressure for the gas inside the
counter and a pressure of 1 atm was selected, this ensures reliable electron
tagging by Cherenkov light in the NOvA Test Beam momentum operation

range.

The components mentioned above are key to the NOvA Test beam experiment.
In the next sections, operations , data taking procedures, DAQ and triggers will
be presented. Then we will explore how the experiment systems work together

to reliably tag particles of different species and momenta in the beamline.

5.2 Operations and Data Taking

The NOvA Test Beam experiment collected data over four different run pe-
riods, which can be classified as commissioning, optimization, and full data-
taking phases. During the run, the magnet’s magnetic field was set to different
currents and polarities, enabling the collection of particles with different charge

and momentum ranges. A summary of operations can be shown in Table 5.1.

The commissioning phase focused on verifying the experimental setup. During
this stage, the team ensured that the beamline, detector, and data acquisition
were working properly. Although the data quality was relatively low, this phase
was essential to understand the adjustments that were needed to improve data

collection and quality in future runs.
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Magnet Approximate Mean Particle

Period Current (A) | Momentum (MeV/c) | Charge (q)
Commissioning 250 to 2000 250 to 2000 +1
(29 Mar 2019 — 7 Jul 2019) Testing Testing +1
2020 Run: “Period 2" -+500 500 +1
(5 Dec 2019 — 20 Mar 2020) -+1000 1000 +1
2021 Run: “Period 3" 500 200 i
(12 Jan 2021 — 27 Jun 2021) 750 750 £l
+1000 1000 +1
+500 500 +1
2022 Run: “Period 4” £750 750 +1
(30 Nov 2021 — 10 Jul 2022) +1000 1000 +1
+1250 1250 +1

Table 5.1: Overview of the data taking operations showing the magnet current
settings, the approximate particle mean momentum, and the corresponding
particle charge across periods.

One of the primary challenges encountered during commissioning and period 2
was a large amount of background originating in the secondary beamline (sub-
section 6.2.1). This background saturated the NOvA detector’s electronics
and DAQ systems, limiting the ability to collect high-quality data (subsec-
tion 6.2.2). By the end of period 2, shielding blocks were placed along the

beamline to mitigate the secondary background effectively.

During Period 3, extensive efforts were dedicated to improving the beam qual-
ity by tuning the angle of the beam at the primary target, selecting the config-
uration of the momentum collimator on the secondary beamline, and under-
standing sources of background that could interfere with optimal operations.
Another major improvement during period 3 was the top-off of the under-filled
cells in the detector (subsection 6.2.3). All these improvements were applied

and set as default for the remainder of the run.
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5.3 Beamline DAQ and Timing Systems

The beamline data acquisition system (DAQ) collects and records data from
beamline instrumentation before it reaches the NOvA detector. It works sep-

arately from the NOvA detector’'s DAQ (described in subsection 5.7.1) but

stays synchronized using timestamps.

The system includes a VME crate with a CAEN V1495 trigger board, a CAEN
V1742 digitizer, and a CAEN V2718 controller that connects to the DAQ
server via a CAEN A3818 PCle card. The digitizer processes signals from
the ToF and the Cherenkov detectors, while a custom controller handles wire
chamber data. This setup ensures accurate and synchronized data collection

for analysis.

Signals are processed using electronics and cables before being recorded. When
a trigger occurs, an electronic signal is sent to start data readout and timing
distribution. Two TDUs ensure synchronization. One triggers the NOvA de-
tector, while the other timestamps beamline data, allowing both data streams

to be matched during offline processing.

5.4 Beamline Trigger

The NOvA Test Beam detector (section 5.7) recorded data whenever it re-
ceived a beam trigger, which depended on three factors: signals from dedi-
cated trigger counters, alignment with the beam window, and availability of

the readout electronics.
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Each trigger counter had a PMT connected to a plastic scintillator plate (3.1
mm thick, 10.1 x 10.1 c¢m in size). Four counters were placed along the
beamline near the wire chambers. Initially, all four needed to register a hit for
a trigger, but for the final run, the fourth counter was ommiteed after tests

showed it was lowering trigger efficiency.

A NIM gate generator controlled the 4.2-second beam window, using signals
from the Fermilab accelerator clock to mark the start and end of each beam
spill. During data collection, trigger rates ranged from 1 to 10 per spill across

the last three runs.

To keep things running properly, the electronics had to meet two conditions
before accepting a new trigger: the digitizer processing ToF and Cherenkov
detector data couldn’t be in a ‘busy’ state from the last trigger, and a brief
10 ps delay ensured the front-end components, especially the wire chamber

controller, had enough time to reset properly.

5.5 Beamline Momentum Reconstruction

The momentum of particles traversing the beamline is estimated by recon-
structing their tracks using the four MWPCs and measuring their deflection
caused by the field in the dipole magnet. The first stage of track reconstruc-
tion involves identifying the hits corresponding to particles interacting with
the wire chambers, followed by reconstructing the beamline track and finally
estimating the momentum. The next sections will explain in detail the proce-

dure.
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5.5.1 Wire Chamber Hit Reconstruction

To achieve this task, a hit-finding algorithm is implemented, inspired by the
one used by the LArTAT experiment [96]. The algorithm saves the triggered
signals in a hit list array containing spatial and temporal data information.
Due to ionization effects, it is possible that particles traversing the wire cham-

bers hit multiple wires in the wire chambers.
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Figure 5.11: Reconstructed hits for each of the four wire chambers, each hit
represents a particle traversing the wire chamber detectors in the tertiary
beamline, each hit position was determined by the DBSCAN algorithm.

These hits are then passed to a DBSCAN algorithm [97] (Density-Based Spa-
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tial Clustering of Applications with Noise), which groups hits into clusters
based on their proximity. Since each cluster represents a particle interaction
within the wire chambers, the earliest hit from a cluster from the DBSCAN

determines the particle’s position through the wire chamber.

An important condition for forming a valid hit is that there must be a signal
on at least one vertical and one horizontal wire. For instance, if there are two
vertical wire signals and one horizontal wire signal, this results in two hits. in
general, the number of reconstructed hits in a wire chamber is given by the
product of horizontal (nz) and vertical (ny) signals, such that nhit = nx x ny
for any given wire chamber. Figure 5.11 shows hits of particles traversing the

wire chambers.

5.5.2 Beamline Track Reconstruction

For every combination of reconstructed hits, a straight line in the y-z plane
(non-bending view) is determined by applying a least squares fit to a straight-
line, the chosen track is the one found by minimizing the residuals from the

fit in Equation 5.4.

yi=a+bz +e (5.4)

Where a and b are the slope and intercept, which are determined by the fit
using the hit position in each wire chamber. The residual, e;, is the distance

between the best-fit line and the hit 7 in the y direction. The intercept can be
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found using Equation 5.5:

o= oY — by % (5.5)

n

Here n is the number of wire chambers and the sum is over the number of hits

1. The slope is given by Equation 5.6:

b— nZZzzyz—ZzzzZzyz

ny 5 — (0 Zi)2 56)

the residual is evaluated for every y;, z; pair, and the goodness of fit e,,q is

obtained by taking the average of the square root of the residuals.

Zi 612'

Cavg =
& n

The particle track is the one in which ey, is the smallest.

5.5.3 Beamline Momentum Estimation

The momentum of a particle p traversing a dipole magnet of length L can be

estimated using the transverse momentum pr in Equation 5.8:

Pr
CoS @

(5.8)

148



Here ¢ is the angle formed by p and pr in the y-z plane as seen in Figure 5.12

Side View 7

PI

Figure 5.12: Side view representation of a particle passing through the magnet,
the image shows the relationship between pr and p.

The Lorentz force for a charged particle with a velocity v in a magnetic field

B in the transverse direction is given by Equation 5.9.

F =quB (5.9)

Since the particle track bends in the magnet, the force can be expressed as the

centripetal force, thus equaling the forces Equation 5.10 is obtained.

=quB (5.10)

And can be expressed as:
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pr =qBR (5.11)

Equalling Equation 5.11 to Equation 5.8 and solving for p:

qRB
cos(¢)

p= (5.12)
The radius of the curvature of the reconstructed track R depends on the length
of the magnet L, the angle of entry 6,,, and the outgoing angle 6,,; of the two

ends of the track as observed in Figure 5.13.
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Figure 5.13: Top view representation of a particle passing through the magnet,
the image shows the relationship between R, L, 6;, and 60,,;.

150



Therefore, R is equal to:

R= L (5.13)

sin 65, — sin O,¢

Replacing Equation 5.13 in Equation 5.12 leads to the final expression of the

reconstructed momentum of a particle traversing the beamline:

_ qBL
pP= [sin(6;,) — sin(pye)] cos(@) (5.14)

Where B is equal to the effective magnetic field (B.ss) from Equation 5.1.

5.6 Time of Flight Estimation

The estimation starts with determining the baseline of the PMTs’ digitized
signal. This is achieved by calculating the mean and sigma iteratively across
raw data samples. The iteration converges when the differences between the
means of the samples are less than 2 ADC. The final mean and sigma are used

as the baseline and noise band, respectively.

Once the baseline and noise band are determined, the Savitzky-Golay Filter
[98] is used to smother the raw data signals (pulses), this helps to suppress
high-frequency noise using a polynomial of order 3 and a window size of 15
points, ensuring minimal errors maintaining important features of the pulse,

such as the start, peak, and width.
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After filtering, the pulses are identified and reconstructed, this is achieved by
establishing a threshold of 50 times the noise band, making sure that at least

four points in the pulse are below this threshold ensuring a reliable signal.

Valid pulses are then analyzed, and for each of them, the start, peak, and
end times are located. A Constant Fraction Discrimination (CFD) method is
implemented to find the start point precisely, and a threshold of 0.7 % of the
peak value of the pulse is used for the discriminator to minimize the width
of the pulse. A third-order polynomial is implemented to fit the peak, this

ensures a precise peak and amplitude determination.

Since each TOF has 4 PMTs, pulses that are close in time within a 5 ns
window are saved into a cluster, from the collection of all the start times in
the cluster, a Gaussian fit is performed to find the mean time, allowing the

reduction of the statistical error by half (since the error on the mean is equal

to o/vV/N).

The final reconstruction step uses the mean times for both US TOF and DS
TOF to estimate the time of flight using the Equation 5.15:

TOF =tps —tys (5.15)

5.6.1 Time of Flight Resolution

A Gaussian fit to the TOF distribution is performed for pions, protons, and

electrons. The resolution for pions is 0.19 ns, for electrons 0.18 ns, and for
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protons 0.8 ns, the TOF distributions from different momentum ranges along

with the fit curves can be seen in Figure 5.14.
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Figure 5.14: Time of flight distributions for pions, protons, and electrons.
Gaussian fit was performed on the data and the resulting curves can be seen
in orange, the resolutions are given by the sigma in each plot.
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5.7 NOvVA Test Beam Detector

As discussed in section 2.2 the NOvA Test Beam detector is part of the set
of detectors for the NOVA experiment. Specifically, this detector is used to
study charged particle interactions tagged by the tertiary beam instrumenta-
tion. The detector is functionally identical to the ND and FD, but with a
smaller footprint. A picture of the NOVA Test Beam detector can be seen in
Figure 5.15 inside the FTBF in the MC7 enclosure.

NOVA Test Beam M
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Figure 5.15: Picture of the NOvA Test Beam detector in the MC7 enclosure.

The Test Beam detector is composed of 63 planes alternating between vertical
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and horizontal cell orientations, each cell is 2.6 m long forming a 2.6 m height,
2.6 m width and 4.1 m in length detector with a total mass of 30 tons. This
design was chosen to effectively contain the energy depositions of pions and
electrons based on detector simulations involving charged particles in the 0.4

to 1.8 GeV/c momentum range.

The NOvA Test Beam detector was filled with a combination of two scintil-
lator blends. One blend was repurposed from the NOvA NDOS prototype
after decommissioning, while the other included a mix of scintillator stored at
the University of Texas, Austin, and leftover FD scintillator from Ash River,
MN. Differences in brightness between the blends were calibrated following
established procedures (following section). Before filling, scintillator samples
were tested for optical transmission to ensure minimal suspended impurities,

meeting the NOvA-required >95% threshold.

5.7.1 Detector DAQ and Triggering

The DAQ system for the Test Beam detector is a modified version of the one
used for the ND and FD (details in subsection 2.2.7), designed for continuous

readout with buffered data processing.

Each APD connects to a FEB that amplifies, processes, and digitizes signals
using a 32-channel ASIC before sending them to an ADC. Due to differing
pileup rates, NOvA uses two FEB designs: one for the FD, which handles
lower pileup, and another for the ND, which experiences higher pileup due its

proximity to the NuMI beam.
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To study the differences between FD and ND performance, the Test Beam
detector includes both FEB types, with 118 of 126 being FD-type and the

remaining 8 being ND-type.

