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ABSTRACT

THE PION DOUBLE DIFFERENTIAL CHARGE EXCHANGE CROSS SECTION IN

PROTODUNE-SP

Jonathon Sensenig

Joshua R. Klein

The Deep Underground Experiment is a next generation long baseline neutrino experiment. The

experiment will measure the magnitude of charge-parity (CP) symmetry violation in the lepton

sector, using neutrino oscillations. The choice of baseline ensures an unambiguous measurement of

the CP violating phase, �CP , can be made. The baseline choice requires a wide-band higher energy

E� > 1GeV neutrino beam. Higher energy neutrino interactions are more complicated and produce

more charged pions with sizable effects from final state interactions as they traverse the nucleus.

The final state interactions, especially of charged pions, can lead to mis-identification of neutrino

flavor and biases in the neutrino energy reconstruction.

The current charged pion cross sections used to simulate the final state interactions have up to

50% uncertainties, for the pion charge exchange cross section. The simulation uses empirical mea-

surements to model these cross sections or to validate the implemented models. The final state

interaction uncertainties will translate to an uncertainty on the measured neutrino count and en-

ergy. A component of reducing these uncertainties is to reduce the charged pion cross section

uncertainties. Measurements of the charged pion cross sections will aid in reducing these model

uncertainties.

The ProtoDUNE-SP is a DUNE far detector prototype located in a charged particle test beam

at CERN. The test beam provided positively charged particles ranging in momentum from 0.3 -

7GeV/c. Motivated by the reasons above, the pion charge exchange cross section �+ + 40Ar !
40�NAr+�0 +N measurement is presented in this dissertation. The total cross section is measured

using the 2GeV/c �+ dataset. In addition, the single and double differential cross sections are

v



measured in the outgoing �0 kinematics, the kinetic energy T�0 and scattering angle cos��0 .
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CHAPTER 1

Theory Context

1.1. Introduction

This dissertation will describe the measurement of the positively charged pion charge exchange

cross section. Four cross sections will be measured, the total and the single and double di�erential

cross sections. The di�erential cross sections will be measured as functions of the daughter� 0

kinematics, the kinetic energy and scattering angle. These measurements will be crucial in reducing

the systematic uncertainties in the Deep Underground Neutrino Experiment (DUNE). Speci�cally,

the uncertainties which arise from the poorly modelled �nal state interactions of pions produced by

the neutrino interactions. At time of writing these are the �rst cross section measurements at 2GeV/c

beam momenta and the only double di�erential cross section measurement, using ProtoDUNE-SP.

The ProtoDUNE-SP detector, �lled with 770t of liquid argon, is located in a 0.3-7GeV/c charged

particle test beam at the CERN neutrino platform. The test beam data collected in Fall 2018 is

used for the analysis presented here. The detector is a prototype for the DUNE and the technical

developments and physics measurements will be critical for its success.

The DUNE experiment is an upcoming long baseline neutrino oscillation experiment. The main

physics goal is to measure the charge-parity (CP) violating phase of the

Pontecorvo�Maki�Nakagawa�Sakata (PMNS) matrix. A non-trivial phase will be the �rst observa-

tion of CP violation in the lepton sector, with the magnitude of the violation given by the value of

the phase. A large non-trivial phase would explain the asymmetry of matter and anti-matter in the

universe.

The neutrino CP violating phase is measured using neutrino oscillations. Protons are accelerated to

high energy and impinge on a target creating secondary particles. The pion secondaries are selected

and allowed to decay, with mostly muon neutrinos produced. The muon neutrinos travel 1300km to

the far detectors, along the way some fraction oscillate into electron neutrinos, with a probability

1



P(� � ! � e) or P( �� � ! �� e) for anti-neutrinos. The di�erence between neutrino and anti-neutrino

oscillations can be used to measure the magnitude of CP violation. The oscillation probability is a

function of baseline and neutrino energy. The optimal choice for these values leads to a long baseline

and therefore higher neutrino energy,E � > 1GeV.

The higher neutrino energy moves the neutrino interactions into a more complicated regime. The

peak of the neutrino energy is� 2:5GeV, above the peak of the simpler Quasi-elastic neutrino

interaction. This energy regime is dominated by Resonant and Deep Inelastic interactions, the

production of a nucleon resonance and interaction with quarks in the nucleons, respectively. Many of

the nucleon resonances have decays which result in one or more pions. The deep inelastic interactions

produce copious amounts of all hadrons. Thus the interaction of pions becomes a critical aspect

of neutrino energy reconstruction in DUNE. In addition, the probability of detecting a neutrino

scales proportionally with the size of the atoms (number of nucleons) used in the detector, therefore

it is advantageous to use atoms with larger nuclei. The downside is the larger nuclei create more

complicated interactions with more �nal state interactions of the particles produced by the neutrino

interactions.

