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ABSTRACT

This dissertation describes the analysis and measurement of the triple-differential cross-section of
the CC interaction with Low Hadronic Activity (maximum kinetic energy of 250 MeV for protons
and 175 MeV for pions) in the NOvA Near Detector. This cross-section is reported in bins of Muon
Kinematics and available hadronic energy. The data corresponds to an accumulated 14:2  10%°
protons-on-target (POT) in the neutrino mode of the NuMI beam, with a narrow band of neutrino
energies peaked at 1.8 GeV. The analysis provides a sample of neutrino—nucleus interactions with
an enhanced fraction of quasi-elastic (QE) and two-particle-two-hole (2p2h) interactions and a
suppression of resonant pion production (RES) and deep inelastic scattering (DIS) interactions.
This enhancement of QE and 2p2h allows for quantitative comparisons with various models of these
processes. We find strong disagreement between data and theory-based models in the forward muon

direction, especially for the 0.2-0.4 GeV available hadronic energy region.
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1 Neutrinos

A neutrino is a point particle with extremely low mass and neutral electric charge that only interacts

via the Weak Nuclear Force.

1.1 Neutrino History

In the 1930s, a problem arose in the study of decay, that is decay where a parent nucleus emits

an electron (the particle) and becomes a slightly lighter nucleus:

ATIB+e (1)

Unlike  decay (where a positive particle is emitted) or  decay (where a photon is emitted),
which follow two-body decay dynamics, decay acted differently.

In two body decays, the outgoing energies are kinematically determined in the center of mass
frame so that if parent particle “A” is at rest and daughter particles “B” and “e” (in the case of

decay, the electron) have equal and opposite momentum (due to conversation of momentum),

then conservation of energy dictates that the energy of the electron “E” is given by:

2 2 2
ms Mg +mg

2map

E:

¢? (2)

where E is fixed and only dependent on the masses of the particles [1]. However, experiments were
carried out and this value E represented the maximum energy value of the electron, whose actual
energy could vary [1].

Wolfgang Pauli proposed the idea that an additional particle was emitted alongside the electron:
a particle that was neutral in charge, to conserve total charge in the decay, that carried off energy
so that the total energy was conserved [1]. He called this invisible neutral particle the “neutron”
[1].

In 1933, Enrico Fermi incorporated Pauli’s proposed particle in his theory of decay, giving

it the name “neutrino” (as James Chadwick used the name neutron the previous year) [1]. With



modern information this theory becomes:

nTp +e +¢ (3)

where the bar indicates it’s an antiparticle and the “e” indicates the flavor, but at the time neutrino
anti-particles and flavors had yet to be discovered.

A group lead by C. F. Powell discovered the decay of the pion to a muon:

LI (4)

and subsequently the decay of a muon to an electron:

Ye42 (5)

where the variable energy of the electron produced led to the conclusion of there being two neutrinos
in the muon decay, just as the original decay problem led to the idea of the neutrino to begin
with [1].

Experimental evidence of the neutrino would come in the 1950’s. Clyde Cowan and Frederick
Reines conducted an experiment at the Savannah River nuclear reactor in South Carolina [1]. They

studied the inverse beta-decay reaction:

“+p" ¥ n+e’ (6)

They set up a large tank of water and watched for this reaction to occur; they calculated the
antineutrino flux to be 5 10 particles per square centimeter per second, but only expected two
or three events per hour [1]. However, they were able to measure the outgoing positrons, providing
confirmation of the neutrino’s existence [1].

Raymond Davis Jr. and Don Harmer would measure whether or not neutrinos and antineutrinos

were the same particle by measuring whether or not the following two reactions occurred at about



the same rate:

+n ¥ p"te (7)

“+n¥p+te (8)

They found that the latter reaction did not occur, establishing a distinction between neutrinos and
antineutrinos [1]. This discovery, plus the lack of experimental observation of muons decaying to
an electron plus a photon (as opposed to the observed decay of a muon to an electron plus two
neutrinos) led to the idea of conservation of lepton flavor [1]. That is, that the neutrinos had
some property of a corresponding charged lepton (that is o ¥ e ; L| ; L| and their
corresponding antiparticles), so that the total of number of charged lepton plus the number of
corresponding neutrinos must be conserved.

For example in the decay described above, there are initially zero leptons, thus the particles
produced (the electron and the electron antineutrino) have opposite lepton flavor so that the final

state has the same lepton flavor as the initial state.

1.2 Standard Model

There are four fundamental forces (gravity, strong nuclear force, weak nuclear force, and electro-
magnetism). The Standard Model of particle physics comprises the unified theory of the electroweak
interaction and the strong nuclear force [2]. The strong force, weak force and electromagnetism
are mediated by vector bosons [2]. A table of the interactions and their interactions can be seen
in Table 1. The vector bosons have spin 1 and either positive or negative parity, which can be
seen in the column labeled JP where J represents spin (intrinsic component of a particles angular
momentum [1]) and P represents parity (whether or not the sign of the wave function flips under

reflection [2]).



Table 1: Fundamental forces of the standard model (barring gravity) and their exchange particles

2]
Interaction couples to Exchange particles(s) | Mass (GeV/c?) | JP
strong color charge 8 gluons () 0 1
electromagnetic | electric charge photon ( ) 0 1
weak weak charge w ;Zz0 102 1

In addition to the exchange bosons, the known fundamental particles are the quarks and the
leptons, all of which are fermions with spin 1/2, grouped into three “families” [2]. A table of the

quarks and leptons can be seen in Table 2.

Table 2: The known fundamental particles of the standard model; all are fermions of spin 1/2 [2]

Fermions Family Electric Charge | Color | Weak Isospin Spin
1 2 3 left handed  right handed

Leptons | e 0 - 1/2 - 1/2
e -1 - 1/2 0 1/2

Quarks | u c t +2/3 r,b,g 1/2 0 1/2
d S b -1/3 r,b,g 1/2 0 1/2

Each fermion has an associated anti-fermion with the same mass, opposite electric charge, color,
and third component of weak isospin [2].

In all three interactions, energy, momentum, angular momentum, charge, color, baryon number
and all three lepton numbers (Le; L ; L ) are all conserved [2]. The lepton number is the same for
a charged lepton and its corresponding neutrino.

The weak force can be divided into two types of interactions, neutral current (NC) and charged
current (CC). Neutral current interactions involve the exchange of the Z° boson and do not involve
the exchange of charge, while the charged current interaction involves the exchange of a W  boson

and involves the exchange of a charge.



Parity (P) and charge (C) are conserved by the electromagnetic and strong interactions but
not by the weak interaction; for the charged-current weak interaction parity violation is maximal
[2]. The charged-current couples to only left-handed fermions or right-handed anti-fermions [2].
The neutral-current of the weak interaction is partly parity violating, coupling to both left and
right-handed fermions and anti-fermions, but with different strengths [2].

Only the charged current of the weak interaction can change a quark into another type of quark
or a lepton into another type of lepton (this analysis will cover the charged current transforming a
lepton) [2].

In the Standard Model, neutrinos are massless [3]. However neutrinos were found to evolve
in time as they propagate, which necessitates that they have mass. This implies physics that is
beyond the Standard Model. The next section covers a phenomena that occurs when neutrinos

propagate.

1.3 Solar and Atmospheric Neutrino Measurements

In the 1960s, the Homestake solar neutrino experiment, led by Raymond Davis Jr., discovered
a phenomena regarding neutrinos from the sun [3]. Electron neutrinos are released by the sun
undergoing nuclear processes, and the Solar Standard Model (SSM) is used to predict the flux of
electron neutrinos hitting the Earth from the Sun based on inputs such as the mass, luminosity,
radius, surface temperature, age, and surface elemental abundances of the Sun, in addition to
knowledge of the rate of nuclear processes in the Sun [3]. The Homestake experiment sought to
experimentally measure the flux of the solar neutrinos by measuring occurrences of the reaction
e+3C1 1 e +%Ar [3]. The flux measured from this experiment, however, was about one-third
of the flux predicted from the SSM [3]. This became known as the solar neutrino problem.
Atmospheric neutrinos are produced by the decay of pions and kaons that come from the
interaction of cosmic rays and nucleons in the Earth’s atmosphere [3]. These decays produce all
flavors of neutrinos and antineutrinos at a broad range of energies; these neutrinos travel long

ranges ( 10km 10*km) [3]. Based on the dominate production modes of the pion and kaon



decays, a ratio of the expected flux of muon and electron neutrinos can be calculated.