The NOvA DAQ system can handle multiple triggers at the same time, with
each one storing data from front-end buffers in its own dat file. If an event
meets more than one trigger condition, it gets recorded in multiple data

streams.

The main data stream for test beam data comes from the beamline trigger
(section 5.4). There are also activity-based DDTs that collect data outside
the beam spill, including cosmic ray interactions used for calibration (next
section). Another important stream, the “beam spill” stream, saves all data
recorded during a beam window, allowing analysis of the NOvA detector’s

status and its response to beam-induced backgrounds.

5.7.2 NOvVA Test Beam Detector Calibration

The NOvVA Test Beam detector uses the same calibration process as the ND
and FD as described in section 3.2. The calibration ensures accurate energy
measurements by correcting for light attenuation in fibers, eliminating energy
deposition differences, and establishing an absolute energy scale. This enables
a direct comparison of deposited energy between the Test Beam detector and

the NOvA ND and FD.

The data calibration of the detector follows the same principle explained in

section 3.2, this is performed in all data periods. To calibrate the simulated
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ND and FD, NOvA typically uses the a Monte Carlo generator to produce a
sample of cosmic muons. These muons are then processed through the same

reconstruction and selection criteria as real data.

However, to improve simulation efficiency, the NOvA Test Beam instead uses
a data-driven approach [99]. In this method, cosmic muons from Period 4
data are selected (best detector conditions), and their reconstructed vertex
positions and four-momenta are used to seed a Geant4-based simulation of the
detector. The vertex is determined by finding the intersection of the cosmic
muon’s track with the detector’s edge, while the four-momenta are refined

using an adapted break-point fitter (BPF) method.

To account for variations in detector response, the simulation divides the de-
tector cells into 12 fiber brightness bins, based on the uncorrected average
response at their centers. This correction helps compensate for differences in

individual scintillators and variations in fiber brightness across the detector.

The Test Beam’s calibration procedure helps validate NOvA’s calibration
methods, improving estimates of systematic uncertainties and providing an
independent energy scale measurement. Its smaller size reduces light atten-
uation effects, resulting in a more uniform energy deposition. Variations in
scintillators and readout electronics allow for testing detector response under
different conditions. The calibration process effectively removes inconsisten-
cies between individual cells, ensuring a nearly uniform energy response across

the detector.
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5.7.3 NOvVA Test Beam Detector Reconstruction

The NOvVA Test Beam detector reconstruction is identical to that of the ND
and FD, as described in section 3.3. The key difference lies in how vertexing
is performed. In the ND and FD, identifying the neutrino vertex is more
challenging since neutrinos can interact in different regions of the detector. In
contrast, in the Test Beam detector, the particle vertex is easier to determine

because tertiary beam particles interact on the detector’s front face.

To determine the particle vertex, we project the reconstructed beamline track
at wire chamber four onto the detector’s front face. The vertex position is
then passed to the Fuzzy-k algorithm, which identifies prongs and BPF tracks
for further analysis. Figure 5.16 shows an event display of a pion candidate
entering the NOvA Test Beam detector, illustrating the reconstructed prong

and the projected vertex.
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Figure 5.16: Event display of a pion candidate entering the NOvA Test Beam

detector (from left to right). The reconstructed prong (blue) and vertex (yellow
cross) are also shown.
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Chapter 6

Pion Simulations and Data
Selection in the NOvVA

Test Beam Experiment

This chapter outlines the simulation and selection tools used to select a clean
pion sample in the NOvA Test Beam experiment. These samples form the

basis for the energy response studies presented in Chapter 7.

The analysis is based on data collected during the NOvA Test Beam operations
campaign described in section 5.2 and supported by simulated pion samples
created by different simulation techniques which includes a detector simulation

using a data-driven approach and a full beamline simulation.

The data-driven simulation provides a sample that resembles the actual data,

while the beamline simulation delivers information about muon background
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from pion decay and the the pion energy loss in the beamline material back-
ground estimation and energy corrections, which are essential for pion energy

response studies.

The pion samples are carefully selected prioritizing high purity. To achieve
this, several cuts are applied to reject other particles other than pions, keeping
the background content as minimal. In addition, tools are implemented to

reject pile-up, events affected by shut-offs and hardware limitations.

6.1 Test Beam Simulations

As mentioned in the introduction, simulations are an essential component of
this analysis. They support the studies of particle interactions and pion energy
response. In the NOvA Test Beam experiment, simulations are used as a tool
to validate reconstruction, test simulation models, perform calibration in the
NOVA detectors, conduct background estimation, and develop selection tools

such as pile-up rejection.

For this analysis, two main simulation approaches are used for pion energy
response studies: A full beamline simulation using G4Beamline, and a ded-
icated detector simulation using the standard NOvA simulation framework
and reconstruction discussed in subsection 3.1.3 and subsection 5.7.3 respec-
tively. The simulations are configured to address different tasks and are fully

described bellow.
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6.1.1 G4Beamline Simulation

G4Beamline [100] is a program based on Geant4. It is used for tracking and
studying particle interactions in simulated beamlines. In the NOvA Test Beam
Experiment, G4Beamline is used to simulate particle interactions traversing
the tertiary beam instrumentation, study particle energy loss in the beamline

material, and estimate the muon background in the pion sample.

In the simulation, each beamline detector is positioned using precise survey
data. Figure 6.1 shows the simulation model of the tertiary beamline in
G4Beamline. In order to perform the tasks mentioned above, the simulation

is configured in two different modes, Mode 1 and Mode 2 simulations:

Downstream ToF 1

MWPC 4

MWPC 3
/ MWPC 2
NOVA Detector / MWPC 1
/ ' , ’
—— ' /
[
| "~

Downstream ToF 2 /
Magnet
Upstream ToF

Cu Target

Cherenkov

Figure 6.1: Layout of the NOvA Test Beam experiment as implemented in the
G4Beamline simulation. The simulation includes all components of the tertiary
beamline and the NOvA detector, including the Cu target, dipole magnet,
time-of-flight (ToF) detectors, multi-wire proportional chambers (MWPCs),
and the Cherenkov counter.
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G4Beamline: Mode 1 Simulation

Mode 1 simulates the real conditions of the tertiary beamline, the simulation
begins with 64 GeV/c protons interacting on the copper target. Particles
produced by this interaction traverse the entire beamline until reaching the

front face of the NOvA detector.

The true kinematic information of these particles is saved in the simulated
files at each beamline detector for further reconstruction and analysis. The
Mode 1 configuration allows to conduct studies about particle yield, estimation
of systematic uncertainties such as particle energy loss and determination of
the muon background in the pion sample (subsection 6.3.4). As an example,

Figure 6.2 shows 10 protons on target simulated for Mode 1.

Top View
Beam

—
| . —|—.
/
_—s

Protén solrce location

Figure 6.2: Top view of a Mode 1 G4Beamline simulation showing 10 protons
with 64 GeV /c momentum interacting with the copper target. The simulation
illustrates the resulting particle showers and beam propagation through the
tertiary beamline toward the NOvA detector.

One of the key factors in the implementations of this simulation was to set
the appropriate magnetic field inside the dipole magnet. This was achieved
by transforming the magnet current distributions that were extracted from

period 4 data into magnetic field distributions using Equation 5.1.
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The resulting magnetic field distributions were fit to a Gaussian distribution,
and the curves were used to set the magnetic field in the dipole magnet in
G4Beamline by randomly sampling these distributions for each magnet polar-

ity and current setting. An example of this implementation can be seen in

Figure 6.3.
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Figure 6.3: Examples of magnetic field distributions derived from magnet
current data (positively charged particles in period 4) for different magnet
current configurations (black), with corresponding Gaussian fits (blue). These
fits were used to sample magnetic field values in the G4Beamline simulation
for each magnet polarity and setting.

In this simulation campaign, several samples were created for each magnet
polarity (positively or negatively charged particles) and magnetic field set-
tings.Table 6.1 shows all the different magnet current configurations used in

G4Beamline.
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POT Mean Magnet Mean Magnetic
Current (A) Field (T)

1x 10° 500 +0.45

1 x 10° 750 +0.68

1 x 10° 1000 +0.89

1x 10° 1250 +1.10

Table 6.1: Mode 1 simulation configuration in G4Beamline. Each configura-
tion is run for positive (negative particles) and negative (positive particles)
magnet polarities. In total, 8 x 10° protons on target were simulated, 1 x 10°
for each configuration.

G4Beamline: Mode 2 Simulation

Mode 2 simulation is configured to run with a mono-energetic beam of a specific
particle type such as pions. In the simulation, the particle gun is placed
downstream of the target. Similar to Model, particles in Mode 2 traverse
the entire beamline components until they reach the front face of the NOvA

detector.

This simplified version of the simulation avoids the momentum spread created
by particles originated by the proton interaction in the target which is a char-
acteristic feature in Mode 1. In addition, Mode 2 allows for faster CPU time

for both simulation and reconstruction.

Mode 2 is dedicated to performing studies of energy loss for particles traversing
the beamline detectors as to correct the reconstructed beamline momentum
for charge pions, an essential component of the energy response analyses. A
detailed description of these studies along with results, is discussed in subsec-

tion 6.3.3.
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Figure 6.4 shows the actual simulation of 100 7 for Mode 2. In this mode the
magnetic field in the dipole magnet is configured similarly to Mode 1. It was
further decided to add two extra samples to characterize the extremes of the
particles momentum range: One at 300 A and another at 1500 A providing
particles with momentum around 300 and 1500 MeV /c respectively. Table 6.2

shows the different G4Beamline configurations for Mode 2.

Top View +

\

—

Figure 6.4: Top view of a Mode 2 G4Beamline simulation showing 100 7™
with a momentum of approximately 1 GeV/c. In this mode, the pion source
is placed downstream of the collimator to simulate tertiary beam particles
without modeling the proton-target interaction.

Events Magnet Current Magnetic Field
(A) (T)
1 x 10° 300 +0.27
2.5 x 10° 500 +0.46
2.5 x 10° 750 +0.68
2.5 x 10° 1000 +0.90
2.5 x 10° 1250 +1.10
2.5 x 10° 1500 +1.30

Table 6.2: Mode 2 simulation configuration in G4Beamline. Each configura-
tion is run for positive (negative particles) and negative (positive particles)
magnet polarities. In total, 1.25 x 10° pions were simulated.
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6.1.2 Single Particle Simulation

Single particle simulation is a detector-level simulation performed with the
NOvVA simulation chain. It uses the full NOvA Test Beam detector geometry
and readout simulation based on Geant4. The simulation uses Geant4 version
4.11.0 with the QGSP_BERT_HP_EMZ [65, 56, 67, 68] physics list. This config-
uration combines quark-gluon string models (QGS), binary cascade (BERT)
models, high-precision neutron interactions (HP), and enhanced electromag-

netic processes (EMZ).

The simulation samples are created using a data-driven approach, where real
data events passing the final selection are used to extract kinematic proper-
ties (momentum, position, angles). These properties are then used as inputs
(seeds) to generate simulated charged pions and muon backgrounds produced
by pion decay. It also serves to study secondary muon background (subsec-
tion 6.2.1) contamination, using single particle simulation plus overlays, as
described in subsection 6.1.3. This ensures that the simulation resembles the

real beam data.

To reduce statistical uncertainties in the simulation, large samples are gener-
ated by reusing the seeds and smearing their position, angle, and momentum
of each particle multiple times. By using this method, the sample sizes are

increased by up to a factor of 160.

The simulated pion—muon samples produced by this approach serve as the
primary method for performing data—simulation comparisons, providing in-
sight into how well the current NOvA simulation models reproduce the real

pion—muon data.
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6.1.3 Single Particle Simulation with Overlays

The single particle simulation plus overlay sample is created by merging the
single particle simulated events with randomly selected out-of-time beam spill
data. The additional activity includes background originated upstream in the
beamline such as high energy muons. This approach reproduces the pile-up
and noise conditions observed during data-taking. This sample is used to test

and develop the pile-up rejection algorithm described in subsection 6.2.4.

Each simulation sample plays a specific role in the analysis. The G4Beamline
simulation is used to estimate energy loss and muon backgrounds from pion
decay, while the single particle simulation and single particle simulation plus
overlay samples are used to study the NOvA detector’s response and develop
algorithms to reject events with background and detector hardware issues.
These simulations provide the foundation for the beamline momentum correc-

tion, validations, and background rejections described in the following sections.

6.2 Data Quality and Preselection

With the simulation tools in place for both the beamline and detector, the
next step in the analysis is to ensure the quality and reliability of the data

collected during the Test Beam campaign.

