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ABSTRACT

OBSERVATION OF MUON NEUTRINO CHARGED CURRENT EVENTS
IN AN OFF-AXIS HORN-FOCUSED NEUTRINO BEAM USING THE
NOvA PROTOTYPE DETECTOR

By

Enrique Arrieta Diaz

The NOvA is a long base-line neutrino oscillation experiment. It will study the oscil-
lations between muon and electron neutrinos through the Earth. NOvA consists of two
detectors separated by 810 km. Each detector will measure the electron neutrino content of
the neutrino (NuMI) beam. Differences between the measurements will reveal details about
the oscillation channel. The NOvA collaboration built a prototype detector on the surface
at Fermilab in order to develop calibration, simulation, and reconstruction tools, using real
data. This 220 ton detector is 110 mrad off the NuMI beam axis. This off-axis location
allows the observation of neutrino interactions with energies around 2 GeV, where neutrinos
come predominantly from charged kaon decays. During the period between October 2011
and April 2012, the prototype detector collected neutrino data from 1.67 x 1020 protons on
target delivered by the NuMI beam. This analysis selected a number of candidate charged
current muon neutrino events from the prototype data, which is 30% lower than predicted by
the NOvA Monte Carlo simulation. The analysis suggests that the discrepancy comes from
an over estimation of the neutrino flux in the Monte Carlo simulation, and in particular,
from neutrinos generated in charged kaon decays. The ratio of measured divided by the sim-
ulated flux of muon neutrinos coming from charged kaon decays is: 0.7Of8:(1)8§1. The NOvA
collaboration may use the findings of this analysis to introduce a more accurate prediction

of the neutrino flux produced by the NuMI beam in future Monte Carlo simulations.
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Chapter 1

Introduction

Neutrinos are among the most mysterious of all the known particles. Neutrinos are weakly
interacting particles, which makes them extremely hard to detect, and yet neutrinos partici-
pate in a wide range of phenomena from the subatomic to the cosmological scales. Neutrinos
are key to type-II supernovae core collapse since these carry out of the exploding star about
99% of the gravitational energy release [1]. Neutrinos actively participate in the cooling of
stars that passed the He-burning stage and therefore strongly determine the lifetime of the
star [2]. Their finite mass presents the first evidence of physics beyond the Standard Model,
since the latter assumes that neutrinos are massless. This leads to ideas that would extend
the number of fundamental particles providing a mechanism for neutrinos to acquire their
mass; however through a mechanism not described in the Standard Model. As massive and
extremely abundant particles, neutrinos contribute significantly to the evolution of the Uni-
verse [3]. Massive neutrinos exhibit oscillations that change their identities, and the study
of this phenomenon could provide direction in the solutions of current mysteries, e.g. the

origin of the matter-antimatter asymmetry of the observable Universe.



1.1 Brief History Of Neutrinos

In the 1930’s experimental results showed that electrons in beta decays:

n — p+e  + energy, (1.1)

were not monochromatic, but rather had a discrete energy spectrum. At that time, the
origins of the beta decay were unknown. However, it was certain that the final products of the
decay were a proton and an electron. Therefore, their energies ought to be fixed. To explain
the undetectable energy, N. Bohr suggested that the concept of conservation of energy could
be discarded. W. Pauli addressed his colleagues as “liebe radioaktive Damen un Herren” [4]
during the 1930 Tiibingen meeting to share with them his deep concern about the continuum
energy spectrum of electrons. Pauli suggested that an undetectable particle carried away
the missing energy, a hypothesis that would never be verified, should the particle be truly

1

undetectable. E. Fermi named Pauli’s hypothetical particle the neutrino*. Over twenty

years later, F. Reins and C. L. Cowan [5] finally discovered the neutrino. The neutrinos?
emitted by a nuclear reactor interacted with protons in two tanks of water, creating neutrons
and positrons. The gamma rays created in the annihilation of the positrons were detected
in the interspersed tanks of liquid scintillator. These neutrinos were later identified as the
electron neutrinos.

Neutrinos are produced in both pion and muon decays. However, it was not clear if the

neutrinos in these two decays were all electron neutrinos, or some belonged to a different

type of neutrinos. In 1962, L. Lederman and J. Steinberger discovered that there existed two

talian for little neutral one, to distinguish it from the much heavier neutron.
2The reaction is: Ze +p — n + e, with antineutrinos.



types of neutrinos [6], the electron neutrino (v¢) and the muon neutrino (). The 1988 Nobel
Prize in physics was awarded to them for their discovery [7]. At this time, a model of hadrons
and leptons included: the electron, the muon, their corresponding neutrinos, and the up,
down, and strange quarks. The absence of kaon decays to a down quark via a strangeness
changing neutral current, along with symmetry arguments, suggested the existence of a
fourth quark [8], charm. This hypothesis was verified by the discovery of the bound state of
charm-anticharm quarks, the ¥/J meson [9, 10]. By 1977 the existence of the third family
was confirmed with the discovery of the bottom quark at Fermilab, by L. Lederman’s team
[11], and the discovery of the tau lepton, by the SLAC-LBL team [12]. Due to the rarity of
tau neutrinos (v7) in neutrino beams, it took over twenty years to experimentally confirm

its existence, by the DONUT collaboration, in 2000 [13].

1.2 Motivations For The NOvA Experiment

Decades of speculation about massive neutrinos® ended when Super-Kamiokande [16] and
the Sudbury Neutrino Observatory [17] first reported strong evidence of atmospheric and
solar neutrino oscillations, respectively. Neutrino oscillations are only possible if neutrinos
are massive. The Super-Kamiokande result presented evidence that v, oscillate primarily
into v, however they did not achieve a conclusive result on the v, to ve oscillation. The lack
of evidence in the latter oscillation channel motivated, at that time, the neutrino community
to address the role of the v, in oscillations phenomena. Three experiments: Double Chooz

(18], Daya Bay [19], and RENO [20], presented positive results in 2012 on the v, — ve

3B. Pontecorvo first suggested, in 1957, the concept of neutrino oscillations [14]. R.
Davis found the first experimental indication of neutrino oscillations with his Homestake
experiment, where a third of the expected flux of neutrinos from the Sun was measured [15].
This is known as the solar neutrino problem.



oscillation channel showing that the oscillation indeed occurs. This last result presents an
unrivaled opportunity to study the occurrence of CP violation in the neutrino sector [21].
The NuMI Off-Axis v, Appearance (NOvA) experiment, will study the neutrino oscilla-
tions phenomenon. NOvA will investigate the oscillations of v}, to ve, and muon antineu-
trinos (7) to electron antineutrinos (7), using a neutrino beam produced at Fermilab and
detected at the NOvA far detector located near Ash River, Minnesota. NOvA will determine
any differences that occur in the oscillations of neutrinos and antineutrinos when the beam
travels through matter. The neutrino beam at Fermilab is designed to run either in primarily
neutrino or primarily antineutrino modes. Studying the differences between the interactions

of neutrinos and antineutrinos with matter will help to address the following topics:
e The mass ordering of the three neutrino mass eigenstates.
e The value of a CP violating phase in the neutrino sector.
e Smaller uncertainties in the current values of the neutrino oscillation parameters.

The quarks and charged leptons sectors exhibit normal mass orderings, i.e. the member
of the third family is much more massive than the members of the other two families. In
the neutrino sector, however, the possibility of one light and two (quasi-degenerate) heavier
neutrinos could occur?. Even though the absolute value of the mass gap between the lightest
and heaviest neutrinos is known, it is yet to be determined which eigenstate is the lightest
and which is the heaviest. This results in the uncertainty on the sign of the mass difference.
This sign has a profound influence in the v, — v, oscillation enhancing (+) or suppressing
(-) it. NOvA is going to make a precise measurement of this oscillation channel, which will

determine the sign of the mass difference, and thus the neutrino mass ordering.

4This is know as inverted mass ordering or hierarchy. See figure 2.9.
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By taking neutrino and antineutrino measurements, NOvA will be able to establish
whether there is any significant difference in the two oscillation patterns beyond that intro-
duced by propagation of neutrinos through matter, indicating that CP symmetry is violated
in neutrino oscillations. Therefore, neutrinos become prime candidates to explain the origin
of the observed matter-antimatter asymmetry at the time of the Big Bang.

NOvA is a two-detector experiment with one located underground at Fermilab (near
detector), and the other, with a mass of 14 kton, on the surface in northern Minnesota
(far detector). The two detectors are constructed from the same materials differing only in
mass (300 ton for the near detector), and use the same readout electronics differing only in
sampling rate (higher for the near detector). The similarity between the detectors allows
the initial event rate of ve and v, measured by the near detector, to yield a nearly bias-
free normalization of the event rate at the far detector. The two detectors are 14 mrad
off the neutrino beam axis, which provides a narrow neutrino energy spectrum® peaked
around 2 GeV. At the far detector, a 2 GeV neutrino beam combined with its baseline
length of 810 km produces a maximum in the v, appearance probability, and a minimum in
the v, survival probability, with the flux dominated by oscillations to v7. The exclusively
neutral current interactions of v at this energy, where the scattered v carries away a large
fraction of the energy, leaves little hadronic energy to produce backgrounds for the 2 GeV
Ve interactions.

The two NOvA detectors are matrices of PVC tubes filled with liquid scintillator, re-
sulting in detectors with approximately 70% of their weight being active detecting material.
The ionization left by charged particles created in the neutrino interactions generates light

in the scintillator, which is collected by a special kind of fiber optics that transport the

5See figure 3.3.



wavelength-shifted light to avalanche photodiodes. The photodiode electrical pulses are am-
plified, digitized, and processed by a data acquisition system. The processed data are stored
on disc for later analysis.

The NOvA collaboration built a prototype detector at Fermilab exposed to the neutrino
beam to develop calibration, simulation, and reconstruction tools, using real data. A number
of construction issues were identified and solved. These influenced the final design of the
near and far detectors. Regardless of the location of the prototype on the surface, the
neutrino interaction signals can be separated from the enormous amounts of cosmic rays
that continuously illuminate the prototype detector. Cosmic rays are a background to the
vy, charged current neutrino signal®. The neutrino beam is pulsed at regular intervals, and the
analysis of the data finds a peak at the time of the interaction candidates from the neutrino
beam. With the ability to distinguish neutrino events from cosmic rays, the prototype is
used to make a proof of principle: the collaboration searched for v, interactions and these
were indeed found [22].

The vy, charged current quasi-elastic cross section’ was measured [22] in the NOvA
prototype detector using a selection of events with one and only one reconstructed track.
The neutrino energy was determined solely from the range and angle of the reconstructed
muon track. Using the calorimetric capabilities of the prototype detector’s design, and
the neutrino flux embedded in the NOvA Monte Carlo simulation, this thesis presents an
estimate of the inclusive v, charged current cross section.

Charged kaons produced at the NuMI target® are the source of the v, that contribute

6See section 2.1.1 for a definition of the charged current interaction.

7See section 2.1.1.1 for a definition of the charged current quasi-elastic interaction.

8See section 3.1 for a detailed description of the NuMI beam, including the charged kaon
production.



to the total background of the v, beam that reaches the far detector. Knowing the initial
content of v, in the neutrino beam will minimize the systematic uncertainty in the number
of ve expected from v, oscillations. The charged kaon decay peak in the neutrino energy
is observed in the inclusive charge current interaction data to be presented. The off-axis
angle, and the two-body decay of the mesons, lead to a narrow peak in the energy of the
neutrinos at 2 GeV. However, the production rate of charged kaons in the NuMI target has
to be determined from Monte Carlo simulations as there are no direct measurements. At the
location of the prototype detector, the flux of 2 GeV neutrinos is nearly all from the decay
of charged kaons. The last two statements lead to a rather large normalization uncertainty
in the measured neutrino cross section. From the few other measurements of neutrino cross
sections in this energy regime, the level of uncertainty in the flux can be estimated. Therefore,
both interpretations of the data, as an inclusive cross section estimate, or as a flux estimate,

are presented.

1.3 Outline

In order to set the theoretical framework behind the neutrino interactions, chapter 2 presents
the basics of the weak interactions, emphasizing those involving neutrinos (section 2.1). In
addition, the possible origins of neutrino masses (section 2.2), and a review of the formalism
of neutrino oscillations (section 2.3) are presented.

Chapter 3 provides an overview of the Fermilab neutrino beam that supplies the neutrinos
to the NOvA experiment. Sections 3.1 and 3.2 summarize the components of the neutrino
beam, and the various steps involved in the neutrino production. The beam composition

and energy spectrum are presented in section 3.3.



The concepts behind the NOvA experiment are presented in chapter 4. Section 4.1 is an
overview of the experiment. The prototype detector is introduced in section 4.2. The various
software tools used for data processing and analysis are presented in section 4.3. The data
quality checks are reviewed in section 4.4. A brief study of cosmic rays, and its implications
in the experiment, is provided in section 4.5.

The v, event selection procedure is described in chapter 5. The differences between
events from charged and neutral current interactions are discussed in section 5.1, the event
containment criteria are presented in section 5.2, and the charged current event selection is
explained in section 5.3.

The neutrino energy reconstruction process is discussed in chapter 6. There are two
steps in this process: muon energy reconstruction (section 6.1), and the hadronic energy
reconstruction (section 6.2). A classification between quasi-elastic and non-quasi-elastic
events (section 6.3) is necessary to better reconstruct the neutrino energy (section 6.4).

The various systematic uncertainties associated with the results are detailed in chapter
7. The analysis of the data is presented in chapter 8. A comparison between simulation
and data is provided in section 8.1, and the results are presented in section 8.2. Chapter 9
discusses the implications of the results on: the neutrino flux (section 9.1), and the inclusive

vy charged current cross section (section 9.2). Final remarks are presented in section 9.3.



Chapter 2

Theoretical Framework for Neutrinos

The Standard Model provides the theoretical foundations for quantum chromodynamics
(QCD), and it also unifies electromagnetism and the weak interaction, based on the works
done by S. L. Glashow [23], S. Weinberg [24], and A. Salam [25]. Neutrinos have an important
role in the weak interaction, which is briefly reviewed in this chapter. Massive neutrinos are
not part of the Standard Model of particle physics. There are a few ideas to explain the
origins of neutrino masses, the most popular within the neutrino community is the See Saw
Mechanism, also reviewed in this chapter. Neutrino oscillations are one of the most relevant

consequences of massive neutrinos, and therefore are reviewed at the end of the chapter.

2.1 Neutrinos In Weak Interactions

The electroweak interaction was first developed in a phenomenological fashion, and later

complemented when additional measurements became available. In 1934 Fermi [26] intro-

duced an effective Hamiltonian!:

Mot = =L da) T} (o) 1)

IFermi coupling constant: Gg/(hc)® = 1.166 x 107° GeV 2.




to model the low energy charged current weak interaction of hadrons and leptons known at

the time as:

Ju(2) = Uyl — 75)We + Upyu(l — v5) U, (2.2)

The model resembled that of electromagnetism given its vector part, however it also included
an axial part introduced after the discovery of parity violation [27].

At low neutrino energies, charged current interactions are characterized by quasi-elastic
scattering with a nucleon and lepton in the final state. Nucleon resonance production be-
comes important as their thresholds are crossed. At high energies, the cross section grows
linearly with energy and becomes dominated by deep inelastic scattering. The formalism

describing these interactions is described in the next section.

2.1.1 Charged Current Interactions

The interaction of the W boson with fermions has the following Lagrangian:

Ly = — (Jg[,w; + Jﬁjwj), (2.3)

9
22

where the charged current (CC) is

g = i(” 7u(l_ )lk+ak7u(1_75>dk>7

e d
= (De vy vr )" (1 — > U | ul| + (@et)y” <1 — ) Vil s (2.4)
T b
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Vy is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [28, 29], and U; is the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) leptonic mixing matrix [30, 31]. The vertices of interest,
from equations (2.3, 2.4), are: JjuiW_, ﬂidjWJr, l_jl/Z‘W_, and Dile+, which contribute to
the neutrino scattering with nucleons. The first two vertices correspond to the lower vertex
in figure 2.1, and the last two correspond to the upper vertex in figure 2.1. The interaction:
vy +d — p~ + u, which is the underlying process of the v, +n — p~ + p scattering, is an

example of the interactions that are generated with the four vertices mentioned above.

Figure 2.1 Weak Interaction Charged Current Representation Of Neutrino-
nucleon Scattering. In the drawing the index [ represents all charged leptons, the letter
d represents all the ) = —e/3 quarks, and the letter u represents all the ) = 2e/3 quarks.

2.1.1.1 Quasi-elastic Scattering

For energies smaller than the W mass, the amplitude (M):

M = %ivu<1 — ) ol T ), (2.5)
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of the neutrino interactions?:
vi(k) +n(p) — (k) +p(p),

7(k)+pp) — HE)+n(p), (2.6)

is the product of the hadronic and leptonic currents [27]:
The general hadronic current gets contributions from the motion of the quarks within
the hadrons, hence the introduction of form factors is useful to describe the physics of the

pI‘OCGSSGSgi

_ p q q” 75 q,75
JFn) = B4 hy—— ha—F=\p. (2.7
(plJ; ) n<ng+fv2MN+ V2MN+9A’Yu75+ZfAUuV2MN+ Agary )P (2.7)

Here the g4, fa, and h4 are axial form factors, and the gy, fi/, and hy are vector form
factors. The product haq,v5 is proportional to the lepton’s mass, therefore is a negligible
term?, and hy and f4 need to be zero due to charge conjugation and time-reversal arguments

[27]. The simplified form of equation (2.7) is:

p
o\ p
Wl 1) = (v + gyt + 0 ) . (25)

The kinematics for the processes (see equation (2.6)) in the laboratory frame, for which the

2k and p are momenta.
3 My is the mass of the target nucleon.
4True for light leptons.
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nucleon is at rest, are given by:

P _ q2
p-k =p-k = MyE+—,
2 2
m
k- K = 75—%, (2.9)
2
ooy My
2 2

where F), is the energy of the incoming v;, E’ is the energy of the outgoing [, Q? is the
momentum transfer, and 6 is the angle between the momenta of the incoming neutrino and

the outgoing charged lepton. Equations (2.8, 2.9) lead to the differential cross section:

doqp G5 My 2 o (E 2 9 9. My
T ym (9v —g94)” + (9v +94) <E_y) +<9V_9A)E_g
G M E'N\? Q2
F N[2 9 ] 1+ =) % 2.10
- fon+2fygv ( +Eu E,%” : (2.10)
with:
2
n:1+Q—2. (2.11)
4M?,

Monte Carlo simulated quasi-elastic cross sections based on this function provide a rea-
sonable representation of the data from experiments (MiniBooNE [32], ANL [33], BEBC [34],
BNL [35, 36], FNAL [37], Gargamelle [38, 39], LSND [40], NOMAD [41], Serpukhov [42],
and SKAT [43]), as seen in figure 2.2. The two solid curves are the Monte Carlo simulation
predictions of the cross sections based on equation (2.10). The quasi-elastic cross sections

become constant for energies above 10 GeV.
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Figure 2.2 Muon Neutrino Quasi-elastic Cross Sections. Measurements of the v,
(black) and 7, (red) quasi-elastic scattering cross sections (per nucleon) as a function of
neutrino energy [44].

2.1.1.2 Resonant Pion Production

As neutrino energy gets larger, their scattering with nucleons can excite the latter to higher

energy levels; these interactions produce baryon resonances (N*):

vulN — p~ + N*, (2.12)

which rapidly decays (often) into a nucleon and a charged pion:

N* - 7+ N/, (2.13)

where N and N’ could be either a neutron or a proton in a nucleus. Higher order multiplicity

decay modes are also possible. These resonances were studied by D. Rein and L. M. Sehgal
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Figure 2.3 Muon Neutrino Resonance Cross Sections. (a) Resonance production cross
section for differing ngy [47]. (b) Existing measurements of the cross section for the process
in equation (2.15) as a function of energy [48].

[45], based on the model of baryon resonances of R. Feynman, M. Kislinger, and F. Ravndal
[46]. Their work describes the resonances in terms of excited states of three bounded quarks

(a, b, and ¢) with a relativistic harmonic oscillator potential:

1
Hres = 3(p3 + Pz% +p2) + %92[(1%1 —wp)? + (1w — ue)? + (ue — ug)?, (2.14)
with Q% = me(Q), the u’s are conjugate positions of the quarks, and the p’s are four-

momentum vectors of the quarks®. The eigenvalues of the harmonic oscillator presented
in [46] are a succession of integers, ng, times 2. The first state, ng = 0, is the reso-
nance A(1232), and its cross section saturates at energies around 2 GeV. In the cases where
1 < ng < 2, the theoretical cross sections for: ngy = 1 saturates at energies higher than
20 GeV, and ng = 2 rises linearly with energy, as seen in figure 2.3a. Measurements of the

cross section for the process:

vy +p—pu +ptat, (2.15)

Su’s and p’s defined in [46].
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have been made in bubble chamber experiments, and the results are shown in figure 2.3b.

2.1.1.3 Deep Inelastic Scattering

When hadron structures are examined on a very short distance scale, it is found that these
are a set of non-interacting quarks. Short distance, in this case, translates to high energy

electroweak interactions in deep inelastic (lepton-hadron) scattering of the form:

I+ N —1'+X, (2.16)

where X includes single nucleon or nucleon resonance production. The kinematics of these
processes are described in terms of the following variables (recall equations (2.9)):

QP  Epaa

_ _ 9217
oMyEy E, (2.17)

where FEj,q is the energy of the hadronic system. Using these variables, the deep inelastic

scattering (DIS) double differential cross section is:

d2o G%“MNEV y2 My Ty
= 20— — 1—y— . 2.1
o e g i (1= SR e
My

Equation (2.18) is the core of the physics involved in DIS. However, additional effects must be
included in any realistic description. The inclusion of non-perturbative higher twist effects
[49], heavy quark production [50], target mass effects [51], nuclear effects and radiative
corrections [52], higher order QCD processes [53], and lepton masses [54], further modify the

scattering cross section in equation (2.18). In general, these contributions are known with
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reasonable uncertainties [48].
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Figure 2.4 Total Inclusive Muon Neutrino Charged Current Cross Sections. Total
(inclusive) (a) v, and (b) 7, charged current cross sections per nucleon over neutrino energy
as a function of neutrino energy. The total cross sections (solid lines) are the sum of: QE
(dashed), resonance (dot-dashed), and deep inelastic (dotted) [48].

A collection of data acquired over the last 50 years, using different experimental tech-
niques [48], is presented in figure 2.4. These figures show the measured and predicted QE
and inclusive CC cross sections. For energies higher than 3 GeV the inclusive cross section is
dominated by the DIS processes, as can be seen in the region where the ratio oprg/oqr > 1.

To isolate the DIS events, neutrino experiments usually apply kinematic cuts to remove QE

scattering and resonance contributions from the data.

2.1.1.4 Inclusive Cross Section Measurements

There are only two experiments that have measured the v, CC inclusive cross section at
neutrino energies around 2 GeV: Brookhaven’s 7 ft bubble chamber [55] (1982) and SciBoone
(2011). The experiment at Brookhaven used a 7 ft deuterium bubble chamber exposed to the
Alternating Gradient Synchrotron wide-band neutrino beam. The value of the inclusive cross

section divided by the neutrino energy falls significantly from 0.4 GeV to 1.5 GeV, and then
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becomes constant, as seen in figure 2.5. Above 1.6 GeV, the measured inclusive CC cross
section per nucleon divided by the neutrino energy is o/E = (0.8040.03) x 10738 cm?/GeV

[55], the average of the values shown in figure 2.5.

2.0 1 ¥ =] I I
%l .6 _+ yn—= p._ X+
3 e
o +
§ 120 4
® + 7
8 — 1.07 £ 0.05
o 1
= D8t -
=
e . +44 |- 054 +0.04 )
b - Pp—_’#- x"'*“'
0.0 + 1 1 1 L I
0.5 10 50 100 500 100.0 500.0
E, (GeV)

Figure 2.5 Brookhaven National Laboratory Muon Neutrino Inclusive Cross Sec-
tions. v, inclusive cross section over neutrino energy as a function of the neutrino energy
for: vp and vn interactions. The solid lines are the best fits for neutrino energies higher
than 1.6 GeV [55].

At neutrino energies around 2 GeV, nuclear effects are important. When the W boson’s
four-momentum is low enough such that its de Broglie wavelength is comparable to the
size of the target nucleus, the scattering involves the entire nucleus. The cross sections on
deuterium targets are not directly applicable to the heavier nuclear target materials used in
current accelerator-based neutrino experiments. In neutrino scattering on a nucleon (in a
nuclear target), if there is a small momentum transfer to the final state nucleon, this can
only exist in excited states allowed by Pauli’s Exclusion Principle. In the Fermi gas model,

the excited nucleons undergo transitions across the Fermi surface, with momentum around
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Figure 2.6 SciBooNE Muon Neutrino Inclusive Cross Sections. v, inclusive cross
section per nucleon on a polystyrene target (CgHg) [56]. The NEUT (dashed red line) [57]
and NUANCE (black line) [58] predictions are shown for reference.

250 MeV /¢, from low energy states, which are all occupied, to high energy states. Thus, the
neutrino-nucleon interaction can only occur if there is an available higher energy state for
the nucleon to occupy. This is known as Pauli-Blocking [59]. When the nucleon involved
in the scattering interacts with other nucleons, the kinematics and multiplicity of the final
state are diverse. SciBoone measured the inclusive v, CC interactions, using the Fermilab
Booster neutrino beam, on a polystyrene target. Their results are shown in figure 2.6. The
rise of the cross section with energy agrees somewhat better with the predictions of the
NEUT simulation. The smaller error bars show the uncertainties of the rate normalization
factors and the larger error bars represent the total error including the flux uncertainties.
The two results presented in this section are consistent with each other, and are useful

to tune various neutrino interaction models in the 2 GeV region.
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2.1.2 Neutral Current Interactions

Though hints for the existence of neutrino scattering without final state leptons had been
around for a number of years, compelling experimental evidence for weak neutral current
interactions [60] became available at about the same time as the electroweak unification
theory was proposed, and it depended crucially on the existence of weak neutral currents.
The fermionic Lagrangian® describes neutral and charged currents. There is a La-
grangian, equivalent to that in equation (2.3), that describes the interaction of the Z boson

with fermions, given by [27]:

Ly = G—Z; ]gl P (1 — 75) b {ﬂk7“ [u% (1 - 75> + u%(l -+ 75)} uk}
+ G—g zg phh (1 - 75> o {J’wﬂ [d’z (1 - 75> +db (1 + 75)} dk} . (2.19)

The vertices of interest that come out from equation (2.19) are: u;u;Z, deiZ , and v;v;Z,
which contribute to the neutrino scattering with nucleons. The first two vertices correspond
to the lower vertex in figure 2.7, and the last vertex corresponds to the upper vertex in figure
2.7. The interaction v, + d — vy, + d is an example of the scattering that is generated
with the three vertices mentioned above.

Equations (2.9, 2.19) lead to the elastic neutral current differential cross section [48]:

do  GELM% AMNE, — Q? (4MyE, — Q%)°
= A+ B+ Cl, (2.20)
dQ?  8TE2 M3 M3,

0See equation (A.12).
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Figure 2.7 Weak Interaction Neutral Current Representation Of Neutrino-nucleon
Scattering. In the drawing the index [ represents all charged leptons, the letter ¢ represents
all quarks.

with:

2 Q2 2
A = 2o s — (gv + )’ + oS5 + (gv — )y~
5 |gans — (gv + fv s v =t |
M, M2 M,
2

B = —5galv
2 bl
My
1
¢ = |+ v+ i)+ e - 1),
Q2
AM?,

The MiniBooNE collaboration has published a measurement of the elastic neutral current

differential cross section for the process:

v+ N —v+N, (2.22)
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on a CHy target [61], as seen in figure 2.8.
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Figure 2.8 MiniBooNE Flux-averaged Neutral Current Differential Cross Section.
The blue line is the predicted spectrum of elastic neutral current background which has been
subtracted out from the total differential cross section [61].

C. H. Llewellyn-Smith [62] showed that the semileptonic neutral and charged currents’

cross sections are related® through sin Oy by:

RI/ — O-NC

1 5
= |z —sin by + = sin Oy | (1+7), (2.23)
occ 2 9

where 7 is the ratio of the antineutrino charge current cross section to the neutrino one. The

CHARM collaboration [63] measured this ratio for energies larger than 2 GeV to be:

R = 0.317 £ 0.006. (2.24)

"Charged current QE interactions.
8See equation (A.22).
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2.2 Neutrino Masses

The formalism? by which particles acquire their mass in the Standard Model requires both
left-handed!? and right-handed!! states for a given particle to have a mass term in the
Lagrangian. Neutrinos are a special case since there is no evidence that supports the existence
of right-handed neutrinos. Yet, there is no argument or symmetry within the Standard Model
that explicitly forbids the existence of such neutrinos. In the case of the photon!2, the gauge
symmetry requires it to be massless.

In view of this, there are two possible mass terms: the Dirac term!3:

mp(Prip + h.c.), (2.25)

and the Majorana term:

mar(Ygr + he.), (2.26)

where ¢¢ = Cy* is the charge conjugated field of ¢, and Y§ = (1+75)¥°/2 is right-handed.
The Majorana term in equation (2.26) violates lepton number conservation by two units!
and makes neutrinos indistinguishable from antineutrinos [64]. All the massive fundamental
particles in the Standard Model have some type of charge (even though gluons are massless,

these are linear combinations of color states), which changes sign under charge conjugation

9See appendix A for a brief summary of the formalism.

10See equation (A.2).

HGee equation (A.3).

12866 equation (A.19).

138ee equation (A.20).

