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Abstract

MINER~vA (Main Injector Experiment for v-A) is a dedicated neutrino scattering experiment
at Fermilab Muon Neutrino beamline (NuMI beamline), aimed to understand the nature of
neutrino-nucleus interactions. MINERvVA identifies nuclear effects and tests neutrino interac-
tion models, measures exclusive and inclusive final states and their correlations with leptons,
and also characterizes neutrino interactions for oscillation experiments.

In this dissertation, the neutrino differential cross section in the Shallow Inelastic Scattering
region in hydrocarbon scintillator at neutrino energy < E, >~ 6 GeV as a function of Bjorken-
x is presented. Significant differences between the simulation and SIS data are observed at low
Bjoken-x values. These measurements are the world’s first neutrino-SIS cross sections to be

produced.
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Chapter 1
Introduction

In the last decades neutrino physics has become a very active and exciting research field. Many
experiments around the world are currently trying to understand the properties of these elusive
particles that play an important role in various branches of subatomic physics, astrophysics
and cosmology. Neutrinos are very abundant in the universe, second only to photons, and they
are very difficult to detect. To have an idea, to reliably stop a neutrino it is calculated that
a few light-years of solid lead would be needed. Experiments have confirmed there are three
flavours of neutrinos and that neutrinos oscillate from one flavour to another as they travel
through space. Neutrino oscillation phenomenom is only possible if neutrinos have mass, which
is not predicted by the standard model of particle physics. Therefore, the understanding of the
neutrino properties will surely expand the human knowledge and will provide a greater view of
the universe.

Chapter 2 presents the relevant neutrino physics theory. Chapter 3 details Shallow Inelastic
Scattering (SIS), the relevant scattering for this analysis. Chapter 4 presents the MINERvA
detector and experiment. Chapter 5 describes how we reconstruct the data collected in the
detector. Chapter 6 shows the background studies necessary for the analysis. Chapter 7 explains
the systematics that affect our results. Chapter 8 details the unfolding process. Chapter 9
finally presents the the cross section calculation. Chapter 10 presents the conclusion and future
perspectives.

Appendixes A, B, C, D, E, F, and G detail some of the aspects of the analysis. Apendix H

resumes the author’s contribution to the MINERVA experiment.



Chapter 2

Introduction to Neutrino Physics

2.1 Brief History

The study of the 8 decay gave the first hint of the existence of neutrinos. In the early twentieth
century it was believed that the energy spectrum of the g decay was discrete. However, in
1911, Von Bayer, Otto Hahn and Lise Meitner ran an experiment that suggested that the g
decay energy spectrum had a continuous instead of discrete spectrum [1] as the one observed in
the alpha decay. In 1927, Ellis and Wooster confirmed that in the 8 decay the kinetic energy
spectrum of the emitted electrons was really continuous [2]. This was contradicting the energy
conservation law.

In 1930, in order to resolve this contradiction and preserve the conservation of energy
principle Wolfgang Ernst Pauli proposed in his famous letter to the ”Dear Radioactive Ladies
and Gentlemen” addressed to the participants of the physics conference in Tubingen [3] the
existence of a spin % particle that had charge zero which he called "neutron”. He was, however,
skeptical about his idea saying "I have done something very bad today by proposing a particle
that cannot be detected; it is something no theorist should never do”.

In 1932, James Chadwick discovered a neutral particle of mass similar to that of the proton
which was also named ”neutron” [4]. In 1934 Enrico Fermi succeeded on developing a  decay
theory integrating the particle proposed by Pauli [5]. He understood Pauli’s particle should
have mass of the order of the mass of an electron so he named it "neutrino” (Italian for ”small
neutron”).

It took 22 years for the first observation of neutrinos made by Reines and Cowan [6], [7], [8],

! coming from a nuclear

in 1956. They used the antineutrino flux of the order of 102 em=2s~
reactor. Antineutrinos coming from beta decays were detected via inverse beta decay (equation

2.1), where positrons were detected in a tank full of liquid scintillator.



Ve+p—n+eh, (2.1)

In 1958 Goldhaber measured the left helicity of neutrinos [9] and Davis was able to discrim-
inate v from its antiparticle 7 [10]. In 1959 Chien-Shiung Wu discovered parity violation in
weak interaction [11] when a preferred direction of the produced electrons respect to the spin
of the %9Co nuclei was observed in the 3 decay of %°Co.

In 1962 Schwartz, Lederman, Steinberg and colleagues published results of the first accel-
erator produced neutrinos at Brookhaven National Laboratory. They showed that neutrinos
produced by the charged pions beam interacted producing only muons[12]. This was evidence
of a new kind of neutrino: the muon neutrino v,,.

In 1973 neutral current induced process was announced by the Gargamelle bubble chamber
collaboration at CERN [13] and later confirmed by the same collaboration in 1974.

In the seventies, studies of solar neutrinos began measuring the solar neutrino flux. In 1968
Davis’ studies showed a discrepancy between the measured solar neutrino flux and the theoret-
ical prediction [14]. This was known as the ”"solar neutrino problem”. The same discrepancy
was also observed in atmospheric neutrino fluxes' and was known as the ”atmospheric neutrino
anomaly”. In 1988, for the first time, neutrino oscillations were suggested as the reason for this
discrepancy in the results given by the Kamiokande detector [15].

In 1967, Gribov And Pontecorvo considered a scheme of neutrino mixing and oscillations
[16] that explained the flux discrepancy of the solar neutrinos. Mass terms had to be included
in order to explain the oscillation of neutrinos?.

Mainly because of the 7 short life time it was not until 2000 that the v, could be observed
at the Fermilab DONUT experiment? [17]. There is no doubt new surprises and discoveries are
ahead. Many neutrino facilities around the world have been built to perform detailed studies
of neutrinos.

Along the time, the studies of neutrino interactions with matter and oscillation phenom-
ena have been an amazing journey on creativity and innovation of mankind willing to better
understand the nature of what we are made of. A new era of physics has started looking for

expanding the limits of our understanding of the universe.

'Measurements made in 1986 by IMB [18] and Kamiokande [19] did not have a zenith angle dependence and

were not given much attention.

2Neutrino oscillation is not predicted by the Standard Model and it is then an indication of a physics beyond
the Standard Model.

3Long before the discovery of the 144, the existence of just three light neutrinos was predicted at Large

Electron-Positron collider (LEP) at CERN [20], [21], [22], [23].



2.2 The Standard Model

The standard model is the theory that describes the elementary building blocks of matter and
how they interact. However it is incomplete and describes just three of the four forces known
in nature*:electromagnetic, strong and weak. The Standard Model describes nature in terms of
elementary particles (quarks and leptons) and particles that mediate the interactions (bosons).

There are six quarks and six leptons (all of them fermions that have spin 1/2), that come in
three generations or pairs. The first generation consists of the lightest and most stable particles
whereas the heavier and less stable particles belong to the second and third generations. The
quarks generations are: up(u) and down(d); strange (s) and charm (c); bottom (b) and top (¢).
Leptons can be charged (e, ¢ and 7) and neutral (v, v, and v;). Figure 2.1 shows the three

generations of the elementary particles.
u s b
d c t
e 1 T
Ve v, vy

Figure 2.1: Elementary particles generations: quarks (top) and lepton (bottom). Each charged

lepton (e, ;v and 7 is associated to a corresponding neutral lepton (v, v, and v,).

There are four bosons (spin 1) that mediate the forces of the Standard Model: the gluon
(g) that mediates the strong force; the photon () that mediates the electromagnetic force; the
W# and Z bosons that mediate the weak force. The fifth boson, the Higgs boson (H), has
spin 0 and is the responsible for giving mass to the other particles, except for neutrinos that
are massless in the Standard Model.

The 1641 fundamental particles are summarized in Table 2.1.

2.2.1 Neutrinos in the Standard Model

Neutrinos are the only fermions in the Standard Model that interact only by means of the
weak interaction. Two different processes can be observed: Neutral Current interaction (NC)
mediated by the boson Z°% and Charged Current interaction (CC) mediated by the bosons W=,
In a NC interaction the outcoming neutrino is the same incoming neutrino, however in a CC
interaction there is no outcoming neutrino and a charged lepton is produced instead. In a CC

interaction the interacting neutrino and the lepton produced are from the same generation,

4Gravitation is not included in the Standard Model.



QUARKS

Quarks Mass Electric charge
up (u) 2.167050 MeV/c? +2
down (d) 467512 MeV /c? —3
strange () 93+ MeV/c? —3
charm (c) 1.2740.02 GeV/c? +2
bottom (b) 418393 GeV/c? —3
top (%) 172.9 4+ 0.4 GeV/c? +3

LEPTONS

Leptons Mass Electric charge
electron (e) 0.5109989461 + 0.0000000031 MeV /c? -1
electron neutrino (v,) < 460 eV/c? 0
muon (p) 105.6583745 + 0.0000024 MeV /c? -1
muon neutrino (v,) < 0.19 MeV/c? 0
tau (1) 1776.86 & 0.12 MeV /c? 1
tau neutrino (v, ) < 18.2 MeV/c? 0

BOSONS

Bosons Mass Electric charge
photon() <1x10718 eV/c? 0
W= 80.379+ 0.012 GeV/c? +1
A 91.1876 + 0.0021 GeV/c? 0
gluon (g) 0 0
Higgs 125.35 £0.15 GeV/c? 0

Table 2.1: Particles in the Standard Model [24].




thus we know to which of the three families the interacting neutrino belongs by the kind of

lepton produced in the CC interaction.

2.2.2 Helicity

Helicity is the projection of the spin onto the direction of the momentum. As shown in Figure 2.2
the particle helicity can have two possible states: spin and momentum having same directions
(positive helicity); spin and momentum having opposite directions (negative helicity). For
particles having mass any of these states can be possible because the momentum depends of
the relative velocity to the frame of reference. However, left-handed antineutrinos and right-
handed neutrinos have never been observed, and it was in 1957 that Goldhaber determined

that neutrinos are left handed while antineutrinos are right handed [9].

Left-handed neutrino Right-handed antineutrino

' ) Momentum _ E l Momentum
174 174

Figure 2.2: In the Standard Model of particle physics, for neutrinos the spin is always opposite
the linear momentum, this is referred as ”left-handed”, where as the antineutrinos are always
"right-handed”.

2.2.3 Neutrino Oscillation and Masses

Neutrino oscillations are possible only if neutrinos are massive. Each neutrino flavor (v, v,,
v,) is understood as a combination of three mass states® (v1,2,v3). The flavour eigenstates are

related to the mass eigenstates by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix,

Ve Ua Usm U vy
v, - Uul Uu? Uu3 Vo (22)
Vr U Un Us V3

>This idea was first introduced by Gribov and Pontecorvo [16].
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where ¢;; = cos(6;;) and s;; = sen(f;;) are the cosine and sine of the three mixing angles and §
is a charge-parity (CP) violating phase of the oscillation which has yet to be measured.

When a neutrino is produced with a specific flavor, its quantum state evolves to a combi-
nation of mass states with the proportions oscillating in time. The probability of detecting a
specific neutrino flavor depends on the amplitude of the respective mass state. The evolution

in time of the mass eigenstate of a neutrino with energy FE; is dictated by:

vi(t)) = e7"

vi(0)). (2.4)
Using equation 2.2 and 2.3, and considering for simplicity a system consisting of two neutrino

flavors v, ans vg, we can write their states as superposition of mass eigenstates 1, and v, with

masses my and moy respectively:

|Va) = |v1)cos0 + |v2)sind, (2.5)
lvg) = —|v1)sind + |va)cosb, (2.6)

where 6 is the neutrino mixing angle. The evolution in time of the state is dictated by the

free Hamiltonian. The state at ¢ = 0 is
lvg(t = 0)) = —|v1)sind + |ve)cosd (2.7)
and at time ¢ the state will be given by

BEqt iEqgt

lvp(t)) = —\uﬁsin@e’iT + |vo)cosbe™ i, (2.8)

We take h=c=1 and consider the extreme relativistic approximation for very small neutrino

7’TL2
masses 19 = y/(p? +mi,) ~ p+ 2 - Then we have for the state in any time ¢,
lvs(t)) = —|vy)sinfe P 4 |1y coshe P (2.9)

Using Am? = m3 — m? and the relativistic substitution p = E, the probability of finding a

different neutrino flavor is:

Am?L
AE

P(vg = Vo, t) = [(Va|vs(t))|? = sin®(20)sin®( ) (2.10)



The last line is valid for highly relativistic particles with L being the distance traveled by
the neutrino. For a given Am? the probability of oscillation will change as one moves away
from the detector, or scans over different neutrino energy. Experimentally we have the control
to choose the L and E parameters and we can build experiments to be maximally sensitive to
the oscillation propability.