Several factors can affect data quality, including secondary beam-related back-
grounds, detector shut-off, pile-up, and hardware issues such as under-filled

cells in the horizontal modules. These effects can introduce unwanted back-
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ground into the pion sample and bias the reconstructed energy, leading to

distortions in data—simulation comparisons.

This section outlines the steps taken to identify and reject events affected by
these data quality issues, ensuring that only high-quality, well-reconstructed

events are used in the final pion energy response analysis.

6.2.1 Secondary Background

In the NOvA Test Beam experiment, one of the major sources of background
was caused by multiple scattering of primary beam particles off materials in the
secondary beamline. This scattering produced a collinear secondary beam that
followed a trajectory outside the intended tertiary beam path, significantly
increasing the background in the detector. The upper west side of the NOvA
detector, which intersects the predicted path of secondary particles, was the

most affected by this background, as shown in Figure 6.5a.

A dedicated simulation campaign using G4Beamline was conducted to investi-
gate this background and study possible mitigation strategies. The simulation
included all primary and secondary particle interactions in both the secondary
and tertiary beamlines. The results showed that the most effective solution
was the installation of 9 feet of concrete shielding along the secondary beam-
line. The impact of this shielding is shown in Figure 2.8, which compares

simulated beam profiles before and after the shielding was applied.

Following the results of these studies, the concrete blocks were installed in

the experimental hall during 2020, significantly reducing background contam-
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Figure 6.5: Beam profiles on the front face of the NOvA detector in 2020
(left) and 2022 (right), showing the impact of additional shielding in reducing
beam-induced background. In the 2020 data, a clear background hotspot is
visible in the top west corner of the detector. Two low-occupancy horizontal
cells, caused by under-filled detector modules, are also present in the earlier
data and were corrected before final data collection (period 3 and period 4).

ination in the detector. This improvement can be seen for data taken after
December 2020, as shown in Figure 6.5b, where the previously high background

region on the upper west side has been substantially suppressed.

6.2.2 Electronics Shut-Off

The NOvA Test Beam detector operated in a high-background environment
with a beam structure very different from what the electronics were designed
for. The NOvA front-end electronics were built to handle short 10 us spills
occurring every second, with minimal activity from neutrino interactions. In
contrast, the the beam delovered to the Test Beam experiment, was a contin-

uous 4.2-seconds spill once per minute, which led to saturation issues in the
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Figure 6.6: The plots show simulated beam profiles on the front face of the
NOvVA detector. The simulations were conducted using a full secondary and
tertiary beamline model with 10° protons on the primary target. The top plot
represents the initial beamline configuration, while the bottom plot shows the
effect of added shielding. The white box indicates the approximate cross-
section of the active detector volume. The darker regions are defined by the
shielding within the NOvA beamline (collimators, dipole magnet, Cherenkov,

etc.).
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electronics, as discussed in the previous section. The most significant effect ob-
served was the presence of dead regions in the detector, referred to as shut-offs.

A clear example of an event affected by shut-offs is shown in Figure 6.7.

IOvA - FNAL E929

un: 101041 /2
vent: 1288 / TBSpill

Figure 6.7: NOvA Test Beam Event Display showing the top and side view of
the detector, the shut-offs can be seen as blank regions in the detector. The
tertiary beam direction is indicated by the arrow.

This effect occurs when the small internal buffer in the FEB becomes full,
causing the FEB to shut down until it is re-enabled by a DAQ signal which is
sent ten times per second (10Hz). However, if the FEB buffer is still full, the

FEB will remain off until it clears and receives a new signal.

During the run, shut-offs were mitigated using a lower beam intensity and
adding concrete shielding blocks along the beamline (mentioned in previous
section), which effectively reduced the background interactions with the de-

tector.

Further studies showed that entire groups of FEBs that belong to a DCM were
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also shutting down. This was known as DCM shut-offs. These shut-offs were
more difficult to identify because they were not associated with any specific

data quality flag associated with them, making them unpredictable.

Identifying and excluding events with FEB and DCM shut-offs is essential
for the physics goals of the NOvA Test Beam Experiment, as including these
events can bias the energy response studies of tertiary beamline particles in

the detector.

To address these issues, a shut-off detection algorithm was implemented . The
algorithm analyzes hit times in the detector, in which an event is classified as
FEB shut-off when there are no hits in a 10 ms window on either side of the

trigger time.

Similarly, an event is classified as DCM shut-off if no hits are recorded across
all FEBs in a DCM during 80 us within a 1 ms window on either side of the
trigger time. This approach effectively tagged events with FEB and DCM
shut-offs. The algorithm demonstrated an efficiency of 98-100 % in identifying
these events and was implemented a preselection cut to remove shut-off events

from our physics analysis.

6.2.3 Under-Filled Cells

As described in section 5.7, the NOvA test beam detector consists of 63 planes,
each alternating between vertical and horizontal cell orientations. Each plane
is constructed using two 32-cell extrusion modules, resulting in a total of 64

cells per plane.
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During construction, the horizontal planes were intentionally tilted at an angle
of 0.6° to allow proper oil settling. However, due to a manufacturing error,
the fill ports were installed on the opposite side of the modules compared to

those in the Near and Far Detectors.

As a result, once the oil reached the level of the fill port, air became trapped
at the top of both horizontal modules. Although the very top of the detector
is not critical for most analyses, the top of the lower horizontal module lies

near the center of the detector, close to where the tertiary beam enters.

The lack of oil in the last cell of the lower modules caused a deficit in the
expected number of hits traversing this region. The issue was resolved around
the middle of period 3 by installing extensions to the fill ports, which allowed
the horizontal modules to be fully filled. A small hole drilled on the opposite
side allowed the trapped air to escape during filling. The results before and

after the top-off of these modules can be seen in Figure 6.5.

For this analysis, runs affected by this issue were discarded to avoid potential
biases in energy deposition within the detector, therefore only period 3 and
period 4 events that match with a full active detector are kept in the analysis

sample.

6.2.4 Pile-Up Rejection

In the NOVA Test Beam Detector, pile-up events occur when multiple particles
interact in the detector that are unrelated to the tertiary beam particle but

contribute significant energy and hits to the event of interest. A pile-up event
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can be seen in Figure 6.8.
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Figure 6.8: Event Display showing a pion candidate affected by pile-up. Along-
side the pion track, a second particle enters the detector from below, depositing
additional hits in the same slice, distorting the event reconstruction and en-
ergy estimation.

One major consequence of these events is their potential to bias energy mea-
surements in studies of detector response. Therefore, it is essential to identify
and remove such events from data samples. For this analysis, a strategy to

mitigate pile-up events was implemented, which will be explained below.

The strategy focuses on the use of two simulated samples: The first one is a
single particle simulated sample of pions and the second one contains the same
single particles plus overlays. The second sample simulates the real conditions
of tertiary particles affected by pile-up. As an example, two event displays in

Figure 6.9 show the same simulated event with and without pileup.

The comparison of these two samples shed light on the effect of pile-up in pion
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Figure 6.9: Event displays from a simulated pion used to study pile-up. The
left Event Display shows a clean single-pion interaction, while the right Event
Display shows the same event with pile-up overlays added, this illustrates how
additional activity may alter the detector response.

events. Figure 6.10 presents a comparison of the energy deposited and the
number of hits in the slice for single-particle simulated events and events with
pile-up. A noticeable bias is observed in the sample with pile-up compared to

the single-particle generated events.
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Figure 6.10: Reconstructed energy (Left) and reconstructed number of hits
(Right) in the slice. The red distribution represents single-particle (SP) gener-
ated pion events whereas the blue distribution shows single-particle generated
pions plus overlays (pile-up). A clear bias is observed in the sample containing
pile-up compared to the one without pile-up.

One of the main characteristics of pile-up events is that unwanted particles

produce hits in regions of the detector where they are not expected. For
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example, secondary beam muons may enter above or below the expected entry
point of a tertiary beam particle, at the same time that the tertiary particle

is interacting in the detector.

The expected entry point for a tertiary particle is located around cell 28 in
the Y view (side view) and cell 32 in the X view (top view). Using this
as a reference, a pile-up identification algorithm was developed by defining
detection regions around the particle’s expected entry point in both detector

views to capture pile-up-related activity.

These regions are defined by two tunable parameters: width and length. The
width refers to the number of cells above and below cell 28 in Y and cell 32
in X, while the length corresponds to the number of detector planes spanned,
starting from the front face of the detector (plane 0). A diagram illustrating
this strategy is shown in Figure 6.12.

In addition, the last three planes with activity in a slice (Figure 6.11) are used
to veto slices that contain tertiary beam particles accompanied by secondary

muons exiting the detector.

Studies were conducted to identify the regions that maximize slice purity,
where purity is defined as the ratio of energy deposited by the tertiary beam
particle (pions) to the total energy deposited in the slice. Results from these
studies showed that by filtering particles with activity in regions 12 cells or
more away from the center within the first four planes, resulted in a slice
purity of 99.6%. These regions were used to effectively remove pileup events.
To enhance pile-up rejection, events with unusually high reconstructed energy

are also removed from the sample.
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Figure 6.11: Plot showing the distribution of the last number of planes with
activity in the slice for single-particle (SP) simulated pions and single-particle
simulations with pile-up overlays. A distinct peak around planes 61 to 63
indicates clear signs of muons exiting the detector and contributing to pile-up.
The dashed red line shows the region used to veto these events.
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Figure 6.12: The diagram shows the two-view representation of a pile-up event
in the NOvA Test Beam detector including a tertiary beam particle and a
secondary muon. The orange regions are tuned and used to identify and reject
pile-up events.
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This pile-up rejection method forms part of the preselection and is applied
before final pion event classification to ensure pile-up-free slices are used in
the energy response analysis. On the other hand, events with unusual high
energies were removed from the samples after full section was achieved. It was
noticed that approximately 0.4% of the sample was a affected by these events,
which is consistent with the 0.4% inefficiency observed in the pile-up rejection

algorithm’s performance.

6.3 Pion Event Selection

This section focuses on the identification of 7™ and 7~ samples for the NOvA
Test Beam experiment. Pion selection can be achieved by using the particle
identification capabilities of the tertiary beamline instrumentation. In addi-
tion, cuts are applied to select the NOvA detector slice that contains a track
that matches the beamline pion selection. These strategies will be outline in

detail in the following sections.

6.3.1 Beamline Particle Identification (PID)

Beamline Particle Identification (PID) plays an essential role in the NOvA
Test Beam experiment analyses. It is accomplished by measuring the particle’s
time-of-flight, reconstructed beamline momentum, reconstructed particle mass
and Cherenkov detector information. Figure 6.13 shows time-of-flight versus

reconstructed beamline momentum for particles in Period 3 and Period 4 data.
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Figure 6.13: Reconstructed Momentum versus time-of-flight for all beamline
events in Period 3 and Period 4 data with no selection cuts applied. The Z axis
represents the accumulation of events in parameter space. The reconstructed
time-of-flight versus momentum data reveals several structures. Horizontal
structures spaced by 18.83 ns correspond to signal pairs from light particles
in different Main Injector bunches and do not represent physical particles.
Repeating sloped structures around 1000 MeV are identified as protons from
different bunches. Additionally, diffuse structures at approximately 21 ns and
42 ns likely result from a light particle and a proton originating from separate
bunches.
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The first PID selection ensures that only pions, muons, electrons, kaons,
and protons pass the selection, removing non-physical particles observed in
Figure 6.13, as they are the only particles of interest for NOvA Test Beam
Experiment. This is conducted by applying selection cuts in the data sample
according to the expected time-of-flight and momentum in the beamline for

these particles.

Equation 6.1 is used to calculate the time-of-flight as a function of momentum
for each tertiary beam particle using a path length of 9.71 m. Here t is the
time of flight, m is the particle mass, p the particle momentum, L the distance
and ¢ the speed of light. Figure 6.14 shows the expected time-of-flight vs

momentum curves for different particle types in Period 3 and Period 4.

The curves demonstrate the separation of fast particles (electrons, muons, and
pions) from slow particles (protons and kaons). Using these calculations, a
loose two-dimensional cut is applied around the regions of parameter space
where particles are expected to be in the 2D plot. These cuts effectively
remove most of the unwanted non- physical particles. The resulting sample

after applying these loose PID selection cuts can be seen in Figure 6.15.

With the loose PID cuts in place, the next step is to further refine the PID
selection process. Electrons are identified by the reconstructed Cherenkov

Counter signal, which enables electron identification and allows their separa-
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Figure 6.14: Time-of-Flight vs Momentum curves for different particle types.

