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ABSTRACT

The NOvA experiment (NuMI Off-Axis νe Appearance) is a particle physics

experiment that is designed to measure neutrino oscillation parameters of muon neutrino

(νµ) to electron neutrino (νe), or muon anti-neutrino (ν̄µ) to electron anti-neutrino (ν̄e). In

order to get the best results, the signal, which is muon neutrino/anti-neutrino to electron

neutrino/anti-neutrino, detection should be maximized, and the background (other

interactions and factors that may mislead the detection result) should be minimized. One

of the important backgrounds in neutrino oscillation is the neutral current (NC) π0

produced by neutrino or anti-neutrino. π0 decays and produces to two photons that can

come together to look like an electron, which indicates ν̄e signal. Also, if one of the photons

escaped the detector the other one will mimic electron shower of the signal. In this thesis,

neutral current π0 produced from anti-neutrino interactions and with > 0.5 GeV, will be

the signal. The ultimate goal of this analysis to find the cross section of this interaction.

Knowing the cross section helps in reducing backgrounds from this type of interaction

when looking at ν̄µ → ν̄e oscillation, and hence get accurate oscillation parameters. The

background in this analysis are charge current (CC) interactions with and without π0 and

NC interactions without π0. It is important that in this thesis I found the fractional

uncertainty on the cross section, and not cross section, due to time constraint. However,

the result in this analysis could be used to find the interaction cross section and compare it

with the value from GENIE Monte Carlo (MC) generator. This analysis was performed

based on 6.90× 1020 POT (proton on target) simulated data (MC data), whereas the real

POT in the near detector in is 3.54× 1021. The efficiency and purity of the signal based on

used cuts (Quality, 2 prong, fiducial, containment, MuonID, prong 1 CVN Gamma ID, and

prong 2 CVN Gamma ID) are 0.67% and 64% respectively.
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CHAPTER I

NEUTRINO DISCOVERY

In 1899, Ernest Rutherford discovered nuclear β decay like neutron decay. In 1914,

J. Chadwick discovered that the electron has a continuous energy spectrum in β decay as

shown in Figure 1 below. This seemed to violate the law of energy conservation because

the electron has a discrete energy. However, in 1930, the neutrino was introduced by W.

Pauli to solve the puzzle of the energy spectrum of the β rays [4]. In 1956, F. Reines and

C.L. Cowan experimentally confirmed the existence of the neutrino [4]. A group, led by

L.M. Lederman, M. Schwartz and J. Steinberger in 1961 from Columbia University and

BNL (Brookhaven) National Laboratory found that only muons were produced with a

neutrino produced in π → µ+ ν decay. This was an indication that the neutrino produced

in the pion decay is not the same neutrino that was produced in the β decays, and this led

to the discovery of the second neutrino, which is called the muon neutrino νµ. On the other

hand, the neutrino produced from nuclear β decay is called the electron antineutrino νe.

Below is an example of beta decay

A
ZX → A

Z+1X
′ + e− + ν̄e

n→ p+ e− + ν̄e

where X and X’ are the initial and final elements, and A and Z are the mass number and

atomic number of the decaying nucleus respectively [5].
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Figure 1: Beta decay energy spectrum.Emitted beta particles have a continuous kinetic energy spectrum.
The energies goes from 0 to the maximum energy Q.The graph would look like the red line at the right of the
graph if the electrons are the only particles that is carrying away the energy. However, we see the continuous
energy spectrum shown in blue [6].
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About 1969, solar neutrinos were detected for the first time by R. Davis [4]. In

1976, M. Perl discovered the τ lepton at SLAC in the colliding of e− and e+, and from the

large missing energy and momentum of its decay discovered the existence of the third

neutrino ντ [4]. ντ was directly observed by DONUT group using a nuclear emulsion

detector in about 20 yrs. later. Neutrinos from supernova were first detected in 1987 by

M.Koshibas Kamiokande group, and the IMB and Baksan groups. In fact, this was the

first observation of neutrinos produced outside the solar system.

In 1994, the Mainz and Troitsk groups used β rays from tritium with an upper limit

of 2.2 eV to probe the νe mass. Furthermore, in 1997, The Super-Kamiokande group

reported the first clear evidence of neutrino oscillation. Indeed, long before this discovery,

neutrino oscillation which is the result of neutrino flavor mixing, was proposed by Maki et

al. and by Pontecorvo [4].

In 2003, the KamLAND group used anti-neutrinos to measure ∆m2
21 (difference in

mass between the first and second neutrino mass eigenstate) and sin22θ21 (mixing angle)

using anti-neutrinos (neutrino mixing parameters are discussed in chapter two and three).

They also reported that neutrinos disappeared at an average distance of 180 km from the

reactors [4].

In 2004, the K2K group sent a beam of ν from KEK-PS to the Super-Kamiokande

detector which are located 250 km away to observe the disappearance of νµ. In fact, this

was the first experiment that used accelerator neutrinos in a long baseline to observe

neutrino oscillation. Then, in 2006, MINOS used neutrinos produced by the

NuMI(neutrino from the main injector) that is located in Fermilab to observe νµ oscillation

and to to measure ∆m2
32 and sin22θ32.

Using The CNGS (CERN Neutrino to Gran Sasso) neutrino beam in 2010, the

OPERA(Oscillation Project with Emulsion-Tracking Apparatus) experiment observed

muon neutrino oscillations to tau neutrinos at Gran Sasso Lab [4]. Moreover, in 2011,

Double Chooz observed a reactor neutrino inconsistency at a short baseline and T2K

3



observed muon neutrino oscillation to electron neutrino for the first time [4]. In 2012, Daya

Bay and RENO measured θ13 to high precision. By the summer of 2014, all the mixing

angles and ∆m2 have been measured. The next important objective is to find the CP

violating parameter δ and mass hierarchy of m1,m2, and m3. The NOvA (NuMI Off-axis

νe Appearance) experiment is probing the mass hierarchy and the CP violating parameter

to a reasonable precision and the experiment is still going on to in increase the precision of

the measurements.
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CHAPTER II

NEUTRINO PHYSICS

2.1 Introduction

In the previous six years, our comprehension of neutrinos has been greatly altered.

Through the efforts of several solar, atmospheric and reactor anti-neutrinos neutrino

oscillation studies, we learned that neutrinos produced in a well-defined flavor eigenstate

can be detected as a different flavor eigenstate after propagating a macroscopic distance.

The simplest interpretation of this phenomenon was that the new neutrinos have mass like

other charged fermion comparable to quarks, neutrinos weak or flavours eigenstate differ

from neutrino mass eigenstate, i.e. neutrinos mix. These new discoveries also raised many

other issues that do not exist for massless neutrinos. For example, massive neutrinos may

have non-zero magnetic moments, such as electron and quarks, heavier neutrinos may

transform into lighter ones, such as charged leptons and quarks, and most importantly,

neutrinos may be either Majorana or Dirac fermions [7]. In addition to bringing our

understanding of neutrinos to the same level as that of charged leptons and quarks,

learning about all these opportunities can also lead to a plethora of laboratory,

astrophysical and cosmological consequences with far-reaching implications. Most

importantly, understanding detailed neutrino characteristics also play a vital part in

clarifying the design of new physical laws beyond those embodied in the Standard Model.

It is possible that, in addition to the three known species (νe, νµ, ντ ), there could also be

new neutrino species. Besides being a question whose answer would be a revolutionary

milestone pointing to unexpected new physics, it may also become a necessity if the

MiniBooNE experiment, now underway at Fermilab, confirms the results of the LSND [7].

Undoubtedly, this would be a second revolution in our thinking about neutrinos and the

unification nature. The presence, beyond the standard model, of neutrino masses is the
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first proof of a new physics. The responses to the above-mentioned neutrino questions will

significantly increase our understanding of the exact nature of this new physics and the

nature of new forces beyond the standard model. They are also capable of unraveling the

deepest and longest lasting mysteries of astrophysics and cosmology, such as matter and

anti-matter origin, heavy elements origin and possibly even the nature of dark energies.

There are active efforts to launch the age of precision neutrino-measurement, which will

certainly broaden the horizon of our neutrino understanding. In this paper, I focus the

NOvA neutrino neutrino experiment which is located at Fermilab in Illinois. In order to

observe neutrino oscillation, two detectors were established in the NOvA (NuMI Off Axis

Neutrino Appearance) experiment, separated by almost 1000 km. NOvA is a US long-base

neutrino experiment that has been optimized to observe the oscillations of Muon neutrinos

into the electron neutrinos. It utilizes a 14 kt Far Detector (FD) liquid scintillator in Ash

River, Minnisotta, to detect a oscillated muon neutrino produced at Fermilab’s (NuMI)

beam (Neutrino from the Main injector) [8]. The NuMI beam operates at 700 kW. The

baseline of NOvA is 810 km, which enables the neutrino mass ordering to be examined. A

0.3 kt functionally identical near detector (ND) at Fermilab provides NOvA an estimation

unoscillated beam neutrinos. Both FD and ND are situated at 14.6 mrad off-axis in order

to obtain a peaked narrow spectrum of approximately 2 GeV for νµ → νe oscillation. This

paper’s main goal is to present results to optimized fractional uncertainty on a cross

section measurements for neutral current π0 production from anti-neutrinos . Cross section

measurements are important because it is a function of neutrino energy which is a

parameter in neutrino oscillation probability.

2.2 Why to Study Neutrino Oscillation?

Neutrino oscillations in which neutrino flavor changes spontaneously to another

flavor, is a quantum mechanical phenomenon .The simplest example is the two-flavor

oscillation (νµ, νe) case, and the probability that νµ oscillate to νe is given by

6



Pνµ→νe = sin2 2θ sin2 m
2
2 −m2

1

4Eν
L (1)

where m1 and m2 are the neutrino’s mass eigenstates, θ is the mixing angle between

mass eigenstates and flavor eigenstates, L is the distance between the neutrino detector and

source, and Eν is the neutrino energy

The mass eigenstates (ν1,ν2) and the flavor eigenstates (νe,νµ) with the masses (m1,

m2), respectively, are related by

νe
νµ

 =

cos θ − sin θ

sin θ cos θ

ν1
ν2

 (2)

From eq (1), the oscillatory phenomenon is a function of L, and hence it is called

the neutrino flavor oscillation, or just neutrino oscillation [4]. Indeed, there are different

quantum mechanical oscillations in elementary particle physics. Oscillation spot the light

in new concepts in physics. For example, we learned about CP violation from K0 ⇐⇒ K̄0

(Natural Kaon ossilation)and B0 ⇐⇒ B̄0 (Bryon oscillation) [4].

Using neutrino oscillations it is possible to study a very low mass scale system

which other experiments suffer to study. Neutrino oscillations and masses are generated by

the transitions between the neutrino flavors. However, we do not know the origin of the

very small observed transition amplitudes yet. if the neutrino oscillation process is well

understood and the mass of the neutrino is found, then this may explain why the universe

is made up of matter, not antimatter. In the early process of the Big Bang, there were

equal amounts of matter and antimatter, according to John Conway, a professor of physics

at University of California, Davis. "As the universe expanded and cooled, matter and

antimatter were mostly annihilated. And due to a slight asymmetry favored matter over
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antimatter. We think neutrinos may have something to do with that process. In fact, it iss

a mystery, why the universe is made out of matter and not antimatter.[9].

2.3 Neutrino masses

In the 60s the Standard Model was developed based on known elementary particles

and their characteristics. Neutrinos, in specific, were massless in the sun following

Landau’s[10], Lee, Yang [11] and Salam[12] theory, in which left-hand Weyl spinors

describe the masseless neutrinos. This description was reproduced in the Standard Model

of Glashow [13], Weinberg[14] and Salam assuming that neutrino fields are not right

handed, and are essential for Dirac’s neutrino masses to be generated by the same Higgs

mechanism, which produces Dirac quarks and charged leptons.Three flavours neutrino

stydy however have demonstrated in latest years convincing evidence of neutrino oscillation

as a result of neutrino masses and mixing. The Standard Model should be revised to take

into account massive neutrinos (note that the Standard Model had already been revised in

the early 1970s with the inclusion of first and third generation quarks).

2.3.1 Dirac mass and Majorana mass term

In this section, we consider for simplicity that the conventional Higgs mechanism

produces the Dirac mass term just for one neutrino field

LD = −mDν̄ν = −mD(ν̄RνL + ν̄LνR) (3)

where LD is the Lagrangian density and mD =
yν√

2
in which y is a dimensionless

Yukawa coupling coefficient and
ν√
2
is the Vacuum Expectation Value of the Higgs field.

νR and νL are, respectively, the chiral right-handed and left-handed components of the

neutrino field (spinors) are obtained by acting on ν with the corresponding projection

operator:

ν = νL + νR, νL = PLν, νR = PRν, PL =
1− γ5

2
, PL =

1 + γ5

2
(4)
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in which γ5 is the γ-matrix, and PL and PR are the left projection and right

projection operator respectively.

We also have PLPR = PRPL = 0 (projection operator commute), (PL)2 = PL,

P 2
R = PR, since (γ5)2 = 1. Hence we have

νL = PLνL, PLνR = 0, PRνL = 0, νR = PRνR (5)

Chiral spinors νL and νR can be shown to have only two independent parts each,

which results in a correct four independent components for the spinor ν. Unfortunately it

can not be explained, by the conventional Higgs mechanism, why the neutrino is more than

five times heavier than the electron in the lightest order of the other elementary particles

(as the neutrino masses are experimentally restricted below around 1-2 eV). There is

therefore no explanation why the Yukawa coupling coefficients of neutrino are lower than

the Yukawa coupling coefficients of quarks and charged leptons in more than five orders of

magnitude.

In 1937, Majorana found that a massive neutrino , which is a massive neutral

fermion, can be described by a spinor ψ with just two components that impose the

so-called Mjorana condition

ψ = ψc. (6)

in which ψc = Cψ̄T = Cγ0Tψ∗ is the charge conjugation operation, with the charge

conjugation matrix C is defined as CγµC−1 = −γµ, C+ = C−1, CT = C. Because Cγ5C−1 = γ5

and γ5γµ − γµγ5 = 0, we have

PLψ
c
L = 0, PLψ

c
R = ψcR, PRψ

c
L = ψcL, PRψ

c
R = 0 (7)

In other words, ψcR is left handed-handed and ψcL is right-handed. Decomposing the

Majorana condition (6) into right-handed and left-handed components, that is

ψR + ψL = ψcR + ψcL , and acting on both sides of the equation with the right-handed

9



projector operator PR, we get

ψR = ψcL (8)

Hence, the right-handed component ψR of the Majorana neutrino field is dependent,

and is obtained from the left-handed component ψR through charge conjugation, and the

overall Majorana ïňĄeld can be written as

ψ = ψL + ψcL (9)

This field only depends on the two independent components of ψL. Using the

constraint (8) in the mass term (3), we obtain the Majorana mass term

LM = −1

2
mM(ψ̄cLψL + ψ̄Lψ

c
L) (10)

where a factor 1/2 have inserted in order to avoid double counting in the Euler

Lagrange derivation of the equation of the Majorana neutrino field.

Generally, if both the chiral right-handed and left-handed field exist and are

independent, also the Majorana mass terms for νR and νL in addition to the Dirac mass

term (3) are allowed:

LML = −1

2
mL(ν̄cLνL + ν̄Lν

c
L) , LMR = −1

2
mR(ν̄cRνR + ν̄Rν

c
R) (11)

Now, we we can writ the total Dirac+Majorana mass term as

LMD = LD + LML + LMR (12)

It turns out that the Dirac+Majorana mass term final form can be writen as a sum

of Majorana mass terms for the massive Majorana neutrino fields

LMD =
1

2

∑
mkν̄

c
kLν̄kL +H.c (13)
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where H.c refers to the hermitian conjugate. Note that

ν = νkL + νckL(k = 1, 2) (14)

For the detailed derivation of equation (13), see [15].

2.3.2 The see-saw mechanism

The Dirac+Majorana mass term could be shown to lead to maximum mixing

(θ =
π

4
) if mL = mR, or to so-called pseudo-dirac neutrinos where mL and mR are

significantly smaller than |mD| (ref.[16]). Yet, the most interesting case is the so-called

see-saw system [17, 18, 19], which is obtained if mL = 0 and |mD| << mR, and in this case

we have [15].

m1 '
(mD)2

mR

<< |mD|, m2 ' mR, tanϑ ' mD

mR

<< 1, ρ21 = −1 (15)

In equation (15) ϑ is the rotation angle of the orthogonal matrix O, and ρ is the

diagonal matrix of the phases, in which the mixing matrix U = Oρ What is interesting

about equation (15) is that m1 is considerably lower than mD, with the small
mD

mR

ratio

being suppressed. As in a see-saw a very heavy ν2 corresponds to a very light ν1 since m2 is

of order mR. As the mD is a Dirac mass presumably produced by the standard Higgs

mechanism, it is anticipated that its value is of the same order as the mass of a quark or

the charged fermion in the same generation of the neutrino. The see-saw therefore

naturally explains m1 suppression in relation to mD and provides the most convincing

explanation of the smallness of the neutrino mass [15].

The smallness of the mixing angle ϑ in eq. (15) infer that ν1L ' νL and ν2L ' νcR.

This means the neutrino participating in weak interactions coincides practically with the

light neutrino ν1, in the contrary heavy neutrino ν2 is decoupled from matter interactions.

Apart from the small mass of the light neutrino, another significant effect of the see-saw

mechanism, as we have shown above with a general Dirac+Majorana mass term, is that of
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massive neutrinos being Majorana particles. A significant assumption required for the

see-saw mechanism is that mL = 0 in the standard model [15].

