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Abstract

The NuMI Off-axis v, Appearance (NOvVA) experiment studies neutrino oscillations
in the NuMI (Neutrinos at the Main Injector) beam. The goal of the experiment is to
determine the mass hierarchy and measure dcp, however it is also sensitive to sin® 63,
and Am§2. The present work tries to improve experimental sensitivity to the oscillation
parameters by considering neutrino events which are discarded by the previous analysis
— escaping events. The biggest issues with the escaping sample are significant cosmic
background and correct energy estimation. Both issues were addressed and inclusion
of escaping sample to the final fit led to an effective increase of statistics by 4% with

best-fit measurements of sin? 93 = 0.504 and Am§2 =2.45 x 1073 eVZ2.
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Chapter 1

Introduction

The goal of this work is to study and understand properties of one of the most mysteri-
ous elementary particles in the universe - neutrinos. Neutrinos are electrically neutral,
and are lighter than all other fundamental particles by many orders of magnitude. It is
known that neutrinos could interact only through weak and gravitational forces which
leads to a several light years of mean free path in the matter for 1 MeV neutrinos. De-
spite their tiny mass and weak interactions with matter, they are very interesting to the
elementary particle physics, cosmology, and astrophysics communities. Neutrinos carry
away almost all energy of supernova explosion, and can reveal a lot about a dying star’s
internal structure and the last seconds of its life. Neutrino telescopes may open a new
window for Universe observation and give a unique look into phenomena which could
not be seen by conventional telescopes. Neutrinos also can direct physicists towards
potential signs of new physics that can be investigated at collider experiments [3] and
in the galaxy. The list of examples why neutrinos are important continues to grow, and

it gives a sense that neutrino physics is a very rich and interesting subject to study.

A hallmark of the weak force is oscillations between flavors. Oscillations were first
discovered in neutral mesons, and later in neutrinos [4, [0, [, [7, 8, @]. After travelling
some distance, neutrinos produced in one flavor oscillate into a different flavor, and
this repeats until a neutrino emits a charged weak boson and becomes a charged lep-

ton. The NOvVA - NuMIF_-] Off-axis Neutrino Appearance - experiment was designed to

'Neutrino at the Main Injector
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study properties of these oscillations. There are several parameters which fully describe
neutrino oscillations. Analysis presented in this work is focused on measuring sin® a3
and |Am3,|. The measurements come from studying a specific mode of the oscillations:

Vu — Vy.

Here is a brief outline of the work

e Chapter 2 briefly presents the history of neutrino discovery and observation of

neutrino oscillations.

e Chapter 3 discusses corresponding theory behind the neutrino oscillation physics
together with the current measurements of the parameters describing these oscil-

lations.

e Chapter 4 describes the NOvA experiment design and its two most significant

parts - Far and Near Detectors.
e Chapter 5 provides details on Monte Carlo simulations used in the analysis.

e Chapter 6 follows the reconstruction chain from raw data to high level objects

such as slices, tracks, etc. Energy estimation algorithm is considered.

e Chapter 7 presents selection criteria for the contained sample as well as selection
and background reduction processes for the escaping sample excluded in previous

analyses.

e Chapter 8 discusses different approaches to escaping sample energy estimation

algorithm.
e Chapter 9 gives predictions for the selected events in Far Detector
e In Chapter 10 all the systematics are discussed.
e Chapter 11 presents results of the analysis developed in the thesis.

e Chapter 12 summarizes the work presented in the thesis.



Chapter 2

Neutrino and its oscillation

2.1 History of neutrino discoveries

The energy spectrum of electrons in beta decay was first accurately measured by James
Chadwick in 1914 [I0]. Previous attempts by Lise Meitner and Otto Hahn in 1911 and
Jean Danysz in 1913 showed hints that the electron energy spectrum was continuous. At
the time this was an obvious contradiction with laws of energy and angular momentum
conservation. A nucleus emitting an electron changes its state and energy of the electron
should be equal to the energy difference of two nucleus’ states. After several attempts
to explain the mystery of beta decay Wolfgang Pauli postulated [I1] that beta decay is
actually a three particle decay. He called the third particle “neutron” - an electrically
neutral and very light particle - and it was responsible for carrying away some portion of
the energy which leads to continuous electron energy spectrum. Two years later in 1932
an actual neutron - the proton’s partner inside a nucleus - was discovered by Chadwick
[12]. To avoid confusion Enrico Fermi proposed a new name for Pauli’s particle [13] -
neutrino, which means “little neutral one”.

It took more than 20 years for the first neutrino to be observed. In 1956 Reines and
Cowan made a direct observation of a neutrino [I4], whose flavor was later recognized as
an electron anti-neutrino 7.. An anti-neutrino was produced in a nuclear fission reactor
via neutron decay

n—pt+e + U (2.1)
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An anti-neutrino interacted with a proton in a detector and produced positron and
neutron

Uet+p—et +n. (2.2)

The signature of both processes, and thus evidence of the neutrino, was observed using
a detector in the following way. An anti-neutrino interacted with a proton to produce
a positron and neutron. The positron annihilated with an electron and produced two
photons. Shortly after the neutron was captured by a nucleus and emitted several pho-
tons. Two photons followed by a third one gave an indication of a neutrino interaction
inside the detector. The Nobel Prize was awarded to Reines in 1995 for the detection
of the neutrino.

In 1962 the neutrino family was expanded by observation of the second type of
neutrino - a muon neutrino v,. Leon Lederman, Melvin Schwartz, and Jack Steinberger
used the world’s largest accelerator at that time at Brookhaven National Laboratory to
direct protons onto a fixed target to produce charged pions. Those pions subsequently
decayed to (anti)muons and muon [anti]neutrinos. At the end of pion decay pipe plates
made of steel and lead were installed to absorb muons. Beyond the metal absorbers a

spark chamber was placed to identify neutrino interactions similar to (2.2)),
Vp+n—pu +p, Uyt+p—pt+n. (2.3)

After processing all experimental data, 34 neutrino interactions were found with a single
muon track in the spark chamber [I5]. Absence of observed electrons in the chamber
proved that v, # v, and lead the fact that in 1988 the group was awarded the Nobel
Prize for their discovery of the muon neutrino.

The discovery of weak gauge bosons at CERN by UA1 and UA2 collaborations [16],
[17] in 1983 provided new ways to study particles interacting via weak bosons. Careful
measurements of the Z boson decay rates helped to establish the total number of neu-
trinos which interact through W* and Z bosons. ALEPH detector on the CERN Large
Electron Positron collider determined [18] in 1989 that only three different neutrinos
participate in weak interactions. Sterile neutrinos, which do not interact weakly, have
not been found but are still being searched for.

The ALEPH experiment suggested that a third neutrino should be associated with
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the tau lepton, which was discovered in 1975 [19]. The Direct Observation of Nu Tau
(DONUT) experiment was setup at Fermilab in 2000 and looked for reactions

Ur+n—T1 +0p, Ur+p— T +n. (2.4)

The general idea of the DONUT experiment was similar to the experiment conducted
at Brookhaven National Lab in the early 1960s. A proton beam was directed into
a fixed target resulting in a shower of meson and baryons. In order to decrease the
background of v, neutrinos, deflecting magnets were installed along the decay pipe to
remove muons which produce v, neutrinos upon decaying. Tau neutrinos were produced
through Dg — 7+ v, process, and as many as 4 tau neutrino interactions were observed
[20]. This number of interactions was sufficient to confirm the existence of the tau

neutrino.

2.2 Neutrino oscillations

The idea of neutrino oscillations was suggested in the work of Bruno Pontecorvo in 1957
[21]. Although at the time only one neutrino flavor was known, Bruno described the
mixing of electron neutrinos and antineutrinos. Later, when the muon neutrino was
discovered, the physicists Maki, Nakagawa, and Sakata used Pontecorvo’s framework
[22] to describe neutrino flavor oscillations. After the discovery of the tau neutrino, a
third neutrino was added to the oscillation picture.

Before Ray Davis and collaborators’ observation of solar neutrino deficit in the
1960’s [23], neutrino oscillations were considered possible but hardly realistic. Using
the standard solar model the total number of electron neutrino coming from the sun
was predicted by John Bahcall [24]. However, an obvious deficit of solar neutrinos was
measured. Later, more precise measurements of solar neutrino flux were made in Japan
- Super-Kamiokande [25], and in Sudbury Neutrino Observatory [26] in Canada. Both
observations matched prior results, but contradicted predictions. This solar neutrino
problem is elegantly explained in the framework of neutrino oscillations. In the following

section a theoretical description of neutrino oscillations will be given.



Chapter 3

Physics of Neutrinos

3.1 Standard Model in a nutshell

Since ancient times people were trying to understand the world around them. From
first world models of ancient Greeks to modern theories scientists tried to use limited
number of entities to describe phenomena happened in nature - Democritus’s indivisible
atoms, Plato’s elements (air, fire, water, earth) or elementary particles of the Standard
Model. Here we focus on the latest and most accurate theory - the Standard Model.
Elementary particles of the Standard Model are the building blocks of matter, and
the glue of everything we can see around usﬂ However, the most fascinating thing
about the Model is that underlying principles that governs it are symmetries - gauge

symmetry and Lorentz symmetry. The Standard Model group is
SU(3) x SUL(2) x U(1), (3.1)

where the SU(3) group describes strong interactions, and the SUL(2) x U(1) group de-

scribes electro-weak interactionsﬂ The different mathematical properties of the groups

! As of today, Standard Model and Einstein’s General Theory of Relativity could not fully explain
motion of galaxies and exponential expansion of the Universe. Two more entities were introduced - dark
matter for former phenomenon and dark energy for latter one.

2Gravitational interaction falls out of the picture since for the last one hundred years gravity is
described by deformation of space-time continuum. Nevertheless, the attempts to rewrite gravity using
the same language of groups and unified it with Standard Model never were given up. In fact, all latest
unified theories were based on groups of high dimensions such as String Theory.



Standard Model of Elementary Particles

three generations of matter

(fermions)
I [l 1"
—
mass | =2.4 MeV/c? =1.275 GeV/c* =172.44 GeV/c? 0 =125.09 GeV/c’
charge | 2/3 2/3 2/3 0 0
@@ | @ |f . H
L up § charm | top gluon Higgs
—
=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0
-1/3 -1/3 -1/3 0
Q@@ ||
L down § strange | bottom photon
—
~0.511 MeV/c? %105.67 MeV/c? =1.7768 GeV/c? %91.19 GeV/c®
-1 -1 -1 0 W
- @ - ® |- @ || 4
electron muon tau Z boson 8
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—
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o 0 0 0 1 [TT]
= 12 y 12 y 12 y 1 (L)
& electron muon tau W boson 2
- g neutrino L neutrino g neutrino w

Figure 3.1: Elementary Particles in the Standard Model.

All particles could be divided into 2 groups: fermions and bosons. Fermions are further
divided into quarks with fractional charges and leptons - charged ones (e, pu,7) and
neutral (ve, vy, v;). The fermions participate in strong (except leptons), weak and (only
charged ones) electromagnetic interactions. These interactions are mediated by massless
gluons (g), massive weak bosons W* and Z° and massless photon (y). The Higgs
boson is last discovered particle and is responsible for all fundamental particles’ masses.
However, the source of the neutrino mass is unknown and it is possible that Higgs
mechanism is not working for neutrino mass generation.
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naturally split the particles into two categories based on their spins: bosons and fermions.
Fermions are particles with half-integer spin and bosons are particles with integer spin
(in units of k). The matter consists of fermions, while bosons serve for carrying inter-
actions between matter particles.

Fermions in the Standard Model are quarks and leptons. Quarks make up protons
and neutrons and have fractional electric charge - up, charm and top quarks have charge
—I—%e, while down, strange and bottom have —%e. Quarks also have strong charge - color
- which could be one of three options: green, red or blue. The interesting fact is
that the quarks are not observable in the same sense as electrons could be observable
and only three quark (baryon) or quark-antiquark (meson) combinations existﬂ This
phenomenon is called quark confinement with no complete explanation as of today.

The other sector of the Standard Model - the lepton sector - consists of negatively
charged electron, muon and tau particles as well as neutral neutrinos. These parti-
cles participate only in weak and electromagnetic interactions. Moreover, the electron
and electron neutrino carry an electron lepton number, similar quantities are carried
by muon and tau leptons. Lepton numbers are known to be conserved in almostE| ev-
ery process, for example, muon decay produces not only electron but corresponding
muon neutrino and electron antineutrino. Although attempts to observe lepton number
violation, beside neutrino oscillation, are being made.

As shown in figure , fermions are split into three generations. The mass of
each subsequent generation is bigger by at least two orders of magnitude, except for
neutrinos, whose masses are extremely hard to measure directly or indirectly but they
are believed to be in the below 1 eV regiorﬂ The matter we observe around us is
made of particles from first generation. Why do other generations exist? Why are there
only three generations? What mechanism generates neutrino masses? Physicists do not
know the answer to this questions, nor why there is a gigantic (10'!) mass difference
between the lightest and the heaviest particles.

The last but not the least sector of the Standard Model is boson sector. This sector
is represented by particles which mediate electromagnetic, weak and strong interactions.

The photon () is spin-1 massless carrier of the electromagnetic force and is responsible

3Recently, five quark combinations have been discover
4The lepton number is not conserved in the case of neutrino oscillation which this thesis is about.
®[27] summarizes recent attempts to measure neutrino mass directly
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for almost all phenomena that a person experiences in their life - from the Sun’s light,
to the frictions and atomic bonds between chemical elements. Only charged particles
interact through photon exchange.

The strong force carrier is spin-1 massless gluon (g). Gluon exchange binds quarks
into stable states as baryons - protons, neutron etc.- or mesons - m, p etc. While
the photon is electrically neutral and can not interact directly with other photons,
gluon carries a color, or rather color-anticolor, and can interact with other gluons.
As mentioned earlier, only specific combinations of quarks are observable - colorless
combinations - three quarks of different colors, or quark-antiquark pairs with color-
anticolor charge. In strong interaction quark changes its color by emitting gluon, for
example, a blue quark emits blue-antired gluon and becomes a red quark.

The weak force carriers are spin-1 massive W and Z° bosons. All the Standard
Model fermions can interact via weak bosons exchange. The weak interaction plays a
major role in radioactive decays and fusion processes, and are the only way to study
neutrinos since these particles do not participate in strong or electromagnetic interac-
tions.

Among Standard Model interactions only electromagnetic one has an infinite range
while others are short range interactions due to massive (weak) and color charged
(strong) force carriers. The relative strength of interactions are not very meaningful as it
depends on energies one uses for measurements but still can provide useful information.
Strong, electromagnetic and weak interactions relate to each other as 1: 1073 : 10716,

The masses of particles and the interaction strengths are free parameters of the
Standard Model, and can be chosen so that the theory’s predictions match experimen-
tal observations. The fact that weak bosons are massive makes it difficult to incorporate
them into the theory due to gauge symmetry. However, the Higgs mechanism accom-
plishes this in an elegant way by introducing the Higgs field and a corresponding carrier
- the Higgs boson. The Higgs boson is the last fundamental particle of the Standard
Model and is the only one with spin-0.