Here, the distance traveled by the particles is 9.71 m (Period 3 and Period 4
particle path length).

tion from pions and muons. In addition, the reconstructed mass of the particles
is also considered to enhance the beamline selection. In order to achieve this,

the reconstructed particle mass (m) is calculated using Equation 6.2:

m=py/— — L. (6.2)

Here again, p is the reconstructed beamline momentum, ¢ is the measured
time-of-flight, ¢ is the speed of light and L the particle path length (9.71m).
The reconstructed mass for the tertiary beam particles passing the loose PID

cuts can be seen in Figure 6.16.

The mass distribution peaks are closely around the expected true mass of the
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Figure 6.15: Reconstructed Momentum vs time-of-flight for beamline events
passing the loose PID cuts, the 7 axis represents the accumulation of events in
parameter space, the resulting sample shows the characteristic shape expected
by the calculated curves.
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Figure 6.16: Stacked Histogram: Reconstructed particle mass for beamline
events. Three distributions are observed: Left distribution (electrons, muons,
and pions); middle distribution (kaons); and right distribution (Protons).

particles with exception of electrons, where the distribution is largely smeared
and the location of the peak is approximately two orders of magnitude larger
than the electron mass. This is a direct consequence of the time-of-flight reso-
lution discussed in subsection 5.6.1. The large 0.18 ns resolution for electrons
is a limiting factor and directly affects the mass resolution and location of
the peak. Fortunately, as mentioned previously, electrons are tagged by the
Cherenkov counter in the beamline, which allows us to effectively identify this

sample.

The proton, kaon and pion-muon mass distributions look approximately sym-
metrical and they also show a clear separation between them. Therefore, we
impose selection cuts in these distributions requiring that the mass of the pro-

tons must be within £20% of the true value proton mass, while pion and muon
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events must have masses below 250 MeV /c2.

After applying this selection, the improved reconstructed time of flight ver-
sus momentum distribution along with their theoretical curves are shown in
Figure 6.17. The one-dimensional representation of these variables for the re-
constructed beamline momentum and time-of-flight can be seen in Figure 6.19

and Figure 6.18 respectively.
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Figure 6.17: Reconstructed momentum versus time-of-flight for all beamline
events in period 3 and period 4 data after particle mass selection. Particle
labels are shown in the plot along with the theoretical curves. The Z-axis
represents the accumulation of events in parameter space.

Since the final goal is to isolate pion events from everything else, a selection
cut from 30 to 40 ns in time-of-flight is implemented. Unfortunately, it is
not possible to separate pions from muons by using the beamline information

alone. The mass and the time-of-flight of these particles overlap in these recon-
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Figure 6.18: Time-of-flight (staked histogram) for all beamline events in period
3 and period 4 data after beamline selection. Particle ID labels are shown in

the plot.
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events in period 3 and period 4 data after beamline selection. Particle 1D

labels are shown in the plot.
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structed quantities. Therefore, tertiary beam muons are a source irreducible
background in the pion sample. This muon component is relatively small and

is estimated using simulation, as described in subsection 6.3.4.

6.3.2 NOvVA Detector Selection

Following the identification of pion candidates using the beamline instrumen-
tation, the next step on the pion selection is to ensure that events passing the
beamline cuts match the events observed in the NOvA detector. In addition,
the reconstructed pion tracks (BPF tracks) must be within the fiducial volume
of the NOvVA detector. In order to achieve this, the following selection cuts

are applied to the pion candidate tracks in the detector:

e For every beamline trigger, the NOvA detector reads 150 us of data.
Tertiary particles are expected to enter the NOvA detector at around 50
pus during this trigger window. Thus, a selection cut on the BPF tracks
is applied, requiring the minimum hit time of the track to be within 45
to 55 us, this ensures full containment of the pion event in time window

that matches to the expected beamline event.

e The next selection cut guaranties that the track start position is located
within the expected region of the tertiary beam spot (|x| < 20 cm,
—25 <y < 15 cm). In addition, only tracks with their vertex located in

the first three planes are accepted (z < 18 cm).

e In order to avoid misreconstructed tracks in the detector, a minimum

number of hits is required in the track in each view. Since the BPF
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track algorithm requires at least 10 hits in both views to reconstruct a

track, we require at least four hits per view.

e BPF tracks in the detector should not extend beyond 380 cm, ensuring

proper vetoing of exiting particles.

The total number of events passing both beamline and detector selections are

shown in Table 6.3

Magnet Selected Events

Current | (7 + p™) | (77 + p7)
500 A 1412 571
750 A 2397 1493
1000 A 2401 979
1250 A 556 394
Total 6766 3437

Table 6.3: Selected pion-muon events at different magnet current setting.

Before studying the NOvA detector response for charged pions, two impor-
tant aspects need to be considered: the energy loss of pions in the beamline

material; and the muon background component from pion decay.

The energy loss is estimated using simulation and is used to correct the recon-
structed beamline momentum at the detector front face. On the other hand,
the muon background cannot be separated from the pion sample in data, and
is instead estimated using simulation to quantify its contribution to the pion

sample.
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6.3.3 Beamline Momentum Correction

The NOvVA detector response depends on the initial momentum of the tertiary
particles. While the beamline instrumentation allows us to reconstruct this
momentum accurately, it does not account for the energy lost by particles
as they pass through materials downstream in the beamline, such as the two

time-of-flight detectors, the air in the hall, and the Cherenkov counter.

This section presents the results of studies conducted to quantify and correct
the energy loss experienced by pions as they traverse the beamline material

prior to interacting in the NOvA Test Beam Detector.

Pion Energy Loss Estimation

The estimation of energy loss by pions traversing the downstream part of
the NOvA beamline instrumentation is performed using Mode 1 simulation
(subsection 6.1.1). The mono-energetic beam at different momentum settings
provides well-defined distributions of the true momentum at each beamline

detector.

Changes in momentum observed at each beamline detector can be attributed
to energy loss as pions traverse the beamline. Since we aim to correct the
reconstructed beamline momentum, determined by curvature in the dipole
magnet, the energy loss of interest is the one occurring between Wire Chamber

4 and the front face of the NOvA detector.

The momentum fraction between Wire Chamber 4 and the detector allows us

189



to quantify the magnitude of the energy loss. This fraction is less than or equal
to one, where a value of one indicates no energy loss, and lower values cor-
respond to increasing energy loss. Figure 6.20 shows the momentum fraction

distributions for various momentum settings between these two locations.
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Figure 6.20: Momentum fraction between WC4 and the NOvA detector for dif-
ferent magnet current settings. Each distribution shows a double-peak struc-
ture, corresponding to particles that hit or missed the downstream TOF 2
detector. It is also observed that lower energy (lower current) particles have
a largest contribution for particles that missed DS TOF 2 (right peak of the
distribution)

The distributions for all momentum settings exhibit a two-peak structure. The
smaller momentum fraction peak in each distribution corresponds to particles
that traverse all downstream detectors. In contrast, the larger momentum
fraction peak is attributed to pions that miss the most downstream time-of-
flight detector (DS TOF 2). A diagram illustrating this classification is shown

in Figure 6.21.
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Figure 6.21: Diagram showing two possible pion trajectories through the beam-
line. In the top case, the particle misses the downstream TOF 2 detector,
whereas in the bottom case, the particle hits it. This helps visualize how
particles can be classified as missing or hitting DS TOF 2 based on their tra-
jectories a direct consequence of pion scattering.

Another characteristic of these distributions is that the number of pions miss-
ing DS TOF 2 decreases as the momentum increases. This is a direct con-
sequence of the relationship between a particle’s initial momentum and the
angular deviation it experiences while traversing the detectors. Higher-energy
pions undergo smaller deviations from their original trajectory, making them

more likely to pass through all downstream detectors.

Therefore, in order to correctly assess the pion energy loss in the beamline
material, the original sample must be split into two: one consisting of pions
that missed DS TOF 2; and one consisting of pions that hit DS TOF 2. This
separation is relatively straightforward to perform in simulation, as we have
access to the true hit information at each beamline detector, allowing for

accurate sample classification.
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Once the sample is separated, fits are performed for each distribution to deter-
mine the most probable value of momentum loss fraction for each momentum
setting. Then, these data points are interpolated using a polynomial of order

five represented in Equation 6.3.

pfrac(ptrue) =ap+ aq Ptrue + as P?me + as p?rue + ay p?rue + as p?rue' (63)

Where e is the mean true momentum for each distribution, the value of the
coefficients given by the interpolation for 7% is shown in Table 6.4 and for 7~

in Table 6.5.

Coefficient | 7T (Missed DS TOF 2) | #* (Hit DS TOF 2)
ag 0.923054 0.883241
a; 3.23235 x 1074 4.86744 x 1074
as —6.19026 x 1077 —9.25784 x 1077
as 6.05726 x 10710 9.0057 x 10710
ay —2.94843 x 10713 —4.362 x 10713
as 5.65877 x 10717 8.33803 x 10717

Table 6.4: Polynomial coefficients obtained by interpolating the momentum
fraction for 7+ events that hit or missed the downstream TOF 2 detector.
These coefficients are used to correct the reconstructed momentum at the
front face of the NOvVA detector.

The interpolated curves for 7™ and 7~ are shown in Figure 6.27. The results
of the interpolation show no significant difference between 7 and 7, as both
lose energy primarily through ionization in the beamline material, a process

that affects positive and negative pions equally.
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Coefficient

7~ (Missed DS TOF 2)

7~ (Hit DS TOF 2)

Qo

a;

az

as

ay

as

0.916345

3.72933 x 10~*

—7.46056 x 1077

7.54347 x 10710

—3.76514 x 10713

7.36892 x 1077

0.88199

5.05108 x 10~*

—9.83394 x 1077
9.74753 x 10710
—4.79145 x 10713
9.26496 x 10717

Table 6.5: Polynomial coefficients obtained by interpolating the momentum

fraction for 7~

events that hit or missed the downstream TOF 2 detector.

These coeflicients are used to correct the reconstructed momentum at the
front face of the NOvA detector.
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Figure 6.22: Momentum fraction as a function of true beamline momentum
for simulated 7% (left) and 7~ (right). Red and blue curves are the results of
the interpolation and correspond to particles that missed and hit the DS ToF
2, respectively. Higher momentum fractions for missed events reflect reduced

energy loss.

dominated by ionization. Note that the y-axis range starts at 95%.
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Pion Energy Loss Correction

The momentum fraction functions are used to correct the reconstructed beam-
line momentum to account for energy loss by pions in the beamline mate-
rial. This correction is applied by multiplying the reconstructed momentum
for each event, p,...,, by the corresponding momentum fraction, as defined in

Equation 6.3:

pc(preco> = Preco * pfrac(preco> (64)

To observe the effect of this correction, we use the reconstructed beamline mo-
mentum in simulation, specifically using G4Beamline in the Mode 1 configura-
tion. This setup closely replicates the conditions of the Test Beam experiment
and provides a realistic momentum range comparable to what is observed in
data. Figure 6.23 shows the corrected p. and uncorrected p;e.o momentum

distributions for both 7 and 7~ across magnet current settings of 500 A, 750

A, 1000 A, and 1250 A.

The corrected distributions show a shift in the mean momentum of approxi-
mately 7 MeV /c. While this correction is straightforward to apply in simula-
tion, where we can separate events based on whether pions hit or missed DS
TOF 2, it is not trivial to apply to real data because we do not have access
to the true information that would allow us to distinguish between these two

cases.

Although this separation is not possible in real data, we can use the recon-
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Figure 6.23: Reconstructed beamline momentum distributions for simulated
7~ (left column) and 7" (right column) at four different magnet current set-
tings: 500 A, 750 A, 1000 A, and 1250 A. The blue histograms represent
the uncorrected reconstructed beamline momentum (peco), while the red his-
tograms show the corrected momentum (p.) after applying the momentum
correction. A small shift of approximately 7 MeV/c in the mean momentum
is observed after correction.
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structed projected beamline track positions on the front face of the NOvA
detector to classify the samples. To achieve this, we use the projected posi-
tions of the tracks along with the known location and size of the DS TOF
2 detector. This information defines two regions that allow us to categorize
the events, as illustrated in Figure 6.24. Pions with projected beamline track
positions inside the DS TOF 2 region are classified as having hit DS TOF 2,
while those with projections outside this region are classified as having missed

DS TOF 2.
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Figure 6.24: Projected beamline track positions on the front face of the NOvA
detector in G4Beamline, Mode 1 simulation. The magenta box represents the
geometric region corresponding to the location and size of the DS TOF 2.
Tracks with projections inside this region are classified as having hit DS TOF
2, while those outside are considered to have missed it.