141y the Dirac mass term, the matter field has lepton number: +1, and the antimatter
field has lepton number: -1. In the Majorana mass term, both fields have lepton number:
+1.
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providing a clear distinction between particles and antiparticles. A Majorana mass term is
therefore only possible for neutral particles, exhibiting no charges of any kind; a feature that

only neutrinos exhibit.

2.2.1 Seesaw Mechanism

The seesaw mechanism [65] is the simplest renormalizable model that introduces a mass term

for neutrinos in the Lagrangian:

_ mas —
Ly = mpYryr + TM¢%¢R +h.c.

0 m
_ %(@EEW) b (wL>+h.c.. (2.27)

c
mp mpy 1/}]{

The Lagrangian in equation (2.27) is simplified by diagonalizing its mass matrix. The diag-

onalization procedure defines a new two component field v, written as:

1%

v = Y +Yf = ( Sm), (2.28)
Vnsm

such that:
1 Mmsm 0 v
Ly = i(ﬂsm Unsm) < o ) (2.29)
Vnsm
0 Mnsm

The mp scale is in the order of a typical Standard Model fermion, and mjy; > mp. The

masses of the V]iw are [66]:

msm = ) mnsm = mM (230)
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115, and the vpgm

The vgy states are associated with the neutrinos of the Standard Mode
states represent very massive neutrinos yet to be observed. Equation (2.30) suggests that
the mgm are very small, and the model suggests that the mpgm are about 1019 GeV/ 2
[66]. The direct laboratory limits on the mgy, establish an upper limit in the range: (0.3-
0.9) eV /c?, depending on the nuclear model considered [67]. The most relevant feature of the
seesaw mechanism is that it explains the lightness of the known neutrinos, the vgy, states,
by setting a very high mass to the yet to-be-observed heavy neutrinos, the vpgy states.
The out-of-thermal-equilibrium decays of these heavy neutrinos are key to the attempts for
explaining the baryon-antibaryon asymmetry of the Universe in terms of leptogenesis [66].

The leptonic part of the Lagrangian can be written in the mass basis of the charged

leptons and of the singlet fermions as follows!% [68]:

- - 1
Les = h* (L¢C*) lp — A" ([@*) Vnsm — imnsmﬂnsmyﬁsm +h.c.. (2.31)

with:

_ _ 0 —1 b
(Lo™) = (1) 0 (2.32)
SR PR <¢ 0>

and where h and A\ are matrices of Yukawa couplings. From the second Yukawa term in

equation (2.31), the lightest right-handed heavy neutrino (1) can decay into:

Vism — OlL- (2.33)

In the early Universe, when the temperature (Tf;) was Ty; ~ myy, the vk population was

15There are three neutrino eigenstates associated with each of the two states in equation
(2.28).
168ee equations (A.1, A.2, and A.3).
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stable. Once Ty; < mjs the population of l/rllsm is no longer stable, since they can not be
produced any more, and the I/Illsm all decayed. If there is an asymmetry17 (A) in the decay of
the I/Illsm that favors the production of charged leptons over charged antileptons, there would
be an excess of charged leptons in the early Universe. After charged leptons annihilation,
such excess would be the origin of the matter-dominated Universe seen nowadays. A is

defined in terms of the decay rates as follows [68]:

F(Vrllsm - qbll[f,) - F(Vrllsm - Q}Z:IE)
F(Vrllsm — ¢lp) + F(”rllsm - ¢ZL>’

where k denotes the various lepton flavors. By definition: |Azg| < 1. Usually, it is
much smaller than 1. To account for the observed baryon asymmetry, it is required that:

| Al > 1077 [68).

2.3 Neutrino Oscillations

The charged current, given by equation (2.4), introduced the concept of quark and lepton

mixing. The leptonic part of the Lagrangian in equation (2.3) is:
cl = gW/j (et e + vyy*p + vy 1) + hec.. (2.35)

Taking a basis in which the charged leptons’ mass term is diagonal, the neutrino flavor

eigenstates are a linear combination of the neutrino mass eigenstates:

vp o= UaiVlLi7 vy = TaiV}%, (2.36)

1718 A > 0.
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which leads to the mass term:

L = PFTH magUsif +hec., (2.37)
with:
TTmU = mgiag, (2.38)

where U is the PMNS matrix [69] from equation (2.4).

Since neutrinos are only observed by their role in the weak interaction, all observed neu-
trinos are represented in the flavor basis; however, only mass eigenstates propagate through
space and time. If the resolution of real experiments allowed the direct measurement of
neutrino masses in individual processes, the oscillations would not be of scientific interest at
all, 7.e. once a neutrino is produced in a mass eigenstate it remains in that mass eigenstate
forever. The current understanding of how neutrinos interact is through the weak interaction
and its flavor eigenstates, thus neutrino oscillations are unavoidable, under these conditions.
The weak interaction produces neutrinos in a given flavor eigenstate, and these are detected
by means of a weak interaction process which involves a given flavor eigenstate. The question
is: would those two states be the same?

In vacuum, a neutrino state of the generation «, after a time interval ¢, is given by [64]:

) = Une  Fil |, (2.39)

7

and the transition amplitude to the state VP s

WPy = 3" Unilifye Bt (2.40)
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The lightness of neutrinos yields |p| > m;, which means: E; = ,/p? + m? ~ p+ m?/ZE

With this approximation, and using equation (2.36), equation (2.39) becomes:

e—zm%t/QE
), ~ e Py —tm3t/2E Utby,
e—zm%t/QE
2
m7t
1 — o 4
2
= Pl 1 Zg_g L Utf). (2.41)
2
mat
1— 13 +
Using equation (2.38) as:
2
my 0
Ulmimu = m?hag = m% : (2.42)
0 m%
equation (2.41) becomes:
t
_.mlm
V) o e Pl 2E 500, (2.43)

Since NOvA will study the oscillation of v, to v, it is interesting to see the mixing between

two generationslg, which is a valid approximation in this case. The relevant mixing matrix
(U) is [64]:
cosf sin6
U= : (2.44)
—sinf cosf

18For the three generation mixing see e.g. [66].
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Using equation (2.44), mim can be written as:

m% + m% Am?2 [ —cos20 sin26

2
mim = UmdiagU]L = 5 5 : (2.45)
sin 6 cos 20
where Am? = m3 — m2. Equation (2.45) allows to rewrite equation (2.43) as
N cos A4—%2t —8in All—%Qt cos 20 —2sin All—%Qt sin 26 8
() = 7). (2.46)
—18in 4E tsm29 cosﬁt—i—zsm 4E tcosQ@
The transition from |v#) to [v€)(t) is then given by:
(o) (t)
cos 4E t 1 sin 4E tcosZ@ —128in 4E tsm?@ 0
= (01) ,
—18in 4E t51n29 cosﬁt—i—zsm 4E tcos?@ 1
A 2
—  _sin Tg, ¢ sin 20. (2.47)

The physical meaning of the transition: (v*|v°)(t), is understood through the transition

probability (Pyluﬁye) expressed as:

Am?
2 2 2
Pyy—ve = [(WHO) ()7 = sin g isin 20. (2.48)

Since neutrinos travel at nearly the speed of light, to a good approximation: ¢ ~ L/c, where
L is the distance covered by the neutrino between the creation and detection points. With

this small change, oscillation experiments might place their detectors at distances from the
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source that fulfilll?:

Am?L
. 2.49
"="2E (2:49)
The transition probability is maximal when:
Am2L
= ) 2.50
T=—F (2.50)

The ratio L/E is of paramount importance in neutrino oscillation experiments since it deter-
mines much of the logistics of their experimental setup. All neutrino oscillation experiments
that use a neutrino beam, send it through matter. Interactions with matter introduce changes
in the formalism described in this section since v, interacts with electrons via charged and
neutral current interactions, while v, and v only interact with electrons via the neutral
current interaction. As a consequence, there is a coherent effect in the transitions. See [64]
for a formalism that describes neutrino oscillations in matter.

The formalism presented above is a simplification of the three neutrino oscillations. Nev-
ertheless, this simplification is sufficiently good to allow the full problem to be represented

as a collection of two neutrino transitions for which U is:

—10 zﬂ
1 0 0 C13 0 S13€ ! C192 512 0 e 2 0 0
22
Uu = 0 93 93 0 1 0 —s12 c12 O 0 e 2 0f:
0 —s93 co3 —s13¢% 0 ¢3 0 0 1 0 0 1
P1 P2
cracize’ 2 s1ac13€’ 2 spze” "
01 9
g 5 15 (S 15
(—s12023 — c12523513¢0)e" 2 (craca3 — s12523513¢0)e’ 2 spgerz |- (251)
¥1 P2

11— 1
(s19523 — c19c23513¢"0)e" 2 (—c12s93 — s19c93513¢0)e" 2 coger3

979 natural units: ¢ = 1 = h.
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Here: ¢;; = cosb;;, and s;; = sinb;;. 019, 023, and 013, are the mixing angles. The phase
0 is the leptonic analogue of the single phase that appears in the quark mixing matrix, and
©1, and o are Majorana phases that are relevant if neutrinos are their own antiparticles.
The importance of the phases is evident when the Lagrangian in equation (2.35) is CP
transformed:

(CP)Lh (cP)~! = gW;WU*u + gW;mMUTl. (2.52)

If U* #£ U, i.e. if U is complex due to § # 0, the weak interaction is not CP invariant in
the neutrino sector. The existence of phases is of great relevance to leptogenesis since these
determine®? whether there is an asymmetry in the production of leptons and antileptons in
the early Universe [66].

In the three neutrino oscillations scenario, the parameter 613 has an important role in
the transition probability (Pyu_we) presented in equation (2.48), which is the probability in
vacuum for the two neutrino case. Once the matter effects are taken into account, equation
(2.48) becomes?!:

E
matter . vacuum
Pyt & (1i2—R) S psrig

Q

E 2
(1 + 2E—R) ‘QU;3U6301 + 2U;2U6202 ) (2.53)

where Fp is the matter resonance energy associated with the atmospheric mass difference

(Am3,) and the electron number density in Earth (Ne):

2
Am32

= ——2"—. 2.54

ER

20The decay of right-handed neutrinos in the seesaw mechanism provides the asymmetry.
2IThe =+ in equation (2.53) is: 4 for neutrinos and - for antineutrinos.
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Parameter Value

sin” 03 0.0219 700079
sin?fog | 0.451 £ 0.001 & 0.557002f
sin? 619 0.304 & 0.012

Am3; | (2458 £0.002) x 1073 eV?2
Am3y | (—2.488 £0.047) x 1073 eV?2

2 +0.19 -5 2
Am3, (7.50012) x 1077 ev

Table 2.1 Neutrino Oscillation Parameters. Best measurements of the neutrino oscilla-
tion parameters [70].

Cq and (9 are oscillation parameters not relevant at the moment. From the transition matrix

PVaCU.U.Hl

in equation (2.51), psve depends on:

QU;3U63 = ¢ Ysin 26013 sin fo3. (2.55)

The experimental results obtained by Double Chooz, Daya Bay, and RENO measuring a
non-zero 613 allow the possibility for CP violation in the neutrino sector since the transition

probability presented in equation (2.53) depends on the phase §. The transition probability

ngglg;n changes the sign of §, which directly affects the measurement of the asymmetry
(A):
~ P-P
i- ‘ i ‘ (2.56)
P+P

If it is non-zero, & is non-zero, resulting in the mentioned CP violation. Both A and Ay
(recall equation (2.34)) are influenced by the phases ¢ and ¢. A CP violation in the light
neutrino sector could have CP violation implications in the heavy neutrino sector, which is
the key to leptogenesis, as mentioned in section 2.2.1.

All the free parameters in the neutrino oscillation formalism have been measured [70],

except for the phases. Table 2.1 summarizes the most accurate measurements of these
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parameters. Two open questions concerning these parameters remain unanswered, and are
the subject of study of the next generation of neutrino oscillation experiments, including
NOwvA. The first is related to the octant of fo3, since this is measured through the expression
sin? 2053, its measured value only shows that it is close to w/4. However, whether o3 is
smaller or greater than /4 remains uncertain. The possibility for 693 = 7/4 implies that v
would have exactly the same amount of v, and v-. The second question concerns the mass
ordering, or mass hierarchy, of the mass eigenstates. Oscillation measurements are related
to sin? Am2/4E (see equation (2.48)), where the sign of the Am? is undetermined. The
current knowledge is that there are two quasi-degenerate mass eigenstates, m; and mso, and
a third one, mg, that is either much heavier (normal hierarchy), or much lighter (inverted
hierarchy) than the other two, as shown in figure 2.9. In the normal hierarchy scenario,
neutrino oscillations are enhanced and the antineutrino oscillations are attenuated, for the

inverted hierarchy the opposite is true.

Mass Hierarchy

Normal Inverted

3 I~ 2 N —— -
Solar

1 R —— -

I Atmosphenc

=N

3 I —

Ve WVu Vi

Figure 2.9 Neutrino Mass Hierarchy.
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Chapter 3

NuMI Beam Overview

To Soudan
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Fermilab
Accelerator
Campus

Fermilab

Figure 3.2 NuMI Beam Trajectory. Taken from [71].

The accelerator complex at Fermilab is currently dedicated to providing protons from

the Main Injector (MI) to seed the neutrino beam that is used by the NOvA experiment for
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their neutrino oscillation investigations, and used by other experiments that study neutrino
interactions. In the next few years, accelerator-based neutrino experiments may resolve the
neutrino mass hierarchy, the octant ambiguity in 93, and begin to see hints that there is a

large violation of the CP symmetry in neutrino oscillations.

Medium Energy Tune
B [ I B N B A SN N A
go |- *on-axis
| - 7 mrad off-axis RLH
— 14 mrad off-axis * .
| — 21 mrad off—a)ﬁiLs *

v, CCevents / kt / 1E21 POT /0.2 GeV

4 6
E, (GeV)

Figure 3.3 NuMI Beam Energy Spectrum. Neutrino event rates as a function of neutrino
energy and off-axis angle [72].

The MI [73] is a very high intensity! proton accelerator located at Fermilab (see figure
3.1). The MI provides 120 GeV protons that serve as input to the Neutrinos at the Main
Injector (NuMI) beam, which has a power? of 320 kW. This beam travels from the Fermilab
Accelerator Campus, through the Earth, to the MI Neutrino Oscillation Search (MINOS)
underground laboratory at Soudan, Minnesota (see figure 3.2). The energy spectrum of the

beam, shown in figure 3.3, allows experiments like NOvA to locate their detectors off the

IThe number of protons per pulse is on the order of 1013 [72].
2The power cited is the one delivered to the NOvA prototype detector. The MI is
currently in the middle of an upgrade to deliver 700 kW.
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beam axis (see figure 3.4) to obtain narrower neutrino energy spectra.

v
! _i.dsj\.-;liﬁﬂ' lm-:cmr‘ {

MINOS Far Detector Ontario

Minnesota

sMichigan-

Figure 3.4 Location Of The NOrvA And MINOS Far Detectors. The MINOS far
detector in Minnesota is on-axis. Picture from Google Earth.

Protons from the MI are directed every 1.9 s, by single-turn extraction, into the NuMI
beamline. At 320 kW, there are 2.5 x 1013 protons delivered in spills of 8 us, and focused
onto a target, producing secondary mesons, i.e. charged pions and kaons. For the neutrino
beam to be able to reach the Soudan MINOS far detector site, the proton beam is directed
downward at 58 mrad before it strikes the 0.95 m long NuMI graphite target, as shown in
figure 3.5. The forward-going mesons are focused and allowed to decay, producing the desired
neutrino beam. The focusing is performed by a set of two parabolic magnetic horns. The
charged pions and kaons selected by the horns propagate down a 675 m long (1 m radius)

decay tunnel. A hadron absorber (beam stop) is placed at the end of the decay tunnel
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to remove the residual flux of protons and mesons, followed by a set of muon monitoring

detectors, as shown in figure 3.6 [71].

Target Service MINOS To Soudan
Building NDOS Service w
~~Main Injector | Building Building |
% ! = o BT \ ‘L
N_ B e e S e | [
Carrler_ N f o ———— ’ Jx 105 M
Tunnel ~/ T —— 1 |
Target Hall Beam Absorber / Minos Hall |
Muon Detectors —  Minos Near —
Detector
0 64 128 256
~ METERS

Figure 3.5 Schematics Of The NuMI Complex. Figure taken from [71].
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Figure 3.6 NuMI Beam Schematics. Taken from [74].

In neutrino oscillation searches, the flavor composition of the neutrino beam should be
well known. The ideal case is to have a pure flavor beam, i.e. only one neutrino fla-
vor. The NuMI beam design goals include: achieving the highest possible v, intensity,
low backgrounds from other neutrino flavors, well understood spectra to control system-
atic uncertainties, and the selection of neutrino energy spectrum matched to the oscillation

physics [75].
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3.1 Primary Beam System

The process of producing the neutrino beam starts with a set of primary protons that hits
a fixed target, which produces interactions that yield the mesons that decay to produce the
neutrinos.

The primary protons are extracted from the MI ring and transferred through the ex-
traction enclosure through a steeply inclined carrier pipe to the target region located about
50 m underground. The extraction mechanism is a horizontal kick, leading to Lambertson
magnets® deflecting the beam primarily in the vertical direction. The extracted protons are
focused and bent strongly downward by a string of quadrupoles and bending magnets so that
they enter the target hall located 122 m downstream of the extraction enclosure. Another
set of bending magnets brings the protons to the correct pitch, 58 mrad, for a zero targeting
angle beam directed toward the Soudan site [75].

To create the neutrino beam from the primary proton beam, these protons strike the
NuMI target to produce hadrons. This target is sufficiently long to enable most of the
primary protons to interact, as well as thin enough such that secondary interactions of the
charged pions and kaons are minimized by allowing them to escape through the sides, as
illustrated in figure 3.7. The depth of the field of the horn focusing system sets a limit on the
length of the target. The desired flux of charged pions and kaons out of the target decreases
with increasing radius due to particle re-absorption. The target stress due to the heat load
of the proton beam also decreases with increasing radius. As a consequence of the last two
statements, the target was designed to obtain the maximum yield and to ensure integrity

against mechanical failure [75].

3Lambertson magnets are used to separate two adjacent beams by providing a bending
field for one beam and a field-free region for the other beam [76].

38



120 GeV Protons

Figure 3.7 NuMI Target Drawing. Schematic drawing of a long and slim segmented
target designed for optimum production and decay of charged pions and kaons [75].

3.2 Secondary Beam System

The second stage in the production of the neutrino beam is to focus the mesons coming
out of the target in order to direct them toward the location of the detector. Therefore
the focusing horns produce toroidal magnetic fields and act as lenses to bend the secondary
particles back to the primary proton direction. The horns can either focus all the mesons at
a particular momenta or some of the mesons at all momenta. The parabolic shaped horns
produce magnetic fields that act as lenses, where the focal length is proportional to the
momenta of the mesons. The selection of a particular target position causes particles of a
certain momentum to be focused by the first horn. Mesons that were well focused by this
horn pass unaffected through a central aperture in the second horn. Other mesons move
to larger radii and are focused by the second horn, extending the momentum bite of the

system, as illustrated in figure 3.6. The horns are designed for 205 kA maximum current
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pulses of 5.2 ms half-sine wave width, with a repetition rate of 1.87 s. The direction of the
current flowing in the horns determines which mesons are focused depending on the sign of
their electric charge. The forward horn current (FHC) focuses positive mesons which decay
into neutrinos, and the reverse horn current (RHC) focuses negative mesons which decay
into antineutrinos [75]. Figure 3.8 illustrates the direction of the two currents in the horns,

as well as the beam direction through the horns.

e
TG

—»= RHC

Figure 3.8 Beam And Electric Current Directions Through The NuMI Horns. The
drawing illustrates the direction of the beam through the horn. The FHC (RHC) flows in
the direction of the blue (red) arrows inside the conductors that make the horns.

The decay tunnel design allows for a sufficient flux of v, within the energy band required
by MINOS and NOvrA. Alignment is paramount part of the tunnel’s design. Misalignment
of the decay tunnel along its length can not occlude the aperture of the tunnel by more than
2%. The volume of the decay tunnel is carefully chosen to reach a compromise between the
neutrino flux and the cost of construction?. The choice of tunnel’s radius balanced the loss
of secondary particles, that interact with the walls, with the cost of construction. A high
vacuum inside the tunnel is necessary to prevent unwanted interactions with air molecules.
The vacuum level in the tunnel ought to be 1 Torr or lower [75].

The main purpose of the hadron absorber is to eliminate hadrons that would overload the

4Pions of energies about 50 GeV have a mean decay length of several km.
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data acquisition systems of neutrino experiments on-site. All primary protons that did not
interact with the target are absorbed at this stage. This absorber is not thick enough to stop
the muons present in the beam, which are undesired background to the measurements of the
neutrino experiments. These muons can be eliminated by providing sufficient material to
absorb their energy. The NuMI beamline is located in dolomite, which is a dense rock. The
340 m of dolomite between the end of the hadron absorber and the MINOS hall is sufficient
to stop all muons coming from the decay tunnel [75].

The neutrino beam monitoring systems enables the beam users to measure the quality
of the neutrino beam. The neutrino flux is monitored through measuring: the spatial distri-
bution of the hadrons directly upstream of the absorber, and the muons at various locations
within the dolomite shield, as seen in figure 3.6. In order to detect variations, the muon
intensity measurement is normalized to the number of incoming protons, and to each other,

while the measured profiles are compared to nominal profiles [75].

3.3 NuMI Beam Composition And Energy Spectrum

At 110 mrad

Neutrinos are produced in many weak processes, including particle decays. For NOvA,
the two most important sources of neutrinos are charged pion and kaon decays. The
charged kaons are mesons made of two quarks: KT: w3, and K~: us, with mean life
time: 75 = (1.2380 £ 0.0021) x 107% s, and mass: my = (493.677 £+ 0.016) MeV/c?
[77]. These have decay modes with only leptons (leptonic modes), with leptons and hadrons

(semileptonic modes), and with only hadrons (hadronic modes). The modes with the largest
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branching ratios are?® [77]:

Kt — it + vu(Py), leptonic mode, branching ratio: 63.55 £ 0.11%, (3.1)

— 7% + 7% hadronic mode, branching ratio: 20.66 + 0.08%,

— a04et 4 Ve(De), semileptonic mode, branching ratio: 5.07 + 0.04%,

— a4t 4 vu(Py),  semileptonic mode, branching ratio: 3.353 & 0.034%.

About 96% of all the v, from charged kaon decays, reaching the NOvA prototype detector
at 110 mrad off the NuMI beam axis come from the leptonic mode. The rest of the v, at
the prototype’s location come from the semileptonic decay. A small v, component of the
FHC of the NuMI beam comes from the semileptonic charged kaon decays. At the NOvA far
detector, the knowledge of this v, initial component of the beam is extremely important since
it is the principal background to the v, appearance signal. There is no direct measurement
of the charged kaons flux from the NuMI beam, therefore a measurement that can constrain
the charged kaon production yield prediction could help to reduce the uncertainties in the
ve flux at 14 mrad.

The charged pions contain two valence quarks: 71 ud, and 77 @d, with mean life time:
e = (2.6033 + 0.0005) x 1078 s, and mass: my; = (139.570 £ 0.00035) MeV /c? [78]. The

decay mode with the largest branching ratio is% [78]:

IS ui + v, (7y),  leptonic mode, branching ratio: 99.98770 £ 0.00004%. (3.2)

The leptonic decay modes of charged kaons and pions are two body decays that produce

57, (Te) are associated with u~ (e~) and K.
GEH are associated with p~ and 7.
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Figure 3.9 Meson Transverse And Longitudinal Momenta. Predicted (a) transverse
and (b) longitudinal momentum distributions of charged kaons (blue) and pions (red) that
decay into neutrinos detected in the NOvA prototype detector. Momenta evaluated at the
time of production of the meson in the target. MC simulation.

muons and neutrinos isotropically in the center of mass reference frame. In this reference
frame the neutrino energies are fixed. The decaying meson is boosted to translate the decay
into the laboratory reference frame. As a result, the neutrino energies will be relatively broad
since these are now a function of the relativistic parameter v = E/m. The neutrino energies
in this case are also a function of the angle 8 between the momentum of the decaying meson
and the momentum of the neutrino. For small 6, i.e. highly relativistic mesons, the flux and

energy of the neutrinos are given by:

o 27y 2 A
Y\ 141202 4rd?’

CmEm
E, = —= 3.3
v 1+~26% (3:3)

where A is the transverse area of the detector that measures the neutrinos, d is the distance
between the decay point and the detector’s location, Cy, is a constant that takes two values:

one for charged kaons, C'ir = 0.96, and one for charged pions, C; = 0.43; and E,, is the
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energy of the meson. Most of the mesons that yield the neutrinos seen at the location of the
prototype detector have transverse momenta (pp) of the order of 300 MeV, as seen in figure

3.9a. The longitudinal momenta (py) of the mesons is mostly below 10 GeV/c, as seen in

figure 3.9b.
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Figure 3.10 Neutrino Energy Distribution Discriminated By The Mother Particle
Of The Neutrino. All mother particles (black), 7 (red), K* (blue), K, (light blue), and
ut (green) energy distributions. MC simulation.

The neutrino energy spectrum observed with the prototype detector shows two peaks: one
comes from charged pion decays, around 0.2 GeV, and the second resulting from charged
kaon decays, around 2 GeV. The spectrum is produced mostly by v,. However this also
receives contributions from 7y, ve, and 7. which arise from the semileptonic charged kaon
decays, the leptonic decay of K~ that were not defocused by the horns, and muons and K7y,
decays. 60.2% of all neutrinos come from charged kaon decays, 36.6% come from charged
pion decays, 2.9% resulting from K decays, and 0.2% arising from decayed muons, as shown

in figure 3.10. The 4 neutrino components of the predicted energy spectrum, shown in figure
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Figure 3.11 Neutrino Energy Distribution Discriminated By The Neutrino Type.

All neutrino types (black), v, (blue), 7, (red), and ve + Ze (green) energy distributions.
MC simulation.

3.11, are distributed as follows: v, 81%, 1, 14.3%, ve 3.9%, and 7. 0.8%. The ratio % as
a function of energy is shown in figure 3.12. For energies higher than 1.8 GeV the ratio

remains above 10. This motivates a measurement of the neutrino flux coming from charged

kaon decays due to the low background from neutrinos produced in other decays.
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Figure 3.12 Ratio Of Neutrinos From Charged Kaon Decays Over Neutrinos From
Charged Pion Decays. MC simulation.
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Chapter 4

The NOvrvA Prototype Detector

4.1 Experiment Overview

The NOvA experiment will use the NuMI beam to measure v, — v, oscillations. The
neutrino energies at the NuMI beam are a function of the energy of the meson, as well as of
the angle between the momentum of the meson that produces the neutrino and momentum
of the neutrino, as seen in equation (3.3). The MINOS experiment, located on the NuMI
beam axis, measured neutrinos on a wide energy range [79] (see figure 3.3). The NOvA
experiment, 14 mrad off the NuMI beam axis, will measure neutrinos at a much narrowed
energy band centered at 2 GeV. The far detector’s location, 810 km away from the neutrino
source (see figure 3.4), and the narrow neutrino energies observed there, produce the ideal
conditions to observe the v, — v, oscillation very close to the maximum of probability.

Using equation (2.49), this maximum occurs at:

2chm L km
= — &~ Hh34d—— 4.1
Am%Z E GeV’ ( )

while NOvA has L/F = 505 km/GeV. Under such circumstances, NOvA will be capable of
determining the mass hierarchy and the CP violation with a significance up to 20, depending

on the real value of the oscillation parameters!.

LA sample bi-probability point fulfilling the previous statement is shown in figure 4.1.
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Figure 4.1 Bi-probability Plot. Four values of the phase § are presented of each of the mass
hierarchies: normal (blue) and inverted (red). Official NOvA figure [81]. 1o and 20 contours
are drawn around the estimated bi-probability points. The lower right point represented
by a star is at 0 = 37/2. The upper left point represented by a star is at 6 = 7/2. MC
simulation.
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NOwvA plans to collect three years of data in each mode?. From each mode, the transition
probabilities (recall equation (2.53)): P(ve) for v, — ve, and P(7e) for v, — e, will
be estimated. Once these two probabilities are calculated, a point can be drawn in a bi-
probability plot [80] like the one shown in figure 4.1, and the mass hierarchy and the phase §
could be resolved. 1o and 20 contours are shown around the calculated points. The ellipses
are representations of the various possible values of §. The maximum CP violation occurs
at § = m/2, 3r/2, while no CP violation occurs for § = 0, 7. Each mass hierarchy has
its own ellipse due to matter effects. The bi-probability plots summarize all the oscillation
parameters in an instructive fashion. Figure 4.1 assumes o3 = 7/4. Should o3 > 7/4, the
ellipses will move towards higher P(v,) values along the P(v.) = P(7e) line. On the other
hand, should 693 < 7/4, the ellipses will move downwards to lower P(v.) values along the
P(ve) = P(7e) line. The best case scenario for NOrvA would be a normal hierarchy and
d = 37/2, or an inverted hierarchy and ¢ = 7/2. These two points will exclude the other
mass hierarchy with a 20 significance.

The measured value of 013 (see table 2.1) gives NOvA the best sensitivity to: resolve
the mass hierarchy, measure 9, and resolve the octant of f23. In order to make these mea-
surements, NOvA built two detectors. The near detector at Fermilab has a 3.9 x 3.9 m?
transverse area, and is 14.3 m long. The far detector has a 15.6 x 15.6 m? transverse area,
and is 63.0 m long. Figure 4.2 shows to scale the three detectors. An Airbus A380-800 is
included in the figure for scale. The far detector is the largest free-standing PVC structure

in the world.

