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ABSTRACT

NOvA is a long-baseline neutrino experiment at Fermilab that studies neutrino oscillations via

electron neutrino appearance and muon neutrino disappearance from the NuMI beam at

Fermilab. The beam configurations allow for a muon neutrino or antineutrino enriched flux. The

combined analysis of the four samples allows for the measurement of sin2 θ23 , ∆m2
32 and

constrain of δCP , as well as the mass hierarchy and the octant of θ23. The measurement of

oscillations relies on the prediction at the Far Detector(FD), which is constrained by the study of

the large datasets of νµ and ν̄µ at the Near Detector(ND).

The ND data is not accurately represented by the GENIE simulation, therefore the

interaction model requires adjustments. I present these adjustments to the central value, the

NOvA tune, with emphasis on the meson exchange current (MEC) model, my work, which has

been included in the latest published oscillation measurement result [10].

This work is expanded by exploiting the high statistics sample of the ND via the introduction

of final state-based topology samples. I present a study of the νµ and ν̄µ datasets, which reveals

remaining deficiencies NOvA tune. These samples are then used to constrain more parameters of

the interaction model, as well as detector response and neutrino beam uncertainties. Various fake

data fits are presented, which studied the parameters to which the NOvA data is not sensitive,

the correlations among MEC parameters in the NOvA tune and the ability of the current model

to fit fake data with a different MEC model. The result of data fits with and without the MEC

tuning parameters are compared.

A novel method for the NOvA oscillation fit is presented. The resulting constrain from the

ND fit to data is implemented in the fit via a covariance term. I demonstrate the fitting method

with Asimov data with NOvA measurement from [10]. Two robustness studies are presented: 1)

to test the use of variations in the ND constrain and 2) to test the implication of using a
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constraint that does not perfectly reproduce the ND data via the use of residual fake data. The

residual fake data study is also presented in two additional Asimov points that are within the

observable phase space for NOvA in different mass ordering or δCP . In addition the fake data

studies with a different MEC model are also evaluated.
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CHAPTER 1. INTRODUCTION

The study of neutrino oscillations is one of the most promising paths for new physics. Since

Pauli’s proposal of the neutrino in 1930 to the big neutrino experiments today, neutrino physics

has led to multiple discoveries that expand our understanding of nature. Before diving into

details of the analysis of neutrino oscillations with the NOvA experiment, this chapter will

introduce an overview of neutrinos in the framework of the Standard Model, the implications of

neutrino oscillations and neutrino interactions in matter.

1.1 A brief history of the discovery of neutrinos

The story of neutrinos begins with the study of the β− decay. Initially, the β decay was

understood to be a two body process (N → N ′ + e), where the nucleus spontaneously ejects an

electron, leaving behind a lighter nucleus. Knowing the initial and final mass of the nucleus that

underwent the decay, conservation of energy dictates the energy of the electron should be exactly

equal to the mass difference. However, in 1914 James Chadwick observed a continuous energy

spectrum of the electrons emitted from this process [11]. The alarming implication of this

observation is that energy conservation was violated. Until 1927, the decisive experiment of

Charles Drummond Ellis and W. A. Wooster confirmed the continuous spectrum of electrons from

radium E (210Bi) decays (see Figure 1.1) [3]. Given this situation, in 1930, with the famous

letter “Dear radioactive ladies and gentlemen”, Wolfgang Pauli describes his proposal of an

extremely light neutral particle which he called the neutron, a “desperate remedy” to explain this

energy spectrum [12]. After Chadwick’s discovery of the neutron, a different particle from what

Pauli proposed, the understanding of the β− decay changed. This led to Enrico Fermi’s theory of

beta decay to include the newly re-named particle, the neutrino, little neutral one in Italian, due

to is hypothesized small mass [13]. His theory proposed antineutrinos and electrons are created in
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Figure 1.1: β spectrum of 210Bi [3].

the β−decay process, rather than contained in the nucleus. Moreover, he derived quantitative

expressions for the lifetime of β decay and the shape of the β emission spectrum. This model has

inspired the modern description of all weak-interaction processes. Although Fermi’s theory was

successful in describing the β spectrum, the neutrino wouldn’t be observed until decades later.

Shortly after Fermi’s theory, Hans Bethe and Rudolf Peierls showed that the probability of a

neutrino interacting with a proton, via the inverse β process, consisting of the capture of a

neutrino by a nucleus together with the emission of an electron (or positron), is extremely small.

They calculated a cross section σ < 10−44cm2, for an average neutrino energy of 2 MeV, giving it

a penetrating power of 1016 km in solid matter. Thus at the time it was “absolutely impossible to

observe processes of this kind with the neutrinos created in nuclear transformations” [14].

After various attempts, Cowan and Reines finally detect neutrinos. Their 1953 experiment in

Hanford, Washington, yielded promising evidence of neutrino detection, however the cosmic

background obscured the neutrino signals [15]. In 1956, they successfully measured the cross

section of antineutrinos from a nuclear reactor in Savannah River [16]. The experiment (see

Figure 1.2) consisted in of two large plastic tanks (A and B) filled with water and cadmium



3

chloride, where the inverse β decay will occur:

ν̄ + p→ n+ β+ (1.1)

These tanks were sandwiched between three large scintillation detectors (1,2 and 3) with a

capacity of 4200 liters, with 110 photomultiplier tubes to collect scintillation light and produce

electronic signals. The signal was identified using the method of Delayed-Coincidence Signals. For

instance if an inverse β decay occurs in tank A, it would create two pairs of photon

prompt-coincident pulses from detectors 1 and 2. The first pair of pulses would be from positron

annihilation and the second from neutron capture in cadmium from the scintillator. These pairs

of signals would be separated by about 3 to 10 µs. This experiment allowed to successfully

measure a cross section in agreement with the theoretical value. And so after 25 years of Pauli’s

proposal, the neutrino was finally detected.

OQ AN, Hgklx}&l 10131 AIC4UIH. I' 1 Ai3 I& h. n. t,l .)L

below in more th. an usual detail. In solne instances
checks which did not give definite positive results mere
included because it was believed to be important to
show that such results were not inconsistent with those
expected from antineutrino signals.

EQUIPMENT

A consideration of the cross section for reaction (].)
averaged over the fission antineutrino spectrum
( 10 ' cm') and the available TJ flux ( 10" cm '
sec ') made it apparent that large numbers of target
protons would be required. These were provided by
two plastic target tanks containing 200 liters of water
each, shaped as slabs 7.6 cm deep and 132 cm by 183 cm
in lateral dimensions. Each water tank was sandwiched
between two of the three large liquid scintillation
detectors (Fig. 2). The thickness of the water tanks
was limited by the absorption of the 0.5-Mev positron-
annihilation radiation produced in the antineutrino
reaction. The array of tanks formed two "triads"
with one detector tank in common. The 58-cm depth
of the iscintillation detectors was chosen so as to
absorb''the cadmium-capture gammas with the maxi-
mum eKciency attainable in the space available for
the system. Consideration of light-collection efBciency
and the energy resolution required of the system
resulted in the use of an extremely transparent liquid
scintillation solution containing 3 grams/liter of
terphenyl and 0.3 gram/liter of POPOP in highly
purified triethylbenzene. '
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4 tata FIG. 3. (a). Schematic of ganging yoke for the 55 photomultiplier
tubes at one end of a detector tank. All tubes were connected in
parallel across the high-vojtage, signal, and ground busses. The
200-ohm parasitic resistors suppressed oscillations. (b) Voltage
divider network used on Dumont 6364 photomultiplier tube.
These tubes were selected for low noise and their gains were
matched by using a standard source and choosing an appropriate
value for the gain balance resistor.

FIG. 2. Sketch of detectors inside their lead shield. The detector
tanks marked 1, 2, and 3 contained liquid scintillator solution
which was viewed in each tank by 1105-in. photomultiplier tubes.
The white tanks contained the water-cadmium chloride target,
and in this picture are some 28 cm deep. These were later replaced
by 7.5-cm deep polystyrene tanks, and detectors 1 and 2 were
lowered correspondingly. A drip tank, not shown here, was later
set underneath tank 3 in the event of a leak. Because of the weight
it was necessary to move the lead doors with a hydraulic system.
' Ronzio, Cowant and Reines, Rev. Sci. Instr. 29, 146 (1958).

The tank walls were painted white, and each tank
had 110 5-in. Dumont 6364 ph'otomultipliers (55 on
each end) for collection of the scintillation light.
The tubes were placed an average distance of about
28 cm behind a plastic window and were immersed in
light-matching triethylbenzene which could be made
to scintillate, if desired, by the addition of terphenyl
and POPOP. Model tests indicated. that the non-
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Detection of the Free Antineutrino*
F. REINEStt C. I . COWAN, JR., t F. B.HARRISON, A. D. MCGUIRE, AND H. W. KEUSE
Los Alamos Sceerttific Laboratory, UNeeersety of Cateforrtea, Los Alamos, Pete Mexico

(Received July 27, 1959)

The antineutrino absorption reaction p(P, tt+)rI was observed in two 200-liter water targets each placed
between large liquid scintillation detectors and located near a powerful production fission reactor in an
antineutrino Qux of 1.2&(10"cm ' sec '. The signal, a delayed-coincidence event consisting of the annihilation
of the positron followed by the capture of the neutron in cadmium which was dissolved in the water target,
was subjected to a variety of tests. These tests demonstrated that reactor-associated events occurred at
the rate of 3.0 hr ' for both targets taken together, consistent with expectations; the erst pulse of the pair
was due to a positron; the second to a neutron; the signal dependended on the presence of protons in the
target; and the signal was not due to neutrons or gamma rays from the reactor.

INTRODUCTION

HE importance of a direct verification of the
Pauli-Fermi neutrino hypothesis' has long been

recognized, The experiment reported in this paper
was designed to show that the neutrino has an independ-
ent existence, i.e., that it can be detected away from
the site of its creation, by means of the effect it produces
on a counter. In this work, carried out at the Savannah
River Plant of the U. S. Atomic Energy Commission,
we investigated the reaction'

which is the antineutrino-induced inversion of neutron
decay.
The detection scheme is shown schematically in

Fig. 1. An antineutrino (v) from the fission products in
a powerful production reactor is incident on a water
target in which CdC12 has been dissolved. By reaction
(1), the incident P produces a positron (P+) and a
neutron (rt). The positron slows down and annihilates
with an electron in a time short compared with the
0.2-@sec resolving time characteristic of our system,
and the resulting two 0.5-Mev annihilation gamma rays
penetrate the target and are detected in prompt
coincidence by the two large scintillation detectors
placed on opposite sides of the target. The neutron is
moderated by the water and then captured by cadmium
in a time dependent on the cadmium concentration
(in our experiments practically all neutrons are captured
within 10 ttsec of their production) . The multiple
*Work performed under the auspices of the U. S. Atomic

Energy Commission. A preliminary account of the present work
appeared in Science 124, 103 (1956).The antineutrino is generally
understood to be associated with negative beta decay.
t Now at the Department of Physics, Case Institute of Tech-

nology, Cleveland, Ohio.
f. Now at the Department of Physics, Catholic University of

America, Washington, D. C.
W. Pauli, Jr., address to Group on Radioactivity of Tubingen,

December 4, 1930 (unpublished); E. Fermi, Z. Physik 88, 161
(1934).A discussion of the historical development of the neutrino
concept and some pictures of the apparatus used in the present
experiment may be found in an article by F. Reines and C. L.
Cowan, Jr., Phys. Today 10, 12 (1957).' A 6rst attempt to study this reaction was made at the Hanford
Engineering Works in 1953; F. Reines and C. L. Cowan, Jr.,
Phys. Rev. 92, 830 (1953).
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FIG. 1. Schematic diagram of antineutrino experiment.

cadmium-capture gammas are detected in prompt
coincidence by the two scintillation detectors, yielding
a characteristic delayed-coincidence count with the
preceding P+ gammas. The experiment consisted in
showing that:
1. Reactor-associated delayed coincidences of the

kind described above were observable at a rate con-
sistent with that calculated from the P Qux and the
detector efficiency, on the basis of the two-component
neutrino theory.
2. The first prompt-coincidence pulse of the delayed-

coincidence pair was due to positron-annihilation
radiation.
3. The second prompt-coincidence pulse of the

delayed-coincidence pair was due to cadmium capture
of a neutron.
4. The signal was a function of the number of

target protons.
5. The reactor-associated signal was not caused by

gamma rays or neutrons from the reactor.

Throughout the experiment an effort was made to
provide redundant checks of these several points. Since
it may not be easy to repeat the experiment because of
the elaborate equipment required, the results are given

(b)

Figure 1.2: (a) Schematic diagram of the The Savannah River neutrino detector , showing the initial inverse
β decay, and the two pairs of photons from the positron (β+) annihilation and from the cadmium capture.
(b) Sketch of the detectors. Tanks 1, 2 and 3 contained liquid scintillator and a configuration of 110
photomultoplier tubes. The two water tanks labeled A and B contain water and dissolved CdCL2.Figure
taken from [17].

The neutrinos and antineutrinos from β decays are electron neutrinos and antineutrinos.

Currently it is known that there are three families of leptons: electrons (e), muons (µ) and taus
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(τ), with their corresponding neutrino (νe, νµ, ντ ). Muons were discovered from the study of

cosmic rays in 1937 [1]. It was eventually confirmed that they decay through the process

µ− → e− + ν + ν. Assuming the two neutral leptons were identical, the process µ− → e− + γ

should have been observed, but it wasn’t. This was an indication that the two neutral leptons

were not identical, one had to be associated with the muon. Based on this observations,

Pontecorvo [18] and Schwartz [19] suggested using high energy neutrino beams to test whether

neutrinos from pion decays produce muons or electrons.

Eventually, in in 1962 Lederman, Schwartz and Steinberger detected the muon neutrino in

Brookhaven National Lab [4]. They used a beam of protons 15 GeV from the Alternating

Gradient Synchrotron, which struck a beryllium target, resulting in a shower particles, including

pions, which then decayed into neutrinos via π± → µ± + (ν/ν̄). A thick shield stopped most of

the other particles, then the neutrinos were detected in an aluminum spark chamber. The basic

design used for this neutrino beam (Figure 1.3), the first of its kind, is still used today.
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FIG. 1. Plan view of AGS neutneutrino experiment.
Figure 1.3: Diagram of the LSS neutrino beam. [4].

The third neutrino, ντ , was not detected until much later. In 1975, the tau lepton was

detected in at Stanford Linear Accelerator Laboratory [20]. Along with this third lepton, the tau

neutrino should exist, but it was not until 2001 that the ντ was observed in the DONUT
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experiment at Fermilab [21]. Years earlier, in 1989, the Large Electron-Positron collider at CERN

showed there were only three lepton families (three charged leptons and three neutrinos), via the

measurement of the lifetime of the Z-boson, thus establishing the Standard Model of

physics [22] [23] [24].

By this time Pontecorovo [25] had suggested the idea of neutrino oscillations between

neutrinos and antineutrinos, analogous to the K0/K̄0 oscillation (at the time when only the

νe was known). Maki, Z. Maki, M. Nakagawa and S. Sakata [26] assumed the representation of

neutrinos ν1 and ν2 through linear combinations of νe and νµ . V. Gribov and B. Pontecorvo

proposed the phenomenological theory of two-neutrino mixing in 1969 [27].

In 1968 the first experiment to detect solar neutrinos, produced from nuclear fusion in the

Sun, was conducted at the Homestake mine in South Dakota. Raymond Davis Jr. and John N.

Bahcall observed a smaller flux of neutrinos than expected, which was explained by the Standard

Solar Model (SSM). Just as Pontecorvo postulated, neutrino oscillations would reduce the flux

from solar neutrinos to two times smaller the flux if there were no oscillations [28] [29]. But this

deficit, initially believed to be an experimental flaw, known as the solar neutrino problem, was

confirmed by later experiments with different technologies, such as the Kamiokande water

Cherenkov detector in 1989 [30], and the gallium based experiments SAGE in 1991 [31] and

GALLEX in 1992 [32].

The solar neutrino problem would not be solved until 1998, when the Super Kamiokande

experiment showed evidence of an angular dependence on the flux of νµ produced by cosmic ray

interactions in the atmosphere [33] [34]. This demonstrated that neutrinos travelling a different

distances after production, and traversing the Earth at different angles on their way to the

detector, were ’disappearing’, thus providing evidence of neutrino oscillations. The final resolution

to the solar neutrino problem1 was provided by the SNO experiment, which measured the 8B

solar spectrum. They searched for the reaction on deuterium νx + d→ νx + p+ n (where νx

represents any neutrino flavor), a Neutral Current interaction (NC), which would yield the total

1although the full explanation includes the MSW effect (see section 1.3)
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rate of neutrinos from the sun, regardless of their flavor. Their astonishing finding was that

indeed, the total flux of NC interactions was consistent with the SSM, and their rate of νe events

was consistent with that measured by Super Kamiokande [35]. These two experiments’

observations provided conclusive evidence that neutrinos oscillate, and therefore have mass.

Although many discoveries have been made regarding neutrinos, they are still a mysterious

particle. The conclusion that they have mass poses them as the first experimental evidence of

physics outside the Standard Model and questions remain such as the origin of their mass, the

existence or not of sterile neutrinos, whether neutrinos are Dirac or Majorana, among others.

1.2 Neutrinos in the Standard Model

The Standard Model (SM) is successful in describing the strong, electromagnetic and weak

interactions of elementary particles, in the framework of quantum field theory. It is a gauge

theory based on the local symmetry group SU(3)C × SU(2)L ×U(1)Y, where the subscripts C, L

and Y represent color, left-handed chilarity and weak hypercharge. The gauge group determines

the interactions and number of gauge bosons which correspond to the generators of such group.

There are eight massless gluons that mediate the strong interactions, corresponding to the

generators of SU(3)C; three massive (W±, Z) and one massles (γ) gauge bosons, corresponding to

the three generators of SU(2)L and one generator U(1)Y, which mediate electroweak interactions.

In addition, the scalar Higgs field, or Higgs boson, generates mass for the gauge bosons, with the

mechanism of spontaneous symmetry breaking. The electroweak part of the SM determines the

interactions of neutrinos and other fermions. We can study electroweak and strong interactions

separately, given that there is no mixing between SU(3)C and SU(2)L ×U(1)Y sectors. The SM

also contains 12 fermions (spin 1/2), which can be divided in two categories: quarks and leptons.

The quarks participate in all the interactions (strong, weak, electromagnetic and gravitational).

Meanwhile the leptons participate in all but the strong interactions. The corresponding

antiparticles have the same mass but opposite electric charge. One of the unexplained features of
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the SM is the existence of three generations of fermions with identical properties, but different

masses. All of the particles of the SM with their properties are depicted in Figure 1.4.
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Figure 1.4: Standard Model diagram form showing the 12 fundamental fermions and the 5 bosons.

The unified theory of weak and electromagnetic interactions for leptons was formulated by

Weinberg and Salam independently. Later it was extended to the quark sector by Glashow,

Iliopoulos, and Maiani. In 1979, Glashow, Salam and Weinberg were awarded the Nobel Prize in

Physics for the formulation of this theory. The main features of electroweak interactions can be

summarized as follows:
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• Electromagnetic and weak interactions involve all the elementary particles (leptons and

quarks).

• Electromagnetic and weak interactions are mediated by vector fields. For electromagnetic

interactions, the massless photon is the mediator. For weak interactions the mediator is a

intermediate vector boson (IBV).

• Weak interactions involve a pair of leptons, such as (νe, e
−). Only the left handed

components of leptons (eL, νL) participate. Both components of the electrons eL and eR

participate in electromagnetic interaction. νR does not interact with matter.

• Electromagnetic and weak interactions are universal: they have the same coupling strength

for all fermions (leptons and quarks).

• The Higgs mechanism is used to generate masses for the gauge fields corresponding to the

IVB mediating the weak interactions while keeping the photon field mediating

electromagnetic interaction massless.

In the Weinberg-Salam model, the interaction Lagrangian can be written as:

LWS = Lem + Lweak

with Lweak = LCC + LNC (1.2)

The SM is phenomenologically very successful; among others, interactions of neutrinos have

been experimentally verified with high accuracy [36] (more details about this will be explained in

section 1.4). Nevertheless, the SM is has 18 free parameters which are not predicted by this

theory. In addition, this framework predicts massless neutrinos. The current experimental

observations indicate neutrinos are not massless, and their properties, which will be described in

the following sections, are not predicted by the SM. The fact that experimental evidence shows

neutrinos have mass points to the existence of physics beyond the Standard Model. [37]
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1.3 Neutrino mixing and oscillations

Neutrino oscillation is a quantum mechanical phenomenon, in which a neutrino fo one flavor

vα develops a component of a neutrino of another flavor νβ, with α, β = e, µ, τ and α ̸= β. This

implies the neutrino mass eigenstates (or propagation states) are different from their weak

interaction, or flavor, eigenstates. The flavor state να can be written as an orthonormal linear

combination of the mass eigenstates νk, with k = 1, 2, 3 which are related by the unitary 3× 3

matrix Uα,k:

|να⟩ =
∑

k

U∗
αk|νk⟩ (α = e, µ, τ) (1.3)

To obtain the transition probability of να → νβ in vacuum, let us start with the Schrödinger

equation

i
d

dt
|νk(t)⟩ = H|νk(t)⟩ (1.4)

where the neutrino states |νk⟩ are eigenstates of the Hamiltoian

H|νk⟩ = Ek|νk⟩ (1.5)

with energy eigenvalues Ek =
√
p2 +m2. The solution of 1.4 would be:

|νk(t)⟩ = e−iEkt|νk⟩ (1.6)

Considering a flavor state |να(t)⟩, which corresponds to a neutrino created with a definite

flavor α at time t = 0, the time evolution of this state, from 1.3 and 1.6 is

|να(t)⟩ =
∑

k

U∗
αke

−iEkt|νk⟩ (1.7)

Then inverting 1.3, we can write the mass states in terms of the flavor eigenstates as

|νk⟩ =
∑

α

Uαk|να⟩ (1.8)

which can be introduced into 1.6 to obtain

|να(t)⟩ =
∑

β=,e,µ,τ

(∑

k

U∗
αke

−iEktUβk

)
|νβ⟩ (1.9)
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As it propagates, the initial state |να⟩ becomes a superposition of different flavor states, in the

case where the mixing matrix U is not diagonal. Then the amplitude of the transition να → νβ

can be obtained from the coefficient of |νβ⟩:

Aνα→νβ (t) ≡ ⟨νβ|να(t)⟩ =
∑

k

U∗
αkUβke

−iEkt (1.10)

which yields the transition probability

Pνα→νβ =
∣∣∣Aνα→νβ (t)

∣∣∣
2
=
∑

k,j

U∗
αkUβkUαjU

∗
βje

−i(Ek−Ej)t. (1.11)

In the case of ultrarelativistic neutrinos, one can approximate

Ek ≃ E +
m2

k

2E
. (1.12)

With the squared mass difference ∆m2
kj ≡ m2

k −m2
j and neglecting the mass contribution to the

neutrino energy E = |p⃗|, 1.11 can be expressed as :

Pνα→νβ (t) =
∣∣∣Aνα→νβ (t)

∣∣∣
2
=
∑

k,j

U∗
αkUβkUαjU

∗
βj exp

(
− i

∆m2
kjt

2E

)
(1.13)

As ultrarelativistic neutrinos propagate close to the speed of light, the approximation t = L is

valid. Finally the probability can be written in terms of measurable quantities for experiments as:

Pνα→νβ (L,E) =
∣∣∣Aνα→νβ (t)

∣∣∣
2
=
∑

k,j

U∗
αkUβkUαjU

∗
βj exp

(
− i

∆m2
kjL

2E

)
(1.14)

The phases of neutrino oscillations ϕkj = −∆m2
kjL

2E are determined by the experiment with

neutrino energy E and distance L from the source to the detector, and the squared mass

differences ∆m2
kj ≡ m2

k −m2
j . The amplitude of the oscillation is determined by the elements of

the mixing matrix U .
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The lepton mixing matrix U can be written as the Pontecovoro-Maki-Nakagawa-Sakata

(PMNS) matrix as:

U =




1 0 0

0 c23 s23

0 −s23 c23







c13 0 s13e
−iδCP

0 1 0

−s13eiδCP 0 c13







c12 s12 0

−s12 c12 0

0 0 1




=




c12c13 s12s13 s13e
−iδ

−s12c23 − c12s13s23e
iδ c12c23 − s12s13s23e

iδ c13s23

s12s23 − c12s13c23e
iδ −c12s23 − s12s13c23e

iδ c13c23




(1.15)

(1.16)

where sij = sin θij , cij = cos θij and (i, j = 1, 2, 3). θij are called the mixing angles. The unitarity

of the PMNS matrix allows to rewrite expression 1.13 as:

P (να → νβ) = δαβ − 4
∑

i>j

Re
(
U∗
αiUβiUαjU

∗
βj

)
× sin2

(
∆ij

2

)

+2
∑

i>j

Im
(
U∗
αiUβiUαjU

∗
βj

)
× sin(∆ij) (1.17)

where ∆ij ≡
∆m2

ij

2E L. For antineutrinos, the oscillation probability is similar, except for a

negative sign in the last term, as Uαi is replaced for its complex conjugate:

P (ν̄α → ν̄β) = δαβ − 4
∑

i>j

Re
(
U∗
αiUβiUαjU

∗
βj

)
× sin2

(
∆ij

2

)

−2
∑

i>j

Im
(
U∗
αiUβiUαjU

∗
βj

)
× sin(∆ij). (1.18)

For the case of survival probability (α = β), the imaginary part of this equation vanishes, so the

general expression for survival probability is:

Pνα→να(L,E) = 1− 4
∑

i>j

(
|Uαi|2|Uαj |2

)
sin2

(
∆m2

ij

4E
L

)
(1.19)

for i, j = 1, 2, 3. Note that only two of the three ∆m2
ij are independent:

∆m2
32 = m2

3 −m2
2 = (m2

3 −m2
1) + (m2

1 −m2
2) = ∆m2

31 −∆m2
21 (1.20)
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There are two nonequivalent orderings of the neutrino masses, referred as normal ordering

(NO) or inverted ordering (IO), as depicted in Figure 1.5. For NO, m1 < m2 < m3, and for IO

m3 < m1 < m2. The smaller mass splitting is designated to be ∆m2
21. In other words ∆m2

32 > 0

νe νµ ν!

4

P(να → νβ) = ∑
i

U*αiUβie
−i m2

i L
2E

2
∼ P(U(θ23, θ13, θ12, δCP), Δm232, Δm221, Δm231,

L
E )

• What is the 
sign of the 
di!erence 
in masses?

Neutrino oscillations

NO
IO

Normal Ordering Inverted Ordering
ν3

ν2
ν1

ν2
ν1

ν3In
cr

ea
si

ng
 m

as
s

Δm232

Δm221

Δm232

Δm221

Figure 1.5: Neutrino mass orderings

for NO and ∆m2
31 < 0 for IO.

Neutrino oscillations in matter

So far the derivation of neutrino oscillation probabilities was considered for neutrinos

propagating in vacuum. However, neutrino experiments are not performed in vacuum. As

neutrinos propagate in matter, such as traversing the Sun and the Earth, their evolution equation

is affected by the potentials due to coherent interactions. The three flavors of neutrinos undergo

NC processes with the nuclei, but νe and ν̄e also undergo CC interactions with electrons found in

matter. The Feynman diagrams of such processes are shown in Figure 1.6

The CC interactions generate a potential VCC through the W exchange:

VCC =
√
2GFNe (1.21)

where GF is the Fermi constant, which denotes the strength of the weak interactions, and Ne is

the electron density of the medium. This can be calculated for an electron neutrino propagating
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Neutrino CCQE with momenutm

W+(q)

n(p)

⌫`(k)

p(p0)

`�(k0)

Anti-Neutrino CCQE with momentum

W�(q)

p(p)

⌫̄`(k)

n(p0)

`+(k0)

Neutrino CCQE

W+

n

⌫µ

p

µ�

Neutrino coherent CC

W

e�

⌫e

⌫e

e�

2

(a)

Neutrino coherent NC

Z

e�, p, n

⌫e, ⌫µ, ⌫⌧

e�, p, n

⌫e, ⌫µ, ⌫⌧

Anti-Neutrino CCQE

W�

p

⌫µ

n

µ+

AntiNeutrino Neutral Current Elastic

Z

p, n

⌫µ

p, n

⌫µ

Neutrino Neutral Current Elastic

Z

p, n

⌫µ

p, n

⌫µ

3

(b)

Figure 1.6: Feynman diagrams of coherent forward elastic scattering that generate matter potential. For (a)
νe CC interactions with the electrons of matter contribute in addition to (b) the NC processes which occur
for all neutrino flavors.

in a homogeneous isotropic gas of unpolarized electrons [36]. The neutral current potential

VNC = −1

2

√
2GFNn. (1.22)

Where Nn is the neutron density. Only the neutrons contribute to this potential, even if the NC

interactions occur with protons, neutrons and electrons, because of electrical neutrality implies an

equal number density of protons and electrons, terms which cancel. The two contributions yield

the potential energy of ultrarelativistic left-handed neutrinos of flavor α propagating through the

medium:

Vα = VCCδαe + VNC =
√
2GF

(
Neδαe −

1

2
Nn

)
, (1.23)

where δαe indicates only for electron neutrinos the CC term contributes. This potential modifies

the vacuum Hamiltonian H from equation 1.4 (which we rename H0) to

H = H0 +HI with HI |να⟩ = Vα|να⟩ (1.24)

We can now rewrite the amplitude of a transition να → νβ after a time t as

ψαβ(t) = ⟨νβ|να(t)⟩ with ψαβ(0) = δαβ (1.25)

1Recall the Kronecker delta indicates δij = 1 for i = j, and δij = 0 for i ̸= j
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and using the ultrarelativistic approximation in equation 1.12 the evolution equation in space

becomes

i
d

dx
ψαβ(x) =

(
p+

m2
1

2E
+ VNC

)
ψαβ(x) +

∑

η

(∑

k

Uβk
∆m2

k1

2E
U∗
ηk + δβeδηeVCC

)
ψαη(x). (1.26)

The first term can be neglected as it is irrelevant to flavor transitions (it translates to a phase

common to all flavors), yielding:

i
d

dx
ψαβ(x) =

∑

η

(∑

k

Uβk
∆m2

k1

2E
U∗
ηk + δβeδηeVCC

)
ψαη(x). (1.27)

This shows that the neutrino oscillations in matter (and in vacuum) only depend on the difference

squared of the neutrino masses, not their absolute values.