The Kamiokande experiment and its successor, the Super-Kamiokande (Super-K) experiment
were water-Cherenkov detector based experiments that observed neutrinos using e elastic scat-
tering (ES): x+e ¥ yx+e [3]. This procedure occurs for all neutrino flavors, however muon and
tau neutrinos only experience the neutral current interaction of the ES, while electron neutrinos can
also experience the charge current interaction of the ES. Consequently, electron neutrinos can be ex-
pected to interact about six times more than muon or tau neutrinos for the same neutrino flux. The
results from both experiments showed a significantly smaller solar neutrino flux compared to theo-
retical predictions. Super-K observed a solar neutrino flux of (2:345 0:014 0:036) 10%cm 2s !
compared to predictions based on the SSM of (5:46 0:66) 10°cm 2s ! [3]. Furthermore, the
Kamiokande experiment, measuring interactions of muon neutrinos with nucleons, reported a deficit
in the muon neutrino flux of the atmospheric neutrinos, and found that the muon neutrino dis-
appearance had a zenith angle dependence (which meant a dependence on the travel distance of
the neutrinos) [3]. In 1998, the Super-K provided a solution to the atmospheric neutrino problem.
The zenith angle distribution showed a deficit for upward going events in muon-like interactions
compared to downward going events, while no such asymmetry occurred for electron-like interac-
tions [3]. Super-K looked for the appearance of tau neutrinos to support the hypothesis that the
disappearance of muon neutrinos was due to transitions from muon to tau neutrinos. The Super-K
found evidence of tau neutrino appearance with 4:6 significance; the OPERA and IceCube ex-
periments would provide definite observations of tau neutrino appearance [3]. This would become
evidence of the phenomena called neutrino oscillation which will be explained in the next section.

The Sudbury Neutrino Observatory (SNO) experiment provided measurements that would solve
the solar ne problem [3]. The SNO experiment was sensitive to three reactions: neutrino-electron
scattering (ES), the charged current neutrino-deuterium interaction Ve +d ¥ e 4+ p+p, and the
neutral current neutrino-deuterium interaction x+d ¥ yx 4+ p -+ n [3]. This last interaction is
sensitive to all types of neutrinos with equal chance of occurring for each type of neutrino, therefore

comparing the observed number of this type of interaction due to the solar neutrinos compared



to the other interactions [3]. The results of the experiment showed direct evidence for a non- ¢
component of the solar neutrino flux, and the ¢ flux combined with contributions from  and
were enough to be consistent with SSM predictions of the neutrino flux [3].

The results from SNO and Super-K became direct evidence of a non- ¢ component in the solar
neutrino flux [3]. Together with the results from the reactor experiment KamLAND, the solution

of the solar neutrino problem was found to be flavor transitions in the solar matter [3].

1.4 Neutrino Oscillation

Neutrino oscillation is the process in which lepton number is not conserved as neutrinos propagate
[3]. For the flavor eigenstates, , where a charged current (CC) weak interaction will produce
charged lepton | , they can be written as a superposition of mass eigenstates ( j) that govern

kinematical processes, which neutrinos propagate through space as, like the following:

- - X - -
o= Uil
i=1

where U represents a mixing matrix, and n is the number of light neutrino species [3]. After

traveling a distance L ct (for relativistic particles) the state evolves as:

X
o Wi= U;jiai
i=1

The probability that the charged lepton observed after a weak CC event after the neutrino

traveled this distance will be in state | so that N ¥ | NUis:

- . - - ..2 .XX - - - ..2
P =jh j () j (ijc=] U ;U jhjia(ijii(oij
i=1 j=1



Assuming that j i is a plane wave [3], then:

jii=e By (0)i

q
with Ej =

mass eigenstate

i. For all cases, the neutrinos are highly relativistic so that pj  pj

pi2 + miz, with Ej, pj and mj being the energy, momentum and mass of the neutrino

p E. The

neutrino mass state are orthogonal (h jj ij jj il = ij), which leads to an expression for P of:

X X
P = 4 Re[U iU ;U ;U jlsin®Xjj+2  Im[U iU ;U ;U j]sin2Xj
i<j i<j
where Xijj
m2 m?)L AmZ  |L=E
Xij = (mi_mjt _ 1267 —— ———
4E eV2 m=MeV

For antineutrinos, the result would be same but U ¥ U . This would lead to the real term of

P being the same, but the imaginary term would have opposite sign. This makes the first term

the charge-parity conserving term and the latter the charge-parity violating term [3]. For neutrino

oscillation experiments, it’s important to note that this probability is dependent on the distance

traveled and the neutrino energy; controlling these parameters will lead to maximizing the effects

of neutrino oscillation.

For the case where N = 3, U is a 3x3 matrix. For the case of Majorana neutrinos (where

a neutrino is its own antiparticle), U is dependent on six independent parameters: three mixing

angles and three phases [3]. For this case the mixing matrix can be parameterized as:
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where Cjj  cos jj and Sjj  sin jj. The mixing angles can be taken without loss of generality to
be in the first quadrant, and the phases between 0 and 2 . In the case of Dirac neutrinos (where a
neutrino and its antiparticle are different) the Majorana phases ( 1 and 2) can be absorbed into

the neutrino states, leaving the mixing matrix as:

2 3
C12C13 $12C13 size 'cP
§ S12C23  C12S13S23€' ©P C12C23  S12S13S23€' ©P C13S23 (10)
S12S23  C12S13C23€' P C12S23  S12S513C23€' ©P  C13C23

This mixing matrix is known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix

[3]-



2 Muon Neutrino Charged Current Interaction

The muon neutrino charged current interaction (  CC) with a nucleus occurs when a Muon Neu-
trino exchanges a charge with an atomic nuclei, and becomes a muon. The neutrino-nucleus charge
current interaction has several modes that depend on the amount of momentum transferred to the

nucleus. These modes are characterized by their final state particles.

2.1 Neutrino Charged Current Interaction

Neutrinos interact only via the weak nuclear force. The mediators of the weak force are the
massive bosons, Z% and W [1]. The charged current (CC) interaction occurs with the exchange
of the charged boson W , while the neutral current (NC) interaction occurs with the exchange
of the neutral boson Z°. Figure 1 shows the most basic Feynman diagrams of a neutrino weakly
interacting with a nucleus. The charged current interaction shows a neutrino exchange charge with
the nucleus and becoming a charged lepton, while the neutral current interaction shows an elastic

interaction with the nucleus.

N N N N

Figure 1: The most basic Feynman diagrams of a neutrino weakly interacting with a nucleus. Left:
charged current interaction shows a neutrino exchange charge with the nucleus and becoming a
charged lepton. Right: neutral current interaction with an elastic interaction with the nucleus.

2.2 Interaction Modes

The CC interaction can have different final state particles depending on how much momentum
is transferred to the nucleus. The different interaction modes are categorized by their final state

particles.
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With neutrinos that have less than 2 GeV energy, the neutrino charged current interaction is
primarily made of quasi-elastic (QE) interactions [4]. In the QE mode, the neutrinos interact with
the whole target nucleon and not with the constituent partons and results in liberating a nucleon
from the target [4]. For the muon neutrino QE charged current interaction, the reaction equation

looks like:

A Feynman diagram of the QE interaction can be seen in Figure 2.

n
Figure 2: Feynman diagram of the quasi-elastic charge current interaction. In this interaction the

neutrino interacts with a single nucleon and generally results in one nucleon being liberated from
the target nucleus.

A neutrino can interact with a correlated pair of nucleons, leading to two nucleons getting
knocked out of the nucleus, in a process called the 2p2h effect (two particles, two holes) [5]. This
primarily occurs by the exchange of a virtual pion, leading to the alternate name meson exchange
current (MEC), and is a significant contribution to the total interaction when heavier nuclear targets
are used [5]. There are two classes of this interaction mode, depending on with what the boson
interacts: in the pion-in-flight class the W boson interacts with the virtual pion being exchanged by
the nucleons, while in the contact class the W boson interacts with one of the nucleons [6]. Figures
3 and 4 show Feynman diagrams of the contact class and the pion-in-fight class respectively. Multi-
nucleon interactions (more than two nucleons interacting during the neutrino-nucleus interaction)

are possible but 2p2h dominates.

11



- L

n
Figure 3: Feynman diagram of the meson exchange current of the CC interaction with the contact

class. In this interaction the neutrino interacts with a pair of correlated nucleons by exchanging a
W  boson with one of the nucleons that is exchanging a virtual pion.

W

- q -
]
]

L L

n
Figure 4: Feynman diagram of the meson exchange current of the CC interaction with the

pion-in-flight class. In this interaction the neutrino interacts with a pair of correlated nucleons by
exchanging a W boson with the virtual pion that is being exchanged by two nucleons.