2Neutrino and anti-neutrino modes.
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Figure 4.2 Drawing Of The NOvA Detectors. NOvrA detectors drawn to scale. An
average height person is shown to scale. An Airbus A380-800, drawn to scale, is included
for illustration purposes [82].
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4.2 The Near Detector On The Surface
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Figure 4.3 Angle Of Neutrinos With Respect To The NuMI Beam. (a) Opy\ for
neutrinos from all parents. (b) Oy for neutrinos from charged kaons (blue) and charged
pions (red) parents. The charged kaons area is normalized to that of the charged pions. MC
simulation.

NuMI

The NOvA prototype detector is located on the surface, north from the MI at Fermilab
(see figure 3.1), and 110 mrad off the NuMI beam axis (see figure 3.5). This angle is measured
from the NuMI target to the origin of coordinates of the prototype detector. Not all neutrinos
are created at the same location along the decay pipe, their angular distribution is shown in

figure 4.3a for all neutrino parents. About 77% of all these neutrinos have:

110 mrad < Oyt < 120 mrad, (4.2)

The angular distributions for neutrinos from charged kaon and pion decays are shown in

figure 4.3b. Neutrinos from charged pion decays have a slightly higher rate between:

120 mrad < Onyvr < 200 mrad, (4.3)
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when compared with neutrinos from charged kaon decays. The peak of neutrinos around
650 mrad, in figure 4.3, comes predominantly from low longitudinal momentum mesons
(about 75% of which are charged kaons decaying into a v, and a muon), as seen in figure
4.4a. The transverse momentum of these mesons is shown in figure 4.4b. Low energy

neutrinos make this peak, as seen in figure 4.4c.
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Figure 4.4 Meson Momentum And Neutrino Energy As A Function Of The NuMI
Angle. (a) Charged pions and kaons longitudinal momentum as a function of Onymr, (b)
charged pions and kaons transverse momentum as a function of Oy, and (c¢) neutrino
energy as a function of On 1. MC simulation.

The initial purpose of this detector was to serve as a prototype, and then be moved

underground to become the near detector. For this reason it is known as the Near Detector

On the Surface (NDOS). However, the collaboration decided to build a totally new and
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improved near detector. As a result the NDOS now serves as a testing facility for various

hardware and software purposes.

Muon Catcher

Yertical Module

Figure 4.5 Drawing Of The Prototype Detector. The Prototype detector is a collection
of six blocks, each made of 31 planes. The neutrino beam goes, in the direction indicated
by the black arrow, upstream to downstream. At the end of the six blocks there is a
muon catcher that helps to reconstruct the energy of the most energetic muons. Artistic
representation.

The NDOS is 3.9 m high (Y'), 2.6 m wide (X), and 14.3 m long (Z), as shown in figure 4.5.
It is a modular structure made from highly reflective PVC extrusions [83]. Each extrusion
has 16 cells, and each cell has a 3.9 x 6.0 cm? transverse area (see figure 4.6 for an illustration
of a single cell). Inside each cell there is a looped wavelength shifting (WLS) fiber, both
ends of the fiber are placed against the face of an avalanche photodiode (APD), and the
fiber covers the full cell length laid in a U-shape. Extrusions are arranged in modules, there
are two extrusions per module. Modules are arranged in planes, there are two (X) or three
(Y') modules per plane. A block is an array of interspersed vertical (16) and horizontal (15)

planes. This arrangement of interspersed planes gives the X — Y coordinate system of the
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Figure 4.6 NOrvA Extrusions And Cells. Sample NOvA PVC extrusions arranged in a
modular collection of vertical and horizontal planes. Artistic representation of a single cell
[82].

Figure 4.7 Side View Of The Prototype Detector. Horizontal planes readouts.
Avalanche photodiode, front-end board and data concentrator modules [84].
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detector. The NDOS bulk is 6 blocks long. Downstream of the detector there is a muon
catcher, which is a collection of interspersed extrusions and ten 10 cm thick steel plates. At
the end of the muon catcher, four more planes are positioned in the usual vertical-horizontal
arrangement used for containment purposes, as seen in figure 4.5.

Each APD contains 32 channels or pixels, where each pixel is exposed to both ends of a
single fiber in a cell. Each APD is mounted on a front-end board (FEB) which reads and
digitizes the signal3. The digital output of each FEB is sent to a data concentrator module
(DCM) to consolidate the information. Each DCM reads 64 FEB (figure 4.7 illustrates the
arrangement of the various hardware components). All the electronics described above are
mounted on the west side of the detector, as seen in figure 4.7, for the horizontal planes, and
on top of the detector for the vertical planes.

The segmented nature of the NOvA detectors allows for multiple sampling of the energy
depositions of muons and electromagnetic showers?. The radiation length of the detectors
(Xp) is X ~ 40 cm, and the Moliére radius is Ry; ~ 10 cm. The X of the detectors allows
to get a very detailed sample of 2 GeV electron showers which are, on average, about 9X
in length [85]. Photon showers are, on average, about 9X( long as well, however the gap
these leave between the vertex and the start of the shower, which is X long, provides an
element of discrimination. With about 7 cells per X, the energy depositions are extremely
useful in particle identification. This same powerful feature is used in muon identification.
The signature of a v, event in the detectors is a muon, and the experimental setup of NOvA
allows to identify and study them with great precision and detail. Identifying electrons is

extremely important for the v, appearance measurement. A background to electrons are the

3See section 4.2.4.
4The segmented geometry of the NOvA detectors is optimized for the identification and
measurement of v, CC interactions, as discussed at the end of section 4.2.
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photons that result from 7V decays.

4.2.1 Liquid Scintillator

The primary target in the detectors is the carbon nucleus. About 80% of the carbon nuclei
in the detectors come from the liquid scintillator (LS) blend that fills the PVC extrusions.
This blend is 95.79% mineral oil, used as a solvent, 4.11% scintillating pseudocumene, and
0.10% waveshifters [86]. When ionizing particles traverse the LS, ultraviolet light is emitted
[87]; the emitted wavelengths are then shifted by the waveshifters to the violet-blue range.
This light bounces, on average, 10 times inside a cell before it is captured by the WLS fiber.
In order to avoid light losses between emission and absorption, the PVC walls have 12%

TiOg which gives a reflectance of about 90% for green wavelengths [21].

4.2.2 Wavelength Shifting Fiber

Wavelength shifting fibers are a critical component in the NOvA detectors. These collect
light emitted from the LS and transmit it into the APDs. Inside the far detector’s cells
the light travels as much as 16 m, which requires shifting of the wavelengths from the short
attenuation lengths of the blue (about 4 m) to the longer attenuation lengths of the green
(about 15 m). In addition, the APDs are more efficient in the green than in the blue light.
The spectra of the light emitted by the fiber as a function of the illumination point is
presented in figure 4.8. The highest light power is the spectrum for the light shined into the
fiber at 1 m from the readout. The lowest light power is the spectrum for the light shined
into the fiber at 26 m from the readout. Intermediate spectra are for illumination points at

1 m intervals. The various spectra show how the peak of the distribution rapidly transforms
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Figure 4.8 Emission Spectra Of The Wavelength Shifting Fiber. Emission spectra
for the WLS fiber at various illumination points [88].
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Figure 4.9 Wavelength Shifting Fiber Transverse Area.

from the 470 nm of the blue wavelength to the 580 nm of the green as the illumination point
moves father apart from the readout.

The WLS fiber used by NOvA is 0.7 mm in diameter (D). This features a polystyrene
(PS) core with a refractive index of 1.59, surrounded by a polymethylmethacrylate (PMMA)
inner cladding with a refractive index of 1.49, and a fluorinared polymer (FP) outer cladding
with refractive index of 1.42, as shown in figure 4.9. This multicladding structure produces

50% higher yield than a single cladding fiber due to a large trapping efficiency [89].

4.2.3 Avalanche Photodiodes

The NOvA collaboration selected APDs as photodetectors due to their high quantum effi-
ciency and low cost. The 85% quantum efficiency enables the use of the long cells in the

far detector”. The average signal for muons traversing a cell perpendicular to its walls is

SPhotomultiplier Tubes have a 10% quantum efficiency under similar circumstances.
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30 photons at the face of the APD, which gives about 25 photoelectrons. This signal must
be distinguishable from high frequency noise. APDs are made from silicon, which features
a thermal generation of electron-hole pairs that mimic the signal from the fibers. These
electrons are amplified at the diode junction and appear as the input to the pre-amplifier,

thus contributing directly to the noise. In order to achieve a signal to noise ratio of 10:1,

the APDs are cooled to -15 °C.

Figure 4.10 Avalanche Photodiode.

The light output of the fiber is absorbed in the APD collection region, shown in figure
4.10, where electron-hole pairs are generated and, under the influence of an applied electric
field, the electrons propagate to the p-n junction. At the junction, the electric field, which
determines the multiplication of the current, is high enough to produce avalanche multipli-

cation of electrons. The current generated from these electrons is the output signal of the

APD [21].
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4.2.4 Front-End Boards

The readout of the APD, at the FEB, requires a pre-amplifier that can sample the signal
throughout a 10 ps time window. The signal from the APD is amplified and shaped by a
high-gain integrating amplifier with a shaping time of about 350 ns, and the output is stored
in a switched capacitor array (SCA) every 500 ns. The SCA contains 64 samples taken
500 ns apart for the 32 channels in the APD. The waveform is designed to have a 380 ns rise

time and 7000 ns fall time [90]:
F(t) (1 _ e—t/380ns> ¢ —1/7000ns (4.4)

These choices of rise and fall times are intended to minimize the overall noise induced by the

6 via a dual correlated

electronics. Zero suppression is performed at 15 - 20 photoelectrons
sampling (DCS) algorithm which subtracts the signal from the baseline. The DCS establishes
a rising edge triggered threshold under which the sampling points are zero suppressed. The
DCS algorithm then subtracts the sample taken right before the threshold is crossed from the
sample, with maximum amplitude, taken right after the threshold is crossed. This threshold
is set independently for each channel of the detector. Fits to the shape of the waveform
recover the timing and pulse height information [91].

The best timing resolution with this system is 500/ V12 ns &~ 145 ns. The digitized
differences are stored in a field programmable gate array (FPGA) for transmission to the

data acquisition (DAQ) system. Digital signal processing algorithms could be encoded in the

FPGA firmware to improve both the signal-to-noise ratio and timing resolution. A FPGA

6ADC and photoelectrons are proportional. See section 4.2.6 for a discussion on energy
calibration.
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produces timing markers at periodic intervals of 50 us interspersed with digitized hits [92].

4.2.5 Data Acquisition System

A DCM is a custom electronic component used to consolidate and concentrate the data
from 64 FEBs. A DCM programs, configures, and monitors each FEB, and passes the
timing system clock (TSC) and synchronization command to each FEB. The DCM-FEB
communication is through point-to-point serial data links with dedicated differential pair
lines for clock, synchronization, command and data. The digitized hits are consolidated by
the DCM FPGA to 50 us time slices containing data from all 64 FEBs. An application
further consolidates this data to a longer 5 ms time slice and routes this time slice to a
downstream buffer node for processing. All DCMs throughout the detector send hit data
corresponding to one 5 ms time slice to a buffer node [92].

A buffer node is a commodity server residing in a 140 buffer nodes buffer farm. An
external global trigger system provides triggers to a buffer node in the form of a start
time and a time window, so that an application can select data corresponding to this time
window from buffered data. Only trigger-selected data are written by the buffer nodes to a
downstream data logger.

A data logger is a program that receives trigger-selected data from the buffer farm to
format into an event. A trigger issued to the buffer farm is also issued to the data logger
application for validation purposes. The event created by the data logger is written to disk,
and then archived to Fermilab’s mass storage. Events are also written by the data logger
to a shared memory segment, from which a dispatcher application can serve the data to a
quasi-online external client application.

All FEBs and DCMs throughout the DAQ system are synchronized through the use of
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a sophisticated timing system. This system provides a stable master clock line that permit
the time stamp counters that are present on the FEBs, DCMs, and the timing system to
be loaded and synchronized with a universal wall time based off of a link to the GPS. The
timing system can achieve unit to unit synchronization that is accurate to within one clock
cycle. This system is also used to time stamp the beam spill information coming from the
Fermilab accelerator complex [91].

Each timing distribution unit (TDU) has four differential pair lines for communication:
synchronization, command, clock, and synchronization echo. The synchronization echo line
is used to compensate for cable length propagation delays. Refer to figure 4.11 for a DAQ
system schematic that illustrates the various steps and components involved in the data
processing.

Individual data output files are saved by SubRuns, which are either an hour long, or
512 MB in size, which ever happens first. SubRuns are grouped in Runs which can have up
to 24 SubRuns. Any time that the DAQ systems are stopped, that is the end of the SubRun
and Run in progress. The SubRuns that recorded the NuMI spills have one event per spill,

and each event is 500 us long [92].

4.2.6 Performance And Calibration Of The Prototype Detector

The NDOS started its physics run in October 2010 during which cosmic ray data, and v, and
vy, data from the NuMI beam were collected. The collaboration intended to fully instrument
the detector with APDs. However, various problems occurred during commissioning, and the
majority of the APDs were damaged due to moisture on their face coming from condensed
water deposited when the detector was cooled down. About a third of the APD set survived

the problems. The APDs that survived were strategically located throughout the detector in
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Figure 4.12 Event Display Of The Prototype Detector. Vertical planes make the top
view, and provide the horizontal (X) coordinate. Horizontal planes make the side view, and
provide the vertical (Y) coordinate.

order to optimize the observation and measurement of neutrino interactions in the detector.
Most of the available APDs were gathered together in a region in order to identify the
neutrino interaction point, and the rest of the available APDs were located in strategic
individual planes in order to record the full length of the muon tracks. The plan with the
muon catcher was to have it fully instrumented. However there are some channels maps with
some regions that were also partially instrumented.

An event display of the detector is presented in figure 4.12. Cells with active APDs are
drawn with black lines, while inactive cells are drawn in light grey. The top view is made
from vertical planes which provide the X coordinate; the side view is made from horizontal
planes which provide the Y coordinate. Neutrinos from the NuMI beam enter the detector
from the bottom (Y = —200 c¢m). The bulk region, where most of the APDs are located, is
centered at Z = 400 cm. If APDs became available, these were installed to improve muon
identification, and if APDs failed, these were removed. This configuration is known as NDOS

run II, and the data recorded under this configuration goes from October 2011 until April
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2012, during which there were 1.67 x 1020 protons on target (POT). The APDs operated
warm to avoid further losses. The active channels map for each SubRun is known, and in

general, such maps change frequently.
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Figure 4.13 Cosmic Data Of The Prototype Detector. Distance from the center of
the detector vs. mean ADC value per cm. Attenuation corrections come from the fit. The
readouts are in the right. Official NOvA NDOS figure [81].

The performance and calibration of the detector were initially studied using cosmic ray
data. The energy calibration procedure used energy deposition of cosmic rays at different
locations in the detector. The light level is measured, initially, in analog to digital converter
(ADC) units of collected charge. Apart from a drop in the average light at short distances
from the APD (near the beginning of the PVC cell), the mean observed light level decreases
with increasing distance of the hit from the APD, as seen in figure 4.13. Here, the position
(W) of a hit is measured from the center of the detector. The electronics are beyond the
W = 200 cm point. The goal of the energy calibration is to make hits depositing the same

energy, but located at different distances from the readouts, result in the same corrected
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energy measurement. The mean ADC/cm is a representation of the light attenuation per
cell. The rapid fall at ¥ < —140 cm is due to the sum of two exponential functions that

represent the light attenuation in the fiber [93]:

A(r) ~ Age "B 4 ApeT/BL. (4.5)

Here r is the distance traveled by the light inside the fiber, Rg = 289.5 cm is a short
attenuation length, and Rj, = 852.3 cm is a long attenuation length. Light entering the fiber
is split up according to the constants Ag = 0.3137 and A;, = 0.1669, and propagated to the
readouts according to the two attenuation lengths [93]. The rapid fall at Y > 140 cm is due

to light absorption at the manifold that guides the fibers to the APDs.
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Figure 4.14 Energy Calibration Of The Prototype Detector. ADC distributions for
various W slices (a) before and (b) after attenuation corrections. Official NOvA NDOS
figure [81].

Muons passing through the detector exhibit an uncorrected light level distribution with
a mean that shifts from about 400 ADC, at the closest distance to the readouts, to about

300 ADC at the farthest distance to the readouts, as shown in figure 4.14a. The small peak

at low light levels is the tail of the APDs noise distribution above threshold, and is due to
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cells in which the muon passes entirely through the detector PVC. After the attenuation
corrections are applied the light level distributions overlap, as seen in figure 4.14b, so that
the energy measurement is then independent of W.

To approximate to photoelectron (PE) units, a simple rescaling of ADC is carried out:
ADC/PE = 2.275 [93]. The linear relation between ADC and PE is seen in figures 4.15a
and 4.15b, where the same conversion factor appears for the MC simulation and the data,
respectively. Application of the position dependent corrections discussed above yielded a
corrected number of photoelectrons (PECorr). The corrections are a function of W, which
means that ADC and PECorr are not proportional, as seen in figures 4.15¢ and 4.15d. The
initial assumption is that at W = 0: PE = 1 = PECorr [93]. The poor x? tests indicate
that the two quantities do not follow a straight line correlation.

To convert from PECorr to an absolute energy deposition, the range-energy relationship
provided by the Bethe Bloch formula [87] is used. A sample of cosmic ray tracks that clearly
stopped within the detector is selected and the reconstructed stopping point determined
for each track. With the distance (d.) from the center of each cell in the track to its
endpoint, a relation between PECorr/cm and d,. is established. The Bethe Bloch curves are
integrated to provide the expected dE/dX for every d.. The integration takes into account
the density of the material that receives the deposited energy, i.e. to distinguish between
PVC, scintillator, etc.. The best fit to the profile of the PECorr/cm plot yields a calibration
of: GeV/PECorr = 4.7807 x 107° [93], about 50 keV per corrected photoelectron.

The performance of NDOS over time is represented by the light level in a set of test cells.
The set of cells is located at the center of the detector in X-Y and at the south edge of the
bulk of APDs, Z = 280 cm. During the running of the NDOS there were times with the

APDs system cold or warm, and FEBs gains were varied; however, the performance of the
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Figure 4.15 Energy Conversion Factors Of The Prototype Detector. ADC vs. PE
for (a) MC simulation and (b) data. ADC vs. PECorr for (¢) MC simulation and (d) data
[94].
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Figure 4.16 Light Level Over Time On The Prototype Detector. Light level on 8 test
channels of an APD as a function of time [95].

detector remained stable, as seen in figure 4.16. The time elapsed starts six months prior to
the NDOS run II, and ends a month before the end of this run. During the period shown,
there were times of cold and warm APD, and the gains varied in the FEB; however, the

performance of the detector remained stable.

4.3 NOvrA Software

To evaluate the biases affecting various physics process involved in the analyses, the NOvA
collaboration developed a Monte Carlo (MC) detector simulation, and track reconstruction

programs which could be applied to both MC and data objects.
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4.3.1 Monte Carlo Simulation

The NOvA simulation process begins at the NuMI beam level. The MC simulates the hadron
production in the NuMI target, which is followed by the propagation of the produced particles
through the target material, the magnetic horns and the decay pipe. The FLUKA software
[96] simulates interactions of 120 GeV protons in the NuMI target, and the interaction
of secondary particles created in the target as well. The simulation creates output files,
which contain the kinematic variables of the generated particles. These files are input to
the GEANT4 [97] software, which propagates the particles, and their decay products, from
the NuMI target, through the magnetic horns, and down the decay pipe, where weak decays
yield neutrinos. If the combination of FLUKA and GEANT4 (known as FLUGG [98])
generates a neutrino that reaches the NDOS, the GENIE [99] software simulates interactions
in proportion to predetermined cross sections. The interaction is simulated within the target
nucleus, and an intranuclear hadron transport yields identified final state particles with full
kinematics.

The NOvA collaboration has developed a full simulation of the NDOS using GEANT4 to
propagate GENIE generated particles through the detector. The software simulates energy
deposition, scattering, and decay processes that affect the particles produced during neutrino
interactions. The NOvA collaboration developed further simulation tools that use the energy
depositions in the scintillator to generate blue light, reflect it in the PVC cells until absorbed
by wavelength shifting fibers. Equation (4.5) parametrizes the attenuation of the green
shifted light as it propagates through the fibers to the APD and the readouts. All the values
of variables created by the MC simulations that are available for analysis are named: true

values.
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To provide samples with the same biases as the real data, the MC SubRun are created
with the same active channels maps. Also, the number of POT used to produce the MC

sample is stored in the files, as it is done in the data.

4.3.2 Reconstruction Tools

The reconstruction tools developed by the NOvA collaboration are intended to work with
simulated and real values of the variables”. The basic unit in the reconstruction process is a
hit. A hit is an energy deposition left in the detector by a particle. The simulation provides
hits for every interaction of a particle within the detector; there could be many simulated
hits inside an individual cell. Data also provides hits, which are energy depositions in a
detector cell that generate a detected amount of light, above the electronic noise threshold,
at a digitized time, and with a position provisionally given as the center of the cell. Any
group of real hits within a cell that share the same time tag will be collected into one hit:
a cell hit. Cell hits appear both in simulated and real data of the variables. Cell hits have
stored values of: energy, time, and position; which have been properly calibrated (see section

4.2.6).

4.3.2.1 The Slicer

In order to reconstruct a neutrino interaction, whether it is simulated or data, the first stage
in the reconstruction is to make slices of cell hits that share common features in space and
time. The Slicer sorts the cell hits in an event by time, after which subsets of cell hits (slices)

that are grouped by similar times are produced. Different slices are separated by at least

TReal values of the variables are those provided by the DAQ, and come from real mea-
surements, or data.
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Figure 4.17 Sample Cosmic Ray Event For Slicer Performance. Colors represent the
various physics slices.

530 ns. A physics slice is one where the number of cell hits is eight or greater.

Cell hits are considered noise, and removed from a physics slice, if they are isolated from
other cell hits in space and/or time. Cell hits with PE < 15 are also considered noise, and
removed from the physics slice: noise subtraction. Cell hits subtracted from a physics slice
are not recorded as noise, but are incorporated to the noise slice. After the classification
done by the Slicer there would be: physics slices, and a noise slice that collects all the noise
hits in the event. In events defined by a 500 us time window, the performance of the Slicer

is determined by its efficiency (¢) and purity (p):

e = L — 96%, p =t = 99%, (4.6)
Se Sp

where s¢ is the total number of true cell hits in the event that are not labeled as noise, s¢ is
the total number of cell hits in the physics slices and not labeled as noise, and s), is the total

number of cell hits in the physics slices [100]. Colored dots are drawn on top of the cell hits
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to represent each of the various physics slices, as shown in figure 4.17, for a sample cosmic

ray event. The noise slice is not drawn.

4.3.2.2 Track Reconstruction

In v, CC interactions, the nominal path of the muon through the detector is a straight line,
though multiple scattering can cause noticeable deviations, especially near a stopping point.
Nevertheless, tracking muons in the detector is straightforward, and their initial energies
can be calculated from the paths lengths, if the muons stop in the detector. The NOvA
collaboration developed a series of tracking algorithms to reconstruct cosmic tracks, tracks
from neutrino interactions, and showers. In tests on MC simulated muon tracks in the NDOS,
with its large number of inactive channels, the Kalman Tracker algorithm performs better
than the alternatives at reconstructing muon tracks produced by neutrino interactions.

To test the performance of the tracker on various kinds of particles, the difference between
the true and the reconstructed track lengths (AL) divided by the true track length (L) is
examined. The test shows that the tracker is most efficient at reconstructing muon track
lengths, and not so efficient at reconstructing the lengths of other particles. This test is most
relevant to this analysis of v, CC interactions, where tracking is used to identify a candidate
muon track. The track length allows the energy of the muon to be calculated. The remainder
of the neutrino interaction energy is determined using the detector as a calorimeter. The

overall efficiency (€) and purity (p) of the tracker are:

Ky k¢
€ ke ) p ]{:p ) ( )

where ke is the total number of true cell hits that belong to a particle, k; is the total number
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of cell hits in the reconstructed track that belong to that particle, and kj is the total number
of cell hits in the reconstructed track. The efficiency and purity for muons are higher than
for protons and charged pions. A summary of the performance of the tracker is presented in

table 4.1. For a complete study on the performance of the various NOvA trackers see [101].

Kalman Tracker‘ All ‘ 14 ‘ p ‘ s ‘

Efficiency 5% | 92% | 69% | 68%
Purity 61% | 87% | 3% | 41%
100% x AL/L - 23% | 131% | 78%

Table 4.1 Kalman Tracker Performance. Kalman Tracker’s efficiency, purity and AL/L
for various particles [101].

The Kalman Tracker uses a Kalman filter [102] for track pattern recognition and track
fitting. In this application, the filter has the ability to obtain pattern recognition and track
fitting in one module, and the capability to find multiple tracks within a group of correlated
cell hits. The input of the filter are slices from the Slicer, and the output are 2D and 3D
tracks. The 2D track reconstruction is performed on each physics slice, and separately in
each view. Whenever possible, the 2D tracks found in separate views are matched together
to form 3D tracks if these belong to the same physics slice. The Kalman Tracker algorithm
is described in appendix B.

The Kalman Tracker does not reconstruct a vertex. Therefore the interaction vertex is
placed at the starting (lowest Z coordinate) position of the longest track in the neutrino
interaction. The vertex resolution is very good in the three coordinates, about a cell, as seen
in figure 4.18. The tails in the distributions (beyond 1) account for 15% of all the tracks.
These tails are due to the large number of inactive channels in the detector, but they are
sufficiently small to make a reasonable fiducial volume cut based on the coordinates of the

vertex.
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Figure 4.18 Vertex Resolution. (a) X, (b) Y, and (¢) Z. MC simulation.
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Finding the endpoint of the longest track has some significant problems. The large gaps
in Z, with no active channels in the detector downstream of the interaction region, presents
a serious obstacle to achieving acceptable performance with the tracker. Therefore, the
resolution for the endpoint of the longest track is not as good as the vertex resolution. When
muons reach the regions where only a few planes have active channels (Z > 600 cm), the
endpoint of long tracks has a large uncertainty, as seen in figure 4.19. The long tails in figures
4.19a, 4.19b, and 4.19¢ account for: 63.2%, 66.4%, and 75.7% of all tracks, respectively. The
overall endpoint resolution in X and Y is about 50 cm, and in Z is about 60 cm. For

reference, a 2 GeV muon deposits 120 MeV of energy in 60 cm of scintillator.
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Figure 4.20 Sample Event. Case (1). MC simulation.

Reconstructed tracks have their starting and ending points in the center of an active cell.
However, a real muon is not guaranteed to end its trajectory in an active cell due to the
distribution of active cells. The trajectory of a long muon is more likely to end in an inactive

cell. The tracker places the end of the track in the last active cell with energy deposition
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along the track’s path. In the following cases, however, the real endpoint of the muon would

not be accurately reconstructed:

1. The muon could have ended its path in the region between planes with active cells.

2. The muon could have passed a plane with active cells through the PVC.

3. The tracker could have missed a cell hit in an active plane.

4. The muon could have left the detector before reaching the next active plane.

About 30% of the muons exhibit one of these behaviors [103]. In case (1), shown in figure
4.20, the muon stops at the end of the dotted path in red. On average, however, a muon
with this topology will have an endpoint halfway between the end of the dotted path and the
blue “x”, as illustrated by the magenta line segment added to the end of the reconstructed
track (red). The length of this segment extends the track to a point half the distance (H)
between the adjacent active planes, so that H/2 is added to the Z coordinate of the track’s
endpoint. With this correction, the difference between the true and reconstructed endpoint
is, on average, centered at zero, and exhibits a resolution of 25 ¢m, or the thickness of 5 cells
[103].

The other three cases are more difficult to accurately reconstruct. Sample events of the
last three cases are presented in figure 4.21, where top views for each event are labeled: Reco
for the reconstructed track, and MC for the true trajectory. In case (2), illustrated in figure
4.21a, the true muon trajectory passes through the plastic (MC top view) of the active plane,
around Z = 825 cm, deposits no energy in that plane, and then stops around Z = 970 cm.
The reconstructed track (Reco top view) ends in the previous active plane, which represents

a loss of about a third of the muon’s reconstructed energy. In case (3), illustrated in figure
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Figure 4.21 Sample Events. Cases: (a) 2, (b) 3, and (c) (4). Only the top view of the
detector in each event is shown. The red tracks are reconstructed objects, and the blue
tracks are the corresponding true objects. MC simulation.
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4.21b, the tracker does not include in the muon track the cell hit left in the active plane
around Z = 825 cm, making the reconstructed red track around 3 m shorter than its true
length, and its energy about 600 MeV too low. In case (4), illustrated in figure 4.21c, the
true muon trajectory leaves the detector (MC top view), at Z = 1050 cm, before reaching
the next active plane at Z = 1075 cm. With this topology, the tracker incorrectly assumes
the muon stops in the detector, which results in an energy estimation that is too low. These
three cases are not properly represented by the correction applied to the track length in case
(1), nonetheless, these will be corrected by the method described above since, in data, it is

not possible to make a distinction from case (1).

400 600 800 1000

400 600 800 1000

Figure 4.22 Sample Event. From figure 4.20 with extra track length correction applied for
containment purposes. MC simulation.