On the other hand, mD exists in the Standard Model, because it is generated

through the standard Higgs mechanism, and mR also exist, since νR and ν̄cRνR are singlets

of the Standard Model gauge symmetries.Therefore, and quite unexpectedly, we have an

extended Standard Model with massive neutrinos which are Majorana particles and in

which the smallness of neutrino masses can be explained by the see-saw mechanism

naturally. In this scenario, the only hypothesis that remains unexplained is the heaviness of

mR in relation to mD. In the Standard Model framework, this assumption can not be

encouraged because mR is only a parameter that could have any significance. There are

powerful arguments, however, which lead us to think that the Standard Model is a theory

that defines the universe only at low energies. In this case, it is natural to expect that a

symmetry breaking the theory beyond the Standard Model will generate the mass mR at

ultra-high energy. It is therefore plausible that the value of mR is many orders of

magnitude larger than the scale of the breaking of the electroweak symmetry and of mD, as

required for the operation of the see-saw mechanism [15].

2.3.3 Implications of Neutrino Mass

There are different implications of neutrino being massive:

1. The neutrino is a Dirac particle, therefore there must be a right-handed chiral neutrino

state, which does not interact with matter, and his is a so-called sterile neutrino [20].

2. The neutrino is a Majorana particle, and n this case, the neutrino and the antineutrino

are identical. this also means that the mass term directly couples the left-handed

neutrino with the right-handed antineutrino, which implies that the neutrino must

have mass. Moreover, such an interaction implies that lepton number is violated by 2.

3. If the neutrino is Majorana, so it is possible to explain the very low value of the

neutrino mass compared to the quark and charged lepton masses at the expense of the

12



introducing another very heavy Majorana neutrino though the see-saw mechanism.

The baryon asymmetry we see today could have been created by CP violation in the

decays of this heavy neutrino in the early universe .
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CHAPTER III

PAST NEUTRINO EXPERIMENTS AND THE BIRTH OF

NEUTRINO OSCILLATION

3.1 Homestake

3.1.1 The Solar Neutrino

Neutrinos are interesting to astronomers as they can reach us from otherwise

esoteric regions where photons are trapped. The mean free path of a photon in the Sun is

about 1010 of its radius, which is so short that it takes them several million years to diffuse

from the solar interior to the surface. Neutrinos interact weakly with matter. This can be

inferred from the measured arrival times of photons and neutrinos from Supernova 1987A

[21].

Neutrinos weakly interact with matter. For a 1 MeV electron neutrino or

anti-neutrino, cross-sections are of order 10−19 b and can escape directly from the solar

core. In matter, the mean free path of neutrinos is of several light-years order. Neutrinos

are the only way to study the mechanisms that drive energy generation in the interior of

the Sun. They are the signatures of fusion reactions which creates them. Approximately

3% of the Sun’s energy is radiated in the form of neutrinos. In fact, the solar neutrino flux

at the Earth’s surface is about 1011cm2s−1 [21]. Thermonuclear fusion in the Sun’s interior

is the only process known that is sufficient to provide energy for the time scales required by

biological, geological, and astronomical evidence. Fossils of primitive organisms have been

found which are older than one billion years old, the earliest rocks are 3.8 billion years old,

and meteorites have been found which are 4.5 billion years old. Gravitational energy

release could support solar luminosity for only ten million years and chemical energy would

last only ten thousand years. Sir Arthur Eddington in 1920 suggested he idea that the

Sun’s heat is produced by thermonuclear reactions that fuse light elements into heavier
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ones, and the idea was expanded by Hans Bethe in his epochal 1939 paper. The Sun is a

typical main sequence star, calmly burning hydrogen without fast or violent evolution.

Energy generation in main sequence stars proceeds via the the carbon-nitrogen-oxygen

(CNO) cycle or proton-proton (pp) chain , which are two distinct sequences of reactions. In

his 1939 paper, Bethe favoured solar energy generation via the CNO cycle over pp chain.

The hydrogen burning process can be represented symbolically by the relation

41H →4 He+ 2e+ + 2νe + 25MeV. (16)

Pontecorvo in 1946 suggested the idea of using chlorine as a detector of neutrinos.

The idea was discussed in detail later by Luis W. Alvarez. This lead Ray Davis, Jr. and

Don S. Harmer to use a reactor and 3,000 gallon (1.1× 104) liter tetrachloroethylene

detector at Savannah River, to show that νe and ν̄e are different. Willy Fowler and Al

Cameron, suggested that 8B might be produced in sufficient quantities (from 7Be and

protons) in the Sun to produce an observable flux of neutrinos from 8B beta-decay because

of the experimental discovery in 1958 that the cross-section for the production of 7Be by

the fusion of 3He and 4He was more than a thousand times larger than was previously

believed. Prompted by this suggestion John N. Bahcall demonstrated in 1963 that the

capture rate of 8B neutrinos on chlorine is increased by a factor of about 20 by transitions

to excited states of argon [22]. Also, Bahcall had calculated the event rate to be expected

in a 100,000 gallon tank of tetrachloroethylene. Davis suggested the chlorine experiment

that eventually located at the Homestake Mine on the basis of Bahcall’s calculations, and

Davis’ experience at Savannah River . Bahcall and Davis in 1964 published papers

suggesting the feasibility of building a solar neutrino detector "...to see directly into the

interior of a star and thus verify directly the hypothesis of nuclear energy generation in

stars."[22]. The hypothesis being tested was suggesting that

proton fusion is the origin of solar energy. It was widely accepted by 1964 that the

Sun shines almost entirely via the pp chain of reactions, even though at the time there was

still no direct evidence that thermonuclear fusion was responsible for solar energy
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generation. To verify the hypothesis of solar energy generation via thermonuclear fusion

and determine which sequence of reactions is dominant, a measurement of the capture rate

of 8B neutrinos on chlorine was needed. For more information and explanation about

Homestake experiment see [21].

3.1.2 Homestake Experiment

In the 37Cl Homestake experiment, the detector (Fig. 2) was built deep

underground to avoid background radiation from cosmic rays. The neutrino target was

2.2× 1030 atoms of 37Cl in the form of 100,000 gallons (3.8× 105 litre) of liquid

tetrachloroethylene (C2Cl4), which is a common cleaning fluid. The tank (detector) was

containing the target located 1.5 km underground in the Homestake Gold Mine in Lead,

South Dakota , and was a cylinder about 6 m in diameter by 14.5 m in length. The total

cost to excavate the cavity in the mine, build the tank, and purchase the liquid was $0.6

million (in 1965), and the experiment began in 1968. The neutrino absorption reaction

that was used to detect solar neutrinos was

νe +37 Cl→ e− +37 Ar (17)

and the threshold energy for this reaction is 0.814 MeV [21].
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Figure 2: The Homestake detector [21].

The absorption reaction may also be written

νe + n→ e + p. (18)

The process can be illustrated a Feynman diagram 3.
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Figure 3: Neutrino capture reaction Feynman diagram [21].

The Feynman diagram shows that the charged current weak interaction is

responsible for the underlying process in the neutrino capture reaction. For more

information and explanation about Homestake experiment see [21]

3.1.3 Theoretical Expectations and The Standard Solar Model

It is appropriate now to discuss in further detail the solar model that the Homestake

37Cl experiment was designed to verify. At the time that Bahcall and Davis published

papers [22, 23] proposing the viability of a chlorine experiment, most theorists favoured

solar models in which the pp chain was the main source of energy generation, and that the

CNO cycle is only significant for more massive star and hotter than the Sun. Yet ,there

was no direct evidence that these processes were involved in solar energy generation, and

obviously no proof that the dominant process in the Sun is pp chain was . Figures 4 and 5

show the reactions that occur in the pp chain and CNO cycle. Defined by completed

conversion of four protons into an alpha particle, two positrons, and two electron neutrinos.
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The percentages shown are the termination fraction of the pp chain or CNO cycle in which

each reaction occurs. Neutrinos are produced in three of the reactions of the CNO cycle,

and in six of the reactions of the pp chain,which are labelled on the diagram by the text in

parentheses. .The reactions are named after the reactants. For instance, the reactants in

the "pep" reaction are proton, electron, and proton. Despite the relative rarity of the 8B

neutrinos, it is these neutrinos which dominated the predicted capture rate in the

Homestake 37Cl experiment, because only these neutrinos are energetic enough to excite

transitions between the ground state of 37Cl and excited states of 37Ar.

Figure 4: pp chain reaction [21]
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Figure 5: CNO cycle [16].

Figure 6 demonstrates the energy spectrum predicted by the standard solar model

for solar neutrinos. Note that line spectra for 7Be and pep neutrinos are predicted. There

are only two final particles (2H and neutrinos, or 7Li and neutrinos) in the reactions that

produce these neutrinos (see Figure 4). The energy and momentum conservation laws

require that the kinetic energy ratio of the electrons is equal to the inverse proportion of

their masses for two final state electrons. Since, the energy must always divide this way,

the 7B and pep neutrinos are mono-energetic. With three or more final particles, like those

produced in the other reactions in the pp chain, the total reaction energy can be shared in

many ways among the final state particles, resulting in continuous energy spectra for the

neutrinos produced in the reaction.
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Figure 6: The solar neutrino flux in the standered solar model. For solar experiments threshold energy
is shown at the top. The gallium experiments can observe pp neutrinos since they have the lowest energy
threshold.SuperK and SNO can only observe to Boron-8 and hep neutrinos [21].

3.1.4 Homestake Results

Neutrino capture rates are expressed as a special unit for convenience; the solar

neutrino unit or SNU(pronounced "snew"). An SNU is the product of neutrino flux times

neutrino cross section. "One SNU equals 1036 captures per target atom per second" [21].

For the Homestake 37Cl experiment, one atom of 37Ar produced per day in the tank equals

5.35 SNU [24].

The first results from the Homestake 37Cl detector were published by Davis and his

colleagues in 1968 [25] ,and showed that the capture rate of solar neutrinos on 37Cl was less

than 3 SNU [26]. The Homestake 37Cl test was very successful despite the discrepancy

between the expected capture frequency and the measured value. Firstly, neutrinos were

observed with rates within a few factor of the predicted values. Also, the large capture rate

expected if the CNO cycle was dominant was not observed. Homestake’s first findings

obviously indicated that the CNO cycle generates less than 10% of the Sun’s energy [21].
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The CNO cycle is now believed to be accountable for less than 2% of the luminosity of the

Sun [24].

The pp chain and CNO cycle energy production rates are temperature-dependent.

At, the beginning, the CNO cycle dominates more than the generation of Sun energy

because its internal temperatures are greater. Also, the flux of 8B neutrinos that

dominated the capture rate in the Homestake 37Cl experiment depends approximately on

the 24th power of the central temperature of the Sun. Calculations based on the measured

neutrino capture rates determined that the core temperature was close to 16× 106K, which

close to the expected value [21] . The Homestake experiment found direct evidence that

thermonuclear fusion is responsible for the generation of energy in the Sun, thereby

achieving the goal proposed in 1964 and that the pp chain is the dominant sequence of

reactions. The Homestake experiment is still collecting data, and it has continued to

observe fewer neutrinos than predicted over the three decades of its operation.The Latest

published value for the observed neutrino capture rate was 2.56± 0.23 SNU (1σ) error;

approximately one third of neutrinos seem missing. The persistent discrepancy between the

predicted results and those observed is commonly known as the solar neutrino problem.

After a decade of disagreement between theoretical predictions and experimental results, it

was clear in 1978 that the subject had reached an impasse and that a new experiment was

needed.

The Homestake 37Cl experiment was only primarily sensitive to the 8B neutrinos

that are produced in only 2 out of 104 terminations of the pp chain.An experiment was

needed to exclude some explanations for the problem of solar neutrinos. To do this, an

experiment with 37Cl would need to be sensitive to low-energy pp undetectable neutrinos.

The only possibility appeared to be another radiochemical experiment, but with with 71Ga

instead of 37Cl. The gallium detector energy threshold would be low enough to enable the

detection of pp neutrinos (see Figure 6). Unfortunately gallium was expensive, and about

three times the world’s annual production of gallium would be required. Even though

Davis, Bahcall, and a number of interested colleagues trails to generate interest in a
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gallium experiment, it was never funded in the US, mostly because of disagreements over

finencing the experiment. indeed, gallium studies were not conducted until the 1990’s.

3.2 Kamiokande II

Grand Unified Theories (GUT’s) predict a long but finite lifetime for the proton on

the order of 1033 years which is much longer than age of the universe. Yet, if a very large

number of protons are monitored, and if protons have a finite lifetime, it might be possible

to observe proton decay, and this would be evidence of physics beyond the Standard

Model. In the early 1980’s two experiments were built to search for proton decay which are

IMB and Kamiokande I. "IMB (Irvine, Michigan, Brookhaven) was located in the

Morton-Thiokol salt mine near Fairport, Ohio, at a depth of 600 m. Kamiokande (Kamioka

Nucleon Decay Experiment) was located in the Mozumi zinc mine in Kamioka-cho, Gifu,

1000 m underground in the Japanese Alps. Both experiments used water Cerenkov

detectors" [21]. Cerenkov radiation is emitted when a charged particle travels through a

transparent medium faster than the speed of light in that medium. The radiation occurs

mostly in the blue and ultraviolet region of the spectrum, and forms a cone of light with a

half angle Θc , called the Cerenkov angle, which given by:

cosΘc =
c

vn
(19)

where c is the speed of light in vacuum, v is the speed of the particle, and n is the

refractive index of the medium [21]. For example, water with n=1.33, the Cerenkov angle

has a maximum value of 42 degree . Examples cone can be seen in Figure 7. There are

many good reasons for using water in a Cerenkov detector. Water is cheap, abundant, can

be purified to have low levels of radioactive contaminants and can
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Figure 7: The geometry of the Cerenkov cone [24].

serve in neutrino-electron scattering experiments as both the detector and the

target. A disadvantage is that to suppress the background, one must introduce energy cuts

for the recoil electrons. This means water Cerenkov detectors are sensitive only to the hep

and 8B neutrinos for solar neutrino experiments. For Instance, the threshold energy above

which recoil electrons were counted in the Kamiokande II detector was 7.5 MeV [24]. IMB

and Kamiokande looked for decays such as

p→ e+ π0 (20)

π0 → γγ (21)

This particular mode of decay is predicted to be dominant in many models. It has a

characteristic signature of the event in which the positron-induced electromagnetic shower

is balanced against two showers caused by the pion’s decay to gamma rays. The primary

background comes from neutrino interactions. Both experiments lasted for about a decade,

but no decay were observed, setting a lower limit for the lifetime of the proton. [21].
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Because neutrino interactions mimic some expected channels of proton decay, these

detectors also started studying atmospheric neutrinos. The IMB detector was a rectangular

tank filled with purified water, measuring 18 m by 17 m by 23 m, and instrumented with

2048 photo-multiplier- tubes (PMT) on six sides. The dominant reaction of detecting

neutrinos was proton absorption of anti-neutrinos:

ν̄l + p→ n+ n+. (22)

3.2.1 Kamiokande II Results

Preliminary Kamiokande II detector results reported that the observed solar

neutrino flux was 45% of that predicted by theory [21]. The experiment was running for

nearly a decade, and in April 1996 the data-taking officially ended. The latest theoretical

prediction of the detection rate at Kamiokande II is 5.15× 106cm−2s−1 and final results

from the Kamiokande II detector show that it observed a rate of 2.80× 106cm−2s−1 which

is 54% of that predicted by theory . Kamiokande II experimentally established that these

neutrinos came directly from the Sun: the recoil electrons were predominantly scattered

towards the Sun-Earth vector [21]. Furthermore, the neutrino energies observed are

consistent with the range of energies expected from standerd solar model projections (0 -

15 MeV). The marked discrepancy between the Kamiokande II detector’s predicted and

measured neutrino fluxes confirmed the earlier outcome observed by the 37Cl Homestake

detector.

3.3 Inconsistency of Homestake and Kamiokande Experiments

The same 8B neutrinos that dominate the rate of capture of Homestake 37Cl also

determine the rate of water event Cerenkov. Hence, one can calculate the capture rate of

Homestake 37Cl generated by the neutrinos of 8B observed in a Cerenkov water

experiment. This capture rate is predicted to be 2.78± 0.10 SNU, which is greater than

(by one standard deviation) the total observed capture rate of 2.56± 0.23 SNU. This

implies that the calculated net contribution from all other neutrino sources (pep, 7Be and
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CNO neutrinos) to the capture rate in the Homestake 37Cl detector is negative! This

makes no sense unless there is something that shifts their energy spectrum to the 8B

neutrinos in transit.If the Standard Model is right, the energy spectrum shape should not

be significantly different from that determined by laboratory experiments. New physics

therefore has to be accountable for the discrepancy. It is essential to note that in order to

achieve this conclusion, no solar model considerations are needed. Homestake 37Cl and

water Cerenkov experiments incompatibility is the second solar neutrino problem [21].

3.4 Gallium Experiment

The reaction used to detect solar neutrinos in gallium experiments is:

νe +71 Ga→ e− +71 Ge. (23)

The reaction has a threshold energy of 0.2332 MeV [24]. The small threshold energy

is of critical significance to gallium experiments because it is this that makes it possible to

detect pp solar neutrinos that are insensitive to 37Cl and water Cerenkov experiments(see

Figure 6). These neutrinos are significant because they dominate the total flux of of

neutrinos from the Sun. In contrast, the neutrino flux of 8B is small, about 104 of the

neutrino flux of pp. The pp neutrinos flux is predicted to an accuracy of 1%, and has the

smallest uncertainty of all the neutrino fluxes expected. The theoretical uncertainty in the

predicted neutrino flux of 8B is around 19% [21]. Chemical processing varies from

radiochemical experiments of 37Cl, but the physical fundamental principles are identical.

The capture rate for a 71Ga detector is predicted by the standard solar model to be

1289
−7 SNU (1σ) error [21].