In addition, each particle has an antiparticle with the same mass and spin but op-
posite charge. Interaction between the particle and its antiparticle leads to annihilation

with two photons being emittedlﬂ It is known from measuring light element abundances

Salso pairs of Z° or W could be emitted for sufficiently high energies in the CM reference frame
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in the early Universe that our Universe consists primarily of matter and not antimatter
. . __ nBp—np —10

with baryon-to-photon ratio (np = TB) between 4.7 and 6.5 x 10" [28]. Why the

asymmetry materialized in the early Universe is still a mystery, however, CP—symmetrym

violation is partially responsible for this and NOvA experiment can shed some light on

the problem.

3.2 Oscillations in Vacuum

Neutrinos are massive elementary particles which only participate in weak interactions
and are immune to electromagnetic and strong interactions. They also participate in
gravitational interactions, but since gravity is many orders of magnitude smaller in
comparison to other forces one can neglect gravity effects completely, at least on energy
scale of modern experiments. There are three types of neutrinos - with definite flavor -
electron (v,), muon (v,) and tau (v,) neutrinos. These flavor neutrinos are eigenstates of
the weak Hamiltonian and they can be produced or destroyed only in weak interactions
via exchange of the weak gauge bosons W+ and Z. The neutrino mass eigenstates do
not coincide with flavor eigenstates, and this leads to neutrino oscillations.

Weak interactions produce definite flavor neutrinos, but neutrinos propagate through
space based on their mass eigenstates. The flavor eigenstates (|ve), |vu), |v-)) can be

decomposed into linear combinations of mass eigenstates (|v1), |v2), |v3)).

vy =Y Ugilw). (3.2)

i=1,2,3
The matrix Uy; is a 3 x 3 unitary matrix and is called the lepton mixing matrix or
PMNS (Pontecorvo, Maki, Nakagawa, Sakata) matrix. Uy; encapsulates the neutrino
mixing angles 612, 013, 23 and phase ¢ that represents the degree of CP violation in the

weak interactions. A convenient parametrization is as follows:

—is
€12€13 512€13 s1ze”"
o i6 i
Upi = | —si2c23 — c12523513€"°  c1ac23 — S12523513€" s93c13 | > (3.3)
i 6
512823 — C12¢23513€"0  —C12523 — $12€23513€"  €23C13

"Charge-Parity symmetry - ¢ — —q, 7 — —7.
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where ¢;; = cos(6;;) and s;; = sin(6;;).
Quantum mechanics explains how the mass eigenstates propagate through space.
Using the Schrodinger equation —ih%’l/}> = H]|1) one can derive a solution for neutrino
wave function at the point (z,t) of space-time starting with the wave function at the

point (0,0). Using the free Hamiltonian for neutrino mass eigenstates, one deriveslﬂ
Vi, 1)) = e~ FtPin) |1;(0,0)). (3.4)

The neutrino masses m; are much less in comparison neutrino energy in all experiments

and an ultra-relativistic approximation could be used

2
pi= /B2 —m?~ B — L (3.5)
2F;

moreover, in this limit neutrinos travel at nearly the speed of light, so final solution for

neutrino wave function with the mass m; is

2

(L)) = e 7 |y (0)), (3.6)

where L is distance which the neutrino traveled.
Given a neutrino of flavor f at ¢ = 0 and energy FE, the probability that the neutrino

oscillates into a flavor f’ a distance L from its initial position is

Poyss (L, B) = (w5 (0) o (L))

= (S to3) (S a0yt on)f

7
2

m2 2
= | > UsUpe 5
i

2

3 .Am14
=3 UjUpiUpUgje™ 2w L, (3.7)
i—1 j—1

8Natural units are used everywhere.
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where standard notation Am?j = mf — mjz was used. The final expression simplifies to

RFMALE):Qﬁ_4§:%dmﬂ%i@ﬂﬁ@$n( L)+

L 4F
>’
Am?2,
—I—ZZﬁm(UﬁU}‘i/U}‘/i,Uﬁ)sin( 2E”L). (3.8)

i>i!
It is worth noting that the oscillation probabilities depend on neutrino mass difference
squared, therefore all neutrino oscillation experiments are sensitive only to Amgj. Also,
in the case of a CP violation phase § = 0, nﬂﬂ the last term in disappears and the
oscillation probabilities are identical for neutrinos and antineutrinos. For the purpose
of the experiment it is convenient to have the last equation when Am;;, E and L are

expressed in eV?2, GeV and km respectively

Ay i 1Dy PN 3.9
ok - L W[m]* ij (3.9)

The NOvA experiment is used to measure the probabilities of muon neutrino disappear-

ance and electron neutrino appearance
Py, v, (L, E) ~ 1 — sin® 2053 sin® Ay, (3.10)

Py, v (L, E) = Paym + Psor + 27/ Patm Psol(cos Az cos § F sin Agp sin d), (3.11)

with
Patm = Sin2 «923 sin2 2913 Sin2 Agl, Psol =~ COS2 923 0082 913 sin2 2912A%1, (3.12)

where the “-” sign in is for the neutrino and the “+” sign is for the anti-neutrino.
g

3.3 Oscillations in Matter

Each neutrino studied by the NOvA experiment travels more than 810 km through the

Earth’s crust. While propagating through the earth, neutrinos interact with matter,

'n=1,23,..
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Ve,p.,'t VE,I-L,T

=l

e,p,n e,p,n e Ve = Ve

® (i) (iii)

Figure 3.2: Neutrino interaction with matter. (i) All neutrinos participate in NC in-
teractions which leads to additional effective mass for all eigenstates vy, v and v, (ii)
Additional CC interaction for electron neutrino v, which modifies mass square differ-
ence, (iii) effect similar to (ii) only for electron anti-neutrino 7.. The diagram (iii)
contributes with opposite sign in comparison to (ii).

and these interactions distort the neutrino oscillations. Since interaction going through
exchange of only weak gauge bosons there are two types of possible interaction: (i)
neutrino emits Z boson - neutral current (NC) interaction and (ii) neutrino emits W=
boson - charged current (CC) interaction. In matter, all three flavors of neutrinos
interact through the exchange of Z boson with electrons, protons and neutrons. For
electron neutrino there is another possibility - interaction through exchange W™ boson
with electrons, as illustrated in figure Interactions of v, and v, through W change
initial state, and thus could not be considered as matter effect.

Accounting for interactions between neutrinos and the Earth adds two additional

terms to the Hamiltonian which describes neutrino propagation - an effective potential,

1

V2

where G is Fermi constant, N, and NV,, electron and neutron number density respec-

Vo =V2GrN, and Vy= GpN,, (3.13)

tively. The second term effectively shifts all m? — m? + 2|p|Vx and does not have an
effect on Am,;;. The first term Vi enters the Hamiltonian in a such way that it only
affects the electron neutrino v, and electron anti-neutrino 7,. After further calculations
one derives the following corrected expressions for Amge and sin 2613 in the presence of

matter

Am%Q‘m = \/(Am§2 sin2013)% + (Am3, cos 2013 F 2E,V)?

at
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m% -l A Vg E— —1— m%
V] s —— m%

m% - S— >
2 2
m3 — 1/ V3 m3

Figure 3.3: Two possible variants of neutrino mass hierarchies. The left side corresponds
to the normal hierarchy (NH) and right side corresponds to the inverted hierarchy (IH).
Colors represent how much and what kind of neutrino flavors contribute to every mass
state. The electron flavor is yellow, muon flavor is red and the tau flavor is blue.

B Am%2 sin 2613
mat  \/(Am3,sin 2013)2 + (Am32, cos 2013 F 2E, V)2

sin 2013 (314)

The matter effect has a significant influence on the v, appearance probability, and in

the first approximation

2F, Vo
Py (B, L)‘mat - (1 + %)Pyﬁye(ﬂ L), (3.15)

w_»

where the “+” sign is for the neutrino and the
effect is known as the Mikheyev-Smirnov-Wolfenstein (MSW) effect, and for the NOvA

experiment it plays an important role in measuring the CP violating phase dcp.

sign is for the antineutrino. This

Similar one can get matter effect on the v, disappearance probability in the first

approximation

A 2
Py, (B, L) :PVWVN(E,L)iLVCSinQQGQ?,coszelgsin( 2‘32 ) (3.16)

mat

and since most of NOvVA sensitivity in measuring sin® 6,3 and Am§2 comes from the
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energy region of maximum v, disappearance for neutrino energy F = A%%QL one can
see that the matter effect does not play any role in the first approximation.

It is worth noting that assigning specific masses to specific mass eigenstates are
completely arbitrary, but it is known from experimental data that two masses are much
closer to each other in comparison with the third mass. These two masses are called m;
and mg, with mg > my and Amis << |Amss| = |Amsi|. However, the sign of Amgs
is still unknown. That leaves two possibilities, called the normal hierarchy (NH) and
the inverted hierarchy (IH). Figure illustrates the neutrino mass distributions. The

NOvVA experiment will be able to determine which hierarchy is realized in nature.

3.4 Mixing Parameters Values

Parameters which enter neutrino oscillation picture have to be determined experimen-
tally. Table shows the most recent, best fit measurements obtained in numerous
experiments. Two mass differences are measured and the measurements are making
Figure to be not to scale. All three mixing angles are also measured; it turns out
that the third mass state almost does not have a contribution of electron flavor (6;3 is
relatively small) and has almost equal contribution from muon and tau flavors (a3 is
close to 7). From a theoretical point of view, the latter fact is very intriguing because
the exact equality of o3 and 7 could reveal some hidden symmetries in the lepton sector
of the Standard Model. Measurements of dcp comes with a big uncertainty, however
the uncertainty gets smaller as more data is gathered.

The primary goal of NOvVA is to determine mass hierarchy and dcp, but it is also
sensitive to a3 and m3,. If nature prefers non-maximal mixing i.e., 63 # 1> NOVA may

be able to determine octanﬂ In the current analysis, #23 and Am%Q are measured.

OUpper octant if 023 > 7 and lower octant if 0 < 23 < 7.
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Parameter Best Fit Value
Am3;,107%eV? 7.53 +£0.18
|Am3,[,1073eV? 2.45 +£0.05 (2.52 £ 0.05)

sin?(012) 0.30770:013
sin?(fa3) 0.51 4 0.04 (0.50 & 0.04)
sin?(f13) 0.0210 £ 0.0011

Scp/T 0.0 —2.0 (0.0-0.1, 0.5—2.0)

Table 3.1: Best fit values for the mixing parameters from latest edition of the Particle
Data Group [I]. Values in parenthesis are stated for the assumption of the inversed
mass hierarchy, when no values in parenthesis are given that mean their are free of mass
hierarchy assumption. The best fit values are given with 90% CL.



Chapter 4

The NOvVA Experiment

The neutrinos studied by NOvA begin at Fermi National Accelerator Laboratory (Fer-
milab) in Illinois. An intense muon (anti-)neutrino beam is created at Fermilab by the
Neutrino at the Main Injector (NuMI) source [29]. NOvA, which stands for NuMI Off-
Axis v, Appearance, is a long baseline experiment which is designed to determine the
neutrino mass hierarchy, the octant of 823, and to measure the CP violating phase dcp.
It consists of the Near Detector (ND), which is located at Fermilab and measures the
combined flux of the neutrino beam and interaction cross section, and the Far Detector
(FD), which is located near Ash River, Minnesota and measures interaction yield of
muon and electron neutrinos. The structures of the NuMI source and the Near and Far
Detectors, and the detector positions relative to the beam axis will be explained in the

following sections.

4.1 NuMI and Off-Axis Detectors Position

Neutrinos for the NOvA experiments comes from decay of pions and kaons. To get a
beam of meson the Main Injector at Fermilab is used, which provides an intense beam
of proton with energy 120 GeV. The structure of NuMI is illustrated on figure It
is designed to deliver 4.9 x 10'® proton on target (POT) with the repetition rate of
1.3s, which corresponds to 700 kW of beam power. The proton beam is directed into a
graphite target. Collisions between the proton beam and graphite target produces many

types of hadrons and mesons, with pions and kaons among them. Magnetic focusing

17
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Figure 4.1: Schematics of neutrino production[2].

horns, which are supplied with current of 200kA, are used to focus and direct charged
pions and kaons into a decay pipe. The decay pipe is long enough such that more
than 99% of all pions and 63% of kaons decay into anti-muon/muon and muon/anti-
muon neutrino, so the flux of particles at the end of the decay pipe consists of mostly
muons and muon anti-neutrinos, or their antiparticles. By changing the electric current
direction in the focusing horns one can switch between focusing positively or negatively
charged pions and kaons into the decay pipe. This gives an opportunity to make two
types of neutrino beams - v,’s and 7,,’s. Unfortunately, 5% of charged kaons and muons,
those which decay in decay pipe, have electron neutrinos among their byproducts, and
this is an irreducible background for an electron neutrino analysis. The rest of charged
particles such as undecayed muons and electrons do not reach Near Detector as they
get absorbed in rock. A hadron monitor, absorber and muon monitor are placed at the
end of decay pipe to better understand beam properties, but they do not play any role
in the NOvA experiment.

After the neutrinos leave the decay pipe they begin their journey to the near and
far detectors. The NOvA detectors are placed 14.6 mrad off-axis of the NuMI beam for
several reasons. As can be seen on the figure[£.2] the first minimum of the muon neutrino
survival probability and first maximum of the electron neutrino appearance probability
occur near 400 km/GeV. For this baseline of 810 km P(r, — v.) corresponds to 2
GeV of neutrino energy. Only a tiny fraction of neutrinos satisfies this condition if Far
Detector stays on-axis of neutrino beam as shown in Figure and there should be a

way to fix that. The solution is simple: pions and kaons decay isotropically in their rest
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Figure 4.2: Neutrino oscillation probabilities.
Neutrino oscillation probabilities as a function of %, P(v, — v,) - blue line,
P(v, — v.) - black line and P(v, — v,) - red line.

frame, but, after a Lorentz boost to the laboratory frame, the neutrino flux and energy

at the Far Detector (for small off-axis angles #) can be expressed in the following form

27 2 A
P (ZYA .
1+~2602) 4nd (4.1)
0.43E,
Do 42
1+ ~262 (4.2)

where v = ET:’ A is the size of the detector front area and d is the distance to the
detector. For kaons numerical factor 0.43 should be changed to 0.96. Knowing the
pion and kaon energy spectrum at the NuMI source, the neutrino energy spectrum at
the far detector for different off-axis angles 6 can be predicted. As shown on the top
of figure as 0 increases the neutrino energy distribution gets narrower and shifts
toward lower energies. At 14.6 mrad the neutrino flux is still appreciable and peaks
near 2 GeV. Based on this configuration, the NOvA Far Detector is situated 810 km

from the source to measure the maximum of P(v, — v.). At this distance, the narrow
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peak decreases the probability that neutral current (NC) events from more energetic
neutrinos are misidentified as CC events in the energy region of interestﬂ In general,
the off-axis detector placement significantly improves the sensitivity of the P(v, — v.)

probability measurement.