In the three neutrino flavour system we have three squared mass differences Am?,, Am?,,
Am2,. Because only mass square differences appear in the probability definitions, measuring
oscillation probabilities can only tell that at least one of the neutrinos has non-zero mass. The
most likely way to explain how neutrinos got their mass is through the seesaw mechanism [25],
which predicts the existence a right handed neutrino of much higher mass and that the ratio
between this and light left-handed neutrino mass is constant. Thus, the lighter the left-handed
neutrino is, the heavier the right-handed neutrino is. The heavy righ-handed neutrino have
yet to be measured. In the Standard Model the neutrinos are massless, which is why the

understanding of neutrino interactions will surely reveal new physics.

2.3 Neutrino Interactions

In the neutrino energy region of a few GeV a neutrino scatters off a nucleon or an entire nucleus
via Charged Current (CC) or Neutral Current (NC) interaction. CC and NC interactions are
mediated by W+ and Z° bosons respectively. In this section we briefly discuss the processes:
Elastic and Quasielastic, Resonant Meson production via Baryon Resonances, Non-resonant

meson production, Coherent Pion Production, Deep Inelastic Scattering (DIS).

2.3.1 Elastic and Quasielastic scattering

In both of these scatterings the neutrino scatters off an entire nucleon. In the case of a CC
interaction the process is called ”"Quasielastic scattering” and in the case of a Neutral Current

interaction it is called ”Elastic scattering”. These interactions for neutrinos are as follows:

(CC)y+n—1"+p (2.11)

(NC) v+ N — vy + N. (2.12)

Where [~ refers to any of the charged leptons e™, 4=, 77, n to neutron, p to proton and
N to any nucleon. The Charged Current Quasielastic interaction is the more dominant for
E, <2 GeV. The CC antineutrino interaction produce the respective positive lepton, while

the NC (neutrino and anitneutrino) interactions are not that easily identified.



2.3.2 Coherent Pion Production

One type of interaction that produces pions is that of the neutrino interacting coherently with
an entire nucleus which remains unchanged in its ground state after the interaction.No nuclear
breakup occurs; however, the nucleus gets excited, decays and come back to its ground state
by emitting a Pion. The outgoing pion and lepton tend to go in the same direction as the

incoming neutrino. The CC and NC neutrino interactions are as follows:

COYy+A—=1 +A+7" (2.13)

(NC)yy+ A=y + A+ 7. (2.14)

Where A is the nucleus in its ground state.

2.3.3 Resonant Meson production via Baryon Resonances

Neutrino-nucleus interaction can excite baryon resonances which decay into a nucleon and a
meson or more in the final state. In the few GeV energy range the intermediate state is
dominated by the A(1232) resonance which mainly decays into a nucleon and a pion. The CC

and NC for resonant single pion production are as follows:

(CO)y+N—=1I"+A—=1"+N +7 (2.15)

(NO)y+N sy +A sy +N +7. (2.16)

Here N’ refers to a nucleon different to the original N. A variety of final states can exist

0

and the 7" produced could be 7—, 7° or 7*. These two types of interactions are known as CClx

and NCl17 interactions.

2.3.4 Non-resonant Meson production

Non-resonant meson production is also characterized by one or more mesons in the final state;
however, these mesons are not coming from baryon resonances decays but created at the inter-

action vertex. The CC and NC neutrino interactions for single pion production are as follows:

(CCYy+N—=1I"+N 4+ (2.17)

(NC)yy+N -+ N +x. (2.18)



Here N’ refers to a nucleon different to the original N. A variety of final states can exist

O or 7*. These two types of interactions are known as

and the 7 produced could be 77—, 7
non-resonant CClm and NCl7 interactions. The Feynman diagram for non-resonant CCl

production is shown in figure 2.3.

Vi

N N

Figure 2.3: Feynman diagram for non-resonant CC1lz production

2.3.5 Shallow Inelastic Scattering (SIS)

Along the SIS region non-resonant meson production increases, resonant meson production
decreases and Deep Inelastic Scattering begins. The SIS region is, therefore, a transition region
where the physics of hadrons meet the physics of quarks. We give a technical and experimental

definition of the SIS region in more detail in chapter 3.

2.3.6 Deep Inelastic Scattering (DIS)

In this region the neutrino interacts with quarks instead of with nucleus or nucleons. The
four-momentum transferred to the nucleus is known as ¢ in Mandelstam invariants [26]. The
—q? value (this quantity will be refered just as four-momentum transfer in the rest of the text)
determines the probing capacity of the interaction and, therefore, an interaction with higher
four-momentum transfer is more likely to occur with quarks in the nucleon (figure 2.4). The
high momentum transfer breaks the nucleon and the struck quark produces hadrons in the final

state. The CC and NC neutrino interactions are as follows:

v+ N — " + hadrons (2.19)

v+ N — v, + hadrons. (2.20)
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277

Figure 2.4: Probing capacity of the four-momentum transferred (—¢?) in a Charged Current v,

interaction

Figure 2.5 shows Feynman diagrams for some CC proccesses and Figure 2.6 shows current
neutrino and antineutrino CC Cross Sections. In figure 2.6 the non-resonant and resonant pion
production predictions are labelled 'RES’, and the deep inelastic scattering event prediction
are labelled "DIS’. Both predicitons overlap in the SIS region and it is important to highlight

that there is no measured data for this region yet.

A C R A SR (O

d . U _d d
(p U u A++ U p)
: i i ol : > ui

v (c) - Vi (d) [

v

hadrons

Figure 2.5: Feynman diagrams for some CC neutrino interactions. (a) Quasielastic (b)Resonant

production (¢)Coherent Pion production (d)Deep Inelastic Scattering.

2.4 Neutrino Oscillation Experiments

In this section it is shown important measurements that led to the discovery of neutrino os-

cillations. A summary of neutrino oscillation parameters measurements for different neutrino

11



v cross section / E, (10°% cm?/ GeV)

0.4
0.35

0.3

0.25
0.2
0.15
0.1
0.05

tion/ E, (10° cm?/ GeV)

VvV Cross sec

Figure 2.6: Existing measurements for total neutrino and antineutrino per nucleon CC cross
sections (for an isoscalar target) and additional CC inclusive data for lower energy as a function
of energy are shown [27]. There are no cross sections measurement for the RES and DIS
simulations, and contributions from quasielastic scattering (dashed), resonance production (dot-
dashed), and deep inelastic scattering (dotted) are predicted by the NUANCE generator [28§]

are shown.
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flux sources is presented.

2.4.1 Solar Neutrinos

The first hint of neutrino oscillations came from the Homestake experiment headed by Raymond
Davis. The Homestake Solar Neutrino detector was designed to be sensitive to the electron
neutrino via v, +37 Cl — e~ +37 Ar, where radioactive isotopes of Argon-37 were identified
and counted to detect the electron neutrino [14]. The experiment collected data from the late
1960s to 1996. The final results for the production of Argon atoms was [29] 2.56 +0.16(stat) £
0.16(syst) SNUS. Prediction of the Standard Solar Model (model BP04) is 8.571% SNU [30].
This discrepancy, as mentioned in Section 2.1, was called the ”solar neutrino problem”.

The solar neutrino experiment Sudbury Neutrino Observatory (SNO) started observations
in 1999 and completed in 2006. The SNO was a water-Cherenkov detector that used ultra-pure

heavy water (D20) as neutrino target. This experiment was sensitive to three reactions:

Vy + €~ — v, + e (elastic scattering), (2.21)
Ve+d— e +p+p (ve charged — current), (2.22)
Ve +d — vy + p+n (neutral current). (2.23)

The CC reaction is only sensitive to electron neutrino and the NC reaction is equally sensitive
to all neutrino flavors. The elastic scattering (ES) reaction is sensitive to all neutrino flavors
but less sensitive to v, and v,. In 2001 a first measurement of solar neutrino flux deduced from
ES [¢%%(v,)] and CC [¢“C(v,)] reactions showed that ¢°“(v.) < ¢¥9(v,) suggesting electron
neutrinos change into other active flavor [31]. In 2002 these fluxes were updated and the flux
deduced from the NC reaction was measured [32]. These measured fluxes, in 10° cm™2sec™?,

were:

oo = 1767555 (stat) 59 (syst), (2.24)
Bs” = 2391055 (stat) 515 (syst), (2.25)
e = 5.097513(stat) 55 (syst), (2.26)

61 SNU = 1 Solar Neutrino Unit = 10 30captures x s~ per atom.
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The measurement of the total flux ¢p3¥° confirmed that v, indeed oscillates to other neutrino

flavors.
The Super-Kamiokande detector holds 50,000 tons of water and detects charged particles via
Cherenkov radiation. Here, solar neutrinos interactions are detected via the elastic scattering

reaction. The neutral current reaction can measure interaction rate of any neutrino flavor,

vy + e = v, + e (via neutral — current). (2.27)

However the sensitivity to v, neutral current interaction,

Vet e —v.+e (2.28)

is higher relative to v; and v, neutral current interactions, because it is enhanced by the
v, charged current interactions measured. For events over the 5 MeV threshold in Super-
Kamiokande the measured B flux was (2.35 + 0.02(stat.) £ 0.08(syst.))105cm™2?sec™! [33] and
the computed theoretical flux was (5.69 +1.0)10%m 2sec™! [34]. This discrepancy agrees with

results from other experiments.

2.4.2 Neutrinos from Nuclear Reactors

In 2002 the Kamioka Liquid-scintillator Anti-Neutrino Detector’s (KamLAND) results gave the
first remarkable evidence on neutrino oscillation coming from nuclear reactors [35]. The liquid
scintillator was developed by the KamLAND Research Center for Neutrino Science group [36]

and it detected electron anti-neutrinos via inverse ( decay:

Ve+p—et+n. (2.29)

The produced positron is detected in a scintillator and approximately 200 ws later the

neutron is captured via,

n+p—d+vy (2.2 MeV). (2.30)

This time delay between the initial scintillating light produced by the positron and the latter
photon is a robust signature of electron anti-neutrino detection. The ratio of the observed to
the no-oscillation expected energy spectra for the electron anti-neutrino events are shown in
figure 2.7. The electron anti-neutrinos for KamLAND come from comercial nuclear reactors in
Japan whose typical energy is a few MeV and the average distance from the reactors to the

detector was about 180 km [37].
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Figure 2.7: KamLAND ratio of the observed to the no-oscillation expected events for the
electron anti-neutrino events as a function of EL—;e where Ly = 180km.

CHOOZ [38] and Palo Verde [39] were two first-generation kilometer-baseline reactor ex-
periments located in France and United States, respectively. The objective of these experi-
ments was to measure the 6,3 oscillation parameter. CHOOZ could measure an upper limit
of sin?(26013) < 0.10 at 90% confidence level. Baseline reactor experiments as Double CHOOZ
[40], [41] in France, RENO [42] in Korea and Daya Bay [43], [44] in China that measured a
better value of sin?(26,3) = 0.0841 4 0.0033.