3.5 GALLEX Experiment

In the Gran Sasso Underground Laboratory in Italy, the GALLEX (Gallium

Experiment) detector consisted of 30 tonnes of gallium in an aqueous solution of gallium

chloride and hydrochloric acid in a single container. At the beginning of each run, a known

26



number of non-radioactive germanium atoms were added to the solution to determine the

extraction efficiency at the end of each run experimentally. The 71Ge atoms induced by

neutrino form GeCl4, which at the end of each run was purged from the solution by

bubbling nitrogen gas through the tank [21].Then the nitrogen was carried through a gas

scrubber where it absorbed the GeCl4 in water. The GeCl4 was converted by a sequence

of chemical processes to GeH4. The GeH4 was then loaded into a small proportional

counter, and the number of 71Ge atoms were determined by observing their radioactive

decay. GALLEX collected data between 1991 and 1997. The observed capture rate was

77.57.6
−7.8 SNU (1σ) error [27], which is 60% of that theoretically predicted.

3.6 GNO Experiment

GNO (Observatory Gallium Neutrino) is GALLEX’s successor project at Gran

Sasso. GNO began data collection in April 1998. The gallium mass will be boosted from

the current 30 tonnes to 100 tonnes over the next few years. The experiment’s first stage,

GNO30, is just a GALLEX extension with upgraded electronics and proportional counters.

The second phase, GNO66, will involve increasing the target mass to the maximum

capacity of 66 tons in the two tanks available. The final mass addition in the experiment’s

third stage, GNO100, may be in metallic form. At the Neutrino 2000 conference in

Sudbury, Canada, the first results from GNO for the measuring period 20 May 1998 to 12

January 2000 were presented. GNO reported a 65.810.7
−10.2 SNU ,(1σ) error, production rate

of 71Ga [27]. If the initial GNO data and the data from all 65 runs in the GALLEX

experiment are combined, the resulting rate is 74.1+6.7
−6.8 SNU (1σ) error [27], which is 58% of

the theory prediction.

3.7 SAGE Experiment

Located in an underground chamber at the Baksan Neutrino Observatory in the

Caucasus Mountains, Russia, SAGE (Soviet-American Gallium Experiment) used a 60-ton

metal gallium target in ten identical reactor tanks. The germanium extraction process
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includes melting and mixing the gallium metal (at about 30 C) into diluted hydrochloric

acid. Using a procedure comparable to that used in GALLEX experiment, the 71Ge is

removed from solution. SAGE began data collection in 1990 and is still in operation. To

date, SAGE has observed a 75.4+7.8
−7.4 SNU, (1σ) error, capture rate.[28], which is 59% of

that predicted by that predicted by theory.

3.7.1 Inconsistency of Gallium Experiments

The GALLEX and SAGE experiments reported results are consistent with one

another. The SAGE, GNO and GALLEX results average is 74.7± 5.0 SNU, more than 6σ

from the theoretical value [29]. The theoretical rate calculated in gallium experiments for

pp and pep neutrinos entirely accounts for the observed rate. The 8B neutrinos observed in

the Cerenkov water experiments, however, must also add to the rate of gallium events. The

partial event rate of the theoretical 8B can be normalized to the level observed in an

experiment with water Cerenkov.

When this partial event rate is added to sum of the event rates for the pp and pep

neutrinos (72.5 SNU) [28], to account for 8B neutrinos contribution, it was found that

there is no room for the additional 34.2 SNU [28] expected from 7Be neutrinos, given the

gallium experiments measured rates. The neutrinos of 7Be seem to be missing. To account

for this, the rates of all reactions producing 7Be in the Sun would need to be set to zero.

However, 8B is produced by capturing protons on 7Be, and 8B neutrinos are observed!

This is the third solar neutrino problem.
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3.7.2 Super-Kamiokande θ23 and δcp measurments

Figure 8: Super-Kamiokande fit results of the three-neutrino oscillations. In he left is |∆m2
32| versus sin2θ23

plot assuming an inverted mass hierarchy with the the best fit point indicated by the star. In the right a
plot of the constraints on ÎťCP for fits to the normal and inverted hierarchies are shown by the black and
red lines, respectively [30]. Note, chi squared has 477 degrees of freedom [31].

Figure 8 showes oscillation fitting in (∆m2
32 ,sin2θ23, δCP ) while treating sin2θ13 and

the 1 - 2 parameters as background parameters. For either a normal or inverted hierarchy

the SuperK data weakly favor atmospheric mixing in the second octant,sin2θ13 = 0.60, yet

allow the first octant at approximately 1σ. The data also show modest preference for the

inverted hierarchy, at the level of 1.2σ is found in conjunction with a modest constraint on

δCP [30]. The best fit value of (∆m2
32) is 2.66× 103eV 2 and the allowed region size in the 2

- 3 mixing plane are consistent with the results from the T2K [32] and MINOS [33]

measurements.

3.8 The Solar Neutrino problems and the Evidence for new Physics

The following summarizes the three solar neutrino problems

1. The discrepancy between the solar neutrino flux observed and the one predicted by

the solar model.

2. The inconsistency of the 37Cl and water Cerenkov experiments.

3. The absence of 7Be neutrinos infrared by the rate in the gallium experiments.
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Figure 9: Comparison between the theoretical and observed fluxes in the Homestake 37Cl the Kamiokande
experiments, . Each group of bars is a different type of experiment, where Chlorine is on the left, the water
is in the middle, and Gallium is on the left. The blue bars in each group represent the measurements of each
experiments, in SNU’s. The middle bar represents the Standard Solar Model prediction. In all cases, the
observed value are less than the theoretical [20].

In addition, one of the following three solutions has solar neutrino problems

• The standard solar model is wrong.

• The gallium experiments, plus either the 37Cl or water Cerenkov detectors, have

yielded inaccurate outcomes.

• In transit from the Sun to the detector something occurs to the neutrinos that is not

explained by the Standard Model. While the standard solar model may be incorrect,

it seems very unlikely. There is plenty of experimental proof to support the claim that

the standard solar model describes the sun accurately [21]. If the solar neutrino

problem is due to experiment-related errors, it must be concluded that at least three

of the five experiments shown in Figure 9 have yielded misleading results. This seems
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very unlikely as each detector has been carefully calibrated and tested, and all

detectors are observing the defect in the expected neutrino flux. The final solution left

is that neutrinos change to other particle on their journey from the Sun to the Earth so

that fewer are observed in the experiments. This is know today as neutrino oscillation.

3.9 The Solar Neutrino Solution

To demonstrate that neutrino flavor oscillations are the cause of the Solar neutrino

problem, the solar flux must be observed in a manner that is not dependent on the

neutrino flavor. All solar experiments identified solar neutrinos in the detector through

charge current interactions:

νe +X → e− + Y (24)

charged current interaction was used in he radiochemical experiments to produce

the unstable ion, whereas the water Cerenkov experiments needed the final state electron

as a sign that a νe had interacted in the detector. This creates an immediate problem as

solar neutrino energies are less than approximately 30 MeV, while the charged muon mass

is 105 MeV. There must be enough energy available to create the charged leptons in order

to interact via the charged current. From the point of view of all the solar experiments,

electron neutrinos may well change to muon or tau neutrinos, but since there is not enough

energy to create the respective charged lepton, and since all the experiments relied on that

charged current interaction to detect the neutrino, all the experiments would simply not be

able to see the νµ or ντ part of the flux.What was needed was a way to detect all neutrino

flavors and the SNO detector finally provided this [20].

3.10 SNO

The SNO experiment is using as its target a tank of heavy water. Heavy water is

made up of deuterium, containing not just hydrogen, but a proton and neutron. Deuteron

is a very fragile nucleus, as It only takes about 2 MeV to break it apart into a proton and a

neutron. This means that solar neutrinos (νe, νµ, or ντ ) ,which have energies up to 30
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MeV, can break apart a deuteron in a neutral current interaction. The final state neutron

was detected by SNO and all those neutrinos that were not visible to the radiochemical or

Cerenkov water are visible to SNO. SNO was able to detect three different types of

neutrino interactions:

1. The Elastic Scattering (ES) interaction:

ν + e− → ν + e− (25)

2. Charge current interaction

νe + d→ p+ p+ e− (26)

3. Neutral current interaction

νe + d→ p+ n+ ν (27)

Using these three neutrino channels, SNO was able to get an observed neutrino flux

which pretty close to the value predicted by the solar standard model which is:

ΦSSM = 5.05± 1.01× 10−8cm−2s−1 (28)

3.11 Long Base Line Neutrino Experiments

The basic setup of current LBL neutrino experiments consists of near and far

detectors to detect neutrinos and anti-neutrino produced at accelerators. Since ratio, LBL

experiments are designed so that the neutrino probabilities which are modulated by the

ratio L/E (baseline over neutrino energy), is such that the disappearance and appearance

channels are optimized. The goal of long-baseline neutrino experiments is to measure the

remaining unknown parameters of neutrino, with a particular focus on the CP phase due to

its implications, as a potential explanation for the imbalance between matter and

antimatter in our universe [1].
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3.11.1 T2K Experiment

The T2K experiment is located in Japan, with a focus on measuring the θ23, θ13 and

δCP . It uses the JPARC (Japan Proton Accelerator Research Complex)[34] neutrino facility

at Tokai, which produces mainly νe and ν̄µ, depending on the beam mode. Then these

neutrinos are detected near the detector unit at the ND280 and the far detector at the

Super-Kamiokande. The J-PARC neutrino beam operated at an average output of 485 kW,

reaching a peak maximum of over 500 kW in 2018. The total accumulated

protons-on-target (POT) during the T2K operation is 3.2× 1021, 1.51× 1021 in neutrino

mode and 1.65× 1021 in anti-neutrino mode.The direction of the beam is 2.5 degree off-axis

with the ND280 near detector and the Super-Kamiokande far detector. Because of its

advantages, T2K was the first experiment to introduce this method. As shown in Figure 4,

with the 2.5 off-axis setup, the neutrino spectrum is peaking at 0.7 GeV, which is the

maximum of the appearance channel and the minimum of the disappearance channels are,

and it is narrower than for other configurations [1]. The narrowness of the spectrum help in

rejecting background.
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Figure 10: The top 2 plots represent T2K appearance and disappearance channel probabilities and the last
plot represent different neutrino energy spectrum for different off-axis configurations [1].

3.11.2 T2K Results

The analysis strategy to fit the oscillation parameters is to compare the observed

event rates at the Super-K ,constrained by oscillation hypothesis, with inputs from the near

detectors. The next tables 1 and 2 shows the best fit values for sinθ232 , ∆m2
23, and δCP .

Table 1: Best fit values of sinθ223 and ∆m2
23 [1].

Parameter Normal Hierarchy Inverted Hierarchy

sinθ223 0.536+0.031
−0.046 0.536+0.031

−0.041

∆m2
23 2.434± 0.064 2.41+0.062

−0.063
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Table 2: Best fit values of δCP [1].

Parameter Normal Hierarchy (2σ)

δCP −0.57π

Moreover, the results for the θ23 and ∆m32 from T2K with reactor data constraints

are shown in Figure 11. These results show a preference for the θ23 second octant, even

though lower values are less than 2σ away. The fit is done for both, normal and inverted,

orderings [1].

Figure 11: T2K newest results of neutrino oscillation parameters. In the top, and from left to right, are the
χ2 vs sin2θ23 plot and the ∆m2

23 vs sin2θ23 contour plot. In the bottom, and from left to right, are χ2 vs
δCP plot and ∆m2

23 vs δCP contour plot [1].

For both neutrino mass orderings, The results for the δCP parameter show that the

best fit is placed at large and negative values, disfavouring CP-conserving values by more

than 2σ.
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3.11.3 The MINOS and MINOS+ Experiment

MINOS was primarily devoted to measuring the parameters of atmospheric

oscillation and MINOS+ is more focused on further searching for sterile neutrinos.

3.11.4 MINOS and MINOS+ Oscillation Parameters Results

Figure 12: Combined and newest results for θ23 and ∆m2
23 from MINOS and MINOS+ experiments. In the

left, and from top to bottom, are the normal ordering and inverted ordering 2D contour plots for ∆m2
23 vs

sinθ223 with the best fit value for both mass ordering. In the right, and from top to bottom, are χ2 vs ∆m2
23

and vs sinθ223 plots for both mass ordering [1].

MINOS and MINOS+ analytical approach for measuring neutrino oscillation

parameters is similar to T2K and NOvA experiments. Figure 12 and table 3 shows the

current results from the combined analysis of MINOS and MINOS+. The value of ∆m2
23 is

consistent with the best fit values from previous experiments and the results show that θ23

value is in the first octant of, yet values in the second octant are less than 1σ away from

the best fit point. Finally, results also indicate a very slight preference for ordinary mass

ordering of neutrinos.
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Table 3: Best fit values of MINOS/MINOS+ [1]

Parameter (Normal Hierarchy) Best Fit Value

sinθ223 0.58± 0.03

∆m2
23 2.51+0.12

−0.08

δCP 0.17π
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CHAPTER IV

TWO FLAVORS NEUTRINO OSCILLATION

Neutrino physics is currently one of the active fields in scientific research. Several

achievements in neutrino physics have been accomplished, like measuring the CP phase and

predicting the mass hierarchy of neutrino masses [35]. In Standard Model of particle

physics. Neutrinos are described to be massless and charge less elementary particles that

interact as three different flavors. Nevertheless, modern experiments, such as Kamiokande

and CHOOZ confirmed that neutrinos have multiple mass eigenstates, and hence indicating

that neutrino is not massless and indicating mixing. neutrino oscillation is a phenomenon

in which neutrinos oscillate from one flavor to another one as they propagate as mass

eigenstates. Neutrinos are classified according to their sources of production, as solar,

atmospheric, reactor and accelerator neutrinos. Weak interactions are interactions

mediated by W+/− or Z0 intermediate vector bosons. Neutrino is a flavor/mass eigenstate

that is produced in weak interaction reaction such as beta and pion decay. It is defined as

flavor eigenstate, because it is always producing a charged lepton of electron, Muon or tau

flavor as it interacts. Each neutrino is named after the charged lepton that it is generated

with, for example when Muon is produced in the interaction, it is called muon neutrino

[20]. Yet, neutrino also has a mass eigenstate (states which have definite mass) that is not

identical to the flavor eigenstates (states with definite flavor) which is the case in quarks

and the CKM "Cabibbo - Kobayashi - Maskawa" matrix. In other words, suppose we have

three eigenstates labeled as ν1 , ν2, and ν3 which have different, yet close. Then each flavor

eigenstate can be related to the mass eigenstates as a linear combination as shown in

equation below. Indeed, this is equivalent to representing the wave function as a

superposition of its separable solutions.

|νe >= Ue1|ν1 > +Ue2|ν2 > +Ue3|ν3 > (29)

38



So, what is happening here? Suppose one generates a neutrino at a source to detect

them in a detector set in known distance. Also, let the neutrino be of definite flavor state

but as mentioned above, it is propagating as a superposition of states of definite mass [20].

These states of definite mass will propagate out of the source towards the detector. Since

the states have masses then phase between the states will change as distance increases from

the source. So, at the detector, relative phases of the mass states will be different than

those the mass states had at the source. The change of the relative phase of the mass

eigenstates leads to the possibility of detecting a flavor state which was not present in the

original beam. In brief. the probability of starting with one flavor, say νx, at the source

and detecting another, say νy at the detector is given by:

Pα→β,α 6=β = sin2(2θ) sin2

(
1.27

∆m2L

E

[eV2] [km]

[GeV]

)
. (30)

This equation will be derived in the following sections in detail, but now letâĂŹs

start by explaining what each term in this equation means physically.

The angle θ is called the mixing angle. It describes how different the flavor states

and the mass states are from each other. So, if θ = 0, the flavor states are same as the

mass states, and there is no oscillation in this case. The oscillations are at maximum if

θ =
π

4
. This means that at νx that we started with at the source will oscillate to νy.

The mass squared difference parameter, ∆m2 is the difference in in the square of

two masses of two flavor eigenstates that is ∆m2 = m2
1 −m2

2 . The difference in the masses

of the mass states should be nonzero for neutrino oscillations to occur, and this implies

that one of the masses at least should be nonzero. This statement means the neutrino must

have mass. it also implies that the masses of the mass states must be different, or else

∆m2 = 0 and Pνx→νy = 0. Briefly, the masses control the relative phase of the two mass

wavefunctions so, if they are the same, then the mass states will be in the same phase and

the same linear combination of mass states at the source will be measured the detector.

Neutrino oscillation experiments can predict the mass differences but not the absolute

masses, neither can they predict whether m1 is larger in mass than m2
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L

E
is the parameter that experimentalists control. L and E represents distance

between the source and the detector and the energy of the neutrino respectively. For

maximum oscillation probability experimentalists should build the experiment that insure

that

1.27
∆m2L

E
=
π

2
(31)

or

L

E
=

π

2.54∆m2
(32)

In an ideal world, we need to maximize L and minimize E, but this is difficult to

achieve for different reasons. Neutrino beams deflect as they travel from a point source, so

the surface area of a detector placed at a distance L must be huge, which means huge cost.

Furthermore, neutrinos energy decrease as they travel, so their cross-section decrease. This

means that time needed to collect the required events will increase and so does the cost

[20]. If
L

E
is fixed (for example, solar neutrinos), then we can only investigate a limited

range of (∆m2, θ) combinations, since other choices for the values of these parameters will

yield a small probability of oscillation for observation to be reasonable.

4.1 Two Flavours Neutrino Mixing

As mentioned in the introduction, weak eigenstates that are normally observed such

as νe and νµ can oscillate between each other if they are a linear combination of mass

eigenstates [36]. Let’s start by rotating the weak by an angle θ with respect to the mass

eigenstates (Fig. 13), then the weak eigenstate can be related to the mass eigenstate

through a matrix constructed below.

νe
νµ

 =

cos θ − sin θ

sin θ cos θ

ν1
ν2

 (33)

hence, we can represent νe = cosθ|ν1 > +sinθ|ν2.
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Figure 13: The weak eigenstates are rotated by an angle Îÿ with respect to the mass eigenstate. (From
[36]).

In the following pages, I will go through 2 neutrino oscillation probability derivation.