1.2. Neutrino History: A Modern Perspective

The focus of this dissertation is motivated by the neutrino. The neutrino was originally postulated

in 1930 by Wolfgang Pauli and 2 years later given the name neutrino, meaning "small neutral

one", by Enrico Fermi. Pauli originally envisioned it to be a very light and small particle, virtually

undetectable. He proposed it to resolve a mystery in the beta decay spectrum. The end product

was a single beta particle which would therefore be monoenergetic since it would take all the decay

energy. The observed energy was however a spectrum, suggesting a second undetected particle was

involved. The neutrino stayed elusive until 1956 when Cowan and Reines detected the �rst neutrinos

using a reactor at the Savannah River Site reactor [5].

The subsequent years were marked by more discoveries with Ray Davis and John Bahcall making

the �rst observation of solar neutrinos in the Homestake mine in the mid 1960s with the experiment
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running until 1994 [6]. The experiment revealed a de�cit in the expected solar neutrinos, however,

with only a third of the neutrinos expected from solar models observed. In the early 2000s the

the Sudbury Neutrino Observatory (SNO) used an approach that allowed the observation of all

three �avors of neutrinos and con�rmed the total solar neutrino rate was correct but electron

neutrinos were oscillating into other �avors [7]. Independently, the Super-Kamiokande experiment

independently observed the oscillation of atmospheric muon neutrinos, observing a de�cit in muon

neutrinos which traveled through the earth and no de�cit in the neutrino �ux from overhead [8].

1.3. The Standard Model

Figure 1.1: The Standard Model elementary particles. The particles are split between the fermions
which make up all known matter (and antimatter) and the bosons which mediate interactions. [3]

The Standard Model (SM), a Quantum Field Theory, is currently the best model of particle physics,

with remarkable agreement between theory and experiment. It encodes all the known particles, their

kinematics and interactions into a Langrangian, originally the classical approach to describing the
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motion of discrete particles. It describes electromagnetism, the weak and strong forces but notably

not gravity. However, even with these successes there are known problems: the omission of gravity,

no explanation for neutrino mass, no explanation for dark matter or energy, etc.

1.3.1. Standard Model Forces

The three fundamental forces of the the Standard Model are the strong, electromagnetic and weak

forces. Two of these forces are mediated by a massless boson, the gluon and photon for the strong

and electromagnetic forces, respectively. The weak force is mediated by three massive bosons, the

W � , Z 0. The gravitational force will be omitted here as it is negligible in most particle physics

experiments due to its weakness relative to the other forces acting on the particles.

The strong force, mediated by the massless gluon, is strong relative to the other forces but acts on

very short distances, on the order of femtometers. The force is responsible for the binding of quarks

together to form hadrons. The interactions are dictated by the quark's and gluon's color charge,

the hadrons they form are color neutral. The residual force outside the color neutral hadrons is

referred to as the strong nuclear force. While it is not a fundamental force of the Standard Model,

it is a useful e�ective force when dealing with the force between nucleons. It binds nucleons in

the nucleus of atoms together, overcoming the repulsive electromagnetic force between the protons.

The strong nuclear force was �rst given a theoretical treatment by Yukawa [9], who modelled it as

a force mediated by light virtual mesons.

Particles which carry electric charge interact via the electromagnetic force, with the photon as the

mediator. Its strength decreases as the inverse square of the distance. Unlike gravity, the electric

force can be both attractive and repulsive, resulting in a net balance of charge and therefore no long

range e�ects.

There are two types of weak interactions, the charged and neutral currents, mediated by theW �

and Z 0, respectively. The charged current couples fermions (spin 1/2 particles) with charge di�ering

by one unit. In addition, it only interacts with particles and anti-particles with left-hand (LH) and

right-hand (RH) chirality, respectively. This discrimination of particle handed-ness gives rise to
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the violation of the parity transformation. For example, the weak charged current interaction of

a lepton and anti-neutrino with helicity LH and RH would transform to RH lepton and LH anti-

neutrino which does not interact weakly. The neutral current weak force is mediated by the neutral

Z 0 boson, with no charge transferred from initial to �nal interaction states.

Figure 1.2: The Feynman diagram of the beta decay process. A down quark changes �avor to an
up quark with the W � boson carrying the charge to an electron and anti-neutrino. It is also the
process that motivated the postulation of the neutrino.

Neutrinos do not have electric or color charge, thus their interactions are limited to the weak and

gravitational forces. Since the weak charged current interaction only interacts with half the chiral

states, there have been no observations of RH neutrinos or LH anti-neutrinos. The neutral current

can interact with both chirality states but since it leaves the overall quantum state unchanged there

is no observable to measure the interacting neutrino's handed-ness.

1.3.2. Parity

The concept of symmetry is a central tenet in the Standard Model. Through Noether's theorem

continuous symmetries are related to conservation laws such as energy and momentum. The sym-

metry of a quantity manifests as its invariance under some transformation. Invariance, meaning a

quantity remains unchanged under a transformation, for example, performing a parity transforma-

tion on angular momentum leaves it unchanged, since inL = r � p both position and momentum
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are mirrored by the parity transformation.