Neutrinos can excite target nucleons, resulting in a resonant state. The resulting baryonic
resonance (A) decays to a mesonic state, producing a combination of mesons and nucleons [4]. For
a single resonant pion production (referred to here as RES) in the neutrino-nucleus charge current

interaction, there are three reaction channels:

12



nu n (14)

The Feynman diagram, including the intermediate baryon state, can be seen in Figure 5.

Figure 5: Feynman diagram of the single resonant pion production mode of the CC Interaction.
A nucleon is excited before decaying to a pion and a nucleon.

With enough energy, neutrinos can resolve individual partons of the nucleon. In a process called
deep inelastic scattering (DIS), a neutrino will scatter off an individual quark, resulting in a lepton
and a hadronic shower in the final state [4]. Both CC and NC processes of DIS are possible, via
the exchange of a virtual W or Z boson. Figure 6 shows a Feynman diagram of the DIS interaction

mode.

X

N
Figure 6: Feynman diagram of the deep inelastic scattering mode of the CC Interaction. The
neutrino has enough energy to scatter off an individual quark, which leads to the nucleus producing
a hadronic shower.
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2.3 Nuclear E ects

Nuclei are not single particles, but are made of many particles that are capable of interacting with
each other. In neutrino-lepton scattering, the neutrino scatters off a point particle. Neutrino-
nucleus interactions differ from neutrino-lepton scattering not only due to the target particles not
being point particles, but also the influence of particles in the nuclei beyond those the neutrino
scatters off of. These are called nuclear effects. MEC, described in the previous section on Inter-
action modes, is an example of a nuclear effect as it occurs due to interactions between nucleons.
This section will go over a couple of these effects that are relevant to this analysis.

A global relativistic Fermi gas (RFG) model is used for the initial state of the nucleus in
simulations [7]. Corrections are applied to this model to better match data. One of these corrections
is the Random Phase Approximation. The Random Phase Approximation theory (RPA) describes
the long-range internucleon interactions [7]; it describes the excitation of many body systems [8].
The effect on the predictions is the suppression of QE events with low four-momentum squared
(Q?) transfer and a slight enhancement of events with high Q? transfer. Figure 7 shows the effect

of the implementation of RPA on MC predictions.

14
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Figure 7: Correction factor on the cross-section predictions of RFG caused by the implementation
of RPA, as done by the analysis for the T2K experiment, as a function of Q2. There is a suppression
of events at low Q? and a slight enhancement of events at higher Q2. Image taken from [9]

2.3.1 Final State Interactions

Final state interactions (FSI) occur when the hadronic shower produced from the initial neutrino
interaction travels through the dense nuclear matter and re-interacts [10]. FSI can change the
energy, angle and charge state of the initially produced hadrons. Figure 8 shows some of the
possibilities that can occur with an initially produced pion that lead to various different final
states compared to the initially produced pion. This figure assumes that the interaction can be
“factorized”, that is modeling the neutrino interaction as a two step process where the intermediate
boson is absorbed by a hadron followed by hadron rescattering [10]. This picture is justifiable for

large enough values of momentum transfer [10].
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Figure 8: Diagram showing different Final State Interactions that could happen to an initially
produced Pion. The charge and direction of the pion or the number of pions that escape the
nucleus can be changed compared to the initial interaction depending on how the pion interacts.
Image taken from [10].

The interaction modes previously discussed are categorized by their products, however FSI can
alter the particles that leave the nucleus, thus changing the signatures left in the detector, and

present a problem in the study of neutrino-nucleus scattering.

2.4 Cross-Sections

The measurement of probability that a given interaction will occur is called the Cross-Section [2].
It has units of area. The cross-section is determined by the shape, strength and range of the
interaction potential (for neutrinos which only interact with nuclei via the weak interaction, it is
much less than for charged leptons which also interact via the electromagnetic interaction) [2]. For

a beam experiment, the cross-section can be measured from the reaction rate if the flux of the
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incoming beam particles and the area density of the scattering centers are known, as seen in the

following equation [2]:

number of reactions per unit time

tot (15)

beam particles per unit time x scattering centers per unit area’

The total cross-section can be broken up into a sum of the cross-section of the different elastic
and inelastic processes that occur [2]. For this analysis, the differential cross-section is measured
instead of the total. Events are measured in bins of analysis variables, represented by X;:

d? Ninteractions (Xi)

dT dcos dEavail ()(Ntarget) (AX;) (16)

AX;j represents the bin volume for the three analysis variables that the differential cross-section is
measured in.  represents the beam flux. (Nta.—get) represents the number of targets. The choice
in variables and bin sizes for this analysis, as well as how the number of interactions is extracted
from the detector response will be explained in later chapters.

Accurate measurements of the cross-section are important to understanding neutrino oscilla-
tion. In order to extract neutrino oscillation parameters in a long-baseline neutrino experiment,
measurements of the event rate distributions are measured at both the near and far detectors.
Knowledge of the cross-section of the flavors being measured is necessary to extract the probabil-
ity of the transition from the event rate distributions [11]. Measuring the CP phase also requires
measuring separate cross-sections for neutrinos and antineutrinos, to see the effects oscillation has
on their event rates [11].

The CC inclusive cross-section refers to the cross-section measured for all CC events.
Exclusive is the term used when there is exactly one final state in the analysis. The inclusive
cross-section is necessary for oscillation parameter extraction, while exclusive cross-sections are
useful for building models and event generators for simulation [12]. This analysis is semi-inclusive,
looking at the case where there is a CC event and one particle visible in the detector. It is

called semi-inclusive because it doesn’t explicitly require the one visible particle to be a muon. The
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development of this choice is explained in future sections.

2.5 Low Hadronic Activity

This analysis is concerned with a particular regime of the CC interaction. The goal of this
regime is to study QE and MEC interactions. QE and MEC interactions are enhanced when there
is low hadronic energy in the interaction. The low hadronic activity sample is defined as a CC
interaction where outgoing protons and pions don’t have enough kinetic energy to leave tracks in
the detector [5]. A thorough explanation of the Low Hadronic Activity regime will be given in

Chapter 5.
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3 NOvrA Experiment

NO A is short for the NuMI Off-Axis o Appearance experiment. NO A is an experiment that
measures the oscillation of muon neutrinos produced at Fermilab in Illinois to electron neutrinos

measured at Ash River, Minnesota.

3.1 NOvA Goals

NO A was built to observe the oscillation of muon neutrinos to electron neutrinos. To this end,
NO A requires a beam of muon neutrinos and two detectors. One detector to measure the beam
of neutrinos before oscillation has a chance to occur and one placed to measure the neutrinos after
oscillation has occurred.

Observation of electron neutrino appearance allows NO A is to study the neutrino mass state
ordering. That is, whether or not mass state 3, which is approximately a 50-50 mix of muon and tau
states, is lighter or heavier than the other two mass states (mass state 1 being mostly made of the
electron neutrino state while mass state 2 is roughly equal between all three flavor states). NO A
also studies CP-violation (charge-parity) between neutrinos and antineutrinos. NO A can create
a beam of either muon neutrinos are muon antineutrinos to study whether there are differences
between how the neutrinos and the antineutrinos oscillate.

This analysis seeks to measure the cross-section of the muon neutrino charge-current interaction
in a particular regime. Precise measurements of the neutrino Cross-Section is important to the study
of neutrino oscillation. The cross-section model informs predictions of how many neutrino events
should be observed prior to or in absence of neutrino oscillation and the energy spectra of those
events. And by comparing the observed spectrum before and after neutrino oscillation occurs to

the predictions in absence of oscillations, the oscillation parameters can be extracted.

3.2 NuMI Beam

The Neutrinos at the Main Injector (NuMI) beam supplies the muon neutrinos for the NO A

experiment. The Fermilab accelerator complex supplies the protons that collide with a graphite
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target, which produces the hadrons that decay into the neutrinos.

3.2.1 Proton Generation

Figure 9 shows the Fermilab accelerator complex which produces protons to feed into the NuMI
beamline [13]. H ions are accelerated to 400 MeV by the Linac, and then converted to protons
and accelerated to 8 GeV in the Booster [14]. The Main Injector stores and accelerates the protons

to 120 GeV, and directs them to the NuMI target [14].
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Figure 9: Schematic of the Fermilab accelerator complex. Includes the Main Injector that feeds
protons into the NuMI beamline. Figure taken from NO A Technical Design Report [13].

The NO A experiment has collected 2:56  10?! protons-on-target (POT).

3.2.2 Neutrino Beam

The process by which protons from the Main Injector are used to produce the neutrino beam is

shown in Figure 10.
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Figure 10: Schematic of the neutrino beamline production. Figure taken from NO A Technical
Design Report [13].