4.2 NOvVA Near and Far Detectors

The NOvA experiment uses two detectors for measuring muon neutrino disappearance
probability P(v, — v,) and electron neutrino appearance probability P(v, — v.). In
order to decrease systematic uncertainties, such as beam uncertainty and uncertainties
due to variation in detector efficiency, two detectors are built with exactly the same
material and similar technology. The Near Detector is placed 1 km from the NuMI
source at Fermilab, while the Far Detector sits 810 km away on the surface and 14.6
mrad off beam axis in Ash River, Minnesota. The Near Detector weighs 330 metric ton
and is 105 m underground, while the Far Detector mass is 14,000 ton and has shielding
equivalent to 3 m of water which reduces cosmic ray background. The reason the Near
Detector is underground is that on the ground NuMI source has to shoot the neutrino
beam approximately 3.6 degrees below the ground level so it comes out of the Earth

810 km downrange.

4.2.1 Internal construction

Each detector is made of cells which are made from polyvinyl chloride (PVC) doped with
titanium dioxide to increase light reflectivity. The cross section of cells has rectangular
shape with sizes approximately equal to 4 cm and 6 cm. The length of the cells are
varies between the detectors and is 4 m for the Near Detector and 15 m for the Far
Detector. 32 cells are bound together along 6 cm side to make a module and a set of
modules produces plane. The number of modules in a plane depends on a detector - 3
and 12 modules per plane for the Near and Far Detector respectively. Planes are glued
together in a such way that adjacent planes alternating between horizontal and vertical

alignment. The sketch of the detectors structure can be seen in Furthermore, 32

!For example, a 10 GeV neutrino after NC interaction can still have 8 GeV of energy and the rest
of the energy is deposited in the detector as visible energy.
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Figure 4.3: (Top) Expected unoscillated neutrino spectrum at the Far Detector as a
function of angle relative to NuMI beam. (Bottom) Neutrino energy as function of pion
energy (eq. 4.2)) for different off-axis angles.
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Figure 4.4: Structure of cell and the NOvA detectors

planes make up a block and 28 blocks complete the full Far Detector while for the Near
Detector block consists of 24 planes and 3 blocks make the active part of the detector.
In addition, so-called muon catcher block goes downstream of the Near Detector and
serves for stopping muons which are produced in v, CC interactions. The muon catcher,
which helps to contain more muons as the relative size of the Near Detector is not big,
consists of 22 active planes, with ten steel planes of 10 cm thickness interspersed between
pairs of active planes. The size of the muon catcher in the XY plane is smaller than
the active part of the Near Detector. The steel absorbs additional particle energy, and
results in shorter muon tracks.

Using the planes configuration, three-dimensional particle tracks are reconstructed:
vertical planes provide X measurements, horizontal planes provide Y measurements,
and the Z measurements are extracted from the plane positions. The Z-axis is directed
along the beam, the X-axis points to the west and the Y-axis points upward. This

choice of axes results in a Cartesian right handed coordinate system.
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4.2.2 Light production and digitization

In order to detect particles resulted in neutrino interactions in the detectors these parti-
cles should leave footprints. In NOvA experiment cells are filled with a liquid scintillator
composed of mineral oil doped with pseudocumene ﬂ In every cell, one wavelength shift-
ing fiber runs from one end of the cell to the opposite end, then back to the other end
where it connects to an avalanche photo diode (APD) as can be seen in Photons
are created by charged particle moving through the scintillator. These reflected by the
cell walls and have a high chance to be captured by the wavelength shifting fiber. Inside
the fiber photons after absorption and reemission increase its wavelength resulting in
propagation without escaping due to total inner reflection.

Photons that reach each APD are converted into a current of photoelectrons through
the avalanche breakdown process. All 32 fiber of each module are connected to one
APD. And the last step before signals might be processed with the help of conventional
computers is to digitize the APD output signal. The digitization happens in front
end board (FEB). Short APD signals are stretched in time in the Application Specific
Integrated Circuit (ASIC) with the help of CR-RC circuit. After, the signal is passed
to ADC - analog to digital converter - where continuous signal is converted to discrete,
12-bit signal that is read out every 500 (125) ns at the Far (Near) Detector, respectively.
Only the 4 first ADCs - value of the digitization sample - are stored as a hit and the

hit is written when the difference
ADC; — ADC;_3 (4.3)

is greater than a threshold. These 4 values are then passed to the Data Concentration
Module (DCM). Later, those 4 values are used to fit the signal shape and to determine
signal amplitude, which is proportional to amount of energy charged particle deposited

in a particular cell.

4.2.3 Data acquisition

Every DCM is a custom built computer and collecting data from 64 FEBs. Data from

the FEBs is sorted in time and arranged into 5 ms data blocks, then the data is sent

21,2,4-Trimethylbenzene
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to a buffer node where it is stored until a trigger decision is made to save the data
permanently to the disks. 200 buffer nodes are arranged in a circular ring buffer and
every node has up to a minute to run a trigger software until a new piece of data comes
from a DCM. NOvVA trigger software which issues trigger decisions relies on external
triggers as well as data-driven triggers based on received data. Neutrino oscillation
analyses use data which are recorded due to a timing trigger, this so-called NuMI trigger
is issued by the acceleration complex at Fermilab. The trigger records 550 us window
of data centered around the 10 pus NuMI beam spill. There are several more triggers
such as a cosmic trigger, which triggers at the rate of 10 Hz to store FD cosmic data for
calibration and background estimation, and a supernova trigger, which should record
up to 1 minute of data in the event of supernova burst.

The data selected by the triggers is stored temporarily at the FD and ND sites, and

eventually transferred to Fermilab where it is processed for further analysis.

4.2.4 Neutrino Interactions in NOvA

The majority of neutrinos impinging on the NOvA detectors carry a few GeV energy, and
all the charged products of a neutrino-nucleon interaction are clearly visible and can be
individually tracked as long as their trajectories are sufficiently separated. As illustrated
in figure muons, electrons, and neutral pions produce a distinct signatures in NOvA.
Particles primary lose their energy through an ionization process by disrupting electrons
of atoms which happen to be close to particles trajectories. Being much heavier than an
electron and immune to a strong interaction a muon can travel a long distance E| inside
the detectors which make it a relatively easy task to determine a high energy muon.
Electrons interact with detector material electromagnetically, and quickly shower energy
in a small conical region as opposed to a long muon track. Hadrons such as protons
and charged pions lose energy through ionization and strong interactions with nucleons
along their trajectories, and tend to travel much shorter distances than muons.
Despite these differences it is a complicated problem to distinguish a charged current
(CC) interaction with a muon or electron being produced from a neutral current (NC)
interaction where no visible lepton is produced. NC processes can produce charged or

neutral pions with other hadrons. Charged pions leave tracks which could be confused

3 Approximately 4.5 meters per 1 GeV of muon energy
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Figure 4.5: Neutrino interactions in NOvA detectors.
Three types of neutrino interactions are shown. The top part shows v, CC interac-
tion with some proton activity and long muon track left by high energy muon. The
middle part shows v, CC interaction, electron develops a long electromagnetic shower
with radiation length being much bigger than Moliere radius. The bottom part shows
neutrino NC interaction with 7 among the resulting particles which later produces an
electromagnetic shower by decaying into two photons. NC type events form a primarily
background in v, disappearance analysis.
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Figure 4.6: NOvA Event Display.
The candidate v, CC event at the Far Detector zoomed in space and time. Top and
bottom windows show X-Z and Y-Z projections.

with low energy muons, although occasional hard scatters with nuclei help with identifi-
cation. Neutral pions decay into two photons and produce electromagnetic showers, and
these showers can be mistaken with showers from electrons in CC interactions. Thus,
sophisticated algorithms were developed to determine the exact neutrino flavor.

In addition, since the NOvA Far Detector sits on the ground it is constantly being
bombarded by muons and other particles created by interactions of cosmic rays with air
molecules in upper atmosphere. These muons contribute to a background for the main
analysis but they are relatively easy to get rid off because of their activity at the top
and/or at the sides of the detector and main analysis consider activity which is fully
contained in the detector volume. However, cosmic muons are a primarily background

in a escaping sample which this thesis is partially about.
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4.2.5 NOvVA Event Display

The NOvA event display helps to visualize data gathered by the detectors or a simulated
one. The result of v, CC interaction measured on April 22, 2014 is shown in @ As
NOvVA detectors consist of alternating horizontal and vertical planes, event display shows
hits from two types of planes in a separate windows. The top window displays X-Z hits
position (detector activity as seen from the top), while the lower one displays Y-Z hits
position (detector activity as seen from the side). The software allows to change a
spatial zoom as well as a time zoom to see closely activity he/she might be interested
in. Hits time distribution and deposited photoelectron charge distribution in ADC
units together with event time stamp and trigger information are shown below the main
windows. Hits also could be colored by their time, to see if they are close to readout
window or not, or by their deposited charge, to see where the most of the energy was

deposed. In the shown example, hits are colored by their charge.



Chapter 5

Simulation

In order to predict spectra at the near and the far detectors to compare predictions with
actual data one needs to simulate neutrino interactions in the detectors relying on known
physics models and theories of how particles are produced, how they travel and interact
with detector material. The simulation process in NOvVA starts with protons hitting
the NuMI target and finishes with APD readouts and analog to digital converters. Side
simulation packages or custom NOvVA software are used in every step, output information

on every step is used as input data for the following step

e Beam simulations: The FLUGG simulation package combines FLUKA [30] with
GEANT4 [31]. Geometries of the target hall and detectors are encoded in GEANT4,
and the proton interactions and downstream particle decays are simulated with
FLUKA.

e Neutrino interactions: The neutrino flux generated in the previous step is input
into the GENIE [32] package, which simulates neutrino-nucleus interactions inside

the detectors. In each event GENIE produces a list of particles leaving the nucleus.

e Particle propagation: Particles produced by GENIE are propagated through the
detector, and their interactions with the detector materials and decays are simu-
lated by GEANT4. Amount of energy deposited in every cell is passed to the last
step.

e Electronic signal: Deposited energy in the cell is converted to a light by the

28
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scintillator; then light travels through the fiber to an APD and analog to digital

converter. This step is simulated by NOvA custom software [33].

All of these parts are briefly discussed here.

5.1 Beam Simulation

The beam simulation estimates the neutrino flux into both detectors, and is accom-
plished using FLUKA and GEANT4 via the FLUGG interface. A detailed geometry of
the target hall and target, the collimator, two focusing horns and the decay pipe is im-
plemented in GEANT4, and the particle simulation is handled by FLUKA. The FLUKA
package simulates 120 GeV protons which hit the graphite target, which yield hadronic
showers of secondary particles that are directed by the horns into the decay pipe where
they decay to neutrinos. All the proton interaction information whose daughter parti-
cles produce a neutrino is saved providing a way to study beam uncertainties related to
particle production models.

The simulation outputs files which describe neutrino flux in terms of neutrino parent

particles, flavour, energy and direction of motion.

5.2 Simulation of Neutrino Interactions

The neutrino interactions between ND and FD materials is simulated using GENIE.
GENIE is developed by the experimental physics community, and is widely used as a
neutrino Monte Carlo simulator for experiments due to its flexibility to simulate different
target materials, and the accuracy of its results over a large range of neutrino energies
which spans from MeV to PeV. As mentioned above GENIE gets a result of neutrino
flux simulation from a previous step and convolutes it with neutrino interaction cross
sections.

The neutrino energy spectrum expected in NOvA measurements overlaps with the
energy regions of several neutrino interaction models, all of which are implemented in
GENIE. These models include Quasi-Elastic scattering (QE), deep-inelastic scattering
(DIS), baryon resonance production (RES) as well as meson exchange current (MEC)

which dominates in 2 particle - 2 hole (2p-2h) effect. The physics behind the models is



30

G. Zeller

cm?]

—0E

o
38
eeoo

—RES

" nen-RES

0.4f
0.3f
0.2}

—MEC

P2p2h

G per neutron [ 107

e 8 & ¢
S N & O @

v cross section / %(10"“

. o R B | "
0 05 1 15 2 25 3 35 4

107 1 10 i 10
E, (GeV) E\,u [GeV]

(a) Neutrino cross section energy dependence (b) Neutrino cross section energy dependence
for QE, RES and DIS interactions overlapped used in GENIE neutrino generator.

with NOvA energy region used for the oscilla-

tion analysis.

Figure 5.1: Neutrino cross sections.

complicated, however on the qualitative level the QE interaction represents scattering
off a single nucleon, the MEC interaction means scattering off a pair of nucleons, the
RES process produces an excited nucleus, and the DIS interaction between a neutrino
and a nucleus can disintegrate the nucleusﬂ

Based on the left hand side of the typical energy regions of QE, RES and
DIS neutrino interactions overlap with the NOvA energy domain. These three types
of neutrino scattering are implemented in GENIE based on the Llewellyn-Smith model
[34], Rein-Sehgal model [35] and effective leading order model with Bodek and Yang
modifications [36] for QE, RES and DIS respectively. MEC process, which is included
in GENIE as semi-empirical model, is described in [37].

5.3 Particles Propagation and Cerenkov Light

After GENIE is done with its part of simulation, or in other words, the list of parti-
cles which leave the nucleus with their energies, momenta and initial positions is ready,
now one needs to propagate them through the detector material and simulate the en-

ergy deposition, interaction and decay. NOvA experiment uses GEANT4 [31] simulation

!This happens only when the energy transferred to a nucleus is sufficiently large
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package for this step. Besides the list of particles, GEANT4 takes another input, namely
geometry of the detector and its surrounding. Detailed information about blocks posi-
tions, cell structure and materials they made of, scintillator composition, concrete and
steel support structure around the detectors is encoded in special geometry files.

The way GEANT4 propagates particles is done in the following manner. For each
particle at each step of the trajectory it is decided with appropriate probability what
particle should do next - move forward and deposit some energy, interact and scatter of
particles that represent detector components, or decay. As a particle propagates further
it loses its kinetic energy and as soon as particle’s kinetic energy is less than 100 eV
propagation stops. GEANT4 saves these trajectory steps as a list of particle positions,
energy and momenta for the next step of simulation chain.

Before the final detector response could be simulated it is necessary to determine
how much light was produced in the scintillator and what fraction of it was collected
by the wave-shifting fiber and transported to the readout electronics. As a matter of
fact, amount of light produced by the scintillator is not linearly proportional to amount
of deposited energy due to a finite number of scintillator centres along the particle
trajectory in the cell. The effect is know as Birks suppression [3§8]. If % is light output

per unit length and % is amount of deposited energy then Birks law reads

dE
dL e

— = Lo—"—p,
dx 1+ kpdt

(5.1)

where Ly and kg are constants which depend on scintillator. Parameter kg is tuned
using muon and protons tracks in the Near Detector.

Another phenomena which plays a significant role in light production is Cerenkov
effect [39]. This effect was observed in a bottle of water subjected to radioactive bom-
bardment. Charged particle while moving through the liquid with velocity greater
than the phase velocity of light emits light and this emission is simulated in NOvA
experiment. The following formula is used to predict the number of Cerenkov photons

produced per distance traveled at a given wavelength

(5.2)

AN, 27ra22< 1 >
drd\ )2 B2n2(\)/’
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where « is fine-structure constant, z is charge of moving particle in units of e, n(\) is

refraction index and [ is particle’s velocity in units of c.