1.3.0.1 Two flavor case

Considering the case of two flavor oscillations, with an initial state of an electron neutrino

(α = e), we can rewrite 1.27 as

i
d

dx



ψee

ψeµ


 = H



ψee

ψeµ


 (1.28)

the effective Hamiltonian in the flavor basis:

H =
1

4E



−∆m2 cos 2θ +ACC ∆m2 sin 2θ

∆m2 sin 2θ ∆m2 cos 2θ −ACC


 , (1.29)

where ACC = 2
√
2GFNeE, has the eigenvalues

m2
M± =

1

2

(
m2

1 +m2
2 +ACC ±

√
(∆m2 cos 2θ −ACC)2 + (∆m2 sin 2θ)2

)
. (1.30)

From these masses the effective squared-mass differences become:

∆m2
M =

√
(∆m2 cos 2θ −ACC)2 + (∆m2 sin 2θ)2 (1.31)

and the effective mixing angle is given by

tan 2θM =
sin 2θ

cos 2θ −ACC/∆m2
. (1.32)
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For the case of two neutrinos, the vacuum appearance probability in eq. 1.17 reduces to

P (να → νβ) = sin2 θ sin2

(
∆m2L

4E

)
. (1.33)

And for oscillations in matter, the same result is true, substituting θ → θM , and ∆m2 → ∆m2
M .

Notice that when the value of ACC = ∆m2 cos 2θ, (which corresponds to the electron number

density Ne = ∆m2 cos 2θ/(2
√
2EGF ) there is a resonance, which translates to maximal mixing.

This mechanism is named the MSW effect, named after Mikheev, Smirnov and

Wolfenstein [38] [39]. In the limit of short baselines, or low matter density, the vacuum

probability remains a good approximation, but near the resonance, the probability of neutrino

oscillation can be enhanced with respect to the vacuum. In the case of antineutrinos, the

probability would be suppressed, as the sign of the potential is reversed.

1.3.0.2 Three flavor case

The exact eigenvalues of the effective Hamiltonian HM , for the 3 flavor case are:

m2
M,i =

2

3
(α2 − 3β)1/2 cos

[
1

3
arccos

(
2α3 − 9αβ + 27γ

2(α2 − 3β)3/2

)]
+m2

1 − α/3 (1.34)

, with

α = 2
√
2EGFNe +∆m221 + ∆m2

31,

β = ∆m2
12∆m

2
13 + 2

√
2EGFNe

(
∆m2

21(1− |Ue2|2) + ∆m2
31(1− |U2

e3|)
)
,

γ = 2
√
2EGFNe∆m

2
21∆m

2
31|Ue1|2, (1.35)

with each i index corresponding to one of the three roots of the cos(13 arccos) function [40]. This

is difficult to interpret . In practice, for oscillation experiments, like NOvA, an approximation can

be made To second order of α ≡ ∆m2
21/∆m

2
31, the appearance probability for νµ → νe can be
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expressed as:

P (νµ → νe) ≈α2 sin2 2θ12 cos
2 θ23

sin2A∆

A2

+ 4 sin2 θ13 sin
2 θ23

sin2(A− 1)∆

(A− 1)2

+ 2α sin2 θ13 sin 2θ12 sin 2θ23 cos(∆ + δCP )
sinA∆

A

sin(A− 1)∆

A− 1
, (1.36)

with ∆ ≡ ∆m2
31L/(4E) and A ≡ ACC/∆m

2
31 [41] For antineutrinos, substituting δCP → −δCP ,

yields the equivalent expression. The observation of both neutrino and antineutrino channels in

appearance experiments yields information about δCP .

1.3.1 Neutrino Oscillation Experiments

The basic strategy to measure neutrino oscillations in experiments with two detectors, such as

NOvA, consists in measuring the flux of neutrinos in each detector to compare the flavor

composition of each. The specifics of the NOvA experiment are described in detail in the next

chapter. Figure 1.7 shows the setup of the experiment. The Near Detector (ND) is close to the

source of neutrinos of a single flavor; in this case, using a beam of neutrinos from an accelerator.

The Far Detector (FD) is placed at a strategic distance such that the neutrinos from the source

have the chance to propagate and oscillate to a different flavor. Then the rate of neutrinos

measured in the ND and the FD is compared in order to extract oscillations.

For the case of a source of νµ’s the FD usually performs two measurements. The νµ

disappearance measurement captures the fraction of neutrinos from the beam that did not

oscillate, and the νe appearance the fraction that oscillated into e flavor.

The value of ∆m2
ij are sensitive to different baselines. This is summarized in table 1.1. Table

1.2 lists different neutrino sources and their sensitivity to the different oscillation parameters θij

and ∆m2
ij

Current world data is summarized in table 1.3
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Neutrino 
source

να

Far DetectorNear Detector

Baseline L

νβνα +

Figure 1.7: Generic setting of a long-baseline neutrino experiment.

Table 1.1: ∆m2 reach of experiment with different neutrino sources and L/E range. Adapted from [1]

ν source Baseline L(km) E(GeV) L/E (km/GeV) ∆m2
ij(eV) reach

Accelerator short 1 1 1 1

Reactor medium 1 10−3 103 10−3

Accelerator long 103 10 102 10−2

Atmospheric 104 1 104 10−4

Solar 108 10−3 1011 10−11

1.4 Interactions with matter

As described earlier, neutrino oscillation experiments essentially count the number of neutrino

interactions at their detectors, and measure their energy. The neutrino spectrum measured is a

convolution of the neutrino flux and cross section. Both of these quantities are energy-dependent.

The current knowledge of basic neutrino-nucleon cross section is still not better than 20− 30% [1],

leaving neutrino interaction models as one of the most important sources of uncertainties in

predicting and measuring the rate of neutrino interactions. Moreover, in order to calculate a

realistic prediction of the expected rate of ν interactions, two ingredients are key: the theory of

neutrino-nucleon scattering and the model of the nuclear environment. This section is a brief
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2

sin2 2θ23

Δm232L
4E

= π
2

Figure 1.8: Comparison of oscillated vs unoscillated flux expected at the FD (left) and the ratio of these two
fluxes (right).

Table 1.2: Neutrino oscillation experiments sensitivity to different θij and ∆m2
ij taken from [1]

Experiment Dominant Important

Solar experiments θ12 ∆m2
21, θ13

Reactor LBL (KamLAND) ∆m2
21 θ12, θ13

Reactor MBL (Daya Bay, Reno, Double Chooz) θ13 |∆m2
3ℓ|

Atmospheric experiments θ23 |∆m2
3ℓ|, θ13, δCP

Accelerator LBL νµ disapp (MINOS, NOvA, T2K) |∆m2
3ℓ|, θ23

Accelerator LBL νe app (MINOS, NOvA, T2K) δCP θ13, θ23, sign(∆m
2
3ℓ)

overview of the current knowledge of neutrino-nucleus scattering that is relevant to the NOvA

experiment.

The terms of WS interaction Lagrangian, Lweak , from 1.2, relevant for neutrino and

antineutrino reactions, can be written as:

Lweak
int = − g

2
√
2

(
jCC
µ Wµ+ + h.c.

)
− g

2 cos θW
jNC
µ Zµ (1.37)

where W±
µ and Zµ are the charged and neutral gauge fields; θW is the weak mixing angle or

Weinberg angle, related to the Fermi constant GF , the weak coupling constant g, the electron
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Table 1.3: Latest best fit values of the three neutrino oscillation parameters from current neutrino data. The
∗ indicates the δCP error value includes a 1.3 scale factor [2].

Parameter Best Fit ±1σ

∆m2
2110

−5eV 2 7.53± 0.18

∆m2
3210

−3eV 2 NO 2.437± 0.033

∆m2
3210

−3eV 2 IO −2.519± 0.033

sin2 θ12 0.307± 0.013

sin2 θ23 NO 0.534+0.021
−0.024

sin2 θ23 IO 0.547+0.018
−0.024

sin2 θ13 2.20± 0.07

δCP /π 1.23± 0.21∗

charge e, and the masses of the W and Z bosons by:

sin θW =
e

g
(1.38)

g

2
√
2
=

(
GFM

2
W√

2

)1/2

(1.39)

g

4 cos θW
=

1√
2

(
GFM

2
Z√

2

)1/2

(1.40)

Each of these terms can be identified as the CC and NC terms from equation1.2 respectively.

Figure 1.9 shows the vertices that correspond to the weak Charged Current (CC) and (NC)

vertices.
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Figure 1.9: Feynman diagrams for neutrinos interacting via the weak (a) charged current and (b) neutral
current.
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For the interactions concerning the NOvA experiment oscillation measurements, the focus is

on CC interactions. The outgoing lepton in CC interaction is a charged lepton, which can also

interact electromagnetically with the detector, and therefore the flavor of the incoming neutrino

can be determined. NC interactions are a background for the studies presented here.

1.4.1 Free nucleon interactions

The primary interactions that occur in the range of neutrino/antineutrino energy in NOvA (0

to a few GeV) are summarized in Figure 1.10. These refer to the three types of free nucleon

interactions: Quasielastic(QE), Resonance(RES) and Deep Inelastic Scattering(DIS). The

neutrino interacts with a single neutron or proton within a nucleus in the detector. In the

experimental scenario, such as the measurements depicted in Figure 1.10 additional effects can

alter the final state and expected kinematics of the outgoing particle. However we review the free

nucleon interactions in the QE,RES and DIS sections next.
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Figure 1.10: Cross sections of (a) neutrino and (b) antineutrino interactions with nucleons as a function
of neutrino energy. The solid line shows the total prediction, while the dashed lines show predictions from
models for QE, RES, and DIS interactions with data points from various experiments [5].

1.4.1.1 Charged Current Quasielastic Scattering

The quasielastic charged-current interactions of neutrinos and antineutrinos with nucleons, is

called as such because the interaction occurs with the nucleus as a whole, via the exchange of a
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W± boson. Assuming no additional nuclear effects, the final state contains only two outgoing

particles: the lepton and the nucleon. Therefore the energy of the incoming neutrino or

antineutrino (Eν) and the negative of the four momentum transfer square(Q2), can be estimated

using conservation of energy and momentum. These reactions are depicted in Figure 1.11, are

given by

νℓ + n→ p+ ℓ−, (1.41)

ν̄ℓ + p→ n+ ℓ+, (1.42)

with ℓ = e, µ, τ . Where k, k′, p, and p′ are the momentum of each particle, and q = k − k′ is the

four momentum transfer.
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Figure 1.11: Feynman diagrams of neutrino and antineutrino CCQE interactions with a nucleon

The invariant matrix element of a charged current quasielastic reaction of a neutrino or

antineutrino with a nucleon is written as

M =
GF√
2
cos θC lµJ

µ, (1.43)

where GF is the Fermi constant, θC is the Cabibbo angle, the leptonic current

lµ = ū(k⃗′)γµ(1∓ γ5)u(k⃗), (1.44)

with +(−) for the antineutrino (neutrino) case, and Jµ is the hadronic current.
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The differential scattering cross section can be obtained:

dσ

dq2
=

|M|2
4πM2E2

ν

=
G2

FM
2 cos2 θC

8πE2
ν

[
A(q2)∓B(q2)

(s− u)

M2
+ C(q2)

(s− u)2

M4

]
(1.45)

in terms of the Mandelstam variables s, t, u:

s = (k + p)2, (1.46)

t = (k − k′)2, (1.47)

u = (k′ − p)2, (1.48)

M being the mass of the initial nucleon and Eν the energy of the incoming neutrino or

antineutrino. The factors A(q2), B(q2) and C(q2) 2 also depend on the mass of the outgoing

lepton, as well as fi(q
2), the vector form factors, and gi(q

2) the axial vector and pseudoscalar

form factors3. The vector form factors depend on the electromagnetic form factors. The

pseudoscalar form factor g2(q
2) is proportional to the mass of the lepton. The axial form factor is

parametrized as

g1(q
2) = gA(0) =

gA
(1 + q2/mA)

, (1.49)

where aA(0) can be obtained experimentally from β decay. mA is the axial dipole mass

(sometimes called axial mass). Many experiments that measure quasielastic neutrino interactions

use the dipole parametrization in their models, however recently, the Z-expansion parametrization

has been proposed, which is based on the analytic properties of strong interaction [42]. The

numeric value to be used for calculations of neutrino nucleon cross section has been a subject of

debate. Currently, the world average value after a re-analysis if various neutrino and antineutrino

scattering experiments data, yields

mA = 1.026± 0.021 GeV (1.50)

from deuterium target and electroproduction data [43].

2The full expressions can be found on [37].
3In this particular expression it is assumed that the initial and final nucleon have the same mass and that

s− u = 4MEν + q2.
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1.4.1.2 Charged Current Resonant interactions

At higher energies, in the region starting from the threshold production of a single pion

(Eν ≥ 150.5MeV for νe and Eν ≥ 277.4 MeV for νµ), the neutrino interaction can excite the

nucleon into a resonance state. As the energy of the neutrino increases, multiple pions can be

produced, as well as strange mesons (K) and hyperons (Y ), both processes relevant in the region

of a few GeV.
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n, p

⌫µ, ⌫µ

p, n

⇡

µ�, µ+

Resonant excitation 2

R

W±(Z)

N
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⇡(K)

`�(⌫̄`)

Deep Inelastic

n, p

⌫µ, ⌫µ

X

X

X

µ�, µ+

4

Figure 1.12: Feynman diagram for RES interaction for free nucleon.

Nucleon resonances are characterized by their mass, parity, spin and isospin. The first

resonance is called the ∆ resonance, and has a positive parity, mass of 1232 MeV, isospin 3/2 and

spin 3/2. This is the most studied in both theory and experiment, and is also the most relevant

for the interactions seen in NOvA. The intermediate ∆ can decay through various possible
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channels that produce pions:

νℓ + p→ ℓ−+∆++

↘ p+ π+ (1.51)

νℓ + n→ ℓ−+∆+

↘ p+ π0

↘ n+ π+ (1.52)

ν̄ℓ + n→ ℓ−+∆−

↘ n+ π− (1.53)

ν̄ℓ + p→ ℓ++∆0

↘ p+ π−

↘ n+ π0 (1.54)

The scattering cross section depends on various form factors (similar to QE), which can be

expressed in terms of Q2 the negative the four-momentum transfer: three vector form factors,

CV
i (Q2) with i = 3, 4, 5. vector dipole mass MV = 0.84 GeV, and axial vector form factors

CA
i (Q

2) (i = 3, 4, 5), depends on MA∆ is the axial dipole mass, generally 1.026 GeV which is

obtained from the average of experimental measurements of quasielastic scattering events. In

both cases the axial and vector form factors for i = 1, 2, 3 vanish because of CVC (conservation of

vector current) theorem.

1.4.1.3 Charged Current Deep Inelastic Scattering

At energies Eν >> mN in the laboratory frame, the charged-current neutrino nucleon

interactions are dominated by the deep inelastic scattering processes, such as

νℓ +N → ℓ− +X, ν̄ℓ +N → ℓ+ +X, (1.55)

where N = p, n and X is the set of final hadrons.
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Figure 1.13: Ferynman diagrams of neutrino DIS interaction in the quark-parton model, with the elementary
transition W+ + d→ u, adapted from [36].

The DIS kinematic region is defined by

Q2 ≫ m2
N , pN · q ≫ m2

N . (1.56)

In this energy regime, instead of interacting with the nucleon as a whole, the neutrino

interacts with its quark constituents. The current understanding of DIS interactions is based on

Feynman’s quark parton model of hadrons. Its basic assumptions are [36]:

• The nucleon is a composite system made of elementary quarks.

• Interactions among constituent quarks can be neglected in the DIS kinematic region.

• The constituent quarks have three-momenta in the same direction as the nucleon, therefore

negligible transverse momenta.

• Quark masses can be neglected in comparison with their energy.

Usually the DIS differential cross section is presented in the Lorentz invariants, also known as

Bjorken scaling variables:

x ≡ Q2

2pN · q , y ≡ pN · q
pN · pν

, (1.57)
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, where pN and pν are the initial four-momenta of the nucleon and neutrino respectively, q is the

four-momentum transfer, and Q2 = −q2. The CC differential cross section is given by:

d2σCC

dxdy
= s

G2
F

2π

(
1 +

Q2

m2
W

)−2[
xy2F1 + (1− y)F2 ± xy

(
1− y

2

)
F3

]
(1.58)

with the center of mass energy s = (pν + pN )2, and the nuclear structure functions Fi, which can

be determined experimentally. The sign +(−) indicates the expression for

neutrinos(antineutrinos).

1.4.2 Nuclear Medium Effects

The free-nucleon interaction theory just reviewed, particularly in the QE and RES regime,

predicts particular outgoing particles: the lepton plus a single nucleon, in QE, or a nucleon and a

pion in the case of ∆ reaction. However detectors are made of materials where the nuclei have

multiple nucleons, which are not at rest nor not-interacting. This has effects in the kinematics

and in the number and/or type of particles that are actually observed in the detector. The

nuclear effects include nucleon binding, Fermi motion, Pauli blocking, short and long range

nucleon-nucleon correlations, meson exchange currents and final state interactions. For this thesis,

the last two of these are of particular interest. See ref. [1] for a broader overview.

Meson Exchange Currents and 2p2h A neutrino can interact with a pair of bound

nuclei, thus knocking out two nucleons instead of one, as pictured in Figure 1.14. This is also

referred as 2p2h, as the interaction leaves two holes in the struck nucleus. Most frequently, this

occurs via the meson exchange current (MEC), where the two nucleons are interacting with each

other via a meson. This process was initially proposed in electron-nucleus scattering, as the

models at the time did not predict the distribution in the region between the QE and resonant

peaks as a function of transferred energy, as shown in Figure 1.14a. This “dip region” is better

represented when the 2p2h-MEC contribution is included in the model, as can be seen in Figure

1.14b.
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Figure 1.14: Diagram of neutrino - nucleon pair interaction

The 2p2h channels when a neutrino or antineutrino interacts with a nucelon pair are:

νℓ + np→ ℓ− + p+ p, (1.59)

νℓ + nn→ ℓ− + p+ n, (1.60)

ν̄ℓ + np→ ℓ+ + n+ n, (1.61)

ν̄ℓ + pp→ ℓ+ + n+ p. (1.62)

These yield a quasielastic like final state, for most cases, as the neutrons are more difficult to

detect and reconstruct.

1.4.2.1 Final State Interactions

As mentioned before, the particles created after the interaction vertex of a CC reaction, are

not necessarily the ones that are visible in the detector. The pions and protons from a QE or RES

interactions, can also be affected by the strong interactions, so while traveling inside the nucleus

they can re-interact. In the particular case of pions, there are a number of processes that can

happen: absorption, (quasi)elastic scattering, charge exchange ( for example π+ + n→ π0 + p).

Figure 1.16 displays a representation of these processes, which can also happen multiple times,
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(a)

Finally let us see the global results including the quasielastic peak, the dip region
and the delta region. They can be seen in figs. 7.7, 7.8 and 7.9 for the nuclei of 12C
and 208Pb.

The global agreement is good and the three regions are well reproduced (a bit
overestimated for 208Pb).

Fig.7.7 Inclusive (e, e′) cross section for 12C. Ee = 620 MeV and θe = 600. The dotted line

corresponds to the pion production contribution. Experimental data from [3].

Fig.7.8 Inclusive (e, e′) cross section for 12C. Ee = 680 MeV and θe = 360. Experimental

57

(b)

Figure 1.15: (a) Electron scattering with carbon data, the two peaks represent QE and ∆ resonance. Figure
taken from [6]. (b) Electron - nucleon scattering model including 2p2h MEC compared to data. Figure taken
from [7].

and therefore significantly affect the prediction of the final state. For instance, an interaction with

resonant pion production where the pion was absorbed will mimic a quasielastic interaction in the

detector.

Some of the models used in neutrino generators such as GENIE [44] are called effective

intranuclear transport model (hA) and full intranuclear cascade (hN) [45].

As mentioned earlier, the predicted neutrino spectrum is highly dependent on the knowledge

of neutrino interactions. Future and current neutrino oscillation experiments such as NOvA

require precise neutrino energy measurements, therefore it is crucial to take into consideration the

current knowledge and unknowns of the details of neutrino-nucleus scattering. Chapter 3 describes

in detail the neutrino interaction model and uncertainties implemented in the NOvA experiment.

Chapter 5 describes how measurements at the Near Detector can be utilized in order to constrain

cross section uncertainties as well as other parameters, for the oscillation measurement.
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1 Cross sections for oscillations
The global neutrino physics program is currently focused on studying the open ques-
tions about neutrino oscillations such as precision measurements of neutrino mixing
parameters, �CP measurement, neutrino mass ordering and sterile neutrinos. Neu-
trino oscillations can be studied by observing the energy and flavor spectra of a beam
of neutrinos (e.g., from an accelerator) at the beam source (usually with a near detec-
tor), before oscillations have started, and at the far detector, after oscillations have
occurred. In addition to understanding the beam precisely, oscillation measurements
also require a thorough understanding of neutrino-nucleus interactions to accurately
reconstruct the incoming neutrino energy and compare the near and far fluxes. When
neutrinos interact with the target material in a detector, they interact with nucle-
ons that are bound within nuclei; the heavier the nuclei, the larger the impact of
the nuclear environment. The universal scheme of using near detector (ND) data to

Figure 1: (left) Illustration of how various processes get triggered when a neutrino
interacts with a nucleus. (right) Neutrino energy landscape of current and future
oscillation experiments.

constrain oscillation measurements in the far detector (FD) is not perfect due to os-
cillated flux and differences in E⌫ ; usage of different detector technologies and nuclear
targets can further complicate this scheme. Furthermore, the physics of neutrino os-
cillations depends on the initial neutrino state, and cross sections measured in the ND
do not necessarily represent this due to flux uncertainties and detector effects. Also,
to attain high statistics, modern neutrino experiments use heavier targets, where nu-
clear effects such as nucleon correlations and final state interactions (FSI) introduce
significant complications and hadron kinematics come into play (see Fig. 1, left). For
these reasons, experiments rely on nuclear models to convert the neutrino energy
and flavor spectra detected at ND to initial interaction energy and spectra. Much
of our understanding of neutrino scattering comes from data from light nuclei such

1

µ-
n

p
π+

π0

νµ

π+

π0 π+

Figure 1.16: Final State interactions diagram. Adapted from T.Golan.
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CHAPTER 2. THE NOvA EXPERIMENT

NOvA (Numi Off-axis νe Appearance) is a long-baseline neutrino oscillation experiment,

based at Fermi National Accelerator Laboratory (Fermilab). The experiment consists in two

detectors: the Near Detector (ND), situated in Fermilab, 1 km from the neutrino source, and the

Far Detector (FD), situated at 809 km way from the ND. It observes neutrinos from the NuMI

(Neutrinos from the Main Injector) beam. The two oscillation channels studied are the muon

neutrino (antineutrino) (
(—)

ν µ → (—)

ν µ) appearance and electron neutrino (antineutrino)

(
(—)

ν µ → (—)

ν e) appearance. By observing these four oscillation channels, NOvA can measure the

oscillation parameters θ32, ∆m
2
32 and probe δCP in the 3-flavor oscillation paradigm.

2.1 The NuMI beam

A neutrino beam starts with a source of protons which are accelerated and directed to a

target. The hadrons produced by this collision, mainly pions and kaons, can then be selected

according to their charge, such that their decays produces the desired beam of neutrinos or

antineutrinos. The source of neutrinos for the NOvA experiment is the NuMI beam, which starts

with protons accelerated from the Main Injector.

2.1.1 Accelerating protons

Schematics of the Fermilab accelerator complex are shown in Figure 2.1. The protons

originate from the H− ions in the LINAC (Linear Accelerator) which accelerates them from 175

keV to 400 MeV [46]. When they enter the Booster, they are converted into protons accelerated

to 8 GeV as 1.6 µS batches. The protons then can enter the Main Injector, which has a 7x larger

circumference (slightly over 2 miles [46]), which allows it to store and accelerate 6 Booster
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batches. Afterwards, the Main Injector delivers 120 GeV protons to the NuMI beamline, and

other beamlines for neutrino and muon experiments.

Figure 2.1: Schematic of the Fermilab accelerator complex, taken from [8].

2.1.2 Beam

Figure 2.2 displays an overview of the elements of the NuMI beamline. Neutrinos are

produced from the 120 GeV protons from the Main Injector, which are steered towards a graphite

target. The interaction of the protons with the target produces a shower of hadrons. These are
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focused by two magnetic horns, which act as hadron lenses. Depending on the direction of the

current in the horns, they select positively or negatively charged hadrons. These hadrons,

primarily kaons and pions, are directed towards the decay pipe, a vacuum or low density

environment, where most of the mesons decay into mostly neutrinos. At the end of the decay

pipe, sits a hadron monitor followed by a 5 meter absorber, a massive aluminum, steel and

concrete structure that attenuates the residual hadrons that did not decay into neutrinos. This is

followed by 240 meters of unexcavated dolomite rock to absorb the remaining muons in the beam.

Figure 2.2: Schematic of the NuMI Beam showing its main components. Taken from [9].

The mesons from the target collision decay via the dominant modes

π+ → µ+ + νµ

K+ → µ+ + νµ

The beam primarily contains νµ, however subsequent decays of muons introduce νe contamination

to the beam, such as

µ+ → e+ + νe + ν̄µ

K+ → π0 + e+ + νe. (2.1)

Another possible source of contamination are the hadrons produced along the beam axis, which

remain unaffected by the magnetic field of the horns. The two directions of the currents in the

magnetic horns are called Forward Horn Current (FHC) or Reverse Horn Current (RHC). The
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first selects the positive mesons to yield a primarily νµ beam, while RHC yields the ν̄µ enhanced

beam. Figure 2.3 shows a diagram of the configuration of the two magnetic horns.

120 GeV

p+

Target

35
 c

m

10 meters

I = 200 kA

π-

π+
 κ+

 π+

Horn 1

Horn 2

⃗B

⃗B

(a) Hadron trajectories through the two horns. Under or over focused
hadrons by the first horn are further focused by the second horn. Adapted
from [9].

Focusing	HornsTarget Decay	Pipe

π-

π+ νµ

νµ/νµ

p

(b) Forward Horn Current (FHC) setup, producing νµ beam

π+

π-

Target Focusing	Horns Decay	Pipe

νµ

νµ/νµp

(c) Reverse Horn Current (RHC) setup, producing νµ beam

Figure 2.3: Magnetic horn configurations: changing the direction of the current reverses the magnetic field
and therefore the sign of the focused hadrons and type of neutrinos produced.

2.1.3 Off-axis design

The NOvA detectors are placed at 14.6 mrad off the axis of the NuMI beam. This design

exploits the kinematics of two body decays, in order to observe a neutrino spectrum that peaks at
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about 2 GeV. This choice optimizes the flux of neutrinos close to the first oscillation maximum of

the transition νµ → νe.

Considering a beam composed primarily of neutrinos from pion decays, the flux incident on a

detector of area A located at a distance z from the source, in the lab frame is:

Φ =

(
2γ

1 + γ2θ2

)2
A

4πz2
(2.2)

where θ is the angle between the pion direction and the neutrino direction. Eπ is the energy of

the parent pion, mπ is the pion mass, and γ = Eπ/mπ.

Eν ≈
(1−m2

µ/m
2
π)Eπ

1 + γ2θ2
=

0.43Eπ

1 + γ2θ2
(2.3)

The same applies for decays from Kaons, substituting the factor 0.43 to 0.96 [47]. At 14 mrad the

energy of the neutrino does not have a strong dependence on the energy of the parent pion.

Considering the incident flux, and neutrino interaction cross section, this also yields a peak at ∼ 2

GeV, near the oscillation maximum of 1.6 GeV for a 810 km baseline, assuming ∆m2
32 = 2.41

meV2, as can be observed in Figure 2.4. Increasing the angle would shift the beam peak closer to

the oscillation maximum, though with a larger angle, the flux of incident neutrinos decreases, as

can be inferred from equation 2.2. This would negatively impact the event rate to observe at the

Far Detector.