The protons from the Main Injector are directed toward a graphite target; the collision of
protons and graphite produces hadrons (primarily pions, followed by kaons) [13]. The resulting
hadrons are focused toward the beam axis by two magnetic horns [13]. The magnetic horns allow
for charge selection of the hadrons [14]. For this analysis, the Forward Horn Current (FHC) is used
to select for positively charged hadrons.

The hadrons of the selected charge enter a 675 meter long decay pipe, where the the hadrons
decay. For this analysis where the FHC is used, positively charged hadrons decay to anti-muons
and muon neutrinos via * ¥ ~+4+ and K* ¥ —F 4

The remaining hadrons and protons are absorbed by a hadron absorber [13]. The muons are

stopped by the Earth, allowing the neutrinos to move on to the detectors [13].

3.2.3 O -Axis

The Detectors for the NO A experiment are placed off-center from the beam axis by 14.6 mrad
[13].
At small angles, the flux and energy of neutrinos produced from the ¥ 4 decay and

captured by a detector of area A at distance z are given by:

2 L, A
4 72




0:43E
E =173 (18)

where is the production angle, E is the parent pion energy and is the ratio of pion energy to
mass [13]. For neutrinos resulting from Kaon decay, the 0.43 is replaced with 0.96, which results
in a broader, more energetic distribution for identical meson energies [13].

As can be seen in Figure 11, the energy of neutrinos measured at a site 14 mrads off-axis does not
have a strong dependence on the energy of the parent pion. This leaves a narrow energy band around

2 GeV, which is suited to studying the oscillation maximum at 1.6 GeV for Am%, = 2:5 10 V2

[13] [15].
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Figure 11: Left: The neutrino flux from a parent pion of energy E at sites located at  degrees
off-axis, normalized to a distance of 800 meters. Right: The energies of neutrinos produced at
angles degrees off-axis as a function of pion energy. Figure taken from NO A Technical Design
Report [13].

Figure 12 shows the neutrino event rate as a function of off-axis angle and neutrino energy [13].
Using the off-axis angle site leads to an increase in the number of neutrino events at the desired
energy band and a suppression of higher energy neutrino energies in comparison to the on-axis site

[13].
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Figure 12: Neutrino event rates prior to oscillation, calculated for a distance of 810 km from
Fermilab at various angles off-axis. Left shows the low energy configuration, right shows the
medium energy configuration. Figure taken from NO A Technical Design Report [13].

The suppression of high energy neutrinos leads to background suppression. Sources of these
backgrounds compared to neutrino energy can be seen in Figure 13. Hadronic showers in neutral
current events where the outgoing neutrino is not observed can fake the electron showers caused by
lower energy e charged current events [13]. Choosing a narrower energy band cuts out the higher
energy neutrinos which can fake ¢ events in the desired region. This choice also cuts down on the
number of ¢ events coming from an intrinsic component of the NuMI beam. The ¢ are mostly
produced from three-body decay of the muon and are thus have a broader energy distribution than

the  produced from two-body decay [13].

23



T T T T I T T T T I T T T T I T T T T I T T T T
2
107 L vy (no oscillation) 3
[ neutral-c LS 7
[ neutral-current v, (after oscillation)
-y B i
= i LL‘-LHﬂ y
u _ -
© 10k -
'5 :
= _
| -
]
™
i 1 F
2
E B
=
o
- -1
=10
_ oy
- Ll / a'IL.L_
22 P A
Iu - .I": ."I; A )'{ i I?l_\.q 1 | 1 i 1 1
0 2 3 4 3
E. (GeV)
¥
Figure 13: Simulated energy distributions for various neutrino events. These include, charged

current events (with or without neutrino oscillation), ¢ events that come from neutrino oscillation
and those that come from the beam, and neutral current events. Simulation assumes off-axis
distance of 12 km at 810 km distance from Fermilab, and values of Am§3 =2:5 10 3eV2 sin? 3=
1:0, and sin? 13 = 0:10. Figure taken from NO A Technical Design Report [13].

3.3 Detectors

NO A is a two detector experiment. The neutrino beam first passes through the Near Detector
(ND) located at Fermilab. The beam then travels to the Far Detector (FD) located in Ash River

Minnesota. The two detectors are made of identical components, however they are different sizes.
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3.3.1 Detector Cells

The NO A Detectors are made of many identical cells. A schematic of an individual cell can be
in seen in Figure 14. Each cell is rectangular PVC filled with liquid scintillator and a wavelength-
shifting fiber [13]. Charged particles travel through the cells primarily along its depth, and light is
produced by the scintillating liquid [13]. Light travels until it is either captured by the wavelength-
shifting (WLS) fiber or absorbed by the PVC or scintillator [13]. Both ends of the wavelength-
shifting fiber are directed to one pixel of an Avalanche-Photodiode (APD) detector array and light

is converted into an electric signal [13].
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Figure 14: Schematic of an individual cell in one of the NO A Detectors. Scintillation light
produced by a particle interacting in the detector gets carried to the APD by the wavelength-
shifting fiber. Figure taken from NO A Technical Design Report [13].

Approximately 70 percent of the mass of the detectors is the liquid scintillator made of min-

eral oil with with 4.1 percent pseudocumene [1,2,4-Trimethybenzene| as the scintillant [13]. The
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majority of the remaining 30 percent of the mass is due to the rigid PVC extrusion [13].

The wavelength-shifting fibers capture blue light (400 - 450 nm wavelength) from the scintillator
and shifts it to green light (490 - 550 nm wavelength) [13]. The fibers are looped in the cells,
effectively making each cell having two unlooped fibers with a perfect mirror at the bottom, leading
to four times the amount of light being captured compared to a single non-reflecting fiber [13].
Internally reflected light travels to the APDs; the light is attenuated as it travels down the length
of the fibers, with red light (520 - 550 nm wavelength) preferentially surviving [13].

Light is absorbed in the collection region of the APDs, electron-hole pairs are generated, and
the electrons propagate to the p-n junction under the influence of an applied electric field [13]. At
the junction, the electric field is sufficient for avalanche multiplication of the electrons to occur [13].
APDs are packaged in arrays of 32 pixels that correspond to 32 cells in the detector [13]. Both
ends of the Wavelength Shifting Fiber lead into the same pixel [13]. The APDs are operated at a
gain of 100 times at a voltage of 375 volts and have a quantum efficiency of 85 percent [13]. The
signals from the APDs are then digitized by Analog-Digital Converters (ADCs) [13].

The cells are arranged into planes. The planes alternate between horizontal and vertical ori-
entation. When a cell is triggered, a pixel in the APD is triggered, but information of how deep
in the cell the particle was is lost. With alternating planes, the 3D path of the particle can be

reconstructed.

3.3.2 Near Detector

This analysis concerns measurements in the NO A Near Detector. This detector is used to measure
the NuMI beam before oscillations have occurred. The Near Detector is placed approximately 1
kilometer from the NuMI target and approximately 800 meters from the typical pion decay vertex
[13].

The Near Detector’s dimensions are 2.8 meters wide, 4.1 meters tall, and 14.5 meters long [13].
The minimum size constraints are that it needs to be large enough for the fiducial volume to have

well-defined boundaries, and it needs to be large enough to fully contain events (that is, that no
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particle in the event leaves the detector) that occur in the fiducial volume [13]. Simulations have
shown that a 70 cm border around the fiducial volume in the transverse dimensions and a 4 meter
border around the fiducial volume in the longitudinal dimension provide sufficient containment of
the ¢ events [13]. Figure 15 shows how the size of the Near Detector compares to the Far Detector

and shows the alternating orientation of the cell planes.

Detector

Figure 15: Diagram of the NO A Detectors, side by side, showing their relative sizes. On the left
is the NO A Far Detector, middle is the NO A Near Detector, and right is the prototype Near
Detector. The different detectors are made of planes of alternating vertical and horizontal cells as
shown in the inlet. Figure taken from NO A Technical Design Report [13].

A diagram of the Near Detector can be seen in Figure 16. The planes are 64 cells wide or 96
cells high depending on orientation [13]. First there are six planes that make up the veto region,
followed by the 108 of the fiducial volume, then 72 planes that make up the shower containment

region, and then the muon catcher [13].
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Figure 16: Diagram of the NO A Near Detector, color coordinated by sections. The Near Detector
is made of 6 blocks of 31 planes, followed by a muon catcher. The NuMI beam comes from the
lower left in this diagram. The red section represents the veto region, made of 6 planes. The
green section represents the fiducial volume, made of 108 planes. The yellow section represents
the shower containment region, made of 72 planes. All of these regions are made with fully active
liquid scintillator cells. The black and white region is the muon catcher region of steel interspersed
with 10 active planes of liquid scintillator. Figure taken from NO A Technical Design Report [13].
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4 NOvA Simulation and Reconstruction

This analysis makes use of simulation to test its procedures before making a measurement of the
cross-section of the muon neutrino charged current interaction using NO A’s data. The process of
a muon neutrino beam being produced, hitting the detector, colliding with particles in the detector,
and the detector’s response is simulated by various packages.