This method can classify the two samples with some limitations. One of the

main issues with this approach is that it relies on the reconstructed track
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projections, which are propagated from Wire Chamber 4 to the front face of
the NOVA detector. This procedure assumes that pions do not interact with
other elements in the beamline, such as DS TOF 1, the air in the hall, or the
Cherenkov detector. In reality, such interactions can alter the pion trajectory,
introducing a bias in the projected position and affecting the accuracy of the
classification at the NOvA detector front face. This misclassification of events

can be visualized in Figure 6.25.
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Figure 6.25: Projected beamline track positions on the front face of the NOvA
detector for events where the pions hit DS TOF 2 (left) and missed DS TOF
2 (right). The red box represents the geometric region corresponding to the
physical location of the DS TOF 2 detector, used to classify events based on
reconstructed projections. The spread and overlap at the edges illustrate the
limitations of the method, as interactions upstream can bias the projected
track positions and lead to misclassification.

This classification, referred to as the nominal classification, correctly identifies
89.9% of pions that hit DS TOF 2 and 82.5% of those that missed it. To
improve this imbalance, we carried out a series of studies where the size of
the classification region was adjusted. The region was expanded outward and
reduced inward in steps of 1 millimeter in both the X and Y directions, with
ten steps in each direction. The goal was to see how these changes affected
classification accuracy. The percentage of correctly classified events for each

configuration is shown in Table 6.6.
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The results of this study showed that reducing the classification region by 3
mm in each direction yields 86.4% and 86.6% correctly classified events for
pions that hit and missed DS TOF 2, respectively. This region provides a
more balanced classification between the two samples and is used to separate

the two samples.

The beamline momentum correction is applied to real data using Equation 6.4
for pions that hit and missed DS TOF 2, based on the method described
above. While this procedure is effective, it is not perfect, as the classification
method cannot separate the two samples with complete accuracy. To evaluate
the impact of this limitation, dedicated studies were carried out to understand
how misclassification affects the corrected beamline momentum. The resulting
variation is treated as a source of systematic uncertainty, which is estimated

in subsection 7.3.1.

6.3.4 Muon Background in the Pion Sample

In addition to correcting for energy loss in the beamline, it is also important

to account for background contamination in the selected pion sample

As mentioned in section 6.3, one of the main sources of background in the
selected pion sample is tertiary beam muons due to pion decay. This section
will cover the theory of pion decay in the NOvA Test Beam experiment and
the use of simulation to quantify the muon background in the pion sample as

a function of momentum.
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Size Region Hit DS TOF 2 Missed DS TOF 2
(X and Y) Classification (%) Classification (%)

+10 mm 97.1 64.4
+9 mm 96.6 66.4
+8 mm 96.2 68.3
+7 mm 95.6 70.2
+6 mm 95.0 72.2
+5 mm 94.4 74.1
+4 mm 93.6 75.9
+3 mm 92.8 77.6
+2 mm 91.9 79.4
+1 mm 90.9 81.0
Nominal 89.9 82.5
-1 mm 88.8 84.0
-2 mm 87.7 85.3
-3 mm 86.4 86.6
-4 mm 85.1 87.7
-5 mm 83.7 88.8
-6 mm 82.2 89.8
-7 mm 80.6 90.7
-8 mm 79.0 91.5
-9 mm 77.4 92.2
-10 mm 75.7 92.9

Table 6.6: Classification for pions that hit and missed DS TOF 2 as a function
of the classification region size. The region was expanded and reduced in steps
of 1 millimeter in both X and Y directions relative to the nominal region.
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Pion Decay Modeling

Tertiary beam pions produced at the secondary target, can decay before reach-
ing the NOvA detector. The mean lifetime (7) of a charged pion is 2.6033 x
107® s, and their primary decay modes are 7t — u* + v, and 7= — p~ + 1,
with a branching ratio of 0.999877. The mean decay length for charged pions

is given by:

Liceay = %cr (6.5)

where p is the pion momentum, m is its mass, ¢ is the speed of light, and 7 is
the mean lifetime of the pion. This expression shows that higher-momentum
pions are more likely to reach the detector before decaying. The momentum
of tertiary beam pions ranges from 400 MeV/c to 1400 MeV /¢, which yields a

mean decay length of approximately 22.4 m to 78.3 m.

The probability that a charged pion decays at a particular position x along its
path follows an exponential distribution. Starting from the decay law in time,
and applying relativistic time dilation and a change of variable to distance,

the decay probability density function can be expressed as:

P 1

- = _m/Ldecay 66
dx Ldecay ‘ ( )

Here, Lgecay is the mean decay length defined in Equation 6.5. This function
describes the probability per unit length that a pion decays at position z from
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the point of its production. The decay probability is highest near the origin
and falls off exponentially, implying that most pion decays occur closer to the

target.

Tertiary beam pions travel approximately 16.7 meters from the target to the
front face of the NOvVA detector. The probability per unit length for pions
decaying along this distance, evaluated at six different momentum settings, is

shown in Figure 6.26.
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Figure 6.26: Decay probability density % as a function of distance from the
target, for charged pions with momenta from 400 MeV /c to 1400 MeV/c. The
curves follow an exponential distribution with decay length Lgecay = %CT,
showing that lower-momentum pions are more likely to decay near the target,
while higher-momentum pions decay more gradually along the beamline. The
plot covers the 16.7 m distance to the NOvA Test Beam Detector.

The analysis of the decay probability density of charged pions shows that the
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likelihood of decay is highest near the point of production and decreases expo-
nentially with distance. This effect is more pronounced for lower momentum
pions, which have shorter mean decay lengths and are therefore more likely to
decay within the first few meters of the beamline. In contrast, higher momen-

tum pions are more likely to reach the detector without decaying.

Given that the NOvA Test Beam detector is located 16.7 meters from the sec-
ondary target, a larger fraction of lower momentum pions (for example, those
in the range of 400 to 600 MeV /c) are expected to decay before reaching the
detector. These decay muons form an irreducible background in the selected
pion sample. To properly account for their contribution, we estimate the muon

background using simulation.

Muon Background Estimation

As described in section 6.3 the beamline instrumentation alone is not capable
of distinguishing between pions and muons. As a result, the muon content in

the selected sample is estimated using G4Beamline simulation in Mode 1.

This simulation models pions produced at the secondary target and tracks
their possible decays along the beamline. The resulting pion-muon sample
is then passed through the same selection criteria described in section 6.3 to

determine the fraction of muons that pass the cuts.

The results show that the selected muon fraction is highest at lower momentum
(lower current settings), with muon content ranging from approximately 7%

at 500 A to 4% at 750 A. For higher settings, such as 1000 A and 1250 A, the
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muon contribution becomes negligible. These results are presented for positive

and negative muons in Figure 6.27, Table 6.7, and Table 6.8.

The muon background is also estimated as a function of the reconstructed
beamline momentum as shown in Figure 6.28. This result is important be-
cause it provides the expected muon content in the pion sample as a func-
tion of momentum. These muon fractions are used to generate pion—muon
simulation samples with the appropriate background content, as described in

subsection 6.1.2.
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Figure 6.27: Fraction of muons relative to the total number of same-sign
charged particles as a function of magnet current. The left panel shows the
pu~ to (m~ 4 p7) ratio, and the right panel shows the ut to (7 + u™) ratio.
In both cases, the muon contamination decreases significantly with increasing
magnet current, indicating effective pion selection at higher magnetic settings.

This chapter described the steps taken to select a clean pion sample in the
NOvA Test Beam detector, including background estimation and beamline
momentum corrections. With this sample in place, the next step is to study

how the detector responds to charged pions.
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Magnet pt /(7T 4+ pt) | Stat. Error | Data Events
Current (A) (%) + (%) (7t 4+ ph)
500 7.20 0.27 1412
750 4.30 0.15 2397
1000 0.32 0.04 2401
1250 0.02 0.01 5956

Table 6.7: Percentage of positively charged muons (u") relative to the total
number of positively charged particles (u™ and 7) as a function of magnet
current. The results show a clear decrease in muon contamination with in-
creasing magnet current. The last column shows the number of selected data

events (see Table 6.3) that is impacted by the muon background.

Magnet p~/(w~ 4+ p~) | Stat. Error | Data Events
Current (A) (%) + (%) (7= +p7)
500 6.99 0.28 571
750 4.19 0.15 1493
1000 0.23 0.03 979
1250 0.05 0.02 394

Table 6.8: Percentage of negatively charged muons (p~) relative to the total
number of negatively charged particles (4~ and 77) as a function of magnet
current. The results show a clear decrease in muon contamination with in-
creasing magnet current. The last column shows the number of selected data

events (see Table 6.3) that is impacted by the muon background.
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Figure 6.28: Fraction of muons from pion decay in the selected sample as a
function of momentum, based on G4Beamline simulation in mode 1. The top
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ratio of u* to (7" 4 p*). The muon content is highest at low momentum and

0.5 1
Momentum (GeV/c)

becomes negligible at higher momenta.
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Chapter 7

Pion Energy Response and
Resolution in the NOvVA

Test Beam Detector

This chapter presents the first results of measuring the pion energy response
and resolution in the NOvA Test Beam Detector. The primary objective is
to evaluate the performance and ability of the NOvA detectors to accurately
reconstruct charged pion events and assess their energy response and resolution

using a well-characterized charged particle beam.

This work is part of a broader effort to improve the modeling of the hadronic
response in the NOvA detectors. The results presented here contribute to the
understanding of the energy calibration uncertainty, which remains one of the

largest impacting the NOvA oscillation analyses described in Chapter 4.
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By carefully analyzing the energy response for positively and negatively charged
pions in the NOvA Test Beam experiment, this study can provide a foundation
for future improvements in the simulation and calibration strategies used in
NOVA oscillation analysis, while providing guidance in quantifying mismodel-

ing and response-related systematic uncertainties.

7.1 Pion Energy Reconstruction

The energy response and resolution in the detector depends on the particle
energy measured by the NOvA beamline instrumentation (incident energy),
the particle type (charged pions in this study), and the measurement of the

energy deposited in the detector.

The incident pion energy E is calculated using Equation 7.1:

E = +/p>+m? (7.1)

where p is the corrected beamline momentum and m is the pion mass. This
provides the total pion energy at the front face of the detector, and it is used

as the reference for the pion energy response and resolution studies.

In the NOvA Test Beam experiment, the reconstructed energy measured by
the detector is calculated by summing all the calibrated energy deposits in
the active region of the detector (scintillator). For each selected BPF pion

track, the energy in the slice is obtained and used to measure the pion energy

207



response. This method is applied to both data and simulation.

The Single Particle Simulation (subsection 6.1.2) approach is used to gener-
ate the pion samples, where the beamline kinematic information from pion
data is used to seed the initial conditions of the simulation. This approach di-
rectly uses the corrected beamline momentum as input, providing an accurate

comparison between data and MC.

In this analysis, no additional corrections are applied to recover energy lost
in passive materials like the plastic cell walls, except in section 7.4, where the
energy response between NOvA and MINERvA Test Beam results are com-
pared. In the NOvA analyses, such as three-flavor or sterile neutrino searches,
the energy loss corrections are typically applied at a later stage using algo-
rithms to reconstruct the neutrino energy [101][102]. The algorithms known
as "neutrino energy estimators” properly match the true and reconstructed

neutrino energy.

In the context of the NOvA Test Beam analyses, in particular, the energy
response analyses, energy estimators are not used, since one of the purposes
of the Test Beam experiment is to validate the NOvA simulation framework,

including the energy response to single particles.

The reconstructed energy in the Test Beam detector includes all visible de-
posits in the active cells, including contributions from secondaries produced
in pion interactions. This reflects the type of visible energy typically seen in

hadronic interactions for neutrino events.
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7.2 Pion Energy Response

The detector response is studied by comparing the reconstructed energy in
the detector to the incident pion energy at the front face as a function of the
incident energy. This comparison can be performed separately for positively
and negatively charged pions using both data and simulation. The simula-
tion samples include pions and muons (background) from pion decay and are

generated using the same reconstruction and detector selection as in data.

To evaluate the energy response across the full range of pion beam energies,
the samples are separated into several energy regions. These will be used
to study the level of agreement between data and simulation. Later in this
section, different sources of systematic uncertainty are evaluated to quantify

their impact on the response results.

7.2.1 Reconstructed Energy Distributions

The selected samples in data and simulation are divided into eleven different
incident energy regions ranging from 0.45 to 1.4 GeV. For each energy region,
the reconstructed energy in the slice (TotESlice) and the incident pion energy
distributions are shown separately for both negatively and positively charged
pions in Figures 7.1 to 7.4 and Figures 7.5 to 7.8, respectively. Additionally,
a table showing the number of data events for each energy region is shown in

Table 7.1.