Parity is the transformation that inverts a particle's spatial properties. For example, performing

a parity operation on a particle's momentum reverses it, i.e.,Pp ! � p, where P is the parity

operation. For helicity, the handed-ness is reversedPhRH ! hLH , unless the particle is massless or

ultra-relativistic, in which case the helicity and chirality are approximately equal.

1.3.3. CP Violation

The weak interaction is not invariant under charge conjugation (a charge sign �ip) and parity

transformations, separately, but was considered universally invariant when both are applied, charge-

parity (CP). This CP transformation held up experimentally, until it was discovered the weak

interaction violates it. CP violation was �rst observed in the neutral kaon decay, K 0
L ! � + � � [10],

and later in B 0 meson decays [11], both decay via the weak force.

1.4. Neutrinos

The neutrino is a light neutral particle and a member of the lepton family. It only interacts via the

weak and gravitational forces but not the strong or electromagnetic forces, due to its lack of electric

and color charge. The gravitational interaction is negligible in experiments due to the weakness

of the gravitational force and very small neutrino mass. Due to the small interaction probability

due to the weak force, experimentally observing neutrinos is a di�cult task, resulting in many open

questions.

Neutrino mass was assumed to be zero, given the particles are measured to have only one helicity, left

and right handed for � and �� , respectively. The SNO [12] and Super-Kamiokande [13] experiments

have shown neutrinos do have mass by observing neutrino oscillations. The implications of massive

neutrinos implies the neutrino �avor and mass have di�erent eigenstates. This is remarkable since

it implies the physical mass states time evolve at a di�erent rate than the �avor states. The result is

mixing among the neutrino �avors and means a neutrino, before observation, is really a superposition

of all three �avors. A neutrino created with a �avor � can be observed some time later with �avor

� , where � is not necessarily equal to� .
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There are three �avors of neutrinos, each associated with a charged lepton, electron, muon, tau.

Before detection a neutrino's weak eigenstate is in the mass basis labelled� i , i 2 f 1; 2; 3g. In this

basis the neutrino is a superposition of all three neutrinos with the composition changing with

distance/time. When detected, the neutrino mass state is transformed to the �avor basis via the

Pontecorvo�Maki�Nakagawa�Sakata (PMNS) matrix Eq.[1.1].

� f lavor
� =

X

i

UP MNS
�i � mass

i (1.1)

UP MNS =

0

B
B
B
B
@

1 0 0

0 c23 s23

0 � s23 c23

1

C
C
C
C
A

0

B
B
B
B
@

c13 0 s13e� i� CP

0 1 0

� s13ei� CP 0 c13

1

C
C
C
C
A

0

B
B
B
B
@

c12 s12 0

� s12 c12 0

0 0 1

1

C
C
C
C
A

(1.2)

The elementscij and sij are short hand forcos� ij and sin� ij , and the product of the three matrices

in Eq.[1.2] are factored by angle and phase for clarity. The unitarity condition of the PMNS matrix

leaves three rotation angles and six phases, where the phases can be factored into one physically

relevant phase. The three angles are� 12; � 13; � 23, which parameterize the magnitude of mixing

between the neutrinos. The phase,� CP , parameterizes the amount of CP violation with � CP 6= 0 or

� indicating violation with maximal violation for � CP = � �= 2 and no violation for � CP = 0 or � .

The angles are typically measured using: atmospheric neutrinos for� 23, accelerator neutrinos and

reactor anti-neutrinos for � 13 and solar neutrinos for� 12.

Neutrino mixing, resulting in initial �avor � being detected as �avor� , is called neutrino appearance

and is probabilistic in nature. The general form of this oscillation probability, from [14], is given in

Eq.[1.3].
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P� � ! � � (L; E � ) =

� �� � 4
X

k>j

< (U�
�k U�k U�j U�

�j ) sin2

 
� m2

kj L

4E �

!

+ 2
X

k>j

= (U�
�k U�k U�j U�

�j ) sin

 
� m2

kj L

2E �

!
(1.3)

The factors Uij are elements of the PMNS matrix, Eq.[1.2] and are constants. While it looks

intimidating, I would like to draw attention to its shape de�ned by the sinusoidal function of L and

E � , baseline length and neutrino energy, respectively. This dependence is an important consideration

when designing experiments to measure the mixing parameters, CP violating phase and� m2
ij , the

di�erence of the neutrino masses squared.

CP Violating Neutrinos?

The measurement of a nontrivial � CP phase would imply CP is violated in the lepton sector, in

addition to mesons. While CP violation is well studied in neutral kaons and B mesons, it has yet

to be observed in the lepton sector. A signi�cant amount of CP violation in neutrinos, one of the

three Sakharov conditions, could explain the asymmetry between matter and anti-matter in the

universe [15][16]. Currently, all possible values of� CP are consistent with neutrino data, but with

a favoring of positive CP violating values. CP of neutrinos transforms them between neutrino and

anti-neutrino, e.g. CP of the � � = �� � to � e=�� e oscillation is,

(� � ! � e) () (�� � ! �� e) (1.4)

If neutrinos violate CP symmetry, Eq.[1.4] does not hold. The asymmetry or lack of it, in oscillations

of neutrinos and anti-neutrino can be used to measure the CP violating phase� CP .