For tracks that actually leave the detector (not contained), the length correction presented
above is insufficient to obtain the correct energy. Therefore, tracks with the potential to leave

the detector will be removed from the sample. The correction presented above is applied to
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the reconstructed track length of muons to better estimate, on average, the energy of the
muon sample. The lack of information on the real endpoints of the muon tracks requires
further manipulation of the track lengths in order to determine their containment. Only for
containment purposes, an extra line segment is added to the muon tracks, with endpoints
beyond Z > 600 cm, so that the new reconstructed track length reaches the next active
plane, as seen in figure 4.22. The magenta line segment goes from the last cell hit in the
track to the next active plane in the projected muon trajectory. If the new endpoint of the
extension (magenta line segment) is within the detector volume in both views, the track will

be labeled as contained, while the uncontained tracks will be removed from the sample.

4.4 Data Quality

Number of Active Channels. NDOS DATA.
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Figure 4.23 Number Of Active Channels Per Good Run. The good Run number
increases with time: 13067 = 10/29/2011, and 13782 = 04/30/2012.

A number of quality checks are performed to make a list of good data files to be used in
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the physics analyses. A good data file, or SubRun, meets the following criteria:

e The first SubRun of a Run is longer than 30 min.
e The file is not a collection of empty events.
e The file has less than 10% of noise-only events.

e The number of cell hits per active channel per event (hace) in the file is:

0 < hace < 0.06.
e The average number of slices (ng) in the file is: 1 < ng < 6.
e The average slice duration (ts) in the file is: 0 < tg < 1500 ns.

e The file shows a record of synchronized DCMs.

Also, good data files must have at least 4400 active channels, as seen in figure 4.23.

In the midst of changing conditions of the NuMI beam, the reconstruction process yields
a total number of neutrino candidate events that correlates well with the integrated num-
ber of POT [104], as shown in figure 4.24. Although the proton beam intensity varied
throughout the data taking period, the beamline components did not change. There are
a few times during the data taking period where the number of candidate events found
jumped or dropped slightly in a small region of integrated POT. The candidate event rate:
2 x 10717 events /POT, correlates well with that expected on the basis of the neutrino beam
energy spectrum and the cross sections contained within the simulation program.

The DAQ reads out cell hits per event in 500 us wide trigger time windows centered at

about the time of an expected neutrino arrival. The average time of the cell hits per physics
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Figure 4.24 Number Of Neutrino Candidates As A Function Of The POT. Colors
represent various beam configurations [104].
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Figure 4.25 Time Of Event Slice In The Data Of The NOvA Prototype Detector.
Full DAQ window. Official NOrvA NDOS figure [105]. The bin size is 1 us.
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slice is shown in figure 4.25 [105], where a physics slice is considered an event®. In the event
display, the trigger time window is represented by a histogram that starts at —50 ps and
ends at +550 pus. The data are read in blocks of 50 s, and the boundaries of these blocks
generally do not match the boundary of the 500 us time window, ¢.e. a portion of the first
and last blocks belongs to the 500 us time window, and the other portion does not. Two full
blocks, one at the beginning and one at the end of the 500 us time window, are presented in
each event display. The amount of hits recorded in these two blocks falls rapidly for times
away from the boundaries of the 500 us time window. The neutrinos from the NuMI beam
are expected within the beam spill, 10 us long, centered at 222 us into the trigger time
window. A trigger time window containing a selected neutrino candidate event is shown
in figure 4.26. The red arrow points to the peak of cell hits that comes from the selected

neutrino candidate event at about 220 us.

0 100 200 300 400 500
Time (usec)

Figure 4.26 Sample Trigger Time Window. A selected neutrino candidate event with
no cosmic ray background.

The out-of-time NDOS data, all from cosmic rays, which is defined by (refer to figure

8The word event used before to refer to collections of cell hits occurring within 500 us is
also used to refer to a physics slice which is suppose to represent the cell hits of a neutrino
interaction.
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4.25) the time intervals”:

t < +216.5pus, and t > +227.5 s, (4.8)

has a constant rate in the time intervals:

—3.5us <t < +4216.5us, and +227.5us <t < +436.5 us. (4.9)

The recorded cosmic ray rate rapidly goes to zero for:

t < —3.5us, and t > +436.5 us. (4.10)

The neutrino signal from the NuMI beam appears at about 222 us in figure 4.25, as ex-
pected. As discussed above, the beam spill interval is 10 ps wide. However the NDOS

timing resolution is 0.5 us, and consequently the in-time window is defined by:

+216.5 us < t < +227.5 ps, (4.11)

a window that is 11 ps wide for this NDOS analysis.
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Figure 4.27 Time Of Physics Slices In The Data Of The Prototype Detector. Note
the in-time data at about 220 us.

4.5 Cosmic Rays

As a consequence of its location in a surface building, NDOS records millions of cosmic rays.

A constant rate of cosmic rays is recorded in each trigger window for:

—3.5us <t < +436.5 ps. (4.12)

Therefore, to establish the level of cosmic background in the neutrino data, cosmic rays
within this time interval, 429 us widel?, are considered. The time interval used to establish

the constant cosmic rate is shown in figure 4.27. The bin size is 2 us, four times the NDOS

9These time intervals exclude the beam window.

10Note that the width of 429 us results from the exclusion of the in-time data, which is
11 ps wide.
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timing resolution!!. A straight line fit to the out-of-time data allows to determine that the

cosmic ray rate is flat within the shown time interval. The parameters of the fit are:

y-intercept: (114.9 4 1.5) Slices/2 x 10°ns,

slope: ((5.5 x 1077) £ (6.1 x 10—6)> Slices/2 x 103ns?. (4.13)

The slope is consistent with zero, and its variation over the range of the time window
is of 0.2%. The timing histogram representing the trigger window of an event with four
reconstructed cosmic rays is shown in figure 4.28. The peaks coming from their cells hits
appear at about: 55 us, 90 us, 290 us, and 380 us. Note that there is no peak of hits at the
NuMI trigger time, around 222 ps. The event display of this particular event with cosmic

rays is presented in figure 4.29.
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Figure 4.28 Sample Trigger Time Window. Only cosmic rays in the event.

In order to reduce the cosmic ray background that appears inside the NuMI trigger
window, the angular distribution of the out-of-time cosmic tracks is compared to that from
the MC simulated beam tracks. Three angles are studied: cosfy, cosfy, and cos ONumT-

The first two angles are those between the unit vectors of the detector’s axes X and Y (i

LAl the slices that passed the containment cuts discussed in section 5.2, and had a
reconstructed track with track length longer than 2 m are presented in figure 4.27. The time
assigned to a slice is an average of all its cell hits times.
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Figure 4.29 Sample Cosmic Ray Event. This figure shows a sample cosmic ray event
with four reconstructed cosmic rays.

88



Ground _v| NDOS '—»z
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Figure 4.30 Beam To Prototype Detector Coordinate Transformation Illustration.
Graphical representation of the beam reference frame (blue) and the NDOS reference frame
(black). The red arrow represents the direction of the neutrinos, from the NuMI beam, that

reach the NDOS. Not to scale.

and 5), and the unit vector of the longest track in the event, 0;:

A Xf_XZ

1-0¢ = cosfy = — 7

A Yr—Y;

j 0 = cosby = fL Z,

~ Zy— 2

k-0 = cosbly = 7 (4.14)

where X, Y;, and Z; are the starting point coordinates of the longest track in the event; X,
Y; and Zy are the ending point coordinates of the track, and L is the track’s length. The

cos Oy 1S the cosine of the angle between ¢; and the unit vector of the neutrinos coming
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from the NuMI beam, 0p:

OnN -0t = cosOngmr = VNV + v]yvvi/ + virvf,

= v} cosby + v} cosfy + v cosfy,

dx dy dz
= gcosﬁX + £COS¢9Y + s
dz (dsdx ds dy

a5 \dods “0x T g

cosfy,

cos Oy + cos 92) ,

ds \ dz dz

1 [/d d
= (_x cosfx + % cos Oy + cos HZ) : (4.15)
dz

The origin of the NDOS reference frame is: dz’ =-0.29 m, dy’ = 92.21 m, and dz’ = 841.76 m,
with ds’ = 846.80 m, in the beam coordinates. The coordinates transformation derived in
[106] (see figure 4.30) allows to get that point in the NDOS reference frame: dx = -29.0 cm,
dy = 4300.8 cm, and dz = 78070.2 cm, with ds = 78188.6 cm. In the NDOS reference frame:

% = 1.00151, % = 0.00037, and % = 0.055. From equation (4.15), the cos OnymT is:

0.055 cos By + cos Oy
1.00151

cos ONuMT = (4.16)

The ratio ‘Cll—ﬁ is assumed to be zero in the MC simulation as it is small compared to the other
fractions. The direction of 0 is illustrated in figure 4.31.

Cosmic rays are a background to the neutrino signal. However the angle of a cosmic ray
muon is rarely parallel to the direction of the neutrino beam. The angular distribution of
the longest tracks in the simulated CC neutrino interactions are peaked in the direction of
the neutrino beam, as shown in figure 4.32. The cosmic rays and the simulated tracks from
neutrino events have peaks at: cosfx = 0, as shown in figure 4.32a, so that this variable does

not provide much discrimination power. Cosmic ray tracks have a strong preference for the
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Figure 4.31 The Direction Of Neutrinos From The NuMI Beam In The NDOS.
The direction of the neutrinos from the NuMI beam at the NDOS location is represented by
red arrows drawn on top of the NDOS event display.

vertical direction, |cosfy| ~ 1, while long tracks generated in neutrino interactions prefer
the horizontal direction, cosfy ~ 0, as shown in figure 4.32b. The greatest discrimination
between cosmic rays and the longest tracks from neutrino interactions is in the angle with
respect to the beam direction. The neutrino interaction tracks have a peak at: cos On,ur ~ 1,
in contrast with the maximum exhibited by the cosmic rays at: cos &N ~ 0.1, as shown
in figure 4.32c.

Simple cuts in the angular distributions of the reconstructed tracks can make a clean
separation between neutrino data and the cosmic ray background, as will be discussed in
Chapter 5. All the reconstruction tools presented in this chapter aid to analyze the data

that passes the quality control checks summarized here.
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Figure 4.32 Longest Track Angular Distributions. NDOS MC (red) and cosmic ray
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cos Oyt distributions.
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Chapter 5

Event Selection

As discussed in section 4.4, an event is a set of data collected within a 500 us time window;
however, many different physical processes can occur within this time. The purpose of event
selection is to identify probable neutrino interactions within this time window, and study
them in order to determine their nature, i.e. their interaction type (CC or NC), and the
neutrino type (v, or ve). In the NDOS, the word event refers to a neutrino interaction
without confusion since the chances of two or more neutrino interactions in one 500 us
window are extremely low.

Although muons are easy to identify in the NOvA detectors, energetic charged pions
and protons that behave like minimum ionizing particles (MIP) represent a background
to the muon sample!. When protons and charged pions undergo hard scattering, these
leave in the detector characteristic signatures, figures 5.1a and 5.1c are examples of these
signatures. These two simulated single particle events have momenta around 2 GeV/c, and
do not represent a background to the muon signal because they are either too short or too
heavily ionizing. In contrast, when protons and charged pions behave like a MIP, as seen
in figures 5.1b and 5.1d, these do represent a background to the muon signal. These two
simulated single particle events also have momenta around 2 GeV/c, however, these leave

different signatures in the detector, similar to that of muons. Hadrons with momenta around

IElectromagnetic showers also contribute, in smaller proportions, to the background.
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Figure 5.1 Single Particle Events. (a) Proton: 1.9 GeV/c. (b) Proton: 1.9 GeV/c. (c)
7t 2.1 GeV/e. (d) 7: 1.9 GeV/e. (e) u: 0.5 GeV/c. Colored dots represent the various
energy depositions left in the detector by the particles. MC simulation.
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2 GeV/c that behave like a MIP are not as much of a background to 2 GeV/c muons as
these are to 0.5 GeV /c muons, as seen in figure 5.1e.

Described in the sections to follow are the cuts applied to reject events without a final
state muon. The various efficiencies and purities of the selected sample are also presented
in the following sections. The cuts that remove cosmic rays from the selected event sample

are included as well.

5.1 Charged And Neutral Current Neutrino Interac-

t L]
200 400 600 800 200 400 600 800
t. g ] .-",w“ =i
L] i h-euelil)
man. : :
.,
LEEGELEE R R R R R R i )
e S EEd
g 5i’Ii‘ -
a '\ L} g
& 2 - e
¥ L
200 400 600 800 200 400 600 800
V, 180 GeVIT+ =5 v, 105 Gevie] + Xy (226eVie] = Xy [14Gevie] + 1 (12 Gevie] = 7 101 Geve] (NC) v, 119Geviel+ 50— 06 Gevie + p [07 Geviel + 1 (05 Gevie = ' (05 Geve] (DIS)
(a) (b)

Figure 5.2 Sample Events. (a) Sample NC event: v, +p — v, + KT + K +n + 70, (b)
Sample CC event: v, +12¢0 5 pw+p+n + 70, MC simulation.

CC neutrino interactions have a background that comes from NC neutrino interactions

which contain a hadronic track that mimics a muon. Two sample MC events are shown in
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figure 5.2: one is a NC event (figure 5.2a), and the other one is a CC event (figure 5.2b). The
two events in figure 5.2 show a similar energy deposition, and a long MIP track. A longest
track with MIP behavior is shown in figure 5.2a; this particle is a KT (red track). The event
also features a K, a neutron and a 7°. The neutrino energy is 5.0 GeV. In contrast, figure
5.2b has a muon as its longest track (green track). The event also has a 7V that decays into
two photons, a proton, and a 7. This is a DIS event. The neutrino energy is 1.9 GeV.
Figure 5.2a is an example of a NC MC simulated event that needs to be rejected in order to

achieve a clean CC sample. Section 5.3 is going to address the rejection criteria.

True v Energy. Interaction Type. NDOS MC.

T T T T T T T T T T T T T T T T T T T T T T T T

—All
—CC
—NC

Events

2 3
v Energy (GeV)

Figure 5.3 NDOS Neutrino Energy Distributions. Predicted neutrino energy distribu-
tions discriminated by interaction type. All interactions (black), CC (blue), and NC (red)
energy distributions. MC simulation.

From the MC simulation it is known that 69.4% of the neutrino interactions in the NDOS
are CC and 30.6% are NC, as seen in figure 5.3. The % ratio rises rapidly with neutrino
energy, as shown in figure 5.4. For energies above 1.8 GeV the ratio is about 2.6, consistent

with measured cross sections ratios [44].
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CC/NC Ratio vs. v True Energy. NDOS MC.
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Figure 5.4 MC Prediction Of The Ratio Of CC To NC Neutrino Interactions.
Ratio as a function of neutrino energy for all simulated events.
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Figure 5.5 Fraction of Reconstructed CC Events. Fraction of reconstructed CC events
out of the total sample: CC 4+ NC, with at least one reconstructed track. MC simulation.
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v True Energy. Reconstructed/True Ratio. NDOS MC.
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Figure 5.6 Ratio Of Reconstructed Over Simulated Events. Reconstruction ratio as
a function of the predicted neutrino energy discriminated by interaction type. The ratio re-
constructed /true for: all interactions (black), NC (red), and CC (blue) energy distributions.
All reconstructed events must have at least one reconstructed track. MC simulation.

As presented in section 4.3.2.2, the requirement of a minimum of 8 hits to reconstruct a
3D track is a strong cut resulting in an efficiency that strongly favors the desired CC events,
as shown in figure 5.5. At neutrino energies less than 0.1 GeV, no events are reconstructed.
For energies above 0.1 GeV the CC sample with at least one reconstructed track is about
four times larger than the reconstructed NC sample. From the total number of reconstructed
events: 81.4% are CC and 18.6% are NC. Within this sample there are three ratios of interest:
all reconstructed events to all simulated events, all reconstructed CC events to all simulated
CC events, and all reconstructed NC events to all simulated NC events, as seen figure
5.6. Events with energies less than 0.1 GeV are not reconstructed by the reconstruction
algorithms due to the lack of information. The NC event reconstruction rate drops below

50% for event energy less than 1.8 GeV, and the CC reconstruction rate dramatically drops
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for event energy below 0.4 GeV. Summarizing, 26.4% of all simulated interactions are not

reconstructed. The effects of the remaining NC background is discussed in section 5.3.

5.2 Event Containment Criteria

Reconstructed neutrino interactions are required to originate? in the vertex region (VR)

defined as (refer to figure 5.7):

| X| < 106cm,
Y| < 172cm,
988cm < Z < 452cm. (5.1)

These VR limits are chosen such that the number of neutrino interactions occurring in it
is maximum while the purity® and efficiency? of the limits are maximum as well. The VR
limits also ensure that full cell transverse areas are included.

The VR represents 8% of the total NDOS volume. The instrumented regions in front
(lower Z) and to the sides of the limits of the VR are used as veto regions in order to ensure
that the longest track of each event starts within the VR. Hits within these veto regions
imply that the track came from outside the VR. The reconstructed neutrino interaction 3D
coordinates, or vertex, are defined at the point with lowest Z coordinate of the longest track.

The simulation indicates that the containment of the reconstructed interaction vertex within

2See section 4.2.
3See equation (5.2).
4See equation (5.3).
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Figure 5.7 Vertex Region Of The Prototype Detector.

the VR has a purity (p) of:

N
p = & — (96.7+0.2)%, (5:2)
Np

where Np is the number of reconstructed tracks starting within the VR that have a corre-
sponding true track starting within the VR, and N7 is the total number of reconstructed
tracks starting within the VR. The efficiency (¢) is:

Nr

¢ = . = (956+02)%, (5.3)

where N, is the number of true tracks starting within the VR. The VR purity and efficiency
as a function of neutrino energy are summarized in table 5.1, at the end of this chapter.

To determine the energy of a muon it must range out and stop in the detector, therefore
it has to be contained within the detector. Containment of the longest track is also one of the

cuts designed to reduce background from cosmic ray muons. The longest track is required

100



—0 200 400 600 800 1000 1200 1400

Containment
Region

X (cm)
I
|

Containment
Region

y (cm)
[

0 200 400 600 800 1000 1200

Figure 5.8 Containment Region Of The Prototype Detector.

to be contained within a containment region (CR) defined as (refer to figure 5.8):

|X| < 119cm,
Y| < 184cm,
288cm < Z < 1406 cm. (5.4)

These CR limits are chosen such that the number of neutrino events contained in it is
maximum while the purity® and efficiency® of the limits are maximum as well. The CR
limits also ensure that full cell transverse areas are included. In order for a longest track
to be fully contained, this has to start within the VR and end within the CR. Outside the
CR boundaries there are three veto cells between the edges of the CR and the edges of the

detector’. Hits in these veto cells imply that the track is not fully contained, and therefore

%See equation (5.5).

0See equation (5.6).

"From figure 5.8 it is clear that between Z = 0 and Z = 288 cm there are more than
three cells. All the instrumented volume in this region is used as veto.
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the particle left the detector; or it came from outside the detector. The simulation indicates

that the containment of the longest track within the CR has a purity (p) of:

N
p = —ff = (87.7+£04)%, (55)
Nt

where Np is the number of reconstructed tracks contained within the CR that have a corre-
sponding true track contained within the CR, and N7 is the total number of reconstructed

tracks contained within the CR. The efficiency (e) is:
N
e = & = (76.1+0.5)%, (5.6)

where N¢ is the number of true tracks contained within the CR. The CR purity and efficiency
as a function of neutrino energy are summarized in table 5.1, at the end of this chapter. These
purities and efficiencies are affected by the small number of active planes beyond the VR
that are used to identify if, and where, the muon stopped within the detector.

To verify the containment of a reconstructed longest track within the VR and the CR
the track must be 3D. The simulation indicates that the efficiency (¢€) of reconstructed 3D
tracks is:

Nr

¢ = § = (196+£02)%, (5.7)

where Np is the number of reconstructed 3D tracks with an associated true track, and N,
is the total number of true tracks. The efficiencies as a function of neutrino energy are
summarized in table 5.1, at the end of this chapter. The low number of active channels
outside the VR is responsible for the 20% of longest tracks that are only reconstructed as

2D tracks. In these cases, one of the views does not have enough information to reconstruct
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a 2D track, therefore, with only one 2D reconstructed track, a 3D reconstructed track is

impossible to make.

5.3 Charged Current Event Selection

In order to identify the CC neutrino events from the NC and cosmic ray backgrounds,
the NDOS MC simulation is used find the physical variables that are most sensitive to
the differences between them. To make such distinctions, various reconstructed physical

variables are investigated.

5.3.1 Longest Track Length Cut

Longest Track Length. NDOS MC.

— Muon |

— Non-muon

Tracks

L I L " - e L I L L I 1
0 200 400 600 800
Track Length (cm)

P .
1000 1200

Figure 5.9 Monte Carlo Simulated Longest Track Length Distributions For Muons
and Non-muons. Muon (blue), and non-muon (red) track length distributions. MC simu-
lation.
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The main characteristic of a v, CC event of interest is that it has a muon. In these CC
events the longest track is typically that of the muon, and the longer the track, the lower is
the background from hadronic or electromagnetic tracks (non-muon), as seen in figure 5.9.
The next approach to identify CC events is to study the reconstructed longest track length
(LTL) for each event, and separately examine CC and NC samples. These tracks must start

within the VR and be 3D.

Longest Track Length. NDOS MC. Contained.
0 L v T vt I ! L vt T T
i —All ’
[ —CcCc 7
i —NC ]
2 L B
(&)
E — ]
=L i
0 I 2(I)O I = 4(I)0 — 6(I)0 — 8(I)O = .10IOO. . .1;00
Track Length (cm)

Figure 5.10 Monte Carlo Simulation Of The Longest Track Length Distributions.
All interactions (black), CC (blue), and NC (red) longest track length distributions. All
longest tracks are contained. MC simulation.

The LTL distributions are shown in figure 5.10 for each interaction type. Based on these
distributions, a cut is chosen at:

LTL > 200 cm. (5.8)

Relation (5.8) divides the sample into two: the first one is that with LT'L > 200 cm, which has

a 3.8% background coming from NC events, and the second one is that with LT L < 200 cm,
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which has a 24.7% background coming from NC events. The contained reconstructed sample
shows that 63.9% of all the CC reconstructed tracks, and 17.1% of all the NC reconstructed
tracks are longer than 200 cm. The analysis sample has all the LT'L > 200 cm and it is
assumed to be a CC sample with a 3.8% of NC background. The MC simulation indicates
that the purity (p) of the track length cut (TLC) is:

Nr

= Fo = (M45E0D%, (5.9)

where Np, is the number of reconstructed tracks longer than 200 cm that have a corresponding
true track longer than 200 cm, and Np is the total number of reconstructed tracks longer
than 200 cm. The efficiency (e) is:

NR

¢ = N = (596£03)%, (5.10)

where N¢ is the number of true tracks longer than 200 cm. The TLC purity and efficiency as
a function of neutrino energy are summarized in table 5.1, at the end of this chapter. These
relatively low efficiencies come from the combined effect of the reconstructed 3D tracks, the

reconstructed end point of track, and contained tracks efficiencies.

5.3.2 Cosmic Ray Cuts

The containment cut on the longest track in an event removes a large fraction of the cosmic
rays that are within the NuMI time window. However, those that appear to stop within
the vertex region and slip through the containment cut can be mistaken for a CC neutrino

event.
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Figure 5.11 Cosmic Rays Rejection Zone By The Cut In cosfy . Reconstructed cosmic
tracks in red with (a) cosfy = 0.6, and with (b) cosfy = 1.0.
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Additional cuts on the angles of the longest track, discussed in section 4.5, are necessary
to further reduce this background. In section 4.5 three cosines were defined. The cos 6y
distributions for MC simulation and out-of-time data (see figure 4.32b) present clear differ-
ences between signal and background. The longest track cosfy ratio: background/signal,
becomes less than 1 for |cosfy| < 0.6. In order to reject cosmic rays, only in-time events
with longest tracks with |cosfy| < 0.6 are accepted. This cut rejects 90.7% of the cosmic
background, and keeps 94.4% of the neutrino data. The cos Oy distributions for MC
simulation and out-of-time data (see figure 4.32c) present a clear difference between signal
and background. The longest track cos@nyyr ratio: background/signal, becomes less than
1 for cos Onynmr > 0.6. To further reject cosmic rays, only in-time events with longest tracks
with cos Onyv > 0.6 are accepted. This cut rejects 96.9% of the cosmic background, and
keeps 96.3% of the neutrino data. The two cuts combined reject: 98.5% of all cosmic rays,
and keep 93.4% of the neutrino data.

Two sample cosmic events that span the rejection region defined by the cut in cosfy are
shown in figure 5.11. A cosmic ray with cosfy = 0.6 is shown in figure 5.11a, and a cosmic
ray with cosfy = 1.0 is shown in figure 5.11b. Another two cosmic events that span the
rejection region, defined by the cut in cos Onyng are presented in figure 5.12. A cosmic ray
with cos Onywvr = 0 is shown in figure 5.12a, and a cosmic ray with cos Oy = 0.6 is shown
in figure 5.12b.

To summarize, the cosmic cuts accept tracks that fulfill:

| cos By| < 0.6, cosbOnymr > 0.6. (5.11)

The correlations between cos fly and cos O\ are shown in figure 5.13. Most of the cosmic
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Figure 5.12 Cosmic Rays Rejection Zone By The Cut In cosfnyvr- Reconstructed
cosmic tracks in red with (a) cosOnynvr = 0, and with (b) cos Onymr = 0.6.
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tracks occur in the rejection region defined above, as shown in figure 5.13a, while from figure
5.13b it is clear that the MC signal is mostly inside the acceptance region.

The out-of-time cosmic rays that pass the cuts in relations (5.11) are scaled to the size
of the trigger window®, and then subtracted from the in-time data that pass these cuts to
obtain the final v, + 7, CC candidates sample. This subtraction is done bin by bin in the

number of selected neutrino candidates vs. neutrino energy figure”.

5.3.3 Minimum Ionizing Particle Cut

Track dE/dX. NDOS Cosmic DATA.
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Figure 5.14 Cosmic Track Mean dE/dX. NDOS cosmic data.

The longest track in each event is assumed to be a muon. However, a background of
other particles, mostly hadrons, is present. The reconstruction algorithms can mistake an

electromagnetic shower as a long single track. CC interactions of the v, component in the

8Recall relation (4.11).
9See figure 8.6.
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NuMI beam can produce an energetic electromagnetic shower. Most of the electromagnetic

tracks that fake a muon can be rejected on the basis on their energy deposition profile.

Longest Track MIP Fraction. NDOS MC.
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Figure 5.15 MIP Fraction. Muon (blue) and non-muon (red). Areas normalized. MC
simulation.

The best way to know the energy deposition profile for muons is to investigate cosmic
muons. The distribution of the mean dE/dX of contained cosmic muons is presented in
figure 5.14. From this figure it is possible to define a MIP fraction (MIPy.,.) as the fraction

of cells within a track with:

1.1MeV/em < dE/dX < 2.7MeV /cm, (5.12)

range that encompasses 90% of all the cosmic muons, which have a mean of 1.95 MeV /cm.
A MIP must have a MIP fraction close to 1. The MIP fraction for simulated muon and
non-muon tracks is shown in figure 5.15. The mean MIP fraction for muons is 0.75, while

that of non-muons is 0.65. 99.8% of all muons have MIP fraction higher than 0.4, while
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69.8% of all non-muons have MIP fraction higher than 0.4. These percentages motivate a
new cut, the MIP cut, defined as:

MIPf,. > 0.4. (5.13)

The fractions of the distinct particles producing the longest reconstructed track (LRT) are
presented in figure 5.16. The fraction of events in which a muon produces the LRT is 0.85, the
other 0.15 is equally shared between protons, charged pions, electrons, and photons!?. Some
of these protons and charged pions come from NC interactions, however most of them are
secondary particles from high y (defined in equation (2.17)) interactions in the CC sample.
Electrons come from the v, CC background to the v, CC signal, and can be rejected based

on their energy deposition profile.
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Figure 5.16 Longest Track Particle Identity. Fraction of particles prior (red) and pos-
terior (blue) to the MIP cut. MC simulation.

Rejecting tracks based on relation (5.13) considerably reduces the fraction of electromag-

10Photons here refer to the primary particle that originates the electromagnetic shower.
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Figure 5.17 Consequences Of The MIP Cut. Before (red) and after (blue) the MIP cut
for (a) neutrino types, and (b) interaction types. MC simulation.

netic tracks (from ve 4+ 7 CC) in the v, CC sample from about 4% to about 1%, as shown in
figure 5.16. The impact of this cut on other aspects of the analysis is minimal, as seen from
figure 5.17. The composition of the neutrino sample before and after the MIP cut is seen in
figure 5.17a, with 1.4% of ve + e CC background. The cut reduces the NC background to
a 2.9% level from the initial 3.5%, as seen in figure 5.17b. The MC simulation indicates that
the purity (p) of the MIP cut is:

Nr

= o = (OL3X06%, (5.14)

where Np is the number of reconstructed tracks with MIP fraction larger than 0.4 and
identified in true as a muon, and N7p is the total number of reconstructed tracks with MIP
fraction larger than 0.4. The efficiency (e) is:

Nr

¢ = N = (991£02)% (5.15)

where N is the number of true muons. The MIP cut purity and efficiency per energy bins

are summarized in table 5.1, at the end of this chapter.

112



After the event selection procedure is complete, the sought set of 1, CC events is obtained.
Each of these events goes through a process of energy reconstruction that produces the
neutrino energy distribution of the selected sample.