2.2 NOvA detectors

The Near and Far detectors are functionally identical segmented tracking calorimeter

detectors designed to optimize the observation of νeCC and νµCC interactions. This means that

both detectors use similar materials and electronics. This design allows to utilize the high flux of

neutrinos close to the beam to perform systematic studies with the ND, and correct the

observations of the FD. The main differences between the detectors is their size, and location

underground and with respect to the beam. The ND is 100 m underground, and has a mass of

290 ton, whereas the FD sits on the surface, with a mass of 14 kton. Figure 2.4a shows the
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Figure 2.4: Neutrino energy as a function of the parent pion energy for different decay angles θ (left). The
neutrino true energy spectra (flux times cross-section) at the Far Detector for NOvA placed on-axis and at
7, 14 and 21 mrad (right). At 14 mrad essentially all pion decays yield neutrinos in the 1-2 GeV energy
range of interest for oscillations, compensating for the decrease in flux. Figure taken from [48].

geographical placement of the NOvA detectors, 14.6 mrad off-axis from the NuMI beam, and with

the FD 810 km away from the ND.

The segmentation of the detectors is done via the stacking of of Polyvinyl Chloride (PVC)

rectangular cells to form planes. The planes are constructed with the cell lengths parallel to the x

and y directions, perpendicular to beam direction. Each plane is composed of 32 cells sealed

together; multiple planes are stacked along the z direction, as shown in Figure 2.5b. Each cell

corresponds to a pixel of a 3D images of a reconstructed interaction. The PVC cells are filled with

liquid scintillator (mineral oil mixed with 5% pseudocumene) and a wavelength-shifting fiber that

loops along the length of the cell (see Figure 2.5a). The ends of the fiber are connected to a single

pixel of an avalanche photo diode (APD). As charged particles traverse a cell, the light emitted by

the scintillator bounces around the cell and is eventually captured by the fiber, which shifts its

wavelength from blue 400–450 nm to green 490–550 nm, and then transports it to both ends of

the fiber to an APD. The green light is then digitized and amplified for further processing.

The NOvA detectors are built with low Z materials (mostly Carbon). Specifically which

results in a radiation length of ∼36 cm, or∼ 0.15 radiation lengths per layer.
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Far Detector

Near Detector

(a) Geographical location of the detectors. (b) Relative sizes of the NOvA detectors

Figure 2.5: Left: The far detector is 810 km away from the source, in Minnesota, and the near detector
is on-site, only 1 km away from the target, and underground. Right: Relative sizes of the Near and Far
detectors.

2.2.1 Near Detector

The ND (see Figure 2.7 is composed of 192 planes, with dimensions of 4.1 m×4.1 m×16m,

with a mas of 290 ton. It is situated 1 km from the target of the NuMI beam, and 105 m

underground. This location reduces the rate of cosmic rays. The high flux of neutrinos in this

location relative to the beam translates to the ND observing 5 to 10 neutrino events per spill. For

the same reason, the ND does not require the same volume as the FD. Its purpose is to

characterize neutrinos from the beam before oscillations.

The ND is relatively small, so to ensure the muons resulting from νµCC interactions produce

tracks that are fully contained inside the detector volume, the last 22 planes of the detector

consist of a “muon catcher”. This is composed of 11 pairs of horizontal/vertical scintillator planes

separated by ten steel planes, 10 cm thick. The height of the muon catcher is shorter than the

rest of the detector, 2.6 m long.
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Figure 2.6: Detail of a single PVC cell (left) and detector 3D view (right).

2.2.2 Far Detector

The FD, located 810 km from the NuMI production target, comprises 896 planes with 344,064

channels and a total mass of 14 kton. Its dimensions are 60 m×15.6 m×15.6 m. The primary goal

of the detector is to observe the energy spectrum of νe interactions, from the νµ → νe oscillation.

This detector is considered to be on the surface because of the small rock overburden of 1.2 m

of concrete and 15 cm of barite. This implies a high cosmic ray flux. However, the data

acquisition and triggering system relies on the timing of the events to discriminate between signal

neutrino events and background. The cosmic events are useful to calibrate.

2.3 The Data Acquisition System

The data acquisition (DAQ) system has the function of concentrating the data from the large

number of APD channels into a single stream that can be stored and analyzed. Its components

are the APDs, front end boards, data concentrator modules, and timing distribution units
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(a) (b)

Figure 2.7: Photos of the NOvA Near Detector: (a) side facing the beam and (b) back, displaying the muon
catcher. From [49].

(TDUs). In addition there is a host of servers that manage the components and process the data.

This DAQ can be described as a continuous readout, which means that the data is constantly

collected and placed in a intermediate buffering location before the decision to save or discard

events is made [50]. An overview of the data flow and timing system is shown in Figure 2.9. The

next sections will explain with more detail each of these components of the DAQ.

2.3.1 Readout

The first step to process the data from the detector is the digitization of the light captured in

the wavelength-shifting fiber. The two ends of each fiber direct the light to an avalanche

photo-diode (APD). Each APD absorbs the light from 32 fibers. Light is converted to an electric
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Figure 2.8: Photos of the NOvA Far Detector: (a) front side, facing the beam and (b) top view, displaying
FEB (golden) boxes. From [49].

signal through the photoelectric effect. The APD has an 85% quantum efficiency for the 520-550

nm light exiting the fiber. Thermal noise produced in the APD is reduced by using a

thermo-electric cooler (TEC) to keep the APD at a temperature of −15◦C. A water cooling

system is used to remove the heat from the TEC. Figure 2.10 shows the 32 channels that then

connect to the 32 APD pixels, and a schematic showing the functioning of the APD.

The Front End Boards (FEB) main function is to process the signals coming from the APD

pixels and extract relevant data to transmit it to the data acquisition system. A Field

Programmable Gate Array (FPGA) inside the FEB formats the extracted data and sends the

resulting data packet to a Data Concentrator Module (DCM), custom built single board

computer. Each DCM receives input data streams from up to 64 front end boards (or 2048

channels) from a localized geographic region of the detector and time orders them into windows

corresponding to 50 µs intervals, or “microslices”. The data is further organized by event building

software to construct larger 5 ms “millislices”. To be able to correlate the signals in time, the

DCMs are synchronized through the use of a sophisticated timing system.
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Figure 2.9: Diagram summarizing the timing synchronization system and data flow in the NOvA DAQ. The
blue arrows represent the timing information from the master TDU down to the slave TDUs DCMs and
FEBs. The grey arrows represent the flow of data from readout: starting from the bottom, each APD reads
32 channels (detector cells), and delivers it to the FEBs; the DCMs aggregate data from 2048 channels which
is transmitted to the computing farm (buffer nodes) until the trigger system decides whether to record or
discard the data.

2.3.2 Timing System

NOvA uses a continuous readout system in conjunction with an absolute time synchronization

of all the readout electronics. Each channel is timestamped and synchronized to every other

channel. In addition, all channels are synchronized to an external “wall clock”. This stable master

clock line permits the FEBs, DCMs and the timing system to be loaded and synchronized with a

universal “wall time” based off of a link to the global positioning system (GPS). Specifically, the

timing chain is established starting from the GPS antenna, which connects to a master timing

distribution unit (MTDU). The MTDU locks onto the signal of the GPS constellation, and is
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Figure 2.10: Avalanche Photo Diode. (a) 64 ends of wavelength-shifting fibers, corresponding to 32 cells,
from [49]. (b) Custom NOvA APD, from [51]. (c) Schematic of a single wire end port of the APD: photons
enter from the top, through the contact layer; through photoelectric effect they make photo-electrons, which
get drifted by the electric field in the APD that causes the avalanche through the material as they travel to
the bottom contact layer. Adapted from [51].

connected to a set of accelerator input lines (for the ND at Fermilab), or a reference pulser (for

the FD site). The MTDU is then connected to a chain of slave TDUs; each supports two branches

of 6 DCMs [52]. The TDUs and DCMs at the end of their chain have a loop-back to transmit the

signal back up the chain. The loopback system is utilized to perform calibration along each leg of

the timing chain and determine the delays of signal propagation device to device. Furthermore,

each DCM fans out to 64 FEBs. The FD “backbone” consists of one MTDU and 14 slave TDUs.

The ND is smaller, so only two slave TDUs are used to synchronize the detector.

Figure 2.9 displays the arrangement of the TDUs, DCMs and FEBs in the timing chains.

2.3.3 Triggering

The triggering system has the function of determining the data millislices to send to storage.

Before this decision is made, the data is transferred to a farm of servers (buffer nodes). This

servers store the data from the DCMs in a sequential fashion, meaning each consecutive millislice

is stored into the next server. If all the nodes are filled, the oldest millislice is deleted, keeping

what corresponds to 16-20 minutes of data. The data stays in the buffer node, awaiting for
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Figure 2.11: Electronics box containing an FEB and cooling system.

triggering. When a trigger is received, the buffer nodes are inspected to grab the millislices that

have a timestamp corresponding to that of the trigger. All triggers on NOvA cause data for given

time intervals in multiples of 50 µs to be stored. The buffer nodes then all send the triggered

millislices to the data logger which saves the data to disk.

There are different triggering systems within the NOvA DAQ. The NuMI trigger requires that

the timestamp in the millislice is coincident with the timestamp of when there was a spill at

Fermilab. It selects the 10µs that corresponds to the beam spill plus sidebands before and after,

to total a 500µs slice. The data read from this trigger is what concerns this thesis.

In addition, there are Data Driven Triggers (DDT), which are examine the data and search

for interesting events not associated with the beam pulses. The DDT system executes

reconstruction and analysis of unfiltered data. [53] The result of these analysis modules issue a

the trigger decision to the data logger in order to send to storage the data within the time

window that satisfies the trigger condition. In the ND, DDT are used to capture cosmic data for

calibration. In the FD, DDT are used to record interesting slices related to supernovae, magnetic

monopoles and dark matter searches, among others.
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CHAPTER 3. NOvA SIMULATION

The oscillation parameters in the NOvA experiment are obtained from a fit of the predicted

rate of νµs and νes to the observed data. In order to obtain the most accurate prediction possible,

a detailed simulation is crucial. The simulation concentrates our understanding of the various

physical processes that occur in the experiment, starting from the beam production to the

response of the electronics. The NOvA simulation or Monte Carlo (MC) uses a series of simulated

processes from various MC packages. Essentially it consists of four steps, where the output of

each is the input of the next:

• Beam simulation: the G4Numi package is used to simulate the hadron production at the

NuMI target, transport, and decay that produce the neutrino beam. This neutrino flux is

corrected using constraints from hadron production experiments, using a suite of tools

created for the NuMI beam called PPFX [54].

• Neutrino interactions: GENIE simulates neutrino interactions with the nucleons from the

NOvA detectors. The simulation implements different models of the free nucleon

interactions and the nuclear models described in chapter 1.4.

• Particle propagation: The final state particles information from the GENIE simulation is

the input to the GEANT4 package, which propagates this particles through the detector

composition and the results in energy depositions.

• Photon production and transport: The GEANT4 energy depositions are converted to

photons from scintillation and Cherenkov light. This step transports the photons from the

cells to the fibers and to the APDs.

This is summarized in Figure 3.1. The final product of the simulation are files with raw hits that

mimic the actual detector data. This allows to apply the same algorithms to data and simulation
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in order to develop the analysis. The next sections describe with more detail each step of the

simulation chain, with emphasis on the GENIE model for neutrino interactions and its

modifications.

G4NuMI

Beam 
simulation

Neutrino 
interactions

Detector  
Simulation

GENIE
PPFX Custom NOvA 

software

RAW hit 
files

Neutrino 
flux

Final 
state 

particles
Particle 
propagation

Specific 
detector 

simulation

GEANT4

Figure 3.1: NOvA simulation chain.

3.1 Beam simulation

The expected flux of neutrinos from the NuMI beam is modeled for the near and far

detectors. This is simulated using the G4NuMI package [55], which is a GEANT4 [56] based

Monte Carlo simulation. It includes specifications for the NuMI beamline, including the proton

beam, the magnetic horns and the geometry and composition of the target. The simulation starts

generating the hadrons produced at the collision with the target, the transport, and decays that

produce the neutrino beam. This neutrino flux is corrected using constraints from hadron

production experiments, using a suite of tools created for the NuMI beam called Package to

Predict the FluX, or PPFX [54]. This package also estimates uncertainties related to the hadron

production using a multi-universe technique.

Figure 3.2 shows the predicted spectra below 20 GeV in the ND and FD for both the FHC

and RHC modes.



45

0 5 10 15 20
Neutrino energy (GeV)

610

710

810

910

 P
O

T
13

 1
0

×
 / 

G
eV

 / 
5 

2
N

eu
tr

in
os

 / 
m

NOvA Near Detector µν
µν
eν
eν

NOvA Simulation

(a)

0 5 10 15 20
Neutrino energy (GeV)

610

710

810

910

 P
O

T
13

 1
0

×
 / 

G
eV

 / 
5 

2
N

eu
tr

in
os

 / 
m

NOvA Near Detector µν
µν
eν
eν

NOvA Simulation

(b)

0 5 10 15 20
Neutrino energy (GeV)

1−10

1

10

210

310

 P
O

T
13

 1
0

×
 / 

G
eV

 / 
5 

2
N

eu
tr

in
os

 / 
m

NOvA Far Detector µν
µν
eν
eν

NOvA Simulation

(c)

0 5 10 15 20
Neutrino energy (GeV)

1−10

1

10

210

310
 P

O
T

13
 1

0
×

 / 
G

eV
 / 

5 
2

N
eu

tr
in

os
 / 

m
NOvA Far Detector µν

µν
eν
eν

NOvA Simulation

(d)

Figure 3.2: Simulated NuMI beam flux in NOvA Near (Far) detector for (a,c) FHC and (b,d) RHC beam
modes. From [57].

3.2 GENIE model for Neutrino Interactions

From the output of the beam simulation, the flux of neutrinos and their kinematics are taken

as inputs to simulate the neutrino interactions with nucleons of the detector. This involves taking

into account the cross section models as explained in chapter 1.4, as well as the nuclear models to

propagate the outputs of the neutrino interactions in the nuclear medium, and final state

interactions to finally obtain the particles that will eventually deposit energy in the detector

NOvA uses a simulation based on the GENIE neutrino simulation software package, in the

version 3.0.6. This contains multiple possible comprehensive model configurations (CMCs), which

translates to the user having the choice among particular groupings of models for the nuclear,
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neutrino-nucleus interaction and the final state interaction (FSI) pieces of the simulation. In

addition to the central value for the particular CMC, GENIE also provide, to an extent, a range

of values for various parameters of the model to serve as uncertainties.

This section describes the particular CMC for NOvA, named N1810j0000, as well as the

adjustments implemented to the central value of the model including additional uncertainties

required to obtain an adequate description of the NOvA ND data. The rest of the systematic

uncertainties relevant for the analysis presented in this thesis will be revisited with more detail in

section 5.2.

The GENIE Monte Carlo generator integrates a variety of physics models that describe

different mechanisms for neutrino interactions. In the range of energies from a few MeV to

hundreds of GeV, different physical processes are important, and each process can be simulated

based on different models. The models can be classified into nuclear physics models, cross section

models, and hadronization models [58]. The specific models incorporated in the N1810j0000

CMC for NOvA are the following:

No simulation perfectly describes the experimental data. To mitigate the simulation

shortcomings in NOvA, two adjustments are implemented: interactions with MEC are re-shaped

into the NOvA 2p2h and the FSI model is adjusted with information from other experiments.

These adjustments and their associated systematic uncertainties are described in the following

sections.

3.2.1 Interaction model adjustments

The model from GENIE presented does not accurately represent the NOvA ND data. Figure

3.3 shows the chosen CMC from GENIE out of the box (without any modifications). A large

underprediction of the ND data is observed. In order to obtain a more robust model that better

describes this data, the MEC and FSI components of the simulation have customized adjustments

implemented, based on NOvA ND data and external data respectively.
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Table 3.1: Summary of GENIE CMC N1810j0000 models

Model Notes

Nuclear model Local Fermi Gas for CCQE
interactions, global Fermi gas
model for the rest

Cross section models

Quasi-Elastic interactions Valencia model [59] [60]. Z-expansion formalism for systematic
uncertainties and tune [61].

Resonance interactions Berger-Sehgal model [62]
[63].

Deep Inelastic Scattering Bodek Yang Model with
data-driven parametrization
for hadronization [64] [65].

Meson Exchange Current Valencia model [60] Adjusted to NOvA ND data
Final State Interactions Full intranuclear cascade

(INC) model in
INTRANUKE, (hN
semi-classical cascade
model) [66].

Tuned to external π+ −12 C
scattering data

Hadronization Andreopoulos-Gallagher-
Kehayias-Yang (AGKY)
hadronization model [67].

Determines the final state particles
and 4-momenta given the nature of a
neutrino-nucleon interaction and the
event kinematics.

3.2.2 Final State Interactions model adjustments and systematic uncertainties

The semi-classical cascade model (hN) for Final State Interactions, as implemented in GENIE

3.0.6, did not provide the systematic uncertainties to vary the parameters that control the various

channels of FSI. NOvA implemented a Boosted Decision Tree technique to construct the knobs

for this systematic variations. In the process of building this uncertainties, it was found that a

central value adjustment was also necessary, given that the GENIE implementation predicts cross

sections that significantly disagree with external data [66]. Figure 3.4 shows said disagreement for

the various channels.

In order to adjust the simulation, four free parameters that scale the cross section by

modifying a physical parameter, are considered to tune the pion scattering within the hN model.

Simulation with variations of the four parameters were compared to data to pick the most

adequate value, starting with the mean free path (MFP), as it scales inversely proportional the
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Figure 3.3: Nominal simulation and ND data in bins of reconstructed visible hadronic energy (left) and
reconstructed three-momentum transfer (right) for neutrino (top) and antineutrino (bottom) beam.

REAC channel, and then the rest of the parameters. The particular values chosen and more

details are described in table 3.2 and the comparison with data is shown in Figure 3.5

FSI systematic uncertainties

The 1σ uncertainties were constructed such that the ranges of the parameters adjusted contain

68.2% of the data points considered. [66] For the MFP parameter, the two values that bracket the

external data in the REAC channel are chosen as the allowed systematic variation. This

corresponds to the values fMFP = 0.4 and fMFP = 0.8. This is considered uncorrelated to the

fate fraction parameters. The fQE , fABS , and fCX parameters are not independent. To obtain
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Figure 3.4: GENIE 3.0.6 hN predictions for various π+ −12 C cross sections compared to measurements.
The measurement (topological) channel is indicated on the top-left of each plot. The colors indicate the true
process in the simulation, that the most important pion scatter corresponds to.

their uncertainties, the procedure starts by obtaining a covariance matrix from the correlation

matrix obtained with a NEUT fit, via the GNU-OCtave method, by the T2K experiment[68]. The

diagonalization of this matrix results in 3 eigenvalues λi and eigenvectors v⃗i. Each
√
λiv⃗i

corresponds to an uncorrelated set of 1σ error variation for the fate fraction scales, which is added

to the central value (in table 3.2) to obtain the shifted parameters. To obtain the −1σ shift, the

values from
√
λiv⃗i are subtracted instead of added. The result is summarized in table 3.3.

3.2.3 Meson Exchange Current model adjustments and systematic uncertainties

The Valencia MEC model is reweighted to better represent the ND data. The weights are

parametrized with 13 parameters that are fit, which represents an improvement from the previous
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Table 3.2: Parameters tuned in hN model.

Parameter Scale factor Physics origin Details

Mean free path (MFP) fMFP = 0.6 ρ(r⃗), σREAC The mean distance traveled

by pions before they

undergo an interaction.

Fraction of ABS fABS = 1.4 σABS
σREAC

The fraction of pion interactions

experiencing an absorption.

Fraction of CX fCX = 0.7 σCX
σREAC

The fraction of pion interactions

experiencing charge exchange.

Fraction of QE fQE = 0.9
σQE

σREAC
The fraction of pion interactions

experiencing quasi-elastic scatters.

Table 3.3: Within each group of rows, the upper row corresponds to the set of +1σ shifted values; the lower
row is the −1σ set.

Systematic Shift(σ) fMFP fABS fCX fQE

Fate fraction 1 +1 0.6 0.9 0.8 1.0

−1 0.6 1.8 0.6 0.8

Fate fraction 2 +1 0.6 1.4 0.9 0.7

−1 0.6 1.4 0.5 1.2

Fate fraction 3 +1 0.6 1.3 0.5 0.8

−1 0.6 1.4 0.9 1.0

Mean Free Path +1 0.8 1.4 0.7 0.9

−1 0.4 1.4 0.7 0.9

analyses, where 200 bins fit parameters were used [69]. This was used in the latest 3-flavor

oscillation analysis [10] in 2020.

Similar to the MINERvA tune [70], we used a gaussian parameterization, however using two

2D gaussians in the (|q⃗|, q0) space. There is an additional baseline parameter, which scales the

normalization of all MEC events. This parameter was added to adjust the higher visible hadronic

energy tail, which presented an excess using the nominal genie model. In summary, the

parametrization follows the equation

weightMEC = baseline + gauss1(|q⃗|, q0) + gauss2(|q⃗|, q0). (3.1)

The baseline parameter is allowed to float freely, even towards negative values. Any resulting

negative weight is reset to zero. The 13 parameters are fit by minimizing the χ2 between data and
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Figure 3.5: Predictions for the topological channels in π+−12C scattering compared to measurements (points
with errors). NOvA’s fully tuned central value prediction in red, GENIE 3.0.6’s nominal hN FSI model in
green, and the result of only adjusting the mean free path in blue.

simulation in bins of the reconstructed variables (q⃗|, Ehad,vis) by allowing the simulation to vary

in the true (|q⃗|, q0) space. The resulting values are in table 3.4 and the shape of the weights can

be seen in Figure 3.6. The result indicates a need of enhancing the 2p2h interaction rate at very

low q0 values, and to lesser extent at medium (|q⃗|, q0) values. Such reshaping is more evident

when looking at the distributions of (|q⃗|, q0) before and after the tune, as in Figure 3.7.
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Table 3.4: Central value 2p2h tune values

Component Parameter Fitted value

Gaussian 1 Normalization 14.85

Mean q0 0.36

Mean |q⃗| 0.86

Sigma q0 0.13

Sigma |q⃗| 0.35

Correlation 0.89

Gaussian 2 Normalization 42.0

Mean q0 0.034

Mean |q⃗| 0.45

Sigma q0 0.044

Sigma |q⃗| 0.31

Correlation 0.75

Base model Normalization -0.08
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Figure 3.7: Nominal GENIE simulation of MEC interactions with Valencia MEC model (a) and after the

2p2h tune (b) in bins of true (|q⃗|, q0).

MEC adjustment systematic uncertainty

By adjusting the kinematics of the 2p2h interactions, the simulation describes the data much

better than before. This tuning technique is built with the assumption that the rest of the
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Figure 3.6: 2p2h weights parametrized as two 2D gaussians in (|q⃗|, q0).

simulation is perfect, and that the discrepancies with the data are only associated to MEC

interactions. To account for the discrepancies coming from other pieces of the simulation, instead

of MEC, a pair of alternative MEC weights were fit. These alternate fits start off with the

simulation systematically shifted in order to enhance or suppress the Quasi-Elastic and Resonance

interactions, accordingly named QE − like or RES − like scenarios. The list of systematic

uncertainties shifted is listed in table 3.5. More details about each of these uncertainties will be

discussed in chapter 5.2. Table 3.6 shows the values for the parameters in each scenario and

Figure 3.9 shows the distributions of the non-2p2h components of the simulation in these

alternative scenarios. The full picture can be observed in Figure 3.10, where the central value of

the MEC tune is overlaid with the uncertainties obtained with the QE-like and RES-like tunes.
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Figure 3.8: Tuned simulation and ND data in bins of reconstructed visible hadronic energy.

Table 3.5: Alternate 2p2h tuning systematically shifted parameters

Systematic uncertainty QE-like tune shift RES-like tune shift

Z-expansion CCQE normalization +1σ −1σ

Z-expansion coefficients 1,2,3, and 4 +1σ −1σ

CCQE RPA suppression +1σ −1σ

CCQE RPA enhancement +1σ −1σ

RES MA −1σ +1σ

RES MV −1σ +1σ

RES low Q2 suppression +1σ −1σ
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Figure 3.9: Distribution of the non-2p2h components of the simulation shifted to the QE-like (top) and

RES-like (bottom) scenarios for FHC, in |q⃗| (left) and Ehad(right)

Additional MEC systematic uncertainties

In addition to the enhancement of the MEC event rates, there are two additional aspects of

the model that are important to consider.
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Figure 3.10: The solid black line includes the adjustments to Valencia MEC and FSI weights. The red and
blue curves correspond the the 2p2h tune ±1σ uncertainties.

Neutrino energy dependence In addition to considering the variation of the shape of

2p2h in the variables tuned, another source of uncertainty is the dependence with respect to the

energy cross section. Figure 3.11 shows the SuSA (Megias) and Martini MEC models overlaid

with Valencia MEC. These different models have very different rates at different energy ranges.

These have very different normalization at different energy values. As the tune constrains the

2p2h normalization with respect to data, it is important to consider all uncertainties that produce

variations in the shape.

In order to consider the energy-dependent shape variation, we compare the shapes of different

models in a re-normalized basis, by re-scaling them in order to match the Valencia prediction at

10 GeV:

• The Martini prediction is scaled to have its maximum σ (at ≈ 1GeV) to match Valencia at

10 GeV.
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Table 3.6: Alternate 2p2h tuning fit values

Component QE-Like RES-like

Gaussian 1 Normalization 20.0 16.86

Mean q0 0.52 0.29

Mean|q⃗| 1.03 0.78

sigma|q⃗| 0.37 0.45

sigma q0 0.14 0.085

Correlation 0.97 0.91

Gaussian 2 Normalization 104. 88.0

Mean q0 0.026 0.036

Mean|q⃗| 0.44 0.46

sigma|q⃗| 0.20 0.30

sigma q0 0.044 0.056

Correlation 0.82 0.82

Base model Normalization 0.74 -0.41

• The SuSA prediction is scaled to match the Valencia prediction at 10 GeV.

Then a function with a shape that encapsulates the ratios of the different predictions with respect

to the Valencia model is taken as the 1σ uncertainty. Given the significant difference of the

maximum cross section of the Martini prediction with respect to the others, it was chosen to use

an asymmetrical uncertainty, where the upper envelope is parametrized with a Landau

distribution with mpv = 0.4 and σ = 1. The lower bound is defined by the function:

f(Eν) =
0.5

1 + 2(Eν − 0.25)
(3.2)

.

Nucleon pair fraction Based on the fraction of nn(pp) and np pairs for neutrinos

(antineutrinos) in the tuned numu selection, we use the following for neutrinos:

np

np+ nn
= 0.69





+0.15σ

−0.05σ

, (3.3)
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Figure 3.11: Alternative MEC models absolute cross section.

and

np

np+ pp
= 0.66





+0.15σ

−0.05σ

(3.4)

for antineutrinos. The uncertainty is asymmetric as the intrinsic ratios in the Valencia model

(0.69 and 0.66) are much smaller than the assumed ratio in empirical MEC (0.8), which was used

in the previous analysis, and is at the lower end of the range of model assumptions.

3.2.4 Final agreement

After both the FSI and MEC adjustments, the overall agreement of the νµ + ν̄µ selections for

both FHC and RHC is good. Figure 3.13 shows the visible Ehad distributions before and after the

cross section adjustments described above. The 1σ uncertainty band including the MEC, FSI and

other cross section parameters is included. The rest of these systematic uncertainties are described

in section 5.2. Although the agreement is within this systematic uncertainties, and in the

(Ehad, |q⃗|) range with the most events (below 0.1-0.2 GeV of hadronic energy and below 1 GeV of

|q⃗|), more information can be extracted about the performance of these adjustments. One way of
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further evaluating the implementation of this tune is by looking at subsets that target the impact

of different systematic uncertainties. Such study was made by looking at different subsets of this

data set, subdividing by different identifiable final states, and is explained in detail in chapter 4.

3.3 Detector simulation

The detector simulation models the production and transport of photons, mainly from

scintillation light, the energy depositions and the subsequent conversion to electrical signals. In

terms of the simulation chain, this can be broken down in two steps: photon transport and

electronic readout.

The output of the GENIE simulation is the set of final state particles and kinematics after a

neutrino interaction. GEANT4 is used to simulate the propagation of these particles and their

energy depositions. At this stage, additional secondary particles can be created and are also

simulated.

After the GEANT4 simulation, custom NOvA software modules are used to simulate the

response of the detectors to the energy depositions. This includes simulating the energy deposition

converted to photons that arrive to the optical fiber and subsequently to the APD. The signal
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into the APD is simulated as a combination of these photons and a model of the noise response of

the APD. A different software package simulates the response of the FEBs to the APD output.

The end result of the simulation chain is a collection of hits, in the same format as the raw

detector data. The simulation is then ready be processed with the same algorithms as the data in

order to develop the analysis.
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Figure 3.13: Tuned simulation and ND data in bins of reconstructed visible hadronic energy (top) and

reconstructed |q⃗| (bottom), for FHC(left) and RHC(right), including the 1σ error band for all cross section

uncertainties.



61

CHAPTER 4. SELECTION TO EVALUATE THE NOvA NEUTRINO

INTERACTION MODEL

In order to analyze the NOvA data, it is necessary to accurately identify and classify the

neutrino interactions recorded in the detectors, and to extract physical quantities that can be

used to infer the oscillation parameters. In order to achieve this, a series or techniques are used to

identify individual neutrino interactions using spatial and timing information, classify individual

particles within the the event, and estimate the energy of the incoming neutrino, along with other

kinematical variables. This methods constitute the full event reconstruction. The same

algorithms are applied to data and simulation, which allows to compare them, in order to validate

the NOvA simulation, and identify aspects which need further constraining. This chapter

describes the reconstruction and energy estimation techniques, in order to develop the νµ and νe

selections in both detectors. The ND data set resulting from these techniques is used to evaluate

the interaction model.