5.4 Light propagation and signal to store

The last simulation step is done using custom NOvA software that is split into two parts
- light propagation to the readout electronics, and the signal measurement made by the
electronics. Although in practice cells could be different from each other (horizontal
cells are not exactly horizontal because of their length - cells could be slightly bent,
especially in the far detector. Not exact horizontality also leads to small bubbles of air

are being trapped inside the cells) in simulations it is assumed that all cells are identical.

5.4.1 Light propagation

Assuming all cells are equivalent, a ray-tracing model is used to estimate how many
photons were trapped by each WLS fiber. The following characteristics of detector
components were measured in bench experiments, and used in light propagation simu-

lations:
e characteristic scintillator emission time - 9 ns
e scintillator index of refraction - 1.46
o reflectivity of the cell walls - 87.7%

e photon capture lengtkE] - 30.66 cm

The resulting template is shown on[5.2] This template is used to determine the number
of photons trapped in WLS fiber. To simulate what fraction of photons reaches the
APD half of photons are sent in opposite directions around the fiber. There are some
fraction on photons which is absorbed or get out of fiber, and the effect is accounted
for in simulation by using attenuation curve which was measured in bench tests. Before
the last simulation step starts, the number of photoelectrons created in each APD is
determined by taking into account APD’s quantum efficiency and additional Poisson

smearing.

2Probability to capture a photon P ~ e®/ " where z is distance between the point where the photon
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Figure 5.2: The collection rate of scintillator photons by a wavelength shifting fiber loop
relative to the position and time where and when the energy was deposited.



5.4.2 Electronics

Photo-electron signal in the APD created
in the previous step have to be digitized
to finalize the simulation of the cell hit.
As an APD impulse is too short, first it is
stretched in the Application Specific In-
tegrated Circuit (ASIC) by the CR-RC
circuit. The response of the ASIC to a

charged impulse has the following form

flt)~e” F —e R, (5.3)

where tg is the time when pulse was cre-
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Figure 5.4: Schematics of digitization

ated by APD, F and R are the fall time and rise time of the CR-RC circuit. And as was

mention in chapter 4] the signal value is split into 4096 possible values and only 4 last
ADCs - value of the digitization sample - is stored when the difference ADC; — ADC;_3

is greater then a threshold. At this point the simulation files have the same structurd’] as

the data files. The next step in NOvA analysis is to reconstruct high level information

about recorded or simulated events with the help of reconstruction algorithms which

are the same for the real data and simulation.

was produced and the fiber, L is capture length.

30f course plus additional information about type of neutrino information, resulting particles’ mo-

menta and energies etc.
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Figure 5.3: Attenuation curves for the near and the far detectors. Data points are
detectors response to cosmic ray muons while simulation curves are results of bench

experiments.



Chapter 6

Event Reconstruction

To measure 3 and Am3,, neutrino-nucleon interaction events must be identified, and
the resulting lepton and hadron energies and trajectories must be measured. To do
this, data from the detectors is reconstructed into particles, and v, CC interactions are

identified. The reconstruction process chain is summarized as follows:

e Slicing. The full 550us readout window contains hits which are associated with
neutrino interaction, cosmic rays activity and noise. The hits need to be separated

into different groups which ideally correspond to different physical processes.

e Tracking. Each slice is processed by a tracking algorithm to determine the 3-

dimensional particle trajectories.

e Calibration. Each channel in every slice is calibrated to convert the magnitude of

each measured signal into a channel energy.

e Muon identification and background rejection. Slices that contain a muon track

are identified as pertinent to the v, CC interaction.

e Energy estimation. Templates are used to map muon track length to true muon
energy and visible hadronic energyF_-] to true hadronic energy in order to determine

neutrino total energy.

!Total energy of all hits in the slice which do not belong muon track
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The analysis done here is based on two different data samples - contained and uncon-
tained muons - that were selected and processed by different reconstruction algorithms.
Muon identification and energy estimation algorithms used in the contained sample are

explained here, and algorithms used in the uncontained sample are explained later.

6.1 Slicing

As can be seen on the figure data recorded for one NuMI spill contains multiple
uncorrelated activities. Even though the length of NuMI spill is 12us in the middle of
550us readout window, the slicer algorithm is applied to all the hits in the window to
protect against small possible drift of NuMI spills as well as to make slices for cosmic
rays for background estimation.

The task of the slicer is to group hits, which casually related to each other, in slices.
The slicer is based on the DBSCAN algorithm [40], one of the most common clustering
algorithms, and checks every pair of hits to determine how far are they from each other

in space and time. The distance function is not exactly a space-time interval but rather

modified At—ABri2 A Av
i=(5) + (5)+ (5) »

where c is the speed of light, At and Ar are time and space difference between two hits
respectively, T;.s is the timing resolution, Az is the distance between the hits along the
z direction, Av is the distance between hits in x or y direction. As soon as the function
returns a value which is lower than a predefined threshold, two hits are put together in
one slice. The first term prefers hits which lie close to a light cone, in other words it is
assumed that all the particles move with the speed of lightﬂ The second and the third
terms penalize hits which are far from each other in space. These terms help to remove
noise hits as they are randomly distributed in space and time, and therefore, they could
be far from the main activity. After all correlated activities have been accounting for,
and slices are created, the remaining hits are put into one additional noise slice.

The NOvVA slicing algorithm efficiently separates different neutrino activities in the

20r energy of the particles is much large than their masses.
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Figure 6.1: Trigger window in the far detector data. Hits are colored by the time they
were recorded.

near detector and distinguishes cosmic rays from neutrino interactions in the far detec-
tor. However, hits which were produced by Michel electronsEl or photons follow neutrons

capture are usually not included in the corresponding slice.

6.2 Tracking

As all the activities are separated into corresponding slices the next step in the recon-
struction chain is to find the sets of hits which are attributed to the different particles
produced in the neutrino interaction or cosmic activity. Cosmic ray activity is usually
consistent with only one particle, while neutrino interaction measurements are usually
consistent with multiple particles.

The NOvA tracking algorithm is based on Kalman filtering [41] and its implemen-

tation could be found in [42]. In short, the algorithm is run on two views (X and Y)

3Electron produced in muon decay often called after Louis Michele who contributed significantly to
the physics of charged leptons decay.
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separately and merges 2D tracks into 3D ones. To construct a 2D track two hits with
separation smaller than three planes are chosen as track seeds at the most downstream
locatioﬂﬂ The algorithm combines hits as it works upstream and the added hits are fit
with piecewise linear segments. Adding a hit or not is decided on the basis of how much
the x? is changed by the hit; if it less than eight units then the hit is added. Fitting the
track with linear segments naturally helps to follow particles trajectory with multiple
scatterings. A track is considered to be reconstructed if the algorithm travels more
than 3 planes and no hits are added, and the algorithm is run repetitively until no more
tracks are reconstructed. The majority of the particles produced by neutrino interac-
tions travel downstream, and thus the longest track, often the muon, is reconstructed
first.

After all 2D tracks are found in both views they need to be merged into 3D tracks.
Tracks are merged based on a geometric algorithm that considers the degree of overlap
of disparate tracks, and the distances between their start and end points. For each track
in X view with Z coordinates (z,1, 2,2) and each track in Y view with Z coordinates
(2y1, 2y2) a score is calculated

|221 — 2y1| + | 202 — 2y2|

score = — . 6.2
min(zy2, 2y2) — Max(2z1, 2y1) (62)

The pair of 2D tracks with the lowest score are merged into one 3D track, and identified
as one particle. The merging process continues until there are no 2D tracks to merge,

unmatched 2D tracks are also recorded for possible analysis later.

6.3 Calibration

To convert cell hit arbitrary electronic units (ADC) into meaningful energy units (GeV)
a calibration process should be carried out. Calibration consists of two parts - atten-
uation and absolute energy calibration. Both parts would be briefly explained in this

section.

4Downstream in the sense of the incoming neutrino from Fermilab
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6.3.1 Attenuation correction

After an ADC signal is produced it has to be decided by what factor the signal should be
multiplied since a hit at the far end of the cell will result in a smaller signal as compared
to a signal from a hit in the middle. For obvious reasons, hits produced by a beam
neutrino are not appropriate as a source for the calibration. However, the abundance
of cosmic rays with well understood properties helps with the procedure. Among all
reconstructed cosmic tracks those are chosen which start and end on detector edges,
this criterion is needed to make sure that tracks are not stopped inside the detector.
An additional requirement is the that tracks should cross more than ten planes, thus
allowing an accurate estimation of muon path in every cell it crosses. Finally, only
those hits on tracks are used for calibration which satisfy a tri-cell criterion - a hit for
calibration should have both adjacent cells to be hit, see figure|[6.2] This conditions lead
to a good estimation of muon trajectory and hence path length within each cell.

The ADC signal is scaled to a photoelectric (PE) value - estimation for minimal
value of electronic signal based on 4 recorded ADCs, see chapter [5| for more details.
After that for each reference hit, the path length and position within the cell (W) is
estimated and a 2D histogram - ratio of PE and path length versus position within
the cell - is made. A mean ratio of PE and path length as function of W is fit by the
sum of two exponents which represent signal trip in two direction along the wave length

shifting fiber.

y(W) = C + A(& teo “S«W), (6.3)

where A and C' are fit parameters, X is the fiber attenuation length and L is length of
the fiber. For information about additional effects close to cell ends see [43]. Figure
shows examples of the fit for far and near detectors.

For analysis, the W of every hit is estimated and a PE value of the hit is divided by
fit at this position to get a corrected PE value of the hit. Since the attenuation curve
is determined from the cell response to cosmic ray muons, the corrected PE value of
the hit shows the relative signal to the cosmic muons. At this point, the attenuation
is taken into account but the units of corrected PE signal are still arbitrary and the

absolute energy calibration is still needed.
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Figure 6.2: Tri-cell criterion.
The cell hit is used in calibration only if adjacent cells in the same view are also hit.

6.3.2 Absolute energy calibration

As in the previous step cosmic muons are used at this step too, but now hits a fixed
distance from the end of the cosmic muon tracks are used. Thus, tracks which are used
for calibration should stop inside the detector. The reason for using tracks end is that
according to Bethe-Bloch formula [I] muon energy deposition per unit length (%) has
a well understood minimum near the track end. The minimum deposition is typically
span several meters from the end of the track for different materials and the region
from 1 meter to 2 meters from the end of the track is used in NOvA absolute energy

calibration procedure. Figure illustrates the calibrated muon % as a function of
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6.4 Muon Identification

The neutrino disappearance analysis relies heavily on correct identification of the muon
among the byproducts of the neutrino interaction with detector material. Existence of
the muon in the event suggests that v, CC interaction happened and the event is passed
downstream for further analysis. Currently, NOvA uses two different algorithms to
identify muons: the k-Nearest Neighbor (kNN) clustering algorithm, and a convolutional
neural network. Extensive analysis has shown that using both algorithms gives better

results than either of them individually.
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6.4.1 ReMID

The Reconstructed Muon Identification (ReMID) algorithm uses four characteristics of
a each reconstructed track to identify muons. kNN stores training examples in the 4-
dimensional (number of dimensions is equal to number of features extracted from the
track) space with additional label specifying the class examples belong to a muon or
non-muon. These training examples were taken from NOvA simulation. Four features
from the test track are represent a point in this 4-dimensional space and in order to
determine the probability the point corresponds to a muon track kNN finds its k nearest
neighborﬂ and calculates the fraction of muon neighbors. This fraction is output of kNN
algorithm. Number £ is adjustable hyper parameter and was chosen to be equal 80 in
NOvA.

Four features which extracted from the track are track length, ‘é—f and scattering log-
likelihood for muon hypothesis and non-hadronic plane fraction. % and scattering log-
likelihood are determined with the help of probability distributions that shows particle
probability to deposit some energy and scatter by some angle at some distance from
the end of the track, and these distributions are derived from simulation, for more
information see chapter 6 of [42]. The last feature is a ratio of number of planes in the
track which are free of hadronic shower contamination and total number of planes in

the track.

6.4.2 CVN

Convolutional Visual Networks (CVNs) are neutral networks that excel in image classi-
fication, and are used in NOvVA to identify muons. The full implementation of the CVN
is described in [44], and the key points are described here.

In its core, CVN is a regular neural network but with tens of hidden layers and tens
of millions of weights. On the higher level though, CVN learns features itself and a
human is no longer required for this work. An input to CVN is two pictures 100 by
80 pixels around neutrino activity in X and Y views. Similar to ReMID, labels for the
training pictures are taken from the simulation. However, the biggest difference is that

while ReMID checks one track at a time and does the muon/non-muon classification for

SRegular L? metric in R* is used; ||71 — 7||* = (z1 — 22)% + (y1 — y2)* + (21 — 22)% + (w1 — w2)?
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track, CVN analyzes the whole activity in the slice and does the classification in multiple
classes - muon/electron/tau neutrino, QE/RES/DIS/MEC interaction, NC interaction
and cosmic rays.

A deep convolutional neural network requires tremendous amount of training sam-
ples to prevent an overfitting together with regularization techniques such as dropout
layers [45] and weight decay. In order to increase available training dataset some pic-
tures are randomly changed. First, Gaussian noise is added to all pixels with a standard
deviation of 1%, this also reduces reliance on the simulated intensity in each pixel. Then,
some pictures are reflected in the direction perpendicular to neutrino beam. An example
of pictures that are fed into CVN are shown in Figure 6.5

As stated above, CVN classifies events in multiple classes i.e. CVN output is n-
dimensional vector with sum all its components equal to one. These components could
be interpreted as probabilities that the current event belongs to a particular class. Only
muon neutrinos are used in the current analysis, thus to select an event sum of outputs
in muon/QE, muon/RES, muon/DIS and muon/MEC classes should be bigger than

some threshold.

6.5 Energy Estimation

The final step in the reconstruction chain is estimating the total neutrino energy. The
probability that one flavor of neutrino with a given energy will oscillate to other flavors
depends on its energy, thus more precise measurements of energy would yield better
measurements of fa3 and Am3,. A simple approach like summing all of the calibrated
energy and additional accounting for dead materiaﬁ is not as good as the following one.
In NOvVA, energy estimation process is divided into two similar parts; energy estimation
of the most muon like track and the rest of the activity, since muon part of the event is

well understood while the hadronic part is not so well.