Table 5.1 shows that the efficiency on the track length cut (TLC) increases with neu-
trino energy as the LTL reconstruction efficiency increases with length. The purity on the
containment cut (CR) decreases with increasing neutrino energy as the muons become more
energetic and leave the detector more frequently. Table 5.1 also shows how the MIP cut pu-
rity decreases with increasing neutrino energy as the contained reconstructed longest track
is not a muon. This is because the energetic muon escapes the detector more frequently for
high y CC interactions. All the efficiencies and purities shown in table 5.1 are calculated
to know the performance of each particular selection criterion. The calculations done for a

particular selection criterion have no dependency on previous or posterior selection criteria.

113



| Cut\E (GeV) [ 0.5-1.0 | 1.0-1.5 | 1.5-2.0 | 2.0-2.5 | 2.5-3.0 | 3.0-3.5 | 3.5-4.0 | 4.0-10.0 |

3D
Efficiency 74.8% | 79.9% | 80.2% | 80.6% | 81.3% | 81.4% | 80.3% | 80.7%
Error 0.3% 0.3% 0.2% 0.3% 0.5% 0.7% 0.9% 0.5%
TLC
Purity 95.7% | 94.6% | 95.1% | 94.8% | 93.4% | 92.4% | 90.7% | 92.2%
Error 0.2% 0.2% 0.1% 0.2% 0.4% 0.5% 0.7% 0.4%
Efficiency 38.8% | 53.8% | 59.3% | 63.2% | 69.2% | 71.5% | 76.0% | 81.6%
Error 0.4% 0.4% 0.3% 0.4% 0.7% 0.9% 1.0% 0.6%
VR
Purity 97.4% | 97.0% | 96.6% | 96.6% | 96.4% | 95.4% | 94.2% | 95.3%
Error 0.3% 0.2% 0.2% 0.2% 0.4% 0.5% 0.7% 0.4%
Efficiency 97.0% | 96.4% | 95.6% | 95.5% | 94.9% | 94.8% | 93.0% | 93.9%
Error 0.4% 0.3% 0.2% 0.2% 0.5% 0.6% 0.8% 0.4%
CR
Purity 97.7% | 94.4% | 88.2% | 83.6% | 86.4% | 80.0% | 71.6% 55.6%
Error 0.4% 0.4% 04% | 0.5% | 0.8% 1.2% 1.6% 1.1%
Efficiency 71.4% | 68.8% | 72.1% | 73.8% | 84.4% | 86.2% | 80.6% | 73.2%
Error 1.1% 0.7% 0.5% 0.5% 0.9% 1.0% 1.4% 1.0%
MIP
Purity 99.1% | 94.3% | 90.0% | 87.7% | 87.2% | 83.3% | 77.7% 58.6%
Error 0.3% 0.5% 0.6% 0.7% 1.4% 1.8% 2.6% 2.4%
Efficiency 99.9% | 99.8% | 99.9% | 99.9% | 99.6% | 100% | 99.4% | 98.4%
Error 0.1% 0.1% 0.1% 0.1% 0.2% 0 0.5% 0.6%

Table 5.1 Event Selection Performance. Purity and efficiency for the various cuts made
during the event selection. The columns in this table represent the energy bins used in
this analysis. The last column includes energies from 4.0 GeV to 10 GeV. No statistically
significant data exist below 0.5 GeV.

114



Chapter 6

Event Energy Reconstruction

The energy of a neutrino interaction must be determined from the energy deposited in
the detector by the final state particles. In v, CC events, different physical processes are
involved in the determination of the energy of the muon or the hadronic system. In some
cases, a muon will stop in the detector before it decays or is captured in an atomic orbit.
The ionization energy loss mechanism of a muon is well understood, so that the energy
of a muon can be directly related to its range, which is estimated by its track length in
the detector!. The energy deposited in the detector by hadrons is reconstructed using the
detector as a calorimeter, i.e. the deposited energy is scaled, using the hadronic energy in
the MC simulation, in order to estimate the full energy encompassed within the hadronic

system.

6.1 Muon Energy Estimation

The MC simulation of the particles interacting with the detector incorporates the ionization
properties of the muon as well as the distortions introduced by the detector structure and
operation. For muon energies between 0.4 GeV to above 3 GeV, and the mixture of materials
of the NOvA detectors (average detector density of 1.02 g/cm? [107]), the corresponding

ionization energy loss rates vary from 2.1 MeV cm? /g to 2.3 MeV cm? /g. As the muon

ISee [87] for a detailed discussion on passage of particles through matter.
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Figure 6.1 Muon: True Energy vs. Reconstructed Track Length. (a) True energy of
muons as a function of the reconstructed track length. (b) Profile plot of (a). MC simulation.

energy drops below 0.4 GeV, the energy loss rate rises and reaches higher ionization levels
shortly before stopping. Therefore, the experimentally determined muon energy and the
range are nearly linearly related. The true muon energy and its reconstructed track length
are strongly correlated, as shown in figure 6.1. The reconstructed track length is used to
determine the energy of each observed muon. The true energy of the muons (E7) as a

function of their reconstructed track length (Lg) is (refer to figure 6.1a):

Ep =po+piLlpg, (6.1)

where the p; are parameters to be determined. Deviations from equation (6.1), particularly
at short track lengths, come from uncontained muons, as described in section 4.3.2. Equation
(6.1) is a good approximation to describe the relationship between the true energy and the
reconstructed track length (longer than 200 ¢cm) of the muons; however, the data shown in
figure 6.1a do not follow a straight line, these are scattered inside a narrow band with some
width. In order to reconstruct the energy of the muon, the most probable value of true energy

per reconstructed track length bin is calculated and drawn as a function of reconstructed
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track length, as shown in figure 6.1b. The error bars are the spread of the energy per track
length bin.

The p; in equation (6.1) are functions of Lp, and are set equal to parameters obtained
from straight line fits. More than one straight line fit are required to better represent different
regions in figure 6.1b. The region: Lp < 580 cm (refer to figure 6.2a), has x> = 90.91 for
ndf = 74. The region: 580 cm < Lp < 920 cm (refer to figure 6.2b), has x> = 72.34 for
ndf = 66. The last region: Li > 920 cm (refer to figure 6.2¢), has XQ = 2634.5 for ndf = 144,
and is more scattered than the first one. The three regions combined have y? = 9340.46 for
ndf = 284. In order to minimize the y2, a handful of straight line fits are calculated for the

first and last regions. For the last region, e.g., there are five fits with the following results:

e 920 cm < Lp < 1115 cm: x2 = 56.6 for ndf = 37.

e 1115 cm < Lp < 1285 cm: x2 = 53.4 for ndf = 32.
e 1285 cm < Lp < 1375 cm: x? = 30.2 for ndf = 16.
e 1375 cm < Lp < 1490 em: x2 = 30.6 for ndf = 20.
e 1490 cm < Lp: x? = 132.3 for ndf = 31.

All the straight line fits are constrained to be continuous. The parameters of the fits are
used to obtain a first order approximation of the reconstructed energy.

The final version of the reconstructed muon energy is obtained after taking the difference
of the true energy and the approximated reconstructed energy. Small corrections, CY, of the
order of 1% of the muon energy, are added to these approximated energies, per track length
bin, in order to achieve that the mean of the difference between the true energy (Ep) and

the reconstructed energy (ER) of the muon is equal to zero: AE = Ep — Ep = 0, as seen in
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figure 6.3a. Finally, the reconstructed energy of the muon is:

Er =po(LR) +p1(LR)LR + Cy(LR). (6.2)

The parameters of the fits and corrections are used to obtain the reconstructed muon energy

in data.
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The uniformity of the density of the NDOS is broken at the muon catcher, thus, muons
that reach the muon catcher require an additional term in equation (6.2) that would take

into account the portion of the muon’s trajectory that goes through the steel. For these
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muons, equation (6.2) changes to:

Er = pO(LR) + pl(Ls)Ls + p2(Luc)Luc + Cb(LR)a (63)

where Lg is the portion of the muon’s trajectory that goes through the plastic + scintillator
bulk, the py are fit parameters, and L. is the portion of the trajectory that goes through

the muon catcher. The reconstructed track length is: Lp = Lg + Ly
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Figure 6.3 Muon Energy Resolution. (a) True minus reconstructed muon energy (AFE)
as a function of the reconstructed muon energy. The average AF is effectively zero. (b)
Overall muon energy resolution. MC simulation.

The overall muon reconstructed energy resolution is obtained from the Gaussian fit shown
in figure 6.3b. The spread in the AE from the fit is the reconstructed energy resolution.
The tail of the distribution accounts for about 5% of the muons. These are considered
contained, but their true trajectory leaves the detector, therefore the difference between true
and reconstructed energies is positive and not close to zero. From the spread in the fit,
the resolution in reconstructed muon energy is 130 MeV. The muon energy resolution at
energies higher than 2 GeV is better than lower energies since the containment issues are

less frequent when compared to shorter, and less energetic, muon tracks. High energy muons
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Figure 6.4 Muon Energy Distributions. Muon true (black), and reconstructed (red)
energy distributions. MC simulation.

often have their momentum vector almost parallel to the beam’s direction, and these reach
the muon catcher, which helps to contain them. Around 1 GeV the resolution is about 14%,
i.e. 140 MeV.

Even with the best attempts to properly reconstruct the muon energy, a comparison of
the simulated energy for muons in CC events with their reconstructed values shows that there
is a tendency to move muons with energies lower than 0.6 GeV to an energy above 0.6 GeV,
as shown in figure 6.4. The reconstructed muons with energies about 1 GeV sharply peak
while the true muon energy is more spread out. This is the result of the LTL corrections

described in section 4.3.2.
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6.2 Hadronic Energy Estimation

The NOvA detectors were designed to obtain excellent electromagnetic shower identification
and energy resolution. This is accomplished with a detector comprised of primarily carbon
and hydrogen (low Z nuclei), resulting in an electromagnetic sampling fraction better than
65% [107]. These characteristics of the detector, however, result in a poor performance as a
hadronic calorimeter.

CC interactions produce hadrons in addition to the characteristic lepton. Hadronic energy
estimation is different from electromagnetic energy estimation (see [87] for details). Recalling
section 4.3.2, protons and charged pions often do not leave hit patterns to be reconstructed
into tracks in the NOvA detector, resulting in degraded energy resolution [108]. The presence
of hadronic showers combined with the neutrino event containment details studied in section
4.3.2, have as a consequence that the hadronic energy estimation is done by converting
deposited energy in the detector to real deposited energy.

The observed hadronic energy is defined as the sum of all the deposited energy in the
event that does not belong to the longest track, which is assumed to be the muon. Different
zones in the NDOS VR measure deposited energy differently depending on their location
and number of active channels. Since the neutrino event containment is only determined
by the longest track properties, it is necessary to introduce a method to take into account
hadronic energy that leaves the detector, is deposited in dead material or in cells without
APDs. Therefore, the energy corrections are determined by dividing the NDOS VR into 6

zones, as shown in figure 6.5. The limits of these zones are defined by:
e Zone 1: 53 cm > |X| > 106 cm, 288 cm < z < 345 cm.

e Zone 2: 53 cm > |X| > 106 cm, 345 cm < z < 402 cm.
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Figure 6.5 Hadronic Energy Classification Zones. The coordinates of the edges of the
distinct zones are shown with arrows. All zones fulfill the condition: 172 cm > |Y|. Zone 1
is the union of the two zones labeled with the number: 1. These two zones are equivalent,
and therefore are united into one. The same is true for the zones 2 and 3. Zones 4 through
6 are in the middle of the detector.

Zone 3: 53 cm > |X] > 106 cm, 402 cm < z < 452 cm.

Zone 4: 53 cm < |X], 288 cm < z < 345 cm.

Zone 5: 53 cm < [X], 345 cm < z < 402 cm.

Zone 6: 53 cm < |X], 402 cm < z < 452 cm.

All 6 zones are rectangular boxes fulfilling the condition: 172 cm > |Y|. Events are
classified by the zone in which their vertex is located. Events with an interaction occurring
in zones 1 through 3 will have a higher probability for energy to leave through the sides
of the detector, when compared to the other zones. In addition, zone 3 will have a higher
probability to leak energy into the region without active cells, when compared to the other
zones. Events with its neutrino interaction occurring in zone 6 will deposit a good fraction

of their energy into the region without active cells. Events with its neutrino interaction
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occurring in zones 4 and 5 will deposit most of the hadronic energy inside the detector and
the NDOS VR. All these zones have inactive or missing channels. Due to the differences in
energy deposition mentioned above, each zone needs its own energy estimation parameters.
Energy estimation parameters for each zone are determined through a comparison between
the deposited hadronic energy (the energy read by detector) and the true energy of the

hadronic system.
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Figure 6.6 True Hadronic Energy vs. Deposited Energy. Mean true hadronic energy
per deposited energy bin as a function of the deposited hadronic energy of (a) zone 3, and
(b) zone 4. MC simulation.

The mean true hadronic energy, per deposited hadronic energy bin, as a function of the
deposited hadronic energy of zone 3 is shown in figure 6.6a. Zone 3 is the sample of events
that deposits less energy into the detector, when compared to the other zones. Figure 6.6b
is the equivalent of figure 6.6a for zone 4, which is the zone that gets the largest hadronic
energy deposition of all 6 zones. The correlations between true hadronic energy (Hp) and
deposited hadronic energy (Hpg), which are distinctly non-linear in all the 6 zones, help
to define the reconstructed hadronic energy (Ej,q). These correlations are presented by

polynomials. The degree (A) of the polynomial is a function of the zone. The coefficients of
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the polynomials (g,) are used to obtain the Fj,q4:

A

Enaa = Y @aHp, (6.4)
a=0

There is one equation (6.4) per zone.
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Figure 6.7 Hadronic Energy Resolution. (a) True minus reconstructed hadronic energy
(AFE) as a function of the reconstructed hadronic energy. The average AFE is effectively zero.
(b) Overall hadronic energy resolution. MC simulation.

Similar to the muon case, each equation (6.4) requires small corrections, Cy, of the order
of 5% of the hadronic energy, per deposited hadronic energy bin, in order to achieve that the
mean of the difference of energies (AE = Hyp - Ey,q = 0) in the hadronic system is equal

to zero, as seen in figure 6.7a. Finally, the hadronic reconstructed energy, Ej .4, is:

A

Enad = Y daHy + Cy(Hp). (6.5)
a=0

The hadronic energy resolution, in figure 6.7a, at 1 GeV is 330 MeV (33%), at 180 MeV is
0.5 GeV (36.5%), and it is 70 MeV at 0.2 GeV (35%). From the Gaussian fit shown in figure

6.7b, the overall hadronic energy resolution is 190 MeV. The tails account for about 5% of
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True & Reconstructed Hadronic Energy Spectra. NDOS MC.
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Figure 6.8 Hadronic Energy Distributions. True hadronic (black) and reconstructed
(red) energy distributions. MC simulation.

all events.

The distributions in reconstructed and true hadronic energies shown in figure 6.8 have
bins of 200 MeV. From figure 6.6 it is clear that the spread of the data at energies above
1 GeV introduces deviations from the fits, and therefore underestimation of the hadronic

energies larger than 1.6 GeV is seen in figure 6.8.

6.3 Quasi-elastic And Non-quasi-elastic Classification

Section 2.1 presented differences between QE and non-QE interactions. Besides those differ-
ences, the two samples also present different efficiencies in the reconstruction process. These
two different neutrino interaction samples are used separately to calculate e.g. neutrino
fluxes and cross sections. Among the differences presented in section 2.1 is the hadronic

energy deposition, which is in general higher for non-QE interactions. This difference in
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Figure 6.9 QE And Non-QE Hadronic Energy Distributions. True hadronic QE (blue)
and non-QE (red) energy distributions. MC simulation.

hadronic energy deposition is presented in figure 6.9. The mean true hadronic energy for
the QE sample is 150 MeV, while the mean for the non-QE sample is 910 MeV. The QE
true hadronic energy falls rapidly after 200 MeV, and it is at this same energy that the non-
QE true hadronic energy starts to become important. Therefore, a separation is possible

following the criteria:

Epaq < 200MeV — QE, Ejaq > 200MeV — non-QE. (6.6)

With this separation, 84.1% of all true QE events, and 0.4% of all true non-QE events have
true hadronic energy lower than 200 MeV. Relations (6.6) are applied to the reconstructed
hadronic energy to make the separation between the QE and the non-QE samples.

The comparisons between true and reconstructed muon and hadronic energy are pre-

sented in figure 6.10. In these figures the true MC distributions represent the QE and
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True & Reconstructed u Energy Spectra. NDOS MC. QE. True & Reconstructed p Energy Spectra. NDOS MC. Non-QE.
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Figure 6.10 Muon And Hadronic Energy Distributions For The QE And Non-QE
Events. The energy distributions for the true (black) and reconstructed (red) samples, with
muon energy in (a) QE and (b) non-QE events, and hadronic energy in the (¢) QE and (d)
non-QE events. Areas normalized to 1 in order to compare the shapes of the distributions.
MC simulation.
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non-QFE interactions as defined in the MC simulation. The reconstructed MC distributions
represent the interactions as defined by relations (6.6). The poor tracking coverage for muons
immediately downstream of the VR causes muon energies below 0.6 GeV to be systemati-
cally reconstructed to energies higher than the true values by 0.2 GeV (in the QE case), and
0.4 GeV (in the non-QE case), as shown in figures 6.10a and 6.10b, respectively. Apart from
this bias at low muon energy, the distributions are similar for muon energies above 1.0 GeV.
The reconstructed hadronic energy in the QE sample is forced by definition to be less than
0.2 GeV, as shown in figure 6.10c. The reconstructed hadronic energy in the non-QE sample
is shifted slightly toward energies lower than the truth, as shown in figure 6.10d, due to a

bias for large hadronic energies to be reconstructed slightly lower in energy.
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Figure 6.11 Muon Energy Resolutions For QE And Non-QE Events. Overall (a) QE
and (b) non-QE energy resolutions. Muon (¢) QE and (d) non-QE true minus reconstructed
energy (AFE) as a function of muon reconstructed energy. The average AE are effectively
zero. MC simulation.
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Following the procedure presented in section 6.2 gives the muon and hadronic energy
resolutions. The muon energy resolution for the QE sample at 1 GeV is 150 MeV (15%)
and at 2 GeV is 100 MeV (5%). The overall muon energy resolution for the QE sample
is 130 MeV, as shown in figure 6.11a. The muon energy resolution for the non-QFE sample
at 1 GeV is 150 MeV (15%), and at 2 GeV is 130 MeV (6.5%). The overall muon energy
resolution for the non-QE sample is 160 MeV, as shown in figure 6.11b. The true minus
reconstructed muon energies as a function of reconstructed muon energy are shown in figure
6.11c, for QE, and in figure 6.11d, non-QE events.

A comparison between figures 6.3a and 6.11d shows that the muon energy resolution
around 0.8 GeV comes from non-QE muons that escape the detector, but are reconstructed
as contained. This effect was discussed in section 4.3.2. These muons deviate from the
original neutrino direction due to the high y of the event.

The hadronic energy resolutions in the QE and non-QE samples are different, as shown
in figure 6.12. The overall hadronic energy resolution is: 60 MeV for the QE sample, as
shown in figure 6.12a, and 240 MeV for the non-QFE sample, as shown in figure 6.12b. Both

hadronic energy resolutions, at the average energy deposition in each case, are 30%.
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Figure 6.12 Overall Hadronic Energy Resolutions. (a) QE and (b) non-QE events. MC
simulation.
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6.4 Neutrino Energy Estimation
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Figure 6.13 Neutrino Energy Resolution. Neutrino true minus reconstructed energy
(AFE) as a function of the (a) reconstructed (the average AF is effectively zero) and (b) true
neutrino energy. (c¢) Overall neutrino energy resolution. MC simulation.

The reconstructed neutrino energy (F,) in each event is the sum of the two previously

estimated energies:

Ey = ER + Epaq + Cu(ER + Ehaq),

(6.7)

where C,, are small corrections, of the order of 3% of the neutrino energy, per neutrino

energy bin, introduced in order to achieve the difference between true neutrino energy and

reconstructed neutrino energy centered at zero, as seen in figure 6.13a. At the peak of the

neutrino energy distribution, near 2.0 GeV, the neutrino energy resolution is 200 MeV (10%).

130




The neutrino energy resolution as a function of the true neutrino energy is presented in figure
6.13b, where the effect of uncontained muons reconstructed as contained is more evident for
energies higher than 3 GeV. The overall neutrino energy resolution is 255 MeV, as shown in

figure 6.13c. The tails account for about 5% of all events.
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Figure 6.14 Neutrino Energy Distributions. The neutrino true (black) and reconstructed
(red) energy distributions. Both distributions have the same number of events. MC simula-
tion.

The neutrino energy distributions, with bins of 500 MeV, are in reasonable agreement, as
shown in figure 6.14. The effect observed earlier of muons below 0.6 GeV being reconstructed
at higher energies is reflected in the movement of events with true neutrino energies between
0.5 GeV and 1.0 GeV to higher values in the reconstructed neutrino energy. Also, inefficien-
cies in the containment of muons account for the underestimation of the neutrino energies
for events with energies higher than 3 GeV. The tendency observed earlier to reconstruct
hadronic energies above 2.0 GeV to slightly lower values contributes as well. Those events

are reconstructed between the 1 GeV and the 2 GeV energy bins.
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Figure 6.15 QE And Non-QE True Minus Reconstructed Neutrino Energies. QE
true minus reconstructed neutrino energy (AFE) as a function of (a) reconstructed and (b)
true neutrino energy. Non-QE AF as a function of (¢) reconstructed and (d) true neutrino
energy. MC simulation.
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From the separation of the neutrino sample between QE and non-QE events done in sec-
tion 6.3, the neutrino energy resolution, as a function of the reconstructed neutrino energy,
are as shown in figures 6.15a and 6.15¢ for the QE and non-QE samples respectively. The
neutrino energy resolution at 2 GeV is: 130 GeV (6.5%) for the QE sample, and 220 GeV
(10.1%) for the non-QE sample. The neutrino energy resolution as a function of the true
neutrino energy are shown in figures 6.15b and 6.15d for the QE and non-QE samples re-
spectively. From these figures, the effect of uncontained muons reconstructed as contained
is evident in the non-QE. These muons come from high y events, and their angles deviate

from the original neutrino angle, therefore the muons escape the detector before stopping.
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Figure 6.16 QE And Non-QE Neutrino Energy Resolutions. Overall (a) QE and (b)
non-QE neutrino energy resolution. MC simulation.

The overall neutrino energy resolution for the QE sample is 170 MeV, as shown in figure
6.16a; and for the non-QE sample it is 300 MeV, as shown in figure 6.16b. The tails in
figure 6.16 account for about 5% of the events. The three neutrino energy resolutions, as a
function of the reconstructed neutrino energy, are compared in figure 6.17.

The neutrino energy distributions for QE and non-QE are presented in figure 6.18. In
these figures the true MC distributions represent the QE and non-QE interactions as defined

in the MC simulation. The reconstructed MC distributions represent the interactions as
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Figure 6.17 Comparison Of Neutrino Energy Resolutions. The neutrino energy reso-
lutions for all (black), QE (blue), and non-QE events. MC simulation.
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Figure 6.18 QE And Non-QE Neutrino Energy Distributions. (a) QE and (b) non-QE
neutrino true (black) and reconstructed (red) energy distributions. Areas normalized to 1 in
order to compare the shapes of the distributions. MC simulation.
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defined by relations (6.6). In the QE and non-QE interactions, the area normalized true and
reconstructed neutrino energy distributions are in reasonable agreement. The distributions
for the QE and non-QE are distinct. The QE, with energy mean 28.4% smaller than that
of the non-QE, slowly varies between 0.5 GeV and 2.5 GeV, as shown in figure 6.18a. The
non-QE distribution is strongly peaked near 2.0 GeV, as shown in figure 6.18b. These effects
are the consequence of the cross sections dependence on the neutrino energy, as was shown
in figure 2.4. The two cross sections are equal (for v,) at about 1 GeV; at this point QE is
reaching a plateau and non-QE is increasing. The event rate in figure 6.18 is dominated by

non-QE for energies higher than 1 GeV.
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Figure 6.19 Neutrino Types: Fractions And Energy Distributions. (a) Fraction of
neutrino types discriminated by the interaction type. (b) Neutrino energy distributions
discriminated by interaction type and neutrino type. No scale shown in order to compare
the shapes. MC simulation.

Each of the two interaction types is the sum of v, and 7, components. Figure 6.19
presents this composition. The overall fraction of the different neutrino types discriminated
by interaction type is presented in figure 6.19a. The non-QE fraction is higher for interactions

generated by a v, and the QE fraction is higher? for interactions generated by a V. The

neutrino energy distributions per neutrino type and interaction type are shown in figure

2This is true because vy, interacts with Hydrogen nuclei in QE interactions and the v,
does not.
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6.19b. The 7, contribution at the 2 GeV peak is about 10%. This contribution almost
triples at adjacent lower and higher energy bins from the peak, as a result of the various

cross sections that originate the interactions.
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Chapter 7

Systematic Uncertainties

Systematic uncertainties are often related to measuring devices or measuring methods used
in experiments. A measuring device, or a detector, could consistently read the value of a
measured quantity with an offset from its real value. This offset could be due to an scale
factor, a calibration issue, or the materials and geometry of the detector. A measuring
method could under or over estimate a physical quantity due to the way it is designed or
implemented, which would result in a measurement that is consistently different from the
real value of the measured quantity.

There are six relevant systematic uncertainties on the number of events identified during
this analysis. The energy estimation of the neutrino candidate event relies on the absolute
energy calibration of the detector. Differences in the calibrations between data and MC
simulated events result in systematic uncertainties in the number of selected events per
energy bin. The various channels configurations of the detector during the period in which
the data was taken introduce systematic uncertainties in the number of selected events since
different configurations could disagree on whether a particular event is contained or not in
the detector. To minimize this uncertainty, each channels configuration in the data sample
was simulated in the MC sample. The uncertainty in the cross sections and the modeled final
state physics influence the number of selected events. In the case of the cross sections, the

measured number of events is directly proportional to the cross sections; and the model used
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to describe the physics of the final state could increase or decrease the rate at which particular
types of events occur under the circumstances of the experiment. The mass of the target
region of the detector is also directly proportional to the measured number of events, and
therefore its uncertainty creates a systematic uncertainty on the number of selected events.
A mathematical procedure known as unfolding (see appendix C) shifts selected events from
the energy bins in which these are measured to the most probable energy bin for a particular
event. The shift is based on relations between true and reconstructed events that are built
into the algorithm. Since the rearrangement of events introduces a change in the number of
selected events per energy bin, the unfolding method also introduces a systematic uncertainty
on the number of selected events that is related to the parameters of the algorithm that are
subject of variation due to optimization criteria. Finally, the counting method of the POT
directly affects the relative number of selected events. The same absolute number of selected
events changes its interpretation depending on the reported POT. Thus, uncertainties in the
POT introduce systematic uncertainties in the number of selected events. Each one of these

major systematic uncertainties is presented in the following sections.

7.1 Energy Estimation Uncertainty

There are two key features in the energy estimation process: the length of the longest track
per event, and the deposited hadronic energy. To determine the systematic uncertainty of
the energy estimation of neutrino events in the NDOS, the mean energy deposited per unit
length in cosmic tracks are compared to MC simulated muon tracks, as seen in figure 7.1.
Differences in the two distributions imply a systematic difference in the estimated energy

of measured and simulated neutrinos. The two means of these distributions differ by 9.1%,
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Figure 7.1 Mean Energy Deposition Per Unit Length. dE/dX of cosmic (black) and
reconstructed MC simulated tracks (red). The MC simulation area is normalized to data.

which is interpreted as a 10% systematic uncertainty on the deposited energy.

This 10% systematic uncertainty is added to and subtracted from the deposited energy in
equation (6.5) to find how the hadronic energy estimation changes. These changes affect the
MIP fraction of the tracks as well, which is taken into account when evaluating the change
in the number of events. Finally, these systematic uncertainty affects the QE and non-QE
separation since it is carried out using the estimated energy of the hadronic system.

The muon energy estimation comes from the measured track length using equation (6.2).
The comparison between the longest track lengths of reconstructed MC simulated and data
tracks is presented in figure 7.2. The mean of the MC simulated track length distribution is
9.6% larger than that of data. This difference is assumed as a 10% systematic uncertainty on
the track length measurement. This 10% systematic uncertainty is added to and subtracted

from the track length in equation (6.2) to find how the muon energy estimation changes.
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Figure 7.2 Comparison Of Data And MC Simulated Longest Track Length Distri-
butions. Reconstructed MC simulated (red) and data (black) tracks.
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Figure 7.3 Energy Estimation Systematic Uncertainty As A Function Of The Neu-
trino Energy.
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These changes combined with those presented above, for the deposited energy, give the
systematic uncertainties! to the number of events shown in figure 7.3. The impact of these

variations (0F) is of the order of 8%.

7.2 Prototype Detector’s Channels Configuration Un-

certainty

The NDOS active channels configuration varied over time, since APDs were added, removed,
and shifted during the period when the data were taken. To estimate the systematic uncer-
tainties introduced to the number of events due to these changes in the channels configura-
tion, three different configurations are examined (refer to figure 4.23): run numbers smaller
than 13250, run numbers bigger than 13250 and smaller than 13600, and run numbers bigger
than 13600. From the first set, the channels configuration of run 13220 is chosen because it
has the least number of active channels. From the second set, the channels configuration of
run 13258 is chosen because it is the one with the most active channels. Finally, from the
third set, the channels configuration of run 13703 is chosen because it has the most active
channels.