2.4.3 Atmospheric Neutrinos

Atmospheric neutrinos are produced by decays of kaons and pions produced by interactions of
cosmic rays with nuclei at Earth’s atmosphere. At these high energy interactions, many pions

and less abundant Kaons decay via:

T (K®) = p +v,(7,) (2.31)

= = et + v (Te) + UL (1) (2.32)

However Kaons are responsible for higher energy neutrinos than those produced by Pion
decays [45]. This reaction chain produces approximately two muon neutrinos per one electron

neutrino.
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The Super-Kamiokande experiment confirmed Muon neutrino disappearance due to neutrino
oscillations. But despite a decrease in the events ratio ';—: relative to the predicted events was
observed, the strong argument for Muon neutrino oscillations came from the distribution of
events as a function of the zenith angle [46], as shown in Figure 2.8. The decrease in the
upward-going pu-like events suggested p neutrinos oscillated when traveling through the earth
towards the detector. The electron neutrinos distribution was as predicted. Comparison with
Kamiokande data confirmed this decrease was due to the oscillation v, — v;. Subsequent data
from Super-Kamiokande SK-I, SK-II, SK-IIT upgrades provided more statistics and confirmed

this result.
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Figure 2.8: Zenith angle distributions for atmospheric neutrinos events. The left and right
panel shows the distributions for e-like and p-like events, respectively. © is the zenith angle,

and cos®© =1 and cos© = —1 is vertically downward-going and upward-going, respectively.

At the time the Super-Kamiokande’s data confirmed neutrino oscillations, two other experi-
ments that measured atmospheric neutrinos, Soudan-2 [47], [48] and MACRO [49], [50] showed

also in their data a v, deficit dependent of the zenith angle.

2.4.4 Neutrinos from Accelerators

Accelerator long-baseline neutrino experiments consist of two detectors separated a long dis-
tance one from each other aligned on- or off-axis with the neutrino beam produced in the
accelerator. Man-made neutrino beams have the chief advantage on reducing systematics er-
rors of measurements of neutrino oscillation parameters. However, high energy neutrino beams

present serious experimental challenges for neutrino oscillation experiments’.

It must, for instance, be able to produce a sufficient number of interactions a few hundreds kilometers away

from the source.
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T2K (Tokai to Kamioka) is a neutrino oscillation experiment [51] that uses the muon neu-
trino beam produced at J-PARC facility and the Super-Kamiokande detector located 295 km
away to study mainly oscillations v, — v.. T2K is the successor of the K2K (KEK to Kamioka)
experiment [52] that was a neutrino experiment that operated from 1999 to 2004 and used the
KEK 12 GeV proton synchrotron (average muon neutrino energy ~1.3 GeV) and the Super-
Kamiokande detector located 250 km away. One of the goals of K2K was the verification of the
Super-Kamiokande’s measurements on atmospheric neutrino oscillations presented in 1998.

The Near Detectors of MINOS (Main Injector Neutrino Oscillation Search) [53] and NOvA
(NuMI Off-Axis v, Appearance) [54],[55],[56] experiments are located at Fermilab, both ex-
posed to the NuMI beam which is a muon neutrino beam of a few GeV energy (from 2 to
10 GeV) produced at Fermilab (chapter 4). The MINOS experiment has its Far Detector 735
km away at the Soudan Underground Laboratory in Minnesota and uses the NuMI beam to
study disappearance of muon neutrinos. The NOvA experiment has its Near and Far detectors
both located 14mrd off-axis the NuMI beam 810 km away from each other. NOrA’s as main
goal is the measurement of electron neutrino appearance applying an ”off-axis” technique that
provides a narrow peak in the energy spectrum.

The CNGS beam is a muon neutrino beam produced at CERN. At the Gran Sasso Labora-
tory located in Italy, 730 km away, are located the OPERA (Oscillation Project with Emulsion-
tRacking Apparatus) and ICARUS (Imaging Cosmic And Rare Underground Signals) experi-
ments. Both OPERA and ICARUS had as main goal the study of v, appearance.
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Chapter 3

Shallow Inelastic Scattering (SIS)

interactions

In order to define the SIS interaction some important variables must be defined first. Let’s

consider a charged current muon neutrino interaction as shown in figure 3.1.

P, v, o P,

Py N

Figure 3.1: Charged current muon neutrino interaction with the four-momenta of the neutrino

(P,), produced muon (F,), nucleon target (Py) and hadron products (Px)

Using four-momentum conservation,

P,+Py=P,+ Px (3.1)
the four-momentum transfer —¢* = —|p, — p,|* is calculated as,
Q> = —¢* = 2E,(E, — pycost,,) —m, (3.2)
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where E, is the neutrino energy, E, is the muon energy, p, is the muon momentum, 60, is the
muon angle with respect to the incoming neutrino direction and m,, is the muon mass. Assuming

the target nucleon is at rest in the lab frame the hadronic invariant mass is calculated as,

W? = P; = (P, + Py — P,)? (3.3)

W= /M3 + 2BpaaMy — @ (3.4)

where My is the mass of the nucleon and E},,4 is the hadronic energy of the system. Also, the

Bjorken z and Inelasticiy y are defined in equations 3.5 and 3.6,

Q2
- v 3.5
T My Enag (3.5)
Ehad
= 3.6
. (3.6)

which tells us the ratio of the four-momentum transfer to the hadronic energy and the fraction
of neutrino energy transferred to the hadronic energy of the system.

The invariant mass of the final state hadronic system (W) and four-momentum transferred
(Q?) are important to define the SIS and the DIS regions. There are no definite cuts values to
define DIS events but the general cuts accepted in the scientific community are Q? > 1 GeV?
and W > 2 GeV [57]. The high Q? assures the interaction has enough four-momentum trans-
ferred to resolve quarks and the high W that the interaction occurs well above the resonant
region.

The cross section of the DIS interactions depends on structure functions F'(z,Q?), which
contain information about the nucleon structure [58]. The structure functions are strongly
dependant on Bjorken z and weakly dependant on Q? in the DIS region, this behaviour is
known as scaling. In the DIS region the Bjorken x variable can be interpreted as the fraction of
the nucleon’s total momentum carried by the struck quark in the infinite momentum framework
[59]. Therefore, the structure functions describe the distribution of quarks inside the nucleon
as a function of their fractional momenta and Bjorken x becomes a crucial variable to measure
neutrino-quark interactions in the DIS region. The SIS cross section was measured as a function
of Bjorken x to eventually be compared to the DIS cross section. The measurement of the DIS

cross section as a function of Bjorken x in MINERVA is in progress.

3.1 Shallow Inelastic Scattering (SIS)

Technically, SIS is defined as non-resonant meson production with no quark fragmentation in-

volved [57], and in terms of kinematics, it is defined as non-resonant meson production with
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small four-momentum transferred in order to avoid interactions with quarks (figure 2.4). Ex-
perimentally, non-resonant and resonant meson production cannot be distinguished and both
together are separated from DIS quark-fragmented meson production with an arbitrary cut at 2
GeV in W [57] set by the scientific community. Therefore, a practical definition of SIS consists
of the interactions with My+ M, < W < 2 GeV which includes non-resonant and resonant pion
production. The GENIE [60] generator simulates events in the SIS region basically using the
Bodek Yang model [61] and the Rein-Sehgal model [62] and fits to one and two pion production
data (Appendix A).

3.2 Experimental SIS

An experimental SIS definition based on what MINER~A can reconstruct can be established.
Analyzing an inclusive sample of the MC, figure 3.2, the first peak in our distribution is rec-
ognized as the quasielastic contribution and the second peak as composed mostly of delta
resonance (A(1232)) events that dominates pion production with the non-resonant contribu-
tion being much smaller [57]. Therefore we can displace the lower SIS signal boundary from
W = My+ M, to W = 1.5 GeV to decrease considerably delta resonance pion production mea-
surements in our sample. The SIS region would be then defined as inclusive meson production
with 1.5 < W < 2.0 GeV (eq. 3.7), while DIS stays defined as Q* > 1 GeV? and W > 2 GeV.

v+ N—=p +X ;5 15<W <20GeV (3.7)

This is the SIS definition that will be used in the rest of the this work and will be used to

calculate the cross section in this analysis.

3.3 Motivation to study the SIS region

e The SIS region is a transition region where the resonant meson production decreases and
the non-resonant meson production transitions into meson production where quark frag-
mentation involved. We are aiming to study the transition from a region described by
hadron physics into a region described by quark physics. It should be noted that the need
to understand this region has generated interest on studying the Quark-Hadron Duality
[63], which basically suggests that the high energy inclusive hadronic cross sections, ap-
propriately averaged over an energy range, approximately converges to the cross section

calculated using quark-gluon perturbation theory.

e The measurement of the SIS cross section is important for the future Deep Underground
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Figure 3.2: Distribution of simulated inclusive events. The dashed line correspond to the
beginning of the meson production at W ~ 1.1 GeV and the two solid lines highlight the SIS
experimental definition in the MINERvVA detector.

Neutrino Experiment (DUNE) [64] because it is expected that more than 30 % of events
will come from the experimentally defined DIS region and more than 50% of the events
from the SIS plus DIS regions [57]. Also the atmospheric v; studies proposed at the Hyper-
K experiment (Hyper-Kamiokande) [65] which will use Cherenkov detection technology

with a water target will also have significant SIS and DIS contributions.

e Different Monte Carlo neutrino event generators such as NEUT [66], NuWro [67] and
GENIE [60] predict different neutrino cross sections for the SIS and DIS regions, as
shown in Fig 3.3. These differences emphasize the importance of the SIS cross section

measurement to constraint and improve the simulation of events in this region.

MINERVA is the only experiment that has concentrated on this kinematic region and this

work is the first measurement of the neutrino cross section in the SIS region.

21



# events

W [GeV]

Figure 3.3: Prediction from three different neutrino generators for 6 GeVneutrino in Fe. Figure
was extracted and adapated from [68]. NEUT was developped initially for the Kamiokande
experiment and later was used for Super-Kamiokande [33], SciBooNE [69] and T2K [51] exper-
iments. GENIE was developped by an international collaboration and aims to be a universal
neutrino event generator. NuWro is a generator more theory oriented developed by the Wroclaw

University.
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Chapter 4

MINERVA Experiment

MINERVA is a dedicated neutrino scattering experiment whose main goal is to understand
the nature of neutrino-nucleus interactions. To this end, it identifies the nuclear effects and
test models, measures exclusive and inclusive final states and the correlations of those with
leptons. In addition, MINER~A also aims to characterize neutrino interactions for oscillation
experiments. The MINERvA detector sits on axis the neutrino beam produced at Fermilab,
just upstream to the MINOS detector that is used as muon spectrometer of the interactions
produced in MINERVA .

4.1 The NuMI Beamline

The Neutrinos at Main Injector facility (NuMI) constructed at Fermilab provides a high in-
tensity on-axis v, or 7, beam of 2-20 GeV variable energy to the MINERvA and MINOS
experiments, and off-axis to the NOvA experiment. At the time of this writing the neutrino
beam had an energy peak of 6 GeV. The neutrino beam results from the decays of pions and
kaons produced by collisions of 120 GeV protons in a graphite target. Two magnetic "horns”
focus the positive (negative) mesons that produce a v, (7,) beam [70],[71] upon decaying.
Fermilab uses a series of accelerators to create the energetic protons required to produce the
neutrino beam. The creation process begins with the acceleration of hydrogen negative ions in
a Linear Accelerator (LINAC) to about 400 MeV. The accelerated hydrogen ions are then send
to the Booster where a carbon foil removes electrons from the ions to obtain just protons which
are then accelerated to 8 GeV. Then, the protons are sent to the Main Injector where they are
accelerated to 120 GeV. At every 1.9 s a 8.4 us spill with 3.5 x 10'3 protons are extracted and
sent towards the 0.95 m long segmented water cooled graphite target (figure 4.1), called the
NuMI target [72]. Protons are extracted with a 58 mrad (3.323 °) angle towards Sudan [73].
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Two horns operate by a pulsed +(-) 185 kA current' steer pions and kaons towards the
proton beam path, as can be seen in figure 4.1. The relative placement of the two horns
and the NuMI target optimizes the momentum spectra of the focused particles resulting in
different neutrino energy spectra [73]. The target is assembled on a system of rails that make
posible moving the target along the beamline. Figure 4.2 shows the different spectra of neutrino
energies produced by different configurations. The intensity of the beam is expressed in terms
of the number of protons that collide the graphite target (POT). The intensity of the beam

delivered in the medium energy mode used in this analysis is shown in figure 4.3.