One of the primary features observed is the increase of the mean reconstructed
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energy as the incident pion energy increases. Additionally, it is observed that
the agreement between data and simulation is reasonable across all energy
regions, although the most noticeable differences appear in the 7 samples,
where the mean reconstructed energy in the detector in data is consistently

higher than in simulation.

The excellent agreement between data and simulation shown for the incident
energy spectra is a consequence of the single particle simulation generation.
Since the initial kinematic conditions of the simulated particles are seeded with

the data samples in the simulation, the agreement is expected by construction.

The muon background component is also shown for each energy region. The
muon distributions tend to have higher and narrower energy peaks compared
to pions. It is also worth noting that the muon sample fraction decreases with
increasing incident energy. From the 0.95 GeV region onward, the selected
muon content is negligible. In the next subsection, the energy response will
be evaluated in two cases, where the muon background is or is not subtracted

from data and simulation.

7.2.2 Pion Energy Response Results

The mean energy response is calculated by dividing the reconstructed energy
in the slice by the incident energy for each event. For the resulting energy
response distributions, the mean and the error in the mean for each spectrum
are extracted. These data points are plotted as a function of the incident

energy.
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Figure 7.1: Incident energy (left) and reconstructed energy (right) distribu-
tions for negatively charged pions in data and simulation, shown for incident
energy ranges from 0.45 to 0.725 GeV.
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Figure 7.2: Incident energy (left) and reconstructed energy (right) distribu-
tions for negatively charged pions in data and simulation, shown for incident
energy ranges from 0.725 to 0.85 GeV.
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Figure 7.3: Incident energy (left) and reconstructed energy (right) distribu-
tions for negatively charged pions in data and simulation, shown for incident
energy ranges from 0.85 to 1.15 GeV.
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Figure 7.4: Incident energy (left) and reconstructed energy (right) distribu-
tions for negatively charged pions in data and simulation, shown for incident
energy ranges from 1.15 to 1.4 GeV.
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Figure 7.6: Incident energy (left) and reconstructed energy (right) distribu-
tions for positively charged pions in data and simulation, shown for incident
energy ranges from 0.725 to 0.85 GeV.

216



T+ U T+ U

250/ 0.85 <= E (GeV) < 0.95 - Data 0.85 <= E (GeV) < 0.95 —+- Data
[Cwme= [Cwme=
200 [ von 150 e
Area Normalized Area Normalized
£150 2
S Data mean = 0.8984 © 100 Data mean = 0.4228
> >
w 100 Data 6 = 00332 w Data 6 = 0.0992
MC mean = 0.8984 50 MC mean = 0.4025
50 MC o = 0.0336 MC o = 0.0842
+ .
O 14 Q 14
=2 1.2 =2 1.2 *
2" + o™
o 1 +4+ T4 o 1 +, + 4t
T 08 T 08 +t
0.5 1 15 0 0.2 0.4 0.6 0.8 1 1.2
Energy(GeV) TotESlice (GeV)
T+ U T+ U
500
—4— pata 0.95 <= E (GeV) < 1.05 300 0.95<=E (GeV) < 1.05 - Data
400 [mex [wmex
[ men [vew
€300 Area Normalized » 200 Area Normalized
S Data mean = 10030 S Data mean = 0.4548
> >
Wwono Data o = 0.0298 w Data ¢ = 0.0988
MC mean = 10033 100 MC mean = 0.4357
100 MC 6 = 0.0301 MC 6 =0.0913
Q14 Q 14
= 1.2 = 1.2 +
SRl oL -+
= ++- = 4+ +
e ! S 2 +
= 08 = 08
T 0.6 T 06 4+
0.5 1 1.5 0 0.2 0.4 0.6 0.8 1 1.2
Energy(GeV) TotESlice (GeV)
T+ U T+ U
600 —+ Data 1.05 <= E (GeV) < 1.15 1.05 <= E (GeV) < 1.15 ~+- Data
[mex 250 [wmex
mc mc
v 200 o
0400 Aeaomaizos P Area Normalized
S Data mean = 1.0905 g 150 Data mean = 0.4943
> >
w Data 0 = 0.0267 w Data 6 = 0.1152
100
200f  mc mean = 1.0907 MC mean = 0.4706
MC 6 = 00270 50 MC 6 = 0.0979
Q 14 Q14 T
= 1.2 = 1.2
2 s 2 +
o k=] ng
= 0.8 = 08 + TS s
o 06 o 06
0.5 1 1.5 0.2 0.4 0.6 0.8 1 1.2
Energy(GeV) TotESlice (GeV)

Figure 7.7: Incident energy (left) and reconstructed energy (right) distribu-
tions for positively charged pions in data and simulation, shown for incident
energy ranges from 0.85 to 1.15 GeV.
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Figure 7.8: Incident energy (left) and reconstructed energy (right) distribu-
tions for positively charged pions in data and simulation, shown for incident
energy ranges from 1.15 to 1.4 GeV.
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Energy Region (GeV)

Number of Events

(" +p) | (77 + )
0.45 < E < 0.53 567 267
0.53 < E < 0.62 840 304
0.62 < E < 0.725 326 208
0.725 < E < 0.755 371 209
0.755 < E < 0.8 720 422
08 <E <085 766 470
0.85 < E < 0.95 590 326
0.95 <E < 1.05 1052 426
1.05<E<1.15 1013 423
115 <E < 1.3 358 262
13<E<14 163 120
Total 6766 3437

Table 7.1: pion-muon events by energy region.
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Figure 7.9 shows the energy response results for pions and muons in the sample.
Each data point represents the energy response for each incident energy region
discussed in the previous subsection. The error bars in the data are statistical
and are calculated as o/ V/N for each sample. Here, the statistical errors in
the simulation are negligible. The total systematic uncertainty is also included
and is shown around the mean response in the simulation. Section 7.3 fully

discusses the different systematic uncertainties included in the analysis.

For negative pions and muons, the energy response tends to be flat up to
approximately 0.8 GeV in incident energy. From there, it decreases by up
to ~ 4% in energy response for the largest incident energy. The data and
simulation show good agreement for incident energies < 1 GeV. A larger dis-
agreement is observed for incident energies within 1.25 and 1.3 GeV, where
the maximum difference is around 2.5% in energy response compared to the

nominal simulation.

Similarly, positive pions and muons tend to have a flat energy response at
lower energies, with a decrease at higher energies. In contrast to the nega-
tively charged particles, data and simulation for these samples show larger
differences. Here, the data consistently have a higher energy response com-
pared to simulation, with a slight improvement at incident energies beyond

1.2 GeV.

Since the main focus is to study the pion energy response, the estimated muon
background is subtracted from each energy response distribution. The results
of the energy response after background subtraction can be seen in Figure 7.24.
By isolating the pion sample, the mean energy response is affected. This is

especially noticeable in the lower incident energy regions, where most of the
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muon background is located.

The observed difference is a reduction in the mean energy response when com-
paring the pion-plus-muon to the pion-only sample. The response reduction
in the pion-only samples reaches a maximum of ~ 1% at lower energies and
becomes completely suppressed at incident energies > 1 GeV. These differ-
ences can be observed in Figure 7.11. In this figure, it can be seen that the
differences in data between the pion-only and pion-plus-muon samples are well

within the statistical error.

Another essential point to note is that for the positively charged particles,
subtracting the muon background does not affect the observed differences. The
data for the pion-only sample show a mean energy response that is significantly

higher in data compared to simulation across most of the incident energy range.

In addition, these differences are not captured by the systematic error band,
which may indicate a possible mismodeling of pion interactions in Geant4.
Particularly cross section modeling. The next section covers the discussion of
systematic uncertainties, where alternative models are also implemented in the

simulation and compared to the nominal model used in the NOvA experiment.
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Figure 7.9: Mean energy response as a function of incident energy for nega-
tively charged (top) and positively charged (bottom) pion and muon samples.
The data points are shown in black and compared to simulated predictions in
blue, with the shaded bands indicating systematic uncertainties. For 7= 4+ u~,
the data generally follow the simulation trend but show some disagreement at
higher energies. In contrast, the 7+ + p* response differs more noticeably
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Figure 7.10: Mean energy response as a function of incident energy for nega-
tively charged (top) and positively charged (bottom) pion samples. The data
points are shown in black and compared to simulated predictions in blue, with
the shaded bands representing systematic uncertainties. For 7, the data
closely follow the simulation with some deviation at higher energies. In con-
trast, the 7+ sample exhibits a more consistent overestimation of the response
in data relative to simulation across much of the energy range.
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7.3 Systematic Uncertainties

Systematic uncertainties play an essential role in the interpretation of the pion
energy response results discussed in subsection 7.2.2. This section presents the
methods used to study these uncertainties and determine their effect on the
pion energy response. In this analysis, systematic uncertainties can be divided
into two main categories: Beamline Systematics and Detector Systematics.

These systematic groups will be discussed in the following subsections.

7.3.1 Beamline Systematics

Beamline systematics assess the level of uncertainty in the reconstructed beam-
line momentum and the background content in the pion sample. This includes
the energy loss in the beamline material uncertainty, the dipole magnet un-

certainty, wire chamber uncertainty, and muon background estimation.

Pion Energy Loss Uncertainty

The procedure to estimate the energy loss for pions in the downstream beam-
line material is fully described in subsection 6.3.3. This method provides a
correction for these energy losses for pions that either hit or missed DS TOF
2. These corrections are subsequently applied to the beamline data to ob-
tain the corrected beamline momentum. Since it is not possible to accurately
separate these two samples in real data, a systematic uncertainty due to this

misclassification must be estimated.
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To determine the uncertainty, two sets of samples for the corrected beam-
line momentum are compared. For the first set of samples, the momentum
correction due to energy loss is applied using the truth information in the sim-
ulation. The truth information provides the exact location of particles entering
the front face of the detector. This makes the distinction between particles
that hit and missed DS TOF 2 straightforward. Thus, the energy loss correc-
tion on these samples is precisely applied. These samples are named ” Perfect

corrected samples.”

For the second set of samples, the correction is applied without using true
information. This correction relies on the geometry of the DS TOF 2 detector
as reference and the projected beamline tracks on the front face of the detector
to determine if a pion hit or missed DS TOF 2. In subsection 6.3.3, it was
determined that the most optimal size of the selection cut to separate between
particles that hit and missed DS TOF 2 was -3 mm (meaning a DS TOF 2
detector reduced 3 mm in the x and y directions). This second set of samples

simulates the momentum correction applied to data.

The comparisons of the perfect momentum corrections and the corrected mo-
mentum for different magnet current settings can be seen in Figure 7.12. One
can note a good agreement between these samples, where the variations on
the mean are < 1 MeV. To account for the overall uncertainty, the ratio in
the figures is used. For this calculation, the mean around the 1 ¢ range of the
distribution is obtained ([Mean — o/2, Mean + ¢/2]). This region was chosen

to avoid the large statistical errors on the tails of each distribution.

The means for each distribution are shown in Figure 7.13. Here, a maximum

of 0.4% disagreement is observed. This value is used to shift the momentum
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up and down in the single particle simulation to account for the correction in
the beam momentum. This approach provides two individual pion samples to

study the effect of this uncertainty in the pion energy response.

The results presented in this study successfully validate the method of mo-
mentum correction applied in data using the projected beamline tracks on the
front face of the detector. In addition, the method assigns a small uncertainty

of 0.4% on the corrected beamline momentum.
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Figure 7.13: Mean ratio of reconstructed momentum between the ”Projected
corrected samples” and the ” Perfect corrected samples” as a function of beam
momentum. The ratios are computed over the 1o range of each distribution
to minimize the impact of statistical fluctuations in the tails. A maximum
deviation of 0.4% is observed across all settings. This value is taken as the
systematic uncertainty on the corrected beamline momentum and is used to
shift the momentum up and down in single particle simulations to assess its
impact on the pion energy response.
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Figure 7.12: Comparison of reconstructed momentum distributions for “Per-
fect corrected samples” (blue) and “Projected corrected samples” (black) for
four beam settings: 500 A (top left), 750 A (top right), 1000 A (bottom left),
and 1250 A (bottom right). The perfect correction uses true simulation infor-
mation to classify whether pions hit or missed DS TOF 2, while the projected
correction relies on detector geometry and projected track information, emu-
lating the procedure used in data. The lower panels show the ratio between
the two methods. The reconstructed momentum means agree to within less
than 1 MeV, validating the projected correction approach
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Dipole magnet uncertainty

The relationship between applied current and the resulting magnetic field in
the dipole magnet can be affected by magnetic hysteresis, where the field
depends not only on the current but also on how the current was varied over
time. This effect can lead to small deviations in the effective magnetic field,

which in turn impact the beam momentum calibration.