E, = E“ + Erad- (6.4)

5Dead material consists of any detector parts which are not producing light i.e., plastic, air bubble,
glue and possible gaps between planes.
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The muon energy, E,, is estimated using a 2D histogram that shows the true muon
energy versus track length. This histogram was populated using muons produced in
simulated neutrino interactions that were reconstructed with a ReMID output above
zero, and a CVN output above 0.6 [46]. The fit is a piecewise linear spline with multiple
segments; an example of this function is shown in Figure
The second term in eq is the hadronic energy, and is estimated differently. Cal-
ibrated energy of all hits which are not on muon track is summed together with addi-
tional hadronic energy which overlaps with muon track. The algorithm that determines
how much energy overlaps with muon track is described in [47]. The hadronic energy
is challenging to model correctly, so instead of true hadronic energy the fit uses true
neutrino energy minus reconstructed muon energy. This approach accounts for dead
material automatically. Similar to muon case, the fit is piecewise linear spline with up
to four segments, as shown in figure The optimization is done to minimize the
total neutrino energy resolution rather then resolution of muon and hadronic energies
separately.
The detectors operating conditions change with time, so to improve the analysis

different energy estimators were used during different data taking periods.
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Figure 6.5: CVN Pixel Map.
Example of the figure which is fed into convolutional neural net for training. The window
of 100 x 80 pixels is chosen around the true v, CC interaction activity in a such way
that reconstructed vertex is approximately put in the left middle part of the picture.
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Chapter 7

Contained and Escaped v, CC

Event Selection

In this chapter, algorithms for the event selection are described. The chapter begins
by describing the contained sample and the event selection criteria. These criteria were
developed by other members of the NOvA collaboration, and are summarized in section
This is followed by a description of the new selection criteria used to select the
“escaping sample” - events that failed the contained event selection criteria, but had
evidence of a muon neutrino interaction. The final selection criteria for escaping events
maximizes sensitivity to #o3 and Am%Q. By combining the contained and escaping

samples of events, better measurements of fa3 and Am3, are made.

7.1 Contained Sample

The selection criteria used to select contained sample events ensure that selected events
contain a v, CC interaction, the muon energy is measured with good resolution, and
cosmic contamination is low. These selection criteria are described in the subsequent

sections.
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7.1.1 Data Quality

A data quality is the first cut in contained sample selection flow and serves to remove

events of poor quality. Events which pass data quality cut have

e more than 20 reconstructed hits. There is no useful information for events with

fewer number of hits.

e at least one track reconstructed by cosmic tracker. This criterion confirms that

there is cluster of hits which could be associated with track.

e PID value of ReMId selector should be greater than zero. This ensures that at

least one 3D Kalman track was reconstructed.

e slice which spans more than 4 consecutive planes. This cut removes events with
geometric gaps and highly vertical tracks, thus the cut is a good preselector for a

good fraction of cosmic rays.

7.1.2 Containment

The containment requirement selects events where the majority of the activity is mea-
sured in the central region of the detector. This further reduces contamination from
cosmic ray events, as most cosmic rays enter from the tops or sides. Contained events
have the best energy resolution and satisfy criteria below, which are explained in the

next paragraph,
e Kalman Forward Cell > 6,
e Kalman Backward Cell > 6,
e Cosmic Forward Cell > 0,
e Cosmic Backward Cell > 7,
e Planes to Front > 1,
e Planes to Back > 1,

e Minimal Prong Distance to FD Top > 60,
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Minimal Prong Distance to FD Bottom > 12,

Minimal Prong Distance to FD East > 16,

Minimal Prong Distance to FD West > 12,

Minimal Prong Distance to FD Front > 18,
e Minimal Prong Distance to FD Back > 18.

The first four criteria use tracks reconstructed by the Kalman Tracker and Cosmic
Tracker. For every track, the number of projected cellsﬂ from start/end of the track to
the edge of the detector is estimated and these numbers should be bigger than above
stated thresholds. The next two criteria checks that reconstructed slice does not have
hits in the first and the last planes of detector active regioﬂ Finally, the last six
criteria use objects reconstructed by Fuzzy clustering algorithm, the objects consist of
hits that could belong to different clusters (in other words, two particle which move in
close trajectories could contribute to one hit). The thresholds in the last six criteria are

result of optimization carried out in [48].

7.1.3 v, CC selection

This cut aims to select v, CC like events and to reject v, CC and v NC like events. The
optimization of the selection thresholds is discussed in detail in [49], and the thresholds

are

e ReMId > 0.5 - event has long muon track with a good ReMId score,
e CVN > 0.5 - event has a good score for v, CC classifier based on convolutional
neural net.
7.1.4 Cosmic Rejection

The final selection criterion in the contained selection further reduces cosmic ray con-
tamination. Several event variables are analyzed using a Boosted Decision Tree (BDT)

algorithnﬁ[BO], and the BDT output is used to discriminate between cosmic and v, CC

lalong the track
2Data were taken during detector construction period, thus active region was changing with time.
3Discussed further in the next chapter.
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events. These event variables used in the BDT are
e cosine of angle between muon track and incoming beam direction,
e reconstructed y-direction of the muon track,
e reconstructed length of the muon track,
e largest y-position of either the start or the end of muon the track,
e CVN cosmic score,

e min(CosmicForwardCell + CosmicBackwardCell, KalmanForwardCell + Kalman-
BackwardCell), this variable helps to discriminate through going cosmic muons

which passed all previous cuts,

e ratio of hit number in kalman track to hit number in slice, this ratio is a measure
of hadronic energy fraction. Cosmic events have very little hadronic energy as

compared to beam neutrino events.

The BDT outputs a PID value, and events are selected if their PID value is > 0.5 [49)].

7.1.5 Resolution Bins

Previous analyses carried out in [47], [51], [52] used one selected sample for fitting to
actual data. Analysis carried out in [42] used several samples for fitting to data such
as a contained QE sample, a contained non-QE sample and an escaping samplelﬂ This
approach separates events into different energy resolution bins and thereby improves
the final sensitivity of the experiment. Finally, the recent analysis [53] goes further
and separates contained sample into four independent samples with different fraction of
hadronic energy in selected events.

Hadronic energy fraction (EEh—l‘jd) distribution is made for every reconstructed neutrino
energy bin and is split into four parts - lowest, second to lowest, second to highest and
highest quantiles - so every quantile has equal number of events. A Plot of Eg—jd vs F,

and quantile boundaries are shown in figure Since the detector configuration was

“Most of the events selected in the escaping sample in [42] have energy far from the first oscillation
dip, thus it is not contributing much to the disappearance analysis. Current analysis aims to address
this issue.
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different for different run periods, the analysis uses different quantiles boundaries to

account for that.
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Figure 7.1: Hadronic energy fraction quantiles.
Hadronic energy fraction vs reconstructed neutrino energy plot allows to determine for
every bin of reconstructed energy hadronic energy fraction quantile. Events from every
bin are split into 4 parts and separated by black horizontal lines. This plot is made for
run period 2, plots for other run periods are similar.

7.2 Escaping Sample

The remainder of the chapter describes the new work done to select v, CC events where
part of a muon track was measured. The main goal is to select the sample with minimal

cosmic background and maximal beam neutrino signal.

7.2.1 Definition and Basic Selection

Escaping sample does not have the nice qualities of the contained sample such as low
cosmic background and high energy resolution; nevertheless, it might provide additional

information on neutrino oscillation effectively increasing gathered statistics.
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Events which define the escaping sample do not need to be only particles which
leave the detector but rather ones which fail to pass some cuts of contained sample.
The obvious cut escaping events should fail is containment cut Escaping events
also should pass some cuts from contained sample because it is still needed that they

contain useful information for the analysis. Those cuts are
e data quality cut - events have reasonable number of reconstructed hits and tracks,
e CVN > 0.5 - events are highly v, CC events,

e loose cosmic rejection, cosmic rejection PID value is > 0.48 - events should not be

an obvious cosmic rays.

These are the basic criteria for the escaping sample. In Figure the expected
number of cosmic and signal events which pass basic criteria for primary track length

distribution is shown.

Primary Track Length
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Figure 7.2: Length of Primary Track After Base Cuts.
The plot illustrates almost two order of magnitude difference between expected
number of signal events (black) and cosmic events (red).



56

7.2.2 Preselection

The next step is to understand what variables could help to discriminate cosmic rays
and beam neutrino signal. The first approach here is to try to determine direction of
the primary track - is track going out of or in the detector? Unfortunately, the time
resolution of individual hits is not enough to determine confidently the direction of the

track and other approaches are needed.
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(a) Topologies.
Dash lines illustrates parts which are not visible in the detector.
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(b) Reconstructed Kalman tracks.

Figure 7.3: Cosmic rays and beam neutrinos in the far detector.
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Figure shows topologies of cosmic T

. . . "\ Backwards Projected
rays and beam neutrinos with escaping Y .

\ Distance

muons, and Figure [7.3b| illustrates cor-
responding reconstructed Kalman tracks. Start
The feature of the Kalman tracker is that Y[
it all reconstructed tracks are assumed to z

point along the positive Z-axis, and this
substantially reduces cosmic ray contam- Figure 7.4: Backwards projected distance
ination at the cost of a small reduction in

the signal. All cosmic rays effectively are divided into two populations, the one where
track direction assumed correctly and the one where it is not. These populations are
clearly seen on the figure where the distribution of reconstructed Kalman track Y-
direction at its end (StopDirY) is shown for the cosmic rays and the primary track of
the signal events. The usage of this variable will be explained later. Now, one can see
that it is easy to remove one population by requiring backwards projected distance [7.4]
(KalBakCell) to be greater than some threshold. The actual cut is perform for ‘number
of backwards projected cells’ variable, see figure

The next selection criterion is not designed to further decrease amount of cosmic rays
but rather make selected sample to be more clean for energy estimation. Next chapter
is completely devoted to this topic. Each hadronic cluster (all hits in slice except the
ones which belong to primary track) cannot have a hit which is within 2 cells of the
edge of the detector. Figure [7.7] shows the distribution of StopDirY after this cut and
the previous one (KalBakCell > 7).

There is another variable which removes big a fraction of cosmic rays similar to
KalBakCell. And this variable is StopDirY. As can be seen from figure all cosmic
rays, which have incorrectly reconstructed direction, have their StopDirY grater than
zero. By asking that variable to be less than zero for escaping sample the second
population of cosmic rays could be eliminated. Physically, that means that only those
events are selected whose primary track stops or leaves the detector pointing downward.
This cut has a big impact on the signal as incoming beam neutrinos pointing upward
at a few degrees level, thus muons resulting in v, CC interaction also prefer upward

direction. Track direction at its end is more useful variable as compared to track’s start
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Track's end Y-direction

400 T T T T T T T T T T T T T T T T
g [ | | | ]
o — — v, CC MC with osc 1
N — —
; - —— Cosmic background
= 300 _— —_
(]
> — _
(1] n _
200— —
100|— —
_ i o~ | |
O—1 -0.5 0 0.5

1
StopDirY

Figure 7.5: Primary Track’s End Y-Direction.

Two population structure is clearly visible for cosmic rays background, this is an
artifact of Kalman tracker. Figure shows members of these populations. The
tracker reconstructs a track with an assumption that its starting point is always to the

right of its end point.

since it has information about cosmic ray direction as ray enters the detector.
Figure shows that escaping sample still has noticeable cosmic ray background
and the next section develops a few more optimized cuts to decrease further the rest of

background.

7.2.3 Selection

Following the section @ for contained sample, v, CC selection for escaping sample is
exactly the same, namely ReMid and CVN score have to be grater than 0.5. Figure
shows ReMId value for events which pass Base and Preselection [7.2.2] cuts.

The last two criteria are based on the facts that cosmic rays tend to be vertical
and the majority of them are muons with small amount of deposited energy outside the
reconstructed track. Figures and illustrate previous statement - the first figure
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Number of Backwards Projected Cells
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Figure 7.6: Number of Backwards Projected Cells.
Three order of magnitude more cosmic events for lower end of number of backwards
projected cells comes from cosmic rays which move along the positive Z-axis. See left
example of cosmic ray in figure [7.3b

shows reconstructed transverse momentum over total momentum (%) and the second
one shows reconstructed hadronic energy of the events after Base and Preselection cuts.
However, a simple cut on event hadronic energy leads to a significant loss in signal and
as result to a worse experiment sensitivity for 623 and Am3, parameters. To bypass this
unpleasantness one can use a strength of CVN classifier - it predicts not only type of
neutrino but also a type of interaction the neutrino participated in. Figure shows
distribution of reconstructed hadronic energy for different type of neutrino interaction
determined by CVN classifier. The final cut optimization is done for % variable and
reconstructed hadronic energy of CVN QE-like events.

The ultimate goal of this work is to measure f93 and Am%2 parameters which govern
muon neutrino oscillations and the tuning of selection criteria is done to maximize the
experiment sensitivity. However, to measure a sensitivity one needs to estimate energy

for the selected events and to make an energy estimator one needs the final selection



60

Track's end Y-direction
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Figure 7.7: Primary Track’s End Y-Direction after two preselection cuts.
Cut on the number of cells from the edge of the detector to hadronic cluster has a
small impact on all distributions, it is needed only for a clean sample to train energy
estimator on. On the opposite, Kalbakcell cut removes half of the cosmic background.

criteria. To break this cycle, an energy estimator (see chapter|[§)) is trained on the events
that do not pass the final cuts but rather close to final selection criteria. And then, the
final selection are chosen by using that energy estimator.

The final selections after optimization are
Pt
e o < 0.6,
e hadronic energy for CVN QE-lie events is less than 0.1 GeV.

Figures [7.14] [7.15] [7.16] show X, Y, and Z-position of primary track start (position of
interaction point), figures [7.17], [7.18] [7.19] show distributions of primary track start in
planes X-Z, Y-Z, X-Y, figure shows length of the primary track for signal and

cosmic events. All these figures show events which pass full escaping sample selection

criteria.
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Figure 7.8: Length of Primary Track After Base and Preselection Cuts.
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The plot illustrates abundance of cosmic ray background after base and preselection

cuts.
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Figure 7.9: ReMId value for the events which pass Base and Preselection cuts.
Cut on ReMId value is chosen similar to contained sample. Low value means a poorly
reconstructed muon track or track produced by a pion.
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Distribution of reconstructed transverse momentum over total momentum for events

which pass Base, Preselection and ReMId grater than 0.5 cuts.
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Hadronic Calorimetric Energy
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Figure 7.11: Hadronic Calorimetric Energy.
Distribution of hadronic calorimetric energy for events which pass Base, Preselection
and ReMId grater than 0,5 cuts. Simple cut on this variable significantly hurts
sensitivity, thus different approach is taken.
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CVN Class vs Hadronic Calorimetric Energy
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Figure 7.12: Hadronic Calorimetric Energy for Different CVN Classes.
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Figure 7.13: Hadronic Calorimetric Energy for CVN QE-like events.
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Distribution of hadronic calorimetric energy for events which pass Base, Preselection,
ReMId grater than 0,5 cuts and classified by CVN as QE events. Optimized cut was
chosen at 0.1 GeV.
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Figure 7.14: StartX Position of Primary Track.
Distribution of primary track Start X-position for events which pass all selection
criteria.
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Primary Track StartY
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Figure 7.15: StartY Position of Primary Track.
Distribution of primary track Start Y-position for events which pass all selection
criteria.
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Figure 7.16: StartZ Position of Primary Track.
Distribution of primary track Start Z-position for events which pass all selection
criteria.
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Figure 7.17: Distribution of Primary Track Start in X-view.
Events pass all the escaping sample selection criteria. X-view can be interpreted as

look from the top of the detector.
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Primary Track Start Position in Y-view
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Figure 7.18: Distribution of Primary Track Start in Y-view.
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Events pass all the escaping sample selection criteria. Y-view can be interpreted as

look from the side of the detector.
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Primary Track Start Position in X-Y view
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Figure 7.19: Distribution of Primary Track Start in X-Y view.
Events pass all the escaping sample selection criteria. X-Y view can be interpreted as
look from the side of the detector along the beam direction.
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Figure 7.20: Length of Primary Track.
Events pass all the escaping sample selection criteria.
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7.2.4 Summary

In this section all selection criteria are briefly stated together.