Absorber Muon Monitors
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Figure 4.1: Schematic view of the NuMI beamline.

The constituent parts of the NuMI beamline are shown schematically in figure 4.1. The
pions and kaons are left to decay in a 657 m long and 2 m base steel pipe kept at a constant
vacuum of 1 Torr [73]. The hadron absorber removes all the remaining hadrons coming out
the decay volume. The secondary and tertiary particle beams are monitored by an hadron
monitor and three muon monitors located next to the absorber. The dolomite rock between
the monitors remove most of muons leaving neutrinos in the beam. The resulting neutrino
beam consists of 97,8 % v, and few v, (1.8 %) and v, (0.4 %)?. The resulting NuMI neutrino
beam is delivered to the MINERVA detector that is located 100 m underground, just upstream
of the MINOS near detector [74].

IThis current can be set to different values in order to make special studies and characterization of the

beamline

2y, are the result of decay of muons.
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Figure 4.2: NuMI configurations. Low Energy and Medium Energy. (Flux estimation using a

w Neutrino Flux
R —

0.14

0.12

0.10

Neutrinos/cm®/GeV/POT

0.08
0.06
0.04

0.02

000 2" "7""% "% 10 12 14
Energy (GeV)

GEANT4 based simulation of the NuMI beam line).

—Dellvered wl12.4x '1{'1” = 12.3)‘: -11]2[}
g TABSZT 1 —miNeRuA v121%10% --- §12.4%10% (Efficiency: 95.4%)
— 115%10% . 91183 10% (Efficency:91.1%) 7
B 4 opi01 MINERvA*MINOS v ;
e ‘-‘I.-
@ 2
2 10E+21 4
e sy
£ 8.0E+20 ;
o ‘r;
£  6.0E+20 i
8
& 4.0E+20 f_’:‘-?.f_'f
2.0E+20 ;4‘?’
P -
0.0E+00 - I MINERvA Preliminary
L T T R T - R T . T I
U g g T B P BT

Figure 4.3: NuMI beam intensity delivered for the neutrino and antineutrino medium energy

MINERvA Medium Energy Data

mode. The protons on target (POT) is expressed as a function of time.

4.2 The MINERVA detector

The MINERVA detector employs polystyrene scintillator to track particles and two types of

calorimeters to contain showers produced by neutrino interactions. The MINERVA detector is
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provided of targets of a wide range of nucleon numbers to enable studies of nuclear dependence
in neutrino interactions, measure form factors and measure cross-sections in this nuclei number
variety to improve the systematic uncertainties in future neutrino oscillation experiments [75].

The MINERvA detector consists of a veto wall, a cryogenic liquid helium target regulated to
within 25 mK and a 5 m length hexagonal prism with 4.10 m diagonal length called MINERVA
main detector, as is shown schematically in figure 4.4. Figure 4.5 shows a top view of the

detector.
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Figure 4.4: Schematic view of the MINERrVA detector.

The MINERVA main detector can be thought of as two detectors: a smaller central hexag-
onal prism with same length but aproximately 2 m width called the Inner Detector (ID), and
the surrounding volume called the Outer Detector (OD). The Inner Detector consists of: nu-
clear layers interleaved with scintillator planes; a region of pure scintillator planes called Active
Tracker Region; the side electromagnetic calorimeter; and at the most downstream part the
remaining of the electromagnetic calorimeter and part of the hadronic calorimeter. The Outer
Detector consists of the side hadronic calorimeter.

The active tracker region is composed exclusively of scintillating material and is the core of
the MINERVA detector.For construction convenience and handling, the MINER»VA detector is
made of four types of modules: tracking, nuclear target, ECAL and HCAL modules. A tracking
module consists of two scintillator planes and the respective Outer Detector part, which serves
as a supporting structure and is made up of a frame of steel with embedded scintillators.
The side electromagnetic calorimeter of the active tracker region is incorporated as a 0.2 cm

thick by 15 cm wide lead ”collar” between each scintillator plane as shown in figure 4.6. The
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Figure 4.5: Top view of the MINERVA detector.

active tracker region consists of 62 tracking modules and each scintillator plane consists of
127 scintillating strips. A scintillator plane can have one of three different orientations. The
X-plane has the scintillating strips vertically positioned in order to get the x coordenate of the
hit. The U- and V-planes are rotated 60 degrees clockwise and counter-wise from the X-plane
respectively. Each tracking module has a X-plane and either a U- or V-plane, as shown in
figure 4.7 for just two consecutive modules. In the most upstream of the detector a ”veto wall”
made of thick steel plates and scintillator planes shields the detector from low energy hadrons
and tags the muons produced by neutrino interactions in the rock called "rock muons”. The
cryogenic helium target is located between the veto wall and the main detector. The nuclear
target region consists of five layers of passive targets separated by eight scintillator planes to
make possible the reconstruction of the neutrino interaction vertex in the targets, and finally
the downstream electromagnetic and hadronic calorimeters are made up of scintillator planes

interleaved respectively with lead planes and steel planes [76].

4.2.1 The Scintillating Strips

The scintillating strips are triangular prisms of solid scintillator (Dow Styron 663 W) doped
with 2,5-diphenyloxazole (POP) (1 % per weight) and 1,4-bis (5-phenyloxazol-2-yl) benzene
(POPOP) (0.03 % per weight) coated by a reflective layer of TiOs and traversed through
the center with a green wavelength shifting (WLS) fiber (1.2 diameter, 175 ppm Y-11 doped)
produced by the Kuraray corporation. The transversal lengths of the scintillating strips are
shown in figure 4.8.

The scintillating strips are assembled making up a plane as is shown in figure 4.9. This
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Figure 4.7: Scintillating strip orientations for consecutive modules in the MINERvA tracking

region.
configuration provides charge split between neighbor strips and improves the determination of

the interaction coordinate. The combination of the three posible plane orientations provides a

stereoscopic 3D image of hits (interactions) in the MINERVA detector.
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Figure 4.8: Transversal cut of the triangular scintillating prism.

Figure 4.9: Scintillating prisms arranged to form a plane. Each prism holds an optical fiber

along its full length to conduct the signal of the interaction.

4.2.2 Photodevices

The MINERVA detector uses 507 Hamamatsu Photonics H8804MOD-2 multi-anode Photomul-
tipliers (PMTs) to amplify the scintillation light collected from the WLS (Wavelength Shifting)
fibers in each scintillator strip. The PMTs are required to have a minimum quantum efficiency
of 12% at 520 nm and a maximum-to-minimum gain ratio less than three. A base circuit board
and the PMT are installed inside a 2.36 mm thick steel cylindrical box, keeping them protected
from dust, ambient ligth and magnetic fields produced by MINOS near detector’s magnetic
coils. Each multi-anode PMT has an 8x8 array of pixels, each pixel having an effective size of

4 mm?. Each PMT is collects 64 fibers in individual channels carryning the electrical signals
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from the WLS fibers of the strips as is shown in figure 4.10. These fast analog signals are fed
to the Front End Boards (FEBs) attached to the optical box and located outside of it. The
main functions of the FEB are to digitize timing and pulse-height signals, and communication

to the VME readout controllers modules.

/7"1 Ez-ﬁs:;?m # W\

Figure 4.10: Optical box containing the Photomultiplier (small black cube) conected to the 64

clear fibers.

4.2.3 Nuclear Targets and Cryogenic Helium target

The nuclear target region located at the most upstream part of the detector is made up of five
layers of passive nuclear targets in total made of Fe (998 kg), Pb (1023 kg), C (120 kg) and
water. Except for the fourth and fifth layers each target is separated by four tracking modules.
The figure 4.11 shows the cryogenic Helium target and the nuclear targets in the ID. There are
targets made of a single material and others made of two or three materials.

The purpose of the different orientations for the materials in the mixed targets is minimiza-
tion of the effect of acceptance differences for different regions in the detector. The nuclear
targets are mounted in the same hexagonal steel frame (Outer Detector) as the scintillator
planes. The water target do not use the OD to be mounted as is shown in figure 4.12.

The cryogenic helium target is an aluminum cryostat capable of holding approximately 2,300

L of cryogen. It consists of an inner cylinder with 152 ¢m inner diameter, 100 cm length, 0.635
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Figure 4.12: Water target

cm wall thickness; and an external vessel cylinder of 183 ¢m diameter and 0.952 ¢m wall thick.
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4.2.4 Electromagnetic and Hadronic calorimeters

The electromagnetic calorimeter (ECAL) is made up of ten electromagnetic modules. This
region consists of 20 layers of Pb (2 mm thick each) interleaved with scintillator planes having
orientations as shown in figure 4.13.

The electromagnetic calorimeter is used to decrease the shower lengths produced by charged
particles in the detector. Since pair production cross section is proportional to Z2, photons of

few GeV will be detected via pair production.

DS Ecal

pbiu_ 1 Module
cad > 1 Module

~ Electromagnetic Calorimeter

Figure 4.13: ECAL module and the orientation for two consecutive modules.

The hadronic calorimeter placed at the most downstream of the detector is made up of 20
HCAL modules. Each HCAL module is made of a Fe layer (2.54 mm) and just one scintillating
plane. Muons with energy up to 600 MeV and protons with energy up to 800 MeV will be
stopped by the combined action of all this layers. A HCAL module is shown in figure 4.14.

4.2.5 The Outer Detector (OD)

The Outer detector (OD) is a steel hexagonal shell with inner apothem 1.168 m and outer
apothem 1.727 m. All steel frames are 3.49 cm thick except for frames surrounding the thicker
downstream HCAL where they are 3.81 cm thick. Each frame has four slots each holding a
pair of 2.54 x 2.54 em? rectangular scintillator strips for calorimetry and tracking. The total
iron thickness is 43.4 cm, or 340 g/cm?, which can stop, from ionization losses alone, up to 750

MeV protons at 90° and nearly 1 GeV protons entering at an angle of 30°.
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Figure 4.14: HCAL module and plane orientations for consecutive modules.

4.2.6 MINOS (Main Injector Neutrino Oscillation Search) Near De-

tector

MINOS is a long-baseline oscillation experiment. As an usual long-baseline type experiment
it consists of two detectors separated by a long distance. The Near detector is located at
Fermilab just downstream MINER»A and the Far detector is located 450 miles away in northern
Minnesota. The MINOS Near and Far detectors are made of steel and plastic scintillator like
the MINERvA hadronic calorimeter [74]. One of the advantages of MINOS near detector is
that it is magnetized, which makes it possible the reconstruction of the charge and momentum
of the (anti)muons produced by charged current (anti)neutrino interactions. The magnetic
field is produced by an electric current flowing through a coil on the axis of the MINOS near
detector. The figure 4.16 shows two views of the MINOS near detector (ND) which is used
to measure the muons produced in charged current interactions in the MINERVA detector as

shown in figure 4.15.
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Figure 4.15: The muon produced in the charged current interaction goes through MINERvA

and reachs the MINOS detector where its momentum is measured
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Figure 4.16: Two views of the MINOS near detector. Left: View from above. Right:View in

the beam direction.[76].
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Chapter 5
Reconstruction

The goal of the reconstruction is to transform information the detector records, such as elec-
tronic signals, location and time of the hits, into physical quantities. This general reconstruc-
tion is run on all of MINER»A ’s data and simulation, which allows us to classify and quantify
event interactions. Basically, the reconstruction have three stages: grouping hits by time (time
slicing), grouping hits by location (cluster formation), tracking, and matching tracks into the
MINOS detector.

5.1 Time Slicing

Each readout gate is opened for 16 ps which is enough time to detect multiple neutrino interac-
tions. The pile-up of interactions is initially mitigated by grouping the hits without considering
any location information. This first step of the reconstruction is called Time-slicing. A time
slice is created each time the hits sum in total 10 photoelectrons or more within a 80 ns time
window. Hits in the readout gate that occur no later than 50 ns after the last hit and not
earlier than 30 ns before the first hit are also added. The time slices of a sample time profile

of a MINERVA ’s readout gate are shown in figure 5.1.