To estimate the uncertainty due magnetic hysteresis. First, the integrated
magnetic field along the magnet axis was measured as a function of the magnet

current using a rotating coil placed in the magnet’s air gap (see Figure 7.14).

Figure 7.14: Test Beam dipole Magnet and rotating coil. In this picture the
rotating coil is placed within the magnet’s air gap along the z axis.

The coil rotated at constant angular velocity with its axis aligned along the

beam direction. As the coil rotated, the changing magnetic flux through its
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area induced a voltage (Faraday’s law), which provided with measurement of
the integrated magnetic field along the axis. This was performed in steps of

100 A from 0 to 3000 A and then back to 0 A [103].

Figure 7.15 shows the integrated magnetic field curves in function of the cur-
rent. This results were obtained by ramping up the magnet’s current up to
3000 A (lower part of the curves) and back down to 0 A (upper part of the
curves) in steps of 100 A. The effect in the curve’s behavior is noticeable and
can be seen in the zoom in plots. The magnitude of this effect is shown in
Figure 7.16. The curve is calculated by taking the ratio of the upper to lower

curves minus one, representing the difference divided by the lower value.

We can use this resulting curve to estimate the uncertainty. Since NOvA'’s
dipole magnet operated with currents from 500 A to 1250 A, a 1% systematic
uncertainty is assigned to account for possible hysteresis-related deviations
not captured by the current reading alone. To study the effect on the energy
response, single-particle simulated samples were created, shifting the incident

momentum up and down by 1%.

Wire Chamber Uncertainty

A systematic uncertainty on the reconstructed beam momentum is assigned to
account for possible misalignments or resolution effects in the wire chambers.
This estimate is based on a dedicated study in which hit positions were shifted
by + 1 mm in each chamber. This shift size is comparable to the wire spacing

in the wire chambers.
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Figure 7.15: Integrated magnetic field as a function of current, measured with
a rotating coil during current ramp-up (lower curves) and ramp-down (upper
curves), showing the hysteresis effect. The zoomed panels show the deviations
at different current settings.
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operating range (500 A to 1250 A).
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The resulting changes in reconstructed momentum were measured (Figure 7.17
and Table 7.2), and the mean shifts for each chamber were then combined in
quadrature, resulting in a total uncertainty of approximately 11 MeV/c for
the beamline momentum, this is equivalent to 2.2% at 500 MeV /c and 0.8%
at 1250 MeV /c momentum. This value is taken as the systematic uncertainty
associated with wire chamber position resolution and alignment. Similar to
all beamline systematics, to study the effect on the energy response due to
this systematic, single particle simulated samples were created by shifting the

incident momentum up and down by 11 MeV /c [23].
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Figure 7.17: Impact of £1 mm hit position shifts in each wire chamber (WC1-
WC4) on the reconstructed beam momentum. The distributions show the
momentum shift (dp) for positive (blue) and negative (red) displacements.
The measured mean shifts were used to estimate a combined uncertainty of
11 MeV/c on the beamline momentum [23].
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Mean Mean
WC Positive Shift Negative Shift
(MeV /c) (MeV /c)
1 6.826 & 0.029 6760 + 0.029
2 -6.801 = 0.040 6.658 =+ 0.040
3 3.538 £ 0.014 -3.510 & 0.014
4 -3.545 & 0.014 3.577 & 0.014

Table 7.2: Mean momentum shifts for positive and negative hit displacements
(£1 mm) of each wire chamber (WC1-WC4).

The uncertainties mentioned up to here have a direct impact on the recon-
structed pion beamline momentum. The wire chamber uncertainty is the
largest one up to ~1 GeV in incident energy when comparing to the pion
energy loss and magnet uncertainties. The impact on the energy response for
positive and negative charge pions is shown in Figure 7.18. The ratio to nomi-
nal shows the error band associated to these systematics added in quadrature,
with a maximum of 2.8% effect on lower energies decreasing up to a minimum
of 1.3% for higher energies for positive pions and with a maximum of 2.3%

and a minimum 1.2% for negative charge pions.

Muon Background Uncertainty

As mentioned in subsection 7.2.2, the muon background has a small impact on
the energy response for lower incident energies, this background is subtracted
bin-by-bin in each of the energy response distributions to isolate the pion

sample.
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Since the muon sample is obtained using the G4Beamline simulation, and there
are no other control samples in data to perform validation of this component,
a normalization uncertainty associated to the total number of expected muon

backgrounds in the pion plus muon sample is implemented.

To achieve this, each simulated distribution (pions and muons) is scaled to the
data counts, and the statistical error on the scaled muon background sample
(nominal background) is then used as a normalization factor to scaled the
nominal muon distributions up and down, the shifted muon distributions are
then subtracted from nominal pion and muon samples and the residual effect

of this calculation is taken as the systematic uncertainty.

Figure 7.19 Shows the effect of this systematic uncertainty on the energy re-
sponse for positive and negative charge pions. The effect is energy dependent
with a maximum rise of 0.4% for positive and 0.5% for negative charge pion,
due to the absence of muon backgrounds at higher energies the uncertainty

gets fully suppressed at incident energies beyond 1 GeV.

7.3.2 Detector Systematics

In subsection 4.1.4, we fully discussed the main detector systematic uncertain-
ties implemented for the ND and FD for neutrino oscillation analysis. This

includes energy response, light level, and Cherenkov efficiencies uncertainties.

For the Test Beam Experiment analysis, we include the light level and Cherenkov
efficiencies uncertainties. The energy response uncertainty is not included here

since one of the main purposes of the Test Beam experiment is to address the
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Figure 7.18: Impact of beamline-related systematics on the energy response
for negative (left) and positive (right) pions. The shaded blue band shows
the total uncertainty due to wire chamber misalignment, pion energy loss,
and magnetic field variations, combined in quadrature. The ratio is shown
with respect to the nominal response. The total effect reaches a maximum of
2.3% for 7= and 2.8% for 7T at low energies, decreasing to 1.2% and 1.3%
respectively at higher energies.

1 1
T Syst' + Tt \ |

21.05 | { :gzgmal 21.05 * ) * * | {
€ €
2, ] | =
2 It : |
g |1 * | 5 Syst }

0.95 } 095~ Nominal

—— Data
0.9 0.9

0.6 1.2 1.4 < 0.6 1.2 1.4

0.8 1 08 1
Incident Energy (GeV) Incident Energy (GeV)

Figure 7.19: Impact of the muon background normalization uncertainty on the
energy response for negative (left) and positive (right) pions. The shaded band
shows the residual variation in the energy response after scaling the nominal
muon background up and down using its statistical normalization uncertainty.
The effect is more prominent at lower energies, reaching a maximum of 0.5%
for 7= and 0.4% for 7*. The uncertainty vanishes above 1 GeV due to the
absence of muon contamination in that region.
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energy response uncertainties of single particles.

The light level systematic addresses the effects of thresholds (how much light
is needed to produce a hit) in the detector, whereas the Cherenkov efficiency
uncertainty focuses on how efficiently we can simulate the Cherenkov light pro-
duced by particles interacting in the detector. To estimate these uncertainties,
the same procedure as for the ND and FD is used. This approach uses the
light level tuning to extract the uncertainties. This leads to a 5% for the light

level and approximately 6.2% for the Cherenkov uncertainty.

The effects of the Cherenkov efficiency uncertainty on the energy response for
positive and negative charge pions can be seen in Figure 7.20. The impact of
this uncertainty is relatively small, with a maximum of 0.4% effect. On the
other hand, the impact of the light level systematic, as shown in Figure 7.21,

is negligible, with a maximum of 0.06% effect on the energy response.
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Figure 7.20: Impact of the Cherenkov efficiency uncertainty on the energy
response for negative (left) and positive (right) pions. This systematic accounts
for uncertainties in the modeling of Cherenkov light production and detection.
The overall effect is small, reaching a maximum variation of 0.4%.

Other systematic uncertainties were studied, including the impact on energy

response by changing the hadronic models in Geant4. The detector simulation
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Figure 7.21: Impact of the light level systematic uncertainty on the energy
response for negative (left) and positive (right) pions. This uncertainty reflects
the effect of the detector threshold for producing a hit. The total impact on
the energy response is negligible, with a maximum variation of 0.06%.

used the Bertini Cascade model (BERT) [56] as the nominal simulation for
hadronic interactions. To study the effect of different models, simulations
were generated using the Intra-Nuclear Cascade Model (INCLXX) [104] and
Binary Cascade Model (BIC) [105].

The results of switching the hadronic physics list in Geant4 from BERT to
BIC are shown in Figure 7.22. The effect on the energy response is negligible.
The nominal simulation and the BIC simulation lay on top of each other.
This shows that the BIC model is not able to capture the largest differences
observed in data, especially in the positive charge pion sample. In contrast,
we can observe in Figure 7.23 that the INCLXX has large variation across the
incident energy, with a smaller response at lower energies and a large variation
at higher energies. Even though the variations are large, this model does not

provide a good description of the data.

The study of these two alternative hadronic models provides insight into the

limitations of both the BERT model and the alternatives in accurately re-
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producing the pion energy response observed in data. These studies are not
intended to estimate systematic uncertainties, but rather to evaluate how well

each model performs in this analysis.
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Figure 7.22: Ratio to nominal energy response for negatively (left) and pos-
itively (right) charged pions when switching the hadronic model in Geant4
from BERT to BIC. The negligible deviation between the two simulations in-
dicates that BIC reproduces the BERT behavior closely and does not capture
the data—simulation discrepancy, particularly in the 7% sample

Summary on Systematic Uncertainties

A summary of the impact on the energy response from all systematic un-
certainties is shown in Table 7.3. For the beamline systematics, the largest
contribution comes from the combined effect of the pion energy loss correction,

dipole magnet uncertainty, and wire chamber alignment.

This combination results in an energy-dependent uncertainty that reaches up
to 2.8% for 7+ and 2.3% for 7~ at lower energies and decreases to 1.3% and
1.2%, respectively, at higher energies. The muon background is treated sepa-
rately from the rest of the beamline systematics since it acts as a background

component rather than modifying the beam momentum. Its effect is also con-
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Figure 7.23: Ratio to nominal energy response for negatively (left) and posi-
tively (right) charged pions when switching from the BERT model to INCLXX.
A pronounced deviation from the nominal simulation is observed, especially at
higher energies, yet the INCLXX model fails to improve agreement with the
data.

fined to low energies, with a maximum impact of 0.4-0.5%, and it becomes

negligible above 1 GeV.

On the detector side, the Cherenkov efficiency introduces a small variation in
the energy response, with an effect up to 0.4%. The light level uncertainty,
which accounts for possible mismodeling of how much light is needed to pro-
duce a hit in the detector, has a negligible impact, reaching only 0.06%. These
detector-related systematics are estimated using the same approach developed

for the NOvA Near and Far Detectors.

7.4 MINERVA Energy Response Comparisons

The MINERvVA collaboration ran a Test Beam experiment at the FTBF from
2010 to 2012 [24]. It was designed to tune the MINERvA simulation and
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Source 7~ Impact 7t Impact | Notes

Beamline systematics | 2.3% — 1.2% | 2.8% — 1.3% | Combined effect from wire chamber,
dipole magnet, and pion energy loss un-
certainties; decreases with incident en-

ergy

Muon background 0.5% — 0% | 0.4% — 0% | Beamline-related background; effect
only present below 1 GeV

Cherenkov efficiency 0.4% 0.4% Uncertainty from Cherenkov light effi-
ciency

Light level 0.06% 0.06% Minimal impact from light-level thresh-

old systematic

Table 7.3: Summary of systematic uncertainties affecting the pion energy re-
sponse for negative and positive charge pions. The beamline-related sources
are combined in quadrature and dominate at low energies, while detector-
related uncertainties are small across all energies.

evaluate systematic uncertainties of single charged particles, such as protons,
pions, and electrons in the beamline momentum range of 0.35 to 2 GeV/c.

This was in support of their neutrino cross-section analyses.

A comparison between the NOvA and MINERvVA of the energy response for
charged pions can be conducted given that the incident particle momentum
ranges are similar between the two experiments. However, one should note
that the detector technology and design are different. While the NOvA Test
Beam detector is composed mainly of PVC planes filled with liquid scintil-
lator, the MINERvVA Test Beam detector ran in two different configurations
that included plastic scintillator and absorber planes that were interleaved by

placing the absorber plane upstream of each scintillator plane.

In the first configuration, half of the detector contained lead planes as ab-
sorbers to study electromagnetic interactions (ECAL region), and in the sec-

ond half of the detector, iron planes were used as absorbers to study hadronic
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interactions (HCAL region). In the second configuration, the first half of the
detector was composed only of plastic scintillator strips (Tracking region),
followed by an ECAL region in the second half of the detector. These two

configurations were called EH and TE, respectively.