Base cuts

e data quality,

e failed containment cut for the contained sample,

e CVN > 0.5,

e cosmic rejection PID value is > 0.48.

Preselection

e number of backwards projected cells for primary track is grater than 7,
e number of cells from detector edge to hadronic cluster is grater than 2,
e Y-component of track’s direction at its end is less than 0.

Selection

e ReMId is greater than 0.5,

° % is less than 0.6,

e hadronic energy for CVN QE-like events is grater than 0.1 GeV.

This concludes the escaping and contained events selection chapter, the next step is

to determine selected events energies.



Chapter 8
Energy Estimator

This chapter discusses the energy estimation for the selected events with selection cri-
teria developed in previous chapter. How energy is measured for the contained sample
one can refer to section of event reconstruction chapter. For the escaping events,

the energy estimation algorithm is discussed in this chapter.

8.1 Different Approaches

Similar to energy estimation for contained sample events, the escaped event is divided
into two parts: muon track (track with the highest ReMId score) and hadronic cluster.
Hadronic cluster is the set of all hits in the slice with removed hits on primary track.
Preselection cut, which keeps hadronic cluster to at least 3 cells from the edge of the
detector, makes sure that all the activity associated with hadrons is contained. Thus,
hadronic energy of the selected escaping event can be estimated with the help of the
same algorithm as for contained event, but another approach is needed for the muon
track.

The following subsections briefly describe several approaches taken in attempt to
reconstruct neutrino energy by using either an analytic expression for the neutrino

energy or a lookup table.
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8.1.1 Quasi-Elastic Formula

Interactions which constitute a significant fraction of the v, CC interactions in NOvA
are QE interactions, for these interactions an analytic expression for neutrino energy,
which is written in terms of observable variables can be used. For escaping events
observable quantities are hadronic energy and the primary track angleﬂ

The well known quasi-elastic formula for neutrino energy reconstruction in terms of

muon energy E,, and scattering angle

2

m
_ K
E,mn 5

E, = (8.1)

my — E, + py, cost
can be easily rewritten in terms of reconstructed hadronic energy FEp.q and scattering
angle. With assumptions E,, >> m, and that reconstructed hadronic energy is kinetic

energy of a hadron neutrino interacted with, the previous formula transforms into

4mN
FE,=FE [1 14+ —F"7"—~|. 8.2
v had |1 + \/ + Ehad(l — cos 0) ( )

In practice this approach to neutrino energy reconstruction turned out to be un-
satisfactory. Firstly, figure shows true distribution of neutrino interaction types for
energies in NOvA experiment, for significant fraction of events the formula is not ap-
plicable. Secondly, reconstructed hadronic energy resolution for lower energy (exactly
where QE events are expected) is worse, see figure 9.18 in [52]. Finally, for majority of

muon tracks cos 6 is close to one which leads to a big uncertainty in m term.

8.1.2 Lookup Table

The other approach is to measure hadronic energy of the event together with the scat-
tering angle of primary track and make a table. Rows and columns of the table are
intervals in reconstructed hadronic energy and scattering angle - 5 bins for hadronic
energy from 0 GeV to 1 GeV and 5 bins for cosine of scattering angle from 0.5 to 1. For

every one of these 25 bins distribution of true energy of neutrino is made and mean is

! Angle between muon track and incoming neutrino.
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Neutrino Interaction Mode
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Figure 8.1: True Neutrino Interaction Mode.
Only 20% of all neutrino interactions which pass Base Cut are QE, this fraction
even less for the full selection as some CVN QE-like events are not allowed.

calculated, that mean value is an entry in the table.

During the test period entry of the table is used as reconstructed energy for the event
with corresponding reconstructed hadronic energy and scattering angle of primary track.
Results of the approach also turned out to be unsatisfactory independent of number of
bins for reconstructed hadronic energy and scattering angle. Reconstructed energy is
mapped to a narrow region around 2 GeV and no power was left to distinguish between
maximal mixing and non-maximal one. In other words, sensitivity of the experiment

was not improved by using this energy estimator for escaping events.

8.2 Machine Learning Regression Algorithms

Approaches described in the previous section while being simple and easy interpretable
do not provide good enough improvement in experiment sensitivity. The natural next
step in searching for a good energy estimator for escaping events is to try different

machine learning regression algorithms such as an artificial neural network, k Nearest
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Neighbours and decision trees. All these algorithms are applicable for regression problem

and all of them were examined with the same set of input variables.

8.2.1 Input Variables

The first step in construction of muon energy estimator is to determine which variables
contribute most of the information about true muon energy. The following set is proba-
bly the fullest set of these variables. Extensive search for other variables did not provide

variables which improved muon energy estimator.

e Track Length. The length of the primary track contains all the information about
muon energy when track is fully contained in the detector and provides a lower

limit for the energy otherwise.

e Track scattering. The cumulative sum of all deviations from a straight line in
degrees normalized by track length. Muon with a small energy has a shorter track
and a lot of scattering while propagating through the detector resulting in a bigger
track scattering variable. This variable discriminates cases with the same amount

of contained track but different amount of escaped part.

e Track angle. The variable describes the angle between the reconstructed track

and incoming neutrinﬂ

e Track Energy Per Hit. Visible energy of the track is divided by number of hits in
the track. The variable helps to determine if muon is minimum ionizing particle

or not, this has a strong connection with the muon total energy.

During the training period every set of these four variables is supplemented with
a true muon energy in the corresponding event. These variables are not completely
independent as can be seen in figure It is known that regression algorithms achieve
better results when input variables are decorrelated, thus decorrelation and gaussiniza-
tion procedures were carried out and final distributions before they enter training are

shown in figure [8.3

2At the far detector neutrino source is a point source and direction of incoming neutrinos could be
determine.
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Figure 8.2: Correlation Matrix.
Correlations between input variables for BDT algorithms. The algorithm performs
better if input variables are first transform into a Gaussian form and then
decorrelated.

8.2.2 Training

Training and testing samples contain equal number of events - 101079. This events in
addition to escaping sample selection are subject to one more selection. Namely, events
have to be from the files with subrun number less than 55. This criteria selects events
from all runs with different detector states, so energy estimator during the training
process exposed to events it could see in the final analysis. Events with subrun equal

or more than 55 are used for final validation.
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put variable ‘Gauss_Deco'-transformed : Scattering|
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Figure 8.3: Input and target variables after decorrelation and gaussinization procedures
were performed.

Early tests showed that artificial neural net and k nearest neighbours algorithms
have a significantly worse performance and these algorithms are not used for final muon
energy estimator tuning. On the other hand, results for the Boosted Decision Trees
(BDT) turned out to be more promising. The next several paragraph briefly explain
how BDT work and what hyper parameters are chosen for muon energy estimator.

Regression decision tree is a tree-like graph where data flow from root to leaves
through several branching points. Root and branching points correspond to questions
and if data satisfies the question it propagates through one branch, if not then it propa-
gates through another branch. During the training process tree learns its structure and
populates leaves with examples from training sample. When a new data point is fed
into the tree it propagates through the tree following the questions in branching points
and finally reaches one of the leaves. Then regression output of the tree is an average
over all training examples in the leaf.

Unfortunately, the decision tree shows worse performance on average compare to
other algorithms and tree structure is unstable on training data meaning that small
changes leads to drastically effect on tree structure. Nevertheless, performance could
be improved via ensemble method where many different trees are fit and predictions are

aggregated across the trees. Ensemble sometime called a forest.
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One more way to improve performance of decision trees is to use boosting. A function
which is needed to be learnt, in this case muon energy estimator E,,,.n, taken as a

weighted sum of base functions f(Z,«) - single tree - often called ”weak learners”.
BN on (%, 8,8) =Y Buf(F, ), (8.3)

where T is a input vector, /;7 are weights for different trees and & are parameters of the
trees. Boosting is a iterative process where each subsequent tree f(Z, an41) learns in a
way to minimize a loss functio for EN,.(Z,3,d&) + Bni1 f(Z, ans1).

It is recommended not to use trees with depth deeper than 8, so a depth 5 of was
chosen. Another hyper parameter for BDT training is the number of weak learners.

Ten different options were tried and the best result was achieved for 800.

8.2.3 Performance

The performance of escaping events energy estimator is evaluated by looking at the

RMS of the resolution histogram. Resolution is defined as

Resolution = True Muon Energy — Reco Muon Energ}’,

8.4
True Muon Energy (84)

As can be seen in figure [8.4] muon energy resolution is about 32%, the distribution is
not symmetrical and shifted towards positive values meaning that estimator on aver-
age undershoot the escaping muon energy. Correction could be made to make energy
estimator to get right muon energy on average (mean of resolution histogram is zero),
however as it shown in the next chapter this is not necessary. Figure [8.5| illustrates
reconstructed muon energy together with cosmic background.

For the final fit reconstructed neutrino energy (£, = Ehaq + E,) is used instead
of just muon energy. Hadronic energy resolution is on the order of 20% which leads
to 23% reconstructed neutrino energy resolution. Figures and illustrate recon-
structed neutrino energy resolution and reconstructed neutrino energy together with

cosmic background. Similar to escaping muon energy, shift to make neutrino energy

(Et'r'ue - E’muon)2 |Et'rue - EnLuon‘ S 57

1

3 . . 3
Huber loss function is used, L(E s Etrue) =

men e 6(‘Etrue - muon| - g) |Et7‘ue - Emuon‘ > 6
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Figure 8.4: Reconstructed Muon Energy Resolution.
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average is not necessary and it is not improving the experimental sensitivity.

Another useful plots to look at are the neutrino energy resolution as a function of
true and reconstructed neutrino energy, figures and These plots illustrate

that neutrino energy resolution is stable across the measured neutrino spectrum. Two

plots on figure show how true energy related to reconstructed energy for muon and

neutrino respectively.
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Figure 8.5: Reconstructed Muon Energy.
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Chapter 9

Far Detector Prediction and

Analysis

The v,, disappearance analysis, first, requires us to make a prediction for specific selected
sample values of oscillation parameters Amg2 and 653 and second, requires us to compare
these predicted samples with the real selected sample. A measurement of parameters
is obtained from a method known as a likelihood fit. The simplest way to do this is
to compare the FD prediction with data, however, significant flux and neutrino cross
section uncertainties would result in not so great experimental sensitivity. The existence
of the ND and its measurements of the neutrino energy spectrum greatly mitigate this
aforementioned problem. A procedure, called extrapolation, helps to predict the FD

neutrino spectrum based on ND measurements and is described in the current chapter.

9.1 Prediction

The predicted FD spectrum consists of v, CC signal, beam background components,
and cosmic background. The extrapolation procedure uses ND data only to predict
v, CC signal since it is a significant portion of the FD neutrino spectrum. Beam
background components are taken directly from FD Monte Carlo and cosmic background

is estimated based on data recorded outside the beam spill window of NuMI spill.
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Figure 9.1: MC Prediction for the contained samples in ND and FD.

The first plot above illustrates the contained neutrino spectra in the Near Detector
and the Far Detector. Both detectors observed neutrinos from the same source,
however smaller ND size leads to a bigger fraction of low energy neutrinos and close
position of ND to decay pipe also broaden observed neutrino spectrum. The second
plot illustrates the shape of Far to Near ratio, however for the extrapolation procedure
Far to Near ratio is used in bins of true energy. The actual extrapolation procedure is
performed for four quantiles separately and spectra shapes are very similar to what is

illustrated here.
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Figure 9.2: MC Prediction for the contained sample in ND and the escaping sample in
FD.

The first plot above illustrates the contained neutrino spectrum in the Near Detector
and the escaping spectrum in the Far Detector. Both detectors observed neutrinos
from the same source, however smaller ND size leads to a bigger fraction of low energy
neutrinos and close position of ND to decay pipe also broaden observed neutrino
spectrum. The second plot illustrates the shape of Far to Near ratio, however for the
extrapolation procedure Far to Near ratio is used in bins of true energy. To obtained
prediction of escaping neutrino spectrum in the Far Detector contained Near Detector

spectrum is used.
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Figure 9.3: Reco-true matrices for FD and ND contained samples.

92

This is an example of reco-true matrices for FD (top) and ND (bottom) contained

samples, matrices for the escaping sample looks similar. The matrices are used in

extrapolation procedures to convert ND neutrino spectrum in reconstructed energy

bins to spectrum in true energy bin and vice versa for FD neutrino spectrum.
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9.1.1 Signal Extrapolation

Monte Carlo simulations for ND and FD are generated separately and under assump-
tion of no neutrino oscillation. The shape of reconstructed neutrino spectra at different
detectors is different largely due to the fact of different geometric effects and inconsis-
tency in distortions caused by different resolutions of energy estimators at ND and FD.
Figures and illustrate the overlay of neutrino spectra shapes for both detectors.

Being a small detector the ND cannot contain highly energetic neutrinos, thus its
observed neutrino spectrum is based towards lower energy - smaller hadronic activity
and shorter muon tracks. However, steel plates alternating with regular detectors planes
at the end of ND help to contain more energetic muons, nevertheless the ND neutrino
spectrum is limited by around 4 GeV. One more geometrical effect which plays a role
in FD/ND spectra shape difference is that decay tubeﬂ is not seen as a point neutrino
source. The ND catches neutrinos which was produced at a wider range of off-axis
angles and therefore the ND sees a broader neutrino spectrum as compared to FD. All
these effects are well model by NOvA simulations.

Distortions caused by different resolutions of energy estimators at the ND and the
FD is also mitigated by the extrapolation procedure. For every detector a 2D histogram
of reconstructed energy vs. true energy is created. These reco-true matrices are used
to convert bins of reconstructed energy at each detector to bins of true energy. Figure
0.3l illustrates these matrices.

The full extrapolation procedure works as follows. Firstly, an observed ND neu-
trino spectrum in bins of reconstructed energy is converted to the spectrum in bins of
true energy with the help reco-true matrix. Secondly, geometric effect is mitigated by
multiplying result of previous step with FD/ND true energy ratio to get FD unoscil-
lated prediction in bins of true energy. Thirdly, every bin of the spectrum is reweighed
with oscillated probability. Finally, FD reco-true matrix is applied to convert neutrino
spectrum in bin of true energy back to spectrum in bins of reconstructed energy, thus
result is the predicted FD neutrino spectrum based on the observed neutrinos at the

ND. Figure illustrates steps of the extrapolation procedure.

!Place where pions decay into neutrinos and other particles
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Figure 9.4: Extrapolation procedure schematic.

To obtain a correct prediction of neutrino spectrum at the FD based on the observed
neutrino spectrum at the ND, 4 steps are needed. 1. Convert the ND spectrum in bins
of reconstructed energy to bins of true energy with the reco-true matrix. 2. Multiply
by the FD/ND true energy ratio to account for a different geometric effects for the FD
and the ND. 3. Reweigh every bin of the spectrum by the oscillation probability. 4.
Convert spectrum in bins of true energy back to spectrum in bins of reconstructed

energy.