4.1 Event Reconstruction

In order to extract physics information from the hits recorded in the NOvA detectors, first it

is necessary to group such hits into single interaction events. This is achieved using different

algorithms. Figure 4.1 summarizes the reconstruction chain. Each step will be explained in the

following sections.
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Figure 4.1: Flowchart of the reconstruction algorithms. The green boxes represent the algorithms,

while the purple boxes denote the input and output of each algorithm.

4.1.1 Event slicing

An algorithm called TDSlicer, which stands for Time Density Slicer, is used to cluster hits

based on timing and spatial information within the readout window of 550µs. Each cal hit

contains a xzt or yzt (cell,plane,time) information. First, centroids are found by finding local

maxima in the density of the hits s using a centroid-finding algorithm by Rogriguez and Liao
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[71]. Afterwards, 3D clusters in the two viwes are created using Prim’s algorithm [72]. Finally a

view-merging step constructs 4D slices by merging the xzt and yzt views. An example of the

input and output of the slicer is shown in Figure 4.2.
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Figure 4.2: FD readout window showing (a) 550 µs of deposited charge, followed by (b) slicing algorithm

with each group of a single slice denoted in a single color. A single slice containing a neutrino interaction is

zoomed in (c).

4.1.2 Vertex identification

The next step is to identify a location for the interaction, or “vertex”. This is done after

identifying major features in the event through a modified Hough transform algorithm, known as



64

Multi-Hough transform. This pattern recognition algorithm takes pairs of pixels in each detector

view as an input, and constructs a two-dimensional array, known as the Hough space map, using

polar coordinates and a Gaussian-smeared voting scheme [73]. Peaks above threshold in the

Hough map are line candidates. To control the number and quality of the line candidates, pixels

that have been associated with a dominant candidate are removed, and the process is iterated.

The result of this algorithm is further used as a seed to find the primary neutrino interaction

point using an Elastic Arms algorithm [74]. The intersections of the Hough lines, are identified as

vertices: from these, each particle track is approximated by an “arm” (a vector pointing away

from the vertex) whose direction can be adjusted to fit the event. The optimum vertex is chosen

by minimizing an energy cost function [75] which accounts for goodness of fit between the hits

and the arms, penalizing hits not associated with any arms, and a penalty for arms whose first hit

is far from the vertex. Figure 4.3 displays the vertex found with these two algorithms.
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Figure 4.3: Result of finding Hough lines in yellow, and the vertex found with

Elastic arms indicated with a red cross. This is from the same event depicted in

Figure 4.2.
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4.1.3 Clustering

By analyzing the slice hits and the interaction vertex, we can categorize the hits into distinct

particle “prongs”, which are clusters of hits with a defined starting point and direction. This

process employs a possibilistic clustering algorithm known as fuzzyk [76, 77], derived from the

Fuzzy k-means technique. The fuzzyk method, utilized by NOvA, enables hits to belong to

multiple clusters, hence the term “fuzzy”, and it is possibilistic as a hit does not have to possess a

membership probability of on [75]. The prong formation process is done separately for each view,

which results in the clusters of hits denominated as 2D prongs. The last step is to match clusters

between the two views to form 3D prongs. Of course, not all of the 2D prongs can be matched

into a 3D prong. The result of this step is shown in Figure 4.4.
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Figure 4.4: Result of the fuzzyk clustering procedure. The event display (same

event as in Figure 4.3) shows three 3D prongs, with their corresponding matched

2D prongs indicated by the matching colors.
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4.1.4 Tracking

Prongs are excellent units of information to describe particles that produce showers, such as

photons and electrons. However one additional reconstruction method beyond prongs are the

tracks, which in addition to start point and direction information, also contains an end point and

a vector of trajectory points. NOvA uses a Kalman Tracker algorithm, based off of a multiple

scattering model and a Kalman filter [78]. It takes as input the clusters of hits formed from the

slicing algorithm and forms tracks in the xz and yz detector views separately. Each view

produces 2D tracks which are later matched to produce a single 3D track [79]. Another tracking

algorithm available in NOvA is called Break Point Fitter. This method takes input from the 3D

prongs obtained from fuzzyk, and breaks the particle path at various points to allow for Coulomb

scattering dependent on the particle mass and energy deposition rate. The output of this

algorithm is again, a 3D track. In addition, the another tracking method, uses a sliding window

algorithm to reconstruct expected tracks from cosmic rays. The window tracker [80] algorithm

assumes that muons follow a straight trajectory within small sections or windows of their track, in

other words, mostly in the downward direction and with single-track topologies.

4.2 Particle identification

In addition to obtaining reconstructed pieces of information from the detector,it is crucial to

identify the particles produced in the interaction captured in a slice. The samples of the 3-flavor

analysis search for νµ and νe , and minimize the content of NC, and other background events.

The topologies of these events are displayed in Figure 4.5. The νµ events are easily identified by

the tracks of the muon, which are typically long and straight. Analogously, νe events are

identified by the electron produced, which leaves a shorter electromagnetic shower. NC events can

mimic the topology of a low energy electron. Similarly, the two photons produced by a π0 decay

could also be mistaken for an electron if their opening angle is small enough that the showers

overlap and the decay occurs close to the interaction vertex. The NC events can not be used to

identify the flavor of the incoming neutrino because there is no lepton in the final state.
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Figure 4.5: Three interaction topologies of interest for the 3-flavor oscillation analysis. From top to bottom:

νµ CC, νeCC, and NC with a π0 detached from the vertex.

NOvA has various algorithms to identify the particles at an event-level and at prong-level.

For the particular case relevant to this thesis, both of these algorithms employ the deep-learning

classifier known as Convolutional Visual Network (CVN) [81], which belongs to the Convolutional

Neural Network (CNN) family of deep learning methods.

Event-level CVN The advantage of using a CVN method at an event-level, is its

independence from the reconstruction algorithms, which removes any bias that could be

introduced from those algorithms. CVN is based on techniques from the field of computer vision

for image recognition, and in particular, this CVN’s architecture is inspired by GoogleNet [82]. In

the case of NOvA, the input image is a pixel map, where each pixel corresponds to the cell hits in
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a slice. The network is trained over separate FHC and RHC samples of simulated beam events as

well as cosmic ray data. The output of the classifier is a score from 0 to 1 of how likely is that the

slice comes from a νeCC, νµCC, ντCC, NC interactions or cosmic activity. Figure 4.6 shows a

t-SNE [83] visualization of the performance of this classifier.

 CC

e CC

x NC

Cosmics

Figure 4.6: A t-SNE transformation of the feature vector from the event-level CVN classifier trained with

the neutrino beam mode sample. Each color represents the interaction types. Good separation is observed.

Prong-level CVN This application of CVN, named ProngCVN [84], aims to classify the

3D prongs reconstructed with fuzzyk, such as the ones pictured in Figure 4.4. This classifier

however is not independent of the reconstruction. It uses an analogous architecture as the event

level CVN, with the additional input of the xz and yz pixel maps of the individual prongs. The

output of the network is a vector of scores, from 0 to 1, that correspond to how likely is the prong

to have originated from an electron, photon, muon, charged pion or proton. The purity and

efficiency of this classifier is displayed in Figure 4.7. The sum of all these scores for a single prong

is 1. In this work, the prong-level CVN is utilized partially in the energy estimation of the νe, to

distinguish the electromagnetic component of the deposited energy. In addition, the particle
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identification is used to create a selection of various topologies within the selection of νµ CC

events, and evaluate various aspects of the NOvA simulation.
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Figure 4.7: Performance evaluation matrices for the ProngCVN network trained on the neutrino beam mode

sample. The predicted label on the y-axis is the highest scoring label from the network. The diagonal shows

the purity (a) and efficiency (b) of each particle type while the off-diagonal shows background contamination

and mis-classification respectively.

CNN cosmic veto The NOvA Far Detector, being on the surface, records an order of

magnitude more cosmic data than it does beam data. This poses the advantage that we can

directly measure cosmic backgrounds of the neutrino samples, however the volume of data is very

large and therefore computationally expensive to process through the full reconstruction chain.

To reduce the computational load, a CNN-based algorithm filters neutrino-like activity from

cosmic activity [85]. The CNN cosmic veto uses pixel maps of the whole FD cell hits during 16µs

windows within a slice, and each window overlaps 1µs with the previous and next windows. Hits

not associated with neutrino-like activity, and the hits around then in time, are removed

completely from the file.

Near Detector Rock filter Similar to the role of the CNN cosmic veto, the ND rock filter

aids in removing unwanted rock muon events as early in the reconstruction chain as possible. The
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filter runs after the MultiHough, ElasticArms and CosmicTrack algorithms. The filter removes

cutting out events that had a reconstructed vertex within 21 cm of the detector walls, excluding

the back wall.

Cosmic rejection Boosted Decision Trees A decision tree is a machine learning

technique that classifies its input based on binary decisions trying to predict some feature.

Boosting refers to creating multiple classifiers, where the subsequent one is trained to perform

better on the samples that the previous one mis-classified. A boosted decision tree (BDT)

combines multiple weak classifiers to form a strong classifier [86]. In NOvA, BDTs are utilized to

identify muons. A separate network is trained for each beam mode, and for the νe and νµ samples.

Reconstructed Muon Identifier Reconstructed Muon Identifier (ReMId) is a Boosted

Decision Tree (BDT) used to identify the muon tracks originated from a νµCC interaction, and

distinguish them from background CC and NC events. Particularly, pion tracks are the main

background. The BDT is trained using four reconstructed variables provided by the Kalman track

algorithm: deposited energy per unit length (dE/dx) log-likelihood , scattering log-likelihood,

track length, and fraction of planes used in dE/dx LLh [87]. These log-likelihood evaluations are

done based on a sample of simulated muons and pions. The fact that pions interact with the

strong force, in addition tot he weak force, allows to distinguish their tracks from muons as more

deflection in their paths is expected, and the hadronic scattering affects their dE/dx. The score of

the highest scoring track for a slice is taken used as a classification probability describing how

likely that event is νµCC. Four separate versions are generated to account for the ND, FD, FHC

and RHC sample.

4.3 Energy estimation

The oscillation analysis in NOvA depends on the observation of νe and νµ . In addition to

correctly identifying these events, the quality of the oscillation parameters extracted depends on

the energy measurement. Therefore it is essential to have a sensible estimate of the neutrino
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candidates’ energy. Accurate energy estimation depends on the calibration of the hits in the

detector, a good reconstruction and good estimation of the energy deposits of the different

particles that can be produced by the neutrinos, including muons, electrons and hadrons, such as

pions or protons. Following the slicing step in the reconstruction, the hits are calibrated against

standard candles to ensure their translation to energy units is consistent across detector elements

and over time. The basic idea behind the energy reconstruction is adding up the energy from the

lepton to the energy of additional hadronic activity in the slice. In order to develop and evaluate

an estimator, simulated events are used. Different estimators are used to determine the energy of

νµ and νe candidates, as the electrons and muons deposit energy in the detectors in different

manners.

4.3.1 Muon neutrino energy reconstruction

After identifying an event corresponds to the νµ topology, the muon track is found using

ReMID. Muons within a certain energy range (0.2− 2GeV/c) have a consistent energy deposition

as Minimum Ionizing Particles (MIPs). This implies that the length of the muon track is closely

related to its initial energy. Therefore, the estimation of νµ energy involves determining the

contribution of the muon based on its track length and then adding the energy of the hadronic

system. In other words:

Eνµ = Eµ + EHAD (4.1)

A piece-wise linear spline fit is applied to the reconstructed Kalman track length versus the true

muon energy obtained from simulations. Figures 4.8 (a),(c) show that the distribution of this fit

has a relatively small spread for true muon energies above 1 GeV. The spline fit involves

determining the slopes, intercepts, and stitch points using the mean value of the distribution for

each bin of track length. This approach yields a muon energy resolution of approximately 3%.

A similar fitting procedure is carried out to estimate the composition of the hadronic system.

Unlike muon tracks, the energy depositions of hadrons are not as clean. Therefore, the total

calorimetric energy of the hadronic system is used instead of the track length. All hits in the slice
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that are not associated with the muon track are considered as part of the hadronic system. Since

the objective is to estimate the neutrino energy rather than the true hadronic energy, the y-axis

in the fit is defined as the true neutrino energy minus the previously determined reconstructed

muon energy. Figures 4.8(b) and (d),show that the distribution has a significant spread, resulting

in a hadronic energy resolution of approximately 26%. However, when combined with the

accurate muon energy estimation, the average energy resolution for FD neutrinos (antineutrinos)

is 9%(8%).
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Figure 4.8: Linear spline is the red line. Red dashed lines indicate stitch points. Spline is overlaid with

distribution of True Muon Energy vs Kalman Track Length for FHC(a) and RHC (c) or True Numu Energy

- Reco Muon Energy) vs (Visible Hadronic Energy) (b) for FHC and (d) for RHC.
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4.3.2 Electron neutrino energy reconstruction

Electron neutrino candidates are identified with the use of event-level CVN score. After

reconstruction, ProngCVN is used to identify electromagnetic-like prongs, and distinguish them

from the hadronic activity. The identity of each prong is specifically determined by calculating an

EM score: adding the electron, photon and π0 CVN scores, and a hadronic score using the sum of

the proton and π± CVN scores. The larger of the EM or hadronic scores is chosen to classify

them as EM or not. The total energy of the incident νe or ν̄e is calculated using the following

expression:

Eν = α0(α1EEM + α2EHAD + α3E
2
EM + α4E

2
HAD) (4.2)
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Figure 4.9: Distribution of EHAD versus EEM for simulated νe events from the neutrino beam mode. Color

denotes the average true neutrino energy re-weighted to a flat flux.

EEM is the sum of the calibrated energy deposits of EM prongs, and EHAD the total energy

of the slice minus EEM . The constants αi are fitted minimizing the variance of reconstructed

neutrino energy from true neutrino energy in simulation. An additional consideration is that the

simulated flux of νe peaks at 2GeV, if using this flux directly, the estimator would be biased to

reconstruct most events towards this energy peak. Therefore the neutrino energy is re-weighted

such that the fit has a flattened energy flux, shown in Figure 4.9, as input before fitting the

quadratic equation 4.2. This procedure yields an energy estimation that is unbiased , and with
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relatively flat resolution, across most of the energy range of interest, 1–4GeV, as shown in Figures

4.10 and 4.11. Neutrino and antineutrino functions are determined separately: the average energy

resolution at the FD is 10% for the neutrino beam mode and 9.1% for antineutrino beam.
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Figure 4.10: Results of the νe energy estimator. Energy resolution vs true neutrino energy is shown with

bias (a) and with true energy re-weight, pink line shows the mean in each bin (b).
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Figure 4.11: Results of the νe energy estimator: RMS of the energy resolution as a function of true neutrino

energy where the red histogram shows the simulated neutrino flux. Both plots show the FD energy estimator

trained on the neutrino beam mode sample.
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4.4 Near and Far detector neutrino selections

The estimation of 3-flavor neutrino oscillation parameters relies on optimally selecting the

events likely to be νµ or νe as well as estimating their energy. In NOvA, the selection of events

consists on multiple cuts, or selection criteria, based on four functions, (quality, containment,

cosmic rejection/ rock veto, and particle identification) which are tuned according to the type of

neutrino (νe or νµ) and the detector [88].

Quality criteria In general, the quality cuts ensure that the beam was delivered as

expected, detector was working properly and some basic criteria regarding reconstruction. This

means removing events with problems in one or more DCMs (such as dropped DCMs, or out of

sync). Additional cuts account for the timing of the beam spill, the current of the horn, the beam

position relative to the target, and the width of the beam in x and y directions. The basic

reconstruction cuts ensure that a vertex, a prong or track (depending on the neutrino type) is

present in the slice. In addition slices with very few hits are removed.

Containment These cuts ensure that the energy deposited by all the products of a

neutrino interaction is within the volume of the detector, in order to determine the total energy of

the incident neutrino as accurately as possible. In addition, this helps to identify tracks that

correspond to cosmic and rock muons in the FD and ND respectively.

The specific criteria for each detector and selection for rock veto, cosmic rejection and particle

identification are described next. An overview diagram of the νe and νµ selections is shown in

Figure 4.12.
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Figure 4.12: Diagram of the two FD selection cut flows, from [89]. The ND νµ selection follows the same

sequence, swapping cosmic rejection for the ND rock veto.

4.4.1 Far Detector selection

There are four selected samples at the Far Detector. As NOvA measures νe and ν̄e

appearance as well as νµ and ν̄µ disappearance, there are different selection criteria for each flavor

sample. Note that the same criteria applies for neutrinos and antineutrinos, as NOvA can not

distinguish the charge of the leptons.

The cosmic veto is the same for νµ and νe FD selections. As the rate of cosmic events is much

higher than the neutrino interactions of interest, it would result computationally expensive to

process the cosmic tracks through the whole reconstruction chain. Therefore it is preferred to

remove this events before processing. This is achieved using the CNN cosmic veto or filter

described in section 4.2. In addition the νe and νµ selections use a custom BDT for additional

rejection of muon-like tracks that were not caught and removed by the CNN filter. The BDT
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inputs are specific for the νe and νµ selection. The containment cuts specific for νe and νµ

selections aim to remove the remaining slice activity from cosmics.

νe selection

The FD νe selection is divided into a core and peripheral selection. The core sample selects

contained events separated into low and high Particle Identification (PID) regions. The

peripherial sample accounts for uncontained events. This criteria is chosen in order to maximize

the number of selected νe interactions, given that most νµ from the beam would have oscillated

into ντ , so the rate of νe at the FD is actually quite low.

As mentioned above, the cosmic BDT takes specific variables to reject cosmic tracks. For the

core sample, the reconstructed variables used are [90]:

• Number of hits in the event.

• pT /p: fraction of the reconstructed momentum transverse to the beam direction.

• Sparsness asymmetry, which calculates the direction of the EM shower development

determined by the relative hit density between the upstream and downstream ends of the

slice.

• Minimum distances of any prongs start or end point to each side of the detector.

• Inelasticity, defined as 1− Eshw/Eν or the proportion of the energy in the slice that

corresponds to the identified electron shower.

• Width of the EM shower in the event.

The peripheral sample has a smaller set of input variables:

• px/p, py/p: reconstructed momentum in the vertical and horizontal directions transverse to

the beam direction.

• Distance from the start or end position of any prong to the top of the detector.
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• Event vertex location.

In addition , the containment criteria selects events with activity closer than 63 cm from the

detector top, 12 cm from the bottom, east or west and 18 cm from the front or back are rejected

from the core samples. With regards to the PID, slices with cosmic BDT greater than 0.49 (0.47)

for FHC(RHC) are selected towards the core sample. The peripheral selection employs a separate

cosmic BDT and events passing the threshold of 0.56 (0.57) are selected. The high PID selection

picks events with CVN≥0.97. The low PID selection accepts events between

0.84(0.85)≤CVN<0.97. The peripheral bin cut is tighter, at ≥0.995.

νµ selection

The BDT for νµ samples evaluate the most muon-like track in the event using information

from the following variables [91]:

• Cosine of the track angle with respect to beam direction

• Cosine of the track angle with respect to the vertical

• Highest vertical position of start or end of the track

• Track distance of closest approach to each side of the detector.

• Ratio of the number track hits to total hits in the slice.

• pT /p: fraction of reconstructed transverse momentum relative to the beam direction.

The containment criteria selects events with prongs closer to 60, 12, 16, 12, 18 and 18 cm from

the top, bottom, east, west, front and back detector sides respectively are rejected. In addition

there must be no hits in the front and back detector planes.With respect to PID, the slices with a

CVN muon identification score larger than 0.8, a ReMId score greater than 0.30, and a cosmic

BDT score greater than 0.45 are accepted. This criteria is used for both νµ and ν̄µ selections.
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4.4.2 Near detector selection

The νµ ND selection is very similar to the FD selection, as its main feature is looking at the

muon tracks. Instead of rejecting cosmics, the major background is the muons originating from

neutrinos interacting with the surrounding rock. This is done using the rock veto described in

section 4.2.

• Containment: All activity must be within the ranges −180 < {X, Y} < 180 cm and

20 <Z< 1525cm. Also, only one track can enter the muon catcher and the event vertex

cannot be located there. Any events with tracks that cross the air gap due (or Y position of

the end of track < 55cm) to the differing muon catcher height are rejected. The kalman

tracks are projected forwards and backwards from their end and start points: the projected

track must cross more than 5 planes from the end point and more than 10 planes from the

start point before reaching any detector edge to be accepted.

• PID: Same criteria as the FD νµ samples.

4.5 Near Detector topology selections

The Near Detector neutrino and antineutrino datasets are very large samples that have been

used in NOvA’s 3-flavor oscillation analysis to constrain the Far Detector predictions. This

constrain depends on the ND sample having good agreement with the ND data, so it can

accurately predict the FD spectrum. The ND simulation undergoes several adjustments to match

the data, with the largest one done by modifying certain aspects of the cross section model, as it

was describer in chapter 3. In the most recent 3flavor analysis [10], the ND data set was used to

enhance the 2p2h contribution of the simulation. Without this adjustment, the simulation would

show a large underprediction of events.

The tuning of 2p2h is made independent of other parameters in the cross section model and

the uncertainties constructed are conservative as the exact interaction between the 2p2h and

other cross section parameters has not been thoroughly understood.
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As the overall agreement with the cross section adjustments is very good (yet not perfect

throughout the whole phase-space), as seen in Figure 3.13, one way of further understanding the

applied NOvA tune, is to subdivide the ND selection into samples that have different

characteristics. A large data set, such as the ND νµ + ν̄µ selection, has enough statistics (O(106)

events), and different types of events, to obtain more information from the cross section model

and other parameters. The distributions in Figure 3.13 can be observed with a different

breakdown, by the true final state, in Figure 4.13. This chapter presents the study in which this

data set is broken down into subsets that target different final states. This allows to observe

different levels of agreement with data as well as other interesting features for each sample.

The purpose of this samples is to use them to constrain the model parameters via a ND fit, in

order to propagate them to the FD oscillation fit. Details of this technique will be described in

chapters 5 and 6.

4.6 Topology samples

To further examine the NOvA interaction model, a useful tool are the topology samples.

These were developed with the purpose of dividing the ND data and simulation into subsets by

discriminating different final states, in order to find distinctive features in the topology of the

final state. This could aid in picking apart different aspects of the interaction model. The criteria

that defines each sample is the identification of particles in the final state distinguishable by the

3D prong multiplicity and their prongCVN score. A prong is a collection of hits in the same time

slice that are associated to a single particle that deposited this energy. The CVN score details

were described in section 4.2.
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Figure 4.13: Neutrino(left) and antineutrino (right) beam distributions of Ehad,vis and |q⃗reco| with true final

state categories breakdown.

Five topologies are defined for each beam mode. Their prong multiplicity and CVN score are

summarized in table 4.1. The only difference of RHC with respect to the FHC samples is the

µ+ p+X(0π) classification. For RHC, this selection would yield a very low statistics sample.

Therefore it was modified to not require a proton, fewer protons are expected antineutrino

interactions. Essentially the selections divide the FHC and RHC datasets into five subsets of one



82

(muon), two (muon and proton), and three or more (muon and pion, protons, or other)

distinguishable particles, as is pictured in Figure 4.14.

Table 4.1: Topology samples definition

Sample 3D prong CVN score criteria Notes

multiplicity

µ 1 CVNµ ≥ 0.5

or prong length ≥ 500cm FHC and RHC

µ+ P 2 CVNµ ≥ 0.5

or prong length ≥ 500cm

CVNp ≥ 0.5 FHC and RHC

µ+ P +X 3 or more CVNµ ≥ 0.5

or prong length ≥ 500cm

CVNp ≥ 0.5 FHC only

µ+X 3 or more CVNµ ≥ 0.5

or prong length ≥ 500cm RHC only

µ+ π± +X 2 or more CVNµ ≥ 0.5

or prong length ≥ 500cm

CVNπ ≥ 0.7 FHC and RHC

Remaining FHC any Not fitting into previous categories

Remaining RHC any Not fitting into previous categories
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Figure 4.14: Cartoon that illustrates the expected topology for each cut. The green lines represent muon

prongs, the red lines proton prongs, the blue lines pion prongs, and the gray lines are not identifiable 3D

prongs, according to their CVN scores.

The samples have the following overall characteristics. Such features can be observed in

figures 4.16 thorugh 4.19, and in tables 4.2 through 4.5.

• µ : Enhanced in QE and MEC interactions. Shows good agreement for both FHC and RHC

modes, and these are the largest samples. It contains the least amount of true final states

with pions.

• µ+ P : QE and MEC enhanced. Shows a slight overprediction for both beam modes. It is

dominated by interactions with multiple protons in the true final state. It also contains a

significant amount of events with one charged pion in the true final state.

• µ+ π± +X : RES dominated and DIS enhanced. Slightly underpredicted for both FHC

and RHC. It is the smallest RHC sample. In both beam modes, the sample has a high

purity, as it is dominated by interactions with one charged pion in the true final state.
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• µ+ P +X(0π) : RES dominated and DIS enhanced. Large overprediction. It is the

smallest FHC sample. Interestingly, it contains a large amount of interactions with final

states with multiple pions, even though it contains a CVN score criteria to reject pions.

• µ+X(0π) : RES dominated and DIS enhanced. Large overprediction. Has a noticeable

QE/RES content, and a large amount of events with true final states with one or more pions.

• Remaining: Better agreement with data for RHC than FHC. Mixture of all interaction

type categories and true primaries categories.

There are two breakdowns used to display the samples, shown in Figure 4.15 including both

the breakdown by interaction type and primary particles categories. Both categories are defined

directly by the GENIE simulation. The primary final states categories are obtained according to

the simulated particles resulting from the neutrino interaction, after FSI. No reconstructed

information is used to define this categories.
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Figure 4.15: Two categorizations by primary final states and neutrino interaction types

Note that for the primary particles categories, depending on the beam, one of the categories is

µ+ nP +X (µ+ nN +X) for FHC (RHC). The nP (nN) denotes any number of protons

(neutrons), greater than one.

More detail about each sample is described in the following sections. The variables used to

examine each sample are related to the observables for the individual prongs.
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Table 4.2: Composition of FHC samples in categories of interaction type

Int. type % µ µ+ P µ+ P +X µ+ π± +X Remaining

QE 34.6 25.0 2.91 6.00 12.4

MEC 27.0 13.8 2.53 2.96 10.6

RES 30.5 50.0 62.4 59.6 50.9

DIS 6.33 10.8 31.5 27.4 24.8

Other 1.58 0.44 0.51 4.04 1.30

Table 4.3: Composition of RHC samples in categories of interaction type

Int. type % µ µ+ P µ+X µ+ π± +X Remaining

QE 44.4 31.6 8.58 4.56 26.8

MEC 28.6 23.4 6.40 0.88 15.3

RES 20.3 34.6 59.2 58.0 39.5

DIS 4.80 9.90 24.1 26.3 15.5

Other 1.86 0.99 1.66 10.3 2.95

Table 4.4: Composition of FHC samples in categories of simulated primary particles in the final state category

Final State particles µ µ+ P µ+ P +X µ+ π± +X Remaining

µ+ P +X (0π) 7.93 3.82 2.40 1.38 4.42

µ+ P 18.9 16.3 0.86 3.82 5.96

µ+ nP +X (0π) 43.9 42.2 23.9 8.40 27.2

µ+ 1π± +X 23.2 29.9 27.7 65.3 32.3

µ+ nπ +X 1.19 3.07 12.3 11.2 9.84

µ+ 1π± + 1π0 +X 0.48 0.89 8.95 4.57 5.72

µ+ 1π0 +X 2.25 3.07 22.5 3.96 12.2

NC 0.20 0.25 0.48 0.43 0.62

Other 1.97 0.54 0.88 0.88 1.65
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Table 4.5: Composition of RHC samples in categories of simulated primary particles in the final state
category

Final State particles µ µ+ P µ+X µ+ π± +X Remaining

µ+ P +X 9.29 7.67 2.32 0.70 4.50

µ+ P 27.3 16.0 2.85 0.32 16.1

µ+ nN +X (0π) 38.8 42.2 30.4 4.12 27.2

µ+ 1π± +X 14.8 22.3 27.8 71.3 26.4

µ+ nπ +X 0.72 2.02 8.74 9.83 4.91

µ+ 1π± + 1π0 +X 0.32 0.62 5.92 4.39 3.21

µ+ 1π0 +X 2.42 2.35 18.0 4.44 12.2

NC 0.14 0.20 0.33 0.37 0.40

Other 6.10 6.67 3.60 4.53 5.09

• Weighted calorimetric energy: energy based on summed calibrated deposited charge

(GeV) weighted to take into account hits shared between prongs.

• Prong length: track length in cm.

• Number of hits: Number of hits that compose the 3D prong. Closely related to the prong

length

• Weighted calorimetric energy per hit: Ratio of the variables described above. Can be

thought of as a crude estimation of the dE/dx of the prong.

4.6.1 Muon sample

The µ sample selection is the simplest, as it is choosing events with a single prong associated

with a muon. The distributions of hadronic visible energy and |q⃗| show a good agreement for

RHC (Figure 4.21) and slightly worse agreement in FHC (Figure 4.20). Both beam distributions

are dominated by QE and MEC interactions, with a larger but subdominant RES contribution in

RHC.