4.1.1 Time evolution of νµ

|νµ(t = 0) >= |νµ >= −sinθ|ν1 > +cosθ|ν2 > (34)

|νµ(t) >= |νµ >= −sinθ|ν1 > e
−i
(E1t

h

)
+ cosθ|ν2 > e

−i
(E2t

h

)
(35)

In the above equations E1 =
√
p2c2 +m2

1c
4 and E2 =

√
p2c2 +m2

2c
4 and p1 = p2

4.1.2 Important Approximations

The following approximations are assumed in the calculation of the probability:

• = c = 1. This leads to E1 =
√
p2c2 +m2

1 and E2 =
√
p2c2 +m2

1.

• The neutrinos are assumed to be relativistic: γ =
E

moc2
=

√
p2c2 +m2

oc
4

moc2
>> 1
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• p >> mo. This leads to
√
p2 +m2

o = p

√
1 +

m2
o

p2
' p+

1

2

m2
o

p
. Note, we used binomial

expansion at the first two terms: (1 + x)n ≈ 1 + nx+
n(n− 1)

2!
x2 + ..., therefore, the

energy of the two mass eigenstates can be approximated as: E1 ≈ p+
1

2

m2
1

p
and

E2 ≈ p+
1

2

m2
2

p

4.1.3 νµ propagation in time

|νµ(t) >= |νµ >= −sinθ|ν1 > e
−i
(
p+

1

2

m2
1

p

)
t

+ cosθ|ν2 > e
−i
(
p+

1

2

m2
2

p

)
t

(36)

|νµ(t) >= |νµ >= e
−i
(
p+

1

2

m2
1

p

)
t
(
− sinθ|ν1 > +cosθ|ν2 > e

−i
(
p+

1

2

m2
2 −m2

1

p

)
t
)

(37)

Make the following substitution to eq. (24)

∆m2 = m2
1 −m2

2 , t =
x

c
= x and e−iz = e

−i
(
p+

1

2

m2
1

p

)
t

We get:

|νµ(t) >= e−iz

(
− sinθ|ν1 > +cosθ|ν2 > e

−i
(
p+

1

2

∆m2

p

)
t
)

(38)

4.1.4 Oscillation probability of νµ to νe

The probability of νµ state to oscillate into a νe state, is the square of the

probability amplitude.

P (νµ → νe) = | < νe|νµ(t) > |2 (39)

Since, νe = cosθ|ν1 > +sinθ|ν2 > ,now we can write the amplitude as:

< νe|νµ(t) >= e−iz

(
− sinθcosθ + sinθcosθ e

−i
(
p+

1

2

∆m2

p

)
t
)

(40)
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where < νi|νj >= δij.

Now take the absolute value square to find the probability:

P (νmu→ νe) = | < νe|νµ(t) > |2 = e−ize+izsin2θcos2θ

(
e
i

(
−1+

1

2

∆m2

p

)
t
)(

e
−i
(
−1+

1

2

∆m2

p

)
t
)

(41)

Substitute p = Eν since the neutrino is relativistic, and substitute x = L to get:

P (νµ → νe) =
1

2
sin22θ

(
1− cos

(
∆m2

2

L

Eν

))
(42)

Substituting
(

1− cos2θ
2

)
= sin2θ, Equation (29) becomes:

P (νµ → νe) = sin22θsin

(
∆m2

4

L

Eν

)
(43)

To make the second term of the eq. (30) ,that is, sin2( ) dimensionless we can use of } and

c. (
∆m2

4

L

Eν

)
=

(
∆m2c4

4}c
L

Eν

)
(44)

To get the final form of the equation we need to use the following units: ∆m2c4(eV 2) , L

(meters), and Ev(MeV ).

Substituting }c+ 197eV nm equation(31) becomes

(
∆m2

4

L

Eν

)
=

(
∆m2c4

4197eV nm

L

Eν

)(
10−6 MeV/eV

10−9 m/nm

)
= 1.27∆m2 L

Eν
(45)

Finally, substitute equation (32) in equation (30) to get:

Pνµ→νe = sin2(2θ) sin2

(
1.27

∆m2L

E

)
. (46)

Although, the mixing angle sin2 2θ and the mass difference ∆m2 are determined by

nature, physicists can adjust distance between the neutrino source and the detector (L) as
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well as the neutrino energy E to examine different regions of ∆m2 [36].
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CHAPTER V

THREE FLAVOURS NEUTRINO OSCILLATION

There are more than the 2-flavor mixing. There is the case of There neutrino mixing

which can be represented by the matrix U. This matrix is 3x3, complex and unitary

matrix. The flavor eigenstates is related to the mass eigenstates by:
νe

νµ

ντ

 =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 ·


ν1

ν2

ν3

 (47)

The matrix which relates flavor and mass eigenstates is known as the

Pontecorvo-Maka-Nakagawa-Sakata (PMNS) matrix, and it is analogous to the (CKM)

matrix in the quark sector. For U to be unitary matrix the:

U+U = I → U+ = U−1 = (U∗)T (48)

and from this we get: 
ν1

ν2

ν3

 =


U∗e1 U∗e2 U∗e3

U∗µ1 U∗µ2 U∗µ3

U∗τ1 U∗τ2 U∗τ3

 ·


νe

νµ

ντ

 (49)

We can deduce the following useful relation from the unitarity of the PMNS
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3




U∗e1 U∗e2 U∗e3

U∗µ1 U∗µ2 U∗µ3

U∗τ1 U∗τ2 U∗τ3

 =


1 0 0

0 1 0

0 0 1

 · (50)
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multiplying, we get:

Ue1U
∗
e1 + Uµ1U

∗
µ1 + Uτ1U

∗
τ1 = 1

Ue2U
∗
e2 + Uµ2U

∗
µ2 + Uτ2U

∗
τ2 = 1

Ue3U
∗
e3 + Uµ3U

∗
µ3 + Uτ3U

∗
τ3 = 1

Ue1U
∗
µ1 + Ue2U

∗
µ2 + Ue3U

∗
µ3 = 0

Ue1U
∗
τ1 + Ue2U

∗
τ2 + Ue3U

∗
τ3 = 0

Uµ1U
∗
τ1 + Uµ2U

∗
τ2 + Uµ3U

∗
τ3 = 0 (51)

As in the case of two neutrino oscillation we start with the time t = 0 to get

neutrino in a pure |να > state.

|ψ(x = 0) >= U1|ν1 > +U2|ν2 > +U3|ν3 > (52)

but the wavefunction evolves in time, so we get:

|ψ(x, t) >= Uα1|ν1 > e(−ip1x) + Uα2|ν2 > e(−ip2x) + Uα3|ν3 > e(−ip3x) (53)

where pix = Eit− pix.

We can rewrite eq. (39) as

|ψ(x, t) >= Uα1|ν1 > e(−iφ1) + Uα2|ν2 > e(−iφ2) + Uα3|ν3 > e(−iφ3) (54)

in which φi = pix = Eit− pix.
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Again, using binomial expansion to approximate Ei by Ei ≈ pi + (m2
i )/(2Ei), and

let x = L then we can write φi as

φi = (Ei − |pi|)L ≈
m2
i

2Ei
L (55)

Now, expressing the mass eigenstates in terms of the flavor eigenstates:

|ψ(x, t) > = Uα1e
(−iφ1)

(
U∗e1|νe > +U∗µ1|νµ > +U∗τ1|ντ >

)
+ Uα2e

(−iφ2)
(
U∗e2|νe > +U∗µ2|νµ > + + U∗τ2|ντ >

)
+ Uα3e

(−iφ3)
(
U∗e3|νe > +U∗µ3|νµ > + + U∗τ3|ντ >

) (56)

which can be arranged to give:

|ψ(x, t) > =
(
Uα1U

∗
e1e

(−iφ1) + Uα2U
∗
e2e

(−iφ2) + Uα3U
∗
e3e

(−iφ3)|νe >
)

+
(
Uα1U

∗
µ1e

(−iφ1) + Uα2U
∗
µ2e

(−iφ2) + Uα3U
∗
µ3e

(−iφ3)|νµ >
)

+
(
Uα1U

∗
τ1e

(−iφ1) + Uα2U
∗
τ2e

(−iφ2) + Uα3U
∗
τ3e

(−iφ3)|ντ >
) (57)

This can be expressed in the form |ψ(x, t) = ce|νe > +cµ|νµ > +cτ |ντ >, from which

we can get the oscillation probability P (να → νβ):

P (να → νβ) = | < νβ|ψ(L) > |2

= cβc
∗
β =

(
Uα1U

∗
β1e

(−iφ1) + Uα2U
∗
βe

(−iφ2) + Uα3U
∗
β3e

(−iφ3)
)2 (58)

The terms in this expression come from the diagrams below.
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Figure 14: Neutrino oscillation matrix elements (From [37]).

Using the complex numbers identity:

|z1 + z2 + z3|2 = |z1|2 + |z2|2 + |z3|2 + 2<(z1z
∗
2 + z1z

∗
3 + z2z

∗
3) (59)

We get the compacted form of equation (44)

Pα→β = δαβ − 4
∑
i>j

<
(
U∗αiUβiUαjU

∗
βj

)
sin2

(
∆m2

ijL

4E

)
(60)

+2
∑
i>j

=
(
U∗αiUβiUαjU

∗
βj

)
sin

(
∆m2

ijL

2E

)
(61)
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where ∆m2
ij ≡ m2

i −m2
j with i, j = 1, 2, 3. Uαi, U∗αi, Uβi, and U∗βi are elments of the

Unitary matrex.

In case of 3 flavor neutrino oscillation the Unitary matrix U which is called PMNS

matrix is usually expressed as 3 rotation matrices and 1 Majorana matrix:

U =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 (62)

=


1 0 0

0 c23 s23

0 −s23 c23




c13 0 s13e
−iδ

0 1 0

−s13eiδ 0 c13



c12 s12 0

−s12 c12 0

0 0 1



eiα1/2 0 0

0 eiα2/2 0

0 0 1

 (63)

=


c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13



eiα1/2 0 0

0 eiα2/2 0

0 0 1

 , (64)

where cij = cos θij, sij = sin θij, and δCP is the CP violating phase. The Majorana phases

are α1 and α2, and they are physically meaningful if neutrinos are Majorana particles (if

the neutrino is identical to its anti-neutrino).

5.1 CP and T violation

It is important to study the effects of the discrete symmetry transformations, CP, T

and CPT if applied to neutrino oscillations. If we apply time reversal symmetry to

P (νe → νµ), then the oscillation probability will change to P (νµ → νe). The oscillation

probability P (νe → νµ) is given by

P (νe → νµ) = 2<
[
U∗e1Uµ1Ue2U

∗
µ2(e

i(φ2−φ1) − 1)
]

+ 2<
[
U∗e1Uµ1Ue3U

∗
µ3(e

i(φ3−φ1) − 1)
]

+ 2<
[
U∗e2Uµ2Ue3U

∗
µ3(e

i(φ3−φ2) − 1)
] (65)
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Applying the time reversal transformation, then the corresponding expression for

the oscillation probability P (νµ → νe) is obtained by exchanging the labels of e and µ

P (νµ → νe) = 2<
[
U∗µ1Ue1Uµ2U

∗
e2(e

i(φ2−φ1) − 1)
]

+ 2<
[
U∗µ1Ue1Uµ3U

∗
e3(e

i(φ3−φ1) − 1)
]

+ 2<
[
U∗µ2Ue2Uµ3U

∗
e3(e

i(φ3−φ2) − 1)
] (66)

Notice that the elements of the PMNS matrix that appear in the expression for P (νµ → νe)

are the complex conjugates of those in the expression forP (νe → νµ). In fact, time reversal

symmetry does not essentially hold in neutrino oscillations without all elements Uei and

Uµj being real. This implies the possibility of CP violation. The effect of the CP operation

on νe → νµ flavour transformations is

(νe → νµ)⇒ CP ⇒ (ν̄e → ν̄µ)

The oscillation probability P (ν̄e → ν̄µ) can be deduced from that for P (νe → νµ) by

noticing whether the element of the PMNS matrix depends on whether the neutrino

appears as the spinor or adjoint spinor in the weak interaction vertex.

P (ν̄e → ν̄µ) = 2<
[
Ue1U

∗
µ1U

∗
e22Uµ2(e

i(φ2−φ1) − 1)
]

+ ... (67)

Once more, unless all the elements Uei and Uµj are real, P (νe → νµ) 6= P (ν̄e → ν̄µ) ,

and CP is violated in neutrino oscillations.

Now, consider the combined CPT operation

(νe → νµ)⇒ CPT ⇒ (ν̄µ → ν̄e)

where the effect of time reversal exchanges the labels of e and µ and the effect CP is to

swap U ⇔ U∗ and hence we get:
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P (ν̄e → ν̄µ) = 2<
[
Uµ1U

∗
e1U

∗
µ22Ue2(e

i(φ2−φ1) − 1)
]

+ ... (68)

This implies that neutrino oscillations are invariant under the joint transformation

of CPT.

5.2 Neutrino Mass Ordering

Since the probabilities of neutrino oscillation depend on square neutrino mass

differences, the experimental measurements of neutrino oscillations do not restrict the

overall neutrino mass scale. There are no immediate neutrino mass measurements to date,

only upper limits. Studies of the end point of the distribution of electron energy in the

nuclear tritium β-decay show that the mass of the lightest neutrino is known to be ≤ 2eV .

Cosmology can obtain tighter, albeit model-dependent, limits. The Big Bang low-energy

relic neutrinos density is huge, for each flavor O(100)cm3. Neutrino masses therefore

possibly affect the Universe’s evolution. It can be deduced from latest cosmological

measurements of the universe’s large-scale structure that

3∑
i=1

mνi ≤ 1eV (69)

While the neutrino masses are unknown, they are clearly much smaller than either

the charged leptons or the quarks. Even with eV-scale neutrino masses, they are at least

106 fewer than the electron mass and at least 109 fewer than the tau-lepton mass. The

current hypothesis for this large difference is known as the seesaw mechanism, which was

discussed in chapter 2.

Regardless of the absolute mass scale of the lightest neutrino, there are two possible

neutrino mass hierarchies shown in Figure 15. The first is the normal hierarchy, where

m3 > m2, and the second is the inverted hierarchy, m3 < m2.
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Figure 15: Normal neutrino mass hierarchy (left) and inverted mass hierarchy (right) (From [37]).

Current experiments are not sufficiently susceptible to differentiate these two

options. However, irrespective of the hierarchy, since ∆2
21 << ∆2

32 it is appropriate to to

make the following approximation in most situations:

∆2
31 ≈ ∆2

32 (70)
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CHAPTER VI

NEUTRINO INTERACTIONS AND NEUTRAL CURRENT π0

PRODUCTION

6.1 Neutrino Interactions

For neutrino experiments to produce accurate and important results it is necessary

to understand how neutrinos interact with other Standard Model particles. Indeed basic

interaction cross sections are often understated, yet they play an essential role of any

experimental neutrino program[31]. Neutrino Interactions are split into five types based on

the energy threshed. The five types are:

• Threshold-less Processes: E ≈ 0− 1MeV .

• Energy Nuclear Processes: E ≈ 1− 100MeV .

• Intermediate Energy Cross Sections: E ≈ 0.1− 20GeV .

• High Energy Cross Sections: E ≈ 20− 500GeV .

• Ultra High Energy Neutrinos: E ≈ 0.5TeV − 1EeV .

In this paper intermediate energy cross sections are discussed as it is the reaction

that that takes place in most of long base line neutrino experiments.For detailed discussion

about each type see [31]. As we move up farther still in energy, the description of neutrino

scattering becomes increasingly more diverse and complicated. At these intermediate

energies, several distinct neutrino scattering mechanisms start to play a role. The

possibilities fall into three main categories:

1. Elastic and Quasi-elastic scattering: Elastic scattering arises when the transmission of

momentum between the nucleus and the neutrino is lower than or similar to the

nucleus inverse size. For such low energies, the neutrino effectively "sees" the entire
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nucleus as opposed to the individual components, resulting in an increase in the

scattering cross section that is about the square of the number of neutrons [38]. In

quasi-elastic-scattering, neutrinos can elastically scatter off an entire nucleon

liberating a nucleon (or multiple nucleons) from the target[31].

2. Resonance production: Neutrinos can excite a resonance state of the target nucleon.

The resulting (∆, N ) baryonic resonance decys into a distinct feasible mesonic final

state that produces nucleon and meson combinations.

3. Deep inelastic scattering: With sufficient energy, the neutrino can solve the nucleon’s

individual quark constituents. In creating a hadronic shower, this is called deep

inelastic scattering and manifestations.

As a consequence of these competitive processes, neutrino interaction produces a

range of final states ranging from nucleon emissions to more complicated final states,

including pions, kaons and meson collections. (Figure 16). TThis energy regime is often

referred to as the ’ transition region ’ as it corresponds to the limit between quasi-elastic

scattering (where the target is a nucleon) at one end and deep inelastic scattering (where

the target is the constituent part of the nucleon) at the other [31]. Historically, appropriate

theoretical descriptions of quasi-elastic, resonance-mediated, and deep inelastic scattering

have been developed, but there is no standardized description that globally defines or

combines the transition between these procedures. Furthermore, the complete extent to

which the nuclear impacts of this region have been valued lately [31]. We will therefore

concentrate on what is presently known, both experimentally and theoretically, about each

of the exclusive final state processes involved in this region in this chapter.
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Figure 16: Prediction of the total CC inclusive scattering cross section at intermediate energies. The
fundamental quasi-elastic, resonance, and deep inelastic scattering contributions produce a variety of possible
final states such as the emission of nucleons, single pions, multi-pions, kaons, and other mesons (not shown).
Combining the different scttering, the inclusive cross section shows a linear dependence on neutrino energy
[31].

6.1.1 Charged Current Interaction

Charged current interaction general formalism is shown in below:

νµN → µ−X (71)

ν̄µN → µ+X (72)

To start, Figure 17 summarizes the existing measurements of CC neutrino and

anti-neutrino cross sections across this intermediate energy range.
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Figure 17: Total CC cross section of neutrino and anti-neutrino per nucleon divided by neutrino energy and
plotted Vs the energy. . (From [31]).