Measuring CP Violation in DUNE

To measure the neutrino/anti-neutrino oscillations, accelerator neutrinos are used, where the neu-

trino �ux and energy can be controlled. The oscillations are observed by measuring the "appear-
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ance", number of neutrino �avors other than the initial �avor, or "disappearance", the absence of

the initial �avor. The appearance method is preferred over disappearance since it is more di�cult to

erroneously get a positive result, since a positive disappearance result could come from measurement

mistakes or beyond the standard mode processes. Accelerator neutrinos are mostly muon �avor,

protons are accelerated and impinged on a target. This results in the production of a large number

of � � which are charge selected and focused by magnets. The majority of selected pions decay via

� + ! � + + � � and � � ! � � + �� � to create the neutrino and anti-neutrino �ux.

To measure � CP , the appearance signal from the� � / �� � beam, the probability P� � ! � e (L; E � ) is

used. The� � ! � � is also possible but the second appearance oscillation maxima is not accessible

due to the energy necessary to create the tau lepton with a mass of1:8GeV/c 2. Additionally, the

di�erence between the energy spectra of the electron neutrino/anti-neutrino appearance is much

more pronounced than for tau (anti-)neutrinos.

When measuring the� / �� asymmetry, there is a competing e�ect, namely the

Mikheyev�Smirnov�Wolfenstein (MSW), or matter e�ect. The e�ect modi�es the neutrino oscil-

lation probability in matter, and is proportional to the number of electrons Ne in the traversed

matter. The e�ect is a result of neutrinos coherently scattering on electrons, and therefore a�ects

anti-neutrinos di�erently since there are no positrons. This causes a� / �� asymmetry which mimics

the CP violation being measured.

To disambiguate CP violation from the matter e�ect the shape of the appearance� e/ �� e energy

spectrum can be measured. The neutrino energy dependence of the matter e�ect, with the e�ect

increasing with energy, di�ers from that of the CP violation [17]. In Fig.[1.3] the di�erence in

neutrino energy spectrum can be seen for three possible values of� CP (maximal violation � CP =

� �= 2 and no violation � CP = 0 ,� ) and also the di�erence between the neutrino and anti-neutrino

spectra.

A problem created by measuring CP violation with a long baseline is the requirement for a higher

energy neutrino beam to reach the �rst oscillation maxima. In the DUNE experiment the majority
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Figure 1.3: Neutrino energy spectra after oscillations. (left) Anti-neutrino energy spectra after
oscillation. (right) The di�erence in the energy spectrum shape of both neutrino and anti-neutrino
allows the determination of the value of the value of� CP , the CP violating phase. [4]

of the �ux is E � > 1GeV. These higher energy neutrinos lead to more complicated interactions and

�nal state topologies. The neutrino energy also enters the regime where the resonance interaction

begins to dominate. The resonance interaction is where an excited nucleon, often a� baryon,

is produced and subsequently decays to a charged pion and nucleon. The nuclear interactions of

these charged pions create uncertainties in the measurement of neutrino energy and identi�cation

of the neutrino �avor. Understanding these nuclear interactions is therefore crucial to lower the

uncertainties on the CP violation and other neutrino energy dependent measurements DUNE will

make. Ch.[2] will discuss in more detail these challenges and how this motivates the charge exchange

cross section measurement presented in this dissertation.

DUNE Physics Goals

The measurement of CP violation in the DUNE experiment is described above. However, the main

physics goals extend to [18],

ˆ The study of neutrino oscillations. Leading to insights into more precise measurements of the
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mixing angle � 13 and the � 23 octant, the CP violating phase � CP value and mass hierarchy.

ˆ Potentially observing the � e �ux from a core-collapse supernova.

ˆ Search for proton decay in a few expected modes.

ˆ Additionally, it will be used for, atmospheric neutrino oscillations, beyond the standard model

physics, dark matter searches, neutrino cross sections and nuclear e�ects.

The neutrino oscillations will allow the measurement of the� CP CP violating phase, the neutrino

mass ordering, the mixing angle� 23 and the octant in which it lies, and the opportunity to measure

three neutrino �avor oscillations. The most important of these being the measurement of the� CP

CP violating phase, indicating if there is CP violation in the lepton sector. The large active volume

will allow the observation of supernova burst neutrinos should a nearby supernova occur and to set

strong constraints on nucleon decay.

Many additional physics phenomenon can also be investigated given the large active volume and

�ne granularity of the detector, these include but are not limited to the following. Searches for

sterile neutrino, low-mass dark matter, beyond the Standard Model physics. Astrophysic neutrino

sources from thermonuclear and pair instability supernova, neutron star and black hole mergers,

solar and di�use supernova.

1.4.1. Neutrinos: Current State

This section will brie�y discuss the current status of neutrino physics research. The current focus

of neutrino research is,

ˆ Measuring the CP violating phase,� CP .