Figures 4.22 show the properties of the muon prong for the RHC sample. The variables of

calorimetric energy, prong length and number of hits agree very well with the data, whereas the

energy per hits distribution shows a slight bias of the simulation towards higher values.
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Figure 4.16: FHC topologies with interaction type breakdown .
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Figure 4.17: FHC topologies with primaries content breakdown .
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Figure 4.18: RHC topologies with interaction type breakdown.
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Figure 4.19: RHC topologies with primaries content breakdown.
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Figure 4.20: FHC distributions of visible hadronic energy (left) and reconstructed three momentum (right)

with interaction type breakdown (top) and final state primaries (bottom).
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Figure 4.21: RHC distributions of visible hadronic energy (left) and reconstructed three momentum (right)

with interaction type breakdown (top) and final state primaries (bottom).
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Figure 4.22: RHC distributions of weighted calorimetric energy (top left), length (top right), number of hits

(bottom left), and weighted calorimetric energy per hit (bottom right).
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4.6.2 Muon + Proton sample

This sample contains events with two 3D prongs, one identified as a muon and one as a

proton as described in table 4.1. The agreement with data is very good for FHC, and the RHC

sample is overpredicted. These samples contain a large fraction of RES interactions, but also

contain a significant contribution from QE and MEC. In terms of the true final state particles,

the samples are dominated by events with multiple protons (neutrons) and no pions, for FHC

(RHC), which correspond to the orange contribution. These also contain a significant

contribution of events with a single proton (neutron), shown in green, and with one charged pion

shown as purple in the histograms.

Figures 4.23 through 4.26 show the characteristics of the muon and proton prongs for the

FHC and RHC selections. The muon prong distributions are very similar for both FHC (Figure

4.23) and RHC (Figure 4.24). The RHC simulation is overpredicted with what seems mostly a

normalization difference. In particular the calE/hit variable shows a bias for the muon prong,

with the simulation predicting higher values than what is observed in data. This is more

notorious in FHC.

For the proton prongs, the FHC distributions agree relatively well with data 4.25. The lowest

bins of the number of hits and length distributions are slightly overpredicted. This is more

evident for calorimetric energy. For the calE/hits distribution, the overprediction is located at the

tail. In the case of RHC (see Figure 4.26, the overprediction is more notorious. The calorimetric

energy distribution is quite different from FHC, with a lot of events in the first bin. In addition

the calE/hits distribution is has two peaks, at 0.01 ant 0.03 GeV/cm, in contrast with FHC,

which as only one peak at 0.03 GeV/cm. This lower peak is significantly overpredicted, and is

dominated by the category of multiple neutrons and no pions in the final state (orange).
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Figure 4.23: Weighted calorimetric energy, prong length, number of hits and energy per hits of muon prongs

in the µ+ P sample in FHC
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Figure 4.24: Weighted calorimetric energy, prong length, number of hits and energy per hits of muon prongs

in the µ+ P sample in RHC
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Figure 4.25: Weighted calorimetric energy, prong length, number of hits and energy per hits of proton prongs

in the µ+ P sample in FHC
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Figure 4.26: Weighted calorimetric energy, prong length, number of hits and energy per hits of proton prongs

in the µ+ P sample in RHC
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4.6.2.1 Transverse Kinematic Imbalance

The µ+ P sample is dominated by the MEC and QE interactions, which make it a good

candidate to evaluate the adjustment made to 2p2h described in chapter 3.

The simple topology of two particles is useful to probe the interaction model because it allows

for the reconstruction of the momentum of both particles. The momentum vector of the final

state can be decomposed into longitudinal, and transverse momentum, with respect to the

direction incoming neutrino. Assuming that the interaction has QE-like kinematics, the total

transverse momentum vector should be close zero. This means all the momentum is transferred to

the outgoing particles. However, in real neutrino-nucleus scattering there is an imbalance, δp⃗,

between the neutrino and the outgoing lepton and hadron as a result of nuclear effects. This

imbalance is the sum of Fermi motion and other effects including nucleon correlations and FSI[92].

Quantities based on these transverse momentum have been used by other neutrino experiments,

such as T2K [93] and MINERvA [94] to study deficiencies in the neutrino interaction models.

Four of the Transverse Kinematic Imbalance (TKI) variables are pictured in Figure 4.27,

where p⃗pT and p⃗
µ
T are the components of proton and muon momenta in the plane perpendicular to

the neutrino direction. The proton transverse momentum is decomposed along x and y axis

(δpTx, δpTy):

δp⃗T ≡ p⃗pT + p⃗µT (4.3)

δαT ≡ arccos
(
− p̂µT · δp̂µT

)
(4.4)

δpTx =
(
p̂ν × p̂µT

)
δp⃗T (4.5)

δpTy = −p̂µT · δp⃗T (4.6)
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2

play in neutrino-nucleus scattering. This Letter reports
the measurements with such variables for the purpose of
constraining nuclear effects in neutrino interactions.

In charged-current neutrino-nucleus scattering there is
an imbalance, δ"p, between the initial neutrino momen-
tum and the sum of final-state lepton and hadron mo-
menta as a result of nuclear effects. This imbalance is
the sum of Fermi motion (FM) and intranuclear momen-
tum transfer (IMT), which is the sum of all other effects
including nucleon correlations [1, 6–16] and final-state
interactions (FSI):

δ"p = "pFM − "pIMT. (1)

In νµ charged-current quasielastic (QE) interactions,
νµ + n → µ− + p, momentum is transferred from the
leptonic current to the target neutron. However if the
neutron is correlated with other nucleons, the momen-
tum transfer is shared among the correlated partners.
In both cases, final-state interactions occur as particles
from the primary interaction propagate through the nu-
cleus exchanging energy, momentum and charge with the
nuclear environment. Primary particles can be absorbed
during this propagation; baryonic resonances (RES) can
be produced in the primary interaction and the resulting
products can undergo FSI and be absorbed. These non-
QE processes give the same observable final state as QE
scattering.

This study focuses on the QE-like process

νµ + A → µ− + p + X, (2)

where X is a final-state hadronic system consisting of
the nuclear remnant with possible additional protons but
without pions that indicate RES or other processes. In
Eq. (2), the incident neutrino energy, Eν , is unknown,
but the dependence of δ"p on Eν can be removed. This
can be done as follows:

Firstly, decompose δ"p into longitudinal and transverse
components with respect to the neutrino direction,





δ"p ≡ (δpL, δ"pT),

Eν = pµ
L + p p

L − δpL,

"0 = "pµ
T + "p p

T − δ"pT,

(3)

(4)

(5)

where "pµ and "p p are the muon and proton momenta,
respectively. The direction of the transverse momentum
imbalance δ"pT (see schematic definition in Fig. 1),

δαT ≡ arccos
−"pµ

T · δ"pT

pµ
TδpT

, (6)

is uniformly distributed in the absence of IMT because
of the isotropic nature of Fermi motion. This variable
is thus sensitive to IMT [4]. Because |"p p

T| > |"pµ
T | for

δαT < 90◦, accelerating FSI can be distinguished from
decelerating FSI using δαT. Recent measurements of

δpT and δαT on hydrocarbon at beam energy around
600 MeV by the T2K Collaboration can be found in
Ref. [17].

FIG. 1: Schematic definition of the transverse kinematics [4].

Secondly, under the assumption that X is just the rem-
nant nucleus, A′, then δp gives the magnitude of its recoil
momentum, and





δpL =
1

2
R − m2

A′ + δp2
T

2R
,

R ≡ mA + pµ
L + p p

L − Eµ − Ep,

(7)

(8)

where mA(′) , Eµ (p) are the nuclear target (remnant)
mass, and the muon (proton) energy, respectively [5]. In
the limit of zero IMT (that is, pure QE), the recoiling
momentum of A′ balances the initial neutron momentum
and

pn = δp, (9)

which can be estimated using the relation mA′ = mA −
mn + b, where mn is the neutron mass, and b =
+27.13 MeV for carbon obtained from the probabilistic
model for excitation energy [5].

This Letter presents the measurement of δαT and pn in
νµ induced production on polystyrene by the MINERvA
experiment. The signal is defined as an event with no
pions, one muon and at least one proton satisfying

{
1.5 GeV/c <pµ < 10 GeV/c, θµ < 20◦,

0.45 GeV/c <pp < 1.2 GeV/c, θp < 70◦,

(10)

(11)

where pµ and θµ (pp and θp) are the muon (proton) mo-
mentum and polar angle with respect to the neutrino di-
rection, respectively, when exiting the nucleus. Nuclear
effects in terms of Fermi motion and IMT are measured
and compared to model predictions.

The MINERvA experiment is in the NuMI beam
line [18] at Fermilab. The detector is described in detail
elsewhere [19]. The tracker is constructed of hexagonal

Figure 4.27: Schematic definition of the transverse kinematics. taken from [92].

The shapes of δpTx and δpTy are affected by nuclear effects. For QE δpTx is expected to be

symmetric around zero. The distributions of δαT and δp⃗T provide insight into nuclear effects

affecting the cross section, such as FSIs, the Fermi motion and 2p2h processes [94][92].

The TKI variables are not directly related to the (|q⃗|, Ehad,vis), phase space used for the

tuning. This makes them a potential probe to evaluate the NOvA cross section model. Figures

4.28 through 4.31 display the different TKI variables for the µ+ P sample, on the left, without
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the cross section model adjustments, and on the right with both the FSI and 2p2h adjustments1.

In most cases, the rate of events is enhanced in a way that both the shape and the normalization

agree very well with the data. The distribution of δαT agrees well with the data under 80◦, and

afterwards there is a slight over prediction (Figure 4.28). δp⃗T agrees very well in the peak of the

distribution (Figure 4.29). Moreover, the distribution of δpTx shows the expected symmetry

around zero, and δpTy shows a tail towards the negative values. The four variables show a

distribution similar to what was observed in [94], which provides a cross check that the tuning

made to 2p2h is a sensible enhancement to the simulation. These distributions however, are only

for the evaluation of the NOvA cross section model, and not a measurement of said TKI

quantities.
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Figure 4.28: Angle for µ + P sample with (bottom) and without (top) cross section weights. The plots on

the right represent the subset of µ+ P sample that does not have 2D prongs.

1These distributions were made with a different version of the GENIE model described on chapter 3. However,
the QE and MEC interactions were not affected by this change, and the 2p2h adjustment made is the same.
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Figure 4.29: Missing transverse momentum of proton for µ+P sample with (left) and without (right) cross

section weights
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Figure 4.30: Angle for µ+ P sample with (left) and without (right) cross section weights
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Figure 4.31: Angle for µ+ P sample with (left) and without (right) cross section weights

4.6.3 Muon + Pion + X sample

The agreement between data and simulation for the FHC sample (Figure 4.32) is good and

the purity of the sample is ≈ 65%, based on the true final state primaries categories (purple).

Also this sample is dominated by interactions which produce a resonance. In the case of RHC the

agreement is slightly worse, as can be seen in Figure 4.33. The higher Ehad tail is overpredicted,

as well as the 2nd bump in |q⃗|. The purity of this sample is also high, with ≈ 71% of interactions

having actually one charged pion in the simulated final state (purple category).

4.6.3.1 Pion and X prong characterization

One of the most interesting findings after studying this sample, is that the agreement is

affected by the number of additional non-pion (X) prongs. The sample requires at least 2 prongs,

one which is associated with the muon and one with a charged pion (both by their respective

CVN scores). Additional X prongs in the event are allowed, as long as they are not identified as

charged pions by the CVN score criteria. One of this sample’s features, is the observation of two
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subcategories of events with charged pions, defined by the presence (or not) of X prongs. The

main difference between the two subcategories is :

• Undersimulating when there are no X prong

• Oversimulating when there are X prongs

In other words, the overall good agreement seen in the sample can be inferred as the average of

the behavior of the events with different prong multiplicity. When there are 0 X prongs there is

undersimulation for FHC, and good agreement in RHC (see Figure 4.34); for 1 and 2 X prongs

there is a slight oversimulation, which is more prominent for RHC. Most of the X prongs are

associated with simulated protons, followed by photons, and a few pions and muons, as shown in

the top row of Figure 4.35.

The study of the pion CVN score of the prongs in this sample is relevant to evaluate how

robust is the selection of pions. The distributions of pion CVN score of all the prongs (bottom of

Figure 4.35), shows a good agreement with data, especially at the regions between 0.6 and 1. In

the FHC distribution, there is an accumulation of the µ+ nP +X (orange) category of primaries

in the final state, between ≈ 0.5 and 0.8 CVN score. For RHC, a larger fraction of the true

µ+ 1π +X (purple) final state category events are located in the bins of 0.6 and higher. When

these distributions are broken up in categories of the true pdg of the prongs (Figure 4.36), it is

evident that the accumulation observed in FHC, comes from the protons that have a high pion

CVN score. In other words, there is a considerable amount of prongs associated with an actual

(simulated) proton that are being selected as pions. This is the case for both FHC and to a

smaller extent in RHC. In the case of prongs associated to simulated photons (rightmost

distributions in fig. 4.36), there is a bump at around 0.8 pion CVN score, that contains a

significant amount of the neutral pion final state category (teal/turquoise), especially for RHC.
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Figure 4.32: Distributions of visible hadronic energy (left) and reconstructed three momentum (right) with

interaction type breakdown (top) and final state primaries (bottom).
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Figure 4.33: Distributions of visible hadronic energy (left) and reconstructed three momentum (right) with

interaction type breakdown (top) and final state primaries (bottom).
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Figure 4.34: Number of X prongs for FHC (left) and RHC (right) µ+ π± +X samples.

In the bottom Figure 4.35, the individual prongs calorimetric energy distribution, shows that

the muon and pion prongs are very well simulated, as the data and MC ratio is mostly flat and

very close to 1. However the X prongs show oversimulation at lower energies. Knowing that there

is a different agreement for events that include an X prong, versus those that do not, and that we

have a significant contamination of proton prongs identified as pions, it is of interest to look at the

characteristics of the pion prongs when we vary the pion CVN score criteria to select this sample.

The distributions in figures 4.38 through 4.40 show the FHC sample pion prongs as selected

by various CVN score criteria, and divided into categories according to the presence or lack of X

prongs. The first feature that stands out is the slight overprediction when there are X prongs,

and underprediction when there are not. The length and calorimetric energy for the pions from

0.5 to 0.7 CVN score have the most µ+ P + nX true final state (orange) contamination, which is

consistent with the bump observed in the pion CVN score plot (Figure 4.36). In this case the pion
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prongs have a lower energy and are shorter than in the more strict selections above 0.7 or 0.8

score.

4.6.4 Muon + Proton + X sample

This sample shows a large overprediction of around 24%, specially between 0.1 and 0.7 GeV in

Ehad, and below 1.8 GeV of |q⃗|. It is dominated by resonance and deep-inelastic scattering

interactions. In terms of the true final state, the sample contains mostly final states with pions,

including both charged (purple, yellow, red categories) and neutral pions (teal, red and yellow

categories), plus a significant contribution of µ+ nP +X(orange).

Figures 4.46 to 4.47 show distributions of the different prong variables for the muon, proton

and X prongs. The overprediction observed in the overall sample looks different for each of the

prongs. The muon prong has a slight bias towards lower CalE/hit. The proton prongs

distributions show a flat ratio for length, number of hits and calorimetric energy. The calE/hit

shows a larger overprediction at the lowest values, although there are very few events in these

bins. For the case of the X prong, all the variables show the excess at the low values of each of

these four variables.

This sample was defined in order to reject prongs that are likely associated with a pion, by

using a criteria of rejecting any 3D prongs that have a score larger than 0.5. This criteria was

decided, as it allows for a the largest possible rejection of pion prongs. In contrast to the

µ+ π +X sample, where the goal was to get as pure of a selection of pion prongs by restricting

the pion score, in this sample a looser pion score criteria discards more events with pion prongs,

at the cost of a smaller sample.
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Figure 4.35: Top: PDG of X prongs for FHC (left) and RHC (right) µ+ π± +X samples. Bin 1= π±, Bin

2= µ, bin 3= P , bin 4= π0, bin 5= γ. Bottom: Pion CVN score of all prongs for FHC (left) and RHC

(right) µ+ π± +X samples.
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Figure 4.44: Weighted calorimetric energy (top left), length (top right), number of hits (bottom left), and

weighted calorimetric energy per hit (bottom right) for truth pion prongs for RHC µ+ π +X sample
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Figure 4.45: Distributions of visible hadronic energy (left) and reconstructed three momentum (right) with

interaction type breakdown (top) and final state primaries (bottom).
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Figure 4.50: Weighted calorimetric energy per hit of X prongs overall, when the X prong has less than 7

hits, and when the X prong as at least 7 hits in the µ+ P +X sample in FHC

Figures 4.48 and 4.49 show the characteristics of the proton and X prongs, when the pion

CVN score for pion rejection is varied (rejecting pions with CV Nπ > 0.5, 0.7 and 0.8). The data

and simulation agreement for the proton prongs is similar in these three variations, as can be seen
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in the ratios. For the proton prongs, the ratio is mostly flat at 0.8 after 0.2 weighted CalE and

above 5 hits; for the X prongs, the simulation significantly overpredicts the rate of events with

weighted calE smaller than 0.3 GeV and fewer than 10 hits, while the rest of the distribution

matches the data, independent of the criteria to reject pions. However the percentage of events

with a true single charged pion in the final state is reduced, when the rejection criteria is 0.8 the

percentage of this category is 33 whereas with the criteria of 0.5 the percentage is reduced to 25.

The variation in pion CVN affects the size of the sample as well.

When observing the length or number of hits for the X prongs, as shown in figures 4.46 and

4.46, it is noticeable that the underprediction in this sample, is especially bad for the cases where

the X prong is shorter than ≈ 100cm or less than ≈ 7 or 8 hits. Figure 4.50 shows the

distributions of calorimetric energy per hit of the X prongs split in two categories, whether prong

has less or more than 7 hits. Clearly the longer prongs have a very different distribution that

agrees well with the data, whereas the shorter prongs have an excess at low CalE/hit. Also note

that most of the orange category corresponds to the shorter prongs.

4.6.5 Muon + X sample

Similar to the µ+ P +X sample, this sample aims select events with multiple hadrons, while

rejecting prongs likely associated with a pion. In contrast with the FHC µ+ P +X sample, this

one does not select a proton, as fewer protons are expected for RHC beam data. The most

notorious characteristic of these distributions (Figure 4.51) is the large overprediction. In terms of

the composition, the sample is dominated by RES events followed by DIS, and small percentages

of QE and MEC. In the breakdown by true final state categories, there is a similarity with

µ+ P +X, as there is a significant amount of final states with charged and neutral pions (purple,

yellow, red, teal) and also a significant amount with multiple neutrons (0π, orange). Note that

the shape of the simulated visible hadronic energy is reminiscent to the RHC pion sample, with a

peak close to 0.2 GeV, but with a higher rate of events at the lowest energies.
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Figures 4.52 to 4.53 show the characteristics of the muon prong on the left panels. The

features that stand out are the very first bin for the muon prong calorimetric energy, length and

hits distributions, as these are more populated than the subsequent bins, which was not observed

in the muon prongs of the µ+ π +X or µ+ P RHC samples. However this bins match well with

the data. Also, the calorimetric energy per hit for the muon prong is very similar to the other

samples. The rest of the distribution is overpredicted, with no significant bias in any calorimetric

energy, length or hits. The more interesting features of the X prong are discussed in the next

section.

4.6.6 X prong characterization

The right panel of figures 4.52 to 4.53 show the same variables for the X prong. It is especially

noticeable in the number of hits distribution, that the overprediction is concentrated for events

where the X prong is short. It also stands out that the fraction of true final states with multiple

neutrons (orange) or one charged pion (purple) correspond to about the amount that is

overpredicted in the sample (≈ 27%). Another highlight of the X prongs is their calorimentric

energy per hit distribution. The overprediction concentrates at the lower values, with most of it

coming from the events with multiple neutrons in the true final state (orange).

On the right panel of Figure 4.54 , it is also interesting to show that most of the events in the

sample have 2 X prongs, and as the events have more prongs the overprediction gets worse. Most

of these prongs have a true pdg of protons followed by pions, which can be observed in the left

panel of Figure 4.54. The events where X is a proton contain more of the orange category,

whereas events where X is a photon contain a larger fraction of the teal (true final state with one

neutral pion). This hints at two kinds of events in this sample.
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Figure 4.51: µ+X sample distributions of visible hadronic energy (left) and reconstructed three momentum

(right) with interaction type breakdown (top) and final state primaries (bottom).
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Figure 4.52: Weighted calorimetric energy (top) and Weighted calorimetric energy per hit (bottom) for muon

and other prongs for RHC in the µ + X sample
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Figure 4.53: Length (top) and hits (bottom) for muon and other prongs for RHC in the µ + X sample
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Figure 4.54: X prong types (left) and number of X prongs (right) for the RHC in the µ + X sample. Bin

1= π±, Bin 2= µ, bin 3= P , bin 4= π0, bin 5= γ

One way to subdivide this sample is by using the criteria of number of hits. Figure 4.55 shows

the calorimetric energy per hit distribution for the whole sample and divided according to the

nhits of X. Similar to the observation in the µ+ P +X sample, the distribution agrees very well

with the data for longer X prongs, however in contrast to the mentioned FHC case, the tail of

this distribution is longer towards higher energy/hit values. The calE/hit for the shorter X

prongs shows a very large overprediction corresponding to the excess seen at low calE/hit in the

total sample distribution. Another interesting distribution is the true invariant mass of the events

in these two categories. Figure 4.55 shows the breakdown, and clearly for the events with longer

X prong the invariant mass second peak is much larger.
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Figure 4.55: Weighted calorimetric energy per hit for other prongs for RHC in the µ + X sample total (left),
when there are less than 7 hits (center), and when there are greater than or equal to 7 hits (right)

4.6.6.1 Comparison of pion prongs

Although the fraction of X prongs that have a true pdg of pions is small (see first bin in

Figure 4.54), it is of interest to learn what kind of pions pass the selection, which rejects pions

with CVNπ > 0.5. Figure 4.57 shows the characteristics of these pion prongs. Notice how the tails

of the distributions of number of hits and weighted CalE are very short, up to ≈ 15 hits and ≈

0.4 GeV. The length goes up to about 140-120 cm. In contrast, the true pion prongs in the

µ+ π +X sample for RHC go up to ≈ 0.8 GeV, > 50 hits and > 200 cm in length (Figure 4.44).

The other striking difference is the broad CalE/hit distribution for this sample, compared to the

narrow one in the µ+ π +X sample . Both have the same approximate peak at ≈ 0.018 GeV/hit.

So in summary, less energetic pions are selected in this sample.

4.6.7 Remaining sample

This sample contains, for both FHC and RHC, the events that did not match any of the other

categories described before.
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Figure 4.56: True W for RHC in the µ + X sample total (left), when there is an X prong with less than 7
hits (center), and when there is an X prong with greater than or equal to 7 hits (right)

The FHC sample is dominated by RES and DIS interactions. In the hadronic visible energy

distribution, there are two peaks, the lower one contains most of the MEC and QE which are

subdominant in the sample. Overall there is an overprediction of about 10%. The true final state

categories that dominate are the single charged pion (purple) and multiple protons with no pions

(orange) . However there is a significant fraction of the other categories with pions. For RHC, the

overprediction is much smaller, at about 6%. This sample contains more QE and MEC than the

RHC version, however RES events dominate. The |q⃗| distribution has a peak at around 0.4 GeV

and a longer tail. It is also notorious that there is a large fraction of events with only a muon and

a neutron in the final state (green). These populate the lowest hadronic visible energy bins, along

with the events with multiple neutrons and no pions (orange). The tail of this distribution is

dominated by interactions with pions i n the final state.
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Figure 4.57: Weighted calorimetric energy (top left), length (top right), number of hits (bottom left), and

weighted calorimetric energy per hit (bottom right) for truth pions for RHC µ + X sample
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Figure 4.58: Distributions of visible hadronic energy (left) and reconstructed three momentum (right) with

interaction type breakdown (top) and final state primaries (bottom).
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Figure 4.59: Distributions of visible hadronic energy (left) and reconstructed three momentum (right) with

interaction type breakdown (top) and final state primaries (bottom).
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4.6.8 Summary

The NOvA tune shows an overall good agreement with the ND data, as seen in Figure 3.13.

A further look into the data and simulation via the topology samples revealed that this is still

true for some of these samples. The FHC µ and µ+ P samples show good agreement, well within

the cross section uncertainties. The µ+ π+X sample is slightly underpredicted for the lower bins

of hadronic visible energy and three momentum transfer. The Remaining sample is overpredicted

at higher energy/momentum. The most notorious disagreement is for the µ+ P +X sample,

which in addition is very far from the cross section uncertainty range, as shown in Figure 4.60.

For the RHC samples, the agreement is very similar, with a slight overprediction in the µ+ P ,

and also some overprediction at the higher visible hadronic energy bins of the µ+ π +X sample.

The µ+X sample is analogous to the FHC µ+ P +X sample, as it also shows a significant

overprediction outside of the uncertainty range (see figure 4.60 ).

In addition to these overall features, the pion samples had two subcategories of events. With

the presence of additional prongs to the pions (X prongs) the distributions were oversimulated,

and undersimulated otherwise. The pion selection was found to increase the amount of

background when varying the pion score criteria from 0.8 to 0.5, with most background from

proton prongs and photons that are confused as pions by their CVN score.

The very overpredicted µ+ P +X FHC sample showed different features for the different

prongs. The proton prongs had an approximate flat data/MC ratio, pointing towards a

normalization difference. However the X prongs had a different level of agreement depending on

the length or number of hits. The short X prongs(less than 7 hits) in this sample were

oversimulated, while the rest of the X prongs had a good agreement and reconstruction

(energy/hit). Most of the X prongs have a true id of protons or photons.
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Figure 4.60: FHC with 1σ cross section uncertainties
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Figure 4.61: RHC topologies with 1σ cross section uncertainties
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This study mainly focused on describing the pion and X prongs in the µ+ π +X, µ+ P +X

and µ+X samples, as these are the most complex topologies, and the worse data/MC agreement.

This has led to the development of additional uncertainties related to the Resonant and DIS

events, which will be described in chapter 5. The disagreement is most likely not entirely

explained by the cross section model, there are other aspects that impact the data/MC

agreement, such as effects of reconstruction, but such studies are out of the scope of this work. In

addition the samples are used to constrain cross section parameters, as well as flux and detector

systematics with a fit which will also be described in Chapter 5 .
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CHAPTER 5. CONSTRAIING MODEL PARAMETERS USING NEAR

DETECTOR DATA

The oscillation analysis in NOvA essentially requires measuring the rate and energy spectrum

of νe and νµ interactions at the Far Detector. This measurement requires a good understanding of

the neutrino interactions, so that the rate measured can be compared to predicted rates, based on

simulations, and extract the oscillation parameters. As described in the previous chapters, there

are a number of aspects that affect the predictions, including but not limited to the cross section

model, beam simulation and detector response. The Near Detector selection of νµ does not

undergo oscillations, and therefore it can be used to understand the behavior of the predictions as

a function of said model parameters, without the additional shape change expected from the

neutrino oscillations.

As seen in the previous chapter, the selected samples present distinct features depending the

topology of the final state. These selections are a proxy for approximately separating the ND data

set into subsets enhanced in the interaction types or true final states. This translates to

sensitivity to different model parameters of the current NOvA simulation for each topology. This

chapter describes the use of these samples to obtain constrains for the model parameters, with

both fake data and real Near Detector data.

5.1 Fitting procedure

The method to constrain systematic uncertainties using the Near Detector data is via

minimization of the Poisson log-likelihood function summed over all bins N and all systematic

uncertainties, or model parameters, S:

L(δ⃗) = lnλ(δ⃗) = −2

N∑

i=1

[
Ni(δ⃗)−Oi +Oi ln

Oi

Ni(δ⃗)

]
+

S∑

j=1

δ2j
σ2j

(5.1)
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with Oi is the observed number of events in bin i, Ni is the predicted number of events in the bin

i. The vector δ⃗ represents all the systematic parameters. The second term, also referred as

penalty term, contains δj is the fitted value of systematic j and σj is its error.

A detailed description of the systematic parameters included in the fit are described in the

following section. Specifically, this minimization procedure is done using MINUIT [95].

5.2 Systematic uncertainties for ND fit

The NOvA software allows to implement systematic uncertainties, which encode the variation

allowed by the different model parameters embedded in the simulation. We call deviations from

the central value systematic shifts. The majority of the uncertainties in the NOvA simulation are

related to the cross section model, based on the GENIE simulation, described in chapter 3. A

subset of these uncertainties are taken directly from GENIE, some need to be customized and

new ones have to be implemented in accordance to the adjustments described as well in chapter 3.

Not all of the uncertainty shifts produce significant changes in the distributions of the ND

simulation in reconstructed variables, and therefore can not be constrained. Other uncertainties

produce very small variations in the samples, and therefore are difficult to constrain. Each of the

systematic uncertainties accounts as a degree of freedom in the fit, so it is relevant to only keep

the ones that can be constrained.

To optimize the number of degrees of freedom of the fit, only the most relevant systematic

uncertainties are considered. The specific metric to discriminate relevant systematics is the

change in χ2, with respect to the nominal simulation, when shifting by ±σ each systematic

parameter. The nominal simulation refers to the central value, or the NOvA tune, produced by

the adjustments in MEC interactions and FSI, from chapter 3. Only the systematic uncertainties

which produce a ∆χ2 > 100, summed over the 10 samples, are considered relevant for this

analysis. The average ∆χ2 for ±1σ shifts of all samples, for each systematic uncertainty

considered, is displayed in Figure 5.1.
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Figure 5.1: Average χ2 for ±1σ shifts over all samples.