Through a variety of neutrino targets and detector technologies, these results were

accumulated over many decades. From this figure we can immediately see three stuff.

First, a linear dependence on neutrino energy is approached by the complete cross section.

This scaling behavior is a forecast of the quark parton model (Feynman, 1969), and is

anticipated if the scattering process, for instance in the event of deep inelastic scattering,
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dominates point-like scattering off quarks. Of course, such assumptions break down at

reduced neutrino energies (i.e. reduced transfers of momentum). Second, the neutrino cross

sections at this region’s reduced energy end are typically not as well-measured as their

counterparts with high energy. This is usually due to the absence of high statistical data

available in this energy range and the difficulties that occur when attempting to define all

the different fundamental physical procedures that may be involved in this region. Third,

cross sections of anti-neutrinos are usually less well-measured than their counterparts of

neutrinos. This is usually due to limited statistics and greater background contamination.

Most of our understanding of cross-sections of neutrino in this intermediate range of energy

arises from early studies that gathered comparatively tiny samples of statistics

(ten-to-a-thousand events). Over the years, interest in this energy region declined as

attempts moved to greater energies to produce larger samples of events and focused on

measuring electroweak parameters (sin2θW ) and structural features in the deep inelastic

dispersing region. However, this scenario has changed quickly with the discovery of

neutrino oscillations and the advent of greater intensity neutrino beams.The processes that

we are going to discuss here are essential as they form some of the dominant signal and

background channels for experiments looking for neutrino oscillations. This is particularly

true for experiments using neutrino sources based on atmospheric or accelerator source.

Experiments such as ArgoNeuT, K2 K, MiniBooNE, MINERvA, MINOS, NOMAD,

SciBooNE, T2K, and NOvA study this intermediate energy region in more detail in order

to better understand these cross sections of neutrinos. There have also lately appeared new

theoretical methods.

This paper will spot light resonant single pion production as it is the mechanism

that describe the interaction discussed in the cross section measurement of neutral current

π0 anti-neutrino interaction. For comparison purposes, we will also include predictions

from NUANCE, with a representative of the type of models used in modern neutrino

experiments to describe this energy region.

For detailed description of the other types of interactions including quasi-elastic, NC
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elastic scattering, coherent pion production, multi-pion production,and kaon production

and deep inelastic scattering see [31, 2].

6.2 Resonant π0 Production Theory

The dominant method for single π0 manufacturing is the resonant production of π0.

It occurs when a resonance of the baryon is excited and subsequently decays back to the

nucleon of its ground state, emitting one or more mesons, such as π0. Rein and Sehgal are

one model for the cross-section of this production model [39]. The model is using the 1971

[40] relativistic quark model suggested by Feynman, Kislinger, and Ravndal (FKR model).

A nucleon is treated in the FKR model as the ground state of a three-quark system held

together by harmonic forces. Excitations of the oscillator system’s three-dimensional modes

match baryon resonances. The formulation provides vector and axial vector currents

matrix elements that can be used to describe transitions between ground state and

resonant state. However, the model does not describe the resonances of the baryons

perfectly. A schematic diagram of the resonant π0 is shown in Figure 18, where k is the

momentum of the incoming neutrino, k′ is the momentum of the outgoing neutrino, p is

the momentum of the incoming nucleon, and p′ is the momentum of the out going nucleon.

Figure 18: Feynman diagram showing resonant production of single π0 in neutral current interaction [2].

Given enough energy, neutrinos can excite the struck nucleon to an excited state. In

this case, the neutrino interaction produces a baryon resonance (N ). The baryon resonance

quickly decays, most often to a nucleon and single pion final state:
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νµN → µ−N∗ (73)

N∗ → πN ′ (74)

Other higher multiplicity decay modes are also possible and will be discussed later.

The most common means of single pion production in intermediate energy neutrino

scattering arises through this mechanism. In scattering off of free nucleons, there are seven

possible resonant single pion reaction channels (seven each for neutrino and antineutrino

scattering), three charged current:

νµp→ µ−pπ+, ν̄µp→ µ+pπ− (75)

νµn→ µ−pπ0, νµp→ µ+pπ0 (76)

νµp→ µ−pπ+, νµp→ µ+pπ− (77)

and four neutral current:

νµp→ νµpπ
0, ν̄µp→ ν̄µpπ

0 (78)

νµp→ νµnπ
+, ν̄µn→ ν̄µnπ

0 (79)

νµn→ νµnπ
0, ν̄µn→ ν̄µnπ

0 (80)

νµn→ νµpπ
−, ν̄µn→ ν̄µpπ

− (81)

Neutrino experiments use calculations from the Rein and Sehgal model (R. P.

Feynman, 1971 ; Rein, 1987 ; Rein and Sehgal, 1981) with extra incorporation of lepton

mass terms to describe such resonance production processes [31]. This model provides

predictions for the production of both CC and NC resonance and a prescription to handle

interferences between overlapping resonances. Typically, the cross-sections for the

production of many distinct resonances are assessed, although the method is dominated by
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the production of the smallest energies ∆(1232). For more information about the historical

measurements of CC and NC neutrino single pion production cross sections as a function of

neutrino energy see [31]

6.3 NC π0 Experimental Measurements

While there is an abundance of resources (both resonant and consistent) for charged

current single-pion production, there are very few measurements of single-pion production

of neutral current. Most existing ones are reported as neutral current ratios to charged

current cross sections. The results of existing ratio measurements are shown in the table

below for single π0 resonant production(Table 4). The only existing measurement of the

single π0neutral current resonant cross section that is not a proportion to the charged

current cross section arises from Gargamelle’s bubble chamber data from the 1970s. [2]. A

re-analysis conducted by Eric Hawker (in cooperation with members of the original

experiment) is shown from two neutrino cross section Monte Carlos in Fig 19. In terms of

energy, the predictions agree with the datum, but there is presently no confirmation of

consensus on other energies.

Table 4: Existing measurements of NC/CC rations of single pion production [2].

Experiment Target Measurment Channel

ANL H2, D2 0.51 ± 0.25

ANL H2, D2 0.09 ± 0.05
σ(νµp→ νµpπ

0)

σ(νµp→ µ−pπ+)

GGM propane/freon 0.22 ± 0.04

ANL H2, D2 0.17 ± 0.08

ANL H2, D2 0.12 ± 0.04
σ(νµp→ νµpπ

+)

σ(νµp→ µ−pπ0)

GGM propane/freon 0.13 ± 0.03

ANL H2, D2 0.11 ± 0.02
σ(νµn→ νµnπ

−)

σ(νµn→ µ−nπ0)

GGM propane/freon 0.18 ± 0.05

ANL H2, D2 0.38 ± 0.11
σ(νµn→ νµnπ

−)

σ(νµn→ µ−nπ0)
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Figure 19: Single π0 cross section for neutral current interation as a function of neutrino energy [2].
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CHAPTER VII

NOVA EXPERIMENT

7.1 Introduction

The NuMI Off-axis νe Appearance (NOvA) experiment is a two-detector,

long-baseline, atmospheric regime neutrino oscillation experiment intended to address a

broad range of open questions in the neutrino sector through accurate measurements of

different types of neutrino oscillation, including, νµ → νe, ν̄µ → ν̄e, νµ → νµ, and ν̄µ → ν̄µ.

As the name suggests, much of the physics scope of NOvA arises from the appearance

channels, as the observed rates of νe and ν̄e interactions provide information on (1) the

neutrino mass ordering ordering (that is, whether the ν3 state is more or less massive than

the other two), (2) the existence of CP violation present in the neutrino sector [41], (3) the

value of the PMNS mixing angle θ13, and (4) whether ν3 has more admixture of νµ or ντ .

In other words, whether θ23 >
π

4
or <

π

4
,respectively. Recent results by short baseline νe

disappearance experiments suggesting that θ13 ≈ 9◦ ensures that NOvA will have

significant event rates in the appearance channels. NOvA will provide improved precision

on the dominant atmospheric oscillation parameters θ23 and ∆m2
atm through νµ and ν̄µ

disappearance.

NOvA will also look for evidence of new physics by comparing νµ → νµ and

ν̄µ → ν̄µ, provide limitations on sterile neutrino models by evaluating the total flux of

active neutrinos in the downstream detector, observe supernova neutrino activity, perform

narrow-band cross-sectional neutrino-nucleus measurements, and pursue a range of

non-neutrino subjects including searches for magnetic monopolies and hidden particles in

the field [41]. NOvA uses a two-detector setup to mitigate uncertainties in neutrino flux,

neutrino cross sections, and event selection efficiencies for all oscillation measurements.

The 14 kton Far Detector (FD) is in Ash River, Minnesota, 810 km downstream of the
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neutrino source at Fermilab. The 0.3 kton Near Detector (ND) is located on the Fermilab

site in a new cavern excavated near the existing MINOS Near Detector Hall [41].

7.2 The NuMI Beam

The Neutrinos at the Main Injector (NuMI) neutrino beam was constructed at

Fermilab to provide neutrinos for the MINOS experiment, a long-baseline neutrino

oscillation search, and for the COSMOS experiment, which was initially approved but

subsequently withdrawn [42].Subsequently, the NuMI beam was used for other studies such

as MINERvA, ArgoNeuT, and most recently for NOvA and the MINOS+ experiments.

Moreover, neutrinos from NuMI have been observed and studied by the MiniBooNE

experiment at a large off-axis angle.

The NuMI beam facility produces neutrinos by colliding a 120 GeV proton beam

onto a narrow graphite target approximately 1 m in length using a collimating baffle. The

produced hadrons are then focused in the forward direction and selected based on there

charge by two magnetic horns. Later most of the hadrons decay into neutrinos (among

other particles) in a long decay pipe. The resulting neutrino beam passes through dolomite

rock and reaches the MINOS Near Detector (ND), which is, 1.04 km downstream of the

NuMI target. Then, it continues further north through the Earth’s crust, heading to the

MINOS Far Detector (FD), which is located 734 km away in the Soudan Mine in

Minnesota, and finally, after 12 km further north exiting the earth.

7.2.1 The NuMI Beam Componantes

Currently, the NuMI beam is the most powerful neutrino beam in the world and is

produced by the Fermilab Main Injector’s 120 GeV protons. Figure 20 showes a layout of

the accelerator complex at Fermilab. Protons H ions are produced in the Linac which

accelerates them to 400 MeV. The Booster ions converts the ions into protons and

accelrates them to 8 GeV as 1.6 microsecond long batches with a 53 MHz bunch

spacing[42]. The Main Injector circumference is 7 times the circumference of the Booster,
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thus the Main Injector can be used for storage and acceleration of 6 Booster batches as one

of these 7 slots is needed for the pulse kicker rise time. A technique called slip-stacking has

been developed over the past few years that enabled the combination of two batches into

one after injection into the main injector. Using this technique, together with other

hardware improvements and better diagnostics, allowed a significant increase in the proton

intensity that was obtained [42]. A set of five or six proton beam batches accelerated

together are defined as a spill. One of the Main Injector slots was used during most of the

MINOS run by protons for the Anti-Proton Accumulator producing antiprotons for the

Tevatron program, leaving five MINOS slots and 8 microsecond spill time. A spill is

defined as one set of five or six proton beam batches accelerated together as described

above. When the Accumulator was not in operation, all six slots were used for NuMI

giving a spill time of 10 microsecond. The cycle time varied from 2.1 to 2.4 s for NuMI

spills. The proton intensity ranged from 2.2× 1013 protons on target (POT) in 2005 to

about 3.6× 1013 POT in 2012 during the MINOS run. The protons for the NuMI beam

line are extracted, bent down to the MINOS far detector point, and transported 350 m to

the NuMI target [42]. The protons directed toward the graphite target and two magnetic

horns focus the hadrons generated and then enter a 675 m long decay volume.The horns

enable a preferential selection of one or the other hadrons charge sign. Pions and kaons are

a major part of the hadrons and predominantly decay via the modes π+ → µ+ + νµ and

K+ → µ+ + νµ to yield a νµ beam. There’s also a few percent of ν̄µ from negative hadrons

and a small amount of electron neutrinos contamination Due to K+ hadrons subdominant

electronic decay mode, K0 particle decay and tertiary muon decay. At the end of the decay

volume, a hadron monitor is situated right in front of the 5 m dense absorber to record the

remaining hadron profile.The absorber attenuates these remaining hadrons to a negligible

amount. Four alcoves were excavated in the rock just downstream of the absorber and are

used to house three muon monitors that allow the remaining muon flux to be measured

with three distinct threshold energies [42]. .
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Figure 20: Fermilab Accelerator Complex. The NuMI Beam cycle starts with accelerating the protons in
the Linac and then by the Booster and finally by the Main Injector [42].

After the absorber, the 240 m of rock prevents the muons in the beam but allows

the neutrinos to pass. A cavern was excavated to house the MINOS Near Detector after

240 m. The cavern later housed extra experiments such as MINERvA or ArgoNeuT, taking

advantage of the high flux of neutrinos at that place. The schematic diagram of the NuMI
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beam is shown in 21. For detailed describtion of he individual beam components see [42].

Figure 21: A diagram of the NuMI Beam facility. The important elements, which are the target, the horns,
the decay pipe, and the hadron absorber shown in the diagram [42].

7.2.2 Off-Axis Neutrino Beam

Pions and kaons decay in their mass centers isotropically resulting in a

comparatively wide energy spectrum of neutrino beams [43]. In the laboratory frame, the

flux and energy of neutrinos generated from the decay π → µ+ ν in flight and intercepted

by an area A (detector area) at distance z is given by:

F = (
2γ

1 + γ2θ2
)
A

4πz2
(82)

Eν =
0.43Eπ

1 + γ2θ2
(83)

where θ is the angle between the pion direction the neutrino directions, Eπ the pion

energy, m the pion mass, and γ = Eπ/mπ. The expressions for the neutrinos produced by

the corresponding charged K decays are identical except that 0.43 is replaced by 0.96 which

results in a more energetic and broader distribution for identical meson energies [44].

The functions in Equations (57) and (58) are plotted in Fig.22. The right portion of

plot shows that the neutrino’s energy is not strongly dependent on the parent pion’s energy

at 14 mrad.
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Figure 22: The left diagram shows the neutrino flux as a function of its parent pion of energy Eπ for different
off-axis angles beam angles θ. Note that the flux has been normalized at z = 800 km. The right diagram
shows the energy of the neutrinos produced as a function of pion energy for different angles θ relative to the
pion direction [41].

This is shown in Figure 23, illustrating the resulting number of neutrino events as a

function of the off-axis angle and energy.At 14 mrad, a small energy beam with about five

times more neutrinos at 2 GeV is produced by the medium energy beam. This peak

consistent with the highest oscillation which is expected to be 1.6 GeV for

∆m2
32 = 2.4 meV 2 [44].

Figure 23: Charged-current νµ event rate as a function of neutrino energy for different off-axis NuMI beam
and for a distance of 810 km from Fermilab.Left plot shows spectra for the NuMI low-energy configration.
Right plot present spectra for NuMI medium-energy (right) configuration [41].

The narrowness of the off-axis spectra enhances background rejection in addition to
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the increased flux. Neutral-current incidents in which the outgoing lepton (the neutrino) is

not observed are a significant cause of background events. These event topologies may

falsify the electron showers generated by charged-current events. The visible energies of

neutral-current events tend to "feed down" to lower energies as the neutrino carries away

much of the event energy [43]. This feed into the signal region is much bigger in a broad

band beam than in a narrow off-axis beam where the feed down tends to push the

neutral-current events out of the signal energy range. Figure 24 ,illustrating this effect,

shows the number of neutral-current events as a function of their visible energy. The

intrinsic νe element of the NuMI beam that arises from muon and kaon decay is another

significant source of background to the electron-neutrino appearance search. As these

neutrinos result from three-body decays, they are distributed more widely in energy than

the two-body decays generated by the νµ. The νe spectrum in the off-axis NuMI beam is

shown in Figure 24. Compared to the νe beam, the relative narrowness of the off-axis νµ

beam is another advantage of the off-axis technique [43].

68



Figure 24: True (simulated) energy spectrums for different events assuming an off-axis distance of 12 km at
810 km. This include, νµ CC events with and without oscillations, NC events, the νe oscillation signal, and
intrinsic νe beam. [41].

7.3 NOvA Detectors

7.3.1 NOvA Detectors Elementary Unit

Figure 25: PVC cell with W x D x L dimensions.Ionizing particles produce light when passing through the
liquid scintillator in the PVC extrusion cell. The light reflects off the PVC walls multiple times before being
captured by a wavelength shifting fiber optic loop (WLS). Finally, light travels through the WLS will be
detected by an avalanche photodiode (APD) [45, 46].

A simple rectangular rigid PVC plastic cell (polyvinyl chloride) containing a fluid

scintillator and a wavelength-shifting fiber is the fundamental unit of all NOvA detectors
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[43]. This is shown in (Figure.25). A NOvA detector cell is made of PVC that is rigid,

highly reactive, titanium dioxide charged. The far detector has 344,064 cells and the near

detector has 20,192 cells. [45]. They have an inner width of W = 3.8 cm in the direction

transverse to the beam, an inner depth of D = 5.9 cm in the direction of the beam, and a

length of L = 15.6 m in FD and 4.1 m in ND [45, 43]. Neutrinos mainly interact with PVC

and liquid-scintillator atomic nuclei, generating ionizing radiation that excites the liquid

scintillator and leads to detectable light signals [46]. Each cell includes one fiber, which

corresponds to one detector pixel, and one module consists of 32 cells. A series of attached

modules form a plane (1 plane = 12 modules in the far detector and 3 modules in the near

detector). The cells are stacked in alternating horizontal and vertical planes to provide

three-dimensional particle monitoring. Wavelength-shifting fiber is looped into the cell and

captures light from a charged particle’s interaction with the liquid scintillator [47]. The

wavelength shifting fiber (WLS) is about twice as long as the extrusion and looped at the

cell’s "far end"(Figure.25). In general, after several reflections off the cell walls, the

scintillation light is captured by the WLS fiber. Simulations indicate that before entering

the fiber, the light of the scintillation reflects about 8 times on average. This is the key

reason why PVC surfaces are highly reflective. The far detector individual PVC cell is

equipped with optical fibers to transport scintillation light to a 32-channel avalanche

photodiode (APD) just over an optical connector attached to each 32-channel module [46].