5.2 Cluster Formation

The special arrangement of the scintillator strips (Figure 4.9) allows charged particles traveling
through the detector deposit energy at least in two strips.A group of hits (or even a single hit)
can be considered a cluster. Clusters are divided into different types depending on their size

and total energy deposit.

e Low activity clusters: Total energy deposit is less than 1 MeV.
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Figure 5.1: Time slices (denoted by different colors) in a typical readout gate (a 8.4us spill of
the NuMI beam) [76]

e Trackable clusters: The energy deposited in each bin is between 1 and 8 MeV and the
clusters consist of at least 4 hits and have a total energy between 1 and 12 MeV.

e Heavy ionizing clusters: Total energy deposited by the hits must be greater than 1 MeV
and one to three adjacent hits must have energy greater than 0.5 MeV. This type of

cluster is essential in forming high angle tracks.

e Superclusters: Any group of more than 4 hits is classified as a supercluster. These clusters

are consistent with an hadronic or electromagnetic shower.

e Cross-talk clusters: Low energy hits that usually induced by the optical cross talk in a
PMT.

5.3 Tracking

Clusters are used to create a reconstructed object called "track” which approximates a charged
particle’s trajectory through the detector. Tracking consists in determining one anchor track
which will then serve as a start point to determine the rest of tracks. Trackable and heavy
ionizing clusters are used to define track seeds that are defined as a group of three clusters in

one view (X,U or V) meeting two requirements:
e clusters of the seed must be on consecutive planes
e clusters of the seed must fit a straight line

e seeds do not contain clusters in the same scintillator plane

Two-dimensional trajectories for one view (X,U or V) are created stitching together track

seeds by comparing their projected slopes and by ensuring they have a common cluster. These
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proto-track objects are called candidates. After all candidates are built, they are merged using
the same criteria used for merging the seeds. The candidates from different three views are
then merged into three dimensional objects if they overlap longitudinally and are mutually
consistent with the same three-dimensional line. These candidates are evalulated in two views
and if they overlap longitudinally a 3D track is created. In the remaining view a search for
the unused clusters that have a position consistent with the candidate pair is performed, and if
there are enough clusters a 3D track is created. The 3D tracks found are fitted using a custom

Kalman filter routine that includes multiple scattering [77] [78].

5.4 Matching tracks into the MINOS Near Detector

Reconstruction information from MINERrvA and MINOS detectors are used to completely
reconstruct the muon energy and trajectory. The muon track produced in MINER»VA is matched
to a muon track in MINOS. The track in MINERrZA must stop in the last five modules of the
detector and the track in MINOS must begin in the first four modules, and also they must be
within 200 ns of each other in time. To match the muon the start point of the MINOS track is
extrapolated into MINERvA |, and the end point of the MINERVA track is extrapolated into
MINOS. The distance of the extrapolated MINOS track to the end point of the MINERVA
track and the distance of the extrapolated MINERVA track to the start point of MINOS track
are both called residuals. A MINERvrA track is considered MINOS matched if both residuals
are smaller than 40 cm. If none of the residuals are smaller than 40 cm the closest approach
method is performed which consists in finding the point of closest approach of the two tracks
via Euclidean distance minimization for the two points in the x and y plane. The MINOS
matched tracks are usually muon tracks and MINOS measures the muon momentum using two

different methods:

e Range method: based on the total energy lost by the muon in MINOS. It is applied only

to muons contained in the calorimeter of the MINOS detectors.

e Curvature method: based on measuring the curvature of the muon track caused by the
magnetic field of the MINOS detector. Equation 5.1 is used,

1 03B
kj = —-—= — .]_
R P (5.1)

where k is the curvature, R is the radio of the curvature, B is the magnetic field and P

is the momentum component perpendicular to the field.
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5.5 Hadronic Energy Reconstruction

In an interaction event the neutrino energy is transferred to the muon and to the nucleus
resulting in a number of final particles. By energy conservation the neutrino energy must equal

the sum of the muon energy(£,) and the hadronic energy (Epqq),
E, = E, + Epaa. (5.2)

The estimation of the hadronic energy (also known as recoil energy) is essential for the accurate
measurement of the neutrino energy since most of the energy transferred is hadronic energy.

We have to sum all the energy deposits to determine the total recoil energy (or Ejqq) of an
event. Energy deposits in all the subdetectors, electromagnetic calorimeter (ECAL), hadronic
calorimeter (HCAL), side electromagnetic calorimeter (sideECAL), outer hadronic calorimeter
(OD) and tracker, are considered.

The HCAL, ECAL, sideECAL and OD subdetectors have passive material, lead and iron,
in which particles deposit energy that is not detected. The recoil energy must be weighted to

account for this lost energy. The total recoil energy! of an event is defined as,

Erecoil,reco = Qx* Z CiEi (53)

i = {tracker, ECAL, HCAL, Side ECAL,OD}. (5.4)

The calorimetric constants c¢;, were calculated by minimum ionizing particles with normal in-
cidence angle traveling through prototypes of the subdetectors. The calorimeter constants
calculated are 1.0 for the tracker, 2.01 for the ECAL and sideECAL and 10.31 for the HCAL
and OD [79]. The calorimetric constants ¢; for each sub-detector i were calculated respect to
the tracker scintillator material. « is a global scale factor that compensates for the loss of
visible energy due to final state interactions, neutral particles, binding energy of struck nucleon
and energy leakage. The global scale factor is calculated by varying « via Minuit [80] to match
the recoil energy to the true recoil energy (recoil energy generated by GENIE) by minimizing

the error,

t Erecoi reco Erecoi rue) — 42
QTTOT:Z larctan( L ]/\/ Lirue) = /4 (5.5)

where N is the number of events in the inclusive sample.
The final step is a per-bin correction using the reconstructed and true recoil energy corrected

by the global scale factor . The final correction basically consist on mapping n = AE/FEyy.

Lsubscript reco and true are used to distinguish the reconstructed and the true value of any quantity. The
true value is obtained from the Monte Carlo and the reconstructed value is the one we obtain from the event

reconstruction.
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with AE = E,eco — Firue to the mean < Fy,.,. > in each true bin (Appendix B). After all the cor-
rections are made, the standard deviation (o) of the gaussian fit of the AFE/FEy,.,. distributions

in each bin is plotted in figure 5.2.
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Figure 5.2: Calorimetric hadronic energy resolution for Charged Current inclusive events in the

tracker region of the MINERVA detector

The fit, aldo shown in equation 5.6, represents the hadronic energy resolution of the tracker
region where the @ symbol indicates a quadratic sum. The first term on the right-hand side of
the equation is called the ‘constant term’ and it is due to contributions which do not depend
on the energy of the particle such as instrumental effects, detector geometry and temperature
gradients. The second term of the equation is called the ‘stochastic term’ which it is due
to fluctuations related to the physical development of the shower. In general the hadronic
resolution improves as the hadronic energy increases.

282
7 a1 e 222 (5.6)
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5.6 Event Selection

The calculation of a differential cross section requires the selection of SIS events. The differential

cross section is defined as follows,

dO'Z‘ . Uzj(d] — bj>
dr Az, ®N (5.7)
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where the indices j and i refer to a reconstructed and true bin respectively. The Ax; is the
bin width, ¢; is the event selection efficiency, ® is the integrated neutrino flux, N is the number
of nucleons in the tracker region, d; is the SIS events selected, b; is the SIS background and Uj;
is an unfolding matrix which map events from reconstructed bins to true bins. The SIS event

selection d; is done by applying some requirements:

e Charged Current events are considered for this analysis therefore only muons that matched

into the MINOS near detector are analyzed.

e To select negative muons the curvature k of the muon traveling through the MINOS

detector must be negative (equation 5.1).

e The vertex of the events must be inside a fiducial volume in the tracker region: a transveral
hexagon with 85 cm apothem and vertex z component between modules number 27 and
80. This volume ensures events not occuring in the electromagnetic calorimetry that
surrounds the tracker region and also events not occuring in the passive targets upstream

the tracker region.

e The reduction of rock muons mis-reconstructed in the fiducial volume is done by applying

a cut on the maximum allowed deadtime upstream of the vertex [76].

e The muon energy is restricted to 2 < £, < 50 GeV and the muon angle is restricted to
6 < 20°. A 2 GeV muon energy will be able to travel all along the MINERVA detector
and travel 100 mm in the MINOS fiducial region. The higher boundary of 50 GeV muon
energy ensures high DIS events statistics which is one sideband of the SIS region. The

6 < 20° cut is set based on MINOS muon acceptance.

e The maximum energy of the accelerated proton colliding the graphite target is 120 GeV.
Therefore the neutrino energy is restricted to F, < 120 GeV.

e The curvature of the muons reconstructed in MINOS must have at least 5o significance

53] .

e The endpoints of the muon tracks must be at distance R from the MINOS coil, such that
210 < R < 2500 mm [53] .

e The SIS events are selected by applying the kinematic cut 1.5 < W < 2.0 GeV as was

defined in section 3.2.

In the Monte Carlo simulation the number of events remaining after each selection cuts

where studied and the results are shown in table 5.1.
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RECONSTRUCTION CUTS Events | Survival rate (%)
NO CUT | Generated SIS events 146213 100
CUT1 Events in Material 83885 57
CcuT2 CUT1 and Fiducial 76489 52
CcuT3 CUT2 and Angle 6,, < 20 degrees 75173 51
CUT4 CUT3 and Curvature Cuts < -5.0 69352 47
CUT5 CUT3 and Coil Cuts r < 2500mm r >210mm | 67177 46
CUT6 CUT4 and CUT5 and Helicity 63593 43
CcuTT7 CUT6 and Good Tracking cuts 59261 41
CUT8 CUTT and Dead Time cut 56705 39
CcuT9 CUTS8 and E, < 120 GeV 56704 39
CUT10 CUT9 and 0 < 20 & 2 < E, < 20 GeV 55893 38
CUT11 CUT10 and SIS cut 35021 24

Table 5.1: Survival rate of the number of events for the selection cuts.
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Chapter 6

SIS Background

The SIS background are events reconstructed as SIS events that are not truly SIS events. These
events have reconstructed hadronic invariant mass 1.5 < Wy, < 2.0 GeV but true hadronic
invariant mass Wi < 1.5 GeV or Wi > 2.0 GeV. It will be referred just as background
in the rest of the text unless specified otherwise. The background has to be subtracted from
SIS data because it is a source of contamination and it is represented by b; in the numerator
of the cross Section formula 5.7. The background is estimated from Monte Carlo simulation
and in consequence it brings model dependency to the cross section measurement. In order
to minimize this dependency the Monte Carlo prediction is constrained to the Data in the
neighbors regions of the SIS region and later these constraints are used to tune the background

in the SIS region.

6.1 Templates

The templates are regions in the Wy, space that represent not true SIS events, that is, events
with Wie < 1.5 or Wie > 2.0. The templates are used to estimate the background in the
SIS region (1.5 < Wieeo < 2.0 GeV') coming from three regions mostly populated by quasi-
elastic events, resonant meson production and DIS events. Therefore, the templates are the

Quasi-Elastic template, Resonance template and DIS template as shown in Figure 6.1

Template QE Template RES SIGNAL Template DIS

0 115 15 2.0

Figure 6.1: Template boundaries
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6.2 Sidebands

Sidebands are regions in the W,.., space that represent well the SIS background events. In the
sidebands the Monte Carlo prediction is constrained to the data and a scale factor is extracted
for each sideband. The sidebands must represent well the SIS background and therefore gaps
between the sidebands and the SIS region are constructed to minimize the inclusion of events
misreconstructed as background or events misreconstructed as SIS events as shown in Figure
6.4. The sidebands boundaries were calculated by evaluating the signal contamination and

efficiency of events coming from different templates as shown in figures 6.2 and 6.3.