A set of MC simulated events is reconstructed with each of the three channels configura-
tions, and the number of reconstructed events is examined as a function of the run number.
The systematic uncertainties® on the number of events due to the impact of the various chan-
nels configurations are shown in figure 7.4. The same event reconstructed under different

channels configurations could be selected as contained in some of them, and not selected in

IFigure 7.3 presents the uncertainties as percentages of the total number of events.
2Figure 7.4 presents the uncertainties as percentages of the total number of events.
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Figure 7.4 Channels Configurations Systematic Uncertainty As A Function Of The
Neutrino Energy.

others because it was not reconstructed as contained. The lack of instrumented cells in key
points of the detector is responsible for this issue. The variation in the number of selected
events introduced by each channels configuration is compared to the nominal one, and the

maximum variation is used as the systematic uncertainty. The impact of these variations

(0C) is of the order of 15%.

7.3 GENIE Cross Sections And Final State Physics

Uncertainty

In order to give the users the ability to verify the validity of new models explaining nuclear
interactions, or study how possible variations to the current models could affect the physics

output of the simulations, GENIE has features that allow the users to introduce variations to
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key parameters that will result in changes to the simulated outputs produced by the software.
The developers provided a mechanism to assign weights to simulated neutrino interactions,
which is implemented by the ReWeight package. The main concept behind this process is
that for each input physics quantity P, with uncertainty® 6P, which is taken into account,

there is a parameter x p such that:
oP
P—P =P <1+$p?> : (7.1)

P could be a single physical parameter, a simple function, or a prediction done by a MC
simulation. Some of these quantities may not be easy to write analytically or tabulated,
therefore it is preferable to formulate the problems in terms of zp. The parameter xp is an
integer, positive and negative values are allowed. When xp = 0, there would be no variation
to P. xp = %1 indicates that P would change by one standard deviation, 6 P [109].

The reweighting package is named according to the final effect that it produces: it assigns
weights to individual MC simulated events based on the changes introduced by the xp. The
tool is very useful since it simplifies the analysis. Instead of running the MC simulation
as many times as changes are introduced to the models, the weights reflect the importance
of a given event on the sought final result. A weight equal to 1 means that the variation
in a given zp had no effect in the final result. A weight greater than 1 indicates that the
variation in zp produces an increase in the frequency of such weighted events proportional
to the size of the weight. A weight less than 1 means that the variation in zp produces
a decrease in the frequency of such weighted events proportional to the size of the weight.

The Mg parameter (defined in table 7.1) is used as an example of the ReWeight package

3§ P is the estimated standard deviation of P.
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Figure 7.5 Example Of The Re Weight Package Output. The black distribution is the
original, unaltered, MC sample. The +1o variation to Mg ¥ is shown in red, and the -1o
variation in blue.

output, which is presented in figure 7.5. The original neutrino energy spectrum features a MC
simulated sample of events that passed all the event selection cuts. The ReWeight package
assigned weights to each of the events in the original distribution, and the consequences
of such weights are seen in red for the +1¢ variation, and in blue for the -1¢ variation.
Although the number of entries in the three distributions is the same, the integrals in the
reweighted distributions change as a result of the applied weights by 7.2% for +o, and by
6.0% for —o. The percentage of variation in the number of events is used as the systematic
uncertainty for this particular parameter. This procedure is the same for all the studied
parameters.

The dominant parameters that affect this analysis, include the axial mass for CC QE

scattering, the nuclear Pauli suppression effects in CC QE reactions4, the non-resonance

4M0difying the Fermi momentum is the way to affect the Pauli suppression.
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’ Tp ‘ Description of P ‘ oP/P ‘

v, interaction cross section systematic parameters

M9 Axial mass for CC QE +25% -15%
Mgeres Axial mass for CC resonance neutrino production +20%
Rgﬁgdﬁ Non-resonance bkg in vn CC 1x reactions +50%

Hadronization systematic parameters

fz Hadron formation zone +50%
Intranuclear hadron transport systematic parameters

MFP 7 mean free path (total rescattering probability) +20%
MFP,, Nucleon mean free path (total rescattering probability) +20%
Fri Nucleon inelastic reaction probability +40%
Cexp, Nucleon charge exchange probability +50%
Abs, Nucleon absorption probability +20%

Frr Nucleon 7 production probability +20%

Table 7.1 GENIE Parameters. Taken from [109].

background for all CC 17 and 27 production channels, CC DIS, intranuclear hadron transport
model, and total rescattering probability for hadrons within the target nucleus®. Some of
these categories have more than one parameter available for the reweighting process. All the
parameters tabulated in tables 8.1, 8.2, and 8.3 of [109] are studied in this analysis, however
not all of them introduce finite changes to the number of events. All the parameters that
introduced finite variations to the number of events are presented in table 7.1, which also
shows their standard deviations.

There are three categories in table 7.1: neutrino interaction cross section systematic
parameters, intranuclear hadron transport systematic parameters, and hadronization sys-
tematic parameters. Hadrons produced in the nuclear environments are not obtained from
a single interaction, initially quarks propagate through the nucleus with low probability of

interaction as these are not yet part of a hadron. GENIE models this effect by defining

5This systematic is related to the mean free path of the hadron within the nucleus.
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Figure 7.6 GENIE Parameters Systematic Uncertainty As A Function Of The
Neutrino Energy. The parameters shown are defined in table 7.1.
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a free step, f, = pecrg/m, where p is the hadron’s momentum, 79 = 0.342 fm/c is the
formation time, m is the mass of the hadron, and c is the speed of light. The formation zone
is defined by the distance between the intranuclear event vertex and the recorder position of
the hadron at the beginning of the intranuclear cascade step [109].

The systematic uncertainties® in the number of events obtained for the parameters pre-
sented in table 7.1 are summarized in figure 7.6. The impact of the combined variations of
all the studied parameters (0G) is of the order of 15%, in the energy region where most of the
data occurs, i.e. 1.5 GeV to 2.5 GeV. The sum of these uncertainties is done in quadrature,

and is shown in figure 7.7.

7.4 Unfolding Systematic Uncertainty
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Figure 7.8 Unfolding Algorithm Systematic Uncertainty As A Function Of The
Neutrino Energy.

OFigure 7.6 presents the uncertainties as percentages of the total number of events.
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The unfolding procedure presented in appendix C uses two parameters that can modify
the output of the algorithm, hence the number of events would vary accordingly. These
parameters are: k, which sets the number of statistically significant equations, and npgyp,
which is the number of toy MC simulated events generated by the TSVDUnfold tool to
calculate the uncertainties on the unfolded distribution. To find the systematic uncertainty
in the unfolded distribution of the number of events, the k parameter is modified to be: 4
and 6, the original value was 2; and the npgyp is modified to be: 50 and 200, the original
value was 100. The systematic uncertainties’ in the number of events obtained after varying
these two parameters are shown in figure 7.8. The impact of these variations (6U) is of the

order of 5%.

7.5 Total Systematic Uncertainty

Before discussing the total systematic uncertainties, there three more systematic uncertain-
ties to be considered in this analysis: that related to the POT calculation, that related to the
fiducial mass, and that related to the fraction of neutrinos resulting from each charged meson
decay, i.e., the charged kaons to pions ratio, in the number of selected neutrino candidates.
NOVA uses the same POT counting scheme used by MINOS, thus the 2% systematic uncer-
tainty (6P) used in their study of v, disappearance [110] is assumed in this analysis. The
fiducial mass has a 5% systematic uncertainty which comes from the comparison between
the physical measurements performed on the materials of the detector and the parameters
extracted from the MC simulation.

A. Lebedev [111] measured the ratio of charged pions and kaons production by 120 GeV/c

"Figure 7.8 presents the uncertainties as percentages of the total number of events.
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protons incident on a carbon target. The production ratios were measured in longitudinal
momenta from 20 GeV /c to 90 GeV /c. These are not the longitudinal momenta of the mesons
involved in the NDOS measurement, however, the lack of measurements in the longitudinal
momentum region concerning this analysis (around 7 GeV/c for kaons) leads to use the
measurements in [111] as a constraint on the K /7 ratio at the momentum region of interest.
The ratios in [111] are in agreement with the ratios embedded in FLUKA within 10%. This
value is used as the systematic uncertainty on the number of neutrinos coming from charged

pion decays (6 R) in this analysis.

Summary of Systematic Uncertainties. NDOS MC.
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Figure 7.9 Summary Of Systematic Uncertainties. The systematic uncertainties: G
(magenta), 0C' (dark blue), 6E (red), dR (green), 6P (light blue), and dm (grey), are pre-
sented as a function of the neutrino energy.

The total systematic uncertainty associated to the number of events combines all the
systematic uncertainties discussed in the previous sections. The systematic uncertainties
presented in figure 7.3, 7.4, and 7.6, for energy estimation (JF), channels configuration

(0C), and GENIE parameters (6G), respectively, are combined along with the systematic
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Figure 7.10 Systematic Uncertainty On The Number Of Events As A Function Of
The Neutrino Energy. Each neutrino kind and interaction type is represented by a color.

uncertainty associated to the POT (JP), the fiducial mass (0m), and the charged kaons to
pions ratio (0R). All these uncertainties are dimensionless, and represent the uncertainty
in the number of events due to each of the variables mentioned above. The correlations
between all these uncertainties are of the order of the effect themselves, hence these second
order effects are ignored, and the uncertainties are considered independent of each other,

therefore these can be combined in quadrature:

SN = \/0E2 + 6C2 + 6G2 + 6P2 + 6m2 + 0R2. (7.2)

The summary of all these uncertainties, which contribute to obtain the uncertainty in the
number of selected events (0/N') before the unfolding procedure is applied, is shown in figure
7.9. There are four equations (7.2) associated with each energy bin, one for each interaction

type and neutrino type: v, QE, v, non-QE, v, QE, and 7, non-QE.
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Figure 7.11 6N/N As A Function Of The Neutrino Energy. Ratios between the sys-
tematic uncertainty and the measured number of events (red), and the statistical uncertainty
and the measured number of events (blue).

The combination of all the systematic uncertainties given by equation 7.2 are presented
in figure 7.10. Once equation 7.2 is computed, the unfolding algorithm is applied, and a new
unfolded uncertainty in the number of selected events (SA”) is generated. The total system-

atic uncertainty on the unfolded number of events (§NV) is the combination in quadrature of

SN’ and 8U:

SN =V ON"2 + U2 (7.3)

The ratios between the total systematic uncertainties, 0 N, and the measured number of
events, and the statistical uncertainties and the measured number of events, are compared
in figure 7.11. Statistical and systematic uncertainties are of the same order, about 12%, in

the region of the charged kaons peak in the neutrino energy, i.e. from 1.5 GeV to 2.5 GeV.
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Chapter 8

Analysis

The event selection criteria presented in chapter 5, and the energy reconstruction process

presented in chapter 6, are applied to the NDOS data in order to find the observed number

of v, + v, CC events.

8.1 Data And Monte Carlo Simulation Comparison
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Figure 8.1 Angles Of The Longest Track. (a) Longest track’s cosfy for out-of-time
cosmic data (blue), and in-time data (black). (b) Longest track’s cos Onynmr-

NDOS data are separated (see section 4.4) into those recorded in-time (within the 11 us

NuMI time window), where mixtures of neutrino interactions and cosmic rays are expected,

and out-of-time, where only cosmic rays are expected, as shown in figure 8.1. The cosmic

ray background expected in the in-time window is the out-of-time data normalized by the



ratio of the time windows widths, given by:

11
1 i —_— Nl
Cosmic — Cosmic X 129 (8.1)

The regions where cosmic rays are the dominant contribution are: |cosfy| > 0.6, and
cos Onymr < 0.6. The in-time distributions without a cosmic ray background, obtained by
subtracting the out-of-time data, can be compared with the distributions predicted by the
MC simulation, as shown in figures 8.2a and 8.2b. In these figures, all the cuts presented in
chapter 5 (see equations (5.1, 5.4, 5.8, and 5.13)) are applied, except the angular cuts. The

MC simulation distributions are normalized to the data POT such that:

POTData _ pqcr ,, 167386 x 1020

MC MC x = X :
- POTyC 7.32109 x 1021

(8.2)

The background subtracted data has the general characteristics predicted by the MC
simulation with the cosfy distribution peaked near zero, and the cosfnyng distribution
strongly peaked near 1. The only significant deviation is that the number of events predicted
by the MC simulation is higher than is seen in data, which is evident in the reduced height
of the peaks at: 1 in the cosfnyvr, and 0 in the cosfy distributions. When the shapes
of the distributions are compared, these are in good agreement, as shown in figures 8.2¢c
and 8.2d. Figure 8.2 illustrates the effect of eliminating the out-of-time data background.
However, in the analysis, the cosmic background subtraction of the data is done at the
number of events level (see figure 8.6). In order to verify that the subtraction of out-of-time
data from in-time data was adequate, five random 11 us time windows from the out-of-time

data sample are chosen and treated as in-time data. The remaining out-of-time data are
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Figure 8.2 Longest Track Angular Distributions Without Cosmic Background. The
angular distributions for the longest track with a subtraction of the cosmic ray background
determined from out-of-time data. Longest track’s cosfy MC simulation (red) and data
(black) (a) POT normalized and (c¢) MC simulation area normalized to data. Longest track’s
cos Onuvt (b) POT normalized and (d) MC simulation area normalized to data. Data means:
in-time data minus out-of-time data. Longest track’s (e) cosfy and (f) cosOnymi, for fake
in-time data minus normalized out-of-time data.
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normalized as indicated in equation (8.1), however this time the factor of 429 is replaced by
a factor of 418 to take into account that now two, and not just one, 11 us time windows are
subtracted from the full 440 ps time window. The out-of-time data are subtracted from the
fake in-time data, and the results are consistent with zero, as seen in figures 8.2e and 8.2f.
Each of the five fake in-time data samples chosen from the out-of-time data present similar
behaviors to the ones seen in these two figures. The deviations from zero seen in figure 8.2a,
for | cosfy-| > 0.6, and in figure 8.2b, for cos O\ < 0.5, are consistent with the deviations
(of statistical origin) seen in figure 8.2e and 8.2f, respectively, for the same intervals. These
fluctuations occur in the regions where most of the cosmic data exists, however, the data in
these regions is rejected by the cosmic cuts presented in equation (5.11), hence, these do not

affect the analysis.
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Figure 8.3 Reconstructed Muon Energy Distributions, No Cosmic Background.
Reconstructed muon energy in the MC simulation (red) and in-time data (black) for (a) QE
and (b) non-QE interactions with a subtraction of the cosmic ray background determined
from out-of-time data. MC simulation area normalized to data.

The neutrino energy is reconstructed by adding the calorimetric energy and the muon
energy from range. These individual components in the data are compared to the MC

simulation, however, given the discrepancy in normalization between the MC simulation and
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the recorded data described above, only shape comparisons of the individual components are
made. In addition, a cosmic background subtraction has been applied. The MC simulation
provides a good representation for the shape of the muon energy distribution in the non-QE
sample, as shown in figure 8.3b. The QE distributions require a deeper analysis because
there are several data points below the MC near 2 GeV. A Kolmogorov-Smirnov test [112]
is done in order to verify if the prediction of the MC simulation agrees with the data. The
test results give a maximum deviation (D) of: D = 0.0233, a Kolmogorov-Smirnov test
statistic (KS) of: KS = 0.628, and a p-value of: p = 0.825. Based on these results, the
two QE distributions are in good agreement. A p-value greater than 0.1 implies that there
is a low probability for the null hypothesis to be false. In this case, the null hypothesis is
that the two cumulative distribution functions (CDF) in figure 8.4 are drawn from the same
distribution, i.e. these represent the same physics. A CDF describes the probability that a
random variable (sample value) R, with a given probability distribution F'(R), will be found
to have a value less than or equal to r [112].

The QE and non-QE distributions in figure 8.3 share the peak around 1 GeV. The muon
energy distribution for QE interactions exhibits another peak in energy just below 2 GeV.
This reflects the maximum in the neutrino flux at 2 GeV due to charged kaon decays, and
the general lack of energy in the hadronic system of a QE neutrino interaction. These 2 GeV
muons are likely to be contained only if these have cos Onynp & 1, otherwise these are likely
to leave the detector. There are more contained 2 GeV muons in the QE sample because
these are likely to keep the direction of the neutrino, therefore traveling towards the muon
catcher. Non-QE events have higher y, hence their muons are, in general, less energetic.

The simulated hadronic energy distribution in the non-QE sample is clearly consistent

with the recorded data, as shown in figure 8.5. This will enable a reliable neutrino energy
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calculation using the sum of the muon and hadronic energies. The mean hadronic energy is

around 0.7 GeV, which is about half of the mean energy of the muons.
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Figure 8.6 Selected Candidate Events Energy Distributions. In-time (black) and
out-of-time (blue) data energy distributions with cosmic cuts applied.

The level of the cosmic ray background remaining in the in-time data is obtained by ap-
plying all cuts to the out-of-time data. Near 1 GeV this cosmic ray background contribution
is approximately 10% of the number of events seen in the in-time data, as shown in figure
8.6. The consequences of the cuts, presented in table 5.1 and in equation (5.11) on the data
sample are summarized in table 8.1. 239 v, + 7, CC candidate events are selected. The
cosmic background subtraction is done to this set of selected candidate events.

The number of selected QE candidate events (M) is the sum of a number of true QE
events (Ty) and a number of true non-QE events, or fake QE events (Fy), as seen in the first
row of the matrix in figure 8.7. Similarly, the number of selected non-QFE candidate events

(My,) is the sum of the rest of the true non-QE events (7},) and the rest of the true QE
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’ Cut Name \ Number of Events ‘

All events (no cut) 146085
3D 93722

LTL 54986

VR 3715
Containment 993
MIP 939
Cosmic 239

Table 8.1 Event Selection Cuts. Summary of the effect of all the event selection cuts on
the data sample. The number of events represents the number of selected neutrino candidate
events that passed each cut. Cosmic background subtraction is applied to the events set that
passed all these cuts.

’ (p, €)\E (GeV) \ 0.5-1.0 \ 1.0-1.5 \ 1.5-2.0 \ 2.0-2.5 \ 2.5-3.0 \ 3.0-3.5 \ 3.5-4.0 \ 4.0-10.0 \

QE
Purity 97.4% | 89.1% | 86.2% | 84.0% | 91.2% | 87.4% | 50.0% | 85.7%
Error 05% | 0.7% | 0.6% 0.7% 1.0% 1.3% | 2.7% 1.6%

Efficiency 78.4% | T1.7% | 71.6% | 68.1% | 64.4% | 48.1% | 22.0% | 35.3%
Error 1.2% 0.9% 0.7% 0.8% 1.6% 2.0% 2.3% 2.2%
Non-QE
Purity 34.6% | 79.1% | 88.1% | 87.5% | 85.8% | 82.0% | 89.8% | 97.7%
Error 1.4% 0.8% 0.5% 0.6% 1.2% 1.5% 1.7% 0.7%
Efficiency 84.5% | 92.4% | 94.8% | 94.5% | 97.2% | 97.2% | 96.9% | 99.8%
Error 1.0% 0.6% 0.4% 0.4% 0.6% 0.7% 1.0% 0.2%

Table 8.2 Quasi-elastic And Non-quasi-elastic Classification Performance. Purities
and efficiencies for QE and non-QE sample. The columns represent neutrino energy bins.
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Figure 8.7 Efficiency And Purity Matrix For The QE And Non-QE Samples. This
matrix aids to construct the efficiencies and purities related to the selection of reconstructed
QE and non-QE candidate events.

events, or fake non-QE events (F},), as seen in the second row of the matrix in figure 8.7:

The efficiencies (¢; and €,) and purities (py and pp) for the selection of QE and non-QE

candidate events are defined as:

Pg = 7, Pn = 7, (8.4)
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where the total number of real QE events (IVy) is:

and the total number of real non-QE events () is:

The purity (see equation (8.4)) of the QE sample is (89.1 £ 0.8)%, and (84.4 4+ 0.4)% for
the non-QE sample. The efficiency (see equation (8.4)) of the QE sample is (71.2 £ 1.0)%,
and (94.5 £ 0.3)% for the non-QE sample. The QE and non-QE samples purity and efficiency
per energy bins are summarized in table 8.2. Once the number of selected neutrino candidate
events (from the NDOS data), for QE and non-QE, is measured, the efficiencies and purities
in table 8.2 are used to obtain the real number of selected candidate events per interaction,
and per energy bin.

Three sample MC simulated events to illustrate the kind of topology that the selection,
presented in relation (6.6), allows in the QE sample are shown in figure 8.8. The event

display in figure 8.8a represents the following interaction:

(0.8 GeV/e) +12C — 1(0.7GeV/c) + p(0.2 GeV Jc). (8.7)

The proton does not leave the interaction cell, and the muon’s track is about 3 m long. There
is no track reconstruction shown in these figures, and the colors of the cell hits represent the
amount of energy deposited, which follows the color code on the lower right histogram. The

reconstructed neutrino energy for this event is: 1.15 GeV, and the reconstructed hadronic
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Figure 8.8 Sample Of Simulated QE Neutrino Events.
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energy is: 0.1 GeV. The interaction in the event display shown in figure 8.8b is:

vu(1.9GeV/c) +12 € — p(1.8GeV/c) + p(0.2GeV/c) + 2n(0.3 GeV/c). (8.8)

The proton does not leave the interaction cell, and the muon’s track is about 7 m long. The
two neutrons do not deposit any reconstructable energy. This is the typical v, CC event
expected to be found in the NDOS data, at the 2 GeV peak. The reconstructed neutrino
energy for this event is: 1.90 GeV, and the reconstructed hadronic energy is: 0.1 GeV. The

event display in figure 8.8c represents the following interaction:

u(3.0GeV/c) +12C — p(2.8GeV/c) + 4p + n(0.3 GeV/c). (8.9)

There are four protons, each with about 0.2 GeV/c, that deposit all their energy in the
interaction cell, and a neutron. The muon has 2.8 GeV/c, which takes it half way into
the muon catcher. Muons of these energies are only likely to be contained if these reach
the muon catcher. The reconstructed neutrino energy for this event is: 2.85 GeV, and the
reconstructed hadronic energy is: 0.1 GeV. The three sample MC simulated events are good
representations of the QE sample, these deposit very little energy in cells that do not belong
to the reconstructed track.

In contrast, three sample events selected by relation (6.6) illustrate the kind of topologies
allowed in the non-QE sample. The event display in figure 8.9a represents the following

interaction:

,(2.0GeV/c) +p — u(1.3GeV/c) + p(0.4GeV/c) + 77 (0.6 GeV/c). (8.10)
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Figure 8.9 Sample Of Simulated Non-QE Neutrino Events.
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The proton does not leave the interaction cell, the muon’s track is about 6 m long, and the
7T leaves a MIP-like track with a hard scattering at the end. This is a resonance event. The
reconstructed neutrino energy for this event is: 2.15 GeV, and the reconstructed hadronic

energy is: 0.9 GeV. The event display in figure 8.9b represents the following interaction:

v, (1.8CeV/e) +12 C — (0.8 GeV/c) + p(0.9 GeV/e) + 7 (0.6 GeV/c). (8.11)

Although this interaction is similar to the previous one, in this case the proton leaves a track
with high energy depositions (top view, top track), and the 7T leaves a shower with some
electromagnetic energy deposition associated with it (top view, bottom track). The muon’s
track is about 3 m long. This is a resonance event. The reconstructed neutrino energy
for this event is: 1.95 GeV, and the reconstructed hadronic energy is: 0.8 GeV. The event

display in figure 8.9¢ represents the following interaction:

vu(2.1GeV/c) +35C1 — (0.6 GeV/e) +p(0.3CGeV /) +n+71(0.7CGeV/e) +n1(0.4GeV/e).

(8.12)
The proton deposits most of its energy in the cell around: Y = 20 cm and Z = 375 cm,
the 0.7 GeV/c " leaves a MIP-like track with a hard scattering at the end, the 0.4 GeV /c
7T leaves a scattered shower going downwards in the side view, the neutron deposits no
reconstructable energy, and the muon’s track is about 2 m long. This is a DIS event. The
reconstructed neutrino energy for this event is: 2.3 GeV, and the reconstructed hadronic
energy is: 1.55 GeV. The muons in the non-QE sample have energies around 1 GeV, and are
likely to be contained.

A sample of selected QE neutrino candidates, similar to the one presented in figure 8.8, is
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Figure 8.10 Sample Of QE Neutrino Candidates. (a) Selected neutrino candidate with
1.0 GeV of estimated energy. (b) Selected neutrino candidate with 2.5 GeV of estimated

energy. (c¢) Selected neutrino candidate with 3.3 GeV of estimated energy.
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Figure 8.11 Sample Of Non-QE Neutrino Candidates. (a) Selected neutrino candidate
with 1.9 GeV of estimated energy. (b) Selected neutrino candidate with 1.8 GeV of estimated

energy. (c) Selected neutrino candidate with 2.0 GeV of estimated energy.
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shown in figure 8.10. The color of the cell hits represent times, and these follow the color code
of the timing histogram in the bottom left of figure 8.10. Figure 8.10a presents a selected QE
neutrino candidate with 1.0 GeV of reconstructed energy, similar to that presented in figure
8.8a. Figure 8.10b presents a selected QE neutrino candidate with 2.5 GeV of reconstructed
energy, similar to that presented in figure 8.8b. Figure 8.10c presents a selected QE neutrino
candidate with 3.3 GeV of reconstructed energy, similar to that presented in figure 8.8c.
Another sample of selected non-QE neutrino candidates, similar to the one presented in
figure 8.9, is shown in figure 8.11. Figure 8.11a presents a selected non-QFE neutrino candidate
with 1.9 GeV of reconstructed energy, similar to that presented in figure 8.9a. Figure 8.11b
presents a selected non-QE neutrino candidate with 1.8 GeV of reconstructed energy, similar
to that presented in figure 8.9b. Figure 8.11c presents a selected non-QFE neutrino candidate
with 2.0 GeV of reconstructed energy, similar to that presented in figure 8.9c. These six
selected neutrino candidates share similar topologies to the MC simulated ones, hence, MC
simulated and data events are likely to share the same type of neutrino interaction, as well
as the same final state particles. The full list of selected neutrino candidates is presented in
appendix D.

After the subtraction of the cosmic ray background, and the separation of the QE and
non-QE samples, the number of neutrino events predicted by the MC simulation is higher,
in each case, by about 30% than is observed in the data, as shown in figure 8.12. This is
agreement with the observation that the MC simulation predicted more muon tracks than
appeared in the data. When the MC simulated distribution is normalized to the number of
data events, the shapes are quite similar, as shown in figure 8.13.

The distributions presented in figure 8.12 are reconstructed MC simulation and data.

There are differences between reconstructed and true MC simulated distributions, as pre-
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Background. Number of selected neutrino candidate events vs. neutrino energy for (a) QE
and (b) non-QE interactions. Reconstructed MC simulation (red) and in-time data (black)

energy distributions with a cosmic background subtraction and normalized by POT.
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169

Neutrino Energy, No Cosmic

Neutrino Energy, No Cosmic



sented in section 6.4, that can only be resolved by the unfolding procedure that accounts
for the inefficiencies and resolutions of the detector, and provides the transformation of the

reconstructed event energy into corrected energy bins.
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Figure 8.14 QE And Non-QE Unfolded Number Of Neutrino Candidates vs. Neu-
trino Energy, No Cosmic Background. (a) QE and (b) non-QE number of selected
neutrino candidate events vs. neutrino energy after unfolding. True MC simulation (green)
and unfolded data (black) energy distributions normalized by POT.

The unfolding algorithm is applied to the data distributions! in figures 8.12a and 8.12b,
and the results are shown in figure 8.14. The unfolded distributions should be compared to
the true MC simulated distributions. There are 32.4% more QE predicted events by the MC
simulation than unfolded candidate events. There are 35.9% more non-QE predicted events
by the MC simulation than unfolded candidate events. These differences in the predicted and
candidate events come, thus, from an extra factor of 1/3 in the normalizations included in the
MC simulation. The shapes of the data and MC simulated distributions are in agreement,

as see in figure 8.15, where the MC simulation areas are normalized to data.

1Figures 8.15 should be compared with figures 8.13 to appreciated the effect of the un-
folding procedure.
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8.2 Results

The inclusive CC event sample is obtained by combining the QE and non-QE neutrino energy
distributions presented in figure 8.14. The total number of selected v, + 7, CC candidate
events is: 229.7 per 1.67 x 1020 POT. This number is not an integer because it comes from
the subtraction of out-of-time data from in-time data. The number of events in the in-time
data set is an integer. The out-of-time data set is scaled to the size of the in-time data time
window (11 ps), and therefore is not necessarily an integer. The sums of the two interactions,
which are the reconstructed MC simulation and the data (without unfolding), are shown in
figure 8.16a. With the MC simulation normalized to the number of data events, the shapes of
the inclusive sample are in good agreement, as seen in figure 8.16b. The true MC simulation,
with 328.1 predicted events per 1.67 x 1020 POT, exhibits 30% more predicted events than
the unfolded candidate events, as shown in figure 8.17a. Comparing the shapes between the
true MC simulated and unfolded data distributions, between 0.5 GeV and 4 GeV in figure

8.17b, indicates that there is a good agreement among them. The agreement is corroborated
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by the x2 test, which in this case concludes that y2 = 5.549 for ndf = 6.
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The number of selected CC candidate events per energy bin (N@ bm) in figure 8.16 has
no cosmic background?, 2.9% of overall NC background, and 1.4% of overall vo + e CC

background (see section 6.1). Table 8.5, at the end of the chapter, summarizes the percent-

2Due to cosmic background subtraction.
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ages of NC background per energy bin, and table 8.6, at the end of the chapter, summarizes
the percentages of v + o CC background per energy bin. These two tables feature the

backgrounds present in the Ncblél

’ v kind\E (GeV) \ 0.5-1.0 \ 1.0-1.5 \ 1.5-2.0 \ 2.0-2.5 \ 2.5-3.0 \ 3.0-3.5 \ 3.5-4.0 \

v QE: My" 168 | 132 | 149 | 112 | 23 | 13 | 02
vy Non-QE: M, | 1.8 | 198 | 390 | 341 | 84 | 52 1.6
7y QE: M," 8.9 65 | 34 2.5 1.6 1.0 | 0.1
7y Non-QE: My" | 12 | 55 | 47 | 37 | 32 1.9 | 06
| N | 288 | 450 | 620 | 515 | 154 | 94 | 25 |

Table 8.3 Candidate Events With Background. Number of selected candidate events
per neutrino type and interaction type. The cosmic background was subtracted, though
these numbers still reflect the NC and v, + 7, CC background presence. The last row, Nglél,
is the total number of selected candidate events per energy bin. See equation (8.3) for the
definition of the My and Mj,.