ˆ Determining the neutrino mass hierarchy.

ˆ Precision measurements of the mixing parameters.

ˆ Measurement of the neutrino mass.
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ˆ Determining whether neutrinos are Majorana or Dirac particles.

ˆ Search for sterile neutrinos.

ˆ Beyond the Standard Model searches.

ˆ High energy cosmic neutrinos.

ˆ Neutrino astronomy.

Upcoming experiments should provide insightful measurements of many of these open questions

over the next decade. In particular, the physics goals of the DUNE experiment will be discussed in

the subsequent chapter.

The experiments already performed have pushed our knowledge of the neutrino forward. The results

of these experiments is combined by global �ts into the best �t parameters seen in Table[1.1],

compiled by the Particle Data Group [1].

Table 1.1: The current values of the neutrino oscillation parameters. The parameters are the best
�t values from global �ts to the current neutrino data by the Particle Data Group [1].

Parameter Normal Ordering Inverted Ordering

Best Fit Value � 1� Best Fit Value � 1�

sin2 � 12 0:304+0 :014
� 0:013 -

sin2 � 23 0:51� 0:05 0:50� 0:05

sin2 � 13 0:0219� 0:012 -

� CP ( � ) 197+41
� 25 286+27

� 32

� m2
21 (10� 5 eV2) 7:53� 0:18 -

� m2
3` (10� 3 eV2) 2:44� 0:06 2:51� 0:06
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CHAPTER 2

Neutrino Interactions

2.1. Neutrino Energy Reconstruction to Pion Cross Section

The cross section measurement is related to hadron physics, however it is critical in making precision

neutrino measurements in DUNE. In many neutrino physics experiments the neutrino cross section

is increased by using an atom with a larger nucleus, e�ectively increasing the number of nucleon

targets. However, the larger nuclei come with the cost of more nuclear e�ects on the �nal state

particles produced in the neutrino interaction. In addition, as mentioned in Ch.[1], long baselines

lead to higher neutrino energies. These higher energy neutrinos produce more pions in interactions.

The pion �nal state interactions are shown in Fig.[2.5]. An especially problematic pion �nal state

interaction is charge exchange, where a neutral pion is produced. The neutral pion decays to two

gammas which can easily be mistaken as the electron from a� e interaction, thus a dangerous

background to the � e / �� e appearance signal used to measure CP violation.

These e�ects lead to uncertainties in the measurement, which depends on the �nal state particles

to infer the initial neutrino �avor and energy [19]. Since the neutrino �avor and energy are the

observables for the oscillation measurement, their uncertainties directly contribute the measurement

precision.

Many of these interaction processes are not well measured and have large uncertainties associated

with them. For example, the pion charge exchange cross section has an uncertainty in GENIE, a

popular neutrino event generator, of50% [4]. The magnitude and importance of this problem is

apparent from the number of strategies employed to reduce these uncertainties. Some approaches

to address the challenges are:

1. Measure cross sections for particles, paticularly hadrons, involved in �nal state interactions,

e.g., the pion charge exchange cross section.
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Figure 2.1: The intranuclear pion interactions. Shown are the pion interaction channels, charge
exchange, absorption, production and elastic scattering.

2. Employ a near-far detector with the same target material and similar detection methods.

3. Reduce the width of the neutrino energy spectrum by making measurements o� the beam

axis.

To achieve strategy 1), an experiment can be designed with access to the hadron's true type and

momentum, giving a way to make precise cross section measurements. This is the method em-

ployed by the ProtoDUNE-SP detector, with a charged hadron beam and used for the cross section

measurement presented in the subsequent chapters.

2.2. Neutrino Interaction & Reconstruction

To understand the importance of �nal state interactions we need to �rst look at the methods used

to detect neutrinos. The weak interaction being the only way for them to interact with matter
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leads to very small cross sections. It also limits the options on how to detect them. The approach

typically used and the one covered here is to use large tanks of liquid with the nucleons in the atoms

acting as the targets. The interaction with the nucleon results in a lepton, of the same �avor, and

other particles, for example the elastic scattering interaction only scatters a lepton.

Figure 2.2: Feynman diagrams of the charged current neutrino interactions most relevant for DUNE.
From left to right, quasi-elastic, resonance and deep inelastic scattering.

Examples of the charged current (CC) interactions are shown in Fig.[2.3]. The outgoing particles

on the right side of the Feynman diagrams are those we hope to detect. If the resulting particles can

be measured su�ciently well, the initial neutrino state, energy, direction, �avor, can be inferred.

This also requires knowledge of the initial state of the nucleon as well. The nucleon is in a nucleus

with some small momentum which will a�ect the measured �nal state particles dependent on the

nucleon's momentum relative to the incoming neutrino.