100

: —
30/ i

60 |- —

— TDIS purity
:\—N:Dls efficiency

- ——  Si | contamination

Fraction of events (%)

%0 % Y S Y S— T 3.0
Lower cut in reco W [GeV]
Figure 6.2: Template DIS events purity, Template DIS efficiency and Signal contamination
in a DIS sideband are plotted. As the "lower cut in reco W” of the DIS sideband shifts
to higher values the signal contamination decreases, the efficiency decreases linearly and the
purity increases. W,e.o, = 2.3 GeV was chosen as the best value for the lower boundary of the

SIS sideband and W,.., = 3.0 GeV was chosen as the higher DIS sideband boundary

6.2.1 SIS Sidebands Fitting prescription

In the Sidebands the Monte Carlo prediction is fitted to the Data by using a y? minimization

per bin method as per equation 6.1,

Nz _ 7 2
Z data MC’) (61)

bin data
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80 -

Fraction of events (%)

60 |-
| ==TQE+TRES purity

- —T1Qe+TRes efficiency
— Signal contamination

20

0.6 0.8 10 12 14
Upper cut in reco W [GeV]

L

Figure 6.3: Template QE + Template RES events purity, Template QE + Template RES
efficiency and Signal contamination in a QE + RES combined sidebands are plotted. As the
"higher cut in reco W” of the QE + RES combined sidebands shifts to higher values the signal
contamination increase slowly, the efficiency increases almost linearly and the purity decreases
slowly. Wi.eco = 1.3 GeV was chosen as the best value for the higher boundary of the combindes
QE+RES sidebands.

SIGNAL
SB QE SB RES GAPL REGION GAP2 SB DIS

0 115 13 15 2.0 23 3.0

recn

Figure 6.4: Sidebands boundaries

where N!,, and N}, refer to the number of events in the bin i of the Data and Monte Carlo
simulation distributions respectively. The last MINERvA’s Inclusive Charged Current Cross
Section measurement [81] shows that the muon momentum components are good at discrim-
inating events of different kinematic regions. Therefore the scale factors using the transverse
muon momentum p; and the longitudinal muon momentum p; were extracted and are shown in
table 6.1. The scale factors are practically the same for each of the momentum components and
the transverse muon momentum scale factor was chosen for the analysis because of a slightly
better agreement when used. The unscaled (untuned) and scaled (tuned) distributions in the

sidebands for p; and p; distributions are shown in figures 6.5, 6.6 and 6.7, and the calculated
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MC background tuned and untuned in the SIS region are shown in figure 6.9. Tuning results

for other kinematic variables are shown in Appendix C.

p; factor | Statistical error p; factor | Statistical error
SB QE 1.229 +0.008 SB QE 1.237 +0.007
SB RES | 1.063 £0.010 SB RES | 1.045 +0.010
SB DIS 1.148 +0.007 SB DIS 1.134 +0.007

Table 6.1: The scale factors extracted for longitudinal muon momentum p; and transversal
muon momentum p, distributions in the sidebands. These scale factors were extracted using a

x? minimization per bin 6.1 simultaneosly in all the three sidebands.
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Figure 6.5: p; distribution in Sideband QE showing the contributions from the templates. Left:
Untuned. Right: Tuned with the p; scale factors in table 6.1
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Figure 6.6: p; distribution in Sideband RES showing the contributions from the templates.
Left: Untuned. Right: Tuned with the p; scale factors in table 6.1
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Figure 6.7: p; distribution in Sideband DIS showing the contributions from the templates. Left:
Untuned. Right: Tuned with the p; scale factors in table 6.1
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Figure 6.8: Data and MC for p; in the SIS region. The pink area sorrounding the MC distri-
bution represents the systematic plus statistical error. Also the MC background calculated is

shown. Left: Untuned. Right: Tuned with the p; scale factors in table 6.1
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Figure 6.9: Data and MC for p; in the SIS region. The pink area sorrounding the MC distri-
bution represents the systematic plus statistical error. Also the MC background calculated is

shown. Left: Untuned. Right: Tuned with the p; scale factors in table 6.1
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Chapter 7
Systematics

The simulation models and events reconstruction insert systematic uncertainties in the cross
section measurement. These uncertainties arise from imperfect knowledge of parameters to
which the cross section is sensitive. The main sources of systematic errors in MINERVA are
the detector resolution, the flux, the detector mass, the interaction models and and the final
state interactions (FSI) models. In this analysis the systematic uncertainties are assigned to
the predicted MC and then extended to the data.

7.1 Calculation of the Systematic Uncertainties

The systematic uncertainty of a distribution of any parameter x is evaluated by the multi-
universe method. This method consists of producing different distributions (universes) by
shifting underlying parameters on which the x parameter depends on. These underlying pa-
rameters vary from 1 to 100 times accordingly to the 1o variation of all these parameters. The
systematic uncertainty is the average difference between each universe and the nominal value

of the parameter x.

7.2 GENIE Uncertainties

The GENIE systematic uncertainties are constituted by the uncertatinty in the models used
to calculate the cross section, the final state interaction model used to propagate the particles
inside the nucleus and the hadronization model. The uncertainty in the cross section models
are calculated using two different universes constructed from two pre-calculated GENIE weights
[82] correspoding to the negative and positive o variations in question, in this case the spread
of the two universes is the uncertainty. The uncertainty in the FSI models are also calculated

using re-weighting which depends on the probability of a particle for each step going through
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the nucleus [82]. The hadronization model introduces an uncertainty that cannot be calculated
by re-weighting but from separate generations of GENIE instead, which were produced by:
changing the effective radius of the interactive nucleus, altering the formation length of the

hadrons and alternating tuning of the hadronization model GENIE uses [83].

7.3 Flux

There are three sources of uncertainties inherent to the flux production. The production rate of
kaons and pions from the accelerated protons interacting with the graphite target are estimated
using data from the CERN’s NA49 experiments [84] which is extrapolated to MINERVA ’s range
of energy. This extrapolation inserts an uncertainty in the flux simulation. The possibility of
the particles created in the target to re-interact as they travel through the long graphite target,
also known as tertiary particle production, is also a source of uncertainty. The third source of
uncertainty comes from the beam focusing which is done by the magnetic horns [85]. The total

flux uncertainty takes into account the three sources and is extracted from 100 universes.

7.4 Absolute Normalization

The absolute normalization of the cross section inserts uncertainties coming from the detector
target mass and POT counting. As the study in [86] has found, the target mass modeled
actually overestimates actual mass existent in the detector. The POT counting uncertainty
comes from the precision to estimate the primary protons colliding with the graphite target
which is about 1% as showed in the study [83].

7.5 Matching Efficiency

The muons produced in the charged current interactions in the tracker region travel through
the electromagnetic and hadronic calorimeters to reach MINOS. An uncertainty that reflects
the muon deviation from straight path caused by multiple scattering in the Electromagnetic

and Hadronic Calorimeter is considered [87] .

7.6 Detector Resolution

The detector resolution uncertainty is associated with the tracking and energy estimation for
muon energy, muon theta angle and hadronic energy. The reconstruction of these three quan-

tities influence directly on the derived quantities, such as W which is used to select SIS events.
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The £, 0, and Ej,q are shifted individually according to a random number from a Gaussian

distribution with 1o width of the variable in question. The detector resolution is calculated

using 60 universes.

7.7 SIS background

The systematic uncertainty of the SIS background tuning was evaluated by applying the fitting

procedure in the sidebands ( chapter 6) to each universe of each uncertainty source. A scale

factor for each universe was extracted, which later was used to tune the respective universe

in the signal. Therefore the tuned universes in the signal are pinned in some way and the

procedure reduce considerably the systematic uncertainty. The systematic uncertainties for

the background in the sidebands for p; and p; are shown in figures 7.1 - 7.6. The background

systematic uncertainties for other kinematic variable are shown in Appendix D.

> 05 -

- - —— Total Uncertainty
= - e

‘T L - Statistical

t' 0 47 —— Matching Efficiency
[ R —— Detector Res.

2 B —— FSI Models

=) 0 3— - Flux + Mass

= N —— Interaction Models]|f]
c B

(] L

=

[$]

©

S

L.

0.21 8 L|]’[
01 ar
: )
i o e [as i
OO 5 10 15 20 25 30

Longitudinal Muon Momentum (GeV)

Fractional Uncertainty

0.5

0.4

0.3

e
o

o
i

= Total Uncertainty |
- Statistical

—— Matching Efficiency
- Detector Res.

—— FSl Models
—— Flux + Mass
= Interaction Models

[
ST
o

i
—_
oR

15 20 25 30
Longitudinal Muon Momentum (GeV)

Figure 7.1: p, distributions in Sideband QE of the statistical and systematic errors. Left:

Untuned. Right: Tuned

20



Fractional Uncertainty

0.8

0.6

—— Total Uncertainty
-------- Statistical

—— Matching Efticiency
—— Detector Res. |
—— FS1 Models

—— Flux + Mass

—— Interaction Models|

5 10 15 20 25 30
Longitudinal Muon Momentum (GeV)

Fractional Uncertainty

Figure 7.2: p, distributions in Sideband RES of the
Untuned. Right: Tuned

Fractional Uncertainty

E —— Total Uncertainty
0.4: e Statistical
e —— Matching Efficiency
0‘35: —— Detector Res.
0 3? —— FSI Models
TE —— Flux + Mass
0.25F —— Interaction Models
0.2f e
0.15F 'J'Ira‘.ﬁ_"nﬂw"u\:vn -’rw _’__,,.r"nr
E |
012 'rr.J ﬂlhuuﬁ-%ﬁw u —HUQ‘J!J ]{!_
%5 10 15 20 25 30

Longitudinal Muon Momentum (GeV)

Fractional Uncertainty

0.8

06

0.4

0.2

—— Total Uncertainty
5 oo Statistical
—— Matching Efficiency
—— Detector Res. |
—— FSI Models
—— Flux + Mass
—— Interaction Models|

10
Longitudinal Muon Momentum (GeV)

statistical and systematic errors. Left:

0.4 - Statistical
E —— Matching Efficiency
0.35 = —— Detector Res. |
0.3F —— FSl Models
TE —— Flux + Mass
0.25F —— Interaction Models|
0.2F
0.155
0.1
0.05}
% 5 10 15 20 25 80

—— Total Uncertainty |

Longitudinal Muon Momentum (GeV)

Figure 7.3: p, distributions in Sideband DIS of the statistical and systematic errors. Left:
Untuned. Right: Tuned

Fractional Uncertainty

Figure 7.4: p, distributions in Sideband QE of the statistical and systematic errors.

2.5

— Tolal Uncertainty |
-------- Statistical

—— Matching Efficiency
—— Detector Res.

—— FSI Models

= Flux + Mass

— Interaction Models|

Transverse Muon Momentum (GeV)

Untuned. Right: Tuned

Fractional Uncertainty

25

E — Tolal Uncertainty |
o Statistical

- —— Matching Efficiency
—— Detector Res.

- —— FSl Models

E = Flux + Mass

B — Interaction Models|

Transverse Muon Momentum (GeV)

Left:



hay
(53]
L L

Fractional Uncertainty
1 IE;;I .

—— Total Uncertainty |
-------- Statistical

—— Matching Efficiency
—— Detector Res.

—— F5I Models

—— Flux + Mass |
— Interaction Models

3 4
Transverse Muon Momentum (GeV)

Fractional Uncertainty

Figure 7.5: p, distributions in Sideband RES of the

Untuned. Right: Tuned

2 1.8 e

= E —— Total Uncertainty

= 16 Statistical

T = —— Matching Efficiency

e 1.4 — Detector Res.