The cutoff at 100 excludes mostly systematic uncertainties related to neutral current cross

section parameters, whereas the systematic uncertainties with the largest ∆χ2, which translates

to larger impact in the samples, are related to the MEC adjustment and detector response, such

as Calibration. The next section details the selected uncertainties that can be constrained using

ND data. Indicated in parenthesis is the abbreviated parameter name. Special emphasis is put in

the Resonance scale, Resonance neutrino-nucleon and DIS Hadronization model, as these

parameters were specifically developed for this analysis and were not part of the NOvA tune

previously used in [10].
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5.2.1 Cross section systematic uncertainties

5.2.1.1 Quasi-Elastic interactions

Z-expansion Normalization : represents a simple +20%/− 15% QE normalization

factor(ZNormCCQE) .

Z-Expansion eigen vectors :4 shape parameters corresponding to the a1 − a4 parameters

from the z expansion formalism, as described in chapter 3. These are function of Q2. Although

four parameters are available, only the first 3 are relevant for this

analysis(ZExpAxialFFSyst2020 EV1,2,3).

QE RPA :This uncertainty represents how well the Random Phase Approximation (RPA)

effect, long-range nuclear correlations resulting in weak nuclear charge screening, is

understood [96]. There are two uncertainty knobs that control the enhancement at large Q2 and

suppress it at low Q2 (RPAShapeenh2020,RPAShapesupp2020) .

5.2.1.2 Resonance interactions

Ma CC Affects d2σ(CCRES)
dWdQ2 in both shape and normalization(MaCCRES).

Mv CC Affects d2σ(CCRES)
dWdQ2 in both shape and normalization(MvCCRES).

Branching ratio of η decay Tweaks the branching ratio of the decay R→ X + η, for

instance N+(1440)− > p+ η, only considered for fake data fits (RDecBR1eta).

θ∆ to Nπ Distorts the π angular distribution in the decay ∆ → N + π (Theta Delta2Npi).

Q2 suppression The GENIE CMC selected does not require a weight correction for the

resonant interaction rate, however in a previous version of the NOvA simulation (which we call

prod4) a discrepancy in low Q2 was observed. This required a reweight correction. An

uncertainty is taken into account, constructing it from the difference of prod4 with a MINOS-like
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Q2 suppression [97], with the current one. The difference between these two simulations is fit to

the function 1−Ae−bQ2
. The difference between the result of this fit and the nominal simulation

constitutes this one-sided uncertainty (LowQ2RESSupp2020).

Table 5.1: Parameters for RES low-Q2 suppression systematic uncertainty

Parameter FHC RHC

A 0.391 0.429

b 12.9 20.9

Resonance scale This is a custom uncertainty developed for this analysis. The rate of

events coming from resonance decays can vary with the two uncertainties developed for this

purpose:

• Delta Resonance scale: event is reweighed by 1 + n, where 1 is 20%(RESDeltaScaleSyst).

• Other Resonances scale: event is reweighed by 1 + n, where 1 is 20%(RESOtherScaleSyst).

Figure 5.2 shows the simulated invariant mass distribution for the total FHC selection, with these

systematic shifts applied. This translates into the reconstructed variables shown in figures 5.3 and

5.4. The systematic uncertainties are applied to the µ+ π +X sample, which is dominated by

resonance interactions. The Delta scale systematic afffects lower values of Ehad and |q⃗|, in

contrast with the non-Delta case (Figure 5.4 ) where the higher Ehad and |q⃗| bins are affected.

Notice that this knob allows the model to have enough freedom to match the ND data in both the

FHC and RHC sample.
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Figure 5.2: True invariant mass distribution of neutrino selection with Delta (left) and non-delta Resonance

(right) scale systematic uncertainty
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Figure 5.3: Distributions of simulation and data µ+ π +X samples with Delta Resonance scale systematic

uncertainty for FHC (left) and RHC (right) reconstructed variables Ehad,vis (left) and |q⃗ (right).
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Figure 5.4: Distributions of simulation and data µ+π+X samples with non-Delta Resonance scale systematic

uncertainty for FHC (left) and RHC (right) reconstructed variables Ehad,vis (left) and |q⃗ (right).

Resonance neutrino-nucleon ratio This is a custom uncertainty developed for this

analysis. A parameter that introduces flexibility on the model to vary the νp/νn and ν̄p/ν̄n cross

section rations. This implies the introduction of two weights:

• rνp/νn: The wp = (1.0 + fν) weight is applied to all resonance events with νp initial state,

and wn = (1.0− fν) is applied to those with νn in the initial state. The default value for fν

is zero, and 1σ value is 0.05.

• rν̄p/ν̄n: The wp = (1.0 + fν̄) weight is applied to all resonance events with ν̄p initial state,

and wn = (1.0− fν̄) is applied to those with ν̄n in the initial state. The default value for fν̄

is zero, and 1σ value is 0.05.
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The effect of this uncertainties is shown in Figure 5.5 for the samples where they have the most

impact: the µ+ π +X FHC sample with ±1, 2, 3σ shifts for ratioνp/νn and the µ+ π +X RHC

sample with the ±1, 2, 3σ shifts for ratioν̄p/ν̄n

(RES vpvn Nu ratio xsec syst, RES vpvn NuBar ratio xsec syst).
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Figure 5.5: µ+ π +X FHC (RHC) samples with resonance neutrino(antineutrino)-nucleon ratio systematic

uncertainty.
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5.2.1.3 Deep-Inelastic Scattering interactions

Nonresonant Nπ normalizations GENIE recommends a 50% normalization uncertainty

for transition-DIS events (DIS events with high W, 1 < W < 2 GeV and Q2 < 1). We implement

a separate normalization systematic for each (0, 1, 2, 2+) pions, neutrinos vs anti-neutrinos, CC

vs NC, and whether interacting on a neutron or proton, for 4x2x2x2 = 32 different individual

systematics. The uncertainty linearly decreases from 50% at W = 3 GeV to 5% at W = 5 GeV,

and 50% for W < 3 GeV. Although this results in 32 individual systematics knobs, for the present

analysis, the most relevant ones are selected, 9 out of 32, based on their impact of the χ2 in the

topology samples:

• DISν̄nCC3pi

• DISν̄pCC1pi

• DISν̄pCC3pi

• DISνnCC1pi

• DISνnCC2pi

• DISνnCC3pi

• DISνpCC0pi

• DISνpCC2pi

• DISνpCC3pi

DIS formation zone During the process of forming hadrons from the quarks that are

modeled as the outgoing particles from a DIS scattering, partons may propagate some distance

within the nuclear medium before they coalesce into hadrons. The “formation zone” is the

distance constant in a decaying exponential distribution from which hadrons’ pre-hadronization

propagation is sampled [98]. GENIE provides two knobs, for pions and nucleons. A single

uncertainty was created, with alternate simulation to compare with the base simulation, such that

both the pion an nucleon formation zone are shifted simultaneously(FormZone2020).

DIS Hadronization model This is a custom uncertainty developed for this analysis. It

consists in two systematic parameters that control final state hadron production for events with a

multiplicity of 2. By default, a DIS interaction with initial state ν + n, with a final state of

hadronic charge state Q = +1, the default probability of the outgoing particles is 1/3 for π0 + p

and 2/3 for n+ π+. Comparably, for antineutrino interactions with initial state ν̄ + p, the final
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state with Q = 0 has the default probability of 2/3 for a π− + p final state and 1/3 for n+ π0. To

allow these probabilities to vary, two weights are introduced: f0 and f1. The weight should be

applied based on the identity of the final state (pre-FSI hadron) as indicated in table 5.2.

Figure 5.6 displays the effect of this systematic uncertainty in the muli-hadron topology sample

Table 5.2: Parameters for DIS hadronization systematic uncertainty

Q 0 1

Weight for events with protons 1 + 1.5f0 1 + 3f1
Weight for events with neutrons 1− 3f0 1− 1.5f1

New hadronization fraction f0 = 0.0± 1/3 f1 = 0.0± 1/3

Physical bounds (−2σ,+1σ) (−1σ,+2σ)

Parameter name DIS nubar hadro Q0 syst DIS nu hadro Q1 syst

µ+ π +X.

5.2.1.4 2p2h interactions

Central value parametrization We keep 10 out of the 13 parameters in table 3.4, except

for the Normalization, Mean q0 and Correlation of Gaussian 2. One of these is excluded due to

their small impact in the χ2 of the samples and the other two after concluding that these

parameters are degenerate. In other words that they overconstrain the shape of the reconstructed

variables. More of this will be explained in the fake data fits section (5.4.2)

(MECDoubleGaussEnhSyst{Baseline, SigmaQ3 2, SigmaQ0 2, MeanQ3 2, Corr 1, SigmaQ3 1,

SigmaQ0 1, MeanQ3 1, MeanQ0 1, Norm 1} GSFProd5p1)

Nucleon pair fraction One uncertainty for neutrinos and one for antineutrinos, as detailed

in Chapter 3.2.3 (MECInitStateNPFrac2020Nu, MECInitStateNPFrac2020AntiNu).

Neutrino Energy dependence Two uncertainties (for neutrinos and antineutrinos) as

described in Chapter 3.2.3 (MECEnuShape2020Nu,MECEnuShape2020AntiNu).
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Figure 5.6: µ + π + X samples with DIS hadronization systematic uncertainites applied. Top is Q1 and

bottom is Q0.

5.2.1.5 Additional cross section uncertainties

Final State interactions We keep one of the fate fractions and the Mean Free Path

parameter described in table 3.3. For fake data fits, the whole set of parameters are used

(hNFSI FateFracEV{1,2,3} 2020, hNFSI MFP 2020).
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Radiative corrections These include an uncorrelated 2% uncertainty on the νe/νµ and

ν̄e/ν̄µ cross section ratios to account for radiative corrections, based on T2K’s simple model [99]

(radcorrnue,radcorrnuebar).

2nd Class Currents An additional 2% uncertainty which is fully anticorrelated between

νe and ν̄e to allow for second class currents, also based on [99] (2ndclasscurr).

5.2.2 Flux and Beam uncertainties

The categories of neutrino flux uncertainties are hadron production and beam transport [100].

The first refers to the intermediate chain of particles produced by the protons incident in the

graphite target which eventually decay to neutrinos. The second refers to the optics of the beam,

such as the target position, magnetic field in the decay pipe and the amount of current in the

focusing horns [101]. The effects of these uncertainties are correlated between true neutrino energy

bins. To reorganize these into uncorrelated systematic uncertainties, these are treated with a

technique called Principal Component Analysis (PCA) [102]. This method starts from a statistical

ensemble of randomly generated variations in these uncertainties in order to estimate the variance

in each neutrino energy bin as well as the correlations between different bins. A covariance matrix

is then obtained and diagonalized, and the 5 eigenvectors with the largest eigenvalues are

considered for this analysis, as they capture 97.5% of the variance(ppfx hadp pc0{0,1,2,3,4}).

5.2.3 Detector response

Light Level The number of photons produced by an energy deposition in scintillator is

calculated using the parametrization

Nγ = Fview(YsEBirks + ϵCCγ) (5.2)

An alternate sample was generated to investigate the overall number of photons collected by the

fiber. A separate systematic for ND and FD. For both detectors, the light level uncertainty was

set as ±5%.
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Cherenkov This uncertainty was defined as a two-sided systematic, with the absolute value

of ϵc (an overall scaling factor for Cherenkov energy) shifted by ±0.05 (±6.2%).

Calibration Determined by studying the differences in data and MC in energy response for

various candidate particles. The absolute and relative calibration systematics were determined by

studying data- MC differences in the energy response for various candidate particles. Then

data-MC comparisons were made for each sample by comparing the dE/dx as a function of

position along the track. From these studies, the proton sample showed the largest discrepancy at

5%, which is taken as a conservative estimate for the calibration uncertainty across all samples

and both detectors.

Calibration Shape The systematic uncertainty was defined based on data/MC differences.

The uncertainty was the with a linear shape, with different slopes in the middle of the detector vs

the edges, determined by linear fits to data MC ratios [103].

Detector Aging The uncertainty is implemented as a simple linear drift downward in light

level as a function of time, and a corresponding drift upward in the overall calibration scale to

compensate. This is intended to mimic the impact of the number of hits above thresholds falling

over time, while the overall calorimetric energy remains the same [103].

Neutron systematic The uncertainty is obtained from a QE-like neutron prong subset of

ν̄µ CC candidates at the ND. A low energy MC neutron prong excess and a mid to high energy

neutron prong MC deficit were identified. A 1σ shift in this uncertainty randomly selects 47% of

simulated neutrons with visible energy below 20 MeV, and removes their energy contribution.

These two numerical values were chosen to achieve good agreement in the calorimetric energy of

said neutron prong candidates [104] (NeutronEvisPrimariesSyst2018).

Muon Energy Scale Characterizes the uncertainty associated with using reconstructed

muon length in the detectors to determine muon energy. For the ND the variation is 0.15% and
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for the FD 0.13%. These uncertainties are mostly for mass accounting, which includes uncertainty

in the volume or density of the detector components (scintillator, steel, PVC)

(CorrMuEScaleSyst2020, UnCorrFDMuEScaleSyst2020).

Tau Scale A 60% uncertainty is placed on the ντCC cross section. The origin of this

uncertainty is the OPERA measurement [105] of στ = (1.2+0.6
−0.5)× σGENIE. Their error bars are

applied to the 88% of the ντ sample which is CC. This results in a 57% uncertainty which is

rounded to 60%(NuTauScale).

5.3 Samples

5.3.1 Binning

The 2D space of (Ehad,vis, |q⃗|), applied to the topological samples described in Chapter 4,

results in very finely grained samples, as shown in Figure 5.7. In consequence, a significant

number of bins have very low statistics. When looking at data, these bins are susceptible to high

statistical fluctuations, and this is difficult to accurately represent by varying the systematic

parameters in the NOvA simulation. For this reason, it was decided to modify the samples by

removing the region of the (Ehad,vis, |q⃗|) phase space with large statistical fluctuations. This

corresponds to the red bins displayed in Figure 5.8, where the z−axis displays 1
√
N . In addition,

the total number of non-empty bins for the 10 samples is 8776, which means the fit will include

more than 8000 degrees of freedom. This translates to a computationally expensive fit. A variable

size of bins was chosen to reduce the number of degrees of freedom, while preserving the

distinctive features of each sample. This can be observed in Figure 5.9. The specific number of

bins for each sample, before and after applying said modifications are specified in table 5.3. These

adjustments greatly reduce the number of degrees of freedom from more than 8000 to fewer than

half without significant loss of information.
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Figure 5.7: Topological samples with uniform binning in (|q⃗|, Ehad) space
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Figure 5.8: Topological samples statistical fluctuations with uniform binning in (|q⃗|, Ehad) space
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Figure 5.9: Topological samples with specialized binning in (|q⃗|, Ehad) space
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Table 5.3: Topology samples binning before and after removing the high |q⃗ and low Ehad,vis phase space and
implementing variable bin size for each sample. The number in parenthesis represents the number of bins
with large statistical fluctuations, calculated as 1/

√
N , with N representing the number of events in each

bin.

Sample Uniform

(high-fluct) Variable

µ 874 (297) 155

µ+ P 887 (216) 252

µ+ P +X 834 (240) 278

µ+ π± +X 936 (168) 299

Remaining FHC 925 (143) 406

µ 780 (292) 141

µ+ P 797 (239) 225

µ+X 905 (320) 341

µ+ π± +X 921 (382) 240

Remaining RHC 917 (325) 202

Total 8776 (2622) 2539

5.4 Fake Data Studies

This section focuses on fake data studies created to understand the behavior of most of the

interaction model parameters described in section 5.2. In the various iterations of these studies,

the procedure is similar: fake data is created by shifting the systematic parameters with random

values within the allowed ±3σ. Then the samples are fitted using the same systematic

uncertainties as fit parameters. The expectation is that the fit result should yield a χ2 = 0 when

finding the correct value for the input parameters. To test the robustness of this method, the fits

are performed multiple times, with each iteration starting from a different seed, where the

parameters that are being fitted are assigned random values. This is done to ensure the whole

parameter space is probed.

5.4.1 Quasi-Elastic, Resonance and Final State Interactions fake data study

The first fake data study has the goal of testing different possible values for a subset of the

neutrino interaction parameters. The fake data is generated by assigning random values within
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the ±3σ variations allowed for each parameter. The fit minimizes the χ2 between the fake data

and the simulation in the 2D space of reconstructed three momentum transfer and visible

hadronic energy (|q⃗ Ehad), as displayed in Figure 5.7. Two sets of such fake data are presented in

tables 5.4. These fake datas labeled 1 and 2, are fitted multiple times starting from random values

of each systematic parameter. For fake data 1, 5.10 shows in the z−axis the number of fits that

converged in a certain parameter value. The lighter shades of violet indicate that a handful of fits

did not converge at the correct fake data value, however these are very few of the total cases.

This indicates that most of these parameters can be well constrained, except for the case of

Theta Delta2Npi, which approximately half of the fits find an alternate value. For fake data 2,

the results of the fit, shown in Figure 5.11, are very consistent for the 200 iterations made. In this

case, the Quasi-Elastic interaction parameters Z-Expansion form factors 2, 3 and 4, are

consistently found to be close to zero, instead of the randomly assigned value of the fake data.

This is an indication that these particular parameters can not be constrained with the topology

samples defined in Chapter 4.6. The fits to real data exclude these parameters, which in addition

have a low impact in the ND topologies, as indicated in Figure 5.1, where parameter 4 has a χ2

impact of O(10).

Figures 5.12 and 5.13 show the Ehad projection of fake data sets 1 and 2 respectively. The

fake data is indicated in green markers, while the blue and red lines indicate the fitted predictions

when the fitter converged and failed in blue and red respectively. The purple lines show the

different randomly seeded parameters where each fit started, which also depicts the range of

shapes that these parameters are able to model.

5.4.2 Correlations of QE and MEC parameters

Given that the largest adjustment to the NOvA central value is related to MEC interactions,

and this involves 13 parameters that overlap in the (|q⃗|, Ehad) with QE interactions, it is

interesting to understand how well can the QE and MEC parameters be constrained with the

topology samples presented in the Chapter 4. To study this, a fake data fit is constructed, where
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Table 5.4: Parameter shift values for two ND fake datasets

Parameter Fake data 1 Fake data 2

RPA Shape Enhancement 0.98 0.5

RPA Shape Suppression -0.50 1.10

Z-Expansion Axial Form Factor

Eigen Vector 1 -0.38 0.52

Eigen Vector 2 -2.00 0.10

Eigen Vector 3 0.43 -0.90

Eigen Vector 4 -0.18 -2.40

CCQE normalization -0.60 -2.60

Low Q2 Suppression -0.29 -0.25

Ma CC Resonance -1.86 0.35

Mv CC Resonance 0.65 -1.05

ThetaDelta2Npi 0.66 2.00

Res Decay B.R. 1 0.45 2.52

hN FSI Fate Fraction

Eigen Vector 1 -0.53 -3.00

Eigen Vector 2 1.63 2.15

Eigen Vector 3 -0.82 0.15

Mean Free Path -1.03 0.45

the 13 parameters that compose the two 2D gaussians of the MEC weights and the QE cross

section parameters are randomly shifted. For this fit, only the µ and µ+ P samples are included,

as these are the most enhanced in QE and MEC interactions. Figure 5.14 shows the true fake

data values and the results obtained from various fits. It is noticeable how for this particular

choice of parameter values, the fit results show degeneracies: most parameters have multiple

values that can describe the fake data. This is further noticeable in Figure 5.15, as the two

samples post-fit (blue lines) match the fake data closely, even having these multiple-valued cross

section parameters.

To better understand if the degeneracy observed in QE and MEC parameters is inherent of

the phase-space overlap, or the model parameters themselves, another fake data was created. For

this study, the samples µ and µ+ P are further separated by their true interaction type, and

excluding other interaction types, resulting in 4 samples: µ-QE, µ+ P -QE, µ-MEC and
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Figure 5.10: Fake data 1 random parameters (indicated with green markers). Fit results of 250 randomly
seeded fits are shown in shades of purple.

µ+ P -MEC. The fake data is generated in the same manner as before, applying random shift to

the model parameters. Then the same samples are fitted with the expectation of getting back the

same parameter values. Figure 5.16 shows the fake data generated and fitted with these four

samples. The Quasi-Elastic parameters are very well constrained, while the MEC parameters do

not return the correct fake data value consistently. This is a clear indication that these

parameters are highly correlated, and this is not a consequence of the overlap with Quasi-Elastic

interaction phase space.

The same experiment, with only the µ and µ+ P full samples, is repeated (fake data

generated with random values of the 13 MEC parameters and QE parameters) but removing two

of the parameters that compose the 2D gaussian from the fit. These correspond to the mean in q0

and the correlation parameter for gaussian 2 (as indicated in table 3.4), which enhance the region

of very low values of (q3, q0). A fake data fit with this modification is displayed in Figure 5.17. In

this particular data set, the degeneracies were lifted, as no more multiple-valued results show up.
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Figure 5.11: Fake data 2 random parameters (indicated with green markers). Fit results of 200 randomly
seeded fits are shown in shades of purple.

One noticeable feature is that three of the MEC parameters, although well constrained, are not fit

to the exact value with which the fake data was generated. This is an explainable feature, as the

parameters excluded form the fit are compensated by these additional shifts. In other words, 11

out of the 13 MEC gaussian parameters can describe the same shape in the distributions.

Therefore these parameters can safely be removed from the fit. This change is implemented in the

next fake and real data fits.

5.4.3 Change of MEC model

Given that the largest adjustment to the NOvA central value is related to MEC interactions,

it is of interest to understand if the parameters that construct this central value have sufficient

freedom to reproduce data which that contains a different 2p2h model. For this purpose, the

alternative scenarios accessible to evaluate within the NOvA framework are the MINERvA MEC

tune, and the extremes of the NOvA 2p2h, which are labeled QE-like and RES-like. The Minerva

MEC tune is a different parametrization of an adjustment to the Valencia model utilizing an
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Figure 5.12: Fake data 1 predictions with fit results. The top(bottom) row shows the FHC(RHC) samples
projected in the Ehad axis.
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Figure 5.13: Fake data 2 predictions with fit results. The top(bottom) row shows the FHC(RHC) samples
projected in the Ehad axis.
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Figure 5.14: Fake data with MEC and QE random parameters(indicated with green markers). Fit results of
50 randomly seeded fits are shown in shades of purple.

enhancement shaped as one 2D-gaussian in (q3, q0) [106], but based on the data from the

MINERvA experiment, which studies neutrinos from the same beam, but on axis.

Figures 5.18 through 5.20 display the topology samples for FHC and RHC in the

two-dimensional space of (|q⃗|, Ehad. As the µ, µ+ P and remaining samples encapsulate most of

the MEC phase-space, these are the samples that show a significant shape and normalization

change. The case of MINERvA weight shows a smaller enhancement at the lowest (|q⃗|, Ehad bins,

while the QE and RES-like weights show a notorious shift in the distribution peak, particularly

for the FHC µ+ P sample.

These fake data fits include a total of 53 systematic uncertainties, which describe the cross

section model, detector response and neutrino flux as detailed in section 5.2. Figures 5.21 through

5.23 show the result of 50 fits randomly seeded in those 53 parameters. Highlighted in blue is the

particular fit result which produced the best fit to the fake data, which is determined as the

smallest overall χ2. For the case of the MINERvA weight fake data, most of the parameters seem

to be well constrained, as most of the fit results coincide with the best fit. Although the fitted

parameters can very well describe these fake data, there are a number of parameters which are
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Figure 5.15: Fake data with MEC and QE random parameters predictions with fit results. The top(bottom)
row shows the Ehad(|q⃗|) samples projected in the Ehad axis.

pulled to very large values, outside of the ±3σ uncertainty range, such as DISvbarpCC3pi 2020,

MECInitStateNPFrac2020AntiNu, and MECEnuShape2020Nu. The good agreement of this fake

data fit result is shown in Figure 5.24.

The case of QE-like and RES-like MEC fake data sets is similar. Most of the parameters

included in the fit are well constrained, as most fit results coincide with the best fit. For the

QE-like fake data, 3 parameters show large values DISvnCC3pi 2020 DISvpCC3pi 2020 and

GussEnhSystNorm 1 For the RES-like fake data most of the systematic parameters show values

within the ±3σ range. However ambiguities in the DIS parameters for a small fraction of the fits
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Figure 5.16: Fake data with MEC and QE random parameters(indicated with green markers). Fit results of
185 randomly seeded fits, on QE and MEC separated µ and µ+ P samples, are shown in shades of violet.
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Figure 5.17: Fake data with reduced MEC and QE random parameters(indicated with green markers). Fit
results of 50 randomly seeded fits are shown in shades of purple.
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is observed. In both cases, the best fits match these fake data very closely, as can be observed in

figures 5.25 and 5.26 .

5.5 Data fits

After performing various fake data studies the finalized list of parameters and binning, real

data can be fitted. In addition to the χ2 cut criteria to exclude parameters which which can not

be constrained via this fit, an additional modification is made: the penalty term is adjusted in to

ensure the parameter constrains stay within the physically understood range of {−3, 3}σ.

Initially, it was observed that fits where poorly constrained parameters were included, resulted in

values very far outside of this range. This modified penalty term, in addition to the reduced list

of parameters, ensures that the fits do not result in highly unphysical values. Equation 5.4

describes the modified penalty term P(σi), where outside of ±3σ, the function increases

exponentially instead of the original quadratic shape.

In summary the data fits minimize:

χ2(θ⃗) = min
(
χ2(θ⃗, s⃗) +

∑

i

P(σi)
)

(5.3)

,

and the penalty term can be written as:

P(σ) =





σ2 if |σ| < 3

exp[(σ − a)4] + b if ≥ 3

(5.4)

where a = 2.081453945311349 and b+ 6.676273112395464, as depicted in Figure 5.27
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Figure 5.18: Minerva tune ND fake data
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Figure 5.19: QE-like ND fake data
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Figure 5.20: RES-like ND fake data
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Figure 5.21: Systematic uncertainty shifts after Minerva tune ND fake data fit.
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Figure 5.22: Systematic uncertainty shifts after QE-like tune ND fake data fit.
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Figure 5.24: Visible hadronic energy distributions of ND fit using Minerva MEC fake data.
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Figure 5.25: Visible hadronic energy distributions of ND fit using QE-like MEC fake data.
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Figure 5.26: Visible hadronic energy distributions of ND fit using RES-like MEC fake data.
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As described in section 5.4.2, the MEC tuning parameters show degeneracies with the QE

parameters. This is a concern with regards to fitting real data, as it is possible to obtain multiple

valued results, or different constrains, without being able to discern if the resulting parameters fit

are the “true” best fit. To understand how these parameters interact, the procedure is repeated

two times, with and without the MEC tune parameters. In both cases, the criteria to consider the

best fit is the set of parameter values that results in the smallest χ2 between simulation and data.

5.5.1 Data fit without MEC adjustment uncertainties

Figure 5.28 shows the result of fitting data with the finalized list of parameters, excluding the

MEC tune parameters. Note that the nucleon pair fraction and energy dependent MEC

systematics are still included. Most of the parameters have multiple values that are considered a

valid, by the MINUIT framework, as noted by the shades of purple displayed in Figure 5.28. The

best fit, indicated with blue markers, and specified in table 5.5, presents its largest pull on the

MECInitStateNPFrac2020Nu parameter. This is a strong indicator that the data in the samples is

better described with the freedom to reshape the MEC enhancement of the NOvA tune, as the

MEC-related parameters included (nucleon pair fraction and energy dependent shape) are

limited. There are also large (> | ± 2σ|) shifts for three out of five beam parameters, enhancement

on RES parameters and suppression in the DIS parameters. Table 5.6 shows the χ2 of the

samples after the fit. Note that all the samples’ χ2 is significantly reduced, except for the µ RHC

sample. The Ehad projection of the distributions are displayed in 5.29. The ratio to data in these

plots shows that the post-fit distribution are much closer to a ratio of 1. In the case of the RHC µ

samples, the slightly larger χ2 is coming from the higher Ehad bins, which are less populated. The

µ+ π +X, µ+ P +X and µ+X samples have a significantly improved agreement with data.
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Figure 5.28: ND data fit results excluding MEC tune parameters. Fit results of 1020 randomly seeded fits.
The systematic uncertainty shift values highlighted in blue produce the smallest χ2.

5.5.2 Data fit with MEC adjustment uncertainties

The summary of fits to data including the final list of parameters is displayed in Figure 5.30.