The APDs (Fig.26) is a critical element of the experiment as it converts into electronic

signals the photons generated by charged electrons passing through the scintillator in the

detector PVC tubes. A Front End Board (FEB) amplifies and reads the signal, of which

there is one for each APD. The FEB digitizes the hits above threshold point and reads the

APD’s analog signal. A Data Concentrator Module (DCM) collects the FEB hit data.

DCMs transmits the data for further processing [47].
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Figure 26: The left diagram shows the ends of 32 wavelength shifting fibers at the end of PVC cells that
pass the signal to the 32 chanels of the Avalanche photodiode (APD). The right diagram present the front
face of an APD that will be pressed on the top of the fiber [47].
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7.3.2 PVC Extrusions in NOvA

The weight of the rigid PVC extrusions is ≈ 4.5 kilotons or about 30% of the weight

of the detectors. The assembly of 385,000 objects is accomplished through the use of bigger

rigid PVC extrusions with 16 cells extruded together in a 0.635 meter wide unit as shown

in Figure 27. There is a need for two different extrusions. Horizontal cells have 3 mm thick

external PVC walls between cells with 2 mm thick internal webs. The vertical cells contain

more PVC with external walls 4.5 mm thick and internal webs 3 mm thick. For both types,

the extrusion thickness is 6.6 cm, so the horizontal and vertical interior cells are slightly

different in size. For the full detector, approximately 24,000 of the 16-cell extrusions are

needed [43]. The material characteristics of rigid PVC have a profound effect on the design

of NOvA. Unlike metals, stress-free plastics can shrink and maybe shrink to failure. The

vertical NOvA cells build up an internal hydrostatic pressure of 19.2 psi at the bottom of

the scintillator column of 15.7 meters (only 1.6 psi is seen at the "bottom" of a horizontal

extrusion that is only 1.3 meters "high"), thus creep is a relevant concern. Scalloped

rounded corners between cells are intended to minimize stress and therefore minimize the

creep [43].

Figure 27: NOvA PVC extrusion schematic diagram [43].

The PVC’s other crucial property is its reflectivity for 400-450 nm scintillator light.

Typically the light bounces off the PVC walls about eight times before being captured by

the fiber, hence the remaining light at that point is proportional to the reflectivity raised to

a power equal to the number of reflections [43].

7.3.3 NOvA Extrusion Modules

Two factories within the NOvA Collaboration construct leak-tight NOvA extrusion

modules from the PVC and fiber. Fermilab’s first factory takes deliveries of raw extrusion
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from the extruder and has the primary purpose of checking for structural integrity for each

extrusion. Extrusions are sorted to remove any thickness variations that may occur during

the extrusion process and additional sorting may take place along the length to remove

excess "banana" extrusions. The sorting will accomplish a collection of extrusions in the

Far Detector at Ash River to form a single plane with a commen thickness. Then two

sorted 16 cell items are connected with methyl methacrylate adhesive and the module of

extrusion is cut to an precise length. The second factory is where the extrusions are

threaded with wavelength moving fiber loops at the University of Minnesota as shown in

Figure 28 and each fiber is checked for continuity after installation. The extrusion modules

are attached at one end with a simple PVC end plate to hold the liquid scintillator and

capped at the other end with a more complex fiber manifold containing the liquid (in

horizontal modules) as well as routing the 64 fiber ends to 32 APD pixels [43]. The 64 fiber

ends are constrained into a block as part of the installation operation to match the APD

pixel cluster, potted in epoxy, and confronted with a fly cutter. The fiber manifolds and

end caps assembled extrusion modules are 15.7 meters long, sized to fit inside a normal

53-foot semi-trailer truck. The end plates and fiber manifolds connect the entire 32 cells to

a common volume of liquid. Hence the 1.3 meter by 15.7 meter extrusion module forms the

primary liquid scintillator containment vessel. Each vertical module contains

approximately 256 gallons of scintillator and each horizontal module contains

approximately 278 gallons. Before shipping to the Ash River site, each finished extrusion

module is screened for leaks as part of the construction cycle [43].
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Figure 28: 2 side by side PVC extrusions (16 cells) form the NOvA extrusion module. The extrusion module
caps cover both ends of the module. The manifold connects the 64 fiber ends to the 32 channels of the APD.
L is the length of the extrusion module whcih is smaller for the near detector [43].

7.3.4 NOvA Liquid Scintillator

NOvA fluid scintillator was specifically developed to satisfy the NOvA experiment

criteria. Its structure initially mimicked commercially available liquid scintillators based on

pseudocumene and the scintillator used in the MACRO experiment. The initial

formulation were then modified to maximize thescintillation light. By mass NOvA

scintillator is mostly a mineral oil solvent (≈ 95%). Mixed into the mineral oil is a primary

scintillant that produces UV light and two wavelength shifters that transform the UV light

to the wavelength range suitable for WLS fiber capture, which passes the light to the

photodetector. Additional components of the scintillator are an anti-static fire safety agent

and an antioxidant to minimize yellowing [45]. The main scintillant pseudocumene decays

when excited by an ionizing particle by emitting photons in the range of 270-320 nm. The

wavelength shifter PPO (2,5-diphenyloxazole) will then be excited by these UV photons ,

which in turn decayand emit photons mainly in the range 340-380 nm, with a tail extending
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to 460 nm. The down-converted scintillation photons excite the second wavelength shifter

bis- MSB (1,4-bis-(o-methyl-styryl)-benzene) in the third phase of this method, which

eventually decay to 390 - 440 nm photons with a tail extending to 480 nm. Finally,

photons in the range 390-460 nm excite the wavelength shifter in the WLS fiber [45].

7.3.5 Wave Shifting Fiber

The diameter of the wavelength-shifting fiber is 0.7 mm and a core of polystyrene

blended at a concentration of 300 ppm with R27 dye (as the wavelength shifter). The fiber

has two coatings of materials ,which contribute about 3 percent of the fiber diameter, with

a lower refractive index than the core which facilitates total internal reflection within the

fiber. First, the fiber is coated with a thin PMMA acrylic layer and second with

fluor-acrylic. The fiber absorbs the 400-450 nm light emitted by the liquid scintillator and

then shifts its wavelength to 490-550 nm . As light moves down the fiber, it is attenuated

in the far detector by a factor of up to about 10, with light preferentially surviving in the

range 520-550 nm [48].

7.3.6 The Avalanche Photodiode

An Avalanche Photodiode (APD) detects the light exiting the fiber ends and

converts it into an electronic signal pulse.Figure 26 illustrates a NOvA APD photograph

with a 32 pixel array. Each APD pixel is interfaced with both sides of a single

wavelength-shifting fiber and each APD is linked to a front end board for the data

acquisition system.The NOvA APD was selected because the 520 - 550 nm light exiting the

fiber ends has an 85% quantum effectiveness. Thermo-electric coolers reduce the heat noise

produced by each APD, cooling the APD to (-15 C) [48].

7.3.7 NOvA Data Acquisition System (DAQ)

The data acquisition system of NOvA reads all the information from the APDs

constantly. Every channel is sampled every 500 ns by the far detector APDs. The data is

temporarily deposited in a buffer farm and awaits a decision on whether to record or reject
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it permanently. The choice can be produced either by triggering algorithms online or by

obtaining an external source trigger signal. A example of an internal source trigger is the

NuMI beam spill signal. A front end panel, which handles pedestal subtraction and pulse

shaping for each APD signal, reads each APD continually. For each APD pixel, the

pedestals are determined by measuring the level of baseline noise. With a distinctive

increase and fall time, the signal pulses are formed. When a signal is triggered, the signal

sample is read out in a method called "multi-point readout" together with the three

immediately previous samples. The known pulse shaping parameters are used once the

data is continuously recorded to fit the four samples and provide an accurate timing

resolution. The front end bored transmits the digitized data to a module that can take

inputs up to 64 front end boards. During a 50 micro second window ("microslice"), each

data concentrator module gathers all the information from the linked front end boards

periodically.This data packet will then be sent to the buffer farm and stored until the

online trigger process makes a decision on whether to record or reject the data [48].
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7.3.8 NOvA Detector’s Assembly

Figure 29: Schematic diagram of the NOÎ¡A near and far detectors and their similar alternating planes
structure [1].

In the NOvA experiment there are three detectors: the Ash River Far Detector, the

Fermilab Near Detector, and the Fermilab Near Detector Integration Prototype

(IPND).The relative sizes of far and near detectors are illustrated in Figure 29. All three

detectors have a similar structure and are assembled as shown in Figure 29 in alternating

layers of vertical and horizontal extrusion. This layering splits the detector into 90-degree

stereo planes to track particles generated in PVC and scintillator mass neutrino

interactions. As 70% of the mass is active liquid scintillator, the assembled set of cells acts

as a fully active or total absorption calorimeter. Pulse height data is acquired from each

cell and from the sum of the pulse heights the total charged particle energy of a neutrino

event is created [43].This blend of calorimetry and tracking enables the detector to

distinguish signal neutrino events and to reject backgrounds to this signal as specified in

the scientific criteria. For detailed explanation of the NOvA detector and their
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components, see the NOvA technical design report reference [43].

7.4 NOvA Results

7.4.1 systematic uncertainties

In this section, the "effect on NOvA’s results of potential systematic uncertainties is

evaluated by re-weighing or generating new simulated event samples for each source of

uncertainty and repeating the whole measurement. This includes obtaining signal and

background results, calculating migration matrices, and calculating the FD-to-ND

expectations ratio using each modified simulation sample and implementing constraint

methods" [3]. Table 5 summarizes the "effect of each of these uncertainties on the expected

results of selected νe CC candidate events. Moreover, the effects on the calculated

oscillation parameters sin2θ23, ∆m2
32 and, δCP = 1.21π were evaluated in the joint fit" [3]

as shown in Table 6.

Table 5: 1σ variations effects of the "systematic uncertainties on the total signal and background predictions

for νe. True data (simulated data) are used with followings, ∆m2
32 = 2.445× 10−3 eV 2

c4
(normal ordaring),

sin2θ23 = 0.558, and δCP = 1.21π" [3].

Source of uncertainty νe signal (%) Total beam background (%)

Cross sections and FSI 7.7 8.6

Normalization 3.5 3.4

Calibration 3.2 4.3

Detector response 0.67 2.8

Neutrino flux 0.63 0.43

νe extrapolation 0.36 1.2

Total systematic uncertainty 9.2 11

Statistical uncertainty 15 22

Total uncertainty 18 25
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Table 6: Predicted average effect on the oscillation parameters in the combined fit by different uncertainty
sources [3].

Source of uncertainty
Uncertainty in

sin2 θ23 (10−3)

Uncertainty in

∆m2
32 (

eV 2

c4
10−6)

Uncertainty in δCP

Calibration +7.3 +27 / -27 ±0.05π

Cross sections and FSI +6.9 +14 / -19 ±0.08π

Muon energy scale +2.4 +8.5 / -12 ±0.01π

Normalization +4.4 +7.3 / -12 ±0.05π

Detector response +0.8 +6.2 / -7.7 ±0.01π

Neutrino flux +1.1 +4.0 / -4.4 ±0.01π

νe extrapolation +0.1 +0.2 / -0.7 ±0.01π

Total systematic uncertainty +12 +33 / -38 ±0.12π

Statistical uncertainty +38 +75 / -84 ±0.66π

Total uncertainty +40 +82 / -92 ±0.67π

"The most significant impact on this assessment is due to uncertainty in calibration

and energy scales, in cross-section and final-state interaction (FSI) measurements, and the

effect of imperfectly simulated neutrino beam event pileup on reconstruction and selection

efficiency at the ND" [3].

7.4.2 Combined Data Fitting Results

"NOvA used the following values for physics parameters, measured by other studies

[3] in fitting and in the following contours and levels of significance:

∆m2
21 = (7.53± 0.18)× 10−5

ev2

c4
, sin2θ12 = 0.307+0.013

−0.012, sin2θ13 = 0.0210± 0.0011, and

ρ = 2.84
g

cm3
, which is, a matter density computed using the CRUST 2.0 model for the

average depth of the NuMI beam in the Earth’s crust for the NOvA baseline of 810 km"

[3]. Table 7 provides the parameter values in "each relevant mass hierarchy at the best fit

point and the octant combination of θ23" [3]. The top row indicates "the best overall fit in

the normal mass hierarchy and θ23’s in the upper octant; The center row indicates the best

fit in the lower octant θ23 for the ordinary mass hierarchy, which is only slightly less
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important ; and the bottom line indicates the best fit in the reversed mass hierarchy, which

is mostly disadvantaged as it predicts less νe appearance than it is noted" [3]. The column

labeled ∆χ2 displays the "difference between the fit and the overall best fit in χ2,where in

this scenario χ2 is 2 lnL, with L being the probability function calculated using Poisson

statistics plus Gaussian penalty terms for systematic uncertainties" [3]. Inverted mass

hierarchy and lower octant θ23 "do not have the best fit values because the probability in

this hierarchy-lower octant region does not have a local maximum" [3], as is obvious in Fig.

34. For the overall best fit, "the value of χ2 is 84.6 with 72 degrees of freedom" [3]. The

sin2θ23 and ∆m2
32 precise measurements are obtained from "the νµ disappearance data" [3].

In the normal mass hierarchy, fitting these data alone mainly provides the same values for

these parameters. The combined fit best value of νµ → νe "increases the ∆m2
32 value up by

0.04× 10−3
ev2

c4
from the νµ disappearance value fits only in the inverted mass hierarchy"

[3].

Table 7: Oscillation parameters best values [3].

Hierarchy/Octant δCP (π) sin2θ23 ∆m2
32(10−3 ev2

c4
) ∆χ2

Normal/Upper 1.21 0.56 2.44 0.00

Normal/Lower 1.46 0.47 2.45 0.13

Inverted/Upper 1.46 0.56 -2.51 2.54

7.4.3 Single parameters significance level and 2D contours plots

"Following Feldman and Cousins [49] unified model, all the contours and

significance levels in this section are built by profiling over unspecified parameters of

physics and systematic uncertainties" [3]. Figure 30 shows the "1σ, 2σ and 3σ 2D contour

plot for ∆m2
32 and sin2θ23 for each mass hierarchy individually" [3].
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Figure 30: Contour plot of ∆m2
32 vs sin2θ23 for three different levels of significance. at various levels of

significance, that is indicated by different color intensity. The top plot represents to normal mass hierarchy
and the bottom plot represents the inverted hierarchy [3].

Figure 31 displays a "90% confidence level contour comparison for these parameters

in the normal mass ordering for NOvA, T2K, MINOS, IceCube, and Super-Kamiokande"

[3]. All experiments comply with the maximum mixing outcomes. For sin2θ23, "the range

from 0.4 to 0.6 corresponds to the range from 0.96 to 1.00 in sin22θ23, and this variable is

directly measured in the νµ → νµ oscillation" [3].
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Figure 31: NOvA, MINOS, T2K, IceCube, and Super-Kamiokande contour plots comparison of measured
90% confidence level contours for ∆m2

32 vs sin2θ23 [3].

Figure 32 is a contour plot similar to that of Fig.30 in "sin2θ23 and δCP" [3].
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Figure 32: Contour plot of sin2θ23 vs δCP for three different levels of significance. at various levels of
significance, that is indicated by different color intensity. The top plot represents to normal mass hierarchy
∆m2

32 > 0 and the bottom plot represents the inverted hierarchy ∆m2
32 < 0 [3].

The "significance with which values of ∆m2
32, sin2θ23, and δCP are disfavored in the

two mass orderings", are shown in Figures 33, 34, and 35 respectively [3]. The disfavoring

of maximal mixing (θ23 = π/4) has "changed from 2.6σ to 0.8 in the present results

compared to the results" in Fig. 34 previously reported [3]. Three changes triggered this

shift, "each moving θ23 closer to maximum mixing. In fact, new simulations and

calibrations resulted in the greatest effect. The two tinier effects were from new procedures
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for selection and analysis and the additional 2.80× 1020 POT of data included here. Taken

on its own, the extra data favored maximum disappearance". Fig. 35 shows "two curves in

the normal mass ordering, one for each of the octants of θ23, corresponding to the near

degeneracy" shown in (Fig. 34) [3]. For the inverted mass hierarchy, "only one curve is

displayed as there is only one minimum that exists in the upper octant. The point of

minimal significance in the inverted mass hierarchy is different in the three figures because

moving ∆χ2 to significance depends on which parameters of oscillation are profiled, even

though the ∆χ2 are similar" [3].

Figure 33: Significance (σ) rejection values for different values of ∆m2
32 for both normal hierarchy (blue

line) and inverted hierarchy (red line) [3].

84



Figure 34: Significance (σ) rejection values for different values of sin2θ23 for both normal hierarchy (blue
line) and inverted hierarchy (red line) [3].

Figure 35: Significance (σ) rejection values for different values of δCP for both uper octant normal hierarchy
(blue line), lower octant normal hierarchy (dashed blue line), and inverted hierarchy (red line) [3].

In Table 8 the "1σ confidence intervals for ∆m2
32, sin2 θ23, and δCP in the normal

mass hierarchy", corresponding to Figs. 33 - 34, are shown. In addition, "there are no 1σ

confidence intervals in the inverted mass hierarchy" [3].
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Table 8: Normal hierarchy 1 σ confidence intervals for neutrino oscillation parameters [3].