] 12 —— FSI Models

= “E —— Flux + Mass

® 1= — Interaction Modols;

= B |

o 08 {

B I

@ 06 -

ans

L 04 Nl | J ”
prn—— N AT

e s A |

3 4

Transverse Muon Momentum (GeV)

5

Fractional Uncertainty

3 E —— Total Uncertainty |
=3 o Statistical
- —— Matching Efficiency
25 —— Detector Res.
o —— FSl Models
ol —— Flux + Mass |
- — Interaction Models
1.5
B:
0 .||: ll'! W

0 3 =g

Transverse Muon Momentum (GeV)

statistical and systematic errors. Left:

1.8~ :
: - —— Total Uncertainty |
1.6 e Statistical
- —— Matching Efficiency
1.4 —— Detector Res.
12 —— FSl| Models
e —— Flux + Mass
1= — Interaction Models;
0.8
0.6
0.4-
0.2 #
% i 2 4 5

Transverse Muon Momentum (GeV)

Figure 7.6: p; distributions in Sideband DIS of the statistical and systematic errors. Left:

Untuned. Right: Tuned

52



Chapter 8

Unfolding

The procedure of correcting for the distortions and smearing caused by the limited resolution of
the detector is known as unfolding. In all experiments the act of measuring a quantity introduces
deviations that the unfolding is aimed to correct. Unfolding facilitates the comparison of results

between different experiments.

8.1 Migration Matrix

The migration matrix or smearing matrix shows the probability of a measured quantity = to
have a true value y. This matrix also contains information of the correlations and migrations

between adjacent bins. The measured quantities are represented by:

where A;; is the migration matrix or smearing matrix, and the index j and ¢ correspond to
the reconstructed and true bins respectively. The unfolding aims to extract the true distribution
x;, however the direct inversion of A;; presents problems if the matrix is singular. Even if the
matrix can be inverted the method is not able to handle large statistical fluctuations caused by
the negative terms of the inverse of the matrix. We can overcome these problems in the inversion
of the matrix by using a regularization method. In this analysis the D’Agostini regularization
method [88] based on the Bayes theorem was used to extract the unfolding matrix.

In order to choose the bins the purity and the statistical uncertainty must be considered.
More then 50% of the generated events must be reconstructed well and a minimum of 100 events

is required in each bin. Therefore the bin widths were selected following two requirements:

o At least 58% of true SIS events should be reconstructed in the correct bin.
e At most a 10% of fractional error in each bin is required.
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If the bin size is too large, the unfolding will not consider the high-frecuency components of

the true distribution, and if it is too narrow compared to the resolution the migration matrix

will have large off-diagonal elements. The migration matrices for p;, p; and x;; are shown in

figures 8.1, 8.2 and 8.3. Migration matrices for other kinematic variables are shown in the

Appendix E.
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8.2 Unfolding procedure

In the context of measured and true distributions the Bayes theorem represented in equation

8.2 can be understood as stated in terms of the true bins C; (causes), the measured bins Ej

(effects) and assumed initial probability distribution of the true events as Py (C;).

P(Ci|E;) =

P(E;|C;) Py (Ci)

=

Ne

P(E|CZ)PO(CZ)

o4

(8.2)
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The probability that an event in a measured bin j is coming from a true bin ¢ is proportional
to the assumed initial true probability distribution times the probability that an event in the
true ¢ bin is measured in j bin. The conditional probabilities P(C;|E;) and P(E;|C;) are
recognizes as the unfolding matrix and the migration (or smearing) matrix respectively.

The conditions to note here are:

. Z Py(C;) = 1: If a event does not exist it cannot be measured.
i=1

. Z P(C;|E;) = 1: If an event is measured it must come from some true bins. This comes
=1

from the definition of the Bayes theorem.

ng
o 0 <> P(E;|C;) <1: A true event do not necessarily is always measured.
j=1

We can then extract the number of events in a true bin (eq. 8.3), the total number of events

(eq. 8.4) and calculate the the initial true probability distribution (eq. 8.5) as follows:

n(C) = =Y n(E)P(CIE) (83)
Ntrue = Zc n(C’Z) (84)
P(C;) = P(Cy|n(E)) = T]L\;ti’;) (8.5)

If the initial distribution Py(C) is not consistent with the data, it will not agree with the
final distribution extracted P(C'). The final distribution P(C') lies between the intial and true

ditribution. This suggests that a whole iterative procedure should be as follows:
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1. choose the initial distribution Py(C) from the best knowledge we have of the process

under study
2. calculate n(C;) and P(C).
3. calculate the x? between n(C) and ng(C).

4. if the x? divided by the number of degrees of freedom is not ~ 1 so replace Py(C) by
P(C) and no(C) by n(C) and go to step 2.

The x? stabilizes after a number of iterations and stops varying for additional iterations.
The efficiencies ¢; in 8.3 are 1 because we correct for efficiencies after the unfolding procedure.
The background subtracted distribution and the respective unfolded distribution for p;, p; and
xp; are shown in figures 8.4, 8.5 and 8.6. The background subtracted distributions for MC and
data both have the systematic and statistical errors, represented as a pink bar for MC and
black bars for data. The unfolding affects more Bjorken x than p; and p;, and it is shifting the
data to higher values of Bjorken x. At the time of writing this document the implementation
of the uncertainty in the unfolding was in progress. Distributions for other kinematic variables

are shown in Appendix F.
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Figure 8.4: SIS events in CH per reconstructed p; (left) and unfolded (right)
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Chapter 9
Differential Cross Section Calculation

The Differential Cross Section is calculated by correcting the unfolded selection sample by the
efficiency, integrated flux and number of targets in the tracker region. The differential cross

section formula is as follows,

do_ Us(d; —bj)
Where (d; — b;) is the background subtracted data, U;; is the unfolding matrix, ®; is the

(9.1)

integrated flux, N is the number of nucleons, Ax; is the bin width and ¢; is the reconstruction

efficiency.

9.1 Efficiency

The reconstruction cuts (chapter 5) do not reconstruct all of our signal events. To recover the
true distribution the unfolded sample is corrected by the efficiency. The efficiency is defined as
the ratio of the SIS reconstructed events that are truly SIS to the total true SIS events generated.
The efficiency is entirely calculated from the Monte Carlo simulation. The efficiencies for a;,
D, Pu, and p; are shown in figures 9.1 and 9.2. Efficiency for other kinematic variables are shown

in Appendix G.

True SIS events that pass all reconstructed SIS cuts

Efficiency = (9.2)

True SIS events generated

9.2 Normalization factors

The final step to extract the differential cross section is to normalize the effiency corrected

sample. The normalization is composed of the integrated flux normalization, the target num-
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Figure 9.1: Efficiency of events in the tracker region (CH) as a function of Bjorken-x (left) and

muon momentum (right).
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Figure 9.2: Efficiency of events in the tracker region (CH) as a function of transverse muon

momentum (left) and longitudinal muon momentum (right).

ber normalization and the bin width normalization. These factors are ®, N and A,; in the

denominator of the differential cross section formula 9.1.

The flux is integrated in the whole neutrino energy range, the number of nucleons are

calculated for the hydrocarbon scintillator (CH) contained in the tracker region fiducial volume,

and the bin width is set in the migration matrix bin optimization (chapter 8.1).

9.3 Differential Cross Section Results

The Differential Cross Section per nucleon as a function of x3; is presented in figure 9.3. The

discrepancy at low x3; is also observed in the background subtracted sample for x;; (figure



8.6). The neutrino Deep Inelastic Scattering differential cross section as a function of x; in
Hydrocarbon at < E, ~ 6 GeV > in the MINERVA detector has been measured by other

collaborators [89] and the preliminary results are shown in figure 9.4.
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Figure 9.3: SIS Differential cross section in hydrocarbon (CH) as a function of Bjorken-x.
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Chapter 10
Conclusions

A Shallow Inelastic Scattering sample was selected by requiring a kinematic cut in the hadronic
invariant mass 1.5 < W < 2.0 GeV. A sideband method was used to calculate the background
of the signal. After the background subtraction the D’Agostini method was used to unfold the
Bjorken-x distribution. The unfolded distribution is corrected by the efficiency and normalized
by the integrated flux, number of nucleons and per bin width.

The errors implementation for the cross section calculation are in progress. A preliminary
result for the differential cross section of SIS as a function of Bjorken-x for the central values
is presented. There is an overestimation of Monte Carlo at low zp;. The SIS neutrino cross
section peaks between Bjorken-x values of 0.04-0.06 which is lower than the DIS’s cross section
which peaks between Bjorken-x values of 0.2-0.3 (figure 9.4). Finally it is worth to mention the
antineutrino SIS analysis in Hydrocarbon is in progress and the neutrino SIS cross section is

expected to be published in the next year.
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Chapter 11

Appendix
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Appendix A

Event Simulation

A.1 GENIE Event Generator

MINERvA uses GENIE 2.12.6 [60] to generate events of neutrino interactions with matter.
The generation of events uses the Monte Carlo technique and starts by calculating the total
cross section for an especific process as a function of Neutrino Energy F, by integrating the

differential cross section of that process over the E, spectrum.

A.2 GENIE Models for SIS

GENIE uses underlying models to calculate the differential cross section for an specific process.
To calculate the differential cross section a model requires a initial state which is calculated
using a set of random values generated by GENIE. These values must respect the phase space of
the v,+N interaction otherwise it would be considered an unphysical event. The SIS differential
cross section is modeled by two models: The Bodek Yang model [61] and the Rein-Sehgal model
(62].

The Bodek Yang model simulates events of W > 1.3 GeV and calculates nucleon parton
distribution functions (PDFs) using the scaling variable € to account for nuclear mass modifica-
tion and higher twist effects [90]. PDFs describe the makeup of the nucleon in terms of valence
and sea quarks and the € (equation A.1) dependance on Q? is tuned to account for the twist

effects which appears outside the experimental DIS region (W > 2 GeV and Q* > 1 GeV).

€ = F(ij, QZ) (Al)

The Baryon resonances production in the charged current channel is implemented in the

Rein-Sehgal model. Only 16 resonances (figure A.1) were included for this implementation
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and the interferences between neighboring resonances were not been considered [60]. Feyman-
Kislinger-Ravndal model of baryon resonances is used in this model, which provides wavefunc-
tions for the resonances as excited states of a 3-quark system in a relativistic harmonic oscillator

potential with spin-flavor symmetry [91].

[ Re‘-son'cm('e | GENIE ID | Mass (GeV) | Width (GeV) |

5,5(1232) 1.232 0.120
5'11(1330) 1.535 0.150
D13(1520) 1.520 0.120
511(1650) 1.650 0.150
D13(1700) 1.700 0.100
D15(1675) 1.675 0.150
S31(1620) 1.620 0.150
D33(1700) 1.700 0.300
Pr, (1440) 1.440 0.350
Pr3(1720) 1.720 0.150
Fi5(1680) 1.680 0.130
P5,(1910) 1.910 0.250
P;;(IQZ‘O) 1.920 0.200
F37(195U) 1.950 0.300
P, (1710) 1710 0.100

Table A.1: Resonances included in the implementation of the Rein-Seghal model

A.3 Shallow Inelastic Scattering Modeling

Assuming that all exclusive low multiplicity inelastic reactions are proceeding mainly through
neutrino resonance production. The C'C' vN scattering cross section of the transition region

can be expressed as:

otot — GQEL gy fRES oy (DIS (A.2)

Small contributions such as, the coherent and elastic rve™ scattering that contribute to
the total cross section in the few GeV energy range were omitted from the expression above.