For both the simulated and the real detectors, once the detector response has been collected,
there is a process, called reconstruction, to make determinations about the underlying neutrino

events based on the the detector response.

4.1 Simulation

The simulation process follows the same general process outlined in Chapter 3. The first step to
be simulated is the muon neutrino beam. The beam simulation is handled by the FLUKA [16]
and FLUGG GEANT4 [17] software packages. FLUKA handles the production and transport of
the neutrino beam. This starts with modeling hadron production, focusing in the horns and the
decay of pions, kaons, and muons in the decay pipe to determine the production rate and energy
spectrum of each flavor of the neutrinos in the beam, while FLUGG models the geometry of the
detector [18]. The resulting information is stored in flux files which are then used as input for the
neutrino interaction simulation.

After the neutrino beam is simulated, the neutrinos interacting with particles in the detector
is simulated. The simulation of neutrino interactions is carried out by the GENIE (Generates
Events for Neutrino Interaction Experiments) software package. The GENIE package contains
many models to cover the large variety of process involved in neutrino-nucleus interactions [19].
GENIE packages compatible models into groups called “comprehensive model configurations” or
CMCs to cover the range of possible of neutrino interaction modes [20]. NO A made choices
about which models to use for QE, MEC, DIS, and RES as well as for which FSI model to use.

For the simulation used in this analysis, NO A uses the Valencia model for QE with Z-expansion
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formalism to provide systematic uncertainty coverage [20]; for RES NO A uses the Berger-Sehgal
model [20]; for MEC, NO A uses the Valencia model [20]. For DIS, NO A uses the Bodek-Yang
(BY) formulation [21]. For FSI models, NO A uses the “hN” semi-classical cascade model [20].

After the neutrino interaction events are simulated, the detector response to the events is simu-
lated. The detector simulation is carried out by the GEANT4 package. GEANT4 uses the particles
lists that are created by GENIE to propagate particles through the detector (e.g. simulating the
energy loss of charged particles and simulating scattering of charged and neutral particles produced)
and leave energy deposits in the active material [18].

While GEANT4 is capable of simulating the optical processes that take energy deposits in
the detector to a readout (i.e. the propagation of light along the WLS fibers), this process is
computationally expensive. Instead, driven by the fact that the detector is made of many identical

cells, templates are generated to parametrize photon transport [18].

4.1.1 Light Simulation

The number of photons produced by an energy deposition is modeled by the following equation:

N = I:view(YsEBirks‘f‘ CC ) (19>

Egirks is the energy given by Birks’ law for a particle traveling through a scintillator, while C is
the energy deposited by Cherenkov photons. Fyjew is an overall scaling factor for each view, Yg is a
scaling factor for the scintillation energy, and ¢ is a scaling factor for the Cherenkov Energy [22].
There are uncertainties introduced by this choice of light model covered in Chapter 10.

There is also a downward trend in the light level as a function in time, due to an effect called
“Detector Aging”. A discussion of a corresponding increase in the overall calibration scale and the

uncertainties introduced are covered in Chapter 10.
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4.2 Reconstruction

Reconstruction is the process of taking the detector response and making determinations about the
underlying neutrino events. The procedure is applied to both real and simulated detector output.

A “hit” refers to the information from a single triggered channel, while a “data event” refers to a
grouping of hits in an arbitrary time window, currently 550 microseconds [23]. A single interaction
event is separated from the larger readout window into a single object called a “slice” [23]. For
the NO A Near Detector, around 4 neutrino interactions are expected in every 10 microsecond
beam window [23]. To separate the individual neutrino interactions using spatial and temporal
information, a density-based clustering algorithm (DBSCAN) is used [23]. Hits are included in a
cluster if they are surrounded to by enough neighbors to be considered a “Core” point or a neighbor
to a Core point.

Once a slice has been made, a Multi-Hough transform is used to identify feature guidelines
in the slice [23]. A Hough transform is a standard algorithm used to identify features in a 2D
image made of points [23]. The Hough transform is applied to pairs of points in each detector
view separately [23]. Hits that are associated with the line produced by the Hough transform are
removed, and the process is repeated again, until no more lines can be produced [23].

The Elastic Arms method is used to identify the vertex of the interaction [23], the location where
the neutrino interaction occurred. It takes the output of the Multi-Hough transform algorithm to
use a seed to find the vertex [23]. The vertex is chosen from a list of vertex candidates, based on
which candidate minimizes the energy cost function given by the following equation.

DK D D, ¢ 9 X

E= ViaMia + ( Via 1)+—( Da) (20)

Voa=1

i=1a=1 i=1 a=1
E is the energy cost, Mj, is the distance between cell hit T and cell arm a, Vi, is the strength of
association between hit i and arm a, D3 is the measure of distance between the vertex and the first

hit in arm a, and and y control the strength of the terms. [23]. The first term measures the

goodness of fit between the hits and the arms, the second term is a penalty for hits not associated
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with any arm, and the the third term is a penalty for arms whose first hit is far from the vertex

[23]. Via, the hit/arm association strength, is given by the following equation.

e Mia

Via = (21)

P M.
e+ p,e Mo
is interpreted as a range over which hits are allowed to be associated with arm a, and e
represents the likelihood that the hit is noise [23]. For CC events, 68 percent of the identified
vertices are within ten centimeters of the true vertex (within approximately two cell widths) [23].

Once a vertex has been identified, the next step is to identify each prong in the interaction.
Each prong represents either a single particle track or shower [23]. A probabilistic fuzzy-k means
algorithm is applied to assign the hits to prongs. A k means algorithm places a number of observable
events into a number (k) of clusters, in a way that minimizes the variance. “Probabilistic” means
that the total probability for each hit to be a member of all prongs does not need to add up to
one, leaving the possibility that a hit can be considered noise [23]. Fuzzy means that the number
of prongs is not known at the start and a hit is allowed to belong to more than one prong [23].
The fuzzy-k algorithm determines the number of prongs and assigns prong membership to all hits
in each view [23]. ‘Each view’ refers to either the horizontal or vertical planes in the detector. The
last step is to match the two detector views to make a 3D object, this is accomplished by comparing
every pair of clusters from each view and comparing the cell hit energy distributions as a function
of distance along the track [23].

After the event has been reconstructed, the event needs to be identified based on observable
characteristics. The goal for this analysis is to identify = CC low hadronic activity events. The
process for how these events are identified is described in chapter 5, in the section on selected

events.
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4.3 Weighting

GENIE contains many models of neutrino interactions. The choice of MEC models was complicated
for NO A, because no current model appropriately matched experimental data [20]. The choice of
the Valencia MEC model was motivated to make comparisons to T2K and MINERvVA easier since
they use the same model [20]. MEC events are generated in GENIE using the Valencia model.
Then corrections are made to the MEC model using weights to make the simulation better match
NO A’s data. The weights are determined using a double-gaussian fit to the ND Data with thirteen

parameters.

Table 3: Results of the double Gaussian fit used for the MEC weights in this analysis [24].

Component Parameter Value
Gaussian 1 | Normalization | 15.0283
Mean 0o 0.346049
Mean jgj 0.879167
Sigma do 0.10241
Sigma jej 0.385406
Correlation 0.904447
Gaussian 2 | Normalization 140.0
Mean 0o 0.0341836
Mean jgj 0.450603
Sigma fo 0.0362089
Sigma jéj 0.257338
Correlation 0.80864

Base Model | Normalization | -1.02274

A weight is determined based on the fit parameters as follows:

weightmec = baseline + gauss (j&j; Go) + gaussi (j&j; do) (22)
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The parameter values in this analysis are listed in the table above.

Figure 17 shows the energy and momentum transfer distributions of events in the Near Detector
before and after the weighting, as well as the distribution of weights that come from the ts [20].
This analysis is sensitive to the region shown in Figure 17 where the weights are highest, and where

there are low statistics in the pre-t region. This causes issues that will be discussed in Chapter 8.

Figure 17: MC in the 2D (jgj; go) phase space. Top: Central Value weights. Bottom left: simu-
lated MEC events with the Valencia model. Bottom right: simulated events with weights applied,
resulting in NO A 2p2h. Figure taken from NO A XSec Tuning Paper [20].