In this case, similar to the version without MEC parameters, most parameters have multiple

values that are considered a valid fit, and which result in a significantly improved data-MC

agreement. The values that yield the smallest χ2 are highlighted with blue markers, and specified

in table 5.7. In this case, the largest pull is in the hNFSI MFP 2020 parameter. Two of the five

beam parameters show large pulls (larger than ±2σ), as well as six of the ten MEC 2D gaussian

parameters. The pulls on the DIS systematics are consistent with the fit with no MEC

parameters, and the agreement of this best fit is better than the case without MEC uncertainties,

as shown in the χ2 per sample, and total, displayed in table 5.8. The χ2 table also shows that the

agreement of most samples is improved with respect to the fit with no MEC parameters, as all

samples have a smaller χ2 than the pre-fit prediction. Particularly the µ and µ+ P samples show

a significant χ2 reduction, and the case of µ+ π +X, µ+ P +X and µ+X have better

agreement than without MEC parameters, even when these samples have a small fraction of MEC
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Figure 5.29: Visible hadronic energy distributions of ND fit to data with final list of parameters, excluding
MEC.
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Table 5.6: χ2 summary of ND data fits excluding MEC tune parameters

Sample χ2 pre-fit χ2 post-fit

FHC

Muon 8387.77 5426.1

MuPr 12238 5583.6

MuPiEtc 5204.8 3006.99

MuPrEtc 17816.7 1533.88

EvElse 16803.5 2703.23

RHC

Muon 4748.5 5236.04

MuPr 11894.9 1717.12

MuPiEtc 4635.8 2457.91

MuEtc 27676 1982.09

EvElse 3653.12 1918.62

Total per D.o.F. 113059 / 2496 = 45.2961 31565.6 / 2496 = 12.6465

interactions. These is further shown in Figure 5.31, where the ratios of data ans simulation for all

samples are very close to 1.

5.6 Summary

Although all the systematic parameters can not be unambiguously constrained in the ND

topology samples, the best fit found describes the data significantly better than the initial CV,

which was already obtained from ND inclusive selection (i.e. the NOvA tune). Excluding the

MEC gaussian parameter does not seem to significantly improve the degeneracy in the parameters

fit, and in turn the agreement to data is worsened significantly, as seen by the overall χ2 per

degree of freedom, which increases to 12.5 when excluding MEC parameters and 8.12 when they

are included. Figure 5.32 shows the χ2 per sample comparing the pre-fit and post-fit result in

both cases, with and without MEC parameters. As mentioned earlier, in both cases agreement

improves significantly, but it shows more improvement, particularly for the µ and µ+ P samples

with the full list of parameters. Also note that in both cases the µ+ P +X, µ+X and remaining
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Figure 5.30: ND data fit results including all relevant parameters. Fit results of 1020 randomly seeded fits.
The systematic uncertainty shift values highlighted in blue produce the smallest χ2.

FHC are the samples with the most reduction of χ2. The effects of by sample of different

parameters is displayed in appendix A.

The level of agreement achieved with this fit is considered to be a good description of the ND

data. The constrain obtained from this fit is implemented in the FD oscillation fit. As the

remaining data-MC differences remain a concern, this is addressed in an additional robustness

study in Chapter 6.
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Figure 5.31: Visible hadronic energy distributions of ND fit to data with final list of parameters
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Table 5.8: χ2 summary of ND data fits including all parameters

Sample χ2 pre-fit χ2 post-fit

FHC

Muon 8387.77 1894.56

MuPr 12238 2594

MuPiEtc 5204.8 2157.14

MuPrEtc 17816.7 1344.32

EvElse 16803.5 1942.24

RHC

Muon 4748.5 3511.17

MuPr 11894.9 1379.67

MuPiEtc 4635.8 2613.83

MuEtc 27676 1626.07

EvElse 3653.12 1453.9

Total per D.o.F. 113059 / 2486 = 45.4783 20517.2 / 2486 = 8.25308
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Pre-fit No MEC tune All parameters

μ μ + P
μ + π + X

μ + P + X
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μ μ + P
μ + π + X
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Figure 5.32: Summary of χ2 pre and post fit per sample. The nominal, or NOvA tune, predictions’ χ2 is
shown with the grey markers. Fits with MEC tune parameters are in purple and without in green.
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CHAPTER 6. IMPACT OF ND CONSTRAIN IN 3 FLAVOR

OSCILLATION ANALYSIS

In chapters 4 and 5, we defined ND samples that are used to constrain the systematic

uncertainty parameters of the NOvA cross section model. It was shown that the current model

with constrained parameters can describe the actual ND data better than the nominal NOvA

weight from chapter 3. In this chapter we introduce the νµ FD predictions that correspond to the

same topologies as the ND ones, as well as the νe selection that are used to measure oscillation

parameters. A method to include the ND constrain from chapter 5 in the oscillation fit is

described with an Asimov fake data fit. Various studies to test the robustness of this fitting

method are presented. We conclude with the residual difference fake data fits, which address the

concern of the remaining difference that still exists after the ND fit is finalized.

6.1 Far Detector predictions

Section 4.4.1 detailed the selection criteria for the νµ and νe selection in the FD. For the

fitting method os this thesis, the constrain from the ND relied on the topology selections, which

were defined in table 4.1. The FD νµ and ν̄µ selections are subdivided using that same criteria.

This adds up to 12 FD samples: 5 νµ (FHC), 5 ν̄µ (RHC), 1 νe (FHC) and 1 ν̄e (RHC) selections.

The distributions of these samples are shown in figures 6.1 and 6.2. Notice that the cosmic

background is included in this distributions. The estimation of the background is made by

overlaying cosmic events from real data taking scaled to the time (livetime) that corresponds to

the POT when beam data was collected. These predictions assume oscillation parameters as the

latest NOvA results [10] (see table 6.1 ). The systematic uncertainty band displayed includes the

unconstrained systematic variation from the list of parameters in table 5.7, plus additional

FD-only systematics described in section 6.2.1. The different topologies for the νµ and ν̄µ samples
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show different shapes in Eν , where we see the oscillation dip (between 1 and 2 GeV) more

pronounced for the µ and µ+ P samples.

6.2 Fitting method

In order to obtain a measurement of oscillation parameters from the NOvA FD data, we

continue using a frequentist statistical approach, similar to the approach used to obtain a

constrain in the ND, as described in chapter 5. We start from the Poisson log-likelihood function

for a binned prediction of neutrino events parametrized by the vector of oscillation parameters θ⃗:

−2 lnλ(θ⃗) = −2

N∑

i=1

[
Ni(θ⃗)−Oi +Oi ln

Oi

Ni(θ⃗)

]
, (6.1)

where Oi is the observed number of events in bin i, Ni is the predicted number of events in the

bin i. These bins account for 12 the samples: 5 νµ , 5 ν̄µ , 1 νe and 1 ν̄e . According to Wilk’s

theorem, −2 lnλ follows a χ2 distribuion, provided certain regularity conditions are met [107], so

we use the ”Gaussian approximation” −2 lnλ(θ⃗) = χ2(θ⃗). The set of oscillation parameters θ̂ that

best describes the data is obtained by minimizing 6.1: χ2
best fit ≡ χ2(θ̂) = min

(
χ2(θ⃗)

)
.

The test statistic ∆χ2 is defined as

∆χ2 = χ2(θ⃗)− χ2(θ̂) (6.2)

which is always non-negative.

6.2.1 ND Constrain and Systematic Uncertainties

As described in chapter 5, the high statistics sample from the ND is used to constrain the

systematic parameters in the underlying model used to simulate the data. The FD predictions are

also described by these constrained model parameters (δ⃗ND), as well as additional systematic

uncertainties that are unique to the FD (δ⃗FD). Equation 6.1 is then modified to include a

covariance matrix penalty term VND as well as an unconstrained penalty term, similar to that of

equation 5.1:
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−2 lnλ(θ⃗, δ⃗) = χ2(θ⃗, δ⃗) (6.3)

= −2
N∑

i=1

[
Ni(θ⃗, δ⃗)−Oi +Oi ln

Oi

Ni(θ⃗, δ⃗)

]
+

S∑

j=1

δ2ND,j

σ2j
+ δ⃗TFDV

−1
ND δ⃗FD. (6.4)

Unlike equation 5.1, a subset of the systematic parameters δ⃗ are not independent of each

other, but instead constrained by the values and covariance found in the ND best fit. The

additional S systematic parameters, which are unique to the FD predictions remain considered

independent, and therefore preserve the quadratic penalty term. A schematic of the workflow of

this fit is shown in Figure 6.3.

M.Martinez-Casales 1

 
minimization

χ2( ⃗δ )
10 ND /  

( ) 
topology samples

νμ ν̄μ

| ⃗q | , Ehad

53 systematic 
uncertainties ⃗δ

ND constrain: 
Best and ⃗δ

VND

10 topology /  FD 
samples 

2 /   FD samples

νμ ν̄μ

νe ν̄e

5 FD-only 
systematic 

uncertainties

 
minimization

χ2( ⃗θ , ⃗δ ) oscillation 
measurement 
✨ ✨̂θ

Figure 6.3: Diagram depiction of the oscillation fit with ND constrain

In section 5, 53 sources of systematic uncertainty were included in the ND fit. These included

parameters in the categories of cross section, neutrino flux and detector response. Of these 53

systematic parameters, 48 are included in the oscillation fit. The systematic uncertainties

removed are of the category of detector response, specifically calibration, calibration shape, light

level, and Cherenkov parameters. The Far and Near detectors, although functionally identical, in

practice has different response, so independent parameters are used for the FD. The covariance
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matrix found from the ND constrain is then reduced by removing the rows and columns that

correspond to these five parameters. Figures 6.5 and 6.4 show the covariance and correlation

matrices obtained from the ND fit. The correlation matrix, with elements Cij is included as it is

easier to read. It is computed from the elements of the covariance matrix V :

Cij = Cji =
Vij√
VjjVii

. (6.5)

Notice very strong correlations and anticorrelations among the 2D gaussian MEC parameters.

The matrices from Figure 6.5 and 6.4 include the detector response covariance and correlations

from the ND parameters (top 5 rows and last 5 columns), which are omitted when introducing

this constrain to the FD fit.

The additional parameters that were not included in the ND fit (as described in section 5.2)

are Muon Energy Scale, Tau neutrino scale, radiative corrections and Neutral Current versions of

RES Ma and Mv, totaling 62 systematic uncertainty sources. These are particularly relevant for

νe interactions, which were not possible to constrain using the ND νµ and ν̄µ data. The muon

energy scale systematics were also included only for the FD fit, given that a separate study

pointed out the variables used in the ND were not as sensitive to the muon kinematics [108].

6.3 Asimov data fit

Fits to fake data are done prior to unblinding the actual FD data. The fake data used in this

study, also called Asimov prediction [109], refers to histograms produced from the high statistics

simulation, scaled down to the expected exposure of the real data. This translates to bins which

not necessarily have an integer number of events, but do have the expected statistical errors of

real data. The Asimov prediction in this study incorporates the oscillation parameter values for

δCP , sin
2 θ23 and ∆m2

32 measured in the latest NOvA analysis from [10], specified in table 6.3. In

addition, the ND constrain described in the previous chapter is also implemented in the FD

predictions. The exposure used to scale the FHC samples is (14.2× 1020) and for RHC

(12.5× 1020 ) POT-equiv.
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Correlation Matrix. Fit: NDxsec_newRESDIS_mectuneReduced_neutron_NDFDpca_detector_GaussianSeed, Mu_MuPr_MuEtc_MuPi_MuEtc_EvElse_
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Figure 6.4: ND fit correlation matrix of systematic parameters obtained from ND fit.
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Covariance Matrix. Fit: NDxsec_newRESDIS_mectuneReduced_neutron_NDFDpca_detector_GaussianSeed, Mu_MuPr_MuEtc_MuPi_MuEtc_EvElse_
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Figure 6.5: ND fit covariance matrix of systematic parameters obtained from ND fit.
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Thus the fitted predictions and sensitivities are constructed following the procedure described

before and summarized in Figure 6.3. The oscillation parameters δCP sin2 θ23 and ∆m2
32 are

simultaneously fit, as free parameters. Note that the χ2 minimization includes the constrained

oscillation parameter θ13, which has been measured by reactor neutrino experiments with higher

precision than what is feasible with long baseline experiments. This is treated as a nuisance

parameter, in a similar fashion as the systematic uncertainties, having a quadratic penalty term

with 1σ as indicated in table 6.3.

Table 6.1: Asimov oscillation parameters from NOvA best fit [10] and external constrains [110].

Parameter Value

NOvA best fit

∆m2
32 2.41 ×10−3eV2

sin2 θ23 0.57

δCP 0.82π

External constrains

∆m2
21 7.53 ×10−5eV2

sin2 θ12 0.2807

sin2 θ13 0.0210± 0.0011

ρ 2.84 g/cm3

Figures 6.6 and 6.7 show the fake data which is generated with the oscillation parameters

listed and using the constrain from the ND for the list of systematic uncertainties from chapter 5.

The ratio plots include the statistical uncertainties, which are dominant with the current

exposure. These predictions are also overlaid with the nominal prediction (which does not include

any constrain), and the total unconstrained uncertainty. Notice the blue error bands display the

reduced uncertainty as it is constrained by the ND fit.

Figure 6.8 shows the 1-dimensional slices of the oscillation parameters fit, which also show the

1σ uncertainties for each parameter at the global best fit. Note in this case the best fit is in the

Normal Ordering, Upper Octant. The resulting values are identical to the parameters assigned to

the Asimov point as expected.
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Table 6.2: Asimov fit result. The 1σ uncertainty is given by Figure 6.8

Parameter Value

∆m2
32(×10−3eV2) +2.41+0.058

−0.060

sin2 θ23 0.568+0.025
−0.124

δCP (π) 0.82+0.21
−0.80
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Figure 6.8: One-dimensional significance for δCP , sin2 θ23 and ∆m2
32 in the Asimov fit, shown for Normal

(blue) or inverted (red) mass ordering/hierarchy, and for upper (solid line) or lower (dashed line) octants.
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6.3.1 Contours

Figure 6.9 shows the contours in (δCP , sin
2 θ23) and (∆m2

32, sin
2 θ23) spaces, profiling over the

two other variables not shown (including sin2 θ13), asuming Normal Ordering/Hierarchy and

Inverted Ordering/Hierarchy for the masses. The 1,2 and 3 σ contours are drawn, which

correspond to
√
∆χ2 = 2.280, 6.18 and 11.83 respectively.
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Figure 6.9: Sensitivities assuming the oscillation parameters in table 6.1 for Normal (blue) and Inverted (red)

Hierarchy/Ordering. 1, 2, and 3σ allowed regions are profiled over sin2 2θ13 and ∆m2
32 (left) and sin2 2θ13

and δCP (right).

6.3.2 Sensitivities

The potential to determine neutrino mass hierarchy, CP violation, non-maximal mixing and

the octant of θ23 is calculated in the following way:
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• Mass ordering sensitivity: χ2
wrong ordering − χ2

right ordering, profiled over sin2 θ23,∆m
2
32, sin

2 θ13

and δCP .

• CP violation sensitivity: χ2
0,π − χ2

all values

• Maximal mixing sensitivity: χ2
sin2 θ23=0.5

− χ2
all values

• θ23 octant rejection sensitivity: χ2
wrong octant − χ2

right octant, profiled over ∆m2
32, sin

2 θ13, δCP ,

and sin2 θ23.
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Figure 6.10: Potential rejection of the (a) wrong hierarchy and (b) CP conservation as a function of δCP ;

(c) maximal mixing and (d) wrong octant, as functions of sin2 θ23 , assuming true normal (blue) or inverted

(red) hierarchy.
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6.4 Multiple Universes fit robustness test

Recall from Figure 5.30, that the ND constrain chosen, and that produces the smallest χ2 in

the ND samples, is picked from approximately 1000 different fits. It is a concern that with the 53

parameters parameters to minimize, the seeds used for the fit did not fully explore the parameter

space, and therefore a different set of parameter values might better describe the data. This in

consequence will produce a different FD prediction, and if the constrain was different it might

bias the oscillation result.

A study is designed to test the robustness of the oscillation fit, against variations in the ND

constrain selected. The strategy is the following:

• Fake data is the Asimov produced with the NOvA best fit oscillation parameters from table

6.1 and using the constrain from Figure 5.30.

• Select a subset of valid ND constrains to fit oscillation parameters using the Asimov data

and these different ND constrains.

• If the variation of these fits is small, then we can be confident that using the best fit (the

one that produces the smallest χ2) from the ND, even if not the optimal, will not make a

significant difference in the oscillation measurement.

Figure 5.30 shows multiple allowed values for systematic parameters. These different values

produce various post-fit distributions with similar level of agreement. However the range of χ2

spans from 20517 to > 24000. The distribution of χ2 values for the valid fits is shown in Figure

6.11. A set of randomly selected fit results, following such distribution, is pictured in Figure 6.12.

The systematic parameter values for the 85 constrains with the lowest χ2 values is shown in

Figure 6.13. Notice that the degeneracy in the parameter values found is mostly lifted when the

lowest χ2 fit results are selected. Most parameter values of these constrains match with the best

fit, which is highlighted in black. Notice however, that there are parameters still show two values

that produce ND distributions with χ2 between 20517 and 20767, including
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ZExpAxialFFSyst2020 EV1,2,3, ZNormCCQE, DISvnCC1pi 2020, and

MEC EnhSystSigmaQ3 2 GSFProd5p1.

21000 22000 23000 24000 25000
2χ 

0
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 n
um

be
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of
 fi

ts
 

 

 of failed fits2χ
 of passing fits2χ

 

Figure 6.11: χ2 distribution of 1020 randomly seeded fits to ND data. The blue distribution shows the result
of fits that converged, and the red line shows the fits that failed.

For the robustness test, only the top 85 ND constrains (the lowest χ2 yielding fits, shown in

Figure 6.13) and their corresponding covariance are used to fit the Asimov fake data (the same

fake data displayed in figures 6.6 and 6.7). Each constrain used is considered a universe, and

these represent the case where the constrains utilized to fit oscillation parameters are close, but

not equal, to the actual parameter values that represent the FD data.

Figure 6.14 displays the overlaid contours of oscillation fits using the Asimov data, as in

Figure 6.9, and for each fit with covariance matrices from the 85 ND constrains that correspond

to the systematic shifts in Figure 6.13. Notice that the 2 and 3 σ contours are mostly identical to

the Asimov contours, displayed in red or blue lines. Only a small dip in the 2σ contour for the

Normal Ordering δCP − sin2 θ23 is noticeable. The 1σ contours do show some variation, specially

in the Normal Ordering δCP − sin2 θ23 plot. For the same space, a fraction of the fits show a best
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Figure 6.12: ND data for 89 randomly sampled fit results from post-fit χ2 distribution. The systematic
uncertainty shift values highlighted in black markers produce the smallest χ2.
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Figure 6.13: ND data fit results for 85 lowest χ2. The systematic uncertainty shift values highlighted in
black markers produce the smallest χ2.
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fit shifted towards δCP = π/2, and no shift in sin2 θ23. Although this is a non-negligible shift in

the δCP axis, notice that all the best fit points are within the 1σ contour.
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Figure 6.14: Sensitivities for the fit to Asimov data, using different constrains from ND data. The grey lines
represent the 1, 2 and 3σ allowed regions for each universe(ND constrain) and the red/blue lines represent
the result with the correct ND constrain.

6.5 Fake Data fits

The Asimov fit from the previous section demonstrates the technical feasibility of the fitting

method . However, it is necessary to study the performance of the fit testing it with different

scenarios where the FD data differs from the constrained prediction considered as the Asimov

data. The cases of study concern the underlying neutrino interaction model and the quality of the

ND constrain. For the first case, the fake data is created with differences in the MEC interaction
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model. The second case studies a scenario where the FD prediction contains a constrain that

perfectly matches the data, via the introduction of a residual weight. In order to compare the

results of these different fake data fits in a consistent basis, a set of bias metrics are defined.

6.5.1 Bias Metrics

The mid-point and width of a confidence interval is compared between the Asimov fit and the

fit using a different fake data [111]. The 2σ confidence interval is used to asses the fake data

studies in this thesis.

There are two sources of uncertainty in the fits: statistical ( σstat) and systematic(σsyst). The

systematic uncertainty is calculated subtracting in quadrature the the witdth of the confidence

interval from a fit with no systematic parameter (statistical errors only) from the width of the

Asimov fit including all systematic parameters:

σsyst =
√
σ2asimov − σ2stat (6.6)

.

There are two categories of criteria to assess whether the bias from a fake data fit is

acceptable. The first is the change in mid-point (∆mid), compared to the systematic uncertainty

σsyst. If the change in the mid-point of the confidence interval is larger than 50% of the

systematic uncertainty, the bias would be considered significant. The second criteria is based on

the the total width of the interval. If the change of width of the confidence interval, between

Asimov and fake data, is larger than 10% of the total width of the Asimov fit interval, this is also

considered a significant bias. In summary, a fake data fit is considered to have significant bias if

either of the following is true:

• ∆mid > 0.5σsyst

• ∆σ > 0.1σasimov

These criteria are used to evaluate the constrains on ∆m2
32 and sin2 θ23. To compare the fits

with respect to δCP , we only observe qualitative differences in the ∆χ2 surfaces. As it is a cyclical
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variable, and the 2σ confidence interval can be discontinuous, so σsyst is not as straightforward to

compute.

6.5.2 MEC model change fake data studies

Three fake data sets are generated using the same MEC model changes that were used for the

ND fits in section 5.4.3. The FD predictions MEC interactions are reweighted as explained in the

ND case, and the same oscillation parameters from table 6.1. The oscillation fits are done using

the ND constrain and covariance matrix for the corresponding fake data fit to the ND. In other

words, the fit is similar to the scheme of Figure 6.3, only substituting the data in ND and Asimov

data in FD, for MEC-reweighted predictions. The correlation and covariance matrices are in

appendix B.

Minerva weights for 2p2h This fake data fit includes the constrain from 5.21 and the

covariance matrix in Figure B.2. The contours that correspond to this fit (grey lines) are

compared to the Asimov fit (red/blue lines) in Figure 6.15. The best fit point is practically

identical to that of the Asimov fit. The most notorious difference is in the space of δCP and

∆m2
32 , where the 1σ contour is larger, allowing a larger set of values for ∆m2

32 , particularly for

the normal ordering (blue). In the case of ∆m2
32 - sin2 θ23 space, the contours are only slightly

shifted. Note however that the inverted ordering case shows less preferece for the upper octant

than the Asimov fit.

QE-like MEC fit This fake data fit includes the constrain from 5.22 and the covariance

matrix in Figure B.5. The contours that correspond to this fit (grey lines) are compared to the

Asimov fit (red/blue lines) in Figure 6.16. Notice a slight widening of the 1σ contour in the

normal ordering δCP - ∆m2
32 axes. The inverted ordering ∆m2

32 - sin2 θ23 1σ contour in the

inverted ordering case shows slightly less preference for the upper octant, while the normal

ordering case is very similar to the Asimov data fit. The best fit point is close to identical to the

Asimov fit.
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Figure 6.15: Sensitivities assuming the oscillation parameters in table 6.1, comparing MINERvA-weighted
MEC fake data (grey) and Asimov data fits, for Normal (blue) and Inverted (red) Hierarchy/Ordering. 1,
2, and 3σ allowed regions are profiled over sin2 2θ13 and ∆m2

32 (left) and sin2 2θ13 and δCP (right).

RES-like MEC fit This fake data fit includes the constrain from 5.23 and the covariance

matrix in Figure B.8. The contours that correspond to this fit (grey lines) are compared to the

Asimov fit (red/blue lines) in Figure 6.17. Notice a slight contraction of the 1σ contour in the

normal ordering δCP - ∆m2
32 axes. The ∆m2

32 - sin2 θ23 contours are very similar in both normal

and inverted mass ordering. The best fit point is close to identical to the Asimov fit.

Aside from the qualitative observations described, the bias of these fits is evaluated using the

bias metrics defined previously. It was noticed that the 2σ contours did not shift very much from

the Asimov to each of the fake data cases. This is further confirmed by computing the bias

metrics for these fits, shown in the table of Figure 6.18, which demonstrates that these fake data
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Figure 6.16: Sensitivities assuming the oscillation parameters in table 6.1, comparing QE-like-weighted MEC
fake data (grey) and Asimov data fits, for Normal (blue) and Inverted (red) Hierarchy/Ordering. 1, 2, and
3σ allowed regions are profiled over sin2 2θ13 and ∆m2

32 (left) and sin2 2θ13 and δCP (right).

studies show no significant bias. The 2σ confidence intervals are shown in detail in appendix B

(figures B.3,B.6 and B.9).

The fact that these fake data studies show no significant bias additionally demonstrates the

robustness of this method against variations on the shape of the data which are not explicitly

defined by the parameters of table 5.7. In other words, if the data in the ND and FD can be

described as close as the constrains of section 5.4.3, the oscillation measurement is unlikely to be

significantly biased.
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Figure 6.17: Sensitivities assuming the oscillation parameters in table 6.1, comparing RES-like-weighted
MEC fake data (grey) and Asimov data fits, for Normal (blue) and Inverted (red) Hierarchy/Ordering. 1,
2, and 3σ allowed regions are profiled over sin2 2θ13 and ∆m2

32 (left) and sin2 2θ13 and δCP (right).

6.5.3 Residual difference fit

Table 5.8 quantifies the agreement of the fitted topology samples based on the χ2 comparison

before and after the fit. The χ2 per degrees of freedom is significantly reduced, although the

simulation does not match the data perfectly. However, the ND data set has very high statistics,

and it is a difficult task to determine what is a sufficient level of agreement that does not bias the

FD prediction. In order to study the effect of the remaining disagreement between ND data and

simulation, and quantify how much this biases the oscillation fit, an alternative FD fake data set

that corresponds to perfect ND agreement is implemented. This fake data is created by

implementing reweighting bin-by-bin the FD νµ topology samples. The weights are obtained by

computing the ratio of the ND data and constrained simulation in the same axis (Eν) that is used
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|Δm322| Sin2θ23

Best 
fit 

point

Mid-
point Width σ syst

Best fit 
point

Mid-
point Width σ syst

Stats only fit 2.35 2.48187 0.1907 0.1018 
Critical: 0.0509

0.493333 0.60106 0.173345 0.0911 
Critical: 0.0456Asimov fit 2.41 2.51213 0.21618 0.568 0.613086 0.195845

FDS BF Mid-
point

Width Δσ Δ mid Sgnf 
bias

?

Best fit 
point

Mid-
point

Width Δσ Δ mid Sgnf 
bias

?Minerva 2.41667 2.51203 0.2108 -0.00538 -0.0001 no 0.566667 0.610234 0.194078 -0.001767 -0.002852 no

QE-like 2.4 2.5095 0.21862 0.00244 -0.00263 no 0.566667 0.613536 0.197758 0.001913 0.00045 no

RES-like 2.41667 2.51246 0.21564 -0.00054 0.00033 no 0.573333 0.613611 0.195839 -0.000006 0.000525 no

Figure 6.18: Bias metric table for the MEC model change fake data fits shown in figures 6.16 through B.3.
All fake data fits pass the bias metric criteria.

to fit oscillations with the FD samples. Figures 6.19 and 6.20 show the ND topology samples

comparing data and simulation, where the ratios correspond to the residual weight that will be

applied to the FD samples.

For the FD νe predictions, the implementation of the residual weight is slightly different. The

ND topology samples can only constrain parameters related to νµ interactions. Therefore the

residual weight is implemented to the signal component of the νe prediction. This means only the

fraction of predicted νe and ν̄e that oscillated from νµ /ν̄µ are reweighted. Another difference is

that the weight is obtained from the total distribution of ND νµ , in the same Eν bins that are

used for the νe prediction. Figure 6.21 shows the corresponding distributions to obtain such

weights.

Notice that the overall behavior of the ratios corresponds to overprediction at bins in the

falling edge (greater than ≈2 GeV), and in some cases, underprediction at the peak of the

distributions (bins from 1.5 to 2 GeV).

In order to test the validity of this method, and evaluate the bias, three different Asimov data

sets are considered. These are various points-of-interest in the oscillation parameters phase space

which are observable by the NOvA experiment. The bi-probability plot shown in Figure 6.22

displays the Asimov points. Table 6.3 specifies the values for each parameter. Asimov point A is

what corresponds to the NOvA best fit [10], which was already used in the previous displayed fits.
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Figure 6.19: ND FHC samples and residual in neutrino energy axis. The grey line represents the nominal
simulation, and the blue represents the distribution with residual weights applied. The bottom plots show
the ratio of data with respect to each version of the simulation.
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Figure 6.20: The grey line represents the nominal simulation, and the blue represents the distribution with
residual weights applied. The bottom plots show the ratio of data with respect to each version of the
simulation.
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Figure 6.21: ND FHC and RHC total νµ samples and residual in neutrino energy axis.

One additional motivation for testing these particular oscillation parameters, is that the

expected number of events substantially changes for Asimov B, therefore this tests one of the

extreme scenarios that is consistent with the expected observation in the NOvA detectors.

The same reweighting procedure is used for the three Asimov points proposed. The

comparison of the Asimov and Residual fake data predictions for each of the cases is in appendix

C.

Table 6.3: Specific oscillation parameter values for Asimov points chosen.

Parameter Asimov A Asimov B Asimov C

∆m2
32(×10−3eV2) 2.41 2.51 -2.45

sin2 θ23 0.57 0.53 0.5

δCP 0.82π 1.5π 1.5π
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Figure 6.22: Schematic of the bi-event space occupied by chosen Asimov
points, overlaid with NOvA data from [10].