Following these lines we can express the inelastic differential cross section as:

d? O.RES 2 O.R/ S

— = —— | .O(Wcut — W A3

dQ?dW (dQ%lW) & ( ) (4.3)
The first term represents the contribution from all low multiplicity inelastic channels pro-

ceeding via resonance production and the second term represents the contribution from the DIS

interactions. The resonant term and the DIS are computed as follows:
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dQUinel dQURES d2O,DIS
dQ2AW — dQXdW | dQ2aw

(A4)

dQO.DIS d20.DIS,BY dQO.DIS,BY

. oW — Weut) + ET
aoraw — —agzaw Ot ut) + =~ oRaw

OWeut —W) . > fm (A.5)

The k index in the resonance term runs over all 16 (figure A.1) baryon resonances and the
Weu is a configurable parameter. The DIS has a term of the Bodek-Yang model differential
cross section modulated in the region were resonances dominate W < W, in order to reach
a RES/DIS mixture that agrees with the inclusive cross section data [60]. In the expresion
A.5 the f,, factors are computed as f,, = R,,.P" where R,, is a tunable parameter and Phed
is the probability that the final state hadronic system multiplicty is m. Fitting the model
to inclusive and exclusive (one and two-pion) production neutrino interaction channels allows
us to extract the default values for the transition region parameteres, W, = 1.7 GeV/c?,
Ry(vp) = Ro(vn) = 0.1, Re(vn) = Ry(vp) = 0.3, and R, = 1.0 for all m > 2 reactions. It
must be hightlighted thatthe DIS definition used here is not the experimental definition of DIS
(Q? > 1 GeV? and W > 2 GeV) indicated before in the text. For simplicity the DIS expressed
in this chapter will be referred as GENIE DIS in the rest of the text.
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Appendix B
Hadronic energy per bin correction

A per-bin correction is made using the reconstructed and true recoil energy corrected by «,
Ereconstructed and Et'rue- The mean Of n= AE/-Ei&rue with AE = Ereconstructed - Etrue and the

/

mean < Fj.,. > in each true bin were used to construct a polyline (z(Erecoit)s Y(Eewpir)):

x<Erecoil) =< Erecoil,true > (1 + 77) (B1>
y<E7/"ecoil> =< Erecoz’l,true > (B2>

The polyline is used correct the recoil energy by mapping recoil energy values from the
Erecoil to El

ecoil-  The global scale factor av = 1.51298, the calorimetric energy resolution and

the polyline calculated are shown in figures 5.2 and B.1. The distributions n = AE/FEj.. in

each true bin are shown in figure B.2

" ecoi (GEV)

Fi
o
=l
1

30f .

20F .

Figure B.1: Polyline correction for Charged Current inclusive events in the MINERVA detector
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Figure B.2: Distributions of 7 = AE/FE},.. in each true energy bin used to create the polyline.
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Appendix C
Sidebands tuning

Tuned and untuned distributions for kinematic variables in the Sidebands are presented.
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Figure C.1: p distribution in Sideband QE showing the contributions from the templates. Left:
Untuned. Right: Tuned with the p; scale factors in table 6.1
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Figure C.2: p distribution in Sideband RES showing the contributions from the templates.
Left: Untuned. Right: Tuned with the p; scale factors in table 6.1
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Figure C.3: p distribution in Sideband DIS showing the contributions from the templates. Left:
Untuned. Right: Tuned with the p; scale factors in table 6.1
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Figure C.4: FE, distribution in Sideband QE showing the contributions from the templates.
Left: Untuned. Right: Tuned with the p; scale factors in table 6.1

72



x10°

Events
=

2

..

-
...

8

10

12

|+ Data |
|[CJRes. Temp. |
CDQE Temp.
|3 DIS Temp.
| signal |

14 16

Neutrino Energy (GeV)

18 20

%10%

Events
=

14 16
Neutrino Energy (GeV)

+ Data

||:| Res. Temp. |
CDQE Temp.
|3 DIS Temp.
| signal |

18 20

Figure C.5: FE, distribution in Sideband RES showing the contributions from the templates.

Left:
x10°
g 12~
g 5
w 10—
|

2

4

6
Neutrino Energy (GeV)

8

10

12

|| <4 Data |
i- DIS Temp. ‘
|1Res. Temp. |
| QE Temp. |
Dsignal | Srgnai

14 16

18 20

Events

Untuned. Right: Tuned with the p; scale factors in table 6.1

x10°

12f

10

| =4 Data |
i-DIs Temp. ‘
|[C1Res. Temp. |
| QE Temp. |
'-SIQnai

14 16
Neutrino Energy (GeV)

18 20

Figure C.6: E, distribution in Sideband DIS showing the contributions from the templates.
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Left: Untuned. Right: Tuned with the p; scale factors in table 6.1

Events

0.2

0.4

x10°
025 — i+ Data
B /@@ DIS Temp.
- ) Res. Temp.
0.2 B3 QE Temp. |
E @ signal |
0.15

. , ,
06 08 1
Bjorken x

2 T

%10°

0.2

Events

0.2

0.4

| <4 Data

/@@ DIS Temp.
) Res. Temp. _
| QE Temp. |
D signal |

06 08
Bjorken x

1

=2 e
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Left: Untuned. Right: Tuned with the p; scale factors in table 6.1
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Appendix D

Statistical and Systematic Errors in
the Sidebands

Statistical and systematic errors of untuned and tuned distributions in the Sidebands are pre-

sented.
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Figure D.1: p distributions in Sideband QE of the statistical and systematic errors. Left:
Untuned. Right: Tuned.

78



0.6

0.5

0.4

Fractional Uncertainty

—— Tolal Uncertainty |
Statistical

—— Matching Efficiency
—— Detector Res.

—— FSl Models

= Flux + Mass |
—— Interaction Models

Figure D.2: p distributions in Sideband RES of the

Untuned.

Right: Tuned.

15
Muon Momentum (GeV)

"E E —— Total Uncertainty

= 0.3 e Statistical

T F —— Matching Efficiency

8 0.25) —— Detector Res.

c F —— FSI Models

] F —— Flux + Mass

© 0'2: —— Interaction Models|

S 0 15: = n-['l: - nJ

-

© 0.14F Jlr l_‘_!-]__,n
0.05F — P

o 5 10 5

Muon Momentum (GeV)

20

0.6

0.5

0.4

Fractional Uncertainty

stati

g
= 0.3
|
& o025
c
2 02
o
c
S 015
-
[+]
E 0.1

0.05}

—— Tolal Uncertainty |

o Statistical

—— Matching Efficiency
—— Detector Res.

—— FSl Models

= Flux + Mass |

—— Interaction Models

Mucon Momentum (GeV)

stical and systematic errors. Left:

—— Total Uncertainty |
e Slatistical

—— Matching Efficiency
— Detector Res.

—— FSl Models

—— Flux + Mass

—— Interaction Models|

20
Muon Momentum (GeV)

Figure D.3: p distributions in Sideband DIS of the statistical and systematic errors. Left:

Untuned.

Right: Tuned.

..E‘ 0 45 —— Total Uncertainty
S E - Statistical
£ 0350 —— Matching Efficiency
(7] TR —— Detector Res.
'&’ 0.3F —— FSI Models
o F —— Flux + Mass
= 0.251 —— Interaction Models
s oz PN W Tl
S o151 -_.J--"'ﬂ L
e E H-~—"" k'l it
0.1F 0 Lare =
0,05 [E—mmee= T O SR T
B E — L
% 5 10 15 20

Neutrino Energy (GeV)

B — Total Uncertainty |
'E 0.4 |
S 2k <. Statistical
r 0350 —— Matching Efficiency
) e —— Detector Res.
e 03 —— FSl Models
= = —— Flux + Mass
] 0.251 —— Interaction Models
& o2
= i
& 0.15F
anr
o

0.05F

% 10 15 20

Neutrino Energy (GeV)

Figure D.4: FE, distributions in Sideband QE of the statistical and systematic errors. Left:

Untuned.

Right: Tuned.

79



-E" 185 —— Tolal Uncertainty -E' 185 —— Total Uncertainty
I - e R - kg Statistical ‘s 18F <o Statistical
£ - —— Matching Efficiency = - —— Matching Efficiency
3 1.4— —— Delector Res. 3 1.4 —— Detector Res.
c = —— FSI Models c = —— FSl Models
= 1.2 —— Flux + Mass o 121 —— Flux + Mass
= 1 ~— Interaction Models| = 1 ~— Interaction Models|
c - c -
S o8 2 o8
S s 5
© 0.6 © 0.6
ans nr
- o4f b 4f
0.2F e 0.2F
of : hE e :
0 5 10 15 20 0 5 10 15 20
Neutrine Energy (GeV) Neutrine Energy (GeV)

Figure D.5: E, distributions in Sideband RES of the statistical and systematic errors. Left:
Untuned. Right: Tuned.
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Figure D.6: FE, distributions in Sideband DIS of the statistical and systematic errors. Left:
Untuned. Right: Tuned.
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Figure D.7: E,, distributions in Sideband QE of the statistical and systematic errors. Left:
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Figure D.11: z; distributions in Sideband RES of the statistical and systematic errors. Left:
Untuned. Right: Tuned.
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Figure D.12: x;; distributions in Sideband DIS of the statistical and systematic errors. Left:
Untuned. Right: Tuned.

—— Tolal Uncertainty |
-------- Statistical

—— Total Uncertainty |
o Statistical

1.8 —— Matching Efficiency 1.8 —— Matching Efficiency
16 = Detector Res. 1.6 = Detector Res.

—— FSI Models —— FSI Models

= Flux + Mass = Flux + Mass

| —— Interaction Models. | — Interaction Models.

Fractional Uncertainty
=

Fractional Uncertainty
a

0.2 0.2 Hl
0= | 0 i L |
0 0.6 0.8 1 0 0.6 0.8 1
Inelasticity Inelasticity

Figure D.13: y distributions in Sideband QE of the statistical and systematic errors. Left:
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Appendix E

Migration Matrices

Row normalized Migration matrices for kinematic variables are presented.
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Figure E.1: Migration matrix for Ej.q: purity percentages (left) and bin widths (right)
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Figure E.2: Migration matrix for p: purity percentages (left) and bin widths (right)
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Figure E.4: Migration matrix for F, bin widths
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Appendix F

Background subtracted sample and
Unfolded distributions
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Figure F.1: SIS events in CH per reconstructed p (left) and unfolded (right)
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Figure F.2: SIS events in CH per reconstructed F, (left) and unfolded (right)
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Appendix G

Efficiency distributions
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Figure G.1: Efficiency of events in the tracker region (CH) as a function of Hadronic energy

(left) and hadronic invariant mass (right).
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Appendix H

Summary of the Contributions to the
MINERVA experiment

This section briefly lists all contributions made to the MINERvA experiment.

H.1 Medium Energy Data Calibration

The medium energy data taken from September 2nd,2017 to February 26th,2019 was calibrated

(figure 4.3). The stages I was involved in are the gains and strip to strip calibrations.

H.1.1 Gains calibration

The goal of the gains calibrations is to measure fluctuations in the photomultiplier’s production
of charge per incoming photoelectron [76]. This is done by injecting a constant amount of light
into the PMT using a light injection system (LI). PMT’s gains are affected by hardware swaps,
detector shutdowns or restarts and NuMI beam shutdowns. Besides running the calibration
the knowledge of time and date of any of these actions was crucial to undertand PMT’s sudden

gain fluctuations.

H.1.2 Strip to Strip calibration

The goal of this calibration is to make the response of the detector uniform by correcting the
light levels between scintillator strips [76]. Muons produced by neutrino interactions in the
rock (rock muons) are used to probe all scintillators strips. The path length-normalized peak
energy deposit by the throughgoing rock muons is used to extract the multiplicative constants.
This calibration gives also information about dead channels as can be seen in the figure H.1

which shows the calibration constants for a set of data calibrated.
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Figure H.1: Strip to strip calibrations factors for a set of data. Calibrations factors for each
strip in each module are shown. In this calibration also the death channels can be identified

(blank spaces).

H.2 nCTEQ and GENIE DIS Cross Sections Compari-

Son

GENIE uses old Parton Distribution Functions named GRV98 [60] to simulate a cross section.
I tested GENIE predictions with calculations made using modern Nuclear and Nucleon Parton
Distribution Functions (PDFs) provided by the CTEQ collaboration. nCTEQL5 refers to a
set of cross sections that uses charged lepton-nucleus data to extract Nuclear PDFs [92] and
nCTEQnu refers to a set of cross sections that uses neutrino-nucleus data to extract Nuclear
PDFs [92]. Weights were calculated for the DIS region and GENIE weighted simulation were
already used in the double-differential inclusive charged-current v, cross sections publication
in 2020 [93]. They will also be used to be compared to the DIS cross section being developed
in the MINERVA detector. The dicrepancy of the cross sections as a function of F, for events

in Iron can be seen in figure H.2.

H.3 Data taking Shifts

All the collaborators of the MINERVA experiment took shifts during the detector lifetime. I
had the opportunity to take shifts when I was developing my master’s analysis (2015-2016) and
my Phd. analysis (2016-2020). MINERvVA experiment stop taking data on February 2019.
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