9.1.2 Beam Background Prediction

As mentioned in the beginning of the section, only v, CC signa]ﬂ is passing through
extrapolation procedure described in section All beam induced background com-
ponents, namely v, Ve, vy, U and NC, are small compare to signal and ND Monte Carlo
is subtracted from observed neutrino spectrum before it gets extrapolated. Then the
beam background from FD Monte Carlo is added back to predicted FD neutrino spec-
trum [54].

9.1.3 Cosmic Background Prediction

Since for every 12 us of NuMI spill a wider window of 450 us is recorded the same data

files are used for the cosmic background estimation. All selected events outside of NuMI

%Signal consists of two channels: v, — v, and 7, — D,.
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spill window are normalized by scale factor

12us

le= ————
seate 450us — 12us’

(9.1)

to estimate cosmic background inside the NuMI spill window. After that, this selected

spectrum is added to the FD predicted neutrino spectrum.

9.2 Analysis

This section describes a procedure used for the measurement of oscillation parameters

Am3, and sin? fa3. The procedure is called a binned maximal-likelihood fitting.

9.2.1 4+41 Sample Fitting

The ND neutrino spectrum reweighed with the oscillation probability during the ex-
trapolation procedure produces the FD predicted neutrino spectrum for those specific
oscillation parameters. The analysis framework calculates the oscillation probability in
the three-flavor neutrino formalism for different values of Am3, and sin? 3.

The final FD neutrino spectra predictions consists of five different spectra. Four
spectra for FD contained events, these spectra have events with different reconstructed
hadronic energy fraction, and one spectrum for escaping events. Contained spectra are
extrapolated from 4 similarﬂ ND contained spectra and escaping spectrum is extrapo-
lated from one - all quantiles combined - ND contained spectrum.

When the predictions for specific oscillation parameters for the five spectra are ready
and real FD data is gathered, the following log-likelihood for the Poisson distributed

data function is used

2 L ] ) Os.i
¢= Y [QZns,l 0si + 05 m(ns,i)] (9.2)

s€{cont, esc} i

The outer sum is summation over four contained samples and one escaping sample, for
each sample inner summation is over bins 4, ns; is the number of predicted events for

bin ¢ and sample s, and os; is the number of observed events for bin ¢ and sample

3ND data before the extrapolation procedure is also spilt into 4 quantiles.
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s in FD data. The closer predicted spectra to observed ones the lower x? function,
thus maximum likelihood corresponds to a minimal x2. The log-likelihood function is
calculated for different oscillation parameters and 2D surface of x? vs Am3, and sin? 63
is formed. The minimum of the surface corresponds to the best fit point, confidence
levels are drawn around best fit point on the plane of Am3, and sin? o3 based on the
Ax? relative to the minimum value [I]. The values of Ax? for different confidence

intervals in 1D and 2D cases are illustrated in Table

CL. (%) 1D 2D
68.3 1.00 2.30
90.0 2.71 4.61
95.4 4.00 6.18
99.7 9.00 11.83

Table 9.1: Ax? values for different dimensions and confidence levels.

In order to include systematic uncertainties in the current picture, one more term

is added to the y? function:

X2 = Z |:2 Z Nsi — Os,i + Os.i In (
7

s€{cont, esc}

2
2) ) %} . 9.3)
; 59
The last term is the same for the five samples. The o; parameters describe our knowledge
and understanding of the allowed shift in a particular systematic. The s; parameters
are evaluated during the process known as marginalization - for every set of oscillation
parameters Am§2 and sin? 6,3, the analysis software scans over different values of 55
trying to find the value which minimizes y2. This leads to a better fit and to a more
gentle slope of x? surface, as result confidence level contours gets bigger. Thus, the
effect of systematic uncertainties makes the oscillation parameters measurements less

certain as expected.



Chapter 10
Systematics

Precise measurements of the oscillation parameters depend on correct extrapolated pre-
dictions of neutrino spectrum at the Far Detector. In turn, extrapolated predictions
depend on our understanding of all properties of the detectors as well as properties of
particles propagation and interaction with other particles. Naturally, this understanding
cannot be absolute which leads to uncertainties in the final result, these uncertainties
are called systematic uncertainties, as opposed to statistical uncertainties which comes
from the probabilistic nature of the high energy experiment. While statistical uncer-
tainties are mitigated by longer exposure, systematic uncertainties could be mitigated
by the experiment design. For example, the two-detector design of NOvA reduces the
impact of flux and cross section uncertainties.

The first section of this chapter describes the treatment of systematic uncertainties
in NOvA and the following ones discuss the impact of different systematic uncertainties

on the extrapolated predictions.

10.1 Evaluation of Systematic Uncertainties

For some systematics, the analysis framework allows a reweightable approach to evaluate
the impact of a specific systematic on the analysis result. This approach helps to
reduce the computational resources [55]. For instance, any cross section parameter
has its own uncertainty and for every simulated event a weight is calculated based on

that uncertainty, and by reweighing events one gets a new (shifted) prediction which
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corresponds to that cross section parameter. One gets 2 shifted predictions by using
weights which are calculated for +1o shifts for some cross section parameter; nominal
and 2 shifted predictions are used to produced a systematic error band on all plots which
are presented in this chapter. In this document, systematic error bands are shown only
for escaping sample, the readers interested in the study of the systematic uncertainties
for the contained sample are referred to [53].

The systematic effects which need to alter information on a hit-by-hit basis cannot
be used in a reweightable scheme and a completely new set of Monte Carlo simulation
files is generated. For instance, new sets of files are required for the systematically
shifted scintillation model, calibration systematics etc.

During the fitting procedure the fitter needs to know the prediction for fractional
systematic shifts. This is achieved by using a cubic spline interpolation between nominal,
+10 and +20 shifts.

The analysis framework distinguishes between two types of systematic uncertainties
in NOvA, those which are correlated for both detectors and those which are independent.
Correlated systematic uncertainties shift the prediction in both detectors simultaneously
by the same amount and are called absolute uncertainties. Flux and neutrino cross
section uncertainties are examples of absolute uncertainties. Systematic effects which

are independent across detectors are called relative uncertainties.

10.2 Cross Section Uncertainty

GENIE cross section models depends on 804 parameters and uncertainties on all these
parameters allow to calculate cross section weights [32]. When one alters some parame-
ter the weight is determined as ratio of cross section with altered parameter to nominal
one. Later, at analysis time, every selected event at the Near or the Far Detector is
weighted with above calculated weight, thus the shifted prediction is generated. The
marginalization processﬂ is computationally heavy and only those GENIE cross section
systematics are used which has significant impact on the analysis. Table summa-
rize cross section parameters used in the analysis, the first column is the parameter

description and the second one is parameter’s 1o uncertainty.

Mitting procedure with systematic uncertainties taken into account.
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In addition to GENIE parameters, the NOvA framework analysis uses a few more
cross section effects to get a better agreement between ND data and simulations. The
first effect is RPAE| corrections, data from MINERvA [56] strongly support the need
for a correction to reactions at low momentum transfer for QE and RES reactions.
Corrections were needed to accommodate the effect of “weak charge screening” and
they were computed based on RPA. Both corrections and uncertainties are momentum
transfer dependent except for RPA RES uncertainty which is taken at 100% (means
that effect is switched off) [57]. The second effect is MEC, neutrino scattering on a
pair of nucleons E|, which depends on neutrino energy and the fraction of np pairs.
Different models give different behavior for the MEC cross section at low energies.
Since MEC is constraint by normalizing to the data the most important part of cross
section uncertainty is the shape. Ratio of different normalized models to the empirical
GENIE MEC model lies inside the region bounded by two functions given in table
where “+”7 and “” correspond to +1o and —1o shift respectively. Another important
effect of the MEC interaction is 4-momentum transfer. The simulation is fit to the data
by applying weights in (qo, |¢])-plane and uncertainty to the fit tends to make things
more QE-like or RES-like, these shifts are achieved by varying other the combination
of uncertainties that distorts the visible hadronic energy distribution [58].

Figures [10.1], [10.2] [10.3], [10.4] [10.5], [10.6] illustrate effect of GENIE parameters on

selected escaping signal and background events. Those parameters are chosen to be

shown here as they have a noticeable impact on FD predictions while the rest of the

cross section parameters have a much smaller effect.

2Random Phase Approximation
3neutron-proton pair (np), proton-proton pair (pp).
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Description Uncertainty
Axial mass for CC quasi-elastic neutrino production +5%

Axial mass for CC resonance neutrino production +20%
Axial mass for NC resonance neutrino production +20%
Vector mass for CC resonance neutrino production +10%

CCQE Pauli suppression (via changes in Fermi level kp ) +35%

CC coherent neutrino production, normalization +20%
NC coherent neutrino production, normalization +20%
Nucleon elastic reaction probability +30%
Nucleon charge exchange probability +50%
Nucleon absorption probability +20%
Nucleon inelastic reaction probability +40%
Hadron formation zone +50%
DIS neutrino on neutron CC 1 pion production +50%
DIS neutrino on neutron CC 2 pions production +50%

Table 10.1: GENIE parameters and their uncertainties used in the analysis.



Description

Uncertainty

RPA effect in resonance neutrino production

RPA enhancement effect in CC QE

RPA suppression effect in CC QE

MEC initial state np fraction

MEC cross section energy dependence

MEC momentum transfer shape

¢> dependent
¢> dependent
¢> dependent
0.7...0.9
im

¢> dependent

Table 10.2: RPA and MEC uncertainties used in the analysis.
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Figure 10.1: Systematic effect of MaCCQE uncertainty

Integral shift | Nominal Shift () Shift (-) | % Diff. (+) % Diff. (-)
v, signal 18 17 18 -0.7 +1.0
Tot beam bkg 0.46 0.46 0.46 -0.6 +0.3
NC 0.33 0.33 0.33 -0.1 -0.1
v, App 0.027 002  0.027 1.6 +1.6
v, CC 0.051 0.051 0.051 +0.0 +0.0
vy CC 0.056 0.055 0.058 -2.1 +2.7

Table 10.3: Systematic effect of MaCCQE uncertainty on FD MC signal and background
prediction

The “Nominal” column shows the number of selected events when the GENIE parameter
is at its central value.The “Shift (4)” columns show the number of selected events when
the GENIE parameter is shifted by 1o up or down correspondingly. The “Diff (+)”
columns show the same shifts in a relative manner.
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Figure 10.2: Systematic effect of MECEnuShapeNu uncertainty

Integral shift | Nominal Shift () Shift (-) | % Diff. (+) % Diff. (-)
v, signal 18 18 17 +1.8 -1.4
Tot beam bkg 0.46 0.46 0.46 -0.4 +0.0
NC 0.33 0.33 0.33 -0.1 -0.1
v, App 0.027 002  0.027 1.6 +1.6
v, CC 0.051 0.051 0.051 +0.0 +0.0
vy CC 0.056 0.056 0.057 -0.6 +1.1

Table 10.4: Systematic effect of MECEnuShape uncertainty on FD MC signal and

background prediction

The “Nominal” column shows the number of selected events when the GENIE parameter
is at its central value.The “Shift (4)” columns show the number of selected events when
the GENIE parameter is shifted by 1o up or down correspondingly. The “Diff (+)”
columns show the same shifts in a relative manner.
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Figure 10.3: Systematic effect of MaCCRES uncertainty

Integral shift | Nominal Shift () Shift (-) | % Diff. (+) % Diff. (-)
v, signal 18 17 19 -5.4 +8.1
Tot beam bkg 0.46 0.45 0.48 -3.7 +4.5
NC 0.33 0.33 0.33 -0.1 -0.1
v, App 0.027 0.024  0.031 “11.9 +13.9
v, CC 0.051 0.051 0.051 +0.0 +0.0
vy CC 0.056 0.048 0.068 -14.1 +21.3

Table 10.5: Systematic effect of MaCCRES uncertainty on FD MC signal and back-

ground prediction

The “Nominal” column shows the number of selected events when the GENIE parameter
is at its central value.The “Shift (4)” columns show the number of selected events when
the GENIE parameter is shifted by 1o up or down correspondingly. The “Diff (+)”
columns show the same shifts in a relative manner.
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Figure 10.4: Systematic effect of MvCCRES uncertainty

Integral shift | Nominal Shift () Shift (-) | % Diff. (+) % Diff. (-)
v, signal 18 18 -3.2 +4.4
Tot beam bkg 0.46 0.45 0.47 -2.1 +2.3
NC 0.33 0.33 0.33 -0.1 -0.1
v, App 0.027 0025  0.029 6.3 476
v, CC 0.051 0.051 0.051 +0.0 +0.0
vy CC 0.056 0.052 0.062 -7.5 +10.8
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Table 10.6: Systematic effect of MvCCRES uncertainty on FD MC signal and back-
ground prediction
The “Nominal” column shows the number of selected events when the GENIE parameter
is at its central value.The “Shift (4)” columns show the number of selected events when
the GENIE parameter is shifted by 1o up or down correspondingly. The “Diff (+)”
columns show the same shifts in a relative manner.
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Figure 10.5: Systematic effect of CCQEPauliSupViaKF uncertainty

Integral shift | Nominal Shift () Shift (-) | % Diff. (+) % Diff. (-)
v, signal 18 17 18 -1.2 +1.3
Tot beam bkg 0.46 0.46 0.46 -0.2 -0.2
NC 0.33 0.33 0.33 -0.0 -0.0
v, App 0.027 0027  0.027 0.7 0.7
v, CC 0.051 0.051 0.051 +0.0 +0.0
vy CC 0.056 0.056 0.056 +0.0 -0.0

Table 10.7: Systematic effect of CCQEPauliSupViaKF uncertainty on FD MC signal
and background prediction

The “Nominal” column shows the number of selected events when the GENIE parameter
is at its central value.The “Shift (4)” columns show the number of selected events when
the GENIE parameter is shifted by 1o up or down correspondingly. The “Diff (+)”
columns show the same shifts in a relative manner.
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Figure 10.6: Systematic effect of DISvnCClpi uncertainty

Integral shift | Nominal Shift () Shift (-) | % Diff. (+) % Diff. (-)
v, signal 18 18 -1.2 +1.3
Tot beam bkg 0.46 0.46 0.46 -0.2 -0.2
NC 0.33 0.33 0.33 -0.0 -0.0
v, App 0.027 0027  0.027 0.7 0.7
v, CC 0.051 0.051 0.051 +0.0 +0.0
vy CC 0.056 0.056 0.056 +0.0 -0.0
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Table 10.8: Systematic effect of DISvnCCl1pi uncertainty on FD MC signal and back-
ground prediction
The “Nominal” column shows the number of selected events when the GENIE parameter
is at its central value.The “Shift (4)” columns show the number of selected events when
the GENIE parameter is shifted by 1o up or down correspondingly. The “Diff (+)”
columns show the same shifts in a relative manner.
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10.3 Flux Uncertainty

In order to estimate the neutrino flux through the Near and the Far detectors the
NuMI beam is simulated through the entire production process that starts with protons
hitting the target and ends with pions, muons and kaons decaying in the decay pipe.
And systematic uncertainties of all these processes have to be evaluated.