With regards to FSI, NO A found that the level of agreement between external pion data and

GENIE predictions from the hN model required signi cant adjustment of the tuning parameters
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[20]. The pion mean free path (average path traveled by pions before re-interacting) was signi cantly
reduced and there were adjustments in the relative fractions of the various processes available for
pion re-interactions (e.g. absorption, QE scattering, charge exchange) [20].

When a new CMC is chosen, new lookup tables (called \splines") containing the parameters
used for each process on each target nucleus are produced [24]. However, the new RGsplines
were instead used to con gure the previous CMC [24]. The e ect was, NOA was working with
the cross-section models that had the kinematics and topologies of the previous tune, while having
the cross-sectional energy dependence of the current tune [24]. Instead of going through the time
consuming process of regenerating the Monte-Carlo simulation, a new weight was created to x the
issue caused by the so-called GENIE Skew [24]. The parameters from both the FSI weights and

the MEC weights were adjusted.

4.4 Detector Calibration

The detectors have to be calibrated so that the amount of energy deposited in a cell can be inferred
from the number of photoelectrons captured by the APDs. Hits from cosmic ray muons are used
for the calibration process. Cosmic ray muons are used because they are a consistent energy source
across the detector [25].

The output from the APDs must rst be corrected for di erences in output that occur due to
where in the detector the hit occurs. As light travels up the wavelength-shifting ber, it is subject
to attenuation. The further it must travel through the cell, the more energy is lost. Therefore for
two identical energy deposits occurring at di erent positions in the cell, there would be two di erent
readings from the ADC [26]. There is also a minimum threshold energy that must be exceeded for it
to be recorded. For muons further away from the electronics, more energy is lost during attenuation,
and therefore only higher energy depositions are recorded. This means that there is a higher true
energy depositions for the reconstructed energy depositions that originate from places further from
the electronics in comparison to closer deposits. Lastly there are \shadowing" or \shielding" e ects

where muons that reach the bottom of the detector have higher energy than those stop near the
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top of the detector. Hits near the top of the detector that are associated with muons that reach the

bottom of the detector have a higher average dE/dx compared to hits associated with muons that
stop near the top of the detector [26]. The process of correcting for these e ects is called relative
calibration. After the relative calibration, the photoelectrons (PE) in each hit can be converted to

a \corrected" photoelectrons value (PEcqr ) that accounts for the position dependent e ects.

The e ect of relative calibration can be seen in Figure 18. After the relative calibration there
is a long stretch where the PEqory =cm is constant. Near the edges of the cell, however, there are
regions where the PEqr=cm is not constant. An additional uncertainty called the \Calibration
Shape Uncertainty" is introduced to cover this de ciency [26].

The process of going from the corrected photoelectrons to an amount of energy deposited in a
cell measured in GeV is called absolute calibration.

The Bethe-Bloch equation gives the energy loss per path length of particles in the detector [27].
The muons are assumed to be high enough energy to be minimum ionizing particles (MIPs) where
the energy per path length can be assumed to be constant [27]. For the stopping cosmic ray muons
in liquid scintillator, the dE=dx 1:9MeV=g cm? [27].

To select for stopping cosmic ray muons, tricell hits (hits in cells that are between adjacent cells
that have hits) are chosen in the region of 100 - 200 cm away from the end of a track, and the hits
path length through a cell is between 0.1 and 10 cm [25]. The particle energy loss is constant to

about 1.8 percent in the 100 - 200 cm region [25].
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Figure 18: View of PE=cm vs position in the cell. Top pair: before relative calibration. Bottom
pair. after relative calibration. Left pair. XZ view of a detector cell. Right pair: YZ view of a
detector cell

The results of the absolute calibration are expressed as muon energy units (MEU) [25]. From
Figure 18, the mean of the at region after the relative calibration is nished is measured. This
mean is measured for each detector and for each measurement period, for both data and the
simulated detectors, and is called MEUeco and is measured in PEqr=cm. The mean of the actual
energies of the simulated muons is called MEl),e and is measured in Me\ecm. The calibration

energy scale is the ratio between them:

G MEU guth
Calibration energy scale = ———— 23

and is measured in Me\EPE .o
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5 Selection of Charged Current Muon Neutrino Interactions

In order to work with muon neutrino charged current ( CC) interactions with low hadronic activity
events, selection criteria must be de ned. There are selection cuts that are performed based on
information from the detector, and signal cuts that are performed based on properties of simulated
events. A set of cuts to identify CC events were developed to minimize the total systematic
uncertainty from GENIE and detector systematics, and additional cuts were developed to isolate

low hadronic activity events [28]

5.1 Signal Cuts

Events are chosen from simulated events, where the true nature of the interaction is known, as true

CC low hadronic activity events or as background. A set of cuts de ne an event as a true CC
low hadronic activity event (signal), but they cannot be applied to real data the way selection cuts
can, since the true nature of the interaction cannot be known in the real data. The cuts can be
split up between those that de ne a CC signal event, and the extra condition that make it a low
hadronic activity event.

The straightforward conditions to ensure the interaction is a true  CC interaction are that

it must be a charged current event, and that there must be a muon produced. To ensure the
interaction contains only low hadronic activity, a cap is placed on the kinetic energy of nal state
protons and pions. The protons can have no more than 250 MeV of kinetic energy and the pions
can have no more than 175 MeV. Pions and protons with energy less than these thresholds won't
leave tracks in the detector, making these events indistinguishable from events with no pions or

protons in the detector.

5.2 Selection Cuts

Selection is the process of choosing events based on properties that can be observed in the detector,
whether that be the simulated detector or the actual detector. The selection is designed to nd

events that are likely to be CC low hadronic activity events, but are limited by what is actually
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observable in the data. The cuts can be split up into two sets: the cuts to nd CC events, and
the cuts to nd low hadronic activity.

There are four cuts that make up the CC Inclusive Selection Cuts:

" Reconstruction Quality Cut

~ Fiducial Volume Cut

~ Muon ID Cut

~ Containment Cut

The Reconstruction Quality Cut ensures reconstruction, the process of taking detector infor-
mation and making determinations about the individual events that caused them. It applies a
condition that there must be at least one track with more than twenty hits that goes through more
than four continuous planes. Events that have fewer than twenty hits are generally background
while the condition on the planes is to exclude vertical muons that are not from neutrinos [29].
Previous analyses have shown that very few CC events were excluded by the twenty hits con-
dition, and that most muons associated with CC events leave tracks long enough to satisfy the
planes condition [30].

The Fiducial Volume Cut requires that their be at least one Kalman track that lies in the ducial
volume [31]. A group of hits formed by one charged particle passing through the detector is called
a track. A Kalman algorithm [32] is used to group hits together in a Kalman track. An object
must have enough kinetic energy coming out of the interaction to leave a track in the detector.
The ducial volume was optimized by studying the fractional uncertainty on the cross-section of
the CC inclusive interaction as a function of vertex [33]. It was found the appropriate bounds

for the vertex of the track were between the following bounds:

" 130< X (cm) < 140

~130<Y (cm) < 140
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~ 100< Z (cm) < 1000

The Muon ID Cut requires the particle coming out of the interaction to have some minimum
probability of being a muon. The particle coming out of an interaction is given a muon ID score,
which corresponds to their probability of being a muon. The algorithm used to assign this score is
based on the energy deposition of the particle in the detector and scattering observables [31]. The
minimum score that is chosen for this analysis is 0.24.

The Containment Cut requires that none of the particles leave the detector, and that only muons
go into the muon catcher. It requires that showering particles are not within twenty centimeters of
the edge. And it allows the muon to go into the muon catcher, but not through it. This is to ensure
all of the neutrino energy is contained within the detector [31]. The forward projection of the
Muon Track cannot be within ve cells of the edge of the detector, while the backwards projection
of the Muon Track cannot be within ten cells of the edge of the detector. The forward projection
condition is to remove events with uncontained Muons, while the backward projection condition
is to prevent contamination from neutrino interactions that occur outside the detector [33]. The
last condition is to remove all events that could have exited the active region of the detector and
re-enter into the Muon Catcher (\air gap events") [33], because they cannot be reconstructed.

The additional condition is the Low Hadronic Activity Selection Cut, which is the requirement
that there must be exactly one Kalman track. This analysis looks for CC events where there is
only one patrticle in the detector that has enough kinetic energy to leave a Track. Taken with the

CC cuts, the Track is the muon candidate.

5.3 Purity and E ciency

The two main measures of how well the selected events and the signal events match are called
purity and e ciency. If a signal event passes selection, then it is called a selected signal event. The

ratio of signal events that pass selection is called e ciency.