The energy response results of the MINERvA Test Beam experiment for pos-
itive and negatively charged pions in the EH configuration are shown in Fig-

ure 7.24.
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Figure 7.24: MINERvVA mean energy response results for positive (right) and
negative (left), charged pions in the EH detector configuration. The data (in
black) is plotted with statistical uncertainties. The MC line and the systematic
uncertainty band are represented in purple [24].

When comparing these results to the ones obtained in the NOvA Test Beam
Experiment (depicted in Figure 7.9). It can be noticed that the mean en-
ergy response results obtained by NOvA are significantly lower compare to
the MINERVA results. These differences may be explain by the different cal-
ibration procedures and detector configurations. As described in section 7.1,
the pion energy response analysis is conducted using the visible energy in the

detector without taking into account the energy loss in the PVC cells.

On the other hand, MINERVA implemented corrections for energy losses in
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the absorbers and the inactive fraction regions of the detector to their analysis

using the following expression [106]:

Ecal = Z CzEz (72)

Here, E., is the calorimetric energy after energy loss corrections. The sum-
mation is performed over the hits in the detector and C; is the calorimetric
constant that depends on the region of the detector (tracker, ECAL or HCAL).
The calorimetric constants are calculated from the energy loss per unit length,
dE/dx, of a minimum ionizing particle at normal incidence that includes the

active fraction of the scintillator plane and is defined as:

Eabs + Esc

C= E.

(7.3)

Where FE,.s is the energy loss in one absorber plane, E. is the energy loss
in one scintillator plane, and f is the active fraction of the scintillator plane.
Since the tracking regions do not contain any absorber material, F,,s = 0, and
the active fraction, f = 0.8185, gives Ciracker = 1/f = 1.222. For comparison,
Crcar, = 2.013 and Cxear, = 10.314.

To better compare the energy response between NOvA and MINERVA, the
same approach can be applied to the NOvVA results. The NOvA detectors
do not contain any absorber (F.ns = 0); thus, the calorimetric constant is
Cxova = 1/f. The active fraction of the NOvA detectors is known to be 0.63
(63%) [107], which yields Cnova = 1.59. After applying these corrections to
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the energy response for pions, the comparisons were made and are shown in

Figure 7.25.

The comparisons show a higher energy response for the NOvA Test Beam
Experiment, this could be explain by the differences between the liquid scin-
tillator (NOvA) and plastic scintillator plus absorbers (MINERvA), since the
liquid scintillator tends to have a greater light yield compare to the plastic

scintillator strips in the MINERvVA detector.

One can also observe similar data vs simulation discrepancies measured by
the two experiments. Specifically, the positively charged pion sample shows a
larger energy response in data compared to simulation in the incident energies
between 0.5 GeV to 0.8 GeV. Here, the mean energy response exhibits the

same level of discrepancy for the two experiments.

It can also be noted that for the positively charged pions, the NOvA mea-
surements have discrepancies in incident energies beyond 0.8 GeV. For the
negatively charged pions, data and simulation have a better agreement, ex-
cept that in the NOVA results, the data tends to have a lower energy response

in data compare to simulation for higher incident energies.

7.5 Pion Energy Resolution

The energy resolution is the precision with which we measure the energy in
the calorimeter. This quantity along with the energy response are considered

essential parameters in detector performance. The energy resolution is typi-
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Figure 7.25: Comparison of the mean energy response between the NOvA
(blue) and MINERVA (red) Test Beam Experiments for positively (top) and
negatively (bottom) charged pions.
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cally defined as the relative width (o/u) of the energy distribution measured
in the detector. In addition, the energy resolution is energy dependent, and

can be parameterized as:

= —. (7.4)

Here, F is the incident energy of the particle, & implies that the terms on the
right hand side of the equation are added in quadrature, and a and b are the

fit parameters.

The fit results for the energy resolution using Equation 7.4 for positively and

negatively charged pions are shown in Figure 7.26.
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Figure 7.26: Energy resolution for negatively (left) and positively (right)
charged pions.

These results show that the energy resolution ranges from ~ 25%) to ~ 22%)
for both positively and negatively charged pions. The fit for the resolution

parameters a and b are shown in Table 7.4.
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Particle a b

T 0.088 £ 0.027 | 0.223 £ 0.013
7t 0.091 £ 0.016 | 0.203 £ 0.009

Table 7.4: Best-fit parameters for the energy resolution parametrization % =
a m b - +
75D E for 7~ and 7.

7.6 Energy per Number of Hits Discrepancy

In the sterile neutrino analyses presented in section 4.2, a discrepancy exists be-
tween data and simulation for the number of hits divided by the reconstructed
energy distribution, as shown in Figure 7.27. The discrepancy is primarily ob-
served around the ~(.23 energy per hit region for the NC-selected events in the
ND. This discrepancy is not well understood and requires further investigation

(more discussion in Chapter 8).
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Figure 7.27: Energy per hit distribution for neutrino NC interactions in the
ND.

Since neutrino NC interactions produce hadrons in their final state in the
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NOVA detectors, such as pions and protons. It is of great interest to study
the average energy per hit distributions for pions using the NOvA Test Beam

experiment results.

Before discussing the results of this study. It is important to mention that
the energy per hit results for charged pions in the NOvA Test Beam detector
cannot be directly compared to the results for the neutrino NC interactions.
This is due to the fact that the energy of the neutrinos is extracted using
energy estimators, as discussed in section 7.1, and the fact that the NC events
contain other hadrons. However, we can make use the pion samples to verify
for possible disagreements between data and simulation in the energy per hit

variable.

Figure 7.29 shows the energy per hit study results for negatively charged pions
across three different energy regions: low, medium, and high. The left column
illustrates the number of hits, the middle column shows the reconstructed en-
ergy in the detector, and the right column presents the energy per hit variable.
It can be observed that the energy per hit variable exhibits shape discrepancies

similar to those seen in the NC case, particularly in the intermediate energy

region (0.755-0.8 GeV).

In this region, both the number of hits and the reconstructed energy in the
detector appear reasonable. Therefore, it is difficult to determine the cause of
the disagreement between data and simulation in the energy per hit distribu-
tion. In contrast, the energy per hit variable shows better agreement in the
low and high energy regions. However, in these two cases, the number of hits

distribution disagrees from the simulation.
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Similar to the negatively charged pion case, Figure 7.29 shows energy per hit
study results for positively charged pions across three different energy regions.
In this case, we observed data-simulation disagreements on the three energy
regions for the energy per hit variable. These results maybe explain by the dif-
ferences observed in the reconstructed energy distributions, where the energy

is higher compare to simulation.

The interpretation of these results remains inconclusive, as we cannot directly
attribute the differences observed in the energy per hit distribution to the
individual discrepancies in the reconstructed energy or the number of hits dis-
tributions. Further investigation is necessary to better understand the source

of these differences.

Similar to the energy response discrepancies observed in previous studies, it
would be beneficial to perform reweighing studies in which the simulation is
tuned to better match the data. Once this adjustment is made, the analysis
can be repeated to verify whether the disagreement in the energy per hit

distribution still persists.
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Figure 7.28: Distributions of number of hits (left), reconstructed energy (middle), and energy
per hit (right) for negatively charged pions in three energy regions: low, medium and high.
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Figure 7.29: Distributions of number of hits (left), reconstructed energy (middle), and energy
per hit (right) for positively charged pions in three energy regions: low, medium and high.
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7.7 Conclusions on Pion Energy Response and

Resolution

This section summarizes the main results of the pion energy response and
resolution measurements in the NOvA Test Beam Detector. These studies
were performed using a dedicated tertiary beam setup that allowed for a clean
separation of charged pion and muon events. By carefully simulating the beam
in G4Beamline, the muon background sample was estimated and subtracted
from the samples. The analysis compared the measured energy response for

pions in data to the detailed Geant4-based single-particle simulation.

For negatively charged pions, the agreement between data and simulation is
generally good. The energy response remains consistent across most of the

energy range, with some disagreements at higher incident energies.

In contrast, the response for positively charged pions shows a more persistent
discrepancy. The data shows a consistently higher energy response compared
to simulation across nearly the full incident energy range, even after the muon
background has been subtracted. These differences are not explained by the
systematic uncertainties evaluated in this analysis, which include beamline

and detector systematics.

The Test Beam measurements show a direct evidence of mismodeling in the
hadronic response for pions, particularly for the positively charged case. This
discrepancy is clear in this controlled Test Beam environment, where the inci-

dent energy and particle type are well known.
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While the precise origin of the discrepancy is not fully understood, the re-
sults suggest that the current simulation fails to accurately model certain
pion interaction processes in the detector. These results will be used to guide
the development of improved modeling strategies for NOvA, including possi-
ble reweighing schemes in the oscillation analysis. In addition, these results
should translate in a reduction of the systematic uncertainty associated with
hadronic response, which is currently 5%. Thus, the energy response studies

presented here represent an important result of this work.

Following the energy response analysis, the energy resolution was also studied
for negatively and positively charged pions. The results show that the energy
resolution is nearly flat in the range of approximately 25% to 22% for both

positively and negatively charged pions across the studied energy range.

Finally, the discrepancies between data and simulation in the energy per hit
distribution of the neutrino NC event sample were also studied using the Test
Beam pion data. It can be concluded that the origin of this discrepancy
remains unclear, as discrepancies observed in the energy per hit variable for
the charged pion samples cannot be directly linked to the differences observed

in the reconstructed energy or number of hits distributions.
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Chapter 8

Conclusions and Future Work

8.1 Summary of Results

This thesis presents two analyses developed within the NOvA experiment.
The first is a search for sterile neutrino oscillations in the 341 framework
using v,-CC and NC samples using the Near and Far Detectors. The second
is a measurement of the pion energy response using data from the NOvA Test

Beam detector.

The sterile neutrino analysis used a two-detector fit technique developed by
the UC neutrino group called PISCES, this sophisticated technique was used
to search for sterile neutrinos in both detectors. Contributions to this effort
included performing data quality checks on the selected NC samples and com-

paring data and simulation.
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Validation studies were also performed using Asimov datasets and fluctuated
pseudo-experiments to evaluate the stability of the fit under statistical and
systematic fluctuations. Additional studies examined the impact of individ-
ual uncertainties, tested different sample configurations, and performed cross-
checks used in the interpretation of the results. These efforts supported the
results for the final limits imposed on sterile mixing parameters by the NOvA

experiment.

The pion energy response analysis showed reasonable agreement between data
and simulation for 7~ although some discrepancies were observed, particularly
at high incident energies. For 7", the simulation underestimated the energy

response across most of the studied incident energy range.

This difference was not explained by the systematic uncertainties considered
or by testing alternative Geant4 hadronic models. These results may help
inform future updates to the pion energy response calibration in NOvA and

could serve as input for tuning the simulation.

Both analyses, the sterile neutrino search and the pion energy response analysis
were developed independently. The sterile neutrino study tested deviations
from the three-flavor oscillation model. The Test Beam study provided a direct
measurement of the detector’s response to charged pions and produced results
that can support future improvements to the modeling of hadronic energy in

NOvVA and reduction of systematic uncertainties.
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8.2 Future Work

As the results of the pion energy response analysis indicate clear mismodeling
in the simulation, future studies could be conducted to reduce the observed
discrepancies between data and simulation. This includes tuning the pion
cross sections in the simulation using G4Reweight to better match the data.
If better agreement is achieved, it is recommended that the updated cross-

section central value replace the one currently used in NOvA analyses.

These studies could also shed light on the discrepancy observed in the energy-
per-hit variable for NC events in the sterile neutrino search. To directly com-
pare the energy per hit between NC and pion events, it would be essential to
remove the effects of the energy estimators applied in the NC events. This
would allow a more accurate comparison of the energy per hit regions studied
in the two analyses. Additionally, exploring the possibility of separating the
NC sample into pion-only events could further clarify the origin of the observed

discrepancies.

Other studies related to machine learning could also be conducted. In particu-
lar, the use of prongCVN on the Test Beam data sample (see subsection 3.3.5)
aims to investigate whether the discrepancies observed in the energy response

could lead to misidentification of pions in the Near and Far Detectors.

Finally, as discussed in subsection 6.3.2, the pion energy response analysis
currently uses BPF tracks for selecting pion candidates. The BPF tracking
algorithm reconstructs particle tracks in slices with 10 or more hits. To avoid

this limitation, it is suggested that the analysis be re-run using prongs, which
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do not have this hit threshold. This change could help recover lower-energy

pion events that are currently excluded from the sample.
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