The total number of selected candidate events, Ny, is the sum of the CC QE (NNg) and
CC non-QE (N;) neutrino candidates (see equations (8.5) and (8.6)), and each of these two

numbers is the sum of the v, and 7, contributions:
Np = NP4+ N4 Ng# 4 Ny, (8.13)

After the background subtraction is applied, the My and M, in table 8.3 are substituted
into equations (8.5, 8.6) yielding N, and N, respectively.

The final results, the number of selected v, + 7, CC candidate events per energy bin
(N;iin), are summarized in table 8.4. Statistical and systematic uncertainties are of the
same order, with the systematic error typically larger. The total uncertainty is the sum in
quadrature of the two types of uncertainties, as presented in the full discussion on systematic

uncertainties in chapter 7. These Ncblél are about 2/3 of the prediction done by the MC
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v Energy (GeV) | Candidates/1.67x10%0 POT | stat. error | sys. error | total error
0.5 to 1.0 2828 4.47 e Ties
10 to 1.5 42.30 6.50 % 604
1.5 to 2.0 58.54 6.79 = e
2.0 t0 2.5 18.56 6.42 oo 05
25 t0 3.0 14.06 2.29 R 506
3.0 to 3.5 8.63 1.98 R 8
3.5 to 4.0 2.31 1.06 5 I

Table 8.4 Number Of Candidate Events. Selected v, + 7, CC candidates per neutrino
energy bin. Statistical and systematic errors are shown in independent columns. The total

error combining the statistical and systematic errors are shown in the last column.

simulation. Chapter 9 addresses the possible causes of the disagreement between NDOS

data and the MC simulation.

’ v kind\E (GeV) \ 0.5-1.0 \ 1.0-1.5 \ 1.5-2.0 \ 2.0-2.5 \ 2.5-3.0 \ 3.0-3.5 \ 3.5-4.0 \

vy QE 0.1% 0 0.9% 0.5% 1.1% 1.1% 0%
Uncertainty +0.1% 0 +0.9% | £0.5% | £1.0% | £1.0% | 0%
vy, Non-QE 0 0.6% 1.7% 3.9% 4.0% 6.4% 7.1%
Uncertainty 0 +0.6% | £1.3% | £2.0% | £2.1% | £2.5% | £2.7%
vy, Non-QE 0 0.1% 0.1% 0.2% 1.0% 0.5% 1.1%
Uncertainty 0 +0.1% | £0.1% | £0.2% | £1.0% | £0.5% | +1.0%
ve Non-QE 0 0 0.1% 0.1% 0.3% 0.2% 0.4%
Uncertainty 0 0 +0.1% | £0.1% | £0.3% | £0.2% | £0.4%

Table 8.5 Neutral Current Background. The NC background per energy bin as a function
of the interaction type. The rows in this table represent the interaction type.
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’ v kind\E (GeV) \ 0.5-1.0 \ 1.0-1.5 \ 1.5-2.0 \ 2.0-2.5 \ 2.5-3.0 \ 3.0-3.5 \ 3.5-4.0 \

Ve + Ve QF 1.6% 3.0% 2.4% 0.9% 0.5% 1.1% 0
Uncertainty +1.3% | £1.7% | £1.5% | 0+£.9% | £0.5% | £1.0% 0
Ve + Ve Non-QE | 0.8% 1.2% 0.6% 0.5% 1.7% 1.4% 0.2%

Uncertainty +0.8% | £1.1% | £0.6% | £0.5% | £1.3% | £1.2% | £0.2%

Table 8.6 Electron Neutrino Background. The v, + 7, CC background per energy bin
as a function of the interaction type. The rows in this table represent the interaction type.
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Chapter 9

Discussion And Final Remarks

The number of selected events (NVM) found in section 8.2 is a function of the neutrino flux,
and the cross section between the incident neutrinos and the number of target nuclei (T')
[113]:

Nu,(Ey) = To(E,)®(E,). (9.1)

To investigate which of the two considered quantities (o(FE,) or ®(FE,)) is responsible for
the excess of neutrino events predicted by the MC simulation, as discussed in section 8.2,
the following sections present the calculations of both quantities using the results already

obtained.

9.1 Flux Calculation

The flux calculation presented in this section assumes that the cross sections used by GENIE
to simulated neutrino interactions are in agreement with the current measurements!. The
flux of charged kaons produced at the NuMI target can be constrained using neutrinos
detected with NDOS since about 93% of the neutrinos in the 2 GeV peak come from charged
kaon decays. Figure 9.1 shows the longitudinal momentum (figure 9.1a) and the transverse

momentum (figure 9.1b) of the charged kaons produced at the NuMI target as a function of

1Gee section 9.1.2 for a discussion on the cross sections used in the MC simulation.
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Figure 9.1 Charged Kaon Longitudinal And Transverse Momenta. (a) Longitudinal
and (b) transverse momenta of charged kaons produced at the NuMI target as a function
of the daughter neutrino energies. Event selection criteria applied to these MC simulated
sample. MC simulation.

the daughter neutrino energy2. The average longitudinal momentum (py,) of charged kaons

when the daughter neutrino energy is restricted to:

1.5GeV < E, < 3.5GeV, (9.2)

is 6.61 GeV/c. The average transverse momentum (py) of charged kaons for the neutrino
energies shown in equation (9.2) is 0.34 GeV. The average momentum of these charged
kaons is therefore 6.62 GeV /c. The neutrinos detected with NDOS at 110 mrad off NuMI
axis, thus, constrain the flux of charged kaons produced at the NuMI target with average
momentum of (6.62 + 1.72) GeV /c.

The sum of all the neutrinos coming from: charged kaon, charged pion, muon, and K7y,
decays was presented in figure 3.10. In addition, the neutrinos coming from charged kaon
decays are dominant for energies higher than 1.5 GeV, as shown in figure 9.2. This figure is

an updated version of figure 3.12 after all the event selection is applied to the MC simulated

2Here K means K1 and K~ added together.
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Figure 9.2 Ratio Of Neutrinos From Charged Kaon Decays Over Neutrinos From
Charged Pion Decays After Event Selection Criteria Applied. MC simulation.

sample. For these energies, the overall (integrated) background of neutrinos coming from
charged pion decays is 7.7%, and from muons + K, decays is 1.1%. Table 9.1 summarizes the
percentages of charged pions and muons + K background per energy bin. The statistically
significant data in figure 8.16 have energies less than 3.5 GeV, so the charged kaons flux

measurement is calculated using data between 1.5 GeV and 3.5 GeV.

Decay\E (GeV) \ 0.5-1.0 \ 1.0-1.5 \ 1.5-2.0 \ 2.0-2.5 \ 2.5-3.0 \ 3.0-3.5 \ 3.5-4.0 \

™™ — v, QE 62.9% | 206% | 5.7% | 31% | 21% | 6.3% | 33.3%

7" — vy, Non-QE 375% | 13.6% | 41% | 26% | 34% | 3.0% | 1.1%

™ — Uy, QE 40.5% | 17.9% | 89% | 7.8% | 19.1% | 7.4% | 33.3%

7~ — iy, Non-QE 39.6% | 8.0% | 3.0% | 26% | 4.0% | 5.5% | 32%
p~or Kp — vy, QE 22% | 11% | 06% | 0.5% | 1.1% | 1.1% 0
p~or Kp — v, Non-QE | 1.7% | 0.8% | 0.4% | 03% | 0.6% 0% 0
ptor K — vy, QE 1.9% | 12% | 1.1% | 05% | 0.5% | 1.0% 0
por K — vy, Non-QE | 08% | 02% | 02% | 05% | 0.3% | 0.5% 0

Table 9.1 Background To Neutrinos From Kaon Decays. Percentage of neutrinos
not coming from charged kaon decays per energy bin. The rows in this table represent the

decaying particle that produces the neutrino.
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’int.\E (Ge\/)‘ 0.5-1.0 | 1.0-1.5 | 1.5-2.0 2.0-2.5 | 2.5-3.0 \ 3.0-3.5 \ 3.5-4.0 \

vy QF 0.8 9.9 13.8 10.8 2.3 1.3 0.2
vy Non-QE | 1.3 14.9 35.6 315 74 47 L5
7 QF 6.5 5.2 3.1 2.4 1.3 1.0 0.1
7y Non-QE | 0.9 48 45 3.6 3.0 1.8 0.6
bi +7.5 +7.3 +10.8 +4.8 +5.1 +1.6
o Npm [ 185TEY 34 7tlR 15711 08 1483 £ 9.2 [ 14.075F [ 87757 [ 24719

Table 9.2 Candidate Events From Kaon Decays. Number of candidate events per
neutrino type and interaction type, when the parent meson is a charged kaon. Each row
in this table represents a neutrino type associated with an interaction type. The last row,
NEH, is the total number of selected candidate events per energy bin. These numbers come
after NC, v¢ + 7, and charged pions + muons + K background subtraction. Tables 8.5
and 8.6 summarize these backgrounds.

The charged kaon decays of interest are:

K+ — V/,L+l’['+a
— + 0
Vp+p 7

Kﬁ - 17[!+/“L77

— Tyt p + (9.3)

To find the total number of candidates coming from charged kaon decays (N ), the charged
pions + muons + K background is subtracted from N7 (see equation (8.13)). Table 9.2
summarized the various N[b(in. The flux is a function of: the number of v, + v, Nk,
detected with NDOS, their CC cross sections (o) with respect to the nuclei in NDOS, the

number of target atoms (7") in the VR, and the reconstruction efficiency (e) [113]:

NEK
b = . 9.4
Z EiaiT ( )
1

All these quantities are a function of the energy bin, i. The total flux, ®, is the sum of the
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individual fluxes per energy bin.

9.1.1 Number Of Atoms In The Target Region

The number of atoms available to interact with neutrinos in the VR is calculated using
NOvA design information [114, 83], interacting with NOvA PVC extrusions experts [115],
and measuring dimensions and weights of spare NDOS PVC extrusions kept at Argonne
National Laboratory. This number of atoms is confined to the NDOS target region (TR)

with coordinates restricted by:

IX| < 106cm,
Y| < 172cm,

288cm < Z < 452cm. (9.5)

The PVC mass inside the TR (mpyc) is 4.90% of the total PVC mass, Mpyc:
o Mpywe = (383 £ 1.9) x 103 Kg.
o mpve = (1.9 £ 0.1) x 103 Kg.
The scintillator mass inside the TR (m;) is 4.94% of the total scintillator mass, M;:
o M; = (91.3 + 4.6) x 10° Kg.
e my = (4.5 4+ 0.2) x 103 Kg.

Even though the amount of WLS fiber, glue, and air within the TR is very small, it is

calculated as well:

e WLS fiber mass: mys = (5.1 £ 0.3) Kg.
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e Glue mass: my = (3.1 + 0.2) Kg.

e Air mass: mg = (6.0 + 0.3) x 1073 Kg.

The NOvA software has a function, GeometryBase:: TotalMass, which provides the numbers

discussed above:

e MC simulated PVC mass: MS{I,CC = 39.9 x 10 Kg.

e MC simulated scintillator mass: MZMC = 87.7 x 103 Kg.

Component | Molar Mass (g) ‘ fraction (f) ‘ Mass (Kg) ‘ Moles Molecules

Scintillator
CHj 14 0.9464 4270.6 3.02x10° | 1.83x10%?
CoHyy 120 0.0523 236 1.97x10% | 1.18x10%7
C15H11NO 221 0.0014 6.3 2.84x10 | 1.71x10%5
CoyHoo 310 0.0002 0.7 2.33 1.4x10%
PVC
CyH5Cl1 62 0.8 1502 2.42x10% | 1.46x10%8
TiOy 80 0.15 281.6 3.52x103 | 2.12x10%7
C36H7004Ca 607 0.006 11.3 1.86x10 | 1.12x10%°
CooHay 264 0.009 16.9 6.4x10 | 3.85x10%°
C12Hs0O05 244 0.002 3.8 1.54x10 | 9.27x10%*
C91Hy904 359 0.002 3.8 1.05x10 | 6.3x10%
C5HgOo 100 0.031 58.2 5.82x10% | 3.5x10%6
Air
N 14 0.78 5.0x1073 0.33 2.01x10%3
0] 16 0.21 1.0x1073 0.08 4.72x10%2
Ar 40 0.01 1.0x107% | 1.35%x1073 | 8.13x1020
WLS Fiber
CgH5CH 90 1 5.1 5.68x10 | 3.42x10%°
Glue
C 12 1 3.1 2.59%102 | 1.56x1026

Table 9.3 Chemical Composition Of The Prototype Detector. NDOS chemical com-
position, and number of atoms or molecules in each of the elements or compounds that are
inside the target region defined in equation (9.5).

The chemical composition of the NDOS components [116] is summarized in table 9.3.

With the identity of all the molecules present in the NDOS compounds, the procedure to
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obtain the target mass is straight forward. The molar mass (m;,) of molecules or atoms
is the mass of one mole of such substance. Table 9.3 contains the proportions (f) of each
element or molecule in each of the compounds of NDOS. The number of target atoms or

molecules (T}), inside the TR, of a given element or compound with mass m; is:

T, = Malna (9.6)

mm

where ng is Avogadro’s number. The known cross sections are for individual atoms, hence
the number of atoms in each molecule is known from its chemical composition. Table 9.3

summarizes the number of atoms or molecules that make up the mass of the NDOS TR.

9.1.2 Monte Carlo Cross Sections

GENIE has tables with the cross sections of many processes labeled under the categories:
QE and non-QE, where GENIE labels the individual non-QE processes as: resonance, deep
inelastic or coherent. Such tables contain the various cross sections as a function of the
neutrino energy as well as the target nucleus. Since the neutrino energies recorded in the
tables are discrete, GENIE interpolates the recorded cross sections in order to obtain the
cross section of a particular event for the given energy. The GENIE cross sections used in
this analysis are displayed in figure 9.3. All the non-QE cross sections per nucleus are added
together.

The cross sections shown in figure 9.3 are calculated assuming that experimental results
on cross sections per nucleon can be extrapolated to give nuclei cross sections. The uncer-
tainties given by GENIE to these cross sections are around 10%, from the green band shown

in figure 9.4. This figure also summarizes the measurements used to calculate the GENIE
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Figure 9.3 GENIE Cross Sections As A Function Of Neutrino Energy. Cross section
for each of the elements present in the NDOS target region’s mass. The color code is in the
right side of the figures, solid lines are for neutrinos and dashed lines are for antineutrinos.
Summary of (a) QE and (b) non-QE cross sections.
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Figure 9.4 GENIE Uncertainty In The Muon Neutrino Cross Section. v, CC
scattering from an isoscalar target. The shaded band indicates the estimated uncertainty on
the free nucleon cross section [109].
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cross sections: [117], [118], [119], [120, 121], [122, 123], [124], [55], and [125].

9.1.3 Total Reconstruction Efficiency

The last piece to find the sought flux is the reconstruction efficiency. This efficiency was
calculated using the MC simulated sample, and reflects the fraction of events reconstructed

given the total number of events available:

Npr

€ = s
Nyic

(9.7)

where Np is the number of reconstructed MC simulated events that passed all the event
selection cuts, and Nyjc is the number of MC simulated events which had their interaction
point inside the VR. The reconstruction efficiency as a function of the neutrino energy, and

discriminated per neutrino type and interaction type is presented in figure 9.5.

Reconstruction Efficiencies. NDOS MC.
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Figure 9.5 Reconstruction Efficiency As A Function Of The Neutrino Energy. Error
bars represent the binomial uncertainties. MC simulation.
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9.1.4 v, + v, Flux Coming From Charged Kaon Decays

v: Flux vs. Energy. NDOS MC & DATA.
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Figure 9.6 Total Flux Of v, + 7, Coming From Charged Kaon Decays. NDOS data
(black) and MC simulation (red).

All components of equation (9.4) have been presented so that the flux of v, +7,, produced
in charged kaon decays can be determined. The cross sections are given discriminated by

interaction type and neutrino type, therefore there are four fluxes:

af N'O[/B
. 1 . _ . . >
" = Sptapr ©= QB non-QE; £ = v 7 (9-8)

2 {2

and the total flux is the sum of the four:

o= o7, (9.9)
a,f 1

where ¢ labels the energy bin. Here, /N is the number of neutrino candidate events coming

from charged kaon decays (N ) presented in table 9.2. T is the numbers of target nuclei

185



presented in table 9.3. ¢ are the cross sections presented in figure 9.3, and € are the recon-
struction efficiencies presented in figure 9.5. The total flux of v, + 7, coming from charged
kaon decays is shown in figure 9.6 in four energy bins of 0.5 GeV size. The uncertainties are
the sum in quadrature of statistical and systematic uncertainties. The systematic uncertain-
ties are summarized in figure 9.7. The flux calculated from the NDOS data is systematically
lower than that predicted by the NDOS MC simulation (see figure 8.16), within the energy
region of interest defined in equation (9.2). The v2 test for these distributions concludes
that x2 = 9.336 for ndf = 4. The ratios between data and MC simulation for the total

flux, and also for QE and non-QE interactions, are shown in figure 9.8. The average ratio is

about 0.7.
Flux Systematic Uncertainties. NDOS MC.
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Figure 9.7 Flux Systematic Uncertainties. MC simulation.

Figure 9.9 presents the fluxes discriminated by interaction type. The agreement within

error bars of the non-QFE fluxes in figure 9.9b is better than the one in figure 9.9a with the
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Figure 9.8 Data Over MC Simulated Flux Ratio. Total flux ratio (black), QE flux ratio

(blue), and non-QE flux ratio (red) as a function of neutrino energy.
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Figure 9.9 Total Flux Of v, + 7, Coming From Charged Kaon Decays Discrim-
inated By Interaction Type. (a) QE and (b) non-QE fluxes. NDOS data (black) and

MC simulation (red).
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QE fluxes, though the systematically lower measured flux is present in both interactions.

This is corroborated by comparing the two X2 tests:

XGE = 6506, xXqp = 3.995, ndf = 4,

2
XNQE
2
XQE

= (.614.

(9.10)

Equation (9.10) shows a closer agreement between the non-QE data and the prediction by

the MC simulation than the QE data does. This result was expected since the non-QE data

sample is 60% larger than the QE one, which is a big difference in statistics, a determinant

factor in the analysis. The discrimination between QE and non-QFE flux is useful to check if

the two results are consistent with each other, i.e. the flux must be the same, regardless of

the interaction, since the difference between them comes from the cross sections. The ratio

between the QE over the non-QE fluxes in figure 9.10, is consistent with 1, as expected.

Flux Ratio: QE / Non - QE. NDOS DATA
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Figure 9.10 QE Over Non-QE Flux Ratio.
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The flux of charged kaons produced at the NuMI target can be constrained comparing
the data presented above. From the neutrinos detected with energies stated in equation
(9.2), the flux of charged kaons with total average momentum of 6.62 GeV/c compares to

that predicted by the MC simulation as follows:

® — (1462 + 0.154 stat P01 gyst) x 107102
Data ( stat_ 1135YS ) cm2POT’
_ +0.141 -10 v
CI)MC = (2.086_0.139) x 10 m,
Dpata = 0.70170- 008 @i (9.11)

The observed data and the MC simulated distributions shapes agree, as seen in figures 9.6
and 9.9, though their normalization is not the same, these differ by the amount presented
in equation (9.11). This analysis suggests that the neutrino flux of v, from charged kaon

decays obtained from the NDOS data is 30% lower that is predicted by the MC simulation.

9.2 Inclusive v, Charged Current Cross Section Calcu-

lation

With the results presented in section 9.1, it becomes interesting to calculate the inclusive
vy, CC cross section using the selected candidates? (NVM) presented in table 8.3, and the
flux (@) predicted by the MC simulation. With the direct measurement of the number of
events done in this analysis it is possible to calculate either the flux, or the cross section,
using previous measurements incorporated in the MC simulation of the cross section or

the flux, respectively. The excess of predicted events observed in the MC simulation (see

3The same procedure that led to equation (8.13) applies here for the number of v, N’/M'
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section 8.2) could be the result of overestimating either the flux or the cross section, or a

more complicated combination of over and underestimation of the two. A manipulation of

equation (9.4) results in the following relation between the cross section and the flux [113]:
Nﬁu

U:Zez@iT' (9.12)

i

The two previous direct measurements (see section 2.1.1.4) of the inclusive v, CC cross
section around 2 GeV (refer to figure 2.4) reported their results per nucleon, therefore the
number of targets (7') used in section 9.1.1 needs to be slightly modified from the number
of target nuclei to the number of target nucleons. The inclusive cross section per nucleon
(o) is the sum of the QE cross section per nucleon (oqg) plus the non-QE cross section

per nucleon (o,qE):

ON = O'QE—i—O'nQE. (9.13)
The number of targets in the TR is:
T = 1.723 x 1030neutrons, or
T = 3.854 x 103nucleons. (9.14)

The FLUKA v, flux prediction (®;), that is embedded in the MC simulated sample, is
shown as a function of neutrino energy in figure 9.11. The same FLUKA simulation was
used by the MiniBoone collaboration on their measurement of v, and v, events [126]. The
MiniBoone detector is also located at 110 mrad off the NuMI beam axis. Their measure-
ments have a 9% systematic uncertainty, on the NuMI flux, in the energy range between

0.9 GeV and 3.0 GeV. In this analysis the systematic uncertainty related to the FLUKA flux
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Figure 9.11 Muon Neutrino MC Simulated Flux Prediction.
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Figure 9.12 Reconstruction Efficiency As A Function Of The Neutrino Energy.
Error bars represent the binomial uncertainties. MC simulation.
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prediction is assumed to be 10% based on the MiniBoone estimation.

Inclusive v, Charged Current Cross Section vs. v Energy.
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Figure 9.13 Inclusive Muon Neutrino Charged Current Cross Section Per Nucleon
On A Carbon Target. NDOS data (black) and MC simulation (red).

The last pieces to calculate the inclusive v, CC cross section are the reconstruction
efficiencies (defined in equation (9.7)) presented in figure 9.12. Following a procedure similar
to that shown in section 9.1.4 leads to the inclusive v, CC cross section per nucleon on
a carbon target4. The cross section is presented in two energy bins of 0.5 GeV, as seen
in figure 9.13. The uncertainties are the sum in quadrature of statistical and systematic
uncertainties. The systematic uncertainties are summarized in figure 9.14. The cross section
calculated using the NDOS data is systematically lower than that embedded in the NDOS
MC simulation. The x? test for these distributions concludes that y? = 6.803 for ndf = 2.
The ratio between the data and MC simulated cross sections is shown in figure 9.15, only

the error bars in the second bin are consistent with one, which is shown as a dashed line.

4Refer to table 9.3.
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Figure 9.14 Cross Section Systematic Uncertainties. MC simulation.

Inclusive vy, CC Cross Section Ratio: Data / MC. NDOS MC & DATA.
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Figure 9.15 Data Over MC Simulated Muon Neutrino Charged Current Cross
Section Ratio.
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Figure 9.16 Measurements Of Muon Neutrino Charged Current Inclusive Scat-
tering Cross Sections Divided By Neutrino Energy. All the results are cited in the
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The inclusive v, CC cross section per nucleon at an average neutrino energy of 1.97 GeV

compares to that embedded in the MC simulation as follows:

(1.085 £ 0.219 stat T 0330 syst) x 10 em?,

OData
o = (1.58870310) x 1078 em?,
2
OData = 0.68370258 . o1, (9.15)

The comparison of the measured cross section with previous measurements is presented in
figure 9.16, which summarizes the measurements of v, CC inclusive scattering cross sections
divided by the neutrino energy as a function of neutrino energy. Note the transition between
logarithmic and linear scales occurring at 100 GeV. The red error bars are the sum in

quadrature of the statistical and systematic uncertainties. The blue error bars are the
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statistical uncertainties alone. The measured cross section agrees, within error bars, with the
two previous results [55, 56] mentioned above, and lies below the trend set by the collection
of all the results shown. The average cross section over neutrino energy of the wide range of

energies shown is represented by the horizontal dashed line.

9.3 Final Remarks

The two results presented in equations (9.11, 9.15) are the possible consequences of the
difference of about 1/3 seen in section 8.2 between the selected NDOS v, +,, CC candidates
and the prediction done by MC simulation. The conclusion is that the FLUKA flux needs to
be adjusted, based on the two NDOS measurements available®, by 30% since the inclusive
vy CC cross section (over neutrino energy) embedded in the MC simulation is consistent
with the dashed line in figure 9.16 at 2 GeV.

NDOS was designed to serve as a testing instrument that would provide the NOvA
collaboration with a proof of principle for the concepts and technologies developed for the
experiment. Measuring the flux of v, + 7, coming from charged kaon decays was a worth
pursuing result since those neutrinos show a clean peak around 2 GeV, and the flux of
charged kaons had not been measured at the angle where NDOS sits. A 30% excess of
events predicted by the MC simulation is now reported by two different analyses of the
NDOS data, which should be taken into account by the neutrino oscillations community.
NOvA can verify the results presented in this analysis with its near detector underground

which is taking data now.

5The result of this analysis and that from [22].
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Appendix A

Mass Terms In The Weak Interaction

All leptons participate in the weak interaction. However it is the only interaction in the
Standard Model where neutrinos are involved!. Leptons and quarks enter in the weak

interaction as left-handed weak-isospin doublets?:

=) ()

where the left-handed states are:

1
vy = 5(1—75)% I, = (1=,

1 1
ur = 5(1—75)% dr, = 5(1—75)d- (A.2)

Here: w = u, ¢, t; d = d, s, b; | = e, u, 7; and v = ve, vy, vr. There is no experimental

evidence of the existence of right-handed neutrinos?, and since these only interact with other

INeutrinos do not participate in the electromagnetic interaction at the tree level. If
neutrinos are Dirac particles these can have a magnetic moment, and therefore participate
in the electromagnetic interaction through one-loop diagrams. The transition moment, which
is relevant to v; — v; + v (i # j), may exist for both Dirac and Majorana neutrinos [64].
For a detailed calculation of the one-loop diagram see [127, 128, 129].

2The doublet in equation (A.1) is a general case which works for all three families.

3Right-handed neutrinos have chirality eigenvalue: +1. Chirality is an intrinsic property,
independent of the reference frame of the observer. Since neutrinos are massive, they can
have both eigenvalues of helicity: +1, which is a property that depends on the reference
frame of the observer. Chirality and helicity are only equivalent for massless particles [130].
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particles through the weak interaction?, the Standard Model excludes them. Right-handed
charged leptons and right-handed quarks enter the Standard Model weak interaction as

weak-isospin singlets given by:

1
lrp = 5(1+75)l,

1 1
uR = 5(1+75)U, dp = 5(1+’Y5)d- (A.3)

Weak-isospin and weak hypercharge are related by the Gell-Mann—Nishijima [131, 132] rela-
tion:

Y

where () is the electric charge, I3 is the third component of the weak-isospin, and Y is the

weak hypercharge. Weak-isospin can only take two values I3 = + 1/2, thus:
Y, = -1, Yp = —2. (A.5)

With the commutator:

[I3,Y] =0, (A.6)

the two quantities are commuting observables, and the product of the group transformations
generated by I and Y is the gauge group SU(2);, ® U(1)y of a gauge theory. Four massless
bosons and six massless leptons are the result of these constructions [130]. The Lagrangian
of this group is:

La=Lg+Ly+ Ls+ Ly, (A.7)

4The weak interaction only operates on left-handed states [27].
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where Ly is the gauge Lagrangian, L is the scalar Lagrangian, Ly is the fermionic La-

grangian, and L, is the Yukaga Lagrangian. The gauge part of the Lagrangian is:

1. 1
£g - _ZW/ZJVWZHV — ZB,LLI/BMV7 (A8)

where W/i,/ is the SU(2) gauge field that has three and four-point self-interactions, and B,,;,
is the U(1) gauge field associated with Y, which has no self-interaction [130].

The scalar part of the Lagrangian is:
Ly = (D'o) DI~V (9), (A.9)

where DH is a covariant derivative [133], and V(¢) is a scalar potential. In order to generate
the masses of the weak bosons and all the charged leptons, a doublet of scalar fields (¢)

defined as:

b= (Z);) (A.10)

is introduced. The known masses are generated through a spontaneous symmetry breaking
in the potential V(¢) of the field. This transforms as a SU(2);, doublet which implies:

Yy = 1. The invariance and renormalizability [134] of the group restrict V() to the form:

V() = 1ol + |M(670)?, (A.11)

where i and A are parameters. For u > 0 the potential is quadratic with its only minimum at
zero, as shown in figure A.la, and the vacuum is empty. An exact symmetry is characterized

by two conditions: the Lagrangian density is invariant under the symmetry, and the physical
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vacuum is invariant under the symmetry transformations [130]. A model with an exact
symmetry contains a degenerate set of massless particles. The Standard Model has symmetry
breaking to account for the observed masses in the model. The case for p < 0, in equation
(A.11), is shown in figure A.1b. There is a spontaneous symmetry breaking since the scalar

field takes one of all the possible minima in the potential.

v 12> 0,A>0 W<0r>0

V(9)
V(%)

Bt || gt

(a) (b)

Figure A.1 Scalar Potential. (a) p > 0, and (b) p < 0 [135].