Asimov A The Asimov A fake data fit is compared to the residual fake data. Recall from

figures 6.19 and 6.20, that overall the residual weights correct for the overprediction at the tail of

the Eν distribution (> 2 GeV). These differences can be described very well by the fit for the

FHC distributions (Figure 6.23), and to lesser degree in the RHC distributions (Figure 6.24),

particularly for the µ+ P and µ+ π +X , which remain overpredicted and underpredicted

respectively. Figure 6.25 shows the 1D significances overlaid for Asimov and residual fake data

fits. The normal ordering, upper octant curves show a shift of the best fit towards lower δCP and

∆m2
32 , and an upwards shift of sin2 θ23 , of the residual fits with respect to the Asimov. This is
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also osbserved in the contours on Figure 6.26. Notice in this case the residual fit 1σ contours

(grey) are wider than the Asimov ones, for all cases. In the ∆m2
32 - sin2 θ23 space, the residual fit

contours are more symmetrical, thus showing less preference for the upper octant than the

Asimov. The bias metrics computed for this fit, using the 2σ confidence interval, are displayed in

table 6.4, which concludes no significant bias is found.

Table 6.4: Bias metric table for residual fake data fit with respect to Asimov A, shown in Figure 6.25. All
buas metric pass.

Param.
σFDS σAsimov σstat

Mid Width Mid Width Mid Width

sin2 θ23 0.611895 0.198128 0.613086 0.195845 0.60106 0.173345

∆m2
32 2.52805 0.21674 2.51213 0.21618 2.48187 0.1907

Param σsyst ∆mid ∆σ Critical

sin2 θ23 0.0911 -0.001191 0.002283 0.0456

∆m2
32 0.1018 0.01592 0.00056 0.0509

Asimov B The Asimov B fake data fit is compared to the residual fake data. Similar to the

case of Asimov A, the residual difference weight has the effect or weighting up the tail (after

Eν = 2GeV). This can be reproduced by the fit for the FHC samples (Figure 6.28), and to lesser

degree in the RHC distributions (Figure 6.29), particularly for the µ+ P and µ+ π +X , which

remain overpredicted and underpredicted respectively. Notice however that the νe and ν̄e samples

have very good agreement post-fit. Figure 6.30 shows the 1D significances overlaid for Asimov

and residual fake data fits. The normal ordering, upper octant curves show a shift of the best fit

towards larger δCP and sin2 θ23 , of the residual fits with respect to the Asimov. The shift of

∆m2
32 is from upper octant to close to maximal mixing (∆m2

32 ≈ 0.5). This is also observed in the

contours on Figure 6.31. Notice in this case the residual fit 1σ contours (grey) are wider than the

Asimov ones, for all cases. In the ∆m2
32 - sin2 θ23 space, the residual fit contours are more

symmetrical, thus showing less preference for the upper octant than the Asimov. Although the

shifts in the best fit seem larger than the case of Asimov A, the bias metrics computed for this fit,

using the 2σ confidence interval, are displayed in table 6.5, indicate no significant bias.
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Figure 6.25: One-dimensional significances for δCP , ∆m2
32 and sin2 θ23 in for the Asimov A data and residual

fake data (darker shades), shown for Normal (blue) or inverted (red) mass ordering/hierarchy, and for upper
(solid line) or lower (dashed line) octants.

Table 6.5: Bias metric table for residual fake data fit with respect to Asimov B, shown in Figure 6.30. All

bias metric pass.

Param.
σFDS σAsimov σstat

Mid Width Mid Width Mid Width

sin2 θ23 0.58635 0.14685 0.588312 0.14578 0.577761 0.12223

∆m2
32 2.63208 0.18328 2.61525 0.18076 2.58256 0.14953

Param. σsyst ∆mid ∆σ Critical

sin2 θ23 0.0795 -0.001962 0.00107 0.0397

∆m2
32 0.1016 0.01683 0.00252 0.0508
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Figure 6.26: Sensitivities assuming the oscillation parameters of Asimov A in table 6.3, comparing residual-
weighted fake data (grey) and Asimov data fits, for Normal (blue) and Inverted (red) Hierarchy/Ordering.
1, 2, and 3σ allowed regions are profiled over sin2 2θ13 and ∆m2

32 (left) and sin2 2θ13 and δCP (right).

Asimov C The Asimov C fake data fit is compared to the residual fake data. Similar to the

case of Asimov B, the residual difference fit is able to reproduce the shape the FHC samples

(Figure 6.33), and to lesser degree in the RHC distributions (Figure 6.34), particularly for the

µ+ P and µ+ π +X , which remain overpredicted and underpredicted respectively. In this case

as well, the νe and ν̄e samples have very good agreement post-fit. Figure 6.35 shows the 1D

significances overlaid for Asimov and residual fake data fits. The inverted ordering, lower octant

curves show a shift of the best fit towards larger δCP of the residual fits with respect to the

Asimov. The shift of ∆m2
32 is from maximal mixing towards lower octant, and for sin2 θ23 , the

shift is to a higher value. This is also observed in the contours on Figure 6.36. Notice in this case

the residual fit 1σ contours (grey) are close to the Asimov ones, with a slight shift towards larger
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Figure 6.27: Potential rejection of the (a) wrong hierarchy and (b) CP conservation as a function of δCP ;
(c) maximal mixing and (d) wrong octant, as functions of sin2 θ23 , assuming true normal (blue) or inverted
(red) hierarchy, comparing Asimov A data (lighter shade) and residual fake data fits (darker shade).

δCP and larger sin2 θ23 . In the ∆m2
32 - sin2 θ23 space, the residual fit contours show preference for

the lower octant, rather than the more symmetrical shape of the Asimov. Although the shifts in

the best fit seem larger than the case of Asimov A, the bias metrics computed for this fit, using

the 2σ confidence interval, are displayed in table 6.6, indicate no significant bias.
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Figure 6.30: One-dimensional significances for δCP , ∆m2
32 and sin2 θ23 in for the Asimov B data and residual

fake data (darker shades), shown for Normal (blue) or inverted (red) mass ordering/hierarchy, and for upper
(solid line) or lower (dashed line) octants.

Table 6.6: Bias metric table for residual fake data fit with respect to Asimov C, shown in Figure 6.35. All

bias metric pass

Param.
σFDS σAsimov σstat

Mid Width Mid Width Mid Width

sin2 θ23 0.585624 0.15905 0.588229 0.15991 0.577761 0.13374

∆m2
32 -2.52071 0.17838 -2.54915 0.16909 -2.51768 0.13741

Param. σsyst ∆mid ∆σ Critical

sin2 θ23 0.0877 -0.00268 -0.00857 0.0438

∆m2
32 0.0985 -0.04049 0.00929 0.0493
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Figure 6.31: Sensitivities assuming the oscillation parameters of Asimov B in table 6.3, comparing residual-
weighted fake data (grey) and Asimov data fits, for Normal (blue) and Inverted (red) Hierarchy/Ordering.
1, 2, and 3σ allowed regions are profiled over sin2 2θ13 and ∆m2

32 (left) and sin2 2θ13 and δCP (right).

The three Asimov points tested with the residual fit showed a consistent behavior. The effect

of residual difference weight in the fake data suppressed the tail of the Eν distribution. In

addition, it also enhanced the bins between 1-2 GeV, precisely where the oscillation dip lies. The

consequence is that the fitted ∆m2
32 was shifted downwards: for Asimov B, from UO to ∼

maximal mixing, and for Asimov C from maximal mixing to LO. The three Asimov points showed

a shift towards larger sin2 θ23 . All the fits are dominated by statistical uncertainties, as can be

observed by the error bars of figures 6.23 , 6.24, 6.28, 6.29, 6.33 and 6.34. Although all fits showed

the same behavior in the shift of best points and the significances, by computing the bias metrics

we can conclude that there is no significant bias in the residual fit. This demonstrates that the
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Figure 6.32: Potential rejection of the (a) wrong hierarchy and (b) CP conservation as a function of δCP ;
(c) maximal mixing and (d) wrong octant, as functions of sin2 θ23 , assuming true normal (blue) or inverted
(red) hierarchy, comparing Asimov B data (lighter shade) and residual fake data fits (darker shade).

current level of agreement in the ND samples, by fitting the 53 parameters listed in table 5.7, is

sufficient to produced an unbiased oscillation fit.
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Figure 6.35: One-dimensional significances for δCP , ∆m2
32 and sin2 θ23 in for the Asimov C data and residual

fake data (darker shades), shown for Normal (blue) or inverted (red) mass ordering/hierarchy, and for upper
(solid line) or lower (dashed line) octants.
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1, 2, and 3σ allowed regions are profiled over sin2 2θ13 and ∆m2

32 (left) and sin2 2θ13 and δCP (right).
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Figure 6.37: Potential rejection of the (a) wrong hierarchy and (b) CP conservation as a function of δCP ;
(c) maximal mixing and (d) wrong octant, as functions of sin2 θ23 , assuming true normal (blue) or inverted
(red) hierarchy, comparing Asimov C data (lighter shade) and residual fake data fits (darker shade).
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CHAPTER 7. CONCLUSION

In NOvA the Near Detector high statistics data set is used to aid to the oscillation fit by

constraining model parameters. In recent publications, the main adjustments to the model were

related to neutrino interactions, in which the major modification was in the MEC model, leading

to the NOvA MEC tune I developed. Although this is a better representation of the νµ and

ν̄µ data than the standalone simulation based on GENIE, the study of the topology-based

samples in chapter 4 demonstrated areas where this tune is deficient. Specifically, the samples

with visible pions and multiple hadrons (µ+ π +X,µ+ P +X,µ+X) showed over and under

prediction. Therefore I developed an expanded fit to constrain most model parameters, including

a suite of cross section, flux and detector parameters. This fit required developing additional

systematic uncertainties related to these samples via the RES scaling, RES nucleon ratio and DIS

hadronization. The set of parameters to which the ND samples are sensitive were constrained

with an expanded ND data fit, which showed significant improvement with respect to the NOvA

tune, as evaluated by the χ2 per degrees of freedom.

A significant finding from the study of ND fits is that the current model parameters in the

NOvA simulation do not have enough freedom to exactly reproduce the ND data, even with the

additional custom systematic uncertainties created for this purpose. The MEC model adjustment

has showed to have sufficient freedom to fit the three alternate scenarios reviewed in chapter

5.4.3, and we included additional parameters relevant to the pion / multi-hadron final states.

Chapter 5 explored degeneracies between MEC and QE parameters. Using TKI kinematic

variables studied for the µ+ P samples (MEC/QE enhanced) showed a potential to separate MEC

and QE interactions, but there was no significant effect on the fits. In the future it could be

possible consider additional variables optimized for each sample and for other parameters, for

example additional muon kinematic variables could better constrain muon energy scale.
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The constrain obtained from the ND fit was successfully implemented in the oscillation fit, via

a covariance term in the χ2 minimization. Asimov data was used to demonstrate the feasibility of

this fit. Remarkably, a fake data study based on the residual differences of the constrained model

to the data showed that, at the current level of statistical power, the ND constrain is sufficient.

Namely, no significant bias is observed when implementing the residual weight. The overall effect

of the residual weight is to shift sin2 θ23 towards a larger value and ∆m2
32 towards a smaller value.

With the current level of statistical uncertainties, a perfect representation of the ND data is not

needed. The impact of the residual difference remains to be demonstrated at higher statistical

power.

In summary, we have developed for the first time in NOvA a method to constrain the

neutrino interaction, flux and detector models using the near detector data and transferring this

information to the oscillation fit in the far detector. NOvA will continue to take data until 2026,

with the projected with the projected 31.5× 1020 POT for neutrino and antineutrino beam each.

With this increase, the statistical uncertainty will be significantly reduced, and therefore the

systematic uncertainty constrain developed here could have a significant impact.
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APPENDIX A. NEAR DETECTOR SAMPLES CONSTRAIN

The fit to data summarized in the last section of chapter 5 constrains various systematic

parameters, including those that describe cross section model, beam model and detector response.

Each sample has a different composition, which was detailed in chapter 4.6. This appendix

displays each sample with the effect of different categories of parameters separately. In other

words, the NOvA tune (grey lines) is the pre-fit sample, the color lines are the effect of particular

constrains, and the black line is the post-fit sample, or the combination of all of these effects

together. These way of displaying the samples highlights the different effects for each topology

(i.e. FSI adjustment enchances µ+ π +X and suppresess µ+ P +X ). The categories are defined

in the following table:
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Table A.1: Categories of systematic parameters

All cross section (xsec)

QE MEC

kZExpEV1Syst2020 kMECEnuShapeSyst2020Nu

kZExpEV2Syst2020 kMECEnuShapeSyst2020AntiNu

kZExpEV3Syst2020 kMECInitStateNPFracSyst2020Nu

ReweightZNormCCQE kMECInitStateNPFracSyst2020AntiNu

RPACCQEEnhSyst2020 MEC gauss enhancement parameters (10)

kRPACCQESuppSyst2020

RES DIS FSI

kRESLowQ2SuppressionSyst2020 DISν̄nCC3pi khNFSISyst2020 EV1

ReweightMaCCRES DISν̄pCC1pi khNFSISyst2020 MFP

ReweightMvCCRES DISν̄pCC3pi

ReweightTheta Delta2Npi DISνnCC1pi

kRESDeltaScaleSyst DISνnCC2pi

kRESOtherScaleSyst DISνnCC3pi

kRESvpvnNuRatioXSecSyst DISνpCC0pi

kRESvpvnNuBarRatioXSecSyst DISνpCC2pi

DISνpCC3pi

kDISNuHadroQ1Syst

kDISNuBarHadroQ0Syst

Beam/Flux Detector response

ppfx hadp pc00 Neutron

ppfx hadp pc01 Calibration

ppfx hadp pc02 Calibration Shape

ppfx hadp pc03 Cherenkov

ppfx hadp pc04 Detector Aging
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FHC samples
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Figure A.1: µ FHC sample
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Figure A.2: µ+ P FHC sample
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Figure A.3: µ+ π +X FHC sample
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Figure A.4: µ+ P +X FHC sample
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Figure A.5: Remaining FHC sample
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Figure A.6: µ RHC sample
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Figure A.7: µ+ P RHC sample
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Figure A.8: µ+ π +X RHC sample
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Figure A.9: µ+X RHC sample
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Figure A.10: Remaining RHC sample
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APPENDIX B. MEC MODEL CHANGE FAKE DATA FIT ADDITIONAL

PLOTS
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Figure B.1: ND fit correlation matrix of systematic parameters obtained from ND fit.



255

Covariance Matrix. Fit: NDxsec_newRESDIS_mectuneReduced_neutron_NDFDpca_detector_GaussianSeed_Minerva, Mu_MuPr_MuEtc_MuPi_MuEtc_EvElse_
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Figure B.2: ND fit covariance matrix of systematic parameters obtained from ND fit.
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Figure B.3: One-dimensional significances for δCP , ∆m2
32 and sin2 θ23 in the Minerva-reweighted MEC fake

data fit, shown for Normal (blue) or inverted (red) mass ordering/hierarchy, and for upper (solid line) or

lower (dashed line) octants. The best fit point had χ2
min = 1.40, sin2 θ23 =2.42×10−3eV2, ∆m2

32 = 0.57,

δCP =0.81π.
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B.2 QE-like MEC

Correlation Matrix. Fit: NDxsec_newRESDIS_mectuneReduced_neutron_NDFDpca_detector_GaussianSeed_QE-like, Mu_MuPr_MuEtc_MuPi_MuEtc_EvElse_
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Figure B.4: ND fit correlation matrix of systematic parameters obtained from ND fit.
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Covariance Matrix. Fit: NDxsec_newRESDIS_mectuneReduced_neutron_NDFDpca_detector_GaussianSeed_QE-like, Mu_MuPr_MuEtc_MuPi_MuEtc_EvElse_
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Figure B.5: ND fit covariance matrix of systematic parameters obtained from ND fit.
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B.3 RES-like MEC

Correlation Matrix. Fit: NDxsec_newRESDIS_mectuneReduced_neutron_NDFDpca_detector_GaussianSeed_RES-like, Mu_MuPr_MuEtc_MuPi_MuEtc_EvElse_

pp
fx

_h
ad

p_
pc

00
pp

fx
_h

ad
p_

pc
01

pp
fx

_h
ad

p_
pc

02
pp

fx
_h

ad
p_

pc
03

pp
fx

_h
ad

p_
pc

04
DI

Sv
ba

rn
CC

3p
i_

20
20

DI
Sv

ba
rp

CC
1p

i_
20

20
DI

Sv
ba

rp
CC

3p
i_

20
20

DI
Sv

nC
C1

pi
_2

02
0

DI
Sv

nC
C2

pi
_2

02
0

DI
Sv

nC
C3

pi
_2

02
0

DI
Sv

pC
C0

pi
_2

02
0

DI
Sv

pC
C2

pi
_2

02
0

DI
Sv

pC
C3

pi
_2

02
0

Fo
rm

Zo
ne

20
20

Lo
wQ

2R
ES

Su
pp

20
20

M
EC

En
uS

ha
pe

20
20

Nu
M

EC
En

uS
ha

pe
20

20
An

tiN
u

M
EC

In
itS

ta
te

NP
Fr

ac
20

20
Nu

M
EC

In
itS

ta
te

NP
Fr

ac
20

20
An

tiN
u

M
aC

CR
ES

M
vC

CR
ES

RP
AS

ha
pe

en
h2

02
0

RP
AS

ha
pe

su
pp

20
20

Th
et

a_
De

lta
2N

pi
ZE

xp
Ax

ia
lF

FS
ys

t2
02

0_
EV

1
ZE

xp
Ax

ia
lF

FS
ys

t2
02

0_
EV

2
ZE

xp
Ax

ia
lF

FS
ys

t2
02

0_
EV

3
ZN

or
m

CC
Q

E
hN

FS
I_

Fa
te

Fr
ac

EV
1_

20
20

hN
FS

I_
M

FP
_2

02
0

M
EC

Do
ub

le
G

au
ss

En
hS

ys
tB

as
el

in
e_

G
SF

Pr
od

5p
1

M
EC

Do
ub

le
G

au
ss

En
hS

ys
tS

ig
m

aQ
3_

2_
G

SF
Pr

od
5p

1
M

EC
Do

ub
le

G
au

ss
En

hS
ys

tS
ig

m
aQ

0_
2_

G
SF

Pr
od

5p
1

M
EC

Do
ub

le
G

au
ss

En
hS

ys
tM

ea
nQ

3_
2_

G
SF

Pr
od

5p
1

M
EC

Do
ub

le
G

au
ss

En
hS

ys
tC

or
r_

1_
G

SF
Pr

od
5p

1
M

EC
Do

ub
le

G
au

ss
En

hS
ys

tS
ig

m
aQ

3_
1_

G
SF

Pr
od

5p
1

M
EC

Do
ub

le
G

au
ss

En
hS

ys
tS

ig
m

aQ
0_

1_
G

SF
Pr

od
5p

1
M

EC
Do

ub
le

G
au

ss
En

hS
ys

tM
ea

nQ
3_

1_
G

SF
Pr

od
5p

1
M

EC
Do

ub
le

G
au

ss
En

hS
ys

tM
ea

nQ
0_

1_
G

SF
Pr

od
5p

1
M

EC
Do

ub
le

G
au

ss
En

hS
ys

tN
or

m
_1

_G
SF

Pr
od

5p
1

RE
S_

vp
vn

_N
u_

ra
tio

_x
se

c_
sy

st
RE

S_
vp

vn
_N

uB
ar

_r
at

io
_x

se
c_

sy
st

DI
S_

nu
_h

ad
ro

_Q
1_

sy
st

DI
S_

nu
ba

r_
ha

dr
o_

Q
0_

sy
st

RE
SD

el
ta

Sc
al

eS
ys

t
RE

SO
th

er
Sc

al
eS

ys
t

Ne
ut

ro
nE

vis
Pr

im
ar

ie
sS

ys
t2

01
8

Ca
lib

ra
tio

n
De

te
ct

or
Ag

ei
ng

Ca
lib

Sh
ap

e
Li

gh
t_

Le
ve

l_
ND

Ch
er

en
ko

v

ppfx_hadp_pc00
ppfx_hadp_pc01
ppfx_hadp_pc02
ppfx_hadp_pc03
ppfx_hadp_pc04

DISvbarnCC3pi_2020
DISvbarpCC1pi_2020
DISvbarpCC3pi_2020

DISvnCC1pi_2020
DISvnCC2pi_2020
DISvnCC3pi_2020
DISvpCC0pi_2020
DISvpCC2pi_2020
DISvpCC3pi_2020

FormZone2020
LowQ2RESSupp2020

MECEnuShape2020Nu
MECEnuShape2020AntiNu

MECInitStateNPFrac2020Nu
MECInitStateNPFrac2020AntiNu

MaCCRES
MvCCRES

RPAShapeenh2020
RPAShapesupp2020

Theta_Delta2Npi
ZExpAxialFFSyst2020_EV1
ZExpAxialFFSyst2020_EV2
ZExpAxialFFSyst2020_EV3

ZNormCCQE
hNFSI_FateFracEV1_2020

hNFSI_MFP_2020
MECDoubleGaussEnhSystBaseline_GSFProd5p1

MECDoubleGaussEnhSystSigmaQ3_2_GSFProd5p1
MECDoubleGaussEnhSystSigmaQ0_2_GSFProd5p1
MECDoubleGaussEnhSystMeanQ3_2_GSFProd5p1

MECDoubleGaussEnhSystCorr_1_GSFProd5p1
MECDoubleGaussEnhSystSigmaQ3_1_GSFProd5p1
MECDoubleGaussEnhSystSigmaQ0_1_GSFProd5p1
MECDoubleGaussEnhSystMeanQ3_1_GSFProd5p1
MECDoubleGaussEnhSystMeanQ0_1_GSFProd5p1

MECDoubleGaussEnhSystNorm_1_GSFProd5p1
RES_vpvn_Nu_ratio_xsec_syst

RES_vpvn_NuBar_ratio_xsec_syst
DIS_nu_hadro_Q1_syst

DIS_nubar_hadro_Q0_syst
RESDeltaScaleSyst
RESOtherScaleSyst

NeutronEvisPrimariesSyst2018
Calibration

DetectorAgeing
CalibShape

Light_Level_ND
Cherenkov

0.5−

0

0.5

1
Correlation Matrix. Fit: NDxsec_newRESDIS_mectuneReduced_neutron_NDFDpca_detector_GaussianSeed_RES-like, Mu_MuPr_MuEtc_MuPi_MuEtc_EvElse_

RES-like

Correlation Matrix. Fit: NDxsec_newRESDIS_mectuneReduced_neutron_NDFDpca_detector_GaussianSeed_RES-like, Mu_MuPr_MuEtc_MuPi_MuEtc_EvElse_

pp
fx

_h
ad

p_
pc

00
pp

fx
_h

ad
p_

pc
01

pp
fx

_h
ad

p_
pc

02
pp

fx
_h

ad
p_

pc
03

pp
fx

_h
ad

p_
pc

04
DI

Sv
ba

rn
CC

3p
i_

20
20

DI
Sv

ba
rp

CC
1p

i_
20

20
DI

Sv
ba

rp
CC

3p
i_

20
20

DI
Sv

nC
C1

pi
_2

02
0

DI
Sv

nC
C2

pi
_2

02
0

DI
Sv

nC
C3

pi
_2

02
0

DI
Sv

pC
C0

pi
_2

02
0

DI
Sv

pC
C2

pi
_2

02
0

DI
Sv

pC
C3

pi
_2

02
0

Fo
rm

Zo
ne

20
20

Lo
wQ

2R
ES

Su
pp

20
20

M
EC

En
uS

ha
pe

20
20

Nu
M

EC
En

uS
ha

pe
20

20
An

tiN
u

M
EC

In
itS

ta
te

NP
Fr

ac
20

20
Nu

M
EC

In
itS

ta
te

NP
Fr

ac
20

20
An

tiN
u

M
aC

CR
ES

M
vC

CR
ES

RP
AS

ha
pe

en
h2

02
0

RP
AS

ha
pe

su
pp

20
20

Th
et

a_
De

lta
2N

pi
ZE

xp
Ax

ia
lF

FS
ys

t2
02

0_
EV

1
ZE

xp
Ax

ia
lF

FS
ys

t2
02

0_
EV

2
ZE

xp
Ax

ia
lF

FS
ys

t2
02

0_
EV

3
ZN

or
m

CC
Q

E
hN

FS
I_

Fa
te

Fr
ac

EV
1_

20
20

hN
FS

I_
M

FP
_2

02
0

M
EC

Do
ub

le
G

au
ss

En
hS

ys
tB

as
el

in
e_

G
SF

Pr
od

5p
1

M
EC

Do
ub

le
G

au
ss

En
hS

ys
tS

ig
m

aQ
3_

2_
G

SF
Pr

od
5p

1
M

EC
Do

ub
le

G
au

ss
En

hS
ys

tS
ig

m
aQ

0_
2_

G
SF

Pr
od

5p
1

M
EC

Do
ub

le
G

au
ss

En
hS

ys
tM

ea
nQ

3_
2_

G
SF

Pr
od

5p
1

M
EC

Do
ub

le
G

au
ss

En
hS

ys
tC

or
r_

1_
G

SF
Pr

od
5p

1
M

EC
Do

ub
le

G
au

ss
En

hS
ys

tS
ig

m
aQ

3_
1_

G
SF

Pr
od

5p
1

M
EC

Do
ub

le
G

au
ss

En
hS

ys
tS

ig
m

aQ
0_

1_
G

SF
Pr

od
5p

1
M

EC
Do

ub
le

G
au

ss
En

hS
ys

tM
ea

nQ
3_

1_
G

SF
Pr

od
5p

1
M

EC
Do

ub
le

G
au

ss
En

hS
ys

tM
ea

nQ
0_

1_
G

SF
Pr

od
5p

1
M

EC
Do

ub
le

G
au

ss
En

hS
ys

tN
or

m
_1

_G
SF

Pr
od

5p
1

RE
S_

vp
vn

_N
u_

ra
tio

_x
se

c_
sy

st
RE

S_
vp

vn
_N

uB
ar

_r
at

io
_x

se
c_

sy
st

DI
S_

nu
_h

ad
ro

_Q
1_

sy
st

DI
S_

nu
ba

r_
ha

dr
o_

Q
0_

sy
st

RE
SD

el
ta

Sc
al

eS
ys

t
RE

SO
th

er
Sc

al
eS

ys
t

Ne
ut

ro
nE

vis
Pr

im
ar

ie
sS

ys
t2

01
8

Ca
lib

ra
tio

n
De

te
ct

or
Ag

ei
ng

Ca
lib

Sh
ap

e
Li

gh
t_

Le
ve

l_
ND

Ch
er

en
ko

v

ppfx_hadp_pc00
ppfx_hadp_pc01
ppfx_hadp_pc02
ppfx_hadp_pc03
ppfx_hadp_pc04

DISvbarnCC3pi_2020
DISvbarpCC1pi_2020
DISvbarpCC3pi_2020

DISvnCC1pi_2020
DISvnCC2pi_2020
DISvnCC3pi_2020
DISvpCC0pi_2020
DISvpCC2pi_2020
DISvpCC3pi_2020

FormZone2020
LowQ2RESSupp2020

MECEnuShape2020Nu
MECEnuShape2020AntiNu

MECInitStateNPFrac2020Nu
MECInitStateNPFrac2020AntiNu

MaCCRES
MvCCRES

RPAShapeenh2020
RPAShapesupp2020

Theta_Delta2Npi
ZExpAxialFFSyst2020_EV1
ZExpAxialFFSyst2020_EV2
ZExpAxialFFSyst2020_EV3

ZNormCCQE
hNFSI_FateFracEV1_2020

hNFSI_MFP_2020
MECDoubleGaussEnhSystBaseline_GSFProd5p1

MECDoubleGaussEnhSystSigmaQ3_2_GSFProd5p1
MECDoubleGaussEnhSystSigmaQ0_2_GSFProd5p1
MECDoubleGaussEnhSystMeanQ3_2_GSFProd5p1

MECDoubleGaussEnhSystCorr_1_GSFProd5p1
MECDoubleGaussEnhSystSigmaQ3_1_GSFProd5p1
MECDoubleGaussEnhSystSigmaQ0_1_GSFProd5p1
MECDoubleGaussEnhSystMeanQ3_1_GSFProd5p1
MECDoubleGaussEnhSystMeanQ0_1_GSFProd5p1

MECDoubleGaussEnhSystNorm_1_GSFProd5p1
RES_vpvn_Nu_ratio_xsec_syst

RES_vpvn_NuBar_ratio_xsec_syst
DIS_nu_hadro_Q1_syst

DIS_nubar_hadro_Q0_syst
RESDeltaScaleSyst
RESOtherScaleSyst

NeutronEvisPrimariesSyst2018
Calibration

DetectorAgeing
CalibShape

Light_Level_ND
Cherenkov

0.5−

0

0.5

1
Correlation Matrix. Fit: NDxsec_newRESDIS_mectuneReduced_neutron_NDFDpca_detector_GaussianSeed_RES-like, Mu_MuPr_MuEtc_MuPi_MuEtc_EvElse_

Figure B.7: ND fit correlation matrix of systematic parameters obtained from ND fit.
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Covariance Matrix. Fit: NDxsec_newRESDIS_mectuneReduced_neutron_NDFDpca_detector_GaussianSeed_RES-like, Mu_MuPr_MuEtc_MuPi_MuEtc_EvElse_
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APPENDIX C. RESIDUAL FAKE DATA PREDICTIONS

The following sections contain the FD predictions assuming the oscillation parameters in table

C.1, compared with the fake data that includes the residual difference weights as explained in

section 6.5.3.

Table C.1: Specific oscillation parameter values for Asimov points chosen.

Parameter Asimov A Asimov B Asimov C

∆m2
32(×10−3eV4) 2.41 2.51 -2.45

sin2 θ23 0.57 0.53 0.5

δCP 0.82π 1.5π 1.5π
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