The methods described here are most relevant to liquid argon time projection chambers or any calori-

metric type detector. Additional reconstruction strategies are employed by water-based Cherenkov,

scintillator and other types of neutrino detectors. The method used to reconstruct the initial state of

the neutrino is to either use the outgoing lepton's kinematics or the total calorimetric energy of the

�nal state particles [20]. The former is most useful for the Quasi-Elastic (QE), leftmost Feynman

diagram in Fig.[2.3], where the interaction is� l + n ! l � + p. With just two particles in the �nal

state the initial neutrino state can be found by calculating the kinematics analytically, with some

uncertainty added by the initial state of the proton. For the DUNE experiment the interaction

energies are higherE � > 1GeV where the QE cross section becomes a small fraction of the total and

resonance (RES) and deep inelastic scattering (DIS) become dominate. Thus, the QE interaction
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Figure 2.3: The neutrino interaction cross sections as a function of neutrino energy. The DUNE
energy spectrum is wide-band but most neutrino energy is greater than 1GeV.

does not make a major contribution and other reconstruction methods must be used for a majority

of the events.

The second approach to reconstructing the neutrino initial state is to add the calorimetric energy

from all �nal state particles to arrive at the initial neutrino energy Eq.(2.1).

E cal
� = E l +

X

i

TN
i +

X

j

E j (2.1)

The neutrino energyE � is related to the lepton energyE l and nucleon kinetic energyTN , plus any

additional energy E, such as electromagnetic showers from� 0 decay or nuclear de-excitation. The

approach is used for the RES and DIS events which have complicated �nal state topologies, with

possibly multiple nucleons and mesons. The reconstruction of each particle's energy can then be

used to estimate the initial neutrino's energy. For particles which leave tracks of ionization in the

detector, the type of particle and the distance it travels or total energy it deposits are measured
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to �nd the rest mass and initial kinetic energy, respectively. The energy deposited by the cascade

created, by electrons and gammas, can be summed to give the initial electron or gamma energy.

These reconstruction methods rely on simulated data sets for development and testing. While

the simulations can be quite accurate, their accuracy tends to be inversely proportional to the

complexity of the processes being modelled. For example the QE process is nearly an analytical

calculation, only considering four particles. The DIS processes scatters o� quarks in the nucleons

resulting in many more processes to model correctly. All this to say, the models in the simulation

must be thoroughly tested and validated with empirical measurements where possible. The analysis

presented in Ch.[9] will provide data to validate the simulation of pion �nal state interactions in

the nucleus.

2.3. Neutrino Interaction Simulation

Neutrino events are generated using software to simulate the neutrino interaction and all subsequent

particles. The most commonly used neutrino generators are GENIE [21], GIBUU [22], NuWro [23]

and NUET [24]. These generators bridge the gap between theoretical models and experiments,

allowing model predictions to be tested by experiments. Typically, approximations are made to the

theoretical models to implement them in a consistent and more computationally friendly way.

These generators factorize the event simulation into parts, modelling each step separately before

passing it onto the next step. For example, the GENIE neutrino generator factorizes the neutrino

interaction as shown in Fig.[2.4].

1. Nuclear model: The model of the nucleus and momentum distribution of the nucleons.

2. Primary interaction: The neutrino interaction, usually on a single nucleon or correlated

nucleon pair.

3. Hadronization: In the case of deep inelastic scattering, subsequent production of hadrons

from the quarks involved in the neutrino interaction.
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4. IntraNuclear hadron transport: The created hadrons are propagated through the nucleus

with the relevant �nal state interactions until they are absorbed or leave the nucleus.

Figure 2.4: The factorization of the neutrino interaction in GENIE. The "IntraNuclear Hadron
Transport" is where the charge exchange process is simulated.

2.3.1. IntraNuclear Simulation

The intranuclear step creates large uncertainties in neutrino measurements. Many body quantum

calculations are required to simulate the intranuclear environment, however these are too complex to

calculate from �rst principles. Therefore an alternative approach must be made to approximate the

full calculation, with both theoretical and empirical motivations. The various cascade models work

in generally the same way. The simulation takes repeated steps until some termination condition

is met, usually the kinetic energy falls below a threshold or the particle leaves the nucleus. The

models usually include,

ˆ The initial nucleon momentum distribution.

ˆ The nucleus density, models range from simple to quite complicated.
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ˆ The �nal state particle interaction cross sections.

ˆ Additional quantum corrections, Pauli blocking, etc.

Very generally, the steps taken by the cascade models are,

1. Begin with the particle type and four momentum.

2. Take a step and throw a random number to calculate the probability of an interaction and

interaction process.

3. Continue stepping through the nucleus until the particle changes type or loses all kinetic

energy from interactions, or leaves the nucleus.

A related simulation package is GEANT4 [25]. It is designed to simulate particles traveling through

material with all the relevant interactions. It is a general purpose package, including most parti-

cle interactions but does not include neutrino interactions. Typically, the neutrino generator will

simulate the neutrino interaction and propagate the �nal state particles through the nucleus. The

particles which escape the nucleus have their states handed o� to GEANT4 to continue the prop-

agation through the detector until they, interact, are detected or leave the de�ned volume. The

analysis in this dissertation will be compared to the GEANT4 model since this was the simulation

used to generate the events. However, the results will be useful to inform the re�nement of the

nuclear propagation models implemented in neutrino generators beyond GEANT4. GEANT4 uses

the Bertini Cascade nuclear propagation model [26], for transporting hadrons through the nucleus.