Nss
N signal

(24)
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where Nss is the number of signal events that are selected anfil signal is the total number of signal
events. Purity is the measure of how many of the selected events are actually signal events. It is

the ratio of selected signal events over selected events.

Nss

P= >
NSeIected

(25)

where Nselected 1S the total number of selected events.

The stricter the selection cuts are, the more events will be excluded which will lead to a lower
e ciency but a higher purity. Conversely less strict selection cuts will lead to fewer events being
excluded, which will lead to a higher e ciency but a lower purity. More events will be selected,
but it becomes less certain that a given event is a signal event.

To show this e ect, what follows is a series of plots of the purity and e ciency. There will be
two plots of the purity and e ciency for each of the selection cuts. One set of plots will use one
of the selection cuts established in the previous section as a substitute for the whole selection, and
calculate the purity and e ciency using that. The other set of plots will use the whole selection
minus one of the cuts. Together, these plots will show the impact of each of the selection cuts.

The rst plots to show is the case where there are no Selection cuts. The general expectation for
the e ciency is that the number of Selected Signal events and the number of Signal events should
be equal, therefore the e ciency should be equal to one. However, a fraction of the neutrino events
are lost during reconstruction. The slicer algorithm that nds potential neutrino interactions is
not perfectly e cient, therefore some of the neutrinos that did interact in the detector were not
found by the algorithm. Therefore the e ciency in this case represents the e ciency of nding a
neutrino event occurred. This case will still mark a maximum for the e ciency and a minimum for
the purity. In Figure 19, the e ciency is plotted in the analysis bins. Figure 20, shows the purity
plotted in the analysis bins The choice of bins and variables (muon kinetic energy, muon angle, and
available hadronic energy) will be explained in a later chapter. The overall e ciency is 0.97 and

the purity is 0.059.
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Figure 19: The e ciency when no events are cut due to Selection

Figure 20: The purity when no events are cut due to Selection

The next case to show will be the full Selection. Here, all of the Selection Cuts are applied
and then the purity and e ciency are calculated. This case will have the minimum for e ciency
and the maximum for purity. Figures 21 and 22 show the e ciency and purity for this case. The

overall e ciency is 0.21 and the purity is 0.80.
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Figure 21: The e ciency when the full Selection is applied

Figure 22: The purity when the full Selection is applied

The rst cut applied in the selection during this calculation is the Quality Cut. When only the
Quality Cut is applied, the e ciency is 0.94 and the purity is 0.068. When only the Quality Cut
is absent, the e ciency is 0.21 and the purity is 0.79. Of all the cuts, the Quality Cut has the

smallest impact. Figures 23 and 24 show the e ciency and purity when only the Quality Cut is
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applied. Figures 25 and 26 show the e ciency and purity when only the Quality Cut is absent.

Figure 23: The e ciency when only the Quality Cut is applied

Figure 24: The purity when only the Quality Cut is applied

44



Figure 25: The e ciency when only the Quality Cut is absent

Figure 26: The purity when only the Quality Cut is absent

The second cut applied in the selection during this calculation is the Fiducial Cut. When only
the Fiducial Cut is applied, the e ciency is 0.82 and the purity is 0.21. When only the Fiducial
Cut is absent, the e ciency is 0.21 and the purity is 0.42. Figures 27 and 28 show the e ciency

and purity when only the Fiducial Cut is applied. Figures 29 and 30 show the e ciency and purity
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when only the Fiducial Cut is absent.

Figure 27: The e ciency when only the Fiducial Cut is applied

Figure 28: The purity when only the Fiducial Cut is applied
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Figure 29: The e ciency when only the Fiducial Cut is absent

Figure 30: The purity when only the Fiducial Cut is absent

The third cut applied in the selection during this calculation is the Muon ID Cut. When only
the Muon ID Cut is applied, the e ciency is 0.78 and the purity is 0.090. When only the Muon ID
Cut is absent, the e ciency is 0.21 and the purity is 0.64. Figures 31 and 32 show the e ciency

and purity when only the Muon ID Cut is applied. Figures 33 and 34 show the e ciency and purity
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when only the Muon ID Cut is absent.

Figure 31: The e ciency when only the Muon ID Cut is applied

Figure 32: The purity when only the Muon ID Cut is applied
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Figure 33: The e ciency when only the Muon ID Cut is absent

Figure 34: The purity when only the Muon ID Cut is absent

The fourth cut applied in the selection during this calculation is the Containment Cut. When
only the Containment Cut is applied, the e ciency is 0.29 and the purity is 0.12. When only the
Containment Cut is absent, the e ciency is 0.57 and the purity is 0.77. Figures 35 and 36 show

the e ciency and purity when only the Containment Cut is applied. Figures 37 and 38 show the

49



e ciency and purity when only the Containment Cut is absent.

Figure 35: The e ciency when only the Containment Cut is applied

Figure 36: The purity when only the Containment Cut is applied
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Figure 37: The e ciency when only the Containment Cut is absent

Figure 38: The purity when only the Containment Cut is absent

The fth cut applied in the Selection during this calculation is the One Track Cut. When only
the One Track Cut is applied, the e ciency is 0.70 and the purity is 0.11. When only the One Track
Cut is absent, the e ciency is 0.26 and the purity is 0.44. Figures 39 and 40 show the e ciency

and purity when only the One Track Cut is applied. Figures 41 and 42 show the e ciency and
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purity when only the One Track Cut is absent.

Figure 39: The e ciency when only the One Track Cut is applied

Figure 40: The purity when only the One Track Cut is applied
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Figure 41: The e ciency when only the One Track Cut is absent

Figure 42: The purity when only the One Track Cut is absent

Table 4 and 5 shows e ciencies and purities of the di erent cuts respectively. The Containment
Cut has the largest impact on the e ciency, but the Fiducial Cut has the largest impact on the

Purity.
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Table 4: The e ciencies when each cut is sole cut present or absent in the selection.

Cut SoloCutE. | n-1CutsE.
No/Full 0.97 0.21
Quality Cut 0.94 0.21
Fiducial Cut 0.82 0.21
Muon ID Cut 0.78 0.21
Containment Cut 0.29 0.57
Kalman Cut 0.70 0.26

Table 5: The purities when each cut is sole cut present or absent in the selection.

Cut Solo Cut Pur. | n - 1 Cuts Pur.
No/Full 0.059 0.80
Quality Cut 0.068 0.79
Fiducial Cut 0.21 0.42
Muon ID Cut 0.090 0.64
Containment Cut 0.12 0.77
Kalman Cut 0.11 0.44

5.4 Low Hadronic Activity Development

This analysis is concerned with a particular regime of the CC interaction. The low hadronic
activity sample is dened as a CC interaction where outgoing protons and pions have capped
kinetic energies; the cap is 250 MeV for Protons and 175 MeV for Pions [5].

Previous analysis determined that interaction modes of the CC interaction are dependent on

the hadronic energy, as can be seen in Figure 43.
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Figure 43: Left: Number of simulated CC events by interaction mode as a function of the
hadronic energy. QE and MEC dominate until about 0.4 GeV. Right: The multiplicity of nal
state particles for the same events as a function of hadronic energy [28].

A regime to study QE and MEC interactions was desired, but the hadronic energy is not a
direct observable, instead a choice on the number of tracks seen in the detector was chosen [28].
More energetic hadrons produce more activity in the detector, which leads to a higher probability
of more tracks in the detector [28]. Analysis determined that CC events with only one track
were more likely to be QE or MEC, while events with more than one track were more likely to be
RES or DIS, as can be seen in Figure 44.

CC events with one track became the choice for selection for low hadronic activity sample.
The next step was to establish a signal de nition (choosing events from simulation that best describe
the physical phenomena that the analysis is trying to study) suited to match this de nition of
selection that would allow for minimal uncertainty on the cross-section [28].

A primary search was done by looking at the kinetic energy of particles in simulated events.
Figure 45 shows the kinetic energy of the hadron with the highest kinetic energy in each CC
event. The distribution of events is split between events with only one track and events with two
or more tracks, and split further by the type of particle that has the maximum kinetic energy. It
can be seen that events that had two or more tracks have a higher maximum kinetic energy for
protons or pions than events with only one track. A primary condition of a maximum of 0.5 GeV

for proton and pion kinetic energies was made based on this [28].
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Figure 44: The number of CC events and the ratios of their interaction modes as a function of
the number of particles with high enough energies to be seen in the detector [28].

Figure 45: Maximum kinetic energy distribution of the = CC events. Black represents the total
number of events, the colored lines represent which particle had the maximum kinetic energy by
event. Left: events where only one particle has enough energy to be seen in the detector. Right:
events where more than one particle has enough energy to be seen in the detector [28].