Parameter (units) 1σ range(s)

∆m2
32 [2.37,2.52]

sin2θ23 [0.43, 0.51] and [0.52, 0.60]

δCP [0, 0.12] and [0.91, 2]

In conclusion, "the significance level for the rejection of the inverted ordering, using

the same procedure as in the above contours and confidence intervals by profiling over all

the other physics parameters and the systematic uncertainties, has been calculate . It was

found that 95% confidence level is disfavored at the entire inverted mass ordering region"

[3].
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CHAPTER VIII

RECONSTRUCTION AND EVENTS CLASSIFICATION

The NOvA experiment’s analytical objectives involve extensive neutrino interaction

reconstruction. For separate interactions, the signature of events ( individual basic

interactions) are different. The charged current interaction of νe generates an

electromagnetic shower electron. Whilst present interactions charged by νµ generate a

muon as a tight path rather than a shower along its trajectory (Fig. 36). Neutral current

interactions with one single π0 are more difficult. The π0 decays to two photons, producing

electromagnetic showers that can be difficult to differentiate from electrons. Photons (the

distance of the photon conversion is ≈ 38 cm (6 planes)) convert into a pair of e−/e+ that

produces scintillation light, as they they travel a distance of ≈38 cm (6 planes) [50].

Figure 36: The top image represents νµ CC neutrino interaction indicated the with long muon track. The
middle image represents νe CC neutrino interaction indicated with the electron shower, Final plot represent
Neutral current indicated b the tow photons tracks. [50]
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NOvA have therefore created various types of reconstruction tools for different

reasons in the NOvA experiment. The detailed reconstruction [process is described below.

The NOvA detectors obtain raw data from the read-out, known as cellhits (activity on a

specific cell), save information about (plane, cell, time) and load information about the

hits. Spatial and temporal correlation between the hits is grouped into distinct groups

called "slices," which is the basis for all the subsequent reconstruction phases of

reconstruction described in section 8.1 [50]. A modified Hough transform is then

implemented to distinguish prominent straight-line characteristics in a slice that serves as

seeds (Section 8.2). Then, using an Elastic Arms algorithm (Section 8.3), the Hough lines

are used to reconstruct a global 3D neutrino interaction vertex. The vertex is then used as

a seed to create a "fuzzy k-mean" algorithm which generates prongs (a collection of cell

hits with a starting point and direction) containing particle activity in the event (Section

8.4). The Break Point Fitter (BPF) algorithm uses the slicing and fuzzy k-mean algorithm

to create reconstructed 3D tracks for each fuzzy-k 3D prong (Section 8.5) under each of the

three particle assumptions (muon, proton, and pion). Another tracking algorithm, that,

creates reconstructed tracks from individual slices, and the goal of tracking is to track the

trajectory of individual particles depositing energy in the detector, is based on a Kalman

filter. This is particularly helpful in the identification of particles that do not produce large

electromagnetic or hadronic showers like muons (Section 8.5).A Convolutional Visual

Network (CVN) (Section 8.6) is used to identify neutrino interactions based on their

topology without the need for thorough reconstruction. CVN is also used to identify

particles [50].

8.1 Neutrino Interactions Isolation

NOvA gathers data for the entire detector in the form of a hit packet in 550

microsecond read windows. Physics interactions, however, occur within a shorter span of

time. The primary concern in the surface-based FD is to separate 50-70 cosmic rays in a

550 microsecond read window. Where ≈ 5 neutrino interactions are assumed to be
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separated in the ND in every 10 microsecond neutrino beam window. The beam spill (the

period of time in which neutrino interactions from the beam are expected) is only within

the 10 microsecond window and the time outside the beam cap enables us to determine the

background. All the hits gathered can be split into two hit groups: signal and noise. NOvA

uses an increasing, density-based clustering algorithm (DBSCAN) in which space and time

data is used to precisely distinguish the signal hits from the noise hits and further separate

the signal hits into clusters of hits that originate from distinct sources. There are two

points in the DBSCAN algorithm: core and boundary. The minimum number of neighbors

(pairs whose distance is below a threshold) is defined as core points whereas border points

have less than the minimum number of neighbors, but can be included in the group of hits

(clusters) if and only if they are a core point neighbor. By extending the cluster around the

key points, the algorithm produces clusters. Points not belonging to these classifications

will be regarded as noise. This algorithm requires a couple of cell hits as its input and

calculates a distance metric in space and time as follow:

ε =

(4T − 4~r
c

Tres

)2

+

(
4Z
Dpen

)2

+

(
4XorY

Dpen

)2

(84)

In which Tres is the timing resolution for the quadratic sum of two hits (time

resolution for FD is ≈ 10 ns and ≈ 5 ns for ND), Dpen is the range penalty, ∆T is the

nanosecond time between hits, ∆Z and ∆X or ∆Y are the centimeter distances between

hits in each view. Hits in the same view have distance between hits given by

|∆~r| =
√

∆Z2 + ∆X2 or Y 2. On the other hands, for hits in opposite views, the distance

between hits is |∆~r| = ∆Z.

The slicing algorithm called "Slicer" needs a single interaction for each slice. Two

metrics determine the slicer’s performance: efficiency and purity.

Efficiency =
Energy from interaction deposited in slice

Total energy from interaction deposited in detector
(85)
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Purity =
Energy from interaction deposited in slice

Total energy in slice
(86)

Slicing was discovered to have an efficiency and purity of 99.3% in far-detector

cosmic simulations, whereas slicing had an efficiency of 94.4% and a purity of 98.5% for

near-detector neutrino simulations [50].

8.2 MULTI-HOUGH Transform for Line Identification

Using a modified Hough transform algorithm, the next step after slicing is to define

lines in each slice. This algorithm requires as input pairs of points defined as a straight line

passing through them and parameterized in polar coordinates (ρ, θ) where the

perpendicular distance from the line to the origin is ρ and the angle between ρ and the

x-axis is θ. The algorithm separately makes lines and fits in each view of the detector [50].

The line crossing every couple of hit points in the slice generates a Gaussian smear vote

vote = e

−(ρ− ρ0)2

2σ2
ρ e

−(θ − θ0)2

2σ2
θ (87)

In equation (87) σρ =
3√
12

, σθ =
3

d
√

6
and d is the distance between the two hits.

A Hough map is developed by filling with votes the phase space and identifying the peak in

the map as the line of intrest. An iterative method is used to produce new lines for the

Hough map. First, the last hough space peak outcomes are removed, and then from the

rest of the list, new hough map is created. This continues until, in a hough space above the

threshold, we can not find any more peaks. The metrics used to verify this algorithm’s

efficiency are the dominant Hough lines that pass near the slice’s primary vertex and form

intersections [50].
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8.3 Elastic Arm Algorithm and Vertex Identification

The next recontruction step after slicing and the Hough algorithm is to operate an

elastic arm algorithm on each slice to find the main interaction point for neutrinos. The

algorithm’s output is a global 3D vertex point by seeding the Hough algorithm’s lines. The

vertex is the single point in a slice where the arms of the prong meet. An "elastic arms"

(also called "deformable templates") is a straight line defined by the polar angle θa and the

azimuthal angle φa, so that the position of the arm originated at (x0, y0, z0) with a distance

s in the Cartesian coordinates is given by [50]:

x(s) = x0 + s sin θa cosφa (88)

y(s) = y0 + s sin θa sinφa (89)

z(s) = z0 + s cos θa. (90)

The Elastic Arm algorithm finds the parameters (x0, y0, z0, ~θ, ~φ) to best describe the

event topology by minimizing the energy function of the form:

E =
N∑
i=1

M∑
a=1

ViaMia + λ
N∑
i=1

( M∑
a=1

Via − 1

)2

+
2

λ

M∑
a

Da. (91)

Where M and N are, respectively, the total number of arms and slice hits. Mia

measures the distance from the cell hit i to the arm a. This is calculated as the

perpendicular distance between the hit i and the arm projection in the detector’s two 2D

view , and it is given by:

Mia =

(
dperpia

σi

)2

(92)

The symbols in equation (64) are described below:

• σi is a normalized factor, which is = half of the cell depth/
√

12 = 0.9 cm).
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• Via is the likelihood assuming that hit i associated with arm a is proportional to

e

(
βMia

)
, and assuming the noise to be a constant factor (e(βλ)).

Via =
e

(
βMia

)
e(βλ) +

∑M
b=1 e

(
βMia

) (93)

β is a range of each arm’s influence, Da is a measure of the distance between the

vertex and the first hit on arm a, and λ and λν influence the penalty terms [50]. The first

term in equation (63) calculates the goodness of fit between the hits and the arms, and

minimizes when the arm goes through the hits. The second term is a penalty for hits that

are not associated with any arm. The third is a penalty term for arms whose first hit is far

from the vertex location.This term is very essential when finding a vertex place for NC

events where, after traveling some distance in the NOvA detector, two photons are

generated from π0. A photon’s likelihood of traveling a distance d before converting, is

proportional to e(dλν), where λν =
7

9
X0 ≈ (30 cm), contributes to a penalty term.

χ2 = 2 lnL = 2
d

λν
(94)

Arms are seeded for all the vertities, and the directions are scanned, and the energy

cost function mentioned in equation (63) is minimized. In order to avoid local minima in

the energy cost function, the fit process is initialized with low values of β, and β is

gradually tuned to reach the final vertex point in the slice. Events vertex resolutions

inform us about the performance of both Multi-Hough and Elastic Arms algorithms which

are 11.6 (about 2 NOvA cells), 10.9, and 28.8 cm respectively for νµ CC, νe CC, and NC

events [50].

8.4 Fuzzy-K algorithm and prog formulation

The next stage in the reconstruction chain is the formation of prongs (hit clusters

with a starting point and direction). A possiblistic fuzzy-k implies that algorithm is used
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to assign a prong membership to each hit cell within the slice [50]. The term "possiblistic"

means that there is no need for sum of each hits membership across all prongs to be unity,

which causes outlier hits to be regarded as noise. This algorithm works very well to

distinguish hits noise. The "fuzzines" permits hits to belong to more than one prong .

Fuzzy-k uses the cell hits in a slice to make prongs separately in the XZ and YZ views 37.

Starting with a 2D perspective, it matches the two views and generates a 3D prong. In

both views of the detector, the algorithm considers the Elastic Arms vertex to be the origin

of the event.

Figure 37: : A 3D prong reconstruction from the Fuzzy-K algorithm in the XZ and YZ planes. The plot
show a simulated νe CC quasi-elastic interaction in the FD where the red prong represent an electron and
the green represent a proton [50].

8.5 Track Formulation

8.5.1 Break Point Fitter (BPF)

Next, the trajectory of particles is reconstructed using the Break Point Fitter (BPF)

algorithm, which first assumes that particles traverse the z-axis of a Cartesian coordinate

system as shown in Fig.38. The position of the track at each spot in z has a value of (xi, yi)

in x and y direction , and each with σi associated uncertainty. .
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Figure 38: Track reconstruction schematic representation using BPF. The dashed vertical lines are the
scattering planes where the track is allowed to scatter with an angle αj [50].

When the track propagates through the cells, it is permitted to scatter between the

distinct number of planes (n) at several number of positions (m) and all these scattering

plane positions are arbitrary. The track trajectory can be expressed as ith position and

measurement plane ξi [50].

ξi = a+ bzi +
m∑
j=1

αj(zi − Zj) ∗Θ(zi − Zj) (95)

where a is interceptand and b is the slope of the initial track direction, αj is the

scattering angle at the jth scattering plane, and it has a small value, and Θ(zi − Zj) is the

Heaviside function which ensures only upstream scattering angles where Zj < zi affects the

ith measurement plane trajectory. We define the goodness of fit "χ2" to optimize these

parameters as

χ2 =
n∑
i=1

(ξi − xi)2

σxi
+

m∑
j=1

(βj − αj)2

σαj
(96)

where σxi is the ith measurement error, σαj is the scattering angle uncertainty

calculated for each scattering plane j and βj is the scattering angle expected for the jth

scattering plane. The final outcomes are a reconstructed 3D track for each Fuzzy-K 3D

prong under each of the three assumptions of particles (muon, proton and pion) [50].
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8.5.2 Kalman Track Algorithm

The Kalman algorithm is another useful algorithm that reconstructs tracks from

individual slices and is commonly used in the assessment of the muon neutrino

disappearance in NOvA [50]. This algorithm requires hit clusters formed from the Slicer

algorithm as inputs, and forms tracks separately in the two views of the detector (XZ and

YZ). Each view generates 2D tracks that are matched later to create a single 3D track.

Seeding is performed to generate 2D tracks where the seed is a track segment and is

created from pairs of hits separated by less than 4 cells [50]. Using a Kalman filter, the

seed is propagated to stretch the track and add any extra hits from the next cell using the

present track position and slope value consistent with the track. The position, direction,

slope and intercept of the track are updated for the new measurement, once a hit is added

to the track , and the process continues until no more hits can be added to the track [50].

8.6 Convolutional Visual Network

8.6.1 Identification of Particles and Interactions in HEP

A fundamental problem in experimental high-energy particle physics (HEP) is the

right classification of particle interactions recorded as signal and background in the

detectors. This classification was commonly done by reconstructing high-level components

such as clusters, tracks, showers, jets, and rings associated with particle interactions

recorded by the detector and summarizing with a handful of quantities the energies,

directions, and shapes of these objects [51]. Then, these quantities are either directly

selected or fed into algorithms of machine learning such as KNearest Neighbors, Boosted

Decision Trees, or Multilayer Perceptrons to distinguish signal from background [51].

While these methods have been very effective, they are vulnerable to two potential failures:

errors in reconstructing high-level features from the raw data may lead to the physical

event being incorrectly categorized, and the features used to classify the events are

restricted to those already imagined and applied in the experiment. This key problem
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shares many similarities with computer vision problems. As in HEP, many methods have

been studied by the computer vision community to obtain particular image characteristics

to allow categorization. However, computer vision recently produced excellent progress by

moving away from using specifically built characteristics to extract characteristics using a

machine learning algorithm known as a convolutional neural network (CNN).CNN is well

adapted to a wide class of detectors used in HEP and especially in physics of high-energy

neutrino. Sampling calorimeters using scintillators like, (NOvA, MINERvA, and MINOS),

fluid argon time projection chambers such as, (ICARUS, MicroBooNE, DUNE), and water

Cherenkov detectors as, (IceCube, and Super-Kamiokande) record the quantity of energy

deposited throughout the detector volume in tiny areas [51]. When these measurements are

added, they lead fundamentally to a picture of the physical interaction that is approprite

for assessment using computer vision tools. Early studies with data from Daya Bay and

simulated LHC jet have shown that CNN can be a robust tool in high energy physics [51].

CVN was created and trained using the Caffe [52] framework. Cafe is a collection of

libraries and methods that is used train Convolutional Neural Networks (CNNs).

Approximately 4.7 million simulated neutrino interactions and all cosmic ray interactions

from data taken from the far detector have been trained for CVN [50]. The network is

trained, on the form of pixel map, on the two views of calibrated hits. Figure 39 illustrates

examples of neural network input for three different types of neutrino interaction. See [51]

for comprehensive discussion of the NOvA constitutional neural network.
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Figure 39: Inputs to the CNN for three different interactions, which are νµ CC, νe CC, and NC ν interactions
respectively. The hits in the left are for X view, and hits in the right are for the Y view [50].
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CHAPTER IX

SIGNAL AND EVENT SELECTION

9.1 Monte Carlo Simulation

GENIE (Generates Events for Neutrino Interaction Experiments) event generator is

used to simulate the interactions in the NOvA detectors [53].GENIE is based on ROOT

[54] neutrino MC generator. It was developed completely in C++ and designed using

object-oriented framework over.GENIE was designed a period of more than three years,

from 2004 to 2007. The study in this paper was performed using GENIE event generator.

The distribution in this paper is based on the the data available at the near detector which

correspond to 6.90× 1020 proton in target (POT). In this thesis, the Monte-Carlo data

used were run on Wichita State University local system. The local system in the particle

physics lab was used to run 8000 root files (simulated in GENIE).

9.2 Signal and Background

The signal in this study is neutral Current anti-Neutrino interaction that contains

at least one π0 with a final state energy of > 0.5 eV. Based on Reconstruction process

described in the previous chapter, the final state of the interaction is reconstructed, and

hence the we will be able to identify π0 decay into two photons. The first step in this

analysis is to assume fiducial volume (the volume that contains the vertex) and

containment volume (the volume that contains the end of the shower). In these volumes,

we will be looking for the most energetic prong which is called the leading prong and for

the second-most energatic prong and so on [55]. The leading prong and the second leading

prong plus the containment and fiducial will be the first pre selection in this analysis. As a

first preslection, the reconstructed vertex will be in the Fiducial volume (-180 cm<vertex X

and Y<180 cm and 200 cm<vertex Z<1200.0 cm) and all the reconstructed showers to be
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contained (-180 cm<containment in X,Y<180 cm and 200 cm<containment in Z<1200

cm). An important point to mention is that standard NOvA data quality cut is used in

this analysis to select anti-neutrino beam events for beam and detector under normal

conditions.

9.3 Background Sources and Rejection

The main source of background is the CC νµ interaction with and with out π0.

Also, an NC νmu without π0 or with π0 with kinetic energy less than the threshold energy

of 0.5 GeV are considered backgrounds event. Another source might be the contamination

of the NUMI beam with νe.

This analysis has an enormous amount of background events compared to the signal

events. In order to reject the background events, we define a variety of pre-selection. we

have already made the fiducial and containment cut, so events entering from detector’s

edges will be rejected and the vertex and end of the interaction will be contained. Another

important cut that we use in this analysis is the MuonID cut (Muon Identification) [55].

This cut identify the tracks produced by outgoing Muon, and hence νµ CC interaction

which is the largest source of background in this analysis [56]. The first MuonID cut was

chosen based on the initial selection fiducial and continment above.