Flux uncertainties could be separated into two categories

e Hadron production. Uncertainties on cross section of proton interaction in the

NuMI target.

e Beam transport. Uncertainties on target facility components:

Horn current, 5% uncertainty

Horn 1 and Horn 2 positions in both transverse dimensions, +2 mm uncer-

tainties

Beam position on target, £0.5 mm uncertainty

Beam spot size on target, £0.2 mm uncertainty

Target position in longitudinal direction, £2 mm uncertainty

It turns out that flux uncertainties are heavily correlated across almost all neutrino
true energy bins. To correctly treat this, 2000 predictions were generated in different
flux universes where the parameters described above have different values within their
uncertainty limits, [59]. A correlation matrix is constructed based on the flux histograms
from the different universes and after that a Principal Component Analysis (PCA) is
carried out to disentangle the correlations. It is shown in [59] that only the first 5 or
8 PCA components are enough to explain most of the information contained in the
correlation matrix i.e. first several PCA components describes all flux uncertainties.

As mentioned previously the two detectors and the extrapolation procedure help to
reduce flux systematics significantly. Figure shows the third PCA component that
has the biggest impact on the Far detector prediction.
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Figure 10.7: Systematic effect of 3rd flux PCA component.

Integral shift | Nominal Shift () Shift (-) | % Diff. (+) % Diff. (-)
v, signal 18 17 18 -0.7 +0.7
Tot beam bkg 0.46 0.47 0.46 +1.2 -1.3
NC 0.33 0.33 0.32 +1.3 -1.4
v, App 0.027 0027  0.027 0.5 405
v, CC 0.051 0.051 0.051 +0.0 +0.0
vy CC 0.056 0.057 0.055 +1.4 -1.6
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Table 10.9: Systematic effect of 3rd flux PCA component on FD MC signal and back-

ground prediction

The “Nominal” column shows the number of selected events when flux parameters are
at its central value. The “Shift (£)” columns show the number of selected events when
the third flux PCA component is shifted by 1o up or down correspondingly. The “Diff
(£)” columns show the same shifts in a relative manner.
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10.4 Muon Energy Uncertainty

Due to some uncertainties in detectors masses, compositions, offsets etc. the observed
range traveled by muon has its own uncertainty. Muon track length is used to estimate
the muon energy at the Near detector and Far detector (for the contained sample) and
is important part of energy estimator for escaping sample at the Far Detector. A very
extensive study was carried out in [60] and the following absolute and relative systematic

uncertainties were established:
e Absolute:

— muon track length in active region of the Near and Far detectors, 0.94%

— muon track length in muon catcher at the Near detector, 0.69%

e Relative:

— muon track length in active region of the Near and Far detectors, 0.27%

— muon track length in muon catcher at the Near detector, 0.75%

Figures [10.8] and [10.9] illustrate the impact of the absolute and relative systematic

uncertainties on the escaping sample prediction at the Far detector correspondingly.
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Figure 10.8: Systematic effect of absolute muon energy uncertainty

Integral shift | Nominal Shift () Shift (-) | % Diff. (+) % Diff. (-)
v, signal 18 17 18 -2.2 +2.2
Tot beam bkg 0.46 0.46 0.46 -0.2 +0.1
NC 0.33 0.33 0.33 -0.2 +0.0
v, App 0.027 0027  0.027 0.4 40.3
v, CC 0.051 0.051 0.051 +0.0 +0.0
vy CC 0.056 0.056 0.056 -0.6 +0.4
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Table 10.10: Systematic effect of absolute muon energy uncertainty on FD MC signal
and background prediction
The “Nominal” column shows the number of selected events when the nominal simula-
tion is used. The “Shift (4)” columns show the number of selected events when muon
track length is shifted by 1o up or down correspondingly. The “Diff (£)” columns show
the same shifts in a relative manner.
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Figure 10.9: Systematic effect of relative muon energy uncertainty

Integral shift | Nominal Shift () Shift (-) | % Diff. (+) % Diff. (-)
v, signal 18 17 18 -0.5 +0.4
Tot beam bkg 0.46 0.46 0.46 +0.0 -0.0
NC 0.33 0.33 0.33 +0.0 +0.0
v, App 0.027 0027  0.027 401 0.1
v, CC 0.051 0.051 0.051 +0.0 +0.0
vy CC 0.056 0.056 0.056 +0.0 -0.1

112

Table 10.11: Systematic effect of relative muon energy uncertainty on FD MC signal
and background prediction
The “Nominal” column shows the number of selected events when the nominal simula-
tion is used. The “Shift (4)” columns show the number of selected events when muon
track length is shifted by 1o up or down correspondingly. The “Diff (£)” columns show

the same shifts in a relative manner.
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10.5 Calorimetric Energy Uncertainties

Several studies of the post calibration calorimetric response of the detectors show that
the protons in the Near detector have the biggest discrepancy between data and simu-
lations [61]. It is found that the calorimetric detector response in data is 5% lower than
the simulation and this discrepancy is interpreted as a 5% absolute calibration uncer-
tainty. In order to evaluate an impact of this uncertainty a new simulation is generated
and a different calibration is applied before the reconstruction step. As result, every
slice has the same number of hits but their energies are shifted up or down. Figure
illustrates the impact of absolute calibration uncertainty.

While comparison of simulated muons to data can be done in both detectors (simu-
lation/data comparison in the Near detector and simulation/cosmic comparison in the
Far detector) however for protons it could be done only in the Near detector. Thus, the
same 5% effect is assumed as the worst case for a relative effect. Figure illustrates
the impact of the relative calibration uncertainty on selected escaping sample at the Far
detector.

In addition to the average cell response an individual detector cell has a different
response for an energy deposition at different distances from the readout electronics. A
comparison of the reconstructed and true energy of simulated cosmic hits as function
of their position along the cell is performed in [62] and the discrepancy is interpreted

as calibration ‘shape’ uncertainty. The effect of this systematic is illustrated in figure

L0. 12
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Figure 10.10: Systematic effect of absolute calibration uncertainty

Integral shift | Nominal Shift () Shift (-) | % Diff. (+) % Diff. (-)
v, signal 18 19 16 +8.5 -10.1
Tot beam bkg 0.46 0.54 0.39 +17.4 -15.6
NC 0.33 0.41 0.29 +23.5 -13.2
v, App 0.027 0.026 0.023 -2.0 -12.9
v, CC 0.051 0.051 0.051 +0.0 +0.0
vy CC 0.056 0.057 0.048 +2.1 -14.9
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Table 10.12: Systematic effect of absolute calibration uncertainty on FD MC signal and

background prediction

The “Nominal” column shows the number of selected events when the nominal sim-
ulation is used. The “Shift (+)” columns show the number of selected events when
calibration shifted samples are used. The “Diff (+)” columns show the same shifts in a

relative manner.
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Figure 10.11: Systematic effect of relative muon energy uncertainty

Integral shift | Nominal Shift () Shift (-) | % Diff. (+) % Diff. (-)
v, signal 18 20 15 +12.2 -13.5
Tot beam bkg 0.46 0.54 0.39 +17.4 -15.3
NC 0.33 0.41 0.29 +23.5 -13.0
v, App 0.027 0.026 0.023 -2.0 -12.8
v, CC 0.051 0.051 0.051 +0.0 +0.0
vy CC 0.056 0.057 0.048 +2.1 -14.3

Table 10.13: Systematic effect of relative calibration uncertainty on FD MC signal and

background prediction

The “Nominal” column shows the number of selected events when the nominal sim-
ulation is used. The “Shift (+)” columns show the number of selected events when
calibration shifted samples are used. The “Diff (+)” columns show the same shifts in a

relative manner.
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Figure 10.12: Systematic effect of ’shape’ calibration uncertainty

Integral shift | Nominal Shift () Shift (-) | % Diff. (+) % Diff. (-)
v, signal 17.524 15.811 - -9.8 -
Tot beam bkg 0.463 0.428 - -7.5 -
v, CC 0.051 0.040 - -20.2 -
NC 0.329 0.315 - -4.2 -
v App 0.027 0.023 - -14.2 -
vy CC 0.056 0.049 - -12.5 -
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Table 10.14: Systematic effect of ’shape’ calibration uncertainty on FD MC signal and

background prediction

The “Nominal” column shows the number of selected events when the nominal sim-
ulation is used. The “Shift (+)” columns show the number of selected events when
calibration shifted sample is used. The “Diff (£)” columns show the same shifts in a

relative manner.
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10.6 Light Model

To estimate the uncertainty on the light model, three special datasets are generated. The
first dataset which is called nominal is generated with increased Cerenkov light collection
efficiency and reduced standard scintillation light production, effectively removing the
fl—f discrepancy observed in the ratio of ND data/simulation for muons and protons
[63]. The second and the third datasets are 1o shifts where alternative scintillator
light levels are shifted by 10% up and down while the calibration is simultaneously
adjusted by 10% in the opposite direction. The effect of the shifts is that some hits fall
below or rise above the readout threshold.

In comparison to contained sample, the light model systematic has a significant effect
on escaping sampleﬁ The main reason is that escaping events have a significant fraction
of hits which are close to the detector’s edges. Those hits which happened at the back
end of the cells have a bigger chance to have an incorrect attenuation meaning that the
hits are very sensitive to the light model. As result, 1o shifts could significantly affect
those hits thereby making an event pass or fail preselection criterion in Figure

10.13] illustrates the effect of light model systematic on selected escaping sample.

“a small effect of light model systematic for contained sample could be seen on page 613 of [64]
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Figure 10.13: Systematic effect of light model uncertainty

Integral shift | Nominal Shift () Shift (-) | % Diff. (+) % Diff. (-)
v, signal 18 19 16 +9.1 -8.7
Tot beam bkg 0.46 0.46 0.46 +0.4 +0.3
NC 0.33 0.33 0.34 +0.8 +3.1
v, App 0.027 0.027 0.025 +0.4 -6.7
v, CC 0.051 0.051 0.051 +0.0 +0.0
vy CC 0.056 0.059 0.049 +5.0 -13.3
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Table 10.15: Systematic effect of light model uncertainty on FD MC signal and back-

ground prediction

The “Nominal” column shows the number of selected events when the nominal simula-
tion is used. The “Shift (4)” columns show the number of selected events when light
level shifted samples are used. The “Diff (+)” columns show the same shifts in a relative

manner.



Chapter 11

Results

After analysing the Far Detector data, 126 events were selected for the 4 contained
samples, including an expected background of 5.8 misidentified cosmic rays and 3.4
misidentified neutrino events of other types. For the escaping sample, 30 events were
selected, including an expected background of 6.0 misidentified cosmic rays and 0.4
misidentified neutrino of other types. The resulting 5 spectra were fit simultaneously

with the best-fit parameters are sin? fa3 = 0.504 and |Am2,| = 2.45 x 10~ 3eV2.

11.1 Predicted Contours

Before the real data is used to make final sensitivity contours, it is important to see
predicted sensitivity contours to understand how much power the escaping sample pro-
vides to the experiment. To generate the predicted contours and profile functions for

sin? fy3 and Am%Q, simulation of the signa was used to generate a fake data. Figures

[11.Tal [11.1b| and [11.2] illustrate profile functions and sensitivity contours respectively.

Expected improvement is marginal.

11.2 Event Displays of Several Selected Escaping Events

Figures [11.3] [11.4] and [11.5] give the examples of selected escaping events at the Far

Detector.

12017 best fit was used as seed oscillation parameters
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Figure 11.3: Selected FD escaping v, CC candidate
(Rotated left) The X vs. Z and Y vs. Z views of selected FD escaping v, CC

candidate with estimated muon neutrino energy of 2.54 GeV.



123

¢61.50¢86T' TT:60:LT
STOZ ‘L4dvanL OLn
==/ LEIEES JUdAT
L€ /6L26T uny

6263 TVNd - VAON

Figure 11.4: Selected FD escaping v, CC candidate
(Rotated left) The X vs. Z and Y vs. Z views of selected FD escaping v, CC

candidate with estimated muon neutrino energy of 2.78 GeV.
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Figure 11.5: Selected FD escaping v, CC candidate
(Rotated left) The X vs. Z and Y vs. Z views of selected FD escaping v, CC

candidate with estimated muon neutrino energy of 1.85 GeV.
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11.3 Results of the Fit

The Far Detector data selected for all 5 spectra were fit to the extrapolated prediction.
The fit included penalty terms to account for the systematic uncertainties according to
equation The figures and show overlaid Far Detector data with the pre-
dicted 1o systematic uncertainty band for the four contained and one escaping spectra
respectively.

Figure illustrates 90% confidence levels of 5 samples fit with and without sys-

tematics effects included.
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Figure 11.6: Observed 4 contained spectra at the Far Detector with best fit and sys-
tematics uncertainties

It is also interesting to compare if including the escaping sample is improving the
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Figure 11.7: Observed escaping spectrum at the Far Detector with best fit and system-
atics uncertainties
Dashed line illustrates predicted escaping sample under assumption of no oscillation.

NOvVA results when real data is used. Figure illustrates the NOvA results with and

without escaping sample in the fit.
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Figure 11.8: 90% confidence levels with and without systematic uncertainties
Confidence level with systematic uncertainties is shown in blue and without
systematics uncertainties is shown in red. The best-fit parameters are sin? fa3 = 0.504
and |Am3,| = 2.45 x 107 3eV2.
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Figure 11.9: 90% confidence levels with and without escaping sample in the fit
Confidence level without escaping sample is shown in black and with escaping sample
is shown in blue. The best-fit parameters when escaping sample is included are
sin? fa3 = 0.504 and |Am2,| = 2.45 x 107 3eV2.



Chapter 12

Conclusion

The data analyzed in the present work were taken between 2014 and 2017 in a neutrino
mode. The results presented in the previous chapter prefer non-maximal mixing with

best-fit oscillation parameters
sin? a3 = 0.50475000,
Am3, = 2457001 x 1073 eV2.

The selection criteria to select the escaping sample developed in the present thesis
allow to select events which were previously discarded by the analysis software. Despite
the marginal improvements in measuring oscillation parameters using the escaping sam-
ple effectively adds 4% more statistics.

The main difficulties with the escaping sample which are cosmic background and
event energy estimation were addressed. And while energy estimation hardly could
be improved more, there are still some space for potential improvements in cosmic
background rejection. As it can be seen in figure the most of cosmic background is
in the region of 1-2 GeV where experiment is the most sensitive to oscillation parameters
sin? fo3 and Am§2. One of the possible future lines of attack could be a usage of hit
time information to determine the direction of the escaping trackﬂ Another possibility
could be a deep convolutional neural net, which was used in v, disappearance and v,

appearance analyses as well as in this thesis for contained sample, but trained primarily

as of today timing resolution is not enough, however potentially it could be improved.
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on escaping events.
NOvVA experiment continues to take data in neutrino and antineutrino mode. Future
improvements in analysis techniques, better understanding of systematics effects and
more statistics will help us to understand neutrino sector in greater details and, perhaps,

will bring more questions to study. Stay tuned!
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Appendix A

Glossary and Acronyms

Care has been taken in this thesis to minimize the use of jargon and acronyms, but
this cannot always be achieved. This appendix defines jargon terms in a glossary, and

contains a table of acronyms and their meaning.

A.1 Glossary

e Cosmic-Ray Muon (CR p) — A muon coming from the abundant energetic

particles originating outside of the Earth’s atmosphere.

A.2 Acronyms

Table A.1: Acronyms

Acronym Meaning

CRu Cosmic-Ray Muon
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