Figure 46 shows the relationship between maximum proton and pion kinetic energies allowed
for a signal de nition in simulated events and the number of Signal CC events [28]. In the left

picture is the total number of Signal CC events, while on the right is the number of CC events
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that have one track. The number of events increases monotonically with maximum allowed proton
kinetic energy, but number of events with one track rises rapidly up until the 0.2-0.3 GeV range
where the rise becomes much slower. This means that events above that range are mostly events

with more than one track.

Figure 46: CC event yields as function of maximum proton kinetic energy. Each line represents
event yield for a di erent maximum pion kinetic energy. Left: All CC events. Right: CC
events where one particle has enough energy to be seen in the detector [28].

The e ciency (measure of how many Signal events would be selected) and purity (measure
of how many selected events are signal) was measured for di erent maximum kinetic energies for
protons and pions. Figure 47 shows the e ciency and expected uncertainty on the e ciency;
expected uncertainty is higher for low energies, nds a minimum in the range of 150 - 300 MeV for
both particles, and increases at higher ranges.

Figure 48 shows the purity mapping for all choices of maximum kinetic energies for protons and
pions [28]. The left picture shows that the purity increases monotonically with increasing maximum
kinetic energies. The right picture shows that the uncertainties are higher for lower energies, but

becomes almost at after a maximum of 250 MeV for proton kinetic energy for all pion thresholds.
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Figure 47: Map of e ciency of di erent signal de nitions for CC events with one track, based
on di erent maximum values for proton and pion kinetic energies. Left: plot of e ciency, Right:
plot of expected systematic uncertainty on the e ciency [28].

Figure 48: Map of purities of di erent signal de nitions for ~ CC events with one track, based on
di erent maximum values for proton and pion kinetic energies. Left: plot of purities, Right: plot
of expected systematic uncertainty on the purity [28].

The nal choice was made based on the expected uncertainty on the cross-section. Figure 49
shows the expected uncertainty based on the maximum allowed values for the proton and pion
kinetic energies. For lower energies the purity is the dominant driver of uncertainty, while for
higher energies the e ciency is [28]. The uncertainty is minimized in the region where both types
of particles have a maximum kinetic energy between 150 MeV and 300 MeV. The combination that
produced the minimum value for expected cross-section was a pion maximum kinetic energy of 175

MeV and a proton maximum kinetic energy of 250 MeV. Thus the low hadronic activity signal
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de nition became a CC event where all protons and pions produced have less than 250 MeV and

175 MeV Kkinetic energies respectively [28]

Figure 49: Map of expected uncertainty on the cross-section of di erent signal de nitions for CC
events with one track, based on di erent maximum values for proton and pion kinetic energies [28].

Figure 50 shows a picture of what a CC with Low Hadronic Activity event looks like in the

NOVA Near Detector. There is a single track left by the muon and no other particle.
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Figure 50: Diagram of a simulated CC event with low hadronic activity. The multicolored
line represents the detector response for the muon, the only charged particle coming out of the
interaction with enough kinetic energy to leave a trace in the detector. The blue dashed line
represents the true path of the simulated muon. Two views are necessary to reconstruct the 3D
path in the detectors. Top: the XZ view, Bottom: the YZ view.
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6 Available Energy and Bin Determination

The cross-section of the charged current muon neutrino interaction is dependent on the energy of the
incoming neutrino. However, there are limitations on reconstructing the neutrino energy directly.
To reduce the model dependence of this analysis, the di erential cross-section is measured with
regards to variables that are generally well-modeled in neutrino generators. This analysis measures
the triple di erential cross-section of the charged current muon neutrino interaction. Two of the
variables in the di erential describe the lepton kinematics. The angle and kinetic energy of the
outgoing muon are a standard metric to model neutrino cross-sections [28]. The muon energy is
related to the length of muon track in the detector [31].

The third variable describes energy transferred to nal state particles. Limitations in measuring
energy transfer directly come from model dependence in corrections due to nal-state interactions
[34]. A closely related observable was de ned, \the hadronic energy available to produce activity
in the detector called E-Avail" [34].

E-Avail was de ned by the MINERVA collaboration [34]. E-Avail in an event is de ned as the

sum of energies of particles other than the outgoing muon and nucleus. These include [35]:
The kinetic energies of all nal state protons and charged pions produced in the interaction.

The total energies of all nal state neutral pions, photons, electrons and kaons. The energies
of the pions, photons and electrons appear as electron showers, while the kaons appear as

ionizations from the K 9, K decay

The total energy minus proton mass for hyperons. These energies appear as ionizations from

the hyperon decay.

The total energy plus proton mass for anti-nucleons. These energies appear as the result of

the neutron-antinucleon annihilation.

The muon kinematics and E-Avail can then be mapped to neutrino energy [31].
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E-Avail allows for QE and 2p2h events to be separated from resonant pion production events
and DIS events [34]. The selection cuts described in a previous section leads to a higher ratio of low
E-Avail events, which leads to a higher ratio of QE and MEC events and a lower ratio of resonance

and DIS events.

6.1 Modeling Reconstructed Available Energy

Visual Hadronic Energy (Vis-Had E) is de ned as the sum of the energy deposited by all hits not
associated with the muon track and the energy of the muon track that exceeds minimum ionizing
values [31]. E-Avail is a variable related to the deposited hadronic energy. Particles do not all
deposit energy into the detector the same (for example: di erent types of particles have di erent
dE/dx curves). An event's reconstructed Vis-Had E is correlated with its True E-Avail. This
relationship can be used to de ne a reconstructed E-Avail variable.

A 2D histogram of the selected signal events in bins of true E-Avail versus reconstructed Vis-
Had E is made. Two sets of points are made; one using the median value of true E-Avail for each
reconstructed Vis-Had E bin versus the median point of each reconstructed Vis-Had E bin, the
other uses the mean value of true E-Avail instead. For each set of points, ve dierent tting
functions are tested. These functions t reconstructed Vis-Had E to either the mean or median
true E-Avail in increasing polynomial terms (e.g. Mean Pol-3 Fit would mean E  Avail mean =
A (Ele®© )3+ B (EIRC,)2+ C (E'®% ). Then the best tting parameters are found in each
case. Figure 1 shows the 2D histogram of the selected signal events overlaid with the ts to the
mean of true E-Avail. Figure 2 shows the same 2D histogram overlaid with the ts to the median
of true E-Avail. Of these ten outcomes, the most appropriate one is chosen based on criteria in the

next section.
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Figure 51: 2D histogram of all Selected Signal events. Their true E-Avail is plotted against their
reconstructed Vis-Had E. Polynomials ts up to order 5 are made between the mean of each E-Avalil
bin and the center of each reconstructed Vis-Had E bin

Figure 52: 2D histogram of all Selected Signal events. Their true E-Avail is plotted against their
reconstructed Vis-Had E. Polynomials ts up to order 5 are made between the median of each
E-Avail bin and the center of each reconstructed Vis-Had E bin

6.2 Resolution

The metric used to choose which polynomial t to use as the de nition of reconstructed E-Avail is

the resolution of E-Avail.

63



To determine the resolution of the di erent ts, histograms of the di erence between true E-
Avail and reconstructed E-Avail for each event is made for each de nition of reconstructed E-Avail.
The selected signal events are arranged into sets of histograms. They are arranged into a set
of ne bins (called E-Avail ner bins) for each de nition of reconstructed E-Avail. And they are
arranged by the di erence between their reconstructed E-Avail and true E-Avail for each de nition
of reconstructed E-Avail, in a set of bins called E-Avail resolution bins. One histograms is made

arranging the selected signal events by their true E-Avail into the ner bins.

~ E-Avail ner bins: 240 Bins from 0 to 12 GeV

~ E-Avail resolution bins: 4800 Bins from -120 to 120 GeV

The histograms are then arranged into 2D histograms, with one axis always being the true
E-Avail of selected signal events, and the other axis is lled by one of the other variables.

For each bin of the true E-Avail axis, a histogram of the di erence between reconstructed E-
Avail and true E-Avail is made. Figure 53 shows the histogram for one of these bins. The standard
deviation of the distribution is used as the Resolution of that bin. The mean of the distribution is
used as the bias in that bin. Figure 54 shows the resolution for each bin for each of the ten ts,

while Figure 55 shows the bias in each bin. A Gaussian is also t to the distribution.
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Figure 53: A reconstructed E-Avail - true E-Avail Histogram for all events in the 50 - 100 MeV
true E-Avail ner bin

The linear t to the mean of the true E-Avail was chosen due to its resolution being the lowest

at the lower regions of E-Avail. The nal formula for reconstructed E-Avalil is as follows:

ERCCO = (0:0421037 + 135087EH5S..q (26)
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