The model implemented in GEANT has an applicable energy range in200MeV< T had < 15GeV,

well above the kinetic energies of this measurement.

2.4. Pion Final State Interactions

This section will discuss neutrino interaction �nal state particles and their subsequent interactions,

known as �nal state interactions (FSI). The de�nition includes interactions of the �nal state particles

before they leave the nucleus, as opposed to interactions they may undergo after leaving the nucleus.
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An example of �nal state interactions involving pions is shown in Fig.[2.5].

The peak of DUNE's neutrino energy �ux is around 2.5GeV where> 35%of the interactions produce

�nal state pions, mostly through the resonance interaction [27]. The �nal state interactions of pions

can signi�cantly alter the observed neutrino cross section. An example in the Minerva experiment

is shown in Fig.[2.5], the GENIE prediction is plotted with FSI enabled and disabled. The result

changes the magnitude and shape of the cross section signi�cantly. The main problems created by

pion FSI are:

1. The observed event topology and kinematics of the �nal state particles are dependent on the

�nal state interaction modelling.

2. Absorption of a �nal state pion in a Resonant interaction fakes a true Quasi-Elastic neutrino

interaction.

3. A single � 0 neutral-current event can be faked through charge exchange (the measurement

presented here) of the �nal state charged pion.

Figure 2.5: The intranuclear e�ects on neutrino interactions which produce pions, shown for the
Minerva experiment.
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As stated above, the �nal state interaction have a signi�cant e�ect on the observed neutrino inter-

actions. The pion FSI can change the observed event topology, as in the case of absorption and

charge exchange. In the case of absorption, the pion is absorbed, commonly through the� reso-

nance like � + N ! � ! � + N ! N + N , where the � is absorbed by two nucleons. The charge

exchange is similar in the� resonance region but the� + is not reabsorbed in the nucleus. Instead

it decays as� + ! � 0 + p. The � has a rest mass of1232MeV/c 2 and the initial particles � + and

p have rest masses of140 MeV/c 2 and 938 MeV/c 2, respectively. This leaves an energy de�cit of

155 MeV which is where the resonance "turns on" and can be seen as the low energy peak in the

total charge exchange cross section in Fig.[2.6]. Higher energy nucleon resonances can contribute as

well but these have a lower cross section and branching processes with a single� 0. Charged pions

can interact inelastically with argon through various channels as listed in Table[2.1] with respective

GEANT4 cross sections models shown in Fig.[2.6].

Process Interaction

Absorption � + + Ar ! N

Charge Exchange � + + Ar ! � 0 + N

Double Charge Exchange � + + Ar ! � � + N

Pion Production � + + Ar ! n� � ;0 + N

Quasi-Elastic � + + Ar ! � + + N

Table 2.1: The � + in-elastic interactions with argon, N can be any number of nucleons. The
measurement of the charge exchange cross section will be presented in later chapters.
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Figure 2.6: The in-elastic cross sections for the� + interactions with Argon. These are the cross
section models currently implemented in the GEANT4 simulation package.
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CHAPTER 3

Detectors

3.1. DUNE

Figure 3.1: The DUNE long baseline is a distance of 1300km from Fermi National Accelerator
Laboratory to Sanford Underground Research Laboratory in South Dakota.

The Deep Underground Neutrino Experiment (DUNE) is a long baseline neutrino experiment.

The neutrino source will be located at the Fermi National Accelerator Laboratory (Fermilab) near

Chicago, USA and the far detectors 1300km away, in South Dakota, USA. The detectors will be

1.5km underground at the Sanford Underground Research Facility (SURF). The neutrinos will be

produced by an intense proton beam with 1-1.2MW of power, resulting in a beam of muon neu-

trinos with a wide-band energy spectrum. The �rst phase of the DUNE experiment will consist of

two modules with 17kt (10kt �ducial) of liquid argon. Both modules will feature a time projection

chamber, one horizontal and one vertical drift.

3.2. Liquid argon Time Projection Chamber

The ProtoDUNE-SP detector employs liquid argon Time Projection Chamber (LAr TPC) tech-

nology to observe charged particles. The TPC functions by placing a volume of liquid argon in a

strong electric �eld. The nominal electric �eld gradient used is 500 V/cm, resulting in an electron

drift velocity of 1.59mm/ � s. The �eld is created between the cathode (cathode plane assembly or

CPA), at a large negative potential and the anode (anode plane assembly or APA), near zero po-
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tential. A charged particle passing through the argon ionizes electrons. These electrons drift in the

direction of the APA. The APA is wrapped with three wire planes, two being induction planes and

one a collection plane. As the electrons pass the wires on the �rst two induction planes, a charge

is induced. The electrons then reach the collection wires where they terminate, depositing charge

and creating a small current. The induction and collection wires are instrumented with Analog

to Digital Converters (ADCs) which digitize the voltage signals from the induced and deposited

currents at a rate of 2M samples/second (MS/s).