The fermionic part of the Lagrangian is:
3 77 —] —
Li=%" (cjﬁmqf +Bapik + abapuk + ek + z@gzng), (A.12)
k=1

where k denotes the family, and all fields are weak eigenstates [130].
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The Yukawa part of the Lagrangian is:

L, =— 23: [ U <172¢Tqﬁ> + anci% (ZTngTq]z) + Féml_% (m’%ﬁ”ﬁ)] +h.e., (A.13)
kn=1

where the matrices I'y,, describe the Yukawa couplings between the scalar doublet and the
various flavors k and n of quarks and leptons [130].

The vacuum expectation values of the various complex scalar fields are the components
¢; of a complex vector v:

v = (0[¢0). (A.14)

Without any loss of generality the four axes of this space can be chosen so that:
(0]9;]0) = 0,for i = 1,2, and 4, and (0|¢3|0) = v. (A.15)

Here v is determined by writing the scalar potential: V(¢) — V(v), and choosing v such
that V' is minimized [136]. The quantum theory is obtained by considering the fluctuations
around this minimum: ¢ = v + ¢’. Using equation (A.15), the potential in equation (A.11)
becomes:

V(g) — V(v) = %u2v2+iwv4- (A.16)

For ;4 > 0 in figure A.1a, the minimum of the potential occurs at v = 0, and no symmetry
breaking occurs. For p < 0 in figure A.1b, the minimum is obtained at a non-zero value of

v

dV (v)

2 2
— = Al
0 =+ ) = o, (A.17)
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which has solution®:

(_f_j)”. (A18)

With this result, the kinetic part of the scalar Lagrangian in equation (A.9) becomes:

/ 2
(D) DFo = %(o v) [gfiwﬁ + %BM} (2) - (A.19)

where g and ¢’ are coupling constants of the SU(2) and U(1) gauge groups. After some

algebraic manipulation [138], important mass terms are identified®:

2,2

1: 98” W — w2y 4 aw?), (A.20)
1
.. (gP+gH ( gWw? 4B ) ( gW? s 4B )
8 ,/92+g/2 ‘/92_'_9,2 /g2+gl2 ‘/g2+g/2 i

The masses of the two weak interaction bosons are:

2 2
My = 2wy = VIS (A.21)
2 2
and the weak mixing angle (fyy) fulfills:
g g
cosly = ——, sinfy = ——. (A.22)
92 +gl2 /g2 +g/2

1 and 2 in equation (A.20) can be written as:

M2
1 MWW, 2: TZZ“ZM, (A.23)

5The case for u = 0 requires loop corrections, but the symmetry is again spontaneously
broken [137].
6These are mass terms since the fields couple to themselves.

202



where:

1
Wt = E(vvlq:zvv?), and Z = cos Oy W3 — sin by B, (A.24)

are the weak interaction bosons. From the form of the covariant derivative, the electron’s

charge is [133]:

/
e=—99 (A.25)

VA

which allows to estimate the weak interaction bosons’ masses. Notice that the term:
AR A, = (sin Oy W3 + cos By B)H (sin iy W3 + cos by B) (A.26)
is multiplied by the zeroes in equation (A.19), thus the photon field (A), given by:
A = sin Oy W3 + cos Oy B, (A.27)

is massless. The coefficients My and My (in equation (A.23)) depend on v, which is” the
vacuum expectation value of the scalar field. This scalar field is known as the Higgs field
[139]. The spontaneous symmetry breaking that results in v # 0 produces three massive
weak interaction messengers and a massless electromagnetic interaction one [130]; unifying

the weak and electromagnetic interaction into one elegant electroweak interaction.

See equations (A.15, A.18).
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Appendix B

NOvrA Kalman Tracker

For track propagation in the Kalman Tracker, each track is represented as a system with
two parameters: position and slope. A minimum of two cell hits are required to estimate the
parameters. Track seeds are formed from pairs of cell hits separated by as much as 3 planes
in their view. The track starting point is assumed to be at the center of the cell hit with the
highest Z coordinate, and the track propagation is carried on towards lower Z coordinates.
Tracks are propagated plane by plane, using the current estimates of the track position and
slope, to estimate the location of the expected track’s cell hits in the next plane. For cell
hits on the projected plane, a Ay? test is calculated from the inclusion of the new cell hit
in the track. If the Ax? is less than a default value, the cell hit is added to the track. After
a new cell hit is added to the track, a new track fit is done to replace the older position and
slope parameters. When the estimated track position for the next cell hit falls in an inactive
cell, and no other cell hits in that plane are added to the track, the plane will not count for
the propagation algorithm. The track propagation continues until three consecutive planes
with no cells hits are found.

When multiple cell hits in a given plane are considered to be part of a track, the addition
of each cell hit is determined individually and independently from the inclusion of the other
cell hits on the plane. When multiple cell hits are added to a track on one plane, the

propagation to the next plane is calculated based on the average of all estimated states
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found from adding each cell hit individually. After each propagation step the resulting
tracks are filtered. At the initial propagation, the filter provides the best estimated of the
track state for the propagation in the opposite direction. At the final propagation, the filter

provides the best estimate of the fit to the track.

200 400 : 200 400 200 400

o i - i =
]

- =) -
L -
i i

200 460 200 400 200 400

Figure B.1 Sample Event. [llustrates the track finding process. MC simulation.

Before a 2D track is written in the output the following quality cuts are applied:
e Minimum number of cell hits per track: 4.

e Minimum number of valid planes crossed by the track: 3.

e Maximum x?2 per added cell hit: 10.

The cuts reject fake tracks or tracks with poor fits. From the tracks that pass the quality
control, the best track found is the one with the lowest x2/Ng,, where Ng, is the number
of cell hits. As mentioned in chapter 4, long muon tracks are expected to undergo multiple

scattering at the end of their path. This feature will raise the y2/N,y,, which is taken into
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account. The best 2D track found is written to the output, and its cell hits are removed
from the pool of cell hits in that particular slice. The entire 2D track finding is repeated
with the remaining cell hits in the slice to find new tracks.

The algorithm stops when no new tracks pass the cuts, or there are no more available
cell hits in the slice. A sample output of the algorithm is presented in figure B.1. From left
to right: the first iteration finds one track per view (red and green), the second iteration
finds one track per view (green and yellow), and the third iteration finds only one track in

the side view (light blue). A flow chart of the algorithm is shown in figure B.2.

| Vector of rb::CellHit in a single view I \

l

— Find track seeds from hit pool
i
Propagate seeds from high to low z
¥
Filter Tracks [vecorof e grosped  Cuser

J

‘v I Separate Hits into Separate Views I——

. |
Propagate Tracks from low to high z o rmme ] | JFeresch cuser
4 }
) | Match 20 Tracks into 2D Tracks |-
Filter Tracks
+ I Vector of 1o Track |
Track Quality Cuts
]

Save best track and remove track
hits from hit pool

I

Vector of 2D rb::Track /

Until no tracks are found

Figure B.2 Flow Chart. Shows how the algorithm finds 2D tracks [140].
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Within a single slice, 2D tracks from separate views are matched together to form 3D
tracks based on a scoring routine. From each pair of 2D tracks from separate views that
overlap in their Z coordinates, a match score is calculated based on the starting and ending

7 coordinates of each track:

Iy — 4 I — 2
ceore — 12t = Zis| + | Zns — Zns| (B.1)
Oz

Here Zj; is the lowest Z coordinated of the 2D track in the top view, Z)4 is the lowest Z
coordinated of the 2D track in the side view, Zj; is the highest Z coordinated of the 2D
track in the top view, Z} is the highest Z coordinated of the 2D track in the side view, and
Oy is the length of the overlap of the two tracks in the Z coordinate. The two 2D tracks
with the lowest score are matched in each iteration to form a 3D track. The algorithm is
repeated until no more 2D tracks overlap in the Z coordinate. Each 2D track is only allowed
to be matched with one 2D track on the other view. All 3D tracks and unmatched 2D tracks
are written to the output. The final output of tracks from the sample event in figure B.1 is
presented in figure B.3. Two 3D tracks are reconstructed (red and green), and one 2D track

is left unmatched (blue). For a full description of the Kalman Tracker see [140].
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Figure B.3 Sample Event. Final output of tracks from the sample event in figure B.1.
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Appendix C

Unfolding Algorithm, T'SVD Unfold

One of the many uses of the MC simulated sample is that the reconstructed neutrino en-
ergies can be compared to the corresponding true energies. Figure 6.14, for example, is a
comparison of true and reconstructed neutrino energies. From this figure it is clear that
some events do not have their reconstructed energy in the appropriate energy bin. There
are various reason for this to happen, most of them already mentioned. For example figures
6.10a and 6.10b show that muons with true energy less than 0.4 GeV attain a reconstructed
energy 25% higher than the true energy. A solution to this issue comes from the use of an
unfolding algorithm [141]. This is based on the knowledge of both true and reconstructed
energies, which allows to take into account the inefficiencies and resolutions of the detector

to try to place the reconstructed events in the appropriate energy bin.

Singular Value Decomposition Unfolding Algorithm

The unfolding algorithm incorporates the Singular Value Decomposition (SVD) method to

find the detector’s response matrix. The inputs to the algorithm are [141]:

o 71 Vector of simulated events.

e bl Vector of reconstructed simulated events.
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The components of the Z™ vector are the MC simulated events that realistically represent
the underlying physics of the studied situation. The components of the bl vector are
reconstructed MC simulated events which contain information about the performance of the
detector. The goal of the algorithm is to find a probability matrix A that will relate the two
vectors [141]:

Agint — pini, (C.1)

Once the matrix is know, the algorithm performs the unfolding procedure that takes the real
life measurements gathered in the vector b to an unfolded vector # that will represent the

most probable distribution of events given the performance of the detector [141]:

Az =b. (C.2)

To obtain the vector # requires the knowledge of the determinant of A, which might not be
a straightforward endeavor since the components of the matrix could have values ranging
from big numbers to very small numbers. The inverses of these numbers could introduce a
wide variety of rapidly oscillating solutions to the mathematical problem. The SVD method
is a powerful tool that provides useful information about the matrix, e.g. if A is orthogonal,
all its singular values are 1. In this method the matrix Ais represented as the product of
three matrices' [141]:

A=uvsvT, (C.3)

where U and V are orthogonal matrices, and S is a diagonal matrix with non-negative

entries called singular values. These represent the reconstruction efficiencies per energy bin.

lyyT =1 = vTy, vut =1 = UTU.
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As mentioned above, if some of these singular values are small, the system of equations could

become very difficult to solve.

With b and A known, solving for  requires the use of the SVD method [141]:

Az = b = USVTz = USz,

s7ld = 7z = vTg
7 =VZ=Vstd=vstuTy = A7 1b (C.4)

The solution means that b is a set of orthonormalized functions of a parameter ¢ = 1, ..., n.
The basis of these functions are the columns of the matrix U, and the elements of d are the
coefficients of the decomposition. The vector 7 is decomposed in a series of orthonormalized
functions of a parameter j = 1, ..., n,. These functions gather in the columns of the matrix
V. The coefficients of the decomposition are the components of the vector zZ. At the end,

the initial problem is reduced to solving a diagonal system:

-

7=8"1q (C.5)

which is just a matter of inverting the diagonal matrix S, i.e. inverting the singular values.
If some of the singular values are small, and the measurements in b have associated

errors, the exact solution does not give any useful information. The following 2 by 2 system
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is presented as an example:

. 1 (11 1 0 1 1 1.
f — VS_IUTb — E E,
1 -1 01 1 -1
11 1 1 )\, 1141111
i =Vvsuly = b = = ¢ 1y,
1 -1 1 1
1 —1 14 1-1 141
1 1
L1 A+ + =22 | by gy [ 1 L= 1
N 2 2¢ ’
1 1
(1—=2)b1 + (14 2)bo 1 —1
— — d — d —
7= qVi+xnlh = 2V + 2, (C.6)
S1 52

To determine if the components of the vectors ‘71 and ‘72 are statistically significant to the

problem, the following relation between the coefficients d; and ds needs to be true [141]:

4 <d, (C.7)

If relation C.7 is true, the components of \72 are not statistically significant and d9 is simply

a random number. However, if:
1
Vs’

s2 < (C.8)

‘_/é dominates over Vl, and the result is meaningless. Since the s; are the efficiencies per

energy bin, what this means is that with very low efficiencies, the correct bin for a particular
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event can not be resolved between bin 1 or 2.

In the general case, for a smooth distribution of measurements, only the first few d; are
statistically significant. In a plot of log|d;| vs. i, the values of d; should exponentially decrease
with increasing ¢ until these reach a point of rapid oscillation, therefore the d; are a series of
random numbers. Only the d; occurring before the region of rapid oscillation are statistically
significant, and useful in the solution of the problem. Once the number of statistically
significant d; is established, the system is regularized to avoid possible meaningless results,
as mentioned above [141].

ini
j )

To measure the deviations of Z from #™, a vector &, with components: wj = xj/r, is
introduced. The product of the w; with the columns of the probability matrix flij results
in the number of events that were generated in bin j but belong to bin i. The result is the
matrix A, a number-of-events matrix. Rescaling the equations does not change the exact

solution. This unfolding problem is an over determined problem and its solution is obtained

by means of the least squares approach [141]:

"y [ ng 2
Z Z Ajjrj —b; | = min, (C.9)
i=1 \j=1

whenever the errors in the measurements are all equal. Since that is not the case here, i.e.
the errors vary from bin to bin, each equation should be weighted by its measured error

[141):
) ng 4
Ajjzj — b :
Z Z e min. (C.10)
i=1 \y=1

The general equation is:

(Af— E)T B! (A:f— E) — min, (C.11)
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where B is the covariance matrix of b, which gathers the errors in the measurements. B is

a symmetric and positive-definite matrix, therefore its SVD is:

B=QRQT, (C.12)

with:

R;; = 7‘22 > (0 and Rij =0, fori # j. (C.l?))

If the statistics of the MC simulation are one or two orders of magnitude larger than the data
statistics, the unfolding error is dominated by the measurement errors, which is the case in
the this analysis. Dividing each equation by its measured error gives them equal footing in

the problem, and equation (C.11) transforms to [141]:

(Ac? - E)T OR™1QT (A& — 5) — min, (C.14)

with:
Ajj = %ZQimAmja b = %ZQimbma (C.15)

1 m 1 m
such that:

(Au? - E)TQR—lQT (A@ . 6) — min = (Zw - B)T (A& - 6) . (C.16)

Thus,
> Ajjwj =1b;. (C.17)
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The regularization is achieved by introducing a stabilization term (see [142], [143], and

[144]) into equation (C.11):
(/w - B)T (Aw - B) 47 (03)T(CF) = min, (C.18)

where 7 is a stabilization parameter, and C' is the a priori condition matrix. These are
both problem dependent, and control the equations that present the irregular behavior.
The components Cj; are chosen such that the components of & with irregular behavior are
suppressed.

The solution to equation (C.18), for any 7, requires the damped least squares approach

[144]:

Co = , (C.19)

d=5718d, =871, s=Cc"1lvz 7 ="y, (C.20)
where:
2 _
=T (C.21)
S5

are the new singular values. The choice of 7 comes from the log|d;| vs. i plot. The singular

value 5;, of the last statistically significant equation, k, determines it:

T = 5. (C.22)

2Detailed calculation in [144], Chapter 25, Section 4.
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With all the pieces of the algorithm together, the unfolding procedure is the following;:
1. Define the number of bins ny, and their boundaries.
2. Define the number of bins n,, and their boundaries.

3. Build the condition matrix C' introduced in equation (C.18), and calculate its inverse

c L

4. Generate the simulated events to find: @™, reconstruct the simulated events to find:

gini, and construct A, which is the number-of-events matrix introduced in equation

(C.14).
5. Calculate the covariance matrix B introduced in equation (C.11).
6. Calculate flij, and b; from equation (C.15).
7. Multiply AC~! to fulfill equation (C.19).

8. Plot log|d;| vs. i to determine the last statistically significant equation k, and set T

(see equation (C.22)).
9. Obtain the unfolded distribution of events Z from equation (C.20).

ROOT (see [145, 146]) has a tool, T.SVDUnfold, that implements the unfolding algorithm
in a very user friendly way. This tool requires the user to provide:

° i:ini'
° gini‘

o A.
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With these inputs, TSVDUnfold goes through steps 1 to 8 in the algorithm. Then it asks
the user to use the log|d;| vs. i plot to provide the parameter k. Based on simulated events
and reconstructed simulated events, T'SVDUnfold calculates the matrices B and C. At this
point it trained itself to be able to handle real data. Now the user provides a new vector:
b data \which contains all the real data events. From pdata and a setd of toy MC simulated
events, generated by T'SVDUnfold itself, it calculates a new covariance matrix Bdata which
is the error matrix for the unfolded distribution. Finally, after training, T.SVDUnfold goes
through step 9 in the algorithm and gives the unfolded distributions & and Fdata 7 ig the

unfolded distribution for the reconstructed simulated events, and 7928 is that for the real

data events.

Unfolded Distributions

v True Energy Spectra. NDOS MC. No Unfolding. v True Energy Spectra. NDOS MC. With Unfolding.
W77 A0———— T T T
+ — Reco MC E - E
r T r True MC ]
300l —e—Fake Data ] 300l Ral h
> b R > F . 1
8 C ] 3 C Lo Unfolded Fake Data ]
o L ] o [ ]
2 200~ — Q200 ¢ —
2 L ] 2] I ]
= B 1 =4 I~ 1
[} - , Q - ,
> >
w B 1 w T o= 1
100~ — 100f— —
L i L Lo i
L ] L Lo ]
i ] i —e ]
0 | . oLe- | L (T ere e ro o
0 2 7z 6 8 10 0 2 7z 6 8 10
v Energy (GeV) v Energy (GeV)
(a) (b)

Figure C.1 Neutrino Energy Distributions Before And After Unfolding. (a) Recon-
structed MC simulation (red) normalized to fake data (black) area. (b) True MC simulation
(green) normalized to unfolded data (black) area. MC simulation.

Following the steps presented at the end of the previous section, and in order to train

3The size of this toy MC simulated set is entered by the user. The recommended size is
ntsyp = 100 events.
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the algorithm, the MC simulated sample is divided into two sets: one used to build ¥ ni
training sample, and the other one? used to build gini, testing sample. The TSVDUnfold
is fed with the due inputs, and the results of the training process are presented in figure
C.1. As presented in the previous section, the parameter k comes from figure C.2b, which

shows that the last statistically significant equation is that with ¢ = 2, since for higher ¢ the

distribution oscillates randomly around |d;| = 1. The parameter k is set to:

k=2 1=3. (C.23)

The migration of events from their reconstructed energy bins to their unfolded energy bins
is presented in figure C.2a, which is the covariance matrix Bdata mentioned above. The
diagonal entries between 1 GeV and 2.5 GeV are 20.1% of the total entries. In this case the
correct bin is reconstructed properly. The off diagonal bins in that same energy region, and

colored with light orange, account for 27.2% of all entries.

v Energy. NDOS MC Covariance Matrix. Iog|d‘| vs. i. TSVDUnfold.
F T T T T T T T T T T T T T T T T T T

(GeV)

True

v Energy

0 2 4 6 8 10 X
v Enerav  (GeV) !

(a) (b)

N
o

Figure C.2 Results From Unfolding Fake Data. (a) The covariance matrix BI%  (b)
log|d;| vs. i. MC simulation.

Figure C.1 shows 4 distributions: The true MC simulated events, the reconstructed MC

4 About 10% the size of the first sample.
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simulated events, the fake data® events, and the unfolded events. True MC and Reco MC
simulations resemble figure 6.14. The fake data, as part of the MC simulated sample, should
have the same shape as the Reco MC simulation does, which is the case in figure C.1a.
The unfolded distribution sits on top of the true MC simulation one, which means that the
unfolded procedure worked as expected, as seen in figure C.1b. The errors in the unfolded
distribution come from the input to the covariance matrix, which in this case are statistical
errors in the fake data.

The goal of the unfolding was to place all the fake data events into their most probable
energy bins given the performance of the detector embedded in the calculated covariance
matrices. This corrects for the discrepancies between reconstructed and simulated events
presented in chapter 6.

The training and testing of the unfolding algorithm are satisfactory, and the algorithm
is applied to the NDOS data. In order to find the unfolded data distributions, plata g
filled with real NDOS events instead of fake data events, and the covariance matrix B9t ig
calculated based on the real data measured errors. Everything else is the same as presented

above, since it is the result of training the algorithm.

5The small MC simulated testing sample.
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Appendix D

List Of Muon Neutrino Charged

Current Candidate Events

Run Event E, Run Event E, Run Event E,
(GeV) (GeV) (GeV)

1306701 | 52339 1.1 13067_05 | 242768 1.3 13084_14 | 636949 1.4
1309709 | 401527 2.0 1311919 | 878982 1.4 1312006 | 275972 1.5
1313108 | 369633 2.3 1316809 | 439180 2.0 13173.00 | 21364 1.0
13178.09 | 423895 1.0 1320907 | 351868 1.5 13210_12 | 558497 0.8
1322800 | 7822 0.9 1324701 | 88704 1.0 13247_08 | 381991 1.3
1324710 | 468719 1.0 1328600 | 31278 0.9 13286_04 | 185526 1.0
1328900 | 3856 1.8 13352_09 | 455006 1.5 13352_15 | 686658 2.1
1335903 | 149922 1.3 13359_18 | 838462 2.1 13390_19 | 898936 1.2
13405.00 | 21468 2.1 1340506 | 283899 2.5 1340508 | 373623 2.1
13405_09 | 423816 1.0 13406_05 | 269806 1.1 13406_19 | 895717 2.0
1341714 | 647470 2.0 1341740 | 1815674 1.5 13485_18 | 898130 0.9
1350400 | 5587 1.6 13508_11 | 502607 0.9 13508_17 | 791080 14
1352107 | 320076 1.7 13523.09 | 429603 2.0 13525.00 | 30494 3.1
13526_03 | 173654 1.4 1352816 | 704288 0.9 1353102 | 100521 1.1
1353102 | 100521 1.1 13540_09 | 432385 1.0 1354304 | 197375 0.9
1355001 | 67262 1.0 1355720 | 853445 3.5 13567_00 | 32484 1.1
13648_05 | 224998 1.9 13659_03 | 154457 2.1 1365907 | 333945 1.2
13659_12 | 576285 1.2 13675.05 | 251706 1.7 13679_08 | 402161 1.9
13679_12 | 565281 1.8 13679_13 | 624373 1.1 13709_18 | 838184 0.9
13730_20 | 948244 1.0 1373118 | 858628 14 13732_01 | 83757 1.5
13732_04 | 224730 14 13732_05 | 233639 1.0 13732_06 | 281760 3.1
1373702 | 112479 1.2 1373704 | 188755 0.9 1373708 | 413309 1.0
1374303 | 176473 1.0 1375401 | 62591 1.0 1375402 | 123870 2.5
13756_04 | 219066 3.3 1375905 | 248715 1.2 13763.04 | 162894 0.6
1376701 | 68409 1.2 1376702 | 81374 3.4 - - -

Table D.1 Selected QE Candidate Events.
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All the selected QE neutrino candidates before cosmic background subtraction are pre-
sented in table D.1. All the selected non-QE neutrino candidates before cosmic background

subtraction are presented in tables D.2 and D.3.

Run Event E, Run Event E, Run Event E,
(GeV) (GeV) (GeV)

13068_01 | 70583 1.9 13068-02 | 133375 1.1 13068-03 | 183770 1.8
1307105 | 273089 | 1.5 1307515 | 704141 | 2.0 1307517 | 781439 | 2.5
13084.01 | 87787 1.6 1308701 | 57985 3.2 1309405 | 265850 | 2.0
1309711 | 516437 | 2.4 | 1309711 | 517102 1.8 1309713 | 604309 | 2.0
13117-03 | 151666 | 0.9 1312000 | 38220 1.3 1312304 | 158468 1.3
1313101 | 73464 2.4 | 1316001 | 61236 1.3 13160-02 | 112807 | 2.0
1316011 | 512920 | 1.5 1316015 | 687140 | 2.3 1316609 | 410288 1.3
13173-12 | 576650 | 1.6 1317604 | 244242 1.7 ] 13176-11 | 539526 1.4
1317804 | 206510 | 1.6 1317805 | 266544 | 2.1 1317807 | 323898 | 4.5
13189-02 | 95469 1.5 1319000 | 7437 2.4 | 13208.03 | 140024 | 1.9
1320901 | 71489 1.5 13209_14 | 655627 | 2.0 13209_19 | 868527 | 0.8
1321013 | 608565 | 3.1 1321302 | 94255 1.8 1321403 | 177158 1.4
13220_01 | 84251 2.2 13236.05 | 246984 | 2.4 | 1324111 | 541964 | 1.1
1324701 | 55167 1.6 1324709 | 430374 | 1.8 13262_01 | 55638 4.0
1326201 | 70110 1.6 1326504 | 229559 | 2.6 13265_06 | 292238 1.3
1327701 | 79372 1.9 1328601 | 48964 2.3 1328602 | 120280 1.5
13312.06 | 315839 | 1.7 | 13320_15 | 685032 1.6 1333002 | 117981 1.9
1333306 | 285527 | 1.9 1333310 | 488169 | 1.3 1333312 | 546198 | 2.7
13333-15 | 694421 | 3.0 1333900 | 20224 2.2 1333903 | 135737 | 1.9
13348.06 | 271122 1.5 1335205 | 269563 1.7 | 1335210 | 494823 | 2.0
13352_15 | 706818 | 1.2 13353-13 | 611234 1.1 13359_12 | 558228 1.7
1336005 | 260305 | 2.0 13365.02 | 118904 | 1.7 | 1336503 | 141066 1.3
1338902 | 98800 2.9 13389_11 | 533620 | 2.8 1339307 | 326670 1.6
13393_19 | 880031 | 2.3 13393_20 | 933931 1.6 13399.06 | 300556 | 2.0
13399.10 | 470075 1.7 ] 1339912 | 578886 1.5 13399_12 | 589675 1.4
13405-06 | 281676 | 2.3 13405_18 | 857049 | 3.0 1340520 | 936462 | 2.1
1340608 | 396159 | 2.6 13406_13 | 641569 | 1.1 13406_20 | 945997 | 1.5
1340700 | 40739 1.9 1340709 | 435601 | 2.1 13409_14 | 668614 | 1.8
1344106 | 320584 | 1.4 | 1344309 | 398666 | 1.9 1344314 | 664933 1.3

Table D.2 Selected Non-QE Candidate Events, I.
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Run Event E, Run Event E, Run Event E,
(GeV) (GeV) (GeV)

1344409 | 445873 2.0 1344413 | 632045 1.3 13485_14 | 680500 1.5
13490_00 | 27697 2.2 13490_00 | 43841 1.9 13495_15 | 714932 2.2
13504_03 | 163755 2.9 13504_03 | 170439 2.8 13505.06 | 317921 2.4
13508_00 | 31211 3.4 13508_12 | 560534 1.7 13508_13 | 610384 2.7
13512_06 | 292369 2.2 13512_14 | 667424 2.4 13516.01 | 55536 1.5
13521.04 | 219941 1.3 13521.07 | 334779 1.7 13523.03 | 153709 3.7
1352312 | 573584 1.7 13523_22 | 1005777 1.8 13525.06 | 275923 1.1
13531_08 | 373797 1.3 13533.07 | 337448 3.3 1353317 | 806866 1.6
1353400 | 18678 1.3 13539_03 | 169453 2.3 1354020 | 917878 1.6
1355707 | 261561 2.4 1355714 | 619026 2.1 1355715 | 669256 1.8
13611_04 | 184605 1.2 13619.04 | 205187 1.1 13619_11 | 525351 1.5
13619_18 | 843304 1.2 13659_11 | 534603 1.9 13660_05 | 239565 1.5
13660_07 | 338739 1.6 13660_10 | 493358 2.3 13709.16 | 746592 1.8
13710_18 | 864719 2.2 1371103 | 150155 1.5 1371106 | 300659 4.1
1371712 | 589572 2.3 1371715 | 717932 1.3 1372713 | 608348 3.3
1373114 | 688158 2.0 1373119 | 917338 1.4 13732.03 | 151136 1.7
13732_05 | 236320 1.3 1373704 | 197897 1.4 1373705 | 263039 1.5
1374000 | 11613 3.0 1374021 | 972374 1.8 13742_05 | 270585 2.0
1374300 | 7658 1.0 1374308 | 406626 1.2 1374323 | 1069794 1.8
13744_04 | 188689 1.2 1374405 | 272594 2.6 1374407 | 362545 2.0
13744_10 | 495266 1.4 13746_23 | 1096829 2.6 1375115 | 700296 1.5
1375401 | 85788 1.2 1375412 | 588024 2.8 1375415 | 691009 14
1375416 | 773307 1.8 1375416 | 821744 1.5 13759.19 | 888335 0.9
13760-17 | 750963 2.2 1376301 | 70828 1.9 1376309 | 358811 1.0
13764_00 | 4051 1.1 1376503 | 146213 1.5 1376702 | 91379 1.6
1377001 | 43260 2.0 1377009 | 344492 2.3 1377822 | 831025 14

Table D.3 Selected Non-QE Candidate Events, /1.
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