After the first MuonID cut is identified, it will be used to optimize the fiducial and

containment cut to get the optimum value. Again the new optimized cut of containment

and fiducial with the optimized MuonID cut will be used in this analysis. This process of

optimization is explained in the next section using optimization of fractional uncertainty on

cross section. As the pion decays to two photons, it is important to identify an interaction

with 2 prongs, see Figure 40. Using Convolutional Neural Network (CVN) which was

discussed in the previous chapter, this type of interaction (2 prong) interaction can be

identified. Eventhough, using MuonID cut rejected most of CC νµ interactions, there are

still a lot of non π0 events that are considered backgrounds in this analysis. To minimize

backgrounds from non π0 events we use "CVN Gamma ID" (find the most energatic prong
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identification). This variable rejects most non π0 events remaining after preselection and

MuonID cuts. The next step is to use the second most energatic CVN Gamma ID, yet, it is

used just to events with highest probability of being photon and observe its effect on the

signal [57].

Figure 40: Pion decay into two photon [57]

.

Before continuing with the analysis of NC π0 from Muon anti-neutrino interactions,

we must first find the π0 energy threshold, which will increase the purity of the

reconstructed signal. To obtain the π0 energy threshold, I will use the results found by my

colleague Alan Cedeno who worked on NC π0 for Muon neutrino. since he had the same

analysis but for neutrino instead of anti-neutrino, then the result should be reasonable for

this analysis. Using the plots of reconstructed NC π0 events vs. π0 true energy which is =

0.135 GeV (from the PDG), we can set a the neutral Pion threshold energy cut to be

Eπ0 > 0.5GeV see Figure 41.The goal from this plot is to find pions that are well

reconstructed at their true mass of âĹĳ 0.135 GeV. The figure show that a big quantity of

pions are produced at Eπ0 > 0.5 GeV.

In brief, the signal for this analysis is neutral Current anti-Neutrino interaction that

contains at least one π0 with a final state energy of > 0.5 eV. The initial preslection is

fiduacial and containment voluems, MuonID, and 2 prongs cut. Additional cuts include
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data quality cut, CVN Gamma ID cuts for the most energetic, and second most energetic

prongs to identify NC π0 from Muon anti-neutrino interactions.

Figure 41: (top) 2D plot for reconstructed NC π0 events vs. π0 true energy with preselection cut chosen to
be RemID (algorithm that rejects νµ interactions), Prong CVN Gamma ID > 0.7, and prong 2 CVN Gamma
ID > 0.9 cuts (note that this plot is for neutrino analysis insted of anti-neutrino). The plot show how using
true energy at 0.5 GeV, we can recostruct the NC π0 mass. (b) Logarithmic plot of the 2 D plot [57]

.

9.4 Multivariate Analysis

In this analysis, MuonID is optimized based on the initial values of fiducial and

containment. Then, fiducial and containment is re-optimized based on the new value of
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MuonID cut. This process should be iteritave until the valuse of the cuts convearge, and

this require multivariate analysis of the data which is not included in this analysis. Data

that characterizes an object or event generally involves multiple quantities referred to as

feature variables. These can be, for example, particle four-vectors, energy deposited in

calorimeter cells, deduced kinematic quantities, and characteristics of global events.

Generally speaking, the variables are also correlated. These variables need to be treated in

a fully multivariate manner to extract outcomes with maximum accuracy [58]. The first

stage in an assessment is the pre-processing of data. This is also called feature extraction

or variable selection. After selecting a set of variables, a transformation may be applied to

the variables in order to produce a representation of the data showing certain desirable

properties. Pre-processing could be a straightforward scaling of variables or a advanced

conversion such as variables de-correlation or combining them to construct

physics-motivated variables. This pre-processing may be the only multivariate data

treatment needed in some applications, and it serves as the starting point for a more

sophisticated assessment in other applications [58]. Given x, the aim of is to build a

function y = f(x) with properties that are useful for later decision making and observation.

In other words, we are trying to obtain a map f : <d → <n, preferably with N«d. In

practice, we attempt to approximate the required function with ȳ = f(x,w), where w is

some adjustable parameter [58].
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CHAPTER X

PARAMETERS OPTIMIZATION

In this chapter, the method used to optimize the cuts in this analysis (fiducial and

containment volumes, MuonID, and CVN Gamma ID cuts will be discussed.

As mentioned before, this analysis is based on GENIE Monte Carlo (MC) generator.

This means that if the MC is correct, then we will get true value for the reconstructed

parameter if given enough statistics.

In NOvA, We are interested in the case where reality does not perfectly match our

simulation. Defining a systematic parameter/shift or loosely speaking a "systematic error"

to be a knob that we can turn to modify the details of the simulation, we set the

magnitude of the allowed range for experimental parameter to insure that the correct state

from the real world is included. To best fit the data, the ND MC data is varied and the

analysis is repeated with with different systematic parameters (multi-universe class) and

near detector and far detector data are held fixed. By doing so, we introduce systematic

uncertainty which are uncertainty added to the best fit in addition to the statistical

uncertainty. In this analysis, we try to minimize the systematic uncertainty on cross

section of the different cuts mentioned above [57, 59].

10.1 Systematic on Cross Section

In this section, we will carry the derivation of the fractional uncertainty on cross

section and show the optimization plots. Note that we are optimizing the cuts by

minimizing the fractional uncertainty on cross section.

Before we start it is important to mention that weights used in this analysis from

cafana package are kXSecSCVWgt2018*kPPFXluxCVWgt. Systematics samples used are:

GENIE and PPFX flux. And finally, when optimizing the variables we included the

standard quality cut.
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To start with the derivation, we need to scale the number of MC backgrounds

identify the scaling factor, since we don’t know the number of backgrounds in realty.

Implementing the scaling factor "s" we can write the cross section equation as:

σ =
Nsel,data − s×Nbkg,MC

T × φ× ε
(97)

where

• Nsel,data = Number of selected events

• Nbkg,MC = Number of bkground events

• s =
POTsel,data
POTbkg,MC

=
6.90× 1020

3.54× 1021
≈ 0.195

• T = Number of targets

• φ = Neutrino flux

• ε = Effeciency

Since the cross section is a function of three variables, namely, Nsel,data, Nbkg,MC , and ε then

the fractional uncertainty is of the form:

δf(x, y, z) =

√(
∂f

∂x
× δx

)2

+

(
∂f

∂y
× δy

)2

+

(
∂f

∂z
× δz

)2

(98)

Applying this to the cross section equation we get:

δσ =

√(
∂σ

∂Nsel,data

δNsel,data

)2

+

(
∂σ

∂Nbkg,MC

δNbkg,MC

)2

+

(
∂σ

∂ε
δε

)2

(99)

divide both sides by σ we get:
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δσ

σ
=

[(
1

T × φ× ε
× δNsel,data

)2

+

(
−s

T × φ× ε
× δNbkg,MC

)2

+

(
−(Nsel,data − s×Nbkg,MC)

T × φ× ε2
× δε

)2
]1

2

(100)

Substituting the values δNsel,data =
√
Nsel,data and δNbkg,MC =

√
s×Nbkg,MC + δNbkg,MC ,

we get:

δσ

σ
=

[(
Nsel,data

(Nsel,data − s×Nbkg,MC)2

)
+

(
s× (s×Nsel,data)

(Nsel,data − s×Nbkg,MC)2

)
+

(
δNbkg,MC

(Nsel,data − s×Nbkg,MC)

)2

+

(
δε

ε

)2
]1

2

(101)

Since we used MC data set in this analysis then we set Nsel,data = s.Nsel,MC to get the final

form of fractional uncertainity on cross section to be:

δσ

σ
=

[(
s×Nsel,MC

(Nsel,data − s×Nbkg,MC)2

)
+

(
s× (s×Nsel,data)

(Nsel,data − s×Nbkg,MC)2

)

+

(
δNbkg,MC

(Nsel,data − s×Nbkg,MC)

)2

+

(
δε

ε

)2
]1

2

(102)

10.2 Fractional Uncertainty Plots and Optimized Cuts Values

Using fractional uncertainty on cross section we will optimize the following cuts;

fiducial and containment volumes, MuonID , prong 1 CVN Gamma ID, and prong 2 CVN

gamma ID. to optimize Prong CVN. Furthermore, we find the efficiency of our signal with

respect to MuonID cut, fractional uncertainty on efficiency, and statistical, and systematic

uncertainties on background events. we start the optimization by fiducail cuts in Figures
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44, 44, and 44. From the figures, the optimized values for the fiducial volume are (-180 < x

< 180), (-180 < y < 180), and (-100 < z < 900). Note that these values are based on a

MuonID cut = -0.4 which is based on the cross section optimization using the initial

fiducial volume. Note that data quality cut and 2 prong cut are used in all fractional

uncertainty optimization plots.

Figure 42: The plot present the optimum value for the vertex in x direction. The optimum values for x
vertex is (-180 < x < 180).
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Figure 43: The plot present the optimum value for the vertex in x direction. The optimum values for x
vertex is (-180 < y < 180).

Figure 44: The plot present the optimum value for the vertex in x direction. The optimum values for x
vertex is (-100 < z < 900).

Using the fiducial optimized values, we can optimize containment volume. From

Figures 45, 46, and 47
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Figure 45: The plot present the optimum value for the containment in x direction. The optimum values for
x containment is (-160 < x < 180).

Figure 46: The plot present the optimum value for the containment in y direction. The optimum values for
y containment is (-180 < y < 180).
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Figure 47: The plot present the optimum value for the containment in z direction. The optimum values for
z containment is (-250 < z < 1250).

Using the fiducial and containment optimized values, we can optimize MuonID cut.

From Figures 48, the optimum value for MuonID is approximately < -0.51. The cuts

included are fiducial, containment, 2 prong, and data quality.

Figure 48: The plot present the optimum value for the MuonID cut and it is < −0.51 with fractional
uncertainty ≈ 26.0%.
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For the optimized values of statistical uncertainty on background see Figure 49, and

for systematic uncertainty on background see Figure 50.

Figure 49: Statistical uncertainty on the background for MuonID cut ≈= −0.51 is ≈ 0.1%.

Figure 50: Systematic uncertainty on the background for MuonID cut ≈ −0.51 is ≈ 25%.
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For the optimized values of efficiency, see Figure 51, and for systematic uncertainty

on efficiency see Figure 52. Note that efficiency =
Signal(preslection

Truesignal(fiducial)

Figure 51: The plot shows the efficiency value is ≈ 5.6% for MuonID cut ≈ −0.51.

Figure 52: Systematic uncertainty on the efficiency for MuonID cut ≈ −0.51 is ≈ 7.0%.

After optimizing fiducial, containment, and MuonID, we can now optimize prong 1
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CVN Gamma ID and prong 2 CVN Gamma ID.

For the optimized values of prong 1 CVN Gamma ID, see Figure 53, and for

statistical and systematic uncertainty on backgrounds see Figure 54 and 55. he cuts

included in prong 1 CVN Gamma ID plot are fiducial, containment, 2 prongs, MuonID,

and data quality cut. The cuts included in prong 2 CVN Gamma ID plot are fiducial,

containment, 2 prongs, MuonID, prong 1 Gamma ID and data quality cut

Figure 53: The plot present the optimum value for the prong 1 CVN Gamma ID cut and it is > 0.68 with
fractional uncertainty ≈ 15.5%.

From the plot above, the Fractional uncertainty on prong 1 CVN Gamma ID is ≈

15.5% compared to ≈ 18% in the Forward horn current analysis that studied neutrino

insted of anti-neutrino.
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Figure 54: Statistical uncertainty on the background for prong 1 CVN Gamma ID cut ≈= 0.68 is ≈ 0.3%.

Figure 55: Systematic uncertainty on the background for prong 1 CVN Gamma IDcut ≈= 0.68 is ≈ 8.8%.

For the optimized values of prong 2 CVN Gamma ID, see Figure 56, and for

statistical and systematic uncertainty on backgrounds see Figure 57 and 58.
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Figure 56: The plot present the optimum value for the prong 2 CVN Gamma ID cut and it is > 0.42 with
fractional uncertainty ≈ 17.5%.

For prong 2 CVN Gamma ID, the fractional uncertainty is ≈ 17.5% compared to

15.2% in the forward horn current analysis for neutrino interaction.

Figure 57: Statistical uncertainty on the background for prong 2 CVN Gamma ID cut ≈ 0.42 is ≈ 0.1%.
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Figure 58: Systematic uncertainty on the background for prong 2 CVN Gamma ID cut ≈ 0.42 is ≈ 11.6%.

10.3 Stacked Plots for Signal and Background

Using the optimized cuts obtained by minimizing the fractional uncertainty on cross

section, we will construct Stacked plots that show the signal and background

accumulations. In other words, we will show plots for different spectrum that represent

different cuts including, no-cuts ,CC with π0 , CC w/o π0, NC with π0, and NC w/o π0

.Figures 59, 60, and 61 below show the signal and background Stacked plot of Vertex in x,

y, and z directions. Notice that in all Stacked plots, the signal (NC with π0) is in purple

color, and data quality cut is included in all of them.
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Figure 59: The plot present the Stacked plot for vertex in x direction, and from the plot, we can see that
(-180 < x < 180).

Figure 60: The plot present the Stacked plot for vertex in y direction, and from the plot, we can see that
(-180 < x < 180).
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Figure 61: The plot present the Stacked plot for vertex in z direction, and from the plot, we can see that
(-100 < x < 900).

For containment Stacked plots see Figures 62, 63, and ??

Figure 62: The plot present the Stacked plot for containment in x direction, and from the plot, we can see
that (-160 < x < 180).
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Figure 63: The plot present the Stacked plot for containment in y direction, and from the plot, we can see
that (-180 < x < 180).

Figure 64: The plot present the Stacked plot for containment in z direction, and from the plot, we can see
that (-250 < x < 1250).

For MuonID Stacked plots see Figures 65. The cuts included in this plot are

fiducial, containment, 2 prongs, and data quality cut, and we can see that the signal
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accumulates for MuonId < -0.51

Figure 65: The plot present the Stacked plot for MuonID, and from the plot, we can see that MuonID cut
< -0.51.

For prong 1 CVN Gamma ID and prong 2 CVN Gamma ID Stacked plots see

Figures 66 and 67. The cuts included in prong 1 CVN Gamma ID plot are fiducial,

containment, 2 prongs, MuonID, and data quality cut. The cuts included in prong 2 CVN

Gamma ID plot are fiducial, containment, 2 prongs, MuonID, prong 1 Gamma ID and data

quality cut. we can see that the signal accumulates for prong 1 CVN Gamma ID > 0.68

and for pron 2 CVN Gamma ID > 0.43.
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Figure 66: The plot present the Stacked plot for prong 1 CVN Gamma ID, and from the plot, we can see
that prong 1 CVN Gamma ID cut > 0.68.

Figure 67: The plot present the Stacked plot for prong 2 CVN Gamma ID, and from the plot, we can see
that prong 2 CVN Gamma ID cut > 0.42.

After optimizing all the cuts, we can now get the Stacked plot for the reconstructed

π0 mass, For reconstructed π0 mass Stacked plots see Figures 68 and 69. The cuts included
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in first plot are fiducial, containment, 2 prong, MuonID, prong 1 CVN Gamma ID and

data quality cut. The cuts included in prong 2 CVN Gamma ID plot are fiducial,

containment, 2 prongs, MuonID, prong 1 Gamma ID, prong 2 CVN Gamma ID and data

quality cut. we can see that the signal accumulates for prong 1 CVN Gamma ID > 0.68

and for 2 pron CVN Gamma ID > 0.43.

Figure 68: The plot present the Stacked plot for reconstructed π0 mass Stacked plots with prong 1 CVN
Gamma ID cut plus other cuts.
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Figure 69: The plot present the Stacked plot for reconstructed π0 mass Stacked with plots prong 1 and 2
CVN Gamma ID cuts plus other cuts.

122



CHAPTER XI

CONCLUSION

In conclusion, we sum up the results of the analysis. This will include the optimized

cuts, and purity and efficiency for the different cuts. For the obtained cuts for this analysis

see table 9, and for efficiency and purity for different cuts see table 10

Table 9: Optimized cuts for NC π0 from anti-neutrino interaction.

Optimized cut Value

Fiducial (-180 < x <180),(-180 < y <180), and (-100 < x <900)

Containment (-160 < x <180),(-180 < y <180), and (-250 < x <1250)

MuonID < -0.51

Prong 1 CVN Gamma ID > 0.68

Prong 2 CVN Gamma ID > 0.42

Compared to the efficiency from FHC (ε ≈ 2%), table 10 shows lower efficiency for

RHC (ε ≈ 0.67%), which indicates that the value of the data cuts used might be

inaccurate. This might be due to limited number of systematics used in this analysis.

Indeed, systematics on cross section and flux were only used in this analysis. To enhance

the efficiency, additional systematics, like calibration, and detector response, are needed.

Also, putting cuts togather in a multivariate analysis can produce precise optimized cuts,

that will increase the efficiency. Next step in this step should be finding the cross section

from the MC data used and compare it to the embedded MC cross section. after that, once

can repeat the simulation for real detector data to find the cross section and compare it

with the cross section from the Monte Carlo generator.
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Table 10: Efficiency and purity for cut flow.

Country List

Cuts Signal Background Effeciency Purity

No cuts 2157670 29387530 100% 7.0%

Quality 1123700 21324300 52% 5.0%

Quality+2 prongs 254946 1924627 12% 5.3%

Quality + 2 prongs + fiducial 109082 1141338 5.0% 8.7%

Quality + 2prongs + fiducial +

containment

48618 176531 2.2% 21%

Quality + 2 prongs + fiducial +

containment + MuonID

36680 55020 1.7% 40%

Quality + 2 prongs + fiducial

+ containment + MuonID +

CVN1GammaID

19419 10923 0.9% 64%

Quality + 2 prongs +

fiducial + containment +

MuonID + CVN1GammaID +

CVN2GammaID

14456 8132 0.67% 64%

Finally, the results obtained in this thesis can be used to find the cross section

interaction of neutral current π0 from an anti-neutrino interaction. if the cross section is

calculated with high precision, this will help NOvA to get a better estimation of the

measured neutrino oscillation parameters, as the two photon produced by π0 can mimic

electron-neutrino by coming togather of if one of them escape the detector. This will lead

to inaccurate calculation of the oscillation parameters, as photons will be considered a

signal instead of being a background.
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