Figure 3.2: (left) The projection of particle tracks onto the APA wire planes.(right) The wire
wrapping of the two induction planes is oriented 35.7� with respect to the vertical while the collection
plane wires are vertical.

The length along the wires and the drift time give a two dimensional view. The tilted orientation

of the two induction wire planes, relative to the collection, allow the wire signals to be matched for

the reconstruction of the third (vertical) dimension. The reconstruction gives a three dimensional

picture of the particle interaction and secondary particle trajectories. The ProtoDUNE-SP detector

had 6 APAs, with a total of 15360 instrumented wires. Each APA had 480 collection wires facing
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the active volume and another 480 facing the cryostat wall, typically ignored. The collection wires

give the spatial coordinate in the Z direction, with a 4:79mm pitch, the sampling rate gives an

e�ective spatial resolution of 0:8mm in the X (drift) direction. The induction planes have 800 wires

per plane per APA.

3.3. DUNE Detector

Beam and Near Detector

The neutrino beam will be a 1.2MW beam located at Fermilab. The beam will have muon neutrino

and anti-neutrino modes with a low amount of contamination from electron neutrinos.

Figure 3.3: Beam �ux in neutrino and anti-neutrino mode. The electron neutrino contamination is
small compared to the muon neutrino �ux. [4]

The near detector is an important component in the neutrino oscillation measurement. The detector

is located near the neutrino source, so it can observe the unoscillated neutrino �ux and composition.

The appearance signal measured at the far detector, depends on the fraction of electron neutrinos

measured at the near detector, before they have oscillated. It is therefore critical to have a precise

measurement of the unoscillated �ux. This dependence means some of the far detector's systematic

errors can be cancelled, if the near detector material and detection is similar to the far detector.
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Figure 3.4: The DUNE near detector hall. The detector suite includes a liquid argon detector along
with a straw tube detector located on the beam axis. The argon detector can be moved to positions
o� the beam axis to observe neutrino �ux with reduced energy spread. The ND-Gar detector is a
potential upgrade in a later phase.

The near detector will consist of two detectors, a ND-LAr a liquid argon detector and SAND a straw

tube tracker detector [28]. ND-LAr, is a 67t segmented liquid argon time projection chamber (TPC)

with the same nucleus and detection method as the planned far detectors. The SAND detector is

a stationary detector dedicated to measuring neutrino interactions using a target tracker. Is has a

straw tube tracker surrounded by a magnet and electromagnetic calorimeter. The detector's location

and size will collect enough interaction statistics to provide beam feedback on the timescale of a

week. In addition, the alternative material to argon, will allow an independent measurements of

neutrino cross sections and �ux. The alternative material could also help disentangle some of the

nuclear e�ects of �nal state particles.

The liquid argon detector will be mounted on a rail system that will allow it to be moved transverse

to the beam, known as the DUNE Precision Reaction Reaction-Independent Spectrum Measurement

(DUNE-PRISM) system. The width of the true neutrino energy distribution contracts as function
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of angle away from the central axis of the neutrino beam. The reduction in the width gives a

way to test the neutrino energy reconstruction, as the true energy is more tightly constrained. The

method gives a data-driven way to test and validate neutrino, �nal state and secondary particle (e.g.

neutron and low energy pion) interaction models. The overall bene�t is to reduce the systematic

uncertainties that arise from poor modelling of these processes, especially the �nal state interactions.

Far Detector

The DUNE far detector will feature four modules. The initial phase will consist of two 17.5kt liquid

argon TPC's, one with a horizontal and one with a vertical drift TPC. In later phases, another

vertical drift module will be added with a fourth module to be determined. The horizontal drift

module is a larger version of ProtoDUNE-SP (ProtoDUNE-HD). The vertical drift detector will

be described brie�y but is beyond the scope of this dissertation, more details can be found in the

reference [29].

The ProtoDUNE detectors at the CERN neutrino platform (experiment codes NP02, NP04) are

designed as a testbed for the far detectors, developing the detector hardware, software and analysis

techniques.

Horizontal Drift

The DUNE far detector horizontal drift is similar to ProtoDUNE-SP, but on a much larger scale,

approximately 23 times larger. The �ducial volume is 10kt (17kt total) with dimensions 18:9� 17:8�

65:8m (l � w � h). The far detector will have three rows of APAs, stacked two high, with one row

along each wall of the crysostat and another row down the center. To create the drift regions, there

are two rows of CPA's mounted between APA rows 1 & 2 and 2 & 3, respectively. This con�guration

results in four separate drift regions across the width of the detector. The arrangement of APAs

and CPAs can be see in the cutaway of Fig.[3.5], with the APA's in red and CPA in green.

Vertical Drift

The second module is a vertical drift detector. The anode is the charge readout planes (CRPs),

located at the top and bottom of the detector. The CRPs are analogous to the APAs in the
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